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Abstract

This study introduces a farm-to-fork quantitative risk assessment (QRA) model for in-
vasive listeriosis from ready-to-eat diced cantaloupe. The modular model comprises
seven stages—preharvest (soil and irrigation contamination), harvest (cross-contamination
and survival), pre-processing (brushing), processing (flume tank washing, dicing and
equipment cross-contamination), lot testing, cold-chain transport and retail growth, and
consumer storage/handling. Each stage employs stochastic functions to simulate microbial
prevalence and concentration changes (growth, inactivation, removal, partitioning, cross-
contamination) using published data. In a reference scenario—good agricultural practices
(soil barriers, no preharvest irrigation), hygienic processing and proper cold storage—the
model predicts low lot- and pack-level contamination, with few packs >10 CFU/g and
most servings below detection; the mean risk per serving is very low. “What-if” analyses
highlight critical control points: the absence of soil barriers with preharvest irrigation can
increase the risk by 10,000-fold; flume tank water contamination has a greater impact than
harvest-stage cross-contamination; and poor consumer storage can raise the risk by up to
500-fold. This flexible QRA framework enables regulators and industry to evaluate and
optimize interventions—f{rom improved agricultural measures to targeted sampling plans
and consumer guidance—to mitigate listeriosis risk from RTE diced cantaloupe.
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1. Introduction

Historical data on foodborne outbreaks demonstrate that cantaloupes are frequently
implicated in incidents of disease caused by foodborne pathogens, posing a substantial
public health concern. Common implicated pathogens include Shiga toxin-producing
Escherichia coli (STEC), Salmonella [1-4], norovirus [5], and Listeria monocytogenes [6,7].
Given that listeriosis cases mostly occur sporadically [8], findings from a meta-analysis
of case—control studies focusing on sporadic listeriosis [9] highlight the role of the con-
sumption of produce as a significant risk factor among various categories of ready-to-eat
(RTE) foods. Notably, within the produce category, fruit consumption—specifically melons,
cantaloupes, strawberries, and RTE fruit salads—was significantly associated with an in-
creased risk of listeriosis among susceptible populations (pooled odds ratio = 1.538; 95% CIL:
1.1431-2.070).

Given the ubiquitousness of L. monocytogenes in the environment, multiple routes of
contamination for cantaloupes can be identified. Listeria species thrive in diverse habitats,
predominantly in various soil types where they exist at low levels, below 10* CFU-g~! [10,11].
Additionally, L. monocytogenes colonizes the root systems of plants [12,13] and is hosted by
various soil-dwelling organisms, including unicellular eukaryotes, nematodes, isopods,
dipterans, and beetles [14,15]. Agricultural soils can further be contaminated through the
application of organic fertilizers [16,17]. Beyond soil, irrigation water serves as another
contamination route, with studies identifying it as a risk factor for L. monocytogenes presence
in agricultural fields [16,18]. The inherent growth pattern of cantaloupes, in direct contact
with the ground, further increases their vulnerability to contamination from soil and
irrigation water. Additionally, the intricate net-like structure of the rind provides an ideal
surface for pathogenic bacteria to adhere and persist on the fruit’s surface [19,20].

An additional route of contamination is throughout the different processing steps
after harvesting. Despite the implementation of good hygiene practices and environmental
controls in production settings, it has been observed that some strains of L. monocytogenes
can establish themselves within (any) food processing environment and remain there
for several months, or even years [21,22]. The investigation of the 2011 outbreak linked
to cantaloupes that resulted in 147 listeriosis cases in the United States (US) allowed
identifying several potential factors that may have contributed to the contamination. These
factors were particularly associated with the food contact surfaces in a cantaloupe packing
facility [23]. In 2013, 17 cantaloupe packinghouses in US were surveyed by the FDA,
examining both food-contact and non-food-contact surfaces for L. monocytogenes. The
survey reported L. monocytogenes at one facility and nonpathogenic Listeria species at
eight others [24]. A research study involving Florida cantaloupe packinghouses, which
investigated the prevalence of L. monocytogenes and indicator microorganisms, found a low
prevalence of L. monocytogenes in 2013 (2/374 samples), and no detected L. monocytogenes
in subsequent testing in 2014 [25]. Notably, total plate counts, coliforms and E. coli were
found to be poor indicators of L. monocytogenes presence in cantaloupe packinghouse
environments [25]. The role of water use during washing and rinsing has also been
highlighted in the cross-contamination of fruit and vegetables [26]. Cross-contamination
can also occur at the cutting stage [27,28]. During slicing, either in processing facilities
or in household kitchens, these bacteria can be transferred from the rind to fresh-cut
pieces [29]. The internal environment of the cantaloupe, characterized by high sugar
content and relatively low acidity (pH~6.7) [30], provides ideal conditions for the growth of
L. monocytogenes and other foodborne pathogens [31]. If these contaminated fruits are not
properly refrigerated, L. monocytogenes can proliferate to dangerous levels before any visible
spoilage occurs [32]. Given the potential for contamination at any stage—from initial field
production through to postharvest processing and final consumer handling—an expert
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committee of the Joint FAO/WHO Expert Meetings on Microbiological Risk Assessment
(JEMRA) has underscored the need for a comprehensive production-to-consumption risk
assessment to track and manage the introduction and propagation of L. monocytogenes
in cantaloupes.

A recent review was conducted on existing quantitative risk assessment (QRA) models
for L. monocytogenes in produce [33]. Most (9/13) QRA models examined focused on fresh or
RTE leafy greens. Only one QRA model addressed cantaloupes [34]. This model considered
the contamination of RTE cantaloupes in processing plants and aimed to assess the impact
of improved hygiene and cold storage of the products. Yet, none of these QRA models
incorporated critical contamination factors during primary production, including cropping
systems, water, fertilizers, or irrigation methods and practices.

The JEMRA expert committee has thus recommended the development of a new
QRA model that comprehensively encompasses the journey of cantaloupe from primary
production to consumption, utilizing a modular approach supported by existing data. The
JEMRA expert committee analyzed and provided recommendations on existing methods,
data and models on the basis of the review carried out previously [33], and informed
when gaps existed. Key stages to be incorporated would include growing, harvesting,
cooling, washing, sanitizing, and dicing, alongside transportation, retail display, and
consumer handling practices. The model must offer the flexibility to incorporate variables
such as farming techniques, extreme weather conditions, climate change impacts, and
varying market practices. It would consider potential cross-contamination at multiple
points—ranging from preharvest environments (e.g., irrigation water and soil) to processing
activities (e.g., equipment surfaces and pooling of fruits) and consumer-level interactions
(e.g., contamination transfer during cutting).

Within this context, the main objective of this work was to construct a QRA model of
longer scope for RTE cantaloupe than previously published, able to represent the survival,
re- and cross-contamination, and potential growth of L. monocytogenes on/in cantaloupes
from production to consumption. Widely based on published data, the model was struc-
tured to be able to assess the effectiveness of interventions and control measures, in line with
the recent JEMRA recommendations [35,36]. The functionality of the QRA model proposed
was illustrated by a reference scenario and by the development of what-if scenario analysis.

2. Materials and Methods
2.1. Exposure Assessment

The exposure assessment model for RTE cantaloupes comprises seven modules
(Figure 1). The “Preharvest” module covers practices related to crop growth before harvest.
It incorporates the use of barriers (mulch, foil) against soil contaminants by minimizing
direct contact between crops, and the soil growing of cantaloupe was with or without soil
barriers (i.e., mulch); also incorporated are the type of irrigation system (i.e., drip or over-
head) and the use and type of soil amendments (e.g., non-composted organic fertilizers).
These choices can impact the microbial environment around the crops and influence the
potential risk of contamination. The “Harvest” module focuses on the hygiene management
of food contact surfaces to minimize contamination during harvest. The “Pre-Processing”
module addresses the management of brushing and washing, which is essential for re-
moving contaminants from the surface of the cantaloupes. However, poor maintenance of
the microbiological quality of the washing water can become a source of contamination.
The “Processing module” emphasizes the importance of food contact surface hygiene and
the potential transfer of contamination from the rind to flesh. The “Cold Chain Storage”
module refers to the control of storage time and temperature during transport to retail to
inhibit the growth of L. monocytogenes. Finally, the “Consumer Handling” module covers
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how the RTE cantaloupe is handled by consumers, with an emphasis mainly on transport
from retail to consumers” homes and storage at home (i.e., time and temperature). Each
stage was modeled as a stochastic function estimating microbial prevalence and quantity
based on fundamental processes [37] such as microbial growth, death, partitioning, removal
or cross-contamination, according to the stage’s purpose. Additionally, a seventh module,
“Microbiological Lot Testing,” is included to assess the effectiveness of microbial testing
strategies in identifying and rejecting contaminated batches before distribution, thereby
reducing the overall risk.

Pre-harvest

Cantaloupe growth
conditions (CC)

Haryest

Harvest in the field (CC)

l

Storage (1)

Pre-prgeessing

Brushing (R)

Procgssing

Washing in a flume tank
(R, I and CC)

l

Dicing (CC)

l

Partitioning (CC)

Microbiologigal lot testing

Within-lot testing (R)

Cold ghain

Transport from processing
to retail (G)

l

Retail (G)

l

Transport from retail
to home (G)

Consumeg handling

Storage at home (G)

Figure 1. Flowchart for the RTE diced cantaloupe production process with indication of the modeled
processes: CC: cross-contamination; I: inactivation; R: removal; G: growth.

Table 1 summarizes the modules, the sequence of stages and processes they con-
sisted of, the assumption and data sources employed, and the corresponding functions
programmed in the R software (version 4.4.1).
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2.1.1. Preharvest Module

Data and assumptions:

The preharvest module for cantaloupe addresses agricultural practices and the po-
tential contamination of L. monocytogenes from environmental sources, such as soil and
irrigation water.

Factors such as growing cantaloupes using mulch as a soil barrier and the likelihood
of soil contamination due to its ground-level growth are incorporated into the model. The
prevalence of L. monocytogenes in agricultural soils varies widely (0.0 to 19.0%; see Table 2)
and is influenced by factors such as the use of animal manure, soil conditions (e.g., pH,
temperature), and irrigation methods [10,18,38—45]. Table 3 lists the effect of various risk
factors on the soil prevalence of L. monocytogenes, as identified in the scientific literature.
The survival of L. monocytogenes in soil is not significantly affected by manure type but
varies depending on soil contamination methods [43,45]. Water sources such as municipal,
rain, ground, and especially surface water also present variable contamination risks [46,47].
Additionally, fields located near pastures or water bodies face higher contamination risks,
with surrounding land use, topography, and climate further affecting the risk [36,48].
Lastly, the model considers the natural decline in L. monocytogenes on cantaloupe rind
before harvest [20,49].

Table 4 presents data on the occurrence of L. monocytogenes in irrigation water used for
crop production. Three studies have quantified L. monocytogenes concentrations in positive
water samples. Sharma et al. [50] and Acheamfour et al. [51] reported very low levels of
L. monocytogenes in surface water sources, including creeks, ponds, tidal brackish river, and non-
tidal fresh rivers, with MPN values ranging from <0.03 to 11 MPN/L. In contrast, Iwu et al. [52]
reported higher mean concentrations of L. monocytogenes in irrigation water samples from
19 agricultural sites in South Africa (mean: 1196 CFU/100 mL; range: 0-5667 CFU /100 mL).

Table 1. Sequence of stages, microbial processes represented, data sources, assumptions and cor-
responding functions coded in R for the construction of the exposure assessment model of Listeria
monocytogenes (LM) in RTE cantaloupe.

Module

Stage

Microbial Process Assumptions Sources Function in R

Soil and
irrigation water
contamination

The function assumes cantaloupe contamination
through soil and irrigation water, with soil and
water contamination characteristics such as the
prevalence (pSoil and plrrig) and distributions of
L. monocytogenes concentration in soil and water as [
inputs. Risk factors such as irrigation prior to
harvest, the use of organic fertilizer, or the use of a
soil barrier (mulch) are included. It makes use of
the outputs of calrrig2rind and caSoil2rind
sub-functions (see below).

Contamination 38,53-55] caPrimaryProduction

Preharvest

Irrigation water
torind
contamination

The function evaluates the contamination of
cantaloupes through irrigation water only. It
considers water contamination characteristics:
Contamination prevalence (plIrrig) and concentration (cIrrig), [38,53-55] calrrig2rind
which have to be chosen by the user based on
existing data. cIrrig is conditional to water sources
contaminated with L. monocytogenes.

Soil-to-rind
contamination

The function evaluates the contamination of
cantaloupes through soil only. It considers soil
contamination characteristics such as prevalence
(pSoil) and concentration (cSoil) and the quantity of
soil deposited on the cantaloupe rind. pSoil is
conditional to risk factors such as irrigation before
harvesting and the use of organic fertilizer, affecting
pSoil with associated odds ratios (F_irrig_rain and
fManure). It also takes into account the proportion
of fields grown with a barrier (pFoil) and the
reduction fraction of the quantity of soil transferred
to the rind when a barrier is used (rFoil).

Contamination [18,56] caSoil2rind
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Table 1. Cont.

Module

Stage

Microbial Process

Assumptions

Sources

Function in R

Harvest

Contamination
during harvest

Cross-contamination

The function simulates cross-contamination that
might occur at the moment of harvesting from
elements such as conveyors, crates, or plastic
surfaces. It can be used for cantaloupes harvested
in farms (intended for RTE and sold as whole
cantaloupe in formal retail). Parameters such as the
probability of cross-contamination (probCCH) and
the variability in the transfer coefficient (trMean,
trSd) help to assess the transfer.

caHarvestCC

Holding time
post-harvest

Survival

The function simulates the survival of
L. monocytogenes on cantaloupe rind during
post-harvest holding time or during any short
storage before cantaloupes are washed in the
packinghouse. It calculates the decline in

L. monocytogenes, assuming no growth on surfaces
because any injury to the rind that would promote
growth would be recent and the holding time too
short for significant growth. The function allows

defining a probability that the lot is kept at cold

temperatures (4-10 °C).

caHoldingTime

Pre-processing

Brushing
cantaloupes

Removal

The function caBrush() models the removal of
bacteria during the brushing or scrubbing step of
cleaning cantaloupes. It requires the mean logig
reduction due to brushing as an input, which
quantifies how effectively bacteria are removed
from the rind during this cleaning step.

caBrush

Processing

Flume tank cross-
contamination

Cross-contamination

The caFlumeTankCC function simulates the
potential contamination of cantaloupe when in
direct contact with contaminated water in a flume
tank. It accounts for four possible scenarios:
cross-contamination in lots already contaminated,
re-contamination in lots not previously
contaminated, and scenarios where no
cross-contamination occurs, regardless of initial
lot status.

caFlumeTankCC

Dicing of
cantaloupe

Cross-contamination

The caDicing function simulates the transfer of
L. monocytogenes from rind to flesh during the
dicing of cantaloupe in a processing environment.
It is assumed that each cantaloupe is separately
diced, and if contaminated on the rind, a fraction of
L. monocytogenes cells is transferred to the diced
pieces. The function does not consider
cross-contamination from dicing machines
or knives.

