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An overview of the infectious and non-infectious diseases of spotted wolffish, their prevention and treatment
Spotted wolffish (Anarhichas minor) is one of the farmed fish species in Norway. At present there are only two registered spotted wolffish farms in Norway; Aminor AS that was founded in 2013 and a new wolffish farmer, Denovo AS recently founded, but with no production yet. Earlier commercial producers of wolffish faced many challenges (Norwegian Veterinary Institute, 2019). These challenges were not primarily related to diseases, but rather to breeding and feed formulation. This fast-growing fish does not have a great deal of disease problems due to its robust adaptive immune system, which becomes active shortly after hatching (Foss et al., 2004). In comparison to salmon farms, only a limited number of deaths have been reported from juvenile and grow out wolfffish farms (Espelid, 2002a). The presence of ectoparasites, however, can cause problems if the seawater temperature increases (Foss et al., 2004). Additionally, non-infectious diseases such as xanthomas, nephrocalcinosis and urocystoliths have been reported in spotted wolffish (Béland et al., 2020). In this report we revise the information available on infections and non-infection diseases on spotted wolffish and potential treatments. This information is summarized in Table 1.  

Parasitic infestations
[image: ][image: ]Previously, the production of wolffish was mainly dependent on wild-caught fish, and researchers identified a microsporidian, probably a Pleistophora sp. (Figure 1) on wild-caught Atlantic wolffish, Anarhichas lupus L.  (Kristmundsson and Freeman, 2014; Norwegian Veterinary Institute, 2018). There is evidence that heat treatment kills this parasite, which deposits its spores in the muscle fibers of the fish. A myxosporidian belonging to Kudoa spp., probably K. islandica, that also infest spotted wolffish muscles, can cause post-mortem myoliquefaction (Kasai et al., 2016). Chemotherapeutics are used in Japan to treat myxosporean-infested marine fish, and freshwater bath is suggested as an effective and safe method (Ogawa and Yokoyama, 1998). Early diagnostics and the use of filtered water are believed to prevent mortality or extensive lesions by microsporidians (Ogawa and Yokoyama, 1998). However, based on contradictory results of the studies by  Grossel et al. (2005) and Cobcroft and Battaglene (2013), we cannot state that sand filtration is efficient to remove all stages of the parasites present in seawater. It is likely that severe infections with Kudoa pseudocysts can adversely affect muscle function (Kristmundsson and Freeman, 2014). In this context, it should be noted that wolffish farming in Iceland was not pursued after they encountered K. islandica infestation-caused severe mortality. Although Kudoa spp. are not common parasites in farmed wolffish, reduced swimming capability and poor welfare in Kudoa-infested fish were reported previously (Norwegian Veterinary Institute, 2018). The effectiveness of ultraviolet irradiation in preventing K. neurophila infection in post‐larval (paperfish) and juvenile striped trumpeter has been demonstrated by  Cobcroft and Battaglene (2013). Figure 1. A Microsporidean parasite,  most probably a Pleistophora spp.-induced skeletal muscle  changes in Atlantic wolffish. (Source: Norwegian Veterinary Institute, [4])
Figure 2. Gyrodactylus anarhichatis is seen attached to the gills of spotted wolffish. (Source: Kristmundsson et al., [9])

