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Abstract: Catfish is one of the most important aquaculture species in America (as well as 

in Asia and Africa). In recent years, the production of catfish has suffered massive 

financial losses due to pathogen spread and breakouts. Innate immunity plays a crucial role 

in increasing resistance to pathogenic organisms and has generated increasing interest  

in the past few years. This review summarizes the current understanding of innate  

immune-related genes in catfish, including pattern recognition receptors, antimicrobial 

peptides, complements, lectins, cytokines, transferrin and gene expression profiling using 

microarrays and next generation sequencing technologies. This review will benefit the 

understanding of innate immune system in catfish and further efforts in studying the innate 

immune-related genes in fish. 
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1. Introduction 

Catfish (Order Siluriformes) is a diverse group of ray-finned fish representing more than 3000 species, 

478 genera and 36 families [1]. It is one of the most important aquaculture species worldwide.  

Several catfish species are used in aquaculture including channel catfish (Ictalurus punctatus) [2],  

blue catfish (Ictalurus furcatus) [3], walking catfish (Clarias fuscus) [4] and striped catfish  

(Pangasianodon hypophthalmus) [5]. The culture of catfish accounted for approximately 3,201,172 tons  

of the production and 4,892,359,000 dollars of the profit, respectively [6]. Nevertheless, catfish 

production suffered massive financial losses due to pathogen spread and breakouts. For instance, enteric 

septicemia of catfish (ESC), caused by a Gram-negative intracellular bacterium Edwardsiella ictaluri, 

resulted in 40–50 million dollars of annual losses in profits to catfish producers [7,8]. To clarify the 

mechanisms of resistance to E. ictaluri, many different studies have been conducted in striped  

catfish [9–13]. Immunity research in catfish is of great interest in recent years and contributes to an 

advance in catfish breeding. 

The innate immune system is the only defense weapon in invertebrates and plays an instructive role 

in the acquired immune system of higher vertebrates [14]. Teleost fish serve a key role as the bridge 

between innate and adaptive immune responses in that they are the earliest class of vertebrates 

possessing the elements of both innate and adaptive immunity [15]. In teleost, innate immunity 

occupies a more important position for the initial protection against pathogen invasion, due to the 

constraint on adaptive immunity in suboptimal environments [16]. The studies on relevant genes of 

innate immunity have been conducted in many commercial fish species, such as rainbow trout 

(Oncorhynchus mykiss) [17–19], puffer fish (Tetraodon nigroviridis) [20], large yellow croaker 

(Pseudosciaena crocea) [21,22], and channel catfish [16,23,24]. 

Catfish plays an important role in fish immunology research and many advances have been 

achieved in genomic study [25,26]. One example is the case of channel catfish, a model species for the 

study of comparative immunology [27,28]. Moreover, catfish remains to be the only fish species 

wherein clonal functionally of distinct lymphocyte cell lines have been established [29–31]. In catfish, 

innate immunity has built a set of complete defense system, proving beneficial in increasing resistance 

to pathogenic organisms [32], such as E. ictaluri and Flavobacterium columnare [33]. More recently, a 

large number of immune-relevant genes for innate immunity have been characterized in catfish, such 

as those encoding pattern recognition receptors, antimicrobial peptide, complements, lectins and 

cytokines [34–38] (Table 1). They provide immediate defense against infection and constitute an 

evolutionarily older defense strategy. Individual variations of these genes were observed in numerous 

studies, resulting in different activities of the gene productions. These variations in different 

individuals may account for the differences in resistance or susceptibility to disease, which is 

responsible for the health condition of catfish when suffered pathogenic organisms. Hence, these traits 

could be used to select disease resistance in breeding programs, and are important for the health 

management [15,39]. This review will focus on the current advances of innate immune-related genes 

of catfish and the future efforts. 
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Table 1. Summary of immune-related genes characterized from catfish. 

Gene family Gene  Species  GenBank Acc. Nos. Reference 
Toll-like receptor TLR3 channel catfish AY741552 [40] 

 TLR5  AY741553 [40] 
 TLR2  DQ372072 [41] 
 TLR5S  DQ529272, DQ529273 [42] 
 TLR20  DQ529274, DQ529275 [42] 
 TLR21  DQ529276, DQ529277 [42] 

NOD-like receptor NOD1 channel catfish FJ004844 [43] 
 NOD2  FJ004845, JP593145 [37,43] 
 NOD3a  FJ004846, JP593146 [37,43] 
 NOD3b  JP593147 [37] 
 NOD4  FJ004847 [43] 
 NOD5  FJ004848 [43] 
 NLR-B1  JP593148 [37] 
 NLR-B2  JP593149 [37] 
 NLR-C1  JP593150 [37] 
 NLR-C2  JP593151 [37] 
 NLR-C3  JP593152 [37] 
 NLR-C4  JP593153 [37] 
 NLR-C5  JP593154 [37] 
 NLR-C6  JP593155 [37] 
 NLR-C7  JP593156 [37] 
 NLR-C8  JP593157 [37] 
 NLR-C9  JP593158 [37] 
 NLR-C10  JP593159 [37] 
 NLR-C11  JP593160 [37] 
 Apaf1  JP593161 [37] 
 CIITA  JP593162 [37] 
 NACHT-P1  JP593163 [37] 

