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Giardia duodenalis and Enterocytozoon bieneusi are etiological agents of enteric diseases characterized by diarrhea that can progress to chronicity in humans, especially in children and in immunocompromised patients. This study aims to assess the genetic pattern of G. duodenalis and E. bieneusi detected in vegetables and fruits commercialized in Maputo markets, Mozambique and determine their public health importance. Eight study points were sampled: a farmer zone, a wholesale, four retail markets, and two supermarkets in Maputo city, where eight types of horticultural products were purchased. Using nested-PCR methods, 2.8% (9/321) and 1.3% (4/321) of samples monitored were positive for G. duodenalis and E. bieneusi, respectively. Based on the analysis of the β-giardin and ITS rRNA sequences of G. duodenalis and E. bieneusi detected, respectively, four different sequences of G. duodenalis (three novel sequences: BgMZ1, BgMZ2, and BgMZ3, and one known sequence) all from assemblage B and three genotypes of E. bieneusi (two novel sequences: EbMZ4 and EbMZ5, and one known sequence: KIN-1) from group 1. These microorganisms were found and characterized for the first time in horticultural products in Maputo markets. All identified G. duodenalis and E. bieneusi display high genetic similarity within their β-giardin and ITS rRNA sequences, respectively, having been clustered into assemblages and genotypes with high zoonotic transmission potential. Our study may represent a relevant step in the understanding of these intestinal pathogens in association with fresh vegetables and fruits for human consumption, for a better and broader “One Health” approach.
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1. Introduction

Giardia duodenalis and Enterocytozoon bieneusi are etiological agents of acute and chronic disorders including diarrhea, malabsorption, and severe debilitation illnesses in humans and animals, particularly in children and immunocompromised patients (Lobo et al., 2014; Xiao and Feng, 2017; Stentiford et al., 2019; Junaidi et al., 2020; Rafiei et al., 2020). Human infections by the pathogens G. duodenalis and E. bieneusi may be acquired through direct contact with infected persons (person-to-person transmission) or animals (zoonotic transmission) or even ingestion of contaminated water (waterborne transmission; Baldursson and Karanis, 2011; Efstratiou et al., 2017a; Ahmed et al., 2018) and food (foodborne transmission; Li et al., 2012; Matos et al., 2012; Stentiford et al., 2016; Squire and Ryan, 2017; Rodrigues et al., 2020). As G. duodenalis cysts and E. bieneusi spores are robust and resistant to environmental conditions, some waterborne and foodborne outbreaks mostly for human giardiasis have been reported (Thompson et al., 2008; Ahmed et al., 2018; Javanmard et al., 2020; Bahramian et al., 2021; Hassan et al., 2021). Relatively less is known about the occurrence and molecular epidemiology of these two pathogenic species in water and food in Africa.

Giardia duodenalis has eight genetic assemblages (A-H): A, B, C, D, E, and F can infect humans (mostly A and B) and other animals, and assemblages C to H have a narrower host range (Yaoyu and Xiao, 2011; Cai et al., 2021; Dixon, 2021). Enterocytozoon bieneusi is mentioned as the most prevalent among the 17 human-infecting microsporidia species (Lobo et al., 2012; Matos et al., 2012; Stentiford et al., 2019). The genetic variability of this pathogenic species is based on the analysis of single-nucleotide polymorphisms (SNPs) in the internal transcribed spacer (ITS) region of the ribosomal RNA (rRNA; Santin and Fayer, 2009; Lobo et al., 2014; Li et al., 2019b). To date, over 600 genotypes of E. bieneusi have been identified (Cunha et al., 2017; Chen et al., 2019; Zhang et al., 2020; Cao et al., 2021), clustered in 11 phylogenetic groups (Matos et al., 2012; Xiao and Feng, 2017; Cacciò et al., 2018; Cao et al., 2021). Within Group 1, genotypes D, Ebp C, and Type IV are those most frequently found not only in humans but also in domestic and wild animals worldwide, suggesting a low level of host specificity and the potential for zoonotic or cross-species transmission. Also, Group 1 genotypes, such as Peru 6, Peru 8, and Peru 11, have been regularly identified in both humans and animals. Group 2 genotypes were once considered to be adapted to ruminants but have subsequently been found in other animals and humans. Group 3 to Group 11 genotypes seem to have a clear and strong host specificity although few information is available for those groups (Santin and Fayer, 2009; Wang et al., 2016; Li et al., 2019a,b, 2020b; Wu et al., 2020a). However, the lack of information on risk factors or epidemiology associated with its transmission limits the full understanding and implications of E. bieneusi's zoonotic potential.

