R RR VL DAL U TR

a ¢ v A a A o a a ¥ o
Iﬂidﬂ"ﬁ mnmmwwmwmaw%ﬂ%aaaanmﬂauanmnmuﬂﬂma%‘luqoqmm

Tag

A3. U6 arwew

L8 2553



a7 DBG5180011

e RE VL DAL TR

a ¢ v A a A o a a ¥ o
Iﬂidﬂ"ﬁ mnmmzwwmnmaw%ﬂ%aaaansmﬂau,anmnmuﬂmma*ﬂ%qaqmm

ALY F;INQ

1. 3. UA srwew guﬁ ”uq‘immtmLLa:mﬂIuIa'ﬁ%amWLLﬁma

aﬁfumgui@ JEINITWN amuaﬁfnmgumﬁﬁ' 3

(enuinlunonuiidueside an. lddndudasiumeianaly)



Abstract

Project Code : DBG5180011
Project Title : Functional analysis of prophenoloxidase-activating factors from black

tiger shrimp Penaeus monodon

Investigator : Dr. Piti Amparyup
E-mail Address : piti.amp@biotec.or.th
Project Period : 1 May 2008 — 30 April 2010

Prophenoloxidase (proPO) system is one of the major invertebrate immune responses
against invading foreign microorganisms. The activation of proPO to active PO mediated by a
cascade of clip domain serine proteinases (clip-SPs). In this study, the full-length cDNAs of a
novel proPO gene (PmproPQO2), three clip-SPs (PmPPAEI, PmClipSP1 and PmClipSP2) and
three clip-SPHs (PmMasSPH1, PmMasSPH2 and PmMasSPH3) were characterized from the
black tiger shrimp Penaeus monodon. Tissue distribution analyses revealed that these genes are
primarily expressed in the hemocyte. RNA interference-mediated suppression of two proPO
genes (PmproPO1 and PmproPO2) and two clip-SPs (PmPPAE1 and PmClipSP1) was performed
to investigate the involvement in the proPO system. Injection of double-stranded RNA (dsRNA)
corresponding to each gene into the shrimp resulted in a specific reduction of each transcript and
a significant decrease of PO activity (36 to 75%), except for a PmClipSP1. Moreover, the
silencing of each gene significantly increased mortality in Vibrio harveyi infection which was
accompanied by the increase of the number of bacteria in hemolymph. To further characterize the
function of the PmMasSPHI1 protein (the N-terminal region and the C-terminal domain) were
separately expressed in Escherichia coli. N-terminal region exhibited in vitro antimicrobial
activity against Gram-positive bacteria. The C-terminal domain mediates hemocyte adhesion and
displays binding activity to the V. harveyi and lipopolysaccharide. The results indicated that two
proPO genes (PmproPO1 and PmproPO2) and a clip-SP (PmPPAEl) function in the proPO
system and are important molecules in shrimp immune system. Moreover, the PmMasSPHI1

protein is a multifunctional immune molecule in shrimp defense.

Keywords : Penaeus monodon, prophenoloxidase activating factor



UnAneo

sHalnsams : DBG5180011

d' a 4 9 d‘ S A a a a L 9

‘BﬂiﬂiﬁﬂYi : ﬂ15’3lﬂ5181’iWHWFUENEJHV‘IHE]QE]E]ﬂ“]fl,ﬂﬁll,@ﬂ@]L’J@NLLWﬂm@iiuQQ
na1en

Investigator : a3. Ua Srndwn

E-mail Address : piti.amp@biotec.or.th

§$ﬂ$naﬂﬂ‘§3ﬂ1‘§: 1 NHHNIAY 2551 — 30 WHI8U 2553

1
@ =3

= a I Ay o v Ao 4 (=}
izuuTwsWueaaaﬂmmmﬂmzuunuﬂuﬂuwaﬂ‘ﬂmﬂmizuuwuwmﬁm"lm

Q g

v
nszgndundslumsdudosadn TasmanszdueulwiTnsilueasondiaalmiuilue

avendaanannsnninuldlaonguueueulanf clip domain serine proteinase (clip-SP) Tu
=2 osf dy Y = @ vA o v A =2 4 J G =
msfnensail lauenuazAnidnvazauiagwuiong lo Inaauysaivessu Twstusasen
Fiaayiia 11u¥e PmproPO2 U clip-SP $113% 3 81 (PmPPAEL, PmClipSP1 tiag PmClipSP2)
188U clip-SPH 81U 3 BU (PmMasSPH1, PmMasSPH2 118% PmMasSPH3) 91n14na1é tile
=2 dy A 1 1A uaj = < A Yo 3
Anpimsuaatesnluiiodenie) nunsunvuaimsuaaseeninnludiadeauas ldduda
MIUEA00NYBIEU INTHUOADONFIATTIUIU 2 BU (PmproPO1 LAY PmproPO2) LAz clip-
SP $1U7U 2 BU (PmPPAEL wag PmClipSP1) Tagldimatin RNA interference 1iofny1nI1Y
nertearuszuuInsiluoasendiaa  1loRa dsRNA  ¥auaazduiIdaIAg HanyIng

U a

AU UM IUMTAAMTUAAIDONVBIAALIU LlazannINTIVVDINUBADNTIAA IADE191]

@ @

4 1
pd Ry (36 - 75%) oNAUTU PmClipSP1 UBNINUULDAANIUTAIDDNVDIAAZTUNLI

[

U
Y dg’ A A a dy . . . R Y [ A dgl o
INUBATINTAUINVUINBUNMTAAYD Vibrio harveyi FITDAAADINUNITINUVYUUDIVNIUIU

g A A = ¥ A ~ ) a g ' Ay

wolwdon oA I NYDIEY PmMasSPHI  auendudluaosdiufeaudals N uag
4 A o ' A I

ane C iitouaatonn TUsAUS AL UUUN 1Y Escherichia coli WawuTUsausaouduuun
=1 =5 o 3 a 4” A A Y

Yot N TgnslumsdvgamsnsyueaiouuaiGeunsuuainluasanaasla uazilate C

ﬁﬂmﬁuﬁﬁ hemocyte adhesion wazannsndulany v, harveyi 110 lipopolysaccharide Ha911

9 4
m3fAnEInTIiuaaIou Insiueasondiad (PmproPOl 11ag PmproPO2) LAzt clip-SP

v

[ o = a a A J
Aman : danad, TnsTlueasengiaa uenandulanes



PaAnssulszma

E4
Yo

aw ¥ aw aw [l A a v Jd o
QWU?ﬂﬂﬁiﬂiﬂanﬂWHUﬂTiﬂfﬂﬂﬂizlﬂﬂnu3%ﬂllﬂﬂiﬂﬂlﬁ1 “PDITINUNANDATAIUN

q

a au A a 4 ¥ A A A a a A 4
wsugne” Tulasamsidesed “msanszimihnvessuiiueasendmauenanauames
ludanardr” nduinnunesnuatiuayumsive (@) Uszdd 2551 awdyguavi

(R4
DBG5180011 330v0v0UnszAnu 9 NiiAIY

]
A o

o o o @
fé]’J gUDUDUANW f. AT. aty;ﬁ NAUIVAT W’J“r‘iﬂ?ﬁuHL%EJ’J"BWEULQW1$1’HQ€])1UE]W

] LY

=) 4 Y

a =) Y a =y =} a 4 a o Ay Y
GH’J’JTIEHLLﬁ%EJT‘L!lIQQ NAIMIFUAN AUSINYIATAT JWIAINTUNHIINGIAY Tlvlﬂclﬁ

[

o o A g Ea o Aa
Auuzihniulse Texinenisiiauite

ya o

Aavevevouquidauaziinide mainduall auzinermans  ywiaensel

A g
a [ d‘q 1 1 Y dy o & 1 9 =
UN1Ingag ﬂuﬁﬂu%ﬂﬂiﬁiﬂiﬂﬂﬁu m%qmﬂﬂmaﬂ



Executive summary

A
Folasams
a ¢S Y A A A a a a o Y
(511141“!1’]8]) ﬂﬁ’Jl,ﬂi131(71(714!11/1611’0\1EJ“L!V\'“L!E)a’ﬂE]ﬂ“]ﬂﬂffuﬁ]ﬂm’)@lﬂuﬂﬂm@iGl,qu
naen
(m‘HﬁfQﬂqB) Functional analysis of prophenoloxidase-activating factors from black
tiger shrimp Penaeus monodon
A o t3
‘li@‘l’i'J“r‘iHﬂﬂ‘Nﬂ"li
(Ine) 3. 1@ 19 dn (89nQy) Dr. Piti Amparyup
o v v Av J o a A ] a
(AN UR) N8 2 AUINUTIAINTSULazINA 11U TagFININLHIHA

U a

1]
d' o d' 9 ) =Y 9 a =\ =1
NNNIU grumslfmmtymwwmamuanﬁlmmmuaxaiuum NIANIVIVIAUAY
Aa 4 a [ [
AUSINYIAITAT ﬁWWa\iﬂiﬂi’MﬁTJﬂEﬂﬁﬂ ‘]JT!lI'J‘L! ﬂiq\imW 10330
[ '
TNSANN 02-2185414 N33 02-2185414
[ '
TnsFnniiene 0847590907

o
1a: piti.amp(@biotec.or.th : amparyup@yahoo.com

Ay Aao 7 Y o = A A A )] o
\'”‘L!'Ji]ﬂuu?ﬁf‘]ﬂﬁgﬁﬁﬂﬂﬂgﬂuﬁulagﬂ NITANHIIUNINIIUDINVISU Y

=

° I a o Ao o LR
prophenoloxidase (proPO) Tudanaid Fuiluszuugiiquinididgszuuniialudadlull
nszqndunas Tasaulodnyidu 2 nqu Ae dulunguued proPO-activating factors (PPAFs)

4 3 /o o v = o v a A ¢
uaz proPOs Fuilwou laind A luszun proPo Mnmsdumazdnydinuiong le'lng
' ~ ' A a oA ' a v Y .
AuY50iv0IBuUNqy PPAF WUl 6 Bufiniadnazineddes1dun PmPPAEL, PmClipSPI,
v 1
PmClipSP2, PmMasSPH1, PmMasSPH2 11ag PmMasSPH3 114 6 8U3 clip domain gia1s N
1zl serine proteinase domain (PmPPAEL, PmClipSP1 1ag PmClipSP2) %30 serine proteinase
. 1 & [

homologue domain (PmMasSPH1, PmMasSPH2 118 PmMasSPH3) agiila1s C sutludnbue

o a P v A A A
yosdu PPAF fmulansluuuaazi crayfish 1leasivaeumsudaoonluiiogons o

A s A A = v
WU N9 6 BUlMsudaseanInluaaliafen taziens9aeuMILaAI0oNUIEU U
[ Y ' 4 [
NAAYD Vibrio harveyi WU 8U PmPPAEL 11ag PmMasSPH1 1nsueaseoniuiun 24
2104 11ag8u PmClipSP1, PmClipSP2 11ag PmMasSPH2 im3suantoontiooadi 6-48 11114
luvmginsuaaieonueIdu PmMasSPH3  lifimsilasuuias vamghdungu proPO wu 2
= A R Y A Ao FY ~ &2 I A a 1A
8 A9 proPOPm1 FUTUGUNNI 181U 1AZBY proPOPm2 FUTUBY proPO ¥Hialrinny

4 o a do o a 1 nng A A A o
Tudenaidr 91nmsBRsIzHdInunIAol TNy Maaesgulianumiaunulssua 80%

§ 1 o qu <3
wazil ORF, MW iag pl Muana1eny neaesduimsuaaseannmne luiaben



eiimsAnu T Nves8Y  PmproPO1, PmproPO2, PmPPAEI Wag PmClipSP1 19
520D proPO TuenaidTaeldimaiin RNA interference 91nN15MAADI W1 dsRNA e13150
P Y A A o s Y Aa
aaMsuaaeonvodunIa 1A naz dsRNA vowuaazduiinnusumzasduiiu g fuiaa
A28 dsRNA Y0498U PmproPO1 %30 PmproPO2 138 PmPPAEL i PO activity anad 75%, 73%
A o w v a4 o oa A4 9 o S A
130 36.7% awdwy agdldn sawdwiuduiineadesiuszun proPO  wenvINiUiD
1 co-silencing A28 dsSRNA ¥098U PmproPO1 118 PmproPO2 Wiouiu Wy @13130aa PO
1 Y
activity 1409 88% udA971 proPO Nad0901992 NIt wAuluszUD proPO V03
na1d1 ietinInaaeunud IRV PmproPO1, PmproPO2 118% PmPPAE] #oA1140g
1 v v
59AUDIRUNBYNNTZAUAIY V. harveyi 639 WU NNYNTUTINTUAAIDONUYDIBY PmproPO1
A A 0o QYY Ao 2 = o A
W30 PmproPO2 ¥30 PmPPAEI 1 1#Naiions1msmemiugada 100% aelufudi 1, 2 uaz 3

Y
[

Muday ioufunguAIANFITidaTIMsmelszana 50-60% tazdanui Aaigndudinis
4
LAAIPBNVBIOU PmproPO1 LAY PmproPO2 N30 1ag PmPPAEL A59WUIN3S MU
Y
mﬂ"ﬁuﬂizﬁmm 6 LA 4 1911 AINAAY
& = 9 = = Y =
UONINTUIINMIANEINININNFIN N0 T15AYU PmMasSPH1  Tasnsas193now
a o = i
TununiTsdu Useneudie 2 drude nmaduare N Uszneudie glycine-rich repeats 1ay
clip domain (Gly-Clip domain) waznaduilate C 1Useneudae serine proteinase domain (SP
. = v = v v y A .
domain) UALANHINUINN WY ININ W'iJ'J'Iﬁ'JUVﬂQﬂWUTJa'IEJ N ‘]Jizﬂ@llﬂ')ﬂ A9  Gly-Clip
oA I .. . .. = -4 A .2 1A .
domain YN antimicrobial activity Tuvazimediuials ¢ Ao SP domain ¥4'13id] proteinase
activity UM N300 18R cell adhesion activity, bacterial binding activity Y

bacterial clearance

=) 9 o

v o o & A o o o & Ay
NNAIAT Lagegu PmMasSPH1 LﬂuUumilﬂ'ﬂllﬁ’]ﬂfgGl,uﬂﬂtlagﬂﬂﬂﬂﬁfﬂiu‘igﬂﬂguﬂu HUDI

a a

e

o

TNNAIA

a aq

1. 318a2RLANAN SAVHHNUVDIIATINS

o d‘ d‘ o a v
1.1 ﬂ'J"INﬁWﬂﬂlu!!ﬁ%ﬂﬂﬁlﬂﬁﬁﬁgﬁ1ﬂﬂ1ﬂ1‘i'ﬁ)ﬂ

@

a o = | a @ 1o A 1o a A 1
szuugiduiuluasaadou Huszvugiduiuuun lidumnzdduuaduidasoni

[

. . . Y ay Y '

innate immunity 1352N0VUAIY humoral 112 cellular responses Iﬂﬁl’iziﬁj@'llﬂll uwam:agiu
] A ] A o ] Y A <Y A 9 ~
AIUVDIUADA YU NITNAUNIDY ﬂ'li’ﬂ@'l’!llﬁﬁllllaﬂﬂaﬂil NITUUNIAIVDAUADA NITHIWAITN

4
ﬁqwﬁfmga%w HAZNITINANTEUIUNIT melanization Tﬂﬂﬂ?iﬂizgju‘ﬂﬂﬂizﬂﬂ

[y @

. I Y [ a gy A o = o Y 1
prophenoloxidase (proPO) wWuau sz proPO nJuizu‘ugnqmuﬂmﬂmSzuuwuﬂuﬁmhlu

o



E4
=1

finszgndunds nszurumsignaiuau Iaooulsl Phenoloxidase (PO) Faennsonldou
a3dsenou phenol il o-quinones c’?uﬂuﬁaﬂmqﬁﬁmﬁiaﬂizmumsgﬁﬂ cuticle
sclerotization 4181¥ melanin synthesis Tag o-quinones & 1%15&&5{6&}11!!,“1&:65 1 (anti-fungal function)
wazAeduTouunfise (anti-bacterial function) WYY melanin  1REITDIRUATTAIN
1auNa 1561 encapsulation 52U proPO @13150QNNTZAUIINAINLTZNOUVDIHIS
waduuafiGe nazidos lipopolysaccharides (LPS) 118 peptidoglycans (PG) 31nuLATNIT ¢
1az B-1,3-glucans SPTNE e AM5ONTEAUTZVY proPO  Taodi T5@1 Pattern Recognition
Proteins (PRPs) 1niufudlsznevesmiusaduuaiiie uazidon naznszAUMININU
U1 serine proteinase (SP) cascade Tag SP ﬁﬁ]&ﬂui U proPO o WNTDIFENI proPO-activating
factors (PPAFs) @2U SP ’qufsllwﬁﬁﬁ’e)’h proPO-activating enzyme (PPAE) %ﬁﬁfiﬁﬂﬁlﬂéﬂu
proPO (inactive form) Tl PO (active form)

lagiiuldiseaumsnuTsiu PPAF Mifeadestunszuaums propo Tudedisia
HaewHa (U beetle, Holotrichia diomphalia (Lee Uazndle 1998, Known HazAme 2000),
tobacco horn worm, Manduca sexta (Jiang Loz 1998, 2003), 1 UDU silkworm, Bombyx mori
(Satoh ttagAME 1999), crustacean Pacifastacus leniusculus (Aspan 148g Soéderhill, 1991; Wang

o w

HAZAME 2001) SNHULYDY primary structure YBIGYU PPAF 321U52n0UAIY 2 domain NeAw

bg

A A . . . VA = o Y Y A g o . .
DY serine proteinase domain @g‘nﬂmﬂ C m%zmﬂwuwmmﬂumu%u serine proteinase L
v 1 E4
1 clip-domain 0gN1a1e N Fav199zlid2us7011un 15100 protein-protein interaction UONIINTT]
9
' =) [ 2 a ' ] @ =
31831U1 clip-domian ummmmmﬂuawaﬁvwwummiumn"lﬁ’ ae19 lsnauds lutisrean

~ Ad Y o Y = = v o
NITNVEU PPAF NingivadInuNIEUIUNIT proPO Gluﬂq\i i]'lﬂﬂ'liﬁﬂ‘bﬂiliullfliﬂﬁWﬂ'lTﬂEJ .97

Q

]
% S @ o w 1

d AT tazame lasimsadsiedesdye EST luiloi@onaewianinnudidya

]

[

= Y

)
P4 o o w A 2 J A AA o w @
NNaazIa1autIng o Indlszum 40,000  Taau nuduniinnudingnerdoiy
NILVIUNIT proPO IUIULNTFUTU PPAF, masquerade-like serine proteinase homologue L181%
< Y [l ] =2 Y A S = o w A
proPO 1Hudu o9 lsnaumsanentihfvesT1s@u PPAF 1ag proPO innudfnee1aa
o q ¥ ] 4 o : o
Tagazir s udrladenszuaumsaruguszuy proPo Feazii llgmsaruguniedloanu
a Y o YA a a A d? [} < Y ~
manalsaszinalufenaidddidszdansnimungstu o619 lsnaumsAundu PPAF uaz
proPO NNz MsAnyvThnves 1Ay luFadneziliisudrlena lnuazsnihfves
A A 2 4 ya o = Y A P o v A
Tsauungau TaedidsaulaanyIminNyeauNIs LAl in vitro 1AL in vivo 1agldmaiin
RNA interference LagAINADUNANTENUVOINT knockdown YBIBUAD phenoloxidase activity
1 7 a a A 4
118 mortality ﬂ@ﬂﬁfi}lﬂ uazlHmAiA recombinant protein expression HIWAATADNULUUN

E4

] 1 ' b4
Tils@u ey mihnvesTdsauldungsiu Taedeyaninauisetivzi Inawisodhls



Y A ~ 1 = 9 o A kY a
NITUIUNT UASHUINVBIYU PPAF @9ANNINYIVDINUIEUY proPO ﬂu@]@ﬂﬁqﬂﬂﬁ’d‘jNgu
v ' v oy A XL
Gﬂu‘ﬂ'lu@]ﬂTiﬂﬂlﬂﬁfjﬂﬂaWﬂWllﬂiJ1ﬂﬂQﬂJu
(Y d
1.2 Inguszasnveslnsans
a do v Aa = 4 ~ Y o
121 nsizddwuiiing le InAvesdu PPAF taz proPO Tufanaif
= = A A ' Y
1.2.2 ANBINTUEAIEDNVDITU T UITDITOA 1 q UAZNITADUAUDIABDNITNTSAU
gy & .
NAUYD Vibrio harveyi
= 9 A = v a .
1.2.3 ANEIMUINVDIYY PPAF LAY proPO A8NAUA RNA interference

9 a A a Ié = a m" = vAa =
1.2.4 ﬁiNLm%NﬁG]iﬂﬂiJ’]JLLUH‘VITTJi@‘H HINUIFND UASANHITNUANITININ
ad oA a v
1.3 IFMIAUHHNUIY
k% =) v o
1.3.1 MInUIEY PPAF uag proPO ‘lHQQQQWH

k4 = Y =) 4 o
13.L1  MsAumdunngudoyadlungegais

MmsdvAugudoya EST ve3enaifi (www.pmonodon.biotec.or.th) 1HOAUHITY
a do v A = s A . Y
PPAF 1182 proPO LaZAATIEHAALUIAA 10 INAIWOHI open reading frame (ORF) lagldy
T151n33 Genetyx tazoanuuy Inswesiie 141ums¥ii RACE-PCR
'Y = Y a d
13.12  msaumdumemaiia RT-PCR 1agl 5 1ns1ue5 degenerate
MmafSeuieudrduiinndle induasdrdunsaezi uueddu PPAF  Tuuuasuay
crayfish 13518971 1311 GenBank 1We11U5199 conserve sequence UDITU PPAF 11az#h1n13
4 A o A o ~ P — < A 9
ponuUD 1N 1u03 degenerate 10U NNNIIMIUTU U cDNA  MwTsunINAIADAYDIN
o A WYy a o o A o Y= o 2 a4 o v a
nad1 e lanaadus PCR awawafiaianie ]l 2eiims Inausudwioi ldwiddui
alelng Anngvdruinnalenanldlasldlisunsy blastx  Aadonlnauiadieiy
s A o v o a o ~ "
PPAF w1eonuuy Inswesitemawuiiond lo Indanauysal lag RACE-PCR
13.1.3  msmawviiaalelndiauysaivestiv (full-length ¢DNA) Tag3F RACE-
PCR
) a A I
WImRNA USma2 pg fwenldnndadon uaina fisststrand  cDNA  Tagly
SMART™ RACE ¢cDNA Amplification Kit (BD Bioscience Clontech) 111 cDNA 1181195 5
RACE-PCR 118z 3' RACE-PCR Tagl¥ Inswesnoonuuusumizfiudu PPAF uaz proPO 1az
2 < { s o { . ~ ¢
Tnausudwen laidnmes pGEM™-T easy #advnh lauaaz Inausneuduuumnud
o o v A 2 Ll
i lmdrduiianale Indae 1
1.3.2 ANHINSHAAIDONUDIE Y

1321 M3ana total RNA t1az mRNA ainidiaiaendanaid



o w ' Y o = Ay A o 14 o Y
1WA0819NINAIRIIgATBALAZIENILBIIAIN ] YDINI AzAnA total RNA Tagly
1 9
Trizol Reagent ﬁmwﬁtgumﬁﬂuﬂauagi%“l%’mu"lmﬁ RNase-free DNasel (Promega, USA)
uagien mRNA 1981"195} QuickPrep micro mRNA Purification Kit (Amersham Pharmacia Biotech,
USA) n51215inaasnanInues mRNA a2emailn spectrophotometer LA agarose gel
electrophoresis
1322 MIFUATZY first-strand cDNA
o PR ) o ¢ ]

11 total RNA 114119 1unsdans124 first-strand cDNA Tae1% ImProm-1I™ Reverse
Transcription System (Promega Corporation Medison, Wisconsin, USA) ¥91/5enouaY 2 Mg
total RNA, lws1110% oligo(dT) t1azton'lan reverse transcriptase Unufigaivigil 42 °C ilunan 1
ERIETR ‘3m513ﬁﬂ§mmuazqmmwmm first-strand cDNA éfaamﬂﬁﬂ spectrophotometer Lo
agarose gel electrophoresis

1323 MSATINAOUMIUTAIDINVDIBUAINNATIA semi-quantitative RT-PCR

314 first-strand cDNA 1az1i1 cDNA #1 1@y uiasnadematia pCr Taeld Inswes
Ay ¥ ¥ o a S A o & Y TN
Vlllﬂﬁl’ﬁlﬂLLU'lJVl?l NMNMITAATIECHHNANNUMN PCR A8 agarose gel electrophoresis a5

Aa o I'd 9 Ao =2 9 Y Y
WaAAWMN PCR 21NANNUNV09U0U DNA Nunnalenass CCD Tasld1isinsu Genetools
Analysis Software (Syngene) Amsnantoeniailu relative expression {18UNVEU EF-1a 1
USVA1 (normalized) 191311 100 MuaisdAyveanslasulasmimsuaaiosnyotou
A28 One Way Analysis of Varience (ANOVA) e post hoc test (Duncan’s new multiple range
test)
= Y = v a .

1.3.3 ANHIHUINUBIEY PPAF t1as proPO agtnAHn RNA interference

1.3.3.1  M3tA383 PCR products

Mnsoonuuy lnsmes e 1¥1un151a3 o1 double-stranded RNA (dsRNA) Taglunis

g Y A ~ . o ~ ~
naaestist ldidentuy prophenoloxidase NN U (PmproPO1 Uag PmproPO2) Lias8dU PPAF
[ Y
(PmPPAEL 1azPmClipSP1) 1nfnyminnvesdulagldmaiiaiin RNAI Yua0uu3nRIN35
v 1 9
panuu Inswes Asume luudazdu iierinnea$a single-stranded RNA (ssRNA) 114 2 a1
flD @10 sense RNA 11a antisense RNA TagTnswesuaazgezl Inswesaeniianate 5 i
AIUVOIRAVLIE T7 promoter 1UNTE319 dSRNA V048U PmproPO1 118 PmproPO2 9219
Iws1we3 POIIT7-F uay POli-R %30 PO2IT7-F tiag PO2i-R (M15199 1) o a3 139 sense
RNA uazl¥lwswes POL-F 1ag POIIT7-R %30 PO2i-F uay PO2IT7-R tiieas1ees
antisense RNA m1ud 19y 1uvaziou PmPPAE! tag PmClipSP1 14 1n513185 PmPPAELIT7-F
1122 PmPPAEI-R %30 PmClipSP1iT7-F uag PmClipSP1-R (Woa$19a18 sense RNA a1y

w3385 PMPPAEI-F 1tag PPAELIT7-R #50 PmClipSP1-F 11a¢ PmClipSP1iT7-R (ioad1e

10



v 9
o I Y
A8 antisense RNA 1un15naa0anaiiis 14 dsRNA GFP (Green Fluorescent Protein) (1)1
Y 3 4 . . A 9 ] s
AIUAY ﬁﬁ'%iiﬂﬂclflfthilll@ﬁ GFPiT7-F 11ag GFPi-R IN®@I1NT18 sense RNA uaz%'lwsmai
4 o P 1 A
GFPi-F 4@y GFPiT7-R  1W@@319@1¢ antisense RNA  yazii1 Insmosnnandnaduudiy
a a o { a 4
YsmaBudremaila PCR 11 PCR product 71 l1Au8nUTgNT500n910 agarose gel 1Az
a 4 a a
Jlﬂﬁz'ﬁﬂﬂm1wu’d$ﬂ‘iiﬂm@a‘ljﬁlﬂmﬂuﬂ agarose gel electrophoresis L1Q1¢ spectrophotometry

v A

a v o a ¢ P
M1319N 1 Ellﬂll”aa'] Uu’)ﬂai@vlﬂﬂsllﬂ\jnlW§Lllﬂj

Insmes fdviianalelnd
PO1{T7-F 5’GGATCCTAATACGACTCACTATAGGCACCCTGAGAGCTCCCACTT 3°
POli-R 5GAGATCCTGCAGTGTAACGT3’
PO2iT7-F 5’GGATCCTAATACGACTCACTATAGGCGTCTTCCTCGGCCGCTCCT 3’
PO2i-R 5°CCACGGGGATACCGCTGCCA3’
POIli-F 5’CACCCTGAGAGCTCCCACTT3’
POIIT7-R 5GGATCCTAATACGACTCACTATAGGGAGATCCTGCAGTGTAACGT 3°
PO2i-F 5’CGTCTTCCTCGGCCGCTCCT3’
PO2iT7-R 5GGATCCTAATACGACTCACTATAGGCCACGGGGATACCGCTGCCA3’

PmPPAELIT7-F

5’GGATCCTAATACGACTCACTATAGGCGTCTGCTTCATTGAGGGAGTG3’

PmPPAE1-R 5’GTAGTAGATGGTGCCCCAGCCT3’

PmPPAE1-F 5’CGTCTGCTTCATTGAGGGAGTG3’

PPAEILIT7-R 5’GGATCCTAATACGACTCACTATAGGGTAGTAGATGGTGCCCCAGCCT3’
PmClipSP1-F 5’ CGTGGTTGCGTGGCGTGGTTAG 3’

PmClipSP1-R 5" GCCTGTTGAGTCTGATGAGTGC3’

PmClipSP1iT7-F 5 GGATCCTAATACGACTCACTATAGGCGTGGTTGCGTGGCGTGGTTAG 3”

PmClipSP1iT7-R

5" GGATCCTAATACGACTCACTATAGGGCCTGTTGAGTCTGATGAGTGC 3’

GFPiT7-F 5S"TAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGA 3’
GFPi-R S’TTACTTGTACAGCTCGTCCA3’
GFPi-F 5’ATGGTGAGCAAGGGCGAGGA3’
GFPiT7-R 5’TAATACGACTCACTATAGGTTACTTGTACAGCTCGTCCA3’
=
1.3.3.2 MU dsRNA

11 PCR product voAaz8uNIa319a18 sense RNA 112 antisense RNA 1agly T7
RiboMAX™ Express Large Scale RNA Production Systems (Promega, USA) Lﬁ@ﬁjﬂmiwﬁ’
RNA Tuwaoanaaes uazimilfiiiu dskNA Taomstufiguvigi 70°C uagl¥as RNA
dufwilu dsRNA ‘ﬁqmgﬁﬂizmm 25°C wazinzinumMuazlSinudumailn agarose
gel electrophoresis LLQ1¥ spectrophotometry ﬁauﬁ%ﬁmﬁm%ﬁqf ﬁ?ﬁ:

1333 mM39a dsRNA Tugsgaen

ﬁwé’ﬁﬂmsﬁwmﬂ%ﬁmwiuﬁaL"?:mﬁmmgﬁu 20 ppt funar 7 Judeumimsnaaes

v Ay da a Y o Y AN
ﬂﬂla@ﬂf}ﬂﬂﬂmu?ﬂﬂi$u1ﬂ! 2 g Luagnea dsRNA L"lJWI?lfNﬂiSlﬂﬂl 2 ng dsRNA @@u'lﬁuﬂflﬂ 1
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I = A o 1 =1

g 1Hiuana 0.5 mi Tagda dsRNA 1 ludoldes 3 vesdads lunquatugy wiadoe
dy 3 ) o = A

GFP dsRNA uaz 150 mM NaCl 1desdudunat 24 ¥ 19 udiinisia dsRNA - AT
. . 1 g‘ [ 09/} Y 3 o
lipopolysaccharide (LPS) 1182 B-glucan Hauogd wasaniiu @esdedniluman 48 4 Tug

1334  msiu@ends uazmsana total RNA

s Ay \ Aa ' o g & & ¥

nudeaNalunguine dsRNA aznguAunuvaInIn@esuniuna 48 421w 1dn
Wunana total RNA @28 TRI reagent (1 ml)@e 100 pl voudea waulidduuduau

) y { { 1< )
chloroform (200 ) wazi lUiwmdesn 12,000 sov/an® Wunar 10 wif arsavare
1 A [ < Aan o T Aa . A o Y
auunil RNA eenwlaluvasalulassuns a9 1ms 1@y 0.5 ml isopropanol e 13
o y A I =1
RNA anaznouoonu 11 liumdsadlumar 10 w1 d199znou RNA @28 75% ethanol (1
Y '

ml) seldaznouniialszinas 5 w1 udreazanenznoudI811N131f91n RNase

1335  msastadalszansmmmsdudamsuanieanvesdualeinaiia semi-
quantitative RT-PCR

Y o Y

NANINEANA total RNA 1187 MNTATN first strand cDNA  tlazasavdoulszansnin
9 '
M3fUSIMINTAI00NUBIEUNAAAIY dSRNA 1ag buffer @rematia RT-PCR Taald Insmes
32 AUBU PmproPO1, PmproPO2, PmPPAE] 11a¢ PmClipSP1 11ag Insiuesvesdu EFl-a
A Y A o i A Y, .
Fuuduniuny Tasvii PCR reaction (25 ul) M5enoUdI8 75 mM Tris-HCI, pH 8.8, 20 mM
(NH,),SO,, 0.1% (v/v) Tween 20, 1.5 mM MgClL,, 100 uM dNTP, 0.2 uM specific primer, cDNA
(1 uD) 148¢ 1 unit Taq DNA polymerase 1iin3112:81 10811115 denature 1 94 °C 1lunan 1
A S = Yy A A . A IS ~ .

