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Abstract

Project Code: DBG5380031

Project Title: The activation mechanism of the prophenoloxidase system in shrimp by pattern recognition protein
Investigator: Dr. Piti Amparyup E-mail Address : piti.amp@biotec.or.th

Project Period: 31 May 2010 — 30 May 2012

The global shrimp industry still faces various serious disease related problems that are mainly caused by pathogenic
bacteria and viruses. The understanding of the immune system in shrimp is necessary to provide the means to control and
minimize the loss of production due to disease outbreaks. Melanization by prophenoloxidase (proPO) system is an important
innate immune mechanism that plays a critical role in the defense against a wide range of pathogens in invertebrates. The
activation of the proPO system, by the specific recognition of microorganisms by pattern recognition proteins (PRPs), triggers
a serine proteinase cascade including a proPO-activating enzyme (PPAE), eventually leading to the cleavage of the inactive
proPO to the active PO that functions to produce the melanin and toxic reactive intermediates against invading pathogens.

In this study, we focus on characterizing the role of a lipopolysaccharide and beta-1,3-glucan binding protein
(PmLGBP) and PmPPAE2 in the proPO system of shrimp Penaeus monodon. Transcript expression analysis revealed that
PmLGBP and PmPPAE2 transcripts were mainly expressed in hemocytes. Genomic organization analysis revealed that
PmPPAEI gene consists of ten exons and nine introns, whilst PmPPAE2 comprises of eight exons interrupted by seven introns.
The ELISA binding studies indicated that recombinant (r)PmLGBP binds to beta-1,3-glucan and LPS with a dissociation
constant of 6.86x10 "M and 3.55x10i7M, respectively. Furthermore, rPmLGBP could enhance the phenoloxidase (PO) activity
of shrimp hemocyte in the presence of LPS or beta-1,3-glucan. Double-stranded RNA-mediated suppression of PmLGBP and
PmPPAE2 transcript levels resulted in a significant decrease in the PO activity. Knockdown of PmLGBP significantly
decreased the PmLGBP transcript level but had no effect on the expression of the other immune genes tested. However,
suppression of proPO expression down-regulated PmLGBP, PmPPAE2 and antimicrobial peptide transcripts. It is concluded
that the PmPPAE2 is a shrimp PPAE and possibly mediates the activation of PmproPO and PmLGBP function as a pattern

recognition protein for LPS and beta-1,3-glucan in the shrimp proPO activating system.

Keywords : Shrimp, Penaeus monodon, immune system, phenoloxidase, pattern recognition protein, proteinase
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Executive summary
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VBTV prophenoloxidase activating system (proPO system)(Cerenius et al., 2008)
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(Sritunyalucksana and Soderhall, 2000; Cerenius and S6derhll, 2004; Cerenius et al., 2008; Kanost and Gorman, 2008)
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Proteins (PRPs) Mt lumsduiuaiudsenevesmivgsadveauto 15a 19U lipopolysaccharides (LPS) 91nuuAfiS aitn

a1, peptidoglycans (PG) 3nuuARITolNTUUIN Hag B-1,3-glucans 11T tazdanaliinamsnszduszuugiquiu
' ' v Y A o ¢ 7Y a v Y A
AN 9 1BU NTTAUITEVU proPO NTTAU Toll pathway !Wﬂﬁ\?!ﬂi?%"ﬁLWﬂqﬂﬂGnuﬂﬂ%W UAZNISAUITTUUNTTUUIAIVDIUADA
(blood clotting system) (Janeway and Medzhitov, 2002; Iwanaga and Lee, 2005)1@&111]5 @u PRPs vy lu arthropods e
W 4 ﬂ?cjll‘ﬁffﬂ fAp (1) TsAu B-glucan binding proteins (BGBPs) (2) LPS and glucan binding proteins (LGBPs) (3) Gram-
negative binding proteins (GNBPs) 11812(4) peptidoglycan-binding proteins (PGBPs)
dulidianquasmaBouiiudaudazisionunmsAunudu pGBPs uaz LGBP  1udq crayfish  Pacifastacus

leniusculus (Cereniuset al., 1994; Lee et al., 2000; Romo-Figueroa et al., 2004) uazﬁ'wmwﬁﬂ A2081UF UM TNV



ﬁGBPsLLaz?Ju LGBP 1uﬁ’aqa1ﬁ1 (Sritunyalucksana et al., 2002) fajd Marsupenaeus japonicus (Lin et al., 2008) fajﬁ"‘lﬂ?
Litopenaeus vannamei (Cheng et al., 2005) i?jﬁ Litopenaeus stylirostris uaxf’jﬁu Fenneropenaeus chinensis (Du et al., 2007,
. T < 1 (R 9 ~ =2 ~ F4 F4 Yy
Liu et al,, 2009) 0813 lsnawsienudiulvgilumsdunudunazAnyimsaouauesuestu sniuluna crayfish 145
[ 4 '
M3Any iAo 1A BGBPs Az LGBP 1agAuNeI¥04fus U proPO 1a8WDI1 LGBP a1u1509uA Y LPS
uaz B-1,3-glucans HAZNTZAUTZVD proPO  dauludenardititiessieaiunmsaunudy pGBPuaz liliseaunsnudu
A = o = = 9 A = ' A9 Y . g ¥ e ) Y
PRPs ouq saudede lfimsanymihivesTdsaunguiiludeiidnadoyassnniug uazanaanudilena’lnms
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N324UV09 PRPs Taoi¥o 15 M1un139$1911909nqueU Clip-SPs 1 serine proteinase cascade 1ionszdu PO 1wl
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1.2 Wrfiveanguiu Clip-SPs aonalnnsnszquszuu proPO
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MINTzAUMSIMIUYeINgueu Clip-SPs  unalniididgyvesszu propo  TasngullsAuiignnszqulu
o { a =~ < ' o
anbaziiiu cascade Taolinsn)asuaingal inactive 1913lu active form (Lee et al., 1998a, 1998b) ttazdawalit Clip-SPs #2
gamoisedn PPAE wanihifinszduldsdu proPo 1WA PO activity B Clip-SP finuludailifinszqndunds
Usznoudae clip domain Na18@ 11 N 1Az SP domain 1a1ed € lun1igalnd Clip-SP 9z0glu31l zymogen Wio
inactive form ttaggnifasulieglugal active form Taoren lani Ins@me Adasd1adumziinsaeziiTu arginine 11az lysine
5513 clip domain #ag SP domain HAIVINNYNAANAIVTIIN clip domain 1Az SP domain V2 EIAAUTONADNUAIILTE
disulfide

H51eumsuentazAnEIBY Clip-SP Tuuuasvia1eyia 154 beetle Holotrichia diomphalia (Kwon et al., 2000),

silkworm Bombyx mori (Satoh et al., 1999), tobacco hornworm Manduca sexta (Yu et al., 2003) ua:iuﬂfjami”mm%uﬁaﬁ’a

2 ] I 1 1 I A

crayfish P. leniusculus (Wang et al., 2001) 8U Clip-SP annsoutsesnlaiiu 2 ﬂqucl,mg Ao (1) catalytic group Lﬂunqwn
[ 1 §

proteolytic activity wulu A diomphalia PPAF-1, -111, B. mori PPAE Ua¥ M. sexta PAP-1 1122(2) noncatalytic group Lﬂ‘uﬂijllﬁ
aidi proteolytic activity 99T UNUNNTABL T TU serine A2Y glycine Tuvsa active site Fany1dlu 4 diomphalia
PPAF-II Uag M. sexta serine proteinase homolog (SPH)-1, -II (Jiang et al., 2003) Tunyas & diomphalia s Tnauuazdnmn
dnyazauiAvoddy PPAF 911U 3 8 (PPAF-L, -1I 1 —I1I) (Lee et al.,1998a, 1998b; Kwon et al.,2000) tazwuinalnluy

Aa I I o A ~ @

M3N3ZU proPO (I wazll) Nvua 79 kDa Tegluzl active PO ilumsitmdnvedu PPAF-T Taoda proPO v11@ 79kDa
< d & ' o { g {
TWHvuaanauiu 76 kDa tazduasuae 11 TUsAu PPAF-T uaz1UsAu PPAF-IT Fevimthidlu cofactor 321aeu proPO

v v [

YA 76 kDa 1oglug active PO Tuuia 66 kDa  lunszuaumsiiou PPAF-II vziimefida PPAF-TT od198umizi
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n3Aozil Tu arginine N84 clip domain 1131 inactive form 1¥og 1131 active form FarimTAY cofactor Y99 PPAF-I (Lee

et al., 1998a, 1998b)
1 y . . a < = Yy ==
aamluunag M. sextalalisea1unsien serine proteinases 25 ilaluiadoAved M. sexta larvae taz 1@lINI5ANEN
Y A A g . i o VA A ) o q ¥ .
UUINLASANULINYIVDIVDY serine proteinase NUIEUUY proPO TﬂﬂWUﬂmel}miﬂizﬂuﬂ’Jﬂ [-1,3-glucan 2M11% serine
a o v 1< ~
proteinase HP14 INfA autoactivate M l¥ansoda inactive proHP21 114 active HP21 uazuwa”lﬂnsx@ju inactive proPAP-2
11304 active PAP-2 99z aamalH active PAP-2 a1:15011/28% inactive proPO 1#1ilu active PO Tagninanus iy cofactor
' 9 '

(M. sexta SPH-1 way SPH-2)ludsiiFianguasaaBouriuilifioan crayfish P. leniusculus ¥ia@o1nTminuuazdnu
A ~ ' a & IS ' o ' <
winhvesdu PPA TaewunTlusauiiamisonszdu propo il active PO 14 TaaTiidv101de cofactor PPAF 0819 l5naw
a'laifisreaunsensdnu i@y Clip-SP ANeavoalu upstream process Y09 115@U Clip-SP 1TMSINANITNTZAU serine

proteinase cascade 1dodals
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B proPO Qﬂﬁ}uWUﬂiQui nlu crayfish P. leniusculus (Aspan et al., 1995; Aspan and Séderhéll, 1991) wazaein'la
fsrsnulunquuesdad hilinszgndundaatowiialuasmadonudu propo  ifisriader Tuvazilunuamudy
proPO NN NHIIFIIA (Cerenius and Soderhill, 2004)
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1303241 prophenoloxidase (proP0O) ¥ l¥ilasuiilu phenoloxidase (PO) Huilu key enzyme v093zun InsHuoa
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5,6-dihydroxyindole (DHI) La20Y}ABA5Y reactive oxygen species a1W13nMIaaFouuaiiSonazi¥os11dlagnsala i
718U 1 UUNAe M. sexta (Zhao et al., 2007; 2011) wazlu crayfish (P. leniusculus) (Cerenius et al., 2010) wuuileld L-dopa
Vv Fa
lul§fsevedilueasendind, dopamine taz DHI @wnsniiaiede nuaiiGounsuuin nuaiizounsua o uas
v v Y Vv
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1.4 deszuvInsilueasendinalufanaid
INMsAUNT nazAnEIMINYe B UNINeIT097UTZUY proPO 1INgIudoyad Iundanaida
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(http://pmonodon.biotec.or.th) (Tassanakajon et al., 2006) ﬂmzéﬁﬂ'lﬁ'ﬂuwwuwﬁmmﬁw Aau 114 serine proteinase cascade
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Tuszuu proPO 152 NOURIGEU PmPPAEL (Charoensapsri et al., 2009) Fuilutuluszuugliquiuniianudvydonisog

Yy A 9y a d’l A . . A o Y a A F4 o =2 Y A ) =

FOAVOINUNONAATOUUANIZY Vibrio harveyi NN Tsasoanaalue uazdiimsdnymihivesdu uaz Tusau
Vg A ~ 4 4 { a A

PmMasSPH1 wuduilufimsuaasesnvesduuniuiionszqualesonuniiie V. harveyi (Amparyup et al., 2007) 1Az

v v ' ! . . . .. . .. .
Tdsauiinihinedann ldvareedrasu hemocyte adhesion, bacterial binding L01¢ antimicrobial activity (Jitvaropas et al.,

ya o

& Yy ~ oy A A A & o ' = ' A
2009) u’ﬂﬂmﬂuuﬂmsW?%Elmlﬂ'ﬂuW‘]JfJuGUENLE]uleIﬂJWu’t‘)ai‘JE]ﬂﬁmsﬂﬁ FUAN 2 (PmproPO2) %Qﬂﬁllmﬂﬁlllﬁﬂﬁulﬂﬂﬂu $\3]
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Any i Taoia gene knockdown A181MALA RNA interference WUNTUNLIMd R sesz Uy InsHusasendiad uazl

1 a dy a A Y
wammmmﬁvmmﬂmmium (Amparyup et al., 2009)
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vinfalaonuideaiatn@lu anti-coagulant solution (10%(w/v) trisodium citrate dihydrate) 1daflunuiradn 800 x g 4 °C

d
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<4 . v o A v ] 3 o ' Y A o o

Wunan 10 min Mminhazneuveadiadoausudalululasnumaluazinudledia13n -80 °C e li/ada RNA 1u

o ' o o & A A Y 1w A o S a o N Y o & o 1 ] o

Juaouaell drwsuiodoous 1dun du, mlen, oderzriundes, 4114, uaziale saunsdseuvesdenaidinin 4
J = = a o I o 1 (=]

szroy lAun wewwdea 3 (N3), Tnslagde 2 (22), Tuda 2 (M2) nazTnaa1n 15 (PL1S) Idiimainudedrausuialu

o w A o [ 1 [ = dy 1 Y o = -ﬁy
Tulasnumaiay -80 °Cc awdwuimieiliansa RNA do'li ludiuvesnsnaassiaonelsa lammsdawer,
[ v v '
harveyi (10° CFU) Mi30919@201iunde (150 mM NaCl) ihgiengunaass uazaatiunaenlsmasimermudigialungu

3 ' oA o o § o o
ﬂ’J‘]_Iﬂqll m‘ummﬁamm?j«maznquﬁnm 0, 6,12, 24,48 118z 72 h a1Ua1AU Lﬁ’ﬂuﬂﬂﬁﬂﬂ RNA

3.2 M3aia total RNA, M3IaNa genomic DNA 1aZMIFIUATIZH cDNA

MINIANA total RNA mmﬁ‘yﬁ)ﬁmmzﬁaéauiwwhm Y9ININAIAIAIY TRI Reagent” (Molecular Research
Center) 119 DNA fuuifousenTnetosgoion e RNase-free DNase 1 (Promega) 1101581A mRNA 91 total RNA
ig]}’JEJ QuickPrep™ Micro mRNA Purification Kit (GE Healthcare) Wﬁﬂmﬂﬁ}uﬁ%} N first-strand cDNA I@EJGHJ'} ImProm-II™
Reverse Transcriptase System Kit (Promega) Tudruves genomic DNA 1dnsas e DNA ‘IJENfi]}QfC]mﬁWWﬂ"IJ1’jWEJ‘Ij’15’JEJ
3% phenol/chloroform  31A512HUTUIMUAZAMNINYDY  DNA @20 agarose gel ~ electrophoresis 1A spectrophotometry

AUAINY

3.3 nslaautazmdnuiionale Inave sty cDNA 1sdruvesiy PmPPAE2 Tudenaid

WIM300NLUY degenerate primer (15197 1) MAUTNURTABZE TueusndAnD I T uInsAluauosdu
[ E ' v
PPAE Mii51891m 1 crayfish tazuuasning1udoya GenBank 9 1miniiuil5um DNA §78 PCR Tagld cDNA fiason
9 S 3 A % o & ' ° a s v . Y o Aa
Tdnnradaadonveadenarduilu DNA winuy $Hnsinsginadie agarose gel electrophoresis 133810 DNA #ii)
Sy o Y a &y o Y 1 4 o @ a 9

ynaasenuidesmsuiliusgniudnih il Tnaudhgonnes pGEM-T Easy (Promega) shimsananaidiiadag

4

o a o ¥ A = J a [
Plasmid DNA Extraction Kit (Qiagen) ndnimaaiia lmdrduiiandlo Inavesusnaeysnyg

o v A da < A
3.4 mymauiianalelnafiauysailaamaiin Rapid Amplification of cDNA End (RACE)-PCR
Mmseonuuy Inswesniumeasdu PnPPAE2 11nd 1901108 1o Inaueaui 1491nn 1519 degenerate primer
v v 1] ]
91n1IuRIMsANS MU cDNA Nauys8id28 SMART™ RACE cDNA Amplification Kit (Clontech) Tag 14 mRNA fin3on
s o & 1 o aaa IA o
lannaailiadeavesdanaiduiluminuulumsmiey 5 1ag 3’RACE cDNA H11l§ase1 PCR Taold lnsmosndumz
[ [ 9 [
Aoty PmPPAE2 #ildeonuun’ld (GRERNITIY)] MMIAATEHHAAIY agarose gel electrophoresis INTUAAIUDY DNA Nl
~ ° a = Qy 1
A uideansnihliusaqniaae Qiagen DNA Purification Kit (Qiagen) ttd21nau¥u DNA 1i1gnnnes pGEM-T
A o o v A A sa "
Easy (Promega) Wio1h llmidrauiinnale Inanauysel

a do & A A d o a
3.5 MINANZHMAVHIN I InAuazanUnIaazily

v A =2

a o 4 o @ a [ ~ Y
Ansgrarsuiinale lnduazdidunsaeziiluveaudardulaelylilsunsy  GENETYX  (GENETYX

9
C N3 =

. = =1 A @ Ao Y Y
Corporation)  nHWMMITeuneuaNumlounuBuntssaulugiudoya GenBank @d911lsunsy BLASTX
(http://www.ncbi.nlm.nih.gov/blast)  W1U1@EAIU  signal peptide taz TamuniinnudAndrellsunsy  SignalP 3.0

(http://www.cbs.dtu.dk/services/SignalP/) 18 Tilsunsy simple  modular  architecture  research  tool = (SMART)



(http://www.smart.emblheidelberg.de/) mud19y Mmsulseuieuanumilouvesdinuvesnsaezi luszrinsdunaule

Tae141150n5Y Clustal w2 (http://www.ebi.ac.uk/Tools/clustalw?2/)

3.6 MIANHINIIAISLIAIVBIEY PmPPAEL 12z PmPPAE2 Meludlunvedenaien
v v
I maduiina e lnaludin genomic DNA Y0484 PmPPAE] tiay PmPPAE2 Tagitmsiini/Sunasu

s A o v A s
genomic DNA @28 BD Advantage™ Genomic PCR Kit (Clontech) Iag1¥ lnsiesvategnooniuuanndduiiong le'lng

U

a o L4

Mol cDNA ¥098UPmPPAE] LAz PmPPAE2 MUY (1319901 1) MAMITIATILHRAASUH PCR @28 agarose gel

. Y o Ay o Y a = Qy A o o v A = 4
electrophoresis 11a29A1DY DNA Aidoamsui1duians Tnaudu DNA eth ldmdwuiiinilolna

3.7 msfinymsuanseanvesiiuluiiomoniag veadanaiidigmaiina semi-quantitative RT-PCR
k4 1
A3IVAOUMTUAAIODNUYDIOU PmPPAE2 1182 PmLGBP luiiloigoa1a 9 vodenaid Tagiin1sana total RNA
A A A Yy 1o a o J A oY o Ay ®
NIUBDEYD 6 BUA Vlﬂl!,ﬂ AU, LYNDN, BIYITUUNAD, m'lﬁ, W'Jﬁlf‘l] tazaaanniy TRI Reagent (Molecular Research
Center) 1132111 total RNA 'l 1 @314 first-strand cDNA @28 ImProm-II™ Reverse Transcriptase System Kit (Promega) 1
Ny A . L. Y s o v a A a

NITATIVTADOUNTULTAIDDNUDIIUAIYNAUA semi-quantitative RT-PCR Iﬂflql"]fthﬂll't‘)i‘ﬂﬁ]“WW%ﬁ@ﬂulmﬁzﬂu (M5 1N 1)

YA IS a J A o L4 9 .
waz 198U EF-1a Lﬂuﬂumuau UATIEHHAANUMN PCR A8 agarose gel electrophoresis

3.8 MIANINSHTAIPENVR B U] IO UIZEZ A9 YININAIIAINATA semi-quantitative RT-PCR
@514 first-strand cDNA 910 total RNA fiana lavindiseuvesdanaid 4 szez 1dunuemasa 3 (N3), Tws Tng
Fa
19 2(Z2), Tude 2 (M2) az Ina@a11 15 (PL1S) 91nHURINITATINA0UNTHAAID0NUDIIU PmproPO1, PmproPO2,
Y a . o v Ia o 1A ' a ~ ]
PmPPAE! 11agPmPPAE2 A28iNATIA semi-quantitative RT-PCR Tag 1% Insmesnsumzaeduunazyiia (3199 1) waz 1y

I a o a a o 4
U EF-1a L‘IJL!fJuﬂTUﬂiJ MM ATz HHaAS M9 PCR ﬁl’JfJagarose gel electrophoresis

3.9 MAANZHMIUaAIRENVRIBUABMIAAIBUUATISE V. harveyi AIBINATIA Real-time RT-PCR
° Y] A o Y ] a y da & LA o v g
#1M3a$1a first-strand cDNA 910 total RNA fidiia ldandalnauazdesnaaior. rarveyi iivorimnlfiilu DNA
1 o 1 o . 4 . . . I o A 1 a
LUUBUUTIHTUNITN real-time RT-PCR Ggllﬁﬂlﬂ?m iCycler-iQ™ System (Blo-Rad)IﬂEJGI,‘%}Il‘WﬁmE]iﬂ%?LWW&@]ﬂﬂmliﬂﬁz%uﬂ
ldeonuun’ld (M3190 1) LazAnmNTZAUMIUTAI0OAVBIBUIN signal YBIT SYBR Green I (Bio-Rad) Tasldeu EF-
ST u’/l ° a ~ 1 oAa g A A = = o 1 Aa
1o HuBunrugy nimiuhimslnszdmsuaasesnuesdulunguiidaeuuaiis oS suisuiunguaiuauiaadae

1 unaoaINITV0d Plaffi(Pfaffl 2001)

a a I3

310  msaduazwansnenDuvunldsiu rPmLGBP

A o ~ v o VI s o A

s uIUBY PmLGBP Tagleu lal Pfis DNA polymerase (Promega) 119 Insiuosnsunie Av PmLGBPexp-

£ Ao ' o o L4 I Y o w A Y 1 4
FR dalidmiisdasumizveaouls EcoRI 1oz Xrol agmiatatediu 5 awdwu (ased 1) waz Inawdhgnnaes
4 ] H °
pET-28b(+) tdmsmanesudng E. coli Rosetta (DE3) pLysS (Novagen) trilgniil#inmsuaasoonvoslisaudae IPTG
34 o < I o Y= = . Y . v
Wunar 6 h dmsinuesad laewii Tiun 8,000 rpm Wunat 15 min aza1eaznoUaaA8 20 mM Tris-HCI pH 8 1122
4 = a = an

wlfaaduan@loin3e4 ultrasonic oscillator ¥111/5@1 rPmLGBP 11T gnTuay refold Mu35U03 Amparyup et al. (2008)
@ Y 9 2 Y 3 o a o A A a = (a s Y a
FaanududuTUsau rPmLGBP @20 Bradford assay 91nHuiisneuduuui llsauniuenusgns lUanszddremailn

SDS-PAGE 1ag Western blot analysis Tagly anti-His-tag monoclonal antibody

311 MsAPYINANMSIUNY (binding activity) V091UsAU rPmLGBP U PAMPs
Mnsoaan B-glucan (Laminaria digitata; Sigma), LPS (E. coliO127:B8; Sigma) l1a¢ soluble Lys-type PGN

(Staphylococcus aureus; InvivoGen) 26198220 ug aslunag well Y99 96-well microplate naldutan 37 °c una



wau 1 ldude 60°C @11a1 1h 910373 block A98 bovine serum albumin (BSA) #1 37 °C 1511781 2 h ud2d131154u

¢

1 Y :j a a 1 oA a < @
ligniueendie TBS nnviudnTisAu rPmLGBP(0-10 uM) asluudag well udrniungungineuilunal 3 h waswn

#
anlisAunlignivesndie  TBS udaiimsAaaiumsiuiuveslls@uny PAMPs uaazyiia Iagldant-His-tag
monoclonal antibody(1:10,000) T primary antibody uazld alkaline phosphatase-conjugated rabbit-anti-mouse IgG
(1:10,000) W secondary antibody Iﬂﬁlclélaf}p-nitrophenyl phosphate (1 mg/mL in diethanolamine buffer) T4 substrate 1482

aﬂmuiﬂmmmﬂﬂﬁuumﬁ 405 nm Taglda509 microplate reader (Molecular Devices)

312 msAn¥ImiINfves rPmLGBP lumsnszduszuy proPO
= 3 A Y ° s A v . N o Y=t S I

w3sNlaaeanIna1d lasmsfuaennaly anti-coagulant solutioniimstlufuisaai 800 x g 4 °C 1luan 10
min 31ALADUVDULARDARIY cacodylate buffer (CAC) pH 7 vawsaaiiadenlutiimesiReadu uazairlaiui 25,000
x g4°C Wuan 25 min Huaisazais hemocyte lysate supernatant (HLS) laie 19dnae 11/

o = Y A = P ' o

Mmsaneinued11sau rPmLGBP Tun3nsgduizu proPO T HLS (250 pg) 11 LPS (0.1 pg/mL), B-
1,3-glucan (0.1 pg/mL) %30 PGN (0.1 pg/mL) luanngifiuaz il tPmLGBP (4 pM) fgavgiives iiunat 30 minlag

v v 4 v
QN negative control 1$inauunu HLS nmiuanduaasy L-3,4-dihydroxyphenylalanine(L-dopa) (Fluka) HalUusden
a9 I . aaa ) aa Yy 9 Y o o A A

gangiideuduna 30 min vigalPnsediensauedandudu 10% (vv) ndnillianimsganaundai 490 nm uaz

nunatiua PO activity (PO activity = AAm/mg total protein/min)

3.13 M358 double-stranded RNA (dsRNA)

imsoenuuy lnswe RS un1zAe8Y PmPPAE2, PmLGBP, PmproPOl 1182 PmproPO2 HAZBUAILAY green
fluorescent protein (GFP) (f{e1i111141n3 o3 DNA usinuudm$uasha single-stranded RNA (ssRNA) §28U57501 PCR Tag
1 nswoesidunilaiduves T7 promoter odfivyate 5 nazdnidu lifidamves T7 promoter (13191 1) duns 121 RNA
A3 in vitro transcription Tag1¥ T7 RiboMAX™ Express Large Scale RNA Production Systems Kit (Promega) ﬁ]]ﬂ‘lfuﬁ1
ssRNA €10 sense 1A anti-sense N1UT1aA1THL1 anneal f1 M TanziqammuazSinaves dsRNA fada1ddme

