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ARTICLE INFO ABSTRACT
Keywords: In this study, the presence of Acanthamoeba spp., Blastocystis sp., Cryptosporidium spp., Cyclospora
Organic fresh produce cayetanensis, Entamoeba histolytica, Giardia sp., Toxoplasma gondii and Vermamoeba vermiformis

Parasitic protozoa

Free-living amoebae

qPCR

Immunomagnetic separation and
immunofluorescence assay (IMS-IFA)

was assessed in organic leafy green vegetables (lettuce, spinach, cabbage) and fruits (strawberry),
which are usually consumed raw. A total of 110 organic samples were collected in Valencia
(Spain). Protozoa were concentrated before detection by immunofluorescence (Cryptosporidium
spp. and Giardia sp.) or real-time qPCR (Acanthamoeba spp., Blastocystis sp., C. cayetanensis,
E. histolytica, T. gondii and V. vermiformis). The most abundant protozoa in organic vegetables and
berry fruits were Acanthamoeba (65.5%), followed by T. gondii (37.2%), V. vermiformis (17.3%),
C. cayetanensis (12.7%), Cryptosporidium spp. (6.8%), Blastocystis sp. (1.8%) and Giardia sp.
(1.7%). E. histolytica was not found in any of the organic samples. Thus, results showed that
consumers can be exposed to protozoan parasites by consuming organic vegetables and berry
fruits. This is the first report in Spain describing the presence of the protozoan pathogens
Acanthamoeba spp., Blastocystis sp., C. cayetanensis, T. gondii and V. vermiformis, Cryptosporidium
spp. and Giardia sp. in organic fresh produce. The results of this research will help determine the
risk of foodborne protozoan parasites on organic leafy greens and strawberries that are available
at local markets.

1. Introduction

The contamination of fresh produce with intestinal protozoa is now a global public health threat (Badri et al., 2022; Li et al., 2020).
The protozoa Blastocystis, Cryptosporidium, Cyclospora, Giardia and Toxoplasma oocysts and cysts are very robust, which explains their
distribution in the environment and food (Caradonna et al., 2017; Martin-Escolano et al., 2023). Although many research studies have
examined the prevalence of these parasites on fresh produce in developing regions worldwide, scarce surveillance studies have been
performed in developed countries (Dixon, 2016).

Contamination of vegetables with pathogenic protozoa could be due to fertilisation with fresh animal manure, irrigation with
polluted water, by infected food handlers and even in some regions because of the use of night soil (Kim et al., 2014; Nasser, 2022).
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Since organic fertilisers are used in organic foods, these could be more prone to microbiological contamination. The faecal origin of
organic fertilisers raises concern about the possibility of contamination by human pathogenic parasites (IFST, Institute of Food Science
and Technology, UK, 1999). However, there is limited scientific evidence to uphold this suggestion (Oliveira et al., 2010). Manure and
other animal wastes are widely used as organic fertilisers for fruit and vegetable production, particularly in organic production sys-
tems. Because of the method of cultivation and processing of organic production, this is considered to constitute a greater public health
risk compared to conventional production (i.e., use of chemical fertilisers). This is because natural fertilisers, such as manure, are
employed in organic production and chemical treatments to reduce the microbiological load are avoided. In Spain, fertilisers used in
vegetable organic production are specified under UNE 142500:2017 regulation. So far, there has been an increase in organic pro-
duction in the Spanish territory, specifically in the Valencian Community, where the area of organically managed land in 2021 was
153,503 ha. and the agricultural area dedicated to organic farming of vegetables represented 14.5% (CAECV, 2021).