[29,57]

caDicing

Partitioning

Cross-contamination

The caPartitioningCC() function simulates the
potential cross-contamination of cantaloupes
during dicing and partitioning into packed units. It
accounts for four possible scenarios of
contamination involving sublots already
contaminated or not. The algorithm also models the
random distribution of L. monocytogenes from a
contaminated sublot of diced cantaloupe into
packed units using a dispersion factor, indicating
the heterogeneity in the distribution of cells among
pack units.

[58,59]

caPartitioningCC

Microbiological
lot testing

Microbiological
testing of RTE
cantaloupe

Removal

The caTesting() function simulates the
microbiological testing of RTE cantaloupe samples
from a lot or sublot. It models sampling and testing

based on a defined sampling plan (two-class or
three-class). The algorithm uses bootstrapping to
estimate the probability of detecting contaminated
lots and returns the output matrix either in the
original lot or sublot arrangement, depending on
the user’s choice.

caTesting

Cold Chain
Storage

All stages after
processing

Growth

Bacterial growth is estimated using the primary
growth model of with a lag phase Baranyi and
Roberts [60], taking into account temperature
conditions and the initial physiological state of
cells (q0).

A range of
research and
studies, including
[31,61], and
several others,
provide the data
and parameters
used to calibrate
the growth model
under
temperatures
below 30 °C.

caGrowthBaranyi
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Table 1. Cont.

Module Stage Microbial Process Assumptions Sources Function in R
The caTrans2RetRTE() function simulates the
growth of L. monocytogenes in RTE diced cantaloupe
Transport from during cold transport to retail, utilizing the
processing Growth caGrowthBaranyi() function. It assumes uniform [62,63] caTrans2RetRTE
to retail initial conditions for all RTE diced cantaloupe
packs from each lot, including the same initial qO0,
transport temperature, and time.
The caRetRTE() function simulates the growth of L.
monocytogenes in RTE diced cantaloupe during
display at retail, using the caGrowthBaranyi()
Cold Chain Display of RTE function. It assumes uniform retail conditions for
Storage diced cantaloupe Growth all RTE diced cantaloupe packs, including the same [64] caRetRTE
packs at retail InQt (from the previous logistic stage), retail
temperature, and sampled retail time. The Pert
distributions represent the variability in retail time
and temperature.
The caRet2HomeRTE() function simulates the
growth of L. monocytogenes in RTE diced cantaloupe
during transport from retail to home, using the
gg:c?zgitt:lfoiTE caGrowthBaranyi() function. The transportation
P Growth time and temperature are sampled at the unit level - caRet2HomeRTE
packs from retail flect th iabilitv d di h
to home toreflect t e variabi ity depen ing on t e consumer.
The algorithm uses a gamma distribution for the
variability in transport time and a Pert distribution
for transport temperature.
The caHomeRTE() function simulates the growth of
L. monocytogenes in RTE diced cantaloupe during
home storage. It samples home storage time and
Consumer Storage of RTE temperature at the unit level, depending on
handlin diced cantaloupe Growth consumer practices. The input data includes [62,65,66] caHomeRTE
g packs at home lot-specific values of EGR5 and unit-specific values
of InQt from the previous stage. Pert distributions
are used to represent the variability in home storage
time and temperature.
Table 2. L. monocytogenes prevalence in soils of produce fields.
Country Characteristics Positive/Total (%Prevalence) Source
Cultivated fields, 7 fields fertilized with animal
Canada . L . . - 1/13 (7.7) [38]
manure in addition to inorganic fertilizer
Malaysia Vegetable fields in traditional farming 4/21 (19.0) [67]
Organic/Irrigate/Manure/Compost
Farm 1: no/no/yes/yes
Farm 2: yes/yes/yes/yes
USA Farm 3: no/yes/yes/no 16/178 (8.9) [55]
Farm 4: no/yes/no/no
Farm 5: no/no/no/no
(data broken down by farm not available)
France Cultivated soils from France 9/53 (17.0) [39]
Lands fertilized with manure 2/173 (1.2)
Poland Lands fertilized with artificial fertilizers 0/173 (0.0) [40]
Garden plots intensively fertilized with manure 5/47 (10.6)
Wastelands 0/120 (0.0)
Austria Soil types (humus, sand, and clay) 28/467 (6.0) [68]
Soil samples from spinach fields
USA Low-risk fields 24/546 (4.4) [18]

High-risk fields

62/546 (11.4)
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Table 3. Data on likelihood of L. monocytogenes being detected in soils of produce fields, expressed as

an odds ratio (OR) by risk factor.

Source Risk Factor Description OR 95% CI p-Value
[55] Manure Last time manure was applied
Within 365 days 7.0 [3.1-15.4] <0.001
Over 365 days 0.6 [0.2-1.7] 0.381
Not applied 1.0
Irrigation Last time field was irrigated
Within 3 days 6.0 [2.0-18.1] 0.010
4-7 days 1.2 [0.3-4.5] 0.793
8-14 days 0.4 [0.1-2.0] 0.288
Over 14 days/not irrigated 1.0
Soil cultivation Last time soil was cultivated
Within 7 days 29 [1.1-8.6] 0.050
8-14 days 14 [0.4-5.1] 0.660
15-30 days 0.4 [0.1-1.7] 0.224
Over 30 days 1.0
L . Time since irrigation/rain
[18] Irrigation/rain occurred
24h 25 [5.7-99] 0.010
48 h 2.5 [0.49-12] 0.27
72h 34 [0.74-15] 0.11
144-192 h 1.0
Amount of 1rr1gat10n.wat1er (mm) applied to field 2 days 12 [1.1-13] 0.010
before sample collection
[48] Areas within 37.5 m of surface water 3.0 [2.0-4.6] <0.001
Areas within 62.5 m of pasture 2.9 [1.4-6.0] 0.005
! Effect of a 1-mm increase in irrigation water application on the odds of isolating L. monocytogenes.
Table 4. Data on L. monocytogenes in water environments ordered by prevalence.
Country Type of Water Positive/Total (% Prevalence) Source
Austria River and pond 0/68 (0.0) [68]
USA Engineered water 0/28 (0.0) [56]
USA Engineered water 0/14 (0.0) [55]
Malaysia Irrigation water of vegetable farms 0/15 (0.0) [67]
India River water 8/100 (8.0) [69]
Switzerland River, stream, inland canal 25/191 (13.1) [53]
Canada Rural and urban watersheds 56/329 (17.0) [70]
USA Pond, river used for irrigation 2/9(22.2) [56]
South Africa Roof-harvested rain water 72/297 (22.0) [71]
Canada Surface (river) 32/134 (23.9) [72]
USA Surface water 48/146 (33.0) [55]
USA Lake, stream, river, pond 605/1405 (43.1) [73]
South Africa Irrigation canal and river 19/36 (52.8) [74]
USA Surface water for irrigation 33/52 (63.5) [18]

The R functions:

The function caPrimaryProduction() assesses the contamination of cantaloupes

through soil and irrigation water. This function calls two auxiliary functions, caSoil2rind()

and calrrig2rind(), specifically built for each source of contamination.

The auxiliary function caSoil2rind() evaluates the contamination of cantaloupes

through soil. It considers initial soil contamination characteristics of prevalence pg.; (based

on Table 2, the default value of 0.089 was selected). The initial prevalence of L. monocytogenes
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in soil (psei) is replicated for each lot (1114¢s). This replication serves as the base probability
of contamination for each field without considering any specific agricultural practices.
The probability of contamination is then adjusted for the first risk factor: usage of
organic manure. A binary array (bmanure in the R script) is created where each element is
either 0 or 1, determined randomly based on the proportion of fields that receive organic
manure (PManure)- For fields indicated to use organic manure, the base soil contamination
probability (psei1) is adjusted using an odds ratio (fyvanure). This adjustment reflects the
increased risk of contamination due to manure use. The adjusted prevalence (pseiivanure)
accounts for the base prevalence (ps.1) increased by the odds ratio if manure is used. The
odds ratio has been estimated at 7.0 (fpanure) When manure is applied within 1 year [55].

fMunure'PSoil
1- Psoil JFfthure'pSoil

PSoilManure =

A second adjustment is performed for irrigation/rain events. Similarly, another binary
array (Dirrig raining) 18 created to indicate which fields experience irrigation or rain up to
two days before harvest, based on a given probability (pirigRaining)- For those fields, the
previously adjusted prevalence (pspivanure) is further modified by another odds ratio
(fIrrigRaining)- This odds ratio has been estimated at 25 (flrigRaining) based on [18]. This step
reflects the additional risk of contamination from irrigation or rain events. The final soil
prevalence (psoillrrigRaining) thus incorporates both manure and irrigation/rain factors.

fIrrigRuining *PSoil Manure
1 = PsoitManure + f1rrigRaining* Psoil

PSoilIrrigRaining =

The final step aggregates the adjusted prevalences across all fields to compute the
simulated overall prevalence of soil contamination (psejsim). This value represents the
average prevalence of contamination across all simulated lots, taking into account variations
due to manure use and weather conditions.

Together with the global prevalence of fields with contaminated soil, the function
caSoil2rind() returns a matrix (Np) for quantities of L. monocytogenes coming from contami-
nated soils per cantaloupe. The function first calculates the quantity of soil that adheres to
each cantaloupe (s0ilg,in). This is modeled as a triangular distribution to account for variabil-
ity from one cantaloupe to another within each lot. The distribution parameters—minimum
(qsoitvin = 0.05 g), mode (4spivode = 0.5 g), and maximum (gseiivax = 5 g) values—are es-
tablished as initial values by experts to represent realistic variations, though they do not
directly rely on existing empirical evidence.

s0il ggin ~ Triangular(qseiimin, 9SoilModes 9SoilMax)

To model the effect of using soil barriers (such as foil, plastic mulch) to protect can-
taloupes from soil contact, a binary decision for each lot (soilp.) is generated based on
the probability of using barrier (pgyi). For lots with barrier protection, the quantity of soil
adhering to the cantaloupes is reduced by a factor (rpy;), which represents the effectiveness
of the barrier in preventing soil contact.

80il iy ~ Binom(nrots, Proir)

501l ggin = 50ilggin- (1 — 50ilFoi1 TFoil)

The concentration of L. monocytogenes in the soil (cge;1) is also modeled with a triangular
distribution, reflecting variability from field to field. The parameters of this distribution
are given by csyilLogMin CSoilLogModes aNd CsoilLogMax, and represent the logig CFU/g of soil
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using data from Dowe et al. [38], who reported a mean of 4.0 MPN L. monocytogenes/ g soil,
with a 95% confidence interval of <1.0-28 MPN/g.

Csoil ™~ Triang ular (CSOilLogMin/ CSoilLogMode~ CSoilLogMax)

Finally, for caSoil2rind() function, the amount of L. monocytogenes transferred to the
cantaloupe rind (Nyy) is calculated by multiplying the quantity of soil attached to the rind
by the pathogen concentration in the soil. This product gives the raw number of pathogens
per cantaloupe. To introduce the possibility of stochastic variation and account for the
Poisson distribution of pathogens, a Poisson process is applied to simulate the actual
number of L. monocytogenes cells on each cantaloupe (the number of cantaloupes per lot,
sizeLot, can be defined by the users).

Nos ~ Poisson (s0il gain-Csoit )

The auxiliary function calrrig2rind() evaluates the contamination of cantaloupes
through water.

The proportion of lots contaminated by irrigation water is given by the prevalence
of contamination in the water used (pyrrig). Table 4 lists many estimates of prevalence in
water environments. The estimate of 0.131 provided by Raschle et al. [53] has been chosen
as default value for pp,ig. The function assumes that the amount of water deposited on
the cantaloupe rind after the last irrigation (waterg,in) is expressed as a proportion of the
cantaloupe weight (cantayeigmt), and is sampled from a uniform distribution between a
minimum value of zero (PwaterGainMin) and a maximum value of 0.004 (PwaterGainMax), taken
from Richards and Beuchat [54].

waterguin - Canmweight'Uniform(PWﬂterGainMinr PWuterGuinMax)

The distribution of the concentration of L. monocytogenes in irrigation water (Cryrig) is
represented as a uniform distribution, using the minimum and maximum values from
Sharma et al. [50], who reported <0.03 to 11 MPN L. monocytogenes/L of water.

CIrrig ~ 10uniform(CIrrigLogMin/CIrrigLogMax)

Finally, for calrrig2rind() function, the amount of L. monocytogenes transferred to the
cantaloupe rind (N;) is calculated by multiplying the quantity of water remaining on the
rind by the pathogen concentration in the irrigation water. A Poisson process is applied to
simulate the actual number of L. monocytogenes cells on each cantaloupe.

Noji ~ Poisson (water ggin-Cyrig)

Then, the caPrimaryProduction() function computes the prevalence of contamination
from the prevalence in the two sources (soil and irrigation water) considered as independent.
The results are then combined to estimate the overall prevalence of contamination (P)
across the entire production process.

b= P fromsoil + P fromirrig — (pfromsoil'pfromirrig)

The main function caPrimaryProduction() also returns the contamination matrix (Ny)
by computing and combining the pathogen loads from two contamination sources (soil
and irrigation water) on cantaloupes, in a probabilistic and combinatorial manner.
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It first calculates exclusive and joint probabilities of the three possible situations. The
probability of observing only soil contamination (ponysoil) is calculated as the probability of
contamination coming from soil while not coming from irrigation water. The probability of
observing only water contamination (ponyiig) is the inverse scenario, where contamination
comes exclusively from irrigation water. The third scenario corresponds to the probability
of observing both soil and water contamination simultaneously (psilandirrig)-

PonlySoil = PFromSoil* (1 - pFromlrrig)

Ponlylrrig = PFromIrrig'(l - PFromSoil)

Psoillrrig = PFromIrrig* P FromSoil

Then the contamination matrix (NO) is populated with contamination data based on the
above probabilities. When soil is the only source of contamination (Nonlyseil), @ proportion
(Ponlysoil) of the lots received the contamination outputs from caSoil2rind(). When irrigation
water is the only source of contamination (NoniyIrrig), @ proportion of the lots (Poniyirrig)
received the contamination outputs from calrrig2rind(). For lots contaminated by the
two sources the sum of soil and irrigation matrices were used to represent the combined
contamination levels.

2.1.2. Harvest of Cantaloupes

Data and assumptions:

Cantaloupes are hand-harvested and loaded onto transport vehicles via mobile con-
veyor belts, with loading either automated or assisted manually. Rough handling, such as
throwing or dropping, can damage the rind, potentially allowing L. monocytogenes, present
on surfaces, to penetrate and grow. After harvest, cantaloupes are typically transported to
a packinghouse, where they undergo cleaning, washing and cooling. Given that transport
times are usually under a few hours, the potential for growth of L. monocytogenes during
this time was not considered relevant for this model.

