
foods

Article

Reusable Plastic Crates (RPCs) for Fresh Produce (Case Study
on Cauliflowers): Sustainable Packaging but Potential
Salmonella Survival and Risk of Cross-Contamination

Francisco López-Gálvez 1,2, Laura Rasines 1,2, Encarnación Conesa 3, Perla A. Gómez 2 ,
Francisco Artés-Hernández 1,2 and Encarna Aguayo 1,2,*

����������
�������

Citation: López-Gálvez, F.; Rasines,

L.; Conesa, E.; Gómez, P.A.;

Artés-Hernández, F.; Aguayo, E.

Reusable Plastic Crates (RPCs) for

Fresh Produce (Case Study on

Cauliflowers): Sustainable Packaging

but Potential Salmonella Survival and

Risk of Cross-Contamination. Foods

2021, 10, 1254. https://doi.org/

10.3390/foods10061254

Academic Editor: Rafael Gavara

Received: 7 May 2021

Accepted: 28 May 2021

Published: 1 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Postharvest and Refrigeration Group, Escuela Técnica Superior de Ingeniería Agronómica (ETSIA),
Universidad Politécnica de Cartagena (UPCT), Paseo Alfonso XIII, 48, 30203 Cartagena, Spain;
francisco.lopezgalvez@upct.es (F.L.-G.); laura.rasines@upct.es (L.R.); fr.artes-hdez@upct.es (F.A.-H.)

2 Food Quality and Health Group, Institute of Plant Biotechnology (UPCT), Campus Muralla del Mar,
30202 Cartagena, Spain; perla.gomez@upct.es

3 Plant Production Department, ETSIA, Institute of Plant Biotechnology (UPCT), Paseo Alfonso XIII, 48,
30203 Cartagena, Spain; encarnacion.conesa@upct.es

* Correspondence: encarna.aguayo@upct.es

Abstract: The handling of fresh fruits and vegetables in reusable plastic crates (RPCs) has the
potential to increase the sustainability of packaging in the fresh produce supply chain. However, the
utilization of multiple-use containers can have consequences related to the microbial safety of this
type of food. The present study assessed the potential cross-contamination of fresh cauliflowers with
Salmonella enterica via different contact materials (polypropylene from RPCs, corrugated cardboard,
and medium-density fiberboard (MDF) from wooden boxes). Additionally, the survival of the
pathogenic microorganism was studied in cauliflowers and the contact materials during storage. The
life cycle assessment (LCA) approach was used to evaluate the environmental impact of produce
handling containers made from the different food-contact materials tested. The results show a higher
risk of cross-contamination via polypropylene compared with cardboard and MDF. Another outcome
of the study is the potential of Salmonella for surviving both in cross-contaminated produce and in
contact materials under supply chain conditions. Regarding environmental sustainability, RPCs have
a lower environmental impact than single-use containers (cardboard and wooden boxes). To exploit
the potential environmental benefits of RPCs while ensuring food safety, it is necessary to guarantee
the hygiene of this type of container.

Keywords: pathogenic bacteria; food contact surface; transfer; Brassica; life cycle analysis; wooden
boxes; environmental impact

1. Introduction

Reusable plastic crates (RPCs) are utilized in different steps of the fruit and vegetable
supply chain, including harvest, handling, packaging, and transport operations, as well
as in the retail sector [1]. The use of RPCs for the handling of fresh produce has some
advantages, such as the potential to improve environmental sustainability [2]. On the other
hand, different studies have raised awareness regarding the hygienic status of RPCs and
their possible role as a source of microbiological contamination [3–5].

Fruits and vegetables are increasingly being recognized as a source of foodborne
outbreaks [6,7]. Pathogenic microorganisms can survive in fresh produce throughout the
supply chain, thereby posing a risk to consumers [8]. Cauliflower-containing products have
faced recalls due to the potential presence of pathogenic bacteria [9]. Zhang et al. [10] de-
tected L. monocytogenes in fresh-cut cauliflower (florets). Quiroz-Santiago et al. [11] detected
Salmonella in 9% of the cauliflower samples they analyzed (n = 100). The contamination
of fresh produce can come from several sources, including food-contact surfaces where
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pathogenic microorganisms can survive and be transferred to food [5]. Bacterial transfer be-
tween contact surfaces and food and vice versa is influenced by many factors, including the
bacterial species, handling of the inoculum, degree of contamination, type of surface, type
of food, temperature, moisture, duration of the contact, and pressure [12,13]. The transfer
of microorganisms between fresh produce and equipment surfaces (including harvest bins
and packaging boxes or crates) is significant [14,15]. Although the use of RPCs has not
been linked directly with foodborne outbreaks, indirect evidence indicates that there is
a potential risk when hygiene fails to be properly maintained [1]. Inadequate cleaning
can enhance Salmonella survival in plastic containers used in harvest operations [16]. The
presence of fresh produce residues (e.g., intact tissues, organic matter, decaying plant mate-
rial) can enable growth and biofilm formation by Salmonella in food-contact surfaces [17].
Furthermore, different studies have suggested that there is a higher transfer of microorgan-
isms to fresh produce from plastic containers in comparison with containers made of other
materials. Patrignani et al. [18] showed a higher transfer of bacteria from RPCs to peaches
compared with cardboard, hypothesizing that such a difference would be caused by the
higher entrapment capability of cardboard. Aviat et al. [19] observed a higher transfer
of E. coli to apples from polypropylene surfaces compared with wood and cardboard
surfaces. In their study, apart from the higher entrapping capability of wood and cardboard
compared with plastic, the authors also suggested the ability of microorganisms to form
biofilms on plastic surfaces as a potential cause for the differences with the other materials.
The study by Siroli et al. [20] also indicated that the risk of microbial cross-contamination
is higher via plastic surfaces than via cardboard surfaces.

In the present study, events of cross-contamination between inoculated (Salmonella
enterica) and non-contaminated cauliflowers via different contact materials were simulated
and assessed. The materials tested were: polypropylene from RPCs, corrugated cardboard,
and medium-density fiberboard (MDF) from wooden boxes. These materials are commonly
used in the manufacturing of fresh-produce handling containers. The survival of the
pathogenic microorganism in the vegetable and on the contact surfaces under supply
chain conditions was also evaluated. Furthermore, a life cycle assessment (LCA) approach
was used to evaluate the sustainability of packaging containers made of the different
materials studied.

2. Materials and Methods
2.1. Transfer and Survival of Salmonella via Different Fresh-Produce Container Materials
2.1.1. Via Polypropylene
Salmonella Strains and Inoculum Preparation

Three Salmonella enterica subsp. enterica strains (CECT 443, CECT 4141, and CECT
4372) were used for the preparation of the inoculum. Starting from a refrigerated stock
culture, the strains were grown separately in Tryptic Soy Broth (TSB) for 20 h at 37 ◦C.
Subsequently, a cocktail was prepared by mixing 15 mL of each strain, for a total volume of
45 mL. The cocktail was centrifuged at 4500× g for 20 min, the supernatant was discarded,
and the cells were resuspended in saline solution (0.85% NaCl). Finally, the Salmonella
suspension was used to inoculate 5 L of saline solution at room temperature to reach a level
of Salmonella of ≈107 cfu/mL. The inoculum was used immediately after its preparation.

Plant Material and Inoculation

Cauliflowers (Brassica oleracea var. botrytis cv. ‘Altair’) provided by Jimbofresh Interna-
tional S.L. (La Unión, Murcia, Spain) were used in the experiment. These mini-cauliflowers
are harvested when the diameter of the head is in the range of 8–11 cm, so they are smaller
than regular cauliflowers (harvested when they reach a diameter of 15–25 cm) [21]. Detailed
information on the dimensions of the cauliflowers used in the experiment can be found in
the Supplementary Materials (Table S1). After harvesting (the day before the experiment),
the cauliflowers were stored under refrigeration (4 ◦C). On the day of the experiment, they
were taken out of the cold room and allowed to reach room temperature before inoculation.
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The curds were then immersed (only the apical half) in the inoculated saline solution for
1 min. After draining thoroughly, they were dried for 2 h in a biosafety cabinet until no
visible liquid remained on or between the florets. By measuring the weight difference, it
was estimated that a mean volume of 4.5 mL of the Salmonella suspension was withheld by
each cauliflower head after inoculation and draining, and before drying.