RLR-like receptor RIG-I channel catfish JQ008940 [38] 
 MDA5  JQ008941 [38] 
 LGP2  JQ008942 [38] 

Antimicrobial peptide hepcidin channel catfish AY834211, AY834209 [44] 
 hepcidin blue catfish AY834210 [44] 
 LEAP-2 channel catfish AY845143, AY845141 [45] 
 LEAP-2 blue catfish AY845142 [45] 

 type1 NK-lysin channel catfish 
AY934593, AY934592, 

DQ153188 
[23,46] 

 type2 NK-lysin  DQ153189, DQ153186 [46] 
 type3 NK-lysin  DQ153190, DQ153187 [46] 
 BPI  AY816351 [47] 

Complement CFI channel catfish GQ149234 [48] 
 CD59  DQ863511 [49] 
 Bf/C2A  JN995600 [34] 
 Bf/C2B  JN995601 [34] 
 Df  JN995602 [34] 

Lectin IntL1 channel catfish EU030378 [50] 
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Table 1. Cont. 

Gene Gene family Species  GenBank Acc. Nos. Reference 
Lectin IntL2 channel catfish EU030379, EU030382 [50] 

 IntL1 blue catfish EU030380 [50] 
 IntL2  EU030381 [50] 
 saIntL silurus asotus AB598141, AB598142 [51] 

Chemokine CXC channel catfish AY335949, AY335950 [52] 
 CXC blue catfish AY335951 [52] 

 IL-8 channel catfish 
AY140803, AY140804, 

AY140806 
[53] 

 CXCL2-like  AY836754 [54] 
 CXCL12  AY836755 [54] 
 CXCL14  AY836756 [54] 
 SCYA101 blue catfish AY555498, DQ173276 [55,56] 
 SCYA102 channel catfish AY555499, DQ173277 [55,56] 
 SCYA103 blue catfish AY555500, DQ173278 [55,56] 
 SCYA104  AY555501, DQ173279 [55,56] 
 SCYA104 channel catfish AY555512, AY555513 [55] 
 SCYA105  AY555502 [55] 
 SCYA106 blue catfish AY555503, DQ173280 [55,56] 
 SCYA107  AY555504, DQ173281 [55,56] 
 SCYA108 channel catfish AY555505, DQ173282 [55,56] 
 SCYA109 blue catfish AY555506, DQ173283 [55,56] 
 SCYA110  AY555507, DQ173284 [55,56] 
 SCYA111 channel catfish AY555508, DQ173285 [55,56] 
 SCYA112  AY555509, DQ173286 [55,56] 
 SCYA113  AY555510, DQ173287 [55,56] 
 SCYA114 blue catfish AY555511, DQ173288 [55,56] 
 SCYA115 channel catfish CF263545, DQ173289 [56,57] 
 SCYA116  CB940570, DQ173290 [56,57] 
 SCYA117  CB939858, DQ173291 [56,57] 
 SCYA118  CB939818, DQ173292 [56,57] 
 SCYA119  CB939816, DQ173293 [56,57] 
 SCYA120  CB939490, DQ173294 [56,57] 
 SCYA121  CB939368, DQ173295 [56,57] 
 SCYA122  CB937579, DQ173296 [56,57] 
 SCYA123  CB937548 [57] 
 SCYA124  CB937269, DQ173297 [56,57] 
 SCYA125  BM028237 [57] 
 SCYA126  BM027974, DQ173298 [56,57] 
 CXCR4  GQ169128 [58] 

Interferon IFN-1 channel catfish AY847297 [59] 
 IFN-2  AY847295 [59] 
 IFN-4  AY847296 [59] 
 IFN-γ1  DQ124249 [60] 
 IFN-γ2a  DQ124250 [60] 
 IFN-γ2b  DQ124251 [60] 

Interleukin IL-1β gene 1 channel catfish DQ157741, DQ160229 [61] 
 IL-1β gene 2  DQ157742, DQ160230 [61] 

Transferrin transferrin channel catfish FJ176740, FJ176741 [62] 
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2. Current Advances of Innate Immune-Related Genes in Catfish 

2.1. Pattern Recognition Receptors  

Pattern recognition receptors (PRRs) are responsible for recognizing microbial pathogens according 

to sensing structures conserved among microbial species, known as pathogen-associated molecular 

patterns (PAMPs), including lipopolysaccharide (LPS) or peptidoglycan (PGN) in bacterial cell walls, 

β-1,3-glucan on fungal cell walls and double-stranded RNA from viruses [63,64]. Recent studies 

showed that PRRs contribute to recognition of endogenous molecules released from damaged cells, 

named damage associated molecular patterns (DAMPs), such as oxidized phospholipids and oxidized 

cholesteryl esters [65]. So far, several different classes of PRRs have been identified, including 

transmembrane proteins such as the Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), as 

well as cytoplasmic proteins such as the Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) 

and NOD-like receptors (NLRs). To date, at least 17 different TLRs have been identified in teleosts; 

zebrafish (Danio rerio) [66,67], rainbow trout [68,69], common carp (Cyprinus carpio) [70], pufferfish 

(Takifugu rubripes) [71], channel catfish [40–42] and Atlantic salmon (Salmo salar) [72]. Moreover, 

teleost fish were found to possess an additional group of NLRs and the foundational framework for 

analysis was provided [73,74]. 