Fresh produce is a generalized term for a group of farm-grown crops, including vegetables and fruits (Maffei et al., 2016). Globally,
the presence of protozoan parasitic contamination in vegetables and fruits varies between 1.9% and 9.3% (Li et al., 2020). Among the
24 parasites included in the multicriteria-based ranking of foodborne parasites (FAO/WHO, 2014), the most relevant protozoa
transmitted by food, in descending order, were Toxoplasma gondii, Cryptosporidium spp., Entamoeba histolytica, Trypanosoma cruzi,
Giardia duodenalis, Cyclospora cayetanensis and, Balantidium coli. All these protozoa have the potential to be transmitted through fresh
produce (FAO/WHO, 2014). Fresh vegetables have also been identified as contributors to Blastocystis foodborne transmission
(Jinatham et al., 2023). In the last decades, due to the general increasing interest in organic foods, the presence of different relevant
protozoa, such as T. gondii, Cryptosporidium spp., G. duodenalis. and E. histolytica, has been evaluated in different organic vegetables
(Ferreira et al., 2018; Lilly and Webster, 2021; Marchioro et al., 2016; Trelis et al., 2022).

Outbreaks linked to protozoa have been associated with fruits and vegetables eaten raw. The microorganisms most frequently
related to outbreaks are Cryptosporidium, Cyclospora and Giardia (SCF/CS/FMH/SURF, 2002). Fresh produce is not routinely tested for
the presence of protozoa despite the risk of protozoan foodborne diseases. There is only a standardized microscopy-based method for
detecting Cryptosporidium and Giardia (ISO 18744, 2016) and a real-time PCR method for C. cayetanensis validated for regulatory
testing (FDA BAM, 2022). There are no other standardized methods for the detection of parasites on berries and other fresh produce.

Free-living amoebae (FLA) include various genera frequently found in soil and water habitats such as vegetable farms (Pazoki et al.,
2020; Reyes-Batlle et al., 2021). FLA have not only been reported to be causal agents of several opportunistic diseases but also are of
interest as they are predators and hosts for obligate and facultative pathogenic foodborne microorganisms affecting humans and
animals’ health. Hence, they play a role in pathogen dissemination and, therefore, are of interest to Public Health Authorities (Balczun
and Scheid, 2017; Rayamajhee et al., 2021; Sousa-Ramos et al., 2022). For example, Acanthamoeba is responsible for granulomatous
amoebic encephalitis (GAE) and cutaneous lesions in immunocompromised individuals, amoebic keratitis in healthy individuals,
mainly in contact-lens wearers, and also serve as hosts for microbial pathogens (Visvesvara et al., 2007). V. vermiformis is a pathogen
reservoir and has been also reported as responsible for an ulcer adjacent to the eye and a case of amoebic keratitis (Siddiqui et al.,
2021).

Considering the importance of the consumption of leafy green vegetables and berry fruits in the diet and the need to be free of
pathogenic protozoa, the aim of this study was to determine the occurrence of relevant protozoan parasites transmitted by food:
Cryptosporidium spp., Giardia sp., E. histolytica, T. gondii, C. cayetanensis, Blastocystis sp. and the FLA Acanthamoeba spp. and
V. vermiformis in organic leafy green vegetables and strawberries that are typically consumed raw.

2. Material and methods
2.1. Sample collection

A total of 110 samples, including 28 lettuce, 30 spinach, 22 strawberry and 30 cabbage samples, were collected from 22 locations
(eleven supermarkets, four herbalist shops, three eco-friendly shops and four local markets), all located in Valencia (Spain). Samples
were collected between November 2020 through May 2022 (Supplementary table S1).

2.2. Sample processing

2.2.1. Leafy green samples

Leafy green samples were obtained from different locations as specified in Supplementary Table S1. The outer leaves were dis-
carded (Cook et al., 2006) and the remainder was processed as described by Caradonna et al. (2017). Shortly, 100 g of each product
type were introduced in a stomacher bag (Bag Page, Intescience, Sant Nom, France) containing 200 ml of detergent solution (PBS 1x,
0.1% Tween 80, 0.1% sodium dodecyl sulfate (SDS) and 0.05% antifoam B emulsion). Bags were mixed well and homogenized for 1
min in a homogenizer. Then, homogenates were collected into four 50 ml tubes and centrifuged (2500 xg for 15 min). Supernatants
were discarded, and pellets were combined into another 50 ml centrifuge tube (3000 xg for 15 min). The resultant pellet was resus-
pended into 2 ml of buffered detergent solution and divided into two different tubes: one for microscopy (immunomagnetic separation
and immunofluorescence assay, IMS-IFA) and the other for molecular investigations (quantitative PCR, qPCR). Each tube was
centrifuged at 10,000 xg for 10 min, and the supernatants were discarded. Finally, the pellets were resuspended in 500 pl of PBS 1 x for
microscopy and 978 pl of PBS 1x for molecular investigation. The aliquot for microscopy investigation was tested within 3 days after
processing, whereas the aliquot for molecular investigation was stored at —80 °C until DNA extraction was performed.
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2.2.2. Strawberry samples

