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Abstract. 
The vertebrate immune system is comprised of numerous distinct and interdependent components. Every component has its own inherent protective value, and the final combination of them is likely to be related to an animal’s immunological history and evolutionary development. Vertebrate immune system consists of both systemic and mucosal immune compartments, but it is the mucosal immune system which protects the body from the first encounter of pathogens. According to anatomical location, the mucosa-associated lymphoid tissue, in teleost fish is subdivided into gut-, skin-, and gill-associated lymphoid tissue and most available studies focus on gut. The purpose of this paper is to summarise the current knowledge of the immunological defences present in skin mucosa as a very important part of the fish immune system, serving as an anatomical and physiological barrier against external hazards. Interest in defence mechanism of fish arises from a need to develop health management tools to support a growing finfish aquaculture industry, while at the same time addressing questions concerning origins and evolution of immunity in vertebrates. Increased knowledge of fish mucosal immune system will facilitate the development of novel vaccination strategies in fish.


1. Introduction
According to the FAO (Food and Agriculture Organization of the United Nations), presently 52% of the 600 wild fish species with economic value are heavily depleted, 17% overfished, and the 7% fully exploited. Supply from capture fisheries will be static over the next 30 years. A growing percent of world aquatic production derives from aquaculture, whose importance is set to increase dramatically as a result of overfishing of the world’s waters and an increasing demand for seafood [1].
In fact, aquaculture production has increased from representing 9% of the fisheries resources in 1980 to a current 43%, actually, and it is thought that production will need to double in the next 25 years, according to the FAO. The FAO promotes aquaculture not only for being an important source of money and employment, but also for its great contribution to food security and social development of many countries. The success of modern aquaculture is based on the control of the reproduction, a good knowledge of the biology of the farmed fish, on technology innovation, and on the development of a specific feed. Nevertheless, there are some important challenges to develop productive, feasible, and sustainable aquaculture in present superintensive systems. One of these challenges is that in large-scale production facilities where aquatic animals are exposed to stressful conditions, problems related to diseases and deterioration of environmental conditions often result in economic losses [2]. Control of such pathogens (most of which are bacterial) in fish farms has been routinely achieved by the administration of antimicrobial agents. However, the excessive use of these antimicrobials has led to the emergence of antibiotic-resistant bacteria, due to those drug-resistant strains carrying a transferable R-plasmid, making the treatments less successful [3]. In addition, the transference of resistant genes between bacteria (reviewed [4]) could have a risk to human health [5]. The modern aquaculture industry demands alternative preventative practices that may help to maintain a high animal welfare as well as a healthy environment, resulting in better production and higher profits. Furthermore, the emergence of generic “green” values among consumers and a new heightened environmental awareness make the development of a sustainable aquaculture necessary. A better knowledge of the immune system of cultured fish will help to achieve these aims. 
The vertebrate immune system includes lymphoid organs that, according to their ontogeny and functional characteristics, are considered to be either primary or secondary. One of the secondary organs is the MALT (mucosa-associated lymphoid tissue) [6]. Among MALTs particular interest (given its extension) has been given to the GALT (gut-associated lymphoid tissue) [7]. 
The fish immune system, comprised of numerous distinct and interdependent immune components, is necessary for organisms to defend themselves against invading pathogens [8]. Every component of the immune system has its own inherent protective value, and the final combination of these components is likely to be related to a satisfactory immune response [9]. According to anatomical location, the MALT in teleost fish is subdivided into gut-associated lymphoid tissue (GALT), skin-associated lymphoid tissue (SALT), and gill-associated lymphoid tissue (GIALT) [10]. Mucosal immunity in fish is a very rarely studied research field, although there is currently great interest in this knowledge, and the study of the GALT has intensified in recent years [11, 12]. The fish MALT has defence mechanisms (both innate and adaptative) that constitute the first line of defence opposite to the infectious agents [12–16]. Since the majority of the infectious agents affects or initiates the process of infection in the mucous surfaces, the mucosal immune response plays a crucial role in the course of the infection [17], and different studies have begun to examine their cellular and molecular composition in different species [18–20]. Skin, gill, and gut constitute a large area (much greater than that of other vertebrates) for the possible invasion of pathogens [21], which is also influenced by the fact that there is an intimate contact between these animals and the aquatic environment. 
To know the immune mechanisms which exist in a constitutive way in the mucosa, to know which mechanisms  are induced, and to understand the cellular interactions that happen after an infection are all very important goals for the development of new vaccines capable of generating robust immune responses in the mucosa. For that, a deeper knowledge of this immunity is needed in order to prevent and control infectious diseases [22]. This paper will focus on the fish skin mucosa immunological defences as a very important part of their immune system [23] and provides a short overview of the field.  Because it is a big topic, this is not meant to be an exhaustive report, but seeks rather to highlight how it has developed research in this field and what are the most current lines of study. This is an area of research that began in the 70s and is still highly topical for many reasons which will be explained. First, the results obtained during the early years will be analyzed, and this paper will end with the latest techniques. 
2. Teleost Skin
Body surfaces of multicellular organisms are defended by epithelia, which provide a physical barrier between the internal milieu and the external world. Skin is the structure that covers the body and protects it not only from the entry of pathogens or allergens, but also from the leakage of water, solutes, or nutrients. These outside-in and inside-out barrier functions are dependent on the epidermis, a stratified cellular sheet. While mucus covers the epidermis in fish and amphibian tadpoles, differentiated cornified cellular sheets (stratum corneum) constitute the outermost epidermal barrier in amphibian adults, reptiles, birds and mammals [24].
Teleost skin in particular is unique and histologically diverse [25]. It is very different from that of mammals, because it secretes mucus which is involved in immune functions [10]. Its structure and function reflect the adaptation of the organism to the physical, chemical, and biological properties of the aquatic environment and the natural history of the organism. The aquatic environment is rich in pathogenic organisms [26]; hence, the skin of aquatic vertebrates is extremely important as the first line of defence against the invasion of environmental pathogens, and it is just important to the respiratory and digestive organs. Because of the intimate contact of fish with the environment, cutaneous diseases are relatively more common in fish than in terrestrial vertebrates and are one of the primary disease conditions presented to the aquatic animal practitioner [27]. 
The integument or skin is the envelope that not only separates and protects a fish from its environment, but also provides the means through which most contacts with the outer world are made. It is a large organ and is continuous with the linings of all body openings and also covers the fins. In addition to being a mechanical barrier, it represents a metabolically active tissue [28]. In fact, fish integument is a multifunctional organ, and its components may serve important roles in protection, communication, sensory perception, locomotion, respiration, ion regulation (reviewed by [29]), excretion, and thermal regulation (reviewed by [30]). These functions are possible due to the skin’s complex structure and cell composition [30]. All of these functions (mainly immunity, osmoregulation, respiration, and excretion) are especially significant in fish larvae because the importance of the skin in early developmental stages also relies on the fact that surface to volume ratio is high in early stages and decreases during the development [31]. Although numerous studies have focused on the histology and cytochemistry of the epidermis of adult teleosts [review in [28, 32–36]], the structure of the larval skin has been studied only in a few species [37–41]. According to the existing data, the larval skin of teleosts is a thin two-cell layer (including mucus/goblet cells and the chloride cells/mitochondrial rich cells/ionocytes) lying on a basal membrane and overlying an extensive haemocoel (reviewed by [31]). In yolk sac larvae, the mucus cell content appears composed of exclusively neutral (Periodic acid-Schiff stain (PAS) positive) intracellular glycoproteins [38, 41]. Goblet cells of the corporal skin were evident on days 15–20 of larval development of Senegal sole (Solea senegalensis) and contain N-acetyl glucosamine and/or sialic acid [42].
In general, the layers of tegument of adult teleosts are the cuticle or mucus layer (with a very complex composition), which have bacteria forming the microbiota (not considered in the present paper), the epidermis (a squamous stratified epithelium with goblet cells) and the dermis (with two layers, the hypodermis or stratum spongiosum, a frequent site of development of infectious processes and the innermost layer or stratum compactum) [43]. The nonkeratinized epidermis, 5–10 cells thick, consists entirely of live cells, of which the majority is squamous cells and the minority is mucous cells [23]. The squamous cells are characterized by numerous desmosomes and associated cytoplasmic filaments [44] with only minimal quantities of keratin in the cells of the superficial layer, whose cells show microridges that contain mucus and antibacterial substances secreted to the surface from mucous goblet cells located in the intermediate stratum of the epidermis [45]. The dermis is mainly composed of dense connective tissue with a large amount of collagen fibres, although it typically contains relatively little of the connective tissue found in tetrapods. Instead, in most species, it is largely replaced by solid, protective bony scales. Cartilaginous fishes have numerous tooth-like denticles embedded in their skin in place of true scales. Pigment cells are of three types: melanophores, iridophores (guanophores), and lipophores [38]. Although melanin is found in the skin of many fish species, the epidermis is often relatively colourless. Instead, the colour of the skin is largely due to chromatophores in the dermis, which, in addition to melanin, may contain guanine or carotenoid pigments [46]. The hypodermis consists of loosely organized collagen fibres and rich supply of vessels and, as the innermost layer, is closest to the striated muscle underneath the skin. The origins of these skin layers of teleost are still unknown. In this sense, some works have renewed interest in the teleost dermomyotome [47], which was initially characterized in the late 19th century. New works are studying the primary myotome morphogenesis, the relationship between the primary myotome and the dermomyotome, as well as the differentiation of axial and appendicular muscles and dermis from the dermomyotome (reviewed by [48]). Concretely, some of the zebrafish dermomyotome precursors examined recently by lineage labelling were reported to give rise to “dermis” cells, based only on their position [49]. As the teleost dermis has not been well characterized in any species, these results must be viewed as preliminary [48]. 
Besides normal epithelial cells, fish epidermis contains various types of unicellular glands [50]. Most studied are the goblet (mucous) cells which are responsible for the production of the mucosal layer [51], although some other mechanisms could also be involved in the production of mucous components, possibly including transfer of material from the secondary circulatory system [52]. Due to this main function of secreting mucus, mucous cell densities in skin seem to act as a sensitive first line of immune defence parameter in fishes [53]. Besides mucus-secreting goblet cells, cells that produce a more watery, serous fluid may also be present in the epidermis [54]. Furthermore, some bony fishes possess holocrine, multicellular poisonous glands usually associated with spiny rays [55]. The number of mucous cells of fishes is affected by many stressors, and there is now evidence that the enumeration of the skin mucous cells of fishes can be used to monitor stress in them [56]. Both the number of goblet cells and the composition of the mucus which they produce may vary depending on their location. On the other hand, fine structural studies have demonstrated that the epidermis of fishes may have two different types of glandular cells, namely, goblet cells and club cells [26, 57]. The slipperiness of the mucus is considered to be a result of the presence of high molecular weight gel-forming macromolecules, and it is assumed that the predominant gel-forming macromolecules in mucus are glycoproteins. While the mucous cells are present in all fish epidermis, the club cells are considered a more specific cell population, and they are only found in the epidermis of some fish species [57]. The club cell contents are largely proteinaceous, with comparatively little carbohydrate components. Their functions are not well defined, but some protective roles have been suggested [58, 59]. Curiously, several studies also have provided evidence that preparations from fish skin secretions can stimulate the rate of wound healing in animals and the healing of diabetic foot ulcers in humans [59–64]. More studies are needed to elucidate the nature of the molecules responsible wound healing as well as the type of cells involved in their synthesis and/or secretion.