HUIN NNUUIUUNIFNTSUIUNIG PCR1a@1517 denaturation 71 94 °C 1Tura1 1 wii annealing
A IS ~ . A I A o o 2 Y o
71 55°C Wunar 1 wIf uag extension 1 72 °C 1unar 1w ied@u 30 sou 1aih

. 3 9) ~ <3| I QBI‘ =KX o a ¢
extension TuAUgAMIeN 72 °C Hunar 10 W 910U 3911 PCR product T/ 3ns1zsilu
agarose gel eletrophoresis

1336 MSANHIANNEIAYVDIEY PmproPO1, PmproPO2, PmPPAEI Hag
PmClipSP1 @9521U proPO 1a8A329@01 phenoloxidase (PO) activaty 1aImsdugams
HAAIDONVDIE U

AuIEeA1INAIN 149N knockdown #20M3AA dsRNA V098U PmproPO1, PmproPO2,
PmPPAE1 W30 PmClipSP1 118$nquaduAuiiafaie dsRNA ¥090U GFP  41A329801 PO

Y

activity Tagluduusn imsiadSuannududuvealisaulaeld Bradford protein assay
kit  (Bio-Rad)  ua#i1m13AII9d0U PO activity  lagmsaududinsa L-3,4-

a

dihydroxyphenylalanine (L-dopa) Tae 1% total hemolymph protein (2 pg) ﬁ\’lll’gjﬁﬁgmﬂﬂil 30 °C

U

@ 1

I Aaaa a a o
Wunai3o win w&mﬂgﬂimﬁwmimu 10% (v/v) nsaezdan udni1lasiniaainis

A ~ ' vo & A v
ﬂ“ﬂﬂaullﬁﬂﬂ 490 nm 1uﬂquﬂmﬂmﬂﬂfmﬂammumaﬂqﬂ

12



v
v v

1337 MsANYITAIINSMEUININAIMNGNIUTINISUTAIDDNVDIBUHAINS
v vy A .
NISAUNIRNYD V. harveyi
2 4 . £ g A A A I o o o
D090 V. harveyi 639 Fuiluuuaizounsuaui 30 °C Wunal 18 ¥aTus 1niiuth
£ ¢ & & . A g & Y
o 1 Ialatundeslue11isifoeudss TSB (tryptic soy broth) #130°C 1Wurial 24 ¥21u4 3a
anuduuvewuaiiGed1emsIaA1Nsganauuai 600 nm 1% bacterial suspension (2 x
10" colony forming unit, CFU) lumsasavdeusasimsaevesdenoedlusie LD, TaoRars

Walszanal 10 g 318U 2 pg dsRNA @e1iniinda 1 g) nazutsdeesnidlungug az 10

f1 AgundudensianieonueduRAAIY  dsRNA Y04 PmproPOl, PmproPO2, PmPPAEI

a

A
%30 PmClipSP1 NQuUAILANAAR28 dsRNA U939 GFP 11ag 150 mM NaCl solution L1aZIa0an
< & @ o o . { o A&
Wunat 24 ¥ 19 WAy 11nsia dsRNA W30 NaCl solution MHANAUIYD V. harveyi

J o ' o = v R o Y o
51 Tiaﬂﬁ]’]ﬂna’]WWNllﬂ 3 "]5’]11]\1 5]\1ﬁlﬂllUVIﬂa@]i’lﬂ’]i@nﬂ"’l@\‘lq%ﬂuna’] 59U

¥
[V Y

1338  N3AIVAOUIUIUVOUTD V.  harveyi Tudanmicdifigniudamsuansean
Ny a .
YoIEUAWINAUA RNAI

Aadevunailszinm 10 g (6A5189U 2 pg dsRNA aoimiinds 1 g) ¥an1n 24 52 Tug

Y

o = o Y a 1 A 9 v A Yy 9 . 5

MMINAGIAIY dsRNA UT1annu@unionnudanszquaie V. harveyi 639 2 x 10" CFU)
@ 091’ ) I CY) 4 [

naenntiu 6 $alug inudeaniuiuIue V. harveyi 1o plate count method Taetans

I 1 o [ o :1’ nng VoA 9 Aa Y
@@mﬂu3 NN a3 - 4 AIBYIW UATNINTNAADININUA 3 ATINQUN 1 NINRANIY

PmproPO1 dsRNA 1182 PmproPO2 dsRNA w3eudu ngui

a

A9NAAAI8 PmPPAE1 dsRNA
nqui 3 Auadae PmClipSP1 dsRNA taznqui 4 feniadie G

2
#18 GFP dsRNA (control dsRNA)
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1.4 wWamsany

a do w A = d =3 =
141  MIIRNzHaNViInale InduarmsAnIMsUanIeanvedt PPAF  1ag proPO
Tuganai

Y @ =

Aav dy Y A A A ] 1 Y
\111&’35]fJ‘LJh],ﬂLLEJﬂEJuVILﬂfJ’JEUENﬂ‘Uﬂﬁﬂ’J‘]Jf’]lli‘éﬁ”U‘]J proPO mﬁﬂmmmmimmﬂmﬂu

v
~ A o v 1

J 1 & J 1
2 QU Tﬂ&lﬂqmmﬂﬁﬂ B proPO-activating factors (PPAFs) c’ﬁﬂgﬂuﬂqmuﬂmﬂmmmi
v v ° . oA A A J
NTZAUTZUY proPO  AWNITNINIULD Y proteinase cascade NQUNTDIAD YU proPO 11lu
d @ o a ]
U lsivanueeTz Uy 91NMINABEY WLBY PPAF $1UIU 6 dU uazdu proPO wilalwi
o 2 c?/} 9 o v A = 4 o = 9 a
IUIU 18U i]Wﬂuuulﬂ‘ﬁWﬁWQquﬂﬁiﬂqﬂﬂﬁNuimﬂlﬂﬂﬂuﬂ')ﬂmﬂuﬂ RACE-PCR
& proPO-activating factor (PPAF)
a do o A = 14 Y a =)
fﬂ'lﬂﬂ1iﬁ'll,l,az’Jlﬂ‘i1a‘ﬁ‘ﬂﬁW‘I‘Uuﬁﬂﬁi@qﬂﬂﬁuuimﬂﬁﬂlﬂﬂuﬂ RACE-PCR  U938U
o : Y . .
PPAF $1U3U 6 U %91l52nouA88U PmClipSP1, PmClipSP2, PmMasSPH1, PmMasSPH2
4 yy = v = 4 yy o o
1ag PmMasSPH3 “H\ihlﬂi]']ﬂiﬂiﬁﬂ'lifﬂiuﬂf]ﬂ inazyy PmPPAEIL “]5\1'1@5]1ﬂﬂ']i1/n RT-PCR a3
A a do v A = J o w a ~ qa.:‘
LL’dﬂ\ﬂHﬁ?iN‘V] 2 Wﬁ‘1]1ﬂfﬂi’JLﬂi1$ﬁﬁ1ﬂﬂu’lﬂﬁiﬂhhﬂﬂlm$ﬁ”lﬂﬂﬂiﬂ@gﬂiu"uﬁlﬂﬂu PPAF N3

6 BUNU ?Juﬁalﬁﬁilﬂﬁ clip-domain E]gi‘ﬁ“ﬂmfl N 1182 serine proteinase (SP)-like domain E]iui‘l?l
Uae ¢ Fududnvazveddu PPAF ﬁwuﬁﬂmmmuazfﬁ’q crayfish

dodnszilamudivats N wui il 6 Bu (PmPPAEI, PmClipSP1, PmClipSP2,
PmMasSPH1 1188 PmMasSPH2) 11 clip-domain og§dung 1 Tamu @918y PmMasSPH3 T
clip-domain 8¢ 3 Tau luvaizdiate C vos8u PmPPAEL, PmClipSP1 18z PmClipSP2 1
serine proteinase-like domain i catalytic serine proteinase domain nazou PmMasSPH1,
PmMasSPH2 1162 PmMasSPH3 § SP-like domain ndJu non-catalytic SP domain mezﬁﬁumm
V0INIADLH 11 serine G']i;ﬂ!,‘]dJu catalytic residue Lﬂéﬂm‘ﬂu glycine (gﬂﬁ 1)

Phylogenetic tree analysis

1AMIa34 phylogenetic tree YBIEY PPAF 118z SPs WU aunsauseueen tailu
3 ﬂﬁjui'ﬂi}j g 5zneuAIY (1) catalytic PPAFs (2) non-catalytic PPAFs 148 (3) shrimp SPs Tag
B PmPPAEL (P. monodon ppA) ianulnd¥adutu PPA ‘ﬁ"W‘UGlu crayfish (Pacifastacus
leniusculus ppA) AU PmClipSP1 (P. monodon SP1) 1482 PmClipSP2 (P. monodon SP2) Y
anulndFasudu catalytic PPAE Anulunyas luvasfioy  PmMasSPH-1 (P, monodon
masquerade-like SPH-1), PmMasSPH2 (P. monodon masquerade-like SPH-2) 18¢ PmMasSPH-3

(P. monodon masquerade-like SPH-3) ﬁmminé’%@ﬁ'um—jmm%u non-catalytic PPAF (;ﬂﬁ 2)

14



t-:'l 9 o Y A = T lyl 14 o =) A Gl 4 o
M1319N 2 VBYAAAUUING LD INATNYTUUDIYU PPAF NWU IUNINAIAN
ene Full-length ORF Mature losest species ene imilarit; E-value
G o c peci G Similarity
c¢DNA (bp) (bp) protein (aa) (%)
PmPPAEL 1529 1392 445 Pacifastacus leniusculus PpA 70 8x10™"
PmClipSP1 1509 1101 341 Anopheles gambiae Serine protease 14D 56 3x10%
'mClip; landuca sexta emolymph proteinase-: x10”
PmClipSP2 1347 1110 342 Mand H 1§ h i 5 59 3x107
PmMasSPH1 1572 1572 504 Callinectes sapidus PPAF 68 1x10™
PmMasSPH2 1689 1233 390 Pacifastacus leniusculus Mas-like protein 68 gx10""
PmMasSPH3 2714 1656 534 Lonomia obliqua PPAF1 68 1x10""
Signal paptice H S I '
E—— | Y
M o [E[E0]  swmepmommosomn | PmPPAEL 3Uf 1 Tassadralawuinyludu
‘Signal peptics. H D S 1 1
m N | | e | | PmSP1 PmPPAE], PmClipSP1, PmClipSP2,
e - . . PmMasSPH1, PmMasSPH2 t1ag PmMasSPH3
Ch! Seri inase domai PS] s v o §
Bl==T | aroeprosiene doren || vz Mmsaatiaidonveainalal 9
Signal paptide Glycine-rich H D G 9 . . . .
. "””””” = | l Serine proteinzse domain | | PmeMasSPH1 Usznouaie clip domain t18g SP-like domain
E—— H o s @8AYS H, D, S Uar G uaAINTALLL Y
=1l Serine proteinass domain | | PreMasSPH2 o o ' g
histidine, aspartic acid, serine L@ glycine N
Signal peptide H D G
W Tee] T ] | sewepowmmesman || PmMasSPH3 131 catalytic site Y99 SP-like domain

Spodoptera liura PPAEL
Mandica sexta PAP1

Bombyx mori PPAF3

Holotrichia diomphalia PPAFIII

* Holotrichia diomphalia PPAFI

Penacus monodon SP2

™ Penaens monodon SF1

Spodoptera litura PPAE3

™ Manduca sexta PAPS

Manduca sexia PAP2

=" Bombyx mori PPAE

Pacifastacus leminsculus ppA
T Pz wenedi PpA
Temebrio malitor PPAF
_‘r Apis metlifera PPAF
Drosaphila melanogaster SPH3S

Bombyx mori masquerade-like SPH
— Penacus monodon masquerade-like SPH-1

Callimectes sapidics PPAF

Tenebrio molitor masquerade-like SPH
™ Hologrickia diomphalia PPAFIL

Catalytic PPAFs

Non-catalytic

Penaens monodon masquerade-like SPH-3 PPAFs
I_Pu-els ‘monodon masquerade-like SPH-2
= Penaens monodon clip-SPH
- = i Tow SPH
like protein

Litepenaens vanmamei SP

= Penaeus maouodon SP } Shrimp SPs
Marsupenaens japonicus SPH

gﬂﬁ 2 Phylogenetic tree U081 PPAFs uaz SPs finulumauazasmaifon Usznoudattu PPAF veafana1d 2. monodon
(PmPPAE1, PmClipSP1, PmClipSP2, PmMasSPH1, PmMasSPH2 11a& PmMasSPH3), "U@inld crayfish Pacifastacus leniusculus (PPA:
AJ007668), ﬂlm‘ﬂ" Callinectes sapidus (CsPPAF: AY555734), U8NaN Tenebrio molito (TmPPAF: AJ400904; TmMLSP: AB084067),
VDIUNAN Drosophila melanogaster (DmSPH35: AAF52904); “lJ’fNﬁQ Apis mellifera (AmPPAF: XM_623147); Y934NaN Holotrichia
diomphalia (HAPPAFI: AB013088; HdPPAFIL: AJ400903; 1192 HdPPAFIIL: AB079666); voanueu luy Bombyx mori (BmPPAF3:
AY061936; BmMLSP; AF513368; BmPPAE; AB009670); ¥8LLNN Spodoptera litura (SIPPAEL: AY677081; SIPPAE3: AY677082);
VOIULNAN Manduca sexta (MsPAP2: AY077643; MsPAP3: AY188445; MsPAP1: AY789465); YU serine proteinase ﬂjﬂdfi{df]mm
(PmSP: AY372186) uazf’jwn (LvSP: AAQ92356) LU serine proteinase homologue ‘Ufosjﬂ Marsupenaeus japonicus (MjSPH:

AB161692)
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NISATIDAOUNITUAAIEONVBIEY PPAF Tutiiotiona 9 wiemmaiin RT-PCR
= < .
NNTATIVNAOUNMTUAAIDONUOIIU PPAF Tu mmﬁﬂﬂ, hepatopancreas, gill,
. . . ° a S .
lymphoid 112 intestine ¥04R9na11 Iag1dmatia RT-PCR uaz1d EF-10 11U internal control
A Ao ~ A A d, = v
(U0 3) WuNBusie 6 Umsuaaeenlunniiiomoniimsany1enIuly hepatopancreas
< 1A :I; = Q0 P A =
waaalififiud du PPAF e 6 Bu'lily SP Auaaseanlu hepatopancreas Miaeiisrearu’ld
Y
@ [ 1A =\ <
WUONIINUY B9NLIBY PmPPAEL 11a2 PmMasSPHI iimsuaaseonuinluda@on uay
@ 1 o k4

oA e A A da o ay o
lymphoid Fud) oo nua NN WADTSUUHUANNUUVDININAIAT

bJ Q

HC HP G L 1

[-— | £ : =

PHPPAEL 517 3 nsuaaeoenvedU  PmPPAEI,
CE X " i i

PmClipSP1, PmClipSP2, PmMasSPH1,

CEECTTTIESE  Poser PmMasSPH2 118 PmMasSPH3 1031972161
[N FrhisSPHI lwifei®e  hemocyte (HC), hepatopancreas
"0 T pevassPm2 (HP), gill (G), lymphoid (L) 148 intestine (I)
(— o —— T 1Az EF-10L 111 internal control
! I X F X I FFle

N13A5I9AOUMTUAAIDONVBIEY PPAF AILNATIA semi-quantitative RT-PCR
~ S s A v o A
INAISATINADUMIUTAAIDONUDIOU PPAF 119 6 ouluradiadoauesdinaidin
A v '
NIZAUAILTD V. harveyi N1 0, 6, 24, 48 1 T19A201MATA semi-quantitative RT-PCR WU
= = Q' d? Ll = o Y Q'J d‘
U PmPPAE] 1az PmMasSPH1 fimsuaatoamiuiiuediaiiiod1nn (p < 0.05) ludaTuh
9

24 ¥AIINNTEAUABITD 11azBU PmClipSP1, PmClipSP2 118¢ PmMasSPH2 fimsuaadoon

9 1 A o o @ A ) Aa (=
vooasesniiiodidn (p < 0.05) Ma16 - 48 F11us luvagNou PmMasSPH3  iifins

A [ Yy 9 d? A dy Y 2 = ]
nasunlamdeninnszquddado (U 4) F1¥auan Su PmPPAE] naz PmMasSPHI 1192

G A A Y Y ay o 14 o
AuguNNgIVoINUTLUVYUANNUVBININAA
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g4, seduveINIIUAAIRONYBITY PMPPAEL, PmClipSP1, PmClipSP2, PmMasSPH1, PmMasSPH211a%

3 A v o A ' @ v v & a s
PmMasSPH3 Glulllﬂmﬁ]ﬂ‘]]ﬂQQQQﬁ']ﬂ'WIGB’JIiNWN (0, 6, 24 L1ag 48) HAINTEAUAIULYD V. harveyi Iﬂﬂ’.ll,ﬂi'lﬁ’i

a . . . < .
Famadin semi-quantitative RT-PCR e 198w EF-10L 114 internal control

& prophenoloxidase (proP0O)

=~

9 ~ Y o =) o = = IS A
1NNITAUHIYU proPO Gluqmmm NWUYU proPO TUIU 2 U BuLs I Waun g

9
Av A

516971 1@ Sritunyalucksana llazAe (1999) Taolusisoiiliion PmproPO1 nazdui
aouiudu proPO wiialni¥ed1 Pmprop02 uaz ldmiswuiiaag T lndauysaiveidu
PmproPO2 @18mAtA RACE-PCR #ad1nmsidiaseraduiiingle Indnudi 84 Pmproro2
ﬁmmmwaﬁuﬁﬁuy’mﬁwm 2513 bp 1/52NOUAIY open reading frame (ORF) 817 2072
bp Faulasiaiiudrdunsaeziilu 689 &1 Judiu S-UTR tag 3-UTR 5in01ue1d 113 bp 1a
330 bp MUEWD taziileSins 1z @eTsuns Signalp 3.0 W signal peptide 1ipf1uIa
molecular mass Y94 1150 PmproPO2 WY1 § molecular mass 74.16 kDa Lagila pl 6.78 21N
11311 N-glycosylation site (NXT (18 NXS) WU U PmproPO2 X putative N-glycosylation
site 5 §unUIRnTaezd Tudumiei 119 (NET), 172 (NET), 275 (NNS), 357 (NIS) tiag 432
(NLS) cfummdﬁm PmproPO2 Uz glycoprotein

1NMIIATIEH InseailguglveanguTsdu  propo  9IndrdunsaeziiTuves
1usau PmproPO2 (gﬂﬁ 5) WU putative cleavage site 1MFUNTLAUTU proPO 2¥I19NTABLI
TuFUMUAT Argds 112 Lysd6 1aZWY thiol-ester motif (GCGWPQHM) finsaozi Tud il
‘ﬁl Gly584 19 Met591 Lagny putative copper-binding site 2 funie Ao copper-binding site A
(1 3 conserved histidine residue ﬁ@hzmm 209, 213 18z 235) 1Az copper-binding site B (1 3

conserved histidine residue NAWH14 369, 373 148 386)
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v

proPOPM2 MEKNQKNLLYLFELPYDL I SLPRSGGK I HFDLENDASRPPVWWTTRLG 47
proPOLV2(ABQ45957) MDKSRKNLLYLFELPHDP I SLPRGGGK I HFDLENDLSRPPVVATRLG 47 A ~
proPOFc(BAF98646) MANDQQRLLYLFELPQEDIQVPRGGGSVLFKLENE-ETPPSVATRVG 46 51]11 5 Multiple alignment UYDIYU proPO
proPOPs(AAM77690) MANDQQRLLYLFELPQEDIQVPRAGGSVQFKFD--~ETPPSVATRVG 44 @
proPOPN1(AAD45201) MANDQQRLLYLFELPQEDIQAPRGGGSVLFKLESD-EAPPSVATRVG 46 A P o
proPOLV1(ABX76968) MANDQQRLLYLFELPQEP I1QTPRGGGSVQFKLEND-DSPPSVATRVG 46 NnNuY 1 UNINaIal (proPOPm1;
proPOMj (BAB70485) MN1EQQQLLYLFELPQEPLNRPRGKGSVLFVLEND-DTPPLVTTRIA 46 A
rOPOPI (CAAS8471 HQUTQKLLRRDTENADAQKQLLYLFERPYDPINAPRADGSFLYAVAG-~--~- ATVATRFG 55 =
proferi¢ > e Hicni i et AAM77689 1laz  AAD45201) 1azdu
proPOPM2 SGIPVETTLVPDRGDILSQKLGTATSVPLGSPFSFF IKTHRQAAKELCDFFMETKNAEDL 107 M
proPOLV2(ABQ45957)  GGVPVETTPVPDREDALPQNLGTAASVP IGSPFSFF IKSHRQAAKDLCDVFMRTKGAEDL 107 proPO 1uAa P, semisulcatus (proPOPs;
proPOFC(BAF98646) V-SPSVSLPVPERDDVALQALGTATS I PKGSAFSFFL ASHRKAAKDL CDFLMKTSGAEDL 105 <
proPOPS(AAN77690) 1-SPSVNLL IPERKDVAL QDL GTATSVPKGSAFSFF 1 ASHRKAARDL CDFFMKTSGAEDL 103 v .
proPOPML(AAD45201)  V-SPSVNLPVPERKDVTLQDLGTATSVPKGSAFSFFIASHRKAARDLCDFFMKTSGAEDL 105 AAM77690) N4V L. vannamei
pProPOLV1(ABX76968)  L-SPSVSVPVPERKDVALQDLGTATSIPMGSAFSFFLASHRRAARDLCNVFMKTNGAEDL 105 ¢
proPOMj (BAB70485) G-SPSIKLQUPERNDVALQDLGTATS 1P IGSAFSFFLASHRRAAKDLCDVFMKTSGAKDL 105
proPOP1(CAAS58471) V-APTSTVTVPARPDADRRLLGRAPSVPRGAVFSFFIRSHREAARDLCDVLMKTQNSTDL 114 (proPOLv; ABL10871 ttag AAW51360),
PR bl At A A i
v
proPoPm2 LQVAARVHGHVNETLFVYAL SFVMLRKKELQNSRLPS I IEVFPGKF ILQEQLMKAQLEVN 167 UaLnN M. Jjaponicus (proPOMj;
proPOLV2(ABQ45957)  LQVAARVHGQVNETLFIYALSFVILRKKELRNVRLPS I IEVFPGKL IPQEQLMKAQLEVN 167 N
proPOFC(BAF98646) MQVAARVHGKVNETLFVYAI SFV 1 LRKKELRSVRLPTMVEVFPSRFVPQEALAKAQLQIN 165 o o =
ProPOPs (AAM77690) MQVAARVHGKVDETLFVYALSFV I LRKKELRSVRLPTMVEVFPSRFVPQEALSKAQLQIN 163 BAB70485 1tag BAB83773) 910nNHd
proPOPNL(AAD45201)  MQVAARVHGKVNETLFVYAISFVILRKKELRSVRLPTMVEVFPSRFVPQEALSKAQLQIN 165
proPOLV1(ABX76968)  MQVAARVHGKVNETLFIYAISFVILRKKELHSVRLPTMVEVFPSRFVPQEALSRAQLQVN 165 =0 o
proPOMj (BAB70485) MEVAARVHGHVNESLF1'YAI SFV I LRKKELQSVRLPSFVEVFPSRFVPQETLAKAQIRIN 165 VNIMINIAAAAI  conserved histidine
proPOPI (CAAS8471) MQLAASVRRHVNENLFIYALSFTILRKQELRGVRLPPILEVFPHKFIPMEDLTSMQVEVN 174 ;
R Ay Sl b . 4 .
) residue ‘wagmﬂiu putative  copper-
Copper-binding siteA
proPOPM2 RADPNETTP IVVEHGPEFSGTHLKPEHPLAYWREDYG IHAHEWHWELLYPIDI 227 . . o o ~
proPOLV2(ABQ45957) RTDPNQSEPVVVEHGLEFSGTHLKPEHRLAYWREDYG INAHGWHWELVYP IDMGVNRDRK 227 binding site A Llag¢ B A9NHITVIULT
proPOFC(BAF98646) RMDPNQTEPV I 1 EHGLEFSGTHLKPEHRLSYWREDYG INVHEWHWEL 1 YPPGMGFDRDRK 225 L
proPOPS(AAM77690) RMDPNQTEPV I 1EHGPDFSGTHLKPEHRLSYWREDYG INVHEWHWEL 1 YPPANG IDRDRK 223 20 4 4 .
proPOPmL(AAD45201)  RMDPNQTEPV I IEHGPEFSGTHLKPEHRISYWREDYG INVHEWHWEL 1 YPPAMGFDRDRK 225 wdd lunseudimaeuudns thiol-ester
proPOLV1(ABX76968)  RMDPNQSEAVI IEHGPEFSGSPVKPEHRVSYWREDYG INVHEWHWEL 1 YPPGNGVDRDRK 225
proPOMj (BAB70485) RMDPNQREPV I VEHGLEFSGTHLKPEHRLSYWREDYGLSVHEWHWEL 1 YPVGMGVDRDRK 225 . - =0
proPOPI (CAAS8471) RTPPTATTPL\/IEYGPEFANTNQKAEHRVSVWREDFGI NSHEWHWGLVYP IEMNVNRDRK 234 motif (GCGWPQHM) (agnIanHIaa
. o 2 e 2 s S AAN
v = .
proPoPM2 GKLSYYMEQQK I PRYDMERLCLGLPRVQKLQNWKAP IKNGYFPKLTLNNSGRVWGSRQDH 287 LUVNUTIRITLNULT AN putative N-
proPOLV2(ABQ45957)  GELFFYMEQQMVARYDMERL SLGLPRVQKLENWRAP I EDGYFPKLTVNNSGRAWGSRQDD 287
proPOFC(BAF98646) GELFYYMEQQV IARYD IERLCLGLPRVEKLDNWRIPIKDGYFPKLT I SNSGRQUGSRQDN 285 . . = .
ProPOPs (AAM77690) GELFFYMEQQVIARYD IERLCLGLPRVEKLDNWRVP IKDGYFPKLTVNNSGRQWGSRQDN 283 glycosylation site §NATLUTAIN putative
proPOPM1(AAD45201)  GELFYYMEQQVIARYDIERLCLGLPKVEKLDNWRIPIEDGYFPKMTVSISGRNWGSRQDN 285 Y
proPOLV1(ABX76968)  GELFYYMEQQI IARYDMERL SLGLPRVQKLDNWRVP IEDGYFPKLTVNNSGRAWGSRQDN 285 . - SO92 o e a
proPOMj (BAB70485) GELFYYMEQQL I ARYDLERLSLGLPRVEKLDNWRVP I EDGYFPKLT ISNTGRAWGTRQDN 285 cleavage site TIHIUNITTAUIU proPO
proPOP1 (CAAS8471) GELFVVMQQMVARYDWERLSVNLNR\/EKLENWRVPIPDGYFSKLTANNSGRPWGTRQDN 294 Y. . ~ SO
S5 A Mg b il
- o . ayanyal *lLﬁﬂ\?ﬂﬂﬂiﬂﬂgﬂiuVI
proPOPM2 TTMQDFQRNDFNLDFPDLTHLE IWRSRIFHAIHQGFM I DRQGERVMLSDDVTSGKRGIDI 347 .
proPOLV2(ABQ45957)  TVMQDFLRNDFGLDFTDVTDLE IWRSRLFDAIHQGFMIDRAGKRVVLSDDVTSGKRGIDI 347 Ao = NS -
proPOFc(BAF98646) TLPKDLRRRELG-EFVD I TOME IWRSRLLDAIHQGFMIDCNGDKVPLRODVTSGKRGIEI 344 milouiu :uag . uaadensaezi Tui
proPOPs(AAM77690) TLPKDLRRRELG-EFVD I TDLE IWRSRLLDAIHQGFM I DRNGDKVPLRDDVTSGKRGIEN 342
proPOPN1(AAD45201)  TLPKDLRRRELG-EFVDITDME IWRSRLLDAIHQGFMIDRNGDKVPLRDDVTSGKRGIDI 344 odnduRefY
proPOLV1(ABX76968)  TLPKDFRRTEIG-DPVDITDLE IWRARLLGAIHQGYMVDRNGDKVPLRDDVTSGKRGIDI 344 gne
proPOMj (BAB70485) TLPKDFRRREIG-EFVD I TDLE IWRSRLLDAIHQGFMVDRKGNKVP IRDDVTSGQRGIDI 344
proPOPI (CAAS8471) TFIKDFRRNDAGLDF 1D SDVE IRSRLNDA I HQGYHLNRNGERVPLSDNVITGKRGIDI 354
et Jmriishauipshtin il et
Copper-binding siteB
proPOPM2 LGDALEADSNISVNFPYYGDLIENMGEVL | AFSHDPDFAHKEDMAVVGDTSTAMRDPVFYR 407
proPOLV2(ABQ45957)  LGDALEADSNLSVNSPYYGDLIENMGEVL I AFSHDPDFAHKEEMAVNGDTSTAMRDPVFYR 407
proPOFC(BAF98646) LSEALEADAEL SVNFPYYGDLIINRGED 1 LAFSHDPDNAHKEENGVVGDLGTSLRDPVFFL 404
proPOPS(AAM77690) LSEALEADAGL SVNFPYYGDLIEINRGED I LAFSHDPDNAHKEENGVVGDLGTSLRDPVFFL 402
proPOPM1(AAD45201)  LSEALEADAELSVNFPYYGDLIENRGEDILAFSHDPDNAHKEEMGVVGDLGTSLRDPVFFR 404
proPOLV1(ABX76968)  LADALEADADHSVNFPYYGDLIENIGHDILAFSHDPDNAHKEEMGVVGDLGTSLRDPVFFR 404
proPOMj (BAB70485) LAEALEADEDL SINYPFYGSLIENFGRD 1 LAFSHDPDNAHKEEMGVNGDTATAMRDPVFYR 404
proPOPI (CAAS8471) LGDAFEADAQLSPNYLFYGD NTGJVLLAFCHDNDNSHREE I GVMGDSATALRDPVFYR 414
proPOPM2 IKFVDDTFQEYKLMQRPY TEEELNLSGVK I ERAGVVRNNEAN ILHTGWNTRLFEASRGL 467
proPOLV2(ABQ45957) IKFVDDTFQEYKLMQRPY TEQDLNLAGVK I ERAGVVRNNEADVL HTGWNTRLFEASRGL 467
proPOFC(BAF98646) IKLVDDLFQEYKVTQPPYTEAELFLPGVR I ERAGVVRGNEADVLLTGWNTREFEASRGI 464
proPOPs(AAM77690) IKLVDDLFQEYKVTQRPYTEAELFLPGVK I ERAGVVRGNEADVLLTGWNTREFEASRGL 462
proPOPN1(AAD45201) IKLVDDLFQEYKVTQPPYTEEELFLPGVR I ERAGVVRGNEADVLLTGWNTREFEASRGL 464
proPOLV1(ABX76968) IKLVDDLFQEYKLTQPPYKEEEL FLPGVR I ERAGVVRDDEADVLLTGWNTREFEASRGI 464
proPOMj (BAB70485) IKFVDDTFQEYKLMQRPYTEEELNFSGVK I EKVGVVRNDEAD I LHTGWNKRGFEASRGL 464
proPOPI (CAAS8471) [KFVDD I FQEYKL TQPPY TMEDL SLPGVVLDKVGVVRNDQLNTLTTGWSVREFEASRGL 474
N e A S8 oAbt el Ay
proPOPM2 DFNGRSVMVRLTHLDHEPFNYHLQVSNSG--KG IKDVTVRVFLAPKFNARSQEMTFMEQR 525
proPOLV2(ABQ45957)  DFNGRPVMVRLTHLDHEPFNYHLQVSNSG--RGVKEVTVRVFLAPKLNARGQEMSFMEQR 525
proPOFC(BAF98646) DENGKPV I LRL THLDHKPFEYHVQINNDL--REPKEVTVRIFLAPKFNGQEEEMGFMEQR 522
proPOPS(AAM77690) DFLGKPV ILRLTHIDHKPFEYHIQINNDL--REPKEVTVRIFLAPKFNGQGDVMNFMEQR 520
proPOPM1(AAD45201)  DFSGKPVILRLTHLDNKPFDYHIQINNDL--REPKEVTVRIYLAPKFGDREKEMDFMEQR 522
proPOLV1(ABX76968)  DFNGRPVILRLTHLDHKPFDYHIQINNDL--REPKEVTVRIYLAPKFNGREQEMNFMEQR 522
proPOMj (BAB70485) DFNGRPVLVEL KHLDHEPFNYHLQLNNRG--RTAKEVTVRVFLAPKFNARGLKMNFMEQR 522

