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Abstract

:

Simple Summary


Monogeneans are problematic parasites in fish production because of their epizootic effects and difficulty in administering control/treatment in the production environment. Understanding how abiotic and biotic factors influence the dynamics of these parasites is the first step towards developing efficient strategies for the management of monogeneans in intensive fish farming. This study showed that the highest parasitic indices of monogeneans in Nile tilapia (Oreochromis niloticus) were found in the coldest seasons with less precipitation. Furthermore, we showed that there was a clear positive correlation between the developmental culture stages of tilapia and the incidence of monogenean parasitism; that is, the larger the fish, the greater the degree of parasitism. In conclusion, we recommend the adoption of good management practices throughout breeding, especially in seasons that favor parasitism, as a promising strategy for reducing the mortality and economic losses associated with tilapia production.




Abstract


The aim of this study was to observe how abiotic and biotic factors in a tropical region influence the rate of monogenean parasitism in Nile tilapia (Oreochromis niloticus) that are farmed in net cages. A total of 240 sexually reversed fish were analyzed, and 20 from each culture stage were collected during each sampling month. Overall, 60 fish were sampled in April (autumn), 60 in August (winter), 60 in November (spring), and 60 in February (summer). Fish were collected from a commercial fish farm located in Capivara Reservoir in the lower Paranapanema River region of Paraná, Brazil. In total, 3290 monogenean parasites were collected from fish gills of the following species: Cichlidogyrushalli, C. thurstonae, Scutogyruslongicornis, C. cirratus, C. sclerosus, and C. tilapiae. Higher parasitological indices were observed in colder seasons with lower precipitation. Autumn had the highest parasitic infection values compared to the other seasons. The occurrence of monogenean parasites showed a negative correlation with season, in contrast to the culture stage, in which there was a positive correlation. These results may provide a means for establishing adequate fish farm management to predict periods of high monogenean infestation.







Keywords:


aquaculture; ectoparasites; season; net cages; abiotic factors; infection dynamics












1. Introduction


Nile tilapia (Oreochromis niloticus) is the main fish species raised in the net tanks of freshwater reservoirs in Brazil [1]. It is a suitable host for various Monogenea parasites, including those belonging to the family Ancyrocephalidae (Bychowsky, 1937) [2,3,4]. On the African continent, this family of ectoparasites is the most common and includes species that infest the gills of Nile tilapia, which are grouped into two genera: Cichlidogyrus Paperna, 1960 and Scutogyrus Pariselle and Euzet, 1995 [4,5]. Monogenean parasites and their population dynamics favor high temperatures, high host densities, and good water quality [6,7]. Over a temperature range of 20–28 °C, Cichlidogyrus eggs hatch within 2–6 days, releasing free-swimming oncomiracidia (infection phase). They mature within 4–6 days and attach to their hosts, where they live for up to 40 days [8]. Under intensive farming conditions, these parasites exploit various stressors that affect their hosts [5,9,10]. Furthermore, their presence can result in fish mortality and economic losses through primary or secondary infections [11,12,13].



Several biotic and abiotic factors affect monogenean parasitism [14]. The host and its immune response play important roles as components of the innate immune system (complement, lectins, and macrophages) that can bind to monogeneans and cause serious damage to parasites, thus preventing infection [15,16,17,18]. However, in a farming system, the high density of fish and management practices to which they are subjected impose stress on these fish; this makes them more prone to infection by pathogens owing to the weakening of their immune responses [19]. In addition, water quality parameters and rainfall frequency affect parasite abundance by directly affecting the monogenean ectoparasite life cycle, where high temperatures favor egg hatching and the dynamics of the parasitic population. In contrast, larger volumes of water caused by rain can hinder both swimming and arrival of oncomiracidia in their hosts [8,9,20,21,22,23]. The relationship between the size and sex of Nile tilapia and infection rates of monogenean parasites could also be established [17,24,25]. According to Felix-Cuencas et al. [26], there are three culture stages for Nile tilapia: fingerlings, juveniles, and adults. Host size is also an indicator of parasite vulnerability [27].



To the best of our knowledge, most studies investigating the relationship between abiotic and biotic factors and parasitological indices in monogeneans have been conducted in temperate zones, which have very different climate dynamics from tropical zones. Furthermore, it is unclear whether water quality, season, and other factors influence the dynamics of monogenean parasitic infections in tropical regions, [9,25] as reports are scarce and often conflicting. Additionally, the adverse effects of modifying the host habitat from natural to confined can affect the distribution and transmission of parasites [19,20,21]. Parasitological indices are essential tools for aquatic health studies. Understanding parasite biology is important for establishing adequate management and sanitary control strategies, particularly for fish farms [7,10,13]. Monogenean species have short and direct life cycles [28]; therefore, their prevalence, intensity, and average abundance are sensitive to the prevailing biotic and abiotic factors [25].



Thus, the objective of the present study was to observe how abiotic (seasonality) and biotic (culture stages) factors influence monogenean parasitism in Nile tilapia farmed in offshore net cages in tropical regions. This was studiedto predict possible peaks of parasitic infections and to avoid economic losses forfish farms.




2. Material and Methods


2.1. Fish Collection and Analysis (Biotic Factors)


A total of 240 fish sexually reversed to males were analyzed, and 20 fish from each culture stage in each season were collected in each sampling month, totaling 12 tanks.



Thus, 60 fish were sampled each in April (autumn), August (winter), November (spring), and February (summer). Each month the collection was divided into 3 stages of host development: 80 fingerlings, 80 juveniles, and 80 adults, as standardized by Félix-Cuencas et al. [26].



The stages of development were established from the measurements, weight, and fish farming definitions in the different cages. Fingerlings were fish that had newly been placed in net cages, with mean measurements of 10.77 ± 1.53 cm and 23.85 ± 10.29 g. Juveniles were those with measurements of 22.66 ± 3.01 cm and 247.89 ± 110.67 g. The adults were those that were ready for harvesting, with measurements of 27.53 ± 2.35 cm and 436.49 ± 124.63 g.



