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Abstract 

 

Heat shock proteins (HSPs) consist of a large group of chaperones whose expression is 

induced by a number of stresses such as exposures to high temperature, hypoxia and infection.  

In this study, I identified a total of 93 HSPs in channel catfish (Ictalurus punctatus), with 

13 members of small Hsp family, 57 members of Hsp40 family, 16 members of Hsp70/110 family, 

one member of Hsp60 family, one member of Hsp10 family and 5 members of Hsp90 family, 

through in silico analysis using RNA-Seq and genome databases. Phylogenetic and syntenic 

analyses were conducted with all the families of HSPs, which provided strong evidence in 

supporting the orthologies of these HSPs. Besides, two tandem repeat members of Hsp70/110s, 

hsp70.2 and hsp70.3 were not found located within the MHC-complex, which is a group of 

molecules that are essential in the antigen presenting process, suggesting different process of 

presenting the antigens or epitopes.  

Meta-analyses of bacterial challenged RNA-Seq datasets were conducted to analyze 

expression profile of catfish HSPs following bacterial infection of Flavobacterium columnarae (F. 

columbare) and Edwarsiella ictaluri (E. ictaluri). HSPs expression was analyzed through the early 

phase of immune response. As a result, a majority of catfish HSPs were found significantly 

expressed in gill and intestine after bacterial infections during the early immune response phase. 

A total of thirty Hsp40 genes were regulated under disease situations involving two tissues after 

two bacterial infections. Five Hsp90 genes, one Hsp60 gene, one Hsp10 gene and nine sHsp genes 

were significantly up/down-regulated after two bacterial infections. Twelve Hsp70/110s genes 
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were significantly up/down-regulated after two bacterial infections. Different responses by the 

Hsp70/110s expression after the infection of F. columnarae and E. ictaluri revealed the different 

pathogenesis mechanism of the two bacteria. As an agonist ligand of TLR4, an import Pattern 

recognition receptor of innate immunity, Hsp70s showed a time pattern through the two bacterial 

infections in two tissues. Also a pathogen-specific response in host Hsp90 had been revealed. 

Hsp90s showed the most significant involvement at the 24 hours after challenging with F. 

columnarae. Both pathogen-specific and tissue-specific pattern were found in small Hsp family 

after both two bacterial infections. Additional meta-analysis were conducted on the comparisons 

of differences in gene expression profiles between resistant and susceptible fish at 0 h, and 1 h, 2 

h, and 8 h after F. columnare challenge. A total of 18 catfish HSPs genes showed significant 

expression at basal level prior to F. columnare challenge, which is our great interest as these 

signatures could potentially serve as QTL or biomarkers for selection.  

 

Keywords: Heat shock protein, catfish, genome, immune response, infection 
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 Chapter 1. Introduction   

1.1 Overview  

Catfish is the primary aquaculture species in the U.S., accounting for over 60% of all U.S 

aquaculture production. It is also an important model for the study of the teleost immune system. 

In recent years, the catfish industry in the United States has encountered unprecedented challenges 

due to increased feed costs, international competition, and devastating diseases. Feed costs have 

increased more than 200% in the last decade, making the industry extremely difficult to maintain 

a profit margin that is sustainable.  International competition has become more and more keen with 

exponential levels of increases in catfish imports from other parts of the world including Vietnam, 

China, among other countries. Disease problems are also increasing with intensifies aquaculture.  

Of the serious disease problems, bacterial diseases are the major threats to the catfish 

industry. In addition to the bacterial diseases, several other diseases caused by virus and parasites 

are also important. For instance, channel catfish virus disease can cause significant problems 

(Plumb, 1986).  Parasitic disease Ich caused by Ichthyophthirius multifiliis can also lead to heavy 

mortalities (Xu and Klesius, 2004). However, these diseases are relatively less frequent or less 

severe as compared to bacterial diseases. Of the bacterial diseases, several are very severe and 

cause major economic losses to the catfish industry. These include enteric septicemia of catfish 

(ESC) caused by Edwardsiella ictaluri (Hawke et al., 1981), columnaris disease caused by 

Flavobacterium columnare (Bullock et al., 1986), and Aeromonas bacterial disease caused by 

Aeromonas hydrophila (Pridgeon and Klesius, 2011).   
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Columnaris disease is the most frequently occurring disease in fish including catfish 

(Bullock, Hsu et al., 1986).  It is responsible for significant economic losses in freshwater fish 

aquaculture worldwide. Columnaris disease costs the catfish industry about $40 million annually. 

Compared with columnaris disease, ESC disease is less frequent in occurrence, but is more severe.  

It too can cause very significant economic losses to the catfish industry.  It accounts for 

approximately 30 percent of all disease cases submitted to fish diagnostic laboratories in the 

southeastern United States. Economic losses to the catfish industry are in the millions of dollars 

yearly and continue to increase steadily with the growth of the industry. Besides the diseases, the 

stresses from the low water quality and other factors such as low oxygen, high or low water 

temperature can also cause major mortalities. More importantly, bacterial disease is more frequent 

and more severe under stress conditions. As a matter of fact, stresses often are the direct trigger of 

diseases, especially with columnaris diseases.   

Fish respond to diseases and stresses in various ways. Much work has been conducted in 

studies of immunological or physiological responses after infection of catfish with bacterial 

infections (Dunham et al., 2002; Austin and Austin, 2007), and therefore this aspect will not be 

the focus of this study.  

1.1.1 Heat shock proteins and their homologues 

Heat shock proteins (HSPs), which were originally identified after heat shock being highly 

regulated, are well conserved in all the organisms from bacteria to mammals.  They are present in 

all cells in all organisms and in a variety of intracellular locations, including the cytosol of 

prokaryotes, and the cytosol, nucleus, endoplasmic reticulum (ER), mitochondria and chloroplasts 

of eukaryotes (Lindquist and Craig, 1988). HSPs constitute up to 5% of the total intracellular 

proteins; however, under stresses, such as exposure to high temperatures, toxins and low oxygen 
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conditions, their levels can rise to 15% or more (Srivastava, 2002). HSPs are classified based on 

their molecular weight to include Hsp10, Hsp40, Hsp60, Hsp70, Hsp90, Hsp110 and small HSPs 

(sHSPs). However, Kampinga et al., (2009) proposed a new guideline for the nomenclature of the 

human HSP families based on functional domains, thus heat shock proteins can be classified into 

five families: HSPA/HSPH (HSP70/110), HSPC (HSP90), , DNAJ (HSP40), and HSPB (small 

HSPs) as well as for the human chaperonin families HSPD/E (HSP60/HSP10) (Table1-1) 

(Kampinga et al., 2009). The amino acid homolog between HSP families are very little, however 

members of each family are highly related and share same domains. All HSP families are present 

in every organism, but individual HSPs can be vary in distribution both within and between 

organisms.  

Table 1-1. Structures and functions of Heat shock protein families  

HSPs families Structure Function 

Hsp90 Dimeric protein; each monomer has an amino-

terminal domain that hydrolyzes ATP, a substrateï

binding middle domain and a carboxyl-domain that 

interacts with co-chaperones 

Folds nascent and denaturing 

proteins; interacts with kinases 

and other regulatory molecules; 

protein degradation 

Hsp70/110 Monomeric protein with a conserved ATP binding 

/hydrolysis site in the amino-terminus, a linker 

region and a variable carboxyl substrate-binding 

domain 

Binds and folds nascent and 

denaturing proteins; protects 

against stresses such as bacterial 

infection 

Hsp60/10 Two back-to-back rings of eight to nine subunits 

each with an apical capped domain that binds 

substrate, an equatorial region with an ATP 

hydrolysis site and a linking domain 

Binds substrates via 

hydrophobic, polar and charged 

residues; required by actin and 

tubulin for folding 

Hsp40 Monomeric protein with a conserved N-terminus J-

domain, and variable C-terminus domain (CTD) 

Regulate the ATPase activity of 

Hsp70 proteins.  