During transport, there is also a risk of cross-contamination between cantaloupes and
food contact surfaces. In packinghouses, fruits from different farms or fields may be mixed,
but there was no data to support the inclusion of a transportation module in the model.
Additionally, stem scars from harvesting and poor worker hygiene could contribute to
contamination. However, based on expert opinions and the lack of quantitative data, these
factors were not considered significant for the model.

Data were collected to prepare the two functions needed to describe the fate of L. monocyto-
genes on cantaloupes, the decline in L. monocytogenes on intact rind and the cross-contamination.

For the decline from harvest to processing, data from Ukuku and Fett [57] and
Nyarko et al. [49] were used (Table 5). The bacteria are more prevalent on cantaloupes
stored at 25 °C than at 4 °C, with studies confirming die-off on the rind surface under
low temperatures.

The R functions:

The function caHarvestCC() simulates cross-contamination that might occur at the
moment of harvesting from elements such as conveyors, crates or plastic surfaces.

It first considers the contamination of already contaminated lots (Ppreharvest). The
function generates a matrix of probabilities (PCCﬂag) for each cantaloupe (11105 X siz€Lot),
based on the binomial probability that cross-contamination occurs (probccy).

PCCfiag ™ Binomial (npets-sizerot, probecyy)
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Table 5. Data on the survival of L. monocytogenes on intact cantaloupe rind.

Source Inoculation

Temp. (°C) Time (Day) Counts

Spot-inoculated

(6 logip) on drawn
circles (11 cm?) of
cantaloupe, then
allowed to dry for 1 h.

log19 CFU/cantaloupe (Athena/Rocky Ford Cultivars)
5.77/5.77
4.96/5.57
3.65/4.35
2.78/3.48
2.87/3.39
0.78/2.00
1.75/2.96

5.80/5.80
5.59/5.52
4.83/4.35
4.14/4.62
3.73/4.28
2.76/4.00

5.85/5.85
5.10/5.10
5.10/2.03
3.30/2.10
3.23/3.23

O J U1 W~ O

—
[6;}

10

25

NU1W—, OO JOlWR~k o

Inoculated by
immersion in 3 L
suspension at 8 logg
CFU/mL, then allowed
to dry for 1 h.

log1g CFU/cm?

347
3.47
3.08
293
2.77
2.46

347
3.47
3.08
2.70
2.31
1.50

O N W~k O

[y
1

20

O N Wk O

[y
1

The transfer from conveyors, crates or plastic surfaces depends on the transfer rate,
which is assumed to vary from lot to lot (T'R;). The parameters characterizing the variability
in the transfer rate were taken from Hoelzer et al. [58].

TR; ~ Normal(—1.42,0.55),TR; <0

If a recontamination event occurs at the cantaloupe level (as determined by pccy,), a
fraction (TR;) of the bacterial load present on the contaminated equipment surface(s) (Nplas)
is transferred to the rind (Nfrom-equip)-

Nfrom—equip ~ Binomial (TRi, Nplas) "PCCaq

The total number of L. monocytogenes (Npostharvest) is then simply the sum of cells
already present before harvest (Nprehavest) and the ones transferred from equipment.

Nposthurvest = Npreharvest + Nfromfequip

The function also accounts for previously uncontaminated lots (probability 1 — Ppre-
harvest) that may become contaminated through contact with contaminated equipment.
For each of these lots, the potential bacterial transfer (Nfom-equip) is evaluated. If Nrom-equip
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is > 0, the load of the lots is simply equal to Nfrom-equip (@S Npreharvest is null for this type of
lot). The proportion of the batch with no cells transferred is thereafter noted prob¢jean-batch-
The overall prevalence of contamination in the batch is then reassessed:

Pharvest = ppreharvest + (1 - ppreharuest) : (1 - PrObclean—batch)

and, along with Npostnarvests Pharvest becomes a function’s output.

The caHoldingTime() function models the survival of L. monocytogenes on cantaloupe
rind during post-harvest holding or short pre-wash storage in packinghouses. The al-
gorithm focuses on the decline in L. monocytogenes, assuming that any rind injury from
harvesting would prevent significant bacterial growth due to the brief holding period.
Users can specify the probability pcooled that a batch of newly harvested cantaloupes is
stored at cold temperatures (4-10 °C). If the batch is not stored at a cold temperature, the
model assesses survival at room temperature (25 °C).

Survival data for L. monocytogenes on intact rinds of two cantaloupe cultivars at 4, 10,
and 25 °C, sourced from Nyarko et al. (2016) [49] (see Table 5), were used. A non-linear
mixed model using the two-parameter Weibull decay equation, with random effects by
cantaloupe variety, revealed that decay rates at 25 °C differ significantly from those at 4 and
10 °C, which showed no substantial difference. This model segments temperatures into two
categories: cool (4/10 °C) and ambient (25 °C), with a fixed shape parameter for each. Ran-
dom effects allow for cultivar-specific variability in decay times (D), generating estimates
for Dmeanyyg, Dsda1o, Dmeanys, and Dsdys, which represent average decay and standard
deviations for cool and ambient temperatures, respectively. To represent variability among
cantaloupe cultivars, D values are sampled for each lot.

Dt ~ NOTm(DmeanT/ DSDT)' Dr >0

_ ( ot )Shﬂp[’
Psurvive = 10 "*Pr

The number of L. monocytogenes on rinds of cantaloupes after the holding period (f)
is then assessed according to the initial number present (Nparvest) and the probability of
survival of one bacterial cell (psyrvive),

Nendharvest ~ Binomial (Nharvestl psurviUE)

It is assumed that even after the holding period, no initially contaminated lot will be
entirely free of L. monocytogenes, and thus, a minimum of one bacterial cell will be allocated
to one cantaloupe from any contaminated batch. The prevalence of contamination in the
batch is thus unchanged by the decline in L. monocytogenes. The proportion of contaminated
batches remains unchanged, even if the concentration of L. monocytogenes decreases.

2.1.3. Pre-Processing: Cleaning and Washing

Data and assumptions:

The cleaning and washing module addresses hygiene concerns associated with brushes
used for dry cleaning and with washing equipment used for the spray or immersion
washing of freshly harvested cantaloupe.

The first treatment in the processing facility was the cleaning of cantaloupes with a
dry-brushing step. Abrasive brushing was found to reduce biofilms and to reduce the
L. monocytogenes load by 1.4 logyg [75].

The second step involved washing cantaloupes through spray or immersion washing,
as well as hydrocooling to remove field heat. Washing with water alone typically achieves
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reductions in L. monocytogenes on cantaloupe surfaces below 1.0 log;y CFU/ cm? [29,76,77].
The reduction in L. monocytogenes on the cantaloupe rind due to washing with water and
sanitizers can be modeled using the data compiled in Table 6. Table 6 gathers literature
data on the effectiveness of chemical sanitizers, including the mean reduction effect of
washing and determinant features of the washing treatment, such as exposure time, temper-
ature and sanitizer concentration. Nonetheless, in the function, only washing with water
was considered.

Table 6. Reduction in L. monocytogenes (and standard error) on cantaloupe surface rind after treatment
with water alone or with sanitizing agent.

Concentration Exposure Time Temperature Reduction (logyo St. Error 1
Treatment Study %) (min) €O CFUJcm?) (Reduction) "
Tap [76] - 3 25 0.18 0.053 8
water [29] 5 25 0.20 - 3
[771*
Stored at 5 °C x 0 day 5 20 0.20 - 3
Stored at5 °C x 7 days 5 20 0.15 3
(571
Stored at4 °C x 1 day - 2 25 0.30 - 3
Stored at4 °C x 5 days - 2 25 0.22 - 3
Stored at4 °C x 15 days - 2 25 0.22 - 3
[19] 0.00005 2 25 1.2 - 6
CIO, gas 0.0001 2 25 18 - 6
28 0.00015 2 25 2.1 - 6
0.0003 2 25 2.1 - 6
0.0005 2 25 22 - 6
0.00005 10 25 3.3 - 6
0.0001 10 25 3.2 - 6
0.00015 10 25 3.7 6
0.0003 10 25 3.8 - 6
0.0005 10 25 43 - 6
SH 3 0.020 5 25 0.57 0.250 8
Stored at4 °C x 1 day 0.100 2 25 >3.0 - 3
Stored at4 °C x 5 days 0.100 2 25 >3.0 - 3
Stored at4 °C x 15 days 0.100 2 25 >3.0 - 3
H,0, [29] 2.5 5 25 2.8 3
[771*
Stored at 5 °C x 0 day 2.5 5 20 2.3 - 3
Stored at 5 °C x 7 days 2.5 5 20 2.8 3
(571
Stored at4 °C x 1 day 5.0 2 25 >3.0 - 3
Stored at 4 °C x 5 days 5.0 2 25 >3.0 - 3
Stored at4 °C x 15 days 5.0 2 25 >3.0 - 3
4 [7712
HPLNC Stored at5°C x 0 day - 5 20 >4.0 - 3
Stored at 5 °C x 7 days - 5 20 >4.0 - 3

! Number of samples in inoculation experiments. 2 Studies where inoculated cantaloupes were stored at different
temperatures and times before the washing treatment. 3 Sodium hypochlorite. # Solution of 1% H,O,, 25 pug/mL
P 8 yP &

nisin, 1% sodium lactate and 0.5% citric acid.

The reductions reported in Table 6 are quite large, most probably due to the use of
optimal lab conditions. In industrial settings, maintaining proper application conditions
is challenging, significantly reducing the effectiveness of sanitizers in preventing cross-
contamination [26,78]. In the best situation, the washing would not contribute to an increase
in contamination; in the worst situation, flume tank washing could increase contamination
through contaminated water.

The R functions:

Three functions were prepared to account for the brushing effect and the two al-
ternate washing steps (ideal situation with potential population decrease, and one with
potential cross-contamination).
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The function caBrush() models the removal of bacteria during the brushing or scrub-
bing step. This function takes into account the effectiveness of the cleaning step, quantified
as a mean logjo reduction in bacteria, that users need to provide as an input parameter. The
function processes a list containing an initial matrix of bacterial counts on the cantaloupe
rinds and the prevalence of contamination in harvested lots. This reduction can vary at lot
level or at cantaloupe level, depending on how logDecBrush is defined (either as a single
value, a vector per lot, or a matrix per cantaloupe).

Nafterbrush ~ Binomial (Nendharvest/ 107LugDecBrush)

The function caFlumeTank() simulates three events taking place during flume tank
washing: the washing of bacteria off the cantaloupe rind at a washing efficiency of
logDecWash, the elimination of bacteria in the water containing sanitizers at a sanitiz-
ing efficiency of log10SaniWash, and the redistribution of survivors on the cantaloupe rind
(characterized by the b parameter).

For the first event (washing of the bacteria from the rind to water), the number of
bacteria remaining on the rind is calculated according to the parameter logDecWash, the
reduction in logjg attained by washing.

NNotwash ~ Binomial (Nafterbrush/ 107LogDecWash>

The quantity of L. monocytogenes in the water (Ny,44n) is given by

Nopasn = Nufterbmsh — NNotWash

Some of the L. monocytogenes in water will be inactivated by the presence of a sanitizer.
The logjo reduction associated with the sanitizer (logDecSani) helps determine the number
of L. monocytogenes that will be redistributed onto the cantaloupe rinds (Ni,pistribute)

NtoDistribute ~ Binomial (Nwash/ 107LogDecSani)

Finally, the redistribution of survivors on the cantaloupe rind was modeled according
to a Dirichlet-multinomial process. The parameter to assess the dispersion factor repre-
senting the clustering of surviving cells during redistribution is b. A value of b higher
than 1 should be used to assume random homogeneous distribution. The redistribution
is handled computationally by first drawing proportions (p) from a Dirichlet distribution
parameterized by b, which gives the fraction of surviving bacteria that each cantaloupe
receives. Then, a multinomial distribution is used to allocate the actual counts of bacteria
to each cantaloupe (Nout) based on these proportions.

p ~ Dirichlet(b)

where b is a vector of b/sizey .+ repeated sizey o time and Nyy: ~ Multinomial (Ny,pistributes P)-
Finally, the total number of L. monocytogenes per cantaloupe rind (Nendwashing) 18 the
sum of the cells that remained on the rind plus the redistributed ones.

Nendwashing = NNotwash + Nout

A second function was prepared for modeling the effect of washing cantaloupes. The
caFlumeTankCC() function simulates potential contamination scenarios for cantaloupes
when they come into direct contact with contaminated water in a flume tank. The cross-
contamination algorithm considers four different scenarios [79]: cross-contamination in lots
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that are already contaminated, contamination in lots that were initially not contaminated,
the absence of cross-contamination in lots that were already contaminated, and no cross-
contamination occurring in lots that were not initially contaminated. The probabilities of
each scenario are calculated according to the initial prevalence (Ppyrvest) and the probability
that the flume tank water is contaminated (probcew):

P(CantaLotpes_CChNegi) = Praroest X (1 — Probcew)

P(CantaLOtPDS_CCPosi) = Prarpest X Probcew
P(CantaLOtNeg_CCPosi) = (1 — Puarvest) % Probccw

The status of every lot is then randomly sampled from the probabilities
[P(CantaLotpos_CChegi), P(CantaLotpys_CCposi), P(CantaLotyeg_CCpygi)]. This strategy
is adopted to maintain the dimension [, c] of the input contamination matrix Njest. The
number of L. monocytogenes transferred (N,gqeq) depends on the concentration in the flume
tank water (Cwater) and the value of the fraction of water gain (mL) (PwaterGain) relative to
the cantaloupe weight in g,

Cuwater ~ Pert(logWaterMin,logWater Mode, logWater Max)

Nadded = Cuwater' PWaterGain -cantaweioht

Then, the values of N,44eq4 and the total contamination on rinds before washing (N ;,)
are summed in order to determine the numbers of L. monocytogenes in the lot i after the
potential recontamination event (Nt postwatercc i), according to the following:

Niot i i € CantaLotpys_CCpeg
Niot postWaterCC i — Niot i + Nagdea i i € CantaLotpys_CCpos
Nadded i i € CantaLotyeq CCpos

Next, the partitioning algorithm randomly distributes the total numbers of cells
Niot postWatercc i from a contaminated lot onto all cantaloupe rinds present in the lot, follow-
ing a Dirichlet-multinomial process according to a dispersion factor (b.) representing the
clustering of cells during flume tank washing:

pw ~ Dirichlet(by, niots)
where by, is a vector of by, /sizey s repeated sizep; times.