Cross-Contamination

Figure 1 shows the steps of the simulated cross-contamination events. The square
polypropylene (PP) pieces (3.5 × 3.5 = 12.25 cm2) utilized in the experiment were obtained
by cutting RPCs used for the handling of fruits and vegetables. They were washed using
water and dishwasher, rinsed with distilled water, and sterilized by autoclaving before the
experiments. The inoculated cauliflowers were placed on top of the sterile PP fragments
for 1 h at room temperature to permit the transfer of the inoculated bacteria. The same
contact time has been used in other studies assessing microbial cross-contamination of
fresh produce via handling container surfaces [19,22]. The cauliflowers were placed upside
down, to allow for contact of the inoculated area (apical half) with the PP. Afterwards, the
inoculated cauliflowers were removed, and non-inoculated cauliflowers were immediately
placed on top of the PP pieces, in the same position (the apical part in contact with the PP).
Once again, a contact time of 1 h was used to allow for the transfer of bacteria from the
PP surface to the cauliflowers. The cross-contamination of these cauliflowers was studied.
Temperature and relative humidity (RH) during these cross-contamination steps were
monitored using a thermometer and a psychrometer, respectively. A test was performed to
evaluate the real contact area between cauliflowers and the PP pieces [13]. In this test, the
apical part of cauliflowers (n = 24) was placed in contact with a permanent black ink pad,
and then immediately placed on top of PP pieces. Photographs of the stained pieces were
taken using a camera, and the blackened area of the PP pieces was measured using the
image processing software ImageJ (National Institutes of Health, Bethesda, MD, USA) [23].
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Figure 1. Schematic depiction of the cross-contamination events simulated in the lab. Step 1: Dip
inoculation of cauliflowers; Step 2: Transfer of Salmonella from inoculated cauliflowers to container
pieces; Step 3: Transfer of Salmonella from container pieces to non-inoculated cauliflowers. Black
arrows represent the direction of the transfer of Salmonella cells.
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Storage

Inoculated and cross-contaminated cauliflowers were packaged separately in polyethy-
lene terephthalate (PET) trays covered with perforated polyethylene (PE) film as usually
performed by the fresh produce industry. Packaged cauliflowers were stored in a cold
room at 4 ◦C for seven days to simulate the storage and transport conditions, followed by
six days at 8 ◦C to simulate supermarket and household conditions. The PP pieces were
placed on trays with the inoculated side facing upwards and were stored in the same cold
room used for the cauliflowers.

Sampling and Microbiological Analysis

Table 1 shows the types of samples that were analyzed at different moments during
the experiment. At each sampling time, three independent samples from each sample type
were analyzed. In the case of the cauliflowers, the apical half was cut, and 50 g was taken
aseptically for analysis. After adding 200 mL of buffered peptone water (BPW, 20 g/L) to
the sample (dilution 1 in 5), it was homogenized using a stomacher for 1 min. The presence
of Salmonella in the PP pieces and PE films was analyzed using sterile cotton swabs (Aptaca
Spa, Canelli, Italy) wetted in BPW (20 g/L). In the case of the PP pieces, the whole area
(12.25 cm2) was swabbed. In the case of the PE films, an area of ≈100 cm2 (10 × 10 cm) of
the zone in contact with the apical area of the inoculated or contaminated cauliflower was
swabbed. Swabbing was performed in a standardized way regarding the number and the
direction of swab passes. In both cases, swabs were placed in test tubes containing 9 mL
of BPW (20 g/L) after use. Serial dilutions in BPW (2 g/L) were prepared as needed, and
samples were plated in Xylose Lysine Deoxycholate Agar (XLD; Scharlab, Barcelona, Spain).
Apart from the direct plating, an enrichment of the samples was performed by incubation
at 37 ◦C for 24 h. After incubation, the enrichment was also plated in XLD, and the plates
were incubated at 37 ◦C for 24 h before interpretation of results. Red colonies with a black
center were considered to be Salmonella spp. The detection limit before enrichment was
5 cfu/g in cauliflower, 0.7 cfu/cm2 in the PP pieces, and 0.09 cfu/cm2 in the packaging film.

Table 1. Sampling plan of the experiment on transfer and survival of Salmonella via polypropylene. Types of samples
analyzed at different sampling times.

Sample Type
Sampling Time (Days)

0 0.1 1 3 6 9 13

IC a before contact with PP pieces X
IC after contact with PP pieces X X X X X X X
PP pieces after contact with IC X

PP pieces after contact with IC and non-IC X X X X X X X
Non-IC before contact with PP pieces X

Cross-contaminated cauliflower b X X X X X X X
Polyethylene film from IC X X X X X X

Polyethylene film from cross-contaminated
cauliflower X X X X X X

PP: Polypropylene. a Inoculated cauliflower. b Non-inoculated cauliflower after contact with PP pieces contaminated previously by contact
with inoculated cauliflowers. Samples were stored for seven days at 4 ◦C plus six days at 8 ◦C.

2.1.2. Effect of the Inoculum Size

The impact of lower inoculum sizes on the transfer from the inoculated product to
the PP surface and on the subsequent cross-contamination of uncontaminated cauliflower
was studied. The setup of the experiment was similar to that described in Section 2.1.1
albeit with some modifications. In this case, no storage was performed as the goal was to
assess if lower inoculum levels could also lead to cross-contamination. In contrast with
the inoculated saline solution prepared in the previous experiments (≈107 cfu/mL), in
this case, two saline solutions containing a level of ≈106 cfu/mL and ≈104 cfu/mL of
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Salmonella were prepared for the inoculation of the cauliflowers. Five independent samples
from each sample type were analyzed at each sampling time.

2.1.3. Via Cardboard and MDF

Transfer and survival of the pathogenic microorganism via other materials were
assessed. Cardboard and fiberboard (medium-density fiberboard (MDF)) from wooden
boxes were tested as materials commonly used in the manufacturing of vegetable handling
containers [24]. The experimental setup was as described in Section 2.1.1 with modifications.
In this case, the pieces could not be washed or sterilized by autoclaving but were sanitized
by exposure (both sides) to UV light in a biosafety cabinet for 1 h as in Li et al. [25]. In this
experiment, the survival of Salmonella during storage was assessed in cross-contaminated
cauliflower and the container pieces, but not in the inoculated cauliflower or the PE films.
In this test, the analysis of cauliflower and pieces during storage was performed at three
time points (after 1, 6, and 13 days of storage).

2.1.4. Statistical Analysis

The statistical analyses were executed using IBM SPSS statistics version 26. A level
of statistical significance of p < 0.05 was used. Data on microbial populations were log-
transformed. The Shapiro-Wilk test and Levene’s test were used to assess the normality
and the homogeneity of variance, respectively. When normality could be assumed, t-tests
or One-way ANOVA were used to compare treatments, using Tukey’s HSD or Dunnett’s
as post hoc tests depending on the homogeneity of the variances. For data not following a
normal distribution, non-parametric tests (Mann–Whitney U and Kruskal–Wallis) were
used to search for differences between treatments. Binary logistic regression was used for
the analysis of presence/absence data.

2.2. Environmental Impact of Different Types of Fresh Produce Handling Containers

A life cycle assessment (LCA) was performed according to the ISO standards 14040
and 14044 [26,27] using Product Category Rules for Crates for Food [28]. LCA includes
four stages: (1) Goal and scope definition, (2) Inventory analysis, (3) Impact assessment,
and (4) Interpretation. In LCA studies, the functional unit (FU) is used to normalize all the
inputs and outputs. The functional unit in this study was defined as the distribution of
1 kg of cauliflowers in plastic crates, wooden boxes, or cardboard boxes.