Small Hsp Multimeric complexes composed of monomers 

containing an amino-termial region, an Ŭ-crystallin 

domain and a carboxyl-extension; the domains 

cooperate in oligomerization and substrate binding  

Prevent stress-induced 

irreversible protein  

denaturation; inhibit apoptosis; 

ATP independent 
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1.1.2 Chaperone and housekeeping functions of HSP 

Basically, the HSPs are divided into two categories, inducible HSPs and constitutive HSPs 

(Kelly and Yenari, 2002). The inducible HSPs are induced by any form of stresses including heat, 

toxins or diseases, and they act as chaperone proteins by binding to misfolded protein. The 

constitutive HSPs function as housekeeping protein who are essential and have a constant 

expression in normal or non-stressed cells. Both of the functions are feasible due to their binding 

ability to target substrates. 

Molecular chaperones include a large and diverse group of proteins that assist in folding or 

unfolding of other proteins or macromolecule structures in cells (Ellis, 1987). Among these, heat 

shock proteins (HSPs) constitute one of the largest groups of chaperones. The discovery of heat 

inducible chromosome puffs in salivary glands of Drosophila by Ritossa in 1962, started a wide 

expanded field of Heat shock response studies (Ritossa, 1962; Moran et al., 1978). Several studies 

found that a mild non-lethal dose of heat shock could protect the cells from death which were 

caused by the later severe heat or other stresses (Gerner et al., 1976; Sapareto et al., 1978; Henle 

et al, 1978; Petersen and Mitchell, 1981). Soon it was clear that the protection came from the 

induced and accumulated heat inducible proteins which were designated as Heat shock proteins 

(HSPs). Several heat shock proteins function as intra-cellular chaperones for other proteins. They 

play an important role in protein-protein interactions such as folding and assisting in the 

establishment of proper protein conformation (shape) and prevention of unwanted protein 

aggregation. By helping to stabilize partially unfolded proteins, HSPs aid in transporting proteins 

across membranes within the cell.  

Besides this chaperone function, it also had been discovered that some HSPs were 

constitutively expressed in non-stressed cells as housekeeping proteins, such as Hspa8 in Hsp70 

http://en.wikipedia.org/wiki/Chaperone_(protein)
http://en.wikipedia.org/wiki/Chemical_conformation
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family. The house keeping HSPs are distributed all through the body and act like a ñmonitorò for 

the maintenance. The housekeeping functions of HSPs include transport of proteins between 

cellular compartments, degradation of unstable and misfolded proteins, prevention and dissolution 

of protein complexes, folding and refolding of proteins, uncoating of clathrincoated vesicles, and 

control of regulatory proteins. Unlike Hsp90, Hsp70 doesnôt require a ñclientò protein. Instead, 

they bind to any exposed hydrophobic residue of the newly synthesized protein or misfolded 

proteins caused by stresses to prevent their aggregation. Hsp70s also can directly unfold misfolded 

proteins, in an adenosine triphosphate (ATP)-dependent way (16). In vivo, sHsps have been 

implicated in an astounding variety of processes, such as enhancing cellular stress resistance 

(Landry et al., 1989), regulating actin and intermediate filament dynamics (Wieske et al., 2001; 

Quinlan, 2002), inhibiting apoptosis (Arrigo et al., 2002), modulating membrane fluidity 

(Tsvetkova et al., 2002), and regulating vasorelaxation (Flynn et al., 2003). Mutants of human 

sHsps are responsible for various forms of hereditary cataract (Pras et al., 2000; Mackay et al., 

2003), muscular diseases (Vicart et al., 1998; Selcen and Engel, 2003) and neuropathies (Evgrafov 

et al., 2004; Irobi et al., 2004). 

1.1.3 Immunological functions of HSP 

HSPs have been proved to involve in both innate and adaptive immune response. For innate 

immunity, Hsps are thought to mediate both humoral and cellular innate immune responses (Sung 

and MacRae, 2011). The presence of Hsps in the extracellular environment served as a danger 

signal to activate innate immune such as dendritic cells (DCs) and macrophages (Singh-Jasuja et 

al., 2000; Chen and Syldath, et al., 1999; Kol et al., 2000); Several cytokines can be induced by 

Hsps, including tumour-necrosis-Ŭ (TNF-Ŭ), interleukin-1ɓ (IL-1ɓ), interleukin-12 (IL-12), nitric 
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oxide and some chemokines (Basu et al., 2000; Lehner et al., 2000; Morª et al., 2001; Panjwani et 

al., 2002).  

For adaptive immunity, or the intermediate phase between innate and adaptive immunity, 

HSPs can stimulate adaptive immune responses as potent antigen carriers. They even can show an 

immunogenicity by binding the peptides derived from specific antigens. The studies of 

immunological functions of HSPs began to emerge in the 1980s when HSPs were found an ability 

of eliciting immunity to cancer after they were isolated from cancer cells, whereas corresponding 

HSPs isolated from normal tissues did not (Srivastava, 1998). The earliest studies were carried out 

with the HSP gp96 (Ullrich et al., 1986), however in the later studies HSP70, HSP90, HSP110 and 

GRP170 showed the similar results (Udono and Srivastava, 1993; Tamura et al., 1997; Basu, 1999; 

Wang et al., 2001). The immunogenicity of cancer-derived HSPs preparation resulted from the 

binding of HSP molecules to peptides that were generated by the degradation of tumour-specific 

antigens, which was expressed by the tumor cell where the HSPs were purified. Besides binding 

to tumour-specific antigens (Ishii et al., 1999), the HSPs also bind to the peptides from normal 

proteins, whereas HSPs from normal tissue were associated solely with peptides derived from 

normal proteins. So, the HSPs chaperone the ñpeptide fingerprintò, which includes the antigenic 

peptides of the cells from which they are isolated. However, this association of peptides with HSPs 

occurs only in vivo and does not result from purification of HSPs in vitro (Ménoret et al., 1999). 

Peptide-binding pockets of HSP70 (Zhu et al., 1996) and HSP90 (Linderoth et al., 2000) have been 

defined, providing a firm structural basis for the HSPïpeptide association/binding. Similar in HSPsô 

ability to bind the antigenic fingerprint of cells, the major histocompatibility complex (MHC) 

molecules also can bind a wide range of intracellular antigens. However, the HSPs chaperone a 

wider range of peptide than MHC molecules. In fact, HSPs have the ability of ñcross-primingò that 

http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l=7184
http://www.ncbi.nlm.nih.gov/LocusLink/list.cgi?Q=HSPA1A%20or%20HSPA1B%20or%20HSPA1L%20or%20HSPA2%20or%20HSPA4%20or%20HSPA5%20or%20HSPA6%20or%20HSPA8%20or%20HSPA9B%20not%20MGC4859%20not%20HSPBP1&ORG=Hs
http://www.ncbi.nlm.nih.gov/LocusLink/list.cgi?Q=HSPCA%20or%20HSPCB&ORG=Hs
http://www.nature.com/nri/journal/v2/n3/full/nri749.html#B18
http://www.nature.com/nri/journal/v2/n3/glossary/nri749.html#df1


7 
 

scan all the available peptides in cell and then transfer the peptides of antigen to MHC. The antigen 

peptide can be transfer to MHC either within the cell or between the neighbouring cells, when the 

HSPs released due to cell lysis and carry the chaperoned peptides to the MHC class II molecules 

of the neighbouring professional antigen-presenting cells, which can later present the epitopes to 

CD4+ helper T cell to release cytokine to active the other immune cells. Therefore, both of these 

two molecules have the roles that contribute to the T-cell response. HSP70 genes have been 

mapped within the MHC loci in the short arm of chromosome 6 in human (6p21), but the 

significance of this mapping is not clear (Sargent et al., 1989).  