@

spectrophotometry Ll81¢ agarose gel electrophoresis ﬁ@uﬁﬂﬂﬁm‘fl}ﬁj GI’JfQjQ

314 msdfuifanisuanieenvesiudis dsRNA

#IN3Aa dsRNA  ¥098U PmPPAE2, PmLGBP, PmproPO1  118% PmproPO2 191g13 ludasidiu2 pg sons
i 1 ¢ TaonquAILANIZAAAIY GFP dsSRNA 1Azt undo (150 mM NaCl) Léﬂqﬁuﬂunm 24h 132%1M35RA dsRNA
wioriunaodi lipopolysaccharide (LPS) tta2 laminarin (B-1,3-glucan) wauagicgﬁﬂﬂiga ﬁ1miu,§ymﬁ’wie"lﬂ§mﬂunm 48 h

315  msasvaevdszanEmwmsduginisuanieanvestiuaemaiia semi-quantitative RT-PCR

WMMaALIAANNAIRAARI8 dSRNA Y89 PmPPAE2, PmLGBP, PmproPO1 1182 PmproPO2 azAelunguaiuny

] o v v

fifad10 dsSRNA ¥4 GFP aziiundefina 48h new&an1nnIsiia dsRNA ASa7i 2 119 total RNA 470 NucleoSpin”
RNA II Kit (MACHEREY-NAGEL) imsd i?’} N first-strand cDNA Iﬂﬂ%’)’} ImProm-II™ Reverse Transcriptase System Kit
(Promega)  A32980UU52ANTMNNITAANITHAAIBONYDITURIBINATIA semi-quantitative RT-PCR  1asl% lwsimosd
SunzAety PmPPAE2 waz  PmLGBP mwddy (m319fi 1) Taelddu EF-1a 1fufunivnu wdanniuasiaen
AMSINIZYEY dsRNA TunsaanisuanseenvedudIemaiin semiquantitative RT-PCR Taeld lwswefisumszde

B Clip-SPs (PmPPAE1, PmClipSP1 18z PmClipSP2) ita Clip-SPHs(PmMasSPH1, PmMasSPH2 (a2 PmMasSPH3) (113519



i D Fmuludainanduiludinsndeunnusumizves PmPPAE2 dsRNA lumisaanisuanioonvesdy PmPPAE2

oaz’ a d a o 14
NMINAATIZHHAAS N PCR A28 agarose gel electrophoresis

'
v A

! Ed
asvszAUMsuaaIeenvetuluszuugiquiudwilelmsiudinsuanioanuodu PmLGBP 130 PmproPOs

a

1a83% RT-PCR Tae 14 w55 fsum1zve 384U antimicrobial peptides (penaeidin: PEN3, crustin: crus-likePm and SWDPm2
and lysozyme;PmLyzc), 811152 UL proPO (PmproPO1,PmproPO2, PmPPAE11a2 PmPPAE2 11az8u Toll receptor (115147

1) waz 148w BF-1a fuduniuau

3.16  M13A5IVABU phenoloxidase (PO) activity Tuafigndudamsuanseanvestiv
MMsIAIAPANINAIMAIINAA dSRNA vesdu PmPPAE2 uaz PmLGBP uazdalunguaiuquina1 48 h

FA v 9
NA9INMIAA dsRNA A599 2 1mindalsuannuduiuveslysaulaels Bradford AssayKit (Bio-Rad) uagiinims

v o

A529@0U PO activity IagunTuUsAnluindeavesdeiuduaiasy L-3 4-dihydroxyphenylalanine(L-dopa) ~ (Fluka)fl

Yy 9

a [~ a a a o v 1 A 4
gaigiides Wuar 30 min udmgalfnsmdrensatedandudu 10% (vv) shimsiasimsganauuaainnuenay
490 nm

v
[

. X
317 MSANHIINIINIMEVRININGNEUEINSUTAIDDNVDITUNENAININNIINIZAUNILNYD V. harveyi

a

. a ( 4 g o ( 2 .
MMSIRUTOV. harveyi 639 Nigaivingi 30 °C (Jua1 18 h Tue1151aeude TSA (Tryptic soy agar) 911U

U

a

d’l = d’l d’l dy . ~ < 9 A Y 2 o dy A o
150 1 IﬂiaulﬂmElﬁiu'f]']ﬁ']ﬁlﬁﬂﬂ!‘]f@ TSB (tryptlc Soy broth) NYUNHN 30 °C Wunanuau e ureuuanG e IUIU

U

a

dy 1 dy d’l d’ o [ a g A A @ 1 Y g
40 uL waeeae luemisiaeuse TSB 8mL Ngaingu 30 °C mmsiadsmnaudenuaiGelasian OD600 wazl¥1%o
A 12 4 1

Ao 5 Ay oy A Y o = =t 9
HUAMETYIIUIU 2% 10" CFU RAUgININDATIVADUDATINITAIYUDIN Iﬂﬂmlﬂ‘V]WﬂTiﬂﬂ dsRNA ¥938U PmPPAE2 101¢

aaneludaiidiu dsRNA 2 pg aedatimiin 1 g dmsudelunguaiunuagindio GFP dsRNA 1ag 150 mM NaCl ¥ims

4
= Y 1

< ea/’ o 2 oy Y a A Y Y ‘ﬂy A A .
mmﬂwa”lmﬂunm 24h NATUMMIAAGIAY dSRNA YT auniaunsounuirouuniniGe v. harveyi 639 (2x 10

a

5

o o Yy o { o o o 2 J vy o
CFU) i]ﬂﬂuﬁﬂﬂ@ﬁ'lﬂ'lﬁﬁ']ﬂ"llﬂ\iflﬂwa\?ﬂ’]ﬂaﬂl%ﬂ 3hAUNTSNIATU 5 U Tﬂﬂﬂ’lﬂ’]ﬁ‘ﬂﬂﬁﬂ\?‘ﬂ\?ﬁﬂﬂ 3 "]ﬂllagcl,‘]ff‘]\i 9-10 AN

ADNGUNIINATD

318 M3ATIVARUIIUINGD V. harveyi Tufsigniudanmsuansesnvostiv

v
ia dsRNA v038u PmPPAE2 1i1gddelusnsidin dsRNA 2 ug aefarhmin 1 guaznguaiunuindle GFP

L] a

v
Y =2 o a2 o 9

o Y 1 < a 1A @ §
dsRNA shimstaeefane lUiilunai 24 h udrdeiimsaadide dsRNA Ysuaunudunseniuie v. harveyi 639 (2 x 10°

o S g A Yy oA o a2 & 9 o A o o & . an
CFU) HAINUUNVADAINANULUAAZNYUNLIAT 6h NYHAIINNITRALYD Llajuuﬁ@ﬂhlﬂu‘u@ﬂu']um'@[/t harveyi JCY6H

o & J Yy o 1
total plate count TaoiinMsnaaoaiavun 3 4 uaﬂ@mq 3-4 AI9BNUNITNANDY
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M1 1 Srauindlelnaveslnwsmesililumsfnuszuy propo Tudenad

Primer Sequence (57-37) Primer Sequence (567-37)
Cloning and Recombinant protein expression Lysozyme
PmLGBP PmLyzc-F 57 GCGGCAGCGATTATGGCAAG 3”
5PmLGBP-F 57 TTCTTATCCACAGCAGGATG 3~ PmLyzc-R 57 TTGGAACCACGAGACCAGCACT 3~
3PmLGBP-R 5 TATTACAGTTTAGTGGAAGGATTTA 3~ Toll receptor
PmLGBPexp-F 5” CATGCCATGGCAGACATCGTGGAGCCCGA 3~ PmToll-F 5” GAATGCTTCCTCGGGTCTGC 3~
PmLGBPexp-R 5”7 GCCTCGAGCTAATGATGATGATGATGATGC PmTolI-R 5” GCTCAGCCATGACGAGATTC 3~

TGCTCGGTGCTCTCCATCT 3~ EFl «

Real-time PCR EFlo-F 5” GGTGCTGGACAAGCTGAAGGC 3~
PmLGBP EFlo-R 5” CGTTCCGGTGATCATGTTCTTGATG 3~
PmLGBP-F2 5” TCGACAACGATATCTGGGA 3~ Gene_silencing
PmLGBP-R2 5% CCCGCGGCCGTTCATGCCCCAC 3~ PmLGBP
Semi-quantitative RT-PCR analysis PmLGBPi-F 5% AGGGCTTCGTAGCGTCGGTC 3~
PmproPO1 PmLGBPi-R 57 CGAAGGAACCTGTATTTGCT 3~
PO1RT-F 5” GGTCTTCCCCTCCCGCTTCG 3~ T7PmLGBPi-F 57 GGATCCTAATACGACTCACTATAGGA
PO1RT-R 5” GCCGCAGGTCCTTTGGCAGC 3~ GGGCTTCGTAGCGTCGGTC 3~
PmproP02 T7PmLGBPi-R 57 GGATCCTAATACGACTCACTATAGGC
PO2RT-F 57 GCCAAGGGGAACGGGTGATG 3~ GAAGGAACCTGTATTTGCT 3~
PO2RT-R 5” TCCCTCATGGCGGTCGAGGT 3~ PmPPAE2
PmPPAE1 PmPPAE2i-F 5” GCGGCGGTCACGCTCCTTGTTC 3~
PmPPAE1-F 5% ATGAAGGGCGTGACGGTGGTTCTATG 3~ PmPPAE2i-R 5” ACTCTCGGGGGCACGCTTGTTG 3~
PmMPPAE1-R 57 CTCTTCTTCAAGCTCACCACTTCTATCT 3~ T7PmPPAE2i-F | 5 GGATCCTAATACGACTCACTATAGG
PmPPAE2 GCGGCGGTCACGCTCCTTGTTC 3~
PPAE2-F 5” ATGCACTACCGGGTTCCCACGATC 3~ T7PmPPAE2i-R | 5 GGATCCTAATACGACTCACTATAGG
PPAE2-R 57 CTAAGGTTTGAGATTCTGCACG 3~ ACTCTCGGGGGCACGCTTGTTG 3~
5PPAE2-F 5” ACGCGGGAGGGAGCAGCTAC 3~ PmPPAE1
3PPAE2-R 57 AGATAACTAGATAGGCCTGATTACGA 3~ PPAI-F 57 CGTCTGCTTCATTGAGGGAGTG 3~
PmClipSP1 PPAI-R 5” GTAGTAGATGGTGCCCCAGCCT 3~
PmSP1rt-F 5” TGAGAGCACAAATAGTGGAGGGGTA 3~ T7PPAiI-F 5” GGATCCTAATACGACTCACTATAGG
PmSP1rt-R 5% TGGAGGCAGGCACACAGGCAAC 3~ CGTCTGCTTCATTGAGGGAGTG 3~
PmClipSP2 T7PPAI-R 5” GGATCCTAATACGACTCACTATAGG
PmSP2rt-F 5% GGCGTTGGTCTTCACTGCTCTC 3~ GTAGTAGATGGTGCCCCAGCCT 3~
PmSP2rt-R 57 CAGAACTGCCTTCCAAGGATAG 3~ GFP
PmMasSPH1 GFP-F 5” ATGGTGAGCAAGGGCGAGGA 3~
PmSPH1rt-F 57 TACGTACTCATTGATATCAGGTTTGG 3~ GFP-R 5” TTACTTGTACAGCTCGTCCA 3~
PmSPH1rt-R 5”7 GCCTCGTTATCCTTGAATCCAGTGA 3~ GFPT7-F 57 TAATACGACTCACTATAGGATGGTG
PmMasSPH2 AGCAAGGGCGAGGA 3~
PmSPH2rt-F 57 CCGTGAACCAGCGATGTCCTTA 3~ GFPT7-R 5” TAATACGACTCACTATAGGTTACTT
PmSPH2rt-R 5” GCCACACTCTCCGCCTGCTCCG 3~ GTACAGCTCGTCCA 3~
PmMasSPH3 RACE-PCR
PmSPH3rt-F 57 GCTCTTGGTGCTGCCGCTGTTG 3~ PmPPAE2
PmSPH3rt-R 5” CACCGTCCACGCACAGGTAATA 3~ PPAE-SP-F 5” CGATACGTCYTGACSGCSGCNCAYTG 3~
Penaeidin PPAE-SP-R 5” TGCATGTGCGGRCCRCCRGARTCNCC 3~
PEN3-F 5% GGTCTTCCTGGCCTCCTTCG 3~ PPAE2-F1 57 ATCCGTCTCGGCGAATACGACTTCTCCA 3~
PEN3t-R 5 TTTGCATCACAACAACGTCCTA 3~ PPAE2-F2 5” CCTGAGCAAGTCGTCCTCCATC 3~
Crustin-like peptide PPAE2-R1 57 GCCCCTCTCTGTATGTCCCCAGCCAATC 3~
Crus72-F 5” CGGCAGGTGTCCACAGATTCG 3~ PPAE2-R2 5” GAAGGAGCCGACGTTTAAGCCA 3~
Crus72-R1 5 AATTGATGAGTCGAACATGCAGGCCTAT 3~
Single WAP domain-containg protein
SWDPm2-F 5” CGGCATCATCACCACGTGCGAG 3
SWDPm2-R 5” TCAGTAACCTTTCCAGGGAGAC 3~
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4.1 MIANHIHUINUDI pattern recognition protein “luszuuiwsv\luaaaenmmaﬁumqa

Tlsau lipopolysaccharide and [3-1,3-glucan binding protein (LGBP) Wulals ?mbluﬂfju pattern recognition protein

]
=t

Ao o A a j} 2 o Y o o 2 Y a Y

(PrP) A1y lusyuy proPo Taeiiieliyelsayngn Tusau PRP aziivthdudugadwiyngmdhun inamsnseduns
o ~ ' X &£ ¥ . Y v A ' =~ v o WYY ~

KU VDIBUNGN proteinase FITINANTZAU phenoloxidase T a1 umariulumsaingadn ludsnaidrlddunudu LGBP
&~ o A ] I [ ] = A
Falinnuadenudu LGBP vel crayfish Pacifastacus leniusculus 83 76% 0619 1501w & limetimsanuinrhnue sou

F A v v
LGBP lufanaidwineu lumsanuinieilladnymihiinazanuneadesuszuy proPO vedu LGBP Tudanaid

Taol¥¥odwilu PmLGBP
4.1.1 msAnyanyMzaNlAva ey PmLGBP

a do v A = o ~ 1 .d' @ Y = c!'d a @
MNNMIAATHAAVTING To Induesdu PnLGBP wudndognuilasvaaz 1a TisAunlinsaoz i Tu 349 ¢
(accession number JN415536) ﬁﬂ'maaimaqmms isoelectric point (pl) AU 39.8 kDa tag 4.28 audau umillng
1] ~ 9 a o A a Y 1 =3 s Y4
ﬁmm?uﬂﬂigﬂﬂﬂﬂjﬂﬂiﬂﬂguiu 17 ﬁ’JLLﬁ%llJ?J'JLﬂiW%‘;Wﬂ’JfJT‘]JiLLﬂill SMART W‘]J'JWIT.]?WL! PmLGBP Mﬁ?u@uﬁﬂﬂ‘ﬂf’)\i
Tawu glycoside hydrolase family 16 AAMNU979-290 Fe1lszReURIeaIU polysaccharide binding motif, glucanase
recognition motif LAY beta-glucan recognition motif Haz il integrin binding motif (RGD) E]§]i 2 UTNUNANUN 106 LAz 157
o 1 Ao w a @ o < =)
Han1391 BLASTX W71 PmLGBP fid1eunsaezii Tuadieny B-GBP veanena1fing 99% uaasliiviuiieu PmLGBP
] ST = o o A a 1 < ~ =\ A a o A @ =
1!1%3!‘]J1!fJuLﬂfJ'Jﬂuﬂ‘]J‘ﬂLﬂlelﬁﬁJ\ﬂu ’t‘)EJW\‘]lliﬂGnlJEJu PmLGBP Mﬂ?1ulﬁu@uﬂl@ﬂﬂ5ﬂ@3ﬂiuﬂﬂfJu LGBPs Glumﬁmmau
d' = = 2 09/’ A =S 1 = v A dl 2 =)
lﬂﬂ‘ﬂfﬁl Tﬂﬂllﬂ’ﬂllﬁll'ﬂu 81-95% ANUU PmLGBP ﬂ'E]T‘]J':WIUﬂQMMEJ’JﬂUfJu LGBP TlW‘].Iiuﬂ'iﬁLm"]fﬂu

= A A = s A v
4.1.2 NIFUAAIDDNVOIYU PmLGBPGlH!uﬂ!ﬂﬂﬂNﬂ smzmiuamaanmmau‘lmumaﬂﬂmmqa
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A

naMNAa V. harveyi
A = ~ A A ¥ a gy aa . L. '
HeANYININAAI0ONYDIBY PmLGBP luiiloigoa1s ) ¥94A9ndA 41675 semi-quantitative RT-PCR W)
= = < A 4 a A o o A ] d’l A A
ou PmLGBP imsuaaseonuinludiadenvesds (31U 14) eiieniuduniugy EF-1o Taeliudaseonluiionedu
4
YDIN
= ~ < A v o = Y v & LA
NMIANYINTUAAIODNVOIOU PmLGBP  Tuiilaidonvoaienonaimsnanszquaiodo V. harveyi 0
1] v Fd
11810, 6, 12, 24, 48 uaz 72 h #2673 real-time RT-PCR WU711a1 24h U PmLGBP 1i0A51M31aa00 nNugaiuuIn
1 v 2 [
pgnTiiod iy (4.77 Muileiieunui 0 h) ¥ae Ao V. harveyi (319 1 B) 1anedidu PmLGBP ianwdifgaons
9
ADUTUDIADIYD V. harveyi
= v a =~ v o Y A
413 msAnerinfivesdy PmLGBP ludegaidicdigmaiia RNA interference
' 1] 1 v
AN EIMTNNMININULAZANUAEIVEIVDIEY PmLGBP ABYUL proPO lAdudansuantennvedty
PmLGBP #18 RNAi LazAnYINansenuAsLanfianued phenoloxidase (PO) lutdoafds wuinninmsnaaseia dsRNA
v E
Yo40U PmLGBP 130 GFP (nquadugw) igainalutlSuna 5 pg dsRNA aotimiings 1 g ndein 24 h iimsaadidae
dsRNA 1Sanaumudunsoununszquaie LPS uaz laminarin (B-glucan) tive 1% 115@uluszuy proPO gnszdu ims
4 T I [ a a 4 a a o g/’
[289R9A00N 48 h NUIAEAIIANA RNA 1azd319 cDNA AnTzia0madia RT-PCR 1ionsndeulszdninmmsduds
G I o v A 1
MIUAAIDDNVDIOU NAINMITATIVEDD Tae 1Y Inses NS unz A UEUPMLGBP (PmLGBPi-F 1a¥PmLGBPi-R) WU

dsRNA v996Y PmLGBP #111308AN151@AI09NY030Y PmLGBP (U7 24) 18 ieiisuiunguaiuguiandle dsRNA



i 9
k4

GFP %30 NaCl tieas9aeuTisAu PnLGBP  Tagn13141 immunoblotting WUIAINGATUIIMIUTAI0ONVDIBY

a

a = A A o ' A
PmLGBP iJfﬂillﬁﬂ\?ﬂﬂﬂﬂl@ﬂiﬂi@]uaﬂﬂﬂLlIE]mﬂ“lJmJﬂZj'llﬂ’J‘]Jf’]iJ (zﬂ'ﬂ 2B)

517 1 MsuaasoanveIBY PmLGBP (A) M3UdAI0ONYBI0Y PmLGBP Tuiileigoa19 #1675 semi-quantitative RT-PCR;
Hemocyte (HC), hepatopancreas (HP), gill (G), lymphoid (L), intestine (I) ttaiheart (HT)T@] 846U EF-1a ndJu internal control
(B) M3NaAI00nU038U PmLGBP Tuiiiadeaunddandimsiadioiie V. harveyi 1010, 6, 12, 24, 48 1ag 72 h #1633

real-time RT-PCR

il 9

sUf 2 msdudemsudaseonvesdunaz Tsan PmLGBP v30ina1d1a163% RNAI shimsastedeviszaninimms
4

Fudamsnanieenveddu PmLGBP (A) waz115Au (B) 1dana dsRNA 1az31A312HA8 semi-quantitative RT-PCR 1@z

a 9

y g/ I 1 IS
western blot analysis 1n8Rafigniindie dsRNA ¥048U GFP uaziiunie (SSS) ilunguaugu 196u EF-1a fuduniugu

#1m30 RT-PCR taz1d p-actin 1fluT1/s@unuau



4.1.4 1135A329@0U phenoloxidase (PO) activity HaIIUGINSHAA0ONVDIEY PmLGBP

Y A

k4 1
HAINNTIVEINITUAAIDDNVOIEY PmLGBP L1agAIIvedoU PO activity ﬂlﬂﬂfjﬂﬁgﬂ knockdown WUI11)IN

)

Aad10dsRNA 10981 PmLGBP 182n353AUA28 PAMP (LPS 1ag B-1,3-glucan) A1 PO activity anad 39% odniitiod iy
aa A A = A o ' Aoy ~ L. Vo Aa oy 1
nedada (310 3) WenlSeufeununquatunuidadie NaCl Tuvmzi PO activity veanguinadle GFP dsRNA 1if]
"o I Ao o aa d o v Y Ax g A A o L. P ady 1 ya
anuuananiuegiitied ynataloouiudeiandie NaCl 11ens1zH3zau PO activity Tudenan lilddia

9 o aav 9

1 4
n3zduAIe PAMP (LPS 1z B-1,3-glucan) nui i liuanaedsihisddgnadanudenguidudimsuaaioonves

= Y I 1 I =3 A o Yy 9
84 PmLGBP Ha31nn13naasaadliiiiudl PnLGBP Hlulisau PRP fi1a1uluszun proPO taggnnizquaie LPS

1ay B-1,3-glucan

a L. A v o A o o ~ v A .8 A Y A
51.]7]3 PO activity GlmaawumQmmﬂmgﬂauENm'i!,LﬁmaE]ﬂsumfm PmLGBP agnaun RNA1L INUADATNN 48 h

U

@ a A : A 3 ~ 1 aas A Y agq 9 I aadd’l Y oAy Y
HOANINNA dSRNA (V59U UNAD) ATIN 2 ALUBNNIAUDY PO Glumf]ﬂﬂq\i’ﬂﬂﬂ1"]5!,1J°LJLL’EJﬂ‘VI’J@]Wuﬁ'luiuﬂﬁﬂi]ll‘ﬂvlllgﬂﬂi%ﬂu

£ a

A28 PAMP (LPS 118¢ B-1,3-glucan)

4.15 maaraazkansnendnuunlsauPmLGBP

4 = I A { 1 ] 1 Ao
1H9991n8U PmLGBP Lﬂuﬂuﬁagiunqmm pattern recognition protein (PRP) avzszneudmed ity

v o ¢ : ' v o by ¢ & v & o a
AUMTUYAa9aTN Ao glucanase-like domain FIMANAWITOIVAY B-glucan VINHITIFAAITFOTIRUINT IATIMIHEN
Tus@usaoudiuuud rPmLGBP emdnymTin1edinm wavinmsnas Tlsausaentuuusinuh insuaasesnsg

1 o a = @ . o
ludau inclusion bodies 3911 1%aza10Tasl® 8 M urea uonl¥uignialeneausl nickel NTA 1az1i111 refold 1u 20mM
. & o a sy =~ 2 o Yy o a
Tris-HCI pH 8 13931 11/31n312% @28 SDS-PAGE wunov T1/sAnvunadseuna 40 kDa Falivuialndifeady 40.8 kDa
° a < J a a a N % °

Aunaldannnsaesilu uaasldmiuiaunsondanazuon TusAusnondunuiliuigns 18 Feawnsori T 1460w
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4.1.6 M3ANIMIDUNUVR1Y5AY PmLGBP HU PAMP 38735 ELISA

Mmmsnseiauiaves PnLGBP lumailu PR TagAnuinmsduiuvedlysdu PuLGBP iU PAMP
$112U 3 ¥ilAfAD LPS, B-1,3-glucan 1A Lys-type PGN 22873 ELISA (gﬂﬁ 4) wunlysau PmLGBP e1u1399UNU LPS
118¢ B-1,3-glucan (laminarin) 18 1@ PmLGBP 11i@111509UAY Lys-type PGN m3duves11/sAu PmLGBP iU LPS uag B-
1,3-glucan Lﬁwﬁyumuﬁmf'mmm LPS uag B-1,3-glucan ﬁgﬁwﬁyu (concentration dependent manner)Iﬂﬂﬁﬂ'W dissociation
constant (K,) Y04 PmLGBP 111 LPS 1ag B-1,3-glucan 1M1 3.55 + 1.03 x 107 M 1102 6.86 = 1.86 <107 M aud1ey (3107

1) a7 181 T1l5Au PmLGBP ilu PRP fidnsadui LPS uag B-1,3-glucan 1

5UM 4 M39Uv09 rPmLGBP 11 B-1,3-glucan az LPS Tagld1/5u1as tPmLGBP (0 ©9 10 uM) 1 LPS %30 B-1,3-glucan

) { a ¢y a o J o PR _ o o
ﬂ'J’]ll!"’UﬂJ"’Uuﬂ\iﬁ !La&"alﬂi’]zﬁﬂ?ﬂ?% ELISA NMMINAany 3 41 ﬂ’]uﬂmllﬂﬂ'] dissociation constant (Kd) q11IU LPS (Kd =

3.55+1.03 x 107 M) t1ag B-1,3-glucan (K, = 6.86 + 1.86 x 10" M)

4.1.7 msfnnmsnszquszuuInsilueasendiaaluinaendsdelsiv PmLGBP lagld

#IN352AU B-glucan 130 LPS 1azAsI9@o PO activity

NN INAADINAUNYIN TU5AY PMLGBP @131509UNY B-1,3-glucan 1AL LPS  39404n13ANYIAIN
{fer¥0av09 B-1,3-glucan 1Az LPS fUBYW PmLGBP A0MInszduszuY proPO Taeti B-13-glucan 150 LPS ujufiy
Tstulwdiadeon MLS) vesdenardr uazldTusiu PmLGBP udrnsnaeuneniiiaves o wuduiletihlusiu
PmLGBP 118z HLS veIfeuuiy B-1,3-glucan 30 LPS &7 d1m130nszquueniiinves PO it 729% (1 5B) uaz

88% (317 50) mwdau Werisununquatugui lildnszdu (310 54)