Several studies (Lobo et al., 2014; Li et al., 2020b; Salamandane et al., 2021b; Mozer et al., 2022) for the molecular characterization of G. duodenalis and E. bieneusi have been carried out, but in Africa, studies on G. duodenalis are more abundant than studies on E. bieneusi. More precisely, there are studies done mainly in humans and livestock (Akinbo et al., 2012; Samra et al., 2012; Lobo et al., 2014; Laatamna et al., 2015; Wegayehu et al., 2020). In Mozambique, the first study on E. bieneusi genotyping was recently carried out in young children, in which a novel subtype, HhMzEb1, was reported (Muadica et al., 2020).

In southern Africa, some of the few studies on these two pathogenic microorganisms were also performed in water (Dalu et al., 2011; Mtapuri-Zinyowera et al., 2014; Archer et al., 2020; Siwila et al., 2020). Globally, the occurrence of protozoan parasitic contamination in vegetables and fruits ranges from 1.9 to 9.3% (Li et al., 2019a). Thus, this study aims to carry out the genetic characterization of G. duodenalis and E. bieneusi detected in vegetables and fruits commercialized in Maputo markets, Mozambique and determine their public health importance.



2. Materials and methods


2.1. Sampling

This study was carried out in the rainy (February to March) and in the dry seasons (August to October) of 2019, in eight points of study, and according to the markets' typology, namely, a producer zone (Infulene Valley), one wholesale market (Zimpeto), four retail markets (Xipamanine, Benfica, Central da Baixa, and Fajardo), and two supermarkets (LMC and LSP) in Maputo city. In each selected study point, we randomly purchased three specimens of each of the eight types of raw and fresh horticultural products, namely, coriander (Coriandrum sativum), parsley (Petroselinum crispum), Portuguese cabbage (Brassica Oleracea costata), pointed white cabbage (Brassica oleracea capitata), carrot (Daucus carota), tomato (Solanum lycopersicum), green pepper (Capsicum annuum), and lettuce (Lactuca sativa cea). The products were placed in individual plastic bags, encoded with a unique number and the date of collection, and transported in a container at 4°C. Several detaching and concentrating G. duodenalis cysts and E. bieneusi spores protocols reported in the literature were reviewed (Monge and Chinchilla, 1996; Cook et al., 2007; Mozer et al., 2022), and the more consensual approach was selected for this study, taking into account the distinct size and food matrices of the products studied and the field work conditions.

A total of 321 samples collected (153 in the rainy season and 168 in the dry season) were transported to the laboratory for processing. At the laboratory, we first weighed the fruits and vegetables according to their sizes: for the large ones, we weighed 150–250 g (lettuce, pointed white cabbage, and Portuguese cabbage), and for the small ones, we weighed 80–100 g (coriander, parsley, carrot, tomato, and green pepper). Then, they were washed in 200 ml and 50 ml of a solution of NaCl (0.85%) in distillate water, for large and small fruits/vegetables, respectively, in a plastic bag. They were shaken vigorously on an orbital shaker (SK-300 Lab Companion, Woburn, Massachusetts, USA) at 150 rpm for 20 min and brined overnight. The next morning, the solution was collected in 50 ml Falcon tubes and centrifuged at 8,000 × g for 15 min. Finally, 5–8 ml of the concentrated vegetable extracts was saved for DNA extraction and direct microscopy analysis, and the remainder was used to make smears for staining (Salamandane et al., 2021b). The samples were stored in a cooler at 4°C for DNA extraction.



2.2. Molecular detection of Giardia duodenalis and Enterocytozoon bieneusi using nested-PCR methods

Genomic DNA was extracted from concentrated vegetable/fruit extracts for the molecular detection of G. duodenalis and E. bieneusi, using the QIAamp Fast DNA Stool Mini Kit according to the manufacturer's instructions. The extracted DNA (100 μl/sample) was kept at −20°C.

A nested-PCR analysis (Cacciò et al., 2002; Lalle et al., 2005) targeting the β-giardin (bg) gene was used to detect G. duodenalis. The primary reactions were carried out using the primers GiaFW1 (5′-AAGCCCGACGACCTCACCCGCAGTGC-3′) and GiaRV1 (5′-GAGGCCGCCCTGGATCTTCGAGAC GAC-3′) for the 753-bp fragment amplification. For the secondary reactions, the primers GiaFW2 (5′-GAACGAACGAGATCGAGGTCCG-3′) and GiaRV2 (5′-CTCGACGAGCTTCGTGTT-3′) were used to amplify the 511-bp fragment.

