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Abstract

Project Code : TRG5280019

Project Title : Activity and function of antimicrobial peptides from the black tiger shrimp
Penaeus monodon

Investigator :  Dr. Premruethai Supungul

National Center for Genetic Engineering and Biotechnology, Center of Excellence for Molecular
Biology and Genomics of Shrimp, Department of Biochemistry, Faculty of Science,

Chulalongkorn University E-mail Address : premruethai.sup@biotec.or.th

Project Period : 2 years

This project was to characterize and investigate the functions of lysozymes and penaeidins
from Penaeus monodon. The c-type (PmLyzc) and the two-catalytic residue ablated i-type
lysozymes (PmLyzi1 and 2) were identified from the Penaeus monodon. By RT-PCR, PmLyzc
and PmLyzi2 transcripts were highly expressed in hemocyte and heart, respectively while the
PmLyzi1 transcript was expressed only in hepatopancreas. The up-regulation of mRNA
transcription after bacterial challenge was observed only with PmLyzc. Although the
turbidimetric assay revealed that only recombinant PmLyzc possessed the muramidase activity,
all of them variably exhibited antimicrobial activity against both Gram-positive and -negative
bacteria. No synergistic effect was observed among these lysozymes. These results
demonstrated that the ability of lysozyme to inhibit the growth of bacteria did not depend only
on the muramidase activity and indicated the multifunction of lysozyme as immune defense and
digestive enzymes in P. monodon.

From the Penaeus monodon EST database two isoforms of penaeidins were identified,
PenmonPEN3 and PenmonPENS5. Both penaeidin transcritps were mainly expressed in the
hemocyte, and were up-regulated about 1.5 and 1.8 fold, respectively at 24h after WSSV-
challenge. The recombinant proteins of both penaeidins were overproduced in the yeast Pichia
pastoris. The rPenmonPEN3 and rPenmonPEN5 exhibited antibacterial activity against Gram-
positive bacteria. However, no synergistic effect was observed in these penaeidins. The
suppression of PenmonPENS transcript levels by RNA interference mediated gene silencing led
to an increase of WSSV copy numbers about 1.9 fold. Moreover, incubation of the P. monodon
hemocyte primary cell culture with the mixture of WSSV and rPenmonPENS inhibited the
propagation of WSSV only 6.25uM but not at higher concentration of the protein. These results
suggest a possible role of P. monodon penaeidins in the shrimp’s antibacterial and antiviral
immunity but its antiviral mechanism requires further investigation.

Keywords : Penaeus monodon, Antimicrobial peptide, muramidase activity, antiviral immunity
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3.1 nsdAnsansmraNiAvadnaatin lysozyme

3.1.1 msAnvInsudEnIBanVasin lysozyme 1%Lﬁatﬁaf§'aqa1ﬂ°1ﬂna
v a
Taglfinafia RT-PCR
§379 first-strand cDNA 910 total RNA waaifiaibiany 9 aduizvasis ldun wien,
antennal gland, epipodite, ﬁ"flﬁl, Lﬁ@llﬁa@l, hepatopancreas, eyestalk, lymphoid organ LLag ﬁ’lvl,ﬁ?'f I@]u
o ™ o AV o a a 1% A

14 ImProm-Il"" Reverse Transcription System (Promega) a1 cDNA lanAndSunumeamadia

PCR lagldlwsiwasfisumnziuin lysozyme M9 c-type lysozyme (PmLyzc) waz 2 lalowesuvas i-



type lysozyme (PmLyzi1 waz Pmlyzi2) filasanuuuly F1@51e% PCR product ¢28 agarose gel
e & v v

electrophoresis 3NN PCR product AMNANMULNVBILAL DNA Atufindlundas ccD lagld

1U5unsu Genetools Analysis Software (Syngene) lasiitu B-actin Lﬂuﬁumuqu
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3.4.2 msAnsImsudnsaanvasiin lysozyme lwisnardfinszauain
V. harveyi
=S a dq’ A 2 .

nnmidnsmiuaateanvasiuluiitoievesds wu Pmilyze,  Pmlyzit  uaz
PmLyzi2 imiuaadeanuinfigaluidaifan, hepatopancreas uaz %213 MNAIGY AIRUNNIANE

a 9 o da & L2 o = v o '
nIuaaIaanvaIbu lysozyme luanardrn@aiie V. harveyi 3svinisinnlusuainizaingn

g . 6 @ Y ¥ o ' ° I3 @
lasdaiTa V. harveyi 10° CFU wdhndwiilarfengananas yinnnsifiifas hepatopancreas uaz#ala
a0, 6, 12, 24 uaz 48 T lusnasnndaidalasiiuiiaias 3 @2 lunguaiuquia 0.85% NaCl
wnw V. harveyi ana total RNA Laz¥inn1s&319 first strand cDNA lagld ImProm-lI™ Reverse
Transcriptase System #37388UNNIUEAI88NVBIEU lysozyme uaduzniaulasnisvin PCR Aldtin

B-actin Liluduaiuey

a a 14 o a =3
3.1.3 msnaaldsansnanduww lysozyme uazviuIgnsd

shanmadasnaudunuilasmslaauuiu mature lysozyme TwsuTia Ae
PmLyzc, Pmlyzi1 uaz Pmlyzi2 \igianiaas pET19 Tagllusdusnoudunuriflad His-tag agjﬁ
Umenmaduaziiln anin Benmlaauiiiin lysozyme Tagldinadia colony PCR Aaszfiuuia
283 DNA insert lag agarose gel electrophoresis snanaaiiadiduiavasInandunurilaauuaziinly
maauiiaalalng La‘jaVLéTﬂauﬁgﬂéTaaLLSTﬁdﬂ"ﬁmwmaﬁﬂ%ﬂauﬁuuuﬁmﬁﬁwg’mﬁas? E. coli
Rosetta  WialUs@udeanduunrilassninlfiiansuaaseanuadiume IPTG WazATI980UNNT
wansaanaslusauinenuuwieny SDS-PAGE uasfandis Coomassie Brilliant Blue #asanniin
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sz STE buffer MMUAAL  #37988UANNLTFNTAI18NNI¥N western blot NlF antibody dausnidu

anti-His-tag LLae antibody anzaadn goat-anti-mouse 1gG



3.1.4 NMNINAddU muramidase activity
Tag¥inmsiapaiie wuaiti3s Micrococcus  luteus TWiHanududuil ODE00  nm
Wiy 0.5 anuutnldsaudaaudunwnd lysozyme fudanUATISY M. luteus 7 25 °C SAAM3
g}@ﬂﬁmmaﬁmwm’mﬁu 450 nm nn<9 2 WA 20 wii Taailadinseas peptidoglycan

a J o )
m@mm:m’lvx mmi@@ﬂﬁmmmﬂm

3.1.5 NINAFUFNTANIIAIBLITULATIISILAZNISANEY  synergistic

effect
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LUANITULNTNUAN (M. luteus, Staphylococcus aureus Wz S. haemolyticus) WazlUANILUNTUAY
(Vibrio harveyi, V. parahaemolyticus, V. fluvialis, V. alginolyticus, V. cholera, V. mimicus Wag
Esherichia coli) §83T agar diffusion lasvihnsidsateuuafiGolu agar plate Aazngudwivle
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3.2 NMsANBIANHWLENLGVDIEHW penaeidin
3.21 MsAN¥INITUEAIBBNVAIE® penaeidin iutﬁatﬁaﬁaqa1ﬁ1ﬂnﬁ
U a
Taalfinafia RT-PCR
#3719 first-strand cDNA 911 total RNA 22318188119 9 8187:984791nd 3 61 léun
wﬁaﬂ, antennal gland, epipodite, ﬁ"ﬂﬁ], Lﬁmﬁaa, hepatopancreas, eyestalk, lymphoid organ LLag
o [% L% ™ o o AV o A a
#'l& laold ImProm-Il " Reverse Transcription System (Promega) a1 cDNA AleNnANUTN™
o

munafia PCR  lagldlwsinasndiwiznuiu penaeidin nigadlalanasy (PenmonPEN3  uaz

PenmonPENS) Aldpanuuuly Sk PCR product 628 agarose gel electrophoresis TadTum



PCR product 31nanuduvasiay DNA fuufindronaas CCD lawldlusunsu Genetools Analysis

Software (Syngene) lauditu EF1-OL Lﬂuﬁumuqu

= LY

322 ms@AnEIN1suanIanzasdin penaeidin Tusnarmfinizquaie
wssV Tagl#inaila real time - RT-PCR

wiafanadgunwaeanidn 2 ngu nduuIndadiy WSSV (daman WSSV A

Lobster hemolymph medium (LHM) 1:8000 %aﬁﬂﬁrﬁ:@mm 100% mulu 4 Tu) nguaILgudade
LHM Liuiieaandanguas 3 dafilaan 0.25, 12, 24 uaz 48 Falug &319 First-stand cDNA 970 total
RNA maaﬁmﬁa@mmﬁ’ﬂ@ml‘ﬁ' ImProm-II"" Reverse Transcription System (Promega) La#i1 cDNA “7i
Idwnfusimdioinaiia  realtme RT-PCR laglfiaSas iCycleriQ" system (Bio-Rad
Laboratories, USA) LLG::I“ﬁ"‘I;@WIi’ﬁ]KE]‘]J SYBR Green | dye detection YMINa8assutt S
msuaadaanvesdulasifSouifisunumsuaadaanuaddn EF1-a  uazidSsufisudinisuaasaan

- Ct ' °
25857 @1 AACE fwInaN

A g { v v a Qs 1 d v 1
vasdulungufinzduedis WSSV iflsuriunguaiugy Souaaddane
ACt (NduNNIzdudls WSSV) - ACt (N§uAILAN) NnuuIIRmnAeaialasld one-way

analysis of variance (one-way ANOVA)

Aa

3.2.3 M3An¥IINTIues penaeidin ’l%fi'aﬁmm%ba wssV laginaiia RNAI

#NNNI8319 double strand RNA 2838% PenmonPEN5 (dsPenmonPENS) lag
sonuulwawed 2 70 lugauindmivaiiadu sense laamdu 5 vadlwiiuas Forward &
LWRINWIZVBS T7 promoter mu"q@ﬁ' 2 ulwswasaniusinodu anti-sense  IRUanomasu 5
wa9lnsiuad Reverse TLURS1NNZU8S T7 promoter HAINAYNANTIANLTUD cDNA a8 lwsiuasri
2 7auA?  YMIaagany RNA LiW sense Uz anti-sense lag/ld T7 RNA polymerase  purify RNA
fBLfEIUaZ double strand RNA Tagmsuauids sense wazidn anti-sense udasaamn 1:1 tialw
unwuldug

MNEHATIIFOUANNI NIV dsPenmonPENS Iﬂﬂﬁﬂquqmﬁwmﬂﬂi:mm 3
n3u anudaidu 3 ndu nguuInda dsPenmonPENS ludasdin 5 ug da 9w 1 g ﬂa;uﬁaaaﬁ@]

polyGC tiNaLilunguaiuau uazngui 3 Aadis NaCl iveidunguaiuey nasnnmsaeiuiam 24



Tilus dafsusdazngudrlaslunguidosda double strand RNA Tudamaiu 2.5 pg da fantin 1 g
g A < 2 & A @ A °
Weedadn 24 1iladinfuiReannana  total  RNA  LiW@INNN@TIIRALANIUNIZUD

= = é %3
dsPenmonPENS I@mgmmamaaﬂmawu PenmonPEN3 a8k PenmonPENS sﬁﬂ%mnmmaaﬂ
Pp38u EF1-0 L‘fluﬁumqu

v

\Radnwminfiues  PenmonPENS Lﬁaqaam%a WSSV Fsuifirwe 3 niu
paniu 3 ngw ndwusniia dsPenmonPENS ludamaan 5 pg da faniin 1 g mju‘?‘iaaoﬁ@ polyGC
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double strand RNA ludaaiu 2.5 ug da 9win 1 g wiBuAuaa WSSV §1miw 100 copy Bede

< < @ A @ {
8n 24 TINIFNULIREANNENG total RNA A32980UMIWEAI88N2838% VP28 Gaiduduainslusaun

ﬁ’]“ﬂﬂxﬂ’]ﬁi I PenmonPENS, PenmonPEN3 Las EF1-OL anaia RT-PCR I@ﬂﬁ’]ﬂ’ﬁ“ﬂ@ﬂﬂdsﬁ’]

§240T9NTIFBING

wananih a39mau I copy 183 WSSV lasutarisaanidu 2 ndu vin1ida
double strand RNA 2 asainlaunsnaaadinedn uazlunsfaasen 2 vinnsdia WSSV $1uau 100
copy Wiauniu double strand RNA llaifesdalldn 24 Mlusdufuifeadiannisesnguiiaanio
genomic DNA @32388U31%I% copy 9891 Taa33 5089 Durand wasLightner (2000) laun3vin real-
. A v 6 A o a a & o '
time RT-PCR $9ldiumiameanzian visniaiglnaiusiannsdad waznasauanuuandinis

soalasld T-test

a a I3 - o a £
3.24 m‘mamfﬂsﬁ%‘%@mummuﬂ penaeidin Ltatﬂ'lﬂiq‘ﬂﬁ

laauTudu  mature penaeidin3 (PenmonPEN3) uazBw  mature penaeidinb

v 1 ld & { a a
(PenmonPEN5) ihgiiaimas pPICK Tailluianiaainlslunndalusduiaanduuuriluszundad
mnﬁuﬁm%;ﬁuﬁaﬁﬁaﬁ Pichia pastoris km71  eaidaniaeuduuurilaaunisnuin copy 2adiin
. e & A A A d'g/ Aa A v @ & = a
penaeidin 113 2 flannfiga  lasiRenlaaufizuunemniNden G418 Nanadudugs NNUUTIHAS
lUs@uSaanduunyi  PenmonPEN3  (rPenmonPEN3)  uazlus@useanduuurl  PenmonPEN5

(rPenmonPENS5) laslfiumuaalunstninhlviiamuaaseanvasiu iiushifosdadnniuudisian

avaxaulUsAuTaeuduunuriads  Tricine-SDS-PAGE v a%ﬁuﬂﬁmwﬁm’%ﬂauﬁLLuuvﬂﬁiﬁuga q0
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A o

A d‘ v dd‘ a a A a a o a t§
Laaﬂiﬂauﬂ%waﬂwqmw i lundalds@usnandunudludSunmun YNUIFND rPenmonPEN3 g
rPenmonPEN5  lassiniinlassdadunknuaaauil cation-exchange chromatography wazzzlUsausney

Sunuriads Nacl sihldsdusaandunurinlaly dialyze U 20 mM phosphate buffer pH 7 3aA14

€ o

vintuveslds@uinanduunuridas spectrophotometer 71 280 nm  @3298UAMNLIFNTEIL Tricine-

SDS-PAGE
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3.25 MINAFDUANUANITANBLTDUUANLIBYDY Tﬂﬁ@l%iﬂa&lﬂlt%%"{l

penaeidin

a £ £6 o & A A
1 rPenmonPEN3 WAz rPenmonPEN5 U3gnDanaTiasaugnlumstusiuuadise
M. luteus W&z Aerococcus viridians @835 agar diffusion lasRsaganuafiselu agar plate e
wandgmivlallsdu  immmeealds@uiaenfuunrifenudududs 9 aslungu  lasld HEWL

Aa

wia amplicilin uaz buffer 1udmagy ilddungunnsi 37 °C 1una 18 Tlusisianlad
o . & - P L » .
eduannmMItutINsIasyvadse PNUWMINAREL  synergistic  effect  lagnIUu
Snanduuuilisdunisasnfialu agar plate NABauuafiss MaUToUAgUNANIIUIINTASY

aa ;:1 = da £ a o A a A a a ¢ a a
VDILUANILIY I@]EJL‘L]ﬁil‘]_lL‘Y]EJ‘]J'J\‘]IE‘I‘VILﬂ(ﬂ“llul,"/lU‘].lﬂ‘].l']\ilﬁ“/]Lﬂ@ﬁnﬂﬂqﬁl’lﬂﬂi@]uiﬂa&lﬂLL‘WLW]L‘WEJ\‘]“E%@]

a
5913}

I a a 3
3.2.6 ﬂ”liﬁﬂiﬁﬂﬂ'ﬂ&lLﬂ%Wﬂﬂaﬂ%ﬂaNULL%uﬁTﬂ?a% PenmonPEN5 ®a cell
[ A v
mmaaﬁqa

Wanagauanuiduiwvassnanduuurilysdn penaeidin 6o cell line 3NLiiaLAan
o 2 a . A o o o A & A Y .

0919 FueTon cell line lapgaidaaandiuazldminuideaudfidsznaudis 0.82% sodium
chloride, 0.55% citric acid, 1.98% glucose Waz 0.88% sodium citrate 14aa51dw 1:1 Wadwiy cell
WalRaaLazNIzaNY cell 628 L-15 culture medium wd? ¥ cell Liiaiaa lulalu microtiter plate (96-
well plate) #ldduf 28°C (Huian 24 Tlus el cell Llaldaanzuiivad microtiter plate
NUB TG rPenmonPENS aNULTNTH 6.25, 12.5 uaz 25 pM i lduiuf 28°C 1waan 2 1alus
&9 cell line @8 L-15 culture medium 3hldunf 28°C Huian 2 Talus  lawld potassium

phosphate unuinanduuurilusan wazld cell WiaReaiesagidsndudaiugu  1niuifan



cell ¢28 tryppan blue uinUSoufsudesidud cell N33a lasm Ity cell NATIAABLALTWIL

cell NIRNA

3.2.7 MsANENaNElwn138U9 propagation 289 WSSV 289 PenmonPENS

. @ A [
1% cell line NLNALRAANI

Lﬁ'agwamaa rPenmonPEN5 lumssusisnsiiia propagation ea WSSV u cell line
Nnilaliaais 39vmaaisn cell line anada 3.2.6 nasanLia cell fiadaah 28°C ialw cell 1ia
\RoaINNZRAIU89 microtiter plate U&I39LHN WSSV $1wan 10° copy fINaNiU rPenmonPEN5S a1
NTW 6.25, 12.5 WAz 25 pM au&1aL i lUuf 28°C s 2 $alus S9819 WSSV uas
rPenmonPEN5 aaneae L-15 culture medium uazyinliaf 28°C luian 24 2l S9vimsifiu
cell iaidnaifiaana total RNA ¢ Trizol  &5714 first strand cDNA UAZAT1980UN5AALTE WSSV

I@Ugn’mmmaaﬂmaaﬁu VP28 wazlinsusadaanvaidn EF1-ou Lﬂuﬁumuqu

4. HANINARDY
4.1 m3AnsansmzaNlGvaInguEn lysozyme

lysozyme wdwlasinan hydrolase finuldaluluzddindns 9 nolugasd
nizgnaunatuazdadlifinszgnaunds  lysozyme fiqnslumsasny p-1,4-glycosidic 32MINg N-
acetylglucosamine nu N-acetylmuramic acid ¥8J peptidoglycan 5%0LﬂudauﬂizﬂaumaawﬁoLmﬁmad
uwuafli3y (Qasba uazAmz 1997; Mai waz Hu, 2009) FuduluanadAnyveszuuniduinlunis
ﬁﬁ%ﬂﬁi;ﬂsmmaaﬁaga%w ﬁu‘l,uﬂsju lysozyme Anangadia mmmuﬁaaamﬂumjwlmﬁ 9le 3 nga
laun chicken-type (c-type), goose-type (g-type) L invertebrate-lysozyme (i-type) (Hikima LWasatse
2001) c-type lysozyme Lﬂumjwﬁwumﬂﬁq@ wulusad#iananssienun his uwwailidy Ao
Wad dafiaesaa1u aasin da LLa:é'megm@ﬂ@Tmuu (Mai U&= Hu 2009) g-type lysozyme X