@ 1 < @ 9 1 = ' aad
Tunaasaiudhumstudiadenndy p-1,3-glucan #3o LPS Tae'liilaTysiu PmLGBP nudweniinves
A 4? < Y [} 1 ] 12 v o W ] I A ] = =3 <3 A
PO minduantos luuanaisedns liivedian (P > 0.05) ed1elsnaiietiuTisdu PmLGBP waz TilsAuluiliabon
(HLS) i PGN wu1 luamnsonszdu PO activity 14 (317 5 D) mavinmsnaaesajl 1 PmLGBP dwisoduiy -
&g [ @ J dy A Y 1 9 o
1,3-glucan ez LPS Fuiuaiuilsenouueaniuyadve uso s masuuanizsunsuay 1adainanssqun1snianuues

5201 proPO Tufa



517 5 M3nszduueniinved PO 1ae B-1,3-glucan (laminarin) %30 LPS tifoldTsdu PmLGBP (A) hidudinszdu

U a

(HLS + PmLGBP) (B) 1@y B-1,3-glucan 1HUFINTZAU (HLS + B-glucan + PmLGBP) (C) 1n LPS Hudnsedu (HLS +

LPS + PmLGBP (D) 1@y PGN 1iludinszdu (HLS + PGN + PmLGBP) Jaswenidaued PO lugi AA,, /mg total

4 4

protein/min 11N NAADIET 3 AT

4.1.8 MIANHINAVIMITUHINSHTAI00NVD9EY PmLGBP t1az proPO ABNISHAAIPONVDIEUT

= Y % Aay o 4

Mevesnuszuugigunulude
A a = = v o Ay o A oA '
IUBDIINUTIYIUDIANULNYIVDIVOITE VY proPO AUITSUUHUANNUDU ) IFUNADADNIIAIVANNITT

@

v v F
ILEAIDONVBION antimicrobial peptide (AMP) 1113301134 1das19doumsuanseanvesouluszuugiquiulugenduds
MM5UAAIDBNVYDIEU PmLGBP 11aY PmproPO ¥41l52noudieduluszuy proPO Ao 84 PmLGBP, PmproPO1, PmproPO2,
PmPPAE1, PmPPAE2; 81 AMP 18 81 PEN3, crus-likePm, SWDPm2, lysozyme; 1a%8u Toll receptor
. Y 1l

Wedugimsuaatoonvosdu PmLGBP wu lulinadeszaumsuaaseonvesduluszuugiiquiuila
o = o A ¥y A Y o o ¢ v ' < A
Rmsdneanua (U7 6) nnwandaslfiiui PmLGBP lunerdesiumsdunsizn AMP luds ed1elsiauiiean
AIUAAIOONVDIIU proPO (PmproPO1 L1aZPmproP02) WU 5EAUNSUEAINYBEUIUTEUY proPO (PmLGBP uag

o

PmPPAE2) tazdulungy AMP (PEN3 and crus-likePm) imsuanasesnanasedniiodifamniaada (U 6) naaliiiu
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718U proPO laiifisauanIuaNMsIEAIDNYBI8U U proPO cascade HAGIAIUANMIIAAIDDNUBIEU T UNGY AMP 03R4

v
Y

gﬂﬁ 6 HAVDIMIFUS U PLGBP 110z PmproPOs #1835 RNAi fion15ani0onvo3oulungu antimicrobial peptide,
proPO-associated gene tta& Toll receptor ?Juiuﬂij:ll antimicrobial peptide: PEN3, Crus-likePm, SWDPm?2, lysozyme; ?Juﬁ
Lﬁm%’mﬁ”mzuu proPO: PmLGBP, PmproPO1, PmproPO2, PmPPAE1, PmPPAE2; HaLeU Toll receptor ﬁi’]ﬁ]ﬁﬁ)uﬁ’)ﬂ
mAdin semi-quantitative RT-PCR Tagld Insmwesinanusumzaoduuaaziu uaz198u EF-10 Suduniuau fiims

Y 9

NADBIE 3 ATI

4.2 msfAnurnvesdu PmPPAE2 14 serine proteinase cascade ‘llf)xii?]lﬁ

<3| A o 1 ~ A = . . A
Serine proteinase (SP) zﬂumu'1«1533{1/1ummmﬂtyﬁamiﬂi:c?jmzuu proPO Tagou SP AWl clip domain g%

1o = oA £ Ty ' o A
1a18 N 1ae serine proteinase 6§.J°Vl‘ﬂmfl C 1590 SP NQNUUIN clip domain serine proteinase Feau5ouyla 2 NQUHANAD
clip domain serine proteinase (Clip-SP) FeRauiia trypsin-like activity (8¢ clip domain serine proteinase homologue (Clip-

5 a wa ¢ 1o A g a o= 4
sPH) &4l autiaveaou lmiuaiviiidu protein cofactor 1INMsAUNIEz AT IZzHoUTUAIAWDBY PMPPAE2 &4
taoglungu Clip-SP uaziinnumilounazdnyuzantianaienudy PPAE N51891U89A1MNE9097UTZUY proPO

Aw A Y Y Y A = v
Qqujﬂﬂui]ﬂ]lﬂﬁﬂ‘HTHUWVlﬁuﬂﬂﬂu PmPPAE2 ‘luﬂ\i
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4.2.1 mslnauuazAnManyuzaNTAveSEUPMPPAE2
M35 1%  degenerate primer AoonuuVIIAUTNUIYTAE Tud M TAmUET U InsAluavedU PPAE #ll
A a <3 o 8~ v A
5109111 arthropod WWNUT I8 cDNA Mnadfiadeatina1d 186uPmPPAE2 Falinundeiudu PPAE (MsPAP-
~ =< Y o = |9 wa ~ A a 9 o v A = 4
1) Glumlm Manduca sexta WNNEA %\i‘lﬂﬂWﬂWiﬁﬂHWﬁﬂEmgﬁiJUﬁﬂlﬂﬁﬂu PmPPAE2 INUON Iﬂa”lﬂmm@mumaia‘lm
A s ~ 1 a Y
NAUYTUVDIYY PmPPAE2 (accession number FJ620685) W21 mature proteinﬂﬁxﬂﬂuéj’.lﬂﬂiﬂﬂzuiu 346 917 UDY signal
peptide 311U 25 @2 1a8 mature protein ﬂﬁxﬂﬂu%ﬁﬂiﬂmuﬁﬁWﬁﬂJ fo clip domain 11216 N 112 serine proteinase domain

~

Mmlae ¢ (310 7) WenlSemiisuanumileunuduniisieanlu GenBank W1 U PmPPAE2 finnuiilounudu PPAE
(MsPAP-1: AAX18636)U84 M. sexta 04 51% uaaaliifiudi 8u PmPPAE2 eniianuddanertesiuszuy proro Tuds

o =2 VYo = Ay ' Py A L
na1al fl]\‘lllﬂlﬂMWﬁﬂHWﬂ'JHJLﬂEJ’JﬂIE‘N@]@iZ‘UU proPO aynAUA RNAiL W‘Jllll

422 MSANHIMIIAIFLIAIVRIEY PmPPAEL Haz PmPPAE2 Meludlunveadenaien

1aAnuIMsIassedIvesdU PmPPAEL uazPmPPAE2 lasl¥inaila PCR 1a¢ genome walking 1@
oonuuy InsmesnaegiteiiuimauduTaesldadued Tunduinoy tuavdiduei1d 1 naumazmiduiangle
Ing wuh ansausnamsiaesiivesduiaaeddu Tasnssatesdinedu PrPPAEL 1sEnoudas 10 exon 182 9
intron (gﬂﬁ 8A) AIUNIIAIGEIFIVOIEY PmPPAE2 132N01A1E 8 exon Liag 7 intron (gﬂ‘ﬁ 8B) ez B ade sl
boundary sequence YD exon-intron RYATRCICREY GT/AG rule

o3z msTaieadve sy PmPPAEL W intron 2 AUNULNTNBYILHIN signal peptide N1 Glycine
rich region luvaizfin1e1u Glycine rich 11ag Proline-rich region 3 intron UNINBY 2 1Az 1 AWNUININEIAY Hazdanyn
meluu5ha clip domain Ve48U PmPPAEL 1 intron unsneg 1 Suntauniiousufudu PnPPAE2 Tuvmsiiuim sp
domain UBI8Y PmPPAEL 1 intron UNINOY 3 @MU 6948 PmPPAE2 WU intron unsneg 5 dwmnialuusnm sp
domain tag 1 AWNUQ UNINOYIZHINY  signal peptide 11 clip domain wen TSy iaesduiiunae
HazeU

microsatellite region agﬂu intron  1UVS1I84 serine proteinase domain Tagdu PmPPAEL WU TG, tlag CT

(56) (34)

PmPPAE2 Wy CA,, naaaliifiudigu PmPPAE] az PmPPAE2 imsinisesdivesdundieiu uannudiiunauinuves

intron N} microsatellite NANAIIAY
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PmMPPAE2

MSPAP1
HAPPAFI
DmMP1
PMPPAEL
PIPPAE
PMPPAE2
MSPAP1
HdPPAFI
DmMP1
PMPPAE1L RRNSRRCQNRPSGGQALGQGGGVSSAFQQ I PWLSQLSRDQQNLL I PNLPKTPSGGAQNRFFLLGTGKP)
PIPPAE NLHNIGRPGAGRPSAQTLGQGHNLNNQLSWFNDVVSGTNNNEITLKGLPRLPLRQAQNTFFQLGVGQPI& I
Clip domain
PMPPAE2  ARB----SAGAPBVLVDSEPPVKALFLSPNAG--DKHRAQQLI R RRLK!
MsPAP1 Q ADSNEISEYE PQ LSAFEQRPLPSPVVNYERK YTPR
HAPPAFI NARJ VPINN KIEYDSVLTSDP--EVIR Y -NGQPL
DmMP1 DENS RE GY| FELLQSEEVTEQDRR YRNGQ LI
PMPPAE1L QH IQPEFTN NFNVFLRY FI
PIPPAE ILPEFAQ NFQAFLQY FI
S=s S-S
PMPPAE2 PIDVIIPTSNPGGN-—————————— GNGQLLPSN GQTSNLN—— GVGE P N--SGSLD
MsSPAP1 PIIBAPVBTRAPPVNPGGVDPTYDEDSSPAPRNQEGVDMNGD - GQI LDE] P LTRTGSTT
HAPPAFI P SASIRNR ----------- ELLBEN---DEGYQVE, LNGDD[EVREE PWTAMI KNSSNFEQ
DMMP1 KlTKRSGT ------- KLLBMAP-NBG-ENFGE- GNETTKRE! P 1ENTKPGNVKG
PMPPAEL PKPTTPRP--—-——————- VTPBSQSRG 6L 1 AKRPPTRIVBGKD QEWP MRDGA----S
PIPPAE PP PPTRAPTRRP---—----—-~ TTPKSEANGEGLVAKRPPTRIVMGGKPADPREWPWVAALLRQGS----T
Serine proteinase domain
PMPPAE2 | WEBGGALI AAﬁ GDPDFLFGS- RLG FSKS S———AAD LP
MSPAP1 YQEGGYLI Q IAVEREVG RLG TQNS -----
HAPPAF1 FABGGSLI IVTAAH AGRVLRVVGAENK| RLGEWNTATDP YG—-—AVR VPDKPI LG ETIQ
DmMP1 HHEGGSLI S-—AIPS WELTG RLGE ASTNP TVGKNGRR -NEBYVDYPVEERIP
PMPPAEL SYEGG LITDSHI ————F RNTIVRLGEY TLD---—————————— DIRM
PIPPAE S QYEGGMLITNQH AAH ————F QTT IRLG ------------- QTS -TG GMLKIKE

s s iiigg-----

DEWPV
AD| WPI

PMPPAE2 HlSFNKRAPES-DBI‘ LNRRVGLNAGVHP 1 BLBAAGLNVGSFLNGRDA 1V 1 GWGHTERE-TNTQVL

MSPAP1 HSGESDNNKNRKDDIAEVRLTRRAQYTYYVKP 1 BLA---HNNERLATGNDVFVAGWGKTLSG-KSEPIKLKL
HAPPAF1 I D)VDGSKDRYHD I ALERLNRQVEETNYIRPVELP - --QPNEEVQVEQRLIVVGWGRTETE-QYSTHKEKL
DmMP1 LRLRDE YSDF LPV, LASQHNNIF KVVVAGWGR N-FTSNJIKLKA

QYPGNSRDQLNDIA
PmMPPAE1 HRS --DTTTYVNDIAINKLQGSTN

————EGD GWGTI1YYBGPVSSTL
PIPPAE --DTTTY

————DGD TYVD QG GWGTI1YYBGPVSSVLM

MsPAP1 GMPEFDKSDEASKYRNLEBAEL TBRQ1CAG VFA— RGDSGGPLMQRR---PEG IJIEWMG 1 VSFGNR-

PmPPAE2 SLPFVMDLGTEKR--IHAGETLVNEQVEFG AI-QD NGngGPLFINA VPGTILGIVSKGGA-|
HAPPAFI AVBVNHAEQEAKTFGAAGVRVRSS G EKA D GGDSGGPLEAER---ANQQFFLEGLVSFGAT -

DmMP1 ELDTMPTSEGNQRYATQRRTVTTKQMEAGGV! RGDSGGPL! EDYSNGNSNYYIAG SYGPTP
PmPPAE1 WTNKAGDD--— YEQNII GAT QGDSGGPL, QQ——GSENR SWGI
PIPPAE WTNA DA——- YIQDII GDK QGDSGGPLM, QQ-—GGANR SWGI

L

PMPPAE2 PAIYEDVASYRGWIVQNLKP--- 371
MsPAP1 ILSTLRSTNV 383
HAPPAF I IWlEG IRP-—- 365
DmMPL A--- 390
PMPPAEL SKYVBWIKNNAV-——- 463
PIPPAE ISIY¥IWIR Q 468

sU# 7 mafSeuieuddunsaezii Iuvesdu PmPPAE2 U8y PPAE lu arthropod 84 9 lAun 84 PAP-1 (MsPAPI:

L1l

AF059728) 910 M. sexta, BU PPAF-1 (HAPPAFI: ABO013088) 910 Holotrichia diomphalia, U MP1 (DmMPI: NM_141193)

NNLUNAIND Drosophila melanogaster, U PPAE (PIPPAE: AJ007668) 910 crayfish Pacifastacus leniusculus nazdu

PmPPAE! (PmPPAE1: FI595215) 11nfana1d1 daonusdiiuivaduld fle dauved signal peptide uoumm Ao uinmi

=

a o o a A a A v J . Y 2 o 19 . A
Nﬂ?i@uiﬂyﬂlﬂﬂﬂﬁﬂﬂgﬂiu HOUATNY AD UTNIUNUNITOYINHUBY cysteine Wulosddwaaaiusedisulfide Tuvmeh

-2

Y = o . A = ~ 4 A a .
Lﬁuﬂi%ﬁ“ﬁnlﬁﬂﬁwu‘ﬁ% disulfide Anummizlugu PPAE voumauaziu PmPPAE2 ﬁmanymgﬂﬂn A0 VTN catalytic

o

triad
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(A) Genomic organization of PmPPAE1

PmPPAE1 dDNA Start codon Stop codon
| :gru_]dale Poh (&)

Glycinerich | doqnllgn Iprnch Serine proteinase domain

-

PmPPAE]1 gene

Start codon
Intran 1 Intron2 Intron3 Intrond Intron 3 Intran 6 Intron7 Itron 8 Intron 9
1368bp 1370bp 233bp 167bp 203bp 124bp 307bp 116bp 236bp
Exonl Exon2 Exon 3 Exon4 Exon3 Exon6 Exon7 Exon 2 Exon? Exon 10
94bp 24bp 141bp 13Tbp 13Tbp 110bp 172bp 245bp 161bp 162bp
(B) Genomic organization of PmPPAE2
PmPPAE2 cDNA Startcodon Stop codon
Signal -
5 Egu . Poly (A)
q | l aln | | Serine proteinase domain | H
PmPPAE2 gene

Start codon Stop codon

Intron 1 Intron2 Intron 3 Intron4 Intron 3 Intron § Intron7

267bp 275bp 119bp 220bp 113bp 101bp 318bp
Exonl Exon2 Exon3 Exond Exon5 Exon6 ExonT Exon8
9abp 137p 196bp 113bp 1olbp 200bp 87bp 108bp

517 8 M3IAE8IRIv0IBY (A) PMPPAE] oz (B) PmPPAE2 nelud Tunweedenaidl Usa intron uaasdleanaylu

napsd@mInSeunulidIonbsszvIAIEzAMLUMINegAIUA1 TaouAaz intron 2UUIDY19AIBEIU exon FINAITNHITZY

YALazA L UIega A ITURY

4.2.3 MIANBINSUTAIDDNVRIEY PmPPAE2 Tuiagaii
1 k4 1
iiefAn¥INIIIAAI0NYEIEY PnPPAE2 luiflowoae q voadanaranlnadlemaiin semi-quantitative RT-
1A = < ° ' ~ { A a A
PCR WU18U PmPPAE2 fimsudaseenuinlufadoavesiinaidl uaz linumsuaasesnvesduluileidorsiagu o

Saaraalugalii o
HC HP G L 1 HT

v Y '
51 9 m3uaaseenveson PnPPAE2 Tuiiloiasa1s o) ¥037ana1d1 131 Hemocyte (HC), Hepatopancreas (HP), Gill (G),

U

PmPPAE2

EFla

. . Y a2 . . . Y= I .
Lymphoid organ (L), Intestine (I) 82 Heart (HT)A8NAUA semi-quantitative RT-PCR Tael98 EF-10, 114 internal control

24



4.24 MSUAADONUDIBY PmproPO1, PmproPO2, PmPPAE1 1azPmPPAE2 maluiioouszay
A199 VBIRINAAN

{i9AT I TOUMIUARIDDNVDITY PmproPO1, PmproPO2,PmPPAE1 11a2 PmPPAE2 melufioouszeza1ee
YOIRINAIRIAIINALA semi-quantitative RT-PCR W11 mRNA transcript ¥98U PmPPAE] 118z PmproPO2 H3iluuunis
ugasepnAd AR UNaNAelMsudaseonlufedIsounnIzey (Lotmasd (N3), Tws Ingde (22), luga2) uazIn
@191 (PL15) (U7 10A uaz D) o613lsfin1m BuPmPPAE! fiszdumsnanteendiniidu Pmpropo2 ludigensszezisn
(N3) 1ag5EAUMTHAAIDDNYBITUPMPPAE] ﬁ]zgﬁuqvﬁmﬁaé’@ﬁﬂmiﬁmumnﬁu (gﬂﬁ 10A) Tuvaiz ity PmproPO2 i
seRuMIuaaseanaeii lunszezueensiyveagnie (U7 10D) uanfumﬁyﬁawuiqﬂuuummamaansuaa'?m
PmPPAE2 lufidouvesdsfinnundiendaiudu PmproPOl Fauane1e0ingtuuunsieasoanvedduPmPPAEL 1oz
PmproPO2 n@1fie PmPPAE2 Lias PmproPO1 32 iinanseenlufaszes N3 (3U 10B uas ) uas linumsuaasesnves

Y A

a { ' g o ' 2 v :
8u PmPPAE2 luszez 72 (317 10B) ad10lsnauszqumsuanioonvosduPmPPAE2 dzf00 ingeluilogniainig

a 9 o w = Ao = v o A a
WIYYITYL M2 Lag PL15S auaiay (Eﬂ‘ﬂ 10B) Gluellmz‘ﬂEJHPmproPOl Imsuaaseonluszaudmnszes Z2 aziins

uaagoenuInlusze: M2 uag PLI15 (317 100)

Nauplius Protozoea Mysis Post-larvae

3 2 2 15
[A] PmPPAE1
[B] PmPPAE2
[C] PmproPO1
[D] PmproP0O2
[E] EFla

517 10 M3uEAIWLONVOIBY (A) PmPPAEL, (B) PMPPAE2, (C) PmproPO1 1182 (D) PmproP0O2 ludigouszeza19 1044

b1}

o

na1d1 1Tdun wem@ed 3 (N3), Tws Tngde 2 (22), luda 2 (M2) uaz Twdarn 15 (PL15) as19dov Tagmain semi-

quantitative RT-PCR Tag s (E) U EF-la rﬂu internal control

425 M3HUEGIMsuanIanveIty PmPPAE2 MemAa RNA interference
= o vAa =~ 1 9 dy 1A =} A v A
ANMIANYIANHUSTUUAUDIYY  PmPPAE2 ADUNTIUNUIYU PmPPAE2  UAMNUIYMUDUAVYYU PAP-1
& A A & A A A 9 @ = 3
(AF059728) %911)181 PPAE Voauuad M. sexta (50% similarity) FIVUIUNNIVOINUTL U proPO LD TumsAnyIng

1 39'18ANYEY PmPPAE2 @18imAtiA RNA interference (RNAQ) 1WA
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9INNTNARDIAA dSRNA 098U PmPPAE2 %30 GFP (nquaduaw) 11gaafaniel5ua dsRNA 2 pg @o
v v
WWinAe 1 g 1¥a1In 24 h imsfadiale dsRNA Usannuaundonnunszdudie LPS uaz laminarin (B-glucan)

A

el TUsauluszuy proPO  gnnszdu Fmsiaoadadesn 48 h nntufudentnania RNA tazadia cDNA 1d
3inT12¥daumATia RT-PCR ifiensianisdudamsuantesnveduidanannmsasnaenield nswesasumenuin
dsRNA 048U PmPPAE2 1N500AN31aA100nv038U PmPPAE2 (317 11A) IRiileifieusunguaiuguiiindas GEp
dsRNA (U 11A) %30 NaCl (GUT 11A) uenemiudanuh dsRNA vesd PmPPAE2 aunsadudanisuansosn gy

28139198 5 TUNAIAMT knockdown

]
~ =

51 11 MsuaaseenYeIBY PmPPAE2 (A) luiiaidoavesdenandiiigniiadis PmPPAE2 dsRNA, GFP dsRNA (ngu

U

AIWAN) 1130 NaCl solution(NguAIUAN) IasRAReuIAlsZIIM 2 g A28 dsRNA Tusas1dIu 2 ug fona | g na99In 24 h
591890 dsSRNA Usmaunauniouiunsgdudio LPS (20 pg) 1ag laminarin (20 pg)mm‘fu 48 h HUAPANINIINAOL
@18 RT-PCR Tagiiminaaes 2 dieduaeudazngy (B, C, D, E, F, G) uaasszaumsuanseonyosdulungu clip
domain serine proteinase ﬁ'wuiuﬁmmﬁw Taun du (B) PmPPAEL, (C) PmClipSP1, (D) PmClipSP2, (E) PmMasSPH]1, (F)

PmMasSPH2 122 (G) PmMasSPH3 Tag(H) Haad58a1UMIIanI00nUnddy EF-1a (internal control)

4.2.6 M3ATIVAOUANUIVINILVDIMIHVEINSHAAOONVDIEY PmPPAE2

v A

1 A 1 [
Wehmsasrnaeunaveansiudimsuanieanvyesdy PmPPAE2 AoNSIAAI0DNUBNEUDUS NARUT
= s 4 [ A A Aa 9 Y o 1 G (= 1 = 1
’Jﬂﬁll‘ﬂﬂ‘ﬂ‘ﬂQWﬂﬂu maauwuimqaﬂmmﬂﬂu WU dsRNA ¥938U PmPPAE2 llllllWﬁGlE]ﬂTiuﬁﬂ\‘l’f)E]ﬂ"Uﬂﬁﬂuhluﬂqu
' v
clip domain serine proteinase ANV luAINAIAIN 6 Wilafo BU PmPPAEL (FI595215), PmClipSP1(FI620688), PmClipSP2

(FJ620687), PmMasSPH1 (DQ455050), PmMasSPH2 (FJ620686) Ltae PmMasSPH3 (FJ620689) uaraalififiudn dsRNA
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[ d’dg’ 1 g gj ~ 9 1 a a a a o d' 4!
ﬁ\uﬂ'ﬁgﬁ‘uuﬁnﬂiﬂfJ‘UEJ\‘lfﬂ'5LLZWN’EJE‘JﬂsU'E]\'1°I/l\1Z’ﬂllfJuVlﬂ’t‘)fﬂ\illﬂi%ﬁﬂﬁﬂWWlLﬁ%Nﬂ’nuﬁ]HWW% (E‘IJ‘V] 11B-G) <3e10130

v Y
Handnsminnvesdu luduneusae 1118

4.2.7 N13A3I9@OD PO activity luaeadengniudanisuansesnvestiu PmPPAEL az PmPPAE2
v k4
1INMINANMNTDFVEINMTHAAIDDNYDGY PmPPAE] 118z PmPPAE2 Idod s umzuaziilszansam 39l
i Y ] i 4 1
A329801 PO activity ¥9473919n knockdown Bunsdesytiaiefny1nuINe 1o 9ve8UHaIHNUTZUD proPO Y0973 &4

WU QINAARIY dsRNA 090U PmPPAEL 11ag PmPPAE2 11A1 PO activity aad1as37% uag 41% awa1au (Ui 12)

]

o o A {a 9

Tuvmei PO activity veanguiiaaie GFP dsRNA lifianuuanannuednivedanioiouiunguaiuguiiadie
Y1 = a 9 @ 2 13
NaCl (P< 0.05) a51) 189181 PmPPAE1 wag PmPPAE2 finnuineddeenuszuy proPO Tudanaid
] Y
Wehmsdudamsuanseonvesdy PmPPAEL tag PmPPAE2 WSounu (co-silencing) WU @1150aa PO

il =3 1 1 @ oazl «d’ @ ea/’ 1 (=)
activity 18 41% 9619 150A7W WU Wago PO activity 910MITUTINIHAAI0ONVDIBURAGINTONS DAL 1T

' N v Y Aa Y ~ g Y A g oA
Lmﬂ@]'Nf)El'NlI“L!ﬂﬁ?ﬂiym@mﬂﬂﬂﬂf}\iﬂﬂﬂﬂ’m NaCl (E‘ﬂ‘ﬂ 12) Lmﬂﬁ']iﬂiﬂﬁiqﬂ"lﬂ'f]'] PmPPAE1 1ag PmPPAE2 uwumclu
v o

32U proPO U8ININAA

v [ 9
510 12 PO activity Twidsavesdanardingndudinmsuanseonvyesdu PmPPAEL, PmPPAE2 H3oW3oum (co-silencing)
F
Aomatia RNAI TagAafauuialszunm 2 g @28 dsRNA Tudasidau dsRNA 2 pg #ods 1 g 91niu 24 h $himsia
v

Y A
o a 1A @ . . @ Y <
dsRNA $1d2e1/5anaumnaunionnunszdudie LPS (20 pg) 118 laminarin (20 pg) Ha99101iU 48 h INDIABAYIATIVADD
\ & ] o o J & oA
PO activity lumsnaaedlduisdeesnidu snqu q ag 3 @vd1e himsneased 3 a5s nauil 1 AAdde PmPPAE]

a

=t

dsRNA, nguil 2 ARG PmPPAE2 dsRNA, nguil 3 3AA20 PmPPAEI dsRNA W3oun PmPPAE2 dsRNA, nguil 4 Aaaag
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showed decreased PO activity.

the proPO system.
\_

(Background: LGBP is an important pattern recognition protein (PRP).
Results: PmLGBP binds to 3-1,3-glucan and LPS and could enhance the phenoloxidase (PO) activity. Knockdown shrimp

Conclusion: PmLGBP functions as a PRP for LPS and 3-1,3-glucan in the proPO system.
Significance: PmLGBP is a PRP involved in the proPO system, exhibits LPS and 3-1,3-glucan binding activity, and can activate

N

J

The prophenoloxidase (proPO) system is activated upon rec-
ognition of pathogens by pattern recognition proteins (PRPs),
including a lipopolysaccharide- and 3-1,3-glucan-binding pro-
tein (LGBP). However, shrimp LGBPs that are involved in the
proPO system have yet to be clarified. Here, we focus on charac-
terizing the role of a Penaeus monodon LGBP (PmLGBP) in the
proPO system. We found that PmLGBP transcripts are
expressed primarily in the hemocytes and are increased at 24 h
after pathogenic bacterium Vibrio harveyi challenge. The bind-
ing studies carried out using ELISA indicated that recombinant
(r)PmLGBP binds to 3-1,3-glucan and LPS with a dissociation
constant of 6.86 X 1077 m and 3.55 X 10”7 M, respectively.
Furthermore, we found that rPmLGBP could enhance the phe-
noloxidase (PO) activity of hemocyte suspensions in the pres-
ence of LPS or 3-1,3-glucan. Using dsRNA interference-medi-
ated gene silencing assay, we further demonstrated that
knockdown of PmLGBP in shrimp in vivo significantly
decreased the PmLGBP transcript level but had no effect on the
expression of the other immune genes tested, including shrimp
antimicrobial peptides (AMPs). However, suppression of proPO
expression down-regulated PmLGBP, proPO-activating
enzyme (PmPPAE2), and AMPs (penaeidin and crustin). Such
PmLGBP down-regulated shrimp showed significantly de-
creased total PO activity. We conclude that PmLGBP functions
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as a pattern recognition protein for LPS and 3-1,3-glucan in the
shrimp proPO activating system.

