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Abstract: Berries represent healthy dietary options and contain bioactive compounds associated
with a decreased risk of diseases. Despite representing healthy food choices, these products can
be contaminated by pathogenic microorganisms, including parasites. Among foodborne parasites,
Giardia duodenalis, Cryptosporidium parvum, Cyclospora cayetanensis, Toxoplasma gondii, and Echinococcus
multilocularis are of significant public health importance and have been recently detected in fresh
berries in Europe, including Italy. Berries can be purchased fresh or frozen, and it is worrying that
even frozen berries could represent a risk for the consumer. In fact, several parasites can resist
freezing temperatures and have been responsible for outbreaks of infection. The aim of this study was
to investigate the presence of G. duodenalis, C. parvum, C. cayetanensis, T. gondii, and E. multilocularis
in frozen berries with simplex and multiplex real-time PCR protocols. A total of 108 packages of
mixed frozen berries were bought from supermarkets located in a south-eastern region of Italy. The
samples were tested using two simplex real-time PCR protocols targeting C. parvum and G. duodenalis,
respectively, and a multiplex real-time PCR targeting C. cayetanensis, T. gondii, and E. multilocularis.
None of the investigated parasites were detected in the frozen berry samples tested. This research
topic is still unexplored and of great current interest. These results represent a first attempt to
investigate parasitic contamination of frozen berries sold on the Italian market, but further large-scale
surveys are required.
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1. Introduction

Among fresh products, berries hold particular importance due to their exceptional
nutritional characteristics, such as high fiber, vitamin, mineral, and phenol content [1], as
well as their beneficial properties. Berries are associated with cancer and cardiovascular
disease prevention and have beneficial effects on metabolic disorders [2].

The trend toward healthier eating habits in industrialized countries has led to an
increase in berry consumption in the United States and Europe, including Italy [3].

Giardia duodenalis, Cryptosporidium spp., Toxoplasma gondii, Echinococcus spp., and Cy-
clospora cayetanensis are among the parasites of greatest concern in food production [4,5].
In fact, in a global ranking of foodborne parasites published in 2014 that includes 24 par-
asites, the ones investigated in the present study were all listed in the top 10, except
for G. duodenalis, occupying the 11th place, and C. cayetanensis, ranking 13th [4]. In
another study, foodborne parasites were rated based on their weights across the various
regions of Europe. In the south-western ranking, which, among other countries, included
Italy, Echinococcus spp., T. gondii, and Cryptosporidium spp. were included. Although
G. duodenalis and C. cayetanensis were not considered a top priority for this specific area,
they were listed in the main European ranking, in which they occupied the 9th and the
22nd place, respectively [5]. Although C. cayetanensis did not represent one of the main
European concerns, since berries are increasingly being imported from Southern and
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Central America, where cyclosporiasis is endemic, there is increasing attention towards
this parasite in Europe [6,7].

Giardia duodenalis cysts, Cryptosporidium spp., T. gondii, and C. cayetanensis oocysts,
and Taenidae eggs are the resistant forms of these parasites and can contaminate berries at
any stage of the production process: during the pre-harvest phase, during harvest, and in
post-harvest processes [8,9]. In the case of raspberries, the resistant forms of the parasites
easily adhere to the raspberries’ surfaces because they are covered by fine hairs, or they
become trapped in the natural grooves or small cracks of the outer layer [8]. Infections
occur when people consume food that contains the infectious stages of these parasites, and
the risk is particularly high when consuming fresh produce that undergoes minimal or no
processing, e.g., berries [8].

Giardia duodenalis and Cryptosporidium spp. mainly cause gastrointestinal symptoms in
humans and also infect a wide range of animals worldwide. While many cases are mild or
asymptomatic in immunocompetent people, chronic or more severe infections can occur
in vulnerable individuals [10,11]. Humans are the only confirmed hosts of C. cayetanensis,
which is most commonly associated with diarrhea, nausea, and abdominal pain [12].
Several outbreaks of cyclosporiasis have been linked to the consumption of contaminated
berries imported into the USA from Central and South American countries or with travelers
returning from endemic areas [8]. Felids are the only final hosts of T. gondii and, as
such, they are solely responsible for oocyst dissemination. Although toxoplasmosis often
remains asymptomatic in immunocompetent individuals, it can cause serious complications
during pregnancy [13]. In the European scenario, E. multilocularis seems to be exclusively
distributed in Central and Northern Europe. However, recent findings suggest that the
parasite may be spreading southward [6,14]. Also, the first confirmed autochthonous
case of human alveolar echinococcosis in Italy has further emphasized the importance of
this parasite in Southern Europe [15]. Humans acquire the infection by consuming food
contaminated with the eggs excreted by the final host, primarily red foxes [16].

