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SOMMARIO 
Il presente studio è stato effettuato con l'obiettivo primario di valutare agenti patogeni e malattie 

nei pesci provenienti da allevamenti di acquacoltura, pesci utilizzati come animali da 

laboratorio e organismi acquatici selvatici, che sono stati identificati durante il dottorato di 

ricerca, nell’ambito del progetto di ricerca in Biologia Applicata e Medicina Sperimentale 

presso il Centro di Ittiopatologia Sperimentale della Sicilia (CISS) e durante l’attività 

diagnostica routinaria dell’Unità di Patologia Veterinaria dell’Università di Messina.  

Sono stati evidenziati gli effetti negativi delle infezioni subcliniche sui risultati della ricerca, 

sulla salute degli animali utilizzati a fini scientifici, sulla salute degli animali destinati al 

consumo umano e sulla salute degli organismi acquatici selvatici.  

Le malattie dei pesci utilizzati ai fini della ricerca scientifica possono alterare i risultati 

sperimentali, aumentare la variabilità dei dati e impedire la riproducibilità sperimentale. Le 

malattie negli organismi di allevamento e selvatici possono causare gravi perdite finanziarie 

nelle aziende d’acquacoltura e nelle attività di pesca, nonché possono essere indicatori di 

problematiche ambientali. A tal fine, sono state effettuate analisi istopatologiche su un totale di 

3831 organismi acquatici, dei quali 571, appartenenti a sei specie marine (Dicentrarchus 

labrax, Sparus aurata, Argyrosomus regius, Mugil cephalus, Lithognathus mormyrus, 

Coelorinchus caelorhincus), otto specie di acqua dolce (Danio rerio, Carassius auratus, 

Xiphophorus variatus, Poecilia reticulata, Abramis brama, Carassius carassius, Salmo trutta 

fario e Cobitis bilineata) e due specie di molluschi bivalvi (Pinna nobilis e Pinna rudis), 

risultavano positivi a differenti patologie.  

Numerose malattie sono state riscontrate durante questo studio. In particolare, la micobatteriosi 

e la mixosporidiosi sono state considerate le patologie più significative nei teleostei destinati 

alla ricerca scientifica; fotobacteriosi, enteromixiosi, criptocarioniasi e leyomioma sono state 

considerate le patologie più significative nei teleostei provenienti da impianti di acquacoltura; 

parassitosi dovute a Clinostomum complanatum, Lophoura edwardsi e Cystidicoloides 

ephemeridarum, tumori quali papilloma,  fibroma e schwannoma e micobatteriosi sono state 

considerate le patologie più significative negli organismi acquatici provenienti da ambienti 

selvatici. Questi risultati possono essere utili per ampliare le conoscenze riguardo diverse 

malattie in varie specie ittiche sia allevate che selvatiche. al fine di comprenderne meglio 

l’eziologia e i meccanismi di patogenesi, nonché allertare gli operatori del settore sulle 

emergenze sanitarie nuove e ricorrenti.  
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ABSTRACT 
The present research was undertaken with the prime objective of evaluating pathogens and 

diseases in fish from aquaculture farms, laboratory fish, and wild aquatic organisms, which 

were identified during the Ph.D. research project in Applied Biology and Experimental 

Medicine in the Centre for Experimental Fish Pathology of Sicily (CISS) and the Unit of 

Veterinary Pathology of the University of Messina.  

Adverse effects of subclinical infections on research results, the importance of animal health 

regarding welfare, the health of animals intended for human consumption and the health of wild 

aquatic organisms are likewise highlighted. Diseases in fish used for research can alter 

experimental outcomes, increase the variability of data, and impede experimental 

reproducibility.  

Diseases in farmed and wild organism can cause severe financial losses in aquaculture and 

fishery companies, as well as being indicators of environmental related distress. For this 

purpose, 571 diseased fish of different species (out of a total of 3831 fish analysed) that 

belonged to six marine species (Dicentrarchus labrax, Sparus aurata, Argyrosomus regius, 

Mugil cephalus, Lithognathus mormyrus, Coelorinchus caelorhincus), to eight fresh water 

species (Danio rerio, Carassius auratus, Xiphophorus variatus, Poecilia reticulata, Abramis 

brama, Carassius carassius, Salmo trutta fario and Cobitis bilineata) and two species of 

bivalve molluscs (Pinna nobilis and Pinna rudis) were examined for histopathological health 

monitoring. Several diseases have been found during this study. In particular, mycobacteriosis 

and myxosporidiosis were seen to be the most significant diseases in our research aquatic 

organisms; photobacteriosis, enteromyxiosis, cryptocarioniasis and leyomioma were seen to be 

the most significant diseases in our aquaculture aquatic organisms; Clinostomum complanatum, 

Lophoura edwardsi and Cystidicoloides ephemeridarum parasitosis, papilloma, fibroma and 

schwannoma tumours and mycobacteriosis were seen to be the most significant diseases in our 

wild aquatic organisms. These results may be useful in gathering wider knowledge on the 

occurrence of several diseases in various species and the environment, as well as in alerting 

industry operators to new and recurring health emergencies. In this way, the pathogenic 

mechanisms of aetiological agents may be better understood. 
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1. INTRODUCTION 

1.1 Health monitoring of laboratory fish 

Nowadays, there is an increasing interest in fish used for research, especially in zebrafish 

(Danio rerio) and medaka (Oryzias latipes). Although they are primitive vertebrates, they have 

shown several advantages in comparison to other animal models as they show particular 

similarity with human genome and physiology1. This makes them good animal models for 

several human pathologies. Moreover, they are easy to breed, fecund and ovulation can be 

controlled by modifying the day/night cycle. Spawning takes place frequently and there is no 

limitation to the spawning season. Microinjection of fertilized eggs is relatively easy and cheap. 

As embryos are transparent, the dynamic gene expression in several tissues and organs in vivo 

can be monitored, and thus the specimens need not be sacrificed. They are considered the only 

vertebrates suitable for large-scale mutagenesis as genome sizes are roughly 20-40% of the 

mammalian genome. Maturation time is a mere 2 ~ 3 months, making it less laborious and 

quicker for generating transgenic lines. Moreover, several routine techniques of molecular 

biology and genetics, including knock-in, knockdown and knockout, are well developed in the 

model fish. Thus, zebrafish and medaka offer novel animal systems for studying vertebrate-

specific biology and toxicology2–6. Zebrafish has been shown to be a good model to study 

several human diseases, such as congenital and hereditary disease, carcinogenesis, heart 

disease, Alzheimer’s, leukaemia, Duchenne muscular dystrophy and others1,7,8. Other fish 

species are good animal model for different diseases, e.g. Carassius auratus characterises a 

perfect study model for PNST tumours in fish with particular emphasis on schwannoma9.  

Due to this growing interest in using fish for biomedical research, both for human health and 

aquaculture purposes, it is necessary to focus on health monitoring of fish used as laboratory 

animals to insure the welfare of these animals and to not compromise results coming from 

experimental research. Several pathogens are responsible for diseases that can occur in fish 

husbandry and these could influence research by confounding experimental results. For these 

reasons, health surveillance of animals used for research is mandatory10.  

It has also been reported that many infectious agents can compromise fish welfare status, 

thereby reducing the breeding performance of animals which are frequently used in laboratory 

research11.  

To date, there is little knowledge on pathogens of fish compared to mice, rats and rabbits and 

only scanty information on pathological surveys on fish health status during experimental trials. 

Inadequate attention to health management of laboratory fish, including a lack of suitable 
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pathogen control in research institutions, is apparent from the relative deficiency of information 

regarding fish health status, despite the increasing use of fish in experimental trials7,12–16.  

Current European Union (EU) Directive 63/2010 aims at improving health management 

strategies in laboratory fish.  

There are only few studies on the incidence and impact of some microorganisms on animal 

health to date17,18. 

The effects of Pseudoloma neurophilia have been studied19,20 and characterized as one of the 

most important pathogens in zebrafish husbandry, affecting the nervous system. 

Studies on Mycobacterium marinum were carried out in 2009 by Broussard et al.,21 Hegedus et 

al. 22 and van der Sar et al.23 Mycobacterial infections, frequently isolated from laboratory fish, 

impact greatly on zebrafish health and transcriptome responses24. However, data on pathogens 

in other species of laboratory fish are quite scanty. 

Today, attention to the application of health monitoring strategies and the use of specific 

pathogen free (SPF) animals is becoming mandatory in the field of fish research25.  

Currently, with the exception of zebrafish and medaka, fish species used for research come 

from aquaculture plants, and for this reason the absence of pathogens in these fish cannot be 

guaranteed26–28.  

Nevertheless, some SPF zebrafish lines can be obtained from authorized fish production 

facilities. Pathogen control strategies should be improved to prevent the entry and spread of 

noxious agents. Thus, more research on the prevalence and distribution of pathogens in fish 

research plants is suggested. Experimental result predictivity and a decrease in the number of 

animals used could be improved through evaluation of the effects on anatomy and physiology 

of fish used in research, when infectious agents are present.  
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1.2 Health monitoring of fish from aquaculture  
Aquaculture is the practice that deals with the breeding of aquatic organisms such as fish, 

molluscs and crustaceans in a human-controlled environment. It is a very important zootechnic 

sector, in the production of both freshwater and marine species.  

European aquaculture includes the breeding of several fish species, crustaceans and molluscs, 

but more than 90% of the production is based on the breeding of trout, Atlantic salmon (Salmo 

salar), European sea bass (Dicentrarchus labrax) and sea bream (Sparus aurata), while for 

molluscs, the most bred are mussels and clams. Progress in aquaculture in the last few decades 

has permitted to increase the production and consumption of farmed fish by humans. Between 

1961 and 2016, the average annual increase in global fish consumption, destined for human 

consumption, grew by 1.6%. Moreover, in the last ten years, total aquaculture production has 

grown by 30% worldwide29. Global aquaculture production almost reached the global total 

capture of fisheries production (88%), with a total production of 80 million tonnes out of 90.9 

million tonnes of fisheries production in 2016, as seen from the FAO capture database. 

The importation of salmon from northern European countries, has exercised strong competition 

all over Europe.  

In recent years, however, greater diversification of the market is underway. In southern Europe, 

the market for freshwater fish is slowly increasing thanks to the improvement of breeding 

techniques. It is possible to breed cold water species, even if difficulties due to the high 

temperature ranges restrict the field to species resistant to strong thermal seasonal excursions. 

There are various types of aquaculture, which are generally grouped into three categories: 

extensive, semi-intensive and intensive30. 

In extensive breeding the food is totally environmentally responsible and requires large 

extensions, for example: protected coastal areas, coastal lagoons, ponds and lakes but the 

production is low, about 10-200kg per ha30. 

Semi-intensive farming represents a development of the extensive system. The increase in 

breeding subjects depends not only on natural food but also on that administered by humans 

with the function of supplementing the diet. It needs spaces typical of extensive farming, but it 

can also make use of tanks on shore, and production is measured in tons per ha.  

Finally, intensive breeding is totally controlled by man, and food is administered exclusively 

from breeders. Moreover, the main chemical-physical parameters of the breeding waters are 

controlled externally. There may be land-based systems and offshore installations 

(mariculture). With intensive aquaculture, in which high densities are reached, there has been 

an increase in health problems due to the worsening of environmental parameters, in an effort 
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to increase production and economic revenues of companies. This has led to the emergence of 

new diseases and the difficulty of treating them, due, in part, to legislative issues, and partly to 

issues related to food safety. 

With the increase of intensive aquaculture, to increase annual production and therefore also 

income, there has been a significant increase in pathologies, so much so as to strongly affect 

the economic efficiency of fishing companies. Losses due to infectious diseases can seriously 

affect breeding up to the total loss of production lots.  

To address this issue, once a pathology has been identified, it is possible to regulate drug 

administration following EU 37/2010 legislative decree31, which defines the maximum residue 

limit (MRL) as the maximum concentration of residues resulting from the use of a veterinary 

medicinal product permitted by law and recognized as acceptable in foods. MRLs vary 

according to the drug and species treated. The determination of suitable MRLs makes it possible 

to calculate the waiting times for the slaughter of the treated subjects. The decree also states 

that some substances such as Chloramphenicol and Nitrofurans are prohibited due to possible 

side effects in humans or because they are potentially carcinogenic, for which an MRL has not 

been established. In aquaculture, the use of disinfectants is allowed only for the disinfection of 

equipment to reduce the transmission of pathogens. However, direct use on fish bred with any 

disinfectant is not permitted by current legislation. 

Formalin, obtained by 1:10 dilution from 38-40% formaldehyde aqueous solution, is used for 

its disinfectant properties in cleaning products and as a fixative for biological material. Low 

concentrations of formalin (15 mg/l) for long periods of time (4-6 hours) have shown good 

results in treatment against Ichthyobodo necator, Trichodina sp., Gyrodactylus sp., and 

Ichthyophthirius multifiliis32. Formaldehyde is a very dangerous substance considered to be 

potentially carcinogenic as established in EU Regulations 605/2014 and 491/2015. It is included 

among the pharmacologically active substances that can be found in animals or animal products 

destined for human consumption, but no MRL has been established. Despite the vast number 

of drugs (antibacterial and antiparasitic) considered potentially suitable for the treatment of 

diseases affecting fish species, in reality, few products are allowed. In addition to the economic 

aspect, attention is increasingly focusing on the possible risks that the intensive use of drugs in 

aquaculture could represent for human health and the environment33,34. 

Furthermore, the legislative decree is further limited according to the different regulations of 

the EU member states. For example, in Italy, the only authorized treatments in aquaculture are 

carried out by administering medicated feeds. Thus, antibiotic therapy can only be carried out 

via food and not by injection or medicated baths. In addition to the limitation in the use of 
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therapeutic aids, there is also the need to register new molecules for both antibiotics and 

pesticides in Italy, as those currently used by law are not always effective in treating 

pathologies.  

Vaccination is key to large-scale commercial fish farming and is undoubtedly one of the main 

reasons for the excellent results obtained in farmed fish. Through the administration of a 

vaccination, a protective immune response is stimulated in an animal. Antigens are derived 

from pathogenic organisms, then made non-pathogenic, and converted into vaccines. These 

vaccines stimulate the immune system of an animal, thereby increasing resistance to a disease 

to a naturally encountered pathogen. Vaccines for fish can be divided into three main categories; 

killed whole cell vaccine, live attenuated vaccine and recombinant DNA based vaccines, which 

have been greatly increased in efficacy with the use of  adjuvants, immunostimulants and 

vaccine carriers35. 

To guarantee product quality, competitiveness and growth of the European aquaculture sector 

must focus on increased scientific knowledge of muscle growth, the impact of environmental 

factors on growth, the genetics of flesh quality traits and improved health monitoring 

procedures36. 
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1.3 Health monitoring of wild aquatic organisms 
Globalization, increased demand for fish products and innovative processing, preservation, 

preparation and sales techniques are all making the fish market one of the fastest growing 

sectors in the world. The importance of fish is to be found in its nutritional properties37. 

Generally, all fish provides proteins of high biological value, balanced in the composition of 

essential amino acids. It also has a particular composition of polyunsaturated fatty acids of the 

omega-3 series and, among these, eicosapentaenoic acid (EPA) and docosahexaenoic acid DHA 

are particularly relevant, with fish products being the only significant food source. These have 

been reported as good supplements in the prevention of clinical cardiovascular diseases38.  

Moreover, fish products are rich in fat-soluble vitamins, such as vitamin A, vitamin E and 

vitamin D. Also, the content of vitamin B1, B2 and B12 is noteworthy, as well as the classic 

minerals which this food is rich in, such as, iodine, phosphorus, selenium and zinc. 

While the chemical composition makes fish peculiar in comparison to other protein foods, it 

also contributes to its high perishability. 

There are, indeed, some risks related to the consumption of fish products from biological 

contaminants (bacteria, viruses, algal toxins, parasites, etc.), chemicals (heavy metals, mercury, 

lead, cadmium, polychlorinated biphenyls (PCBs), dioxins, etc.)39 and plastic pollution40–42. 

The presence of harmful substances is mainly due to the influence of humans on the aquatic 

environment, and the level of contamination depends on the age of the animal, on type of 

feeding and on the lipid content43 of the species (e.g. dioxins and PCBs are accumulated in 

fats)44. 

Hence the vital importance of studying fish products, the contaminants contained and also the 

parasites present, in relation not only to human health, but also to ecological problems45. Fish 

can in fact represent direct or indirect vectors of different pathogens that can be zoonotic46. 

In relation to ecological problems, parasites are indicative of many aspects related to the host, 

including diet, provenance and migration, but can also be considered good direct indicators of 

environmental quality, for example in relation to the concentration of heavy metals47. Parasites 

have the potential to interact both directly with the host organism, influencing growth, 

reproduction and survival, and indirectly affecting predation and competition48. 

Several aquatic organisms, e.g. brown trout (Salmo trutta fario) are frequently used in 

ecotoxicity assessment for organic49 and inorganic substances50,51, which are potentially 

dangerous for human health. For this reason, they can be used as ecotoxicological markers. 

Many of these organisms are often at the top of the aquatic food chain and may accumulate 

large amounts of pollutants from the surrounding waters serving as a useful indicator of 
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contamination in aquatic systems, since they respond to aquatic environment changes with great 

sensitivity52. Mussels, in particular, and other benthonic organisms can accumulate pollutants 

due to their filtrative and detritivore nature53. Given the damage caused to aquatic life, water 

pollution has become a matter of great concern over the last few decades as many of these 

contaminants, e.g. heavy metals, possess a biomagnifying potential in the human food chain. 

Furthermore, some of these possess a pronounced organotropism, accumulating preferentially 

in well-defined bodily districts52. 

Today, there is great interest in knowing the true risks for consumer health stemming from 

exposure to singular or multiple contaminants. The aim is to quantify the maximum intake to 

avoid teratogenic, mutagenic and carcinogenic effects starting from levels recommended by the 

Food and Agricultural and World Health Organizations (FAO and WHO, respectively)54. 
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1.4 Common diseases of aquatic organisms 

1.4.1 Congenital abnormalities 

Studies on developmental abnormalities in fish have been largely descriptive and few 

malformations have been explored beyond the level of association with particular causative 

factors. However, malformations in fish associated with physical, chemical, environmental and 

infectious organisms have been commonly observed. Some have also been attributed to 

crossbreeding between species and nutritional deficiencies. In general, the effects of exposure 

to harmful or sub-optimal conditions tend to be much deeper at the beginning of development 

rather than in old age. Even very slight changes can have a significant impact on an entire group 

of delicate embryos or larvae during the critical phases of differentiation and often result in 

mortality or severe deformation. Fish that has not yet undergone skeletal ossification is 

particularly susceptible to negative influences. This can have serious consequences for farmers 

as most of the fish with visible deformations is not marketable whether it is intended for the 

food or ornamental animal market. Developmental anomalies are not always harmful.  

Most of the large malformations, however, give rise to inefficient swimming motility with a 

consequent reduction in the intake of food which results in a reduction in the conversion index, 

uniformity and product value. 

Alterations in the shape, and therefore swelling of the swim bladder, in European sea bass give 

rise to physical deformation and high mortality rate due to decreased predatory efficiency and 

a simultaneous increase in energy demands of the fry. Among other possible causes, functional 

insufficiency of the swim bladder can occur as a result of a deficient diet55. 

Bred fish and fish from controlled ecosystems seem particularly susceptible to malformations. 

One reason is the increased survival of less appropriate individuals who would be subject to 

disease or predation under natural conditions56. It is also clear that some deformations occur in 

captivity due to the inherent environmental instability of artificial breeding systems.  

Artificial culture systems can expose fish development to a variety of sub-optimal 

environmental conditions, many of which are associated with induction to malformations. Most 

nursery culture systems are designed to emulate the natural temperature, lighting and chemistry 

of water, even if the degree to which they are realized is questionable. In many cases the 

breeding parameters of the nursery are based on tests and errors or on assumptions about the 

requests of particular species.  

In groups that exhibit a very high incidence of physical abnormalities (>33%), the number of 

nursery procedures including pre-fertilization conditions, incubation procedures and treatment 

of eggs and fry should be carefully considered, in addition to the usual set of possible genetic, 
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toxic and environmental causes. With the exception of a fixed photo-period, tasks in the nursery 

are generally focused on maintaining constant physical conditions rather than reproducing what 

happens in natural cycles. For example, some larvae of oceanic species make diurnal migrations 

of considerable depth, so consequent exposure to increased hydrostatic pressure can have a 

significant influence on their development57.  

The volume, size, surface area and thermal insulation of the tanks used for the cultivation of 

larvae can also have profound effects on their development and contribute to the thermal and 

chemical instability of the culture system. The use of exogenous hormones has become practice 

in aquaculture, even though a variety of malformations have been associated with these 

treatments. Some have been attributed to the use of excessive doses of hormones or inaccurate 

treatments. Gilthead seabream eggs obtained with the induction of spawning through the 

luteinizing hormone-releasing hormone (LHRH) gave rise to larvae that had an increased 

incidence of detachment of the polar body with consequent buoyancy problems58. High dosages 

of anabolic steroids administered to Tilapia accelerate both the growth rate and malformation 

frequencies59. Administration of exogenous anabolic steroids causes epidermal thickening and 

abnormal pigmentation in the short term, followed by morphological changes after prolonged 

exposure. Other noticeable changes include increases or decreases in the skull, lowering of the 

jaw, shortening of the caudal peduncle and negative feed-back on the development and function 

of the gonads. Treatments with thyroid hormones, experimentally used to promote growth and 

development of larvae60, increase the frequency of spinal curvatures and, in some 

circumstances, deformations of the gill opercula. An incorrect larval diet is a fundamental 

element in the genesis of deformations, as has been noted, in the course of insufficiency of 

specific nutrients and micronutrients.  

Nursery management strategies differ according to their size, often involving extensive 

treatment with organic and inorganic fertilizers and other chemical components. Such practices 

can increase the risk of malformations. The size of nurseries is significantly decisive for the 

chemistry of water. The depth of the nursery, for example, influences physical and temporal 

models of oxygen stratification. Although these two aspects seem to have little effect on Tilapia 

during growth61, this may not apply to younger and therefore more sensitive fish. For example, 

the daytime migration of larvae and young fish through a poor, dissolved oxygen (DO) 

concentration could cause a series of developmental problems. Vitamin increases in diets have 

alleviated some of these malformations62. Furthermore, the possibility has been raised that some 

types of abnormalities may be useful indicators of specific classes of environmental toxins or, 

more generally, indicators of environmental quality63. The constant relationship of 
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malformations experienced in the laboratory due to environmental toxins was the basis for the 

use of Japanese Medaka embryos for bioclimatic purposes64. The Medaka embryo responds to 

many toxic agents with developmental abnormalities that depend on the chemical type and 

concentration of the compound65. Excessive insufflation of the swim bladder is one of the most 

sensitive developmental processes to toxic insult, although vertebral deformations are also the 

final key in the bioanalysis of basic development. 

Environmental acidification and the resulting exposure to high levels of aluminium can cause 

spinal deformations. Even in a well-balanced, and presumably optimized, culture system 

deformations may emerge after successful crop generations if genotypic diversity is 

compromised. Due to the high fertility rate of many fish species, breeding practices often rely 

only on a small number of fry with attractive features66. 

Developmental deformations have frequently been found in some compromised environments 

such as contaminated urban lakes. Numerous toxic agents are implicated in these pathologies67. 

In many cases, it may be difficult to relate the developmental deformations observed to a 

specific causative factor as many physical defects have been associated with more than one 

potential cause. For example, opercula deformations are very common in farmed fish and this 

has been attributed to infectious diseases, crossings, environmental disturbances, etc56. Very 

often multiple deformations have been found in the same fish. When these deformations are 

found, the diagnosis and corrective action may depend not only on the observation of the nature 

of the defects but also on their frequency and hereditary model. Changes in gravity and 

frequency over time can be valuable diagnostic clues for the study of corrective processes56. 

Furthermore, detailed knowledge of the physical and chemical environment is an essential 

component for good nursery management. 

 

1.4.2 Skeletal deformities 

Vertebral deformities of varying degrees and severity are very common in breeding sea bass 

and sea bream. These include scoliosis, lordosis and kyphosis. Scoliosis is one of the most 

frequent malformations found in fish and has been extensively studied68. Scoliosis is a 

debilitating problem that can cause mortality and, if this happens with high frequency, a 

decrease in the commercial value of fish. The partial or unilateral failure of the formation of 

the vertebral body can give rise to incomplete or wedge-shaped vertebrae. 

Lordosis is a V-shaped dorsal deformity, often found together with scoliosis, probably 

attributed to genetic causes69 and current velocity. In some cases, lordosis is associated with 
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lack of functionality of the swim bladder, attributed to compensatory mechanisms due to the 

lack of a good buoyancy, leading to a progressive twisting of the vertebral column70. 

Other anomalies include incomplete dorsal fusion of the vertebrae around the spinal cord called 

spina bifida, segmentation errors that can give rise to fused vertebrae71. Spinal curvatures and 

compressions can also be the result of incorrectly formed vertebrae or vertebral musculature or 

a variety of fractures. 

Other deformities that can be found in farmed fish are borne by the caudal, pectoral and dorsal 

fins which can present malformations, such as the total or partial absence of the anatomical 

portion72 or in some cases reduction in size73. When the deformity is severe it can induce 

skeletal deformities due to the unnatural movement of the body especially if this occurs during 

development. Another problem concerns the cephalic portion, and this is frequently found in 

breeding plants. The deformities often concern the absence, unilateral or bilateral, of the gill 

operculum74, which can sometimes occur in association with the alteration of the gill arches75. 

The cranial portion and mandible are less prone to malformations76. 

 

Causes of deformity 
In general, we can say that the greater the difference in environmental characteristics from the 

natural ones for a species, the higher the number and gravity of skeletal deformities.  

Multiple factors have been suggested as possible causes of developmental anomalies: 

 

Environmental factors. Pathological spinal alterations may be the result of environmental 

factors such as salinity, temperature and light,77, pH shock78. Thermal shock in farmed fish 

larvae for temperatures above or below the optimal temperature for the species may increase 

the incidence of spinal deformations79. A sudden increase or decrease in water temperature, if 

it occurs during a critical phase of early development, can cause 100% incidence of scoliosis in 

exposed embryos. Apparently high temperatures cause the asynchronous development of 

organs leading to morphological anomalies. 

 

Nutritional factors. These determine the onset of spinal pathologies such as the deficiency of 

ascorbic acid, tryptophan, phospholipids and excess vitamin D and A in the food. Nutritional 

deficiencies are often associated with scoliosis in fish80. A probable cause is dietary 

insufficiency of amino-essential acids such as tryptophan81, although inadequate levels of 

intake of vitamin C seem more commonly linked to this problem82. Vitamin C contributes to 

spinal development as well as efficient maintenance, and repairs spinal tissues: deficiency has 

been implicated in a series of vertebral deformations83. Lumps of poorly formed or incomplete 
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gills have been observed in a wide variety of teleosts. Diets deficient in vitamin C cause 

weakening of gill cartilage and this leads to distortion of gill filaments84. 

 

Toxic substances (industrial contaminants, heavy metals). Spinal curvatures can be caused 

by exposures to relatively low concentrations of some toxic materials. Roberts (2012) made a 

review of pollutants such as, zinc, chlorine, organophosphates, and carbamates associated with 

vertebral abnormalities. Heavy metals and pesticides86 cause a breakdown in vertebral 

development resulting in spinal curvatures. The green Malachite fungicide, once commonly 

used in fish farming as a pesticide, was found to be responsible for a number of spinal and skull 

abnormalities, when the embryos were exposed during the critical developmental phase 87. 

Cadmium and zinc can alter the biochemical composition of bones by interfering with 

mineralization and muscle activity88. Deformed vertebrae and fins are often observed in fish 

that have high levels of heavy metals in the liver and muscle 89. 

 

Pathogens. Several pathogens, such as metacercariae (Apophallus sp.), myxozoan (Myxobolus 

sp.) and Flavobacterium psychrophilum have been associated with skeletal deformities in 

fish90. In particular, some Myxozoa parasites can cause skeletal deformities in different fish 

species. Myxobolus buckei can parasitize cyprinids and the infected fish show a marked 

longitudinal compression of the body compared to uninfected individuals of the same class, a 

characteristic that is pathognomonic for the disease. Histologically, host responses show 

expansion of the intervertebral membrane to complete hypertrophy and fusion of the vertebrae. 

The protruding column is present in the intervertebral spaces of the infected fish and the 

sporogony of the parasite leads to a vigorous focal inflammatory response that involves the 

proliferation of fibroblasts and osteogenic cells. The parasite causes a radial expansion of the 

centre and extensive dorsal and ventral growths of the vertebrae leading to compression of the 

spinal cord and blood vessels91. Myxobolus cerebralis can cause skeletal deformities of 

different types and severity in salmonids. Another parasite belonging to the Myxozoa is 

Enteromyxum leei, which can infect bream in particular, causing serious damage to the 

gastrointestinal tract and malnutrition syndrome92. P. neurophilia has been reported as a cause 

of deformities in zebrafish, characterising the “skinny disease”93. Moreover, massive nematode 

infections have been reported as a cause of hypovitaminosis and alteration of bone tissues in 

human and other vertebrates94–96. Hypovitaminosis was also reported as a cause of skeletal 

deformities in fish97. Moreover, nematode helminths have been known to cause alteration in Ca 

absorption in fish98.  
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Genetic factors. Spinal deformations can have hereditary causes83 although they are more often 

caused by serious nutritional and environmental problems. 

In sea bream, high levels of inbreeding among the reproducers may be responsible for the 

development of vertebral anomalies, especially in conditions of oxygen deficiency99. 

Alterations can occur during the early stages of embryonic development through still unclear 

mechanisms. During larval development, deformations of the notochord are partly responsible 

for the development of the spine in sea bream juveniles and adults100. 

 

Mechanical factors and technopathies. Due to manipulation of larvae and fry during 

displacement operations from the hatchery to the pre-fattening tanks, anaesthesia and 

overcrowding can contribute to the alteration of anatomical structures. However, these 

anomalies do not always reduce performance in terms of growth and resistance to stress and 

infections. Furthermore, studies report that poor management of the currents caused by 

movement pumps, determined by the intense muscular activity of the caudal portion, cause an 

excessive load on the spine, which is still developing, and thus develops malformations101. 

It is also very difficult to attribute a deformity to a single factor, very often there are diverse 

factors among the various biotic and abiotic factors. Generally, in the event of deformity, the 

operator responsible for the hatchery simply discards the deformed subjects, without looking 

for the cause of the problem which can almost certainly recur at the next larval stock.  