Nonwnulugaitnuesfia dan uasves (to uazamie 1999; Zhao WAzAmse 2007) &4 i-type

lysozyme wulawzludailifinazanaundaritum (o uazatiz 1999; Bachali WazAmMz 2007) 91

m’:ﬁLm"]:ﬁﬁu‘uaarj’aqm@ﬁm’mg’mﬂ’a%m EST (http://pmonodon.biotec.or.th) WU fluluﬂ&j&l lysozyme

3 afia leud c-type (PmLyzc), i-type (PmLyzi2) WY destabilase (PmlLyzi1) PmLyzi1 730



destabilase 11w lysozyme wila itype fvwraiinga Usznaudiuninaziilu 142 @ laodl cysteine 10

f1 eudn Pmlyze Ndnsnezdln 158 61 lagiilu cysteine 8 69 & Pmlyzi2 ﬁ‘umﬂlﬁmﬁqﬂ
Usznaudonsnezllu 163 @1 lapdl cysteine 12 @1 lewSouiisusreuninasiiluvaiu
lysozyme TSR lysozyme fifinoawenielidiadug wu Pmlyze Snsaazfilu glutamic uaz
aspatic #ufl active residue 89 muramidase activity (31]171 1) wazwy 7 ezdilulaun
[GRG(K/N)GY(T/S)] @1z lysozyme ﬁmmnrjumsnag’swdn Cys #i 6 fu Cys 77 wmed
PmLyzi1-2 WLas lysozyme FUA i-type ‘ﬁlmﬁl’m arthropod L% LL&Jad‘V\"dJI N LLﬂzﬁdﬁﬂ%ﬁﬁuﬂﬂ:mﬁﬂ
nsaasiily glutamic uas aspartic wdazwunIaazilufillu active residue Hamodlu itype lysozyme

w1970 annelid (l&Aaudn uaz n1n) echinoderm (Ua1a7 waz Ua9) Uaz mollusk (Maoaadnn uay

WaHUITY) GagUN 1. WelieTsReNuANRUTYRY PmLyze Uaz Pmlyzit-2 U lysozyme o-, g-

'
A

wae | type madé\‘lﬁ%amauﬂﬁm phylogenetic tree lagls neighbor-joining uazld a-lactabumin vaiaAn
uwaznilu outgroups WU lysozyme uiseaniiu 3 nguettalan Aa c-, g- Uat i-type lag) PmLyzc
%’@agﬂumju c-type s‘ﬁas’mag’ﬁu lysozyme maaﬁdaqaﬁuﬂ (gﬂ‘ﬁ 2) &% PmlLyzi1-2 %’@agﬂu i-type
lae PmLyzi1 a2 lysozyme %38 destabilase ﬁwﬁmﬂﬂﬁdaqaguﬂagiauﬁu lysozyme i-type ‘ﬁﬁﬂ‘m
2=4ilu glutamic wae aspartic LSLItw active site Y] PmlLyzi2 9@nguatny lysozyme i-type A

4 . . { o . ) i
1N arthropod 3U1@ active residue AYSLI0e active site (Eﬂﬁ 2)



f.

PmLyzc (GQ478702)
Folyzc (ARVB3534)
Lvlyze (AAL23948)
MjLyzc (BAC57467)

KEVFRECEFAELLETR--Y¥YLSENDIKNWVCIAE
KVFGKCEFARLLETR--YNLSRNDIKNWVCIAE -S3FNTAATN-RNRNRS
EVFGERCEFAELLERD--Y¥YLSNDDIFKNWVCIAE —-SFNTAAIN-ENENRS
EIFRECEFAELLERR--YRLSREDIENWVCIAEYHS -SFNTGAIN-RNRNRS
DrLyzc {NP_631919) KTLGRCDVYKIFENEGLDGFEGFSIGNYVCTA® =RFETHRV--RSAD
Gglyze(1LSG_A) KVFGRCELAAAMKRHGLDNYRGY SLGNWVCAAK
Mmlyzc (NP_001028595) KVYERCEFARTLERNGMAGYYGVSLADWVCLAQI
HeLyzc (PO5105) KRFTRCGLVQELRRL---GFDETLMSNWVCL

AgLyze (XP_308481) KTFGKCELAKALANN---GIAKASLPDWVCL

> nE L s § rAneR |

~SFNTAAIN-ENENRS

GIFQINNEKYWCGSD---Y¥GK
GIFQINNKYWCGID---YGK
GIFQINNKYWCGSD---¥GK
GIFQINNEYWCDSS---YGK
GIFQINSFEWCDDG-TPGGK
GILQINSRWWCHNDGRTPGSR

-AFSTSATN-ENENGS
*k ey i

PmLyzc (GQ478702)
Folyzc (ARVB3554)
LvLlyze (RAL23948)
MjLyzc (BAC57467)

NVCGIFPCSDLMSDDITAAVRCAETVRRDTERYKGRGEGY TAWVAYNSKCENRDLDQYMAECH- -~~~ ==~
NVCGIPCSDLTSDDITAALRCAETVRRETERYRGRGEGY TAWVAYNSKCNKRDLDQYMARCW-—=———=—=
WVCKIPCSDLMSDDITEALRCAETIRRDTERFRGRGEGY SAWVAYNSKCENRDLDQYMAECW-~~~=~==
HACGIFPCSDLMSDDITAALRCAEAVRRDTEGFRGRGNGY TAWVAYNNECKNRDLDRYMADCW=——=====

Drlyzc (NP_SS 1919) HLCEVACSDLLMNDDLEASVGCAKLIVE-MDGLE--—-—-—-—-— SWETWDSYCNGREMSRWVEGCEQREQSLEA
GgLyze (1LSG_A) NLCNIPCSALLSSDITASVNCAKKIVSDGNGMN------~ AWVAWRNRCKGTDVQAWIRGCR-—-—---~
Mmlyzc (NP 001028599) HACGINCSALLQDDITAAIQCAKRVVRDPQGIR-------. -AWVAWRAHCONRDLSQY IRNCGV--—-——-—
Helyzo (PO5105) KDCNVTCHNQLLTDDISVAATCAKKIYK-RHEKFD-~---—-~ AWYGWKNHCQHG-LPDIS-DC--—=====~
AgLyzc (XP_308481) NDCKIACENLLNDDITDDIKCAKLIHK-RHGFN----—-- AWYGWENHCNGEKLPNVS-SCF-———----—

I T S o ! IE g *: i *
€.
LvLyzi (ABD65258) LEDSCLACHMCYVSSDGCVMPDEVCRTTSWSEVCGPHAVIKPYWEDAHKPGG === ====== EFYTCMGDWDCNE
LsLyzi (BF024309) LEDTCLACMCYVSSDGCIMPDEVCRTTSWSEVCGPWAVTEPYWEDAHEPGG -~ --DFY TCMGDWDCNE
PmLyzil (GQ478703) LEDSCLACMCYVSSSGCVMPDGVCRNTAWS EVCGPWAVTIKPYWEDAHKPGG - ——————~-] DEFYPCHMADWDCNE
TiLyzi (BAB33389) VSQEKCLLCHMCE! GGCKFIG-— SLECGYFQIKQPYWIDCGEPGK-—~——————~| DWESCSNDINCSS
CvLlyzi (PB3673) VSQQCLRCI G-CRPIG-— SDSCGYFQIEKRAYWIDCGSPGG --DWQTCANNLACSS
ArLyzi (ARAR29291) VPSGCLRCT G- CRMPNPVI GSLSCGPYQIEKGYWSDATLEGGS LM~ ~~~~ GDWEKCTATSPCSE
SjLyzi (ABK34500) -P3DCLKCIC T-CTIPSP SLACGPYQIKLGYWODARLKGGSLD-———~ GDWQKCSATFDCGE
HmLy=zi (AARS6144) FTDSCLRCI SQIGK--C GSLSCGPYQIKKPYWIDCGEPGG-- --GYESCTENKACSE
EaLyzi (ABC68610) ISENCLNCICQI! SQIGK-- GSLSCCPFQIKEPYWIDCGRPGG-————=—=-| DWESCTTOMDCSR
DmLyzi (ACD99447) VIELCLTCICEAISG-CHNATAICTSAEK--GACGIFRITHWGYWVDAGKLTVNGEHPDSEKAFINCANDPHCAR
AgLy=zi2 (ABP35929) VIDVCL3CICEASSG-CDASLRCSG----~ DVCGMFAI TWAYWADAGKPVQQGDSPDIQNAYANCANEPYCAR
PmLyzi2 (GQ478704) VDPNCLGCLCEASTE-CHASTACHTPY PGAY FCGPFLI SWAYWADADKPI IEGDNAEQKGAFERCVODLYCGA
AgLyzi (AAT51759) LNATCFRCICDASTG-C3T3TTCRQ-—-—~- SYCGPFSISRAYWMDAGRLVLPADEPTRWGAFEDCANDYDCAT
SzLyzi (RBZBOET0) LHRQCMRCLCHVATE-CDLTRGCEK--~-~-~- GYCGPYKISKIYWEDASQVTLPDDDKERAGAYEDCALSYQCAQ

ki koK : *k . . kk K : * *

IvLyzi (ARBD6E5298) QOTVRAYLDRYVSN--~--~ PYASCETYARTHYGGPWGMNEDYATD - ~~~- YWLOVEDCLD
LsLyzi (BF024309) QTVRAYLDRYVSN----- PYASCETYARTHYGGPWGMNEDYATD----- YWLOVEDCLD
PmLyzil (GQ478B703) QTVRAYLDRYVEN----- PFATCETYARTHYGGPWGMNEDYATD----- YWLLVEDCLD
TjLyzi (BAB33389) KCVOOYMKRSATHYRC-PLN--CEGFAREHNGGPNGCHSSRTLK - ---- YWELLQKIPG
CcvLyzi (PE3673) RCVQAYMARYHRRSGC-SNS--CESFARIHNGGFRGCRNSNTEG-——--— ITWRRVQAQGC
ArLyzi (AAR25251) AAVQGYMERYAVQGRL-GHPPTCEDFARIHNGGPNGYENPATFG-———— YWLEVEACLM
S9Lyzi (RBE34500) RAVOGYMARYATYARL-EHNPTCEDFARIHNGGPNGFENPAAEK - -~~~ YTWLRVERCLD
HmLyzi (AAR96144) TCVRAYMERYGTFCTG-GRTPTCODYARIHNGGPRGCESSATVE-——~= YWNEVOKCLR
EaLyzi (ABC6B610) TCVRSYMERYGTYCTG-GRAPTCOQDYARTHNGGPEGCQHASTVG— -~~~ TWNEVEQCCS

DmLyzi (ACD99447)
AgLyzi2 (ABP35929)
PmLyziZ2 (GQ478704)

DLVONYMKEFN-QDCNDDGEMDCHDYARIHKLGAY GCQA--DMPYN---FQSVFEECIE
RTVQGYMRKFG-QDCNGDGRIDCFDHAIVHELGGYNCEN--AVPIV---¥YQSKIDECIQ
ETVRRYMAKFLDIDCHNLDGTVDCRDYAHIHMMGGY GCKDPSVSTTD - —-FYKVFEKCWD

AgLyzi (ARAT51799) GIVIQYMEKYG-TDCNGDGLVDCVDY TMLHVNGGPRCQGALGGT----~ FASRFYQCLR
SzLyzi (ABZ80670) RIVLNYIAKYG-RDCNNDGITDCDDYMMINFNGGYQCHPPLNRSEAGVGWLOQRYKACNP
* k.o * PR .

3 1 (n) Wisifisusduniaaziiluzes Pmlyze 9NINa1dIAL ctype lysozyme NfiTpauly
dalufinszanaunas ldun f9a23u (FeLyze; F. chinensis), f9u1ud@#a (LvLyze; L. Vannamei),

[ '

TNAINN (MjLyze; Marsupenaeus japonicas), Uadnae (Driyze; Danio rerio), ﬁLgaﬂmdﬁu (HcLyzc;
Hyalophora cecropia) W8zg)9 (AglLyzc; Anopheles gambiae) LLaziué'@'j‘ﬁnizgﬂé'u%é'a e Wi
(MmLyzc; Mus musculus) waeln (GgLyzc; Gallus gallus ) (%) Wisuifisudeunsaaziiluvas
PmLyzi1 uaz PmLyzi2 3INT9NaGAL itype lysozyme ﬁﬁﬂsmulué‘mﬂaiﬁﬂiz@nﬁwé’a leur s
P1uUTWe (Lviyzi; L. Vannamei, LsLyzi; L. setiferus), Wap®adNN (Tjlyzi; Tapes japonica), #ag
w938 (CvLyzi; Crassostrea virginica), Uan@11 (ArLyzi; Asterias rubens), & Gaudn (EalLyzi; Eisenia
Andrei), LLaJa\‘i‘H"il (DmLyzi;  Drosophila melanogaster), 83 (AglLyzi1-2; Anopheles gambiae), A4
(SzLyzi; Sitophilus zeamais), U8InzLa (SjLyzi; Stichopus japonicas ) WaznN (HmlLyzi; Hirudo
medicinalis) nynazilu glutamic WL aspartic Sﬁdl,‘ﬂu catalytic residue URAIAIBUDURAURZNTR
2=y cysteine UEAIFIBLOLFIN * uwgasnionsnazdluiniondn () uaz () ugasfisnsnazdlui

ag’iumjwﬁmﬁu



Ealyzi PMLYZI1 L\ y7i ae6s208
Cvyzi  HmLyzi ABcogel0 O L5LyZipm24300
pazers  AMAIGI44 999 AgLyzi1
TiLyzi 1000 AATS51799 ,
BAB33339 Szlyai
ABZ30670
SiLyzi 1000
ABE34500 DLy
AlLyzi 954 ACD99447
£4R29201 754
1000
944 764 - Aglyzi2
Selyzg 093 ABP35020
POO719 Bk
741
PmlLyzi2
1000
Calyzg Q478704
POO71?
625 -
VZC
- 1000 NP_631919
900
Hslyzg 470
WP_777558 709 MjLyzc
904 " 861 BACS7467
Llyze
1000 766 AALI3048
1000\ ™ PmlLyzc
MnLyzg Q478702
HP_001028599 Feolyzce
AMR3904
lactal2 Mml_ﬂc
NP0 NP_001028599
lactal
NP_026726 AglLyzc Gglyzc
01
: Xp_308481 T 4
Helyzc -
POS105

gﬂﬁ 2 Phylogenetic tree LRAIANNTUN VDS lysozyme %A c-, g- L i-type lasfl O-lactabumin
vodauuaznyilu outgroups lavdreuninaziluzad lysozyme @19916119n GenBank  Pm, P.
monodon; Fc, F. chinensis; Lv, L. vannamei; Mj, M. japonicas; Ls, L. sertiferus; Ag, Anopheles
gambiae; Hc, Hyalophora cecropia; Gg, Gallus gallus; Dr, Danio rerio; Tj, Tapes japonica; Cv,
Crassostrea virginica; Ar, Asterias rubens; Sj, Stichopus japonicas; Hm, Hirudo medicinalis; Ea,
Eisenia andrei; Dm, Drosophila melanogaster; Sz, Sitophilus zeamais; Ca, Cygnus atratus; Sc,

Struthio camelus; Mm, Mus musculus; Hs, Homo sapiens.
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411 msAnvINSUEAIBANYAIE lysozyme Lulitatdaninarandnd

q q

Tagl#inaita RT-PCR

ATIIROUNIURAI00NVEIEY PmLyze, Pmlyzi1 uae PmLyzi2 3 niHaldians 9
a’s’mwmr‘j& Teun m'?lan, antennal gland, epipodite, ﬁ"ﬂﬁ], Lﬁmaa(ﬂ, hepatopancreas, eyestalk,
lymphoid organ LLag fld dumneafia RT-PCR Wy PmLyzc uar PmLyzi2 fimsuaasaanlunany

2tz lan Pmlyze imsuaasaananniigalwdaifien PmLyzi2 usaseanunnfigaluiala luamed

PmLyzi1 ugasaaniawizlu hepatopancreas aauaasluguf 3

PmLyzi1

PmLyzi2

PmlLyzc

B-actin

317l 3 MIuaadnanveibu lysozyme naaalalawasy Pmlyze, PmLyzil use PmLyzi2 Twileibe

4 9 veaanmdndisinaia RT-PCR lagltu B-actin (ubuaiugu

>3 ¥ v

4.1.2 m3AnvINTUEAIDaNVBIEW lysozyme ‘lm’i’aqmﬁmnsmumﬂ

bl

V. harveyi

o A & a & A
RAIINWUNILRAIBDNVDILW  lysozyme vlaT,st‘V\l RRENAZN] ejuﬂqiLLﬁ@NaaﬂluLuaLUa
v A ' [ a o o o v o & .
qﬁ‘ﬂLL(ﬂﬂ@nﬂﬂu %ﬂaﬂﬂ’]ﬂ’]iuﬁ@ﬂaﬂﬂmﬂﬂﬂu lysozyme %a\‘qu‘ivl,@i‘]_lﬂ’liﬂizquﬂlﬂlﬂja V. harveyi 1%

= o o ) a )
L&IG]L%EIG], AU LR %’Jlﬁ] Iﬂﬂl’ﬂ'lmﬂ%ﬂ RT-PCR  T9WUNILRAI00NTBIDH PmLyzc fnsusadaan

a <

a X oA o o A o da & ) P = A o ' Aa
LNNUINVU LNV ULRD QI%LN@LE‘]Q@]“H@GQGYWI@L%@ V. harveyi LllaLﬂiﬂﬂLﬂﬂUﬂUﬂﬂqNﬂ'JUQ&lﬂ@o@

o o

dp NaCl (3U7 4) lwwnizfldwunswaouudainuaaseanadnalioianvasiu Pmiyzit uaz

PmLyzi 2 luduuazialanasislaiunanazdudan V. harveyi audiau (U0 4)



Control shrimp Challenge shrimp

0 6 12 24 48 0 6 12 24 48 h

T T T T T T o

35U 4 nsusadeanvaddu Pmlyzc, Pmlyzil usz Pmlyzi2 lwdaifea 6u uazislamwusrau
wasnnanMdnannIzdudisle V. harveyi d1um13vin RT-PCR lagltmsuansaanveddin p-actin

| =
Lﬂusumuqu

a P ° a =
4.1.3 nmindalys@iusaaniuuni lysozyme uazvinu3gns

ienageuauANIAILIATNYDA lysozyme NNTINAG Falaaudu lysozyme N9
sulelawasuiingaiaes pET19  udvhnsdheiing E. coli Rosetta  vinsgnibldifions

A Y @ & o a £ o .
usasaanvasinenduunrilisfiuds IPTG  wasanuuwiuignidis Ni-NTA column @130y

Snoudunuilusauiildaas SDS-PAGE wusaanduunuiluséin PmLyzc, Pmlyzi1 uaz Pmlyzi2 &

PUAYUTZN1H 16, 15 WAz 17 kDa ANAAL @T&gﬂﬁ 5

4.1.4 NMINA&aLU muramidase activity
& £ ' A = . o
muramidase activity 1Jugndlunisees peptidoglycan Miudindsznauvainics
& A A . L. < A onl A &
LIARYBILUATNISUUATNLIN WU muramidase activity b lysozyme lasnald e lasnanduuud
Tus6n lysozyme nia b lonasuud 39@ns1 muramidase activity 183 lysozyme 1urj:aqa’1@‘i’1 lag
dulds@usnauduuudl lysozyme nulBauuafiiss M. luteus fi 25 °C ULAIAAINIgANALULEINAIAY

