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Abstract

Project Code : MRG5280119
Project Title : Identification and functional characterization of the Penaeus monodon protein
involving in Vibrio harveyi infection

Investigator : Dr. Kunlaya Somboonwiwat Chulalongkorn University
E-mail Address : kunlaya.s@chula.ac.th
Project Period : 16 March 2009 — 15 March 2011

Proteomic approaches such as 2-dimensional electrophoresis (2DGE) and mass
spectrometry were used to identify the Vibrio haveyi-responsive proteins in the hemocytes and
lymphoid organs of Penaeus monodon. The differentially expressed proteins identified were that
involved in the host defense responses, such as hemocyanin, prophenoloxidase, prophenoloxidase
2, serine proteinase-like protein, heat shock protein 90 and alpha-2-macroglobulin (A2M); those
involved in signal transduction, such as the calmodulin, calreticulin and 14-3-3 protein; and those
involved in energy metabolism, such as arginine kinase and ATP synthase beta subunit. To study
the involvement of the interested proteins in bacterial responses, ATP synthase beta subunit, the
highly expressed protein in lymphoid organ of 6 h V. harveyi infected shrimp, and A2M whose
expression in hemocyte was down-regulated at 24 and 48 h post V. harveyi infection, were chosen.
Partial silencing of ATP synthase beta subunit gene revealed a high cumulative mortality of
shrimps (73.3%) and the total hemocyte numbers in the surviving ATP synthase beta subunit
knockdown shrimps was dramatically reduced. These revealed its prime importance in shrimp.
Moreover, receptor binding domain of A2M was screened for its interacting proteins using yeast-
two-hybrid assay. The C-terminus part of transglutaminase typell, a protein mainly involved in the
coagulation system, was identified as an A2M receptor binding domain-interacting protein implying
that A2M might involve in the coagulation system by eradicating the invading bacteria.
Keywords : Proteomics; Penaeus monodon; Vibrio haveyi; ATP synthase beta subunit; Alpha-2-

macroglobulin
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2782z Red (lymphoid organ) maorj& F. chinensis N@aLTia Vibrio anguillarum (Zhang WAL,
2010) uazw879 P. vannamei fidaizala3 YHV (Bourchookarn uazamz, 2008) Liluedu fausiinaa
hianalsalufsaziimasznasuusslurds uazwItsdmnlnguinansllsdundniuaasoan
wWasnudasldlufsndaselhis  edwlsifiaunafiiongaivilentuiduizeraininelviialie

Aa a P L A o
S:U’]@‘ﬂ&lﬂ’;’]&l?%LLid ANTUANRUIDNAILY

Aq’ a A 1 Aa A I dq’ J nl' o v Aa A . . . v a
LmaLmemﬂqmuﬂa JudanalsafvinliiialsaSadugs  (vibriosis) 1%q¢1mnm@m3
At [y o v &< A A A ay A . A @
s:mmlaﬂiﬂu’l,qu:msl%qammmmua LmemﬂqmmIawmﬁ species wﬂaimvl,@ﬂuqd

. . . L I . & II U 1 Y Aa v { v 1
lav Vibrio harveyi vinilun species wiafinalsaguussluds lavazdaldifalsaldilaniaglu



ama:l,n@ﬁawv[&imm:aw FANULATLA DaULD (Jiravanichpaisal azathe, 1994; Saulnier LREATIE,

¥ a ¥ a a 1 L s Q o v v L A‘ £
2000) wannnIaasaiuslasinnulsagerinla 1908aMIMEgIUUBNGIY (Phuoc UWaTADAE,

2008) atelsidanuiNAeITaIiuuupliduiuvasfidenisinusesnzaiviladofiagiay v
v A o & A v K Ay o v A A& A A A a ] @
IWdsanuinduiizdosdnsszuunidunuuesisnaeuaussdaowvafiGoiuds  §902133

2 v
a v

U
ananaztslimundymbadaseunafidoludelienusiulufigs  widpiifidagdsad

]
v o =

Al A o Aa e i & AA o @
LANB u'vnilli(ﬂu’iﬂﬂq\‘lqaq@qﬂwﬂqiua@ﬂﬂaﬂ@]ﬂl]@]ﬂl,aﬁa V. harveyi 1%LuaLﬂa°ﬂ&]ﬂ37&lﬁqﬂEy1u§$UU

v

niiduiuvesty leun adidaiion (hemocyte) adbiziunies laslfinalla 2DGE uaz mass

q
v
q

=2 v A a A a A v @ a % % °
spectrometry LLazﬁﬂ‘lﬂ"]%%’Tﬂ‘l}ﬂdiﬂi@]%‘ﬂa%l"ﬂ‘ﬂLﬂEl’)"lla\‘iﬂf]JiZ‘]J‘]JJ;]&Iﬂ&Iﬂ%?JBGQGQﬂ’]@’]

2 suiig U539y
[y A A A o A A v A
21 maawwlilsauneasuanasaatdalsauasuuansalaalsfinaiie 2DGE
1) nsesaaalat19lYsAn

o v o

isnandwelsanm 15 N5y wiadlu 3 nga leun rj@ﬂﬂa rj&ﬁgﬂﬁ@ﬁm 0.85%

=

[% o g B 5 v ' o a (%
NaCl uazfangniadiuiiauuaiiiis V. harveyi (10° cfu) IiudatiaadilaiianantUnd uasrs

nanfadiniauuafliSe V. harveyi iaan 24 uaz 48 Tala waziiudlatndadvziuniasanniagn
dadi 0.85% NaCl uaziafigndadioiaunafiis V. harveyi fiimn 6 Talag uaz 48 Talud ana
luséulasls lysis buffer (8 M urea, 2 M thiourea, 0.2% (v/v) TritonX-100, 50 mM DTT, 1x proteinase
inhibitor cocktail) ¥haIuaTaranslusduianale lanaznause acetone:methanol (3:1) AN
NZAUAZNAUAL rehydration buffer (8 M urea, 2 M thiourea, 4% CHAPS, 1X proteinase inhibitor
cocktail) tiuldsiuniazansld -80 °C lumInenssfazifivdradanaas 3 70 Mathimasida
A 1 U = v L o ﬂ/ = L g, =) 1 U
\Waaudazgaldinminaldsiueeds 3 @1 uazdmivldsdunnaiviziinieudazgaldannis
uls@nveads 7 @ uazlséu 1 galddmdu 1 1aa
2) msuenldsdunesealanlamaia 2DGE
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fmsumasaldsdunnasiiaiden  sharesslusdumnmenudutulasls  2D-
Quant Kit (GE healthcare) W lUsauSuna 200 Mg NENNU rehydration buffer 7% 0.5% IPG buffer
pH 4-7 50 mM DTT uaz 0.002% bromophenol blue Waz¥inn1Y rehydrate IPG (immobilized pH
gradient) strip pH 4-7 W@ 13 cm W3BNAU load 1UsARRILS IPG strip lasmslinszualwii 50 pA
e 16 Talus Naongdl 20 °C nuuimsuonlus@uanaen pl lasasldsunsudafida 300 v

Huwnan 2 $2las 500 Vidwnan 2 2lae 1000 V ilwaan 2 $alae 4000 V iwian 2 $alud uas



8000 V 9ufis 80000 Vhr 9 nsiurinmsene strip iavinanugnldsiwluiiensiiaasse 12.5% SDS-
PAGE finszualniiesfi 20 mA sinaaiileludausae SYPRO Ruby Thadin

fnsuldsanannaisizinmissasvinnmimesssadsiudiinadu Tagdasnisanei
Aaldlus@udSunm 700 pg Uaz¥innT rehydrate strip W3auny load lUs@uadus IPG strip pH 4-7
YU1Q 13 TY. ﬁqm%{]ﬁ 25 °C 1fluandwdn aniuinnsuenldsawaiudn pl aaldsunsy
F9du 1Wonsnldsaulufiansfigasdrs 12.5% SDS-PAGE a5audsinluuzlu fixative solution
LazEaNa8 colloidal coomasie blue T13AK
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3) mdenzimsuaasaanvasldsfuluieln@uazisfaido V. harveyi
deandanualy scan wazUUANAINGILLAIEI Typhoon 9400 scanner #38LA384
Imagescanner |ll (GE Healthcare) il lddaszilasldlysunsy ImageMaster 2D Platinum
A A A o A A ° i . . & o
\dan spot vaslusaunaula aa spotlUs@unaulasanainiaa waz¥in trypsin digestion M 1l

HIMFIATTAMIUNARA nano-LC-ESI-MS/MS

22 nmsasedaunmsudasaanzaldsaniianlonlzmaila Western blot
1) nsesaaalat1lYsAn
L@]’%ﬂﬂﬂsﬁuﬁ”’mmmaaLsﬁaa\iﬁ@Lﬁa@mﬂiqum@iwm@ﬂizmm 15 A0 WU 3 N§N 9
8z 20 @7 laun faund LLa:r:]“oﬁﬁwmiﬁ@L%aumﬁﬁﬂ V. harveyi (10° cfu) 11781 0 uaz 48 F2lus
analUsAuasdIdtIdn uaziarsunmlysiudie 2D-Quant Kit (GE healthcare)
2) Aenrinsuanseanvasllsiuiaulaalimnaia Western blot
wonlUsAuUSIM 5 pg MNTUNTATIIRBLNNTUEAI88N28I1UTAU hemocyanin Lazlen
Tuseu5anm 15 ug FwsumIasiagaunisuaadaanaadlisiu phosphopyruvate hydratase &91iu
Tdsuiidinsugasaanasit 9 5 duldsdmd3ouifisuun SDS-PAGE 91ntiutih Western blot 1l
avamaunsuaadeanvasllsaumisaslaslduondvaansunizdalysdudingn asasauuny
lusauilduavanlasldinafia chemiluminescence waziaanuiduvasuaulysan durmdins
uaadaanvalUsA@n hemocyanin lasiSouiisuanuiduvasunulysdu hemocyanin Auvaslysin
phosphopyruvate hydratase I@ﬂﬁ’m’ﬁ‘ﬂ@aadﬁg’l 3 ﬂ%&
23 msdAnsmsuaasaanvasiuzaslilsuianlenigmnaila Real time PCR
1) MIA3ENAIDEN
utisfanadnawia 15 nsadu 2 ngw ldun rj&ﬁﬁwmiﬁ@ﬁ’]mﬁa LLazrj\ﬁﬁﬁwmsﬁwﬁa
V. harveyi (10° cfu) anniwfudasnsmasifiadenuaseSuizinnaassfiian 0 6 24 uaz 48 T2lug
waImMIfae lagiudmoiniaa: 3 3 lag¥imineaas 3



2) msansmsusasaaniuszauiuvalilsfuianlaaiimnadia Real time PCR

¥nmsana RNA niswua lagld TRIReagent® (Molecular Research Center) fn3@@Laila
fimilouss DNase | (Promega) Waziin total RNA Y3010 1 pg ﬁiﬁaﬂﬂé’aaﬂﬂar‘j@ 3 srludSunmd
iAn 118319 cDNA 818Lfina (single stranded cDNA) lagldianlas] RevertAid™ H Minus M-MuLV
Reverse Transcriptase (Fermentas) waz'lwsiwa$ oligo (dT) vnmsifinsiwinvesiufiaula fa du
Alpha-2-macroglobulin B 14-3-3 protein epsilon B hemocyanin uazdu ATP synthase beta subunit
TagldlwsiwasAsumeiuintgu 9 (@13197 1) dronafie Real time RT-PCR lu 1X Maxima "
SYBR Green qPCR Master Mix (Fermentas) i:é'ummamaaﬂﬁLﬂ§ﬂuLLﬂaavlﬂmaafjamjumam
WIuBUAUNGNAILAY Relative expression ratio \Ysuifisunutin B-actin fwdrmasaunII

P98

08 Eager = real time PCR efficiency 2a38unyinn1sdnmn
E.s = real time PCR efficiency SRR ,B—actin
E = 10[-1/s|ope]

AcCPtarget = @1 crossing point (CP) °11adﬁuﬁﬁﬂmi?{ﬂmmaarj&mjumuqu - rj@mjm@aaa

ACPref = f1 crossing point (CP) 2848% f-actin 78479N§UAILAN — INFUNARD

LREINLINUNANITULEAI88NTIIA619 9 15w fold change lasUSuufiauiumsugasaaniiam o
Flusnasmsaaita
24  msanswnnvaslstuiianloalgmaiia RNAI
1) M58ILATIZH dsRNA Uazin gene silencing AUNARA RNAI

319 double stranded RNA (dsRNA) fianudiwiznuiuiidasniséinen fa du ATP
synthase beta subunit unzB% GFP lay dsRNA GFP lfdmiunisnaassaiuqu lawld 17
RiboMAX™ Express Large Scale RNA Production Systems (Promega) Lﬁavlﬁ dsRNA U&7 3911
Usinafiimanzauiialdlunisaanisugaseanvosin lagia dsRNA ﬁﬁ’%mmnmn@imﬁ’mﬁngjrj@
NAEPINAYIZINDE 3 NN U 3 Aada 1 NEN MERAINIAA dSRNA U 24 T2 lug AuLEan
20979 wounsana total RNA lagld TRIReagent” wiaunas1s cDNA latld7@ RevertAID™ First
Strand cDNA Synthesis Kit (Fermentas) ¥nsiinsininaasdufianlalagldlnswasisuniziu
fudomafia RT-PCR 13suifisuiuiuidmiusasaanasd
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2) nmAnEATINIMBUAzilAaRLAILSAILTARLIALRaARININAIAINAINTT
11 gene silencing
ﬁwmi‘ﬂ@aaﬂ@mmarjaqm@iwm@ﬂs:mm 3 N3N aaniiln 3 ﬂ@;u laun mj&lﬁgﬂﬁ@
My nae nguNaNAasay dsRNA U89 GFP uazngufignaadls dsRNA 184 ATP synthase beta
subunit mﬂﬁfuﬁuﬁﬂé’@mmimwaafjﬂmwznm 5 5 Llaavinn1INaaadti 3 A3
ANwNaVaIN1T knockdown E ATP synthase beta subunit dan15iUReuwLURIUTN M
Lsﬁaﬁiﬁmﬁa@madr‘j\ﬁqméﬂ I@ﬂﬁwms‘n@aamﬁdrj@mm@ﬂszmm 3 N3N aaniiln 3 nau R ﬂ&ju‘ﬁ
gﬂﬁ@é{w 0.85% NaCl ﬂ&ju‘ﬁgﬂﬁﬂﬁm dsRNA 2ad GFP LLa:ﬂa;uﬁgﬂﬁ@@Tm dsRNA w84 ATP
synthase beta subunit MERIINTAA 0.85% NaCl az dsRNA tTuian 0 waz 12 Talud LivLiaa
o o o ¢ & A o A v o & = a '
qoLLazuummuLmaaLmLaa@I@ﬂimLﬂiaa hemocytometer mﬂl@mamqamiﬂu WU UITERING

ﬂdwaaaaﬂQN
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25  msAnsimsuanseanvasinvaslisfinfianloluaizazan 9 PBIINAIAIAE
iaia RT-PCR
ymafudainsaseznanue 11 ooaz ldur duen wilan Wl wadidiadon au
& domimies nsmwizenwns dewuawmunes afilwled wssilofesiieidaa NN
na1d vu1a 15 niu ana total  RNA lagld TRIreagent” Wiounsa$19 cDNA lavldya
RevertAID™ First Strand cDNA Synthesis Kit Fmstnswnsastuiianls da ATP synthase beta
subunit laglElwsweifiswisiviudisinaiia RT-PCR Wisuifisuiuiuiinsuansaanad
26 nsewnlisanludonadiiinsuasljisenullsdunanladiomaiia  yeast
two-hybrid assay
1) MIA38NAIDEN
ﬁwms‘ﬂ@aaﬂ@mm\ir‘j\ﬁqm@iwmm 15 nyuLu 2 ng laun rj&ﬁﬁnmﬁ@ﬁ%nﬁa IEE,S
fivnmsiaBauuaiiiy V. harveyi (10° cfu) anntiwiudlasnsimasidaidaniiian 6 uaz 48 52lu9
MUREINIAALTD
3) NIETWHBIANALRRINTY yeast two-hybrid screening
@383 total RNA 'inﬂLsﬁaéﬁﬁ@Lﬁamaaifaqm@hﬁam%a V. harveyi ilian 6 uas 48
T2la9 §muMIass library lagld Make Your Own “Mate & Plate™” Library System (Clontech)
aria total RNA lagl? TRIReagent” ¥ total RNA fiaSea'ld 2 g (Hananeiadenguas 1 pg) W1
&34 first strand ¢cDNA Tagld oligo-dT primer anuiua319 dscDNA lagiinsnuiuiugasinadia LD-
PCR ﬁwﬁmﬁmsﬁﬁ"lﬁmﬁﬂﬁu%qw%ﬁ@Umuﬂaé’wﬁ CHROMA SPIN™ TE-400 (Clontech) &319
GAL4 activation domain (AD) fusion library 1ol cDNA Waz linearized pGADT7-Rec vector

luunsuanesudhgisaatad Saccharomyces cerevisiae a1BWUE Y187  AaLianunindwasuuau

5



U181M13UT9 synthetic dropout NUNANIAaziilu leucine (SD/-Leu) uazidpsfigaannil 30 °C uiimn
3-4 7 nnnwdulaladininualy freezing medium (YPDA/25% Glycerol) Waziiidiiunaaaas 1 mi

7 -80°C dwsuldlums screening 68 b
8 maadoalaandadnaauin receptor binding domain 28911561 A2M Tuatnad
pGBKT7 (Bait vector)

Fmsiaswandulusanu receptor binding domain vaslusain A2M gnsumslaauidh
naas pGBKT7 Saiilu bait vector il GAL4 DNA binding domain fil#lunsifiaduasujizensu
GAL4 activation domain @sinaia PCR mnﬁuﬁnmﬂmmﬁw;ﬂnmma§ pGBKT7 azldtininas
PGBKT7-A2M uazunsudWasuidng E. coli XL-1 blue lag35Bidnlninastu denvinisdalaaud
aauduwurifiaansaiylduuemsuds LB AifiendfFus kanamycin silaauinanfuuwiuniio
indwwiaaiananaia mnﬁumnaaumnwgﬂﬁawaawmaﬁ@%ﬂauﬁLmuﬁ lasaTIasa U
saufaealalndifatuduin lelasudnin receptor binding domain vaslusin A2M le uazfldrdu
Luaﬁgﬂﬁad UWNIUIN I pGBKT7-A2M 100 ng L‘iT’l@jLsﬁaﬁﬁa@T Saccharomyces cerevisiae mﬂﬁuf
Y2H Gold a1u58azt8ualu Matchmaker™ Gold Yeast Two-Hybrid System (Clontech)

naInunIRENasIwaalia pGBKT7-A2M 1Tnglad Y2HGold (BD-A2M) usa ilaau
Sadf ldumeassuanuiuiselusdudaadtad  (toxicity) lasSoufisunsadyresdadid
naaas pGBKT7 a8z pGBKT7-A2M UWARITUD synthetic dropout ﬁ‘ll’]@ﬂi@a:mu tryptophan
(SD/-Trp) wnmasnssufisunuiamaussswinaslalafivesaasairaslndid e uuaasin
pGBKT7-A2M #lddnllaaslsifufindairas LAZNARELANNAINIIA IUNINTZGUNIUEAIaEN
Uad reporter gene WUaJ Bait protein (autoactivation) I@ﬂLgﬂdLGﬁaﬁﬁaﬁﬁﬁ pGBKT7-A2M U%a1#%13
SD/-Trp SD/-Trp ﬁﬁ X-alpha-Gal (SDO/X) uwae SD/-Trp ‘ﬁﬁ X-alpha-Gal L8z aureobasidin
A(SDO/X/A) ﬂmﬁqm%{]ﬁ 30 °C {lwas 3-5 5 winihalalafidiuansin pGBKT7-A2M fiaula
ENANINNIZGUNIIURAIDANTAY reporter gene VBIDAE LAGILAILAY Tagannmsnasauiiazaunsash
wasoaans  pGBKT7-A2M lulEdaiRenlus@uiifnsuasd §Asonulsdunauladaldldnn
pGBKT7-A2M VLsJ'LﬂuﬁmiaLsﬁaﬁLLa:vLsJﬂi:@jumiLLamaaﬂmaa reporter gene

