[image: image1.wmf]
Introduction

One of the major problems encountered during the culture of aquatic organisms is the occurrence of disease. Outbreaks of disease may be related to adverse environmental conditions or occur where the cultured organism comes into contact with a critical mass of a pathogen within the water column. Control of disease outbreaks in aquaculture, as in agriculture, demands a multi-disciplinary approach. Thus, effective disease control programs should take account not only of quarantine, hygiene, treatment, and vaccination, but also application of diagnostic methods to monitor health status of cultured inventory.


Classic techniques used in diagnosing disease and methods for vaccine production have, and will continue to serve the aquaculture industry, for many years. These methods are well tried and tested and presently have the advantage of being routine and inexpensive. However, the procedures used for monitoring and diagnosing diseases, and the methods applied in the production of vaccines, have limitations, the most important of which is their time-consuming nature. In recent years health managers have turned to new methods in efforts to develop more rapid, sensitive and reliable diagnostic tools. As well, advances in biotechnology, bioengineering, and fermentation techniques have enhanced the processes involved in vaccine production and delivery. The application of these innovations could result in the development of highly sophisticated monitoring, control, and response strategies for aquaculturally important diseases. However, significant biological and technical difficulties still restrict the full implementation of (bio)technology to disease control programs. For example, many of the recently developed diagnostic tools for monitoring molluscan, shrimp and fish diseases have proved too sensitive for practical application. Other techniques require a significant amount of training to perform with confidence, while others still demand the availability of sometimes-expensive hardware. Nevertheless, reliable systems for diagnosing diseases are of considerable importance, not only for laboratory-based studies upon epidemiology, but for effective implementation of national and international disease control strategies.


The following provides a brief overview of classical and contemporary techniques that have been, or may be employed by the industry, as a means of combating disease. Since effective vaccination demands knowledge of immunology, a brief overview of the fish immune system will be provided.

Hygiene management


It is a sad fact that most outbreaks of disease during intensive aquaculture are generally traceable back to inappropriate husbandry and management practices. This is so for hatcheries, holding, and grow-out facilities. Since the treatment of disease is expensive, it remains obvious that its prevention represents a major economic key in the profit-loss equation. Critical to all aquaculture operations is maintenance of good water quality, including oxygen levels, efficient feeding regimes and attention to sanitary procedures. One factor that is rarely considered during intensive aquaculture operations is that of facility architecture and design to minimize risks of contamination by control of personnel flow (including equipment, feed, etc.) to-and-from, and between production units. Appropriate use of disinfectants, for nets, feeding equipment, boots, machinery, etc., throughout the facility, represents another measure that can reduce the risk of disease and disease transfers. Table 1 summarizes various strategies that can be emplaced to reduce the threat of disease.

Table 1

Various measures can be used to decrease the risk of disease outbreaks. These vary from the common sense through to use of selectively bred disease-resistant strains of fish.

	Disease Control measures

	i. Sufficient husbandry practices (good hygiene, biosecurity etc.) 

ii. Maintenance of water quality

iii. Use of genetically resistant (selected) strains

iv. Feeding of appropriate diet and adequate nutritional regimen

v. Vaccination

vi. Early application of antimicrobials

vii. Employment of effective quarantine measures

viii. Prevention of movements of infected stocks

ix. Use of dietary supplements, probiotics and immunostimulants


DIAGNOSTIC PROCEDURES


As with other veterinary measures, one of the most important aspects of establishing the cause of a disease outbreak in aquacultured animals is to gain an appreciation of the history of the inventory. One of the easiest methods of accomplishing this will be through the use of on-site records, which every commercial aquaculture facility should maintain. These records should provide information relating to the origin of stocked animals, their previous disease problems, the seasonality of disease outbreaks, and the occurrence of losses between age groups and species. Water quality analyses and their records are also generally available and may provide an indication of stress-related events that suppress resistance of animals to infection. Data relating to water quality can also be used to assess whether a mass kill has resulted as a direct result of oxygen deficit, elevated temperature, or the presence of a noxious agent. Other on-site examinations generally undertaken include direct evaluations of stocked animals, and more specifically, their behavior. An ability to recognize abnormal behavioral reactions, such as deviations from natural schooling and swimming, disorientation (Clostridium botulinum, Edwardsiella ictaluri, Eubacterium tarantellus,) flashing, jumping, hyperventilation, loss of appetite (Vibrio anguillarum/ordalii, Norcardia spp., Mycobacterium spp.), and discoloration (Edwarsiella tarda, Norcardia spp., Mycobacterium spp.) may all be indicative of a disease outbreak or environmental stress.

Gross External Examinations


The following procedures relate to teleosts. For an in-depth coverage of necropsy and other diagnostic procedures for shrimp and mollusks, see Lightner (1996) and Elston (1990).


