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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/ identified a total of 93 HS® in channel catfisHd¢talurus punctatus with
13 members of small H$pmily, 57 members of Hsp40 family, 16 membersiep70/110 family,
one member of H&H family, one member of $p10 family and 5 members of Hxpfamily,
through in silico analysis using RNAeq and genome databases. Phylogenetic and syntenic
analyses were conducted with all the families of HSPs, which prowsttedg evidence in
supporting the orthologies of these HSPs. Besidestdandemrepeat members of IHg0/110s,
hsp70.2and hsp70.3were not found located withinthe MHGcomplex, which is a group of
molecules that are essential in the antigen presenting prategsesting differenprocess of
presenting the antigens or epitopes

Meta-analyses ofbacterid challengedRNA-Seq datasets were conducted to analyze
expression profile afatfishHSPsfollowing bacterial infectioof Flavobacterium columnara@-.
columbareandEdwarsiella ictaluri (E. ictaluri) HSPsexpression was analyzed through the early
phag of immune response. As a result, a majooitycatfish HSPs were founsignificantly
expressedh gill andintestine after bacterial infections during the early immune response phase.
A total of thirty Hsp40 genes were regulated under disease situationiging two tissuesafter
two bacterial infections. Five Hsp90 genaise Hsp60 geneone HsplO geneandninesHsp genes

were significantly up/dowanegulatedafter two bacterial infectionslwelve Hsp70/110s genes



were significantly up/dowsnegulatedafter two bacterial infections. Different responses by the
Hsp70/110s expression after the infectio-o€olumnaraeandE. 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 shovedoine pattern through the two bacterial
infections in two tissues. Also @athogerspecific response in host Hsp90 had been revealed.
Hsp90s showed the most significant involvement at the 24 hours after ghadlenith F.
columnaraeBoth pathogerspecific and tissuspecific pattern were found in small Hsp family
afterboth twobacterial infectionsAdditional metaanalysiswere conducted on the comparisons
of differences in gene expression profiles betwesistant and susceptible fishGh, and 1 h, 2

h, and 8 h afteF. columnarechallenge A total of 18 catfish HSPs genes showed significant
expression at basal level prior Fo columnarechallenge, which is our great interest as these

signatures could pgentially serve as QTL or biomarkers for selection.
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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
aguaculture production. It is also an important model for the study of the teleost immune system.

In recent years, the catfish irgtoy 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 difficulttemmai

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 problemalaoceincreasing 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 importantFor instance, channel catfish virus disease can cause significant problems
(Plumb 1986) Parasitic disease Ich causeddythyophthirius multifiliscan alsdead to heavy
mortalities Ku 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 thigla industry. These include enteric septicemia of catfish
(ESC) caused by¥dwardsiella ictaluri(Hawke et al., 198])columnaris disease caused by
Flavobacterium columnar€ullock et al., 1986)and Aeromonas bacterial disease caused by
Aeromonas hydrophil@Pridgeon and Klesiy2011)

1



Columnaris disease is the most frequently occurring disease in fish including catfish
(Bullock, Hsu et al., 1986) It is reponsible 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 cancause 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 indestnythe 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 majortalities. 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 stregseaiious ways. Much work has been conducted in
studies of immunological or physiological responses after infection of catfish with bacterial
infections(Dunham et aJ 2002; Austin and Austin, 20Q7and therefore this aspect will not be

the focus of this study.

1.1.1 Heat shock proteins and their homologues

Heat shock proteinfHSPs) which were originally identified after heat shock being highly
regulated, are wketonserved in all the organisms from bacteria to mamnidisyare present in
all cells inall organisms andn a variety of intracellular locationsncluding the cytosol of
prokaryotes, and the cytosol, nucleasdoplasmic reticulum (ER), mitochondaiad chloroplasts
of eukaryotes (Lindquisand Craig, 1988). HSPsonstitute up to 5% of the total intracellular

proteins; however, under stressesch as expose to high temperatures, toxins and low oxygen



conditions,their levels can rise to 15% or neqiSrivastava2002) HSPs are classified based on

their molecular weight to include Hsp10, Hsp40, Hsp60, Hsp70, He{¥Q,10 and small HSPs
(sHSPs). However, Kampinga et al., (2009) proposed a new guideline for the nomenclature of the
human HSP familiebased on functional domains, thus heat shock proteins can be classified into
five families: HSPAHSPH (HSF0/110), HSPC (HSP90), , DNAJ (HSP40), and HSPB (small
HSPs) as well as for the human chaperonin families HSPD/E (HSP60/HEFltR11)
(Kampinga e#l., 2009. The amim acid homolodetween HSP families are very littllowever
members of each family are highly related and share same domains. All HSP families are present
in every organism, but individual HSPs cbe varyin distribution both withinand between

organisms.

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

HSPsfamilies Structure Function

Hsp90 Dimeric protein; each monomer has an ami Folds nascent and denaturil
terminal domain that hydrolyzes ATP, a subsira proteins; interacts with kinase
binding middle domain and a cartyl-domain that and other regulatory molecule

interacts with cechaperones protein degradation

Hsp70/110 Monomeric protein with a conserved ATP bindir Binds and folds nascent ar
/hydrolysis site in the aminterminus a linker denaturing proteins; protec
region and a variable carboxyl substrhibeding against stresses such as bacte
domain infection

Hsp60/10 Two backto-back rings of eight to nine subunits Binds substrates Vi
each with an apical cappédmain that binds hydrophobic, polar and charge
substrate, an equatorial region with an ATP residues; required by actin ar
hydrolysis site and a linking domain tubulin for folding

Hsp40 Monomeric protein with a conservedtBrminus} Regulate the ATPase activity
domain, and variable-@rminus domain (CTD) Hsp70 proteins.

