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Abstract

:

The aim of this proof-of-concept study was to evaluate the in vitro effects of ozonated water treatment on the viability of Eimeria oocysts and Giardia cysts isolated from naturally infected water buffaloes. Eimeria oocysts were divided into seven groups of six replicates that were treated with ozonated water at three ozone concentrations (0.5, 1, and 2 mg/L) and two contact times (five and ten minutes), and one group (negative control) that was exposed to non-treated water. Giardia cysts were divided into nine groups of six replicates and were treated with ozonated water at four ozone concentrations (0.1, 0.3, 0.5, and 1 mg/L) and two contact times (one and two minutes), while one group (negative control) was exposed to non-treated water. The results of the ozonated water treatment gave a 33% inhibition of the sporulation of Eimeria oocysts and rendered 96.3% of Giardia cysts non-viable, suggesting that ozonated water treatment could be a promising alternative sanitation technology to common conventional disinfectants for reducing intestinal protozoa infections in water buffaloes; though further in vitro and in vivo tests are needed.
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1. Introduction


Dairy water buffalo (Bubalus bubalis) farming plays an important role in the economy of several countries, including Italy, as their milk is almost exclusively used for the production of-mozzarella-cheese [1,2]. In intensive farming systems, the infection of water buffaloes with intestinal protozoa, such as Giardia and Eimeria, threatens the profitability and sustainability of milk production [3,4,5]. These parasites are the leading cause of neonatal diarrhea, with negative impacts on the growth performance of buffalo calves, resulting in economic losses [6,7]. Water buffaloes acquire Eimeria infections soon after birth, and severe outbreaks can occur, resulting in morbidity and mortality regardless of the management system (intensive, semi-intensive, or extensive) of the water buffalo farm. Although metaphylactic approaches have been used successfully to control Eimeria (e.g., toltrazuril and diclazuril) and Giardia (e.g., fenbendazole and albendazole) infections in ruminant farms, other prophylactic measures are needed to reduce environmental contamination, in order to limit the infection pressure [8,9]. Moreover, infection by Giardia duodenalis is a public health concern, because of the potential zoonotic transmission to humans [10]. Therefore, the adoption of appropriate control strategies against intestinal protozoa is a considerable challenge for water buffalo farms [11]. Water plays an important role in a wide range of operations, including cleaning and disinfection, that are carried out in the dairy industry [11,12,13]. Dairy wastewaters are conventionally purified by physicochemical and biological methods [13]. However, a number of studies have been published on the use of ozone treatment, either alone or in combination with other technologies, in order to reuse, at least in part, the wastewater produced by the dairy sector [14,15,16,17].



Ozone, an allotropic form of oxygen constituted by three oxygen atoms, is a very powerful oxidant, and it is well known for its bactericidal, viricidal, and fungicidal actions, which are used for water treatment and medical applications [18,19,20,21,22]. Ozone has been reviewed by the European Environmental Agency for use as a biocide, in disinfection, food and animal feeds, drinking water, and as a preservative for liquid systems, under the Biocidal Products Regulation (BPR) of the European Chemical Agency (ECHA). In Italy, ozone can be used exclusively as a sanitizer.



In the last few years, the scientific and commercial interest in ozone-therapy, both in human and veterinary medicine has been increasing [22,23]. The main advantage of using ozonated water treatment in the livestock and animal husbandry sectors is the ability for reducing or destroying microbial pathogens, thus resulting in an improvement of the general health of the animals [24,25,26].



Given the potential applications in veterinary medicine, the aim of this proof of concept study was to evaluate the in vitro effect of ozonated water on Eimeria oocysts and Giardia cysts isolated from naturally infected water buffaloes.




2. Materials and Methods


2.1. Sampling and Coprological Analysis


Eimeria oocysts and Giardia cysts were recovered from fecal samples collected from naturally infected water buffalo calves (1–4 months), on a farm located in southern Italy with a known history of protozoa infections. Thirty individual fresh fecal samples were collected directly from the rectal ampulla of the animals. Each fecal sample was analyzed by the FLOTAC dual technique with an analytic sensitivity of two oocyst/cysts per gram (OPG and CPG, respectively) of feces, using two flotation solutions, namely sodium chloride (specific gravity, s.g. = 1.20) to detect Eimeria oocysts [27] and zinc sulfate (s.g. = 1.35) to detect G. duodenalis cysts [28]. Magnifications of 100× and 400× were used to identify protozoan (oo)cysts. The positive samples with a mean value of 30,000 OPG for Eimeria and with a mean value of 15,000 CPG for G. duodenalis were processed to purify the (oo)cysts for the in vitro tests. The tests were organized as described in Figure 1 and in the following sections.