Hsp60, Hsp70, Hsp90 have been proposed to interact with immune cells as a ligand for a 

variety of cell-surface receptors such as Toll-like receptors and a number of clusters of 

differentiation (CDs) such as CD14 and CD91 (Basu et al., 2001; Ohashi et al., 2000; Vabulas et 

al., 2001; Habich et al., 2002). Extracellular and membrane bound heat-shock proteins, especially 

Hsp70 are involved in binding antigens and presenting them to the immune system. Members of 

the Hsp70 cytosolic group are either constitutively expressed (Hspa8) or can be induced by a broad 

range of stress factors. The inducible Hsp70 has been recently characterized as a potent maturation 

stimulus for Dendritic Cells (DCs), which is an important professional antigen presenting cell 

(APC) that express MCH (Major Histocompatibility Complex) class II molecule on its surface and 

process the antigen into epitopes while migrating to the thymus to present the epitopes to the CD4+ 

T cell. This process is considered as the bridge of innate immunity and adaptive immunity 

(Kuppner, et al., 2001, Vanbuskirk, et al., 1989). One rare type of CD4+ T cells, which is called 

gd T cell, are believed to be triggered by alarm signals such as HSPs and it is only found abundant 

in gut mucosa. However, common with the immune cells in innate immunity, this óunconventionalô 

T cell have the ability of the antigen recognition by its T cell receptor (one of the Pattern 

http://en.wikipedia.org/wiki/Hsp70
http://en.wikipedia.org/wiki/Antigen
http://en.wikipedia.org/wiki/Immune_system
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Recognition Receptors-PRR), whereas the other T cells canôt recognize the free antigen and 

require the APC or MHC molecules to present the processed epitopes to them. Therefore, this gd 

T cell is an immune cell that bear both characters of innate immune and adaptive immune. Heat 

shock proteins, participating as a danger signal when the host is injured or infected, play an 

important role in between of the two immune phases - innative and adaptive immunity. Moreover, 

studies have suggested that Hsp60 plays a key role in preventing apoptosis in the cytoplasm by 

forming a complex with proteins responsible for apoptosis and regulates the activity of these 

proteins (Itoh and Komatsuda, et al., 2002). The cytoplasmic Hsp60 is also involved in immune 

response (Ranford et al., 2000) and cancer (Itoh and Futenma, et al., 2002; Urushibara et al., 2007; 

Lebret et al., 2003). Hsp10 aids Hsp60 in protein folding by acting as a dome-like cover on the 

ATP active form of Hsp60 (Ranford et al., 2000).  

1.1.4 HSPs in the lumen of the ER and Mitochondria 

The members of HSPs show a character of localization-specific. While most of HSPs 

localized in cytosol, still some members are reside in the lumen of the ER (Hsp90b1, Hspa5, Hsp47 

and Hyou1), since protein synthesis often occurs in this area. gp96 is one of the most abundant 

components in the lumen of the ER, where it associates with a large array of peptides; it is an ATP-

binding protein and an ATPase (Li  and Srivastava, 1993). I have recently shown that gp96 is also 

an aminopeptidase that can trim amino-terminal-extended 19-mer precursors of an octamer epitope 

that are derived from the vesicular stomatitis virus to the octamer. It is increasingly apparent that 

peptides generated in the cytosol due to proteasomal action are extended on the amino terminus 

with respect to the MHC class I-binding epitopes (Serwold et al., 2001), even though they are more 

precisely processed on the carboxy terminus. These peptides must be trimmed in the lumen of the 

ER. However, the preliminary evidence for participation in antigen presentation exists only for 

Hsp90.  

http://www.nature.com/nri/journal/v2/n3/full/nri749.html#B68
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Heat shock protein 60 (HSP60) is a mitochondrial chaperonin that is typically responsible 

for the transportation and refolding of proteins from the cytoplasm into the mitochondrial matrix. 

Through the extensive study of groEL, which is the HSP60ôs bacterial homolog, HSP60 has been 

deemed essential in the synthesis and transportation of essential mitochondrial proteins from the 

cell's cytoplasm into the mitochondrial matrix. HSPA9 of heat shock protein 70 family also resides 

in mitochondria and acts as a role of housekeeping protein. 

1.1.5 Role of HSPs in immune response of aquatic organisms  

Based on their function as chaperones for other proteins and their role in immune responses, 

Hsps has been thought as an approach to disease management in organisms. More and more studies 

have showed that aquatic organisms respond to pathogen infection by the production of Hsps 

(Chen and Cao, 2010; Dong et al., 2006; Forsyth et al., 1997; Ackerman and Iwama, 2001; Sung 

and MacRae, 2011). Increasing Hsps in aquatic organisms by heat shock, chemical application and 

feeding exogenous Hsps also enhanced resistance to infection (Wilhelm et al., 2005; Sung and 

MacRae, 2011) and the level of tolerance correlated with the amount of accumulated Hsps (Sung 

and MacRae, 2011). Endogenous Hsp70 increases significantly after bacterial and viral infection 

of fin-fish and shrimp (Roberts et al., 2010; Baruah et al, 2010; Wang et al., 2010). Platyfish are 

protected against Yersinia rukeri by injecting them with bacterial Hsps, an effect enhanced by non-

lethal heat shock (Ryckaert et al., 2010). Because microbial Hsp60 (GroEL) and Hsp70 (DnaK) 

are frequently major pathogen-derived antigens that invoke high antibody response, they have the 

potential to function as highly specific potent vaccines against harmful biotic agents (Marshall et 

al., 2007; Dang et al., 2011). Control of disease caused by vibriosis in the crustacean Artemia 

franciscana is achieved by employing non-lethal heat shock to boost endogenous Hsp70 (Sung et 

al., 2007; Sung et al., 2008) and by feeding the exogenous DnaK, the prokaryotic equivalent of 

http://en.wikipedia.org/wiki/Mitochondria
http://en.wikipedia.org/wiki/Chaperonin
http://en.wikipedia.org/wiki/Cytoplasm
http://en.wikipedia.org/wiki/Mitochondrial_matrix
http://en.wikipedia.org/wiki/GroEL
http://en.wikipedia.org/wiki/Bacterial
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Hsp70 (Sung and Ashame, et al., 2009; Sung and Dhaene, et al., 2009). RNA-seq studies of 

transcriptome level after catfish bacterial infections showed that the expression of Hsps in channel 

catfish significantly changed after fish infected by pathogen. Eight Hsp genes in intestine showed 

significant differential expression for at least one time-point following Edwardsiellla ictaluri 

infection (Li  et al., 2012), 23 Hsp genes differentially expressed in gill post Flavobacterium 

columnare challenge in at least one timepoint (Sun et al., 2012), eight Hsp genes exhibited 

differential expression in resistant fish when being compared with the susceptible fish after 

infected by E. ictaluri (Wang et al., 2013).  

However, still limited studies of full set teleost HSPs for their roles in the immune response 

are available so far. Small HSPs are almost entirely unexplored, and the extra-large (larger than 

100 kDa) HSPs have just begun to be explored immunologically. Similarly, the overwhelming 

majority of studies have been carried out with the constitutively expressed HSPs. The 

immunological roles of inducible HSPs might not be similar to those of their constitutive siblings 

and could provide new insights into inflammation and fever. Thus, a systematically research into 

the catfish heat shock proteins and how they involve in immune response after bacterial infection 

is needed as it will not only fill the blank of the full members of heat shock proteinôs role in immune 

response but also possibly provide a guide to control the diseases in catfish and improve the catfish 

culture industry in future.  

HSPs in catfish have not been well studied, and their expression in relation to stresses and 

disease infections are unknown before this work. The goal of my dissertation work is to 

characterize the HSPs from channel catfish through their identification, phylogenetic analysis, 

comparative genome analysis, and meta-analysis of their expression in relation to different types 
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of stresses, thereby providing insights into the roles of HSPs during stress responses, particularly 

after bacterial infection. 