Small Hsp Multimeric complexes composed of monomers Prevent stressiduced
containinganamind e r mi a |l Jcrgstpllinc irreversible protein

domain and a carboxg@xtension; the domains  denaturation; inhibit apoptosi
cooperatén oligomerization and substrate bindir ATP independent




1.1.2Chaperoneand housekeepingiictions of HSP

Basically, the HSPs araviled into two categories, indible HSPsand constitutive HSPs
(Kelly andYenari 2002). The inducible HSPs are induced by any form of stresses including heat,
toxins or diseases, artley act as chaperone proteins by binding to misfolded protein. The
constitutive HSPs function as housekeepingtggn who are essential and have a constant
expression in normal or nestressed 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 akddihg 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 chromosompuffs in salivary glands of Drsophila by Ritossa in 1962, started a wide
expanded field of Heat shock response studies (Ritossa, @62net al, 1978). Several studies
found that a mild noitethal dose of heat shock could protect the cells from death which were
caused by the latesevere heat or othstresses (Gerner et al., 1976; Sapareto et al., 1978; Henle
et al, 1978; Petersen and Mitchell, 1983pon it was clear that the protection came from the
induced and accumulated heat inducible proteins which were designated abddkgirsteins
(HSPs).Several heat shock proteins function as hetelularchaperonegor other proteins. They
play an important role in proteprotein interactions such as folding andistgsy in the
establishment of proper proteiconformation (shape) and prevention of unwanted protein
aggregation. By helping to stabilize partially unfolded proteins, HSPs aid in trangpgmxiteins
across membranes within the cell.

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

constitutively expressed in natressed cells dsusekeepingroteins, such as Hspa8 in Hsp70


http://en.wikipedia.org/wiki/Chaperone_(protein)
http://en.wikipedia.org/wiki/Chemical_conformation

family. The house keepingHSBsed i st ri buted all through the bo
the maintenanceThe housekeepindunctions of HSPsnclude 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
contr ol of regul atory proteins. Unl i ke Hsp9O0,
they bind to any exposed hydrophobic residue of the newlhhsgizied protein or misfolded

proteins caused by stresses to prevent their aggregation. Hsp70s also can directly unfold misfolded
proteins,in an adenosine triphosphate (ATdpendent way (16)n vivo, sHsps have been
implicated in an astounding variety 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 eal., 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, 200@uaopathies (Evgrafov

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

1.1.3 Immunologicalunctions of HSP

HSPs havéeen provdto involve in both innate and adamiimmune respons€or innate
immunity, Hsps are thought to medidiethhumoral and cellular innatenmune responséSung
andMacRaeg 2011). The presence of Hsps in the extracellular environment served as a danger
signal to activate innate immune suchdaadritic cells (DCs) and macrophagd$SinghJasuja et
al., 2000;Chen and Syldath, et all999;Kol et al, 2000; S eevr a | cytokines can |

Hsps, i ncl-nad migE(F-8l)nerenkinl b -1 b ihterleukin12 (IL-12),ni t r i ¢



oxi de and some chemokines ( Ba%eut 2aIpD.hPanj aono,;

al2.0,p 2

For adnnpuniovtey tihe i ntermediate phase bet weel
HSB can stimul ate adapt iand iigrmmlheeven eaegdh@a/ms € S  a S
immunogenicity by binding the peptides derived from specific antigéhe 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).aflesestudies were carried out
with the HSRyp96(Ullrich et al, 1986),however in the later studiégtsSP7QHSP9Q HSP110 and
GRPL70 showed the similar results (UdaaudSrivastaval993; Tamurat al, 1997; Basu, 1999;
Wanget al, 2001). The immunogenicity afancerderived HSPs preparation resulted from the
binding of HSP moleculeso peptides that were generated by the degiadaf tumourspecific
antigens, whictwas expressed by the tumor cell where the HSPs puaiied. Besides binding
to tumourspecific antigenglshii et al, 1999) the H®s 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 chaperonditieptide fingerprirdg, which includes the antigenic
peptides of the cells from which they are isolakéolever, thisassociation of peptides with HSPs
occursonly in vivo and does not result from purification of HSRwitro (Ménoretet al, 1999.
Peptidebinding pockets of HSP70 (Ztat al, 1996) and HSP9O0 (Linderogt al, 2000) have been
defined, providing a firm structural basis for the H&ptide association/bindin§.i mi | ar i n HS
ability to bind the antigenic fingerprint of cells, theajor histocompattility complex (MHC)
moleculesalsocanbind a wide range ointracellular antiges However, the HSPshagerore a

wi der range of peptide than MHC mo-priemiun @& .t H at


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

scan all theailable pgtides 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 thedddHOmolecules

of the neighbouringrofessionabntigenpresenting cellswhich can later present the epitopes to
CD4+ helper T cell to release cytokine to active the other immune Th#sefore, both of these

two molecules have the roles that contribtdethe TFcell responseHSP70gene havebeen
mapped within the MHC locin the short arm of chromosome 6 in human (6p21), but the
significance of this mapping is not cl§&argentt al., 1989)

Hsp60, Hsp70, Hsp90 have been proposed to interactmiittune cells as a ligand for a
variety of cellsurface receptors such as Tike receptors anda  n u mb @usters oof
differentiation(CD)ss uc h as C D 1Basuet al,200C 0Ohashiet al, 2000;Vabulaset
al., 2001;Habichet al, 2002. Extracdlular and membrane bound hesdtock proteins, especially
Hsp70are involved in bindingntigensand presentinghem to themmune systemMembers of
the Hsy0 cytosolic group are either constitutively expresstphag or can be induced by a broad
range of stress factors. Timelucible Hsg0 has been recently characterized as a potent maturation
stimulus forDendritic Cells(DCs), which is an important professionahtigenpresenting cell
(APC) that express MCH (Major Histocompatibility Complex) class Il molecule on its surface and
process the antigen into epitopes while migrating to the thynpresent 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., 198®ne rare type of CD4+ T cells, which is called
gdT cell, are believed to be tggred by alarm signals such as HSPs and it is only found abundant
in gut mucosa. However, common with the | mmune