Where a disease problem is thought to exist, the only method of determining cause is through necropsy examination and sample taking from freshly dead or killed specimens. Generally, 4-6 animals, which illustrate abnormal signs, are sufficient to determine whether a pathogenic agent is responsible for kills. The first stage in the necropsy process is to examine for gross external signs of disease (Fig. 1). For example, a distended or expanded abdomen, which may be caused by fluid filling of the peritoneal cavity, is symptomatic of many diseases including Aeromonas hydrophila, A. salmonicida, Edwardsiella ictaluri/tarda, Pseudomonas chlororaphis, Renibacterium salmoninarum and Streptococcus spp. Special attention should be given to the vent area since this region may hemorrhage during Vibrio infections, or protrude following Edwardsiella tarda debility. Raised or proliferative lesions of the skin may indicate a response to insult, including the presence of certain viruses and neoplasias. Ulcerations - erosion in any external or internal surface of the body, which results in the formation of an open sore, often attended with a secretion of pus - can occur due to physical trauma, but are also associated with specific diseases (e.g., A. salmonicida, R. salmoninarum). The presence of furuncules and external abscesses occur during infections by A. hydrophila/salmonicida, E. tarda and Lactobacillus spp. Fin lesions too can arise due to disease (e.g., A. hydrophila, Mycobacterium spp., Pseudomonas fluorescens), but are also normal occurrences in many rearing facilities due to nipping and abrading. Opacity and hemorrhaging of the eyes may be caused by various pathogens (e.g., Streptococcus spp., Yersinia ruckeri); but presence of corneal abrasions, cataracts, and similar malformations may also result following physical injury and through malnutrition. Often, gross examinations may include the removal and dissection of the eye to check for the presence of parasites. 


The gills may also provide an indication of a disease process. For example, gill damage is often symptomatic (a characteristic sign) of Vibrio spp., Flavobacterium, Cytophaga and Flexibacter columnaris infections. However, environmental insults, such as transitory metal, pesticide and herbicide exposure can also produce excessive mucus accumulations and filament damage. In smaller specimens gill filaments may be readily examined under a field microscope for structural integrity and the presence of gross abnormalities such as clubbing, fraying etc. The operculum should also be examined during gross necropsy for signs of hemorrhage, since this state may be indicative of Psudomonas anguilliseptica and Streptococcus spp. infections. Erosion in and around the mouth signifies potential Flexibacter and Yersinia infections. Microscopic parasites can be sought following mucus collection. Mucus should be obtained from under the fins and from areas immediately adjacent to the dorsal fin and gills. Before such collections, any hemorrhaging around the fin areas should be noted since such lesions are associated with Streptococcus spp., V. anguillarum, Y. ruckeri and P. fluorescens infections. Large parasites are usually obvious. Other microscopic parasites that may be tested for using a field microscope are those found in the gut. In this case, fecal smears may be made on a microscope slide. Another tissue that may provide clues as to the cause of mass kills, reduced growth, or chronic deaths is blood. Samples may be examined following wet smear preparation. Flagellates, in particular, are easy to identify using this procedure. Hematocrit evaluations may also be of value under field conditions; but again, environmental, as well as disease-based insults, may produce alterations from normal established ranges.
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figure 1

Diagrammatic representation of gross external signs of various diseases afflicting salmonids maintained under intensive culture.

Necropsy


Further assessment of health and collection of samples for bacteriological analyses requires entry into the abdominal cavity. It is of note that there often seems to be as many different types of necropsy procedure as there are fish health specialists! In general however, most people chose to open the abdominal cavity of freshly dead animals using three incisions. The first cut is commenced anterior to the vent and passes towards the head, terminating between the gill covers. Extreme care should be taken during any incision or cut-making process to avoid damaging internal organs, especially where these are to be used for later histopathological evaluations. The second incision also commences at the vent, but is passed craniodorsally in line with the dorsal margin of the peritoneal cavity, ending at the dorsal end of the gill opening. The third cut joins the two incisions together, which permits removal of the body wall and eases access to the internal organs (Fig. 2). Prior to any form of manipulation, a detailed in situ examination should be made of the peritoneum and mesenteries, which under normal circumstances are transparent and glisten. Any visible signs of hemorrhaging should be noted at this point, as too should the presence of parasites. Once the in situ evaluation has been completed, viscera (the internal organs) may be gently removed.

figure 2

Diagram outlining the process of incision-making for internal examination of diseased or suspect fish. First cut = a-b, second = b-c and final, c-a.
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The digestive system and associated organs may be taken out from the animal by cuts at the anus and point of connection of the esophagus. The entire tract should be removed with caution, leaving the swim bladder and kidney in place. The liver may be separated from the stomach by gentle tugging or using scissors. Any discoloration or size abnormality of the liver should be noted. A pale liver may indicate fat accumulation and degeneration, whereas a dark red liver suggests long-term anorexia. However, it should be remembered that variation in liver coloration, even in healthy animals, is common. The gall bladder may also indicate the occurrence of disease and appetite status. A full gall bladder with dark green bile often implies reduced feeding. After gross examination, the liver should be cut into small sections to aid examination for macroparasites and the presence of nodules. Following study of the liver, the stomach and intestine may be opened using forceps and scissors, in a dorsoventral direction. During cutting, investigators should observe the amount and color of mucus and be alert to the presence of parasites. After the GI tract has been exposed, and mucus samples taken for microscopic examination, the wall of the gut should be gently washed. Morticians should check for hemorrhage, edema, and inflammation along the entirety of the tract.