@

B0 450 nm Nng 2 wduiia 20 WA WU @wWe Pmlyze WdAn1IaaaIueddIne

@

A A a ' . AN v & . , & Ada
?]@]ﬂ@ul,l,ﬁﬂ TILNAINNNITLBE peptidoglycan Va3 M. luteus %I%L%%'J"I LW PmbLyzec W uuna

£ o i s a { o {
QN3 muramidase @93UN 6 T91192AANNIN Pmlyzit Uaz 2 LANBUNL itype lysozyme W



luddaszna arthropod 13w uuaInd, g9 wazrs Nlufinsaasiilu Glu uaz Asp Miilu catalytic residue

AVSow active site 39v 1A 1aif muramidase activity

A B Cc
o o o A o) D 9 n g
& & & &
Q 4
M @ \x\ \Q\ M @ \x‘\ @\ M & \,2\ @\
72.0 ; 116.0 =i 116.0 # [E——
66.2 1: 66.2 P —
52.0 -
— 45.0 45.0
34.0 -
35.0 35.0
26.0 =
— 25.0 - 25.0 -
170 i — 18.4 B & 18.4 E 2
| = ¥ RE™
" 144 B - 14.4
10.0

37l 5 mandesnauduunriluséiu PmLzyc (A), PmLyzi1 (B) uaz PmLyzi2 (C) T4 E. coli Rosetta (-)
~ a & A A VM v o o v oa a a a ~ a &
waasInandunurinanaian lildsunmstninlvnansaandunurlysdn (+)  ussTnandunws

wanadaf lesumstninlinaasnenduuuilysdumes IPTG  uwaz (P) waadSaanduuurilyséu
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lihs@unuga Micrococcus luteus uazInAMIRANTULENTIAWLNIATYK 450 Wl N9 2 wfl
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Wafnuandiaw (synergistic) ad lysozyme lumsdusimsiasgvasuuaiiise lag

(2

mydulisduTaauduuur lysozyme sa9 wiaawlalanasulunguues plate NTizaunafite luwy

o

a £ PN & \ o o \a { o
maasugndveeaniuuwiniawadelteieny  leswuslalamamidudawSoudeunuae
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4.2 MIANMIANBULANTAVBINANEY penaeidin
.y & [ a A v . a £ o &
penaeidin L]JuLW‘.lJvlmlmu@lamwmwuLQW']:MQGQRQ& Penaeid Agnalunsdue

a a % & A a & & % a A

ﬂ”liL’%Sty"]Jadi]ia?ijL@N’mN”lEJ‘YNLL‘.IJﬂ‘Y]Li&lLLﬂﬁJ‘.U’JﬂLLﬂZL“EE]i”] wumunniqunuﬂmﬂn
(Litopenaeus vannamei) (Destoumieux WazAmiz 1997) penaeidin Usznaudig 2 dulng 9fa
proline-rich domain (PRD) agmaﬂmﬂﬁma:ﬂu WAz cysteine-rich domain (CRD) agn1lanseu
mMSuanda (Destoumieux Lazatwe 1997; Destoumieux Lazntwy 2000) Gueguen Liazatwe (2006) o

[

ad1uun penaeidin Ainvanfianadnig leidu 5 lalawady uazuaasatlu PenBase (Aananal

n3819dinasanlgsnaiadidlainnaas penaeidin lalawasu 1 1Ju variation 289 penaeidin 'lo
lawasu 2 uszuaasnsnazfilufilu signature vasudazlalowein dogufi 8 lull 2007 Kang uaz
Az 1aIN8IUWAITIWY penaeiding 9IN71997193% (Fenneropenaeus  chinensis) N3 uToYA

Expressed Sequence Tag database 8474nanen (Hawala! m3a19densitenlasranafia b

g@ penaeidin 2 lalowasu léuA penaeidind (PenmonPENS3; accession no. ACQ66008 LAz
FJ686018) LAz penaeidin5 (PenmonPENS5; accession no. ACQ66006 Laz ACQ66007) Lfia%l,mﬂzvir
sraunsaeziluiy  penaeidin lolowasuiu 9fifisunulu PenBase wuniaazdlufisiwiziu
penaeidin3 WA penaeidin5 fa Asp43 e Ser18 @l’mﬁ’lﬁu(Gueguen asAthe 2006; Kang LLasathe

2007; Tassanakajon LLazathe 2010)

PenmonPEN3  Waz PenmonPEN5  Usznaudiunsaazilu 74 uaz 79 aziilu

'
=

ANANGU LNatUSouney PenmonPEN3 AU PenmonPEN5 — WURANNLANEY 57% Ve
PenmonPEN5 \#Rauny penaeidin5 31N F. chinensis 72%  wadanzAanaunsaasdluues

PenmonPEN3 WLaz PenmonPEN5 Nu penaeidin3 WL penaeidinb U84 F. chinensis WU penaeidin3 Y

mwmmn@hwaar’j@ﬁ'&aaaaqamnniﬂu penaeidin5 (g‘ﬂ‘ﬁ 9) at14lsAay penaeidin NIFad



loloWasudsnsuaaaliiAuuianayinung signal peptide uaz PRD fidanaduazilu waz CRD 0

& a = = “ o o
Udaaa1Iuands TILAY Cys E]Haiﬂ‘]:l’fi]'lu'l% 6 a2

1 s 13 18 3537 43 46
PEN3 Q...G.ouunn P S.R..... B..s
G H A
P

PEN4 ——..S....... < R - Y..... T L|
PEN2 R - R Gttt -Y..... D..N
s A I
PENS5 Q...8....... R....B e G.R..... D..A

G S H K

3UN 8 ugasnsaezlilu 8 duwniandumiziuudazlalanesuvas penaeidin lasaziilunfiuaudi

waaInInasllunfanzlolonasuniuyintyu  (Gueguen WAzATHE 2006; Kang WazAtue 2007;

Tassanakajon LLazate 2010)

vy v vy vy
PenmonPEN3b (ACQ66007) MRLVVCLVFLASFALVCQAQGYQGGYTRPFPRPPYGG-—-GYHPV----PVCTSCHRLSPLMARACCRQLRRCCDAKQTY-G
PenmonPEN3a (ACQ66006) MRLVVCLVFLASFALVCQAQGYQGGYTRPFPRPPYGG-—-GYHPV---—-PVCTSCHRLSPL@ARACCRQLGRCCDAKQTY-G
FenchiPEN3-1 (AAP33450) MRLVVCLVFLASFALVCQGO--KGGYTRPISRPPYGGE---GYG—=——=~ NVCTSCHVLTTS@ARSCCSRFGRCCVPRRGYSG
FenchiPEN3-2 (ABC33920) MRLVVCLVFLASFALVCQGR--KSGYTRPISRPPYGG---GYG—-———~ NVCTSCHVLTTS@ARSCCSRFGRCCVPRRGYSG
PenmonPENS (ACQ66008) MRLVVCLVFLVSFALVCOGOGYKGGYTGSYSRPPYGERPISTRPISRPATGCTSCHT ITFDKATIACCRQFGRCCSALKG-—--
FenchiPEN5-2 (AAZ80041) MRLVVCLVFLASFALVCRGRGYKSGHTGPYPRPLYGERPIGLRPITRPDPSCAGCRILTLDDATACCRRLGRCCSALKG-——
FenchiPEN5-1 (AAZ79334) MRLVVCLVFVASFALVCRGQGYKSGHTGPYPRPLYGERPIGLRPITRPDPSCAGCRIITLDDATACCRRLGRCCSALKG-—-
FenchiPEN5 (AAV85945) MRLVVCLVFLASFALVCRGQGYKSGHTGPYPRPLYGERPIGIRPITRPDPSCAGCRILTLDDATACCRRLGRCCSALKG-—-
Ak ko k ok kk ks  kkkhkkg Kk x kak Kk Ak ) LRI PR *oakk e KAk e
iy

gﬂﬁ 9 WSsuifisudaueziiluvad penaeidin3 uas penaeidins V8IT9NAN (P. monodon) WAZNY
217% (F. chinensis) LLN@NU’%L’Jmag%'ﬂﬁ peptide sequence (“imﬁulﬁ) Wae proline-rich domain
(PRD) mMadansauazilu uay cysteine-rich domain (CRD) nstdaeauaiivenda  conserved
Cys 6 QILFAIGIE ¥ gaunsnasdlufiin signature vadudaz lalawasulaasmsuauin uay

n3nazAluNIUNZAL penaeidind LAz penaeidin LAAIRILUAL

421 ns@nEIASUEAIDBNVDIEW penaeidin ‘lmﬁmﬁaf‘j‘aqmﬁmnﬁ

Taglfinaita RT-PCR

ANBINTURAIDBNVBIEY penaeidin N9 PenmonPEN3 Waz PenmonPEN5 @l
wafla RT-PCR luiftaiiavasfigqunind 3 61 9 adnz fa iwdan, antennal gland, epipodite, #1la,
Lﬁmaa@l, hepatopancreas, eyestalk, lymphoid organ LLag g wu penaeidin nixadlelonasy
usasaanluiaiiz lasnisedlalowaiuusassaninnigaluliaifan (U 10) awde &ld

uae wala &Iufl epipodite WUNNIUEAIBENLANTE PenmonPENS LNt
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HC EY EP | Hpa AN

gﬂﬁ 10 NIATIANIUEAIBONVIE penaeidin drainaita RT-PCR mnﬁaqmﬁwﬂﬂﬁ 3a2lu9
2307z laun aiea (HC), eyestalk (EY), epipodite (EP), Wdan (G), #ala (H), lymphoid organ (L),
ale (), hepatopancreas (Hpa) L.az antennal gland (AN) lagl58u EF1a Lﬂuﬁumuqm

5] . v o A [
4.2.2 ﬂ']iﬁﬂﬁ']ﬂ'lillﬁﬂ\‘lﬂﬂﬂ‘ﬂﬂﬂﬂ% penaeidin ‘l%qaqa'm'l‘nnizqum'w

wssV Tagl#inaiia real time RT-PCR

LRBANBNNINOUEHEIVEIEU PenmonPEN3 uaz PenmonPENS waanfanadgnnazduli
falo WSSV ﬁuﬁmﬁa@ﬁamﬂmjuﬁamﬁa WSSV Lm:ﬂf,jumquﬁaﬂﬁm NaCl 8160 gusn
W3suifsunmsuaaseanvasfunsaaslelavesy lasdinmsuaasasnvasiu  EF1a uduauau
RRIMNIAATEANIUEAI08NG28 real time RT-PCR LAzALATIZHHAANMULANA1INIED A28 One-
Way ANOVA ud? wumsuaaseanvasssaslelonafuanasagnemuisiasudian 0.25 52lus (15
W) BAININTZGUGIL WSSV agglsfiony Wernsrwly 24 0lue msusasesnvasin
PenmonPEN3 W&z PenmonPEN5 Lﬁ'u%uazhaﬁﬁfﬂéwﬁzyLﬁaLﬁmuﬁ'ﬂmjumnqu Uszun 1.5 uay
1.8 Whaudau waznduanssatimaiiatsfiteidadafioy TUNENAILAY fitaan 48 Talua

q

(U7 11)



2
*T B PenmonPEN3
* PenmonPENS
c
©
a
2
j=3
3 1
[+}]
2
- *
Lo l . -
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0 Ll L) T - - 1
0 12 24 48
Hours post-WSSV chalenge

gﬂ‘?; 11 MIANHINMIUEAI08NVBIEW PenmonPEN3 uaziiu PenmonPENS luﬁaﬁgnﬂi:@jﬂﬁaméa
WSSV il 0.25, 12, 24 uaz 48 12l wé’amnmzéjuﬁam%a WSSV lagnns#i real time RT-PCR
Lﬂ‘%yuLﬁﬂuﬁuﬂﬁjuﬁdﬂauquﬁﬁ@ﬁm NaCl lagifisunsugadaanaasdn penaeidin nu 8% EF-10
widndTeuifisuiumiusaseansasdunguaiugu lasldnisuaassanvaanguaruguiriniu 1

* UEAIANNLANANAEINRERIAT (p<0.05) YIN1Inaaadtn 3 A9

v
a

423 midnwruiifivesiaandunuiilusin penaeidin Tuisnfaize

WSSV aginaita RNAI

msfinwwifveddu penaeidin dansfialra wssv lufinméndasinadia

RNAi laeg319 dsPenmonPEN3 was dsPenmomPEN5 #adannnaaadrianuitiudulunisia double

strand RNA U&139R0n8a dsPenmonPEN3 uaz dsPenmomPEN5 5 g @iaﬁ'&%ﬁfn 19 lufjaﬂzju

nanad 3 @ uazld poly GC uaz NaCl ilunguaiugu 910t 24 Tlusdadndae double strand
v o & A < R & A A a

RNA 25 pg samnsin 1 g LAe9dadn 24 7 9 ALLR AN BN TIIRB UM TURAIDBNVBIE
o A A ' o & ~

penaeidin  lapldinafia RT-PCR  @IWU  dsPenonPEN3  laigansndutamsuaadaanuadiin

PenmonPEN3 lavua waztilinaaamsuandaanuadiiv PenmonPEN5 &3Un138a dsPenmonPEN5
o & A Al A A o ' & o A P

RUNIDGULIMITURAIDANVIEU PenmonPENS5 ¢ WalfsununguaIuauns 2 933U 12 1ieg

ANMNINUNILVAY  dsPenmonPEN5 1umi€fuﬁ'&mnmmaaﬂmadﬁu ﬁmnﬁlmﬂmmaaﬂ"uaoﬁu



PenmonPEN3 WUN32® dsPenmonPEN5 &INARANIITLRAIB8NVAIEW PenmonPEN3 LaNKauLAe

Weunufsnguaiugy (3N 12)

_NaCl _ ___ polyGC  _Penmon PENS
PenmonPENS [t
PenmonPEN3 |

EF-10. e e e R

gﬂﬁ 12 m3gfusansugesaanvasiu PenmonPENS lwdeaiiaafinadn nasanda NaCl, poly GC
Waz dsPenmonPNE5 sas3au watanniagsdailluna 24 92lug S9asrasaunisusasaanuasiin
PenmonPENS5 uaz PenmonPEN3 laufifu EF-1a iluduaiugu (ﬁ'm'lsmaaa%’]aaaﬂ%y'amnrjaaad
naa gﬂJLLaﬂdNamaaﬁa 1 Ngd)

a a o o & a & o =
L8 dsPenmonPENS Nﬂ?qlﬁﬂl’quluﬂ'ﬁﬂﬂEJGT‘I']SLLE‘WNQﬂﬂ’ﬂa\‘iﬂ% ININIANTN

wifiwaabu PenmonPENS lufsnfaiza wssv laptiins@ia dsPenmonPENS &aia3d lasluns

[

fanTaNaadrinnialsa WSSV 1434 100 coppy bnwSannun1séia double strand RNA lasfing

q

nguaa polyGC waz NaCl ilunguaiugu nasia WSSV iluian 24 Talus iiudaiieaania total
{ a e A & % IA Qs
RNA tN8ATI9NTAALTE WSSV Iﬂﬂgmmamaaﬂmaaﬁu vP28 Gaiuduselusdunnaveshss

MumIrin RT-PCR uagilasnzhnamIuaadaanvadiiu VP28 ifisunumsuaadaanvadtn EF-1o

' ¥
- o o

uazld One  Way  ANOVA iN@dlAT1zWNan19aia wu ﬁanamgﬂﬂummmamaaﬂmaaﬁu

q

a a 13/ d‘ = a ' a
PenmonPENS dn1illaaiaanuadtw VP28 AMNTULNBLNBUNUNRNAILAY Iﬂﬂﬁﬂ'lil,mﬂ\‘iﬂﬂﬂ‘ﬂﬂ\m%

EF1-0. (duiuaiugu (gﬂﬁ' 13 N-1)

WNBATIIRBUIIUIK copy  VBI WSSV HAIINNNNTHULINTURAIBaNVDIE %

PenmonPNE5 LLﬁanszéjuiﬁﬁaﬁﬂL%a WSSV 39¥n138@ dsPenmonPEN5 #84A3Iuazia WSSV

q

UI% 100 copy WAINNUK 24 T2 lIMIALLIaldaalNasna genomic DNA SLATEHINUIN

' v
A o o

copy 284038310 genomic DNA detnadia real time RT-PCR Wy fjamﬁumﬂﬂummmamaaﬂ

U
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o A a X ' < P
&8 polyGC Aatinanain 7.8X10° copy 1un§umqu vl 1.5%10° copy (U 14)

n.
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VP28 N —
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Relative expression

NacCl polyGC PenmonPENS

3U# 13 m3fudinisusadaanuasfiu  PenmonPENS &t dsPenmonPENS luds domalnng
uRAdaanvadbn VP28 a@mLﬁaLﬁﬂuﬁ'ur:]“amjm'mquﬁﬁ@ﬁazl polyGC sz NaCl T9asragauny
ugagaanvasiin VP28 §1s RT-PCR fildmsusesoanuesdin EF-1a duduaiugu (n) anzing
nIugAInanasdn VP28 inununsugassanvasdu EF-10 uazld One Way ANOVA iiadiasnsy
NAaNNRDA (1) (ﬁ’]ﬂ’liﬂ@ﬂﬂd%’]ﬁﬂdﬂ%ﬁ]’]ﬂiﬂﬁﬂdﬂﬁi&l JUuRAINATBINY 1 NRN)
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104 copies of WSSV per ug of total DNA
=

poly(GC) PenmonPENS dsRNA

gﬂ'ﬁ' 14 MIATIIFOUINUIN copy VBB VP28 @ real time RT-PCR ﬁé'amﬂf’jagnﬂ'uﬁy'ams
LRAI08NVIEW PenmonPEN5S @728 dsPenmonPEN5 Lm:ns:@:fuslﬁam%a WSSV I@ﬂﬁﬁaﬂﬁjwﬁﬁﬂ
@1 polyGC uaz NaCl unguaiuau wazlimsuaadaanuediiv EF-1a ubiuerugu (inms
maaa«%aam%ﬁawm}’mmn@u FUUERINATBITI 1 NaN)

Aa a - o A =
4.2.4 nsudalds@usaaniunnn penaeidin uazrinuiand

- - NP _
WafinmnavasTaandunusiliséu penaeidin dan13daiia WSSV 1u cell line 289
Wiadeads Fwwdaiaendunurilisduvesnssasialowesy laolaaubusuysoiues PenmonPEN3
WAz PenmonPENS inluianiaas pPICIK wazdudngisadiad Pichia pastoris km71 AaiRanlaau
o a & a a A A @
1% coppy wa4Ein PenmonPEN3 uaz PenmonPEN5 annga  anuuwdalisduiaauduuurilasls

Q@ o o o = & & o oA A A a

methanol iHudiini  uemnaRsaTenniuianiaseuniuaasaanvasinandunurilysiu
@28 SDS-PAGE WU rPenmonPEN3 Wz rPenmonPEN5 fuuwadszanns 7 kDa  Lazlaadaaniin

ﬁq@lufuﬁ' 3 (3‘1J°?i 15)



PenmonPEN3 PenmonPENS
M 1d 2d 3d 4d M 1d 2d 3d 4d

kDa

16-

gﬂﬁ' 15 nIuaasnaNduuurilusdn PenmonPEN3 waz PenmonPEN5 lagldssuviiad Pichia
pastoris km71 #wadnnTnin lFAansuaadsaanuassnanduuurilys@ua s Methanol kad #8195
BeioanaIsaumILaataanvasiaendunuilysauluudaz a4 Su (1d-4d) lagld
SDS-PAGE  wiAnouduwuwilisaunigosdvwads=anns 7 kDa LLa:LLamaaﬂmﬂﬁ@mlufuﬁ 3