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

Recognition ReceptotB RR ) , whereas the other T cell s car

require the APC or MHC molecules to present the processed epitopes to them. Therefgue, this
T cell is an immune cell that bear both characters of innate immunadaptive 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 plsasenative and adaptive immunitiyloreover,

studies have suggested that Hsp60 playsyaréle in preventing apoptosis in the cytoplasm by
forming a complex with proteins responsible for apoptosis and regulates the activity of these
proteins (ItohandKomatsudaet al, 2002). The cytoplasmic Hsp60 is also involved in immune
response (Ranfdret al, 2000) and cancer (ItandFutenmaet al, 2002; Urushibarat al, 2007;
Lebretet al, 2003). Hsp10 aids Hsp60 in protein folding by acting as a dikeeover on the

ATP active form of Hsp60 (Ranfoet al, 2000)

1.1.4HSPs in the lumenfohe ERand Mitochondria

The members of HSPs show a character of localizspacific. While most of HSPs
localized in cytosol, still some members are reside in the lumen of the ER (Hsp90b1, Hspa5, Hsp47
and Hyoul), since protein synthesis often occarthis 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 ATPaglei andSrivastaval993) | have recently shown that gp96 is also
an aminopeptidase that can trim amteaminalextended 19ner precursors of an octamer epitope
that are derived from the vesicular stomatitis virus to the octamer. It is increasingtemtpat
peptides generated in the cytosol due to proteasomal action are extended on the amino terminus
with respect to the MHC classinding epitopes (Serwokt al, 2001), even though they are more
precisely processed on the carboxy terminus. Thepgdes must be trimmed in the lumen of the
ER. However, the geliminary evidence for participation in antigen presentation exists only for

Hsp9Q


http://www.nature.com/nri/journal/v2/n3/full/nri749.html#B68

Heat shock protein 60 (HSPG8)a mitochondrialchaperonirthat is typically responsible
for the transportation and refolding of proteins fromdi®plasminto themitochondrial matrix
Through the extensive study gfoEL, which is theH S P 6 lfaétesialhomolog, HSP60 has been
deemed essential in the synthesis and transportation of essential mitochondrial proteins from the
cell's cytoplasnnto the mitochondrial matrixxdSPA9of 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 theirirolaume response
Hsps has been thought as an approach to disease management in orlyemesarsd morstudies
have showed that aquatic organisms respond to pathogen infection by the production of Hsps
(Chenand Cap2010; Donge t , 2806;.Forsytre t , 1897;.Ackeman and Iwama, 2001; Sung
and MacRae, 2011). Increasing Hsps in aquatic organisms by heat shock, chemical application and
feedng exogenousisps also enhanced resistance to infection (Wilheltn , 2805;. Sung and
MacRae, 2011) andhé level of toleranceorrelated with the amount of accumulated Hsps (Sung
and MacRag2011).Endogenous Hsp70 increases significantly after bacterial and viral infection
of fin-fish and shrimgRoberts et al., 2010; Baruah al, 2010; Wang et al., 201 MPlatyfish are
proteced againsYersinia rukerby injecting them with bacterial Hsps, an effect enhanced by non
lethal heat shockRyckaertet al., 2010)Because microbial Hsp60 (GroEL) and Hsp70 (DnakK)
are frequently major pathogeterived antigens that invoke high antibadgponse, they have the
potential to function as highly specific potent vaccines against harmful biotic dlyrthallet
al., 2007;Danget al., 2011) Control of disease caused by vibriosis in the crustaéewmmia
franciscanas achieved by employghnonlethal heat shock to boost endogenous H¢Stdget

al., 2007;Sunget al., 2008)and by feeding the exogenous DnakK, 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

Hsp70(Sungand Ashame et al., 2009;Sungand Dhaene et al., 2009) RNA-seq studie®f
transcriptoméevel after catfish bacteriaifectionsshowed that the expression of Hsps in channel
catfishsignificantly changed after fish infected by pathogen. Eight Hsp genes in intestine showed
significant differential expression for at least one tpaeent following Edwardsiellla ictaluri
infection (Li et al, 2012) 23 Hsp genes differentially expressed in gill p&$avobacterium
columnarechallenge in at least one timepoint (Seinal, 2012) eight Hsp genes exhibited
differential expression in resistant fisthen being compared with the susceptible fish after
infected byE. ictaluri (Wanget al, 2013).

However still limited studies of full set teleost HSfs theirroles in the immune response
areavailableso far. Small HSPs are almost entirely unexmglpend the extréarge (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 migidt be similar to those of their constitutive siblings
and could provide new insights into inflammation and feVaus,a systematicallyesearch into
the catfishheat shock protegandhow they involve in immune responager bacterial infection
isneeled as it wil/l not only fill the blank of
response but also possibly provide a gadeontrol the diseases in catfish and improve the catfish
culture industryin future

HSPs in catfish have not &e well studied, and their expression in relation to stresses and
disease infectionsare unknown before this worklhe goal of my dissertation work is to
characterize the HSPs from channel catfish through their identification, phylogenetic sanalysi

compaative genome analysiand metaanalysis 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 Longterm goals and specific adgjtives
The longterm 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 envinot@ineonditions 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. Stbel®serall hypothesis
is that heat shock preins are involved in the disease and stress responses, and their expression
may be correlated with disease resistance or stress tolerance. To reach thegenlgogls, my
dissertation project will accomplish the following specific objectives:

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

2) Phylogenetic analysis and syntenic analysis of HSPs;

3) Metaanalysisof their expression after infections.
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Chapter 2. Genomewide | dentification of Hsp40 Genesin Channel Catfish and

Their Regulated Expression afteBacterial Infection

2.1 Abstract

Heatshock proteis (HSPs) consist of a large group of chaperones whose expression is
induced by a number of stresses such as exposures to high temperature, mgpadecton.
Among all the HSP<isp40is the largest HSP family, which bind to Hsp70 ATPase domain in
assisting protein folding and stragteaseln this study) identified 57hsp4G in channel catfish
(Ictalurus punctatusthroughin silico analysisusing RNASeq and genome databases. All these
genes can be classified into three different subfamiligse I, Type Il and’ype lll, based on their
structural similarities. Phylogenetic and syntenic analyses provided strong evidence in supporting
the ortlologies of these HSPs. Mesmalyses of RNASeq datasets were conducted to analyze
expression profile oHsp4® following bacterial infectionNineteenhsp4G® were found to be
regulated in the intestine after infection wihictaluri; andnineteenhsp4G were found to be
regulated in the gill following infection witk. columnare Altogether, a total 080 Hsp40 genes
were regulated under disease situations involtmgtissues and two bacterial infections. The
regulated expression of Hsp40 genes aft@ctdrial infection suggested their involvement in
disease defenses in catfigtuditional RNA-seq datasetas used to profile gill Hsfexpression
differences betweenesistant and susceptible fish group pBsttolumnarechallenge atoth
basally (beforenfection) and at three early timepointsh(12h, and &). Twenty geneshowed

significant differential expression between groups fdeast one timepoint following infection
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Among them, thirteegene were found significantly differentially expredsd 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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2.2Introduction