2.2.1. Goal and Scope

The goal of this LCA was to compare the environmental impact of reusable plastic
crates (RPCs, polypropylene) with that of single-use cardboard (corrugated cardboard) and
wooden boxes (poplar wood + pinewood + MDF) using the LCA methodology. Regard-
ing the system boundaries, upstream, core, and downstream processes must be defined.
Figure 2 shows the system boundaries of the different types of boxes. In relation to the
upstream processes, for wooden and cardboard boxes the life cycle starts in forestry agri-
culture (production of plants and extraction of resources), while for plastic crates it starts
in the extraction of resources and the production of polymer. The next step, in all cases,
is the transport of the raw materials to the core process. The core stage covers the manu-
facture of the final product, including the use of fuel and electricity, emissions generated
during manufacturing, machinery maintenance, and treatment of the residues. The final
stage (downstream) includes the transport to final disposal and waste treatment, which is
different for each type of box.
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2.2.2. Life Cycle Inventory

Cradle-to-grave LCA was performed considering a total of 150 rotations (uses) for
plastic crates ([2], and personal communication from a RPC managing company). In
other words, it was assumed that each plastic crate is cleaned and reused 150 times, while
wood and cardboard boxes are not reused, and it is necessary to produce new boxes for
subsequent shipments. Spanish law establishes that wooden and cardboard packaging
used for fresh food, regardless of whether they are primary or secondary packaging, can
only be used once [29]. In all the cases, the dimensions of the boxes were 40 × 60 × 12
(width × length × height) in cm, and the inner volume was 28.8 L. Each box, regardless
of the building material, can be used to carry 6 kg of cauliflower. The list of materials
consumed for the manufacturing of each type of box is listed in Table 2. The plastic crates
assessed in this LCA are made using primary granulated polypropylene only. The materials
in the cardboard boxes evaluated are recycled cardboard (35% in weight) and virgin
cardboard (65%). Finally, for the manufacture of the wooden boxes assessed, medium-
density fiberboard (MDF) (65.1%), pinewood (20.8%), poplar wood (13.9%), and stainless
steel (0.2%) are used. The different transport steps assumed are shown in Table 3. These
transport steps included: the shipment of materials to the box manufacturing centers; the
transport of crates/boxes to fresh produce packing-houses and retail centers; the return of
plastic crates to the cleaning centers; and the transport of crates/boxes to the end-of-life
steps. In the case of RPCs, apart from the material for crate production, and the transport
steps, the energy and water consumption requirements for the cleaning of the crates during
the 150 rotations before disposal were also considered. Based on technical data sheets from
RPC washing tunnels [30,31], it was assumed that for the washing of one plastic crate,
0.4 L of water, 0.2% of caustic detergent, and 0.04 kWh of energy are needed. Moreover,
scenarios for the waste disposal of the different types of boxes were assessed according to
the Spanish annual report on the generation and management of waste [32]. For plastic
crates, it was assumed that 79% are recycled, 17% go to landfill, and 4% are incinerated. A
total of 65% of cardboard boxes are recycled and 35% go to incineration. Finally, in the case
of wooden boxes, 87% of pine and poplar tables are recycled to obtain particle board, 3%
finish in the landfill, and 10% are incinerated, whilst in the case of MDF, 77% is incinerated
and 23% ends in the landfill.



Foods 2021, 10, 1254 7 of 17

Table 2. Life cycle inventory of plastic, cardboard, and wooden boxes. MDF: medium density fiberboard.

Type of Box Materials Weight (kg)

Plastic Polypropylene 1.550
Cardboard Corrugated Cardboard 0.440

Wooden

All 1.586
MDF 1.032

Pinewood 0.330
Poplar wood 0.221
Stainless Steel 0.003

Table 3. Transport network for single-use cardboard and wooden boxes and reusable plastic crates (RPCs) from manufacture
to the end-of-life scenario.

Type of Box Phase Mean Distance (km) Reference

RPCs Material–manufacturing plant 1000 [2]
RPCs Manufacturing–packaging center 500 [2]

Cardboard boxes Material–manufacturing plant 467 [33]
Cardboard boxes Manufacturing–packaging center 50 [33]

Wooden boxes Material–manufacturing plant 400 [34]
Wooden boxes Manufacturing–packaging center 100 [34]

All Packaging center–logistics platform 400 [2]
All Logistics platform–retailer 100 [2]
All Retailer–logistics platform 100 [2]

RPCs Logistics platform–washing center 100 [2]
RPCs Washing center–packaging center 200 [2]
RPCs Washing center–End-of-life 650 [2]

Cardboard boxes Logistics platform–End-of-life 100 [2]
Wooden boxes Logistics platform–End-of-life 100 [35]

2.2.3. Impact Assessment

The LCA was performed using SimaPro 9.1 software (PRé Sustainability, Amersfoort,
The Netherlands) [36] with the Ecoinvent 3.6 database (Ecoinvent, Zurich, Switzerland) [37].
The CML baseline (Institute of Environmental Sciences, Leiden University, The Nether-
lands) (Global warming potential, ozone layer depletion, photochemical oxidation, abiotic
depletion, acidification eutrophication, freshwater, marine aquatic, and terrestrial ecotoxic-
ity, and human toxicity) and Cumulative Energy Demand (CED) methods were applied.

3. Results
3.1. Transfer and Survival of Salmonella in Cauliflowers via Different Container Materials
3.1.1. Via Polypropylene
Transfer

The level of Salmonella detected in the inoculated cauliflowers before contact with the
PP fragments was 5.55 ± 0.14 log cfu/g. There were no significant differences between
the inoculated cauliflower samples analyzed before and after contact with the PP pieces
(p > 0.05). This lack of difference is logical, as only a small fraction of the inoculated
surface area of each cauliflower was in contact with the PP pieces. Although the total
surface of the PP fragments was 12.25 cm2, the actual contact area between the PP and
the cauliflowers was much smaller due to this vegetable’s uneven surface. The tests
performed to elucidate the actual contact surface between cauliflowers and PP pieces
showed that the mean global surface contact was 0.5 ± 0.3 cm2. Most of the PP pieces
analyzed both on the day of the experiment and also during storage showed the presence
of Salmonella (Table 4). Therefore, transfer of the inoculated microorganism between the
inoculated cauliflowers and the PP pieces was detected in most cases. The fact that the
pathogenic microorganism was not detected in some of the PP samples could have been
due to the limitations of the methods used for the microbiological examination of food
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contact surfaces [38]. Keeratipibul et al. [39], for example, reported a Salmonella recovery
efficiency of ≈40% using cotton swabs on dry polyester urethane surfaces. The population
of Salmonella detected in the PP fragments right after contact with inoculated cauliflower
was 0.49 ± 0.71 log cfu/cm2 (Table 5).

Table 4. Proportion of positive samples (Number of positive samples/Number of samples analyzed) for each type of sample
in the experiment of transfer and survival via polypropylene. Storage for seven days at 4 ◦C plus six days at 8 ◦C. NA:
Not analyzed.

Sample Type
Sampling Time (Days)

Total (*)
0 0.1 1 3 6 9 13

Inoculated cauliflower 3/3 3/3 3/3 3/3 3/3 3/3 3/3 21/21 (100%)
PP pieces 3/3 3/3 3/3 3/3 3/3 2/3 1/3 18/21 (33%)

Cross-contaminated cauliflower 3/3 2/3 3/3 3/3 2/3 2/3 2/3 17/21 (35%)
Polyethylene film from inoculated cauliflower NA 3/3 3/3 3/3 3/3 3/3 2/3 17/18 (71%)

Polyethylene film from cross-contaminated cauliflower NA 0/3 1/3 0/3 0/3 0/3 0/3 1/18 (0%)

* % of the positive samples detected by direct plating.

Table 5. Prevalence (mean ± standard deviation (proportion of positive samples after enrichment)) of Salmonella enterica
in container pieces and cross-contaminated cauliflowers during storage (seven days at 4 ◦C plus six days at 8 ◦C). Data
expressed in log cfu/cm2 for the container materials, and in log cfu/g for the cauliflowers. PP: polypropylene.

Storage
Time
(days)

PP Cardboard Fiberboard

Cross-
Contaminated

Cauliflower
(PP)

Cross-
Contaminated
Cauliflower
(Cardboard)

Cross-
Contaminated

Cauliflower
(Fiberboard)

0 0.49 ± 0.71 (3/3) 1.14 ± 0.83 (3/3) 0.10 ± 0.40 (3/3) <0.7 (3/3) <0.7 (2/3) <0.7 (2/3)
1 0.40 ± 0.92 (3/3) 0.71 ± 0.15 (3/3) <−0.14 (3/3) 0.85 ± 0.21 (3/3) <0.7 (0/3) <0.7 (0/3)
6 0.20 ± 0.35 (3/3) <−0.14 (3/3) <−0.14 (3/3) <0.7 (2/3) <0.7 (0/3) <0.7 (0/3)
13 <−0.14 (1/3) <−0.14 (3/3) <−0.14 (3/3) 0.90 ± 0.17 (2/3) <0.7 (0/3) <0.7 (0/3)

No Salmonella was detected in non-inoculated cauliflowers before contact with the
PP pieces (absence after enrichment of samples). After the cross-contamination via the
contaminated PP pieces to non-inoculated cauliflowers, in the samples analyzed on the
day of the experiment, Salmonella was detected only after enrichment (<0.7 log cfu/g). As
the pathogenic microorganism was also detected in most cross-contaminated cauliflower
samples analyzed during storage (Table 4), we can conclude that there was widespread
transfer between the inoculated and non-inoculated cauliflowers via the PP pieces. A
larger bacterial transfer from food contact surfaces (plastic, glass, ceramic, stainless steel)
to fresh produce than from fresh produce to food contact surfaces had been observed
previously [13,40]. More detailed information on the calculations on the transfer of cfu
from contact surfaces to non-inoculated cauliflower can be found in the Supplementary
Materials (Table S2).