2.2. Recovery of Eimeria spp. Oocysts and Giardia Duodenalis Cysts


The fecal samples were processed within two hours of collection using the egg recovery technique of Bosco et al. [29] with some modifications. Briefly, the fecal samples were homogenized and filtered under running water through sieves with different mesh sizes, as follows: 1 mm, 250 μm, 100 μm, and 50 µm, to separate the (oo)cysts from the feces; with a sieve of 25 μm for G. duodenalis. The fecal suspension obtained was centrifuged for three minutes at 170 g, and the supernatant was discarded. Finally, the pellets were resuspended with 40% sucrose solution and transferred to new tubes. To obtain a clear aqueous solution with Eimeria spp. oocysts and Giardia cysts, two successive rounds of centrifugation with distilled water were performed. After a thorough homogenization (avoiding foam formation) of the suspension into the tubes, ten aliquots of 10 μL each were taken in order to count the number of Eimeria oocysts or Giardia cysts at 100× and 400× magnifications.




2.3. Water Ozonisation


The ozonated water was generated in a small-scale circuit by passing the distilled water through an electrolytic cell with a current of 1A (amps). The water was continuously pumped past the electrode at rate of 1 L/min to produce ozone [30]. A DPD (N, N-diethyl-p-phenylenediamine) colorimetric glycine method for residual chlorine using a compact ozone meter (Palintest©, Camlab Ltd., Cambridge, UK) was employed to measure the ozone concentration [31,32,33]. The output of a preliminary experiment revealed that the concentration of aqueous ozone varied with temperature. The treated solution showed near-saturation with ozone after one minute of treatment. However, the ozone treatment in subsequent tests was set at an average temperature of 25 °C with pH = 7 [34,35,36]. In order to evaluate the sanitation kinetics, the concentration–time concept was applied, i.e., ozone concentration (C) in mg/L was multiplied by contact-time (t) in minutes (Ct) [34,35].




2.4. In Vitro Test for Eimeria spp.


Eimeria oocysts (total count = 126,000) were randomly divided into seven groups (Group Eimeria-GE) of six replicates each in 42 glass vials, as follows: six groups (GE1; GE1.1; GE2; GE2.1; GE3; GE3.1) were treated with ozonated water at three ozone concentrations (0.5, 1, and 2 mg/L) and two contact times (5 and 10 min). One group was exposed to non-treated water (negative control), as shown in Table 1. The aliquots of all the groups were centrifuged for 3 min at 170 g and the pellet was resuspended in an aqueous solution of potassium dichromate 2.5% and incubated in a wide-surfaced container at 26–28 °C for 60–72 h, oxygenating the samples several times a day to preserve the oocysts [36]. At the end of the incubation, each aliquot was centrifuged for three minutes at 170 g, the supernatant was discharged to remove potassium dichromate from the oocyst suspension by repeated dilution with distilled water. Then, the aliquots were stored at 4 °C until being counted. Each aliquot was examined by light microscopy at 100×, 400×, and 1000× magnifications. In order to evaluate the effect of ozonated water treatment, the number of sporulated and non-sporulated, deformed, or lysed oocysts were counted, and the percentage of sporulation was estimated by counting the number of sporulated oocysts out of a total of 100 oocysts [36].




2.5. In Vitro Test for Giardia Duodenalis


Giardia duodenalis cysts (total count = 54,000) were divided into nine groups (Group Giardia-GG) of 6 replicates each (54 glass vials) as follows: eight groups (GG1; GG1.1; GG2; GG2.1; GG3; GG3.1) were treated with ozonated water at four ozone concentrations (0.1, 0.3, 0.5, and 1 mgLl) and two contact times (one and two minutes) (Table 2). One group was exposed to non-treated water (negative control). Giardia cyst viability was evaluated by non-fluorogenic dye exclusion method with trypan blue [37,38,39]. The percentage of non-viable cysts was calculated using the formula: (1 − (total number of viable cysts per ml of aliquot /total number of cysts per ml of aliquot)) × 100.




2.6. Statistical Analysis


One-way ANOVA was performed to detect the significant difference between the treated and non-treated groups of GE and GG with post hoc Turkey’s tests. For all comparisons, a level of α = 0.05 was assumed, and the obtained p-values were rounded to two decimal places. Statistical analysis were performed using SPSS Statistics v.23 (IBM, Armonk, NY, USA).





3. Results


3.1. Eimeria Oocysts Viability


Based on sporulation, four species of Eimeria were identified in the positive samples, i.e., E. ellipsoidalis, E. bovis, E. subspherica and E. bareillyi, with the following prevalence: 42%, 29%, 18%, and 11%, respectively. The sporulation rate of the oocysts treated with ozone was significantly (p < 0.001) lower than that in the non-treated group (Table 3). The best results were obtained in the GE3 treated group with a Ct value of ten (2 mg/L * 5 min), which revealed a rate of 33.0% of non-sporulated oocysts. There was no significant difference (p > 0.005) between the prevalence of the four Eimeria species identified in both the treated and non-treated groups. Moreover, after incubation, a fast attachment of the bacteria to the surface of the ozone-treated oocysts was observed, unlike the non-treated control oocysts, where the attachment was minimal and delayed (Figure 2a–c). However, the oocysts showed internal structure degeneration, and the sporulation process was incomplete (Figure 2d).