M uaasuave9lUsiuiaIgu

a 3 J a A a A a 6
425 msnadaudandAnIsamidanuafitisazasllsduiaaninwnn
penaeidin
\WaBluguin rPenmonPEN3 uaz rPenmonPEN5 7iladl activity iiatihlU@nmndalu
cell Waifan asnullalalusduinaudunusl PenmonPEN3 Uaz PenmonPEN5 Wa139vinnsnagay
£ o & A . .
q%ﬂuﬂ’ﬁﬂu&ldﬂ’lilﬁlimﬂa\‘]LL‘LIﬂﬁL%U Micrcoccus luteus WRz  Aerococcus viridians W
rPenmonPEN3 uaz rPenmonPENS5 Nanultutu 60 pg vldliansguginisiaiyvasuwuaiiFody
21lRUa 2.5 uaz 1.9 o.4. 1% plate M. luteus uaziiandlauuia 2.0 uaz 1.3 .4, 14 plate  A.
.. o @ A = £ Lo o & a A A .
viridans WAGL  WafAnsNgnTin (synergistic) lumsdugimsiasavaduueiiiss laansdu
lis@uTnauduuurl PenmonPEN3 waz PenmonPENS lunquuad plate NiflTaunafie laiwunns

a £ =) a fgﬁ 6 A 1 4:1' ' A o o Py
Lﬁi&lq‘ﬂﬁ“ﬂaxﬁﬂQNULL%%VWNHQGVLBI‘ITW6311 I@UWU?OI@NT%’]@]VLNLﬂﬂﬂ%LLﬂadaUﬁdN%ﬂﬁ’]ﬂQJ]LNa

Wisuifsunuaalaniiaanlusausaanduuust penaeidin LiNeIaLE0
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4.2.6 ﬂ'liﬁﬂﬂ'\ﬂ?'l“lﬂ%ﬂﬂ?laﬂ rPenmonPENS5 @@ cell l&lﬂlgaﬁﬁ:ﬂ

WNaANBINAYBY rPenmonPENS gan1sfaia WSSV lu cell iiiatiea 3940
rPenmonPEN5 annasauiiagitfinuililuiivda cel illaifoaniald lasiaTon cell iiaiRaa
@ . . o & = A . A ° ~ o a

maaqﬂ,u microtiter plate Ba33NLRLN cell Wiatdaalu L-15 culture medium % 28 °C iial# cell Gia
AUNUUI plate Wd2 3980 rPenmonPEN5 31uuny cell tHuian 2 17lud 39879000638 L-15
culture medium aINLRES cell Luan 24 Talug 3988 tryppan blue WWatlSouifisuiasidud
Adda o ' A9 o a A A ' & A A

284 cell NTFIaNUNguAIWANNLE buffer unuTaanduuurilsfin Inwan1Inasaswudn laiiann
UUNY rPenmonPEN5 AANNINT® 6.25, 12.5 was 25 uM Jilasidud cell §33a liuandrsagned

o

unduauquild buffer (UA 16) TlkiAui1 rPenmonPENS lifiananilufinda cell 1iia

o o

piAY

Lﬁa@maaﬁa

15

30 4
15 4
0 T T T =

Normal Control 6.25 pM of 12.5 pM of 25 pM of
rPenmonPENS rPenmonPENS  rPenmonPENS

Z

% viability
5

311 16 mMInazeuANuLIUN V8 rPenmonPENS da cell Lﬁmﬁam’a Tasty rPenmonPEN5 @714
v o v v & < g & <

Vg 6.25, 12.5 waz 25 M AuLaLiaaiaduam 2 Ta9 waztasd cell siatduinan 24 TN 39
o o A a A ¢ & & Ada o ' g o

tiaal cell @28 tryppan blue LWallsuuinautlatigua cell u’zj’mnunqumuqmim buffer unu

rPenmonPENS



4.2.7 MIANBINA2DI rPenmonPEN5 Glan138u Si‘l propagation 283 WSSV
1n cell iliaidanzasninad

AnwNaas rPenmonPEN5 @am3tiuss propagation 289 WSSV lu cell 1iaidan

VaITINAEN Tasnauida WSSV $1wm 10° copy NU rPenmonPEN5 @NULTNTW 6.25, 12.5 Laz 25
UM uRL cell ifadaaiia3onlslu microtiter plate wasuudnam 2 2 lusiednsenn uaziinly
valw L-15 culture medium w&sa1ni&es cell il 24 52lusfi 28 °C 5aifiu cell &rfi@ total RNA
WeaTasaumIugadaanvasbu vP28 laglfinefia RT-PCR fild EF-1a duduaiugu wans
ATIVFALWLLAWIE rPenmonPENS anuidud 6.25 uM isiuiifinaaamsuansaanvasin VP28

Lﬁmﬁﬂuﬁ'unfpjumuquﬁmamlugﬂﬁ 17

gﬂ‘ﬁ' 17 MIANB NGV rPenmonPENS dansduismsaaisa WSSV lu cell \Waliaaninaien
Tagtin s WSSV iU rPenmonPENS ULt 6.25, 12.5 uaz 25 uM nuiiiaiaeaiaiunm 2
T2 l09 #aI9NE19 cell waziaed cell datlluian 24 52lug 39LAU cell aria total RNA toasiagay
miuaasaanvasiin VP28 dan RT-PCR uazlinisuaedeanvedtu EF-1a idubuaiugu Fawy

LWL rPenmonPEN5 AMNINTH 6.25 uM YinnuiaIunsaaansuaadsaanuadsiu vP2s la

5. a@uaﬁmmﬁwamﬁ{fﬂ
lowmsmduns@nsundIndduaain wia AMP fusnldnndmadr  las
Mmsfnsansuzandd uaznihfveandnddrugalnwngu lysozyme uaz penaeidin 9uN3dNIN

anwuzlun1svinuiannu (synergistic effect) saand Inddugadnnisaings



a v o

lysozyme wuludiifianaoria wwdindduadnwisdnluszunnidunu
10 . . . . J &) ! e 6 a A
wuy'lidumie (innate immunity) lasaane peptidoglycan Gaidusiulsznauvadnaisivasiuaize
(Qasba uasatwe 1997; Mai WLaz Hu, 2009) fsnumIwuuazAns lysozyme wauTRANI C-, g-
. = & XN v, =2 &
Uae i-type lysozyme lumsansaien lavinnsdns c-type lysozyme (Pmlyze) uas sadlalanasu
Ya9 i-type lysozyme (Pmlyzi1 Waz PmLyzi2) ﬁLLﬁﬂvlﬁﬁnﬂﬁadaw cDNA 2837j4naen  Fawui
PmLyzc WAawny c-type lysozyme mlufdszneudls 8 conserved Cys uazdl 2 catalytic residue
o P A = &
léun Glu uay Asp Tupmen PmLyzi-1 %38 destabilase WLaz PmLyzi-2 &g unIInuaInIn
luds dsznaudan conserved Cys 10 uaz 12 ninaziilusmudau nlaunfinoanulu itype
A A o A A ' P

lysozyme 8¢ UAzinilauny i-type lysozyme Aiwuluwan arthropod falinunsaaziils Glu uaz

Asp NiUS1I4 catalytic site ¥nlAWU muramidase activity tawizlu Pmlyzc winvu aghalsieny e

£ o & a & o & A
nagaugnTwMIgugIMItatyvesuuaiits  wunsawlelawesugugimaasyvasuueiizy M.

=

) . o g e . 4 . o ,
luteus Uaz Vibro aUdgd99lea waz Pmlyze Agntlumsduaslaanga Sexaaasasny Ibrahim

9

wazae (2001) ladnsLSiins catalytic site 284 c-type lysozyme lasvinmsilasuniaazdluusiim

[
A o

v ra [ ~ Q{ = g; =y a A
A le c-type lysozyme 158 muramidase activity LL@Immmmﬂuﬂ’ﬁﬂuleﬂ’]iLﬁ]ityma\‘lLLUﬂ‘mitl
Gandhe UazA (2007) WU c-type lysozyme LuiHiFanatsfiunanansaaziilu Glu uaz Asp AUSIM
X . A oA £ o & a A A v & £ o & a
active site TewungaiignslunsgugemsiaSysesuuaiiFe usadliiiuin gndlumsduginmsiasy

A A M od o a . . Aa a
ya3uuafi3u N ldUunuLSI catalytic site NANTAaAlU Glu Uz Asp

Wafinmminauauadzasbu lysozyme natniignnizduli@aisa V. harveyi wu
A A A & WM A .

PmLyzc Ansuaadaanvaddwfinannis  udldnumsidfouudasmsuaadseanis Pmlyzil uwae
Pmlyzi2 #3awny i-type lysozyme 28989 (Anopheles gambiae) nldfimsfouutaimsuaadaan

A v o A A g ' A £6 o &
WegnnizduduuuAiize (Paskewitz UazATA 2008) wanNRes wumMaEsugNDluMIEUEINNT
LSQYVBIUUANIIBVDI lysozyme V&N Pmlyzc 1#la c-type lysozyme ﬁwulurj& Litopenaeus
vannamei, L. stylirostris W8 Fenneropenaeus chinensis Anvuaasaanlunaisalians LWL
A A& A A
L§aIaaNNNNFaANLIaLIEN (Bu LAazAL 2008; de Lorgeril WazAmiz 2005; Burge UAzAAE 2007) o9

LﬁﬂLﬁa@Lﬂuai'mmé'nﬂuaw:uunﬂﬁqunu’[uﬁa MINBURKBIGBLTD V. harveyi WaTMINLANNILLEA

\Waa TlWAw PmLyze vnazduluanadrdnyluszuunfiquiuvesds  PmLyzit wulunaoedoae



Tagawzluiale waliwulwsian lymphoid organ uazéld  luwmed Pmlyzi2 wuawnsludu
WYt Tuuuaand (fruit fly) WU lysozyme % hepatopancreas FanuiinawAgfUsULgey
(digestive system) (Dobson LLaza@by 1984) N PmlLyzi2 Filineuanasdamsaaisa V. harveyi
uazuaasaanianizly hepatopancreas ma:ﬁﬁﬁhﬁlﬁmﬁaaﬁ'm:umiamaufja agalsna MU

ninNvad PmLyzil 83da9nsnsanmiea by

Penaeidin (wwiIndnnuiamzluds  Jagiu penaeidin lufsanasiag utsaan

YV & & I = =) Y aal 1
leidu 5 lelovefn Giuansatlu PenBase (Ramaal n13arvdsnmiatealssnaisdidlsinnaas

law penaeidini 1T variation w83 penaeidin2 PMNILNUMNIANEA penaeidin sl,ufj'mqa@i’m gL
- = P a . a P '
penaeidin3 faMaunasnasaniga lasiawizu3iim Pro-rich wuflananainnaisaniga §iu
penaeidin wulawzluau13u (F. chinensis) uazianandn (P. monodon) wituu 1lalSauifiey
penaeidin3 Was penaeidind luﬁdﬁdaadaqa WU penaeidin3 WaE penaeidind madﬁdqmﬁ’lﬁm’m
Af ANl 19173u (Tassanakajon WazAmiz 2010) wazwunIaasiily Ser NdUnUI 35 Uz
Lys/Asp Ndunis 43 anunTauen penaeidin nigadlalowasule wanandh Lys/Asp Adunis 43
o . o a v o v @ A a
f9aanInuen  penaeidins  luarniduuazonmdnldandae \WegnNILEAIaaNYBID
PenmonPEN3 Waz PenmonPEN5 lufinaidund wunisedlelowesuuaasaaninnfigafiiiaiien
NFLElF uazvinla #aanda9ny penaeidin2 (Destoumieux WazAthe 2000) penaeidind (Ho W&
Ate 2004) LLaz anti-lipopolysaccharide factor (ALFPm3) (Somboonwiwat LLazate 2005) Awulwdia
A $ & s > a Y Qs tﬂl l§ s g; =y a A G
Waadaiuaiiznanvasszuupiiduiu  Wadnmantlumidudinmaaiyesuuefiiorasinan
A a . & & & & o & a
Dunuuriliséiu penaeidin Nygaslalovasa wu veseslolawaiusunsnduginsasyuay M. luteus

%

uaz A. viridians 66 udldfinassugnitulumssudinaasyueuuaiiSoetaiioidy  Tas
PenmonPEN3 snunsnsusalddnin PenmonPENS iy penaeidin lelowasudug wu
penaeidin5 ﬁ%mm}”@mﬁmt@zﬁfdQawﬁwﬁqw%‘[umiﬁuEiv'am'il,ﬁfymaal,mﬂﬁﬁﬂ%maUmh penaeidin
lalowasn 2, 3 uay 4 (Destoumieux WazAME 1999; Cuthbertson WaAME 2004; Li LazAths 2005 ;
Kang wasatwe 2007)

Wefinmminauauadzasdu penaeidin lufinadindaa Wssv wuiiima

LRAIDBNVBIEU PenmonPEN3 Was PenmonPEN5 aaadatindsiatsinadannmsaatianiig 15 wih



'
o A

< & a & S ) < & o o oA 9
e 12 “].T'JI&IG ﬁ]qﬂuuﬁ\?wamuﬂﬂqﬂuuﬂaqﬂmﬂnaq 24 %QI&IGL‘U% 1.5 8z 1.8 WWNQWQULNﬂLﬁUUﬂ‘U

@

nguAILANNGadiy LHM buffer  ag1alsfidinmiuaaseanuasbu penaeidin nasadlalonasuaaas

9

o A

aguTaeglnedayNag 48 Taludnasdaa WSSV alims@aibalunin crustacean 1ia
\WanazlinanfeunlunusnuniiniGeae (Martin uazamz 1998)  laiianazgnnizduliddan
I gNNNIEIdwainlasmiuanvadiliaifiea (Bachere uazAmiz 2004) @97 Destoumieux
WazAz (2000) ldnszguriadinuuafiiouazaTiasaunisuaasaanyasiu penaeidin2 wuiinig

' ca A ™~ a - ¥ oA oA & A4 N
uaadaananad atndlsiailanTiasauySunalusdu penaeidin2 luihidaanwuinfiunningasinaziia
nnnuanvaddaiian  4ananh Dong uazAmME (2005) ldAnsNILEAIBaNTad penaeidin lurd
PNAWNUTIIMRIPNNTEAUIIY WSSV udaziinmiusesaanueswiduuuy U Fnau uas
Pongsomboon UazAme (2010) vmsanmzluuunsuaaseanvasdulufinadmagnnizdudis
12 WSSV lasldinaiia microarray wunsuaasaanvadiis penaeidin aaadlutiavingvasnInaaes
= a ' < o A £ a aA & o &
Fanranasadduainanaiinasnniinisenvaziinnmsnia wssv ldduginsuaasaanaas

‘é v g 1

Hudedasdnuna’lniida’ld (Dong uazame 2005)

MIANEWINN8I8% PenmonPEN5 laulfinadia RNAI wuin Wavinmsguganis

o &

uReIEaNUEIE® PenmonPENS LLﬂzﬂiZ@%lﬁﬁd@ﬂL‘ﬁa WSSV uazfiaaunisuaadaanuasdn VP28

q

@ o

& | v IA 1 v GI é/ 1 g
adubuainlusdunfiozes wssv wuhmislinuaaseanvasiu VP28 iinmniuatalindany
WalisuiunguaIuaunaasie NaCl uaz polyGC  uananikilansiasaudiuin copy 283 WSSV

'
(3 oA

o & a Ao A £ '
WuInduNgugINILaadeanvesiis PenmonPENS 31wt copy U89 WSSV LANINNAH 1.9 1¥h
A a [ ' ' ca A o & ) &
Walsuniunguaiugu  adwlsnd Wanaseuanuausnlunsduss propagation vaila WSSV

1 L gj ] v AI ‘31 v v a
289 rPenmonPEN5 WUINNNIHUEY propagation WlalANunIuauanudutuasIaanduuunn
Tdséu  wunaiiansguss propagation wadiia WSSV luwidiaiieafitiuny rPenmonPEN5S a1
vintdu 6.25 uM wiiu Tagtiu Inenumstlasiunisiasa wssv ludslas antimicrobial peptide
v - . { £

laun anti-lipopolysaccharide factor (ALF) (Tharntada wazatue 2009) ’Lummzﬁﬁmiﬁﬂmgwﬁmad
penaeidin @8 herpes simplex virus type 1 Va9A% lag Carriel-Gomes WazAmss (2007) WaAILALARIN

. I fldl o ‘l’ a v a v a v lﬂl 1 v a tﬂq’
penaeidin  luwd Indndanluszuugiiduiuass wanINARINN M IdaduNIAaLTe

A a o o A o 44 v @ @ a & o v Ao
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Lysozyme is a widely distributed hydrolase possessing a hydrolytic activity against peptidoglycan in the
bacterial cell wall and, hence, causing lysis of the bacteria. Two types of lysozymes; the c-type (PmLyzc)
and the two catalytic residue ablated i-type lysozymes (PmLyzi1 and 2), were identified from the Penaeus
monodon EST database (http://pmonodon.biotec.or.th). By RT-PCR, PmLyzc transcript was detected in all
tissues: gill, antennal gland, epipodite, heart, hemocyte, hepatopancreas, eyestalk, lymphoid organ and
intestine, and highly expressed in hemocyte. The expression of PmLyzi2 mRNA was highest in heart while
undetected in gill, lymphoid organ and intestine. The PmLyzil transcript was expressed only in hepa-
topancreas. The up-regulation of mRNA transcription after bacterial challenge was observed only with
PmLyzc. To investigate their biological activities, the three mature recombinant proteins were expressed
in an Escherichia coli system. Although the turbidimetric assay revealed that only recombinant PmLyzc
possessed the muramidase activity, all of them variably exhibited antimicrobial activity against both
Gram-positive and -negative bacteria especially the shrimp pathogens, Vibrio species. The antimicrobial
activities of recombinant PmLyzc was the most effective one. These results demonstrated that the ability
of lysozyme to inhibit the growth of bacteria did not depend only on the muramidase activity. Differ-
ences in tissue expression pattern of these gene transcripts and their antimicrobial activities indicated

the multifunction of lysozyme as immune defense and digestive enzymes in P. monodon.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Lacking an adaptive immune response like all invertebrates, the
black tiger shrimp, Penaeus monodon, rely on an innate immunity to
protect themselves from the surrounding pathogens. This defense
system is able to eliminate the invading pathogens efficiently after
infection by cellular and humoral defense mechanisms [1]. An
important component of humoral mechanism is the antimicrobial
peptides (AMPs). The AMPs are the first barriers of the host defense
which kill or slow the growth of microbes like bacteria, fungi,
viruses and protozoa [2,3]. Among the various AMPs, lysozyme
is the most well-known and has been described in numerous
phylogenetically diverse organisms such as bacteria, bacterio-
phages, fungi, plants and animals.

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

1050-4648/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/}.f51.2010.01.003

Lysozyme catalyzes the hydrolysis of p-1,4-glycosidic linkage
between N-acetylglucosamine and N-acetylmuramic acid of
peptidoglycan in the bacterial cell walls [4]. It, thus, plays a role
as a bio-defense molecule in the innate immunity against the
invasion of bacterial pathogens. Lysozyme is particular important
for invertebrate marine animals that constantly contact the
microorganisms in the environment [5-7]. In addition to the
hydrolytic activity, lysozymes from invertebrates also possess iso-
peptidase and chitinase activities [8,9]. The finding of lysozyme in
the ruminant stomachs of cattle and the digestive organs of marine
bivalves also indicates the digestive function of lysozyme [10,11].