Hsp40 proteinsdso known as DnaJ proteinnstitute one of the largest families among
heat shock proteins.hTe regulate the ATPase activity of Hsp70 proteins whose function is
reversibly binding to partially denatured protein substrates to avoid the aggregatians#|ties
or with other moleculeBeckmann et al., 199®eter Walsh et al., 20p4In the Hsp7eHsp40
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 Hsp700s s onbesvedr@armieat c o ul
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 HEp&Ilsy, 1998 Qiu et
al., 2009.

Hs p &ltae a 7@mino acids conserveddbmain, similar to the Za@mino aciddomain
of prototypical DnaJ protein i&kscherichia coliHennessy et al., 20D5The DnaJ ofE. coli
typically consists of four regions: -términus Jddomain, glycine/phenylalanifgch region,
Cysteine repeats and variablgg&Zminus donain (CTD)(Hennessy et al., 20D%According to the
homology of the DnaJ protein &.coli, Hsp40 proteins were classified into three types: Type |
DnaJ proteingDnaJA) possess all four parts of DnaJ proteif.ircoli; Type Il DnaJ proteins
(DnaJB) possess the-tarminus ddomain and the Gly/Phech region; Type Il DnaJ proteins
(DnaJC) only have a-domain, which is not necessarily located atekmninus of tle protein
(Cheetham and Caplan, 19%&mpinga et al., 2009Recently, type IV DnaJ protein family was
added which differs from the ot her tlhrkee tdyopreas
(Botha et al., 200Morahan et al., 203 Peter Walsh et al., 20p4ontaining various mutations

in a highly conserved histidine, proline, and aspartic-adlID motif located between helices I
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and Ill in DnaJ domaifDouglas, 1996Hennessy et al., 200Mayer et al., 1999Peter Walsh et
al., 2004. However, Peter Walsh et a2Q04 proposed that the termploteins should be used
more strictly to describe only proteins with weiconserved -8lomain in the HPD motif, while
structurally lessconserved proteins should be referred to-leeJoroteins.

Though heat shock proteins are induced by heat and other stresses, more and more studies
indicate HSPs play amportant role in immune respongésivastava et al., 199&oberts et al.,
2010. For example, HSPs are considered to mediate humoral and cellular innateeimmu
responsegSung and MacRae, 20t HSPs in extracellular environment serve as a danger signal
to activate innate immune cells such as dermdeiils and macrophagéShen et al., 199%ol et
al., 2000 SinghJasuja et al., 2000Several cytokines can be induced by HSPs, includingd@NF
IL-1b, IL-12, nitric oxide and some chemokingrivastava, 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-setface receptors such as Tidie
receptorgOhashi et al., 20Q0/abulas et al., 20QJand a number of CDs such as CD14 and CD91
(Basu et al., 20QHabich et al., 2002

In teleosthsp70 genghave been found to be involved in bacterial kidney disease in coho
salmon(Forsyth et al., 1997and vibriosis in rainbow troAckerman and Iwama, 20D1n olive
flounder, Hsp40 proteins were found to beragulated in flounder embryonic cells (FEC) after
viral infection and a floundehsp70 geneavas also expressed in hedtocked and virus treated
FEC cells(Dong et al., 2005 indicatinghsp40andhsp70functioned as cahaperonén antiviral
immune responses. In the kidney of olive floundegja4, dnajb@nddnajbllwere found to be

expressed after being infected Styeptococcus parauberi€ha et al., 2013
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Channel ctish (Ictalurus punctatusis the leading aquaculture species in the United
States. Its genomic resources have been well developed in recent years, particulafly ESTs
al., 2007;Wanget al. 2010) transcriptome sequences generated by f8¢4(Liu et al., 201,
Liu et al., 202) and draft whole genome sequence (unpublished data). These resources make it
feasible to conduct systematic analysihsp40 gengin channel catfish genome. The objective
of this study was to determine the involvemenigfd genas in disease responses after bacterial
infection in catfish. Heréreport the genomeide identification of a full set of 5Asp40 geng,
their phylogenetic and syntenic analyses, and their involvement in disease responses after bacterial

infectionwith ESC and columnaris using RN®eq datasets.

2.3 Materials and Methods

2.3.1 Database mining and sequence analyses

In order to identify the full set disp40 gengin channel catfish, collected all Hsp40
proteins from teleost fishes (zebrafishreespined stickleback, medaka, tilapia and fugu) and
other species (human, mouse, platypus, chicken, turtle and frog) (supplementaryljaflee3e
sequences were retrieved from NCBIhttp://www.ncbi.nlm.nih.gg) and Ensembl
(http://Iwww.ensembl.ofgdatabases and used as queries to search against channeRdfish
Seq datasets. Thevalue was set at intermediately stringent level8ffer collecting as many as
potental hsp40Qrelated sequences for further analysis. The retriesegluiencesvere then
translated using ORF finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Further, the predicted
ORFs were verified by BLASTP against NCBI adundant (Nr) protein sequemdatabase. The
simple modular architecture research tool (SMARBtunicet al., 2012was used to predict the
conserved domains based on sequence homology and further confirmed by conserved domain
prediction from BLAST. The predicted catfish Hspf@steins and all other query sequences were
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utilized to search against catfigenome database using TBLASTN program. The retrieved
genome scaffolds  were then predicted by FGENESH in SoftBerry