[bookmark: _Hlk60822965]Several protozoan parasites can attach to the skin or gills of wolffish, including flagellated Ichthyobodo necator (Costia), ciliated Trichodina spp., and Gyrodactylus spp. with haptor (Espelid, 2002a; Foss et al., 2004; Foss and Sparboe, 2009). In 2007-2009 and in 2020, Canadian wolffish farms reported significant losses of newly hatched fish and juvenile fish due to Trichodina spp. infestation (Chabot et al., 2012). Infestation with Trichodina spp. and Gyrodactylus spp. can affect the growth of spotted wolffish (Chabot et al., 2012). According to the Norwegian Veterinary Institute’s fish health report 2020, Trichodina infection leads to skin lesions and gill pathologies in early larvae (Norwegian Veterinary Institute, 2020). In 2021, there were fewer disease submissions than in 2020, but ulceration without high mortality was reported from Norwegian farms (Norwegian Veterinary Institute, 2020; 2021).  While formalin baths can treat fish infested with Trichodina and Gyrodactylus, such events can be prevented by screening, filtering, treating water with UV light, and rearing the fish in intermediate salinities (Le François et al., 2021) since spotted wolffish can tolerate a wide range of salinities (Foss et al., 2004). The intracellular parasite, Pleistophora spp. can also create problems in wolffish farms (Espelid, 2002a; Foss et al., 2004; Foss and Sparboe, 2009). Fish infested with these parasites produce more mucus, which in turn causes breathing difficulties (Espelid, 2002a). Espelid (2002a) has reported that formalin is effective against both Ichthyobodo spp., and Trichodina spp., and the incidence of Pleistophora spp. and Gyrodactylus spp. can also be controlled using the chemical (Espelid, 2002a). Figure 2 shows that 250 g farmed juvenile spotted wolffish are prone to G. anarhichatis infestation (Kristmundsson et al., 2006). Another Gyrodactylus species, reported to infect Atlantic salmon, Gyrodactylus salaris cannot survive at pH≤5, and aluminium and zinc are known to reduce the survivability of the parasite (Soleng et al., 1999; Poléo et al., 2004; World Organisation for Animal Health, 2019). Hence aluminium sulphate is used to eradicate the parasite (World Organisation for Animal Health, 2019). In addition, low temperature and a commercially available disinfectant (Virkon S) is known to kill G. salaris (Koski et al., 2016). An earlier study has shown that treatment with Virkon S at 4 ppm for 10 days is effective in treating artificially-induced saprolegniasis in common carp (Rahman and Choi, 2018). Highly saline water, formaldehyde and compounds containing chlorine and iodine can also be used to kill G. salaris (World Organisation for Animal Health, 2019). 
There are also other parasites that affect wolffish; P. ehrenbaumi is a common parasite of North Sea wolffish (A. lupus) and spotted wolffish (A. minor) (Kahn et al., 1999). It should be noted that Gyrodactylus infestation on the skin can be a gateway for secondary bacterial  infections (Espelid, 2002a). Since Ig+ cells do not appear in fish of size 10 cm (Espelid, 2002b) it is essential to prevent skin diseases rather than treating them. 

Bacterial and viral infections
[image: ]Systemic bacterial infections in Atlantic wolffish were also reported previously (Norwegian Veterinary Institute, 2018). Atypical furunculosis caused by atypical Aeromonas salmonicida can be lethal to wolffish (Hellberg et al., 1996). There are also reports on unsuccessful attempts in farming of spotted wolffish due to bacterial diseases.  In 2001 - 2008 (Hlýri ehf. in Neskaupstad on the eastern fjords of Iceland), 200 wild fish were captured and reared in land-based tanks for farming. However, most of the fish died after an outbreak of atypical furunculosis (Aeromonas salmonicida sbsp. achromogenes). After an antibiotic treatment and vaccination (ALPHA JECT™ 1200 furunculosis vaccine) only about 80 fish survived. From these wild fish, the breeders managed to obtain both eggs and milt to successfully fertilize and produce a few thousand fish per generation for farming in sea (50-60 meters deep). When the fish were approximately 300-400 g they were infested with  Kudoa islandica and due to chronic mortality, the farming attempt ended in 2008. Multivalent atypical furunculosis vaccines that are comprised of three different bacterial strains can efficiently reduce the mortality caused by atypical A. salmonicida (Lund et al., 2002; Lund et al., 2008); oil-emulsified vaccines are reported to provide efficient protection (Grøntvedt et al., 2004).  Spotted wolffish was shown to be highly susceptible to intraperitoneal challenge with atypical A. salmonicida (Lund et al., 2008). However, the fish is believed to be resistant to waterborne infection of A. salmonicida; the thick mucus layer could be the reason for the protection against opportunistic microbes (Lund et al., 2008).  Nevertheless, a bacterial bath challenge experiment indicated the ability of bacteria to break the intestinal barrier and reach the lamina propria ((Vollstad et al., 2006), Figure 3). Figure 3. Photomicrographs showing Aeromonas salmonicida infection in the intestine of spotted wolffish. Large colonies of the bacteria are visible in the lamina propria (Source: Vollstad, [17])