The innate immune system is important to invertebrates (1),
where cellular immune responses, such as phagocytosis, nodule
formation, and encapsulation, are important in arthropods,
whereas the prophenoloxidase (proPO)? activation system, the
clotting system, and synthesis of antimicrobial peptides are
important humoral defense mechanisms (1-5). These immune
responses are triggered by the specific recognition of microor-
ganisms by host proteins referred to as pattern recognition pro-
teins (PRPs), which are capable of binding to a variety of micro-
bial cell wall components, referred to as pathogen-associated
molecular patterns (PAMPs). PAMPs include lipopolysaccha-
ride (LPS), lipoteichoic acid, and peptidoglycan (PGN) from
Gram-negative and Gram-positive bacteria and $-1,3-glucan
from fungi (1, 6).

The melanization cascade is initiated by the activation of the
proPO system and plays key roles in the host defense against
microbial infections in invertebrates (5, 7-9). ProPO activation
can be triggered by PAMPs after their recognition by specific
PRPs, leading to activation of a serine proteinase cascade that
results in the activation of proPO-activating enzymes (PPAEs)
(5). Then, the activated PPAE(s) convert the zymogen proPO to
the functionally active phenoloxidase (PO) by specific proteo-
lytic cleavage. Subsequently, PO catalyzes the formation of qui-
none-reactive intermediates for melanin synthesis at the injury
site or around invading microorganisms (10-12).

3The abbreviations used are: proPO, prophenoloxidase; bGBP, B-glucan-
binding protein; L-DOPA, L-3,4-dihydroxyphenylalanine; dsRNA, double-
stranded RNA; HLS, hemocyte lysate supernatant; hpi, hours postinjection;
LGBP, LPS-and B-1,3-glucan-binding protein; PAMP, pathogen-associated
molecular pattern; PO, phenoloxidase; PPAE, proPO-activating enzyme;
PRP, pattern recognition protein; r, recombinant; SSS, sodium saline
solution.
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Recognition of invasive pathogens by PRPs is an essential
step for the activation of the proPO system. To date, various
types of PRPs in the proPO system have been reported such as
peptidoglycan recognition proteins (2, 13—-20), C-type lectins
(21, 22), B-glucan-binding proteins (bGBPs) (23, 24) and LPS-
and -1,3-glucan binding proteins (LGBPs) (25-27). In crusta-
ceans, the binding of LGBP to LPS or 3-1,3-glucan has been
documented to activate the proPO system of the freshwater
crayfish, Pacifastacus leniusculus (27). In shrimp, several
LGBPs have been cloned and characterized, such as in the blue
shrimp Penaeus stylirostris (28), white shrimp Litopenaeus van-
namei (29), Chinese shrimp Fenneropenaeus chinensis (30, 31)
and kuruma shrimp Marsupenaeus japonicus (32). In the
shrimp Penaeus monodon, a PRP was initially identified as a
bGBP, based on its binding activity to 8-glucan but not to LPS
(33).

However, shrimp LGBPs that are involved in the proPO
system have yet to be clarified. Previously, two proPOs
(PmproPO1 and PmproP0O2) and two PPAEs (PmPPAE1 and
PmPPAE2) genes from P. monodon were functionally charac-
terized and shown to both function in the proPO system and be
important components in the P. monodon shrimp immune sys-
tem (34-36). Therefore, in the present study, the molecular
characterization of a PRP in the shrimp P. monodon proPO
system is described. The transcript expression profiles in vari-
ous tissues and in response to the pathogenic bacterium, Vibrio
harveyi, were examined, as were the binding activity and the
proPO activation of the recombinant (r) protein. The protein
was named PmLGBP and its involvement in the proPO system
was elucidated.

EXPERIMENTAL PROCEDURES

Shrimp and Sample Preparation—Healthy black tiger
shrimp (P. monodon) with an average wet weight of 15 g were
maintained in aerated seawater (20 ppt) for a week prior to the
experiment. To determine the tissue expression pattern of
PmLGBP transcripts, six different tissues (hemocytes, hepato-
pancreas, gill, lymphoid organ, intestine, and heart tissue) from
three shrimp were separately collected as described previously
(34). All samples were then stored at —80 °C until used for RNA
isolation. In the immune challenge experiments, shrimp were
injected with a V. harveyi suspension of 10° colony-forming
units (cfu) in 50 wl of sterile 0.85% (w/v) sodium saline solution
(SSS) into the last abdominal segment of each shrimp. SSS-
injected (same volume) shrimp were used as the control group.
The experimental shrimp were reared in seawater tanks, and
the hemocyte cell pellets (see above) of three individual shrimp
at 0, 6, 12, 24, 48, and 72 h postinjection (hpi) were randomly
collected for RNA extraction.

Total RNA Isolation and cDNA Synthesis—Total RNA was
isolated from each of the various tissues of P. monodon using
the TRI Reagent® (Molecular Research Center) according to
the manufacturer’s protocol. First-strand cDNA synthesis was
carried out based on the ImProm-II"™ Reverse Transcriptase
System kit (Promega) according to the manufacturer’s instruc-
tions with 1.5 ug of the DNase I-treated total RNA and 0.5 ug of
oligo(dT),5 primer. The cDNAs were stored at —80 °C until
required for RT-PCR analysis.
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Cloning of PmLGBP—Gene-specific primers were designed
from nucleotide sequence of PmLGBP (accession number
JN415536) to amplify the complete coding region by RT-PCR.
PCR amplification of PmLGBP from the cDNA of hemocyte
was carried out using the primer pair 5PmLGBP-F and 3PmL-
GBP-R for PmLGBP (Table 1) with Pfu DNA polymerase (Pro-
mega). The purified PCR products were cloned and direct
sequenced in both directions to obtain the complete coding
sequence.

PmLGBP Transcript Expression Analysis—The expression
profile of PmLGBP transcripts in different shrimp tissues
was performed by semiquantitative RT-PCR using the gene-
specific primers PmLGBPi-F/-R (Table 1). A partial fragment
(149 bp) of the elongation factor 1« (EF1«) gene was also ampli-
fied using the EF1a-F/-R primers (Table 1) to serve as an inter-
nal reference control for normalization. The amplification
reaction and PCR temperature profiles were determined as
described previously (37). The amplified products were then
separated by agarose gel electrophoresis.

PmLGBP Transcript Expression Patterns in Response to V.
harveyi Challenge—Real-time RT-PCR was performed using an
iCycler-iQ™ system (Bio-Rad) with SYBR Green I dye detec-
tion (Bio-Rad). The PCR and thermal profile were then per-
formed as described previously (38) using the PmLGBP-specific
primers, PmLGBP-F2 and PmLGBP-R2 (Table 1) to amplify a
product of 200 bp. The EF1a was also amplified as an internal
reference control. All real-time PCR analysis was performed in
triplicate per sample. Dissociation curve analysis of the ampli-
fication products was performed at the end of each PCR to
confirm that only one PCR product was amplified and detected.
The Ct values of amplicons from V. harveyi-infected shrimp
samples at each time point were normalized to those from the
SSS-injected control shrimp using the mathematical model of
Pfaffl (39) to determine the relative expression ratio.

Construction and Expression of Recombinant (r)PmLGBP
Protein—A gene fragment encoding the mature peptide of
PmLGBP was amplified using Pfu DNA polymerase with the
specific primers PmLGBPexp-F/-R that contain 5'-flanking
EcoRI and Xhol restriction enzyme sites, respectively (Table 1).
The purified PCR product was digested with EcoRI and Xhol,
ligated into the EcoRI/Xhol sites of the pET28b(+) expression
vector (Novagen), and transformed into competent Escherichia
coli JM109. The positive clones were confirmed by nucleotide
sequencing. The selected recombinant plasmid (pET28b-PmL-
GBP) was transformed into E. coli Rosetta (DE3)-pLysS cells
(Novagen) for recombinant protein expression and then
induced with 1 mm isopropyl 1-thio-B-p-galactopyranoside. At
6 h after induction, cells were harvested by centrifugation at
8,000 rpm for 15 min. The pellets were resuspended in 20 mm
Tris-HCI (pH 8.0) and disrupted by an ultrasonic oscillator. The
rPmLGBP protein was purified and refolded as described pre-
viously (40). The rPmLGBP protein preparation was evaluated
for purity through SDS-PAGE. The concentration of the rPm-
LGBP protein was quantified by the Bradford assay. For West-
ern blot analysis, the rPmLGBP protein sample was resolved on
a SDS-polyacrylamide gel as above and then electroblotted onto
a PVDF membrane (Amersham Biosciences). The membrane
was blocked by incubation in Tris buffer solution (TBS: 137 mm
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TABLE 1
Nucleotide sequences of the primers used

Primer

Sequence (5’ 3’)

GenBank accession number

Cloning and recombinant protein expression
LGBP

5PmLGBP-F 5'- TTCTTATCCACAGCAGGATG 3’ JN415536
3PmLGBP-R 5'- TATTACAGTTTAGT GGAAGGATTTA- 3’ JN415536
PmLGBPexp-F 5'- CATGCCATGGCAGACATCGT GGAGCCCGA- 31 JN415536
PmLGBPexp-R 5'- GCCTCGAGCTAATGATGATGATGATGATGC JN415536
TGCTCGGTGCTCTCCATCT- 3’
Real-time PCR and semiquantitative RT-PCR analysis
LGBP
PmLGBP-F2 5’'- TCGACAACGATATCT GGGA- 3’ JN415536
PmLGBP-R2 5’- CCCGCGGCCGT TCATGCCCCAC- 37 JN415536
Prophenoloxidase
POIRT-F 5’- GGTCTTCCCCTCCCCCTTCG 3/ AF099741
POIRT-R 5'- GCCGCAGGTCCTTTGGCAGE- 3/ AF099741
PO2RT-F 5'- GCCAAGGGGAACGGEGTGATG: 3/ FJ025814
PO2RT-R 5’'- TCCCTCATGGCGGTCGAGGT - 3/ FJ025814
Prophenoloxidase-activating enzyme
PmPPAEIL-F 5’- ATGAAGGGCGTGACGGTGGT TCTATG 3’ FJ595215
PmPPAEIL-R 5’- CTCTTCTTCAAGCTCACCACTTCTATCT- 3’ FJ595215
PPAE2-F 5’- ATGCACTACCGGGT TCCCACGATC- 3/ FJ620685
PPAE2-R 5'- CTAAGGTTTGAGATTCTGCACG- 3’ FJ620685
Penaeidin
PEN3-F 5’- GGTCTTCCTGGCCTCCTTCG 3/ FJ686016
PEN3t-R 5'- TTTGCATCACAACAACGTCCTA- 3’ FJ686016
Crustin-like peptide
Crus72-F 5'- CGGCAGGTGTCCACAGATTCG 3’ EF654658
Crus72-R1 5'- AATTGATGAGT CGAACATGCAGGCCTAT- 3/ EF654658
Single WAP domain-containing protein
SWDPm2-F 5'- CGGCATCATCACCACGTGCGAG- 3’ EU623980
SWDPm2-R 5’- TCAGTAACCTTTCCAGGGAGAC- 3’ EU623980
Lysozyme
PmLyzc-F 5'- GCGGCAGCGATTATGGCAAG 3’ GQ478702
PmLyzc-R 5'- TTGGAACCACGAGACCAGCACT- 3’ GQ478702
Toll receptor
PmToll-F 5'- GAATGCTTCCTCGGGTCTGC- 3’ EF117252
PmToll-R 5’- GCTCAGCCATGACGAGATTC- 3’ EF117252
EFla
EFla-F 5’- GGT'GCTGGACAAGCT GAAGGC- 3’
EFla-R 5’- CGTTCCGGTGATCATGTTCTTGATG 3’
Gene silencing
LGBP
PmLGBPi-F 5’- AGGGCTTCGTAGCGTCGGTC- 3/ JN415536
PmLGBPi-R 5'- CGAAGGAACCTGTATTTGCT- 3’ JN415536
T7PmLGBPi-F 5'- GGATCCTAATACGACTCACTATAGGA JN415536
GGGCTTCGTAGCGTCGGTC- 37
T7PmLGBPi-R 5'- GGATCCTAATACGACTCACTATAGGC JN415536
GAAGGAACCTGTATTTGCT- 3’
GFP
GFP-F 5'- ATGGT GAGCAAGGGCGAGGA- 3’ U55761
GFP-R 5'- TTACTTGTACAGCTCGICCA- 3’ U55761
GFPT7-F 5'- TAATACGACTCACTATAGGATGGTG U55761
AGCAAGGGCGAGGA- 3’
GFPT7-R 5'- TAATACGACTCACTATAGGTTACTT U55761

GTACAGCTCGTCCA- 3’

NaCl, 3 mm KCl, 25 mm Tris-HCI (pH 7.6)) containing 0.05%
(v/v) Tween 20 (TBST) and 5% BSA and then probed with a
1:10,000 dilution of the mouse anti-His tag monoclonal anti-
body (GenScript) in TBS, washed twice in TBST, and probed in
a1:10,000 dilution of the alkaline phosphatase-conjugated rab-
bit anti-mouse IgG (Sigma) secondary antibody in TBS. The
alkaline phosphatase antibody-protein band complex was
detected by incubation in bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium as the chromogenic substrate.
Binding Assay of rPmLGBP—The PAMPs binding assay was
performed according to Yu et al. (22) with some modification.
Briefly, 20 ug of LPS from E. coli O127:B8 (Sigma, L4130), lam-
inarin (B-1,3-glucan, L9634) from Laminaria digitata (Sigma)
and soluble Lys-type PGN from Staphylococcus aureus (Invivo-
Gen) in 100 ul of TBS were used to coat each well of a 96-well
microtiter plate (Costar) and air-dried overnight at 37 °C. The
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plate was incubated at 60 °C for 1 h to fix the ligands, and the
wells were then blocked with 200 ul of 1 mg/ml BSA in TBS at
37 °C for 2 h. After washing (see below), 100 ul of rPmLGBP
(0-10 uM in TBS) was added to each well and incubated for 3 h
at room temperature. After washing (see below), the bound
protein was detected immunochemically. First, 100 ul of a
1:10,000 dilution of the mouse anti-His tag monoclonal anti-
body in TBS was added and incubated at 37 °C for 3 h, washed,
and then incubated for 3 h with 100 ul of alkaline phosphatase-
conjugated rabbit anti-mouse IgG (diluted 10,000-fold in TBS)
as the second antibody. After each stage above the wells were
washed four times with TBST (TBS with 0.1% (v/v) Tween 20)
for 15 min and once with 0.5 mm MgCl,/10 mm diethano-
lamine. Finally, after the last wash, 50 ul of p-nitrophenyl phos-
phate (1.0 mg/ml in the diethanolamine buffer) was added to
each well and incubated at room temperature for 30 min. The
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reaction was stopped by the addition of 0.4 M NaOH (100 ul),
and the absorbance was measured with an ELISA reader at 405
nm. Wells with 0 um rPmLGBP protein (100 ul of TBS) were
used as the negative control (blank). The apparent dissociation
constant (K, values were calculated using Prism 5.00 software
(GraphPad software) with a one-site binding model and non-
linear regression analysis,as A = A, .. [L]/(K, + [L]), where A is
the absorbance at 405 nm and [L] is the concentration of the
rPmLGBP protein.

ProPO Activation Assay of the rPmLGBP Protein—To inves-
tigate the potential involvement of PmLGBP in the shrimp
proPO system, the PO activity was determined by measuring
the oxidation of L-DOPA to dopachromes as described (34).
HLS was prepared as described (35). For the PO activation
assay, HLS (250 ug) was added to a LPS (0.1 pg/ml), B-1,3-
glucan (laminarin) (0.1 ug/ml), or PGN (0.1 pg/ml) solution
with or without rPmLGBP protein (4 um), and then incubated
at room temperature for 30 min. Subsequently L-DOPA (3
mg/ml) was added to each reaction and incubated at room tem-
perature for 30 min. The absorbance at 490 nm was then mea-
sured using a spectrophotometer.

In Vivo Gene Silencing and Semiquantitative RT-PCR
Analysis—Double-stranded RNAs (dsRNAs) were generated
and purified as described previously (34) using the T7 Ribo-
MAX™ Express Large Scale RNA Production Systems (Pro-
mega) with the PmLGBP gene-specific primers T7PmLGBPi-
F/-R and PmLGBPi-F/-R (Table 1). For dsSRNA-mediated gene
silencing, the dsRNAs solution of PmLGBP (5 ug/g shrimp, wet
body weight) in 25 ul of SSS was intramuscularly injected into
P. monodon shrimp (~3 g, fresh weight). For a sequence-inde-
pendent dsRNA control, shrimp were injected with GFP
dsRNA at the same concentration, whereas shrimp in the han-
dling control group were injected with 25 ul of SSS only. At 24
hpi, a second repeat injection of dsSRNA (5 ug/g) or SSS into the
shrimp was repeated but together with 20 ug of LPS (E. coli
0111:B4 (Sigma) and laminarin (3-1,3-glucan (Sigma)). Shrimp
were reared for a further 48 h after the second dsRNA injection
prior to RT-PCR analysis.

To determine the efficiency of the PmLGBP gene knock-
down, the total RNA extraction from the hemocytes of the
knockdown and control group shrimp was extracted and
reverse transcribed into cDNA. The efficiency of PmLGBP gene
silencing was then analyzed by semiquantitative RT-PCR using
the gene-specific PmLGBPi-F/-R primer pair (Table 1). All
PCRs and amplification steps were performed (see above),
including the use of the EFle fragment as an internal control
for cDNA template normalization. The PmLGBP protein level
of knockdown shrimp was estimated by performing immuno-
blotting analysis with a crayfish LGBP antibody (27) (kindly
provided by Prof. K. S6derhéll and Dr. K. Sritunyalucksana).

Hemolymph PO Activity of PmLGBP Knockdown Shrimp—
To investigate the involvement of PmLGBP in the shrimp
proPO system, hemolymph collected from the PmLGBP
knockdown and the two control group shrimp (GFP dsRNA
and SSS-injected) at 48 h after the second dsRNA or SSS injec-
tion was analyzed for its PO activity levels using L-DOPA as the
substrate, as reported previously (34). The hemolymph PO
activity was defined in terms of AA ,4,/mg total protein/min. All
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experiments were performed in triplicate. Statistical analysis
was performed using the one-way analysis of variance
(ANOVA) followed by Duncan’s test.

Effect of PmLGBP Gene Silencing on Expression of Other
Immune Genes—The effect of the dsSRNA-mediated PmLGBP
gene silencing on the transcript expression level of other
immune genes was checked by RT-PCR amplification with
gene specific primers for the P. monodon shrimp antimicrobial
peptides (penaeidin, PEN3 [FJ686016]; crustin-like peptide,
Crus-likePm [EF654658]; single WAP domain-containing
protein, SWDPm2 [EU623980]; and lysozyme, PmLyzc
[GQA478702]); the shrimp proPO-associated genes (PmproPO1
[AF099741], PmproPO2 [FJ025814], PmPPAE1 [FJ595215],
and PmPPAE?2 [F)620685]); and the Toll receptor (EF117252)
(Table 1). Amplification of the EFla fragment served as the
internal control for cDNA template normalization.

RESULTS

Sequence Characterization of PmLGBP cDNA—The ORF of
PmLGBP, comprising a putative signal peptide of 17 amino acid
residues and a mature peptide of 349 amino acid residues
(accession number JN415536), the mature peptide having a cal-
culated molecular mass and isoelectric point (p/) of 39.8 kDa
and 4.28, respectively. Protein sequence characterization of
PmLGBP by the SMART program revealed a conserved domain
that could be classified as glycoside hydrolase family 16 at
amino acid positions 79 —290. This comprised a polysaccharide
binding, glucanase, and $-glucan recognition motifs. In addi-
tion, two integrin recognition motifs (RGD) at positions 106
and 157 and two putative N-glycosylation sites (NRS; NLS) at
positions 66 and 318, respectively, were also found. The
BLASTX results showed that PmLGBP significantly matched
with the bGBP ¢DNA from P. monodon (AF368168; 99% amino
acid sequence identity), suggesting that PmLGBP is the same
gene as that reported previously (33). However, PmLGBP dis-
plays the highest amino acid sequence similarity to the crusta-
cean LGBPs (81-95% identities). Moreover, amino acid
sequence comparison of PmLGBP with kuruma shrimp M.
japonicus LGBP (32) indicated that PmLGBP contained the
conserved motifs for a potential polysaccharide binding, gluca-
nase, and 3-glucan recognition motifs, and so PmLGBP likely
belongs to the family of crustacean LGBPs.

PmLGBP Transcript Is Expressed in Hemocytes and Up-reg-
ulated in Response to Gram-negative Bacterium V. harveyi—
Based on the semiquantitative RT-PCR results, using the EFle
transcript as an internal control for normalizing the total RNA
samples, the PmLGBP mRNA transcript is specifically
expressed in shrimp hemocytes, with no detectable transcript
expression in the other five shrimp tissues tested (Fig. 1A).
SYBR Green-based real-time PCR was carried out to analyze
the temporal expression after V. harveyi infection in hemo-
cytes. After systemic V. harveyi infection, the mRNA expres-
sion of PmLGBP decreased slightly (0.33- and 0.34-fold) below
the control level at 6 and 12 hpi, respectively, but at 24 hpi it
dramatically increased to 4.77-fold higher than that at 0 hpi,
before returning back to normal expression levels at 48 and 72
hpi (Fig. 1B). Thus, PmLGBP is expressed in the hemocytes (Fig.
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FIGURE 1. PmLGBP transcript is expressed in the hemocyte and increased
post V. harveyi infection. A, tissue distribution analyses of PmLGBP tran-
scripts by semiquantitative RT-PCR in the hemocytes (HC), hepatopancreas
(HP), gills (G), lymphoid organs (L), intestines (/), and heart (HT). Gel images
shown are representative of those seen from two independent replication
samples and PCRs. B, relative expression of PmLGBP transcripts in the hemo-
cytes of V. harveyi-injected shrimp as evaluated by SYBR Green real-time PCR
at the indicated times. Relative expression levels of mRNA were calculated
according to Pfaffl (39), using EF1« as the internal reference gene. The aver-
age relative expressions are representative of three independent repeats = 1
S.D. (error bars).

1A), and its expression level in that tissue is transiently signifi-
cantly up-regulated after V. harveyi infection (Fig. 1B).

Expression and Enrichment of rPmLGBP—The mature rPm-
LGBP protein was successfully expressed in E. coli cells. The
rPmLGBP protein, after enrichment and refolding, appeared as
a single band with an estimated molecular mass of ~40 kDa
after SDS-PAGE resolution (data not shown). Western blotting
with the anti-His antibody revealed a single band of the same
apparent size (data not shown). Thus, the rPmLGBP was likely
to have been enriched to apparent homogeneity.

PmLGBP Binds to Both LPS and B-1,3-Glucan (Laminarin),
but Not Peptidoglycan—To determine whether PmLGBP pos-
sesses the properties of a PRP, the binding activity of the puri-
tying rPmLGBP protein with three different types of PAMPs,
namely LPS, B-1,3-glucan, and Lys-type PGN, was performed
by ELISA. As shown in Fig. 2, the rPmLGBP bound to LPS and
B-1,3-glucan (laminarin) directly in a concentration-depen-
dent manner and with a saturable process. However, the rPm-
LGBP did not exhibit any detectable binding activity to the
Lys-type PGN (data not shown). The apparent dissociation
constant (K of the rPmLGBP to LPS and 3-1,3-glucan, cal-
culated from the saturation curve fitting according to the
one-site binding model, was 3.55 = 1.03 X 1077 mand 6.86 *
1.86 X 10~ 7 M, respectively (Fig. 2). These data support that
rPmLGBP is a PRP that can bind specifically to both LPS and
B-1,3-glucan.