One hundred grams of strawberries were weighed in a stomacher bag (BagPage, Interscience, Sant Nom, France). A total of 200 ml
of 1 M glycine buffer at pH 3.5 were added to the bags, according to ISO 18744:2016. Samples were gently agitated for 1 min (e.g., by
rolling or slow-speed shaking) to minimize damage to the fruits. Homogenate was transferred to four 50 ml centrifuge tubes for
concentration by repeated cycles of centrifugation as described above for leafy greens. Samples’ aliquots for microscopy and molecular
investigations were also processed as described above.

2.3. Detection of Giardia cysts and Cryptosporidium oocysts by IMS-IFA

Cryptosporidium oocysts and Giardia cysts were tested in 59 samples (16 lettuce, 14 spinach, 10 strawberry and 19 cabbage samples,
which were randomly selected) according to ISO 18744:2016. After sample concentration, the aliquot obtained for microscopy was
transferred to a glass Leighton tube (Invitrogen Dynal AS) and resuspended in 10 ml of distilled water before immunomagnetic
separation (IMS). IMS was conducted using the commercially available Dynabeads GC-Combo kit (Applied Biosystems by Thermo
Fisher Scientific) according to the manufacturer’s instructions. The final concentrate from the IMS was dried overnight at room
temperature and labelled with fluorescent monoclonal antibody for Giardia and Cryptosporidium immunofluorescence assay (IFA)
according to the manufacturer’s protocol (EasyStain, BioPoint, Australia). After staining, slides were placed in the dark, mounted with
mounting medium, and examined at 60x magnification using epifluorescence microscopy (Olympus BX 50, Tokyo, Japan). A FITC
(blue) filter block (excitation, 480 nm; emission, 520 nm) was used to detect fluorescein isothiocyanate (FITC)-conjugated MAb-
labelled cysts and oocysts. An UV filter block (excitation, 350 nm; emission 450 nm) was used to detect sporozoite and trophozoite
nuclei stained with 4',6"-diamidino-2-phenylindole dihydrochloride dihydrate (DAPI). Results were considered positive when FITC+
and DAPI+.

2.4. DNA extraction

DNA was extracted using the commercial kit FastDNA™ SPIN Kit for Soil (MP Biomedicals, Irvine, CA, USA), following the
manufacturer’s instructions. FastPrep-24® instrument (MP Biomedicals, Irvine, CA, USA) along with Lysing Matrix E tube were used

