

  water-14-00780




water-14-00780







Water 2022, 14(5), 780; doi:10.3390/w14050780




Article



Occurrence of Fecal Bacteria and Zoonotic Pathogens in Different Water Bodies: Supporting Water Quality Management



Vânia Ferreira 1,*, Rui Magalhães 1, Paula Teixeira 1, Paula Maria Lima Castro 1 and Cristina Sousa Coutinho Calheiros 2,*[image: Orcid]





1



CBQF—Centro de Biotecnologia e Química Fina—Laboratório Associado, Escola Superior de Biotecnologia, Universidade Católica Portuguesa, Rua Diogo Botelho 1327, 4169-005 Porto, Portugal






2



Interdisciplinary Centre of Marine and Environmental Research (CIIMAR/CIMAR), University of Porto, Novo Edifício do Terminal de Cruzeiros do Porto de Leixões, Avenida General Norton de Matos, S/N, 4450-208 Matosinhos, Portugal









*



Correspondence: vferreira@ucp.pt (V.F.); cristina@calheiros.org (C.S.C.C.)







Academic Editor: Abasiofiok Mark Ibekwe



Received: 30 January 2022 / Accepted: 26 February 2022 / Published: 1 March 2022



Abstract

:

Water contaminated with microbiological and chemical constituents can cause a variety of diseases. Water bodies may become contaminated by wild and domestic animal feces, agricultural runoff or sewage, and are often overlooked as a reservoir and source of human infection by pathogenic microorganisms. The objectives of this study were to evaluate the presence of the zoonotic pathogens, Salmonella spp. and Listeria monocytogenes, in various water bodies located in urban and rural areas in the north of Portugal. Water samples were collected from six sites, including natural and artificial ponds, in two different time periods. Several water quality physicochemical parameters, as well as fecal indicator bacteria, were evaluated. High levels of total coliforms (>1.78 log CFU/100 mL) were detected in all samples, and substantial numbers of Enterococcus (>2.32 log CFU/100 mL) were detected in two ponds located in a city park and in an urban garden. Escherichia coli counts ranged from undetectable to 2.76 log CFU/100 mL. Salmonella spp. was isolated from two sites, the city park and the natural pond, while L. monocytogenes was isolated from three sites: the city garden, the natural pond and the artificial pond, both in the rural area. These data show that artificial and natural ponds are a reservoir of fecal indicator bacteria and enteric and zoonotic pathogens. This may impact the potential risks of human infections by potential contaminants during recreational activities, being important for assessing the water quality for strategic management of these areas.
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1. Introduction


Zoonoses, i.e., infections caused by pathogenic organisms (bacteria, viruses or parasites) that jump from an animal reservoir to humans, either through direct contact or through contaminated food, water or environment, are a continuous threat to human health [1]. It is estimated that more than 60% of human infections have an animal source [2] and the frequency of illness caused by microorganisms originating from animal reservoirs is increasing due to unsustainable human activities [3].



Listeriosis and salmonellosis, caused by the bacteria Listeria monocytogenes and Salmonella spp., respectively, are within the major zoonotic foodborne diseases of relevance to public health in the European Union [4]. Salmonellosis was the second most reported zoonosis, and listeriosis presented the highest case fatality in 2020 [4]. The severity of the diseases caused by these pathogens varies from mild symptoms to life-threatening conditions and presents a high individual, societal and economic burden [5].



Listeriosis and salmonellosis are more frequently associated with the consumption of contaminated animal and animal-derived food products (e.g., fish, meat, poultry, eggs, dairy products, etc.), or by non-animal products (e.g., fresh produce) contaminated by agricultural environments, via soil, irrigation water or manure used as fertilizer [6]. Although rare, some cases of disease caused by direct contact with infected animals or indirect contact with a contaminated environment have been reported [7,8]. A diverse range of reservoirs have been associated with these pathogens, including the gut of healthy farm animals (cattle, swine or poultry) and also wild animals, pets, fish or rodents [9], and, therefore, they are expected to be present in the natural environment.



Several studies have reported the survival of Salmonella spp. and L. monocytogenes in soil and different water sources, which serve as key reservoirs, contributing to the transfer of these pathogens through different environments [10,11,12,13,14,15]. Farm environments and agricultural waters are commonly associated with the presence of Salmonella spp. and L. monocytogenes [16,17], but these have also been isolated from other water sources, such as rivers and other fresh water sources [17,18,19]. Their presence is also more frequently associated with urban settings when compared to rural or pristine environments [20,21].



While there are extensive studies on the distribution of L. monocytogenes and Salmonella spp. in humans, animals, foods and food-processing environments [21,22,23], limited data is available regarding the distribution of these species in the general environment. A better understanding of the pathogen dynamics associated with different water ecosystems is indispensable for the development of effective strategies to mitigate the risk of human disease.



The intensive urban growth has been long linked to environmental pollution and ecological imbalance. Particularly, the contamination of water reservoirs by microbial pathogens is currently a major water quality issue worldwide [24]. Protection of water reservoirs, either to be used as a source of drinking water, agriculture irrigation or recreational use, is essential to ensure human health. Developing protective and preventive measures against microbial contamination of water requires a deep understanding of the relative risks associated with the frequency of pathogen occurrence in different water systems. The quantification of indicator organisms, such as Escherichia coli, total and fecal coliforms, has been traditionally used for water quality monitoring and to estimate the levels of potentially pathogenic bacteria. There is, however, much discussion concerning the ability of these organisms to truly represent potential contamination by pathogenic bacteria, as contradictory results have been reported among studies [25,26,27,28].