PmLGBP Enhanced Phenoloxidase Activity after B-1,3-Glu-
can or LPS Binding in Vitro—To understand the mechanisms of
PAMP binding and proPO activation, incubation of HLS, which
contains zymogen proteins involved in the proPO system, with
rPmLGBP together with PAMP was investigated. In the pres-
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FIGURE 2. Binding of the rPmLGBP protein to the two microbial cell wall
components, LPS and laminarin (-1,3-glucan). Data show the quantita-
tive binding of rPmLGBP (0-10 um) to immobilized LPS or 3-1,3-glucan, as
determined by ELISA. Data are shown as the mean = 1 S.D. (error bars) of three
individual experiments. The data were curve-fitted using a single-site binding
model with R? = 0.94 for LPS (K, = 3.55 = 1.03 X 10~/ m) and R? = 0.94 for
B-1,3-glucan (K, = 6.86 + 1.86 X 10~ m).

ence of either laminarin (a 3-1,3-glucan) or LPS, but not in the
present of PGN (Fig. 3D) or in their absence, rPmLGBP signif-
icantly enhanced the PO activity of HLS by 72% (Fig. 3B) and
88% (Fig. 3C), respectively, compared with the control groups
(nonactivated HLS; Fig. 34). On the other hand, incubation of
HLS with either laminarin or LPS in the absence of rPmLGBP
showed only a numerically slightly higher PO activity than the
control group, which was not statistically significant (p > 0.05).

Effect of in Vivo Gene Silencing of PmLGBP and PmproPO on
Expression of Shrimp Immune Genes—To investigate the
involvement of PmLGBP in the shrimp proPO system, dsRNA-
mediated gene knockdown of PmLGBP transcripts was per-
formed. The semiquantitative RT-PCR analysis showed that
the PmLGBP transcript level was specifically decreased in PmL-
GBP-silenced shrimp, whereas injection of the GFP dsRNA had
no significant effect on the transcript levels of PmLGBP com-
pared with the SSS-injected control shrimp (Fig. 44). Immuno-
blotting results suggested PmLGBP dsRNA also could suppress
PmLGBP at the protein level (Fig. 4B).

To examine the effect, if any, of PmLGBP transcript expres-
sion disruption on the expression of other immune genes,
c¢DNA samples that exhibited a PmLGBP gene silencing were
analyzed further by RT-PCR for the transcript expression levels
of the other genes. Silencing of the PmLGBP gene had no sig-
nificant effect on the transcript expression levels of any of the
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FIGURE 3. Enhancement of PO activity by laminarin or LPS in the presence of rPmLGBP. The proPO activation of shrimp HLS by rPmLGBP alone (A) or after
preincubation in vitro with B-1,3-glucan (laminarin) (B), LPS (C), or PGN (D). PO activity was defined as AA,4,/mg of total protein per min. The data are shown as
the mean = 1 S.D. (error bars) and are derived from three independently replicated experiments. Means with a different lowercase letter (above each bar) are

significantly different at the p < 0.05 level.

FIGURE 4. RNAi-mediated suppression of PmLGBP resulted in a reduction
of PmLGBP transcript and protein levels of P. monodon. The efficiency of
dsRNA-mediated gene silencing of PmLGBP transcripts (A) and proteins (B)
after the dsRNA injection was examined using semiquantitative RT-PCR and
Western blot analysis. Shrimp injected with GFP dsRNA in SSS or with SSS
alone served as controls. EF1a was used as the internal reference gene for
RT-PCR whereas B-actin was used as a loading control for Western blot anal-
ysis. In the shown gel, the lanes for each condition represent the results from
individual shrimp.

other tested P. monodon shrimp genes from the proPO system
(PmproPO1, PmproPO2, PmPPAEL, and PmPPAE2), antimi-
crobial peptides (PEN3, Crus-likePr, SWDPmi2, and lysozyme)
or the Toll receptor (Fig. 5).
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Furthermore, we performed the gene silencing of proPO
genes (PmproPO1 and PmproPO2) (34) and also examined the
effect of gene silencing on the gene expression levels of immune
genes. We found that the knockdown of proPO genes signifi-
cantly decreased the transcription of two genes in proPO sys-
tem (PmLGBP and PmPPAE2) and two antimicrobial peptides
(PEN3 and Crus-likePm) (Fig. 5). This result suggests that the
proPOs not only contributes to control the expression of genes
in proPO cascade but also AMPs in shrimp.

Double Strand RNAi-mediated Knockdown of PmLGBP
Transcript Resulted in Reduction of Hemolymph Phenoloxidase
Activity—To determine the importance of any role of PmLGBP in
the shrimp proPO system, the hemolymph from PmLGBP knock-
down shrimp was subjected to a PO activity assay. A significant
reduction in the PO activity to 53% of that of the control (PAMP-
stimulated shrimp) was observed in the PmLGBP knockdown
shrimp, whereas no significant change in the PO activity (101%)
was observed in the GFP dsRNA injected shrimp (Fig. 6). The
results of basal PO activity in normal (PAMP-unstimulated)
shrimp clearly showed no significant difference of PO activities of
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FIGURE 5. Effect of RNAi-mediated suppression of PmLGBP and PmproPOs on gene expression of the shrimp antimicrobial peptides, proPO-associ-
ated gene, and Toll receptor after. The effect of gene knockdown on the expression level of P. monodon shrimp antimicrobial peptide transcripts (PEN3,
Crus-likePm, SWDPm2, and lysozyme), genes involved in the proPO system (PmproPO1, PmproPO2, PmPPAE1, and PmPPAE2), and the Toll receptor were
evaluated by semiquantitative RT-PCR using the gene-specific primers for each gene (Table 1). EF1a served as the internal reference gene to normalize the
amount of cDNA template. The average relative expressions are representative of three independent repeats =1 S.D. (error bars). Significant difference

compared with control is indicated by an asterisk (p < 0.05).

FIGURE 6. RNAi-mediated silencing of PmLGBP gene significantly
decreased the hemolymph PO activity in shrimp. Hemolymph was col-
lected at 48 h after the second dsRNA (or SSS) injection. The PO activity of
normal shrimp hemolymph was used as the basal activity in PAMP-unstimu-
lated shrimp. The total hemolymph PO activity was defined as AA,5o/mg of
total protein per min. The data are shown as the mean =+ 1 S.D. (error bars) and
are derived from three independently replicated experiments. Significant dif-
ference compared with control is indicated by an asterisk (p < 0.05).

both normal shrimp and PmLGBP knockdown shrimp (Fig. 6).
Thus, PmLGBP is a PRP member that functions in the shrimp
proPO system.
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DISCUSSION

The proPO system is an important component of the
immune reaction in the host defense against microbial or par-
asitic infections in many arthropods (5, 8, 9). The first process
of the proPO system is to detect the PAMPs, such as LPS, lipo-
teichoic acid, B-1,3-glucan and PGN molecules of the patho-
gens. LGBP is an important PRP in crustaceans. In crayfish,
LGBP has been demonstrated to be a required PRP for the acti-
vation of the proPO system (27). However, the role of shrimp
LGBPs in the proPO activating system is still somewhat elusive
and poorly elucidated.

In the black tiger shrimp, P. monodon, the first LGBP gene
(previously named bGBP) was reported to be constitutively
expressed in the hemocyte and to exhibit binding to 8-1,3-glu-
can but not to LPS (33). In this study, we report on the further
functional characterization of the LGBP from P. monodon
(PmLGBP). After analysis, we found that the high nucleotide
and deduced amino acid sequence identity (99%) of PrmLGBP
and the previously reported bGBP from P. monodon (33) sug-
gest that they are allelic variants of the same gene.

In crustaceans, hemocytes play an important role in the
immune response against pathogens. Several defense mole-
cules in the shrimp proPO system are synthesized in hemo-
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cytes, including the proPO genes (34) and PPAEs (35, 36). In the
present study, semiquantitative RT-PCR analysis revealed that
PmLGBP transcripts were only detected in hemocytes, consis-
tent with that reported previously for bGBP in P. monodon (a
likely allelic variant of PmLGBP) (33). In other crustacean spe-
cies, where the tissue distribution of LGBP has been investi-
gated, LGBP transcripts are expressed mainly in the hemocytes
of crayfish (27) and shrimp (29-32). Moreover, in shrimp F.
chinensis both LGBP mRNA and protein were reported to be
synthesized mainly in the granular hemocytes and located on
the hemocyte surface, respectively (30).

In the present study, the response of PmLGBP expression to
systemic infection with the Gram-negative bacteria V. harveyi
was investigated. The expression of PmLGBP mRNA did not
significantly change at 6 —12 hpi, but was increased significantly
(4.77-fold) at 24 hpi and then dropped to near the initial level at
48 —72 hpi. Similarly, the P. monodon LGBP (bGBP) showed no
change in transcriptional levels within 12 h after heat-killed V.
harveyi and curdlan (a B-1,3-glucan) injection (33). Moreover,
in M. japonicus, LGBP mRNA was up-regulated in hemocytes
at 12— 48 h after LPS challenge (32). In contrast, in L. vannamei,
LGBP transcript levels were significantly up-regulated in
hemocytes at 3 and 6 hpi and then returned to the original level
at 12-24 hpi with live Vibrio alginolyticus (29). In F. chinensis,
FcLGBP was significantly up-regulated at 6 hpi but returned to
the original level at 12—24 hpi with a mixture of heat-killed V.
anguillarum and S. aureus (31). The differences in LGBP tran-
script expression could be due to variations between the
response to live and dead pathogen cells or to different micro-
organisms and so cell wall components, in addition to differ-
ences between host species or strains.

PRP receptors are essential molecules that have an ability to
recognize and initiate the host defense mechanism, especially
in the activation of the proPO cascade in many invertebrate
species. However, in shrimp, no PRPs that activate the proPO
system have been described. LPS and PGN are the major cell
wall components of Gram-negative and Gram-positive bacte-
ria, respectively, whereas B-1,3-glucan is a major component of
fungal cell walls. In crustaceans, including shrimp and crayfish,
the activation of the proPO system can be triggered upon rec-
ognition of LPS, PGN, and f3-1,3-glucans (27, 41). To investi-
gate the binding activity of PmLGBP to these microbial elici-
tors, we examined the binding activity of rPmLGBP to LPS,
PGN, and f3-1,3-glucan and found a high affinity binding to
both LPS and f3-1,3-glucan, but not to the L-lysine-type PGN.
Thus, PmLGBP may only serve as a PRP receptor for LPS and
B-1,3-glucan. According to the assumption of a single-site
binding model, the apparent K, value of rPmLGBP for LPS
(K,=3.55+1.03 X 10~ 7 m) is approximately 2-fold lower than
that of B-1,3-glucan (K, = 6.86 = 1.86 X 10~ 7 M), and so the
binding of rPmLGBP to LPS is ~2-fold tighter than to 8-1,3-
glucan. These binding constants are in broad agreement with
the K, values obtained from other known PRPs that have pre-
viously been reported to be involved in the activation of the
proPO system, including the K, values obtained from the Man-
duca sexta B-1,3-glucan-recognition protein (K, = 1.5 X 10~°
M for Saccharomyces cerevisiaeand 1.2 X 10~ ° m for E. coli) (42)

MARCH 23, 2012 +VOLUME 287+NUMBER 13

and M. sexta microbe-binding protein (K, = 3.77 = 0.90 X
10~8 m for LPS) (43).

In contrast, P. monodon LGBP (as bGBP) was reported to
bind to -1,3-glucan only and not LPS when using a pulldown
assay (33). However, it is unclear whether this apparent differ-
ent LPS binding activity is due to the different experimental
assay systems used. In comparison, the results presented here
correlate well with the binding data of the LGBPs from other
crustacean species. In the crayfish P. leniusculus, a purified
LGBP protein exhibited binding activity to both LPS and 3-1,3-
glucans (laminarin and curdlan) but could not bind to PGN
(27).InF. chinensis, rLGBP exhibited a stronger binding activity
to Gram-negative bacteria (Klebsiella pneumoniae) than that of
E. coli, or Gram-positive bacteria (Micrococcus luteus and
Bacillus megaterium) and yeast (Pichia pastoris) (30). In the
scallop Chlamys farreri, T(LGBP exhibited a strong binding to
LPS and B-1,3-glucan and a moderate binding to PGN and also
showed an agglutination activity toward the Gram-negative
bacteria E. coli, the Gram-positive bacteria B. subtilis, and
the fungus P. pastoris (44). Significantly, all of these data indi-
cate that LGBP functions as a PRP in invertebrates and that the
binding of these proteins is involved in the recognition of invad-
ing microorganisms to activate the host immune defense and
the proPO-activating system.

To confirm that rPmLGBP could activate PO activity, the
rPmLGBP protein was incubated with either LPS or 8-1,3-glu-
can, where it was found to trigger the PO activity in HLS (cell-
free hemolymph) in the presence of LPS or 8-1,3-glucan. In
accord, the LGBP protein from the crayfish P. leniusculus was
reported to bind to both LPS and -1,3-glucan and activates the
proPO system (27). Sequence alignment of the shrimp PmL-
GBP and the crayfish PILGBP indicated that the amino acid
sequence of the domains that are believed to be responsible for
LPS and $-1,3-glucan binding are highly conserved. These
regions are composed of the polysaccharide binding motif, glu-
canase motif, and B-glucan recognition motif (32). Recently,
two serine proteinase homologues (PISPH1 and PISPH2) and
PILGBP from P. leniusculus have been reported to be involved
in the PGN-induced proPO activation, and that PISPH1 may
act as a PGN-binding protein and PISPH2 and PILGBP proba-
bly function as cofactors in a PGN-binding complex (41). In the
insect M. sexta, immulectin-2 specifically binds with LPS and is
involved in stimulating the proPO activation system (45).
Moreover, a 3-1,3-glucan recognition protein and a 8-1,3-glu-
can recognition protein-2 of M. sexta were found to bind and to
aggregate the bacterial and fungal cell wall components and to
stimulate the proPO pathway (42, 46). In addition, microbe-
binding protein, a -1,3-glucanase-related protein from M.
sexta, specifically binds to lipoteichoic acid, LPS, and a diamin-
opimelic acid-type PGN from E. coli and B. subtilis, and this
binding is involved in triggering the insect proPO system (43).
Consistent with this is that in this study reported here in P.
monodon, the knockdown of PmLGBP transcript levels signifi-
cantly decreased the enzymatic PO activity. Overall, our data
support that PmLGBP functions as a PRP that can recognize
LPS and $-1,3-glucan and activate the proPO system.

In Drosophila, the Gram-negative-binding proteinl (GNBP1), a
PRP, is required for Toll activation in response to Gram-posi-
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tive bacterial infection. Silencing of GNBPI reduces the induc-
tion of Drosomycin, an antifungal peptide, after Gram-positive
bacteria infection but not after fungal infection (47). In the
shrimp L. vannamei, knockdown of the Toll-like receptor did
not significantly alter the transcript expression levels of a crus-
tin antimicrobial peptide (48). In this study, RNAi treatment
significantly repressed the mRNA expression of PmLGBP, but
this had no apparent affect on the expression level of any of the
immune defense genes (antimicrobial peptides, proPO system,
and Toll receptor) tested in this study. These results suggest
that the expression of these antimicrobial peptides is indepen-
dent of PmLGBP signaling pathway or that these are redundant
and that the expression of these genes is compensated through
alternative signaling pathways of PRPs. Surprisingly, mRNA
expressions of some genes in proPO cascade, and antimicrobial
peptides were significantly decreased in proPO gene-silenced
shrimp, which is consistent with the previous report (49), which
demonstrated that silencing of kuruma shrimp proPO results in
down-regulation of AMP transcripts (penaeidin, crustin, and
lysozyme). The down-regulated expression of these genes in
proPO-silenced shrimp illustrated that proPO are not only
involved in expression of genes in proPO cascade but also in
antimicrobial peptide.

In conclusion, our in vitro and in vivo results clearly demon-
strate for the first time that PmLGBP is a PRP involved in the
shrimp proPO system, exhibits LPS and $-1,3-glucan binding
activity, and can activate the proPO system.
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The prophenoloxidase (proPO) activating system plays an important role in the defense against microbial
invasion in invertebrates. In the present study, we report a second proPO-activating enzyme (designated
PmPPAE2) from the hemocytes of the black tiger shrimp, Penaeus monodon. PmPPAE2 contained the
structural features of the clip domain serine proteinase family and exhibited 51% amino acid sequence
similarity to the insect Manduca sexta PAP-1. Amino acid sequence alignment with the available arthropod
PPAE sequences demonstrated that PmPPAE2 is a new class of crustacean PPAE. Transcript expres-
sion analysis revealed that PmPPAE2 transcripts were mainly expressed in hemocytes. Double-stranded
RNA-mediated suppression of PmPPAE2 transcript levels resulted in a significant decrease in the total
hemolymph PO activity (41%) and also increased the shrimp’s susceptibility to Vibrio harveyi infection.
Genomic organization analysis revealed that PmPPAE1 and PmPPAE?2 are encoded by different genomic
loci. The PmPPAE1 gene consists of ten exons and nine introns, whilst PmPPAE2 comprises of eight exons
interrupted by seven introns. Analysis of the larval developmental stage expression of the four key genes
in the shrimp proPO system (PmPPAE1, PmPPAE2, PmproPO1 and PmproPO2) revealed that PmPPAE1 and
PmproPO2 transcripts were expressed in all larval stages (nauplius, protozoea, mysis and post-larvae),
whilst PmPPAE2 and PmproPO1 transcripts were mainly presented in the late larval developmental stages
(mysis and post-larvae). These results suggest that the PmPPAE2 functions as a shrimp PPAE and possibly

mediates the activation of PmproPO1.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The innate immune system, which is the first line of the
host defense against microbial infections in many invertebrates,
mainly consists of several defense mechanisms, such as phago-
cytosis, nodule formation, encapsulation, antimicrobial peptides,
the clotting system and melanization by the activation of the
prophenoloxidase (proPO) activating system (Jiravanichpaisal et
al., 2006; Loker et al., 2004). The proPO activating system is
considered to be an important innate defense mechanism in inver-
tebrate immunity. Recognition of the certain microbial cell surface
molecules, such as peptidoglycans or lipopolysaccharides from bac-
teria and 3-1,3-glucans from fungi, triggers the proPO activation
to form and deposit melanin at the infection site or around the
invading microorganisms (Cerenius and Soderhadll, 2004; Kanost
and Gorman, 2008; Labbé and Little, 2009; Rao et al., 2010;

* Corresponding author. Tel.: +66 2 218 5439; fax: +66 2 218 5414.
E-mail address: anchalee.k@chula.ac.th (A. Tassanakajon).

0145-305X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
d0i:10.1016/j.dci.2010.09.002

Sritunyalucksana and Séderhdll, 2000). Phenoloxidase (PO), a key
enzyme in the melanization cascade, is usually synthesized and
released into the hemolymph as the inactive zymogen prophe-
noloxidase (proPO). It is activated by the proteolytic cleavage into
the active PO, which then PO catalyzes the initial step of the melanin
biosynthesis pathway by hydroxylation of monophenols into o-
diphenols and further oxidation o-diphenols into o-quinones,
which can nonspecifically cross-link neighboring molecules to form
the insoluble melanin (Cerenius and So6derhdll, 2004; Nappi and
Christensen, 2005; Zhao et al., 2007). The highly toxic quinone sub-
stances and other reactive oxygen intermediates generated during
the proPO activation could also directly kill and clear the invad-
ing microorganisms (Cerenius et al., 2010; Nappi and Christensen,
2005; Zhao et al., 2007).

The proteolytic cleavage of the inactive proPO into the active
PO is a regulated event and is mediated by the limited proteoly-
sis of a clip-domain serine proteinase (clip-SP) cascade of which
the terminal clip-SP that carries out the proteolysis of the proPO
precursor is the proPO-activating enzyme (PPAE) (Charoensapsri
et al., 2009; Gupta et al., 2005; Jiang et al., 1998, 2003a,b; Jiang and
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Kanost, 2000; Lee et al.,, 1998a,b; Satoh et al., 1999; Wang et al.,
2001). PPAEs are members of clip-SP family since they contain a
regulatory clip domain at the N-terminus followed by a catalytic
C-terminal trypsin-like domain (Piao et al., 2005). All PPAEs are
produced and maintained as a zymogen and become proteolyti-
cally active in the presence of elicitors, such as microbial products
and additional protein components of the proPO system (Cerenius
et al., 2008; Cerenius and Séderhdll, 2004).

Several PPAE genes have been identified and characterized
in many arthropod species, including the insects Bombyx mori,
Holotrichia diomphalia and Manduca sexta, the crayfish Pacifas-
tacus leniusculus and the black tiger shrimp Penaeus monodon
(Charoensapsri et al., 2009; Gupta et al.,, 2005; Jiang et al., 1998,
2003a,b; Kim et al., 2002; Kwon et al., 2000; Lee et al., 1998a,b;
Satoh et al,, 1999; Tang et al., 2006; Wang et al., 2001; Wang and
Jiang, 2004; Yu et al., 2003). Two or more PPAE genes are known to
exist in many insect species (Cerenius and S6derhdll, 2004), but in
most crustacean species, only a single PPAE gene has been reported
(Charoensapsri et al., 2009; Wang et al., 2001).

Previously, a PPAE cDNA was cloned from the shrimp, P. mon-
odon, and functional characterization suggested that this gene
(PmPPAE1) functions in the shrimp proPO system and is likely
to be an important component in the shrimp immune defense
(Charoensapsri et al., 2009). In this study, a novel PPAE, designated
PmPPAE2, was discovered. The involvement of PmPPAE2 in the
proPO system activation and shrimp immune response was inves-
tigated by using dsRNA-mediated gene silencing. The two PmPPAE
genes were further characterized for their exon-intron organiza-
tion to establish their genetic relatedness. The expression profile
of the two PPAEs (PmPPAE1 and PmPPAE2) and the two proPOs
(PmproPO1 and PmproP02) during different larval developmental
stages was also elucidated and compared.

2. Materials and methods
2.1. Animal and sample preparation

Healthy black tiger shrimps, P. monodon, of about 20 g weight
were purchased from a local shrimp farm in Thailand and main-
tained in aerated seawater (20 ppt) for at least 7 days prior to the
experiment. Shrimps were carefully dissected on ice and the hep-
atopancreas, gill, lymphoid organ, intestine and heart tissues were
collected separately and the same tissues were pooled from three
shrimps for subsequent total RNA extraction. The hemolymph was
collected in an anticoagulant solution of 10% (w/v) trisodium citrate
dihydrate (pH 4.6). Hemocytes were isolated from the freshly col-
lected hemolymph by centrifugation at 800 x g for 10 min at 4°C.
To determine the gene expression in the different developmental
stages, three individual shrimp larvae from each of four different
larval developmental stages, that is the nauplius 3 (N3), protozoea
2 (Z2), mysis 2 (M2) and post-larvae 15 (PL15), were collected.
All samples were snap-frozen in liquid nitrogen immediately and
stored at —80 °C until used for RNA isolation.

2.2. Total RNA isolation and genomic DNA extraction

Total RNA samples were isolated from the various tissues of
P. monodon using the TRI REAGENT® (Molecular Research Center,
USA) according to the manufacturer’s protocol. Remnants of any
potentially contaminating genomic DNA were eliminated by RQ1
RNase-free DNase I (Promega, USA) treatment. First-strand cDNA
syntheses were performed using the ImProm-1I™ Reverse Tran-
scriptase System kit (Promega, USA) according to the supplier’s
instructions with 1.5 g of total RNA and 0.5 g of oligo(dT);5
primer. Genomic DNA was extracted from the pleopod of individual
shrimp using a standard phenol/chloroform method.

Table 1
Nucleotide sequences of the primers used.

Primer Sequence (5'-3") GenBank
accession
number

RT-PCR and RACE-PCR

PPAE-SP-F 5-CGATACGTCYTGACSGCSGCNCAYTG-3’ -

PPAE-SP-R 5'-TGCATGTGCGGRCCRCCRGARTCNCC-3’ -

PPAE2-F1 5-ATCCGTCTCGGCGAATACGACTTCTCCA-3’ FJ620685

PPAE2-F2 5-CCTGAGCAAGTCGTCCTCCATC-3' FJ620685

PPAE2-R1 5-GCCCCTCTCTGTATGTCCCCAGCCAATC-3' F]620685

PPAE2-R2 5-GAAGGAGCCGACGTTTAAGCCA-3’ F]620685

RT-PCR and PCR

5PPAE2-F 5-ACGCGGGAGGGAGCAGCTAC-3' FJ620685

3PPAE2-R 5'-AGATAACTAGATAGGCCTGATTACGA-3' F]620685

PPAE2-F 5-ATGCACTACCGGGTTCCCACGATC-3' FJ620685

PPAE2-R 5-CTAAGGTTTGAGATTCTGCACG-3' FJ620685

PmPPAE1-F 5'-ATGAAGGGCGTGACGGTGGTTCTATG-3’ FJ595215

PmPPAE1-R 5'-CTCTTCTTCAAGCTCACCACTTCTATCT-3’ FJ595215

PmSP1rt-F 5'-TGAGAGCACAAATAGTGGAGGGGTA-3’ FJ620688

PmSP1rt-R 5-TGGAGGCAGGCACACAGGCAAC-3’ F]620688

PmSP2rt-F 5-GGCGTTGGTCTTCACTGCTCTC-3’ F]620687

PmSP2rt-R 5'-CAGAACTGCCTTCCAAGGATAG-3' FJ620687

PmSPH1rt-F 5-TACGTACTCATTGATATCAGGTTTGG-3’ DQ455050

PmSPH1rt-R 5'-GCCTCGTTATCCTTGAATCCAGTGA-3' DQ455050

PmSPH2rt-F 5'-CCGTGAACCAGCGATGTCCTTA-3’ FJ620686

PmSPH2rt-R 5-GCCACACTCTCCGCCTGCTCCG-3’ FJ620686

PmSPH3rt-F 5'-GCTCTTGGTGCTGCCGCTGTTG-3' FJ62068

PmSPH3rt-R 5-CACCGTCCACGCACAGGTAATA-3’ FJ62068

PO1RT-F 5-GGTCTTCCCCTCCCGCTTCG-3' AF099741

PO1RT-R 5'-GCCGCAGGTCCTTTGGCAGC-3’ AF099741

PO2RT-F 5'-GCCAAGGGGAACGGGTGATG-3’ FJ025814

PO2RT-R 5'-TCCCTCATGGCGGTCGAGGT-3’ FJ025814

EFla-F 5-GGTGCTGGACAAGCTGAAGGC-3' -

EFla-R 5'-CGTTCCGGTGATCATGTTCTTGATG-3' -

RNAi

PmPPAE2i-F 5-GCGGCGGTCACGCTCCTTGTTC-3' FJ620685

PmPPAE2i-R 5'-ACTCTCGGGGGCACGCTTGTTG-3' F]620685

T7PmPPAE2i-F 5-GGATCCTAATACGACTCACTATAGGGCGG FJ620685

CGGTCACGCTCCTTGTTC-3'
T7PmPPAE2i-R 5'-GGATCCTAATACGACTCACTATAGGACTCT F]620685
CGGGGGCACGCTTGTTG-3'

PPAi-F 5-CGTCTGCTTCATTGAGGGAGTG-3’ FJ595215

PPAi-R 5-GTAGTAGATGGTGCCCCAGCCT-3' FJ595215

T7PPAi-F 5'-GGATCCTAATACGACTCACTATAGGCGTCT FJ595215

GCTTCATTGAGGGAGTG-3’
T7PPAi-R 5'-GGATCCTAATACGACTCACTATAGGGTAGT FJ595215
AGATGGTGCCCCAGCCT-3'

GFP-F 5-ATGGTGAGCAAGGGCGAGGA-3' U55761

GFP-R 5'-TTACTTGTACAGCTCGTCCA-3' U55761

GFPT7-F 5'-TAATACGACTCACTATAGGATGGTGAGCA U55761

AGGGCGAGGA-3’
GFPT7-R 5'-TAATACGACTCACTATAGGTTACTTGTACA U55761

GCTCGTCCA-3’

2.3. ¢DNA cloning and nucleotide sequencing of PmPPAE2

Total RNA and cDNA were prepared from the hemocytes of
healthy shrimps as described above. The resulting hemocyte cDNA
was used as a template for the PCR amplification of a PmPPAE2
gene fragment using a pair of degenerate primers (PPAE-SP-F/-
R) (Table 1), designed from the conserved amino acid sequence
of the other known arthropod PPAE genes. The PCR amplifica-
tion reaction and DNA fragment cloning were carried as described
(Charoensapsri et al., 2009). Plasmid DNA was then prepared and
commercially sequenced on both strands to obtain the consensus
sequence (Macrogen Inc., Korea).