After examination of the liver and gut, the swim bladder and kidney can be removed from the body cavity. The content of the bladder should be checked for the presence of parasites. The kidney's overall appearance should be assessed for color, size and the presence of swellings, nodules and parasites. Smears may also be examined under a field microscope. Following evaluation of internal organs, the fish carcass should be lacerated with a sharp knife, and a check made for the presence of any parasites, obvious hemorrhaging and damage to the spinal column. A postmortem examination record should be maintained for each individual examined. Throughout the gross necropsy evaluation, considerable care should be taken to permit the collection of suitable tissues for histopathological evaluations. Tissue samples should include the heart, small section of the liver, spleen and kidney, and gill filaments. Wherever possible living animals should be taken to a laboratory facility to allow collection of fresh samples for histological and bacteriological assessments.

Sampling Procedures 


Samples for bacterial evaluations are taken using either sterile swabs (mucus) or platinum inoculation loops or their disposable plastic counterparts. Aseptic technique is an absolute must, and cross-contamination, between organs should be avoided at all costs. Tryptone soya agar (TSA) is the most common media used in the isolation and identification of organisms derived from freshwater. Where marine samples have been taken, salt TSA is used, which simply includes 2% NaCl in the recipe. Some fish pathogens are very specific, growing only on certain types of media and only under special conditions. Information relating to specific and optimum growth requirements of aquatic pathogens are available in a voluminous literature. Where agar plates are used for raising cultures, these should be maintained under aerobic conditions, media side uppermost, between 18-22 oC. Obviously for tropical pathogens the temperature requirements for optimum growth may be higher. Many of the common fish pathogens express substantial colony formation within 48-72 hours of plating. Individual colonies are subsequently selected for further tests that assist in identification, which is undertaken in a manner identical to that of bacteria of clinical and veterinary significance. Evaluations may include staining using Gram's procedure, motility tests, vibrostat 0\129 tests, serological (agglutination) studies, and antibiotic sensitivity examinations. ELISAs have been developed for some of the more common fish pathogens. However, some veterinarians feel that these are too sensitive, often providing "false positives". 


It should be remembered that many pathogens are ever-present but do not cause the symptoms typical of disease until the correct conditions (environment-pathogen-host; Fig. 3) occur.

figure 3

Before a disease outbreak occurs, there is usually a requirement for certain interactions to occur between the host, its environment and the pathogen. When these three separate components overlap, disease ensues. For example, a fish (host) may be stressed due to low water oxygen levels (environment) while in the presence of a high level of bacteria (pathogen). The stressor may lead to immunosuppression and decreased ability to combat invasive pathogens, giving rise to disease.    

[image: image3.png]



ISOLATION AND IDENTIFICATION OF BACTERIAL PATHOGENS

While it is true that some bacterial pathogens of fish are very fastidious with respect to their culture, the vast majority may be cultivated on a comparatively small range of media (Table 1). The tissue(s) used for bacterial recovery and identification should include those obviously damaged by the bacteria, as well as a renal sample. The latter is usually included in culture studies since, due to its functional role, the kidney, more often than not, contains the causal agent of disease. Material can be sampled and plated using sterile disposable swabs, or with the more classical platinum loop. Selection of media will largely depend upon the suspect pathogen (Table 1). It may be necessary to include anaerobic incubation for some species of bacteria (e.g., Clostridium spp.). Isolates may be identified using phenotypic and or serological tests. Phenotypic identification involves a number of tests that provide the means to characterize an organism by traits. These may include, but are certainly not limited to:

Colony morphology: bacterial fish pathogens form a wide variety of colony outlines when plated. Such morphological traits are generally best discerned using cultures that are fairly fresh.

Voges-Proskauer reaction: recognised following 1-week incubation of inoculum in MR-VP broth (5% alpha-naphthol in absolute alcohol: 40% potassium hydroxide). A positive is indicated by red color that develops 18 h after reagent addition.

Catalase production: which is assessed by adding a bacterial colony to a drop of 3% v/v solution of H2O2 on a glass slide and watching for effervescence over a 1-minute period.

Fluorescein test: confirmed where a fluorescent green is seen under uv light after 7 days incubation in King's media.

Oxidase production: can be assessed by smearing a bacterial colony onto filter paper that has been moistened with a 1% w/v solution of tetra methyl-p-phenylenedamine dihydrochloride. A positive result is gained if a purple colour appears within 30 seconds of colony smearing.

Temperature: whether bacterial colonies grow at, 30 and 37 oC within 72 h incubation.

Glucose motility deep: combines motility tests and oxidative-fermentative glucose tests. A deep stab inoculation is made into agar that is then incubated at 25 C for 24-48 hours. Prior to stabbing, the color of the agar is red. Following inoculation, the formation of a yellow color in the upper 1 cm of the medium indicates an oxidative reaction, while yellow in the lower portion of the medium indicates a fermentation reaction. Motility may be indicated by a fuzzy out growth along the edge of the stab line, while gas production is indicated by the formation of bubbles in the media.

Table 1

The range of media used for culturing important bacterial pathogens of fish, crustaceans and mollusks is relatively small. Some of the more important diseases and media employed to isolate the bacteria are listed below.

	MEDIA
	ORGANISM
	DISEASE

	Brain heart infusion media

Tryptone soy agar

Evelyn’s medium

Ogawa’s egg medium

Pseudomonas F

Ordal’s agar

Seawater agar
	Streptococcus spp.

Edwardsiella spp.