 
1.4.3 Bacterial diseases 

Bacterial diseases provoke significant damage to aquaculture, above all in warm water, even 

independently of hosts102. Bacterial species from at least 13 genera are considered pathogenic 

for aquatic animals, including: (1) Gram-negative bacteria e.g. Aeromonas, Edwardsiella, 

Flavobacterium, Francisella, Photobacterium, Piscirickettsia, Pseudomonas, Tenacibaculum, 

Vibrio and Yersinia; and (2) Gram-positive bacteria e.g. Lactococcus, Renibacterium and 

Streptococcus102. Bacterial diseases are fatal for both fresh-water farmed fish and marine fish, 

including common carp (Cyprinus carpio), tilapia (Oreochromis niloticus), catfish (Ictalurus 

punctatus), sturgeon (Acipenser sturio), raimbow trout (Oncorhynchus mykiss), bass 

(Micropterus salmoides and D. labrax), common perch (Perca fluviatilis), S. salar and 

European eel (Anguilla anguilla). Financial loss cause by the three bacterial fish pathogens, 

Aeromonas hydrophila, Y. ruckeri and Vibrio fluvialis on aquaculture production has been 

estimated to be anything between hundreds to billions of dollars each year. Tables 1 and 2, as 

reported by Pridgeon et al., show, respectively, the most important pathogenic Gram-negative 
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and Gram-positive bacterial species involved in disease outbreaks. Many devastating diseases 

in aquaculture, including motile aeromonads septicaemia, chryseobacteriosis, francisellosis, 

pseudomonads septicaemia, nocardiosis, staphylococcosis, streptococcosis caused by 

Streptococcus agalactiae, along with other emerging diseases, still do not have vaccines, while 

quite a number of diseases may be reduced through the use of commercially available 

vaccines104, listed in Tables 3 and 4, as reported by Shefat (2018).  

 
Table 1. Summary of pathogenic Gram-negative bacteria and their hosts reported in literature 102 

 
 

Table 2. List of pathogenic Gram-positive bacteria and their hosts reported in literature 102 
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Table 3. Commercial vaccines available against major infectious bacterial and viral diseases of fish 105 

 
 

Table 4. Infectious diseases of fish against which vaccines are not available 105 
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1.4.3.1 Gram-negative  

1.4.2.1.1 Motile aeromonad septicaemia (MAS) 

MAS is caused by A. hydrophila. While A. hydrophila is not usually considered a primary 

pathogen it could become so, provoking outbreaks in fish farms leading to high mortality rates 

and significant financial losses to aquaculture companies106,107. For example, in the USA, nearly 

10 years ago A. hydrophila caused a loss of around  $6 million103,108. Virulence studies carried 

out on that West Alabama outbreak of 2009 showed that the isolates of A. hydrophila are 

extremely infectious for channel catfish, showing LD50 values of 2x102 CFU/fish by 

intraperitoneal injection. MAS disease caused by A. hydrophila, as in the West Alabama isolate 

case, can cause mortality within 24 h103,108. Vaccines must thus be urgently procured in the 

prevention of MAS. Baterins are the most widely examined A. hydrophila vaccines with 

formalin or heat-killed bacteria of pathogenic A. hydrophila strains109,110. The greatest 

hindrance in working on a commercial vaccine against A. hydrophila is its biochemical and 

serological heterogeneity111. To prevent future disease outbreaks caused by A. hydrophila, a 

vaccine against multifaceted serotypes from regions throughout the world is the goal. 

 

1.4.2.1.2 Francisellosis 

In the last decade, Francisella sp., aetiological agent of Francisellosis, have led to high 

mortality in diseased fish, for instance three-line grunt (Parapristipoma trilineatum) in 

Japan112, giant abalone (Haliotis gigantean) in Japan112, hybrid striped bass (Morone chrysops 

x M. saxatilis) in the USA113, G. morhua in Norway114, S. salar in Chile115, and tilapia 

(Oreochromis spp.) in Latin America, Costa Rica, the UK and the USA116.  The development 

of francisellosis is independent of host species, but multiorgan granuloma and high morbidity 

are common. Francisellosis poses a significant risk to aquaculture farming as Francisella may 

transfer through live fish movement117. 

 

1.4.2.1.3 Pseudomonas septicaemia or red spot disease 

The fish pathogen Pseudomonas spp. has caused disease outbreaks and high mortality in several 

fish species. Reported for the first time in Japanese eels (Anguilla japonica) P. anguilliseptica 

provokes haemorrhagic septicaemia118. Pseudomonas spp. is known to be the causative agent 

of red spot diseases in several fish, e.g. A. anguilla in the UK and the Netherlands119, S. salar120, 

sea trout (S. trutta)120, rainbow trout (S. gairdneri), whitefish (Coregonus sp.) in Finland120, S. 

aurata in Spain121 and O. mykiss in Turkey122. When found together with parasites, 

Pseudomonas can cause levels of over 70% mortality, e.g. sea bream in Egypt123. Pseudomonad 
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septicaemia provokes high mortality associated to reduced water temperatures, less than 11–

12°C120. The dorsal surface is usually ulcerated due to this pathogen.  

 
1.4.2.1.3 Furunculosis 

Aeromonas salmonicida is a Gram-negative bacterium and a known fish pathogen. There are 5 

subspecies: ssp. salmonicida, ssp. achromogenes, ssp. masoucida, ssp. smithia and ssp. 

pectinolytica124,125. A. salmonicida ssp. salmonicida, causes furunculosis in salmonids, and is a 

typical strain, whilst the others are atypical A. salmonicida. The atypical strains trigger 

ulcerative or generalized diseases in several varieties of freshwater and marine fish126,127 The 

septicaemic infection furunculosis has long provoked aquaculture losses throughout the 

world128. During the 1950s in Denmark, freshwater fish infection was first reported. Sea‐reared 

O. mykiss production in Denmark today is beset with furunculosis infection, which is found 

above all in conditions of stress and at high temperatures129. A. salmonicida in itself in fish may 

not always lead to furunculosis infection, but some fish may be carriers transferring A. 

salmonicida from freshwater to the sea130.  

Atypical furunculosis131,132 may be caused by the atypical strain A. salmonicida subsp. 

achromogenes (Asa), a bacterial pathogen found in salmon, cod and other fish species127. 

Before vaccination in Iceland became a common practice132 Asa was endemic, provoking huge 

losses of cultured salmonids. Commercial vaccine containing Asa showed cross protection 

against Asa in Atlantic salmon133 and is currently in use while vaccines that protect cod are not 

available134. A wide number of studies address the immune reaction in cod against Asa135–140. 

 

1.4.2.1.4 Vibriosis 

The Vibrionaceae comprise, to now, 143 species, classified into 6 genera: Aliivibrio141, 

Enterovibrio142, Grimontia143, Photobacterium144, Salinivibrio145, and Vibrio146. Vibrionaceae 

organisms are autochthonous and widely found aquatic microorganisms with diverse metabolic 

pathways. 

Vibrio have usually been identified through phenotypic characterization. However, there are 

several limitations to this method: for instance, different species present ambiguous phenotypes 

(e.g., the V. alginolyticus species group); similar species may present particular phenotypes 

(e.g., enzyme activities and colony variation); some results are inconsistent in the same strain 

and experiments are not always reproducible147. Polymerase chain reaction (PCR) can be used 

in direct molecular detection but has cost and facility limitations regarding analysis; thus, large 

samples, often used in field studies, are difficult and expensive148. Amaral et al., (2014), 
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however, point out that, as a valid alternative, phenotypic information can be obtained from 

whole genome sequences. 

One hundred and twenty-three species of the genus Vibrio have now been completely described, 

and a validated nomenclature has been registered in the List of Prokaryotic Names with 

Standing in Nomenclature149. Vibrio is found extensively in estuarine and coastal marine 

environments, with seasonal dynamics150. Vibrio spp. play a major role in the breakdown of 

organic matter151 sending dissolved organic carbon to a more elevated trophic level of the 

marine food web152. Some infections in humans and marine animals153 are known to be caused 

by organisms of the genus Vibrio, being also opportunistic pathogens. Gastroenteritis, 

septicaemia and wound infections, in susceptible hosts are caused by V. cholerae, V. vulnificus, 

and V. parahaemolyticus and are considered extremely pathogenic. Other, less severe diseases, 

likewise described as human pathogens, are caused by further Vibrio species, including V. 

mimicus, V. fluvialis, V. furnissii, and V. alginolyticus154. Key species of Vibrio and 

Photobacterium can cause the bacterial disease vibriosis.  They are marine pathogens found in 

wild and farmed animals, including molluscs, fish, rotifers, crustaceans, and corals155. Vibrio 

taxonomy is evolving and new, revised names, such as Aliivibrio spp, have been added as new 

species emerge. “Vibriosis” may be generally defined as septicaemia following infection by 

vibrios. The term penaeid bacterial septicaemia, penaeid vibriosis, luminescent vibriosis, or red 

leg disease was previously used156. It is an epizootic disease, with a widespread temporary 

outbreak of contagious disease in a restricted area153,154,157. First seen in eels, it has also been 

found in a variety of marine fish and shellfish. V. harveyi has most frequently been isolated, 

and also V. alginolyticus, V. parahaemolyticus and V. anguillarum, affecting barramundi perch 

(Lates calcarifer), Orange‐spotted grouper (Epinephelus coioides), Brown‐marbled Grouper 

(Epinephelus fuscoguttatus), snappers (Lutjanus sp.), and hybrid grouper (Brown‐marbled 

Grouper × Giant grouper (Epinephelus lanceolatus)158. Noorlis et al., (2011) had previously 

reported the frequency of V. parahaemolyticus in tilapias Oreochromis spp. and striped catfish 

Pangasianodon hypophthalmus, two common taxa of freshwater fish on sale in superstores. 

Another study of V. parahaemolyticus isolates from different shellfish [e.g., mud crab (Scylla 

serrata), carpet clam (Paphia textile), flower crab (Portunus pelagicus), mud creeper 

(Cerithidea obtusa) and hard‐shell clam (Meretrix meretrix)] described a worrying trend in the 

ever more frequent resistance being seen in aquaculture against common antibiotics160. 

Vibriosis frequently initiates with external changes. When left untreated, mortality may follow 

as the infection becomes systemic. Clinical signs such as systemic infections and skin ulcers 

indicate the presence of vibriosis, caused by species of Vibrio161. These signs of vibriosis were 
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depicted in infected A. anguilla first in Norway, followed by the UK162. They include anorexia, 

abnormal swimming patterns or spinning, lethargy, ulcerative skin lesions, haemorrhagic 

lesions on the skin, abdominal distension, gill necrosis, exophthalmia (“pop‐eye”), darkened 

skin, and death. Respiratory signs may be a high opercular rate, piping, and respiratory 

distress163. 

 

1.4.2.1.5 Pasteurellosis 

This is a chronic to subacute systemic infectious disease of marine and brackish water fish 

caused by Photobacterium damselae subsp. piscicida with features including white 

granulomatous lesions in internal organs. Snieszko et al., (1964) first reported photobacteriosis, 

in a very large natural fish kill in America, involving white perch Morone americana and 

striped bass Morone saxatilis. In 1968, after morphological, serological and physiological study 

of the bacterium it was named Pasteurella piscicida. Photobacteriosis was involved, in the late 

1960s, with several occurrences of "pseudotuberculosis" in cultured yellowtail in Japan, and it 

is still one of the deadliest diseases affecting Japanese aquaculture. In Spain, the disease was 

found in S. aurata, in 1991, and would appear to have spread throughout the country.  It still 

causes large financial losses in European and Mediterranean aquaculture. However, the name 

P. piscicida was not favoured by bacterial taxonomists and, in 1995, was renamed P. damsela 

subsp. piscicida after 16 sRNA sequencing; it was subsequently corrected to P. damselae subsp. 

piscicida. It is a Gram negative, slightly curved or pleomorphic, non-flagellated, non-motile 

rod. In the USA, Japan, Europe, and the Mediterranean P. damselae has been identified in many 

fish species.  White perch and striped bass and its hybrids appear to be susceptible to the 

infection, in the USA.  The farmed yellowtail is particularly affected, in Japan, along with other 

species which are of financial importance including red sea bream, ayu, black sea bream, red 

spotted grouper, and oval file fish. Sea bass and gilthead sea bream have been diagnosed with 

photobacteriosis, in Europe and the Mediterranean153. 

 

There are two forms of the disease: 

1. The majority of susceptible hosts present with acute bacterial septicaemia, without 

major clinical signs. Redness in the operculum, pallor of the gills and enlargement 

of the spleen are the constant signs in striped bass and hybrid striped bass. There is 

no inflammatory response, but necrotic foci can be seen in the spleen and kidney, 

microscopically. There is failure to regulate pigmentation in Yellowtail, which also 

show evidence of oedema. The base of fins and gill covers present some 
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haemorrhaging in white perch.  The head and gills of infected gilthead sea bream do 

not present notable external clinical signs, but there may be a rare occurrence of 

light haemorrhaging. 

2. In chronic form, the disease varies depending on different factors, e.g. if antibiotic 

feed has been used, and the species which has been infected. small white miliary 

lesions can be found in the kidney and swollen spleen of white perch and striped 

bass. The course of the disease is slower in yellowtail, where chronic lesions appear 

as 1 to 2 mm white granuloma-like lesions made up of large quantities of fibroblasts, 

epithelial cells, and the bacteria in the kidney and spleen. The disease is referred to 

as "pseudotuberculosis" given that lesions may appear to be true granulomas 

 

1.4.2.1.6 Yersiniosis 

Yersinia ruckeri causes yersiniosis, a severe bacterial septicaemia. The organism appears to be 

widely distributed, as it is often identified in countries that breed salmonids, intensively. 

Y. ruckeri has been reported in fish in Australia, Bulgaria, Canada, Chile, Denmark, Finland, 

France, Germany, Greece, Iran, Italy, New Zealand, Norway, South Africa, Portugal, Spain, 

Sweden, Switzerland, Turkey, the UK, the USA and Venezuela. However, this list is not 

exhaustive as incidence of Y. ruckeri is on the rise.    

The biotype involved along with the salmonid host determine the severity of the disease. The 

disease is commonly called enteric red mouth (ERM), and acute infection in O. mykiss of the 

'Hagerman' strain is more often florid. Another serotype of Y. ruckeri is present in S. salar, 

causing a less serious form of the infection, known as yersiniosis1 (or, salmonid blood spot), 

and G. morhua165. Yersiniosis is used to when talking about the less florid form of infection 

instead of the acute disease associated with ERM. 

Epizootiological data have been collected from rainbow trout infected with virulent strains. Fish 

of various age classes can be affected but the most affected are small fish up to fingerling size, 

while the disease is chronic in larger fish. When fish undergo stressful environmental 

conditions, high temperature, low water quality, or there is scanty management, fish are more 

at risk166. Cumulative mortality rates may reach 35%, with weekly rates of 2%, in juvenile 

rainbow trout. 

Rainbow trout and Atlantic salmon may be carriers, showing no signs of the disease. Bacteria 

may be released into the water column from the distal portion of the gastro-intestinal tract and 

the kidney, where bacteria have localized. 
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Many fish species may be considered susceptible hosts, including: S. salar, brook trout 

(Salvelinus fontinalis), S. trutta, I. punctatus, chinook salmon (Oncorhynchus tshawytscha), 

coho salmon (Oncorhynchus kisutch), A. anguilla, goldfish (Carassius auratus), Perca 

fluviatilis, O. mykiss, sole (Solea solea), sturgeon (Acipenser baeri) and turbot (Scophthalmus 

maximus). 

Y. enterocolitica Y. intermedia and Y. frederiksenii have been isolated in fish, although Y. 

ruckeri is considered the dominant species. Y. intermedia only is associated with disease and 

triggers septicaemia in Atlantic salmon167.  

Only general signs of bacterial septicaemia indicate Y. ruckeri infection, and early indications 

may be an elevated mortality rate in juvenile salmonid fish. In addition, there may be some 

changes in fish behaviour such as darkening, moving very slowly and swimming close to the 

surface. Affected fish may also show a decrease in appetite. A noticeable, unilateral or bilateral 

exophthalmos, with evident spots of haemorrhagic congestion on the iris often develops and is 

a frequently found feature of Yersiniosis in Atlantic salmon; this feature is the origin of the 

salmonid blood spot disease name. In rainbow trout, the expression enteric red mouth derives 

from subcutaneous haemorrhage of the throat and mouth, showing the presence of the disease. 

This is not a feature in Atlantic salmon, in Australia. 

Haemorrhagic congestion of the pelvic and pectoral fins, a distended vent and, above all in 

small fish, a pallor to the gills due to anaemia brought on by bacteria are some additional 

external signs. Infrequently, small patches of muscle liquefaction leading to skin lesions may 

occur168. 

 

1.4.2.1.7 Flavobacteriosis 

The primary pathogen of freshwater fish in the genus consists of three principal Flavobacterium 

spp.: the aetiological agent of cold-water disease, F. psychrophilum; the aetiological agent of 

columnaris disease, F. columnare and the aetiological agent of bacterial gill disease (BGD), F. 

branchiophilum. Additional Flavobacterium species, such as F. scophtalmum, F. balustinum, 

F. hydatis, F. johnsoniae and F. oncorhynchi have also been recognized as a fish pathogen153: 

F. psychrophilum, F. columnare, F. branchiophilum, F. johnsoniae and F. hydatis were 

identified in Turkey. 

Bacterial Cold-water Disease (BCWD). Flavobacterium psychrophilum (Cytophaga 

psychrophilum or Flexibacter psychrophilum) is the etiological agent of the rainbow trout fry 

syndrome (RTFS), also known as bacterial cold-water disease (BCWD) in larger farmed fish. 

BCWD takes its name from the fact that it occurs above all in low water temperatures below 
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12°C. It was first reported in 1948 in coho salmon and isolated from infected fish in the USA169. 

BCWD has been widely reported. Its effect on farmed fish, above all rainbow trout in Europe, 

has led to great financial loss, and it has been recognised as a severe disease in cultured rainbow 

trout fry and fingerlings170. 

The majority of rainbow trout hatcheries in Turkey were found to be contaminated and the 

infection caused high mortality rates. F. psychrophilum was first isolated from rainbow trout in 

various farms in 1990171, and is particularly devastating in small fish (0.1-4 g) and when water 

temperatures are below 10°C. 

Columnaris Disease. Flavobacterium columnare (formerly Flexibacter columnaris, 

Cytophaga columnaris, Chondrococcus columnaris) is the causative agent of columnaris 

disease. Its various names include mouth fungus, saddleback disease, or cotton wool disease. It 

was originally reported in the Mississippi River and called Bacillus columnaris172. Two decades 

later the causative agent was isolated and described by Ordal and Rucker (1944). Columnaris 

disease, unlike BCWD, can be found when water temperatures rise above 15°C. 

Columnaris disease was first isolated in Europe from cultured rainbow trout in Mugla, 

Turkey171, but also in the Mediterranean, the Aegean and Turkey (Black Sea region). 

Bacterial Gill Disease 

The causative agent of Bacterial Gill Disease (BGD) is F. branchiophilum. First reported in 

1926 174, it was then isolated from salmonids in the USA175 and later in Canada176, Korea177, 

and Japan178. 

The pathogen was isolated from rainbow trout hatcheries, in Turkey, where it was reported to 

have led to a mortality up to 50%, with other Flavobacterium spp.179. Biochemical test results, 

however, present in the latter study do not match with F. branchiophilum153,180,181. Thus, it may 

be that F. branchiophilum was misidentified. 

 

1.4.2.1.8 Enteric septicaemia of catfish 

Two species of the genus Edwardsiella have been recognized as fish pathogens: E. ictaluri and 

E. tarda. The latter causes fish gangrene in catfish and red disease in eels. However, E. tarda 

is also a human pathogen. It was initially isolated from farmed eel in Asia. Edwardsiellosis 

caused by E. tarda leads to high levels of mortality in freshwater and marine fish, including 

catfish, carp, eel, flounder, seabream tilapia, and yellowtail180. It has not been found in Turkey. 

The first reporting of E. ictaluri was in the USA in catfish and is the causative agent of hole in 

the head disease or enteric septicaemia. It was later observed in Taiwan and Australia182.  
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Initial isolation was from rainbow trout in Ankara (Turkey)183, but there were no clinical signs 

in infected fish, and this is the sole E. ictaluri isolation in Turkey. 

 

1.4.2.1.9 Mycobacteriosis  

Many species of the genus Mycobacterium cause the chronic progressive disease, 

mycobacteriosis, in fish. Mycobacterial species take a heavy toll in financial terms in the 

majority of vertebrates including humans, livestock (bovine tuberculosis) and fish184. The fish 

aquaria trade and aquaculture frequently report this185, but wild fish reportings were less 

common, except in recent years186. One hundred and twenty species of mycobacteria187 have 

been recognized. Mycobacteriosis is usually a fatal infectious disease, striking a vast number 

of species including humans, and both farmed and wild animals.  There are 128 published 

species in the Mycobacteriaceae family188. The species causing tuberculosis in humans and 

animals are made up of a group of closely related mycobacterial lineages,  the so called 

mycobacterium tuberculosis complex (MTBC), excepting  Mycobacterium leprae188. MTBC is 

distinct from nontuberculous mycobacteria (NTM), which are universal free-living organisms 

in the environment, causing a wide range of mycobacterial infections in animals and humans 

(usually pulmonary infections)189. The majority of NTM are Gram-positive aerobic, non-spore 

forming, acid-fast, non-motile and free-living saprophytes in water and soil190. M. marinum, M. 

salmoniphilum, M. fortuitum, M. chelonae and M. abscessus191 have been recognized as fish 

pathogens192. M. marinum is often found in a wide variety of saltwater species. Instead, M. 

chelonae have been reported above all in Pacific salmonids186. Diseases caused by marine 

Mycobacterium species are chronic diseases, which are not generally lethal, but which can 

infect humans too. 

More than 167 fish species are reported as being susceptible to mycobacteriosis193, affecting 

wild fisheries and farmed populations worldwide. Granulomatous inflammation85 is the 

principal pathological lesion of mycobacteriosis. A central area of necrosis in the granulomas 

is surrounded by epithelioid cells, macrophages, and fibrous connective tissue194. The 

granulomas are found above all in the liver, kidney and spleen in the initial stages of the disease. 

However, in advanced phases it can spread to all organs.  

Host response to staining and level of infection can be seen on Ziehl-Neelsen staining, with 

identification of granulomas in tissue sections containing acid-fast rods. This can help diagnosis 

but mycobacteria are not always seen in the sections as it varies and may depend on species, 

abundance and/or pathogen growth stage195. One of the principal methods for the diagnosis of 

myco-bacterial infection is still culture and molecular analysis. 
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1.4.2.1.10 Epitheliocystis 

Epitheliocystis is an infectious disease described in numerous teleosts, caused by Gram 

negative bacilli referable to the Chlamydiaceae and Rickettsiaceae families. Reported for the 

first time in C. carpio with the term Mucophilosis196, it was then diagnosed in numerous other 

fish species, both freshwater and marine, above all farmed, such as S. aurata, D. labrax197, I. 

punctatus198, and amberjack (Seriola dumerilii)199. It occurs most frequently in summer, 

although some episodes of illness have been reported during the winter season199. While the 

gills represent the main site of location of the causative agent, the integumentary apparatus may 

also be involved, with particular reference to the epithelial layer200. The intracellular infection 

caused by these microorganisms results in hypertrophy phenomena affecting the host cells, 

microscopically evident as translucent white-yellowish cysts. With regard to pathogenicity, 

epitheliocystis is articulated through the presence of three different stages of intracellular 

development: reticulated body (RB), intermediate body (IB) and elementary body (EB), 

typically ascribable to the development cycle of the genus Chlamydia; or long primary cell 

(LPC), long intermediate cell (LIC) and small cell (SC), typically attributable to the 

development cycle of the genus Rickettsia200. The age of the affected fish, stress and 

environmental conditions would seem to be factors capable of determining the development of 

one of the two cycles mentioned above, regardless of the fish species concerned or the 

pathogen201. Epitheliocystis normally presents as a benign course infection; however, due to 

stressful predisposing factors and the typical branchial localization, it can determine respiratory 

hypofunctionality and, presumably, predisposition of the respiratory tissue to secondary 

pathologies201. From the diagnostic point of view, alongside the microscopic detection of 

lesions in the branchial and/or cutaneous areas, histology is essential, as is electron 

microscopy67. From the therapeutic point of view, effective results have been obtained in 

largemouth bass (Micropterus salmoides) experimentally infected and treated with 

oxytetracycline at a dose of 25 ppm for three days202. 

 

1.4.2.2 Gram-positive 

1.4.2.2.1 Nocardiosis 

Frequently found in soil and plants203, Nocardia species are usually harmless for humans and 

animals, but some Nocardia species are primary pathogens of humans and animals204. Nocardia 

bacteria are Gram-positive, filamentous, aerobic, branching and rod-shaped. Nocardia sp. has 

been isolated from several infected aquatic animals, e.g. striped tigerfish (Terapon jarbua)205, 



 

 25 

snakehead (Ophiocephalus argus)206, large croaker (Pseudosciaena crocea)207, yellow croaker 

(Larimichthys crocea)208, striped mullet (M. cephalus)209, seabass (Lateolabrax japonicus)210, 

M. salmoides211, giant gourami (Osphronemus goramy)212 and yellowtail (Seriola 

quinqueradiata)213. Nocardiosis is a systemic fish disease and lesions are found in several 

organs and on the skin, including nodular lesions of granulomata208. A Nocardia asteroides has 

been reported to have caused epizootic disease in M. salmoides in Taiwan in 1989, with an 

accumulative mortality rate of 30% (15000/50000 fish) in just 1 month211. Likewise, in 1997, 

Nocardia sp. caused 17.5% mortality (3500/ 20000) in just a month in pond farmed L. japonicus 

in Taiwan210. Nocardia sp. was responsible for 35% mortality (180,000/500,000) in pond-

farmed O. argus in 2006, in Zhejiang, China214. 

 
1.4.2.2.2 Staphylococcosis 

Staphylococcus bacteria are a main opportunistic human pathogen and the first cause of a vast 

range of diseases in both humans and animals215. Staphylococcus aureus is considered the 

causative agent for high levels of morbidity and mortality worldwide, in community and 

hospital settings216. One of today’s most serious healthcare problems is antibiotic resistance to 

S. aureus, above all regarding infections from methicillin-resistant S. aureus (MRSA)215, and 

this phenomenon has also recently been found also in dolphins217. Three Staphylococcus species 

(Staphylococcus epidermidis218, S. aureus219 and Staphylococcus warneri220) have been 

indicated as causative agents, with S. epidermidis being the causative agent of the outbreaks in 

farmed yellowtail (S. quinqueradiata) and red sea bream (Chrysophrys major) in Japan, 1976-

1977218. It was also the cause of widespread mortality of tilapia in Taiwan, 1992-1996221. An 

eye disease, 1982 - 1983 in India, with mortalities in silver carp, Hypophthalmichthys 

molitrix216 was cause by S. aureus. In Spain, S. warneri was the causative agent of an outbreak 

in cultured rainbow trout in May-June 1997220. Staphylococcosis usually manifests with 

swollen lesion on the tail and exophthalmia218. 

 
1.4.2.2.3 Streptococcosis 

Streptococcus bacteria are major pathogens affecting humans and animals. S. agalactiae (group 

B streptococcus) is a major cause of infection in infants, pregnant women, the elderly and 

immunosuppressed adults222. Moreover, acute clinical mastitis in dairy animals has been 

attributed to S. agalactiae223. In addition, it affects several farmed and wild fish species in 

estuarine, freshwater, and marine regions. The affected species include pomfret224, tilapia225, 

grouper226, and mullet226 . S. agalactiae caused a massive fish kill at Kuwait Bay, with more 

than 2500 metric tonnes of wild mullet (Liza klunzingeri)227 discarded, in early autumn, 2001. 
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Similarly, outbreaks in Queensland, Australia, 2007-2011, have been attributed to S. 

agalactiae, in giant E. lanceolatus226. 

 

1.4.2.2.4 Lactococcosis 

The pathology is caused by Lactococcus garvieae, a Gram-positive coccus belonging to the 

Streptococcaceae family, and is among warm water pathologies. The rainbow trout, especially 

in subadult and adult age weighing more than 50g, is very sensitive to this pathology228. It has 

also been reported in marine species such as D. labrax and S. dumerilii229, and can affect 

freshwater species such as M. salmoides, white bass and striped bass230. 

The symptoms appear with water temperatures higher than 15° C, showing very high mortality; 

mortality at lower temperatures, however, is low. It is a systemic disease with a hyperacute or 

acute course, initially characterized by lethargy and especially anorexia, followed by 

accentuated melanosis and bilateral exophthalmos. In the abdominal cavity, hepatic and 

intestinal haemorrhages, swollen swim bladder and enlarged spleen are observed153. The 

disease is transmitted by contact between healthy and infected fish, in non-sterile water or 

through food. 

 
1.4.2.2.5 Bacterial kidney disease 

Renibacterium salmoninarum is the agent responsible for bacterial kidney disease (BKD, Dee 

disease, corynebacterial kidney disease, salmonid kidney disease). It was first described in S. 

salar in the Rivers Dee and Spey in Scotland, 1930231 and other salmonids in Iceland232,233. The 

disease was found in S. trutta234, S. fontinalis, Arctic char (Salvelinus alpinus)235 and O. mykiss 

in the USA and S. trutta in Iceland. BKD was also described in O. tshawytscha, sock-eye 

salmon (O. nerka), and O. kisutch232,236. Thirteen species of salmonids in Canada, Chile, 

England, France, Germany, Iceland, Italy, Spain, the USA and Yugoslavia have since been 

described as affected237. BKD was first reported in Denmark in 1997238. The disease is more 

reported in cultured salmonid stocks and less frequently in wild fish stocks237. In the UK, it was 

cultured in two samples of wild caught grayling (Thymallus thymallus) and Atlantic salmon. In 

rivers with rainbow trout hatcheries confirmed positive for BKD, PCR positive wild fish have 

also been identified239. 

Microscopical signs of disease include exophthalmia, lesions in the eyes, swollen abdomen and 

the presence of ulcers240. Lesions may develop internally in the kidney, which may become 

swollen, the spleen, liver, brain, and heart, and contain a liquid mass of bacteria, leucocytes, 

and cellular debris241. High amounts of Gram-positive rods were found in lesions, on 
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histological testing. A false membrane has also been reported, covering various internal organs. 

The presence of the membrane depends on water temperature231 and is made up of layers of 

histiocytes, fibrin, degenerating leucocytes with macrophages, and fibroblasts. Petechial 

haemorrhages have been identified on the peritoneum muscle lining, in Atlantic salmon231. The 

presence of Gram-positive cocco-bacilli in kidney tissue indicates the presence of BKD but 

reliability of data was compromised due to melanin granules and other similar bacteria. 

Nowadays, most used diagnostic techniques are: selective media, immune fluorescence (IF), 

ELISA, PCR234. 

