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Molecular characterization and expression analysis of hamp, leap2 and wap65

antimicrobial genes from mud loach (Misgurnus mizolepis)
Lee Sang Yoon

Department of Fisheries Biology, The Graduate School

Pukyong National University

Abstract

In teleosts, the innate immunity is a pivotal protective system against
invading pathogens and the antimicrobial proteins including antimicrobial peptide and
iron sequestrating protein play the crucial roles in the first defense line of the innate
system. To get a deeper insight into the coordinated cross-talks between liver-expressed
antimicrobial proteins in the mud loach Misgurnus mizolepis (Cypriniformes), this study
was aimed to isolate nand characterize the genetic determinants of three antimicrobial
proteins, hepcidin (HAMP), liver expressed antimicrobial peptide 2 (LEAP2) and
warm-temperature acclimationassociated 65-kDa protein (WAP65), and scrutinize their
basal and stimulated mRNA" expression  patterns-in response-to various experimental
immune challenges.

The gene encoding hepcidin, an antimicrobial peptide, was isolated and
characterized in the mud loach Misgurnus mizolepis (Cypriniformes). Mud loach
hepcidin shows a considerable degree of structural homology to other vertebrate hamp
orthologues at both the gene and protein levels, particularly with respect to its
tripartite genomic organization, typical transcription factor binding motifs in its
promoter and conserved cysteine residues in the mature cationic peptide. The mud
loach possesses at least two allelic forms of Aamp, which are expected to be translated

into the same hepcidin preproprotein. The two alleles are transmitted from parental fish

_iX_
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to offspring with a Mendelian inheritance pattern, as demonstrated with polymerase
chain reaction-restriction fragment length polymorphism (PCR-RFLP) genotyping.
Southern blot hybridization analysis showed a high degree of polymorphisms in the
restriction patterns of individuals.

Full-length ¢cDNAs of leap? isoform genes (leap2a and leap2b) were cloned
from mud loach. Both mud loach leap? isoform genes displayed a three-exon structure
that is common to most teleostean /eap? genes. Several consensus binding sites for
transcription factors including C/EBP, HNF, HIF-1, MRE, AP-1, NF-AT, IL6-REBP,
USF, Ahr, and/or STAT were found in their 5re found in theHNF. Both LEAP2
mature peptides consisted.-of 41 amino acid residues and represented four cysteines at
the conserved positions to form two disulfide bonds, which is also common to other
teleostean LEAP2 orthologues.

Genomic organizations including the structural characteristics of Sand/or STAT
ygions of two warm-temperature-acclimation-associated 65 kDa protein (wap65-1 and
wap65-2) isoform genes were characterized. Both mud loach wap65 isoform genes
displayed a ten-exon structure that is common to most teleostean wap65 genes. The
two mud loach wap65 isoforms were predicted to possess various stress/immune-related
transcription factor binding - sites-in their regulatory- regions; however the predicted
motif profiles were different -~ between the~ two- isoforms, in which the
inflammation-related transcription factor binding motifs such as NF-xB and CREBP
sites are more highlighted in the wap65-2 isoform than in wap65-1 isoform. The
deduced amino acid sequences of the two mud loach WAP65 isoforms (WAP65-1 and
WAP65-2) share moderate levels of sequence homology with their corresponding
orthologues from teleosts and with human hemopexin, a possible mammalian
homologue. Both isoforms display conserved features, including essential motifs and/or
residues that are important for the protein structure of hemopexin. In overall,
WAP65-2 is more homologous to human hemopexin than is WAP65-1.

From various gene expression analyses, mud loach hamp mRNA is
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predominantly expressed in the liver under basal, non-stimulated conditions,
although many other tissues showed detectable levels of Aamp transcripts in RT-PCR
assay. Hamp transcripts were developmentally regulated where mRNA expression level
of hamp was sharply elevated at post-gastrulation stage, decreased at 3-4 somites stage
and rebounded at hatched larvae. Lipopolysaccharide (LPS) and bacterial challenges
induced significantly hamp expression, whereas hamp was not clearly stimulated by
polyinosinic:polycytidylic acid [poly(I:C)] injection. Iron overload and Cu exposure also
elevated hamp transcripts in various tissues, suggesting that hamp is associated with
various cellular pathways involved in  host defense mechanism. The transcriptional
activation of mud loach hamp in response to these stimuli varied among tissue types,
and the liver appears predominantly involved in hepcidin-mediated iron regulation.
However, hepcidin expression in_the kidney and spleen was preferentially modulated
by inflammation-mediated signals produced by immune challenges. Our results suggest
that mud loach hepcidin has two basic functions, in iron regulation and antimicrobial
activity, and that its transcription is also modulated by other @ environmental
perturbations, including heavy metal exposure.

Expression assays revealed that leap? gene reveals an isoform-specific tissue
distribution pattern in which leap2a mRNAs were expressed in-a wide range of mud
loach tissues including liver,-ovary, intestine, skin, muscle, testis and kidney, while
leap2b mRNAs were largely predominant in the liver. The onset mRNA expressions of
leap2a and leap?b during development were different from each other and varied
depending upon embryonic and larval development stages. Leap2a and leap2b mRNA
transcripts were differentially modulated by various stimuli, including immune challenge
(LPS, polyl:C or bacterial injection), iron overload and heavy metal exposure
(cadmium, chromium, copper, iron, manganese, nickel or zinc). Leap2a and leap2b
displayed up- and down-regulated expression patterns in response to various stimuli
and the modulation patterns were also apparently variable among tissues.

Both mud loach wap65 transcripts are predominantly expressed in liver,

_Xi_
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although the transcripts are ubiquitously detectable in most tissues with
variable basal expression levels. Both wap65 isoforms are also differentially regulated
during embryonic development, and the changes in transcript levels during
embryogenesis are greater for wap65-2 than for wap65-1. The transcription of the
wap65-1 genes is differentially modulated by various stimuli, including thermal
changes, immune challenge (lipopolysaccharide injection or bacterial infection), and
heavy metal exposure (cadmium, copper, or nickel). The isoform wap65-1 is more
responsive to warm temperature treatments than wap65-2, whereas wap65-2 is much
more strongly stimulated by immune and-heavy metal challenges than is wap65-1.
Taken together, the results of this study suggest that mud loach WAP65 isoforms are
potentially involved -in multiple cellular pathways and that the two mud loach wap65
isoforms undergo functional partitioning or subfunctionalization.

Taken together, the three liver-expressed antimicrobial proteins characterized in
this study turned out to play important roles in mud loach innate' immunity particularly
during acute phase of bacterial invasion. Of the three proteins, HAMP might be the
central component for the cross talks between iron regulation and bactericidal action.
LEAP2 might display supportive roles for HAMP action, while WAP65-2 would be
closely associated with the iron  sequestration —defense; mechanism in the innate
immunity. Data from this study could be a useful and fundamental basis for future

strategy to perform molecular genetic breeding for the development of bacterial

disease-resistant fish models.
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i el =k AR A v FugEe] #d dse] ofFolME
23] AFFE AL glo ofF o] HolAQl wd 24 7lE, 1¥il AMP
ISP 7]'57ke] Fe2g Gol dis|ds Brh @2 57 A8d Aol

Hepcidin antimicrobial peptide (HAMP)+= 13t x(urine)oll Al *] &

Al 2= H] Ql(cysteine)o]  FF-3F  HIEFA| E(B-sheet) 73] 3t FEfo]=olth
o

(Krause et al, 2000, Park et al, 2001). XfFolA HAMPE= Hi

WAl ferroportin?}o]  #Fgoz AU HES A FZHAZ A (negative

=
regulator) A A 2] 334 f-*|(iron homeostasis) 7] 5S HE T

s Al

(Ganz, 2003, Verga-Falzacappa and Muckenthaler, 2005, Viatte et al., 2009) W]

A dd A 23 W 22 243 FFJEol= Vles sHsE 0TI

5 (dual function)= 2t3 QIrtal H I EojQlr}. 5 HAMP+ Alit 29 2l
of dFQaidl HES A S Z X (iron sequestration) Al &S A
A7l 9ehs @ dstti(Vyoral and Petrak, 2005). ¥~ 72 w372 7
= o A hamp FAAS HFEtaL Qlgol As ol o FelA KB
¥l o] el(Shike et al, 2002) 18] o} Foll A hepeidin FHAESS L=, 7%

S Hrpstazr st AFESl FAE H Qlty VEHoR XEfFFoIA &
A3 HAMPO| 750l A= ool M= wud & nEsof glas
= g £

A8 A FAEC] Haw 1 v (Rodrigues et al, 2006,
5

Camus, 2006). o5&, 7Ixju| & 2 S22 58 36t

‘;_'
hampl3 hamp27} E5F EAet= o2 A o Joj&a w7 &9

ofFollde EfTe 2ol UHY isoformWre] gt 4 A vt

(Hilton and Lambert, 2008). 22 3L hamp & o] T(liver) 50| & -

& Uehie TRFE 29 ol AFEANA Be ol

‘I"

=
=
225N hamp EHES e o3k WL 224 Td BE= A
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A A2y = Zoldoe] By BE tH(Cho et al., 2009, Lee and Nam,
2011). A7t sy ws TR Ee] Heks B2 oFE2 hampol F7t
A EA B E2st3d S AAH genome Foll H4O FHA HATE B
stofal HaE vl Qe 5 oAF hamp FAAEE XEFF hamp 7 A A
dH R Al FHA Ash = 2ol yERW

Hilton and Lambert, 2008, Huang et al., 2007). w2tA ©%3 hamp isoform

o

(Cho et al., 2009,

59 isoform® 7|59 A& 3h(subfunctionalization) == @Y hampo] TH7]
s ¥ (mutivalent action)> o3 TR E Tl webA xolzt 9l

A|otw wu} QTh(Hilton and Lambert, 2008). Z# 1} HAMPS] multifunctional

7' 53] HAMP1 7Hg HF38F o] Fojale] HAMP #& 2 sto] o3t
AT o4 HEHsk Ao, Tk A2 g A5 oA F1x =
z4d 71z #3 APAE 9] FEA Kk A Aot}

Liver expressed antimicrobial peptide2 (LEAP2):= <17Fe] blood ultrafiltrate
(Krause et al., 2003)°l 4 A= FAFAIL + A A {2 3 fEfo]
=2 4o 9 t(Krause et al. 2000; Park et al.-2001). 1%t leap2 W3+
hepcidin®} zFo] b 4% Ha SRS AU Adestd o HE F4A
2 3t Ve S st oe®E HaE ¥ glok(Pigeon et al. 2001). LEAP2 &
Al Alz=HQle] FH-3E ¢ H3E ¥ &= mature peptide=A] 2F-&3hrhal oy
Z1 vb I TH(Krause et al., 2003). d=ol5F TENA E=% LEAP2 mature
peptide 2ol 417194 46712 F HE& isoform W= X}o]7} glow IE}
ol= HA| Aol& 917l A 12570 7FA] thFst Al BHa =i th(Yang et
al., 2014). Yoo 4% F T7F9 leap2 isoformsE©] == isoform 3+

Hd Ao Frt ME 2Rt fREe 25 FHelsA T

, Al 3 249 A F isoforms BT % HEo] o]FojFo] H
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TE H} 9th(Yang et al, 2014). FX| 7] %o =3 F 719 isoformES H
fretoha dE A ot oA dof g EEl F oisoformE R F -9 A

W S ey e 2450 E BHel A AEHA Bt 57

| »3¥ v} 9lth(Zhang et al., 2004). 1 9] A=/ SollA LEAP29}

o

d3to] cDNA Hi= gDNA 34 &, 28a 7|2 2d gl g 1+
Ango] #YHIL YAW 1 daolFe] TR ARAA ARolr) 53]
paralogous isoformES WA S 2 genomic A AH 9 W FA o] v
A7 FR8E AFTELS FAMSoI} do] T S8 dFoF FTH
Ao T]Lo] paralog isoformE9] Z2ZREH W AL FAAdxet {1t
T 2d & wg AT A9 AR AdEolt.
Warm-temperature-acclimation-associated 65-kDa protein (WAP65)= = %5 ©]

(Carassius auratus)o| Xl A5 LA, ofFo] 12 FFo T4l

12

&S ot 4 A 2 th(Kikuchi et al, 1995). H2%F <l o] Fol qlo] A
B2 2R(EF)EEN 48 & F A= s8HS ofFo FHAE FA A

$ #8240 95k 2elUE WAPES BUEE of &% 48 24 dAuZ

l

S olslet=d whg- 8% AT AAEA TS Wl 9 th(Kikuchi et al.,
1993, 1997, Pierre et al, 2010). ©]9} T &0 WAP657| &%= A3 7%

1= 2B A 1 R S " daEH dees AAbes

2
o

rl

Ded QrAREe FAHUA LEAg 2dg Bu ohys AAwels)
A7 e 2ol ZHE7] AZsal th(Kikuchi et al, 1997, Aliza et al.,

2008, Sha et al., 2008, Sarropoulou et al., 2010, Shi et al, 2010, Olsvik et

al, 2011). dwkdgoz2 IFo]F= F 7] WAP65 isoforms

o
=2
["_8{.'4
ot
i
K

duplication) & 34l isoform™ 759 3} = AELR 75 5o o
- 4 -
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21. &7 99 E FHAEY transcrips §4 2 249

Hamp ¢cDNA 245 9

{0

O

v relx] 7 2 Al 22 o] EST ulo] g u)
O| 22 HE hampt 4&5dS UEIU = partial F714E8 S5 SR

Z+ Z8d NCBI  GenBank®  tidozm  AEA A

=~

M

(http://ncbi.nlm.nih.gov/blast) S 53 3+ T} Sequencher - = 13 (Gene Codes,
Ann Arbor, MI, USA)S ©]83}9] contig assemblyE 2A] 3} T} Full length
cDNA & HE 9314 MLHAMPIlc 1F$} MLHAMPIc IR Zgo|H & A #}&}
A, #FEEA] ZF 229 cDNAE T 3 (template) 0. =  ©]-85}o] RT-PCRS
T8t dFE VIS &7 §lel A7) RT-PCR SF4HE9]
7IMEE A w4 3Fal(direct sequencing), ©]2} &7 pGEM T-easy vector
(Promega, Madison, WI, USA)9l &= ¥ RT-PCR FEE5(TAZEE)Y ¢
NG EAE A AASEAT Hamp w34 229 3 Ad Al o]

|3 Zepo|M 53 FFHF Z0L Table 101 LB AT
n ek b Ao B A HolE Mo} AR R E SH 3 legp2 T
MEES BLASTx ZRIHS o]&sto] ded 45 Fdsidu. et
Al leap2 isoform®] cDNA HE 9|sto] MMcLEAP2a FW2/RV4 *~&}o]n
9} MMCcLEAP 2b FWI/RV1 Zglo]H = A 2tsl¢a, 7+ %2 cDNA library
S T2 A831o] vectorette PCRS =3 8} Th(Table 2). X hamp
|

Ax F2gol Aot mkz7hA 2 RT-PCR product @ TA FEE9 d7]A
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Table 1. Primers used for isolation, blot analysis and mRNA expression assay

of mud loach hamp gene.