(http://linux1.softberry.com/berry.phtmbpic=fgenesh&group=programs&subgroup=gjind

2.3.2 Phylogenetic and conserved syntenic analyses

All the amino acids from channel catfish and other species were used to construct
phylogenetic treeMultiple protein sequences alignments were coretlicising the Clustal W2
program(Larkin et al., 200yand MUSCLE 3.8§Edgar, 2003t Three alignment methods:INS-
i, E-INS-i and GINS-i were applied from MAFFT 7.0(Katoh and Standley, 201and the best
alignment with highest score was evaluated by program MUMS&smann and Sonnhammer,
2009. JTT+I+G model (Jone$aylor-Thornton (JTT) matrix incorporated a proportion of
invariant sites (+1) and the gamma distribution for modeling rate heterogeneity (+G)) was selected
as the besfit model by ProtTesB program(Darriba et al., 201)1laccording to the Bayesian
information criterion. Maximum kelihood phylogenetic tree was constructed using MEGA5.2.2
(Tamura et al., 2091with 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 -ocalization of neighboring genes on scédfof 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 FGE$&aBIHhov and

Solovyev, 200pand BLASTP.
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2.3.3. Metaanalysis of expression of hsp40 genes and bacterial challenge
The llluminabased RNASeq reads were retrieved from bacterial cingibeexperiments
in catfish: intestine samples challenged wiEdwardsiella ictaluri (SRA accession number
SRPO009069]Li et al., 2012 and gill samples challenged wiavobacteriumColumnare(SRA
number SRP012586%un et al., 2012 Trimmed highquality reads were mapped onto the catfish
Hsp40 geng using CLC Genomics Workbendoftware (version 5.5.2; CLC bio, Aarhus,
Denmark) Mappingar amet ers were set as O 95% of the
mismatchesThe total mapped reads number for each transcript was determined and normalized
to analyze RPKM (Reads Per Kilobase of exon model per Million mapped réadgyroportions
based Kal s test was performed to identify thi
sample and fold changes were calculated. Transcrirps with absolute fold gharyé ue , O 0. O
val uean®totdlre&in umber O 5 wer elysesmas digunificanty differently h e an
expressed genes.
Another set of RNAseq dataseSRA accession numb&RP017689) was used to analyze
the differently expressed catfistsp4)s between columnaris resistant and columnaris susceptible
catfish family (Peatnmaet al., 2013). Thevo families of channel catfish utilized were previously
revealed to have differing susceptibilities to columnédiggase (Beck et al., 201Both before
and at early timepoints (Oh, 1h, 2h and 8h) followingolumnarechallenge ingill tissue of the
fish from resistant and susceptible families of channel catfish were examieetluminabased
RNA-Seq reads were retrieved from the NCBI Sequence Read Archive (SRA) under Accession
SRP017689. Trimmed higtuality reads were mappedto the catfistHsp4 genes using CLC
Genomics Workbench softwafeersion 6.5.2; CLC bio, Aarhus, Denmark)apping parameters

were set as O 95% of the r eadsThetotal pappedreads al |

26



number for each transcript was determined and normalized to analyze RPKM (Reads Per Kilobase

of exon model per Million mapped read3he prgortionsb ased Kal 6s t est was
identify the differentlly expressed genes comparing samgtem columnaris resistant family

with sample from columnaris susceptible family at each time pdfter scaling normalization

of the RPKM values, 1d changes were calculated. Transcrirps witha |l ue O 0. 05, abs
change value O 1.5, and total reads number O

differently expressed genes.

2.4 Results

2.4.1 Identification of Hsp40 genes in catfish

A total of 57 Hsp40 genes were identified channel catfish. All the information of
classification, domain structures and GenBank accession numbers are summarized inlTable 2
According to the structures of Hsp40 (Type I, Type I, Type Ill), 57 sequences could be classified
into 3 subfamilies, idluding 6Type | Hsp4@enes, 1@ype Il Hsp4Qyenes and 35 Type Il Hsp40
genes (Table -2). Among all these genes, almost all sequences were identified in both
transcriptome and genome databases withldaljth or nearly fullength hsp40 except ode
dngb9 with partial sequences in both databases. These catfish hsp40 genes were named following
Zebrafish Nomenclature Guidelines
(https://wiki.zfin.org/display/geneli@ FIN+Zebrafish+Nomenclature+Guidelines

Six type Igenes were identified in the catfish genome includimglal, dnaJa2, dnaJa2
like, dnaJa3a, dnaJa3lnd dnaJa4 These catfishype | proteins are homologous to DnaJ of
E.coli whose structure is comwvatively comprised of MNerminal Jdomain,
glycine/phenylalaningich region, cysteine repeats motif and variablee@inus domain (CTD)
(Figure 21 and Table ).
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Sixteentype Il genes were identified in channel catfish includadwaJbla, dnaJblb,
dnadb2, dnaJb4, dnaJb5, dnadlke, dnaJb6a, dnaJb6b, dnaJb9, dnadi¥®1l, dnaJbdike2,
dnaJb11, dnaJbl2a, dnaJb12b, dnaJbh8dnaJbl4 This subfamily contained the most widely
expressed and most heatlucible human DNAJ member, DNAJBKampinga et al., 20Q9All
catfishtype Il proteins are type Il Hsp40 proteins, which harbored otteridinal Jdomain and
one glycine/phenylalaningch region (Figure 2 ard Table 21).

A total of thirty five type Il genes were identified from the catfish transcriptome and
confirmed with the genome database includiimgJcl, dnajc2, dnajc3, dnajc3 (prkri), dnajc4,
dnajc5aa, dnajcbab, dnajc5gb, dnajc6, dnajc7, dnajc8, dhaginajcl0, dnajcll, dnajcl2,
dnajcl13, dnajcl4, dnajcl5, dnajcl6, dnajdik&, dnajcl7, dnajcl8, dnajcl9, dnajc20 (hsch),
dnajc21, dnajc22, dnajc23 (sec63), dnajc24, dnajc25, dnajc26 (gak), dnajc27, dnajc28, dnajc29
(sacs), dnajc30@anddnajc30b Catfishtype 1ll Hsp40 proteins only have onegldmain in their
structure, which is not necessarily located d@eNninus of the protein (FigureRand Table ).
Orthologies were established for all ttype Il Hsp40samong human, zebrafish and catfish.
Howeve, severaltype Il Hsp40s i.e., Dnajc3 (Prkri), Dnajc20 (Hscb), Dnajc23 (Sec63),
Dnajc26 (Gak),and Dnajc29 (Sacshave not been annotated as DnaJC members. They are
currently named according to aliases of human DNAJC proteins respeckeshpinga et al.,

2009.