Nwashedrindi ~ Multinomial (NtotpostCCr Pw)

2.1.4. Processing

Data and assumptions:

This module addresses the contamination of the RTE diced cantaloupe, considering
two main sources. The first represents contamination from the cantaloupe rind to the flesh
during slicing and dicing. Previous studies mimicking an industrial processing line and
home preparation procedures for fresh-cut cantaloupe have shown that L. monocytogenes
readily transfer from the rind to the edible cantaloupe flesh during slicing and cutting,
with a positive correlation between the contamination level on the rind and the numbers of
cells transferred [29,80,81]. Patil [81] conducted an experiment to measure the penetration
of L. monocytogenes into cantaloupe flesh from contaminated rinds. Cantaloupes with an
initial rind contamination of 5 log;g CFU/ cm? were stored at 4 °C and 30 °C for 24 h, then
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sampled using a cork borer to create 25 mm long cylinders. The bacteria’s penetration was
measured at various depths up to 25 mm. The results showed that the transfer of bacteria
from the rind to the first 5 mm of flesh ranged between 2.8 and 3.6 logjg CFU/cm? at 4 °C
and 1.9 and 4.0 log;o CFU/ cm? at 30 °C. No significant differences were observed in the
bacterial counts transferred at different depths or between the two storage temperatures,
indicating that all depths of the edible flesh were equally susceptible to contamination
regardless of the storage condition.

Other studies aimed to quantify the transfer of L. monocytogenes from cantaloupe
rind to fresh-cut pieces [20,29]. Inoculated whole cantaloupes stored at 4 °C were cut into
four sections, with each section further diced into 3 cm cubes before rind removal. The
overall transfer rate data are summarized in Table 7. As few as 150 bacterial cells per cm?
on the cantaloupe rind were sufficient to contaminate the edible flesh during cutting [81].

Transfer rates were generally between 0.08 and 1.18%.

Table 7. Available data to build a transfer equation of L. monocytogenes load from cantaloupe rind to
flesh (diced pieces in g or surface slices in cm?).

Source L. monocytogenes on the Rind L. monocytogenes in Transfer Rate (%)
(log1g CFU/cm?) Cantaloupe Flesh (10flesh/10rind) x 100
To fresh-cut (diced pieces) (log1o CFU/g)

[20] 2.16 0.23 1.175
3.26 0.54 0.191
3.98 1.31 0.214
4.52 1.46 0.087
[29] 4.60 2.60 1.000
4.40 2.20 0.631

To slices (flesh surface) (log1o CFU/ cm?)
4°C 5.94 2.45 0.032
[81] 5.44 1.42 0.010
30°C 5.22 1.64 0.026
5.44 1.17 0.005

The second relevant source of contamination is the cross-contamination of cantaloupes
with L. monocytogenes from slicing and dicing equipment as well as other food contact
surfaces [81]. The modeling approach used for this process was similar to the one used
for cross-contamination during harvesting. The transfer rate was taken from [58]. Based
on environmental data established for Listeria spp. [27], the initial concentration on food
contact surfaces was estimated at 0.25 CFU per site (25 cm?). Given this surface area and
considering the estimated contact area of a cantaloupe with the contaminated surface
(5 cm?), the expected L. monocytogenes load transferred to the cantaloupe is approximately
9 CFU.

The R function:

The function caDicing() models the transmission of L. monocytogenes from the rind
to the flesh when cantaloupes are diced in a processing environment. It operates under
the assumption that each cantaloupe is diced individually, and if the rind is contaminated,
a certain percentage of L. monocytogenes cells are transferred to the diced pieces. It is
important to note that this function does not account for any potential cross-contamination
that might occur from the dicing equipment or knives. The function returns the matrix
Nicing 0rganized according to sublot configurations, where each row represents a sublot
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and each column corresponds to the number of cantaloupes processed within that sublot.
This structure is used because the size of production lots may differ from the size of
processing lots. Thus, the numbers and prevalence of contaminants are reported on a sublot
basis (processing lot size). The variability in the transfer rate of L. monocytogenes from the
rind to the flesh (CFU/g of diced cantaloupe per CFU/cm? of rind) is modeled using a Pert
distribution. This modeling utilizes data digitized from studies by Ukuku and Fett [57] and
Ukuku et al. [29]. The transfer rate (TR ind2flesh) is expressed as a percentage (CFU/g of
diced pieces per CFU/cm? of rind) x 100 and is described using by the parameters mintg,
moderr, and maxtg.

TRrindelesh ~ PERT(mii’lTR, modeTR, maxTR)

For calculating the number of L. monocytogenes bacteria transferred from the rind
to the flesh of cantaloupes during the dicing process (Nians), the density of bacteria per
square centimeter on the rind of each cantaloupe within the sublots is assessed. This is
achieved by dividing the total bacterial count on the rind (Ngypiots) by the surface area of
the cantaloupe (cantaSurface). Following this, the transfer rate (TRindoflesh) is applied to
this density. Defined as a percentage, this rate quantifies the effectiveness of the bacterial
transfer from the rind to the flesh during dicing. For calculation purposes, it is adjusted by
dividing by 100. After applying the transfer rate, the resulting value, which indicates the
number of bacteria transferred per gram of diced cantaloupe, is then scaled up by the total
weight of the diced pieces produced from one rind-free cantaloupe (cantaRindFree).

Nsublots 1

Ntrans = CﬂﬂtﬂRindP?’e@TRn'ndzflesh- m . ﬁ

The overall prevalence is adjusted taking into account that, in some lots, no L. monocy-
togenes are transferred (Pj):

Piiced = Pbeforedicing'(l - PiO)

The function caPartitioningCC()models the possible cross-contamination of can-
taloupes in scenarios where they come into direct contact with dicing machines or knives.
This function also handles the distribution of diced cantaloupes from a processing lot
(sublot) into packed units. The cross-contamination algorithm evaluates four scenarios:
contamination and no contamination occurring in both already contaminated and initially
uncontaminated sublots, with probabilities calculated for each event. Following contami-
nation assessment, the partitioning algorithm allocates the total number of bacterial cells
from a contaminated sublot into individual packed units. This distribution considers the
dispersion factor b;, a parameter of the beta distribution, which measures the extent of cell
clustering within the bulk of diced cantaloupes in the sublot and reflects the variability in
cell numbers among the packed units.

If the recontamination event takes place, at a probability Probccpice, a fraction (TR pjcer)
of the numbers of cells on the contaminated equipment surface(s) (Npjc,) is transferred to
the diced pieces of cantaloupe (Nfom-gicer)- The algorithm considers that, if the lot of RTE
diced cantaloupe is not contaminated with L. monocytogenes (actually not represented in the
contamination matrix), it may become contaminated from equipment; if the lot is contami-
nated, its load will increase or remain the same depending on the recontamination event
happening or not, respectively. This raises three possible scenarios of contaminated lots:
(1) no recontamination occurring in lots already contaminated (Dicepys_CCpyg); (2) recon-
tamination occurring in lots already contaminated (Dicepys_CCpys); and (3) recontamination
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occurring in lots that were not contaminated (Dicene, CCpos). The probability of each
scenario taking place for every lot i is calculated as

P(Dicepos_CCNeg i) = Pdiced'(l - PrObCCDice)

P(DicePos_CCPus i) = Pjicea X Probccpice
P(Diceneg_CCpos i) = (1 = Pjicea) X Probcepice

The status of every lot is then randomly sampled from the probabilities
[P(Dicepos_CCheg i), P(Dicepos_CCpys i), P(BDiceneg_CCpos i)]. The extent of recontami-
nation in number of cells per lot i is computed as

TRpiceri ~ Normal (—1.42,052), TR; <0

Nfrom—dicer i ™~ BinOMiul(NDicerr 10TRD1'”‘”")/ Npiceri > 0

where Np;., can be understood as the total load of L. monocytogenes cells on the surface
of the blades of the dicing machine and/or packaging machine in contact with the diced
pieces of cantaloupe. Next, the value of Nfo-picer i 1s added to Ny, ;, in order to determine
the numbers of L. monocytogenes in the lot i after the potential recontamination event
(Niot postcc i), according to the following:

Niot i i€ Dicepos_CCNeg
Niot postCC i = Niot i + Nfrom—equip i 1 € Dicepys_CCpys
Nfrom—equip i i € Diceneg_CCpos

Next, the partitioning algorithm randomly distributes the total number of cells Ny postCC i
from a contaminated lot into ¢ packed units, following a Dirichlet-multinomial process:

p ~ Dirichlet(b;, nposs)
where b; is a vector of b;/sizer ;s repeated sizer times.

Npack_c [ Multinomial (Ntot postCC ir P)

The resulting matrix Ny . contains the numbers of L. monocytogenes cells in the packs
of diced cantaloupe in contaminated lots. Finally, the mean prevalence of contaminated
lots after packaging Pp, is updated.

Ppaex =1— (1 - Pdiced) X (1 - PmbCCDice)

2.1.5. Microbiological Lot Testing

Data and assumptions:

The QRA model enables the microbiological testing of food unit samples taken from a
lot, according to a two-class or a three-class mixed sampling plan [82]. In the commonly
employed two-class plan for L. monocytogenes, a predetermined number #n of units is
randomly selected from each lot for testing. Each selected unit undergoes an enrichment
assay using g grams of the sample, and the lot is considered unacceptable if more than ¢
units test positive. In contrast, the three-class mixed sampling plan not only tests but also
enumerates the sampled units. Here, a lot is rejected if more than ¢ units are positive or if
any unit has a microbial concentration exceeding a set threshold M. Enumeration tests are
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typically performed only on samples that test positive in the initial detection, involving the
direct plating of a specific amount gr.stedrnum from the same sample.

The R function:

The function caTesting() receives the outputs of the function caPartitioningCC(): 1, the
number of tested units; g, the sub-sample weight in grams used for detection; ¢, the number
of positive samples accepted (two-class or three-class mixed plan); M, the maximum
limit concentration; pj ested, the proportion of tested lots; Se, the probability of the test
(enumeration or detection) to detect, independently, each bacteria present in a sample; and
STestedEnum» the sub-sample weight in grams used for the enumeration assay.

Assuming perfect homogenization in the sample, each of the bacteria present in each
of the r x c units of Unitg;,, weight has a probability of being present in the g grams of the

sub-sample and detected with probability equal to Se x g/Unit,;, . The number of bacteria

size®
detected in the detection assay is then as follows:

Netected ij ™~ Binomial (NPack ij ,Se g/unitsize>

and the detection test is positive if Nyetecteq ij > 0.
If the sampling plan is a 3-class plan, an enumeration test (direct plating) is performed.
The number of bacteria enumerated in the sample is as follows:

Nenumemtsd ij ™~ Binomial (NPack ij ,Se % gTestedEnum/unitsize )

and the estimated concentration is Nenymerated ij/ §TestedEnum CFU/g. The algorithm assumes
that the enumeration is performed only on samples detected as positive.

In order to evaluate the probability of each of the lots to be rejected, 1000 (by default)
Monte Carlo samples of # samples are generated for each lot and, for each of these Monte
Carlo samples, the microbiological criteria are applied (i.e., in a 2-class plan, the test is
positive if >c samples among 7 are detected, whereas in a 3-class plan, the test is positive if
>c samples among n are detected or if at least one sample has an estimated concentration
>M CFU/g). The mean number of times the lot is rejected among the Monte Carlo samples
multiplied by the probability for the lot to be tested is an estimate of P ;, the probability
of lot i to be rejected.

Contaminated lots detected after testing are not removed from the matrix, and there-
fore, the input matrix Ny is returned unchanged. The function caTesting() only updates
the prevalence outputs.

2.1.6. Cold Chain During Transport to Retail

RTE diced cantaloupe is typically refrigerated at retail. However, time—temperature
measurements reveal that cold storage in retail display cabinets is often insufficient, fre-
quently exceeding recommended limits [83]. Derens-Bertheau et al. [64] observed that
about 31% of temperature measurements for various food products in France exceeded 6 °C,
with retail display temperatures ranging from 1.4 °C to 9.8 °C, averaging 5.6 °C. Similarly,
another study [84] recorded average temperatures of 4.1 °C and 3.5 °C for fresh-cut lettuce
in winter and summer, respectively.

Herein, the impact of temperature on L. monocytogenes growth in cantaloupe was assessed
using predictive microbiology models. The aim was to develop secondary models for lag phase
duration and growth rate based on the published data presented below. Scolforo et al. [85]
determined lag phase duration of L. monocytogenes serovar 1/2b inoculated in the pulp
of Canary melons stored at different temperatures. A QO parameter characterizing the
physiological state of the cells in cantaloupe was derived from these experiments.
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For the growth rate, we used the challenge study of L. monocytogenes 4b, 1/2a, and
1/2b carried out by Fang et al. [61], who assessed the effect of serotypes on growth rates
across all temperature conditions. They did not find any serotype effect or interaction with
temperature, and subsequently, they determined the cardinal parameters for temperature
of L. monocytogenes in fresh-cut cantaloupe (Tiin = 1.90 °C, Topt = 38.3 °C, Trax = 45.7 °C,
Hopt = 0.975 h~1). Table 8 compiles the growth rate estimates for cantaloupe from various
studies, including the results from squash (a fruit also from the Cucurbitaceae family;
Farber et al. [86]), since its estimates are comparable to those of cantaloupe.

Table 8. Growth kinetics data of L. monocytogenes in cantaloupe flesh or similar from published articles.

Study Medium Strain Stressed Temperature (°C) Spe(;i{ilc)GR
[61] Cantaloupe Fi:;}%sé?g?%& Stressed 4.0 0.0120
8.0 0.0470
(rifampicin-rgsistant 12 0.1260
and cold-resistant)
16 0.1860
20 0.2930
25 0.5250
30 0.7300
33 0.8150
40 0.9160
37 0.8600
43 0.6920
F4260 4.0 0.0110
Stressed 8.0 0.0580
(rifampicin-resistant 12 0.1230
and cold-resistant)
16 0.1940
20 0.3210
25 0.5300
30 0.7470
33 0.9000
37 0.9900
40 0.9730
43 0.7590
38 0.9750
V7 43 0.7540
(rifamlsnjciiifgsistant 40 0-9980
and cold-resistant) 33 0.9010
37 0.9640
30 0.7860
25 0.5430
20 0.3220
16 0.1970
12 0.1350

8.0 0.0640
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Table 8. Cont.

