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Abstract

:

This study is the first report of parasite and fungal disease separated from domestically reared Atlantic salmon in Korea; the characteristics of the pathogens were identified, and histopathological analysis was conducted. Fungal and parasitic diseases were detected in Atlantic salmon and were isolated as Saprolegnia parasitica and Neoparamoeba perurans based on morphological and genetic analysis. External symptoms observed in Atlantic salmon infected with S. parasitica include fin ulcers and hemorrhage, abdominal hemorrhage, and necrosis of the gills and gill covers. The histopathological analysis results showed necrosis, hemorrhaging, and inflammatory cell infiltration in the abdominal muscles, while only inflammatory cell infiltration was observed in the gill covers. The clinical symptoms observed in Atlantic salmon infected with N. perurans included excessive mucus secretion in the gills, a dense amoebic presence on the gill filaments, respiratory distress, and opening of the mouth and gill covers after death. Through histopathological analysis, we observed lesions in epithelial cells, characterized by the proliferation of epithelial cells and the fusion of secondary lamellae. Numerous lamellae were observed to be attached or fused with each other. To ensure the successful establishment of the Atlantic salmon aquaculture industry in Korea, it is essential to swiftly quarantine infected fish based on the morphological characteristics of S. parasitica and N. perurans revealed in this study, along with the external symptoms of Atlantic salmon infected with these pathogens. Developing disease control strategies based on the findings of this research is imperative.
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1. Introduction


As global fish consumption rises, countries worldwide are developing aquaculture industries targeting various fish species [1]. Furthermore, while wild catch levels are steadily declining, aquaculture production is increasing [2]. Among various aquaculture fish species, the global aquacultural production of Atlantic salmon (Salmo salar) has been steadily increasing each year, reaching 1,318,720 tons in 2006, 1,735,389 tons in 2011, 2,246,679 tons in 2016, and 2,905,396 tons in 2021 [2]. However, with the development of aquaculture, various problems such as issues with the environment, diseases, and safety concerns have arisen [3]. Among the various problems, this study focuses on diseases that affect Atlantic salmon. The import volume of Atlantic salmon in the Korean market has in recent years increased by 278%, rising from 27,537 tons in 2016 to 76,566 tons in 2022 [4]. In Korea, there is a growing need for the aquaculture of Atlantic salmon, as domestic habitats and aquaculture techniques are not established, relying entirely on imports. Various research efforts are currently underway to develop aquaculture techniques for Atlantic salmon; however, there is a lack of research on diseases (bacterial, viral, parasitic, and fungal) affecting exotic species imported from overseas such as Atlantic salmon.



Among the diseases causing economic losses in global salmon aquaculture, parasites, such as amoebic gill disease (Neoparamoeba pemaquidensis, Paramoeba pemaquidensis, Acanthamoeba castellanii, A. astronyxis) [5,6,7] are significant; as are, fungal diseases including saprolegniosis (Saprolegnia parasitica, S. invaseris) [8,9,10], aphanomycosis (Epizootic ulcerative syndrome (EUS) Aphanomyces invadans) [11,12], ichthyosporidiosis (Ichthyophonus hoferi), and others [11,12].



Fungal diseases have various causative agents, but, among them, fungi belonging to the kingdom Protoctista in the class Oomycetes, order Saprolegniales, and family Saprolegniaceae, have been identified as the pathogens responsible for saprolegniosis [13,14,15,16,17]. Saprolegniosis typically occurs due to poor water quality, suboptimal water temperature, and the presence of stress factors [18,19]. It infects the skin and gills of fish, leading to proliferation and underwater dissemination [19,20]. Fish infected with saprolegniosis develop ulcers on the head, fins, and skin, with infection spread to muscle tissue and blood vessels, sometimes leading to untreatable conditions [19,20]. Among these, S. parasitica is primarily found in freshwater ecosystems and affects salmonids, from eggs to adults; additionally, it can impact a range of other aquatic animals, such as different fish species, amphibians, and crayfish [21,22,23,24].



Amoebic gill disease is a parasitic disease that inflicts significant damage on marine-farmed salmonids, especially Atlantic salmon, rainbow trout (Oncorhynchus mykiss), and coho salmon (Oncorhynchus kisutch) [25,26,27,28]. Since its first report in Tasmania, Australia, in 1988, amoebic gill disease has been found in various locations worldwide, including Korea, South Africa, Canada, Chile, Norway, Ireland, Spain, France, and Scotland, causing issues in salmonid aquaculture [25,28,29,30,31,32,33,34].