The fish were collected from a fish farm located in the Capivara Reservoir, in the region of the lower Paranapanema River in Paraná, Brazil (22°47′22.36″ S; 51°17′46.53″ W). After the harvesting procedure was performed by the farmers, the fish were transported in boxes with ice to the Laboratory of the Fish Farming Station of the State University of Londrina (LEPUEL) for biometric evaluation (standard length in cm and weight in g) and parasitological analysis. After the arrival of the dead fish in the lab, they were divided into groups of fingerlings, juveniles, and adults to assess the “wellbeing” of the fish. The value of the relative condition factor (Kn = Wt/We) was determined individually through the quotient between the empirically registered weight (Wt) and the theoretically expected weight (We) for a given length [29].




2.2. Collection and Analysis of Abiotic Factors


The water quality parameters were measured in situ at the time of each collection. The concentration of dissolved oxygen (mg L−1) and temperature (°C) were measured in situ, using an oximeter (model Y55) and a thermistor, respectively. Water samples were then collected to determine the following: pH, using a Quimis bench electronic pH meter; total alkalinity (mg L−1), by means of titration with diluted sulfuric acid; and nitrite concentration, expressed in mg L−1, using the classic spectrophotometric method based on the Griess reaction. Data on total rainfall, from the previous week to the day of collection (totaling 8 days of analysis), were provided by the Instituto das Águas do Paraná.




2.3. Parasitological Analysis


The gill arches were removed, and examined with the aid of a stereomicroscope [11] The monogenean parasites found were fixed in A.F.A solution (acetic acid, formaldehyde, and 70% ethyl alcohol) and preserved in 70% alcohol [9]. Parasitological quantification was performed with the aid of a magnifying glass (Zeiss® Stemi dv4, Oberkochen, Germany) in which all the collected specimens were mounted between slide and coverslip, in the ventral position in Hoyer’s medium [28], and subsequently identified with the aid of the DIC microscope (Differential Interference Contrast) model Axio Imager A2 (Zeiss®). The evaluation of the sclerotized structures of the specimens found was performed based on previous descriptions [2,4,30,31,32,33]. The prevalence (P%), mean intensity of infestation (MI), and mean abundance (MA) indices were calculated for both the total number of parasites and for each species [34]. Each species collected wasdeposited in the Helminthological Collection of the Oswaldo Cruz Institute (CHIOC), Rio de Janeiro, Brazil (CHIOC 39278, 39279, 39280, 39281, 39282, 39283, 39284, 39285).




2.4. Statistical Analysis


All the results were previously submitted to the Shapiro–Wilk and Bartlett tests to verify the normality and homogeneity of variances, respectively. The total quantity of monogenean parasites and each species, with regard to culture stages and seasonality were compared by the non-parametric Kruskal–Wallis test followed by Dunn’s test for comparison of means. Principal Component analysis (PCA) and Spearman’s correlation were made by PAST 4.03 [29]. In Spearman’s correlation, the “X” indicated there were no differences in significance. The numbers of monogenean parasites in total and of each species were also compared with regard to culture stages and months using the Quantitative Parasitology software, which is available online, through bootstrap t tests with 1000 replicates and 95% confidence intervals [30]. For this test, the software Statistica® 10.0 (Statsoft Inc., Tulsa, OK, USA) was used. All tests were performed at a significance level of 5%.





3. Results


Among the 3290 monogenean specimens collected from the gills of Nile tilapia, 6species were identified. Cichlidogyrus halli Price and Kirk (1967) was the most prevalent species (46.81%) throughout the study period. This was followed by C. thurstonae Ergens, 1981 (40.45%), Scutogyruslongicornis Paperna and Thurston, 1969 (34.54%), C. cirratus Paperna, 1964 (26.36%), C. sclerosus Paperna and Thurston, 1969 (15.45%), and C. tilapiae Paperna, 1960 (2.27%) (Figure 1). Analyses of the relationships among monogenean species, seasonality, and tilapia culture stages were performed.



The prevalence, intensity, and average abundance indices of the monogenean species are shown in Table 1. Higher rates of parasitism were observed during colder seasons with lower rainfall. Autumn (with a total rainfall of 8.9 mm) had the highest values for the parasitic indices and was significantly different (p < 0.05) from that of the other months, followed by winter (0 mm rainfall). Summer (69.6 mm rainfall) was the season with the lowest parasitic infection values. Thus, a negative correlation (r = −0.3297) was recorded between monogenean parasites and the seasons and a positive correlation (r = 0.0069) with the culture stage (Figure 2).



Regarding the culture stages, the prevalence and mean abundance of parasitism showed a significant difference (p < 0.05) in adult fish compared with those of intermediate and initial juveniles (Table 2).



In the principal components analysis (PCA) (Figure 3), the results clearly showed a stronger relationship between the total number of monogeneans and dissolved oxygen, alkalinity, and pH parameters, coinciding with lower temperatures. In contrast, warmer stations (spring and summer) had higher temperatures, higher levels of ammonia concentrations, and rainfall. These data are also supported by Spearman’s correlation presented in Figure 2.



Six monogenean species were distributed throughout all seasons. For most species, except C. cirratus and C. tilapiae, the highest parasitic rates were found in autumn (8.9 mm rainfall), which was significantly different (p < 0.05) from those of the other seasons. The most prevalent species in the different seasons were C. halli (78.3%) in autumn, C. cirratus (47.5%) in winter, C. halli (41.7%) in spring, and C. halli (21.7%) in summer. C. tilapiae was the least prevalent in all seasons evaluated.



All species were found in all tilapia culture stages, except C. cirratus, which was not found in the fingerlings (Table 2). C. halli and C. cirratus had the highest prevalence rates among adult fish, which were significantly different from the rates among fingerlings and juveniles. The prevalence and mean abundance indices of C. sclerosus were highest in adult fish and were only significantly different from those of juveniles. The same was observed for C. thurstonae, but only for the average intensity of infection. S. longicornis had the highest parasitic rates in both adults and juveniles, with a significant difference compared to juveniles (Table 2).