Fish epidermis encompasses a variety of viable cell types (enumerated above), of which the most important one structurally is perhaps the motile keratocyte [32, 51, 65]. Keratocytes can cover fish skin wound surfaces with a new protective layer of cells within hours after wounding by rapid migration from the surrounding wound margins [66, 67]. In addition to their migratory activity, different cell types present in fish epidermis are shown to internalize particular matter such as bacteria and other particles. The characteristics combine to suggest these cells as an important contributor to the fish innate immune response, serving to protect against microorganisms and other potentially harmful substances from the surrounding water [68, 69]. The keratocyte function implies wound repair is related to the fact that most animals have the ability to repair an epidermal lesion after an infection or a fight in the wild. In fact, the epithelialization of the wound gap in fish species involves changes in the surface architecture of the epithelial cells. As a quick response to injury, profuse mucous secretion and accumulation are observed on the surface of the adjacent epithelial cells, which is also associated with the protective function of mucus against pathogenic microorganisms [70–72]. Furthermore, a very noticeable property of teleost fishes is that they can fully regenerate largelysevered appendages with different tissues, as can several aquatic urodele amphibians. This regeneration is an exceptional and remarkable cellular event already noticed in 1900 by T.H. Morgan for regenerating fins. Fin regeneration is a rapid process in which the wound is first healed by the rapid migration and rearrangement of the epithelial cells of the stump to cover the surface of the cut, leading to the formation of the wound epidermis, an inevitable process after lesion (reviewed by [73]).
At present, it is assumed that cell lines provide an important biological tool for carrying out multiple investigations into physiology, virology, toxicology, carcinogenesis, and transgenics. Teleost fish cell lines have been developed from a broad range of tissues (ovary, fin, swim bladder, heart, spleen, liver, eye muscle, vertebrae, and brain) including skin (reviewed by [74, 75]), and most fish cell lines originated from normal tissues. Some permanent skin cell cultures from different fish species have been established, and even one cell line XM was initiated from skin and fin tissue of fish melanoma [76]. Last year Rakers et al. [77] demonstrated that it was possible to integrate freshly harvested rainbow trout (Salmo gairdneri)scales into fish skin cell cultures, and antibody staining indicated that both cell types proliferated and started to build connections with the other cell types. As they suggest, perhaps this is the first step to generate an “artificial skin” with two different cell types, and, in the future, similar studies could lead to the development of a three-dimensional test system [77].
3. The Cutaneous Mucus Layer
The mucosal surfaces of fishes (gill, skin, and gastrointestinal tract) form a thin physical barrier between the external environment and the internal milieu, and they are important sites of microbial exposure. Host defence mechanisms and their epithelia (with living cells) are covered by a protective mucus overlay [65, 78]. Cutaneous mucus is considered the first line of defence against infection through skin epidermis [16, 65]. 
The fish skin mucus acts as a natural, physical, biochemical, dynamic, and semipermeable barrier that enables the exchange of nutrients, water, gases, odorants, hormones, and gametes. Concomitantly, mucus plays a critical role in the defence mechanism of the fishes by also acting as a biological barrier [79–81]. Skin mucus has evolved to have robust mechanisms that can trap and immobilize pathogens before they can contact epithelial surfaces, because it is impermeant to most bacteria and many pathogens [82]. This occurs because in this mucus layer, particles, bacteria, or viruses are entrapped and removed from the mucosa by the water current [83]. Furthermore, mucus in most fishes is continuously secreted and replaced, which prevents the stable colonization of potential infectious microorganisms as well as invasion of metazoan parasites [84]. Sometimes the mucus layer can be shed or digested; thus pathogens must move “upstream” through the unstirred layers of mucus adhering to the cells on the epithelium surface or penetrate a mucus “blanket” before it is shed [82], although more frequently mucus prevents the pathogen adherence to the underlying tissues being an indispensable barrier in the self-defense system of fishes [8, 85]. An often underappreciated dynamic property of mucus is its ability to maintain an unstirred layer of mucus adjacent to epithelial surfaces despite vigorous shearing actions (such as swallowing, coughing, intestinal peristalsis, and copulation) [82].
Mucus is a complex fluid, and its composition varies throughout the epithelial surface. As the skin mucus is exposed to the surrounding outer environment, proteins in the skin mucus are required to maintain their activities under severe conditions such as higher temperature and hydraulic pressure [86]. Mucus is a viscid (sticky) gel; there are few surfaces to which it does not stick. The adhesive actions of mucus are used by many organisms from bacteria to barnacles and snails to adhere to the surfaces on which they live. Mucus is also used by small fishes to collect nutrients suspended in water [82]. Lipids in mucus secretions, including covalently attached fatty acids, contribute to fiber-fiber interactions that markedly increase the viscoelasticity of the gel, which has been studied on evolved vertebrate’s gastric mucus [87]. The thickness of the mucus blanket is determined by the balance between the rate of secretion and rate of degradation and shedding. Toxic and irritating substances can greatly stimulate mucus secretion, increasing the thickness of the mucus blanket [82]. Small amounts of mucus are normally present on the skin of some fishes, including sharks [88]. 
The composition and characteristics of skin mucus are very important for the maintenance of its immune functions. Simply by being slightly more hydrated, saliva and tear fluid have markedly lower viscoelasticity and are readily penetrable by motile bacteria. Mucus transport requires well-regulated viscoelasticity which is controlled by hydration [82]. Thus mucosal epithelia must somehow regulate the viscoelasticity of secreted mucus gels, and it is likely that most mucosal epithelia do this in part by regulating the ionic environment to regulate mucus hydration and hence viscoelasticity [89]. This has been most carefully investigated in airway mucus [90–93]. Many other factors contribute to regulation of mucus viscoelasticity, including secreted lipids, trefoil factor, pH, calcium, and nonmucin glycoproteins [94].
The different functions that have been suggested for fish mucus and its role as a clue component of fish immunity have been considered. Its frontier and first line defensive role in disease resistance has been studied [36, 65]. In addition, skin mucus provides a medium in which antibacterial mechanism may act [95]. Fish skin mucus thus serves as a repository of a variety of biologically active substances as well as numerous defensive molecules of both the innate and acquired immune system [18, 80, 81, 96–99]. Mucus performs a variety of functions (besides inhibition of the invasion and proliferation of pathogenic microorganism) including ion regulation, osmoregulation, lubrication [8, 65, 81, 100], and parenteral care behaviour [101]. The antimicrobial property of epidermal mucus against infectious pathogens (bacteria and viruses) has been demonstrated in different fish species [8, 84, 102–105], and increased expression of one or more of the above-mentioned antimicrobial components in fish epidermal mucus has been observed following microbial stress [106, 107], thus supporting the role of epidermal mucus in protecting fishes from infectious pathogens.
Mucus composition varies among fish species. Furthermore, mucous cells and the compositions of the mucus they produce are influenced by endogenous factors (e.g., sex, developmental stage) and exogenous factors (such as stress, acid and infections) [108, 109]. In some occasions, especially when fish specimens are frightened or injured a high amount of proteins are present on mucus. The epidermis of such fish secretes a gel-like material which adheres to the skin even when they swim at varying speeds and for several days. For example, a catfish caught 48 hours after scraping the opaque proteinaceous gel did not elaborate more of the gel, but secreted a transparent, viscous, water-soluble solution, which is reminiscent of mucus. Similarly, the epidermal gel secretion of Arabian Gulf catfish (Arius bilineatus) is unlike what can be generally termed mucus. Over 85% of the dry weight of the gel secretion is protein, with lipids (13.4% of the dry weight) and only small amounts of carbohydrates and nucleic acids. The epidermal secretion of other species (Arius tenuispinis) is more viscous and glue-like compared with that of A. bilineatus although their biochemical and pharmacological properties of both skin secretions appear to be similar [110]. More studies are needed to realize the biochemical characterization of the fish gel-like secretions different from normal mucus.
There is a limited knowledge about the defence mechanisms of the epidermal mucus of fishes, although both constitutive and inducible innate defence mechanisms are involved [8]. A description of the main components of the immune system found in fish mucus is now enumerated.
3.1. Mucins
The most abundant components of the mucus layer are high molecular weight, filamentous, highly glycosylated glycoproteins (some 50% of their dry weight can consist of carbohydrate chains) called mucins [35, 111]. Mucins are strongly adhesive, play a major role in the defence of the mucosae [112, 113], form a matrix in which a diverse range of antimicrobial molecules can be found [114], and impart viscoelastic and rheological properties to mucosal layers [115]. 
Although there is extensive information in literature on the fish mucins [50, 116], the carbohydrate nature of the glycoproteins in the unicellular glands in fish epidermis has not been fully characterized. One of the most complete works includes a histochemical study using both conventional carbohydrate histochemistry (periodic-acid, alcian blue) as well as a battery of fourteen fluorescein-isothiocyanate-(FITC-) labelled lectins. The lectins used were: mannosebinding lectins (Con A, LCA and PSA), galactose-binding lectins (PNA, RCA), N-acetylgalactosamine-binding lectins (DBA, SBA, SJA and GSL I), N-acetylglucosamine-binding lectins (WGA and WGAs), fucose-binding lectins (UEA), and lectins which bind to complex carbohydrate configurations (PHA E, PHA L). This study has permitted to identify the glycoconjugates present in the skin of a catfish (A. tenuispinis), and the results confirm that mucous goblet cells contain a considerable amount of glycoconjugates in all locations of the skin, whereas the other unicellular gland types, the club cells, lacked these glycoconjugates. The mucus produced by the epidermal goblet cells of this species is rich in mannose, N-acetylgalactosamine, and N-acetylglucosamine residues [117].
3.2. Innate Immune Components
As it has been previously indicated, for aquatic animals the skin is a major route of entry for infectious pathogens. Therefore, the skin mucus of fishes contains many kinds of biologically active (including defensive) molecules [9, 18, 25, 65, 85, 96, 118]. A review of literature reveals that not much attention has been given to the comparative biochemical analysis of innate immune parameters of fish skin mucus, although the distribution of some immune components and their possible role in defence have been reported in different fish species (see [65] for review, [18, 25, 80, 119]). Many substances with biostatic and biocidal activity (e.g., complement, C-reactive proteins, proteases, lectins, lysozyme, haemolysins, agglutinin, proteolytic enzymes, antimicrobial peptides, antibodies, immunoglobulins) are present and have been identified in the fish epidermis and/or skin mucus [9, 18, 25, 85, 96, 120]. Although the protective role of the epidermal mucus of fishes has been known for many years [8, 100], of great interest at the present is to see the skin mucus as a source for isolation of new and potent antimicrobial components [121]. A brief overview of the most studied immune components of fish mucus is now presented.