3.2. Giardia Duodenalis Cysts Viability


The control group showed 99% intact Giardia cysts. There was a significant difference (p < 0.0001) between the mean viable cysts and the mean of non-viable cysts in the GG.1 treated group and non-treated group. Specifically, the highest percentage of non-viable cysts was obtained in the GG3.1 treated group (96.3%), at Ct of 1 (0.5 mg/L * 2 min) (Table 4) (Figure 3a,b).





4. Discussion


Ozone is well known for its strong oxidizing ability, and its action against protozoa has been proved in vitro with several parasites, such as Leishmania, Giardia, Cryptosporidium, Blastocystis, Cyclospora, etc., using ozonated oil and ozonated water [40,41,42,43,44]. In addition, ozone is being widely used in drinking water and wastewater treatment [45,46,47,48,49,50] as well as in human and veterinary medicine in several pharmaceutical forms [20,25,50,51,52,53,54]. This proof of concept study was the first attempt to evaluate the in vitro effectiveness of ozonated water treatment on the viability of Eimeria spp. oocysts and G. duodenalis cysts isolated from water buffaloes.



Our study revealed that the inhibition of the sporulation of the Eimeria oocysts induced by the ozone treatment was time and concentration dependent. Indeed, the Eimeria oocysts suffered a partial inhibition of sporulation in the treated group (GE3) with 2 mg/L ozone concentration and 5 min of exposure. This might have been due to the alteration of the surface structure of the oocysts by ozone, as has been shown in other similar studies for E. colchici, E. necatrix, E. maxima, and E. acervuline oocysts [36,55]. Coccidian oocysts are extremely resistant to common physical and chemical compounds due to their complex structure [36,56,57,58]. However, in the present study, many oocysts after ozone treatment showed a deformed shape, incomplete development, and remained at the early cytoplasmic contraction stage. It should be noted, however, that the study by Liou et al. [36] reported ozone-treated E. colchici oocysts as being infective after 3 months, even if their sporulation was incomplete. Therefore, our results are not conclusive regarding infectivity, and further studies should be carried out for the buffalo Eimeria species identified in the present study. Ozone alone or in combination with other chemical (chlorine, chlorine dioxide) or physical processes (e.g., filtration, flocculation, UV, etc.) has been reported to inactivate the cysts of Giardia [45,52,59].



In the present study, the highest percentage of non-viable cysts was obtained in the GG3.1 treated group at 0.3 mg/L ozone concentration and 2 min time exposure (96.3%). Our results were similar to those obtained by Finch et al. [52] where the highest percentage of G. duodenalis inactivation cysts (99.9%) was obtained with a 0.5 mg/L ozone concentration and 5 min time exposure.



Eimeria spp. and G. duodenalis are still common and widespread GI parasites in water buffalo farms in different parts of the world [4,5,6,59,60]. In the Mediterranean area, Eimeria spp. is still the most prevalent protozoa, with an overall rate of 81.5%, according to Morgoglione et al. [61]; whilst G. duodenalis was present in buffalo farms in central and southern Italy, with a rate of 30% and 18%, respectively [9,61]. Giardia is present in buffalo farms with a wide range of prevalence, from 0.7% to 40.9% worldwide [5]. Furthermore, molecular investigations of G. duodenalis isolates revealed the presence of zoonotic parasites (G. duodenalis assemblage A) and host-specific parasites (G. duodenalis assemblage E), indicating that water buffaloes can have a major impact on environmental contamination, and with cysts potentially infectious to humans if their feces are not properly disposed of [10].



Recent studies have shown that water is one of the main sources of infection with Cryptosporidium spp. and G. duodenalis, and these (oo)cysts are unlikely to be inactivated by routine chemical disinfectants or sanitizing water treatments [62,63]. Thus, drinking water sanitation plays an important role in the complex control of protozoa in water buffalo farms, reducing environmental contamination pressure and protecting animals from infections. Prevention of overcrowding, feeding off the ground, and sanitation of feeding and watering equipment are important. Hence, these approaches represent a relevant challenge in intensive livestock farming [48]. Moreover, the control of intestinal protozoa in buffalo farms is certainly not easy to implement because of the considerable spread and resistance of their (oo)cysts in the environment and in water for months [7,49]. To date, as vaccine prophylaxis measures to control of GI protozoa are not yet available in ruminants, the best combination of rational treatments, hygiene, and herd management are indispensable tools to reduce the risk of transmission of infections in water buffalo farms [56].



In recent years, the scientific community has had an increased interest in new low-cost and eco-friendly systems to control parasites, thus alternative therapeutic approaches based on ozone in ruminants could be useful for controlling protozoa infections, as demonstrated in poultry against Eimeria [21,36]. Although the use of ozone in veterinary medicine can be traced back more than 30 years, it is still rarely employed, and only for the treatments of a few diseases, such as mastitis, vaginitis, enteritis, etc., to reduce antibiotic administration [21,22]. Furthermore, ozone has been successfully used in the dairy industry for cleaning operations in milk processing and for reducing the concentrations of pollutants in dairy wastewaters [51]. Despite the advantages of ozone, some limitations are associated with the ozonated water technology, such as the high cost of ozone generators, the need for operating and service infrastructure on a large scale, which could explain the limited use of ozone in livestock farms. With electrodes, such as those used in this study, and with the development of new boron doped diamond electrodes, it is now possible to generate ozone from water at the point of use. The cells required for this purpose provide a simple, robust, reliable, low voltage, and low cost method [64].



