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Preface to ”Foodborne Pathogens and Food Safety”

Foodborne pathogens represent a major burden on society as they are the cause of high numbers

of illnesses, hospitalizations, and deaths each year. In addition to their detrimental impact on human

health, these microorganisms, which include pathogenic bacteria, viruses, fungi, and a range of

parasites, also represent a significant economic cost to food companies in the implementation and

constant oversight of food hygiene and safety programs, product recalls, and potential litigation

if outbreaks occur. Advancing our current knowledge of the food processing chain and its

vulnerabilities to the many factors related to foodborne pathogens (e.g., their stress response, survival

and persistence in processing environments, acquisition of virulence factors and antimicrobial drug

resistance) is paramount to the development of effective strategies for early detection and control of

pathogens, thereby improving food safety.

This Special Issue compiled original research articles contributing to a better understanding of

the impact of all aspects of foodborne pathogens on food safety.

Antonio Afonso Lourenco, Catherine Burgess, and Timothy Ells

Editors
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Inhibition of Listeria monocytogenes by Phage Lytic Enzymes
Displayed on Tailored Bionanoparticles
Edel Stone 1,2, Vincenzo Pennone 1 , Kerri Reilly 3, Irene R. Grant 2 , Katrina Campbell 2 , Eric Altermann 3,4

and Olivia McAuliffe 1,*
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Abstract: The high mortality rate associated with Listeria monocytogenes and its ability to adapt to
the harsh conditions employed in food processing has ensured that this pathogen remains a serious
problem in the ready-to-eat food sector. Bacteriophage-derived enzymes can be applied as biocontrol
agents to target specific foodborne pathogens. We investigated the ability of a listeriophage endolysin
and derivatives thereof, fused to polyhydroxyalkanoate bionanoparticles (PHA_BNPs), to lyse and in-
hibit the growth of L. monocytogenes. Turbidity reduction assays confirmed the lysis of L. monocytogenes
cells at 37 ◦C upon addition of the tailored BNPs. The application of BNPs also resulted in the growth
inhibition of L. monocytogenes. BNPs displaying only the amidase domain of the phage endolysin
were more effective at inhibiting growth under laboratory conditions (37 ◦C, 3 × 107 CFU/mL) than
BNPs displaying the full-length endolysin (89% vs. 83% inhibition). Under conditions that better
represent those found in food processing environments (22 ◦C, 1 × 103 CFU/mL), BNPs displaying
the full-length endolysin demonstrated a greater inhibitory effect compared to BNPs displaying only
the amidase domain (61% vs. 54% inhibition). Our results demonstrate proof-of-concept that tailored
BNPs displaying recombinant listeriophage enzymes are active inhibitors of L. monocytogenes.

Keywords: Listeria monocytogenes; bacteriophage; endolysin; amidase; bionanoparticles; BNPs

1. Introduction

Listeria monocytogenes is a foodborne pathogen that is often associated with ready-to-eat
food products such as deli meats, mixed salads, fresh dairy products and leafy greens [1,2].
If consumed in a contaminated food product, the organism can cause listeriosis; this is
a rare but serious illness, particularly for at-risk groups including the young, the elderly
and the immunocompromised [3]. The high mortality rate (20–30%) associated with the
illness has resulted in stringent detection and control measures for L. monocytogenes in
food processing environments. Despite these controls, the physiological resistance of the
organism against low temperatures and high salt concentrations, and its ability to form
biofilms, make this pathogen difficult to manage [4].

The use of bacteriophages (phages) as natural biocontrol agents against foodborne
pathogens including L. monocytogenes has been investigated elsewhere [5,6]. As reported in
these and other studies, the application of whole phages has been shown to significantly
inhibit the growth of L. monocytogenes on different food matrices. Recombinant production
of phage proteins, such as endolysins, is a useful alternative to the use of whole phages. En-
dolysins (lysins) are phage-encoded peptidoglycan hydrolases produced in phage-infected
bacterial cells toward the end of the replication cycle [7]. Holins form membrane lesions so
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that lysins can reach the peptidoglycan and cleave the bacterial membrane, subsequently
leading to host cell death and the release of newly formed phages into the environment [8].
Lysins acting against Gram-positive bacteria typically show a modular design, in which
catalytic function and specific cell-wall recognition areseparated into two or more func-
tional domains. Simplistically, lysins contain one N-terminal enzymatically active domain
(EAD) and one C-terminal cell-wall-binding domain (CBD) [9]. The use of recombinant
lysins allows the exploitation of phages that have a lysogenic life cycle and reduces the
risk of the emergence of bacteriophage-insensitive mutants [9]. Lysins are also considered
to be less host-specific and do not necessarily require actively growing host cells to bring
about inhibition [10–12]. Previous work by our group demonstrated the inhibitory effect of
the catalytic domain of the L. monocytogenes phage vB_LmoS_293 lysin on the formation of
L. monocytogenes biofilms [13].

Polyhydroxyalkanoate bionanoparticles, or PHA_BNPs, have gained significant inter-
est in a variety of applications in the biotechnology sector as an economically efficient, non-
toxic, biodegradable method for the delivery of functional proteins and enzymes [14,15].
Polyhydroxyalkanoates (PHAs) are biopolyesters synthesized by cells in which they func-
tion as carbon reservoirs [16]. The enzyme PhaC permits protein fusions to both its C-
and N-termini. As a result, the tailored BNPs can display proteins and enzymes on the
surface in an orientated fashion without the enzymatic activity of the enzyme being lost [14].
PHA_BNPs offer distinct advantages over other possible expression methods. These in-
clude the covalent binding and stabilization of the protein in a uniform direction to the
surface of the nanobead. The stabilizing matrix on the nanobeads enables ready deploy-
ment of proteins and enzymes in liquids or on surfaces, the expression of proteins in a
one-step process, and the resulting high yield of product [17]. Effective uses of these BNPs
have previously been demonstrated by Altermann et al. [14] wherein tailored BNPs lysed a
range of rumen methanogen strains and reduced methane production by 97%. Similarly,
Davies et al. [17] reported that tailored BNPs could act as a successful protective layer in
PPE against Mycobacteria after a one log (91%) reduction was reported.

In this study, the hypothesis that PHA_BNPs can be successfully deployed as a poten-
tial production and delivery system for L. monocytogenes-specific phage-derived endolysins
and their catalytic domains was validated. The objectives of this study were (1) to deter-
mine if PHA_BNPs displaying either lysin293 or amidase 293 can be produced in E. coli
and subsequently purified; (2) to determine if assays can be developed to successfully
measure the lytic activity of these proteins displayed on PHA_BNPs; (3) to determine if
amidase293 will have equal or greater efficacy compared to lysin293 when displayed on
PHA_BNPs; (4) to determine the effect of temperature on the activity of the PHA_BNPs;
and (5) to determine if the concentration of bacterial cells (CFU/mL) has an effect on the
activity of the PHA_BNPs. By meeting each of these objectives, this study would act as
a proof-of-concept that these tailored BNPs could be exploited in the future as natural
antimicrobials or sanitizing agents. Ultimately, two separate varieties of tailored BNPs
were generated: the first variety, PHA_lysin293_BNPs, displayed the full-length lysin, lysin
293, of L. monocytogenes phage vB_LmoS_293; the second variety, PHA_amidase293_BNPs,
displayed a truncated lysin harboring only the amidase domain of lysin 293, or amidase
293. The efficacy of these lysin-displaying BNPs against L. monocytogenes in both turbid-
ity reduction assays and in growth inhibition experiments was tested to determine the
potential of tailored BNPs as delivery mechanisms for phage-based biocontrol agents.

2. Materials and Methods
2.1. Bacterial Strains, Plasmids and Culture Conditions

L. monocytogenes strain 473 (serotype 4e) was streaked from −80 ◦C stocks onto Tryptic
Soy Agar (TSA; Becton Dickinson and Company, Le Pont-de-Claix, France) and incubated
at 37 ◦C for 48 h. Actively growing L. monocytogenes cells were produced by selecting
a single colony from these plates and inoculating this into 10 mL of Tryptic Soy Broth
(TSB) and incubating for 18 h at 37 ◦C. E. coli BL21 (DE3) cells (Thermo Fisher Scientific,
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Dublin, Ireland) were grown in Lysogeny Broth (LB) liquid media (Neogen, Lancashire,
UK) containing 50 µg/mL ampicillin (Amp; Merck Life Science Ltd., Wicklow, Ireland) and
64 µg/mL chloramphenicol (Cm; Merck Life Science Ltd., Wicklow, Ireland) at 37 ◦C with
shaking. Table 1 lists the bacterial cells, plasmids and conditions used in this study.

Table 1. Plasmids used in this study, detailing insert, features, host and products.

Plasmid Name Insert Resistance Host Bacterium Product Reference

pET14b-
PHA_lysin293_BNPs

Gene fusion of lysin293
and PhaC AmpR E. coli BL21 (DE3) PHA_lysin293_BNPs This study

pET14b-
PHA_amidase293_BNPs

Gene fusion of amidase293
and PhaC AmpR E. coli BL21 (DE3) PHA_amidase293_BNPs This study

pET14b-PHA_BNPs PhaC sequence AmpR E. coli BL21 (DE3) PHA_BNPs This study

pMCS69 (helper plasmid) N/A CmR E. coli BL21 (DE3) N/A [18]

2.2. Bioinformatic Analysis of Phage vB_LmoS_293

The genome of phage vB_LmoS_293 has been previously sequenced and annotated,
and is available in the GeneBank database with the Accession Number KP399678.1 [19].
The Basic Local Alignment Search Tool (BLAST) was used to analyze Open Reading Frame
(ORF) 25 coding for lysin293, and the NCBI Conserved Domains Database [20] was used to
identify the amidase domain [13].

2.3. Plasmid Construction for PHA BNP Generation

The constructs used in this study were created according to Altermann et al. [14]. The
PHA–BNP constructs used in this study were synthesized by GeneArt (Thermo Fisher
Scientific, GENEART GmbH, Regensburg, Germany). The gene sequences used in this study
can be found in Table S1. Briefly, the gene fusions of lysin293 and PhaC, and amidase293 and
PhaC, were optimized for expression in E. coli. The synthetic gene was then incorporated
into the pET14b vector under the control of the LacZ promoter. pET14b containing the
PHA sequence only was also synthesized as a control (Table 1). Following synthesis, the
pET14b plasmids were transformed into chemically competent E. coli BL21 (DE3) cells
(Thermo Fisher Scientific, Dublin, Ireland) that contained the helper plasmid pMCS69,
harboring the phaA and phaB genes required to synthesize PHA precursors [21]. pMCS69
was transformed into chemically competent E. coli DE3 cells. Briefly, 100 ng of DNA
(pMCS69) was transformed into 50 µL of E. coli competent cells and incubated on ice for
30 min. The cells were heat-shocked at 42 ◦C for 60 s and placed on ice for 3 min. An amount
of 500 µL of LB medium was added to the cells and incubated at 37 ◦C for 40 min with
shaking. After incubation, 200 µL of the transformation mix was plated onto LB agar plates
containing 50 µg/mL Cm. The plates were incubated at 37 ◦C overnight. Subsequently, the
pET14b plasmids containing the gene fusions of PHA_lysin293, PHA_amidase293 or the
PHA sequence only were transformed into competent E. coli BL21 (DE3) cells containing
the helper plasmid pMCS69, following the method outlined above. Double transformants
containing the pET14b plasmids and pMCS69 were plated onto LB agar plates containing
50 µg/mL Amp and 64 µg/mL Cm and incubated overnight at 37 ◦C.

2.4. Generation of PHA-BNPs

PHA_BNPs were produced according to Altermann et al. [14]. Briefly, the transfor-
mants of interest were grown in 1 L of LB broth supplemented with 1% (w/v) glucose
and with appropriate antibiotics (Amp (50 µg/mL), and Cm (64 µg/mL)) and at 37 ◦C
with shaking (150 rpm). At an OD600 of 0.5, production of BNPs (PHA_lysin293_BNPs,
PHA_amidase293_BNPs and PHA_BNPs) was induced by the addition of 1 mM Isopropyl
β-D-1-thiogalactopyranoside (IPTG; Merck Life Science Ltd., Wicklow, Ireland). Following
growth at 25 ◦C with agitation for 48 h, cells were harvested by centrifugation (6000× g,
5 min at 4 ◦C). Cell pellets were resuspended in 50 mM phosphate buffer with a pH of 7.5
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and lysed via sonication (Vibracell Sonicator, Sonics and Materials, Newtown, CT, USA) on
ice, with 20 s bursts at a medium intensity and 30 s rest intervals over a 10 min time interval.
Recovery of BNPs was performed using ultracentrifugation at 21,000× g for 2 h at 4 ◦C in a
Sorvall TH641 swing-out rotor (Thermofisher Scientific, Auckland, New Zealand) over a
glycerol gradient, as described in [22]. After ultracentrifugation, the white band containing
the PHA_BNPs at the glycerol gradient interface was extracted and brought to a volume
of 45 mL using phosphate-buffered saline (PBS) (Life Technologies Ltd., Paisley, UK). The
solution was centrifuged at 8000× g for 20 min to separate the purified PHA_BNPs from
any remaining glycerol. After centrifugation, the supernatant was discarded and PHA BNP
pellets were resuspended in phage buffer (10 mM Tris (pH 7.5), 10 mM MgSO4, 68 mM
NaCl) at a concentration of 20 mg/mL with 20 µL/mL Tween 80 (Merck Life Science Ltd.,
Wicklow, Ireland). The purified PHA_BNPs were stored at −80 ◦C. When in use, the
PHA_BNPs were stored at 4 ◦C and not continuously frozen and refrozen.

2.5. Lysis and Growth Inhibition Assays
2.5.1. Preparation of Bacterial Culture and Protein

L. monocytogenes strain 473 (serotype 4e) was prepared following 18 h of incubation
in TSB (Becton Dickinson and Company, Le Pont-de-Claix, France) at 37 ◦C under aero-
bic conditions. The concentrations of each of the PHA_BNPs, PHA_lysin293_BNPs and
PHA_amidase293_BNPs, were adjusted to 0.25 mg/mL in PBS (Life Technologies Ltd.,
Paisley, UK). Protein concentration was confirmed with a Qubit protein quantification
assay using the Qubit 4 Fluorometer (Invitrogen, Thermo Fisher, Singapore) following the
manufacturer’s guidelines. Supplementary Figure S1 depicts the experimental design for
the following assays.

2.5.2. Application of PHA_BNPs for Lysis of L. monocytogenes

An amount of 100 µL TSB (Becton Dickinson and Company) was inoculated with
approximately 1 × 107 CFU/mL of L. monocytogenes strain 473, to which 0.25 mg/mL of
PHA_lysin293_BNPs, PHA_amidase293_BNPs or control PHA_BNPs was added to give
total reaction volumes of 200 µL in a 96-well plate. Samples were incubated at 37 ◦C, and
the turbidity of the samples was measured at 30 min intervals for up to 3 h, by reading the
absorbance of samples using a Synergy 2 BioTek 96-well-plate reader (BioTek Instruments,
Inc., Winooski, VT, USA) at an OD of 600 nm. Optical densities were corrected according to
Altermann et al. [14] using Equation (1).

Equation (1): Where n: sample taken at predefined time point; OD600 (n): corrected
optical density at point n; OD600 (n)(a): measured optical density at point n; OD600 (0):
measured optical density at time point 0; OD600 (n − 1): measured optical density at point
n − 1; bc: test BNPs used; Lmc: L. monocytogenes control plus cells; bead: PHA_BNPs or
PHA_lysin293_BNPs or PHA_amidase293_BNPs in the absence of L. monocytogenes cells.

OD600(n) = OD600(n)(a) −
(

OD600(0)(bc) − OD600(0)(Lmc)

)
+

(
OD600(n−1)(bead) − OD600(n)(bead)

)
(1)

2.5.3. Application of PHA_BNPs for Growth Inhibition of L. monocytogenes

TSB was inoculated with approximately 1 × 107 CFU/mL of L. monocytogenes strain
473, and 0.25 mg/mL of either PHA_lysin293_BNPs, PHA_amidase293_BNPs or the control
PHA_BNPs was added for a total reaction volume of 200 µL. Samples were incubated at
37 ◦C and plated at 30 min intervals for up to 3 h on Listeria Chromogenic agar (Harlequin,
Lancashire, UK). A total volume of 100 µL was taken and serially diluted, using Maximum
Recovery Diluent (Oxoid Ltd., Basingstoke, UK), to a dilution of 10−8.The plates were
incubated at 37 ◦C for 48 h. To assess the inhibitory nature of the beads at a lower starting
cell number, TSB was inoculated with approximately 1 × 103 CFU/mL of L. monocytogenes
strain 473, and 0.25 mg/mL of either PHA_lysin293_BNPs, PHA_amidase293_BNPs or the
control PHA_BNPs was added for a total reaction volume of 200 µL. Samples were incu-
bated at 22 ◦C and plated at 30 min intervals over a 3 h period onto Listeria Chromogenic
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agar (Neogen, Lancashire, UK). The plates were incubated at 37 ◦C for 48 h. The percentage
inhibition was calculated using CFU/mL data.

2.6. Statistical Analysis

Statistical analysis was performed using Prism Software GraphPad 9. A paired t-test
was used for comparison between two groups. The data are presented as the standard error
of mean (SEM) values. A p-value of 0.05 was considered statistically significant. The mean
OD600 nm and standard deviations were calculated from two independent experiments
with duplicates in each experiment.

3. Results
3.1. PHA_BNPs Displaying Lysin293 and Amidase293 Cause Lysis of L. monocytogenes

To determine if the application of PHA_lysin293_BNPs and PHA_amidase293_BNPs
result in the lysis of L. monocytogenes strain 473 (serotype 4e), turbidity reduction assays were
conducted. The controls in these experiments consisted of cells of L. monocytogenes strain 473
in the absence of any PHA_BNPs (L. mono-PHA_BNPs) and cells of L. monocytogenes strain
473 in the presence of PHA_BNPs displaying no form of lysin (L. mono + PHA_BNPs).

When applied at 37 ◦C to 1 × 107 CFU/mL (OD 600 nm 0.2) of L. monocytogenes strain
473 (Experiment 1A), the addition of PHA_lysin293_BNPs resulted in a reduction in turbid-
ity of 80% (p = 0.0126) and 76.71% (p = 0.0002) after 30 min, compared to the control without
BNPs (L. mono-PHA_BNPs) and with BNPs without lysin (L. mono + PHA_BNPs), respec-
tively (Figure 1). Under the same conditions, the application of PHA_amidase293_BNPs
resulted in a reduction in turbidity of 81.5% (p = 0.0244) and 76.85% (p = 0.0012), com-
pared to the control without BNPs (L. mono-PHA_BNPs) and with BNPs without lysin
(L. mono + PHA_BNPs), respectively (Figure 1). In both cases, the reduction in optical
density persisted throughout the duration of the assays, and the growth of L. monocytogenes
strain 473 was inhibited for 3 h.
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pared to the L. mono + PHA_BNP control, the highest inhibition was seen at 3 h for 
PHA_amidase293_BNPs, which reduced the rate of growth by 75% (p = 0.0141) and 2 h 
for PHA_lysin293_BNPs (83% p = 0.0046). This experiment shows that these PHA_BNPs 
have no killing effect but have a slight inhibitory effect on the growth of L. monocytogenes. 
Compared to the L. mono + PHA_BNP control, the average inhibition over the course of 
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Figure 1. Experiment 1A: turbidity reduction assays performed at 37 ◦C using 1 × 107 CFU/mL
L. monocytogenes 473 (serotype 4e). The data have been adjusted according to Equation (1). L. monocy-
togenes strain 473 was inoculated into TSB containing PHA_lysin293_BNPs (pink symbols) (n = 4),
PHA_amidase293_BNPs (black symbols) (n = 4), L. mono + PHA_BNP control (green symbols) (n = 4),
and L. mono-PHA_BNPs (blue symbols) (n = 4). Absorbance at OD 600 nm was measured at 0, 30, 60,
90, 120, 150 and 180 min.
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3.2. PHA_BNPs Displaying Lysin293 and Amidase293 Cause Growth Inhibition of
L. monocytogenes

To investigate the effects of PHA_lysin293_BNPs and of PHA_amidase293_BNPs on
the growth of L. monocytogenes strain 473, cell counts (CFU/mL) were also determined. Two
experiments were designed, one at 37 ◦C with a high starting inoculum (1 × 107 CFU/mL;
Experiment 1B), and one at 22 ◦C, with a starting inoculum that represents the concentra-
tion of L. monocytogenes commonly isolated from contaminated plants (1 × 103 CFU/mL)
(Experiment 2B) [23]. The controls in this group were similar to those used for the turbidity
reduction assays. In experiment 1B (37 ◦C, 1 × 107 CFU/mL), when compared to the cells-
only control, the addition of PHA_lysin293_BNPs and PHA_amidase293_BNPs lowered the
population numbers of L. monocytogenes by 84.4% (p = 0.008) and 89.5% (p = 0.0006), respec-
tively, following 3 h of incubation (Figure 2). When compared to the L. mono + PHA_BNP
control, the highest inhibition was seen at 3 h for PHA_amidase293_BNPs, which reduced
the rate of growth by 75% (p = 0.0141) and 2 h for PHA_lysin293_BNPs (83% p = 0.0046).
This experiment shows that these PHA_BNPs have no killing effect but have a slight in-
hibitory effect on the growth of L. monocytogenes. Compared to the L. mono + PHA_BNP
control, the average inhibition over the course of 3 h was 66.5% (p = 0.0001) and 61.3%
(p = 0.0002) when applying the PHA_amidase293_BNPs and PHA_lysin293_BNPs, respec-
tively. When compared to the cells-only control the average inhibition over the course of 3 h
was 83.1% (p = 0.0007) and 81.5% (p = 0.0008) when applying the PHA_amidase293_BNPs
and PHA_lysin293_BNPs, respectively. Although there is slight inhibition shown for the
duration of this experiment, there is significance shown between the controls and the test.
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and the PHA_amidase293_BNPs resulted in the inhibition of L. monocytogenes strain 473 
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Figure 2. Experiment 1B: growth inhibition assays at 37 ◦C using 1 × 107 CFU/mL L. monocytogenes
473 (serotype 4e). L. monocytogenes strain 473 was inoculated into TSB containing PHA_lysin293_BNPs
(pink symbols) (n = 4), PHA_amidase293_BNPs (black symbols) (n = 4), L. mono + PHA_BNP control
(green symbols) (n = 4), and L. mono-PHA_BNPs (blue symbols) (n = 4). Cells were incubated at
37 ◦C and samples taken for plating on Listeria Chromogenic Agar at 0, 30, 60, 90, 120, 150 and
180 min. The figure depicts total counts of L. monocytogenes.
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In experiment 2B (22 ◦C, 1 × 103 CFU/mL), the addition of the PHA_lysin293_BNPs
and the PHA_amidase293_BNPs resulted in the inhibition of L. monocytogenes strain 473 by
61.5% (p = 0.0246) and 54.6% (p = 0.0111), respectively, compared to the L. mono-PHA_BNP
control (Figure 3). The average inhibition exhibited upon addition of PHA_amidase293_BNPs
over the 3 h period was 47.5% (p = 0.0025), and upon addition of PHA_lysin293_BNPs, was
46.7% (p = 0.0022). Like in experiment 1B, there is slight inhibition of L. monocytogenes.
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Figure 3. Experiment 2B: growth inhibition assays at 22 ◦C using 1 × 103 CFU/mL L. monocytogenes
473 (serotype 4e). L. monocytogenes strain 473 was inoculated into TSB containing PHA_lysin293_BNPs
(pink symbols) (n = 4), PHA_amidase293_BNPs (black symbols) (n = 4), L. mono + PHA_BNP control
(green symbols) (n = 4), and L. mono-PHA_BNPs (blue symbols) (n = 4). Cells were incubated at
22 ◦C and samples taken for plating on Listeria Chromogenic Agar at 0, 30, 60, 90, 120, 150 and
180 min. The figure depicts total counts of L. monocytogenes.

4. Discussion

This study investigated the potential for tailored PHA_BNPs (expressing a fusion of
lysin293 or the amidase domain of this lysin) to lyse and inhibit the growth of L. mono-
cytogenes cells in pure culture. Phage vB_LmoS_293, belonging to the family Siphoviridae,
was previously isolated by our group from mushroom compost and was found to be
specific for L. monocytogenes serotypes 4e and 4b [19,24]. An analysis of the genome of
phage vB_LmoS_293 revealed that ORF 25 (nucleotide 19966–20916) encoded a 316-amino-
acid endolysin (lysin293), belonging to the N-acetylmuramoyl-L-alanine amidase family
(COG5632). BLASTp analysis revealed that the protein contained a PGRP element that func-
tions in peptidoglycan recognition in the bacterial cell wall, as well as a catalytic domain
(amidase293), belonging to the amidase 2 family (pfam015100) [13]. We have previously
demonstrated the lytic capability of amidase293 on autoclaved cells of L. monocytogenes and
its ability to inhibit the formation of an L. monocytogenes biofilm on stainless steel [13].

Both lysin293 and the amidase293 were successfully fused C-terminally to PhaC,
which allowed the generation of PHA_BNPs. Two separate varieties of tailored BNPs were-
successfully produced in E. coli and subsequently purified: the first displayed the lysin293
(PHA_lysin293_BNPs) and the second displayed the amidase293 (PHA_amidase293_BNPs).
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A series of assays were developed and optimized to determine the efficacy of these BNPs
as lytic agents and/or growth inhibitors of L. monocytogenes (Supplementary Figure S2).

The lytic ability of the BNPs were tested against L. monocytogenes strain 473, the
host strain of phage vB_LmoS_293, in a series of turbidity reduction assays. At 37 ◦C,
the application of both PHA_lysin293_BNPs and PHA_amidase293_BNPs resulted in a
reduction in the turbidity of these test solutions. This reduction in turbidity is an indication
that the application of these BNPs harboring the phage-derived enzymes results in the
lysis of L. monocytogenes strain 473 cells. Interestingly, under these experimental conditions,
it can be seen that amidase293 maintains the lytic ability of lysin293 when compared to
the L. mono + PHA_BNP control. These turbidity-reduction assays also indicate that
there is no significant difference between the rate of lysis when using amidase293 versus
lysin293. With the lytic ability being maintained, and the rate of lysis not being hindered by
truncating the lysin, it suggests that there is a level of substrate specificity in the N-terminal
domain. Our group and others have made similar observations previously. CHAPK, the
catalytic domain of the LysK endolysin from the Staphylococcus aureus phage, phage K, was
as active, if not more active, than the full-length LysK [25]. We also reported that the host
range of CHAPK was broader than that of LysK [22]. More recently, Mayer et al. found that
a truncated N-acetylmuramoyl-L-alanine amidase of a Clostridium difficile endolysin lysed
cells of C. difficile faster than the full length lysin [23]. However, in this case, no increase in
host range was observed with the truncated lysin. A host range comparison of lysin293
and amidase293 is an area that needs be further investigated.

Two experimental variables were altered in a subsequent experiment to better reflect
the conditions in which L. monocytogenes would be found in the food processing envi-
ronment. These conditions are a lower temperature (i.e., room temperature) and a lower
concentration of cells (CFU/mL) that represents the levels of contamination that would gen-
erally be found in food-processing plants. When analyzing the growth kinetics of L. mono-
cytogenes strain 473 in experiment 1B, the addition of PHA_lysin293_BNPs reduced the rate
of growth of strain 473 by an additional 12.1% in comparison to PHA_amidase293_BNPs,
although no significance was observed for this result (p = 0.986). This indicates that, under
these experimental conditions, amidase293 retains the same lytic ability as lysin293 when
displayed on PHA_BNPs. Interestingly, at 22 ◦C, the application of PHA_lysin293_BNPs
and PHA_amidase293_BNPs resulted in the inhibition of L. monocytogenes strain 473, main-
taining L. monocytogenes levels at approximately the same concentration as the starting
inoculum over the course of incubation. As experiment 2B better represents the conditions
of food-processing plants, it can be suggested that the application of PHA_lysin293_BNPs
and PHA_amidase293_BNPs may result in an inhibition of L. monocytogenes in food-
processing plants.

Although the inhibition of L. monocytogenes in experiment 2B is markedly less than
in the experiment 1B, there is an immediate decrease in the CFU/mL when the PHA_
amidase293_BNPs are added in experiment 2B suggesting that under conditions where
there is a lower starting inoculum and a lower temperature, the PHA_amidase293_BNPs
not only inhibit the growth of L. monocytogenes, but reduce it (reduction in the concentration
of the starting inoculum of L. monocytogenes) by up to 28.75% (120 min) (p = 0.002); however,
a marginal (17.5% average) reduction in L. monocytogenes is seen throughout the entire
3 h timeline. A hypothesis as to why an inhibitory effect and no reduction are seen in
experiment 1B may be due to the PHA_lysin293_BNP: L. monocytogenes ratio. In experi-
ment B, the concentration of PHA_amidase/lysin293_BNPs per cell of L. monocytogenes
is approximately 0.25 µg/mL (0.25 mg/mL/1 × 103 CFU/mL); in experiment 1B, the
concentration of PHA_amidase/lysin293_BNPs per cell of L. monocytogenes is 0.025 ng/mL
(0.25 mg/mL/1 × 107 CFU/mL). Thus, the ratio of PHA_amidase/lysin293_BNPs: cell of
L. monocytogenes is 10,000 times greater in experiment 2B vs. experiment 1B. To achieve the
same PHA_amidase/lysin293_BNP: cell of L. monocytogenes ratio in experiment 1B as in
experiment 2B, a concentration of 2.5 mg/mL of proteins would be required. Additionally,
a achieving the reduction of 17.5% seen in experiment 2B would mathematically mean
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adding 1.4 mg/mL of protein to achieve a result of 99.9% (3-log reduction). However,
preliminary studies performed using varying concentrations of protein revealed that con-
centrations above 0.25 mg/mL increased the growth of L. monocytogenes. Changes in the
storage buffer of the tailored PHA_BNPs may allow the use of higher concentrations of
tailored PHA_BNPs and, inversely, lead to a greater decrease in L. monocytogenes.

Other studies have been conducted using phage lysins linked to nanoparticles for the
reduction of L. monocytogenes, but using autoclaved cells. Pennone described experiments
similar to those outlined is this work, wherein PHA_amidase293_BNPs were applied to
L. monocytogenes strain 473 that had been subjected to autoclaving (121 ◦C/15 min) [26].
Turbidity reduction assays showed a reduction of 33.9% and 38% when using 1 mg and
5 mg of PHA_amidase_BNPs, respectively [26]. In another report, Solanki et al. conjugated
lysin Ply500 to silica nanoparticles and, when applied to iceberg lettuce, a 4-log reduction
in Listeria innocua was observed [27].

These lysin PHA_BNPs are natural and decomposable, which is an advantage to
chemical-based antimicrobials that may be applied in the food processing environment.
The key findings from this research are that PHA_BNPs may act as a suitable delivery
system of phage vB_LmoS_293 endolysin and amidase domains, maintaining the enzymes
in a stable form and preserving their lytic ability without the use of any chaperone proteins
for lysis.

The results show an initial proof-of-concept for the application of these tailored
PHA_BNPs in the inhibition of L. monocytogenes. Future experiments will determine
if the tailored PHA_BNPs can be applied to inhibit L. monocytogenes present on surfaces in
food-processing plants in an approach similar to that used by Davies et al. 2021 [17], where
Mycobacteriophage endolysins fused to biodegradable nanobeads were applied to solid sur-
faces (filter paper). As the PHA_BNPs are active in liquid suspensions, as indicated in this
study, a potential option for their application includes spraying onto food-contact surfaces,
as with traditional sanitizers. It is unlikely that these tailored BNPs will replace traditional
sanitizers, but may act as an additional hurdle to controlling L. monocytogenes where this
organism is particularly problematic. It should also be noted that the conditions tested in
these sets of experiments are not reflective of the conditions found in food-processing plants.
Although this study showed that a reduction in temperature (37 ◦C to 22 ◦C) and CFU/mL
maintained the activity of these BNPs, future experiments will focus on the application
of these BNPs at refrigeration temperatures, given the ability of L. monocytogenes to grow
at 4 ◦C. Preliminary findings also indicate that the application of these tailored BNPs is
time-limited, as they were shown to be ineffective when applied for more than 3 h. These
findings suggest that the tailored BNPs may be ineffective when applied as an antimicrobial
for long durations; however, they may be applied for sanitization purposes over shorter
periods of time. Future experiments may focus on the optimization of cells to tailored
PHA_BNP ratios, to determine if this inhibitory effect can be further increased. The effect
of these BNPs on biofilms would also be an area of interest in the future, as Pennone et al.
have reported that the amidase domain from this lysin inhibits L. monocytogenes biofilm
formation on stainless steel surfaces.

5. Conclusions

To summarize, the findings of this study show that when displayed on PHA_BNPs,
the amidase domain of lysin293 exhibits the same lytic ability as the full-length lysin293
at both 22 ◦C and 37 ◦C. Preliminary results also indicate that the application of these
tailored BNPs is time-limited, as they were shown to be ineffective when applied for longer
than 3 h.

The results are promising and show an initial proof-of-concept for the use of PHA_BNPs
displaying listeriophage lysins as a potential biocontrol agent against L. monocytogenes.
The production of these bionanoparticles does not entail any complex or expensive post-
production processes. In this study, bacterial cells (E. coli DE3) produced PHA_BNPs in
a one-step process that only requires simple disruption of the bacterial cells to free the
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PHA_BNPs. This holds promise for rendering future large-scale production of PHA_BNPs
cost-effective. The application of these tailored BNPs was shown to be successful at both
37 ◦C and 22 ◦C, and at L. monocytogenes concentrations of approximately 1 × 107 CFU/mL
and 1 × 103 CFU/mL. An advantage of using this technology over chemical-based sanitiz-
ers or chemical-inhibition techniques is that these BNPs are biodegradable and, therefore,
could be released in the food processing plant and naturally degraded over time, thus
posing no threat to human health. Further studies are required on an extensive strain
set, at a larger scale and, ultimately, in food production environments to demonstrate the
efficacy of tailored BNPs in food-production environments. The results obtained to date
are encouraging, considering the potential future applications in food-processing plants
where cross contamination of L. monocytogenes poses a major concern.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11060854/s1, Figure S1: pET-14b vector used in this ex-
periment, Figure S2: Flow chart depicting the experimental design of the assays, Table S1: Gene
sequences of lysin293 and the amidase domain, amidase293.
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Abstract: Listeria monocytogenes can survive in yogurt stored at a refrigeration temperature. Entero-
hemorrhagic Escherichia coli (EHEC) has a strong acid resistance that can survive in the yogurt with
a low pH. We estimated the risk of L. monocytogenes and EHEC due to yogurt consumption with
@Risk. Predictive survival models for L. monocytogenes and EHEC in drinking and regular yogurt
were developed at 4, 10, 17, 25, and 36 ◦C, and the survival of both pathogens in yogurt was predicted
during distribution and storage at home. The average initial contamination level in drinking and
regular yogurt was calculated to be −3.941 log CFU/g and −3.608 log CFU/g, respectively, and the
contamination level of both LM and EHEC decreased in yogurt from the market to home. Mean
values of the possibility of illness caused by EHEC were higher (drinking: 1.44 × 10−8; regular:
5.09 × 10−9) than L. monocytogenes (drinking: 1.91 × 10−15; regular: 2.87 × 10−16) in the susceptible
population. Both pathogens had a positive correlation with the initial contamination level and
consumption. These results show that the foodborne illness risk from L. monocytogenes and EHEC
due to yogurt consumption is very low. However, controlling the initial contamination level of EHEC
during yogurt manufacture should be emphasized.

Keywords: Listeria monocytogenes; enterohemorrhagic Escherichia coli; yogurt; quantitative microbial
risk assessment

1. Introduction

Yogurt is a dairy product fermented by Streptococcus thermophilus and Lactobacillus
bulgaricus [1]. Yogurt provides probiotics known to be beneficial bacteria that can promote
health. Worldwide, the consumption of probiotics and yogurt is increasing every year [2–4].

Pathogenic Escherichia coli (E. coli) are a group of facultative anaerobes that can cause
diseases in healthy individuals with a combination of certain virulence factors, including
adhesins, invasins, toxins, and capsules. Pathogenic E. coli are classified into six pathotypes
based on clinical, epidemiological, and virulence traits: enteropathogenic E. coli (EPEC),
enteroaggregative E. coli (EAEC), diffusely adherent E. coli (DAEC), enterotoxigenic E. coli
(ETEC), enteroinvasive E. coli (EIEC) and enterohemorrhagic E. coli (EHEC) [5]. EPEC
(60.5%) is the primary cause of pathogenic E. coli outbreaks in Korea, followed by ETEC
(31.2%), EHEC (6.8%), and EIEC (1.5%) [6]. Among them, EHEC can cause diarrhea
with a mechanism of attaching-effacing (A/E) lesions with only a low infectious dose
(1–100 CFU) [7]. EHEC has strong acid resistance that can make it viable in food with a
low pH [8]. Morgan et al. [9] reported 16 cases of E. coli O157:H7 Phage Type 49 due to the
consumption of a locally produced yogurt occurring in the northwest of England in 1991.
In a study by Cutrim et al. [10], E. coli O157:H7 was shown to survive for 10 days in both
traditional inoculated yogurt and pre-hydrolyzed inoculated yogurt, whereas its survival
increased to 22 days in lactose-free yogurt. The populations of E. coli O157:H7 decreased by
only about 1.4 log CFU/g after 28 days in Greek-style yogurt [11].

Listeria monocytogenes (LM) are facultatively anaerobic opportunistic pathogens that
can grow between 0 and 45 ◦C; optimal growth occurs at 30~37 ◦C [12]. It can grow at
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pH 4–9.6 [13]. Listeriosis is caused by LM, which can cross the intestinal barrier and spread
to lymph and blood to reach target organs such as the liver and spleen. Moreover, LM
can be fatal to immunocompromised individuals, newborns, older adults, and pregnant
women since LM can penetrate the blood–brain barrier or the fetoplacental barrier [14,15].
The approximate infective dose of LM is estimated to be 10 to 100 million CFU in healthy
hosts and only 0.1 to 10 million CFU in individuals at high risk of infection [16]. In the US,
a significant number of LM outbreaks are caused by raw milk, unpasteurized milk, cheeses,
and ice cream [17]. Improper management of pasteurization temperature or technical
imperfections can lead to the contamination of dairy products [18].

Risk assessment can estimate the probability of occurrence and severity of adverse ef-
fects in humans exposed to foodborne hazards [19]. Quantitative microbial risk assessment
(QMRA) provides numerical estimates of risk exposure to identify which factors affect the
exposure [20]. QMRA consists of hazard identification, hazard characterization, exposure
assessment, and risk characterization [19]. Hazard identification is the step that identifies
the presence of microorganisms or microbial toxins in a particular food based on the sci-
entific literature. In the hazard characterization step, it is possible to perform qualitative
and quantitative assessments of the adverse effects of consuming food contaminated by
microorganisms [21]. Exposure assessment is the process that characterizes the level of
hazard exposed to the population [22]. The final step of QMRA is risk characterization
that provides the possibility of illness/person/day of pathogens when consuming contami-
nated food [21]. A risk assessment study of Staphylococcus aureus in milk and homemade
yogurt was reported in Ethiopia [23]. Results showed the importance of traditional food
preparation methods, such as fermentation, in risk mitigation; yogurt, traditional milk
fermentation, reduced the risk by 93.7%. QMRA of LM and enterohemorrhagic E. coli in
yogurt has not been reported yet. Therefore, the objective of this study was to conduct a
microbial risk assessment for L. monocytogenes and enterohemorrhagic E. coli to compare
their risks in drinking and regular yogurt.

2. Materials and Methods
2.1. Prevalence and Initial Contamination Level in an Offline Market

To derive prevalence (PR) data of LM and EHEC in yogurt by season and location,
results of yogurt monitoring (195 drinking yogurts and 90 regular yogurts) were used [24].
LM and EHEC were identified with methods as described in the Korean Food Code [25].
The distribution of PR was fitted using Beta distribution (α, β), with α meaning “number of
positive samples+1” and β meaning “number of total samples-number of positive samples
+1” [26]. Initial contamination levels of LM and EHEC were estimated using the equation
[Log (-ln(1-PR)/weight)] of Sanaa et al. [27].

2.2. Physicochemical and Microbiological Analyses of Yogurt

Ten products of two types of yogurt (drinking and regular) were purchased from an
offline market. The pH, water activity (Aw), total aerobic bacteria, coliform, and E. coli were
measured. Briefly, 10 g of sample was aseptically placed in a stomacher bag with 90 mL of
distilled water and homogenized with a stomacher (Interscience, Paris, France). The pH
was measured with a pH meter (OrionTM Star A211, ThermoFisher Scientific Co., Waltham,
MA, USA). The Aw of each sample (15 g) was measured in triplicate using a water activity
meter (Rotronic HP23-AW-A, Rotronic AG, Bassersdorf, Switzerland). To measure total
aerobic bacteria (AC), coliform, and E. coli (EC), 25 g of sample was homogenized with
225 mL of 0.1% sterile peptone water (BD, Sparks, MD, USA) and serially diluted 10-fold
with 0.1% peptone water. After inoculating 1 mL aliquot of each dilution onto two or more
sheets of 3M Petrifilm E. coli/Coliform Count Plate (3M corporation, St. Paul, MN, USA),
AC and EC plates were incubated at 36 ± 1 ◦C for 48 h and 24 h, respectively.
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2.3. Strain Preparation

An LM strain isolated from the gloves of a slaughterhouse worker [28] was stored
in tryptic soy broth (TSB, MB cell, Seoul, Korea) containing 0.6% yeast extract with 20%
glycerol (Duksan, South Korea) at −80 ◦C. After thawing at ambient temperature, 10 µL of
LM inoculum was added into 10 mL of TSB containing 0.6% yeast extract and then cultured
at 36 ± 1 ◦C for 24 h in a 140 rpm rotary shaker (VS-8480, Vision Scientific, Daejeon, Korea).

E. coli (EHEC) strains (NCCP 13720, 13721) including E. coli O157:H7 (NCTC 12079)
were obtained from the Ministry of Food and Drug Safety (MFDS) in Korea. After thawing
frozen strains that were stored at −80 ◦C, they were cultured in the same way as described
above. All strains were centrifuged at 4000 rpm for 10 min (VS-550, Vision Scientific,
Daejeon, Korea) and the supernatant was removed. Pellets were harvested by centrifugation
(4000 rpm for 10 min), washed with 10 mL of 0.1% peptone water, and resuspended with
0.1% peptone water to a final concentration of approximately 9.0 log CFU/mL.

2.4. Sample Preparation and Inoculation

For model development, the popularity of yogurt samples and results of physicochem-
ical (high pH value) and microbiological analyses of yogurt were considered. Drinking
and regular yogurt were purchased from an offline market (Seoul, Korea) and aseptically
divided into 30 mL and 10 g, respectively, into 50 mL conical tubes (SPL Life Science Co.,
Daejeon, Seoul). LM and the cocktail of E. coli strains were independently inoculated into
drinking (4~5 log CFU/g) and regular yogurts (5~6 log CFU/g). Each sample was then
stored at 4, 10, 17, 25, and 36 ◦C until no colonies were detected for up to 21 days. At a
specific time, each yogurt sample was homogenized with sterilized 0.1% peptone water for
120 s using a stomacher. Then 1 mL of the aliquot of the homogenate was serially diluted
ten-fold with 0.1% peptone water and spread onto PALCAM agar (Oxoid, Basingstoke,
Hampshire, UK) for LM and EMB agar (Oxoid, Basingstoke, Hampshire, UK) for EHEC,
which were incubated at 36 ± 1 ◦C for 24 h to analyze the change in pathogen populations.

2.5. Development of Primary and Secondary Model

The Weibull model [29] (Equation (1)) and GinaFit V1.7 program [30] were used to
develop the primary survival model of yogurt as a function of temperature. Delta value
(time for the first decimal reduction) and p-value (shape of graph) were then calculated.

Weibull equation : Log(N) = Log(N0)−
(

t
delta

)p
(1)

N0: log initial number of cells
t: time
delta: time for the first decimal reduction
p: shape (p > 1: concave downward curve, p < 1: concave upward curve, p = 1: log-linear)
From results obtained through the primary predictive model, the secondary model

was developed by applying the third-order polynomial model (Equation (2)) to delta values
of both LM and EHEC as a function of temperature.

Third− order polynomial model : Y = b0 + b1 × T + b2 × T2 + b3 × T3 (2)

Y: delta (d)
b0, b1, b2, b3: constant
T: temperature

2.6. Validation

To verify the applicability of the predictive model of LM, the delta value was obtained
with temperatures not used for model development in this study, which was 7 ◦C for
drinking yogurt and 13 ◦C for regular yogurt (interpolation). The predictive model of EHEC
was verified with enteropathogenic (EPEC) strain (extrapolation), which was detected in
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a dairy farm [24]. The root mean square error (RMSE; Equation (3)) [31] was used as a
measure of applicability:

RMSE =

√
1
n
×∑(observed value− predicted value)2 (3)

n: the total number of experimental values (values obtained from independent vari-
ables) or predicted values (values obtained from the developed survival model).

2.7. Development of Scenario from Market to Home

The exposure assessment scenario for the risk assessment of yogurt was divided into
three stages: “market storage”, “transportation to home”, and “home storage”.

The storage temperature of yogurt in the market was investigated for an offline market,
which was used as an input variable into an Excel (Microsoft@ Excel 2019, Microsoft Corp.,
USA) spreadsheet. PERT distribution was confirmed as the most suitable probability
distribution model using @RISK 7.5 (Palisade Corp., Ithaca, NY, USA). The minimum,
mode, and maximum values of storage temperature were 2.1, 7, and 9.7 ◦C, respectively.
Storage time was also input based on the shelf-life of yogurt. The PERT distribution was
confirmed as the most suitable model using @RISK 7.5 (Palisade Corp., Ithaca, NY. USA).
The minimum, mode, and maximum values of storage time were 0, 240, and 312 h for
drinking yogurt and 0, 240, and 480 h for regular yogurt, respectively.

At the stage of transporting from market to home, the pert distribution was applied
to transportation time and temperature according to Jung [32]. Values of minimum (0.325 h,
10 ◦C), mode (0.984 h, 18 ◦C), and maximum (1.643 h, 25 ◦C) time and temperature were applied.

According to data from the MFDS [33], 69.2% of respondents answered that the
most frequent storage period for milk was 2–3 days at the refrigeration temperature and
the maximum storage period was 30 days or more. As a result, RiskPert (0, 60, 720 h)
distribution was input in the scenario and a RiskLogLogistic (−10.407, 13.616, 8.611)
distribution was used as the storage temperature [34].

2.8. Estimation of Consumption Data of Yogurt

The appropriate probability distribution model for consumption amount and intake
rate of yogurt was confirmed using data from “Estimation of amount and frequency
of consumption of 50 domestic livestock and processed livestock products” from the
MFDS [35].

2.9. Hazard Characterization

For hazard characterization, the exponential model was used for the dose–response
model of LM [36] (Equation (4)) and the Beta-Poisson model [37] was used for the dose–
response model of EHEC (Equation (5)):

p = 1− exp(r × N) (4)

P: the probability of foodborne illness for the intake of LM
r: the probability that one cell can cause disease (susceptible population: 1.06 ×10−12,

general population: 2.37×10−14)
N: the number of cells exposed to the consumption of LM

P = 1−
(

1 +
N
β

)−α

(5)

P: the probability of foodborne illness for the intake of EHEC
N: the consumption dose of EHEC
α: constant (0.49)
β: constant (1.81 × 105)
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2.10. Risk Characterization

To estimate the probability of foodborne illness per person per day for the intake
of drinking and regular yogurt contaminated by LM or EHEC, formulas and inputs of
exposure scenarios were written in an Excel spreadsheet. The risk was then calculated
through a Monte Carlo simulation of @RISK. Median Latin hypercube sampling was
used for sampling type, and a random method was used for generator seed. Finally, the
correlation coefficient was calculated based on sensitivity analysis results to analyze factors
affecting the probability of occurrence of foodborne illness.

2.11. Statistical Analysis

All experiments were repeated at least three times. All statistical analyses were
performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). To describe significant
variations of delta values between LM and EHEC at the same temperature, a t-test was
used. Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Prevalence and Intial Contamination Level in an On- an Offline Market

As a first step in the exposure assessment, initial contamination levels for LM and
EHEC were analyzed for drinking yogurt (n = 195) and regular yogurt (n = 90) pur-
chased from on and offline markets in Korea. LM and EHEC were not detected in any
samples [24]. The average contamination level was calculated using the equation [Log
(−ln(1−PR)/weight)] by Sanaa et al. [27]. The average initial contamination level of both
LM and EHEC was −3.941 log CFU/g in the drinking yogurt and −3.608 log CFU/g in the
regular yogurt (Figure 1).
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3.2. Development of Primary and Secondary Predictive Model

The primary models of LM and EHEC in yogurt are shown in Figure 2. Secondary
predictive models of delta values for LM and EHEC and equations are shown in Figure 3.
Delta values of LM at 4, 10, 17, 25, and 36 ◦C were 20.31, 7.16, 2.15, 1.81, and 0.62 days
in drinking yogurt and 9.04, 4.76, 1.89, 0.66, and 0.14 days in regular yogurt, respectively.
Delta values of EHEC at 4, 10, 17, 25, and 36 ◦C were 67.61, 38.31, 13.42, 5.51, and 1.42 days
in drinking yogurt and 14.93, 10.41, 8.21, 2.23, and 0.42 days in regular yogurt, respectively
(Table 1). The delta value corresponds to the time for the first decimal reduction of the
surviving populations of LM and EHEC. Overall, the higher the temperature, the lower
the delta value, indicating that survival of LM and EHEC is better in yogurt stored at
refrigeration temperature. Lactic acid bacteria (LAB) activity in yogurt increases as the
temperature increases. Thus, the viability of LM and EHEC can be decreased. LAB can
produce large amounts of organic acids and lower the pH value [38]. Some LAB can
also produce bacteriocins and bacteriocin-like compounds to inhibit pathogens [39]. The
temperature can affect the growth of LAB, and LAB isolated from Calabrian cheeses can
inhibit the growth of LM in soft cheese [40]. LAB has the highest specific growth rate at
42–44 ◦C, the optimum growth temperature for LAB [41]. LAB starters can reduce the
survival ability of EHEC in kimchi [42]. Bachrouri et al. [43] have reported that the viability
of E. coli O157:H7 decreased as the temperature increased and E. coli O157:H7 is more
resistant to death than nonpathogenic E. coli at 4 and 8 ◦C. The survival ability of LM is
drastically decreased at 15 ◦C, but not significantly changed at 3~12 ◦C [44].

This work also noticed that LM and EHEC died faster in regular yogurt than in
drinking yogurt due to the lower pH of regular yogurt (4.14 ± 0.02) than drinking yogurt
(4.60 ± 0.02). This result is consistent with the study of Millet et al. [45], showing that
low pH can decrease the growth of LM in raw-milk cheese. Guraya et al. [46] have also
suggested that the viability of EHEC is drastically decreased in yogurt with pH below
4.1. Additionally, drinking yogurt has higher water activity (0.961 ± 0.001) than regular
yogurt (0.943 ± 0.002) in this work. The Aw is the availability of the water in the product
for microbes, and the higher the Aw, the better microorganism can survive. At 10 ◦C, the
highest survival ability of EHEC was observed in drinking yogurt, followed by EHEC in
regular yogurt, LM in drinking yogurt, and LM in regular yogurt (Figure 2). Overall, EHEC
survived better than LM at especially low temperatures, regardless of the kind of yogurt in
this work (Figure 3).
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Figure 3. Secondary models for delta values of Listeria monocytogenes (�); and EHEC (�) in drinking
(A) and regular yogurt (B).

Table 1. Survival kinetic parameters of Listeria monocytogenes (LM) and EHEC in yogurt 1.

Temperature
(◦C) Pathogens

Drinking Regular

Delta (Day) 2 p 3 Delta (Day) p

4 LM 4 20.31 ± 0.20 * 0.73 9.04 ± 0.13 * 1.07 ± 0.07
EHEC 5 67.61 ± 1.92 * 1.25 ± 0.01 14.93 ± 1.20 * 1.12 ± 0.06

10 LM 7.16 * 3.1 ± 0.08 4.76 ± 0.08 * 6.88 ± 0.44
EHEC 38.31 ± 0.37 * 1.45 ± 0.01 10.41 ± 0.71 * 1.45 ± 0.12

17 LM 2.15 ± 0.01 * 2.27 ± 0.03 1.89 ± 0.06 * 3.32 ± 0.08
EHEC 13.42 * 1.35 ± 0.08 8.21 ± 0.11 * 4.17 ± 0.16

25 LM 1.81 ± 0.03 * 4.43 ± 0.21 0.66 * 1.98 ± 0.02
EHEC 5.51 ± 0.12 * 4.09 ± 0.21 2.23 ± 0.01 * 2.84 ± 0.03

36 LM 0.62 * 2.83 ± 0.03 0.14 * 1.17 ± 0.06
EHEC 1.42 * 3.90 ± 0.05 0.42 ± 0.04 * 2.57 ± 0.33

1 Values are expressed as mean ± SD (n = 3). 2 Delta: Time for 1 log reduction. 3 p: Shape of graph. 4 LM: Listeria
monocytogenes. 5 EHEC: Enterohemorrhagic Escherichia coli. * Significant difference of delta values was observed
between LM and EHEC at the same temperature by t-test at p < 0.05.
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3.3. Validation

RMSE value is one of the parameters that can estimate the accuracy of the predictive
model, and it was used to calculate the suitability of the model. The predictive model can
be considered perfect if RMSE values are close to zero [47]. According to the study of model
development using the Weibull model in heat-stressed E. coli O157:H7 and L. monocytogenes
in kefir, RMSE values ranged from 0.13 to 0.52 in E. coli O157:H7 and 0.06 to 0.82 in
L. monocytogenes [48]. The RMSE value calculated from the estimated data of LM was 0.185
in drinking yogurt and 0.115 in regular yogurt for interpolation. The RMSE value of EPEC
was 1.079 in drinking yogurt and 1.001 in regular yogurt for extrapolation. As a result, the
developed models in this study were judged to be appropriate to predict the survival of
LM, EHEC, and EPEC in drinking and regular yogurt.

3.4. Change in Contamination Level of Listeria Monocytogenes and EHEC from Market to Home

The average contamination level of LM decreased −4.396 log CFU/g in drinking
yogurt and −7.965 log CFU/g in regular yogurt at the market. The average contamination
level of drinking yogurt during transportation from market to home was slightly decreased
to −4.396 log CFU/g, and there was no change in regular yogurt. It was further decreased
−5.00 log CFU/g for drinking yogurt and −10.25 log CFU/g for regular yogurt during
storage at home before consumption.

The initial contamination level of EHEC was the same as that of LM. The contamination
level of EHEC was −3.957 log CFU/g in drinking yogurt and −4.244 log CFU/g in regular
yogurt at the market, which was maintained when yogurt was transported from market
to home. The contamination level decreased −3.969 log CFU/g in drinking yogurt and
−4.71 log CFU/g in regular yogurt before consumption at home. The contamination level
of both LM and EHEC decreased in yogurt from the market to home because both pathogens
cannot grow in yogurt, regardless of the type of yogurt. In this work, a more rapid decrease
of contamination level of LM was observed than EHEC in regular yogurt.

Hu et al. [49] observed that organic acid produced from Lactobacillus plantarum iso-
lated from traditional dairy products (kumis, milk thistle, yogurt) exhibits antimicrobial
activity against pathogenic bacteria. They found that different proportions of organic acid
(primarily lactic and acetic acid) show different antimicrobial activity against pathogenic
bacteria. The difference in the proportion of organic acid between drinking and regular
yogurt may affect the behavior of pathogens in yogurt.

3.5. Consumption Data of Yogurt

The consumption amount and intake rate of yogurt are shown in Figure 4. As a result
of fitting the distribution with @Risk, the RiskLaplace model was found to be the most
suitable. Daily average consumption amounts of drinking yogurt and regular yogurt were
140 g and 97.046 g, respectively. Intake rates for drinking yogurt and regular yogurt were
calculated to be 0.184 and 0.146, respectively. It could be concluded that the consumption
of drinking yogurt was higher than that of regular yogurt.
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3.6. Hazard Characterization and Risk Characterization

Final risks of LM and EHEC in yogurt were analyzed by separating susceptible
population and general population using contamination level, consumption data, and dose–
response model derived according to the scenario of the market to home (Tables 2 and 3).
As a result, no risk was estimated for the general group due to LM. However, the probability
risk of foodborne illness due to LM was 1.91× 10−15 in drinking yogurt and 2.87× 10−16 in
regular yogurt for susceptible populations per day. It is concluded that the risk of listeriosis
is very low with yogurt consumption. The risk assessment result on LM in milk [36]
demonstrates that the risk of milk consumption is also low (5.0 × 10−9 cases per serving).

Table 2. Simulation model and formulas in the Excel spreadsheet used to calculate the risk of Listeria
monocytogenes (LM) in drinking and regular yogurt with @RISK.

Symbol Unit Definition Formula Reference

Product

PR
Prevalence of LM in drinking

yogurt =RiskBeta(1, 196)
MFDS [24]

Prevalence of LM in regular
yogurt =RiskBeta(1, 91)

CL CFU/g Contamination level of LM =−LN(1 − PR)/25
Sanna et al. [27]IC log CFU/g Initial contamination level =Log(CL)
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Table 2. Cont.

Symbol Unit Definition Formula Reference

Market

MTime h Storage time in market of
drinking yogurt =RiskPert(0, 240, 312)

MFDS [24]Storage time in market of
regular yogurt =RiskPert(0, 240, 480)

MTemp
◦C Storage temperature in

market =RiskPert(2.1, 7, 9.7)

Death

Delta h
Drinking yogurt

=823.8 + (−100.8) ×MTemp +
4.177 ×MTemp

2 + (−0.0556) ×
MTemp

3

This research

Regular yogurt
=315.1 + (−27.57) ×MTemp +

0.8396 ×MTemp
2 + (−0.0087) ×

MTemp
3

p Drinking yogurt =2.67 (Fixed)
Regular yogurt =2.882 (Fixed)

LM survival
model log CFU/g C1 =IC − (MTime/delta)p

Transportation to home

TTime h Storage time during
transportation =RiskPert(0.325, 0.984, 1.643) Jung [32]

TTemp
◦C Storage temperature during

transportation =RiskPert(10, 18, 25)

Death

Delta h
Drinking yogurt

=823.8 + (−100.8) × TTemp +
4.177 × TTemp

2 + (−0.0556) ×
TTemp

3

This research

Regular yogurt
=315.1 + (−27.57) × TTemp +

0.8396 × TTemp
2 + (−0.0087) ×

TTemp
3

p Drinking yogurt =2.67 (Fixed)
Regular yogurt =2.882 (Fixed)

LM survival
model log CFU/g C2 =C1-(TTime/delta)p

Home

HTime h Storage time until
consumption =RiskPert(0, 60, 720) MFDS [33]

HTemp
◦C Storage temperature until

consumption
=RiskLogLogistic(−10.407,

13.616, 8.611) Bahk [34]

Death

Delta h
Drinking yogurt

=823.8 + (−100.8) × HTemp +
4.177 × HTemp

2 + (−0.0556) ×
HTemp

3

This research

Regular yogurt
=315.1 + (−27.57) × HTemp +

0.8396 × HTemp
2 + (−0.0087) ×

HTemp
3

p Drinking yogurt =2.67 (Fixed)
Regular yogurt =2.882 (Fixed)

LM survival
model log CFU/g C3 =C2 − (HTime/delta)p
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Table 2. Cont.

Symbol Unit Definition Formula Reference

Consumption

Consume (Daily consumption average
amount)

Drinking yogurt =RiskLaplace(150, 22.833)

Park et al. [35]
Regular yogurt =RiskLaplace(100, 10.027)

Intake rate(Distribution for
consumption frequency)

Drinking yogurt =0.184(Fixed)
Regular yogurt =0.146(Fixed)

Amount
Daily consumption average

amount considered
frequency

=Consume × Intake rate

Dose-Response model

Dose(D) LM amount =10C3 × Amount

1-EXP(-r × D) Parameter of r
=1.06 × 10−12 (Susceptible

population) FDA/WHO [36]
=2.37 × 10−14 (General

population)

Risk Characterization

Risk Probability of
illness/person/day =1 − exp(−r × D) FDA/WHO [36]

Table 3. Simulation model and formulas in the Excel spreadsheet used to calculate the risk of EHEC
in drinking and regular yogurt with @RISK.

Symbol Unit Definition Formula Reference

Product

PR
Prevalence of EHEC in

drinking yogurt =RiskBeta(1, 196)
MFDS [24]

Prevalence of EHEC in regular
yogurt =RiskBeta(1, 91)

CL CFU/g Contamination level of EHEC =−LN(1 − PR)/25
Sanna et al. [27]IC log CFU/g Initial contamination level =Log(CL)

Market

MTime h Storage time in market of
drinking yogurt =RiskPert(0, 240, 312)

MFDS [24]Storage time in market of
regular yogurt =RiskPert(0, 240, 480)

MTemp
◦C Storage temperature in market =RiskPert(2.1, 7, 9.7)

Death

Delta h
Drinking yogurt

=2347 + (−201.9) ×MTemp + 6.044
×MTemp

2 + (−0.0616) ×MTemp
3

This research
Regular yogurt

=391.7 + (−8.478) ×MTemp +
(−0.4534) ×MTemp

2 + (−0.0109) ×
MTemp

3

p Drinking yogurt =2.406 (Fixed)
Regular yogurt =2.429 (Fixed)

EHEC survival
model log CFU/g C1 =IC − (MTime/delta)p

Transportation to home

TTime h Storage time during
transportation =RiskPert(0.325, 0.984, 1.643) Jung [32]

TTemp
◦C Storage temperature during

transportation =RiskPert(10, 18, 25)
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Table 3. Cont.

Symbol Unit Definition Formula Reference

Death

Delta h
Drinking yogurt

=2347 + (−201.9) × TTemp + 6.044
× TTemp

2 + (−0.0616) × TTemp
3

This research
Regular yogurt

=391.7 + (−8.478) × TTemp +
(−0.4534) × TTemp

2 + (−0.0109) ×
TTemp

3

p Drinking yogurt =2.406 (Fixed)
Regular yogurt =2.429 (Fixed)

EHEC survival
model log CFU/g C2 =C1 − (TTime/delta)p

Home

HTime h Storage time until
consumption =RiskPert(0, 60, 720) MFDS [33]

HTemp
◦C Storage temperature until

consumption
=RiskLogLogistic(−10.407, 13.616,

8.611) Bahk [34]

Death

Delta h
Drinking yogurt

=2347 + (−201.9) × HTemp + 6.044
× HTemp

2 + (−0.0616) × HTemp
3

This research
Regular yogurt

=391.7 + (−8.478) × HTemp +
(−0.4534) × HTemp

2 + (−0.0109) ×
HTemp

3

p Drinking yogurt =2.406 (Fixed)
Regular yogurt =2.429 (Fixed)

EHEC survival
model log CFU/g C3 =C2 − (HTime/delta)p

Consumption

Consume (Daily consumption
average amount)

Drinking yogurt =RiskLaplace(150, 22.833)

Park et al. [35]
Regular yogurt =RiskLaplace(100, 10.027)

Intake rate(Distribution for
consumption frequency)

Drinking yogurt =0.184(Fixed)
Regular yogurt =0.146(Fixed)

Amount Daily consumption average
amount considered frequency =Consume × Intake rate

Dose-Response model

Dose(D) EHEC amount =10C3 × Amount

Model
Parameter of α =0.49

Park et al. [37]
Parameter of β =1.81 × 105

Risk characterization

Risk Probability of
illness/person/day =1 − (1 + D/β)−α Park et al. [37]

By contrast, this was calculated to be 1.44 × 10−8 in drinking yogurt and 5.09 × 10−9

in regular yogurt with EHEC (Table 4). The risk of foodborne illness from both pathogens
was higher from drinking yogurt due to its higher survival ability than regular yogurt.
Additionally, the highest risk was found for EHEC in drinking yogurt due to the highest
survival ability of EHEC in drinking yogurt (Figure 2), in which the highest delta value
was noticed. As a result, the risk of EHEC is higher than LM in yogurt. Yogurt has an
inhibition effect on pathogenic microorganisms due to organic acids such as lactic acid and
acetic acid, which were produced by LAB [50], low pH below 4.1 [46], and bacteriocin or
bacteriocin-like substances produced by LAB [51]. Yang et al. [51] isolated and identified
bacteriocinogenic LAB from various cheeses and yogurts. They found that 20% of isolates
(28 isolates) out of 138 LAB isolates had antimicrobial effects on all microorganisms tested,
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except for E. coli. In the present study, we found that EHEC shows better survival ability
than LM in both types of yogurts. A similar trend was reported by Gulmez and Guven [52],
who compared the inhibitory effects of LM, E. coli O157:H7, and Yersinia enterocolitica in
yogurt and kefir samples during 24 h fermentation time and 10 days of storage. They found
that E. coli O157:H7 showed the highest resistance during the yogurt’s fermentation and
storage time. The most recent study showed [53] that most of the bacteriocins produced
by LAB isolates are active against Gram-positive bacteria, such as LM and Staphylococcus
aureus, whereas Gram-negative bacteria, E. coli, and Salmonella Typhimurium, displayed
considerable resistance.

Table 4. Probability of illness per day per person by Listeria monocytogenes (LM) and EHEC with
consumption of yogurt with @Risk scenario.

Probability of Illness/Person/Day

Pathogens Sample Min 25% Mean 95% Max

LM

Drinking

Susceptible
population 0 0 1.91 × 10−15 8.44 × 10−15 3.65 × 10−14

General
population 0 0 0 0 0

Regular

Susceptible
population 0 0 2.87 × 10−16 2.11 × 10−15 3.63 × 10−14

General
population 0 0 0 0 0

EHEC
Drinking 0 4.01 × 10−9 1.44 × 10−8 4.33 × 10−8 1.75 × 10−7

Regular 0 4.39 × 10−10 5.09 × 10−9 2.12 × 10−8 9.45 × 10−8

3.7. Sensitivity Analysis

Sensitivity analysis was conducted to identify input variables with a major influence
on results. If the result has a negative value, it has a negative correlation. As the input value
increases, the output value decreases. If it is 0, there is no correlation. A positive value
indicates a positive correlation, meaning that the output value increases as the input value
increases [54]. Results of analysis of regression coefficients for the probability risk of food-
borne illness caused by LM and EHEC due to yogurt consumption are shown in Figure 5.
Both pathogens had a negative correlation with storage time at the market. The risk of
foodborne illness decreased with increased storage time at the market. Both pathogens had
the greatest positive correlation with the initial contamination level and consumption. As a
result, it is considered that initial hygiene management before manufacture can reduce the
risk of LM and EHEC. LM can survive longer in yogurt when LM is contaminated with
higher concentrations during yogurt manufacture [55]. Kasımoğlu and Akgün [56] found
that yogurt contaminated at 102 CFU/g level of E. coli O157:H7 has a lower elimination
time than that contaminated at 106 CFU/g level. They suggested that the decline time of
E. coli O157:H7 contaminated in the pre-fermentation stage could be affected by the initial
contamination level. Therefore, initial hygiene management is important to inhibit the
contamination and reduce the risk of pathogens in yogurt.
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4. Conclusions

Results showed that the risk of serious illness from LM and EHEC due to drinking
and regular yogurt consumption is very low. Yogurt does not permit the growth of LM
and EHEC during storage at 4, 10, 17, 25, and 36 ◦C. The contamination level of both LM
and EHEC decreased in yogurt from the market to home, and LM and EHEC died faster in
regular yogurt than in drinking yogurt. However, controlling the initial contamination level
of EHEC during yogurt manufacture should be emphasized because its survival ability in
yogurt is higher in both drinking and regular yogurt than LM.
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Abstract: The poultry industry in the United States has traditionally implemented non-chemical and
chemical interventions against Salmonella spp. and Campylobacter spp. on the basis of experience and
word-of-mouth information shared among poultry processors. The effects of individual interventions
have been assessed with microbiological testing methods for Salmonella spp. and Campylobacter spp.
prevalence as well as quantification of indicator organisms, such as aerobic plate counts (APC),
to demonstrate efficacy. The current study evaluated the loads of both indicators and pathogens
in a commercial chicken processing facility, comparing the “normal chemical”, with all chemical
interventions turned-on, at typical chemical concentrations set by the processing plant versus low-
chemical process (“reduced chemical”), where all interventions were turned off or reduced to the
minimum concentrations considered in the facility’s HACCP system. Enumeration and prevalence of
Salmonella spp. and Campylobacter spp. as well as indicator organisms (APC and Enterobacteriaceae—
EB) enumeration were evaluated to compare both treatments throughout a 25-month sampling period.
Ten locations were selected in the current bio-mapping study, including live receiving, rehanger, post
eviscerator, post cropper, post neck breaker, post IOBW #1, post IOBW #2, prechilling, post chilling,
and parts (wings). Statistical process control parameters for each location and processing schemes
were developed for each pathogen and indicator evaluated. Despite demonstrating significant
statistical differences between the normal and naked processes in Salmonella spp. counts (“normal”
significantly lower counts than the “reduced” at each location except for post-eviscerator and post-
cropper locations), the prevalence of Salmonella spp. after chilling is comparable on both treatments
(~10%), whereas for Campylobacter spp. counts, only at the parts’ location was there significant
statistical difference between the “normal chemical” and the “reduced chemical”. Therefore, not all
chemical intervention locations show an overall impact on Salmonella spp. or Campylobacter spp.,
and certain interventions can be turned off to achieve the same or better microbial performance if
strategic intervention locations are enhanced.