3.2.1. Enzymes
Perhaps, the most studied enzyme present in fish mucus is lysozyme. Lysozyme (N-acetylmuramide glucanohydrolase or muramidase) is a ubiquitous bactericidal enzyme identified in a wide range of organisms including fishes. Lysozyme is present in mucus, lymphoid tissue, and serum of most fish species, but not in others (such as cod and wolfish) [119, 121, 122]. The bacteriolytic activity of lysozyme in fish skin mucus and other tissues contributes to its host defence mechanism against bacterial infection [80, 123, 124]. Three or two isoforms of lysozyme were detected in skin mucus of different fish species [119]. 
Significant differences in the levels of lysozyme in skin mucus have been detected, depending on the fish species investigated [119] as well as on the environmental conditions. For example, lysozyme activity in skin mucus of Atlantic salmon (Salmo salar) specimens reared in freshwater was significantly higher than that found in the specimens from the same fish species reared in seawater [25]. Subramanian et al. [80] demonstrated higher levels of lysozyme in skin mucus of seawater fish species than those that inhabit freshwater. On the other hand, a consistently high level of lysozyme activity in the skin mucus of olive flounder (Paralichthys olivaceus) was observed throughout the sampling period, irrespective of changes in the water temperature. Furthermore, the lysozyme activity showed no significant correlation with other immune substances, which suggest that the lysozyme is constitutively secreted in the skin mucus of this fish species [125].
Acid and alkaline phosphatases, which are important lysosomal enzymes and are associated with the innate immune system in fishes, have also been identified in fish skin mucus [119]. As it was indicated previously for lysozyme, significant differences in the specific activities of these enzymes were observed among specimens [119]. Increased activities of phosphatases were demonstrated in epidermal cells during skin regeneration related to cutaneous wound healing in the catfish (Heteropneustes fossilis) [126–128] and in Atlantic salmon mucus during parasitic infections or stress [25, 129] and were considered to play a protective role in the initial stage of wound healing in the common carp (Cyprinus carpio) [128, 130]. Furthermore, alkaline phosphatase has been demonstrated as a potential stress indicator in skin mucus of Atlantic salmon [129]. As it was previously indicated for lysozyme, in a recent study no significant relationship was observed between the phosphatase activity and other mucosal parameters [125].
The activity of some other enzymes, such as the cathepsins, has been described in eggs and larvae of sea bass, cod, and salmonids. Cathepsins may have a bactericidal role in the skin of fishes, as has been demonstrated in Japanese eel (Anguilla japonica) [131] and catfish [132]. A unique copper and zinc super oxide dismutase (SOD) was found and isolated from plaice (Paralichthys olivaceus) skin, and from other sources reported so far, its properties were very different from those of SOD [133]. Esterases have also been identified in fish mucus [119].
Different enzymatic activities were found on gilthead seabream (Sparus aurata) and sea bass (Dicentrarchus labrax) mucus by using the Api Zym strips: Phosphatase alcaline, Esterase (C4), Esterase Lipase (C8), Leucine arylamidase, Valine arylamidase, Trypsine, Phosphatase acide, Naphthol-AS-BI phosphohydrolase, beta-galactosidase, beta-glucuronidase, N-acétyl-beta-glycosaminidase, and alpha-fucosidase. Besides, cystine arylamidase and beta-glucuronidase have also been identified in gilthead seabream mucus [134]. New studies will provide new data on the enzymes present in fish mucus and fish epidermis.
3.2.2. Proteases
Based on the catalytic mechanism, proteases are categorized into serine, cysteine, aspartic, and metalloproteases [135]. Serine protease comprises more than 25% of the complement system [136] and is reportedly one of the major mucus proteases in several fish species [119]. Proteases such as trypsin (serine protease), cathepsin B and L (cysteine proteases), cathepsin D (aspartic protease), and metalloproteases have also been identified in fish skin mucus [25, 80, 119, 132, 137–141]. Proteases in skin mucus are involved in the natural resistance of fish to infection [85]. The release of proteases into skin may act directly on a pathogen (they can kill bacteria by cleaving their proteins) or may prevent pathogen invasion indirectly by modifying mucus consistency to increase the sloughing of mucus and thereby the removal of pathogens from the body surfaces [142]. Proteases also activate and enhance the production of other innate immune components present in fish mucus such as complement, immunoglobulins, or antibacterial peptides [132, 140, 143]. 
Recently, the skin mucus of five Indian carp inhabiting different ecological niches was analyzed in order to characterize the relationships between potential innate immune factors (such as lysozyme, proteases, phosphatases, esterase and sialic acid) and environment. The results demonstrated that the enzyme activities were high in bottom dweller species (C. punctata and C. mrigala) and low in clean water inhabiting species (L. rohita and C. catla), while an inverse relationship was observed between the level of enzyme activity and the sialic acid content in these fish species [119]. The significance of the results will require further research.
3.2.3. Antimicrobial Peptides
Antimicrobial peptides (AMPs) are increasingly recognized as a critical component of the host’s defence against infection. AMPs are antibiotics that have been isolated from a multitude of organisms ranging from microbes to plant and animal species [144, 145]. To date, more than one thousand AMPs have been characterized (http://www.bbcm.univ.trieste.it/~tossi/). The AMPs show variations in their biochemical properties such as amino acid sequences, length, and structure, yet they share several common features. They display a broad spectrum of activity against numerous pathogenic organisms including Gram-positive and Gram-negative bacteria, yeast, fungi, enveloped viruses, and parasites with little or no toxicity to host cells. They also they inhibit DNA, RNA, and protein syntheses [146]. These AMPs are present in tissues exposed to microorganisms such as mucosal surfaces and skin [100, 140, 147–150] and immune cells such as mast cells [151, 152]. Although teleost mast cells are abundant around blood vessels and host-environment interfaces such as the skin, gills, and alimentary tract, their function in defence is not clearly defined. AMPs are produced constitutively or induced upon infection in fish epidermal mucus to defend against invading pathogens [153, 154]. 
While research has shown a vast number of AMPs in the mucus of numerous amphibians and mammalian species including humans [155], relatively few families of fish have been investigated so far for the presence of mucosal AMPs [156]. However, several types of AMPs have been identified from mucosal tissues or immune cells of a number of teleosts, and they are, at present, considered a very important part of the mucus and skin barrier function ([114, 157], reviewed by [158]). 
Alpha-helical amphipathic peptides are very common in fish, and they have been recently reviewed [159]. The first fish family of AMPs to be discovered was the α-helical pardaxins, which were isolated from the skin glands of Red Sea Moses sole (Pardachirus marmoratus) [159, 160]. Most fish α-helical peptides are members of the piscidin family, which includes the pleurocidins and piscidins [159]. A few examples of AMPs that have been identified in fish epidermal mucus include pardaxin  [160], pleurocidins, which are 25-residue peptides first isolated from the skin mucus of winter flounder (Pleuronectes americanus) [147], parasin 1 [153], hipposin [149], oncorhyncin III [161], oncorhyncin II [144], SAMP-H1 [162]. S30 from skin secretions of Oncorhynchus mykiss [148] and three ribosomal-derived proteins and peptides (namely, L40, L36A, and L35) isolated from the epidermal mucus of Atlantic cod (Gadus morhua) [114]. Piscidins are 22-residue AMPs that were originally isolated from mast cells of hybrid striped bass Morone saxatilis male × Morone chrysops female and now known to be present in other fish species [148, 157, 163, 164]. Using an antibody specific for the conserved N-terminal amino acid sequence of piscidin 1, an immunohistochemical study has been carried out on skin, gill, and gastrointestinal tract of thirty-nine teleost fish species representing seven different orders. Nine fish species were piscidin-positive, with all of these species being in the Perciformes, the largest and most evolutionarily advanced order of teleosts. Piscidin-positive cells were identified in species belonging to the families Moronidae, Serranidae, Sciaenidae, Siganidae, and Belontidae [157]. Examples of piscidins are also dicentracin from the European bass (Dicentrarchus labrax) [165], chrysophsins from red sea bream (Chrysophrys major) [166], and epinecidin from the orange-spotted grouper (Epinephelus coioides) [167]. Lee et al. [168] determined the solution structure of piscidin-1, and then piscidin-2 was found to cause cell membrane damage to three fungal strains known to cause infections in humans [169]. Piscidin-immunoreactive cells were most common at sites of pathogen entry (including the skin, gill, and gastrointestinal tract), and immunopositive cells were usually most consistent with mast cells [151].  In some species, the granule appearance and tinctorial properties diverged somewhat from those of a typical piscine mast cell and are found in acidophilic phagocytes localted in gill, skin, stomach, and intestinal epithelia [163]. In gilthead seabream, piscidins are stored in the granules of the phagocytes and are delivered to the phagosome following uptake of bacteria by these cells [163]. In addition, rodlet cells have also been identified as piscidin-positive in one member of the family Cichlidae. This study was the first one which identified in rodlet cells a host-associated chemical biomarker [157]. All piscidins show broad-spectrum antimicrobial activity, probably killing cells via toroidal-pore formation [151, 170, 171]. Although attractive as potential candidates for topical application use because of their activity at high salt concentrations [172], the disadvantage of piscidins in this regard is their haemolytic and cytotoxic properties [173].
Amongst the cysteine-rich AMPs in teleost fish are three families: cathelicidins, defensins, and LEAPs [151]. By screening cDNA libraries or by using molecular methodology, putative cathelicidins have been found from rainbow trout [159], Atlantic salmon [174], Arctic char (Salvelinus alpines), Atlantic cod, and brook trout (Salvelinus fontinalis) [175]. Moreover, cathelicidin genes have been reported for jawless fish, namely, the Atlantic hagfish (Myxine glutinosa) [176]. Little information is available with respect to the native peptides, but synthetic rainbow trout cathelicidins are active against Gram-positive and Gram-negative bacteria [174].
Defensins from teleost fishes have been identified by molecular methodologies rather than purification of the native peptides in several fish species [112, 177–181]. Zhou et al. [179] used EST and complete genome data to identify defensins from zebrafish (Dario rerio) and pufferfish (Takifugu rubripes) that resemble the β-defensins of birds and mammals. Falco et al. [182], using a recombinant protein based on rainbow trout defensin, found it to be antiviral against viral haemorrhagic septicaemia rhabdovirus (VHSV), one of the most troublesome diseases in fish aquaculture. More recent studies have cloned three novel β-defensins from rainbow trout, all of which appear to be constitutively expressed but increase in expression during bacterial and simulated viral challenges [180]. Similarly, a β-defensin-like gene from the olive flounder has been identified, which is expressed in larval fish just one day after hatching, although the expression declines between one-thirty-five days after hatching [183]. Moreover, β-defensin expression in juvenile fishes is induced under conditions of bacterial challenge, and the recombinant peptide suppresses the growth of Escherichia coli [183].