The most prevalent species at each culture stage was C. halli (33.3%) among the fingerlings, C. thurstonae (40.0%) among the juveniles, and C. halli (71.2%) among the adults. No significant differences or correlations were found between the condition factor (Kn) and abundance of each monogenean species (Table 2).




4. Discussion


All six species identified in the present study have already been reported to parasitize the gills of Nile tilapia in the northern, southeastern, and southern regions of Brazil [9,31,32,33,35,36,37,38,39,40]. The samples for the present study were collected from the southern region of Brazil, a tropical zone with a humid tropical savanna climate. In this climate, the rainiest months coincide with spring and summer (September–March) and the drought months coincide with autumn and winter (April–September) [41].



Colder months with lower rainfall corresponded with higher parasitic index values, thus establishing a negative correlation between monogenean parasitism and the warmer seasons of the year. Several studies have reported that, in temperate regions, egg hatching, survival, infection capacity, population dynamics, and life expectancy of monogenean parasites depend on high temperatures [8,14,24,42,43]. The temperature variation between the seasons in tropical zones is not as significant as in temperate zones; consequently, high temperatures are recorded nearly all year round [44], which werebetween 19.4 and 28 °C.



In tropical regions, many studies have corroborated that parasitism increases at higher temperatures, such as during spring and summer in Brazil [9,14,39]. However, some authors have observed increased rates of parasitism at lower temperatures [23,41,45]. Recently, researchers [41] observed a similar parasitic community in the same river for the same duration as that in the current study. In addition, it presented higher mean values for prevalence and abundance in autumn and spring, and lower values in winter and summer. These results emphasize the possible influence of seasonality on variation in the infection dynamics of the monogenean community. Akol et al. [23] observed peak levels of C. tilapiae and C. sclerosus during the dry months of June and August (winter) in Nile tilapia farmed in net tanks in Uganda. Aguirre-Fey et al. [46] showed that, in four species of tilapia grown in Veracruz, Mexico, the abundances of C. sclerosus, C. dossoui, and Scutogyrus sp. were significantly negatively associated with higher temperatures during the survey months. This may be related to an increase in host immune response, which is positively influenced by higher temperatures.



The low rainfall factor observed in the present study is concordant with findings from previous studies, in which precipitation and associated hydrological changes, such as floods and water currents, were found to play an important role in monogenean infection patterns [45]. O. niloticus specimens raised in net tanks in Uganda and collected during the dry season harbored greater numbers of C. tilapiae and C. sclerosus than those collected during the rainy season [23]. Rainfall possibly decreases the transmission of oncomiracidia, which are free-swimming, as the increased volume of water produces currents that change both habitat size and water quality parameters [23]. In contrast, during dry periods, the contraction of habitat size leads to the agglomeration of hosts, which increases their availability and proximity to oncomiracidia, the infective stage of the parasite. Egg hatching is stimulated in the presence of fish mucus [16]. It has also been suggested that monogenean eggs hatch in the gills of infected and immunosuppressed fish, thereby contributing to the success of parasitism in environments with less water [8,11].



We believe that the influence of rainfall is as significant as that of temperature and other water quality parameters. Therefore, it is necessary to examine the relationship between these factors. The season that promoted the greatest success of parasitism was autumn, when the temperature reached 24.3 °C and the rainfall was 8.9 mm. This temperature is in the optimal average temperature range for monogeneans, and, in association with low rainfall, leads to greater parasitism success [14,23]. However, in winter, the temperature of 19.4 °C, which is below the optimal temperature range for egg hatching and parasite propagation, but which occurred in association with no rainfall, had the second highest gross values for parasitic indices. Nevertheless, there was no statistical difference between these indices and those from autumn. The lowest gross values and parasitic indices were obtained in summer, which we believe was due to the high rainfall, although this was associated with the highest temperature. This emphasizes the importance of the host immune response, which is higher in warmer months, in association with the large volume of water caused by rain, which reduces the transmission of oncomiracidia.



In addition to temperature, we observed that the hottest seasons and nitrogenous compounds were positively correlated. Furthermore, these conditions had the lowest parasitic indices. These findings corroborate those of Ácosta-Pérez et al. [7], who analyzed the influence of physicochemical water quality on the parasitic biodiversity of juvenile farmed tilapia at Valle del Mezquital in Mexico and observed that monogeneans of the genus Dactylogyrus showed negative correlations with nitrogenous compounds. In the current study, this may have occurred because higher levels of rainfall provided greater water flow during this period, thereby promoting greater circulation and renewal of water in the cages, and reducing parasitism success. Therefore, the dispersion of parasites may have been a result of the water flow and pressure [47].



Upon analysis of both monogeneans in general and among their species (except for C. tilapiae), the highest rate of parasitism was found among adults. Contrary results were found by Akoll et al. [23], who found that the larger the Nile tilapia, the lower the number of monogenean parasites. The results of the present study corroborate the findings of Ibrahim [48] who found a positive correlation between species richness and prevalence and the size of red tilapia T. zillii. Lamková et al. [19] also saw this in Squalius cephalus. This suggests that the development of the gonads is associated with high levels of steroid hormones, which can suppress immune function and increase the risk of the host becoming more susceptible to infection by parasites [19]. In general, larger fish are more likely to be sexually mature and exposed to a greater diversity or parasitic species for longer periods than smaller fish [49,50,51].



Additionally, larger fish resulted in a lower carrying capacity of the cultivation units because they had the same dimensions in all phases of cultivation, which was due to the greater population density of larger fish. This was also observed by Suliman and Al-Harbi [52] in Nile tilapia reared in Saudi Arabia, who found no correlation between stocking density and parasite occurrence. Unlike several other diseases, conditions associated with high stocking densities are favorable for the horizontal transmission of parasites [53].