Salmonella Survival

The relative humidity measured in the cold room during storage ranged from 73%
to 81% at 4 ◦C, and from 70% to 77% at 8 ◦C. Figure 3 shows the slight changes in the
populations of Salmonella in the inoculated cauliflower during refrigerated storage. The
levels remained stable without significant changes throughout that period (p > 0.05).
Additionally, the change in storage temperature from 4 to 8 ◦C did not lead to changes in
Salmonella levels in the inoculated cauliflowers. The stability of the populations of Salmonella
on vegetables stored in the range of temperatures used in this study (4–8 ◦C) has been
observed in other studies. Kroupitski et al. [41] observed minor changes (<0.5 log cfu/g)
in Salmonella populations after storage of lettuce leaves at 4 ◦C for nine days, while the
results from Delbeke et al. [42] show stability of Salmonella populations in basil leaves
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stored at 7 ◦C for one week. Pinton et al. [43] observed survival and even growth of the
psychrotrophic pathogen Listeria monocytogenes on cauliflower and broccoli stored at 4 ◦C.
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Figure 3. Salmonella enterica population (log cfu/g) in inoculated cauliflower during general storage
(7 d at 4 ◦C plus 6 d at 8 ◦C) in the experiment performed to assess transfer and survival via
polypropylene.

Regarding the PP pieces, most of the samples analyzed during the storage were posi-
tive for Salmonella (Table 4). Throughout the storage, only a few of the positive samples
were detected by direct plating (three out of 15 positive samples), whilst the other 12 sam-
ples were found positive only after enrichment. Li et al. [24] reported better survival of
Salmonella in plastic (polyethylene) containers at a refrigeration temperature (3.2 ◦C; similar
to the temperatures used in our tests (4–8 ◦C)) compared with 22.5 ◦C.

In the case of the cross-contaminated cauliflowers after contact with contaminated
PP, the pathogenic microorganism could not be detected by direct plating during storage,
but most of the samples were positive for Salmonella after enrichment (Table 4). The
proportion of positive samples did not change significantly during storage (p > 0.05). These
results indicate that, as well as the larger populations present in the inoculated cauliflower
(≈5 log cfu/g), the smaller populations present in the cross-contaminated cauliflower
(<1 log cfu/g) were able to survive throughout the storage period. Ma et al. [44] reported
no effect of the inoculum size (range 0.1–3 log cfu/g) on the survival of Salmonella on fresh-
cut tropical fruits stored at 4 ◦C. Strawn and Danyluk [45] also observed stable populations
of Salmonella on fresh-cut mango inoculated at different initial levels (1, 3, and 5 log cfu/g)
and stored at 4 ◦C.

The packaging film was also analyzed to assess the transfer of Salmonella from the
inoculated and cross-contaminated cauliflowers to the polyethylene film. In the packaging
film from inoculated cauliflowers, Salmonella could be detected by direct plating in most of
the samples, and only one sample out of 18 was negative both by direct plating and after
enrichment. In contrast, in the packaging film from cross-contaminated cauliflowers, no
Salmonella could be detected by direct plating, and only one sample out of 18 was positive
after enrichment (Table 4).

3.1.2. Effect of the Salmonella Inoculum Size

The inoculum size can affect both the number of microorganisms transferred and the
transfer rates in the contact between surfaces [46]. Figure 4 shows the results of the test
performed to assess the effect of inoculum size on the transfer of Salmonella via the PP. The
level of Salmonella detected in the inoculated cauliflower after drying the inoculum was
4.61 ± 0.11 and 2.58 ± 0.41 log cfu/g for the high and the low inoculum tests, respectively.
The PP pieces, after contact with inoculated cauliflower with high inoculum, showed a
level of 1.01 ± 0.60 log cfu/cm2. In the case of the pieces after contact with low-inoculum
cauliflower, the pathogen could not be detected by direct plating or by enrichment. In
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the case of the cross-contaminated cauliflower, both from high and low inoculum tests,
Salmonella was not detected by direct plating (<0.7 log cfu/g), but it was detected in all
the samples after enrichment. The fact that, in the low inoculum test, the pathogen could
be detected in cross-contaminated cauliflower but not in the PP pieces suggests a higher
efficiency of recovery of the Salmonella cells from cross-contaminated cauliflower compared
with the PP pieces.
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Figure 4. Salmonella enterica population (log cfu/g or log cfu/cm2) and proportion of positive samples (Number of positive
samples/Number of samples analyzed) in different types of samples in the experiment performed to assess the effect of
inoculum size on the transfer of the pathogen. (A): High inoculum; (B): Low inoculum. PP: Polypropylene.

3.1.3. Via Cardboard and MDF

The level of Salmonella detected in the inoculated cauliflowers before contact with the
cardboard and MDF pieces was 5.21 ± 0.06 log cfu/g. Regarding the transfer to the different
materials, right after contact with the inoculated cauliflowers the cardboard and the MDF
pieces showed a mean level of Salmonella of 1.14 ± 0.83 and 0.10 ± 0.40 log cfu/cm2,
respectively (Table 5). In the case of the cross-contaminated cauliflowers analyzed after
contact with the cardboard and MDF, no Salmonella could be detected by direct plating
(<0.7 log cfu/g), but it was detected after enrichment in two out of the three samples,
both for cauliflowers cross-contaminated via cardboard and via MDF. The RH in the
cold room during storage was between 73% and 81% at 4 ◦C and between 70% and
77% at 8 ◦C. In the case of the cardboard pieces, Salmonella could be detected by direct
plating after one day of storage, but it was detected only after enrichment in the analyses
performed after six and 13 days of storage (Table 5). In MDF pieces, the pathogenic
microorganism could not be detected by direct plating during storage, but all the samples
were positive after enrichment, even after 13 days in the cold room. Regarding the cross-
contaminated cauliflowers, Salmonella was not detected during storage for both materials;
all the samples were negative (by direct plating and also after enrichment) even after only
one day of storage (Table 5). The results for the different materials suggest that the transfer
of Salmonella from the inoculated to non-inoculated cauliflowers was stronger via the PP.

3.2. Environmental Impact of Different Types of Fresh Produce Handling Containers

Tables 6–8 show the results of the different types of boxes in the various impact
categories assessed. The wooden boxes showed a higher environmental impact in all the
categories assessed. In the global warming category, we obtained values (per FU) of 0.186,
0.059, and 0.006 kgCO2eq for wooden boxes, cardboard boxes, and RPCs, respectively. In
all cases, the production step was the stage causing the most greenhouse gas emissions. The
materials contributing most to this impact category were the MDF boards used in wooden
boxes production, fluting medium and linerboard in cardboard boxes, and obtaining the
polypropylene granulate in RPCs. Other activities with a significant contribution to global
warming were the end-of-life stage in the case of wooden boxes, and the washing step in the
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case of the RPCs (electricity and the production of detergent). The contribution of transport
in this impact category was negligible in the three cases. The impact of the end-of-life stage
of corrugated boxes in the global warming category was negative (this stage reduces the
emissions) due to the cardboard production avoided by the recycling process.

Table 6. Life cycle impact per functional unit in reusable plastic crates.