The last major group of cysteine-rich AMPs from fishes is the LEAPs (liver-expressed antimicrobial peptides) [159], the acronym reflecting the original identification of the peptide family in the human liver [184]. Peptides belonging to the LEAP family include hepcidins from several species (e.g., winter flounder, turbot, and red sea bream), Sal-1 and Sal-2 from Atlantic salmon, JF-1 and JF-2 from Japanese flounder, and LEAP-2 from catfish and trout (reviewed by [159]). 
Despite the intensive research on AMPs in animals, there is still surprisingly little data documenting their in vivo antimicrobial upregulation [185, 186]. Low levels of antimicrobial peptides from healthy specimens or other factors such as pH could be the reason for difficulty in isolating antimicrobial peptides/polypeptides from mucus [121]. One of the scarce studies available demonstrated that the challenge of channel catfish (Ictalurus punctatus) with ich resulted in potent upregulation of a suite of AMPs in the skin (the total antibacterial activity response peaked at seven and fourteen days after challenge), including at least one polypeptide (HbbP-1) that is highly lethal to not only ich [187], but also to Tetrahymena pyriformis (a parasitic ciliate) and the important marine ectoparasite Aphyosemion ocellatum [188]. Similarly, intraperitoneal injection of either Freund’s complete adjuvant (FCA) or live T. pyriformis upregulated multiple AMPs expression in channel catfish skin and total antibacterial activity peak on day seven following injection [189]. The mechanism(s) involved by which these AMPs may have enhanced expression at sites distal from the location of immunostimulant administration is unknown, but might be analogous to that observed when immunostimulants are administered to the skin and result in enhanced protection against infection at distal sites [190]. One possibility may imply the Langerhans cells. They are found in the outer layer of the skin, increase their baseline rate of migration out of the epidermis in response to stimuli such as contact sensitizers, inflammatory cytokines, and adjuvants (tumor necrosis factor alpha (TNF-α) and interleukin-1beta (IL-1b)), and travel to inductive sites of the immune system [191].
Recent advances in understanding the mechanisms of their antiviral action indicate that AMPs have a dual role in antiviral defence, acting not only directly on the virion, but also on the host cell. Despite the acute problems of viral diseases and restrictions in using chemicals in aquaculture, few attempts to assess the antiviral activities of fish AMPs have been reported, in spite of the ones that have been successful. In addition, because fishes rely more heavily on their innate immune defences than mammals, they might constitute a potential rich source of antiviral compounds for fighting against mammalian viral infections (reviewed by [192]). 
Furthermore, fishes are a major component of the aquatic fauna, and each fish species secretes AMPs with structural differences which can be used by the pharmaceutical industry in its search for novel drugs to treat drug-resistant pathogens. Not only limited to antimicrobial functions, AMPs possess other desirable characteristics which may be exploited in the near future as antimicrobial agents, vaccine adjuvants, inactivated vaccines, and antitumor agents (reviewed by [193]). 
3.2.4. Lectins
Hemagglutinins or lectins and lectin-like molecules (the carbohydrate binding proteins of nonimmune origin) have also been found in skin mucus of fishes, and they may participate in innate or acquired immunity (reviewed by [85]). Lectins are elements of the innate immune system which exhibit affinity towards carbohydrate moieties, as well as cell agglutination and/or precipitation of glycoconjugates. For that property they have potential antimicrobial activity in the skin mucus. Lectins interact with pathogenic surface structures that result in opsonisation, enhance phagocytic activity [194], or activation of the complement pathway [195]. Furthermore, agglutinins in fishes are reported to prevent polyspermy [196] and assist in wound healing [60]. It has been demonstrated that lectin levels in fish mucus increase during parasite infection [52]. 
Among lectins in the skin mucus of fishes, primary structures of four different types of lectin have been determined. Congerin from the conger eel (Conger myriaster) and AJL-1 from the Japanese eel (Anguilla japonica) were identified as galectin, characterized by its specific binding to b-galactoside. Congerins are produced and secreted into mucus by the club cells in the mucosal epithelium lining the skin and digestive tract [197]. In the case of congerins I and II, they can recognize some marine bacteria such as Vibrio anguillarum [198]. Investigation of their localization in fish tissues suggested that they are expressed not only in skin but also in the upper digestive tract and gill filament [198, 199]. Eel has an additional lectin, AJL-2, which has a highly conserved sequence of C-type lectins, but displays Ca2q-independent activity. This is rational because the lectin exerts its function on the cutaneous surface, which is exposed to a Ca2q scarce environment when the eel is in fresh water. Pufflectin is a mannose-specific lectin in the skin mucus of pufferfish. This lectin showed no sequence similarity with any known animal lectins, but surprisingly shares sequence homology with mannose-binding lectins of monocotyledonous plants. Another lectin was found in the ponyfish (Leiognathus nuchalis) and exhibits homology with rhamnose-binding lectins known in eggs of some fish species. These lectins, except ponyfish lectin, showed agglutination of certain bacteria. In addition, pufflectin was found to bind to a parasitic trematode (Heterobothrium okamotoi). Taken together, these results demonstrate that skin mucus lectins in fishes have wide molecular diversity [200]. In another study, a piscine lily-type lectin was described in pufferfish and it was expressed exclusively in mucosal tissues, namely, skin, digestive tract, oral cavity, and gills [201]. 
A new type of skin mucus lectin was recently found in catfish (Silurus asotus), and it was the first evidence of a fish intelectin protein [202]. Reverse transcription polymerase chain reaction (RT-PCR) demonstrated that the lectin gene was expressed in the skin (as well as in gill and kidney) and more concretely in skin and gill club cells. Although intelectin gene expression was not induced by in vivo bacterial stimulation, the intelectin showed agglutination activity against the pathogenic bacterium Aeromonas salmonicida. All these observations about lectins in fish mucus suggest that they actively participate in the self-defence system by acting on the intra- and extrabody surface.
To date we know only very few functions of lectins, but some results seem to suggest other important roles. For example, although the fundamental galectin function is the specific recognition of glycoconjugates at the molecular level, galectins have been proposed to participate in diverse physiological functions such as development, differentiation, morphogenesis, apoptosis, or metastasis of malignant cells (reviewed by [203, 204]). 
3.2.5. Proteins
Several kinds of proteins have been studied in fish mucus, and all of them have important immune functions. For example, lactoferrin is a nonhaem iron-binding protein that is part of the transferrin protein family [205]. In addition to inducing systemic immunity, lactoferrin can promote skin immunity and inhibit allergic responses [206].
The antimicrobial effect of histones has been known for decades [207, 208], but only after some years  they were linked to the innate immune system of fishes and characterized in different fish species [153, 161, 209–213]. Since then, important functions of histones have been described. For example, histone H2B was isolated from the skin mucus of Atlantic cod [121] and inhibit important bacterial and fungal pathogens of fishes, for example Aeromonas hydrophila and Saprolegnia spp. [210] being recognized as endogenous antibiotics. Histone fragments with antimicrobial properties have also been isolated and identified in human wound fluid together with alpha-defensins, lysozyme, and LL-37 [214], as well as in fish tissues, where N-terminal segments of catfish H2A were shown to be induced in the epidermal mucus upon stimulation [107, 149, 153]. Furthermore, the levels of this histone were suppressed during early stages of stress and reduced in the absence of disease [215]. 
Unlike histones, many reports describe antimicrobial properties of ribosomal proteins or of fragments thereof. All these data show that ribosomal proteins have a role in immunity, ascribing them to a second function and suggesting also that the ribosomal proteins have multiple functions. An additional antibacterial peptide sharing similarity with the 40S ribosomal protein S30 was isolated from the skin of the rainbow trout [148], while three 60S ribosomal proteins, L40, L36A, and L35, were identified from the skin of Atlantic cod.  Perhaps the most important conclusion is that due to the number of antimicrobial fractions detected, it could be deduced that there are still numerous unidentified antimicrobial components in cod mucus [121].
3.2.6. Immunoglobulins
Secretory immunoglobulins (Ig) are produced mainly by plasmablasts and plasma cells and play key roles in the maintenance of mucosal homeostasis. Preparations from mucus from many animal sources have been shown to contain immunoglobulins [216, 217]. In most major groups of jawed vertebrates, including fishes, the adaptive immune system is based on key molecules such as Ig, T cell receptors (TCR), and the major histocompatibility complex (MHC). It was suggested that, in common with mammalian systems, different immunoglobulins [218] or on the contrary only one [219] may be associated with mucosal immunity in fishes. Until recently, teleost fish B cells were thought to express only two classes of immunoglobulins, IgM and IgD [220], in which IgM was thought to be the only one responding to pathogens both in systemic and mucosal compartments. However, a third teleost immunoglobulin class, IgT/IgZ, was discovered in 2005, and it has recently been shown to behave as the prevalent immunoglobulin in gut mucosal immune responses (reviewed [10]). Teleost B cells produce three different immunoglobulin isotypes, IgM, IgD, and IgT. While teleost IgM is the principal player in systemic immunity, IgT appears to be a teleost immunoglobulin class specialized in mucosal immune responses [221]. Thus far, three major B cell lineages have been described in teleost, which are those expressing either IgT or IgD, and the most common lineage which coexpresses IgD and IgM. The evolution of B cells from fishes and mammals have been revised recently [222]. 
In teleost fishes, IgM molecule is the predominant isotype, consisting of one variable and four constant domains, usually found in plasma, bile and skin mucus [223]. Antibodies in cutaneous mucus and skin of teleosts play a critical role in the protective host defence against surface infections [224, 225] and were reported to be similar, but not identical, to serum IgM [218, 226]. It is thought that the IgM antibodies possess a limited antigen spectrum in fishes. Furthermore, it is very difficult to accurately estimate the concentration of IgM in fish skin mucus because it varies between different individuals. Usually the amounts found are extremely small compared to the amounts of IgA in mammalian secretions and are temperaturedependent. More concretely, IgM levels increase when there is an increase in water temperature [218, 224–227].