 
1.4.4 Viral diseases 

Various families of vertebrate viruses include viral fish pathogens that are known to harbour 

harmful pathogens for both humans and domestic livestock. The ecology, however, of viral fish 

diseases and of humans or other terrestrial vertebrates is significantly different. The biggest 

differences are: (i) few fish viruses have been identified as being vectored by arthropods; (ii) 

while water is a stabilizing medium currents are not so efficient in long range virus transmission 

as aerosols; (iii) wild reservoir species are usually found in low densities (barring schooling 

and aggregate spawning stocks); (iv) as water temperature is crucial and with fish being 

poikilotherms, changes in temperature affect the disease process regarding virus replication rate 

and the host immune response, along with other physiological factors of resistance; (v) while 

fish viruses are rarely transmitted sexually between adults, high levels of some viruses may be 

present in spawning fluids and a low number of viruses can be transmitted from adult to 

progeny, either intra-ovum or on the surface of the egg. Migratory fish may be carriers for 

widespread diffusion of viral pathogens, similarly to avian diseases242. 

A worldwide increase in finfish farming, along with improvements in fish health monitoring 

has seen the emergence of previously unknown viruses. Several are common in native 

populations but may opportunistically infect farmed fish. Already-known fish viruses  cause 

major damage in aquaculture but have not significantly expanded regarding hosts or geographic 

areas243. The study of fish viruses has significantly increased in recent times, adopting cell 

culture and molecular techniques. At the same time, farmed fish activities have increased 

annually in quantity and in the total of farmed fish species in marine and freshwater systems. 

The global increase however has led to new possibilities for transmission of fish viruses and 

incidence of viral diseases is still highly limiting for aquaculture activity and sustainability of 

biodiversity in the natural environment244. Techniques adopted for the diagnosis of viral 

diseases of fish are not dealt with here as they are now standard practice, such as pathological 
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and histopathological tests, virus isolation on cell culture, molecular techniques including 

conventional and real-time PCR, in situ hybridization and immunodiagnostic techniques245. 

 

1.4.3.1 Aquabirnavirus 

Among the three genera within the family Birnaviridae, Aquabirnavirus is the largest. The first 

fish virus isolated in cell culture was infectious pancreatic necrosis virus (IPNV)246 and is still 

a highly studied fish virus. While being identified in the 1940s in cultivated trout, infectious 

pancreatic necrosis (IPN) was only named in the mid ‘50s, after histopathological studies247. 

The first marine Aquabirnavirus (MABV) isolated from yellowtail (S. quinqueradiata) in Japan 

was yellowtail ascites virus (YAV)248, with other marine hosts being since identified249. 

Classification at species level is not easy due to diversity. As an acute contagious disease of 

young salmonid fry, IPN was initially identified in the freshwater stage of production, leading 

to a mortality rate of up to 100%,  while mortality due to associated disease has been reported 

in the post-smolt, seawater stages250. IPN-like or aquatic birnaviruses that are related to IPNV 

serologically but are avirulent, and which have been isolated from non-salmonid fish species 

and invertebrates, are different from disease causing aquatic birnavirsues in salmonids IPNV251. 

To date, 4 serogroups, A, B, C, D 252 have been reported with aquabirnaviruses comprising 9 

serotypes (A1–A9) within serogroup A. The identified serotypes do not seem to correlate with 

host species but instead with geographical areas. Less is known on viruses belonging to the 

other three serogroups. Seven genogroups253 seem to correlate with serological and 

geographical features, as seen from genetic analysis254. 

  

1.4.3.2 Betanodavirus 

One of the two genera making up the family Nodaviridae is Betanodavirus. It is the infectious 

agent of viral nervous necrosis (VNN, also known as viral encephalopathy and retinopathy 

VER). It was initially identified in L. calcarifer cultivated in Australia 255, and Japanese 

parrotfish (Oplegnathus fasciatus)256 and then after a year in S. maximus257, D. labrax258, 

redspotted grouper (Epinephalus akaara)259, striped jack (Pseudocaranx dentex)260 and S. 

aurata261. Vacuolar necrosis of neural cells of the retina, brain, and spinal cord characterise the 

disease and can lead to mortality rates of 100% in larval and juvenile fish, with major losses 

also in older fish. Although well-studied255, work on viral characterization was only possible 

when the virus was isolated and expanded in the SSN-1 cell line262. Information on the virus 

biology has since increased greatly.  
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A wide range of ever-expanding host species are infected, with a minimum of 40 affected 

freshwater and marine species globally255, as new fish species are adopted for farming263. The 

possibility of wild fish becoming sub-clinical carriers is of growing concern with virus-

contaminated water spreading from farming activities, above all in regions with a significant 

mariculture sector264. 

VER is widely found and includes south and East Asia, Oceania, Mediterranean Europe and 

Tunisia, the UK, Norway and North America, but no reports from South America. Vaccination 

is being studied for controlling the disease. Various vaccination schemes265 have shown positive 

results in containing disease but a commercial vaccine is still under development. 

 

1.4.3.3 Infectious Salmon Anaemia Virus 

Infectious salmon anaemia (ISA), which affects sea-farmed S. salar, is caused by 

Orthomyxovirus, the infectious salmon anaemia virus (ISAV). Although known well before its 

viral nature was established after a new infection-susceptible salmon cell line (SHK-1) was 

developed266, it was first identified in Norway267. After having expanded the virus in vitro and 

obtaining purified virus, research activity increased, and the virus has been well-

characterised268. 

ISA has been identified in Canada, where it was initially termed haemorrhagic kidney disease, 

in Atlantic salmon, since the first reports from Norway269, and also in the UK270, Faroe 

Islands271, USA272 and Chile273. It was also isolated from rainbow trout in Ireland274 and Coho 

salmon in Chile275. 

ISAV is in the Orthomyxoviridae276 family due to its genetic and phenotypic characteristics and 

is the type species of the genus Isavirus277. There are 8 negative-sense single-stranded 

ribonucleic acid (ssRNA) molecules in the genome and they encode at least 10 proteins e.g. 

glycoproteins, hemagglutinin-esterase (HE), and a fusion protein268. There are  two different 

strains, a virulent ISAV-HPRdel that is characterized by a deletion in the highly polymorphic 

region (HPR), spanning residues337 Val to372Met in HE (HPR-deleted) and an avirulent HPR 0-

ISAV without a deletion in HPR that has low or no pathogenicity278. Infection from ISAV is 

found in fish species besides Atlantic salmon, yet only the latter develops ISA disease after 

ISAV infection. Herring (Clupea harengus) was seen to be infected after immersion in ISAV-

contaminated water279 during experiments, while O. mykiss were affected after co-habitation 

with ISAV-infected salmon280,281. Similarly, infection during experiments was demonstrated 

after intraperitoneal injection in S. alpinus, S. trutta, and rainbow trout280, but there was no 

infection associated deaths. Stress factors including changes in water temperature or low-
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quality water may trigger the disease, as with other infectious diseases of fish, in otherwise 

apparently healthy specimens282. In fact, stress factors are significant in triggering epizootics in 

sub-clinical carrier fish; ISA outbreaks tend to occur during the change of seasons in 

correspondence to significant changes in water temperatures. Incidence on mortality rates is 

highly variable (from insignificant to >90%). From epidemiological data is it seen that ISAV 

transmission is horizontal, via seawater283. 

 

1.4.3.4 Salmonid Alphavirus 

A toga-like virus isolation, in the 1990s, after an outbreak in Ireland284 confirmed the infectious 

nature of pancreas disease (PD). It was recognized in the 1970s in cultivated Atlantic salmon. 

Further confirmation came from outbreaks in Norway285 and Scotland286. Sequence analyses287 

showed the relationship of this new virus to alphaviruses, indicating that the new Salmonid 

alphavirus (SAV) is a species of the genus Alphavirus of the family Togaviridae. The link 

between salmonid pancreas disease virus (SPDV) and sleeping disease virus (SDV) has recently 

been explained. Partial E2 and nsP3 gene nucleotide sequence analyses288 have shown that 6 

subtypes of SAV, at least, are the causative agents of major diseases in Europe of cultivated 

rainbow trout and Atlantic salmon289, for example, PD caused by SAV1 or SPDV in farmed 

Irish Atlantic salmon. SAV2 or SDV instead caused sleeping disease in England, France, 

Germany, Italy, Scotland and Spain. SAV3 or Norwegian salmon alphavirus is the cause of PD 

in Norway, exclusively290. SAV4 contains Atlantic salmon strains from Ireland, SAV5 Scottish 

strains only and SAV6 one virus only, isolated from Irish Atlantic salmon288. Typical 

alphaviruses transmission is by arthropods or insects, usually mosquitoes291. 

 

1.4.3.5 Infectious Hematopoietic Necrosis Virus 

Infectious hematopoietic necrosis virus (IHNV) characterizes one of three rhabdoviruses of fish 

listed by the OIE (the World Organisation for Animal Health), along with viral haemorrhagic 

septicaemia virus (VHSV) and spring viremia of carp virus (SVCV). It is the aetiological agent 

of infectious hematopoietic necrosis (IHN)181. IHNV, initially reported in the 1950s, has led to 

serious losses in salmonid farms in the Pacific Northwest of the USA and spreading across 

North America (USA and Canada) and beyond, to Asian and European countries292 following 

the movement of infected fish and/or eggs293. Trade in infected fish294 is seen to be one of the 

main reasons for the spread in Europe. IHNV has rapidly evolved after being introduced to new 

environments with host fish from various genetic backgrounds, which has led to pressure in 
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selection, as seen from research in Europe294 and in Japan295. IHNV is the type species of the 

genus Novirhabdovirus which also contains VHSV. 

Initially, it was believed that the variety of hosts were to be found in the genus Oncorhynchus, 

but after an epizootic in S. salar, in 1984 the host range was expanded296. Thus, also many non-

salmonid species are now recognized as being susceptible181. White sturgeon (Acipenser 

transmortanus) is considered a possible virus vector after this species was discovered to be 

susceptible to IHNV297. In addition, Hirame rhabdovirus (HIRRV), a cold-water virus isolated 

from ayu (Plecoglossus altivelis) and flounder (Paralichthys olivaceus) in Japan298, also a 

member of the genus Novirhabdovirus, is closely related to IHNV299. 

Gross pathological signs include exophthalmia and haemorrhage of the eye, skin darkening, 

abdominal distension, ulceration of the snout, and the visceral pallor and yellowish fluid in the 

intestine. Histopathology along with clinical signs have been studied deeply300, revealing 

marked necrosis in the anterior kidney, liver and spleen with the intracytoplasmic inclusion 

bodies in the liver sections301. 

Fish age and fish species are among the risk factors. Similar to most finfish viral diseases, 

younger life stages convey higher risk and losses of up to 95% may occur in serious 

outbreaks302. 

 
1.4.3.6 Epizootic Hematopoietic Necrosis Virus 

Epizootic hematopoietic necrosis virus (EHNV) belongs to the genus Ranavirus in the family 

Iridoviridae; other genera include Iridovirus, Chloriridovirus, Lymphocystivirus and 

Megalocytivirus. Within the genus, six species are viral (Ambystoma tigrinum virus; Bohle 

iridovirus; Epizootic hematopoietic necrosis virus; European catfish virus; Frog virus 3; 

Santee-Cooper ranavirus). Differentiation in species is through virus protein profiles, host 

specificity, and deoxyribonucleic acid (DNA) sequence analysis but not through standard 

antigen-antibody interactions (e.g., antigen capture ELISA)292. 

EHNV is a large icosahedral virus with a double-stranded DNA genome of 127 kb. Replication 

occurs in the nucleus and cytoplasm with intracytoplasmic assembly. The outer limiting 

membrane is obtained through budding from the host cell plasma membrane. The inner capsid 

is enclosed by an internal lipid bilayer303 with a nucleoprotein core, with a circularly permuted 

and terminally redundant genome. EHNV has been isolated from farmed O. mykiss304. This is 

the sole teleost species identified as being naturally infected by EHNV while redfin perch are 

just susceptible, compared to rainbow trout.  Redfin perch are affected only after intraperitoneal 

infection305. Epizootic hematopoietic necrosis (EHN) is the EHNV associated disease, and thus, 

necrosis of hematopoietic tissues is indicated in the disease pathology. In particular, multifocal 
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necrosis of renal hematopoietic tissue, the liver and the spleen and is caused by EHNV. The 

characteristic, microscopic basophilic intracytoplasmic inclusion bodies are present in infected 

cells. Paracrystalline arrays can be seen through the use of the electron microscope, in these 

assembly sites of the virus. Along with the above, lesions such as necrosis of atrial trabeculae 

and gastrointestinal epithelial cells, hyperplasia and multifocal necrosis of gill epithelial cells, 

necrotic circulating hematopoietic cells, focal pancreatic necrosis, and degenerate vascular 

endothelial cells in various organs can be seen306. Ulcerative dermatitis and swim bladder 

oedema and necrosis has been identified only in EHNV-infected rainbow trout307. Neither 

enlarged/giant cells nor erythrocytes are associated with EHNV infection. 

 
1.4.3.7 Viral Haemorrhagic Septicaemia Virus 

Viral haemorrhagic septicaemia virus (VHSV) is a rhabdovirus belonging to the genus 

Novirhabdovirus (Family: Rhabdoviridae) and is the aetiological agent of viral haemorrhagic 

septicaemia. In Europe, it is the most damaging disease of cultivated rainbow trout. The disease 

was believed to be limited to rainbow trout in Europe, since the beginning of the 1900s308. 

However, in 1988, a VHS virus was isolated from Pacific salmon returning from the sea to two 

Washington State farms. From genetic analyses it was discovered that the virus was a distinct 

strain, not from Europe but probably from a Pacific Ocean reservoir fish species309,310. Since 

then, through systematic surveillance programs, the known host range for VHSV has expanded 

enormously. It is now thought that species from many fish families including Clupidae 

Salmonidae, Pleuronectidae, Esocidae, and Gadidae are part of the expanded host range 

following regular monitoring programs292. The actual host range for this virus may never be 

fully known given its huge size.  

Today, through the use of up-to-date molecular tools, four genotypes (I-IV) and several sub-

genotypes of VHSV have been recognized292. The first report of VHSV-IV genotype in 

European waters has been found in Iceland lumpfish (Cyclopterus lumpus)311. Disease control 

schemes face many challenges due to the many strains of VHSV, the size of the host range, and 

the dissimilarities in pathogenicity of these strains. However, the suppression of VHS post-

disease epizootics in the UK312 and Norway313 was successful, and Denmark is now VHS-free 

after a significant battle with endemic VHS, following a monitoring and control program314.  

 
1.4.3.8 Spring viremia of carp.  
Also, spring viremia of carp (SVC) is due to a fish rhabdovirus (Spring viremia of carp virus, 

SVCV). Different from IHNV and VHSV, SVCV is related to rhabdoviruses in the genus 

Vesiculovirus as it has an enveloped, bullet-shaped virion although shorter and without the non-
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virion gene characteristic of novirhabdoviruses315. It was frequently found in C. carpio in 

Western and Eastern Europe, but then appeared in the spring season provoking significant 

damage among farmed carp315. SVCV is now to be found worldwide and has been implicated 

in massive damage to common carp and the koi carp, leading to the belief that the range of 

affected fish has recently expanded.  

 

1.4.3.9 Koi herpesvirus disease 

Koi herpesvirus (KHV) disease is a vivid example of a developing fish disease. KHV belongs 

to the genus Cyprinivirus in the family Alloherpesviridae. The disease is relatively host-

specific. C. carpio and its ornamental subspecies, the koi carp, have been severely impacted in 

the huge damage that has been seen worldwide where the virus has recently been identified, 

albeit other cyprinid species are susceptible316. The enveloped virion of KHV, formally 

classified as the species cyprinid herpesvirus 3, has a morphology typical of herpesviruses and 

contains a double-stranded DNA genome of approximately 295 kbp317. 

The lack of clinical signs and persistence of the virus for long periods in a latent/carrier state in 

infected fish poses a serious issue318. The rise in popularity of farmed ornamental fish is part of 

the problem, as these fish are transported around the globe, adding to its sudden expansion319. 

Stocking or releasing ornamental fish into ponds and natural waters in general has, moreover, 

has meant the introduction of KHV to naive wild populations, with first exposure often leading 

to high levels of mortality. 

 

1.4.3.10  Lymphocystis disease 

Lymphocystis disease (LCD) is a recognized fish viral infection, characterized by hypertrophy 

of fibroblastic cells in the dermis connective tissue, occasionally proliferating as true epithelial 

tumours. A wide range of brackish, freshwater, and marine fish species are affected by LCD. It 

was one of the first fish viral diseases described in the 19th century, but the viral agent was only 

demonstrated by electron microscopy320 and subsequent virus isolation321 on BF‐2 cell line.  

Fish with characteristic symptoms may not die but, being affected, cannot be sold, causing a 

highly negative financial impact322. Lymphocystis disease virus (LCDV) is the aetiological 

agent of LCD, belonging to Lymphocystivirus genus, which includes one species Lymphocystis 

disease virus 1 (LCDV‐1) first isolated from the European flounder (Platichthys flesus) and 

European plaice (Pleuronectes platessa); moreover, three virus candidates are also included in 

this genus: LCDV‐2, isolated from common dab (Limanda limanda); LCDV‐C, isolated from 

P. olivaceus; and LCDV‐RF, isolated from black rockfish (Sebastes schlegelii). Lymphocystis 
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disease virus‐1 along with related viruses are characterized by histopathology, host specificity, 

DNA sequences, and viral protein profiles323. The disease has been identified in over 125 

species of fish from freshwater and marine environments324. Teleosts are mainly affected, 

including the families Centrarchidae, Cichlidae, Chaetodontidae, Osphronemidae, Gobiidae, 

Pleuronectidae, Pomacentridae, Sciaenidae, and Serranidae. So far, there are no reports in 

siluriformes, cyprinids and salmonids. It is a common disease in the North Sea and 

Mediterranean zones, mostly affecting wild and cultured fish species, such as L. limanda, S. 

aurata, European flounder, grey gurnard (Eutrigla gurnardus), black spot sea bream (Pagellus 

bogaraveo), European plaice and Senegalese sole (Solea senegalensis)325. 

Small cream‐coloured nodular lesions on fins and fish skin are the principal feature of the 

disease326. The nodules are made up of an LCDV‐infected cell, lymphocyst or lymphocystis 

cell, up to 1 mm wide327. These cells may be singular or in raspberry‐like clusters with tumour 

appearance. They are normally whitish, but may be grey or darker if covered in epithelial tissue 

rich in chromatophores300,328. Lymphocysts can cover the entire body, in seriously affected 

specimens spreading from the gills to the fins329 The disease is chronic and self‐limiting and 

can persist for various lengths of time, depending on environmental conditions and host fish 

species330. For instance, lesions can vanish after only a few weeks in warm water fish, but may 

remain for a year in cold‐water species331. 
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1.4.5 Parasitic diseases 

Parasitism is characterized by the antagonistic relationship established between the parasite and 

the host, which provides the means of survival for the parasite, to its detriment. Based on these 

definitions, the distinction between parasites and commensals is made according to the 

pathogenicity (understood as the ability of a symbiont species to damage a host species). 

Often there is no clear separation between the two situations, since the pathogenic potential of 

a parasite may require particular alterations of the host, such as nutritional deficiencies, injuries 

of continuity of physical barriers or even an impairment of the immune system. 

In summary, the pathogenic action of parasites can be expressed through traumatic, mechanical, 

necrotizing, toxic and immunological actions, often also in association with each other332. 

 

1.4.5.1 Protista 

Protista are a large paraphyletic group of organisms that parasitize nearly all animal (and plant) 

groups. Typical groups found in or on aquatic animals include flagellates (e.g. Amyloodinium, 

Cryptobia, Gymnodinium, Hexamita, Ichthyobodo, Piscinoodinium, Spironucleus, 

Trypanosoma, Trypanoplasma), amoebae or rhizopodes (e.g. Vermamoeba [=Hartmannella], 

Paramoeba, Thecamoeba), alveolates (e.g. Perkinsus), apicomplexans (e.g. Aggregata, 

Eimeria, Goussia, Haemogregarina, Margolisiella [=Pseudoklossia]), cercozoans (e.g. 

Bonamia, Haplosporidium, Marteilia, Paramarteilia) and ciliates (e.g. Anophryoides, 

Apiosoma, Capriniana, Chilodonella, Cryptocaryon, Epistylis, Ichthyophthirius, Tetrahymena, 

Trichodina, Uronema). 

The life-cycle of the protist is simple, reproducing by binary fission, with transmission taking 

place through contact. Some protists use vectors and/or intermediate hosts in transmission: 

leeches in the life-cycle of trypanosomes, crustaceans and oligochaetes in coccidian life-cycles, 

and fomites/substrate in the life-cycle of I. multifiliis, Cryptocaryon irritans and Amyloodinium 

ocellatum. 

Most problems associated with protists in aquaculture are because they can transmit without 

the need for an intermediate host. Environmental manipulation on farms to decrease stress in 

host animals or increase water quality may reduce the lethal outcome of infection. In particular, 

the marine dinoflagellate A. ocellatum and the freshwater flagellate I. necator, found on the 

external surfaces of hosts, have been associated with the loss of farmed, wild and aquarium fish 

in many regions of the world333. Freshwater counterparts, such as Acanthamoeba, Naeleria, 

Protacanthamoeba, Rhogostoma, Vannella and Vermamoeba, have been implicated with high 

mortality in O. mykiss, in the Czech Republic, Germany and Italy334,335. Ciliates are also a 
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concern, as they lead to increased mortalities in many wild and farmed vertebrate and 

invertebrate hosts. In poor environmental conditions or stress, some ciliates such as Trichodina 

spp., Uronema spp. and Epistylis spp., usually seen as simple ectocommensals, can quickly 

reproduce, resulting in morbidity and mortality. Likewise, the freshwater ciliate I. multifiliis 

and the marine C. irritans can devastate farmed and wild fish, causing the parasitic white spot 

disease. Perkinsus marinus is the agent of Dermo disease in shellfish, leading to mortality in 

bivalve molluscs in high temperatures and relatively low salinity condition. Cercozoans are 

another group of shellfish pathogen and include Bonamia ostreae and B. exitiosa. They infect 

the haemocytes of their ostreid hosts, and the antipodean B. exitiosa is quite diffused in 

Europe336. Moreover, in Europe Marteilia spp., typically found in the digestive glands of hosts, 

have been linked to mass mortality of bivalve molluscs. The World Organization for Animal 

Health292 lists notifiable diseases, including shellfish disease. Cephalopod and crustacean 

parasites include many species of the apicomplexan Aggregata, an intracellular coccidian 

which infects the digestive tracts of definitive hosts337. 

 
1.4.5.2 Myxozoa 

Myxozoa comprise two classe - Myxosporea and Malacosporea. Sixty-four genera, 2000/2500 

species, have been identified in hosts from every kind of environment338. 

The life-cycle of the majority of myxozoans is unclear but some have been established. The 

parasite passes from vertebrate to invertebrate hosts. A few may transmit directly to the 

definitive host339. Cell-within-cell division (pluricellularity) is the principle form of 

development, with the eventual formation of infectious spores. Invertebrate hosts include 

polychaetes, Monogeneans, bryozoans and oligochaetes340. Most myxozoans have been 

identified in fish from marine, estuarine and fresh water throughout the world, except in 

Antarctica. 

Tetracapsuloides bryosalmonae (causative agent of proliferative kidney disease – PKD), M. 

cerebralis (causative agent of whirling disease – WD), Ceratomyxa shasta, Kudoa spp. and 

Parvicapsula spp.; Enteromyxum spp., Sphaerospora sparis and Sphaerospora sparidarum in 

sparids; S. dicentrarchi and S. testicularis in D. labrax and Myxobolus lentisuturalis in C. 

auratus341 and Chloromyxum spp. in several fish species342; Thelohanellus hovorkai in carp 343 

and Henneguya spp. have been reported in salmonids and other species, and are known to be 

deadly for farmed and wild fish344,345.  
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1.4.5.3 Trematoda 

Trematodes belong to the phylum Plathelminthes and contain numerous species with a 

generally oval, rarely cylindrical, appearance. Morphologically they have a terminal or sub-

terminal mouth, an oesophagus provided with a muscular pharynx, followed by an intestine 

subdivided into two posterior, simple or branched blinds. 

The integument is generally covered with a cuticle, under which an epithelioid layer is found; 

there are anchoring organs, such as suction cups and hooks, numerous in ectoparasites. 

The musculature includes circular muscle fibers, under the cuticle, longitudinal fibers and 

bundles of dorsal-ventral and diagonal fibers. 

The excretory apparatus is represented by a system of protonefrids in the parenchyma; it flows 

into two contractile longitudinal main channels, flowing into a common collector, which 

usually opens outwards, with a pore, at the back of the body. 

The nervous system is represented by two irregular ganglion masses, located on the sides of the 

oesophagus, and joined by transversal commissures, and by two longitudinal ventral nerve 

trunks346. 

Barring rare exceptions, they are hermaphroditic and both oviparous and viviparous species can 

be found, both with high reproductive rates which facilitate multiplication. 

Trematodes are divided into two sub-classes: 

• Digenea 

• Monogenea 

 

1.4.5.4.1 Digenea  

Digeneans Trematodes typically have a flattened shape and two suckers arranged ventrally to 

the body to ensure adherence to the host. 

The life cycle typically includes both free-living and parasitic stages, incorporating both asexual 

and sexual multiplication. Cycles are in part aquatic and alternate between a vertebrate and a 

mollusc. Eggs are passed to the external environment, and usually hatch to release a motile, 

short-lived, non-feeding, ciliated-larva, the miracidium, which swim and penetrate a molluscan 

intermediate host where it sheds the ciliated outer cells and turns into a mother sporocyst. This 

is a simple sac with no trace of feeding structures or gonads. It produces a second intra-

molluscan generation asexually, which is made up of either multiple daughter sporocysts or 

rediae. Daughter sporocysts are similar to the mother sporocyst, whereas rediae have a pharynx, 

a mouth and a short saccular gut. There is another round of asexual reproduction in the two 

intra-molluscan generation types, and the progeny are usually cercariae, the larvae of the 
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generation that will eventually become the sexual adult. The vertebrate is often infected by 

ingestion of a metacercaria associated with a second intermediate host347. 

 

Examples of metacercariae that can be found in the following fish tissues: 

• Gills, where they can become cysts by forming granulomas (whitish nodules) thus 

causing chronic lesions. 

• Skin, where as a result of the large size of the cyst, melanin can accumulate, causing a 

pathology called Black Spot Disease, common in freshwater fish and also found in red 

mullet (Mullus barbatus and Mullus surmuletus)348,349. 

• Myocardium, where metacercarias of the following trematodes are found: Cotylurus sp. 

and Stephanostomum sp., in particular the latter can cause epicarditis, or inflammation 

of the external serous that can degenerate until the death of the host. 

•  Metacercariae are found also at oesophageal level, examples of Bucephalus 

polymorphus. 

•  In shellfish gonads. 

•  Muscular level. 

•  Nervous system, causing hyper-vascularization of the eye. Cysts can also burst, causing 

eye loss. 

 

Digenea trematodes can therefore parasitize fish both in the larva stage and in adults, e.g. 

didymozoidae present above all at branchial level (Gonapodasmius epinephili and 

Unitubulotestis sardae) and intestinal350. 

 
1.4.5.4.2 Monogenea  

Monogenea are generally ectoparasites with direct development on a single host. Localization 

in fish is varied, more commonly they are found in the gills, in the oropharyngeal cavity or in 

other organs communicating directly or indirectly with the external environment. Small in size, 

possessing a terminal or sub-terminal mouth, there may be two or four eyes, or none at all; the 

pharynx is normally present, and the intestine is rarely undivided. They also possess a principal, 

posterior attachment organ, called haptor or opisthohaptor and an anterior prohaptor organ 

represented by one or a pair of suckers, sometimes from pseudoventose, rarely from glandular 

structures, often called "cranial organ". The haptor can be sessile or pedunculated, more or less 

symmetrical and facilitates the classification of the monogeneans into subclasses, 

Monopistholotylea and Polyopisthocotylea. The coupling organ is simple, maintained from the 

larval stage to the adult and normally consists of a pair of large anchors and 12-16 small lateral 
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hooks in the Monopistholotylea. The larval form remains in the adults, albeit in reduced form 

and is more developed and provided with tongs in the Polyopisthocotylea. Further distinctions 

concern the mouth, suckers and the gastro-intestinal canal351. 

In the Monopistholotylea, the mouth is not surrounded by an oral sucker and the gastro 

intestinal canal may be absent, while in the Polyopisthocotylea the mouth is surrounded by the 

oral sucker or a pair of suckers inside the mouth cavity and the gastro intestinal canal is present. 

Most monogenes are oviparous. The eggs are unusually large for a parasite, from which a 

ciliated larva opens up, called oncomiracidium, already equipped with eyes, (the first internal 

organ to be seen), varying in number, and with symmetrical hooks located at the rear end of the 

body. As they grow larger, the larval cilia disappear, while the hooks can persist and develop 

or be replaced. Subsequently, the suckers, anchors and clamps begin to grow and finally the 

organs of the reproductive system develop. 

Normally, the monogenes cause tissue damage of various entities, the genus Dactylogyrus for 

example causes epithelial hyperplasia of the gills. They can also represent vectors for viral and 

bacterial pathogens, also causing the death of the interested host352.  

 

Monogeneous trematodes in fish are found above all in: 

• Gills, with Monopistholotylea: Sparicotyle chrysophrii (parasite of sea bream and 

bream)353, and with Polyopisthocotylea: Diplozoon (parasite of freshwater fish) and 

Zeuxapta seriolae354. 

• Skin level. Examples: Gyrodactylus and Dactylogyrus355. 

 

The several species have numerous differences, for example, in the site and method of 

anchoring, feeding behaviour and invasive mechanism. 

Integrative studies are certainly needed to broaden knowledge on the entire subclass, especially 

in relation to the pathogenicity that the parasites present towards the host.  

 
1.4.5.4  Cestoda 

Tapeworms are cosmopolitan endoparasites. The adult cestode has a flat-shaped body and is 

made up of a grasping head called the ‘scolex’, a short segmented germinative portion, the 

‘neck’ and the strobilum with a varying number of hermaphroditic proglottids. They absorb 

nutrients through a metabolically active tegument made up of microtriches and filtering tissue. 

The Class Cestoda includes 13 Orders and approximately 5000 species, which include 

Bothriocephalidea, Caryophyllidea, Diphyllobothriidea, Lecanicephalidea, Proteocephalidea, 

Pseudophyllidea, Tetraphyllidea and Trypanorhyncha, being of greater interest than others.  



 

 40 

Being heteroxenous they require at least two hosts, one definitive and one or two intermediate 

hosts, to complete the life-cycle. Fish can be an intermediate and/or definitive host at various 

parasite stages. As second intermediate host, tissue tropism of the tapeworm may be varied, 

while as definitive host, adult tapeworms which are sexually mature produce eggs in the gut. 