2.4.2 Phylogenetic analysis of channel catfish Hsp40s

A total of 57 channel catfishisp40genes have been phylogenetically analyzed. Each
subfamily ofHsp40 was subsequently analyzed separatelytyplee Il hsp40 proteinaredivided
into three parts due tbeenormous size of the phylogenetic tree (Figu#g.2n a few cases where

it was difficult to establish orthologies due to duplicatiarsfb9 dnajbl2anddnajc30, syntenic
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analyses were also conducted (see beloghamed some of the ambiguous namésp#fl0 gene

from other fish according to their relationship with the relevant zebrafish genes on the phylogenetic
tree. The phylogenetic &8 were then reconstructed after standardizing all the names. In the
phylogenetic tree, all the members of cattitdp40were well distributed into distinct clades and
grouped with corresponding genes of zebrafish and other fishes, which were suppstteddy

bootstrap value (Figure2, 23, 24).

2.4.3 Syntenic analysis of channel catfish Hsp40s

Though phylogenetic relationships provide strong support for the identities oHs4
genes, syntenic analyses were required to provide additional es@denorthologies or otherwise
the paralogies for severakp40 gene including the duplicated hsp40 genes suclhiraghb9,
dnajb1l2 and dnajc30Positions of these catfidisp40s gerge and their neighbor genes were
identified from the draft genome scaffoldsnd the genes were also identified from the zebrafish
genome. As shown in Figure® threednajbQrelated 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 similadriajb9in zebrafish with NCBI accession
number: NP_001020355.1 and NP_001019564.1 were ndnagioOL 1landdnajb9L2(L refers to
Al i keo) r e s pse gehes of edtfigh, as Avélllas thobeorelated genes from other fish
species, were therefore namediaajb9L1anddnajb9L2accordingly.

As shown in Figure -B, of the twodnajc3related genes, the neighboring genes
surrounding the DNAJC3 gene is cleaell conserved among human, zebrafish and catfish
(Figure 26A), suggesting their orthologies. However, the genes surrounding thedotjes

related gene were quite different between the fish genes and the human genes (compare Figure 2
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6A and Figure Z6B), suggesting that they were not orthologous. However, the genes surrounding
this gene are well conserved between zebrafish and cath&nefore annotated this genes as prkri
as annotated in zebrafish.

Two dnajc30related genes were found in catfestid zebrafish. As shown in Figurer2
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 wi® genome duplication event. Therefore, they were annotated as

dnajc30aanddnajc30h 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 zelffaiidé 22), with
exception of several genes existing in humans, but absent from teleost fishes inDluajing)
Dnajb7,andDnajb8. It is interesting that quite a few of the Dnaja genes and Dnajb genes have
duplicated copies in various teleost speciesydver, most of the Dnajc genes have only a single
copy in the teleost genomes (Tabi2)2 SpecificallyDnaja2 Dnaja3,Dnajbl, Dnajb5, Dnajb6,
Dnajb12,Dnajc3, Dnajc7, Dnajcll, Dnajclénd Dnajc30were found to have two duplicates,
andDnajb9was foundto have three copies in catfish and most of the teleost fish while only one
copy was found in other species. Note thaajc5have been found to have five copies in zebrafish,
three copies in catfish and three copies in human as well. This is the oelthgehas more than
one copy in the human genome. Compared to zebrafish, channel catfish has fewer copies for

Dnajb12,Dnajc5, Dnajc7 and Dnajc1(Table 22).

2.4.5 Regulated expression of hsp40 genes in catfish after bacterial infection
Usingtwo bacteial challenged RNASeq datasetgill sample infected b¥. columnare

and intestine sample infected Wy. ictaluri), the involvement of hsp40 genes after bacterial
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infection was determined. As shown in table 32¢ut of a total of 5hsp40swere involhed in
disease defense responses. Specificalljhs@lOswere found regulated in the gill followirfg.
columnareinfection. Among them, 12 genes werenegulated and 7 genes were deregulated
after columnaris infection (Figure&. Among these regulatehsp40 genes, some of them are
transiently up or downregulated while others are gradually induced or suppreBsedhstance,
dnajb9L2, dnajb11, dnajbl2b, dnajc3, dnajc20, dnajeitiddnajc29were upregulated at aly
one time point; similarlydnajb13 was only down regulated at 24fter infection. In contrast,
dnaja4, dnajbla, dnajc5aa, dnajcénddnajc16Lwere upregulated in at least two time points
after infection, suggesting their upgulated expression was more lasting. Similar patterns were
observed for dowanegulated genes includindnajblb, dnajb4, dnajcl12, dnajcl9, dnajczhd
dnajc30a(Figure 28).

A total of 19hsp40genes were found to be regulated in the intestine Bftectaluri
infection. Among these, 17 were-uggulated while tw were dowrregulated. The upregulated
hsp40 genes includednaja4, dnajbla, dnajblb, dnajb2, dnajb5, dnajb6b, prkri, dnajcbaa,
dnajc6, dnajcl2, dnajcl3, dnajcl6, dnajcl8, dnajc22, dnajc27, dnageinajc30b The two
downregulated hsp40 genes weheaja2l, anddnajcl? Regulated expression of most of these
genes were observed in more than one time points witpéra ofdnajb6b, dnajcl12, dnajcl3,
dnajcl6,anddnajc22where 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, apdownregulation was less than fafeld as compared

with the controls. Only three genes were regulated more thatinfige after bacterial infections.
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Dnajc5aa was upegulated 8 times aftelF. columnarenfection (Figure 28). No hsp40 genes

were up or downregulated more thanfeld in the intestine afte. ictaluri infection.