Thus, a complex association between abiotic and biotic factors underlies the different interactions between host fish and monogenetic parasites. We drew attention to the fact that several other factors may have affected the hosts and parasites that could not be correlated. Therefore, these results reflect the unique and specific conditions of this environment, that is, the fish and parasites analyzed under farmed conditions. In addition to temperature, increases in other parameters, such as photoperiod, pH, salinity, oxygen, and ammonia concentration, generally increase the immune response of fish [54], and some of these indices varied over the course of this study. The same applies to parasites because, in addition to temperature, cycles among monogeneans are also affected by other factors, such as habitat type, [23] water salinity, [55] eutrophication, [56] host sex, age, size, and ecology [23,24,57].



Notably, the abiotic data presented in this study reflect only the time of biological material collection and do not correspond to a complete daily or weekly series. However, it was considered using the seasons since they are well-defined in southern Brazil where the fish farm in this study was located. In future studies, we suggest that companies collect extensive and complete environmental data regularly to further correlate the results.




5. Conclusions


Based on these results, rainfall combined with water quality parameters influenced monogenean parasitism in Nile tilapia, and developmental stage also influenced this parasitism. However, these results only correspond to the time of collection in the conditions of the fish farm analyzed. Despite this limitation, we infer that parasitic indices can be used to assist in the development of management strategies and adequate sanitary control measures for fish farms.







Author Contributions


E.d.A.B. (parasitological analysis and writing), W.E.F. (parasitological analyzes and writing), M.C.F. (parasitological analyzes and writing), S.A.P. (statistical analyses), E.M.B. (parasitological analyses), J.L.P.M. (statistical analyses and writing review), Â.T.S.e.S. (conceptualization, parasitological analyses, and writing review), G.T.J. (conceptualization, writing, and writing review), and M.L.M. (conceptualization, writing, and writing review) were contributing authors. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by Coordination for the Improvement of Higher Education Personnel (CAPES) (Grant No. 001). We wish to thank the CAPES for the master’s scholarship granted to E.A.B. and the post-doctoral scholarship granted to E.M.B. (CAPES/PNPD). M.L.M. (Grant No. 306635/2018-6), G.T.J. (Grant No. 314239/2020-0) and J.L.P.M. (Grant No. 301524/2017-3) thanks the National Council for Scientific and Technological Development (CNPq) for the granted research fellowship. A.T.S.S. holds a project financed (Grant No. 472648/2009-8) for the CNPq.




Institutional Review Board Statement


The fish used in this work were donated from afish farm and arrived frozen in the laboratory. As a result, approval by the Ethics Council was not required.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available upon request from the correspondence author (M.L. Martins).




Conflicts of Interest


We would like to declare that we know of no competing financial interests or personal relationships that may have influenced the work reported in this paper. All authors declare their consent to participate in all stages of this work.




References


	



Roriz, G.D.; Delphino, M.K.V.C.; Gardner, I.A.; Gonçalves, V.S.P. Characterization of Tilapia Farming in Net Cages at a Tropical Reservoir in Brazil. Aquac. Rep. 2017, 6, 43–48. [Google Scholar] [CrossRef]

	



Ergens, R. Nine Species of the Genus Cichlidogyrus Paperna, 1960 (Monogenea: Ancyrocephalinae) from Egyptian Fishes. Folia Parasitol. 1981, 28, 205–214. [Google Scholar]

	



Jiménez-García, M.I.; Vidal-Martínez, V.M.; López-Jiménez, S. Monogeneans in Introduced and Native Cichlids in México: Evidence for Transfer. J. Parasitol. 2001, 87, 907–909. [Google Scholar] [CrossRef] [PubMed]

	



Pariselle, A.; Euzet, L. Systematic Revision of Dactylogyridean Parasites (Monogenea) from Cichlid Fishes in Africa, the Levant and Madagascar. Zoosystema 2009, 31, 849–898. [Google Scholar] [CrossRef]

	



Shinn, A.P.; Avenant-Oldewage, A.; Bondad-Reantaso, M.G.; Cruz-Laufer, A.J.; García-Vásquez, A.; Hernández-Orts, J.S.; Kutchta, R.; Longshaw, M.; Metselaar, M.; Pariselle, A.; et al. A global review of problematic and pathogenic parasites of farmed tilapia. Rev. Aquac. 2023, 15, 92–153. [Google Scholar] [CrossRef]

	



Jiménez-García, I.; Rojas-García, C.R.; Mendoza-Franco, E.F. Ectoparasitic Infection in Nile Tilapia (Oreochromis Niloticus) Fry during Male Reversal in Veracruz, México. Int. Aquat. Res. 2020, 12, 197–207. [Google Scholar]

	



Acosta-Pérez, V.-J.; Vega-Sánchez, V.; Fernández-Martínez, T.-E.; Zepeda-Velázquez, A.-P.; Reyes-Rodríguez, N.-E.; Ponce-Noguez, J.-B.; Peláez-Acero, A.; de-la-Rosa-Arana, J.-L.; Gómez-De-Anda, F.-R. Physicochemical Water Quality Influence on the Parasite Biodiversity in Juvenile Tilapia (Oreochromis spp.) Farmed at Valle Del Mezquital in the Central-Eastern Socioeconomic Region of Mexico. Pathogens 2022, 11, 1076. [Google Scholar] [CrossRef]

	



Paperna, I. Parasites, Infections and Diseases of Fishes in Africa: An Update; CIFA Technical Paper; CABI: Wallingford, UK, 1996; Volume 31, p. 177. [Google Scholar]

	



Jerônimo, G.T.; Speck, G.M.; Cechinel, M.; Gonçalves, E.; Martins, M.L. Seasonal Variation on the Ectoparasitic Communities of Nile Tilapia Cultured in Three Regions in Southern Brazil. Braz. J. Biol. 2011, 71, 365–373. [Google Scholar] [CrossRef]

	



Jerônimo, G.T.; Ventura, A.S.; Pádua, S.B.; Porto, E.L.; Ferreira, L.C.; Ishikawa, M.M.; Martins, M.L. Parasitological Assessment in Hybrids Serrasalmidae Fish Farmed in Brazil. Braz. J. Vet. Parasitol. 2020, 29, s1984–s29612020084. [Google Scholar] [CrossRef]

	