Sequence comparison Mg phylogenetic tree analysis

=) = A ) 1 = A v A
NnMslseumeuanumiouvosau PmproPO2 WU UANUHUBUNVIU proPO2

"ll@ﬂfsjﬂ Litopenaeus vannamei (91%), proPO le’ENfgjﬂ Marsupenaeus japonicus (84%), proPO1
GUENfQjQ L. vannamei (82%), proPO "’lJENi?jﬂ Fenneropenaeus chinensis (81%), proPO sllfosjﬂ
Penaeus semisulcatus (80%), proPO 6UFNT?‘]IQ Penaeus monodon (81%), proPO "UENijQ lobster
Homarus gammarus (76%), proPO "’lJ’fog]}Q lobster Homarus americanus (76%) 1482 proPO U4

ngﬂ crayfish Pacifastacus leniusculus (73%) WeimsifSeuiey PmproPO1 N1 PmproPO2
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v
WU FUNITDIIAIINE1IVDT ORF, YUIAYDI MW, A1 pl, A1LHUIUDY putative cleavage site

o [ . . { Vv W { ' <]
mmumz?ju proPO Liai¢ putative N-glycosylation Auanuaeiuaaaaslumsiein 3 ed1elsn

Y ]
AN NUINI@098UY thiol-ester motif (GCGWPQHM) Nitidlounuiazil conserved histidine

residue 314U 6 Aunianieluy copper-binding site A LL8¥ copper-binding site B Mnilouny

9 . Y A aaa o v IS d' 1A
1AM ITI N phylogenetic tree YBIBY proPO VOITINFINIININATAQUFHU (31N 6) WU BU

A
PmproPO2 1A InAFANUBY proPOLV2 Y8R L. vannamei NINNI1GU proPO1 U8INIA

o Y Y 1A A 3 A 1A Y o
NaA1 1azNau waaaIvifiud 81 propoPm2 Anudluau vy lunanad

M3 3 Foyavesou proPOPm1 1ag proPOPm2 Ay ludenaid
Name of gene PmproPO1 PmproPO2
Full-length cDNA 3,002 bp 2,513 bp
ORF 2,067 bp 2,072 bp
Protein 688 aa 682 aa
MW 73.8 kDa 74.16 kDa
pI 5.98 6.78
putative cleavage site for activation Arg44/Val4s Arg45/Lys46

putative N-glycosylation

Thiol ester motif

copper-binding site

4 d s [117 (NET), 170 (NQT),
571 (NTS) 1t 622 (NTT)]
GCGWPQHM

copper-binding site A (3 conserved
histidine residues)

copper-binding site B (3 conserved

histidine residues)

1 5 @ [119 (NET), 172 (NET),
275 (NNS), 357 (NIS) ttae 432 (NLS)]
GCGWPQHM

copper-binding site A (3 conserved
histidine residues)

copper-binding site B (3 conserved

histidine residues)

proPQSs

proPO Ha FrPOCm
araPOHE CALATTIZEST) (ABBSIT13)
(CAEAET 2

proFOMF
(ABASOTAN
pro PO Pec

proPOLv2  prePOPml CABE12413)
(ABQA5957) raPOPE

(CAASBATL)
1000
proPOLy2
(ABYE1277)
praPOMS
(BABT0485) praPQPml
(BADA5201)
proFP QM7
(BAEEITIE)

proPOFPml

823 (AAMTTEET)

mPOLy
I(IAAWSBGO) ?g’fgg‘g 46
100 proFQ Ps
- proPOirl nroFOLy CAAMTI690)
(ABX76968)  (ABL108T1)
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gﬂﬁ 6 Phylogenetic tree YoIoU proPOs ﬁwu“luﬂi"ﬁm
1Hourlsznoudaedu proPO  ¥03R4NAIA P, monodon
(proPOPm1: AAM77689 Lag proPOPm1: AAD45201), f:{d
U1 Litopenaeus vannamei  (proPOLvl: ABX76968;
proPOLyv: ABL10871; proPOLv: AAWS51360; proPOLv2:
ABQ45957 ua¥ proPOLV2: ABY81277), fz]lﬂ kuruma
Marsupenaeus  japonicus  (proPOMj: BAB70485 11ag
proPOMj: BAB83773), fiﬁu Fenneropenaeus chinensis
(proPOFc: BAF98646), f’]:ﬂ P. semisulcatus (proPOPs:
AAM77690), fg]lﬂ giant freshwater prawn Macrobrachium
rosenbergii (proPOMr: ABA60740), f’jﬂ European lobster
Homarus gammarus (proPOHg: CAE46724), ﬁ:@ American
lobster Homarus americanus (proPOHa: AAT73697), fajﬁ
signal crayfish Pacifastacus  leniusculus ~ (proPOPI:
CAA58471), 5@ red swamp crayfish Procambarus clarkii
(proPOPc:  ABR12412), 'JJ‘ Dungeness crab Cancer
magister (proPOCm: ABB59713) uag ﬂ.. mud crab Scylla

serrata (proPOSs: ABD90511)




nMsasIvaeunIsuanseanvesdulilodion1s q Asemaiin RT-PCR
Y [
ATVADUMIUAAIDONVDIOU PmproPOl 11U PmproP0O2 lutiloidoa1a 9 veedausu
< o a
mmﬁa@, hepatopancreas, gill, lymphoid, intestine 4l81¢ heart "lJfoillﬂf;lmmé]}’JEJL‘ﬂﬂuﬂ RT-PCR
9 £ J I A ! 3 =
Tagle EF-1o %131 housekeeping gene 1111 control (319 7) W31 BUNIerINNIHAAIDDN

1 = dy d‘ d’
wnnlu hemocyte Lm%ﬁmﬁuﬁﬂﬂﬂ@ﬂiu hepatopancreas LQSIUDIEDDU 9

HC HP G L 1 HT 7 M3udAI0BNBSEY PmproPOl Az PmproPO2
— PimproPO1 ‘U?Nfifﬂf}mﬁﬂmi%@!ﬁ"ﬂ hemocyte (HC), hepatopancreas
_ PmproP0O2 (HP), gill (G), lymphoid (L), intestine (I) tta heart (HT)
m EFla 1azu EF-100 151 internal control

142 msanviRivestu PPAF uay proPO MenAA RNA interference (RNAi)
msasIoaeulszansmmssuiamsuandoonvosdudgmaiin RNAI
dmsany T ivesey 4 Su $alsznouds PmproPOL, PmproPO2, PmPPAET 1az

PmClipSP1  @18mAin RNAi 1agRa dsRNA V048U  PmproPO1, PmproPO2, PmPPAEI,

PmClipSP1 ¥30 GFP (nguatuaw) 1gaanedel5uia 2 ug dsRNA dormiinda 1 g

WE9IN 24 $2Tua msiadidne dsRNa  Unaiidumeufunszdudae Lps uay

larminarin (B-glucan) v‘hﬂmﬁymé’wia%ﬂ 48 $2T i MR EeAIN AR RNA LAz

2919 DNA  Jin31ziidremaiin RT-PCR tionsivaeuilsz@ninimmadudanisuansesn

VYoBUAIMATA RNA]

#aaInnsAsedeuiol e Inswesisumz By Pmpropol  (lwsiwes PmPOI-F
wag PmPO1-R), PmproP02 (1nsiues PmPO2-F 1ag PmPO2-R), PmPPAEL (lwsies
PmPPArt-F 1182 PmPPArt-R) %30 PmClipSP1 (15105 PmClipSPI-F uag PmClipSP1-R)
WU dsRNA U0aazdu (PmproPO1, PmproPO2 , PmPPAEIL %158 PmClipSP1) 1113929
MIUAAIBONVBUAAZEY PmproPO1 (3UT 8A1), PmproPO2 (31/7i 8B2), PmPPAEI (i 9A)
%30 PmClipSP1 (gﬂﬁ 10A) 1daudau Lﬁmﬁauﬁuﬂtjumuqu fifad0 dsRNA GEP (gﬂﬁ
8A3 uaz B3; gﬂ‘ﬁ 9A) 1139 NaCl (gﬂﬁ 8A4 11D B4) WONIINTY SaNUT1 dSRNA Yot aaEuy

Y
asadudimsnaniean lduued19iios 5 JUKa1910M1NT knockdown
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PmproPO1 dsRNA  PmproPO2 dsRNA GFP dsRNA 150mM NaCl
Al A2 A3 Ad
g | ——|——]—
81 B2 B3 B4
o ) — —
C1 c2 (=] C4

y o < o 4 o g

Ui 8 szdumsuanioenvesdy PmproPOl waz PmproP02 ludiadeavesdinaidiigndudsmsuaniesnvesdudie
a . o < {

mAdln RNAI 31 Al - A4 H@AIszAUMSUAAIONUDITY PmproPOl luifiaidenueadafigniadio PmproPO1 dsRNA (A1),

PmproPO2 dsRNA (A2), GFP dsRNA (A3) %30 NaCl solution (A4) Bl1-B4 HEAITEAUNTUAAIDDAVDITY PmproPO2 Tu

iiaideaveefeigniAadiu PmproPO1 dsRNA (B1), PmproPO2 dsRNA (B2), GFP dsRNA (B3) 139 NaCl solution (B4) CI -

]

=

C4 LAAITZAUMIUAAIPDNUBIEY EF-10L (housekeeping gene M30 internal control gene) luifiaidanunsdafigniadie

£

PmproPO1 dsRNA (C1), PmproPO2 dsRNA (C2), GFP dsRNA (C3) 139 NaCl solution (C4)

113A3I9AOUAIINT UWILVIINSHUESINISUTAIOONVOIE UAILNNATIA RNAI

I k4 k4 '
Lﬁ@ﬁ1ﬂ15€’l§")%ﬁ@ﬂNﬁ"’l]@xiﬂ1i€l"uEullﬂﬂﬁLlﬁﬂﬂﬁl@ﬂﬂl@ﬂﬁuﬁiaahmﬂﬂﬁu’dﬂﬂ@@ﬂ"ll@i

wuiinale lnanadienu wSeduni Inssadaadioiy Wil dsRNA 404

v
[

PmproPO1 %30 PmproP02 laifinalumsliliudinisuaaseenyesdu PmproPO2 mRNA (31

gy« g

a
fi8A2) 150 PmproPOl mRNA (3Ufi 8B1) awd§y  ludiuvesdu PmPPAEL W30
PmClipSP1 WU31 dsRNA U848U PmPPAEL %38 PmClipSP1 lifinanemsianseonvesduly
N4 clip domain serine proteinase (JUfi 10) fnuludagandiia s wila dalszneudaety
PmPPAE2  (FJ620685), PmClipSP1 (FJ620688), PmClipSP2 (FJ620687), PmMasSPHI
(DQ455050), PmMasSPH2 (FJ620686) ity PmMasSPH3 (FJ620689) wamInaaoaaald
fiud annsadufimananseonvesisdsuldesilszAnt amuazianuiume &

ansahananyminnvessuiu g lutuaeuas 11

s szdumIudatennvesdy

PmMasSPH2 (E) uag PmMasSPH3 (F)

@) luiadeavesdingadifignindis  dsRNA
¥99 PmPPAEI LAz GFP (NquAIUaY) B, C, D, E,
F o ouaedszaumsuaasesnvesaulungy
domain  sP nwnludenadnlsznoudaeiu

PmClipSP1 (B), PmClipSP2 (C), PmMasSPH!1 (D),

FLAUMSIUEAIDBNVDIOU EF-10 (housekeeping
A 3 A Y A
gene 1139 internal control gene) 11-!mﬂmf]ﬂmaﬂf]iﬂ

QnAAAIY PmPPAE] Uag GFP (NguAILALY)
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£
ks
:

d‘ ~ . < A

[A] m PmClipSP1 gﬂ‘ﬂ 10 M5UEAAIDOAVBITU PmClipSP1 (A) luiliatdaaves
m T ;< fanaidifigniiadie PmClipSP1 dsRNA %30 GFP dsRNA
€] = PaPPAL] (NGUA2URN) %38 NaCl solution (NguAIUaN) 31l B, C, D,
m] = PmPPAE2 E, F, G uaaiszaumsuaasonnvasdulungy clip domain
IF] = PmMasSPILL serine  proteinase  nwuludenardlszneudieiu
1 ———— s -
Ir] e PmClipSP2 (B), PHPPAEI (C), PmPPAE2 (D), PmMasSPH1
N ————— - w

(E), PmMasSPH2 (F) ttag PmMasSPH3 (G) (H) ua@adseay
m :

MIUTAIDINVDIYY EF-10L (internal control gene)

MsANMIANNENYVDIEY PmproPO1, PmproPO2, PmPPAEL taz PmClipSP1 Ao

52UV proPO 1a8A359a0L phenoloxidase (PO) activaty HaIM3GUEIMIUaAIDDNVDIEY

S Y

PO acitivity luiaeagaiigniana g PmproPOI 1as PmproP02 dsRNA

>

Y
Wi?li]1ﬂﬂTigUf‘j’QﬂWiuﬁﬂ\i@ﬂﬂﬂlﬂﬂguPmproPOl 1ag  PmproPO2 UAZATIVADU

phenoloxidase (PO) activity ¥03AINgN knockdown teANY111 Bulinnunerdesiuszuy

e

proPO 91ANANITNAABINUI1 AINAAAIY dSRNA UDI8U PmproPO1 130 PmproPO2 323l PO

.. o w A & = = @ [ Y A Y
activity aAa3 75% Wag 73% mud1au (JUN 11) wWenlseumeudunguaiugu (fanaaaly

NaCl) luwmzil PO activity vonquiiiadie GFP dsRNA lufianuuanaisiuediad

'
~ v 9 A

vedAiletieunudeniadie NaCl (p < 0.05, ANOVA, Duncan’s test) (1991013 co-

a

silencing @38 PmproPO1 dsRNA 1@y PmproPO2 dsRNA W3euiu wud1 a1wsean PO

1 [

1 <3 1 ugzl
activity 1494 88% 0814150913 WUI1 Ha@e PO activity 9nmMsdudanisuaniesnuesdy

o

A A 9 1Y = 1 ll =K% Y :j
mEJ’JTTSE]Wif)iJﬂublllNﬂ’)?ﬂllﬁﬂﬁﬁﬂﬁlﬁﬂuﬁlﬁ?ﬂﬂl mﬂwammmﬁqﬂmmq PmproPO1

bJ

Y o

uaz PmproP02 i luszun proPo ludenaid
.. A Yy A4 a v .
PO activity ?maammmnynmmﬂ PmPPAE] ttas PmClipSP1 dsRNA
Y
HA9INMITVEINITUTAI0ONUYDITY PmPPAE] oz PmClipSP1 LazA319d01 PO
activaty ¥9319Ngn knockdown 1iefinB13181 PmPPAEI finnuinendoanuszuyl proPO Tag

1111113059980 PO activity TuAafign knockdown @681 PmPPAEL WUI1eN115080 PO

a2 9

acitivity 18 ~36.7% luvaizNfaniadae dsRNA v098U PmClipSP1 linumsnlasunilasues
PO activity (U7 12 uag 13) WenlSeuiisudunguaiugy adaadie Nacl) luvazi PO

Y

- I Aa oy [P 1 o ' A v o w A a o Aa
activity UBINQUNAANIY GFP dsRNA llﬂJiJﬂ’ﬂlleﬂ@]Nﬂu’E]EJNMHEJﬁ1ﬂﬂJUL3JE]WIEJ°Uﬂ’Uﬁ]\i‘ﬂﬂﬂ

@28 NaCl (p < 0.05, ANOVA, Duncan’s test) @31/'14718u PmPPAE1 fianuifoadesiuszuy

proPO Tudanaid
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300 11 Phenoloxidase (PO) activity luideaveans

' v
ﬁ1ﬁ1‘l7lgﬂﬂﬂﬂﬁﬂ1ﬂlﬁﬂi@@ﬂ‘uE‘Ngu PmproPO1 Uag

o)

PmproPO2 #2omaiin RNAi Tagnguii 1 (PO1 dsRNA) fja

A

fiada0 PmproPO1 dsRNA Agudi 2 (PO2 dsRNA) Asfifia

4 a

938 PmproPO2 dsRNA nq’mﬁ 3 (PO1+PO2 dsRNA) f’jd

E=)%

@AY PmproPO1 dsRNA a2 PmproPO2 dsRNA W3ow
fiu nquAl 4 (GFP dsRNA) Refifindd0 GFP dsRNA
(control dsRNA) agnguil 5 (NaCl) faiifiadae 150 mM

NaCl (control)

3012 Phenoloxidase (PO) activity luideaveane

' v
o A @ o

‘QﬁWﬂ‘ﬂQﬂU‘Uﬂdﬂﬁuﬁﬂ\iﬂﬂﬂﬂlﬂﬂau PmproPO1 L1

Y a

PmproPO2 dauimaiia RNAI Taonguii 1 (PO dsRNA) fa
fi3A&26 PmproPO1 dsRNA nauft 2 (PO2 dsRNA) fafiia
&6 PmproPO2 dsRNA ngufi 3 (PO1+PO2 dsRNA) Al
AAA28  PmproPO1 dsRNA 1482 PmproPO2 dsRNA W5au
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Cumulative mortality assay
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Binding activity
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Antimicrobial activity assay
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Microorganisms MIC Microorganisms MIC
(uMm) (uM)

Gram-positive bacteria Gram-negative bacteria
Staphylococcus aureus 0.89 Escherichia coli 363 NA
Aerococcus viridans 3.23 Enterobacter cloacae NA
Bacillus megaterium 60 Erwinia carotovora NA
Micrococcus luteus NA Klebsiella pneumoniae NA
Salmonella thyphimurium NA
Vibrio harveyi NA
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Phenoloxidase (PO) plays an important role in arthropod melanization. Previously, a prophenoloxidase
(PmproPO1) gene was cloned and characterized from the hemocytes of the black tiger shrimp, Penaeus
monodon. In the present study, we report a novel proPO gene (PmproP0O2) belonging to the proPO family
identified from the P. monodon EST database (http://pmonodon.biotec.or.th). The full-length sequence of
PmproPO2 consists of 2513 bp encoding a predicted 689 amino acid residues with a calculated molecular
mass and pI of 79.21 kDa and 6.69, respectively. It is predicted to possess all the expected features of
proPO members, including two putative tyrosinase copper-binding motifs with six histidine residues and
a thiol ester-like motif, sharing 67% amino acid sequence identity with PmproPO1. Tissue distribution
analyses revealed that the two proPO genes are primarily expressed in the hemocyte. Gene silencing of
either PmproPO1 or PmproPO2 or both by RNA interference (RNAi) resulted in a significant decrease in
the respective endogenous proPO mRNA level in hemocytes and a reduction of total PO enzyme activity
by 75, 73 and 88%, respectively. Experimental infection of P. monodon with the pathogenic bacterium,
Vibrio harveyi, revealed that PmproPO silenced shrimps were more susceptible to bacterial infection than
the control GFP injected shrimps, and suggesting that the two proPOs are important components in the
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proPO system
Innate immunity
RNA interference

shrimp immune defense.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The prophenoloxidase-activating system (proPO-activating
system) is an important non-self recognition system in arthro-
pods [1]. The proPO cascade is activated upon recognition of
microbial cell wall components, such as peptidoglycan (PGN), 3-
1,3-glucan or lipopolysaccharide (LPS), and leads to the limited
proteolysis of proPO to the active PO which catalyzes the
formation of melanin [1,2]. Active PO can catalyze oxidation of
phenol to quinone, which can convert to form the melanin around
invading pathogens. During proPO activation (melanization
cascade), highly reactive and toxic quinone intermediates are
produced. Thus, it is of no surprise that PO activity is tightly
regulated by specific proteinases and proteinase inhibitors to
prevent excessive production of these toxic substances [1,3,4]. PO
is also important for cuticle sclerotization and wound healing
process [3,5,6].

* 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 © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.dci.2008.09.003

The invertebrate proPO gene was first purified and cloned from
the freshwater signal crayfish, Pacifastacus leniusculus [7,8]. Subse-
quently, several proPO genes have been identified and cloned from a
variety of arthropod species [9-30]. In most crustaceans, only one
gene has been reported, whereas one or more proPO genes have
been found in insect species [1]. However, the specific role(s) of
several different proPOs in the defense mechanism has not yet been
elucidated.

In several arthropods, it has been shown both in vitro and in vivo
that the proPO-activating system affects pathogen survival [4,32].
More recently, dsRNA knockdown of a proPO gene in the crayfish,
P. leniusculus, was reported to reduce the PO activity in hemolymph
leading to increase mortality after infection with the pathogenic
bacterium, Aeromonas hydrophila, suggesting a potentially impor-
tant role for proPO in crayfish immunity [33].

In this study, a second and different proPO gene transcript was
found to be present in the black tiger shrimp P. monodon EST
database (http://pmonodon.biotec.or.th) [34], and is a novel proPO
gene which shows 67% amino acid sequence identity to other
proPO gene already reported in P. monodon [13], and also found in
this EST database. The two proPOs were further characterized for
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Table 1

Primer sequences used for amplification of proPO genes.

Primer Sequence (5'-3') Purpose
PO2-R1 5'CCCAGTTTGCAGGGACACTTAACCATTC3’ 5'-RACE
PO2-R2 5'AAGACTGCATCACAGAAAACGGACCCCA3’ 5'-RACE
PO2-F1 5'CCGGTCAATCTCCTCGGCCAGAGTGTCA3’ 3'-RACE
PO2-F2 5'CGCAGACTATGCACGCCTCGATAACGCT3' 3’-RACE
PO1RT-F 5'GGTCTTCCCCTCCCGCTTCG3’ RT-PCR
PO1RT-R 5'GCCGCAGGTCCTTTGGCAGC3’ RT-PCR
PO2RT-F 5'GCCAAGGGGAACGGGTGATG3’ RT-PCR
PO2RT-R 5'TCCCTCATGGCGGTCGAGGT3' RT-PCR
PO1i-F 5'CACCCTGAGAGCTCCCACTT3’ RNAi
PO1i-R 5'GAGATCCTGCAGTGTAACGT3’ RNAi
PO1iT7-F 5'GGATCCTAATACGACTCACTATAGGCACCCTGAGAGCTCCCACTT3' RNAi
PO1iT7-R 5'GGATCCTAATACGACTCACTATAGGGAGATCCTGCAGTGTAACGT3’ RNAi
PO2i-F 5'CGTCTTCCTCGGCCGCTCCT3’ RNAi
PO2i-R 5'CCACGGGGATACCGCTGCCA3 RNAI
PO2iT7-F 5'GGATCCTAATACGACTCACTATAGGCGTCTTCCTCGGCCGCTCCT3! RNAi
PO2iT7-R 5'GGATCCTAATACGACTCACTATAGGCCACGGGGATACCGCTGCCA3’ RNAi
GFP-F 5'ATGGTGAGCAAGGGCGAGGA3' RNAI
GFP-R 5'TTACTTGTACAGCTCGTCCA3’ RNAi
GFPT7-F 5'TAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGA3' RNAi
GFPT7-R 5'TAATACGACTCACTATAGGTTACTTGTACAGCTCGTCCA3' RNAi
EF1a-F 5'GGTGCTGGACAAGCTGAAGGC3' RT-PCR
EF1a-R 5'CGTTCCGGTGATCATGTTCTTGATG3' RT-PCR

their gene expression profiles and potential role in the shrimp
immune defense. Gene silencing of each and both of the two
PmproPOs was performed using double-stranded RNA (dsRNA)
mediated RNA interference (RNAi), with the efficiency of gene
knockdown determined at the transcript level by semi-quantita-
tive RT-PCR. The proPO-silenced shrimps were then assayed for
total PO enzymic activity and susceptibility to challenge by
injection with the pathogenic bacterium, V. harveyi.

2. Materials and methods
2.1. Sample preparation

Juvenile shrimps were purchased from a commercially cultured
P. monodon shrimp farm in Thailand and reared in laboratory tanks
with sea water (20 ppt) for 7 days before processing to allow
acclimatization. Shrimp tissues (gills, lymphoid organ, hepato-
pancreas, intestine and heart) were dissected and snap-frozen in
liquid nitrogen. Hemocytes were isolated from hemolymph by
centrifugation at 800 g for 10 min at 4 °C. A hemocyte pellet was
resuspended in 200 wl of TRI REAGENT® (Molecular Research
Center, USA).

2.2. Total RNA and cDNA synthesis

The samples were homogenized in TRI REAGENT® and total
RNA was extracted according to the manufacturer’s instruction.
Total RNA was incubated with RNase-free DNase I (Promega, USA)
to remove contaminating genomic DNA before being reverse
transcribed into ¢cDNA using oligo (dT);s primers with the
ImProm-II"™ Reverse Transcriptase System kit (Promega, USA),
according to the manufacturer’s protocol. The synthesized cDNA
was stored at —80 °C.

2.3. Rapid amplification of cDNA End (RACE)-PCR

Nucleotide sequences encoding the prophenoloxidase (proPO)
were retrieved from the P. monodon EST database deposited at
http://pmonodon.biotec.or.th [34]. After clustering analysis, two
clusters were found; one is identical to known proPO of P. monodon
(PmproPO1), and another is a contig composing of nine ESTs that

showed a high nucleotide sequence similarity (e-value of
1x107%) with the already annotated and known proPO
(PmproPO1) of P. monodon (AF099741) in the NCBI GenBank
database. From this contig sequence (named PmproP02), four
internal gene-specific primers (GSPs), PO2-R1 and PO2-R2 for 5'-
RACE and PO2-F1, PO2-F2 for 3’-RACE (Table 1) were designed for
rapid amplification of cDNA ends (RACE) to determine the full-
length cDNA sequence. Total RNA isolated from the hemocytes of P.
monodon (2 pg) was used to prepare 5- and 3’-RACE cDNAs
using the SMART RACE cDNA Amplification Kit (Clontech, USA)
according to the manufacturer’s instructions. PCR reactions were
performed using the Advantage 2 PCR kit (Clontech, USA) and
touchdown PCR as described in Amparyup et al. [35]. After agarose
gel electrophoresis, RACE-PCR products were recovered from the
gel and cloned into pGEM®-T Easy vector (Promega, USA).
Three recombinant plasmids were sequenced in both directions.
Internal sequencing primers were subsequently designed and used
for sequencing along the entire length of the insert (Macrogen Inc.,
Korea).