Based on their differences in structural, catalytic and immuno-
logical characteristics, lysozymes have been traditionally catego-
rized into three major types: chicken-type lysozyme (c-type),
goose-type lysozyme (g-type) and invertebrate-type lysozyme
(i-type) [12,13]. The c-type lysozyme is the most found group
having been identified from several organisms including virus,
bacteria, plants, insects, reptiles, avian, fish and mammals [7].
The g-type lysozyme is found in some avian, fish and scallop [8,14].
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The i-type lysozyme is found in the invertebrate. Furthermore, the
multiple-typed lysozymes have been reported as c-type plus g-type
in bird and brill, and as g-type plus i-type in mollusk [15,16].

The i-type lysozyme was first described for the starfish, Asterias
rubens, by Jolles and Jolles [17]. The partial N-terminal sequence of
the protein was shown to be different from those of other types of
lysozyme. Thereafter, similar lysozymes have been identified in
other bivalves and categorized as a new type of lysozyme, the so-
called i-type lysozyme [8,13]. In 1996, Zavalova et al. [18] identified
a novel enzyme from the medicinal leech which hydrolyzed the
&-(y-Glu)-Lys crosslink between Glu and Lys in the stabilized fibin
[19] and hence named it destabilase. The destabilase from leech
also possessed the isopeptidase and lytic activity like those i-type
lysozymes from bivalves. It was, then, categorized as one of the
i-type lysozymes [13,19].

In shrimp, the c-type lysozymes from kuruma shrimp Marsu-
penaeus japonicas [6], white shrimp Litopenaeus vannamei [20],
black tiger shrimp P. monodon [21,22], banana shrimp Fennei-
openaeus merguiensis |7] and Chinese shrimp, Fenneropenaeus
chinensis [23] are well characterized. However, the i-type lysozyme
from penaeid shrimp has not yet been characterized. Recently, the
EST clones with an apparent sequence homologue of the i-type
lysozyme were identified from the cDNA libraries of P monodon
(http://pmonodon.biotec.or.th) [24]. One of them shows identity to
the destabilase of L. vannamei. The other one shares 39% identity to
the i-type lysozyme from the fly, Drosophila virilis. The latter is
a novel form of the i-type lysozyme found in shrimp.

In the present study, the P. monodon c-type and the two forms of
i-type lysozymes were presented. The phylogenetic analysis and
tissue distribution of all three lysozyme transcripts were carried
out. The recombinant proteins of the three lysozymes were over-
expressed in an Escherichia coli system and their antimicrobial
activities characterized.

2. Materials and methods
2.1. Bacterial strains

E. coli strain Rosetta(DE3)pLysS was used for protein expression.
For the antibacterial assays, the Gram-positive bacteria: Micro-
coccus luteus, Staphylococcus aureus, Staphylococcus haemolyticus,
and the Gram-negative bacteria: Vibrio harveyi, Vibrio para-
haemolyticus, Vibrio fluvialis, Vibrio alginolyticus, Vibrio cholera,
Vibrio mimicus, E. coli, were used.

2.2. Animals and sample preparation
Juvenile P. monodon shrimp approximately 3 months old, 20 g of

body weight, were acclimatized in aquaria at an ambient temper-
ature of 28 °C and a salinity of 15 ppt for a week before use in the
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experiments. Shrimp tissues (eyestalk, antennal gland, epipodite,
gill, lymphoid organ, hepatopancreas, intestine and heart) were
dissected and snap-frozen in liquid nitrogen. Hemocytes were
isolated by centrifugation at 800 g for 10 min at 4 °C. The hemocyte
pellet was resuspended in 1 ml of TRI Reagent® (Molecular
Research Center).

2.3. Total RNA extraction and cDNA synthesis

The samples were homogenized in TRI Reagent® and total RNA
was extracted according to the manufacturer's instruction. The total
RNA was treated with DNase (Promega) to remove the DNA
contamination. After determining the RNA concentration, 1 g of
total RNA was reverse transcribed into ¢cDNA using oligo(dT)s
primers with ImProm-II"™ Reverse Transcriptase System kit
(Promega) according to the manufacturer's protocol. The synthe-
sized cDNA was stored at —20 °C until use.

2.4. Sequence and phylogenetic analysis

The cDNA sequences of the c-type lysozyme (PmLyzc, accession
no. GQ478702), i-type lysozyme-like protein 1 (PmLyzil, accession
no. GQ478703) and i-type lysozyme-like protein 2 (PmLyzi2, acces-
sion no. GQ478704) were retrieved from the P monodon EST data-
base (http://pmonodon.biotec.or.th). They were analyzed for the
identity and similarity by BLAST online [25] and the domain identi-
fication was analyzed by PROSITE and SmartTM databases (http://
smart.embl-heidelberg.de/). The molecular weight and pl were
predicted using the Expasy software (http://www.expasy.org/). The
signal peptide was predicted using the online SignalP 3.0 program
(http://www.cbs.dtu.dk/services/SignalP() [26].

The amino acid sequences deprived of signal peptides of c-, i-
and g-type lysozymes from SwissProt and GenBank databases were
aligned using the ClustalX [27]. Based on the alignment, a phylo-
genetic tree was constructed using the Phylip program. Bootstrap
analysis was performed for values representing 1000 replicates
using the SeqBoot. The human and rat z-lactalbumins that were
similar to the c-type lysozyme were used as the outgroups.

2.5. Tissue specific expression of lysozymes

Expression of PmLyzc, PmLyzil and PmLyzi2 in various shrimp
tissues was determined by semi-quantitative RT-PCR. Total RNAs
were extracted from the hemocyte, hepatopancreas, lymphoid
organ, gill, intestine, heart, epipodite, eyestalk and antennal gland
using TRI Reagent® according to the manufacturer's instruction for
the syntheses of single-strand cDNAs. The semi-quantitative PCR
was, then, performed to determine the level of each lysozyme
transcript using gene specific primers designed using the SECentral
program (Scientific & Educational Software) as listed in Table 1.

Table 1

The sequences of primers used in RT-PCR and cloning into the expression vector. The Ncol and Xhol sites are underlined.
Primer Sequence Usage
PmLyzc_F 5' ATACCATGGGCCATCATCATCATCATCACAAGGTCTTCAGGAAGTGCG 3 Cloning
PmLyzc_R 5/ CTCGAGCACTTAGAATGGGAATATCGAGTTG 3' Cloning
PmLyzil _F 5' CCATGGGCCATCATCATCATCATCACGCAGAATTGGAGGATAGTTGC 3 Cloning
PmLyzil_R 5" CTCGAGTCACTCTACACTCGGAGGATTTGTG 3 Cloning
PmlLyzi2_F 5" CCATGGGCCATCATCATCATCATCACGAAGGGGTTGACCCCAACT 3/ Cloning
PmLyzi2_R 5' CTCGAGCTACGTAGCAGTTGGAGAAGAAG 3/ Cloning
Lyzc _F 5" TCCTCTGGTGCTGCTGGTTG 3/ RT-PCR
Lyzc R 5' GGTTGCGGTTGCGGTTGATG 3 RT-PCR
Lyzil_F 5' CCGTTACCAAGCCTTACTG 3 RT-PCR
Lyzil_R 5' TAATCGGTCGCGTAGTCCTC 3¢ RT-PCR
Lyzi2_F 5" CGACAACGCGGAACAGAAGG 3/ RT-PCR
Lyzi2_R 5" CGGTGGTGCTGACAGATGGA 3 RT-PCR
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One microlitre of the first-strand cDNA was subjected to PCR in
a 25 pl reaction volume containing 750 mM Tris—HCI, pH 8.8,
200 mM (NH4)2504, 0.1% (v/v) Tween 20, 2.5 mM MgCly, 0.2 mM of
each dNTP, 0.2 uM of each specific primers and 1.25 units of Tag
DNA polymerase (Fermentas). The reaction was pre-denatured at
94 °C for 1 min followed by 30 cycles of denaturation at 94 °C for
30 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s. Ten
microlitres of the amplification reactions were analyzed through 2%
agarose gel electrophoresis.

2.6. Expression of lysozyme mRNAs after V. harveyi challenge

After acclimatization, the experimental shrimp were separated
into 2 groups; the control and the challenge groups. The control
shrimp were injected with 0.85% NaCl while the challenge shrimp
injected with 108 CFU of V. harveyi. Three shrimp from each group
were collected at 0, 6, 12, 24 and 48 h after injection. The total RNA
from hemocyte, hepatopancreas and heart was extracted. The total
RNA samples from each tissue at each time point were pooled and
cDNAs synthesized as described above. The expression of PmLyzc,
Pmlyzil and PmLyzi2 were determined from the hemocyte, hepa-
topancreas and heart, respectively, by RT-PCR analysis as mention
above. Their expressions were analyzed by 1.2% agarose gel
electrophoresis.

2.7. Recombinant protein expression and purification

The PCR fragments encoding the mature proteins of PmLyzc,
Pmlyzil and PmLyzi2 lysozymes were amplified with gene specific
primers which introduced an Ncol site and a 6xHis-tag at the
amino-terminus, the forward primers, and an Xhol site at the
carboxyl-terminus, the reverse primers (Table 1). They were cloned
into an E. coli expression vector, pET-19b. The PCR was performed as
described previously [28]. The gel-purified PCR products were
digested with Ncol and Xhol and ligated to the vector digested with
the same restriction enzymes. The correct reading frames of amino
acids were verified by DNA sequencing.

For recombinant protein expression, the recombinant plasmids
were transformed into an E. coli strain Rosetta(DE3)pLysS. The cells
were grown to appropriate density and the protein expression was
induced with 1 mM IPTG. After 4 h of induction, cells were har-
vested by centrifugation at 8000 g for 15 min and resuspended in
phosphate-buffered saline, pH 7.4 (PBS; 137 mM Nacl, 2.7 mM KCl,
10 mM NazHPO4 and 2 mM KH;PO4). The cells were disrupted by
a French press at 9000 psi [29]. The inclusion bodies were collected
by centrifugation and solubilized in denaturing solution (20 mM
phosphate buffer, pH 7.4, 8 M urea, 0.5 M NaCl and 20 mM
imidazol). The expressed proteins with the 6 x His-tag at the amino-
terminus were purified under denaturing condition using
the Ni-NTA agarose (Qiagen) as instructed by the manufacturer's
protocol. The purified PmLyzc protein was dialyzed against Milli-Q
water containing 0.2 mM oxidized, 2 mM reduced glutathione and
decreasing concentrations of urea (6, 4, 2 and 0 M) for 12 h at 4 °C.
The purified PmLyzil and 2 were dialyzed against STE buffer
(10 mM Tris—HCl, pH 7.4, 1 mM EDTA, 100 mM NacCl) containing
0.2 mM oxidized, 2 mM reduced glutathione and decreasing
concentrations of urea as above for 12 h at 4 °C. The proteins were
kept track of using 15% SDS-PAGE. Protein concentrations were
determined using the Bradford method [30].

2.8. Muramidase activity assay
The cell lysis of M. luteus was measured as muramidase activity

according to the turbidimetric method, previously described by
Shugar [31]. A 4-ml overnight culture of M. luteus was harvested by

centrifugation at 8000 g for 5 min. The bacterial pellet was washed
twice with STE buffer, pH 74, and resuspended in STE buffer
making an initial ODss9 of 0.5. Thirty micrograms of each
recombinant lysozyme were mixed with 3 ml of cell suspension.
The optical density was monitored at 450 nm at every 2 min over
a 20 min period using a spectrophotometer. For each recombinant
lysozyme, the measurement was performed in triplicates. A lysis
with 10 pg of hen egg white lysozyme (HEWL) was performed as
a positive control.

2.9. Antimicrobial assay of lysozyme

Antimicrobial activities of the recombinant lysozymes were
assessed using a lysoplate assay as described by Minagawa et al. [5].
The bacterial density was adjusted to 0.2 at 600 nm with STE buffer,
pH 7.4, containing 1% agarose and poured onto the 90 mm plates.
Wells with diameter of 0.4 ¢cm were cut into the freshly poured
plates after the agar solidified. Ten micrograms of each recombi-
nant lysozyme were added into the wells and incubated at 30 °C.
After 24 h, the diameters of lysis circular zone were measured in
centimeter. Ten micrograms of HEWL and STE buffer, pH 7.4, were
used as positive and negative controls, respectively. The measure-
ments were performed in triplicates.

The inhibitory concentration (IC) was calculated from the
inhibitory zone using a formula from a method (a) as described by
Hultmark et al. [32]: IC = 0.486 mfud2 where a is the thickness of
agar layer in centimeter, d is the inhibition zone diameter in
centimeter and n is the concentration in nanomole of the antimi-
crobial protein utilized in the assay. The IC is expressed in pM.

3. Results
3.1. Identification of lysozyme cDNAs from P. monodon

Three full-length cDNAs of lysozyme transcripts were identified
from the P. monodon EST database (http://pmonodon.biotec.or.th)
[24]. BLAST search indicated that one of them was a homologue of
the c-type lysozyme and thus named PmLyzc. The other two were
homologues of destabilase and i-type lysozyme but lacked the
essential catalytic residues (Glu and Asp). They were named as
i-type lysozyme-like proteins 1 and 2 (PmLyzil and 2).

The open reading frame of PmLyzc was 474 bp in length coding
for 158 amino acid residues (Fig. 1A). Amino acid sequence analysis
using the online SignalP 3.0 program revealed the presence of an 18
amino acid signal peptide resulting in a 140 residue mature protein
with a calculated molecular mass of 16.3 kDa and a predicted pl of
8.78. The deduced amino acid sequence of PmLyzc revealed 100%
and 96% identities with the c-type lysozyme of P. monodon
(accession no. AAN16375, ABU75288) previously reported in the
GenBank.

The open reading frame of PmLyzil was composed of 426 bp
encoding a polypeptide of 142 amino acids with a signal peptide of
17 amino acid residues (Fig. 1B). The calculated molecular weight
and the p! of the mature protein was 14.2 kDa and 4.18, respectively.
The PmLyzi2 transcript contained an open reading frame of 489 bp
coding for a polypeptide of 163 amino acid residues with a signal
peptide of 22 amino acid residues (Fig. 1C). The predicted molecular
weight of the mature protein and the pl was 15.5 kDa and 4.68,
respectively.

The PmLyzil shared 89% identity with a destabilase of the Pacific
white shrimp, L. vannamei (accession no. ABD65298) and 39%
identity with an i-type lysozyme of the segment worm, Eisenia
andrei (accession no. ABC68610). The PmlLyzi2 was similar
to an i-type lysozyme from the flies, D. virilis (accession no.
XP_002048990) and mosquito, Anopheles gambiae (accession no.



P. Supungul et al. / Fish & Shellfish Immunology 28 (2010) 490—498

ATGAGGGTGCTTCCTCTGGCGCTGCTGETTGGGCTTCTGECCGTTTCCGACGCCARGGTCT TCAGGAAGTGCGAATTCGE 80
M RV L®PULALTLVYVGTILTILAYVSDATEKTYTFRTEKTIEETFA
GGAGCTGTTGGARACGAGGTATTACCTCTCCAGGAAT GACATCAAGAACT GGGTGTGCATCGCGGAGTTCGAGTCGTCCT 160
ELLE}TRYYLSRNDIKNWVIAE‘.E’ESSF
TCAACACGGCCGCCATCAACCGCARCCGCAACCGCAGCACAGACTACGGTATCTTCCAGAT CAACAACAAGTATTGGTGC 240
N TAAIDNRDNTERNIERSTODTYGITFOQTINUNT KT Y®UW[E
GGCAGCGATTATGGCARGAACGTCTGTGGAATCCCAT GTTCCGATCTGATGTCTGATGATATCACGGCTGCCGTGAGGTG 320
G s pY GG KNV@eI1erpf@soprLmmMsobpbpDI1ITAAVR RYE
CGCCGAGACTGTCCGCCGCGACACCGAACGCTACAAGGGCCGTGEGARAGGCTACACTGCCTGEGTGGCTTACAACAGCA 400
A E T V R RDTEW RY K GRG KG Y T AWV A Y N S K
AGTGTAAGAATCGCGACCTCGATCAGTACATGGCCGAGTGCTGGTCTCGTGETTCCAACTCGATATTCCCATTCTAA 4717
B k" RpDLDgo Y MAETE REWWSRGSNSTITFTZPF *
ATGCGCGCATCATTATTCTTCCTGGCGGTAGCCCTTAGCGCCGCGGCTGCAGAATTGGAGGATAGTTGCCTAGCCTGCAT 80
M RA S L FFLAVALSA AAAMATETLTET DS ST ET?LAPREHM
GTGTTACGTATCCAGTAGTGGCTGCGTCATGCCAGATGGAGTGTGCAGGAACACTGCATGGTCAGAAGTGTGTGGACCCT 160
EByvyvssscec@@vmMedecVvE@BRNTAWSEVEG?EPUW
GGGCCGTTACCAAGCCTTACTGGGAAGACGCCCATAAACCAGGCGGAGATTTTTACCCGTGCATGGCTGACTGGGACTGT 240
AV TXK®PYWETDA AEHTEKT PGGDTFYT&PEMADUWDFJ
AACGAGCAGACCGTCCGGGCTTACCT GGACAGGTACGTAGAGAATCCT TTCGCCACTTGCGAGACCTACGCCCGCACGCA 320
N EQ TV RAYTULDRYVYVYETUNT E?TFATJEETTYARTH
CTACGGGGGGCCGTGGEGGATGAACGAGGACTACGCGACCGATTACT GETTACTGGTCAAGGACTGCCTGGACGACGGGE 400
Y G 6 P WGGMNETDTYATTDYTUWZLTLVEKSDERETLDDSGHL
TTTTCACAAATCCTCCGAGTGTAGAGTGA 429
F T NP P S V E *
ATGGCACTTGTCAAGCAAGCCATGATTGCCGTGACGGCAGCTGTCATCTTCGCGCTCGTGTATGGAGAAGGGGTTGACCC 80
M ALV KOQAMTIAVYTAAVYVTITFATLYZYGETGTVTDP
CAACTGCCTCGGGTGCCTGTGCGAGGCCTCCACCAAGTGCAACGCCTCCACGGCCTGCCACACGCCCTACCCAGGGGCAT 160
n e @L@E@EAsTEK@ENASTAREBRSHET®PYPGAY
ACTTCTGCGGGCCCTTCCTCATCTCATGGGCATACTGGGCCGACGCAGATAAGCCAATCATTGAGGGCGACAACGCGGAA 240
FE6e6P FLISW®WAY®WADA ATDTEKTEPEPTITIESTGTDNATE
CAGAAGGGAGCCTTCGAGCGCTGCGTGCAGGACCTGTACTGCGGAGCCGAGACCGTCCGTCGCTACATGGCTAAATTCCT 320
Q K6 A FEREVYOQDLYPEOGAETVRERTYMAEKTFL
CGATATCGACTGCAACCTCGACGGGACGETGGACT GCCGCGACTACGCCCACATCCACATGATGGGCGGGTACGGGTGTA 400
p I p@NULDOGTVDERDYAHTIHMMGE GYGE K
AAGATCCATCTGTCAGCACCACCGACTTCTATAAAGTTTTTGAAAAGTGTTGGGATGTAGTTAGCGCCGCTTCTTCTCCA 480
D PSS VSTTDTFTYZXVF FETZKIEWDVVSAASSTE
ACTGCTACGTAG 492
T AT v

493

Fig. 1. Nucleotide and deduced amino acid sequences of the PmlLyzc (A), PmLyzil (B) and PmLyzi2 (C) from P. monodon. Asterisks indicate the stop codons. The putative signal

peptides are underlined. The conserved Cys residues are boxed.