Cruz, M.G.; Jerônimo, G.T.; Bentes, S.P.C.; Gonçalves, L.U. Trichlorfon Is Effective against Dawestrema Cycloancistrium and Does Not Alter the Physiological Parameters of Arapaima (Arapaima Gigas): A Large Neotropical Fish from the Amazon. J. Fish Dis. 2022, 45, 203–212. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.-H.; Shoemaker, C.A.; Klesius, P.H. Evaluation of the Link between Gyrodactylosis and Streptococcosis of Nile Tilapia, Oreochromis Niloticus (L.). J. Fish Dis. 2007, 30, 233–238. [Google Scholar] [CrossRef]

	



Tavares-Dias, M.; Martins, M.L. An Overall Estimation of Losses Caused by Diseases in the Brazilian Fish Farms. J. Paras. Dis. 2017, 41, 913–918. [Google Scholar] [CrossRef] [PubMed]

	



Cavalcanti, L.D.; Gouveia, E.J.; Leal, F.C.; Figueiró, C.S.M.; Rojas, S.S.; Russo, M.R. Responses of Monogenean Species to Variations in Abiotic Parameters in Tilapiculture. J. Helminthol. 2020, 94, e186. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez-Pellitero, P. Fish Immunity and Parasite Infections: From Innate Immunity to Immunoprophylactic Prospects. Vet. Immunol. Immunopathol. 2008, 126, 171–198. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Liu, C.; Yang, T. Killing Effect of Fish Serum and Mucus on Gyrodactylus Cichlidarum (Platyhelminthes, Monogenea) Mediated by Complement. Aquaculture 2023, 567, 739248. [Google Scholar] [CrossRef]

	



Rubiogodoy, M.; Porter, R.; Tinsley, R. Evidence of Complement-Mediated Killing of Discocotyle Sagittata (Platyhelminthes, Monogenea) Oncomiracidia. F. Shell Immunol. 2004, 17, 95–103. [Google Scholar] [CrossRef]

	



Buchmann, K. Binding and Lethal Effect of Complement from Oncorhynchus Mykiss on Gyrodactylus Derjavini (Platyhelminthes: Monogenea). Dis. Aquat. Organ. 1998, 32, 195–200. [Google Scholar] [CrossRef]

	



Buchmann, K.; Bresciani, J. Monogenea (Phylum Platyhelminthes). In Fish Diseases and Disorders: Protozoan and Metazoan Infections; Oxfordshire: Wallingford, UK, 2006; Volume 1, pp. 297–344. [Google Scholar]

	



Esch, G.W.; Shostak, A.W.; Marcogliese, D.J.; Goater, T.M. Patterns and Processes in Helminth Parasite Communities: An Overview. In Parasite Communities: Patterns and Processes; Springer: Dordrecht, The Netherlands, 1990; pp. 1–19. [Google Scholar]

	



Rohde, K.; Hayward, C.; Heap, M. Aspects of the Ecology of Metazoan Ectoparasites of Marine Fishes. Int. J. Parasitol. 1995, 25, 945–970. [Google Scholar] [CrossRef]

	



Lamková, K.; Simková, A.; Palíková, M.; Jurajda, P.; Lojek, A. Seasonal Changes of Immunocompetence and Parasitism in Chub (Leuciscus Cephalus), a Freshwater Cyprinid Fish. Parasitol. Res. 2007, 101, 775–789. [Google Scholar] [CrossRef]

	



Akoll, P.; Fioravanti, M.L.; Konecny, R.; Schiemer, F. Infection Dynamics of Cichlidogyrus Tilapiae and C. Sclerosus (Monogenea, Ancyrocephalinae) in Nile Tilapia (Oreochromis Niloticus L.) from Uganda. J. Helminthol. 2012, 86, 302–310. [Google Scholar] [CrossRef]

	



Hoai, T.D. Reproductive Strategies of Parasitic Flatworms (Platyhelminthes, Monogenea): The Impact on Parasite Management in Aquaculture. Aquac. Int. 2020, 28, 421–447. [Google Scholar] [CrossRef]

	



Jerônimo, G.T.; Cruz, M.G.; Bertaglia, E.D.A.; Furtado, W.E.; Martins, M.L. Fish Parasites Can Reflect Environmental Quality in Fish Farms. Rev. Aquac. 2022, 14, 1558–1571. [Google Scholar] [CrossRef]

	



Félix-Cuencas, L.; García-Trejo, J.F.; López-Tejeida, S.; León-Ramírez, J.J.D.; Soto-Zarazúa, G.M. Effect of three productive stages of tilapia (Oreochromis niloticus) under hyper-intensive recirculation aquaculture system on the growth of tomato (Solanum lycopersicum). Lat. Am. J. Aquat. Res. 2011, 49, 689–701. [Google Scholar] [CrossRef]

	



Poulin, R.; Leung, T.L.F. Body size, trophic level, and the use of fish as transmission routes by parasites. Oecologia 2011, 166, 731–738. [Google Scholar] [CrossRef]

	



Eiras, J.D.C.; Takemoto, R.M.; Pavanelli, G.C. Métodos de Estudo e Técnicas Laboratoriais Em Parasitologia de Peixes; EDUEM: Maringá, Brazil, 2000; Volume 1. [Google Scholar]

	



Hammer, Ø.; Harper, D.A.; Ryan, P.D. PAST: Paleontological statistics software package for education and data analysis. Palaeo.Electron. 2001, 4, 9. [Google Scholar]

	



Reiczigel, J.; Marozzi, M.; Fábián, I.; Rózsa, L. Biostatistics for Parasitologists—A Primer to Quantitative Parasitology. Trends Parasitol. 2019, 35, 277–281. [Google Scholar] [CrossRef]

	



Paperna, I.; Thurston, J.P. Monogenetic Trematodes Collected from Cichlid Fish in Uganda; Including the Description of Five New Species of Cichlidogyrus. Ver. Zool. Bot. Afr. 1969, 79, 15–33. [Google Scholar]

	