The Ct value is actually a measure of disinfection effectiveness for the time that the water and disinfectant are in contact, where “C” is the disinfectant residual concentration (measured in mg/L) at peak hourly flow, and “t” is the time (measured in minutes) that the disinfectant is in contact with the water at peak hourly flow. The contact time (t) is measured from the point of disinfectant injection to a point where the residual concentration is measured. Nevertheless, Ct values are widely used to calculate the dosage of disinfectants in water treatment, and they are particularly relevant for chlorine and ozone [65]. Moreover, the Environmental Protection Agency (EPA) provides specific Ct values for the inactivation of the Giardia cysts by ozone at pH 6–9. In our study, the Ct values for ozone to inactivate the Giardia cysts were similar to those reported by the EPA. However, there are no data regarding the Ct values for ozone to inactivate the Eimeria oocysts, therefore, our study highlighted preliminary findings on the Ct values of ozonated water treatment for the inhibition of the sporulation of Eimeria oocysts.




5. Conclusions


The results achieved represent the “first attempts” in evaluating the applicability of ozone as a water sanitizer in water buffalo farms. However, for a complete understanding of the mechanisms of action of ozone as a therapeutic agent on the infectivity of Eimeria spp. and G. duodenalis, it would be useful to perform in vitro tests to evaluate the efficacy of ozone against reproductive forms cultivable in vitro, e.g., sporozoites of Eimeria and trophozoites of Giardia. A hypothetical higher sensitivity of these forms to the treatment with ozone in vitro would allow, after the experimental infection of animals with oo/cystic forms (i.e., in vivo), highlighting the ability of ozone to reduce the excretion (as well as the diffusion) of parasitic oo/cysts in the environment, while providing data on the “prophylactic” capacity of ozonated water. No data are available on the effect of ozone on the infectious stages of Eimeria spp. However, the outcomes of our proof-of-concept study suggest ozonated water treatment is a promising alternative to the commonly used disinfectants for reducing intestinal protozoa infections in water buffaloes; though further in vitro and in vivo tests are needed.







Author Contributions


Conceptualization, M.E.M.; A.B.; L.R.; methodology, M.E.M.; A.B.; P.P.; software, M.E.M.; validation, M.E.M., A.B. and L.R.; formal analysis, M.E.M.; L.C.; P.P.; investigation, M.E.M.; P.P.; data curation, M.E.M.; L.C.; P.P.; writing—original draft preparation, M.E.M.; A.B.; L.C.; G.C.C.; writing—review and editing, L.R.; G.C.; supervision, L.R.; G.C.C.; project administration, M.E.M.; A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Written informed consent has been obtained from the owner that approved the use of animals included in the study, to publish this paper.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors would like to thank Luca Negrone for the technical support in the field.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pdo Buffalo Mozzarella Drives Italian Cheese Export. Available online: https://news.italianfood.net/2017/02/07/pdo-buffalo-mozzarella-drives-italian-cheese-export (accessed on 24 February 2020).

	



Masucci, F.; De Rosa, G.; Barone, C.M.A.; Napolitano, F.; Grasso, F.; Uzun, P.; Di Francia, A. Effect of group size and maize silage dietary levels on behaviour, health, carcass and meat quality of Mediterranean buffaloes. Animal 2016, 10, 531–538. [Google Scholar] [CrossRef] [PubMed]

	



Rinaldi, L.; Musella, V.; Condoleo, R.; Saralli, G.; Veneziano, V.; Bruni, G.; Condoleo, R.U.; Cringoli, G. Giardia and Cryptosporidium in water buffaloes (Bubalus bubalis). Parasitol. Res. 2007, 100, 1113–1118. [Google Scholar] [CrossRef] [PubMed]

	



Bosco, A.; Rinaldi, L.; Maurelli, M.P.; Cringoli, G. Parasitological scenario of buffalo farms in central southern Italy: A review. In The Buffalo (Bubalus bubalis)-Production Research, 1st ed.; Presicce, G.A., Ed.; Bentham Science Publishers: Sharjah, United Arab Emirates, 2017; pp. 298–312. [Google Scholar]

	



De Aquino, M.C.C.; Inácio, S.V.; Rodrigues, F.S.; de Barros, L.D.; Garcia, J.L.; Headley, S.A.; Gomes, J.F.; Bresciani, K.D.S. Cryptosporidiosis and giardiasis in buffaloes (Bubalus bubalis). Front. Vet. Sci. 2020, 7, 557967. [Google Scholar] [CrossRef] [PubMed]

	



Dubey, J.P. A review of coccidiosis in water buffaloes (Bubalus bubalis). Vet Parasitol. 2018, 256, 50–57. [Google Scholar] [CrossRef] [PubMed]