Based on several experimental approaches (e.g., serum antibodies given intraperitoneally), it has been probed that IgM molecules are poorly transported to the mucosal secretions. For this reason, it has been proposed that the presence of IgM in skin mucus of fishes is a result of some mechanism mediating its secretion into the external fluids and that cells localised near the skin epithelium are responsible for the production of the cutaneous antibodies (reviewed in [14]). In other words,  sIgM is locally produced in the skin and intestine.  Curiously, purified IgM from serum was rapidly digested in gut mucus at 4°C [228]. Possible involvement of teleost polymeric immunoglobulin receptor (pIgR) in the transport of polymeric IgM to the mucosal epithelia was reported in fugu (Takifugu rubripes), common carp (Cyprinus carpio), and orange-spotted grouper (Epinephelus coioides) [19, 229, 230]. The pIgR plays a pivotal role in mucosal immune protection by transporting secretory immunoglobulins to mucosal epithelia and protecting them from proteolytic degradation. It has been reported that a homolog of the pIgR has a similar role in teleost fishes [99]. While most of the epithelial cells in fugu skin expressed pIgR, other cells such as melanophores did not [229]. IgM producing cells were distributed along the basal membrane of the skin and lamina propria of the intestine [229]. Two pIgR-like cDNAs and genes of Atlantic salmon (Salsal pIgR and Salsal pIgRL) have been studied as well as information of CMRF35-like molecules (CLM) 1, 7, and 8 (designated as CD300 in humans). The abundance of Salsal pIgR transcript is significantly higher than Salsal pIgRL and CLM in the skin, while Salsal pIgRL transcripts were abundant in the gills, depicting their possible tissue-specific role in mucosal immunity [99]. Furthermore, in order to know the roles of these molecules in cutaneous mucosal defence, their transcriptional changes in salmon skin and spleen infected with the ectoparasite Lepeophtheirus salmonis which targets skin and mucus of salmonid fishes were compared. The results corroborate that Salsal pIgR and Salsal pIgRL transcripts significantly increased after fourteen days following infection in both skin and spleen. CLM1 was upregulated only in skin and downregulated in spleen, possibly indicating that CLM1 expressing cells had migrated to the target site [99]. More studies are needed to corroborate this hypothesis and to understand the complicate movements of the immune molecules between the different immune compartments of the fish body.
4. Fish Skin Mucosal Immunity
A description of the evolution of the skin-associated immune system from the invertebrates to the vertebrates will be introduced in the present section before referring to the different immune cells present in fish skin. Afterwards, some of the most important aspects about fish mucosal immunity will be underlined. 
4.1. Evolution of the Skin-Associated Immune System
The evolution of the skin-associated immune system from the invertebrates to the vertebrates and man has been reviewed by Wölfle et al. [55]. In invertebrates, a non-specific humoral immune response (including antimicrobial peptides, oxidases, lysozyme, agglutinins, coagulins, and melanin) dominates. The cellular immune system initially consists of undifferentiated mesenchymal stem cells. Later, migrating phagocytes and natural killer cells occur. 
Studies on the defence mechanism in the skin surface of agnathans may reveal the origin of mucosal immunity and contribute to studies on the development of mucosal immunology in vertebrates and the evolution of immunity. In contrast to jawed vertebrates, agnathans represented by hagfish and lampreys are athymic and asplenic, but they possess differentiated blood cells including thrombocyte-, granulocyte-, monocyte-, and lymphocyte-like cells [231]. This increasing knowledge regarding the immune components of agnathans has been restricted to systemic immunity. Mucosal immunity (including immune system in the skin), which is another important immune system, has not yet been investigated in cyclostomes [232].
The skin of cartilaginous fishes is covered by tooth-like placoid scales that provide firmness and protection. The organized lymphatic tissue of cartilaginous fishes consists of thymus, spleen, and follicle-like collections of lymphocytes in the intestine and blood vessels [233]. Today it is assumed that a (retro)transposon element became inserted in a gene for an immunoglobulin-like protein, allowing the sudden appearance of adaptive immunity [234].
Regarding bony fishes (teleosts) the lymphatic tissue is concentrated around the kidneys. Lymph nodes and bone marrow are not yet present. In the higher bony fish (Teleostei), an adaptive, predominantly humoral immune response is now also found in the skin for the first time. Skin-associated lymphatic follicles are still lacking, but now ATPase-positive dendritic cells and IgMpositive lymphocytes are seen in the epidermis [55]. Allogenic skin grafts are rejected relatively rapidly following a circadian rhythm [235]. 
In humans, the immune system of the skin (skin immune system  (SIS) or skin-associated lymphoid tissue  (SALT)) is an independent organ-specific manifestation in contrast to the immune system of other organ systems [236]. Cellular elements of the immune response predominate in the epidermis. While keratinocytes continually wander outwards from the basal layer to the outer border of the organism, epidermal Langerhans cells as the “outermost watchdog of the immune system” hold their suprabasal position, scanning their environment for antigens or danger signals. In the event of danger signals, the dendritic cells of the skin are activated, and they wander out of the epidermis and depart the skin via lymphatics. On their way to the skin-associated lymph nodes, the dendritic cells upregulate their immunocompetence. Presentation of antigen, cell activation and proliferation of antigen-specific lymphocytes occurs mainly in the skin-associated lymph nodes. Immigration of specific and unspecific effector cells into the skin occurs again via the circulatory system and the capillary net of the dermis [237]. While a cellular immune presence dominates in the epidermis and proliferation of immune cells is displaced into deeper compartments, in the intestine that proliferation of immune cells and production of antibodies are directly associated with the epithelium [55]. A more secretory, cellular immune response is seen in the intestine in contrast to the predominantly humoral immune response of the skin [238].
4.2. Immune Cells in Fish Skin
In contrast to mammals, fishes lack major lymphoid accumulations in mucosa-associated tissues [14]. Nevertheless, all MALTs contain a variety of leukocytes, including but not limited to lymphocytes (T and B cells), plasma cells, macrophages, and granulocytes. Little is known about if lymphoid cells can be located in the integument, either naturally or as a result of an immune reaction or inflammation. Leukocytes and probably other ameboid cells can migrate through normal mucus secretions [218, 226, 239–243]. 
By using ELISPOT it was demonstrated that antibody-secreting cells (ASCs) (including lipopolysaccharide-(LPS-) inducible B cells, also called plasmablasts, and non-replicating plasma cells) reside in low numbers in the skin of channel catfish [23]. Moreover, following immunization against the protozoan Ichthyophthirius multifiliis (a parasite which infects skin and gills), the number of ASCs in skin increased 20-fold and remained elevated for at least weeks after the last parasite exposure. The data indicate that the number of ASC in skin is dynamic, responds to the immune status of the fishes, and increases in response to parasite infection. This high number of ASCs in skin serves as the primary source of cutaneous antibodies that confer long-term humoral immunity against reinfection [23]. However, the ontogeny of these cells remains unresolved.
Mast cells, also known as eosinophilic granular cells (EGCs), are present in most species of teleosts and are found in a variety of tissues, including the skin, gut, gills, brain, and in the vicinity of blood vessels [244–248]. Mast cells may play an important role in the mechanisms of inflammatory response because they express a number of functional proteins, including antimicrobial peptides that act against a broad spectrum of pathogens [249–253].
4.3. Fish Skin Mucosal Immunology
Relative to systemic immunity, research into mucosal immunity in teleosts has been scant. However, it is this external division of the immune system that is most susceptible to influence by environmental parameters.  This is particularly important in fishes, which are poikilotherms. In fact, the ASCs found in the skin and gills are directly exposed to these extreme conditions, and their function is therefore more likely to be affected [254]. Whilst there have been some studies on immune response in species of interest in aquaculture, very few have considered the effects of the diversity of environmental factors into the fish mucosal immunity. Some of them are now commented. Hyperosmotic pressure has been shown to increase antibody production and gene expression in GS-NS0 cell lines [255]. In a microarray study, more than six hundred genes associated with many cellular processes were upregulated in the cellline, while cell viability was not affected by the stress [255]. This study was conducted on mammalian cell lines. Although it could be thought that a similar phenomenon may occur in cutaneous antibody-secreting cells in fishes under similar hyperosmotic pressure conditions, more studies are needed to clarify this hypothesis. One work carried out on Asian sea bass or barramundi (Lates calcarifer) demonstrated that in this species the cutaneous mucosal antibody response was significantly higher in salt water than in fresh water, and both serum and cutaneous mucosal antibodies were capable of binding antigen at salinities in line with seawater existence. The results demonstrate that this adaptive response could be of great importance to euryhaline fish species that are able to exist and move between vastly diverse physiological environments [254].
Another important factor affecting immune response is the seasonality, although until now there are few studies that focus on the relationship between these mucosal immune substances and their seasonal variation. The immune components of olive flounder were studied during different months of the year. The results showed a significant correlation between the mucosal antibodies, hemagglutinating and protease activity, and with the seasonal changes in the water temperature. This reveals a statistically significant inverse relationship between MuAb (mucosal antibody), hemagglutinin, and proteases in the skin mucus of olive flounder [125]. A positive correlation between water temperature and the level of mucosal antibodies and an inverse relationship between the level of mucosal antibodies and the activity of mucosal hemagglutinin and protease were detected, but no relationship was shown between lysozyme activity and other innate immune substances. This could be part of a compensatory response in order to protect specimens against pathogenic microorganisms which are inherently present in the aquatic environment [125]. Related also to season is aestivation or daily torpor, an adaptive tactic to survive hot and dry periods of low food availability. Aestivation has been documented for species of lungfishes, teleost fishes, and other vertebrates. African lungfishes experience changes in the structure of their skin and gills (besides some more organs) during aestivation [256]. Further studies are needed to understand the changes in the immune system as a result of aestivation.
Susceptibility to different diseases among related species is variable. Research into origins of this variability to assist future disease management is needed because there are only preliminary studies comparing the levels of several important innate humoral parameters found in fish mucus [25]. To date there have been no conclusive results. First studies focused on fish skin mucosal immunity to evaluate the presence or absence of one or more immune activities; then later works focus on the simultaneous evaluation of several of these immunological parameters to determine their potential roles in host resistance [257–259]. At present, works include most relevant immune parameters, or a representative subset, to simultaneously evaluate the quantitative contribution of these immune parameters to host resistance. Most works focus on the mucosal immune response to bacteria and parasites and less on virus infections.
As the first barrier of defence, the skin has an important role in the protection against invasive pathogens. It has long been hypothesized that observed differences in disease susceptibility between species and strains are due to the differing ability of the host to prevent pathogen attachment and entry at mucosal epithelial sites [260–262]. Fishes literally swim in a sea of pathogens, and the importance of mucus in fish defence is now well documented. Thus, any breach in the normal barrier function of the skin can allow colonization of the skin by infectious organisms or invasion by opportunistic microorganisms (microorganisms that normally colonize the skin but are typically of low pathogenicity) [263, 264]. Some bacteria harvested from a fish skin (e.g., about 50% and 46.87% of the V. alginolyticus strains harvested from gilthead seabream and sea bass) are able to degrade the skin mucus of the same fish species [265]. This indicates that their presence can make the fishes more susceptible to colonization by pathogenic or opportunistic microorganisms. Furthermore, homeostasis of the physicochemical factors of mucus is very important to avoid the potential invasion and/or adhesion of pathogens to mucosal surfaces, as it has been previously indicated. For example, mucus transport requires well-regulated viscoelasticity which is controlled by hydration. Simply by being slightly more hydrated, the fluid could have a markedly lower viscoelasticity and be readily penetrable by motile bacteria [82]. In fact, in challenge experiments with bacteria, removal of mucus/epidermal cells increased the cumulative mortality in salmonids compared to undamaged fishes [266, 267]. 