5) MINANNWSIBARDAR (yeast mating)

inlalafifigivesaastad S. cerevisiae suWUT Y2H Gold fiflneaad pGBKT7-A2M
(BD-A2M) wuagsluomisivan SD/-trp ﬁmﬁqm%{]ﬁ 30 °C uazlue@28aMNLI 250 rpm TafAn%
udliaNURIUULA 600 nm WinAD 0.8 nasanEMwAuaznawmaslasmsin Ui 1000 x
g 5 wifi nIzawaznaudin SD-Trp Yszunmk 4-5 ml ¥ BD-A2M ldnawufiuwasayadiduiavas
LsﬁaﬁLﬁ@Lﬁa@ﬁqqm@i’]ﬁam‘ﬁaumﬁL’%U V. harveyi 1 ml fUawM13ad 2X YPDA 45 ml %

kanamycin 50 pg/mi 14 flask 1@ 2 L ﬂwﬁqm%gﬁ 30 °C uazipendi 30-50 rpm twiaan 20-24 h
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WINTUTUAZNOW T’ 1000 x g 10 Wifl #19aznausy 0.5X YPDA 50 ml 713 kanamycin
50 pg/ml &a9n3s lUiwAuirasd 1000 x g 10 Wit BnAss udInTzanwaznauely 0.5X YPDA
10 ml 715 kanamycin @aan3singail mate uilUdadanlaauiifiaduaTfioiuszning
receptor binding domain 841U3@1% A2M ﬁuiﬂiau’nﬂ’lﬂf‘j"&qa’]@i’lﬁa@éa V. harveyi
6) @aLaanlaawvasdadiis receptor binding domain 2aslUsfu A2M uazlis@inan
Lszjaﬁtﬁmﬁaﬂﬁaqmﬁﬂﬁamﬁa V. harveyi \inanasljnsainn
manatdanlaauuasdadia receptor binding domain 2a91U38u A2M uazldsdiuan
LsﬁaﬁLﬁ@Lﬁa@rj@qm@ﬁﬁa@L%a V. harveyi \aauaItfnzeni TogrinBadAnIwmMs mating WSS
vnanwsudefianansaazfilu leucine uaz tryptophan 1§l X-alpha-Gal uaz aureobasidin A
(DDO/X/A) 1luan 3-5 41 lapazidanlalafiidsfisunsalaldussdaimvianue e ludadan
%ﬂﬂ%ﬂ’]%’]iLLﬁdﬁﬂ’]@ leucine tryptophan adenine LLa¢ histidine ﬁﬁ X-alpha-Gal Wae aureobasidin A
(QDO/X/A) G393 stringency gﬁu uazfadanlaaufitsnslwirmunaws QDOXA et luiudu
matinauaslfizenealy
7). msBudunaialjdninsvaclusduianlon 8 co-transformation
gNawaNaia pGADT7-Rec vector ﬁﬁﬁumnr‘j@qm@ﬁﬁﬁm%a V. harveyi 3nlaan
positive TilAnduAsLIATSL17U receptor binding domain vasluséiu A2M niwiwanafiafiana'le
LARZ AN UNTUENaSNTINALINAEY pGBKT7-A2M w38 pGBKT7 (control) annuuvnmsaLaen
Taauunamisudziia DDOX wsr QDOXA dhlaladiaasdadfiinanaiiaainlaan positive uaz
nNLAas pGBKT7 fimsuaadaanuadd reporter U% QDO/X/A ¢t ﬁad%ﬂumuﬁwé’umﬂﬁﬂ%mﬁ
vlajgﬂ(ﬁ'a\‘] (false positive)
8) miszypiiazadlsduiiinljdainsiu Azm
iwanafiaffiduuadlysfufiAnl fauwRusTy receptor binding domain va3lulsdu
A2M fifudunaudrlagnsvin co-transformation luwidrduiianalelng uarsiluiSouiiaunu

7udaya GenBank iaszyrfiavasllsduda’ly



M19197 1 IWsLnash Mias a1z lwn139in Realtime RT-PCR

- nswos AN UTU amwgﬁ (°C) /v3a1 (sec)
e
(Sequence (5'-3")) qai1e (nM) | Denaturation | Annealing | Elongation
A2M F
Alpha-2- (CCTCATATCCGGCTTCATCC)
macroglobulin | A2M_R 100 95/10 60 /20 72 /10
(CCGTGAACTCCTCGATGTAG)
14-3-3_EpF
]4—..3—3 protein | (GTATCTTGCCGAGACCGCCACT) 200 95/ 10 63/15 72 /20
epsilon 14-3-3 EpR
(CAATGTCGCTGGCTGCCTTGT)
14-3-3_likeF
14-3-3 like (ATCGCCAAGGCAGAGATGCAG) 95/10 55/20 72/10
: - 200
protein 14-3-3 likeR
(CCAACTCCGCAATAGCGTCGT)
Hemocyanin F (de la Vega uaznatuz, 2007)
. (AAGTGCTCGGAATCTTCGGTAA) 95/10 60/ 15 72/10
Hemocyanin - 200
Hemocyanin R (de la Vega uazatuz, 2007)
(CCTGCCTCGATCTTTGCAA)
ATP_F (A TCA TGGTTACTCT
ATP synthase _F (AGGCTCACGGTGG CTCh 300 95/10 60/20 72/10
beta subunit ATP R
(CCTTGGAGGTGTCATCCTTCAG)
EFl-alpha F
Elongation (GGTGCTGGACAAGCTGAAGGC) 500 95/10 58/20 72/10
factor EF1-alpha R
(CGTTCCGGTGATCATGTTCTTGATG)
Beta F
. (GAACCTCTCGTTGCCGATGGTG) 95/30 60/30 72745
p- actin 200

Beta R
(GAAGCTGTGCTACGTGGCTCTG)

3 NRINWIDY

(Y a ¢ & A [¥ o Aa a [
3.1 ﬂ"lsﬂ%ﬁ"ltﬂs@l%%"lﬂlsﬁaaL&lﬂLaaﬂ?.la\'if;lﬁqa"lﬂ']ﬂ&lﬂ"lillﬂﬂﬂaaﬂlﬂaﬂullﬂaﬂﬁaﬂﬂ"ls

a & a A .
AALDDLLUANLIY V. harveyi

a

[¥ a § & o [% o A & a A .
3.11 ﬂ"lsﬂ%ﬁ"ltﬂs@l%%”lﬂlsﬁaaLNG’]Laaﬂﬂaﬂf;lﬂf;la']ﬂ']ﬂ@lﬂlﬁallﬂﬂﬂl‘iﬂ V. harveyl

Taalfinaita2DGE

ilihs@uudazga (dsduielonants 3 @) Melounaadidaienads 3 ngu fe

MaUnd fediaia V. harveyi fivamn 24 Talus waz 48 Talas luusnlaslfinaiia 2DGE laviinis

wandatnaninue 3 e (Aaidudunuds 9 1) wiaugiu nmadenzinweanui JUuuy

d v s 1 1 Q 1 { L 1 & | Q
°11aﬂﬂiﬁuﬁLwﬂuuwaﬂmm'ﬁaﬂﬂmmazﬂqumamd E‘]_]ﬁ 1 LRAINIWUBILRAAIL DI T AN

NG aznq’&l ﬂﬂﬂﬁ%ﬁﬂﬂﬂi%Lﬂiﬁzﬁ?@?l aﬂﬂsﬁuuuwaLﬁamaﬁ]aaumma@a 2an aﬂﬂsﬁulumaa?




Wiaideansluanzndsdaa V. harveyi a1 24 uaz 48 Talws wWisuifisunudendlasnis
WSsULABUAT %vol 289 spot NATINUIULARZIIA IMNNENTIATIZALRAMElUTWATY ImageMaster
2D Platinum ¥nmsaaiian spot Naulaninua 39 spot uazaalilsin spot LwauaananLaa 11ty
dendaniauladniddu hedslliienzidadiy Mass spectrometry uazindayafle sy
g’mﬁagalu GenBank Was Penaeus monodon EST database lag/ld Mascot program vLﬁ"iTﬂ;ﬂJ&“llﬂd
ldsfiueng 9 dsuaasluannif 2 esndediavestoyalugiudays wazananddslisl Genome
A & o 1 a a R A \
sequence Nanysnithldlimansnszysfiavaslisdn spot vwdald dayavasldsfiuds 9 uaaslu
A a & , ' a do = o . A \ Aa
a79f 2 nmalenesdRamannudingueasldsiuiiandnmld 3 ndu A nguniing
A &L A IR ¢ i A X . Aa A v A
usasaaniinwilaldiue V. harveyi (%vol 3 ratio > 1.5) ngufiin1suaasaananaaiialdiuize
V. harveyi (%vol il ratio < -1.5) uaznguifimauaasaanlifouulaiialdiuige V. harveyi (%vol
X { o ' = d a £
il -1.5 > ratio < 1.5) AnlUsAunaaLRanun 39 spot Wuin 8 spot tulusauniinmsuaasaaniiads
16 spot LiuldsAunifinnsuaasaanaaas uaz 15 spot Lulusduninisuaasaanliifouudasiany
a & i ) = = o A A A & & A [y o A
Aauza V. harveyi atnalsfiawazdulaildsdunaulanuaaseanluaadidafiaavasiinaen Ins
uaadaantfouudasuanadanuilofaia V. harveyi th IANNATDL A8 24 LA 48 TILUIRRINNT
y - - o - _
dama (@13wn 2) lds@undnsusasaaniiniuinniign Aa prophenoloxidase 2 (proPO-2) uaz
lsfuninnsuaasaanaaasanniiga @a alpha-2-macroglobulin (A2M) natidawuinldsiunay spot
A A = & A A A v A A > ' \ @ [ , A | A
Mdenud@nsdulysdusfiiaidednudslamarinnuuadr pl Lana9ns wazdInunlusdunanii
- 2 ' R . '
MIUREBUYRINMIURAIDANNILL LN N TURAIDDNLNNTBULAZAARY LT proPO-2 (spot 1 11 33 LAz
36) serine proteinase-like protein (spot i 4 5 uaz 6) \Hudu nMINaasswuldsdunanssiani
A @ o AY o AaA A A v A 3 [
anuisdasnuszuuniduiuiinusaseaniouudatlulieldiuge v harveyi  ldud
hemocyanin prophenoloxidase (proPO) proPO-2 serine proteinase-like protein heat shock protein
90 whz A2M uszwulds@ununriendanuiieadasnumasssygiomelueoss  leud  14-3-3
protein epsilon L@z calmodulin
3.1.2 NMyindwnazas 2DGE a2835 Western blot
@ = . . a £ \
PMNHANINARDITAUTINUIN 1U36% hemocyanin AnTuaadsaaniAun 6.88 111
¢ & A v Aa & A < [ a & =2 v o A
luisadidaiianvaifsndaiza V. harveyi Maan 48 Talusnasnidada vldviminaassiia
A o A . ¢ & A v A
Budunazad 2DGE laun1saiagaumiuaadaanvadlysdn hemocyanin luimadiiaiianvasrian
A g = o @ A2 .
falTa V. harveyi e 48 Talas wWisuifisunuluséu phosphopyruvate hydratase a1 internal
control lazlginafia Western blot (3Ufl 2A) anmInaasInuil szaumiuaasaanvasllsfud
aTIIRBUMEINATA Western blot WNasaandasnuinaila 2DGE Aa 115A1 hemocyanin 8113

v A

AI J 1 d’ =) o v a AI &/ 1 d’ =) s a dq/
LEAIDANLNNURLIZIN 8 LY L&JE’JL‘YIEI‘UT]‘UTJ‘\‘]‘]_ITW] LATLNNT WU TN 4 YUty unUNINHaLTa
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(B) pH 4 7

1

{ I [ ° a v AN v & . {
3N 1. mauenlds@uanniadiliaieadinadnd (A) uadenlduza V. harveyi faan 24
72109 (B) uaz 48 1lud (C) manaha 2DGE lasld IPG strip pH 4-7 uaz 12.5% SDS-
> { { s o a [ {
PAGE @aavfiuaasuniaaunulisdunauladailyiianzdasansen 2



51l 1. (¢i9)

Efl.lﬁ 2 AIATIRFOUNTUEAIBENVEI LU TR hemocyanin @8tnatta Western blot (A)
1 a a v a v
lagSoufsunumsuaadaanad phosphopyruvate hydratase luq\‘iﬂﬂ@lLLaqu‘i
a & . G2
@aLve Vibrio harveyi a1 0 uaz 48 Talal (B)
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A1519N 2 wamﬁLﬂﬁ:ﬂﬂiﬁummﬁmﬁLﬁ@Lﬁa@fﬁ:ﬂﬁaﬂa}ﬁay LC-nano ESI-MS/MS  LazHaNITIATIZTHANT

{ { { o v A& . v .
LLamaaﬂﬁLﬂﬁwuﬂauﬁaqﬂmuma V. harveyi é281U5un38 ImageMaster 2D Platinum

*
Spot Predicted - Predicted Protein hit g/iz:f/im. of match Accession no. oL
no. MW (Da) pl . 24h  48h
peptides

Up-regulated protein spots
33 78700 6.05 prophenoloxidase 2 [Litopenaeus vannamei] 7172 ABQ45957 U U
30 41822 5.11 actin 2 [Penaeus monodon] 240/7 AACT8682 U U
3 74934 5.27 hemocyanin [Litopenaeus vannamei] 99/4 CAA57880 -1.35  +6.88
16 unknown 292  +4.11
35 40087 6.05 allergen Pen m 2 [ Penaeus monodon] 485/13 AAO15713 +1.85 +4.09
29 40087 6.05 allergen Pen m 2 [ Penaeus monodon] 704/32 AAO15713 +2.33 +3.16
2 17142 6.74 twinstar [Drosophila melanogaster] 150/8 NP 477034 +1.88 +1.20
37 49283 4.92 tubulin alpha chain [Oncorhynchus keta) 94/3 P30436 -1.38  +1.88
4 52810 5.08 serine proteinase-like protein [ Penaeus monodon]  119/5 ABD62888 +1.69 -1.25
32 37134 6.73 transaldolase [Bombyx mori] 110/1 NP 001040544 +1.60 +1.58
Down-regulated protein spots
20 32431 5.04 alpha-2-macroglobulin [Penaeus monodon] 59/1 AAX24130 D D
9 16671 4.04 calmodulin [Patinopecten sp.] 54/3 0711223A D  -13.89
19 29054 4.65 14-3-3 protein epsilon [Danio rerio] 114/5 NP_997770 D +1.12
12 unknown -1.08 -3.75
14 96846 4.73 karyopherin (importin) beta [Nematostella vectensis]109/3 XP_001636221 -8.14 -3.21
8 unknown -3.42  -2.70
36 78700 6.05 prophenoloxidase 2 [Litopenaeus vannamei] 119/3 ABQ45957 -3.49  -2.64
11 78700 6.05 prophenoloxidase 2 [Litopenaeus vannamei] 127/3 ABQ45957 -2.31  -2.87
7 unknown -1.59  -2.73
13 24283 6.52 GTP-binding nuclear protein Ran (GTPase Ran) 104/2 P38542 -1.52 275

(Ras-like protein TC4) [Brugia malayi]
27 unknown -1.35 239
6 52810 5.08 serine proteinase-like protein [ Penaeus monodon] — 84/2 ABD62888 -1.37 242
10 78426 5.83 prophenoloxidase 1 [Penaeus monodon) 973/20 AAMT77689 -1.88 232
31 56040 5.10 ATP synthase subunit beta, mitochondrial precursor 411/7 Q25117 -2.06 -1.17

[Hemicentrotus pulcherrimus]
5 52810 5.08 serine proteinase-like protein [ Penaeus monodon]  119/5 ABD62888 -1.92 -1.48
15 83278 4.89 heat shock protein 90 [Metapenaeus ensis] 484/17 ABR66910 -1.17  -1.59
25 unknown -1.40  -1.62
Constant protein spots
38 28203 5.89 thymosin beta-11 [Penaeus monodon] 419/10 BI018085 +1.41 +0.98
34 46851 4.41 calreticulin [Gallus gallus] 82/3 AAS49610 -1.17  +1.48
28 31358 5.42 cytosolic manganese superoxide dismutase 421/12 AAWS50395 +1.18 -1.50

[Penaeus monodon]
26 40087 6.05 allergen Pen m 2 [ Penaeus monodon] 103/3 AAO15713 +1.03 +1.16
24 47235 6.18 phosphopyruvatehydratase [ Penaeus monodon] 452/9 AAC78141 +1.06 +1.01
17 32574 4.78 hypothetical protein LOC550536 [Danio rerio] 58/3 NP 001017838 +1.24 +1.12
18 32420 4.70 tropomyosin [Locusta migratoria) 305/17 P31816 +1.47 +1.06
1 41841 5.30 beta-actin [Litopenaeus vannamei) 1083/80 AAG16253 +1.46 +1.32
39 unknown +1.12 +1.21
21 unknown -1.07  -1.36
22 unknown +1.21 +1.14
23 unknown -1.24  +1.19

* indicates the decrease in the spot intensity at a given time point after V. harveyi infection compared to that of normal shrimp.
+ indicates the increase in the spot intensity at a given time point after V. harveyi infection compared to that of normal shrimp.
U indicates the up-regulated protein spot detected only in the protein extracts of infected animals.