Primer

Sequence (5' to 3")

Thermal cycling or reaction
conditions

Purpose

MLHAMPIc 1F

MLHAMPIc 1R

MLHAMP1-GWR1

MLHAMP1-GWR2

MLHAMP1-GWF1

MLHAMP1-GWF2

MLHAMP1g-FW1

MLHAMPI1g-RV1

MLHAMP1-5P1F

MLHAMPI1-5PIR

MLHAMP 1-probe
FW

MLHAMP 1-probe
RV

MLI18S-RV

qMLHAMP1 1F

qMLHAMPI1 IR

qMM 18S IF

qMM 18S IR

ACCAATATAGTTTCAGAAAAGCTTTA

TCAGGAGTCTGGTTTTATTAAAAAAG

CACGCAACGATGAACACAGCAACGAG

ACGCGTGAGCTTCATTATCTGCTATG

CATAGCAGATAATGAAGCTCACGCGT

CTCGTTGCTGTGTTCATCGTTGCGTG

TTCTACATTGTGCCCGTGTC

TAAGCAGTAGACAGTGGGCA

ATGGAGCTCATATGGAGGAC

TGACAGGATGGTTCATCTGG

CATAGCAGATAATGAAGCTCACGC

CTGTGGTAGTTCACCTGTGG

CAAGAATTTCACCTCTAGCGGC

CAAACTGCTGCGTCTCCATT

CAACTTGGGAAAAGCAGCTC

AAGCTCGTAGTTGGATCTCG

GCCTGAATACCGCAGCTAGG

35 cycles at 94 °C for 30 s,
58 °C for 30 s and 72 °C for
60 s

7 (1I"PCR) or 5 (2“PCR)
cycles at 94°C for 25s and
68°C for 3min,followed by 32
(1PCR) or 20 (2"PCR)
cycles at 94°C for 25s and
72°C for 3min, with a final
elongation at 72°C for 7min

10 cycles at 94 °C for 15 s,
58 °C for 30 s and 68 °C for
3 min, followed by 20
cycles at 94 °C for 15 s, 58
°C for 30 s and 68 °C for 3
min, and then a final
elongation at 68 °C for 7 min

33 cycles at 94 °C for 30 s,
58 °C for 30 s and 72 °C for
45 s

30 cycles at 94 °C for 30 s,
58 °C for 30 s and 72 °C for
30 s

37 °C for 1 h (RT-reaction)
45 cycles at 94 °C for 20 s,
58 °C for 20 s and 72 °C for
20 s

Isolation of hamp
cDNA

Genome walking
to 5'-upstream
region of hamp

Genome walking
to 3'-downstream
region of hamp

Isolation of full
length genomic
hamp sequence

PCR-RFLP
genotyping of
hamp alleles

Digoxygenin-labeli
ng of a probe for
Southern blot

Preparation of
normalization
control (18S
rRNA)

Real-time RT-PCR
assay of hamp
transcripts

Real-time RT-PCR
assay of 18S
rRNA
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Table 2. Oligonucleotide primers and thermal cycling conditions used for

molecular cloning and mRNA expression assay of mud loach leap? gene.

Primer

Sequence (5' to 3")

Thermal cycling or
reaction conditions

Purpose

MMCcLEAP2a FW2

MMCcLEAP2a RV4

MMCcLEAP2b FW1

MMCcLEAP2b RV1

MM LEAP2a GW1

MM LEAP2a GW2

MM LEAP2b GW1

MM LEAP2b GW2

MM LEAP2b GWIF

MM LEAP2b GW2F

MMgLEAP2a pR-1F

MM cLEAP2a RV3,

MMgLEAP2b pR-1F

qMMLEAP2aF

qMMLEAP2aR

qMMLEAP2bF

gqMMLEAP2bR

GCTGCATTCTCTCGCAAAGT

AAGACAAGACATAAAAATTTTATT

CAAAGCTTCCTTTTTTAGG

GTGTTTTAGTGGTTTATTTAAC

TCAGAGCAACACTGCCTACAGAGACGAT

CAGCATAATAGACACCTAATGCCTCTC

TTGTACCTCTGTGCTCACCACTGGCA

CACTAGATACCCGAAGTGTCAGCACA

CTCAGTTCTCATGACAAAGGCCACTG

TCCTCTATGTGTTGCAAGGGGTATTTG

ATCGGTGGCTAAACCAGAGA

TATGAACTGATGAGGCATACAATA

ACGTCATCTGTGCTGGAGAA

CACCTAAGAGAACTGCTCGA

GCTATACACCATCATGCACG

GACACTTCGGGTATCTAGTG

CAGGAATGGCCATTGCTCTT

35 cycles at 94 °C for
30 s, 55 °C for 30 s
and 72 °C for 90 s

7 (I"PCR) or 5 (2™PCR)
cycles at 94°C for 25s
and 68°C for
3min,followed by 32
(I'PCR) or 20 (2"PCR)
cycles at 94°C for 25s
and 72°C for 3min, with
a final elongation at
72°C for 7min

10 ‘cycles at 94 °C for
15's, 58 °C for 30 s
and 68 °C for 3 min,
followed by 20 cycles at
94 °C for 15 s, 58 °C
for 30 s and 68 °C for
3  min, and then a
final elongation at 68 °C
for 7 min

45 cycles at 94 °C for
20 s, 58 °C for 20 s
and 72 °C for 20 s

Isolation of leap2
cDNA

Genome walking
to 5'-upstream
region of leap2

Genome walking
to 3'-downstream
region of leap?

Isolation of full
length genomic
leap? sequence

Real-time RT-PCR
assay of leap?
transcripts

Collection @ pknu



H A wap65 AR Ag, 7F 24 EST & NGS gholB 2] ©o]H
o] =& 7|9Fo & DNA FAAES HA8I T vlolElMo] =22 RE
AE %3 wap6s FAF FEES 97| 49S NCBI GenBank®t BLASTx
z2 a9 o] &3te] 717 homology 4] R &Sl #AHES T
S T 7 7Y wap isoform FEE°] HFAEA, °]E T isoform
d7IMES A4 wap6s-1 R wap65-2= AT ol HlEom 7}
isoform ¥ full-length ¢cDNAE Z=243}7] 9314 mlWap65-1 FW/RV 2
mlWap65-2 FW/RV 2Zto]w & A #3te] RT-PCR w8 & Fdstom 7z}
isoform ¢cDNA®] Wi F7|A A4S A7 2ol A A3 th(Table 3).

2.2. Genomic FZ A 2 5'-flanking & J < 24
0| L2} 4] hamp genomic AR} ZEREE 2H7] $1819] genome
walkingS A A3l TF Genome walkingS 98|41 Genome Walker Universal
Kit (Clontech Laboratories, Inc. Mountain View, CA, USA)& ©|&3}%aL
MLHAMP1-GWR1/GWR2 *Z&}ojH & F3) 5'-flanking 9 < .= 9] walking<
MLHAMP1 GWF1/GWE2 XZgo|HE ALE3le] 3799029  genome
walkingS A AlSkSlvh 2+ ol 5
712 ES contig assemblyd & 5'-flanking % 9 H-E 3-UTR G G7}# A
Ad d7IM4Es FHEITE Contig AES FHF syl 184
MLHAMPI1g-FWI/MLHAMP1g-RV1 Zz}o|HZ Alg3te] HA9 S PCR
TE = A7IAE EA4S TS HH(Table 1).
nAReRA] b 22 6] EST dloEjHo] el

2
(hampla 2 hamplb) EF5°] FEN7} paralogQl A == dHFHA AAE

Z RS A SFH.E partial fragmentE2] A

91&t7] 98 5-flanking 39S A= PCR-RFLP #4137} Southern blot
48 7338 th. MLHAMPI-5P1FS} 5PIRS AF§-3F PCR 4tE A7)+
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Table 3. Oligonucleotide primers and thermal cycling conditions used for

molecular cloning and mRNA expression assay of mud loach wap65 isoform

genes.

Primer

Sequence (5' to 3")

Thermal cycling or reaction
conditions

Purpose

mlWap65-1 FW

mlWap65-1 RV

mlWap65-2 FW

mlWap65-2 RV

qmIlWAPO1 1F

qmIlWAPO1 1R

qmIlWAPO2 1F

qmIlWAP02 1R

qMLI18S IF

qML18S IR

MLI18S-RV

Wap65-1 GW1

Wap65-1 GW2

Wap65-2 GW1

Wap65-2 GW2

CTGAGCTCTGTCTTGCTTGA

TTAACCACAGAGTACACAGG

GACTACAGTTCATCATGAACG

ATGCATAGTAGGCATGACCA

GGACCCAATGGTGTGACTA

GATACATCTGAGCAGAAC

TGCAGCCCATTACACTCTCA

CCAAAGTCATAGTACTCTGG

ACCCATTGGAGGGCAAGTCT

CCTAGCTGAGATATTCAGGC

CAAGAATTTCACCTCTAGCGGC

CAGTGCTTAGAGGTGTTTGTACTGTG

TATATACTCACGAGGGAGCAGTGAAG

GCATTCCAACAAGCAATGCAGATGCA

AATCAGATACTCACGCTGGAGCTGCA

35 cycles at 94 °C for 30
s, 58 °C for 30 s and 72
°C for 60 s

45 cycles at 94 -°C for 20
s, 58 °C for 20 s and 72
°C for 20 s

20 (for end-point) 45 (for
real-time) cycles at 94 °C
for 20 s, 58 °Cfor 20 s
and 72 °C for 20 s, with
an.-initial denaturation- step
at 94 °C-for 2 min

Reverse transcription at 37
°C for 1 h

7 (1PCR) or 5 (2"PCR)
cycles at 94°C for 25s and
68°C for 3min,followed by
32 (1"PCR) or 20 (2™PCR)
cycles at 94°C for 25s and
72°C for 3min, with a final
elongation at 72°C for
7min

Isolation of wap65
cDNA

Real-time RT-PCR
assay of wap65
transcripts

End-point or real-time
RT - PCR of 18S
rRNA control

Preparation of
normalization control
(18S rRNA)

Genome walking to
5'-upstream region of
wap65

_10_
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hampla$} hamplb7} ZYZ; 704 bp 2 718 bp=E Felstith. 18] a PCR A
B5 Ndel A3E2(A499: CATATG)E 37ColA 3X7+S g3k
Ndels Q2 38= 992 hampla®t hamplb®] forward 2Ze}ojn i}

hamplb W GO 2 Ndel A2 ¥ hamplb= 524 2 182 bp W=7}

s

0

hampla= 692 bpe] @ W=7} A A= 3131, forward primerol] <&
SH= Ndel Q124 1A= Q18] ok7]¥ = 12 bpi= ¢ 22 A7]oj=mg 11y
shA] &tk F 187 wF A A ES SR PCR T3 % A=
A& AASAT. 3 oju] JfAS] genotype 2 IE HlH O R QTS
4 5 A& JNAESY genotypingS FUHACE FaEtTh A WAl wuj
152 hampla/la x hampla/la®] 18] 1283 F HA 1752 hampla/la x
hamplb/1be] WA, Al HA 152 hampla/la x hampla/Ib®] W& 53
Skt
v A hamp ARl genomic - organizations  213l7]  9]5lo
Southern blot hybridization +41& AT Genomic DNA A|g+g 4 A
2= DrallZ AR, o] Adaie VA hamp A U A9
27} 9 &4 olth. Probe 2ol 465 bp (MLHAMPI-probe FW/RV; Table
1E exon 17 exon Il AA = ol B HE=S Azttt 49
AbEE n kA E AdAATE Y 1] 9l al, probe < H|, hybridization
2 signal detection DIG DNA Labeling and Detection Kit (Roche Applied
Science)& A}F-&3} ST
v 22| leap2 isoform™ genomic AL} 5'-flanking 9 S TR 517
#13te] Genome Walker Universal Kit (Clontech)E ©] 83T Leap2 7 =}
9] 5’-flanking 99> MM LEAP2a GWI1/GW29 MM LEAP2b GWI1/GW2
zZgolHE AREste] @7IAMES RST8] Al leap?  isoforms©]