The aim of this study was to investigate the prevalence of Salmonella spp. and L. monocytogenes in various water ecosystems located in urban and rural areas in the north of Portugal. Simultaneously, several microbiological and physicochemical water quality parameters were evaluated.




2. Materials and Methods


2.1. Study Sites and Water Sampling


Surface water samples were collected from six water bodies in urban (#3) and rural (#3) landscapes in Portugal’s northern region, based on their geographic situation (rural and urban) and use, in order to include artificial and natural ponds (Table 1). Climate conditions are considered temperate with rainy winters and dry summers at mild temperatures, classified as Csb according to the Köppen classification [29].



Briefly, two artificial ponds were located in a city garden (P1, Figure 1a) and a city park (P2, Figure 1b), respectively; one small pond was located on a roof terrace in the city, at the level of the seventh floor (P3, Figure 1c); an artificial pond was set up as a biological swimming pool, i.e., a swimming pool where the traditional chemical disinfection is replaced by natural biological processes for water purification, located in a private house in a rural area, serving three persons (P4, Figure 1d); a natural pond located in a rural protected area (P5, Figure 1e); and, an artificial pond (P6, Figure 1f), receiving treated wastewater by a constructed wetland in a tourism house (details described in [30]).



Samples were collected from each site in two different time periods of the same year (September and October) in sterilized glass bottles of 1 L, directly dispatched to the laboratory and immediately analyzed for physicochemical and microbiological analysis (Section 2.2 and Section 2.3).




2.2. Physicochemical Analysis


Samples were analyzed based on standard methods [31]: chemical oxygen demand (COD; closed reflux, titrimetric method) and total suspended solids (TSS). Phosphorous, ammonium, nitrite and nitrate (PO43−, NH4+, NO2− and NO3−) concentrations were determined with photometric test kits (Spectroquant®, Darmstadt, Germany). On-site measurements, at the time of water sampling, were taken for water temperature, pH and conductivity, with a multi-parametric system HANNA HI-98130, and for relative humidity and air temperature with a thermometer/hygrometer OH HAUS OH 513, Greutor.




2.3. Microbiological Analysis


Microbial water analysis was performed by using the membrane filtration technique according to International Standards Organization (ISO) protocols for the detection of E. coli and total coliforms [32] and Enterococcus spp. [33]. Briefly, water samples of 1, 10 and 100 mL were filtered through a 0.45 μm pore size nitrocellulose filter of 47 mm in diameter (Millipore Corporation; Bedford, MA, USA). After filtration, filters were immediately placed onto sterile Petri dishes containing selective agar media, Tergitol 7 agar (Biokar Diagnostics) for E. coli and total coliforms enumeration (incubated at 37 °C for 24 h), and in Slanetz and Bartley agar (Biokar Diagnostics) for Enterococcus spp. enumeration (incubated at 37 °C for 48 h). Colonies having a yellow or orange color inside a yellow hallo were counted as coliforms, and yellow colonies inside a yellow hallo as E. coli. At least five typical colonies per sample, on each media type, were further isolated by the streak plate method in Tryptose Soy agar (Biokar) and confirmed by standard procedures. Briefly, typical colonies were tested for oxidase activity and production of indole from tryptophane broth at 44 °C. Oxidase-negative colonies were considered total coliforms, and those being oxidase-negative and indole-positive, E. coli. All red or maroon colonies were scoured as presumptive enterococci and further confirmed onto Bile Esculin Azide agar (Biokar) incubated for 24 h at 44 °C. After confirmation of suspected colonies, results were recorded as colony-forming units per 100 mL (CFU/100 mL).



To test the presence of L. monocytogenes and Salmonella spp. in water samples, the VIDAS® assay—a specific enzyme-linked fluorescent immunoassay (ELFA) rapid method performed in the automated VIDAS® instrument (bioMérieux, Marcy-l’Étoile, Lyon, France)—was used. For that, water samples of 1 L each were filtered, as previously described, and the filters were placed into sterile stomacher bags with 225 mL of appropriate pre-enrichment medium and analyzed according to VIDAS® SLM [34] and VIDAS® LMO2 [35] protocols. For Salmonella spp. detection, membranes were placed in 225 mL of buffered peptone water (BPW, Merck), homogenized and incubated at 37 °C for 24 h. Subsequently, two samples of 1 mL of pre-enriched buffered peptone water were subcultured into 10 mL of Rappaport–Vassiliadis (bioMérieux) and into 10 mL of Muller–Kauffmann tetrathionate (bioMérieux) and incubated for 8 h at 42 °C and 37 °C, respectively; 1 mL of each selective enrichment broth was diluted separately in 10 mL of M-broth (Merck, Darmstadt, Germany) and incubated at 42 °C for 18 h. One milliliter of each M-broth tube was mixed in another tube and boiled for 15 min and loaded into a VIDAS® SLM strip (bioMérieux) according to manufacturer’s instructions. For L. monocytogenes detection, membranes were placed into 225 mL of ½ Fraser selective broth (bioMérieux), homogenized and incubated at 30 °C for 24 h. Subsequently, 0.1 mL of this broth was transferred to 10 mL of Fraser selective broth (bioMérieux). After incubation at 37 °C for 24 h, 0.5 mL of the secondary enrichment broth was loaded into a VIDAS® LMO2 strip (bioMérieux) according to manufacturer’s instructions. For all positive samples, one loop of the Fraser selective broth was streaked onto ALOA selective chromogenic medium (bioMérieux) and incubated at 37 °C for 48 h. Presumptive L. monocytogenes colonies were subcultured on tryptone soy agar plates supplemented with 0.6% yeast extract (TSAYE) and confirmed by standard procedures according to the standard techniques described in the International Standard ISO 6579 (ISO, 2002), including selected sugar (rhamnose, xylose, mannitol) fermentation tests and the Christie—Atkins—Munch—Petersen (CAMP) test [36] with Staphylococcus aureus ATCC (American Type Culture Collection) 25923 and Rhodococcus equi ATCC 6939 on sheep blood agar plates (bioMérieux). The results were recorded as the presence or absence of Salmonella spp. or L. monocytogenes in 1 L.