Impact Category Unit Total Plastic Crate
Production Cleaning Transport End-of-Life *

Global warming kg CO2 eq 6.02 × 10−3 73% 22% 5% −25%
Ozone layer depletion kg CFC-11 eq 1.03 × 10−9 39% 54% 6% 1%

Photochemical oxidation kg C2H4 eq 1.30 × 10−6 77% 20% 3% −23%
Acidification kg SO2 eq 2.59 × 10−5 70% 26% 4% −16%

Eutrophication kg PO4
3− eq 1.22 × 10−5 64% 26% 3% 7%

Abiotic depletion kg Sb eq 7.82 × 10−8 65% 26% 9% −20%
Fresh water aquatic ecotoxicity kg 1,4-DB eq 3.23 × 10−3 67% 31% 2% −3%

Marine aquatic ecotoxicity kg 1,4-DB eq 7.27 × 100 69% 30% 2% −2%
Terrestrial ecotoxicity kg 1,4-DB eq 1.55 × 10−5 48% 49% 3% 0%

Human toxicity kg 1,4-DB eq 3.46 × 10−3 69% 27% 4% −17%
Total energy (non-renewable

and renewable) MJ 1.77 × 10−1 70% 28% 2% −35%

Total non-renewable MJ 1.48 × 10−1 75% 22% 2% −39%
Non-renewable, fossil fuels MJ 1.09 × 10−1 84% 13% 3% −45%

Non-renewable, nuclear MJ 3.92 × 10−2 35% 64% 0% −8%
Non-renewable, biomass MJ 3.68 × 10−6 64% 32% 4% 4%

Total renewable MJ 1.80 × 10−2 39% 61% 0% −3%
Renewable, biomass MJ 4.89 × 10−3 61% 39% 1% −7%

Renewable, wind, solar,
geothermal MJ 6.13 × 10−3 20% 80% 0% −1%

Renewable, water MJ 7.00 × 10−3 40% 59% 1% 0%

* The negative value in end-of-life is due to material avoided in the recycling process.

Table 7. Life cycle impact per functional unit in single-use cardboard boxes.

Impact Category Unit Total Cardboard Box
Production Transport End-of-Life *

Global warming kg CO2 eq 5.88 × 10−2 92% 8% −26%
Ozone layer depletion kg CFC−11 eq 7.54 × 10−9 88% 12% −24%

Photochemical oxidation kg C2H4 eq 1.22 × 10−5 95% 5% −36%
Acidification kg SO2 eq 2.59 × 10−4 92% 8% −23%

Eutrophication kg PO4
3− eq 9.62 × 10−5 97% 3% −50%

Abiotic depletion kg Sb eq 2.35 × 10−6 97% 3% −48%
Fresh water aquatic ecotoxicity kg 1,4-DB eq 5.56 × 10−2 99% 1% −49%

Marine aquatic ecotoxicity kg 1,4-DB eq 2.15 × 102 99% 1% −47%
Terrestrial ecotoxicity kg 1,4-DB eq 3.04 × 10−4 98% 2% −44%

Human toxicity kg 1,4-DB eq 8.29 × 10−1 97% 3% −47%
Total energy (non-renewable and

renewable) MJ 5.53 × 10−1 94% 6% −71%

Total non-renewable MJ 9.32 × 10−1 92% 8% −26%
Non-renewable, fossil fuels MJ 8.29 × 10−1 91% 9% −26%

Non-renewable, nuclear MJ 1.02 × 10−1 99% 1% −26%
Non-renewable, biomass MJ 2.40 × 10−4 100% 0% −62%

Total renewable MJ 1.38 × 10−1 100% 0% −79%
Renewable, biomass MJ 1.08 × 10−1 100% 0% −82%

Renewable, wind, solar, geothermal MJ 7.73 × 10−3 99% 1% −45%
Renewable, water MJ 2.15 × 10−2 98% 2% −33%

* The negative value in end-of-life is due to material avoided in the recycling process.
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Table 8. Life cycle impact per functional unit in single-use wooden boxes.

Impact Category Unit Total Wooden Box Production Transport End-of-Life

MDF Pine Poplar Stainless
Steel

Global warming kg CO2 eq 1.86 × 10−1 51% 9% 3% 1% 14% 23%
Ozone layer depletion kg CFC−11 eq 2.90 × 10−8 42% 7% 3% 1% 16% 32%

Photochemical oxidation kg C2H4 eq 8.07 × 10−5 55% 6% 5% 1% 4% 28%
Acidification kg SO2 eq 1.16 × 10−3 42% 7% 2% 1% 9% 40%

Eutrophication kg PO4
3− eq 2.50 × 10−4 70% 11% 4% 2% 10% 5%

Abiotic depletion kg Sb eq 2.47 × 10−5 89% 2% 1% 0% 2% 5%
Fresh water aquatic

ecotoxicity kg 1,4-DB eq 1.12 × 10−1 57% 5% 1% 3% 4% 30%

Marine aquatic ecotoxicity kg 1,4-DB eq 2.53 × 102 45% 5% 1% 5% 3% 40%
Terrestrial ecotoxicity kg 1,4-DB eq 4.80 × 10−4 67% 11% 7% 2% 8% 6%

Human toxicity kg 1,4-DB eq 2.47 × 10−1 41% 4% 1% 1% 5% 48%
Total energy

(non-renewable and
renewable)

MJ 7.63 × 100 41% 28% 17% 0% 5% 8%

Total non-renewable MJ 4.54 × 100 39% 5% 2% 1% 9% 45%
Non-renewable, fossil fuels MJ 4.05 × 100 40% 5% 2% 0% 10% 43%

Non-renewable, nuclear MJ 4.86 × 10−1 30% 3% 3% 1% 1% 61%
Non-renewable, biomass MJ 1.35 × 10−4 49% 22% 26% 0% 2% −65%

Total renewable MJ 3.09 × 100 31% 43% 26% 0% 0% −31%
Renewable, biomass MJ 2.96 × 100 30% 43% 26% 0% 0% −33%

Renewable, wind, solar,
geothermal MJ 3.79 × 10−2 53% 5% 2% 1% 2% 38%

Renewable, water MJ 9.87 × 10−2 38% 8% 10% 1% 3% 41%

The ozone layer depletion and photochemical ozone oxidation had the same behavior
as global warming in cardboard and wooden boxes, i.e., the step that showed the largest
impact was production, followed by the end-of-life. In the end-of-life scenario of wooden
boxes, the MDF boards contributed to a higher extent to ozone layer depletion while the
pine and poplar boards contributed to a higher extent to photochemical ozone oxidation.
In RPCs, the major contribution in ozone layer depletion was caused by the detergent used
for the cleaning of the crates, while the photochemical oxidation category was affected
mainly by the RPC production and cleaning process.

The box production step was the major contributor to the acidification and eutrophica-
tion potential categories, except in the case of plastic boxes, in which the cleaning process
had a larger impact on eutrophication than the RPC production.

Regarding abiotic depletion, the major impacts were caused by MDF in the case of the
wooden boxes and by corrugated cardboard production in the cardboard boxes. In both
cases, the contribution of these materials exceeded 90%. In the case of RPCs, the production
step was the main contributor in the abiotic depletion category, followed by the cleaning
step (mainly because of the Spanish electric mix used in this phase).

Environmental ecotoxicity is divided into freshwater, marine, and terrestrial ecotoxic-
ity. The production of boxes and crates affected the marine ecotoxicity category, whilst the
washing of RPCs affected the fresh water and terrestrial ecotoxicity. Independently of the
type of packaging, the transport had a greater impact on marine ecotoxicity. In contrast
to wooden boxes, the end-of-life step of RPCs and cardboard boxes led to a reduction in
the environmental ecotoxicity impact. The end-of-life scenario of wooden boxes mainly
affected the marine ecotoxicity due to the incineration of the MDF boards.

During the life cycle of boxes and crates, there are emissions of chemical compounds
that are toxic to human beings (human toxicity category). In the case of wooden boxes,
the toxic compounds are mainly released in the MDF production step and in the end-
of-life stage (in the process of making particle board with pine and poplar wood waste).
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For cardboard boxes, these chemicals are mainly released in the corrugated cardboard
manufacturing process. In RPCs, the detergent used in the washing step is the main
contributor to human toxicity, followed by the production of granulated polypropylene.
Most of the energy embedded in plastic and cardboard boxes comes from non-renewable
sources, mainly fossil fuels and nuclear power. In wooden boxes, renewable and non-
renewable sources are more balanced, although the proportion of non-renewable energy
is larger. The wooden and cardboard boxes required more energy per functional unit
than the RPCs, 7.63 MJ and 0.55 MJ, respectively (Tables 7 and 8). These energies were
needed for the extraction of box building materials (wood and pulp) and manufacturing,
as compared with the plastic crates that only demanded 0.18 MJ (Table 6). That value
is much lower because plastic boxes have 150 rotations during their life cycle whilst for
wooden and cardboard boxes it is necessary to produce more materials in the manufacture
of new wooden and cardboard boxes, as they are single-use items. The high value of
renewable biomass demand for wooden boxes can be explained by the gross calorific
energy embedded in the wood used to manufacture wooden boxes.