Table 1
Oligonucleotide sequences of primers and probes, and thermal profile used in this study.
Target gene Primer name: Sequence (523" Amplicon size Thermal profile® Reference
(bp)
Acant900-F: CCCAGATCGTTTACCGTGAA 95 °C for 10 min 1 cycle,
Acanthamoeba spp. Acant1100-R: TAAATATTAATGCCCCCAACTATCC 180 95 °C for 10 s, 63 °C for 8 s, Qvarnstrom et al.
18SrRNA gene Acant1000-P: 6-FAM-CTGCCACCGAATACATTAGCATGG- 72°Cfor7s (2006)
BHQ1 40 cycles
Blasto FWD-F5: GGTCCGGTGAACACTTTGGATTT 95 °C for 10 min 1 cycle,
Blastocystis sp. Blasto R-F2: CCTACGGAAACCTTGTTACGACTTCA 118 95 °C for 10 s, 58 °C for 8 s, Stensvold et al.
18S rDNA gene Blasto-P: 6-FAM -TCGTGTAAATCTTACCATTTAGAGGA- 72°Cfor5s (2016)
BHQ1 40 cycles
COWP-F: CAAATTGATACCGTTTGTCCTTCTG 95 °C for 10 min 1 cycle,
Cryptosporidium COWP COWP-R: GGCATGTCGATTCTAATTCAGCT 95 °C for 10 s, 66 °C for 8 s, S
rypgene COWP-P:6-FAM- 151 72°Cfor6's Guy et al. (2003)
TGCCATACATTGTTGTCCTGACAAATTGAAT-TAMRA 40 cycles
CyITS_TT-F: ATGTTTTAGCATGTGGTGTGGC 95 °C for 10 min 1 cycle,
Cyclospora cayetanensis ~ CyITS_TT-R: GCAGCAACAACAACTCCTCATC 95°C for 10 s, 58 °C for 8 s, Temesgen et al.
ITS-1 region CyITS_TT-Ph: 6-FAM-TACATACTCATCCCATCCCTCGA- 141 72°Cfor6s (2019)
BHQ-1 40 cycles
P241-F: CATCCGCGAGGAGGTCAA 95 °C for 10 min 1 cycle,
L. Lo P241-R: TCCAATCTGGGCATAAGATTTG 95 °C for 10's, 58 °C for 8 s,
Giardia frgiardin gene b)) p.6.FAM-AAGTCCGCCGACAACATGTACCTAACGA- 74 72°Cfor 6 5 Guy et al. (2003)
TAMRA 40 cycles
Ehd-239F: ATTGTCGTGGCATCCTAACTCA 95 °C for 10 min 1 cycle,
Entamoeba histolytica Ehd-88R: GCGGACGGCTCATTATAACA 172 95°Cfor10s,60°Cfor10s, Berglund et al.
18S rDNA gene E. histo-TM: 6-FAM-TCATTGAATGAATTG GCCATT T- 72°Cfor7s (2017)
BHQ1 40 cycles
95 °C for 10 min 1 cycle,
Toxoplasma gondii Tox-9F: AGGAGAGATATCAGGACTGTAG 95 °C for 10's, 58 °Cyfor 8s,  Opsteegh et al.
18S rDNA gene Tox-11R: GCGTCGTCTCGTCTAGATCG 162 79°C for 7 s (2010)
Tox-TP1: 6-FAM-CCGGCTTGGCTGCTGCTTTTCCT-BHQ-1
40 cycles
Vermamoeba 95 °C for 10 min 1 cycle,
vermiformis Hv1227F: TTACGAGGTCAGGACACTGT 502 95°Cfor10s,56 °Cfor 10, Kuiper et al. (2006)

18S rDNA gene

Hv1728R: GACCATCCGGAGTTCTCG

72°Cfor 25 s
40 cycles

@ qPCR conditions were optimized for LightCycler 2.0 platform in this study.

b Nucleic acid probe sequence was modified to be complementary to an internal segment of the synthetic template target ITS-1 DNA region control.
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for the homogenization step at speed setting 6.5 m/s for 120 s. The final DNA was eluted in 70 pl of elution buffer.

2.5. Quantitative polymerase chain reaction (qPCR)

All samples were screened for the presence of Acanthamoeba spp., Blastocystis sp., C. cayetanensis, E. histolytica, T. gondii and
V. vermiformis. Moreover, Cryptosporidium spp. and Giardia sp. presence was tested on IMS-IFA positive samples. The different gPCR
and data analysis were carried out in a LightCycler 2.0 PCR system, using either LightCycler FastStart DNA Master SYBR Green I or
LightCycler TagMan Master (Roche, Barcelona, Spain) with the specific primers, probes and qPCR cycling conditions described in
Table 1. Samples were considered positive for specific protozoan parasites and FLA if the cycle threshold (Ct) was less than or equal to
40. Samples with Ct values between 35 and 40 were considered positive but could not be quantified since, in these range, the vari-
ability is great, and quantification may be unreliable (Nolan et al., 2006).