3'-UTR 99> MM LEAP2b GWIF/GW2FE Al&3t9 o™ 2 HwE partial

_11_

Collection @ pknu



fragmentE S contigd}©] 5'-flanking S HEH 3-UTR 99& &R3AL
Leap2 7} isoform %ol #HF H7IAM<E A& $159] MMgLEAP2a
pR-1F/MM cLEAP2a RV3 Z#}o]me} MMgLEAP2b pR-1F/MM cLEAP2b
RVI ZglolHE AREdto] PCR § H7|M YD £4 & 438 tH(Table 2).
Wap65 isoform genomic A5 S22 WH A genomic DNA
libraryE ©]-83}o] filter hybridization "WHE S3A HASAT F
10° genomic plaque FEES WA= filter hybridization screening< 2 Al
stR o, oju ARE3E B2 DIG DNA Labeling and Detection Kit (Roche
Applied Science, Mannheim, Germany)= o] &3} = H| g
digoxygenin-labeled wap65 cDNASITE F4F<] Ailter hybridizations & 3l A]

Technologies, Inc., Santa Clara, CA, USA)®l subcloning 3t & 7| AS &
At Bt wap659] partial FEE ZFS] junction <

o] TA 2493 $ contig assemblys &sll @7|AES gHeAT 181
contig AMES EWE dF.TH AHES FH A7 A w A
genomic DNAE T3 OS2 wap65 +HAE THAl PCR 2] 3 & TASZY
S B AUIMEY AFAS FAFA T o] wW H 8 Al 5 -flanking
of 71 FHE AV Aw

AHg-8ke] 214 6k %L Th(Table 3).

ro

npel o] wmjHe}A] genome walker library &

23. 712 AA TEH &4

vt A hamp, leap? X wap65 {7 Ae] H]ZF= 27 (non-stimulated
condition)soll A o] L& I-E AbstaAL Al 22 oA 2] mRNA 32}
SAGAE Hd 5SS AT Az B 2ALE fle v AeA

of 137 2A(H, =, A=eml, obrin, AA, &, A, 3h, 25, vE, )

_12_
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2)& 120ke] o] AZE wAreA] A (30.143.60) R HE A E
e BR3P, aelm ARUE A o] FRE 95 eulo <
3} ¥ 6

=
S HuFIHKim et al, 1994). AT F# 22+ 2521T=E F8717
FAEAT. Hit FAEY H3&S 47 985% % 89.3%% A, AEHS

flsked oF 300719 AT} Aol g AT AEHS T F 0 (ust
shlaL, 53 ¥ 14Dl B 24Dd2)A A A AoiE AEY sk

24. S A A3 W @Y A

2.4.1. HAMP

ek A  hamp A ARS] WS ASLe] tid = 2 ofF 3l oiron
sequestering protein (ISP)=A] o] 28 7hsA Q1S fIste] ofefel o] o

T Ad A= Adess AAEelt A ¥A dd dhE ot
lipopolysaccharide - polysaccharide = (LPS; - Escherichia® coli  0111:B4,
Sigma-Aldrich, St Louis,~ MO, USA; 5 png/g body weight [BW])<}
polyinosinic:polycytidylic acid [poly(I:C); Sigma-Aldrich] (25 ug/g BW) A& =
A A (105821 g 81/l HAFALE S8 AAEdTh e
2 FUFo A d S (saline)E FTAFSEA AL, FTAF = 60 L o &35}

Ak AF77F Fot 8 2541 CE FAEA o 2447 F A 7 Al

-

8o 2AS AE 5 EAl ol&etdn T oHA AP HAdAd Al
1t Edwardsiella tarda (Gram negative; FSW910410)2] Zh<dof] tjsh 2& <F

S z2AE7] g8 AA s T v AteEkA ol (13.61:3.8 ¢ BW; 107]/18)
Tl E tardas FASFI I x 10°, 1 x 10% or 5 x 10° cells/lg BW), o

_13_
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da FaAsAT. oE AN 3 =
(Gram negative; KFCC-11377P), Vibrio harveyi (Gram negative; ATCC 14126)
Y Vibrio vulnificus (Gram negative; ATCC 27562)¥% 3 T2 13 A+
Lactococcus garvieae (Gram positive; ATCC 49156), Streptococcus iniae
(Gram positive; JSL0108) X S. parauberis (Gram positive; KCTC 3651)= A}
g38to] Z}zb v tEbA](12.944.1 g BW; 109]/23)2 29X AT 29 5=

rr

1 x 10° cells/g BWE R 3193, xS PBSS 59 < FAletqdth

72 ) 24 S AE5ho] mRNA HARA S S5 Ak

2.4.2. LEAP2
w2} A] Jeap2e] HE 2 7S GAEY] QA Al E H HE
W53 gl TS5 wEFo| I leap? isoform® A5 LE RS FA}

3l7] 9138te] isoform™ mRNA WS Akt 3 HA 23S E tarda
(FSW910410)7+d 2oz 6mel metlo]l 1 x 10° cells/lg BWS PBS

(pH 6.8)° 3]A3te] 200 plE W FehA] HA el FAFslaL, hxadS &Y
ko] PBSE FALsITE FAF F 6, 12, 24, 48, 96 X 192 A|7to] 7w
AFAA A R G 248 AEY Stk FoaA AL 2 B

o] % A3 V. harveyi (Gram negative; ATCC 14126) 2 V. vulnificus
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(Gram negative;

2)

=

ATCC 27562) 1¥]al 2&w9 ¥ S+ L garvieae

(Gram positive; ATCC 49156) 2 S. iniae (Gram positive; JSLO108)E A}-83}

o

05 183

[cadmium (Cd),

nickel (Ni) %
d Wss &

3 5 uM9

[¢)

sl7] fl18te] 2
T A 22-26T <]
A 25T A A&

m et 7hel

1.0 mg2] iron dextran (Sigma-Aldrich)& FAFe}Sith. 24A17F

a9,

Bt Weks ARttt olw ARESE W
MA SR, A+
1 x 10° cells/g oixﬂz—(BW)OE &} aL
Akttt 484] 31

FomA S

RN EEEE

Aol

M

U A dde

&3k
R

==

=1

A oy

Hm

chromium (Cr), copper (Cu), iron (Fe), manganese (Mg),

i3

zinc (Zn); Sigma-Aldrich, St Louis, MO, USA]S A& & ®
8lA 20L el 7+ FEE AT
=3 67hAIS] et A]

3H2(50%) 3 aL, o]
EAE 48 AlRE

- (O

7;(:1;(] ==

TEE A

o %

T
=

5 o Ko
F =

_l U
2

Aol el wap6s isoformE <]
LR S FastAdrh Aol AHES w A=

ek 100 L FxoA AR5 AAlsE=A A3 25
WA E o] ATt

2

5]
=

N

71

Ry

BN

A e AT ARE AAA 60 L >
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25Col A AzF & 1CH 32C7HA AsA1 AL, 32T

<
T

1

1!

a8}

2

=

1 LPS injection® ®leE|g o} &FAAIA(E tarda; Gram negative)ol|] wWE

of 61=

‘(H

gl

wap65 isoform

%

[e)
IT

bl

nickel

]_
o

Gl

o
=13
=

)
=

p=2
o

]_

Q25T A 24
A

96 A7t &

=

¢] PBSE FAF
\=:]

=1
=
%

1

gt

1isoform

[}
i
oE s A Fas A

0]
yul

60 L

&

2 24, 48

<
ol

=l

st et

_]
SE%(20-L)

a

o

5 ug/g BWo =

=
=

=

=
& A

Fach Aelw 2 gEEe 7247 6nH e v
&

%% %r[cadmium (Cd), copper (Cu)

bl FAb

hm=4

o

FAFS
1x10" cells/g BWS] s = mtetx] E7ko] FA}
9
21 &

=

=

[e)

=

st} vhed

o

2

9] saline
°]-8

=

60 L =04 25T <]

LPS (E. coli 0111:B4, Sigma-Aldrich)
PBS dE A7 E. tarda

(Ni); Sigma-Aldrich]oll. =3

T3 5 uMo F%

w]H kA 678 Al (

kAl FHA)

7 Gzo

£ THlsH L,

-

i
110
;OH
2

il

F 10.842.5 g)?

(e}

|

Ry

™

¥
—_
fite)

&+
e

bl ot

fite)

olo

o o]

xr
i)

—
fite)

A

N

el

N
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2.5. mRNA H % PCR ¥4 2 A&

Total RNA 2]+ Tripure Reagent (Roche Applied Science)2} RNeasy plus
Mini Kit (Qiagen, Hilden, Germany)E A}-&3}% T ¢cDNA %/ Omniscript
Reverse Transcription Kit (Qiagen, Germany)ol 18S rRNAE A} BFS-&
el ¥3SA]A normalizations ¢34 MLI8S-RV (0.1 uM at the final
concentration)s H7}stel  AHALE A AFHTE Semi qRT-PCR %
real-time RT-PCR T35 flsto] 2 Fd2 H=E quAdTS Fa HA 3
H Zgolw S YARISHAAL, hamp  (QMLHAMP1 1F/1R)%}  leap2la
(QMMLEAP2a F/R), leap2b (QMMLEAP2b F/R), wap65-1 (qmWAPO1 1F/1R),
wap65-2 (qmWAPO2 1F/IR) 12|31 normalization control %3 =}Q1 188
RNA (qMM 18S 1F/IR)®] FFol| o] &gk sdfo]n| 5 SFA] Table 1~39
W EF AT | Quantitative PCR %S 918t LightCyler480 System (Roche
Applied Science)®} LightCycler® DNA Master SYBR Green I (Roche Applied
Science)E Ah&3FR o™ PCR Ay &A1 2/-ddCt W'H 3} Student’s t-test
= ANOVA(Duncan’s multiple- range test)E ©|-& F414 F92& P=0.05

FElA AZeA

26. AEAHHT 4

i wuE FA49 Sflanking G=e] AMEA o4 EAL 9ol
TF search (http://www.cbrc jp/research/db/TFSEARCH.html)E  ©] &3} 11,
signal peptide®} propeptide cleavage siteE prediction 7] 93}o] SignalP 3.0
Server (http://www.cbs.dtu.dk/services/SignalP/), ProP 1.0 server
(http://www.cbs.dtu.dk/services/ProP/) & ©] &3ttt FdA AMEE& ofn it

o= 2] g3} o A (Mw), S AHEPph= ExPASy ProtParm
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(http://web.expasy. org/protparam/)= ©|-8-3}o] Al4kstdTh ofu At A E T
Z HlE A (multiple alignment)E  9]35}e] ClustalW (http://www.genome.
jp/tools/clustalw/)= o] €&} th 18l @A 33 X RS o =&
I9S 437l 98] Phyre 2 (http://www.sbg.bio.ic.ac.uk/phyre2)$} 3D

model viewer (Swiss-PdbViewer)E ©]-8 3} %] t}.

_18_
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m. 23

3. &7 9ld FAARE cDNA ¥ olnx=A Ag E
%

3.1.1. HAMP

22 hamp®] ¢cDNA 7% ZH(GenBank accession number= JN230708)+=
183 bp<] 5°-UTR, 273 bp] ORF I1g|il 378 bp2} 3'-UTR & T4 5] 3]
New ORF= 917He] ofmji=qto® ¢tssbalal AT Polyadenylation
signal 9] %] = polyA tail25F-F .~ 18 bpell o A7 E-2 aataaaz
gy, 2249 AA T f@71449e ¥Wols yeE= HHFHA hamp
cDNA EEE50°] g5 il o] &2 coding regionl A G7|AE X3S H
o] A ¥t wobble FEIE=A  ofm| =4t AL WASHA] et m[FEEA|
HAMP polypeptidet ol A1 2702] cleavage sites7} 2% $1=H| signal peptide
cleavage site:™= 24 A o}n| =2k(Ala)3 25H A ofu]i=AkSer)Alolol 9] %] 5}
% 3L, propeptide cleavage site (RXRR H:i=' RXKR)E 66H A o} v] =2k Arg)
I 67HA o1 =AH(GIn) Alololl 1S TE. Signal peptide= 24712] o}n]
=4t (pI=8.94), propeptidei= 42712 o}v] =2H(pl=8.15) 1] 3l mature peptide
= 25709 ofu|=Akpl=8.94)o. 2  FA o ATt HFEEA] HAMPO
mature peptide®d F ¥} ©E FTE° HAMP matured peptide 9§ S=7+9
alignment 23} o}m]=4ke] Zole} cysteine 7152 A7} 2 HEH O
Aes & 7 UM
471 ¢ o]s}&gt
of /] WA ¥  Gln-Ser-His-Leu/Ile-Ser (Q-S-H-L/I-S) motifi= {2 o] F

Rt

HAMP mature peptide W & 8719] cysteine 7152

%1-

FAotes Aoz d=59la, E£3 vFEHA] HAMP

o

b

_19_
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HAMPI1 peptidecl| 4] 32 5] 1 THFig. 1).