Other studies assessing the environmental impact of different types of boxes reached
conclusions similar to those presented in our study. Lo-Iacono-Ferreira et al. [47] performed
an LCA of different cardboard boxes used to transport fruit and vegetables to different
countries and with different end-of-life scenarios. They calculated the global warming
potential of each type of box and concluded that the highest impact was linked to the
manufacture of cardboard boxes, followed by the transport. On the other hand, in their
study, the impact on climate change of the end-of-life stage was found to be negligible,
considering that in this scenario nearly 87% of the cardboard boxes are recycled. In
our study, by recycling cardboard boxes the carbon footprint showed a 26% decrease.
Del Borghi et al. [48] used the LCA approach to compare the impact of RPCs and wooden
and cardboard boxes used for food transport. They concluded that the reuse of plastic crates
led to a reduction in greenhouse gas emissions compared with single-use plastic crates,
thereby reducing the carbon footprint by 96%. In their study, the life cycle of corrugated
cardboard contributed the most to the eutrophication potential in comparison with wooden
and plastic crates, mainly because of the wastewater from cardboard production. Our
results show a larger eutrophication potential in the case of wooden and cardboard boxes
compared with RPCs, mainly due to the box production step. In accordance with our
results, Abejón et al. [2] also concluded that RPCs have a significantly lower environmental
impact than single-use cardboard boxes. In their study, the stages with the highest impact
in the case of the cardboard boxes were the manufacturing stage and the recovery of
the paper fibers at the end-of-life, while for RPCs the highest environmental impact was
linked to sanitation and transport. In our case, the impact of RPCs was caused by crate
production and cleaning, whilst the impact due to crate transport was negligible (the
contribution in the assessed impact categories was in the range of 2–8%). The consumption
of materials avoided by the recycling processes has a beneficial effect on the environment.
The recycling of materials during the waste treatment of cardboard boxes and RPCs reduced
the impact in all the impact categories assessed, except for ozone layer depletion and
eutrophication potential in RPCs. Tua et al. [49] evaluated the environmental performance
of RPCs with a different number of rotations (uses) and concluded that a minimum of
three rotations is required to improve sustainability, obtaining a 65% carbon footprint
reduction. In our scenario, if we change the number of rotations to three we obtain
the same reduction in the carbon footprint (65.6%), but a minimum of approximately
15 rotations would be necessary to reduce all the impacts in comparison to single-use
cardboard and wooden boxes (Figure 5). Accorsi et al. [35] compared the economic and
environmental impact of single-use wooden and corrugated cardboard boxes to that of
RPCs from production until the end-of-life in different scenarios. They obtained that the
transport stage affected the sustainability of the reusable plastic crates, while for single-use
boxes the principal contributor to the environmental impacts was the manufacturing phase.
Similar to our results, in their study, the RPC system led to lower emissions in terms of
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CO2eq. Albrecht et al. [24] also used the LCA methodology to study the environmental
impact of RPCs and single-use wooden and cardboard boxes. Similar to our study, they
concluded that the principal contribution to the environmental impacts in single-use boxes
(wooden and cardboard) and RPCs is caused by the manufacturing phase. In their study,
the activity with the second-greatest impact was the end-of-life in the case of wooden and
cardboard, and service life (which involves delivery to the retailer, take-back, inspection,
and washing) for RPCs. In our study, the end-of-life was also the second main contributor
in the case of wooden boxes, but not for cardboard boxes. The washing step of RPCs also
showed a significant impact in our study.
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Figure 5. Comparison between single-use wooden and cardboard boxes, and reusable plastic crates with a different number
of rotations.

4. Conclusions

The results obtained highlight the risk of fresh produce cross-contamination with
pathogenic microorganisms via food-handling containers. Cross-contamination of cauliflow-
ers was more widespread when it occurred via polypropylene than via cardboard or MDF.
Furthermore, the survival potential of Salmonella under supply chain conditions in the
contaminated contact materials and the cross-contaminated cauliflower was demonstrated.
The LCA performed showed that RPCs are a better choice to reduce the environmental im-
pacts than single-use cardboard and wooden boxes. The RPCs obtained the lowest impact
values for all the categories. Operations used to obtain raw materials for manufacturing
wooden and corrugated cardboard boxes have a large impact on marine and terrestrial
ecotoxicities and acidification categories. Therefore, the use of RPCs is environmentally
beneficial; in fact, in our scenario, a service life of only 15 rotations was sufficient to reduce
all the impacts in comparison with single-use cardboard and wooden boxes. However,
the hygiene of these reusable containers must be properly maintained to reduce food
safety risks.



Foods 2021, 10, 1254 15 of 17

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10061254/s1. Table S1: Characteristics of the cauliflowers used in the experiments,
Table S2: Detailed assessment of the transfer of Salmonella from pieces of different materials to
non-inoculated cauliflowers.

Author Contributions: F.L.-G.: Conceptualization; Formal analysis; Methodology; Validation; In-
vestigation; Writing—original draft. L.R.: Methodology; Software; Formal analysis; Investigation.
E.C., P.A.G. and F.A.-H.: Conceptualization; Methodology; Writing–review & editing. E.A.: Concep-
tualization; Methodology; Supervision; Writing–review & editing; Project administration; Funding
acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fondo Europeo de Desarrollo Regional/Ministerio de
Ciencia e Innovación-Agencia Estatal de Investigación (FEDER/MICINN-AEI), project RTI2018-
099139-B-C21. Laura Rasines is grateful for the financial support from the Spanish Ministerio de
Ciencia e Innovación through the “Ayudas para contratos predoctorales para la formación de doctores
2019” Program [PRE2019-090573].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

Acknowledgments: The authors are grateful to Jimbo Fresh S.L.L. for providing cauliflowers and
some specific industrial information, and to Abdenaser Htit for his contribution in the preparation of
culture media and other materials for the microbiological analyses.

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

References
1. Suslow, T.V. Minimizing Risk in Multiple-Use Containers. Food Safety & Quality Magazine: Suslow UC Davis April 2015 Full

Version. Available online: https://ucfoodsafety.ucdavis.edu/sites/g/files/dgvnsk7366/files/inline-files/212397.pdf (accessed
on 22 March 2021).

2. Abejón, R.; Bala, A.; Vázquez-Rowe, I.; Aldaco, R.; Fullana-i-Palmer, P. When plastic packaging should be preferred: Life cycle
analysis of packages for fruit and vegetable distribution in the Spanish peninsular market. Resour. Conserv. Recy. 2020, 155, 104666.
[CrossRef]

3. Warriner, K. Microbiological Standards for RPCs within Produce Grower Facilities. University of Guelph, Department of Food
Science. 2013. Available online: https://26mvtbfbbnv3ruuzp1625r59-wpengine.netdna-ssl.com/wp-content/uploads/PDFs/
Package_Cleanliness/RPC_Sanitation_Testing_and_Research_a.pdf (accessed on 22 March 2021).

4. Suslow, T.V. Assessment of General RPC Cleanliness as Delivered for Use in Packing and Distribution of Fresh Produce; Assessment of
RPC Cleanliness: Final Report; University of California at Davis, Department of Plant Sciences: Davis, CA, USA, 2014; Available
online: https://26mvtbfbbnv3ruuzp1625r59-wpengine.netdna-ssl.com/wp-content/uploads/PDFs/Package_Cleanliness/RPC_
Sanitation_Testing_and_Research_c.pdf (accessed on 22 March 2021).

5. Zhu, Y.; Wu, F.; Trmcic, A.; Wang, S.; Warriner, K. Microbiological status of RPCs in commercial grower/packer operations and
risk of Salmonella cross-contamination between containers and cucumbers. Food Control 2020, 110, 107021. [CrossRef]

6. Truchado, P.; Allende, A. Relevance of fresh fruits and vegetables in foodborne outbreaks and the significance of the physiological
state of bacteria|[La implicación de las frutas y hortalizas en las toxiinfecciones alimentarias y la relevancia del estado fisiológico
de las bacterias]. Arbor 2020, 196, 1–9. [CrossRef]

7. Aworh, O.C. Food safety issues in fresh produce supply chain with particular reference to sub-Saharan Africa. Food Control 2021,
123, 107737. [CrossRef]

8. Jacxsens, L.; Uyttendaele, M.; Luning, P.; Allende, A. Food safety management and risk assessment in the fresh produce supply
chain. IOP Conf. Ser. Mat. Sci. 2017, 193. [CrossRef]

9. U.S. Food and Drugs Administration. Recalls, Market Withdrawals & Safety Alerts. 2021. Available online: https://www.fda.
gov/safety/recalls/ (accessed on 22 March 2021).