DNA used as a positive control for qPCR reactions of Acanthamoeba spp., Blastocystis sp., C. cayetanensis and V. vermiformis were 180
bp, 118 bp, 141 bp and 502 bp fragments of double-stranded synthetic gBlocks synthesized by Bio Basic (Bio Basic Inc., Ontario,
Canada), respectively. The sequence of Acanthamoeba spp. corresponded to a fragment of 18S rRNA gene (positions 234-413 of
GenBank accession number KC164230). The sequence of Blastocystis sp. corresponded to a fragment of 18S rRNA gene (positions
1641-1759 of GenBank accession number AY244621). The sequence of C. cayetanensis corresponded to a fragment of the ITS-1 region
(positions 58-198 of GenBank accession number AF301386). The sequence of V. vermiformis corresponded to a fragment of the 18S
rRNA gene (positions 1203-1704 of GenBank accession number MK418871). Genomic DNA (gDNA) from T. gondii ATCC 50174D and
E. histolytica ATCC 30459D were obtained from the American Type Culture Collection (ATCC). Standard curves for the quantification
of each microorganism were generated using 10-fold serial dilutions of each gBlock or gDNA.

2.6. Statistical analysis
A chi-squared test was carried out using Excel software. The statistical significance level was set at a p-value below 0.05.
3. Results

The incidence of parasitic protozoa and FLA in the organic vegetables and strawberries in this study is reflected in Table 2 and
Supplementary Table S1. The analysis revealed that, after performing the different specific qPCR analyses, 65.5% (72/110) of the
tested samples were positive for Acanthamoeba spp. (Ct range 25.5-39.4, median 34.4), 1.8% (2/110) were positive for Blastocystis sp.
(Ct range 37.7-37.7, median 37.7), 12.7% (14/110) were positive for C. cayetanensis (Ct range 36.8-39.9, median 39.1), 37.2% (41/
110) were positive for T. gondii (Ct range 22.2-39.0, median 35.7) and, 17.3% (19/110) were positive for V. vermiformis (Ct range
19.2-33.9, median 27.3). However, none of the samples were positive for E. histolytica. By IMS-IFA method, 6.8% of the samples (4/59)
were positive for Cryptosporidium spp., and 1.7% (1/59) were positive for Giardia sp. However, these results were not confirmed by
qPCR technique, which retrieved no positive result in these IMS-IFA positive samples. Giardia cysts and Cryptosporidium oocysts were
only detected in cabbage samples; thus, they were not detected in lettuce, spinach, nor in strawberry samples.

Both lettuce and spinach samples were contaminated with Acanthamoeba spp., Blastocystis sp., T. gondii, and V. vermiformis, and no
C. cayetanensis, E. histolytica, Cryptosporidium spp. nor Giardia sp. were found in these two types of samples. Concerning cabbage
samples, these were contaminated with Acanthamoeba spp., C. cayetanensis, T. gondii, V. vermiformis, Cryptosporidium spp., and Giardia
sp., and no Blastocystis sp. nor E. histolytica were detected among these samples. Finally, strawberry samples were contaminated with
Acanthamoeba spp., C. cayetanensis and, T. gondii, and no Blastocystis sp., E. histolytica, V. vermiformis, Cryptosporidium spp. nor Giardia
sp. were found. As shown in Supplementary Table S1, in all types of samples there were samples contaminated with more than one
protozoan.

The chi-squared test showed no significant differences in the positive rates of Acanthamoeba spp., Blastocystis spp., and Giardia sp.