The causative agent of amoebic gill disease is known to be Neoparamoeba perurans [26,28,35,36]. Neoparamoeba, a small lobose ameba belonging to the family Vexilliferidae, is motile and forms dactylopodia [35]. In the past, the causative agent of amoebic gill disease was known as N. pemaquidensis, but Young et al. [37] latterly identified N. perurans as the causative agent of amoebic gill disease. N. perurans is reported to occur and spread primarily through high water temperatures and salinity levels [38,39]. Major symptoms include lesions on the gill surfaces, leading to reduced appetite, respiratory distress, and gill inflammation [40,41].



This study presents the first report on parasites and fungal diseases isolated during the development of aquaculture techniques for Atlantic salmon in Korea, identifying characteristics of the pathogens and conducting a histopathological analysis in the process.




2. Materials and Methods


2.1. Ethical Statement


All animal experiments conducted in this study received approval from the Institutional Animal Care and Use Committee of Jeju National University (JNU-2020-O-0035). This study was conducted strictly in accordance with the guidelines of the European Union directive 2010/EU. Furthermore, all experimental protocols were conducted by scientists who had completed animal ethics training.




2.2. Fish Sample Collection


2.2.1. Fungi-Infected Fish


In March 2023, a facility located in Korea received 24 Atlantic salmon reared in a recirculating aquaculture system for fungal screening (Bacterial, viral, and parasitic diseases were not detected). The Atlantic salmon were reared in freshwater maintained at 13 °C; they had an average length of 25.6 ± 1.1 cm and a weight of 145 ± 17 g, and symptoms of infection included ulcers on the pectoral fin, dorsal fin, and tail fin. The body surface and internal organs of the Atlantic salmon were observed, and microscopic examination was conducted on the clinically symptomatic areas. To confirm fungal disease, samples were harvested from the clinically symptomatic areas, as well as the kidney and spleen. These samples were then inoculated onto a Sabouraud dextrose agar (SD, Kisanbio, Seoul, Korea) supplemented with chloramphenicol and incubated at 26 °C for 24–48 h. To prepare for PCR analysis, kidneys and spleens were harvested and pooled in groups of 4–5 individuals each, and these pooled samples were then stored at −80 °C for future experimentation.




2.2.2. Parasite-Infected Fish


In August 2023, a facility located in Korea received 20 Atlantic salmon reared in a flow-through system for parasitic screening (Bacterial, viral, and fungal diseases were not detected). The Atlantic salmon were reared in seawater maintained at 13 °C; they had an average length of 37 ± 2 cm and a weight of 346 ± 11 g, and symptoms of infection included excessive mucus secretion from the gills, dense white spots on the gill filaments, and respiratory distress. Microscopic examination was conducted on the gills and clinically symptomatic areas of the Atlantic salmon. To confirm parasitic diseases, gills were harvested and then pooled in groups of 4–5 individuals each for PCR analysis, and these pooled samples were stored at −80 °C for future experimentation.





2.3. Pathogen Identification


To confirm the presence of fungal disease, DNA was extracted from the kidneys and spleens of the Atlantic salmon using the AccuPrep® Genomic DNA Extraction Kit (Bioneer, Daejeon, Korea). For PCR analysis, we utilized Accupower® PCR PreMix (Bioneer, Daejeon, Korea), and primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) were used [41]. The PCR reaction proceeded with pre-denaturation at 94 °C for 3 min, followed by denaturation at 94 °C for 1 min, annealing at 60 °C for 45 s, and extension at 72 °C for 90 s, for a total of 35 cycles; a post-extension reaction was conducted at 72 °C for 5 min [42].



To confirm the presence of parasitic disease, DNA was extracted from gill filaments sampled from Atlantic salmon using the AccuPrep® Genomic DNA Extraction Kit (Bioneer, Korea). For PCR analysis, we utilized the Accupower® PCR PreMix (Bioneer, Korea), and primers (F: 5′-ATCTTGACCGGTTCTTTCGAGA-3′ and R: 5′-ATAGGTCTGCTTATCACTCATTCT-3′) were used to amplify the 18S rRNA sequence of Neoparamoeba spices [37]. The PCR reaction proceeded with pre-denaturation at 94 °C for 5 min, followed by denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s, and extension at 72 °C for 45 s, for a total of 35 cycles; a post-extension reaction was conducted at 72 °C for 5 min [37].