AAT51799) with the identity scores of 39% and 45%, respectively.
Comparison between the PmLyzil and 2 gave only 27% identity.

3.2. Phylogenetic analysis

The deduced amino acid sequence of mature PmLyzc was
compared with those of the eight known c-type lysozymes from
the vertebrate (zebrafish, chicken and mouse), insect (moth and
mosquito) and other shrimps as illustrated in Fig. 2A. The multiple
sequence alignment showed the two catalytically essential resi-
dues, Glu and Asp, and the completely conserved eight-cysteine
residue motif. The insertion of seven amino acid residues

[GRG(K/N)GY(T/S)] was found only in the shrimp proteins between
Cys6 and Cys7.

The mature amino acid sequences of PmLyzi1 and 2 were also
aligned with other invertebrate i-type lysozymes. All proteins had an
exceptionally high content of Cys residues. The PmLyzil had ten
conserved Cys and PmLyzi2 had twelve conserved Cys (Fig. 2B and C).
The largest insertion of nine amino acid residues was observed
between the Cys6 and Cys7 of the twelve conserved Cys residues.
Interestingly, the i-type lysozyme from P. monodon and other
arthropods lacked both catalytically important residues (Glu and
Asp). In contrast, the i-type lysozymes from annelid (segmented
worm and medicinal leech), echinoderm (starfish and sea
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Fig. 2. Comparison of the deduced amino acid sequence of mature protein of the P. monodon c-type lysozyme (PmLyzc) with those of other invertebrate and vertebrate c-type
lysozymes (A), and those of mature proteins of the P monodon i-type lysozymes (Pmlyzil and 2) with other invertebrate i-type lysozymes (B). The conserved Cys residues are
highlighted in grey. The catalytic residues Glu (E) and Asp (D) are black-boxed. Asterisks indicate amino acid identity, and (.) and (:) indicate amino acid similarity. The amino acid

sequences are from the GenBank. Pm, P. monodon; Fc, F. chinensis; Lv, L. vannamei; Mj, M. japonicas; Ls, L. sertiferus; Ag, Anophel iae; He, | D

cecropia; Gg, Gallus gallus;

Dr, Danio rerio; Tj, Tapes japonica; Cv, Crassostrea virginica; Ar, Asterias rubens; Sj, Stichopus japonicas; Hm, Hirudo mEdiCmH'lS Ea, Eisenia undrei Dm, Drosophila melanogaster; Sz,

Sitophilus zeamais. The numbers in parentheses are the GenBank accession numbers.

cucumber) and mollusk (bivalve and eastern oyster) possessed the
two conserved catalytic residues.

To evaluate the relationships among the PmLyzc, PmLyzil,
PmLyzi2 and other c-, i- and g-type lysozymes, a phylogenetic tree
was constructed based on the mature protein sequences by
neighbor-joining method using z-lactalbumin from human and rat
as the outgroups. As shown in Fig. 3, the ¢-, i- and g-type lysozymes
were separately clustered together correctly. Within the c-type
cluster, the Pmlyzc along with lysozymes from other shrimp
(MijLyzc, LvLyzc and Fclyzc) formed an independent group. In the
i-type cluster, the lysozymes were separated into two groups. One
group, including the PmLyzil, Aglyzil, Aglyzi2, SzLyzi and DmLyzi,
had no catalytic residues. The other group, including the AvLyzi,
SiLlyzi, TjLyzi, CvLyzi, HmLyzi and Ealyzi, possessed the two catalytic

residues. The only branch in the latter group that had no catalytic
residues included the PmLyzil, LvLyzi and LsLyzi lysozymes.

3.3. Tissue distribution of the PmLyzc, PmLyzil
and PmlLyzi2 transcripts

To determine the sites of lysozyme expression in shrimp, the
total RNAs from hemocyte, hepatopancreas, lymphoid organ, gill,
intestine, heart, epipodite, eyestalk and antennal gland were
prepared. RT-PCR was carried out to analyze the lysozyme tran-
scripts using the shrimp f-actin gene as an internal control. It was
found that the PmLyzc transcript was detected in all tissues tested
and highly expressed in hemocyte followed by intestine (Fig. 4).
The expression of PmLyzi2 mRNA was highest in the heart while



don; Fc, F. chinensis; Lv, L.

sequences are from the GenBank. Pm, P. r

undetectable in gill, lymphoid organ and intestine. Interestingly,
the PmLyzil transcript was expressed only in the hepatopancreas.

34. Expression of PmlLyzc, Pmlyzil and PmLyzi2
after bacterial challenge

Since lysozyme was an antimicrobial protein, it was, then,
worthwhile to test its expression in the major distributed tissues in
response to particularly bacterial infection. The shrimp were
injected with V. harveyi. The hemocyte, hepatopancreas and heart
were removed at various time points for total RNA extraction which
were, then, used to investigate the mRNA expression of PmLyzc,
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Fig. 4. Expression of lysozyme mRNAs in the nine tissues of P. monodon by RT-PCR
analysis. The B-actin gene was used as an internal control.
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Fig. 3. Phylogenetic tree based on the alignment of amino acid sequences of various c-, g- and i-type lysozymes using ClustalX and Phylip programs. Bootstrap analysis was
performed for values representing 1000 replicates by the SeqBoot. The amino acid sequences of u-lactalbumins from human and rat were used as the outgroups. The amino acid
i; Mj, M. japonicas; Ls, L. sertiferus; Ag, Anopheles gambiae; Hc, Hyalophora cecropia; Gg, Gallus gallus;
Dr, Danio rerio; Tj, Tapes japonica; Cv, Crassostrea virginica; Ar, Asterias rubens; Sj, Stichopus japonicas; Hm, Hirudo medicinalis; Ea, Eisenia andrei; Dm, Drosophila melanogaster; Sz,
Sitophilus zeamais; Ca, Cygnus atratus; Sc, Struthio camelus; Mm, Mus musculus; Hs, Homo sapiens. The numbers in parentheses are the GenBank accession numbers.

PmLyzil and PmLyzi2, respectively, by RT-PCR. The results in Fig. 5
illustrated that the Pmlyzc transcript was up-regulated in the
hemocyte after 6 h through 24 h after bacterial challenge before it
subsided slightly at 48 h. The transcription levels of PmLyzil and 2
were, however, remained more or less unchanged in the challenge
shrimp as compared to those of the control shrimp.

3.5. Preparation of the shrimp recombinant lysozymes

The nucleotide sequence encoding the mature peptide of each
lysozyme from P. monodon was amplified using a specific primer

Control shrimp Challenge shrimp

0 L] 12 24 48 ] 6 12 24 48 h

ptyac
e ] octin

By Ty YR A
poctin

e e e e i

Fig. 5. Expression of PmLyzc, PmLyzil and Pmlyzi2 in hemocyte, hepatopancreas and
heart, respectively, after V. harveyi challenge. The result at each time point was from
a pool of total RNA from three individual shrimp. The expression of three lysozymes
was analyzed by RT-PCR. The f-actin gene was used as an internal control.
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pairs that incorporated an Ncol site and a 6xHis-tag at the
N-terminus and an Xhol site at the C-terminus and cloned into the
pET-19b expression vector. For expression, each recombinant
expression plasmid was transformed into an E. coli strain Rosetta
(DE3)pLysS. The cells were grown and expression induced with
IPTG. All recombinant proteins were expressed as inclusion bodies
and were subjected to purification under denaturation condition
through the Ni-NTA column. The recombinant PmLyzc (rPmLyzc)
was renatured in Milli-Q water containing glutathione. The two
recombinant PmLyzi proteins (rPmLyzi1 and 2) were refolded in STE
buffer containing glutathione. SDS-PAGE was used to assist the
purification of the recombinant proteins. The observed molecular
weights from SDS-PAGE of rPmLyzc, rPmlyzil and rPmlLyzi2 were
15.5, 14.4 and 16.5 kDa (Fig. 6) while the calculated ones were 17.3,
15.3 and 16.5 kDa, respectively. The molecular weight discrepancy
between the observed one and that calculated is possible with
unknown reason for some proteins in SDS-PAGE.

3.6. Muramidase activity of P. monodon lysozymes

The turbidimetric approach was used to measure the mur-
amidase activity of the recombinant lysozymes. Instead of using the
peptidoglycan substrate, a Gram-positive bacteria M. luteus was
used. Upon the addition of lysozyme, the bacterial cells lysed as the
reaction progressed, and the turbidity decreased. The activity was
measured by monitoring the optical density at 450 nm. It was found
that the rPmLyzil and 2 could hardly lyse the M. luteus while the
rPmLyzc was able to lyse the cells though less active than the HEWL
control (Fig. 7). This result indicated that the rPmLyzil and 2 lacked
the muramidase activity.

3.7. Antimicrobial activity of P. monodon lysozymes

To test the antimicrobial activity of the recombinant P. monodon
lysozymes, a lysoplate assay was employed to evaluate the activity
against Gram-positive bacteria: M. luteus, S. aureus, S. haemolyticus,
and Gram-negative bacteria including shrimp pathogenic Vibrios:
V. harveyi, V. parahaemolyticus, V. fluvialis, V. alginolyticus, V. cholera,
V. mimicus, E. coli. Like the HEWL, the shrimp recombinant
lysozyme rPmLyzc exhibited the antimicrobial activity against
Gram-positive and Gram-negative bacteria except S. aureus,
S. haemolyticus, V. mimicus and E. coli as showed in Fig. 8. As far as
the strength of antimicrobial activity was concerned, the rPmLyzil
and 2 were less active. Moreover, the rPmLyzil had antimicrobial
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Fig. 7. Muramidase activity assay of the three recombinant shrimp lysozymes. Thirty
micrograms of each lysozyme were incubated with M. [uteus and the change in ODysq
over time was recorded. Ten micrograms of HEWL were used as a positive control.

activity against only the M. luteus, V. harveyi, V. alginolyticus and
V. cholera while the rPmLyzi2 had antimicrobial spectrum similar to
HEWL and rPmLyzc.

The inhibition concentrations (ICs) of P. monodon recombinant
lysozymes were calculated and presented in Table 2. In general, all
three shrimp recombinant lysozymes exhibited the antimicrobial
activity in term of IC against the Gram-negative better than the
Gram-positive bacteria. The rPmLyzc was the most effective one.

4. Discussion

Lysozyme is found widely in many organisms. [t is a well-known
AMP, one of the key components in the innate immunity that
attacks directly the invading bacterial pathogens by catalyzing the
hydrolysis of bacterial cell wall and subsequently making the
bacterial cell prone to lysis [4,7]. Several types of lysozyme, such as
the c-, g- and i-type lysozymes have been identified and studied.
The studies on phylogenetics demonstrate that the different types
of lysozyme may possibly diverge from a common evolutionary
origin [13,33]. In penaeid shrimp, the c-type lysozymes are well
studied [7,20—23]. Herein, the c-type and two forms of i-type
lysozymes are reported. They were identified from the . monodon
EST database [24]. Like all other c-type lysozymes identified from
shrimp and other organisms, the c-type lysozyme (PmLyzc) from
P. monodon contains eight conserved Cys residues and the two
catalytically important residues, Glu and Asp. The two forms of
i-type lysozymes from P. monodon, PmLyzil or destabilase and
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Fig. 6. The expression and purification of recombinant PmLyzc (A), PmLyzil (B) and PmLyzi2 (C) proteins. The proteins were kept tract using 15% SDS-PAGE. The samples were from
the E. coli Rosetta(DE3)pLysS transformants with (+) and without (—) IPTG induction. Lanes (P) are the purified proteins. Lanes M are standard protein size markers.
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Fig. 8. Radial diffusion antimicrobial assay of HEWL, rPmLyzc, rPmLyzil and rPmlyzi2.
Lytic activity of the purified recombinant proteins was analyzed against the Gram-
positive bacteria: Micrococcus luteus, Staphylococcus aureus, S. haemolyticus, and
Gram-negative bacteria: Vibrio harveyi, V. parahaemolyticus, V. fluvialis, V. alginolyticus,
V. cholera, V. mimicus, Esherichia coli. The results represent the mean values with
standard deviations.

Pmlyzi2, are the first to be reported in penaeid shrimp. Amino acid
sequence comparison reveals that they are the i-type proteins as
they share the conserved Cys residues with other invertebrate
i-type lysozymes. Nevertheless, they lack the two catalytic residues
found in other i-type lysozymes of arthropods such as mosquito,
flies and other shrimp [13]. This report presents the characteriza-
tion of the i-type lysozymes from the P. monodon.

The c-type lysozymes from P. monodon, L. vannamei, Litopenaeus
stylirostris and E chinensis are generally detected in several organs
but they are especially abundant in hemocyte [21-23,34,35]. The
hemocyte is, therefore, believed to be the main site of c-type
lysozyme synthesis in line with the notion that the lysozyme is
involved in innate immune system. In this study, second to that in
hemocyte was the PmLyzc synthesis in intestine suggesting that the
enzyme was also involved in digestive system.

Interestingly, the different expression patterns were observed in
i-type lysozymes of P monodon. The PmLyzil was expressed only in
hepatopancreas while the PmLyzi2 was expressed in several tissues
especially heart but not in gill, lymphoid organ and intestine. In
fruit flies, the digestive i-type lysozyme was found to be expressed
in hepatopancreas [11]. These results indicated that the PmLyzil
might play a role in digestion. The PmLyzi2 might have an unknown
role other than digestion yet to be elucidated.

Since the immune effectors are believed to be up-regulated in
response to infection, the expression in the major expression
tissues of the three P. monodon lysozyme transcripts in response to
bacterial challenge was analyzed. As expected, the expression of

Table 2

The inhibitory concentrations (ICs) of shrimp recombinant lysozymes.
Bacteria 1C (M)

rPmLyzc TPmLyzil rPmlyzi2

Micrococcus luteus 0.335 0.491 0261
Staphylococcus aureus - - -
Staphylococcus haemolyticos - - -
Vibrio harveyi 0.088 0273 0232
Vibrio parahaemolyticus 0.077 1.184 0.237
Vibrio fluvialis 0.088 - 0.408
Vibrio alginolyticus 0.137 0.507 0.232
Vibrio cholera 0.114 0.468 0.440

Vibrio mimicus = = =
Escherichia coli = =

‘~" means no inhibition,

Pmlyzc was up-regulated upon V. harveyi challenge for it was
suspected from the tissue distribution experiment to play a role in
bacterial defense. The transcription of two i-type lysozymes was
not responded to the bacterial challenge. Similarly in A. gambiae,
two i-type lysozymes that also lacked the two catalytic residues
were found to constitutively express after bacterial challenge [36].

To study their activities, the three mature recombinant lyso-
zymes were expressed in the E. coli system. By using the turbidi-
metric approach, the recombinant PmLyzc was found to be
muramidase active while the two i-type lysozymes were not.
Although muramidase activity can strongly depend on physical
properties i.e. pH, ionic strength, temperature, the conditions used
in this study were within the active ranges previously reported for
the shrimp lysozymes [7,20—23]. Thus, the results suggested that
PmLyzc but not PmLyzil and PmLyzi2 had muramidase activity.

The antimicrobial assay against various strains of bacteria
revealed that the three lysozymes variably exhibited the antimi-
crobial activities on the bacteria. The PmLyzc was slightly less active
than the HEWL control while the two i-type lysozymes were much
less active. The PmLyzc including the HEWL were more active
against the Gram-negative bacteria than Gram-positive bacteria.
This was in contrast to the antimicrobial activity of other c-type
lysozymes from fish, silkmoth, reptile and other shrimps that were
more effective against the Gram-positive bacteria [5,21,22,37]. The
antimicrobial activities of the c-type lysozyme naturally lacking the
two catalytic residues had been demonstrated compared to the
mutated one [37,38]. They were muramidase inactive but still
possessed the antimicrobial activity against the bacteria. Therefore,
the ability of lysozyme to inhibit the growth of bacteria was not
related to or dependent on the muramidase activity. Nevertheless,
lysozymes with muramidase activity were more effective antimi-
crobial proteins.

Acknowledgements

The present work was supported by grants from (i) the Thailand
Research Fund (Grant no. TRG5280019) to P. Supungul, (ii) the
Commission on Higher Education, (iii) the Thailand National Center
for Genetic Engineering and Biotechnology (BIOTEC). The exchange
of scientists under the JSPS-NRCT Program is also acknowledged.

References

[1] Zasloff M. Innate immunity, antimicrobial peptides, and protection of the oral
cavity. The Lancet 2002;360:1116-7.

[2] Bachere E. Anti-infectious immune effectors in marine invertebrates: potential

tools for disease control in larviculture. Aquaculture 2003;227:427—38.

Bulet P, Stocklin R, Menin L. Anti-microbial peptides: from invertebrates to

vertebrates. Immunol Rev 2004;198:169—84.

Qasba PK, Kumar S. Molecular divergence of lysozymes and alpha-

lactalbumin. Crit Rev Biochem Mol Biol 1997;32:255—306.

Minagawa S, Hikima ], Hirono I, Acki T, Mori H. Expression of Japanese

flounder c-type lysozyme cDNA in insect cells. Dev Comp Immunol

2001:25:439—45.

[6] Hikima S, Hikima ], Rojtinnakorn |, Hirono I, Aoki T. Characterization and
function of kuruma shrimp lysozyme possessing lytic activity against Vibrio
species. Gene 2003;316:187—-95.

[7] Mai W], Hu CQ. Molecular cloning, characterization, expression and antibac-
terial analysis of a lysozyme homologue from Fenneropenaeus merguiensis. Mol
Biol Rep 2009;36:1587—-95.

[8] Ito Y, Yoshikawa A, Hotani T, Fukuda S, Sugimura K, Imoto T. Amino acid
sequences of lysozymes newly purified from invertebrates imply wide
distribution of a novel class in the lysozyme family. Eur | Biochem
1999:259:456—-61.

[9] Joskova R, Silerova M, Prochazkova P, Bilej M. Identification and cloning of an
invertebrate-type lysozyme from Eisenia andrei. Dev Comp Immunol 2009;33:
932-8.

[10] McHenery |G, Birkbeck TH, Allen JA. The occurrence of lysozyme in marine
bivalves. Comp Biochem Physiol 1979;63:25-8.

[11] Dobson DE, Prager EM, Wilson AC. Stomach lysozomes of ruminants,
I. Distribution and catalytic properties. | Biol Chem 1984;259:11607—16.

3

[4

[5



498

[12]

[13]

[14]

[15]

[16]

P. Supungul et al. / Fish & Shellfish Immunology 28 (2010) 490498

Simpson RJ, Begg GS, Dorow DS, Morgan F|. Complete amino acid sequence of
the goose-type lysozyme from the egg white of the black swan. Biochemistry
1980;19:1814-9.

Bachali S, Jager M, Hassanin A, Schoentgen F, Jolles P, Fiala-Medioni A, et al.
Phylogenetic analysis of invertebrate lysozymes and the evolution of lysozyme
function. ] Mol Evol 2002;54:652—64.

Zhao ], Song L, Li C, Zou H, Ni D, Wang W, et al. Molecular cloning of an
invertebrate goose-type lysozyme gene from Chlamys farreri, and lytic activity
of the recombinant protein. Mol Immunol 2007;44:1198—208.

Xue QG, Itoh N, Schey KL, Li YL, Cooper RK, La Peyre JF. A new lysozyme from
the eastern oyster (Crassostrea virginica) indicates adaptive evolution of i-type
lysozymes. Cell Mol Life Sci 2007;64:82—95.