1.2 Long-term goals and specific objectives 

The long-term goal of such studies is to determine the roles of HSPs under stress conditions 

or after disease infection, and determine the relationship of their expression with resistance against 

diseases or with tolerance against adverse environmental conditions such as low oxygen, high 

temperature, low water quality, among many other factors, and apply such knowledge in genetic 

programs for the development of genetically enhanced catfish brood stocks. The overall hypothesis 

is that heat shock proteins are involved in the disease and stress responses, and their expression 

may be correlated with disease resistance or stress tolerance. To reach these long-term goals, my 

dissertation project will accomplish the following specific objectives: 

1) Identify members of heat shock proteins in the channel catfish genome; 

2) Phylogenetic analysis and syntenic analysis of HSPs; 

3) Meta-analysis of their expression after infections. 
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Chapter 2. Genome-wide Identification of Hsp40 Genes in Channel Catfish and 

Their Regulated Expression after Bacterial Infection 

2.1 Abstract 

Heat shock proteins (HSPs) consist of a large group of chaperones whose expression is 

induced by a number of stresses such as exposures to high temperature, hypoxia and infection. 

Among all the HSPs, Hsp40 is the largest HSP family, which bind to Hsp70 ATPase domain in 

assisting protein folding and stress release. In this study, I identified 57 hsp40s in channel catfish 

(Ictalurus punctatus) through in silico analysis using RNA-Seq and genome databases. All these 

genes can be classified into three different subfamilies, Type I, Type II and Type III, based on their 

structural similarities. Phylogenetic and syntenic analyses provided strong evidence in supporting 

the orthologies of these HSPs. Meta-analyses of RNA-Seq datasets were conducted to analyze 

expression profile of Hsp40s following bacterial infection. Nineteen hsp40s were found to be 

regulated in the intestine after infection with E. ictaluri; and nineteen hsp40s were found to be 

regulated in the gill following infection with F. columnare. Altogether, a total of 30 Hsp40 genes 

were regulated under disease situations involving two tissues and two bacterial infections. The 

regulated expression of Hsp40 genes after bacterial infection suggested their involvement in 

disease defenses in catfish. Additional RNA-seq dataset was used to profile gill Hsp40 expression 

differences between resistant and susceptible fish group post F. columnare challenge at both 

basally (before infection) and at three early timepoints (1 h, 2 h, and 8 h). Twenty genes showed 

significant differential expression between groups for at least one timepoint following infection. 
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Among them, thirteen gene were found significantly differentially expressed at the basal level 

between resistant and susceptible fish family, which could potentially serve as expression QTL 

and biomarkers for selection. 

Keywords: Heat shock protein; Hsp40; catfish; genome; immunity; infection. 
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2.2 Introduction  

Hsp40 proteins, also known as DnaJ proteins, constitute one of the largest families among 

heat shock proteins. They regulate the ATPase activity of Hsp70 proteins whose function is 

reversibly binding to partially denatured protein substrates to avoid the aggregation of themselves 

or with other molecules (Beckmann et al., 1990; Peter Walsh et al., 2004). In the Hsp70-Hsp40 

co-chaperone system, the association between Hsp70 proteins and substrates requires an ATP 

binding to ATPase domain and then being hydrolyzed to change conformation of the binding 

domain. Thus, various Hsp70ôs substrates could specifically bind to its least conserved C-terminal 

at a higher affinity. However, because the ATPase activity of Hsp70s is extremely weak, The J-

domain of Hsp40s is needed for activating the ATPase domain of Hsp70s (Kelley, 1998; Qiu et 

al., 2006). 

Hsp40s share a 70-amino acids conserved J-domain, similar to the 73-amino acid-domain 

of prototypical DnaJ protein in Escherichia coli (Hennessy et al., 2005). The DnaJ of E. coli 

typically consists of four regions: N-terminus J-domain, glycine/phenylalanine-rich region, 

Cysteine repeats and variable C-terminus domain (CTD) (Hennessy et al., 2005). According to the 

homology of the DnaJ protein of E.coli, Hsp40 proteins were classified into three types: Type I 

DnaJ proteins (DnaJA) possess all four parts of DnaJ protein in E. coli; Type II DnaJ proteins 

(DnaJB) possess the N-terminus J-domain and the Gly/Phe-rich region; Type III DnaJ proteins 

(DnaJC) only have a J-domain, which is not necessarily located at N-terminus of the protein 

(Cheetham and Caplan, 1998; Kampinga et al., 2009). Recently, type IV DnaJ protein family was 

added, which differs from the other three types of DnaJ proteins in that it owns a óJ-likeô domain 

(Botha et al., 2007; Morahan et al., 2011; Peter Walsh et al., 2004) containing various mutations 

in a highly conserved histidine, proline, and aspartic acid--HPD motif located between helices II 
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and III in DnaJ domain (Douglas, 1996; Hennessy et al., 2000; Mayer et al., 1999; Peter Walsh et 

al., 2004). However, Peter Walsh et al. (2004) proposed that the term J-proteins should be used 

more strictly to describe only J proteins with well-conserved J-domain in the HPD motif, while 

structurally less-conserved proteins should be referred to as J-like proteins.   

 Though heat shock proteins are induced by heat and other stresses, more and more studies 

indicate HSPs play an important role in immune responses (Srivastava et al., 1998; Roberts et al., 

2010). For example, HSPs are considered to mediate humoral and cellular innate immune 

responses (Sung and MacRae, 2011); HSPs in extracellular environment serve as a danger signal 

to activate innate immune cells such as dendritic cells and macrophages (Chen et al., 1999; Kol et 

al., 2000; Singh-Jasuja et al., 2000). Several cytokines can be induced by HSPs, including TNF-a, 

IL-1b, IL-12, nitric oxide and some chemokines (Srivastava, 2002); HSPs can also stimulate 

adaptive immune responses as potent antigen carriers. Hsp60, Hsp70, Hsp90 have been reported 

to interact with immune cells as a ligand for a variety of cell-surface receptors such as Toll-like 

receptors (Ohashi et al., 2000; Vabulas et al., 2001) and a number of CDs such as CD14 and CD91 

(Basu et al., 2001; Habich et al., 2002).  

In teleost, hsp70 genes have been found to be involved in bacterial kidney disease in coho 

salmon (Forsyth et al., 1997) and vibriosis in rainbow trout (Ackerman and Iwama, 2001). In olive 

flounder, Hsp40 proteins were found to be up-regulated in flounder embryonic cells (FEC) after 

viral infection and a flounder hsp70 gene was also expressed in heat-shocked and virus treated 

FEC cells (Dong et al., 2006), indicating hsp40 and hsp70 functioned as co-chaperone in antiviral 

immune responses. In the kidney of olive flounder, dnaja4, dnajb6 and dnajb11 were found to be 

expressed after being infected by Streptococcus parauberis (Cha et al., 2013). 
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Channel catfish (Ictalurus punctatus) is the leading aquaculture species in the United 

States. Its genomic resources have been well developed in recent years, particularly ESTs (Li et 

al., 2007; Wang et al. 2010), transcriptome sequences generated by RNA-Seq (Liu et al., 2011; 

Liu et al., 2012)  and draft whole genome sequence (unpublished data). These resources make it 

feasible to conduct systematic analysis of hsp40 genes in channel catfish genome. The objective 

of this study was to determine the involvement of hsp40 genes in disease responses after bacterial 

infection in catfish.  Here I report the genome-wide identification of a full set of 57 hsp40 genes, 

their phylogenetic and syntenic analyses, and their involvement in disease responses after bacterial 

infection with ESC and columnaris using RNA-Seq datasets.   