	



Keeton, S.T.N.; Navarre, C.B. Coccidiosis in large and small ruminants. Vet. Clin. N. Am. Food Anim. Pract. 2018, 34, 201–208. [Google Scholar] [CrossRef]

	



Daugschies, A.; Agneessens, J.; Goossens, L.; Mengel, H.; Veys, P. The effect of a metaphylactic treatment with diclazuril (Vecoxan) on the oocyst excretion and growth performance of calves exposed to a natural Eimeria infection. Vet. Parasitol. 2007, 149, 199–206. [Google Scholar] [CrossRef]

	



Bosco, A.; Rinaldi, L.; Cappelli, G.; Saratsis, A.; Nisoli, L.; Cringoli, G. Metaphylactic treatment strategies with toltrazuril and diclazuril and growth performance of buffalo calves exposed to a natural Eimeria infection. Vet. Parasitol. 2015, 212, 408–410. [Google Scholar] [CrossRef]

	



Thompson, R.C. The zoonotic significance and molecular epidemiology of Giardia and giardiasis. Vet Parasitol. 2004, 126, 15–35. [Google Scholar] [CrossRef]

	



Daugschies, A.; Böse, R.; Marx, J.; Teich, K.; Friedhoff, K.T. Development and application of a standardized assay for chemical disinfection of coccidia oocysts. Vet. Parasitol. 2002, 103, 299–308. [Google Scholar] [CrossRef]

	



Riedewald, F. Utilities and effluent treatment: Water supply. In Encyclopedia of Dairy Sciences; Fuquay, J.W., Fox, P.F., McSweeney, P.L.H., Eds.; Academic Press: London, UK, 2011; Volume 4, pp. 582–588. [Google Scholar]

	



Baskaran, K.; Palmowski, L.M.; Watson, B.M. Wastewater reuse and treatment options for the dairy industry. Water Sci. Technol. Water Supply 2003, 3, 85–91. [Google Scholar] [CrossRef]

	



Muñoz, A. Design and analysis of studies of the health effects of ozone. Environ. Health Perspect. 1993, 101, 231. [Google Scholar]

	



Norton, T.; Misiewicz, P. Ozone for water treatment and its potential for process water reuse in the food industry. In Ozone in Food Processing; O’Donnell, C., Tiwari, B.K., Cullen, P.J., Rice, R.G., Eds.; Wiley-Blackwell: Oxford, UK, 2012; pp. 177–199. [Google Scholar]

	



Laszlo, Z.; Kertsz, S.; Mlinkovics, E.; Hodur, C. Dairy waste water treatment by combining ozonation and nanofiltration. Sep. Sci. Technol. 2007, 42, 1627–1637. [Google Scholar] [CrossRef]

	



Loorits, K.A.; Munter, R.; Siirde, E.K.; Lisenkova, L.L. Use of ozone for oxidation of major milk components in effluent. Molochnaya Promyshlennost 1975, 4, 27–30. (In Russian) [Google Scholar]

	



Eliasson, B.; Hirth, M.; Kogelschatz, U. Ozone synthesis from oxygen in dielectric barrier discharges. J. Phys. Appl. Phys. 1987, 20, 1421. [Google Scholar] [CrossRef]

	



Merhi, Z.; Garg, B.; Moseley-LaRue, R.; Moseley, A.R.; Smith, A.; Zhang, J. Ozone therapy: A potential therapeutic adjunct for improving female reproductive health. Med. Gas. Res. 2019, 9, 101–105. [Google Scholar] [CrossRef]

	



Elvis, A.M.; Ekta, J.S. Ozone therapy: A clinical review. J. Nat. Sci. Biol. Med. 2011, 2, 66–70. [Google Scholar] [CrossRef]

	



Đuričić, D.; Valpotić, H.; Samardžija, M. Prophylaxis and therapeutic potential of ozone in buiatrics: Current knowledge. Anim. Reprod Sci. 2015, 159, 1–7. [Google Scholar] [CrossRef]

	



Sciorsci, R.L.; Lillo, E.; Occhiogrosso, L.; Rizzo, A. Ozone therapy in veterinary medicine: A review. Res. Vet. Sci. 2020, 130, 240–246. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization (WHO). Animal Waste, Water Quality and Human Health; Dufour, A., Bartram, J., Bos, R., Gannon, V., Eds.; IWA Publishing: London, UK, 2012. [Google Scholar]

	



Loeb, B.L.; Thompson, C.M.; Drago, J.; Takahara, H.; Baig, S. Worldwide ozone capacity for treatment of drinking water and wastewater: A review. Ozone Sci. Eng. 2012, 34, 64–77. [Google Scholar] [CrossRef]

	



Ozone Systems. Ozone Benefits for Dairy Farmers. Available online: http://www.puricare.co.za/UserFiles/Ozone%20 (accessed on 25 May 2015).