Table 2
Detection and prevalence of parasitic protozoa and free-living amoebae (FLA) on organic leafy green vegetables and strawberries.
qQPCR IMS-IFA
Product Acanthamoeba Blastocystis Cyclospora Entamoeba Toxoplasma Vermamoeba Cryptosporidium Giardia
spp. (%) sp. (%) cayetanensis histolytica (%) gondii (%) vermiformis (%) spp. (%) sp. (%)
(%)
Lettuce 13/28 (46.4%) 1/28 (3.6%) 0/28 (0.0%) 0/28 (0.0%) 16/28 10/28 (35.7%) 0/16 (0.0%) 0716
(57.1%) (0.0%)
Spinach 20/30 (66.7%) 1/30 (3.3%) 0/30 (0.0%) 0/30 (0.0%) 14/30 1/30 (3.3%) 0/14 (0%) 0714
P ) ' ’ ’ (46.7%) : (0.0%)
Cabbage 24/30 (80.0%) 0/30 (0.0%) 11/30 (36.7%) 0/30 (0.0%) 4/30 (13.3%) 8/30 (26.7%) 4/19 (21.0%) (;/210?)
. 0.
Strawberry 15/22 (68.2%) 0/22 (0.0%) 3/22 (13.6%) 0/22 (0.0%) 7/22 (31.8%) 0/22 (0.0%) 0/10 (0.0%) (8/0102)
Overall 2/110 14/110 41/110 1/59
0, 0, 0, 0,
total 72/110 (65.5%) (1.8%) (12.7%) 0/110 (0.0%) (37.29%) 19/110 (17.3%) 4/59 (6.8%) 1.7%)
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and the different types of fresh produce (lettuce, cabbage, spinach, and strawberry). However, it showed that there was a significant
relationship (p < 0.05) between the presence of C. cayetanensis, T. gondii, V. vermiformis, and Cryptosporidium spp., and the type of fresh
produce (Supplementary Table S2).

4. Discussion

Protozoa contamination can arise from different sources, such as environmental, animal, or human origins. Some protozoa could
only have a certain origin, e.g. T. gondii is only found in cats and wild felids, while C. cayetanensis is only found in humans. Cysts and
oocysts have the capacity to remain viable for an extended period in the environment due to their structure, which protects them in
exogenous stages (Marques et al., 2022). Moreover, outdoor vegetable cultivation allows the access of animals (both domestic and
wild), which can defecate in the fields and, therefore, be a source of contamination (Maffei et al., 2016). The use of manure as fertiliser
could be an additional source of parasitic contamination, as well as farm workers and irrigation water (Tefera et al., 2018; Nasser,
2022).

Badri et al. (2022) analysed the global prevalence of intestinal protozoan parasite contamination in vegetables and fruits. Their
analysis revealed that the most prevalent protozoan parasites in vegetables and fruits were Cryptosporidium spp. (11%, 7%-15%) and
E. histolytica (9%, 4%-14%), respectively (Badri et al., 2022). However, in the present study, the most prevalent protozoa in organic
fresh produce were Acanthamoeba spp. and T. gondii.

T. gondii, a worldwide zoonotic parasite (Lopes et al., 2021), was detected in 37.2% (41/110) of the organic vegetables. From these,
one lettuce and one spinach sample had 336 and 360 oocysts per 50 g, respectively (Supplementary Table S1). In a previous study
carried out by Lilly and Webster (2021) they detected T. gondii in 16% of organic vegetables. Moreover, Ferreira et al. (2018) also
detected T. gondii in 12.9% of the analysed organic vegetables. However, Pinto-Ferreira et al. (2020) did not detect T. gondii in any
organic lettuce.

In this study, the overall presence of T. gondii in organic vegetables was relatively high compared to rates obtained from
conventionally grown vegetables. A significant association of T. gondii infections with the consumption of contaminated raw vege-
tables was observed in previous studies (Ekman et al., 2012). In a study carried out in Poland, vegetables from shops and home gardens
presented a contamination rate by T. gondii of 9.7% (Lass et al., 2012); in a study from China, the prevalence T. gondii DNA was
detected in 3.6% of the samples (Lass et al., 2019), whereas in a study from Morocco these data increased to 29.6% in lettuce, cori-
ander, and parsley (Berrouch et al., 2022). T. gondii was not detected in organic strawberries, although the nature of the berries may
assist in the attachment of parasites. It has been shown that T. gondii oocysts can attach to and remain infective after inoculation on
both blueberries and raspberries (Kniel et al., 2002). T. gondii oocysts are remarkably stable (Torrey and Yolken, 2013). A single oocyst
of Toxoplasma is sufficient to cause infection in susceptible hosts (Torrey and Yolken, 2013). Currently there are no standardized
methods for its detection in the food industry (Marin-Garcia et al., 2022).