2.4. Rapid amplification of cDNA ends (RACEs)-PCR

RACE-PCR was performed to obtain the full-length cDNA
sequence of PmPPAE2. Gene specific primers (PPAE2-F1/-R1 and
PPAE2-F2/-R2 for first and second amplifications, respectively)
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(Table 1) were designed according to the obtained PmPPAE2 frag-
ment sequence (Section 2.3). The 3’ and 5’ RACE analysis was carried
out using the SMART™ RACE cDNA amplification kit (Clontech,
USA) following the manufacturer’s instructions and the PCR ampli-
fication was carried out as previously described (Amparyup et al.,
2007). The PCR products were gel purified, cloned, and sequenced
(as Section 2.3). The obtained cDNA sequence was used to design
the gene specific primers (5PPAE2-F/3PPAE2-R) (Table 1) for ampli-
fication of the complete full-length PmPPAE2 cDNA sequence using
Pfu DNA polymerase (Promega, USA). The PCR conditions consisted
of an initial denaturation step at 94°C for 3 min followed by 25
cyclesat94°Cfor 1 min, 55 °Cfor 1 min and 72 °C for 3 min. The final
extension step was performed at 72 °C for 10 min. The generated
DNA fragments were purified, cloned and commercially sequenced
(as Section 2.3).

2.5. Sequence analysis

The cDNA and deduced amino acid sequence of PmPPAE2 were
analyzed by the GENETYX 7.0 program (GENETYX corporation) and
the BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST/). The
putative signal peptide cleavage site and the structural protein
domains were predicted by SignalP 3.0 server (http://www.cbs.dtu.
dk/services/SignalP/) and simple modular architecture research
tool (SMART) the program (http://smart.embl-heidelberg.de/),
respectively. Multiple amino acid sequence alignment was car-
ried out using the ClustalW2 program (http://www.ebi.ac.uk/Tools/
clustalw2/).

2.6. Genomic organization

The genomic DNA sequence of PmPPAE1 and PmPPAE2 genes
were obtained by amplification of P. monodon genomic DNA using
the set of oligonucleotide primers (PmPPAE1-F/-R and PPAE2-F/-R
for the PmPPAE1 and PmPPAE2 gene, respectively) designed from
the PmPPAE1 (accession no. F]595215) and PmPPAE2 (accession no.
F]620685) cDNA sequences of each gene (Table 1). The PCR ampli-
fications were performed with the BD Advantage™ Genomic PCR
Kit (Clontech, USA). The PCR products were gel purified and the
expected DNA fragments were cloned and sequenced (as Section
2.3).

2.7. Tissue specific expression

The mRNA expression profile of PmPPAE2 in different shrimp
tissues was performed by semi-quantitative RT-PCR. Total RNA
extracted from the hemocytes, hepatopancreas, gills, lymphoid
organs, intestines and hearts of P. monodon was converted to
cDNA and then used as a template (Section 2.2) for PCR ampli-
fication of the PmPPAE2 gene transcript using the gene specific
primers PmPPAE2i-F/-R (Table 1). A partial fragment of the elonga-
tion factor 1-a (EF1-a) gene was amplified via primers EF1a-F/-R
(Table 1) and served as an internal control for normalization. One
microlitre of the first-strand cDNA synthesized from 1.5 pg of
total RNA was used as the PCR template in a 25 pl reaction vol-
ume containing 1x Taq buffer with (NH4),SO4, 1.5 mM MgCl,,
100 wM of each dNTP, 0.2 wM of each gene specific primer and
1 unit of Tag DNA polymerase (Fermentas, USA). The cycling con-
dition consists of 94°C for 1 min followed by 25 cycles of 94°C
for 30s, 55°C for 30s and 72°C for 30s, plus an additional final
extension at 72°C for 5min. All amplified products were sepa-
rated by electrophoresis through a 1.5% (w/v) agarose-TBE gel
and visualized by UV-transillumination after ethidium bromide
staining.

2.8. Analysis of gene expression at different larval developmental
stages

The mRNA expression of PmPPAE1, PmPPAE2, PmproPO1
(AF099741) and PmproPO2 (FJ025814) in four different shrimp
larval developmental stages, that is the nauplius 3 (N3), proto-
zoea 2 (Z2), mysis 2 (M2) and post-larvae 15 (PL15) stages, were
analyzed by semi-quantitative RT-PCR. Total RNA from various
stages of whole shrimp was isolated using the TRI REAGENT®
(Molecular Research Center, USA) according to the manufacturer’s
instructions. The transcript-specific primer sets for PmPPAE1 (PPAi-
F/-R), PmPPAE2 (PmPPAE2i-F/-R), PmproPO1 (PO1RT-F/-R) and
PmproPO2 (PO2RT-F/-R) (Table 1) were used to amplify the mRNA
transcript in each larval stage, with the EF1-a gene being used as an
internal control. One microlitre of the first-strand cDNA was used as
a template in the second stage PCR in a 25 pl reaction volume con-
taining 1x Taq buffer, 1.5 mM MgCl,, 100 M of each dNTP, 0.2 uM
of each gene specific primer and 1 unit of Tag DNA polymerase (Fer-
mentas, USA). The PCR amplification and resolution/visualization of
the PCR amplicons was performed as described in Section 2.7.

2.9. Preparation of double-stranded RNAs (dsRNAs) and in vivo
gene silencing

Double-stranded RNAs (dsRNAs) were generated and purified
as described previously (Amparyup et al., 2009) using gene specific
primers (T7PPAi-F/-R, T7PmPPAE2i-F/-R, and GFPT7-F/-R) (Table 1).
For dsRNA-mediated gene down-regulation (silencing), approxi-
mately 5 pg of PmPPAE1 or PmPPAE2 dsRNA dissolved in 25 pl of
saline solution (150 mM NaCl) was intramuscularly injected into P.
monodon shrimps (~2 g, fresh weight), whilst shrimps injected with
an equal volume of saline solution containing 5 pg of GFP dsRNA
served as a sequence independent dsRNA control, and shrimps
injected with saline solution only as a handling negative control.
After 24 h, shrimps were injected again with 25 pl of saline solu-
tion containing 5 pg of each dsRNA, 20 wg of lipopolysaccharide
(LPS) from E. coli 0111:B4 (Sigma) and 20 g of laminarin (3-1,3-
glucan chain with some [3-1,6-linked glucose units) (Sigma) and
reared for 48 h after the second dsRNA injection prior to further
analysis (Sections 2.10 and 2.11 below).

2.10. Semi-quantitative RT-PCR analysis of the silenced shrimps

Semi-quantitative RT-PCR analysis was performed to determine
the efficiency and specificity of gene knockdown. Hemolymph
samples were collected individually from the dsRNA-mediated
knockdown shrimps at 48h after the second dsRNA injection.
Total RNA was extracted and reverse transcribed into cDNA.
The efficiency of PmPPAE2 gene silencing was checked by semi-
quantitative RT-PCR analysis using the gene specific primer pair
PmPPAE2i-F/-R (Table 1). The specificity of the gene knockdown
was checked by the individual amplification with the set of gene
specific primers for the other shrimp clip-SPs (PmPPAE1, PmClipSP1
and PmClipSP2) (Table 1) and other shrimp clip-SPHs (PmMasSPH1,
PmMasSPH2 and PmMasSPH3) (Table 1). Amplification of shrimp
EF1-a fragment was served as the internal control for cDNA tem-
plate normalization. All PCR reactions and amplification steps were
performed as described above.

2.11. Hemolymph PO activity assay

To investigate the involvement of PmPPAE2 in the shrimp
proPO system, hemolymph collected from the silenced and con-
trol shrimps at 48 h after the second dsRNA injection (Section
2.10) were assayed for hemolymph PO activity using L-3,4-
dihydroxyphenylalanine (L-dopa) as a substrate, according to
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Amparyup et al. (2009). The hemolymph PO activity was defined
as AA4g9p/mg total protein/min. All experiments were performed
in triplicate. Statistical analysis was performed using the one-way
analysis of variance (ANOVA) followed by Duncan’s test.

2.12. Cumulative mortality assay of the dsRNA silenced shrimps
after systemic V. harveyi infection

To examine the role of PmPPAE2 on shrimp survival after bacte-
rial challenge, shrimps (~3 g, fresh weight) were intramuscularly
injected with 25 pl of saline solution containing 8 g of PmPPAE2
dsRNA. Shrimps injected with 8 jug of GFP dsRNA in saline, or sterile
saline solution only were maintained as control groups. Twenty-
four hours after injection, shrimps were injected again with the
respective dsRNA, or control saline only, mixed with the highly
pathogenic V. harveyi 639 (2 x 10° colony forming units (CFUs)) and
the cumulative mortality was recorded daily for 5 days post infec-
tion. The experiment was done in triplicate and statistical analysis
was performed using the one-way ANOVA followed by Duncan’s
test.

2.13. Total hemolymph viable bacterial levels in PmPPAE2 dsRNA
silenced shrimps

To test the involvement of the PmPPAE2 in the bacterial clear-
ance mechanism, hemolymph samples collected individually from
shrimps at 6 h post V. harveyi 639 challenge (Section 2.12 above)
were collected and serially diluted into sterilized phosphate buffer
saline (PBS, pH 7.4). Each dilution of the hemolymph was then dot-
ted onto the LB-agar plate (10 pl/dot) and further incubated at 30 °C
overnight followed by counting of V. harveyi CFUs. All experimen-
tal tests were conducted in triplicate and statistical analysis was
analyzed by one-way ANOVA followed by Duncan’s test.

3. Results
3.1. Cloning and characterization of PmPPAE2

By using a degenerate primer pair whose design was based
on the conserved cDNA sequences of the PPAEs reported in sev-
eral arthropods, a 500 bp DNA fragment of a new putative PPAE
(PmPPAE2), which exhibited sequence similarity to the arthropod
PPAEs, was obtained from the hemocytes of the black tiger shrimp,
P. monodon. The full-length cDNA sequence of the PmPPAE2 (Gen-
Bank accession no. FJ620685) was then identified using 5 and
3’ RACE and found to consist of 1557 bp containing a deduced
open reading frame (ORF) of 1116 bp, flanked by a 29bp of 5'-
untranslated region (UTR) and 412 bp of 3/-UTR (not shown). The
deduced 1116 ORF of P. monodon PmPPAE2 encoded a predicted
protein of 371 amino acid residues with a putative signal peptide
of 25 amino acid residues (Fig. 1). The deduced mature peptide of
PmPPAE2 consisted of 346 amino acid residues with a calculated
molecular mass and an estimated isoelectric point (pI) of 36.52 kDa
and 7.49, respectively. The predicted protein domain of PmPPAE2,
as identified by the SMART program, consists of an N-terminal
clip domain and a C-terminal serine proteinase domain. A puta-
tive N-glycosylation site, NVT (aa. position 84), was also found in
the N-terminal region of the polypeptide chain suggesting that it is
may be a glycoprotein.

Database searching using the BlastP algorithm revealed that this
P. monodon PmPPAE2 displays the highest amino acid sequence
similarity (51%) to the M. sexta PAP-1 (AAX18636), and that the
overall sequence is rather different from the few available crus-
tacean PPAEs which contain two addition domains (glycine-rich
and proline-rich regions) in the N-terminus (Charoensapsri et al.,
2009; Wang et al., 2001). Multiple amino acid sequence alignment

of the PmPPAE2 with the other arthropod PPAEs revealed that
PmPPAE2 has the common structural features of the clip domain
serine proteinase (clip-SP) family with the highly conserved six cys-
teine residues in the amino-terminal disulfide knotted clip domain,
the three conserved His-Asp-Ser catalytic triad sequences (H165,
D227 and S323) located at the C-terminal trypsin-like serine pro-
teinase domain, with a linking sequence connected between the
two domains (Fig. 1). Whilst PmPPAE2 has a broad similar domain
structure to that reported in the PPAE’s from many insect and crus-
tacean species, due to the higher similarity of the PmPPAE2 amino
acid sequence to the insect PPAEs than to that of the few currently
available crustacean PPAEs, we classified this PmPPAE2 as a new
crustacean PPAE.

3.2. Genomic organization

The genomic organization of the PmPPAE1 and PmPPAE2 genes
was investigated by a PCR approach with amplification of the
genomic DNA. The typical intron-exon splice sites (GT-AG rule)
were found at the exon/intron boundaries. A comparison between
the genomic and cDNA sequences revealed that the gene struc-
ture of PmPPAE1 and PmPPAE2 are completely different (Fig. 2).
The genomic DNA sequence of the PmPPAE1 gene (HQ008365) con-
sisted of ten exons interrupted by nine introns (Fig. 2A), whereas
that of the PmPPAE2 gene (HQ008366) is composed of eight exons
and seven introns (Fig. 2B).

In the PmPPAE1 gene, the 54 bp of the first exon encodes the
signal peptide-coding region. The remaining 40 bp of exon 1 and all
of exon 2 (24 bp) encodes for the mature peptide located between
the signal peptide and the glycine-rich region. Exons 3-4 and the 5’
end of exon 5 encode the glycine-rich region, whilst the remaining
portion of exon 5 and the 5’ of exon 6 code for a complete clip
domain. The rest of exon 6 and the 5’ coding region of exon 7 encode
for the proline-rich region. The remaining portion of exon 7, all of
exons 8 and 9 and the 5’ coding region of exon 10 encode the SP
catalytic domain (Fig. 2A).

In the PmPPAE2 gene, exon 1 encodes the signal peptide cod-
ing region and the partially mature peptide. Exon 2 and the first
nine nucleotides of exon 3 code for the clip domain. The rest of the
nucleotides of exon 3 encompass the linker region as well as the
first 22 amino acid residues of the serine proteinase domain. Exons
4-7 encode for the catalytic serine proteinase domain. The rest of
the serine proteinase domain is encoded by exon 8 (Fig. 2B).

The ORF of PmPPAE1 and PmPPAE2 are 99% predicted amino acid
sequence identical to the PmPPAE1 and PmPPAE2 cDNAs isolated
from the hemocytes of shrimp P. monodon. The eight nucleotide
base changes were found in the ORF of the PmPPAE1, which resulted
in four amino acid changes within the mature polypeptide chain
(R27G, T162A, L290F and T293A). In the PmPPAE2 gene, three
nucleotide differences and twelve nucleotide insertions were found
within the ORF and four amino acid changes (N142K, S143A, Ty7¢ to
Ryg0 and Ny77 to Dygq) and four amino acid insertions (P44 GSS147)
occurred in the mature protein. All of these sequence variations
may be due to the allelic differences between each experimental
shrimp.

3.3. Tissue distribution analysis of PmPPAE2

Semi-quantitative RT-PCR was employed to determine the
expression level of PmPPAE2 mRNA transcripts in different tis-
sues of shrimps. The EF1-a gene was amplified as an internal
control for normalizing the total RNA samples (Fig. 3A). The rel-
ative band intensities from the RT-PCR result indicated that the
mRNA transcript of PmPPAE2 was expressed at a moderate to low
level in the shrimp hemocytes, whilst no signal was detected in
the other shrimp tissues tested (hepatopancreas, gills, lymphoid
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Fig. 1. Multiple sequence alignment of the predicted amino acid sequences of the black tiger shrimp P. monodon PmPPAE2 (F]J620685) with other insect and crustacean PPAEs.
Insects; M. sexta proPO-activating proteinase 1 (MsPAP1: AF059728), H. diomphalia proPO-activating factor I (HIPPAFI: AB013088), and D. melanogaster Melanization protease
1 (DmMP1: NM141193); shrimp P. monodon proPO-activating enzyme 1 (PmPPAE1: F]595215); and crayfish P. leniusculus proPO-activating enzyme (PIPPAE: AJ007668). The
alignment was conducted using the ClustalW2 program. The conserved cysteine residues are shown in pink highlights. Identical amino acid residues are shaded grey, whilst
those conserved amongst three or more species are shaded dark grey. The signal peptides are indicates by underlined bold font. The disulfide linkages are shown in black
lines, whereas the disulfide linkage that found only in insect PPAE and shrimp P. monodon PmPPAE?2 is a blue line. The catalytic triads (His, Asp and Ser) at the active sites are
indicated by red stars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Genomic organization of the P. monodon PmPPAE1 (HQ008365) (A) and PmPPAE2 (HQ008366) (B) genes. Red, orange and green boxed regions indicate the signal
peptide, clip-domain and serine proteinase domain, respectively. Numbered dark grey boxes denote the introns. The size and position of both the exons and introns are
listed below each region, except some of the large introns 1 and 2 in PmPPAET1 are not shown. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 3. Tissue distribution and developmental expression profile of PmPPAE1,
PmPPAE2, PmproPO1 and PmproPO2 mRNA in P. monodon. (A) Tissue distribu-
tion analyses by semi-quantitative RT-PCR in the hemocytes, hepatopancreas, gills,
lymphoid organs, intestines and heart. (B) Developmental expression profile by
semi-quantitative RT-PCR analysis from the four shrimp larval stages; nauplius 3
(N3), protozoea 2 (Z2), mysis 2 (M2) and post-larvae 15 (PL15). The elongation fac-
tor 1-o (EF1-av) transcripts were used as a control housekeeping gene to standardize
the amount of cDNA template in each RT-PCR reaction in all of these analyzes.

organs, intestines and hearts), suggesting a potential hemocyte tis-
sue specific expression (Fig. 3A).

3.4. Gene expression during larval development

In order to understand the regulation of several gene transcripts
involved in the shrimp P. monodon proPO system, the mRNA level
of PmPPAE1, PmPPAE2, PmproPO1 and PmproPO2 during the four
larval developmental stages of P. monodon was analyzed by semi-
quantitative RT-PCR. Total RNA was extracted from the larval stages
of nauplius 3 (N3), protozoea 2 (Z2), mysis 2 (M2) and post-larvae
15 (PL15) and reverse transcribed into cDNAs. The RT-PCR result
indicated that the mRNA expression of PmPPAE1 and PmproP0O2
have a broadly similar expression pattern, in that they are detected
at all four developmental stages of P. monodon larvae, although
the expression levels of PmPPAE1 tend to be low in N3 and high
in the other three later developmental stages whilst PmproP0O2
remains the same medium expression level in all four developmen-
tal stages (Fig. 3B). In comparison, the transcripts of PmproPO1,
which is a major proPO transcript, were not found at detectable
levels in the N3 developmental stage and only at low levels in
the Z2 stage, before being strongly expressed in the M2 and PL15
larval stages (Fig. 3B). The expression of PmPPAE2 also showed
a broadly similar transcript expression pattern to the PmproPO1
in that its mRNA transcript was not found at the early N3 larval
stage, but differed slightly in that the transcripts were also not
present at the Z2 stage and at medium and expression levels at
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Fig. 4. Specific and effective gene silencing of the PmPPAE2 transcripts in the
hemocytes of P. monodon. The efficiency of dsRNA-mediated gene knockdown of
PmPPAE2 gene was examined by using semi-quantitative RT-PCR analysis. Shrimps
injected with GFP dsRNA or saline solution served as controls. The effect of
PmPPAE2 dsRNA on other clip-SP (PmPPAE1, PmClipSP1 and PmClipSP2) and clip-
SPH (PmMasSPH1, PmMasSPH2 and PmMasSPH3) transcripts was further elucidated
by semi-quantitative RT-PCR using the gene-specific primers for each gene (Table 1).
EF1-a served as the internal reference gene to normalize the amount of cDNA tem-
plate. Each lane (1 and 2) represents the cDNA from each of two individual shrimps.

the later M2 and PL15 larval developmental stages, respectively
(Fig. 3B).

3.5. Invivo gene silencing

To investigate the potential role of the PmPPAE1 and PmPPAE2
gene products in the shrimp immune defense, gene silencing of
PmPPAE2, or co-silencing of both PmPPAE1 and PmPPAE2, was
performed by the dsRNA injection and the efficiency of the gene
knockdown was determined by semi-quantitative RT-PCR analysis.
The results revealed that the PmPPAE2 transcript level was sig-
nificantly decreased in the PmPPAE2 dsRNA knockdown shrimps,
whereas injection of GFP dsRNA had no effect on the PmPPAE2
mRNA transcript level when compared to the saline injected con-
trol shrimps (Fig. 4). The specificity of gene knockdown by PmPPAE2
dsRNA was eluded from the RT-PCR analysis of the other known
clip-SP and clip-SPH genes, which demonstrated that PmPPAE2
dsRNA injection did not suppress the transcript levels of any of the
other clip-SPs (PmPPAE1, PmClipSP1 and PmClipSP2) or clip-SPHs
(PmMasSPH1, PmMasSPH2 and PmMasSPH3) genes (Fig. 4). In addi-
tion, the specificity and efficiency of gene knockdown by PmPPAE1
dsRNA was carried out as described previously (Charoensapsrietal.,
2009), and found to also be effective and specific (data not shown
but see Charoensapsri et al. (2009)).

3.6. Hemolymph PO activity assay

To investigate the involvement of the PmPPAE1 and PmPPAE2
gene products in the shrimp proPO system, hemolymph was col-
lected from the dsRNA knockdown shrimps at 48 h after the second
dsRNA injection, and then subjected to a hemolymph PO activ-
ity assay using L-dopa as the substrate. A significant decrease

PO activity
(AA jo/mg total protein/min x 102)

PmPPAE1 PmPPAE2 PmPPAEI1 GFP NaCl
dsRNA dsRNA PmPPAE2 dsRNA
dsRNAs

Fig. 5. Total hemolymph PO activity of the PmPPAE silenced shrimps. Hemolymph
was collected from the single dsRNA knockdown (PmPPAE1 or PmPPAE2) and the
double knockdown (PmPPAE1 and PmPPAE2) shrimps at 48 h after the second
dsRNA injection. Shrimps injected with GFP dsRNA or saline solution were used
as control groups. The total hemolymph PO activity was defined as AAsgp/mg total
protein/min. The data are shown as the mean + standard deviation (error bars) and
are derived from three independently replicated experiments. Means with different
lower case letters (above each bar) are significantly different at the p <0.05 level.

in total hemolymph PO activity was observed in the PmPPAE1
and PmPPAE2 knockdown shrimps (~37% and 41%, respectively),
whilst dsRNA-mediated co-silencing of PmPPAE1 and PmPPAE2
together resulted in a non significantly different 41% reduction of
hemolymph PO activity as compared to the control group injected
with GFP dsRNA or saline solution (Fig. 5). Thus, both PmPPAE1 and
PmPPAE?2 are likely to be members of the proPO activation cascade
and they might function in the same branched-pathway for the
activation of the shrimp proPO system.

3.7. Cumulative mortality assay and bacterial count in the
silenced shrimps

To elucidated the important role of PmPPAE2 in the shrimp
immune defense against V. harveyi infection, 2 x 10° CFUs of the
highly pathogenic V. harveyi 639 isolate were intramuscularly
injected in to the PmPPAE2 dsRNA knockdown shrimps at 24 h after
the first dsRNA injection, and the mortality was recorded for 5 days
post infection. A 77 and 83% cumulative mortality was observed
in the PmPPAE2 dsRNA-mediated knockdown shrimps within day
1 and 2 post infection, respectively, and remaining at 83% there-
after, which was some three-fold greater than that seen in the GFP
dsRNA (26%) or saline (28%) injected controls (Fig. 6A). In addition,
a4.4-fold increased number of viable bacterial CFUs were observed
in the shrimp hemolymph from the PmPPAE2 knockdown shrimps
compared to that for the control shrimps injected with GFP dsRNA
(Fig. 6B). Thus, PmPPAE2 is involved in the shrimp proPO system
and has an essential function in protecting shrimps from V. harveyi
(bacterial) infection.

4. Discussion

Melanization through the activation of the proPO activating
system is believed to be an important immune reaction in the
host defense against microbial or parasitic infections in many
arthropods (Cerenius et al., 2008; Cerenius and Séderhaill, 2004;
Kanost and Gorman, 2008; Labbé and Little, 2009; Rao et al.,
2010; Sritunyalucksana and S6derhdll, 2000). Biochemical studies
in insects have demonstrated that several members of the clip-
domain serine proteinases (clip-SPs) are essential in the regulation
of the proPO activating cascade (Barillas-Mury, 2007; Jang et al.,
2008; Jiang and Kanost, 2000). However, knowledge on the activa-
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Fig. 6. The cumulative mortality (A) and the number of viable bacterial (CFUs) in the
hemolymph (B) of PmPPAE2 silenced shrimps after systemic Vibrio harveyi infection.
Shrimps were challenged with V. harveyi 639 (2 x 10°> CFUs) following the second
injection of PmPPAE2 dsRNA. Control shrimps were injected with GFP dsRNA or
saline solution only. (A) The cumulative mortality was recorded twice each day
until 5 days post infection. Percent mortality in each group (9-10 shrimps/group) is
presented as the mean + standard deviation (error bars) and are derived from tripli-
cate independent experiments. (B) The bacterial colony forming units (CFUs) in the
knockdown shrimp hemolymph were determined at 6 h after V. harveyi infection by
a modified total plate count method and are shown as the mean =+ standard devia-
tion (error bars), derived from three independent experiments. Means with different
lower case letters (above each bar) are significantly different at the p <0.05 level.

tion and transcriptional regulation of the clip-SPs involved in the
shrimp proPO activating system is still elusive and not yet well
elucidated.