The detection of E. bieneusi was performed by nested-PCR analysis targeting the entire internal transcribed spacer (ITS) region of the rRNA gene, and its genotyping was conducted by sequence analysis of amplified fragments of the ITS rRNA gene (Lobo et al., 2012). Primary and secondary reactions were carried out using the primers MLLF1 (5′-CGCCCGTCACTATTTCAGAT-3′) and MLLR1 (5′-GCTTAAGTCCAGGGAGTATCCA-3′) to amplify a 514-bp fragment, and MLLF2 (5′-AGTCGTAACAAGGTTTCAGTTGG-3′) and MLLR2 (5′-GGACTTTTCGCATTCTTTCG−3′) to amplify a 386-bp fragment, respectively.

Successively, the PCR products were loaded on 1.5% agarose gel stained with ethidium bromide and subjected to electrophoresis and finally visualized under UV light on a proper device.



2.3. Giardia duodenalis and Enterocytozoon bieneusi sequencing and data analysis

The products of the expected size were purified using a PureLink™ Quick Gel Extraction and PCR Purification Combo kit (Invitrogene, Carlsbad, Califórnia, EUA), as described on the manufacturer's instructions, and were submitted to Sanger sequencing in both directions on an ABI3100 automated sequencer (Applied Biosystem, Foster City, CA) at STABVIDA Company (Lisbon, Portugal). Three PCR products of each positive sample obtained from different PCRs were submitted to DNA sequencing. The authors analyzed all three sets of sequencing chromatograms obtained for each of the positive samples. Next, the individual sequences were subsequently aligned against reference sequences from the GenBank database using the BLASTN (www.ncbi.nlm.nih.gov) and ClustalX (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/) programs to determine G. duodenalis and E. bieneusi genetic variability.

Representative nucleotide sequences of bg and ITS genes of G. duodenalis and E. bieneusi are available in the NCBI GenBank database under the accession numbers ON924995, ON924996, OP066417-OP066422, and OP076835-OP076838, respectively.



2.4. Giardia duodenalis and Enterocytozoon bieneusi phylogenetic analysis

Phylogenetic analysis based on the β-giardin and ITS rRNA sequences dataset of G. duodenalis and E. bieneusi, respectively, was performed using the maximum likelihood method based on the general time reversible model conducted in MEGA 7.




3. Results

After nested-PCR analysis, G. duodenalis and E. bieneusi were detected in 2.8% (9/321) and 1.3% (4/321), respectively, of the samples monitored. According to the distinct seasons, G. duodenalis was found in three (1.96%) samples (lettuce, green pepper, and tomato) in the rainy season and in six (3.6%) samples (Portuguese cabbage, lettuce, parsley/2, and pointed white cabbage/2) in the dry season. Enterocytozon bieneusi DNA was detected in one (0.7%) sample (pointed white cabbage) in the rainy season and in three (1.8%) samples (lettuce, tomato, and coriander) in the dry season, among four different markets. Giardia duodenalis was detected in products from four markets and one supermarket, and E. bieneusi was found in products from three markets and in products from the same supermarket as Giardia. The distribution of G. duodenalis assemblages and E. bieneusi genotypes identified in the horticultural products among the markets monitored, during dry and rainy seasons, in Maputo City is summarized in Table 1.


TABLE 1 Genetic characterization of Giardia duodenalis and Enterocytozoon bieneusi by nested-PCR and DNA sequencing analysis according to horticultural product, market, and seasons monitored in Maputo city.

[image: Table 1]

DNA Sanger sequencing was successfully achieved for all nine and four specimens diagnosed as positive for G. duodenalis and E. bieneusi, respectively, using nested-PCR methods. The authors analyzed the three sets of sequencing chromatograms obtained for each positive sample, which were found to be consistent, indicating the reliability of the identified new sequences. No instances of mixed infection were identified.