Douëllou, L. Monogeneans of the Genus Cichlidogyrus Paperna, 1960 (Dactylogyridae: Ancyrocephalinae) from Cichlid Fishes of Lake Kariba (Zimbabwe) with Descriptions of Five New Species. Syst. Parasitol. 1993, 25, 159–186. [Google Scholar] [CrossRef]

	



Pariselle, A.; Bilong Bilong, C.F.; Euzet, L. Four New Species of Cichlidogyrus Paperna, 1960 (Monogenea, Ancyrocephalidae), All Gill Parasites from African Mouthbreeder Tilapias of the Genera Sarotherodon and Oreochromis (Pisces, Cichlidae), with a Redescription of C. thurstonae Ergens, 1981. Syst. Parasitol. 2003, 56, 201–210. [Google Scholar] [CrossRef]

	



Bush, A.O.; Lafferty, K.D.; Lotz, J.M.; Shostak, A.W. Parasitology Meets Ecology on Its Own Terms: Margolis et al. Revisited. J. Parasitol. 1997, 83, 575. [Google Scholar] [CrossRef]

	



Ranzani-Paiva, M.J.; Felizardo, N.N.; Luque, J.L. Parasitological and Hematological Analysis of Nile Tilapia Oreochromis Niloticus Linnaeus, 1757 from Guarapiranga Reservoir, São Paulo State, Brazil. Acta Sci. Biol. Sci. 2005, 27, 231–237. [Google Scholar] [CrossRef]

	



Ghiraldell, L.; Martins, M.L.; Jerônimo, G.T.; Yamashita, M.M.; Adamante, W.d.B. Ectoparasites Communities from Oreochromis Niloticus Cultivated in the State of Santa Catarina, Brazil. J. Fish Aquat. Sci. 2006, 1, 181–190. [Google Scholar] [CrossRef]

	



Lizama, M.D.L.A.P.; Takemoto, R.M.; Ranzani-Paiva, M.J.T.; Ayroza, L.M.S.; Pavanelli, G.C. Relação Parasito-Hospedeiro Em Peixes de Pisciculturas Da Região de Assis, Estado de São Paulo, Brasil. 2. Piaractus Mesopotamicus (Holmberg, 1887). Acta Sci. Biol. Sci. 2008, 29, 437–445. [Google Scholar] [CrossRef]

	



Pantoja MF, W.M.; Neves, L.R.; Dias, M.R.D.; Marinho, R.G.B.; Montagner, D.; Tavares-Dias, M. Protozoan and Metazoan Parasites of Nile Tilapia Oreochromis Niloticus Cultured in Brazil. Rev. MVZ Cordoba 2012, 17, 2812–2819. [Google Scholar] [CrossRef]

	



Martins, M.L.; deSá, A.R.S.; Jerônimo, G.T.; Tancredo, K.R.; Gonçalves, E.L.T.; Bambi, D.; Speck, G.M.; Sandim, A.M. Microhabitat Preference and Seasonality of Gill Monogeneans in Nile Tilapia Reared in Southern Brazil. Neotrop. Helminthol. 2014, 8, 47–58. [Google Scholar]

	



Zago, A.C.; Franceschini, L.; Garcia, F.; Schalch, S.H.C.; Gozi, K.S.; da Silva, R.J. Ectoparasites of Nile Tilapia (Oreochromis Niloticus) in Cage Farming in a Hydroelectric Reservoir in Brazil. Braz. J. Vet. Parasitol. 2014, 23, 171–178. [Google Scholar] [CrossRef]

	



Brito, Y.C.T.; Silva-Souza, Â.T. Temporal Variation of Monogenoideans Component Community in the Gills of Oreochromis Niloticus (Cichlidae) in Fish Farming in Northern Parana State, Brazil. Panam. J. Aquat. Sci. 2017, 12, 333–342. [Google Scholar]

	



Aparecido, L.E.O.; de Rolim, G.S.; Richetti, J.; de Souza, P.S.; Johann, J.A. Köppen, Thornthwaite and Camargo Climate Classifications for Climatic Zoning in the State of Paraná, Brazil. Ciência Agrotecnologia 2016, 40, 405–417. [Google Scholar] [CrossRef]

	



Gannicott, A.M.; Tinsley, R.C. Environmental Effects on Transmission of Discocotyle Sagittata (Monogenea): Egg Production and Development. Parasitology 1998, 117, 499–504. [Google Scholar] [CrossRef]

	



Da Silva, P.E.; Santos-Silva, C.M.; Spyrides, M.H.C.; Andrade, L.d.M.B. Precipitation and Air Temperature Extremes in the Amazon and Northeast Brazil. Int. J. Clim. 2019, 39, 579–595. [Google Scholar] [CrossRef]

	



Pech, D.; Aguirre-Macedo, M.L.; Lewis, J.W.; Vidal-Martínez, V.M. Rainfall Induces Time-Lagged Changes in the Proportion of Tropical Aquatic Hosts Infected with Metazoan Parasites. Int. J. Parasitol. 2010, 40, 937–944. [Google Scholar] [CrossRef] [PubMed]

	



Aguirre-Fey, D.; Benítez-Villa, G.E.; Pérez-Ponce de León, G.; Rubio-Godoy, M. Population Dynamics of Cichlidogyrus Spp. and Scutogyrus Sp. (Monogenea) Infecting Farmed Tilapia in Veracruz, México. Aquaculture 2015, 443, 11–15. [Google Scholar] [CrossRef]

	



Le Roux, L.; Avenant-Oldewage, A.; Van der Walt, F.C. Aspects of the ecology of Cichlidogyrus philander collected from Pseudocrenilabrus philander philander from the Padda Dam, Gauteng, South Africa. Afr. Zool. 2011, 46, 103–116. [Google Scholar] [CrossRef]

	



Ibrahim, M.M. Variation in Parasite Infracommunies of Tilapia Zillii in Relation to Some Biotic and Abiotic Factors. Int. J. Zoo Re. 2012, 8, 59–70. [Google Scholar] [CrossRef]

	