Keywords: poultry bio-mapping; chemical interventions; Salmonella enumeration; Campylobacter
enumeration

1. Introduction

The United States poultry industry is the largest producer and the second largest
exporter of poultry meat in the world [1]. In 2020, the value of production combining
broilers, eggs, and turkeys was USD 35.5 billion, with 61% from broilers, 24% from eggs,
15% from turkeys, and less than 1% from chickens (e.g., spent fowl) [2]. Moreover, con-
sumption of poultry meat has been trending up in the last ten years, displacing a significant
amount of red meat consumption perhaps in part because of favorable prices and health
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recommendations. According to the National Chicken Council, the per-capita consumption
of poultry in the United States in 2020 was 113.4 lb, from which 97.6 lb were chicken, and
15.8 lb were turkey [3]. Furthermore, with almost 18% of total poultry production exported,
the U.S. poultry industry is heavily influenced by currency fluctuations, trade negotiations,
and economic growth in importing markets [2].

The Center for Disease Control and Prevention (CDC), in 2013, estimated that in the
United States (U.S.), there are around 48 million people who suffer from foodborne illnesses
every year: 128,000 required hospitalization, and 3000 died. Furthermore, the contribution
of poultry and eggs to foodborne illnesses caused by bacteria is 22.8%, which is the sec-
ond highest percentage overall for illnesses compared to land animals (meat: 23.2%) [4].
Salmonella spp. is one of the leading causes of foodborne illnesses, after Norovirus, ac-
counting for approximately 1.1 million cases per year, with 19,336 hospitalizations and
378 deaths [5]. The CDC also notes that campylobacteriosis, caused by Campylobacter spp.,
is the most common bacterial cause of diarrheal illness in the U.S., with approximately
20 cases diagnosed annually for every 100,000 people [5]. The CDC estimates that Campy-
lobacter spp. is responsible for infecting at least 1.5 million U.S. residents every year [6].
Therefore, the impact of these two pathogens on public health is a significant concern in
the United States and globally [7,8].

The United States Department of Agriculture (USDA)—Food Safety and Inspection
Service (FSIS) enforces microbial performance standards based on prevalence (positive or
negative) in poultry-processing establishments. Whole birds and parts are collected after
the chilling step, sent out to an official laboratory, and tested for Salmonella spp. as part
of this verification system. FSIS established the Salmonella spp. performance standard of
5 positive results out of 51 samples collected (for whole birds) and 8 positive results out
of 52 samples collected (for parts, e.g., wings). There is a Campylobacter spp. standard;
however, it is not currently enforced. Whole-bird and/or part samples are collected
one per week, and each result is entered into a 52-week moving window database that
calculates individual plant performance and categorizes establishments in three categories.
Category 1 is defined as establishments that have achieved 50% or less of the maximum
allowable percent positive during the most recently completed 52-week moving window.
Category 2 is for establishments that meet the maximum allowable percent positive but
have results greater than 50% of the maximum allowable percent positive during the
most recently completed 52-week moving window, and Category 3 is for establishments
that have exceeded the maximum allowable percent positive during the most recently
completed 52-week moving window [9]. Therefore, the focus remains in reducing the
prevalence of Salmonella spp. through the implementation of sanitary dressing procedures,
applying antimicrobial interventions, both chemical and non-chemical, to reduce cross
contamination during processing and handling [10].

Most chicken processors in the U.S. proactively work to minimize pathogen con-
tamination and comply with regulatory performance standards using process control
and pathogen reduction initiatives based on Hazard Analysis and Critical Control Points
(HACCP) systems to reduce consumer exposure to foodborne pathogens, such as Salmonella
spp. and Campylobacter spp. [9]. The poultry industry has traditionally implemented
non-chemical (e.g., physical removal of solids prior to the scalding step) and chemical
interventions (e.g., chlorine and peroxyacetic acid rinses) against Salmonellaspp. and Campy-
lobacter spp., based on plant-to-plant experiences and word-of-mouth information shared
among the industry. The validation of each intervention has been evaluated using tra-
ditional prevalence microbiological methods for Salmonella spp. and Campylobacter spp.,
which typically compares such prevalence before and after a particular intervention or a
series of interventions is applied.

Typical chemical interventions that poultry processors utilize during first processing
(e.g., evisceration) and second processing (e.g., deboning) include the use of sodium
hypochlorite (chlorine) [11] and peroxyacetic acid (PAA) in equipment rinses, belt washers,
inside-outside bird washers (IOBWs), on-line reprocessing (OLR) cabinets, pre-chillers,
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main chillers, shower heads, and dips/sprays. These chemicals and any chemical used
as antimicrobial intervention in a federally inspected establishment must be listed under
the USDA-FSIS safe and suitable ingredients used in production of meat, poultry, and egg
products [12]. For instance, for PAA the maximum approved concentration is 2000 parts per
million (ppm). Many chemical interventions have been studied for raw poultry products,
and these must be approved for industry applications. Typically, laboratory validations are
conducted to prove efficacy prior to field tests and/or application and chemicals should
show at least, as a general rule, a 1 log CFU/mL reduction after the intervention application
to be considered useful [13].

The use of PAA has increased in popularity among poultry processors, and research
studies show its efficacy is greater than chlorine as well as other antimicrobials available for
the poultry industry [14]. However, PAA has been associated with occupational concerns
because of its corrosive and irritating effect on eyes, nasal passages, and skin [15]. OSHA has
yet to establish occupational exposure limits for PAA; however, the American Conference of
Governmental Industrial Hygienists (ACGIH) established an occupational exposure limit
of 0.4 ppm as a short-term exposure limit for inhalable fraction and vapor [16]. Processors
have been increasing PAA concentration levels at more locations to ensure compliance to
regulatory standards; therefore, there is a need to re-assess the strategic use of PAA as an
intervention in poultry processing to address occupational concerns and enhance microbial
performance. The FSIS reported that between July 2020 and June 2021, the prevalence in
raw chicken carcasses for Salmonella spp. was 3.42% (down slightly from the previous
year) and for Campylobacter spp. was 16.45% (down significantly from the previous year).
Similarly, the prevalence in raw chicken parts for Salmonella spp. was 6.53% (down from the
previous year) and for Campylobacter spp. was 15.12% (down from the previous year) [17].

Despite poultry processors using a multi-hurdle approach to achieve the USDA-FSIS
performance standards, there is minimal information regarding enumeration of Salmonella
spp. and Campylobacter spp. levels in comparing individual chemical interventions or
the contribution of these interventions in the multi-hurdle approach. This is the first
biomapping study that incorporates ten sampling locations throughout carcass cleaning,
evisceration, chilling, and deboning of chicken parts in comparing the microbial perfor-
mance when all chemical interventions are turned on (normal chemical) versus the perfor-
mance when the chemical interventions are turned off or reduced to the minimum allowed
concentration (reduced chemical). The evaluation included indicator organisms, such as
aerobic plate counts (AC) and Enterobacteriaceae (EB), as well as Salmonella spp. counts
and Campylobacter spp. counts. Statistical process control parameters for each processing
scheme and location were developed to assist the facility in continuous improvement of
their food-safety system.

2. Materials and Methods
2.1. Sample Collection

The study was conducted on a commercial processing facility that processes on av-
erage 336,000 birds and runs in two lines at 175 birds per minute in the southern region
of the United States. Samples were collected by trained plant personnel throughout a
25-month period of operations to account for flock-to-flock variability and day-to-day
process variability. Whole chicken carcass and part rinses from a small birds (target 4.5 lb.
live bird weight) were collected using 400 mL of buffered peptone water (BPW), (Millipore
Sigma, Danvers, MA, USA). Rinses were immediately chilled and shipped overnight to the
International Center for Food Industry Excellence (ICFIE) Food Microbiology laboratory at
Texas Tech University for microbiological analysis.

2.2. Intervention Parameters

The normal processing conditions included chicken carcasses undergoing the standard-
ized processing conditions of the operation with high levels of chemical interventions (CX—
chemical treatments), including PAA, PAA + sodium hydroxide, and sodium hypochlorite,
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at various steps in the evisceration, chilling, and deboning processes, respectively. The
reduced chemical treatment was planned to include no chemical interventions (just water)
or reduced targeted chemical levels (RC—low chemical). The normal process interventions
(CX) typically range from 100–400 ppm of PAA (in some cases in combination with sodium
hydroxide to elevate the pH of the medium) and up to 50 ppm of total chlorine (sodium
hypochlorite). For the low-chemical intervention process (RC), the chemical application
was eliminated in several locations except for where needed as per the validated HACCP
being verified by FSIS in the Public Health Information System (PHIS). Figure 1 shows a
general flow chart of the process, identifying the CX and the RC processes and chemical
concentrations along with the sampling locations. Ten locations throughout the process-
ing line were sampled, including live receiving (LR)—where a warm and intact recently
identified dead-on-arrival (DOA) was collected as the closest location to the actual live
receiving step; rehanger (R); post eviscerator (M); post cropper (C); post neck breaker (NB);
post inside-outside bird washer 1 (IOBW #1); post inside-outside bird washer 2 (IOBW #2);
pre chilling (PRE); post chilling (POST); and parts (wings). At each location, at least ten
rinses were taken per repetition for CX and RC treatments, five per shift. A total of 1309
samples were analyzed during the current study.
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2.3. Microbial Indicators and Campylobacter spp. Enumeration

Rinses were homogenized by hand, and then, the TEMPO system (BioMérieux, Paris,
France) was used for the enumeration of indicator microorganisms as well as Campylobacter
spp. For aerobic plate counts (AC), the Association of Official Agricultural Chemists
(AOAC) 121.204 was used, where TEMPO cards were incubated for 22–28 h at 35 ± 1 ◦C.
For Enterobacteriaceae enumeration, the AOAC 050801 was used, where TEMPO cards
were incubated for 22–28 h at 35 ± 1 ◦C. For Campylobacter spp. enumeration, the ISO
16140/AFNOR method was followed, where TEMPO cards were incubated for 44–48 h at
42 ± 1 ◦C under microaerophilic conditions using a gas pack generating system.

2.4. Salmonella spp. Enumeration and Prevalence

Rinses were homogenized by hand, and then, 30 mL of the rinses were combined with
30 mL of SalQuant solution (Hygiena, Camarillo, CA, USA). Samples were immediately
incubated at 42 ◦C for 6 h for recovery. After incubation, the AOAC 081201 protocol for
enumeration of Salmonella spp. using the BAX® System SalQuant™ (Hygiena, Camarillo,
CA, USA) was followed. Subsequent to enumeration, samples were placed again in
an incubator at 42 ◦C for 18 h for enrichment. After incubation, if samples were not
positive for BAX® System SalQuant™, the BAX® System RT-Salmonella Assay for detection
was followed.

2.5. Statistical Analysis

All data were analyzed using R (Version 4.04) statistical analysis software to evaluate
the difference in reduction of microbial loads after following the normal process interven-
tions when compared to low-chemical process interventions on each of the 10 locations
analyzed. All counts were transformed to log CFU/mL of rinse with exception of Salmonella
spp. counts, which were reported as log CFU/sample (Log CFU/400 mL), and a t-test was
performed to compare the counts at each location with normal process interventions and
low chemical process interventions. If parametric assumptions were not met, the Wilcoxon
Sum Rank Test or Mann–Whitney test was used as a non-parametric alternative for the
t-test. A p-value of 0.05 or less was used to determine significant differences.

3. Results

The log CFU/mL (or log CFU/Sample for Salmonella spp. counts) reductions from live
receiving to rehanger locations were significant for all testing conducted on indicator and
pathogen bacteria. For indicator organisms, the average reduction for AC was 2.92 log CFU/mL
(p-value < 0.001) and 2.41 log CFU/mL (p-value < 0.001) for the CX and RC treatments, re-
spectively, while for EB the average reduction was 2.43 log CFU/mL (p-value < 0.001) and
2.29 log CFU/mL (p-value < 0.001) for the CX and RC treatments, respectively.

For pathogen enumeration, the average reduction from live receiving to rehanger loca-
tions for Campylobacter spp. was 3.18 log CFU/mL (p-value < 0.001) and 3.23 log CFU/mL
(p-value < 0.001) for the CX and RC treatments, respectively, while for Salmonella spp.,
the average reduction was 2.27 log CFU/mL (p-value < 0.001) and 1.94 log CFU/mL
(p-value < 0.001) for the CX and RC treatments, respectively.

In the nine locations following the live receiving (LR) location, for indicators and
pathogens enumeration, the variation of the data points for the low-chemical treatment
(RC) treatments was greater than those for the normal chemical treatment (CX) treatments.

For each of the sampling locations and all indicators as well as pathogens counts,
the standard error (SE) was calculated to show dispersion of sample means around the
population mean. The mean plus three standard error of the mean (mean + 3SE) was
also calculated in each treatment to show the upper control limit per the USDA FSIS
recommendation on statistical process control [18].
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3.1. Aerobic Plate Counts (AC)

The average incoming AC count measured at the live receiving area was 7.56 log CFU/mL
(Table 1). These counts were prior to any (chemical) antimicrobial treatment at the pro-
cessing plant. Subsequently, only feather removal and scalding, after hanging, stunning,
and killing steps, were applied. There was a significant reduction from live receiving
(7.56 CFU/mL) to rehanger location for both treatments: 4.64 log CFU/mL (CX with a
p-value < 0.001) and 5.16 log CFU/mL (RC with a p-value < 0.001). The AC counts were
not statistically different (p > 0.05) between CX and RC treatments at post-evisceration,
post-cropper, post-IOBW #2, and post-chilling locations. Counts at the post rehanger, post
neck breaker, post IOBW #1, pre chilling, and parts (wings) showed a statistically signifi-
cant difference between treatments (p < 0.05), with the highest mean difference between
treatments at the post-chilling location (0.45 log CFU/mL) and the lowest at the post-IOBW
#2 location (0.15 log CFU/mL). For all locations, the low-chemical process (RC) shows
greater counts than the normal process (CX) (see Figure 2). There was an increase in counts
for both treatments from post-chilling to the parts (wings) location, where the CX treatment
showed an average increase of 1.62 log CFU/mL; the RC treatment average increase was
2.01 log CFU/mL.

3.2. Enterobacteriaceae (EB)

The average incoming EB count measured at the live hanging area was 6.03 log CFU/mL
(Table 2 and Figure 3). These counts were prior to any (chemical) antimicrobial treat-
ment at the processing plant. The counts at the post-neck-breaker, post-IOBW #1, post-
IOBW #2, pre-chilling. and parts (wings) locations had significant statistical differences
(p < 0.05) between the CX and RC treatments, with the highest mean difference at the
post-IOBW #2 location (1.01 log CFU/mL) and the lowest at the pre-chilling location
(0.45 log CFU/mL). All locations showed higher counts with the RC treatments except for
the post-evisceration and the post-cropper locations, where the RC treatment was lower
than the CX treatment, with a mean difference of 0.04 log CFU/mL and 0.08 log CFU/mL,
respectively. For the post-rehanger, post-evisceration, post-cropper, and post-chilling lo-
cations, there were no significant statistical differences (p > 0.05) between the CX and
RC treatments.

Table 1. Aerobic plate counts (log CFU/mL) on each of the ten locations during the evisceration
process under normal process interventions (CX) and low-chemical process interventions (RC) on
chicken rinses.

Location

Aerobic Plate Counts (Log CFU/mL)

Chemical (CX) Reduced Chemical (RC)

Mean ± SE 1 Mean + 3SE n Mean ± SE Mean + 3SE n

Live Receiving 2 7.56 ± 0.04 a 7.68 70 7.56 ± 0.04 a 7.68 70
Rehanger 4.64 ± 0.14 b 5.04 40 5.16 ± 0.13 bc 5.53 90

Post Eviscerator 4.71 ± 0.16 b 5.19 30 4.95 ± 0.11 bc 5.27 90
Post Cropper 4.75 ± 0.12 b 5.10 50 4.92 ± 0.12 c 5.29 90

Post NB 4.22 ± 0.11 c 4.56 50 5.25 ± 0.12 b 5.61 90
Post IOBW#1 4.03 ± 0.14 c 4.43 50 4.43 ± 0.12 d 4.77 84
Post IOBW#2 3.54 ± 0.08 d 3.77 50 3.68 ± 0.08 e 3.92 89
Pre Chilling 3.42 ± 0.06 d 3.61 50 3.84 ± 0.10 e 4.14 98
Post Chilling 1.39 ± 0.19 f 1.95 40 1.84 ± 0.08 f 2.09 106
Parts (Wings) 3.01 ± 0.10 e 3.31 50 3.84 ± 0.11 e 4.18 92

1 Standard error of the mean; 2 For Live Receiving location, there was no treatment applied (CX nor RC); therefore,
the same values are reported for each treatment on the table; a–f For each Location, with each treatment (CX and
RC), Different Letters are Significantly Different according to ANOVA p-value < 0.01.
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Figure 2. Aerobic plate counts (log CFU/mL) on each of the ten locations during the evisceration
process under normal process interventions (CX) and lo- chemical process interventions (RC) on
chicken rinses. In each boxplot, the horizontal line crossing the box represents the median, the top
and bottom lines of the box represent the lower (0.25) and upper (0.75) quartiles, the vertical top
lines represent 1.5 times the interquartile range, and the vertical bottom line represents 1.5 times
the lower interquartile range. The dots represent the actual data points. a,b For each location, boxes
with different letters are significantly different between treatments according to t-test analysis at
p-value < 0.05.

Table 2. Enterobacteriaceae counts (log CFU/mL) on each of the ten locations during the evisceration
process under normal process interventions (CX) and low-chemical process interventions (RC) on
chicken rinses.

Location

Enterobacteriaceae Counts (Log CFU/mL)

Chemical (CX) Reduced Chemical (RC)

Mean ± SE 1 Mean + 3SE n Mean ± SE Mean + 3SE n

Live Receiving 2 6.03 ± 0.07 a 6.25 70 6.03 ± 0.07 a 6.25 70
Rehanger 3.60 ± 0.17 c 4.10 40 3.74 ± 0.11 cd 4.07 90

Post Eviscerator 4.04 ± 0.17 b 4.56 30 4.00 ± 0.10 c 4.30 90
Post Cropper 3.67 ± 0.15 bc 4.10 50 3.59 ± 0.10 d 3.89 90

Post NB 3.53 ± 0.12 c 3.89 50 4.37 ± 0.11 b 4.69 90
Post IOBW#1 2.91 ± 0.10 d 3.22 50 3.48 ± 0.10 de 3.78 84
Post IOBW#2 2.24 ± 0.13 e 2.63 50 3.25 ± 0.11 e 3.59 89
Pre Chilling 2.24 ± 0.08 e 2.50 50 2.69 ± 0.08 f 2.92 98
Post Chilling 0.90 ± 0.08 g 1.15 40 0.92 ± 0.10 g 1.23 106
Parts (Wings) 1.64 ± 0.10 f 1.94 50 2.60 ± 0.11 f 2.91 92

1 Standard error of the mean; 2 For Live Receiving location, there was no treatment applied (CX nor RC); therefore,
the same values are reported for each treatment on the table; a–g For each Location, with each treatment (CX and
RC), Different Letters are Significantly Different according to ANOVA p-value < 0.01.
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below LOQ, as counts are obtained from a regression equation provided by the method-
ology, the reason why a new LOQ was established as 1% of the real LOQ (0.01 CFU/mL 
or 0.6 Log CFU/sample). Samples showing as <0.6 log CFU/sample were reported as 50% 
of the new LOQ (0.3 log CFU/sample). The same value was applied for samples that were 

Figure 3. Enterobacteriaceae counts (log CFU/mL) on each of the ten locations during the evisceration
process under normal process interventions (CX) and low-chemical process interventions (RC) on
chicken rinses. In each boxplot, the horizontal line crossing the box represents the median, the top
and bottom lines of the box represent the lower (0.25) and upper (0.75) quartiles, the vertical top
lines represent 1.5 times the interquartile range, and the vertical bottom line represents 1.5 times
the lower interquartile range. The dots represent the actual data points. a,b For each location, boxes
with different letters are significantly different between treatments according to t-test analysis at
p-value < 0.05.

3.3. Salmonella Detection and Enumeration

Salmonella spp. counts were substantially low when analyzed on a per-mL basis; thus,
when transformed to log CFU/mL, some counts resulted in negative values (2.91% of the
data with the CX treatment and 8.28% of the data with the RC treatment), making analysis
and visualization more difficult for interpretation. Therefore, all data were transformed
from to log CFU/sample equivalent to log CFU/400 mL to facilitate data visualization. The
limit of quantification for SalQuant (LOQ) is 1 CFU/mL, but counts can be extrapolated
below LOQ, as counts are obtained from a regression equation provided by the methodol-
ogy, the reason why a new LOQ was established as 1% of the real LOQ (0.01 CFU/mL or
0.6 Log CFU/sample). Samples showing as <0.6 log CFU/sample were reported as 50% of
the new LOQ (0.3 log CFU/sample). The same value was applied for samples that were not
quantifiable but found positive for prevalence analysis. Samples that were not quantifiable
nor detected were reported as 0 log CFU/sample. A summary of the parameters used for
the data analysis can be found in Table 3.

The average incoming Salmonella spp. count measured at the live hanging area
was 2.63 log CFU/sample (Table 4). These counts were prior to any (chemical) antimi-
crobial treatment at the processing plant. Counts were statistically different (p < 0.05)
between treatments in all sampling locations except for the post-evisceration and post-
cropper locations. The RC treatment had greater counts at each sampling location ex-
cept for the post-cropper location, where the lowest average count was at the RC treatment
(0.67 log CFU/Sample). The highest average difference between CX and RC treatments was
at the post-neck-breaker location (0.61 log CFU/sample) and the lowest at the post-chilling
location (0.01 log CFU/sample). In addition to enumeration (counts), prevalence (Table 5)
was performed on non-quantifiable samples using BAX® system Real-Time Salmonella
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assays, and values are shown in Figure 4. The prevalence under the CX treatment is lower
for all sampling locations except at the post-evisceration location.

Table 3. Observed and reported parameters established for Salmonella spp. quantification and
prevalence analysis.

Observed SalQuant Result
(Log CFU/Sample)

Observed Prevalence
Result

Reported SalQuant Result
(Log CFU/Sample)

Reported Prevalence
Result

No Result Negative 0 Negative
No Result Positive 0.3 Positive

Less than 0.6 NA 1 0.3 Positive
More or equal than 0.6 NA Observed SalQuant result Positive

1 Not applicable, as prevalence test is not necessary in samples quantified and detected by SalQuant.

Table 4. Salmonella spp. counts (log CFU/sample) on each of the ten locations during the evisceration
process under normal process interventions (CX) and low-chemical process interventions (RC) on
chicken rinses.

Location

Salmonella spp. Counts (Log CFU/Sample)

Chemical (CX) Reduced Chemical (RC)

Mean ± SE 1 Mean + 3SE n Mean ± SE Mean + 3SE n

Live Receiving 2 2.63 ± 0.21 a 3.26 70 2.63 ± 0.21 a 3.26 70
Rehanger 0.36 ± 0.13 bc 0.74 40 0.69 ± 0.13 bc 1.09 90

Post Eviscerator 0.63 ± 0.19 b 1.21 30 0.79 ± 0.14 b 1.21 90
Post Cropper 0.72 ± 0.24 bc 1.44 50 0.57 ± 0.12 bc 0.93 90

Post NB 0.09 ± 0.04 cd 0.21 50 0.66 ± 0.12 bc 1.03 90
Post IOBW#1 0.04 ± 0.01 d 0.08 50 0.43 ± 0.11 bc 0.75 84
Post IOBW#2 0.04 ± 0.02 d 0.10 50 0.13 ± 0.05 bc 0.27 89
Pre Chilling 0.02 ± 0.02 d 0.07 50 0.34 ± 0.08 bc 0.60 98
Post Chilling 0.00 ± 0.00 d 0.00 40 0.00 ± 0.00 c 0.00 106
Parts (Wings) 0.07 ± 0.05 d 0.22 50 0.15 ± 0.07 bc 0.35 92

1 Standard error of the mean; 2 For Live Receiving location, there was no treatment applied (CX nor RC); therefore,
the same values are reported for each treatment on the table; a–d For each Location, with each treatment (CX and
RC), Different Letters are Significantly Different according to Krustal–Wallis test at p-value < 0.01.

Table 5. Prevalence of Salmonella spp. at each Sampling Location for each Treatment: Normal
Chemical (CX) and Reduced Chemical (RC).

Location
Prevalence (%)

Normal Chemical (CX) Reduced Chemical (RC)

Live Receiving * 94.29% 94.29%
Rehanger 42.50% 45.60%

Post Eviscerator 46.70% 40.00%
Post Cropper 28.00% 35.60%

Post Neck Breaker 16.00% 33.30%
Post IOBW #1 12.00% 30.00%
Post IOBW #2 10.00% 16.20%
Pre Chilling 4.00% 23.33%
Post Chilling 0.00% 1.11%
Parts (Wings) 10.00% 11.20%

* Percentages are the same under CX and RC because at Live Receiving location, no chemical treatment was applied.
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Figure 4. Salmonella spp. counts (log CFU/Sample) and prevalence (shown as solid lines) comparison
on each of the ten locations during the evisceration process under normal process interventions (CX)
and low-chemical process interventions (RC) on chicken rinses. In each boxplot, the horizontal line
crossing the box represents the median, the top and bottom lines of the box represent the lower (0.25)
and upper (0.75) quartiles, the vertical top lines represent 1.5 times the interquartile range, and the
vertical bottom line represents 1.5 times the lower interquartile range. The dots represent the actual
data points. a,b For each location, boxes with different letters are significantly different between
treatments according to Wilcoxon test analysis at p-value < 0.05.

3.4. Campylobacter spp.

The average incoming Campylobacter spp. count measured at the live hanging area
was 5.23 log CFU/mL (Table 6). These counts were prior to any (chemical) antimicro-
bial treatment at the processing plant. The only location with significant mean difference
(p < 0.05) between CX and RC treatments was the parts (wings) location, where the differ-
ence between treatments was 0.30 log CFU/mL (CX treatment with lower counts than the
RC treatment). However, higher counts were shown in the CX treatments for post-rehanger
(2.05 log CFU/mL), post-cropper (2.34 log CFU/mL), post-neck-breaker (2.57 log CFU/mL),
post-IOBW #1 (1.75 log CFU/mL), pre-chilling (1.23 log CFU/mL), and post-chilling
(0.18 log CFU/mL) locations (Figure 5). The highest mean difference between treatments
was shown at the post-cropper location (0.34 log CFU/mL higher on the CX treatment)
and the lowest at the post-rehanger and post-chilling locations (0.05 log CFU/mL on both
locations, higher on the CX treatment).

Prevalence was obtained from the TEMPO® quantification data, and values are
shown in Table 7. The Campylobacter spp. incoming load measured at live receiving
was 100.00% positive. After the slaughtering, bleeding, and defeathering (including scald-
ing and picking) processing steps, the prevalence of Salmonella spp. was reduced to 90.00%
(CX) and 86.70% (RC) positive, which represents a 10.00% (CX)/13.30% (RC) reduction
without any chemical intervention applied other than under the RC treatment, where in
some of the samples, the post-picker dip was kept at 175 ppm (PAA). After the rehanger,
there was not a gradual reduction on counts; instead, the prevalence increased slightly
from rehanger to the post-eviscerator location with both treatments: 93.33% positive with
the CX treatment and 86.70% positive with the RC treatment. Furthermore, from the
post-eviscerator to the post-cropper location, there was also an increase in prevalence with
both treatments: 100.00% positive with the CX treatment and 90.00% positive with the RC
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treatment. At the post-neck-breaker location, with the CX treatment, the Campylobacter spp.
prevalence stayed the same at 100% and with the RC treatment increased to 94.40%. There
was a decrease in prevalence from the post-NB to the post-IOBW#1 location, and from
the post-IOBW#1 to the post-IOBW#2 locations, Campylobacter spp. prevalence decreased
from 98.00% to 94.00% positive with the CX treatment and from 86.90% to 75.30% positive
with the RC treatment. There was also a decrease from the post-IOBW#2 (94.00% positive
with CX and 75.30% with RC) and the pre-chilling location (92.00% positive with CX and
66.30% with RC).

Table 6. Campylobacter spp. counts (log CFU/mL) on each of the ten locations during the evisceration
process under normal process interventions (CX) and low-chemical process interventions (RC) on
chicken rinses.

Location

Campylobacter spp. Counts (Log CFU/mL)

Chemical (CX) Reduced Chemical (RC)

Mean ± SE 1 Mean + 3SE n Mean ± SE Mean + 3SE n

Live Receiving 2 5.23 ± 0.16 a 5.72 70 5.23 ± 0.16 a 5.72 70
Rehanger 2.05 ± 0.18 cd 2.58 40 2.00 ± 0.12 bc 2.37 90

Post Eviscerator 2.18 ± 0.18 c 2.71 30 2.23 ± 0.12 b 2.59 90
Post Cropper 2.34 ± 0.12 bc 2.70 50 2.00 ± 0.11 bc 2.33 90

Post NB 2.57 ± 0.12 b 2.92 50 2.25 ± 0.11 b 2.57 90
Post IOBW#1 1.75 ± 0.12 d 2.10 50 1.54 ± 0.10 cd 1.85 90
Post IOBW#2 1.36 ± 0.10 e 1.67 50 1.38 ± 0.09 cd 1.65 89
Pre Chilling 1.23 ± 0.11 e 1.56 50 1.18 ± 0.10 d 1.47 98
Post Chilling 0.18 ± 0.07 f 0.39 40 0.13 ± 0.05 f 0.27 106
Parts (Wings) 0.27 ± 0.07 f 0.48 50 0.57 ± 0.06 e 0.76 92

1 Standard error of the mean; 2 For Live Receiving location, there was no treatment applied (CX nor RC); therefore,
the same values are reported for each treatment on the table; a–f For each Location, with each treatment (CX and
RC), Different Letters are Significantly Different according to Krustal–Wallis test at p-value < 0.01.

Table 7. Prevalence of Campylobacter spp. at each Sampling Location for each Treatment: Normal
Chemical (CX) and Reduced Chemical (RC).

Location
Prevalence (%)

Normal Chemical (CX) Reduced Chemical (RC)

Live Receiving * 100.00% 100.00%
Rehanger 90.00% 86.70%

Post Eviscerator 93.33% 87.80%
Post Cropper 100.00% 90.00%

Post NB 100.00% 94.44%
Post IOBW#1 98.00% 86.90%
Post IOBW#2 94.00% 75.30%
Pre Chilling 92.00% 66.30%
Post Chilling 17.50% 9.43%
Parts (Wings) 34.00% 50.00%

* Percentages are the same under CX and RC because at Live Receiving location, no chemical treatment was applied.
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Figure 5. Campylobacter spp. counts (log CFU/mL) and prevalence (shown as solid lines) comparison
on each of the ten locations during the evisceration process under normal process interventions (CX)
and low-chemical process interventions (RC) on chicken rinses. In each boxplot, the horizontal line
crossing the box represents the median, the top and bottom lines of the box represent the lower (0.25)
and upper (0.75) quartiles, the vertical top lines represent 1.5 times the interquartile range, and the
vertical bottom line represents 1.5 times the lower interquartile range. The dots represent the actual
data points. a,b For each location, boxes with different letters are significantly different between
treatments according to t-test analysis at p-value < 0.05.

4. Discussion

As observed in previous studies, the prevalence of Salmonella spp. was reduced from
the pre-scalding to the post-chiller stages. These reductions were attributed to sequential
washes and antimicrobial interventions applied during evisceration and in the pre- and
post-chiller tanks [14,19–22]. Most of the research studies conducted on Salmonella spp.
and Campylobacter spp. in poultry focus the microbiological methods on prevalence (%),
whereas in the current study, we evaluated the quantification of indicator bacteria as well as
pathogens (Salmonella spp. and Campylobacter spp.) in a processing operation running with
chemical interventions and low levels of interventions, which makes the current research
study unique. The sampling collection also occurred over a period of twenty-five months,
capturing variability of flocks sampled and seasonality.

The significant log reductions from live receiving to the rehanger location for both
indicator and pathogen loads provide validation data indicating that the scalding (washing
effect and high temperature) and picking processes are key steps in bacterial reduction
during poultry processing and a major pathogenic reduction stage for pathogen control if
properly managed. The sample collected at the live receiving location included feathers,
head, and feet, as well as any filth from the field, compared to the picked (plucked)
bird at the rehanger location, where the feathers, head, and feet have been removed. As
mentioned in previous studies [23], in general for industry professionals, a pathogen
reduction of at least one logarithmic cycle from location to location is necessary to consider
an intervention effective. In the current study, the average reduction from live receiving
to rehanger across both treatments was 2.66 log CFU/mL (APC), 2.36 log CFU/mL (EB),
3.20 log CFU/mL (Campylobacter spp.), and 2.15 log CFU/sample (Salmonella spp.). At this
particular processing plant, there is no chemical treatment applied in the scalding or the
defeathering process. As indicated earlier, there is a post-picker dip with up to 175 ppm of
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PAA immediately after the last picker, which showed to be statistically significant when
comparing CX and RC treatments for AC and Salmonella spp. counts. Therefore, even
without any pH adjustment treatment in the scalder tanks (one of the common antimicrobial
interventions used in the poultry industry), the softening and removal of the feathers while
keeping the bird warm during this process are definitely an important aid in bacterial
reduction for the process.

The need to optimize the rather widespread use of PAA as interventions throughout
the process is critical due to concerns on dose and time of contact variability [10] and
the occupational concerns mentioned earlier [15]. Therefore, the current research study
provides a standardized methodology to generate the evidence needed for the identification
of focused intervention locations in the process, more specifically the use of PAA, in selected
locations within first and second processing to maximize the efficacy and improved the
microbial performance of the process.

In another study, it was determined that reductions in the AC and EB counts were
not consistent between the post-scalding and post-defeathering locations [24] and did not
provide a clear indication of what microorganisms could be affecting those results. We
learned that the reduction from the live receiving to the rehanger location under the CX
treatment on both AC (2.92 Log CFU/mL) and EB (2.43 Log CFU/mL) was consistent, and
the counts remained somewhat constant between the rehanger and the post-neck-breaker
location, suggesting that up to the post-neck-breaker location, there is no major reduction
on AC and EB counts even with high levels of chemical interventions applied. In fact, the
post-evisceration and post-cropper locations showed no significant statistical difference
between the CX and RC treatments (p > 0.05).

Poultry processors have implemented various antimicrobial interventions to reduce
cross contamination and minimize the presence of foodborne pathogens, such as Salmonella
spp. and Campylobacter spp., during poultry processing. However, limited information on
comprehensive biomapping conducted at a commercial poultry processing facility—which
included enumeration of pathogens as well as prevalence—is available in the literature.
Limited research studies are available, such as those using chicken parts, conducted in
laboratory settings and in controlled environments. In the current study, whole birds
and parts (wings) samples were collected over the course of twenty-five months and
included quantification of indicators and pathogens in a plant setting, therefore making
the current bio-mapping more representative of the process variability and allowing this
processor to establish a facility-specific microbial baseline for decision making on the
intervention’s effectiveness.

The processing facility where the current research study was conducted is operating
under the New Poultry Inspection System (NPIS) and has a line-speed waiver to process in
evisceration, at line speeds of up to 175 birds per minute (BPM). The multi-hurdle approach
for antimicrobial interventions at this processing facility, whether under the CX or the RC
treatments, achieved post-chill pathogen counts of less than 0.27 and 0.57 log CFU/mL
(Campylobacter spp.) or 0.07 and 0.15 log CFU/Sample (Salmonella spp.), respectively. These
levels, according to the risk assessments of Salmonella spp. in broiler chickens [25], have
a very low probability for causing illness, without even considering the effect of thermal
processing on risk reduction from the raw poultry carcass or part evaluated. Furthermore,
when comparing these results at the parts location (wings), the levels are below 1 log
CFU/mL (Campylobacter spp.) or 1 log CFU/Sample (Salmonella spp.), which also represents
a very low probability of illness. Therefore, the current data suggest that the increased
evisceration line speed under NPIS does not affect or increase the risk of illness caused by
foodborne pathogens, such as Salmonella spp. and Campylobacter spp. [26].

4.1. Aerobic Counts (AC)

There were significant statistical differences between CX and RC treatments observed
at the rehanger location (0.51 CFU/mL with lower counts shown with the CX treatment).
These results suggest that the use of the post-picker dip, located immediately after the last
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picker and containing up to 250 ppm PAA, may have an improved effect in the overall
process for pathogen control. There was no statistical difference between treatments at the
post-evisceration and post-cropper locations, indicating that neither the chlorinated washer
located immediately after the removal of viscera from the birds nor the washer and brushes
removing crops from the probes may have a reduction effect in the aerobic counts.

At the NB location, there was a statistically significant reduction in counts with the CX
treatment, while the counts with the RC treatment appeared to increase. This suggests that
chemical interventions are needed at this location to ensure proper sanitizing of the neck-
breaker blades to reduce cross contamination. Because the birds are hung upside down,
all the fluids draining from the cavity of the birds pass through the neck area. At this step
of the process, the release of these fluids when breaking the necks may require a chemical
treatment to reduce the AC load. Furthermore, the very next processing step, the first
inside-outside bird washer, seems to have a beneficial effect when chemical interventions
are used in reducing aerobic counts. The average reduction at the post-IOBW #1 location
from the previous steps (excluding live receiving) was 0.55 log CFU/mL (CX treatment)
and 0.64 log CFU/mL (RC treatment).

The brushes (after the IOBW #1) and the subsequent IOBW #2 seem to not have a
major effect in AC levels with the addition of chemicals at those two steps, as there are no
statistical differences between CX and RC treatments at the post-IOBW #2 location. This
could be due to the reduction already achieved by the IOBW #1. However, at the pre-
chilling location, which is after the on-line reprocessing (OLR) cabinet, there is a significant
statistical difference between CX and RC treatment; however, the reduction is only 0.11 log
CFU/mL. There was also an increase for the RC treatment from the post-IOBW#2 to the
pre-chilling location (0.15 log CFU/mL). This suggests that the chemical effect at the OLR
applied in this facility may not be an important antimicrobial intervention in the AC
reduction and will need to be optimized. The typical chemical used at this location is PAA,
at concentrations ranging from 300 ppm to 400 ppm under normal processing.

At the post-chill location, the difference between CX and RC treatments is not statisti-
cally significant, with a 2.04 log CFU/mL reduction from pre-chill to post-chill locations
under the CX treatment and 2.00 log CFU/mL under the RC treatment. The lowest AC
counts with both treatments occurred at the post-chilling location (lower with the CX treat-
ment), indicating that the temperature reductions and chemical treatments in the pre-chiller,
main-chiller, and post-chiller when combined are effective for reducing AC counts.

There is also a significant statistical difference between treatments at the parts location
(wings), with CX treatment at 0.84 log CFU/mL, lower in average than the RC treatment.
The overall reduction at this location has been previously reported at 1.27 log CFU/mL on a
laboratory spray application setting on breast fillets [27]. Parts dips have become popular in
commercial processing facilities, and they are currently widely used in the poultry industry,
with concentrations of PAA up to 400 ppm to help in complying with parts performance
standards. This antimicrobial intervention has proven to be very effective in reducing the
loads of AC, as shown in the current research study.

4.2. Enterobacteriaceae Counts (EB)

Similar to what was found with the AC counts, the EB counts at the post-evisceration
and post-cropper locations were not significantly different between the CX and RC treat-
ments. In addition to these locations, the post-rehanger EB counts were also not significantly
different between the treatments. However, there is a significant difference between the
treatments at the post-neck-breaker location, with the RC treatment being higher than the
CX treatment, on average 0.84 log CFU/mL. This difference could be due to the antimicro-
bial effect of the neck-breaker equipment washers. The use of chemicals during the process
seem to have a positive impact when measuring EB at the post-neck-breaker location,
which along with the removal of the viscera and crops, creates an opening around the neck
area, helping drainage of contamination during processing. However, there was not much
change among the counts from the rehanger to the neck-breaker locations, with an average
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EB count of 3.71 log CFU/mL (CX) and 3.92 log CFU/mL (RC) in these four locations. As
mentioned in previous studies, certain steps, such as those within the evisceration process,
may contribute to higher levels of contamination [28], and in the current research study, we
found that the EB counts do not seem to change much across these locations.

The chemical usage in the IOBWs as well as in the brushes between the washers seem
to also have a positive impact in reducing EB counts, which is displayed in the significant
differences between the treatments at these locations. Whereas no significant statistical
differences were found at post-chill location, indicating that not much effect on EB was
accomplished by the use of chemical in the chilling system, the lower temperature in the
system may have a positive impact in the reduction of EB counts between pre-chill and
post-chill locations. There is a significant statistical difference between treatments at the
pre-chilling and parts (wings) locations, which reinforces the findings that parts dips with
PAA have a positive impact in bacterial reduction in skin-on part samples.

4.3. Salmonella spp.

There was a statistical difference in Salmonella spp. counts between treatments at each
sampling location (except for the post-evisceration and post-cropper locations), with CX
being the lowest at each sampling location with the exception of post-cropper, where the CX
treatment was lower (0.67 log CFU/mL at RC vs. 0.75 log CFU/mL at CX). The pattern for
prevalence was very similar, with the highest prevalence of Salmonella spp. under the RC
treatments except for samples collected at the post-evisceration location. At this location,
the CX treatment had a slightly higher prevalence than the RC treatment.

The largest average difference between treatments was at the post-neck-breaker loca-
tion, validating that cross-contamination control and adequate sanitary dressing in neck
breaking are key steps in the reduction of Salmonella spp. Furthermore, chilling (pre main
and post chiller) continued to be a crucial step in microbial control during poultry process-
ing, which is validated by the 0% (CX) and 0.94% (RC) prevalence at the post-chill location,
significantly lower than the performance standard limits.

The reduction in prevalence from the live receiving (>90%) to the rehanger (~40%)
follows the same trend as with the quantification reduction at these two locations. Even
though the prevalence reduction is close to 50%, in quantification, the average reduc-
tion from live receiving to rehanger locations (2.27 log CFU/Sample for CX and 1.94 log
CFU/Sample for RC) was higher than 90% with the CX treatment and 75% with the RC
treatment, and it can only be seen with quantification data. These discrepancies are a
confirmation than prevalence alone is not a good indicator of food safety [29].

4.4. Campylobacter spp.

After the live receiving location, all locations except for parts (wings) show no signifi-
cant difference between treatments CX and RC. Only the parts (wings) location, with an
average difference of 0.30 log CFU/mL, showed minimal effect under the CX treatment,
which is consistent with the AC and EB indicators as well as Salmonella spp. loads. This
provides some evidence that parts interventions are effective in reducing pathogen loads.
As previously reported, the use of antimicrobial interventions, such as post-chilling immer-
sion tanks or spraying systems using high concentration of chemicals (with short contact
times), have proven to be an added hurdle after primary chilling that further facilitates the
reduction of pathogens on poultry carcasses [10].

As seen on the results, after the live receiving location, there seemed to be not much
change in counts from the rehanger to the post-neck-breaker locations, which is a pattern
observed with AC and EB counts. However, there is a reduction at the first IOBW #1,
showing an average 0.82 log CFU/mL (CX) and 0.71 log CFU/mL (RC) from the previous
location. Furthermore, between the post IOBW #1 and the pre-chilling locations, there is not
much change in Campylobacter spp. counts until the post-chilling location. This provides
strong evidence that the chilling of the birds is the primary step in pathogen reduction.
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Prevalence of Campylobacter spp. under the CX treatment remains constant between
90% and 100% through the pre-chilling location; however, as discussed before, there is
a 3.18 log CFU/mL reduction from live receiving to the rehanger location. This reduc-
tion is negligible when only looking at prevalence. Similarly, under the RC treatment,
the prevalence of Campylobacter spp. remains between 85% and 100% through the post-
IOBW #1 location, disregarding the reduction in counts from live receiving to rehanger of
3.23 log CFU/mL, which is a strong evidence that prevalence alone cannot be used as a
sole representation of the microbial loads within a poultry-processing facility [29].

5. Conclusions

Pathogen quantification can result in improved risk assessment where chemical in-
terventions can be targeted to stages with higher indicator and pathogen bacteria counts.
The current research study provides evidence for the application of chemical treatments in
strategic locations during poultry processing rather than the use of an array of interven-
tions at different locations, thus assisting the processor to customize their antimicrobial
intervention regimes and focus these efforts in higher-risk areas.

The development of biomapping baselines that include quantification of pathogens
leads to the development of statistical process control parameters to support food safety
management decision making. Nonparametric statistical process control can be approached
to more representatively use pathogen prevalence and quantification data together, result-
ing in more educated decisions than using exclusively prevalence data.

In the current research study, it was evident that the scalding and picking processing
steps leading up to the evisceration process are key steps in the reduction of indicator
and pathogen bacteria. Furthermore, the reduction achieved between live receiving and
rehanger is almost constant for both treatments (CX and RC) for any of the indicator and
pathogen bacteria tested up to the neck-breaker location. After such step, the incorporation
of chemicals (e.g., sodium hypochlorite) at the first inside-outside bird washer (IOBW #1),
along with good sanitary dressing practices, seem to have the best performance. Therefore,
the first step in the evisceration process that needs to have chemicals based on the results
of the current study is the IOBW #1.

The on-line reprocessing (OLR) cabinet does not seem to have a major impact in
bacterial reduction in this operation with either CX or the RC treatments; however, the
chilling system, including the pre chiller, main chiller, and post-finishing chiller, were
shown to be a major contributor to pathogen reductions (combining low water temperature
and chemical usage, such as PAA) for bacterial reduction, thus indicating that the chiller
process should be optimized as the second main location for chemical application in the
process. The final antimicrobial intervention step, shown in the current study to have an
impactful bacterial-reduction performance, is the parts dips, where PAA is mostly used.

The data generated from the current study demonstrate that the use of Salmonella spp. or
Campylobacter spp. prevalence as a sole measurement of food-safety performance is not ade-
quate or representative of the whole picture of contamination in a dynamic system. Pathogen
prevalence is part of the equation, and several other variables, such as quantification, are nec-
essary to make decisions that will improve the food-safety system’s performance. There have
been models published identifying risk factors for Salmonella control in poultry-processing op-
erations [29], which support the conclusions of the current study. Published risk assessments
support this approach, and the results of the current study can be used to conduct probabilis-
tic quantitative microbial risk assessments similar to those conducted in prior publications
(QMRA) [30]. Finally, this integrated approach to measure the performance of the pathogen-
control system provides a risk-based approach to food-safety management and therefore is
needed to establish a new performance standard for Salmonella spp. and Campylobacter spp.
that is based on loads. A better performance-standard system can contribute in a better way
to help achieve the Healthy People 2030 goals [31,32].

There is a significant amount of data generated by research conducted by poultry
processors, who collect far more microbiological data than the official sampling programs
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of the USDA-FSIS sampling plans (e.g., Salmonella spp. 52-rolling window—one sample
per week). Federally inspected establishments collect on a routine basis samples before
and after chilling for every 22,000 birds processed. For example, if a single eviscera-
tion line processes 660,000 birds in one week, there would be a total of thirty samples
(30) collected in one week for one of the indicator organisms compared to one (1) sample
collected by USDA FSIS. These samples are in addition to other microbial samples collected
by each establishment to evaluate the performance of some of their intervention schemes.
Furthermore, poultry processors, through biomapping sampling, select more significant
sampling locations that better represent the microbiological performance of the process.
With more repetitions and extra sampling locations, the poultry industry can generate suffi-
cient quantitative data on pathogen loads that, when statistically analyzed, would serve as
a better measurement for the establishment’s microbial performance and to generate actual
risk-based performance standards. Therefore, it is important to consider outside data, such
as that generated from the current research study, to evaluate large datasets from a variety
of operations to establish a plant’s microbial performance [33].
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Abstract: Nontyphoidal-Salmonella bacteria cause foodborne gastroenteritis that may lead to fatal
bacteremia, osteomyelitis, and meningitis if not treated properly. The emergence of multidrug-
resistant Salmonella strains is a global public health threat. Regular monitoring of genotypes and
phenotypes of Salmonella isolated from humans, animals, foods, and environments is mandatory for
effective reduction and control of this food-borne pathogen. In this study, antimicrobial-resistant
and virulent genotypes and phenotypes of Salmonella isolated from retail food samples in Bangkok,
Thailand, were investigated. From 252 raw food samples, 58 Salmonella strains that belonged only
to serotype Enteritidis were isolated. Disc diffusion method showed that all isolates were still
sensitive to amikacin and carbapenems. More than 30% of the isolates were resistant to ampicillin,
tetracycline, and ciprofloxacin. Twenty isolates resist at least three antibiotic classes. Minimum
inhibitory concentration tests showed that 12.07% of the isolates produced extended-spectrum
β-Lactamase. Polymerase chain reaction indicated that 32.76, 81.03, 39.66, and 5.17% of the isolates
carried blaTEM-1, tetA, sul2, and dfrA7, respectively. All isolates were positive for invasion-associated
genes. Effective prevention and control of Salmonella (as well as other food-borne pathogens) is
possible by increasing public awareness and applying food hygienic practices. Active and well
harmonised “One Health” co-operation is required to effectively control food-borne zoonosis.

Keywords: food-borne salmonellosis; Salmonella Enteritidis; multi-drug resistance; invasion genes
bacterial virulence

1. Introduction

Salmonella causes food-borne gastroenteritis (salmonellosis) with high and increasing
prevalence worldwide [1–3]. The bacteria are ubiquitously present in the environment
and throughout the food chain, i.e., farm-to-folk. Humans become infected through the
consumption of contaminated water or foods mainly of animal origins, such as poultry meat,
eggs, pork, beef, dairy products, and ready-to-eat produce [4,5]. Salmonella serovars with
human host preference include S. Typhimurium and S. Enteritidis [6,7]. Clinical symptoms
of salmonellosis usually begin 6–8 h to 7 days after infection and are characterised by
abdominal cramp, fever, and diarrhoea [8]. The diseases can be self-limited in healthy
individuals but may be severe, which requires prompt medical attention and may also be
life-threatening if the bacteria invade beyond the gastrointestinal tract [9]. According to
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the World Health Organization (WHO), Salmonella is one of the key causative agents of
diarrheal disease, which inflicts not only huge medical intervention expenses but also loss
of productivity [10].

Pathogenesis of Salmonella is related to the abundance of the virulence genes in the chro-
mosomally located Salmonella pathogenicity islands (SPIs) [11,12]. Among the virulence-
associated genes are invA, which encodes the type III secretion system, and the hilA, which
encodes an OmpR/ToxR family transcriptional regulator that activates the expression of
invasion genes required for Salmonella invasion into host intestinal epithelial cells [13–15].
Besides, Salmonella bacteria also harbour plasmids carrying a myriad of antimicrobial resis-
tance genes, such as blaTEM-1 (class A broad-spectrum β-lactamase, TEM-1), blaCMY-2 (class
C β-lactamase CMY-2), tetA (tetracycline efflux major facilitator superfamily (MFS) trans-
porter, TetA), tetC (tetracycline resistance-associated transcriptional repressor, TetC), sul2
(sulfonamide-resistance gene), and dfrA7 (dihydrofolate reductase, a single gene cassette
within the class 1 integrons). These genes contribute to drug-resistant phenotypes, which
are currently the major global public health worrisome [16–22].

Antibiotic resistance among bacteria is a global phenomenon. Regular monitoring
of serotypes and drug-resistant phenotypes and genotypes of Salmonella that contaminate
foods may help track the cause of the food-borne diseases and may lead to appropriate
food safety policy for intervention, prevention, and/or effective treatment measures of
food-borne illnesses. Therefore, in this study, we assessed the prevalence of antimicrobial
phenotypes and drug resistance-associated and virulence genes in Salmonella isolated from
retail food samples in the Bangkok metropolitan area.

2. Materials and Methods
2.1. Sample Collection and Bacterial Isolation and Identification

Five different food categories (chicken, n = 44; pork and beef, n = 28; seafood, n = 60;
fruits and vegetables, n = 60; and dairy products, n = 60) comprising 252 samples were
collected from 19 wet markets and 2 supermarkets between October and December 2017.
All markets are located in the central and peripheral districts of the Bangkok Metropolitan
area. Food samples were maintained in sterile bags on ice and transferred to the laboratory
within 2 h.

Food samples were processed according to the international standard, five-step
method of the ISO protocol: 6579: 2002 Microbiology of Food and Animal Feeding Stuffs-
Horizontal Method for the Detection of Salmonella spp. [23,24]. Firstly, individual samples
were pre-enriched in a non-selective medium. Twenty-five grams of each sample was
placed in a sterile 500 mL flask containing 225 mL of Trypticase Soy Broth and incubated
at 37 ◦C for 18–24 h. Then, 0.1 mL of each overnight culture was inoculated into 10 mL
of selective enrichment medium, Rappaport-Vassiliadis Soya broth (Merck, Darmstadt,
Germany), and incubated at 42 ◦C for 24 h. The cultures (0.1 mL aliquots) were spread onto
selective agar plates, i.e., xylose lysine deoxycholate agar (XLD) and Salmonella–Shigella
agar (SS) selective plates, and the plates were incubated at 37 ◦C for 18–24 h. Suspected
Salmonella colonies (small red colonies with/without central black dots on XLD agar and
translucent colourless colonies with/without central black dots on SS agar) were subjected
to conventional biochemical assays for Salmonella verification, including triple sugar iron
(TSI) agar utilisation, deamination of lysine, ornithine decarboxylation, citrate and urease
productions, and indole formation, as well as motility testing [25].

2.2. Serotyping of the Salmonella Isolates

All Salmonella isolates were serotyped using polyvalent O and H antisera by slide agglu-
tination technique (Kauffmann–White–Le Minor scheme) [26]. The assay was performed
according to the manufacturer’s instructions (Serosystem, Clinag, Bangkok, Thailand).
Briefly, individual Salmonella colonies were suspended in normal saline solution on glass
slides. They were mixed separately with 9 polyvalent Salmonella antisera reagents in a 1:1
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ratio, and the slides were rocked in a circular motion for 30 s. Bacterial agglutination was
visually observed. Strains giving negative or positive agglutinations were recorded.

2.3. Determination of Intestinal Cell Invasion by Salmonella Isolates

The ability of the isolated Salmonella strains to invade human colon carcinoma cells
(Caco-2 cell line) was investigated. Confluent Caco-2 cell monolayer was established in
24-well tissue culture plates (approximately 2 × 105 cells/well) containing Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, NY, USA) supplemented with 10% fetal bovine
serum and 50 µg/mL gentamicin at 37 ◦C in 5% CO2 atmosphere. The monolayers were
rinsed twice in phosphate-buffered saline, pH 7.4 (PBS). Cells were infected with individual
Salmonella strains at a multiplicity of infection (MOI) 1:50 [27]. Plates were incubated at
37 ◦C in 5% CO2 incubator for 4 h. The cells were rinsed to remove extracellular bacteria
and replenished with DMEM containing gentamicin (50 µg/mL) for 1.5 h. Cells were then
rinsed with PBS and stained with Giemsa reagent. Salmonella invasion into the Caco-2
cells was observed under inverted microscopy (200 and 400×magnifications) (Zeiss, Jena,
Germany). Alternatively, the infected cells were lysed by adding 1% Triton X-100 (Sigma);
the lysate was spread on an LB plate and incubated at 37 ◦C for 24 h. The presence of
bacterial colonies on the cultured plate indicates the invasive ability of the bacterial isolate.

2.4. Antimicrobial Resistance Profiles

Antimicrobial susceptibility was evaluated based on Clinical and Laboratory Stan-
dards Institute 2017 (CLSI 2017) guidelines using the disc diffusion method. Briefly,
Salmonella isolates were aerobically cultured in 10 mL of Mueller–Hinton (MH) broth
(Oxoid, Hampshire, UK) at 37 ◦C for 24 h. Overnight cultures were adjusted to an optical
density of 0.5 MacFarland units. The bacterial suspensions were aseptically spread onto MH
agar plates, and the plates were allowed to dry for 2–4 min. Individual antimicrobial discs
were placed on the surface using a disc dispenser, and the plates were incubated at 37 ◦C
for 24 h. The tested antibiotics were ampicillin (10 µg), ampicillin/sulbactam (10 µg/10 µg),
piperacillin/tazobactam (100 µg/10 µg), cefepime (30 µg), cefotaxime (30 µg), ceftazidime
(30 µg), ceftriaxone (30 µg), gentamicin (10 µg), amikacin (30 µg), ertapenem (10 µg),
meropenem (10 µg), imipenem (10 µg), tetracycline (30 µg), ciprofloxacin (5 µg), and
trimethoprim/sulfamethoxazole (1.75/23.25 µg) (Oxoid). Extended-spectrum β-lactamase
(ESBL) production was also determined using the combination disc test comprising cef-
tazidime with and without clavulanate and cefotaxime with and without clavulanate
(Oxoid). A positive test was defined as a ≥5 mm difference in zone diameter between the
respective two discs. The CLSI 2017 criteria were followed for the interpretation of the
antimicrobial susceptibility results.

2.5. Polymerase Chain Reaction for Determination of Drug Resistance and Virulence Genes of the
Salmonella Isolates

All Salmonella isolates were screened for the presence of virulence genes (invA and hilA)
and antimicrobial resistance genes (tetA, tetC, blaTEM-1, blaCMY-2, sul2, and dfrA7) by using
PCR. Genomic DNA was extracted from each Salmonella culture using the conventional
boiling method [27]. Two millilitres of each bacterial culture were centrifuged at 14,000× g
for 5 min. Sterile distilled water (600 µL) was added to the pellet and re-centrifuged. The
supernatant was discarded, and 200 µL of sterile distilled water was added to the pellet.
The sample was then placed in a 100 ◦C heat-block for 10 min, immediately cooled on
ice for 5 min, and centrifuged at 14,000× g for 5 min. The supernatant was used as a
PCR template.

PCR was conducted using primers listed in Table 1. The PCR reaction mixture (25 µL)
contained 3 µL of DNA template, 2.5 µL of 10× Taq buffer, 2 mM MgCl2, 0.2 mM dNTP,
1 µM each primer, and 1 U of Taq DNA polymerase (Thermo Fisher Scientific, Waltham,
MA, USA). The thermal cycles were initial denaturation at 94 ◦C for 5 min, 35 cycles of
denaturation at 94 ◦C for 45 s, annealing at 52–60 ◦C for 40 s, extension at 72 ◦C for 40 s
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and a final extension at 72 ◦C for 7 min. Salmonella Enteritidis ATCC 13076 and constructed
plasmids containing the antibiotic-resistant genes served as positive controls, while buffer
alone (without DNA template) served as a negative control. The PCR products were
electrophoresed on 1.5% (w/v) agarose gels in 100 mL of 1× TAE buffer and stained with
ethidium bromide. DNA bands were visualised using the ChemiDoc MP imaging system
(Bio-Rad, Hercules, CA, USA).

2.6. Statistical Analysis

The statistical analysis and data comparison were performed using one-way ANOVA
in GraphPad Prism version 9 (La Jolla, CA, USA). The p-value < 0.05 was considered
statistically significant.

Table 1. PCR primers used for amplification of different drug resistance-associated and viru-
lence genes.

Gene Name Oligonucleotide Sequence (5′-3′) Product Size (bp) Annealing Temperature (◦C) Reference

invA Forward: ACAGTGCTCGTTTACGACCTGAAT
Reverse: AGACGACTGGTACTGATCGATAAT 244 60 [28]

hilA Forward: CGTGAAGGGATTATCGCAGT
Reverse: GTCCGGGAATACATCTGAGC 296 56 [29]

blaTEM-1
Forward: TTGGGTGCACGAGTGGGT
Reverse: TAATTGTTGCCGGGAAGC 504 56 [30]

blaCMY-2
Forward: ATAACCACCCAGTCACGC
Reverse: CAGTAGCGAGACTGCGCA 631 52 [31]

sul2 Forward: CGGCATCGTCAACATAACC
Reverse: GTGTGCGGATGAAGTCAG 405 60 [31]

tetA Forward: GCTACATCCTGCTTGCCTTC
Reverse: CATAGATCGCCGTGAAGAGG 210 52 [32]

tetC Forward: CTTGAGAGCCTTCAACCCAG
Reverse: ATGGTCGTCATCTACCTGCC 418 52 [32]

dfrA7 Forward: GGTAATGGCCCTGATATCCC
Reverse: TGTAGATTTGACCGCCACC 265 50 [33]

3. Results
3.1. Prevalence and Serotypes of Salmonella in Retail Food Samples

Fifty-eight Salmonella isolates (23%) were recovered from a total of 252 retail food
samples. All of them belonged to serovar Enteritidis. The isolated bacteria were from
chicken (36 isolates, 62.07%), pork (16 isolates, 27.59%), and beef (6 isolates, 10.34%). The
comparative prevalence of S. Enteritidis isolated from chicken and pork, chicken and beef,
chicken and fruits, chicken and vegetables, pork and fruits, and pork and vegetables were
different (p < 0.001). The Salmonella prevalence in pork and beef samples was also different
(p < 0.05). Nevertheless, no difference was found between samples of beef and fruits, beef
and vegetables, and fruits and vegetables (p > 0.05). The isolates were further classified into
six different groups, i.e., B (n = 17; 29.31%), C (n = 22; 37.93%), E (n = 15; 25.86%), G (n = 1;
1.72%), and I (n = 2; 3.45%), and non-A–I (n = 1; 1.72%). Group C was predominant in this
study (Table 2).
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3.2. Antimicrobial and Virulence Genotypes of the Salmonella Isolates

PCR was used to determine drug resistance and virulence genes of the Salmonella
isolates. The drug resistance and virulence genes that were detected included invA, hilA,
tetA, blaTEM-1, sul2, and dfrA7, of which their PCR amplicon sizes were 244, 296, 210, 504,
405, and 265 base pairs (bp), respectively (Figure 1). The invasion operon genes, invA and
hilA, were detected in all isolates. The blaTEM-1 (n = 19; 32.76%), tetA (n = 47; 81.03%), sul2
(n = 23; 39.66%) and dfrA7 (n = 3; 5.17%) genes were carried by the resistance strains, a
clear difference was noticed in the occurrence of these genes among the isolates. None of
the isolates was positive for blaCMY-2 and tetC genes. The pork and chicken isolates were
positive for at least one antimicrobial resistance-associated gene. The tetA was the most
prevalent gene among the Salmonella isolated from pork and chicken, followed by sul2.
None of the beef isolates carried the antimicrobial resistance-associated gene, and all of
them were not resistant to any of the antibiotics tested (Table 2).
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Figure 1. Molecular detection of virulence and drug-resistance associated genes of Salmonella isolates
using PCR methods. Lane M: 100 bp plus DNA ladder; Lane 1: the representative invA amplicon;
Lane 2: the representative hilA amplicon; Lane 3: the representative tetA amplicon; Lane 4: the
representative blaTEM-1 amplicon; Lane 5: the representative sul2 amplicon; Lane 6: the representative
dfrA7 amplicon, and Lane 7: negative control.

3.3. Antimicrobial Phenotypes of the Salmonella Isolates

Antibiotic sensitivity testing was performed for the 58 Salmonella isolates, and the
results are shown in Table 3. All isolates were sensitive to ertapenem and amikacin.
Twenty-six isolates (44.83%) were resistant to ampicillin (penicillin group); 3 isolates (5.17%)
were resistant to ampicillin/sulbactam (β-lactam combination agents); 7 isolates (12.07%)
each were resistant to cefepime, cefotaxime, and ceftriaxone, and 1 isolate resisted cef-
tazidime (cephalosporin group); 7 isolates (12.07%) resisted gentamicin (aminoglycoside
group); 32 isolates (55.17%) resisted tetracycline (tetracycline group); 20 isolates (34.48%)
resisted ciprofloxacin (fluoroquinolone group); and 12 isolates (20.69%) resisted trimetho-
prim/sulfamethoxazole (folate pathway antagonist group). Seven isolates (12.07%) were
ESBL producing S. Enteritidis. Among 58 isolates, 20 (34.48%) were multi-drug resistant
(MDR); Salmonella group B were resistant to at least three antibiotic classes (Table 3). A
heatmap of the distribution of antimicrobial resistance genes and their phenotypes is il-
lustrated in Figure 2. The isolates with phenotypic resistance to at least one antibiotic
are displayed.
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Figure 2. Heatmap of percent distribution for drug-resistant phenotypes and genotypes of S. En-
teritidis isolates that were present in at least one isolate with antibiotic-resistant phenotype. The 
colored strip depicts the percentage of genes associated with a particular antibiotic-resistant phe-
notype. Created using GraphPad Prism version 9 (La Jolla, CA, USA). 

 

Figure 2. Heatmap of percent distribution for drug-resistant phenotypes and genotypes of S. Enteri-
tidis isolates that were present in at least one isolate with antibiotic-resistant phenotype. The colored
strip depicts the percentage of genes associated with a particular antibiotic-resistant phenotype.
Created using GraphPad Prism version 9 (La Jolla, CA, USA).

3.4. Caco-2 Invasion Assay on Isolates

The ability of S. Enteritidis isolates to invade human intestinal epithelial (Caco-2) cells
was determined. All 58 isolates, which carried invA and hilA genes, could invade the
Caco-2 cells. The cell invasion of the representative isolate is shown in Figure 3.
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Figure 3. Microscopic appearance of Giemsa’s stained CaCo-2 cells: (A) before (B,C) and after infect-
ing with the representative Salmonella Enteritidis isolate no. 44 (Sal44). Bacteria are predominantly
seen in the CaCo-2 cells’ cytoplasm (original magnification 200× and 400×, respectively).

4. Discussion

Regular monitoring of serotypes, antimicrobial-resistant characteristics, and virulence
of food-borne pathogenic bacteria, particularly Salmonella enterica, can provide useful epi-
demiological information on food-borne bacterial infections in a locality [34]. In recent
decades, S. Enteritidis has been identified as the predominant causative agent of salmonel-
losis in Thailand [35,36]. In this study, 23% of the raw food samples collected from open
markets in the Bangkok metropolitan region were found to be contaminated with Salmonella.
The contaminated food samples were solely meat (chicken > pork > beef), while seafood,
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fruits, vegetables, and dairy products were not contaminated. All contaminated Salmonella
isolates belonged to serovar Enteritidis, of which group C was predominant. When com-
pared with the prevalence of S. Enteritidis from raw foods in other countries, e.g., abattoirs
in Iran and butcher shops and supermarkets in Pakistan where the prevalence rates were
43 and 37.5%, respectively, the bacterial prevalence in our study was less [37,38].

Drug susceptibility testing data revealed that even though the S. Enteritidis isolated
in this study were resistant to many groups of antibiotics, including penicillin, combined
β-lactam agents, cephalosporins, aminoglycosides, tetracyclines, fluoroquinolones, and
folate pathway antagonists, most of these MDR Salmonella strains were still sensitive to
amikacin and carbapenems. Even though the isolates of this study showed high resistance
to ampicillin, tetracycline, and ciprofloxacin, the prevalence of resistant isolates was still
less compared to those isolated in Brazil, Iran, and China [39–41].

Invasion into cultured epithelial cells has been routinely used for determining Salmonella
virulence [42–46]. Genotypic and phenotypic analysis of the S. Enteritidis isolates of this
study revealed that the bacteria carried invasion genes (invA and hilA). Nevertheless,
they showed different degrees of invasiveness when tested by the invasion assay using
intestinal epithelial (Caco-2) cells. The results conformed to those reported previously
by others [47–51]. Most MDR Salmonella isolates were found to carry the antimicrobial-
associated genes, namely, blaTEM-1, tetA, sul2, and dfrA7 [28,52]. The prevalence of drug
resistance genes was highest for tetA, followed by sul2, blaTEM-1, and dfrA7. No isolate
carried tetC and blaCMY-2. Detail analysis of the entire genomes of the isolates by using
next-generation sequencing should be performed further to provide the insight information
for guiding appropriate treatment decisions and allow rapid tracking of transmission of
the drug-resistant clones.

Epidemics of human salmonellosis are generally associated with a particular prevalent
serovar and serotype of S. enterica. Epidemic tracking of the bacterial pathogens, e.g.,
through identification of the causative strain origin as well as the antimicrobial susceptibility
pattern and their virulence characteristics in an outbreak, can be readily performed either
phenotypically or genotypically, or both [29]. It is also noteworthy that retail food products
undergo extensive processing and handling during production, which potentially enhance
the risk of contamination [30]. Appropriate food hygienic education for end-consumers
must be regularly implemented. Since the majority of food-borne diseases, including
salmonellosis, are zoonotic, thus, improving food hygiene through health education and
“One Health” approach should be practiced at all levels, i.e., from a locale to a nation-wide
and global responsible practices.