Sequencing and alignment of our nine nucleotide sequences with others of known identity deposited in the GenBank database showed the presence of four different G. duodenalis bg sequences all from assemblage B in the samples studied. One of them was a known bg sequence, and three were novel bg sequences. Of the nine sequences obtained, three (BGMZ69, BGMZ71, and BGMZ90 samples) had 100% similarity with the G. duodenalis nucleotide sequence MK033096, one (BGMZ7) constitutes a novel sequence (BgMZ2) and differs from the previous three by a single nucleotide at 356 (G→ A) displaying 99.81% homology with sequence MK033096. The remaining five sequences generated in this study are also new G. duodenalis bg sequences and have 99% homology with G. duodenalis nucleotide sequences previously reported: three (BGMZ54, BGMZ60, and BGMZ64; BgMZ3) had one substitution to isolate KY320578 at 456 (C→ T), and two (BGMZ3, BGMZ25; BgMZ1) had three substitutions to isolate MG736246 at 99 (T→ C), at 136 (A→ G), and at 356 (G→ A).

The four E. bieneusi ITS sequences characterized in the four positive samples obtained in this study revealed high genetic diversity: two (EBMZ86 and EBMZ95) sequences with the genotype KIN-1 (e.g., identified in humans and livestock, such as cattle, pig, goat, horse, wild animals, and non-human primates), one (EBMZ30; EbMZ4 genotype) of the sequences characterized is a novel genotype displaying 99.71% homology with KIN-1 and Peru8 genotypes, with one substitution at 139 (T→ C) and one substitution at 159 (C→ T), respectively. The remaining novel one (EBMZ73; EbMZ5 genotype) had 99.44% similarity with KIN-1 and had two substitutions at 124 (G→ A) and at 182 (G→ A).

To obtain information on the β-giardin and ITS rRNA sequences in this study and the respective reference sequences published in previous studies, two phylogenetic trees were constructed.

Phylogenetic analysis revealed that the nine G. duodenalis sequences from this study were clustered within assemblage B and formed three genetic clusters comprising species mostly infecting humans and several other domestic and wild mammals (Figure 1).


[image: Figure 1]
FIGURE 1
 Phylogenetic relationship between Giardia duodenalis characterized in this study and other sequences in GenBank by analysis of β-giardin sequences. The evolutionary history was inferred by using the maximum likelihood method based on the general time reversible model. The tree with the highest log likelihood (−1,638.69) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL) approach and then selecting the topology with superior log likelihood value. A discrete gamma distribution was used to model evolutionary rate differences among sites [five categories (+G, parameter = 0.2391)]. The rate variation model allowed for some sites to be evolutionarily invariable [[+I], 58.88% sites]. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 48 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Non-coding. All positions containing gaps and missing data were eliminated. There were a total of 472 positions in the final dataset. Evolutionary analyses were conducted in MEGA7. The G. duodenalis β-giardin sequences from this study are in boldface. The circles (BgMZ1), triangles (BgMZ2), and squares (BgMZ3) filled in black indicate new bg sequences identified in this study.


The two novel and the two known E. bieneusi genotypes detected in this research were all clustered into zoonotic group 1 (Figure 2).


[image: Figure 2]
FIGURE 2
 Phylogenetic relationship between Enterocytozoon bieneusi characterized in this study and other sequences in GenBank by analysis of ITS rRNA sequences. The evolutionary history was inferred by using the maximum likelihood method based on the general time reversible model. The tree with the highest log likelihood (−1,808.47) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL) approach and then selecting the topology with superior log likelihood value. A discrete gamma distribution was used to model evolutionary rate differences among sites [five categories (+G, parameter = 1.4711)]. The rate variation model allowed for some sites to be evolutionarily invariable [[+I], 4.58% sites]. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 47 nucleotide sequences. All positions containing gaps and missing data were eliminated. There was a total of 215 positions in the final dataset. Evolutionary analyses were conducted in MEGA7. The E. bieneusi sequences from this study are in boldface. The circle (EbMZ4) and triangle (EbMZ5) filled in black indicate the new genotypes identified in this study.




4. Discussion

Several pathogens are responsible for causing human diarrheal diseases, among which G. duodenalis and the microsporidian E. bieneusi are important contributors worldwide. Both species can be transmitted by ingestion of contaminated food and water. Contact and ingestion of contaminated water are considered important risk factors related to both G. duodenalis and E. bieneusi infection in epidemiological studies (Santin and Fayer, 2009; Li et al., 2012; Squire and Ryan, 2017; Stentiford et al., 2019; Dixon, 2021). Either G. duodenalis cysts or microsporidian spores are robust and can be highly resistant to external environmental conditions and to several physical and chemical disinfection methods used in drinking water plants, swimming pools, and irrigation systems. Moreover, as the other human-infecting microsporidia, E. bieneusi spores are microscopic in size and have low specific gravity, which facilitates their easy dissemination (Matos et al., 2012; Stentiford et al., 2019; Dixon, 2021).