At present, it is well established for many pathogens that the skin and the gills are the point of entry and site of infection. For example, infection by the bacterium Flavobacterium columnare (columnaris disease agent) causes a chronic, ulcerative, necrotic infection of the body surface and gills, often resulting in 100% mortality over a few days [268], and infection by Ichthyophthirius multifiliis, a protozoan parasite that infects the skin and gills of freshwater fishes, is frequently fatal [224]. Furthermore, a reproducible, experimental model of columnaris disease (a serious condition affecting numerous freshwater fish species all over the world) was developed to study the pathogenesis of cutaneous disease associated with F. columnare infection in koi (Cyprinus carpio). After infection, the bacteria were readily detected in skin specimens from infected fishes; however, the bacterium was infrequently detected in liver, kidney, and spleen of affected specimens. These observations suggest that columnaris disease generally presents itself as a cutaneous disease that is unassociated with systemic infection in koi [268]. In other words, different pathogenic microorganisms are able to produce severe alterations to fishes only by affecting the mucosal surface. 
It must be taken into account that tissues such as skin and muscle have a limited repertoire of morphological response to injury. The two most important phenomena that determine the outcome of cell injury appear to be critical cell membrane damage (with associated fluid and ionic imbalances) and the inability of mitochondria, the powerhouse of the cell, to restart ATP synthesis. In fishes, cutaneous lesions are generally nonspecific and may be indicative of disease that is restricted to the integument or a manifestation of systemic disease [27]. The skin ulcers can have many different etiologies, including infectious agents, toxins, physical causes, immunologic causes, and nutritional and metabolic perturbations. Ulcerative lesions are likely to be initiated by a series of factors that lead ultimately to a breach of the normal barrier function of the skin (reviewed in [264]). In this sense, the bacteria Moritella viscosa is considered the agent causing winter ulcer diseases characterized by extensive and chronic ulceration of the skin and septicaemia [269–272].  Recently it has been demonstrated that this bacteria (but not A. wodanis) affected or inhibited the epidermal regeneration abilities of keratocytes [273]. To know how to prevent the ulcer apparition in fishes will be very helpful for aquaculture practices in order to prevent opportunistic or pathogenic colonizations.
Immunoprophylactic control of fish diseases aims at priming the innate and/or the adaptive immune system ahead of infection. Host-bacteria interaction mechanisms include physical bacteria-epithelium interaction (adhesion to mucosal and epithelial cells, stimulation of mucus secretion, production of defensive molecules, reinforcement of gut barrier function), bacteria-immune system interaction (modulation and regulation of immune responses), and also, bacteria-bacteria interaction (exclusion and inhibition of pathogens by prevention of adhesion, secretion of antimicrobial substances, competition of nutrients and antitoxin effects) [274]. The main changes that occur in the integument as a result of an infection include changes in the mucus (either in production rate or composition, nothing is known about whether it changes its microbiota), in the epidermis (inflammatory response and hyperplasia are changes frequently), and the dermis (inflammatory response, ulceration, or dermal lesions caused by parasites) [275]. Of these, the response to certain parasites is the most studied [224]. In the present paper a few examples of bacteria, virus and parasite infections will be now considered. 
The mechanisms of pathogenicity induced by certain pathogen bacteria are still uncertain. Vibrio sp. infections are still complex and related to several factors including cytotoxins, enterotoxins, and lytic enzymes [276, 277]. Adhesion ability to human epithelial cell lines (Hep-2 and Caco-2) and fish mucus [278] seem to be diffused among Vibrio alginolyticus strains and may represent a potential infection risk for aquatic stressed animals [279, 280]. Snoussi et al. [265] confirmed that V. alginolyticus strains isolated from a bathing and fishing area (Khenis, Centre of Tunisia) show a specific binding capability to gilthead sea bass and gilthead sea bream mucus. Fouz et al. [281] noted that Photobacterium damselae subsp. damselae strains showed a strong ability to adhere to the fish skin mucus from eel and turbot, exhibiting a degree of adhesion similar to that previously reported for other fish pathogens (V. vulnificus, V. alginolyticus, V. anguillarum, Aeromonas hydrophila, P. damselae subsp. piscicida, and Flexibacter maritimus) for the mucus of different fish species [278, 282, 283]. However, Magarinos et al.[284] demonstrate that the sea bream skin mucus can inhibit the adhesion of Pasteurella piscicida, Flexibacter maritimus, V. anguillarum, and V. damsela.
The available results about the skin mucosal immunity after viral infections are particularly scarce, as was indicated before. It is assumed that capsid viruses must have virtually no hydrophobic patches on their external surfaces large enough to form low affinity bonds with the hydrophobic patches on mucin fibers to diffuse freely through mucus, which is a very good strategy to entry to a fish and cause a disease. Thus, capsid viruses appear well designed to penetrate mucus by being small enough, neutral in net surface charge, and coated densely with charged groups that prevent hydrophobic binding to mucins. Moreover, they have evolved effective methods for adhering selectively to, and entering, their target cells [82]. Future studies will allow an understanding of the relationships between virus and fish mucosa, as well as the mucosal immune response elicited by them.
The skin and gills are common sites of parasite infestation despite the barrier functions associated with mucosal epithelia of fishes. To resist or minimize the impact of parasite infection, both innate and adaptive defence mechanisms have to be involved (reviewed by [285]). Immunity associated with the parasites depends on the inhabiting discrete sites in the host. Especially important for this paper are the ectoparasites, those habiting in or on the skin. Until recently there had been little direct evidence of innate immune mechanisms against parasites associated with mucosal epithelium [285]. The active immunological role of skin against parasitic infection has been shown recently [286–288], and now mucosal immunity against them start to be elucidated. The physicochemical characteristics of skin mucus, the presence of bioactive molecules (lysozyme, complement, C-reactive protein, haemolysins, and lectins) and epidermal migration of inflammatory cells and their secretion may affect the establishment and proliferation of parasites [289]. 
Mucus, as it has been underlined, plays a role in limiting the parasite load [290]. Monogenean and crustacean ectoparasites modulate mucus production during attachment by reducing the density of mucous cells in the skin of the host [291, 292]. Hypersecretion of mucus [293–297] may be associated [296] or not [298] with a localized epithelial cell hyperplasia. Perhaps the hyperplasia is mediated by IL-1 released by activated macrophages [299]. Inflammation is the other cellular process implied in the parasite response in the fish skin. 
Controlled challenge trials using naïve animals provide indirect evidence of innate immunity, as well as identifying the host range or specificity of a parasite, often when specific details of defence mechanism(s) are lacking. Two ectoparasitic taxa have contributed to the information about host resistance in fishes: the gyrodactylid monogeneans and the caligid copepods [285]. Monogeneans can be important pathogens of fishes, but their immunological interactions with the host are not well described. Pathogenesis in gyrodactyliasis may be related to skin mucification or to local reduction of mucous cells [300], and on the contrary, mucus turnover may be involved in protecting fishes against invasion [291, 301].
Ichthyophthirius multifiliis is a common obligate, highly motile, free-swimming ectoparasitic pathogen in invertebrates and vertebrates [302, 303], including freshwater fishes [304, 305]. One of the major clinicopathological manifestations of scuticociliatosis-infected fishes are dark colouration, excessive body mucus, loss of scales, hemorrhagic and/or bleached spots on the skin, and dermal necrotic lesions that finally destroy tissues leading to high mortalities (reviewed by [306]). This parasite feeds on the epithelium of the skin and gills and grows large enough to be visible to the naked eye, impairing gaseous and ionic exchange [307] which subsequently leads to fish death. Non-parasitic fishes usually die following infection, but animals surviving sublethal parasite exposure become resistant to subsequent challenge. This resistance correlates with the presence of humoral antibodies in the sera and cutaneous mucus of immune fishes. This parasite has also been used to study the ontogeny of the mucosal immune response [224]. The infection is initiated by invasion of the skin by free swimming, forty millimeter theronts that grow within the epithelium causing extensive damage to the skin. The appearance of serum and cutaneous mucosal antibodies recognizing i-antigen correlates with the development of immunity against infection by I. multifiliis. These results suggest that mucosal antibodies are produced locally in skin [287, 308, 309]. In addition, when skin explants from channel catfish immunized against I. multifiliis are cultured in vitro, they release I. multifiliis-specific antibodies, implying that antibodies are actively produced by cells in skin rather than diffusing from serum [310]. Furthermore, vaccination of channel catfish specimens with I. multifiliis leads to the appearance of i-antigen-specific ASC in both skin and serum demonstrating that cutaneous mucosal and systemic immunity are integrated [23].
Tetrahymena corlissi is the agent of “Yet” disease in tropical aquarium fishes and parasitizes skin, muscle, and sometimes invades body cavities of freshwater fishes [311]. The ciliates are characterized by their high potential for systemic invasion, destroying tissues that lead to high mortalities of the host [312]. When the disease manifests, the initial clinical symptoms include loss of scales, hemorrhagic lesion, bleached spots on the skin, and dermal necrotic lesions. Afterwards, some dermal necrotic lesions coalesced to form brownish musky clinical manifestations [313]. In Uronema infection, appearance of brown patches on the skin coincides with the appearance of a large number of pathogens in skin and gill [313]. Other major clinico-pathological manifestations include severe necrotic lesions in the epidermal and dermal musculature of posterior half in the affected fishes. The parasite reached the blood stream quickly through the lesions on the skin, and, thus, the ciliates rapidly invade and proliferate in the skin and gills. Afterwards, the parasite consumes both host cells and body fluids and spreads to the internal organs in the absence of any additional pathogens such as secondary bacterial invaders [313]. Recently, the sites of cutaneous mucus antibody induction and the mechanisms by which antibodies are transported to the skin have started to be elucidated [306].
Another important research field at present is to study the effects of the diet on fish mucosal immunity. There are some available results on the increased disease resistance of fishes after dietary administration of some immunostimulants. This underscores the interconnection of mucosal tissues in the body, potentially permitting the application of functional feed additives to improve fish skin health [314]. This is a very new area of interest with a great applicated potential in aquaculture systems. For many fish species, the immune modulation activity of beta-glucans has been reported [315], and recent preliminary research data indicates that beta-glucan promotes an antimicrobial response [316]. Furthermore, beta-glucans can potentially affect mucin structure and/or function as they interact with innate signalling pathways in mucus producing cells. The influence of a dietary beta-glucan immunomodulant on the expression of carp mucin 2, mucin 5B, beta-defensin 1 and beta-defensin 2 genes in mucosal tissues (skin, gills, and first and second intestinal segment) has been recently confirmed. Muc5B expression and both beta-defensin genes were significantly increased in the skin. Even though different mucin and defensin genes are expressed in skin and intestine, the regulation of both in the skin of carp after feeding beta-glucans suggests that not only the mucosal system of the intestine can be influenced [314]. Comparative studies of different effects of four feed types on white spot disease (caused by Ichthyophthirius multifiliis) susceptibility and skin immune parameters in rainbow trout (Oncorhynchus mykiss) reveal positive effects of beta-glucan.  This could be explained as a consequence of the activation of innate immune responses working also at the epidermal level of the fishes [317]. 