5. Conclusions

In conclusion, the findings of this study supported the notion of the divergence of
Salmonella serotypes isolated from a variety of raw food samples from the opened market
and hypermarket in Bangkok and its periphery, Thailand. The findings also provided
insight into the molecular characterisation of virulence- and drug-resistance traits, as
well as the antimicrobial susceptibility pattern of the bacterial pathogen. The spread of
MDR strains of Salmonella isolates with the cell invasion potential was become growing
continuously. This requires good planning and effective control programs to prevent and
manage infections for their spreading to community and public health.
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Abstract: In this study, the performance of four alternative selective chromogenic B. cereus agar
was compared to the reference mannitol-yolk polymyxin (MYP) agar (ISO 7932) using inclusion
and exclusion test strains (n = 110) and by analyzing naturally contaminated milk and other food
samples (n = 64). Subsequently, the panC group affiliation and toxin gene profile of Bacillus cereus senso
lato (s.l.) isolates were determined. Our results corroborate that the overall best performing media
CHROMagar™ B. cereus (93.6% inclusivity; 82.7% exclusivity) and BACARA® (98.2% inclusivity,
62.7% exclusivity) are more sensitive and specific compared to Brilliance™ B. cereus, MYP and
ChromoSelect Bacillus Agar. Both media allow unequivocal detection of B. cereus with low risks of
misidentification. Media containing ß-D-glucosidase for the detection of presumptive B. cereus may
form atypical colony morphologies resulting in a false negative evaluation of the sample. Naturally
contaminated samples presented high numbers of background flora, while numbers of presumptive
B. cereus were below the detection limit (<10 CFU g−1 or mL−1). Recovery after freezing resulted in
the highest detection of B. cereus s.l. on BACARA® (57.8%), CHROMagar™ B. cereus (56.3%) and MYP
agar (54.7%). The panC/toxin profile combination IV/A was the most abundant (33.0%), followed by
III/F (21.7%) and VI/C (10.4%). More panC and toxin combinations were present in 15.6% of samples
when reanalyzed after freezing. In order to improve detection and confirmation of B. cereus s.l. in
food samples, we recommend the parallel use of two complementary selective media followed by
molecular characterization (e.g., panC typing combined with toxin gene profiling). When determining
psychrotolerant or thermophilic members of the B. cereus group, the selective agar media should
additionally be incubated at appropriate temperatures (5 ◦C, ≥45 ◦C). If high-risk toxin genes (e.g.,
ces or cytK-1) are detected, the strain-specific ability to produce toxin should be examined to decisively
assess risk.

Keywords: Bacillus cereus group; food safety; chromogenic media; performance testing; toxin gene
profiling; panC sequencing

1. Introduction

Bacillus senso latu (s.l.) consists of Gram-positive, rod-shaped, aerobic or facultative
anaerobic spore-forming bacteria that are widespread in the environment and commonly
found in soil, plant material and in the gut of insects [1–3]. As toxin producers and food
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spoiling bacteria, they pose a health risk and cause economic damage when entering and
persisting in the food chain [4–6].

The B. cereus s.l. group is represented by B. cereus s.s., B. anthracis, B. cytotoxicus, B.
mycoides, B. pseudomycoides, B. thuringiensis, B. toyonensis and B. weihenstephanensis [2,7–10].

In order to protect consumer health, a process criterion for presumptive B. cereus in
infant formulas (≤500 colony forming units [CFU] g−1) was set within the Commission
Regulation (EC) No 1441/2007 (EC, 2007; https://eur-lex.europa.eu/legal-content/EN/
TXT/HTML/?uri=CELEX:32007R1441&from=EN; accessed on 17 December 2021). In
addition, warning values are available, for example, for dried herbs and spices; tofu and
bakery products (4 log CFU g−1); or fruits and vegetables, cereals, pasta, mayonnaises,
dressings, soups and ready-to-eat instant products (3 log CFU g−1) (https://www.dghm-
richt-warnwerte.de/de/dokumente; accessed on 17 December 2021).

In current practice, presumptive B. cereus s.l. is detected and enumerated on classical
culture media as for example mannitol egg yolk polymyxin (MYP) agar. Chromogenic
reactions rely on enzymatic cleavage (e.g., by β-D-glucosidase) of a particular substrate
and the release of a chromogen, which is more specific than conventional microbiological
growth media. Some chromogenic media additionally detect PLC activity in order to
facilitate unambiguous identification. Selectivity is achieved in both media types by the
addition of antibiotic substances (e.g., polymyxin B or trimethoprim), which inhibit the
growth of undesirable Gram-positive and Gram-negative bacteria [11,12].

Apart from B. cereus s.l. counts, strain-specific properties such as toxin gene profiles
or other virulence factors need to be investigated for risk characterization efforts. A
broad range of phenotypical (e.g., biochemical profile, growth behavior and σ-endotoxin
crystal staining) and genotypical methods (e.g., Multilocus Sequence Typing (MLST) and
panC-typing) are required to accurately identify and group B. cereus s.l. on the species
level [13–15], rendering species differentiation difficult under routine laboratory conditions.

Fourier transform infrared (FTIR) spectroscopy and Matrix-Assisted Laser Desorp-
tion/Ionization Time of Flight (MALDI-TOF) Mass Spectrometry have been developed
to speed up the identification and characterization of B. cereus s.l. and cereulide. How-
ever, database richness is decisive for accurate species identification, and an enhanced
cloud-based exchange of spectral data would be necessary for propagation [16–20].

As many innovative methods are established exclusively in expert’s laboratories, there
is still the need for rapid and unambiguous isolation and differentiation methods applicable
in food and dairy plant laboratories. Contemporary chromogenic media may represent
a useful tool to facilitate identification of B. cereus s.l. and accelerate the time to result by
easier visual evaluation of morphology and color changes of media.

This study was initiated to assess and compare the performance of the ISO standard
medium MYP agar with four alternative chromogenic selective plating media for detection
and enumeration of food-intoxication and spoilage-associated B. cereus group members
by using a bacterial test strain panel and analyzing naturally contaminated samples under
everyday conditions. Furthermore, an in-depth molecular-biological characterization of
inclusivity test strains and sample isolates was performed to explore strain-specific features.

2. Materials and Methods
2.1. Performance Testing of Selective Media
2.1.1. Test Media

Within the scope of this study, the performance of commercially available chromogenic
selective media ChromoSelect Bacillus (HI; Merck KgaA, Darmstadt, Germany; formerly
branded HiCrome™ Bacillus), CHROMagar™ B. cereus (CH; CHROMagar, Paris, France),
Brilliance™ B. cereus (BRI; Thermo Fisher Scientific Inc., Oxoid, Waltham, MA, USA)
and BACARA® agar (BA; B. cereus Rapid Agar; bioMérieux, Marcy l’Etoile, France) was
evaluated in comparison to the ISO recommended standard medium MYP [21] (Thermo
Fisher Scientific Inc., Oxoid, Waltham, MA, USA). Information on media composition—as
indicated in the media manufacturer’s specifications—is listed in Supplementary Table S1.
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2.1.2. Inclusivity and Exclusivity Test Strains

In order to evaluate the performance of B. cereus selective media, a bacterial test strain
panel (n = 220) consisting of B. cereus target organisms (for inclusivity testing, n = 110)
and non-target Bacillus spp. (for exclusivity testing, panel included spoilage-associated
microbes and Gram–positive and Gram–negative competitors; n = 110) was compiled. B.
cereus s.l. strains originated from emetic and diarrheal outbreaks (Institute for Microbiology
strain collection, University of Veterinary Medicine Vienna), environmental samples, fruits
and vegetables, cereals, fish, tea, herbs, spices, milk and dairy products (isolate collection
Unit of Food Microbiology, University of Veterinary Medicine Vienna; Supplementary
Table S2). Exclusivity strains were selected according to their relevance and frequency as
food contaminants and covered, among others, isolates deriving from fruits and vegetables,
meat and meat products, dried spices and seeds, milk products and dairy processing
environments (Supplementary Table S3). All strains are preserved as cryogenic cultures
(Corning, VWR, Vienna, Austria) in a volume of 1.5 mL brain heart infusion broth (BHI;
Merck KGaA, Darmstadt, Germany) with 15% glycerol (Merck KGaA) at −80 ◦C (GFL
Gesellschaft für Labortechnik GmbH, Großwedel, Germany) in the strain collection of the
Unit of Food Microbiology.

After activation of test strains from glycerol stocks and subculturing on trypto-casein-
soy agar plus 0.6% yeast (TSA-Y; Biokar Diagnostics, Beauvais, France), selective media
were inoculated. In order to obtain a few well-defined bacterial colonies, an isolated single
colony from the working culture was transferred onto selective B. cereus media by fractioned
three loop inoculation. After incubation (Ehret GmbH & Co. KG, Emmendingen, Germany)
at the specified conditions (Supplementary Table S1), the presences of bacterial growth and
colony morphology were recorded for all media. By qualitative classification into “typically
growing,” “atypically growing”, or “non-growing” strains, media benefits and limitations
were determined.

2.1.3. Naturally Contaminated Food Samples

In order to evaluate media reliability under routine laboratory conditions, food sam-
ples (n = 64) from 18 producers were collected from the production chain and retail level.
Food samples (20.3%, n = 13/64; producer A–F) belonged to the source categories “fruits
and vegetables”, “nuts, nut products and seeds”, “fish and fishery products”, “herbs” and
“cocoa and cocoa preparations, coffee, and tea” (Supplementary Table S4A). Milk sam-
ples (79.7%, n = 51/64; producer G-R) were heat treated, except for one raw milk sample
(bactofugation) provided by a local dairy (Supplementary Table S4B).

Important information regarding processing was gathered, including the type of milk
with reference to animal species (cow or small ruminant), agricultural system (organic
or conventional farming), processing and predicted shelf-life (homogenized, pasteurized
or high pasteurized) (Supplementary Table S4B). The majority of milk samples (80.4%,
n = 41/51) were produced organically. Milk samples were examined after 24 h provocation
at 30 ◦C for enrichment to ensure detection of B. cereus s.l. All food samples were analyzed
before and after freezing at −20 ◦C to trigger outgrowth of spores.

In order to prepare sample homogenates, 25 mL or 25 g of food product was diluted
1:10 in sterile buffered peptone water (BPW; Fisher Scientific Inc., Oxoid); food samples
were additionally mixed for 180 s in a paddle blender (Stomacher®; Seward Ltd., West
Sussex, UK). Ten-fold serial dilutions in sterile Ringer’s solution (B. Braun Melsungen
AG, Melsungen, Germany) were plated in duplicate up to 10−5 on selective agar media
by using the spatula method. Following incubation, growth was assessed, and colonies
displaying characteristic morphology were enumerated to determine the extent of B. cereus
s.l. contamination. Randomly picked colonies with typical and atypical morphology were
isolated, subjected to confirmation and characterized with regard to panC group affiliation
and toxin gene profile.
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2.2. Molecular and Phenotypical Characterization
2.2.1. DNA-Extraction

Bacterial DNA was extracted from B. cereus s.l. cultures grown overnight on TSA-Y at
30 ◦C (Biokar Diagnostics and Merck KGaA) using the Chelex® 100 resin (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA) method as described by Walsh et al. [22]. After extraction,
100 µL DNA of each isolate was kept at −20 ◦C until use in characterization experiments.

2.2.2. Confirmation of Group Affiliation

Bacillus cereus s.l. strains from culture collections and presumptive isolates from
naturally contaminated food products and milk were confirmed as group members by PCR
method targeting the gyrase B gene (gyrB) as described by Dzieciol et al. [23].

2.2.3. Toxin Gene Screening and Profiling

Confirmed B. cereus s.l. strains were screened for their toxin gene content by conven-
tional PCR assays. Amplification was performed according to Ehling-Schulz et al. [24]
with minor modifications, addressing the most widespread toxin genes. Two genes of
the NHE-complex and two genes of the HBL-complex were taken into consideration: the
enterotoxin genes nheA, nheB, hblA and hblD. Furthermore, PCR pre-screening assay were
applied for cytK-1/cytK-2. Detection of the emetic toxin cereulide gene ces was performed
after Dzieciol et al. [23] with slight adjustments. Strain-specific toxin gene profiles were as-
signed based on prevailing toxin gene combinations as in Ehling-Schulz et al. [24] (Figure 5,
Supplementary Tables S2 and S6).

2.2.4. Partial panC Sequencing

Amplification, purification and sequencing (LGC, Berlin) of a fragment of the pan-
tothenate synthetase (panC) gene were conducted as previously reported [13]. In order to
assign B. cereus s.l. strains to one of the seven major phylogenetic groups (i.e., I-VII) defined
by Guinebretière et al. [13,25], sequences were matched with deposited sequences in a
web-based database (https://www.tools.symprevius.org/Bcereus/english.php, accessed
on 17 December 2021) (Figure 5, Supplementary Tables S2 and S6).

2.2.5. Assessment of Hemolytic Activity

β-hemolytic activity of inclusivity test strains was determined on Columbia agar plates
containing 5% sheep blood (COS; bioMérieux) after overnight incubation at 30 ◦C [21]
(Supplementary Table S2).

2.3. Evaluation Criteria and Statistics

In order to differentiate the phenotypic appearance of test strains and evaluate their
potential for misidentification, the growth of inclusivity and exclusivity strains was clas-
sified in typical and atypical according to their reaction(s) and colony morphology on
selective media (Figure 1).

A mosaic plot was used for visualizing the results of growth and phospholipase C
reactions of inclusivity and exclusivity test strains for each of the tested media MYP, HI,
BRI, CH and BA (Figure 1). Detectability of B. cereus s.l. in naturally contaminated samples
was illustrated in a bar plot (Figure 5). The relative frequency of panC group (II–VI) and
toxin gene profile (A–F) combinations among B. cereus s.l. isolates (n = 106) associated
with naturally contaminated samples was depicted as pie chart (Figure 6). Graphics were
created with open-source statistical computer environment R version 4.1.0 [26].

3. Results
3.1. Inclusivity and Exclusivity Testing

The detailed strain properties of the inclusivity test strains are presented in Supple-
mentary Table S2. The majority of inclusivity test strains (n = 110) were assigned to toxin
profile C (nhe+/hbl+; 33.6%, n = 37) and A (nhe+/hbl+/cytK+; 27.3%, n = 30). The ces gene
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was present in six (5.5%) test strains derived from foodborne outbreaks. Among the target
test strains, panC group III (30.9%, n = 34), IV (30.0%, n = 33) and VI (20.0%, n = 22) were
the most abundant. The most frequent combination of panC group and toxigenic profile
in the entire panel of inclusivity test strains was IV/A (21.8%, n = 24), obtained from milk
and dried products (such as tea, spices and mushrooms). Other common combinations
were VI/C (17.3%, n = 19) isolated from milk, soil and salad, as well as III/D (10.9%,
n = 12) mainly detectable in strains isolated from protein-rich food (e.g., feta, dried fish and
mushrooms).

Examination of target strains showed >99% inclusivity on all media (n = 109–110/110);
one B. pseudomycoides strain did not grow on three selective media (Figure 1). The highest
rates of atypical β-D-glucosidase negative colonies were observed on BRI (12.7%, n = 14),
HI (6.4%, n = 7) and CH (5.5%, n = 6), resulting in an atypical white phenotype (Figure 2
and Supplementary Table S2). Such colony morphologies were largely related to the milk-
or soil-derived panC-type/toxin profile VI/C. On chromogenic media (CH and BA), the
PLC reaction was more distinct in comparison to MYP agar (Figure 2).
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2), H (BC 19)), CHROMagar™ B. cereus (D (BC 63), I (BC 2)) and BACARA® agar (E (BC 50), J (BC 
34)). Bluish-green colonies are the result of β-D-glucosidase reaction. Precipitation zones 
surrounding typical colonies are caused by phospholipase C reaction, while lack of mannitol 
fermentation results in pink background. Abbreviations: MYP—mannitol egg yolk polymyxin agar; 
HI—ChromoSelect Bacillus agar; BRI—Brilliance™ B. cereus agar; CH—CHROMagar™ Bacillus 
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Figure 1. Growth (a,c) and phospholipase C reaction (b,d) of inclusivity (n = 110) and exclusivity
(n = 110) test strains. Negative is no-growth, positive is typical growth and atypical is not presumptive
Bacillus cereus sensu lato morphology on selective agar media. Abbreviations: PLC—phospholipase
C; MYP—mannitol egg yolk polymyxin agar; CH—CHROMagar™ B. cereus; BA—BACARA® agar;
HI—ChromoSelect Bacillus agar; BRI—Brilliance™ B. cereus agar.
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Figure 2. Typical (A–E) and atypical colonies (F–J) of Bacillus cereus sensu lato on MYP agar (A (BCG 6),
F (BC 66)), ChromoSelect Bacillus agar (B (BC 30), G (BC 20)), Brilliance™ B. cereus agar (C (BC 2), H (BC
19)), CHROMagar™ B. cereus (D (BC 63), I (BC 2)) and BACARA® agar (E (BC 50), J (BC 34)). Bluish-
green colonies are the result of β-D-glucosidase reaction. Precipitation zones surrounding typical
colonies are caused by phospholipase C reaction, while lack of mannitol fermentation results in pink
background. Abbreviations: MYP—mannitol egg yolk polymyxin agar; HI—ChromoSelect Bacillus
agar; BRI—Brilliance™ B. cereus agar; CH—CHROMagar™ Bacillus cereus; BA—BACARA® agar.

Best performing media in terms of exclusivity (Supplementary Table S3) were CH
(82.7%, n = 91/110) and BA (62.7%, n = 69/110). Several non-target organisms were not
effectively suppressed by polymyxin B in MYP and (82.7%, n = 91/110) and HI (88.2%,
n = 97/110) (Figure 3 and Supplementary Table S3). Comparatively low inhibition of
exclusivity strains (n = 110) was also observed on BRI (60.9%, n = 67), although we only
observed colony morphologies that could not be misidentified as presumptive B. cereus due
to their atypical pin-point growth (Figure 3).

PLC reaction typical for the target organisms was observed in three and two exclusivity
tests strains on MYP and BA, respectively (Listeria monocytogenes, Paenibacillus polymyxa
and Serratia marcescens).

3.2. Naturally Contaminated Samples

Milk (n = 51) and food (n = 13) samples analyzed were contaminated with presumptive
B. cereus at the limit of detection, resulting in quantitative data below 10 and 100 CFU
g−1, respectively. Further details on sample characteristics can be found in Supplementary
Table S4A,B. Typical and atypical B. cereus s.l. colonies grown on selective media test panel
are shown in Figure 4.
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45). CHROMagar™ B. cereus: (J)—Morganella morganii (EGN 39); (K)—Enterococcus faecalis (EGP 5); 
(L)—Providencia rettgeri (EGN 42). BACARA® agar: (M)—Staphylococcus haemolyticus (EGP 11); (N)—
Staphylococcus chromogenes (EGP 9); (O)–Listeria monocytogenes (EGP 22). Abbreviations: MYP—
mannitol egg yolk polymyxin agar; HI—ChromoSelect Bacillus agar; BRI—Brilliance™ B. cereus agar; 
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Figure 3. Growth of non-target organisms on Bacillus cereus selective media (from upper left to
lower right). MYP agar: (A)—Serratia marcescens (EGN 54); (B)—Brochothrix thermospacta (EGP 2);
(C)—Bacillus stratosphericus (BG 28). ChromoSelect Bacillus agar: (D)—Aeromonas hydrophila (EGN 5);
(E)—Acinetobacter baumannii (EGN 2); (F)—Citrobacter freundii (EGN 9). Brilliance™ B. cereus agar:
(G)—Staphylococcus sciuri (EGP 13); (H)—Serratia marcescens (EGN 54); (I)—Pseudomonas fluorescens
(EGN 45). CHROMagar™ B. cereus: (J)—Morganella morganii (EGN 39); (K)—Enterococcus faecalis
(EGP 5); (L)—Providencia rettgeri (EGN 42). BACARA® agar: (M)—Staphylococcus haemolyticus (EGP
11); (N)—Staphylococcus chromogenes (EGP 9); (O)–Listeria monocytogenes (EGP 22). Abbreviations:
MYP—mannitol egg yolk polymyxin agar; HI—ChromoSelect Bacillus agar; BRI—Brilliance™ B.
cereus agar; CH—CHROMagar™ Bacillus cereus; BA—BACARA® agar.
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of the panC group in combination with toxin profiles. The samples were negative in PCR 
confirmation of the emetic toxin gene (ces); in consequence, the toxin profiles B (nhe, hbl, 
ces gene combination positive) and E (nhe and ces gene combination positive) were not 
detected. The panC/toxin profile combination IV/A was the most abundant in the sample 
set (33.0%), followed by III/F (21.7%) and VI/C (10.4%). Representatives of panC group IV 
are described as highly cytotoxic and do generally grow at temperatures ≥ 10 °C. Toxin 
profile A represents nhe, hbl and cytK gene (cytK-2) positive isolates. The enterotoxin genes 
nhe, hbl and cytK-2 are located in the chromosome of different species of the B. cereus 
group, whereas the cytK-1 gene is harbored exclusively by thermophilic species B. cytotox-
icus (panC group VII). Representatives of panC group VII were not detected in any sample. 
panC group III is considered highly cytotoxic and is representative of B. cereus group 
grown at temperatures of ≥ 15 °C. The carriage of nhe gene (non-hemolytic enterotoxin) 
characterizes toxin profile F. Strains affiliated to panC group VI, which low cytotoxic and 

Figure 4. Examples of typical Bacillus cereus sensu lato colonies obtained by sampling of naturally
contaminated food ans milk samples. Demarcated colonies with typical morphology (top row):
(A)—MYP agar (ESL-milk); (B)—HI, ChromoSelect Bacillus agar (ESL-goat milk); (C)—Brilliance™ B.
cereus agar (ESL-milk); (D)—CHROMagar™ B. cereus (ESL-milk); (E)—BACARA® agar (ESL-milk).
Colonies masked by high growth of background flora and atypical morphologies (bottom row;
arrows point on typical B. cereus colonies): (F)—coalescing B. cereus colonies surrounded by mannitol-
positive background-flora (B. licheniformis) on MYP agar (dried fish snack); (G)—mixed culture
on ChromoSelect Bacillus agar, growth of mannitol-positive background-flora (Staphylococcus spp.)
intersparsed with typical colonies (raw milk); (H)—atypical light colonies with weak β-D-glucosidase
activity and typical colonies on Brilliance™ B. cereus agar (ESL-milk); (I)—atypical PLC-negative and
weakly β-D-glucosidase positive colonies lacking the distinctive halo together with typical colony
on CHROMagar™ B. cereus (Chinese water spinach); (J)—atypical small colonies with weak PLC
acitivity on BACARA® agar (dried fish snack). Abbreviations: MYP—mannitol egg yolk polymyxin
agar; HI—ChromoSelect Bacillus agar; BRI—Brilliance™ B. cereus agar; CH—CHROMagar™ B. cereus;
BA—BACARA® agar.

Figure 5 shows the B. cereus group containing samples with respect to the distribution
of the panC group in combination with toxin profiles. The samples were negative in PCR
confirmation of the emetic toxin gene (ces); in consequence, the toxin profiles B (nhe, hbl,
ces gene combination positive) and E (nhe and ces gene combination positive) were not
detected. The panC/toxin profile combination IV/A was the most abundant in the sample
set (33.0%), followed by III/F (21.7%) and VI/C (10.4%). Representatives of panC group
IV are described as highly cytotoxic and do generally grow at temperatures ≥10 ◦C. Toxin
profile A represents nhe, hbl and cytK gene (cytK-2) positive isolates. The enterotoxin genes
nhe, hbl and cytK-2 are located in the chromosome of different species of the B. cereus group,
whereas the cytK-1 gene is harbored exclusively by thermophilic species B. cytotoxicus
(panC group VII). Representatives of panC group VII were not detected in any sample.
panC group III is considered highly cytotoxic and is representative of B. cereus group
grown at temperatures of ≥15 ◦C. The carriage of nhe gene (non-hemolytic enterotoxin)
characterizes toxin profile F. Strains affiliated to panC group VI, which low cytotoxic and
grown at ≥5 ◦C. Toxin profile C is characterized by the presence of nhe and hbl genes [24]
(https://www.tools.symprevius.org/bcereus/english.php; accessed on 17 December 2021).
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Figure 5. Combinations of panC groups (II–VI) and toxin gene profiles (A–F) of Bacillus cereus sensu
lato isolates obtained from 64 naturally contaminated samples. Abbreviations: A—toxin profile A
(nhe+, hbl+ and cytK+); C—toxin profile C (nhe+ and hbl+), D—toxin profile D (nhe+ and cytK+);
F—toxin profile F (nhe+); II—panC group II (cytotoxic, growth ≥7 ◦C); III—panC group III (cytotoxic-
highly cytotoxic, growth ≥15 ◦C); IV—panC group IV (highly cytotoxic, growth ≥10 ◦C); V—panC
group V (low cytotoxic, growth ≥8 ◦C); VI—panC group VI (non or low cytotoxic; growth ≥5 ◦C).

Naturally contaminated samples were initially pre-screened for the presence of pre-
sumptive B. cereus s.l. on MYP agar prior to freezing (67.2%, n = 43 positive). Recovery
after freezing was tested using the selective media test panel, and it resulted in the highest
recovery on BA (57.8%, n = 37), CH (56.3%, n = 36) and MYP (54.7%, n = 35) (Figure 6).
Supplementary Table S5 indicates that samples tested negative on MYP before freezing
were positive for some of the selective media after freezing. The highest accordance (n = 6)
for presumptive B. cereus s.l. recovery before and after freezing was observed for milk
samples of different origin. panC group and toxin gene profile combinations of B. cereus
s.l. detected before and after freezing are provided in Supplementary Table S6. In 13
of 64 samples (20.3%), panC group and toxin profile combinations were identical before
and after freezing. In 12 (18.8%) and 16 samples (25.0%), respectively, B. cereus s.l. was
detectable either only before or after freezing. In 13 samples (20.3%), different panC and
toxin combinations were detectable after freezing in comparison to analysis before freezing.
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Figure 6. Detectability of Bacillus cereus sensu lato in 64 naturally contaminated food samples before
freezing on MYP agar and after freezing on MYP agar and chromogenic media. Abbreviations:
MYP—mannitol egg yolk polymyxin agar; BA—BACARA® agar; CH—CHROMagar™ Bacillus cereus;
BRI—Brilliance™ B. cereus agar; HI—ChromoSelect Bacillus agar.

4. Discussion

B. cereus s.l. is documented among the most prevalent foodborne pathogens, causing
one third of food poisoning events in Europe [27].

The presence of B. cereus s.l. in food depends mainly on the contamination of the
raw material, as well as on recontamination during processing and extrinsic and intrinsic
growth conditions during storage. This results in an increased likelihood of disease-
relevant concentrations in minimally processed foods consumed either raw or unheated
or in inadequately stored extended shelf-life (ESL) products (e.g., in case of cold storage
interruption or accidental household refrigerator temperature abuse) [28–31]. In addition,
the availability of nutrients and other extrinsic factors can influence toxin levels formed in
the food matrix. In particular, high starch, carbohydrate, vitamin, trace element content,
neutral pH and moderate to high water activity have been shown to be associated with
increased risk of cereulide formation [32].

The detection of presumptive B. cereus requires microbiology-trained personnel and is
labor-intensive if samples are comprehensively assessed. Most commonly, detection and
confirmation are performed using selective culture media such as MYP agar according to
ISO 7932 [21]. In industry, samples are often plated on MYP or PEMBA agar and a further
discrimination is pursued. Sample analysis is challenged if a high level of accompanying
flora jeopardizes outreads since other microbes will stain the agar yellow due to mannitol
consumption. As a result, individual colonies of presumptive B. cereus s.l. are missed in the
yellow-stained agar, and the sample is often considered false negative by the investigator.
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This study focused on the comparison of alternative chromogenic selective nutrient
media to identify the best performer for B. cereus s.l. detection and enumeration. For this
purpose, inclusivity and exclusivity were elicited, and group diversity was determined by
using naturally contaminated samples before and after freezing.

The study of B. cereus s.l. strains showed an inclusivity of >99% for all media, which
is in general very promising. Nevertheless, atypical colony morphologies may occur.
The highest rates of atypical β-D-glucosidase negative colonies were observed on BRI
(12.7%, n = 14), HI (6.4%, n = 7) and CH (5.5%, n = 6) agar, resulting in a white phenotype.
Atypical morphologies were largely related to the milk-derived or soil-derived panC-
type/toxin profile combination VI/C. These atypical B. cereus s.l. phenotypes appear to
be niche-specific and may possibly be associated with specific panC types with variable
exploitability of starch and various carbohydrates in the genetic clade. For instance, panC
group IV comprises strains isolated from vegetables indicated limited substrate utilization
pathways. Furthermore, a sub-branch within panC group III showed the least carbohydrate
fermentation capacity due to a lack of aryl-6-phospho-β-glucosidase-encoding genes in the
genome [33].

Previous studies focusing on agar evaluations also reported ß-D-glucosidase-negative
B. cereus s.l. colonies on chromogenic B. cereus media manufactured by Oxoid or BMC-
Biosynth, which is a concern for a proper evaluation [11,12,34]. In contrast, Chon et al. [35]
showed increased specificity and selectivity of BRI agar in foods with high background
microbial load and particularly recommended this agar for quantitative analysis. In a
comparative analysis of BA and BRI agar, these two culture media were clearly superior
to conventional culture media, with BRI agar being more efficient and selective for B.
cereus s.l. isolation in this setting [36]. In a more recent comparison of the standard
media MYP, PEMBA, BRI and a novel—yet not commercially listed—chromogenic agar
medium (BCCA), atypical colony morphologies were also described on BRI agar (dark
blue color) [37]. BCCA was based again on the detection of ß-D-glucosidase comparable
to the BRILLIANCE agar and was fortified by polymyxin B (100,000 IU), trimethoprim
(10 mg), ceftazidime (16 mg) and egg yolk emulsion (50 mL). This alternative medium
seemed to be more selective in comparison to MYP and PEMBA and circumvented the
false negative diagnosis of atypically grown presumptive B. cereus colonies by additional
lecithinase reaction. All this research shows that B. cereus s.l. analysis is demanding and
that current media are not sufficiently selective to analyze the diversity of the group.

According to literature, the presence of PC-specific or PI-specific PLC is widespread
among B. cereus s.l. Almost all group isolates were PLC-positive in the literature: 96% [38]
and 93% [39] or 100% PLC and 83% PI-PLC positive isolates [40]. The best performer in the
detection of PLC reaction mediated by phosphatidyl-inositol (PI) or phosphatidyl-cholin
(PC) was BA (98.2%), followed by MYP (97.3%) and CH (95.5%) (Figure 1). Interestingly,
four of five inclusivity test strains lacking PLC reaction also showed atypical colony color
due to a lack in ß-D-glucosidase on BRI, HI, or CH agar. Bacillus pseudomycoides (panC group
I/toxin profile C) growth was inhibited on MYP, HI and CH (Figure 1). An explanation
for this rare atypical observation was provided by Slamti et al. [41], who observed 2%
PC-PLC-negative and non-hemolytic test strains due to the absence of PlcR-regulated
proteins.

Cross-reactivity for PI-PLC, PC-PLC and β-D-glucosidase was previously observed
for Staphylococcus aureus and pathogenic Listeria [37]. In our study, Paenibacillus polymyxa
caused PLC cross-reactivity on MYP and BA agar and L. monocytogenes grew on BA. ß-D-
glucosidase-positive reaction was observed for a broader range of exclusivity test strains
(e.g., enterococci, Listeria, staphylococci, bacilli, Microbacterium and other Gram-negative
bacteria) on the tested media (Figures 1 and 3). On BRI, the only agar investigated based
on solely one differentiation system (ß-D-glucosidase), several Gram-positive (e.g., Bacillus,
staphylococci and enterococci) and Gram-negative (e.g., Enterobacter cloacae, Aeromonas
hydrophila and Brevundimonas dimenuta) non-target strains grew despite the addition of
polymyxin B in combination with trimethoprim. Lower growth of cocci was observed on
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BRI in contrast to MYP and HI. However, the proprietary antibiotic mixtures of CH and BA
were even superior in selectivity compared to other media.

The detection and differentiation of presumptive B. cereus s.l. can be improved by the
parallel use of two complementary selective agars, as it is already standard practice in the
detection of L. monocytogenes [42] and Salmonella spp. [43]. The combination of agar media
operating on different biochemical principles and characterized by different sensitivity
and selectivity (e.g., the highly selective BA or CH with the less selective MYP, BRI, or HI)
could allow for a more accurate detection of a broad spectrum of group members in food
samples. Since other aerobic spore-formers are also relevant as hygiene indicators in food
industry, BRI or HI could be supplemented with egg yolk to detect a broader spectrum
of bacilli and improve initial differentiation. Parallel incubation of selective agar plates
under mesophilic, psychrophilic, or thermophilic conditions would be recommendable
depending on the food type (Figure 7). Incubation at 5–7 ◦C for the investigation of dairy
products may support the assessment of a potential proliferation of bacilli even if the cold
chain is maintained [44]. Starch-containing foods as well as herbs and spices have been
contaminated with the thermotolerant B. cytotoxicus, as shown in previous reports [45,46].
Therefore, thermophilic (≥45 ◦C) and mesophilic (30 ◦C) incubation should be considered
for these food categories.

In our study, all naturally contaminated samples contained levels of presumptive B.
cereus s.l. at the limit of detection. In principle, this finding is reassuring, but when assessing
the safety of a product throughout the food production chain, including storage to the end
of shelf-life, particularly nutrient-rich products contaminated with low levels of B. cereus s.l.
lacking competitive flora cannot be considered completely safe. On the one hand, one can
assume low level contaminations in the case of fresh produce, which, however, can result
in rapid multiplication and accumulation of emetic and enterotoxins when temperature
deviations occur. Moreover, low contamination levels of highly processed foods do not
preclude the presence of the heat-stable and acid-stable toxin cereulide at the time of
consumption posing a health risk to the consumer [32]. Naturally contaminated food
samples from different manufacturers and batches presented very heterogeneous B. cereus
s.l. populations. In particular, the diversity of milk isolates between manufacturers was
distinctive, which could be attributed to processing methods applied (such as microfiltration
and high-temperature treatment) and/or the presence of persister cells in the production
environment (Figure 5, Supplementary Tables S5 and S6).

Naturally contaminated samples were pre-screened for the presence of presumptive B.
cereus s.l. prior to freezing. Recovery after freezing was tested using the selective media
test panel and resulted in the highest recovery on BA (57.8%), CH (56.3%) and MYP (54.7%)
(Figure 6). Identical panC group and toxin gene combinations before and after freezing
were detected in 20.3% of samples. Sampling before and after freezing revealed shifts
in panC groups and toxin gene profiles, but within samples from the same producer the
distributions were consistent. In 15.6% of samples, divergent panC and toxin combinations
were detected after freezing. This phenomenon can be explained by the non-uniform
distribution of B. cereus s.l. contamination at the detection limit (Poisson distribution) and
by the influence of matrix components during initial testing [47]. Group species and their
toxins may be bound to lipid globules (e.g., in the case of dairy products) and only become
detectable following rougher digestion after more stringent sample treatment process
procedures, e.g., using such as beads beating [48,49]. In our investigation, freezing samples
resulted in the detection of an extended spectrum of panC and toxin profile combinations.
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the ces gene encoding for emetic toxin cereulide [25]. B. cereus s.l. strains assigned to panC 
group VI were often isolated from raw milk (target strain set) and were highly abundant 
among heat-treated milk samples (Supplementary Tables S2 and S6) [50]. 

Recently, the connection of biopesticidal B. thuringiensis strains to foodborne out-
breaks in France was investigated. In 39% of outbreaks, B. thuringiensis panC group IV was 
suspected to be the causative organism [51]. In our study, panC group IV was highly abun-
dant among isolates from salads, vegetables, herbs and spices that may also include bi-
opesticidal B. thuringiensis strains. Furthermore, cytK-2 was highly abundant among panC 
group IV strains [18,52]. This is concordant with our results as we identified cytK-2 highly 
abundant in panC/toxin gene profile combination IV/A (21.8% and 33.0% among target 
strains and sample isolates). Since other studies have found the use of B. thuringiensis bi-
opesticides to be safe or of low risk to public health [53,54], future research should address 
the contribution of extensively used biopesticide strains to the contamination of raw ma-
terials, such as vegetables and fresh produce processed into ready-to-eat foods. 

Figure 7. Proposed workflow for Bacillus cereus sensu lato analysis performable in routine food
analysis (Italic—optional steps). COS, Columbia agar plus 5% sheep blood. *, parallel incubation at
different temperatures to detect psychrotolerant and thermophilic growth.

The predominant panC/toxin profile combination among target strains and naturally
contaminated sample isolates was IV/A (21.8% and 33.0%, respectively), followed by VI/C
(17.3% and 10.4%), III/F and II/F (21.7% and 10.4% in naturally contaminated samples)
and III/D (10.9% target strains) (Figure 5 and Supplementary Table S2).

Phylogenetic groups II, III and IV comprise moderately to highly cytotoxic strains,
most likely posing a potential health risk. In addition, panC group III strains may carry
the ces gene encoding for emetic toxin cereulide [25]. B. cereus s.l. strains assigned to panC
group VI were often isolated from raw milk (target strain set) and were highly abundant
among heat-treated milk samples (Supplementary Tables S2 and S6) [50].

Recently, the connection of biopesticidal B. thuringiensis strains to foodborne outbreaks
in France was investigated. In 39% of outbreaks, B. thuringiensis panC group IV was
suspected to be the causative organism [51]. In our study, panC group IV was highly
abundant among isolates from salads, vegetables, herbs and spices that may also include
biopesticidal B. thuringiensis strains. Furthermore, cytK-2 was highly abundant among
panC group IV strains [18,52]. This is concordant with our results as we identified cytK-2
highly abundant in panC/toxin gene profile combination IV/A (21.8% and 33.0% among
target strains and sample isolates). Since other studies have found the use of B. thuringiensis
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biopesticides to be safe or of low risk to public health [53,54], future research should
address the contribution of extensively used biopesticide strains to the contamination of
raw materials, such as vegetables and fresh produce processed into ready-to-eat foods.

5. Conclusions

This study dealt with culture-based B. cereus s.l. diagnosis, which is especially practiced
in routine analysis. We tested a selective media panel using test strains and naturally
contaminated samples at the detection limit, which is relevant for practice. The results
show that it is necessary to include more than one selective medium in the analysis,
comparable to Listeria monocytogens and Salmonella diagnostics in food and animal feed.
In order to be able to make a statement about contamination with presumptive B. cereus
s.l. at all, it is recommended to perform, e.g., PCR, FTIR or MALDI-based confirmation
and subtyping (e.g., panC and toxin gene profiling) and to assess growth behavior (e.g.,
psychrotolerance) (Figure 7).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11030288/s1, Table S1: Media specifications according to the
respective manufacturer’s descriptions; Table S2: Inclusivity test strains (n = 110); Table S3: Exclusivity
test strains (n = 110); Table S4A: Background information on naturally contaminated food samples;
Table S4B: Background information on naturally contaminated milk samples; Table S5: Accordance
in the detection of Bacillus cereus group in naturally contaminated samples (n = 64) before and after
freezing on selective agar media; Table S6: panC group and toxin gene profile combinations of Bacillus
cereus group detected before and after freezing (n = 64 samples).
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Abstract: Foodborne diseases cause high morbidity and mortality worldwide. Understanding the re-
lationships between bacteria and epithelial cells throughout the infection process is essential to setting
up preventive and therapeutic solutions. The extensive study of their pathophysiology has mostly
been performed on transformed cell cultures that do not fully mirror the complex cell populations,
the in vivo architectures, and the genetic profiles of native tissues. Following advances in primary cell
culture techniques, organoids have been developed. Such technological breakthroughs have opened a
new path in the study of microbial infectious diseases, and thus opened onto new strategies to control
foodborne hazards. This review sheds new light on cellular messages from the host–foodborne
pathogen crosstalk during in vitro organoid infection by the foodborne pathogenic bacteria with the
highest health burden. Finally, future perspectives and current challenges are discussed to provide
a better understanding of the potential applications of organoids in the investigation of foodborne
infectious diseases.

Keywords: pathogenic mechanism; foodborne bacteria; in vitro cell models; organoids; enteroids

1. Introduction

Foodborne diseases (FBDs) are thought to be a major public health issue that con-
tributes significantly to human morbidity and mortality around the world. The World
Health Organization (WHO) estimates that almost one person in 10 falls ill from eating
unsafe food every year [1]. Although the European region has the lowest burden in the
world, the WHO calculated that more than 23 million people become sick annually because
of FBDs [2]. Moreover, foodborne hazards of microbial origin raise a broad number of
issues due to their economic burden. The European Food Safety Authority (EFSA) has
estimated that the overall economic impact of human salmonellosis in Europe could be as
high as EUR 3 billion annually [3]. In addition, antibiotic resistance and increasing food
contamination as a consequence of environmental changes and dynamic methods of food
production threaten to compound this problem further [4].

The surveillance of FBDs and our ability to tackle the knowledge gaps regarding
host–pathogen–environment interactions need to be improved for the better prevention
and control of microbial foodborne poisoning. Despite significant results from a large
number of studies, their pathophysiology still appears to be poorly characterized, even less
so where the pathogen can spread to distant organs and tissues through the blood stream
and cause severe complications. One permanent challenge in this area of study is the lack
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of experimental models to address infection mechanisms and establish a clear picture of
FBD biology.

To date, two-dimensional (2D) cultured cell lines have mostly been used, but the
reproducibility of the overall physiology remains questionable. Organoids help to overcome
the shortcomings of cell line monolayers thanks to their high cell type diversity and closer
morphology to native intestinal tissue. They can be used to study the same questions
as those addressed with monotypic cell systems, and many more. Organoids may be
envisioned as a new tool that holds great promise for addressing novel challenges in the
study of foodborne pathogens (FBPs)–host interactions. In this review, we describe the
main advances in the field of FBPs relating to the use of organoid model systems and
discuss their use for modeling bacterial FBDs, focusing on the foodborne bacteria with the
highest disease burden.

2. Moving from Cell Lines to Intestinal Organoids

The oral route is the main entry site of FBPs, and the primary site of infection is the
gastrointestinal tract [5]. They generally induce mild to severe enteritis, with widely known
symptoms [6]. Because of this common pattern of infection, studies have been mostly
focused on what occurs at the intestinal interface. The biology of these diseases remains
less explored in other tissues [7], even though FBPs may occasionally spread deeply in the
tissues and cause severe complications, permanent disability, and death [8–10].

From a historical perspective of model development and attempts to characterize
bacterial FBP pathogenesis, concerns have emerged regarding animal models because
bacterial intestinal pathogenesis varies considerably between humans and animals and
the occurrence of symptoms in animals remains rare [11]. For example, Campylobacter
jejuni and Salmonella enterica, both considered the main causes of bacterial FBDs worldwide,
are mainly responsible for asymptomatic intestinal carriage in livestock [12]. In addition,
national and international legislation and regulations restrict the use of animals in scientific
procedures. The 3Rs principle (replacement, reduction, and refinement) aims to reduce
the number of animals used in experimentation, which has led to the development of
alternative methods [13]. In view of this, cell culture models of bacterial interaction with
the epithelium have proved valuable for defining bacterium–host interactions [11].

The gold standard in intestinal modelling is based on immortalized cancer-derived
cell lines, such as the enterocyte-like Caco-2 cell line. Numerous conclusions have been
drawn from infected polarized or unpolarized cell monolayers (Figure 1a), even though
it has been widely demonstrated over the last 50 years that these cell systems are outper-
formed [14]. As they consist of tumor-derived cells, they may not represent the native and
healthy human intestine [15]. Several factors are likely to define intestinal homeostasis,
and these vary considerably between cancer cell lines and the epithelial cells of native
organs [16]. Structurally speaking, cell monolayers do not account for three-dimensional
(3D) architecture and the complex cell population of the intestinal epithelium.

In light of these disadvantages, cell coculture systems have been used to mirror the
physiology of the human intestine more consistently. For instance, triple or cell coculture
models (Figure 1b) have represented mucus-carrying intestinal tissue and basic elements of
the innate immune system [17–21]. In parallel, the rotating wall vessel (RWV) facilitated the
intestinal cell aggregation and growth in three dimensions (Figure 1c). Three-dimensional
spheres resemble the native intestinal epithelium more accurately than monolayers derived
from the same cell line [22]. The responses to bacterial pathogens also differ from those
observed in 2D cell models [22,23].
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Figure 1. Cell culture systems mimicking intestinal FBD. (a–c) Intestinal FBD models derived from 
immortalized cells. (a) Polarized homogeneous cell monolayer typically based on immortalized cell 
lines with an enterocyte-like phenotype (e.g., Caco-2 cell monolayer). (b) Heterogeneous cell mon-
olayer coculturing different cell lines to mimic essential intestinal features, such as the mucus- car-
rying intestinal tissue (e.g., Caco-2 and HT29 co-culture in vitro cell models). (c) 3D cell spheres 
developed from tumor-derived cell lines. (d–f) Intestinal organoid cultures generated from pluripo-
tent stem cells (PSCs) or adult stem cells (AdSCs). (d) Basal-out organoid. The pathogen is generally 
injected inside the organoid. (e) Apical-out organoids might enhance the access of FBP with a high 
preference for the apical intestinal compartment. (f) Organoid-derived monolayers are D cell infec-
tion systems, such as the conventional immortalized cell cultures. (g–h) Coculture of intestinal or-
ganoids with immune cells and microbiota. More sophisticated organoid-based cultures, including 
intestinal epithelium–immune system and epithelium–microbiota interactions during infection. 

Owing to the potential of organoids, the number of citations including the term “or-
ganoid” has rocketed in the last years. However, there does not seem to be a consensus 
on a general definition of organoids in the literature. In order to avoid misunderstandings, 
the recent definition suggested by Fujii and Sato was adopted in this review [24], i.e., ‘‘any 
heterotypic structures that can be reproducibly generated from single cells or cell clusters 
derived from somatic tissues or pluripotent stem cells, can self-assemble through cell–cell 
and cell–extracellular matrix (ECM) communications, and have some features of counter-
part in vivo tissues’’ [24]. A further distinction is made according to the type of stem cell 
used to generate the organoids. While intestinal human organoids can be derived from 
pluripotent stem cells (PSCs) (including embryonic stem cells (ESCs) and induced plu-
ripotent stem cells (iPSCs)) (Figure 2), adult stem cell (AdSC)-based organoids are initi-
ated from self-renewing tissues, such as the gastrointestinal epithelium (see Figure 2) 

Figure 1. Cell culture systems mimicking intestinal FBD. (a–c) Intestinal FBD models derived from
immortalized cells. (a) Polarized homogeneous cell monolayer typically based on immortalized
cell lines with an enterocyte-like phenotype (e.g., Caco-2 cell monolayer). (b) Heterogeneous cell
monolayer coculturing different cell lines to mimic essential intestinal features, such as the mucus-
carrying intestinal tissue (e.g., Caco-2 and HT29 co-culture in vitro cell models). (c) 3D cell spheres
developed from tumor-derived cell lines. (d–f) Intestinal organoid cultures generated from pluripo-
tent stem cells (PSCs) or adult stem cells (AdSCs). (d) Basal-out organoid. The pathogen is generally
injected inside the organoid. (e) Apical-out organoids might enhance the access of FBP with a high
preference for the apical intestinal compartment. (f) Organoid-derived monolayers are D cell infection
systems, such as the conventional immortalized cell cultures. (g–h) Coculture of intestinal organoids
with immune cells and microbiota. More sophisticated organoid-based cultures, including intestinal
epithelium–immune system and epithelium–microbiota interactions during infection.

Owing to the potential of organoids, the number of citations including the term
“organoid” has rocketed in the last years. However, there does not seem to be a consensus
on a general definition of organoids in the literature. In order to avoid misunderstandings,
the recent definition suggested by Fujii and Sato was adopted in this review [24], i.e., “any
heterotypic structures that can be reproducibly generated from single cells or cell clusters
derived from somatic tissues or pluripotent stem cells, can self-assemble through cell–cell
and cell–extracellular matrix (ECM) communications, and have some features of counter-
part in vivo tissues” [24]. A further distinction is made according to the type of stem cell
used to generate the organoids. While intestinal human organoids can be derived from
pluripotent stem cells (PSCs) (including embryonic stem cells (ESCs) and induced pluripo-
tent stem cells (iPSCs)) (Figure 2), adult stem cell (AdSC)-based organoids are initiated

81



Foods 2022, 11, 108

from self-renewing tissues, such as the gastrointestinal epithelium (see Figure 2) [25,26].
Two additional terms, enteroids and colonoids, are often used in the context of organoids to
refer to the 3D models derived from intestinal and colon adult stem cells that only comprise
epithelial cells (Figure 2) [27].
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ture refers to monolayer epithelial cells (not derived from organoid/enteroid models), whereas 3D 
cell culture refers to organoid and enteroid models. 

Comparison 2D Monolayer 
Cell Culture 3D Cell Culture 

Cell differentiation into enterocyte or goblet cell   
Cell differentiation into Paneth cell and 

enteroendocrine lineages -  

Easily accessible to the apical side of cells  - 
Include immune, nerve, or vascular cells - - 
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Figure 2. Schematic diagram of intestinal organoid, enteroid, and colonoid generation. Organoids
can be derived from pluripotent stem cells (PSCs), including either induced pluripotent stem cells
(iPSC) or embryonic stem cells (ESC). Enteroids and colonoids can be grown from the adult stem cells
(AdSC) isolated from intestinal crypts.

Contrary to immortalized cancer-derived cell lines, intestinal organoids are charac-
terized by the capacity to generate crypt-like domains with proliferative regions able to
differentiate into all of the epithelial cell lineages. They also possess villus-like domains
able to maintain cellular polarization toward the tissue. A comparison of 2D versus 3D cell
culture systems is provided in Table 1.

Table 1. Comparison of 2D versus 3D cell cultures (as reviewed in [28–30]). The phrase 2D cell culture
refers to monolayer epithelial cells (not derived from organoid/enteroid models), whereas 3D cell
culture refers to organoid and enteroid models.

Comparison 2D Monolayer Cell Culture 3D Cell Culture

Cell differentiation into enterocyte or
goblet cell 3 3

Cell differentiation into Paneth cell and
enteroendocrine lineages - 3

Easily accessible to the apical side of cells 3 -
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Table 1. Cont.

Comparison 2D Monolayer Cell Culture 3D Cell Culture

Include immune, nerve, or vascular cells - -
Cell polarisation 3 3

Formation of cell–cell tight junctions 3 3

Development of villus-like and crypt-like
structures—three-dimensional architecture - 3

Expanded indefinitely
3

(if derived from tumour
cells)

3

Cryopreservation for long-term storage
3

(if derived from tumour
cells)

3

Reproducibility +++ +
Cost + +++

Legend: (3), presence. (-), absence. (+), low. (+++), high.

To mimic the architectural and physiological properties of the in vivo small intestine,
the models for foodborne diseases require differentiated crypt-villus structures. Intesti-
nal crypts contain stem cells, which maintain the epithelial progenitor cells pool. Once
generated, epithelial cells migrate toward the lumen, and differentiate and die at the tip
of the villi. This process leads to a complete regeneration of the intestinal epithelium
every 4–5 days [31]. Organoid culture is based on the capacity of the intestinal epithelial
stem cells to perpetually divide and produce epithelial progenitor cells. The discovery
of Lgr5 (Leucine-rich repeat-containing G protein-coupled receptor 5) has paved the way
for culturing adult stem cells [32]. Lgr5+ intestinal stem cells cultured in 3D can undergo
multi-lineage differentiation to ultimately form a “mini-gut”. In 2009, Sato et al. developed
this long-term culture based on crucial signaling pathways, such as the Wnt/β-Catenin
pathway and the EGF/EGF receptor (EGFR) with ECM-supported culture [33]. The re-
sulting organoid culture system has been successfully applied to culture other epithelial
organs, including stomach, pancreas, colon, and liver organoids [14].

Organoids have been mainly used for the study of cancer and genetic disorders as
well as host cell–microorganism interactions [34]. In the organoid–pathogen coculture,
several constraints in the mimicking of viral and human host-specific infections have been
overcome. Alternatively, organoids generated from genetically modified pluripotent stem
cells or from patients harboring mutations of clinical interest have opened a new window
onto human infection diseases [35]. Furthermore, these practical and reproducible in vitro
models of infection lead to the exploration of additional host–microbe dynamics, e.g., in
disseminated infections [7,36,37].

Intestinal organoids usually form structures with budded and branched shapes [38],
encapsulating the apical surface and the lumen (Figure 1d) [39]. This makes pathogen
delivery inside the organoid interior more challenging from a technical point of view. Even
though several studies have employed microinjection (Figure 1e), this is a tedious technique
and observations can be disturbed by cellular material accumulating within the luminal
side; moreover, cellular material may damage the organoid epithelium [39].

In 2019, Co et al. developed a culture system where organoids could precisely adopt
polarity-specific parameters inspired by previous studies of polarity reversal in Madin–
Darby canine kidney (MDCK) spheroids [39,40]. The resulting method provided a cell
apparatus with an apical-out surface that promoted pathogen inclusion, especially of mi-
crobes with a marked preference for interacting with the apical intestinal compartment [39].

Although the study of intestinal epithelial cell (IEC)–pathogen interactions is time and
cell consuming [39], most studies have used organoid-derived monolayers on insert/filter
membranes (Figure 1f). Two-dimensional cell systems, as with other conventional trans-
membrane models, provide experimental access to the apical or the basolateral surface [41].
Similarly, monolayers of somatic cells allow adding other nearby intestinal cells to trans-
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formed cell lines in coculture to analyze the cellular crosstalk associated with the response
to infection (Figure 1g) [42,43]. Although these complex cell systems are still in their infancy,
advances have been made in modeling the intestinal microenvironment systems containing
macrophages and T-cells (Figure 1g) [42,44] or microbiota (Figure 1h). On a wider scale,
hybrid cell cultures could provide insights into the tissue inflammation and carcinogenesis
significantly associated with intestinal infections. Table 2 summarizes the main advantages
and disadvantages of 3D cell cultures.

Table 2. Main advantages and disadvantages/limitations of 3D cell cultures (as reviewed in [45–49]).

Advantages Disadvantages

Better mimic endogenous tissues, including
organization and spontaneous differentiation

of multiple cell types into physiologically
relevant 3-D structures, expression and
localization of tight junctions, mucus

production, polarity, gene expression, cell
viability and proliferation, cytokine production

Heterogeneity in size, shape, and viability of
organoids within a culture and across different
samples, owing to the diversity of individuals

and protocols.
Protocols for organoid establishment and

quality control are not globally standardized.

Contain highly polarized cells that differentiate
into the cell lineages of the tissue of origin, i.e.,

intestinal organoids contain fully mature
goblet cells, enterocytes, Paneth cells, and

enteroendocrine cells.

Lack of neural innervation, immune cells,
vasculature, and amicrobiome→ coculture

systems with other cell types are not
firmly established.

Lack of mechanical stress (peristalsis) and
luminal and basolateral flow→ towards

organoid on chip.

Personalization: induced pluripotent stem cells
and organoids can be obtained from

individuals

Infection experiments: closed system that
represents a nonphysiological route for

pathogens that infect via the apical/luminal
side, i.e., the luminal side is inaccessible
without microinjection or disruption of

organoid polarization. Microinjection remains
a technical challenge.

Genetic engineering: most modern genetic
engineering tools can be applied to induced
pluripotent stem cells or directly to organoid

systems

Relatively costly: organoids cost less than
animal models, but they are relatively

expensive compared to traditional cell lines
(mainly due to medium composition with

growth factors and volume required for
culturing large numbers of cells).

In the following sections, the main studies related to the use of organoids to decipher the virulence mechanisms
of FDPs and the responses of the host cells are discussed.

3. Using Organoids to Explore the Cell and Tissue Tropism of FBPs

Regarding the infection capacity of FBPs, plausible discrepancies can be observed
between homogenous cell monolayers and organoids that retain most of the intestinal cell
composition and somatic signatures. Early works have shown that bacteria can cause the
loss of a tissue’s structural integrity in intestinal organoids. Unsurprisingly, a growing body
of evidence has assessed this common and fundamental issue. Antibiotic-protection assays
coupled to confocal imaging to evaluate changes of the actin network have showed that
Salmonella-, enterohemorrhagic Escherichia coli (EHEC)-, Listeria monocytogenes-, or Shigella-
infected organoids showed intracellular pathogen carriage and damage of intestinal tissue
in vitro [39,50–52].

Upon reaching the intestinal epithelium, some pathogens exhibit a higher affinity
for regional intestinal segments [53]. Enteroids derived from cells from an anatomical
region of the intestine could be a potential starting point for reliably studying segment-
specific colonization on an in vitro device, an achievement never attained in whole animal
models [54]. VanDussen et al. inoculated various strains of pathogenic E. coli to the
apical surface of a cell monolayer generated from the dissociation of human intestinal
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biopsies [41]. E. coli EPEC strains preferentially adhered to ileal epithelial cells, whereas E.
coli EAggEC and EHEC strains instead adhered to rectal epithelial cells. In et al. noted a
remarkable difference between the number of EHEC bacteria associated with the apical
surface in organoids representing colon and jejunum environments [51]. The authors
indicated that the preference of EHEC for these colonoids could be related to the colon-
specific differentiation [51]. Each E. coli pathotype usually possesses distinct virulence
mechanisms to disrupt the host intestinal epithelium. Adherence patterns are one of the
key signs generally accepted among E. coli pathovars [55]. Rajan et al. mimicked bacterial
adhesion using enteroids made from crypts isolated from tissues from four different gut
segments. Histopathological comparisons of infected enteroids suggested that E. coli
EAggEC aggregated in several ways, including those patterns observed in classic in vitro
models and new ones, with a remarkable dependency on donor and intestinal segment
tropism [56].

Unlike EHEC, Shigella flexneri can invade enteroids from the duodenum, ileum, and
colon in the same manner [57]. However, these findings substantially contrast with the
in vivo shigellosis biology that describes a specificity of Shigella to the rectal and colonic
mucosae [58]. Thus, other elements of the intestinal microenvironment, such as vasculature,
the enteric nervous system, or the resident microbiota contributing human colon infection,
were not taken into account with the previous enteroid study [57].

Several studies have showed the preferential attachment of FBP on the apical surface
of immortalized cell lines [11,20,59–61]. However, some works have investigated the ability
of enterocytes to internalize bacteria for transcellular translocation from the basolateral
to the apical compartment. To address this issue, Co et al. developed a reversed polarity
apical-out human enteroid model [39]. Thanks to this novel cell culture platform, they
were able to compare the binding patterns of S. enterica Typhimurium and L. monocytogenes.
Salmonella predominantly invade apical-out enteroids and induce cytoskeletal rearrange-
ment, as described using cancer derived monolayers [62]. Conversely, the Gram-positive L.
monocytogenes adhered more to the basal-out enteroids. When the author used mixed polar-
ity enteroids, whose polarity had been partially reversed and contained both basal-out and
apical-out surfaces, both pathogens preferentially invaded the apical side [39]. Apical-out
human enteroids seem to be relevant and accessible models because they highlight the
importance of cell polarity to visualize the mechanism of pathogen exit from the epithelium
to promote shedding and dissemination. This is particularly true for pathogens that use
basolateral receptors for invasion, such as L. monocytogenes or S. flexneri.

Organoids can be used to model the complex multicellular environment of the intestine.
Experimental workflows now finely sum up the interactions of pathogens with highly
specialized epithelia cells (i.e., mucus-producing cells, Paneth cells, and microfold (M)
cells). This could overcome the limitations of the in vitro cell lines that commonly represent
enterocytes [54].

The thick mucus layer is a key component of the physical barrier that protects the
gut epithelium from the potential pathogens present in the luminal environment [63].
Transcript-based comparisons using organoids have showed changes in the expression
signature of mucin Muc2, the major structural component of the intestinal mucus. A study
based on fully differentiated enteroids infected with S. flexneri indicated the transcriptional
upregulation of Muc2 after apical or basolateral bacterial infection [64]. Similar Muc2
transcript profiles were observed using the goblet-like cells HT29-MTX infected with S.
flexneri [64]. While non-motile bacteria, such as Shigella, increased the level of Muc2, EHEC
exposure to human colonoids reduce the thickness of the Muc2-positive mucus layer in less
than 6 h [51].

The follicle-associated epithelium (FAE) is characterized by the presence of M cells,
which constitute a niche for bacteria with an intracellular lifestyle because they naturally
internalize foreign particles. M cells are exploited by many different pathogens, including
S. flexneri [65], L. monocytogenes [66], and S. enterica Typhimurium [67], as a passage through
the intestinal barrier to deeper host tissues [68]. S. enterica Typhimurium-infected enteroids
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derived from human small intestinal crypts confirmed that bacteria could rapidly trigger
a transition from FAE enterocytes into M cells via an epithelial-mesenchymal transition
(EMT) [69]. Similar findings were reported using cocultures of Caco-2 and Raji-B cells [70].
Stimulation with receptor activator of NF-κB Ligand (RANKL) and tumor necrosis factor
alpha (TNF-α) was used to induce M cell differentiation in enteroids [71]. The resulting
3D intestinal in vitro device was used to study S. flexneri transcytosis via M cells [64].
The authors confirmed the presence of M cells using glycoprotein 2 immunostaining. S.
flexneri invaded M cell-containing enteroids more often than it invaded non-stimulated
enteroids [64].

FBDs are usually self-limiting and of short duration. Some FBD cases, however, can
lead to long-lasting disability. A range of human tissues are currently expandable as
organoids, but only a few applications are currently used to explore the interactions of
FBPs with tissues or cells once the pathogen has colonized the deeper tissues. Organoids
have been used to understand the molecular mechanisms behind the epidemiological
association between chronic infection with Salmonella enterica and gallbladder carcinoma
(GBC) in humans. Scanu et al. developed a murine gallbladder organoid (GBO) genetically
predisposed to resemble the analogous TP53 inactivation in GBC patients. Infected murine
cells formed organoids in growth factor-free medium. In addition, they presented polarity
loss and large irregular nuclei. These observations indicate a cell transformation driven by
Salmonella infection [72]. More recent evidence reveals that the human restricted pathogenic
serovar Paratyphi A induced DNA damage in human GBO [7]. A detailed analysis of
longer-term infected organoids reveals that bacteria could drive the termination of cell
replication via the downregulation of the transcriptional programs related to each cell
cycle phase (G1/S, S, G2, and G2/M) [7]. Therefore, these studies showed not only a clear
Salmonella tropism of gallbladder tissue, but also the underlying pathways of the connection
between S. enterica and cancer.

4. Organoids for Investigating the Host Immune Response Following Foodborne
Infection

Studying the interplay between FBPs and the distinct cellular populations in disease
ecosystems also requires a large picture of the coordinated factors involved in the host
defense mechanisms. Given the fact that the signature of organoids resembles the genetic
signature of native intestinal epithelium cells and allows genome editing, organoids have
also been used to study host signaling for maintaining a fine balance in the gut environment.

Studies have revealed the global transcriptional changes occurring within organoids
during tissue inflammation and host defense. Forbester et al. identified a large spec-
trum of transcriptional changes by evaluating host–pathogen interactions with S. enterica
Typhimurium [73]. Six of the most highly upregulated genes in the infected organoids
consisted of genes related to the interleukins (ILs) that are essential messengers between
immune cells and nonhematopoietic cells [73]. Karve et al. found no significant differences
in the gene expression of proteins that are involved in gastrointestinal guarding between
commensal E.coli and STEC strains. However, inflammatory mediators IL-8 and IL-18 were
significantly upregulated upon STEC infection [52]. Organoids have also provided signifi-
cant clues about host defense against S. flexneri infection. Elements of the NF-κB-mediated
inflammation, including IL-8, TNF-α and TNFAIP3, were enriched in colonoid monolayers
infected by S. flexneri [57]. Ranganathan et al. evaluated in more detail the effect of S.
flexneri infection on IL-8 expression [64]. Enteroid and colonoid monolayers infected with
S. flexneri secreted IL-8 in a time- and compartment-dependent manner. At the same time,
the level of apical IL-8 was significantly higher than the level of basolateral IL-8 at the early
phase of S. flexneri infection. At 26.5 h post infection, the level of basolateral IL-8 was higher
than the level of apical IL-8 in the infected enteroids derived from either segment [64].

Although inflammasomes play diverse roles in innate immunity, their function in the
central line of human defense against enteric pathogens has not been dealt with in depth.
The big cytoplasmic multiprotein complexes can be activated by bacterial stimuli that
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unlock the canonical and non-canonical pathways, resulting in the secretion of IL-1β and
IL-18 [74]. Moreover, the downstream effectors of inflammasomes are involved in activating
signals of pyroptosis, a programmed form of cell death that occurs via IEC shedding [60].
Researchers have attempted to determine the role of each caspase in the defense against
Salmonella infection. Murine enteroid infection models have showed a specific contribution
of caspase-1 (Casp1) and caspase-11 (Casp11) (the equivalents of caspase-4 and caspase-5 in
humans), which induced cellular responses and effector mechanisms. Casp11−/− and wild
type (WT) enteroid-derived monolayers were much less passive upon Salmonella infection
compared to Casp1/11−/− and Casp11−/− enteroid monolayers. This infection profile
demonstrates that Casp-1 is sufficient to restrict bacterial invasion. Additional findings
suggested that the proinflammatory response could upregulate Casp-11 expression later in
the course of infection, and that caspases acted together against pathogen attack [75]. In a
similar fashion, Holly et al. compared the caspase-mediated activities of enteroids from
human intestinal epithelium and mouse intestinal epithelium in response to infectious
stimulation [50]. The human and murine enteroids responded to the microbe in a specie-
dependent manner [50]. Whereas Casp4-deficient human enteroids completely stopped
IL-18 secretion, the murine equivalent of Casp4 (Casp-11) was found to be important but not
essential. Similarly, the contribution of canonical and non-canonical pathways to decreasing
the intracellular burden of S. enterica Typhimurium was species dependent. While non-
canonical pathways play a key role in primary human cells, canonical pathways play a key
role in primary mouse cells [50].

Forbester et al. generated organoids from healthy individuals and from a patient
harboring a mutation in the IL10RB gene that inactivates the IL-22 receptor [35]. The IL-22
receptor expressed on the basal surface, and the subsequent IL-22 response occurred in
organoids derived from healthy cells. In contrast, the IL10RB-defective organoids exhibited
a loss of the IL-22 defense function. This highlights the relevance of this method for
facilitating studies on phenotypic–genotypic associations. Further results demonstrated the
infection-limiting mechanisms and a protective role of IL-22 via phagolysosomal fusion [35].

Beyond the understanding reached with organoids, integrating other cell types critical
for intestinal homeostasis appears to be indispensable to mimicking the cellular microenvi-
ronment. A reliable model of the crosstalk between immune cells and IEC was created by
Noel et al. [42]. The macrophages introduced in the basolateral compartment of a mixed
enteroid monolayer system developed the ability to cross the intestinal epithelium without
harming the medium upon which they were engrafted [76]. Noel et al. observed the
reactions of the human macrophage–enteroid coculture in response to a bacterial stimulus
on the apical surface [42]. The number of CFUs in the upward phase of enteroxigenic E. coli
(ETEC) in the pathogen hybrid coculture was significantly lower than in the macrophage-
free enteroids as early as 30 min post-infection [42]. Given that fact, this experiment reflects
the successful sensing and bactericidal activity of macrophages. The coordinated work of
the intestinal barrier and mucosal immunology to prevent infection of the human gut was
also accompanied by lower pro-inflammatory cytokine secretion, including IL-8, IL-6, and
IFN-γ [42]. On a wider scale, future studies should deal with mechanistic observations
of macrophage transepithelial projections and their contact with enteric pathogens [42].
In the same vein, polymorphonuclear leukocytes (PMN) were added to wells containing
organoids, mirroring neutrophil recruitment during EHEC infection on the luminal surface.
Images of the control and transcriptional profiles identified PMN cells in the external edge
of organoids and the upper production of IL-8, respectively [52], which is known to favor
PMN cell attraction. IL-8 is also a key factor in neutrophil recruitment in animal enteric
infection model [77]. These results represent an excellent initial step toward increasing the
complexity of organoids by including stromal elements.

Incorporating genetic engineering into organoid technology could provide further
knowledge on the host factors that influence the functions of the intestinal barrier and
intestinal defense mechanisms, and, finally, lead to the development of enteric diseases.
For instance, mutated organoids that reflect specific tissue phenotypes have facilitated

87



Foods 2022, 11, 108

in-depth experimentation to further analyze infection mechanisms. In 2015, Wilson et al.
compared the antimicrobial activity of α-defensins in the epithelial defense against S.
enterica Typhimurium replication using organoids derived from wild-type and mutated
mouse cells for α-defensin production [78]. Comparative assays demonstrated that intra-
luminal S. enterica Typhimurium growth was significantly higher in the deficient genotype
model. The intestinal ex vivo system may compensate for the anti-bacterial activity through
the expression of human defensin HD5 [78].

In addition to cell host responses to infection, organoid tools can also address infection
mechanisms on the bacterial side.

5. Organoids for Studying the Virulence Mechanisms of FBPs

Microorganisms possess a number of interlinked virulence traits that constantly move
toward the establishment of infection and which trigger disease and their persistence in the
host. The study of pathogen effectors may lead to the development of new rapid diagnostics
tools or detection methods, therapeutic drugs, and vaccines to better control foodborne
pathogens. Organoids are paving the way for additional and promising investigations of
molecular aspects of FBP virulence.

The engineering of genes that encode virulence effectors and host adaptation may well
be the keystone to fully understanding the causality between a gene defect and infection
developed in organoids.