2.3 Materials and Methods 

2.3.1 Database mining and sequence analyses 

In order to identify the full set of hsp40 genes in channel catfish, I collected all Hsp40 

proteins from teleost fishes (zebrafish, three-spined stickleback, medaka, tilapia and fugu) and 

other species (human, mouse, platypus, chicken, turtle and frog) (supplementary table 3-1). These 

sequences were retrieved from NCBI (http://www.ncbi.nlm.nih.gov) and Ensembl 

(http://www.ensembl.org) databases and used as queries to search against channel catfish RNA-

Seq datasets. The e-value was set at intermediately stringent level of e-10 for collecting as many as 

potential hsp40-related sequences for further analysis. The retrieved sequences were then 

translated using ORF finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Further, the predicted 

ORFs were verified by BLASTP against NCBI non-redundant (Nr) protein sequence database. The 

simple modular architecture research tool (SMART) (Letunic et al., 2012) was used to predict the 

conserved domains based on sequence homology and further confirmed by conserved domain 

prediction from BLAST. The predicted catfish Hsp40s proteins and all other query sequences were 

http://www.ncbi.nlm.nih.gov/
http://www.ensembl.org/
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utilized to search against catfish genome database using TBLASTN program. The retrieved 

genome scaffolds were then predicted by FGENESH in SoftBerry 

(http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind).  

 

2.3.2 Phylogenetic and conserved syntenic analyses 

     All the amino acids from channel catfish and other species were used to construct 

phylogenetic tree. Multiple protein sequences alignments were conducted using the Clustal W2 

program (Larkin et al., 2007) and MUSCLE 3.8 (Edgar, 2004). Three alignment methods: L-INS-

i, E-INS-i and G-INS-i were applied from MAFFT 7.01 (Katoh and Standley, 2013) and the best 

alignment with highest score was evaluated by program MUMSA (Lassmann and Sonnhammer, 

2006). JTT+I+G model (Jones-Taylor-Thornton (JTT) matrix incorporated a proportion of 

invariant sites (+I) and the gamma distribution for modeling rate heterogeneity (+G)) was selected 

as the best-fit model by ProtTest 3 program (Darriba et al., 2011) according to the Bayesian 

information criterion. Maximum likelihood phylogenetic tree was constructed using MEGA5.2.2 

(Tamura et al., 2011) with bootstrap test of 1,000 replicates. Final phylogenetic tree was separated 

into three different phylogenetic trees according to classification of subfamilies due to the large 

size.  

 Conserved syntenic regions surrounding the relevant hsp40 genes were searched by 

examining the conserved co-localization of neighboring genes on scaffold of channel catfish and 

other species based on genome information from Ensembl (Release 74) and NCBI database. 

Neighbor genes of channel catfish Hsp40 genes were predicted by FGENESH (Salamov and 

Solovyev, 2000) and BLASTP. 

http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
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2.3.3. Meta-analysis of expression of hsp40 genes and bacterial challenge 

The Illumina-based RNA-Seq reads were retrieved from bacterial challenge experiments 

in catfish: intestine samples challenged with Edwardsiella ictaluri (SRA accession number 

SRP009069) (Li et al., 2012) and gill samples challenged with Flavobacterium Columnare (SRA 

number SRP012586) (Sun et al., 2012). Trimmed high-quality reads were mapped onto the catfish 

Hsp40 genes using CLC Genomics Workbench software (version 5.5.2; CLC bio, Aarhus, 

Denmark). Mapping parameters were set as Ó 95% of the reads in perfect allignment and Ò 2 

mismatches. The total mapped reads number for each transcript was determined and normalized 

to analyze RPKM (Reads Per Kilobase of exon model per Million mapped reads). The proportions-

based Kalôs test was performed to identify the differently expressed genes comparing with control 

sample and fold changes were calculated. Transcrirps with absolute fold change p-value Ò 0.05, 

value Ó 1.5 and total reads number Ó 5 were included in the analyses as significantly differently 

expressed genes.  

Another set of RNA-seq dataset (SRA accession number SRP017689) was used to analyze 

the differently expressed catfish Hsp40s between columnaris resistant and columnaris susceptible 

catfish family (Peatman et al., 2013). The two families of channel catfish utilized were previously 

revealed to have differing susceptibilities to columnaris disease (Beck et al., 2012). Both before 

and at early timepoints (0h, 1h, 2h and 8h) following F. columnare challenge in gill tissue of the 

fish from resistant and susceptible families of channel catfish were examined. The Illumina-based 

RNA-Seq reads were retrieved from the NCBI Sequence Read Archive (SRA) under Accession 

SRP017689. Trimmed high-quality reads were mapped onto the catfish Hsp40 genes using CLC 

Genomics Workbench software (version 6.5.2; CLC bio, Aarhus, Denmark). Mapping parameters 

were set as Ó 95% of the reads in perfect allignment and Ò 2 mismatches. The total mapped reads 
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number for each transcript was determined and normalized to analyze RPKM (Reads Per Kilobase 

of exon model per Million mapped reads). The proportions-based Kalôs test was performed to 

identify the differentially expressed genes comparing samples from columnaris resistant family 

with samples from columnaris susceptible family at each time point. After scaling normalization 

of the RPKM values, fold changes were calculated. Transcrirps with p-value Ò 0.05, absolute fold 

change value Ó 1.5, and total reads number Ó 5 were included in the analyses as significantly 

differently expressed genes.  

2.4 Results 

2.4.1 Identification of Hsp40 genes in catfish 

 A total of 57 Hsp40 genes were identified in channel catfish. All the information of 

classification, domain structures and GenBank accession numbers are summarized in Table 2-1. 

According to the structures of Hsp40 (Type I, Type II, Type III), 57 sequences could be classified 

into 3 subfamilies, including 6 Type I Hsp40 genes, 16 Type II Hsp40 genes and 35 Type III Hsp40 

genes (Table 2-1). Among all these genes, almost all sequences were identified in both 

transcriptome and genome databases with full-length or nearly full-length hsp40 except oneð

dnajb9 with partial sequences in both databases. These catfish hsp40 genes were named following 

Zebrafish Nomenclature Guidelines 

(https://wiki.zfin.org/display/general/ZFIN+Zebrafish+Nomenclature+Guidelines).  

 Six type I genes were identified in the catfish genome including dnaJa1, dnaJa2, dnaJa2-

like, dnaJa3a, dnaJa3b and dnaJa4. These catfish type I proteins are homologous to DnaJ of 

E.coli, whose structure is conservatively comprised of N-terminal J-domain, 

glycine/phenylalanine-rich region, cysteine repeats motif and variable C-terminus domain (CTD) 

(Figure 2-1 and Table 2-1).  

https://wiki.zfin.org/display/general/ZFIN+Zebrafish+Nomenclature+Guidelines
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 Sixteen type II genes were identified in channel catfish including dnaJb1a, dnaJb1b, 

dnaJb2, dnaJb4, dnaJb5, dnaJb5-like, dnaJb6a, dnaJb6b, dnaJb9, dnaJb9-like1, dnaJb9-like2, 

dnaJb11, dnaJb12a, dnaJb12b, dnaJb13 and dnaJb14. This subfamily contained the most widely 

expressed and most heat-inducible human DNAJ member, DNAJB1 (Kampinga et al., 2009). All 

catfish type II proteins are type II Hsp40 proteins, which harbored one N-terminal J-domain and 

one glycine/phenylalanine-rich region (Figure 2-1 and Table 2-1).  

A total of thirty five type III genes were identified from the catfish transcriptome and 

confirmed with the genome database including dnaJc1, dnajc2, dnajc3, dnajc3 (prkri), dnajc4, 

dnajc5aa, dnajc5ab, dnajc5gb, dnajc6, dnajc7, dnajc8, dnajc9, dnajc10, dnajc11, dnajc12, 

dnajc13, dnajc14, dnajc15, dnajc16, dnajc16-like, dnajc17, dnajc18, dnajc19, dnajc20 (hscb), 

dnajc21, dnajc22, dnajc23 (sec63), dnajc24, dnajc25, dnajc26 (gak), dnajc27, dnajc28, dnajc29 

(sacs), dnajc30a and dnajc30b. Catfish type III Hsp40 proteins only have one J-domain in their 

structure, which is not necessarily located at N-terminus of the protein (Figure 2-1 and Table 2-1). 