These parasites are widespread and have been detected on berries worldwide [17,18],
including in Europe [7,19]. In Italy, most recently, berries have been found contaminated
with C. cayetanensis, as well as G. duodenalis, several species of Cryptosporidium, and Enta-
moeba histolytica [6,20].

European consumers are increasingly interested in frozen berries because of their
longer shelf life compared to the fresh ones. This trend is evident both among consumers,
for example, in the use of frozen berries for smoothie preparation, and in the industry, which
uses frozen products to produce jams, fruit preparations, etc. [21]. The European market
for frozen berries is expected to increase by around 1–2% annually in terms of volume.
Between 2018 and 2022, the leading European countries for frozen berry consumption were
Germany, France, the UK, and Belgium, followed by Italy and the Netherlands [22].

The most concerning aspect is that frozen berries may also pose a risk to consumers
despite low-temperature thermal treatment. In fact, previous investigations and experimen-
tal studies have shown that such treatment is insufficient, and some parasites are highly
resistant to freezing [23].

Molecular techniques are important due to their sensitivity and specificity. Among the
various molecular methods available, such as conventional PCR, real-time PCR (qPCR),
nested PCR (nPCR), and loop-mediated isothermal amplification assays (LAMP), real-time
PCR is the laboratory standard used for the detection of foodborne parasites [8].

The objective of this study was to investigate the presence of Giardia duodenalis, Cryp-
tosporidium parvum, Toxoplasma gondii, Echinococcus multilocularis, and Cyclospora cayetanensis
in frozen berries purchased in stores located in Southern Italy using molecular tools.

2. Materials and Methods
2.1. Sampling

Between January and July 2023, 108 packages of frozen berries were purchased from
four supermarket chains located in the provinces of Foggia and Barletta-Andria-Trani
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(Apulia region, Southern Italy). Four samples were purchased each week and came from
four different brands (A–D). Each package contained varying quantities and proportions
of berries: brand A contained 300 g of blackberries, black and red currants, blueberries,
raspberries, and strawberries, while brands B and C contained 300 g and 450 g, respectively,
of red and black currants, blackberries, raspberries, and blueberries. Brand D contained
300 g of blackberries, red currants, and blueberries. The origin of the berries was not
indicated on the packages; however, they were all packaged in Italian facilities. The
packages were transferred in coolers to the Parasitology Laboratory at the Department of
Agricultural Sciences, Food, Natural Resources and Engineering (DAFNE) at the University
of Foggia and were stored at −20 ◦C in the laboratory. Washing was performed before the
expiration date indicated on the packages.

2.2. Washing and DNA Extraction of Frozen Berries

For each sampled package, 50 g of berries were weighed and subjected to a washing
process following the protocol described in the Bacteriological Analytical Manual (BAM)
19b of the U.S. Food and Drug Administration [6,20,24]. From the pellet obtained, the DNA
extraction was performed using the DNeasy® PowerSoil® Pro Kit (Qiagen, Milan, Italy)
following the manufacturer’s instructions with slight modifications [6,20].

2.3. Real-Time PCR for Giardia duodenalis

For the detection of G. duodenalis, the 108 extracted DNA samples were tested using
real-time PCR according to the protocol by Klotz et al. [25]. The target sequence, a fragment
of the SSU (small subunit rRNA gene), was amplified using the primers Giardia-127F
(5′-CGGACACCGCTGGCAA-3′), GiaR (5′-CTGCGTCACGCTGCTCG-3′), and the probe
Giardia-152T (HEX-5′-GCCCGCCCTTGCGCGCACG-3′-BHQ2) [25]. The real-time PCR
was performed using the CFX96™ Real-Time PCR Detection System (Bio-Rad, Segrate (MI),
Italy) in a final volume of 25 µL, using 12.5 µL of 2× KicqStart probe qPCR ready mix low
ROX (Sigma Aldrich, Milan, Italy), 8 µL of water, 1 µL of each primer, 0.5 µL of the probe,
and 2 µL of DNA [25].

The PCR conditions were as follows: 95 ◦C for 10 min, 45 cycles at 95 ◦C for 15 s and
at 60 ◦C for 30 s, and, finally, 72 ◦C for 30 s [25].

All the samples were tested in triplicate and each experiment included four positive
controls and a negative control (ultrapure water).