It has also been recently demonstrated that fermented Saccharomyces cerevisiae effectively promotes not only the growth performance, but also the skin nonspecific immune parameters in rainbow trout (namely, lysozyme, protease, hemagglutinin, alkaline phosphatase, and esterase compared to control group). Significant increases were also observed in antibacterial activity against Yersinia ruckeri in fish fed treatment diet [318]. 
For several years, the use of probiotics has been proposed as a strategy to control bacterial diseases affecting farmed fishes. Probiotics were defined as a live microbial feed supplement which beneficially affects the host animal by improving its microbial balance [319]. This definition is being constantly refined. Probiotics are associated with health-promoting properties [320, 321] and also  with other benefits [322, 323]. However, in aquaculture systems the interaction between the microbiota and the host is not limited to the intestinal tract, and given the nature of fish farming and the fact that water harbours microbial communities, a distinctive definition of probiotic for aquatic animals is accepted [324]. According to these authors “probiotic for aquaculture is a live, dead or component of a microbial cell that, when administered via the feed or to the rearing water, benefits the host by improving either disease resistance, health status, growth performance, feed utilisation, stress response or general vigour, which is achieved at least in part via improving the hosts or the environmental microbial balance.” Some criteria such as the adhesion to host surfaces and adhesive interactions with the pathogens may also represent good criteria for the selection of putative probiotics [325–328]. The adhesive competitiveness of different potential probiotic strains (isolated from the microbiota of healthy farmed gilthead seabream included as members of the Vibrionaceae and Pseudomonadaceae and the genus Micrococcus) with the pathogen V. harveyi was evaluated [329], and only two isolates (Pdp11, identified as Shewanella putrefaciens, and 51M6) showed an antagonistic effect against V. harveyi [329]. Adhesive and antagonistic interactions with V. harveyi of some of the isolates assayed may indicate that they could exert an effective biocontrol on the establishment of pathogenic bacteria in farmed sole mucosal surfaces [328]. The first demonstration that probiotics can protect fishes against surface infections was against Aeromonas bestiarum and Ichthyophthirius multifiliis in rainbow trout [330]. The research on this topic is considered of high priority at present because enriched diets could be used as preventive or curative therapies for farmed fishes.
5. Genetic Studies in Fish Skin
More recent studies in fish skin are focused on genes. The Whole Genome Duplication that happened early in the life of ray-finned fishes is now increasingly believed to have happened about 350 to 450 million year ago and is the main reason for the explosion of the fish species diversity at >23, 500 spp. [331]. The gene duplication that happened resulted in the creation of numerous novel or seminovel genes and functions in fishes, known as “more genes in fish than mammals” concept [332]. Genetic diversity translates to protein diversity, and as such it is therefore very possible that in teleost fishes there will be a lot of unique and differing functionalities amidst the background of conserved functions. In fact, many of these fish-specific features are now starting to be unravelled [333].
At present, relatively few teleost genes involved in immune functions have been sequenced, compared to those from higher vertebrates. This limitation significantly affects the application of genomic tools such as microarray technology or real-time quantitative PCR, which provide an integrated overview of the global response at the level of gene expression [334]. While a significant number of genes have been described in immune-related organs, transcriptomic data on peripheral organs barely exist, and the transcriptomic profile of fish skin has been assessed in very few studies [335]. 
Due to the importance of mucins in mammals, the structure of mucin type genes and their critical role in the infection process in the gastrointestinal tract [336] or in airways [115] have been studied. Based on biochemical characterisation, nineteen genes are currently assigned to the mucin family (see [337, 338]) and are named “MUCnumber” for humans or “Muc-number” for other species [112]. Mucin genes typically possess repetitive region/s which is/are the sites where glycosylation takes place [339]. Five gel-forming mucin genes (Muc2, Muc5AC, Muc5B, Muc6, and Muc19) have been described in higher vertebrates [340] and characterization and/or identification of such mucin genes have only been carried out by mucin antibody screening of a cDNA library [341] or bioinformatic means [342]. Mucin genes are yet to be identified in fish skin [314]. Nevertheless, some genes related to the mucus production as well as to other functions also attribute to the skin mucus starting to be studied. For example, the discus fish (Symphysodon aequifasciata) displays extensive parental care behavior through utilization of epidermal mucosal secretion to raise free-swimming fry. Upregulated expression of prolactin receptor (PRLR) mRNA was observed in skin of parental fishes compared to nonparental fishes, indicating possibility of a role of the PRL hormonal signaling in regulation of mucus production in relation to parental care behaviour because prolactin (PRL) has been shown to directly influence parental care- associated behavior in many vertebrate species [93].
In most occasions, genomic studies have permitted ontogenic studies of different humoral immune components present in fish skin mucus, as well as their regulation after different stimulus. This has been the case of some ontogenic studies of complement components of fishes performed on larvae in developmental stages mostly after hatching. Fifty days following hatching, C3 was detected for the first time in myocardial cells of the heart and in columnar epithelial cells of the gut (oesophagus, stomach, and intestine) as well as in epithelial and mucosal cells of the skin [122]. Activation of the complement system, which forms a major part of the innate immune system, results in the formation of the terminal complement complex. The complement component, C7, plays an integral role in the assembly of this complex within target cell membranes. C7 gene expression was detected in the skin of grass carp (Ctenopharyngodon idella). Furthermore, significant changes in C7 transcript expression (>20-fold) were detected following Aeromonas hydrophila infection, indicating C7 involvement in innate immune responses to bacteria. In fact, C7 is a protein with a putative role in the first line of immune defense [343].
Genetic studies have also permitted the identification of molecules not described by more classical methods, for example, molecules implied in the inflammatory response. No immune-related molecules were identified in the skin of jawless vertebrates until the research carried out by Tsutsui et al. [232] which demonstrated the presence of interleukin (IL)-17, a proinflammatory cytokine, by subtractive hybridization using cultured skin cells of the lamprey (Lethenteron japonicum). This was the first evidence for this cytokine in cyclostomes. IL-17 is one of the key cytokines involved in the mammalian inflammatory response. This molecule stimulates epithelial cells, endothelial fibroblastic cells, and macrophages, resulting in the induction of other inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNFα [344–346]. The fact that LPS upregulates LampIL-17 expression suggest that LampIL-17 triggers the inflammatory response in the lamprey skin, although many other cytokines may also be involved. The study could then provide the first evidence for the presence of cytokines and a possible cytokine network in the skin of cyclostomes [232]. 
The expression profiles of some cytokines and their receptors (IL-1β, IL-8, TNFα, and IL-1-Receptor 1) in the skin have also been examined in several fish species, and they are upregulated by infection of mechanical injury to the skin [288, 347–349]. IL-1b gene 1 is significantly expressed in many tissues (liver, head kidney, spleen, intestine, and muscle, but minimally in stomach, brain, and ovary) and skin of pufferfish. IL-1 is an important early response proinflammatory cytokine that mediates immune regulation in both innate and adaptive immunity, and it could be secreted by monocytes, activated macrophages, granulocytes, endothelial cells, activated T lymphocytes, and many other cell types [350]. Pufferfish IL-15 is constitutively and widely expressed at low levels. Dramatic upregulation of IL-15 could be detected in different tissues after LPS administration and in skin, brain, liver and muscle after stimulation with concanavalin A. The results indicate that IL-15 is biologically relevant to teleost fish adaptive immune response [350]. Similarly, in vivo expression analysis of pufferfish IL-21 revealed that IL-21 is only found in gut, gill, and gonad, with higher and wider expression pattern in skin, kidney, spleen, gut, gill, and gonad after LPS treatment. This finding indicates that pufferfish IL-21 is an inflammatory-related gene associated with antibacterial defence [350].
The expression of the proinflammatory cytokines CXCa, CXCb, IL1-beta, anti-inflammatory cytokine IL-10, TNFα, and the receptors IL1R1, CXCR1, and CXCR2 in skin of common carp have been studied after mechanical injury. Specific upregulation of the chemokine CXCa, the chemokine receptor CXCR1, and the proinflammatory cytokine IL-beta was detected at 2-3 h after injury. In order to correlate gene expression patterns after injury with cell migration,   chemotaxis of head kidney leukocytes towards lysates of epithelioma papulosum cyprini (EPC) cells was studied, and the results suggest that the increased expression of proinflammatory genes is related to a rapid influx of neutrophilic granulocytes [349].
Skin is considered the largest immunologically active organ, but its molecular mechanism remains unclear in fishes [351]. Different assays have also been developed for the measurement of differential real-time expression of immune-related genes in skin after natural or experimental infections. The results suggest that complicated local signalling networks are present in the fish skin and these networks are involved in the immune response to different microorganisms. Furthermore, in some works the response found in mucus and skin (local immune response) is compared with the immune response in serum (systemic immune response). A few examples are now presented to illustrate different studies carried out in order to elucidate different aspects of immune response against bacteria, virus, and parasites, although these kinds of studies in fishes are still in their infancy. 
Invasive pathogenic bacteria use a multitude of different strategies to penetrate host cells and evade killing. While these mechanisms have been the intense focus of microbiologists for decades, only recently have tools been developed to allow the capture of molecular signatures related to host responses and host-pathogen interactions during infection [352]. Using Illumina RNA-seq technology, channel catfish transcriptomic responses in the intestine following challenge with the Gram-negative bacterium Edwardsiella ictaluri have been studied for the first time [352]. The technology has allowed studying a broad representation of catfish genes (including previously unsequenced transcripts) and accurately quantifying transcript levels of 1633 differentially expressed genes. 
Two retinoid-related orphan receptor (ROR)-g homologues (ROR-gammaa1 and -gammaa2) genes are expressed in rainbow trout skin. In vitro studies using trout cell lines demonstrated that ROR-g is induced significantly by LPS and downregulated by the presence of Poly I:C and recombinant interferon (IFN)-g. In vivo studies demonstrated that its expression was significantly higher in vaccinated versus unvaccinated fishes following bacterial (Yersinia ruckeri) challenge, but it was downregulated after a viral (VHSV) infection. All the data suggest a potential role of trout ROR-g, a putative TH17 transcription factor, in protection against extracellular bacteria [353].