Orthologies were established for all the type III Hsp40s among human, zebrafish and catfish. 

However, several type III Hsp40s, i.e., Dnajc3 (Prkri), Dnajc20 (Hscb), Dnajc23 (Sec63), 

Dnajc26 (Gak), and Dnajc29 (Sacs) have not been annotated as DnaJC members. They are 

currently named according to aliases of human DNAJC proteins respectively (Kampinga et al., 

2009). 

2.4.2 Phylogenetic analysis of channel catfish Hsp40s  

A total of 57 channel catfish Hsp40 genes have been phylogenetically analyzed. Each 

subfamily of Hsp40 was subsequently analyzed separately. The type III hsp40 proteins are divided 

into three parts due to the enormous size of the phylogenetic tree (Figure 2-4). In a few cases where 

it was difficult to establish orthologies due to duplications (dnajb9, dnajb12 and dnajc30), syntenic 
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analyses were also conducted (see below). I renamed some of the ambiguous names of hsp40 genes 

from other fish according to their relationship with the relevant zebrafish genes on the phylogenetic 

tree. The phylogenetic trees were then reconstructed after standardizing all the names. In the 

phylogenetic tree, all the members of catfish Hsp40 were well distributed into distinct clades and 

grouped with corresponding genes of zebrafish and other fishes, which were supported by strong 

bootstrap value (Figure 2-2, 2-3, 2-4).  

2.4.3 Syntenic analysis of channel catfish Hsp40s 

Though phylogenetic relationships provide strong support for the identities of most Hsp40 

genes, syntenic analyses were required to provide additional evidence for orthologies or otherwise 

the paralogies for several hsp40 genes including the duplicated hsp40 genes such as dnajb9, 

dnajb12 and dnajc30. Positions of these catfish hsp40s genes and their neighbor genes were 

identified from the draft genome scaffolds. And the genes were also identified from the zebrafish 

genome. As shown in Figure 2-5, three dnajb9-related genes were analyzed. The gene with the 

highest level of conservation in gene contents and gene orders as compared with the human 

DNAJB9 was named dnajb9 in zebrafish (accession number from ensembl: 

ENSDARP00000094644). Two other genes similar to dnajb9 in zebrafish with NCBI accession 

number: NP_001020355.1 and NP_001019564.1 were named dnajb9L1 and dnajb9L2 (L refers to 

ñlikeò) respectively. All those genes of catfish, as well as those related genes from other fish 

species, were therefore named as dnajb9L1 and dnajb9L2 accordingly.   

As shown in Figure 2-6, of the two dnajc3-related genes, the neighboring genes 

surrounding the DNAJC3 gene is clearly well conserved among human, zebrafish and catfish 

(Figure 2-6A), suggesting their orthologies. However, the genes surrounding the other dnajc3-

related gene were quite different between the fish genes and the human genes (compare Figure 2-
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6A and Figure 2-6B), suggesting that they were not orthologous.  However, the genes surrounding 

this gene are well conserved between zebrafish and catfish. I therefore annotated this genes as prkri 

as annotated in zebrafish.  

 Two dnajc30-related genes were found in catfish and zebrafish.  As shown in Figure 2-7, 

these two genes were located on two different chromosomes of zebrafish, but genes surrounding 

the duplicated gene are well conserved among human, zebrafish and catfish, suggesting that they 

were derived from the whole genome duplication event.  Therefore, they were annotated as 

dnajc30a and dnajc30b, following zebrafish gene nomenclature system.  

2.4.4 Hsp40s copy number variation among species 

Catfish have almost all the orthologues of Hsp40s in human and zebrafish (Table 2-2), with 

exception of several genes existing in humans, but absent from teleost fishes including Dnajb3, 

Dnajb7, and Dnajb8. It is interesting that quite a few of the Dnaja genes and Dnajb genes have 

duplicated copies in various teleost species, however, most of the Dnajc genes have only a single 

copy in the teleost genomes (Table 2-2).  Specifically, Dnaja2, Dnaja3, Dnajb1, Dnajb5, Dnajb6, 

Dnajb12, Dnajc3, Dnajc7, Dnajc11, Dnajc16 and Dnajc30 were found to have two duplicates, 

and Dnajb9 was found to have three copies in catfish and most of the teleost fish while only one 

copy was found in other species. Note that Dnajc5 have been found to have five copies in zebrafish, 

three copies in catfish and three copies in human as well. This is the only gene that has more than 

one copy in the human genome. Compared to zebrafish, channel catfish has fewer copies for 

Dnajb12, Dnajc5, Dnajc7 and Dnajc11 (Table 2-2).  

2.4.5 Regulated expression of hsp40 genes in catfish after bacterial infection 

 Using two bacterial challenged RNA-Seq datasets (gill  sample infected by F. columnare 

and intestine sample infected by E. ictaluri), the involvement of hsp40 genes after bacterial 
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infection was determined.  As shown in table S2, 30 out of a total of 57 hsp40s were involved in 

disease defense responses. Specifically, 19 hsp40s were found regulated in the gill following F. 

columnare infection. Among them, 12 genes were up-regulated and 7 genes were down-regulated 

after columnaris infection (Figure 2-8). Among these regulated hsp40 genes, some of them are 

transiently up- or down-regulated while others are gradually induced or suppressed. For instance, 

dnajb9L2, dnajb11, dnajb12b, dnajc3, dnajc20, dnajc21, and dnajc29 were up-regulated at only 

one time point; similarly, dnajb13 was only down regulated at 24h after infection.  In contrast, 

dnaja4, dnajb1a, dnajc5aa, dnajc6, and dnajc16L were up-regulated in at least two time points 

after infection, suggesting their up-regulated expression was more lasting. Similar patterns were 

observed for down-regulated genes including dnajb1b, dnajb4, dnajc12, dnajc19, dnajc24, and 

dnajc30a (Figure 2-8). 

A total of 19 hsp40 genes were found to be regulated in the intestine after E. ictaluri 

infection. Among these, 17 were up-regulated while two were down-regulated.  The upregulated 

hsp40 genes included dnaja4, dnajb1a, dnajb1b, dnajb2, dnajb5, dnajb6b, prkri, dnajc5aa, 

dnajc6, dnajc12, dnajc13, dnajc16, dnajc18, dnajc22, dnajc27, dnajc29, and dnajc30b. The two 

down-regulated hsp40 genes were dnaja2L, and dnajc17. Regulated expression of most of these 

genes were observed in more than one time points with exception of dnajb6b, dnajc12, dnajc13, 

dnajc16, and dnajc22 where the regulated expression was observed at only one time point (Figure 

2-9).  

The level of regulated expression varied among the genes as well as tissues and time after 

infection. For most of the hsp40 genes, up- or down-regulation was less than five-fold as compared 

with the controls.  Only three genes were regulated more than five times after bacterial infections. 
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Dnajc5aa was up-regulated 6-8 times after F. columnare infection (Figure 2-8). No hsp40 genes 

were up- or down-regulated more than 5-fold in the intestine after E. ictaluri infection.  

2.4.6 Differentially expressed catfish Hsp40 gene between columnaris resistant and susceptible 

fish families 

Additional meta-analysis were conducted on the comparisons of differences in hsp40s gene 

expression profiles between resistant and susceptible fish at 0 h, and 1 h, 2 h, and 8 h after F. 

columnare challenge. Designating the susceptible family as the control group, a comparison of 

catfish Hsp40s expression levels was made between resistant and susceptible families at each 

timepoint. A total of 24 genes showed significant differential expression between groups for at 

least one timepoint following infection. Among them, 13 genes was found significantly differently 

expressed at the basal level between resistant and susceptible fish family (Figure 2-10). The basal 

differential expression of hsp40s genes could potentially serve as expression QTL and biomarkers 

for selection. 