2.1.1. Toll-Like Receptors 

TLRs are the first PRRs to be identified and are evolutionarily conserved [75,76]. To date, a total of 

13 (TLR1 to TLR 13) and five (TLR2, TLR3, TLR5, TLR20 and TLR21) functional TLRs have been 

characterized in mammals and catfish, respectively [24]. The first study on TLRs in catfish was carried 

out by Bilodeau and Waldbieser [40], who identified TLR3 and TLR5 from the channel catfish cDNA 

fry library and conducted expression analysis upon challenge with E. ictaluri. Despite no direct 

relationship between susceptibility to ESC and this two TLRs expression observed, it was suggested 

that TLR3 was associated with a more widespread immune function and TLR5 contributed to the 

aggregation of macrophage during E. ictaluri infection [40,77]. TLR3 and TLR 5 were suggested to 

play a role in host response to bacterial challenges in hybrid catfish, as well as during embryogenesis 

and early development of hybrid and channel catfish [78,79]. TLR3 was found to be induced and 

expressed highly in stomach, the primary uptake point of E. ictaluri, which demonstrated the more 

important role TLR3 played in innate immunity than previously thought [79]. Some other TLRs’ cDNA 

and gene have also been cloned, sequenced and characterized in catfish, including TLR2 [41], TLR5S 

(the soluble isoform of TLR5), TLR20, TLR21 [42], and adaptor protein of TLR3 [80]. TLR2, 

generally recognizing lipopeptides on the surface of most Gram-positive bacteria, was suggested to be 

involved in the response, after infection, with a Gram-negative bacterium (E. ictaluri), while the 

mechanisms of this response were not clear yet. After that, Pridgeon et al. [24] determined the 

expression pattern of all five TLRs under acutely infected conditions and demonstrated the important 

roles TLRs play in response to acute infection. It is not quite conserved for the genomic organizations 

of TLRs genes between catfish and other species. Taking TLR2 for example, it does not contain any 

introns in catfish, but has one, two and ten introns in human, murine and pufferfish [20], respectively. 
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2.1.2. NOD-Like Receptors 

NLRs are a recently identified large group of intracellular PRR family in vertebrates. There are 

three subfamilies detected in NLRs: the NODs (nucleotide-binding oligomerization domain) and IPAF 

(ICE protease-activating factor) (CARD), the NAIPs (neuronal apoptosis inhibitory proteins) (BIR), 

and the NALPs (NACHT domain-, leucine-rich repeat-, and PYD-containing proteins) (PYD) [81,82]. 

In fish, NLRs were first identified from zebrafish, including NLR-A, NLR-B and NLR-C, and NLR-C 

appeared to be unique in teleost fish [73]. There is little known about NLRs in catfish until recently. 

Sha et al. [43] reported the characterization of 5 NLRs in channel catfish, conducting analysis on 

structure, phylogeny and expression. Among NOD1, NOD2, NLRC3, NLRC5 and NLRX1, NOD 1 

appeared to be induced after injection with E. ictaluri, catalogued as a component in the response to 

intracellular pathogen injection [43]. Then, a more extensive study was carried out, which identified 22 

NLRs involved in several different subfamilies [37]. The similar expression pattern of 22NLRs after 

infection suggested the co-regulation of these genes [37]. 

2.1.3. Retinoic Acid-Inducible Gene (RIG)-I-Like Receptors 

RLRs are important PRRs that detect nucleotide PAMPs of invading viruses [83]. Unlike TLRs 

detecting the RNA species present within endosome, the RLRs recognize viral RNA in the cytoplasm 

of both immune and non-immune cells [84]. The RLR family contains three coding genes: retinoic 

acid-inducible gene I (RIG-I), melanoma differentiation associated antigen 5 (MDA5), and laboratory 

of genetics and physiology 2 (LGP2) [85]. In recent years, RLRs have been reported in many teleost 

species [86–90], as well as in catfish. Rajendran et al. [38] identified three RLRs in channel catfish, 

including RIG-I, MDA5 and LGP2. These authors confirmed the presence of significant increases in 

expression of RLRs after bacterial infection, not just after viral infection, which indicated their roles in 

both antiviral and anti-bacterial immune responses. 

2.2. Antimicrobial Peptides 

Antimicrobial peptides (AMPs) are an evolutionarily conserved component of the innate immune 

system, widespread in all classes of life as defense mechanisms [91]. They demonstrate a wide range 

of activity against a number of pathogenic organisms, while with little or no toxicity to host cells [92]. 

The AMPs found in human are mainly defensins and cathelicidins. Human defensins are divided into 

two families, including α-defensins, distributed in neutrophils and intestinal Paneth cells, and  

β-defensins , generated by the epithelia of several organs [93]. To date, there are five different classes 

of AMPs detected, according to the structural features. Roughly 1200 AMPs have been characterized 

from various organisms, and the numbers of that identified in teleost fish increased rapidly in recent 

years [94–99], especially in catfish.  