D indicates the down-regulated protein spot detected only in the protein extracts of normal animals.
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32 msawmlds@uainaizazassninaidiiifaiauuaiiiselaaldinaie 20GE

ﬁné’aazhﬂﬂiﬁumﬂai'mzﬁﬂmﬁawaaﬁdqm@i'}ﬁL@]’%U&IVL@TLL@ia:mj&J Ao r‘j@‘ﬁ"lﬁ%’ummﬁa

Me@aiza V. harveyi fiaan 6 Talug uaz 48 Talus luusnlaslfinafia 2DGE ldnaasyUf 3 Lile

q
v

a & A [ & A Ao a & . = p= [ A
Aienzimiuaaseanvaslsduluaiviziuniesluanieifsdode V. harveyi wWisuifiouiuden
v J A o A A A < < [ a & A A °
lasuiunte wazAalRan spot Nawlafiiian 6 TaLN9 Waz 48 T2 lNINRINTAATaLUATISY $11n
17 spot kaz13 spot Mu&IaU 1 ldIaTzidadie mass spectrometry ﬁwmﬁl,quﬁwal,l,azﬁ'@mju
TdsGuigwmdsinumsansnlusauannisasiiafeat196u (@13199 3 Uaz 4) NuIan 6 33139
A A AA A £ AA ' a & A
§ilus@u 2 spot NN TUEAIENLANTILLAT 13 spot NAMTUFAIBENAART &IUDN 2 spot LHulUsdu
niimuaaseanlifouulaaliofsfae V. harveyi §1niufianan 48 Talus lusdu 2 spot A
a £ AaA a & A AaA \
MILAAIBBNLANIULAL 10 spot NANTUAAIBaNaaad Bn 1 spot uldsduninisuaasaanla

Y Aa

wWasuudasillafadaide V. harveyi andayafilaluanien 3 uaz 4 azinldilusdudiulng
WEAI88N I HATEIZHIWRSY NITURAIEDNAARININIIAT 6 WAz 48 T2lud lasldsauniinng
o - _ - -
ugavnaniinduaniiga Aa ATP synthase beta subunit uazlds@unfinsuaasaananssuinfge
A X A Aa A A A o [ A v o YR
Aa actn 2 wazlds@undnisusaseananasffiannuiioatesnuszuunidunu laun
transglutaminase A2M histone H2B hemocyanin subunit Y wazlusAundanuiieidesnunsas

s mnoluiaas aun calreticulin Waz14-3-3 like protein

13



ﬂﬁLLﬂﬂIﬁJsﬁm’mai’m:ﬁﬂmﬁawaorj&ﬁﬁ@ﬁaﬂﬁ:ﬂmﬁa faan 6 Tlu9 (A) uaz
48 $1lu9 (B) aWEAU uaz rj@ﬁ"léf%'m%a V. harveyi fitaan 6 Talad (C) uas 48
T2 lus (D) awdau rsnaiia 2DGE lawls IPG strip pH 4-7 uaz 12.5% SDS-
PAGE é’aLamuuLﬁlau,amﬁ@ﬁ;@miﬁuﬁaﬂa%ﬂﬁﬁﬂﬂ%me:'v? uazuaad b3l

A9 3 Ay 4
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dl a a g’ { v a
M1 N 3 wam'nmﬁ:ﬂﬂiﬁumﬂmm:mmﬁaaﬁaﬂﬁ]my LC-nano ESI-MS/MS LLﬂZNﬂﬂ’]ﬁ’JLﬂ‘i’]Z‘ﬁ(ﬂ’]ﬁ

{ { { o oo & . A d Y,
LLﬁ@NaaﬂﬁL‘ﬂaUuLLﬂadLﬁaqﬂ@i‘UL”ﬁa V. harveyl ﬁL’Ja’] 6 %QINQ@]QUIﬂiLLﬂiN ImageMaster 2D

Platinum
Spot  Predicted Predicted Fold change
Protein hit Score  Accession no.
no. MW (Da) pl at 6 hpi
Up-regulated protein spots
1 47598 5.06 PREDICTED: similar to Tat-binding protein-1 362 XP_392722 2.98
[Apis mellifera)
6 46181 4.90 ATP synthase beta subunit [Haliotis rufenscens) 427 AAZ30686 5.50
Down-regulated protein spots
2 47212 4.52 calreticulin [Amblyomma brasiliense] 93 AAR29933 -3.46
4 58480 4.70 PREDICTED : similar to heat shock protein 1, 171 XP_392456 -3.13
beta isoform 1 [Apis mellifera]
41822 5.11 actin 2 [Penaeus monodon] 1141 AACT8682 -16.75
7 84660 5.51 transglutaminase [ Penaeus monodon) 207 AAL78166 -3.43
32431 5.04 alpha-2-macroglobulin [Penaeus monodon] 252 AAX24130 -4.55
10 29673 8.24 beta tubulin [Penaeus monodon] 588 ABU49604 -4.00
11 13629 10.52 histone H2B 131 P19374 -3.58
12 50126 4.78 beta tubulin [Bombyx mori] 142 BBA32102 -4.05
13 41513 5.30 actin 339 1101351C -3.72
14 - - unknown - - -3.73
15 - - unknown - - -4.23
16 24355 5.33 triosephosphate isomerase [Archaeopotamobius 178 CAD29196 -8.65
sibiriensis]
17 - - unknown - - -3.65
Constant protein spots
3 57261 4.81 PREDICTED: similar to disulfide isomerase 172 XP_001950073 1.38
[Acyrthosiphon pisum])
8 56321 - beta actin [ Penaeus monodon EST database] 39.87* CT160 3 1.45

* Tis@ungnuSsuifisuiugiudaya EST ludsmandn
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dl a a g’ { v a
A3 9N 4 wamﬂmﬁ:ﬂﬂiﬁumﬂmm:mmﬁadﬁaﬂﬁ]my LC-nano ESI-MS/MS LLﬂZNﬂﬂ’]i’JLﬂi’]z‘ﬁ(ﬂ’]i

{ { { oV oo & . A d g
uwaavaanfiAsuuiandadslduige V. harveyi faan 48 Taluadanlusunsn ImageMaster 2D

Platinum
Spot  Predicted Predicted Fold change
Protein hit Score Accession no.
no. MW (Da) pl at 48 hpi
Up-regulated protein spots
1 - - unknown - - 3.33
11 40313 5.56  Cytoplasmic actin Cy II [Meliocidaris 160 AAB66304 5.11
erythrogramma)
Down-regulated protein spots
2 - - unknown - - -3.98
3 84910 5.61 transglutaminase [ Fenneropenaeus chinensis) 78 ABC33914 -4.62
4 75092 5.38  hemocyanin subunit Y [Marsupenaeus 50 ABR14694 -5.25
Jjaponicus]
5 - - unknown - - -5.79
7 - - unknown - - -3.14
8 27834 4.61 14-3-3 like protein [Penaeus monodon] 366 AAY56092 -3.15
9 41841 5.30  beta-actin [Litopenaeus vannamei) 99 AAG16253 -4.67
10 21914 5.78  cytochrome oxidase subunit I 48 ABG46959 -4.38
12 - - unknown - - -3.78
13 - - unknown - - -3.43
Constant protein spots
6 55706 4.71 PREDICTED : similar to protein disulfide 213 XP_001605359 1.30

isomerase [Nasonia vitripennis]

l:l 1 A

3.3 msﬁnmszé’fvmmamaan‘luizﬁuﬁwuaafﬂsﬁumzqawmmamaanLmnehaﬁ'u
¥ a ¥ da dly .
lunsnfuazneiifaida V. harveyi

lunrIneaaadtlaldinaiia Realtime RT-PCR l4n1393298aUn15uaadaanvaddin

naasnalilisduniaulafinuhfinsusasesniddsuudasldniluisadidafion (3UN 4) uazden

Y A

& A A A & oA = v o & . @« A
ey (UN 5) Warediaiza V. harveyi iNadnsnanadunuizninuaataanluszduduuas
szaulysanvaslusaunaulamavu lsduannoasidaiieanaula laun A2M was 14-3-3 protein
. £ A ¢ & A Y Aa W o Aa & .
epsilon Fefimiuaasaanlwaaaiiaifienasfiund waldwunsuaasaanlufsndase V. harveyi
A < o a & A . A& A A £ \ [ a
e 24 THluanaInIaase wazlus@iu hemocyanin TINMTUFAIDENNNDY 6.88 LYiN HAINTAN
\Ta V. harveyi 1Ian 48 Thluanasnmsaaide uazldsduanaioiziinniesnaula laun A2M uas
. . = ! & o o
14-3-3 like protein TINNTURAIBBNAAAINIIAT 6 UAT 48 TALWINaINITaALTe uazlUsdu ATP

A o A 3 . ¥
synthase beta subunit NANTUFAIBEAANDY 5.5 LYINAILIAN 6 TlUIRRINTAALTE
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35U 4 MIANBINIUEAI88NVBILY alpha-2-macroglobulin (A) B4 14-3-3 protein epsilon (B) W&z
8w hemocyanin (C) lwarasidaiianvainanardNdaiza V. harveyi Naan 0 6 24 uaz 48

la4 lagldinadia Real-time RT-PCR

Wafnwinisusasoanfilfouudaslduasdu A2M  Bu 14-3-3 protein epsilon uazdin
hemocyanin 1uL6ﬁa§Lﬁ@Lﬁa@maqr‘j@qm@i'}ﬁ@mﬁa V. harveyi 1381 0 6 24 uaz 48 Talug wudndu
A2M ﬁmnmmaaﬂiurj@ﬁaméa V. harveyi o 6-48 Taluadnnnfiiaan 0 walug (gﬂﬁ 4A) M3
W§RI0aNUaIdn 14-3-3 protein epsilon LANIRALIAT 24 T2 lusnaInsaaLie (gﬂﬁ 4B) uazdn
hemocyanin §MsugadoenanasnIan 6 Taluanasnisdaiie uazdmsuaaseaniinduiiam 48
%Laiumé'amia@L%amag'ﬁi:é'mamﬁuﬁnm 0 alus (Eﬁﬁ 4C)

lavnsAnsmIuansoanuasiin A2M Hu 14-3-3like uazBu ATP synthase beta subunit
sl,uai'm:ﬁﬂmﬁawaorj&qméﬁﬁnm 06 24 Uaz 48 T lUINaINITAALTE WUITZRUNNSUAAIBEN
Yo A2M L‘ﬁ&l%uaﬂﬂdﬁﬁﬂﬁﬁﬁ@%ﬁd%’]ﬂ@@L%ﬂ V. harveyi 7 6 32 lusainy (gﬂﬁ 5A) LaZI=AU
MIuEAsaanUaIfn 14-3-3 like protein HUSINMaAsIMenaINsaaTasud 6 Talusdinduly (3U
7 5B) uazIz@UNIUEAI80NVRIEN ATP synthase beta subunit HUSuomANTwENEe0ENIT

wdAyn 6 TilumaIndaiza (3U 5C)
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sUN 5 MIAN®INIIURAI88N2BIBY alpha-2-macroglobulin (A), B114-3-3 like protein
(B) wnzlu ATP synthase beta subunit (C) luaibiziiniatvaifinandinaaize

V. harveyi fiasn 0 6 24 uaz 48 $1lug lagldinaiia Realtime RT-PCR

3.4 msﬁnmﬁmﬂmsmﬂu,azmsl,ﬂ§ﬂuLLﬂaaﬂ%uﬁmLsﬁa§L§ﬂLﬁamaaﬁ'\aqmﬁmﬁa
113111 gene silencing 20981 ATP synthase beta subunit
\fla991nTUsiu ATP synthase beta subunit insugasasniinduasnsunnluaioas
ﬁﬂmﬁawaaﬁaqm@hﬁa@ﬁa V. harveyi suudamainilulusduiiadydenminauauatdenisaa
L%aluﬁaqmﬁﬂ Tunsnaassiilarinnis knockdown B ATP synthase beta subunit lagldinadia
RNA interference tiafinsaauddnyuaslisfiu ATP synthase beta subunit ludsiidaiso V.

v

harveyi 1NNMNTNARDIAA dsRNA 28384 ATP synthase beta subunit USunnk 10 pg/inwsnanii (g)

=

1ﬁrj&qm@i’mu’mﬂnmm 3 3y WU lwmILeaseanTa B wAINa1IaNAI N 86.86% 431N BA

U
[
Yy Aa A

waziiladuBIN1IuEAI0anVaITU ATP synthase beta subunit \keiatnadualaglalavinlddsdaze
V. harveyi wuinralldasmianagatia 73.33% alfFouiisuiunguaiugy (3Uh 6B)

ANNTBIUVad Lin wazame 1ul 2009 lana1ifiiniinNaes ATP synthase beta subunit

PRI receptor U84y astakine1 WazWU ATP synthase beta subunit lduufiioad hematopoietic Va4

. A . A a A Y o | ¢ & A A a £ . '

crayfish Wazifa991n astakinet &llanuinpitasiunsdanddesiadidaifanniniatulnisang

sruuiaauuuiilaly crayfish 3901091 ATP  synthase beta subunit 119sdinudIALGE
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g o & Ao AR v o a ¢ & A . .
ATTUIUMTH a9t IudpfdlavinniInasssmyUsunasasiiaifea (circulating hemocyte)
ludsngndussmsuaasaanvadiu ATP synthase beta subunit \NafinmiauieItaInung

A a ¢ & A A . A o oA a
wWasuudaslSanasadidaifealuszumdaa 1nmInaasswudt adelinsuaaseanvesin
ATP synthase beta subunit a9a8ulduNaN13INN1I8A dsRNA % dSunaaadiiaiianvains
saadlszanm 3 i WanSeuisunungualugu (U1 6C)

A) GFP  ATP synthase beta
dsRNA __ subunit dsRNA

EEEEEEEEE TP synthase beta subunit
= i

B) 100
o 9%
X
= 70 | | 1
= ] _— l
£ 60 3
5 A
g 50 / ~-NaCl
£ 40 4 GFP
L; 30 / ATP synthase beta subunit
g 201/ | | I I
O 10 /0—9’/ | I I
0
0 1 2 3 4 5
Days after dsRNA injection
C) =

\ M NaCl
& GFP dsRNA
W ATP synthase beta

subunit dSRNA
%
2 m
0

0h 12h

Total hemocyte number
(10° cells/ml)
)

Hours after injection

311 6 msfussnsusadeanuasiiu ATP synthase beta subunit laglfinaiia RNA
interference (A) WaUaJd dsRNA Yol ATP synthase beta subunit Y3810 10
ug/ﬁ'mﬁfﬂé'afja (9) lwm3sudsmsuaaseanvesiin ATP synthase beta subunit
LfiaLﬂ’%fmmﬁmuﬁ‘unq;umuquﬁﬁ@@hsl dsRNA 2848% GFP (B) NMWLRAIEAT
msmﬂa:amadr‘j\ﬁqméﬁﬁvlﬁ%'u dsRNA 2838w ATP synthase beta subunit 1T
52021981 5 T (C) WANIHUUSI LT RLaLEaaNInARaINNSTUSINTT
usadaanvadtu ATP synthase beta subunit Lﬁmuﬁ'umjumuquﬁnm 0 uaz 12
T2 lnAINM IR0 dsRNA
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35 nRnsInsuansaanvasiin ATP synthase beta subunit lwa3p2z619 9 28919
NaAn
Anwansuaasaanvasiin ATP synthase beta subunit luiilaifiadng q vaIfad I 1
sfia loun devuawnuuaa taflnlad Auen wian wila oadilaiRen LEWIlNUNULATE
& dausiundes nImzems wesiialfesioiden wuin Bu ATP synthase beta subunit
sanInuEadIaan lalunaieiz uwinumuaasaaninludenuauinumes nien Hala iwadida
\B8a WASNIZLNIZENNT (gﬂﬁ 7)

3UN 7 nIusataanvasbu ATP synthase beta subunit lwaTbzend 9 vaafanandl laun dow
WaULNUUEA (antennal gland) LR LW lad (epipodite) Mua (eye stalk) twdan (gill) #ala

(heart) \rasLlaLRaa (hemocyte) LI LNUNULATE (hepatopancreas) R (intestine)

¥ 1
=~

GauILnaeg  (lymphoid organ) NIZLWIZEIWIT  (stomach) wazihallagindifea

(hematopoietic tissue)

36  nawnldsfululenaidifiiaauasujiseanulisGuianleniamaia  yeast
two-hybrid assay
U U { 1 & I [ = = g; a
nnuanInaaastwduinu il A2m - sadulisdulunguaidusadiulystuad
nIneuauatdan1Idalma V. harveyi  fnnsusaseenluimaaiiiaifonvesfoUnd  udliwunis
usasaanlufsndato V. harveyi iaan 24 Tilaanainisiiaida uaznisuaaseaniuszaubulumad
= A o o Ada & oA < [ a & o ! o Aa A& A
Wialdeavastinmdndate V. harveyi i 6 - 48 Tlusndamidadadinitluisniared
A 0 Tilwwaindame  uazludetudslifinsfnmansuzaudfvaslsduiinineidony

a

S2uuni uﬁ'ulur‘j@qm@i'] NwIanIIruladanuldsdn A2M  Twidean I@mzﬁumiﬂsﬁmaﬁa

U

e

aonaviizennulus@uilasldinafia yeast two-hybrid assay

b -

o =)
naenTL
mnmadenzimauiindlalnduesdu A2v Afnonuudlufmaid (Lin uazam,

2007) wuiBin A2M va9rfanandnd ORF aw1a 4494 bp uazAaidulds@unlsauninazilu 1148
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W18 ez mature protein Huw1ailszanm 167.7 kDa ﬂi:ﬂauﬁwmuﬁé’]ﬁty 3 ®§uA8a 1) bait region
2) thiol ester domain War 3) receptor-binding domain sl,umimaadf?lﬁﬁaﬂﬁﬂmmu receptor
binding domain Lilasaniasfisne91win receptor binding domain waslisein A2M ugaufisunuly
suafilisdn A2M aangnisudsld S9danaan receptor binding domain 281581 A2M anais
bait vector LalFlums screen %ﬂﬂiﬁumﬂma&iﬁ@Lﬁa@rj\ﬁqméﬂﬁmmmLﬁ@é'umﬂﬁﬁ%mﬁu
Tus6n A2M I¢ 9ann1snasas wu bait vector AREuaS receptor binding domain 2as1Udu A2M
(PGBKT7-A2M) haiiluiuaaimastasuazduwludiuued receptor binding domain wadluséin A2m 'la

ﬂi:@i’%lﬁlﬁ@ autoactivation (Ellﬁ 8) 398 1l lunns screen dalylle

5UN 8  nInasaumILfia autoactivation ua toxicity V89 pGBKT7-A2M luiarasoas

S. cerevisiae &1 Uﬁ%‘ﬁj Y2H Gold

A o aa Y

WoldBadnd bait vector pGBKT7-A2M ud1 391N mate riudesayadadndinainds
NaNdNAALTa V. harveyi Waz¥iNNT screen U%aM1IUES DDO/X/A Uaz QDO/X/A MuEGY L[Nan
AA ~ A A &€& Ay
laawninsuaniaanaad reporter gene T9azldlalafivasBadidudin  nmInasaswulaay
positive 13%ua 6 Laat ldur SB1 — SB4 uazlaau PB1 - PB2 (U7 9) ¥nniBudunaminasas
laan137in co-transformation lagthudazlaauinanausnwaialia pGADT7-Rec NilEuvasifinaen
nniasanadad uduihluunsudwesudngiad S. cerevisiae a1uWuE Y2H Gold 398 pGBKT7-
A2M %38 pGBKT7 Liafiudumaiiasuastjisenssninelysdunsaas laaunldnauinads e

laaufiinanms co-transform 3xi19 pGBKT7 Aunaafia pGADT7-Rec NBuBaIfInad waz
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lisasalaldunennis DDOX wsz QDOX/A  uszlaaufitianannis co-transform 3zwing
pGBKT7-A2M nuwWanala pGADT7-Rec ﬁﬁﬁumaar‘j@qm@% s lalauaziilaladidudinun
871%13 DDO/X 1az QDO/X/A MNANINARBIWLIN Iﬂauﬁﬁﬁua'}ﬂrjﬂqm@hﬁa@ﬁa V. harveyi §9ifia
Suasufisennu Azm lda3ed 4 Taaw iy fe SB1 SB2 SB3 ua: SB4 (Eﬁﬁ 10) INTUE9
mnaauéﬁuﬁaﬂﬁia%ﬁwmaﬁ@maaﬁumnﬁaqm@‘hﬁa@ﬁa V. harveyi 3nlaau SB1 - SB4
WU wmaﬁ@ﬁﬁﬁmaar‘j@qm@hﬁ"lﬁmﬂiﬂau SB1 - SB4 féduiuafimiantn e Wusuvesdn
transglutaminase typell N14GULUANY C VU 192 bp INNHANINARIT AU LANTILIN receptor
binding domain va4lusdu A2M snansaiiaawaslfisennulys@n transglutaminase typell NG5
Uae ¢ 'l¢ atslsfiadsnsdasrinmanasesiiadudunammanssitdaoimnaiiadug i in vitro pull

down assay ANATINI

‘q' [ A a {nl' Aa = aana e 1 . . .
Eﬂ“{l 9 ﬂ?iﬂ@]LaﬂﬂIﬂa%"Uﬂ\‘]Eliﬁ(ﬂ“(lm(ﬂﬂ%(ﬂiﬂ{]ﬂiﬂ?ﬂ%iz‘ﬁ’)’]\‘] receptor binding domain Va3

v

1156% alpha-2-macroglobulin nulysauniduanisnardfndaia V. harveyi i

9 9

INAKA yeast two-hybrid screening

31110 Wan13¥i co-transformation LiNaBUEUNANITNARBIINNNNIYN yeast two-hybrid

screening
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unIak
¢ & A [ 4 A v = A A da v Ao A Y @ o
LsﬁaaL@J@Laa@u,a:mm:mmaaﬁmLﬂumaleawwmﬂmmﬁmwugwqmmaoqd Tag
= A Ao a & o & g & W & A
mmﬂmmmamaamlaﬂﬂwuluamazwqmmL%aﬂakﬂiumm:maam andudayanugiun
o @ i = Aa v o [ ] Aa o n}' =i a 6
mmy@lamsﬂﬂuﬁzuuguqmummqwavl,ﬁ Tusuddsiawlafneniusadaanvasllsawlaag
& A o & A @ o da & A A Y A a A
WalRaauazeiszimassradfinadndalrauuaiiisy V. harveyi asinadia 2DGE wulils@un
aulafuaataanluiradidaiieandnua 39 spot uazNuaadaanluaisiziiniadninua 30 spot
arin ldAiasevinuin mmm’%’@mjmaﬂﬂiﬁuaamﬂu 3 nau ANNITALNINAURWAIG LT
A A i Y . Aa A £ . Aa oA
wuafisy V. harveyi leun NFUNINTUEAILANIANIU NRUNTNMIUEAIBENAANI UAZNFUNINNT
uR@IaaN bt AawLag Lﬁaﬁ,ﬂﬂiauﬁauIa"Lﬂ%Lﬂﬁ:ﬁtﬁas:qmﬁ@maﬂﬂsﬁuimﬁﬁa;&aﬁ"[ﬁmn
mass spectrometry vl,ﬂﬁuﬁu‘lugmﬁa;ga GenBank Waz P. monodon EST database Wuin lus@n
a 1 a [ & a‘i/dl o o =K% a o A 6
mo“ﬁuavl,uamﬁmnqmu@"l,@ mumaamnhﬂaquum"lumagaa‘[umaaqmaugsm
Tuswdaesh  wulds@uwranuaiandnoasiialiaalazalsziiniad  In1ILaadaan
) a & A A - , A A A
aauswadaanmIaalTauuaiiGe V. harveyi 1uiingainadn lusdudwlnaiimiuaasaanaaaiiia