2.4. Tissue distribution analysis

The mRNA expression of PmproPO1 and PmproPO2 in different
tissues was analyzed by semi-quantitative RT-PCR. Gene-specific
primers for PmproPO1 (PO1RT-F and PO1RT-R) and PmproPO2
(PO2RT-F and PO2RT-R) were designed from P. monodon proPO
(AF099741) which had the same nucleotide sequences as
PmproPO1 obtained from this study, and from PmproPO2 the
novel new homolog (Table 1). Elongation factor1-o gene (EF1-at)
was used as internal control to monitor the amount of RNA/cDNA
PCR template and amplification efficiency between samples.
Total RNA from the tissues of hemocytes, gills, hepatopancreas,
intestines and heart was extracted from P. monodon. The RT-PCR
reaction (25 pl final volume) was performed first at 94 °C for
3 min for denaturation, followed by 25 cycles of amplification
(denaturing for 30s at 94 °C, annealing for 30s at 55°C and
extension for 30 s at 72 °C). The final extension was performed at
72 °C for 5min. Eight microlitres of the RT-PCR product
was electrophoretically resolved through a 1.8% (w/v) agarose
gel and visualized by UV-transillumination after ethidium
bromide staining.
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2.5. Preparation of double-stranded RNA (dsRNA)

To prepare double-stranded RNAs (dsRNAs) specifically
targeted to PmproPO1 and PmproPO2, DNA fragments of
PmproPO1 (280 bp) and PmproPO2 (279 bp) genes were amplified
by PCR using specific primers (PO1i-F and PO1i-R for PmproPO1
and PO2i-F and PO2i-R for PmproPO2), designed by Primer
Premier 5 program (Table 1). In vitro transcription using T7 RNA
polymerase was performed to produce sense and anti-sense RNA
strands. The sense and anti-sense DNA templates containing
the T7 promoter sequence at the 5’-end on each different strand
were generated by PCR using oligonucleotide primers containing
the T7 promoter RNA polymerase recognition sequence at the 5’'-
end (PO1iT7-F and PO1iT7-R for PmproPO1 and PO2iT7-F and
PO2iT7-R for PmproPO2) (Table 1). For a negative dsRNA control,
DNA template amplification was performed on the green
fluorescent protein (GFP) gene of pEGFP-1 vector (Clontech,
USA) using GFPT7-F and GFP-R (Table 1) for the sense strand
template, the other with GFP-F and GFPT7-R (Table 1) for the anti-
sense strand template. The T7 RiboMAX™ Express Large Scale
RNA Production Systems (Promega, USA) was used to synthesize
RNA by in vitro transcription according to the manufacture’s
protocol. The quality of double-stranded RNAs was verified by
agarose gel electrophoresis and quantified by using UV spectro-
photometer.

2.6. Injection of dsRNA into shrimp

The dsRNAs were injected into juvenile shrimps (2 + 0.2 g, fresh
weight) by using 0.5-ml insulin syringes with 29-gauge needle.
Approximately 5 g of PmproPO1, PmproPO2 or control GFP dsRNAs
dissolved in 25 pl of injection buffer (150 mM NaCl) was intramus-
cularly injected into the third abdominal segment of each shrimp.
Control shrimps were injected with injection buffer only. The
injection of dsRNA was repeated together with 20 g of the
lipopolysaccharide (LPS) of Escherichia coli 0111:B5 (Sigma) and
laminarin (3-1,3-glucan chain with some 3-1,6-linked glucose units)
(Sigma) at 24 h after the first dsRNA injection. Thereafter, injected
shrimps were reared for 48 h after the second dsRNA injection.

2.7. Measurement of PmproPO1 and PmproPO2 transcripts after
dsRNA injection

Semi-quantitative RT-PCR analysis was performed to monitor
the expression of PmproPO1 and PmproPO2 transcriptlevelsin the
RNA interference experimental and control groups. The hemo-
lymph was withdrawn from two individual shrimps at 48 h
after the second injection of either dsRNAs or buffer and total RNA
was extracted from the isolated hemocytes using NucleoSpin®
RNAIl (MACHEREY-NAGEL) according to the manufacturer’s
instructions. First-strand cDNA was synthesized from total RNA
using the ImProm-II™ Reverse Transcriptase (Promega, USA) and
oligo(dT),5 primer, as described by the manufacturer’s instruc-
tions. RT-PCR was carried out to monitor the effect of dsSRNA or
buffer injections on the level of transcripts by using gene-specific
primers. A pair of EF1-a gene primers was used as an internal
control to monitor equal loading of cDNA for analysis of transcript
levels. One microlitre of the first strand cDNA was subjected to
PCR in a 25 .l reaction volume containing 75 mM Tris-HCI, pH
8.8, 20 mM (NH4),S04, 0.1% (v/v) Tween 20, 1.5 mM MgCl,,
100 wM of each dNTP, 0.2 wM of each specific primers and 1 unit
of Taq DNA polymerase (Fermentas, USA). The thermal cycling
conditions were: 94 °C for 1 min, followed by 25 cycles of 94 °C for
30s, 55°C for 30s, 72 °C for 30 s and 72 °C for 5 min. The PCR
product was analyzed by agarose gel electrophoresis.

2.8. Assay of hemolymph phenoloxidase (PO) activity

Hemolymph was withdrawn without the use of any anti-
coagulant from the ventral sinus of experimental shrimps at 48 h
after the second dsRNA injection. Protein concentration was
measured using a Bradford protein assay kit (Bio-Rad). Hemo-
lymph PO activity was detected using 1-3,4-dihydroxyphenylala-
nine (1-dopa) dissolved in water according to Liu et al. [33].
Briefly, 2 mg of total hemolymph proteins in 435 pl of Tris—-HCl
(10 mM, pH 8.0) were mixed with 65 .l of freshly prepared .-dopa
(3 mg/ml in water) (Fluka). After incubation at room temperature
for 30 min, 500 pl of 10% (v/v) acetic acid was added to the
mixtures and PO activity was measured by monitoring the
absorbance at 490 nm. PO activity was recorded as AAsqp per
mg total protein/min. Control samples were prepared using
distilled water instead of shrimp hemolymph.

2.9. Cumulative mortality assay

Pathogenic Gram-negative bacteria, V. harveyi 639 was
picked with a sterile loop, streaked out on a sterile TSA (tryptic
soy agar) plate and grown for 18 h at 30 °C. A single colony was
picked and resuspended in TSB (tryptic soy broth) medium
overnight at 30°C. The bacterial concentration was establi-
shed by estimating the optical density (OD) at 600 nm using
spectrophotometer. A bacterial suspension (2 x 10° colony
forming units, CFUs) was chosen as the injection dose for
mortality assays based on prior LDsy test results (data not
shown). Unfortunately, as small sizes (~2g) of the specific
pathogen-free (SPF) shrimp are not available, lager sizes of SPF
shrimps (~10 g) were used in mortality experiment with higher
amount of dsRNA (20 wg). SPF P. monodon were individually
injected with 20 g of dsRNAs of PmproPO1 and PmproPO2 in
30 il volume. Injection of GFP dsRNA was included as a
sequence-independent dsRNA control. Control shrimp were
injected with the same volume of saline solution (150 mM
NaCl) at an equivalent dilution. Twenty-four hours after the
first dsRNA injection, shrimps were injected with 25 ul of
saline solution containing 20 g of dsRNA and V. harveyi
(2 x 10° CFUs). Cumulative mortality rate was recorded from
after 3 h post-V. harveyi challenge for 5 days. The experiment
was performed in triplicate with 10 healthy shrimps each.
Statistical analysis of the mortality test was performed using
one-way analysis of variance (ANOVA) followed by Duncan’s
test.

2.10. Sequence and phylogenetic analysis

Similarity searches of DNA and deduced amino acid sequence
were performed using the BLASTX program (http://www.ncbi.
nlm.nih.gov/blast). Putative signal peptide was predicted by
SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/). The
deduced amino acid sequences were analyzed with the Genetyx
program and the protein domain features were predicted by the
Simple Modular Architecture Research Tool (SMART) (http://
smart.embl-heidelberg.de/). Multiple-sequence alignment was
performed using the CLUSTAL W program and phylogenetic
analysis performed by neighbor-joining distance analysis with
sequence divergence calculations being based on the Kimura two
parameter method using Prodist. Bootstrapped neighbor-joining
trees were constructed using Neighbor and Consense with
bootstrap analysis performed using Segboot (1000 replicates).
All phylogenetic programs are routine in PHYLIP [36]. Phyloge-
netic trees are illustrated using TREEVIEW (http://taxonomy.
zoology.gla.ac.uk/rod.html).


http://www.ncbi.nlm.nih.gov/blast
http://www.ncbi.nlm.nih.gov/blast
http://www.cbs.dtu.dk/services/SignalP/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://taxonomy.zoology.gla.ac.uk/rod.html
http://taxonomy.zoology.gla.ac.uk/rod.html

250 P. Amparyup et al. / Developmental and Comparative Immunology 33 (2009) 247-256

Fig. 1. Multiple amino acid sequence alignment of Penaeus monodon proPO2 (PmproPO2; FJ025814) with that of other crustacean proPOs: P. monodon proPO1 (Pm proPO1:
AF099741); Litopenaeus vannamei proPO1 (LvproPO1: ABX76968), L. vannamei proPO2 (LvproPO2: ABQ45957); Marsupenaeus japonicus (MjproPO: AB073223); Pacifastacus
leniusculus (PlproPO: X83494); Homarus gammarus (HgproPO: A]J581662) and Scylla serrata (SsproPO: DQ435606). Identical amino acid residues are grey shaded. The filled
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Fig. 1. (Continued).

Table 2
Characteristics of the P. monodon PmproPO1 and PmproPO2 cDNA transcripts and predicted protein products.

PmproPO1 PmproPO2
Accession no. AF099741 FJj025814
Completed coding sequence 2067 bp 2070 bp
Predicted protein 688 aa 689 aa
Molecular weight 78.67 kDa 79.21 kDa
Isoelectric point (pI) 5.8 6.69

Predicted proteolytic cleavage site
Putative N-glycosylation

Thiol ester-like motif GCGWPQHM

Between Arg44 and Val45
Four sites [117 (NET), 170 (NQT),
571 (NTS) and 662 (NTT)]

Between Arg45 and Leu46

Five sites [119 (NET), 172 (NET),
275 (NNS), 357 (NIS) and 432 (NLS)]
GCGWPQHM

Copper-binding site

Copper-binding site A (3 conserved
histidine residues)
Copper-binding site B (3 conserved
histidine residues)

Copper-binding site A (3 conserved
histidine residues)
Copper-binding site B (3 conserved
histidine residues)

3. Results
3.1. proPO genes in Penaeus monodon

From the P. monodon EST database (http://pmonodon.biote-
cor.th) [34], we identified two distinct homologous genes
(PmproPO1 and PmproPO2) which showed high amino acid
sequence similarity to crustacean proPO sequences. Sequence
comparison revealed that PmproPO1 is the same sequence and
thus most likely the same gene as that previously reported by
Sritunyalucksana et al. [13], whilst PmproPO2 is a novel proPO

gene. To obtain the full-length sequence of PmproP0O2, 5 and 3’
RACE were performed. The full-length cDNA of PmproPO2
contained 2513 bp with a predicted 2070 bp open reading frame
encoding 689 amino acids. The cDNA contained a 5’ untranslated
(UTR) region of 113 bp and a 3’ untranslated region of 330 bp,
including a stop codon (TAA) and a poly (A) tail. No putative signal
peptide was found at the N-terminus as analyzed by The SignalP
software (http://www.cbs.dtu.dk/services/SignalP/). The predicted
molecular mass and plI for the mature protein were 79.21 kDa and
6.69, respectively (Table 2). The cDNA sequence has been
submitted to the NCBI database (GenBank Accession FJ025814).

triangle represents the predicted cleavage site of the PmproPO2 sequence. The two copper-binding sites (A and B) and the thiol ester-like motif are boxed. Black highlights
indicate conserved histidine residues of two copper-binding sites (A and B). Putative N-linked glycosylation sites (NXS/T) of the PmproPO2 are in bold and italicize-

underlined. The RGD like motif of PmproPO2 is in bold.
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Fig. 2. Phylogenetic relationships of arthropod proPOs (crustaceans and insects) and shrimp hemocyanins (as out group) on the basis of the amino acid sequence using
neighbor-joining distance analysis with K2P correction. Bootstrap values from 1000 replicates are indicated at the nodes. Crustacean proPOs: P. monodon (Pm-proP0O2:
FJ025814 and Pm-proPO1: AF521948 and AF099741); P. semisculcatus (Ps-proPO: AF521949); Litopenaeus vannamei (Lv-proPO1: EU284136, EF115296 and AY723296; Lv-
proPO2: EF565469 and EU373096); Marsupenaeus japonicus (Mj-proPO: AB073223 and AB065371); Fenneropenaeus chinensis (Fc-proPO: AB374531); Homarus americanus
(Ha-proPO: AY655139); H. gammarus (Hg-proPO: A]581662); Pacifastacus leniusculus (Pl-proPO: X83494); Scylla serrata (Ss-proPO: DQ435606); Eriocheir sinensis (Es-proPO:
EF493829); Cancer magister (Cm-proPO: DQ230981) and Macrobarchium rosenbergii (Mr-proPO: DQ182596 and AY947400). Insect proPOs: Holotrichia diomphalia (Hd-proPOI:
AB079664 and Hd-proPOIl: ABO79665); Bombyx mori (Bm-proPO1: AF178462 and Bm-proPO2: AF178461); Manduca sexta (Ms-proPO1: 044249 and Ms-proP0O2: Q25519);
Apis mellifera (Am-proPO: AY242387); Drosophila melanogaster (Dm-proPO1: D45835 and Dm-proPO3: AB055857); Aedes aegypti (Aa-proPO1: AF292114 and Aa-proP0O2:
AF292113) and Anopheles gambiae (Ag-proPO1-9: AF004915, AF004916, L76038, AJ010193, AJ010194, AJ010195, AJ459960, AJ459961 and AJ459962, respectively). Shrimp
hemocyanins: L. vannanei (Lv-HC: X82502) and M. japonicus (Mj-HC-L: EF375711 and Mj-HC-Y: EF375712).

The proteolytic cleavage site of PmproPO2 was predicted to be
between Arg45 and Leu46 based on sequence comparison with the
putative cleavage site of PmproPO1 [13]. Cleavage at this site
generates a putative active PmproPO2 enzyme of 74.0 kDa. The
highly conserved thiol ester motif (GCGWPQHM) was also present
in PmproPO2 at Gly584 to Met591. Six histidine residues, which
are likely to be involved in copper-binding were present at
conserved sites within the two annotated copper-binding sites,
namely copper A (H209, H213 and H235) and copper B (H369,
H373 and H409) (Fig. 1).

BLASTX analysis of PmproPO2 showed a relevant sequence
identity and similarity with proPO2 (84 and 91%) of Litopenaeus
vannamei (EF565469 and EU373096), proPO (71 and 84%) of
Marsupenaeus japonicus (BAB70485), proPO1 (67 and 81-82%) of L.
vannamei (EU284136, EF115296 and AY723296), proPO (68 and
81%) of Fenneropenaeus chinensis (AB374531), proPO (68 and 80%)
of P. semisulcatus (AF521949), proPO1 (67-68 and 81%) of P.

monodon (AF521948 and AF099741), proPO (64 and 80%) of M.
japonicus (AB065371) and proPO (58 and 73%) of Pacifastacus
leniusculus (X83494), respectively.

Amino acid sequence alignment revealed that PmproPO2
exhibited 67% sequence identity with the already reported P.
monodon proPO (AF099741). All of the copper-binding regions are
highly conserved between them (67% and 72% identity for copper A
and B, respectively) and the histidine residues and thiol ester motif
are completely conserved (Fig. 1). However, some different
characteristics between PmproPO1 and PmproPO2 were observed
including putative proteolytic cleavage site and number of
putative N-glycosylation sites as shown in Table 2. In addition, a
potential adhesive motif RGD localized in the N-terminal part of
PmproPO2, which is similar to that found in Anopheles gambiae
proPO6 [14], was observed (Fig. 1).

The evolutionary relationship between members of arthropod
prophenoloxidases, constructed by the neighbor-joining distance
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Fig. 3. Tissue distribution analysis of PmproPO1 and PmproPO2 of Penaeus monodon
by RT-PCR approach: hemocytes (Hc); hepatopancreas (Hp); gill (G); lymphoid (L);
intestine (I); heart (HT). EF1-a was used as a control housekeeping gene to indicate
and standardize the amount of cDNA template in each RT-PCR reaction. A
representative experiment of two independent experiments is shown.

method using shrimp hemocyanins as the out group, is shown in
Fig. 2. The phylogenetic analysis of the 40 proPO sequences
resulted in a tree that forms three different groups composed of the
(1) crustacean proPOs, (2) the insect proPOs, and (3) the shrimp
hemocyanins (Fig. 2). The crustacean proPOs group can be further
separated into four distinct and well-supported clades: (a) penaeid
shrimp proPOs, (b) lobster and crayfish proPOs, (¢) crab proPOs and
(d) prawn proPOs. Finally, the shrimp proPOs clade was subdivided
into two distinct groups that separate proPO2 from proPO1.
PmproPO2 belongs to the shrimp proPO subgroup and is more
closely related to proPO2 of L. vanamei than proPO1 of P. monodon
and L. vanamei. This strongly supports a common evolutionary
lineage of shrimp proPOs leading to the two proPOs (proPO1 and
proP02).

3.2. Expression analysis of PmproPO1 and PmproPO2 mRNA in
different tissues

RNA was extracted from hemocyte, hepatopancreas, gill,
lymphoid organ, intestine, and the heart of normal shrimps and
the levels of PmproPO1 and PmproPO2 transcripts were assessed
using semi-quantitative RT-PCR. The amplification reaction
yielded a single amplicon of either 443 or 226 bp of gene-specific
cDNA fragments for PmproPO1 and PmproP0O2, respectively. The
result showed that both PmproPO1 and PmproPO2 mRNAs were
mainly expressed in hemocyte (Fig. 3).

3.3. Specific-gene silencing of the two proPO transcripts by
RNA interference

Gene silencing mediated by RNAi was performed to elucidate
any potential role of PmproPO1 and PmproPO2 in the shrimp
immune system. Shrimps (2 + 0.2 g, fresh weight) were intramus-
cularly injected twice with either PmproPO1 or PmproPO2 dsRNAs for
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Fig. 5. Hemolymph phenoloxidase (PO) activity in proPO silenced shrimp.
Hemolymph was collected at 48 h after the second dsRNA injection (PmproPO1
and PmproPO2 dsRNAs). Shrimps injected with GFP dsRNA and saline buffer
(150 mM NaCl) were used as control groups. The PO activity was measured using L-
dopa and defined as AA,q per mg protein. Experiments have been repeated three
times and the data represent means of triplicates. Bars indicate mean + standard
deviation (n=2 or 3).

the experimental groups and with GFP dsRNA or NaCl for the control
groups. Gene-specific primer pairs for PmproPO1 (PO1RT-F and
PO1RT-R) and PmproPO2 (PO2RT-F and PO2RT-R) were used to
examine the expression levels of both genes in the knockdown
shrimps. The reduction of the transcripts was determined at 48 h after
the second injection. Fig. 4 summarizes representative results of the
PmproPO1 and PmproPO2 gene knockdown at 48 h post-dsRNA
injection, which shows a specific reduction in the transcription level
of PmproPO1 (but not PmproPO2) mRNA by PmproPO1 dsRNA
(Fig. 4A1), and in PmproPO2 mRNA (but not PmproPO1) by PmproP02
dsRNA (Fig. 4B2). Moreover, injection of the control GFP dsRNA
(Fig. 4A3 and B3) or NaCl (Fig. 4A4 and B4) did not affect the mRNA
levels of either PmproPO1 or PmproPO2. The gene silencing is thus
apparently sequence-specific. Although the mRNA Ievels of
PmproPO1 and PmproPO2 were not completely eliminated, the levels
of PmproPO1 and PmproPO2 transcripts were significantly reduced
and the suppression of mRNA lasted until the last day of examination
(day 5) (data not shown).

3.4. The effect of proPO silencing on PO activity
To determine whether the knockdown of two PmproPO genes

would result in a reduction of PO activity, hemolymph was
withdrawn from the proPO silenced shrimps and subjected to total

Fig. 4. Specific-gene silencing of PmproPO1 and PmproPO2 transcripts in P. monodon hemocyte. Shrimps (2 + 0.2 g, fresh weight) were injected twice with 5 g of PmproPO1,
PmproPO2 or GFP dsRNAs or 25 .l of NaCl solution. Total RNA was extracted from hemocytes at 48 h after the second injection and subjected to analysis using semi-quantitative RT-
PCR. EF-1a was used as a control housekeeping gene to standardize the amount of cDNA template in each of the various reactions. Each lane represents cDNA from an individual
shrimp. A1-A4 represent the expression level of PmproPO1 after injection of PmproPO1, PmproPO2 or GFP dsRNA or NaCl solution, respectively. B1-B4 represent the expression level
of PmproPO2 after injection of PmproPO1, PmproPO2 or GFP dsRNA or NaCl solution, respectively. C1-C4 represent the expression level of EF-1a after injection of PmproPO1,
PmproPO2 or GFP dsRNA or NaCl solution, respectively. The figure is representative of two independent repeats.
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Fig. 6. Cumulative mortality of proPO silenced shrimp challenged with Vibrio
harveyi. Shrimp were injected with V. harveyi 639 (2 x 10° CFU) following the
second injection of dsRNA. Control groups were shrimps injected with GFP dsRNA
and saline buffer (150 mM NaCl). Shrimp mortality was recorded twice each day for
5 days. Percent mortality in each experimental group (9-10 shrimps/group) is
presented as the means of triplicate independent experiments. Bars indicate
mean + standard deviation.

PO enzymic activity assay. The result showed that knockdown of
PmproPO1 and PmproPO2 significantly reduced the total PO
activity by 75% and 73%, respectively, as compared with NaCl-
injected group, whilst co-silencing of PmproPO1 and PmproPO2
dsRNAs reduced the PO activity by 88%. On the contrary, no
significant change of PO activity was observed in GFP dsRNA
injected shrimps (p < 0.05, ANOVA, Duncan'’s test). Clearly the total
PO activity is not linearly related to the knockdown in PmproPO1
and PmproP0O2 and may suggest post-transcriptional/translational
interactions such as cooperation between the two gene products
(Fig. 5).

3.5. Cumulative mortality assay

The PmproPO silenced shrimps were challenged with the viable
pathogenic bacterium, V. harveyi 639, to test the effect on the
ability of shrimps to mount an immune response and survive. Fig. 6
shows the cumulative mortality for shrimps in each treatment
group. The PmproPO1 silenced shrimp had a cumulative mortality
of 100% within 24 h (day 1), whereas the mortality of PmproP0O2
silenced shrimp was 96.3% and reached 100% by day 2, as
compared to 61.1% and 55.2% mortality in the control groups
injected with GFP dsRNA and saline, respectively. In addition,
shrimps that were co-injected with PmproPO1 and PmproPO2
dsRNAs also showed a high mortality rate of 100% in day 1 post-
injection. The significantly increase in mortality observed with
PmproPO silenced shrimps was supported by statistical values
using ANOVA, Duncan’s test to compare the treatments to those of
the controls (GFP dsRNA and NaCl).

4. Discussion

In this study, we report the existence of a second propheno-
loxidase (proPO) homologous gene which is expressed in the
hemocytes of the black tiger shrimp, P. monodon. The first proPO
gene PmproPO1 was previously reported in 1999 [13], whilst here,
a second proPO gene homologue (PmproP02) was identified and
characterized. To date, only one type of proPO genes has been
reported in most crustaceans including crayfish P. leniusculus [8],
penaeid shrimps P. monodon [13], and F. chinensis [31], lobsters
Homarus gammarus [25], giant freshwater prawn Macrobrachium
rosenbergii [26,27] and crabs Cancer magister [28], Scylla serrata
[29] and Eriocheir sinensis [30]. The exception is the two
species of penaeid shrimps, L. vannamei (proPO1; AY723296

[24,37], EF115296 [38] and proP0O2; EU373096 and EF565469)
and M. japonicus (BAB70485 and BAB83773), in which two distinct
types of proPO genes have been reported, but the role of these
proPOs in proPO-activating system has not yet elucidated. With P.
monodon now becoming the third out of three reported penaeid
shrimps to have two distinct proPO genes, it remains plausible
that these two proPO genes are common and ancestral to penaeid
shrimps, but the dataset and phylogenetics are far from complete
enough for any degree of certainty.

In those insect species for which data are available, the presence
of different proPO genes has been reported. For example, there are
two proPO encoding genes in the tobacco hornworm Manduca
sexta [10,11], the silkworm Bombyx mori [18-20] and the beetle
Holotrichia diomphalia [39], whilst three genes are reported in
Drosophila melanogaster [9,22] and Pimpla hypochondriaca [40] and,
surprisingly, nine and ten genes in A. gambiae [12,14,41,42] and
Aedes aegypti [43], respectively. Currently, the role of each gene, or
why so many different proPO genes exist, remains unknown, and it
may be that the each proPOs have different physiological functions
or cooperative functions [1,11,14]. Expression analysis of proPO
genes in A. gambiae indicated that genes are differentially
expressed in different developmental stages (embryo to adult)
[14] with some proPOs being apparently inducible after blood-
feeding [12,14,21]. These may hence reflect life history dependent
differential vulnerabilities to different pathogens and infection
routes, but again awaits confirmed resolution.

In this study, we elucidated the role of the two proPOs,
PmproPO1 and PmproPO2 that are specifically expressed in the
hemocytes of P. monodon by suppression of their expression by
RNAI. To date, gene knockdown using dsRNA has been shown to be
a powerful tool for the investigation of gene function in crustacean
[33]. Two dsRNA constructs (PmproPO1 and PmproPO2), each
targeting a specific part of the respective PmproPO mRNA, were
prepared. The targeted region, which covered the 5’ UTR and N-
terminal region of the predicted coding sequence (CDS) of
PmproPO1 and PmproP0O2, share only 34% nucleotide sequence
identity with each other. It appeared that both PmproPO1 and
PmproPO2 dsRNAs efficiently and specifically reduced endogenous
expression of their respective transcripts, but not each others, in
the shrimp hemolymph after injection. However, a complete
silencing of these genes could not be achieved in the dsRNA-
treated group. Our findings are similar to those obtained by Liu
et al. [33], who reported the knockdown of proPO gene in the
crayfish P. leniusculus reduced the proPO transcript to about 57%.
Such variances in efficiency, as well as incomplete knockdown, are
common in dsRNA and likely due to the sequence specific
complexities of dsRNA recognition and processing mechanisms.

The effect of proPO gene knockdown on PO activity was
investigated. Although PO has long been considered to be the key
enzyme in the proPO-activating system in shrimps, there is no
direct evidence verifying its role in this system. Our data clearly
showed a reduction of PO activity in the proPO silenced shrimps
suggesting that both PmproPOs are essential components of the
biochemical pathway required for the proPO-activating system in
shrimps. This is the first report on the in vivo functional
characterization of either of the two proPOs in shrimps.

Crustacean proPO sequences are homologous with arthropod
hemocyanins, and a PO-like activity in hemocyanins, the copper-
containing proteins that function as arthropod oxygen transpor-
ters, has also been detected in the hemolymph of crustaceans [44-
46]. Crustacean hemocyanin, synthesized in the hepatopancreas
and localized in the plasma, typically represents up to 95% of the
total amount of hemolymph protein [48], and it has been
suggested that hemocyanins are multifunctional proteins involved
in immunity [1,44]. Certainly, hemocyanin is functionally con-
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verted into a PO-like enzyme by some reagents or endogenous
molecules in several arthropod species [44,45,47-50]. Considering
all of the available data, it seems likely that hemocyanin is
independently involved in the proPO-activating system [32]. In the
present investigation, we have shown that knockdown of two
proPO genes by co-silencing in P. monodon had the strongest effect
on the total PO activity in the hemolymph with more than a 88%
reduction in PO activity being observed after LPS/PGN and
laminarin (a (-glucan) activation. This strongly suggests that
the two PmproPOs are the key enzymes contributing to the PO
activity in P. monodon hemolymph. However, it is unclear if the
remaining hemolymph PO activity (12%), after partial co-silencing
of both PmproPO’s is be due to the activity of hemocyanin, or
other proPO isoforms, or simply the incomplete knockdown
of PmproPO1 and PmproPO2 allowing a low level of de novo
translation and enzyme synthesis.

The prophenoloxidase-activating system is an important
defense mechanism in invertebrates against diverse pathogens
[1]. However, some controversy on the importance of the proPO
system in the defense against microbial infection has been
reported [32]. In the insects, it has been reported that the proPO
reaction is not important for survival of microbial infections in
Drosophila[51] and A. gambiae [52]. Drosophila with a mutant (null)
proPO-activating enzyme (PAE1) gene and A. gambiae with a
silenced non-catalytic serine protease (CLIPA8) gene both showed
depletion of PO activity, but could survive microbial challenge,
suggesting that melanization is not essential for defense against
microbial infection [51,52]. However, in contrast, the knockdown
of the Drosophila melanization proteases (MP1 and MP2) strongly
supported that melanization is crucial for the innate immune
system against fungal infections [53]. Furthermore, it has been
shown in the crayfish, P. leniusculus, that knockdown of the proPO
transcript by dsRNA increased susceptibility to A. hydrophila
infection, suggesting the important role of phenoloxidase in
defense against bacterial invasion.

In this study, we provide further evidence to support that the
proPO-activating system plays an essential role in the P. monodon
shrimp defense against the pathogenic bacterium, V. harveyi. It is
noteworthy that partial silencing of either the PmproPO1 or
PmproP0O2 gene resulted in a strong PO activity reduction (73-
75%) and a very high mortality after V. harveyi challenge, despite
the appearance that only one type of proPO mRNA was suppressed
(as shown by RT-PCR). It is possible if not likely that the two POs
might cooperatively function in the proPO-activating system and
probably acts as heteromer. In M. sexta [11] and B. mori [19,20],
two different proPOs, encoded by separate subunit genes, exist
predominantly as a heterodimer in the plasma, and their
transcriptional expression are coordinately regulated [11,54].
Two proPO (A1 and A3) isoforms in D. melanogaster [9] were
shown to be a homodimer with different substrate kinetics [55]. In
two crustaceans (lobster and crayfish), proPO was reported to
form native homo-hexamers, similar to hemocyanin only that
exists as hetero-hexamers made up with different subunits [44].
Clearly further study is required to determine the structure of
the P. monodon proPOs and whether they exist as a heteromer of
two subunit types in hemolymph. Nevertheless, in this study it
is clearly shown that both PmproPO1 and PmproPO2 are likely
important components in the shrimp defense against the
pathogenic bacterium V. harveyi.
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The prophenoloxidase (proPO) activating system is an important innate immune response against
microbial infections in invertebrates. The major enzyme, phenoloxidase (PO), is synthesized as an
inactive precursor and its activation to an active enzyme is mediated by a cascade of clip domain serine
proteinases (clip-SPs). In this study, a cDNA encoding a proPO activating enzyme (PPAE) from the black
tiger shrimp, Penaeus monodon, designated as PmPPAE1, was cloned and characterized. The full-length
cDNA contains an open reading frame (ORF) of 1392 bp encoding a predicted protein of 463 amino acids
including an 18 amino acid signal peptide. The PmPPAE1 protein exhibits a characteristic sequence
structure of clip-SPs consisting of the clip domain at the N-terminus and a SP domain at the C-terminus.
Sequence analysis showed that PmPPAE1 exhibited the highest amino acid sequence similarity (70%) to a
PPAE of the crayfish, Pacifastacus leniusculus. PmPPAE1 mRNA is abundantly expressed in hemocytes, and
this is regulated after systemic Vibrio harveyi infection supporting that it is an immune-responsive gene.
RNA interference-mediated suppression of PmPPAE1, performed by injection of double-stranded RNA
(dsRNA) corresponding to the PmPPAE1 gene into shrimp, resulted in a significant reduction of PmPPAE1
but not other clip-SP and related gene transcript levels of P. monodon, suggesting gene-specific
knockdown. RNAi-mediated silencing of PmPPAE1 gene significantly decreased the total PO activity
(36.7%) in shrimp and additionally increased the mortality of V. harveyi infected shrimp, the latter of
which correlated with an increase in the number of viable bacteria in the hemolymph. These results
indicate that PmPPAE1 functions in the proPO system and is an important component in the shrimp
immune system.
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1. Introduction

Invertebrates utilize two broad but interacting categories of
defense responses against invading pathogens that are the cellular
and the humoral responses. The cellular response includes
encapsulation, phagocytosis and nodule formation, whilst the
humoral response includes the synthesis of a broad spectrum of
potent antimicrobial proteins, the clotting system and the
prophenoloxidase activating system (proPO system) [1-3].