Norcadia spp.
Aeromonas salmonicida

Renibacterium salmoninarum

Mycobacterium marinum

M. fortuitum

Pseudomonas flavescens

Cytophaga aquatilis

Flexibacter columnaris

Vibrio anguillarum
	Streptococcicosis

Enteric septicemia

Norcardiosis

Furunculosis

Enteric redmouth

Mycobacteriosis

Septicemia

Columnaris

Bacterial gill disease

Vibriosis


Growth in NaCl and NaCl-media: following 7-14 days incubation. Requirement for 0.1% w/v L-cysteine hydrochloride: a requirement for R. salmoninarum. Growth is examined for 8 weeks when held at 15 oC.

Indole production: Observed following 1-week incubation of inoculum in 1% w/v peptone water (with marine salt solution for seawater bacteria). A positive is indicated by red coloration following addition of Kovac's solution (15 ml isoamyl alcohol, 1 g paradimethylamino-benzaldehyde, 5 ml conc. HCl).

Gram staining: this technique (Recipe Box 1 and Fig. 3) permits identification of rods, cocci, endospores, mycelia and microcysts.

	RECIPE BOX 1: Gram staining

	Gram’s iodine
	1.0 g iodine, 2.0 g potassium iodide, made up to 300 ml with distilled water

	Safranin

	6.0 g safranin (0.85%), 20 ml ethyl alcohol (95%), 200 ml distilled water

	Decolorizer
	95 ml ethyl alcohol (95%), 5 ml acetone

	Crystal violet
	Solution A = 2.0 g crystal violet (95%), 20 ml ethyl alcohol mixed with

Solution B = 8.0 g ammonium oxylate, 80 ml distilled water


Figure 3.

Essential steps involved in the Gram staining technique.
Acid-fast reaction: this particular procedure identifies Norcardia and Mycobacterium (Procedure Box 1).

	PROCEDURE Box 1:  ACID-FAST REACTION

	1.  place sample on slide and allow to air dry - heat fix

2.  cover smear with tissue and drench with carbol fuschin

3.  gently heat for 3-5 min. without boiling/evaporating

4.  gently wash slide, when cool, under water

5.  drench with acid alcohol and agitate slide to decolorize for approximately 30 seconds

6.  flood with acid alcohol again to ensure that the decolorization process is complete

7.  drench slide with methyl blue for 60 seconds

8.  rinse slide and carefully blot dry

9.  examine slide under oil immersion

10.  acid fast = red; non-acid fast = blue



Most of the above diagnostic tests have been acquired from clinical settings and it is likely that as the medical field develops and adopts new techniques that phenotypic testing for fish pathogens too will move along the same or similar lines. Indeed, to a certain extent this has already occurred, with the application of serological techniques. Where monospecific antisera are available, it is possible to diagnose a specific disease causative agent comparatively rapidly. Tentative diagnoses only can be made where polyclonal antisera are available. Several serological tests are available for detecting and characterizing pathogens of aquaculture significance, including: direct (DFAT) and indirect (IFAT) fluorescent antibody techniques, whole cell agglutination tests, precipitin reactions and immunodiffusions, and latex tests, where sensitized latex and globulins from hyperimmune serum are employed to evaluate latex clumping capacity. The application of other molecular techniques to the detection of fish pathogens, including the use of ELISA, PCR, and DNA probes are discussed in detail in Winton (1992), Austin and Austin (1999), Miahle et al. (1992), Vivares and Guesdon (1992), and Inglis et al. (1993).

Table 2. 

Example tests undertaken during the phenotypic characterization of an Aeromonas salmonicida subsp. achromogenes isolate.

	CHARACTER
	POSITIVE
	NEGATIVE
	VARIABLE
	ND*

	Production of:
brown, diffusible pigment

arginine dihydrolase

catalase

b-galactosidase

H2S

Indole

lysine decarboxylase

ornithine decarboxylase

oxidase

phenylalanine deaminase

phosphatase

Fermentative metabolism

Gluconate oxidation

Methyl red test

Motility

Nitrate reduction

Voges Proskauer reaction

Degradation of:
aesculin

blood

casein

chitin

DNA

elastin

gelatin

lecithin

RNA

starch

tweens

tyrosine

urea

xanthine

Growth on/at:
4-5 oC

30

37

cystine lactose -ve agar

MacConkey agar

potassium cyanide

TCBSSA**

0-2% w/v NaCl

3% w/v NaCl

4% w/v NaCl

utilization of sodium citrate

Production of acid from:
adonitol

amygdalin

arabinose

cellobiose

dulcitol

erythritol

fructose

galactose

glucose

glycerol

glycogen

inulin

lactose

maltose

mannitol

melezitose

melibiose

raffinose

rhamnose

salicin

sorbitol

sucrose

trehalose

xylose

guanine + cytosine ratio (moles %)
	+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+


	+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+
	+

+

+
	+

+

+

+

+

+

+

+

+

+

+

+

+

+

+


Table 3.