Other bacteria such as those common in the marine environment, namely Vibrio anguillarum, V. salmonicida and V. viscosus, can cause high mortality in wolffish (Espelid, 2002b). In addition, an immunohistochemistry study could identify Tenacibaulum spp. in spotted wolffish (Norwegian Veterinary Institute, 2020). Because researchers have very little experience with antibiotic treatment, not much information on such handling procedures is reported till date. Nevertheless, reduced feeding and water aeration were found to have beneficial effects on the fish (Espelid, 2002a). 
Adult/juvenile spotted wolffish can be vulnerable to virus-caused cardiac myopathy syndrome and viral nervous necrosis, VNN (Espelid, 2002b; Mariculture committee, 2002). Cardiac musculature and gill inflammations in spotted wolffish have been reported previously (Norwegian Veterinary Institute, 2020). Waterborne infection with piscine nodavirus and infectious pancreatic necrosis (IPN) virus caused significant mortality among juveniles <1 g, and high [image: ]temperature is reported to increase the mortality (Sommer et al., 2004). It is clear that although resistance of wolffish to IPN is superior to VNN (Espelid), juveniles are susceptible to viruses (Espelid, 2002a). A bath challenge experiment with nodavirus isolated from Atlantic halibut revealed the susceptibility of spotted wolffish to the virus (Figure 4, (Johansen et al., 2003)). Although spotted wolffish is vulnerable to different pathogens, their robust immune system that starts functioning early (Ig+ cells appear in kidney 1 week after hatching and fish of 50 mm have a competent immune system (Espelid, 2002b)) in their life could be the reason for the low mortality even upon viral infections (Grøntvedt and Espelid, 2003; Sommer et al., 2004). Figure 4. Photomicrographs of brain section of spotted wolffish   4 weeks after a nodavirus bath challenge. Immunolabelling of nodavirus revealed immunopositive cells (arrows) in the neural part of pituitary gland. (Source: Johansen [19])

Non-infectious diseases of spotted wolffish
[bookmark: _Hlk59531876]Spotted wolffish are prone to non-infectious diseases such as subcutaneous xanthomas, nephrocalcinosis and urocystoliths; necropsy findings have indicated that the percentage affected by these diseases are higher compared to Atlantic wolffish (Béland et al., 2020) (Figure 5). High lipid-containing diet is associated with xanthomatosis in wolffish species (Erlacher-Reid et al., 2012; Béland et al., 2020). Nephrocalcinosis can affect the renal function of wolffish, and this aberration can lead to osmotic and mineral imbalances, as noted in other fishes (Norwegian Veterinary Institute, 2018). Environmental CO2 and diet rich in selenium and calcium, or deficient in magnesium, are believed to be the reasons for the kidney function defect associated with these diseases (Cowey et al., 1977; Hicks et al., 1984; Foss et al., 2003; Norwegian Veterinary Institute, 2018). Hence the mineral content should be carefully considered while formulating feeds for wolffish. Serum mineral concentration is a good indicator of these diseases, as observed in the study of  Cowey et al. (1977). In addition to nutritional imbalances, other reported risk factors include inadequate salinity, water hardness, alteration in gill permeability, and metabolic imbalances (Applegate et al., 2016). Feeding a well-balanced diet and maintaining the rearing water alkalinity with sodium carbonate rather than with calcium carbonate (Chen et al., 2001) can help wolffish farmers avoid problems linked to these disease challenges.  The incidence of kidney stones among spotted wolffish used as experimental subject has also been investigated at the research station of Nord University (Nord unpublished work). In the broodstock fish kidney stones were more frequently observed, but amongst the juvenile fish only some of the experimental fish had kidney stones, so we are still unable to determine the cause of this problem. In the broodstock fish kidney stones were more frequently observed. It should also be noted that on-growing and young adult fish can accumulate lipids in liver when they are fed diets with 15-18% lipid (Chabot et al., 2012). Figure 5. Kidney stone detected in wolffish  that were employed in feeding experiments. The stones are shown using green ellipses. 

In addition to the above-mentioned non-infectious diseases, irritants in water or parasites and bacteria that adhere to mucus can increase gill cell numbers and mucus secretion, and enlarge the cells (Espelid, 2002a).