Previously, two clip-SP genes (PmPPAE1 and PmClipSP1) from
the hemocytes of the shrimp, P. monodon, have been cloned and
functionally characterized (Amparyup et al., 2010; Charoensapsri
et al., 2009). Using a reverse genetics approach, it was suggested
that the PmPPAET1 is a member of the shrimp proPO activation sys-
tem (Charoensapsri et al., 2009), whereas PmClipSP1 is not required
for the shrimp proPO cascade but still plays a potential role in the
antibacterial defense in the shrimp immune response (Amparyup
etal.,, 2010).

In order to better understand the proPO activation pathway
of P. monodon, we have attempted to identify clip-SPs that may
function as PPAEs in the shrimp proPO system by initially using
PCR amplification based upon degenerate primers designed from
the conserved sequence of the known (reported in the GenBank
database) arthropod PPAEs. Interestingly, as a result, the novel clip-
SP, designated as PmPPAE2, from the hemocytes of P. monodon was
found. PmPPAE2 contains the structural features of the clip-SP fam-
ily with a single clip domain at its amino terminus and a proteinase
domain with a conserved catalytic triad (H165, D227 and S323) at

the carboxyl terminus. Amino acid sequence analysis revealed that
PmPPAE2 is more closely related to the insect PPAEs than that of
the (few) other known crustacean PPAEs with a 51% amino acid
sequence similarity to the lepidopteran insect tobacco hornworm
M. sexta PAP-1, a terminal proPO-activating enzyme (PPAE) that
functions on cleaving and activating the proPO precursors in the
presence of clip-domain serine proteinase homologues (clip-SPHs)
(Jiang et al., 1998). Based on these observations, we suggest that
PmPPAE2 is a new member of the clip-SP family that possibly func-
tions as a PPAE in the shrimp proPO activation pathway.

The genomic organization of several of the clip-SPs that func-
tion as PPAEs has been reported in insect species. In M. sexta, the
genomic structures of the proPO-activating proteinases (PAP)-1,
PAP-2 and PAP-3 have been evaluated (Wang et al., 2006; Zou
et al., 2005; Zou and Jiang, 2005). The genomic sequence of PAP-
1 contains nearly 13,000 nucleotides with seven exons (Zou et
al., 2005), whilst PAP-2 and PAP-3 are composed of eight exons
flanked by the entire intron sequence (Wang et al., 2006; Zou and
Jiang, 2005). However, there is currently no information about the
exon-intron organization of the PPAE genes reported in the crus-
taceans. Therefore, the genomic organization of both PmPPAE1 and
PmPPAE2 in the black tiger shrimp, P. monodon, was evaluated and
compared in this study. Comparison between the genomic DNA
and cDNA sequences revealed that the structure of the PmPPAE1
and PmPPAE2 genes are totally different. PmPPAE1 is comprised
of ten exons disturbed by nine introns, whereas PmPPAE2 con-
tained only eight exons. Analysis of the genomic structure revealed
that the clip domain of the PmPPAE1 and PmPPAE2 genes are
encoded by two exons, whereas the compositions of exons in their
proteinase domain are different. In the dipteran insect Drosophila
melanogaster, the clip domain of the predicted PPAE genes, SP25 is
encoded by two exons, whereas SP4, SP7 and SP10 are encoded by
asingle exon, as is the M. sexta PAP-1 gene (De Gregorio et al., 2001;
Zou et al., 2005).

The tissue distribution of PmPPAE1 transcripts in P. monodon
has been reported to be restricted to only within the hemocytes
(Charoensapsri etal., 2009), as also seen in this present study where
PmPPAE2 transcripts were only detected in shrimp hemocytes. This
result is also in accord with the observation that in the crayfish, P.
leniusculus, PPAE transcripts are only detected in the hemocytes
(Wang et al., 2001).

Furthermore, the expression of PmPPAE2 transcripts was not
detected in the early stages of P. monodon larval development (N3
and Z2), but was detected at increasing levels in the later devel-
opmental stages (M2 and PL15). This contrasts to the expression
of PmPPAE1 transcripts that were present in all four larval devel-
opmental stages examined, albeit at low levels in the N3 larvae. In
the crayfish, P. leniusculus, proPO and PPAE transcripts were absent
and detected at a low level, respectively, during the middle phase
of crayfish embryo development (Zhang et al., 2010).

Previously, PmproPO1 and PmproPO2 from the hemocytes of
P. monodon, were functionally characterized and found to both
play an important role in the shrimp proPO system and immune
defenses (Amparyup et al., 2009). However, the expression pro-
file of PmproPO2 during larval development was not clear. Here,
in this study we report the expression profile of PmproPO1 and
PmproPO2 gene transcripts during four different stages of P. mon-
odon larval development. For PmproPO1, its transcripts were found
at very low to not detectable levels during the N3 developmental
stage and gradually increased in level as the shrimp larval develop-
ment progressed to low at the Z2 stage and high in the M2 and PL15
stages. This finding is similar to the expression of the PmproPO1
transcript previously reported in P. monodon with extremely low
levels from the N4 stage increasing with later developmental stages
(Jiravanichpaisal et al., 2007). In contrast, the mRNA expression of
PmproP0O2 was not significantly different at fairly high levels dur-
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ing all four larval developmental stages examined. Thus, it is likely
that the major proPO gene that functioned during the early stages of
larval development is the PmproPO2 gene, whereas the PmproPO1
seems to be the essential component in the later developmental
stages. The differential gene expression profile between the two
PPAE and two proPO transcripts could suggest that PmPPAE1 is
likely to function as the (protease) activator of PmproPO2 during
the early stage of larval development, whist PmPPAE2 might act as
the activating protease of the PmproPO1 in the later stages of the
P. monodon larval development.

Double stranded RNA (dsRNA)-mediated RNA interference is an
efficient technique for investigating the function of genes and here
was applied to evaluate the two P. monodon clip-SPs (PmPPAE1 and
PmPPAE2) that are implicated in the proPO pathway. In a simi-
lar manner, the RNAi approach in the dipteran insects Anopheles
gambiae and D. melanogaster established the function of the three
Anopheles clip-SPs, CLIPB4, CLIPB8 and CLIPB14, to be involved in
the proPO pathway (Paskewitz et al., 2006; Volz et al., 2005; Volz
et al., 2006), and the two drosophilid clip-SPs, MP1 and MP2/sp7,
to be required for proPO activation (Castillejo-L6pez and Hacker,
2005; Tang et al., 2006). Likewise, the function of the two clip-
SP genes from P. monodon (PmPPAE1 and PmClipSP1) was shown
using dsRNA-mediated gene silencing to be different with PmPPAE1
being a proteinase that participates in the shrimp proPO system and
also plays animportant role in the shrimp immunity (Charoensapsri
et al., 2009), whilst PmClipSP1 is not involved in proPO activa-
tion, but still plays a role in the shrimp defense against bacterial
invasions (Amparyup et al., 2010). In this study, we report the
functional characterization of the novel PPAE (PmPPAE2) using in
vivo dsRNA-mediated gene knockdown of PmPPAE2 transcript lev-
els, which significantly decreased the total hemolymph PO activity,
suggesting that PmPPAE?2 is a proteinase that is required for shrimp
proPO activation. Furthermore, the cumulative mortality and bac-
terial number in PmPPAE2 knockdown shrimps after systemic
challenge with the highly pathogenic bacterium, V. harveyi, were
both significantly increased when compared to the control shrimps.
These observations are similar to those previously reported in the
PmPPAE1 knockdown P. monodon shrimps (Charoensapsri et al.,
2009). We therefore suggest that PmPPAE2 is required to acti-
vate the proPO pathway and also plays an important role in the
shrimp’s immune defense against V. harveyi infection. To further
understand the relationship between the two PPAE genes, we
downregulated the expression of both PmPPAE1 and PmPPAE2, via
dsRNA injection, and monitored the effect on the total hemolymph
PO activity. Although the total hemolymph PO activity of the dou-
ble knockdown shrimps was significantly decreased compared to
the control shrimps, it was not significantly different from that
observed in either the PmPPAE1 or PmPPAE2 single knockdown
shrimps.

Previously, the co-silencing of two proPO genes (PmproPO1 and
PmproPO2)in P. monodonresulted in a more significant reductionin
the total PO activity (88%) than when either gene alone was knocked
down, suggesting that the two proPOs might cooperatively function
in the proPO activating system (Amparyup et al., 2009). The data for
PmPPAE1 and PmPPAE2 knockdown shrimps reported here might
suggest that both of these PPAE genes function in activating the
proPO cascade in the same pathway. However, whether PmPPAE1
and PmPPAE2 are functional and actually involved in direct acti-
vation of PmproPO1 and/or PmproPO2 remains to be resolved by
further investigation.

In conclusion, we identified a novel clip-SP, named PmPPAE2,
from the black tiger shrimp, P. monodon, and suggest its func-
tional role in the activation of the shrimp proPO system as well
as an important role in the shrimp immune defense against V.
harveyi infection. However, further biochemical and genetic char-
acterization is essential for a better understanding of the role of

this system in shrimp immunity. In addition, our data also pro-
vides the information of the genomic organization of both PmPPAE1
and PmPPAE2 genes and a brief outline of the expression of the
PmPPAE1, PmPPAE2, PmproPO1 and PmproPO2 genes during sev-
eral larval developmental stages of the shrimp P. monodon.
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Abstract

The global shrimp industry still faces various serious disease related problems that are mainly caused
by pathogenic bacteria and viruses. Understanding the host defense mechanisms is likely to be beneficial in
designing and implementing effective strategies to solve the current and future pathogen-related problems.
Melanization, which is performed by phenoloxidase (PO) and controlled by the prophenoloxidase (proPO)
activation cascade, plays an important role in the invertebrate immune system in allowing a rapid response to
pathogen infection. The activation of the proPO system, by the specific recognition of microorganisms by
pattern recognition proteins (PRPS), triggers a serine proteinase cascade, eventually leading to the cleavage of
the inactive proPO to the active PO that functions to produce the melanin and toxic reactive intermediates
against invading pathogens. This review highlights the recent discoveries of the critical roles of the proPO
system in the shrimp immune responses against major pathogens, and emphasizes the functional
characterizations of four major groups of genes and proteins in the proPO cascade in penaeid shrimp, that is the
PRPs, serine proteinases, proPO and inhibitors.

1. Introduction

Successful mass monoculture shrimp production, with its inherent high shrimp density rearing and
relatively low genetic diversity, requires the use of effective disease prevention strategies, for which a good
understanding of the basic immune functions is invaluable.

Invertebrates survive microbial infections in the absence of any pre-existing highly evolved adaptive
immunity. Instead they initially rely on a fixed non-specific immune mechanism to prevent pathogen entry and
spread that involves structural barriers to prevent pathogen entry, such as a hard cuticle, tegumental glands,
branchial podocytes, epithelial immunity, autonomy and regeneration of appendages and rapid would healing to
prevent loss of hemolymph and seal the would. However, should their mechanisms fail they mount an
immediate multiple innate immune response to efficiently defend themselves against the onset of pathogens [1].
The mechanism of the innate immune system in response to the inevitably encounter pathogens requires the
recognition of the evolutionarily conserved microbe-specific molecules, known as pathogen-associated
molecular patterns (PAMPs) by a set of well defined receptors referred to as pattern- or pathogen-recognition
receptors (PRPs) [1-4]. Recognition of the unique patterns of PAMPs eventually results in the widespread
innate immune activation, including via the release of soluble molecules and the circulating hemocyte mediated
humoral and cellular components [2,5].

The mobile non-specific immune system has two principal components, the humoral and cellular
systems, which are both activated upon immune challenge and work together. The cellular component involves
those mediated by hemocytes and the humoral components involve the cell free components of the hemolymph.
However, note that as stated already they are not independent of each other but rather are interactive and
interdependent and so function synergistically to protect the shrimp and eliminate foreign particles and
pathogens.

Amongst the diverse array of the humoral immune responses (e.g. clotting cascade, anti-oxidant
defense enzymes like superoxide dismutase, peroxidase, catalase and nitric oxide synthase, defensive enzymes
like lysozyme, acid phosphatase and alkaline phosphates, reactive oxygen and nitrogen intermediates and
antimicrobial peptides), one of the most effective immune mechanisms of invertebrates against intruder
materials is the cellular melanotic encapsulation. The complex melanization cascade requires the combination of
circulating hemocytes and several associated proteins of the prophenoloxidase (proPO)-activating system, and is
one of the more potent humoral constituents in many invertebrates that is responsible for wound healing and
parasite entrapment as well as for microbe killing [6-11].

The proPO activating system serves an important role as a non-self recognition system that participates
in the innate immune responses through interaction with the cellular responses via hemocyte attraction and
inducing phagocytosis, melanization, cytoxic reactant production, directed cell adhesion, particle encapsulation,
and the formation of nodules and capsules.
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Melanin biosynthesis requires multiple steps, both enzymatic and non-enzymatic (Spontaneous)
reactions. The enzymatic reaction is catalyzed by the key enzyme phenoloxidase (PO) and this step is
considered as the rate limiting step of melanin formation. During the proPO system activation, the subsequent
reactive intermediates, such as quinone-like substances, reactive oxygen (ROI) or nitrogen (RNI) intermediates,
which possess cytotoxic activity towards microorganisms, are produced and restrain the invasion of microbial
pathogens into the host body cavity and assist in wound healing [8-9,12-14]. However, whilst any reductions in
the activity of the proPO system might lead to the failure of phagocytosis, it is obvious that excess or prolonged
levels (i.e. inappropriate levels) of these cytotoxic substances can also lead to host tissue damage and cell death
[10]. Accordingly, it is not surprising that the activation of the melanization reaction is strictly regulated and
takes place precisely at the site of injury or infection.

Activation of the proPO system is controlled by a multistep pathway. The recognition of microbial
PAMPs (elicitors) by PRPs leads to the activation of a series (cascade) of serine proteinases (SPs) and
eventually culminates in the proteolytic cleavage of the proPO zymogen to the active PO enzyme. The proPO
cascade is triggered upon recognition of the microbial-derived PAMPs, including lipopolysaccharide (LPS)
from Gram-negative bacteria, peptidoglycan (PGN) from Gram-positive bacteria and B-1,3-glucans from fungi.
Activation of the SP cascade by the PAMPs-PRP interactions, with the final activation of PO, results in the
production of the polymeric melanin and its deposition precisely at the site of infections or around the surface of
foreign microorganisms (Fig. 1) [7].

Over the past decade, the proPO system has been fairly well studied and as a result its importance in
invertebrate immune system has been confirmed. The biochemical pathway and several associated proteins
involved in the proPO system activation are now relatively well characterized in many insects and to some
extent in crustacean species. This review summarizes the current understanding of the molecular mechanisms
and the regulation of the proPO system in penaeid shrimp (Decapoda: Penaeidae), emphasizing the important
roles and discussing the current knowledge on the shrimp proPO system in response to the pathogenic
microorganisms, including differences compared to the better known systems in insects.

2. Pattern recognition proteins (PRPs) in shrimp proPO system

Recognition of PAMPs, such as PGN, LPS and B-1,3-glucans by PRPs is an essential step for the
activation of the proPO cascade. Several groups of invertebrate PRPs that bind to PAMPs and activate the
proPO system have been reported [2,9,15-17], and these include the peptidoglycan recognition proteins
(PGRPs) [15,18-22], Gram-negative binding proteins (GNBPs) [9,17,23], B-glucan binding proteins (BGBPS)
[24-27], LPS and B-1,3-glucan binding proteins (LGBPs) [23,28,29] and C-type lectins [30,31]. In shrimp, little
is known about the PRPs involved in the proPO cascade. Nevertheless, a few PRPs in shrimp that are involved
in the activation of the proPO system or melanization have been reported (Table 1) [32-34], and are outlined
below.

2.1. B-glucan binding proteins (GBPs and BGBP-HDLS)

The first group of BGBPs in crustaceans was characterized in the crayfish, Pacifastacus leniusculus
(Decapoda: Astacoidea) [35]. The crayfish BGBP transcript is synthesized in the hepatopancreas where the
encoded protein is released into the plasma and, after binding to p-1,3-glucan, enhances the activation of the
proPO system and induces hemocyte degranulation and opsonization [24,35-38]. A group of similar proteins
(named BGBP-HDL) to the crayfish PGBP were isolated from the shrimp Litopenaeus vannamei and
Fenneropenaeus chinensis [39-43], and have an approximately 70% amino acid sequence similarity to the
crayfish BGBP. The BGBP/ BGBP-HDL family contains two glucanase-like motifs that have a high sequence
similarity to the catalytic regions of microbial B-glucanases, but they lack glucanase activity and have the
integrin recognition motif (RGD or RGE) as a putative cell adhesion site. Members of the BGBP/ fGBP-HDL
family have been isolated and cloned from four penaeid shrimp species; Penaeus californiensis [32,39],
Litopenaeus stylirostris [40], L. vannamei [39-42] and F. chinensis [43].

The BGBP-HDL of L. vannamei is expressed in the hepatopancreas, muscle, pleopods and gills, but not
in the hemocytes [42]. Likewise, the BGBP-HDL of F. chinensis is expressed in the intestine, hepatopancreas,
muscle and gill tissues, but it is also expressed in the hemocytes, and its expression profile is modified after
white spot syndrome virus (WSSV) infection [43]. Although the mRNA transcripts of shrimp BGBP-HDL have
been detected in several shrimp tissues, as mentioned above, the BGBP-HDL protein was only found to be
present in the plasma [39,40]. In P. californiensis, purified BGBP protein can trigger PO activity in the presence
of B-1,3-glucan and so this BGBP-HDL may be a shrimp PRP for the recognition of B-1,3-glucans in the proPO
activation pathway [32].

2.2. LPS and B-1,3-glucan binding proteins (LGBPs)

LGBPs, initially isolated from the freshwater crayfish, P. leniusculus, show a significant homology
with the insect GNBPs. In the crayfish, the binding of LGBP to LPS or B-1,3-glucan has been documented to
activate the proPO system [29]. In penaeid shrimp, several LGBPs have been cloned and characterized, such as
in P. stylirostris [44], L. vannamei [45], F. chinensis [46,47], Marsupenaeus japonicus [48] and Penaeus
monodon [34,49]. Most of the characterized LGBP mature proteins have an average molecular mass of 39.8 -
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40.2 kDa and contain a conserved domain of the glycoside hydrolase family 16 that is comprised of a
polysaccharide binding, glucanase and B-glucan recognition motifs and two RGD motifs [34,48]. LGBP mRNA
is mainly expressed in shrimp hemocytes and it appears to be an immune responsive gene since its transcript
expression levels are up-regulated in the early-mid infection phase response to WSSV or Gram-negative
bacteria or their associated LPS [34,44,45,47,48] and down-regulated in response to late infection with Vibrio
anguillarium [46]. However, in P. monodon the only LGBP found so far (PmLGBP) acts as a PRP of the proPO
cascade [34].

2.3. C-type lectins

C-type lectins are carbohydrate binding proteins that play essential roles in various biological processes
across a wide range of vertebrates and invertebrates [50]. A link between lectin and the proPO system was first
reported in the blattarid insect (cockroach) Blaberus discoidalis [51], where purified serum lectins were found to
activate proPO in the cockroach hemolymph and to enhance the laminarin-stimulated proPO system activation.
In the lepidopteran insect Manduca sexta (tobacco hornworm), two C-type lectins named immulectins-1 (IML-
1) and IML-2 have been characterized as PRPs that are required for the proPO activation in the insect’s
hemolymph [52,53].

In crustaceans, the connection between C-type lectins and activation of the proPO system has recently
been demonstrated in crayfish [54,55]. The C-type lectin PcLec2 from the red swamp crayfish, Procambarus
clarkii, was characterized as a PRP that participated in the proPO activation [54], whilst in the freshwater
crayfish, P. leniusculus, the C-type lectin (mannose-binding lectin; PI-MBL), which was found to be
synthesized in granular cells and exocytosed upon infection, functions as a regulator of the proPO system under
high Ca*" concentration in the crayfish hemocyte lysate supernatant [55]. In penaeid shrimp, several C-type
lectins have been identified and biochemically characterized (reviewed in [56]), but the potential functions of C-
type lectins in activation of the shrimp proPO system remain poorly understood. Nevertheless, a connection
between C-type lectins and proPO was recently reported for the C-type lectin from the shrimp L. vannamei
(LvCTLD) that was found to enhance the PO activity in the shrimp’s hemolymph [33]. However, the molecular
mechanism of shrimp proPO activation remains to be further elucidated.

3. Clip domain serine proteinase cascade and the proPO activating enzyme (PPAE) in the shrimp proPO
activation

The activation of the proPO cascade requires the proteolytic steps of SPs. SPs constitute one of the
families of proteolytic enzymes and are involved in mediating several physiological processes by the proteolytic
cleavage of specific proteins. SPs are characterized by the presence of three catalytic residues (H, D and S) that
form a catalytic triad. Clip domain SPs (Clip-SPs) belong to the SP family and have been implicated in the
proPO activation cascade [57].

All Clip-SPs are synthesized as inactive zymogens consisting of an N-terminal clip domain and a C-
terminal catalytic SP domain. The characteristic of clip domain, usually composed of between 37 — 55 amino
acid residues, is interlinked by three strictly conserved disulfide bonds and is connected to the SP domain by a
disulfide linkage after proteolytic activation [57]. Clip-SPs can be classified into catalytic SPs and non-catalytic
SPs. The catalytic Clip-SPs, a group of proteolytic enzymes, and the non-catalytic SPs, referred to as Clip-SP
homologues (Clip-SPHSs), which are similar in amino acid sequence to SPs but the serine residue in the active
catalytic triads is replaced by glycine. Clip-SPHs do not exhibit any proteolytic activity and are involved instead
in protein interactions [57,58].

The terminal Clip-SPs of the proteolytic cascades of the proPO system that converts the proPOs to POs
is termed the proPO-activating enzyme (PPAE) [57-71]. PPAEs have been characterized from several insects
and crustaceans, including, within insects, Bombyx mori [59], M. sexta [57, 60-63], Holotrichia diomphalia
[64-66] and Tenebrio molitor [67], and, within crustaceans, the crayfish P. leniusculus [68] and the shrimp P.
monodon [69,70] and L. vannamei [71].

The penaeid shrimp PPAE was first cloned from P. monodon and named PmPPAELl [69].
Subsequently, a second PPAE (PmPPAE?2) [70] and several clip-SPs have been identified and cloned from a
variety of shrimp species, including P. monodon [72], F. chinensis [73], Fenneropenaeus indicus [74] and L.
vannamei [71]. However, so far only three of these clip-SPs, two from P. monodon (PmPPAEL and PmPPAE2)
[69,70] and one from L. vannamei (LvPPAE1) [71], have been reported to be involved in the proPO system
(Table 1).

Both PmPPAE transcripts (PmPPAEL and PmPPAE?2) are mainly expressed in shrimp hemocytes
[69,70]. PmPPAEL appears to be an immune-responsive gene since its transcript expression level is up-
regulated after V. harveyi infection. Immunoblotting analysis of the hemocyte and plasma using a polyclonal
antibody against the SP domain of PmPPAEL indicates that the protein is localized in hemocytes [69]. In the
shrimp L. vannamei, LVPPAE1 mRNA levels were down-regulated in hemocytes and up-regulated in the gill
after challenge with V. harveyi [71]. In contrast, in the crayfish P. leniusculus the PPAE1 transcript levels were
not affected following Aeromonas hydrophila infection [75]. In insects, the M. sexta PPAE (PAP-1) is
constitutively expressed at high levels in the integument and less abundantly in the fat body of naive larvae.
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However, the transcript expression levels of PAP-1 and the two other PPAE transcripts (PAP-2 and PAP-3) are
up-regulated following bacterial infection [60-62]. The differences in the expression levels of PPAEs among
species can be explained as being due to the differences in the pathogenicity or virulence of the microorganisms
in each species.

Arthropod clip-SPHs have been shown to be involved in various biological functions including
immunity [57,69,70]. Clip-SPH proteins, which lack SP enzymatic activity, are regulators in the proPO system.
In insects, the proPO-activating factor (PPAF)-11 of the beetle, H. diomphalia, is a clip-SPH and functions as a
protein cofactor for PPAF-1 [76], whilst SPH1 and SPH2 of the lepidopteran M. sexta (tobacco hornworm) serve
as protein cofactors for the two PPAEs (PAP-2 and PAP-3) in the proPO activation [60-62]. In crustaceans, two
SPHs (PISPH1 and PISPH2) from the crayfish P. leniusculus have been reported to be involved in the PGN-
induced proPO activation and probably function as protein cofactors in the PGN-binding complex with LGBP
[77].

In the shrimp P. monodon, the two known clip-SPHs (PmMasSPH1 and PmMasSPH2) have a high
amino acid sequence similarity (74% and 69%) to the crayfish PISPH2 and PISPH1, respectively [78,
Amparyup et al., unpublished data]. PmMasSPH1 is a multifunctional immune molecule that contains extensive
glycine-rich repeats (LGQGGG) and a clip domain at the N terminus and C-terminal SP domain. PmMasSPH1
transcript levels are induced in response to infection with the shrimp pathogenic bacterium V. harveyi [78]. The
N-terminal region of PmMasSPH1 exhibits in vitro antibacterial activity against Gram-positive bacteria, the SP-
like domain mediates the hemocyte adhesion and displays bacterial binding activity to V. harveyi and the LPS of
Escherichia coli [79]. In accord, PmMasSPH1 displays an in vivo opsonic activity against V. harveyi. In
addition, P. monodon SPH516, an isoform of PmMasSPH1, specifically interacts with the metal ion-binding
(MIB) domain of the yellow head virus (YHYV), suggesting that it might play an important role in viral responses
[80]. Moreover, dsRNA interference studies revealed significant decreases in the hemolymph PO activity of
PmMasSPH1 and PmMasSPH2 knockdown shrimp, suggesting that both SPHs are involved in the shrimp
proPO system (Amparyup et al., unpublished data). In two other shrimp (M. japonicus and F. chinensis), at least
three clip-SPHs genes have been identified [73,81,82], yet none of these clip-SPHs have so far been implicated
in the proPO system. However, data from molecular studies have revealed significant changes in the gene
expression levels of these clip-SPH transcripts following microbial infection, suggesting that they may be
involved in shrimp immunity and in the proPO system upon infection. Regardless, further studies are still
required to elucidate the function of these proteins in the proPO system.