The cysteine-rich AMPs play an important role in the host innate immune response against 

microbial invasion and have been extensively studied from various organisms. Hepcidin [44] and  

liver-expressed antimicrobial peptide 2 (LEAP-2) [45], members of cysteine-rich AMPs family, were 

sequenced and characterized from both channel catfish and blue catfish (Ictalurus furcatus). In channel 

catfish, the amino acid sequences and gene organization of both hepcidin and LEAP-2 were conserved 
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between catfish and other organisms, and the expressions of both two cysteine-rich AMPs were 

induced in a tissue-specific manner after infection with E. ictaluri [44,45]. The channel catfish 

hepcidin gene was expressed in a wide range of tissues, unlike those in some fish and mammals, which 

are predominantly expressed in liver [97,100]. Its expression was also detected early during embryonic 

and larval development, suggesting its possible role as self-generated AMPs in protecting embryos 

against bacterial pathogens. Three distinct NK-lysin transcripts, as the fifth class of AMPs and only 

one copy existing in human, was identified from catfish by Wang et al. [23,46], with the encoding 

genes identified, sequenced, and characterized. The expressions of three catfish NK-lysin genes, tripled 

in tandem, were tissue specific and different, suggesting the spatial partitioning from each other [23,46]. In 

addition, bactericidal permeability-increasing protein (BPI) [47] and parasin I [101,102] also have 

been characterized from catfish. It was demonstrated that BPI had the function in beraking the rapid 

inflammatory responses elicited by ESC infection, according to its upregulated expression pattern [47]. 

After that, Pridgeon et al. [36] determined the relative transcriptional levels of all seven AMPs genes 

above in response to E. ictaluri infection, suggesting the important role of hepcidin in the channel 

catfish defense against E. ictaluri infection. 

Histone-like proteins (HLPs), one of the most prevalent AMPPs in fish, have been characterized in 

catfish including histone-H2A-like (parasin I) [103] and histone-H2B-like [101] protein, which have 

recently been definitively identified as histones [104]. HLP-1 upregulation was considered as a 

promising tool in aquaculture for enhancing the resistance of fish to disease [105]. Moreover, 

hemoglobin-derived AMPs [16] and pelteobagrin [91] have been identified in channel catfish and 

yellow catfish (Pelteobagrus fulvidraco), respectively. Hemoglobin-derived AMPs was considered to 

play a significant role in innate immune response, while the expression analysis of the pelteobagrin is 

needed in the future work. 

Despite the progress in AMPs in catfish, little is known about some other groups of AMPs in fish, 

such as defensins and natural resistance-associated macrophage protein (Nramp). Defensins have  

been identified in common carp [106], rainbow trout [17,19], zebrafish [107], olive flounder  

(Paralichthys olivaceus) [108], medaka (Oryzias latipes) [109] and orange-spotted grouper 

(Epinephelus coioides) [110]. Likewise, Nramp genes have been discovered in common carp [111], 

turbot (Scophthalmus maximus) [112] and Japanese flounder (Paralychthys olivaceus) [113]. Further 

studies are necessary to identify these genes in catfish. 

2.3. Complement  

Complement occupies a key position in the innate immune system, consisting of numerous soluble 

membrane-bound proteins. Its functions are very extensive, including microbial killing, phagocytosis, 

inflammatory reactions, immune complex clearance, and antibody production [114]. Three different 

ways are found to activate the complement system: the classical pathway, the mannan-binding lectin 

pathway, and the alternative pathway. The classical pathway is mediated by antibodies. The  

mannan-binding lectin pathway is activated by host lectins according to recognition and binding of 

microbial carbohydrate motifs. In contrast, the alternative pathway is activated by numerous foreign 

molecules and is continuously active [48,115]. Despite the fact that the complement system has been 

studied extensively in mammals, its role in immune system of lower vertebrates remains largely 
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unknown [115]. The studies of complement in catfish are increasing in recent years, focused mainly on 

channel catfish.  

It has been proved that teleost fish possess fully developed complement activation pathways. The 

first subcomponent in classical pathway, C1q, was first identified in channel catfish [116]. The 

subsequent research of detailed structure and function of Cq1 were mainly focused on zebrafish [117] and 

mandarin fish (Siniperca chuatsi) [118]. The alternative complement pathway of channel catfish was 

well-studied in the early 1990s [119]. The effect of an alternative complement pathway on the case, 

such as neutrophil and monocyte phagocytes from peripheral blood [120], and permeability of 

cytoplasmic membranes in Escherichia coli [121], has been determined. In addition, the activity of 

alternative complement pathway in catfish was significantly affected by bacterial sialic acid [122] and 

Salmonella paratyphi [123]. Complement components C3 and C4, the central protein of complement 

system, have been isolated and characterized in channel catfish [124]. It is the first time to present 

structural evidence for C4 in the bony (channel catfish) and cartilaginous fish (nurse shark, 

Ginglymostoma cirratum), and demonstrate the difference between C3 and C4 before the divergence 

of bony and cartilaginous fish [124]. The initiating component for activating mannan-binding lectin 

pathway, mannose-binding lectin, has been characterized in channel catfish [35], but still not forceful 

to confirm the existence of the mannan-binding lectin pathway. 