Cyclospora cayetanensis is another important protist parasite, usually transmitted via food, that causes human gastrointestinal
cyclosporiasis (Giangaspero and Gasser, 2019). Cyclospora cayetanensis oocysts were detected in 12.7% (14/110) of the samples, which
included three strawberry and eleven cabbage samples, but at very low concentrations (Ct >35) (Supplementary Table S1). The
contamination of vegetables and fruits with C. cayetanensis oocysts has been documented in many countries (Li et al., 2020). The
average prevalence in vegetables and fruits of C. cayetanensis contamination is calculated as 3.9% (Li et al., 2020). In the current study,
its overall prevalence was 12.7%; however, it greatly differed depending on the type of organic vegetable. Cyclospora cayetanensis has
received relatively little attention in Europe as a food pathogen, despite its reported significance in other industrialized countries in
North America, where the vast majority of cyclosporiasis outbreaks have been recorded (Mansfield and Gajadhar, 2004; Giangaspero
et al., 2015). There are few data for Cyclospora contamination on vegetables from Europe, although several outbreaks have been
reported. For example, in 2000 there was an outbreak in Germany due to the consumption of salad whose ingredients originated from
other European countries. In 2009, there was another outbreak in Sweden probably due to sugar snap pea consumption cultivated out
of Europe (Doller et al., 2002; Insulander et al., 2010). Regarding surveillance studies on fresh produce, in Italy, Cyclospora was found
in vegetables (mainly fennel) collected from farms of the Apulia region at a prevalence of 12% (Giangaspero et al., 2015), which are
similar values to our study. Moreover, Temesgen et al. (2022) found the overall occurrence of C. cayetanensis on berries sold in the
Norwegian market to be 6.6%.

Other protozoa, such as Blastocystis sp., which are among the most common intestinal protists of humans and animals (Parfrey et al.,
2011), were present at low relative abundances (<2%), being only detected in one lettuce and one spinach organic samples and in non-
quantifiable levels. The multi-layering and roughness of vegetable stems could create micro-niches, encouraging Blastocystis attach-
ment (Jinatham et al., 2023). Blastocystis cysts are mainly transmitted by contaminated food and water as well as by close contact with
animals (Clark et al., 2013).

In the present work, Giardia cysts and Cryptosporidium oocysts were detected in four cabbage samples (Supplementary Table S1).
Thus, neither Cryptosporidium oocysts nor Giardia cysts were detected in lettuce, spinach and strawberry samples. Low levels of
Cryptosporidium oocysts (1 oocyst) and Giardia cysts (1 cyst) were found in our positive samples by IMS and IFA method. Despite the
high sensitivity of qPCR technique, qPCR detection was negative for Cryptosporidium oocyst and Giardia cyst in the five IMS-IFA
positive samples. In this work, no amplification controls were used for qPCR analysis, which could have an impact on results of
these and the other analysed protozoa. However, all positive and negative controls yielded adequate results.

The International Standard Method (ISO), published in 2016 for the detection of Cryptosporidium and Giardia in leafy green veg-
etables and berry fruits, must be considered an advantage to standardize methods. However, some authors (Chalmers et al., 2020)
consider these methods to present some deficiencies as they are time-consuming, require expensive reagents, and the recovery
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efficiencies are variable. Also, other studies showed that depending on the type of vegetables analysed and the elution buffers utilized
can change the final recovery of cysts and oocysts. (Utaaker et al., 2017).

Several modifications to this standard method for recovering these parasites to increase recovery efficiency as well as lower costs
have been published by Utaaker et al. (2015). On spinach leaves, Razakandrainibe et al. (2020) also reported that the recovery of
Cryptosporidium from saponin-rich leaves, such as spinach (Spinacia oleraceae), can be increased by using an alkaline solution instead of
the acidic 1 M glycine buffer recommended in ISO 18744:2016. In the present study, an alkaline detergent elution buffer at pH 8 has
been employed; however, Cryptosporidium oocysts counts on spinach leaves remained zero. Despite the immunofluorescence micro-
scopy technique’s inconveniences for Cryptosporidium and Giardia detection, it has been shown more sensitive than light microscopy
(Chalmers et al., 2020).