Invertebrate organisms of diverse taxa are first intermediate hosts, and principally aquatic 

crustaceans: marine species Adenocephalus [=Diphyllobothrium] pacificum, and the freshwater 

Diphyllobothrium latum and D. dendriticum. Humans become infected after eating 

undercooked or raw fish, thereby ingesting plerocercoid larvae. The most noted pathogens 

include Hepatoxylon trichiuri in Atlantic bluefin tuna, D. dendriticum, D. latum, Eubothrium 

crassum, E. salvelini and Gilquinia squali in farmed salmonids, Monobothrium wageneri in 

tench, Schyzocotyle acheilognathi in cyprinids, Tinca tinca356, Thunnus thynnus and 

Tylocephalum metacestodes in pearl oysters, and Triaenophorus crassus in coregonids. 

Salmonids, percids and cyprinids are also infected by species of Proteocephalus in the Paleartic 

realm, and cyprinids by species of Khawia. Fish health can be influenced in different ways by 

the presence of adult and larval tapeworms and the pathogenic effect is determined by the 

parasitic burden. For adult cestodes to survive in fish hosts they must weaken the fish rather 

than kill them. This is done through a diminution in nutrient absorption, damage to host 

intestinal mucosa from the cestode scolex - e.g. hooks and bothria, and modification of the host 

immune system357. In larval stages, intensity and location will impact pathogenicity; 

functionality of visceral organs will be compromised if there are large quantities of larvae; an 

elevated rate of infection in the muscles will impact fitness, rendering them more vulnerable to 

the definitive host. Food conversion ratios of farmed stock may diminish, ultimately affecting 

their value on the market.  

 
1.4.5.5 Nematoda 

Nematode, roundworm parasites widely infect wild and, somewhat less, cultivated fish. 

Crustaceans and molluscs may be intermediate hosts at the larval stage. Nematodes may live in 

the intestinal lumen of fish hosts, or in the gonads, e.g., some species of Philometra358; the 

swim bladder, e.g., Anguillicoloides crassus in eels359, the gall bladder and pyloric caeca, for 

example, Hysterothylacium fabri in migratory fish360. Moreover, Cystidicola farionis has been 

reported in salmonids361 and Proleptus obtusus in Scyliorhinus canicular362. Anisakis sp. has 

been widely studied and reported in several fish species also in relation to its zoonotic potential. 

Highly diverse organ tropism has been observed in the larval stage of nematodes. The body is 

typically cylindrical with an anterior cephalic extremity, teeth and/or papillae, a posterior tail, 

an elongated body which can be covered by spines and/or ridges, and have sensory structures 
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called phasmids. The syncytial epidermis secretes a cuticle that covers the body. Internally, 

there are four longitudinal muscles and two longitudinal nerves running along the length of the 

parasite. Nematodes show sexual dimorphism and morphological features unique to adult males 

and females that are of taxonomical relevance. The life-cycle is not simple in nematodes that 

infect aquatic hosts, which can be either an intermediate or definitive host. There is just one 

intermediate host if the definitive host is a fish, while, in general, there are two intermediate 

hosts, if a fish is not the definitive host, with one of the two being a fish. Depending on the 

trophic level, many fish species act as paratenic hosts, whereby the parasite does not develop 

biologically but promotes the transmission of the parasite in the aquatic environment. In 

intensive fish farming contact between hosts is unusual, as pellet feed is employed. However, 

modification in feeding and/or the environment may lead to changes in behaviour of fish, and 

thus facilitate the spread of nematodes. Moreover, some nematode species, e.g. Capillaria spp., 

can spread infection by fish-to-fish contact and thus, ornamental fish in restricted environments 

are more at risk. 

An elevated parasitic burden may lead to more severe infections thereby altering pathogenicity 

of adult worms in fish and is often associated with damage provoked in host tissue by buccal 

capsules (e.g. Camallanus spp.) or cephalic teeth, or the haematophagous activity of the 

nematode (e.g. Anguillicoloides crassus)363. Larval development is often arrested due to 

hypobiosis. Pathogenicity is correlated to parasite intensity and localization within the host, the 

functionality of vital visceral organs can be threatened by high numbers of larvae, whereas high 

burdens within the musculature can result in diminished fitness, predisposing the host to an 

increased probability of predation by the definitive host. Heavy nematode burdens may impact 

on the quality, aesthetic appeal and marketability of fish. In larval stages, intensity and location 

will impact pathogenicity; functionality of visceral organs will be compromised if there are 

large quantities of larvae; an elevated rate of infection in the muscles will impact fitness, 

rendering them more vulnerable to the definitive host. Food conversion ratios of farmed stock 

may diminish ultimately affecting their value on the market. 

 
1.4.5.6 Arthropoda 

Arthropods are one of the most species-rich phyla, with a complex taxonomy. For instance, the 

subphylum Crustacea, consists of 971 families, 9598 genera and around 64.663 extant species. 

Copepoda and Branchiura and the Isopoda order contain parasite pathogens which impact 

aquaculture. 
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1.4.5.6.1 Copepods 

Parasitic copepods have a direct life-cycle. They may be ectoparasites or endo parasites, as well 

as being found partially embedded in host tissue. Adult male parasitic copepods are much 

smaller than the female, e.g. Chondracanthus spp. where the female may be 20 times larger. 

Eggs are in egg sacs or uniseriate egg strings, with many batches produced in a lifetime. The 

development of the eggs depends on temperature. Female-carried eggs produce nauplii. There 

are two phases in the life of parasitic copepods: the lecithotrophic naupliar phase which can 

consist of up to six naupliar stages, and a copepodid phase with modifications in body 

morphology and a change to a parasitic way of life; in the naupliar  stage the body is 

unsegmented and there are three pairs of appendages, antennules, antennae and mandibles, and 

in the transitional stage, the body becomes segmented, develops complete cephalic appendages 

and a double pair of swimming legs. In the final, usually fifth, stage of development the 

definitive adult stage is reached after moulting.  In several species, there is a radical 

metamorphosis with modifications of the body morphology; many appendages are lost, and/or 

dedicated attachment structures develop. When the female moults, the males, often 

safeguarding preadult females, mate, depositing spermatophores. Moulting no longer occurs in 

adult copepods. Free-living copepods have longer life-cycles than parasitic copepods.  

 

1.4.5.6.2 Isopods 

Adult isopods are flattened crustaceans without the carapace, with a head that is fused to the 

first thoracic somite, sessile eyes and a thorax with seven somites, each somite presents a pair 

of uniramous swimming legs. Several obligate parasites of this species (e.g. Cymothoa) 

seriously impact aquaculture stocks, while others e.g. Cirolana borealis, are just occasional 

parasites of farmed fish. Females extrude eggs into a brood pouch where they hatch and moult 

twice, forming the pullus II stage, which have only six pairs of legs, large compound eyes and 

heavily setose pleopods. On being released from the marsupium, the parent then moults, feeds 

and produces a further batch of eggs. They can swim fast for brief periods and then change to 

a parasitic way of life, feeding on a blood meal within 48 hours. The manca of the obligate 

species Ceratothoa often go directly to favoured sites, remaining attached there. Temporary 

parasites live free of the host for part of the life-cycle, and feed and moult until they reach 

adulthood, when they grow a seventh pair of legs. For gnathiids (Gnathiidae, Cymothoida, 

Isopoda), only the praniza are normally parasitic on fish skin and gills (barring serious 

infections of adult parasites in aquaria fish), feed on blood and in the gastral cavities of tunicates 
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and anemones. After every blood meal pranzia moult, with the gnathiid transforming into an 

adult after the third moult, passing to a non-parasitic, sediment dwelling form. 

 

1.4.5.6.3 Branchiurans  

Adult branchiurans are highly mobile, dioecious and temporary parasites, for instance, Argulus. 

In appearance, argulids are ovoid with a dorsoventrally flattened carapace, possess a modified 

pair of first maxillae which are evident as large suctorial organs, have compound eyes, a 

piercing preoral stylet, four pairs of swimming appendages and a tubular mouth with 

denticulated mandibles. They feed on haemolymph and tissue fluids of the hosts. The eggs are 

carried in a single ovary, unlike in parasitic copepods and are extruded in one-layer rows.  Water 

temperature affects the development of the eggs, which usually wait out the winter season. In 

Argulus, the first-stage larva, an advanced metanauplius stage, have to reach a host within 48-

36 hours of hatching or they die. After around 11–12 moults the parasite reaches sexual 

maturity; moulting does not stop in adulthood. 

 
1.4.5.6.3.1 Pathogens within the group  

Farmed aquaculture stocks regularly suffer serious financial consequences due to infections. 

High-impact freshwater pathogens of aquaculture farmed stocks include Argulus foliaceus, 

Ergasilus sieboldi, Lernaea cyprinacea and Salmincola salmoneus. In addition, the caligid 

copepod Lepeophtheirus salmonis may be found on S. salar, it is a marine parasite that has been 

transported into fresh water.  The Caligus elongatus, Caligus rogercresseyi and L. salmonis 

parasites on Atlantic salmon deeply impact marine aquaculture, with a yearly loss of almost 

$600 million364,365. Farmed stocks of, for instance, black porgy, Acanthopagrus schlegelii366; 

flathead grey mullet, M. cephalus367; Japanese amberjack368; milk fish, Chanos chanos369; 

rainbow trout 370; D. labrax371; and southern bluefin tuna, Thunnus maccoyii372 have also 

suffered from health consequences. Further scientific works on other important parasitic 

copepods include, Lernaeocera branchialis on G. morhua373, Lernanthropus kroyeri on D. 

labrax374, Diergasilus kasahara on milkfish375, Ergasilus lobus on grouper species375 and 

Ergasilus lizae on flathead grey mullet376. 

Alitropus typus on C. chanos377; Ceratothoa gaudichaudii on Chilean populations of S. salar 

378; Ceratothoa oestroides and C. parallela on S. aurata, and D. labrax379; Cirolana fluviatilis 

on L. calcarifer380; Emetha audouini and Nerocila orbignyi on D. labrax381; and, Natatolana 

borealis382 are among the parasitic and scavenging species of isopoda seriously affecting 

cultivated fish stock. 
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Furthermore, the Modiolicola gracilicaudus, Myicola ostreae, Mytilicola intestinalis, 

Mytilicola orientalis, Ostrincola koe and Pectenophilus ornatus383 copepod pathogens cause 

serious damage to mollusc aquaculture. In addition, the parasitic pea crab Nepinnotheres 

novaezelandiae provokes notable damage and negative financial consequences to cultivated 

New Zealand green-lipped mussel, Perna canaliculi384, while Edotia doellojuradoi harms the 

gills of cultivated mussels385.  

In shrimp farming, the ectoparasite bobyrid isopod Orbione bonnieri is frequently found in 

farmed Metapenaeus species386. 

 

1.4.6 Tumours 
Like other vertebrates regarding susceptibility to neoplastic lesions, tumours in teleost have 

been much studied. Several tumours, affecting diverse tissues, have been identified and well-

reported in a vast range of marine and fresh fish species387. Immunohistochemical identification 

is a well-known, much-used technique and continues to be an efficient diagnostic tool in 

oncology388. 

In terms of tumours, there are many similarities between higher vertebrates and teleosts 

regarding growth, aetiology, and structural features. Zebrafish, in particular, are often employed 

as experimental models in studying aetiology and oncogenic mechanisms389. Salt and fresh 

waters fish may be key “biomarkers” for measuring water quality, and thus, particular tumours 

in local fish populations could denote specific oncogenic factors in local waters, dangerous also 

for humans390.  

 

1.4.6.1 Epithelial tumours 

Epithelial tumours are commonly reported in fish and are histologically characterized by a 

proliferation of epithelial, monomorphic cells, arranged in lobular structures, surrounded by a 

thin stroma. They may have a vortex disposition with goblet cells. Rare cases of squamous cell 

carcinomas in fish are histologically characterized by irregular margins delineated by stratified 

keratinizing epithelium, with cytoplasmic squamous differentiation, presence of pycnotic 

nuclei and necrotic areas. Skin tumours have been reported in cyprinids including C. carpio391 

and C. carpio koi392. Papilloma has been described, among others, in smooth dogfish (Mustelus 

canis) 393, S. salar 394, flatfish 395, black bullhead (Ictalurus melas)396, white sucker (Catostomus 

commersoni)397, brown bullhead (Ictalurus nebulosus)398, roach (Rutilus rutilus)399, A. 

anguilla400, allogynogenetic C. auratus gibelio (f) × C. carpio var. singuonensis (m)401 and 

several bream from the Curonian Lagoon of the Baltic Sea402. Aetiologies includes virus 1, 
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chemical agents403, skin mechanical injuries and some unknown factors. Malignant epithelial 

tumours have also been reported in fish404. Chlorinated waste waters have been considered a 

possible cause of orocutaneous papilloma398.  

 

1.4.6.2 Mesenchymal tumours 

Among mesenchymal tumours, fibromas are common neoplasms in fish and are histologically 

characterized by monomorphic spindle cells, with basophilic well-defined cytoplasm; these 

tumours have been reported in several species, such as dermal fibroma in redband parrotfish 

(Sparisoma aurofrenatum)396, fibroma in armoured catfish, cascarudo (Callichthys 

callichthys)405, dermal fibroma in C. auratus406, an intra-abdominal fibroma in S. trutta407 and 

calcified fibroma in C. carpio408. Fibrosarcoma has also been reported in several fish, such as 

striped mullet (M. cephalus)409, sockeye salmon (Oncorhynchus nerka)410, C. auratus411, A. 

anguilla, conger (Conger conger), G. morhua, L. japonicus, searobin (Lepidotrigla alata), 

scorpionfish (Scorpaena porcus), P. platessa, Atlantic halibut (H. hippoglossus), Black Sea 

turbot (Scophthalmus maeoticus) and turbot (Scophthalmus maxima)412, and in black seabream 

(Spondyliosoma cantharus)413. 

Rabdomyosarcoma has also been reported in S. fontinalis and H. molitrix414,415, and, albeit quite 

rare in fish, it should be considered in differential diagnosis with other mesenchymal tumours. 

Leiomyomata are tumours of smooth muscle cells that can arise from any organ with a 

mesenchymal component, in humans and animals416. Leiomyoma is not so frequent in teleosts 

and it has never been reported in brood fish. There are few reports of leiomyoma in fish and 

many of these are old and not well documented. To date, leiomyoma has been reported in the 

skin of C. auratus417, in the periventiduct of koi carp418, in testicles of M. salmoides419, in swim 

bladder of S. salar 420, and in the skin of flat head grey mullet (M. cephalus) 421. 

 

1.4.6.3 Peripheral nerve sheath tumours 

Peripheral nerve sheath tumours (PNSTs) were thought to be unusual disorders in fish in the 

past. Today, however, with the application of immunohistochemistry, they are regularly 

described in many marine and fresh water teleost species9. These tumours have been described 

both in farmed and wild fish and can be classified as benign (BPNSTs), including schwannoma, 

neurofibroma and myxoma of the nerve sheaths, and malignant (MPNSTs) forms. 

Nomenclature is related to cellular origin, schwannoma arising from Schwann cells422, whereas 

neurofibroma is characterized by a mixed component involving neurites, Schwann cells, 

fibroblasts and perineural cells423. Neoplastic disorders have been reported for years in fish 
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species belonging to the genus Carassius, with most of these on the external body surface; 

however, histological examinations are not sufficient to identify the cell origin and not always 

easily interpreted424. Schwannoma is often reported in different species of teleosts, such as C. 

auratus412,425,426, snapper (Lutjanidae)427, O. kisutch428, damsel fish (Pomacentrus partitus)429, 

juveniles of rainbow smelt430, farmed gilthead seabream431 and D. rerio432. Two single 

malignant schwannomas have been described in P. fluviatilis and C. auratus, respectively433.  

Neurofibroma has been reported in Lumpenus sagitta434, C. auratus435, Gadus 

macrocephalus436 and striped mullet M. cephalus437. Myxoma of dermal nerves sheaths is a 

particular type of BPNST described in salmonids, A. anguilla438 and oranda C. auratus406. As 

all PNST variants are composed of spindle cells, it is difficult to distinguish among them, as 

well as distinguish them from fibroma, leiomyoma or rhabdomyoma. In consideration of the 

difficulty in identifying the histological parameters characterizing schwannoma and 

neurofibroma, some authors have chosen to consider them as a single morphological entity. 

Ultramicroscopy was proposed to differentiate schwannoma from neurofibroma433. More 

recently, immunohistochemistry using calretinin, a calcium binding protein that appears to be 

phylogenetically conserve, has proven to be essential in differentiating these two tumours in 

fish9. 

 

1.4.6.4 Pigmented cells tumours 

Tumours of pigmented cells include melanoma, erythrophoroma, xantophoroma and 

guanophoroma. Of these, melanoma is the most common and, as in our case, has a high 

incidence in hybrids (like other cancers). In fish, as in mammals, it may appear in amelanotic 

forms. Morphology is extremely variable, and is always characterized by spindle cells, which 

exhibit a remarkable neuronal aspect, with the presence of macro-melanophores of considerable 

size. Tumours of pigmented cells occur in many species of bony fish439, in Xiphophorus hybrid, 

and are considered the most common cancer. Xiphophorus helleri develop spontaneous 

cutaneous melanomas. These tumours develop almost exclusively after interfamilial 

intersections between platy populations from different geographical areas or in Xiphophorus 

hybrid440. Macro-melanophores, a distinctive type of pigmented cells, are a characteristic 

element of the Xiphophorus melanoma, up to 500 microns in diameter (normal melanophores 

are approximately 100 microns in diameter) which are grouped in conspicuous clusters or spots. 

Melanoma in Xiphophorus fry is due to the phenotypic manifestation of the dominant locus 

tu441. 
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1.4.7 Diseases of molluscs 

Molluscs are economically and ecologically important components of aquatic ecosystems442. 

Most molluscs are calcifiers and many are filter feeders, which provide essential ecological 

services such as habitat for other organisms and water clarification443; shellfish populations 

determine the structure of benthonic communities, nutrient recycling, act as prey for higher 

trophic levels and, in some cases, stabilize the coastlines and maintain water quality442. 

Molluscs can also act as "ecosystem engineers" within a given community through a variety of 

interesting and often extraordinarily unpredictable interactions. In sedimentary environments, 

burrowing bivalves or those that are part of epifauna influence the community structure through 

sediment bioturbation, often providing the only hard substrate for the attack of sessile 

organisms444. 

Molluscs such as oysters (Crassostrea gigas), clams (Ruditapes philippinarum), scallops 

(Pecten jacobaeus), mussels (Mytilus sp.), Abalone (Haliotis sp.) and calamari (Loligo 

vulgaris) support important fishing and aquaculture industries throughout world443. Mollusc 

aquaculture contributes to reducing the fishing effort on wild animals through both intensive 

and/or semi-intensive aquaculture practices445. 

Aquaculture is one of the fastest growing food production sectors (FAO, 2016), and molluscs 

are among the dominant species produced by European aquaculture. The main producers in 

terms of volume (live weight) are Spain, France and Italy446. The two most bred species for 

bivalve molluscs are R. philippinarum and C. gigas (FAO, 2014). Shellfish production has 

grown considerably over the last 50 years, from 1.9 million tons in 1961 to 17.5 million in 2013 

(FAO 2017). Shellfish mariculture accounts for 35.87% of world aquaculture production, while 

only 9.91% for fishing364. The high demand for bivalves has caused price increases of 5-10% 

in international markets29. In the last few decades, however, there has been a worldwide 

increase in reports of diseases affecting marine organisms447, and more and more infectious 

diseases are affecting shellfish448. At sea, the increase in disease can alter the structure (e.g. 

specific richness) and the function (e.g. trophic diversity, biotic relationships) of the ecosystem 

generating different impacts on vertebrates, invertebrates, algae and plants, especially in the 

marine-coastal belt. The pathologies are recorded, in particular, in benthic organisms. The 

benthos is an effective bioindicator of environmental alterations, both natural and anthropic due 

to its relative space-time stability449. 

Furthermore, habitat degradation and polluting inputs, often determined by human activity, can 

facilitate the onset of diseases450. 
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Diseases represent a biological phenomenon capable of altering the functioning of an 

ecosystem.  

Parasites that influence the distribution, abundance and/or behaviour of shellfish species 

potentially impact greatly on communities and ecosystems442. 

Parasites have been shown to significantly interfere with host populations451 by initiating 

diseases that affect reproduction in complex ways, as well as affecting the absolute numbers of 

the host population. 

In modifying the individual traits of individuals (e.g. morphology, movement) and at the 

population level (e.g. density), etiological agents have the potential to directly and indirectly 

modify specific species interactions48. 

Pathogens can have particularly insistent effects on the structure and function of the 

community, where molluscs that are the founding species or ecosystem engineers infect and 

modify the traits directly involved in their ecosystem engineering452. They can also have 

particularly strong effects when they modify competitive interactions between hosts or even 

parasites, or between predators and prey453,454. In addition to influencing existing predator-prey 

relationships, parasites can facilitate new trophic interactions455,456. 

In addition to modifying traits at the individual and population levels, they can modify 

interactions such as competition, facilitation and predation and, in doing so, may create an 

indirect cascade effecting all aspects of the community structure. For example, on rocky shores, 

oysters and mussels are often the occupants of space, therefore, diseases that influence their 

abundance or reduce their size can change the structure of the community, freeing up space for 

colonization by other organisms442, and this could have significant negative effects on 

biodiversity48. 

The trophic transmission of pathogens from shellfish to their predators can cause diseases 

between higher trophic levels or altered feeding behaviour.  

Among marine organisms, molluscs are the second most concerned taxonomic group, after fish, 

in terms of parasites. The types of parasites that lead to shellfish diseases include: protists, 

bacteria, viruses and invertebrates such as trematodes, with modes of transmission ranging from 

direct to indirect. The best-known mollusc-parasite interactions are those that involve well-

studied or abundant species in areas with laboratories and field stations; or those that influence 

the value of commercial fishing or human health48,457. 

Furthermore, molluscs usually cohabit with a wide variety of microorganisms, some of which 

are potentially pathogenic458. Many stress factors (poor availability of food, changes in salinity 

and temperature, pollution) and the physic-chemical alterations of the environment are able to 
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modulate the host-pathogen interaction, determining an increase in susceptibility to infections 

by organisms hosts and/or an increase in the virulence of pathogens459. These changes can act 

on the pathogen allowing greater transmission between individual hosts, greater contact with 

new populations or species of hosts and selective pressure that leads to the dominance of 

pathogenic strains adapted to these new environmental conditions460,461, with biological 

consequences that, starting from the molecular-cellular level, have a rapid impact on individual 

and population levels459. 

The complex interaction between the host and parasite is therefore crucial for the infection 

process, the outcome of which depends in part on the host's immune system448. 

The first line of defence of molluscs against pests and predators is the shell. However, the 

pathogens that succeed in overcoming this line of defence, through the penetration of the shell 

or the ingestion by the host mollusc, activate the immune response of the molluscs that 

recognizes the "non-self", in the same way as the immune system of vertebrates does462. The 

mollusc immune system involves cellular responses such as phagocytosis and encapsulation 

through mechanisms of shell overgrowth (pearls), atrophy, necrosis and tissue responses463. 

Etiological agents can have negative effects on the growth rates of an organism when they 

damage the tissues, the shell or interfere with nutrition464. The organisms that pierce the shells 

like sponges and polychaetes can profoundly alter the integrity of the shell, which is 

fundamental to guarantee protection from predators465, to reduce mechanical stress466 and to 

better control the internal environment of a single mollusc467. Molluscs infested by these 

parasites respond by producing excess aragonite (calcium carbonate) to stem the intruder 

progression inside468. However, as a result of the response to infestation, an individual's living 

space can be reduced or damaged and, due to the energy costs of calcification469, the growth 

and reproduction processes can be affected465. 

The disease dynamics of cultivated and wild populations is often inextricably linked. 

Furthermore, the aquatic environment facilitates the horizontal transmission of pathogens470. 

We know from literature that wild populations can act as reservoirs for infections, which also 

affect aquaculture, and also the conditions of aquaculture could amplify diseases that lead to 

the "disease spillback" of wild populations471,472. 

Diseases and pests are currently a serious problem for shellfish farming worldwide, where huge 

investments have been made in hatcheries, nurseries, instrumental goods and labour364. 

One of the main problems in shellfish aquaculture is the repetition of episodes of widespread 

mortality, which is the cause of major economic losses, often difficult to eradicate. Mortality 

episodes can affect both larval and juvenile stage subjects and adult subjects. In most cases, 
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these episodes are attributable to pathogenic bacteria, usually opportunistic, of which the most 

known representatives belong to the genus Vibrio. Most of the bacterial diseases described so 

far in literature concern the larval stages produced in the hatchery for seed supply473. 

Unfortunately, many of the physicochemical environmental conditions suitable for the 

reproduction and larval development of molluscs are also favourable for the growth of 

opportunistic, sometimes pathogenic bacteria. Furthermore, due to many stressful conditions 

present in farms, such as the low quality of food or water, organic contamination and handling, 

the susceptibility of larvae to infections may increase474. 

It is estimated that in the UK pests cause an annual loss of 5.8-16.5% of the value of aquaculture 

production in all farmed species, in fresh and marine water systems. Since the shellfish bred 

are subject to an increasingly elevated consumer demand, in terms of quality and quantity, there 

is particular attention to reduce losses due to pathogenic agents and therefore to increase the 

productive capacity364. 

Despite past and current efforts to prevent the spread of infectious shellfish diseases, new 

outbreaks continue to be registered and, in endemic areas, diseases continue to constitute a 

serious obstacle for the industry475. 

The density of shellfish can have both positive and negative influences on the transmission of 

the disease. In the case of directly transmissible diseases, high densities can increase the 

prevalence and intensity of the disease by increasing contact between infected and uninfected 

individuals476. It has been hypothesized that one of the reasons why cultivated molluscs tend to 

have a much greater incidence of the disease than wild molluscs is because they are placed at 

artificially high densities that facilitate the transmission of the disease and cause stress among 

individuals477,478. However, in cases of diseases that have many hosts, the relationship between 

host density and infection may be negative. Many have shown a reduction in parasitic loads 

with high density of hosts479. 

Human activity has greatly favoured the global transport of alien species480,481, including 

pathogens. Largely due to the large number of aquaculture industries, molluscs are among the 

most translocated species in the world, with oysters of different species introduced in over 73 

countries482,483. 

Moving shellfish from their endemic areas can have serious consequences in the introduction 

of pathogenic organisms (e.g. Bonamia sp.) to areas that are presumed to be pathogen-free484. 

In addition to the intentional introduction of molluscs through aquaculture and the trade in 

aquariums, involuntary introductions and shellfish translocations on ship hulls can also lead to 

the introduction of etiological agents in new locations485. Furthermore, parasites and viruses 
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can be introduced into new places through bilge water. Bacteria and virus-like particles are 

abundant in bilge water485, and in some cases parasites have been found particularly widespread 

in the vicinity of ports486. 

On a continental scale, the introduction of non-native aquaculture molluscs can negatively 

influence the parasite load in native molluscs through the effects of "parasite spillover" and 

"parasite spillback". "Parasite spillover" occurs when non-native molluscs introduce new pests 

that subsequently pass to native hosts. The least studied "parasite spillback" occurs, instead, 

when non-native species acquire and amplify native parasites, increasing the impact of the 

disease in native species487. The acquisition of a native parasite by an allochthonous mollusc 

does not automatically lead to the "spillback" of the infection in the native fauna as in some 

cases the non-native molluscs can serve as "dead-end" hosts that are not able to disseminate the 

phases which are infectious to the parasite, or may decrease parasitic loads in the native host 

through dilution effects488. In addition to globalization, climate change is one of the factors 

involved in the shift of marine disease models489,490. Heating, ocean acidification and other 

physical environmental impacts such as rainfall changes, ocean currents and stratification can 

affect shellfish diseases affecting distributions and abundance of hosts and parasites, as well as 

immune responses, which influence interactions host-parasite442. 

Protozoa include parasites that can cause serious diseases in shellfish. Many of them belong to 

the genera Perkinsus, Haplosporidium, Marteilia and Bonamia and mainly infect marine 

bivalves, mostly ostreid, venerid and mitilids of economic interest474. 

According to what has been reported by the World Organization for Animal Health (Office 

International des Epizooties (OIE)), whose purpose is to ensure maximum transparency 

regarding the health status of animals in member countries for the prevention of the spread of 

infectious diseases, mollusc diseases to be notified are: 

• Abalone Herpesvirus infection 

• Bonamia exitiosa infection 

• Bonamia ostreae infection 

• Marteilia refringens infection 

• Perkinsus marinus infection 

• Perkinsus olseni infection 

• Xenohaliotis californiensis infection 

Haplosporidium nelsoni was also present in the previous registers of the OIE. 
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1.4.7.1 Marteliosis 

Marteliosis, also called Aber disease or pathology of the gastric gland, is caused by a protozoan 

belonging to the genus Marteilia which infects the digestive tract of bivalve molluscs491; it 

includes different species, including Marteilia refringens and Marteilia sydneyi. 

M. refringens infects oysters like O. edulis492, O. chilensis, O. puelchana, O. angasi and O. 

denselamellosa493 and other bivalves such as Ensis minor494, Mytilus edulis and M. 

galloprovincialis495, Solen marginatus496 and Chamelea gallina496. The first episodes of 

mortality due to the pathogen M. refringens occurred in 1920 in Brittany farms497; this infection 

spread considerably in the following years and culminated, between 1960-1970, in a fall in 

oyster production from 20,000 tons per year (t/y), first falling to 10,000 t/y in 1973 and 

subsequently to 8,400t in 1975. In particular, M. refringens was responsible, in 1968, for mass 

mortality events in the flat oyster (O. edulis) in the area of Aber Wrach, Brittany, and later 

spread to other European countries. M. refringens was recorded in Europe from the northern 

French coast towards the south to the Mediterranean Sea, as well as Corsica, Italy (including 

Sardinia), Slovenia, Portugal, Croatia, Greece and Tunisia493. 

Instead M. sydneyi is responsible for the Queensland Unknown disease (QX) in the oyster 

Saccostrea glomerata, in Australia498. M. sydneyi is now located over 900 km south of where 

it was first reported499. It is believed, for both species, that diffusion occurred through the 

commercial movements of the stocks among farmers in different regions; however, since M. 

sydneyi cannot be transmitted directly between the different oyster species, alternative potential 

hosts have been described499. Therefore, an alternative host should already have been present 

in the new locations or moved along with the oysters. 

The disease manifests itself most in the summer period, when, due to higher water temperatures, 

the pathogen sporulation process occurs more rapidly492,500. In Europe, this period begins in 

May, with peaks of infection from June to August, which then decrease in December501; in 

Australia it begins instead in January with peaks of infection in February and cases of mortality 

between April and May502. 

M. refringens and M. sydneyi present tropism for the digestive tract and, during severe 

infections, lesions prevent the absorption of nourishment. The death of the infected animal is 

therefore attributed to the inability to eat503. Macroscopically, yellowing and atrophy of the 

digestive gland can be seen, with a consequent reduction in the condition indexes495. There is a 

strong inflammatory reaction in the affected organs, represented by diffuse haemocyte 

infiltration sometimes followed by encapsulation504. In particular, in early stages of infection, 

represented by the presence of primary cells at the level of the stomach and intestinal cells, few 
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defensive phenomena are observed, while more advanced phases are more often accompanied 

by a moderate to strong interstitial haemocyte reaction of the digestive gland, with destruction 

of the glandular epithelium474. 