The proPO system is one of the major immune responses in
invertebrates [1]. Upon injury or infection, non-self molecules,
such as lipopolysaccharide (LPS), peptidoglycan and 3-1,3-glucan,
are recognized by non-self recognition proteins leading to
activation of the proPO cascade. The inactive proPO zymogen is
converted to the active phenoloxidase (PO), by a clip domain serine

* Corresponding author. Tel.: +66 2 218 5439; fax: +66 2 218 5414.
E-mail address: anchalee.k@chula.ac.th (A. Tassanakajon).
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proteinase (clip-SP) designated as a proPO activating enzyme
(PPAE) [1,4]. Subsequently, PO catalyzes the production of
quinones, which can crosslink neighboring molecules to form
melanin at the injury site or around invading microorganisms.
Quinones may also be involved in the production of cytotoxic
molecules such as superoxides and hydroxyl radicals that could
help to kill the invading microorganisms [1,4,5].

The proPO cascade involves several proteolytic steps which are
catalyzed by multiple clip-SPs [6-10]. The PPAE, the terminal clip-
SP that carries out the proteolysis of the proPO, has been
characterized from several insects and a crustacean, including,
within insects, Bombyx mori [6], Manduca sexta [10], Holotrichia
diomphalia [7] and Tenebrio molitor [9], and, within a crustacean,
the crayfish Pacifastacus leniusculus [8]. They consist of one or more
clip domain(s) at the N-terminus and a SP domain at the C-
terminus. The SP domain is responsible for signal amplification by
cleaving and activating the downstream SPs or proteins. The clip
domain, usually composed of between 37 and 55 amino acid
residues, is interlinked by three strictly conserved disulfide bonds
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[11] and connected to the SP domain by a disulfide linkage. Clip-
SPs can be divided into catalytic and non-catalytic groups
according to their proteolytic activity. The non-catalytic group
members, the serine proteinase homologues (SPHs), do not exhibit
any proteolytic activity owing to replacement of the serine residue
at the active site by glycine. The overall structure of the SP domain
of the non-catalytic group is similar to those of SPs [11,12]. In
penaeid shrimp, several clip- (or pseudoclip-) SPs and clip- (or
pseudoclip-) SPHs have been cloned and characterized [13-17].
However, shrimp clip-SPs that are involved in the proPO system
have yet to be clarified.

Previously, we cloned and functionally characterized two proPO
cDNAs from the black tiger shrimp, Penaeus monodon, and
suggested that both proPOs are likely to be important components
in the shrimp immune defense [18]. In the present study, a putative
PPAE (PmPPAE1) was cloned from the hemocytes of P. monodon
and its tissue distribution and expression in response to challenge
by a pathogenic Vibrio harveyi was investigated. The potential
participation of the gene product in the proPO system and shrimp
immunity was also elucidated by dsRNA-mediated RNA inter-
ference (RNAI). The results suggest that PmPPAE1 is an important
molecule in the proPO system and is essential for shrimp survival
to a systemic infection of V. harveyi.

2. Materials and methods
2.1. Sample preparation
Black tiger shrimp, P. monodon, were purchased from a local

shrimp farm in Thailand and reared in laboratory tanks with sea

Table 1
Primer sequences.

water (20 ppt) for seven days before processing. For bacterial
challenge experiments, the shrimp of challenged and control
samples were intramuscularly injected into the third abdominal
segment with V. harveyi (10° CFU) in 25 pl of saline (150 mM
NaCl), or with the same volume of saline solution only,
respectively. Hemolymph was collected from the ventral sinus
between 0 and 48 h after challenge in an anticoagulant solution
(10% (w/v) trisodium citrate dihydrate). Hemocytes were isolated
by centrifugation at 800 x g for 10 min at 4 °C and the hemocyte
pellet was resuspended in 200 pl of TRI REAGENT® (Molecular
Research Center, USA).

2.2. Total RNA and cDNA synthesis

Total RNA was extracted from various dissected tissues using
the TRI REAGENT®™ and then treated with RNase-free DNase I
(Promega, USA). Messenger RNA (mRNA) was purified from the
total RNA using a QuickPrep Micro mRNA Purification Kit
(Pharmacia, USA). First-strand cDNAs were reverse transcribed
from poly-A tailed mRNA using 1.5 g of DNA-free RNA sample
and 0.5 g of oligo (dT);s primer and the ImProm-II™ Reverse
Transcriptase System kit (Promega, USA), according to the
manufacturer’s protocol.

2.3. Cloning and sequencing of PmPPAE1 cDNA fragment

Degenerate primers were designed from the conserved region
of the serine proteinase (SP) domain of PPAEs using the available
sequences of crayfish and insect PPAE genes in the database.
Primers PPAE-SP-F and PPAE-SP-R (Table 1), designed from the

Primer Sequence (5'-3') Purpose
PPAE-SP-F 5'CGATACGTCYTGACSGCSGCNCAYTG 3’ RT-PCR
PPAE-SP-R 5" TGCATGTGCGGRCCRCCRGARTCNCC 3’ RT-PCR
PmPPA1-F 5" ACATCGCCATCATCAAGCTGCAAGGAAG 3’ 3’-RACE
PmPPA1-R 5" GCTTGTCGATGATGTTCTGTTCGTAGGC 3’ 5-RACE
PmPPAE1-F 5 TGGGGCGAAGGCAGGGCACAAGGCGCAG 3’ RT-PCR
PmPPAE1-R 5" CTCTTCTTCAAGCTCACCACTTCTATCT 3’ RT-PCR
PmPPArt-F 5’ GTCCTACGACACGACCACCTAC 3’ RT-PCR
PmPPArt-R 5" CTGTCACCCTGGCACGAATCCT 3’ RT-PCR
realPPA-F 5" AAGAAGAGGGAGCCCCAGCAAC 3’ Real time PCR
realPPA-R 5" TTACTCCTCCTCCCTGTCCAAG 3’ Real time PCR
NcolppA-F 5" CATGCCATGGGCCATCATCATCATCATCATCGC Recombinant protein
ATCGTGGGCGGAAAGGACGCCGA 3’
NotIppA-R 5’ ATAAGAATGCGGCCGCTTAGACTGCATTATTTT Recombinant protein
TAATCCAGTC 3’
PPAi-F 5" CGTCTGCTTCATTGAGGGAGTG 3’ RNAi
PPAi-R 5" GTAGTAGATGGTGCCCCAGCCT 3’ RNAi
T7PPAi-F 5" GGATCCTAATACGACTCACTATAGGCGTCT GCTTCATTGAGGGAGTG 3’ RNAi
T7PPAi-R 5" GGATCCTAATACGACTCACTATAGGGTAGTA GATGGTGCCCCAGCCT 3’ RNAi
GFP-F 5'ATGGTGAGCAAGGGCGAGGA 3' RNAi
GFP-R 5" TTACTTGTACAGCTCGTCCA 3’ RNAi
GFPT7-F 5" TAATACGACTCACTATAGGATGGTGAGCAA GGGCGAGGA 3’ RNAi
GFPT7-R 5" TAATACGACTCACTATAGGTTACTTGTACAG CTCGTCCA 3’ RNAi
PmPPAE2rt-F 5" GCGGCGGTCACGCTCCTTGTTC 3’ RT-PCR
PmPPAE2rt-R 5" ACTCTCGGGGGCACGCTTGTTG 3’ RT-PCR
PmSP1rt-F 5 TGAGAGCACAAATAGTGGAGGGGTA 3’ RT-PCR
PmSP1rt-R 5" TGGAGGCAGGCACACAGGCAAC 3’ RT-PCR
PmSP2rt-F 5" GGCGTTGGTCTTCACTGCTCTC 3’ RT-PCR
PmSP2rt-R 5" CAGAACTGCCTTCCAAGGATAG 3’ RT-PCR
PmSPH1rt-F 5" TACGTACTCATTGATATCAGGTTTGG 3’ RT-PCR
PmSPH1rt-R 5’ GCCTCGTTATCCTTGAATCCAGTGA 3/ RT-PCR
PmSPH2rt-F 5" CCGTGAACCAGCGATGTCCTTA 3’ RT-PCR
PmSPH2rt-R 5" GCCACACTCTCCGCCTGCTCCG 3’ RT-PCR
PmSPH3rt-F 5" GCTCTTGGTGCTGCCGCTGTTG 3’ RT-PCR
PmSPH3rt-R 5" CACCGTCCACGCACAGGTAATA 3’ RT-PCR
EFl1a-F 5" GGTGCTGGACAAGCTGAAGGC 3’ RT-PCR
EF1a-R 5" CGTTCCGGTGATCATGTTCTTGATG 3’ RT-PCR
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conserved amino acid sequences TAAHC and GDSGGP, respec-
tively, were used for PCR amplification. Hemocyte cDNA samples
were used as templates in a 25 l PCR reaction containing the
primer pair PPAE-SP-F and PPAE-SP-R (0.2 wM each), dNTP
(100 wM), PCR buffer (1X) and Taq DNA polymerase (1.0 U). The
PCR conditions consisted of an initial denaturation at 94 °C for
3 min, followed by 35 cycles of denaturation at 94 °C for 1 min,
annealing at 55 °C for 1 min, extension at 72 °C for 1 min, and a
final extension at 72 °C for 10 min. The PCR product was analyzed
by TBE-1.5% agarose gel electrophoresis and the PCR product of the
expected molecular size (500 bp) was recovered from the gel and
cloned into the pGEM-T Easy vector (Promega, USA). The
recombinant plasmids were extracted by plasmid DNA extraction
kit (Qiagen, USA) and commercially sequenced (Macrogen Inc.,
Korea) on both strands to obtain the complete consensus sequence.

2.4. Rapid amplification of cDNA end (RACE)-PCR

Based on the obtained partial cDNA sequences, specific primers
of PmPPAE1 (Table 1) were designed for 3’ and 5’ rapid
amplification of cDNA ends (RACE). Both 3’ and 5’ RACE reactions
were performed with a SMART RACE cDNA Amplification Kit
(Clontech, USA), according to the manufacturer’s instructions. The
PCR reaction was performed using PmPPA1-F and PmPPA1-R
(Table 1), otherwise as described by Amparyup et al.[16]. The RACE
products were purified, cloned, and sequenced as described above.
Three clones were selected randomly to verify the complete cDNA
sequence data. The amplification of a single fragment of a full-
length PmPPAE1 cDNA was carried out by PCR using the primer
pair PmPPAE1-F and PmPPAE1-R (Table 1) and Pfu DNA polymerase
(Promega, USA). Amplification was composed of 94 °C for 3 min
followed by 25 cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C
for 3 min. The final extension was carried out at 72 °C for 10 min.
The PCR product was cloned and sequenced in both directions by a
commercial service (Macrogen Inc., Korea).

2.5. Sequence analysis

DNA and deduced amino acid sequences were analyzed using
the BLAST programs in the GenBank database. The potential
cleavage site of the signal peptide was predicted using the SignalP
3.0 server (http://www.cbs.dtu.dk/services/SignalP/). Multiple
sequence alignments of nucleotide and deduced amino acids were
performed using Clustal W2 program (http://www.ebi.ac.uk/
Tools/clustalw2/).

2.6. Tissue specific expression of PmPPAE1

The mRNA expression of PmPPAE1 in various shrimp tissues
was determined by semi-quantitative RT-PCR. Total RNA was
extracted from the tissues of hemocyte, gill, lymphoid organ,
intestine, hepatopancreas and heart of P. monodon. The PmPPAE1
specific primers, PmPPArt-F and PmPPArt-R (Table 1), were
designed from the full-length PmPPAE1 cDNA sequence. The
elongation factor1l-a gene (EF1-a) was amplified as a partial gene
fragment of 150 bp using the primer pair EFla-F and EF1a-R
(Table 1) as an internal control. One microliter of the first-strand
cDNA synthesized from 1.5 g of total RNA was subjected to PCR in
a 25 pl reaction volume containing 75 mM Tris-HCl, pH 8.8,
20 mM (NH4)2S04, 0.1% (v/v) Tween 20, 1.5 mM MgCl,, 100 wM of
each dNTP, 0.2 uM of each specific primer and 1 unit of Taqg DNA
polymerase (Fermentas, USA). The template DNA was denatured at
94 °C for 1 min followed by 30 cycles of denaturing at 94 °C for 30 s,
annealing at 60 °C for 30 s and extension at 72 °C for 30 s. The final
extension was performed at 72 °C for 5 min. Ten microliter of the
amplification product was analyzed by electrophoretic resolution

through a TBE-1.8% agarose gel followed by ethidium bromide
staining and UV-transillumination.

2.7. Real-time PCR analyses

Real-time PCR of PmPPAE1 mRNA was performed using gene-
specific primers (realPPA-F and realPPA-R)(Table 1). The shrimp
elongation factor 1-a gene fragment was amplified as above and
used as the normalization control. The amplification reaction and
thermal profile were performed as described by Amparyup et al.
[16]. Real-time PCR reaction was carried out in an iCycler-iQ™
system (Bio-Rad Laboratories, USA) using SYBR Green I dye
detection. Each sample had three replicates in each plate. For the
relative quantification analyses, the amount of target transcript
was related to the internal standard, EF1-c, in the same sample of
V. harveyi injected shrimp hemocytes. The Ct values of V. harveyi
injected samples at each time point were thus normalized with the
saline-injected samples and a mathematical model was used to
determine the relative expression ratio [19].

2.8. Recombinant protein expression, purification and antibody
production

The SP domain of PmPPAE1 was amplified with the primer pair
NcoIPPA-F and NotIPPA-R (Table 1) using Pfu DNA polymerase
(Promega, USA). The purified PCR product was cloned into the
prokaryotic expression vector pET28b and transformed into
Escherichia coli Rosetta (DE3) pLysS cells. The transformed E. coli
was grown in culture, and recombinant protein expression was
induced with IPTG (1 mM). The recombinant SP-domain (rSP-
domain) of PmPPAE1 was analyzed by reducing SDS-PAGE
resolution, with a 15% (w/v) acrylamide resolving gel, and
subsequent coomassie brilliant blue staining. The rSP-domain
protein was found to be located principally in inclusion bodies. The
pellet containing the inclusion bodies was then subjected to
purification by Ni-NTA affinity chromatography column according
to the manufacturer’s suggestions for insoluble proteins (Qiagen,
USA). The purified rSP-domain of PmPPAE1 was used to generate
rabbit polyclonal antibodies by a commercial service at Biomedical
Technology Research Unit, Chiang Mai University, Thailand.

2.9. Western blot analysis

Hemolymph was collected from the ventral sinus in an
anticoagulant solution (0.45 M NaCl, 0.1 M glucose, 26 mM citric
acid, 30 mM trisodium citrate, 10 mM EDTA, pH 4.6) and
centrifuged at 800 x g for 10 min at 4 °C. The supernatant was
used as a cell-free plasma solution. The hemocyte pellet was
washed twice and homogenized in 150 mM NaCl containing 2 mM
EDTA. The homogenate was then centrifuged at 25,000 x g for
20 min at 4 °C to obtain the hemocyte lysate supernatant (HLS). For
Western blot analysis, approximately 20 g of shrimp HLS protein
and 100 pg of cell-free plasma protein were loaded on a reducing
SDS-PAGE gel (15% (w/v) acrylamide resolving gel), and after
electrophoresis was electro-blotted onto a PVDF membrane
(Amersham Biosciences). Membranes were then blocked in 5%
(w/v) non-fat dry milk in Tris-Buffered Saline (TBS; 20 mM Tris pH
7.5,150 mM NaCl) and 0.05% (v/v) Tween 20. PmPPAE1 protein was
detected with rabbit polyclonal anti-rSP-domain of PmPPAE1
antisera (1:1000 dilution) as the primary antibody and, after
incubation and washing, with anti-rabbit alkaline phosphatase
conjugated antibodies (1:20,000 dilution) as a secondary antibody
(Promega, USA). After secondary antibody incubation and washing,
the alkaline phosphatase antibody-protein band complex was
detected with 5-Bromo-4-chloro-3-indolyl Phosphate/Nitroblue
Tetrazolium (BCIP/NBT) as the chromogenic substrate.


http://www.cbs.dtu.dk/services/SignalP/
http://www.ebi.ac.uk/Tools/clustalw2/
http://www.ebi.ac.uk/Tools/clustalw2/

814 W. Charoensapsri et al. / Developmental and Comparative Immunology 33 (2009) 811-820

2.10. Synthesis of dsRNA

Double-stranded RNA (dsRNA) corresponding to the PmPPAE1
sequence was generated by in vitro transcription. DNA templates
for dsRNA preparation of PmPPAE1 were performed using the
gene-specific primers PPAi-F and PPAI-R (Table 1). The primers for
the dsRNA synthesis consist of the same primer sequences but
flanked at the 5’ end by a T7 promoter sequence. Two separate PCR
reactions were set up, one with T7PPAi-F and PPAi-R (Table 1) for
the sense strand template, the other with PPAi-F and T7PPAi-R
(Table 1) for the anti-sense strand template. For an exogenous
gene, a 740-bp fragment of the green fluorescent protein (GFP) was
amplified with the pEGFP-1 vector as template using GFPT7-F and
GFP-R (Table 1) for the sense strand template, and GFP-F and
GFPT7-R (Table 1) for the anti-sense strand template. One
microgram of each template was used in an in vitro transcription
using the T7 RiboMAX™ Express Large Scale RNA Production
Systems (Promega, USA), according to the manufacturer’s instruc-
tions. Equal amounts of sense and anti-sense single stranded RNA
were annealed to produce dsRNA and the remaining DNA template
in the solution was digested with RNase-free DNase 1. The quality
and amount of dsRNAs was verified by TBE-1.5% agarose gel
electrophoresis with UV visualization following ethidium bromide
staining, and UV spectrophotometry, respectively.

2.11. In vivo gene silencing

Specific pathogen-free (SPF) P. monodon were obtained from the
Shrimp Genetic Improvement Center, BIOTEC, Thailand. These SPF
shrimp were specifically free of white spot syndrome virus (WSSV),
yellow head virus (YHV), Taura Syndrome Virus (TSV), infectious
hypodermal and haematopoietic necrosis virus (IHHNV) and V.
harveyi bacteria as determined by PCR diagnosis.

SPF shrimp (~2 g, fresh weight) was intramuscularly injected
with 5 g of either PmPPAE1 (2.5 g dsRNA per 1 g shrimp) or GFP
dsRNA dissolved in 25 pl of 150 mM NaCl, using a 0.5-ml insulin
syringe with a 29-gauge needle, to assess the sequence-specific
knockdown effect of dsRNA. Injection of 150 mM NaCl alone was
done as an additional control for handling and injection induced
mortality. The injection of dsRNA (5 g) or saline was repeated
together with 20 wg of the lipopolysaccharide (LPS) from E. coli
0111:B4 (Sigma) and laminarin (3-1,3-glucan chain with some [3-
1,6-linked glucose units) (Sigma) at 24 h after the first injection.
Total RNA was collected and extracted from the hemolymph of
shrimp from all three groups at 48 h after the second dsRNA/saline
injection. From this total RNA preparation, the PmPPAE1 transcript
level was determined by semi-quantitative RT-PCR analysis.

2.12. Semi-quantitative RT-PCR analysis

First-strand ¢cDNA was synthesized from total RNA (180 ng)
using the ImProm-1I™ Reverse Transcriptase (Promega, USA) and
oligo(dT),5 primer as described by the manufacturer. The level of
PmPPAE1 gene transcript in each RNA sample was examined by
semi-quantitative RT-PCR using the PPAi-F and PPAi-R primer pair
(Table 1). Elongation factor1l-a gene fragment amplification again
served as the internal control for cDNA template normalization.
One microliter of the first-strand cDNA synthesized from total RNA
was subjected to PCRin a 25 pl reaction volume containing 75 mM
Tris—HCl, pH 8.8, 20 mM (NH4),S04, 0.1% (v/v) Tween 20, 1.5 mM
MgCl,, 100 M of each dNTP, 0.2 M of each specific primers and 1
unit of Taqg DNA polymerase (Fermentas, USA). The thermal cycling
conditions were: 94 °C for 1 min, followed by 25 cycles of 94 °C for
30s, 55°C for 30s, 72 °C for 30s and 72 °C for 10 min. The PCR
product was analyzed by TBE-1.8% agarose gel electrophoresis as
above.

2.13. Assay of hemolymph phenoloxidase activity

Total PO enzymic activity was assayed 48 h after the second
dsRNA injection. Hemolymph was withdrawn without the use of
anti-coagulant from the shrimp ventral sinus. 1-3,4-dihydroxy-
phenylalanine (1-dopa) dissolved in water was used to detect PO
activity in the hemolymph extracts according to Amparyup et al.
[18]. Briefly, 2 mg of total hemolymph proteins in 435 pl of
Tris-HCl (10 mM, pH 8.0) were mixed with 65 wl of freshly
prepared L-dopa (3 mg/ml in water) (Fluka). After incubation at
room temperature for 30 min, 500 wl of 10% (v/v) acetic acid
was added to each mixture and the PO activity was measured as
the increased absorbance at 490 nm with time. PO activity was
recorded as AAgqo/mg total protein/min against control
samples that used distilled water instead of shrimp hemolymph.
Protein concentration was measured using a Bradford assay kit
(Bio-Rad).

2.14. Cumulative mortality assay

V. harveyi isolate 639, a known pathogenic isolate of P.
monodon shrimp, was revived from a glycerol stock previously
stored at —80 °C using TSA (tryptic soy agar). The plate was
incubated for 18 h at 30°C. A single colony was picked and
resuspended in 4 ml of TSB (tryptic soy broth) medium overnight
at30 °C, and 40 pl was subsequently inoculated into 8 ml TSB and
cultured at 30 °C. The bacterial concentration was established by
estimating the optical density (OD) at 600 nm. Four different
concentrations; 10%,10°,10%and 103 colony forming units (CFUs)/
ml were assessed as a preliminary experiment, conducted to
determine the appropriate dose for mortality assay experiments
(data not shown), with the result that 2 x 10°> CFUs/ml was the
dose that could kill 40-50% of the shrimp within 48 h, and so was
chosen.

SPF shrimp, each of ~10 g in size, were each intramuscularly
injected with 20 wg of PmPPAE1 dsRNA (2 j.g dsRNA per 1g
shrimp) or 150 mM Nacl in 25 .l volume. Injection of GFP dsRNA
(20 pg) was included as a sequence-independent dsRNA control.
Twenty-four hours after the first dsRNA injection, shrimp were
again injected intramuscularly with 25 pl of saline solution
containing 20 pg of dsRNA and 2 x 10° CFUs of V. harveyi. Controls,
injected with saline or GFP dsRNA in saline, were included to
evaluate the effects of saline injection and handling, and that plus
non-specific dsRNA injections, respectively. The cumulative
mortality was recorded twice a day for 5 days post V. harveyi
challenge. The experiment was performed in triplicate groups,
with each group consisting of 8-12 healthy shrimp. Statistical
analysis of the mortality test was performed using a one-way
ANOVA test.

2.15. Viable bacterial counts in the hemolymph of PmPPAE1-silenced
shrimp after systemic V. harveyi challenge

The bacteria count was performed as described by Liu et al. [20].
SPF shrimp, each ~10 g in size, were injected with 20 g of either
PmPPAE1 dsRNA, or for controls, the same amount of GFP dsRNA.
Experimental tests were conducted in triplicate with three shrimp
per replicate. Twenty-four hours after the first dsRNA injection,
shrimp were reinjected intramuscularly but with 20 g of dsRNA
and 2 x 10° CFUs of V. harveyi. Hemolymph from each shrimp were
collected 6 h after V. harveyi injection and the number of bacterial
cells in hemolymph was determined by a modified total plate
count by serial dilution of each hemolymph sample and then
plating by 10wl spotting onto LB-agar plate (10 pl/dot) and
incubating at 30 °C overnight followed by counting of bacterial
CFUs.
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3. Results
3.1. Cloning and characterization of PmPPAE1

Using degenerate primers corresponding to the conserved
regions of the serine proteinase (SP) domain of PPAEs, several SPs
and serine proteinase homologues (SPHs) were obtained from the
hemocyte of P. monodon including two putative PPAEs (PmPPAET;
accession nos. FJ595215 and PmPPAE2; FJ620685) and a masquer-
ade-like SPH (named PmMasSPH2; FJ620686). Interestingly, a
putative PPAE (PmPPAE1; FJ595215) exhibited the highest
sequence similarity score (77%) with the freshwater crayfish, P.

leniusculus, PPAE (AJ007668). The partial ¢cDNA of PmPPAE1
encoded most of the SP catalytic domain (155 predicted aa.). A
full-length sequence of the putative P. monodon PmPPAE1 cDNA
(1515 bp) was then obtained by RACE-PCR and found to contain
55-nucleotides of 5’-untranslated region (UTR), a 1392-nucleotide
open reading frame, and a 68-nucleotide 3’-UTR. The ORF encoded
a predicted polypeptide of 463 amino acid residues. The putative
signal peptide consists of 18 amino acids followed by the mature
peptide of 445 amino acids (Fig. 1). The calculated molecular mass
of the mature peptide is 50.54 kDa with a predicted isoelectric
point (pI) of 7.46. Two putative N-glycosylation sites, NGS (aa.
position 42) and NAT (aa. position 192) sites, were found in the

Fig. 1. Multiple amino acid sequence alignment of Penaeus monodon PPAE1 (PmPPAE1; FJ595215) with that of other arthropod PPAEs: the crustacean Pacifastacus leniusculus
(PIPPAE: AJ007668); the insects Holotrichia diomphalia PPAE (HdPPAFI: AB013088); Manduca sexta PPAE (MsPAP1: AF059728) and Drosophila melanogaster Melanization
Protease-1 (DmMP1: NM_141193). The signal peptide is in bold and underlined. Identical amino acid residues are grey shaded. Dark gray indicates conservation in three or
more species. Black highlights indicate conserved cysteine residues. The putative disulfide linkages are shown by solid lines. The amino acid residues corresponding to the

catalytic triad of serine proteinases are marked by black stars.
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N-terminal region suggesting that it is a likely glycoprotein. Using
the SMART program analysis, the six conserved cysteines of the clip
domain and the three conserved catalytic sites (H271, D320 and
S413) of trypsin-like SP domain were annotated as being present in
the mature peptide of PmPPAE1.

Searching for sequence similarities of known proteins by BlastX
revealed that the amino acid sequence of the P. monodon PmPPAE1
is highly similar to P. leniusculus PPAE (70% similarity; AJ007668),
the lepidopteran insects Manduca sexta hemocyte protease-1 (62%
similarity; AAB94557) and Bombyx mori hemocyte protease (61%
similarity; NM_001046950). It also shows 59% similarity to the
horseshoe crab, Tachypleus tridentatus, proclotting enzyme
(AAA30094).

Pair-wise alignments between the complete sequence of
shrimp PmPPAE1 and that of crayfish PPAE revealed that the
predicted amino acid residues representing a clip domain (six
cysteine residues) and a SP domain (H271, D320 and S413) were
located at the N- and C- terminus, respectively (Fig. 1), indicating
that this protein likely belongs to the family of clip domain SPs.
Interestingly, two additional domains, a glycine-rich and proline-
rich region, in the pro-region of PmPPAE1 (13.2% of glycine and
31.8% of proline) are similar to the glycine (18.5%) and proline
(31.8%) rich domains of the crayfish PPAE, respectively. Therefore,
this PmPPAE1 was identified as a crustacean PPAE.

3.2. Expression of PmPPAE1 transcript in different tissues of P.
monodon

The PmPPAE1 mRNA expression in various tissues of P. monodon
was investigated by RT-PCR (Fig. 2(A)). The PmPPAE1 mRNA was
abundantly expressed in hemocytes, but it was not detected in all
other tissues examined, that are the hepatopancreas, gill, lymphoid
organ, intestine and heart. EF1-a was used as the internal PCR and
cDNA template control and was positively amplified from all
tissues with no apparent large differences (if any) in the amount of

Fig. 2. (A) Tissue distribution analysis of the PmPPAE1 transcript of Penaeus
monodon by RT-PCR analysis: Hemocyte (HC), hepatopancreas (HP), gill (G),
lymphoid organ (L), intestine (I) and heart (HT). EF1-o was used as a control
housekeeping gene to indicate and standardize the amount of cDNA template in
each RT-PCR reaction. Shown is a representative experiment from two independent
repeats. (B) Relative expression analysis of PmPPAET1 transcripts in the hemocytes of
Vibrio harveyi-injected shrimp by SYBR Green real-time PCR at the indicated times
post-injection. Relative expression levels of mRNA were calculated according to
Pfaffl [19], using EF1-a as the internal reference gene.

PCR products, suggesting equal cDNA template levels and thus the
specificity of transcript expression of PmPPAE1 to hemocytes.

3.3. The temporal expression of PmPPAE1 mRNA in hemocyte after
bacterial challenge

The temporal mRNA expression of the PmPPAET1 after challenge
with the Gram-negative bacteria V. harveyi 639 was measured by
real-time quantitative RT-PCR (Fig. 2(B)). The pooled cDNAs of
three individual shrimp at each time point were prepared from the
total RNA of hemocytes of the challenged and control shrimp.
Amplification of the partial fragment of EF1-oc mRNA was used as
the template reference gene. Bacterial injection affected the
transcript abundance of the PmPPAE1 gene. The transcript of
PmPPAE1 was decreased almost linearly over the first 6 h by 0.71-
and 0.36- fold at 3 and 6 h, respectively, and then decreased
further, but at a slower rate, up to a minimum 0.13-fold decreased
expression level at 24 h after injection. Interestingly, by 48 h the
transcript expression levels increased back to some 1.36-fold
higher than at zero post infection.

3.4. Recombinant expression and Western blotting

The C-terminal SP domain of PmPPAE1 was recombinantly
expressed in E. coli Rosetta (DE3) pLysS cells. The predicted
molecular mass of the recombinant protein (rSP-domain) is
26.59 kDa whilst that determined by SDS-PAGE, was ~27 kDa
(Fig. 3(A)), which is consistent with the calculated value. Using the
purified rSP-domain protein as immunogen, rabbit polyclonal anti-
rSP-domain antisera was generated commercially by standard
immunization and bleeding of rabbits. Western blot analysis
indicated that the polyclonal rabbit antisera reacted specifically
with the rSP-domain protein (Fig. 3(B)).