Example diseases of cultured salmonids

	DISEASE
	CAUSATIVE AGENT

	Infectious pancreatic necrosis

Infectious hematopoietic necrosis

Viral hemorrhagic scepticaemia

Erythrocytic inclusion body syndrome

Herpesvirus disease

Oncorhynchus masou virus

Chum salmonm reovirus

Strawberry disease

Trout epizootic hematopoietic necrosis 

Bacterial gill disease

Furunculosis

Motile aeromonad scepticaemia

Columnaris disease

Enteric redmouth disease

Vibriosis

Bacterial kidney disease

Coldwater disease

Saprolegnia

Tanmelkrankheit
	IPNV

IHNV

VHS

Pacific salmon anaemia virus

Herpesvirus salmonis disease

OMV

CSR

SDV

EHN

Cytophaga, Flexibacter
Aeromonas salmonicida
A. hydrophila, A. sobria, A. caviae
Flexibacter columnaris
Yersinia ruckeri
Vibrio spp.
Renibacterium salmoninarum
Vibrio salmonicida
Saprolegnia parasitica
Ichthyophonus hoferi


DISEASE MANAGEMENT

Vaccination


Vaccines provide the animal producer with a means to combat disease and hence to become more profitable. A major factor governing the use of vaccines, especially for high numbers of animals (millions) of relatively low value, however, is cost. The first vaccination attempts on fish were undertaken during the early 1940s using a formalin killed furunculosis vaccine. In the intervening years, vaccines have been produced to combat around half of known bacterial infections of economic significance. However, large-scale commercial production of fish vaccines is only undertaken for relatively few diseases viz. furunculosis, Hitra disease, enteric redmouth disease, edwardsiella and vibriosis (see also section on viral vaccines).

Vaccine composition and delivery
Vaccines are generally composed of a variety of components, some of which appear to be more effective for certain bacteria than others. Most vaccines use chemically- (e.g., 3% v/v chloroform), or heat (100 0C for 30-60 minmutes)-inactivated bacterial cells, which may delivered as single (monovalent) or multiple (polyvalent) pathogen vaccines. An alternative to whole cell preparations are vaccines that employ soluble cell extracts such as toxoids, cell lysates, purified sub-cellular component such as lipopolysaccharides, and attenuated live vaccines. In addition, commercial vaccines employ adjuvants that stimulate the immune response of treated animals. Commercially, three methods of vaccine delivery are employed: injection, immersion/bath vaccination and feed-based vaccination. Several other methods have been examined on an experimental basis, but these are of paaing interest only. 

Impact of vaccines


A number of reports indicate that oil-based adjuvant vaccines in particular, cause post-vaccination mortality, reduce growth performance, result in internal abdominal adhesions, and cause injection-site lesions in salmonids and possibly other species of teleost (e.g., Lillehaug et al., 1992; Midtlyng et al., 1996; Ronsholdt and McLean, 1999). While uncertain, these negative consequences of vaccination are usually attributed to the adjuvant component. The impacts of vaccines upon gross morphology may be transient or last through an entire production cycle, such that the final product’s value may be impacted. For example, strong abdominal adhesions may effect the butterflying process for smoked products.


Procedure Box 2 provides a score-based system that assesses the impact of vaccination upon treated fish using gross morphological observations. Studies that have been designed to examine the impact of vaccination should employ appropriate numbers of animals and follow the steps outlined below during the assessment process: 

· Slaughter 25-30 fish per treatment group

· Give each animal a code that is unknown to the person who will investigate the lesions

· Give the groups of fish to the investigator randomly

· Open all fish with a ventral cut from anus to gills

· Check overall appearance

· Examine the strength of the abdominal adhesions thoroughly

· Give each fish a score using the information provided in procedure box 2
	PROCEDURE Box 2:  assessing the impact of vaccines

	Score
	Visual appearance of abdominal cavity

	0
	No adhesion or visible pathological changes due to vaccination

	1
	A few thin fibers generally appearing between the place of injection and pyloric cacae/spleen. These fibers are easy to loosen/tear. Sometimes combined with small melanin (dark spot) deposits in the abdominal wall and adipose tissue firmly attached to the spleen.

	2
	Several fibers covering a larger area, some of these are thicker and more developed but easy to loosen.

	3
	Marked adhesions between ventral organs and abdominal wall are easy to loosen. Sometimes combined with melanin deposits in the abdominal wall.

	4
	Extensive and numerous adhesions covering larger areas. Considerable force is needed to loosen the adhesions. Sometimes combined with melanin deposits in the abdominal wall.

	5
	Ventral organs are more or less grown together. Extensive lesions are difficult to loosen. Usually combined with melanin deposits in the abdominal wall together with some hyperemia.

	6
	As for 5, but even more distinct and extensive. Bursts and wounds are seen when the adhesions are loosened. Usually combined with much melanin deposits in the abdominal wall and severe hyperemia.


FISH IMMUNOLOGY

All animals possess defense mechanisms that enable survival in hostile environments. The defensive mechanisms are directed against pathogens, such as bacteria and viruses, as well as malignant cells. In general, the defense mechanisms of fish can be examined as a three-tier system, comprising physical and chemical barriers, inducible and mobile systems that are non-lymphoid, and lastly, inducible and mobile systems of lymphoid origin. While the teleost immune system is generally examined with reference to the immune system of higher vertebrates, its structure and form is in fact quite different from that of mammals. The most conspicuous difference between fish and mammalian systems are that fish do not possess bone marrow and lymph nodes. Rather, the kidney represents the major lymphoid organ, with additions from the thymus, spleen and mucosa-associated lymphoid tissues. Fish lymphoid tissue is made up of a reticular cell framework that supports migratory and non-migratory cells responsible for nonspecific and specific immune defenses. Cell types encountered in teleosts include lymphocytes, monocytes, macrophages, granulocytes and thrombocytes (McL. Press and Eversen, 1999).