3.1.2. LEAP2

v 22| leap2 isoforms 7F&-Ul leap2a®] ¢cDNA 5-UTR©] 268 bp, ORF
7F 279 bp 12|31 3'-UTR®] 969 bp©] 21T}, Polyadenylastion signal®] < 714
A& aataaa® FolEHA oW A= poly(A) tailS 7IFHOE  -24 bpoll A

HdZE At WA leap2b= 33 bpA ol 5-UTRI} 273 bpe] ORF 181l
549 bpel 3-UTRZ FA %ol AA02™ polyadenylastion signal (aataaa)i
poly(A") tails& 7] H o2 - 18 bpolAl #2= ATt LEAP2at= 937119] ofv|
2HS ks shelal 9l%lal, signal peptide, propeptide ¥ mature peptide= Z}Z¢
M
7} LEAP2aX.t} 270 A2 9170913L, 3719] peptide 3952 7}7} 27, 23 #
41709 opmmito 2 FAHO UUH. HAElA] LEAP2a B 2b
mature peptide G2 dol= FdUdt AE FAFSE EAHMw)S UER
A A THLEAP2a=4618.29 Da 2 LEAP2b=4662.35 Da) 5 A 7% ZphS A=
Z Aol E Ye ek gk o] FE 7] mature peptide 3 S-S alignment 3+
A3 LEAP2a WollA —wFepr]et 7bg FEAlol w2 o o (C.
idellus)°t J(C. carpio)Z4 95%9] & AdS B, 29 drj=2 dulo]
7FoF oML, oculatus)= 7V S 58%9] AEAde vERAG 2ol mH
2} 4] LEAP2b} 7}4 AsAdo] =& ortholog: 9o LEAP2EA 90%2] A
TS UEA L, 1o W E FAINEN(O0. mykiss) LEAP29F 7H
2 56%9 S HATKFig. 2.). "FEHA LEAP2a¢} LEAP2bT A2

>

28, 24 2 41709 olv| =t o@E A E O] 9l LEAP2bE o] =2

4
e
B

60%2] FEdS zra Atk wHEA] LEAP2 7 isoforms == HAMP
o} wpzl7}A 2 propeptide cleavage <14 %99 RXXR (LEAP2a; RTAR %
LEAP2b; RIAR)o| #z= Q). w42} %] LEAP2a % LEAP2b®| mature

_20_
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% ew wE o Ew aa pl accession #
Misgurnus mizolepis MMT OSHLEMCRYCCHKCCR-H-KECEFCCEF : 25/9.54 INIS0T08

Danio rerie  DRE. LUJFF| —H—| ¥ : 25/8.04 AARIESO2
Hypaphthaimichthys nobilis HRC L W R=ti— ¥| : 25/8.74 ACO51156 Cypriniformes
Punfius sarane F3A L W R ¥ : 25/8.74 CAZGE137 ‘Ostariophysi
Pimephales promelas  FER L W Rt ¥ : 25/8.74 DT343000
Ictalurus punctaius  TFT L W E—i— Ro: 25/8.75 ABAdIT0S
Iotalurus furcatus  IET L AL R Rz 25/8.75 AAK3OTI4 |§hrifm
Pelteobogrus fulvidraco  BFET L W Rt no: 25/8.75 ABNAG06S
Godus morhug  GHOL i I : Z6/3.TE ACALZTTD g o
e i . D6/8.76 ACAL2760 IGthnrmﬁ IParaca'Jthnpterygl
Oncorhynchus mykiss MY i = 25/8.52 ADUESE3D
Oncorhynchus tshawytscha  ©TS LEfF# - 25/8.53 ELS53897
salmo solar S3AL1 - - 25/8_B5 ACIED3I3S Salmoniformes Protacanthopterygii
337 i - 75/8.53 NP-OOM1343X
33az I e 77z 25/7.72 AMDESSS3
Oryzios jovanicus IR 5 GECCRET: 26/8.52 WA18525 lm
Oryzias latipes  ©LA 1T [CRf: 26/8.52 FMIG6048
Fundutus heteroclitus FHE i A5z 25/8.75 CN990OTT 1 Cyprinodontifarmes
Gasterosteus oculesius  GAC FICF FEY| : Z6/3.597 ENSGACPOOOODDI64E4 | Gasterosteiformes
Scaphthaimus moximus  SMA1L 15 LR = 26/8.75 AMDIET0
FHAE T8LF =N AT: 26/8.75 CAB4sE2
Pseudopl ewronectes americonus PEM  I0 I LI CW N = ZE/8.75 AW013026 Pleuronectiformes
Platichthys PFLE I IO H Ol : 26/48.75 DVSEE1S4
Paralichthys offvaceus POL I I WooH BLClisz 25/8.75 AMTOISE3
Gillichthys mirabilis GMI AR 0z 26/8._94 EBGABASO
Lycodichthys dearborni  LDE Ll Sz 26/3.75 ABYBAS43 B
Poganophryne scotti Fag LHER-afiee [ "R-: 264876 ABrEaS21 Acanthapterygii
Dissostichus mawsoni MR LR Ro: Z6s3.76 ABYBAE24
Eleginaps maclovinus EM2 L T R : 26/8 .76 ABYEAEZ)
Motothenie ongustata  NAN LI RT: 26/9.T6 ABYEAEIS
Perca flunviatilis  PEL L {HNES 1oz z6sa_76 DTH0LE03 .
Dicentrarchus labrax DLA 1 e 26/8.76 DVZ16E33 Perciformes
Larimichthys crocea LCR L s oo - 2648 .76 ABCIB3OT
Micropterus solmoides  M3a. LI~ R 2648.78 ACDIS023
Micropterus dolomiey  MDQ iR 2 : 26/8.76 ADIS0S
Sparus qurate  SAT SENm . = 26/8.50 CBI7TOG0
Lithagnathis mormyrus LMo T a - 2648 .50 EBSO7090
Pogrus aurigas  pa 12U L. 2648 .51 BAHOSIES
Seriola quinqueradigte 30T W Ro: Z6/3.54 AU35ES

Fig. 1.

Multiple sequence alignment of mature mud loach HAMP peptide along with
teleostean orthologues. Seven Cys residues conserved in all the organisms are
indicated by asterisks while a Cys residue conserved in most species with an
exception for an hepcidin isoform from Salmo salar (SSA1l; AC169335) is
noted by closed circle. Number of amino acid and theoretical pl value of each

peptide sequence are also noted at the end of each sequence.
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Species
M.miiuy
L.crocea
S.partitus
P.olivaceus
O.niloticus
H.burtoni
P.nyererei
M.zebra
T.rubripes
P.reticulata
P.formosa
O.latipes
C.idella
M.amblycephal
M.mizolepis_a
C.carpio_a
D.rerio
I.furcatus
I.punctatus
T.fulvidraco
A.mexicanus
O.mykiss_a
L.oculatus
0.mykiss_b
M.mizolepis_b
C.carpio_b
H.sapiens
M.musculus

Mature peptide pl

MTPTWRIMNSKPFGAYCONNYECSTGLCRAGHCSTSHRATSETVNY — 8.48
MTPLWRIMNSKPFGAYCQNNYECSTGLCRAGHCSTSHRATSETVNY — 8.48
MTPTWRIMNSKPFGAYCQONNYECSTGLCRAGHCSNSHRSPSEPVNY  8.48
MTPLWRIMSSKPFGAYCQNNYECSTGLCRAGHCSTSHRSPAEPVKY 8.86
MTPLWRIMNSKPFGAYCONNYECSTGLCRAGHCSTMNRSASQPVNY — 8.88
MTPLWRIMNSKPFGAYCQONNYECSTGLCRAGHCSTMNRSASQPVNY — 8.88
MTPTWRTMNSKPFGAYCQNNYECSTGLCRAGHCSTMNRSASQPVNY — 8.88
MTPLWRIMNSKPFGAYCQNNYECSTGLCRAGHCSTMNHSASQPVNY 8.48
MTPLWRIMNSKPEGAYCONSYECSTGLCRAGHCSFSQRSPSQIANY  8.88
MTPTWRIMSSKPSGAFCONNFECATGLCREGRCSTNQRPSSEPVKY +8.91

MTPLWRIMSSKPSGAFCQNNFECATGLCREGRCSTNQRPSSEPMKY  8.91
MTPLWRIMSSKPSGAFCQNNFECSTGFCRAGHCATNQR--SEAVKY ~ 8.91
MTPLWRIMGTKPHGAYCQONHYECSTGICRKGHCSYSQPINS-———== 8.86
MTPLWRIMGTKPHGAYCQNHYECSTGICRRGHCSYSQPINS—-—--— 8.88
MTPLWRIMGTKPHGAECONNYECSTGICRKGHCSYSQPINS————— 8.88
MTPLWRIMGTKPHGAYCONNYECSTGICRKGHCSYSQPTHS———— 8.86
MTPLWRTVGTKPHGAYCONNYECSTGICRMGHCSYSQPVNS————— 8.48
MTPLWRIMGTKPHGAYCONNYECSTGICRKGHCSESQPIIS————— 8.88
MTPLWRIMGTKPHGAYCONNYECSTGICRKGHCSFSQPIIS————— 8.88
MTPLWRIVGTKPHGAYCONNYECSTGICRKGHCSEFSQPIIS————— 8.88
MTPLWRIMGTKPQGAYCONNYECSTGVCRNGHCTESQPTKS————— 8.88
MTPLWRTMGTKPYGAYCLNNYECSTGICRGGHCMESQPIKS————— 8.86
MTPLWRSIGIKPHGAY CKDSFECTTKVCREGHCSSYQHFQS———— 8.46
MTPLWRFMGTKPTGAYCRDHFECSTQICRRGHCALSGAVHS————— 8.94
MSPLWRIMAFKPYGAYCQDNIECTTGLCRNGHCSFNEPVHA————— 6.68
MSPLWRIMGFKPYGAYCHDNIECITGLCRNGHCSFNEPVHS—-—== 6.79
MTPFWRGVSLRPIGASCRDDSECTITRLCRKRRCSLSVAQE-—-—== 9.37
MTPFWRGVSLRPIGASCREDSECTTRLCRKRRCSLEVAQE—————+= 9.37
* * * *

end of each sequence
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Mw

5187.82
5187.82
5208.84
5166.89
5189.90
5189.90
5189.90
5170.85
5192.88
5169.89
5201.95
4916.59
4657.33
4685.34
4618.29
4657.33
4579.17
4617.35
4617.35
4585.29
4609.28
4604.37
4720.37
4613.32
4662.35
4685.38
4585.30
4685.38

Multiple alignments of mud loach LEAP2 mature peptides

Accession#
AHN13906
AHYO01375
XP008292487
ACB97648
XP003457771
XP005951092
XP005750985
XP004573478
XP003966912
XP008433570
XP007561807
XP004080006
ACR54299
AF084708
Present study
AGK89728
AA|62807
AAX45792
AAX45791
ACT33044
XP007248122
NP001117936
XP006632859
NPO01117937
Present study
AGK89729
BC070199
BC089593

representative teleosean and mammalian species. Four Cys residues conserved
in all the organisms are indicated by asterisks. Number of theoretical pl value

and molecular weight (Mw) of each peptide sequence are also noted at the

along with



peptide Ul EA3F= 4719] cysteine 9% g T2 o FE9] orthologuesE
3 B Al F BHEo] dATh LEAP2a (pI=8.88)% A et S 2= A
o7 Feol¥l wH LEAP2b (pI=6.68)= FA<l Ao w Felxo] 7579
s = &9 Aolrt d 3= AT B FeA] LEAP29] mature peptide ¥
95 dde= 3D 2ad 245 A A3 Bsheet TEE VRO G

= 3D Rdo] =593, LEAP2a 2 LEAP2b 2719 o|&tst A< A

&2
)

st Aoz oAFHAT F isoformES U3 Al matured peptide 17

3.1.3. WAP65

u| k2] wap65-13F wap65-2 Z+2; 457 2 446719 olv]=sho® oF% 3}
ol JSATh fFFE olH At A D8, o] 85k AL EAEHS WAP6S-1
2 WAP65-2014 Z+zh 518 2 50.7 kDaoll o™ pl # 652 2 5.69%
A=At} SignalP o5 A 19HA opn] =4tz 20 A ofn] . Ab ARo]
A signal peptide. cleavage site”’} EA|SFTHFig. 4). T TF WAP65
isoforms< o} Al FEol Al A2 45.7%9) W2 e S YERIAT
7te] hemopexin % TFE o] FE9 WAP6SE 9 alignmentE 33t 2}
©17+e] hemopexin® WA WAP65-1 2 WAP65-2= ZH7: 32% 2 37%

—_—

2 92 A4S YEAAR heme ZFS $1$F histidine 7]7F 1%

hemopexin®l A 27], WAP65-1914 17] = WAP65-201 4 2717} &%F 49l

==

o
Al B2 E AL, aromatic FH7] HdF Q17FS] hemopexin® WAP65-27}F &5 4]
o R 6990 #AHUT el wHEkx] WAP6S isoformitel = 1074 9]
cysteine {H7]7F ¥FE o 5708 olstsk Agto] FAhsE Aow FAHU

hH(Fig. 5). Pl F 4] WAP65-12] ofw| =ity 7Hg =2 e AdS Yelle
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LEAP2a LEAP2b

AN
e
e
3

C-terminal

C-terminal

Fig. 3.
Predicted 3D model structures of mud loach LEAP2 isoforms. Cystein residues

predicted to form disulfide bonds in each isoform were indicated by circles.

_24_

Collection @ pknu



*
R.N EwbEE Egggg Eggg ICEIZCOTMNARONTTIHIAASIANIQTIIIARAHEIZAM! T-99dVM
...i..ég IOIGAONTDENEASIANNGTIIIDRAHHGESTI 1-S9dWM

v
(133 a1, ~--ONGEFHDIEVI G THYAVEASEI TVIDADTOTIIANN  T-S9dVM
ozZL ggggggﬁggggn%gégg 1-S9dWh

_25_

(“)Collection @ pknu



Fig. 4.