2.4. Determination of Listeria Monocytogenes Isolates Serotype


Confirmed isolates of L. monocytogenes were stored in tryptic soy broth with 30% (v/v) glycerol at −80 °C. Isolates’ serotypes were determined by multiplex PCR as described by Doumith et al. [37] using primers targeting fragments of genes lmo0737, ORF2819, ORF 2110, lmo1118, and prs (MWG-Biotech, Muenchenstein, Switzerland). This assay differentiates five major subtypes, each representing more than one serotype: geno-serogroup IVb (serotypes 4b, 4d, and 4e), geno-serogroup IIa (serotypes 1/2a and 3a), geno-serogroup IIb (serotypes 1/2b, 3b, and 7), geno-serogroup IIc (serotypes 1/2c and 3c) and geno-serogroup IV (serotypes 4a and 4c).





3. Results and Discussion


3.1. Water Bodies Physicochemical Parameters


Values of physicochemical levels measured during the sample collection for each water body are displayed in Table 2. The lower pH values were verified for the natural pond (P5) (5.570), while in the artificial ponds, pH varied between 6.138–7.860, whereas the highest value (8.993) was detected in the city park pond (P2). In general, nitrogen and phosphorus were detected at low concentrations, with higher values recorded for P6, that was the pond receiving treated domestic wastewater coming from a constructed wetland. Concerning COD, it was below the detection limit for P3, P4 and P6, although for P1, P2 and P5, concentrations between 16 and 60 mg/L were detected. This can be partially attributed to the presence of animals that were observed in the area, such as ducks, birds and amphibians. In the case of P2, fish were also observed. Flores et al. [38] mentioned that the lack of physical barriers in water bodies, such as lakes, allows for free contact of animals, such as pigeons, seagulls and/or ducks, dogs and cats, making these sites more exposed to fecal contamination. Moreso, the animal droppings near water spots (trees and bushes) can be leached through wind or stormwater, and thus, influence the water quality of the water bodies. Additionally, the water of lakes has a tendency to be more turbid and stagnated, decreasing the bactericidal effects of UV radiation.




3.2. Occurrence of Fecal Indicator Bacteria and Zoonotic Pathogens in Surface Water Bodies


The 6 sites were sampled on two occasions, resulting in 12 water samples. The contamination levels of the indicator organisms varied considerably among sites and sampling events. Total coliforms and Enterococcus spp. were detected in all samples while E. coli was detected in five samples, i.e., at least once in the P1–4 and P6 sites (artificial ponds) and was absent in both P5 (natural pond) samples (Figure 2). Overall, levels of total coliforms ranged from 1.78 to 2.85 log CFU/100 mL, Enterococcus spp. ranged from 0.95 to 2.79 log CFU/100 mL, and E. coli ranged from undetectable to 2.76 log CFU/100 mL.



Salmonella spp. and L. monocytogenes were present in seven samples (Table 3). These included samples from the ponds of the city’s garden and park that are frequently used for leisure and recreational activities, which highlight the importance of these aquatic environments as reservoirs of zoonotic pathogens and a potential risk for public health and safety.



The presence of pathogens tended to vary within site and sampling events. Two sites always tested negative for the presence of Salmonella and L. monocytogenes, the pond located in the terrace (P3) and the biological swimming pond (P4). The former is a small pond that retains rainwater in a roof terrace with a minor circulation of people, and that serves mainly as a source of drinking water for the city’s small birds; this might explain the low numbers of indicator organisms found. In addition, environmental factors, such as the wind-protected position and high exposure to solar radiation, may help to reduce the levels of bacterial contamination. It has been demonstrated that sunlight and higher environmental temperatures increase inactivation rates of indicator bacteria [39].



Concerning the natural swimming pool, it is located in a private household in a rural area and is used mainly in the summer by the family. Currently, there is a lack of microbiological quality data concerning these specific environments, thus it is not possible to establish comparisons [40,41]. Salmonella spp. was isolated in both sampling visits from the urban city park (P2) and once in the natural wetland, located in a rural area (P5). Both sites are characterized by the presence of a high number of animal species, particularly birds and amphibians. Feces from these animals are known to contain fecal indicator bacteria, which may contribute to the low water quality observed in the samples collected in both ponds and are known to play an important role as reservoirs of this pathogen [42,43,44,45], however, other sources cannot be discarded. Correlations have also been established between the presence of fecal coliform concentrations in a river and environmental factors, including water turbidity and concentrations of nitrate, phosphate, chloride, and BOD5 (biochemical oxygen demand) [46].