M. refringens has been responsible for the recurrent mass mortality of O. edulis in Europe over 

the past four decades505 and was therefore recognized by OIE and the EU (pursuant to Directive 

2006/88 / EC) as an important notifiable pathogen of bivalve molluscs292. 

 

1.4.7.2 Bonamiosis 

Bonamiosis is a protozoan disease, sometimes lethal, caused by organisms belonging to the 

genus Bonamia, an intracellular parasite that infects and multiplies in the haemocytes of 

ostreids belonging to different genera. The genus Bonamia includes four species: B. ostreae506, 

B. exitiosa, B. roughleyi507 and B. perspora. The species susceptible to B. ostreae are the flat 

oyster, O. edulis508, O. conchaphila (= O. lurida), O. angasi509,510, Tiostrea chilensis511 and O. 

pulcheana512, while C. gigas, mitilidi and veneridi are not affected. Ultrastructural and 

molecular studies suggest that the parasite may belong to the phylum Haplosporidia513. 

In 1979, the French flat oyster industry, already affected by M. refringens, was also damaged 

by B ostreae514, and production of the flat oyster fell to 2000 t/y29, leading farmers to the 

decision to start breeding the C. gigas species which is free of infection. 

In 1986, the New Zealand oyster, O. chilensis, suffered a loss of at least 60% in the area of the 

Strait of Foveaux. In 1992, only 9% of stocks remained in 1975515. The etiological agent has 

been identified as B. exitiosa516. Since then, the same pathogen has been detected in several 

oyster species in North and South America and in Europe, as well as in Australia and New 

Zealand517, although it is not known whether it was introduced in any of these regions. 

Today we know that the spread of Bonamiosi seems to be due to animal transfers, which took 

place in the United States in 1970 from California to Maine to Washington and then to France, 

Spain and the rest of Europe518. 

Bonamia is transmitted from a sick oyster to a healthy one by the respiratory or food route 

through the aqueous medium519; therefore, the movements of seeds or adult oysters and even 

larvae from endemic regions are potential sources of infection. The prevalence of B. ostreae is 

greater during the warm months, but the infections do not show strong seasonality514. The 

density and stress of manipulation seem to facilitate infections, which develop more quickly in 

breeding than in wild environments520. 



 

 54 

Once the oyster is exposed to the pathogen, 4-6 weeks are needed before the disease occurs. 

Transmission can take place throughout the year 521 although prevalence tends to increase from 

summer to autumn522. 

The infection is thought to begin with the phagocyte haemocytes of Bonamia cells at the level 

of the gill epithelium; later, the pathogen spreads to a haemocyte level where the other tissues 

proliferate523. Once inside the haemocytes524, Bonamia releases lipids that are incorporated into 

the phagosome membrane, to form the parasitophorous vacuole (PV). The modified phagosome 

membrane does not allow the formation of the phagolysosome and the consequent release of 

hydrolytic enzymes, favouring the intracellular survival of the pathogen. As the infection 

progresses, lysis and death of the haemocytes are observed, with consequent release of the 

parasite in the damaged tissues, mainly in the periglandular connective tissue523. The pathogen 

can be released into water either with pseudo faeces or after the death of the oyster525. 

Macroscopically, branchial and mantle lesions are visible in some cases, accompanied by a 

yellowish colour of the tissues. Its presence has been correlated to intense inflammatory 

phenomena of infiltrative/nodular type associated with necrotic facts474. 

 

1.4.7.3 Perkinsosis 

Perkinsosis, also called Dermo disease, is a parasitic disease caused by the protozoan Perkinsus 

sp. The first description of P. marinus dates back to 1946, following a massive oyster death in 

Louisiana (Gulf of Mexico)526. Over the years, at least six Perkinsus species have been 

identified and described, many of them infecting bivalves, except for P. olseni, also a pathogen 

for the abalone in Australia527. P. olseni is considered a serious danger for different species of 

veneridi. In Europe, including Italy 528, it affects Ruditapes decussatus, R. philippinarum, 

Paphia rhomboides, P. aurea and Venerupis pullastra. In Asia it also infects R. philippinarum, 

and R. decussatus in North Africa. 

It has been noted that mortalities coincide with hot, dry periods. Infection acquisition and 

development depend on temperature and follow a distinct seasonal cycle in which infections 

are acquired and developed at temperatures above or equal to 20°C and mortalities predominate 

at temperatures above 25°C529. 

Perkinsus sp. infects its hosts during feeding, entering the haemolymph where it proliferates 

within the haemocytes and spreads, resulting in a systemic infection that can sometimes cause 

the death of the host530. 

The infection usually begins in the gills, hammer and intestinal epithelium. The parasite 

destroys the epithelia, the basement membranes and is distributed in different tissues and 
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organs, causing an intense inflammatory response characterized by the formation of infiltrates, 

nodules and capsules, surrounding and destroying the pathogen474. 

After encapsulation, lysosomal enzymes in synergy with reactive oxygen species (ROS) pass 

on to encapsulated parasites in an attempt to destroy them. However, the percentage of 

destroyed parasites remains low (11% in R. philippinarum and 36% in R. decussatus)531. These 

low values are due to the fact that the Perkinsus cell wall consists of a proteolysis-resistant 

protein component. The disease has been studied in numerous species of sensitive bivalves532. 

 

1.4.7.4 Haplosporidiosis 

Haplosporids constitute a small group of endoparasites of marine invertebrates comprising, to 

date, 36 species, many of which are associated with animal diseases in bivalve mollusc farms533. 

The most studied species are H. nelsoni responsible for the multinucleate sphere unknown X 

disease (MSX) in C. virginica, on the east coast of North America, and H. costale, which causes, 

in the same species, the seaside organism disease (SSO)533. 

The genus Haplosporidium is also represented in other molluscs such as M. edulis in 

America534, Agropecten irradians in China535, C. edule in Spain536 here nicknamed 

Haplosporidium edule537. Furthermore, plasmodia of an unidentified parasite were observed in 

Abalone in New Zealand516 and in freshwater species such as Haplosporidium pickfordi in the 

snail538. 

Recent studies have revealed the presence of haplosporidia that cause a systemic infection in 

the pen shell (Pinna nobilis). In particular, uninucleated and plasmodia stages have been found 

in connective tissue and digestive tubules. The sporulation of the parasite in the digestive gland 

caused the collapse of the infected digestive cells, uninucleated stages were also found in 

hemolymphatic vessels539,540.  

The density of farmed animals is not a factor that favours infections, which can also be acquired 

in the absence of infected oysters nearby. Infections are acquired during late spring and summer 

and parasites proliferate more rapidly at temperatures above 20°C448. 

H. nelsoni shows high virulence in the C. virginica species, with cases of mortality also in 

progress and slight infections. Prevalence can reach 100% with mortality rates between 40-

80%541. Parasitism is associated with reduced animal weight and incomplete gonadal 

development542. In the course of strong infections, retraction of the coat is evident, general 

weakening with consequent opening of the valves, yellowing of the digestive gland and 

deposition of yellowish material in the inner valves474. 
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1.4.8 Zoonoses 
‘Zoonosis’ is usually defined as an infection which can be transmitted from animals to 

humans543. The World Health Organization emphasizes that zoonosis in reality describes cases 

wherein vertebrate animals are essential for sustaining infections in nature, while humans are 

accidental hosts544. When, instead, humans and animal are infected from common sources, non-

vertebrate organisms or the environment, it is defined ‘infections-in-common’. Infections-in-

common are often classified as a type of zoonosis545, but in this way infectious associations are 

more difficult to determine, above all regarding the biology and actual epidemiological links.  

With the identification of new bacterial pathogens, along with more advanced laboratory 

techniques, fish pathogens in humans is increasingly being studied, with more attention being 

paid to bacterial zoonoses. Numerous reviews have devoted much space to this issue545,546. Fish 

zoonoses include bacteria which are facultative pathogens with an environmental niche; 

differentiating between exact zoonoses and infections-in-common is not always possible. Table 

5 shows a summary of potential bacterial agents of fish zoonosis as reported by Gauthier (2015). 

 
Table 5. Summary of potential agents of fish-borne zoonosis 547 

 
 

Most protists are not dangerous from a zoonotic point of view, but they can be for aquatic 

animals. The potential of fish-to-human transmission has not been clearly shown, even if the 

zoonotic Cryptosporidium parvum has been reported in many fish species548,549. Among 

protozoan apicomplexan infections which have a certain zoonotic relevance there are infections 

due to Toxoplasma gondii, detected in in the skin, muscle, gill and gut tissues from several fish 



 

 57 

species sold on the market550. Moreover, the zoonotic parasites C. parvum and Giardia 

duodenalis have been identified in shellfish551,552, where parasite tissue sequestration takes 

place after filter feeding. Humans are more likely to be infected through shellfish rather than 

fish.  

However, there have been some related incidences of non-viable myxozoans in stool samples, 

raising concern for humans553,554. Furthermore, in Japan, fish infected with a Kudoa sp. 

provoked an allergic reaction555 and there are reports of food poisoning from Kudoa 

septempunctata after ingestion of raw olive flounder, Paralichthys olivaceus556.  

Of the thousands of digenean species, just over 200 may be dangerous to human health. The 

most notable, Schistosoma spp., causes ‘snail-fever’, a water-borne disease, which affects over 

200 million people, bringing infection and medical complications leading to more than 5500 

deaths annually, with an additional 600 million people involved in the aquatic business running 

a health risk557. Free-swimming cercaria, released by snails, penetrate the skin of humans 

helped by proteolytic enzymes558. Species belonging to the Opisthorchiidae, Heterophyidae 

and Plagiorchiidae, found in the muscle of fish, at a metacercarial stage, are dangerous to 

human health if fish are not corrected cooked and then ingested559. Clonorchis sinensis, 

Opisthorchis felineus and O. viverrini of the Opisthorchiidae family may also be present in 

incorrectly cooked fish, and also in under-processed infected fish560. The International Agency 

for Research on Cancer classified O. viverrini and C. sinensis as carcinogenic due to subsequent 

effects of infection559. Freshwater crustaceans infected by Paragonimus spp., of the 

Plagiorchiidae family, similarly endanger humans561. Nearly one billion people may be at risk 

of infection with Opisthorchis, Clonorchis and Paragonimus species562. Public health problems 

have been indicated for the genera Ascocotyle, Centrocestus, Haplorchis, Heterophyes and 

Metagonimus of the Heterophyidae family563,564. A Korean patient was reported as having been 

infected by C. complanatum having eaten raw L. japonicus565. 

Species of the Echinostomatidae family found in bivalves (clams), fish and crustaceans566, of 

the Gastrodiscidae family found in crayfish and squid567, and of the Gymnophallidae family in 

oysters568, the Microphallidae family in shrimp and crabs569, and the Nanophyetidae family in 

salmonids569 have been linked to other aquatic foodborne zoonoses. 

Humans are at the top of the food chain and often serve as the definitive host for many 

tapeworms associated to the aquatic environment, provoking huge concern for public health 

authorities. Cestodes of the Diphyllobothriidae family, the causative agents of nearly 20 million 

human cases of diphyllobothriasis globally, are one of the most notable fish-borne zoonoses570. 

The marine species Diphyllobothrium pacificum and the freshwater D. latum and D. 
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dendriticum are the two most common. The ingestion of raw or undercooked fish products is 

one of the prime causes of human infection associated to the presence of plerocercoid larvae. 

Likewise, many species of aquatic nematodes raise public health issues, with the most 

significant zoonotic roundworms being the marine anisakid nematodes, above all those 

belonging to the genera Anisakis, Pseudoterranova and, though of less concern, Contracaecum. 

Thousands of cases of infected humans are reported annually, yet again linked to ingestion of 

raw or undercooked fish products. In Japan alone, there are over 2000 cases yearly of 

gastrointestinal anisakiasis571. Marine mammals are the definitive hosts, but also several species 

of Contracaecum in birds, with man being an incidental or ‘dead-end’ host.  Anisakid larvae 

may infect humans but the illness is restricted, and the parasite soon dies. However, allergic or 

invasive disorders may sometimes arise and in these cases a surgical operation is necessary to 

remove them. Again, the ingestion of raw or undercooked aquatic fish from freshwater 

environments can result in human infection by the larval stages of Gnathostoma spp., above all 

in South America and Asia, leading to gastrointestinal or more serious larva migrans 

syndromes572. In South-east Asia, intestinal capillariasis, following infection by Capillaria 

philippinensis, is rife, with a lower incidence of disease from the red nematode Eustrongylides 

spp.573. The most adequate definitive hosts for the two above mentioned species are fish-eating 

birds. Raw infected fish products may trigger human intestinal infection, as female worms lay 

fertilized eggs and larvae in the intestines, which then re-infect the host again, or spread into 

the environment.   
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2. AIMS OF THE STUDY 
 

The overall aim of this thesis is to describe emerging pathologies in aquatic organisms (teleosts 

and molluscs) reared in laboratory and used for research purposes, coming from aquaculture 

farms, as well as from natural environment. 

All cases were analysed during the Ph.D. project carried out at the Sicilian Centre for 

Experimental Fish Pathology (Centro di Ittiopatologia Sperimentale della Sicilia, CISS), 

University of Messina, Italy. 

 

The study has been divided into three different sections: 

1. Diseases of laboratory fish – All fish used for research in CISS laboratory that have 

been found positive to emerging pathologies (Papers I, II and III). 

2. Diseases of fish from aquaculture – All fish used for research, in CISS laboratory, 

coming from aquaculture farms that carried pathologies that could affect research results 

(Paper I). 

3. Diseases of wild aquatic organisms – Several fish species and samples of P. nobilis, 

analysed at the CISS laboratory, coming from the natural environment, which showed 

emerging pathologies (Papers III, IV, V, VI and VII). 
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3. MATERIALS AND METHODS 
 

A total of 3831 fish belonging to several species (D. rerio, M. cephalus, S. aurata, D. labrax, 

A. regius, C. auratus, C. carassius, A. brama, L. mormyrus, S. trutta fario, C. caelorhincus, C. 

complanatum, P. reticulata, X. variatus and Xiphophorus hybrid) and 14 molluscs belonging 

to the species P. nobilis and P. rudis were investigated at the Sicilian Centre for Experimental 

Fish Pathology (Centro di Ittiopatologia Sperimentale della Sicilia, CISS) for histopathology 

analysis (Fig. 1).  

 

 
Figure 1. CISS laboratory 

 

The Animal Welfare Committee of the University of Messina, the National Institute of Health 

and the Italian Ministry of Health approved all experimentation procedures according to 

European Union (EU) Directive 63/2010 and Italian legislative decree 26/2014574,575. 

In 2010, the CISS laboratory was licensed by the Italian Ministry of Health for experimental 

activities using fish species, according to EU Directive 63/2010, as a facility for the use and 

production of fish for experimental purposes. The CISS establishment has 3 different 

laboratories: a zebrafish breeding facility, a quarantine laboratory, and a principal laboratory 

where all experiments are carried out. The principal laboratory is divided into 3 dedicated areas 

(saltwater species, freshwater species and experimental procedures) and is provided with 50 

fibreglass and plastic tanks (capacity of 120 to 800l); each tank is equipped with independent 

biological-sand and activated carbon filters, aerator pumps and automated monitoring systems 



 

 61 

for continuous water parameter controls (Oxywifi2, Tecnos, Chioggia, Italy). Zebrafish 

maintained only in the zebrafish breeding facility are bred in a ZebTEC Active Blue Stand 

Alone system (Tecniplast). Water is disinfected by ultraviolet treatment (minimum dose 

135,000mWsec/cm2) in this recirculating housing system, from reverse osmosis-treated city 

water and salt is added to a conductivity of 450 mS. Environmental conditions at the main 

enclosure (water tanks) are held at 27±1°C, pH 7.2±0.3, and a DO content of 6.00ppm for 

freshwater species. Marine species are kept in seawater, artificially reconstituted by the addition 

of salt (Blue Treasure Sea Salt, Qingdao Sea-Salt Aquarium Technology Co. Ltd, China), with 

the following guaranteed parameters: temperature of 20–22°C, pH 8, DO 7 ppm and salinity of 

1035 g/l. In addition, marine and freshwater fish undergo a light/dark cycle (14 light/10 dark) 

and are fed twice daily with Artemia Nauplii (JBL Artemio Pur, BL GmbH & Co. KG, 

Germany) in the morning and a commercial diet (GEMMA) in the afternoon. 

All fish kept at CISS are checked once a day for health status; clinical observations of animals 

and histopathological assessment of retired stocks (> 18 months for zebrafish) or occasional 

dead fish. Fish sentinel monitoring is performed twice yearly through molecular, 

parasitological, bacteriological and immunohistochemical screenings of pre-filtration and post-

filtration sentinel specimens from the zebrafish facility. Fish species purchased from the 

ornamental fish trade or the aquaculture industry or animals for experimental purposes lacking 

the correct health certifications are examined calculating a realistic sample size from the fish 

stock. Fish are analysed by the abovementioned lethal diagnostic tests depending on population 

size and researchers’ needs during the quarantine period or end of trials17,26,576–578. 

 

3.1 Materials 

3.1.1 Samples from laboratory fish 

Fish from CISS laboratory 

1465 zebrafish (D. rerio), 28 C. auratus, 30 variable platyfish, (X. variatus) and 70 guppies (P. 

reticulata) were kept under controlled conditions at CISS and used in experimental projects in 

various fields of study. Analyses were carried out by the diagnostic service of CISS, and 

histology techniques, fresh sample microscopy, PCR diagnostic and culture methods were 

adopted for screening for pathogens. All specimens in the surveys (moribund fish, animals that 

died within the previous 12 hours and live fish euthanized during or at the end of the research) 

underwent complete necropsy. Carcasses were analysed to highlight gross changes, after 

decontamination of external surface with 70% ethanol. Microscopic examination of smears 

from the blood, gills, skin, and internal organs, (gall bladder, intestine, kidney, liver, gonads, 
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and heart) was carried out; histological evaluation and microbiological and molecular assays 

were also assessed in specimens. Biological samples were all collected aseptically. 

 
Zebrafish from aquarium shop 

Twenty D. rerio specimens (10/12-month-old wild-type male D. rerio and 10 females), 

acquired in 2012 from a local aquarium shop, which had previously been imported from a 

Singapore breeding plant, were examined at CISS. All fish were euthanized with hypothermic 

shock in an ice bath to perform a histopathology periodical screening for the laboratory health 

surveillance. In particular, gill histological sections were stained with haematoxylin–eosin 

(H&E) and periodic acid schiff (PAS) techniques. These sections were observed using an 

optical microscope (100-1000x). Complete gill arches were extracted from fresh fish during 

necroscopy and a genomic DNA extraction from 30mg of branchial tissue was performed 

directly to confirm a suspect Centrocestus formosanus infection.  

 
Xiphophorus hybrid  

The CISS laboratory received a female Xiphophorus sp. from an aquarium shop. The fish was 

3.5cm in size and 7g in weight, with a localized mass on the dorsal portion of the right side, 

close to the dorsal fin. Following necroscopy, the mass was processed with histological 

haematoxylin-eosin (H&E) and Masson's trichrome (MT) and immunohistochemical analysis 

(melan A and S100).  

 
3.1.2 Samples from aquaculture 

Fish from aquaculture 

Twenty tench (T. tinca), 323 S. aurata, 296 D. labrax, 60 C. carpio and 80 meagre (A. regius) 

from diverse aquaculture farms were received by the CISS laboratory and used in experimental 

projects for several fields of study. Analyses were carried out by the diagnostic service of CISS, 

and histology techniques, fresh sample microscopy, PCR diagnostic and culture methods were 

adopted for screening for pathogens. All specimens in the surveys (moribund fish, animals that 

died within the previous 12 hours and live fish euthanized during or at the end of the research) 

underwent complete necropsy. Carcasses were analysed to highlight gross changes, after 

decontamination of external surface with 70% ethanol. Microscopic examination of smears 

from the blood, gills, skin, and internal organs, (gall bladder, intestine, kidney, liver, gonads, 

and heart) was carried out; histological evaluation and microbiological and molecular assays 

were also assessed in specimens. Biological samples were all collected aseptically. 
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Dicentrarchus labrax from broodstock 

The CISS laboratory received an adult brood fish of D. labrax, from an Italian aquaculture farm, 

for histopathological analysis. The fish presented a mass inside the coelomic cavity. Following 

necroscopy, the mass was processed with histological (H&E and MT) and 

immunohistochemical analysis (Actin smooth muscle, Vimentin, Desmin and S100). 

 
3.1.3 Samples of wild aquatic organisms 

Fish from natural environment 

Twenty bogues (Boops boops), 340 mullets (M. cephalus), 80 common dentex (Dentex dentex), 

and 20 A. anguilla sampled from natural environments, were received at the CISS laboratory 

and used in experimental projects in diverse fields of study. Analyses were carried out by the 

diagnostic service of CISS, and histology techniques, fresh sample microscopy, PCR diagnostic 

and culture methods were adopted for screening for pathogens. All specimens in the surveys 

(moribund fish, animals that died within the previous 12 hours and live fish euthanized during 

or at the end of the research) underwent complete necropsy. Carcasses were analysed to 

highlight gross changes, after decontamination of external surface with 70% ethanol. 

Microscopic examination of smears from the blood, gills, skin, and internal organs, (gall 

bladder, intestine, kidney, liver, gonads, and heart) was carried out; histological evaluation and 

microbiological and molecular assays were also assessed in specimens. Biological samples 

were all collected aseptically. 

 
Cobitis bilineata from northern Italy 

Thirty specimens of C. bilineata, purchased as live bait for fishing in natural fresh water basins 

in Piemonte (Northern Italy), were sent to CISS due to the presence of whitish nodules, in some 

of the specimens, which were found above all near the operculum. Live fish were anesthetized 

with tricaine methanesulfonate MS-222 and the nodules were surgically removed to extract the 

parasites. Following surgery, antibiotic therapy dissolved in water using enrofloxacin (0.5 mL/3 

L) was administered. The parasites were preserved in 70% ethanol and then clarified in 

Amman’s lactophenol for morphological identification according to Caffara et al. (2011). A 

small portion of the samples were employed in molecular identification, amplifying and 

sequencing the COI mtDNA as described by Caffara et al. (2011). Nodules containing the 

encysted metacercariae of 5 fish were processed for histopathological analysis following 

standard methods. 
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Coelorinchus caelorhincus from southern Sicily 

One hundred and twenty hauls were carried out, in total, at depths between 10 and 800 m (Fig. 

2)580, in a study area in southern Sicily (37443 km2, geographical sub-area (GSA) 16 as defined 

by the General Fisheries Commission for the Mediterranean Sea581. Data were collected in 

June/July 2015 in the framework of the MEDITS project582.  

 
Figure 2. Map of the sampling area (GSA 16, South of Sicily). Haul positions are indicated in grey circles580. 

 

Sampling was carried out with a commercial trawler from Mazara del Vallo (Sicily, Southern 

Italy). Bottom average sea water temperature was recorded by minilog582. Nine hundred and 

twenty-four hollowsnout grenadiers (Coelorinchus caelorhincus) were caught, in total, and 

frozen on board immediately following capture. On arrival in the laboratory, all fish were 

weighed individually (total and gutted weight (TW & GW), in g) and measured (pre-anal length 

(PAL), in mm)580. PAL was used instead of total length, as most specimens were missing the 

tip of the tail due to damage during trawling583. All fish were analysed for ectoparasites, which 

were preserved in 70% ethanol and identified following Kabata (1992) keys. A sub-sample of 

10 infected C. caelorhincus was fixed in 10% buffered formalin for histopathological study.  

 

Salmo trutta fario from Calabria (southern Italy) 

Fourteen specimens of S. trutta fario, with visible morphological alterations, from two 

sampling stations in Calabria (Southern Italy) were examined. The first 7 specimens with 

deformities came from one station in the Cufalo river (LAT: N 38°.05.842; LON: E 

015°51.297; ALT: 1321m) and the other 7 from a second station in the same river (LAT: N 
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38°.06.111; LON: E 015°52.061; ALT: 1425m). A control group of a further 4 specimens, with 

no visible deformities, came from a third station in Diga del Menta (LAT: N 38°.07.443; LON: 

E 015°54.190; ALT: 1335m) (Calabria, Southern Italy).  

Substrate at the 3 sites was similar to pebble-stones with a significant accumulation of detrital 

banks with herbaceous vegetation and vegetal debris, surrounded by thick bushes. The Diga del 

Menta area was selected as a control area as there had been no reports of deformed fish from 

there. 

All sampling sites were measured with a multi-parameter probe (Aquaread Aquameter AP800) 

for water physicochemical parameters (temperature, conductivity, pH and dissolved oxygen).  

An agreement had been drawn up between the Department of Veterinary Sciences, University 

of Messina and the Ente Nazionale Protezione Animali (ENPA) to allow access to the sampling 

areas. 

Specimens were received at CISS, where they were registered, measured and photographed. 

They were then sampled at various growth stages and measurements from 11 cm to 24 cm in 

length and 14 to 196 gr in weight were observed. All specimens were necropsied, following 

Marino et al. (2016a), to obtain samples of muscle and vertebral column for heavy metals along 

with parasitological and histopathological analyses. 

 

Wild fish presenting unusual masses 

Three diverse masses from wild fresh and salt water fish were analysed. 

One adult crucian carp (C. carassius, L 1758) from a commercial stock sampled at the fish 

market, Milan (Italy), coming from Lake Trasimeno (Central Italy) was received at the 

laboratory, 17.6cm in size and 278g in weight, showing a lobular mass on the lower right jaw.  

One adult freshwater bream (A. brama), which had been caught in the Acquedolci - Po delta 

(Area Porto Viro - Rome, Italy) was received from the same market. It was 25.8cm in size and 

470g in weight, with a single, raised, nodular mass, on the right side of the caudal fin. 

One adult steenbras (L. mormyrus, L 1758) caught in the Ionian Sea, off the coast of Taormina 

(Sicily) was received at CISS from the Experimental Zooprophylactic Institute of Sicily. 

19.6cm in size and weighing 327g, it showed multilobulated, ulcerated masses on the right side. 

Following necroscopy, the 3 masses were processed for histological (H&E, MT and PAS) and 

immunohistochemical analysis (pan-cytokeratin, S-100, vimentin, anti-human muscle actin and 

calretinin). 
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Pen Shell from Tyrrhenian sea 

After mass mortality events (MMEs) from diverse areas in the Campania and Sicily regions, 

samples were gathered and sent to our laboratory by divers in the marine protected area (MPA) 

of Punta Campanella from the north-southeast part of Campania. Contemporarily, samples were 

also gathered by local fisherman in Messina (Sicily, Southern Italy) (Fig. 3)586. 

 
Figure 3. Map of the two sampling areas in the Tyrrhenian Sea (A, B) (black square) with sampled sites (6 red dots). Mortality 
reports from SCUBA divers and IUCN are underlined in red. Green lines denote the location of the AMP Punta Campanella586. 

After being put in iceboxes, specimens were brought to the laboratory for anatomical 

description, measurement of valve length and dissection of organs.  

Thirteen moribund animals of the pen shell P. nobilis and 1 specimen of P. rudis were gathered 

from two regions of the Tyrrhenian Sea: Campania and Sicily. Mortality episodes of between 

80% and 95% were reported by scuba divers in both areas during sampling, depending on 

location and season, seen from empty valves, as observed in many other parts of the Italian 

Tyrrhenian Sea (Fig. 4)586. 
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Figure 4. Dead specimens of P. nobilis in Tyrrhenian Sea, Tharros, (OR, Sardinia) over the phanerogame Cymodocea 
nodosa586. 

 

To help in disease diagnosis, as negative control, a healthy specimen of P. nobilis, not 

presenting any visible sign of disease, showing strong adductor muscles, well-closed valves, 

and good coloration of tissues on examination, was also gathered in Campania.  

All of the specimens showed the presence of Palaemonidae shrimps Pontonia pinnophylax in 

the valves; there were 2 per bivalve in 7 specimens (53%). 

Further information on animal size, disease diagnosis and macroscopic lesions can be seen in 

Table 6 as reported by Carella et al. (2019).  
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Table 6. Results of PCR analysis of specimens of P. nobilis. a) Moribund animal; with presence of Ziehl-Neelsen-positive 
bacteria. b) Non- moribund animal. c) Liquid cyst at digestive tissue level. * Specimen of P. rudis586. 

 
 

The Campania study area covers a large geographical zone including the main habitat for P. 

nobilis from 5 sites: in December 2017 in Massa Lubrense 1 (40°36′45,7′′, 14°19′58,1′′) and 

Massa Lubrense 2 (40°34′57.5′′N 14°21′22.6′′E); Ischia island, AMP Regno di Nettuno (N 

40°42,075′, 013°56, 268′E) and Positano in April 2018 (40°37′3,6′′, 14°27′27,1′′); and in May 

2018 Cilento 1 (39°59′58.59′′N, 15°25′40.13′′E) and Cilento 2 (40°10′23.9′′N 15°05′08.4′′E). 

In Sicily, there were two locations: Torre Faro (35°15′50.18′′N, 15°38′34.71′′E) and Paradiso 

(38°13′6.91′′N, 15°34′4.78′′E) (Fig. 3)586. Authorization for gathering P. nobilis specimens was 

given by the Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA) (Ref.: Prot. 

25888 5 April 2018). A description of each specimen’s status was carried out during 

macroscopic assessment, and valve length and the presence of epibionts were registered. Using 

a blade, animal valves were opened, and the flesh was studied macroscopically, checking for 

any possible signs. Impression smears of the digestive glands, gills, mantle and ovaries were 

obtained, air dried, fixed in absolute ethanol, and stained with May–Grunwald–Giemsa quick 

stain (Bio Optica, Milan, Italy) for cytological analyses. Samples from the mantle, digestive 

glands, gills, labial palps, adductor and retractor muscles and gonads were fixed in Davidson’s 

solution. In addition, portions of digestive gland and mantle were preserved in 2.5% 

glutaraldehyde for transmission electron microscopy (TEM) examination. Fragments of bivalve 

tissues and shrimp P. pinnophylax were fixed in absolute ethanol for DNA isolation. 
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P. nobilis and P. pinnophylax tissue samples were embedded in paraffin blocks and cut to 5 μm 

with a rotary microtome (Bioptica, Naples, Italy). Tissue sections were deparaffinized, stained 

with H&E and examined by light microscopy (Zeiss Axioscope A1). Additional staining 

techniques were also performed: Gram, Mallory Trichrome, Ziehl-Neelsen and PAS587. 