The amplified PCR products were electrophoresed on a 1.5% agarose gel to isolate specific bands. Subsequently, the specific bands were purified using the QIAquick® Gel Extraction Kit (Qiagen, Frankfurt, Germany). Sanger sequencing was performed on a partial fragment of the 18S rRNA gene using ITS1-ITS4 primers specific for Neoparamoeba species. The Sanger nucleotide sequence data similarity was analyzed against NCBI reference RNA sequence databases for genus-level identification. Subsequently, the nucleotide sequences were aligned using the Clustal W method for multiple alignments, which is available in Mega 11 [43]. The tree topology was constructed using the neighbor-joining method, and to assess reliability, bootstrap analysis with 1000 replications was performed.




2.4. Histopathological Analysis


For fungal diseases, samples were collected from the gills, gill covers, fins, brain, liver, intestine, muscle, spleen, kidney, and clinically symptomatic areas of Atlantic salmon. For parasitic diseases, samples were collected from the gills and clinically symptomatic areas of Atlantic salmon. They were then fixed in a 10% neutral-buffered formalin solution (Sigma, Saintlouis, MO, USA) for 24 h. Subsequently, they underwent a secondary fixation in the same fixative for 8 h and after that, the samples were rinsed in running water for 24 h and dehydrated sequentially in 70% to 100% ethanol. Then, they were made transparent in xylene, infiltrated with paraffin, and embedded. Each block was sectioned at a thickness of 4 µm using a rotary microtome (HM340E, Microm Co., Nordrhein-Westfalen, Germany), and the tissue sections were then mounted onto slides coated with 3-aminopropyl triethoxysilane (Sigma, USA). The mounted tissue sections were deparaffinized and rehydrated using xylene and ethanol solutions, and then hematoxylin–eosin (H&E) staining was performed. After completing the staining process, the tissue sections were dehydrated and made transparent before being mounted using a synthetic mounting medium (DPX, Sigma, Saintlouis, MO, USA). The stained tissue sections were then observed under a microscope (ECLIPSE Ni-U, Tokyo, Nikon, Japan).





3. Results


3.1. Pathogen Identification


Out of 24 Atlantic salmon, fungal disease was detected in 9 individuals (37.5%), and the isolated fungus was identified as Saprolegnia parasitica based on genetic analysis. The external symptoms of Atlantic salmon infected with S. parasitica included fin ulceration and hemorrhage, abdominal hemorrhage, and necrosis of gills and gill covers (Figure 1).



The cultured strain on the SD agar exhibited white cottony tufts with a wrinkled appearance on the outer edge (Figure 2A). Microscopic observation of the clinically symptomatic area of Atlantic salmon revealed that the mycelium was thin and elongated, lacked septa, and observed zoosporangia, with zoospores arranged uniformly inside (Figure 2B).



The amplification product of 700 bp was confirmed by comparing the genetic sequences of pathogens isolated from Atlantic salmon using the ITS1-ITS4 nucleotide sequences of Saprolegnia species. Furthermore, phylogenetic analysis revealed that it belongs to the same cluster as S. parasitica (OP642441.1) and exhibited 100% sequence identification (Figure 3A).



Out of 20 Atlantic salmon, 16 individuals (80%) were found deceased concurrently with the detection of parasites. The comparison of genetic sequences of pathogens isolated from Atlantic salmon using the nucleotide of Neoparamoeba species revealed an amplified product at 630 bp. Furthermore, phylogenetic analysis revealed a 99% sequence identity of N. perurans (Figure 3B). The symptoms following N. perurans infection included excessive mucus secretion in the gills, reduced swimming ability, respiratory distress, and anorexia. After mortality, the mouth and gill covers were completely open. As a clinical symptom, clusters of N. perurans, appearing as multiple white spots, were densely packed on the gill filaments and visible to the naked eye (Figure 4A).



The morphological analysis revealed cells with no surface structures, characterized by round or hexagonal trophozoites of white color and the presence of a nucleus and parasome (Figure 4B). These morphological characteristics of N. perurans are similar to those reported in previous studies [22,44,45].




3.2. Histopathological Analysis


Histopathological analysis of Atlantic salmon infected with S. parasitica revealed abnormalities in the gill covers and abdominal muscles, among other clinical areas (Figure 5). Necrosis, hemorrhage, and the infiltration of inflammatory cells were observed in the abdominal muscles (Figure 5B), while infiltrating inflammatory cells were also observed in the gill covers (Figure 5C). Furthermore, histopathological analysis of Atlantic salmon infected with N. perurans revealed abnormalities in the gills (Figure 5D). Hyperplasia of gill epithelial cells and the fusion of secondary lamellae occurred (Figure 5E), and multiple lamellae were observed to attach to each other or fuse to each other (Figure 5F).