In spite of the effective role of the complement system in response to foreign pathogens,  

self-destruction sometimes occurs resulting in immunological diseases [125,126]. A whole array of 

specific inhibitors and other factors were identified from various organisms, regulating the activity of 

complement system. Complement factor I [48] and complement membrane attack complex inhibitor 

CD59 [49], both as inhibitors in complement system, were sequenced and characterized in channel 

catfish. Complement factor I and CD59 were showed to be expressed constitutively in various tissues 

and organs, presenting different conformance from that in mammals. These results are consistent with 

those discovered in large yellow croaker [127,128] and rainbow trout [129]. In addition, three factors 

in alternative complement pathway of channel catfish, Bf/C2A, Bf/C2B and Df, were identified and 

characterized, the expression patterns of which demonstrated the key role in immune response to 

bacterial infection [34]. C3 and Bf were regarded as maternal factors in several fish species, including 

spotted wolfish (Anarhichas minor) [130], rainbow trout [131], common carp [132], grass carp 

(Ctenopharyngodon idellus) [133], Atlantic salmon [134] and zebrafish [135,136], which were not 

confirmed in catfish yet. 

2.4. Lectin 

In host defense, the recognition of pathogen-specific carbohydrate chains mainly relies on the 

activity of lectins, which play an important role in innate immunity and disease resistance [137–139]. 

The carbohydrate molecules on the pathogens surface is combined with lectins and removed through 

phagocytosis and oxidative burst activities [64,140,141]. Lectins are divided into six families based on 

the carbohydrate recognition domain: legume lectins, cereal lectins, P-, S-, C-type lectins and 

pentraxins [142,143]. In addition, lectins could activate a complement system through the so called 

lectin pathway, by forming complexes with mannose-binding lectin-associated serine proteases in 

plasma [144]. In fish, lectins such as C-type lectins, galectins, F-type lectins, rhamnose-binding lectins, 
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and intelectins have been characterized [145], mainly derived from serum, plasma, skin mucus, egg 

surfaces and egg components [146–149]. 

In channel catfish, C-type and L-type lectins have been well-studied in recent years.  

Mannose-binding lectin (MBL), an acute-phase protein produced by liver hepatocytes, was purified by 

affinity chromatography, characterized and quantified [35,150]. Human MBL is assembled from a 

single polypeptide chain, consisting of a short N-terminal cysteine-rich region, a collagenous region, a 

34-residue hydrophobic stretch, and a C-terminal C-type lectin domain [151]. Based on the difference 

in levels of serum MBL between channel catfish and blue catfish challenged with E. ictaluri, it is 

suggested that MBL could be used as a genetic marker for selection of disease resistance in the 

different strains of catfish used in aquaculture [152]. Meanwhile, three L-type lectins, ERGIC-53, 

VIP36 and VIP36-like, were cloned and characterized in channel catfish, of which the expression 

patterns of significant up-regulation upon infection with E. ictaluri indicated the involvements in the 

immune responses after infection with E. ictaluri. According to phylogenetic analysis, higher similarity 

(55%–65%) was observed between the protein sequences of teleost LMAN2-like (VIP36-like) a genes and 

LMAN2-like b genes, suggesting a duplication event in most fish [153]. In walking catfish, the 

calcium dependent lectins were isolated from the serum and characterized, including galactose binding 

serum lectin [154] and CBL (C. batrachus lectin) [155]. As a member of lectins, microfibrillar-associated 

protein 4 (MFAP4), was isolated and characterized in channel catfish, and the novel role for MFAP4 in 

immune responses was detected [156]. 

Intelectin (IntL), a secreted soluble glycoprotein belonging to the lectin family, is a recently 

identified member of the galectins [157]. Takano et al. [50] characterized two intelectin genes in both 

channel catfish and blue catfish, IntL1 and IntL2, exhibiting highly differential patterns of tissue 

expression and regulation after infection with E. ictaluri. A skin mucus lectin was also found in 

Japanese catfish Silurus asotus, exhibiting calcium-dependent mannose-binding activity and 

functioned in self-defence against bacteria in the skin surface [51]. In addition, some lectins associated 

with egg, mainly focused on catfish (S. asotus) egg lectin (SAL), were also isolated and characterized 

in catfish [158–162]. 

2.5. Cytokines 

2.5.1. Chemokines 

Chemokines, the superfamily of chemotactic cytokine, are a family of small proteins produced by 

infected tissues in the early stages of infection [136]. They play a key role in recruiting immune 

effector cells to the focus of infection and injury [163], and the role as a bridge between innate and 

adaptive responses. Chemokines are defined by the presence of four conserved cysteine residues, 

which exist in majority of the structures [164]. According to the arrangement of the first two of these 

conserved cysteine residues, chemokines are divided into four subfamilies: CXC, CC, C and CX3C. 

Chemokines were also found to be necessary to translate an innate immune response into an acquired 

adaptive response in that the chemokine system appeared about 650 million years ago, at the 

emergence of vertebrates [165]. There are roughly 50 chemokines and 20 receptors identified in 

humans [166], and the research in teleost increased rapidly in recent years [167,168]. According to 
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phylogenetic analysis, seven large groups of fish CC chemokines have been established: the 

CCL19/21/25 group, the CCL20 group, the CCL27/28 group, the CCL17/22 group, the macrophage 

inflammatory protein (MIP) group, the monocyte chemotactic protein (MCP) group and a fish-specific 

group [168,169]. 