Interestingly, using enteroids, Geiser et al. attempted to describe the S. enterica Ty-
phimurium cycle of infection, and uncovered novelties about the role of known virulence
factors [79]. S. enterica pathogenesis involves the type three secretion system 1 (TTSS-1),
which mediates the translocation of effector proteins into host cells to promote bacterial
invasion. According to the authors, TTSS-1 activity and some TTSS-1 effectors (SipA,
SopB, SopE, and SopE2) seem to promote S. enterica Typhimurium colonization in human
enteroids by enabling the bacterial invasion of intestinal epithelial cells. However, flagellar
motility does not seem to be required for the efficient bacterial colonization of enteroids;
Salmonella seems to reach the epithelial surface and invade the intestinal epithelial cells
through gravitational sedimentation within enteroids [79].

Intestinal organoids could also be an important tool to shed more light on microbial
inter-strain—and even inter-serovar—variation in pathogenicity. For example, infected
human ileum-derived organoids were used to evaluate the serovar specificity of disease
phenotypes to help analyze the role of the YrbE phospholipid transporter in S. enterica Typhi
and Typhimurium. Verma et al. established that deletion of the yrbE gene induced several
changes in S. enterica Typhy bacteria, such as the over-expression of flagellin, resulting in
uncontrolled motility, elevated IL-8 secretion, and deficient adherence to the organoid of the
mutant strain. In contrast, S. enterica Typhimurium pathovar did not seem to be affected by
the disruption of yrbE. These results suggest that YrbE might be involved differently in the
pathogenic mechanisms of S. enterica serovars, especially in the early steps of infection [80].

A neglected field of study using the overly simplistic 2D models has been the molecular
routes likely to be involved in the watery diarrhea that is triggered by the majority of FBPs
that colonize the human intestinal epithelium. Based on the advances of culture systems,
Tse et al. recreated a colonic environment to evidence the potential enterotoxic effect of
extracellular serin protease P (EspP) excreted by EHEC, which displays electronic transport
and therefore leads to diarrhea [81]. Measuring changes in active ion movements in human
colonoid monolayers, the authors indeed detected a significantly increased transport
of colonic electrolytes related to EspP luminal concentrations. Thus, additionally to its
protease activity, EspP may be a factor involved in EHEC diarrheic episodes [81]. Broader
research should investigate the role of serine protease activity from other enteric infectious
agents in organoid-pathogenic phenotypes [82].

A study using organoids derived from intestinal tissue taken from human biopsies
revealed novel insights into S. enterica Typhi small intestinal mucosa infection. A transmis-
sion electron microscopy (TEM) analysis indicated a cytoskeletal change, with microvilli
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destruction leaving a more accessible surface for pathogen entry and vesicle-contained
intracellular bacteria. Secondly, while S. enterica Typhimurium invasion predominantly oc-
curred through M cell-facilitated phagocytosis, S. enterica Typhi infection mostly progressed
via the enterocytes [83].

The characterization of the host cell invasion mechanisms and of the effect of pathogens
on intestinal stem cells was studied in Listeria organoid models. Co et al. confirmed
previous findings that L. monocytogenes preferentially binds to basolateral receptors to
invade intestinal cells [39]. This bacterium targets sites of cell extrusion, where basolateral
proteins are apically exposed, and enters the apical epithelium in human enteroids [39].
Five hours post-infection, L. monocytogenes translocated in greater numbers across the
distal small intestine epithelial monolayers derived from organoids than they did across the
proximal monolayers [84]. In addition, invasion by L. monocytogenes altered the morphology
of the intestinal organoids, especially the intestinal stem cells, and reduced the budding
rate [85]. L. monocytogenes modulated organoid proliferation by regulating stem cell niches,
which disrupted normal intestinal turnover [85]. In addition, this pathogen affected the
expression of Hes1, Math1, and Sox9, and this interfered with the differentiation of intestinal
stem cells [85]. Besides investigating the molecular mechanisms associated with the enteritis
caused by foodborne pathogens, some works have used organoid/enteroid models to
explore the other pathologies induced by these pathogens. For example, Campylobacter jejuni
is known to be the major cause of bacterial enteritis worldwide. Moreover, Campylobacter
spp. have been observed in patients with colorectal cancer (CRC), and has been associated
with the development of inflammatory bowel disease, a known risk factor of CRC [86–89].
He et al. demonstrated that the human clinical isolate C. jejuni 81–176 promotes colorectal
tumorigenesis through the action of cytolethal distending toxin (CDT) [90]. The key role of
CDT in this process was showed using various models, such as mice (germ free ApcMin/+),
a non-transformed rat small intestine epithelial cell line (IEC-6), a human colon cancer cell
line (HT-29), and cultured enteroids [90]. Cultured enteroids were used to evaluate the
effect of cdtB on DNA damage in primary intestinal cells. Exposure of enteroids to C. jejuni
lysates enhanced γH2AX induction (a surrogate marker of DNA damage) compared with
the control, while this response was attenuated in enteroids exposed to C. jejuni with an
inactivated cdtB gene [90]. These findings demonstrate that cdtB plays an important role in
C. jejuni-induced DNA damage and cell cycle arrest in vitro.

6. Using Organoids to Investigate the Anti-FBP Activities of Probiotic (-like)
Bacterial Strains

Organoids are receiving much attention due to their high resemblance to the physiol-
ogy of the gastrointestinal environment. They have not showed their full potential yet, and
there are still shortcomings when modeling complex environments, such as the intestinal
microbiota. However, they provide the initial steps toward a more refined understanding
of potential microbe-based therapies, such as probiotics. This fact is consistent with the
widespread interest in the development of a robust line of new drugs and innovative path-
ways to bring solutions to patients suffering from either drug-resistant bacterial infections
or—even more critically—infectious diseases with only supportive treatment (i.e., EHEC
infections).

The commensal strain E. coli Nissle has been used as a probiotic for more than a century,
and, more recently, to treat intestinal disorders. However, this strain is highly related to
a pathogenic E. coli strain isolated from a patient with pyelonephritis [91]. Pradhan and
Weiss have used human intestinal organoids to assess the safety and protective effects of
the probiotic strain against E. coli pathogenic strains [92]. In single-strain infection studies,
Nissle did not cause damage to organoids. However, in co-infection experiments, Nissle
protected organoids from the EHEC-mediated loss of the epithelial barrier function and
EHEC-induced apoptosis [92]. The results also suggest that Nissle can be vulnerable to
phages and that lysogens can produce the Shiga toxin, which would limit the usefulness of
the probiotic as a therapeutic alternative [92].
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Introducing potential probiotic microbes into organoids has recently emerged from
disease mimicking based on the crosstalk between microbial components and their microen-
vironment. In 2020, Lu et al. investigated the use of Lactobacillus acidophilus, a recognized
probiotic microorganism, to drive protective mechanisms on the gut barrier exposed to
Salmonella [93]. Pre-treatment with the L. acidophilus caused more active mucus secretion,
resulting probably from the general IEC response to contact with microorganisms [93].
Furthermore, L. acidophilus modulated toll-like receptors (TLRs), which are involved in
the hyperplasia and inflammation caused by Salmonella infection [93]. In the same way,
the ability of five lactic acid bacteria strains to modulate the vitamin D receptor (VDR)
pathways and S. enterica enteritidis-induced inflammation and infection was evaluated
using murine organoids [94]. Some of these strains protected organoids from Salmonella
inflammation by increasing VDR expression [94]. In addition, VDR deletion in organoids
resulted in more severe inflammation and bacterial invasion upon Salmonella infection [94].

The well-orchestrated communication between epithelial and non-epithelial cells is
essential to decipher the arsenal of infection-related responses set up by the host. In the
particular case of foodborne infections, gut immunology, for instance, plays a crucial role in
maintaining the host–microbiota interactions, and it is interesting to elucidate the crosstalk
between the intestinal epithelium and immune cells.

7. Current Challenges and Future Prospects

In-depth investigation of pathogenic mechanisms. The evolution of cell models towards
the design of structures that approximate the real microenvironment to which pathogens
are exposed in the gut is still of interest in order to improve the understanding of host–
pathogen interaction. For example, Campylobacter jejuni is unanimously recognized as the
leading cause of bacterial enteritis in the world. Paradoxically, however, despite numerous
studies on animal and “traditional” cell models, its pathogenic mechanism has still not
been fully described. It seems that the models used so far do not sufficiently reproduce
the relationship between the bacteria and intestinal cells. The mechanism of C. jejuni
translocation is especially controversial and not well understood. Consequently, enteroids
are therefore likely to investigate more deeply the transmigration of C. jejuni across the
intestinal epithelium and to provide new information on intestinal campylobacteriosis. In
addition, using intestinal organoids from livestock animals can help to investigate the host
specificity of zoonotic bacteria in a one health context [95,96]. In addition, new approaches
for improving the accessibility of the pathogen to the apical surface of organoids have been
investigated. A robotically articulated microinjection platform showed enhanced perfor-
mance by transporting a bacterial suspension at a rate of approximately 90 organoids per
hour. Nevertheless, the efficiency of the device varied considerably due to great organoid
heterogeneity in terms of size, shapes, luminal volumes, and monolayer width [97].

Increasing model complexity to assess interactions of FDP with other organs and the environ-
ment. Intestinal organoids are mainly exploited as single-organ systems representing the
gut epithelium, lacking for mesenchymal or immune cell populations naturally present
in the gut mucosa. In order to better model human disease and to evaluate the role of
the mucosal compartment and epithelial–immune cell communication occurring in FPD,
cocultures of epithelial organoids with other organ-specific elements are of interest, such
as with macrophages and T cells. The cellular diversity gain from organoids can also be
exploited by interconnecting multiple organ systems in fluidic systems under dynamic
conditions. Organ-on-chip devices that use organoids derived from stem cells can model
multi-organ complexity, such as the gut–brain axis or the interaction between the gut and
kidney, allowing for the study of infection progression from primary to secondary infection
sites. In addition, this “organoids-on-chip” technology can reproduce the mechanical forces
to which the enteric pathogens can be exposed in the intestinal environment, such as flow
and peristalsis. These mechanical constraints seem essential for infectivity.

Towards personalized medicine in foodborne infectious diseases? One of the most pressing
clinical challenges is developing precision medicine in FBP infection. Biobanks can be built
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using enteroids from different normal or genetically and clinically diverse individuals to
facilitate fundamental research, but also to study the effect of pharmacological compounds
in a heterogeneous population. Existing human intestinal organoid biobanks derived
from healthy and diseased tissues have been established, especially from cancers, but
also other diseases, such as inflammatory bowel disease and cystic fibrosis [41,45,98].
Co-clinical trials have already been performed to confirm the usefulness of organoids in
drug screening by comparing them with other models (e.g., animal models) and with
patients’ responses, showing in vitro to in vivo correlations [99–101]. Most applications
of organoids for precision medicine are currently related to the screening of anticancer
therapeutics. These biobanks can be used for high-throughput screening assays to assess
the efficacy and toxicity of drugs in a personalized fashion. The genetic engineering
of organoids or patient-derived organoids harboring mutations related to pathogenic
bacterial infections may disclose the potential associations between genetic signatures
and susceptibility to infectious diseases, and can be used to predict responses to drugs.
However, the use of human organoids to fully understand infectious diseases requires
the development of technologies that are sufficiently simple for routine use in infectious
disease laboratories and adequately robust for use in preclinical studies. The addition
of a functional immune system, a complete microbial influence, and the generation of M
cells remain to be optimized. Moreover, the generation of standardized protocols and
mainstream organoid media will make the model more accessible for laboratories and
clinics willing to adopt the model and to provide more accurate data.

8. Conclusions

Over the past decade, organoids have appeared that could act as a human model for
studying the virulence of enteric bacterial pathogens. To move closer to in vivo pathophysi-
ological mechanisms, the next stage of disease modelling using organoids will require more
complex and robust strategies. Recent evidence has revealed that introducing non-epithelial
cells, e.g., microbiota and immune cells [42,97] (Figure 1g,h), and improving pathogen
attachment through more refined techniques, such as microinjection techniques, apical
phase reversion, or using primary epithelial cell monolayers, may considerably empower
the study of interactions of the intestinal ecosystem–pathogen interface using organoids.
As the complexity of these model systems increases with cocultures and organ-on-chip sys-
tems, new opportunities and challenges arise, and the host–pathogen interaction landscape
will benefit from them.
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Abstract: The excellent survival ability of Salmonella enterica serovar Enteritidis (S. Enteritidis) in egg
white leads to outbreaks of salmonellosis frequently associated with eggs and egg products. Our
previous proteomic study showed that the expression of multidrug efflux RND transporter AcrD in
S. Enteritidis was significantly up-regulated (4.06-fold) in response to an egg white environment. In
this study, the potential role of AcrD in the resistance of S. Enteritidis to egg white was explored by
gene deletion, survival ability test, morphological observation, Caco-2 cell adhesion and invasion. It
was found that deletion of acrD had no apparent effect on the growth of S. Enteritidis in Luria-Bertani
(LB) broth but resulted in a significant (p < 0.05) decrease in resistance of S. Enteritidis to egg white
and a small number of cell lysis. Compared to the wild type, a 2-log population reduction was noticed
in the ∆acrD mutant with different initial concentrations after incubation with egg white for 3 days.
Furthermore, no significant difference (p > 0.05) in the adhesion and invasion was found between
the wild type and ∆acrD mutant in LB broth and egg white, but the invasion ability of the ∆acrD
mutant in egg white was significantly (p < 0.05) lower than that in LB broth. This indicates that acrD
is involved in virulence in Salmonella. Taken together, these results reveal the importance of AcrD on
the resistance of S. Enteritidis to egg white.

Keywords: Salmonella Enteritidis; egg white; AcrD; stress resistance; cell invasion

1. Introduction

Eggs are an important and integral part of the human diet. These are consumed
all over the world and possess natural physical and chemical defenses to prevent the
contamination of microorganisms [1]. Egg white, as a chemical barrier, is generally a hostile
environment for bacterial survival and growth because of its unfavorable conditions, such
as alkaline pH, nutritional limitations and antibacterial molecules [2,3]. However, the risk of
Salmonella contamination is a serious threat to human health as well as egg production and
processing. In particular, Salmonella enterica serovar Enteritidis (S. Enteritidis) represents
the predominant serotype that is involved in food-borne diseases due to the consumption
of eggs and egg products. More importantly, S. Enteritidis presents an exceptional ability
to survive in egg white in contrast to other Salmonella serotypes [4–6].

It is important to understand the resistance mechanisms of S. Enteritidis to egg white.
Previous workers have revealed key information through the use of molecular biological
techniques such as site-directed mutagenesis, transposon-mediated insertional mutagene-
sis, in vivo expression and DNA arrays at the transcriptional level, which may be helpful
in explaining the underlying survival mechanism in this foodborne pathogen [7–9]. While
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genes identified in those studies were mainly involved in iron transport, biotin synthe-
sis, energy metabolism, cell envelope maintenance, DNA synthesis and repair, motility
and pathogenicity. Furthermore, genes such as outer membrane channel-related gene
tolC [10], DNA repair-related gene yafD [7] and stress response-related genes uspAB [11]
were identified by mutagenic analysis and were considered as main players for the survival
of S. Enteritidis in egg white. On the other hand, according to our previous study, the
transcriptomic and proteomic profiles of S. Enteritidis exposed to egg white were analyzed
using RNA-Seq and iTRAQ analysis to reveal potential important metabolic pathways,
such as stress response, iron acquisition, amino acid and biotin synthesis, transport and
regulation [6,12]. A highly up-regulated expression (4.06-fold) of the stress response related
protein AcrD was found in S. Enteritidis in response to whole egg white at the protein
level [12].

Gram-negative bacteria such as Salmonella usually have multidrug efflux transporters,
which have been found to recognize and excrete various structurally unrelated compounds
from the cell. Among the multidrug efflux pumps, members of the RND (Resistance-
Nodulation-cell Division) family appear to be the most effective efflux systems in those
bacteria. Salmonella has five RND-type efflux systems: AcrAB, AcrAD, AcrEF, MdtABC and
MdsABC [13]. The RND transporter AcrD has a unique biological role, which can remove
antimicrobial compounds, such as aminoglycosides, from the bacterial cell. Inactivation of
acrD resulted in changes in the expression of 403 genes involved in basic metabolism, stress
responses and virulence [14]. Furthermore, the deletion of acrD led to a significant reduction
in biofilm formation and down-regulated expression of key biofilm formation-related
proteins encoded by csgBD [15]. Previously, the deletion of acrD resulted in an increased
sensitivity to antibiotics, dyes and detergents in S. Typhimurium [16,17]. Furthermore,
AcrD also contributes to copper and zinc resistance in Salmonella [18]. Previous works
have demonstrated that Salmonella usually infects the human host through the ingestion
of contaminated food products. This bacterium is able to resist the adverse environment
of the gastrointestinal tract and then adhere, colonize and invade host intestinal epithelial
cells, leading to human infections and diseases [19,20]. To our knowledge, the role of acrD
in S. Enteritidis resistance to antibacterial egg white is not yet clear.

Hence, this study aimed to uncover the role of acrD in the resistance and virulence of
S. Enteritidis to egg white by gene expression analysis, gene deletion, survival ability test,
cellular morphology analysis, Caco-2 cell adhesion and invasion assays. These results will
provide new information to help elucidate the resistance mechanisms of S. Enteritidis to
egg white.

2. Materials and Methods
2.1. Bacterial Strains

S. Enteritidis strain SJTUF10978, isolated from chicken wings, was used as the wild-
type (WT) strain in this study. Escherichia coli DH5α and Salmonella MRL0026 were utilized
as reference strains for cell adhesion and invasion assays. These strains were stored
at −80 ◦C in LB (Luria-Bertani) broth, including 50% (v/v) glycerol. All strains were
propagated overnight at 37 ◦C on LB agar before experiments.

2.2. Caco-2 Cell Culture Preparation

The human colon adenocarcinoma cell line Caco-2, obtained from Shanghai Fuheng
Biotechnology Co., Ltd. (Shanghai, China) (FH0029), were routinely maintained in DMEM
(Dulbecco’s Modified Eagle’s Medium, Gibco, Pittsburgh, PA, USA) medium containing
1% non-essential amino acids (Coolaber, Beijing, China), 10% fetal bovine serum (Fuheng
biology, Shanghai, China), 100 U/mL penicillin (Hyclone, Shanghai, China) and 100 µg/mL
streptomycin (Hyclone, Shanghai, China) at 37 ◦C with 5% CO2. Meanwhile, cells were
sub-cultured every 2–3 days and used between passages 5 and 10.
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2.3. Egg White and Its Filtrate Preparation

SPF (Specific Pathogen Free) eggs used in this study were purchased from Boehringer
Ingelheim Vital Biotechnology Co., Ltd. (Beijing, China). Fifty eggs were stored in a 37 ◦C
incubator with 65% RH (Relative Humidity) for 5 days as required for every independent
biological repeat. Egg white was collected by homogenization and centrifugation as
previously described [12]. Egg white filtrate (FEW, less than 10 kDa) was acquired by
centrifugation using ultrafiltration tubes with the cut-off limit of 30 kDa and 10 kDa
according to our previous method [21].

2.4. Gene Expression Analysis

Total RNA from log-phase cells of S. Enteritidis in whole egg white and LB broth
was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the man-
ufacturer’s instructions. The RNA concentrations were determined using a NanoDrop
2000c spectrophotometer (Thermo scientific, South Logan, UT, USA), and the quality of
RNA was evaluated using 1% agarose gel electrophoresis. Furthermore, genomic DNA
treatment and cDNA synthesis was conducted using the PrimeScript RT reagent kit fol-
lowing the manufacturer’s instructions (TaKaRa, Dalian, China). The gene expression
of acrD was tested by RT-qPCR analysis (Eppendorf, Hamburg, Germany) as previously
described [12], using primer pair of acrD-F (5′-ACGCAACAGCAGACCC-3′) and acrD-R
(5′-GCCCAGACCGCTAATT-3′). The relative expression of acrD in S. Enteritidis was calcu-
lated by the comparative cycle threshold method [22]. For data normalization, 16S rRNA
was utilized as a reference gene.

2.5. Construction of acrD Deletion Mutant Strain

In-frame deletion of acrD was generated based on the previously described homol-
ogous recombination knockout method [23]. The primers used are shown in Table 1. In
addition, strains and plasmids utilized for the deletion are listed in Table 2. Firstly, the
fragment of homologous arms (i.e., upper arm and lower arm) was amplified from the
genomic DNA of wild-type S. Enteritidis SJTUF10978 by overlap extension PCR. Secondly,
this fragment was cloned into the pMD19-T plasmid carrying an ampicillin resistance gene
to produce pMD19-∆acrD. The correct pMD19-∆acrD plasmid was digested with Sac I and
Xba I and then ligated into the pRE112 plasmid carrying a chloramphenicol resistance gene
and a sucrose-sensitive gene. Then, the obtaining pRE112-∆acrD plasmid was imported
into E. coli SM10 λpir using CaCl2 transformation method. The recombinant plasmid was
then extracted and transformed into the S. Enteritidis wild-type strain by electroporation
to obtain a single-crossover strain. The resulting strain was induced by 8%(w/v) sucrose to
finish a second crossover. Finally, suspected colonies were chosen and confirmed by DNA
sequencing and PCR analysis to acquire the acrD deletion mutant (∆acrD).

Table 1. Primers used for ∆acrD mutant construction.

Primer Sequence (5′ to 3′)

acrD-F1 GCTCTAGACTCTACGCCGCTGCTGA (Xba I)
acrD-R1 GGCCGGGAGCTAAAGGGGAACCTCGTGTTT
acrD-F2 TTCCCCTTTAGCTCCCGGCCAGCCTGATAC
acrD-R2 CGAGCTCGGCGACGAATAAGTTGCTGTG (Sac I)

The 20-bp overlap sequences for amplification of the fragments of homologous arms is shown in bold. Restriction
enzyme sites are underlined.
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Table 2. Strains and plasmids used in this study.

Strains or Plasmids Relevant Characteristics Reference or Source

S. Enteritidis SJTUF10978 Wild-type strain Lab stock
∆acrD acrD deletion mutant of S. Enteritidis SJTUF10978 This study

E. coli DH5α Host for cloning Lab stock
E. coli SM10 (λpir) thi thr-1 leu6 proA2 his-4 arg E2 lacY1 galK2, ara14xyl5 supE44, λpir [24]

pMD19-T Cloning vector, Ampr TaKaRa, China
pMD19-∆acrD pMD19-T containing a 3113 bp acrD deletion PCR product This study

pRE112 pGP704 suicide plasmid, pir dependent, oriT oriV sacB, Cmr [25]
pRE112-∆acrD pRE112 containing a 3113 bp acrD deletion PCR product This study

2.6. Measurement of Bacterial Growth

Overnight cultures of S. Enteritidis wild-type and ∆acrD strains in LB broth were
collected by centrifugation and diluted to the cell density of OD600 ≈ 0.1. Then, cultures
were incubated at 37 ◦C with continuous shaking at 200 rpm. The bacterial growth curve
was measured at regular time (1 h) intervals by a Bioscreen C Analyzer (OY Growth
Curves, Finland).

2.7. Survival Ability of S. Enteritidis Strains in Egg White and Its Filtrate

The survival of S. Enteritidis wild-type and ∆acrD strains in egg white and its filtrate
was measured according to our previously described method [12]. Bacteria (1 mL) at
logarithmic phase were collected, washed twice using sterile PBS (Phosphate-Buffered
Saline, 1.8 mM KH2PO4, 10 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, pH 7.2) and sus-
pended in PBS. The bacterial suspension was adjusted to approximately 1 × 107 CFU/mL
and 1 × 104 CFU/mL by dilution in PBS. Then in a 96-well microplate, 20 µL aliquots
of the bacterial suspensions were inoculated into 180 µL of egg white and 180 µL of its
filtrate, respectively. It was mixed to give a final concentration of 1 × 106 CFU/mL and
1 × 103 CFU/mL, respectively. The above mixtures were incubated at 37 ◦C for 24 h. Viable
bacteria after incubation were enumerated by plating 100 µL of the treated cell suspensions
on LB agar and incubated at 37 ◦C for 24 h.

2.8. Scanning Electron Microscopy (SEM) Analysis

The cell morphology of S. Enteritidis wild-type and ∆acrD strains in LB broth, egg
white and egg white filtrate at 37 ◦C for 1 day was observed using a Sirion 200 SEM (FEI
Company, Hillsboro, OR, USA) as previously described [21].

2.9. Adhesion and Invasion Assays

The adhesive and invasive ability of Salmonella strains and E. coli DH5α were in-
vestigated according to a previous method [26] with some modifications. The 48-h, 80%
confluent Caco-2 monolayers were sub-cultured and placed into a 12-well plate at a density
of approximately 1× 105 cells/well. Bacterial strains were inoculated in LB broth overnight
at 37 ◦C. Bacterial cells were recovered by centrifugation at 13,800× g for 5 min, washed
twice using DEME medium and suspended in DEME medium to a final concentration of
107 CFU/mL. Then, bacterial suspensions and Caco-2 cells were mixed at a ratio of 100:1
and then incubated for 1 h at 37 ◦C in a 5% CO2 incubator. The unattached bacteria after in-
cubation were removed after incubation by washing with PBS. 1% Triton X-100 was added
to release the attached bacteria at 37 ◦C for 5 min. Then, the suspensions were serially
diluted, and 20 µL of each dilution was plated on LB agar and then incubated at 37 ◦C
for 24 h. Counted colonies were recorded as the total adhesive bacterial population. The
adhesion rate of bacteria was represented as the ratio of the number of adhesive bacteria
compared to that of initial inoculated bacteria.

Similarly, in the invasion test, infected Caco-2 cells were incubated in a DMEM medium
containing 1% penicillin and streptomycin for 1 h at 37 ◦C to kill extracellular bacteria.
Serial dilutions of the lysates were plated on LB agar to enumerate invading bacterial
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populations. The invasion rate of bacteria to Caco-2 cells was represented as the ratio of the
number of invading bacteria compared to that of cell-adhesion bacteria.

2.10. Statistical Analysis

Three independent experiments were conducted in all assays, and each treatment was
carried out in triplicate. Data were evaluated via one-way ANOVA using SAS software.
Duncan’s multiple range test (p < 0.05, p < 0.001) was used to identify the difference in
survival, cell adhesion and invasion ability between wild-type S. Enteritidis and the mutant.

3. Results and Discussion
3.1. Expression of acrD in S. Enteritidis in Response to Whole Egg White and Construction of
acrD Mutant

In previous studies, up-regulated expression of acrD at the mRNA level has been
demonstrated in S. Enteritidis in response to low concentrations of egg white, e.g., 10% egg
white and 80% egg white [6,9]. To test whether acrD was up-regulated in the whole egg
white (i.e., 100% egg white), the expression of acrD in S. Enteritidis exposed to the whole
egg white was further analyzed using RT-qPCR in this study. As shown in Figure 1A, the
expression of acrD was significantly (p < 0.001) up-regulated (16.09-fold) in whole egg white
compared with that in LB broth at the mRNA level. This gene expression data at the mRNA
level was consistent with the proteomic data, which also showed up-regulated expression
of AcrD in S. Enteritidis exposed to whole egg white at the protein level [12]. Hence, these
results suggest that acrD may play a potential role in the resistance of S. Enteritidis to
egg white.
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to that of Luria-Bertani (LB) broth at the mRNA level. Vertical bars show standard deviation.
Asterisk indicates statistical differences according to Duncan’s multiple range test at p < 0.001 (***)
level. (B) The in-frame deletion of acrD. P1: upstream fragment, P2: downstream fragment. (C)
Confirmation of the successful construction of ∆acrD mutant by PCR using F1 and R2 primers. M:
DNA marker, 1/2: ∆acrD mutant, 3: wild type. (D) The growth curve of S. Enteritidis wild type and
∆acrD mutant in LB broth.
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Salmonella can resist adverse conditions through gene expression regulation. For
example, two universal stress-related genes, uspA and uspB, of S. Enteritidis 147str are
highly expressed in egg white, and a decreased colonization ability was observed to the
magnum and isthmus of the oviduct when these genes were deleted [11]. The promoter
of out membrane channel gene tolC was activated by egg white at 42 ◦C, and mutagenic
analysis showed that tolC had an important role in S. Enteritidis survival in egg white [10].
Furthermore, the specific gene SEN1393 results in higher survivability of S. Enteritidis
in egg white [27]. Although the acrD gene was expressed under different environmental
stress conditions (e.g., antibiotics, detergents, metal) and seemed to contribute to stress
resistance [15,16,18,20], there is no concrete evidence on the functional role of acrD in S.
Enteritidis under egg white stress.

To better understand the role of acrD (encoding 1037 amino acids, a multidrug efflux
RND transporter) in the resistance of S. Enteritidis to egg white, this gene (3114 bp) was
deleted successfully in S. Enteritidis strain SJTUF10978 to obtain a ∆acrD deletion mutant
(Figure 1B,C). The in-frame deletion mutant was confirmed by PCR and DNA sequencing
(Figure 1B,C). Moreover, similar growth patterns of wild-type and ∆acrD strains in LB
broth were found at 37 ◦C (Figure 1D), indicating that acrD is not required for S. Enteritidis
growth in LB broth.

3.2. Survival Study of S. Enteritidis ∆acrD Mutant in Egg White and Its Filtrate

To explore the role of acrD in the survival of S. Enteritidis in egg white, the wild type
and ∆acrD mutant were exposed to egg white and surviving bacteria were enumerated
via plate counts on LB agar. As shown in Figure 2, the survival ability of ∆acrD mutant
was significantly lower than that of the wild type in egg white (p < 0.05) (Figure 2A,B).
More importantly, a 2-log population reduction was observed for the ∆acrD mutant af-
ter incubation in egg white for 3 days with different initial concentrations (i.e., 103 and
106 CFU/mL) (Figure 2A,B). These results demonstrate that acrD confers resistance to egg
white in S. Enteritidis.

Generally, egg white filtrate (FEW, less than 10 kDa) has been used as a food matrix to
reveal the antibacterial activity of egg white proteins [10,28]. Therefore, to explore the role
of acrD in the resistance of S. Enteritidis to antibacterial egg white proteins in the present
study, the wild-type strain and its ∆acrD mutant were exposed to egg white (containing
various types of proteins) and egg white filtrate without the main antibacterial proteins. As
shown in Figure 2C,D, the loss of acrD had no significant (p > 0.05) effect on the resistance
of S. Enteritidis in egg white filtrate regardless of the initial cell concentrations, indicating
that acrD plays a critical role in S. Enteritidis resistance to egg white proteins.

The RND transporter AcrD has a unique biological role in multidrug resistance, which
can remove antimicrobial drugs such as aminoglycosides from the bacterial cell, and the
RND family requires interaction with outer membrane channel TolC to function [13,29].
In addition, a previous study has demonstrated that RND transporters, such as AcrD,
are necessary for the secretion of enterobactin, which chelates iron to enable bacterial
growth under iron-limiting conditions [30]. Meanwhile, TolC has an important role in the
resistance of S. Enteritidis to egg white ovotransferrin at 42 ◦C [10]. These results suggest
that AcrD may contribute to Salmonella iron homeostasis to resist ovotransferrin in egg
white. Antibacterial component experiments are needed to further confirm this hypothesis.
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Figure 2. Survival ability of S. Enteritidis wild type and ∆acrD mutant in whole egg white (A,B) and its
filtrate (C,D). Survival of S. Enteritidis in whole egg white with initial concentrations of 106 CFU/mL
(A) and 103 CFU/mL (B). Survival of S. Enteritidis in egg white filtrate with initial concentrations of
106 CFU/mL (C) and 103 CFU/mL (D). Three independent experiments were performed, and the
results of representative experiments were shown. Error bars indicate the standard deviation of three
replicates. Asterisks (*) indicate significant differences in the survival ability between wild type and
∆acrD mutants (p < 0.05).

3.3. Cellular Morphology of S. Enteritidis in Egg White under SEM

The cellular morphology of S. Enteritidis strains (wild type and ∆acrD mutant) in LB
broth, egg white and egg white filtrate at 37 ◦C for 1 day was observed by SEM. As shown
in Figure 3, no significant morphological change was found between WT and ∆acrD in LB
broth. However, a small number of ∆acrD cells exposed to egg white were lysed, compared
with that of the WT. In contrast, there was no apparent morphological difference between
WT and ∆acrD in egg white filtrate.

It has been commonly suggested that antibacterial proteins and peptides (e.g., lysozyme,
ovotransferrin, defensins) are the main antibacterial factors of egg white that prevent bacterial
growth, and the bacterial cell membrane is the main target of these antibacterial compo-
nents [3,31]. For example, the bactericidal mechanisms of egg white lysozyme are mainly
involved in hydrolyzing the β-1,4 glycosidic bonds of bacterial peptidoglycan, whereas the
peptidoglycan layer is a key shape determining factor of the bacterial cell membrane [32,33].
Cationic peptides produced by the degradation of lysozyme and ovotransferrin, as well
as other antibacterial peptides from egg white such as β-defensins, could interact elec-
trostatically with negative charges on the outer membrane (e.g., anionic phospholipids,
lipopolysaccharides and lipoteichoic acid) of bacterial cells, leading to bacterial death due
to the leakage of substances [34]. Hence, in combination with the results of survival ability
of the S. Enteritidis WT and its ∆acrD mutant in egg white filtrate, we speculated that
damaged cells of ∆acrD are caused by antibacterial components in egg white.
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3.4. The Adhesion and Invasion Ability of S. Enteritidis to Caco-2 Cells

Cell adhesive and invasive ability are usually used to evaluate the potential virulence
of bacteria [31,35,36]. In this study, the adhesion and invasion abilities of Caco-2 cells by the
S. Enteritidis wild type and its ∆acrD mutant were further investigated in LB broth and egg
white. Non-adherent/invasive E. coli DH5α and the highly invasive Salmonella MRL0026
strain were used as negative and positive controls, respectively. The results showed that
no significant difference (p > 0.05) in the adhesion rate was observed between the wild
type and ∆acrD mutant in LB broth or egg white (Figure 4), indicating that the loss of acrD
had no significant effect on the adhesion ability of S. Enteritidis. Similarly, the invasion
rate of the ∆acrD mutant was basically consistent with that of the wild type in LB and egg
white (p > 0.05). However, the invasion rate of the ∆acrD mutant in egg white (4.54%) was
significantly (p < 0.05) lower than that in LB broth (9.30%) (Figure 4). These results indicate
that the invasion ability of S. Enteritidis was influenced by egg white for cells lacking acrD.

Previous studies have confirmed that AcrD is related to the virulence of bacteria. For
example, the infected ability of Salmonella was significantly reduced in its ability to infect
INT 407 cells when either AcrD, AcrB or AcrF were missing [37]. Inactivation of acrD
resulted in changes in the expression of some virulence-related genes [14]. Although no
significant differences (p > 0.05) in the adhesion and invasion rates between the wild-type
and ∆acrD mutant in LB broth or egg white were found in this study, there was a significant
difference (p < 0.05) between the invasion rate of the ∆acrD mutant when in egg white
versus LB broth (Figure 4). Combined with the other authors’ findings, the results of this
study indicated that acrD is involved in virulence in Salmonella in response to egg white;
however, the extent of this role requires further investigation.
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4. Conclusions

This study revealed that AcrD conferred resistance to egg white in S. Enteritidis strain
SJTUF10978 by analyzing an acrD deletion mutant. Meanwhile, this protein appears to be
involved in virulence in S. Enteritidis in response to egg white. These findings broaden
the understanding of the RND protein related to efflux pumps that mediates the resistance
of Salmonella in egg white. Collectively, this study provides some novel insights into the
resistance mechanism of S. Enteritidis to egg white.
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Abstract: The consumption of non-dairy milk is on the rise due to health benefits. Although there is
increasing inclination towards milk alternatives (MA), there is limited data on antibiotic resistant
bacteria in these substitutes. The aim of this study was to investigate antimicrobial resistance of
bacteria isolated from MA. A total of 138 extracts from almonds (n = 63), cashew nuts (n = 36), and
soybeans (n = 39) were analyzed for Enterobacteriaceae. The identification of the bacteria was based
on biochemical and PCR methods. Antibiotic sensitivity was determined by using the Kirby-Bauer
disk diffusion technique. Overall, 31% (43 of 138) of extracts were positive for Enterobacteriaceae. Ten
bacterial species were identified, of which Enterobacter cloacae (42.7%) and Enterobacter cancerogenus
(35.4%) were the most predominant species (p < 0.05). Antibiotic resistance was exhibited to van-
comycin (88.3%), novobiocin (83.8%), erythromycin (81.1%), which was significantly higher (p < 0.05)
than in tetracycline (59.5%), cefpodoxime (30.6%), and nalidixic acid (6.3%). There was no resistance
displayed to kanamycin and imipenem. ERY-NOV-VAN-TET and ERY-NOV-CEP-VAN-TET were the
most common resistant patterns displayed by Enterobacter cloacae. The findings of this study suggest that
MAs, though considered healthy, may be a reservoir of multidrug resistant opportunist pathogens.

Keywords: multidrug-resistant bacteria; milk alternatives; food safety

1. Introduction

Milk is considered a superior source of micro- and macro-nutrients compared to
milk alternatives (MA) [1]. However, its association with increased risks of cardiovas-
cular diseases, diabetes, cancer, and as a principal vehicle for transmission of foodborne
pathogens continues to make it unfavorable. Generally, cow milk is frequently consumed
and dominates global milk production [2], accounting for 85% of the world’s production,
followed by buffalo milk at 11%, goat (2.3%), sheep (1.4%), and camel (0.2%) [3]. How-
ever, due to the current changes in lifestyles towards a healthier diet, there has been an
increasing trend in the consumption of MA [4]. The U.S. market for MA is increasing and
has reached an annual sales volume of $1.8 billion [4]. The increased market growth is
attributed to the consumers’ preference for vegan diets, increasing instances of lactose
intolerance, and a growing demand for fortified non-dairy food and beverages [5–7]. Gen-
erally, consumers’ perception is that MA are healthier than milk [8]. Milk alternatives are
becoming increasingly popular; however, they are characterized by low protein content,
and poor bioavailability of minerals and vitamins [9]. With the increasing demand for
these MA, different plants with varying functional attributes are being explored as bases
for primary materials for processing [10]. Soymilk, which originated from Asia [11], is the
most globally consumed MA while almond milk is the most prevalently used, solely based
on sales volume [12]. Other available MA are sourced from cashew nuts, hemp, coconut,
rice, etc. [10]. The majority of non-dairy consumers purchase their MA from grocery stores,
though a sector of the population make these milk substitutes at home by using raw nuts
or seeds. Hence, home-made milk alternative might potentially be contaminated if food
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safety is not practiced during preparation and storage. Although MA are an intensifying
trend, the usage of the term “milk” to mean plant-based substitutes to milk is debatable
and is protected by legislation in several countries [8].

There are abundant MA in the market, such as almond, cashew, soy, rice, hazelnut, and
oat milk [13,14]. Nuts and seeds, the primary raw materials for milk alternatives, may come
into direct contact with soil and be contaminated with pathogenic bacteria at pre- or post-
harvest period [15]. It is usually thought that, due to less moisture content, nuts, seeds, and
grains are less susceptible to microbial contamination [16]. Regrettably, this attribute does
not exempt nuts and seeds from contamination with foodborne pathogens. For instance,
Salmonella serovar has been detected in almonds, pecans, and peanuts [15,17,18], E. coli
O157:H7 in walnuts [19], and Listeria spp. in peanuts, almonds, cashews, and hazelnuts [20].
Moreover, Pseudomonas spp., Clostridium spp., and Klebsiella spp. have been detected in
other nuts [21]. These bacteria and others that are prevalent in raw nuts and seeds belong
to the family Enterobacteriaceae, the most prevalent human opportunistic pathogens [22].

The increasing frequency of antimicrobial resistant bacteria is a global threat [23].
Accordingly, it is important to study the presence of antimicrobial resistant Enterobacteriaceae
in MA, especially with the continuous increase trend in consumption. Antimicrobial
resistant bacteria cause illnesses that have high morbidity and mortality [24], one of the
greatest health challenges in the 21st century [25]. Around 99,000 individuals die every year
in the USA owing to drug-resistant infections [26]. Antimicrobial-resistant Enterobacteriaceae
in milk and milk products has been reported in numerous studies [27]. Just like milk,
milk substitutes can also be potential vehicles for transmission of antimicrobial resistant
foodborne pathogens to consumers. Antimicrobial resistant pathogens originating from
raw nuts or seeds might be transferred to MA during preparation at processing facilities
or at home. To the best of our knowledge, there has been limited enquiry of the possible
occurrence of antimicrobial resistant bacteria in raw MA. Consequently, this study aims
to investigate the presence of opportunist Enterobacteriaceae in MA and their resistance to
antibiotics used both in human and animal medicine.

2. Materials and Methods
2.1. Sample Collection and Preparation

Raw nuts (almond, cashew) and soybeans were randomly purchased from 3 local
stores in Davidson County, Tennessee, depending on availability. The preparation of
almonds, cashew nuts, and soybean extracts involved schematic steps as displayed in the
flowchart (Figure 1). Briefly, in duplicates, 5 g of each sample (almonds, cashews, and
soybeans) were sorted from unwanted materials (damaged, split seeds or nuts), followed
by soaking separately overnight in 45 mL sterile distilled water at room temperature. Next,
in duplicates, each sample was disintegrated in a laboratory blender (Waring Division,
Dynamics Corporation, New Hartford, CT, USA) for 3 min at high speed. The resulting
slurry was filtered through a cheesecloth (Farberware, Fairfield, CA, USA) to attain milk
extracts which were then placed in sterile capped containers. A total of 138 extracts (almond
nuts = 63, cashew nuts = 36, and soybeans = 39) were analyzed for Enterobacteriaceae and
AMR by using biochemical and molecular tests.

Enrichment of Milk and Bacterial Identification

One ml of nuts and seed extracts was enriched in 9 mL Enterobacteriaceae enrichment
(EE) broth Mossel enrichment (BD, Sparks, MD) and incubated at 37 ◦C for 24 h. From
each enriched sample, 1 µL was streaked onto violet red bile agar (Oxoid, Basingstoke, and
Hants, UK) and incubated for 18–24 h at 37 ◦C. Red to dark purple colonies surrounded by
red-purple halos were identified as presumptive Enterobacteriacea. Enterobacteriacea isolates
and further characterized by using oxidase and API 20E (bioMerieux, Hazelwood, MO,
USA) tests. Three colonies per plate were selected for API biochemical testing. Due to
the role played by Klebsiella pneumoniae and ronobacter sakazakii as opportunist pathogens
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in clinical settings, isolates above the 90% confidence interval were stored at −80 ◦C for
further testing.
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Figure 1. A schematic diagram for extracting milk from almonds, cashews, and soybeans.

2.2. DNA Extraction and Confirmation of Klebsiella and Cronobacter Sakazakii

Biochemically identified K. pneumoniae and C. sakazakii isolates from almond and
cashew extracts, respectively, were further confirmed by PCR. DNA was extracted from
overnight cultures (≤2 × 109 cells) using the PureLink Genomic DNA Mini Kit (Invitrogen,
Carlsbad, CA, USA). DNA concentrations and integrity were determined using a NanoDrop
2000 (Thermo Scientific, Pittsburgh, PA, USA) and agarose gel electrophoresis, respectively.
Oligonucleotide primer pairs were synthesized (Operon Technologies, Huntsville, AL,
USA) and used to amplify genes of interest. The sequences of the primer pair used for
targeting C. sakazakii target gene ompA (469 bp) was 3′-GGATTTAACCGTGAACTTTTCC-5′

and 5′-CGCCAGCGATGTTAGAAGA-3′ [28,29]. Each reaction mixture (20 µL) contained
4 µL DNA template, 1 µL of each primer (×2), 10 µL master mix, 2 µL RNase free water
and, 2 µL coral load (supplied with the kit). C. muytjensii (ATCC 51329) was used as a
positive control for the detection and identification methods. Reaction conditions for PCR
were initial denaturation at 95 ◦C for 5 min, 30 cycles of denaturation at 95 ◦C for 30 s,
annealing at 55 ◦C for 1 min, extension at 72 ◦C for 10 min, and final extension at 72 ◦C for
10 min.

A Multiplex PCR plus kit (Qiagen, Hillden, Germany) was used to amplify K. pneumo-
niae and Klebsiella spp primers in a single reaction [30]. Primer pair 5′-CAA CGG TGT GGT
TAC TGA CG-3′ and 5′-TCT ACG AAG TGG CCG TTT TC-3′ targeted gene rpoB (108 bp)
in K. pneumoniae isolates as described by [30], and 5′- CGC GTA CTA TAC GCC ATG AAC
GTA-3′ and 5′-ACC GTT GAT CAC TTC GGT CAG G-3′ targeted gene gyrA (441bp) in
Klebsiella spp. [31]. Each 50 µL reaction mixture contained 25 µL of master mix, 5 µL of 10×
primer mix (2.5 µM each primer), 100 ng DNA template, 5 µL Q-solution, 5 µL Coral Load
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dye, and 10 µL RNase free water. Reaction conditions for PCR were: initial denaturation
at 95 ◦C for 5 min, 35 cycles of denaturation at 95 ◦C for 30 s, annealing at 60 ◦C for 90 s,
extension at 72 ◦C for 90 s, and final extension at 68 ◦C for 10 min. K. pneumoniae (ATCC
49131) and Salmonella typhimurium (ATCC 13311) were used as positive and negative con-
trol, respectively. A nexus gradient Thermal Cycler (Eppendorf, Hauppauge, New York)
was used for all amplifications. PCR products were electrophoresed in agarose gel stained
with 0.1 µg/mL of ethidium bromide (Sigma-Aldrich, Madrid, Spain) and photographed
under UV light.

2.3. Antibiotic Resistant Profiles

For all identified Enterobacteriaceae isolates (n = 110), the characterization of the strain
resistance/susceptibility profiles was carried out as recommended by the Clinical and
Laboratory Standards Institute guidelines [32]. The antimicrobial susceptibility test was
conducted on isolates that were identified at ≤90 confidence interval by API 20E sys-
tem. Antimicrobial disks (n = 8), with strength in parentheses were: vancomycin (VAN;
30 µg), novobiocin (NOVO; 30 µg), erythromycin (ERY; 15 µg), tetracycline (TET; 30 µg),
cefpodoxime (CEF; 10 µg), kanamycin (KAN; 10 µg), nalidixic acid (NAL; 30 µg), and
imipenem (IPM; 30 µg). The results were interpreted as susceptible, intermediate, and
resistant based on the Clinical and Laboratory Standards Institute recommendations [32].
Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were used as control
strains. Reference standard bacterial strains were verified simultaneously with controls.

2.4. Statistical Analysis

The bacterial data were expressed as percentages and analyzed using Microsoft Excel
2016 (Microsoft Corp., Redmond, WA, USA). Chi-square tests were used to measure the
significance of difference in the incidence of Enterobacteriaceae and antimicrobial resistance.
Data were analyzed using SPSS v. 25.0 (IBM SPSS, Chicago, IL, USA). p values of less than
0.05 were considered statistically significant.

3. Results and Discussion
3.1. Enterobacteriaceae in Nuts and Seeds Extract

Overall, 31% (43 of 138) of extracts were positive for Enterobacteriaceae. Specifically,
Enterobacteriaceae isolation rates were 33.3% (21/63), 30.5% (11/36), and 28.2% (11/39) of
almond, cashew, and soybean extracts, respectively (data not shown). Enterobacteriaceae
offers valuable information on the hygienic conditions during food preparation or post-
process contamination [33]. Overall, 79.7% (110 out of 138) Enterobacteriaceae isolates were
identified from almond, cashew, and soybean milk extracts (Table 1).

Table 1. Presence (%) of Enterobacteriaceae in Nut and Seed Extracts.

Bacterial Species Total Isolates
(N = 110)

No. (%) of ENT Isolates in Extracts

Almond Milk
(n = 56)

Cashew Milk
(n = 28)

Soy Milk
(n = 26)

Enterobacter cancerogenus 39 (35.4) a 22 (39.28) a 5 (17.9) b 12 (46.2) a

Enterobacter cloacae 47 (42.7) a 21 (37.5) a 15 (17.9) a 11 (42.3) a

Klebsiella pneumoniae spp.
ozaenae 5 (4.5) bc 5 (8.9) b 0 (0) c 0 (0) c

Pantoea spp. 3 8 (7.3) b 8 (14.2) b 0 (0) c 0 (0) c

Chryseomonas luteola 1 (0.9) c 0 (0) c 1 (3.6) b,c 0 (0) bc

Citrobacter youngae 1 (0.9) c 0 (0) c 1 (3.6) b,c 0 (0) bc

Cronobacter sakazakii 3 (2.7) b,c 0 (0) c 3 (10.7) b 0 (0) bc

Klebsiella pneumoniae spp.
pneumoniae 3 (2.7) b,c 0 (0) c 3 (10.7) b 0 (0) bc

Escherichia Vulneris 2 (1.8) b,c 0 (0) c 0 (0) c 2 (7.7) c

Rahnella aquatilis 1 (0.9) c 0 (0) c 0 (0) c 1 (3.8) c

N: Total number of Enterobacteriaceae isolates. n: Total number of Enterobacteriaceae isolates from various extracts. a–c Mean percentages in
the same column followed by different letters are significantly different (p < 0.05).
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In 2020, almond milk (MILKLAB and Blue Dimond Almond Breeze Chocolate Almond
Milk) recalls were reported in Australia due to contamination with Pseudomonas [34].
These recalls support our results that MA can be contaminated with pathogenic bacteria.
Our findings also suggest that MA may be contaminated with harmful microorganism.
Pathogens such as Salmonella serovar., Listeria spp., E. coli spp., Campylobacter spp., Brucella
spp. or Shigella spp. [35–37] have been associated with milk.

According to our findings, a total of 10 different commensal and pathogenic genera of
Enterobacteriaceae were identified with the most common strain being Enterobacter cloacae
at 42.7% (47 of 110), which was not significantly different (p > 0.05) from Enterobacter
cancerogenus at 35.4% (39 of 110). E. cloacae is a commensal microorganism found in human
and animal guts and widely found in food, soil, and water [38]. Although E. cloacae is not
a common foodborne pathogen, its presence in MA is a concern as it is a widely known
nosocomial pathogen and the third most prevalent acquired bacteria causing illness in
hospital after E. coli and K. pneumoniae [39].

Our results indicate that clinically significant C. sakazakii accounted for 2.7% (3 out of
110) of the identified isolates. C. sakazakii was only detected in cashew extracts and was
confirmed through amplification of the OmpA gene (469 bp) (Figure 2).
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Figure 2. Represents PCR amplification of the ompA gene in Cronobacter sakazakii, Lane 1: 1 kb ladder;
lane 2: negative control; lane 3: positive control; lane 4–5: C. sakazakii isolates.

Earlier findings showed that OmpA is a determinant that causes C. sakazakii invasion
of brain microvascular endothelial cells in vitro, and possibly contributes to pathogenesis of
neonatal meningitis [40]. Cronobacter spp. is an emerging pathogen and a major concern,
especially to hypersensitive clusters of the population including children and the elderly [41,42].
C. sakazakii is also considered as an evolving opportunistic pathogen [43] that has been
detected in milk, and powdered infant milk among other sources [44]. Although there is
no data on the incidence of C. sakazakii in MA, nuts and seeds are important raw materials
in these substitutes which might be contaminated with pathogenic bacteria at any point
during production, harvest, storage, and transportation [45]. At production and harvesting
stages, pathogenic bacteria might transfer from the soils onto the nuts/seeds when they
are in contact with the ground. One possible scenario is during almond harvesting as was
the case of Salmonella in almonds grown in California [15].

K. pneumoniae spp. ozaenae (4.5%) and K. pneumoniae spp. pneumoniae (2.7%) in the
current study were also isolated from almond and cashew extracts, respectively. As these
two bacteria are emerging pathogens of concern, they were confirmed by multiplex PCR
through amplification of rpoB (108 bp) and gyrA (441 bp) genes for K. pneumoniae and
Klebsiella spp., respectively (Figure 3).
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During harvesting, almond trees are shaken to release the nuts and might stay on
the ground for up to 2 weeks before collection [46]. Through this period, bacteria in
the soil may be transferred to the hulls which might infiltrate to the kernel as has been
demonstrated in Salmonella on almonds and pecans [18]. Klebsiella spp. have recently
become significant pathogens in nosocomial infections [47] such as urinary tract infection,
bacteremia, pneumonia, sepsis, and meningitis [48]. With the increased trend in adoption
of MA and with some consumers making their nut and seed extracts at home, they may
also be at risk of nosocomial infections originating from contaminated and unpasteurized
extracts. To avoid potential infections from Klebsiella spp., consumers should be encouraged
to adhere to food safety practices or drink pasteurized MA.

Other bacteria in the Enterobacteriaceae family were also identified in the current study
(Table 1). Our findings present E. vulneris (1.8%) in soybean extracts. It is possible that
the soybeans used in this study were contaminated with E. vulneris through soil or water
that was used at preharvest or post-harvest. Jain et al. [49] hypothesized that an infant
infected with gastroenteritis may have been infected by contaminated formula or water that
was used to reconstitute the formula. Escherichia vulneris has previously been recovered
from water, soil, human beings, and animals [50]. Rahnella aquatilis (0.9%) was another
Enterobacteriaceae isolated from soybean milk extract in our study. Rahnella aquatilis is
considered a primary and opportunistic pathogen that has been associated with diarrhea
and endocarditis [51]. Milk alternatives may be extracted from nuts and seeds that may
directly touch the soil during pre- or post-harvest [15]. Hence, restricted precautions
must be taken during planting and harvesting of nuts and seeds and processing of MA.
Additionally, nuts and seeds should be stored in dry facilities that are protected from
rain and ground water, insects and pests, and that have optimal temperatures that avert
microbial growth [45].

3.2. Antimicrobial Drug Resistance in Enterobacteriaceae

Detailed presentation of antimicrobial resistant Enterobacteriaceae species from MA
extracts is shown in Table 2. In the present study, Enterobacteriaceae resistance in isolated
bacteria was higher (p < 0.05) in vancomycin (90.0%), novobiocin (83.7%), and erythromycin
(80.9%) than in tetracycline (60.0%), cefpodoxime (31.8%), and nalidixic acid (6.4%). The
majority of Enterobacteriaceae in our study are opportunistic pathogens that cause nosoco-
mial infections; hence their antimicrobial resistance might lead to impediments in treating
infected individuals [52]. Our findings agree with a previous study that documented C.
sakazakii resistance to both erythromycin and tetracycline [53]. Occurrence of antibiotic
resistant C. sakazakii in nut and seed extracts is a concern because antibiotic therapy is a
chosen path to avert Cronobacter infection in humans [54]. Resistance to erythromycin,
tetracycline, vancomycin, and novobiocin was also exhibited by K. pneumoniae isolates
in nut and seed extracts in our study, hence a concern, since K. pneumoniae is a signifi-
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cant multidrug-resistant (MDR) pathogen that causes hospital infections leading to high
morbidity and death [55], one of the most severe challenges in clinical practice.

Table 2. Resistant Antibiotics Profile and Enterobacteriaceae Nut and Seed Extracts.

Antibiotics
(µg)

No. (%) of Enterobacteriaceae Resistant to Antimicrobial Agents No. (%) of
Total

Resistant (*
R) Isolates

Almond milk
(n = 56)

Cashew Milk
(n = 28)

Soy Milk
(n = 26)

R I S R I S R I S

Erythromycin
(15) 48 (85.7) b 8 (14.3) b 0 (0) e 28 (100) a 0 (0)c 0 (0) d 13 (50) b 2 (7.7) bc 11 (42.3) b 89 (80.9) a

Novobiocin
(30) 51 (91.1) b 1 (1.8) d 4 (7.1) d 27 (96.4) a 13.6) a 0 (0) d 14 (53.9) b 12 (46.1) a 0 (0) d 92 (83.7) a

Cefpodoxime
(10) 13 (23.2) d 24 (42.9) a 19 (33.9) c 5 (17.9) c 8 (28.6) b 15 (53.6) b 17 (65.4) ab 5 (19.2) b 4 (15.4) c 35 (31.8) c

NalidixicAcid
(30) 5 (8.9) e 2 (3.6) cd 49 (87.5) b 2 (7.1) cd 0 (0) c 26 (92.9) a 0 (0) c 2 (7.7) b 24 (92.3) a 7 (6.4) d

Imipenem
(30) 0 (0) f 0 (0) d 56 (100) a 0 (0) d 0 (0) c 28 (100) a 0 (0) c 0 (0) c 26 (100) a 0 (0) e

Kanamycin
(10) 0 (0) f 6 (10.7) c 50 (89.3) b 0 (0) c 2 (7.1) c 26 (92.9) a 0 (0) c 2 (7.7) bc 24 (92.3) a 0 (0) e

Vancomycin
(30) 56 (100) a 0 (0) d 0 (0) e 28 (100) a 0 (0) c 0 (0) d 15 (57.7) ab 1 (3.8) c 10 (38.5) bc 99 (90.0) a

Tetracycline
(30) 31 (55.4) c 17 (30.4) a 8 (14.3) d 14 (50) b 8 (28.6) a 6 (21.4) c 21 (80.8) a 5 (19.2) b 0 (0) d 66 (60.0) b

R = Resistant, I = Intermediate, S = Susceptible (CLSI, 2018). * R = Total number of resistant isolates from all extracts (µg). n: Total number
of Enterobacteriacea isolates from various extracts. a–f Mean percentages in the same column followed by different letters are significantly
different (p < 0.05).

According to Zhou et al. [56], Klebsiella-resistant strains have increased more quickly
than those of any other bacteria in the past decade. The consumption of both MA and milk
may result in foodborne illnesses if not controlled [57]. According to our study, antibiotic
resistant E. vulneris was detected in MA. Our data is supported by previous studies [58]
which displayed multiple antibiotic resistant E. coli strains in milk.

The absence of resistance among all Enterobacteriaceae strains to kanamycin was also
noted in the current study. Additionally, Enterobacteriaceae strains in this study did not
display resistance to imipenem which agrees with previous findings [59]. Although no
imipenem resistance was indicated in our findings, carbapenems have been used to treat
numerous Enterobacteriaceae infections, hence there has been a rapid development in their
resistance to the same. The rapid spread of carbapenem resistant Enterobacteriaceae (CRE)
in the community is a national epidemiologic concern, since Enterobacteriaceae are common
causes of nosocomial and community infections.

A total of seven multidrug-resistance patterns were observed in Enterobacteriaceae in
this study (Table 3). Out of 110 Enterobacteriaceae isolates, 87 (79.1%) from nuts and seed
extracts were multidrug-resistant. According to Nguyen et al. [60], an MDR isolate displays
resistance to three or more classes of antibiotic. Overall, the most common resistance
pattern (ERY-NOV-VAN-TET) in our study was exhibited in by Citrobacter youngae (1),
E. cancerogenus (7), E. cloacae (18), E. vulneris (1) Pantoea spp. 3 (3), and Rahnella aquatilis
(1) (number of isolates in parenthesis). Forty-four (44) E. cloacae and 28 E. cancerogenus
isolates recovered from nuts and seed extracts were multidrug-resistant (MDR). ERY-
NOV-VAN-TET was the most significant (p < 0.05) multidrug resistance pattern among
E. cloacae isolates. E. cloacae and E. cancerogenus presented a common resistance pattern:
ERY-NOV-CEP-NAL-VAN-TET, which was resistant to six out of eight antibiotics.
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Table 3. Antibiotic Resistance Patterns of Enterobacteriaceae in Nuts and Seed Extracts.

Bacterial Species A No of Isolates Resistance Profile B

Chryseomonas luteola 1 d ERY-NOV-CEP-VAN-TET

Citrobacter youngae 1 d ERY-NOV-VAN-TET

Enterobacter Cancerogenus

8 b,c CEP-TET
1 d CEP-VAN-TET
1 d ERY-CEP-TET

4 c,d ERY-NOV-CEP-NAL-VAN-TET
3 c,d ERY-NOV-CEP-VAN-TET
10 b ERY-NOV-VAN
7 b,c ERY-NOV-VAN-TET
3 c,d ERY-VAN
2 c,d NOV-CEP-TET

Enterobacter cloacae

3 c,d ERY-NOV-CEP-NAL-VAN-TET
12 a,b ERY-NOV-CEP-VAN-TET
11 a,b ERY-NOV-VAN
18 a ERY-NOV-VAN-TET
2 c,d NOV-VAN
1 d VAN

Cronobacter sakazakii
2 c,d ERY-NOV-VAN
1 d ERY-VAN

Escherichia vulneris
1 d ERY-NOV-VAN-TET
1 d VAN

Klebsiella pneumoniae spp.
ozaenae 5 c,d NOV-VAN

Klebsiella pneumoniae spp.
pneumoniae 3 c,d ERY-NOV-VAN

Pantoea spp. 3

3 c,d ERY-NOV-VAN
3 c,d ERY-NOV-VAN-TET
1 d ERY-VAN
1 d VAN

Rahnella aquatilis 1 d ERY-NOV-VAN-TET
A Bacterial species isolated from milk extracts (MA). B Antibiotic resistance patterns against eight antibiotics:
vancomycin (VAN), novobiocin (NOVO), erythromycin (ERY), tetracycline (TET), cefpodoxime (CEF), kanamycin
(KAN), nalidixic acid (NAL), and imipenem (IPM). a–d Number of isolates in the same column followed by
different letters are significantly different (p < 0.05).

4. Conclusions

Processed MA and milk food safety can be improved by implementation of high sanitary
standards that reduce risk of contamination. Milk contamination with micro-organisms can
occur before harvest, during milking or postharvest, and in storage. Similarly, MA may be
contaminated by use of pathogen tinted nuts or seeds before harvest, during collection, and
processing, and in storage. With the increased trend in adoption of MA, consumers may also
be at risk of infection with AMR bacteria from ingestion of unpasteurized MA. Therefore, it is
imperative that consumers should be educated on safe milk handling practices. Although
many consumers are aware of foodborne illnesses, they have limited knowledge of food
storage, time, and temperature abuse that may increase bacterial growth.

Although MA are considered healthy, our data suggest that they are reservoirs of
antibiotic resistant Enterobacteriaceae. Consumers should be aware of the impending risks
of ingesting unpasteurized milk substitutes in their homes, which can harbor AMR bacteria
that can pose serious health risks.
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Abstract: Foodborne disease caused by Salmonella is an important public health concern worldwide.
Animal-based food, especially poultry meat, is the main source of human salmonellosis. The objective
of this study was to evaluate the prevalence and epidemiology of Salmonella contamination in raw
poultry meat commercialized in China. Following the principle of systematic review, 98 sets of
prevalence data were extracted from 74 publications conducted in 21 Chinese provincial regions.
The random-effect model was constructed for subgrouping analysis by meat category, preservation
type, and geographical location. The prevalence levels differed from high to low among raw poultry
meat, including chicken, 26.4% (95% CI: 22.4–30.8%); pigeon, 22.6% (95% CI: 18.2–27.8%); duck,
10.1% (95% CI: 5.3–18.2%); and other poultry meat, 15.4% (95% CI: 12.0–19.5%). Prevalence data
on the preservation type revealed that chilled poultry meat might be more likely to experience
cross-contamination than non-chilled poultry meat in China. The distribution map of Salmonella for
raw poultry meat showed that a higher prevalence level was found in the Shaanxi, Henan, Sichuan,
and Beijing regions. All subgroups possessed high amounts of heterogeneity (I2 > 75%). The scientific
data regarding the differences in prevalence levels between meat category, preservation method, and
geographical region sources might be useful to improve specific interventions to effectively control
the incidence of Salmonella in poultry meat.

Keywords: foodborne pathogen; salmonellosis; chicken; antibiotic resistance; microbial
contamination; food safety

1. Introduction

Salmonella, one of the most important foodborne pathogens in the world, is frequently
implicated in foodborne disease outbreaks. It is estimated that Salmonella is responsible for
approximately 1.3 billion cases of salmonellosis worldwide each year [1]. China has a high
incidence of salmonellosis [2]. It was found that approximately 70% to 80% of foodborne
diseases are caused by Salmonella in China [3]. Epidemiological studies have suggested
that foods of animal origin, especially poultry and poultry products, are common vehicles
of Salmonella transmission to human beings [4–6].

The monitoring and tracking of Salmonella in poultry meat and the establishment of
efficient surveillance systems are the basis for effective public health protection and food
safety management. In Europe, a baseline survey was conducted to estimate the prevalence
of Salmonella and Campylobacter on broiler carcasses in 2008 [7]. In the USA, the United States
Department of Agriculture Food Safety Inspection Service (USDA/FSIS) has established a
verification program to inspect raw poultry products for the presence of Salmonella and
Campylobacter [8]. In China, numerous studies investigated retail chicken meat for Salmonella
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contamination, which showed that up to 50% of retail chicken samples were contaminated
with Salmonella [9,10]. However, limited information is available concerning Salmonella
contamination of other poultry meats, such as duck, goose, and pigeon. Furthermore, these
previous studies only included samples from one or a few regions from the whole territory
of China. Given the variations in data availability and quality observed in the European
Union [11], it is expected that the prevalence and contamination level will be different
among the various regions of China. As such, there is a lack of comprehensive data on
Salmonella contamination in poultry meat at the retail level in the whole region of China.

Meta-analysis is concerned with the statistical summary of a large number of results
from multiple individual studies on a specific research question [12]. With meta-analysis, it
may be possible to explain the sources of heterogeneity and differences among the findings
of the primary research [13]. At present, the amount of data generated by food safety
research is growing increasingly. In the field of food safety, meta-analysis is a valuable tool
to deal with a broad range of research interests, such as disease incidence, epidemiology
and prevalence of microorganisms, effect of pre- and post-harvest interventions, consumer
practices, etc. [14,15]. Thus, meta-analysis results are an important part of quantitative
microbial risk assessments (QMRAs), as they can provide more accurate data for risk
assessment models than estimates based on a single study or expert opinion.

According to the Food and Agriculture Organization (FAO) [16], China’s poultry
production is second only to the USA, and its consumption is increasing steadily. Recent
poultry-related systematic reviews and meta-analyses were conducted to estimate the
prevalence of Salmonella in poultry samples from Europe and North America [5,17–20]. To
our knowledge, there is a lack of meta-analysis studies to estimate the pooled prevalence
of Salmonella in retail raw poultry meat in mainland China. The current study attempted to
generate pooled prevalence data based on existing publications from China using the meta-
analytical approach. The objective of this study was to quantify Salmonella prevalence in
Chinese retail poultry meat, to analyze the differences in Salmonella prevalence among sub-
categories, and to evaluate the levels of the heterogeneity of the published prevalence data.

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

Two databases were systematically searched, including the Web of Science (WoS)
database and the China National Knowledge Infrastructure (CNKI) database. The follow-
ing search strategy was carried out for collecting potentially relevant publications from
the WoS database: (“prevalence” OR “incidence” OR “occurrence” OR “quality” OR “con-
tamination” OR “survey” OR “sampling” OR “character*” OR “quanti*” OR “epidemiol*”
OR “isolate” OR “enumerate*”) AND “Salmonella” AND (“chicken” OR “broiler” OR
“duck” OR “goose” OR “turkey” OR “poultry” OR “meat”) AND (“China” OR “Chinese”)
AND (“1950:2019”). Another search format for the CNKI database was: “Salmonella” AND
(“contamination” OR “monitoring” OR “checking out” OR “inspection” OR “detection” OR
“isolation” OR “epidemiological”) AND (“chicken” OR “duck” OR “goose” OR “poultry”
OR “meat”) AND (“1979:2019”); all the terms were used in Chinese. To avoid missing any
additional data, we conducted a complementary literature search on the reference list of
relevant publications.

The PRISMA statement (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses, http://www.prisma-statement.org/ accessed on 16 November 2020) was em-
ployed for reporting the screening process. After removing duplicate records, all the
publications were checked against a set of exclusion criteria. A study was excluded if (1) it
was published as a conference abstract or was not a research paper (review); (2) it was not
relevant, such as studies focusing on the detection method, predictive modeling, or hurdle
technology; (3) it was a duplicate report; (4) the poultry samples were imported products;
(5) the meat category was not clearly indicated; (6) incomplete data on the prevalence and
concentration of Salmonella on poultry were reported; (7) the samples were not limited to
the retail stage; and (8) the sample size was lower than 50.
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2.2. Data Extraction

Data for Salmonella prevalence on raw poultry were extracted from the studies iden-
tified through the systematic review of the literature independently by a single reviewer
and validated by a second reviewer. The following data were extracted from each eligible
study of records: author, publication year, survey year, meat category, preservation type,
sampling location (i.e., provincial, region), detection method, sample size, positive sample
number, identified Salmonella serovars, the antimicrobial resistance rate of Salmonella to
each antibiotic. The poultry meat was further categorized into ‘Chicken’, ‘Duck’, ‘Pigeon’,
‘Goose’, and ‘Other’. The preservation type category was subdivided into ‘Ambient’,
‘Chilled’, ‘Frozen’, and ‘Unknown’.