 
3.2 Methods 

3.2.1 Anaesthesia 

Live fish were anaesthetized with MS-222 (Sigma Aldrich, Milano, Italy) at a concentration of 

200 mg/L (buffered with 400 mg/L of sodium bicarbonate)588 for blood sampling, imaging 

and/or experimental processes. Antibiotic therapy after surgery was administered using 

enrofloxacin (0.16mg/L) dissolved in water, in certain cases. 

 
3.2.2 Euthanasia  

Fish euthanasia was carried out using an overdose of buffered MS-222 (500 mg/L) for all adult 

fish, or hypothermic shock in an ice bath (five parts ice to one-part system water at a constant 

temperature of 2–4°C) for zebrafish (no direct contact with ice). No adjuvant method was used. 

Adults were exposed for at least 10min after cessation of opercula movements, and fry 4–7dpf 

were exposed for at least 20min after cessation589. 

 

3.2.3 Gross pathological examination 

After confirmation of state of death, the specimens were placed on the necropsy table, in a 

lateral decubitus position, with head turned to the left, to highlight the possible presence of 

deformities, of a congenital or acquired nature, e.g. deviations of the vertebral column; 

nutritional status, sign of proper nutrition or debilitating diseases; skin lesions, such as ulcers, 

haemorrhages, traumatic lesions, fungal or yeast formations, nodules and new growths; 

anomalies of the covering mucus, as well as the freshness of the fish. 

Fin examination. Examination of the fins, with the aid of a stereoscope, permitted to easily 

observe and document any lesions that were present. With the help of a flat forceps, the fins 

were distended as much as possible to observe possible erosions, haemorrhages, and/or 

presence of parasites. 

Gill examination. A gill examination was carried by cutting the operculum to highlight 

possible variations in the colour of the gills, haemorrhages, and ulcers. A parasitological 

examination using a stereoscope was carried out in all specimens, to find possible branchial 

parasites590.  
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Eye examination. Examination of the eye allowed to determine not only the freshness of the 

fish, but also to detect possible dependent diseases.  

Oral cavity examination. An oral cavity examination was carried out in all specimens to 

document the possible presence of erosions, or haemorrhages, deriving from viral or bacterial 

pathologies, neoformations and/or the possible presence of parasites including isopods, 

ulcerative lesions. 

Anal cavity examination. An anal cavity examination was performed in all specimens to detect 

the potential presence of swelling, bleeding and/or leakage of faecal material. 

 

3.2.4 Necropsy 

An adequate disinfection of external surfaces was carried out before starting the necroscopy 

procedures to avoid any possible contamination of results by the introduction of external 

bacterial agents. The abdominal cavity was opened, using buttoned or blunt scissors, pliers, and 

scalpel, where necessary. A first cut was made with the scalpel along the ventral line, anteriorly 

to the anus, also affecting the muscular plane, keeping the skin lifted as much as possible to 

avoid severing the internal organs and/or contaminating the cavity with faecal material. The 

incision of the abdominal wall, in cases of distension, was always carried out with particular 

care to avoid hiding the causes. In the coelomic cavity, the presence of liquid, of various nature 

(serous, haemorrhagic, etc.), was recorded. After removal of the abdominal wall, the 

pathological condition of each organ, such as the intestine, the stomach, the liver, the gonads, 

and the heart was checked (different appearances of these organs may be related not only to the 

state of freshness of the fish, but also to pathologies in the subject due to bacterial, viral and/or 

parasitic diseases). 

 

3.2.5 Radiographic examination 

On cadaver specimens, radiographic examinations were performed for zebrafish and goldfish 

and brown trout. This examination was carried out using a 425mA High-frequency Fiber 

Multimage (Univet 160 LX) radiopharmaceutical instrument equipped with mobile fire to 

obtain radiogenic beam projections parallel to the table, prior to autopsy. The Kodak X-OMAT 

24X30 radiographic cassettes were equipped with Kodak LANEX reinforcement screens: films 

were Kodak TMAT G/RA type.  

As all specimens were <10 cm thick, no anti-scatter grids were needed. Positioning was 

obtained using radio transparent base and orthogonal projections were selected (lateral and 

ventral projection).  
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Fish were radiographed in three projections in the following order: ventral-dorsal, 30 right 

lateral-dorsal-left lateral- ventral oblique and 30° left lateral-dorsal-right lateral-ventral oblique. 

 
3.2.6 Soft tissue digestion 

Soft tissue digestion was performed on a brown trout specimen with visible skeletal deformity, 

immerging it in a 36% solution of hydrogen peroxide (130 vol) for 72 hours to obtain a clear 

three-dimensional anatomical view of the vertebral column with deformities.  

 
3.2.7 Histology 

For histological purposes, all samples were fixed and stored in 10% buffered formalin solution 

for 48h, rinsed in tap water for 24h, dehydrated through a graded series of alcoholic solution 

(70% for 12h, 80% for 8h, 90% for 3h, 100 I for 1h and 100 II for 1h), clarified in xylene 

(Xylene I for 1h, Xylene II for 1h) and, finally, embedding in paraffin wax at 56°C for 6h585,591–

593. 5 µm thick tissue sections were treated with lithium carbonate in 70% alcoholic solution 

and then stained with H&E, MT, PAS, Grocott and Ziehl-Neelsen (Bio Optica, Milan, Italy). 

 

3.2.8 Immunohistochemistry  

Immunohistochemical investigations were carried out with sections on silanized, coated slides. 

The sections were treated in a moist chamber with: 1) 0.1% hydrogen peroxide (H2O2) in 

methanol to block intrinsic peroxidase activity (30 min at room temperature (RT)); 2) normal 

sheep serum to prevent unspecific adherence of serum proteins (30 min at RT); 3) Monoclonal 

mouse antibodies against wide spectrum pan-cytokeratin, anti-human smooth muscle actin, 

anti-human muscle actin, vimentin, melan-A, calretinin, desmin, polyclonal rabbit antibody 

against S100 and  against Mycobacterium avium were used at 4°C for 16hrs. Antibody details 

are shown in Table 7; 4) sheep anti-rabbit or anti-mouse immunoglobulin antiserum (Behring 

Institute; w.d. 1:25; 30 min at RT); 5) mouse anti-horseradish peroxidase-antiperoxidase 

complexes (Dako Cytomation; w.d. 1:25; 30 min at RT).  

Sections were incubated in darkness for 10 min with 3-3’ diaminobenzidine tetra hydrochloride 

(Sigma Chemical Co., St Louis, MO, USA), in 100 mg of H2O2, in 200 ml 0.03% of phosphate-

buffered saline (PBS)594 to demonstrate peroxidase activity. Nuclear counterstaining was 

performed by Mayer’s haemalum. So as to rule out the possibility of a non-specific reaction, 

known positive tissue sections and negative controls without any primary antibody were used 

as controls, in testing the specificity of each immunostaining procedure. 
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Table 7: IHC antibody details 

 
 

3.2.9 Scanning Electron Microscopy (SEM) 

Samples were dehydrated in increasing alcoholic solutions, subsequently dried according to 

critical point method and metallized with a palladium gold layer (20 nm ± 5%) for observation 

by a scanning electron microscope ZEISS EVO MA10. 

 
3.2.10 Transmission Electron Microscopy (TEM) 

Five specimens from diverse zones were processed for TEM observation, looking for pathogens 

of a different nature. Sections of digestive gland tissue from each specimen were placed in 2.5% 

glutaraldehyde, post-fixed in 2% OsO4, and embedded in Epon. Ultra-thin sections were 

stained with uranyl acetate and lead citrate and were examined in a JEOL JEM 1010 TEM at 

80 kV. 

 
3.2.11 Bacteriological examination 

Fresh kidney and liver samples were collected for bacteriological analysis. Tissue samples were 

cultivated on the following media: brain heart infusion (BHI) and BHI agarþ1.5% NaCl, Marine 

Agar 2216 E, blood agar + 1.5% NaCl, thiosulfate citrate bile salts sucrose (TCBS) þ+1.5% 

NaCl, and cultures were incubated at 24°C for 24–48 h. Tests were carried out on all the isolates, 

including: growth at different salinity and temperature, Gram stain and strain identification by 

miniaturized system, and Analytical Profile Index (API) 20E. The Bionor Elisa kit specific 

against Photobacterium damselae subspecies piscicida was used for result confirmation.  

 
3.2.12 Molecular Analysis 

C. formosanus DNA isolation and PCR amplification 

Genomic DNA extraction from 30mg of frozen branchial tissue was carried out, using an 

E.Z.N.A Tissue DNA Kit (Omega bio-tek) for nucleic acid extraction. Following Wanlop et al. 

(2017), the ITS2 gene was amplified by polymerase chain reaction (PCR) using the following 

primers: forward 3S (5´-GGTACCGGTGGATCACTCGGCTCGTG-3´) and reverse BD2 (5´-
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TATGCTTAAATTCAGCGGGT-3´). PCR was carried out in 25 µl reactions containing 1 µl 

of extracted DNA, 4 µl of 25 mM MgCl2, 2 µl of 10 nM dNTPs, 1.5 of 25 pmol of each primer, 

5 µl of 10X AmpliTaqGold® PCR Buffer and 0.3 µl of AmpliTaq Gold® (Applied 

Biosystems). The cycling conditions were as follows: heat step 5’ at 95°C; 1’ at 94°C, 1’ at 

60°C, 1’ at 72°C for 35 cycles and an elongation step of 7’ at 72°C. PCR amplicon was run in 

2% agarose gels stained with SYBR® Safe DNA gel stain (Invitrogen) (Fig. 5)596. Sequencing 

reactions were performed with a Big Dye Terminator Cycle Sequencing Kit v3.1 (10” at 96°C, 

5” at 60°C, 4’ at 60°C for 25 cycles) and detected with 3500 Genetic analyser apparatus 

(Applied Biosystems). Sequence alignment was performed using the Sequencing Analysis 

Software 6 (Applied Biosystems). Homologous sequences were found using NCBI BLAST 

service597.  

 
Figure 5. 2% agarose gels stained with SYBR® Safe DNA gel stain (Invitrogen)596. 

 

C. complanatum DNA isolation and PCR amplification 

Total DNA was extracted from frozen samples using an E.Z.N.A Tissue DNA Kit (Omega bio-

tek) following manufacturer’s instructions. Internal transcribed spacer (ITS) ribosomal 

ribonucleic acid (rRNA) was amplified as reported by Gustinelli et al. (2010) and Caffara et al. 

(2011), and a fragment of cytochrome c oxidase I (COI) mtDNA was amplified using the 
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protocol and degenerate primers of Moszczynska et al. (2009). PCR products were sequenced 

using Big Dye Terminator Cycle Sequencing Kit v3.1 (10” at 96°C, 5” at 60°C, 4’ at 60°C for 

25 cycles) and detected with 3500 Genetic analyser apparatus (Applied Biosystems). Sequence 

alignment was performed with Sequencing Analysis Software 6 (Applied Biosystems). 

Homologous sequences were found using NCBI BLAST service. 

 

P. nobilis DNA isolation and PCR amplification 

DNA was isolated from frozen samples of diverse tissues using the Qiagen Blood and Tissue 

Kit (Qiagen). DNA quality and quantity were checked with a Nanodrop ND-1000 

spectrophotometer (Nanodrop Technologies, Inc.). 

DNA was amplified by PCR with OsHv-1 primers (OsHVDPFor/OsHVDPRev) by Webb et al. 

(2007), generic haplosporidian primers (HAPF1- HAPR3)491 and primers derived from the 16S 

rRNA sequence of mycobacteria, mycgen-f (5′-AGAGTTTGATCCTGGCTCAG-3′) mycgen-

r (5′-TGCACACAGGCCACAAGGGA-3′), following601. A positive control was used for 

OsHv-1 PCR reaction. PCR was performed in 25 μl of reaction volume containing 1 μl of 

genomic DNA, 12.5 μl of GoTaq MasterMIX (Promega) at 1x concentration, 6.5 μl water and 

2.5 μl of each primer (10 μM). PCR products were electrophoresed on 2% agarose gels in 1x 

TAE buffer. The amplified fragments were gel eluted and directly sequenced. Negative controls 

were included in the PCR reaction, using water instead of DNA samples. 

BLASTN analysis was carried out using the nucleotide sequences obtained in the present study. 

The sequences were then submitted to GenBank (accession numbers are listed in Figures 6 and 

7)586. 
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Figure 6. Neighbour-joining tree of the 16S rDNA sequences. Analysis involved 22 nucleotide sequences and 882 positions in 
final dataset. Percentages of bootstrap replicates are shown next to the branches. Red asterisks (*) and pink square indicate 
sequences obtained in this work (ML: Massa Lubrense; SIC: Sicily; PO: Positano; IS: Ischia; CI: Cilento). Blue square and 

Table show reported cases from literature on mycobacteriosis in mollusc species586. 
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Figure 7. Neighbour-joining tree of the 18S rDNA sequence of haplosporidian parasite. Analysis involved 20 nucleotide 

sequences in final dataset. Percentages of bootstrap replicates are shown next to branches. Red asterisk (*) indicates 
sequence obtained in this work586. 

 

Pairwise p-distances were calculated among the 16S nucleotide sequences of Mycobacterium 

sp. obtained in the present study and those of different Mycobacterium species present in 

GenBank, chosen on the basis of the highest BLASTN score. Also included was the 16S 

sequence of Mycobacterium sp. KR822678 isolated from sea scallops602 and of M. marinum 

and M. ulcerans, which can infect marine molluscs545,603. The nucleotide alignment was 

constructed using ClustalW and the neighbour-joining tree was obtained using the Maximum 

Composite Likelihood model implemented in MEGA X55–61 with 1000 bootstrap replicates. 

 

Mycobacterium detection in fish 

With regard to biomolecular analysis, DNA was investigated on wax embedded tissue samples 

prepared for histological examination and extracted using the Gene Elute kit (Sigma Chemical). 

PCR was targeted to the ITS using universal primers. To detect specific DNA in the genus 

Mycobacterium, primers Int1 and Ext2 (5’-CCCCATCGACCTACTACG-3’; 5’-

CCCGGACAGGCCGAGTTT-3’) were used604. PCR products were analysed by gel 

electrophoresis and sequenced by the Applied Biosystems 3.1 version kit and 3130 genetic 

analyser Applied Biosystems 3130. The sequence data collected were compared with known 

sequences in GenBank using WU BLAST 2 software. 
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Lymphocystivirus detection 

Molecular assay carried out confirmed infection. After detection of viral DNA, it was extracted 

from cutaneous tissue and quantified by real-time PCR. 

 

3.2.13 Elemental analysis 

Elemental analysis was carried out on 4 severely deformed brown trout using a SPECTRO 

XSort instrument, a portable, compact X-ray fluorescence (XRF) analyser.  

A standardization (ICALization), including a multi-channel analyser recalibration (MCA), was 

required before measurements were conducted and was performed automatically by the Spectro 

XSort spectrometer. 

The Spectro XSort is equipped with an X-ray tube using a Rh anode, an acceleration voltage of 

50 kV and current intensity ranging from 21A to 125A. 

XRF analysis was conducted directly on samples (muscle and vertebral column) to determine 

chemical identification of the samples. If heavy metals were present, a docking station, from 

the manufacturer, was used to prevent leakage radiation. 

An outer protective film of transparent adhesive tape, supplied by the manufacturer, was put 

over the sensitive window to protect the tube–detector system from contamination which might 

occur from the window opening during measurements. 

 
3.2.14 Gamma Spectroscopy 

Gamma spectroscopy analysis was carried out following necropsy on a homogenised sample 

of all waste tissue of S. trutta fario from all 3 stations using the ORTEC FoodGuard Foodstuffs 

Monitoring system. It consisted of a 3in.x3in. sodium iodide (NaI(TI)) spectroscopic gamma-

detector in a lead shield, an ORTEC digiBASE all-in-one spectrometer. The multichannel 

analyser function, the high voltage for the NaI detector, and all the signal processing electronics 

were supplied by the digiBASE605. 

Sample material was put into a Marinelli beaker (1 litre), which was then put onto the detector 

in the shield. Using the FoodGuard software the process was initiated, collecting data, analysing 

the spectrum, and checking results. 

The number of counts was converted into an activity concentration in the sample, in Bq/kg; the 

concentration calculated was the minimum detectable amount (MDA) for the isotope, which 

was the smallest quantity of a radioisotope that can be detected with 95% confidence. 

The spectrum analysis used an "interference ROI matrix" method, approved by the US Food 

and Drugs Administration (FDA) for monitoring foodstuffs. 
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A “background” assessment was carried out before initiating gramma spectroscopy analysis 

measurement of the sample. An empty Marinelli beaker was put onto the detector and a one-

hour measurement carried out. The sample was then homogenized, put into a Marinelli beaker 

and weighed, using an analytical scale (0.740 ± 0.001) kg. Acquisition time was set at 12 hours 

and results were displayed using a customized food monitoring application. The software 

automatically displayed the spectrum as a result of "gross counting" - "background".  

No sample preparation was required for conducting elemental analysis and gamma 

spectroscopy. 

 
3.2.15 Radioactivity investigation 

A radioactivity investigation was carried out on S. trutta fario muscle samples. 137C and 40K 

specific activity was quantified through gamma spectrometry measurements. The investigated 

samples were placed in a 1L Marinelli beaker and counted for 70000 s. The 661.66 keV 137Cs 

gamma ray line was used to determine activity concentration, while for 40K, evaluation was 

carried out from γ-line at 1460.8 keV. 

The experimental setup was made up of an Ortec HPGe positive biased detector (GEM) and 

integrated digital electronics: FWHM was 1.85 keV, peak to Compton ratio 64:1 and relative 

efficiency 40% at 1.33 MeV (60Co). The detector was positioned inside lead wells to shield 

background radiation environment.  

Efficiency and energy calibrations were carried out using a multi peak Marinelli geometry 

gamma source (SV 277) of 1 L capacity, covering the energy range 59.54 keV-1836 keV, 

customized to reproduce the exact geometries of samples in a water-equivalent epoxy resin 

matrix. Gamma Vision (Ortec) software was used for data acquisition and analysis.  

The activity concentration of each identified radioisotope was calculated using the following 

formula: 

𝐶 =
𝑁𝐸

𝜀𝐸𝑡𝛾𝑑𝑀(𝑉) 

 
NE indicates the net area of a peak at energy E, εE and γd are efficiency and yield of photopeak at energy E,  

respectively, M mass sample in kg and t live time (s). 
 

3.2.16 Mineral contents by AAS 

Brown trout sample preparation: 0.2 grams of each sample tissue (muscle and vertebral column) 

were gently digested overnight with 1.67 ml of 70% HNO3 in a Teflon vessel; 550 µl of H2O2 

was then added. Samples were mineralized in a microwave oven (MDS-2100 model, CEM 

corporation, Matthews, NC, USA; power 950±50 W at 100%) and TeflonTM PFA reactors 

equipped with a system of pressure regulation (with a vessel acting as sensor). Likewise, 
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analytical controls were prepared without samples to check for any eventual contamination 

during analysis. After mineralization, samples and controls were poured and brought to a 

volume of 25 ml with ultrapure water. All glassware used during sample preparation and 

analysis were treated with 0.1% HNO3 to avoid eventual contamination. 

Detection: Ca, Cd, Cr and Zn concentrations were detected following Naccari et al. (2009) by 

graphite furnace atomic absorption spectrometry (GF-AAS) using an AA Varian model 

220/Zeeman spectrophotometer (Mulgrave, Victoria, Australia), equipped with single element 

hollow cathode lamps, Spectra AA 220/Zeeman software for result processing, a Varian PSD 

autosampler and using Zeeman effect background correction. Method validation: Method 

validation was performed following Feldsine et al. (2002). Standard mixtures at 4 concentration 

levels (1.0, 2.0, 4.0 and 6.0 ng/ml; 10.0, 20.0, 40.0 and 60.0 ng/ml and 2.0, 4.0, 6.0 and 8.0 

ng/ml for Cd, Cr and Zn respectively) were analysed to check linearity. Accuracy and 

repeatability of the method were assessed by carrying out a spike-and-recovery test. The sample 

blanks were fortified with the metals before digestion. Recovery was measured using fortified 

samples (n=3 replicates), each one at 4 concentrations (1.0, 10.0, 25.0, and 50.0 µg/g; 5.0, 20.0, 

50.0 and 100.0 µg/g; 0.5, 5.0 10.0 and 20.0 µg/g for Cd, Cr and Zn respectively). Spike 

recoveries were repeated 3 times and results were expressed as mean percentage of recovery. 

Recovery values, always above 95.5% for Zn, 98.4% for Cd and 98.8% for Cr, demonstrated 

the accuracy of analysis. 

Precision of the method was expressed as mean ± SD (n=6). Two solutions were prepared to 

determine detection limits: the first was close to the detection limits while the second was 

double. Good laboratory practice (GLP) was applied throughout and procedural controls were 

also analysed. Specificity was confirmed by analysis of control samples; for all elements, 

control concentrations were lower than the respective detection limits.  

 
3.2.17 Parasitological analysis 

A total worm count was carried out to identify the presence of internal parasites and relative 

abundance. Precisely, the oesophagus, stomach and intestine of fish were removed and closely 

examined; contents were collected relative to anatomical sites, sieved to disperse gross food 

residues, placed in 10 cm Petri dishes and observed under a stereomicroscope to collect the 

parasite. Isolated parasites were preserved in 70% ethanol, clarified with glycerol and later 

identified according to Moravec (1994).  
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3.2.18 Statistical Analysis  

Infection levels were calculated following Bush et al. (1997): prevalence is the percentage of 

individuals infected; mean intensity the average number of copepods per infected host; mean 

abundance the average number of copepods across all host individuals in a sample. 

Power length-weight relationship parameters were calculated for all individuals. Relative 

condition factor (Krel) was calculated according to the expression610: 

Krel = GW/a × PALb. 

Differences in condition between infected and uninfected specimens were tested by the Mann-

Whitney U test.  

Lengths of infested and non-infested specimens were not normally distributed; thus, the non-

parametric Kruskall-Wallis test was used to test the null hypothesis that the median length did 

not differ between infested and non-infested specimens. 

Analysis of parasite spatial distributions was carried out using geostatistical methods. Single 

haul data were adopted to generate a map of prevalence rates. Analyses were performed using 

Arc View 9.2 (ESRI). Kriging was used to interpolate data with a stochastic technique. The 

kriging method determines the statistical relationship between values at sampled points, and 

then applies this relationship to generate predictions about unmeasured points. The sampling 

area of C. caelorhincus was restricted by using an interpolation mask. The Spearman test was 

used to test the correlation between prevalence and depth and temperature. 

Data obtained from heavy metals analysis were expressed as mean ± SD of at least 4 

determinations. Statistical analysis by one-way analysis of variance (ANOVA) and Student-

Newman-Keuls test for unpaired data were performed. A value of p<0.05 was considered 

statistically significant. 
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4. RESULTS 
 
Pathologies found in aquatic organisms during this study and their possible effects on 
experimental research are reported in Table 8.  
 

Table 8. Spontaneous diseases registered for each species 

 

None: diseases that had no particular effects on research procedures; low: diseases with low impact on research procedures and that do not 
change results of study; severe: diseases with high impact on research, this pathology can invalidate analysis and study; mortality: diseases 
causing mortality and consequently invalidating the study; exclusion: diseases that preclude fish from research as they could invalidate study. 

 
4.1 Diseases of laboratory fish 

Health monitoring in fish from CISS laboratory  

D. rerio. Twenty-four adult zebrafish from transgenic lines raised at CISS presented several 

congenital abnormalities (cranioschisis attributable to incomplete bone welding of the cranial 

vault, albinism and microcephaly associated with microphthalmia). 

Some zebrafish embryos presented various skeletal abnormalities, e.g. vertebral axis 

abnormalities and pectoral and caudal fin anomalies. 

Eight adult male, wild-type zebrafish were affected by Mycobacteriosis and showed severe 

emaciation and moderate ascites. Organs and tissues did not show any macroscopic changes. 

Histology confirmed classic systemic granulomatosis; several granulomas were identified on 

the parenchyma of the spleen. Microbiological and molecular examinations confirmed the 
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presence of Mycobacterium spp.; further speciation revealed the presence of M. marinum, M. 

chelonae and M. fortuitum in the analysed tissue.  

One adult wild-type D. rerio presented a black mass on the under-lip margin. Histological 

evaluation and immunohistochemistry were carried out and a schwannoma, with a description 

following Marino et al. (2012), was diagnosed. 

C. auratus. A chemical test showed a concentration of ammonia in the water above normal 

levels (0.5 mg/L) for 15 goldfish (nine males and six females) that showed symptoms of 

intoxication (erosions and epidermal bleeding). The fish-tank water was partially substituted, 

and ammonia levels were normalized within 24 h. 

A goldfish presenting abdominal distension underwent radiographic examination, which 

confirmed the presence of renal cysts. 

In 4 goldfish (one male and three females) that presented white dorsal masses, a cytological 

examination was performed following anaesthesia. Myxosporidiosis was diagnosed, and the 

genus Myxobolus identified (Fig. 8)611. The fish were euthanized after identification of parasitic 

spores. 

 
Figure 8. Evidence of Myxobolus sp. in C. auratus (May Grunwald Giemsa 40x)611. 

 

Schwannomas were diagnosed in 3 adult, 7-year-old goldfish (one male and two females); (Fig. 

9) the tumours presented as subcutaneous soft nodular bulges which, in H&E-stained sections, 

were composed of elongated cells and showed defined borders. Moreover, the presence of 

Antoni A and B tissue was present at H&E, and immunohistochemistry analysis was positive 

to S100 and calretinin, confirming the diagnosis. 
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Figure 9. Schwannoma in C. auratus. 

 

Five adult gold fish (three males and two females) cultivated as broodstock in the same tank, 

two X. variatus acquired from a private aquarium shop, and 14 P. reticulata (10 males and four 

females), cultivated in the same tank in the laboratory and used for fish production within CISS, 

developed a chronic infectious disease with ulcerated skin lesions and tumour-like nodules. The 

P. reticulata and C. auratus specimens were euthanized, whereas the two X. variatus specimens 

died spontaneously. All fish were found positive for mycobacteriosis following histological 

examination showing granulomatosis; Ziehl-Neelsen staining showed the presence of acid-fast 

bacteria, possibly Mycobacterium spp. 

 
Centrocestus formosanus infection in zebrafish 

Out of 20 specimens of D. rerio analysed (showing a total body mean length of 3 cm, with a 

range of 2.8 cm – 3.2 cm), 4 presented branchial cysts of parasitic origin (Fig. 10)596.  
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Figure 10. Metacercaria cysts in zebrafish gills. Several nodular lesions in the gills. Fusion of two primary lamellae and 
thickening and distortion of the primary lamellae. Newborn tissue included several secondary lamellae (arrows), characterized 
by slight fibroblastic hyperplasia surrounding a central cavity containing parasitic body residues (H&E 10x)611. 

 

Fish did not show any clinical signs of disease. Histopathology showed several nodular lesions 

in the gills from the 4 positive fish. Gill lesions appeared as miliary, round bulges, with well-

defined, white margins. The infected part of the lamella was dilated with some fusion of two 

primary lamellae. Most of the histopathological changes were characterized by thickening and 

distortion of the primary lamellae. Hyperplasia of the epithelial cells resulted in partial, and 

occasionally total, fusion of the secondary lamellae. Gill hyperaemia was also observed. 

Irregular hyperplasia of epithelial cells could be seen. Moderate mononuclear infiltration was 

observed in the peripheral area of the lesion. Regenerating secondary lamellae were 

characterized by a slight fibroblastic hyperplasia surrounding a central cavity containing 

parasitic body residues (Fig. 11)596. A single digenean metacercaria with the characteristic oral 

and ventral suckers could be seen in each cyst (Fig. 12)596. 
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Figure 11. Details of metacercaria inside parasitic cyst (asterisk). Chondrocytes forming the host cyst wall (arrow) (H&E 
20)596. 

 
Figure 12. Details of metacercaria suckers (arrows) (H&E 40)596. 

 

A 2-4 μm thick refractive capsule surrounded the metacercariae. The host response included 

encapsulation around the cyst. The host cyst wall consisted of mostly elongate chondrocytes, 

next to the parasites. In the periphery, there were valleys of chondroid metaplasia surrounding 

a central space containing parasitic larvae or larval residues. These cartilaginous cells showed 

moderate basophily in H&E sections and PAS positivity, confirming the cartilaginous nature 

of the cells. The typical “eye spot”, characterized by basophil round bodies, from encysted 

metacercariae residues, was found in only one case. PCR amplification using the primer pair 

specific for C. formosanus yielded an amplicon of 517bp (Table 9)596 for the 4 positive samples. 

Blasts showed a similarity of 100% with Centrocestus formosanus isolate 33.3 internal 



 

 86 

transcribed spacer 1, 5.8S rRNA gene, and ITS 2, complete sequence; and 28S ribosomal rRNA 

gene, partial sequence, accession number KY075665.1. 

 
Table 9. Evidence of the 517bp amplicon for the 4 positive zebrafish to C. formosanus596.  

 

Melanoma in Xiphophorus hybrid  

Xiphophorus spp. hybrid presented a lobulated, brown-coloured mass on the back, in the right 

lateral part of the body, under the dorsal fin (Fig. 13a)612. Tumour size, irregularly shaped, was 

2x4 mm. Epidermis covering the tumour was smooth, non-ulcerated and with no lesions. In 

section, neoplastic tissue was seen to be smooth. Histopathological analysis demonstrated it 

was characterized by irregularly polygonal cells, dissimilar in shape, appearance and size. 

Neoplastic tissue seemed to originate from the dermis and grow outward through the epidermis. 

(Fig. 13b)612 In some districts, neoplastic growth surrounding scales was noted. In the tumour 

section close to the insertion point, there were many scattered melanocytic cells, occasionally 

found in clusters (Fig. 13c)612. Scattered, large, stellate, nerve-like, thick cellular colonies were 

noted, rich in fine brown granulation. On treating histological sections with melanin bleach 

pigmentation disappeared, thus confirming the melanotic nature of the cells. Furthermore, in 

the sections, there was a minute quantity of connective elements. Overall, scanty necrosis, some 

mitoses, and a regularly distributed vascularization throughout the neoplastic tissue was noted. 

Immune reaction showed positive neoplastic cells when tested with S-100 and melan A 

antibodies (Fig. 13c)612. A diagnosis of melanoma was made.  
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Figure 13. Xiphophorus spp. hybrid melanoma: (a) lobular brown mass evident on the right dorsal side, close to the dorsal 
fin; (b) (H&E) confirming the derma (arrow) origin of the neoplastic tissue (asterisk); (c) Melan-A (MEL A) antibody (asterisk) 
positive reaction612. 

 
4.2 Diseases of fish from aquaculture 

Health monitoring in fish from aquaculture 

D. labrax. During post-mortem parasitological analysis, the dinoflagellate Amyloodinium sp. 

was identified on fresh skin and gill samples analysed from two fish. 

In total, 25 fish died of chronic photobacteriosis with necrotic foci and granulomas in the spleen 

(Fig. 14)611, kidney, liver, and heart due to the presence of Photobacterium damselae subsp. 

piscicida. 