2.4. Real-Time PCR for Cryptosporidium parvum

The real-time PCR for the detection of C. parvum was performed by following the
protocol of Temesgen et al. [26]. The primers and probe used amplify a 92-base pair (bp)
product from a gene encoding thioredoxin peroxidase: TrxPx328F (5′-AGCAAGAACTAT
GGTGTACTTCTC-3′), TrxPx419R (5′-ACTTCAGAACGAACAACACCCT-3′), and TrxPx353P
(FAM-AGGAAGAAGGTATTGCTCTCAGAGGT-MGBEQ) [26]. The real-time PCR was
performed using the CFX96™ Real-Time PCR Detection System (Bio-Rad, Segrate (MI),
Italy) in a final volume of 20 µL: 10 µL of 2× KicqStart probe qPCR ready mix low ROX
(Sigma Aldrich, Milan, Italy), 5.5 µL of water, 1 µL of each primer, 0.5 µL of probe, and
2 µL of DNA [26]. The PCR conditions used were 95 ◦C for 3 min followed by 45 cycles
at 95 ◦C for 15 s and at 60 ◦C for 60 s [26].

Each experiment included all the samples tested in triplicate, two positive controls
(DNA extracted from C. parvum oocysts), and a negative control (ultrapure water).

2.5. Multiplex Real-Time PCR for Cyclospora cayetanensis, Toxoplasma gondii, and
Echinococcus multilocularis

For the simultaneous detection of C. cayetanensis, T. gondii, and E. multilocularis, a
multiplex real-time PCR protocol was used [27]. The primers CyITS1_TT-F (ATGTTT-
TAGCATGTGGTGTGGC) and CyITS1_TT-R (GCAGCAACAACAACTCCTCATC) and the
CyITS1_TT-P (HEX-TACATACCCGTCCCAACCCTCGA-MGBEQ) probe were used for the



Pathogens 2024, 13, 900 4 of 8

detection of C. cayetanensis, amplifying a 141 bp product from the ITS-1 region. For the detec-
tion of T. gondii, a 162 bp fragment from the 529 bp sequence of T. gondii was amplified using
the primers Tox-9F (AGGAGAGATATCAGGACTGTAG) and Tox-11R (GCGTCGTCTC
GTCTAGATCG) and the Tox-TP1 (Cy5-CCGGCTTGGCTGCTTTTCCT-MGBEQ) probe [28].
Finally, to amplify a 77 bp product from the 12S rRNA region of E. multilocularis, the primers
EmMGB_F (GTGCTGCTYATAAGAGTTTTTG) and EmMGB_R (CTATTAAGTCCTAAA-
CAATACCATA) and the EmMGB_P (FAM-ACAACAATATTCCTATCAATGT-MGBEQ)
probe were used [29].

The real-time PCR was performed using the CFX96™ Real-Time PCR Detection
System (Bio-Rad, Segrate (MI), Italy) in a final volume of 20 µL, using 10 µL of
2× KiCqStart probe qPCR ready mix low ROX (Sigma Aldrich, Milan, Italy) and
2 µL of template DNA. The primers and probes were added in the concentrations and
quantities indicated by Temesgen et al. [27] and the reaction conditions used were as
follows: 95 ◦C for 3 min, followed by 45 cycles at 95 ◦C for 15 s and at 60 ◦C for 30 s.
Each sample was analyzed in triplicate, and positive controls (positive DNA available
in the laboratory from previous projects) and a negative control (ultrapure water) for
each parasite were included.

3. Results

The DNA of G. duodenalis, C. parvum, C. cayetanensis, T. gondii, and E. multilocularis
was not detected in any of the 108 samples analyzed. For all the real-time PCR protocols
employed in the screening, the positive controls yielded positive results, and the nega-
tive controls gave negative results. The results obtained in the present study are shown
in Figure 1.
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4. Discussion

The detection of this study’s target parasites in the analyzed matrices would have
been plausible, considering that these parasites have been documented in fresh berries in
various European countries, including Italy [6,20] and Norway [7], and that, according to
the available literature, several parasites can survive freezing [30–38].