	



Heacox, D. Use and Generation of Ozone as a Disinfectant of Dairy Animal Tissues, Dairy Equipment, and Infrastructure. U.S. Patent No. 8609120B2, 2013. [Google Scholar]

	



Cringoli, G.; Rinaldi, L.; Maurelli, M.P.; Utzinger, J. FLOTAC: New multivalent techniques for qualitative and quantitative copromicroscopic diagnosis of parasites in animals and humans. Nat. Protoc. 2010, 5, 503–515. [Google Scholar] [CrossRef]

	



Pepe, P.; Ianniello, D.; Alves, L.C.; Morgoglione, M.E.; Maurelli, M.P.; Bosco, A.; Cringoli, G.; Rinaldi, L. Comparative cost-effectiveness of immunoassays and FLOTAC for diagnosing Giardia spp. infection in dogs. Parasit. Vectors 2019, 12, 158. [Google Scholar] [CrossRef]

	



Bosco, A.; Maurelli, M.P.; Ianniello, D.; Morgoglione, M.E.; Amadesi, A.; Coles, G.C.; Cringoli, G.; Rinaldi, L. The recovery of added nematode eggs from horse and sheep faeces by three methods. BMC Vet. Res. 2018, 14, 7. [Google Scholar] [CrossRef]

	



Okada, F.; Naya, K. Electrolysis for Ozone Water Production. In Electrolysis, 1st ed.; Linkov, V., Kleperis, J., Eds.; IntechOpen: London, UK, 2012. [Google Scholar]

	



Palin, A.T. Methods for the determination, in water, of free and combined available chlorine, chlorine dioxide and chlorite, bromine, iodine, and ozone using diethyl-p-phenylenediamine (DPD). J. Inst. Water Eng. 1967, 21, 537. [Google Scholar]

	



Palin, A.T. Analytical control of water disinfection with special reference to differential DPD methods for chlorine, chlorine dioxide, bromine, iodine and ozone. J. Inst. Water Eng. 1974, 28, 139. [Google Scholar]

	



Elovitz, M.S.; von Gunten, U.; Kaiser, H.-P. Hydroxyl radical/ozone ratios during ozonation Processes. II. The Effect of temperature, pH, alkalinity, and DOM properties, ozone. Sci. Eng. 2000, 22, 123–150. [Google Scholar] [CrossRef]

	



Gardoni, D.A.; Vailati, A.; Canziani, R. Decay of ozone in Water: A review. Ozone Sci. Eng. 2012, 34, 233–242. [Google Scholar] [CrossRef]

	



Galdeano, M.C.; Wilhelm, A.E.; Goulart, I.B.; Tonon, R.V.; Freitas-Silva, O.; Germani, R.; Chávez, D.W.H. Effect of water temperature and pH on the concentration and time of ozone saturation. Braz. J. Food Technol. 2018, 21. [Google Scholar] [CrossRef]

	



Liou, C.T.; Wang, J.S.; Ooi, H.K. Effect of ozone treatment on Eimeria colchici oocysts. J. Parasitol. 2002, 88, 159–162. [Google Scholar] [CrossRef]

	



Rousseau, A.; La Carbona, S.; Dumètre, A.; Robertson, L.J.; Gargala, G.; Escotte-Binet, S.; Favennec, L.; Villena, I.; Gérard, C.; Aubert, D. Assessing viability and infectivity of foodborne and waterborne stages (cysts/oocysts) of Giardia duodenalis, Cryptosporidium spp., and Toxoplasma gondii: A review of methods. Parasite 2018, 25, 14. [Google Scholar] [CrossRef]

	



Hamdy, D.; El-Badry, A.; Abd El Wahab, W. Assessment of Giardia and Cryptosporidium assemblages/species and their viability in potable tap water in Beni-Suef, Egypt Using nested PCR/RFLP and staining. Iran J. Parasitol. 2019, 14, 368–378. [Google Scholar] [CrossRef]

	



Sammaro Silva, K.J.; Sabogal-Paz, L.P. Cryptosporidium spp. and Giardia spp. (oo)cysts as target-organisms in sanitation and environmental monitoring: A review in microscopy-based viability assays. Water Res. 2021, 1, 189. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, J.T.; Costa, A.O.; de Oliveira Silva, M.B.; Schuchard, W.; Osaki, S.C.; de Castro, E.A.; Paulino, R.C.; Soccol, V.T. Comparing the efficacy of chlorine, chlorine dioxide, and ozone in the inactivation of Cryptosporidium parvum in water from Parana State, Southern Brazil. Appl. Biochem. Biotechnol. 2008, 151, 464–473. [Google Scholar] [CrossRef] [PubMed]

	



Ran, Z.; Li, S.; Huang., J.; Yuan, Y.; Cui, C.; Williams, C.D. Inactivation of Cryptosporidium by ozone and cell ultrastructures. J. Environ. Sci. 2010, 22, 1954–1959. [Google Scholar] [CrossRef]

	



Rajabi, O.; Sazgarnia, A.; Abbasi, F.; Layegh, P. The activity of ozonated olive oil against Leishmania major promastigotes. Iran. J. Basic Med. Sci. 2015, 18, 915. [Google Scholar]