Pairwise alignment of mud loach WAP65-1 and WAP65-2 amino acid
sequences. The putative signal peptide cleavage sites of the two isoforms are
indicated by vertical arrows. Histidine residues for putative heme binding are
marked with asterisks, and the five pairs of conserved cysteine residues that

form disulfide bridges are in bold.
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Fig. 5.

Partial multiple sequence: alignment with teleost WAPG65 orthologues and
human hemopexin (HPX). In the partial alignment, residues conserved in all
the sequences are noted by asterisks and the two histidine residues involved in
heme binding ‘of human hemopexin (HPX) are indicated with open circles.
Aromatic residues- in -the. heme-binding pocket are -underlined in the human
HPX sequence. The conserved residues unique to the fish WAP65-2 proteins

and human hemopexin are in bold.
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AF L(C. carpio; Cypriniformes)Z 66%2] “J-sd& HoFa, w4

e ofe #Ad drie

o

22 WAP65-29 71 = JEA
punctatus; Siluriformes)= 68%2] &3S YEFY AT}

%

3.2. Genomic F A T+ L ZZFE FY9

J[m

3.2.1. HAMP

n] -2} 2] genomic hamp (GenBank accession number = JN230710)+= Uth&
X559 hamp ARt v A 2 371€] exon (87 bp, 90 bp % 99 bp
for exons I, II # )3} 2719] intron (311 bp intron 12} 516 bp intron I1)2
2 FAH Rl al, GT-AGE] exon-intron boundary 12 -& mW=3 QJATH
(Fig. 6). ZL2iY cDNA FollAl #ZH @7] $o]7} genomic DNA ol A
= 9 #EHO 2 T2 genomic hamp TR QWA hampla

2 hamplb (GenBank accession number = JN230711)Z ™M sl oE

hampla$t hamplbZt @7]Ho]i= exon II, intron II, 5'-flanking 9§ %
3"-UTRO| 1 &1} exon HOIA- AZe @7]Hole] 7S ofv] =2t A2

WA G RrhFig 6). WRLF FF] hamphAATt WY FAANA

-

i paralogous copyQl A& &<13}7] 98} PCR-restriction fragment length
polymorphism (PCR-RFLP) ®'H-& A}&3tS] hampla, hamplbs 3153t
7 23}, PCR-RFLP W= sfedo] me} 3704 ZFo2 g o i

% I 692 bp®] hampla®rE EASFS L, TLF 1= 542 bp ©F 182 bp =L
719l F =2 Yetd O 2N hamplbS FAFE aFolth WA IF
1= 692 bp, 542 bp % 182 bp7} EF #A# = OS2 hampla/hamplb

& ®¥st= 1FolUthFig 7, 8). A7l ARE wgoR 1FE3he]

o
_|>i
b

Ae AT A, af [ 248 AL BF Ja/leR FHE
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s & g
tataaa E E E aataaa
| ] i i |
JI ! |l 250 bp

ATGAAGCTC GAGGTACAR  GCACTETTC
LCGCGTTIC —CATGAAGAT - AGRAGCCALG
TTTCTCCTT GAGATCAAC | CGACAGAGT
GETGIGTIC - AGTGCASCA . CATCTTICE
LTCGTTGCG  CCACAGGTG — ATSTGCAGE
TETTTCTGC AACTACCAC — TATTGCTGC
TTTCTCCAR AGYACWERAA  ARATCTTGT
ACTGCTGCE ACTACACCT  CGCARCARR
TCTCCATET ~ GARCARAGC  GEATGCGGR
LCACLEG AATCCACTG| TECTGCTGC

BARRTTTtga

Fig. 6.

Tripartite organization .of mud loach hamp gene. Coding nucleotide sequence
and deduced amino acid in a singlet code of each exon are shown. Two
potential cleavage sites respectively for 24-aa signal peptide (between Ala24
and Ser25; predicted by SignalP 3.0 Server;
http://www.cbs.dtu.dk/services/SignalP/) and 25-aa mature peptide (between
Arg66 and GIn67; ProP 1.0 Server; http://www.cbs.dtu.dk/services/ProP/) are
indicated by arrowheads. In exon II, two degenerate nucleotides underlined (Y
and W) are allelic differences between hampla and hamplb (Y = cytosine for
HAMPIla and thymine for HAMPlb; W = adenine for HAMPla and thymine

for HAMP1b).
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hampla ATGTTTTCGACT TAAGGCRARARTATCGAT T TICACG TT T TG TRATCARARCRATGCTT
hamplh ATGTTTTCGACT TAAGGCRARARTATCGATT TTCACOTT T TG TRATGARARCRATGOTT

hampla  TOGRAATTATERG TCARA TEACAGGARAGEAGA TT TOTOCGET TR THREACRERACARGT

hamplh  TOGRAATTATERGTCRTA TEAC AGGARAGEAGA TT TETOCREE TOTRRARACRERACARAGD
el (CATATG)

hampth GRCAARGIGITCAT TRACTOGREA FAGAGCAARAIACAGARGR T TTCRORICTETCRAGS

hampta

T = e e T ARG T RO G T T G T T T A CAAAR A TOAM IR TOATAS
hamplh Tk ARG R T o ARG T CEC IO IO T T T A T AR AGR TCACGGC TOATAS

I T GaO T T T T T TR AR AT A AR T3 TO TOCT T TR R AR TACTC T T TOTT

Fig. 7.

PCR-RFLP strategy to perform allelic genotyping of mud loach hamp gene.
Nucleotide sequence alignment of the selected 5 -flanking regions from
hampla and hamplb used for PCR - RFLP genotyping. To distinguish the
hampla from hamplb allele, 704 bp (for hampla) or 718 bp (for hamplb)
were PCR - amplified using a pair of  conserved primers
(MLHAMPI1-5P1F/5PIR; indicated by arrows) and the PCR product (5 upL)

was digested with Ndel (CATATG; boxed).
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Individuals

1 2 4 & 78 710111213 14151617

250-
£50-
00-
400-
00

-
i00-

Fig. 8.

PCR-RFLP genotyping of -hamp alleles ~with 18 unrelated mud loach
individuals. In the gel, nine mud-loach-individuals (#1, #2, #5, #7, #8, #10,
#11, #13 and #16) indicate that they possess only hampla allele (i.e.,
hampla/la homozygous). On the other hand, five individuals (#3, #6, #9, #15
and #18) are hamplb/Ib homozygous. Finally, the remaining four individuals

(#4, #12, #14 and #17) are heterozygous possessing both alleles (hampla/lb).
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ek AL, w19 S A9 g U A AE 5 Ja/ib B2 ALY
Ak ww) MIE la/la BAL WA, la/Ib/WA 25 &2l % I tHFig. 9). v
F A hamp +71A+2] genomic organizationS <213}7] 13 southern blot
A3} 127 7Fe-dl 197 single copyE ZFA L AR, YA A= B

271 €] hybridization bandsE S YE A Th(Fig. 10).
AERE FAo02 v AR hampe] 5'-flanking 9 W EA|s= tf
Fe AAEEJAAES oS5t TATA boxE /MAFES 7IH0=2 -
oo TATAAA®] @7IMEo = I3, CAAT boxi - 182,

699 R -732 bpoE A EHIAL 7T d 242 ;A FUAT FY

Axle= Aoz d#H A = motifE CCAT enhancer binding protein
(C/EBP; consensus sequence, TTDNGNAA), interleukin 6 response element
binding protein (IL6-REBP; CTGGRAA), interferon regulatory factor 1
(IRF-1; CTTTCTCTTT), interferon-stimulated gene factor '3  (ISGF-3;
GCTTCAGTTT), nuclear factor. kappa B (NF-kB; GGRNNYYCC), activating
protein 1 (AP-1;"TGASTMA), cyclic AMP responsive element binding protein
(CREBP; TGACGY), hypoxia-inducible transcription factor-1 (HIF-1; RCGTG)
¥} SMADs (binds to the bone morphogenetic protein responsive elements,
BMP-RE; GGCGCC)7} dZHdvt. 2811 Tu&5 2 7|e S438E
HE-8-3= metal-responsive element (MRE; TGCRCNC)®} xenobiotic response
element (XRE; CACGCW)+= ZH2F 270 4, 1F Ao w2 HdS HE
= FAARENA &3] #IEE = hepatocyte nuclear factor 3 (HNF-3;
TRTTKRYTY) ¢} liver trans-acting factor Tf-LF1 (YCTTTGACC) 2 A}o]
EZF 7F 104 S A THFig 11).
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H 7 B 9 10112131415 %6 17

= o et o e

i | harmpiasia =
L hampt e mptbi 1b

—hample. | crossac
i
hamptaiia x
hampb
o hampia/ 1b

Fig. 9.
Mendelian transmission of hamp alleles from parents to progeny as confirmed

in three independent crosses.
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Individuals

1 2 3 4 &5 & T B 9 10 11 12

Fig. 10.

Genomic Southern low
g of Drall (Roche Appli

ization analysis of mu@ amp gene. Five 1
¥
e

ce)li}*lte_ﬂj ic DNA from each of 12

unrelated individuals was hybridized with a 465-bp digoxygenin-11-dUTP-labeld
probe (complementary to a region spanning from exon-I to half of exon-II of
hampl). The allelic genotypes of the 12 individuals are also determined by
PCR - RFLP as above. Figures at either left or right side are molecular weight
sizes in kb as judged based on the 1 kb plus DNA ladder (Invitrogen Corp.,
Carlsbad, CA, USA) or lambda DNA/Hindlll markers (Promega, Madison, WI,
USA).
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-2000 -1900 1800 -1700 -1600 -1500 1400 1300 -1200 -1100
I | T | 1 | I T | I \ T I I T | T | T I |
T4 4y T 4 e TR RAVIIY M. T4 T YT Yy m
I " hamp
1000 900 -800 700 600 -500 400 -300 200 100 E
[ I I I I | | I I I I I I I I I I I I I |
* il AN S i - Yutp | £ F @ |
it T 1 | hamp
HIF-1 (RCGTG) 4 HNF (TRTTKRYTY) ¥ AhR (CACGCW) Y MRE (TGCRCNC)
| TFID (TATAAA) * NF-kB (GGRNNYYCC) © CREBP (TGACGY) ® C/EBP (}I?Eg%m
TF-LF1 (YCTTTGACC) 4 HSF (GAANRTTC) T USF (CANNTG) ( )
T NF-AT (WGGAAAA) A CAAT box (CCAAT)
Fig. 11.

Transcription factor binding motifs in the regulatory regions of mud loach

hamp gene.
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3.2.2. LEAP2

Leap2 2= hampet vF7FAZ 3719 exons®t 2709 introns &= -
AEo] Qldlem F F/F9] paralogous isoformol A & U3FA T Leap2a®l
exon I, II ¥ MI¢ ZHol= 7zt 75, 167 ¥ 37 bp $13L, leap2b+= exon 1, 11
9 oqre] Zolrzk zh 72, 164, 2 37 bp AW F isoform 5T exon-intron
boundary T3l GT-AG 73S & w23 AT 28 Y leap2a+= leap2b
of H

oA 7zt 235 bp H 420 bp7t ©l 1 5AES HATHFig. 12). Leapla®]
p

0

O

}o] non-coding & ¢ <1 intron 194 235 bp, 5-UTR % 3°-UTR 4 ¥
g

i

5'-flanking 92 &

o|\

S dl gt A8 #HA HdAE - STAT, HIF-1,
AP-1 2 USF7} #&38 5= 9 motifEo] #2E Q4L leap2bi= IL6-REBP,
NF-AT, HIF-1, AP-1 % USF 2 motifs& WEIWHAT. Leap2a+=
5'-flanking 4 <] ol /MAIZE=ES 7]HOE -1699 bpel $1Ao] STAT®] 1
A BFHAC. 28 HIF-1S 570, AP-12 37] 2 USFE 14717} ¢ &5
At Leap2bi= 5'-flanking < Wlol IL6-REBP2} NF-ATZ} 2+2F - 509 bp
2 -17 bp YA NA 1708 F=EEAaL, HIF-13 AP-12 47 170 2 2747}
od =% Tt F isoform BT HS

& X AbstE HIF-10]- #2591, 8k % isoforms =% HNF 2 C/EBP

whgol 9] 3 hypoxiacl W #F WS b

2 APl ES YEtg o mA F 4
th W leaplat= leap2b$t= EEl TuE ol WSt MRE copyE X

Aol YR A THFig. 13).
3.2.3. WAP65
B Ao A v A wap65-13F wap65-22] genomic AR} Aol= 9.26

kbe} 18.99 kb Th Wap65-1 A= F 10719 exons (65, 29, 150, 158,
154, 213, 102, 125, 148 3 230 bp)? 971¢] introns (364, 141, 486, 360,
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dq ook

eEElEE

qzdpa)

111 uox3 I uox3 | uox3
(dq £¢) (dq ¥91) (dg zz)

eeejee
11 uox3 || uox3
(dq £¢) (dq £91) (dq 57)

Fig. 12. Gene structure of mud loach leap2a and leap2b genes. Exons are
- 38 -

represented by boxes, and introns are represented by single lines.

Collection @ pknu



-2000 1900 -1800
[ \ I I I
- ik,

<7
4 et T o m
I &1 !
1000 -900 800

e

7 AP-1 (TGASTMA)
¥ STAT (TTCNNNGAA)

J TFIID (TATAAA)
© IL6-REBP (CTGGRAA)

Fig. 13.