Toxoplasma gondii oocysts are resistant to freezing, as they survive at −21 ◦C for
28 days [31,34]. The eggs of E. multilocularis also tolerate freezing, surviving at −18 ◦C
for 240 days [30]. Regarding C. parvum, a study investigating the infectivity of oocysts
suspended in water and stored at various temperatures (−5 ◦C, −10 ◦C, −15 ◦C, −20 ◦C,
and −70 ◦C) over different time intervals demonstrated that, after storage and biological
testing on mice for each treatment type, oocysts stored at −20 ◦C for up to 8 h maintained
viability and infectivity [36]. Conversely, oocysts stored at −20 ◦C for 24 and 168 h were
inactivated by the treatment and were no longer infectious [36]. This study is supported by
the findings of Temesgen et al. [35], who evaluated the effectiveness of various treatments,
including freezing, on the viability of Cryptosporidium oocysts. It was found that the
efficacy of inactivation after freezing depended on the exposure time at −20 ◦C, with longer
durations associated with more effective inactivation [35]. Another study evaluated the
effect of rapid freezing (blast freezing) on the viability of C. parvum oocysts inoculated
on green peppers. The freezing process inactivated only 20% of the oocysts; this means
that C. parvum oocysts are at least partially resistant to rapid freezing [33]. The available
data suggest that Cyclospora oocysts are also resistant to freezing. In fact, a recent study
assessed the effect of freezing raspberries on the recovery of C. cayetanensis oocysts using
the US-FDA BAM 19b method. Raspberries were spiked with either 200 or 10 oocysts and
frozen at −20 ◦C for 7 days. Freezing the spiked raspberries did not affect the Cq values in
either the high or low spike groups [37]. Furthermore, this protozoan was responsible for
an outbreak of cyclosporiasis in Philadelphia, USA, in 2000, where raspberries used in a
wedding cake filling were the source of the infection despite having been frozen prior to
use [32]. It has also been shown that Trypanosoma cruzi can survive freezing temperatures in
açaí berry pulp. In a study carried out by Bardosa et al. [38], açaí pulp was experimentally
contaminated with Trypanosoma cruzi and stored at −20 ◦C for 26 h. After incubation,
samples were used to infect mice, and infection rates and parasite virulence were evaluated.
However, while freezing at −20 ◦C reduced the infection rate in mice by 50%, the virulence
of the parasites remained unchanged [38]. This indicates that while freezing can decrease
the risk of infection, it is not a reliable method for preventing the transmission of Chagas
disease through contaminated açaí pulp.
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It has been shown that organic matter can protect protozoan parasites from freezing
temperatures, as demonstrated by the higher survival rate of C. parvum oocysts in mouse
feces compared to distilled water [39]. Such findings may be particularly relevant for
berry fruits, as the uneven surfaces and the numerous cavities found on the majority of
berries may similarly shield oocysts, diminishing the effectiveness of low-temperature
treatments [8].

Another aspect to consider is that different approaches have been employed to evaluate
the efficiency of low-temperature thermal treatments on different matrices and parasites;
therefore, the data available are not always comparable. Lalonde et al. [37] compared
contamination levels in berries before and after freezing by analyzing the real-time PCR
cycle threshold (Ct) values to evaluate the detectability of C. cayetanensis DNA. Real-
time PCR, however, only detects the parasites’ DNA and does not reflect any changes in
the viability of parasites after freezing. In contrast with this approach, several studies
have evaluated the effectiveness of freezing by assessing not only the presence of the
investigated parasites but also their viability with a biological test on mice [30,31,36,38],
by using propidium iodide and a flow cytometer [33], or, in a more recent approach, by
performing an RT-qPCR [35].

As for the molecular tools employed in the present study, the DNA extraction kit,
the DNeasy® PowerSoil® kit, is currently the preferred method for extracting DNA from
oo/cysts and eggs in berries, followed by detection via real-time PCR [26]. Several PCR
and real-time PCR protocols for isolating and detecting parasites in fresh products have
been described in the literature; however, none are considered a “gold standard” due to the
differences in the properties of various food matrices and the parasites of interest. In this
study, for each pathogen, we used the most appropriate and efficient molecular protocols
based on our previous experience [8]. Although parasitic DNA was not detected in any of
the tested samples, all the real-time PCR screening protocols produced positive results for
the positive controls, while the negative controls showed no amplification, demonstrating
the proper execution and outcome of the reactions (Figure 1).

In this study, the tested samples might have been negative from the source and/or
not contaminated along the supply chain due to proper management by the companies
involved. Alternatively, they may have been contaminated by such a low number of
oocysts and/or eggs that they were undetectable with the washing and real-time PCR
protocols employed [25–27]. Moreover, the failure to detect the study’s target parasites in
the analyzed berry samples could be attributed to the relatively limited number of samples
analyzed compared to other broader investigations [6,7,20].

5. Conclusions

This research topic is still unexplored and of great current interest; however, the
paucity of information available indicates that further studies are required. It is essential
to collect data through large-scale investigations on the presence of parasites in fresh
and frozen products using standardized analytical methods to obtain unequivocal and
comparable results. This approach requires a concerted effort among researchers in the
field to cooperate in developing and validating appropriate procedures for detecting
parasites in food matrices and would be a starting point for the implementation of
HACCP (Hazard Analysis and Critical Control Points) manuals and further preventive
measures in the food industry.
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