Listeria is widely distributed in the natural environment [47] and has been widely recovered from surface waters with a variable prevalence. In this study, L. monocytogenes was detected in two sites located in rural areas, in the natural pond and artificial pond receiving treated wastewater, and in the garden pond located in an urban area (overall prevalence of 33%). For comparison, an overall L. monocytogenes prevalence of 10% was detected in surface waters in Ontario, Canada [48], 12.8% of spring and river samples in Switzerland [49], 16% in water sources intended for irrigation in farm environments [50], 30% in rivers, lakes and stream samples along the central California coast [51], and 43% in five Californian watersheds [52]. A two-year survey of natural and urban regions located in New York yielded a higher prevalence of L. monocytogenes in surface water from urban regions (33%) than from natural regions (16%; [20]). Oppositely, Stea et al. [53] reported L. monocytogenes being more prevalent in the rural watershed than in the urban watershed. Constructed wetlands have been widely used as ecological treatment systems for different types of wastewaters [54]. The presence of L. monocytogenes in the pond receiving treated wastewater by a constructed wetland might indicate that the pathogen survived the treatment processes; however, the contamination post-treatment through contact with wild animals cannot be excluded. Calheiros et al. [55] has previously assessed the fate of potentially pathogenic bacteria within a constructed wetland and the pond that is presently being studied, finding an Enterobacteriaceae level of 3.2 ± 0.7 Log10CFU/g and E. coli of 1.9 ± 0.4 Log10CFU/g. Concerning Salmonella spp., it was never detected. Although all pond samples were positive for L. monocytogenes, it was only by the detection technique using culture-based methods, since its levels were below the detection limit of the enumeration technique.



The number of samples analyzed in the present study is not sufficient to make general assumptions, however, the samples with the highest loads of total coliforms were also contaminated with L. monocytogenes or Salmonella, i.e., samples collected from P1, P2, P5 and P6, in comparison with those collected from P3 and P4. The same link could not be established for Enterococcus spp. and E. coli as samples positive for Salmonella spp. or L. monocytogenes presented both high and low contamination levels of these indicator organisms (e.g., P5 samples and second sampling of P1), thus these fecal indicators may not be adequate for the evaluation of surface water contamination by these specific pathogens. Stea et al. [53] found that E. coli levels ≥ 100 CFU/100 mL were associated with a higher likelihood of Listeria spp. presence but could not be correlated with contamination by L. monocytogenes. Results from prior studies also show no correlations between fecal indicators and the prevalence of Salmonella spp. or L. monocytogenes in diverse water systems [26,56,57,58].



Of the twelve samples analyzed, seven presented contaminations with the zoonotic pathogens, Salmonella (n = 3) and L. monocytogenes (n = 4); the two pathogens were never isolated from the same sample simultaneously. Salmonella spp. was isolated from two sites: the city park artificial pond (P2) was positive in both sampling visits, and the natural pond in the rural area (P5) was positive in one sampling visit. Listeria monocytogenes was present in one sample collected from the urban artificial pond of the city garden (P1), one sample collected from the P5, and both samples collected from the artificial pond receiving wastewater treated by a constructed wetland (P6). One isolate from each sample was further characterized in terms of serotype. All four L. monocytogenes isolates belonged to the PCR serogrouping profile IVb (4b, 4d, and 4e). In spite of the limited number of isolates, our results indicate that L. monocytogenes populations present in water environments belong to the major serotype associated with human listeriosis (4b). This serotype was also found to be prevalent in isolates from Canada [52]. Other studies reported serotype 4b, as well as 1/2a as the prevalent serotypes in L. monocytogenes populations collected from surface waters [14,48].





4. Conclusions


The occurrence of Salmonella spp. and L. monocytogenes, as well as high levels of fecal indicators in the collected samples, highlight the potential of artificial and natural ponds as reservoirs of important zoonotic pathogens. Particularly, the presence of these pathogenic agents in recreational public spaces (ponds of the city’s garden and park) is worrisome. In addition, results demonstrate that L. monocytogenes circulating in these water ecosystems belong to serotypes that are frequently isolated from human clinical cases. Our data contributes to a better understanding of the prevalence and distribution of Salmonella spp. and L. monocytogenes in rural and urban water bodies, which is critical for managing disease risk. Limitations of our study include a limited number of sampling events. Following the methodology carried out in the present study, it may be useful to consider indicators’ analysis to address pathogens’ presence in water bodies. Future longitudinal studies that investigate how climate influences pathogen occurrence, as well as molecular typing of isolates will be useful to better elucidate the prevalence and diversity of these zoonotic pathogens in aquatic environments from urban and rural areas.







Author Contributions


Conceptualization, V.F., R.M. and C.S.C.C.; methodology, V.F., R.M. and C.S.C.C.; formal analysis, V.F., R.M. and C.S.C.C.; writing—original draft preparation, V.F., R.M. and C.S.C.C.; writing—review and editing, V.F., R.M., P.T., P.M.L.C. and C.S.C.C.; funding acquisition, P.T. and P.M.L.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Funds from FCT—Fundação para Ciência e Tecnologia within the scope of projects UIDB/04423/2020, UIDP/04423/2020, and UIDB/50016/2020 projects.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bauerfeind, R.; Von Graevenitz, A.; Kimmig, P.; Schiefer, H.G.; Schwarz, T.; Slenczka, W.; Zahner, H. Zoonoses: Infectious Diseases Transmissible from Animals to Humans, 4th ed.; ASM Press: Washington, DC, USA, 2020. [Google Scholar]

	



Woolhouse, M.E.; Gowtage-Sequeria, S. Host range and emerging and reemerging pathogens. Emerg. Infect. Dis. 2005, 11, 1842–1847. [Google Scholar] [CrossRef]

	



Everard, M.; Johnston, P.; Santillo, D.; Staddon, C. The role of ecosystems in mitigation and management of COVID-19 and other zoonoses. Environ. Sci. Policy 2020, 111, 7–17. [Google Scholar] [CrossRef] [PubMed]

	