A HNF (TRTTKRYTY)
& T-LF1 (YCTTTGACC)
@ HSF (GAANRTTC)

4 CAAT box (CCAAT)

T USF (CANNTG)

14T 1% ! g
T leap2a
| T * o ipy
1 = 1 leap2b
(@]
300 200 -100 =3
I [ [ I I I |
AT
L T =leap20
BT i il |
. 1 Ileapr
¥ AhR (CACGCW) Y SP-1 (GGCRGGG)
| HIF-1.(RCGTG) ¥ C/EBP (TTDNGNAA)
(TKTGGWNA)
Y MRE (TGCRCNC) [ NF-AT (WGGAAAA)

Comparison of transcription factor binding motifs in the regulatory regions of

mud loach leap2a and leap2b genes.
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633, 96, 112, 76 = 99 bp) “L2] 1L 897 bp2] 3'-flanking F FolAT}t. 1&g x
wap65-2 A AA F 10702 exons (65, 23, 126, 158, 154, 216, 93, 131,
148 2 227 bp)¥} 970 introns (463, 4746, 102, 95, 4958, 118, 429, 145 %
3056 bp) 2] 3l 193 bpe] 3'-flanking B o2 FAE AAJTE F wap6s
isoforms X7 exon-intron boundary 7% ¢l GT-AG 71%= Z boundary 3 <
o A & w231 AT Wap65 isoforme Zo] ZWHol| A F o] E e
AT Wap65-19] MAZEo2RE ZAAE=7% 9 Zo|E= 3.74 kbsl ¥
wap65-2+= 1545 kb vt ©] &9 ofn =4l coding FNte] HolE MW
3 2 A3 wap65-1°] 1.37 kb, wap65-27} 1.34 kb= 4] coding & <ol H]3|
B A & intron Aolo A W ZolE YEFSIT 53] wap65-29] intron
2,5 % 9 do|7} 475 kb, 4.96 kb Z 3.06 kb 1™, wap65-12] intron 2,
5 2 9 Zo]7} 141 bp, 633 bp

pa)

99 bpo]7] wiFel Y isoform {F & Aol
zpole] fd¢lo]l A THFig. 14). MAFZ =0 2HE 2 kbe] 5'-flanking &9 S
ez ditzd QA X 5AS ZALSEA T Wap65-12 wap65-291 A
T EAHA 8= AP-13} Oct-10] #FE A, CEBPO| X 4 EI
wap65-20l Hlato} W& ZAo® ALH AT BHA O wap65-2 wap65-101 A
A=A k& NF-kB7F NAIZECERE  -160 bp 2 1920 bp A Al <l
3, CREBP motif 3+ wap65-201 A%k elgdet. ze]al USFE=
wap65-191 41 2702} wap65-291 4 3717} & Z% 1S HNF+= 2} isoform &
Z 7k A Ak JAZF hemopexin® 5'-flanking & 9 9] HAFZ2A Q1 =} 9}
" EkA] wap65 isoform®] HAFZE QAL Blal A3 NF-kB9 CREBPE= <
ZF hemopexin¥ V| FEFA] wap65-22] 5'-flanking & oA TF FHFE WA
Oct-12> 217+ hemopexin} wap65-2°= $li wap65-19 A 7F o == St
(Fig. 15).
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Fig. 14. Gene structure of mud loach wap65-1 and wap65-2 genes. Exons are

represented by boxes, and introns are represented by single lines.
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Fig. 15.

Comparison of transcription factor binding motifs in the regulatory regions of

mud

loach wap65-1,

wap65-2  genes

and human HPX gene.

The 2-kb

5’-upstream region from ATG initiation codon of each wap65 isoform was

bioinformatically

assessed

based

(http://www.cbrc.jp/research/db/TFSEARCH.html).
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-
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Fig. 16.

Tissue distribution and basal expression level of mud loach hamp transcripts,
as judged by real-time RT-PCR assay. Tissues were obtained from eight
healthy individuals (18.543.5 g body weight) and total RNA was purified
using the RNeasy Midi Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s recommendation. Abbreviations for tissues are brain (B), eye
(E), fin (F), gill (G), heart (H), intestine (I), kidney (K), liver (L), skeletal

muscle (M), spleen (S), ovary (O) and testis (T).
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Fig. 17.

Tissue expression of mud- loach leap2a and leap2b genes. Leap2a and
leap2b transcripts in liver (L), ovary (O), muscle (M), intestine (I), skin
(Sk), testis (T), kidney(K), heart (H), spleen (S) of mud loach are detected
by semi-quantitative RT-PCR.
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2 2] ek Sk ThFig. 18, 19). 1+ A A9 F isoformE 7+ mRNA &

A X wap65-1°] wap65-2E.t °F 4¥ & =9k}

34. TAGAE FF 9 E FHAY TH FF

v kAl hamp mRNA 2> A RY F 4 F 64 {H(gastrulation) 7}
A P A ko 8AIZH(post gastrulation) & ol TH o] A5 FHEE o
12A] ZH(optic vesicles) A 7+ A S 7F8FA . 18131 1641 7H(3-4 myotomes) ] -
B Z3lo] FHAste] mRNA 3ol 53] Y& FH7F fAHAH. 31 A
F AR S gAl #FEE QAL 8 o 1dd A 287hH] @E o] A
Z7tske dEe B9 th(Fig 20).

Leap2 mRNA &2 leap2a®} leap2b isoform?t A= ThE T2 e Ak
S YEM AT Leap2a= T F 12A] K optic vesicles)7} A BF& o] ¥z x]
Al %kt 16 AlZE(3-4 myotomes)H| F-H @& o] Alztelo] F3t & 2U A7t
A AR oz SAstE T AU Y leap2b= A F 643
(gastrulation)7}#] ¥ 2% %] ¢k ka1, 8A| IH(post gastrulation)#ol] W& o] -zt
Hurl Al §-3F 2 F7kA] dhgo] H A Zhavel itk st o] % 1Y ¥
B 2d7bA] dde] 543 S7tets AE S Bdo =N TEA I BE
S Aol hampet stAth.(Fig. 20).

o] 4] wap65e] F oisoform= WA GAS] wel o uE A 3go] u
At Wap65-12 573 ¥ 4 Al ZH(blastula)# ol ] A3k vt o] g ¥z
HAa, 4 F 6Al7FelA 20 Al H(formation of eye lens)# 7}A] W& o]
7hetth 20 AR A BAAGA TR Ha d o] dEE AL, 24 AE
(specialization of brain)#|§-E] Td o] ZFirsirial F3} 2 & Wddo] ulA

SHAl S7Fst At wHE o wap65-2+= T FHE 20 A AR A xS @
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Fig. 18.

Distribution of mud loach wap65-1 transcripts in adult tissues. Abbreviations
for tissue types are brain (B), eye (E), fin (F), gill (G), heart (H), intestine
(D, kidney (K), liver (L), skeletal muscle (M), spleen (S), ovary (O) and testis
(T). Means = SD with the same letters are not significantly different based on

ANOVA followed by Duncan’s multiple range test at P = 0.05.
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Fig. 19.

Distribution of mud loach wap65-2 transcripts in adult tissues. Abbreviations
for tissue types are brain (B), eye (E), fin (F), gill (G), heart (H), intestine
(D, kidney (K), liver (L), skeletal muscle (M), spleen (S), ovary (O) and testis
(T). Means = SD with the same letters are not significantly different based on

ANOVA followed by Duncan’s multiple range test at P = 0.05.
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Fig. 20.
Quantitative expression profile of mud loach hamp, leap2a and leap2b

genes at different early developmental stages.
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Fig. 21.
Representative RT-PCR gels to show the mRNA expression of mud loach
wap65-1 and wap65-2 isoforms along with an 18S rRNA control during

embryonic development.
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Fig. 22.

Differential expression of mud loach hamp gene in responsive to different
immune stimulations, as determined by real-time RT-PCR assay. Altered
mRNA expression of hAamp in response to LPS (0 or 5 mg/g BW) and
poly(I:C) (0 or 25 mg/g BW) challenges. Abbreviations for tissues are intestine
(D), kidney (K), liver (L) and spleen (S).
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Fig. 23.

Differential expression of mud loach hamp gene in responsive to different
immune stimulations, as determined by real-time RT-PCR assay. Differential
modulation of hamp resulting from the £E. farda challenge using an
intraperitoneal injection of bacterial suspension [0 (control), 1 x 10°, 1 x 10°

or 5 x 10° cells in PBS per g BW].
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Fig. 24.

Differential expression of mud loach hamp gene in responsive to different
immune stimulations, as determined by real-time RT-PCR assay. Transcriptional
response of hamp to experimental challenges with six different bacterial species
(each 1 x 106 cells/g BW). Bacterial species are Vibrio anguillarum (VA), V.
harveyi (VH), V. wvulnificus (VV), Lactococcus garvieae (LG), Streptococcus
iniae (SI) and S. parauberis (SP).
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1 DES5-PILILERNVSEELNT IR GD PN D S LLFERFRTGTAYHTFREVEY PGR YT
D585 PALL LEFVECELHT IR TODFHGHD SLLFFRFRTGTAYHTFEEVEE PGNFL
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E08g
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1 Corassius ourgfus interleukin-1 beta 1 (CACBOSE] )

CAZ Caovassius guratus imterleukin-1 beta T (CACBOSET)
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Ctenopheryngodon idellz interleukin-1 beta (ABUAS427)
Misgurnis mizolepis (present study)

E03

Fig. 25.

Partial nucleotide sequence of mud loach interleukin-1 beta (IL-1b) cDNA.
Binding sites of two oligonucleotide primers (ML IL1b 1F/1R) used for RT—
PCR amplification of a 210-bp IL-1b internal segment are indicated by arrows.
A partial alignment of mud loach IL-1b amino acid sequence along with its
orthologues from representative cypriniform species is also provided. In the
alignment, the amino acid residues same with mud loach IL-1b are indicated
with bold letters. The conserved residues in all the five cypriniform IL-1b

sequences are indicated by asterisks.
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Differential modulation of mud loach hamp expression in responsive to iron

overload as assessed by real-time RT-PCR. For iron overload, iron dextran was

injected into mud loach at one of four dose levels 0 (control) 0.1, 0.5 and 1.0

mg/g BW, and the hamp transcripts were assessed at 24 h post injection.
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Fig. 27.

Differential modulation of mud loach hamp expression in responsive to copper
exposure. For copper (Cu)-exposure, mud loach individuals were immersed in
tap water containing Cu at 0 (control) or 5 uM of nominal concentration
Forty-eight hours after immersion, intestine (I), kidney (K), liver (L) and
spleen (S) were obtained from the six-randomly-chosen individuals in each

group for gene expression assay.
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Fig. 28.

Quantitative RT-PCR for leap2a and leap2b expression in response to LPS.
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Quantitative RT-PCR for leap2a and leap2b expression in response to polyl:C.
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Fig. 30.

The relative expression of leap2a and leap2b in mud loach after intraperitoneal

injection with E. tarda.
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Fig. 31. Differential expression of mud loach /eap2a gene in responsive to

different immune stimulations, as determined by real-time RT-PCR assay.

Collection @ pknu

_64_



c
<
a
ol
g
3
2

Spleen

4.00 l
2.00 1
200
£ LG I
1.00 - T T R R |
W VH I SI

o

=]

=]
L
=
=

o
=
=

Relative fold to
PBS-injected control

A 100

Relative fold to
PBS-injected control

- ra

= (=]

(=] (=]

Relative fold to
PBS-injected control

Vv VH LG SI
0.50

Bacteria Bacteria o ;

Bacteria

e
n
=]

Fig. 32. Differential expression -of mud ‘loach /leap2b gene in responsive to

different immune stimulations, as determined by real-time RT-PCR assay.
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Aol e e @ Gk AT leap2b Edo] oF 7~ 88 FT7F8E AL,
FHE® AgardA & Bde vt #EEHAY v 24 TS5 A
2ol tiet leap2pe] WHE-o] 7h WIZFEl AL, o
TS ARl ywA Aol A wde] Frtsta, 53 FElek AES
ZF 1200 2 509 Ee = @S s th(Fig. 33).

HE B3t WE leap? isoformse] T FFe ohe 2ok 3P 23
AN M= leapla7t RE koA @&l FrrEAA Rt 0
e oF qu) FUbste] Jbg = HES yeRidnh A% A 9
leap2a= 0.5 mg/g Aol A vjg e By 77 AZFHA T, YA
TZF 0.1 mg/g 1.0 mg/g A= Lol Fastdt. Bl FolA = leapla
b A el A b oF 11wl218) Beds v F7Eske] 0.5 me/g A 2t

A 7MY =& Sde] BAEQS, U REEEE= H

.

S
ot
2
["_8{.:
o
!
B
o
)

N
R
off
k1
[40
>
5
@,
[tje]
_>J‘_Il
B
M
=2
&
rr
12
L
1o
e
[..‘8{_:
42
X
N
s,
"
o
L
>
o

_[C_)'_
g2 el 0 BAGME FwA leap2 WA FhdHE
AGe ngAW FEAEA AVS BolX LI, 05 myg FENA

= EzTH 7994 Zolrt BEE A e kth(Fig. 34).