Broodstock quality, rearing temperature, general disinfection and hygienic control for egg survival 
It is critical to maintain optimal environmental conditions for rearing broodstock that will produce eggs for the next generation of spotted wolffish. It is ideal to maintain the stenotherms’ broodstock in a temperature range of 3-10°C and refrain from using eggs from late spawning season to ensure their survival and quality (Falk-Petersen et al., 1999). A temperature of 6°C is reported to provide the best survival rate of fry and prevent deformities in hatchlings (Falk-Petersen et al., 1999).  
Massive mortality of fish eggs and larvae caused by microbial proliferation, poses a challenge to hatcheries. Survival rates of 100% fertilized eggs of spotted wolffish, were reported to be between 60 and 80% after an incubation period of 800 to 960 degree days (Falk-Petersen et al., 1999). Hence, it is necessary to stop the infection at the egg and milt stages, because this prevents the spread of diseases.  Norwegian Food Safety Authority advises to take approprate measures to disinfect the eggs of all fish species (Norwegian Food and Safety, 2013). The organization even emphasizes the “physical and infectious hygienic distinction between clean and unclean departments with contagion locks and routines that prevent cross-contamination”. The authority does not recommend the use of iodofor to disinfect marine fish eggs; 400-600 mg/l glutaraldehyde and a contact time of 5-10 min is the recommendation. However, the chemical is not effective against nodavirus. Hence,  0.1-0.2 mg O3 /liter ozone and a contact time of 30 s should be employed to eliminate nodavirus; one need to exercise caution because ozone can damage eggs. 
Previously, it was reported that bacterial infection caused by Flexibacter spp. can cause premature hatching of common wolffish and hence treating the eggs is essential to also reduce mortality caused by bacteria (Pavlov and Moksness, 1993). Eggs of spotted wolffish that were disinfected with 150 ppm glutaric dialdehyde twice a month led to 50% hatch at 20-21 weeks at 6 °C, and these young wolffish had the lowest mortality (Falk-Petersen et al., 1999; Hansen and Falk-Petersen, 2001). Wolffish farmers usually follow the guidelines of The World Organization for Animal Health (OIE) "OIE guidelines", and hatching success is often equated to treating the eggs with the right dose of appropriate agents. A 15-min immersion of embryos of ornamental fishes such as redtail sharkminnow Epalzeorhynchos bicolor, rainbow sharkminnow E. frenatum, featherfin squeaker Synodontis eupterus, and blotched upsidedown catfish S. nigriventris in formalin (1,500 mg/L) and hydrogen peroxide (1,000 mg/L) was reported to have no detrimental effects (Sipos et al., 2020). Furthermore, the immersion of Nile tilapia fertilized eggs in 250 mg/l of bronopol for 10–30 min was found to be effective against bacteria present on fertilized eggs, and eradication of bacteria can lead to improved larval survival (Jantrakajorn and Wongtavatchai, 2015). In Iceland, salmon eggs are disinfected for 10 min with 1% buffodine after water hardening. Regular bronopol (100 ppm/30 minutes/waterstop) or formalin treatments (1:4000, add to egg system at least 1x/week, use flow-through) are adopted for lumpfish eggs. These approaches could also be tested as alternate disease prophylaxis approaches.
Our egg disinfection protocol recommends starting the egg disinfection 12 hours post-fertilization, and to prevent premature hatching, no disinfection after 700 degree days. A 10-minute incubation period with buffodine was employed once a week.
Table 1. List of diseases that can be expected to affect farmed spotted wolffish.
	Disease agent
	Treatment/Prevention

	Parasitic infestation

	Pleistophora sp.
	Heat treatment, use of filtered water

	Kudoa sp.
	UV water treatment, freshwater bath

	Ichthyobodo sp. 
	Formalin

	Trichodina sp.
	Formalin

	Gyrodactylus spp.
	Formalin, low pH (≤5), low temperature, Virkon S

	Bacterial diseases

	Atypical furunculosis by atypical A. salmonicida
	Oil-emulsified multivalent vaccines

	Viral diseases
	

	Piscine nodavirus
	Not yet known

	Infectious pancreatic necrosis virus
	Not yet known

	Non-infectious diseases

	Xanthomas, nephrocalcinosis and urocystoliths
	Maintain good water quality, provide well-balanced diet



Conclusion
Spotted wolffish with a robust immune system is susceptible to bacterial and viral infections and parasite infestations as well as husbandry-related issues. Chemotherapy and use of filtered water can keep parasitic infestations in check. Oil-emulsified vaccines appear to provide protection against atypical furunculosis. New diseases can emerge with the increase in wolffish farming. Hence, a better understanding of both the immune system of fish and potential pathogens is vital; to better deal with disease outbreaks. Non-infectious diseases can be prevented by maintaining the rearing water alkalinity and a well-balanced diet.
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