'
Y Aa v A

& A A i = ¢ & A A A A o [ A v ~
NNGAALTALLUANLIY V. harveyi I@ﬂIﬂs@lusluLsﬁaaLN@Laﬂ@ﬂﬂqﬂqquﬂqquLﬂE]']"llﬂ\‘]ﬂllifﬂﬂﬂ&lﬂ&lﬂ%ﬂ&l

o

A &L & . . . . A Aa
NILRAIBANLNUYY B hemocyanin proPO-2 LR serine protease-like protein TdsGunianu

]
v o A

Neadasnuszuuniduiuiinisuaadasnaaas fia A2M  proPO uaz proPO-2  lisdunaaingl
ANuNgITasnuMIsIFY I M eluaaninugadaananas fa 14-3-3 protein epsilon Lz

. gy ' a A o a € < a A A @ A @
calmodulin  uanaMBaInuIlUsduras spot AvhandiensAiiuldsduriadoinuualiinn
I&ILaqaLLa:ﬁ’] pl 61904 l@uA proPO-2 arginine kinase Waz serine protease-like protein N4iana
FANVUANENAINEIILAAIIN posttranslation ~modification ‘j_luimaqa"llaﬂﬂiauffue] INNII
a & A [ & A ! A A & 4
Aanzimiuaaseanvasldsduluaisizinwies wodn  lisduswlnaimiuaaioananainn
A 6 uaz 48 Tlwanainidade lasldsdundenuisidosiuszuugiiduiuniimuaasaan
AARI bAwA transglutaminase A2M histone H2B L8 hemocyanin subunit Y lisdunaainfiany
WNedasnumIsssupamaluaasninsusasaanaasy Ao 14-3-3 like Waz calreticulin lag

- " _
lUsuninsuaadaantinduunn Aa ATP synthase beta subunit

= @ a ¢ & A A A A &

PNANAMINARBIABLAIN  lUsAuanasilaiaainuininsuaadseaniUfoundasnn
sulngiulyds@uiinentasnuszuy phenoloxidase 'lan proPO W&z proPO-2 uaadliiAwitly
321U phenoloxidase anuddndanisdaduiioradwludinad duguiiasinenuiaunrid
11 nafugInIuaadaanuadbu proPO uaz proPO-2 nasasrfialnarinlimdaii V. harveyi &
N y
$182% (Amparyup uazAE, 2009) MIANHINTIUAAIBENTBIDU proPO-1 waz proPO-2 Tuifiz P.

i ' a & A, @ a & . , , o

vannamei WU IANIUEAIDONLANIBNTIIAUVDINTAALTE  Vibrio alginolyticus  LLRZIZOUNIT

URAIDDNVAIEUANRIAIWALIAT 24  TALNIRAIN1IAALTE ﬁs:é’ummamaanim#ﬁﬁmﬁ'urj&miu
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ALAN (Yeh uazamuz, 2009) wazanuidpiwudn 1sdu proPO uaz proPO-2 luimadidaiian
PRI INANENINMILEAIBaNAANINAIINGATD V. harveyi NiIan 24 uaz 48 TAluanH 3997190817
laninnsuaasaanluszauduuazszavlusduwad proPO anusanndadnis
A A a o AA A £ o o a & . &
Wolinnzildsiulunguninisuaasasniinluganunmenainisdase V. harveyi lwaad
aLiaa @8 arginine kinase (AK) uazluadsizsinmwias fa ATP synthase beta subunit 3z1%n Le3n
ldseunsaasrfiainduian lmdndranlunszuiwnmssiemzdwasnuluiaas aanmsAneInawnin
HlunsznzanIze9fen P. vannamei Niaizalass Wssv wut luséiu AK fimsuaaseanasi
. a £
ez ATP synthase beta subunit INIuaaIanNNINNUL (Wang wazatwy, 2007) LLRZIINIILINH
_ . o N
284 Rattanarojpong Uazamue (2007) wud lisdiu AK Innsusaseaniinduluwianvesfsan P,
L da & [ A a £ A Aa o @ [ &
vannamei Naaial13a YHV miusavaaniiiudusaslisdunlanudandanssuinmasiamey
WRINULULTA A AT IR LA UINTAR N AN NFDININAINUBE NN I NI URUBIABNTAALTE
MIANBNTZAUNIUEAI88N28IlUTAY hemocyanin d1einAlia Western blot tNadweuHa
M o a = ' a .
MINAaeIN laaninafia 2DGE TINNNNTNARBINLIN JTAUMIUEAIBaNVa9lLTAY hemocyanin
¢ & A AV o A < A Y o A A [ ¢ & A
lurasilalfean ldnnmafianigasianusanasadnu  fAa  RIzaumIuaadaanluoasilaiien
A £ [ Aa ¥ LA o [ a S ¥ @ {
\ANAURAINIIAALTE V. harveyi am 48 Talwinainisfiaiza wananfandayaluasnen 2 uaz
3U7 1 FliAwiwannaasdf ldanninaiia 2DGE Janusinzaie
lunuddphldnaianldsfuiniinsuaaseannauauedidamsdailia V. harveyi a8ndTalam
& ¢ & A o by A o =< o A A = A
nilurasiialfaatazadsizimaasnninmidanemsugaseanluszauin  WalSouifisums
A o A A = o o A )
wasnudasluszaudunazlysdn  nuamInesasaziiulainnuaadaanluszauduuazluszau
ldsfunasldsfunifanundnsndiulng lizaaasani FliiAuimInIuguILEAIaanas
A A \ a & \ [ o A [ A ~ AV o Y ) A
lUsGunnevauasdamsdaanandrsnulussauiuuarszaulysdn Tinan lagaaaaasnuuniiag
foaudaunthitluds (Rattanarojpong wazamz, 2007; Wang uazamus, 2007)
NANAMIAUINLUSAURRNSLaaIBENABLRUEIRENIAALTE V. harveyi 11964 lanaiian
lis@unaula 2 ofia fa ATP synthase beta subunit Laz A2M avimMsAnEeNudIAyvadll@n
nissdaszuuniduiuzasimaid  lavldinafia  RNAI luns@nwmihfvesldsiun - ATP
synthase beta subunit uazlZinafia yeast two hybrid screening lunisdumlusduauganfinaen
MAnauasljizennulus@n A2m e
A . o v A « . A A o A A o
TUsGu ATP synthase beta subunit ¥i1niNNLI4 receptor U4 astakine TINWUNLINLIVD
= 1 { a ; ] 1 A .
nunslaeddesimasidafiannnfaulndeangszuieauuuilalu crayfish (Lin wazamz, 2009)
#anNINALINUIN ATP synthase beta subunit ®W1IRILAL WSSV ladnals (Liang wasamue,
2010) NAMSANHIANNLNLITI2891U5GU ATP synthase beta subunit lN1IRBLEKEIABNTITAA
‘T8 V. harveyi laglfinafia RNAi wuih Wliafia dsRNA 2898w ATP synthase beta subunit TR
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1 v
= o o

N W dannmIansvesiingndudiniuaataanuediu ATP synthase beta subunit §4719
73.33% gﬂ‘ﬁ\‘]L‘ﬁﬂ&iﬁ@L§a@slufj’\‘]ﬁgﬂET‘UEi‘]ﬂﬂiLLa@\‘iaaﬂflﬂ%&ﬂmaﬂadﬂﬂﬂdﬁﬁﬂﬁ%’]ﬁiﬂvﬁ’sﬂ o
Wisuiipuiunguaiuay uaasliiiuin 1@ ATP synthase beta subunit fRamuddnydans
GHERRERALE Fawonanwifiifgadasnunszuineanssnluemasuas ssnan Tsiu ATP
synthase beta subunit 1HulUsAuAivniifisdylunszuiunseiasadifiadendadwaadn
faluszuupliduiuvasisdnds

Tuséiu oM iluddudslusduaiaanluifiFianaosiia ﬁmﬁﬂﬁmuqmmiﬁwmmaa
55UV prophenoloxidase (Cerenius Waz Séderhall, 2004) wananniigsrinulagmitusnazmia
lis@uuavaswinladanedas (Armstrong, 2006) uazlds@in A2M zasfanandiaunsndunvlysdu
Pm-synthenin G’fidﬁmmamaaﬂmaaﬁmﬁu%mﬁarjﬁm%a”h%’a WSSV (Tonganunt Wazamke, 2005)
MnuamINaaasteswwuInlUsEu A2M Jmsuaaseanananslwaasiiadoauazaiiztinmans
madrj‘”dﬁam%a V. harveyi Tuanwdspitssauladinsnunuinaaslusan A2M lumsasusussdansaa
L%@Lmﬂﬁﬁwaqr‘j@qm@% I(ﬂUﬁﬁﬂﬁiﬁ%%ﬁiﬂiauluﬁdqmﬁ’]ﬁa@L%ﬂLLUﬂﬁL%U V. harveyi @i
ﬂﬁﬁwﬁuﬁﬁﬁu receptor binding domain 283lU381 A2M lasltinaiia yeast two-hybrid screening
$99NMINARBINL receptor binding domain vaslusdn A2M sansniRadfFunuslarulysdu
transglutaminase type Il &uUans C-terminus mﬂmsﬁﬂmﬁau%ﬁﬂfﬁuﬁaqm@h lutl 2005 lag
Chen uazAmue 32171 transglutaminase type Il duldsduinnldlwaadiiafoaddninfiadnlu
matsaUHisemaiiia polymerization wad clottalble protein lunszuaumsudv@rvadifan Gan
ﬂavl,ﬂ%ﬁaﬁﬁwﬁ'ﬁglmzuugﬁﬁuﬁumaaﬁﬂ@ﬂﬁuwmwﬁwa@msgtyLﬁmﬁa(ﬂ Traanavunszilainunig
LLwiﬂs:ﬁnwaaL%aﬁ;a%wﬁgmmﬁﬂﬁ PNNAMINAaaIdsiliaalainlusdn A2M  1hazvinen
swwnulyséu transglutaminase type |I 1uﬂi:uauﬂﬂiLLiaé’amaaLﬁa@Lﬁaﬁaﬂﬁﬁ'@L%aﬁ;a%wﬁagiu
wuvulwadswdonavesds lasazyins@nsnisuaaseanveslisdiu A2M luszniamiashs clot

naannIgnnIzguimnauuafisuiieRgaidaduinguainandaly
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Abstract

the transcription level using real-time RT-PCR.

Background: Viral and bacterial diseases can cause mass mortalities in commercial shrimp aquaculture. In contrast
to studies on the antiviral response, the responses of shrimps to bacterial infections by high throughput
techniques have been reported only at the transcriptional level and not at the translational level. In this study, a
proteomic analysis of shrimp hemocytes to identify differentially expressed proteins in response to a luminous
bacterium Vibrio harveyi was evaluated for its feasibility and is reported for the first time.

Results: The two-dimensional gel electrophoresis (2-DE) patterns of the hemocyte proteins from the unchallenged
and V. harveyi challenged shrimp, Penaeus monodon, at 24 and 48 h post infection were compared. From this, 27
differentially expressed protein spots, and a further 12 weakly to non-differentially regulated control spots, were
selected for further analyses by the LC-ESI-MS/MS. The 21 differentially expressed proteins that could be identified
by homologous annotation were comprised of proteins that are directly involved in the host defense responses,
such as hemocyanin, prophenoloxidase, serine proteinase-like protein, heat shock protein 90 and alpha-2-
macroglobulin, and those involved in signal transduction, such as the14-3-3 protein epsilon and calmodulin.
Western blot analysis confirmed the up-regulation of hemocyanin expression upon bacterial infection. The
expression of the selected proteins which were the representatives of the down-regulated proteins (the 14-3-3
protein epsilon and alpha-2-macroglobulin) and of the up-regulated proteins (hemocyanin) was further assessed at

Conclusions: This work suggests the usefulness of a proteomic approach to the study of shrimp immunity and
revealed hemocyte proteins whose expression were up regulated upon V. harveyi infection such as hemocyanin,
arginine kinase and down regulated such as alpha-2-macroglobulin, calmodulin and 14-3-3 protein epsilon. The
information is useful for understanding the immune system of shrimp against pathogenic bacteria.

Background

Shrimps are one of the most economically important
species in aquaculture due to their high world-wide
demand. With a gradually increasing experience and
effort in the development of production technologies,
they have become important export products for many
countries along the Indo-Pacific coast. The domestic
consumption of shrimp has also increased accordingly.
Together, these have resulted in a rapid increase in the
global shrimp production via aquaculture. Unavoidably,
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the rise of large scale high density shrimp aquaculture
industries has led to several problems in the manage-
ment of shrimp diseases including pathogens.

The major current viral diseases are white spot
syndrome and yellow head diseases, which are caused by
white spot syndrome virus (WSSV) and yellow head virus
(YHV), respectively [1]. In addition, vibriosis is the major
bacterial disease caused by bacteria in the genus Vibrio
[2]. The outbreaks of these diseases have led to the near
or total collapse of the shrimp farming industry through-
out the world. Although viral infections typically have
more deleterious effects on shrimp farm stocks, vibriosis
can also cause mass mortalities of farmed shrimps [3]. In
the black tiger shrimp, Penaeus monodon, vibriosis

© 2010 Somboonwiwat et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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caused by Vibrio harveyi, a luminous bacterium, usually
affects the animal at larval stages. It is considered as an
opportunistic pathogen for juvenile and adult shrimps
under environmental stress [2,3]. Moreover, the com-
bined infection of pathogenic Vibrio spp. and viruses
causes a higher and faster mortality rate than viral or
bacterial infection alone [4]. Therefore, the elucidation of
the shrimp immune responses to vibriosis is of great
interest for the prevention and control of infectious dis-
eases in shrimp aquaculture.

Thus far, the response of shrimps upon Vibrio infec-
tion has been reported only at the transcriptional level
[5-7]. Indeed, several groups of V. harveyi-responsive
genes in shrimps have been identified. They are genes
coding for proteins that are involved in diverse cellular
functions, for instance, the immune related proteins,
metabolic enzymes, structural proteins, proteins
involved in signaling and communication, and in apop-
tosis [6]. Of these, the immune genes are of prime inter-
est. Nevertheless, more information is still needed to
gain insight into the defense mechanisms of shrimps
against bacterial invasion.

The shrimp hemocytes are the main site where
immune defense components are released and the
defenses against microbes take place. Besides the secre-
tion of antimicrobial peptides that are considered as the
first line of defense against pathogen infections, the
other important shrimp defense systems include
enzymes and proteins in the prophenoloxidase (proPO)
activation and blood coagulation systems. To study in
greater depth the immune and related components in
the defense system of shrimps, many approaches have
been applied. Genomic approaches, such as simple gene
cloning, high throughput expressed sequence tag analy-
sis, suppression subtractive hybridization, and others,
are important tools for the identification of candidate
genes involved in shrimp immunity [8-14]. Nevertheless,
the full-genome sequence data of shrimps is seemingly
necessary for a more complete search of immune-related
proteins.

Recently, a few reports have indicated that proteomic
based techniques are a useful alternative method of
choice in the identification of shrimp immune-related
proteins [11,15-17]. In these studies, differentially
expressed proteins from shrimp tissues under hypoxia
stress and various pathogenic conditions were examined
and compared to those found in shrimps under normal
states. Typically, the pathogenicity of viral infections has
been the main focus of such studies. For example, the
expression profile of proteins from the stomach of
WSSV-infected Litopenaeus vannamei was determined
using 2D-gel electrophoresis (2-DE) and mass spectro-
metry [16]. Wu et al. [18] used two proteomic
approaches, a shotgun 2D-LC-MS/MS and a cleavable
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isotope-coded affinity tag, to study the differentially
expressed cellular proteins from WSSV-infected shrimp
epithelium. A 2D-LC-MS/MS approach has also been
applied to explore the response of shrimps to WSSV
infection in gill tissues [11].

Here, a proteomic analysis of shrimp hemocytes to
elucidate the shrimp immune responses at the transla-
tional level upon bacterial challenge is reported for the
first time. The hemocyte proteins of P. monodon whose
expression changed upon V. harveyi infection were
indentified in order to explore the shrimp immune
responses against bacterial infection. Then the expres-
sion patterns during the course of V. harveyi infection
of some differentially expressed proteins were further
assessed by western analysis and real-time RT-PCR. The
results provide important information on shrimp
immune responses against bacterial infection.

Results

Identification of differentially expressed proteins in
hemocytes of Vibrio harveyi infected shrimp

A proteomic approach was used in this study to reveal
the protein expression in shrimp hemocytes in response
to V. harveyi infection. The total proteins extracted
from the hemocytes of unchallenged and V. harveyi-
challenged shrimps were separated using 2-DE. In preli-
minarily work, the appropriate pH range for the first
dimension isoelectric focussing (IEF) based separation of
the hemocyte proteins was determined using a 13-cm
IPG strip of pH 3 - 10. Since most of the protein spots
were present in the pH range of 4 - 7 (data not shown),
subsequent 2-DE resolutions utilised 13 cm IPG strips
of pH 4 - 7 for better separation and resolution. The
amount of protein and staining procedure used in the
experiment were also empirically optimised. It was
found that 200 and 700 pg protein samples were
required for the optimal SYPRO Ruby and colloidal
Coomassie Blue G-250 staining, respectively. Conse-
quently, we separated 200 pg protein samples and
stained the gels with SYPRO Ruby.

Under the appropriately set conditions, 200 ug of
hemocyte protein samples, each from three individuals
of unchallenged or V. harveyi-challenged shrimps at 24
or 48 h, were separated through 2-DE. Three gel repli-
cates, representing nine individual shrimps, were ana-
lyzed at each time point. The gel images were compared
and analyzed. The patterns of protein expression in
unchallenged and V. harveyi-challenged shrimp hemo-
cytes appeared largely similar but some clear differences
in protein expression levels of certain protein spots were
evident (Figure 1). These were grouped, in terms of
their expression level relative to that in the control
shrimps as significantly up-regulated, significantly down-
regulated and ‘constant’ protein spots, as outlined in the
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Figure 1 Representative 2-DE resolution of the protein spots of
Penaeus monodon hemocytes with or without Vibrio harveyi
challenge at 24 and 48 hpi. The hemocyte protein expression
profile of (A) unchallenged shrimps was compared to that of V.
harveyi-challenged shrimps at (B) 24 hpi and (C) 48 hpi. The 27
differentially expressed protein spots and a further 12 control spots
selected are circled and numbered (see Table 1).

methods. Thirty-nine protein spots were excised for
further analysis by the nano-LC-ESI-MS/MS (Figure 1).
Of these, 10 spots were up-regulated, 17 were down-
regulated and 12 ranged from weakly up-regulated or
down-regulated (10) to no detectable difference (2) and
were selected as the control constantly expressed pro-
tein spots (Figure 1). Nevertheless, 10 of these protein
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spots were unable to be identified to annotated proteins,
leaving just nine, twelve and eight annotated up-
regulated, down-regulated and constant proteins, respec-
tively (Table 1).

Differentially expressed hemocyte proteins after V.
harveyi infection

The proteins showing significant changes in their
expression levels upon V. harveyi infection are summar-
ized in Table 1. The 21 identified proteins that varied in
expression levels showed diverse annotated functions,
including the immune related proteins (proPO-1,
proPO-2, serine proteinase-like protein and hemocya-
nin), stress response protein (heat shock protein 90),
serine proteinase inhibitor (alpha-2-macroglobulin),
cytoskeletal proteins (actin, tubulin and twinstar),
enzymes involved in energy (argenine kinase (AK)) and
carbohydrate (tall) metabolism, and proteins involved in
nuclear cytoplasmic transport (GTPase Ran), and media-
tors of signal transduction (14-3-3 protein epsilon and
calmodulin) or intracellular trafficking and secretion
(karyopherin beta).