Study Medium Strain Stressed Temperature (°C) Spe(chlfjlc )GR
Cantal 10 0.0852
[87] antaioupe ATCC BAA839, ATCC Stressed
BAAS839, ATCC 19111, . - . 15 0.1983
ATCC 13932 (rifampicin-resistant and
cold-resistant) 20 0.4030
25 0.5803
10 0.0852
15 0.2118
20 0.4030
25 0.5112
Diced cantaloupe ATCS é?;t53Al’3Hg7C71§i LG Not stressed 20 0.3720
Fresh-cut cantaloupe Lebe 1%11_&6 1\’;@“ A Notstressed i(()) ggizg
15 0.2300
20 0.3900
25 0.4745
NRCC B33076 Not stressed 5.0 0.0368
Fresh-cut cantaloupe
10 0.0898
25 0.6240
30 0.7161
36 0.9233
[81] Diced cantaloupe J22F, J29H, M3 Not stressed 4.0 0.0520
7.0 0.0670
10 0.1840
88 - Not st d 4.0 0.0318
(881 Frefh o LCDC 81-861, V7, 101M, oF stresse
watermelon Scott A 13 0.1213
13 0.1438
[86] Squash Not stated Not stressed 4.0 0.0370
10 0.0910

The differential form of the Baranyi and Roberts model [60] was employed to predict
the growth of L. monocytogenes in cantaloupe, providing a value for Qp to assume the
presence of lag phase.

dN_ Q N

ar ”"’”"1+Q(1_ 10MPD)N
d
ngﬂmaxQ

Figure 2 plots the specific growth rate estimates against storage temperature. The values
obtained for temperatures below 30 °C were used to prepare a secondary model for temperature.

For temperature, data were collected for the three stages of the logistic chain: transport
from processing to retail, storage at retail, and transport from retail to the consumer home.

Fresh-cut cantaloupe is usually transported in refrigerated trucks, whose temperature
should be lower than 7 °C [89]. A Pert distribution is used to account for the temperature
variability. Considering the values encountered for the storage of produce, the temperature
is assumed to be between 3 °C and 10.3 °C with a mean of 5 °C [62,63].
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Figure 2. Specific growth rate estimates of L. monocytogenes in cantaloupe flesh against temperature,
extracted from the literature. Refer to Table 8 for data sources [31,57,61,76,81,86-88].

From retail to home, the temperature typically rises, as the consumer usually does
not take measures to prevent an increase in surface temperature. Risk assessments for
L. monocytogenes usually account for this stage. For example, Pouillot et al. [90] considered
a mean temperature of cold-smoked salmon of 10.4 °C during transport. Additionally,
several risk assessments have reported an average transport time from retail to home of
43 min (with a 19 min standard deviation) [63,66].

As the shelf life of RTE diced cantaloupe is quite short, at usually less than 5 days [91],
the packs are expected to stay a day on retail shelves.

The R functions:

Three functions were developed for modeling the growth of L. monocytogenes from
processing to the consumer home. They all rely on the auxiliary function caGrowthBaranyi().
As inputs, this function takes time and temperature for a logistic stage, the levels of initial
contamination at the beginning of this stage, and its physiological state (Qg). It returns the
level of contamination at the end of the stage and its new physiological state (updated Q).

From user inputs, this function first provides an estimation of the growth rate accord-

ing to temperature
(T — Tmin) ?
= EGR5 | ———=
Hmax 5 < 5T,

where EGRs is the growth rate (in h™!) of L. monocytogenes in cantaloupe flesh at 5 °C
and T,;, is the nominal minimum temperature for the growth of L. monocytogenes in
cantaloupe flesh.

Then the function uses pimax and the time and duration of the logistic stage to assess
the final level. The maximum population in the RTE cantaloupe pack depends on the
unitSize and the maximum population density (MPD) of L. monocytogenes (set by default
to 8 logjo cfu/g). The primary model of Baranyi and Roberts [60] in static environmental
conditions is given by

1 exp<_,umax't) + Q0>
Alt) =t+ -1
( ) Wmax Tl( 1+ Qo

exp(—tmax-A) — 1
In(N(t)) = In(N(t = 0)) + fmax-A — In (1 + exp(ln(lOMP}Z’(‘“”ZSize) —>ln(N(t =) )
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The parameters used for the three functions thereafter were fitted according to the
data presented in Figure 2 (below 30 °C): Tpnin = —2.02 °C (standard error = 0.576 °C) and
EGRs5 = 0.036 h~! (standard error = 0.004 h—1).

Finally the caGrowthBaranyi() returns the physiological state value at the end of the
logistic state:

ln(Qt) = l”(QO + ]/lmax't)

The first function of the logistic chain is the caTrans2RetRTE() function. It models the
growth of L. monocytogenes in RTE diced cantaloupe during cold transportation to retail
outlets, utilizing the auxiliary caGrowthBaranyi() function for growth dynamics. This
function assumes that all cantaloupe packs in a lot experience the same initial physiolog-
ical state of cells (Qp), consistent transportation temperature (Temp), and transportation
duration. The variability in the physiological state parameter, In(Q0), was represented by a
normal distribution with a mean (InQ0Mean) and standard deviation (InQ0Sd) of —0.097
and 0.0640, respectively, according to [85].

Similarly, the variability in the specific growth rate at 5 °C (EGRs5) is modeled using a
normal distribution with parameters meanEGRs = 0.03557288 h~! and sdEGRs5 = 0.004 h—1.

Additionally, the function uses Pert distributions to account for lot-specific differences
in transport time (timejret) and temperature (tempoget) for this logistic step.

timetransoRet ~ Pert(timetrans2RetMinr timeyransoRet Modes timetmnsZRetMax)

temptmnsZRet ~ Pert(temptmnsZRetMin’ temptransZRetMode’ temptransZRetMax)

The caRetRTE() function models the growth of L. monocytogenes in RTE diced can-
taloupe during retail display, utilizing the caGrowthBaranyi() function to determine growth
patterns. This algorithm assumes that all packs of diced cantaloupe from each lot contain
bacterial cells with the same physiological state, In(Qt) passed from the prior logistic phase.
All packs from a lot are considered to have the same retail temperature (tempy,,). However,
the variation in retail temperatures across different lots is described by a Pert distribution:

temPRet ~ Pert(tempRetMin’ tempRetMode’ tempRetMux)

The duration of retail display, however, is determined individually at the unit level.
Pert distributions are employed to account for variability in duration for packs on shelves:

timeger ~ Pert(timeRetMin/ timeRretModer timeRetMux)

The caRet2HomeRTE() function simulates the growth of L. monocytogenes in RTE diced
cantaloupe during the transportation from retail to home, based on the caGrowthBaranyi()
auxiliary function. This algorithm determines transportation time and temperature at the
unit level, reflecting variations based on individual consumer behaviors. It uses input data
to integrate lot-specific growth rates at 5 °C (EGRs) and unit-specific initial quantities of
bacteria (In(Qt)) that are carried over from the preceding logistics stage. The variability in
transportation time is modeled using a gamma distribution of parameters defined by [66],
while a Pert distribution captures the variability in transportation temperature:

timeRger Home ~ Gamma(scale, timeRer HomeModes timeRetZHomeMux)

Parameter values for the caTrans2RetRTE(), caRetRTE() and caRet2HomeRTE() func-
tions are provided in the Supplementary Materials.
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2.1.7. Consumer Handling
Data and assumptions:

It is assumed that growth can occur in RTE cantaloupes at home. The variability in
temperatures at home may be important and generally further from the target temperature
of 4 °C [92]. Rocatto et al. [93] showed that the overall variability in European domes-
tic refrigerators is described by a normal distribution, with a mean of 7 °C for Southern
European countries and 6.1 °C for the northern countries. Nauta et al. [66] noted that
the average temperature inside European domestic refrigerators was 6.64 °C. A similar
value was measured in Brazil [94], with an average refrigerator temperature of 6 °C and
with fluctuations ranging from 3.1 to 10.8 °C. Ding et al. [62] used an average refrigera-
tor temperature ranging from 4 to 8.3 °C in a Korean risk assessment model for lettuce.
Carrasco et al. [65] estimated the maximum refrigerator temperature at home to be 11.3 °C.
RTE diced cantaloupe, a highly perishable food, is expected to be in a consumer’s home for
no longer than 10 days [95,96].

The R function:

The caHomeRTE() function models the growth of L. monocytogenes in RTE diced
cantaloupe in home settings, utilizing the caGrowthBaranyi() for underlying growth cal-
culations. This function tailors the simulation of home storage conditions—time and
temperature—specifically to each unit, reflecting variations that depend on individual con-
sumer behaviors. It incorporates lot-specific growth rates at 5 °C (EGR5) and unit-specific
injtial bacterial quantities (In(Qt)) that are derived from earlier stages in the logistics chain.
To accurately capture the variability in how consumers store the product at home, Pert
distributions are used to model the fluctuations in both storage time and temperature.

timepome ~ Pert(timeHomeMinr timeome Moder timeHomeMax)

tempHome ~ Pert(tempHomeMin’ tempHomeMode’ tempHomeMax)

Parameter values for time and temperature are provided in the Supplementary Materials.

2.2. Risk Characterization

Several dose-response relationships are available for L. monocytogenes [97]. To esti-
mate the risk of listeriosis per serving, the dose response in the susceptible population of
FAO-WHO [98] was chosen. According to this exponential model, each ingested L. morno-
cytogenes cell has an independent probability r of causing invasive listeriosis, which is
assumed to be constant within a given population. The FAO-WHO [98] inferred a median
value for r of 1.06 x 10712 for the “population with increased susceptibility”. The function
DRQuick() from the dose response model R package [97] was employed to calculate the
marginal probabilities of invasive listeriosis in the susceptible population RiskServing;;
from the input matrix Ncyoked ij, containing the L. monocytogenes doses (CFU) in servings j
from contaminated lots i. The mean risk for every lot i (RiskLot;) was calculated as a risk
averaged across servings, J:

]C-:l RiskServingij X Probiuitpes i

RiskLot; = :

2.3. QRA Model’s Ouputs

The model’s outputs were summarized at four stages: after harvesting, the end of
processing, the point of consumption, and risk characterization. After harvesting, the
probability of contamination of lots of cantaloupe and the median contamination are
provided. At the end of processing, the descriptors are generated based on the prevalence
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and the contamination matrix outputs from the function caTesting(). These include the
following: (1) descriptive statistics (mean, median, and 95% confidence interval) of the
mean concentration of L. monocytogenes (CFU/g) in the fraction of contaminated lots; (2) the
prevalence of contaminated packs; and (3) the probability that a contaminated pack contains
more than 10 CFU L. monocytogenes per g of RTE cantaloupe. At the point of consumption,
the model’s descriptors are estimated from the outputs of the function caHomeRTE(), which
simulates home storage, and include the following: (1) descriptive statistics (mean, median,
and 95% confidence interval) of the concentration of L. monocytogenes in any serving; (2) the
prevalence of contaminated servings; (3) the probability that a contaminated serving contains
more than 10 CFU L. monocytogenes per g of RTE cantaloupe; and (4) the probability that a
contaminated serving contains more than 100 CFU L. monocytogenes per g of RTE cantaloupe.
For risk characterization, the descriptors include summary statistics such as the mean, median,
and 2.5, 97.5, and 99.5 percentiles of the lot-level mean risk per serving, RiskLot.

2.4. QRA Model’s Implementation

All the functions described in Section 2.1 were programmed in R version 4.4.1 [99], and
compiled in the package qraLm, which can be installed from the Github repository: https://
github.com/WorldHealthOrganization/qral.m, accessed on 8 June 2025. The reference manual
can be found at https://WorldHealthOrganization.github.io/qralLm/reference/, accessed on 8
June 2025.

3. Results and Discussion
3.1. Use of the Model for Risk Management Scenarios

The developed model was used to explore three types of control measures. The first
type of intervention concerns the preharvest conditions of cantaloupes. Two parameters
were explored: the presence of water on the cantaloupes before harvest (pIrrigRaining)
and the use of protective barriers (i.e., barriers (mulch) to prevent contact between the
cantaloupes and the soil (pFoil)). Figure 3 shows that these conditions have a strong impact
on the risk of listeriosis. Compared to the reference condition (pIrrigRaining = 0, pFoil = 1),
not using a barrier and applying overhead irrigation just before harvest across all plots
(cantaloupe lots) increases the risk by a factor of 10,000. This increase is not explained by a
higher level of contamination at the time of consumption but by a higher prevalence.
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Figure 3. Assessment of the impact of different conditions in the fields on relative listeriosis risk for
RTE diced cantaloupe. The reference risk value is defined for all fields using foil (pFoil = 1) and those
with an absence of rain or irrigation just before harvesting (pIrrigRaining = 0).
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The hygiene conditions during the harvest and washing of cantaloupes were also
explored (Figure 4). The probCCH parameter, which represents hygiene control during
harvest, ranged from 0.25 (reference condition) to 0.75, while the probCCH parameter,
related to the contamination probability in the washing water, varied from 0 (reference
condition) to 0.25. Figure 4 shows that the probability of contamination in the flume tank
has a higher impact on the risk of listeriosis than cross-contamination during harvest.
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Figure 4. Assessment of the impact of cross-contamination events on relative listeriosis risk for
RTE diced cantaloupe. The reference risk value is defined for a probability of cross-contamination
during harvest (probCCH) of 0.25 and probability of contamination during washing of cantaloupes
(probCCW) of 0.

Finally, as in most risk assessments for listeriosis, the storage conditions at consumers’
homes were explored by varying the maximum values of the triangular distribution for
the maximum temperature (Temp_max_home going from 11.1 °C (reference condition)
to 13.1 °C) and the maximum storage duration (t_max_home going from 120 h (reference
condition) to 168 h). The combination covering the riskiest practices leads to an increase in
risk by a factor of 500 (Figure 5).
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Figure 5. Assessment of the impact of home storage conditions on relative listeriosis risk for RTE
diced cantaloupe. The reference risk value is defined for a maximum storage duration at home
(t_max_home) of 120 h and maximum temperature (Temp_max_home) at 11.1 °C.



Foods 2025, 14,2212

28 of 34

All parameters used for the reference condition and these different scenarios are listed
in the Supplementary Materials presented in the Supplementary Materials.

3.2. Validation and Sensitivity Analysis

Johnston et al. [100] investigated the presence of L. monocytogenes on melons sampled
from 36 fields. None of the samples were positive for the pathogen. Similarly, in our model,
under the reference scenario (representing good agricultural practices where all fields use
soil barriers and no irrigation occurs just before harvest), the predicted L. monocytogenes
concentrations per cantaloupe remain below 100 CFU/cantaloupe. However, under the
worst-case scenario, where poor agricultural practices are applied, the model predicts that
L. monocytogenes is present in 73% of cantaloupe batches at the field level. Despite this,
given a detection limit of 100 CFU per surface, only 0.05% of individual cantaloupes would
test positive. These results highlight the low probability of detecting L. monocytogenes in
cantaloupes at the field exit, even when contamination is widespread at the batch level.

Zhang et al. [101] detected L. monocytogenes in 0.72% (n = 699) of sampled cut can-
taloupes. The model with reference parameters (good agricultural practices and no con-
tamination at the time of washing the cantaloupes) predicts a prevalence of 0.08%. If the
contamination frequency is increased to 0.25, then the predicted prevalence is 0.26%.