10. 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]

11. Quiroz-Santiago, C.; Rodas-Suárez, O.R.; Vázquez, C.R.; Fernández, F.J.; Quiñones-Ramírez, E.I.; Vázquez-Salinas, C. Prevalence
of Salmonella in vegetables from Mexico. J. Food Prot. 2020, 72, 1279–1282. [CrossRef]

https://www.mdpi.com/article/10.3390/foods10061254/s1
https://www.mdpi.com/article/10.3390/foods10061254/s1
https://ucfoodsafety.ucdavis.edu/sites/g/files/dgvnsk7366/files/inline-files/212397.pdf
http://doi.org/10.1016/j.resconrec.2019.104666
https://26mvtbfbbnv3ruuzp1625r59-wpengine.netdna-ssl.com/wp-content/uploads/PDFs/Package_Cleanliness/RPC_Sanitation_Testing_and_Research_a.pdf
https://26mvtbfbbnv3ruuzp1625r59-wpengine.netdna-ssl.com/wp-content/uploads/PDFs/Package_Cleanliness/RPC_Sanitation_Testing_and_Research_a.pdf
https://26mvtbfbbnv3ruuzp1625r59-wpengine.netdna-ssl.com/wp-content/uploads/PDFs/Package_Cleanliness/RPC_Sanitation_Testing_and_Research_c.pdf
https://26mvtbfbbnv3ruuzp1625r59-wpengine.netdna-ssl.com/wp-content/uploads/PDFs/Package_Cleanliness/RPC_Sanitation_Testing_and_Research_c.pdf
http://doi.org/10.1016/j.foodcont.2019.107021
http://doi.org/10.3989/arbor.2020.795n1005
http://doi.org/10.1016/j.foodcont.2020.107737
http://doi.org/10.1088/1757-899X/193/1/012020
https://www.fda.gov/safety/recalls/
https://www.fda.gov/safety/recalls/
http://doi.org/10.1016/j.ijfoodmicro.2020.108855
http://doi.org/10.4315/0362-028X-72.6.1279


Foods 2021, 10, 1254 16 of 17

12. Gkana, E.; Chorianopoulos, N.; Grounta, A.; Koutsoumanis, K.; Nychas, G.-J.E. Effect of inoculum size, bacterial species, type of
surfaces and contact time to the transfer of foodborne pathogens from inoculated to non-inoculated beef fillets via food processing
surfaces. Food Microbiol. 2017, 62, 51–57. [CrossRef]

13. Villegas, B.M.; Hall, N.O.; Ryser, E.T.; Marks, B.P. Influence of physical variables on the transfer of Salmonella Typhimurium LT2
between potato (Solanum tuberosum) and stainless steel via static and dynamic contact. Food Microbiol. 2020, 92, 103607. [CrossRef]
[PubMed]

14. Buchholz, A.L.; Davidson, G.R.; Marks, B.P.; Todd, E.C.D.; Ryser, E.T. Transfer of Escherichia coli O157:H7 from equipment surfaces
to fresh-cut leafy greens during processing in a model pilot-plant production line with sanitizer-free water. J. Food Prot. 2012, 75,
1920–1929. [CrossRef]

15. Newman, K.L.; Bartz, F.E.; Johnston, L.; Moe, C.L.; Jaykus, L.-A.; Leon, J.S. Microbial load of fresh produce and paired equipment
surfaces in packing facilities near the U.S. and Mexico border. J. Food Prot. 2017, 80, 582–589. [CrossRef] [PubMed]

16. Cotter, J.; Talbert, J.; Goddard, J.; Autio, W.; McLandsborough, L. Influence of soil particles on the survival of Salmonella on plastic
tomato harvest containers. Technical Abstract. In Proceedings of the IAFP Annual Meeting, Providence, RI, USA, 22–25 July 2012.

17. De Abrew Abeysundara, P.; Dhowlaghar, N.; Nannapaneni, R.; Schilling, M.W.; Mahmoud, B.; Sharma, C.S.; Ma, D.-P. Salmonella
enterica growth and biofilm formation in flesh and peel cantaloupe extracts on four food-contact surfaces. Int. J. Food Microbiol.
2018, 280, 17–26. [CrossRef] [PubMed]

18. Patrignani, F.; Siroli, L.; Gardini, F.; Lanciotti, R. Contribution of two different packaging material to microbial contamination of
peaches: Implications in their microbiological quality. Front. Microbiol. 2016, 7, 938. [CrossRef] [PubMed]

19. Aviat, F.; Le Bayon, I.; Federighi, M.; Montibus, M. Comparative study of microbiological transfer from four materials used in
direct contact with apples. Int. J. Food Microbiol. 2020, 333. [CrossRef] [PubMed]

20. Siroli, L.; Patrignani, F.; Serrazanetti, D.I.; Chiavari, C.; Benevelli, M.; Grazia, L.; Lanciotti, R. Survival of spoilage and pathogenic
microorganisms on cardboard and plastic packaging materials. Front. Microbiol. 2017, 8, 2606. [CrossRef] [PubMed]

21. Bhattacharjee, P.; Singhal, R.S. Broccoli and Cauliflower: Production, Quality, and Processing. In Handbook of Vegetables and
Vegetable Processing, 2nd ed.; Siddiq, M., Uebersax, M.A., Eds.; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2018; Volume II,
pp. 535–558.

22. Montibus, M.; Ismaïl, R.; Michel, V.; Federighi, M.; Aviat, F.; Le Bayon, I. Assessment of Penicillium expansum and Escherichia coli
transfer from poplar crates to apples. Food Control 2016, 60, 95–102. [CrossRef]

23. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

24. Albrecht, S.; Brandstetter, P.; Beck, T.; Fullana, I.; Palmer, P.; Grönman, K.; Baitz, M.; Deimling, S.; Sandilands, J.; Fischer, M. An
extended life cycle analysis of packaging systems for fruit and vegetable transport in Europe. Int. J. Life Cycle Assess. 2013, 18,
1549–1567. [CrossRef]

25. Li, K.; Khouryieh, H.; Jones, L.; Etienne, X.; Shen, C. Assessing farmers market produce vendors’ handling of containers and
evaluation of the survival of Salmonella and Listeria monocytogenes on plastic, pressed-card, and wood container surfaces at
refrigerated and room temperature. Food Control 2018, 94, 116–122. [CrossRef]

26. ISO. ISO 14000 Collection 2. In ISO 14040:2006: Environmental Management. Life Cycle Assessment. Principles and Framework;
International Organization for Standardization: Geneva, Switzerland, 2006.

27. ISO. ISO 14000 Collection 2. In ISO14044:2006: Life Cycle Assessment. Requirements and Guidelines; International Organization for
Standardization: Geneva, Switzerland, 2006.

28. Environdec. Produc Category Rules: Crates for Food; Environtec Limited: Chelmsford, UK, 2020; pp. 1–29.
29. Boletín Oficial del Estado. Real Decreto 888/1988, de 29 de Julio, por el que se Aprueba la Norma General Sobre Recipientes

que Contengan Productos Alimenticios Frescos, de Carácter Perecedero, no Envasados o Envueltos. «BOE» núm. 1988, pp. 187,
24293–24294. Available online: https://www.boe.es/diario_boe/txt.php?id=BOE-A-1988-19396 (accessed on 31 May 2021).

30. Betelgeux. Lavadora de Cajas EKW 2500—Betelgeux. 2021. Available online: https://www.betelgeux.es/equipos/maquinas-
lavadoras/lavadora-cajas-ekw-2500/ (accessed on 31 May 2021).

31. TEMIC. Technical Sheet of Crates Washing Tunnels TR-42-TEMIC S.L. Available online: http://www.temicsl.com/downloads/
tUnel-lavado-de-cajas-tr-424.pdf (accessed on 31 May 2021).