	



Khalifa, A.M.; El Temsahy, M.M.; Abou El Naga, I.F. Effect of ozone on the viability of some protozoa in drinking water. J. Egypt. Soc. Parasitol. 2001, 31, 603–616. [Google Scholar]

	



Betancourt, W.Q.; Rose, J.B. Drinking water treatment processes for removal of Cryptosporidium and Giardia. Vet. Parasitol. 2004, 126, 219–234. [Google Scholar] [CrossRef]

	



Erickson, M.C.; Ortega, Y.R. Inactivation of protozoan parasites in food, water, and environmental systems. J. Food Prot. 2006, 69, 2786–2808. [Google Scholar] [CrossRef]

	



Chaohai, W.; Fengzhen, Z.; Yun, H.; Chunhua, F.; Haizhen, W. Ozonation in water treatment: The generation, basic properties of ozone and its practical application. Rev. Chem. Eng. 2017, 33, 49–89. [Google Scholar]

	



Marino, M.; Maifreni, M.; Baggio, A.; Innocente, N. Inactivation of foodborne bacteria Biofilms by aqueous and gaseous ozone. Front. Microbiol. 2018, 28, 2024. [Google Scholar] [CrossRef]

	



Martinelli, M.; Giovannangeli, F.; Rotunno, S.; Trombetta, C.M.; Montomoli, E. Water and air ozone treatment as an alternative sanitizing technology. J. Prev. Med. Hyg. 2017, 58, 48–E52. [Google Scholar] [CrossRef]

	



Adeyemo, F.E.; Singh, G.; Reddy, P.; Bux, F.; Stenström, T.A. Efficiency of chlorine and UV in the inactivation of Cryptosporidium and Giardia in wastewater. PLoS ONE 2019, 14, e0216040. [Google Scholar] [CrossRef]

	



Vitali, G.; Valdenassi, L. Use of ozone in water, agriculture and zootechnics: Relationships between dysbiosis and mental disorders. Ozone Ther. 2019, 4. [Google Scholar] [CrossRef]

	



Varga, L.; Szigeti, J. Use of ozone in the dairy industry: A review. Int. J. Dairy Technol. 2016, 69, 157–168. [Google Scholar] [CrossRef]

	



Finch, G.R.; Black, E.K.; Labatiuk, C.W.; Gyürék, L.; Belosevic, M. Comparison of Giardia lamblia and Giardia muris cyst inactivation by ozone. Appl. Environ. Microbiol. 1993, 59, 3674–3680. [Google Scholar] [CrossRef]

	



Megahed, A.; Aldridge, B.; Lowe, J. Comparative study on the efficacy of sodium hypochlorite, aqueous ozone, and peracetic acid in the elimination of Salmonella from cattle manure contaminated various surfaces supported by Bayesian analysis. PLoS ONE 2019, 23, 14. [Google Scholar] [CrossRef]

	



Iakovides, I.C.; Michael-Kordatou, I.; Moreira, N.F.F.; Ribeiro, A.R.; Fernandes, T.; Pereira, M.F.R.; Nunes, O.C.; Manaia, C.M.; Silva, A.M.T.; Fatta-Kassinos, D. Continuous ozonation of urban wastewater: Removal of antibiotics, antibiotic-resistant Escherichia coli and antibiotic resistance genes and phytotoxicity. Water Res. 2019, 159, 333–347. [Google Scholar] [CrossRef]

	



Neretti, G.; Morandi, B.; Taglioli, M.; Poglayen, G.; Galuppi, R.; Tosi, G.; Borghi, C.A. Inactivation of Eimeria oocysts in aqueous solution by a dielectric barrier discharge plasma in contact with liquid. Plasma Med. 2018, 8, 155–162. [Google Scholar] [CrossRef]

	



Gupta, A.; Singh, N.K.; Singh, H.; Rath, S.S. Assessment of risk factors associated with prevalence of coccidiosis in dairy animals of Punjab. J. Parasit. Dis. 2016, 40, 1359–1364. [Google Scholar] [CrossRef]

	



Bangoura, B.; Bardsley, K.D. Ruminant coccidiosis. Vet. Clin. N. Am. Food Anim. Pract. 2020, 36, 187–203. [Google Scholar] [CrossRef]

	



Morgoglione, M.E.; Rinaldi, L.; Bosco, A.; Cringoli, G.; Bray, P.S.; Coles, G.C. Ozone and animal health. In Proceedings of the Joint COMBAR-ACSRPC Meeting, Ghent, Belgium, 27–29 August 2019; p. 80. [Google Scholar]

	



Ojeda-Robertos, N.F.; Torres-Chablé, O.M.; Peralta-Torres, J.A.; Luna-Palomera, C.; Aguilar-Cabrales, A.; Chay-Canul, A.J.; González-Garduño, R.; Machain-Williams, C.; Cámara-Sarmiento, R. Study of gastrointestinal parasites in water buffalo (Bubalus bubalis) reared under Mexican humid tropical conditions. Trop. Anim. Health Prod. 2017, 49, 613–618. [Google Scholar] [CrossRef]