Fruit and vegetable contamination with Cryptosporidium spp. and Giardia have been documented in numerous countries, with an
estimated average prevalence of 6.0% and 4.8%, respectively (Li et al., 2020). Several studies on the presence of protozoan parasites in
ready-to-eat salads and berry fruits in Italy reported a prevalence of 0.9% for Cryptosporidium and 0.6% for G. duodenalis (Giangaspero
et al., 2015) and 5.1% for Cryptosporidium spp. and 4.6% for G. duodenalis (Barlaam et al., 2022). Similar prevalence values have been
reported in a survey on fresh produce in India, with 6% of the samples contaminated with Cryptosporidium oocysts and 5% with Giardia
cysts (Utaaker et al., 2017). Higher levels of G. duodenalis (41.5%) and Cryptosporidium spp. (20%) in organic vegetables were recently
detected by Trelis et al. (2022) in a survey of the presence of G. duodenalis and Cryptosporidium spp. in different organic leafy green
vegetables in Valencia (Spain). The high level of reported contamination, compared with other similar studies, could be because
outermost leaves were used for analyses. In contrast, in other studies, as in the present work, outermost leaves were discarded, as
recommended by Cook et al. (2006).

One of the reasons for the differences shown in Cryptosporidium and Giardia data is related to the fact that many studies from
different countries utilize detection methods different from the standard. Therefore, the obtained data are not comparable, challenging
the interpretation of results and the accurate contamination levels, which may be underestimated (Utaaker et al., 2017).

A recent review of the prevalence of Cryptosporidium spp., G. duodenalis and T. gondii concluded that the variation in parasitic
prevalence in food could be due to different factors such as the geographical location, the size of analysed samples and the methods
used for parasite detection (Berrouch et al., 2020).

Regarding FLA, the number of Acanthamoeba and Vermamoeba cells are shown in Supplementary Table S1. Since FLA are ubiquitous
protozoa, it is not rare that these, especially Acanthamoeba, were found in many organic samples. Acanthamoeba was detected with
more than one cell per 50 g in all types of organic samples, but Vermamoeba was only detected with more than one cell per 50 g on leafy
greens (lettuces, spinaches, and cabbages), not being even detected in non-quantifiable levels. The greatest levels of quantification
were found in cabbage for Acanthamoeba spp. (3412 cells/50 g) and in spinach for V. vermiformis (1781 cells/50 g). Other studies have
described the presence of FLA in conventionally grown lettuce samples (Moreno-Mesonero et al., 2020) and aromatic vegetables
(Fatemi et al., 2022). The source of contamination of vegetables with FLA could be soil and irrigation water used in farming. FLA are
considered an emerging group of opportunistic pathogens (Lorenzo-Morales et al., 2015) since they represent a health risk not only
because they can cause several diseases in humans and other animals, but also because they can act as vehicles for potentially
pathogenic bacteria (Siddiqui and Khan, 2012). Fatemi et al. (2022) pointed out that more studies are needed to better understand the
implications of the gastrointestinal tract via oral ingestion as a possible route to exposure to FLA.

5. Conclusion

The findings of this study showed that organic leafy greens and strawberries can provide a source of parasitic protozoa and FLA. It is
noteworthy that only DNA was detected, consequently, the viability and infectivity of the protozoan parasites found in this study is not
demonstrated. Although there was a previous study done in Spain in which the presence of Cryptosporidium spp. and Giardia sp. had
been determined in organic leafy green vegetables (Trelis et al., 2022), to our knowledge, this is the first report in Spain where the
presence of these two and other important protozoan parasites and FLA such as Toxoplasma, Cyclospora, Blastocystis, Acanthamoeba and
Vermamoeba were detected in organic leafy green vegetables and strawberries using qPCR.

Results of the current research evidenced the importance of investigating commercialized organic fresh produce to establish
tougher quality control strategies.
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