To detect endogenous PmPPAE1 expression in hemocytes of
healthy shrimp, hemolymph was collected with anticoagulant
containing EDTA. Twenty micrograms of the inactive crude HLS
was subjected to reducing SDS-PAGE (12% (w/v) acrylamide
resolving gel) and then transferred onto a polyvinylidene
difluoride (PVDF) membrane. Western blot analysis showed that
one protein band, which corresponded to PmPPAE1 with a
predicted molecular weight of 50 kDa, was detected in hemocytes
but not in the cell-free plasma (Fig. 3(C) and (D)).

3.5. Gene silencing of PmPPAE1

To determine the efficiency of dsSRNA mediated knockdown of
PmPPAE1 transcript levels, shrimp (~2 g) were injected with 5 pg
of dsRNA specific for the PmPPAE1 gene and the level of PmPPAE1
expression was determined 2 days after dsRNA injection. The RT-
PCR analysis showed that the transcript level of PmPPAE1 was
decreased in PmPPAE1 knockdown shrimp, whereas injection of
GFP dsRNA had no discernable effect on the PmPPAE1 transcript
levels (Fig. 4).

The specificity of gene knockdown was further verified by RT-
PCR using gene-specific primers for the other known clip-SPs of P.
monodon. The RT-PCR results demonstrated that injection of
PmPPAE1-dsRNA did not detectably suppress transcription of the
other clip-SPs (PmPPAE2; FJ620685, PmClipSP1; FJ620688 and
PmClipSP2; FJ620687) and clip-SPHs (PmMasSPH1; DQ455050,
PmMasSPH2; F]620686 and PmMasSPH3; FJ620689) (Fig. 4), which
supports the likely specificity of PmPPAE1 RNAi knockdown.

3.6. Total phenoloxidase enzymic activity in the hemolymph

To determine whether suppression of the PmPPAE1 gene
transcript levels by RNAi knockdown would result in a reduction of
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Fig. 3. SDS-PAGE and Western blot analysis of purified recombinant SP-domain (rSP-
domain) of PmPPAE1 (A and B), hemocyte and cell-free plasma proteins (C and D).
Purified recombinant protein (1 g), hemocyte proteins (20 pg) and cell-free plasma
proteins (100 pg) were separated on reducing SDS-PAGE (12% (w/v) acyrlamide
resolving gel), and the proteins were stained with Coomassie blue (left) or transferred
to a PVDF membrane for Western blot analysis (right) probing with rabbit anti-rSP-
domain polyclonal antibody. Lanes 1A and 1B, rSP-domain; lanes 1C and 1D,
hemocyte proteins; lane 2C and 2D, cell-free plasma proteins; lane M, protein marker.

the total PO activity, hemolymph was collected from the knock-
down shrimp and subjected to a total PO enzymic activity assay.
The result showed a significant reduction (~36.7%) in the total PO
activity in the RNAi-mediated PmPPAE1 knockdown shrimp,

Fig. 4. Gene-specific silencing of PmPPAE1 transcript levels in Penaeus monodon
hemocyte. Shrimp (~2 g, fresh weight) were injected twice with 5 g of PmPPAE1
or GFP dsRNAs as outlined in Section 2. Total RNA was extracted from hemocytes
48 h after the second injection and was subjected to analysis using semi-
quantitative RT-PCR. Each lane represents cDNA from an individual shrimp. The
effect of PmPPAE1 dsRNA injection on the expression levels of PmPPAE1 and the
other known other clip-SPs (PmPPAE2; F]J620685, PmClipSP1; FJ620688 and
PmClipSP2; FJ620687) and clip-SPHs (PmMasSPH1; DQ455050, PmMasSPH2;
FJ620686 and PmMasSPH3; FJ620689) of P. monodon was further examined by
RT-PCR using gene-specific primers (Table 1). EF1-a was used as a control
housekeeping gene to standardize the amount of cDNA template in each reaction.

whereas the GFP injected shrimp showed no significantly
decreased total PO activity when compared to the NaCl control
(Fig. 5).

3.7. Mortality assay and bacterial clearance

To test whether PmPPAET1 is necessary for shrimp to survive V.
harveyi infection, shrimp (~10 g) were pre-injected with PmPPAE1
dsRNA (~20 pg), followed by a subsequent injection with a
normally sub-lethal dose of the Gram-negative pathogenic
bacterium, V. harveyi 639 (2 x 10° CFUs). Mortality was then

Fig. 5. Total hemolymph phenoloxidase (PO) activity in PmPPAE1 silenced shrimp.
Hemolymph was collected 48 h after the second dsRNA injection. Shrimp injected
with either GFP dsRNA in saline (150 mM NacCl), or with only saline, were used as
control groups. The total PO enzymic activity was measured using L.-dopa and was
defined as AA9o/mg protein/min. Experiments were repeated three times and the
data is shown as the mean + standard deviation. Means with the same lower case
letters (above each bar) are not significantly different at the p < 0.05 level.
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Fig. 6. Cumulative mortality of PmPPAE1 silenced shrimp challenged with Vibrio
harveyi. Shrimp were injected with V. harveyi 639 (2 x 10° CFUs) following the
second injection of dsRNA as outlined in Section 2. Control groups were injected
with either GFP dsRNA in saline (150 mM NacCl), or just saline. Shrimp mortality was
recorded twice each day for 5 days. The cumulative mortality (%) in each
experimental group (8-10 shrimp/group) is presented as the mean + standard
deviation, and is derived from triplicate independent experiments.

scored 3 h after infection and twice a day thereafter (Fig. 6). Shrimp
injected with PmPPAE1 dsRNA attained 100% cumulative mortality
within 72 h post infection, whereas shrimp injected with GFP
dsRNA attained a total cumulative mortality of ~60%, which was
not significantly different from that of the control (saline injected
shrimp). The high mortality rate of the PmPPAE1 knockdown
shrimp were accompanied by a high viable bacterial count in the
hemolymph after 6 h with some four-fold higher amounts in the
PmPPAE1 knockdown shrimp compared with the controls (Fig. 7).
These results suggest that PmPPAET1 is likely to participate in the
proPO system and plays an important role in protecting shrimp
from V. harveyi infection, or at least severe systemic infections, by
enhancing bacterial clearance.

Fig. 7. Bacterial numbers in PmPPAE1 knockdown shrimp. Shrimp were injected
with PmPPAE1 or GFP (control) dsRNA, as outlined in Section 2, and then injected
with a systemic Vibrio harveyi 639 (2 x 10° CFUs). The bacterial colony forming
units (CFUs), by a modified total plate count method, in the shrimp hemolymph
were determined as CFUs/ml of hemolymph at 6 h after the bacterial challenge. The
data represent the mean + standard deviation and are derived from three
independent repeats. Means with the same lower case letters (above each bar) are
not significantly different at the p < 0.05 level.

4. Discussion

Invertebrate clip domain serine proteinases (clip-SPs) are one of
the essential components of extracellular signaling cascades in
various biological processes, especially in embryonic development
and innate immune responses [11,12,21,22]. In the present study,
we identified and characterized a clip-SP from the black tiger
shrimp, P. monodon, that showed the highest sequence similarity to
the crayfish, P. leniusculus PPAE. Previously, the crayfish PPAE has
been shown to be the terminal enzyme of the proPO cascade that
converted the inactive proPO to the active PO [8,23]. High sequence
identity (60%) and similarity (70%) of the P. monodon clip-SP with
crayfish PPAE, suggests its possible role as a PPAE in the
melanization cascade of P. monodon shrimp. Thus, it was named
PmPPAE1.

Based on the predicted amino acid sequence of PmPPAE1, the
protein is composed of two domains, an N-terminal clip domain
and a C-terminal SP domain, which together are the characteristics
of the clip-SPs [11]. The predicted mature PmPPAE1 enzyme
contains a conserved catalytic triad (H271, D320 and S413 of the
trypsin-like SP family) which is present in all trypsin-like SPs and is
crucial for the formation and stabilization of the catalytic site in the
three-dimensional structure of the activated enzyme [11].

The tissue distribution of PmPPAE1 transcripts, as determined
by RT-PCR analysis, revealed that PmPPAE1 was highly expressed
in hemocyte but was not expressed in digestive tissues such as the
hepatopancreas and intestine. A similar expression profile has
been observed for PPAE mRNA in P. leniusculus, where the mRNA
was found to be expressed in hemocytes but not in the
hepatopancreas [8]. Moreover, the results of Western blot analysis
shown here suggest that endogenous PmPPAE1 was present in
hemocytes, but not in the cell-free plasma.

In insects, the proPO activating enzyme gene of Manduca sexta is
constitutively expressed at high levels in the integument and less
abundantly in the fat body of naive larvae [24]. The expression
level of three PAP transcripts (PAP-1, -2 and -3) were induced to a
higher level by bacterial injection [24-26]. In Drosophila, five
putative PPAE genes (CG9733, CG3505, CG3066, CG16705 and
CG1102) were up-regulated in flies challenged by bacterial
infection [27]. Likewise, a PAP of the lepidopteran insect, Samia
cynthia ricini, and clip-SPs (Sp14D2 and Sp14A) of the dipteran
insect, Anopheles gambiae, were reported to be up-regulated upon
stimulation with [3-1,3-glucan or bacterial challenge [28,29].
Interestingly, in the present study, V. harveyi injection resulted in a
biphasic response with an initial marked decrease of PmPPAE1
transcript levels in P. monodon at 3-24 h after systemic bacterial
challenge, followed by significant increase at 48 h after infection.
In contrast, none of the crayfish PPAE transcript levels were
reported to be affected upon Aeromonas hydrophila challenge [20].
In crustaceans, expression levels of several SPs and serine
proteinase homologues (SPHs) have been investigated. The SP
transcript levels of the related shrimp, Litopenaeus vannamei, were
not found to be stimulated by injection of V. alginolyticus [13] or
LPS [30]. However, the transcripts of the mud crab, Scylla serrata SP,
the shrimp Marsupenaeus japonicus SPH, and P. monodon SPHs (c-
SPH and PmMasSPH1) increased significantly post systemic
challenge with zymosan [31], peptidoglycan [14], B-glucan [15]
and V. harveyi [16] challenges, respectively. It is possible that this
discrepancy is due to the differences within and between the
microorganisms, especially pathogenicity, or to the number of
newly synthesized hemocytes or the specificity and complexity of
activating- and interacting-immune signaling pathways.

Double-stranded RNA-mediated RNAi was used to determine
whether PmPPAET1 is involved in the proPO system. The results
showed that knockdown of the PmPPAET1 transcript impaired total
hemolymph PO activity and that this also led to an increased level
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of viable V. harveyi in the plasma and, presumably, their
proliferation within the hemolymph, resulting in a higher
susceptibility to pathogenic V. harveyi infection. Similarly, some
the CLIPB14, CLIPB4 and CLIPB8 clip-SPs from A. gambiae have been
shown by RNA interference to function in the proPO cascade
(melanization) of malaria parasites [32-34], and are therefore
good candidate clip-SPs in the proPO activating cascade. In
Drosophila, the clip-SPs, melanization proteasel (MP1) and MP2
(serine protease 7), have been identified and shown to be the
proteinases involved in the melanization cascade [35,36]. Active
MP1 is required for stimulation of melanization in response to both
bacterial and fungal infections, whereas MP2 is mainly involved
during fungal infection. However, whether they are the terminal
clip-SP (PPAE) that directly cleaves proPO still remains to be
elucidated.

In a previous report, we have shown the likely important role of
two proPOs (PmproPO1 and PmproP02) in the P. monodon shrimp
immune defense against systemic V. harveyi infections [18]. In
contrast to some reports in Drosophila [37], and in A. gambiae [38],
that have questioned the importance of phenoloxidase in the
defence against microbial infections, in this study it was
demonstrated that PmPPAET1 is an essential molecule in the innate
defense against systemic V. harveyi infections. Knockdown of the
PmPPAE1 gene strongly increased the shrimp mortality following
the V. harveyi infection, whilst the number of proliferation-
competent (i.e. total plate count enumerateable) bacteria in the
plasma increased some four-fold compared to the levels in the
hemolymph of the control group, suggesting either growth and or
failure to clear. Interestingly, in the proPO silenced shrimp (that is
pre-injected with two PmproPO dsRNAs), the number of bacteria in
hemolymph increased about six-fold at 6 h post-injection (data not
shown), suggesting that both PmproPOs and PmPPAE1 function in
the proPO system to clear the bacteria from circulation after
infection. These results are consistent with those reported in the
crayfish where proPO gene knockdown resulted in an increased
bacterial count of about 2.3-fold in proPO-silenced crayfish [20].
The data suggested that the genes that are involved in the proPO
system of crustaceans (shrimp and crayfish) play a role in the
control of systemic bacterial infections.

Our data, including the previous report on PmproPOs [18],
reveal the important role of two PmproPOs and PmPPAE1 in the
immune defense system of P. monodon shrimp. However,
melanization is a complex biochemical process and very little is
known about the genetic control of this defense mechanism in
shrimp. Continued effort to identify and characterize the genes
involved, directly or indirectly, in the proPO system is essential for
an understanding of shrimp immunity.
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(DE3). The two recombinant proteins were then assayed for various biological functions; proteinase activity,
hemocyte adhesion, bacterial binding, bacterial clearance and antimicrobial activity. The C-terminal SP-like
domain lacks proteolytic activity but mediates hemocyte adhesion and displays binding activity to the shrimp
pathogenic bacterium, V. harveyi and specific binding to the bacterial cell wall component, lipopolysaccharide
(LPS). The N-terminal region exhibited in vitro antimicrobial activity against Gram-positive bacteria. In addition,
the in vivo study revealed the opsonic activity of the PmMasSPH protein as shown by a higher bacterial clearance
rate of V. harveyi coated with the recombinant proteins as compared with V. harveyi only. The results suggest that
the PmMasSPH protein is a multifunctional immune molecule in shrimp defense.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Like other crustaceans, shrimp have a non-specific innate immu-
nity which is composed of diverse processes and molecules to defend
themselves against invading pathogens. The immune system of
crustaceans consists of both cellular and humoral defenses including
encapsulation, phagocytosis, a prophenoloxidase (proPO)-activating
system for melanization, a clotting process and specific and general
antimicrobial actions (Smith and Chisholm, 1992; Séderhdll and
Cerenius, 1992). The initiation of several immune responses in
arthropods is triggered by the recognition and binding of pattern
recognition proteins (PRPs) to the invading microorganism surface
molecules such as lipopolysaccharide (LPS) and peptidoglycan of
bacterial cell walls, and B-1,3-glucan of fungal cell walls (Lee and
Soderhdll, 2002). PRPs (LPS-, -1,3-glucan, peptidoglycan-binding
proteins, lectins and hemolins) have been identified from a variety of
invertebrates and their biological functions characterized as being
involved in hemocyte degranulation (Barracco et al., 1991; Perazzolo
and Barracco, 1997), bacterial clearance (Jomori and Natori, 1992; Lee
and Soderhall, 2001), nodule formation (Eleftherianos et al., 2007),

* Corresponding author. Tel.: +66 2 218 5439; fax: +66 2 218 5414.
E-mail address: anchalee.k@chula.ac.th (A. Tassanakajon).
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antimicrobial defense (Sun et al., 2008) and activation of the proPO-
activating system (Vargas-Albores et al., 1996; Lee et al., 2000; Ma and
Kanost, 2000; Sritunyalucksana et al., 2002; Romo-Figueroa et al.,
2004; Cheng et al., 2005; Du et al., 2007).

Arthropod clip-domain serine proteinases (clip-SPs) and clip-
domain serine proteinase homologues (clip-SPHs) have been shown
to be involved in various biological functions including immunity
(Jiang and Kanost, 2000; Charoensapsri et al., 2009). The clip-SPHs
possess structural features similar to clip-SPs which consist of the clip
domain at the amino terminus and a serine proteinase-like (SP-like)
domain that has a glycine instead of the critical serine at the carboxyl
terminus. A crayfish masquerade (mas)-like SPH, however, contains a
somewhat different amino terminus consisting of seven repeats of clip
domains and glycine-rich regions (Huang et al., 2000). A mas-like SPH
in Drosophila has been shown to be involved in embryonic muscle
development (Murugasu-Oei et al., 1995). In arthropods, the clip-SPHs
participate in an antimicrobial action in the horseshoe crab Tachypleus
tridentatus (Kawabata et al., 1996), as an immune molecule in the mos-
quito Anopheles gambiae (Dimopoulos et al., 1997), in the regulation of
the proPO-activating system in some coleopteran and lepidopteran in-
sects (Kwon et al., 2000; Lee et al.,, 2002; Yu et al., 2003), in pattern
recognition, opsonization and cell adhesion activity in crayfish Pacifas-
tacus leniusculus (Lee and Soderhadll, 2001). Recent studies on shrimp
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clip- (or pseudoclip-) SPHs have been carried out in the kuruma shrimp
Marsupenaeus japonicus (Rattanachai et al., 2005) and the black tiger
shrimp Penaeus monodon, where at least four genes (c-SPH, Lin et al.,
2006; PmMasSPH, Amparyup et al, 2007; and SPH509 and SPH516,
Sriphaijit et al., 2007) have been identified. The recombinant c-SPH
displays cell adhesion activity (Lin et al., 2006), whilst, SPH516
specifically interacts with the metal ion-binding (MIB) domain of the
yellow head virus, suggesting that it might play an important role in viral
responses (Sriphaijit et al., 2007).

In crayfish P. leniusculus, it has been reported that the C-terminal
SP-like domain of two masquerade-like SPH proteins exhibits cell
adhesion activity in vitro (Huang et al., 2000; Lee and S6derhall, 2001).
Moreover, the N-terminal clip domain of a proPO-activating enzyme
exhibits antibacterial activity towards Gram-positive bacteria (Wang
et al.,, 2001). In P. monodon, a masquerade-like SPH (PmMasSPH) was
previously cloned and its transcript expression levels found to be up-
regulated upon bacterial challenge with Vibrio harveyi (Amparyup
et al., 2007). Here, to further investigate the biological function(s) of
the PmMasSPH, recombinant proteins encoding (i) the N-terminal
glycine-rich repeat and clip domain, and (ii) the C-terminal SP-like
domain of the PmMasSPH were cloned and expressed in an E. coli

expression system. The purified recombinant proteins were then
characterized by screening for various biological functions; serine
proteinase activity, cell adhesion activity, bacterial binding, bacterial
clearance and antimicrobial activity.

2. Materials and methods
2.1. Animal handling

Juvenile black tiger shrimp (20-25 g of body mass) were purchased
from commercial farms in Thailand and acclimatized in an aquarium
under laboratory conditions (air-pumped circulating artificial seawater
of 15 ppt salinity) for at least three days before use in any experiment.

2.2. Cloning of the N-terminal glycine-rich repeat and clip domain and
the C-terminal serine proteinase-like (SP-like) domain of the PmMasSPH

The N-terminal region comprising the glycine-rich repeats and the
clip domain and the C-terminal SP-like domain of the PmMasSPH were
separately amplified by PCR (see Fig.1) using upstream and downstream
primers containing the indicated 5’ flanking restriction sequence and an

Fig. 1. The cloning of two recombinant proteins encoding the N-terminal region comprising the repeated glycine rich and the clip domain and the C-terminal SP-like domain of the
PmMasSPH from Penaeus monodon. (A) A deduced amino acid sequence of a PmMasSPH. The putative signal cleavage site is underlined. The two putative activation sites are indicated
by arrowhead. The shaded and bold italicized amino acid sequences are the N-terminal region and the C-terminal SP-like domain, respectively that were separately cloned into pET-
28b(+) vector with His-tag fusion. (B) Schematic drawing of structural domains of the PmMasSPH. The open box represents a putative signal peptide. The repeated glycine-rich
motif, clip domain and SP-like domain are in stacked diamond, elliptical shape and bold box, respectively. The replacement catalytic triad is marked as the H, D, G letters and KGD

indicates the integrin binding motif.
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in-frame six histidine encoding tag (SP6HF_Ncol: 5’ CAT GCC ATG GGC
CAT CAT CAT CAT CAT CAT CGC ATC ACT GGA TTC AAG GAT 3/,
SPR_HindIlI: 5’ CCC AAG CTT TTA AAT AAA TCT TCC GTA GTC CCA 3/,
ClipF_Ncol: 5’ CAT GCC ATG GGC CAT CAT CAT CAT CAT CATATG TGCTTC
TTT TGG AAG GGA GAA TGC A 3' and ClipR_Notl: 5’ ATA AGA ATG CGG
CCG CTT AGT TCG GAT TGG TGC AGC AGA CGT CG 3'). Primers were
designed from the previously reported PmMasSPH sequence (GenBank
accession no. DQ455050) (Amparyup et al., 2007). Polymerase chain
reaction (PCR) was performed using Advantage 2 polymerase mix
(Clontech) with an initial 94 °C for 3 min stage followed by 30 cycles of
94 °C for 30 s, 55 °C for 30 s and 72 °C for 1 min. The amplicons were
purified from 1.2% (w/v) TBE agarose gels using NucleoSpin® Extract Il
Kits (MACHEREY-NAGEL) and ligated into pGEM-Teasy cloning vector
(Promega). The recombinant plasmid was transformed into E. coli (K12)
strain XL-1 Blue and selected with ampicillin (50 pg/mL) for propaga-
tion of the recombinant plasmid. DNA sequencing was used to confirm
the correct and in-frame sequence of each clone.

2.3. Overexpression and purification of the recombinant N-terminal glycine-
rich repeat and clip domain protein and the recombinant C-terminal SP-like
domain protein of the PmMasSPH

The constructed plasmids carrying the correct insert were then
directionally sub-cloned, following Ncol-HindIll or Ncol-Notl excision,
into the multiple cloning site of E. coli expression vector, pET-28b(+)
(Novagen), and transformed into E. coli strain Rosetta (DE3). The
selected clones were inoculated in Luria-Bertani (LB) medium contain-
ing kanamycin (30 pg/mL) and chloramphenicol (34 pg/mL). Protein
expression was induced by the addition of isopropyl-B-p-thiogalacto-
pyranoside (1 mM IPTG) for the last 4 h of culture. The induced cells
were then harvested by centrifugation, resuspended in 20 mM
phosphate buffer pH 7.4, and disrupted by sonication. The recombinant
proteins, expressed as inclusion bodies, were solubilized and purified
under denaturing conditions in 8 M urea using nickel affinity chroma-
tography (GE Healthcare). The purified recombinant proteins were
subsequently refolded by three steps of dialysis against a buffer
containing 20 mM Tris-HCl, pH 8.0 and 4 M urea, then gradually
reduced the urea concentration to 2 M urea in the second step and finally
without urea. Each dialysis step was performed for at least 10 h at 4 °C.
The purified recombinant C-terminal SP-like domain was used for
preparation of a specific polyclonal antibody by the commercial service
at Biomedical Technology Research Unit, Chiang Mai University,
Thailand.

2.4. Protein content determination

The protein content was measured according to Bradford method
(Bradford, 1976) using bovine serum albumin (Fluka; supplied with
the Bradford reagent) as the standard.

2.5. SDS-PAGE and Western blot analysis

The purified recombinant N-terminal region and C-terminal SP-like
domain proteins were run onto SDS-PAGE gel and then electrotrans-
ferred to a nitrocellulose membrane in a buffer containing 48 mM Tris-
HCl pH 9.2, 39 mM glycine and 20% methanol. The membrane was
blocked by immersion in 5% skimmed milk in phosphate buffer saline
pH 7.4 containing 0.05% Tween20 (PBS-Tween buffer) at room
temperature overnight, washed in PBS-Tween buffer, then incubated
with the mouse anti-His antiserum (GE Healthcare) (1:3000 dilution)
at 37 °C for an hour. After washing in the same buffer, bound primary
antibody was amplified by incubation with alkaline phosphatase-
conjugated rabbit anti-mouse IgG (1:5000 dilution, Jackson Immu-
noResearch Laboratories, Inc.) and after washing (as above) the bound
antibody was detected by color development using NBT/BCIP as
substrate (Fermentas).

2.6. MALDI-TOF mass spectrometry

The molecular mass of the purified recombinant N-terminal region
and C-terminal SP-like domain proteins was analyzed by matrix
assisted laser desorption-ionization time of flight (MALDI-TOF) mass
spectrometry by the commercial service of the Proteomic Service
Center, Bioservice Unit (BIOTEC, Thailand).

2.7. Immunodetection of the PmMasSPH protein in shrimp hemocytes

P. monodon hemocyte lysate supernatant (HLS) was prepared in
AC-1 anticoagulant (0.45 M Nacl, 0.1 M glucose, 30 mM sodium citrate,
26 mM citric acid, 10 mM EDTA, pH 4.6) followed by centrifugation, and
the cells were washed and homogenized in 150 mM NaCl containing
2 mM EDTA (HLS1). Otherwise, 10% trisodium citrate was used as an
anticoagulant to collect the blood, and HLS2 was prepared in 150 mM
NaCl without EDTA and activated by laminarin ((3-1,3-glucan chain
with some (3-1,6-linked glucose units) (Sigma) for an hour. The
proteins in HLSs were subjected to 12% SDS-PAGE under reducing
conditions and transferred to membrane. The rabbit anti-SP-like
antibody (1:500 dilution) was used for immunoblotting, followed by
incubation with goat anti-rabbit IgG antibody linked alkaline phos-
phatase (1:10,000 dilution), and detected using NBT/BCIP substrates.

2.8. Proteinase activity assay

The proteinase activity assay was determined according to the
method of Amparyup et al, 2008a. The proteinase activity of the
recombinant C-terminal SP-like domain protein was assayed using
the chromogenic p-nitroanilide substrates, 293.6 uM N-benzoyl-Phe-
Val-Arg-p-nitroanilide (Sigma), 147.3 uM N-succinyl-Ala-Ala-Pro-Phe-
p-nitroanilide (Sigma) and 443.1 ptM N-succinyl-Ala-Ala-Ala-p-nitroa-
nilide (Sigma) as substrates for trypsin, chymotrypsin and elastase,
respectively. The proteinase enzymes (trypsin, chymotrypsin and
elastase) were prepared in 50 mM Tris-HCl buffer pH 8.0 and used as
positive controls in each assay. An aliquot of 60 L of the recombinant C-
terminal SP-like domain protein (0.404 pM and 4.04 uM) or positive
control enzymes (0.005 pM trypsin, 0.003 pM chymotrypsin and
0.039 uM elastase, respectively) was pre-incubated with 10 pL chromo-
genic peptide in a 96 well plate. After incubation at 30 °C for 10 min,
the reaction was stopped by the addition of 20 pL of 50% (v/v) acetic
acid and the increase in p-nitroaniline production was recorded
by measuring the absorbance at 405 nm. Assays were carried out in
duplicate.

2.9. Cell adhesion assay

The cell adhesion assay was carried out as described by Johansson
and Soderhadll (1988) with a slight modification. The sterile glass cover-
slips (22 x 22 mm, Chance Proper, Ltd.) were laid in 6-well flat bottom
plates, coated with 200 pL of 10 pg/mL the purified recombinant N-
terminal region protein or C-terminal SP-like domain protein or at 20 °C
for 1 h and subsequently blocked with BSA to remove residual non-
specific protein binding sites on the coverslip. Coverslips coated with
BSA only were used as the control. Hemocyte suspensions from subadult
P. monodon (approximately 20 g) were prepared in 0.45 M NaCl and
comprised of ~90% living cells as determined by standard trypan blue
exclusion assays. The density of hemocyte suspension was assessed in a
hemocytometer using a light microscope, adjusted to 2 x 10% cells/mL,
and 180 pL of suspension was overlaid onto each coated coverslip
together with 20 pL of 100 mM CaCl,, and incubated at 20 °Cfor 1 h. The
unbound hemocytes were then washed off by three washes with
Penaeid Shrimp Solution (PSS; 0.45 M NaCl, 5.4 mM KCl, 10 mM CaCly,
10 mM MgCl,, 2 mM NaHCOs, pH 7.6) and fixed in 3.7% (w/v)
formaldehyde. The number of attached cells was counted at 200x
magnification under an inverted microscope, covering at least 10% of the
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area initially covered by the cell suspension. Cell adhesion activity (%)
was calculated in comparison with the number of initial hemocytes
(3600 cells). The assays were performed in triplicate from each indi-
vidual shrimp.

2.10. Assay of binding activity to bacteria and LPS

The recombinant C-terminal SP-like domain protein was investi-
gated for binding to the Gram-negative bacteria V. harveyi 1526 using a
method described by Lee and Soderhdll (2001) with modification.
Briefly, the cultured bacteria in mid-logarithmic phase growth (ODggg
of 0.6) were fixed in 3.7% (w/v) formaldehyde by gently shaking at
37 °C for an hour to terminate the enzymatic activity of bacteria. The
purified protein (10 pg of the C-terminal SP-like domain protein) was
incubated with 100 pL of V. harveyi (3.2 x 108 cells) with gentle rocking
at 4 °C for 35 min. After centrifugation at 2000 g for 10 min, the
supernatant containing unbound protein was removed and the pellet
was resuspended and washed five more times with PSS buffer in this
manner. Bound proteins were finally eluted from the bacteria by 1x
SDS-PAGE sample loading buffer. Bacteria treated with PSS buffer only
were used as controls. The resulting supernatant (unbound protein),
washed (unbound/weakly bound protein), and eluted (bound
protein) fractions were run on 12% (w/v) SDS-PAGE under reducing
conditions, transferred to nitrocellulose and subjected to immuno-
blotting using the anti-His antibody as described above.

For the LPS binding assay, the LPS from E. coli serotype 0111:B4
(Sigma) was used to test the binding activity to the recombinant C-
terminal SP-like domain protein. The purified proteins (10 pg) were
mixed with 200 pg of LPS in PSS buffer for 1 h at 4 °C and then centrifuged
at 16,000 xg at 4 °C for 15 min. The washing and elution steps were
operated as described above. The obtained supernatant, washed
fractions and bound proteins were subsequently analyzed by SDS-
PAGE and Western blot as described above.

2.11. Quantitative binding to immobilized LPS

Binding property of the purified C-terminal SP-like domain protein to
immobilized LPS was examined by ELISA using the method as previously
described by Gonzalez et al. (2005) with a slight modification. LPS
solution was prepared in 100 mM Na,COs, 20 mM EDTA, pH 9.6 and
50 pL of LPS (3 pg/well) immobilized on the flat bottom 96-well plate
and the content was dried up completely at 60 °C for 2 h. Then, the excess
LPS were washed with PBS buffer and the non-specific binding was
blocked with 5% (w/v) BSA in PBS buffer at room temperature for 1 h.
Binding of the serial dilution of the purified recombinant SP-like domain
protein (0-200 pg/mL, 100 pL/well) was performed at room tempera-
ture for an hour. The wells without recombinant protein incubation were
used as control reaction. After washing the excess protein with PBS
buffer containing 0.05% Tween 20, the ELISA plate was hybridized with
the rabbit anti-SP-like antibody (1:5000: 50 pL/well) at 37 °C for 2 h,
followed by incubation with goat anti-rabbit IgG antibody linked
alkaline phosphatase (1:10,000 dilution, 50 pL/well) at room tempera-
ture for an hour. After washing, the colorimetric reaction was detected by
adding 100 pL of p-nitrophenylphosphate. After the sufficient yellow
color occurred, absorbance at 405 nm of each well was measured by a
microtiter plate reader (Beckman Coulter AD200). The results from three
experiments were used for statistical analysis. The binding results were
analyzed by Scatchard plot analysis, and the maximum binding (Amax)
and dissociation constant (K4) were calculated from the Y-intercept and
slope of linear equation as 1/A=Ky/Amax|L] +1/Amax, Where A is the
absorbance at 405 nm and [L] is the protein concentration.