The thymus
The paired thymus lies in the dorsolateral region of the gill chamber, being located on the superior edge of the gill cover close to the opercular cavity. Its histology varies considerably but differentiates around 24 hours post-fertilization. Thymocytes are isolated from surrounding water by a single epithelial cell layer. The thymus is often referred to as an intraepithelial organ, reflecting its anatomical organization. 
The kidney
The kidney is located retroperitoneally, exterior to the dorsal wall or the body cavity. Early renal development has been studied only poorly in fish. Nevertheless, it is a paired organ with various anatomical and functional compartments, the major two being the anterior aglomerular and a mid-, and posterior glomerular section. The most anterior part of the kidney is generally referred to as the head kidney. The head kidney is the major lympho-myeloid segment. The head kidney is an important haematopoietic (blood-forming) organ and thus acts like bone marrow of higher vertebrates. The head kidney also serves as a secondary lymphoid organ – a lymph node analogue, important in the induction and elaboration of immune responses (Kaattari and Irwin, 1985). The head kidney stroma supports haematopoietic tissue and has an important role in nonspecific immunity and the clearance of debris and damaged cells. The head kidney is a major antibody producer and parenchyma melanomacrophage accumulations are able to hold antigens for long periods administration or vaccination which probably has a role in immunological memory).

The spleen
Consisting of a fibrous capsule and small trabeculae that extend into the parenchyma, the spleen can be divided into a red and white pulp. The majority of the organ consists of red pulp, formed from reticular cell network that supports blood-filled sinusoids that hold diverse cell populations including macrophages and lymphocytes. The white pulp may be divided into two compartments viz. the melanomacrophage centers and ellipsoids. The melanomacrophage centers are major sites of erythrocyte destruction and they retain the ability to hold antigens for extended periods, possibly as immune complexes. Plasma cells are found in numbers throughout the white pulp. Splenic ellipsoids appear to filter plasma and trap blood-borne material, particularly immune complexes (McL. Press and Eversen, 1999). Blood-borne materials are retained by the ellipsoidal wall and are taken up by macrophages. The subsequent migration of laden macrophages to melanomacrophage centers has been described. Other tissues such as heart and liver can be involved in the clearance of antigens too (McLean and Ash, 1986, 1987).

Mucosa-associated lymphoid tissues
The mucosa-associated lymphoid tissues in teleosts includes the gut, skin and gills. These tissues are directly exposed to the external environment and represent the preliminary barrier to antigens. Each are covered by a layer of mucus which acts as a platform for an array of nonspecific immune defenses (McLean et al., 1999). Teleosts lack organized gut-associated lymphoid tissue such as the Peyer’s patches of mammals but the gut contains populations of apparently wandering leucocytes, including macrophages, lymphocytes, mast cells, granulocytes and plasma cells (Georgopoulou & Vernier, 1986). Intra-epithelial leucocytes are present in gut mucus but most remain as sentries in the lamina propria of the gut folds. The second gut segment or hindgut, which accounts for about 20–25% of the gut length, has been shown to have an epithelium capable of absorbing macromolecules and transporting these to macrophages in the lamina propria and thence to the circulation (McLean et al., 1999). Leucocytes and plasma cells are also present in the skin and gills, and antigen entrapment can occur in these  epithelia (McL. Press and Eversen, 1999). Only limited information is available upon the processing of antigens by the skin and gills, although immunocompetent cells have been demonstrated to be present (Rombout et al., 1993).

The first line of defense 

The initial defense mechanisms of fish are the physical and chemical barriers that prevent foreign material from gaining access to the internal milieu; or eliminate invasive matter immediately after penetration. Perhaps the most obvious component of the 1st line of defense is the physical barriers, which include the epithelial surfaces and their secretions (mucus). The maintained integrity of both forms of physical barrier is paramount, since the epithelial layer has considerable significance with respect to the animal’s ability to osmoregulate as well. 

Indeed, wound healing in fish is generally very rapid, even at low temperatures. The epithelia of fish are covered by a mucus coating (review: Shephard, 1994).

Non-specific (cellular) defense mechanisms

In fish, as in many animals, phagocytic cells have an important role in the body’s defense against incoming pathogens and other antigens. The principal cells involved in these non-specific cellular defense systems are neutrophils and macrophages. These cell types are able to engulf bacteria and kill them principally by production of reactive oxygen species (ROS) during the so-called respiratory burst. These products include the superoxide anion (O--), H2O2 and the hydroxyl free radical (OH) that have potent anti-bactericidal activity. Neutrophils also contain cytoplasmic-granual myeloperoxidase which, when in the presence of halide ions and H2O2 can kill bacteria by halogenation of the bacterial cell walls. Neutrophils and macrophages contain lysozyme (vide infra) and a symphony of other hydrolytic enzymes in their lysosomes. Macrophages have also been shown to engulf Neutrophils containing phagocytozed bacteria. Moreover, neutrophils have been seen in close association with macrophages and appear to transfer MPO-containing granules to the macrophages.
Non-specific (humoral) defense mechanisms

The physical barrier to pathogenic invasion is supplemented by a variety of other factors, many of which are present in the gill, skin and intestinal mucus. These include trypsin and lysozyme, the former of which may be secreted directly into the mucus by specialised cells stationed in the gills, gut and epidermis. Leucocytes secrete lysozyme, a 129 amino acid residue glycanohydrolase. This enzyme hydrolyzes alternating polysaccharide copolymers of N-acetyl glucosamine and N-acetyl muramic acid of many bacterial cell walls, thus making them susceptible lysis. Lysozyme is active against Gram-positive bacterial fish pathogens in particular, but also retains antimicrobial action against Gram-negative strains too (see Ellis, 1999). 