Among the four subfamilies of chemokines, CXC and CC chemokines have been better and deeply 

studied. A CXCL10-like chemokine is the first one discovered in catfish [52]. Although channel 

catfish were much more susceptible to E. ictaluri than blue catfish, the CXCL10-like chemokine was 

induced strongly in channel catfish compared to blue catfish, suggesting that the CXCL10-like 

chemokine did not contribute to the resistance against E. ictaluri [52]. A catfish gene resembling 

interleukin-8 (IL-8), the first CXC chemokines to be discovered in fish [170], was identified in both 

channel catfish and blue catfish [53]. The expression of IL-8 was dramatically induced after challenged 

with the bacterial pathogen E. ictaluri. Another three CXC chemokines, CXCL12, CXCL14 and 

CXCL2-like chemokine, were characterized by Baoprasertkul et al. [54]. The first two chemokines 

were clearly orthologous, whereas a clear orthology could not yet be established for the third one. 

Concerning CC chemokines, the first 14 of them were identified in both channel catfish and blue 

catfish by analysis of ESTs [55]. Subsequently, a further study characterized 12 more distinct CC 

chemokine genes, bringing the total to 26, two more than known from humans [57]. All 26 CC 

chemokines were mapped to bacterial artificial chromosome (BAC) clones, suggesting the extensive 

duplication at various levels rather than only highly clustered in the catfish genome [171]. The study of 

complete genomic sequences and structures was conducted for 23 CC chemokine genes, indicating the 

different expression patterns in tissues [56]. In addition, the first chemokine receptors in catfish, 

CXCR4, has been identified more recently [58]. In that five CXCL chemokines of catfish have been 

characterized, the findings of CXCR4 would further explore the signaling pathways of chemokine. 

2.5.2. Interferons 

Interferons (IFNs) are secreted proteins and crucial elements of the immune system sharing antiviral 

properties, as well as the ability of tumor suppression and immune modulation [172,173]. Based on the 

relevant cognate receptors and initiating immune responses, IFNs are divided into three distinct types, 

including IFNs of type I, II and III. There are numerous differences among them in genomic structure 

and the cell sources producing them [174]. For example, unlike type I IFN produced widely as a major 

role in the first line of defense against virus infection [175], type II IFN is produced by NK cells 

during innate responses and by T cells during the adaptive immune response [176]. In contrast to type 

II IFNs mediated cell immunity, type I and III IFNs mainly initiate the innate response against viral 

infection according to triggering specific signaling pathways [174]. In recent years, considerable 

advances have been achieved in the study of the fish IFN system, especially the roles of type I and II 

IFN in response to viral infection. 

In catfish, four genes were observed to encode the virus-induced IFNs [59], and the numbers in 

zebrafish [177] and Atlantic salmon [178] were 4 and 11, respectively. The first IFN discovered in 

catfish was designated CF IFN-1, identified from a catfish EST library [179]. According to the 

infection of channel catfish ovary (CCO) cells with UV-inactivated catfish reovirus or exposure to 

double stranded RNA, the upregulation of CF IFN mRNA and appearance of antiviral factor were 
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observed. The authors speculated that the identified catfish cDNA was an IFN homolog [179]. 

Subsequently it was found that, a signal sequence within the catfish homolog was lacked in CF IFN-1, 

suggesting that CF IFN-1 encoded a non-secreted protein and might represent an expressed 

pseudogene [59]. Based on Southern blot analysis, Long et al. [59] identified three novel cDNAs 

encoding CF IFN-2, -3, and -4. In contrast with CF IFN-3, without a signal sequence just like CF  

IFN-1, CF IFN-2 and IFN-4, it appeared to encode full-length, signal sequence-bearing functional 

genes. After that, two distinct type II IFN, IFN-γ1 and IFN-γ2, were identified in catfish [60]. The 

authors presented the perspective that it was the first time to demonstrate NK and T cells synthesizing 

IFN-γin any lower vertebrate species, consistent with that in mammalian systems [60]. 

2.5.3. Interleukin 

Interleukins are a large group of cytokines including both secreted proteins and signaling molecules, 

which are first seen to be expressed by leukocytes. Interleukin-1 (IL-1) serves a key role in early 

inflammatory response and induces a number of reactions leading to inflammation [136]. In mammals, 

IL-1 family is comprised of 10 ligand proteins and 10 receptor molecules [180,181], three members of 

which, IL-1α, IL-1β and the IL-1 receptor antagonist (IL-1ra), have been deeply studied in the past [15]. 

IL-1β is synthesized primarily in monocytes, as well as many other cell types, and has been identified 

in about 13 teleost species [182]. As characterized in several fish species, such as rainbow trout [183], 

common carp [184], sea bass (Dicentrarchus labrax) [185,186] and yellowfin sea bream 

(Acanthopagrus latus) [187], only one IL-1β gene and a variant appeared to exist in fish. However, in 

channel catfish, two distinct cDNAs encoding catfish IL-1β were identified, the encoding genes of 

which were identified, sequenced and characterized [61]. Both genes were duplicated in a tandem 

fashion and widely expressed, but presented different expression patterns [61]. In addition, a catfish 

gene of interleukin-8, at the same time that of CXC chemokines, was identified and characterized from 

both channel catfish and blue catfish [53]. 