2.12. Assay of in vivo bacterial clearance

The bacterial clearance assay was fundamentally performed as
previously described (Lee and Soderhdll, 2001) with modifications.

The combination of the recombinant N-terminal region and C-terminal
SP-like domain proteins of the PmMasSPH (1 uM each) were incubated
with V. harveyi (3.2 x 10% cells) at 4 °C for 1 h to obtain V. harveyi coated
with the recombinant proteins. The supernatant was then removed, and
the cells were washed twice with PBS. One hundred microliters of 1 x 10°
cells uncoated V. harveyi (control) or coated V. harveyi were injected into
V. harveyi-free shrimp. At 15, 30, 60 and 180 min after injection, one
hundred microliters of hemolymph of five treated shrimp per treatment
was collected without anticoagulant and immediately plated on
thiosulfate-citrate-bile-sucrose (TCBS) agar plates incubating at 30 °C
for 9 h. The colony forming units (cfu) were counted and the number of
viable V. harveyi in shrimp hemolymph was calculated at the various
sampling times and expressed as cfu mL~ 'hemolymph. Each experi-
ment was performed in five independent replicates and the effects of
time after injection were tested on the following variables using one-way
ANOVA followed by Duncan (P<0.05).

2.13. Antimicrobial activity assay

Antimicrobial activity of the recombinant N-terminal region protein
was tested against the four Gram-positive species (Aerococcus viridans,
Bacillus megaterium, Micrococcus luteus and Staphylococcus aureus) and
six Gram-negative species (Escherichia coli 363, Enterobacter cloacae,
Erwinia carotovora, Klebsiella pneumoniae, Salmonella thyphimurium and
V. harveyi), and the minimal inhibitory concentration (MIC) was deter-
mined as previously reported (Amparyup et al., 2008b). The bacteria
cultures in exponential growth phase were diluted to ODgpo = 0.001. One
hundred micoliters diluted cell suspension was incubated with various
concentrations of a recombinant protein ranging from 0 to 80 uM in 96-
well microtiter plate. After overnight incubation, the turbidity of the
cultures was measured at ODggg to estimate the bacterial growth. The

Fig. 2. SDS-PAGE and Western blot analysis of the recombinant N-terminal region protein
(A) and the recombinant C-terminal SP-like domain protein (C). Lane M, pre-stained
protein standard marker (Fermentas); lane 1, the purified recombinant proteins through Ni
affinity chromatography on 12% SDS-PAGE and lane 2, Western analysis of the recombinant
proteins using anti-His tag antibody. B and D show the mass spectrum of the recombinant
N-terminal region and C-terminal SP-like domain proteins with a molecular mass of
19,504.176 Da and 30,964.263 Da, respectively.
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MIC value was expressed in the lowest concentration of the recombinant
protein that showed 100% visible inhibition of bacterial growth.

3. Results

3.1. Overexpression and purification of the recombinant N-terminal
glycine-rich repeat and clip domain and the recombinant C-terminal
SP-like domain of the PmMasSPH

To begin understanding the functions of the PmMasSPH, the N-
terminal region (the glycine-rich repeats and a clip domain) and the C-
terminal region (the SP-like domain) of PmMasSPH were recombinant
expressed separately (Fig. 1). After 4 h IPTG induction, high amounts of
each of the recombinant proteins of the N-terminal and C-terminal
regions were obtained. The recombinant proteins, expressed as
inclusion bodies, were solubilized in denaturing solution and efficiently
purified with a single-step purification using a Ni-NTA affinity column
under denaturing conditions in 8 M urea. After removing the urea in
three dialysis steps, the recombinant proteins were refolded and ana-
lyzed for the identity and purity on 12% (w/v) SDS-PAGE and confirmed
by immunoblotting using anti-His antibody. A major band of the re-
combinant N-terminal region protein, approximately 20 kDa, and the
recombinant C-terminal region protein, approximately 31 kDa, was
observed (Fig. 2A and C) which is in good agreement with the calculated
molecular mass of the purified recombinant N-terminal region protein
(20,115.40 Da) and C-terminal region protein (31,060.39 Da) of the
PmMasSPH based on their respective deduced amino acid sequences
including six histidine residues. Moreover, MALDI-TOF mass spectro-
metry analysis revealed a single mass spectrum for both recombinant
protein preparations with no contaminating other proteins and
molecular masses of 19,504.176 Da and 30,964.263 Da, respectively
(Fig. 2B and D).

3.2. The presence of the PmMasSPH protein in shrimp hemocytes

The purified C-terminal SP-like domain protein was used for the
production of a specific polyclonal antibody in rabbits. The anti-SP-
like domain antiserum was then used to detect the PmMasSPH protein
in P. monodon hemocyte lysate supernatant (HLS) by immunodetec-
tion assay. The HLS prepared in the presence of EDTA showed a major
band with size of a 54 kDa whilst that prepared without EDTA and
activated with laminarin (a 3-glucan) showed a 36 kDa band (Fig. 3A
and B) probably representing the processed form of the PmMasSPH

Fig. 3. Immunoblotting analysis of the PmMasSPH protein in Penaeus monodon
hemocyte lysates detected by using the anti-SP-like domain antiserum. Lane H1:
hemocyte lysate prepared in the presence of EDTA; Lane H2: hemocyte lysate prepared
without EDTA and activated with laminarin (a 3-glucan); and M indicates pre-stained
protein standard marker (Fermentas).

Fig. 4. Cell adhesion activity of the recombinant C-terminal SP-like domain and N-
terminal region proteins to shrimp hemocytes. Cover slips coated with BSA or the C-
terminal SP-like domain protein or the N-terminal region protein was used to
determine the cell adhesion activity. The results were shown as means with standard
error bars. The assays were performed in triplicate with three different hemocytes
suspensions from individual shrimp.

protein. Based on the deduced amino acid sequence of the PmMasSPH,
two putative activation cleavage sites were predicted after arginine
within the clip domain (Arg195) and at the beginning of the SP-like
domain (Arg250), producing the processed forms of the PmMasSPH
with size of 35.87 and 29.89 kDa, respectively. The result from immu-
noblotting suggests that the authentic activation site is likely at the
position between Arg195 and Phe196.

3.3. Serine proteinase activity assay

The purified C-terminal SP-like domain protein of the PmMasSPH
has a serine replaced with glycine in the catalytic triad suggesting that
it has lost serine protease enzymatic activity. To confirm this notion,
various chromogenic substrates for trypsin, chymotrypsin and
elastase were tested. No protease activity was detected in all assays
using the recombinant C-terminal SP-like domain protein of the
PmMasSPH, in contrast to the positive controls (data not shown).

3.4. Cell adhesion assay

Many cell adhesion molecules have been discovered to be involved
ininvertebrate immunity (Johansson, 1999). The crayfish masquerade-
like protein (Huang et al., 2000) and the shrimp clip-SPH (c-SPH) (Lin
et al.,, 2006) have been shown to exhibit cell adhesion activity. To
investigate whether PmMasSPH could function as a cell adhesion
molecule, the recombinant N-terminal region and C-terminal SP-like
domain proteins were tested for the ability to promote cell adhesion in
vitro. The cell adhesion assay revealed that an average of 51% of shrimp
hemocytes adhered to the SP-like domain protein-coated coverslips,
whereas only 25% of hemocytes adhered to the bovine serum albumin-
coated coverslips (Fig. 4). On the contrary, it was found that the re-
combinant N-terminal region protein did not mediate cell adhesion as
shrimp hemocytes adhered to the N-terminal region protein-coated
coverslips at the same percentage as the control coated with BSA
(Fig. 4). These results suggested that the PmMasSPH protein acts as a
cell adhesive molecule through the adhesion activity of the C-terminal
SP-like domain.

3.5. Binding activity to V. harveyi and LPS

The binding ability of the recombinant C-terminal SP-like domain
protein to the shrimp pathogenic bacterium, V. harveyi and to the
bacterial cell wall component, LPS, was investigated. The recombinant
C-terminal SP-like domain protein was incubated with the bacteria or
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Fig. 5. Binding activity of the recombinant C-terminal SP-like domain protein to Gram-negative V. harveyi (A), LPS (B) and control with no bacteria or LPS (C). Initially, the
recombinant protein was incubated with formaldehyde-fixed bacteria or LPS. After incubation, the supernatants were separated by centrifugation. The pellets were washed with PSS
buffer and the bound proteins were eluted with SDS-PAGE sample loading buffer. The supernatants (S), washed (W) and eluted (E) fractions were examined by Western blot analysis
under reducing condition using the anti-His antibody. Lane +Ve, recombinant protein; lane M, pre-stained protein standard marker (Fermentas); lane So, soluble protein; lane P,
precipitated protein. The quantitative binding of various amounts of the recombinant C-terminal SP-like domain protein (0-200 pig/mL) to immobilized LPS (D). The specific binding
property was determined by ELISA using anti-SP-like antibody. This experiment was performed in three individual repeats and the data was expressed with standard error. The inset

indicates a linearly Scatchard plot.

LPS as detailed in Materials and methods. The fractions containing the
recombinant C-terminal SP-like domain protein were evaluated by
Western blotting using specific anti-SP-like domain antiserum. The
results revealed that the recombinant C-terminal SP-like domain
protein was found in the eluted fractions whereas no band was
detected in the supernatant or the washed fractions (Fig. 5A and B),
suggesting that the C-terminal SP-like domain of PmMasSPH strongly
binds to V. harveyi as well as LPS. The control with no bacteria showed
a band only in supernatant not in the precipitate fraction (Fig. 5C).

The quantitative binding of the recombinant C-terminal SP-like
domain protein to LPS was further examined by an ELISA. The results
showed that the recombinant C-terminal SP-like domain protein
bound to LPS in a concentration dependent manner (Fig. 5D). From
the Scatchard plot analysis, the apparent dissociation constant (Kq) for
the binding of the recombinant C-terminal SP-like domain protein to
LPS was 2.51x 107> M.

3.6. V. harveyi clearance from circulation

The opsonic activity of PmMasSPH protein was tested under in vivo
conditions in shrimp for their clearance rates compared with that of
control bacteria not treated with the protein. V. harveyi (1 x 10° cells)
coated with the recombinant proteins (the recombinant N-terminal
region and C-terminal SP-like domain proteins) were more rapidly
cleared from the shrimp hemolymph as compared with uncoated
V. harveyi (control) suggested that the PmMasSPH protein functions as
an opsonic protein (Fig. 6).

3.7. Antimicrobial activity assay

Remarkably, the N-terminal region of the PmMasSPH contains
the glycine-rich regions as a glycine-rich antimicrobial peptide in the

Fig. 6. Rate of V. harveyi clearance from the hemolymph circulation. Shrimp were
injected with 1x10° cells of V. harveyi coated the recombinant proteins (N-terminal
region and C-terminal SP-like domain proteins) or V. harveyi only (control). The
hemolymph was collected from individual shrimp after 15, 30, 60 and 180 min, then the
number of viable cells was determined by plating on TCBS media. The presence of live
bacteria was counted and expressed with standard error. The experiment was repeated
five times and the statistical calculations were analyzed by one-way ANOVA and
Duncan.
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hemocytes of the spider Acanthoscurria gomesiana (Lorenzini et al.,
2005). It is, therefore, possible that this type of pattern may be essential
or beneficial for antimicrobial activity. Moreover, the clip domain in a
proPO-activating enzyme of crayfish has been shown to exhibit in vitro
antimicrobial activity against Gram-positive bacteria (Wang et al., 2001).
It, therefore, seemed reasonable to test if the glycine-rich domain and the
clip domain of PmMasSPH possess antimicrobial activities. Thus, the
recombinant protein of the N-terminal region comprising the glycine-
rich repeats and the clip domain was tested for antimicrobial activity
against various strains of Gram-positive and Gram-negative bacteria. The
recombinant N-terminal region strongly inhibited growth of the Gram-
positive S. aureus and A. viridans with MICs of 0.89 and 3.23 pM,
respectively, was slightly active against B. megaterium with an MIC of
60 pM, but had no detectable activity against M. luteus and Gram-
negative bacteria (Table 1).

4. Discussion

Serine proteinases (SPs) and serine proteinase homologues (SPHs)
appear to be abundant in both vertebrates and invertebrates and are
involved in a diverse variety of biological functions (Jiang and Kanost,
2000; Lee and Soéderhdll, 2001; Yu et al., 2003). It is thus not surprising
that several cDNAs encoding SPs and SPHs have been identified from
hemocyte cDNA libraries of the black tiger shrimp P. monodon. Among
these cDNAs, a full-length sequence of a cDNA encoding a masquerade
(mas)-like serine proteinase homologue, PmMasSPH, has been
obtained and characterized (Amparyup et al., 2007). Upon V. harveyi
infection, the transcript of the PmMasSPH increased significantly
indicating its potential important role in shrimp immune responses.

In the present study, the potential functions of the PmMasSPH were
investigated by separately screening for various activities of the N-
terminal region comprising the glycine-rich repeats and the clip domain
and the C-terminal SP-like domain. Although, it would be better to
express the whole PmMasSPH protein, its activation by the proteolytic
cleavage can be problematic (Lee and Soderhall, 2001; Lee et al., 2002;
Kim et al, 2002). Immunodetection using the anti-SP-like domain
antiserum revealed the presence of the PmMasSPH protein in hemocyte
lysate supernatant of the shrimp P. monodon and the protein was cleaved
to a processed form upon activation with laminarin (a 3-glucan).
Recently, Manduca sexta SPH precursors were expressed in insect cells
and used in search for their activating proteinases. It was found that the
proteolytic cleavage of the recombinant proprotein was incomplete (Lu
and Jiang, 2008) probably due to the lack of information on the
processing enzymes.

Functional characterization of the recombinant C-terminal SP-like
domain protein of the PmMasSPH revealed a likely cell adhesion activity

Table 1
Antimicrobial activity of the recombinant N-terminal region protein of the PmMasSPH.
Microorganisms MIC (uM)
Gram-positive bacteria
Staphylococcus aureus 0.89
Aerococcus viridans 3.23
Bacillus megaterium 60
Micrococcus luteus NA
Gram-negative bacteria
Escherichia coli 363 NA
Enterobacter cloacae NA
Erwinia carotovora NA
Klebsiella pneumoniae NA
Salmonella thyphimurium NA
Vibrio harveyi NA

MIC are expressed as the interval a-b, where a is the highest concentration tested at
which microorganisms are growing and b is the lowest concentration that causes 100%
growth inhibition.

NA: not active at 80 pM.

and ability to bind strongly to the shrimp pathogenic bacterium, V. harveyi
as well as to the microbial cell wall component, LPS. The crayfish and
shrimp myeloperoxidase homologue and peroxinectin contain the
integrin binding (KGD/RGD) motif that enable them to directly bind
the integrin receptor on blood cells (Johansson and Soderhadll, 1989;
Sritunyalucksana et al.,, 2001). Indeed, the PmMasSPH also contains a KGD
motif at the C-terminal SP-like domain that may participate in cell
adhesion activity. Nevertheless, a shrimp clip domain SPH (c-SPH) (Lin
et al,, 2006) and a crayfish mas-like protein (Huang et al., 2000) which
also exhibited cell adhesion activity did not contain the KGD motif and the
mechanism(s) by which they bind to blood cells remains unknown.

The specific binding of the crayfish mas-like protein to Gram-
negative bacteria and yeast suggested its role as a pattern recognition
molecule (Lee and Séderhdll, 2001). After proteolytic activation, the
crayfish mas-like protein reveals cell adhesion and opsonic activity but
does not have antimicrobial activity (Lee and S6derhadll, 2001). A shrimp
c-SPH has also been shown to have cell adhesion activity but in this case
no antimicrobial and opsonic activities (Lin et al., 2006). Recently, the C-
terminal part of a SPH (SPH516) from P. monodon was shown to interact
with a metal ion-binding domain (MIB) of yellow head virus (Sriphaijit
et al., 2007). SPH516 as well as SPH509 previously described contain an
identical predicted amino acid sequence to the PmMasSPH except for
one and two less repeats of the septapeptide (LGGQGGG), respectively,
in the N-terminal glycine-rich region. It is most likely that they are allelic
variants of the same protein. Moreover, the PmMasSPH exhibited the
opsonic activity as demonstrated by a more rapid clearance and removal
from the hemolymph of V. harveyi coated the recombinant proteins than
uncoated control bacteria. In penaeid shrimp, the rapid clearance of
viable bacteria from the hemolymph has been observed, and these live
bacteria moved and accumulated in hepatopancreas, gills and lymphoid
organ (Burgentsa et al., 2005). The live bacteria were rapidly cleared
from hemolymph by the cellular immune responses including phago-
cytosis and encapsulation (Koizumi et al., 1997; Lee and Séderhadll,
2001).

In addition, the recombinant N-terminal region protein of the
PmMasSPH comprising the repeated glycine-rich and the clip domain
possesses anti-Gram-positive bacterial activity. Similarly, it has been
shown that the recombinant clip domain of a proPO-activating enzyme
of the crayfish exhibited antimicrobial activity against Gram-positive
bacteria (Wang et al., 2001 ). Human azurocidin, which is a SPH, exhibits
antimicrobial activity against Gram-positive and Gram-negative bacteria
and the yeast Candida albicans (Campanelli et al., 1990) but no
antimicrobial activity was observed in the crayfish mas-like protein
(Lee and Soderhdll, 2001) and the shrimp c-SPH (Lin et al., 2006).

In insect, SPHs participate in the activation of the proPO cascade and
function as cofactors (Kwon et al.,, 2000; Yu et al., 2003). However, in
silkworm and crayfish, a proPO-activating enzyme can convert proPO to
active PO without the need of the SPH cofactor (Satoh et al., 1999; Wang
et al., 2001). In our study, it was found that the addition of the
recombinant C-terminal SP-like domain protein of the PmMasSPH or the
combination of the two recombinant proteins to the hemocyte lysate did
not strongly enhance the PO activity (data not shown). An alternative in
vivo approach i.e. gene silencing by RNA interference would provide an
efficient way to examine the participation of a particular protein in the
proPO-activating system (Liu et al, 2007; Amparyup et al, 2009;
Charoensapsri et al., 2009). Therefore, the gene knockdown of the
PmMasSPH will be subjected to further investigation.
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1. Introduction

ABSTRACT

The clip domain serine proteinases (clip-SPs) play critical roles in the signaling processes during
embryonic development and in the innate immunity of invertebrates. In the present study, we identified
a homolog of the clip-SP, designated as PmClipSP1, by searching the Penaeus monodon EST database
(http://pmonodon.biotec.or.th), and using RACE-PCR to obtain the complete gene which contained a
1101 bp open reading frame encoding 366 amino acids with a 25 amino acid signal peptide. The deduced
PmClipSP1 protein sequence, which shares a predicted structural similarity to the clip-SPs of other
arthropod species, appears to possess a clip domain at the N-terminus and an enzymatically active serine
proteinase domain at the C-terminus. Tissue distribution analyses revealed that, at the transcript level,
PmClipSP1 is mainly expressed in shrimp hemocytes, whilst temporal gene expression analyses showed
that the hemocyte PmClipSP1 transcript levels were upregulated at 3 h and downregulated at 6-48 h
following systemic Vibrio harveyi infection. RNAi-mediated silencing of the PmClipSP1 gene, by injection
of double-stranded RNA (dsRNA) corresponding to the PmClipSP1 gene into shrimp, significantly
reduced PmClipSP1 transcript levels, but neither significantly altered the other clip-SP and clip-SPH
transcript levels nor reduced the total phenoloxidase (PO) enzyme activity in shrimp hemocytes,
compared to the levels seen in the GFP dsRNA control, suggesting that PmClipSP1 is not involved in the
proPO system. However, suppression of the PmClipSP1 gene led to a significant increase in the number of
viable bacteria in the hemolymph (~2.4-fold) and in the mortality rate (59%) of shrimp systemically
infected with V. harveyi. These findings suggest that PmClipSP1 plays a role in the antibacterial defense
mechanism of P. monodon shrimp.

© 2009 Elsevier Ltd. All rights reserved.

the signal and trigger downstream molecules, leading to the killing
of the pathogens [2,4].

Invertebrates, including shrimp, lack an acquired immune
system and rely on the innate immune system for resisting and
killing pathogen invasions [1,2]. The initiation of innate immune
reactions is triggered by pattern recognition receptors (PRRs),
protein molecules that are capable of recognition of typical
structures on the surface of many microorganisms, but not self,
known as pathogen-associated molecular patterns (PAMPs).
PAMPs include the lipopolysaccharide (LPS) and peptidoglycan
components of bacterial cell walls, and the (3-1,3-glucan compo-
nent of fungal cell walls [3]. Generally, the recognition of PRRs
activates extracellular serine proteinase (SP) cascades that amplify

* Corresponding author. Tel.: +66 2 218 5439; fax: +66 2 218 5418.
E-mail address: anchalee.k@chula.ac.th (A. Tassanakajon).

0145-305X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.dci.2009.09.004

In invertebrates, extracellular SP cascades involving the clip
domain SP (clip-SP) family play important roles in signaling
cascades in both embryonic development and in defense
responses, such as in hemolymph coagulation in the horseshoe
crab, Tachypleus tridentatus [5], antimicrobial peptide synthesis in
Drosophila [6], and the activation of prophenoloxidase (proPO) in
insects and crustaceans [6-8].

The clip-SP family is a group of SPs containing the clip and the
SP-like domains at the N- and C-terminus, respectively. The clip
domain, initially identified in the proclotting enzyme from the
horseshoe crab [5], is comprised of approximately 30-60 amino
acid residues including 6 cysteine residues which form three
internal disulfide bonds [7,9]. The SP-like domain contains an
active site, termed the catalytic triad, of His, Asp and Ser amino acid
residues. The active site serine residue participates in the
formation of a transient acyl-enzyme intermediate between the
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substrate and the proteinase. The clip-SP family can be divided into
catalytic and non-catalytic groups according to the proteolytic
activity of the SP-like domain. The non-catalytic group members,
the SP homologues (SPHs), do not exhibit any enzymatic activity
due to mutations within the enzymatic active site [10].

The roles of clip-SPs in immune defenses have been well
studied in some arthropods. In the hemolymph clotting system of
the horseshoe crab, the two clip-SPs (Factor B and a proclotting
enzyme), as well as the other two proteinases (Factors C and G), are
involved in a proteolytic cascade [11] that leads to the conversion
of a soluble protein coagulogen to an insoluble coagulum gel and
subsequent clotting of the hemolymph for immobilizing patho-
gens [12-15]. In Drosophila, the Toll pathway is activated by
proteinases, two of which are the clip domain proteinases, namely
Snake and Easter [16].

The proPO-activating system is an important invertebrate
defense mechanism in which activation of a clip-SP cascade leads
to the activation of a terminal clip-SP, a proPO-activating enzyme
(PPAE) that carries out proteolytic conversion of inactive proPO
into active PO [4]. Subsequently, PO catalyzes the formation of
quinone reactive intermediates for melanin synthesis at the injury
site or around invading microorganisms [4,17].

Recently, clip-SPs have been isolated and characterized from
the penaeid shrimp, Penaeus monodon [18-20], Fenneropenaeus
chinensis [21] and Marsupenaeus japonicus [22]. However, very
little is known about the role of clip-SPs in shrimp immunity.
Recently, a clip-SP, designated as PmPPAE1, was identified from the
hemocytes of P. monodon and shown to both function in the proPO
system and to be an important component in the shrimp immune
defense [8]. In the present study, we have isolated a novel clip-SP,
PmClipSP1 from the black tiger shrimp, P. monodon, and compared
its molecular characteristics with PmPPAE1. Specifically, in this
study we aimed (1) to clone the full-length cDNA of PmClipSP1
from P. monodon, (2) to examine the temporal response of its
transcripts in hemocytes to systemic Vibrio harveyi challenges and
(3) to elucidate the role of the PmClipSP1 product in the proPO-
activating system and in protecting shrimp from V. harveyi
infection.

2. Materials and methods
2.1. Sample preparation

P. monodon shrimp, with an average weight of 15+ 1g per
shrimp, were purchased from a commercial farm in Thailand, and
kept in aerated seawater at 20 ppt saline for 7 days before processing.
Shrimp hemolymph (approximately 0.5ml per individual) was
collected from the ventral sinus in an anti-coagulant solution (10%
(w/v) trisodium citrate dihydrate) and then centrifuged at 800 x g for
10 min at 4°C to collect the hemocyte pellet. The tissues of
unchallenged shrimp, including the hepatopancreas, gills, lymphoid
organ, intestine and heart were dissected and snap-frozen in liquid
nitrogen and stored at —80 °C until required. Challenge experiments
were performed by injection of 25 .l of 150 mM NaCl with or without
a V. harveyi (10° CFU) suspension into the last abdominal segment of
each shrimp. Saline-injected shrimp were used as a control group. The
challenged shrimp were reared in laboratory seawater tanks, and the
hemolymph of three individual shrimp at various times post-
injection (0, 3, 6, 24 and 48 h) was randomly collected for subsequent
experiments. The hemocyte cell pellets (see above) were immediately
used for RNA extraction.

2.2. Total RNA extraction and cDNA synthesis

Total RNA from each tissue was isolated with the TRI
REAGENT®™, and the resulting RNA was further treated with

RNase-free DNase | (Promega, USA). First-strand cDNA synthesis
was carried out using the ImProm-II™ Reverse Transcriptase
System kit (Promega, USA), with the DNase I-treated total RNA
(1.5 g) as the template and oligo (dT);s as the primer (0.5 .g),
according to the manufacturer’s protocol. The cDNAs were stored
at —80 °C until required for RT-PCR analysis.

2.3. Rapid amplification of cDNA end (RACE)-PCR

A partial cDNA sequence of a putative clip-SP (PmClipSP1) was
retrieved from the P. monodon EST database (http://pmonodon.-
biotec.or.th) [23]. Gene-specific primers (Table 1) were designed
from this sequence to amplify the full-length cDNA of PmClipSP1
by RACE. To this end, mRNA was isolated from the hemocytes of P.
monodon using a QuickPrep™ Micro mRNA Purification Kit (GE
Healthcare, Piscataway, NJ, USA), as described by the manufac-
turer. Two micrograms of this mRNA were used to prepare 5’- and
3’-RACE cDNAs using the SMART RACE cDNA Amplification Kit
(Clontech, USA), following the manufacturer’s instructions. The
resulting 5’- or 3'-RACE cDNAs were amplified with a universal
primer mix (Clontech, USA) and the gene-specific primers for
PmClipSP1 (5racePmSP1-R or 3racePmSP1-F) (Table 1). PCR
amplification and cycle condition were carried out as described
by Amparyup et al. [19]. The PCR products were separated by
agarose gel electrophoresis, and then the expected sized bands
were excised and purified using a Qiagen DNA Purification kit
(QIAGEN Sciences, Germantown, MA, USA). The purified DNA
fragments were cloned into the pGEM-T Easy vector (Promega,
USA) and sequenced. Finally, a single-fragment amplification of
each full-length cDNA was carried out by PCR using the primer pair
5PmSP1-F and 3PmSP1-R for PmClipSP1 (Table 1) and Pfu DNA
polymerase (Promega, USA). The PCR product was cloned and
sequenced in both directions to obtain the complete consensus
sequence.

2.4. Sequence analysis

The cDNA sequence and deduced amino acid sequence of
PmClipSP1 were analyzed with the GENETYX 7.0.3 program
(GENETYX Corporation) and the BLAST programs (http://
www.ncbi.nlm.nih.gov/blast). The ClustalW multiple sequence
alignment program (http://www.ebi.ac.uk/Tools/clustalw2/) was
used to create the multiple sequence alignments. The deduced
amino acid sequence and the putative signal peptide were
predicted by the simple modular architecture research tool SMART
version 4.0 (http://www.smart.emblheidelberg.de/), and the Sig-
nalP 3.0 Server (http://[www.cbs.dtu.dk/services/SignalP/), respec-
tively. Sequence divergence estimates were calculated using the
Kimura two-parameter method. Bootstrapped unrooted neighbor-
joining trees were constructed using Neighbor and Consense with
bootstrap analysis performed using Seqboot (1000 replicates). All
phylogenetic programs are routine in PHYLIP [24]. Phylogenetic
trees are illustrated using TREEVIEW (http://taxonomy.zoology.-
gla.ac.uk/rod.html).