Zapata, A.; Diez, B.; Cejalvo, T.; Gutiérrez-de Frías, C.; Cortés, A. Ontogeny of the Immune System of Fish. Fish Shellfish. Immunol. 2006, 20, 126–136. [Google Scholar] [CrossRef]

	



Muñoz, G.; Zamora, L. Ontogenetic Variation in Parasite Infracommunities of the Clingfish Sicyases Sanguineus(Pisces: Gobiesocidae). J. Parasitol. 2011, 97, 14–19. [Google Scholar] [CrossRef]

	



Zander, C.D. Four-Year Monitoring of Parasite Communities in Gobiid Fishes of the South-Western Baltic. Parasitol. Res. 2003, 90, 502–511. [Google Scholar] [CrossRef]

	



Suliman, E.A.M.; Al-Harbi, A.H. Prevalence and seasonal variation of ectoparasites in cultured Nile tilapia Oreochromis niloticus in Saudi Arabia. J. Parasit. Dis. 2016, 40, 1487–1493. [Google Scholar] [CrossRef]

	



Santos, G.G.; da Silva, A.; Sousa, B.O.; Tavares-Dias, M. Parasite fauna of tambaqui reared in net-cages at two stocking densities. Bol. Inst.Pesca 2019, 45, e492. [Google Scholar] [CrossRef]

	



Bowden, T.J. Modulation of the Immune System of Fish by Their Environment. Fish Shellfish. Immunol. 2008, 25, 373–383. [Google Scholar] [CrossRef] [PubMed]

	



Baker, T.G.; Pante, E.; Levesque, E.M.; Roumillat, W.A.; de Buron, I. Metamicrocotyla Macracantha, a Polyopisthocotylid Gill Parasite of the Striped Mullet, Mugil Cephalus: Population Dynamics in South Carolina Estuaries. Parasitol. Res. 2008, 102, 1085–1088. [Google Scholar] [CrossRef] [PubMed]

	



Shah, H.B.; Yousuf, A.R.; Chishti, M.Z.; Ahmad, F. Seasonal Changes in Infrapopulations of Diplozoon Kashmirensis Kaw, 1950 (Monogenea: Diplozoidae) along a Eutrophic Gradient. Parasitol. Res. 2013, 112, 3347–3356. [Google Scholar] [CrossRef] [PubMed]

	



Antonelli, L.; Quilichini, Y.; Marchand, B. Sparicotyle Chrysophrii (Van Beneden and Hesse 1863) (Monogenea: Polyopisthocotylea) Parasite of Cultured Gilthead Sea Bream Sparus Aurata (Linnaeus 1758) (Pisces: Teleostei) from Corsica: Ecological and Morphological Study. Parasitol. Res. 2010, 107, 389–398. [Google Scholar] [CrossRef]








[image: Animals 13 01525 g001 550] 





Figure 1. Monogenean specimens identified through the visualization of the male copulatory complex (a) and haptor structures (b). (1) Cichlidogyrus halli; (2) C. thurstonae; (3) Scutogyrus longicornis; (4) C. cirratus; (5) C. sclerosus; (6) C. tilapiae. 
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Figure 2. Spearman’s correlation showing the abiotic factors that were related to the total number of Monogenea observed (blue: positive correlation, red: negative correlation). Squares containing (x) indicate that there was no significant difference (p > 0.05). 
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Figure 3. Principal Component Analysis (PCA) using a correlation of matrix where the different symbols show the species of Monogenea in relation to abiotic factors (Dissolved Oxygen-DO, Temperature, pH, Nitrite, Ammonia, Alkalinity, and Total rainfall), season, total Monogenea and culture stage. □ Aqua Square shows C. cirratus; ○ Black Circle shows C. halli; ● Aqua Dot shows C. sclerosus; ● Black Dot shows C. thurstonae; ○ Aqua Circle shows C. tilapiae; ⁕ Black Star shows S. longicornis. 
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Table 1. Epizootiological parameters (±SD = standard deviation) of parasitic infestation species individually in Nile tilapia cultured in net cages on the Paranapanema River, PR, Southern Brazil between April (autumn) 2010 and February (summer) 2011. N = total number of parasites; P% = prevalence; MA = mean abundance; MI = mean intensity of infestation *.
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Species