	



Tavassoli, M.; Dalir-Naghadeh, B.; Valipour, S.; Maghsoudlo, M. Prevalence of gastrointestinal parasites in water buffalo (Bubalus bubalis) calves raised with cattle in smallholder farming system in the Northwest of Iran. Acta Vet. Eurasia. 2018, 44, 6–11. [Google Scholar] [CrossRef]

	



Morgoglione, M.E.; Bosco, A.; Maurelli, M.P.; Alves, L.C.; Saralli, G.; Bruni, G.; Cringoli, G.; Rinaldi, L. A 10-Year 255 Surveillance of Eimeria spp. in Cattle and Buffaloes in a Mediterranean Area. Front. Vet. Sci. 2020, 7, 410. [Google Scholar] [CrossRef] [PubMed]

	



Giangaspero, A.; Cirillo, R.; Lacasella, V.; Lonigro, A.; Marangi, M.; Cavallo, P.; Berrilli, F.; Di Cave, D.; Brandonisio, O. Giardia and Cryptosporidium in inflowing water and harvested shellfish in a lagoon in Southern Italy. Parasitol. Int. 2009, 58, 12. [Google Scholar] [CrossRef] [PubMed]

	



Caradonna, T.; Marangi, M.; Del Chierico, F.; Ferrari, N.; Reddel, S.; Bracaglia, G.; Normanno, G.; Putignani, L.; Giangaspero, A. Detection and prevalence of protozoan parasites in ready-to-eat packaged salads on sale in Italy. Food Microbiol. 2017, 67, 67–75. [Google Scholar] [CrossRef]

	



Heim, C.; Ureña de Vivanco, M.; Rajab, M.; Muller, E.; Letzel, T.; Helmreich, B. Rapid inactivation of waterborne bacteria using boron-doped diamond electrodes. Int. J. Environ. Sci. Technol. 2015, 12, 3061–3070. [Google Scholar] [CrossRef]

	



United States Environmental Protection Agency (EPA). Guidance Manual H-10 Disinfection Profiling and Benchmarking. Available online: https://www.epa.gov/sites/production/files/2020-06/documents/disprof_bench_3rules_final_508.pdf (accessed on 1 June 2020).








[image: Vetsci 08 00115 g001 550] 





Figure 1. Study design of the in vitro effect of ozonated water treatment on the viability of Eimeria spp. oocysts and Giardia duodenalis cysts isolated from naturally infected water buffaloes. 
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Figure 2. Presence of bacteria in the GE2 and GE3.1 treated groups (a,b) and in the control group (c); oocysts at early cytoplasmatic stage (d). 
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Figure 3. Non-viable cysts of Giardia in GG3.1 (a) and GG4.1 (b) treated groups. 
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Table 1. In vitro tests for Eimeria oocysts using different ozone concentrations and time exposures (minutes) in the GE.
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	Group-Eimeria

(6 Replicates)
	Ozone-Concentration (mg/L)
	Time Exposure

(Minutes)
	Ct * Value





	GE1
	0.5
	5
	2.5



	GE1.1
	0.5
	10
	5



	GE2
	1
	5
	5



	GE2.1
	1
	10
	10



	GE3
	2
	5
	10



	GE3.1
	2
	10
	20



	Control
	-
	-
	-







* Ct is expressed by ozone concentration (C) in mg/L multiplied by contact-time (t) in minutes.
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Table 2. In vitro tests for Giardia oocysts using different ozone concentrations and time exposure (minutes) in the GG.
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	Group-Giardia

(6 Replicates)
	Ozone-Concentration (mg/L)
	Time Exposure

(Minutes)
	Ct * Value





	GG1
	0.1
	1
	0.1



	GG1.1
	0.1
	2
	0.2



	GG2
	0.2
	1
	0.2



	GG2.1
	0.2
	2
	0.4



	GG3
	0.3
	1
	0.3



	GG3.1
	0.3
	2
	0.6



	GG4
	1
	1
	1



	GG4.1
	1
	2
	2



	Control
	-
	-
	-







* Ct is expressed by ozone concentration (C) in mg/L multiplied for contact-time (t) in minutes.
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Table 3. The sporulation rate of the Eimeria spp. oocysts treated with ozonated water.
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	Group-Eimeria

(6 Replicates)
	Viable Oocysts (Sporulated) (%)





	GE1
	83.2



	GE1.1
	82.6



	GE2
	77.2



	GE2.1
	76.5



	GE3
	77.0



	GE3.1
	76.3



	Control
	89.0
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Table 4. Effect of ozone on the Giardia duodenalis cyst viability.
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	Group-Giardia

(6 Replicates)
	Non-Viable Cysts (%)





	GG1
	16.2



	GG1.1
	34.5



	GG2
	86.3



	GG2.1
	94.0



	GG3
	76.8



	GG3.1
	96.3



	GG4
	90.8



	GG4.1
	95.2



	Control
	2.0
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