3.5.3. WAP65

32

ok P 24 A9 wap65-1S =TV Gl wel wde] 5438 St
P oL, R 2%7F Sh kel wep o] AT =, 25TelA 3
Ca

TR &% Ao wel wap65-19 A2 L3L 2 )

ol

\S]
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Fig. 33.
Differential modulation of Jeap? isoforms expression in responsive to
experimental exposure to cadmium (Cd), chromium (Cr), copper (Cu), iron

(Fe), manganese (Mg), nickel (Ni) and zinc (Zn) by immersion.
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Fig. 34.
Quantitative analysis of the mud loach leap2a and leap2b genes expression
during iron overload. Mud loach were intraperitoneal injected with 0.1, 0.5 and

1.0 mg FeCly/g BW, respectively. Control group was injected with PBS.
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o
e

b A FEe e ol AFelrk sl vh(Fig. 35).

MR wapss AR W AT WE WA e FARu

LPSE A3ttt Wap65-1-2 LPS Aol thale] -z 23
28ke A4S UEb 9 ywep6s-2E tizatol HlEke] ok 6nf ¢

7Vg YER AtHFig. 36). 18 54 WAES E farda E AE

A Gk LPSOF v IHA 2 wap65-1-2> HH o] AASAY. E tarda TAF

% 24 N7 A dEzTRY 2do] 46 v A

wap65-2% E. tarda FAF 5 #7312 wbalo] 158)7) S 7bsklaL, 24, 48 H
96 A3t FAF & RE FREA FARRE B S74ES e U TH(Fig. 37).
et o] Fas A g Ld wgS A7) 98 cadmium

(Cd), copper (Cu) ¥ nickel (Ni) # 2] = wap65 isoforms®] mRNA

uy 5

T SASAT Waps-2v= s A Al el tiste o] FUH3
v, 29 2 1.58)E s o] FEEHIAT wap6s-1L Cu Z Niol sl

—

1o 9
N

7F Sl Aoz B A th(Fig 38).
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Fig. 35.

Altered hepatic mRNA levels of mud loach wap65 isoforms in response to
thermal change. Fish that had been preacclimated at 25C were exposed to
either heat treatment (to 327C), cold treatment (to 11°C), or constant
temperature (maintained at 25C). Means + SD with the same letters within a
given isoform are not significantly different based on ANOVA followed by

Duncan’s multiple range test at P = 0.05.

_70_

Collection @ pknu



i

T

i

i

Relative fold to saline-
injected contral

2 o= ko b 3= 00
- i

Fig. 36.

Differential modulation of mud loach wap65 isoforms by lipopolysaccharide
(LPS) injection. The expression patterns of wap65-1 and wap65-2 isoforms in

responsive to LPS were significantly different from each other (P < 0.05).
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Fig. 37.

Differential modulation of mud loach wap65 isoforms by FE. tarda challenge.
In (B), means + SD with the same letters within a given isoform are not
significantly different based on ANOVA followed by Duncan’s multiple range
test at P = 0.05. Each mean in this figure was significantly different from that
of corresponding control based on Student’s t-test (P < 0.05).
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Fig. 38.

Differential expression of mud loach wap65 isoforms in response to
experimental exposure to cadmium (Cd), copper (Cu) and nickel (Ni) by
immersion. Means = SD with the same letters within a metal group are not
significantly different based on Student’s t-test at P = 0.05. Significantly
different means compared to that of non-exposed control group were
indicated by asterisks based on Student’s t-test (P < 0.05).
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¥ oATE e LU o g3t ofF zhlA wdste @

A2 = (hamp, leap? B wap65)°] A2 o Hd 2d EAS 1

a7} s,

" A hamp= 91719 ofm| w=AbE kEslslal 9o, W transcripts

5 71 270 YA CIA ol At A @S FukalA] B FrIWol 7 B3

ok YdojE o FEF ORF 995 alignmentste] H[nLst Ay 27) WHo|
A F A WA AYUIANZESZEE +144 bp)oll A9 Ho]E&

ol vt #FE whd, F WA A HCAZESZIE 4147 bp)> JoJE

7 wol7l paAYE o, %, &P G AzuAn

thymine©] $131, U™ A 52 =5 adenine® = ¥z 5 ¢l Th(alignment not
O~

shown). & 78E F A do] & Ho]

o FA P BAL EA T

o= F Ul hamp mRNAM G| W7t 4F (Yo, Aretu4], vl B
Yool Al AEHAEE o] F 25 (ol 2 MAPel A F vl o] A
A5 7 2FH A FAE Fug ddel BATA Pkt A 2

TAEHA S L dFohelM= F W Fds] FEEs 7 he 253

S Ea, ol ¥ 1HS MR TE Zo]9 HAMP oyl wito]

Z= 0]

F e HeAe dEALh 2, AN REC R 488 bp el A 490
bp7bA ISl @7F Ask e ddelon sy gl @rLe

22
fd

CAG (Gln; Q)°]%

w2
gk
S
=
(4]
[".8{.1
S
rlo
i
it
=

epcidin TN E BH B 9o (Cho et al.,

o]¢} 7ol mRNA <A77} A XY=  alternative

F5 A hampol AS 54 A= T 22049 alternative splicing
=
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v 22 hampe] genomic A FZ2E 37019 exon 2719] intron o =
TAE e EF7F9 hepcidind= € UIFEY AFEH vt
A2 intron 27} intron 19 H]&te] A, 2 7hd ABZIS] hamp
(Genbank accession number: AY363452)7F 7} 71 Aol Y}y UH(Shike et
al., 2004). "4 hamp mRNACIA HAH F7]WHo]7} genomic A
W exon 2 FYAANE FdstAl HFEHJA=H o]  southern blot¥}
o} Hrdae] dHds 5
a3tk b (la/la)d A (Ib/1b) e = 13 24 A 7e-d 19 7F
UE JfAekE vE dEe] A7I9E Ay AR U= ol JHA 5ol A

DNA ¥Wadow 98 AdEs Aojee] Wad oz wual oh(Fukami

PCR-RFLP #4& &3l Wadfdas

it
s
=

et al., 2006). H3F Southern blot &A1olAl 7HA 7+ o}k W= Fej7t &
ZhE] A A 9F, PCR-RFLP Z 3¢} H| 1l A] paralogous isoform 33 Efj ©] 3 &l o]&}
A AASE oda, O BHues A AL HdaeiA e vd A
thal gkl v

v ek 2] hamp 5'-flanking Gl A WY 2 A5 NbSH HEE AAE

7191

ro

A 91z}, CREBP, NF-kB, IL6-REBP 2 NF-ATE°] #¥3 Ao
JAK/STAT pathwayoll A}~ 5= Q. 9 8+-& @35k signal transducer and activator
of transcription (STAT)©] 5'-flanking G olA HAWE R 2 dTH(Truksa et
al,, 2009). 374 HAio] A HNkgo] Fas e @t XRE7}
of| = ¥ 913 (Veldhoen and Duarte, 2010), ©] 2|3 motif 5] 72 ZH L X
79 o7 hepcidin FH=Fe] S A W FEE SE2E i I x
Ay dAs= A= FAdETH(Chen et al, 2008, Wang et al, 2009,
Balesaria et al., 2010). 2|3 hepatocyte nuclear factor 3 (HNF-3;
TRTTKRYTY)®} liver trans-acting factor Tf-LF1 (YCTTTGACC)©] w|F-2}]

hepcidin ZE R EJo] A &%l A2 hepeidin 3 2Fe] F8 Hd x2 o] 3t

_75_

Collection @ pknu



olgt= A F LA (Ochoa et al., 1989, Mendeizon et al., 1990). H=3F
MREE P H A hamp ZZEE A o 5% metal-transcription factor-1
motif®] ™ metal-coordinating A X2 TH Ao FQ

2
PR A 0D W hamp FAA FEE wE 2

o
off
ol

b
e

oA Aedd xdE F v 7teAdS HoFUTH(Adams et al, 2002,
Stoytcheva et al., 2010).

mekA] LEAP2ast LEAP2bs= 93709k 9171 €] ofvw]:=its FEstetal gl
om 27)9] olmiAl x}o]i= signal peptide 3 propeptideo] A ZF 1704

Lo

zpolofl 7]Q13t}. Mature peptidei= LEAP2a®} LEAP2b %57 41702 5 A3}
o pl2t GRAVY (grand average of hydropathy)dt< X}o]E X $t},
LEAP2a%} LEAP2b®| mature peptide pIgk< 2t7} 8.88<} 6.68 = LEAP2b7}
LEAP2aol| Hlsto] b pIgts YERWH AT LEAP2av= FHetE ¥ = Arg
2 Lyso] & 4707} AL, SAsE == Glurl 1707F hE Wb LEAP2D

s

YHAE HE= Arg 2 Lysol F 3709 SX3E #HE Asn¥ Gl &
3707F kel pL gtol & AS=® UEWH. LEAP2ax= tiff-2 8] o 7oA pl
Zkol 8.46 ol o0& UEFEAITE LEAP2bO pl #S FAIHE0] (8.94)F A
Q)3 wl gz o} Jojo A 668 L 6.79= Y FS veRAATH EF
LEAP2a % LEAP2bo] 9] isoform?] LEAP2cE K3 EH1}(Zebra
Mbuna), +*|7fE0], A F Aol R FAl(large yellow croaker)®] pl k<
9.2, 9.16, 9.16 @ 929 =2 zto= ALY YTt 183 w|Fe}A LEAP2a
©F LEAP2b:= X7 hydrophilic 54d& 743 glew GRAVY #2
LEAP2a (-0.578)7} LEAP2b (- 0.261)Xt} wokth o]= A LEAP2a’}t
hydrophilic & o] © 7}3t o]+ hydrophilic 545 ¥ & oFv]x=4kQl Ser,
Thr, Tyr, Cys, Asn 2 GIn® & 7§57} 187l 2 LEAP2b9] hydrophilic 4
= Y obx=At Al 4R Y Fe] EEFHo 7] wEelth Fd
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e
=
i)
oftt
fuj
N
.l
dlo
)
Ol
ol
i
A8
rlr
=)
o,
il
lo
ro
)
i)
o[Nt
=
lo
il
i
s
o
o)
)
N
)

ol pI gho] & FHjol Hlaf Bu £ 39 EA4S YEdivdl Bad
vl Sl tH(Romestand et al., 2003). WetA o] st AFAAE LAHE 3ho] pl
gkol =2 vFekAl LEAP2a®] @3t &4 e o] LEAP2bE Y =& Zol
= doew ols FHEy] Skl v EhA] LEAP2a$t LEAP2b A=
o @ulde i Ve Aol 283 Aew wekHH

v e} A] Jeap22] T isoform 371¢] exon¥} 27]€] introno. = G4 & o]
Ao o= ofFolA &elZ-leap2 orthooguesE ¥ Y X $HCH(Zhang et al.,
2004, Li et al, 2014, Yang et al, 2014). V| F 24 leap2a®t leap2b®]

5flanking G M HAY WAAA] FEAE B GFuel Bols

kv

U3t ALz AI AL E o] oS E ATt Leap2b 5'-flanking 3 ol &= IL-6
RE°| Z3}sl&= IL6-REBPS} IL-2 (Interleukin-2) >~ =Z X E ol ZA3tslo] A}

ZZ213= NF-AT motifE°] E5F A AT IL6-REBP=. A, immaculatus®]

il

hepcidin -7 2AF(Masso-Silva -et-al., 2011), HX(P. olivaceus)2] *173 ]
W 7]5& 3} prepro-vasoactive intestinal peptide (prepro-VIP) 7%=}, &
o FEol= FHAFSl B-defension®} AFTE2EHZIT2ZE F AR
GHRH 59| 5 -flankingol| 4] ®.31%¥ W} ti(Nam et al, 2009, 2010, 2011).
aela AGA XS] REslet |y

B-defension % GHRH % %}¢] 5'-flankingoll Al X.31¥ ¥} It (Macian,

HES-o] -] #oldtE NF-ATE | A9
2005, Nam et al., 2010, 2011). AP-13 HIF-1+= "] H 24 leap2a2}t leap2b]

5'-flanking G Ao FTEHE FHL Zom dFH AAZEAAEA
—

AP-18 213t Ad ~2Eg A~ A= 98] @43l 1, NF-kB 2 STAT 59
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AAARAES F5A§S

ol

F= 540l Qo™ A immaculatus (Masso-Silva
et al, 2011), =%(Cho et al., 2009) ¥ Xenopus (Hu et al., 2008) hamp®]
5'-flanking 4 G oA 3T motif£°] o|5% ¥} At} HIF-1% hypoxia®] =
Aol A oldA i R E 4 Y o] HAb 24
Al FAAMES} AAFGAEANA Hdtol] Ik HIF-19] whgo] Wi
# vl A tH(Okumura et al, 2012). Leap2a®] 5'-flanking &l ¢l STAT
2 Mxdte] EAst= & A9 Jak kinase ol 93l A E = AEHAG
Aake] 7w AArEARIAY] VTS BF A ofFTEA vE Fol
A leap29] AAPZARJAZA A= wEaE AHolU =% (Cho et al,

Ll

2009), ‘5°}(Barnes et al, 2011) % Xenopus (Hu et al, 2008)2] hamp
5'-flankingol| 4| &= AALE v} Qdrt. 22| ak leap2a L leap2b®] 5'-flanking

Qo4 BEMoz od%g USF AlolEE S 2 9F weg 2dsE

rl

FAAENA &3] B2EHE motif24 2 ¥ 7] (Bao et al, 2006), =%
(Cho et al., 2009), A. immaculatus (Masso-Silva et al., 2011) 2 Xenopus (Hu
et al., 2008)2]" hampol Xl H.i1E ®} T},

!

v 2k x] WAP65++ 27l paralogous isoform¢] 7%, x4 #3}7} o]
o Q& @ Folrt 27k hemopexin®] heme-binding pocket 725 FAJ
st7] fla dagt