Jimenez-Cantizano RM, Infante C, Martin-Antonio B, Ponce M, Hachero 1,
Navas JI, et al. Molecular characterization, phylogeny, and expression of c-type
and g-type lysozymes in brill (Scophthalmus rhombus). Fish Shellfish Immunol
2008;25:57-65.

[17] Jolles ], Jolles P. The lysozyme from Asterias rubens. Eur | Biochem 1975;54:

[18]

[19]

(20)

[21]

[22]

[23]

[24]

19-23.

Zavalova LL, Baskova IP, Lukyanov SA, Sass AV, Snezhkov EV, Akopov SB, et al,
Destabilase from the medicinal leech is a representative of a novel family of
lysozymes. Biochim Biophys Acta 2000;1478:69—77.

Zavalova LL, Lukyanov S, Baskova 1, Snezhkov E, Akopov S, Berezhnoy S, et al.
Genes from the medicinal leech (Hirudo medicinalis) coding for unusual
enzymes that specifically cleave endo-&(v-Glu)-Lys isopeptide bonds and help
to dissolve blood clots. Mol Gen Genet 1996;253:20-5.

Sotelo-Mundo RR, Islas-Osuna MA, de-la-Re-Vega E, Hernandez-Lopez ],
Vargas-Albores F, Yepiz-Plascencia G. cDNA cloning of the lysozyme of the
white shrimp Penaeus vannamei. Fish Shellfish Immunol 2003;15:325-31.
Tyagi A, Khushiramani R, Karunasagar I, Karunasagar I. Antivibrio activity of
recombinant lysozyme expressed from black tiger shrimp, Penaeus monodon.
Aquaculture 2007;272:246—53.

Xing Y, Feng-Ying G, Qing-Mei Z, Jun-Jie B, Huan W, Hai-Hua L, et al. Cloning
and characterization of the tiger shrimp lysozyme. Mol Biol Rep 2009;36:
1239-46.

Bu X, Du X, Zhou W, Zhao X, Wang ]. Molecular cloning, recombinant
expression and characterization of lysozyme from Chinese shrimp Fenner-
openaeus chinensis. Chin ] Biotechnol 2008;24:723—-32.

Tassanakajon A, Klinbunga S, Paunglarp N, Rimphanitchayakit V, Udomkit A,
Jitrapakdee S, et al. Penaeus monodon gene discovery project: the generation
of an EST collection and establishment of a database. Gene 2006;384:104—12,

[25]
[26]

[27]

(28]

[29]

[30]

31]

32]

[33]

(34

(35]

[36]

[37]

[38]

Altschul SF, Lipman DJ. Protein database searches for multiple alignments.
Proc Natl Acad Sci U S A 1990;87:5509—-13.

Bendtsen ]D, Nielsen H, von Heijne G, Brunak S. Improved prediction of signal
peptides: signalP 3.0. ] Mol Biol 2004;340:783—95.

Thompson |D, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The CLUS-
TAL_X windows interface: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Res 1997;25:4876—82.
Supungul P, Tang S, Maneeruttanarungroj C, Rimphanitchayakit V, Hirono I,
Acki T, et al. Cloning, expression and antimicrobial activity of crustin Pm1,
a major isoform of crustin, from the black tiger shrimp Penaeus monodon. Dev
Comp Immunol 2008;32:61-70.

Jorgensen L, O'Neill BK, Thomas €], Morona R, Middelberg APJ. Release of
chloramphenicol acetyl transferase from recombinant Escherichia coli by
sonication and the French press. Biotech Technol 1995;9:477—80.

Bradford MM. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein—dye binding. Anal
Biochem 1976;72:248—54.

Shugar D. Measurement of lysozyme activity and the ultraviolet inactivation of
lysozyme, Biochim Biophys Acta 1952;8:302—8.

Hultmark D, Engstrom A, Bennich H, Kapur R, Boman HG. Insect immunity:
isolation and structure of cecropin D and four minor antibacterial components
from Cecropia pupae. Eur | Biochem 1982;127:207-17.

Grutter MG, Weaver LH, Matthews BW. Goose lysozyme structure: an evolu-
tionary link between hen and bacteriophage lysozymes? Nature 1983;303:
828-31.

de Lorgeril ], Saulnier D, Janech MG, Gueguen Y, Bachere E. Identification of
genes that are differentially expressed in hemocytes of the Pacific blue shrimp
(Litopenaeus stylirostris) surviving an infection with Vibrio penaeicida. Physiol
Genomics 2005;21:174—83.

Burge EJ, Madigan DJ, Burnett LE, Burnett KG. Lysozyme gene expression by
hemocytes of Pacific white shrimp, Litopenaeus vannamei, after injection with
Vibrio. Fish Shellfish Immunol 2007;22:327-39.

Paskewitz SM, Li B, Kajla MK. Cloning and molecular characterization of two
invertebrate-type lysozymes from Anopheles gambiae. Insect Mol Biol 2008;17:
217-25.

Gandhe AS, Janardhan G, Nagaraju J. Immune upregulation of novel antibac-
terial proteins from silkmoths (Lepidoptera) that resemble lysozymes but lack
muramidase activity. Insect Biochem Mol Biol 2007;37:655—66.

Ibrahim HR, Matsuzaki T, Aoki T. Genetic evidence that antibacterial activity of
lysozyme is independent of its catalytic function. FEBS Lett 2001;506:27-32.



Developmental and Comparative Immunology 35 (2011) 530-536

Contents lists available at ScienceDirect

Developmental and Comparative Immunology

journal homepage: www.elsevier.com/locate/dci

Short communication

The possible role of penaeidin5 from the black tiger shrimp, Penaeus monodon, in

protection against viral infection

Noppawan Woramongkolchai?, Premruethai Supungul®®, Anchalee Tassanakajon®*

4 Center of Excellence for Molecular Biology and Genomics of Shrimp, Department of Biochemistry, Faculty of Science, Chulalongkorn University, 254 Phayathai Road, Bangkok 10330,

Thailand

" National Center for Genetic Engineering and Biotechnology (BIOTEC), National Science and Technology Development Agency (NSTDA), 113 Paholyothin Road, Klong1, Klong Luang,

Pathumthani 12120, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 27 November 2010
Received in revised form

27 December 2010

Accepted 27 December 2010
Available online 31 December 2010

Keywords:

Shrimp

Penaeus monodon
Penaeidins
Antimicrobial peptide
White spot virus

Penaeidin class 5 (PEN5) has so far only been reported in the Chinese shrimp, Fenneropenaeus chinensis,
and the black tiger shrimp, Penaeus monodon. The PEN5 homolog from F. chinensis (FenchiPEN5) exhibits
antimicrobial activities against both Gram-positive and Gram-negative bacteria as well as fungi. Here, we
characterized the PEN5 gene from P. monodon (PenmonPENS) and evaluated its potential involvement in
antiviral immunity. The deduced open reading frame of PenmonPENS5 encodes for a predicted 79 amino
acid peptide including a 19 amino acid signal peptide. The gene structure of PenmonPENS contains two
exons interrupted by one intron, whilst the 5’ upstream sequence contains a putative TATA box and sev-
eral GATA, GATA-3, AP-1 and dorsal transcription factor binding sites. PenmonPEN5 mRNA levels in P.
monodon shrimps following a systemic infection with white spot syndrome virus (WSSV) were signifi-
cantly induced at 24 h post infection, but was strongly down-regulated at 48 h post injection, compared
to those of the uninfected control shrimps. The suppression of PenmonPENS transcript levels by RNA
interference mediated gene silencing led to an increased susceptibility of shrimps to WSSV infection,

suggesting a possible role of PenmonPENS5 in the shrimp's antiviral immunity.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Multicellular organisms possess potent, broad-spectrum
antimicrobial peptides (AMPs) that are used to help fend off a wide
range of pathogenic microorganisms, including bacteria, fungi,
protozoa and viruses (Hancock, 2001; Zasloff, 2002; Jenssen et al.,
2006). In invertebrates, which lack an adaptive immune system,
these AMP molecules provide an important means to fight such
foreign invaders (Hancock and Sahl, 2006). AMPs are typically
small cationic molecules (15-100 amino acids), which although
they differ in primary amino acid sequences they adopt a similar
amphipathic secondary structure that is believed to be essential
for their antimicrobial action,

Penaeidins are shrimp AMPs that contain the unique character-
istic in that they are composed of two domains, the N-terminal
proline-rich domain (PRD) and the C-terminal cysteine-rich
domain (CRD) (Destoumieux et al., 1997; Cuthbertson et al., 2002).
Penaeidins can be classified into four distinct classes: PEN2, PEN3,
PEN4 and PEN5 (as PEN1 turned out to be the variant of PEN2) based
on their primary amino acid sequence diversity (Destoumieuxet al.,
1999; Cuthbertson et al., 2002). Moreover, each class has been

* Corresponding author. Tel.: +66 2 218 5439; fax: +66 2 218 5414,
E-mail address: anchalee.k@chula.ac.th (A. Tassanakajon).
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defined by the conserved key residues of eight specific amino acids
located in precise positions (Gueguen et al., 2006; Kang et al., 2007).

It has been reported that different shrimp species each express
different classes of penaeidins (Gross et al., 2001; Supungul et al.,
2002; Rojtinnakorn et al., 2002; Barracco et al., 2005). For example,
PEN2, PEN3 and PEN4, were identified in the Pacific white shrimp,
Litopenaeus vannamei, and the white shrimp, L. setiferus (Gross et
al., 2001), whilst PEN3 and PEN5 were found in the Chinese shrimp,
Fenneropenaeus chinensis (Kang et al,, 2007) and the black tiger
shrimp, Penaeus monodon (Tassanakajon et al., 2010). In addition to
class diversity, each penaeidin class also displays isoform diversity
arising from multiple length and single nucleotide polymorphisms
(Cuthbertson et al., 2002).

Penaeidins possess Gram-positive antibacterial and antifungal
activities (Destoumieux et al., 1999; Cuthbertson et al., 2004), but
it appears that different classes exhibit variations in their potency
and target specificity against various strains of microorganisms.
Interestingly, penaeidins exhibit significant activity against human
pathogens including multiple species of Candida (Cuthbertsonetal.,
2006) and the herpes simplex virus type (HSV-1) (Carriel-Gomes
et al., 2007). Recently, penaeidin from P. monodon was reported
to possess an integrin-B-mediated cytokine feature that promotes
shrimp granulocyte and semi-granulocyte adhesion (Li et al.,2010).
However, no activity of penaeidin against shrimp viral pathogens
has been reported to date.
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In this study, we investigated the role of PenmonPENS, a PEN5
homolog from P. monodon, in antiviral immunity since its transcript
level was previously identified by microarray analysis to be upreg-
ulated upon white spot syndrome virus (WSSV) and yellow-head
virus infections (Pongsomboon et al,, 2010). The viral induction
of PenmonPEN5 mRNA expression was confirmed by quantita-
tive RT-PCR (qrt-RT-PCR), whereas RNA interference mediated
gene silencing was performed to study the effect of penaeidin
knockdown on the susceptibility of shrimps to WSSV infection.
PenmonPENS5 was also characterized for its gene organization and
tissue distribution.

2. Materials and methods
2.1. Animals and sample preparation

Sub-adult P. monodon shrimps of about 15-20g body weight
were obtained from a local shrimp farm in Thailand and adapted
in laboratory aquaria, at a temperature of 28+4°C and a salin-
ity of 15 ppt, for at least 1 week before use in the experiments.
Shrimps were separated into two groups, those in the first group
were injected with 100 pl of a 1:8000 dilution of the WSSV stock
in lobster hemolymph medium (LHM), a level which was found to
cause 100% shrimp mortality within 4 days (data not shown), whilst
those in the second (control) group were injected with 100 pl LHM
(15mM CaCly, 10 mM KCl, 5mM MgCly, 8.1 mM MgS0,, 486 mM
NaCl, 0.5 mM NayHPO,4, 36 mM NaHCO; and 0.05% (w/v) dextrose
in Minimum Essential Medium (Invitrogen)). Hemolymph was col-
lected from the shrimp ventral sinus at 0, 12, 24 and 48 h post
challenge (three individual shrimps for each time point) into an
anticoagulant solution of 10% (w/v) trisodium citrate dehydrate,
pH 4.6, and immediately centrifuged at 800 x g for 10 min at 4°C
to separate the hemocytes from the plasma. The harvested hemo-
cyte pellet was then immediately resuspended in TRI REAGENT
(Molecular Research Center, USA) for further processing.

A small portion of the gill tissue from each shrimp was subjected
to PCR detection with the WSSV-specific primers WSSVF/WSSVR
(Table 1), as described by Kiatpathomchai et al. (2001), to ensure
that they were WSSV-free before experimental infection.

2.2. Total RNA isolation and cDNA synthesis

Total RNA was isolated from hemocytes using the TRIREAGENT
and treated with DNase I (Promega, USA) following the manufac-
turer's protocol and the RNA concentration was assessed by UV
spectrophotometry. Then 1 g of the DNA-free total RNA sam-
ple was used with oligo(dT),g as the primer for first-strand cDNA
synthesis using a RevertAid™ First Strand cDNA Synthesis Kit (Fer-
mentas) according to the manufacturer's protocol. The synthesized
cDNA was stored at —80 “C until used.

2.3. Genomic DNA isolation

Genomic DNA was prepared from muscle tissues by a stan-
dard phenol-chloroform based method, as described previously
(Tassanakajon et al., 1998). The DNA concentration was measured
spectrophotometrically by monitoring the absorbance at 260 and
280 nm.

2.4. Sequence analysis

The ¢DNA sequence and deduced amino acid sequence of
PenmonPEN5 were analyzed using the NCBI BLAST programs in
GenBank and with GENETYX 7.0.3 program. Multiple nucleotide
and deduced amino acid sequence alignments of the penaeidin
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isoforms were performed using the ClustalX program. The sig-
nal peptide was predicted by the online SignalP 3.0 algorithm at
http://www.cbs.dtu.dk/services/SignalP/.

2.5. Quantitative real-time PCR (qrt-RT-PCR) analysis

For analysis of the transcriptional expression of the Pen-
monPEN5 gene after WSSV challenge, qrt-RT-PCR was performed.
The PENS specific primers (SpPEN5/CT470R) were designed using
the SECentral computer program (Scientific & Educational Soft-
ware, Durham, NC, USA) (Table 1), and amplify a 133 bp product. A
partial fragment (150 bp) of the EF-1ct gene transcript was ampli-
fied using the EF-1aF/EF-1aR primers (Table 1) and used as the
reference control. A standard curve for amplification of the PEN5
fragment was produced and compared to that for the EF-1a frag-
ment. Qrt-RT-PCR was carried out in a real-time thermal cycler
(Bio-Rad, USA) with SYBR® Green (Bio-Rad, USA). The second stage
reaction mixture (20 pl) consisted of 3 pl of the 1:10 diluted cDNA
template, 0.4 wM of each primer and 1 xiQ™ buffer containing
DNA polymerase. PCR amplification was performed by an initial
denaturation at 95 °C for 8 min, followed by 40 cycles of 95 °C for
20s,57°Cfor 25sand 72 °C for 30 s. For each cDNA sample, the AC;
was calculated from the threshold PCR cycle (C;) of the test gene
normalized relative to the C; of the reference EF-1u gene fragment
in the same sample. The AAC; value was then calculated as AC;
(WSSV challenged group) — AC; (control, LHM injected group). The
mean data values, derived from triplicate samples, are then pre-
sented as 2-22C which represents the fold difference relative to
the basal expression. Data obtained from qrt-RT-PCR analysis were
subjected to one-way analysis of variance (one-way ANOVA).

2.6. Tissue distribution of the PenmonPENS5 transcript

The expression level of the PenmonPEN5 transcript in various
P. monodon tissues was measured by semi-quantitative RT-PCR.
Total RNA was extracted from the hemocyte, eyestalk, epipodite,
gill, heart, lymphoid organ, hepatopancreas, intestine, and anten-
nal gland tissues of three healthy shrimps using the TRI REAGENT
according to the manufacturer’s instructions, and the first strand
cDNA was synthesized as described above. The specific primers
for PenmonPEN5 (SpPENS5/CT470R) were designed based on the
sequence from the EST clones (including CT470) of P. monodon
(http://pmonodon.biotec.or.th/) to yield an amplicon of ca 133 bp,
and are described in Table 1. The PCR reaction (25 pl) included
75 mM Tris-HCI, pH 8.8, 50 mM (NH4)>504, 0.1% (v/v) Triton X-100,
2.5mM MgCl,, 0.2 mM of each dNTP, 0.2 wM of specific primers, 1
unit of Tag DNA polymerase (Fermentas) and 3 pl of the 1:10diluted
first-strand cDNA. The PCR cycle parameters were an initial denat-
uration at 94 °C for 5 min, followed by 25 cycles of 94°C for 30s,
57°C for 30s and 72 “C for 30s, and then finally 72 “C for 10 min.
The EF-1a gene transcript fragment (see above), as the internal
control, was amplified as per the PenmonPENS5 transcript fragment
except with an annealing temperature of 55 °C. Ten microlitres of
each PCR reaction was visualized by UV transillumination follow-
ing electrophoretic resolution through 1.5% (w/v) agarose-TBE gel
and staining with ethidium bromide. The band intensity of PCR
products between the penaeidin gene fragment and the EF-1a gene
fragment internal control were analyzed and correlated using the
Genetools analysis software (Syngene). The ratios of the PEN5 to
EF-1« transcript fragments are presented.

2.7. Genomic DNA library construction and determination of the
5" upstream sequence of the PenmonPENS gene

The sequence of the PenmonPENS5 gene from P. monodon was
obtained by a PCR approach using genomic DNA as the template
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Table 1

Sequences and uses of the PCR primers used in this report.
Primer Primer sequences (5'-3") Location (5" to 3")(clone) Usage
CT470F CAAGGATACAAGGGCGGTTA 121-140 (CT470) Full-length
CT470R TTATCCTTTCAATGCAGAACAA 303-282 (CT470) qrt-RT-PCR, Full-length
2Gsp2PENS ACGCCACGCGGTTGTGCAAGCAGTT - Genome walk
2Gsp1PENS GTCAGGTGAGAGCCAAGCACCGACT - Genome walk
SpPENS ATCCCGACCTATTAGTACTC 171-190 (CT470) qrt-RT-PCR, RT-PCR
SpPEN3F GGCTTAGCCCCTTACA 278-293 (CT111) Gene specific
SpPEN3R GACCCATACCTACAAATAAC 630-611(CT111) Gene specific
PEN5-RNAIF TTGGTCTATGCTTTGCAAGG 441-460(CT470) Gene silencing
PEN5-RNAIR ACAGATAGTTAAAGTGAAAGAC 579-558 (CT470) Gene silencing
EF-1aF GGTGCTGGACAAGCTGAAGGC - qrt-RT-PCR, RT-PCR
EF-1aR CGTTCCGGTGATCATGTTCTTGATG - qrt-RT-PCR, RT-PCR
VP28F TCACTCTTTCGGTCGTGTCG - RT-PCR
VP28R CCACACACAAAGGTGCCAAC - RT-PCR
WSSVF AGAGCCCGAATAGTGTTTCCTCAGC - WSSV detection
WSSVR AACACAGCTAACCTTTATGAG = WSSV detection
WSSV1011F TGGTCCCGTCCTCATCTCAG - WSSV copy number detection
WSSV1079R GCTGCCTTGCCGGAAATTA - WSSV copy number detection

and the CT470F/CT470R primers (Table 1), so as to amplify from
the start to stop codons of the penaeidin gene (183 bp amplicon).