2.5.4. Tumor Necrosis Factor 

The tumor necrosis factors (TNFs) are cytokines involved in innate immunity, causing cell 

apoptosis. TNFα, the best known member of TNFs, is a type II transmembrane glycoprotein binding to 

two receptors, TNFR-1 and TNFR-2. It appears to be the key regulator and effector in immune 

responses by regulating cell death and survival [188]. TNFα has been identified in several fish species, 

including mandarin fish [189], zebrafish [190], common carp [191] and turbot [136,192]. A TNFα-like 

gene was identified in channel catfish, which encoded a propeptide of 230 amino acids and a mature 

peptide of 162 amino acids [193]. This research supported the perspective that TNFα and β genes 

separated after the divergence of mammals and teleosts, in that phylogenetic analysis placed teleost 

TNF sequences within their own cluster apart from mammalian TNFα and β genes. TNFα mRNA in 

catfish was found to be expressed in all tissues tested in the study, in the manner similar to that of 

mammals [193]. Moreover, expression analysis of TNF response to E. ictaluri infection was 

characterized in channel catfish families with high and low susceptibility [194]. It was found that the 

expression of TNF increased significantly at 48 h post-challenge in both high and low susceptibility 

families, and decreased by 72 h [194]. 
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2.6. Transferrin 

Iron plays a crucial role in a wide range of metabolic processes in host organisms, as well as in 

pathogenic organisms. However, the concentration of extracellular free iron remains at considerably 

low levels to restrict the assimilation by pathogen, in that the blood protein transferrin has high affinity 

for iron and transports iron to tissues as required [195–197]. Transferrin is widespread in the serum 

and secretions of all vertebrates with high degree of genetic polymorphism [198]. It is responsible for 

iron metabolism and level maintaining, and transporting iron to tissues as required [62]. Although iron 

bound to transferrin is only about 4 mg in human body, transferrin is one of the most important iron 

pools with high rate of turnover. In channel catfish, the transferrin gene was identified, sequenced and 

characterized [62]. This transferrin expression was significantly up-regulated after infection with  

E. ictaluri, as well as with co-injection of iron-dextran and E. ictaluri [62]. The cDNA of transferrin in 

Gunther’s walking catfish (Clarias macrocephalus) was also cloned and characterized [199]. The 

transferrin expression was only detected in the liver of both male and female catfish [199]. Moreover, 

ferritin H gene was completely sequenced and characterized in channel catfish [200]. Genetic 

organization of ferritin H shares high similarity with mammalian and zebrafish genes, and it has an 

important role in iron metabolism and immunity. 

3. Gene Expression Profiling  

Gene expression profiling, through the dual approaches of transcriptomics (RNA profiling) and 

proteomics (protein profiling), has played an essential role in understanding the complex biological 

processes [201]. It has provided us with insight into the different roles of various genes in immune 

responses and other metabolic activities. The transcriptome, representing a key link between information 

encoded in DNA and phenotype, has been more intensively studied in catfish and other fish species. 

The traditional methods for transcriptome analysis are relying on hybridization to capture transcripts of 

interest, and used the tools such as Northern blots, reverse-transcription PCR (RT-PCR), expressed 

sequence tags (ESTs), and serial analysis of gene expression (SAGE), which were of low efficiency.  

Microarrays first make the large-scale analysis of the transcriptome possible and have produced 

much more important information about transcriptome deployment and gene expression [202–206]. 

The application of microarrays has been used in many fish species, including zebrafish [207,208], 

turbot [209,210], rainbow trout [211], and Japanese medaka [212]. In catfish, utilizing a new  

high-density in situ oligonucleotide microarray (28K), the acute phase response (APR) in liver 

following infection with E. ictaluri was evaluated [213]. The analysis of microarray results revealed a 

well-developed APR in catfish, including intelectin, hemopexin, haptoglobin, ferritin, and transferrin, 

with particularly high upregulation (>50-fold) of genes involved in iron homeostasis. The majority of 

complement cascade, PRRs and chemokines were observed to be expressed differently following 

infection. Subsequently, the microarray analysis (28 K) of gene expression in channel catfish and  

blue catfish has been conducted [3]. A whole array of multifaceted responses to infection could be 

observed, including encompassing the complement cascade, iron regulation, inflammatory cell 

signaling, and antigen processing and presentation. For the first time, it reported the induction of 

several components of the MHC class I-related pathway following infection with an intracellular 
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bacterium. Pridgeon et al. [214,215] conducted the global analysis of gene expression and transcription 

in vaccinated channel catfish, which suggested the important roles of differentially regulated genes in 

the protection of channel catfish against E. ictaluri.  

More recently, however, researchers are increasingly turning to next generation sequencing 

technologies, such as Transcriptome Sequencing (RNA-seq), using the Illumina Genome Analyzer 

platform, ABI Solid Sequencing or Life Science's 454 Sequencing, which has considerable advantages 

for examining transcriptome structure. It utilizes the throughput capacity of next generation sequencing 

to sequence transcripts and quantify expression levels [216]. The RNA-seq sequencing prices are 

declining rapidly, and it may change the way in identification of immune-related genes and  

signaling networks. Related studies have been performed in zebrafish [217,218], common carp [219],  

sea bass [220] and rainbow trout [221]. In catfish, the role of the intestinal epithelial barrier following  

E. ictaluri challenge was characterized using high-throughput RNA-seq, which obtained 2719 genes 

not previously identified in other catfish and revealed 1633 differentially expressed genes between 

challenged and control samples [222]. The pathway analysis of the differentially expressed gene set 

indicated the centrality of actin cytoskeletal polymerization/remodeling and junctional regulation in 

pathogen entry and subsequent inflammatory responses. Then, the transcriptomic profiling of host 

responses to columnaris was conducted in catfish, using Illumina-based RNA-seq [216]. The results 

revealed several central signatures following infection, including the dramatic upregulation of a 

rhamnose-binding lectin, NF-κB suppression and strong induction of IFN-inducible responses. As the 

increasing application of these new methods, greater advances will be achieved in the immunity 

research of catfish. 