European Food Safety Authority and European Centre for Disease Prevention and Control (EFSA and ECDC). The European Union One Health 2020 Zoonoses Report. EFSA J. 2021, 19, 324. [Google Scholar] [CrossRef]

	



Scharff, R.L. The economic burden of foodborne illness in the United States. In Food Safety Economics; Springer: Cham, Switzerland, 2018; pp. 123–142. [Google Scholar] [CrossRef]

	



Chlebicz, A.; Sliżewska, K. Campylobacteriosis, salmonellosis, yersiniosis, and listeriosis as zoonotic foodborne diseases: A review. Int. J. Environ. Res. Public Health 2018, 15, 863. [Google Scholar] [CrossRef] [PubMed]

	



Lazarus, C.; Leclercq, A.; Lecuit, M.; Vaillant, V.; Coignard, B.; Blanchard, H.; Novakova, I.; Astagneau, P. Probable nosocomial transmission of listeriosis in neonates. J. Hosp. Infect. 2013, 85, 159–160. [Google Scholar] [CrossRef] [PubMed]

	



Dewart, C.M.; Waltenburg, M.A.; Dietrich, S.; Machesky, K.; Singh, A.; Brandt, E.; de Fijter, S. Cluster of human Salmonella Guinea infections: Reported reptile exposures and associated opportunities for infection prevention—Ohio, 2019–2020. Prev. Vet. Med. 2022, 198, 105530. [Google Scholar] [CrossRef]

	



Rahman, M.; Sobur, M.; Islam, M.; Ievy, S.; Hossain, M.; El Zowalaty, M.E.; Rahman, T.; Ashour, H.M. Zoonotic diseases: Etiology, impact, and control. Microorganisms 2020, 8, 1405. [Google Scholar] [CrossRef]

	



Jacobsen, C.S.; Bech, T.B. Soil survival of Salmonella and transfer to freshwater and fresh produce. Food Res. Int. 2012, 45, 557–566. [Google Scholar] [CrossRef]

	



Jechalke, S.; Schierstaedt, J.; Becker, M.; Flemer, B.; Grosch, R.; Smalla, K.; Schikora, A. Salmonella establishment in agricultural soil and colonization of crop plants depend on soil type and plant species. Front. Microbiol. 2019, 10, 967. [Google Scholar] [CrossRef]

	



Li, B.; Vellidis, G.; Liu, H.; Jay-Russell, M.; Zhao, S.; Hu, Z.; Wright, A.; Elkins, C.A. Diversity and antimicrobial resistance of Salmonella enterica isolates from surface water in southeastern United States. Appl. Environ. Microbiol. 2014, 80, 6355–6365. [Google Scholar] [CrossRef]

	



Linke, K.; Rückerl, I.; Brugger, K.; Karpiskova, R.; Walland, J.; Muri-Klinger, S.; Tichy, A.; Wagner, M.; Stessl, B. Reservoirs of Listeria species in three environmental ecosystems. Appl. Environ. Microbiol. 2014, 80, 5583–5592. [Google Scholar] [CrossRef] [PubMed]

	



Raschle, S.; Stephan, R.; Stevens, M.J.; Cernela, N.; Zurfluh, K.; Muchaamba, F.; Nüesch-Inderbinen, M. Environmental dissemination of pathogenic Listeria monocytogenes in flowing surface waters in Switzerland. Sci. Rep. 2021, 11, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Walters, S.P.; Gonzalez-Escalona, N.; Son, I.; Melka, D.C.; Sassoubre, L.M.; Boehm, A.B. Salmonella enterica diversity in central Californian coastal waterways. Appl. Environ. Microbiol. 2013, 79, 4199–4209. [Google Scholar] [CrossRef] [PubMed]

	



Pianetti, A.; Sabatini, L.; Bruscolini, F.; Chiaverini, F.; Cecchetti, G. Faecal contamination indicators, Salmonella, Vibrio and Aeromonas in water used for the irrigation of agricultural products. Epidemiol. Infect. 2004, 132, 231–238. [Google Scholar] [CrossRef]

	



Sharma, M.; Handy, E.T.; East, C.L.; Kim, S.; Jiang, C.; Callahan, M.T.; Allard, S.M.; Micallef, S.; Craighead, S.; Anderson-Coughlin, B.; et al. Prevalence of Salmonella and Listeria monocytogenes in non-traditional irrigation waters in the Mid-Atlantic United States is affected by water type, season, and recovery method. PLoS ONE 2020, 15, e0229365. [Google Scholar] [CrossRef]

	



Deaven, A.M.; Ferreira, C.M.; Reed, E.A.; Chen See, J.R.; Lee, N.A.; Almaraz, E.; Rios, P.C.; Marogi, J.G.; Lamendella, R.; Zheng, J.; et al. Salmonella genomics and population analyses reveal high inter-and intraserovar diversity in freshwater. Appl. Environ. Microbiol. 2021, 87, e02594-20. [Google Scholar] [CrossRef]

	



Mpondo, L.; Ebomah, K.E.; Okoh, A.I. Multidrug-resistant Listeria species shows abundance in environmental waters of a key district municipality in South Africa. Int. J. Res. Public Health 2021, 18, 481. [Google Scholar] [CrossRef]

	



Sauders, B.D.; Overdevest, J.; Fortes, E.; Schukken, Y.; Lembo, A.; Windham, K.; Wiedmann, M. Diversity of Listeria species in urban and natural environments. Appl. Environ. Microbiol. 2012, 78, 4420–4433. [Google Scholar] [CrossRef]

	