Among the proteins identified, the up-regulated
proteins, the more acidic proPO-2 spot (spot 33) and
actin 2 were found to be expressed only at 24 and 48 h
post V. harveyi injection (hpi) but not in the unchal-
lenged shrimps. Moreover, the translational level of
hemocyanin in the hemocytes of P. monodon was dra-
matically increased by 6.88-fold at 48 hpi after an initial
slight down-regulation (-1.35-fold) at 24 hpi. In addition,
both the up-regulated AK spots revealed a late response,
being strongly up-regulated at 48 hpi, (spots 29, 35).

For the down-regulated protein spots, alpha-
2-macroglobulin was found to be down-regulated at 24
and 48 hpi such that it could only be detected in the
unchallenged shrimps, whilst calmodulin and 14-3-3
protein epsilon were more transiently down-regulated
in that they were not observed at 24 hpi but then
expressed at 48 hpi at very low (calmodulin) or normal
(14-3-3-epsilon) levels (Table 1). Finally, the importin
homologue (spot 14) showed a strong earlier down-
regulation, with a marked down-regulation at 24 hpi
and then recovering partially by 48 hpi. The down-
regulation of the two proPO-2 isoforms (spots) is dis-
cussed below.

Western blot analysis and validation of the protein
expression levels

The proteomic data were preliminary validated by deter-
mining the protein expression level of hemocyanin by
quantitative western blots. This protein was selected,
along with the ‘constant spot’ protein of phosphopyru-
vate hydratase as a reference control, on the basis that
in each case a specific antibody was available.
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Table 1 Thirty nine selected 2-DE spots (proteins) from the hemocytes of Vibrio harveyi-challenged Penaeus monodon,
resolved by 2-DE and identified by LC-nano ESI-MS/MS.

Spot Predicted Predicted Protein hit Mowse Accession no. Fold
no. MW (Da) pl Score/no. of match change*
peptides
24h 48h

Up-regulated protein spots
33 78700 6.05 prophenoloxidase 2 [Litopenaeus vannamei] 71/2 ABQ45957 u u
30 41822 511 actin 2 [Penaeus monodon) 240/7 AAC78682 u u
3 74934 5.27 hemocyanin [Litopenaeus vannamei] 99/4 CAA57880 -1.35 +6.88
16 unknown -292  +4.11
35 40087 6.05 arginine kinase [Penaeus monodon] 485/13 AAO15713 +1.85 +4.09
29 40087 6.05 arginine kinase [Penaeus monodon] 704/32 AAO15713 +233 +3.16
2 17142 6.74 twinstar [Drosophila melanogaster] 150/8 NP_477034 +1.88 +1.20
37 49283 492 tubulin alpha chain [Oncorhynchus keta) 94/3 P30436 -1.38  +1.88
4 52810 5.08 serine proteinase-like protein [Penaeus monodon] 119/5 ABD62888 +1.69 -1.25
32 37134 6.73 transaldolase [Bombyx mori] 110/1 NP_001040544 +1.60 +1.58
Down-regulated protein spots
20 32431 5.04 alpha-2-macroglobulin [Penaeus monodon] 59/1 AAX24130 D D
9 16671 4.04 calmodulin [Patinopecten sp.] 54/3 0711223A D -1389
19 29054 465 14-3-3 protein epsilon [Danio rerio] 114/5 NP_997770 D +1.12
12 unknown -1.08 -3.75
14 96846 473 karyopherin (importin) beta [Nematostella vectensis) 109/3 XP_001636221 -8.14 -321
8 unknown -342 -2.70
36 78700 6.05 prophenoloxidase 2 [Litopenaeus vannamei] 119/3 ABQ45957 -349 -264
11 78700 6.05 prophenoloxidase 2 [Litopenaeus vannameli] 127/3 ABQ45957 -231 -287
7 unknown -159 -2.73
13 24283 6.52 GTP-binding nuclear protein Ran (GTPase Ran) (Ras-like 104/2 P38542 -152 -2.75

protein TC4) [Brugia malayi]
27 Unknown -1.35 -2.39
6 52810 5.08 serine proteinase-like protein [Pengeus monodon) 84/2 ABD62888 <137 -242
10 78426 583 Prophenoloxidase-1 [Penaeus monodon] 973/20 AAM77689 -1.88 -232
31 56040 5.10 ATP synthase subunit beta, mitochondrial precursor 411/7 Q25117 -206 -1.17

[Hemicentrotus pulcherrimus)
5 52810 5.08 serine proteinase-like protein [Penaeus monodon] 119/5 ABD62888 -192 -148
15 83278 489 heat shock protein 90 [Metapenaeus ensis] 484/17 ABR66910 -1.17 -1.59
25 Unknown -140  -162
Constant protein spots
38 28203 589 thymosin beta-11 [Penaeus monodon] 419/10 BI018085 +141 +098
34 46851 441 calreticulin [Gallus gallus) 82/3 AAS49610 -1.17  +148
28 31358 542 cytosolic manganese superoxide dismutase [Penaeus 421/12 AAWS50395 +1.18 -1.50

monodon]
26 40087 6.05 arginine kinase [Penaeus monodon] 103/3 AAO15713 +1.03 +1.16
24 47235 6.18 phosphopyruvatehydratase [Penaeus monodon] 452/9 AAC78141 +1.06 +1.01
17 32574 478 hypothetical protein LOC550536 [Danio rerio) 58/3 NP_001017838 +1.24 +1.12
18 32420 4.70 tropomyosin [Locusta migratorial 305/17 P31816 +147 +1.06
1 41841 5.30 beta-actin [Litopenaeus vannamei] 1083/80 AAG16253 +146 +1.32
39 Unknown +1.12 +1.21
21 Unknown -1.07 -136
22 Unknown +121 +1.14
23 Unknown -124 +1.19

* indicates the decrease in the spot intensity at a given time point after V. harveyi infection compared to that of normal shrimp.
+ indicates the increase in the spot intensity at a given time point after V. harveyi infection compared to that of normal shrimp.

U indicates the up-regulated protein spot detected only in the protein extracts of infected animals.

D indicates the down-regulated protein spot detected only in the protein extracts of normal animals.
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Figure 2 Western blot analysis of hemocyanin protein
expression levels in hemocytes of Vibrio harveyi-challenged
Penaeus monodon. (A) The expression of hemocyanin protein in
the hemocytes of control (saline-injected) and V. harveyi-challenged
shrimps at 0 and 48 hpi, as assayed by western blot analysis using
an antibody specific to hemocyanin. The protein expression level at
each time point was then normalized to that of phosphopyruvate
hydratase. (B) Fold change of hemocyanin expression level after V.
harveyi infection at 0 (0 h_I) and 48 h (48 h_l) compared to that of
control shrimp (0 h_N) was shown. The data is shown as the mean
+ 1SD. and is derived from 3 repeats. Means with different letters
are significantly different (p < 0.05).

The results, summarised in Figure 2, show a remark-
able eight-fold increase in hemocyanin protein levels at
48 h post V. harveyi infection compared to that at 0
hpi. The western blot result seems to agree well with
the proteomic results, where the expression of hemocya-
nin protein was increased by 6.88 fold (Table 1).
Although this represents only a single verification, and
is based on the somewhat reasonable assumption that
phosphopyruvate hydratase protein levels do not change,
the proteomic data is nevertheless deemed to be likely
to be more or less acceptable.

Real-time RT-PCR of the differentially expressed protein
genes

Besides expression at the post translational level, we
determined the expression of certain genes of interest at
the transcriptional level to see if they were related. The
14-3-3 protein epsilon and alpha-2-macroglobulin were
interesting because their protein levels decreased signifi-
cantly at 24 h after V. harveyi injection, and hemocyanin
whose protein expression levels increased at 48 hpi,
were chosen for the quantitative real-time RT-PCR ana-
lysis to evaluate their transcript expression. The tem-
poral gene expression analysis was examined in V.
harveyi-challenged P. monodon at various time points
(0, 6, 24 and 48 hpi) and compared to that in the saline
injected control shrimps. The -actin gene was used as
an internal control.
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The alpha-2-macroglobulin transcription decreased
significantly at 6 hpi to a 0.57-fold lower than that at
0 hpi and remained at this level at 24 hpi with a slight
numerical but not statistically significant increase at 48
hpi to 0.71-fold lower than at 0 hpi, as illustrated in
Figure 3A. The 14-3-3 protein epsilon transcription
expression levels were significantly up-regulated,
1.72-fold over that of the control, by 24 hpi (Figure 3B).
The hemocyanin transcript levels decreased significantly
at 6 hpi to a 0.42 fold lower than that at 0 hpi and then
returned to normal level at 48 hpi (Figure 3C). It was
found that the levels of transcription of the alpha-
2-macroglobulin gene were found to relate well with that
of its translation products in that it was down-regulated
upon V. harveyi infection, whilst the levels of hemocya-
nin and 14-3-3 protein epsilon transcripts were not
corresponded with that of their translation products.

Discussion

With advancing analytical techniques, proteomic analy-
sis has become a new frontier of study in molecular
biology in which the differences or changes in protein
expression patterns of organs, cells or subcellular com-
partments can be readily elucidated to a high to a rea-
sonable level of coverage. Under several circumstances,
such studies can provide an understanding of the
response of cells to various external factors. The analy-
sis, generally, involves 2-DE in conjunction with mass
spectrometry for protein separation and protein identifi-
cation, respectively [19].

In this study, we used a proteomic approach to ana-
lyze the complex proteome of shrimp hemocytes to
evaluate those proteins whose expression was signifi-
cantly up-regulated or down-regulated after systemic
challenge with the bacterial pathogen V. harveyi. Among
these, hemocyanin (~75 kDa) which is the most abun-
dant protein in the hemolymph, was found to be one of
the prominent proteins, in accord with a previous report
[20], even though an extensive washing of the hemo-
cytes was performed to remove hemolymph prior to
protein extraction and preparation. A total of 27 differ-
entially expressed protein spots, 10 up-regulated and 17
down-regulated, plus 12 other spots that ranged from
unchanged to only weakly altered expression levels as
controls were selected and processed via mass spectro-
metry for annotation. From all 39 selected samples,
however, 10 were not able to be identified from the
annotated databases, leaving 9, 12 and 8 up-, down- and
non-regulated protein spots, respectively, as annotated.
Since the genome sequence of the shrimp is still una-
vailable, the origins of these 10 unidentified protein
spots are uncertain although most of them are probably
shrimp proteins. It is of note that several Vibrio sp. gen-
omes, including V. harveyi and some of its phages, are
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Figure 3 Time course analysis of alpha-2-macroglobulin, the
14-3-3 protein epsilon and hemocyanin gene transcript levels
after Vibrio harveyi challenge, assayed using quantitative real-
time RT-PCR. Total RNA was extracted from hemocytes of saline-
injected and V. harveyi-challenged shrimps collected at 0, 6, 24 and
48 hpi and the cDNA was then synthesized. The mRNA expression
levels of (A) alpha-2-macroglobulin, (B) 14-3-3 protein epsilon and
(©) hemocyanin upon V. harveyi challenge were determined using
the beta-actin gene as an internal control. Data are shown as the

mean + 1S.D. Means with different letters are significantly different
(p < 0.05).

Fold change
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available allowing, subject to equivocal caveats of their
correct annotation and conserved nature across isolates,
exclusion of their proteins and some of their phage
encoded proteins too. Moreover, nine of the protein
spots were annotated to just three proteins, that being
three isoforms that differ in pI and or mass of each of
proPO-2, AK and serine protease-like protein (Table 1).
Assuming the more likely correct annotation of these
different protein spots, rather than miss annotation of
related proteins or conserved domains, these differences
then probably arise from posttranslational modifications
of a portion of the same protein population, and this is
discussed below.

From the protein profiles obtained, those with
altered protein expression levels (or posttranslational
modifications) are expected to be involved directly or
indirectly in shrimp immune responses. These proteins
participate in various cellular functions, including
immunity such as hemocyanin, prophenoloxidase, ser-
ine proteinase-like protein, heat shock protein 90 and
alpha-2-macroglobulin as well as the cytoskeletal pro-
teins including actin 2, twinstar and tubulin alpha
chain. Among the immune proteins, those involved in
melanization and phagocytosis were prominent sug-
gesting the importance of these immune processes in
antibacterial defence. In the previous studies, melaniza-
tion of bacteria was shown to be a critical defense
reaction in invertebrates and appears to be associated
with phagocytosis [21,22].

The proPO activating system is an important immune
response that produces melanin and reactive oxygen spe-
cies to kill, trap and eliminate invading microorganisms.
For invertebrates, this system is of the utmost importance
in the immune response against bacterial infections. Two
different proPOs, proPO-1 and proPO-2, which each play
crucial roles in the proPO activating system, have been
identified in several shrimp species including P. monodon,
Fenneropenaeus chinensis and L. vannamei [23-25].

In P. monodon, the proPOs were found to be essential
against V. harveyi infection by gene knockdown experi-
ments [24]. In this study, we found that the protein spots
identified as proPO-1 and proPO-2 (1 and 3 spots, respec-
tively, out of 39 protein spots) were the most dramatically
differentially expressed immune related proteins upon
V. harveyi infection. The three spots of proPO-2 (spot
nos. 33, 36 and 11) were the same protein judging from
their partial amino acid sequences and molecular masses,
but presumably with different posttranslational modifica-
tions. proPO-2 (spot no. 33) was up-regulated from no
detectable expression in control (uninfected) hemocyctes,
while the two other proPO-2 isoforms (spot nos. 11 and
36) were down-regulated, suggesting a possible pl altering
posttranslational modification of the proPO-2 of spot 11
to 36 and 33.
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In L. vannamei, the expression of the proPO-I gene in
the hemocytes of Vibrio alginolyticus infected shrimps
was found to be up-regulated at an early phase of infec-
tion (6 and 12 hpi), whereas that of proPO-II was
reduced significantly at 3 hpi and subsequently
increased at 12 hpi, and by 24 hpi, both proPO-I and
proPO-II showed no difference in the expression as
compared to the control shrimp [26]. This more or less
corresponds to our observation where at the late phase
of bacterial infection (24 and 48 hpi) the two spots of
proPO-2 (spot nos. 11 and 36) and that of proPO-1
(spot no. 10) were found to have a low protein expres-
sion level. Considering the expression of the up-
regulated form of the proPO-2 (spot no. 33) observed at
the late phase of Vibrio infection, we speculated that it
was the inactive form of proPO-2 that the shrimp pro-
duced to restore the level of proPO-2 in the hemocyte
in order for the shrimp to promptly fight against
another invasion, if any.

The serine proteinase-like protein (spot nos. 4, 5 and 6)
was observed as differentially expressed protein spots.
They were down-regulated as the infection progressed,
albeit with a somewhat up-regulated expression level for
spot no. 4 at 24 hpi. They were found to be identical pro-
teins from the partial peptide sequences, and if so likely
represent different pI changing posttranslational modifi-
cations. Their amino acid sequences matched the serine
proteinase homolog 516 (SPH516) from P. monodon,
which could interact with a putative metal ion-binding
domain of the yellow head virus [27]. The SPH516 pro-
tein is nearly identical in sequence to the masquerade-
like serine proteinase homolog, PmMasSPH. Amparyup
et al. [28] reported that the PmMasSPH transcript in the
hemocyte of P. monodon was up-regulated 24 h after
V. harveyi injection. Therefore, spot no. 4, which showed
corresponding expression levels at both the transcription
and translation levels, may be the active form of this
serine proteinase homolog. Recently, it was shown that
the PmMasSPH protein was a multifunctional immune
effector. The C-terminal SP-like domain of PmMasSPH
possesses a hemocyte adhesion activity and binding
activity to V. harveyi and lipopolysaccharide, the bacterial
cell wall component. The N-terminal region exhibits an
anti-Gram-positive bacteria activity. Moreover, the
PmMasSPH protein also displays an opsonic activity
upon bacterial clearance from the shrimp circulation
[29]. Taken together these results support the likely role
if not importance of SPH in the shrimp immune response
to bacterial infection.

The other two up-regulated protein spots, nos. 29 and
35, were identified as AK, an enzyme important in cellu-
lar energy metabolism in invertebrates. The most signifi-
cant up-regulation was found for AK spot no. 35. These
three protein spots had identical peptide fragment
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sequences. However, this later constantly expressed AK
spot 26 was of a slightly higher MW than AK spots 29
and 35, which differ from each other in pl. Thus, these
may represent separate alleles or isoforms under sepa-
rate regulation and not simple interchanges of posttran-
slational modifications. Previously, the synthesis of AK
in the stomach of P. monodon was shown not to be
affected by WSSV infection at 48 h [16]. In contrast, AK
up-regulation was observed in the gills of YHV-infected
P. monodon [30]. In addition, AK protein levels in the
plasma of F. chinensis exhibited the most significant
changes, as assayed by 2-DE, at 45 min and 3 h after
laminarin stimulation [17]. The up-regulation of AK
protein levels likely indicates that energy was required
in response to infection.

Alpha-2-macroglobulin (spot no.20) was detected only
in unchallenged shrimp indicating that the protein was
down-regulated upon bacterial challenge. Alpha-
2-macroglobulin is a family of protease inhibitors that
participates in innate immune system as a regulator of
the proPO system [31]. Also it acts against invading
parasites by inactivating and clearing the protease viru-
lence factors of parasites. After trapping the target pro-
tease, alpha-2-macroglobulin and its bound protease are
degraded in secondary lysosomes [32]. In P. monodon,
alpha-2-macroglobulin has been also shown to have the
ability to bind to Pm-syntenin whose transcript was
up-regulated upon WSSV infection [33]. According to
our result, alpha-2-macroglobulin protein was expressed
only in the unchallenged shrimp while its transcript was
still detectable even at lower level upon V. harveyi infec-
tion. We speculated that alpha-2-macroglobulin and its
bound protease might be in the degradation process
during 24 and 48 hpi which caused the disappearance of
the protein on the 2DE-gel.

Heat shock proteins (HSPs) are ubiquitous and highly
conserved among various organisms. They play roles in
the stress response in animals by acting as molecular
chaperones which help refolding the misfolded proteins.
HSP 90, is a family of HSPs in which its family members
are either constitutive or inducible genes. Apart from
being an important cytoplasmic chaperone, HSP 90 is
essential for many cellular processes such as cell prolif-
eration, differentiation, and apoptosis [34,35]. HSP 90
has been currently identified in P. monodon and the
expression analysis revealed that it was heat inducible
gene [36]. Upon heat-killed V. harveyi challenge, the
HSP 90 transcript level in gill was obviously induced as
compared to those of saline-injected shrimp at 3, 12 and
24 hpi and appeared to be expressed at the normal level
at 72 hpi [37]. However, the data on expression of HSP
90 in hemocyte of bacterial challenge shrimp is not
available. Herein, proteomic data indicated that the level
of expression of HSP 90 protein (spot no.15) in shrimp
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hemocyte after V. harveyi challenge was unchanged at
24 hpi but slightly decrease at 48 hpi.

Cytoskeletal proteins, including actin 2 (spot no. 30),
twinstar (actin depolymerizing factor (ADF)/cofilin-like)
(spot no. 2) and tubulin alpha chain (spot no. 37), were
found to be up-regulated significantly upon V. harveyi
infection, especially that for actin 2 that was up-
regulated from no detectable expression in the control
shrimp hemocyctes. It is well-known that actin polymer-
ization is required for phagocytic process [38], which
are one of the important innate immune reactions in all
multicellular organisms including shrimps. Indeed, it has
been shown that semi-granulocytes and granulocytes are
responsible for the phagocytosis of invading V. alginoly-
ticus in the shrimp Penaeus indicus [39], and that this
requires remodelling of the actin skeleton. Meanwhile,
the actin dynamics are regulated by a complex mechan-
ism through the actions of several actin-binding
proteins. The ADF/cofilin is one of the essential actin-
binding proteins that participate in actin filament
assembly by enhancing the depolymerization of actin
monomers and so accelerating the filament treadmilling
[40]. The significant increase in the production of actin2
and ADF/cofilin at 24 hpi that was observed with
V. harveyi infection thus likely reflects the induction of
phagocytosis in shrimp hemocytes in response to infec-
tion with V. harveyi.