Townsend et al. [16], through a meta-analysis, found that the prevalence of Listeria spp.
and L. monocytogenes on surfaces at the level of harvest or production environment could
be very variable, ranging from none to over 50% of samples tested. Although the overall
risk may appear low for the model in the reference situation (the mean risk of listeriosis per
lot of RTE diced cantaloupe is 3.10~18), the risk could be considerably increased by poor
hygiene practices at primary production and cantaloupe handling conditions. However, it
should be noted that some parameters are poorly supported scientifically and the values
used are based on expert elicitation. Figure 6 shows the impact of uncertainty on parameters
that appear to have the least evidence. The contamination levels of surface in contact with
cantaloupes and present on the dicer appear to have a large effect on risk estimate.
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Figure 6. Sensitivity analysis for four parameters of QRA for RTE diced cantaloupe. The values used
in the model that provide the reference risk are, respectively, 5g for the max value of the triangular
distribution describing variability in the quantity of soil deposited on cantaloupe (qSoilMax), 0.004 for
the max value of the % of weight gain (pWaterGainMax), and 9 cfu for the number of L. monocytogenes
on food contact surfaces (conveyors or crates at harvest) touching the cantaloupes (nPlas) and for the
number the surface of the dicing machine (nDicer).
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3.3. Perspectives and Conclusions

In this study, we evaluated the effectiveness of several relevant “what-if” scenarios
using the developed QRA model. This model enables the exploration of other intervention
strategies, including the use of higher-quality water for irrigation, assessing the impact of
organic fertilizers, reducing contamination during the dicing of RTE cantaloupes, removing
highly contaminated lots through targeted sampling plans, shortening shelf life, and
exploring combinations of these scenarios, among others.

The recent publication of a dose-response relationship based on the virulence cate-
gories of L. monocytogenes [97] suggests an improvement in the accuracy of assessments,
particularly as initial data are now available on the genomic diversity of L. monocytogenes in
agricultural soils [102] and production environments [103,104]. An important limitation
of the current model is that it does not account for biofilm formation and strain-specific
persistence throughout the processing chain. Future modeling efforts incorporating biofilm
dynamics and strain tracking could better distinguish the relative contribution of each
contamination source and enable more targeted intervention strategies. In conclusion,
we have developed a robust set of functions to evaluate the risk of listeriosis associated
with the consumption of RTE diced cantaloupe. This QRA has highlighted the potential
variations in L. monocytogenes risks under different agricultural and processing conditions.
The findings from our model underscore the importance of maintaining good agricultural
practices in the fields, adhering to rigorous hygiene practices during harvest and processing,
and ensuring proper storage conditions by consumers to mitigate the risk of listeriosis.
Additionally, the adaptability of our QRA model to different products and processing
steps provides significant flexibility for food safety authorities and food business operators
around the world, enabling them to tailor interventions specifically to their regional needs.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/foods14132212/s1: Table of parameters allowing us to define temperatures
and duration for the transport module.

Author Contributions: Conceptualization, U.G.-B., R P, L.G., V.C. and M.S.; methodology, U.G.-B.,
R.P, L.G. and M.S,; software, R.P., U.G.-B., L.G., M.S. and V.C.; validation, U.G.-B. and R.P,; formal
analysis, R.P, U.G.-B., L.G., V.C. and M.S,; investigation, U.G.-B., R.P, ] D.OM., AH,, V.C, L.G.
and M.S.; resources, M.S.; data curation, U.G.-B. and L.G.; writing—original draft preparation, L.G.,
U.G.-B. and R .P; writing—review and editing, L.G., U.G.-B.,,RP, ] D.OM., AH, A A, CG, AF,
H.A-Q.,Q.D. JK, V.C.and M.S,; visualization, U.G.-B., R P, L.G., V.C. and M.S,; supervision, M.S.;
project administration, M.S.; funding acquisition, M.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the European Commission Directorate-General for Health
and Food Safety (DG Sante).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in [https://github.
com/WorldHealthOrganization/qralLm, accessed on 8 June 2025]. The data employed to build the
quantitative risk assessment model are published elsewhere, and can be directly extracted from the
articles cited.

Acknowledgments: The FAO/WHO Joint Expert Meeting on Microbiological Risk Assessment
(JEMRA) on Listeria monocytogenes in foods (Part 1), held in Rome, Italy, from 24 to 28 October 2022,
recommended the development of a quantitative risk assessment model for Listeria monocytogenes in
non-ready-to-eat frozen vegetables that considers processing and consumer handling. The model
was finalized during the JEMRA meeting on Listeria monocytogenes in foods Part 2: Risk Assess-


https://www.mdpi.com/article/10.3390/foods14132212/s1
https://www.mdpi.com/article/10.3390/foods14132212/s1
https://github.com/WorldHealthOrganization/qraLm
https://github.com/WorldHealthOrganization/qraLm

Foods 2025, 14,2212 30 of 34

ment Models, which was held in Geneva, Switzerland, from 29 May to 2 June 2023. The authors
thank the JEMRA experts for Part 1 (https:/ /www.who.int/publications/m/item /jemra-of-listeria-
monocytogenes-in-foods, accessed on 8 June 2025) and Part 2 (https:/ /www.who.int/publications/
m/item/jemra-of-listeria-monocytogenes-in-foods-part-2-risk-assessment-models, accessed on 8
June 2025), as well as the FAO/WHO secretariat for their suggestions and feedback.

Conflicts of Interest: Author R.P. is self-employed. He participated in this work in his own personal
capacity. The remaining authors declare that the research was conducted in the absence of any com-
mercial or financial relationships that could be construed as a potential conflict of interest. The spon-
sors had no role in the design, execution, interpretation, or writing of the study. Disclaimer/Author’s
Note: ].D.O.M., A.H. and M.S. are a staff member(s) of the World Health Organization. The authors
alone are responsible for the views expressed in this publication and they do not necessarily represent
the official position, decisions, policy, or views of the World Health Organization.

References

1.

10.

11.

12.

13.
14.

15.

16.

17.

18.

Chan, Y.-W.; Hoban, A.; Moore, H.; Greig, D.R.; Painset, A.; Jorgensen, F; Chattaway, M.A.; Jenkins, C.; Balasegaram, S.;
McCormick, J. Two outbreaks of foodborne gastrointestinal infection linked to consumption of imported melons, United
Kingdom, March to August 2021. J. Food Prot. 2023, 86, 100027. [CrossRef]

Jenkins, E.; Gardenbhire, I.; Whitney, B.M.; Martin, K.B.; Schwensohn, C.; Gieraltowski, L.; Leeper, M.M.; McCurdy, V.; McClure, M.;
Wellman, A. An investigation of an outbreak of Salmonella Newport infections linked to melons—United States, 2020. Food Control
2023, 152, 109833. [CrossRef]

McGeoch, L.J.; Hoban, A.; Sawyer, C.; Rabie, H.; Painset, A.; Browning, L.; Brown, D.; McCarthy, C.; Nelson, A.; Firme, A.
Salmonella Saintpaul outbreak associated with cantaloupe consumption, the United Kingdom and Portugal, September to
November 2023. Epidemiol. Infect. 2024, 152, €78. [CrossRef]

Federman, S.S.; Jenkins, E.; Wilson, C.; DeLaGarza, A.; Schwensohn, C.; Schneider, B.; Nsubuga, J.; Literman, R.; Wellman, A;
Whitney, B.M. An investigation of an outbreak of Salmonella Typhimurium infections linked to cantaloupe-United States, 2022.
Food Control 2024, 166, 110733. [CrossRef]

Walsh, K.A.; Bennett, S.D.; Mahovic, M.; Gould, L.H. Outbreaks associated with cantaloupe, watermelon, and honeydew in the
United States, 1973-2011. Foodborne Pathog. Dis. 2014, 11, 945-952. [CrossRef]

McCollum, J.T.; Cronquist, A.B.; Silk, B.J.; Jackson, K.A.; O’Connor, K.A.; Cosgrove, S.; Gossack, ].P; Parachini, S.S.; Jain, N.S;
Ettestad, P. Multistate outbreak of listeriosis associated with cantaloupe. N. Engl. |. Med. 2013, 369, 944-953. [CrossRef]

NSW. Listeria Outbreak Investigation. In Summary Report for the Melon Industry, October 2018; NSW Department of Primary
Industries, Biosecurity & Food Safety: Orange, Australia, 2018; p. 12; ISBN 978-1-76058-267-8.

EFSA Panel on Biological Hazards; Ricci, A.; Allende, A.; Bolton, D.; Chemaly, M.; Davies, R.; Fernandez Escdmez, P.S.; Girones, R.;
Herman, L.; Koutsoumanis, K. Listeria monocytogenes contamination of ready-to-eat foods and the risk for human health in the EU.
EFSA . 2018, 16, €05134. [CrossRef] [PubMed]

Leclercq, A.; Kooh, P.; Augustin, J.-C.; Guillier, L.; Thébault, A.; Cadavez, V.; Gonzales-Barron, U.; Sanaa, M. Risk factors for
sporadic listeriosis: A systematic review and meta-analysis. Microb. Risk Anal. 2021, 17, 100128. [CrossRef]

Locatelli, A.; Spor, A.; Jolivet, C.; Piveteau, P.; Hartmann, A. Biotic and abiotic soil properties influence survival of Listeria
monocytogenes in soil. PLoS ONE 2013, 8, €75969. [CrossRef]

Vivant, A.-L.; Garmyn, D.; Piveteau, P. Listeria monocytogenes, a down-to-earth pathogen. Front. Cell. Infect. Microbiol. 2013, 3, 87.
[CrossRef] [PubMed]

Kljujev, I; Raicevic, V.; Jovicic-Petrovic, J.; Vujovic, B.; Mirkovic, M.; Rothballer, M. Listeria monocytogenes-Danger for health safety
vegetable production. Microb. Pathog. 2018, 120, 23-31. [CrossRef] [PubMed]

Beuchat, L.R. Listeria monocytogenes: Incidence on vegetables. Food Control 1996, 7, 223-228. [CrossRef]

Domenichini, G.; Fogliazza, D.; Pagani, M. Studies on the transmission of Listeria by means of arthropods. Ital. ]. Food Sci. 1992, 4,
269-278.

Lapanje, A.; Zrimec, A.; Drobne, D.; Rupnik, M. Long-term Hg pollution-induced structural shifts of bacterial community in the
terrestrial isopod (Porcellio scaber) gut. Environ. Pollut. 2010, 158, 3186-3193. [CrossRef] [PubMed]

Townsend, A.; Strawn, L. K.; Chapman, B.J.; Dunn, L.L. A systematic review of Listeria species and Listeria monocytogenes
prevalence, persistence, and diversity throughout the fresh produce supply chain. Foods 2021, 10, 1427. [CrossRef]

Lagarde, J.; Feurer, C.; Denis, M.; Douarre, P--E.; Piveteau, P.; Roussel, S. Listeria monocytogenes prevalence and genomic diversity
along the pig and pork production chain. Food Microbiol. 2023, 119, 104430. [CrossRef] [PubMed]

Weller, D.; Wiedmann, M.; Strawn, L.K. Spatial and temporal factors associated with an increased prevalence of Listeria
monocytogenes in spinach fields in New York State. Appl. Environ. Microbiol. 2015, 81, 6059—-6069. [CrossRef]


https://www.who.int/publications/m/item/jemra-of-listeria-monocytogenes-in-foods
https://www.who.int/publications/m/item/jemra-of-listeria-monocytogenes-in-foods
https://www.who.int/publications/m/item/jemra-of-listeria-monocytogenes-in-foods-part-2-risk-assessment-models
https://www.who.int/publications/m/item/jemra-of-listeria-monocytogenes-in-foods-part-2-risk-assessment-models
https://doi.org/10.1016/j.jfp.2022.100027
https://doi.org/10.1016/j.foodcont.2023.109833
https://doi.org/10.1017/S0950268824000670
https://doi.org/10.1016/j.foodcont.2024.110733
https://doi.org/10.1089/fpd.2014.1812
https://doi.org/10.1056/NEJMoa1215837
https://doi.org/10.2903/j.efsa.2018.5134
https://www.ncbi.nlm.nih.gov/pubmed/32760461
https://doi.org/10.1016/j.mran.2020.100128
https://doi.org/10.1371/journal.pone.0075969
https://doi.org/10.3389/fcimb.2013.00087
https://www.ncbi.nlm.nih.gov/pubmed/24350062
https://doi.org/10.1016/j.micpath.2018.04.034
https://www.ncbi.nlm.nih.gov/pubmed/29684542
https://doi.org/10.1016/S0956-7135(96)00039-4
https://doi.org/10.1016/j.envpol.2010.07.001
https://www.ncbi.nlm.nih.gov/pubmed/20724045
https://doi.org/10.3390/foods10061427
https://doi.org/10.1016/j.fm.2023.104430
https://www.ncbi.nlm.nih.gov/pubmed/38225039
https://doi.org/10.1128/AEM.01286-15

Foods 2025, 14,2212 31 0f34

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mahmoud, B.; Vaidya, N.; Corvalan, C.; Linton, R. Inactivation kinetics of inoculated Escherichia coli O157: H7, Listeria monocyto-
genes and Salmonella Poona on whole cantaloupe by chlorine dioxide gas. Food Microbiol. 2008, 25, 857-865. [CrossRef]

Ukuku, D.O.; Fett, W.E. Relationship of cell surface charge and hydrophobicity to strength of attachment of bacteria to cantaloupe
rind. J. Food Prot. 2002, 65, 1093-1099. [CrossRef]

Ferreira, V.; Wiedmann, M.; Teixeira, P.; Stasiewicz, M. Listeria monocytogenes persistence in food-associated environments:
Epidemiology, strain characteristics, and implications for public health. J. Food Prot. 2014, 77, 150-170. [CrossRef] [PubMed]
Carpentier, B.; Cerf, O. Persistence of Listeria monocytogenes in food industry equipment and premises. Int. J. Food Microbiol. 2011,
145, 1-8. [CrossRef] [PubMed]

U.S. FDA. Environmental Assessment: Factors Potentially Contributing to the Contamination of Fresh Whole Cantaloupe
Implicated in a Multi-State Outbreak of Listeriosis. 2011. Available online: https://www.fda.gov/food /outbreaks-foodborne-
illness/outbreak-investigation-reports (accessed on 8 June 2025).

U.S. FDA. External Summary Report: FY 2013 Inspection, Environmental Sampling and Sample Collection (Pre and Post-
Process) at Cantaloupe Packinghouses Assignment. 2015. Available online: https://www.fda.gov/food/foodborne-pathogens/
external-summary-report-fy-2013-inspection-environmental-sampling-and-sample-collection-pre-and-post#_ftnrefl (accessed
on 8 June 2025).