Fagerlund, A.; Idland, L.; Heir, E.; Møretrø, T.; Aspholm, M.; Lindbäck, T.; Langsrud, S. WGS analysis of Listeria monocytogenes from rural, urban, and farm environments in Norway: Genetic diversity, persistence, and relation to clinical and food isolates. Appl. Environ. Microbiol. 2022, aem0213621. [Google Scholar] [CrossRef]

	



Ahlstrom, C.A.; Manuel, C.S.; Den Bakker, H.C.; Wiedmann, M.; Nightingale, K.K. Molecular ecology of Listeria spp., Salmonella, Escherichia coli O157: H7 and non-O157 Shiga toxin-producing E. coli in pristine natural environments in Northern Colorado. J. Appl. Microbiol. 2018, 124, 511–521. [Google Scholar] [CrossRef]

	



Harrand, A.S.; Jagadeesan, B.; Baert, L.; Wiedmann, M.; Orsi, R.H. Evolution of Listeria monocytogenes in a food processing plant involves limited single-nucleotide substitutions but considerable diversification by gain and loss of prophages. Appl. Environ. Microbiol. 2020, 86, e02493-19. [Google Scholar] [CrossRef]

	



Mateo-Sagasta, J.; Zadeh, S.M.; Turral, H. (Eds.) More People, More Food, Worse Water?: A Global Review of Water Pollution from Agriculture; FAO and IWMI: Rome, Italy, 2018; Available online: http://www.fao.org/3/CA0146EN/ca0146en.pdf (accessed on 25 February 2022).

	



Falardeau, J.; Johnson, R.P.; Pagotto, F.; Wang, S. Occurrence, characterization, and potential predictors of verotoxigenic Escherichia coli, Listeria monocytogenes, and Salmonella in surface water used for produce irrigation in the Lower Mainland of British Columbia, Canada. PLoS ONE 2017, 12, e0185437. [Google Scholar] [CrossRef] [PubMed]

	



Gu, G.; Strawn, L.K.; Ottesen, A.R.; Ramachandran, P.; Reed, E.A.; Zheng, J.; Boyer, R.R.; Rideout, S.L. Correlation of Salmonella spp. and Listeria monocytogenes in irrigation water to environmental factors, fecal indicators and bacterial communities. Front. Microbiol. 2020, 11, 3426. [Google Scholar]

	



Saingam, P.; Li, B.; Yan, T. Fecal indicator bacteria, direct pathogen detection, and microbial community analysis provide different microbiological water quality assessment of a tropical urban marine estuary. Water Res. 2020, 185, 116280. [Google Scholar] [CrossRef] [PubMed]

	



Weller, D.; Belias, A.; Green, H.; Roof, S.; Wiedmann, M. Landscape, water quality, and weather factors associated with an increased likelihood of foodborne pathogen contamination of New York streams used to source water for produce production. Front. Sustain. Food Syst. 2020, 3, 124. [Google Scholar] [CrossRef] [PubMed]

	



Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B.; Rubel, F. World Map of the Köppen-Geiger climate classification updated. Meteorol. Z. 2006, 15, 259–263. [Google Scholar] [CrossRef]

	



Calheiros, C.S.C.; Castro, P.M.L.; Gavina, A.; Pereira, R. Toxicity Abatement of Wastewaters from Tourism Units by Constructed Wetlands. Water 2019, 11, 2623. [Google Scholar] [CrossRef]

	



APHA. Standard Methods for the Examination of Water and Wastewater, 20th ed.; American Public Health Association/American Water WorksAssociation/Water Environment Federation: Washington, DC, USA, 1998. [Google Scholar]

	



International Organization for Standardization (ISO) 9308-1:2000; Water Quality—Detection and Enumeration of Escherichia coli and Coliform Bacteria—Part 1: Membrane Filtration Method. International Organization for Standardization: Geneva, Switzerland, 2000.

	



International Organization for Standardization (ISO) 7899-2:2000; Water Quality—Detection and Enumeration of Intestinal Enterococci—Part 2: Membrane Filtration Method. International Organization for Standardization: Geneva, Switzerland, 2000.

	



AFNOR 2020. Reference 30702. Certificate No. BIO-12/16-09/05; AFNOR Validation Certificate for VIDAS® Easy Salmonella Method (VIDAS SLM). Available online: https://nf-validation.afnor.org/wp-content/uploads/2017/02/Synt-BIO-12-16-09-05_en.pdf (accessed on 25 February 2022).

	



AFNOR 2020. Reference 30704. Certificate No. BIO 12/1109-037/042; AFNOR Validation Certificate for VIDAS® Listeria monocytogenes 2 (VIDAS LMOII2). Available online: https://nf-validation.afnor.org/wp-content/uploads/2014/03/Synt-BIO-12-11-03-04_en.pdf (accessed on 25 February 2022).