4. Discussion


A significant issue in the aquaculture industry is the substantial impact caused by disease outbreaks, and, if there are no preventive measures or treatment methods available for the diseases, the damage could be even greater.



In this study, Atlantic salmon infected with S. parasitica exhibited external symptoms, such as fin erosion and hemorrhage, abdominal hemorrhage, as well as necrosis of the gills and gill covers (Figure 1). These symptoms were similar to the external symptoms, such as head, fin, and skin ulcers and necrosis, reported in previous studies on salmonid fish species infected with S. parasitica [46,47,48]. S. parasitica, which causes infection in fish, spreads to other tissues through circular or curved mycelia on the head or fins [18]. Subsequently, after spreading through muscle tissue and blood vessels, S. parasitica infection causes cellular destruction and complete damage to the skin, leading to infections that are beyond treatment [19,48,49]. When cultured on an agar medium, the morphological characteristics of S. parasitica isolated from Atlantic salmon appeared as clustered cottony growth with wrinkled margins on the outer edges (Figure 2A). Typically, when cultured on an agar medium, S. parasitica exhibits morphology resembling white, thread-like mycelia, forming rounded colonies [17,48,50,51].



According to previous studies, the asexual reproduction of S. parasitica typically involves the production of zoospores, but it is also known to produce chlamydospores or gametangia [44,52,53]. It is known that zoospores are produced within zoosporangia, and factors such as nutrient deprivation or sudden temperature decreases can trigger their release [45,54]. The discharge of zoospores is divided into primary and secondary phases. Zoospores discharged in the primary phase exhibit limited motility, undergo sporangium formation and germination, and remain active only until the release of secondary zoospores [55,56]. Secondary zoospores, upon release, are known to possess two lateral flagella, rendering them more motile than primary zoospores, and they are recognized as the dissemination and infective spores of Saprolegnia species [53,56,57]. The secondary zoospores of various Saprolegnia species, including S. parasitica, undergo a polyplanetism process, wherein sporangium formation and zoospore discharge are repeated [58,59,60,61]. Primary zoospores are reported to be discharged within 18 to 24 h, while secondary zoospores are discharged after 24 h, and they begin to germinate within 12 h of discharge from the zoosporangiate zoospore [46,48,51,57,62]. We aim to conduct further research on the asexual reproduction of S. parasitica isolated in this study.



S. parasitica has been reported to penetrate the epithelium, causing epithelial damage and cell necrosis, and to penetrate the muscle, leading to hemorrhage and inflammation [48,49]. This report is consistent with the symptoms observed in the histopathological analysis of the gill covers and abdominal muscles (Figure 5B,C) in this study, which included necrosis, hemorrhage, and inflammatory cell infiltration. S. parasitica possesses various virulence factors that act on the host’s extracellular effectors (proteases, gluconases, and hydrolases), simultaneously attacking host cells and tissues while being secreted into the host’s extracellular space, ultimately leading to alteration in the structure and function of cells [63]. Furthermore, it is stated that by secreting proteins (glycoside hydrolases) that aid in the breakdown of cell walls into the extracellular space, S. parasitica infiltrates the host’s tissues, leading to epidermal destruction and respiratory failure due to osmotic imbalance resulting from the degeneration of secondary lamellae, ultimately resulting in morality [63,64,65].



Diéguez-Uribeondo et al. [61] categorized Saprolegnia species isolated from various hosts and environments worldwide into five clades based on the phylogenetic analysis of ITS nucleotide sequences. It was reported that S. parasitica, S. diclina type 1, S. salmonis, and several Saprolegnia species belong to clade I, while S. diclina type 2 and S. feraxs are in clade II. Additionally, all S. diclina species belong to clades III and V, with S. australis belonging to clade IV.



In this study, the clinical symptoms observed in Atlantic salmon infected with N. perurans include excessive mucus secretion in the gills, a dense presence of amoebae on the gill filaments, respiratory distress, and the opening of the mouth and gill covers after mortality. The symptoms mentioned are similar to those seen in previous studies in fish infected with N. perurans, such as anorexia, respiratory distress, multifocal lesions on the gill surface, dissection, swelling, proliferation of gill epithelial cells, fusion, and blister formation of gill filaments [39,40,66]. Furthermore, if left untreated after infection with N. perurans, mortality rates ranging from 50% to 85% have been reported [5,28], which is similar to the mortality rate of 80% observed in this study.