Fresh vegetables and fruits, despite the health benefits of their human consumption, can be an important source of some foodborne pathogenic microorganisms, including G. duodenalis and E. bieneusi (Rafael et al., 2017; Utaaker et al., 2017; Ferreira et al., 2018; Li et al., 2019a, 2020a; Archer et al., 2020; Salamandane et al., 2020; Siwila et al., 2020). This study showed the occurrence of these two important human pathogenic species and their genotypes among raw and fresh horticultural products in different markets of different typologies in Maputo city. Using nested-PCR techniques, 2.8 and 1.3% of the samples monitored were positive for G. duodenalis and E. bieneusi, respectively. Based on the bg and ITS rRNA sequences analysis of G. duodenalis and E. bieneusi, respectively, four different G. duodenalis sequences (three novel and one known) all from assemblage B and three E. bieneusi genotypes (two novel and one known) from group 1 were characterized for the first time in fruits and vegetables from Maputo markets in Mozambique.

Much higher prevalence rates of G. duodenalis human infection are observed in developing countries in comparison to the developed regions (Dixon, 2021). The prevalence of G. duodenalis in Africa has been reported between rates from 0.3 to 62.2% according to the population studied (age, gender, symptoms, and immunological status) and the methodology used (Squire and Ryan, 2017; Damitie et al., 2018; Miambo et al., 2019; Yu et al., 2019; Belkessa et al., 2021; Messa et al., 2021). It is estimated that this protozoan causes about 28.2 million cases of diarrhea annually due to the ingestion of contaminated food (Ryan et al., 2019). Giardia duodenalis human infections are often associated with the consumption of contaminated raw fruits and vegetables, and the occurrence of the parasite cysts in these products has been reported in many countries with an average prevalence estimated of 4.8% (Li et al., 2020a). The 2.8% of G. duodenalis occurrence in the samples analyzed in our study is in accordance with the few available data from African countries that described 0–17.8% rates of this parasite in contaminated vegetables and fruits, reported in Morocco, Egypt, Libya, Ghana, Ethiopia, and Nigeria (Eraky et al., 2014; Istifanus and Panda, 2018; Kudah et al., 2018; Alemu et al., 2019; Berrouch et al., 2020; Li et al., 2020a; Sripanompong et al., 2021), mainly the leafy ones (Badri et al., 2022). Although the rate of incidence for G. duodenalis has been described as 0.11 in Africa (Hald et al., 2016), other studies mentioned the prevalence of G. duodenalis higher in developing countries (0.9–40.7%) when compared with developed countries (0.4–7.0%; Ryan and Cacciò, 2013; Wu et al., 2020b; Mozer et al., 2022).

As observed for G. duodenalis, the potential zoonotic pathogen E. bieneusi is described as a cause of symptomatic and asymptomatic infections in humans and other animals worldwide. There is limited information on E. bieneusi occurrence and genetic characterization in African countries, but the reported frequency rates of infection can range from 0.5 to 76.9%, mostly among HIV-infected patients, by PCR techniques (Muadica et al., 2020). More recently, Muadica et al. detected 0.7% (9/1,247) of E. bieneusi-positive samples in symptomatic and asymptomatic children in Mozambique (Muadica et al., 2020). Most human infections with E. bieneusi are thought to result from fecal-oral transmission of infectious spores through ingestion of contaminated food or water (Qiu et al., 2019). For instance, E. bieneusi has been identified in milk, raspberries, beans, and lettuce (Lee, 2008; Decraene et al., 2012), and the first foodborne outbreak caused by this species was reported in Sweden in 2009 (Decraene et al., 2012). More recently, a study mentioned a foodborne outbreak of E. bieneusi in Denmark (Michlmayr et al., 2022). Thus, foodborne transmission of E. bieneusi has been documented, and the contamination of vegetables and fruits with this pathogen was reported in China (PCR), Costa Rica (Ziehl-Nielsen stain), and Poland (staining or with fluorescence in situ hybridization). The average prevalence of the reported contamination among these studies was estimated as 3.6% (Li et al., 2020a). A lower frequency of contamination by E. bieneusi (1.3%) was detected in the vegetables and fruits analyzed in this study. Although this low rate may be associated with the difficulty in recovering these tiny microsporidia spores from the horticultural products analyzed, limiting their molecular detection, this finding may also constitute a positive indicator of safer products commercialized in these markets compared to others from different regions.