	
Indices

	
Autumn

	
Winter

	
Spring

	
Summer

	
p Value






	
C. sclerosus

	
N

	
28 a

	
7 a

	
4 a

	
10 a

	
0.0006




	
P%

	
31.7% a

	
10.0% b

	
6.7% b

	
11.7% b

	
0.0015




	
MI ± SD

	
1.47 ± 0.69

	
1.75 ± 0.95

	
1.00 ± 0.00

	
1.42 ± 0.78

	
0.422




	
MA ± SD

	
0.46 ± 0.79

	
0.17 ± 0.59

	
0.06 ± 0.25

	
0.16 ± 0.52

	
0.675




	
C. thurstonae

	
N

	
1130 a

	
77 b

	
109 b

	
57 b

	
0.000




	
P%

	
76.7% a

	
30.0% b

	
31.7% b

	
20.0% b

	
<0.0001




	
MI ± SD

	
24.57 ± 30.80 a

	
6.41 ± 7.89 b

	
5.73 ± 13.21 b

	
4.75 ± 3.04 b

	
0.001




	
MA ± SD

	
18.83 ± 28.87 a

	
1.92 ± 5.14 b

	
1.81 ± 7.77 b

	
0.95 ± 2.32 b

	
0.002




	
C. tilapiae

	
N

	
1

	
0

	
3

	
1

	
0.841




	
P%

	
1.7%

	
0.0%

	
3.3%

	
1.7%

	
0.9090




	
MI ± SD

	
1.00 ± NA

	
-

	
1.50 ± 0.70

	
1.00 ± NA

	
-




	
MA ± SD

	
0.01 ± 0.12

	
0.00 ± 0.00

	
0.05 ± 0.28

	
0.01 ± 0.12

	
0.468




	
S. longicornis

	
N

	
558 a

	
48 b

	
37 b

	
33 b

	
0.0000




	
P%

	
65.0% a

	
32.5% b

	
25.0% b

	
15.0% b

	
<0.0001




	
MI ± SD

	
14.31 ± 13.12 a

	
3.69 ± 2.78 b

	
2.46 ± 1.40 b

	
3.66 ± 2.91 b

	
0.001




	
MA ± SD

	
9.30 ± 12.58 a

	
1.20 ± 2.33 b

	
0.61 ± 1.27 b

	
0.55 ± 1.70 b

	
0.001




	
C. halli

	
N

	
529 a

	
96 ab

	
112 ab

	
94 b

	
0.0013




	
P%

	
78.3% a

	
45.0% b

	
41.7% b

	
21.7% b

	
<0.0001




	
MI ± SD

	
11.26 ± 12.43 a

	
5.33 ± 5.47 b

	
4.48 ± 7.50 b

	
7.23 ± 8.35 b

	
0.028




	
MA ± SD

	
8.81 ± 11.93 a

	
2.40 ± 4.50 b

	
1.86 ± 5.27 b

	
1.56 ± 4.82 b

	
0.001




	
C. cirratus

	
N

	
106 a

	
200 a

	
41 ab

	
9 b

	
0.0000




	
P%

	
30.0% b

	
47.5% a

	
25.0% b

	
10.0% b

	
0.0004




	
MI ± SD

	
5.88 ± 5.02

	
10.53 ± 21.36

	
2.73 ± 2.12

	
1.50 ± 0.83

	
0.69




	
MA ± SD

	
1.76 ± 3.83

	
5.00 ± 15.46

	
0.68 ± 1.57

	
0.15 ± 0.51

	
0.174




	
Total

	
N

	
2352 a

	
428 b

	
306 bc

	
204 c

	
0.000








* Different letters in the same line indicate a significant difference by the Kruskal–Wallis test (p < 0.05) using multiple comparisons of mean ranks for all groups, compared among the season.
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Table 2. Epizootiological parameters ((±SD = standard deviation) of parasitic infestation by species individually in Nile tilapia cultured in net cages on the Paranapanema River, PR, Southern Brazil in different culture stages. N = total number of parasites; Kn = relative condition factor; P% = prevalence; MA = mean abundance; MI = mean intensity of infestation *.
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Species

	
Indices

	
Fingerling

	
Juvenile

	
Adult

	
p Value






	
C. sclerosus

	
N

	
1 b

	
16 b

	
32 a

	
0.0003




	
Kn

	
1.00 ± 0.03

	
1.00 ± 0.02

	
0.99 ± 0.01

	
0.9982




	
P%

	
1.7% b

	
15.0% ab

	
26.2% a

	
0.0001




	
MI±SD

	
1.00 ± NA

	
1.33 ± 0.65

	
1.52 ± 0.75

	
-




	
MA±SD

	
0.01 ± 0.12 b

	
0.20 ± 0.53 ab

	
0.40 ± 0.77 a

	
0.007




	
C. thurstonae

	
N

	
95 b

	
333 a

	
945 a

	
0.000




	
Kn

	
1.00 ± 0.03

	
1.00 ± 0.02

	
0.99 ± 0.01

	
0.9982




	
P%

	
30.0%

	
40.0%

	
48.8%

	
0.0841




	
MI±SD

	
5.27 ± 3.95 b

	
10.41 ± 13.36 ab

	
24.23 ± 33.68 a

	
0.046




	
MA±SD

	
1.58 ± 3.23

	
4.16 ± 9.81

	
11.81 ± 26.35

	
0.08




	
C. tilapiae

	
N

	
1

	
2

	
2

	
0.8418




	
Kn

	
1.00 ± 0.03

	
1.00 ± 0.02

	
0.99 ± 0.01

	
0.9982




	
P%

	
1.7%

	
1.2%

	
2.5%

	
1.000




	
MI±SD

	
1.00 ± NA

	
2.00 ± NA

	
1.00 ± 0.00

	
-




	
MA±SD

	
0.01 ± 0.12

	
0.02 ± 0.22

	
0.02 ± 0.15

	
0.959




	
S. longicornis

	
N

	
12

	
164

	
500

	
0.0564




	
Kn

	
1.00 ± 0.03

	
1.00 ± 0.02

	
0.99 ± 0.01

	
0.9982




	
P%

	
11.7% b

	
40.0% a

	
46.2% a

	
<0.0001




	
MI±SD

	
1.71 ± 1.49 b

	
5.12 ± 6.73 a

	
13.51 ± 12.98 a

	
0.016




	
MA±SD

	
0.20 ± 0.73 b

	
2.05 ± 4.91 a

	
6.25 ± 11.08 a

	
0.014




	
C. halli

	
N

	
171 c

	
199 b

	
461 a

	
0.0000




	
Kn

	
1.00 ± 0.03

	
1.00 ± 0.02

	
0.99 ± 0.01

	
0.9982




	
P%

	
33.3% b

	
32.5% b

	
71.2% a

	
<0.0001




	
MI±SD

	
8.55 ± 6.33

	
7.65 ± 10.72

	
8.08 ± 11.26

	
0.965




	
MA±SD

	
2.85 ± 5.42

	
2.48 ± 7.02

	
5.76 ± 10.17

	
0.154




	
C. cirratus

	
N

	
0 b

	
49 b

	
307 a

	
0.0000




	
Kn

	
1.00 ± 0.03

	
1.00 ± 0.02

	
0.99 ± 0.01

	
0.9982




	
P%

	
0.0% b

	
22.5% b

	
50.0% a

	
<0.0001




	
MI±SD

	
0

	
2.72 ± 1.87

	
7.67 ± 15.21

	
0.146




	
MA±SD

	
0.00 ± 0.00 b

	
0.61 ± 1.43 b

	
3.83 ± 11.36 a

	
0.032




	
Total

	
N

	
280 c

	
763 b

	
2247 a

	
0.000








* Different letters in the same line indicate a significant difference by the Kruskal–Wallis test (p < 0.05) compared among development stages.
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