32. MITECO. Memoria Anual de Generación y Gestión de Residuos de Competencia Municipal. 2018. Available online: https://
www.miteco.gob.es/es/calidad-y-evaluacion-ambiental/publicaciones/memoriaresiduosmunicipales2018_tcm30-521965.pdf
(accessed on 22 April 2021).

33. European Federation of Corrugated Board Manufacturers (FEFCO); CEPI ContainerBoard (CCB). European Database for
Corrugated Board Life Cycle Studies. 2018. Available online: https://www.fefco.org/lca (accessed on 6 May 2021).

34. Agence de L’environnement et de la Maîtrise de L’énergie (ADEME). Analyse du Cycle de vie Des Caisses en Bois, Carton Ondulé
et Plastique Pour Pommes. 2000. Available online: https://www.ademe.fr/sites/default/files/assets/documents/28246_acvs.
pdf (accessed on 6 May 2021).

35. Accorsi, R.; Cascini, A.; Cholette, S.; Manzini, R.; Mora, C. Economic and environmental assessment of reusable plastic containers:
A food catering supply chain case study. Int. J. Prod. Econ. 2014, 152, 88–101. [CrossRef]

36. SimaPro|The World’s Leading LCA Software. (n.d.). Available online: https://simapro.com/ (accessed on 18 March 2021).
37. Ecoinvent. (n.d.). Ecoinvent Database 3.7.1. Available online: https://www.ecoinvent.org/ (accessed on 22 March 2021).

http://doi.org/10.1016/j.fm.2016.09.015
http://doi.org/10.1016/j.fm.2020.103607
http://www.ncbi.nlm.nih.gov/pubmed/32950143
http://doi.org/10.4315/0362-028X.JFP-11-558
http://doi.org/10.4315/0362-028X.JFP-16-365
http://www.ncbi.nlm.nih.gov/pubmed/28271928
http://doi.org/10.1016/j.ijfoodmicro.2018.04.042
http://www.ncbi.nlm.nih.gov/pubmed/29763755
http://doi.org/10.3389/fmicb.2016.00938
http://www.ncbi.nlm.nih.gov/pubmed/27379067
http://doi.org/10.1016/j.ijfoodmicro.2020.108780
http://www.ncbi.nlm.nih.gov/pubmed/32682208
http://doi.org/10.3389/fmicb.2017.02606
http://www.ncbi.nlm.nih.gov/pubmed/29312271
http://doi.org/10.1016/j.foodcont.2015.07.025
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1007/s11367-013-0590-4
http://doi.org/10.1016/j.foodcont.2018.06.036
https://www.boe.es/diario_boe/txt.php?id=BOE-A-1988-19396
https://www.betelgeux.es/equipos/maquinas-lavadoras/lavadora-cajas-ekw-2500/
https://www.betelgeux.es/equipos/maquinas-lavadoras/lavadora-cajas-ekw-2500/
http://www.temicsl.com/downloads/tUnel-lavado-de-cajas-tr-424.pdf
http://www.temicsl.com/downloads/tUnel-lavado-de-cajas-tr-424.pdf
https://www.miteco.gob.es/es/calidad-y-evaluacion-ambiental/publicaciones/memoriaresiduosmunicipales2018_tcm30-521965.pdf
https://www.miteco.gob.es/es/calidad-y-evaluacion-ambiental/publicaciones/memoriaresiduosmunicipales2018_tcm30-521965.pdf
https://www.fefco.org/lca
https://www.ademe.fr/sites/default/files/assets/documents/28246_acvs.pdf
https://www.ademe.fr/sites/default/files/assets/documents/28246_acvs.pdf
http://doi.org/10.1016/j.ijpe.2013.12.014
https://simapro.com/
https://www.ecoinvent.org/


Foods 2021, 10, 1254 17 of 17

38. Jones, S.L.; Ricke, S.C.; Keith Roper, D.; Gibson, K.E. Swabbing the surface: Critical factors in environmental monitoring and a
path towards standardization and improvement. Crit. Rev. Food Sci. 2020, 60, 225–243. [CrossRef] [PubMed]

39. Keeratipibul, S.; Laovittayanurak, T.; Pornruangsarp, O.; Chaturongkasumrit, Y.; Takahashi, H.; Techaruvichit, P. Effect of
swabbing techniques on the efficiency of bacterial recovery from food contact surfaces. Food Control 2017, 77, 139–144. [CrossRef]

40. Jensen, D.A.; Friedrich, L.M.; Harris, L.J.; Danyluk, M.D.; Schaffner, D.W. Quantifying transfer rates of Salmonella and Escherichia
coli O157:H7 between fresh-cut produce and common kitchen surfaces. J. Food Prot. 2013, 76, 1530–1538. [CrossRef]

41. Kroupitski, Y.; Pinto, R.; Brandl, M.T.; Belausov, E.; Sela, S. Interactions of Salmonella enterica with lettuce leaves. J. Appl. Microbiol.
2009, 106, 1876–1885. [CrossRef] [PubMed]

42. Delbeke, S.; Ceuppens, S.; Jacxsens, L.; Uyttendaele, M. Survival of Salmonella and Escherichia coli O157:H7 on strawberries, basil,
and other leafy greens during storage. J. Food Prot. 2015, 78, 652–660. [CrossRef]

43. Pinton, S.C.; Bardsley, C.A.; Marik, C.M.; Boyer, R.R.; Strawn, L.K. Fate of Listeria monocytogenes on broccoli and cauliflower at
different storage temperatures. J. Food Prot. 2020, 83, 858–864. [CrossRef]

44. Ma, C.; Li, J.; Zhang, Q. Behavior of Salmonella spp. on fresh-cut tropical fruits. Food Microbiol. 2016, 54, 133–141. [CrossRef]
45. Strawn, L.K.; Danyluk, M.D. Fate of Escherichia coli O157:H7 and Salmonella spp. on fresh and frozen cut mangoes and papayas.

Int. J. Food Microbiol. 2010, 138, 78–84. [CrossRef]
46. Montville, R.; Schaffner, D.W. Inoculum size influences bacterial cross contamination between surfaces. Appl. Environ. Microb.

2003, 69, 7188–7193. [CrossRef]
47. Lo-Iacono-Ferreira, V.G.; Viñoles-Cebolla, R.; Bastante-Ceca, M.J.; Capuz-Rizo, S.F. Transport of Spanish fruit and vegetables in

cardboard boxes: A carbon footprint analysis. J. Clean. Prod. 2020, 244, 118784. [CrossRef]
48. Del Borghi, A.; Parodi, S.; Moreschi, L.; Gallo, M. Sustainable packaging: An evaluation of crates for food through a life cycle

approach. Int. J. Life Cycle Assess. 2021, 26, 753–766. [CrossRef]
49. Tua, C.; Biganzoli, L.; Grosso, M.; Rigamonti, L. Life cycle assessment of reusable plastic crates (RPCs). Resources 2019, 8, 110.

[CrossRef]

http://doi.org/10.1080/10408398.2018.1521369
http://www.ncbi.nlm.nih.gov/pubmed/30421977
http://doi.org/10.1016/j.foodcont.2017.02.013
http://doi.org/10.4315/0362-028X.JFP-13-098
http://doi.org/10.1111/j.1365-2672.2009.04152.x
http://www.ncbi.nlm.nih.gov/pubmed/19239550
http://doi.org/10.4315/0362-028X.JFP-14-354
http://doi.org/10.4315/JFP-19-490
http://doi.org/10.1016/j.fm.2015.10.006
http://doi.org/10.1016/j.ijfoodmicro.2009.12.002
http://doi.org/10.1128/AEM.69.12.7188-7193.2003
http://doi.org/10.1016/j.jclepro.2019.118784
http://doi.org/10.1007/s11367-020-01813-w
http://doi.org/10.3390/resources8020110

	Introduction 
	Materials and Methods 
	Transfer and Survival of Salmonella via Different Fresh-Produce Container Materials 
	Via Polypropylene 
	Effect of the Inoculum Size 
	Via Cardboard and MDF 
	Statistical Analysis 

	Environmental Impact of Different Types of Fresh Produce Handling Containers 
	Goal and Scope 
	Life Cycle Inventory 
	Impact Assessment 


	Results 
	Transfer and Survival of Salmonella in Cauliflowers via Different Container Materials 
	Via Polypropylene 
	Effect of the Salmonella Inoculum Size 
	Via Cardboard and MDF 

	Environmental Impact of Different Types of Fresh Produce Handling Containers 

	Conclusions 
	References