	



Allerberger, F. Listeria: Growth, phenotypic differentiation and molecular microbiology. FEMS Immunol. Med. Microbiol. 2006, 35, 183–189. [Google Scholar] [CrossRef]

	



Doumith, M.; Buchrieser, C.; Glaser, P.; Jacquet, C.; Martin, P. Differentiation of the major Listeria monocytogenes serovars by multiplex PCR. J. Clin. Microbiol. 2004, 42, 3819–3822. [Google Scholar] [CrossRef]

	



Flores, C.; Loureiro, L.; Bessa, L.; Costa, P. Presence of Multidrug-Resistant E. coli, Enterococcus spp. and Salmonella spp. in Lakes and Fountains of Porto, Portugal. J. Water Resour. Prot. 2013, 5, 1117–1126. [Google Scholar] [CrossRef]

	



Noble, R.; Lee, I.; Schiff, K. Inactivation of indicator microorganisms from various sources of faecal contamination in seawater and freshwater. J. Appl. Microbiol. 2004, 96, 464–472. [Google Scholar] [CrossRef] [PubMed]

	



Giampaoli, S.; Garrec, N.; Donzé, G.; Valeriani, F.; Erdinger, L.; Romano Spica, V. Regulations concerning natural swimming ponds in Europe: Considerations on public health issues. J. Water Health 2014, 12, 564–572. [Google Scholar] [CrossRef]

	



Petterson, S.; Li, Q.; Ashbolt, N. Screening Level Risk Assessment (SLRA) of human health risks from faecal pathogens associated with a Natural Swimming Pond (NSP). Water Res. 2021, 188, 116501. [Google Scholar] [CrossRef] [PubMed]

	



Briones, V.; Téllez, S.; Goyache, J.; Ballesteros, C.; del Pilar Lanzarot, M.; Domínguez, L.; Fernández-Garayzábal, J.F. Salmonella diversity associated with wild reptiles and amphibians in Spain. Environ. Microbiol. 2004, 6, 868–871. [Google Scholar] [CrossRef] [PubMed]

	



Krawiec, M.; Kuczkowski, M.; Kruszewicz, A.G.; Wieliczko, A. Prevalence and genetic characteristics of Salmonella in free-living birds in Poland. BMC Vet. Res. 2015, 11, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Martín-Maldonado, B.; Vega, S.; Mencía-Gutiérrez, A.; Lorenzo-Rebenaque, L.; de Frutos, C.; González, F.; Revuelta, L.; Marin, C. Urban birds: An important source of antimicrobial resistant Salmonella strains in Central Spain. Comp. Immunol. Microbiol. Infect. Dis. 2020, 72, 101519. [Google Scholar] [CrossRef]

	



Shellenbarger, G.G.; Athearn, N.D.; Takekawa, J.Y.; Boehm, A.B. Fecal indicator bacteria and Salmonella in ponds managed as bird habitat, San Francisco Bay, California, USA. Water Res. 2008, 42, 2921–2930. [Google Scholar] [CrossRef]

	



Chigor, V.N.; Umoh, V.J.; Smith, S.I. Occurrence of Escherichia coli O157 in a river used for fresh produce irrigation in Nigeria. Afr. J. Biotechnol. 2010, 9, 178–182. [Google Scholar]

	



Sauders, B.D.; Wiedmann, M. Ecology of Listeria species and L. monocytogenes in the natural environment. In Listeria, Listeriosis, and Food Safety, 3rd ed.; Ryser, E.T., Marth, E.H., Eds.; CRC Press: Boca Raton, FL, USA, 2007; pp. 21–53. [Google Scholar]

	



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

	



Schaffter, N.; Parriaux, A. Pathogenic-bacterial water contamination in mountainous catchments. Water Res. 2002, 36, 131–139. [Google Scholar] [CrossRef]

	



Weller, D.; Wiedmann, M.; Strawn, L.K. Irrigation is significantly associated with an increased prevalence of Listeria monocytogenes in produce production environments in New York State. J. Food Prot. 2015, 78, 1132–1141. [Google Scholar] [CrossRef] [PubMed]

	



Gorski, L.; Walker, S.; Liang, A.S.; Nguyen, K.M.; Govoni, J.; Carychao, D.; Cooley, M.B.; Mandrell, R.E. Comparison of subtypes of Listeria monocytogenes isolates from naturally contaminated watershed samples with and without a selective secondary enrichment. PLoS ONE 2014, 9, e92467. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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

	



Calheiros, C.; Pereira, S.; Castro, P. Chapter 3. Constructed wetlands as nature-based solutions. In An Introduction to Constructed Wetlands; August, N.J., Ed.; Nova Science Publishers: New York, NY, USA, 2020; ISBN 978-1-53618-010-7. [Google Scholar]

	



Calheiros, C.S.C.; Ferreira, V.; Magalhães, R.; Teixeira, P.; Castro, P.M.L. Presence of microbial pathogens and genetic diversity of Listeria monocytogenes in a constructed wetland system. Ecol. Eng. 2017, 102, 344–351. [Google Scholar] [CrossRef]

	



Ahmed, W.; Sawant, S.; Huygens, F.; Goonetilleke, A.; Gardner, T. Prevalence and occurrence of zoonotic bacterial pathogens in surface waters determined by quantitative PCR. Water Res. 2009, 43, 4918–4928. [Google Scholar] [CrossRef]

	



Benjamin, L.; Atwill, E.R.; Jay-Russell, M.; Cooley, M.; Carychao, D.; Gorski, L.; Mandrell, R.E. Occurrence of generic Escherichia coli, E. coli O157 and Salmonella spp. in water and sediment from leafy green produce farms and streams on the Central California coast. Int. J. Food Microbiol. 2013, 165, 65–76. [Google Scholar] [CrossRef]

	



McEgan, R.; Mootian, G.; Goodridge, L.D.; Schaffner, D.W.; Danyluka, M.D. Predicting Salmonella populations from biological, chemical, and physical indicators in Florida surface waters. Appl. Environ. Microbiol. 2013, 79, 4094–4105. [Google Scholar] [CrossRef]








[image: Water 14 00780 g001 550] 





Figure 1. Water bodies sampling locations: (a) P1—artificial pond located in a city garden (b) P2—artificial pond located in a city park, (c) P3—artificial pond located on a seventh-floor roof terrace in the city, (d) P4—artificial pond set up as biological swimming pool in a rural area, (e) P5—natural pond located in a rural protected area, and, (f) P6—artificial pond receiving treated wastewater by a constructed wetland in a tourism house in a rural area. 
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Figure 2. Comparison of total coliforms (■), Enterococcus ( [image: Water 14 00780 i001]), and E. coli ( [image: Water 14 00780 i002]) levels (CFU/100 mL) in each pond at two sampling times (TI and TII). (P1) artificial pond located in a city garden, (P2) artificial pond located in a city park, (P3) artificial pond located on a seventh-floor roof terrace in the city, (P4) artificial pond set up as biological swimming pool in a rural area, (P5) natural pond located in a rural protected area, and (P6) artificial pond receiving treated wastewater by a constructed wetland in a tourism house in a rural area. 
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Table 1. Location and description of sampling sites.