The presence of G. duodenalis was observed in fresh vegetables purchased in four municipal markets and E. bieneusi in fresh vegetables purchased in three markets and one supermarket. The higher occurrence of these pathogenic species in the main markets (open-air markets with limited or even absent proper sanitary conditions) than in the supermarkets monitored was expected and is certainly associated with their specific structural and environmental characteristics, which contribute to the contamination of food products in those former markets. However, in the other markets of different typologies surveyed, namely, in Central da Baixa market (a covered, well-structured market) and especially in the supermarket that have all the guaranteed resources, availability of water, market stalls and toilets, transport, handling and display of products for their safety, the produce contamination by one or both pathogenic species observed were not expected. The vegetables and fruits handled during preparation for display in the supermarket or even by the consumer can be one of the factors for the contamination that we observed (Salamandane et al., 2020, 2021b).

Both pathogens were mostly found in leafy vegetables (lettuce, point white cabbage, and parsley). Usually, high contamination rates of lettuce and other types of leafy vegetables (cabbage, parsley, and coriander) are also reported by other authors due to the uneven external surface of their leaves, which enables the easy entry and adherence of the G. duodenalis and E. bieneusi resistant forms (Rodrigues et al., 2020; Salamandane et al., 2020, 2021b; Badri et al., 2022).

In reports of contaminated vegetables and fruit worldwide, among the eight genetically distinct G. duodenalis assemblages (A–H) described to date, the zoonotic assemblages A and B were commonly detected (Li et al., 2020a). A few Giardia genotyping studies have been carried out in Africa; however, available reports show that five G. duodenalis assemblages (A, B, C, E, and F) have been identified in humans (Cai et al., 2021). In African countries, assemblage B was the most frequent among genotyped samples (19.5–100%) in 18 of 28 human population studies with assemblage A dominant (1.4–100%) in the remaining 10 reports (Cai et al., 2021). Recently, a study performed in Mozambique (Messa et al., 2021), in children aged under 5 years, reported a very low prevalence for assemblage A (10%) when compared with assemblage B (90%), following the normal tendency in sub-Saharan Africa. β-giardin sequence analysis from all nine G. duodenalis sequences identified in this study belong exclusively to assemblage B. Within the assemblage B sequences, four distinct bg sequences were formed: bg one sequence is an identical bg sequence to one previously reported; and the other three (BgMZ1, BgMZ2, and BgMZ3) display 99% of similarity to other bg sequences deposited in the reference database. The four different bg sequences identified were very similar with a mild difference between them and were relative to the reference sequences only from one to three single-nucleotide polymorphisms (SNP). Phylogenetic analysis of all nine G. duodenalis isolates, from the vegetables and fruits included in this study, indicates that all of them clustered closer to other sequences (Figure 1) previously detected in humans, other animals, and water, corroborating their potential role as a source of human infection and environmental contamination. In this study, the observed heterogeneity of assemblage B among G. duodenalis bg sequences was somewhat expected. This assemblage typically exhibits more genetic variability than assemblage A, as reported in the literature (Cai et al., 2021).

Genotyping tools and the phylogenetic analysis of E. bieneusi genotypes inferred by the genetic diversity of their ITS rRNA region recognized 11 genetic groups (Groups 1–11), figuring out their host specificity and zoonotic potential. Molecular studies on E. bieneusi worldwide stated that the occurrence of genotypes from Groups 1 (D, EbpC, and Type IV) and 2 (BEB4, BEB6, I, and J) are the most commonly identified (Li et al., 2019b, 2020b; Rahimi et al., 2021), where pigs and cattle are the main zoonotic reservoir of E. bieneusi (Li et al., 2019b; Zang et al., 2021). Despite the few studies on E. bieneusi in vegetables and water, some authors reported that D, BEB6, and E genotypes are the most frequent and with high zoonotic potential. In fact, the D genotype was identified also in chicken, water, humans, and vegetables (Javanmard et al., 2018; Cao et al., 2020; Rahimi et al., 2021). In Africa, molecular characterization remains rare and connected with livestock or clinical environments, performed only in a few countries such as Algeria, Ethiopia, Nigeria, South Africa, and recently in Mozambique (Akinbo et al., 2012; Samra et al., 2012; Laatamna et al., 2015; Stentiford et al., 2019; Muadica et al., 2020; Wegayehu et al., 2020). In another study working with stool specimens (Muadica et al., 2020), some known genotypes (Peru 11, Type IV and S2) were identified and described a new one HhMzEb1 (from Group 1) in Mozambique. None of the studies was associated with food or water or horticultural products. Nucleotide sequence analysis of the ITS region revealed a high degree of genetic diversity with a total of three distinct genotypes including one known (KIN-1) and two novel (EbMZ4 and EbMZ5) genotypes in the four E. bieneusi sequences obtained from the horticultural products monitored in this study. Phylogenetic analysis showed that both the known and the novel genotypes clustered within the previously designated zoonotic Group 1 include genotypes with low host specificity and the potential for zoonotic and cross-species transmission (Figure 2). All the genotypes identified in this study clustered very closer with other genotypes (e.g., D, Ebp C; Figure 2) that display a high zoonotic transmission potential (Li et al., 2020b).