The Ran GTPases are small G proteins that function
to regulate nucleocytoplasmic transportation [41]. In
shrimps, a Ran GTPase gene of Penaeus japonicus
(PjRan) was reported to be up-regulated in WSSV resis-
tant and WSSV-infected shrimps, implying its potential
involvement in the shrimp antiviral immune response
[42]. Very recently, it was found that Ran GTPase might
help shrimps to combat viral infection via regulation of
the hemocytic phagocytosis by interacting with an actin-
associated molecular motor, the myosin light chain [43].
In contrast to the viral response, the expression of Ran
GTPase protein (spot no. 13) upon V. harveyi challenge
was noticed in this study to be reduced as the course of
infection progressed. The reason why Ran GTPase pro-
tein expression was decreased in shrimp hemocytes at
the late phase of bacterial infection remains unclear and
in need of further investigation.

Conclusions

A proteomic analysis of shrimp hemocytes revealed sev-
eral proteins whose expression levels were altered in
response to V. harveyi invasion. These proteins were
likely to be involved in various cellular functions,
including immune functions, such as proPO-1, proPO-2,
serine proteinase-like protein, hemocyanin, heat shock
protein 90 and alpha-2 macroglobulin. Interestingly,
among the immune-related proteins, those involved in
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the proPO activating system and phagocytosis were
dominant, implying a major role of these innate immune
reactions in the antibacterial defense. The information
provided here enhances our knowledge on the molecular
responses of shrimps against pathogenic bacteria that
will lead to a better understanding of the pathogenesis
of vibriosis.

Methods

Shrimp and bacterial infection

For proteomic analysis and real-time RT-PCR, sub-adult
P. monodon (approximately 3-months old, 15 - 20 g of
live (wet) body weight) were obtained from the Thailand
National Shrimp Improvement and Breeding Center,
National Center for Genetic Engineering and Biotech-
nology (BIOTEC) at Chaiya County, Surathani Province,
and from the Shrimp Quarantine and Broodstock and
Larval Development Research Center at Walailuk Uni-
versity, Nakornsrithammarat Province, Thailand, respec-
tively. They were acclimatized in aquaria at ambient
temperature (28 + 1°C) in air-pumped circulated artifi-
cial seawater with a salinity of 15 ppt for at least 3 days
before experimental use.

The shrimp pathogenic V. harveyi strain 639 was pre-
pared as described by Ponprateep et al. [44]. Microbial
challenge was carried out by intramuscular injection
into the fourth abdominal segment of individual shrimps
with a lethal dose (86.6% mortality within seven days) of
100 pl of live V. harveyi 639 (10° CFU) diluted in sterile
saline solution (0.85% (w/v) NaCl). To confirm the pre-
sence of luminous bacteria in the V. harveyi-challenged
shrimps but not in the unchallenged shrimp, the hepato-
pancras lysate of each shrimp was streaked onto the
tryptic soy broth agar plate (the selective media). After
incubation at 30°C for overnight, the plates were
observed for the luminous bacteria in the dark.

For the real-time RT-PCR and Western blot analysis,
control shrimps were injected with bacteria-free normal
saline solution but otherwise treated the same as the
V. harveyi challenged shrimps.

Protein sample preparation

Hemolymph was collected from nine individual shrimps
for each experimental group, either unchallenged or 24
and 48 h post V. harveyi challenge (hpi), using an equal
volume of MAS solution (27 mM sodium citrate, 336
mM NaCl, 115 mM glucose and 9 mM EDTA, pH 7.0).
Hemocyte was collected, extensively washed twice
with MAS solution and then resuspended in lysis buffer
(8 M urea, 2 M thiourea, 0.2% (v/v) Triton X-100 and 50
mM DTT supplemented with 1 x proteinase inhibitor
mix (GE healthcare)). After that the supernatant was
collected by centrifugation at 12,000 x g at 4°C for
20 min and precipitated with a 3:1 (v/v) ice-cold
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acetone/methanol mixture. The pellet was washed with
cold acetone, and resuspended in sample buffer (8§ M
urea, 2 M thiourea, 4% (w/v) CHAPS supplemented with
1x proteinase inhibitor mix). The soluble protein frac-
tions from three individuals were pooled and kept at
-80°C. Protein concentration was determined using a 2-D
Quant Kit (GE healthcare).

Two-dimensional gel electrophoresis (2-DE)

A total of 200 pg of protein extract was mixed with
rehydration buffer (8 M urea, 2 M thiourea, 4% (w/v)
CHAPS and 1% (w/v) bromophenol blue). Three IPG
strips (nonlinear pH 4 - 7; 13 c¢cm long) (GE healthcare)
were used for each experimental group representing
nine individuals per group. They were run simulta-
neously on an Ettan IPGphor II IEF system (GE health-
care). The strips were actively rehydrated for 16 h at
20°C and the IEF was continued using the following
step voltage focusing protocol: 2 h each at 300 V, 500 V,
1000 V and 4000 V followed by 10 h at 8000 V.

The focused IPG strips were sequentially equilibrated
in a SDS equilibration buffer containing 10 mg/ml
DTT and 2.5 mg/ml iodoacetamide for 15 min each.
Then, they were placed onto an SDS-PAGE (4% (w/v)
acrylamide stacking gel, pH 6.8, and 12.5% (w/v) acry-
lamide separating gel, pH 8.8). After the second
dimensional separation, the gels were fixed and stained
with SyproRuby (Invitrogen) and then scanned using a
Typhoon 9400 scanner (GE healthcare). The gel
images were then analyzed using ImageMaster 2D Pla-
tinum software (GE healthcare). The spots were
detected, matched across the gels and re-checked and
edited manually to ensure the correctness. The percent
volume (% vol), as the normalized value of the intensity
volume of each spot to the total intensity volume of all
spots detected on the gel, was statistically analyzed via
Student’s t test (p < 0.05). To identify the differentially
expressed protein spots, spot intensities of infected
groups were compared to those of normal groups and
divided into three groups, in terms of their expression
level relative to that in the control shrimps as; signifi-
cantly up-regulated, significantly down-regulated and
the weakly but not significantly or not detectably ‘con-
stant’ protein spots. For this classification, the criterion
for an up-regulated protein spot was that the % vol of
the spot from the challenged shrimps was at least 1.5-
fold higher than that of the unchallenged shrimps. For
down-regulated protein spots; the % vol of the spot
from the challenged shrimps to that of the unchallenged
shrimps must be at least 1.5-fold lower. Spots that did
not fall into either of these two categories, that is were
only weakly changed in either direction or showed no
change in expression level at all, were considered as the
constantly expressed proteins.
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Protein annotation

The differentially expressed protein spots were excised
from the gel and subjected to in-gel trypsin digestion, as
described by Wang et al. [16]. The tryptic peptides were
analyzed by a nano-LC-ESI-MS/MS. The data obtained
were searched against the NCBI protein and EST
sequence databases using the MS/MS ion search tool of
the MASCOT program. The parameters used for the
MS/MS ion search were a peptide mass tolerance of
0.25 Da and up to one missed cleavage allowed. Methio-
nine oxidation and cysteine carbamidomethylation were
chosen as the variable modification parameters. The
protein was annotated if significant hits, as defined
by the Mascot probability analysis, were obtained.
Moreover, the search results were always checked for
confirmation with the predicted potential target
protein’s MW /pI values against those of the correspond-
ing identified spot.

Quantitative real-time RT-PCR

Total RNA was extracted from the hemocytes of
V. harveyi- and saline-injected control shrimps at 0, 6,
24 and 48 h post infection (hpi), as described by Pon-
prateep et al. [44]. At each time point, equal amounts
of total RNA from three individual shrimps were
pooled. Then, 1 pg of the pooled total RNA was
reverse transcribed using RevertAID™ first strand
c¢DNA synthesis kit (Fermentas).

Quantitative real-time RT-PCR was performed on an
iCyclerQ™ Real-Time Detection System (Bio-Rad
Laboratories). Target genes, shown in Table 2, were
amplified in triplicate in the reaction mixture containing
1 x Maxima™ SYBR Green qPCR Master Mix (Fermen-
tas), an appropriate concentration of the specific primer
pairs and optimised PCR amplification conditions, as
noted in Table 2. The expression level of the target
transcript was normalized to that of the internal control,
the B-actin gene, and the relative expression ratio was
determined according to Pfaffl [45]. Statistical analysis
was performed using ANOVA and Post Hoc test with a
p value < 0.05 being accepted as significant.

Western blot analysis

Five or 15 pg, for hemocyanin and, as an internal con-
trol, phosphopyruvate hydratase, respectively, of the
pooled hemocyte protein from 20 individual unchal-
lenged or V. harveyi-challenged shrimps at 0 and 48 hpi
were separated on a 10% (w/v) acrylamide SDS-PAGE
gel and then transferred onto nitrocellulose membranes.
Hemocyanin and phosphopyruvate hydratase were each
detected using a specific rabbit polyclonal antibody at a
dilution of 1:10,000 for 1 h at 37°C and at 1:20,000 for
3 h at 65°C, respectively. These conditions were empiri-
cally optimised in the laboratory (data not shown). The
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Table 2 List of primers and optimal PCR amplification conditions used for the quantitative Real-time RT-PCR

Gene Primer name (Sequence (5’-3'))

Final concentration (nM) Temperature (°C)/time (sec)

Denaturation Annealing Elongation

Alpha-2-macroglobulin - A2M_F (CCTCATATCCGGCTTCATCQ) 100 95/10 60/20 72/10
A2M_R (CCGTGAACTCCTCGATGTAG) 100

14-3-3 protein epsilon  14-3-3_F (GTATCTTGCCGAGACCGCCACT) 200 95/10 63/15 72/20
14-3-3_R (CAATGTCGCTGGCTGCCTTGT) 200

Hemocyanin Hemocyanin_F [46] (AAGTGCTCGGAATCTTCGGTAA) 200 95/10 60/15 72/10
Hemocyanin_R [46] (CCTGCCTCGATCTTTGCAA) 200

Beta actin Beta_F (GAACCTCTCGTTGCCGATGGTG) 200 95/30 60/30 72/45
Beta_R (GAAGCTGTGCTACGTGGCTCTG) 200

secondary antibody was AP-conjugated goat anti-rabbit  References

IgG (Jackson Immuno Research Laboratories). The posi-
tive band was detected by adding Lumi-Phos™ WB sub-
strate (Pierce) and exposing the membrane to the X-ray
film. The band intensity was quantified by ImageQuant™
TL (GE healthcare). The experiment was done in tripli-
cate. The band intensity of the hemocyanin protein
expressed at each time point was normalized to that of
the internal control. Statistical analysis was performed
by ANOVA and Post Hoc test, with a p value < 0.05
being accepted as significant.

Acknowledgements

We thank Dr. Robert D. J. Butcher for critical reading the manuscript.
Proteomic mass spectrometry analyses were performed by the Core Facilities
for Proteomics Research located at the Institute of Biological Chemistry,
Academia Sinica, Taiwan ROC. This work was financially supported by grants
from the Thailand National Center for Genetic Engineering and
Biotechnology (BIOTEC) and from the Thailand Research Fund (TRF) to
Kunlaya Somboonwiwat. Support from Chulalongkorn University, through
the Ratchadaphisek Somphot Endowment Grants for Development of New
Faculty Staff, the Faculty of Science, Chulalongkorn University (Grant No.RES-
A1B1-11) and from the Thai Government Stimulus Package 2 (TKK2555),
under PERFECTA, are acknowledged with thanks. The scholarship from TRF
under the Royal Golden Jubilee Ph.D. program to Vorrapon Chaikeeratisak is
also acknowledged.

Author details

'Center of Excellence for Molecular Biology and Genomics of Shrimp,
Department of Biochemistry, Faculty of Science, Chulalongkorn University,
Bangkok, Thailand. ZInstitute of Biological Chemistry, Academia Sinica, Taipei,
Taiwan, ROC. ZInstitute of Zoology, College of Life Science, National Taiwan
University, Taipei, Taiwan, ROC.

Authors’ contributions

KS contributed to the experimental design, performed the experiment, data
analysis and manuscript preparation. VC participated in performing the
experiment, data analysis and helped to draft the manuscript. HCW provided
technical assistance in the experimental part, help in data interpretation and
drafting the manuscript. CFL took part in supervision, supported the cost of
peptide analysis by mass spectrometry, provided the antibodies for all tests
and drafted the manuscript. AT was responsible for experimental design,
supervision and preparation of the manuscript. All authors read and
approved the final manuscript.

Competing interests
The authors declared that they have no competing interests.

Received: 18 February 2010 Accepted: 13 July 2010
Published: 13 July 2010

1. Flegel TW: Major viral diseases of the black tiger prawn (Penaeus
monodon) in Thailand. World J Microb Biot 1997, 13:433-442.

2. Jiravanichpaisal P, Miyazaki T, Limsuwan C: Histopathology, biochemistry,
and pathogenicity of Vibrio harveyi infecting black tiger prawn Penaeus
monodon. J Aquat Anim Health 1994, 6:27-35.

3. Saulnier D, Haffner P, Goarant C, Levy P, Ansquer D, Sunaryanto A,
Mariam A: Experimental infection models for shrimp vibriosis studies: a
review. Aquaculture 2000, 191:133-144.

4. Phuoc LH, Corteel M, Nauwynck HJ, Pensaert MB, Alday-Sanz V, Van den
Broeck W, Sorgeloos P, Bossier P: Increased susceptibility of white spot
syndrome virus-infected Litopenaeus vannamei to Vibrio campbellii.
Environ Microbiol 2008, 10:2718-2727.

5. de Lorgeril J, Gueguen Y, Goarant C, Goyard E, Mugnier C, Fievet J,
Piguemal D, Bachére E: A relationship between antimicrobial peptide
gene expression and capacity of a selected shrimp line to survive a
Vibrio infection. Mol Immunol 2008, 45:3438-3445.

6. Somboonwiwat K, Supungul P, Rimphanitchayakit V, Aoki T, Hirono |,
Tassanakajon A: Differentially expressed genes in hemocytes of Vibrio
harveyi-challenged shrimp Penaeus monodon. J Biochem Mol Biol 2006,
39:26-36.

7. Wang B, Li F, Luan W, Xie Y, Zhang C, Luo Z Gui L, Yan H, Xiang J:
Comparison of gene expression profiles of Fenneropenaeus chinensis
challenged with WSSV and Vibrio. Mar Biotechnol (NY) 2008, 10:664-675.

8. Dong B, Xiang JH: Discovery of genes involved in defense/immunity
functions in a haemocytes cDNA library from Fenneropenaeus chinensis
by ESTs annotation. Aquaculture 2007, 272:208-215.

9. Gross PS, Bartlett TC, Browdy CL, Chapman RW, Warr GW: Immune gene
discovery by expressed sequence tag analysis of hemocytes and
hepatopancreas in the Pacific White Shrimp, Litopenaeus vannamei, and
the Atlantic White Shrimp, L. setiferus. Dev Comp Immunol 2001,
25:565-577.

10.  Leu JH, Chang CC, Wu JL, Hsu CW, Hirono |, Aoki T, Juan HF, Lo CF,

Kou GH, Huang HC: Comparative analysis of differentially expressed
genes in normal and white spot syndrome virus infected Penaeus
monodon. BMC Genomics 2007, 8:120.

11. Robalino J, Carnegie RB, O'Leary N, Ouvry-Patat SA, de la Vega E, Prior S,
Gross PS, Browdy CL, Chapman RW, Schey KL, Warr G: Contributions of
functional genomics and proteomics to the study of immune responses
in the Pacific white leg shrimp Litopenaeus vannamei. Vet Immunol
Immunopathol 2009, 128:110-118.

12. Rojtinnakorn J, Hirono |, ltami T, Takahashi Y, Aoki T: Gene expression in
haemocytes of kuruma prawn, Penaeus japonicus, in response to
infection with WSSV by EST approach. Fish Shellfish Immunol 2002,
13:69-83.

13. Supungul P, Klinbunga S, Pichyangkura R, Hirono |, Aoki T, Tassanakajon A:
Antimicrobial peptides discovered in the black tiger shrimp Penaeus
monodon using the EST approach. Dis Aquat Organ 2004, 61:123-135.

14. Tassanakajon A, Klinbunga S, Paunglarp N, Rimphanitchayakit V, Udomkit A,
Jitrapakdee S, Sritunyalucksana K, Phongdara A, Pongsomboon S,
Supungul P, et al- Penaeus monodon gene discovery project: the
generation of an EST collection and establishment of a database. Gene
2006, 384:104-112.


http://www.ncbi.nlm.nih.gov/pubmed/18616551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18616551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18486974?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18486974?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18486974?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16466635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16466635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18551345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18551345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11472779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11472779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11472779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11472779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17506900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17506900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17506900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19070907?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19070907?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19070907?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12201653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12201653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12201653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15584419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15584419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16945489?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16945489?dopt=Abstract

Somboonwiwat et al. Proteome Science 2010, 8:39
http://www.proteomesci.com/content/8/1/39

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Jiang H, Li F, Xie Y, Huang B, Zhang J, Zhang C, Li S, Xiang J: Comparative
proteomic profiles of the hepatopancreas in Fenneropenaeus chinensis
response to hypoxic stress. Proteomics 2009, 9:3353-3367.

Wang HC, Leu JH, Kou GH, Wang AH, Lo CF: Protein expression profiling
of the shrimp cellular response to white spot syndrome virus infection.
Dev Comp Immunol 2007, 31:672-686.

Yao CL, Wu CG, Xiang JH, Dong B: Molecular cloning and response to
laminarin stimulation of arginine kinase in haemolymph in Chinese
shrimp, Fenneropenaeus chinensis. Fish Shellfish Immunol 2005, 19:317-329.
Wu J, Lin Q, Lim TK, Liu T, Hew CL: White spot syndrome virus proteins
and differentially expressed host proteins identified in shrimp
epithelium by shotgun proteomics and cleavable isotope-coded affinity
tag. J Virol 2007, 81:11681-11689.

Guerrera IC, Kleiner O: Application of mass spectrometry in proteomics.
Biosci Rep 2005, 25:71-93.

Phattara-orn C, Apichai B, Chu Fang L, Visith T, Chartchai K: Proteomic
analysis of differentially expressed proteins in Penaeus vannamei
hemocytes upon Taura syndrome virus infection. Proteomics 2007,
7:3592-3601.

Mavrouli MD, Tsakas S, Theodorou GL, Lampropoulou M, Marmaras VJ: MAP
kinases mediate phagocytosis and melanization via prophenoloxidase
activation in medfly hemocytes. Biochim Biophys Acta 2005, 1744:145-156.
Jiravanichpaisal P, Lee BL, Soderhall K: Cell-mediated immunity in
arthropods: hematopoiesis, coagulation, melanization and opsonization.
Immunobiology 2006, 211:213-236.

Ai HS, Liao JX, Huang XD, Yin ZX, Weng SP, Zhao ZY, Li SD, Yu XQ, He JG:
A novel prophenoloxidase 2 exists in shrimp hemocytes. Dev Comp
Immunol 2009, 33:59-68.

Amparyup P, Charoensapsri W, Tassanakajon A: Two prophenoloxidases
are important for the survival of Vibrio harveyi challenged shrimp
Penaeus monodon. Dev Comp Immunol 2009, 33:247-256.

Gao H, Li F, Dong B, Zhang Q, Xiang J: Molecular cloning and
characterisation of prophenoloxidase (proPO) cDNA from
Fenneropenaeus chinensis and its transcription injected by Vibrio
anguillarum. Mol Biol Rep 2009, 36:1159-1166.

Yeh MS, Lai CY, Liu CH, Kuo CM, Cheng W: A second proPO present in
white shrimp Litopenaeus vannamei and expression of the proPOs
during a Vibrio alginolyticus injection, molt stage, and oral sodium
alginate ingestion. Fish Shellfish Immunol 2009, 26:49-55.

Sriphaijit T, Flegel TW, Senapin S: Characterization of a shrimp serine
protease homolog, a binding protein of yellow head virus. Dev Comp
Immunol 2007, 31:1145-1158.