Table 1. Location and description of sampling sites.





	Site Code
	Location
	Site Description
	Area (m2)
	Coordinates





	P1
	Urban
	Artificial pond at city garden
	954
	(41.145622, −8.616537)



	P2
	Urban
	Artificial pond at city park
	8600
	(41.167868, −8.678431)



	P3
	Urban
	Artificial pond at roof terrace, 7th floor in a city building
	3
	(41.176330, −8.605600)



	P4
	Rural
	Artificial pond set up as biological swimming pool
	210
	(41.213734, −8.632291)



	P5
	Rural
	Natural pond at a protected area
	3.46 × 106
	(41.766471, −8.642062)



	P6
	Rural
	Artificial pond receiving wastewater treated by a constructed wetland in a tourism house
	5
	(41.805819, −8.567038)
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Table 2. Physicochemical analyses in each pond, on two sampling times (September (TI) and October (TII)).
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Site Code/Sampling Time

	
Air

	
Water




	
Temperature (°C)

	
Relative Humidity (%)

	
pH

	
Temperature (°C)

	
TSS (mg/L)

	
COD (mg/L)

	
PO43− (mg/L)

	
NO2− (mg/L)

	
NH4+ (mg/L)

	
NO3− (mg/L)






	
P1

	
TI

	
24.5

	
44

	
7.647

	
19.7

	
<dl

	
81

	
0.13

	
0.12

	
0.09

	
2.2




	

	
TII

	
15.0

	
43

	
6.919

	
15.9

	
<dl

	
94

	
0.11

	
0.06

	
<dl

	
2.0




	
P2

	
TI

	
25.8

	
41

	
8.993

	
23.6

	
21

	
25

	
0.26

	
0.18

	
0.04

	
2.3




	

	
TII

	
19.0

	
42

	
8.897

	
18.5

	
23

	
16

	
0.24

	
0.19

	
0.05

	
2.0




	
P3

	
TI

	
21.0

	
60

	
7.161

	
18.0

	
<dl

	
<dl

	
0.25

	
0.09

	
<dl

	
1.6




	

	
TII

	
15.0

	
48

	
7.165

	
13.0

	
<dl

	
<dl

	
0.24

	
0.06

	
<dl

	
1.9




	
P4

	
TI

	
29.3

	
42

	
7.860

	
23.4

	
16

	
<dl

	
0.10

	
0.07

	
0.06

	
1.9




	

	
TII

	
18.0

	
49

	
6.710

	
17.5

	
<dl

	
<dl

	
0.07

	
0.07

	
<dl

	
1.7




	
P5

	
TI

	
19.5

	
51

	
5.570

	
17.5

	
<dl

	
42

	
0.11

	
0.18

	
0.23

	
1.8




	

	
TII

	
19.5

	
51

	
5.979

	
16.5

	
<dl

	
60

	
0.25

	
0.18

	
0.17

	
1.5




	
P6

	
TI

	
20.3

	
58

	
6.138

	
19.2

	
<dl

	
<dl

	
0.26

	
0.15

	
0.11

	
3.0




	

	
TII

	
18.5

	
61

	
6.517

	
17.5

	
<dl

	
<dl

	
0.38

	
0.18

	
0.08

	
2.1








Note: (P1) artificial pond located in a city garden, (P2) artificial pond located in a city park, (P3) artificial pond located on a seventh-floor roof terrace in the city, (P4) artificial pond set up as biological swimming pool in a rural area, (P5) natural pond located in a rural protected area, and (P6) artificial pond receiving treated wastewater by a constructed wetland in a tourism house in a rural area. dl: detection limit.
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Table 3. Pathogens detection in each water body at two sampling times (September (TI) and October (TII)).
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Site Code

	
Sampling Time

	
Salmonella spp.

(per Liter)

	
Listeria monocytogenes

(per Liter)






	
P1

	
TI

	
Negative

	
Negative




	
TII

	
Negative

	
Positive




	
P2

	
TI

	
Positive

	
Negative




	
TII

	
Positive

	
Negative




	
P3

	
TI

	
Negative

	
Negative




	
TII

	
Negative

	
Negative




	
P4

	
TI

	
Negative

	
Negative




	
TII

	
Negative

	
Negative




	
P5

	
TI

	
Positive

	
Negative




	
TII

	
Negative

	
Positive




	
P6

	
TI

	
Negative

	
Positive




	
TII

	
Negative

	
Positive








Note: (P1) artificial pond located in a city garden, (P2) artificial pond located in a city park, (P3) artificial pond located on a seventh-floor roof terrace in the city, (P4) artificial pond set up as biological swimming pool in a rural area, (P5) natural pond located in a rural protected area, and (P6) artificial pond receiving treated wastewater by a constructed wetland in a tourism house in a rural area.
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