Dunn, L.L.; Friedrich, L.M.; Strawn, L.K.; Danyluk, M.D. Prevalence of Listeria monocytogenes and indicator microorganisms in
Florida cantaloupe packinghouses, 2013-2014. Food Microbiol. 2022, 104, 103970. [CrossRef]

EFSA Panel on Biological Hazards; Koutsoumanis, K.; Ordéfiez, A.A.; Bolton, D.; Bover-Cid, S.; Chemaly, M.; De Cesare, A.;
Herman, L.; Hilbert, F,; Lindqvist, R; et al. Microbiological hazards associated with the use of water in the post-harvest handling
and processing operations of fresh and frozen fruits, vegetables and herbs (ffFVHs). Part 1 (outbreak data analysis, literature
review and stakeholder questionnaire). EFSA J. 2023, 21, e08332. [CrossRef] [PubMed]

Gil, M.L; Truchado, P,; Tudela, J.A.; Allende, A. Environmental monitoring of three fresh-cut processing facilities reveals harborage
sites for Listeria monocytogenes. Food Control 2024, 155, 110093. [CrossRef]

Sullivan, G.; Wiedmann, M. Detection and prevalence of Listeria in US produce packinghouses and fresh-cut facilities. J. Food Prot.
2020, 83, 1656-1666. [CrossRef]

Ukuku, D.O,; Olanya, M.; Geveke, D.J.; Sommers, C.H. Effect of native microflora, waiting period, and storage temperature on
Listeria monocytogenes serovars transferred from cantaloupe rind to fresh-cut pieces during preparation. J. Food Prot. 2012, 75,
1912-1919. [CrossRef]

Bassett, J.; McClure, P. A risk assessment approach for fresh fruits. J. Appl. Microbiol. 2008, 104, 925-943. [CrossRef] [PubMed]
Danyluk, M.D.; Friedrich, L.M.; Schaffner, D.W. Modeling the growth of Listeria monocytogenes on cut cantaloupe, honeydew and
watermelon. Food Microbiol. 2014, 38, 52-55. [CrossRef]

Li, D.; Friedrich, L.M.; Danyluk, M.D.; Harris, L.J.; Schaffner, D.W. Development and validation of a mathematical model for
growth of pathogens in cut melons. J. Food Prot. 2013, 76, 953-958. [CrossRef]

Gonzales-Barron, U.; Cadavez, V.; De Oliveira Mota, J.; Guillier, L.; Sanaa, M. A critical review of risk assessment models for
Listeria monocytogenes in produce. Foods 2024, 13, 1111. [CrossRef]

Guzel, M. Quantitative Risk Assessment for Listeria monocytogenes on Fresh-Cut Lettuce and Fresh-Cut Cantaloupe; Texas A&M
University: College Station, TX, USA, 2015.

FAO; WHO. Summary and Conclusions. In Proceedings of the Joint FAO/WHO Expert Meeting on Microbiological Risk
Assessment of Listeria monocytogenes in Foods, Rome, Italy, 24—28 October 2022.

FAO; WHO. Part 2: Risk Assessment Models. Summary and Conclusions. In Proceedings of the Joint FAO/WHO Expert Meeting
on Microbiological Risk Assessment of Listeria monocytogenes in Foods, Rome, Italy, 29 May-2 June 2023.

Nauta, M.]. Modelling bacterial growth in quantitative microbiological risk assessment: Is it possible? Int. ]. Food Microbiol. 2002,
73,297-304. [CrossRef]

Dowe, M.].; Jackson, E.D.; Mori, J.G.; Bell, C.R. Listeria monocytogenes survival in soil and incidence in agricultural soils. J. Food
Prot. 1997, 60, 1201-1207. [CrossRef] [PubMed]

Locatelli, A.; Depret, G.; Jolivet, C.; Henry, S.; Dequiedt, S.; Piveteau, P.; Hartmann, A. Nation-wide study of the occurrence of
Listeria monocytogenes in French soils using culture-based and molecular detection methods. J. Microbiol. Methods 2013, 93, 242-250.
[CrossRef] [PubMed]

Szymczak, B.; Szymczak, M.; Sawicki, W.; Dabrowski, W. Anthropogenic impact on the presence of L. monocytogenes in soil, fruits,
and vegetables. Folia Microbiol. 2014, 59, 23-29. [CrossRef]

Girardin, H.; Morris, C.E.; Albagnac, C.; Dreux, N.; Glaux, C.; Nguyen-The, C. Behaviour of the pathogen surrogates Listeria
innocua and Clostridium sporogenes during production of parsley in fields fertilized with contaminated amendments. FEMS
Microbiol. Ecol. 2005, 54, 287-295. [CrossRef] [PubMed]

Miceli, A.; Settanni, L. Influence of agronomic practices and pre-harvest conditions on the attachment and development of Listeria
monocytogenes in vegetables. Ann. Microbiol. 2019, 69, 185-199. [CrossRef]


https://doi.org/10.1016/j.fm.2008.05.009
https://doi.org/10.4315/0362-028X-65.7.1093
https://doi.org/10.4315/0362-028X.JFP-13-150
https://www.ncbi.nlm.nih.gov/pubmed/24406014
https://doi.org/10.1016/j.ijfoodmicro.2011.01.005
https://www.ncbi.nlm.nih.gov/pubmed/21276634
https://www.fda.gov/food/outbreaks-foodborne-illness/outbreak-investigation-reports
https://www.fda.gov/food/outbreaks-foodborne-illness/outbreak-investigation-reports
https://www.fda.gov/food/foodborne-pathogens/external-summary-report-fy-2013-inspection-environmental-sampling-and-sample-collection-pre-and-post#_ftnref1
https://www.fda.gov/food/foodborne-pathogens/external-summary-report-fy-2013-inspection-environmental-sampling-and-sample-collection-pre-and-post#_ftnref1
https://doi.org/10.1016/j.fm.2021.103970
https://doi.org/10.2903/j.efsa.2023.8332
https://www.ncbi.nlm.nih.gov/pubmed/37928944
https://doi.org/10.1016/j.foodcont.2023.110093
https://doi.org/10.4315/JFP-20-094
https://doi.org/10.4315/0362-028X.JFP-12-191
https://doi.org/10.1111/j.1365-2672.2007.03697.x
https://www.ncbi.nlm.nih.gov/pubmed/18217927
https://doi.org/10.1016/j.fm.2013.08.001
https://doi.org/10.4315/0362-028X.JFP-12-398
https://doi.org/10.3390/foods13071111
https://doi.org/10.1016/S0168-1605(01)00664-X
https://doi.org/10.4315/0362-028X-60.10.1201
https://www.ncbi.nlm.nih.gov/pubmed/31207734
https://doi.org/10.1016/j.mimet.2013.03.017
https://www.ncbi.nlm.nih.gov/pubmed/23566826
https://doi.org/10.1007/s12223-013-0260-8
https://doi.org/10.1016/j.femsec.2005.04.003
https://www.ncbi.nlm.nih.gov/pubmed/16332327
https://doi.org/10.1007/s13213-019-1435-6

Foods 2025, 14,2212 32 0f 34

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Oliveira, M.; Usall, J.; Vifias, I; Solsona, C.; Abadias, M. Transfer of Listeria innocua from contaminated compost and irrigation
water to lettuce leaves. Food Microbiol. 2011, 28, 590-596. [CrossRef]

McLaughlin, H.P.; Casey, P.G.; Cotter, ].; Gahan, C.G.; Hill, C. Factors affecting survival of Listeria monocytogenes and Listeria
innocua in soil samples. Arch. Microbiol. 2011, 193, 775-785. [CrossRef]

Nicholson, FA.; Groves, S.J.; Chambers, B.J. Pathogen survival during livestock manure storage and following land application.
Bioresour. Technol. 2005, 96, 135-143. [CrossRef]

Allende, A.; Monaghan, J. Irrigation water quality for leafy crops: A perspective of risks and potential solutions. Int. J. Environ.
Res. Public Health 2015, 12, 7457-7477. [CrossRef]

EFSA Panel on Biological Hazards (BIOHAZ). Scientific Opinion on the risk posed by pathogens in food of non-animal origin.
Part 2 (Salmonella and Norovirus in leafy greens eaten raw as salads). EFSA J. 2014, 12, 3600.

Weller, D.; Shiwakoti, S.; Bergholz, P.; Grohn, Y.; Wiedmann, M.; Strawn, L.K. Validation of a previously developed geospatial
model that predicts the prevalence of Listeria monocytogenes in New York State produce fields. Appl. Environ. Microbiol. 2016, 82,
797-807. [CrossRef]

Nyarko, E.; Kniel, K.E.; Millner, P.D.; Luo, Y.; Handy, E.T.; Reynnells, R.; East, C.; Sharma, M. Survival and growth of Listeria
monocytogenes on whole cantaloupes is dependent on site of contamination and storage temperature. Int. ]. Food Microbiol. 2016,
234, 65-70. [CrossRef] [PubMed]

Sharma, M.; Handy, E.T.; East, C.L.; Kim, S.; Jiang, C.; Callahan, M.T.; Allard, S.M.; Micallef, S.; Craighead, S.; Anderson-Coughlin,
B. Prevalence of Salmonella and Listeria monocytogenes in non-traditional irrigation waters in the Mid-Atlantic United States is
affected by water type, season, and recovery method. PLoS ONE 2020, 15, €0229365. [CrossRef] [PubMed]

Acheamfour, C.L.; Parveen, S.; Hashem, F; Sharma, M.; Gerdes, M.E.; May, E.B.; Rogers, K.; Haymaker, J.; Duncan, R.; Foust, D.
Levels of Salmonella enterica and Listeria monocytogenes in alternative irrigation water vary based on water source on the Eastern
Shore of Maryland. Microbiol. Spectr. 2021, 9, €00669-21. [CrossRef]

Iwu, C.D.; Iwu-Jaja, C.J.; Elhadi, R.; Semerjian, L.; Okoh, A.I. Modelling the potential risk of infection associated with Listeria
monocytogenes in irrigation water and agricultural soil in two district municipalities in South Africa. Microorganisms 2022, 10, 181.
[CrossRef] [PubMed]

Raschle, S.; Stephan, R.; Stevens, M.].; Cernela, N.; Zurfluh, K.; Muchaamba, F; Niiesch-Inderbinen, M. Environmental dissemina-
tion of pathogenic Listeria monocytogenes in flowing surface waters in Switzerland. Sci. Rep. 2021, 11, 9066. [CrossRef]

Richards, G.M.; Beuchat, L.R. Attachment of Salmonella Poona to cantaloupe rind and stem scar tissues as affected by temperature
of fruit and inoculum. J. Food Prot. 2004, 67, 1359-1364. [CrossRef]

Strawn, L.K.; Grohn, Y.T.; Warchocki, S.; Worobo, R.W.; Bihn, E.A.; Wiedmann, M. Risk factors associated with Salmonella and
Listeria monocytogenes contamination of produce fields. Appl. Environ. Microbiol. 2013, 79, 7618-7627. [CrossRef]

Strawn, L.K,; Fortes, E.D.; Bihn, E.A.; Nightingale, K.K.; Grohn, Y.T.; Worobo, R.W.; Wiedmann, M.; Bergholz, PW. Landscape and
meteorological factors affecting prevalence of three food-borne pathogens in fruit and vegetable farms. Appl. Environ. Microbiol.
2013, 79, 588-600. [CrossRef]

Ukuku, D.O.; Fett, W. Behavior of Listeria monocytogenes inoculated on cantaloupe surfaces and efficacy of washing treatments to
reduce transfer from rind to fresh-cut pieces. J. Food Prot. 2002, 65, 924-930. [CrossRef]

Hoelzer, K.; Pouillot, R.; Gallagher, D.; Silverman, M.B.; Kause, J.; Dennis, S. Estimation of Listeria monocytogenes transfer
coefficients and efficacy of bacterial removal through cleaning and sanitation. Int. J. Food Microbiol. 2012, 157, 267-277. [CrossRef]
[PubMed]

Nauta, M.J. Microbiological risk assessment models for partitioning and mixing during food handling. Int. J. Food Microbiol. 2005,
100, 311-322. [CrossRef]

Baranyi, J.; Roberts, T.A. A dynamic approach to predicting bacterial growth in food. Int. J. Food Microbiol. 1994, 23, 277-294.
[CrossRef] [PubMed]

Fang, T.; Liu, Y.; Huang, L. Growth kinetics of Listeria monocytogenes and spoilage microorganisms in fresh-cut cantaloupe. Food
Microbiol. 2013, 34, 174-181. [CrossRef] [PubMed]

Ding, T.; Iwahori, J.i.; Kasuga, F; Wang, ].; Forghani, F,; Park, M.-S.; Oh, D.-H. Risk assessment for Listeria monocytogenes on lettuce
from farm to table in Korea. Food Control 2013, 30, 190-199. [CrossRef]

Sant’Ana, A.S.; Franco, B.D.; Schaffner, D.W. Risk of infection with Salmonella and Listeria monocytogenes due to consumption of
ready-to-eat leafy vegetables in Brazil. Food Control 2014, 42, 1-8. [CrossRef]

Derens-Bertheau, E.; Osswald, V.; Laguerre, O.; Alvarez, G. Cold chain of chilled food in France. Int. |. Refrig. 2015, 52, 161-167.
[CrossRef]

Carrasco, E.; Pérez-Rodriguez, F.; Valero, A.; Garcia-Gimeno, R.M.; Zurera, G. Risk assessment and management of Listeria
monocytogenes in ready-to-eat lettuce salads. Compr. Rev. Food Sci. Food Saf. 2010, 9, 498-512. [CrossRef]

Nauta, M.J.; Litman, S.; Barker, G.C.; Carlin, F. A retail and consumer phase model for exposure assessment of Bacillus cereus. Int.
J. Food Microbiol. 2003, 83, 205-218. [CrossRef]


https://doi.org/10.1016/j.fm.2010.11.004
https://doi.org/10.1007/s00203-011-0716-7
https://doi.org/10.1016/j.biortech.2004.02.030
https://doi.org/10.3390/ijerph120707457
https://doi.org/10.1128/AEM.03088-15
https://doi.org/10.1016/j.ijfoodmicro.2016.06.030
https://www.ncbi.nlm.nih.gov/pubmed/27376678
https://doi.org/10.1371/journal.pone.0229365
https://www.ncbi.nlm.nih.gov/pubmed/32182252
https://doi.org/10.1128/Spectrum.00669-21
https://doi.org/10.3390/microorganisms10010181
https://www.ncbi.nlm.nih.gov/pubmed/35056626
https://doi.org/10.1038/s41598-021-88514-y
https://doi.org/10.4315/0362-028X-67.7.1359
https://doi.org/10.1128/AEM.02831-13
https://doi.org/10.1128/AEM.02491-12
https://doi.org/10.4315/0362-028X-65.6.924
https://doi.org/10.1016/j.ijfoodmicro.2012.05.019
https://www.ncbi.nlm.nih.gov/pubmed/22704063
https://doi.org/10.1016/j.ijfoodmicro.2004.10.027
https://doi.org/10.1016/0168-1605(94)90157-0
https://www.ncbi.nlm.nih.gov/pubmed/7873331
https://doi.org/10.1016/j.fm.2012.12.005
https://www.ncbi.nlm.nih.gov/pubmed/23498195
https://doi.org/10.1016/j.foodcont.2012.07.014
https://doi.org/10.1016/j.foodcont.2014.01.028
https://doi.org/10.1016/j.ijrefrig.2014.06.012
https://doi.org/10.1111/j.1541-4337.2010.00123.x
https://doi.org/10.1016/S0168-1605(02)00374-4