2.5 Discussion  

Hsp40 proteins play key roles in assisting protein folding by activating the ATPase domain 

of Hsp70. In spite of their importance, only a few Hsp40 genes were characterized from channel 

catfish (Chen et al., 2010). Systematic analysis of channel catfish Hsp40 genes has been lacking. 

In this study, I identified a full set of 57 catfish Hsp40 genes in the catfish genome. This was 

achieved by thorough analysis of rich genomic and transcriptomic resources including several 

hundred thousands of ESTs (Li et al., 2007; Wang et al., 2010), RNA-Seq transcriptome 

assemblies (Liu et al., 2011; 2012), and the draft genome sequences (unpublished).  

Phylogenetic and syntenic analyses allowed annotation of Hsp40 genes. It is apparent that 

catfish harbored most of hsp40 genes. Compared with the human genome, catfish lacked only three 
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hsp40 genes, similar to the situation of other teleost fish species.  However, a number of paralogues 

were also discovered in catfish due to duplication. The phylogenetic analysis strongly supported 

the nomenclature of catfish Hsp40 genes in all three subfamilies. Most Hsp40s are conserved 

through evolution, while there are still special preferences made by teleost and catfish. First, the 

teleost tended to have more duplications than mammals, likely as a consequence of whole genome 

duplication. Among various fish species, DnaJa2, DnaJa3, DnaJb1, DnaJb5, DnaJb9, DnaJb12, 

DnaJc3, DnaJc7, DnaJc11, DnaJc16, and DnaJc30 were found to be duplicated while in 

mammals, birds and amphibians only one copy of these genes were found.  

RNA-Seq-based expression analysis has become a robust method to assess transcriptional 

profile to different challenge experiments (Oshlack et al., 2010). In our recent RNA-Seq studies, I 

have successfully obtained comprehensive transcriptome assemblies from catfish intestine after E. 

ictaluri infection and from catfish gill after F. Columnare infection (Li et al., 2012; Sun et al., 

2012). The expression patterns of differentially expressed genes from these two studies were 

validated by quantitative real-time RT-PCR with average correlation coefficient around 0.9 (p < 

0.001). Meta-analysis of disease challenges revealed a gene fold change profile of catfish hsp40s 

involving in disease defense and stress protection. As mentioned in the introduction, although 

regulated expression of HSPs after infection have been reported in several fish species, systematic 

analysis of their involvement in diseases has not been conducted. This work, therefore, represents 

the first systematic analysis of Hsp40 involvement after bacterial infection among all species.   

Surprisingly, a large number of hsp40 genes, 30 in total, were up- or down- regulated after 

bacterial infection, suggesting their extensive involvement in disease responses. Specifically, a 

total of 19 genes were found regulated in intestine after E. ictaluri infection, and 19 genes were 

found regulated in gill following F. columnare infection. Of these 30 regulated hsp40 genes: 7 



34 
 

genes (dnajb1b, dnajc29, dnaja4, dnajb1a, dnajc5aa, dnajc6 and dnajc12) were commonly 

regulated both after F. columnare infection in the gill and after E. ictaluri infection in the intestine, 

suggesting their importance as general disease response HSPs.   

In spite of a set of commonly regulated HSPs, disease- and tissue-specific genes in each 

challenge experiment were observed. For instance, after F. columnare infection, eleven genes 

(dnajb4, dnajb9L2, dnajb11, dnajb12b, dnajb13, dnajc3, dnajc16L, dnajc19, dnajc20, dnajc21, 

and dnajc30a) were found to be specifically regulated in the gill. Similarly, twelve hsp40 genes 

(dnaja2L, dnajb2, dnajb5, dnajb6b, dnajc3, dnajc13, dnajc16, dnajc17, dnajc18, dnajc22, dnajc27 

and dnajc30b) were found to be specifically regulated in the intestine after E. ictaluri infection, 

suggesting their specific roles in a tissue- and time-dependent manner.   

The vast majority of hsp40 genes were found to be regulated soon after infection at 3h or 

24h after both infections, suggesting their involvement in the early phases of disease response. 

Only dnajb6b and dnajc13 were not up-regulated until 3 days after infection. This findings could 

be explained by the co-chaperon system of Hsp40 and Hsp70 (Freeman et al., 1995; Houry, 2001). 

Hsp70 regulates the intracellular function and fate of proteins through the formation of direct 

protein-protein interactions that occur largely through an EEVD-binding domain in its C terminus 

(Brinker et al., 2002; Liu et al., 1999; Scheufler et al., 2000). In innate immune system, Hsp70 can 

serve as the endogenous ligand of TLR2 and TLR4 and aid to recognize the bacteria (Asea et al., 

2002). Previous work demonstrated that TLRs were up-regulated at 1h post challenge (Peatman et 

al., 2013) by F. columnare and most up-regulated at 6h and 24h post challenge by E. ictaluri 

(Pridgeon et al., 2010) in catfish. It is believed that since Hsp70 serves as a TLR4 agonist, there is 

a positive correlation between HSP70 and TLR4. Therefore, the increased or decreased fold of 

Hsp40s after infection of bacteria can reflect the fold change of its co-chaperone Hsp70 and thus 
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the associated TLRs (Asea et al., 2002; Nair et al., 2013). Furthermore, it was also reported that 

TLRs are down-regulated after 36h. This could be the explanation to the large number of down-

regulated in liver 3 days and 14 days post challenge from our meta-analysis.  It is interesting to 

observe that seven genes were down-regulated after F. columnare infection whereas only two 

genes were down-regulated after E. ictaluri infection at early stages of disease development. This 

observation indicated that the immune response to the E. ictaluri was faster than that to F. 

columare. In general, hsp40 genes were up-regulated at early stages of diseases, and with time, 

they tended to be down regulated as the diseases progressed. 

The level of regulated expression varied among the genes as well as tissues and time after 

infection. For most of the hsp40 genes, up- or down-regulation was less than five-fold as compared 

with the controls.  Only three genes were regulated more than five times after bacterial infections. 

Dnajc5aa was up-regulated 6-8 times after columnaris infection (Figure 2-8). No hsp40 genes were 

up- or down-regulated more than 5-fold in the intestine after ESC infection (Figure 2-9).    
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Table 2-1 Summary of 57 Hsp40 genes identified in the catfish genome 
Name Type ORF  Domain Structure Accession number 