Amparyup P, Jitvaropas R, Pulsook N, Tassanakajon A: Molecular cloning,
characterization and expression of a masquerade-like serine proteinase
homologue from black tiger shrimp Penaeus monodon. Fish Shellfish
Immunol 2007, 22:535-546.

Jitvaropas R, Amparyup P, Gross PS, Tassanakajon A: Functional
characterization of a masquerade-like serine proteinase homologue
from the black tiger shrimp Penaeus monodon. Comp Biochem Physiol B
Biochem Mol Biol 2009, 153:236-243.

Rattanarojpong T, Wang HC, Lo CF, Flegel TW: Analysis of differently
expressed proteins and transcripts in gills of Penaeus vannamei after
yellow head virus infection. Proteomics 2007, 7:3809-3814.

Cerenius L, Soderhéll K: The prophenoloxidase-activating system in
invertebrates. Immunol Rev 2004, 198:116-126.

Armstrong PB: Proteases and protease inhibitors: a balance of activities
in host-pathogen interaction. Immunobiology 2006, 211:263-281.
Tonganunt M, Phongdara A, Chotigeat W, Fujise K: Identification and
characterization of syntenin binding protein in the black tiger shrimp
Penaeus monodon. J Biotechnol 2005, 120:135-145.

Sreedhar AS, Kalmar E, Csermely P, Shen YF: Hsp90 isoforms: functions,
expression and clinical importance. FEBS Lett 2004, 562:11-15.

Sreedhar AS, Csermely P: Heat shock proteins in the regulation of
apoptosis: new strategies in tumor therapy: A comprehensive review.
Pharmacol Ther 2004, 101:227-257.

Jiang S, Qiu L, Zhou F, Huang J, Guo Y, Yang K: Molecular cloning and
expression analysis of a heat shock protein (Hsp90) gene from black
tiger shrimp (Penaeus monodon). Mol Biol Rep 2009, 36:127-134.
Rungrassamee W, Leelatanawit R, Jiravanichpaisal P, Klinbunga S,
Karoonuthaisiri N: Expression and distribution of three heat shock protein

38.

39.

40.

41.

42.

43.

44,

45,

46.

Page 11 of 11

genes under heat shock stress and under exposure to Vibrio harveyi in
Penaeus monodon. Dev Comp Immunol 2010.

Kaplan G: Differences in the mode of phagocytosis with Fc and C3
receptors in macrophages. Scand J Immunol 1977, 6:797-807.

Jayasree S: Identification of immune cells interacting with Vibrio spp. and
its in vitro post-phagocytic killing mechanism of haemocytes in the
penaeid shrimp, Penaeus indicus H. Milne Edwards. J Fish Dis 2009,
32:359-365.

Carlier MF, Laurent V, Santolini J, Melki R, Didry D, Xia GX, Hong Y,

Chua NH, Pantaloni D: Actin depolymerizing factor (ADF/cofilin) enhances
the rate of filament turnover: implication in actin-based motility. J Cell
Biol 1997, 136:1307-1322.

Gorlich D, Mattaj IW: Nucleocytoplasmic transport. Science 1996,
271:1513-1518.

Han F, Zhang X: Characterization of a ras-related nuclear protein (Ran
protein) up-regulated in shrimp antiviral immunity. Fish Shellfish Immunol
2007, 23:937-944.

Liu W, Han F, Zhang X: Ran GTPase regulates hemocytic phagocytosis of
shrimp by interaction with myosin. J Proteome Res 2009, 8:1198-1206.
Ponprateep S, Somboonwiwat K, Tassanakajon A: Recombinant anti-
lipopolysaccharide factor isoform 3 and the prevention of vibriosis in
the black tiger shrimp, Penaeus monodon. Aquaculture 2009, 289:219-224.
Pfaffl MW: A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 2001, 29:e45.

de la Vega E, Hall MR, Wilson KJ, Reverter A, Woods RG, Degnan BM: Stress-
induced gene expression profiling in the black tiger shrimp Penaeus
monodon. Physiol Genomics 2007, 31:126-138.

doi:10.1186/1477-5956-8-39

Cite this article as: Somboonwiwat et al.: Proteomic analysis of
differentially expressed proteins in Penaeus monodon hemocytes
after Vibrio harveyi infection. Proteome Science 2010 8:39.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/19579223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19579223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19579223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17188354?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17188354?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15863013?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15863013?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15863013?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17715220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17715220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17715220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17715220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16222421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17722205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17722205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17722205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15921769?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15921769?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15921769?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16697916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16697916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18773916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18834900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18834900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18834900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18595005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18595005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18595005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18595005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17451807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17451807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17174571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17174571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17174571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19328243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19328243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19328243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17880002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17880002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17880002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15199959?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15199959?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16697919?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16697919?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16055222?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16055222?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16055222?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15069952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15069952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15031001?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15031001?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17934796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17934796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17934796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/561436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/561436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19335612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19335612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19335612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9087445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9087445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8599106?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17703953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17703953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19166347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19166347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11328886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11328886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17566080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17566080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17566080?dopt=Abstract

10

11

12

13

14

15

16

17

18

19

20

21

ATP synthase beta subunit, a highly responsive protein to Vibrio harveyi, is
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Abstract

Even though ATP synthase beta subunit is recognized as an essential protein serving
major roles in the respiratory system of various organisms, its extra biological functions are
now vastly and continuously identified. In this study, ATP synthase beta subunit in lymphoid
organ of Penaeus monodon was identified by two-dimensional gel electrophoresis and mass
spectrometry as the highest up-regulated protein upon Vibrio harveyi infection at the early
phase of infection, 6 hour post infection. Quantitative real time RT-PCR showed a slight up-
regulation of the ATP synthase beta subunit transcript indicating the response to bacterial
infection controlled more significance at the protein expression level. Additionally, a full
length of PmATP synthase beta subunit was firstly shown here with an ORF of 1829 bp
encoding a 525 amino acid residues long shared a close similarity with other crustaceans.
Three essential conserved regions; nucleotide binding domains , DELSEED motif and the
ATPase alpha/beta signature domain, were disclosed. mRNA expression analysis showed that
ATP synthase beta subunit was expressed in various shrimp tissues. To investigate the
importance of this protein in shrimp, gene silencing was done. A high cumulative mortality of
ATP synthase beta subunit knockdown shrimp (73.33%) was observed within 5 days.
Interestingly, it appeared that the total hemocyte number of ATP synthase beta subunit
knockdown shrimp was dramatically reduced as compared to the control shrimp. Taken
together, this study revealed the importance of the ATP synthase beta subunit in shrimp

survival that might possibly be due to the involvement in hemocyte production.
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1. Introduction

Over the last decades, aquaculture has been substantially expanded worldwide to meet
the higher consumption rate of the world populations. With the rapid improvement of
aquaculture innovations and technologies, shrimp aquaculture has become one of the most
important farming. Unfortunately, the outbreaks of several deadly pathogens, such as white
spot syndrome virus (WSSV), yellow head virus (YHV), taura syndrome virus (TSV) and the
luminescent bacterium, Vibrio harveyi, cause the losses of shrimp production and sometimes
business collapses to the industry (Flegel, 2006). Study on shrimp immunity to gain the better
understanding in shrimp pathogenic responses would offer an alternative solution for
sustainable shrimp aquaculture.

The innate immune system is widely known as the major host defense mechanism in
invertebrates consisting of many cellular and humoral reactions (Soderhdll and Cerenius,
1992). In shrimp, the lymphoid organ (LO) is one of the most essential immune tissues
which plays the main function in seizing pathogen substances out of the circulating system
(Burgents et al., 2005). A key clearance mechanism of severe pathogens, particularly Vibrio
spp., attributes to the cooperation between hemocyte and the lymphoid organ (Burgents et al.,
2005).

Two-dimensional gel electrophoresis (2-DE) and mass spectrometry was continuously
applied to examine differentially expressed protein profiling in different shrimp tissues in
response to several pathogens such as WSSV, YHV, TSV and V. harveyi in order to identify
the responsive proteins (Bourchookarn et al., 2008; Chongsatja et al., 2007; Somboonwiwat
et al,, 2010; Wang et al., 2007; Zhang et al.,, 2010). Interestingly, one type of the
substantially altered proteins found in those 2-DE researches was a protein group related to
ATP synthase beta subunit including vacuolar ATP synthase subunit B or even ATP synthase

subunit beta, mitochondrial precursor.
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Found in chloroplast thylakoid membranes and mitochondrial inner membranes of
various organisms, ATP synthase is a key enzyme complex involving in the energy
production that controls the flows of proton gradient across the membranes. The ATP
synthases also called FiFo-ATP synthases, comprise of 2 main parts; a soluble part (the F;
sector) and a membrane bound part (the Fy sector). The F; sector functions in ATP formation
and hydrolysis utilizing its subunits such as a, f and the central stalk subunit (y, 6 and ¢)
while the F sector is a proton channel made up from several subunits such as C ring, subunit
a and peripheral stalk subunit (b, d, F¢ and OSCP) (Devenish et al.,, 2008; Walker and
Dickson, 2006). Nevertheless, the roles of the F1F,-ATP synthase as a cell surface receptor
with diverse cellular activities on various mamalian cell types such as adipocytes,
endothelium, hepatocytes and tumor cells have been reported (Champagne et al., 2006; Chi
and Pizzo, 2006). In crustacean, F;-ATP synthase beta subunit located on membranes of the
hematopoietic tissue of crayfish, Pacifastacus leniusculus, was identified to function as the
receptor of the crayfih prokineticin and astakine which are essential for the hemocyte
differentiation and secretion (Lin et al., 2009). The Fi-ATP synthase beta subunit in the
Pacific White Shrimp, Litopenaeus vannamei, was also found to be involved in WSSV
infection (Liang et al., 2010).

In this study, 2-DE was initialy utilized to reveal the protein expression profile in the
lymphoid organ, another important immune tissue, of P. monodon infected with V. harveyi at
the early stage of infection so as to identify the responsive proteins. ATP synthase beta
subunit was found as a highly responsive protein against the infection, thus, it was then
further characterized for its functions in the shrimp immune defense against the bacterial

infection.
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2. Materials and methods
2.1 Shrimp and V. harveyi challenge

The healthy juvenile black tiger shrimp (approximately 1-3 or 20 grams body weight
for the gene knockdown experiment and protein expression analysis, respectively) obtained
from the Broodstock and Larval Development Research Center at Walailuk University,
Nakornsrithammarat Province, Thailand, was acclimatized in the artificial sea water at the
salinity of 15 ppt at the temperature approximately 28+1 °C, for at least 3 days before use.
The sea water was ceaselessly aerated by electric air pumps. V. harveyi challenge was carried
out as described by Ponprateep et al. (2009) (Ponprateep et al., 2009). In brief, shrimp were
intramuscularly injected at the second abdominal segment with 100 pl of the diluted V.
harveyi-TSB culture medium (10° CFU) whereas the control shrimp was injected with 100 pl

of sterile 0.85% (w/v) NaCl solution.

2.2 Two-dimensional electrophoresis (2DE) and protein identification

To prepare the protein samples, the lymphoid organ was dissected from saline- and V.
harveyi-injected shrimp at 6 hour post injection (hpi). Total proteins of the tissues from each
individual was then extracted as described by Somboonwiwat et al. (2010) (Somboonwiwat
et al., 2010). The samples from 7 individuals were pooled and all 3 sets, 21 individuals, were
kept at -80 °C until use

Afterward, the protein expression profile of the lymphoid organ of V. harveyi-infected
shrimp were compared to that of the control shrimp to identify the differentially expressed
proteins. After quantification of proteins by 2D-Quant kit (GE healthcare), seven hundred
micrograms of each pooled protein sample were separated through the 2DE. Briefly, the IPG
strips, nonlinear pH 4-7, 13 cm long (GE healthcare) were used for the first dimension

separation using Ettan IPG phor 3 (GE healthcare) followed by 12.5% SDS-PAGE in the
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second dimension. The gels were further stained with Colloidal Coomasie Brilliant Blue
G250. The gel image was acquired using Imagescanner Il (GE Healthcare) and the protein
spots were analyzed using ImageMaster 2D Platinum 6.0 software (GE Healthcare). The
percentage of intensity volumes (% vol) of each protein spot was the normalized value to the
total intensity volume of all protein spots in each gel. The protein spots were matched across
all gels. The comparative analysis was performed by evaluation the differences of % vol of
each individual protein spot between the control and challenged groups with the statistically
analyses via Student’s t test (p<<0.05). Only the protein spots with considerably significant
change (>3.0 folds) in all 3 gels were further excised and identified by a nano-LC-ESI-

MS/MS mass spectrometry as described by Wang et al. (2007) (Wang et al., 2007).

2.3 Quantitative expression analysis of ATP synthase beta subunit transcript using real-time
RT-PCR

Total RNA was extracted from the dissected lymphoid organ of V. harveyi infected P.
monodon at 0, 6, 24 and 48 hpi using TRI Reagent® (Molecular Research Center, Inc)
following the manufacturer’s protocol. An equal amount of the total RNA from three
individual shrimp was pooled and 1 pg of the pooled total RNA was used for cDNA
synthesis using RevertAID™ First Strand cDNA Synthesis Kit (Fermentas). Subsequently,
quantitative real-time RT-PCR was performed using iCycler iQ™ Real-Time Detection
System (Bio-Rad). The ATP synthase beta subunit gene was amplified by the gene specific
primers. The forward primer sequence was AGGCTCACGGTGGTTACTCT and the reverse
primer sequence was CCTTGGAGGTGTCATCCTTCAG. The reaction contained 1 pl of 10 fold
diluted cDNA, 300 nM of forward and reverse primers and 1X Maxima™ SYBR Green
qPCR Master Mix (Fermentas) in 20 pl of total reaction volume. At each time point, the

expression levels of the gene were normalized to the reference gene, elongation factor 1-
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alpha (EF1-a) as described by Somboonwiwat et al. (2006) (Somboonwiwat et al., 2006).
The amplification of the target gene was done in triplicate. The relative gene expression
ratios of 6, 24 and 48 hpi were compared to that of zero time point so as to calculate the gene
expression fold changes. One Way Analysis of Variance (ANOVA) and Post Hoc test
(Duncan’s new multiple range test) were eventually used to examine the significant changes

in the data set with criteria of P value less than 0.05.

2.4 Amino acid sequence analysis of ATP synthase beta subunit

Amino acid fragments of the highest up-regulated protein derived from the nano-LC-
ESI-MS/MS mass spectrometry were analyzed by MASCOT MS/MS lons Search program
(http://www.matrixscience.com/cgi/search_form.pI?FORMVER=2&SEARCH=MIS) and the
best matched amino acid sequence was later searched against the Penaeus monodon EST
database (http://pmonodon.biotec.or.th/home.jsp). Using the Genetyx program and the online
SignalP3.0 server (http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen J.D. et al., 2004), an
open reading frame (ORF), deduced amino acid sequences and the predicted signal peptide
were analyzed. The deduced amino acid sequence was subsequently searched against the
GenBank database using the BLASTx program (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
(Altschul and Lipman, 1990). According to the blast result, amino acid sequences of six best
hit proteins were selected for multiple alignment analysis by the online ClustalW program
(http://www.ebi.ac.uk/Tools/ clustalw2/index.html) (Larkin et al., 2007). Signature motifs of
those sequences were finally identified by the NCBI Conserved Domain Database website
(Marchler Bauer et al., 2010) and the Expasy Proteomics Motif Scan (http://myhits.isb-
sib.ch/cgi-bin/motif scan).

2.5 Phylogenetic analysis
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Obtained from the GenBank database, ATP synthase beta subunit amino acid
sequences among various organisms were firstly alignd using the ClustalX program (Chenna
et al,, 2003). An evolutionary tree called phylogenetic tree was later produced by the
PHYLIP (Phylogeny Inference Package) program with default settings of the neighbor-

joining distance algorithm as described by Felsenstein J. (1993) (Felsenstein J., 1993).

2.6 Tissue distribution analysis

In order to investigate the mRNA expression of ATP synthase beta subunit in various
shrimp tissues, semi-quantitative RT-PCR was performed. The first strand cDNA was firstly
synthesized from DNasel-treated total RNA of different tissues collected from unchallenged
shrimp (n = 3) such as antennal gland, epipodite, eye stalk, gills, heart, hemocyte,
hepatopancreas, intestine, lymphoid organ, stomach and hematopoietic tissue. The primer
pair specific to ATP synthase beta subunit was used to amplify a 235 bp gene fragment. The
EF1-0 was used as the internal control. The PCR reactions contained 2 (for ATP synthase
beta subunit gene) or 1 (for EF1-a) ul of 10 folds diluted cDNA template, 100 nM dNTP, 100
nM of each gene specific primer, 1X RBC buffer and 1.25 unit of Tag DNA polymerase
(RBC Bioscience) in a 25 pl final volume. The gene amplification was carried out at 94°C for
5 min, 30 cycles of 94 °C for 30 sec, 57°C for 30 sec (for ATP synthase beta subunit) or 55 °C
for 30 sec (for EF1-a) and 72°C for 30 sec, followed by a final extension step at 72°C for 10
min. The PCR products were finally verified by running on a TBE-1.5% agarose gel
electrophoresis and visualized by UV-transillumination after staining the gel with ethidium
bromide.
2.7 In vivo ATP synthase beta subunit gene silencing

The P. monodon EST database (http://pmonodon.biotec.or.th/home.jsp) was searched

for the gene corresponded to the interesting protein, ATP synthase beta subunit. The primers
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specific to the ATP synthase beta subunit were designed (Table 1) and used for amplification
of the gene fragment from the unchallenged shrimp cDNA. The resulting gene fragment was
cloned into T&A cloning vector (RBC Bioscience) and confirmed for the expected sequences
by DNA sequencing. The recombinant plamid was then used as a template for in vitro
transcription to synthesize double-stranded RNA (dsRNA) using T7 Ribomax™ Express
RNAIi System (Promaga) following the manufacture’s instruction. The two PCR reactions for
amplification of sense and anti-sense RNA strand templates amplification were separately
performed using gene specific primers containing the T7 promotor sequences at the 5" end as
shown in Table 1. On the other hand, a control dsRNA of the green fluorescent protein
(GFP), was prepared as described by Amparyap et al. (Amparyup et al., 2009). The reaction
was subsequently treated with RQ1 RNase-free DNase (Promega) to remove the DNA
templates. Prior to use, the dSRNA was quantitated and verified for the integrity by running
on TBE-1.5% agarose gel electrophoresis and UV spectrophotometry, respectively.

The juvenile shrimp (about 3 grams body weight) were divided into 3 groups which
were injected with ATP synthase beta subunit dsSRNA, GFP dsRNA or sterile 0.85% NaCl.
Ten micrograms per gram shrimp of dsRNA was intramuscularly injected at the second
abdominal segment of juvenile shrimp. After 24 hours, shrimp hemocyte was individually
collected in each experiment. Subsequently, the ATP synthase beta subunit transcript levels
were determined by semi-quantitative RT-PCR. The relative expression ratios of the ATP
synthase beta subunit transcripts were calculated by normalization its expression level to that
of EF1-a.

To determine the cumulative mortality of ATP synthase beta subunit knock down
shrimp, 10 shrimp from each experimental group were monitored for 5 consecutive days after
dsRNA injection. The number of death shrimp was recorded. The experiment was done in

triplicate and the data was represented by mean + SD.
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2.8 Total hemocyte counting of ATP synthase beta subunit knockdown shrimp

Hemolymph of sterile 0.85% NaCl, ATP synthase beta subunit dsRNA-injected
shrimp or GFP dsRNA-injected shrimp was individually collected using 10% sodium citrate
solution as an anticoagulant at 12 and 24 hpi. Total hemocyte number was later counted using
hemocytometer. In each group, the data was represented by mean + SD of the total hemocyte

count calculated from three individuals.