The contamination of fresh horticultural products with the infectious stages of parasites may occur at any of the distinct points from the farm level to the food handler/consumer level. At the farm level, the contamination of fresh vegetables and fruits may occur during production, harvesting, packaging, transport, or selling. Contamination with Giardia cysts and E. bieneusi spores can occur directly from the hands of infected farm workers (or their equipment) or those who are in close contact with infected individuals; through the use of animal or human feces as manure for farmland; or direct access to infected cattle and other animals to crops. Indirect contamination of horticultural products at the production zone can occur by using irrigation water contaminated with feces; mixing pesticides; or washing horticultural products, hands, or equipment (Dixon, 2021). The direct contamination of fresh produce by infected food handlers, or who have been in close contact with infected persons, is probably a main contributor and has been identified as the direct cause of a number of outbreaks (Dixon, 2021). Although, in this study, G. duodenalis and E. bieneusi were not detected in the production zone (Infulene Valley) by the molecular techniques, it does not mean for sure that the products were not contaminated at this point. For instance, G. duodenalis, like other intestinal parasites, were detected in this zone by the authors (Salamandane et al., 2021b), in a previous study with microscopic methods. In this study, different G. duodenalis bg sequences from assemblage B, as well as similar E. bieneusi genotypes or G. duodenalis assemblage B, were detected in the same market/supermarket. Also, similar E. bieneusi genotypes/G. duodenalis bg sequences from assemblage B were identified in distinct markets (Table 1). All this reflection leads us to think that the possible contamination of horticultural products in markets and supermarkets in our study may have a similar origin, which is in agreement with other authors who report that post-harvest contamination can occur mainly during packaging, transport, and handling of the products (Vizon et al., 2019; Salamandane et al., 2021a).

The recognition of these intestinal pathogens in fresh vegetables and fruits not only allows this study to be framed within the strict scope of zoonotic diseases, helping to clarify the epidemiology of G. duodenalis and E. bieneusi in the country but also opens doors to other dimensions. There is a particular emphasis on the environmental dimension and its role in global homeostasis, as advocated in the context of the One Health approach. In addition to alerting to the risk for human consumption of these products, directly improving health population outcomes, this study suggests the existence of contamination at an environmental level. Such contamination may occur through animals and wastewater polluted with human and animal waste during various processes of production, transport, and sale of these products. Therefore, our findings indirectly reinforce the need to develop better epidemiological surveillance systems for enteric pathogens in the area and to adopt measures such as improving sanitary conditions and ensuring safe water and food to prevent and control these diseases. These measures will bring benefits to the health of people, animals, and ecosystems.



5. Strengths and limitations of the study

Our research, to the best of our knowledge, represents a groundbreaking study on the detection of G. duodenalis and E. bieneusi, as well as the assessment of their genetic heterogeneity. We isolated these organisms from raw horticultural products obtained from eight different types of markets in Maputo, Mozambique. Additionally, this study included a significant number of horticultural products with two different food matrices (leafy vegetables and fruits) that were randomly purchased in triplicate from the most popular and frequently visited markets in Maputo city, during the two main seasons of the year. By employing molecular tools, we not only demonstrated the presence of potential zoonotic assemblages/genotypes of G. duodenalis and E. bieneusi among the fresh fruits and vegetables examined but also highlighted the usefulness of these tools in tracing the sources of food contamination.