2.3. Meta-Analysis and Statistical Analyses

The meta-analysis and forest plot generation of this review were performed using R
language (Version 3.4.3, http://www.R-project.org/ accessed on 6 March 2021) with the
‘meta’ package. For further subgroup analysis, data were grouped by the meat category,
preservation type, and sampling location. Due to the fact that the sampling methods and
experimental methodologies of the primary studies were not identical, the description
of the heterogeneity (or variability) is critical in a meta-analysis [19,21]. As stated by
Gonzales-Barron [13], a fixed-effect model may be unsuitable for application in the meta-
analysis of the variability of food research. Thus, all eligible information in our study
was pooled and analyzed on the basis of a random-effects model [22]. Cochran’s Q test
and I-squared index (I2) were used for evaluating heterogeneity among studies [23]. The
statistical significance for heterogeneity using Cochran’s Q test was defined for p < 0.10,
and the degree of heterogeneity using I2 was defined as low, moderate, and high when I2

values (as percentages) were around 25%, 50%, and 75%, respectively [21]. The statistical
map was generated based on the Chinese standard geographical map (downloaded at
http://bzdt.ch.mnr.gov.cn, accessed on 1 April 2021).

3. Results
3.1. Characteristic of Literature and Datasets

The process for the selection of eligible articles is depicted in Figure 1. A total of 1000
publications were initially identified from the two selected databases. After removing
duplicates and manual screening based on the specified criteria, 74 publications (29 in
English and 45 in Chinese) of independent studies of Salmonella in retail poultry (before
2020) in China were finally included in our systematic review. Following full-text quality
checking, a total of 98 sets of prevalence data of Salmonella in poultry meat were retrieved.
The data encompassed a total of 21,824 samples (5837 positives) from 21 Chinese provinces,
major municipalities, and autonomous regions. Due to the limitations of the included
information, the origin of retail poultry meat is unknown (e.g., farm household or industry).
Most samples belonged to the ‘Chicken’ category (n = 15,246), followed by the ‘Duck’ cate-
gory (n = 794), ‘Pigeon’ category (n = 292), and ‘Other’ category (n = 5492). For qualitative
or quantitative analysis of Salmonella, the pre-enrichment culture and identification process
mainly referred to the Chinese national standard GB 4789.4 (versions 2003, 2008, 2010, and
2016) and a few studies (7 out of 74) deployed ISO 6579 or the Most Probable Number
(MPN) method.

A total of 42 studies (20 in Chinese and 22 in English) reported the serotype analysis
information of Salmonella isolates. As shown in Figure 2a, according to the serotyping of
3104 Salmonella isolates recovered from 13,119 poultry samples, the three most commonly
isolated serovars were S. Enteritidis (32.9%), S. Indiana (10.0%), and S. Typhimurium (9.1%),
followed by S. Agona (5.0%), S. Derby (4.8%), S. Kentucky (3.2%), S. Corvallis (2.5%), S.
Shubra (2.2%), S. Rissen (1.5%), and S. Infantis (1.4%). All serovars were mostly isolated
from chicken.
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Figure 2. Serovar distribution (a) and antimicrobial resistance (b) of Salmonella strains isolated from
Chinese retail raw poultry meat.

Antimicrobial susceptibility of Salmonella isolates was evaluated in a total of 27 studies
(10 in Chinese and 17 in English). The antibiotic resistance rate was evaluated by divid-
ing the number of resistant Salmonella isolates by the number of total Salmonella isolates
(presented as percentage), when resistant Salmonella strains were present. Among the 2249
Salmonella isolates from 8920 poultry samples, the results for antimicrobial resistance rates
of Salmonella are depicted in Figure 2b. The resistance most commonly detected was to
nalidixic acid (54.6%), followed by tetracycline (50.6%), ampicillin (39.5%), chlorampheni-
col (31.4%), trimethoprim/sulfamethoxazole (23.3%), gentamicin (20.3%), streptomycin
(20.1%), ciprofloxacin (18.3%), sulfisoxazole (14.2%), and ampicillin/sulbactam (12.4%).
Chicken-derived isolates were the majority, and the levels of resistance of them to the above
ten antibiotics were basically consistent with the total Salmonella isolates.

3.2. Salmonella Prevalence in Different Poultry Meat Product Types

The meta-analysis results on the prevalence and heterogeneity of Salmonella in poultry
meat by poultry type are presented in Table 1. Overall, the pooled prevalence of Salmonella
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in raw poultry meat was 23.0% (95% CI: 19.8–26.8%), with heterogeneity (as indicated
by the inverse variance index) as high as 97.0%. Among the different poultry meat cate-
gories, chicken presented the highest mean pooled prevalence (26.4%, 95% CI: 22.4–30.8%),
followed by pigeon (22.6%, 95% CI: 18.2–27.8%) and duck (10.1%, 95% CI: 5.3–18.2%).
Heterogeneity values were relatively low for the prevalence levels reported for pigeon (0%)
and duck (87.9%), which may be due to the small number of related studies. In addition,
due to the limited information in the included literature on whether the poultry samples
were whole carcasses or anatomical pieces (legs, wings, etc.), it was impossible to ascertain
the relationship between Salmonella prevalence and whole carcasses or anatomical pieces.

Table 1. Meta-analysis results for mean prevalence of Salmonella in poultry by meat type based on the included reports.

Meat Category Total Positive Pooled Prevalence (95% CI) a τ2 b I2 c

Raw poultry overall (random effects) 21,824 5837 23.0% (19.8–26.6%) 0.8953 97.0%
Chicken 15,246 4716 26.4% (22.4–30.8%) 0.8821 96.9%

Duck 794 83 10.1% (5.3–18.2%) 0.7475 87.9%
Pigeon 292 66 22.6% (18.2–27.8%) 0.0000 0.0%
Other 5492 972 15.4% (12.0–19.5%) 0.2419 93.1%

a 95% CI: 95% confidence interval; b τ2: between-study variance; c I2: inverse variance index.

3.3. Salmonella Prevalence in Different Geographical Regions

Due to the inherent limitations of literature retrieval in meta-analyses, the prevalence
data of Salmonella covered 21 provinces, major municipalities, and autonomous regions
in China, occupying a land area of 6,558,251 km2 (approximately two-thirds of the total).
The pooled prevalence estimates of Salmonella in poultry meat, to be presented as follows,
cannot be generalized to other Chinese regions. The range of Salmonella prevalence levels
found in raw poultry meat for those regions (indicating low (<15%), medium (≥15%
and ≤30%), and high level (>30%) are shown in Figure 3. The highest prevalence level
of Salmonella in raw poultry meat was reported in Shaanxi (44.3%, 95% CI: 29.9–59.7%),
followed by Henan (35.3%, 95% CI: 21.2–52.5%), Sichuan (35.0%, 95% CI: 26.4–44.7%), and
Beijing (31.1%, 95% CI:16.5–50.8%).
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3.4. Salmonella Prevalence under Different Preservation Types

The results of the meta-analysis on the prevalence and heterogeneity of Salmonella
by preservation type are shown in Table 2. The present study recorded 2825 ambient
poultry meat samples, 2066 chilled poultry meat samples, and 2173 frozen poultry meat
samples, and their pooled prevalence of Salmonella were 17.2% (95% CI: 6.6–37.8%), 42.1%
(95% CI: 33.7–51.0%), and 25.3% (95% CI: 17.3–35.4%), respectively. Notably, Salmonella
prevalence in chilled poultry meat was statistically higher than that of frozen poultry meat
and ambient poultry meat. Among the included publications, the preservation method
was unknown for more than half of the samples (14,760/21,824). In this fraction of the
poultry meat samples, the pooled Salmonella prevalence was 21.3% (95% CI: 17.9–25.1%). A
high heterogeneity was observed among each group.

Table 2. Meta-analysis results for mean prevalence of Salmonella in poultry by preservation type based on the
included reports.

Preservation Type Total Positive Pooled Prevalence (95% CI) a τ2 b I2 c

Raw poultry overall (random-effects) 21,824 5837 23.0% (19.8%–26.6%) 0.8953 97.0%
Ambient 2825 649 17.2% (6.6%–37.8%) 2.3137 99.1%
Chilled 2066 974 42.1% (33.7%–51.0%) 0.2596 92.1%
Frozen 2173 535 25.3% (17.3%–35.4%) 0.6518 94.8%

Unknown 14,760 3679 21.3% (17.9%–25.1%) 0.7795 96.3%
a 95% CI: 95% confidence interval; b τ2: between-study variance; c I2: inverse variance index.

4. Discussion

Microbiological foodborne hazards have attracted the attention of the food safety
management system in China [24]. The Chinese Food Safety Law implemented in 2019
has legally clarified the roles and duties of the national food safety surveillance system
for foodborne pathogens in foods [25]. In 2010, this national food safety surveillance
system covered all 31 provinces, major municipalities, and autonomous regions in China,
to support early detection, diagnosis, and management of foodborne pathogens [26]. Since
then, a downward trend is apparent from the publicly available reports on the incidence of
foodborne pathogens in foods [27]. However, reducing the incidence of foodborne diseases
is a constant topic of concern for the Chinese government as well as the public.

This meta-analysis review demonstrated the widespread prevalence of Salmonella
in retail poultry meat in China. The contaminated retail poultry may become an issue
of concern because the products can be in direct contact and be used by consumers.
Although raw meat generally receives a certain lethal treatment (e.g., conventional cooking,
microwaving, etc.) before consumption, cross-contamination incidents and undercooking
are still the greatest risks in consumers’ kitchens [28,29]. In the present study, the pooled
prevalence of Salmonella in raw poultry meat in China was 23.0%, which is significantly
higher than that reported in retail poultry from the European Union (7.1%) [5] and Africa
(13.9%) [30]. Thus, raw poultry meat in retail may be an important source of human
salmonellosis in China.

According to the prediction by the Organization for Economic Co-operation Develop-
ment and the Food and Agricultural Organization (OECD-FAO) [31], poultry meat will
continue to be the primary driver of meat production growth over the next ten years. Low
production costs, a short production cycle, high feed conversion ratios, and low product
prices have contributed to making poultry the meat of choice for both producers and
consumers. Regarding the different poultry meat categories, chicken is the greatest concern
as it bears the highest pooled prevalence of Salmonella. The high prevalence of Salmonella
in raw chicken samples in our study suggests that chicken may be the main vehicle of
transmission for Salmonella in China. In China’s meat consumption structure, chicken takes
the largest proportion in poultry meat consumption and is on the rise, becoming the second-
largest meat product after pork [32]. Similarly, in Chinese poultry farming operations,
densities are generally higher for chickens, while they are considerably lower for ducks
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and geese (111.2, 27.4, and 6.7 thousand per km2 maximum, respectively) [33]. Thus, in
response to potential public health pressures, more effective intervention strategies during
processing should be implemented to control the quality and safety of chicken products.

In terms of geographical distribution, the occurrence of Salmonella in retail raw poultry
meat is common in China. The pooled prevalence of Salmonella in poultry meat samples
is the highest in Shaanxi, followed by Henan, Sichuan, and Beijing. There is no known
scientific rationale for the observed geographical differences in the prevalence levels of
Salmonella. From the spatial distribution of poultry animals in China, chickens are most
ubiquitous, with high densities across much of eastern China, particularly the Yellow
River Basin. Duck densities are highest in southeastern China and the Sichuan Basin [33].
Notably, farm practices can affect the prevalence of Salmonella in the final product [34].
Moreover, because the cold chain coverage of agricultural products in China is still much
lower (20.0%) than that in developed countries (90.0%) [35], the supply of poultry meat
in China’s market mainly depends on the centralized distribution of producing regions.
This may be the main reason for the high prevalence levels of Salmonella in retail poultry
meat across several regions of China. In addition, some potential reasons may be related
to the differences in the retail environments [36], economic conditions [37], and market
supervision [38] between these regions.

In the current study, Salmonella prevalence on chilled poultry meat was significantly
higher than that on the poultry meat held at both ambient and frozen temperatures. The
results showed that preservation methods of poultry meat may be a potential factor indicat-
ing cross-contamination at the retail level in China. Chilling is the most commonly utilized
processing intervention to control Salmonella growth in the poultry meat production chain.
Chilled poultry meat is usually kept at a low temperature by maintaining a monitored
chill chain through portioning, packaging, transport, and retail storage [39,40]. In China,
immersion chilling is employed more frequently. However, once a sample is contaminated
with Salmonella during the immersion process, the contamination may spread among
the whole batch of carcasses, leading to an increase in the prevalence of pathogens on
finished products [41]. Consumers generally believe that freshly slaughtered meat has
the advantages of higher nutritional value and superior taste [42]. Therefore, Chinese
consumers have a preference for ambient meat (60% market share) over chilled meat (25%
market share) or frozen meat (15% market share) [42]. Compared with the chilled poultry
meat, fresh poultry meat purchased on the market can often be slaughtered, stripped, and
eviscerated within 20 min [43] and may be less likely to experience cross-contamination.
However, prevalence estimates are not sufficient to assess the probability and severity of
illness to which people may be exposed. In a QMRA, implementation of quantitative expo-
sure assessment depends on the concentration data of pathogens in food samples [44,45].
There is a general lack of quantitative data pertaining to Salmonella loads in food because
most surveillance studies focus on the detection on a presence/absence basis. Therefore,
viable cell numbers are often not known because most culture-based standard methods
involve enrichment, while molecular methods (aside from RT-qPCR) do not assess viability.
According to a few quantitative data on Salmonella in poultry meat, the average concen-
trations of Salmonella in the ambient stored samples are higher than that in the chilled
samples [46,47]. Therefore, we speculate that although the pooled prevalence of Salmonella
in freshly slaughtered poultry meat is low, its concentration levels are high, which may
pose a greater risk to consumers.

The serotyping results of Salmonella isolates obtained from poultry meat in the current
study revealed that S. Enteritidis, S. Indiana, and S. Typhimurium were the predominant
serovars in poultry meat. The results of previous studies focusing on only one or several
cities are consistent with the current nationwide data, indicating that S. Enteritidis, S.
Indiana, and S. Typhimurium may be the main serotypes in poultry meat throughout
China [6,46,48]. A global epidemiological meta-analysis of Salmonella serovars in animal-
based foods indicated that S. Enteritidis was the most prevalent in Asia, Latin America,
Europe, and Africa, while S. Typhimurium presented a global distribution [49]. There have
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been reports of S. Indiana in retail raw poultry meat in China since 2009, and this serotype
appeared relatively late [50]. In particular, S. Enteritidis is most commonly associated with
chickens and eggs and has a much smaller relationship with other food animal species [51].
What is more, Salmonella serovars Enteritidis, Typhimurium, and Indiana are also reported
as the most common serotypes associated with human infections and outbreaks [52,53].
Thus, the high prevalence of these Salmonella serotypes in poultry meat indicates a sig-
nificant risk to consumers. The dominant serotypes of Salmonella in food will change
over time [54], which reminds us that the monitoring of the emergence and prevalence of
different serotypes of Salmonella is essential for the better control of salmonellosis.

Nowadays, antimicrobial resistance is becoming an urgent threat and challenge to
humans and the public. In the current study, more than half of Salmonella isolates were
antimicrobial resistant. Salmonella isolates recovered from retail poultry meat showed a
high frequency of resistance to nalidixic acid, tetracycline, ampicillin, chloramphenicol,
trimethoprim/sulfamethoxazole, gentamicin, streptomycin, ciprofloxacin, sulfisoxazole,
and ampicillin/sulbactam. Among them, whether in poultry meat or chicken, the highest
rates of antimicrobial resistance were observed for nalidixic acid. Nalidixic acid is one of
the most widely used antibacterial agents in feed additives and veterinary drugs world-
wide. The uncontrolled use of quinolone in China will cause the emergence and increasing
prevalence of antimicrobial-resistant Salmonella, complicating the treatment of Salmonella
infections in humans and animals [10,55]. Resistance to tetracycline was the second most
frequently observed, with tetracycline and ciprofloxacin also being front-line antibiotics
for the treatment of salmonellosis [6]. However, Salmonella isolates in the current study
were relatively susceptible to ciprofloxacin, a finding that is similar to a previous study
in Iran [56]. Unfortunately, in several studies, Salmonella strains isolated from food, ani-
mals, and humans have been found to show multidrug-resistant (MDR) properties [57,58].
Furthermore, S. Indiana isolates with a high detection rate had been found to have high
MDR levels [50]. The existence of MDR Salmonella isolates poses a major risk to public
health, and food safety risk managers should continue to monitor their significant increase
in resistance and implement further legislation on the prudent use of antimicrobials.

5. Conclusions

This study systematically reviewed the prevalence and epidemiology of Salmonella
in retail raw poultry meat in China before 2020. Salmonella was more prevalent among
chicken samples, especially chilled ones. Among the Chinese provincial regions, Shaanxi,
Henan, Sichuan, and Beijing were high-risk areas for Salmonella contamination in poultry
meat. The recovered Salmonella isolates belonged to multiple serovars. S. Enteritidis was
the most commonly identified serovar in retail raw poultry meat in China. Meanwhile,
poultry-derived Salmonella isolates showed a high prevalence of antimicrobial resistance,
which represents a threat to human health. However, the qualitative sampling data of
Salmonella accounts for the majority in the published reports on retail raw poultry meat
across China. The scarcity of quantitative data on the contamination levels of Salmonella on
poultry meat indicated the importance of future studies focusing on this topic and making
possible quantitative microbial risk assessment studies.

The sampling conditions and laboratory methods of primary studies varied, limiting
direct comparability between analyses. High levels of heterogeneity were found for the
pooled prevalence of Salmonella for most sub-categories. It is concluded that future work
should pay more attention to the synchronization of nationwide data and the collection of
systematic sub-categories data. The baseline information on the prevalence, concentrations,
serotypes, and antimicrobial resistance of Salmonella in various meat products from all
provincial regions can be used not only to determine the severity of microbial contamination
but also to serve as a point of reference for monitoring changes that occur over time. These
data will be of great use in the development of effective risk management strategies in
the future.
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Abstract: The potential transcriptomic induction of resistance and/or virulence in two L. mono-
cytogenes strains belonging to the most frequent listeriosis-associated serovars (i.e., 1/2a and 4b),
following their sublethal antimicrobial exposure, was studied through qPCR determination of the
relative expression of 10 selected related genes (i.e., groEL, hly, iap, inlA, inlB, lisK, mdrD, mdrL, prfA,
and sigB). To induce sublethal stress, three common antimicrobials (i.e., benzalkonium chloride,
thymol, and ampicillin) were individually applied for 2 h at 37 ◦C against stationary phase cells of
each strain, each at a sublethal concentration. In general, the expression of most of the studied genes
remained either stable or was significantly downregulated following the antimicrobial exposure,
with some strain-specific differences to be yet recorded. Thymol provoked downregulation of most
of the studied genes, significantly limiting the expression of 6/10 and 4/10 genes in the strains of ser.
1/2a and ser. 4b, respectively, including those coding for the master regulators of stress response
and virulence (SigB and PrfA, respectively), in both strains. At the same time, the two genes coding
for the invasion internalin proteins (InlA and InlB), with crucial role in the onset of L. monocytogenes
pathogenesis, were both importantly upregulated in ser. 4b strain. The results obtained increase
our knowledge of the stress physiology of L. monocytogenes under certain sublethal antimicrobial
conditions that could be encountered within the food chain and in clinical settings, and may assist in
better and more effective mitigation strategies.

Keywords: Listeria monocytogenes; benzalkonium chloride; thymol; ampicillin; sublethal antimicrobial
exposure; survival; gene expression; stress response; virulence

1. Introduction

Listeria monocytogenes is an important Gram-positive pathogenic bacterium provoking
listeriosis, a rare but quite life-threatening foodborne disease mainly for those belonging
to vulnerable groups, such as the elderly and immunocompromised [1]. Based on the
latest available data for Europe, 2621 confirmed cases of human listeriosis were recorded in
2019, resulting in 1234 hospitalizations and eventually 300 deaths, presenting an enormous
case fatality ratio of 17.6% [2]. In the United States, L. monocytogenes is estimated to cause
approximately 1600 cases of foodborne illness annually, resulting in 1500 hospitalizations
(i.e., 94% hospitalization rate) and more than 250 deaths, with a similar death rate to that
recorded in Europe, which for the susceptible individuals is further increased to 25–30% [3].
L. monocytogenes is known as a highly versatile microorganism that can skillfully adjust
its physiology to confront various stress conditions, including high acidity or alkalinity,

133



Foods 2021, 10, 2382

high osmotic concentration, existence of reactive oxygen species (ROS), increased or low
temperature, allowing this way its survival and persistence in a wide range of environ-
mental, food-associated, and clinical conditions [4]. That remarkable adaptation to stress is
accomplished through global changes in many cellular constituents, including modifica-
tions in gene expression and protein activities [5]. All those changes enable this soil-living
bacterium to successfully switch from a harmless saphrophyte to a powerful intracellular
pathogen [6].

Many of the survival mechanisms that are exploited by L. monocytogenes are known to
be controlled by the stress-inducible alternative sigma factor B (σB), which is the master
regulator of the general stress response (GSR) in that pathogen [7]. It is thus known that σB

controls in L. monocytogenes the expression of more than 300 genes, while it seems that it
plays the same important role in several other Gram-positive foodborne pathogens, such
as Bacillus cereus and Staphylococcus aureus [8]. Following consumption of the contaminated
food and the survival of L. monocytogenes under the hostile conditions of the gastrointestinal
(GI) tract [9,10], the subsequent victorious transit of the bacterium through the intestinal
epithelial barrier, its intracellular growth, further proliferation, and dissemination relies
on multiple virulence factors, the expression of the majority of which is under the control
of the master regulator of virulence PrfA [11,12]. Alarmingly, L. monocytogenes can not
only survive long-term in a stationary phase outside the host without compromising its
virulence [13], but at the same time a complex overlap and crosstalk between σB and PrfA
regulons also exist at transcriptional, post-transcriptional, and protein activity levels. In
this way bacterium succeeds achieving a peculiar balance and coordination between stress
resistance and virulence skills, depending on the environment [14,15].

Up to now, many studies have selectively examined the expression of key stress
response and/or virulence genes in L. monocytogenes cells that have either grown in foods
such as fruits and vegetables [16,17], cheeses [18], raw and processed meats [19–22], and
fish [23], or have been exposed to low temperatures, acid and/or salinity stresses [24–28],
or even in a simulated gastrointestinal environment [29,30]. Undoubtedly, all these studies
have provided valuable information on the physiology and pathogenesis of that bacterium
under some critical food-associated circumstances, revealing in some cases a worrying
increase in pathogenicity following such habituation [31]. It is also recognized that after
repeated exposure to some antimicrobials, L. monocytogenes can adapt to them, and apart
from surviving, these bacteria can also display cross-resistance to other antimicrobials and
stresses other than those already adapted [32,33].

Indeed, sublethal antimicrobial concentrations could also be accidentally encountered
following an ineffective sanitization program (e.g., due to the dilution of disinfectants
in the environment, biodegradation, cellular entrapment in places that are not easily
reached by the disinfectants, and biofilm formation) [34] or even applied on purpose. This
last is the case for several chemical preservatives added to foods in low doses just to
delay bacterial growth [35]. Riskily, sublethal concentrations of ampicillin have also been
described to exist in the central nervous system (CNS), even following daily intravenous
administration at high quantities (12 g), explaining the clinical failure of that antibiotic
to treat this severe invasive case of listeriosis infection [36]. The stress-hardening that
may appear in L. monocytogenes following such sublethal exposures should also contribute
to the environmental persistence and spreading of that pathogen throughout the food
chain [37]. However, only a few studies have investigated whether and in which way low
concentrations of antimicrobial compounds can affect the physiology of that bacterium at
the level of gene expression [38–40].

Considering all the above, the objective of the current study was to quantify the
relative expression of some key stress response and/or virulence associated genes in
two L. monocytogenes strains belonging to the most frequent listeriosis-associated serovars
(i.e., 1/2a and 4b) [41], which survived after exposure to three common antimicrobials,
belonging to different classes and which among others are used within the food industry
and/or in clinical settings. These consisted of a general-purpose synthetic biocide (i.e.,

134



Foods 2021, 10, 2382

benzalkonium chloride; BAC), a natural terpenoid of plant origin (i.e., thymol; THY), and
a broad-spectrum beta-lactam antibiotic (i.e., ampicillin; AMP). More specifically, BAC
belongs to the family of quaternary ammonium compounds (QACs), which are membrane-
active agents and among the most used disinfectants in industrial, healthcare, home, and
cosmetics settings [42]. THY is found in rich quantities in the essential oils of thyme and
oregano, as well as of several other related herbs, most native in the Mediterranean region,
and this is well-known for its many biological and therapeutic properties, including broad-
spectrum antimicrobial action [43]. Lastly, AMP is widely used to treat many bacterial
infections, caused by either Gram-positive or -negative bacteria, inhibiting bacterial cell
wall (peptidoglycan) biosynthesis [44]. In addition, this is currently included among the
drugs of choice for the treatment of invasive listeriosis [45].

2. Materials and Methods
2.1. Bacterial Strains and Growth Conditions

The two tested L. monocytogenes strains were the foodborne AAL20066 (ser. 1/2a) and
AAL20074 (ser. 4b) isolates deposited in the microbial culture collection of the Microbiol-
ogy Laboratory in Athens Analysis Laboratories S.A. (AAL). Both strains were previously
recovered from mixed fresh salads and were kept frozen long-term (at −80 ◦C) in Trypti-
case Soya Broth (TSB; Condalab, Torrejón de Ardoz, Madrid, Spain) containing 15% (v/v)
glycerol. When needed for the experiments, each strain was streaked on to the surface of
Tryptone Soya Agar (TSA; Oxoid, Thermo Fisher Specialty Diagnostics Ltd., Hampshire,
UK) and incubated at 37 ◦C for 24 h (preculture). Working cultures were prepared by
inoculating a colony from each preculture into 10 mL of fresh TSB and further incubating
at 37 ◦C for 18 h. Bacteria from each of those final working cultures were collected by
centrifugation (2000× g for 10 min at 4 ◦C), washed once with quarter-strength Ringer’s
solution (Lab M, Heywood, Lancashire, UK), and finally suspended in 5 mL of the same
solution (ca. 109 CFU/mL). The purity of each cellular working suspension was verified
through streaking on TSA plates.

2.2. Chemical Antimicrobials (BAC, THY and AMP)

BAC was bought from Acros Organics (Thermo Fisher Scientific, Geel, Belgium) (liq-
uid, alkyl distribution from C8H17 to C16H33), THY was purchased from Penta Chemicals
(Radiová, Prague, Czech Republic) (powder min. 99.0%, molar mass: 150.22 g/mol), while
AMP was acquired from Cayman Chemicals (Ann Arbor, MI, USA) (crystalline solid≥ 95%
purity, molar mass: 371.4 g/mol). The stock solution of BAC (1% v/v) was prepared in
sterile distilled water (dH2O), while those of THY and AMP (10% and 1% w/v, respectively)
were prepared in absolute ethanol and were both subsequently filtrated by passing through
disposable syringe filters (0.45 µm diameter; Whatman, Buckinghamshire, UK). All stock
solutions were aliquoted and stored at −20 ◦C until needed for the experiments.

2.3. Determination of Minimum Inhibitory Concentration (MIC)

The MIC of AMP against the planktonic growth of each of the two bacterial strains
was determined through the classical broth microdilution method, using sterile 96-well
polystyrene flat-bottomed microtiter plates, as previously described [46]. In addition, the
MICs of both BAC and THY had also been determined in that previous study. In sum,
bacterial cultures of each strain (ca. 105 CFU/mL) in TSB, containing 10 different increasing
concentrations of the antibiotic (ranging from 0.063 to 5 µg/mL), were statically incubated
at 37 ◦C for 24 h and were then checked for turbidity (as a visible indication of bacterial
growth). Wells containing inoculated medium with the bacteria without the antibiotic and
wells containing only sterile medium were used as positive and negative growth controls,
respectively. For each concentration, two replicate wells were used, while the experiment
was thrice repeated starting from independent bacterial cultures.
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2.4. Sublethal Antimicrobial Exposure and RNA Extraction

For each tested strain and antimicrobial, the freshly saline cellular suspension (pre-
pared as described in Section 2.1) was aliquoted in two Eppendorf® tubes (2 mL in each
one) and centrifuged (5000× g for 10 min at 4 ◦C). One of the two bacterial pellets was
then suspended in 1 mL of the appropriate antimicrobial solution (i.e., 4.0 µg/mL BAC,
312.5 µg/mL THY, or 0.5 µg/mL AMP), while the second pellet was suspended in 1 mL
of dH2O to be used as the untreated control sample. In the case of THY and AMP testing,
the dH2O of the control sample also contained absolute ethanol at the concentration that
existed in each working solution prepared for those two antimicrobials (i.e., 2812.5 and
50 µg/mL, for THY and AMP, respectively). Both samples (i.e., with the antimicrobial and
its respective control) were incubated in a heating dry block for 2 h at 37 ◦C and were then
immediately centrifuged (5000× g for 10 min at 4 ◦C). Supernatants were discarded and
each pellet was washed with dH2O through an additional centrifugation step (5000× g for
10 min at 4 ◦C) to remove any antimicrobial residues. It should be noted that this washing
procedure was sufficient for the efficient neutralization of each disinfectant, as this had
been confirmed in preliminary experiments (through agar plating). Washed pellets were
then placed on ice and directly used for RNA extraction using the RiboPureTM -Bacteria
Kit (Part Number: AM1925, Ambion, Life Technologies, Carlsbad, CA, USA). Eluted RNAs
were treated with DNase I to remove any trace amounts of genomic DNA (gDNA), fol-
lowing the protocol guidelines, before measuring their absorbances at 260 and 280 nm
to determine their concentrations and purities. One microgram of each extracted RNA
sample was also run on electrophoresis (1.5% w/v TBE agarose gel; 100 V for 30 min) to
verify its integrity, using the ssRNA Ladder (N0362S, 500–9000 bp, New England BioLabs
Inc., Ipswich, MA, USA) as the molecular weight marker. The rest of each RNA sample
was stored at −80 ◦C until its use as substrate for the subsequent reverse transcription
(cDNA synthesis) reactions. Each antimicrobial exposure experiment was thrice repeated,
starting each time from an independent bacterial culture and always using freshly prepared
working antimicrobial solutions.

2.5. Reverse Transcription (cDNA Synthesis)

A cDNA synthesis was conducted starting from 500 ng of each RNA sample using
the PrimeScript™ RT reagent Kit (Cat. #RR037A, Takara Bio Inc., Shiga, Japan). Both
oligo dT and random hexamer primers were included in the reaction mixture (10 µL)
at final concentrations of 25 and 50 pmol, respectively, according to the manufacturer’s
instructions. For each RNA sample, a no-reverse transcription control (NRTC), which did
not contain the reverse transcriptase enzyme (PrimeScript RT Enzyme Mix I), was also
prepared to evaluate (i.e., in the later qPCR reactions) the presence of any residual gDNA.
All RT reactions were performed in a PeqStar 96 HPL Gradient Thermocycler (Peqlab,
VWR International GmbH, Darmstadt, Germany) by initially incubating at 37 ◦C for 15 min
(for the RT reaction) and subsequently at 85 ◦C for 5 s (to inactivate reverse transcriptase).
All resulting cDNAs were stored at −20 ◦C until their use as substrates in the subsequent
qPCR analyses.

2.6. qPCR for Quantitation of mRNA Transcripts

Each cDNA template was used to quantify the expression of each gene of interest
(including the ten targets and two additional reference genes; Table 1), for each bacterial
strain and antimicrobial treatment and in relation to the respective untreated control, in
qPCR reactions prepared using the PowerUpTM SYBRTM Green Universal 2X Master Mix
(Cat. No. A25780, Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
Each reaction mixture contained 10 µL of PowerUpTM SYBRTM Green 2X Master Mix,
400 nM of each primer, 10 ng of cDNA template and PCR-grade water to a total volume
of 20 µL. A no-template control (NTC) was always included in each assay to exclude
any external DNA contamination. Real-time PCR was conducted on a QuantStudio™ 5
Real-Time PCR Instrument (Applied Biosystems). The PCR program consisted of two
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initial 2-min incubations, first at 50 ◦C for the uracil-DNA glycosylase (UDG) activation
and the second at 95 ◦C for the activation of the (hot-start) Dual-Lock™ DNA polymerase,
followed by 40 cycles of denaturation at 95 ◦C for 1 s and primer annealing/extension at
60 ◦C for 30 s (fast cycling mode). At the end of the amplification protocol, a melting curve
analysis was also performed to confirm the specificity of each qPCR reaction (excluding
any nonspecific amplification). This consisted of an initial step at 95 ◦C for 15 s (1.6 ◦C /s),
a second step at 60 ◦C for 1 min (1.6 ◦C /s), and a final step at 95 ◦C for 15 s (0.15 ◦C /s).
The threshold cycle (CT) for each reaction was calculated using the QuantStudio™ Design
and Analysis Software v1.5.1 (Applied Biosystems). For each strain and antimicrobial
treatment, the relative quantification of the expression of each target gene was finally
performed using the classical comparative ∆∆CT method [47] in relation to the untreated
control samples (i.e., with no antimicrobial exposure). Two reference (internal control)
genes (i.e., tuf, gap) were always included in each assay, and were both used in parallel
for the normalization of the qPCR data for any differences in the amount of total cDNA
added to each reaction [48]. Both had been found to present the most consistent expression
at both strains (exposed at the different antimicrobial treatments) and had been selected
in preliminary experiments from an initial pool of four potential candidates for such
genes (also including 16S rRNA and rpoB). The efficiency (%) of each qPCR reaction
(i.e., of each primer pair) had been also initially determined [49] (Table 1). Each qPCR
reaction was performed in triplicate, while the data derived from a total of 1296 qPCR
reactions were analyzed. These were the result of 36 different RNA/cDNA samples (i.e.,
2 bacterial strains × 3 antimicrobials × 2 treatments (with and without antimicrobial
exposure) × 3 biological repetitions) × 12 genes/sample × 3 technical replicates/gene.

2.7. Statistical Analyses for Differential Gene Expression

For each tested bacterial strain and antimicrobial, unpaired two-tailed Student’s t-
tests were applied to the data to check for any significant difference in the expression
of each target gene (expressed as log2(fold difference)) between the two treatments (i.e.,
with and without antimicrobial exposure). The same tests were also applied to check for
any significant difference in the expression of each target gene between the two bacterial
strains. All these tests were performed using the relevant function of Excel® module of
the Microsoft® Office 365 suite (Redmond, WA, USA). Statistically significant expression
differences were recorded at a P level of < 0.05. However, biologically significant ones were
considered only those that in parallel presented a |log2(fold difference)| ≥ 1 between the
two treatments [52].
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3. Results and Discussion

All the antimicrobials applied here were previously verified for their strong killing
efficiency against L. monocytogenes cells, as well as many other detrimental microorgan-
isms [36,53,54]. Nevertheless, foodborne L. monocytogenes isolates displaying resistance
to BAC [55,56] and enough times in parallel to other drugs, such as antibiotics and some
other toxic compounds, have also been described [57,58]. Alarmingly, L. monocytogenes
strains that are resistant to AMP have also been recovered from foods, mainly animal
products probably due to the intensive use of antibiotics in animal farms [59–62]. Regard-
ing THY and to the best of our knowledge, there are not any data available showing an
increase in resistance or tolerance of L. monocytogenes cells following their sublethal habit-
uation. Nevertheless, there are still some previous studies showing adaptive responses
and increased survival of other bacteria following exposure to sublethal concentrations of
even that natural monoterpenoid phenol [63,64]. The MIC of AMP against both bacterial
strains was found equal to 0.125 µg/mL. This is a value similar to those described in
the literature for that antibiotic and bacterial species [53,65]. Similarly, the MICs of BAC
and THY previously determined equal to 2 and 78.1 µg/mL, respectively, against both
strains [39], were similar to the ones previously reported for those compounds against
that pathogenic species [56,66]. Surely, all those specific MIC values do not denote any
resistance of the two strains employed here, thus confirming their initial sensitivity against
all three antimicrobials. For the subsequent sublethal treatments, stationary phase cells
of each serovar were exposed against a selected super-MIC (still sublethal) value of each
antimicrobial. The specific concentrations tested had thus been previously shown to not
cause any significant reduction in the numbers of viable and culturable cells of each strain
(data not presented). Thus, all the subsequent RNA extractions were done starting from
equal bacterial numbers (ca. 109 CFU), to minimize the variability between the different
treatments. Antimicrobial exposure was done at 37 ◦C, which is in the range of optimum
temperatures for the planktonic growth of L. monocytogenes cells (i.e., 30–37 ◦C) just for
not causing any additional thermal stress to the bacteria, while those latter had been left
to enter a non-growing stationary phase before the antimicrobial challenges to imitate
the bacterial physiological state in which increased resistance against various stresses is
normally established [67].

The log2(fold differences) in genes’ expressions for both strains and all three antimi-
crobials are shown in Figure 1. In general, the expression of most of the studied genes
remained either stable or was significantly downregulated following the antimicrobial
exposure, with some strain-specific differences to be yet recorded. THY was the compound
that provoked downregulation of most of the studied genes, significantly limiting the
expression of 6/10 genes in one strain (ser. 1/2a), and 4/10 genes in the other strain (ser.
4b), including those coding for the master regulators of stress response and virulence
(SigB and PrfA, respectively), in both strains (Figure 1 and Table S1). In agreement, sub-
inhibitory THY concentration (0.50 mM) was previously described to reduce the expression
of some key virulence genes in three L. monocytogenes strains and in parallel decrease their
in vitro attachment to and invasion of human cells, motility, hemolysin production, and
lecithinase activities [68]. Nevertheless, at the same time in the current study, the gene
coding for the invasion surface protein internalin A (InlA), with crucial role in the onset of
L. monocytogenes pathogenesis [69], was importantly (more than threefold) up regulated
in ser. 4b strain (Figure 1B). Noteworthy, the same gene was also previously shown to
be significantly overexpressed in the cells of another clinical isolate of L. monocytogenes
belonging to the same serovar (Scott A strain) that survived exposure (for 1 h at 37 ◦C) to
sublethal concentrations (40–100 µg/mL) of the essential oil of thyme [70].
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Another gene with similar significant upregulation was that coding for the multidrug
resistance transporter MdrD in ser. 1/2a strain following its exposure to BAC (Figure 1A).
The expression of that gene was previously found to be significantly upregulated in L.
monocytogenes cells during their intracellular growth in macrophages, over its level during
growth in laboratory medium, thus suggesting an active role during infection [71]. In
another study, the same gene was also found to be upregulated under acidic conditions
(pH 5.0 vs. pH 7.3) [72]. Two other genes with statistically significant upregulation were iap
in ser. 1/2a strain following exposure to BAC (Figure 1A), and inlB in ser. 4b stain following
exposure to THY (Figure 1B). However, it should be noted that both recorded upregulations
were slightly below the margin usually set for biologically significant differences (i.e.,
doubling or halving of mRNA transcripts in treated samples compared to the untreated
ones; equal to a value of |log2(fold difference)| = 1).

The iap gene of L. monocytogenes encodes the invasion-associated surface protein p60,
a highly antigenic protein necessary for septum separation and known to affect adherence
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of L. monocytogenes cells to, and their uptake by, mammalian cells [73]. Interestingly,
this gene has been found to be activated during growth of the pathogen in a dry-cured
ham model system under osmotic stress and incubation at 15 ◦C [24], while in another
study, it was worryingly confirmed that this gene was still expressed after 6 months of
incubation of the pathogen in artisanal cheese at −20 ◦C [74]. Long-term adaptation of L.
monocytogenes EGD-e strain (ser. 1/2a) to either acidic (pH 5.5) or NaCl (4.5% w/v) stress
has also been found to induce transcription of iap [27]. The inlB is the second gene of the
two-genes internalin operon (the other being inlA), which has been known for several years
to play an important role for the entry of L. monocytogenes into epithelial cells [75]. The
simultaneous upregulation of both inlA and inlB genes that was observed here following
exposure of ser. 4b strain to THY is surely a case for concern. On the other hand, the
expression of both those genes remained rather constant at ser. 1/2a strain, without being
changed following the antimicrobial exposures (independently of the applied antimicrobial)
(Figure 1A). The expression of both iap and internalin genes in a strain-dependent manner
was previously shown, by microarray, during growth of three L. monocytogenes strains,
belonging to different serovars (1/2a, 4b, and 3c), in meat juices [22].

The expression of groEL, hly, lisK, and mdrL genes was here significantly downreg-
ulated following the exposure of L. monocytogenes bacteria to at least one of the three
antimicrobials (i.e., BAC, THY, and AMP) (Figure 1 and Table S1). The groEL encodes a
molecular chaperone that is among the most highly conserved proteins in nature, and this
is known to be involved in the cellular general stress response. In bacteria, GroEL has been
found to be synthesized at high levels following their exposure to abusive environmental
conditions [76]. However, in this work, the expression of this gene did not significantly
change following the antimicrobial exposure, except in strain AAL20066 after its exposure
to AMP (although still occurring in levels much lower those typically set for biologically
significant differences). The hly is a key virulence determinant in L. monocytogenes encoding
the hemolysin Listeriolysin O (LLO), which has been extensively characterized for its
crucial role in pathogenesis of listeriosis by promoting cell-to-cell spread and thus efficient
bacterial dissemination during infection [77]. The lisK encodes the histidine kinase of the
two-component signal transduction system LisRK that is involved in the growth of L. mono-
cytogenes at low temperatures, as well as in the response of this bacterium to a number of
antimicrobial agents, such as ethanol, hydrogen peroxide, nisin, and cephalosporins [78,79].
Nevertheless, none of the three antimicrobials tested in the present study was able to
induce expression of this gene. Lastly, mdrL encodes a major facilitator superfamily (MFS)
efflux pump that is involved in tolerance of L. monocytogenes to BAC [80]. However, in this
work, this gene was surprisingly found to be significantly downregulated following the
exposure of AAL20074 strain to BAC, as well as following the exposure of both strains
to AMP.

In addition to the upregulation of iap and mdrD (following exposure of ser. 1/2a strain
to BAC) and inlA and inlB (following exposure of ser. 4b strain to THY), no other gene
was found to be significantly induced here following the antimicrobial exposure (Figure 1
and Table S1). In addition, it is worth noting that the two genes sigB and prfA coding
for the master regulators of stress response and virulence, respectively [14], were both
significantly downregulated in almost all cases (except prfA in strain AAL20066 and sigB
in strain AAL20074 whose expression, although decreased, did not significantly change
following exposure to AMP). This is rather reassuring since it implies that, in general, L.
monocytogenes are not likely to induce either resistance or virulence following the exposure
to one of the three antimicrobials tested here. Nevertheless, there are some other previously
published studies that showed an alarming increase in the expression of some key stress
response and/or virulence-associated genes following sublethal exposure of cells of that
pathogenic species to some common antimicrobials [38–40].

In one such study, Kastbjerg et al. (2010) developed an agar-based assay to examine the
effect of 11 disinfectants used routinely in the food industry (left to act from 15 to 180 min),
representing 4 different groups of active components, on the expression of promoters of
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4 virulence genes (prfA, plcA, inlA, and hly) in L. monocytogenes strain EGD [38]. Northern
blot analysis was also performed to validate transcript levels. Disinfectants with the
same active ingredients were found to have a similar effect on gene expression. Thus,
peroxides and chlorine compounds reduced the expression of virulence genes, whereas
QACs (five products tested) induced the expression of these genes. In another similar
study, Rodrigues et al. (2011) used qPCR methodology to study the expression of prfA and
another stress-response gene (clpC) in surviving L. monocytogenes biofilm cells following
their 15-min exposure to 4 disinfectants (sodium hypochlorite at 800 µg/mL, a commercial
BAC-containing product again at 800 µg/mL, hydrogen peroxide at 9%, and triclosan
at 0.4%) [39]. The results showed that the expression of both genes was significantly
increased in the surviving cells compared to the controls. Using the same methodology,
Tamburro et al. (2015) evaluated the relative expression of mdrL, ladR, lde, sigB and bcrABC
genes in 20 L. monocytogenes strains of either food or clinical origin, following sublethal
5-min exposure to 10 µg/mL of BAC, finding a significant association between increased
BAC resistance and both mdrL and sigB overexpression [40].

Surely, the way the genes are transcribed in each bacterium is a rather complex
procedure, influenced by its genetic make-up, the (changing) environments (both past and
present), and their mazy interactions [81]. It is also known that genes’ expression may
significantly vary between identically treated but different strains of the same bacterial
species, or even stochastically among the cells within clonal populations [82]. Interestingly,
that strain-dependent expression of stress response and virulence genes has been previously
shown in L. monocytogenes [22,83] and was reconfirmed here for 4 out of the 10 tested genes
(iap, inlA, inlB, and mdrD), also depending on the tested antimicrobial (Figure 1 and
Table S1).

4. Conclusions

In general, the exposure of two foodborne L. monocytogenes strains, belonging to dif-
ferent listeriosis related serovars (i.e., 1/2a and 4b), to a selected sublethal concentration
of each one of three common antimicrobials (i.e., BAC, THY or AMP) did not result in
the transcriptomic induction of most of the key stress response and virulence-associated
genes that were studied here. Nevertheless, the significant overexpression of the two genes
of internalin operon (inlA, inlB) in one of the two strains (ser. 4b) following exposure to
THY may be a cause for concern and should be further explored (e.g., in future in situ
virulence studies employing cell cultures). In addition, the in-parallel implementation
of high-throughput technologies able to globally explore and unravel the transcriptome
of L. monocytogenes cells surviving biocidal actions of such and/or other common an-
timicrobials (e.g., through RNA sequencing; [84]) will increase our limited—for the time
being—knowledge on the stress physiology of this important foodborne pathogenic bac-
terium, with hope to improve its control within the food chain and in clinical settings,
ultimately protecting public health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10102382/s1, Table S1: Statistically significant changes (↑: up regulations; ↓: down
regulations; P < 0.05) in the expressions of the 10 target genes (groEL, hly, iap, inlA, inlB, lisK, mdrD,
mdrL, prfA, sigB) at the 2 L. monocytogenes strains AAL20066 (ser. 1/2a) and AAL20074 (ser. 4b),
following their sublethal exposure (for 2 h at 37 ◦C) to BAC (4.0 µg/mL), THY (312.5 µg/mL) or
AMP (0.5 µg/mL), in comparison to the untreated controls (no antimicrobial exposure). ∞: no
significant change.

Author Contributions: Conceptualization, E.G.; methodology, E.G.; validation, E.-A.K.; formal
analysis, E.G.; investigation, E.-A.K., N.A., C.S., and S.M.; resources, E.G.; data curation, E.-A.K. and
E.G.; writing—original draft preparation, E.G.; writing—review and editing, N.A., S.M., A.A., and
E.G.; visualization, E.G.; supervision, E.G.; project administration, E.G.; funding acquisition, E.G. All
authors have read and agreed to the published version of the manuscript.

142



Foods 2021, 10, 2382

Funding: This research was funded in the context of the project “Transcriptional determination of
combinatory induction of resistance (stress adaptation) and virulence in Listeria monocytogenes cells
as a consequence of their exposure to antimicrobial compounds” (MIS 5049514) under the call for
proposals “Supporting researchers with an emphasis on new researchers” (EDULLL 103). The project
is co-financed by Greece and the European Union (European Social Fund- ESF) by the Operational
Programme Human Resources Development, Education and Lifelong Learning 2014-2020.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. Jordan, K.; McAuliffe, O. Listeria monocytogenes in foods. Adv. Food Nutr. Res. 2018, 86, 181–213. [CrossRef]
2. EFSA; ECDC (European Food Safety Authority and European Centre for Disease Prevention and Control). The European Union

One Health 2019 Zoonoses Report. EFSA J. 2021, 19, 6406. [CrossRef]
3. Scallan, E.; Hoekstra, R.M.; Angulo, F.J.; Tauxe, R.V.; Widdowson, M.A.; Roy, S.L.; Jones, J.L.; Griffin, P.M. Foodborne illness

acquired in the United States—Major pathogens. Emerg. Infect. Dis. 2011, 17, 7–15. [CrossRef]
4. NicAogáin, K.; O’Byrne, C.P. The role of stress and stress adaptations in determining the fate of the bacterial pathogen Listeria

monocytogenes in the food chain. Front. Microbiol. 2016, 7, 1865. [CrossRef]
5. Soni, K.A.; Nannapaneni, R.; Tasara, T. The contribution of transcriptomic and proteomic analysis in elucidating stress adaptation

responses of Listeria monocytogenes. Foodborne Pathog. Dis. 2011, 8, 843–852. [CrossRef] [PubMed]
6. Tiensuu, T.; Guerreiro, D.N.; Oliveira, A.H.; O’Byrne, C.; Johansson, J. Flick of a switch: Regulatory mechanisms allowing Listeria

monocytogenes to transition from a saprophyte to a killer. Microbiology 2019, 165, 819–833. [CrossRef] [PubMed]
7. Dorey, A.; Marinho, C.; Piveteau, P.; O’Byrne, C. Role and regulation of the stress activated sigma factor sigma B (σB) in the

saprophytic and host-associated life stages of Listeria monocytogenes. Adv. Appl. Microbiol. 2019, 106, 1–48. [CrossRef] [PubMed]
8. Guerreiro, D.N.; Arcari, T.; O’Byrne, C.P. The σB-mediated general stress response of Listeria monocytogenes: Life and death

decision making in a pathogen. Front. Microbiol. 2020, 11, 1505. [CrossRef] [PubMed]
9. Davis, M.L.; Ricke, S.C.; Donaldson, J.R. Establishment of Listeria monocytogenes in the gastrointestinal tract. Microorganisms 2019,

7, 75. [CrossRef]
10. Gahan, C.G.; Hill, C. Listeria monocytogenes: Survival and adaptation in the gastrointestinal tract. Front. Cell. Infect. Microbiol. 2014,

4, 9. [CrossRef] [PubMed]
11. Radoshevich, L.; Cossart, P. Listeria monocytogenes: Towards a complete picture of its physiology and pathogenesis. Nat. Rev.

Microbiol. 2018, 16, 32–46. [CrossRef] [PubMed]
12. Rolhion, N.; Cossart, P. How the study of Listeria monocytogenes has led to new concepts in biology. Future Microbiol. 2017,

12, 621–638. [CrossRef]
13. Bruno, J.C., Jr.; Freitag, N.E. Listeria monocytogenes adapts to long-term stationary phase survival without compromising bacterial

virulence. FEMS Microbiol. Lett. 2011, 323, 171–179. [CrossRef]
14. Gaballa, A.; Guariglia-Oropeza, V.; Wiedmann, M.; Boor, K.J. Cross talk between SigB and PrfA in Listeria monocytogenes facilitates

transitions between extra- and intracellular environments. Microbiol. Mol. Biol. Rev. 2019, 83, e00034-19. [CrossRef]
15. Matereke, L.T.; Okoh, A.I. Listeria monocytogenes virulence, antimicrobial resistance and environmental persistence: A review.

Pathogens 2020, 9, 528. [CrossRef]
16. Hadjilouka, A.; Molfeta, C.; Panagiotopoulou, O.; Paramithiotis, S.; Mataragas, M.; Drosinos, E.H. Expression of Listeria

monocytogenes key virulence genes during growth in liquid medium, on rocket and melon at 4, 10 and 30 ◦C. Food Microbiol. 2016,
55, 7–15. [CrossRef]

17. Rieu, A.; Guzzo, J.; Piveteau, P. Sensitivity to acetic acid, ability to colonize abiotic surfaces and virulence potential of Listeria
monocytogenes EGD-e after incubation on parsley leaves. J. Appl. Microbiol. 2010, 108, 560–570. [CrossRef] [PubMed]

18. Larsen, N.; Jespersen, L. Expression of virulence-related genes in Listeria monocytogenes grown on danish hard cheese as affected
by NaCl Content. Foodborne Pathog. Dis. 2015, 12, 536–544. [CrossRef] [PubMed]

19. Mataragas, M.; Rovetto, F.; Bellio, A.; Alessandria, V.; Rantsiou, K.; Decastelli, L.; Cocolin, L. Differential gene expression profiling
of Listeria monocytogenes in Cacciatore and Felino salami to reveal potential stress resistance biomarkers. Food Microbiol. 2015,
46, 408–417. [CrossRef]

20. Olesen, I.; Thorsen, L.; Jespersen, L. Relative transcription of Listeria monocytogenes virulence genes in liver pâtés with varying
NaCl content. Int. J. Food Microbiol. 2010, 141 (Suppl. 1), S60–S68. [CrossRef]

21. Pérez-Baltar, A.; Alía, A.; Rodríguez, A.; Córdoba, J.J.; Medina, M.; Montiel, R. Impact of water activity on the inactivation
and gene expression of Listeria monocytogenes during refrigerated storage of pressurized dry-cured ham. Foods 2020, 9, 1092.
[CrossRef] [PubMed]

143



Foods 2021, 10, 2382

22. Rantsiou, K.; Greppi, A.; Garosi, M.; Acquadro, A.; Mataragas, M.; Cocolin, L. Strain dependent expression of stress response and
virulence genes of Listeria monocytogenes in meat juices as determined by microarray. Int. J. Food Microbiol. 2012, 152, 116–122.
[CrossRef]

23. Zolfaghari, M.; Rezaei, M.; Mohabbati Mobarez, A.; Forozandeh Moghaddam, M.; Hosseini, H.; Khezri, M. Virulence genes
expression in viable but non-culturable state of Listeria monocytogenes in fish meat. Food Sci. Technol. Int. 2020, 26, 205–212.
[CrossRef]

24. Alía, A.; Rodríguez, A.; Andrade, M.J.; Gómez, F.M.; Córdoba, J.J. Combined effect of temperature, water activity and salt
content on the growth and gene expression of Listeria monocytogenes in a dry-cured ham model system. Meat Sci. 2019, 155, 16–19.
[CrossRef] [PubMed]

25. Makariti, I.P.; Printezi, A.; Kapetanakou, A.E.; Zeaki, N.; Skandamis, P.N. Investigating boundaries of survival, growth and
expression of genes associated with stress and virulence of Listeria monocytogenes in response to acid and osmotic stress. Food
Microbiol. 2015, 45, 231–244. [CrossRef] [PubMed]

26. Marras, L.; Carraro, V.; Sanna, C.; Sanna, A.; Ingianni, A.; Coroneo, V. Growth of Listeria monocytogenes in ready to eat salads at
different storage temperatures and valuation of virulence genes expression. Ann. Ig. 2019, 31, 374–384. [CrossRef] [PubMed]

27. Olesen, I.; Vogensen, F.K.; Jespersen, L. Gene transcription and virulence potential of Listeria monocytogenes strains after exposure
to acidic and NaCl stress. Foodborne Pathog. Dis. 2009, 6, 669–680. [CrossRef]

28. Werbrouck, H.; Vermeulen, A.; Van Coillie, E.; Messens, W.; Herman, L.; Devlieghere, F.; Uyttendaele, M. Influence of acid stress
on survival, expression of virulence genes and invasion capacity into Caco-2 cells of Listeria monocytogenes strains of different
origins. Int. J. Food Microbiol. 2009, 134, 140–146. [CrossRef]

29. Hadjilouka, A.; Gkolfakis, P.; Patlaka, A.; Grounta, A.; Vourli, G.; Paramithiotis, S.; Touloumi, G.; Triantafyllou, K.; Drosinos, E.H.
In vitro gene transcription of Listeria monocytogenes after exposure to human gastric and duodenal aspirates. J. Food Prot. 2020,
83, 89–100. [CrossRef]

30. Jiang, L.; Olesen, I.; Andersen, T.; Fang, W.; Jespersen, L. Survival of Listeria monocytogenes in simulated gastrointestinal system
and transcriptional profiling of stress- and adhesion-related genes. Foodborne Pathog. Dis. 2010, 7, 267–274. [CrossRef]

31. Bucur, F.I.; Grigore-Gurgu, L.; Crauwels, P.; Riedel, C.U.; Nicolau, A.I. Resistance of Listeria monocytogenes to stress conditions
encountered in food and food processing environments. Front. Microbiol. 2018, 9, 2700. [CrossRef]

32. Gravesen, A.; Kallipolitis, B.; Holmstrøm, K.; Høiby, P.E.; Ramnath, M.; Knøchel, S. pbp2229-mediated nisin resistance mechanism
in Listeria monocytogenes confers cross-protection to class IIa bacteriocins and affects virulence gene expression. Appl. Environ.
Microbiol. 2004, 70, 1669–1679. [CrossRef]

33. Yu, T.; Jiang, X.; Zhang, Y.; Ji, S.; Gao, W.; Shi, L. Effect of benzalkonium chloride adaptation on sensitivity to antimicrobial agents
and tolerance to environmental stresses in Listeria monocytogenes. Front. Microbiol. 2018, 9, 2906. [CrossRef]

34. Giaouris, E.; Simões, M. Pathogenic biofilm formation in the food industry and alternative control strategies. In Handbook of
Food Bioengineering, Foodborne Diseases; Holban, A.M., Grumezescu, A.M., Eds.; Academic Press (Elsevier): Amsterdam, The
Netherlands, 2018; Volume 15. [CrossRef]

35. Leistner, L. Basic aspects of food preservation by hurdle technology. Int. J. Food Microbiol. 2000, 55, 181–186. [CrossRef]
36. Pupo, I.; Lepe, J.A.; Smani, Y.; Aznar, J. Comparison of the in vitro activity of ampicillin and moxifloxacin against Listeria

monocytogenes at achievable concentrations in the central nervous system. J. Med. Microbiol. 2017, 66, 713–720. [CrossRef]
[PubMed]

37. Martínez-Suárez, J.V.; Ortiz, S.; López-Alonso, V. Potential impact of the resistance to quaternary ammonium disinfectants on the
persistence of Listeria monocytogenes in food processing environments. Front Microbiol. 2016, 7, 638. [CrossRef]

38. Kastbjerg, V.G.; Larsen, M.H.; Gram, L.; Ingmer, H. Influence of sublethal concentrations of common disinfectants on expression
of virulence genes in Listeria monocytogenes. Appl. Environ. Microbiol. 2010, 76, 303–309. [CrossRef] [PubMed]

39. Rodrigues, D.; Cerca, N.; Teixeira, P.; Oliveira, R.; Ceri, H.; Azeredo, J. Listeria monocytogenes and Salmonella enterica Enteritidis
biofilms susceptibility to different disinfectants and stress-response and virulence gene expression of surviving cells. Microb.
Drug Resist. 2011, 17, 181–189. [CrossRef] [PubMed]

40. Tamburro, M.; Ripabelli, G.; Vitullo, M.; Dallman, T.J.; Pontello, M.; Amar, C.F.; Sammarco, M.L. Gene expression in Listeria
monocytogenes exposed to sublethal concentration of benzalkonium chloride. Comp. Immunol. Microbiol. Infect. Dis. 2015, 40, 31–39.
[CrossRef] [PubMed]

41. Datta, A.R.; Burall, L.S. Serotype to genotype: The changing landscape of listeriosis outbreak investigations. Food Microbiol. 2018,
75, 18–27. [CrossRef]

42. Gerba, C.P. Quaternary ammonium biocides: Efficacy in application. Appl. Environ. Microbiol. 2015, 81, 464–469. [CrossRef]
43. Kowalczyk, A.; Przychodna, M.; Sopata, S.; Bodalska, A.; Fecka, I. Thymol and thyme essential oil-new insights into selected

therapeutic applications. Molecules 2020, 25, 4125. [CrossRef]
44. Townsend, C.A. Convergent biosynthetic pathways to β-lactam antibiotics. Curr. Opin. Chem. Biol. 2016, 35, 97–108. [CrossRef]

[PubMed]
45. Pagliano, P.; Arslan, F.; Ascione, T. Epidemiology and treatment of the commonest form of listeriosis: Meningitis and bacteraemia.

Infez. Med. 2017, 25, 210–216.

144



Foods 2021, 10, 2382

46. Kostoglou, D.; Tsaklidou, P.; Iliadis, I.; Garoufallidou, N.; Skarmoutsou, G.; Koulouris, I.; Giaouris, E. Advanced killing potential
of thymol against a time and temperature optimized attached Listeria monocytogenes population in lettuce broth. Biomolecules 2021,
11, 397. [CrossRef]

47. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef] [PubMed]

48. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, 1–12. [CrossRef]

49. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
50. Toledo-Arana, A.; Dussurget, O.; Nikitas, G.; Sesto, N.; Guet-Revillet, H.; Balestrino, D.; Loh, E.; Gripenland, J.; Tiensuu, T.;

Vaitkevicius, K.; et al. The Listeria transcriptional landscape from saprophytism to virulence. Nature 2009, 459, 950–956. [CrossRef]
51. Ye, J.; Coulouris, G.; Zaretskaya, I.; Cutcutache, I.; Rozen, S.; Madden, T.L. Primer-BLAST: A tool to design target-specific primers

for polymerase chain reaction. BMC Bioinform. 2012, 13, 134. [CrossRef] [PubMed]
52. Bickel, D.R. Degrees of differential gene expression: Detecting biologically significant expression differences and estimating their

magnitudes. Bioinformatics 2004, 20, 682–688. [CrossRef]
53. Cusimano, M.G.; Di Stefano, V.; La Giglia, M.; Di Marco Lo Presti, V.; Schillaci, D.; Pomilio, F.; Vitale, M. Control of growth and

persistence of Listeria monocytogenes and β-lactam-resistant Escherichia coli by thymol in food processing settings. Molecules 2020,
25, 383. [CrossRef]

54. Rodríguez-Melcón, C.; Riesco-Peláez, F.; García-Fernández, C.; Alonso-Calleja, C.; Capita, R. Susceptibility of Listeria monocyto-
genes planktonic cultures and biofilms to sodium hypochlorite and benzalkonium chloride. Food Microbiol. 2019, 82, 533–540.
[CrossRef] [PubMed]

55. López-Alonso, V.; Ortiz, S.; Corujo, A.; Martínez-Suárez, J.V. Analysis of benzalkonium chloride resistance and potential virulence
of Listeria monocytogenes isolates obtained from different stages of a poultry production chain in Spain. J. Food Prot. 2020,
83, 443–451. [CrossRef] [PubMed]
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Abstract: Most Austrian dairies and cheese manufacturers participated in a Listeria monitoring
program, which was established after the first reports of dairy product-associated listeriosis outbreaks
more than thirty years ago. Within the Listeria monitoring program, up to 800 mL of product-
associated liquids such as cheese smear or brine are processed in a semi-quantitative approach to
increase epidemiological sensitivity. A sampling strategy within cheese production, which detects
environmental contamination before it results in problematic food contamination, has benefits for
food safety management. The liquid-based sampling strategy was implemented by both industrial
cheese makers and small-scale dairies located in the mountainous region of Western Austria. This
report considers more than 12,000 Listeria spp. examinations of liquid-based samples in the 2009 to
2018 timeframe. Overall, the occurrence of L. monocytogenes in smear liquid samples was 1.29% and
1.55% (n = 5043 and n = 7194 tested samples) for small and industrial cheese enterprises, respectively.
The liquid-based sampling strategy for Listeria monitoring at the plant level appears to be superior
to solid surface monitoring. Cheese smear liquids seem to have good utility as an index of the
contamination of cheese up to that point in production. A modelling or validation process should
be performed for the new semi-quantitative approach to estimate the true impact of the method in
terms of reducing Listeria contamination at the cheese plant level.

Keywords: Listeria spp.; Listeria monocytogenes; prevalence; detection; monitoring; smear

1. Introduction

Cheese products have been a possible source of outbreaks of listeriosis for many
decades, especially smeared cheeses and those made from raw milk [1–3] (https://www.
cdc.gov/Listeria/outbreaks/index.html; accessed on: 19 June 2021).

Cheeses made from goat or sheep milk are particularly likely to be L. monocytogenes pos-
itive (3.6–12.8%) [4]. This is also evident from a search of the portal for Food and Feed Safety
Alerts (RASSF), where 39/90 L. monocytogenes notifications relate to cheeses made from
goat or sheep milk (https://webgate.ec.europa.eu/rasff-window/screen/search; accessed
on: 19 June 2021). Significant genetic diversity was identified among L. monocytogenes
strains through the use of molecular epidemiology methods [5–10]. Other research groups
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noticed an increased occurrence of hypervirulent L. monocytogenes strains of genetic lin-
eage I (serovar 1/2b, 4b, sequence type (ST)1, ST4, ST6) in the dairy niche [11,12]. In
addition, L. monocytogenes genetic lineage II strains (e.g., ST7, ST14, ST204; ST451), in-
cluding hypovirulent types (ST121, ST9) were reported to persist in the dairy processing
environment, potentially due to the intra- and inter-species exchange of mobile genetic
elements [6,13–18].

An important role in environmental adaptation is played by highly conserved plas-
mids circulating worldwide in a distinctive L. monocytogenes gene pool [9,19–21]. These
more complex epidemiological considerations have a direct impact on surveillance used to
verify the effectiveness of L. monocytogenes controls within food safety management systems.

Although milk is usually subjected to a heating process prior to processing, cheese
can become contaminated during several process steps such as pressing, curing, ripening,
and during cutting and packaging [22,23].

In food processing environments (FPEs), contamination is often related to L. monocytogenes’
colonization of surfaces, including in the dairy sector [24].

Own-check systems are applied with a focus on testing end products and samples from
the production environment according to EC regulation 2073/2005 [25]. In food processing
environments (FPEs), contamination is often related to L. monocytogenes’ colonization of
surfaces, including in the dairy sector [25].

In particular, newly built manufacturing plants or plants undergoing reconstruction
measures are at high risk of being colonized with L. monocytogenes [26,27].

In cases where L. monocytogenes is detected on the end product at unacceptable levels,
withdrawals from the market or recalls are implemented to protect the safety of the consumer.

To minimize the risk of process contamination during cheese ripening via the cheese
smear, this liquid-based sampling strategy was established, which is also applicable to
brine or drain water samples [28] (Figure 1). Since the majority of soft, semi-hard and
hard cheeses in Austria are surface-ripened, smear liquids are, in most cases, collected
after the smearing process. Compared to product-contact surface-sampling using friction-
swabs, these liquids constitute a matrix that provides a much broader representation of
the contamination status by including both cheese components and contact with surfaces
inside of the production equipment, e.g., smear robots [29]. Sampling of a non-homogenous
solid product creates real challenges in terms of consistency and representativeness. Listeria
contamination is more likely on the surface rind than inside the cheese matrix. Moreover,
sampling of a batch of individual cheeses has potential for statistical biases unless true
randomisation is rigorously adhered to [3,30]. Sampling biases are major concerns and
the degree of harmonization among procedures is usually low (sampling frequency and
sampling sites are usually less well standardized) [31]. The implementation of preventive
food safety concepts by tailored food sector-specific sampling procedures provokes a
deepened insight of the FBOs into the operation-specific status of contamination and
facilitates a comparison of scenarios.

The monitoring of cheeses produced without smearing focuses on sampling liquids in-
cluding brine, wash water (water used to clean production devices such as trolleys or trays)
or drain water. Sampling events depend on ripening time and batch size and should be per-
formed twice per month. For small-scale dairies, the sampling frequency should ensure that
every cheese is included at least once during ripening. After detection of L. monocytogenes
and Listeria spp. by ISO enrichment methods, PCR-based species differentiation should
be performed on typical Listeria colonies isolated on selective agar [32,33]. Persistence of
L. innocua was shown to occur more frequently than persistence of L. monocytogenes and is,
therefore, seen as an indicator of inadequate hygiene [34,35].

If L. monocytogenes is detected, rigorous sanitation of the facility is essential. Addi-
tionally, the sample number is increased and testing entails end products and further
environmental samples (e.g., tanks, racks, conveyor belts and ventilation). This step in-
cludes a microbiological investigation post sanitation to verify the efficiency of the measures
taken. If desired, a facility inspection audits the internal traffic management and checks
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other elements of the prerequisite programs (PrPs) that are in place, such as the mainte-
nance of buildings and rooms. The hygienic status of production is, therefore, checked
stepwise at all production areas. At the heart of the monitoring and surveillance approach
is the range of sample volume that is tested: 600 to 800 mL (two labs involved, method
slightly deviates), 100 mL, 10 mL, and 1 mL of liquid (Figure 1). This semi-quantitative way
of testing both low and high sample volumes substantially increases the epidemiological
sensitivity of the method due to a higher quantity of sample matrix.

Indeed, directly after initial contamination of either the environment or the food,
L. monocytogenes might be scarcely detectable in food business operations (FBOs) and
testing of high volumes increases the likelihood of finding low contamination levels.

Therefore, the aim of this study was to present the alternative semi-quantitative
liquid-based sampling strategy to increase the epidemiological sensitivity in the detection
of L. monocytogenes and other Listeria species. For this purpose, the alternative method
was implemented within the framework of Listeria monitoring, for both industrial cheese
makers and small-scale dairies located in the mountainous region of Western Austria. By
using this approach, more than 12,000 samples were tested during the period from 2009
to 2018.

Figure 1. Flow chart displaying the structure of the Austrian Listeria monitoring and intervention program. Abbreviations:
*, semi-quantitative liquid-based sample quantities.

2. Materials and Methods
2.1. Materials

Testing of cheeses for L. monocytogenes with a high level of confidence is limited by
statistical biases. Investigation of smear liquid samples for monitoring purposes is a highly
informative sampling strategy as all cheeses of a lot are usually treated with a smear liquid
from the same tank. Therefore, analysis of the smear liquid allows for the contamination
status of the entire cheese lot being stored for ripening. Sampling of smears is relatively
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simple and no cheese is damaged or spoiled by the sampling procedure [36] (Sampling
scheme Figure 1).