Complement

The complement system comprises serum proteins that are activated using either classical or alternative pathways. These systems of defense are vital to the ability of fish to respond to invasion. The alternate complement system is activated by lipopolysaccharide of the cell walls of Gram-negative bacteria, and may result in bacterial lysis. During the complement cascade, many important peptides are generated that result in the recruitment of macrophages and neutrophils (Ellis, 1999). The later cell types possess receptors for the C3b component of the complement cascade that remains connected to the bacteria cell wall. C3b bound cells are more readily engulfed by phagocytes.

C-reactive proteins

C-reactive proteins react with phosphorylcholine structures of microbial cell walls. C-reactive proteins react with and precipitate C-polysaccharide; binding is Ca++-dependent. C-reactive proteins are able to activate the complement system, through which they activate lytic and phagocytic defenses. When compared to mammals, C-reactive proteins are present at high levels in normal fish serum (~50 g ml-1) and rapidly increase (as much as 20-fold) after temperature shocks or administration of inflammatory agents (Szalai et al., 1994). Low levels of C-reactive proteins in channel catfish serum during winter have been associated with increased susceptibility to fungal invasion (Szalai et al., 1994). C-reactive proteins have also been recorded in fish skin mucus and eggs (Yano, 1996). While clearly important to the defensive capabilities of fish, greater research upon C-reactive proteins must be undertaken before its precise role is discovered. 

Lectins

Lectins or hemagglutinins are proteins of non-immune origin that are able to agglutinate or clump cells together. Lectins are prevalent in teleost eggs and inhibit the growth of some bacteria, notably Aeromonas salmonicida and fungi. Fish skin mucus also contains lectins – especially in species that do not possess scales. And lectins have been isolated from fish serum. Their precise function however, remains to be elucidated.

Transferrin

Transferrin is an iron-binding glycoprotein that controls the transport of iron and, since iron is an essential element in the establishment of infections (Yano, 1996), transferring acts by limiting the availability of iron for bacterial use. Transferrin has been detected in most species of fish examined to date although their mechanisms of action and results from experimental studies have been contradictory. Transferrins express a high level of genetic polymorphism such that they have been used in zoogeographic studies.

Proteinase inhibitors

Interferons

Interferons (IFN) are produced in response to viral attack. Infected cells release minute amounts of IFN that attach to neighboring cells, promoting these to produce their own protective antiviral enzymes. This results in impairment of viral growth and replication. There are three known classes of interferons: -, -, and -IFN, each of which has been demonstrated in teleost fishes. Although discovered in the 1950s and confirmed for fish in 1965, the use of IFN was impractical until the genetic engineering that made it possible to mass-produce these molecules.

Miscellanea

The skin mucus and serum of teleosts also harbors a variety of other molecules that are considered as integral components of the humoral defense system. These include hemolysin that are able to break down erythrocytes; proteinases, that are trypsin-like and able to degrade Gram-negative bacteria; 2-macroglobulin which inhibits the proteolytic activity of Aeromonas salmonicida, especially in rainbow trout; chitinase, that may function in the defense of fish against chitin-containing pathogens and parasites and -precipitins, a group of 13 proteins that apparently react with carbohydrates and glycoproteins from fungi.

Specific (humoral) defense mechanisms

The antibody response of fish to disease has been one of the most studied aspects of fish immunology. Most research efforts however, have centered attention upon comparatively few species of teleost (mainly cyprinids and salmonids). Nevertheless, it would appear that specific humoral defense mechanisms of fish are broadly similar. In-depth consideration of the specific humoral defense of fish is covered by Kaattari and Piganelli (1996). Teleost antibodies are important in immunity to bacterial pathogens in a variety of ways:

Anti-adhesins

Before causing symptoms of pathology, bacteria must first adhere to a surface epithelium of a host. To enable this first stage, bacteria possess several cell wall structures (adhesions) that enable them to hold fast. Antibodies that are able to react with adhesins may prevent pathogens from gaining access to host cells. Fish produce antibodies at mucosal surfaces and antibodies have been detected in skin and gill mucus. Unlike mammals and other higher vertebrates however, it would appear that fish do not produce secretory forms of immunoglobulin (Ig) in the gut.

Anti-toxins

Many pathogens produce potent toxins, and antibodies that are able to neutralize these molecules may serve a shielding role against their action. Atypical strains of certain bacteria produce lethal metalloproteinases and antibody responses against these confer good protection. 

Anti-invasins

Some bacteria are able to invade non-phagocytic host cells, where they can avoid many defense mechanisms. Antibodies, which impede such incursions could protect these cells by exposing the pathogen to other means of destruction (see above). 