 

 
Figure 14. Photobacteriosis in seabass. Note enlarged spleen with necrotic/granulomatous foci611. 
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Overall, 58 D. labrax were found positive for sphaerosporosis (S. dicentrarchi) in the intestine 

during post-mortem histopathological analysis. Eight seabass presenting signs of acute 

infectious disease with skin and multi-organ haemorrhages were euthanized. At 

microbiological analyses, the fish were positive for vibriosis (V. anguillarum). 

S. aurata. After 4 months of farming, 32 seemingly healthy S. aurata juveniles, both males and 

females, presented the typical clinical signs of lymphocystis virus disease with the 

manifestation of diverse skin proliferations on the fins, dorsum, mouth, and on the lateral side 

of the body. Three fish from each tank were euthanized and autopsied; tissue samples were 

collected for histopathological and molecular analyses and confirmed diagnosis of 

lymphocystis disease (Fig. 15)611 from the presence of viral DNA in all examined fish. 

 
Figure 15. Hypertrophic dermal fibroblast with viral cytoplasmic inclusions (H&E 40x)611. 

Just one case of ‘winter disease’ was recorded in a gilthead sea bream after coming from a fish 

farm, with pale skin, clouded eyes, pale liver, abdominal swelling, ascites and a haemorrhagic 

gut. Sea water temperature on the fish farm was 14°C. 

 A total of 23 S. aurata (10 males and 13 females) were histologically positive for 

enteromyxidiosis at post-mortem analysis and E. leei was identified (Fig. 16). 
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Figure 16. Evidence of E. leei 

During parasitological analysis, 70 adult fish (32 males and 38 females) were found positive 

for gall bladder myxosporidian infection; Ceratomyxa sparusaurati was identified in fresh 

samples of the gallbladder, which however showed no clinical signs. Myxosporidian parasites 

had colonized the mucosa of the intestine with varying degrees of severity. 

C. irritans was observed in 25 fish after a partial water substitution with marine water. Deaths 

occurred 3 days after the change, and the only evident macroscopic signs were white spots on 

the skin of the dead fish. 

A. regius. On histological analysis, 40 adult A. regius, both males and females, demonstrated a 

chronic evolution of granulomas (Fig. 17) localized in the spleen, kidney, liver, heart and 

intestine. Subsequently, 6 of the fish died of severe cryptocarioniasis. 

The other fish species (C. carpio and T. tinca) showed no disease. 
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Figure 17. Granuloma in A. regius 

Leyomioma in Dicentrarchus labrax 

A nodular mass was found inside the coelomic cavity of a fish specimen, emerging from the 

external stomach wall, 5.4cm in diameter, botryoid shaped, poorly vascularised, with ill-defined 

margins, grey-white in colour, and firm consistency (Fig. 18).  

 
Figure 18. Sea bass gastric tumour. 

 

The tumour was slightly lobular, lardaceous in appearance, in section, with empty vacuoles 

inside presenting a whorled, bulging, trabeculated cut surface (Fig. 19). 
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Figure 19. Section of mass showing slightly lobular, lardaceous appearance, with empty cavities inside. 

Histologically, the tumour tissue presented a somewhat circumscribed border, a non-capsulated 

structure and was made up of spindle cells with a parallel orientation in interlacing bundles or 

intermittently with a whirling pattern (Fig. 20).  
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Figure 20. Tumour spindle cells arranged in a parallel orientation in interlacing bundles (H&E 20x) 

 

The tumour cells presented a minute quantity of eosinophilic cytoplasm within well-defined 

cell borders. The mucosal epithelium was intact, and the underlying neoplastic cells showed no 

infiltration into the epithelium. The nuclei contained elongated, cigar-shaped nucleoli with 

blunt or rounded ends. There were no mitotic figures, necrosis or pleomorphism. Furthermore, 

no invasion and metastases of the tumour cells was seen. Mallory’s trichrome staining labelled 

the tumour cells along with normal muscle fibers seen in red, and only a small quantity of 

collagen fibers was noted in the stroma (Fig. 21). Immunohistochemically, tumour cells were 

positive for desmin, vimentin, and alpha smooth muscle actin (α-SMA), but not for S100 (Fig. 

22). Our findings were consistent with the diagnosis of cutaneous leiomyoma. 
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Figure 21. Muscle fibers surrounding the tumour tissue (MT 20x) 

 

 
Figure 22. a). alpha smooth muscle actin (α-SMA) positive reaction; b). vimentin positive reaction; c). desmin positive 

reaction; d). S100 negative reaction. 

4.3 Diseases of wild aquatic organisms 

Health monitoring in fish from natural environment 

M. cephalus. Overall, 64 wild adult M. cephalus (38 males and 26 females) were positive for 

zoonotic pathogens. While no clinical signs were seen, 4 fish were histologically positive for 

trematode metacercaria of the genus Heterophyes and 60 were positive for mycobacteriosis. 

Immunohistochemistry and microbiological culture confirmed the genus Mycobacterium, 
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while PCR confirmed that the principal species was M. fortuitum. In total, 32 mullets presented 

lymphocystis disease. 

The other fish species (D. dentex, B. boops, and A. anguilla) showed no disease. 

 
Clinostomum complanatum infection in Cobitis bilineata 

Twelve out of thirty (Prevalence = 40%, Mean abundance = 0.8, Mean Intensity = 2) fish 

presented whitish nodules under the skin (Fig. 23)613. 

 
Figure 23. Macroscopical features of the yellow grub disease in C. bilineata613. 

The specimens were 5 to 8 cm in length (mean = 7.2 cm). The most frequent site of infection 

of the parasite was the gill operculum and the lower portion of jaw. Positive specimens had 1 

to 3 nodules (mean = 2). Larvae were removed and examined at stereoscope (Fig. 24)613. 

 



 

 95 

 
Figure 24. Clinostomum complanatum at histological analysis. Scale bar 1mm613. 

Larvae (n = 10) had an oral collar. The ventral sucker was larger than the oral one. A glandular 

structure was seen in the forebody, anterior to the ventral sucker. Intestinal ceca were lateral to 

ventral sucker and genital complex, with prominent lateral pouches. Testes were not as large as 

in adults, with more digitations visible. The cirrus sac was well developed; Ovary was irregular 

in shape and smaller than the cirrus sac. Vitellaria were not visible. Excretory ducts connecting 

at the posterior extremity in the V-shaped vesicle were closely juxtaposed to the ceca ends. 

Morphometrical study (Table 10)613 enabled identification of the parasites collected as the 

species C. complanatum. BLAST analysis of the sequences obtained (GenBank accession 

number KU236382) gave 100% identity with C. complanatum. 
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Table 10. Measurement of ten metacercariae after surgical removal from C. bilineata. Length and width of oral sucker, 
length and width of ventral sucker and distance between suckers613. 

 
Metacercariae were usually encysted in the derma and in lower muscular tissue. Each parasite 

was surrounded by a single capsule produced by the fish host. In several histological sections, 

some microanatomical characteristics of the parasites were seen, e.g. oral and ventral suckers, 

and typical spines on the external surface of the body. The most obvious tissue changes were a 

minor atrophy of the muscle and/or connective tissue surrounding the nodules. A low number 

of lymphocytes were found at the site of attachment of the parasite, near the oral sucker. 

 

Lophoura edwardsi infection in Coelorinchus caelorhincus 

C. caelorhincus was found in 39 out of 120 hauls (Table 11)580, and 54% (21/39) were positive 

for the presence of L. edwardsi (Fig. 25)580.  

 
Table 11. List of hauls with relative depth range (m) in sampling sites, in Southern Sicily580. 
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Figure 25. Map of positive hauls in the trawl survey580. 

The parasites were attached via cephalosomes, deeply embedded in the host dorsal musculature. 

The infection site was always close to the dorsal fin, barring in 2 specimens where it was 

detected on the side of the hosts. In 3 cases, the posterior trunk of the parasite was missing and 

only the embedded cephalic holdfast was recovered, buried in the musculature. 

Histological analysis showed a granulomatous reaction in the skeletal musculature around the 

cephalosomes of the parasites, combined with deep inflammatory cell infiltration that seemed 

to spread into the muscle interstitium (Fig. 26)580.  
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Figure 26. Inflammatory infiltrate (asterisk) that deepens in the musculature from the implant point (arrow) (H&E 2.5x)580. 

In some cases, the mouthparts of the parasite were seen deep in the host musculature next to 

the vertebral column and there was always a granulomatous reaction (Fig. 27)580.  
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Figure 27. C. caelorhincus. Histological section of skeletal muscle with portions of the cephalosome (arrow) of L. edwardsi 

provoking a deep granulomatous reaction (asterisks) (H&E 10x)580. 

Furthermore, histological analysis demonstrated that the chitinous surface of the cephalosome 

of L. edwardsi reacted strongly to eosinophilic staining (Fig. 28)580.  

 
Figure 28. C. caelorhincus. Detail of the cephalosome (arrow) of L. edwardsi embedded within a granulomatous (asterisk) 

tissue reaction in the deep portion of the skeletal musculature (H&E 20x)580. 

The transformed adult female copepods were identified as L. edwardsi. Host condition was 

tested, but there was no significant difference (Mann-Whitney U = 546, p > 0.05) in the value 

for infected (Krel = 1.00) and uninfected (Krel = 1.01) fish. 
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Nine hundred and twenty-four C. caelorhincus were analysed in total and 94 were parasitized 

by L. edwardsi. Prevalence rate was 10.2% (CL: 8.41-12.37), mean intensity was estimated as 

1.05 (CL: 1.01-1.12), and mean abundance 0.11 (CL: 0.09-0.13). 

Lengths of C. caelorhincus caught ranged from 19 to 105 mm and from 20 to 70 mm (PAL) for 

non-infested and infested specimens, respectively (Table 12)580.  

 
Table 12. C. caelorhincus. Length and weight of individuals collected from experimental bottom trawl surveys in the south of 

Sicily. PAL: pre-anal length; TW: total weight; GW: gutted weight; N: number of specimens; SD: standard deviation580. 

 
 

The Kruskall-Wallis test showed significant differences (p < 0.01) between the median length 

of infested (43 mm PAL) and non-infested samples (53.3 mm PAL). The prevalence of L. 

edwardsi in respect to the length of host can be seen in Figure 29580.  

 
Figure 29. C. caelorhincus. Parasite prevalence (P%) as a function of the pre-anal length (PAL)580. 

 

Prevalence decreased with host length; all copepods observed on C. caelorhincus were less than 

70 mm (PAL). 

The spatial distribution by haul (with >20 specimens) can be seen in Figure 30580; 
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Figure 30. C. caelorhincus. Prevalence (P%) of L. edwardsi in the South of Sicily580. 

 

Hauls with <20 specimens were excluded from the mapping. A longitudinal gradient (W-E) in 

parasite presence was seen with prevalence ranging from 0 to 34.6%. 

L. edwardsi was found between 113 (P = 25%) and 607 m (P = 10.5%) depth with the highest 

prevalence around 300 m (P = 34.6%) (Fig. 31)580. A negative correlation was found between 

prevalence and depth (rs = -0.40; p = 0.03). No direct correlation was found between prevalence 

and sea bottom temperature (rs = -0.056; p = 0.77). 

 
Figure 31. C. caelorhincus. Prevalence (P%) of L. edwardsi as a function of depth (m)580. 
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Cystidicoloides ephemeridarum infection in Salmo trutta fario  

Water parameters gathered in all 3 stations during the research were within the common 

environmental range.  

Following necropsy, no visible lesions were seen in skin, eyes, gills, mouth and anal mucosa of 

the specimens. Nonetheless, a series of irregularities of the silhouette, attributable to axial 

changes of the rachis, was visible throughout the length of the specimens (Fig. 32). 

 

 
Figure 32. Trout showing skeletal deformities 

Within the coelom cavity, visceral topography was normal and there were no gases or liquids 

caused by pathological processes. Moreover, there were no alterations to the cranial and caudal 

kidneys, the heart, the liver, the gas-bladder, the spleen or the pancreas; there were no changes 

to liver size or colour; muscle was lesion-free and correctly adhered to the vertebral column. 
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Radiographic examination showed severe deformations of the vertebral axis, seen from 

kyphosis, lordosis and scoliosis, along with mixed forms, only in specimens from the first 2 

stations. No axial deformation was detected in samples coming from the third group (Fig. 33a 

and b).  

 

 
Figure 33. X-ray photographs showing: a) Six trout with the most severe skeletal deformities from the first two stations; b) 

Trout coming from the third station with no skeletal deformity 

Following soft tissue digestion, the vertebral column presented severe deformity in samples 

from the first 2 stations. Microscopic examination confirmed what was visible macroscopically. 

Histopathology of the vertebral column demonstrated evident changes along the median axis 

(Fig. 34) and also permitted the exclusion of the presence of myxobacteria and myxozoan 

parasites, in particular Myxobolus sp. No additional tissue alterations were detected in the 

remaining tissues.  

 
Figure 34. Histological evidence of skeletal deformity with specular arrangement of contiguous vertebrae showing irregular 

mineralization as well as unequal bone and cartilage disposition (H&E 5x). 
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Anatomical preparation was perfectly matched to radiographic images, underlining cranial-

caudally scattered axial deformities. 

Contents of the elements P, Mn, S, Fe, K, Ni, Cu, Ti, Sr, V were concurrently determined in 

the vertebral column and in the muscle samples and showed normal values in the muscle and 

vertebral column samples. The analytical error given for the Spectro XRF corresponds to the 

statistical error with a confidence level of 95%.  Results obtained from XRF measurements to 

assess contamination levels (g/kg) of heavy metals in the vertebral column and muscle 

samples did not show high level of contamination. With the exception of samples number 5, 8, 

9 and 11, results indicated values below the detection limit. However, all positive results were 

below the Italian regulation limits. 

Gamma spectrometry results demonstrated no radioactive contamination, in accordance with 

art. 3 COM (2010) 184 final 2010/0098 (CNS).  

In particular, radioactivity investigation highlighted that radiocaesium massic activity was 

lower than the minimum detectable activity concentration (MDC), (1.06 Bq/kg and 1.03 Bq/kg, 

respectively), while for 40K, an activity concentration of (198.84 ± 29.82) Bq/kg and (185.81 

± 23.65) Bq/kg was found.  

Heavy metals determination by AAS emphasised the presence of cadmium in sample tissues 

(muscle 0.08-27.04 vs 0.76-2.25 ng/g, and vertebral column 1.19-55.22 vs 2.00-13.42 ng/g) as 

well as zinc (muscle 19.12-11,389.19 vs 79.70-3,360.29 ng/g, and vertebral column 65.38-

10,797.57 vs 175.19-6,987.71 ng/g) in the samples collected in the first two sampling points 

compared to controls. Chromium values were, however, lower than detection limit in all 

samples examined barring vertebral column samples 5, 8 and 12, which would seem statistically 

significantly different compared to controls (5.61-87.73 vs <LOD ng/g). 

Furthermore, control samples demonstrated the presence of cadmium and zinc in both muscle 

(mean value 1.671 and 2272.19 ng/g, respectively) and vertebral column samples (mean value 

7.46 and 3369.35 ng/g, respectively).  

A massive infestation of nematodes of the C. ephemeridarum species was recorded in the 

gastrointestinal tract of 14 subjects out of 18 (77.7%). SEM analysis showed micro anatomical 

details which are helpful for parasite identification (Fig. 35).  
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Figure 35. C. ephemeridarum head (a) and tail (b) and SEM detail. 

The nematode has a whitish body and the length of the male is between 5.25 and 8.16 mm, with 

a maximum width of 0.09-0.16mm. The terminal portion is spiral-shaped, with uneven and 

dissimilar edges, being more heightened to the left. A total number of 957 parasites were 

collected from 14 parasitized fish; 930 parasites (97% of parasitic burden) were found in 

samples with skeletal deformities, while only 27 parasites (3%) were detected in healthy fish 

from the control group. Mean abundance and intensity were 53.167 and 56.294 respectively. 

 

Tumours in wild fishes  

C. carassius showed a principal, yellow, mass of 20x10x5 mm, dense in consistency, distorting 

the lateral profile of the lower jaw on the right side of the head (Fig. 36a)612. Two smaller 

tumours, 8x5x2 mm and 6x4x2 mm, were seen on the right lateral body side. Histopathology 

demonstrated the same lobular features for all 3 masses with a high number of spindle-shaped 

cells organized in parallel and interwoven bundles. The tumour masses were surrounded by a 

thin connective capsule. Tumour cells were moderately monomorphic, elongated with vesicular 

cytoplasm and ovoid nuclei (Fig. 36b)612. Nearly all the tumour masses showed densely packed 

cells with a storiform pattern, yet several scanty, almost acellular areas could be observed. 

These two cellular patterns resembling Antoni A and B tissue patterns indicated a diagnosis of 

schwannoma. No connective tissue was observed by Masson’s trichrome specific stain. Few 

scattered eosinophilic granular cells were observed in the tumour tissue, which was richly 

vascularized, showing neither necrosis nor haemorrhages, and a very low mitotic index. 
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Immunohistochemistry demonstrated strong immunoreactivity for S-100 (Fig. 36c)612 and 

calretinin proteins, while vimentin was negative. Macroscopic and microscopic results were 

consistent with a diagnosis of a benign PNST (BPNST), and a final diagnosis of schwannoma 

was made on the basis of immunohistochemistry. 

 

 
Figure 36. Schwannoma in a crucian carp: (a) yellow, compact mass in lateral profile of the lower jaw on the right side of 

the head (arrow); (b) H&E staining, showing densely packed cells with a storiform pattern typifying Antoni A tissue (label A) 
was characteristic for most of the tumour masses, although some scanty, almost acellular areas characterizing Antoni B 

tissue (label B) were also seen; and (c) immunohistochemistry showed strong immunoreactivity for (S100)612. 

In A. brama, a 2 cm lesion was detected on the right side of the caudal fin. The tissue seemed 

to originate from the epidermis, growing outwards, modifying a section of the fin (Fig. 37a)612; 

it was round but irregular, white and firm. The cut surface was dry and poorly vascularized 

except for the peduncle where a vascular branching could be observed. Histologically, the 

neoplasia was characterized by an abundance of monomorphic epithelial cells (Fig 37b)612 

arranged in lobular structures, enclosed by a very thin stroma (Fig 37c)612. In some areas of the 

inner portion of the lobular growths, several epithelial cells were slightly spindle. Proliferating 

tissue was growing out, with connections between the tumour and normal skin. Nests of 

neoplastic cells showed a verrucous pattern in the tumour mass with the presence of uncommon 

goblet cells evidenced by PAS staining. Immunohistochemical analysis demonstrated a strong 

diffuse cell membrane reactivity of epithelial elements with pan-cytokeratin (Fig. 37d)612. A 

diagnosis of papilloma was made on the basis of histopathological, histochemical and 

immunohistochemical results.  
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Figure 37. Papilloma in a Bream: (a) irregularly round, white, firm mass on the right side of the caudal fin (arrow), with the 
tissue seeming to emerge from the epidermis, growing out and modifying a portion of the fin; (b) H&E stained histological 
section, showing a thin connective tissue bundle giving a lobulated aspect (arrow); and (d) strong positive pan-cytokeratin 

(CK) reaction in the cell membrane of tumour cells612. 

L. mormyrus showed some irregularly round clustered masses, measuring 3x2cm. The surface 

was smooth and white-grey with widespread haemorrhage (Fig. 38a)612. The entire mass 

extended on the right side of the fish. A second neoplastic growth was present, near but distinct 

from the larger one and nearer the cranial side region; it measured 1x1 cm and was white, round, 

with haemorrhages. Histologically, the neoplasm was characterized by monomorphic spindle 

cells, irregularly arranged and basophilic well-defined cytoplasm (Fig 38b)612. MT labelled the 
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spindle cells confirming them as fibroblasts (Fig 38c)612. The entire mass seemed to be limited, 

not invading any areas of the host surrounding tissues. Vascularization was poor. Nuclei were 

vesicular and sometimes hyperchromatic, elongated and parallel to the longer axis of the cells, 

which were arranged in parallel bundles or in whorls. Mitoses were not frequent and never 

atypical, with a very low apoptotic index. Immunohistochemistry demonstrated 

immunoreactivity in cell membranes for vimentin (Fig. 38d)612 and only scanty cytoplasmic 

immunoreactivities for muscle actin (Fig 38e)612, whereas S-100 showed no immunoreaction. 

A diagnosis of dermal fibroma was made on the basis of our results.  

 
Figure 38. Dermal fibroma in a sand steenbras: (a) multi-centric round mass (arrow), extending on right side of the fish, was 

smooth on the surface and white-grey, with widespread haemorrhages (asterisks); (b) H&E stained histological section, 
showing irregularly interspersed spindle cells (arrow), with scanty extracellular matrix; (c) Masson’s trichrome (MT) 

stained section, confirming the collagen- producing nature of tumour cells; (d) widespread immunohistochemical positivity 
for vimentin (VIM); and (e) scattered immunoreactivity for muscle actin (ACT; arrows)612. 

Immunoreaction for each tumour type in relation to the antibody is summarized in Table 13612. 
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Table 13. Summary of results on the specificity of immunoreaction of each antibody in relation to each tumour type612. 

 
 

Mycobacteriosis in Pen Shell 

Macroscopic signs of disease. Pen shells showed no sign of illness, and the single collected 

individual of P. rudis was healthy and negative for all the diagnostic analyses performed for 

the diverse pathogens. With regard to diseased molluscs, unusual behavioural signs were seen 

in weakened specimens during collection, where they were seen having difficulty in closing the 

valves (gaping) or responding slowly to touching. Furthermore, the molluscs showed retracted 

mantles or mantles with watery cysts. On laboratory analysis, there were epibionts attached to 

the external valves, of diverse types including sponges, bryozoans, polychaetes, ascidians, red 

and brown algae and small bivalves. 

 

Microscopic/histopathogical examination. In 9 of the analysed specimens (69%), 

macroscopic examination of the bivalves showed widespread tissue oedema, visible above all 

at the level of the mantle and gill (Table 6, Fig. 39a)586. In 1 of 3 examined bivalves from 

Cilento in 2018 (CI1 PnMay2018–3), a brownish/ black cyst-like area was visible in the 

digestive apparatus (Fig. 39a)586. A cytological smear from the cyst showed a liquid, sticky, 

brown/yellow content. On examination, the animal presented an atrophic yellowish/orange 

digestive gland (Fig. 39b, inset)586. 
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Figure 39. Macroscopic appearance of P. nobilis sampled from different areas of Campania. (A) Gill (G) oedema 

(arrowheads) in samples from Massa Lubrense 1 in December 2017, posterior view. (B) Evident liquid cyst located on the 
right side of the digestive tissue (DT-arrowheads) and details (insert) of the atrophic and yellowish digestive glands 

(arrowhead) - frontal view; Go: gonad; Mu: muscle: M: Mantle; By: byssus; K: kidney586. 

At light microscopy, inflammatory lesions of varying degrees were seen in all specimens; 

depending on the animals and extent of disease, infection appeared to be present above all at 

the connective tissue demarcating both the digestive gland and the gonad and also other tissues, 

e.g. the mantle and gills (Fig. 40A, B)586. 
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Figure 40. Microscopical observation of Mycobacterium sp. within P. nobilis immune cells in the bivalve tissues 

(arrowheads) on H&E (a and c) and Ziehl-Neelsen stain (b,d–f). (A,B) Connective tissue demarcating gonads presenting 
nodules filled with Ziehl-Neelse-positive bacteria (arrowheads) (C,D). details of the inflammatory nodules containing 

bacteria (*) spreading in association with the immune cells and brown cells (Br) (E,F). presence in the mantle epithelium (E) 
of the mycobacteria (arrowheads); Br: Brown cells586. 

Necrosis of digestive tubules and gonadal follicles could be seen, in 2 cases. With regard to 

inflammatory response, there were two distinct types of immune cells similar to those described 

by614 as both hyalinocytes and granulocytes. The inflammation was characterized by large 

nodular aggregates of the already mentioned immune cells, which were filled with long slightly 

shaped, acid-fast positive bacteria (Fig. 40C,D)586. These bacteria-filled immune cells were 

found principally at the level of connective tissue surrounding the mantle, gonads and digestive 

tissue, and close to the haemolymph vessels forming aggregate-rich regions coupled with 

Brown cells (Fig. 40E,F)586. On the other side, infiltrative-type inflammation was visible at the 

digestive tubule level with haemocytes filled by mycobacteria around haemolymph vessels 

(Fig. 41)586. 
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Figure 41. Ziehl-Neelsen-positive mycobacteria (arrowheads) spreading within the digestive gland. DT: digestive tubules; V: 

vessels; *Inflammation586. 

In the sample from Cilento1 showing a liquid cyst (CI1PnMay2018-3), both cytology and 

histopathology demonstrated diverse phases of development of a haplosporidian parasite in the 

digestive tissue. High numbers of multinucleate stages were spread throughout the digestive 

tubule epithelia (Fig. 42)586. Sporogonic stages (sporocysts 20–50 μm in diameter) and acid-

fast spores (3.13 ± 0.26 μm of length) were found on the epithelium of the digestive tubules. 

Sporocyst rupture was observed in the nearby digestive epithelial cells. Few uni-nucleate stages 

(2.5 ± 032 μm of length) dispersed with central or slightly eccentric dense nuclei were also 

observed in connective tissue. 
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Figure 42. Microscopical observation of the only specimens of P. nobilis parasitized by Haplosporidium sp. Digestive tissue 

containing high numbers of the pre-sporulation and sporulation stages (arrowheads); DT: digestive tissue. H&E stain586. 

Ultrastructural studies of the Mycobacterium. Without a cultured strain, electron 

microscopy (EM) was used to describe these bacteria further. Transmission EM used on three 

infected samples assessed the characteristics of the bacteria (Fig. 43)586, permitting detection of 

bacterial shape in the immune cells, demonstrating they were rod shaped with a diameter of 

approximately 0.5 μm and a length of 3.5 μm. They contained granules and large vacuoles and 

were free in the cytoplasm, with no evidence of phago-lysosomal membranes around them (Fig. 

43, inset)586. 
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Figure 43. Transmission electron microscopy (TEM) of Mycobacterium sp. (white arrows) free in the cytoplasm of immune 
cells (black arrowheads) with visible nuclei (N). In the inset: details of the rod-shaped Mycobacterium with cell walls and 

containing large vacuoles (arrowhead). Gr: immune cell granules; M: melanin586. 

 

Molecular identification of the pathogen responsible. In studying the pathogens responsible 

for mortality episodes registered in Italian bivalves and studying the observed Mycobacterium 

sp., three different PCR sets were run for diverse pathogens: the Herpesvirus OsHv-119; 

haplosporidian parasites491; and Mycobacterium sp601 detection. 

All samples were negative for OsHv-1 PCR. On the contrary, PCR amplification using the 

primer pair specific for the 16S ribosomal gene of mycobacteria yielded an amplicon of ∼1000 

bp in all the samples of P. nobilis analysed except the non-moribund samples from southern 

Campania (Table 6)586. BLAST analysis showed that the nucleotide sequences of these 

fragments were homologues of the 16S subunit of Mycobacterium sp. The Mycobacterium 

sequences isolated from P. nobilis were quite similar, demonstrating a p-distance ranging from 

0 to 0.0069. The neighbour-joining tree constructed from the nucleotide alignment of the 

sequences obtained in the present study and those of different Mycobacterium species 

downloaded from GenBank can be seen in Figure 6586. The sequences of the Mycobacterium 

infecting P. nobilis were grouped together with Mycobacterium sherrisii and seemed similar to 
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the group including M. shigaense, M. lentiflavum and M. simiae. However, they are different 

from the Mycobacterium species previously found in aquatic molluscs (M. marinum, M. 

ulcerans) and the strain found in sea scallops545,602,603. 

PCR amplification using the primer pair specific for the haplosporidian 18S ribosomal gene 

yielded an amplicon of 350 bp for the individual CI1PnMay 2018-3. BLAST showed a 

similarity of 100% with the Haplosporidium sp. identified in Spanish specimens of P. nobilis 

(LC338065). Furthermore, a 92% similarity to the 18S small subunit rRNA of uncultured 

Haplosporidium sp. from environmental samples was seen but was not grouped with any 

definite haplosporidian species (sequence accession number: MH572222) (Fig. 7)586. The same 

specimen was positive for the PCR for Mycobacterium (Table 6)586. 
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5. DISCUSSION 

5.1 Diseases of laboratory fish 

Health monitoring in fish from CISS laboratory 

Zebrafish is the main teleost species used for research at the CISS laboratory. It is an excellent 

animal model for a vast range of pathologies.  

The adoption of zebrafish in research laboratories has seen a decided increase in various fields 

of research, over the last few years615. This fish has many qualities which have led to its 

widespread adoption, including high fecundity of the broodfish, low rearing costs, fast 

organogenesis, transparency of embryos, along with a widely studied development process.  

This animal model facilitates research on organogenesis disorders, testing new therapies and 

screening toxicity of chemicals and possible teratogens616. In addition, with the benefits of an 

in vivo model and the ease of an in vitro approach, zebrafish embryos furnish a reliable model 

for high-throughput screenings (HTS) of chemicals617. The adoption of zebrafish in developing 

toxicology assays has been eagerly promoted having shown very high similarity with rodent 

studies and similar research618,619. Zebrafish developmental toxicity assays have shown to have 

a high predictive value when evaluating candidate drugs and chemicals for human use. 

However, there may be differences in data obtained from diverse laboratories regarding 

mammalian in vivo findings when using different zebrafish lines given that genetic background 

variations may affect zebrafish-strain susceptibility to individual test elements. Thus, these 

variations might give false positive or false negative results620. Along with the quality of batches 

used, also the rates and variabilities in the morphology seen in control groups of the zebrafish 

line should be taken into account, if results are to be read correctly. Information of this type is 

usually not given. Given the increased use of zebrafish for toxicity and/or teratologic 

screenings, knowledge on malformation rates in the most commonly used wild-type, transgenic 

mutant lines must be extended. It is possible that several congenital abnormalities that are 

frequently found in zebrafish might be more common in transgenic lines. Mycobacteriosis was 

the most frequently found disease in fish used in research thus representing a relatively high 

risk for humans working with fish.621.   

A knowledge of the incidence of ontogenetic abnormalities in the various zebrafish lines is vital 

if higher levels of health status are to be achieved and if reliability is to be guaranteed in results. 

P. neurophilia is one of the most common zebrafish pathogens622, however, no evidence of this 

was found in our laboratory in brain or spinal cord tissues, after molecular and histological 

analysis. 
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Centrocestus formosanus infection in zebrafish 

With regard to metacercariae of trematode digeneans, genus Centrocestus 623, the changes to 

tissue and cartilage wrought by parasites over a long time may be recognised as acquired 

changes. Taxonomic identification of C. formosanus was established following morphological 

details624,625. This is the first time that C. formosanus has been reported in zebrafish.  