dnaja1 I complete DnaJ-CXXCXGXG-DnaJ_C JT413966 

dnaja2 I complete DnaJ-CXXCXGXG-DnaJ_C JT408916 

dnaja2l I complete DnaJ-CXXCXGXG-DnaJ_C JT412411 

dnaja3a I complete DnaJ-CXXCXGXG-DnaJ_C JT425696 

dnaja3b I complete DnaJ-CXXCXGXG-DnaJ_C JT410497 

dnaja4 I complete DnaJ-CXXCXGXG-DnaJ_C JT340875 

dnajb1a II  complete DnaJ-DnaJ_C JT410595 

dnajb1b II  complete DnaJ-DnaJ_C JT405623 

dnajb2 II  complete DnaJ-3*(UIM)  JT413231 

dnajb4 II  complete DnaJ-DnaJ_C JT418024 

dnajb5 II  complete DnaJ-DnaJ_C JT410284 

dnajb5L II  complete DnaJ-DnaJ_C JT407526 

dnajb6a II  complete DnaJ JT280415 

dnajb6b II  complete DnaJ JT477624 

dnajb9L1 II  complete DnaJ JT406977 

dnajb9L2 II  complete DnaJ JT244156 

dnajb9 II  Partial DnaJ JT383860 

dnajb11 II  complete DnaJ-DnaJ_C JT410155 

dnajb12a II  complete DnaJ-DUF1977 JT411397 

dnajb12b II  complete DnaJ-DUF1977 JT348699 

dnajb13 II  complete DnaJ-DnaJ_C JT413284 

dnajb14 II  complete DnaJ-DUF1977 JT417082 

dnajc1 III  complete DnaJ-SANT JT407463 

dnajc2 III  complete (DnaJ)-2*(SANT) JT342108 

dnajc3(prkri ) III  complete 7*(TPR)-DnaJ JT407497 

dnajc3 III  complete 7*(TPR)-DnaJ JT410821 

dnajc4 III  complete DnaJ JT400171 

dnajc5ab III  complete DnaJ JT412549 

dnajc5aa III  complete DnaJ JT483994 

dnajc5gb III  complete DnaJ JT406264 

dnajc6 III  complete (PTPc_DSPc )-DnaJ JT410375 

dnajc7 III  complete 7*(TPR)-DnaJ JT278330 

dnajc8 III  complete DnaJ JT278586 

dnajc9 III  complete DnaJ  JT223126 

dnajc10 III  complete DnaJ-4*(Thioredoxin) JT424718 

dnajc11 III  complete DnaJ-DUF3395 JT406478 

dnajc12 III  complete DnaJ JT411276 

dnajc13 III  complete DnaJ JT411283 

dnajc14 III  complete DnaJ JT340805 

dnajc15 III  complete DnaJ JT417797 

dnajc16 III  complete DnaJ-Thioredoxin  JT405377 

dnajc16L III  complete DnaJ-Thioredoxin JT413761 

dnajc17 III  complete DnaJ-RRM_1 JT411855 

dnajc18 III  complete DnaJ-DUF1977 JT414201 

dnajc19 III  complete DnaJ JT348880 

dnajc20(hscb) III  complete DnaJ-HSCB_C JT410908 

dnajc21 III  complete DnaJ-ZnF_U1- ZnF_C2H2 JT414736 

dnajc22 III  complete TM2-4*( Transmembrane)- DnaJ JT405460 

dnajc23(sec63) III  complete DnaJ-Sec63 JT409443 

dnajc24 III  complete DnaJ-CSL zinc finger JT407343 

dnajc25 III  complete DnaJ JT406198 

dnajc26(gak) III  complete S_TKc-STYKc-PTPc_DSPc-PTEN_C2-

STYKc-DnaJ 

JT418500 

dnajc27 III  complete Small GTPase-DnaJ JT464820 

dnajc28 III  complete DnaJ-DUF1992 JT413325 

dnajc29(sacs) III  complete UBQ-2*(HATPase_c)-DnaJ-HEPN JT399814/JT345237 

dnajc30a III  complete DnaJ JT399756 

dnajc30b III  complete DnaJ JT199100 
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Table 2-2 

 Comparison of copy numbers of HSP40s genes among selected vertebrate genomes. Yellow 

shaded boxes indicated absence of HSP40 gene from chicken, frog, and teleost fish; orange-shaded boxes 

indicated absence of HSP40 gene from frog and teleost fish species. 

  Gene human chicken frog zebrafish catfish medaka tilapia fugu 

T
y
p

e
 I 

  

  

Dnaja1 1 1 1 1 1 1 1   

Dnaja2 1 1 1 2 2 2 2 2 

Dnaja3 1 1 1 2 2 2 2 2 

Dnaja4 1 1 2 1 1 1 1 1 

Subtotal 4 4 5 6 6 6 6 5 

T
y
p

e
 II 

   

Dnajb1 1   1 2 2 2 2 2 

Dnajb2 1 1 1 1 1 1 1 1 

Dnajb3 1               

Dnajb4 1 1 1 1 1 1 1 1 

Dnajb5 1 1 1 2 2 2 2 3 

Dnajb6 1 1 2 2 2 2 2 2 

Dnajb7 1               

Dnajb8 1 1             

Dnajb9 1 1 1 3 3 2 3 1 

Dnajb11 1 1 1 1 1 2 1 1 

Dnajb12 1 1 1 3 2 2 2 2 

Dnajb13 1 1 1 1 1 1 1 1 

Dnajb14 1 1 1 1 1 2 1 1 

Subtotal 13 10 11 17 16 17 16 15 

T
y
p

e
 III

 

   

Dnajc1 1 1 1 1 1 1 1 1 

Dnajc2 1 1 1 1 1 1 1 1 

Dnajc3 1 1 1 2 2 2 2 2 

Dnajc4 1   1 1 1 1 1 1 

Dnajc5 3 1 2 5 3 2 1 2 

Dnajc6 1 1 1 1 1 1 1 1 

Dnajc7 1 1 1 2 1 2 2 2 

Dnajc8 1 1 1 1 1 1 1 1 

Dnajc9 1 1 1 1 1 1 1 1 

Dnajc10 1 1 1 1 1 1 1 1 

Dnajc11 1 1 1 2 1 2 2 2 

Dnajc12 1 1 1 1 1 1 1 1 

Dnajc13 1 1 1 1 1 1 1 1 

Dnajc14 1 1 1 1 1 1 1 1 

Dnajc15 1 1 1 1 1 1 1   

Dnajc16 1 1 1 2 2 2 2 2 

Dnajc17 1 1 1 1 1 1 1 1 

Dnajc18 1 1 1 1 1 1 1 1 
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Dnajc19 1 1 1 1 1 1 1 1 

Hscb(Dnajc2

0) 1 1 1 1 1 1 1 1 

Dnajc21 1 1 1 1 1 1 1 1 

Dnajc22 1 1 1 1 1 1 1 1 

Dnajc23 1 1 1 1 1 1 1 1 

Dnajc24 1 1 1 1 1 1 1 1 

Dnajc25 1 1 1 1 1 1 1 1 

Dnajc26 1 1 1 1 1 1 1 1 

Dnajc27 1 1 1 1 1 1 1 1 

Dnajc28 1 1 1 1 1 1 1 1 

Dnajc29 1 1 1 1 1 1 1 1 

Dnajc30 1 1 1 
2 

 
2 1 1 2 

Subtotal 32 29 31 39 35 35 34 35 

  Total 49 43 47 62 57 58 56 55 
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Figure 2- 1.  

Schematic presentation of three sub-types of HSP40 family. Type I DnaJ proteins have full domain 

conservation with Escherichia coli DnaJ, type II  DnaJ proteins have a J domain and G/F (Gly/Phe-

rich region) motif at N-terminus,  type III DnaJ proteins only have a J domain anywhere in the 

protein. 
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Figure 2- 2.  

Phylogenetic tree of Hsp40s subfamily A. The phylogenetic tree was constructed by Mega5.2.2 

using the Maximum Likelihood method based on the JTT matrix-based model of amino acid 

substitution as described in detail in Material and Method section. Numbers around the nodes 

correspond to bootstrap support values in percentages. A discrete Gamma distribution was used to 

model evolutionary rate differences among sites (5 categories (+G, parameter = 1.1981)). The rate 

variation model allowed for some sites to be evolutionarily invariable ((+I), 2.8567% sites). All 

positions with less than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps, 
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missing data, and ambiguous bases were allowed at any position. There were a total of 332 

positions in the final dataset. Accession numbers for all protein sequences used in the analysis are 

provided in Table S1. The black dots indicate catfish dnaja genes. Suffix ñLò indicated ñ-likeò, for 

instance, dnaja2L means dnaja2-like. 
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Figure 2- 3  

Phylogenetic tree of Hsp40s subfamily B. The phylogenetic tree was constructed by Mega5.2.2 

using the Maximum Likelihood method based on the JTT matrix-based model of amino acid 

substitution as described in detail in Material and method section. The bootstrap consensus tree 

inferred from 1000 replicates is taken. Numbers around the nodes correspond to bootstrap support 

values in percentages. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 1.1669)). The rate variation model allowed 
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for some sites to be evolutionarily invariable ((+I), 0.2358% sites). All positions with less than 

95% site coverage were eliminated. There were a total of 158 positions in the final dataset. 

Accession numbers for all sequences are provided in Table S1. Suffix ñLò indicated ñ-likeò, for 

instance, dnajb5L means Dnajb5-like.  
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Figure 2-4A 
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Figure 2-4B 
 

 

  
































































































































































