Activation of classical complement pathway (CCP)

Antibody bound to the surface of a bacterium activates the classical complement pathway, thereby activating greater amounts of complement than is possible with the alternate pathway. Conversely, antibodies may orchestrate the classical complement system to sites on the invasive pathogen’s wall, where complement does most damage.

Viral diseases

In contrast to bacterial infections, isolation and identification of viral diseases are more time-consuming, technically complex and demanding of skilled personnel. Viruses are particles, the genome of which may be either DNA or RNA. Viruses are only able to reproduce within a living cell and are identified on the basis of their nucleic acid type, their shape, the group or groups of organisms that they infect and whether they are enveloped or naked. In teleosts, as well as other animals, viral infections tend to be age-related, with younger stages being more susceptible to infection than adults. There are no chemotherapeutic agents that are able to combat viruses of aquaculture significance. The potential exists however, that viral vaccines may be developed in the near future and some success has been recorded with the use of immunostimulants in decreasing the impact of viral infections. Viruses are generally cultured in specific fish cell lines. Samples are obtained from infected tissues. Diagnoses of viral outbreaks are generally based upon histological examination of pancreatic, liver, renal, splenic, and other systems. Infectious pancreatic necrosis (IPNV) was the first identified viral disease of fish; being commonly encountered in salmonid culture operations. The symptoms of the disease include exophthalmia, whirling, abdominal distension and hemorrhaging and pale gills. Microscopically, the pancreatic tissue becomes necrotic in infected individuals. A number of viruses have also been identified as causative agents of shrimp diseases, including: infectious hypodermal and hematopoietic necrosis virus, monodon baculovirus and baculovirus penaei, baculovirus midgut gland necrosis, hepatopancreatic Parvo-like virus and Reo-like disease (Lightner, 1996). Viral diseases are also considered a severe problem in the culture of molluscs (Wolf, 1988).

Vaccine Development 

Edward Jenner was the first to produce a viral vaccine - that against smallpox. While the production of this vaccine was a historic achievement, what makes Jenner's discovery in 1796 truly astonishing, was that it predated the identification of viruses by over 100 years. The presence of viral particles was established initially by indirect assay (1915/1917) and later, by electron microscopy. Since that time, modern virology has brought rapid advances in our understanding of immunology, genetics and molecular biology. However, it was not until the 1950s that the global significance of viral vaccines was seen. This resulted following the appearance of the Salk and Sabin polio vaccines. Subsequently, vaccines against influenza, rubella, hepatitis B and yellow fever emerged. Veterinary vaccines against pox and rabies have also been developed, with the latter being available as an oral formulation. Advances too have been achieved with the development of a hoof-and-mouth virus vaccine. Yet, while considerable success has been achieved in combating certain viral states, there still exist relatively few safe and efficacious formulations. One of the reasons underlying this shortage relates to the problems associated with viral vaccine production. For example, attenuated strains may revert to virulent forms. Not surprisingly, authorities have not be supportive of the development of such preparations due to the risks associated with the possible spread of reverted, virulent forms. As well, while an attenuated viral vaccine might be "safe" for use in cultured species, the same might be highly pathogenic in other species. Another problem related to the production of viral vaccines is that they have a limited shelf-life and need to be stored in highly controlled environments; heat inactivation may be incomplete; some vaccines may contain contaminants; many viruses have restricted availability due to difficulties and expense involved in their culture; and, a wide variety of viruses, as exemplified by the influenzas and HIV, continually evolve to express new antigenic specificity, and hence constant vaccine upgrading would be required.


Due to the above complexities, it is not surprising to find that a number of strategies have been proposed as a means of producing alternative viral vaccine preparations. These include the examination of the potential for producing i) subunit vaccines, ii) antiidiotypic mimics, iii) defective viruses, iv) piggy-back bacteria, which express viral surface antigens and produce antibodies in donor species, and v) production of specific viral antigens in transgenic cell lines and animals. It should be emphasized that the vast majority of viral vaccine research effort has been directed towards the development of clinical preparations. Nevertheless, one group has concentrated upon developing recombinant viral vaccines for aquaculture use. Their strategy revolves around the development of subunit vaccines; that is the vaccine consists only of the antigenic determinant(s) of the pathogen. Subunit vaccines present a number of advantages. For example, by their nature, the concerns over viral virulence are eliminated since there are no infectious agents present. As subunit vaccines only consist of a small part of the whole pathogen, they are more stable and chemically defined. The latter characteristic is highly valuable, since knowledge of the chemical structure permits synthesis or recombinant production of the vaccines en masse. However, while strategies such as the production or recombinant subunit viral vaccines may seem highly appealing, it should be recalled that to attain such a product requires: research to identify and isolate the antigenic component; methods to determine whether such protective antigens are proteins and thus amenable to gene cloning; production of the recombinant peptide-protein; its purification where necessary; its validation as a vaccine for use in fish; experiments to determine efficacy and duration of immunity elicited following vaccination. The proceeding, once satisfied, may then have to be followed up with appropriate, and often long-winded and expensive, Federal trials prior to acceptance in the commercial setting. It should also be remembered that the global aquaculture industry would only stand a certain cost per unit vaccine. This will likely be in the region of US 0.1-5.0 cents equivalent for lower and higher values species respectively. Where animals are young, producers will be less likely to invest in their health. The underlying reasons for this are that limited capital investment will have been made in terms of feed and that the immunocompetence of smaller animals is generally questioned.
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