3. Results
3.1 Up-regulation of ATP synthase beta subunit in V. harveyi infected P.monodon determined
by two dimensional electrophoresis analysis and mass spectrometry

To better understand the shrimp immune system against bacterial infection, the
protein expression profile of lymphoid organ of the shrimp, P. monodon, infected with V.
harveyi was resolved. The lymphoid organ was collected from shrimp challenged with either
0.85% NaCl or 10° CFU V. harveyi at 6 hpi. During the infection period, the shrimp mortality
was obviously high in the V. harveyi injected group while the control shrimp remained
healthy. The appropriate quantity of proteins for 2-DE analysis visualized by colloidal
coomasie blue staining was preliminary tested. Seven hundred micrograms proteins were
found to be the minimum amount required for the analysis. Three strips of 700 pg of total
proteins pooled from seven individual shrimp at each time point tested were run. Therefore, a
total of 21 individuals were used as representative for the analyses. Up to approximately
1,000 protein spots were detected but there were only 48 eligible protein spots, with the
acceptable statistic criteria. They were divided into three groups comprising of up-regulated
proteins with significant expression increase more than 3 fold compared to the control, down-
regulated proteins with significant expression decrease less than 3 fold compared to the

control and the others were constantly expressed proteins. Subsequently, a total of 17 eligible
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protein spots which were constantly and highly altered expressed (Fig. 1), were selected for
further analysis by LC-nano ESI-MS/MS. Of those, 13 spots were down regulated protein.
The derived peptide sequences were then searched against the database and annotated (Table
2). Yet, 4 spots remained unknown.

Of those identified protein spots, cytoskeleton proteins (actin, actin2 and beta-tubulin)
were quite prominent (Table 2). The rest of them were varied in biological functions which
can be grouped as followed; energy balance (ATP synthase beta subunit), carbohydrate
metabolism (triosephosphate isomerase), immune defense mechanism (transglutaminase),
stress response (heat shock protein), chaperone function (protein disulfide isomerase), serine
protease inhibitor (alpha-2-macroglobulin) and transcriptional regulation (calreticulin and tat-
binding protein). Considering the changes in expression of those proteins, the proteins from
lymphoid organ with the highest alteration upon V. harveyi infection were ATP synthase beta
subunit (5.50 fold increase) and actin 2 (16.75 fold decrease). Because ATP synthase beta
subunit was the highest up-regulated protein spot observed in the study; therefore, it was

interesting to elucidate its involvement in shrimp immune response against V. harveyi.

3.2 Time-course mRNA expression analysis of P.monodon ATP synthase beta subunit
P.monodon ATP synthase beta subunit was analyzed at the level of gene expression
after V. harveyi infection. The quantitative realtime RT-PCR analyses of this gene were
performed in which EFl-o was served as an internal control. The changes in transcript
expression level were monitored at various time points; 0, 6, 24 and 48 hpi. It was found that
there was only a slight up-regulation of ATP synthase beta subunit transcript expression
observed at 6 hpi (Fig. 2). According to the above results, it appeared that the response of
P.monodon ATP synthase beta subunit was more significantly controlled at the translational

level.
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3.3 Sequence analysis of ATP synthase beta subunit

Searching against the P. monodon EST database using the best matched amino acid
sequence obtained from the GenBank and amino acid fragments from the nano-LC-ESI-
MS/MS mass spectrometry of the ATP synthase beta subunit as a query identified contig
number 494 (CT494) as the best matched. Sequence analysis revealed that the ORF of P.
monodon ATP synthase beta subunit contained 1578 bp encoding for 525 amino acid
residues. Searching against NCBI Conserved Domain Database identified 5 conserved
domains such as the walker motifs A and B of nucleotide binding domains, DELSEED motif
and the carboxy and amino terminal domains. The ATPase alpha/beta signature domain was
further identified by the Expasy Proteomics Motif Scan (Fig. 3A). Also, P. monodon ATP
synthase beta subunit showed the highest sequence similarity to that of Litopenaeus
vannamei, Marsupenaeus japonicus, Fenneropenaeus chinensis accounting for 99.0%
homology while Procambarus clarkii and Pacifastacus leniusculus had 92.0% and 91.0%
sequence similarity, respectively. Amino acid alignment of P. monodon ATP synthase beta
subunit with those of P. leniusculus, P. clarkii, L. vannamei, M. Japonicus and F. chinensis,
the best match sequences obtained from the blast result, revealed that all predicted domains
of ATP synthase beta subunit except the carboxy and amino terminus domains were highly

conserved indicating their importance for the functions.

3.4 Phylogenetic analysis

ATP synthase beta subunit amino acid sequences of various organisms from the
GenBank database were used to construct a phylogenetic tree. The phylogenetic tree (Fig.
3B) apparently illustrated that the ATP synthase beta subunit of crustaceans, including that of

shrimp and mollusca, shared close ancestors and high similarity because they were grouped
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in the same cluster. There were, in addition, two major groups of ATP synthase beta subunit,

the insect and vertebrate groups shown in the tree.

3.5 Tissue distribution of P. monodon ATP synthase beta subunit transcript

The expressions of ATP synthase beta subunit gene in various shrimp tissues; anternal
gland, epipodite, eye stalk, gills, heart, hemocyte, hepatopancreas, intestine, lymphoid organ,
stomach and hematopoietic tissue, were examined. The tissue distribution shown in Fig. 4

revealed that the gene was expressed in all tissues tested.

3.6 Gene silencing of ATP synthase beta subunit and the effect on shrimp survival

To determine whether ATP synthase beta subunit was involved in shrimp immunity,
RNAi-mediated gene silencing of the ATP synthase beta subunit was conducted. The
intramuscular injection of 10 pg of ATP synthase beta subunit dSRNA into juvenile shrimp
(approximately 3 g) resulted in the inhibition of ATP synthase beta subunit transcript
expression by 86.86% as compared to that of control shrimp (Fig. 5A) and the gene
suppression lasted for 5 days long (data not shown). The knockdown shrimp appeared weak
and displayed a high mortality compared to the control shrimp. The percentage of the
cumulative mortality of ATP synthase beta subunit gene-knockdown shrimp sharply rose to
about 60% within a day and slightly increased to 73.33% over the 5 day studied period (Fig.
5B). On the contrary, more or less 10% cumulative mortality was noted in the control groups.

To further examine the effect of ATP synthase beta subunit on shrimp survival, the
total hemocyte number of ATP synthase beta subunit-knockdown shrimp was counted at 0
and 12 h after dsSRNA injection (Fig. 5C). The numbers of total hemocyte of the ATP
synthase beta subunit knockdown shrimp was 8.63 and 1.47 million cells per milliliter as

observed at 0 and 12 h after dsSRNA injection, respectively while those of the GFP dsRNA
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injected shrimp were 8.75 and 7.58 million cells per milliliter, respectively. The results
illustrated that the total hemocyte number of the silenced shrimp was considerable less than
those of the control shrimp by 5.2 fold. According to the result, a factor that might contribute
to the cause of the death of ATP synthase beta subunit-knockdown shrimp was the significant
loss of hemocytes. Taken together, these implied the prime importance of ATP synthase beta

subunit in shrimp survival.

Discussion

To investigate responses to V. harveyi challenge in shrimp, the proteomic approaches
based on two-dimensional electrophoresis (2-DE) and mass spectroscopy (MS) were applied.
Our previous study identified several hemocyte proteins involved in immune responses
against V. harveyi infection (Somboonwiwat et al., 2010). Here, we analyzed the protein
expression profiling of the lymphoid organ of V. harveyi infected shrimp at 6 hpi, an early
phase of infection. Highly altered proteins (more than 3 fold) after infection were selected
and identified. As described previously, most of interested protein spots were successfully
identified whilst the remaining proteins were still unknown. Some examined proteins
remained anonymous owing to information lacking of shrimp genome sequences. The known
proteins were varied in biological functions such as metabolism and biogenesis, immune
related proteins, chaperone function, serine protease inhibitor and transcriptional regulator
and cellular structure.

According to the 2-DE result, cytoskeleton proteins such as actin (spot no. 13), actin 2
(spot no. 5), beta-tubulin (spot no. 10 and 12) were found to be significantly down-regulated
after bacterial infection. The decline in cytoskeleton protein expression, particularly actin,
resulted in destabilization of microfilament network in the cell during apoptosis (Guenal et

al., 1997). It was evidenced that at the early phase of apoptosis, depolymerization of
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microtubules, which are polymers of tubulins, is rapidly occurred (Moss et al., 2006).
Bacterial invasion through the type III secretion system (T3SS), a type of pathological
mechanisms, can trigger programmed cell death in the host cell (Grassmé et al., 2001).
Likewise, Vibrio cholerae also exhibited effectors of the T3SS for penetrating the cell by
alteration host actin cytoskeleton affecting to the cellular structure (Tam et al., 2007). In
accordance with our observation, the mortality rate of the V. harveyi infected shrimp reached
50% at 6 hpi, likely indicated that the major reason of shrimp death is the widespread
occurrence of V. harveyi. Our results implied that pathogenicity of V. harveyi might cause the
rearrangement of structural components which affected the stability of cellular structures
eventually mediating apoptosis.

Interestingly, an enzyme related to aerobic respiration, ATP synthase beta subunit
(spot no. 6), was the highest up-regulated protein up to 5.5 fold among other identified
proteins indicating the likely important function of the protein at the early phase against the
bacterial infection. ATP synthase beta subunit, additionally, was always identified as a highly
altered protein at translational expression level in response to various severe shrimp
pathogens (Bourchookarn et al., 2008; Chongsatja et al., 2007; Liang et al., 2010;
Somboonwiwat et al., 2010; Wang et al., 2007; Zhang et al., 2010). These suggested not only
the involvement of the protein in the respiration system but also in immune response against
pathogen infections in which further investigation is still needed.

ATP synthases, found in the cell membrane of some bacteria, chloroplast thylakoid
membrane and the inner membrane of mitochondria, play crucial roles in ATP operation in
the cell (Devenish et al., 2008). Yet, most recently, other location and function of ATP
synthase have been concerned as the external ATP synthase (¢AS) which is resided on the

surface of several cell types acting as cell-surface receptors. The subunit arrangement of eAS
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might be distinct depending on cell types related to their specific biological roles
(Champagne et al., 2006; Chi and Pizzo, 2006).

Found in the P. monodon EST database, the deduced amino acid sequence of a contig
494 (CT494) had three well conserved regions; nucleotide binding domains, DELSEED motif
and the ATPase alpha/beta signature domain. Herein, ATP synthase beta subunit of the black
tiger shrimp was firstly disclosed. The nucleotide binding domain consisted of 2 important
domains called the motif A (GXXXXGKT/S) and the motif B (LLFID) serving a crucial role
in ATP synthesis and hydrolysis (Wiese et al., 2006). According to crystal structure studies of
the motif A, this motif forms a loop structure named P-loop around nucleotides. Utilizing
lysine (K) and threonine (T) residues inside the motif, the loop will be able to interact with
phosphate-oxygen atoms of the nucleotide (Ramakrishnan et al., 2002). This structure is
stabilized by hydrogen bonds formed between the motif A and a highly conserved aspartate
(D) residue within the motif B with a bound water molecule (Wiese et al., 2006). At the
carboxyl terminal domain of the beta subunit, DELSEED motif was observed with a highly
conserved figure among crustaceans. This motif was vastly supposed to be responsible for
the binding to the gamma subunit (y) causing the mechanical rotation of F; portion
synthesizing ATP but several recent studies suggested new finding on its biological
mechanisms (Hara et al., 2000; Noji et al., 1997). Because of a cluster of acidic and
negatively charged amino acids within the motif, the DELSEED motif typically forms a
bridge with the epsilon subunit (¢) making the enzyme inactive. Whenever the bridge is
broken due to the ATP binding inside the beta subunit (B), the enzyme then becomes active
(Hara et al., 2001). The ATPase alpha/beta signature sequences (P-S/A/P-L/I/V-D/N/Hx-
{F}-{S}-S-x-S) also found at the carboxyl-terminus (Liu et al., 2007). In accordance with the

phylogenetic tree, most of node values calculated from the neighbor-joining distance
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algorithm were quite less indicating that primary amino acid sequences of ATP synthase beta
subunit shared high conservation through genetic evolution.

In our study, ATP synthase beta subunit was the highest responsive protein in the
shrimp P. monodon upon the bacterial infection. According to quantitative realtime RT-PCR,
the mRNA levels of ATP synthase beta subunit was only slightly upregulated indicated the
response to V. harveyi was controlled at the transcriptional level. Recently, Liang et al.
(2010) reported the binding of white spot syndrome virus (WSSV) to ATP synthase beta
subunit and showed that the recombinant protein could attenuate WSSV infection in the
shrimp L. vannamei. To further elucidate the function of ATP synthase beta subunit in which
its transcripts was found in all tissues examined, its transcripts were knocked down. The mass
mortality of ATP synthase beta subunit knockdown shrimp was observed within 24 hours.
These results implied that ATP synthase beta subunit is important for shrimp survival not
only for responses to pathogen infection.

In the fresh water crayfish, P. leniusculus, ATP synthase beta subunit was identified
as a receptor for astakine 1 exposed on the plasma membrane of hematopoietic tissue (Lin et
al., 2009). Also, injection of P. monodon astakine, phylogenitically resembled to crayfish
astakine 1, can induce cell proliferation in hematopoietic tissues (Hsiao and Song, 2010). Our
results in the shrimp P. monodon also indicated that ATP synthase beta subunit might be
essential in hemocyte production as the suppression of ATP synthase beta subunit caused a
significant reduction of hemocyte and resulted in shrimp death.

In conclusions, we have successfully disclosed altered proteins in the lymphoid organ
upon V. harveyi infection. Of those proteins, ATP synthase beta subunit was of interest. Gene
silencing revealed that the presence of ATP synthase beta subunit was important to shrimp

survival due to its possible involvement in hemocyte production.
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Table 1 List of gene specific primers used for RNA interference (RNA1)

Primer name Sequence (5'-3")
GFP_F ATGGTGAGCAAGGGCGAGGA
GFP_R TTACTTGTACAGCTCGTCCA
GFPT7_F | TAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGA
GFPT7_ R | TAATACGACTCACTATAGGTTACTTGTACAGCTCGTCCA
ATP_F AGGCTCACGGTGGTTACTCT
ATP_ R CCTTGGAGGTGTCATCCTTCAG
ATPT7 F | GGATCCTAATACGACTCACTATAGGAGGCTCACGGTGGTTACTCT
ATPT7 R | GGATCCTAATACGACTCACTATAGGCCTTGGAGGTGTCATCCTTCAG




602  Table 2 The lymphoid protein of V. harveyi- infected P. monodon identified by 2D-GE and
603  LC-nano ESI-MS/MS at 6 hpi
604
Spot  Predicted Predicted Protein hit Scl(:::/vlvus)e of Accession Fold
. MW | y . h
1o (D=) P match peptides e change
Up-regulated protein spots
1 47598 5.06 PREDICTED : similar to Tat-binding protein-1 [4pis 362/6 XP_392722 2.98
mellifera]
6 46181 4.90 ATP synthase beta subunit [ Haliotis rufenscens) 427/6 AAZ30686 5.50
Down-regulated protein spots
2 46778 4.30 Calreticulin precursor [Fenneropenaeus chinensis) 378/11 ABC50166 -3.46
4 58480 4.70 PREDICTED : similar to heat shock protein 1, beta 17172 XP_392456 -3.13
isoform 1 [Apis mellifera)
5 41822 5.11 Actin 2 [Penaeus monodon) 664/27 AAC78682 -16.75
7 84660 5.51 Transglutaminase [Penaeus monodon] 213/6 AAL78166 -3.43
9 32431 5.04 Alpha-2-macroglobulin [ Penaeus monodon] 252/2 AAX24130 -4.55
10 29673 8.24 Beta tubulin [Penaeus monodon) 588/4 ABU49604 -4.00
11 - - Unknown - - -3.58
12 41475 5.67 Beta-tubulin [ Cryptocercus punctulatus) 160/7 ABL11314 -4.05
13 41513 5.30 Actin 339/5 1101351C -3.72
14 - - Unknown - - -3.73
15 - - Unknown - - -4.23
16 27484 5.55 Triosephosphate isomerase [Fenneropenaeus 161/4 ABB81879 -8.65
chinensis)
17 - - Unknown - - -3.65
Constant protein spots
3 55049 4.64 Protein disulfide isomerase [Litopenaeus vannamei) 1194/33 ACN89260 1.38
8 41847 5.29 Actin, cytoskeleton 2 (LPC2) 442/7 P53466 1.45
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Figure legends

Fig. 1. The 2D gel protein profiles representing differentially expressed proteins of the
lymphoid organ of P. monodon. The protein expression profiles of V. harveyi challenged
shrimp at 6 hours (A) was compared to that of sterile 0.85% (w/v) NaCl solution injected
shrimp, control samples, at 6 hours (B). The labeled numbers on protein spots are

corresponded with the numbers presented in Table 2.

Fig. 2. Time course analysis of ATP synthase beta subunit transcript in P. monodon after V.
harveyi challenge. Lymphoid organ of shrimp infected with V. harveyi or injected with 0.85%
NaCl was collected at 0, 6, 24 and 48 hpi. The mRNA expression levels of ATP synthase
beta subunit were determined by quantitative real-time RT-PCR. The elongation factor 1
alpha gene (EF1-a) was used as an internal control. The data represents fold changes in ATP
synthase beta subunit transcript levels of infected shrimp compared to the control shrimp.

Means with different letters are significant different (P<0.05).

Fig. 3. ATP synthase beta subunit sequence analysis. Amino acid sequence alignment of
ATP synthase beta subunit from P. monodon with other crustaceans (A). The nucleotide-
binding domains (a), the DELSEED motif (b) and the ATPase alpha (c)/beta (d) signature
domain were shown in grey boxes. The carboxyl (I) and amino (II) terminal domains were
shown in open boxes. Phylogenetic analysis of ATP synthase beta subunit (B). (hilighted in
grey) P. monodon ATP synthase beta subunit and those from various related organisms;
Hydra magnipapillata (Hm), Bursaphelenchus xylophilus (Bx), Strongylocentrotus
purpuratus (Sp), Glossina morsitans morsitans (Gmm), Drosophila melanogaster (Dm),

Drosophila yakuba (Dy), Acyrthosiphon pisum (Ap), Pediculus humanus corporis (Phc),
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Aedes aegypti (Aa), Culex quinquefasciatus (Cq), Pinctada fucata (Pf), Pacifastacus
leniusculus (P1), Procambarus clarkii (Pc), Litopenaeus vannamei (Lv), Marsupenaeus
Jjaponicus (Mj), Fenneropenaeus chinensis (Fc), Gillichthys seta (Gs), Gillichthys mirabilis
(Gm), Rattus norvegicus (Rn), Mus musculus (Mm) and Homo sapiens (Hs) were analyzed.
Out of total 1000 times produced by bootstrapping the original deduced amino acid
sequences, the number of times occurring specific nodes with more than 500 times were
present on those nodes. The GenBank accession number of the ATP synthase beta subunit

nucleotide sequence is JF303646.

Fig. 4. Tissue distribution analysis of ATP synthase beta subunit transcripts. Various shrimp
tissues comprising anternal gland, epipodite, eye stalk, gills, heart, hemocyte,
hepatopancreas, intestine, lymphoid organ, stomach and hematopoietic tissue from
unchallenged shrimp were analyzed for the expression of ATP synthase beta subunit mRNA

using EF1-a as an internal control.

Fig. 5. Analysis of ATP synthase beta subunit knockdown shrimp. A) /n vivo gene silencing
of the ATP synthase beta subunit transcript levels in hemocyte of shrimp. Shrimp
(approximately 2 grams fresh weight) were injected with 10 pg of ATP synthase beta subunit
dsRNA or 10 pg of GFP dsRNA for 24 hours. The mRNA expression level of this gene was
determined by semi-quantitative RT-PCR using gene specific primers. The EF1-a gene was
used as an internal control. Each lane is representative of individual shrimp. B) The
cumulative mortality assay of ATP synthase beta subunit-knockdown shrimp.  The
experimental shrimp was monitored for 5 days after injected with sterile 0.85% (w/v) NaCl
solution or 10 pg of GFP dsRNA for the control groups, and 10 pg of ATP synthase beta

subunit dsSRNA for the gene silencing group. The assays of cumulative mortality of each
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group (10 shrimp) were independently done in triplicate representing as the mean + standard
deviation. C) Total hemocyte number of ATP synthase beta subunit-knockdown shrimp
after sterile 0.85% (w/v) NaCl, 10 ug of GFP dsRNA or 10 pg of ATP synthase beta subunit
dsRNA injection for 0 and 12 hours. The total hemocyte count was done for three individual

shrimp using hematocytometer. The data represents the mean + standard deviation.
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