+ cysteine®] 9] A

O

(2
Iy

Q3 @ 71X 9A2% 718y olgd A¥IYHS

1154

%_
o} wreks 7159 X7F o i WAP6S isoforms®] -&

sk 02 UElStH(Takahashi et al, 1985, Paoli et al., 1999). X

=

ot

hemopexin®l = hemopexin?} heme A}©]¢] heme axial ligand bindings 3
3}i= bis-histidyl Fe(Ill) complex FEf2] 2752 A<l histidine #7]7F &
Aete Ao w delA] drh(Paoli et al, 1999). thi-E o] F29 WAP65-20] A

T histidinext7] 7} BF HEHO] YA WA E AG o] o F(F
o, dol 2 A w7] Gyl A WAP6S-12 = F 1709 histidine 7] ¥
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l

S HATAY Ao Ao]7F A tH(Sarropoulou et al., 2010). °]& +HZE
B2 o]Fol A WAP65-27F WAP65-19] H|8Fe] E /72 hemopexinZ} U %
V74 HEA Agld Y AoE AotEa glom E AToA EAH
n] ek o] WAP6S A o]l sfdevka dAETh

v 2L2] wap65 isoforme] genomic A FERE EF 10719 exono =
T AN, o= R E AAFEY] wape5st sLeA T kA

wap6s AR BAG 2FORNE B3 AYso] $2e & & 9

Oll

a2y 9 X (Kim et al., 2013)9 5N (Maylandia zebra; zebra mbuna):= T}
2 AAFEHRE= 28 wap652] exono| 9/N7F HEE I, HX wap65-19]
exon 5% TFE ©o]FE9 exon 5 % exon 62 T3k Hojo} FAES AR
oA wap6s FAATE oJF B X3t #AG T exon-shufflings EF3AS
7Ve/d& AlAFSE b I tH(Kim et al., 2013).

u e 2] wap652] 5'-flanking 9ol EAJSlE= AP-1, C/EBP, CREBP,
Oct-1 ¥ USFo} 22 =
gt AR B FAAES) AFAA oln] By vl JtH(Truksa et al,
2007; Cho et al., 2009; Nam et al., 2011). POU domain?] Oct-12] 49 217
Abel 2E A AT gk vl s ste Adom dEx vt

(Wang and Jin, 2010). Wap65-22] 5'-flanking 3 9ol *23+E NF-kB= A3

o] AsEle] B ANZAAASS T

ol

4 owe] Azdel del w9 Fad 9RL st Ao AA Jon
(Hayden and Ghosh, 2004; Cho et al.,, 2009) °|& &3} wap65-1Xt} 7+
of &g MY WS wap65-27F B2 7loE @ Aolgt ddET 1y
R o FoAARE wap65 A cytokine ¥F§ . AEF A~ §EGof

A7 EHA QA Y FolA S wapese] F isoformeol| #EH A= A

Rl

ro

o] 4 YA Zt(Hirayama et al., 2003; Nakaniwa et al., 2005; Sha et
al., 2008). weEhA] thFst of T A wap6s isoforme] FF2F H 7|5
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AT7F FrHA o E dad Fow AlmEr

Al hampe (b A A SolHom #& ARE UEHUYAL, o=
T2 RE e 3 2He] w3y PEE AAFzAA HNF-3 % TfLF19]
By s o= A AdAsteE 4 o] th(Lemaigre et al., 1993, Guillou
et al, 1991). 223l b ZATF L oY ARk <5, Fa B Ao = T
dol] FRAHLaL, oo e AW wd FFS ofF T wa thgEt
A7} B3 vl 9 th(Douglas et al., 2003, Bao et al., 2005).

] 2} 2] hampo] LA GAE &L gastrulation A T wrdo] F7)
T} Sk (optic vesicle)d A F ThAl sty F3t ¢ 1Y AFEH wdo] of

Al vt AEgFe= yElyth ol9f fFAFSE 442 blunt snout bream

o|N

ol
-

LEAP-19] A4 %= H 315 ¢l th(Liang et al., 2013).

VIRl hamp wAAZF LPS Aol elsj A EEcke] Frbekgl ot
polyl:C #t=ell thefA fol% Aol Aol YetiA gt & A3
+ polyl:C =& wioly] = zHAoll A hamp T w53 S7HE HE
W= E%5(0. fasciatus), B3 oHO. niloticus) L A3 F(S. aurata)°f| A 2]
At x4 o9l th(Huang et al., 2007, Cho et-al, 2009, Veldhoen and
Duarte, 2010). & Aol A Fax HAdol A9 =4 A7 g9} s=7}
T oo E F5 polyl:lC A& Al TR F=F AR o E 2 =
A Mol o HH, o]E F3 v FEA|ANA hamp 7 A7} viral mimic

ro

A, R R AR v FoAel e 2 W¥der 2dy= A
= Wta, 2 Al M dZE A A hamp FAA EH A= Gt
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2 pacific mutton hamlet (4. immaculatus)'s |4 K31 v} T}

2 ATl HiE HEstel gk hamp AR wbE A ol AT
oA Bad ZA3EI Al e, HAMPZE ek« o] A 23 &
B Al me Tast 9gE st dse #F HoFi lvh(Fraenkel
et al., 2005, Rodrigues et al, 2006). 123l H¥ 3}33lo] )& HAMP I
el Fa 7ol 3t olgk= A2 |JA B T Aol FAFSH]]
CH(Hirono et al., 2005, Zhou et al., 2011). 12|31 d It} =FA] I+ 70|
L “(intestine)©] hamp®] FETH] ATE v 2 AT AReE =
=9 hampoll A 2z AL FAFSFATHCho et al., 2009).

W H A hamp RS TEE wEo diete 24 W Tdo] Frhst
© B%S Y=l ol " EkAl hamp A ARe] 5 -flanking G <]

Z2]8= MRE motif 98 HA & A2 AdEATt ¥ {5 hepcidin 2&

Sk MTF-19 93] Z2dg o] Hig vilom AF7t o Fol&Fo &
&= H-Al(Large yellow croaker)®] 7% Zh=H8(Cd™) =% td hepcidin

Az wddol Frbstel A AdeE FAFSFATH(Chen et al., 2008,
Balesaria et al., 2010).

Leap2a= It 2% T2 W4, &, 95, 25,449 £o2 HHo
Eokth 2o, AR, A leap2e] AR T A2 vhgd A A B
Hol LHERbE vl FebR] feap2e] WA 3t HAVSEI(Krause et al, 2003,
Sang et al, 2006, Liu et al., 2010), 3} =% T Hdo] =2 & o] Wi,

- zAolets ol AT ANt {FASEATHLIu et al, 2010). Leap2b=
x4 9 e zde wAe gudon 2o FAEle A4S 7

ZHAMY Bdets HFgFor Ruso] vREtA leap2he] L
%!

-

[N-)
2 o
>

o - leap2a A leap2bo} VIXF7FA] 2
9= Bl S yehdoia 2ok vl glo] B A= xfol vt

%0
22
o
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(Zhang et al., 2004).

A eap2e] TAAAET FHL isoform So]F o E UEGL O
leap2a®t leap2b7} HZx L& A3 2 S3ds ™A A=z 2 AolE
UEFH AT Leap2a= 3-471 Aol A7]7] Aztshds wdd o] F7}sto]
F3 $71A] drdo] FUbsteE Aol leap2bi= gastrulation - W& o] 1
ASA 27k Al gastel Ral & Z7beke Agolth 2o} lap2e)

Aol whE 2y sEHe A4 F 16 AX7] - morular 7HA| WA o] F7}s)

O

HH-8-7](muscular effect)-E] F3} & 2U71x] wFd o]

[e)
Iﬁ_
Zhee Agon B AT lapa® AP 54 WAL e al,

2010). Blunt snout bream (M. amblycephala) leap2= <YE7} A 7]7] A 7}FA]
e o] F7}skt)h gastrularation®] thal B o] 7hasha, AlFe] BAA

=
¢l &xo] Al FE = Al7jeA Edo] F7ket7] A] ZHsko
< 7HAE leap2a®t FALEE B3-S U EU QITh(Liang et al,

2013). 183 hampSt leap29] HE IS A5 B AAAS & F U

B

e 4

U
ofk

=l blunt snout bream leap-1, 2°] & HE gk FAFSE o= H Y TH(Liang

et al., 2013).
et A] Jegp2e] Mt HFel WE f= 2d AE= 7 A, v &

o2 =A YeErsar, Z2F 2H A leap2a®] A YO leap2bR Tt =0T
ool A V. anguillarum 78 A FE% mRNA 2dY0] leap2a?t leap2b
of Hlate] =i, % WA AR EI A F 6AIF B 12AAQ] W
FerR 2} fFAYERA Y 28 Y leap2a 2 E RE A2 HA, 7H A
To® Fol 1b

o= Aol 2 YERNATHYang et al, 2014). H3 w] ek 7F 22 ol A

leap2b®] WAL 19 AT IE aFol 2 A4 HET Eu =%

HH‘

n2

th. %2919 leap2+= A. hydrophila (gram negative)?t
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wRlo] M =A vk, 8B, A som wdle] w4 dEEo] v
2] leap29t 2ol Fhe| A o] 7 =Skth(Liu et al, 2010).

W 2EA] wap65 isoforme] ZF H @dE 5L {tA M =2 od
= UEd= A ol¢ & x4
%, A 5(Hirayama et al.,, 2003), < A}2](Hirayama et al., 2004) 2 =}d 1
7](Sha et al, 2008)¢} T2 ZA¥3Z YehlUT 222 wap6s 5 A9
A 72 A4 R SRS T A UE A4S UEide dlew ddd

-1 o

2
o
i
["_8{.:
o
v}
o3
_0|L
X,
s
i
A
s
v}

f
s

WAL G Ao W2 wap6s isoform EA A Y wap63-1°] wap65-2°] H] 5}
Z7] TAGA g WA= AoZ Holil, wap6s-2= F-3 F AF
gt 98 ot Alo=-ddEoh ohE FollAe WA GAE FH

A =

F Qkx AT 9 wap65-19] HEH o]

o
2
o

f

11 wap65-29] ¥rdo] 7] WA 2 R
d= AREA o 2 e X wap65 isoform]

oy
::1
N
3
ofy
fo
el
o2
o
filo
-\
rlr
i,

A3t} f-AeF G th(Picard and  Schulte, 2004, Nakaniwa et al., 2005,
Sarropoulou et al.;. 2010, Fernandino et al., 2011).

e Aol W2 wap6s-1 A G2 OIFE Aot FAH HES e
W A A wH(Kikuch et al., 1995, Kinoshita et al, 2011), wap65 FAA7F &%=
o Aol we wdo] AAHE A9k /& ATARA FAHA 2
9t7] Wel 7k ATl U Wed Aoz wurAnh W= o ool

=7t

3l B

R4

s
o

= wap65 isoform 7FEH| ¢ TR Fo] Ao wEl w3
doe A7 At B dARE A5
AA e WAyt BE A g skth(Hirayama et al, 2003, Hirayama et al.,
2004). Attt 2 W3t mE isoform )% W& o] F(species)ol] whf
ok Ao BuEdh mFeA ] B9 wap6s-10] & WSt wE

e
o
of
>
L)
rlr
rlo
(e
o
=2
1o
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A e dEFe vAE Aol BEFHJAAN w2 Ad w 7] o A

= wap6s-27} & @skel tla) Bl MgeA 2AEE Ao ek
mgeba e} o] ool Lek ul wapss-l Ado] Zrksh= AES Lbeh

e To2s 3859, dof @ A EUA schlegeli)(Kikuchi et al., 1995,
Choi et al., 2008, Kinoshita et al, 2011)°]t}. SHH F=)Fol A2l
o 7 (Harpagifer antarcticus; Perciformes)= = W&ol wap65 3=}
(wap65-2)7F WA ol whebd AshA WP S8 AAA A gol

]

(
(

%

ko
rol

FS o

dlo

PN
T 3

o
il

wap65 ALl w9 5 o] ®il¥l u} ltH(Clark
and Burns, 2008).

BoAAfg A, At AFl W2 wap6s isoform WSS wap65-27}
wap65-1°] Blete] Bt wIZebA] wg-skglon, E A A= oA w7
o} 2oje] A+ Autel #4138 tH(Sha et al, 2008, Shi et al., 2010). L]
U FAME S AR AFelAE LPS AHEAl wapss FAe] @d W st
7F elthar ®aisto] B A9l ko] 7k QlQlTh(Hirayama et al., 2003, 2004).
T3 2 dFgdeE dd woY A AdE A disk]  wap65-1°]
wap65-2°] H|&le} €538 =S Fx HHAS e t(Sarropoulou et al.,
2010). webA 7] AfdE=E Hol WY Aol td wap6s isoform
Hd 2d A A Foll wek F Aol7 s AlARsEaL itk
O]

"2} %] WAP65 isoform

il

< TEE =Fo AT Edle] o

T8 =F Al 2YEHYWX helleri)® wap6s5 F+HA A Ay, aEan
T HdE AT =" HAYF WA wapes EdHo] FIHE AT
o} AL TH(Olsvik et al., 2011). =3k 5o A5 wap6s-1°] Ta5 &
of Zfol7} Q&& YERH K7t ) th(Pierre et

al,, 2010). T 552 234 2 A 24x 2EHAE UEHUE JAZ 49

rr

=il
=
=
)
24
Sy
(i3
[..‘8{_:
H
it

] 9o 2 2 (Leonard et al., 2004, Firat et al., 2009) wap65 isoformsE- T}
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