However, our study has certain limitations associated with the methodology we adopted, particularly the protocols used for recovering cysts/spores from horticultural product extracts and the molecular tools employed. These limitations are primarily due to the unavailability of certain technical resources, such as a fluorescent microscope, and the constraints of working in the field. The only standardized method currently available for detecting intestinal protist parasites in food matrices is ISO 18744:2016, which was developed and optimized for the detection and enumeration of Cryptosporidium and Giardia in fresh leafy green vegetables and berry fruits. However, this method is neither suitable for routine analysis or monitoring in a hazard analysis plan and critical control points (Chalmers et al., 2020) nor does it enable the determination of species or genotypes (Efstratiou et al., 2017b). Therefore, to overcome this limitation, we reviewed several protocols described in the literature for detaching and concentrating the transmissive stages of intestinal pathogens from vegetable matrices. Then, we selected the most widely accepted approach, considering the specific size and food matrices of the products studied and the conditions under which the fieldwork was conducted. Additionally, it is important to mention that the concentration and purification processes for the main protist transmissive stages recommend conducting initial spiking experiments with known amounts of (oo)cysts/spores to evaluate the median percentage recovery of the chosen method. However, this study was unable to perform such a procedure, and as a result, the recovery rates of these methodologies were not estimated. This strongly suggests that the reported PCR-positive rate here is likely an underestimate of the true rate. Furthermore, due to limitations in resources and technical conditions, it was not possible to perform a multilocus sequence genotyping of G. duodenalis. If a multi-copy marker, such as the SSU rRNA gene, had been selected, it would have increased the sensitivity of detecting parasite cysts in vegetable product extracts. Instead, we utilized the bg locus, which is a single-copy gene but strikes a balance between very specific detection and genetic discrimination. While these methodology choices were made based on the available resources and technical conditions in the field, certainly, they may have led to an underestimation of both the positivity rate for Giardia and E. bieneusi reported in this study.

Even though it was not within the scope of this study, the absence of available technical conditions represents another limitation. Specifically, we were unable to conduct viability and infectivity assays on the transmissive stages of the detected protists in the horticultural products. Consequently, by solely focusing on the detection and genotyping of these microorganisms without assessing their viability and infectivity, the true impact of these agents on public health may have been underestimated. However, it is important to note that the transmissive stages of these important pathogens were found in raw products that had not undergone any cooking or freezing processes prior to ingestion by humans or other animals. Considering the high resistance of cysts and spores to adverse environmental conditions, as well as the endemic nature of both microorganisms in the country, these findings undoubtedly suggest concerns regarding public health and warrant further investigation in future studies.



6. Conclusion

To the best of our knowledge, this study presents the first data on the detection and genetic characterization of the pathogenic G. duodenalis and E. bieneusi in horticultural products collected in dry and rainy seasons from different typology markets in Maputo city, Mozambique. In addition, this study suggests the presence of potential zoonotic assemblages or genotypes of these two important pathogens in vegetables and fruits, commercialized in the markets most used by the population of the city and therefore can be a source of human infection by gastrointestinal parasitic pathogens. Another major concern is the fact that many people tend to consume these horticultural products raw, in salads, and other typical street food available in markets and/or nearby. Although no viability or infectivity assays were conducted to assess the actual impact of these protists on public health, this study suggests a risk associated with consuming raw horticultural products contaminated with these pathogenic intestinal species. It emphasizes the importance of implementing improved safety practices throughout the production, transport, and handling of these products. These measures should be adopted by producers, vendors, and consumers to minimize the potential for foodborne outbreaks.
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Sample code Market Season Horticultural product  Species Assemblage or genotype
BGM 73 Zimpeto Rainy Lettuce G. duodenalis | B*
BGM Z7 Zimpeto Rainy Green pepper G. duodenalis | B®
BGMZ 25 Benfica Rainy Tomato G. duodenalis | B*
BGMZ 54 Zimpeto Dry Portuguese cabbage G. duodenalis | B¢
BGMZ 60 Xipamanine Dry Lettuce G. duodenalis | B¢
BGMZ 64 Xipamanine Dry Parsley G. duodenalis | B¢
BGMZ 69 LMC Dry Pointed white cabbage G. duodenalis | B
BGMZ 71 LMC Dry Parsley G. duodenalis | B
BGMZ 90 Fajardo Dry Pointed white cabbage G. duodenalis | B
EBMZ 30 Central da baixa Rainy Pointed white cabbage E. bieneusi EbMZ4¢
EBMZ 73 LMC Dry Lettuce E. bieneusi EbMZ5¢
EBMZ 86 Benfica Dry Tomato E. bieneusi KIN-1
EBMZ 95 Fajardo Dry Coriander E. bieneusi KIN-1

SBgMZ1.

bBgMZ2.

“BgMZ3: new G. duodenalis bg sequences identified in this study.

deNew E. bieneusi genotypes identified in this study.
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