Foods 2025, 14,2212 33 of 34

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Jeyaletchumi, P; Tunung, R.; Selina, PM.; Chai, L.; Radu, S.; Farinazleen, M.; Cheah, Y.; Mitsuaki, N.; Yoshitsugu, N.; Kumar, M.P.
Evaluation of Listeria spp. and Listeria monocytogenes in selected vegetable farms. J. Trop. Agric. Food Sci. 2011, 39, 255-266.
Linke, K.; Riicker], I.; Brugger, K.; Karpiskova, R.; Walland, J.; Muri-Klinger, S.; Tichy, A.; Wagner, M.; Stessl, B. Reservoirs of
Listeria species in three environmental ecosystems. Appl. Environ. Microbiol. 2014, 80, 5583-5592. [CrossRef]

Soni, D.K; Singh, R K,; Singh, D.V.; Dubey, S.K. Characterization of Listeria monocytogenes isolated from Ganges water, human
clinical and milk samples at Varanasi, India. Infect. Genet. Evol. 2013, 14, 83-91. [CrossRef] [PubMed]

Stea, E.C.; Purdue, L.M.; Jamieson, R.C.; Yost, C.K.; Truelstrup Hansen, L. Comparison of the prevalences and diversities of
Listeria species and Listeria monocytogenes in an urban and a rural agricultural watershed. Appl. Environ. Microbiol. 2015, 81,
3812-3822. [CrossRef] [PubMed]

Jongman, M.; Korsten, L. Assessment of irrigation water quality and microbiological safety of leafy greens in different production
systems. J. Food Saf. 2017, 37, €12324. [CrossRef]

Lyautey, E.; Lapen, D.R.; Wilkes, G.; McCleary, K.; Pagotto, F,; Tyler, K.; Hartmann, A.; Piveteau, P; Rieu, A.; Robertson, W.]J.
Distribution and characteristics of Listeria monocytogenes isolates from surface waters of the South Nation River watershed,
Ontario, Canada. Appl. Environ. Microbiol. 2007, 73, 5401-5410. [CrossRef]

Cooley, M.B.; Quifiones, B.; Oryang, D.; Mandrell, R.E.; Gorski, L. Prevalence of shiga toxin producing Escherichia coli, Salmonella
enterica, and Listeria monocytogenes at public access watershed sites in a California Central Coast agricultural region. Front. Cell.
Infect. Microbiol. 2014, 4, 30. [CrossRef]

Iljabadeniyi, O.A.; Debusho, L K.; Vanderlinde, M.; Buys, E.M. Irrigation water as a potential preharvest source of bacterial
contamination of vegetables. J. Food Saf. 2011, 31, 452-461. [CrossRef]

Fu, Y.;; Bhunia, A.K.; Yao, Y. Abrasive brushing reduces pathogen biofilms at cantaloupe rind surface. Int. J. Food Microbiol. 2020,
329, 108685. [CrossRef]

Guzel, M,; Moreira, R.G.; Omac, B.; Castell-Perez, M.E. Quantifying the effectiveness of washing treatments on the microbial
quality of fresh-cut romaine lettuce and cantaloupe. LWT 2017, 86, 270-276. [CrossRef]

Ukuku, D.O.; Bari, M.; Kawamoto, S.; Isshiki, K. Use of hydrogen peroxide in combination with nisin, sodium lactate and citric
acid for reducing transfer of bacterial pathogens from whole melon surfaces to fresh-cut pieces. Int. ]. Food Microbiol. 2005, 104,
225-233. [CrossRef] [PubMed]

FAO; WHO. Prevention and Control of Microbiological Hazards in Fresh Fruits and Vegetables: Part 4: Specific Commodities: Meeting
Report; FAO: Rome, Italy; WHO: Geneva, Switzerland, 2023. [CrossRef]

FDA. FDA-iRISK 4.2 Food Safety Modeling Tool: Technical Document; U.S. Food and Drug Administration: Silver Spring, MD, USA,
2021. Available online: https:/ /irisk.foodrisk.org/Documents/FDAiRISKTechnicalDocumentation.pdf (accessed on 8 June 2025).
Selma, M.V,; Ibafiez, A.M.; Allende, A.; Cantwell, M.; Suslow, T. Effect of gaseous ozone and hot water on microbial and sensory
quality of cantaloupe and potential transference of Escherichia coli O157: H7 during cutting. Food Microbiol. 2008, 25, 162-168.
[CrossRef] [PubMed]

Patil, R.D. Transfer of Listeria monocytogenes During Cutting, Slicing, Dicing, and Subsequent Storage of Cantaloupe and Honeydew
Melons. Master’s Thesis, Michigan State University, East Lansing, MI, USA, 2017.

Pouillot, R.; Chen, Y.; Van Doren, ].M. Elucidating the influence of the lower and upper microbiological limits: When is a 3-class
sampling plan useful to test for pathogens in food? Food Control 2024, 163, 110544. [CrossRef]

Mercier, S.; Villeneuve, S.; Mondor, M.; Uysal, I. Time-temperature management along the food cold chain: A review of recent
developments. Compr. Rev. Food Sci. Food Saf. 2017, 16, 647-667. [CrossRef] [PubMed]

McKellar, R.C.; LeBlanc, D.L; Lu, J.; Delaquis, P. Simulation of Escherichia coli O157: H7 behavior in fresh-cut lettuce under
dynamic temperature conditions during distribution from processing to retail. Foodborne Pathog. Dis. 2012, 9, 239-244. [CrossRef]
Scolforo, C.Z.; Bairros, J.V.; Rezende, A.C.B.; Silva, B.S.; Alves, R.B.; Costa, D.S.; Andrade, N.J.; Sant’Ana, A.S.; Pena, W.E.
Modeling the fate of Listeria monocytogenes and Salmonella enterica in the pulp and on the outer rind of Canary melons (Cucumis
melo (Indorus Group)). LWT 2017, 77, 290-297. [CrossRef]

Farber, J.; Wang, S; Cai, Y.; Zhang, S. Changes in populations of Listeria monocytogenes inoculated on packaged fresh-cut vegetables.
J. Food Prot. 1998, 61, 192-195. [CrossRef]

Hong, YK.; Yoon, W.B.; Huang, L.; Yuk, H.G. Predictive Modeling for Growth of Non-and Cold-adapted Listeria monocytogenes on
Fresh-cut Cantaloupe at Different Storage Temperatures. J. Food Sci. 2014, 79, M1168-M1174. [CrossRef]

Moreira, J.; Mera, E.; Singh Chhetri, V.; King, ].M.; Gentimis, T.; Adhikari, A. Effect of storage temperature and produce type
on the survival or growth of Listeria monocytogenes on peeled rinds and fresh-cut produce. Front. Microbiol. 2023, 14, 1151819.
[CrossRef]

FSA. National Microbiological Survey and Consumer Habits in relation to Frozen Vegetables, Fruits and Herbs (19NS6); Monitoring &
Surveillance Series; Food Safety Authority of Ireland, safeFood: Dublin, Ireland, 2022; p. 62. ISBN 978-1-910348-54-3.


https://doi.org/10.1128/AEM.01018-14
https://doi.org/10.1016/j.meegid.2012.09.019
https://www.ncbi.nlm.nih.gov/pubmed/23201044
https://doi.org/10.1128/AEM.00416-15
https://www.ncbi.nlm.nih.gov/pubmed/25819965
https://doi.org/10.1111/jfs.12324
https://doi.org/10.1128/AEM.00354-07
https://doi.org/10.3389/fcimb.2014.00030
https://doi.org/10.1111/j.1745-4565.2011.00321.x
https://doi.org/10.1016/j.ijfoodmicro.2020.108685
https://doi.org/10.1016/j.lwt.2017.08.008
https://doi.org/10.1016/j.ijfoodmicro.2005.01.016
https://www.ncbi.nlm.nih.gov/pubmed/16043249
https://doi.org/10.4060/cc8490en
https://irisk.foodrisk.org/Documents/FDAiRISKTechnicalDocumentation.pdf
https://doi.org/10.1016/j.fm.2007.06.003
https://www.ncbi.nlm.nih.gov/pubmed/17993390
https://doi.org/10.1016/j.foodcont.2024.110544
https://doi.org/10.1111/1541-4337.12269
https://www.ncbi.nlm.nih.gov/pubmed/33371570
https://doi.org/10.1089/fpd.2011.1025
https://doi.org/10.1016/j.lwt.2016.11.059
https://doi.org/10.4315/0362-028X-61.2.192
https://doi.org/10.1111/1750-3841.12468
https://doi.org/10.3389/fmicb.2023.1151819

Foods 2025, 14,2212 34 of 34

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Pouillot, R.; Miconnet, N.; Afchain, A.-L.; Delignette-Muller, M.L.; Beaufort, A.; Rosso, L.; Denis, ].-B.; Cornu, M. Quantitative
Risk Assessment of Listeria monocytogenes in French Cold-Smoked Salmon: I. Quantitative Exposure Assessment. Risk Anal. 2007,
27,683-700. [CrossRef]

O’Connor-Shaw, R.; Roberts, R.; Ford, A.; Nottingham, S. Shelf life of minimally processed honeydew, kiwifruit, papaya,
pineapple and cantaloupe. J. Food Sci. 1994, 59, 1202-1206. [CrossRef]

Bonanno, L.; Bergis, H.; Gnanou-Besse, N.; Asséré, A.; Danan, C. Which domestic refrigerator temperatures in Europe?-Focus on
shelf-life studies regarding Listeria monocytogenes (Lm) in ready-to-eat (RTE) foods. Food Microbiol. 2024, 123, 104595. [CrossRef]
[PubMed]

Roccato, A.; Uyttendaele, M.; Membré, ].-M. Analysis of domestic refrigerator temperatures and home storage time distributions
for shelf-life studies and food safety risk assessment. Food Res. Int. 2017, 96, 171-181. [CrossRef] [PubMed]

Silva, D.; Celidonio, F.; Oliveira, K. Verification of the temperature of domestic refrigerators to minimize the deterioration and
possible foodborne illnesses. Hig. Aliment. 2008, 22, 42—45.

Amaro, A.L.; Spadafora, N.D.; Pereira, M.].; Dhorajiwala, R.; Herbert, R.J.; Miiller, C.T.; Rogers, H.J.; Pintado, M. Multitrait
analysis of fresh-cut cantaloupe melon enables discrimination between storage times and temperatures and identifies potential
markers for quality assessments. Food Chem. 2018, 241, 222-231. [CrossRef]

Luciano, W.A.; Griffin, S.; Targino de Souza Pedrosa, G.; Alvarenga, V.; Valdramidis, V.; Magnani, M. Growth behavior of low
populations of Listeria monocytogenes on fresh-cut mango, melon and papaya under different storage temperatures. Food Microbiol.
2022, 102, 103930. [CrossRef]

Pouillot, R.; Kiermeier, A.; Guillier, L.; Cadavez, V.; Sanaa, M. Updated Parameters for Listeria monocytogenes Dose-Response
Model Considering Pathogen Virulence and Age and Sex of Consumer. Foods 2024, 13, 751. [CrossRef]

FAO; WHO. Risk Assessment of Listeria monocytogenes in Ready-to-Eat Foods: Technical Report; World Health Organization and Food
and Agriculture Organization of the United Nations: Geneve, Switzerland, 2004; pp. 1-269.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021. Available online: https://www.R-project.org/ (accessed on 8 June 2025).

Johnston, L.M.; Jaykus, L.-A.; Moll, D.; Martinez, M.C.; Anciso, J.; Mora, B.; Moe, C.L. A field study of the microbiological quality
of fresh produce. J. Food Prot. 2005, 68, 1840-1847. [CrossRef]

Zhang, H.; Yamamoto, E.; Murphy, J.; Locas, A. Microbiological safety of ready-to-eat fresh-cut fruits and vegetables sold on the
Canadian retail market. Int. J. Food Microbiol. 2020, 335, 108855. [CrossRef]

Félix, B.; Sevellec, Y.; Palma, F.; Douarre, P.E.; Felten, A.; Radomski, N.; Mallet, L.; Blanchard, Y.; Leroux, A.; Soumet, C.; et al. A
European-wide dataset to uncover adaptive traits of Listeria monocytogenes to diverse ecological niches. Sci. Data 2022, 9, 190.
[CrossRef]

Jorgensen, J.; Bland, R.; Waite-Cusic, J.; Kovacevic, J. Diversity and antimicrobial resistance of Listeria spp. and L. monocytogenes
clones from produce handling and processing facilities in the Pacific Northwest. Food Control 2021, 123, 107665. [CrossRef]
Sullivan, G.; Orsi, R.H.; Estrada, E.; Strawn, L.; Wiedmann, M. Whole-genome sequencing-based characterization of Listeria
isolates from produce packinghouses and fresh-cut facilities suggests both persistence and reintroduction of fully virulent
L. monocytogenes. Appl. Environ. Microbiol. 2022, 88, e01177-22. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1539-6924.2007.00921.x
https://doi.org/10.1111/j.1365-2621.1994.tb14676.x
https://doi.org/10.1016/j.fm.2024.104595
https://www.ncbi.nlm.nih.gov/pubmed/39038899
https://doi.org/10.1016/j.foodres.2017.02.017
https://www.ncbi.nlm.nih.gov/pubmed/28528096
https://doi.org/10.1016/j.foodchem.2017.08.050
https://doi.org/10.1016/j.fm.2021.103930
https://doi.org/10.3390/foods13050751
https://www.R-project.org/
https://doi.org/10.4315/0362-028X-68.9.1840
https://doi.org/10.1016/j.ijfoodmicro.2020.108855
https://doi.org/10.1038/s41597-022-01278-6
https://doi.org/10.1016/j.foodcont.2020.107665
https://doi.org/10.1128/aem.01177-22
https://www.ncbi.nlm.nih.gov/pubmed/36286532

	Introduction 
	Materials and Methods 
	Exposure Assessment 
	Preharvest Module 
	Harvest of Cantaloupes 
	Pre-Processing: Cleaning and Washing 
	Processing 
	Microbiological Lot Testing 
	Cold Chain During Transport to Retail 
	Consumer Handling 

	Risk Characterization 
	QRA Model’s Ouputs 
	QRA Model’s Implementation 

	Results and Discussion 
	Use of the Model for Risk Management Scenarios 
	Validation and Sensitivity Analysis 
	Perspectives and Conclusions 

	References