The first intermediate host of C. formosanus (Nishigori, 1924) (Trematoda: Heterophyidae) is 

a snail, (Melanoides tuberculata)626and the second host in the life cycle involves diverse fish 

species. The definitive host, which may be fish-eating mammals or piscivorous birds, completes 

the life cycle with the adult trematode627. 

Gill lesions which were recorded in zebrafish by our team are similar to the lesions reported in 

horse mackerel (Trachurus trachurus) by Briguglio G, Reina V, Marino F, Lanteri G, Bottari 

T (2014).  Whilst abnormal fibroblast hyperplasia, and/or chondroid metaplasia islands were 

not recorded, some fibroblasts involving many cell layers, encompassing the larva or larval 

residues were seen. It has been proposed that the parasite might be seen in connection to blood 

vessels629. However, only metacercariae were found in cartilaginous cysts. Cercariae have been 

described as infiltrating gill filaments and encysting in the connective tissue next to the cartilage 

layer. Chondroblast proliferation generates from the ray perichondrium and, following 

deposition of ground substance, the metacercaria becomes encapsulated (7 days post infection) 

within a cartilaginous extension of the filament ray282. 

As an agent of zoonotic disease, in humans C. formosanus may provoke epigastric pain and 

indigestion and sometimes diarrhoea630. It has frequently been reported in several fish species 

in Central and South America, e.g. Mexico631, Brazil632, Colombia633, besides in Asia634, Iran635, 

Lao PDR636, and Europe, e.g. Turkey637, Croatia638. To date, in Italy there has just been one 

report639.  

The foreign origin of these fish can be deduced knowing the life cycle, probably coming from 

open systems where contact with fish-eating birds and snails is frequent.  

 

Melanoma in Xiphophorus hybrid  

A histopathological diagnosis of melanoma was made concerning the hybrid of Xiphophorus 

spp. Identifying melancocytic tumours from other pathological pigmentations640 was facilitated 

by the use of Melan A antibody, combined with S-100 antibody. Pigmentary tissue cancer may 

be seen in Xiphophorus hybrids, although less so in wild-types, e.g. melanoma and 

erythrophoroma, along with schwannoma, fibrosarcoma and malignant tumours of the 

peripheral nerves641, with melanoma being more often recorded642,643. Taxonomical 
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classification of subjects examined was difficult due to the similarity of females of Xiphophorus 

species. Originally thought to be a platy specimen, the fish received did not have the dominant 

locus Tu of this species (X. maculatus) and seeing as there was the impossibility of developing 

melanomas, we excluded this species. More probably, it was a hybrid, given the similarity to 

X. maculatus, not unusual in commercial tank. 

 

5.2 Diseases of fish from aquaculture 

Health monitoring in fish from aquaculture 

Vibriosis and photobacteriosis are known to affect cultivated European seabass provoking 

elevated mortality rates, reaching even 100% in extreme cases644,645. Consequently, 

experiments conducted with this species risk being invalidated. In addition, the myxozoa 

Sphaerospora dicentrarchi causes sphaerosporosis which may be widely found in some fish 

farms. While it is usually not pathogenic, or at least displays low levels, it has been known to 

provoke radical changes in tissues leading to death. In one of our studies on D. labrax, 

myxosporeans were detected in the intestinal muscularis mucosae in 20% out of 296 specimens, 

without evident inflammation. 

In two specimens of D. labrax, the dinoflagellate A. ocellatum was seen but the low level of 

damage to the gills, low disease prevalence and low parasitic charge had no impact on trial 

outcomes.  

S. aurata is often affected by the protozoans E. leei, C. irritans, and Ceratomyxa sp. C. irritans 

is known to be fatal in experimental conditions and hence the urgent need to identify and 

remove infected fish from any studies. Ceratomyxa sp and E. leei generally display low 

pathogenicity for these fish. 

Another fatal disease in farmed sea bream is ‘Winter disease’. This metabolic syndrome 

particularly strikes in the cold season, provoking potentially fatal necrotic-haemorrhagic debris 

and gut dilation646. S. aurata is also affected by lymphocystis, a self-limiting viral infection 

present in sites with lower immune protection647. Non-infectious systemic granulomatosis, a 

nutritional disorder which can often be seen in young meagre, was found in 40 A. regius. It is 

neither fatal nor contagious, and there is no record of pathological agents associated to this 

disease. It may be that the granulomatous changes are the result of tyrosine crystal deposition 

caused by nutritional deficiency, e.g. polyhypovitaminosis648.  
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Leyomioma in Dicentrarchus labrax 

Leiomyoma, amongst other tumours, have been recorded in past studies in various fish species, 

in several sites including the skin, fins, mouth, testicles and head85. 

Tumours in fish from aquaculture production are difficult to find due to the short commercial 

life of the stock. Fish from brood stock are important in the study of diseases including tumours 

in aquaculture, because of their longevity.  

Leiomyoma can be mistaken for schwannoma, a peripheral nerve sheath tumour, and is like 

rhabdomyoma and fibroma mesenchymal tumours, and these should be considered in 

differential diagnosis. Fibromas stain red (Van Gieson stain) and show reticular structures 

spreading to confined tissue. Schwannoma stain red-purple (Masson’s trichrome stain) with 

palisading nuclei and Verocay bodies, with evident Antoni A and B patterns. 

Rhabdomyosarcoma are infrequently found in teleosts showing clusters of ‘small round cells’; 

there is evident muscular differentiation in the mature stages. 

In our case, there was not the typical histological pattern of rhabdomyosarcoma, fibroma, or 

schwannoma in the tumour, which were excluded after immunohistochemical examination. 

Schwannoma shows a positive immunoreaction to calretinin and S1009,649, fibroma is strongly 

immune reactive to vimentin612 and rhabdomyoma is positive to sarcomeric actin and multifocal 

expression of vimentin but negative to desmin414. The tumour reacted strongly to α-SMA and 

desmin and negativity to S100 thus confirming a diagnosis of leiomyoma. 

 
5.3 Diseases of wild aquatic organisms 

Health monitoring in fish from natural environment  

Mycobacteriosis and myxosporidiosis pose the highest risks for fish (whether bred in CISS, 

coming from the natural environment and/or aquaculture research) used for study at CISS. 

Prevention is necessary as they can be fatal and cannot be treated successfully. It is therefore 

recommended that new fish should undergo a quarantine period for a minimum of 30 days on 

arrival at any research unit650, with antemortem diagnosis for pathogens (albeit difficult in adult 

zebrafish)651. Alternatively, a certain quantity of fish could be sacrificed for histopathology and 

molecular analysis. Myxosporidiosis and mycobacteriosis may also be contained with inhouse 

rearing through egg bleaching. Study trials and research work can be invalidated when research 

fish are infected imposing heavy time and cost burdens on researchers.  

A complete final summary of research outcomes should include information regarding the 

welfare and health of fish used, referring also to pathogen investigation, any findings and 

consequential outcomes. Data on fry and alevins help greatly in framing an exhaustive picture. 



 

 120 

When there is a suspect of disease or disorders in fish, diagnosis may not be easy, and research 

may have to rely on gross external examination. Some pathogens may be identified with an 

ultrastructure analysis but it is not very reliable, and is costly in terms of time, which is rarely 

in the interest of the research unit652. Fuller information on the pathogenesis of diseases would 

inevitably greatly help identification of pathogens indicating unapparent and/or latent disease. 

In this way, invasive diagnostic methods could be reduced in monitoring health status in fish 

populations. Chronic infections pose different, more difficult problems when searching for 

pathogens than in the acute infection phase. 

A reliable health and welfare monitoring programme greatly facilitates high standards of health 

in research bound fish. This can include: fish health status checks, daily; routine and non-

routine total body histopathological analysis of sentinels, diseased and/or dead fish investigated 

with ancillary assays; strictly followed hygienic procedures; and egg bleaching of incoming 

fish. All personnel in research units should be aware of the importance of following standard 

operating procedures, above all regarding biosecurity in the transfer of animals between 

quarantine and main laboratories and bleaching eggs. Any infection contracted leading to 

disease could impact negatively on research outcomes, by increasing variability and/or making 

it impossible to reproduce experiments. 

 

Clinostomum complanatum infection in Cobitis bilineata 

Identification of metacercariae of C. complanatum in C. bilineata was the first reporting on this 

species, and the study expanded the host range of C. complanatum in Italy and, thus, Europe. 

In the Emilia-Romagna region (Italy), common second intermediate hosts are principally barbel 

(Barbus barbus) and chub (Squalius cephalus)579,598,653 and European newts (Lissotriton 

vulgaris and Triturus carnifex) from Tuscany653. While C. bilineata is not of economic interest 

for human consumption, as intermediate host of C. complanatum it might be part of the 

distribution of this parasite in the previously unregistered distribution range.  

Metacercariae isolated from C. bilineata were above all encysted in muscular tissue, with some 

under the mouth and behind the operculum. Histopathological analysis showed little tissue 

damage from C. complanatum in second intermediate hosts, with atrophy of surrounding tissues 

from prolonged pressure from the cyst. Little cellular infiltration was seen in or near sites of 

attachment of the parasites due to immune reaction. Further study of the early stage of 

encapsulation of cercariae in host tissue might help understand effects on the immune system.  

There have not been studies on piscivore birds in Sicily, regarding parasites, and research on 

this topic could prove helpful in determining whether Clinostomum has established a life cycle 
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in southern Italy. Considering that if Cobitis fish are released into the natural habitat, in the 

presence of piscivore birds, a life cycle may be initiated with serious consequences for other 

common fish. C. complanatum metacercariae in C. bilineata is a highly significant finding 

given the widespread nature of the fish species, as live bait, for freshwater fish, e.g. bass, perch, 

pike. It may lead to the expansion of parasitosis in freshwater basins in Europe, signalling a 

previously unrecorded presence in Sicily.   

 

Lophoura edwardsi infection in Coelorinchus caelorhincus 

In this study, the parasite L. edwardsi is reported for the first time in C. caelorhincus in the 

Central Mediterranean, south of Sicily. L. edwardsi was previously recorded as a parasite of C. 

caelorhincus in the Ligurian and Tyrrhenian Seas654, as well as in the Atlantic655, but without 

intensity and prevalence values in the distributional range of C. caelorhincus, as there is little 

parasitological research on fish species which are of little or no economic value. Copepods 

impact in several ways on their hosts656. L. edwardsi comes into direct contact with the dorsal 

artery after having penetrated into the musculature657, and bearing in mind its relative size can 

create notable damage in  C. caelorhincus:  Granulomatous reaction, skin ulceration, and deep 

lesions leading to inflammation in the muscular interstitium, also causing distress and 

dysfunction in swimming patterns. The penetration site often becomes infected and the resulting 

serious tissue damage is similar to the damage caused by pennellid copepods, e.g. Pennella 

instructa (Wilson, 1917) and P. filosa (Linnaeus, 1758) on sword fish Xiphias gladius Linnaeus, 

1758658, as well as other pennellids, such as Lernaeolophus sultanus (Milne Edwards, 1840)659. 

Life expectancy can vary for copepod parasites from 2-12 months660, thus L. edwardsi 

accumulation on the host is limited in time. For several copepods, such as Parabrachiella 

insidiosa (Heller, 1865) and Clavella stellata (Krøyer, 1838) (Lernaeopodidae), infection 

reduces with increasing host age661, and L. edwardsi displayed a similar trend, reducing in  

frequency with length of host. 

Progress in geolocation systems have greatly contributed to the characterization of parasite 

distribution, in the past two decades. Numerous ecological processes have been identified with 

particular patterns, including specific localization of pathogen distribution,  circumscribed 

vectors or reservoirs for pathogens, and host clustering613. While marine parasites have been 

included in some studies, most research has involved parasites in terrestrial systems662–664. 

It is a combination of biological and environmental factors that defines the spatial distribution 

of parasites, above all, host distribution665. The single registered host of the copepod L. 

edwardsi in the Mediterranean is C. caelorhincus. Ontogenetic migration of hollowsnout 
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grenadier toward deeper water has been suggested by many researchers; hollowsnout grenadier 

from shallow waters are smaller than those from deeper water666. Given the recorded negative 

relationship between hollowsnout grenadier size and parasite frequency, it may be hypothesized 

that the higher levels of infection are in observed waters where hollowsnout grenadier are 

smaller in size. 

 Previously, parasitic copepods belonging to the genus Lophoura were registered at 600 to 2550 

m deep667, but the first record of Lophoura at a depth just over 100 m was made in this study. 

The lowest depth of L. edwardsi was not determined in the present study given that not all 

bathymetric ranges of C. caelorhincus (maximum recorded depth 1250 m668) were recorded, 

and these limits are fundamental in the study of ectoparasitism669. Factors may include pressure, 

light, salinity and temperature but in this study, bottom temperature differences did not appear 

to be sufficient to affect L. edwardsi frequency. A decrease in parasite incidence with depth 

was also seen by Cañás et al. (2013) who noted a reduction in infection rate of Chondracanthus 

lophii (Johnston, 1836) on Lophius piscatorius (Linnaeus, 1758) in correspondence to lower 

depths in the NE Atlantic. 

 

Cystidicoloides ephemeridarum infection in Salmo trutta fario 

In the field of telecommunications control in the Mediterranean, a station was constructed by 

NATO, in the mid 1960s, in the Aspromonte National Park, southern Italy. Although in disuse 

for over 35 years, its proximity to a sampling site was considered as a possible source of 

environmental pollution; to be precise, radioactivity.  

No radioactivity indications were found in the trout muscle (internal exposure), analysed with 

gamma spectroscopy, when investigating trout specimen skeletal anomalies: radiation levels 

were within the mean value of 40K671. Furthermore, heavy metal levels were below detection 

value.  

While zinc levels need not be indicated in foodstuffs, high zinc concentrations are known to be 

toxic for marine animals672. Zinc toxicity is both species-specific and variable depending on 

developmental stage673, and toxic effects include DNA synthase inhibition with subsequent 

teratogenicity, while the specific mechanism is still unknown674. In fish, excessive zinc levels 

can lead to torsion and scoliosis in the vertebral column5, while FAO/WHO recommend a heavy 

metals limit, for an adult of 60 Kg, which is a cadmium and zinc assumption of 60 mg/person675. 

There probably were no congenital anomalies given the elevated deformation frequency, as 

incidence is usually low, reported by611. Parasitic burden would appear to rise in fish with 



 

 123 

deformities in relation to size of fish (Fig. 44).  However, this observation is made also 

considering the low number of specimens. 

 

 
Figure 44. Histogram showing correlation between length (cm) of trout with skeletal deformities and number of intestinal 

parasites found in each specimen. 

Furthermore, control group smaller sized specimens registered a low or no parasitic burden, 

also in adults. Nonetheless, a more statistically significant analysis on a larger sample size is 

needed to confirm these data. 

Overall, the health status of trout was good and essential etiopathogenetic observations on the 

genesis of recorded deformities were put forward. Deformities were identified also in 

apparently healthy specimens, on radiographic examination, while the vertebral column in the 

control group showed complete symmetry. Of the 18 specimens examined, 14 with deformities 

showed a heavy parasite burden by C. ephemeridarum, which possibly led to malabsorption 

thus impacting calcium metabolism. For this reason, calcium detected data were compared with 

parasite burden, showing an apparently decrease of calcium level in fish with deformities (Fig. 

45). 
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Figure 45. Histogram showing correlation between parasite burden and calcium levels in samples from the first two stations. 

It is known that heavy metals bind the hydroxyapatite matrix as follows: Pb, Zn, Cu, Cd, Ni 

and Mg. Of these, zinc has the highest binding negative energy and appears to be able to alter 

the crystal growth rate676. This mechanism could be corroborated by the somewhat higher Cd 

and Zn levels found in examined teleost tissue referring above all to deformities seen in the 

specimens compared to the controls. 

Levels of heavy metals were equal to or less than limits established in Reg. CE 1881/2006 and 

subsequent amendments. But, as mentioned previously, high levels of zinc raise concern as zinc 

is toxic to marine animals672. 

Further environmental contaminants were not found above legal limits, with very low levels in 

fact being found for some. It was concluded therefore that the deformities recorded might be 

due to the elevated parasitic burden of fish leading to vitamin and mineral deficiency and 

consequently changes in calcium metabolism, thereby accounting for the somewhat elevated 

content of zinc and cadmium in muscle and vertebral column. 

The absence of both deformity and parasitic burden in specimens from the control group and 

the difference in calcium between the two different groups would suggests that the deformations 

observed could be associated to the high parasite burden of specimens from the target area. An 

insect of the genus Ephemera, ingesting eggs with the C. ephemeridarum stage 1 to 3 larvae 

and gastrointestinal mucus, is the intermediate host of C. ephemeridarum, later infecting the 

definitive host (Salmonidae), transforming to the adult state608. 

C. ephemeridarum rarely produces negative consequences on fish host677, but changes in 

environmental conditions might promote spread of the parasite and subsequently the toxicity 

of parasitic disease.  
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Vitamin A deficiency is known to lead to ascariasis in children678, while cases of rickets, from 

vitamin D deficiency, have rarely been recorded in dogs679, with one case of biliary injury due 

to Toxocara680. The inability to absorb vitamin A and D is a leading cause of rickets in 

children681 and has been associated to gastrointestinal parasitosis in animals682. An eventual 

correlation between vitamin depletion and parasites in fish needs still to be studied. 

Neither radioactivity, heavy metals contamination nor myxobacteria and myxozoan parasites, 

in particular Myxobolus sp., were found in the trout muscle.  

It is thought that a high level of C. ephemeridarum nematode, nearly 80% of specimens 

examined, resulted in malabsorption leading to severe vitamin and mineral deficiency, thereby 

modifying the calcium metabolism, with consequent skeletal deformities. C. ephemeridarum 

does not cause disease in humans, but research on parasitic pathogens helps the study of noxious 

zoonotic agents613. 

 

Tumours in wild fish   

In the face of ambiguous nodular swellings, pathologists should maybe consider the numerous 

injuries that present analogous macroscopic characteristics and histological patterns. In making 

differential diagnoses the following should be considered: hyperplastic, hypertrophic and 

neoplastic conditions, e.g. lymphocystis disease683, histozoic myxosporidian infections684, 

papilloma, fibroma, neurofibroma, leiomyoma417, rhabdomyoma, angioleiomyoma685, 

myxoma438 and chromatophoroma (particularly erythrophoroma)686.   

Immunohistochemisty is useful in identifying the origin of tumour tissues, above all when 

typical characteristics are present, while H&E staining can highlight specific tumour cell 

patterns, e.g. Antoni A and B tissues in schwannoma649. 

In the case of spindle cell tumours histologic analysis is not easy. While neurilemmoma shows 

a clear microscopic architecture with two types of tissue patterns, Antoni A and Antoni B 

regions, there may be little or no spongy tissue in comparison to the denser Antoni A tissue 

pattern423,425,431. The nuclei pattern or cellular bundles of type A tissue may be mistaken for 

other tumours, e.g. leiomyoma or neurofibroma417,425,437. Furthermore, the nuclei and elongated 

cells conformation may be similar to angioleiomyoma685 Instead, acellular tissue, similar to 

Antoni B tissue, may suggest a diagnosis of myxoma406. With schwannoma and neurofibroma 

being common PNSTs in higher and lower vertebrates, it is immunohistochemistry that can 

distinguish between them9,432,649 or ultrastructure435. In our case, the peripheral position of 

nerves, Antoni A and B tissue patterns, and positivity of tumour 2 to calretinin established the 

diagnosis of schwannoma and not neurofibroma, as presented in (Tables 14 and 15)612.   
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Table 14. Discrimination between neurofibromas and schwannomas depending on tissue patterns612. 

 
 

Table 15. Discrimination between neurofibromas and schwannomas depending on immunohistochemistry antibody 
activity612. 

 

In perivascular wall tumours (PWT), reported in fish, immunohistochemistry is a valuable 

diagnostic tool also in perivascular wall tumours (PWTs)687. 

PNSTs in fish688 are believed to have a genetic origin, even if toxic689 and viral690 aetiologies 

have been suggested. While frequently seen in goldfish, a schwannoma has been reported in a 

C. carassius, probably for the first time, to the authors’ knowledge. 

Cutaneous papillomatosis in some species is linked to contaminated water399,691, and two types 

of significant tissue changes have been recorded in bream, epidermal hyperplasia and skin 

papilloma, the successive stages of epizootic cutaneous papillomatosis in fish402. While the viral 

agent of disease in bream is still unknown, a link between these tumours and viruses has been 

seen in cyprinids692. It has been proposed that the disease is associated to environmental 

pollution and toxic, cancer promoting algae402. This disease is rare in common bream in Italy, 

but  phenotypic characteristics appear to be the same as elsewhere recorded, such as nests of 

epithelial cell proliferation, goblet cells deep into the tumour, similar to stomatopapillomatosis 

in European eel400 and goldfish693, as in squamous cell carcinoma404.  

Some grouped cells of epithelial origin in several parts of the tumour, seen from 

immunohistochemistry, suggest heterotopia. The elongated shape may be caused by peripheral 

tumour cells undergoing uncontrolled growth. The presence of cytokeratin,  indicating the 

histogenesis of the tumour, was confirmed by immunohistochemistry as in other studies694. A 

differential diagnosis of schwannoma, commonly found in goldfish9 and other fish species431,432 

was excluded due to the particular expression of S-100649 that is strongly expressed in fish 

PNST. 

Fibroma is rare in bream but may be caused by many factors, including viral and toxicological 

agents, foreign entities, and/or parasites695. Changes in fish may include swimming anomalies 

and hydrodynamical buoyancy, making fish in the wild more defenceless.  
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Mycobacteriosis in Pen Shell 

A high number of MMEs of sessile benthic invertebrates has been recorded in the 

Mediterranean Sea, over the past few decades, caused by many factors. It has been suggested 

that global warming could be related to these calamitous occurrences. Because of changes in 

host immunocompetence/pathogen virulence the host/pathogen range could be altered, which 

could in turn change the rate of pathogen spread. It may be that opportunistic pathogens will 

increase in significance thereby altering pathogenicity and virulence540.  

NTM in marine and terrestrial species has increased in recent years696–698. Three species have 

specifically been indicated as the principal aetiological agents of fish infections, M. marinum, 

M. chelonae and M. fortuitum, along with other mycobacterial species, some being new 

species698,699. To date, mycobacteria in molluscs have been identified in various gastropod 

species in freshwater conditions. Instead in bivalves, oysters of the genus Crassostrea have more 

often been recorded to be the means of infection in humans. However, one case has been 

recorded in the pecten Placopecten magellanicus, without consequences for humans 602 (Fig. 

8)586.  

This study reports a mycobacterial infection in the pen shell P. nobilis in Campania and Sicily, 

with associated fatal outcomes. The mycobacterium is classified with the human 

mycobacterium M. sherrisii, of the Mycobacterium simiae complex700, whose first strains were 

isolated from subjects infected with the human immunodeficiency virus (HIV), in Africa, with 

subsequent reports from Italy701, Argentina702 and Singapore703. NTM related diseases have 

often been found in acquired immune deficiency syndrome (AIDS) subjects and immune-

compromised people suffering from cancer, or after organ transplantation or immuno-

suppressive drug therapy704. However, NTM has also been reported in immunocompetent 

subjects, indicating a development in the pathogenic evolution704.  

Mycobacteria normally provoke inflammation and an organism’s defence mechanism generates 

an accumulation of macrophages in the injured sites. After an intense pro-inflammatory state, 

suppressive mediators regulate the inflammation. In our cases, mycobacteria were recorded in 

mollusc immune cells, generating inflammatory nodular lesions at the connective tissue of the 

digestive glands and gonads, spreading then to other organs. A proposed pathogenic path could 

be deduced from studies on other species of mycobacteria. In vertebrate mycobacteriosis, the 

digestive, congenital (maternal-foetal transmission) or respiratory system are the usual paths, 

and in P. nobilis, the digestive route might be favoured as the principal lesions were found in 

the digestive gland. The mycobacterium may have spread to other organs via haemolymph, 
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given the finding of haemocytes filled with mycobacteria near haemolymph vessels and in the 

circulation. This pathogenesis is comparable to several types of mycobacteriosis where the 

spread of mycobacteria is through the lymphatic and haematic pathways throughout the body, 

developing into a systemic disease. Similarly, reports of Mycobacterium sp. in Atlantic sea 

scallop Placopecten magellanicus sp. 602 described an inflammatory response with central 

necrosis in nodules but at the adductor muscle level; other tissues showed haemocyte 

inflammation, slight swelling and muscular necrosis, often affecting digestive tubules. Large 

differences were seen between this species and the one reported in our cases, on phylogenetic 

analyses.  

Mycobacteria are primary intracellular parasites of phagocytes, except M. ulcerans. 

Phagosomes containing mycobacteria are believed to resist the normal processes of 

acidification and phago-lysosomal fusion705, ensuring bacterial survival621. Mycobacterium 

identified in our cases were found in the cytoplasm of immune cells showing no phagosome 

membranes around them, as seen from electron microscopy analysis. This would agree with 

previous evidence that maybe mycobacteria move from phagosomes by translocating to the 

cytosol, as with M. marinum and M. tuberculosis706. It may be that cytosolic translocation 

shows a strain-dependent virulence mechanism of pathogenic mycobacteria, giving cytosol-

preferring strains an advantage in virulence strength promoting resistance to autophagy707. 

Mycobacterium sherrisii has been linked to many diseases in humans701,708 with few cases being 

recorded in animals, all mammals709. To the best of our knowledge, this is the first recording of 

M. sherrisii in disease of marine organisms and in a bivalve mollusc. Mycobacteria 

specialization has taken an extremely long time above all in vertebrate hosts or particular 

environmental ecosystems, being extremely capable of occupying new niches infesting 

different animals as primary pathogens or opportunists. In our cases, the zoonotic potential of 

the Mycobacterium examined needs clarification.  

Mycobacteria infect not only fish but also other marine organism696, living and reproducing 

within several different hosts650, thereby involving the entire food web, but transmission is still 

unknow. As water and associated biofilms are considered to be natural habitats for 

Mycobacterium spp. including M. fortuitum, M. marinum, and M. chelonae, waterborne 

transmission is the most probable, and marine environments are the natural habitat of M. simiae 

complex.  

Complex interactions among environment, aetiological agents and host(s) often result in 

disease. Disease are caused by multiple factors (complex of causes), and while some of them 

are indispensable (absence prevents disease onset), others are merely predisposing449. The line 
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between symbiont and pathogen may be variable, capable of undergoing relatively quick 

changes, in an evolutionary sense651. Haplosporidians, with more than 50 recorded species, are 

the causative agent for some serious diseases in marine invertebrates652. An haplosporidian 

parasite was identified over a large geographic region of the Spanish Mediterranean Sea, 

autumn 2016, and was considered as the probable cause of the MME of the P. nobilis population 

in the region539,540. However, a prior hypothesis suggested that Haplosporidium was in fact a 

symbiont which had changed its bond with the host due to environmental changes, thus bringing 

out the mass mortality event539.  

We consider that our data lead to a hypothesis of a more complex disease pathogenesis of the 

epidemic of the bivalve P. nobilis whereby there are two possible opportunistic pathogens in 

two different zones of the Mediterranean Sea, with both being activated by a common not yet 

identified cause. Our pathological and molecular results, a mycobacterial disease is connected 

with the MMEs, and thus, for now, Haplosporidium sp. should not be considered the cause of 

the events in Sicilian and Campanian regions. It is fundamental to continue the investigation to 

discover ways of transmission, distribution and origin of these pathogens so as to identify and 

understand the disease pathogenesis. Without genomic and proteomic data, we can only state 

that further studies should be undertaken to clarify the pathogenicity and potential virulence of 

the recorded mycobacteriosis as well as the origin and evolution.  
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6. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 
This study reports emerging pathologies in aquatic organisms, (teleosts and molluscs) reared in 

laboratories, coming from both aquaculture farms and natural environment, used for research 

purposes, analysed during a Ph.D. project in the CISS laboratory. 

In particular, emerging diseases of laboratory fish, of fish from aquaculture and of wild aquatic 

organisms are reported. 

Epidemic infectious disease and covert presence of infectious microorganisms might, from our 

experience, be often reported in fish from the ornamental fish trade, aquaculture industries, and 

animals captured in the wild. Feasibility of studies and the processing of experimental outcomes 

can be seriously impacted by these infectious diseases as they lead to huge variations in 

parameters adopted both among and between experimental facilities. Thus, cultivated fish that 

undergo regular health monitoring are regularly chosen over animals captured in the wild so as 

to reduce possible consequences. Eggs, fry and alevins farmed in controlled environmental 

conditions are usually chosen instead of being directly purchased from the ornamental fish 

trade. New EU legislation in this sector, however, has led to changes in animal care and welfare, 

and for this reason the majority of the diseases reported in this study were recorded prior to the 

application of the Italian law D. Leg. 26/2014, following EU Directive 63/2010. All phases, 

from production to rearing and trials with laboratory fish, are much more closely followed, with 

particular care being taken regarding the safeguard of animal health and ensuring high standards 

in experiments and outcomes.  

Better outcomes in trials achieved with fish coming from farming facilities emphasizes the need 

to advance monitoring on fish farms. From this the need for new molecules with antibiotics and 

antibacterial propriety arises, to avoid disease proliferation, as those currently used by law are 

not always effective in treating pathologies.  

The arrival, both induced or spontaneous of foreign fish species is a serious problem as it has 

seen the arrival of non-native parasites bringing wild fish diseases. The consequences may also 

include problems for fish used for study, for instance, facilities where zebrafish are kept with 

snails to control the growth of algae. Hence, the fundamental need for high standards of control 

and evaluation of the pathogen status of fish and snails, as well as determining the origin of fish 

used in research: only fish coming from facilities and farms in which the health status has been 

certified should be used, thus guaranteeing the quality/health of trial fish.  Further study on the 

distribution of parasites impacting on fish would enormously benefit the management of aquatic 

resources and surveys such as the MEDITS one would also benefit from identification of deep-

sea fish stocks.  
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Future perspective. Conventional methodology applied to date for health monitoring in fish is 

expected to continue in the future. Although there is a global intention to reduce the use of 

animal models, or completely replace them with in vitro models, this perspective is still very 

distant. Today, in vivo studies on animal models are still necessary in various research areas, 

above all biomedical and pharmacological ones. It is therefore necessary to improve health 

surveillance methods, to guarantee animal welfare and protect research results. Expanding 

histopathological and molecular techniques and new knowledge on diseases in aquatic 

organism used for research and human consumption may help to improve health monitoring 

procedures. This may, in turn, contribute to a better understanding of the pathogenic 

mechanisms of aetiological agents. A better knowledge of disease transmission may allow for 

the development of efficient, synergistic preventive methods. Finally, identification of new 

molecules of natural origin with antibacterial, anti-inflammatory and immune stimulating 

activity, to replace synthetic molecules, will hopefully receive better positive attention by 

legislative bodies to encourage aquaculture progress and safety. 
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