2.5. Tissue distribution analysis

The tissue-specific expression of PmClipSP1 transcripts was
determined by RT-PCR. The first-strand ¢cDNA was synthesized
from DNase I-treated total RNA (1.5 ug) extracted from the
hemocyte, gills, lymphoid organs, intestines, hepatopancreas and
hearts of P. monodon, respectively. Gene-specific primers for
PmClipSP1 (PmSP1rt-F and PmSP1rt-R) (Table 1) were designed
from the full-length PmClipSP1 c¢DNA sequences and used to
amplify a 190 bp fragment in the RT-PCR. As an internal control, a
partial gene fragment (150 bp) of elongation factor1-a gene (EF1-
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Primer sequences.
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Primer

Sequence (5'-3')

Purpose

3racePmSP1-F
5racePmSP1-R

5" CTTACTGCTGCCCATTGTGTAGACCCTG 3’
5" CACGAGTGTTGTATGAGGGATGACCGAT3’

3’-RACE for PmClipSP1
5’-RACE for PmClipSP1

5PmSP1-F 5" TTAGAAACCATGTTGCTTATTCACGGGA 3’ RT-PCR for PmClipSP1
5PmSP1-R 5’ CAGGAATGTATCAAAGAGGTAATAGCAT 3’ RT-PCR for PmClipSP1
PmSP1rt-F 5" TGAGAGCACAAATAGTGGAGGGGTA 3’ RT-PCR for PmClipSP1
PmSP1rt-R 5" TGGAGGCAGGCACACAGGCAAC 3/ RT-PCR for PmClipSP1
SP1i-F 5" CGTGGTTGCGTGGCGTGGTTAG 3’ RNAi for PmClipSP1
SP1i-R 5" GCCTGTTGAGTCTGATGAGTGC 3’ RNAi for PmClipSP1
T7SP1i-F 5" GGATCCTAATACGACTCACTATAGGCGTGGTTGCGTGGCGTGGTTAG 3/ RNAi for PmClipSP1
T7SP1i-R 5" GGATCCTAATACGACTCACTATAGGGCCTGTTGAGTCTGATGAGTGC 3’ RNAi for PmClipSP1
GFP-F 5" ATGGTGAGCAAGGGCGAGGA 3’ RNAi for GFP

GFP-R 5" TTACTTGTACAGCTCGTCCA 3’ RNAi for GFP
GFPT7-F 5" TAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGA 3’ RNAi for GFP
GFPT7-R 5’ TAATACGACTCACTATAGGTTACTTGTACAGCTCGTCCA 3’ RNAi for GFP
PmPPArt-F 5" GTCCTACGACACGACCACCTAC 3’ RT-PCR for PmPPAE1
PmPPArt-R 5" CTGTCACCCTGGCACGAATCCT 3’ RT-PCR for PmPPAE1

PmPPAE2rt-F 5" GCGGCGGTCACGCTCCTTGTTC 3’
PmPPAE2rt-R 5" ACTCTCGGGGGCACGCTTGTTG 3’
PmSP2rt-F 5" GGCGTTGGTCTTCACTGCTCTC 3’

PmSP2rt-R 5’ CAGAACTGCCTTCCAAGGATAG 3’
PmSPH1rt-F 5" TACGTACTCATTGATATCAGGTTTGG 3’
PmSPH1rt-R 5" GCCTCGTTATCCTTGAATCCAGTGA 3’
PmSPH2rt-F 5’ CCGTGAACCAGCGATGTCCTTA 3’
PmSPH2rt-R 5’ GCCACACTCTCCGCCTGCTCCG 3/
PmSPH3rt-F 5" GCTCTTGGTGCTGCCGCTGTTG 3’
PmSPH3rt-R 5" CACCGTCCACGCACAGGTAATA 3’
EFlo-F 5" GGTGCTGGACAAGCTGAAGGC 3’
EFla-R 5" CGTTCCGGTGATCATGTTCTTGATG 3’

RT-PCR for PmPPAE2
RT-PCR for PmPPAE2
RT-PCR for PmClipSP2
RT-PCR for PmClipSP2
RT-PCR for PmMasSPH1
RT-PCR for PmMasSPH1
RT-PCR for PmMasSPH2
RT-PCR for PmMasSPH2
RT-PCR for PmMasSPH3
RT-PCR for PmMasSPH3
RT-PCR for EF1a
RT-PCR for EF1a

o) was amplified from the cDNAs with the specific primers: EF1a-F
and EF1«a-R (Table 1). Semi-quantitative RT-PCR was carried out in
a 25 pl reaction volume containing 75 mM Tris-HCl, pH 8.8,
20 mM (NH4),S04, 0.1% (v/v) Tween 20, 1.5 mM MgCl,, 100 M of
each dNTP, 0.2 pM of each specific primer, 1 unit of Taq DNA
polymerase (Fermentas, USA) and one .l of the first-strand cDNA.
The PCR was carried out at 94 °C for 1 min, followed by 25 cycles
for PmClipSP1 or 22 cycles for EF1-o of 94 °C for 30 s, 55 °C for 30 s
and 72 °C for 30 s, plus a final extension step at 72 °C for 10 min.
Ten microlitres of the amplification product was separated in a
TBE-1.5% (w/v) agarose gel stained with ethidium bromide
staining and UV-transillumination.

2.6. Gene expression analysis in response to bacterial challenge

RNA isolation and first-strand cDNA synthesis were carried out
as described above. The cDNA mix was diluted 1:5 (v/v) and stored
at —80 °C for subsequent SYBR Green fluorescent quantitative real-
time PCR (RT-PCR) amplification. Real-time RT-PCR was performed
in an iCycler-iQ™ system (Bio-Rad Laboratories, USA) using gene-
specific primers (PmSP1rt-F and PmSP1rt-R) (Table 1) and SYBR
Green I dye detection (Bio-Rad). The amplification reaction and
thermal profile were performed as described by Amparyup et al.
[19], with amplification of the shrimp EF1-a internal gene
fragment (150 bp) as the internal control. Each sample had three
replicates in each plate. Dissociation curve analysis of the
amplification products was performed at the end of each PCR
reaction to confirm that only one PCR product was amplified and
detected. The Ct values of V. harveyi injected samples at each time
point were thus normalized with the saline-injected samples and a
mathematical model was used to determine the relative expres-
sion ratio [25].

2.7. Double-stranded RNA preparation

Large quantities of dsRNA were prepared as previously
described [26]. The DNA fragment of 660 bp was amplified by

PCR from the recombinant plasmid containing the PmClipSP1
gene using the gene-specific primers SP1i-F and SP1i-R for
PmClipSP1 (Table 1). The primers for the dsRNA synthesis
consist of the same primer sequences but flanked at the 5’ end by
a T7 promoter recognition sites (5-GGATCCTAATACGACTCAC-
TATAGG-3') (Table 1). A DNA fragment (740-bp) corresponding
to the green fluorescent protein (GFP) sequence, was amplified as
a negative control as described previously [26]. The PCR
products were purified (QIAGEN, Germantown, MA, USA) and
used to construct the dsRNA with a T7 RNA polymerase (T7
RiboMAX™ Express Large Scale RNA Production Systems,
Promega, USA), according to the respective manufacturer’s
protocol. The formation of dsSRNAs was monitored by determin-
ing the product size of reactants using TBE-1.5% (w/v) agarose gel
electrophoresis based resolution. The synthesized dsRNAs were
dissolved in nuclease free water and quantified by spectro-
photometry.

2.8. RNA interference (RNAi) treatment of shrimp

Shrimp were injected with either PmClipSP1 or GFP (control)
dsRNA as previously described [26]. Briefly, approximately 2 g
of dsRNA in 150 mM NaCl per 1g of a shrimp was injected
through the lateral area of the fourth abdominal segment using a
0.5-ml insulin syringe with a 29-gauge needle, to assess the
sequence-specific knockdown effect of dsRNA. Injection of
150 mM NaCl alone was done as an additional control for
handling and injection induced mortality. At 24 h after the first
RNAI treatment, the repeated injection of dsRNA or saline was
carried out together with 20 g of each of Escherichia coli
0111:B4 lipopolysaccharide (LPS) (Sigma) and laminarin ([3-1,3-
glucan) (Sigma) to stimulate the immune response. At the end of
the experiment (48 h after the second RNAi treatment) shrimp
hemolymph was collected for total RNA extraction using
NucleoSpin® RNAII (MACHEREY-NAGEL) according to the man-
ufacturer’s instructions. First-strand cDNA was synthesized from
total RNA (180 ng) using the ImProm-II"™ Reverse Transcriptase
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(Promega, USA) and oligo (dT);s primer, according to the
manufacturers instructions.

2.9. Semi-quantitative RT-PCR analysis

The efficiency and specificity of the PmClipSP1 knockdown
was analyzed by semi-quantitative RT-PCR analysis using
gene-specific primers for PmClipSP1 or those for the other clip-
SPs (PmPPAE1, PmPPAE2 and PmClipSP2), and clip-SPHs
(PmMasSPH1, PmMasSPH2 and PmMasSPH3), respectively
(Table 1). A fragment of the EF1-a gene was amplified in a
separate tube and served as an internal control for normalization.
The PCR reactions and thermal cycling conditions were carried out
as described above. After amplification, the RT-PCR products were
separated by TBE-1.8% (w/v) agarose gel electrophoresis and
visualized as stated above.

2.10. Phenoloxidase activity assay in silencing-shrimp hemolymph

The hemolymph, collected 48 h after the second dsRNA
injection without the use of anti-coagulant from the ventral sinus
of randomly selected shrimp, was subjected to a phenoloxidase
(PO) assay as described by Amparyup et al. [26]. Total protein
concentration was measured using a Bradford assay kit (Bio-Rad).
Briefly, shrimp hemolymph protein (2 mg) in 435 vl of Tris-HCl
(10 mM, pH 8.0) was mixed with 65 .l of 1-3,4-dihydroxypheny-
lalanine (1-dopa) (3 mg/ml in water) (Fluka), according to
Amparyup et al. [26]. The reaction mixture was incubated at
room temperature for 30 min and the reaction was stopped by
adding 500 .1 of 10% (v/v) acetic acid. The remaining PO activity
was monitored by spectrophotometry at 490 nm. PO activity was
recorded as AAsg9o/mg total protein/min against control samples
that used distilled water instead of shrimp hemolymph. Each
experimental group (2-3 shrimp/group), including the PmClipSP1
dsRNA, GFP dsRNA and saline-injected shrimp was repeated three
times. The data were analyzed using one-way analysis of variance
(ANOVA).

2.11. Cumulative mortality assay

To conduct cumulative mortality experiments for PmClipSP1-
knockdown shrimp, three groups of shrimp (2 +0.2g) were
intramuscularly injected with PmClipSP1 dsRNA (4 p.g), GFP dsRNA
(4 pg) or NaCl (150 mM) in 25 wl volume. Twenty-four hours after
the first dsRNA injection, shrimp were again injected with the same
concentration of each dsRNA together with 2 x 10° CFUs of V. harveyi
isolate 639. Injections of GFP dsRNA or NaCl were used as controls.
The number of dead shrimp was recorded daily for 5 days post-V.
harveyi infection. Each experiment was performed in triplicate, with
each group consisting of 9-10 healthy shrimp. Statistical analysis of
the cumulative mortality was performed using one-way analysis of
variance (ANOVA).

2.12. Bacterial counts in the PmClipSP1-silenced shrimp hemolymph
after V. harveyi infection

Bacterial counts within the hemolymph were performed
as described by Charoensapsri et al. [8]. DsRNA (4 wg) of
either PmClipSP1 or GFP dsRNAs was injected into individual
juvenile shrimp (2 4+ 0.2 g) into the third abdominal segment.
Twenty-four hours after the first dsRNA injection, shrimp were
reinjected with dsRNA (4 pg) and V. harveyi (2 x 10° CFUs). After
bacterial challenge for 6 h, the shrimp hemolymph was collected
and serial diluted in phosphate buffer saline (PBS) pH 7.4, and
from each respective dilution 10 pl of hemolymph was plated per
LB agar plate which were then incubated at 30 °C over night

followed by counting of the bacterial colonies and evaluating the
average replication competent (viable) colony forming units
(CFUs).

3. Results
3.1. Cloning and characterization of PmClipSP1

By searching of the clip domain family of serine proteinases
(SPs) within the P. monodon EST database (http://pmonodon.-
biotec.or.th) [23], three clip-SPs (PmPPAE1 [8]; FJ620685,
PmClipSP1; F]J620688 and PmClipSP2; FJ620687) and three
clip-SP homologues (PmMasSPH1 [19]; DQ455050, PmMasSPH2;
FJ620686 and PmMasSPH3; FJ620689) were obtained. In this
study, a 600 bp fragment of PmClipSP1 similar to the serine
protease 14D (AAB62929) of Anopheles gambiae (58% similarity)
was characterized. To obtain 3’- the full-length sequence of
PmClipSP1, 5’ and 3’- RACE-PCR analyses were carried out using
gene-specific primers for PmClipSP1 (Table 1). The complete
sequence of PmClipSP1 c¢cDNA consisted of a 5 terminal
untranslated region (UTR) of 55 bp, a 3’ UTR of 353 bp with a
canonical polyadenylation signal site and a poly (A) tail, and an
open reading frame (ORF) of 1101 bp encoding a predicted
polypeptide of 366 amino acids with a 25 amino acid signal
peptide. The deduced mature protein sequence of PmClipSP1
was thus composed of 341 amino acid residues with a
theoretical isoelectric point of 5.56 and a predicted molecular
weight of 36.48 kDa. However, two putative N-glycosylation
sites, NFS (aa position 219) and NKS (aa position 228) sites, were
found suggesting that PmClipSP1 is a likely glycosylated protein
and thus of a higher molecular weight. The nucleotide sequence
of PmClipSP1 was deposited in GenBank under accession no.
F]620688.

3.2. Sequence alignment and phylogenetic analysis

Sequence analysis of PmClipSP1 cDNA revealed that it has a
fairly high sequence similarity, and is homologous, to a serine
proteinase (ABC33918) of F. chinensis (58% sequence similarity),
the serine protease 14D (ACN38198) from Anopheles gambiae
(57%), prophenoloxidase activating factor (PPAF) I (BAA34642)
from Holotrichia diomphalia (54%), the melanization protease 1
(NP_649450) of Drosophila melanogaster (52%) and PAP3
(AAX18637) of Manduca sexta (51%). Based on the SMART program
analysis, PmClipSP1 belongs to the superfamily of the trypsin-like
serine proteinases, which is the most similar family in sequence
architecture to the clip domain serine proteinases of arthropods.
Multiple sequence alignment of the deduced PmClipSP1 amino
acid sequence with those of other clip-SPs in arthropods revealed
the six conserved clip domain cysteines at the N-terminus as well
as, at the C-terminus, the three conserved catalytic sites (H126,
D191 and S289) of a typical trypsin-like serine proteinase domain
(Fig. 1).

To examine the relationship between PmClipSP1 and
other arthropod clip-SPs, an unrooted neighbor-joining (N]J)
phylogenetic tree was drawn based on the predicted SP
domain of clip-SPs and clip-SPHs from various arthropod
species. Based on this NJ analysis, arthropod clip-SPs and clip-
SPHs form two distinct and separate major groups. Although
PmClipSP1 clusters together with some of the shrimp clip-SPs
(PmClipSP2 and PmPPAE2) and clip-SPH (FcSPH), their functions
are unknown, except for that of PPAF-III from H. diomphalia,
which is a clip-SP that activates PPAF-II by cleavage [27].
Nevertheless, the phylogenetic tree clearly indicates that the
PmClipSP1 was more closely related to clip-SPs than clip-SPHs
(Fig. 2).
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Fig. 1. Multiple predicted amino acid sequence alignment of a clip-SP (PmClipSP1; FJ620688 ) from Penaeus monodon with that of other arthropod PPAEs: PPAF-I (HdPPAFI:
ABO013088 ) and PPAF-III (HAPPAFIII: AB079666 ) from Holotrichia diomphalia; serine protease 14D (AgSP14D1: F]653845 ) from Anopheles gambiae and Melanization Protease-
1 (DmMP1: NM_141193 ) from Drosophila melanogaster. The signal peptide is shown in bold and underlined. Identical amino acid residues are dark grey shaded. Grey
indicates conservation in three or more species. Black highlights indicate conserved cysteine residues. The putative disulfide linkages are shown by solid lines. The amino acid
residues corresponding to the catalytic triad of serine proteinases are marked by black stars.

3.3. Tissue-specific expression of the PmClipSP1 gene of P. monodon

RT-PCR analysis was employed to determine the tissue-specific
transcript expression levels of PmClipSP1 mRNA, using EF1-a as
the internal control gene. PmClipSP1 transcripts were mainly
expressed in shrimp hemocytes, with perhaps a low level of
expression in the lymphoid organ although we cannot formally
exclude this is due to residual hemocyctes in hemolymph within
the tissue (Fig. 3A).

3.4. Changes in the PmClipSP1 transcript level in shrimp hemocytes
after a systemic V. harveyi challenge

To examine whether PmClipSP1 is a potential immune
responsive gene in shrimp hemocytes, the transcript levels of
PmClipSP1 were determined after systemic V. harveyi challenge by
real-time quantitative RT-PCR analysis. Total RNA was extracted
from the hemocytes of shrimp at various time points (0, 3, 6,24 and
48 h) after injection of the pathogenic bacterium V. harveyi and

subjected to first-strand cDNA synthesis. Gene expression levels
were normalized to that of the housekeeping gene, EF1-«, which
was used as the internal control. The PmClipSP1 transcript level
was rapidly increased by ~1.8-fold at 3 h and then decreased at 6 h
by about ~3.9-fold (Fig. 3B), and remained at a decreased
expression level, relative to that at the start, throughout the
experiment such that at 48 h post-challenge, the expression level
of the PmClipSP1 gene was still lower than at zero post-infection by
~1.8-fold.

3.5. Gene silencing of PmClipSP1

To characterize the potential role of PmClipSP1 in shrimp innate
immunity we sought to use dsRNA gene knockdown using
systemically administered dsRNA. To first confirm the methodol-
ogy does indeed lead to a significant transcript level reduction, RT-
PCR was used to determine the gene transcription of the targeted
gene after systemic dsRNA treatment. The hemocyte fraction of the
hemolymph from each group of shrimp (two individuals per
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Fig. 2. Bootstrapped unrooted neighbor-joining tree of the serine proteinase domain of clip-SPs and clip-SPHs from arthropods: Penaeus monodon clip-SP1 (PmClipSP1;
ACP19562 ), clip-SP2 (PmClipSP2; ACP19561 ), PPAE1 (PmPPAE1; ACP19558 ), PPAE2 (PmPPAE2; ACP19559 ), Mas-like SPH1 (PmMasSPH1; ABE03741 ), Mas-like SPH2
(PmMasSPH2; ACP19560 ), Mas-like SPH3 (PmMasSPH3; ACP19563 ), Mas-like protein (PmCSPH; AY600627 ); Fenneropenaeus chinensis SPH (FcSPH1; DQ318859 );
Pacifastacus leniusculus PPA (PIPPA; CAB63112 ), Mas-like protein (PIMas; Y11145 ), SPH1 (PISPH1; AY861652 ), SPH2a (PISPH2a; EU552456 ); Callinectes sapidus PPAF
(CsPPAF; AY555734 ); Anopheles gambiae serine protease 14D (AgSP14D; FJ653845), serine protease 14D2 (AgSp14D2; AF117749 ); Drosophila melanogaster melanization
protease 1(DmMP1; NM_141193 ), Spatzle-processing enzyme (DmSPE; NM_142911 ), snake (DmSnk; NM_079614 ), easter (DmEa; NM_079638 ), serine protease 7 (DmSP7;
NM_141477 ); Bombyx mori PPAE (BmPPAE; NM_001043367 ), SP zymogen (BmproBAEEase; NM_001043379 ); Holotrichia diomphalia PPAF-1 (HAPPAFI; ABO13088 ), PPAF-II
(HdPPAFII; AJ400903 ), PPAF-III (HdPPAFIII; ABO79666 ); Manduca sexta PAP1 (MsPAP1; AY789465 ), PAP2 (MsPAP2; AY077643 ), PAP3 (MsPAP3; AY188445 ), SPH1 (MsSPH1;
AF518767 ), SPH2 (MsSPH2; AF518768 ); Tenebrio molitor PPAF (TmPPAF; AJ400904 ), Mas-like SPH (TmMasSPH; AB084067 ), 41 kDa zymogen (Tm41kDa; AB363979 ), 44 kDa
zymogen (Tm44kDa; AB363980 ); Tachypleus tridentatus proclotting enzyme (TtPCE; M58366 ) and coagulation factor B (TtCFB; D14701 ). Bootstrap values indicate the
percentage of times that the particular node occurred in 1000 trees generated by bootstrapping the original deduced protein sequences.

group), composed of PmClipSP1 dsRNA-, GFP dsRNA-, and NaCl-
injected shrimp, were randomly collected and subjected to RT-PCR
analysis. There was no increased shrimp mortality rate during the
post-injection period of 7 days resulting from the injection of
either PmClipSP1 or the control GFP dsRNAs or from injection of
NacCl alone into the shrimp. The results revealed that the transcript
levels of PmClipSP1 were significantly decreased in shrimp at 48 h
after injection of PmClipSP1 dsRNA, whereas there was no
difference in GFP dsRNA injected shrimp and NaCl injected shrimp
(Fig. 4).

The specificity of the PmClipSP1 gene knockdown was
determined by examining the transcript levels of the other clip-
SPs (PmPPAE1, PmPPAE2 and PmClipSP2) and clip-SPHs
(PmMasSPH1, PmMasSPH2 and PmMasSPH3) in the same P.
monodon samples using RT-PCR and specific primers for each
gene. The results clearly showed that the PmClipSP1 knockdown
did not inhibit the gene transcription levels of the other clip-SP
genes (Fig. 4), which indicated that the PmClipSP1 gene is
specifically silenced by its corresponding dsRNA. Thus, at least
under these experimental conditions, a successful specific down-
regulation of PmClipSP1 gene transcripts was obtained by this
systemic administered dsRNA.

3.6. Total proPO activity in PmClipSP1-silenced shrimp

To study the effect of PmClipSP1 RNAi-mediated deficiency on
the proPO-activating system, the total PO activity in the
PmClipSP1-knockdown shrimp was determined. At 48 h after
the second dsRNA injection, shrimp hemocytes were collected, and
the PO activity was determined. The experiments were repeated
three times, and no significant decrease in the total PO activity
(p < 0.05) was detected in the PmClipSP1-knockdown shrimp
when compared to control groups with either GFP dsRNA or NaCl
injected shrimp (data not shown). This suggests that PmClipSP1
was not directly involved in the regulation of the proPO system in
shrimp.

3.7. Shrimp mortality and viable V. harveyi hemolymph levels in
PmClipSP1-knockdown shrimp

To further assess the potential role of PmClipSP1 in the shrimp
defense against bacterial infection, the PmClipSP1-knockdown
shrimp were systemically challenged with V. harveyi, and the
mortality rate was recorded for a period of 5 days after challenge. A
mortality of 82-86% was observed in the first 24 h post-bacterial
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Fig. 3. (A) Tissue distribution analysis of the PmClipSP1 transcripts in Penaeus
monodon by RT-PCR: hemocyte (HC), hepatopancreas (HP), gill (G), lymphoid organ
(L), intestine (I) and heart (HT). EF1-a was used as a control housekeeping gene to
indicate and standardize the amount of cDNA template in each RT-PCR reaction.
Shown is a representative experiment from two independent repeats. (B) Relative
expression levels of PmClipSP1 transcript levels in the shrimp hemocytes post-V.
harveyiinjection, as detected by SYBR green real-time RT-PCR at the indicated times
post-injection. Relative expression levels of mRNA were calculated according to
Pfaffl [25], using EF1-a as an internal reference gene.

infection in the PmClipSP1-knockdown shrimp, and the cumulative
mortality remained at this level over the remainder of the 5-day
assay period (Fig. 5). In contrast, in the GFP dsRNA injected and
saline only injected control shrimp, only ~20% and ~27%
cumulative mortality was observed at 1 and 2 days post-infection
and thereafter remained at this level over the 5-day assay period
(Fig. 5). Thus, the mortality was principally induced within the first
2 days and was significantly higher in the PmClipSP1 dsRNA
mediated PmClipSP1-knockdown shrimp.

When determining the viable bacterial count in the shrimp
hemolymph at 6 h post-infection, it was found that the number of
viable bacteria was higher in the PmClipSP1-knockdown shrimp

Fig. 4. Gene-specific silencing of PmClipSP1 transcript levels in P. monodon
hemocytes. The effect of PmClipSP1dsRNA injection on the transcript expression
levels of PmClipSP1, and other shrimp clip-SPs (PmPPAE1, PmPPAE2 and PmClipSP2)
and clip-SPHs (PmMasSPH1, PmMasSPH2 and PmMasSPH3) in PmClipSP1 dsRNA-,
GFP dsRNA- or saline-injected shrimp was examined by RT-PCR using gene-specific
primers. Each lane represents cDNA from an individual shrimp. EF1-o was used as a
control housekeeping gene to standardize the amount of cDNA template in each
reaction.

Fig. 5. The cumulative mortality of PmClipSP1-knockdown shrimp challenged with
Vibrio harveyi. Control groups were injected with either GFP dsRNA in saline, or just
saline. Shrimp mortality was recorded for 5 days. The cumulative mortality (%) in
each experimental group (9-10 shrimp/group) is presented as the mean =+ standard
deviation, and is derived from triplicate independent experiments.

Fig. 6. The number of replication competent Vibrio harveyi in the hemolymph of
PmClipSP1-knockdown shrimp. Shrimp were injected with PmClipSP1 or GFP
(control) dsRNA, as outlined in the methods section, and then injected with a single
systemic dose (2 x 10° CFUs) of V. harveyi 639. The bacterial colony forming units
(CFUs), by a modified total plate count method, in the shrimp hemolymph were
determined at 6h after the bacterial challenge. The data, shown as the
mean + standard deviation, and are derived from three independent repeats. Means
with the same lower case letters (above each bar) are not significantly different at the
p < 0.05 level.

(~2.4-fold) compared with GFP dsRNA control (Fig. 6). Thus, the
combined results of the cumulative mortality rate and the viable
bacterial clearance experiments suggest an important role for
PmClipSP1 in the P. monodon shrimp defense against V. harveyi
infection.

4. Discussion

Clip domain serine proteinases in arthropods play critical roles
in the extracellular signaling cascades during embryonic devel-
opment and in defense mechanisms, such as in melanization by the
prophenoloxidase (proPO) activating system [4,6-8,28], the
synthesis of antimicrobial peptides [6,7,12-16] and the hemo-
lymph clotting system [12-15]. Previously, we identified and
characterized a clip-SP (named PmPPAE1) and a clip-SPH
(PmMasSPH1) in the shrimp, P. monodon, and found that PmPPAE1
is required for the shrimp proPO system [8] whilst PmMasSPH1 is a
multifunctional immune molecule involved in hemocyte adhesion,
bacterial binding, bacterial clearance and antimicrobial activity
[29].
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Here, we report the cloning and in vivo functional character-
ization of a novel clip-SP (PmClipSP1) that was identified from a
partial EST sequence obtained from an EST expression library, and
the complete sequence obtained using the RACE technique. The
predicted ORF of the PmClipSP1 ¢cDNA was composed of 1101 bp
encoding a polypeptide of 366 amino acids with a 25 amino acid
signal peptide. There was a stringent similarity between the
deduced amino acid sequence of PmClipSP1 and those of
previously known arthropod clip-SPs, characterized by the N-
terminal clip domain and the C-terminal proteinase domain, the
latter with a conserved catalytic triad, His-126, Asp-191 and Ser-
289 (superfamily of the trypsin-like serine proteinase), which is
believed to be essential for enzyme activity [7,30].

The deduced amino acid sequence of PmClipSP1 is homologous
to the F. chinensis serine proteinase (ABC33918), Anopheles gambiae
serine protease 14D (ACN38198) and H. diomphalia PPAF-I
(BAA34642). In addition, phylogenetic analysis showed that
PmClipSP1 falls within the cluster consisting of arthropod clip-
SPs, leading to the speculation that PmClipSP1 is an enzymatic clip-
SP that may play a role in innate immunity. In fact, the serine
proteinase (ABC33918) of F. chinensis mRNA is a non-enzymatic
clip-SPH, as revealed by the SMART program analysis, whilst both
the A. gambiae SP14D [31] and the H. diomphalia PPAF-I [32] are
enzymatic clip-SPs that are associated with melanization.

In recent years, clip- (or pseudoclip-) SPs and SPHs have been
found in several shrimp species, suggesting that they might play an
important role in shrimp immune responses [8,18-20,22,29].
However, the in vivo molecular characterization and functional
studies of these proteins remains poorly investigated in shrimp.
Recently, one such gene, PmPPAET1, in P. monodon was character-
ized at the in vivo level by dsRNA interference, which revealed that
PmPPAET1 is likely to function in the proPO system and is an
important component in the shrimp immunity [8]. However, to
date this remains the only such gene from many postulated
immune active genes in shrimp.

Previously, clip-SPs and clip-SPHs in P. monodon were shown
to have the highest transcript expression levels in hemocytes,
when compared to other tissues (lymphoid organ, gill and
intestine) [8,18-20]. In the present study, PmClipSP1 gene was
expressed primarily in hemocytes and only slightly detected in
the lymphoid organ (which may reflect residual hemolymph
within this organ rather than actual low level tissue-specific
expression), and not in the other tissues tested. For the bacterial
challenge, real-time RT-PCR showed that V. harveyi injection
resulted in a biphasic response with up-regulation of PmClipSP1
transcript levels at 3 h followed by a significant downregulation
at 6-48 h after infection. These results raise the possibility that
PmClipSP1 plays a role at least in the early immune response in
shrimp hemocytes.

Previously, we demonstrated that PmPPAE1 transcript levels in
P. monodon infected with V. harveyi also displayed a biphasic
response but that this was, in contrast, with an initial marked
decrease in transcript expression levels at 3-24 h, followed by a
significant increase at 48 h after infection [8]. The distinct
induction kinetics of PmClipSP1 and PmPPAE1 in response to
challenge with the Gram-negative bacteria, V. harveyi, suggests
that both genes may be implicated in microbial defenses but are
not co-regulated. Certainly, the different functional roles of
individual clip-SPs in the arthropod defense, and the possible
roles of clip-SPs in various immune responses, have been proposed
previously [6,7], supporting the notion that PmClipSP1 likely plays
a specific role in shrimp defense that is different from that of
PmPPAE1.

The family of clip-SPs is generally known to be involved in
innate immunity [6,7], and members have been shown to play an
essential role in a SP cascade of proPO-activating system, where a

loss of some clip-SP by RNAI suppression leads to a decrease in the
total PO activity or in melanization ability [8,31]. In this study, it
was found that suppression of the PmClipSP1 gene transcript levels
did not significantly reduce the PO activity of the knockdown
shrimp compared to controls (GFP dsRNA or NaCl), suggesting that
PmClipSP1 is not involved in the proPO system. Therefore,
PmClipSP1 is expected to be functionally distinct from PmPPAE1.

Although the clip-SPs involvement in the hemolymph clotting
system have been well characterized in the horseshoe crab, T.
tridentatus, the coagulation mechanisms between the horseshoe
crab, i.e. the hemocyte-derived clotting cascade and the crusta-
cean, Pacifastacus leniusculus, i.e. the transglutaminase-dependent
clotting reaction, are different [33]. However, the silencing of
PmClipSP1 transcript levels did not detectably affect the hemo-
lymph clotting in P. monodon shrimp (data not shown).

Surprisingly, in vivo functional analysis using RNA interference
and systemic bacterial transinfection revealed that PmClipSP1 is
likely to be involved in the defense against the pathogenic Gram-
negative bacteria, V. harveyi. Thus, following systemic challenge
with V. harveyi, a significantly higher (2.4-fold) number of viable V.
harveyi were found in the hemolymph of PmClipSP1-knockdown
shrimp compared with that in the control (GFP dsRNA and saline
only injected) shrimp. The results were also in accordance with the
higher cumulative mortality rates observed in the knockdown
shrimp following systemic infection with V. harveyi. However, the
actual function(s) of PmClipSP1 is still unclear, but our RNAi
experiments strongly suggest the involvement of PmClipSP1 in the
antibacterial mechanism.

In Drosophila, clip-SPs have been reported to be involved in the
Toll signaling pathway, which is activated by a cascade of four
serine proteinases [6,34]. Two clip-SPs, Snake and Easter, are
downstream components of this cascade and were found to be
involved in the spdtzle-mediated cleavage and subsequent
activation of the Toll pathway for induction of antimicrobial
peptide synthesis [6]. In Tenebrio molitor, three serine proteinases
have been found to be involved in the activation of the Toll
pathway [35]. The biochemical evidence for the molecular cross-
talk between the Tenebrio Toll pathway and the melanization
reaction mediated by the clipSP, Spatzle processing enzyme (SPE),
has been reported [36]. In shrimp, although Toll-like receptors
have been cloned in some species [37,38], their functions in the
shrimp innate immunity remain unknown. The involvement of
PmClipSP1 in defense against Gram-negative bacteria points to a
possible link with the antimicrobial defense mechanisms of
shrimp, which remains to be explored in the future.

In summary, our research demonstrates that PmClipSP1 of P.
monodon is unlikely to be directly involved in the proPO-activating
system, but that it is important for the shrimp defense mechanism
against infection with the pathogenic Gram-negative bacteria, V
harveyi.
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