2.2. Companies

According to the Austrian trade register for companies, around 80 professional cheese
producers (this number does not include farm dairies directly marketing the product)
exist in Austria (https://www.firmenbuchgrundbuch.at/ accessed on: 19 June 2021).
Cheese making in Austria is conducted in operations that vary in size, ranging from
small (products merchandised regionally) to industrial (products mostly merchandised
across all of Austria and export markets such as the EU-27). Whereas some companies
process a couple thousand liters of milk per year, industrial companies (spread over entire
Austria) process tens of millions of liters. Small-scale cheese makers are mostly located
in the Western parts of Austria. Many of them send their samples to the Higher Federal
Teaching and Research Institute Tyrol (HBLFA) and, depending on the year, between 51 and
75 companies participate (see Table 1). The number of large industrial cheese producers
that cooperate with the Institute of Food Safety, Food Technology and Veterinary Public
Health (IFFV) ranges from 7 to 9, and these companies produce more than 80% of the
industrially produced smeared soft and semi-hard cheeses in Austria.

Table 1. Numbers of small and industrial food establishments (FBOs) that tested positive for
L. monocytogenes and other Listeria spp., which participated in the Listeria monitoring program
(2009–2018).

Small FBOs (HBLFA) Industrial FBOs (IFFV)

Year
L. monocytogenes

Positive/Total
n (%)

Other listeria spp.
Positive/Total

n (%)

L. monocytogenes
Positive/Total

n (%)

Other listeria spp.
Positive/Total

n (%)

2009 6/51 (11.8%) 7/51 (13.7%) 2/8 (25.0%) 2/8 (25.0%)
2010 8/64 (12.5%) 10/64 (15.6%) 1/9 (11.1%) 2/9 (22.2%)
2011 3/56 (5.4%) 8/56 (14.3%) 2/9 (22.2%) 3/9 (33.3%)
2012 2/63 (3.2%) 13/63 (20.6%) 0/9 (0%) 4/9 (44.4%)
2013 2/68 (0.3%) 11/68 (16.2%) 3/7 (42.9%) 3/9 (42.9%)
2014 2/73 (2.7%) 14/73 (19.2%) 2/8 (25.0%) 5/8 (62.5%)
2015 0/75 (0%) 13/75 (17.3%) 1/7 (14.3%) 2/7 (28.6%)
2016 2/74 (2.7%) 6/74 (8.1%) 2/7 (28.6%) 2/7 (28.6%)
2017 3/74 (4.1%) 12/74 (16.2%) 2/6 (33.3%) 2/6 (33.3%)
2018 2/75 (2.7%) 11/75 (14.7%) 1/7 (14.3%) 2/7 (28.6%)

Mean 3/67.3 (4.5%) 10.5/67.3 (15.6%) 1.6/7.7 (20.8%) 2/7.7 (28.6%)
Abbreviations: FBOs, food business operations supervised by Higher Federal Teaching and Research Institute
Tyrol (HBLFA) and Institute of Food Safety, Food Technology and Veterinary Public Health (IFFV); Listeria spp.,
Listeria species other than L. monocytogenes differentiated by iap PCR [32].

2.3. Methods

A total of 12,237 smear liquid samples were examined in the years 2009–2018 (see
Table 1) by both testing labs. Liquid smear samples were collected in two-month intervals
from industrial cheesemakers. Small FBOs collected smear samples during cheese ripening,
representing comparatively smaller batches. Sample volumes of 1 mL (IFFV only), 10 mL,
100 mL and 600 mL (IFFV) or 800 mL (HBLFA) are routinely investigated. The occur-
rence of L. monocytogenes in products, product-associated samples and in the processing
environment is considered to be rather low and not equally distributed; therefore, the
semi-quantitative enrichment protocol is assumed to increase the detection of L. monocyto-
genes in at least one of the enrichment steps [28]. One liter of liquid sample was divided
into 4 preparations as follows: 600 or 800 mL were centrifuged at 4800 rpm for 30 min at
4 ◦C (Beckman Coulter, Brea, CA, USA). The sediment was completely transferred into 1 L
Half-Fraser broth (Biokar Diagnostics-Solabia Group, Pantin Cedex, France). Subsequent
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preparation steps of the semi-quantitative approach included 100 mL, 10 mL, and 1 mL
diluted 1:10 in Half-Fraser broth (Biokar Diagnostics-Solabia Group).

Sample enrichment in Half-Fraser broth and Fraser broth (both Biokar Diagnostics-
Solabia Group) and strain isolation on Palcam Agar (Biokar Diagnostics-Solabia Group) and
Listeria agar acc. Ottaviani and Agosti (ALOA; Merck KGaA, Darmstadt, Germany) was
performed according to ISO 11290:1 [33]. In detail, for each semi-quantitative enrichment
scenario (i.e., 600/800 mL, 100 mL, 10 mL, 1 mL), following 24 h incubation at 30 ◦C in
Half-Fraser broth, aliquots of 100 µL were transferred to 10 mL Fraser broth and then
incubated for 48 h at 37 ◦C.

In addition, at IFFV, polymerase chain reaction (PCR) assays targeting the hly gene
(encoding the pore-forming cytolysin listeriolysin) and iap (invasion-associated protein
p60) gene [31,37] were included for species confirmation (for technical details, see Asperger
et al. [28]). This approach ensured that even a single L. monocytogenes colony that may have
hidden in a plethora of other microorganisms, such as Bacillus spp. growing on PALCAM
or chromogenic agar, would be detected [38].

The DNA extraction was performed directly from selective agar plates by rinsing the
surface with 1 mL of 0.01 M Tris HCl buffer (Sigma Aldrich Corp., St. Louis, MO, USA).
The suspension was centrifuged for 5 min at 8000 rpm and the pellet was suspended in
100 µL 0.01 M Tris HCl Buffer (Sigma Aldrich Corp.) and vortexed. In parallel, material
from L. monocytogenes subcultures (1–2 colonies) was suspended in 100 µL Tris HCl Buffer.
Subsequently, 400 µL Chelex® 100-Resin (BioRad, Hercules, CA, USA) was added to the
bacterial suspension, heated for 10 min at 100 ◦C and centrifuged at 14,000 rpm for 5 s [39].
The DNA supernatant was transferred to Maxymum Recovery tubes (VWR International-
Avantor, Radnor, PA, USA) and stored at −20 ◦C before downstream processing [31,37]. The
PCR-amplicons were electrophoretically separated in a 1.5% agarose gel containing 0.5×
Tris-Borate-EDTA (TBE) buffer and 3.5 µL peqGREEN DNA gel stain (VWR International-
Avantor), at 120 V for 30 min. The DNA standard Thermo Scientific™ GeneRuler™ 100 bp
(Thermo Fisher Scientific Inc., Waltham, MA, USA) was applied for fragment length
comparison. The electrophoresis gels were photographed under UV light exposure (GelDoc
2000, BioRad, Hercules) and saved in tiff format for further comparison.

3. Results and Discussion

Listeria contamination is an adverse event for many food business operations (FBOs),
and the entire dairy sector suffers whenever outbreaks occur. A survey of technical
managers in food processing plants on L. monocytogenes risk outcomes by Evans et al. [40].
revealed interesting assessments. Participants perceived a medium risk (on a scale from
1 to 10; 5.5) of Listeria in their operations with a high level of control and a high level of
responsibility. In this study, technical leaders expressed concern regarding L. monocytogenes
and indicated that increased awareness of the pathogen would improve control actions.
Installing Listeria environmental monitoring was considered essential in this regard [40].

A recent evaluation of monitoring approaches by Magdovitz et al. [41] showed that
facilities prefer to test environmental monitoring zones 2 through 4 (non-food contact
areas). Few facilities actively integrate raw material controls and intermediate products or
product-associated samples into their sampling plan [41].

Many data are available for Listeria contamination scenarios in single FBOs, but
little information is available for whole food production sectors such as smeared cheese
manufacturing. EU baseline data on L. monocytogenes prevalence in cheese samples at
the end of shelf-life showed a rate of 0.47%, with 0.06% of samples exceeding the level of
100 cfu/g [42].

The few studies that are focused on data across food producers and batches are
somehow comparable to our data and are cited in the following paragraph. Data on liquid-
based sampling concepts are not available from the literature. Barría et al. [43] studied
546 cheese and milk samples to establish a monitoring system in Chilean cheese factories.
L. monocytogenes was identified in 19 cheeses (4.1%), with a prevalence similar to that

151



Foods 2021, 10, 1977

reported in a Polish study (6.2% L. monocytogenes, 370 samples) [44]. In both studies, the
monitoring system focused on cheese samples as no food contact surface (FCS) or non-food
contact surface (NFCS) samples were included in the sampling plan. Another Listeria
spp. pilot study in PDO Taleggio cheese processing revealed a mean prevalence of 23.1%
Listeria-positive samples (n = 360 samples). The ripening and cutting equipment were
identified as high-risk areas for Listeria contamination [45]. Other short-term monitoring
datasets were published, with an overall L. monocytogenes prevalence of 4.6% in various
food sectors [46]. A larger dataset based on pathogen monitoring in small cheese processing
plants (4430 samples; 6.03% Listeria spp.) suggested running routine sampling plans for
at least 6 months and then evaluating appropriate sampling sites inclusively for Listeria
occurrence [34].

In general, cheese surfaces are more likely to be contaminated by L. monocytogenes
than the internal areas of the cheese. This was also the outcome of a baseline study,
conducted at a national level, where Gorgonzola and Taleggio were the most frequently
contaminated cheeses. Transmission of L. monocytogenes from contaminated cheese rind
to the cheese interior during cutting or packaging is possible [47]. Therefore, product-
associated samples, such as smear liquids and surface scrapings, should be considered in a
Listeria monitoring program.

Our data from the cheese smear liquid-based monitoring showed, in small cheese pro-
ducers (mainly soft and semi-soft cheeses), an average Listeria spp. (other than
L. monocytogenes) and L. monocytogenes contamination of 15.6% and 4.5%, respectively, Dur-
ing the sampling period, an average of 67 out of 75 FBOs were Listeria spp. positive.
Numbers for industrial cheesemakers show that an average of eight FBOs participated in
the program, where means of 20.8% L. monocytogenes and 28.6% Listeria spp. (other than
L. monocytogenes) were detected.

The L. monocytogenes contamination ranged from 0 to 12.5% and from 0 to 33.3%
in small and industrial FBOs during 2009 to 2018, respectively. Listeria spp. other than
L. monocytogenes, which were differentiated by the PCR approach [32], ranged from 8.1
to 20.6% in small FBOs and from 22.2 to 44.4% in industrial FBOs (Table 1), indicating
that the latter was more highly contaminated with the potential pathogen. The industrial
FBOs were higher contaminated with L. monocytogenes in comparison to small FBOs.
Similar observations were made by Muhterem et al. [25], where the FPE of industrial
cheesemakers indicated a higher L. monocytogenes contamination of up to 26% compared to
farm cheesemakers (up to 6.4%). In total, Listeria spp. was detected in 4.19% (513 out of
12.237) of all smear liquid samples examined, whereas the percentage of L. monocytogenes-
positive samples was 1.45% (178 out of 12.237 samples). The higher frequency of Listeria spp.
(other than L. monocytogenes) contamination is an important indicator of necessary hygiene
improvement measures to prevent L. monocytogenes from successfully establishing itself as
a zoonotic pathogen in a FPE [48]. This value for Listeria spp.-associated contamination was
substantially lower in comparison to samples that were tested at the IFFV between 1990
and 1999 (industrial cheese makers only: 14.09%) [28]. If calculated based on years, the
prevalence of L. monocytogenes in smears was 0–4.4% (average: 1.29%) and 0–6% (average:
1.55%) for the small and the industrial cheese establishments, respectively (see Table 2).
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Table 2. The number of smear liquid samples tested and the rate of L. monocytogenes and other Listeria spp.-positive
results found.

Year Small Dairys (Western Austria; HBLFA) Industrial Cheesemakers (IFFV)

n L. monocytogenes (%) Other
Listeria spp. (%) n L. monocytogenes (%) Other

Listeria spp. (%)

2009 475 19 4 13 2.7 189 5 2.1 13 6.9
2010 620 27 4.4 12 1.9 503 3 0.6 68 13.5
2011 394 3 0.8 10 2.5 881 12 1.4 27 3.1
2012 441 2 0.5 23 5.2 774 0 0.0 70 9.0
2013 441 3 0.7 21 4.8 711 3 0.4 22 3.1
2014 516 2 0.4 22 4.3 702 2 0.3 19 2.7
2015 523 0 0.0 21 4.0 1535 24 1.6 14 0.9
2016 512 3 0.6 9 1.8 634 8 1.3 14 2.2
2017 544 3 0.6 24 4.4 752 45 6.0 46 6.1
2018 577 5 0.9 14 2.4 513 9 1.8 51 9.9
Total 5043 67 1.29 169 3.4 7194 111 1.55 344 5.74

Abbreviations: Small dairys and industrial cheesemakers supervised by Higher Federal Teaching and Research Institute Tyrol (HBLFA)
and Institute of Food Safety, Food Technology and Veterinary Public Health (IFFV); Listeria spp., Listeria species other than L. monocytogenes
differentiated by iap PCR [32].

This is of interest as the industrial cheese producers included in this study mainly used
pasteurized milk, while the small producers tended to use raw milk for the production of
traditional specialty cheeses.

Since the occurrence of L. monocytogenes contamination was similar for both categories
(Table 2), we confirmed that heat treatment of milk had little impact on the presence of
L. monocytogenes in the smears and that, in the majority of our observations, cheese is more
likely to become contaminated after coagulation [18,35,49].

Inclusion of high sample volumes was found to increase the detection sensitivity of the
method as applied at both institutes. At HBLFA, 11.98% of samples tested positive in 800 mL
and 100 mL but not in 10 mL, and 19.4% (n = 13) of all positive findings were found in the
highest sample volume only (data not shown). Only 26.9% (n = 18) of all samples tested
positive in 800 mL, 100 mL and 10 mL. From the fact that more than 30% of the positive
events were observed in volumes of ≥100 mL only, we conclude that L. monocytogenes
contamination levels are often very low at the beginning of a contamination event. Data
also suggest that testing only 25 mL of cheese-associated fluids (which is commonly the
case in other countries) does not provide enough epidemiologic sensitivity to detect low-
level contamination.

This assumption would be interesting to compare in the performance testing of the ISO
method versus alternative liquid-based sampling strategies with higher sample volumes.
Some samples revealed L. monocytogenes detection in either 10 mL or 100 mL but not in
800 mL. This effect could have been caused by a not-yet-understood antiListerial potential
of the smear microbiota in some samples, testing too soon following the use of protective
cultures against L. monocytogenes (e.g., phages), and extremely high numbers of accom-
panying flora after centrifugation of 600 and 800 mL, respectively [50–52]. Unpublished
results on the inhibitory effects of smear samples on Listeria showed a highly variable
pattern, ranging from a decrease in numbers of L. monocytogenes by 3 log units in some
samples to a proliferation capacity of up to 4 log CFU/mL in other samples (Part, pers.
communication). We conclude that testing of high volumes only is not sufficient to detect
a contamination event; therefore, the more extensive approach of testing more than one
sampling volume should be incorporated. Findings from small cheese producers were
consistent with results that were found with samples originating from industrial cheese
plants. Twenty-four percent (n = 22) of positive results were found in the high sample
volume (600 mL) only. As many as 16.5% of smear liquid samples were found to be positive
in sample volumes of 600 mL and 100 mL. Another 15.4% of the samples were positive in
600 mL, 100 mL and 10 mL. The smear monitoring conducted at IFFV also incorporated
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1 mL samples. Being positive in 1 mL was thought to be a cause for concern as a higher
number of L. monocytogenes might be present in the smear liquid and, subsequently, on the
cheese. In 12% (n = 11) of all positive smear liquid samples, L. monocytogenes was found
in all sample volumes (600 mL, 100 mL, 10 mL and 1 mL). As with the data provided by
HBFLA, the findings at IFFV are inconclusive in some cases. In 24% of the positive results,
L. monocytogenes was detected in 100 mL of sample volume only.

Although the first food-associated outbreaks were reported from USA and Canada
in the early 1980s, a game changer for the national dairy industry was the Swiss Vacherin
Mont d‘Or outbreak in 1983–1987 [53]. Austrian companies began testing cheese brine and
smears in 1988 to improve L. monocytogenes detection during production. From 1992 to
1994, a 30 to 40% positive test rate for L. monocytogenes was observed. Within a decade of
increased measures, prevalence decreased to a detection rate of <5% [28]. The liquid-based
sampling strategy also shows successful detection of L. monocytogenes in our approach, and
possibly a positive impact in terms of avoiding false negatives and product withdrawals
or recalls. This positive development of improved awareness of possible L. monocytogenes
contamination occurred in spite of an ongoing restructuring of the dairy sector in Austria,
which reduced the number of industrial cheese dairies from >50 in 1990 to less than 10
in 2019.

In line with the economic growth of some major players, the amount of produced
cheese (soft, semisoft and hard cheese) quintupled from 1990 to 2019 (< 30,000 tons in 1995
to 131,000 tons per year in 2018).

The monitoring of results such as those achieved by the Listeria monitoring program
is a prerequisite for the timely detection of potential safety hazards, including the con-
tamination of cheese environments with L. monocytogenes. Frequent monitoring aids early
L. monocytogenes detection, and prevents contamination and the placing of contaminated
food on the market [31]. That there is a considerable likelihood for introduction is evi-
denced by the fact that, at least once, positive Listeria spp. results were revealed over all
the years from a majority of the participants in the program. If contamination remains
unaffected by routine hygiene measures, Listeria is spread within the production area
through daily in-plant manipulations.

In the long run, Listeria spp. colonizes niches within the FBO, where the hygienic
pressure is not high enough to prevent them from surviving, thereby allowing Listeria spp.
to survive.

Experience in recent years has repeatedly confirmed that testing higher sample vol-
umes effectively complements other hygiene inspection techniques, such as swabbing or
contact sliding.

In accordance with the testing of product-associated liquids, environment-derived
liquid samples such as drain water samples encompass the contamination status of large
plant areas. The use of large volumes of liquid in our semi-quantitative sampling approach
potentially reduces the false negative test results that can occur when using smaller volumes
or simple contact sliding.

Investigation of smear liquid is beneficial as this substrate is used on entire cheese
batches for extended production periods. Therefore, with respect to cheese processing, the
microbiological investigation of smear liquid is an appropriate parameter in any safety
program dealing with smear-ripened cheeses.

Preventing foodborne hazards along the food processing chain is supported by an
intelligent sampling strategy that may differ among food sectors and professionals. For
L. monocytogenes environmental testing, mostly swab and sponge-based friction sampling
methods are used [54]. The decrease in the L. monocytogenes detection rate, as seen in
Austrian cheese factories in recent years, coincides with an increased understanding and ac-
ceptance of food safety parameters by the cheese producers, which was in part contributed
to by a high-profile cheese-borne outbreak of listeriosis [55].

The consideration of a preventive QS certification system is important within the
context of the explicit obligations placed on food business operators through EU food law
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to undertake such monitoring both against microbiological criteria in food and, in the case
of L. monocytogenes, within the food production environment, to validate the effectiveness of
their food safety management systems. Official control analyses serve a different purpose,
and are required to be risk based, as opposed to representing food production, which
generally occurs at much lower frequency. For example, in Austria, 35,000 food samples
are annually taken by public authorities by a factor of >5.

4. Conclusions

The increasing trend of listeriosis incidence in Austria, from a mean value of 0.17 per
100,000 inhabitants from 2000 to 2005 to a mean value of 0.4 from 2009 to 2018 (Austrian Agency
for Health and Food Safety—AGES, 2018; https://www.ages.at/download/0/0/c38f0d95e095
fe7e74162ddae9052a4c532450db/fileadmin/AGES2015/Themen/Krankheitserreger_Dateien/
Zoonosen/Zoonosenbroschuere_2018_1o_Din-A4_BF.pdf; accessed on 9 June 2021), empha-
sizes the requirements for effective strategies that meet the control needs of the national
public health system and food manufacturers. The liquid-based sampling strategy within a
Listeria monitoring program at the plant level appears to be superior to solid surface moni-
toring. Cheese smear liquids seem to have good utility as an index of the contamination of
cheese up to that point in production. Multiple volumes of liquid phase, as implemented
with our semi-quantitative approach, seem to improve the likelihood of detection, which is
consistent with improved epidemiological sensitivity. Monitoring results show a down-
ward trend in Listeria prevalence within this matrix, at least for industrial cheese production,
which is thereby consistent with improved hygiene in cheese processing environments and
cheese products. Modeling or performance testing of this new semi-quantitative approach
against the ISO method would be important to more concretely assess the potential for
Listeria minimization in cheese production.
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Abstract: Papaya-associated foodborne illness outbreaks have been frequently reported worldwide.
The goal of this study was to evaluate the behavior of Salmonella Typhimurium and Listeria monocyto-
genes on whole papaya during storage and sanitizing process. Fresh green papayas were inoculated
with approximately 7 log CFU of S. Typhimurium and L. monocytogenes and stored at 21 or 7 ◦C for
14 days. Bacteria counts were determined on day 0, 1, 7, 10 and 14. Fresh green papayas inoculated
with approximately 8 log CFU of the bacteria were treated for 5 min with 2.5, 5 and 10 ppm aqueous
chlorine dioxide (ClO2). The ClO2 solutions were generated by mixing sodium chlorite with an
acid, which was HCl, lactic acid or malic acid. The detection limit of the enumeration method was
2.40 log CFU per papaya. At the end of storage period, S. Typhimurium and L. monocytogenes grew
by 1.88 and 1.24 log CFU on papayas at 21 ◦C, respectively. Both bacteria maintained their initial
population at inoculation on papayas stored at 7 ◦C. Higher concentrations of ClO2 reduced more
bacteria on papaya. 10 ppm ClO2, regardless the acid used to generate the solutions, inactivated
S. Typhimurium to undetectable level on papaya. 10 ppm ClO2 generated with HCl, lactic acid
and malic acid reduced L. monocytogenes by 4.40, 6.54 and 8.04 log CFU on papaya, respectively.
Overall, ClO2 generated with malic acid showed significantly higher bacterial reduction than ClO2

generated with HCl or lactic acid. These results indicate there is a risk of survival and growth for
S. Typhimurium and L. monocytogenes on papaya at commercial storage conditions. Aqueous ClO2

generated with malic acid shows effectiveness in inactivating the pathogenic bacteria on papaya.

Keywords: whole papaya; Salmonella Typhimurium; Listeria monocytogenes; survival; aqueous chlo-
rine dioxide; malic acid; shelf-life

1. Introduction

Papaya (Carica papaya) is one of the major tropical agricultural commodities amongst
banana, mango, avocado and pineapple [1]. Annual global papaya production has in-
creased by approximately 90% since 2000 and reached 13.7 million metric tons in 2019 [2].
The top three papaya-producing countries are India, Brazil and Mexico, among which
99% of Mexican papayas are exported to the United States [2]. However, along with the
increased papaya demand and production worldwide, foodborne illness outbreaks linked
to papaya have also been emerging in recent years [3,4]. In particular, outbreaks associated
with whole fresh papaya have been frequently reported in the U.S. from 2011 to 2019,
which affected the papaya industry in both US and Mexico [4,5]. Papaya grows best in
tropic environments at 21–33 ◦C where the survival and growth of pathogenic bacteria are
favored [6]. Microbial contamination of papaya might happen at any step of the production
chain where the fruits are in contact with water, soil, harvest equipment and human han-
dling [7]. Salmonella Litchfield was detected on whole papayas associated with an outbreak
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in Australia between 2006 and 2007, and other Salmonella serotypes of Chester, Eastborne
and Poona were detected in farm water samples [3]. In multiple cases reported in the U.S.,
whole papayas were contaminated by Salmonella serotypes of Agona, Uganda, Newport,
etc. [5]. Therefore, papaya seems to be susceptible to Salmonella contamination. In addition,
Listeria monocytogenes is one of the concerned foodborne pathogenic bacteria associated
with fresh produce due to its nature of being present in the environment and its ability to
grow at refrigeration temperature [8]. L. monocytogenes-caused multistate outbreaks in the
U.S. were linked to whole cantaloupe and caramel apple [9,10]. L. monocytogenes was also
found to be able to survive or grow on the surfaces of apple, mango, kiwifruit and cherry
tomato under various storage conditions [11–14].

Studies have reported the survival and growth of foodborne pathogenic bacteria in
fresh-cut papaya and papaya pulp [15–19]. However, little is known regarding whole
fresh papaya. There are differences between fresh-cut and whole fruits in terms of pH,
nutrient availability and native microflora composition. For example, S. Typhimurium and
L. monocytogenes decreased by approximately 2–2.5 log CFU over 20 days on whole mango
at 25 ◦C; however, these bacteria grew on cut mango [12]. The growth of L. monocytogenes
was inhibited on intact jalapeño pepper stored at 7 ◦C for 14 days, but it grew in the
internal cavity of jalapeño pepper at the same storage condition [20]. It is important to note
that even when the skin part of fruit is inedible or usually not eaten, pathogenic bacteria
surviving on the surface may further cross-contaminate wash water and other fruits that
are rinsed in the same batch, internalize into the flesh or transfer to fruit flesh during
cutting [21,22]. Information of pathogenic bacteria behavior on whole papaya would
assist regulatory and industrial agencies in the assessment and prevention of papaya
microbiological safety issues.

Once contaminated, fresh fruits cannot be thermally disinfected and would likely
be distributed to the market. Therefore, washing and sanitizing is a critical step in the
post-harvest process to prevent cross-contamination and reduce pathogens. Chlorine-
based bleach at a concentration of 50–200 ppm is the most widely used sanitizer in fresh
produce handling and processing [23]. However, the effectiveness of chlorine varies
at different pH and is reduced significantly in the presence of organics, and there are
concerns regarding the carcinogenetic by-products such as trihalomethanes formed in the
reactions between chlorine and organics [24]. Chlorine dioxide (ClO2) is approved by
FDA for fresh produce washing with a maximum residue of 3 ppm in the wash water [24].
The antimicrobial efficacy of ClO2 is less prone to low pH and the presence of organics
than chlorine [25]. ClO2 also forms fewer carcinogenetic by-products than chlorine when
chlorinated [24]. Despite the advantages, ClO2 is reduced to chlorite (ClO2−), chlorate
(ClO3−) and chloride (Cl−) to some extend [26]. The United State Environmental Protection
Agency (EPA) sets the Maximum Residual Disinfectant Level (MRDL) of ClO2 in public
drinking water to be 0.8 mg/L and the Maximum Contaminant Level (MCL) of ClO2− to
be 1.0 mg/L [27]. ClO2 has been studied in sanitizing a wide variety of fresh produce, such
as lettuce, cantaloupe, alfalfa sprouts and blueberries [23,28–30]. No ClO2, ClO2− or ClO3−

residues were detected in Mulberry fruit treated by 60 ppm aqueous ClO2 for 15 min [31].
Cantaloupes, oranges, tomatoes and apples treated with 5 ppm gaseous ClO2 for 10
min showed very minimal ClO2− residue on the fruits with a maximum of 0.36 mg/kg;
however, lettuce and alfalfa sprouts had high ClO2− residue of 16.5–1259.6 mg/kg [32].
Acidified sodium chlorite was used to reduce microbial contamination in shredded green
papaya [33]. Ozone was used to reduce the microbial load and improve the nutritional
values of fresh-cut papaya [34]. Gu et al. investigated the efficiency of chlorine or peracetic
acid in the inactivation and cross-contamination prevention of Salmonella spp. on Maradol
papayas [35]. Inactivation of pathogenic bacteria by ClO2 has not been investigated on
whole papayas.

Aqueous ClO2 can be made by mixing an acid with sodium chlorite (NaClO2) [36].
Hydrochloric acid (HCl) is a commonly used acid in ClO2 generation [30–32,36]. Kim et al. [37]
reported ClO2 solutions formed from organic acids, including acetic acid, citric acid and
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lactic acid, were more stable and more lethal to Bacillus cereus spores than ClO2 formed
using HCl. Our previous study has also shown that aqueous ClO2 generated by mixing
NaClO2 with organic acids, including citric acid, lactic acid and malic acid, had higher
antimicrobial efficacy against common foodborne pathogenic bacteria on Romaine lettuce
than ClO2 generated with inorganic acids [38]. For example, 5 min treatments with 5 ppm
ClO2 generated with lactic acid, citric acid and malic acid reduced S. Typhimurium on
Romaine lettuce by 0.92, 1.39 and 1.37 log CFU/g, respectively, whereas lettuce treated
with ClO2 generated with HCl and sodium bisulfate reduced S. Typhimurium by 0.71 and
1.14 log CFU/g, respectively [38].

In numerous studies investigating the survival of foodborne pathogenic bacteria on
fresh produce or decontamination of fresh produce using sanitizers, procedures used to
recover and quantify bacteria cells from fresh produce vary. The ununiformed proce-
dures make it difficult to compare and accurately interpret results of different studies [39].
For example, pummeling using a stomacher resulted in higher bacteria recovery than
pulsifying, sonication and shaking by hand from iceberg lettuce, perilla leaves, cucumber
and green pepper, while a lower level of bacteria was recovered from cherry tomato due
to its acidity [40]. Sample preparation method, bacteria type and produce type may affect
the efficiency of bacteria recovery and hence further affect the accuracy of a microbiolog-
ical method. So far, there has been no recommendation of sample preparation methods
specifically for whole papaya.

This study aimed to optimize homogenization parameters and enumeration methods
for recovering S. Typhimurium and L. monocytogenes from papaya surface. It also sought to
evaluate the behaviors of these pathogenic bacteria on whole papaya during storage and
sanitizing process. Obtaining information in this regard would assist the papaya industry
in selecting optimal sanitizer type, usage concentration and treatment time for papaya
washing and sanitizing.

2. Materials and Methods
2.1. Bacterial Strains and Cell Cultures

Salmonella Typhimurium (ATCC 14028) and Listeria monocytogenes (F2365) were ob-
tained from Food Microbiology Lab at the University of Hawaii at Manoa and stored in
trypticase soy broth (TSB; Becton Dickinson, Franklin Lakes, NJ, USA) containing 50%
glycerol at −80 ◦C. Working cultures were prepared by transferring 50 µL of stock culture
into 5 mL of sterile TSB and incubating at 37 ◦C for 24 h. Working cultures were transferred
twice in TSB before each experiment.

2.2. Preparation of Papayas and Inocula

Fresh papayas (Carica papaya L.cv. Rainbow Solo) were purchased on the day of
experimentations on separate occasions from local grocery stores in Honolulu, USA.
Non-injured whole papayas at mature green/color break stage were selected according
to the maturity chart [41]. Papayas were rinsed with tap water and dried on a lab bench
at room temperature for 1 h. Then an area of 2.5 × 2.5 cm2 on the middle part of the
fruit surface was marked with a thin-line non-toxic marker (Sharpie, Oak Brook, IL, USA).
The marked whole papayas were placed on sterile Petri dishes in a biosafety hood before
experimenting. S. Typhimurium and L. monocytogenes cultures were diluted with 0.1%
peptone water (Becton Dickinson, Franklin Lakes, NJ, USA) to desired concentrations.
100 µL of the inoculum was spot inoculated on the marked area and the papayas were
dried under a biosafety hood. For Sections 2.3 and 2.4, approximately 107 log CFU of
S. Typhimurium or L. monocytogenes inocula were used, and the papayas were dried for
1 h to initiate the attachment before every experiment [42]. For Section 2.5, approximately
108 log CFU of the inocula were used, and the papayas were dried for two hours to ensure
attachment and initiate colonization before being washed with sanitizer solutions [42].
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2.3. Optimization of Recovery Method for Counting Bacteria Cells on Papaya Surface
2.3.1. Recovery Method

Optimization of homogenization parameters is essential for accurate assessment of
bacterial behavior on fruit surfaces. The goal of this experiment was to maximize the
number of bacteria cells recovered from the papaya surface. After inoculation and dry-
ing as described above, the skin of the inoculated area was excised with a sterile knife
and placed in a sterile stomacher bag. Bacterial cells were collected by homogenizing
the skin under different conditions described as follows. Tested homogenization buffers
included phosphate buffered saline (PBS, pH 7.4), 0.1% peptone water (PEPT), PBS + 0.2%
Tween 80 (PBS + T) and 0.1% peptone water + 0.2% Tween 80 (PEPT + T). 25 mL of
each buffer was separately added into the stomacher bag containing the excised skin and
homogenized at 150 or 250 rpm for 1 or 5 min using a stomacher (Seward Stomacher®,
Model 400 Circulator, West Sussex, UK). After homogenization, the homogenate was seri-
ally diluted with 0.1% peptone water and plated on selective agar or using the agar overlay
method. The agar overlay method was to plate the serially diluted homogenate on Plate
Count Agar (PCA, Becton Dickinson, Franklin Lakes, NJ, USA) and incubating the plate at
37 ◦C for 1 h to ensure the recovery of injured cells, followed by pouring warm selective
agar at 55 ◦C over the PCA [43]. The agar plates were incubated at 37 ◦C for 24 h and then
analyzed for bacterial counts. The selective agar for S. Typhimurium and L. monocytogenes
were xylose lysine deoxycholate agar (XLD, Becton Dickinson, Franklin Lakes, NJ, USA)
and modified oxford agar (MOX, Becton Dickinson, Franklin Lakes, NJ, USA), respectively.
Bacterial colonies were counted and populations were expressed as log CFU/papaya. The
detection limit was 2.40 log CFU/papaya.

2.3.2. PH of Papaya Skin Homogenate as Affected by Homogenization Parameters

Papayas were prepared as described in Section 2.2 except that they were not inoculated
with pathogenic bacteria. The skin of the marked area was cut and homogenized with
buffer in a stomacher bag under the conditions described above. Papaya skin was also
homogenized with water as a control. pH of the homogenate was measured using a pH
meter (Model pH 6+, Oakton Instruments, Vernon Hills, IL, USA).

2.4. Behavior of Pathogenic Bacteria on Whole Papayas Stored at Different Temperatures

After harvesting and packing, papayas are usually stored at 7–13 ◦C before being
distributed to grocery stores [44]. At grocery stores and customers’ homes, papayas are
usually placed at room temperature (21–25 ◦C). Hence, we selected 21 and 7 ◦C to simulate
the two papaya storage scenarios. Inoculated whole papayas were individually placed
in large sterile beakers and stored at 21 and 7 ◦C for 14 days. One papaya was randomly
sampled, with the skin of the inoculated area being sterilely excised and collected for
bacteria count on storage days 0, 7, 10 and 14. The papaya that was inoculated and dried
for 1 h on the day of inoculation was considered as the sample on day 0. To determine
bacterial population on papaya, the excised skin was homogenized using the optimized
method from Section 2.3, which was homogenizing in PBS + T buffer at 250 rpm for
1 min for both S. Typhimurium and L. monocytogenes. Subsequently, the homogenates
were serially diluted with 0.1% peptone water and plated using the agar overlay method
described above. After incubation, bacterial colonies were counted and populations were
expressed as log CFU/papaya.

2.5. ClO2 Treatment on Whole Papayas
2.5.1. Preparation of Aqueous ClO2

Aqueous ClO2 solutions were made on-site using a previous method [38]. Briefly, ClO2
stock solutions were prepared by mixing 10 mL of 4.0% NaClO2 (Fisher Scientific, Waltham,
MA, USA) with 10 mL of 1 M HCl (Fisher Scientific, Waltham, MA, USA), lactic acid (VWR
Chemicals, Radnor, PA, USA) or malic acid (Fisher Scientific) in aluminum foil-covered
bottles. After reacting for 1 min, 100 mL of distilled water was added into the bottles.
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The final mixture was set at 21 ◦C for 20 min before being placed in a refrigerator at 4 ◦C.
We previously investigated the generation kinetics and the stability of ClO2 [38]. As organic
acids release hydrogen ions slowly, it took one week to achieve equilibrium. During the
14-day-experimentation, the ClO2 concentration increased till up to day seven and then
remained stable for those generated with organic acids. For ClO2 generated with HCl,
the reaction was quick and the concentration remained stable for up to eight days and
eventually decreased. Therefore, the stock solutions were all stored for seven days to
allow the completion of the reaction in malic acid- and lactic acid-produced ClO2 solutions
and ensure no loss of the effectiveness of HCl-produced ClO2 solutions. On the day of
experimentation, the concentration of ClO2 in each stock solution was measured using
Chlordioxid-Test kit (EMD Millipore Corp., Burlington, MA, USA). The stock solutions
were diluted with distilled water to 2.5, 5 and 10 ppm to treat papayas. The pH of each
diluted solution was determined.

2.5.2. Washing Papayas with Aqueous ClO2 and Individual Acid Solutions

To wash artificially contaminated papayas, each papaya was inoculated with
S. Typhimurium or L. monocytogenes as described in Section 2.2 and then submerged
into a sterile container containing 1 L of ClO2 made with HCl, lactic acid or malic acid at
concentrations of 2.5, 5 and 10 ppm. The submerged papayas were mildly stirred at a rate of
150 rpm for 5 min [45]. Subsequently, the washed fruits were dried under a biosafety hood
for 15 min. After drying, the marked surface was sterilely cut and homogenized in 25 mL of
PBS + T buffer at 250 rpm for 1 min. The homogenate was serially diluted and plated by the
agar overlay method with XLD and MOX agar for the selection of S. Typhimurium and L.
monocytogenes, respectively. Bacterial populations were expressed as log CFU/papaya, and
the detection limit was 2.40 log CFU/papaya. Washing with distilled water and 200 ppm
bleach (sodium hypochlorite (NaClO), pH 6.5) diluted from Clorox® (6.0% NaClO, The
Clorox Company, Oakland, CA, USA) served as the control treatments.

Acid solutions were prepared by adjusting 1 L of distilled water individually with
1 M HCl, 1 M lactic acid or 1 M malic acid to the pH of 10 ppm ClO2 made with the
corresponding acid. Papayas inoculated with S. Typhimurium or L. monocytogenes were
washed with the acid solutions, and the remaining bacteria were collected and enumerated
following the procedures described above.

2.5.3. ClO2 Residue on Papaya Surface after Washing

Papayas were washed with tap water and dried on a lab bench for 1 h. Subsequently,
the papayas were washed with 1 L of ClO2 made with HCl, lactic acid or malic acid at
concentrations of 5, 10 and 20 ppm. After drying for 15 min, the papayas were placed in
1-gallon Ziploc bags containing 100 mL distilled water. The papayas surfaces were hand
massaged and rinsed thoroughly for 2 min, followed by filtering the rinse water into a
flask [46]. 10 mL of the filtrate was collected and measured for ClO2 concentration using
Chlordioxid-Test kit. The detection limit was 0.02 mg/L in the undiluted filtrate. The ClO2
concentration was converted into mg/kg papaya.

2.6. Statistical Analysis

All experiments were conducted in three independent replicates. Bacterial cultures
were separately grown following the same procedure for each replicate. ClO2 solutions
were prepared freshly for each replicate. Data were reported as mean ± standard deviation
(SD). Analysis of variance and Tukey’s multiple comparison test were performed using
SSPS software (IBM® SPSS® Statistics 24.0 for Windows, IBM Corp., Armonk, NY, USA).
A significance level of 0.05 was used to determine the differences between the means of
treatment groups.
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3. Results and Discussion
3.1. Recovery of S. Typhimurium and L. monocytogenes Cells from Whole Papaya Surface as
Affected by Homogenization Parameters and Enumeration Methods

Statistical analysis revealed no interactions among homogenization parameters, and
only buffer significantly affected the bacterial count (p < 0.05). For S. Typhimurium
(Table 1), papayas homogenized in buffers with the non-ionic surfactant Tween 80 resulted
in significantly higher bacteria counts than those homogenized in peptone water alone.
Tween 80 interrupts the hydrophobic interactions between bacteria cells and papaya surface
and promotes the detachment of cells [47]. Papayas homogenized in the combination of PBS
and Tween 80 (PBS + T) had the highest S. Typhimurium counts; an average of 5.36 log CFU
was recovered from the initial inoculum of approximately 7 log CFU. Among all treatments,
homogenization at 150 rpm for 5 min using XLD plating resulted in the highest recovery of
5.64 log CFU from papaya surface. For L. monocytogenes (Table 2), homogenization in PBS
+ T collected significantly more cells than in PBS alone (p < 0.05). Homogenization time,
speed or plating method did not play a significant role in the collection. Homogenization
at 150 rpm for 5 min by the agar overlay method resulted in the highest count of 5.09 log
CFU. However, homogenization at 250 rpm for 1 min also resulted in relatively high
L. monocytogenes counts. Homogenization at 250 rpm for 1 min was chosen for collecting
S. Typhimurium and L. monocytogenes from papaya surface to maintain the time efficiency
and consistency of the experiment. Even though the agar overlay method did not result
in significantly higher bacteria counts than using selective agar alone, incubating on non-
selective media before adding selective media would help recover bacteria cells injured by
sanitizers [43]. It is an essential step to avoid over-estimation of the antimicrobial efficiency
of sanitizers. Therefore, homogenizing the inoculated papaya piece in PBS + T at 250 rpm
for 1 min was chosen, and the homogenate was decided to be plated by overlaying selective
agar on PCA.

Table 1. S. Typhimurium population (log CFU) recovered from papaya surface as affected by homogenization buffer, time
(min), speed (rpm) and enumeration methods *.

Buffer

1 Min 5 Min

Average150 Rpm 250 Rpm 150 Rpm 250 Rpm

XLD PCA +
XLD XLD PCA +

XLD XLD PCA +
XLD XLD PCA +

XLD

PBS 5.31 ± 0.65 5.34 ± 0.84 4.91 ± 0.38 4.95 ± 0.44 5.14 ± 0.29 5.38 ± 0.18 4.86 ± 0.82 4.81 ± 0.99 5.11 ± 0.57
a,b

PEPT 4.77 ± 0.50 4.80 ± 0.43 4.99 ± 0.52 5.05 ± 0.46 4.57 ± 0.47 4.85 ± 0.67 4.74 ± 0.32 4.54 ± 0.22 4.77 ± 0.40 b

PBS + T 5.08 ± 0.26 5.18 ± 0.30 5.43 ± 0.38 5.55 ± 0.34 5.64 ± 0.46 5.39 ± 0.49 5.29 ± 0.10 5.31 ± 0.07 5.36 ± 0.33 a

PEPT + T 5.08 ± 0.87 5.25 ± 0.74 5.26 ± 0.47 5.45 ± 0.41 5.07 ± 0.34 5.49 ± 0.28 5.39 ± 0.50 5.41 ± 0.24 5.28 ± 0.45 a

* “PBS”, “PEPT”, “PBS + T” and “PEPT + T” stand for phosphate buffered saline, 0.1% peptone water, PBS with 0.2% Tween 80 and 0.1%
peptone water with 0.2% Tween 80, respectively. Enumeration methods “XLD” and “PCA + XLD” stand for xylose lysine deoxycholate
agar and plate count agar overlaid with XLD, respectively. Numbers are mean ± standard deviation (n = 3). No significant interactions
were found between the factors. Means in the same column with different superscripts are significantly different (p < 0.05).
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Table 2. L. monocytogenes population (log CFU) recovered from papaya surface as affected by homogenization buffer, time
(min), speed (rpm) and enumeration methods *.

Buffer

1 Min 5 Min

Average150 Rpm 250 Rpm 150 Rpm 250 Rpm

MOX PCA +
MOX MOX PCA +

MOX MOX PCA +
MOX MOX PCA +

MOX

PBS 4.23 ± 0.49 4.49 ± 0.75 4.79 ± 0.17 4.76 ± 0.20 4.60 ± 0.81 4.50 ± 0.74 4.36 ± 0.58 4.35 ± 0.59 4.51 ± 0.52
b

PEPT 5.02 ± 0.21 4.55 ± 0.62 4.84 ± 0.55 4.67 ± 0.45 4.89 ± 0.76 4.30 ± 0.37 4.57 ± 0.60 4.61 ± 0.45 4.68 ± 0.49
a,b

PBS + T 4.97 ± 0.29 4.61 ± 0.33 4.97 ± 0.13 4.93 ± 0.15 4.92 ± 0.48 5.09 ± 0.19 5.08 ± 0.3 4.94 ± 0.01 4.94 ± 0.25
a

PEPT + T 4.96 ± 0.63 4.54 ± 1.03 4.85 ± 0.58 4.88 ± 0.55 4.62 ± 0.83 4.38 ± 0.89 4.55 ± 1.04 4.49 ± 0.97 4.66 ± 0.73
a,b

* “PBS”, “PEPT”, “PBS + T” and “PEPT + T” stand for phosphate buffered saline, 0.1% peptone water, PBS with 0.2% Tween 80 and 0.1%
peptone water with 0.2% Tween 80, respectively. Enumeration methods “MOX” and “PCA + MOX” stand for modified Oxford agar and
plate count agar overlaid with MOX, respectively. Numbers are mean ± standard deviation (n = 3). No significant interactions were found
between the factors. Means in the same column with different superscripts are significantly different (p < 0.05).

pH values of the above-mentioned homogenates were measured with uninoculated
samples to compare buffering capacity between homogenization buffers. Even with careful
excision, papaya flesh attached to the skin could acidify the homogenate. Papaya flesh has
a pH of 4.87–5.7 [16,18]. This pH range does not inhibit the growth of S. Typhimurium
or L. monocytogenes; however, it could influence the recovery of cells injured by desicca-
tion [43]. Tian et al. incubated sublethally injured E. coli O157:H7 cells in nutrient broth at
pH 4.0, 5.0, 6.0, 7.2 and 8.0. They found that the cells showed no significant recovery at
pH 4.0 and 8.0 whereas the cells recovered by 0.48, 0.49 and 0.72 log CFU/mL in pH 5.0,
6.0 and 7.2, respectively, indicating that pH even at relatively high levels (5.0 and 6.0)
did affect the recovery of sublethally injured cells [48]. Shown in Table 3, homogenizing
papaya skin in different buffers resulted in significant differences in homogenate acidity in
a descent order of PBS, PBS + T, PEPT, water and PEPT + T (p < 0.05). The initial pH value
of each buffer was measured with PBS, PBS + T and water being neutral whereas PEPT
and PEPT + T being slightly acidic (pH = 6.5–6.7). PBS is known for its high buffering
capacity, whereas water and peptone water have little buffering capacity. When mixed
with the papaya juice, the pH of water and peptone water decreased to 5.89–6.26. The pH
of the homogenate may affect the state of cells, and this is consistent with the higher cell
counts observed in PBS + T. Peptone water is often used in studies involving fresh pro-
duce [20,23,49]. Researchers should carefully select homogenization buffers since peptone
water alone may lead to experimental errors in studies with acidic produce.

Table 3. pH of papaya skin homogenate as affected by homogenization buffer type, time (min) and
speed (rpm) *.

Buffer
1 Min 5 Min

Average
150 Rpm 250 Rpm 150 Rpm 250 Rpm

PBS 7.19 ± 0.08 7.20 ± 0.09 7.21 ± 0.06 7.22 ± 0.09 7.21 ± 0.07 a

PEPT 6.32 ± 0.07 6.19 ± 0.28 6.37 ± 0.25 6.18 ± 0.05 6.26 ± 0.18 b

PBS + T 7.11 ± 0.06 7.08 ± 0.06 7.44 ± 0.56 7.12 ± 0.06 7.19 ± 0.29 a

PEPT + T 5.88 ± 0.27 5.87 ± 0.21 5.79 ± 0.06 6.03 ± 0.23 5.89 ± 0.20 c

Water 6.05 ± 0.22 6.03 ± 0.17 6.10 ± 0.14 5.82 ± 0.08 6.00 ± 0.17 c

* “PBS”, “PEPT”, “PBS + T” and “PEPT + T” stand for phosphate buffered saline, 0.1% peptone water, PBS
with 0.2% Tween 80 and 0.1% peptone water with 0.2% Tween 80, respectively. Numbers are mean ± standard
deviation (n = 3). No significant interactions were found between the factors. Means in the same column with
different superscripts are significantly different (p < 0.05).
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3.2. Behavior of Pathogenic Bacteria on Whole Papayas Stored at Different Temperatures

With about 7 log CFU of initial inocula, 5.46 and 4.67 log CFU S. Typhimurium
and L. monocytogenes were detected on papaya surfaces on day 0, respectively (Figure 1).
Bacteria response to environmental stress differently. Salmonella showed higher desicca-
tion tolerance than L. monocytogenes in powdered infant formula and desiccated shredded
coconut [50,51]. S. Typhimurium had an interesting survival and growth pattern. At 21 ◦C,
the population increased gradually to 7.34 log CFU on day 14. At 7 ◦C, S. Typhimurium
level decreased to 4.10 log CFU on day 7 and then increased to 6.18 log CFU at the end
of the storage period (Figure 1A). Intrinsic factors of fruit, including surface roughness,
surface hydrophobicity, nutrient and moisture availability and background flora, may affect
the behavior of foodborne pathogenic bacteria on the fruit [8]. At ambient temperature,
S. enterica level remained stable on whole mangos stored at 20–22 ◦C for nine days [52].
Salmonella was reduced by about 5 and 2 log CFU at high (~7 log) and low (~4 log) inocula-
tion levels, respectively, on whole kiwifruits stored at room temperatures for 10 days [14].
On whole cucumbers stored at 23 ◦C, Salmonella level significantly increased by 1.7 log CFU
within the first day of inoculation and remained stable for four days [53]. Looking at the
fruit type alone, at commercial cold storage conditions (7–12 ◦C), S. Typhimurium level did
not significantly change on whole papaya or mango at the end of the storage period [54].
However, Salmonella tended to decrease over time on other fruits, such as passionfruit,
strawberry, cucumber and peppers [53–56]. Different from other tropical fruits, sugar
accumulates on papaya surfaces as ripening progresses, which provides more nutrients
for the attached microorganisms. Naturally present yeast may also aid the growth of S.
Typhimurium by their saccharolytic interactions with the compounds permeated through
papaya skin [57].

L. monocytogenes showed a major increase from 4.67 to 5.60 log CFU during the
1st day of storage at 21 ◦C, and then gradually grew to 5.91 log CFU in the following
13 days. At 7 ◦C, L. monocytogenes level remained stable on papayas for 14 days (Figure 1B).
The behavior of L. monocytogenes on fruits varies. L. monocytogenes grew on whole cucum-
bers stored at 4 ◦C and grew on fresh Gala apples stored at 5 ◦C and 25 ◦C [53,57]. However,
on Granny Smith apples, 1.5 log CFU and 0.5–1.2 log CFU reductions were observed at
25 and 22 ◦C, respectively, in two studies [13,57]. The reductions of L. monocytogenes on
whole cantaloupe and mango were also reported [12,49]. Aside from the intrinsic differ-
ences of the fruits, initial inoculation levels and the carrying capacity of the fruit may
contribute to the varied behavior of L. monocytogenes [8,18]. Approximately three-fold
more L. monocytogenes died on whole kiwi fruits inoculated with 7 log CFU than those
inoculated with 4 log CFU at room temperature over 10 days [14]. In the case of organic
Granny Smith apples, L. monocytogenes decreased by 1.8 and 0.7 log CFU at inoculation
levels of 6.3 and 3.0 log CFU, respectively, at 22 ◦C over two weeks [13]. Papayas could
have a higher carrying capacity than the above-mentioned fruits, leading to the growth
of L. monocytogenes on papayas even at a relatively high inoculation level. Regardless,
L. monocytogenes is known for its ability to adapt to cold temperatures through mechanisms
of alternating membrane fatty acid composition, synthesizing cold shock proteins and cold
acclimation proteins and activating energy providing pathways such as glycolysis [58].

S. Typhimurium and L. monocytogenes showed abilities to survive and grow on papaya,
and hence effective sanitation methods are essential for papaya production.

166



Foods 2021, 10, 1871

Figure 1. Behavior of S. Typhimurium (A) and L. monocytogenes (B) on whole papayas at 21 and 7 ◦C.
Error bars are standard deviations (n = 3). Different lower-case letters horizontally indicate significant
differences between the means of different time points at each temperature (p < 0.05). Different
upper-case letters vertically indicate significant differences (p < 0.05) between the means of different
temperatures at the same time point. “a*” means p values were marginal, which were 0.058 and 0.059
on day 10 and day 14, respectively, compared with day 0.

3.3. Inactivation of S. Typhimurium and L. monocytogenes on Whole Papayas Using
Aqueous ClO2

Figure 2A shows S. Typhimurium reduction by water, aqueous ClO2, and bleach
on whole papayas. 10 ppm of ClO2 was significantly more effective than 2.5 and 5 ppm
(p < 0.05). 10 ppm of ClO2 reduced S. Typhimurium from the initial inoculation level
of 7.5 log CFU to an undetectable level. 200 ppm of bleach achieved the same result.
Malic acid-produced ClO2 reduced S. Typhimurium by 6.23 and 6.90 log CFU at 2.5 and
5 ppm, respectively. HCl- and lactic acid-produced ClO2 reduced S. Typhimurium by
4.20 and 5.05 log CFU, and 3.89 and 4.67 log CFU at 2.5 and 5 ppm, respectively. Overall,
ClO2 solutions generated with malic acid inactivated significantly higher numbers of
S. Typhimurium than the solutions generated with HCl or lactic acid (p < 0.05). 1.74–2.01
and 0.86–1.97 log CFU/cm2 Salmonella was inactivated in 100 ppm free chlorine and 80 ppm
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peracetic acid with scrubbing by sponges/microfiber, respectively [35]. Comparing with
these results, the microbial reduction on papayas achieved by immersing in ClO2 for 5 min
seems more effective.

Figure 2. S. Typhimurium (A) and L. monocytogenes (B) reduction by water, 200 ppm bleach, and
aqueous ClO2 generated by mixing NaClO2 with HCl, lactic acid or malic acid on whole papayas.
Error bars are standard deviations (n = 3). Bars labeled with different letters indicate significant
differences between the means of treatments (p < 0.05). Lines labeled with “*” indicate significant
differences between ClO2 groups made with different acids (“*”, p < 0.05; “**”, p < 0.01).

Water treatment only removed 2.56 log CFU of S. Typhimurium from papaya surface,
whereas 4.47 log CFU of L. monocytogenes was removed by water (Figure 2). This may be par-
tially due to that S. Typhimurium attached stronger to papaya surfaces than L. monocytogenes.
In a study conducted by Collignon and Korsten [42], S. Typhimurium adhered to peach im-
mediately after contact, whereas L. monocytogenes required 60 s for the adhesion.
Higher numbers of S. Typhimurium cells were observed in one hour than L. monocytogenes
on peach.

ClO2 produced with HCl did not show higher effectiveness in reducing L. monocy-
togenes than water (Figure 2B). ClO2 produced using lactic acid had increased bacterial
reductions than HCl-produced ClO2 at 5 and 10 ppm but with large variations. Malic acid-
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produced ClO2 showed the highest L. monocytogenes reduction among all ClO2 treatments.
However, there was no significant difference between the three tested concentrations.
The group treated with ClO2 made with malic acid showed statistically higher bacterial
reduction than the group treated with ClO2 made with HCl (p < 0.05). 2.5, 5 and 10 ppm
of malic acid-generated ClO2 reduced L. monocytogenes by 7.20, 6.63 and 8.04 log CFU,
respectively. These reductions were higher than the L. monocytogenes reductions on apples,
lettuce, strawberries and cantaloupe treated with 5 ppm ClO2 made with phosphoric acid
(~5.6 log CFU) [59]. L. monocytogenes-contaminated papayas treated with 200 ppm bleach
also showed a relatively large variation with an average reduction of 5.5 log CFU, which
was lower than all samples treated with malic acid-generated ClO2. However, the con-
centration of bleach was much higher than that of ClO2, indicating the high antimicrobial
efficiency of ClO2. This result agrees with the higher reduction of L. monocytogenes on
blueberries treated with 10 ppm ClO2 (1.7 log CFU/g) than those treated with 200 ppm
chlorine (1.0 log CFU/g) for 5 min [23].

ClO2 generated with malic acid inactivated significantly more S. Typhimurium and
L. monocytogenes than ClO2 generated with HCl. This result is consistent with our previous
observation of the high antimicrobial efficiency of ClO2 generated with organic acids.
In particular, malic acid-generated ClO2 had higher efficacy in killing S. Typhimurium
and L. monocytogenes than HCl-, sodium bisulfate-, citric acid- and lactic acid- generated
ClO2 [38]. This conclusion was drawn from experiments conducted on bacteria cell sus-
pensions and Romaine lettuce. We hypothesized that synergistic effects between ClO2 and
the excessive organic acids in the ClO2 solutions may contribute to the high antimicrobial
efficiency of organic acid-generated ClO2. We treated contaminated papayas with indi-
vidual acid solutions to confirm this hypothesis. Since the pH of ClO2 decreased with the
increase of its concentration (data not shown), pH values corresponding to 10 ppm ClO2
were selected for the decontamination experiments with acids alone. This means the pH
of HCl, lactic acid and malic acid solutions were adjusted to 3.15, 3.42 and 3.36, respec-
tively. S. Typhimurium on papayas treated with the acids was reduced by 2.45–3.01 log
CFU, which was not significantly different from the samples treated with water (Table 4,
p > 0.05). Similarly, L. monocytogenes on papayas treated with the acids was reduced by
3.58–3.91 log CFU and was not significantly different from the samples treated with water
(p > 0.05). Hence these results confirmed the high antimicrobial effect of ClO2 solutions
made with malic acid and lactic acid was contributed little by the excessive organic acids,
but rather a synergistic effect between ClO2 and organic acids. The combination treatment
of 2.0% lactic acid and 10 ppm ClO2 resulted in higher reductions of S. Typhimurium and
L. monocytogenes on blueberries than the treatments by each sanitizer alone [60]. On papaya,
ClO2 produced with lactic acid interestingly had similar killing effects to ClO2 produced
with HCl, yet ClO2 produced with malic acid still performed better than that with HCl.
In many studies, lactic acid was either better or as good as malic acid in the inactivation
of pathogens when used alone as the sanitizers [61,62]. The synergistic effect somehow
altered the antimicrobial efficiency of lactic acid and malic acid. Another factor may con-
tribute to the altered antimicrobial efficacy of the organic-acid-generated ClO2 compared
with HCl-generated ClO2 is the intermediate compounds produced in the ClO2 solutions.
ClO2 solution is a mixture of pure ClO2 and oxidative chlorine compounds such as ClO2−,
ClO3−, free chlorine (Cl2), hypochlorous acid (HOCl) and hypochlorite ion (OCl−) [32].
These oxy-species varies in oxidation capacity and stability. Since the pKa values of lactic
acid and malic acid are different, ClO2 solutions generated with the two organic acids
reach equilibrium differently and have different intermediate compound compositions.
Measures of the intermediate compound compositions and their chemical oxygen demand
would help further understand the mechanisms underlining the different antimicrobial
efficacies between various ClO2 solutions.
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Table 4. S. Typhimurium and L. monocytogenes reduction (log CFU) by water, HCl, lactic acid and
malic acid on whole papayas *.

Acid S. Typhimurium L. monocytogenes

Water 2.41 ± 0.24 3.86 ± 0.09
HCl 3.01 ± 0.42 3.58 ± 0.19

Lactic acid 2.77 ± 0.18 3.64 ± 0.43
Malic acid 2.45 ± 0.15 3.91 ± 0.43

* Numbers are mean ± standard deviation (n = 3). No statistical significance was found between treatments
within each column.

Additionally, CFR Sec. 173.300 specifies that ClO2 can be used in fresh produce wash
with a rinse procedure, and ClO2 residue in the wash water of the applied fresh produce
should not exceed 3 ppm [25]. EPA also specifies that ClO2 is allowed to rinse fruits and
vegetables at a concentration of 5 ppm [63]. Some literature also suggests that the residue
on the washed produce should not exceed 3 ppm [64,65]. In this study, the ClO2 residue on
papayas after being treated with 5, 10 and 20 ppm ClO2 solutions ranged from 8.0 × 10−5

to 6.2 × 10−3 mg/kg, which were far below 3 ppm (Table 5). These numbers were also far
below the EPA regulation of 0.8 mg/L ClO2 residue in public drinking water [27]. Tomatoes
and strawberries treated with 0.5 ppm gaseous ClO2 for 10 min had 0.09 and 0.37 mg/kg
ClO2 residue [29]. ClO2 residue on produce treated with gaseous ClO2 was much higher
than ClO2 residue on papayas treated with aqueous ClO2, providing insights into safety
concerns in the application of ClO2. However, future studies of ClO2− reside on food matrix
treated with ClO2 should be carried out as ClO2− and ClO3− are harmful disinfection
by-products (DPBs) that can cause anemia and thyroid dysfunction in animals [26].

Table 5. ClO2 residue (mg/kg) on papaya surface after being washed with ClO2 *.

Acid Used to Generate ClO2
Concentration of ClO2 Wash Solution

5 ppm 10 ppm 20 ppm

HCl 7.8×10 −4 ± 1.4×10−3 <3.7×10−7 <4.0×10−7

Lactic acid <3.6×10−7 8.0×10 −5 ± 1.4×10−4 6.2×10 −3 ± 3.9×10−3

Malic acid <3.6×10−7 <3.3×10−7 <3.6×10−7

* Numbers are mean ± standard deviation (n = 3).

4. Conclusions

To provide potential solutions to the emerging issue of foodborne illness outbreaks
associated with whole papayas, this study investigated the survival of S. Typhimurium
and L. monocytogenes on whole papaya during storage at 21 and 7 ◦C and determined the
efficiency of aqueous ClO2 in inactivating the two pathogenic bacteria on whole papaya.
Temperature played a significant role in the survival and growth of the bacteria on the
fruit. S. Typhimurium grew by 1.88 log CFU on whole papaya in 14 days at 21 ◦C and
remained at the initial inoculation level at 7 ◦C. L. monocytogenes grew by 0.93 log CFU
on papaya during the 1st day of storage at 21 ◦C; the level remained stable thereafter
at 21 ◦C and at 7 ◦C. The acid used to produce aqueous ClO2 influenced the killing
efficiency of ClO2 against these pathogenic bacteria. ClO2 solutions generated with malic
acid reduced significantly higher levels of S. Typhimurium and L. monocytogenes than the
solution generated with HCl. Methodology wise, we optimized the methods for recovering
pathogenic bacteria cells from papaya surface, which was a crucial step evaluating bacterial
behavior on fresh produce. This study also provided information on ClO2 residue on
the washed papayas. These results give insights on risk assessment and management of
microbiological safety issues associated with whole papaya. Further studies including
the intermediate compound compositions in various ClO2 solutions and the residue of
DPBs on ClO2 treated food matrix are suggested to better understand the antimicrobial
mechanisms and safety concerns regarding using aqueous ClO2.
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Abstract: Salmonellosis is the second most reported gastrointestinal disorder in the EU resulting from
the consumption of Salmonella-contaminated foods. Symptoms include gastroenteritis, abdominal
cramps, bloody diarrhoea, fever, myalgia, headache, nausea and vomiting. In 2018, Salmonella
accounted for more than half of the numbers of foodborne outbreak illnesses reported in the EU.
Salmonella contamination is mostly associated with produce such as poultry, cattle and their feeds
but other products such as dried foods, infant formula, fruit and vegetable products and pets have
become important. Efforts aimed at controlling Salmonella are being made. For example, legislation
and measures put in place reduced the number of hospitalizations between 2014 and 2015. However,
the number of hospitalizations started to increase in 2016. This calls for more stringent controls at the
level of government and the private sector. Food handlers of “meat processing” and “Ready to Eat”
foods play a crucial role in the spread of Salmonella. This review presents an updated overview of the
global epidemiology, the relevance of official control, the disease associated with food handlers and
the importance of food safety concerning salmonellosis.

Keywords: food safety; food handling; food hygiene; Salmonella; Salmonellosis; foodborne illness

1. Introduction

Food poisoning due to pathogens is a major issue of public health concern worldwide
with countries expending many resources to overcome it. Bacterial food infections are
a source of worry for developed and developing countries. In Europe, Salmonella and
Campylobacter are the most important causes of foodborne illness [1,2]. The European Centre
for Disease Prevention and Control, ECDC, [3] asserts that aside from campylobacteriosis
which had 246,571 reported cases, Salmonella is responsible for the highest number of human
infections causing illnesses in 91,857 people in the EU in 2018. A foodborne outbreak is
defined as an “incident during which at least two people contract the same illness from the
same contaminated food or drink” [3]. There were 5146 reported foodborne outbreaks in
2018 from the EU Member States resulting in illnesses to 48,365 people. Salmonella alone
accounted for 33% of these outbreaks.

Salmonellosis is linked to the consumption of Salmonella-contaminated food products
mostly from poultry, pork and egg products. Poor hand washing and contact with infected
pets are some of the contamination routes [4]. When infective doses are ingested, the
pathogen causes sickness by colonizing the intestinal tract. The Salmonella outbreak in
Slovakia, Spain and Poland that resulted in 1581 cases was directly linked to infected
eggs [4]. It is increasingly becoming a major concern with the global push towards ready-
to-eat food products [5]. This group of products is of greater concern because of the minimal
heating they are subjected to. The fact they can be consumed without high heat treatment
further increases the risk.

This review presents an updated overview of the global epidemiology, the relevance
of official control, the disease association with food handlers and the importance of food
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safety to salmonellosis. Furthermore, numerous control measures for salmonellosis have
been discussed.

2. Salmonella

Salmonella is a Gram-negative bacterium that uses flagella for movement. Salmonel-
losis is regarded as a foodborne infection of the gastrointestinal tract and has been reported
to have high incidence rates. The causative organism can pass from the faeces of an infected
person or animal to healthy ones [6]. There are more than 2500 recognized serotypes [7].

Salmonella is known to survive for extended periods in low moisture food products [8].
Table 1 shows how long different serotypes survive in dry products. Its ability to survive
in low moisture environments is a problem with spices and herbs that are used globally
because if contaminated, these organisms survive for extended periods. Worldwide trade
of spices and herbs means these organisms could travel and break geographical barriers [9].

Table 1. Salmonella survival times in low water activity environments.

Food Salmonella Serotypes Survival Times Reference

Dried milk products
S. Infantis,

S. Typhimurium,
S. Eastbourne

≤10 months [10]

Desiccated
plastic surface

Pasta

S. Typhimurium SL 1344,
S. Infantis,

S. Typhimurium,
S. Eastbourne

<100 weeks [11]
≤12 months [12]

Milk chocolate
S. Infantis,

S. Typhimurium,
S. Eastbourne

>9 months at 20 ◦C [13]

Bitter chocolate S. Eastbourne ≤9 months at 20 ◦C [13]

Halva S. Enteritidis >8 months at
refrigeration temp [14]

Peanut butter

S. Agona,
S. Enteritidis,
S. Michigan,

S. Montevideo,
S. Typhimurium

≤24 weeks at 5 ◦C
≤6 weeks at 21 ◦C [15,16]

Paprika powder multiple serotypes >8 months [17]

2.1. Occurrence of Salmonella

Salmonellae live in the gastrointestinal tracts of domestic and wild animals [18].
A study by Munck et al. [4] identified nine potential sources of Salmonella: avian, bio
solids-soil-compost, companion animals, equine, poultry, porcine, reptile, ruminant, and
wildlife. Wild birds have been known to be a reservoir of these bacteria. The organism
resides in the intestines of infected birds and may not cause obvious clinical symptoms
except intermittent fevers. Migratory birds are a particular concern. For example, there are
several points in the Ukraine where these migratory birds’ nest on their journeys between
Europe to Africa and Asia [19]. These areas are considered hot spots for Salmonella from
where the pathogen is distributed to different parts of the world.

Domestic animals are also Salmonella reservoirs. In 2019, it was estimated that about
12 million people, that is 40% of the households, in the UK owned pets. Dogs and cats are
top on the list but exotic pets such as reptiles, birds, etc. are also kept more frequently [20].
As early as the 1940s, it was proven that humans can get Salmonella from reptiles [21].
Bjelland et al. [22] found that 43% of Norwegian reptiles shed Salmonella. The Centre
for Food Security and Public Health [23] indicated that 93,000 human cases resulted
from human association with reptiles. Table 2 gives an overview of salmonellosis cases
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associated with pets and domesticated animals. Salmonellosis is chiefly a foodborne
infection but 7% of human salmonellosis is related to reptiles [23]. These reptiles carry
the bacteria in their intestinal tract and shed them through their faeces. This is especially
a problem when children are involved with these pets as children belong to a high-risk
group. Finlay et al. [21] indicated that Salmonella cannot be eliminated from reptiles with
the use of antibiotics, as a treatment only increase their antibiotic resistance. Humans,
especially infected food handlers, and contaminated environments are also major reservoirs
of Salmonella [24].

Table 2. Salmonella outbreaks involving pets/pet foods.

Salmonella
Strains Pet/Pet Food Product Cases Locations

Affected References

S. Typhimurium Small Pet Turtles 34 reported cases and
11 Hospitalizations 9 [25]

S. Oranienburg Small Pet Turtles 26 reported cases and
8 Hospitalizations 14 [26]

S. Cerro
S. Derby

S. London
S. Infantis

S. Newport
S. Rissen

Pig Ear Pet Treats 154 reported cases and
35 hospitalizations 35 [27]

Salmonella spp. Backyard Poultry
1134 reported cases,
219 hospitalizations

and 2 deaths
49 [28]

Salmonella spp. Poultry in Backyard
Flocks

1120 reported cases,
249 hospitalizations

and 1 death
48 [29]

S. Reading Paws Ground Turkey
Food for Pets 90 reported cases 26 [30]

Salmonella spp. Reptiles 449 hospitalizations Ireland [31]

2.2. Epidemiology and Pathogenicity

The severity of Salmonella infections is dependent on the specific strain responsible for
the infection and on the health status of the host. Children below the age of 5, the elderly
and immunocompromised adults represent a specific group that is more susceptible to
salmonellosis [32].