The morphological characteristics of the isolated N. perurans observed under the microscope showed a lack of surface structures, with round or hexagonal trophozoites of white color and the presence of a nucleus and parasome (Figure 4B and Figure 5D), which were similar to previous research findings [35,67]. These parasomes, referred to as perkinsiella amoebae-like organisms (PLOs), are described as endobionts of eukaryotic marine organisms and are associated with parasitic marine protists [35,68].



The histopathological analysis revealed epithelial cell proliferation, secondary lamellar fusion, and the fusion or attachment of multiple lamellae, which are commonly reported symptoms when Atlantic salmon are infected with N. perurans [25,29,30,69,70,71,72,73]. Moreover, according to English et al. [73], in addition to the typical symptoms, inflammatory leukocytes were observed within the central venous sinuses, with squamous epithelial cells surrounding the inflamed lymphocytes, and basal infiltration was observed in some lymphocytes. The proliferation of lamellar epithelial cells involved in many gill diseases, including those caused by N. perurans, occurs due to the proliferation and migration of progenitor cells present at the base of the lamellae; however, the underlying inducers and mechanisms of this proliferation are not well understood [74,75]. According to Morrison et al. [75] and Cano et al. [28] the upregulation of the factor Ag-2 and the downregulation of p53 mRNA were reported in lesions with N. perurans, suggesting that these alterations may contribute to cell hyperplasia.




5. Conclusions


This study represents a report on S. parasitica and N. perurans detected in Atlantic salmon, a species in which aquaculture technology research is actively progressing in Korea. When infected with the fungal disease S. parasitica, various external symptoms, such as hemorrhage, ulcers, and necrosis, occur. Furthermore, when infected with the parasitic disease N. perurans, various symptoms, such as excessive mucus secretion in the gills, reduced swimming performance, respiratory distress, and anorexia, occur, often resulting in mortality. Unfortunately, there is currently no definitive treatment available for this latter disease, which poses significant challenges in aquaculture. Based on this study, it is crucial to promptly isolate the pathogens and quarantine infected fish by identifying the morphological characteristics of S. parasitica and N. perurans, along with the external symptoms of Atlantic salmon infected with these pathogens. In addition to these efforts, it is necessary to develop disease control measures for the successful establishment of the domestic Atlantic salmon aquaculture industry in Korea.
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Figure 1. Some of the external symptoms of Atlantic salmon infected with Saprolegnia parasitica are indicated with white dotted circles. (A) Necrotic lesions on gills and gill cover. (B,C) Ulcers and hemorrhage on fins. (D) Hemorrhage on abdomen. The white dotted circles indicate symptoms. 
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Figure 2. Morphological characteristics typically observed in Saprolegnia parasitica isolated from Atlantic salmon. (A) Colonies grown on SD agar supplemented with chloramphenicol after culturing S. parasitica. (B) The mycelium is thin and elongated, lacks septa, and also exhibits zoosporangium and zoospores. 
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Figure 3. The phylogenetic tree based on partial nucleotide sequences indicates the positions of the strains extracted from Atlantic salmon: Saprolegnia parasitica (A) and Neoparamoeba perurans (B). The distinct Saprolegnia species and Neoparamoeba species were identified using the neighbor-joining method in the Mega 11 program. The numbers indicate the percentages of bootstrap support from 1000 replicates. 
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Figure 4. Clinical symptoms and morphological characteristics of Atlantic salmon infected with Neoparamoeba perurans. (A) When infected with N. perurans, the gill filaments of the fish undergo extensive whitening (white dotted circle). (B) The morphological appearance of N. perurans observed under the microscope. 
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Figure 5. Histopathological analysis results of Atlantic salmon infected with Saprolegnia parasitica (A–C) and Neoparamoeba perurans (D–F). (A) Normal abdominal muscles of the Atlantic salmon. (B) The abdominal muscles of Atlantic salmon infected with S. parasitica. The white dotted circles indicate inflammatory cell infiltration, necrosis, and hemorrhage. (C) The gill covers of Atlantic salmon infected with S. parasitica. The white dotted circles indicate inflammatory cell infiltration. (D) Gills infected with N. perurans. The black arrows indicate N. perurans. (E) As a result of the infection, there is hyperplasia of epithelial cells and fusion of secondary lamellae. The black dotted circle indicates epithelial cells hyperplasia; the white dotted circle indicates fusion of secondary lamellae. (F) Multiple lamellae show fusion and adhesion. The black arrows indicate that the lamellae are involved in adhesion and fusion. 
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