Approximately 20ng of template DNA was used for the PCR
amplification in a 50 ul final reaction volume containing one unit
Advantage 2 Polymerase Mix (Clonetech, USA), 1x Advantage 2
buffer, 200 mM each dNTP, 0.2 mM each primer and thermocycled
with an initial denaturation step at 94 °C for 2 min, followed by 30
cycles at 94 °C for 305, 55 °C for 30s and 72 °C for 3 min with the
final 72 °C for 10 min. The PCR product was then cloned into a TA
vector and sequenced with an automated sequencer by a commer-
cial service (Macrogen Inc., Korea).

To obtain the 5" UTR sequence of the PenmonPEN5 gene, the
2Gsp1PEN5 and 2Gsp2PENS5 primers (Table 1) were designed
from the upstream sequence of the EST clones, including CT470.
The PCR based genome walking was carried out using univer-
sal GenomeWalker™ Universal Kit (Clontech, USA). Four libraries
were constructed according to manufacturer’s instructions for the
PCR template. Primary PCR was performed using the AP1 and the
gene specific 2Gsp1PENS5 primers (Table 1). The PCR reaction con-
tained one unit of Advantage 2 Polymerase Mix, 1x Advantage 2
buffer, 10 mM each dNTP, 10 uM each primer and was performed
with a two stage and two-step PCR cycle comprised of 7 cycles at
94-C for 255 and 72 °C for 4 min, followed by 32 cycles at 94 °C for
25s and 67 °C for 4 min, with a final 67 °C for 4 min. In the subse-
quentnested PCR, the primary PCR products were used as templates
and amplified using the AP2 and gene specific 2Gsp2PENS5 primers
(Table 1) with PCR cycle parameters of five cycles at 94°C for 255
and 72 °C for 4 min, followed by 22 cycles at 94°C for 25s and 67 °C
for 4 min with a final stage of 67 “C for 4 min. The PCR products were
then separated by 1% (w/v) agarose-TBE gel electrophoresis, the
desired band eluted and cloned into the TA vector for sequencing.

The putative promoter and transcription start site
were predicted with neural network promoter prediction
(http://www.fruitfly.org/seq_tools/promoter.html) (Reese, 2001)
and Match.1.0 Public/TRANSFAC6.0 program (BIOBASE,
http://www.gene-regulation.com/cgi-bin/pub/programs/match/
bin/match.cgi), respectively. The Match_1.0 Public program was set
to high quality matrices with 0.85 as the matrix and core similarity
cut-off value.

2.8. Synthesis of double stranded RNA

Double stranded RNA (dsRNA) that correlated with nucleotide
sequence of PenmonPENS was synthesized by in vitro transcrip-
tion. The template DNA for generating dsRNA was amplified in
two separate PCR reactions. The sense strand template was syn-
thesized from T7PEN5-RNAIF and PEN5-RNAIR primers (Table 1),

whereas the anti-sense strand template was synthesized from the
PEN5-RNAIF and T7PEN5-RNAIR primers, where T7 designates the
primer sequence was flanked at the 5 end by the T7 promoter
sequence (5" GGATCCTAATACGACTCACTATAGG 3'). Both PCR reac-
tions were performed with 0.02 units/pl of Hotstart Phusion Tag
DNA Polymerase (New England Biolabs) with PCR cycle param-
eters of an initial denaturation at 98°C for 30s, followed by 39
cycles of 98 °C for 10s, 55°C for 30s and 72 °C for 20s, and with
a final extension at 72°C for 10 min. The PCR product was sepa-
rated by 1.5% (w/v) agarose-TBE gel electrophoresis and the desired
band eluted and purified using NucleoSpin® Extract II Kits. One
microgram of each template was used in an in vitro transcription
of T7 RiboMAX™ Express Large Scale RNA Production Systems
(Promega, USA), according to the manufacturer's protocol. The
sense and anti-sense single stranded RNA were then mixed at
equimolar amounts and annealed to construct the dsRNA. The DNA
template was then eliminated by treatment with RNase-free DNase
I. The dsRNA was examined for quality and quantity by 1.5% (w/v)
agarose-TBE gel electrophoresis resolution and UV spectrophotom-
etry, respectively.

2.9. Specific gene silencing of PenmonPEN5 transcript and the
effect on WSSV challenge

To assess the sequence-specific knockdown effect of Pen-
monPEN5 dsRNA, 20 g (5 g per 1g shrimp) of PenmonPEN5
dsRNA, or poly(GC) (Invitrogen) as a control, dissolved in 30 pul
of 0.85% (w/v) NaCl, were injected into each P. monodon shrimp
(approximately 4g body weight each) in the lateral area of the
fourth abdominal segment using a 0.5ml insulin syringe with a
29-gauge needle. An additional control group of shrimps were
injected with 0.85% (w/v) NaCl only. At 24 h after the first injec-
tion, the injection of dsRNA (2.5 pg per 1g shrimp) or NaCl was
repeated. The hemolymph of three individual shrimps from each
group were collected and used for total RNA extraction and first
strand cDNA synthesis, as described above. The efficiency and
specificity of dsRNA-mediated gene knockdown of PenmonPENS
was analyzed by semi-quantitative RT-PCR using the SpPEN3 and
SpPEN5/CT470R (Table 1).

To determine the effect of suppression of the PenmonPENS
transcript on WSSV infection, shrimp were double injected with
PenmonPEN5 dsRNA, poly(GC) or 0.85% (w/v) NaCl as mentioned
above and at the second injection, shrimp was injected together
with WSSV (102 copies). After a further 24 h, the hemolymph
of three individual shrimps from each group were collected and
used for total RNA extraction and then reverse transcribed to first
strand cDNA, as described above. The PenmonPEN3, PenmonPENS5
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Fig. 1. Nucleotide and deduced amino acid sequences of the PmlLyzc (A), PmLyzil (B) and PmLyzi2 (C) from P. monodon. Asterisks indicate the stop codons. The putative signal

peptides are underlined. The conserved Cys residues are boxed.

AAT51799) with the identity scores of 39% and 45%, respectively.
Comparison between the PmLyzil and 2 gave only 27% identity.

3.2. Phylogenetic analysis

The deduced amino acid sequence of mature PmLyzc was
compared with those of the eight known c-type lysozymes from
the vertebrate (zebrafish, chicken and mouse), insect (moth and
mosquito) and other shrimps as illustrated in Fig. 2A. The multiple
sequence alignment showed the two catalytically essential resi-
dues, Glu and Asp, and the completely conserved eight-cysteine
residue motif. The insertion of seven amino acid residues

[GRG(K/N)GY(T/S)] was found only in the shrimp proteins between
Cys6 and Cys7.

The mature amino acid sequences of PmLyzi1 and 2 were also
aligned with other invertebrate i-type lysozymes. All proteins had an
exceptionally high content of Cys residues. The PmLyzil had ten
conserved Cys and PmLyzi2 had twelve conserved Cys (Fig. 2B and C).
The largest insertion of nine amino acid residues was observed
between the Cys6 and Cys7 of the twelve conserved Cys residues.
Interestingly, the i-type lysozyme from P. monodon and other
arthropods lacked both catalytically important residues (Glu and
Asp). In contrast, the i-type lysozymes from annelid (segmented
worm and medicinal leech), echinoderm (starfish and sea
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TTGGTCTTCATTACGTGTGGTATATGTTTAAAAAAAAGGGAGGTTTAARAGTTAARATTG
Ap-1 GATA-3 dorsal GATA-3 GATA
ATGATGATGATGATGAATAATGATGAAACTGAARAAATCTTATATTTTTTCCATGTTTTTT
Ap-1 GATA
ATCTGTCTGTCTGTCAATCTAATAGTTAGCTATCTATCTATTTACCATTCTGTTTAGTTC
dorsal
TGAGTCTCTTTTTCTATTTGTCTCTATGCCTATTTATATTTCTTTCTTTCCCTCTTACCC
GATA
CCCTTCTCTCTCTCTCTCTCTCTCTCTCTCCTTTCTCTATCTATCTTTACCTTCCTGTCT
TATA-box
TTCTCCCCCCCCGTGTCTCTCTTTAAAAAACTGCTTGCACAACCGCGTGGCGTCTCTATA
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TCCAGCCACTGgtaaagtttcccaaggatatttttgtctgtatgecgactecgtttcattat
P A T G
cacgtaatcgcatcatactgttgttagcaatcgccaaccttatttacaaagtatgtcectat
taacagtgctgcaataaatttccttattctattataactattcattttgtgtgcttaaat
aaattacagtaaagtctgttgttagtatcagcaacatataaagcgatgtagatgataacc
acaaggttcctattgtttaccaataataaggttagcaattatggtgataggtgtaataaa
tattatggttataatggccatgatgacaatagcaataatgacaaacgacagaataataaa
tgcagatattatagtatgatgataataaagataagaacattaactataataacactaacg
ataataatgattgtttaaataaagatgatactgatgatgaacataatcttaataatcgta
cttatagcagtgattatggcactgataattataataatcatccatcacaggtattacaat
attgataaggatggcaatacaaaagctaacagttacattaatggtgataaaacggaaatg
exon2
ttgcaaatctcttgatttttttectttcccagGTTGCACTTCATGCCACACTATTACCTTC
¢Cc T 88 ¢ H T I T F

GATAAAGCTATTGCTTGCTGCAGACAGTTCGGACGTTGTTGTTCTGCATTGAARAGGATAA
D K A I A CCURIGQPFGRTCUT CSA AULIE K G *
ACTGGTTGATGGAGAAGACAATGAAAACCTGGCTTTACAACGTATTAACTGATACGTGAA
GAGACTGCAACCCTGATTTTGAACTGTATTTTCCCGTTCCATTTTCTTACTTTTGCTTGT
GGAAAGGATGTAGGTATTTGGTCTATGCTTTGCAAGGATGCACTAARAGATTTTTCCATGA
ATGAATGATGAATGAAAGTGCATGTGGTATGTATGTGCATGCAGTTGTATTTGCCGAGCA
AGTCCTTGTCACTTGTCTTTCACTTTAACTATCTGTAATTATGGATCTGTGTGTGGCTGG
TGTTTGCATACCTCTCAGATTGCATTTGGAATAGGGCTACTCTATTGCAAATAAAATTGA
TATCTGTGAAAAAAAAAAAAAAAATAAAAAAAAAAAAAAAAAA

Fig. 2. The nucleotide sequence of the complete PenmonPENS gene. The 5’ upstream, exon and intron sequences are shown in upper case, shaded upper case and lower case
letters, respectively. The encoding amino acid sequence is bold-faced with the signal peptide underlined. The nucleotide sequence is numbered starting from the putative
transcription start site (+1) in exon-1 and proceeding as positive numbers in a 3’ direction and negative numbers in the 5' direction. The putative binding sequence motifs
for transcription factors are shown as underlined and bold text with the name of the corresponding factor shown above. Double underlined and asterisks marked sequences
are the TATA box and stop codon, respectively. A polyadenylation site (AATAAA) is shown in bold italic upper case letters. The predicted intron dinucleotide acceptor and

donor sites for RNA splicing are in bold italic lower case letters.

3.3. Temporal expression of PenmonPEN5 transcripts after
systemic infection with a lethal dose of WSSV

The expression profile of PenmonPEN5 transcripts in the
hemocytes of WSSV-challenged P. monodon was determined by
qrt-RT-PCR. The mRNA expression level of the PenmonPEN5 gene
found in WSSV (in LHM) injected shrimps was first normalized to
that of the EF-1a transcript fragment as the reference, and then

expressed relative to the control group which was injected with
the viral-free LHM media. The results showed that transcripts of
PenmonPENS5 were rapidly down-regulated after WSSV-challenge
(Fig. 3) but at 24 hpi the expression level was up-regulated
by approximately 1.8-fold. Interestingly, the transcripts of Pen-
monPEN5 were then almost undetectable at 48 h post-challenge
indicating a strong down-regulation of the penaeidin5 transcripts
by this time point.
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Fig. 3. Analysis of PenmonPENS mRNA expression in the hemocytes of P. monodon
shrimps by qrt-RT-PCR at different times (0, 12, 24 and 48 h) after WSSV infection.
Dataare shown as the mean(£1SD) of three replicates and represent the fold change
of PenmonPENS after normalization relative to the EF-1a transcript levels and then
compared relative to the control group (set as=1). Significant differences (p <0.05)
are marked with an asterisk.

3.4. RNAi-mediated suppression of the PenmonPEN5 transcript
levels and the effect on WSSV infection

The shrimp’s response to WSSV challenge in terms of Pen-
monPENS5 transcript levels was determined by qrt-RT-PCR. This
was initiated in accordance with a previous report from microar-
ray analysis that PenmonPENS5 is likely to be a viral responsive gene
(Pongsomboon et al., 2010). Therefore, its potential function in the
shrimp’s antiviral immunity was investigated in P. monodon by
RNAi mediated gene silencing. Shrimps (each of ~4 g) were first
injected with 20 ug of PenmonPEN5 dsRNA and then 24h later
they were injected with either 10 pg of PenmonPEN5 dsRNA for
the experimental group or with poly(GC) for the control group.
The PenmonPEN5 dsRNA appeared at least partially specific in that
suppression of transcription levels was observed for PenmonPEN5
but not PenmonPEN3 (data not shown). Moreover, injection of the
control poly(GC) did not affect the mRNA level of PenmonPENS.

To determine whether the suppression of PenmonPEN5 gene
transcript levels would affect WSSV infection, shrimps were pre-
injected with PenmonPEN5 dsRNA, poly(GC) (control) or NacCl
(control) and subsequently injected with PenmonPEN5 dsRNA,
poly(GC) or NaCl together with 102 copies of WSSV. After 24 h,
hemocytes were collected for RNA extraction and the VP28 expres-
sion level was determined. A significant increase in the VP28
transcript level was observed in the PenmonPEN5 RNAi knockdown
shrimps when compared with the control shrimps injected with
either the virus-free saline solution or with the virus and poly(GC)
(Fig. 4A).

Inaddition, genomic DNA was extracted from P. monodon hemo-
cytes and WSSV infection in shrimp was detected by qrt-RT-PCR.
It was found that silencing of PenmonPEN5 gene resulted in a 1.9-
fold increase in the WSSV copy number in the infected shrimps,
from 7.8 x 10% to 1.5 x 10° copies, compared to the control shrimps
injected with poly(GC) and WSSV, 24 h after the initial WSSV infec-
tion (Fig. 4B).

4. Discussion

To date, members of the penaeidin class 5 (PEN5) family have
only been reported from two shrimp species, F. chinensis and P.
monodon. Other penaeidin classes, and especially PEN3, are well
characterized (Destoumieux et al., 1997; Cuthbertson et al., 2002,
2004), whilst PENS5 is accordingly poorly defined (Chen et al., 2004;

=
o

10* copies of WSSV per pg of total DNA
o 5

poly(GC) PenmonPENS5 dsRNA

Fig. 4. PenmonPENS5 transcript downregulation by RNAI results in an increase in
the (A) VP28 transcript levels and (B) WSSV copy number in P. monodon shrimps
challenged with WSSV (102 copies). Shrimps were injected twice with PenmonPEN5
dsRNA, poly(GC) or NaCl and then injected with 102 WSSV virions. (A) Total RNA
was extracted from P. monodon hemocytes 24 h after WSSV injection and assayed for
the transcript expression levels of PenmonPENS, PenmonPEN3 and VP28 by RT-PCR.
EF-1a was used as an internal control to standardize the amount of cDNA template
in each reaction. (B) Total DNA was extracted from hemocytes at 24 h post WSSV
injection, Data are shown as the mean fold-change of WSSV copy numbers relative
to the control group and are derived from three shrimps for each group using qrt-RT-
PCR. Significant differences (p<0.05) are marked with an asterisk. A representative
experiment of two independent experiments is shown.

Kang et al., 2007). From the deduced amino acid sequence of the
PENS gene from P. monodon (PenmonPENS) it appears that of the
eight conserved residues (GIn1, Ser5, Arg13, Ser18, Gly35, Arg37,
Asp43 and Ala46) proposed by Kang et al. (2007), variations in three
of them, Gly5, Ser35 and His37, are observed, which are identical
to the residues in PEN3 (Fig. 1B). Although PEN5 contain Ser18,
which is a specific class 5 residue (Tassanakajon et al., 2010), it
also contains Lys/Asp at position 43 which illustrates the specific
subgroup between PEN3 and PENS5 (Fig. 1A). In addition, the Lys/Asp
at position 43 was also species specific in PEN5 (Fig. 1A). Although a
PEN5 from P. monodon has been reported before (Chen et al., 2004),
this is different from that reported here in this study. From analysis
of the conserved amino acid signatures of the penaeidin classes and
phylogenetic analysis, this previously reported PEN5 should rather
be classified as PEN3 and not PEN5 (Kang et al., 2007; Tassanakajon
et al., 2008).

The gene structure of the PenmonPENS5 reported hereis very sim-
ilar to that of the FenchiPEN5 (Kang et al., 2007). The entire encoding
sequence was interrupted by only one intron of 620 and 608 bp
for PenmonPEN5 and FenchiPENS, respectively that separates the
proline-rich domain from the cysteine-rich domain. This was also
similar to the overall gene organization of other penaeidin classes,
subject to variations in the intron length (O'Leary and Gross, 2006).
Despite the similar gene organization, it has been shown that each
penaeidin class is encoded by a unique gene and that class diver-
sity is not generated by alternative splicing. Indeed, genomic DNA
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sequence analysis indicates that PEN2, PEN3 and PEN4 of the Pacific
white shrimp, L. vannamei, are encoded by different genes (O’Leary
and Gross, 2006; Cuthbertson et al., 2008).

The 5’ upstream sequence of PenmonPENS5 contained some nine
putative regulatory motifs known to be involved in the regulation
of immune genes in other arthropods, comprised of two AP-1, dor-
sal and GATA-3 sites and three GATA sites. Two promoter types,
Type536 and Type411, have been reported in P. monodon (Ho and
Song, 2009) and it has been demonstrated that Type411 exhibits
a stronger transcriptional activity. According to the 5 upstream
sequences, the PenmonPEN5 promoter is nearly identical to the
Type536 promoter, bar a few nucleotide variations, and so Type411
could, presumably, be the PenmonPEN3 promoter. The analysis of
cDNA libraries (>10,000 ESTs) from P. monodon, indicated that tran-
scripts of PEN3 are much more abundant than PEN5 (Tassanakajon
etal.,2006), which could result from the differences in the promoter
activities.

Penaeidins are generally active against Gram-positive bacteria
and fungi but PENS5 from F. chinensis (FenchiPEN5) displays antimi-
crobial activity against Gram-positive and Gram-negative bacteria
as well as against fungi (Kang et al., 2007). In this study, we demon-
strated that PenmonPENS may have protected shrimps from WSSV
infection as the suppression of PenmonPENS5 gene transcript levels
resulted in an increase in the viral infection load in shrimps. So far,
antilipopolysaccharide factor (ALF) is the only shrimp AMP which
has been demonstrated to be involved in protection against shrimp
viral pathogens. However, a few studies report the upregulation of
penaeidin transcripts in WSSV-challenge shrimps (Rojtinnakorn et
al., 2002; Pongsomboon et al., 2010), whilst a significant activity
of penaeidins against human herpes simplex virus type 1 (HSV-1)
has been reported (Carriel-Gomes et al., 2007). Therefore, it seems
likely that AMP in the penaeidin family could play a crucial function
in the shrimp antiviral immunity. Due to the high negative impact
of viruses on commercial shrimp production, the identification of
candidate molecules that possibly play an important role in antivi-
ral immunity is of great importance and so they should be further
characterized to unveil the shrimp’s immune mechanisms towards
viral infections.
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