Affymetrix Zebrafish GeneChip was used to assess gene expression in the skin of zebrafish (Danio rerio) infected with the bacterium Citrobacter freundii [351]. The results showed that 229 genes were differentially expressed, of which 196 genes were upregulated and thirty-three genes were downregulated. Ontology and KEGG pathway analyses indicated eighty-eight genes significantly associated with skin immunity involved in complement activation and acute phase response, defense and immune response, response to stress and stimulus, antigen processing and presentation, cell adhesion and migration, platelet activation and coagulation factors, regulation of autophagy and apoptosis. When compared with transcriptional profiles of previously reported carp (Cyprinus carpio) skin, a similar innate immunity (e.g., interferon, lectin, heat shock proteins, complements), and several different acute phase proteins (transferrin, ceruloplasmin, vitellogenin and alpha-1-microglobulin, etc.) were detected in zebrafish skin. The validity of the microarray results was verified by quantitative real-time PCR analysis of nine representative genes. This is first report that skin play important roles in innate immune responses to bacterial infection, which contribute to understanding the defense mechanisms of the fish skin [351].
Some studies focus on the expression of immune-related genes after experimental infections with parasite. Rainbow trout and Atlantic salmon interleukin-4/13A (IL-4/13A) genes were found expressed at high level in skin, in concert with the transcription factor gene GATA-3. And it has been suggested that Th2 skewage may protect fish skin and gill from parasites and from damage by inflammatory Th1 and Th17 responses [354]. Specific gene expression of the proinflammatory cytokine IL-1 and the type II IL-1 receptor (IL-1RII, “decoy receptor”) was studied also in skin of rainbow trout (Walbaum, 1792) fry during primary and secondary infections with an ectoparasitic monogenean (Gyrodactylus derjavini, Mikailov, 1975). Generally, low levels of specific IL-1_1, IL-1_2, and IL-1RII gene transcription were found in uninfected hosts. In contrast, a clear and strong induction of both IL-1 isoforms could be observed during primary and secondary infections, respectively. This study represented the first example of cytokine expression in fishes induced by an ectoparasitic infection and indicated the importance of localised mucosal immune reactions in responses of fishes towards gyrodactylids [347]. In another work, expression of a number of immune relevant genes (cyto- and chemokines TNFα1, TNFα2, TGF-beta and IL-8, the iNOS and cyclooxygenase (COX-2) genes, and two cell markers, the beta-chains of TCR and MHC II, from the adaptive arm of the immune system, was studied in skin of rainbow trout during both primary and secondary infections with the same parasite. Significant increases in expression of the TNFα1 and TNFα2 isoform were seen while the cytokine TGF-beta increases eight-ten times, in the transcription levels, in secondary infections compared to uninfected hosts. However, no parasite-related changes in expression patterns could be observed for IL-8. Parasite infections elicited strong iNOS expression by four days. Augmented expression of COX-2 could also be observed in primary, but not secondary, infections at later stages of infections. No clear parasite-related changes in transcript levels of the two cell markers TCR beta and MHC II beta could be observed. Most of the examined factors appear to take part in a local signalling network of pivotal importance for the initiation, orchestration, effectuation and modulation of immune responses in rainbow trout against this parasite [286].
Cyprinus carpio specimens were infected with the ectoparasite I. multifiliis, and the target genes analyzed included the chemokines CXCa and CXCb, the chemokine receptors CXCR1 and CXCR2, the proinflammatory cytokines IL-1beta and TNFα and the enzymes inducible nitric oxide synthase (iNOS) and arginase 2. The strongest upregulation in skin was observed in the IL-1beta, CXCR1 and iNOS genes at thirty-six-forty-eight hours after exposure to theronts. This study confirms the role of carp skin as an important source of proinflammatory molecules as well as an active modulator of the local inflammation. Cutaneous immune response in C. carpio after infection with the ectoparasite I. multifiliis was determined by RQ-PCR [348]. A total of 2578 sequences were obtained, and only 1200 clone sequences showed significant similarity to previously reported genes according to the BLASTX sequence alignment. The clones were grouped in seven different categories of the “Biological Process” domain of the Gene Ontology nomenclature [355]: antigen processing and presentation (including MHC I and MHC II, proteasome, several isoforms of beta 2-microglobulin), chemotaxis (several chemokines), complement system (factor P or properdin, a positive regulator of complement activation; factor D and complement factor 7, C7, an integral component of the lytic pathway of the complement), inflammatory response  (prostaglandinD2 synthase; signal transduction (Nuclear factor kappa B (NF-
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B) and annexin A2), innate immunity (ferritin, scavenge receptors, molecules from the C-type lectin superfamily, interferon (IFN) and two IFN-induced proteins, heat shock or stress proteins (HSPs) [356]. Using the skin libraries and other larger libraries from different tissues [357] a carp cDNA microarray has been designed and printed [356]. The generation of a collection of ESTs clones from carp skin will provide the basis for functional genomics studies in this important organ. 
Studies of skin transcriptome and proteome are really scarce in fishes and have only recently begun. There are already five genomic databases sequenced thus far for this taxon: the zebrafish, medaka, stickleback, tiger pufferfish and the green spotted pufferfish (http://www.ensembl.org/), and the whole sequence of the genome of Atlantic salmon is predicted to be made public during the present year 2012 [357]. These are mainly large EST (expressed sequence tag) sequencing projects, aiming to increase the transcriptome coverage [358–361]. The skin transcriptome of fishes is still poorly characterized. Recently the transcriptome of Atlantic salmon has started to be studied, and currently only 2,089 ESTs out of a total of half a million sequences are generated from skin-derived cDNA libraries. Skin is considered to be the largest immunologically active organ, but its molecular mechanism remains unclear in fishes [351]. These studies will enable future gene expression analysis of skin. The relevance of skin as a defensive organ against pathogens and parasites is increased through the identification of several immune relevant genes, both of the innate and adaptive system [362]. In this transcriptome several isotigs exhibiting homology to mammalian mucins (MUC2, MUC5AC and MUC5B) have been identified [362]. Nevertheless, to date, any full-length fish mucin genes has been unearthed, as it was previously indicated.
The skin transcriptome of Atlantic salmon has been studied by using long-read next generation sequencing (NGS), namely, the Roche 454 platform. NGS is revolutionizing the approaches taken to study both transcriptomics and genomics, due to the massive amount of sequence information that can be generated in a relatively short length of time [363]. There are some reports describing NGS on salmonid fish, both wild (Salvelinus namaycush and Coregonus clupeaformis) [364, 365] and farmed (S. salar and Oncorhynchus mykiss) [366, 367].
On the other hand, the skin mucosal proteome of Atlantic cod was mapped using a 2D PAGE, LCeMS/MS coupled approach. Mucosal proteins from naive fishes were identified primarily by similarity searches across various cod EST databases. The identified proteins were clustered into eight groups based on gene ontology classification for biological process. Most of the proteins identified from the gel are hitherto unreported for cod. Galectin-1, mannan binding lectin (MBL), serpins, cystatin B, cyclophilin A, FK-506 binding protein, proteasome subunits (alpha-3 and -7), ubiquitin, and g-type lysozyme are considered immune competent molecules. Five of the aforementioned proteins were cloned, and their tissue distribution was analysed by RT-PCR [20]. Important advances in fish mucosal immunity will be obtained in the near future by applying omics techniques. 
6. Concluding Remarks and Future Research
Fishes are the main group of vertebrates and a major component of the aquatic fauna. Evolutionary pressure from pathogens may have led to this divergence in the adaptation of the immune system in different fish species. The functions of immune parameters at the individual, species, and population levels are ambiguous, and the relationships between the various immune parameters remain poorly understood. Increased knowledge of the mucosal innate immune factors could be advantageous in the fish farming and possibly human health, beyond the area of immune evolution.
Skin is considered the largest immunologically active organ, but its molecular mechanism remains unclear in fishes, mainly local signalling network of pivotal importance for the initiation, orchestration, effectuation, and modulation of immune responses [286]. The lower levels of some immune molecules present in skin mucus of some species could possibly be complementing by the involvement of other innate immune mechanisms. The detailed analysis of the innate immune-related molecules fish including their function and network will certainly generate new technologies that can be applied to improve aquaculture [333]. 
The ontogenie, of the cells present in skin and in mucous secretions are unresolved, as well as the importance of the main innate cellular functions of such cells. This would include phagocytosis and especially natural cytotoxic activity. The sites of antigen capture and presentation and the sites of antibody production are still unknown with regard to cutaneous immunity.
Although many genes have started to be studied, the cellular source(s) has not been yet determined. New technologies based on gene study will reveal novel patterns of teleost mucosal gene expression and will highlight unexpected roles for candidate genes and pathways. Utilization of these findings will improve strategies for selection of disease-resistant broodstock and evaluation of prevention and treatment options [352]. Different assays have also been developed for the measurement of differential real-time expression of immune-related genes in skin after natural or experimental infections. The results suggest that complex local signalling networks are present in the fish skin while the pathogen-induced intracellular signalling pathways are still largely undefined. In the same way, many pathogen-regulated genes of interest remain to be identified in the genome of mammals, and there are no available data of the genome of fishes. Identification and characterisation of pathogen-regulated genes represent a considerable task to understand the evolution of the infection at the local level and to develop new ways to control these phenomena.
Another important research field at present is to study the effects of the diet on fish mucosal immunity. Probiotics have opened a new era in health management strategy from human to fish, and their use has matured over the years. Probiotics are gaining scientific and commercial interest and are now quite commonplace in health-promoting functional foods to therapeutic, prophylactic, and growth supplements [274]. Since the probiotics have been usually orally administered, the available results on fishes focus on the intestinal immunity. Future research will analyse the effects of oral administration of probiotics at mucosal levels (skin, gills, and gut), taking into account that the mechanisms by which probiotics exert their beneficial effects on the host are largely unknown and new molecular works are needed. This underscores the interconnection of mucosal tissues in the body, potentially permitting the application of functional feed additives to improve fish skin health.
Fish skin mucus has important bactericidal properties, and thus it could be regarded as a potential source of novel antibacterial components of interest in aquaculture practices (as therapeutic agents or as antifouling substances). Furthermore, each fish species secretes AMPs with structural differences which can be used by the pharmaceutical industry in its search for novel drugs to treat drug-resistant pathogens. Furthermore, AMPs possess other desirable characteristics which may be exploited in the near future as antimicrobial agents, vaccine adjuvants, inactivated vaccines, and antitumor agents even for human beings [193]. 
Because the external epithelial surfaces of fishes are often the points of pathogen entry, a basic understanding of the inductive immune mechanisms and immune cell interactions in the skin and gills is extremely important with regard to new vaccine developments. Insight into the immune effector molecules on mucosals is crucial for the development of new vaccines capable of generating robust immune responses in the mucosa. For that, a deeper knowledge of the mucosal immunity and of the immunological progression from mucosal innate to acquired immune systems is needed in order to prevent and control infectious diseases [22] in fishes. 
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