4. Conclusion and Future Efforts  

In recent years, considerable advances have been achieved in understanding the structures and 

functions of innate immune genes in catfish, while some years ago these studies were only focused on 

model species such as zebrafish. As with the development of studies on innate immune genes, catfish 

has been the model species for the study of comparative immunology. Many innate immune-related 

genes in catfish, such as chemokines, have been studied deeply and comprehensively, and could be 

used as a reference in studies of other fish species. 

To date, a number of relevant genes of innate immunity have been identified in catfish, and the 

expression analyses were conducted mostly. Aside from the genes summarized above, many 

immunoregulatory proteins have been extensively characterized in catfish, such as NITRs and LITRs, 

which are the families of putative inhibitory and stimulatory receptors found only in teleosts [223–225]. 

And several other immune-related genes and antigen gene have also been characterized in catfish,  

such as calreticulin [226], ceruloplasmin [227], cathepsin D [228], matrix metalloproteinase-13 [229],  

warm temperature acclimation-related 65 kDa protein (wap65) [230], pentraxin [231] and  

Ichthyophthirius multifiliis [232,233]. However, several other genes playing important roles in immune 

response are not identified in catfish, such as DC-specific ICAM-3 grabbing nonintegrin (DC-SIGN), 

which is an essential member of the C-lectin family and has been identified from zebrafish [234], and 

IL-1RII, which has been found in rainbow trout [18], gilthead seabream (Sparus aurata) [235] and 

Japanese flounder [236]. The immune-related genes in catfish are still in need of extensive identification.  
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As stated above, after being challenged with pathogenic organisms, the expressions of a large 

number of these genes were induced significantly, suggesting the possible roles in the innate defense 

response. However, the exact roles and functions during challenge remain largely unknown. Further 

work is warranted to study the detailed functional characterization of these genes in catfish. In 

addition, the effort of increasing the immunity of catfish may prove beneficial in catfish breeding and 

health management. Ascorbic acid has been used in the culture of striped catfish and appears to prove 

high level of survival rate against the artificial injection [237]. The study of infection level and fish 

mortality caused by I. multifiliis among channel catfish, blue catfish and catfish hybrids have been 

conducted, and no significant differences were observed [238]. Despite the progress in this productive 

research, the precise mechanism remains largely unknown. Further studies are needed, focused mainly 

on the difference between gene structure and expression. 

Channel catfish, the most important cultured species in catfish, always shows resistance to infection 

from E. ictaluri. However, the blue catfish is generally considered more resistant to E. ictaluri 

infection than the channel catfish [239]. Several researches were conducted to detect the different 

expression profiles of innate immune genes between channel catfish and blue catfish, such as  

MBL [150,152]. This will present more evidences and provide insight into the different resistance 

between channel catfish and blue catfish. More studies are warranted to determine the different 

expression profiles between the two catfish species on other immune genes, including other lectins, 

AMPS and chemokines. Furthermore, most studies on innate immune genes in catfish focused on the 

channel catfish, the production of which was considerably more than the other catfish species in the 

USA. The study should also be carried out on other species, such as the Chinese longsnout catfish 

(Leiocassis longirostris), Japanese catfish, walking catfish and yellow catfish, which are of importance 

in other regions. 

In the selective breeding program of catfish, growth and disease resistance are the two most 

important traits used by breeders [78]. Increasing disease resistance and enhancing immune system 

will be crucial for improving the survival rate and risk reduction in the aquaculture process. To 

capitalize on the variation of disease resistance, selective breeding efforts are currently underway for 

genetic improvement, which depends on identifying individuals with superior performance. Many 

innate immune genes have been found to be induced by infections, some of which are suggested to be 

genetic markers for disease resistance and traits to be selected as in breeding programs. Based on the 

immune-related genes discovered, selective breeding and transgenesis for genes that control important 

immune mediators have been investigated widely [240]. These efforts will allow for more rapid 

selective breeding and improve health conditions of catfish. 

It is also noteworthy that the expressions of innate immune genes always trigger a signaling 

pathway associated with adaptive immunity. For example, during ESC challenge, the expression 

patterns of TLR5 in catfish [40] were consistent with that of B-lymphocytes [241], which was involved 

in activation of the adaptive immune system. Thus, determining the roles of expression of innate 

immune genes in adaptive immune response will provide more information and greater understanding 

of the relationship of innate and adaptive immune response in catfish. Concerning PRRs, although 

numerous advances have been achieved more recently, very little is known about the downstream 

signaling mechanism, exact PAMPs of individual receptors genes and the interactions among different 

PRRs. For example, the role NOD1 played in immune response, including sensing pathogenic 
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organisms and signaling to induce primary immune responses, may be involved in the activation of 

TLRs to further guard against bacteria invasion in the intestine. At this point, further studies are 

needed to clarify these specific mechanisms. 

To characterize the innate immune genes in catfish and understand their protective mechanisms in 

immunity will help us to successfully manage disease incidents in aquaculture industry. More 

advances will be achieved in the future, contributing to the accumulation and development of these 

technologies in catfish. 
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