2.4.6 Differentially expressed catfisHsp40 gene between columnaris resistant and susceptible
fish families

Additionalmetaanalysisvere conducted on the comparisohdifferences irhsp40gene
expression profiles between resistant and susceptible f@thaand 1 h, 2 h, and 8 h after
columnarechallenge. Designating theusceptiblefamily as the control group, a comparison of
catfish Hsp40s expressidavels was made between resistant and susceptible families at each
timepoint. A total of 24 geneshowed significant differential ergssion between groups far a
least one timepoint following infectioAmong them, 13 genesas found significantly differently
expressed at the basal level between resistant and susceptible fisi{(Faguilg 210). The basal
differential expression ofdp40s genesould 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 fe\sp40genes wee characterized from channel
catfish(Chen et al., 2000 Systematic analysis ehannel catfistisp40genes has been lacking.
In this study,| identified a full set of 57 catfishisp40genes in the catfish genome. This was
achieved by thorough analysis of rich genomic and transcriptomic resources including several
hundred thousandsf &&STs (Li et al., 2007; Wang et al., 2010), RI$&q transcriptome
assemblies (Liu et al., 2011; 2012), and the draft genome sequences (unpublished).
Phylogenetic and syntenic analyses allowed annotatiblsdOgenes. It is apparent that
catfish harboré most of hsp40 genes. Compared with the human genome, catfish lacked only three

32



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 phylogenetigsansirongly 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 duplicasidman mammals, likely as a consequence of whole genome
duplication. Among various fish speci®naJa2, DnaJa3, DnalJbl, DnaJb5, DnaJb9, DnaJbl2,
DnaJc3, Dnalc7, DnaJcll, DnaJclénd DnaJc30were found to be duplicated while in
mammals, birds and amphibgonly one copy of these genes were found.

RNA-Segbased expression analysis has become a robust method to assess transcriptional
profile to different challenge experimeri@shlack et al., 2030In our recent RNASeq studiedq,
have successfully obtained comprehensive transcriptome desefrdim catfish intestinafterE.
ictaluri infection and from catfish gill aftef. Columnareinfection (Li et al., 2012; Sun et al.,
2012. The expression patterns of differentially expressed genes from these two studies were
validated by gquantitative reéime RT-PCR with average correlation coefficient around 0.9 (p <
0.001). Metaanalysis of diseasdallenges revealed a gene fold change profile of caibpdOs
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 speciesjsystemat
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 bép40 geng 30in total, were up or down regulated after
bacterial infection, suggesting their extensive involvement in disease responses. Specifically, a
total of 19 genesvere found regulated in intestine afterictaluri infection, and 19 genes were

found regulated in gilfollowing F. columnareinfection Of these30 regulated hsp40 genes
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genes dnajblh dnajc29, dnaja4, dnajbla, dnajc5aa, dnajc6 and dngjcd2re commonly
regulatedoth after. columnaranfection in the gill andfterE. ictaluriinfection in the inéstine
suggesting their importance as general diseagonse HS®

In spite of a set of commonly regulatelbPs, diseaseand tissuespecific genes in each
challenge experiment were observed. For instance, fteolumnareinfection, elevengenes
(dnajb4, dnajb9L2,dnajb11,dnajb12b,dnajb13,dnajc3,dnajcl6L, dnajc19dnajc20, dnajc21,
anddnajc30g were found to be specifically regulated in the gill. Similatlyelve hsp40 genes
(dnaja2L,dnajb2,dnajb5,dnajb6b, dnajc3, dnajcl18najcl16,dnajcl17,dnajc18 dnajc22 dnajc27
anddnajc30K were found to be specifically regulated in the intestine &tectaluri infection,
suggesting their specific roles in a tissard timedependent manner.

The vast majority of hsp40 genes were found to be a¢gnlilsoon after infection at 3h or
24h afterboth infectiors, suggesting their involvement in the early phases of disease response.
Only dnajb6b and dnajcl@ere not upregulated until 3 days after infectioni$ findings could
be explained by the echaperon 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
proteinprotein interactions that occur largely through an EEMiing domain in its C terimus
(Brinker et al., 2002; Liu et al., 1999; Scheufler et al., 20@0hnate immune system, Hsp70 can
serve as the endogenous ligand of TLR2 and TLR4 and aid to recognize the bacteria (Asea et al.,
2002).Prevous work demonstrated that TLRs wereragulated at 1h post challen@@eatman et
al., 2013)by F. columnareand most ugegulated at 6h and 24h post challengebbyictaluri
(Pridgem et al., 2010in catfish. It is believed that since Hsp70 sea®s 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 changs ebichaperone Hsp70 and thus
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the associated TLR#sea et al., 2002; Nair et al., 201Burthermore, it was also reported that
TLRs are dowsregulated after 36h. This could be the explanation to the large naibdewn
regulated in liver 3 days and 14 days post challenge from ouranatgsis. It is interesting to
observe that sevegenes were dowregulated afteF. columnareinfection whereas only two
genes were dowregulatedafterE. ictaluri infectionat early stages of disease developm&hts
observation indicated that the immune response toEthetaluri was faster than that tB.
columare In generalhsp40 genes were ¥pgulated at early stages of diseases, and with time,
they tended to be downgelated 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, apdownregulation was less than fafeld as compared
with the controls. Only thregenes were regulated more than five times after bacterial infections.
Dnajc5aa was upegulated €8 times after columnaris infection (Figuite). No hsp40 genes were

up- or downregulated more thanfld in the intestine after ESC infecti¢Rigure2-9).
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Table2-1 Summary of 57 Hsp40 genentified in the catfish genome