Salmonellosis is often characterized by stomach flu (gastroenteritis). This illness is
accompanied by nausea, vomiting, abdominal cramps and bloody diarrhoea. It is also
associated with headache, feverish conditions and myalgia. The continuous loss of body
fluids may result in dehydration especially for infants and the elderly [23]. Salmonellosis
is a self-limiting illness that ceases in a week, but deaths have been recorded especially
in vulnerable population groups such as very young, elderly and immunocompromised
persons [32]. Kurtz, Goggins and McLachlan [33] assert that in cases where salmonellosis
becomes systemic, enteric fevers can arise after gastroenteritis and enterocolitis have
waned. Enteric fever is a common symptom when S. Typhi is the causative organism.
These cases are characterized by fever, anorexia, headache, lethargy, myalgia, constipation,
and other non-specific symptoms. When resulting in septicemia or meningitis, the disease
can be fatal.

Reactive arthritis (ReA) or Reiter’s syndrome is a reactive inflammation of the joints
that occurs after a gastrointestinal or genitourinary infection. However, its pathogenesis
is currently not fully understood [34]. It affects adults between the ages of 20–40 and
symptoms may include: painful joint inflammations, eye inflammation, discomfort in
urination, swollen toes and fingers, lower back pain, rash on soles and palms, etc. ReA
occurs due to Salmonella infection in 12 cases per 1000 globally [35]. In both the USA and
Europe, ReA has followed salmonellosis in about 15–17% of self-reported patients [36].
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There is no agreement on the role of genetics and the risk of having this disease. However,
some studies have shown a correlation between the possession of the HLA-B27 surface
antigens and the severity of the disease [32].

2.3. Food Products Associated with Salmonella

Salmonella Agona is a less known Salmonella serovar. Between the years 2007–2016,
it was responsible for 13 outbreaks resulting in 636 illnesses that required hospitalization
in the EU. Nine of these outbreaks were due to the consumption of contaminated foods
(Table 3). Chicken was responsible for two outbreaks in 2013, red meat for one outbreak
in 2014, pork for one outbreak in 2012, unspecified poultry meat for an outbreak in 2007,
mixed foods and bakery products were both vehicles for different outbreaks in 2017 [37].

Table 3. Food products involved in Salmonella outbreaks in Europe and United States.

Salmonella Strain Food Product Cases Locations
Affected References

S. Javiana Pre-cut fruits 165 reported cases and 73 hospitalizations 14 [25]

S. Newport Red Onions 640 reported cases and 85 hospitalizations 43 [38]

S. Javiana Fruit Mix 165 reported cases and 73 hospitalizations 14 [39]

S. Uganda Cavi Brand Whole, Fresh
Papayas 81 reported cases and 27 hospitalizations 9 [40]

S. Newport Frozen Raw Tuna 15 reported cases and 2 hospitalizations 8 [41]

S. Carrau Pre-Cut Melons 137 reported cases and 38 hospitalizations 10 [42]

S. Uganda Fresh Papayas 81 reported cases and 27 hospitalizations 9 [43]

S. Dublin Reblochon (bovine raw-milk
cheese) 83 reported cases and 41 hospitalizations and 10b deaths France [44]

S. Agona infant milk products 37 case and 18 were hospitalized France [45]

S. Infantis Raw chicken products 129 reported cases and 25 hospitalizations 32 [46]

S. Bovismorbificans uncooked ham products 57 cases and 15 hospitalizations Netherlands [47]

S. Mbandaka Kellogg’s Honey
Smacks Cereal 135 reported cases and 34 hospitalizations 36 [48]

S. Enteritidis PT14b* Egg and chicken products 287 reported cases and 78 hospitalizations North West and South
of England [49]

*b: Information provided by the National Reference Centre for Salmonella (NRC), without confirmation that cause of death was attributable
to Salmonella infection.

In accordance with EU Zoonosis Directive 2003/99/EC, Member States are required
to report sources and trends of zoonosis, zoonotic agents and foodborne outbreaks [50]. In
2016, S. Agona were isolated from 25 units of foods in 4 Member States and a non-Member
State. Approximately 68% of these samples were from meat from poultry. Other isolates
were from beef (3), pork (1), cheese from unpasteurized milk (1) and dried seeds (1) [50].
In the same year, 242 units of animals tested positive for S. Agona from chicken (209)
and turkey (25). These were reported by 11 Member States and two non-Member States.
Between the years 2004 and 2015, 608 units tested positive for S. Agona in different animal
feeds. A majority of them were related to oil seeds or fruit origin (243), then those feeds
sourced from land animals (64), another 64 came from unspecified feed sources, feeds
from marine animals (43), pet foods (30) while feed for poultry accounted for 28 [37].
However, S. Agona occurs less in eggs and its products, fish and its products and fruits
and vegetables. There was no report of it being present in “foodstuffs intended for special
nutritional uses” and “infant formula” [37]. In the United States, the two most common
strains remain Salmonella Typhimurium and Salmonella Enteritidis [51] but according to
outbreaks reported by the CDC in 2019, other strains have been responsible for several
foodborne illnesses, leading to hospitalizations and death as reported on (Table 3).

2.4. Salmonella and Vegetable Produce

Traditionally, plants are not recognized as hosts for human pathogens such as Salmonella
but in the last few decades, the niches for these organisms have changed [52]. Salmonella
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produces periplasmic enzymes with the ability to break plant surface barriers. How-
ever, the penetration of these enzymes into plant systems is dependent on pectin and
polygalacturonate processing (level of ripening) and physiological wounds [21,53].

Members of the Enterobacteriaceae family are capable of penetrating the stomata of
plant leaves [54], hydratodes [55] and roots [56]. Plants contaminated pre- or post-harvest
do not exhibit signs of spoilage [57] while the organisms contaminate the produce whether
pre-harvest or post-harvest [58].

On the farm, produce is exposed to Salmonella by contact with wildlife, contaminated
irrigation water, untreated manure [55,59–63]. Poor hygiene by fieldworkers, use of mobile
toilets and hand-washing stations increase the risk of pathogen dissemination at pre-
harvest [64] and during harvest [65]. After harvest, contamination of produce is mainly
due to poor hygienic practices [63,66].

In the United States, food poisoning outbreaks from raw eggs and seafood is on a de-
cline while outbreaks due to fruits and vegetables keep increasing [15,67], even though field
surveys carried out in the United States indicated that Salmonella contamination is low dur-
ing pre-harvest production. Fruits and vegetables have been associated with 130 outbreaks
since 1996 [15,42,67,68]. Bennett et al. [69] noted that tomatoes specifically were implicated
in 15 multi-state outbreaks of salmonellosis between 1990 and 2010. Traceback analysis
suggested that contamination happened during the production or processing stages.

Devleesschauwer et al. [70] noted that although salmonellosis outbreaks due to fruits
and vegetables have been well documented, their occurrence, however, remains sporadic.
Moreover, Devleesschauwer et al. [70] also stated that for outbreaks involving fruits and
vegetables to occur, a multitude of factors must come together. These factors include the
presence of vectors, level of crop maturity, physiological defects, presence of native biota
that may inhibit or promote human pathogens, type of irrigation practised, etc. The role of
environmental conditions and farm practices is also essential in determining the factors
that make plants susceptible to Salmonella proliferation both pre and post-harvest. The
study carried out by Devleesschauwer et al. [70] confirmed that harvesting tomatoes when
still green significantly reduces Salmonella infestation, as does harvesting after a period of
high humidity. Pre-harvest application of copper, iron, potassium, nitrogen or foliar sprays
did not affect post-harvest contamination.

3. Global Burden of Salmonellosis

Stanaway et al. [71], while reporting on the global burden of non-typhoidal Salmonella
invasive disease, asserted that non-typhoidal Salmonella remains a major cause of disease
and death worldwide. Malnourished young children, the elderly, immunocompromised
adults (such as HIV patients), sufferers of acute malaria and those with pre-existing debili-
tating sickness have greater risks. This infection can attack healthy hosts and in addition to
diarrhoea, causes bacteraemia, meningitis and infections in the tonsils. In 2017, Salmonella
enterocolitis caused 95.1 million disease conditions, 3.1 million disability-adjusted life-years
and 50,771 fatalities according to The Global Burden of Diseases, Injuries, and Risk Factors
Study (GBD) [71]. The Foodborne Disease Burden Epidemiology Reference Group (FERG)
of the WHO in 2010 reported that Salmonella was responsible for a total of 180M illnesses
and 298,496 deaths (Table 4).

Table 4. Global Burden of salmonellosis.

Salmonella Serovars Illnesses Deaths References

S. enterica, non-typhoidal 153,097,991 56,969 [72]
Invasive non-typhoidal S. enterica 596,824 63,312 [72]
Invasive non-typhoidal S. enterica 535,000 77,500 [71]

S. enterica Paratyphi A 4,826,477 33,325 [73]
S. enterica Typhi 20,984,683 144,890 [73]
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Food illnesses from invasive non-typhoidal S. enterica presented the highest disease
burden. This is due to the pervasive nature of this organism, the acute diarrhoea it
causes and frequent infection of children [74]. Kirk et al. [73] evaluated the health impact
of all the serotypes of Salmonella and concluded that it presents the greatest foodborne
burden. Combining data associated with S. enterica from both the invasive Non- Typhoidal
Salmonella (iNTS), Salmonella Typhi and Salmonella Paratyphi A and diarrheal infections, a
total of 8.76 million Disability-Adjusted Life Year (DALY) from all transmission sources
and 6.43 million attributed to infected foods.

In France, between 2008 and 2013, disease pathogens caused between 1.28–2.23 mil-
lion illnesses, 16,500–20,800 hospitalizations, and 250 deaths. Campylobacter spp., non-
typhoidal Salmonella spp., and norovirus were responsible for >70% of all foodborne
pathogen-associated illnesses and hospitalizations while non-typhoidal Salmonella spp.
and Listeria monocytogenes were the main causes of foodborne pathogen–associated deaths.
Salmonella spp. ranked third as the cause of foodborne illnesses (12%), second as a cause
for hospitalization (24%), and first as a cause of death (27%) [75]. Furthermore, Simpson
et al. [24] stated that salmonellosis is the second main cause of gastroenteritis in Australia
and the most common cause of food-related deaths in the world.

In the EU, there are more than 91,000 reported Salmonella infections each year [76]. In
2016, there were 94,530 human cases of salmonellosis reported in the EU with S. Enteritidis
accounting for 59% of all cases [50]. There was an increase of 11.5% in the trend of reported
food outbreaks compared with that of 2015 and S. Enteriditis was responsible for one
in six outbreaks in 2016. Salmonella was responsible for the highest health burden with
1766 hospitalizations (45.6%) and 50% of all deaths in outbreak cases [50]. In Australia,
gastroenteritis was responsible for about $811 million annually in costs associated with
treatments, deaths, loss of productive hours and government surveillance [24].

From 2009 to 2015, there was a drastic increase in hospitalizations due to salmonellosis
among the EU/EEA Member States. Concerted efforts by the European Commission and
stakeholders tried to level case numbers in 2015 at 12,510 hospitalizations. However, recent
data show the trend is rising again with 16,816 recorded hospitalizations in 2018. The
USDA ERS [77] estimated the economic cost of Salmonella (non-typhoidal) as $3.66B for
2014 to account for lost wages, medical costs, premature deaths, number of cases and
productivity losses. In the EU, these costs are estimated to exceed €3 billion a year [3].
Other studies as shown in (Table 5) recorded the cost of illness caused by salmonellosis.

Table 5. Cost of illness studies on salmonellosis.

Country Year (S) Cost Reference

UK 2018 £0.21 billion [78]
Sweden 2018 €25.6 million [79]

Australia 2015 AUD 146.8 million [80]
Canada 2000–2015 CAD 287.78 million [81]

Netherlands 2012 €6.8 million [82]
USA 2011 USD 394 million [41]

4. Control of Salmonellosis

The coordinated Salmonella control programs implemented by the EU are one of the
most celebrated milestones for the fight against zoonotic diseases. Before 2004, there
were over 200,000 reported human salmonellosis cases in 15 EU Member States but control
programs put in place reduced this number to 90,000 cases annually in the whole 28 Member
States [83]. This led to a reduction by half of the usual cases between 2005 and 2009. The
amended EU Regulation 2073/2005 requires the absence of Salmonella in 25 g of pooled
neck skin samples for broiler carcasses, turkey carcasses and most food types.

However, as evidenced by the Eurobarometer, Europeans are increasingly worried
about food safety due to contaminations from pathogenic bacteria. The rising trend of
reported cases makes activities aimed at increasing consumer awareness of these foodborne

180



Foods 2021, 10, 907

illnesses a requisite [3]. The European Union established an integrated approach to control
Salmonella in the food chain. This approach involved players at the top government level
of the EU Member States, the European Commission, the European Parliament, EFSA and
ECDC [76]. The EU took a drastic step to curtail the spread of Salmonella by applying
extended control programs and legislation that cover the routes of Salmonella exposure
(Table 6). Under this regulation, an absence of Salmonella is required in ready-to-eat foods.
Industrially, proof of its absence is a part of buying specifications for raw and finished
products. Its absence is taken as evidence of microbiological examination done to support
both HACCP control and due diligence. A microbiological criterion for Salmonella has been
written into law for diverse foods such as poultry products, molluscs, dairy, meat and meat
products, ready-to-eat foods, etc. [84].

Table 6. Legislations and Policies against Salmonellosis.

Organization Regulations/Policies Objective

European Commission

Regulation (EC) No 1177/2006 Overall implement acts on application of
antimicrobial agents and vaccines for poultry birds

Regulation (EC) No 2008/798/EC Overall implement acts for importing live birds
and eggs

Regulation (EC) No 517/2011 Reduction in flocks of laying hens

Regulation (EC) No 200/2010 Standard sampling and monitoring of Gallus gallus
to reduce Salmonella among breeding stocks

Decision (EC) No 1237/2007
Strict requirement mandating all eggs meant for

trade must follow national control programs across
the chain

Regulation (EC) No 200/2012 Standard sampling and monitoring for reduction
of Salmonella in broilers

Regulation (EC) No 1190/2012 Standard sampling and monitoring for reduction
of Salmonella in fattening and breeding turkeys

World Health Organization

Global Foodborne Infections
Network (GFN)

Ensuring efficient oversight of
antimicrobial-resistant Salmonella strains across the

food chain; acquiring and testing samples along
with data analysis

WHO Advisory Group on Integrated Surveillance of
Antimicrobial Resistance (AGISAR)

Working with FAO in prompt detection and
response to food outbreaks by supporting

national competent
authorities at such periods

International Network of Food Safety Authorities
(INFOSAN)

Provides risk assessment data that serve as
guidelines for international standards and

recommendations through the Codex Alimentarius
Commission

Regulation (EC) No 2160/2003 sets a Union target for each Member State to reduce
Salmonella in their poultry flocks from 10 to 40% based on their number in the previous
year. Every country must achieve at least a 2% reduction annually. However, Regulation
(EC) 270 No 517/2011 (Table 6) as amended sets a Union target of 1% or less for Gallus
gallus breeding flocks positive for Salmonella enteritidis, Salmonella infantis, Salmonella hadar,
Salmonella typhimurium, monophasic Salmonella typhimurium with the antigenic formula
1,4, [5],12:i:-, and Salmonella Virchow. Regulation 517/2011 requires sampling to be at
least once every 16 weeks compared to 200/2010 which required once every 15 weeks.
Commission Regulation (EU) No 1190/2012 (Table 6) which repealed 584/2008 requires
that the maximum percentage of Salmonella Enteritidis and Salmonella Typhimurium should
be less than or equal to 1% in both breeding and fattening turkeys.

Curtailing the spread of Salmonella involves controls that start from poultry production
on the farm until products get to the table of consumers. These controls have to be a farm to
fork systematic set of processes [85]. The WHO in 2018 gave recommendations for control
of Salmonella that cover the whole food chain. These efforts are aimed at strengthening
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food safety standards that enhance Salmonella surveillance efforts, educating consumers
and training food handlers on best practices in preventing Salmonella and other foodborne
diseases (Table 7). It further stressed the importance of national and regional surveillance
networks in identifying and monitoring this disease to forestall its detrimental activities
and halt its spread. The contact points between children and domesticated animals such as
cats, dogs and pet reptiles are mentioned as requiring supervision. The WHO works in
improving the effectiveness of national and regional laboratories in tackling salmonellosis.

Table 7. Control measures recommended by the WHO.

Recommendations Objectives

Prevention
methods

Prevention steps should be applied at all stages of the food
chain: from primary production, processing, distribution,
sales and consumption.

Salmonella prevention steps recommended in the food
handlers handbook should be followed.

The contact between children and domesticated animals
require supervision.

The public is advised to follow national and regional
surveillance systems on foodborne diseases to be aware,
detect and respond rapidly to salmonellosis outbreaks early
and halt the spread.

Recommendations for the public and
travellers

Food must always be cooked properly and served hot

Only pasteurized milk and its products should be consumed

Fruits and vegetables should be washed adequately
before consumption

Hands should be washed adequately after contacting animals
or using the restroom.

Ice meant for consumption must be made from potable water

Recommendations for food handlers

Food handlers should observe ingredients and follow
hygienic food preparation rules.

Provision of Five keys to safer food which provides a basis
for food safety training courses both for professionals and
consumers. They centre on: keeping clean, separating raw
from cooked foods,
cooking adequately, storing at correct temperatures and use
of potable water

Recommendations for producers of fruits
and vegetables

Practice good personal hygiene.

Faecal pollution should be avoided

Only treated faecal waste is permitted

Irrigation water should be treated and well managed.

Recommendations for producers of
aquaculture products

Practice good personal hygiene.

Pond environment should be clean

Water quality should be managed.

Harvest equipment should be hygienic

Ensure fish is healthy.

4.1. Food Hygiene Practices

Food hygiene refers to the encompassing conditions and measures that prevent food
contamination from production to consumption. Poor hygiene practices along the food
chain from slaughtering or harvesting, processing, storage, distribution, transportation
to preparation can expose the consumer to foodborne infections that may be fatal [86].
Proper food hygiene practices centre on cleanliness, separating raw meat from other
raw/cooked foods, cooking at correct temperatures and chilling (storing) foods before and
after cooking [87]. The USFDA [39] reported that poor hygiene during food handling can
lead to the spread of Salmonella in foods.
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Numerous foodborne outbreaks are associated with restaurants [88]. According to
CDC estimates, 59% of these outbreaks in the United States happened in the foodservice
industry [89]. The CDC estimates that 48 million people suffer from food-related illness,
128,000 are hospitalized and about 3000 subsequently die each year [48]. About 75% of
these cases are caused by poor food handling practices in restaurants [90,91].

The catering industry is expanding massively; from 2010 it had increased by 26.5%
and this trend is not abating [92]. In 2017 alone, the industry had a revenue of USD800
billion [93]. With this level of growth due to changing societal eating habits, there arises
a higher chance for outbreaks of foodborne disease. Food handlers have access to food
products when they are unwrapped, the equipment used in making them and places where
these unwrapped products are stored or displayed, and therefore can be potential sources
of contamination. Poor handling practice at this level is a high-risk factor for foodborne
outbreaks. It is therefore very important that workers have adequate food safety training
to sustain the industry [94].

4.2. Food Handler Effects

The Codex Alimentarius defines a food handler as “any person who directly handles
packaged or unpackaged food, food equipment and utensils, or food contact surfaces and
is therefore expected to comply with food hygiene requirements” [95]. Food handlers play
a major role in food production and serving. They are responsible for preparing the food
and this means they have more direct contact with food systems and can invariably be
agents of contamination. The chance for contamination largely depends on how healthy
the food handlers are, their personal hygiene, knowledge and application of food hygiene
rules [96]. Solomon et al. [97] reported on a study carried out involving 387 food handlers
in a meal-serving facility. A total of 159 (41%) of the food handlers had one or more
intestinal parasites and 35 Salmonella species were isolated from them. Another study was
done in Arba Minch University students’ cafeteria in Ethiopia involving 345 participants.
Stool cultures revealed that 6.9% were positive for Salmonella and 3% for Shigella [96]. The
prevalence of salmonellosis amongst people and food handlers, in this case, increases the
risk of food contamination by physical contact (i.e., touching the food with unwashed
hands). A food handler can directly cross-contaminate food during preparation by allowing
raw foods to come in contact with cooked or ready-to-eat foods or allowing blood or juices
to flow from raw to the cooked foods [95]. FSAI further stressed that handlers can indirectly
contaminate foods by touching cooked foods after preparing raw foods without prior
washing of hands, using the same equipment and utensils meant for raw foods for cooked
foods, displaying cooked foods in places meant for raw foods or by poor personal hygiene.

Hygienic Meat Handling Practices

Salmonella has been isolated from meat products more than any other foodstuff. Poul-
try and its products present the highest statistics on salmonellosis. Adequate meat handling
practices start from the farm where these animals are raised. EC 853/2004 prohibits the
transport of animals suspected to be sick, which come from herds known to be diseased, to
the slaughterhouse without the permission of the competent authority. It also gives specific
requirements for slaughterhouses to combat the spread of Salmonella. These include having
hygienic and sufficient lairage facilities, lock rooms for diseased or suspected animals,
separate rooms for evisceration and cutting, etc. The regulation aims at preventing con-
tamination of meat, ensuring disinfectants are present, focuses a lot on slaughter hygiene,
and mandates conditions in which the meat must be in during storage and transport [98].
The Hygiene rating of slaughterhouses is highly dependent on technical issues such as
slaughter line speed, efficient work routines and the number of carcasses each operator has
to deal with. Inadequacies in these factors raise the risks of food infections (Table 8).
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Table 8. Report on food handling practices.

Region Study Type Issues References

South Africa
(Hospital) Interview using questionnaire

29% of all food handlers never had a food safety training
course.

More than 60% of the hospital staff had either good or
satisfactory Food Safety Knowledge (FSK) but these did

not contribute to better Food Safety Outcomes.

[99]

South Africa
(Hospices) Semi-structured questionnaire

68% had not taken basic food safety training. There was
no knowledge of appropriate temperatures for

refrigeration and hot RTE foods.
[100]

Ireland
(Public) Survey Knowledge of food handling was below 10.8% and food

poisoning below 20.1%—both were critically low. [101]

Ethiopia Survey Unsatisfactory meet handling practice especially after
smoking, sneezing, and coughing. [102]

Norway, Denmark,
Germany, Spain and the UK

Microbiological testing and Hygiene
Performance Rating audits Hygiene is a major issue in Slaughter Operational issues [103]

Pakistan Cross-tabulations, chi-square, and
correlation tests. Unhygienic vending practices for ready-to-eat foods [104]

Global Analysis of 81 full-text articles Internalisation of food products across several countries
increases risks for poor handling and food safety [105]

Despite the stringent controls used on farms and slaughterhouses, Salmonella is still
present in the meat. The handling processes are not aimed at sterilizing the meat but
instead at slowing down their activities. The moment these products are exposed to
favourable conditions, the bacteria start to grow and multiply to dangerous levels. Hence,
hygienic meat handling practices are crucial both domestically and in catering services.
The proper handling of meat starts from purchasing raw meats from reputable vendors. If
it is pre-packed, then the use-by dates must always be checked.

Raw meat should be kept in separate bags apart from ready-to-eat foods to avoid
cross-contamination. Storing of meat is a crucial step. Raw meat/poultry should be stored
in sealed bags at the bottom of the fridge as early as possible [58]. This limits the time
for Salmonella to grow and avoids the dripping of fluids to other foods. Freezing meats
before the use-by dates halt the growth of bacteria. Defrosting can be done in a tray at the
bottom of the fridge. It is recommended to defrost 2.5 kg/5 lbs of meat or chicken for 24 h.
However, when defrosting is done in a microwave, it should be consumed right away [106].
Hands should be washed before and after handling raw meat. All meat types need to be
properly cooked before consumption to avoid the intake of bacteria. For whole chicken,
cooking should be at 180 ◦C for 20 min. The same weight for pork and rolled meats should
be cooked at the same temperature but for 35 min. Verifying all parts of the meat have
received adequate heating is essential. Cutting into the thickest part of the meat to see if the
juice runs clear indicates adequate cooking ensuring no part is pink [106]. A thermometer
or probe should be used domestically and in catering services for checking temperatures in
different parts of food. Areas where meat is handled, and utensils should be colour coded.

4.3. Ready-to-Eat (RTE) Foods and Processed Foods with Needed Control

Processed food is defined as any food that has changed in its preparation. This
alteration can be freezing, canning, heating, baking, etc. [107]. Salmonella has been isolated
from processed foods such as nut butter, frozen pot pies, chicken nuggets, and stuffed
chicken entrees [25]. Huang and Hwang [108] defined RTE foods “as a group of food
products that are pre-cleaned, precooked, mostly packaged and ready for consumption
without prior preparation or cooking”. The fact that RTE foods need no further heating
step means the consumers have a heavy reliance on the control programs put in place by
processors. RTE foods have a shorter shelf life compared to other processed foods. The shelf
life is usually a maximum of three weeks after manufacture because they have not been
subjected to lethal temperatures to conserve organoleptic properties. These foods depend
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on hurdle preservative steps such as acidic environment, packaging used, isotonic medium,
refrigeration, etc. RTE foods have been linked to several salmonellosis outbreaks such as
Salmonella Coelin in ready-to-eat salad mix [109], Salmonella enterica in chill ready-to-eat
poultry meat products [110]. Due to the nature of RTE foods, the risk for contamination and
cross-contamination leading to illness is quite high. Finished process testing is only valid
for the verification process because the results could be coming in too late [9]. Moreover,
the fact that a few samples taken from a batch of products pass microbiological criteria
does not guarantee that all products are safe especially when heterogeneous and local
contamination may occur [111]. However, food safety management programs based on
prerequisite programs and HACCP covering all stages of production will ensure hygiene
and microbiological criteria is met. There is a necessity for all food handlers to be trained
and retrained periodically on food safety especially when dealing with RTE foods to
improve knowledge of food handling and food poisoning (Table 9).

Table 9. A comparison of food safety training efficacies.

Country Training Method Study Type Behaviour Conclusion Reference

USA
Knowledge and

behaviour-based online
training video

Seven
question quiz from

Servy Safe
coursebook

Observation by
researcher

Behaviour-based training
improves handwashing better

than knowledge-based training
especially during peak hours

[91]

Malaysia

Food safety
training course based on

regulations and
behaviour training

31 questions

Self-reported
questionnaire and

researcher
observations

Behaviour-based training
performed better in certain

areas than the control group
[112]

USA Two hours ServSave
training Questionnaire Self-reported

Volunteers reported a
significant increase in food

safety knowledge, but
behaviour

is unchanged.
Self-reported data

is unreliable

[36]

USA Customized lessons
using ServSafe Questionnaire Researcher

Observation

Significant
improvement in Food safety

knowledge
[113]

Korea Lecture and
demonstrations Questionnaire

Self-reported
questionnaire and

researcher
observations

Increase in knowledge was
statistically significant
Intervention did not

produce a change
in behaviour

[64]

USA Four hours ServSafe class
and behaviour training Questionnaire Researcher

Observation

Hand washing knowledge and
behaviour

significantly
Improved but these did not

improve general
compliance behaviour

[114]

4.4. Knowledge vs. Behavioural Training Models

Well-trained food handlers with adequate knowledge of food safety can reduce the
risk of food hazards [91]. The fact that many restaurants use different means of ensuring
food safety, but outbreaks still occur frequently and are related to poor handlings, raises the
question of the efficacy of such training [92]. It is often believed that increased knowledge
would directly translate to best practices, but this is not always the case [88]. Training
is usually focused on passing information, assessment, and certification. All these are
done in a brief period without the opportunity to see it work in real practice and assess
if it is translated into behaviour [92]. Yu et al. [91] note that translating knowledge to
behaviour is not an easy task just as it was shown that knowledge of proper food handling
and behaviour are different things [115].
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McFarland et al., [92] reviewed six studies as reported in (Table 3). Results from five
of the studies indicated that an increase in the knowledge of an employee on food safety
does not necessarily transfer into proper food safety behaviour. Yu et al. [91] showed that
knowledge-based training is good, but behaviour training is better. The best results come
from a combination of both methods. Knowledge-based training influenced behaviour in
some ways, but this effect did not last if used alone. It failed during peak periods in the
restaurant. Participants in the behaviour-based training still carried on good practices after
the training for longer periods. Husain et al. [112] focused their study on three factors that
can influence behaviour: attitude, normative beliefs, and perceived behavioural control.
This study centred on food handler having a clear understanding of the importance of food
safety in preventing foodborne illness. If they do not understand why they do what they
do, then the behaviour would not change. Results showed that there was an improvement
in personal hygiene and safe preparation of food for 12 weeks but did not translate to
technical procedures such as time-temperature abuse, proper sanitation, etc. [92]. It is also
very important to tailor training based on the role the employee takes and their background.
The language is spoken and the level of education becomes very important. Type of training
material is also important such as videos instead of text, pictures instead of just words and
other languages instead of English [113].

5. Future Perspective and Conclusions

Efforts to control salmonellosis should involve both the public and private sectors.
Government regulations and stricter measures being put in place can provide a frame-
work that guides both domestic production and international importation requirements.
However, this has to be infused into periodic training for food handlers. Industrially,
stricter control systems need to be put in place. There should be more focus on production
and process controls than on testing finished products. Consumers need to be educated
both formally and informally on the basic steps of food safety. There is a need for studies
that identify the most suitable means of communicating scientific information and raising
awareness on salmonellosis to all strata of the population.
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Abstract: Blue light primarily exhibits antimicrobial activity through the activation of endogenous
photosensitizers, which leads to the formation of reactive oxygen species that attack components
of bacterial cells. Current data show that blue light is innocuous on the skin, but may inflict
photo-damage to the eyes. Laboratory measurements indicate that antimicrobial blue light has
minimal effects on the sensorial and nutritional properties of foods, although future research using
human panels is required to ascertain these findings. Food properties also affect the efficacy of
antimicrobial blue light, with attenuation or enhancement of the bactericidal activity observed in the
presence of absorptive materials (for example, proteins on meats) or photosensitizers (for example,
riboflavin in milk), respectively. Blue light can also be coupled with other treatments, such as
polyphenols, essential oils and organic acids. While complete resistance to blue light has not been
reported, isolated evidence suggests that bacterial tolerance to blue light may occur over time,
especially through gene mutations, although at a slower rate than antibiotic resistance. Future studies
can aim at characterizing the amount and type of intracellular photosensitizers across bacterial species
and at assessing the oxygen-independent mechanism of blue light—for example, the inactivation of
spoilage bacteria in vacuum-packed meats.

Keywords: antimicrobial blue light; pathogenic bacteria; food-borne bacteria; endogenous
photosensitizers; porphyrins

1. Introduction

Annually, there are 600 million cases and 420,000 deaths associated with food-borne pathogens,
with the majority of the disease burdens (550 million cases and 230,000 deaths yearly) attributed
to diarrheal diseases [1]. Bacterial pathogenic agents are major contributors to these diarrheal
infections, particularly Salmonella enterica, Camplyobacter spp. and Escherichia coli [1], and can linger in
food-processing environments and food products (for example, minimally-processed foods, such as
fresh-cut fruits and vegetables or raw seafood). These findings highlight the importance of robust
sanitization systems in the food industry.

While heat is a potent germicidal agent, thermal processing of foods may lead to undesirable
organoleptic properties and the loss of nutrients. Consumer perception of food safety has also been
associated with aversion to chemical hazards, which include food preservatives, pesticides and drug
residues [2,3]. Thus, there is a need for non-thermal sanitization technologies that are also free
of chemicals.
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The emerging non-thermal food-processing technologies include high-pressure processing (HPP)
and pulsed electric field (PEF) [4–6]. However, the current forms of these technologies are more
costly and less energy efficient—and thus less environmentally friendly—than thermal processing.
For example, when used to pasteurize orange juice, HPP and PEF were estimated to consume
24–27 times more electricity (kW/year), incur 5–7 times higher total cost (cents/L) and emit 7–9 times
more carbon dioxide than thermal pasteurization [7].

Alternatively, light-based technologies, particularly light-emitting diodes (LED), can be used as
a cheap and sustainable non-thermal sanitization system [8]. It is known that ultraviolet-C (UV-C;
particularly at 254 nm) exhibits bactericidal activities by inducing the formation of pyrimidine dimers
in the bacterial genome and thus can be used within the food industry to sanitize food products or
the processing environments [9,10]. However, health issues may arise from the use of ultraviolet
(UV) radiation in the food industry, especially as constant exposure of workers to UV may increase
the risks for skin cancer (for example, basal cell carcinoma, squamous cell carcinoma and malignant
melanoma) [11,12]. A study also reported that accidental exposure of two healthcare workers to
UV-C germicidal lamps (254 nm) led to bilateral keratoconjunctivitis and face erythema after 12–24 h,
followed by other complications to the skin, eyes, nail and hair after 24 months [13].

In this review, we provide discussions on another emerging light-based sanitization technology
derived from the blue region of the visible light spectrum, which is less detrimental to mammalian
cells than UV [14] and thus allows for a wider application within the food supply chain due to its
safety. We focus on studies that assessed the bactericidal efficacy of blue light-mediated technology
on surfaces and in different food matrixes. Further, we also discuss the antimicrobial mechanisms of
blue light, available technologies, safety aspects, the combination of blue light with other treatments
(hurdle technology) and the potential development of bacterial tolerance to blue light. Additionally,
a brief discussion on the inactivation of fish pathogenic bacteria (non-human pathogens) is also provided.

2. Pathogenic Bacteria in Food

Food-borne diseases are mainly caused by the consumption of contaminated food or water,
with contamination possibly occurring at any point of production or distribution. Globally, the major
food-borne pathogenic bacteria include Salmonella spp., Campylobacter spp., enterohemorrhagic E. coli
(EHEC), Listeria monocytogenes and Vibrio cholerae [15]—the distribution of these bacteria across the
globe, among other food-borne pathogenic agents, is summarized in a report by the World Health
Organization [1].

In food-processing environments, Gram-negative bacteria are pre-dominant, particularly Pseudomonas
spp., Enterobacteriaceae (especially Serratia spp.) and Acinetobacter spp. Among Gram-positive bacteria,
lactic acid bacteria (LAB), Staphylococcus spp. and Bacillus spp. are the most commonly identified
residential bacteria. While some of these tend to be innocuous, several pathogenic strains, such as
Staphylococcus aureus, Pseudomonas aeruginosa and Bacillus cereus, are also known to linger on surfaces,
especially due to their ability to form spores or biofilms [16].

The main pathogenic bacteria associated with dairy products are L. monocytogenes, Salmonella spp.,
S. aureus, Cronobacter spp. and Shiga toxin-producing E. coli (STEC) [17,18]. Dairy farm environments
are a common habitat for L. monocytogenes, Salmonella spp. and STEC [19–25], whereas S. aureus is less
prevalent in the environments and its transmissions are more likely to occur through contaminated
animals (for example, those that have mastitis) [26,27]. There are no conclusive data on the natural
environments of Cronobacter spp., especially Cronobacter sakazakii that is commonly associated with
contaminated infant formulas [28,29], albeit these bacteria have been associated with plants [30–32]
and animal feed [27,33]. The prevalence and type of dairy-associated pathogenic bacteria may also vary
with animal source of the milk and geographical location [34,35]. Based upon these data, pathogens
are mainly transferred to dairy products or processing environments from farm environments (soil,
animal feed, etc.). For instance, two outbreaks (STEC O26:H11 in Italy and L. monocytogenes in Canada)
were associated with contaminated dairy processing plants (cheese and milk plants) [36,37]—one study
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found that contaminated cheeses from a dairy plant had been distributed to approximately 300 retailers,
which caused extensive cross-contamination [36]. Contamination at the retail level has also been
reported, with L. monocytogenes, Salmonella spp., Shigella spp. and E. coli O157:H7 found in cheeses and
raw milk [38–40].

Outbreaks related to farm-based meat products, such as beef and pork, are primarily caused
by Salmonella spp. and EHEC (particularly E. coli O157:H7) [41–43]. Other bacteria have also
been identified as causes of meat product-related outbreaks, namely L. monocytogenes, S. aureus,
Campylobacter spp., Clostridium spp. and B. cereus [41,42,44]. While poultry products may also carry all
of these pathogens, previous outbreaks were mostly caused by Salmonella spp., Campylobacter spp. or
Clostridium perfringens [45–51]. In food-processing plants, fecal matters (for example, in hides or poultry
skin) and aerosols generated during processing (for example, dehiding or evisceration processes) could
facilitate the spread of pathogenic bacteria [44,52]. Several studies have also reported on the prevalence
of pathogenic bacteria, including E. coli O157:H7, Salmonella spp., Shigella spp. and antibiotic-resistant
S. aureus, in retail shops across countries—these bacteria were found on the products (raw or cooked
beef, mutton, pork, chicken and turkey) and in the environments [39,53–56].

In seafood, the major pathogenic bacteria include Vibrio spp., Salmonella spp., L. monocytogenes,
Campylobacter spp., EHEC, Clostridium spp. and Shigella spp., which could cause diseases ranging from
mild gastroenteritis to life-threatening infections [57–60]. Vibrio spp. is ubiquitous in aquatic ecosystems,
with infections in humans commonly associated with Vibrio parahaemolyticus, Vibrio vulnificus and
V. cholerae [57,61,62]. Other bacteria, such as Salmonella spp. and E. coli, may also proliferate in
bodies of water, particularly when contaminated with sewage effluents [57,63]. Cross-contamination
during food production is the primary route of transmission for L. monocytogenes within the seafood
industry and thus presents a major concern due to its ability to persist in the environment and to
multiply during refrigeration [64]. Similarly, a study identified the contamination of a cutting board
by V. parahaemolyticus from raw squid as a cause of a gastroenteritis outbreak at a food bazaar in
South Korea [65]. Further, there is a heightened health risk in consuming raw seafood, as evident
from previous outbreaks associated with uncooked (or undercooked) fish, oysters, abalone or sea
squirt [66–69].

Fruits and vegetables may harbor a myriad of pathogenic bacteria, such as Shigella spp., B. cereus,
Campylobacter spp., Yersenia enterocolitica and Clostridium botulinum, albeit previous outbreaks were
mostly associated with STEC (particularly E. coli O157:H7), Salmonella spp. and L. monocytogenes [70–72].
Irrigation water that comes from contaminated sources is a major reservoir for these pathogens [73–75]
and may occasionally carry Vibrio spp., for example, two studies identified Vibrio spp. on vegetables
irrigated with untreated water from streams [76] and wastewater [77]. Other sources of contamination
include pre-harvest factors, such as compost, insects, soil and wildlife animals, along with harvesting
equipment or post-harvest vectors, including human (during packing), transport vehicles and
processing equipment [70,71]. Pathogenic bacteria have also been detected in different horticultural
products at the retail level across the globe: L. monocytogenes and E. coli isolated from frozen fruits
or vegetables (England) [78]; L. monocytogenes, S. enterica or E. coli from ready-to-eat raw vegetables
(UK, Malaysia or Nigeria) [79–81]; and Salmonella enterica subsp. enterica serovar Typhimurium,
C. perfringens, Campylobacter spp. or L. monocytogenes from fresh produce (Mexico, Canada or New
Zealand) [82–84]. In addition, a meta-analysis of 53 studies identified 453 cumulative incidences
of STEC, L. monocytogenes and Salmonella spp. in fruits/vegetables from retail establishments across
Europe between the years 2001 and 2017, with L. monocytogenes dominating in vegetables and STEC in
fruits [85].

Bacteria may form biofilms to resist physical, mechanical and/or chemical stresses, including chemical
disinfectants used in food-processing environments. For instance, several pathogenic staphylococci
isolated from food or food equipment, namely Staphylococcus capitis, Staphylococcus cohini,
Staphylococcus saprophyticus and Staphylococcus epidermidis, had shown abilities to form biofilms
on polystyrene and stainless steel [86]. The stability of these biofilms against disinfectants
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(benzalkonium chloride) or denaturation enzymes (dispersin B, proteinase K or trypsin) is dictated by
their compositions, which are determined by the presence of genes encoding either cell wall anchored
proteins (CWA) or polysaccharide intracellular adhesin (PIA) [87]. This finding presents an alternative
mechanism of biofilm formation in Staphylococcus spp., which is predominantly attributed to the
presence of ica operon (icaADBC locus and icaR regulatory gene) that encodes PIA [88]—for example,
icaA gene was found to be correlated to strong biofilm formation in food-related staphylococci
isolates [86]. Other major biofilm-forming pathogenic bacteria include L. monocytogenes (poultry, red
meat, seafood and dairy), Salmonella spp. (poultry, red meat, seafood and horticulture), E. coli O157:H7
(red meat and horticulture), B. cereus (dairy, seafood and horticulture), Vibrio spp. (seafood) and
Campylobacter spp. (poultry) [89–92].

In addition, biofilms are composed of bacterial aggregates enclosed in extracellular polymeric
matrix, which constitutes polysaccharides, proteins, lipids and exogenous deoxyribonucleic acids
(DNA), and can function as a platform for physical/social interactions (for example, microbial consortia)
that enhance gene transfers [93]. Several bacteria, such as B. cereus and E. coli O157:H7, also form
multispecies biofilms to enhance their survival in food-processing lines [94,95]. The formation of
biofilms is also dependent on bacterial structures that are responsible for initial surface attachment,
such as flagella and/or fimbriae (for example, curli) in L. monocytogenes [96,97], S. Typhimurium [98,99],
E. coli O157:H7 [100] and V. cholerae [101].

3. Antimicrobial Blue Light

3.1. Mechanism

Bactericidal effects of blue light are mostly attributed to the wavelength range of 400 to
450 nm [102], although several reports have demonstrated the antimicrobial efficacy of blue light
at longer wavelengths (460, 465 or 470 nm) [103–106]. Blue light-mediated inactivation of bacteria
is associated with the generation of reactive oxygen species (ROS) when the light is absorbed by
endogenous photosensitizers, which can be found in different types of bacteria (Gram positive and
Gram negative; aerobic and anaerobic) [107]. Given that these photosensitizers, such as protoporphyrin,
coproporphyrin and uroporphyrin, are intermediate species in the heme biosynthesis, it is likely that
they are accumulated in the cytoplasmic matrix [108,109], although their precise locations within the
bacterial cell are not fully understood.

The blue light-mediated photosensitization process is dependent on the presence of oxygen and
mainly induces cytotoxicity (apoptosis or necrosis) through oxidative stresses caused by singlet oxygen
species (1O2) [110]. Upon illumination, photosensitizers at a ground state (lowest energy level) are
converted into their excited singlet state (short-lived) or triplet state (long-lived), which, in the presence
oxygen, can undergo two types of energy transfer: (1) type I that produces toxic oxygen species,
such as hydrogen peroxide (H2O2), superoxide or hydroxyl radicals; (2) type II that generates 1O2 [111].
Subsequently, these ROS can induce damages to different parts of the bacterial cells, including the cell
membrane, cell wall and genome (Figure 1).

An increase in blue light-induced membrane permeability was observed across several
studies [112–115], although the precise mechanism is not fully elucidated. A study found that
blue light illumination (405 nm) did not affect the lipid membrane of Salmonella spp.—there was an
absence of malondialdehyde, which is a product of lipid peroxidation [116]. In contrast, two studies
demonstrated that blue light inactivation (415 nm) of methicillin-resistant S. aureus (MRSA) or
C. sakazakii involved lipid peroxidation, as determined by the detection of malondialdehyde and
reduction in post-treatment unsaturated fatty acids (C16:1 in both bacteria, C20:1 and C20:4 in MRSA,
and C18:1 and C18:2 in C. sakazakii) [113,115]. Further, while one study observed the presence of blue
light-induced oxidation of guanine residues in the bacterial DNA of Salmonella spp. (presence of
8-hydroxydeoxyguanosine) [116], others reported no DNA breakage in blue light-treated (405 nm)
E. coli O157:H7, Shigella sonnei and S. Typhimurium [112]. These discrepancies are potentially due
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to the fact that the type and amount of endogenous photosensitizers vary across different bacterial
species, although further investigations are needed to explain the different susceptibilities of bacteria
to blue light [117].

In addition to lipids and nucleic acids, blue light can also attack proteins,
carbohydrates (polysaccharide) and peptidoglycan (polymers of amino acids and sugars in
bacterial cell walls). Blue light treatments, in the presence of exogenous cationic photosensitizers,
induced the loss of cell membrane-associated proteins in S. aureus [118] and the reduction of 81%
in the polysaccharide content within P. aeruginosa biofilms [119]. In two studies, images taken by
transmission electron microscopy revealed blue light-induced breakages of bacterial cell walls in
MRSA [120] and Acinetobacter baumannii [121]. Further, E. coli lipopolysaccharide coated on titanium
disc was inactivated upon illumination by blue light (405 nm), as evident from the reduced activities
of mouse macrophages post-treatment [122]. However, the current literature lacks data on the
effect of blue light on lipopolysaccharide (endotoxin) contained within intact outer membranes of
Gram-negative bacteria and thus it is a subject of future studies.
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Figure 1. Bactericidal activities of blue light rely on activation of endogenous photosensitizers, such as
porphyrins, which subsequently induces the production of reactive oxygen species (ROS). These ROS
inflict oxidative damages to nucleic acids [116], lipids [113,115] and proteins [118]. Inhibition of
biofilm formation can also occur through blue light-regulated transcriptional pathways [123–125] or
bacterial inactivation through the activation of prophage genes [126]. Breakages of cell walls [120,121]
and inactivation of lipopolysaccharides (outer membrane of Gram-negative bacteria) [122] have been
reported, although the precise effects of antimicrobial blue light on peptidoglycan and lipopolysaccharide
are not fully elucidated.
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Blue light can act as a transcriptional regulator in bacteria [127,128], especially due to the presence
of blue light receptor proteins [128]. These photoreceptors include the blue light-sensing flavin adenine
diphosphate (BLUF) proteins that can undergo conformational changes upon illumination by blue
light and subsequently elicit downstream effects on bacterial surface attachments, biofilm formation
and motility [129]. For instance, two studies found that a BLUF-associated protein, namely YcgF,
downregulated the synthesis of curli fibres, but upregulated biofilm formation in E. coli [123,124].
In contrast, others reported that A. baumannii-harboring blsA gene, which encodes BLUF-containing
photoreceptor proteins, did not form biofilms under blue light (462 nm), whereas biofilms were observed
in a mutant strain with no functional blsA [125]. The viability of these bacteria was not affected by
blue light in both wild and mutated strains, although blue light had a negative effect on bacterial
motility and pellicle formation [125]. These findings indicate that there is a variety of blue light-sensing
pathways in bacteria, which could be further explored as an alternative method for controlling the
growth of bacteria. Another study also observed an alternative molecular mechanism of bactericidal
blue light (460 nm) that involved the activation of prophage genes in MRSA, which subsequently
led to the killing of the bacteria [126]. Future studies could aim at investigating the presence of
similar genes (light-sensing and prophage genes) in food-borne bacteria and subsequently at designing
targeted blue light-mediated interventions for controlling the persistence of these bacteria in food or
food-processing environments.

In summary, antimicrobial blue light can act upon different parts of the bacterial cell,
primarily through the action of ROS. These ROS can induce oxidative damages to a range of
macromolecules, such as lipids (cell membrane), proteins (cell wall-associated proteins), nucleic acids
(DNA, RNA or plasmids) and polysaccharides (extracellular matrix of biofilms). Additionally,
several bacterial species, such as E. coli and A. baumannii, possess blue light receptors that control
biofilm formation and motility, and thus can be targeted to reduce their persistence in the environments.
Further, several prophage genes may be activated by blue light and induce inactivation of the carrying
bacteria (Figure 1).

3.2. Available Technologies

The majority of studies on antimicrobial blue light have used light-emitting diodes (LED) as a
light source. LED is commonly comprised of semiconductor materials that are doped with impurities,
which create free electrons on the n side and holes (absence of electrons) on the p side—also known as
the p–n junction. When electrical voltage is applied, current flows from the positively-charged end
(p side; anode) to the negatively-charged end (n side; cathode), with electrons moving in the opposite
direction. Subsequently, as an electron interacts with a hole, it falls to a lower energy state through the
release of a photon. In this process, the resulting color emitted corresponds to the band gap energy
within the p–n junction, which depends on the semiconductor materials and impurities used [130,131].
Currently, a typical blue LED is made of indium/gallium nitride (InGaN) layers grown on sapphire or
silicon substrates, which can theoretically cover the entire visible light spectrum—365 nm (GaN) to 1771
nm (InN)—albeit the quality of materials deposited within the LED structure declines continuously
beyond 480 nm due to a range of inherent material challenges [132].

Laser diode, which emits light with a higher coherence and narrower emission band than LED,
is another source of blue light that has been used in clinical settings. The photomodulative effects of these
two light sources on biological systems have been a subject of debates, especially due to their differences
in light coherence and wavelength bandwidth. However, accumulating evidence suggests that these
parameters have little effect on the biological efficacy of light-based technologies—for example,
two studies found similar effects of red LED and laser diode upon tissue repair in rats [133,134].
Others also proposed that biological effects of light were dependent on dosage and wavelength, but not
on light sources, with similar healing effects of LEDs and laser diodes on skin wounds reported across
different studies [135]. Similarly, the antimicrobial potency of blue light is independent of the light
source used, as one in vitro study revealed that LED (405 nm; non-coherent light) and laser diode
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(405 nm; coherent light) were equally efficient in inactivating MRSA across four light dosages (40,
54, 81 or 121 J/cm2) [136]. Although LED is relatively cheaper than laser diodes, it remains unclear
which technology is more efficient based upon their germicidal output per unit electrical power input.
In addition, superluminous diode (SLD; 405 or 470 nm), which is an intermediate between LED
and laser diode in its light intensity, coherence and emission bandwidth [137–139], has also shown
bactericidal activities against P. aeruginosa, MRSA and S. aureus in vitro [140–142].

A femtosecond laser, which emits ultrasecond pulses at approximately 10−15 s per pulse, is another
technology that can be used to deliver antimicrobial blue light. At light dosages of 18.9–75.6 J/cm2

(5–20 min), a blue femtosecond laser (400, 410 and 420 nm) inhibited the growth of S. aureus and
P. aeruginosa on agar plates (inhibition zones observed), possibly due to DNA damages induced by
ROS [143]. In agreement, a femtosecond laser (425 nm; 800 J/cm2; 1 h) reduced a mutant S. Typhimurium
lacking RecA proteins (reponsible for damaged DNA repair) by 5 log colony forming units (CFU),
whereas only 0.5-log reduction (CFU) was observed for the wild-type bacteria and thus this finding
enhanced the view that DNA damage was a predominant inactivation mechanism of a bactericidal
femtosecond laser [144]. However, the two studies used different methods for measuring bactericidal
activity (qualitative or quantitative), and also differed in their light dosages (max. 75.6 J/cm2 or
800 J/cm2) and treatment times (max. 20 min or 60 min) [143,144]. Therefore, the potential use of a
femtosecond laser as an antimicrobial technology depends on future investigations into its energy
efficiency and also its efficacy against different types of bacteria.

3.3. Blue Light Regimes

Antimicrobial blue light may be delivered at high irradiance with short duration times (HI-SD) or
low irradiance with long duration times (LI-SD). A study demonstrated that the bactericidal activity
of blue light (405 nm) was dependent on light dosage: the highest inactivation of four bacteria,
namely S. aureus, Streptococcus pneumoniae, E. coli and P. aeruginosa, was achieved at the highest
irradiance (approximately 9 mW/cm2) for a constant treatment time (120 min) or in the longest
illumination time (250 min) at a constant irradiance (approximately 9 mW/cm2) [145].

In the same study, HI-SD treatment (approximately 9 mW/cm2 for 250 min) was also less
effective than LI-SD (approximately 2.25 mW/cm2 for 1000 min) in inactivating pathogenic bacteria.
Isolated colonies were observed on the perimeter of plates exposed to HI-SD, whereas confluent
border present on LI-SD plates, indicating post-treatment migration of bacteria to the nutrient-rich and
non-treated areas on HI-SD plates. Thus, LI-SD seemed to exhibit higher bactericidal and bacteriostatic
effects on a qualitative level [145]. A similar finding was reported for L. monocytogenes, with LI-SD
treatment of 10 mW/cm2 for 180 min yielding a 5.18-log reduction (CFU/mL), whereas HI-SD treatments
of 20 mW/cm2 for 90 or 30 mW/cm2 for 60 min produced bacterial inactivation of approximately 5 log
CFU/mL—the differences were not statistically significant [146]. However, neither study assessed
the germicidal efficiency of HI-SD or LI-SD treatments per unit energy [145,146] and thus it remains
inconclusive whether either regime is more suitable for practical applications in the food industry.

Alternatively, blue light can be delivered as pulses to increase its bactericidal efficiency. Pulsed blue
light technology (450 nm; 33% duty cycle; three times a day for 3 days at 30 min intervals between each
treatment) was reported to inactivate planktonic MRSA and Propionibacterium acnes (7 log CFU/mL) at
light dosages of 7.6 and 5 J/cm2, respectively [147]. The same technology (7.6 J/cm2) also disrupted
the biofilm networks of both bacteria and reduced the number of viable bacteria within the biofilm
structures by approximately 1.89 and 1.56 log CFU/mL for MRSA and P. acnes, respectively [147].
In support of this view, pulsed blue LED (450 nm; 33% duty cycle) had a higher bactericidal efficiency
against P. acnes than two other regimes (20% or 100% duty cycle), with a 7-log reduction (CFU/mL)
achieved at a light dosage of 5 J/cm2 (2 mW/cm2 repeated nine times at 3-h intervals) [148].

For S. aureus, pulsed blue LED (405 nm; 25, 50 or 75% duty cycle) and continuous blue light
(405 nm; 100% duty cycle) had similar inactivation efficiency (95–98%), albeit the pulsed blue light
had approximately 83% higher optical efficiency (bacterial reduction in CFU/mL per J/cm2) [149].
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Based upon these findings [147–149], pulsed blue light is preferred than continuous blue light in vitro,
but its utilization in food settings is a subject of further investigations into its ability to remain energy
efficient during scale up.

3.4. Safety of Blue Light

Safety assessments of blue light have mostly been conducted in clinical settings. Generally,
exposure of skin to blue light is safe, albeit high fluences at certain wavelengths could induce
cytotoxic effects. In one study, eight volunteers were exposed to blue light (380–480 nm; peak at
420 nm; 100 J/cm2 per day) for five consecutive days and the subsequent results of their skin biopsies
were reported as follows: (1) no significant change in the expression of p53, i.e., no DNA damage;
(2) no inflammatory cells and sunburn before and after treatment; (3) transient melanogenesis and
vacuolization of keratinocytes observed, although these changes did not result in cell apoptosis [150].
Similarly, an in vitro study demonstrated that blue light (415 nm) could be used to inactivate P. aeruginosa
on skin burns without inflicting any damage on the mouse skin at an effective antimicrobial dosage
of 55.8 J/cm2 [151]. Exposure to the same blue light at a dosage of 109.9 J/cm2 inactivated human
keratinocytes and P. aeruginosa by 0.16 log cell/mL and 7.48 log CFU/mL, respectively. However,
cytotoxic effects of blue light on human endothelial and keratinocyte cells were observed at wavelengths
of 412, 419 and 426 nm (66–100 J/cm2) or 453 nm (>500 J/cm2) [152].

In an in vitro study, damages on human corneal and conjuctival epithelial cells were observed after
prolonged (17 h) exposure to blue light (420 and 430 nm at 1.13 and 1.16 W/cm2, respectively), with the
authors reporting decreased cellular viabilities, morphological changes of the cells, accumulation of
ROS and altered mRNA expression of biomarkers associated with cellular inflammatory response
and antioxidant defense system [153]. A review article presented evidence of the adverse effects that
blue light (415–455 nm) inflicted on retina (oxidative stress), lens (cataract due to accumulating ROS)
and blood-retinal barrier functions [154]. Another group of researchers also reported the suppression
of plasma melatonin in eight human subjects exposed to blue light (469 nm; corneal irradiance
0.1–600 W/cm2 for 90 min)—the extent of suppression was significantly higher at higher irradiances
(p < 0.0001)—which suggests that blue light has the potential to disrupt circadian rhythm [155].

Widespread implementation of blue light-based technologies requires robust safety standards.
According to the American Conference of Governmental Industrial Hygienists, daily exposure of
workers to blue light is recommended to follow these rules: (1) for an exposure of 10,000 s (2.8 h)
or more, the maximum intensity of the light source is ≤0.01 W/cm2.sr; (2) for light intensity above
0.01 W/cm2.sr, the maximum light dosage is 100 J/cm2.sr, where light dosage (J/cm2.sr) = light intensity
(W/cm2.sr) × time of exposure (s); (3) for a light source subtending an angle less than 0.011 radian,
the maximum light intensity is 10−4 W/cm2 for viewing durations greater than 100 s [156]. In accordance
with these recommendations, a study analyzed blue light-related hazards through optical radiation
measurements of several light sources [157]—the methodology in this study can be applied within the
food industry for assessing the safety of different antimicrobial blue light technologies.

Based upon the findings presented in this section, blue light is innocuous on the skin, but deleterious
to the eyes. Thus, safety glasses can be prescribed for personnel working within the proximity of
high-intensity blue light sources. A study reported that several glasses and light filters significantly
reduced (p < 0.001) the transmission of blue light from two LEDs (389–500 nm at 1625 mW/cm2

or 410–510 nm at 1680 mW/cm2; 10 s) by at least 97% [158]. Others reported that the use of blue
light-blocking amber glasses improved the sleep quality of people with sleep disorders (self-reported or
clinically diagnosed) [159,160], with an earlier endogenous dim-light melatonin onset observed when
patients wore amber glasses [160]. However, there are no available data on whether anti-blue light
glasses or filters can prevent damages to ocular cells. In addition, there is a need for a universal
safety standard that governs the use of antimicrobial blue light within the food industry and thus the
scientific community should aim at establishing the effective antimicrobial light dosages for different
food-borne bacteria.
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4. Application of Antimicrobial Blue Light on Surfaces and in Food Matrixes

4.1. Inactivation of Bacteria on Food Packaging and Work Surfaces

Heating effects induced by blue light treatment would be undesirable in industrial settings.
Two studies reported that the surface temperatures of stainless steel increased to approximately
50–56 ◦C when treated with antimicrobial blue light (405 nm; 150–306 mW/cm2; 180–185 J/cm2) [161,162].
In these studies, bacterial reductions of 5 and <1 log CFU were achieved for Campylobacter spp. [162]
and other pathogenic bacteria [161], respectively (Table 1). However, others observed a temperature
increase of only 2.5 ◦C when stainless steel was continuously illuminated with blue light for 8 h
(405 nm; 26 mW/cm2, 748.8 J/cm2) [163]. The discrepancies between these studies can be attributed to
the different light intensities (mW/cm2) used and thus optimization studies are required to determine
the suitable combination of light intensity and treatment time, i.e., high intensity-short duration or low
intensity-long duration. For example, the reduction of blue light dosage from approximately 183–186
to 89–92 J/cm2 alleviated surface heating effects—final surface temperatures were approximately 44–56
and 31–36 ◦C at 183–186 and 89–92 J/cm2, respectively—although the bacterial inactivation was also
reduced from 5 log CFU (183–186 J/cm2) to 1.1–3.1 log CFU (89–92 J/cm2) [162].

At 4, 15, and 20 ◦C, the formation of biofilm was inhibited by blue light (405 nm; 748.8 J/cm2)
on stainless steel and acrylic coupons contaminated with L. monocytogenes-laden salmon exudates.
However, the bacterial population within blue light-treated pre-formed biofilms was only significantly
reduced (p < 0.05) at 25 ◦C [163]. This finding suggests that the blue light is more effective when
used on cells contained in forming biofilms than in established biofilms. The efficacy of blue light in
inactivating biofilms on other surfaces is a subject of future studies.

Blue light was able to traverse transparent solid surfaces, such as glass and acrylic slides,
which was evident from the same inactivation rates of E. coli biofilms on top (direct exposure) or at
the bottom (indirect exposure) of these slides, although four percent of the light irradiance was lost
during transmission across both slides [164]. However, another study found that the inactivation of
L. monocytogenes on tryptic soy agar was dependent on the ability of blue light (406–470 nm) to penetrate
several packaging materials used to cover the agar—for example, no inhibition was observed when
polyethylene + nylon was used, whereas maximum inhibition was obtained with polypropylene [165].
Thus, it is pertinent that packaging or surface materials are taken into considerations prior to designing
blue light treatments intended to inactivate bacteria located behind these materials.
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4.2. Inactivation of Bacteria in Dairy and Liquid Foods: Milk, Cheese and Orange Juice

Current data suggest that antimicrobial blue light is effective against pathogenic and spoilage
bacteria in dairy and liquid foods. At least 3-log reduction was achieved in all studies reviewed
(Table 2), with the extent of bactericidal efficacy depending on temperature and light wavelength.
For milk products, two studies assessed the blue light-mediated inactivation of pathogenic bacteria in
skim and whole milk, but no data are available on blue light inactivation in concentrated milk. A study
reported that pulsed white light (200–1100 nm) was able to inactivate E. coli in skim and whole milk,
albeit not in concentrated milk [170]. Thus, future research is needed to ascertain whether antimicrobial
blue light can retain its bactericidal potency in milk products with varying total solid contents.

Interestingly, a study found that blue light inactivation of several bacterial strains in milk was
more efficient than in a clear liquid matrix (PBS), except for Mycobacterium fortuitum. Two explanations
were proposed: (1) blue light was absorbed by riboflavin (photosensitizer) in milk, as apparent from
the significant (p < 0.05) reduction in the amount of riboflavin post-treatment, which subsequently
generated ROS; (2) milk strongly scattered light and retained the light longer within its matrix,
relative to PBS [171]. In contrast, blue light inactivation of Campylobacter spp. was significantly higher
(p < 0.05) in transparent Brucella broth than in opaque chicken exudate [162]. These findings suggest
that the type of solid particulate in liquid matrixes determines whether bactericidal efficacy of blue
light is enhanced or attenuated.

Further, the bactericidal efficacy of blue light in liquid matrix also varies across different bacterial
species/strains tested. In PBS, blue- light treatment (405 nm) resulted in a 5-log reduction (CFU/mL) of
C. jejuni (18 J/cm2) [172] and L. monocytogenes (185 J/cm2) [173], whereas Salmonella spp. and E. coli
O157:H7 was only reduced by less than 1.5 log CFU/mL at light dosages of 180–185 J/cm2 [172,173].
Thus, future studies are required to establish the effects of liquid opacity, particularly for liquid foods,
on blue light inactivation of different bacteria.
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Blue light inactivation of E. coli in liquid milk was more efficient at lower wavelengths and
higher temperatures, with optimal treatment (reduction of 5 log CFU/mL and minimum color change)
achieved at 405 nm, 13.8 ◦C and for 37.83 min [174]. This view was corroborated by others, who found
that S. enterica in orange juice was inactivated by blue light (460 min; 4500 J; 92 W/cm2) to a higher
degree at 12 or 20 ◦C than at 4 ◦C, although the inactivation rate was the same across these temperatures
at higher light intensities (147.7 or 254.7 mW/cm2) [175].

Further, major milk components, namely proteins, lipids and lactose, were retained after 2 h of
blue light treatment (720 J/cm2), albeit the loss of riboflavin (vitamin B2) had resulted in a bleaching
effect that was perceptible to naked eyes [171]. In orange juice, blue light treatment also induced a
color change in a temperature- and light intensity-dependent manner, particularly when the treatment
was applied at a low intensity with long duration (light dosage was constant) [175].

On cheeses, blue light treatments were effective against L. monocytogenes and Pseudomonas fluorescens
(Table 2), with no color changes observed in treated ricotta [176] and packaged slice cheeses [165].
Hyun and Lee (2020) also found that the efficacy of blue light on packaged sliced cheese was higher at
4 ◦C than at 25 ◦C [165].

4.3. Inactivation of Bacteria in Horticultural Products

Several studies found that blue light sanitization of fruits and vegetables was dependent on
the type of product. Glueck et al. observed that the photosensitizer-mediated inactivation of blue
light (435 nm; 33.8 J/cm2) was affected by the geometry of the food, with higher efficacy observed
in flat-surfaced vegetables (cucumber, tomatoes and lettuce) than in those with complex structures
(fenugreek seeds, mung bean seeds and mung bean germlings) (Table 3) [177]. In support of this view,
three other studies showed varying bactericidal efficacies of blue light across different application
media. Tortik et al. demonstrated that the combination of blue light (435 nm; 33.8 J/cm2) and curcumin
(50 µM) reduced the bacterial load of S. aureus on peppers and cucumber by 2.5–2.6 log CFU [178],
whereas an identical treatment in a clear liquid matrix (PBS) resulted in a 7-log reduction (CFU)
in the number of S. aureus [179]. Buchovec et al. also found that S. Typhimurium was inactivated
by chlorophyllin/chitosan-mediated blue light treatment (405 nm; 38 J/cm2) to a lower degree on
strawberries (2.2 log CFU/mL) than in PBS (6.5 log CFU/mL) [180]. Possible explanations include
the varying light-reflecting properties of different matrixes, the adsorption of photosensitizers onto
the cuticle of vegetables/fruits and the presence of antioxidants in vegetables/fruits that reduced the
efficacy of blue light [178,180].
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In the majority of studies that we reviewed, blue light treatments resulted in no detrimental effects
upon the sensorial and nutritional properties of fruits and vegetables. For instance, the antioxidant
activities of cherry tomatoes, fresh-cut mangoes and papayas were retained after treatment with
blue light (405 nm) [116,181,182]. Most nutrients (vitamin C, β-carotene and lycopene) were also
preserved in blue light-treated papayas or fresh-cut mangoes (405 nm), although there was a significant
increase (p < 0.05) in the amount of flavonoids during storage (4 ◦C or 20 ◦C) in the illuminated
papayas [116]—flavonoid content remained stable in fresh-cut mangoes [182]. Others observed no
adverse visual quality on blue light-treated strawberries (405 nm), as compared with the untreated
controls [180]. In fresh-cut Fuji apples, polyphenol oxidase and peroxidase was inhibited by the
combination of curcumin (2 µM) and blue light (420 nm) and thus there was significantly less browning
(p < 0.01) in treated apples as compared with untreated controls [183]. On the contrary, blue light
(460 nm) induced a bleaching effect in fresh-cut pineapples, as measured by the reduction in its
yellowness index [184], although no human observers were used to determine whether this change
would be perceived as undesirable.

The non-thermal nature of blue light treatments also allows for their application on low-moisture
products, such as almonds, albeit improvements on its bactericidal efficiency would be required
(at least 4-log reduction is needed) [185]. Additionally, blue light (405 nm) delayed the regrowth of
L. monocytogenes on cherry tomatoes by 14 days, albeit this finding should prompt food producers to be
vigilant in determining whether the blue light used is bacteriostatic or bactericidal against pathogenic
bacteria [181].

4.4. Inactivation of Bacteria in Meat Products and Seafood (Chicken, Beef and Fish)

Generally, blue light treatment is less effective in meat and seafood products than on surfaces or
in dairy and horticultural products (Tables 1–4), possibly due to the presence of absorptive materials
and ROS-neutralizing substances, such as proteins. For instance, the inactivation of S. Enteritidis by
blue light was less efficient on cooked chicken meat (0.8–0.9 log CFU/cm2) than in the transparent PBS
(1.3–2.4 log CFU/mL) [189]. However, blue light could still induce injuries on bacterial cells that render
them more susceptible to subsequent stresses. On cooked chicken meat, S. Enteritidis lost its resistance
to four antibiotics, relative to the untreated controls (details in Section 7.1.) [189]. Similarly, blue light
treatment rendered L. monocytogenes and Salmonella spp. on fresh salmon significantly more susceptible
(p < 0.05) to gastric digestion (pH 2) than untreated cells, especially at lower temperatures [190].
These findings indicate that bactericidal efficacy of blue light-mediated treatments could be improved
by combining it with other treatments, such as organic acids, essential oils agents or polyphenols
(details in Section 6).
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The efficacy of blue light treatment on chicken products is dependent on the wavelength used,
possibly related to wavelength-specific activation of different endogenous photosensitizers. Two studies
found that Campylobacter spp. in chicken (fillet or skin) were reduced by 1.7–2.4 log CFU or 0.7–6.7 log
CFU/g through treatments with blue light at 405 nm [162] or 395 nm [169], respectively. Other than
the type of light, these differences may also be attributable to the different bacterial species, treatment
distances and treatment lengths used (Table 4) [162,169]. In agreement, light dosage was found to be
inversely proportional to treatment distance, for example, the inactivation of C. jejuni on chicken skin
was higher at a treatment distance of 3 cm (6.7 log CFU/cm2) than at 12 cm (1 log CFU/cm2) or 23 cm
(0.7 log CFU/cm2) (Table 4) [169].

Sensorial properties of chicken and salmon could be affected by light treatment, especially when
using light at the UV–vis region or photosensitizers. A study reported on the heating effects of
ultraviolet/blue light (395 nm), especially at shorter treatment distance and longer treatment length,
which resulted in significant color changes (p < 0.05) in chicken fillet and skin [169]. Others found
that while discoloration was absent in smoked salmon illuminated with blue light alone (460 nm),
the whiteness index significantly increased (p < 0.05) in samples treated with riboflavin-mediated blue
light, relative to the untreated control samples [191]. Consistently, an extended illumination (8 h) of
fresh salmon with blue light alone (405 nm) did not result in color changes [190].