4. Prophenoloxidase (proPO): a key enzyme in the proPO system

PO, a crucial component of the arthropod proPO system and the key enzyme in the synthesis of
melanin, is a bifunctional copper containing enzyme that belongs to the type 3 copper protein family and
possesses both tyrosinase/monophenolase (EC 1.14.18.1) and catecholase/diphenoloase (EC 1.10.3.1) activities
that in turn convert a variety of monophenols and o-diphenols into o-quinone that ultimately act as precursors
for melanin production [7,8]. Biochemical investigation in insects and some crustaceans indicated that PO is
generally synthesized and maintained as the enzymatically inactive precursor proPO, with an approximate
molecular mass of about 70-80 kDa, and is coordinated with two atoms of copper [6,10]. Activation of proPO is
triggered by microbial elicitors (PAMPs), including LPS, PGN and B-1,3-glucan, and results in the limited
proteolytic cleavage at the N-terminal by the specific PPAE proteinases [6,7,10]. Significantly, POs also share a
homologous sequence with the oxygen carrier proteins (hemocyanins), and so it is not surprising that some PO-
like activity was detected from hemocyanin under certain conditions [83-85].

Initially, the sequences of arthropod proPO genes were reported from four arthropods, comprised of
three insect species, the two lepidopterans M. sexta and B. mori plus the dipteran Drosophila melanogaster, and
one crustacean, the freshwater crayfish P. leniusculus [86-89]. However, various arthropod proPO sequences
have subsequently been reported from an array of insect and crustacean species. In insects, the number of the
proPO genes found in each species varies widely, ranging from ten and nine in the mosquitoes Aedes aegypti
and Anopheles gambiae, respectively, to three in the fruit fly D. melanogaster, two in the beetle H. diomphalia,
the silkworm B. mori and the tobacco hornworm M. sexta, down to only a single proPO gene in the honeybee
Apis mellifera (reviewed in [9-11]).

In shrimp, biochemical investigations of various aspects of proPO have been performed so far in six
different shrimp species [90-99]. The first penaeid proPO was successfully purified from the hemocytes of P.
californiensis in 1999 [90]. Thereafter, a number of proPO genes have been identified and cloned from various
shrimp species, including one proPO gene in Penaeus semisulcatus [Genbank accession no: AF521949], two
proPO genes in each of P. monodon [91,92], M. japonicus [93,94], L. vannamei [95-98] and F. chinensis [99]
(Table 1).

In the insect species for which good genomic or other suitable genome coverage data are available, the
presence of different proPO genes have been reported, as exemplified above. However, it has been suggested the
proPO genes of the malaria vector A. gambiae are differentially expressed in different developmental stages,
whilst some of them are induced after blood feeding [100-102]. Note that after blood feeding the insect is
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potentially exposed to host animal-blood borne pathogens. In the shrimp P. monodon, it has been found that the
two different proPO genes, PmproPO1 and PmproPO2, were differentially expressed in different stages of larval
development with PmproPO2 and PmproPO1 potentially being the major proPO gene in the early and late
developmental stages, respectively [70,103].

Shrimp proPOs have been shown to be localized only in the hemocytes [95,98]. Accordingly, all the
penaeid shrimp proPO mRNA transcripts, except for one from M. japonicus [94], are reported to be expressed
exclusively in hemocytes [91,92,99]. This is in accord with previous studies in other crustaceans which have
demonstrated that the enzymes of the proPO system are synthesized in hemocytes, localized in the granules of
semigranular and granular hemocytes and released into the hemolymph by degranulation upon infection
(reviewed in [9]). Nonetheless, a proPO gene identified from the plasma of the kuruma shrimp, M. japonicus,
was recently reported to be mainly synthesized in the hepatopancreas and displayed a PO activity in the
crustacean plasma [94].

All currently known shrimp proPOs exhibit the typical characteristic of arthropod proPOs, including
having two functional copper-binding sites (copper binding sites A and B), a proteolytic activation site, and no
hydrophaobic signal peptide. As with other members of the type-3 copper protein family, shrimp proPOs contain
a canonical type 3 bi-nuclear active site with six structurally conserved histidine residues within the two
annotated copper-binding sites (A and B). Almost all currently available sequences of shrimp proPOs have been
shown to belong to the penaeid shrimp proPO clade of the crustacean proPOs group, which contains the two
sub-distinct groups of proPO1 and proPO2 [92]. The exception, however, is the novel proPO-like protein
(proPOb) identified from M. japonicus hemolymph, which differed from the previously reported crustacean’s
proPO due to their cDNA and deduced amino acid sequences showed low sequence identity (approximately
30%) with the previously reported proPO sequences (proPO1 and proPO2) of penaeid shrimp [94].

5. Negative regulation of the proPO cascade

Melanization, induced by activation of the proPO system, is essential for the immune defense.
However, the melanin reaction is tightly controlled at multiple levels, including by inhibition of the SP cascade
by proteinase inhibitors, the PO activity by PO inhibitors, and the melanin reaction products by melanization-
inhibiting protein (MIP). This tight control is required since excess melanin reaction products (highly reactive
and toxic quinone intermediates) can cause damage and death to the host cells. Unfortunately, studies on the
inhibitors that negatively regulate the proPO system or melanization in penaeid shrimp are not yet available.
Rather, only the nucleotide sequence and transcript expression profiles of serpins [104,105] and MIP [106]
homologues have been reported to date.

Various proteinase inhibitors, including members of the serpin and pacifastin superfamily, have been
functionally characterized as negative regulators of the proPO activation cascade by inhibiting the SPs in
different insect and crustacean species [9]. Serpin is a class of proteinase inhibitors that act as suicide-like
substrates by binding covalently to their specific target proteinases. In insects, serpins from D. melanogaster
(Serpin-5, -27A, -28D and -77Ba) [107-111], A. gambiae (SRPN2) [112,113], M. sexta (Serpin-1J, -3, -4, -5
and -6) [16,62,114-116] and T. molitor (SPN48) [117] have been identified as negative regulators of the
melanization cascade. However, in crustaceans, so far only one SP inhibitor, pacifastin, from the crayfish P.
leniusculus has been reported to be a specific inhibitor for PIPPAEL. This crayfish pacifastin has a molecular
mass of 155 kDa and contains a light chain with nine likely proteinase inhibitor domains of the pacifastin family
and a heavy chain containing three transferrin lobes [118]. In shrimp, only a few serpins have been reported, but
their expression profiles suggest that they are likely to be involved in the shrimp immune response against
bacterial and viral infections [104,105]. However, the function of these genes in the proPO system has not been
investigated.

MIP was originally identified in the coleopteran insect T. molitor, and was found to decrease the
melanization reaction by inhibiting the melanin synthesis from quinone compounds, but not to affect the PO
activity [119]. In crustaceans, the MIP homologue from the crayfish, P. leniusculus (PIMIP) has an amino acid
sequence similarity (approximately 55%) to ficolin, a lectin protein and shares an amino acid sequence
similarity with the aspartic acid rich motif of the T. molitor MIP. The PIMIP functions in preventing the
melanin-forming reactions from quinone and also the PPAE activity [120]. In shrimp, a homologue of MIP has
been identified in P. monodon with an 80% amino acid sequence similarity to the crayfish PIMIP [106].
However, the function of the shrimp PmMIP has not been experimentally verified.

In the absence of any information on these inhibitors, the understanding of the molecular mechanisms
by which inhibitors control the melanization cascades in penaeid shrimp remains incomplete.

6. POs are important in shrimp immunity

The importance of the proPO activation system/melanization in the host’s defense against pathogen
infections in shrimp and other crustaceans has been investigated recently using in vivo gene silencing. Although
in some insects it has been reported that the proPO system is not essential for defense against microbial
infections [121,122], in crayfish the suppression of the proPO gene using RNAi mediated gene knockdown of
the P. leniusculus proPO gene suggested a potentially important role of proPO in crayfish immunity [75].
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Likewise, in penaeid shrimp the proPO system was found to be essential for the shrimp’s defense against
pathogenic microorganisms as follows. In F. chinensis, proPO transcripts were up-regulated in response to V.
anguillarum infection [99], whilst in L. vannamei, the expression levels of proPO1 and proPO2 were both
down-regulated after WSSV infection [97,98] or following V. alginolyticus challenge as well as after ecdysone
treatment [123]. In P. monodon, in which the significant role of proPOs was first clarified, dSRNA-mediated
gene knockdown of the proPO system component (two proPO and two PPAE transcripts) significantly reduced
the total PO activity in the shrimp hemolymph as well as enhancing the susceptibility of the shrimp to infection
with a pathogenic isolate of V. harveyi [69,70,92]. In M. japonicus, dSRNA-mediated gene knockdown of the
proPO gene resulted in a reduction in the hemocyte count, an increase in the bacterial load in the hemolymph
even in the absence of a bacterial or viral challenge, and in an acute increase in the shrimp mortality [124]. In L.
vannamei, PPAE gene (as LvPPAEL) knockdown reduces the survival of shrimp after V. harveyi infection,
supporting an important role for shrimp PPAE in the defense against bacterial invasion [71]. Overall, these in
vivo molecular investigations suggest that the proPO system is critical for the defense against pathogenic
infections, especially in both P. monodon and M. japonicus, as well as in penaeid shrimp in general
[69,70,92,124].

Significantly, silencing of proPO genes through dsRNA interference affected the expression levels of
other immune gene transcripts in both penaeid shrimp examined [34,124]. Down-regulation of the M. japonicus
proPO gene led to a reduced expression level of the antimicrobial peptide (AMP) genes, including lysozyme,
crustin and penaeidin [124], whereas down-regulation of the two proPO dsRNA of P. monodon significantly
decreased the transcription levels of two genes in the proPO system (PmLGBP and PmPPAE2), and two other
AMP genes (PEN3 and Crus-likePm) [34]. Obviously, the proPO system is somehow interrelated with other
branches of the crustacean immune system, and there are several reports in the literature on insect immunity that
suggest a correlation between the activation of the proPO system and AMP synthesis. In the insects M. sexta and
T. molitor, it has been reported that some SPs in the proPO pathway have the ability to initiate the expression of
AMPs via the Toll signaling pathway [125,126]. However, this important insight into the regulation of the
proPO system and the molecular cross-talk between AMP production and the proPO system has not been
evaluated let alone confirmed in shrimp immunity and so awaits further studies.

7. The proPO system in P. monodon

The shrimp proPO system has been investigated for more than 12 years. However, the immune cascade
leading to activation of inactive proPO to active PO in arthropods is still largely undescribed in penaeid shrimp,
with most available data being available instead from insect species. In this part, we review the research on the
proPO system of the shrimp P. monodon. Using EST database searching (the complete annotated genome
sequence of a penaeid shrimp is not yet available) and PCR-based approaches, 10 full-length cDNAs of two
proPOs, four SPs, three SPHs and one PRP have been identified in P. monodon. The molecular characteristics of
these genes are shown in Table 2 and Fig. 2. RNAi-mediated gene silencing has been used to test the function of
eight of these candidate genes in the proPO system in P. monodon, from which the knockdown in expression
levels of seven of these genes (PmproPO1, PmproPO2, PmPPAEL, PmPPAE2, PmMasSPH1, PmMasSPH2 and
PmLGBP) significantly decreased the hemolymph PO activity, supporting that these proteins function in the
proPO system of this shrimp [34,69,70,92, Amparyup et al., unpublished data]. In contrast, the knockdown of
PmClipSP1, which has a 57% amino acid sequence similarity to the A. gambiae serine protease 14D, did not
alter the hemolymph PO activity, but resulted in an increased number of bacteria in the hemolymph and in the
mortality rate of shrimp infected with V. harveyi [72]. As to the remaining two uncharacterized proteins
(PmClipSP2 and PmMasSPH3), based on analysis of their amino acid sequences for homology, they may
function in the proPO cascade. These are discussed with respect to their functional categories below.

7.1. The PRP of P. monodon

The P. monodon LGBP (PmLGBP) was recently reported to act as a PRP, binding to LPS or -1,3-
glucan and activating the proPO system [34]. This protein was initially identified as a BGBP in P. monodon,
based on its binding activity to -1,3-glucan but not to LPS [49]. However, recent investigations have identified
a PmLGBP that binds bacterial LPS and -1,3-glucan with a dissociation constant of 6.86 x 107 M and 3.55 x
107 M, respectively, and activates the proPO system in the presence of LPS or B-1,3-glucan [34]. Gene
silencing of PmLGBP resulted in a significant decrease in the total PO activity, but no significant effect on the
transcript expression levels of genes in the proPO system (PmproPO1, PmproPO2, PmPPAEL and PmPPAE2),
AMPs (PEN3, Crus-likePm, SWDPm2 and lysozyme) or the Toll receptor. These results suggest that the
expression of shrimp AMPs is independent of PmLGBP signaling pathway [34].

7.2. PPAEs of P. monodon

The role of PPAE in the proPO or melanization cascade is well documented in insects. Within penaeid
shrimp and P. monodon, PmPPAEL and PmPPAE2 were the first candidate genes to be tested for their role in
the proPO system. PmPPAEL is more closely related to the crustacean PPAE (a crayfish PPAE), and is
comprised of a long glycine-rich region, a clip domain, a short proline-rich region at the N-terminus and a C-
terminal SP domain [69]. In contrast, PmPPAE?2 is very similar to that of insect PPAEs and contains only an N-
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terminal clip domain and a C-terminal SP domain [70]. The characterization of their genomic organization also
supports that PmPPAEL and PmPPAE?2 are structurally different. The PmPPAEL gene displays a ten-exon/nine-
intron structure, whereas PmPPAE2 consists of eight exons and seven introns, supporting that the two
PmPPAEs are encoded from different genes and that they do not arise as a result of alternative exon splicing
[70].

PPAE and SPH have been found to be important for the proPO system in shrimp. Gene knockdown of
PmPPAEL and PmPPAE2 showed a significant reduction (37% and 41%, respectively) in the PO activity,
whereas co-silencing of both PPAEs together resulted in no further significant reduction (41%) in the
hemolymph PO activity. This implies that both PmPPAE1 and PmPPAE?2 are, at least in part, members of the
proPO activation cascade and play a role in the same branched-proPO pathway. Moreover, the two SPHs,
PmMasSPH1 and PmMasSPH2 were characterized in P. monodon by gene silencing and the results indicate that
the hemolymph PO activity of PmMasSPH1 and PmMasSPH2 knockdown shrimp were significantly decreased
after injection of their corresponded dsRNAs, supporting that both SPHs are likely to be involved in the shrimp
proPO system (Amparyup et al., unpublished data). Although it is not yet clear whether these SPHs function as
a protein cofactor of PPAEs, we suspect that they may act as cofactors in the proPO cascade.

7.3. ProPOs of P. monodon and their relationship to the PPAEs

The two proPO isoforms so far identified in P. monodon, PmproPO1 and PmproPO2, are mainly
expressed in hemocytes. PmproPO1 and PmproPO2 have similar predicted molecular masses of 78.7 kDa and
79.2 kDa, respectively, and do not contain a signal peptide. PmproPO1 shows an amino acid sequence identity
and similarity with PmproPO2 of 67% and 81%, respectively. Although PO has long been considered as a key
enzyme in the proPO system, direct evidence showing the exact roles of PO in shrimp immunity is not available.
Within P. monodon, the suppression of PmproPO1, PmproPO2 or both gene transcript levels by dsRNA-
mediated RNAIi was shown to efficiently and specifically reduce the endogenous expression of their respective
transcripts, and to significantly decrease the PO activity by 75%, 73% and 88%, respectively, when using L-
dopa as substrates [92]. This in vivo assay clearly shows that both PmproPQOs are key enzymes contributing to
the PO activity and are also essential components of the biochemical pathway required for the proPO system in
the P. monodon hemolymph. The meaning of the slight synergy observed in the double-knock down is
unresolved between two overlapping or convergent pathways from that of just an enhanced efficiency of two
parallel (redundant) or tissue specific components in the same pathway.

The relationship of shrimp PPAE and proPO gene expressions in the larval developmental stages has
been investigated [70]. PmPPAEL and PmproPO2 transcripts were expressed in all larval stages (nauplius,
protozoea, mysis and post-larvae), whereas PmPPAE2 and PmproPOL1 transcripts were mainly expressed in the
late larval developmental stages (mysis and post-larvae). This differential gene expression profile suggests that
PmPPAEL is likely to function as the proteinase activator of PmproPO2 during the early larval developmental
stage, whilst PmPPAE2 might act as the activating proteinase of the PmproPOL1 in the later stages of the larval
development [70]. However, confirmation that PmPPAEs directly cleaves PmproPOs (or not) is yet to be
established.

7.4. Model of the P. monodon proPO cascade

In this review, we propose a model of the proPO activation cascade in P. monodon, based on the data
derived from gene knockdown and biochemical experiments. This model is shown schematically in Fig. 3.
Initially, PmLGBP acts a functional PRP for LPS and f-1,3-glucan detection and so plays a role in the
recognition of microbes and the activation of the proPO system. This PRP-PAMP complex then probably
activates the clip-SP cascades that can convert the inactive shrimp PPAEs (PmPPAE1 and PmPPAE?2) to active
PPAEs. Stimulation of PmPPAE1 and PmPPAE2 leads to the activation of the respective PmproPO2 and
PmproPO1 (to POl and PO2), resulting in the production of melanin and reactive oxygen compounds.
Interestingly, specific down-regulation of these two proPOs significantly decreased the gene expression levels
of the two AMPs (PEN3 and Crus-likePm) and two genes in the proPO system (PmLGBP and PmPPAE?2),
supporting a likely cross-talk between the proPO system and AMP gene synthesis in P. monodon.

8. Conclusions

Melanization is an important mechanism in the immune system of shrimp as with other arthropods. In
recent years, an increasing number of functional-characterized genes (PRPs, Clip-SPs and proPOs) in the proPO
system, somewhat comparable to those in insects or other invertebrate species, have been described from
penaeid shrimp. By binding to specific pathogen molecules (PAMPSs), the PRPs (i.e. LGBP, GBP and/or C-type
lectin) detect pathogen infections and subsequently activate Clip-SPs, PPAE and proPOs to finally activate PO
and generate the melanin and their reaction products (reactive oxygen compounds) that entrap and / or are toxic
to pathogens. This review highlights the rational that the proPO system is an important immune system for
fighting against pathogens in penaeid shrimp. However, there is little research on the mechanism of the proPO
system in shrimp. The study of the genes and proteins involved in this system should be further investigated to
unveil the mechanism of shrimp proPO system.
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Figure 1. Schematic outline of the principle components in the prophenoloxidase (proPO)-activating
system in arthropods. During microbial infection, non-self molecules that act as PAMPs (LPS, PGN and p-1,3-
glucan) are recognized by the appropriate pattern recognition proteins (PRPs) (peptidoglycan binding protein
(PGBP), LPS and B-1,3-glucan binding protein (LGBP) and B-1,3-glucan binding protein (BGBP)). This event
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triggers the activation cascade of several serine proteinase (SPs), leading to a final clip-domain serine proteinase
(clip-SP) designated as a proPO-activating enzyme (PPAE). Subsequently, the inactive proPO zymogen is
converted to active phenoloxidase (PO), by PPAE to produce the quinones, which can crosslink neighboring
molecules to form melanin around invading microorganisms.
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Figure 2. Schematic illustration of the primary structure of the genes in the proPO system of the penaeid
shrimp P. monodon. LGBP: PmLGBP (Genbank accession no. JN415536). PPAEs: PmPPAE1 (FJ595215) and
PmPPAE2 (FJ620685). proPOs: PmproPO1 (AF099741) and PmproPO2 (FJ025814).
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Figure 3. A proposed mechanism for the activation of the proPO cascade in the penaeid shrimp P.
monodon. PmLGBP is a pattern recognition protein (PRP); PmPPAEL1 and PmPPAE2 are prophenoloxidase
activating enzymes (PPAEs); PmMasSPH1 and PmMasSPH2 are clip domain serine proteinase homologues
(Clip-SPHs) and PmproPO1 and PmproPQO?2 are prophenoloxidases (proPOs).
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Table 1. Genes in proPO system of penaeid shrimp.

Gene name Scientific Name Accession Full-length Coded amino  Signal Mature protein Reference source
Number cDNA (bp) acid peptide  (amino acids/ MW)
Pattern Recognition Proteins (PRPS)
BGBP-HDL L. vannamei AY249858 6379 1454 - 1454 aa / 164.0 kDa [42]
F. chinensis GU461662 6443 2021 - 2021 aa/ 227.5 kDa [43]
LGBP P. monodon JN415536 1140 366 17 349 aa/39.9 kDa [34]
AF368168 1297 366 17 349 aa/39.9 kDa [49]
L. vannamei AY723297 1203 367 17 350 aa/ 39.9 kDa [96]
F. chinensis AY871267 1277 366 17 349 aa/ 39.9 kDa Liu et al. (Unpublished)
DQ091256 1253 366 17 349 aa/ 39.8 kDa Du et al. (Unpublished)
L. stylirostris AF473579 1352 376 27 349 aa/ 39.9 kDa [44]
M. japonicus AB162766 1098 366 17 349 aa/ 39.8 kDa Aoki et al. (Unpublished)
EU267001 1293 354 23 331 aa/40.2 kDa [48]
C-type lectin containing L. vannamei JF834160 1353 311 16 295 aa / 32.8 kDa [33]
domain protein
Clip-domain Serine Proteinases (Clip-SPs)
PPAE1 P. monodon FJ595215 1529 463 18 445 aa / 48.7 kDa [69]
L. vannamei 1557 462 18 444 aa/ 48.5 kDa [71]
PPAE2 P. monodon FJ620685 1578 371 25 346 aa/ 36.5 kDa [70]
Clip-domain Serine Proteinase Homologues (Clip-SPHs)
MasSPH1 P. monodon DQ455050 1958 523 19 504 aa/51.6 kDa [78]
DQ916148 1530 509 19 490 aa / 50.5 kDa [80]
DQ403191 1949 516 19 497 aa /51.0 kDa [80]
MasSPH2 P. monodon FJ620686 1672 387 20 367 aa/39.4 kDa [69]
EF128030 1740 386 19 367 aa/ 39.4 kDa Sriphaijit and Senapin (Unpublished)
Prophenoloxidases (proPOs)
proPO1 P. monodon AF099741 3002 688 - 688 aa/78.7 kDa [91]
AF521948 2061 686 - 686 aa/78.5 kDa Ye at al. (Unpublished)
F. chinensis EU015060 2061 686 - 686 aa/78.2 kDa [99]
AB374531 3023 686 - 686 aa/78.1 kDa Bae et al. (Unpublished)
P. semisulcatus AF521949 2055 684 - 684 aa/78.0 kDa Ye et al. (Unpublished)



L. vannamei

M. japonicus
proPO2 P. monodon

L. vannamei

F. chinensis
proPOb M. japonicus

EU284136
EF115296
AYT723296
AB065371
AB073223
FJ025814
EU853256
EU373096
EF565469
FJ594415
AB617654

2471 686 - 686 aa / 78.1 kDa Lai et al. (Unpublished)
3232 686 - 686 aa / 78.1 kDa [97]

2061 686 - 686 aa / 78.1 kDa [96]

2046 681 - 681 aa/78.1 kDa [93]

3047 688 - 688 aa / 80.0 kDa Rojtinnakorn et al. (Unpublished)
2536 689 - 689 aa/79.2 kDa [92]

2531 690 - 690 aa / 79.4 kDa Ma and Chan (Unpublished)
2504 691 - 691 aa/ 78.8 kDa [95]

2514 691 - 691 aa/ 78.8 kDa [98]

2312 687 - 687 aa / 78.8 kDa Sun et al. (Unpublished)
2453 708 18 690 aa/ 79.1 kDa [94]




Table 2. Molecular characteristics of the genes and their predicted protein products in the proPO system of the penaeid shrimp P. monodon.

CDS/
ORF

Closest gene (% amino

Gene name acid similarity)

Putative N-glycosylation sites

Conserved domains

Biological functions/ Reference sources

Pattern Recognition Protein (PRP)

PmLGBP 1101 bp/
366 aa

P. monodon BGBP (99%)

NRS(66) and NLS(318)

Polysaccharide binding motif,
glucanase and B-glucan recognition
motifs and integrin recognition
motifs (RGD)

Pattern recognition protein for LPS and f-1,3-glucan in
the shrimp proPO system / [34]

Clip-domain Serine Proteinases (Clip-SPs)

PmPPAE1 1392 bp/ P. leniusculus PPAE
463 aa (70%)
PmPPAE2 1116 bp/ M. sexta PAP-1 (51%)
371 aa
PmClipSP1 1101 bp/ A. gambiae Serine
366 aa protease 14D (57%)
PmClipSP2 1107 bp/ D. melanogaster
369 aa melanization protease-1

(52%)

NGS(42) and NAT(192)

NV/T(84)

NFS(219) and NKS(228)

NPT(25), NTS(156), NGS(159) and
NRT (184)

Clip-domain and serine proteinase
domain

Clip-domain and serine proteinase
domain

Clip-domain and serine proteinase
domain

Clip-domain and serine proteinase
domain

PPAE in the shrimp proPO system that possibly
mediates the activation of PmproPO2 and important in
shrimp immunity / [69]

PPAE in the shrimp proPO system that possibly
mediates the activation of PmproPO1 and important in
shrimp immunity / [70]

Not required for shrimp proPO cascade but still plays a
potential role in the antibacterial defense mechanism in
shrimp immune response / [72]

Not determined / (Amparyup et al., unpublished data)

Clip-domain Serine Proteinase Homologues (Clip-SPHs)

PmMasSPH1 1572 bp/ P. leniusculus SP-like 2a
523 aa (74%)

PmMasSPH2 1164 bp/ P. leniusculus SP-like
387 aa protein-1 (68%)

PmMasSPH3 1164 bp/ P. monodon MasSPH1
387 aa (57%)

NDT(28) and NDT (203)

Not found

NTT(12), NET(85), NCS(113),
NTT(126) and NV T(246)

Clip-domain and serine proteinase-
like domain

Clip-domain and serine proteinase-
like domain
Clip-domain and serine proteinase-
like domain

Multifunctional immune molecule and function in the
shrimp proPO system / [78,80] (Amparyup et al.,
unpublished data)

Function in shrimp proPO system / (Amparyup et al.,
unpublished data)

Not determined / (Amparyup et al., unpublished data)

Prophenoloxidases (proPOs)

PmproPO1 2067 bp/ P. monodon proPO1
688 aa (100%)

PmproPO2 2070 bp/ P. monodon proPO1
689 aa (81%)

NET(117), NQT(170), NTS(571)
and NTT(662)

NET(119), NET(172), NNS(275),
NIS(357) and NLS(432)

Copper-binding sites A and B

Copper-binding sites A and B

Major component of proPO system and important in
shrimp immunity / [92]
Major component of proPO system and important in
shrimp immunity / [92]
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