Name Type ORF Domain Structure Accession number
dnajal | complete DnaJCXXCXGXG-DnaJ_C JT413966
dnaja2 | complete DnaJCXXCXGXG-DnaJ_C JT408916
dnaja2l | complete DnaJCXXCXGXG-DnaJ_C JT412411
dnaja3a | complete DnaJCXXCXGXG-DnaJ_C JT425696
dnaja3b | complete DnaJCXXCXGXG-DnaJ_C JT410497
dnaja4 | complete DnaJCXXCXGXG-DnaJ_C JT340875
dnajbla 1] complete DnadDnaJ_C JT410595
dnajblb I complete DnadbDnaJ_C JT405623
dnajb2 Il complete Dnald3*(UIM) JT413231
dnajb4 Il complete DnadbDnaJ_C JT418024
dnajb5 I complete DnadDnaJ_C JT410284
dnajb5L 1] complete DnadbDnaJ_C JT407526
dnajb6a Il complete DnaJ JT280415
dnajb6b Il complete DnaJ JTA477624
dnajb9Ll Il complete DnaJ JT406977
dnajb9L2 Il complete DnaJ JT244566
dnajb9 Il Partial DnaJ JT383860
dnajbl1 Il complete DnadbDnaJ_C JT410155
dnajbl2a Il complete DnadDUF1977 JT411397
dnajb12b Il complete DnadDUF1977 JT348699
dnajb13 1] complete DnadDnaJ_C JT413284
dnajb14 Il complete DnadDUF1977 JT417082
dnajcl I} complete DnadSANT JT407463
dnajc2 1 complete (DnaJd}2*(SANT) JT342108
dnajc3(prkri) 1 complete 7*(TPR)DnaJ JT407497
dnajc3 1 complete 7*(TPR)-DnaJ JT410821
dnajc4 1 complete DnaJ JT400171
dnajc5ab 1 complete DnaJ JT412549
dnajc5aa 1 complete DnaJ JT483994
dnajc5gb 1} complete DnaJ JT406264
dnajc6 I} complete (PTPc_DSPc-Pnal JT410375
dnajc7 I} complete 7*(TPR)-DnaJ JT278330
dnajc8 I} complete DnaJ JT278586
dnajc9 I} complete DnaJ JT223126
dnajc10 I} complete DnaJd4*(Thioredoxin) JT424718
dnajcll I} complete DnalDUF3395 JT406478
dnajcl2 I} complete DnaJ JT411276
dnajc13 I} complete DnaJ JT411283
dnajc14 I} complete DnaJ JT340805
dnajc15 I} complete DnaJ JT417797
dnajc16 I} complete DnaJdThioredoxin JT40537
dnajc16L I} complete DnaJdThioredoxin JT413761
dnajcl7 I} complete DnaJRRM_1 JT411855
dnajc18 I} complete DnadDUF1977 JT414201
dnajc19 I} complete DnaJ JT348880
dnajc20(hsch) I} complete DnaJHSCB_C JT410908
dnajc21 I} complete DnadZnF_UL ZnF_C2H2 JT414736
dnajc22 I} complete TM2-4*( TransmembranePDnaJ JT405460
dnajc23(sec63) 1 complete DnajSec63 JT409443
dnajc24 I} complete DnaJdCSL zinc finger JT407343
dnajc25 I} complete DnaJ JT406198
dnajc26(gak) I} complete S_TKcSTYKce-PTPc_DSPETEN_C2 JT418500
dnajc27 I} complete Small GTPasé®nal JT464820
dnajc28 I} complete DnadDUF1992 JT413325
dnajc29(sacs) 1} complete UBQ-2*(HATPase_c)DnaJHEPN JT399814/JT345237
dnajc30a 1 complete DnaJ JT399756
dnajc30b 1 complete DnaJ JT199100
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Table2-2
Comparison of copy numbers of HSP40s genes among selected vertebrate genomes. Yellow
shaded boxes indicated absence of HSP40 gene from chicken, frog, and teleost fiskshadeddoxes

indicaed absence of HSP40 gene from frog and teleost fish species.
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Typel N- J-Domain S/ F C-terminal C

Figure 2 1.

Schematipresentation of three stppes ofHSP40family. Type | DnaJ proteins have full domain
conservation witlescherichia colDnaJd, ype Il DnaJd proteinsave a J domain and G{Ely/Phe
rich regior) motif at N-terminus, type Il DnaJ protesnonly have a J domain anywhere in the

protein.
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Figure 2 2.

Phylogenetidree ofHsp40s subfamily A. The phylogenetic tree was constructed by Mega5.2.2
using the Maximum Likelihood method based on the JTT mbaased modebf amino acid
substitution as desbed in detail in Material and &thod section. Numbers around the nodes
correspond to bootstrap support values in percentages. A discrete Gamma distribution was used to
model evolutionary rate differences among sitesa{égories (+G, parameter = 1.1981)). The rate
variation model allowed for some sites to be evolutionarily invarighlg, (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 dataand ambiguous bases were allowed at any position. There were a total of 332
positions in the final dataset. Accession numbers f@rateinsequenceased in the analysere
provided in Table S1. The bl ackindicatedslikecondif oat e

instance, dnaja2L. means dnajdé.

49



%

mirdaks I
Birafish
ee | ©
5
L

[ =
o
is
eEZaE
Ny
2425
5588
L
g
g
~] an
' fug 96 " 0
% an:;zh?_.l. Hlapia gji 100 P LT onapsl 2 stickeoack o
= dnajb2 zebrafish dnabil fugu =
:,2 dnajb catfish @ —'7g s B @ dnapats camsn =
P ) - anajbel1 zebrafish %
B dnajbal ¢ Stickfabg
87 dnapay g gy, N
D ' tlapig
L)
5
o
2
3
£
?
Ed
] 2 B
2 1|8
®c o
Egggg
2 o=
£a8§2%82
F3g55°°
-3 5 [=] [=]
Figure 2 3

Phylogenetidree of Hsp40s subfamily.Brhe phylogenetic tree was constructed by Mega5.2.2
using the Maximum Likelihood method based on the JTT mbtased 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 discretar@na 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 invariab(elj, 0.2358% sites). All positions with less than
95% ste coverage were eliminated. There were a total of 158 positions in the final dataset.

Accession numbers for all/l S e g u endicateditlikadr,e fporro v i

instance, dnajb5L means Dnajlke.
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Figure2-4B
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