Further, the introduction of exogenous photosensitizers could improve the inactivation of
pathogenic bacteria on cooked food. The combination of curcumin (50 or 100 µM) and blue light
(435 nm; 33.8 J/cm2) resulted in a 1.7-log reduction (CFU) of S. aureus in cooked chicken meat,
whereas the treatment of blue light alone had no effect on the bacterial load. Albeit, the authors
suggested that the lipophilicity of curcumin could make it susceptible to attenuation by the fatty regions
on the chicken skin and thus modification of this photosensitizer (or alternative photosensitizers)
would be required to achieve a higher bactericidal activity [178]. Another study found that blue light
(460 nm) reduced the population of L. monocytogenes on smoked salmon fillets by up to 1.12 log from
the initial concentration of 3.5 log CFU/cm2, but only when riboflavin was present. The light dosage
required to achieve the first log reduction was lower at 4 ◦C (1600 J/cm2) than at 12 ◦C (2000 J/cm2),
although the difference was not statistically significant [191].

5. Potential Application of Blue Light in Food Supply Chain

5.1. Food Processing and Farms: Airborne and Surface Inactivation

Practical applications of any blue light technology within the food industry are dependent on
its ability to inactivate pathogens over distances beyond those typically used in laboratory-scale
experiments. In clinical settings, three studies found that a ceiling-mounted high-intensity
narrow-spectrum light environmental decontamination system (HINS-light EDS; 405 nm) significantly
reduced (p < 0.05) the total viable counts, including MRSA and S. aureus, on surfaces (for example, bed,
table, chair, worktop or bins) [193–195]. The safety of HINS-light EDS also allowed it to be operated in
the presence of humans, such as patients and healthcare workers, which is in contrast to ultraviolet
germicidal lamps [193–195].

These findings suggest that there is a potential for HINS-light EDS (or similar technologies)
to be used for environmental sanitization in food-processing plants. While blue light inactivation
of planktonic and biofilm-associated bacteria has been tested on food packaging and also on work
surfaces (for example, stainless steel, acrylic or glasses), there are limited studies on the sporicidal
effects of blue light on food packaging (Table 1). In suspensions, antimicrobial blue light (405 nm;
1730 J/cm2) also reduced the population of bacterial endospores, namely those of B. cereus, B. subtilis,
Bacillus megaterium and Clostridium difficile, by 4 log CFU/mL [196]. Thus, future in vivo validations are
required to assess the ability of blue light to inactivate different forms of bacteria on a range of surfaces
and at varying distances.
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Further, bacteria may be aerosolized during food processing, persist in the air and subsequently
spread across indoor premises. Interestingly, a study found that aerosolized S. epidermidis
was significantly inactivated by approx. 2 log CFU/mL (p < 0.001) by blue light (405 nm; 39.5 J/cm2),
with the susceptibility of the bacteria to blue light being 2–4 times higher in aerosols than in liquids or
on surfaces [197]. Future studies should explore the potential of blue light for inactivating food-borne
bacteria in aerosols.

Light treatments could also be used to treat veterinary diseases in farm animals, such as mastitis in
cows. For example, there were significantly lower (p < 0.05) bacterial loads of Streptococcus dysgalactiae
and coagulase-negative staphylococci in milk produced by cows treated with the combination red
LED (635 nm; 200 J/cm2) and toluidine blue (2%), relative to the untreated groups—this treatment
was not intended for direct decontamination milk, but for alleviating incidences of mastitis in
cows, with bacteriological characteristic of milk samples only used as an indicator [198]. In vitro,
bacteria isolated from bovine mastitis, namely S. dysgalactiae, S. aureus and Streptococcus agalactiae,
were inactivated by red LED (662 nm; 3–12 J/cm2) and methylene blue (50 µM) [199]. Currently,
there are no data available on the application of blue light against farm-animal pathogens. However,
given the fact that blue light can act on endogenous chromophores, it may have practical advantages
over the existing red LED that depends on exogenous photosensitizers to inactivate bacteria on cows.

5.2. Aquaculture

Pathogenic bacteria that attack fish include Vibrio spp., Photobacterium damselae subsp. piscicida,
Edwardsiella tarda and Edwardsiella ictaluri [200]. Although most of these bacteria are not known to infect
humans, high incidences of disease in farmed fish may inflict adverse economic consequences upon
fish farmers. Thus, the availability of methods for inactivating these bacteria in aquaculture systems is
paramount to sustain viable fisheries. Several studies have assessed the application of antimicrobial
blue light against fish pathogens. In PBS, the blue light inactivation of several pathogenic fish bacteria
was 132–543.7 and 247–2178 J/cm2 at 405 and 465 nm, respectively. Generally, these bacteria were more
susceptible to blue light at 405 nm than at 465 nm, although there were variations across different
bacterial species (Figure 2) [201].Foods 2020, 9, x FOR PEER REVIEW 19 of 39 

 

 
Figure 2. Blue light dosage required to achieve 1-log reduction of pathogenic bacteria in fish or 
shellfish. Light dosage was converted to logarithmic values (log) and thus an increase of one unit on 
the x axis represents a tenfold increase in the light dosage. This graph was created using data taken 
from Roh et al., which was published under the Creative Commons Attribution 4.0. International 
License (http://creativecommons.org/licenses/by/4.0/) [201]. * Vibrio harveyi was not inactivated by 
blue light at 465 nm. 

The presence of particulates in aquaculture water reduced the bactericidal efficacy of artificial 
white light (380–700 nm), in combination with a cationic porphyrin (Tri-Py+-Me-PF), against Vibrio 
fischeri: (1) in unfiltered water, 50 µM of porphyrin and 43.2–64.8 J/cm2 of light were required to 
achieve a 7-log reduction (CFU/mL); (2) in filtered water, the combination of porphyrin (at least 10 
µM) and light (64.8 J/cm2) led to a bacterial reduction of 7 log CFU/mL. When tested in PBS, a 
complete inactivation of V. fischeri (7 log CFU/mL) was achieved, regardless of variations in acidity 
(pH of 6.5–8.5), salinity (20–40 g/L), temperature (10–25 °C) and oxygen concentration (5.3–5.9 mg/L), 
although the rate of inactivation was highest at the physiological pH (7.4) and ambient temperature 
(25 °C) [202]. However, when similar treatments (white light at 380–700 nm; Tri-Py+-Me-PF at 5–50 
µM) were used against heterotrophic bacteria cultivated from aquaculture water samples, the 
bactericidal efficacies varied across different water samples, ranging from 1.2 to 2 log CFU/mL. 
Nevertheless, in PBS, a complete inactivation (8 log CFU/mL) was observed for several pathogenic 
bacteria isolated from aquaculture water, namely Vibrio spp., P. damselae, Enterococcus faecalis, E. coli 
and S. aureus, after exposure to a combined treatment of artificial white light (380–700 nm; up to 648 
J/cm2) and Tri-Py+-Me-PF (5 µM) [203]. 

In the absence of photosensitizer, blue LED (405 or 465 nm) was able to significantly reduce (p < 
0.05 or 0.01) the bacterial loads of Edwardsiella piscida in rearing water, which subsequently also 
decreased the number of bacterial infections in Fancy carps (Cyprinus caprio) [204]. The light treatment 
did not induce damages on the fish eyes and skin, with also no increase in the production of heat-
shock proteins or unusual feeding behaviour observed in the treated fish, relative to the untreated 
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and sole, to blue light (435–500 nm) could result in increased malformations and poor survival of the 
fish larvae [205]. Thus, additional studies are needed to assess the effects of antimicrobial blue light 
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Figure 2. Blue light dosage required to achieve 1-log reduction of pathogenic bacteria in fish or shellfish.
Light dosage was converted to logarithmic values (log) and thus an increase of one unit on the x axis
represents a tenfold increase in the light dosage. This graph was created using data taken from
Roh et al., which was published under the Creative Commons Attribution 4.0. International License
(http://creativecommons.org/licenses/by/4.0/) [201]. * Vibrio harveyi was not inactivated by blue light at
465 nm.
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The presence of particulates in aquaculture water reduced the bactericidal efficacy of artificial white
light (380–700 nm), in combination with a cationic porphyrin (Tri-Py+-Me-PF), against Vibrio fischeri:
(1) in unfiltered water, 50 µM of porphyrin and 43.2–64.8 J/cm2 of light were required to achieve
a 7-log reduction (CFU/mL); (2) in filtered water, the combination of porphyrin (at least 10 µM)
and light (64.8 J/cm2) led to a bacterial reduction of 7 log CFU/mL. When tested in PBS, a complete
inactivation of V. fischeri (7 log CFU/mL) was achieved, regardless of variations in acidity (pH of 6.5–8.5),
salinity (20–40 g/L), temperature (10–25 ◦C) and oxygen concentration (5.3–5.9 mg/L), although the
rate of inactivation was highest at the physiological pH (7.4) and ambient temperature (25 ◦C) [202].
However, when similar treatments (white light at 380–700 nm; Tri-Py+-Me-PF at 5–50 µM) were
used against heterotrophic bacteria cultivated from aquaculture water samples, the bactericidal
efficacies varied across different water samples, ranging from 1.2 to 2 log CFU/mL. Nevertheless,
in PBS, a complete inactivation (8 log CFU/mL) was observed for several pathogenic bacteria isolated
from aquaculture water, namely Vibrio spp., P. damselae, Enterococcus faecalis, E. coli and S. aureus,
after exposure to a combined treatment of artificial white light (380–700 nm; up to 648 J/cm2) and
Tri-Py+-Me-PF (5 µM) [203].

In the absence of photosensitizer, blue LED (405 or 465 nm) was able to significantly reduce
(p < 0.05 or 0.01) the bacterial loads of Edwardsiella piscida in rearing water, which subsequently
also decreased the number of bacterial infections in Fancy carps (Cyprinus caprio) [204]. The light
treatment did not induce damages on the fish eyes and skin, with also no increase in the production of
heat-shock proteins or unusual feeding behaviour observed in the treated fish, relative to the untreated
controls [204]. Albeit, precautions are needed as continuous exposure of some fish, such as sea bass
and sole, to blue light (435–500 nm) could result in increased malformations and poor survival of the
fish larvae [205]. Thus, additional studies are needed to assess the effects of antimicrobial blue light on
live seafood, including fish, oysters and mussels.

5.3. Retail: Prolonging Shelf-Life

As previously discussed, food contamination at retail establishments could lead to outbreaks
(Section 2), particularly as inactivation treatments are not usually present at this stage within the food
supply chain. In Section 4, we have reviewed studies on the use of antimicrobial blue light against
pathogenic bacteria in an array of food products and also on surfaces. However, the use of blue light
at the retail level also requires it to inhibit spoilage microorganisms and thus extends the shelf-life
of foods. There are also concerns about spoilage bacteria surviving cleaning regimes and persist on
surfaces in food-processing plants, including Pseudomonas spp., Serratia spp., Hafnia spp. and LAB [16],
and thus additional control measures are required. Further, several review articles have identified
major spoilage microorganisms in dairy [206,207], horticultural [208], meat [209] and seafood [210]
products, which may be a subject of future studies on antimicrobial blue light.

Although still limited in number, there are several studies that assessed blue light-mediated
inactivation of spoilage microorganisms in food products and subsequently the shelf-life of these
treated foods. For example, blue light significantly reduced (p < 0.05) the initial loads of mesophilic
bacteria, yeasts or other microfungi on strawberries and cherry tomatoes, which delayed the spoilage
onset by 2 and 4 days, respectively (Table 3) [181,188]. In Hami melon (cantaloupe), the combination of
curcumin (50 µM) and blue LED (470 nm) significantly reduced (p < 0.05) the initial amount of total
aerobic microorganisms by 1.38 log CFU/g, with the treated melons also having 1.8-log lower bacterial
load (CFU/g) than the untreated controls after 9 days of storage at 4 ◦C. The soluble solid content, color,
water content and firmness of Hami melon were also better preserved in the blue light-treated group
than the untreated controls [211].

The combination of curcumin (10 µM) and blue light (470 nm; 5.4 J/cm2) extended the shelf-life
of fresh oysters from 8 to 12 days at 4 ◦C, as determined by total aerobic plate count (shelf-life limit
of 107 CFU/g) and total volatile basic nitrogen analysis (shelf-life limit of 30 mg n/100 g oyster) [212].
Sensorial properties of the treated oyster were also improved at the shelf-life terminal point of the
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untreated group (8th day): (1) human panels rated treated oyster more favorably than untreated control
in terms of smell, body color, mucus appearance and texture; (2) electronic nose indicated that the
generation of spoilage metabolites was reduced in the treated group, relative to untreated controls.
Retention of flavorful free amino acids and reduction in the oxidation of lipids and fatty acids were
also observed in the blue light-treated group [212]. Similarly, the treatment of fresh sturgeons with
curcumin (30 µM) and blue light (470 nm) significantly reduced (p < 0.05) the prevalence of spoilage
Pseudomonas spp. during storage at 4 ◦C for 6–9 days [213].

The number of spoilage P. fluorescens was lowered by 1.85–3.60 log CFU/g in blue light-treated
(460–470 nm) packaged sliced cheese, relative to untreated controls, after 2 and 7 d of storage at 25 and
4 ◦C, respectively (Table 2) [165].

6. Hurdle Technology

6.1. Photosensitizers

In all studies that combined exogenous photosensitizers with blue light treatments, the addition
of photosensitizing agents improved the bactericidal efficacy of blue light, relative to when blue
light was used alone (Tables 1, 3 and 4). These photosensitizers facilitate the production of ROS,
which subsequently induces bacterial inactivation. However, the bactericidal efficacy may also vary
with the type of photosensitizer used. For instance, the combination of blue LED (427–470 nm; 30 J/cm2)
and rose bengal (160 µg/mL) inactivated 7.1 log CFU/mL of Porphyromonas gingivalis, whereas when
the same blue light was combined with erythrosine or phloxine, the bacterial reductions were only 0.9
or 1 log (CFU/mL), respectively [214].

Similarly, the efficacy of photosensitizers also depends on the delivery method within different
application matrixes. For example, curcumin bound to polyvinylpyrrolidone did not improve the
blue light inactivation on chicken skin, but was effective on vegetables. The lipophilic curcumin
may be readily released by the hydrophilic polyvinylpyrrolidone to the fatty regions of the chicken
skin. In contrast, micellar formulation of curcumin (NovaSol®-C) was effective on chicken skin,
potentially due to the retention of curcumin in micellar form prior to contact with the bacterial
cells [178].

Non-toxic inorganic salts can be used to potentiate photosensitization in photodynamic treatments,
particularly through the production of non-oxygen reactive species, such as azide radicals from sodium
azide salts or reactive iodine species from potassium iodide [215]. In an in vitro study, the combination
of blue light (415 nm; 10 J/cm2), Photofrin (10 µM) and potassium iodide (100 mM) inactivated 6 log of
five Gram-negative bacterial species, namely E. coli, P. aeruginosa, Klebsiella pneumoniae, Proteus mirabilis
and A. baumannii, whereas in the absence of potassium iodide, photosensitization treatments resulted
in no inactivation [216].

Precursors of endogenous photosensitizers, such as 5-aminolevulinic acid (ALA), can also be added
to facilitate photo-inactivation of bacteria [110]. A study found that ALA and its derivatives induced
the formation of photo-active porphyrins in Gram-negative (E. coli K-12, E. coli Ti05 and P. aeruginosa)
and Gram-positive (S. aureus) bacteria, although the amount or type of porphyrin produced, and also
the extent of bacterial photo-inactivation (white light; 120 J/cm2), depended on three factors: (1) type of
precursor used; (2) bacterial species/strain tested; (3) concentration of precursor added [217]. In support
of this view, another study demonstrated that ALA-mediated inactivation of bacteria by blue light
(407–420 nm; 50–100 mJ/cm2) was more profound in Gram-positive (5–7 log CFU/mL; except for
B. cereus and Streptococcus faecalis) than in Gram-negative bacteria (1–2 log CFU/mL)—this difference
was possibly due to the higher amount of coproporphyrin present in Gram-positive bacteria tested
(B. cereus produced 37–45% lower coproporphyrin than the other Gram-positive bacteria and was
reduced by only 1–2 log CFU/mL; porphyrin production was not observed in S. faecalis and no reduction
was reported) [218].
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6.2. Acidity and Temperature

In clear liquid suspensions, the susceptibility of E. coli and L. monocytogenes to blue light (405 nm)
was enhanced in the presence of environmental stresses: (1) the light dosages required to inactivate
both bacteria (5 log CFU/mL) at stressful temperatures (4 ◦C or 45 ◦C) were significantly lower (p < 0.05)
than at a non-stressful temperature (22 ◦C); (2) the light dosages required to inactivate E. coli and
L. monocytogenes at pH 3 were reduced by 77% and 50%, respectively, relative to that required at pH 7;
(3) the bacterial inactivation was significantly higher (p < 0.05) under osmotically-stressful conditions
(salt concentrations of 10% and 15% for E. coli or 10% for L. monocytogenes) than under non-stressful
conditions (salt concentrations of 0 or 0.8%) [219]. On nitrocellulose surface, both bacteria were also
inactivated by blue light (405 nm; 36 J/cm2) to a higher extent at pH 3 (reduction of 95–99% reduction)
than at pH 7 (reduction of 13–26%) [219]. In addition, the type of acid present determined the extent of
bactericidal inactivation of blue LED (461 nm; 596.7 J/cm2) against E. coli O157:H7, S. Typhimurium,
L. monocytogenes and S. aureus, with the highest inactivation rates at pH 4.5 achieved using lactic acid,
followed by citric and malic acids [220].

However, there has been no consensus on how temperature affects the efficacy of antimicrobial
blue light, with current data suggesting that it depends on the bacterial species and light wavelength
used. The growth of S. Enteritidis on cooked chicken meat was only delayed when treated with blue
light (405 nm) at 10 and 20 ◦C, but it was inactivated at 4 ◦C [189]. Similarly, five S. enterica serovars
on fresh-cut pineapple, namely Typhimurium, Newport, Gaminara, Montevideo and Saintpaul,
were inactivated by blue light (460 nm) at 7 and 16 ◦C (bactericidal), but only inhibited at 25 ◦C
(bacteriostatic) [184]. On the contrary, S. aureus, Lactobacillus plantarum and V. parahaemolyticus in
PBS were inactivated by blue light (405 or 460 nm) at all experimental temperatures (4, 10 or 25 ◦C),
albeit the extent of bactericidal effect varied across bacterial species and also light wavelengths [221].
Another study also demonstrated that E. coli O157:H7, L. monocytogenes and Salmonella spp. on fresh-cut
mangoes were inactivated by blue light (405 nm) at 4 and 10 ◦C, but only inhibited at 20 ◦C, with both
bactericidal and bacteriostatic effects varying with bacterial species [182]. Interestingly, the population
of L. monocytogenes in pre-biofilms on stainless steel and acrylic coupons was significantly reduced
(p < 0.05) at 25 ◦C, but not at 4 ◦C [163].

6.3. Nanoparticle

Silver nanoparticles (AgNPs) are able to interact with negatively-charged molecules in bacterial
cells, such as proteins or nucleic acids and subsequently induce damages to the cells, for example, by
increasing cell membrane permeability, causing DNA damage or inhibiting protein synthesis [222].
A review by Carbone et al. summarized available data on the potential use of AgNPs as an antimicrobial
agent in food packaging [223]. In photodynamic treatments, the combination of blue light (460 nm)
with AgNPs was significantly more effective (p < 0.001) against MRSA and P. aeruginosa than each
treatment alone [224,225]. The formation of P. aeruginosa biofilm on gelatin-based discs was also
significantly inhibited (p < 0.001) by the combined treatment, relative to treatments with blue light or
AgNPs alone [225].

Similarly, metal oxides can be used in photocatalytic processes to generate superoxides or hydroxyl
radicals for inactivating microorganisms or oxidizing organic substances. In an in vitro study, zinc oxide
nanoparticles (ZnO-NPs; 0.5 mg/mL) were combined with blue light (462 nm; 5.4 J/cm2) to inactivate
5 log CFU/mL of A. baumannii, with ZnO-NPs and blue light alone resulted in zero and less than
1-log reduction (CFU/mL), respectively. The combination of ZnO-NPs (0.1 mg/mL) and blue light
(462 nm; 10.8 J/cm2) also significantly reduced the number of antibiotic-resistant (colistin or imipenem)
A. baumannii (p < 0.005), K. pneumoniae (p < 0.005) or Candida albicans (fungus; p < 0.05) in culture
medium. Further, transmission electron microscopical image revealed that the cell membrane was
damaged in A. baumannii, but an analysis using gel electrophoresis showed no fragmentations of
plasmid DNA post-treatment and thus these findings indicate that ZnO-NPs/blue light photocatalysis
only attacks cytoplasmic membrane and not the bacterial genome [226].
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6.4. Plant Extracts: Polyphenols and Essential Oils

Polyphenols are known to exhibit antimicrobial potency through their ability to bind to the cell
membrane, cell wall and their associated proteins and thus compromising the structural integrity
of the bacterial cell [227,228]. Inhibition of bacterial adhesins and quorum sensing by polyphenols
also resulted in failures to form biofilms [228]. Interestingly, several studies have reported on the
synergistic antimicrobial effects of blue light and plant-derived polyphenols, particularly at the
blue light wavelength range of 385–400 nm. For example, gallic acid (4 mM) was combined with
blue light (400 nm; 72 J/cm2) to inactivate 7.5 log CFU/mL of S. aureus, with lipid peroxidation
observed through the detection of malondialdehyde. This lipid peroxidation was likely to be caused
by the formation of hydroxyl radicals, which were detected by electron spin resonance [229]. In a
follow-up study, the combination of blue light (400 nm; 75–150 J/cm2) and several polyphenols
(1 mg/mL; caffeic acid, gallic acid, chlorogenic acid, epigallocatechin, epigallocatechin gallate and
proanthocyanidin) induced significant inactivation (p < 0.05 or p < 0.01) of E. faecalis, S. aureus,
Streptococcus mutans, Aggregatibacter actinomycetemcomitans, E. coli and P. aeruginosa. Damage to the
DNA was also reported, which suggested that the polyphenols were incorporated into the bacterial
cells, probably facilitated by the high affinity of polyphenols to the cell membrane [230].

Similarly, inactivation of S. mutans within biofilms was reported after exposure to the combination
of caffeic acid (0–2 mg/mL) and light (365, 385 and 400 nm; 120–480 J/cm2), with the highest inactivation
(5 log CFU/mL) achieved at caffeic concentration of 2 mg/mL and blue light dosage of 480 J/cm2

(385 nm) [231]. Other authors also reported the synergistic antimicrobial activities of blue light (400 nm)
and wine grape-derived polyphenols (for example, catechin and its isotopic ingredients) against
S. aureus or P. aeruginosa (5 log CFU/mL) [232,233].

In addition, essential oils possess antimicrobial activity by inducing membrane breakage and
permeability, albeit Gram-negative bacteria are known to be more resistant than Gram-positive bacteria
due to the presence of hydrophilic outer membrane [234,235]. Membrane leakages can lead to loss of
cellular constituents, such as ions, genetic materials or adenosine triphosphate (ATP), and subsequently
cell death [236,237]. One study found that essential oils derived from eucalyptus (5%), clove (0.5%) and
thyme (0.5%) improved the blue light (469–470 nm) inactivation of S. epidermidis and P. aeruginosa by 2–7
and 3–8 log CFU/mL, respectively, as compared with inactivation achieved by light alone. Relative to
treatments with essential oils alone, samples treated with the combination of essential oils and blue
light had 3–6 and 3–5 log CFU/mL lower counts of S. epidermidis and P. aeruginosa, respectively [238].

7. Blue Light versus Antimicrobial Resistance and Consequences of Sub-Lethal Light Exposures

Antimicrobial resistance presents a challenge to the food industry, with multiroute transmissions
of resistant bacteria occurring through the contamination of food-processing environments,
transfer of genes originating from microorganisms intentionally added to foods (starter cultures,
bio-preservative bacteria or bacteriophage) and cross-contamination of foods [239–242]. Throughout the
years, antimicrobial-resistant pathogenic bacteria have emerged across different food industries:
horticultural (vegetables and fruits) [240], seafood [241] and meat (food and livestock) [242].
In previous sections, we have reviewed several studies that successfully used blue light against
drug-resistant bacteria, such as MRSA. However, in this section, we focus on the ability of blue
light to sensitize multidrug-resistant bacteria to antibiotics and subsequently on the inactivation
of biofilms (monomicrobial or polymicrobial) and also on the potential development of bacterial
tolerance/resistance to blue light.

7.1. Resistant Bacteria: Improved Sensitivity to Antibiotics

Generally, bacteria achieve antimicrobial resistance through three mechanisms: (1) preventing the
drug from reaching the target (limiting uptake or active efflux); (2) modifying the target sites, such as
alterations of penicillin-binding proteins in Gram-positive bacteria; (3) inactivating the drug through
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degradation or chemical modulation [243]. Theoretically, blue light could induce damages that disrupt
the ability of bacteria to limit drug uptakes or to perform active efflux (mechanism 1). As mentioned
previously (Section 3.1), blue light could induce breakage of cell walls, increase the permeability
of the cell membrane (lipid peroxidation) and inactivate lipopolysaccharides (constituents of outer
membrane in Gram-negative bacteria)—all of these structures play roles in conferring barriers against
antibiotics [243]. In addition, one study showed that blue light-treated MRSA suffered from potassium
ion leakages, which suggested that several transmembrane proteins (for example, Na+/K+ ion pumps)
may have been denatured [113] and thus potentially limiting the role of these transmembrane proteins
in pumping drugs out of the bacterial cells (active efflux) [243].

Several studies also found that blue light rendered bacteria more susceptible to antibiotics. In an
in vitro study, blue light-treated (411 nm; 150 J/cm2 per cycle; 15 cycles) S. aureus (methicillin-sensitive
and resistant) had a higher susceptibility to gentamycin and doxycycline, but not vancomycin,
ciprofloxacin, chloramphenicol and rifampicin, than untreated controls [244]. Another report showed
that the minimum inhibitory concentration (MIC) of gentamycin, ceftazidime and meropenem against
drug-resistant P. aeruginosa was reduced by up to 8-fold in the blue light-treated groups (405 nm; 10 or
12 J/cm2), relative to the untreated controls [245]. On cooked chicken meat, blue light-treated (405 nm;
1700 J/cm2) S. Enteritidis became more susceptible to ampicillin, chloramphenicol, nalidixic acid and
rifampicin, relative to freshly-cultured or non-illuminated controls [189]. On the contrary, one study
reported no change in the susceptibility of S. aureus (methicillin sensitive and resistant) to antibiotics
(panel of 10, including gentamycin) after fifteen cycles of sub-lethal exposures to blue light (405 nm;
108 J/cm2 per cycle) [246].

Further, He et al. found that blue light could be combined with tetracycline-class antibiotics to
inactivate drug-resistant E. coli and MRSA: (1) demeclocycline (DMCT; 10–50 µM) could be activated as
a photosensitizer by blue light (415 nm; 10 J/cm2) and reduced the bacterial load of resistant E. coli and
MRSA by 6 log CFU/mL; (2) sub-lethally injured E. coli underwent inactivation during the sub-culturing
of these bacteria post-treatment. This indicated that the antibiotic was still active, even in the absence
of light, and continued to inactivate the sensitized bacteria by inhibiting their ribosomes; (3) minimum
inhibitory concentrations of DMCT, doxycycline, minocycline and tetracycline against drug-resistant
E. coli and MRSA were reduced by up to 8-fold, when applied in the presence of blue light (415 nm),
relative to the dark controls [247].

7.2. Inactivation of Biofilms

Biofilms facilitate horizontal gene transfers between individual bacteria within the matrix,
especially in those that contain more than one bacterial species. These exchanges of mobile genetic
elements may lead to an increase in antimicrobial resistance and environmental persistence [248].
To mitigate this issue, a group of researchers deployed antimicrobial blue light (405 nm; 500 J/cm2)
against polymicrobial biofilms and achieved log reductions of 2.37 and 3.40 CFU/mL for MRSA and
P. aeruginosa, respectively, within a dual-species biofilm. The same blue light treatment on another
dual-species biofilm inactivated P. aeruginosa and C. albicans by 6.34 and 3.11 log CFU/mL, respectively.
As expected, monomicrobial biofilms were more susceptible to blue light, with damages to the
exopolysaccharide matrix also observed across different types of biofilm [249].

The efficacy of blue light against biofilms also varies across bacterial species. For example,
blue light (405 nm; 108–206 J/cm2) significantly inactivated monomicrobial biofilms of drug-resistant
A. baumannii, P. aeruginosa and Neisseria gonorrhoeae (4–8 log CFU/mL; p < 0.01 or p < 0.0001), whereas the
same blue light treatment did not significantly affect the biofilms of E. coli, E. faecalis and Proteus
mirabilis. Further, blue light (405 nm; 216 J/cm2) significantly reduced (p < 0.01) the number of MRSA
in biofilms grown for 24 h, but not in biofilms grown for 48 h [250].
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7.3. Sub-Lethal Exposures Induce Cellular Processes Potentially Leading to Tolerance

A study found that fifteen cycles of sub-lethal exposures of S. aureus to blue light (411 nm; 150 J/cm2

per cycle) resulted in the development of tolerance due to genetic alterations, which was stable after
five successive sub-culturing. There was an increase in the expression of recA and umuC genes in the
blue light-tolerant S. aureus, whereas mutant strains with non-functional recA and umuC genes did
not develop tolerance. This finding confirmed that SOS-dependent mechanism played a role in the
development of blue light-tolerant phenotype, although direct mutations from DNA damage were also
possible [244]. In contrast, another study showed that S. aureus did not develop tolerance to blue light
(405 nm; 108 J/cm2 per cycle) after fifteen cycles of sub-lethal treatment [246]. Exposures of P. aeruginosa,
A. baumannii and E. coli to twenty cycles of blue light (405 nm; dosages enough to induce bacterial
reduction of 4 log CFU) also did not result in the development of tolerance [251]. Possible explanations
for the discrepancies between these studies include different wavelengths and blue light dosages used,
albeit further investigations are needed to ascertain the effects of sub-lethal exposures of bacteria to
blue light.

Two reports found that exposure of S. aureus to blue light had reduced its susceptibility to
H2O2 [244,246]. In response to oxidative stress induced by the blue light, bacteria may up-regulate the
expression of katA that encodes the production of H2O2-scavenging catalase protein and thus exhibit
higher tolerance to H2O2 [118]. Adair and Drum identified thirty-two other genes in S. aureus regulated
(up- or downregulated) by blue light (465 nm; 250 J/cm2), which included those responsible for the
production of cell envelope components and heat-shock proteins [252]. Similarly, light-mediated gene
regulations occurred in other major food-borne pathogens, namely V. cholerae and C. sazakii. In response
to ROS generated by blue light (fluorescent black light; UV-filtered), V. cholerae showed differential
expression of 222 genes (6.3%), relative to untreated cells, especially those encoding enzymes that
protect or repair lipids and nucleic acids (genome)—these transcriptional responses to blue light were
regulated by ChrR and MerR-like proteins [253]. Blue light (415 nm; up to 20.04 J/cm2) was also found
to upregulate the expression of genes in C. sakazakii that encode oxidative stress-resistance chaperone,
an adhesin and a capsule biosynthesis protein (CapC) [115].

These findings indicate that sub-lethal exposures of bacteria to blue light induce cell responses
that may lead to the development of tolerance over time. However, complete resistance has not been
reported, as even when tolerance was observed at a particular blue light dosage, increasing the light
dosage was sufficient to eliminate the tolerant bacteria [244]. Nevertheless, other strategies are required
to antagonize any development of bacterial tolerance to blue light. For example, the combination
of blue light at 460 and 405 nm was reported to be effective against blue light-tolerant S. aureus.
Leanse et al. [254] revealed that blue light at 460 nm (90–360 J/cm2) inactivated staphyloxanthin (a ROS
scavenger; antioxidant) through photolysis and thus disrupted the ability of S. aureus to resist blue
light treatment. Subsequent treatment with blue light at 405 nm (90–180 J/cm2) inactivated the bacteria
(planktonic or in biofilm) at a higher rate than when single wavelengths were used, albeit inactivation
was dependent on the dosage of both 405- and 460-nm blue light. In addition, as blue light attacks
multiple targets in the bacterial cells, the development of resistance to blue light is likely to be slower
than resistance to antibiotics.

8. Research Gap and Future Outlook

While it is a well-established fact that bacterial cells contain photo-active endogenous
photosensitizers, the amount and type of these intracellular chromophores—and thus the susceptibility
to blue light—may vary across bacterial species. For example, spectroscopic measurements revealed
the presence of flavins and porphyrins in the cell lysates of A. actinomycetecomitans, although these
compounds were not detected in E. coli. When illuminated by blue light (460 nm; 150 J/cm2),
A. actinomycetecomitans (serotype b; ATCC 43718) were reduced by 5 log CFU, whereas E. coli
(ATCC 25922) remained unaffected [255]. Another group of researchers also used spectroscopic
technique to identify protoporphyrin IX and coproporphyrin as the main intracellular photosensitizers
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in Helicobacter pylori, which could exist in monomeric, dimeric or aggregated forms [256]. Others utilized
high-performance liquid chromatography to characterize the endogenous photosensitizers in
P. aeruginosa and A. baumannii, including coproporphyrin (I or III) and protporphyrin IX [257,258].
These studies provide technical foundation that future researches could build upon, particularly for
characterizing endogenous photosensitizers in food-borne pathogenic bacteria.

There are limited data on the bactericidal activity of blue light against spoilage microorganisms,
especially bacteria that are capable of growing in anaerobic conditions, such as Clostridium estertheticum
in vacuum-packed meats. A study showed that while E. coli, S. aureus and E. faecalis in liquid media
were unaffected by blue light (405 nm; 5.73 J/cm2) under anaerobic environments, the bacterial loads
of Prevotella intermedia and Prevotella nigrescenes were significantly reduced by 1 and 2 log CFU/mL
(p < 0.05), respectively [259]. Others observed 1-log reduction of P. gingivalis after illumination with
blue light (405 nm; 3.42 J/cm2) [260]. The authors of both studies attributed blue light-mediated
anaerobic inactivation of bacteria to the generation of organic radicals directly from the triplet state of
endogenous photosensitizers [259,260]. These findings indicate that there is a potential for anaerobic
application of blue light, although there is a need for improvements in the bactericidal efficacy of blue
light under oxygen-scarce conditions. Azide salts can be used to facilitate anaerobic photodynamic
treatments [216]. In addition, future studies are required to assess the effects of blue light on spore
germination or the production of bacterial toxins.

Sensorial properties of blue light-treated foods need to be assessed beyond the quantitative
measurements conducted within laboratory settings. For example, the quality of blue
light-treated oysters were evaluated using both chemical/microbiological analyses and human panels
(sensory evaluation), which provided the researchers with a comprehensive information to determine
the shelf-life of seafood [212]. Future research can be designed to assess the sensorial properties of
other types of blue light-treated food, including fruits, vegetables, meat and dairy products.

Lastly, spectral readings from Fourier-transform infrared (FTIR) indicated that blue light (470 nm)
and UV (254 nm) primarily attacked the DNA during inactivation of MRSA, although the two
lights targeted different DNA conformations: blue light induced damage on A-DNA, whereas UV
predominantly inactivated B-DNA—these are two of the three conformations of double helical DNA,
with the other one being Z-DNA. These findings suggest that blue and UV lights may be used as
complementary treatments against microbes [261]. For safety, far ultraviolet-C (UV-C; 207 or 222 nm)
can be used as an alternative to the conventional UV-C (254 nm). Accumulating evidence indicates
that unlike the conventional UV-C, far UV-C exhibits bactericidal activity, but only has minimal effects
on mammalian cells, such as the eye and skin of mice or human skin cells [262–267].
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Abstract: Minimally processed ready-to-eat (RTE) vegetables are increasingly consumed for their
health benefits. However, they also pose a risk of being ingested with food-borne pathogens.
The present study investigated the ability of RTE spinach and rocket to support the growth of
Listeria monocytogenes as previous studies provided contradicting evidence. Findings were compared
to growth on iceberg lettuce that has repeatedly been shown to support growth. Products were
inoculated with a three-strain mix of L. monocytogenes at 10 and 100 cfu g−1 and stored in modified
atmosphere (4 kPa O2, 8 kPa CO2) at 8 ◦C over 7–9 days. Spinach demonstrated the highest growth
potential rate of 2 to 3 log10 cfu g−1 over a 9-day period with only marginal deterioration in its visual
appearance. Growth potential on rocket was around 2 log10 cfu g−1 over 9 days with considerable
deterioration in visual appearance. Growth potential of iceberg lettuce was similar to that of rocket
over a 7-day period. Growth curves fitted closely to a linear growth model, indicating none to limited
restrictions of growth over the duration of storage. The high growth potentials of L. monocytogenes on
spinach alongside the limited visual deterioration highlight the potential risks of consuming this raw
RTE food product when contaminated.

Keywords: Listeria monocytogenes; growth potential; ready-to-eat; iceberg lettuce; rocket; spinach;
rucola; arugula

1. Introduction

The ready-to-eat (RTE) fruit and vegetable industry is a worldwide expanding sector. From 2000
to 2017, global production has increased by approximately 60% for vegetables [1]. Consumption of RTE
vegetable salads has also increased within developing countries owing to a change in lifestyle patterns
and growth of awareness regarding the positive relationship between human health and intake of
RTE vegetables [2]. Indeed, leafy vegetables such as raw rocket and raw baby spinach contain many
vitamins, minerals, antioxidants, and phytochemicals [3]. In the European Union, Ireland and Belgium
have the highest rate of daily consumption of vegetables (84% of the population; [4]). The health
benefits of RTE vegetables have driven consumer lifestyle towards increased consumption of this
convenient and healthy type of food in RTE salads and smoothies [5,6]. Within the food industry,
demand has increased for variation in terms of taste, color, and shape (in particular, baby sized leafy
vegetables) for RTE green leafy vegetables [7].

As RTE vegetables are not at all or only minimally processed from farm to fork, further research is
needed to study the risk of consumption of RTE vegetables in relation to foodborne illnesses including
listeriosis [8]. Data assessing the occurrences of Listeria monocytogenes, the causative agent for the
disease listeriosis, in RTE foods from investigations led by the European Union are compiled annually.
In the case of fruits and vegetables, 1257 units were tested in 2018 (across 16 Member States) with
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an overall prevalence of L. monocytogenes of 1.8% (up from 0.6% in 2017 across 13 Member States).
Additionally, for RTE salads, out of 2583 units, 1.5% of samples were confirmed positive in 2018 for
L. monocytogenes [9].

Listeriosis can be life threatening, particularly for young, elderly, pregnant women and their
unborn baby, and immuno-compromised individuals [10]. L. monocytogenes is ubiquitous in nature.
It has exceptional physiological abilities to ensure its survival by adapting quickly and easily to
harsh divergent physiological conditions [11]. Studies have shown that subjecting L. monocytogenes
to food-related stresses including low storage (refrigeration) temperatures may induce increased
expression levels of the organism’s virulence genes, and thus increase the risk of listeriosis [12].

Storage period and temperature are important factors influencing the growth and survival of
L. monocytogenes in foods such as RTE salads [13]. However, recent challenge studies also identified
that inoculation densities for testing affect the outcomes of challenge studies as lower initial inoculation
densities (100 cfu g−1) may lead to greater growth potentials during shelf life [14]. Despite the
possible underestimation of growth potential, assessing growth potentials at high inoculation densities
(i.e., 105 cfu g−1) in RTE food remains popular [15]. According to the guidance produced by the
European Union Reference laboratory (EURL), if any food product shows growth potential (δ) greater
than 0.50 log10 cfu g−1, it is regarded as being permissive to the growth of L. monocytogenes [16,17].
Consequently, changes in the inoculation density or other environmental factors may affect the outcome
of challenge studies with the potential to underestimate growth. This could lead to RTE products
being falsely categorized as food unable to support the growth of L. monocytogenes according to
Commission Regulation (EC No 2073/2005) [16]. Up to now, many studies have assessed the prevalence
of L. monocytogenes on RTE leafy produce [18–20], while only few investigated the actual growth
potential. In the latter, there have been contradictory findings of growth potential of L. monocytogenes
on spinach and rocket, of which some reported growth [21], while others did not [22,23]. At the outset
of the present study, our hypothesis was that the growth potential of L. monocytogenes on spinach and
rocket is similar to that of iceberg lettuce. As the growth potential of L. monocytogenes on lettuce is well
established [14], the consumption of raw spinach and rocket in salads could pose a potential risk for
human infection if it is contaminated with low levels of L. monocytogenes.

The aim of this study was to determine the growth potential and survival of L. monocytogenes
during a shelf life study at 8 ◦C, with initial inoculum densities of 10 and 100 cfu g−1 in spinach
and rocket (arugula; rucola), and to compare these growth potentials to that of iceberg lettuce.
Previously established protocols for testing growth of L. monocytogenes on iceberg lettuce were used
in this study in order to minimize changes in environmental conditions that could potentially affect
growth behavior.

2. Materials and Methods

2.1. Preparation of L. monocytogenes for Inoculation Experiments

Three different strains of L. monocytogenes from the Teagasc Food Research Centre strain collection
(Moorepark, Ireland) were used, 959 (vegetable isolate), 1382 (EUR Lm reference strain), and 6179
(food processing plant isolate). For each of the three L. monocytogenes strains, 10 mL of tryptone
soya broth (TSB, CM0129, Oxoid, Basingstoke, UK) was prepared and placed in 50 mL conical flasks.
After autoclaving, single colonies from the previously streaked plates (Listeria selective agar, conforming
to ALOA) of L. monocytogenes culture were transferred into each flask and incubated at 8 ◦C for 5 days.
Spectrophotometry was used to verify the cell density (600 nm) [24]. Dilutions with phosphate buffered
saline (PBS, pH 7.3, BR0014, Oxoid) were carried out to mix the three strains at equal cell densities to
aim for inoculation at cell densities of either 10 or 100 cfu g−1. This was confirmed by enumeration on
Listeria selective agar, conforming to ALOA (Chromocult® LSA, Merck, Darmstadt, Germany).
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2.2. Preparation of the Polypropylene Bags and RTE Leafy Vegetables and Subsequent Inoculation and Storage

Oriented polypropylene packaging film (35 µm thick) was used to create storage bags
(18 cm× 10 cm) with a permeability to O2 of 5.7 nmol m−2 s−1 kPa−1 and to CO2 of 19 nmol m−2 s−1 kPa−1

(Amcor Flexibles, 120 Gloucester, UK). Twenty-eight bags were required for each product batch to
allow for sampling at day 0, 2, 5, 7, and 9 in quadruplicates and to test for absence of L. monocytogenes
at day 0 and day end in controls.

On the day of the experiment, the three vegetable products used in this experiment, Iceberg lettuce
(Class 1 Spain), spinach (unwashed, origin Italy), and rocket (washed, origin Ireland), were all
purchased from the local supplier (Supervalu, Castletroy, Ireland), where they were stored in a
refrigerator. The shelf life of all products was at least 7 days at the time of purchase. The whole head of
iceberg lettuce was prepared, using disinfected utensils (using 70% isopropanol), by removing the outer
two to three layers of the head, and the core and stalk of the lettuce were also discarded. The remaining
lettuce was chopped into strips of 1 cm by 3 cm. From this chopped lettuce, 20 g was weighed out
and placed into the respective polypropene packaging. Similarly, 20 g of the uncut RTE spinach and
rocket leaves was weighed and placed into the polypropene bags. No further processing of the rocket
and spinach leaves was carried out (e.g., washing or chlorine dipping). This was repeated for the
necessary number of bags prior to inoculation (quadruplicates for five sampling dates, eight bags
as non-inoculated controls). Using the previously prepared L. monocytogenes dilutions, 100 µL of
L. monocytogenes suspension (representing 10 or 100 cfu g−1 of food product) was distributed uniformly
over the 20 g of leafy vegetable product within the polypropene bags (eight control bags were treated
with 100 µL sterile PBS [14]). Each packaging containing 20 g sample of vegetable product was then
atmospherically treated (8 kPa CO2, 4 kPa O2, 88 kPa N2) using a vacuum packer (Multivac, Dublin,
Ireland). The packages were then stored at 8 ◦C ± 0.5 ◦C (HR410, Foster Refrigerator, King’s Lynn, UK)
for 0–9 days. Storage temperatures were checked daily. Environmental conditions were identical to
previous growth studies with iceberg lettuce [14,25].

2.3. Sampling of the Leafy RTE Vegetable Packs and Analysis

The specific sampling data points for these experiments were day 0, 2, 5, 7, and 9 (for iceberg
lettuce, sampling of day 9 was abandoned owing to a high level of product deterioration). On each
of these days, four bags of each product were removed from the storage area. Furthermore, control
bags (without L. monocytogenes inoculation) were harvested at day 0 and day end, and the absence of
L. monocytogenes was confirmed on Listeria selective agar (conforming to ALOA, see also below), with a
detection limit of 1 cfu g−1 following methods described previously [25].

Before opening the packs, concentrations of oxygen were determined inside the packs, using a
gas analyzer (PBI-Dansensor, PBI Development, Denmark, Model TIA-III LV) with an injection needle
to penetrate the packs. Each bag was cut using disinfected utensils (70% iso-propanol), one at a time,
directly underneath the heat seal for subsequent sample analysis. Visual appearance was determined
on inoculated samples (spinach and rocket), by aseptically removing four leaves from one package
for each product at each data point, using disinfected utensils. Images of these leaves and visual
markers at each data point were captured using a digital camera. The consumer acceptability was
visually assessed for gloss, freshness, and colour uniformity and (given an appearance score) by a
sensory panel (postgraduate students, not specifically trained in grading visual appearance of food
products [24]) consisting of 10 individuals scoring the products from 1 (mush/very poor condition) to 10
(pristine/excellent condition). A score of 6 was set as the lowest acceptable level for consumption [24].
Images of the samples were all taken in the same artificial light with a visual marker and the same
angle, and were then coded and offered randomly to panelists.

Enumeration of L. monocytogenes counts was carried out at day 0, 2, 5, 7, and 9. The contents of
each package were transferred into separate stomacher bags and homogenized using a stomacher
(Seward 400, AGB Scientific, Dublin, Ireland), for 120 s at a high speed (260 rpm), in 20 mL of PBS.
Following this, depending on anticipated low cell counts, samples were concentrated (via centrifugation
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at 4000 g for 240 s) by 10-fold resuspending in 100 µL PBS (10 cfu g−1) or 5-fold using 200 µL PBS
(100 cfu g−1) (detection limit of 1 and 2 cfu g−1, respectively, [24]). If necessary, samples were also diluted
to achieve a countable number of colonies. Aliquots of 100 µL were then plated on Chromocult Listeria
selective agar (ALOA) containing Listeria selective supplement (both Merck, Darmstadt, Germany).
The plates were incubated at 37 ◦C for 24–48 h. Colony forming units (cfu) on days 0, 2, 5, 7, and 9
were transformed into log10 cfu g−1, mean values and standard deviations were determined and
plotted, areas under the curve were determined [14], and median values were used to calculate growth
potentials. Maximum growth rates were calculated as outlined in Appendix A.

2.4. Total Bacteria Count

Total bacterial cell counts were repeated (as recommended by EURL) in quadruplicate for spinach
and rocket at day 0 and day 9 and for iceberg lettuce at day 0 and day 7. The containments of each
package were transferred into separate stomacher bags and homogenised as described above in 20 mL
of PBS. Following this, a dilution series was aseptically carried out with PBS and plated on tryptone
soy agar (TSA, CM0131, Oxoid). Total bacteria were enumerated after incubation at 37 ◦C for 48 h.

2.5. Product pH and Water Activity

Product pH and water activity were determined (as recommended by EURL) in quadruplicate
at days 0, 2, 5, 7, and 9 for each product (day 9 was excluded for iceberg lettuce owing to advanced
levels of product deterioration), and average values and standard deviations were reported. For pH
measurements on homogenates of each product, a calibrated pH probe (Cole-Parmer, Saint Neots, UK)
was used. In order to determine the water activity values, AQUALAB model Series 3TE water activity
meter (LabCell Ltd., Four Marks, UK) was used (following the manufacturer’s instructions).

2.6. Statistical Analysis

Populations were reported as the means of four replicates and (±) standard deviations and median
values were used to calculate growth potentials. The experimental results were tested using SPSS (IBM,
Armonk, NY, USA) for homoscedasticity (Leven’s test) and normality (Shapiro–Wilk test). In situations
of normality and homoscedasticity, pairwise comparisons (t-tests) and analysis of variance (ANOVA)
with Tukey post hoc tests were carried out to determine significant differences. When homoscedasticity
only was met, then ANOVA with Games–Howell post hoc was carried out. In the case where normality
and homoscedasticity were not met, even after data transformation, a Kruskal–Wallis test and manual
post hoc was applied in order to identify significant differences (p ≤ 0.05 for all tests [14]).

For total bacteria count, the results from each food type were averaged from four replicates.
In order to compare results from beginning and end of the experiment and other pairwise comparisons,
an independent two-sample equal variance, two-tailed t-test was conducted. Significance was
determined at p ≤ 0.05 [26].

3. Results

3.1. Comparison of Growth of L. monocytogenes on RTE Leafy Vegetables Iceberg Lettuce, Spinach,
and Rocket over 7 Days

The growth of L. monocytogenes was supported by all three vegetable products. The growth
potentials in all cases exceeded 0.50 log10 cfu g−1. As cfu for all iceberg lettuce samples was only
determined until day 7, all three products were compared based on growth potentials calculated
with day 7 being the end day of the shelf life study (Table 1). On the basis of the nine independent
100 cfu g−1 experiments carried out on all three products, spinach supported the growth and survival of
L. monocytogenes on average with the largest growth potential of 2.40 log10 cfu g−1 (100 cfu g−1 δ = 2.16,
2.46, and 2.58 log10 cfu g−1). This was followed by the average growth potential on iceberg lettuce at
1.86 (100 cfu g−1 δ = 1.28, 1.69, and 2.62 log10 cfu g−1). The average growth potential on rocket was
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lower at 1.51 (100 cfu g−1 δ = 1.08, 1.70, and 1.76 log10 cfu g−1). The highest growth potential in a single
batch was demonstrated by iceberg lettuce (2.62 log10 cfu day−1). A pairwise comparison of rocket
and spinach identified a significant difference (p = 0.024, t-test). However, a comparison of all three
products did not reach significance (p > 0.05, ANOVA). Established by the 10 cfu g−1 experiments,
spinach supported the growth and survival of L. monocytogenes on average with the largest growth
potential of 2.39 log10 cfu g−1. However, in contrast to the 100 cfu g−1 experiments, this was followed
by rocket (1.82 log10 cfu g−1) and then iceberg lettuce (1.58 log10 cfu g−1).

Table 1. Growth potentials (based on median values of results from day 0 and day 7) of L. monocytogenes
in ready-to-eat leafy vegetables.

Product Batch Inoculation
Density [cfu g−1]

Day 0
Median Value
(Log10 cfu g−1)

Day 7
Median Value
(Log10 cfu g−1)

Growth
Potential (δ)

(Log10 cfu g−1)

Spinach 1 100 1.98 4.14 2.16

Spinach 2 100 1.73 4.19 2.46

Spinach 3 100 2.02 4.60 2.58

Spinach 4 10 0.88 3.27 2.39

Rocket 1 100 2.00 3.08 1.08

Rocket 2 100 1.61 3.37 1.76

Rocket 3 100 1.99 3.69 1.70

Rocket 4 10 0.92 2.74 1.82

Lettuce 1 100 1.79 3.07 1.28

Lettuce 2 100 1.96 3.65 1.69

Lettuce 3 100 1.34 3.96 2.62

Lettuce 4 10 0.97 2.55 1.58

In terms of inoculation density for rocket, the 10 cfu g−1 inoculum concentration produced a
higher growth potential by day 7 than the higher inoculation 100 cfu g−1 (see above). For iceberg
lettuce and spinach, such a trend was not detected as the growth potentials of 10 and 100 cfu g−1

inoculation density overlapped at day 7. Pairwise comparisons conducted on areas under the curve
over 7 days identified a significant difference only between spinach and rocket (p = 0.02, t-test), while a
comparison of all three areas under the curve did not reach significance (p > 0.05, ANOVA).

Spinach displayed the largest maximum growth rates on average (median) of 0.348 log10 cfu day−1.
Additionally, L. monocytogenes’ maximum growth rates on lettuce were on average 0.255 log10 cfu day−1

and on rocket were 0.223 log10 cfu day−1 (Supplementary Materials Table S1).

3.2. Comparison of Growth of L. monocytogenes on RTE Leafy Vegetables Spinach and Rocket over 9 Days

Spinach continued to support the growth of L. monocytogenes over 9 days (7-day experiments
extended by 2 days) with the average largest growth potential of 2.66 (100 cfu g−1 δ = 2.36, 2.78
and 2.83 log10 cfu g−1; Table 2). Rocket supported the growth of L. monocytogenes the least, with an
average growth potential of 1.83 (100 cfu g−1 δ = 1.67, 1.87, and 1.94 log10 cfu g−1; Table 2). In terms of
inoculation density for both spinach and rocket, the lower initial inoculum concentration of 10 cfu g−1

leads to greater growth potentials than all 100 cfu g−1 experiments by day end (Day 9). At 10 cfu g−1

(same conditions), the growth potential (2.90 log10 cfu g−1) exceeded the highest growth potential
in any 100 cfu g−1 batch in spinach (2.83 log10 cfu g−1). (Figure 1A, Table 2). Likewise, when rocket
was inoculated with 10 cfu g−1, L. monocytogenes counts increased by 2.21 log10 cfu g−1, which was
0.27 log10 cfu g−1 higher than the highest batch at 100 cfu g−1 (Figure 1B, Table 2). A pairwise
comparison of the growth potential of rocket and spinach identified a significant difference at day 9
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(p = 0.007, t-test). However, a pairwise comparison conducted on areas under the curve for spinach
and rocket, for the duration of 9 days, identified no significant differences (all p-values > 0.05).

Table 2. Growth potentials (based on median values of results from day 0 and day 9) of L. monocytogenes
in ready-to-eat leafy vegetables.

Product Batch Inoculation
Density [cfu g−1]

Day 0
Median Value
(Log10 cfu g−1)

Day 9
Median Value
(Log10 cfu g−1)

Growth Potential
(δ) (Log10 cfu g−1)

Spinach 1 100 1.98 4.34 2.36

Spinach 2 100 1.73 4.51 2.78

Spinach 3 100 2.02 4.85 2.83

Spinach 4 10 0.88 3.78 2.90

Rocket 1 100 2.00 3.67 1.67

Rocket 2 100 1.61 3.55 1.94

Rocket 3 100 1.99 3.86 1.87

Rocket 4 10 0.92 3.13 2.21
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Figure 1. Growth and survival of L. monocytogenes in (A) spinach, (B) rocket, and (C) lettuce at
10–100 cfu g−1 inoculation densities at 8 ◦C. (±) error bars indicate standard deviation. Solid black,
solid grey, and dashed grey lines represent experiments with 100 cfu g−1 starting inoculum density,
and dashed black line represents experiment with 10 cfu g−1 starting inoculum density.

On the basis of day 9 data plotted to Baranyi and Roberts models (Supplementary Materials
Table S2), spinach had the highest maximum growth rate on average 0.396 log10 cfu day−1.
Maximum growth rates for rocket were on average 0.282 log10 cfu day−1. Day 9 data were also
plotted to linear models (Supplementary Materials Table S2). There, spinach had the largest maximum
growth rate on average at 0.314 log10 cfu day−1. All maximum growth rates for spinach were
higher compared with rocket maximum growth rates, which were on average 0.220 log10 cfu day−1.
Incubation experiments with lettuce were not extended to Day 9 owing to highly advanced levels
of deterioration.

3.3. Total Bacteria Count

Bacteria counts from spinach, rocket, and iceberg lettuce revealed a log10 cfu g−1 at day 0 of 6.96,
5.94, and 7.11, respectively. Bacteria counts were also quantified at day 9 (for spinach and rocket) and
were 8.86 and 7.97 log10 cfu g−1, respectively (Supplementary Materials Table S3). Iceberg lettuce
bacterial counts determined at day 7 were 8.69 log10 cfu g−1. There were significant increases in the
counts of total bacteria for spinach and rocket from day 0 to day 9 and for iceberg lettuce from day 0 to
day 7 (p < 0.05).

3.4. Product pH, Water Activity, and Atmosphere

Spinach’s pH values were highest during the present study. The pH values for spinach were 7.30
(day 0) and 7.25 (day 9), ranging from 6.93 to 7.30 with no trend over 9 days. Rocket’s pH values were
6.55 (day 0) and 6.86 (day 9), ranging from 6.46 to 6.86 also with no trend observed over the course
of the 9 days. Iceberg lettuce’s pH values were lowest, at 6.34 (day 0) and 6.36 (day 7), ranging from
6.25 to 6.40 again with no trend demonstrated over 7 days. Water activity values for all three products
ranged from 0.970 to 0.996 during this study (Supplementary Materials Table S4).

The oxygen concentration in the vegetable packs increased over the first seven days from the
initial 4.0–4.2 kPa O2 at day 0 to 9.12–11.7 by day 7 (lettuce, spinach, rocket) and, for spinach and rocket,
the oxygen concentration stayed at 10.0–10.8 kPa (Supplementary Materials Table S5). No significant
differences were observed between the three used vegetables.
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3.5. Visual Appearance of Spinach and Rocket

For spinach (100 cfu g−1), visual properties according to the untrained panelists showed a decrease
from day 0 to day 9, from a score of above 9 to above 7 (Table 3, Supplementary Materials Figure S1).
This decrease remained above the acceptable limit of 6. In comparison, rocket’s (100 cfu g−1) visual
appearance analysis decreased from day 0 to day 7 to just above the acceptable range. At day 9,
the untrained panelists deemed the visual appearance of rocket to be unacceptable (visual analysis
score <6—lowest acceptable commercial score, Table 3).

Table 3. Visual (sensory) analysis of spinach and rocket leaves based on product appearance (i.e., gloss,
freshness, and colour uniformity and intensity); average results ± standard deviations. 0 refers to
ready-to-eat food products being in poor condition to 10 pristine/excellent condition, with 6 being
the lowest acceptable commercial score. ‡ indicates product’s sensory quality is unacceptable at that
data point.

Day 0 Day 2 Day 5 Day 7 Day 9

Spinach 100 cfu g−1 9.2 ± 0.8 8.7 ± 0.8 8.2 ± 0.4 7.2 ± 0.6 7.1 ± 0.6

Rocket 100 cfu g−1 8.8 ± 0.9 8.7 ± 1.1 6.3 ± 0.5 6.5 ± 0.6 5.6 ± 0.8

4. Discussion

Previous studies on the growth and survival of L. monocytogenes on spinach leaves provided
apparently contradictory findings. Lokerse and colleagues [22] demonstrated that, by day 4 of
storage/incubation, a relative increase of 0.70 log10 cfu g−1 L. monocytogenes was detectable on spinach
at 7 ◦C. However, by day 5, a significant relative decrease to less than the starting inoculation density
at day 0 was detected, which remained until then end of the experiment (day 10) [22]. The authors
speculated that antimicrobial compounds present in spinach may cause bacteriostatic activity against
L. monocytogenes growth. In contrast to the present study, Lokerse and colleagues [22] sealed their
spinach in stomacher bags over the duration of the experiment, thus the atmosphere development
was likely to be different from the present study, which had an oxygen concentration of around
10 kPa towards the end of the experiment. The same authors also tested the growth potential of
L. monocytogenes on rocket leaves (rucola). Over the first 9 days of incubation, growth of L. monocytogenes
on rucola was reported to vary within 0 to 0.9 log10 cfu g−1, which was close to 0 again by day 9 [22].
Similarly, Söderqvist and colleagues [23] assessed L. monocytogenes growth with a starting cell density
of 103 cfu g−1 at 8 ◦C on baby spinach (sealed within packages with water vapor and oxygen
permeability). There, an increase by 0.30 log10 cfu g−1 was detected within the first three days,
which was followed by a similar decrease by day 7 [23]. These findings are in contrast to the present
study, where a continuous growth of L. monocytogenes was recorded, albeit at intervals that exceeded
24 h, hence smaller fluctuations between sampling events may have been missed. Nevertheless,
Söderqvist and colleagues [23] found substantial growth of L. monocytogenes in a mixed-ingredient
salad containing baby spinach and chicken, where growth continued to increase over a 7-day period
that exceeded 1 log10 cfu g−1.

Other studies identified growth potentials of L. monocytogenes on spinach, which were more
similar to the findings from the present study. The validation results from predictive (Bayrani) models
that investigated the effect of storage temperature on L. monocytogenes on fresh spinach leaves provided
reliable estimates [27]. There, results showed growth potentials on spinach, where initial concentrations
2.28 ± 0.47 log10 cfu g−1 at 8 ◦C led to maximum population densities of 5.85 ± 0.67 log10 cfu g−1

over 16 days. With high initial inoculum densities of around 105 cfu g−1, growth of L. monocytogenes
was identified on freshly cut spinach leaves in ambient and modified atmosphere (low O2, high CO2)
over 14 days at 10 ◦C storage [28]. Interestingly, under ambient atmosphere (filled with atmospheric
air), cfu g−1 values dropped at day 7, but recovered subsequently to around 106 cfu g−1 by day 10.
The high starting inoculation density may have played a major role in the more moderate increase
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in cfu g−1 when compared with the study from Omac and colleagues [27]. The findings from
Ziegler and colleagues [15] seem to support this hypothesis. They investigated the growth potential
of L. monocytogenes on rocket (Arugula) at initial inoculation densities of 5.4 log10 cfu g−1 under
environmental conditions similar to the present study. While the authors reported some moderate
growth to 5.9 log10 cfu g−1, this was reported to be not significant.

The determination of growth potentials may have been systematically underestimated in the
past and the use of high inoculation densities may have contributed to the contradicting findings of
growth of L. monocytogenes on spinach and rocket. The present study followed the inoculation density
recommendations in ANSES EURL Lm technical guidance document for conducting shelf-life studies
on L. monocytogenes in RTE foods for determining growth potentials in challenge tests [29]. Recently,
McManamon and colleagues [14] demonstrated the ability of lower L. monocytogenes contamination
levels (100 cfu g−1) to have higher growth potentials on iceberg lettuce when compared with higher
initial densities (104 and 105 cfu g−1) at 4 ◦C and 8 ◦C. They suggested that, when L. monocytogenes
reaches higher cell densities (e.g., 106 cfu g−1), intra-species competition plays a greater role at limiting
growth. This finding could explain why the present study found higher growth potentials on spinach
and rocket than the previous studies mentioned above.

Inoculation densities are not the only factor affecting growth of L. monocytogenes. According to
Beaufort and colleagues [29], pH and water activity are important determinants of L. monocytogenes
growth; they will not grow when food products have a pH ≤ 4.4 or a water activity value ≤ 0.920
or a combination of pH ≤ 5.0 and water activity ≤ 0.940. In this study, no growth inhibition was
expected based on pH and water activity throughout the duration of the experiments for all leafy RTE
vegetables tested.

In the present study, spinach had the highest average growth potential, while rocket had a
considerably lower growth potential, similar to that of iceberg lettuce. Sant’Ana and colleagues [21]
also tested spinach and rocket (among other RTE vegetables) for growth potential of L. monocytogenes
at 7 and 15 ◦C. As in the present study, semi-permeable sealed bags were used with a comparable
modified atmosphere and the inoculation density was 1000 cfu g−1. In their study, rocket had
a significantly higher growth potential (1.86 log10 cfu g−1, 7 ◦C, day 6) compared with spinach
(0.88 log10 cfu g−1, same conditions). As the differences in results could not be explained by storage
conditions, the difference in L. monocytogenes strains used and the origin of the produce may have
played an important role. In both cases, the leafy vegetables were obtained from local supermarkets,
which only revealed the country of origin, and variety or the environmental conditions during
cultivation were not revealed. Nevertheless, spinach and rocket came from EU farms in the present
study, while Sant’Ana and colleagues [21] received their produce from Brazil. Therefore, one can
expect that variety and farming conditions were substantially different.

Growth of RTE vegetables in open fields has been linked to risks of microbial contamination [30].
Research has shown that handling procedures during the harvest greatly influence the presence of
food-borne pathogens such as L. monocytogenes [31]; thus, environmental abiotic and biotic factors,
as well agricultural pre-harvest practices may affect growth of pathogens on leafy vegetables during
storage. For example, for products/plants grown in greenhouses or poly-tunnels, controlling the
relative humidity (by limiting spells of prolonged high humidity) can serve as an intervention for
decreasing L. monocytogenes incidences/populations [32]. While the present data clearly support the
growth potential of L. monocytogenes on spinach and rocket, there is a need to take the pre-harvest
environmental conditions as well as the harvest itself into consideration when it comes to identifying
growth behavior of L. monocytogenes on leafy RTE vegetables in the future.

Natural background microbiota on baby spinach leaves have been reported to potentially affect the
growth of L. monocytogenes and Listeria innocua, although any differences detected were not statistically
significant [33]. A general feedback called the ‘Jameson effect’ may be responsible for the limitation of
growth that includes L. monocytogenes owing to competition for resources when microbial populations
are high in numbers. In the present study, total bacteria counts were already high, ranging from 5.94 logs
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to 7.11 logs cfu g−1 for all three tested products, and may have limited growth of L. monocytogenes
towards day 9. Fitting the growth curve of L. monocytogenes on spinach and rocket over 9 days to a
linear and sigmoidal function revealed similar relative and absolute measures of fit. This suggests that
a slowdown of growth may have just started by day 9. Future experiments with extended storage
beyond 9 days might be able to demonstrate this Jameson effect. Bacteria counts of 107 cfu g−1 are not
uncommon on leafy vegetables. Valentin-Bon and colleagues [34] carried out microbiological counts
on both conventional and organic types of spinach (7.7 and 7.2 log10 cfu g−1) and iceberg lettuce (7.0,
7.3 log10 cfu g−1), respectively. Likewise, Allende and colleagues [35] found an initial microbial load
on baby spinach leaves at 7.2 ± 0.1 log10 cfu g−1 that increased to 9 logs within 12 days.

Recent work on iceberg lettuce identified a visual degradation of the vegetable that was considered
unsuitable for consumption within 5–7 days of storage [24]. Inversely, when the current study identified
counts of L. monocytogenes on spinach that were higher than on iceberg lettuce, the visual appearance
of the spinach decreased less and was still considered to be acceptable by day 9. This is potentially
dangerous as, judging from appearance, consumers would likely underestimate the potential risk of
high-level contamination with L. monocytogenes. In a related study, five panelists (trained in scoring
quality attributes) assessed the quality deterioration of commercially packaged baby spinach stored at
8 ◦C (without contamination) and deemed the product acceptable until day 8 [36]. Fortunately for
rocket, its visual quality decreased further than that of spinach in the present study, while growth of
L. monocytogenes was at unacceptable levels, thus appearance may potentially deter consumers from
eating contaminated rocket. Chlorophyll degradation has been identified as the reason for the limited
shelf life of rocket [37].

5. Conclusions

In conclusion, the present study has confirmed that rocket and especially spinach support
the growth of L. monocytogenes, with the latter showing very little visual deterioration; therefore,
contaminated spinach may pose a serious health risk to consumers. Furthermore, this study identified
a range of environmental factors that could explain why many other studies found contradicting
evidence of growth of L. monocytogenes on rocket and spinach. Indeed, preliminary tests by the authors
suggest that rocket cultivated in tunnel or open field influences the natural microbiome of the vegetable,
which in turn putatively affects the growth rate of L. monocytogenes (data not shown). Therefore,
the influence of different varieties of spinach and rocket, soil and climatic conditions, the development
of the natural microbiome, and product washing has to be considered in future studies to evaluate the
growth potential of L. monocytogenes on leafy RTE vegetables in greater detail.
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100 cfu g−1 bottom left) and spinach (day 9, 100 cfu g−1, bottom right) for visual appearance analysis. Table S1:
ComBase Data based on data over 7 days, Table S2: ComBase Data based on data over 9 days, Table S3:
Total heterotrophic bacteria in ready-to-eat salad vegetables [log CFU g−1] ± standard deviations, Table S4:
Water Activity and pH values ± standard deviations, Table S5: Oxygen concentrations (%).
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Appendix A

A predictive microbiological software called ComBase was used to predict the maximum growth
rate of L. monocytogenes in each experiment by plotting and fitting L. monocytogenes data to linear
models (Tables S1 and S2) and the Baranyi and Roberts model (Table S2). The model of Baranyi and
Roberts (1994) [38] describes a sigmoid bacterial curve (lag phase, acceleration phase, exponential
phase, deceleration phase), whereas the linear model describes where the bacterial counts describe
only the growth/death phase [38]. The potential of these models to accurately predict the growth of
L. monocytogenes was evaluated using coefficient of determination (R2) and RMSE (root mean squared
error). R2 statistic (also referred to as coefficient of determination) in predictive microbiology is a
measure of the goodness-of-the-fit (value of 1 equates the best fit) [39]. RMSE is the difference between
observed and the predicted data. Therefore, an RMSE close to 0 is the ideal value as it implies that
predicted and observed data were very close. These factors are calculated as follows [40]:

R2 = 1−

√
sum o f squares o f residuals

total sum o f squares

RMSE =

√
sum o f square o f errors

number o f observations− number o f model parameters
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