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The dsRNA mediated RNAI activation is currently effective strategy
for anti-virus in shrimp. However, the stability of its silencing effect
requires multiple administrations, which are costly and not convenient
when working in the shrimp farming industries. This study, therefore, we
aimed to construct a plasmid that can long lastingly suppress a particular
gene of interest. This recombinant plasmid, once administered, it can
continuously produce dsRNA /n vivo (shrimp). The plasmid vector pGL3-
ie1-dsRab7, which containing the white spot syndrome virus (WSSV) ie1
promoter and the inverted repeat of shrimp Rab7 gene for dsSRNA-Rab7
production was constructed. The result of semi-quantitative RT-PCR
showed that the injected pGL3-ie1-Rab7 could suppress the level of
shrimp Rab7 transcript at 3 days post injection. Moreover, this silencing
effect was detected in a dose-dependent manner and maintained in

shrimp for up to three weeks. The silencing efficacy of this DNA



construct via oral route was also investigated. It showed Rab7
suppression but not significantly different when compared with the
control (fed with bacteria containing pGL3). For further anti-virus
application, the naturally Peneaus monodon densovirus (PmDNV)
(formerly hepatopancreatic parvovirus or HPV) pre-infected shrimp was
treated only by injection with the combined plasmid vectors pGL3-ie1-
dsNS1 and pGL3-ie1-dsVP that can generate dsRNAs specifically to the
PmDNV ns1 and vp genes, respectively. The reduction of PmDNV was
detected in treated shrimp when compared with the control (NaCl or
pGL3). It revealed that the injected plasmids could suppress the level of
viral ns1 and vp transcript during the replication process leading to the
inhibition of PmMDNV. It can be applied for cleaning up the naturally
PmDNV-infected shrimp brood stock.

Keywords: Hepatopancreatic parvovirus, Penaeus monodon densovirus,

shrimp, RNAI, plasmid expressing double-stranded RNA, ie1 promoter



Executive Summary

Penaeus monodon densovirus (PmDNV) (formerly
hepatopancreatic parvovirus or HPV) is one of the major causes of
stunted shrimp in Thailand and leads to considerable economic losses in
overall shrimp production. The dsRNA mediated RNAI activation is
currently effective strategy for anti-virus in shrimp. However, the stability
of its silencing effect requires multiple administrations, which are costly
and not convenient when working in the shrimp farming industries. This
study, therefore, we aimed to construct a plasmid that can long lastingly
suppress a particular gene of interest. This recombinant plasmid, once
administered, it can continuously produce dsRNA /n vivo (shrimp). The
plasmid vector pGL3-ie1-dsRab7, which containing the white spot
syndrome virus (WSSV) ie1 promoter and the inverted repeat of shrimp
Rab7 gene for dsRNA-Rab7 production was constructed. The result of
semi-quantitative RT-PCR showed that the injected pGL3-ie1-Rab7
could suppress the level of shrimp Rab7 transcript at 3 days post
injection. Moreover, this silencing effect was detected in a dose-
dependent manner and maintained in shrimp for up to three weeks. The
silencing efficacy of this DNA construct via oral route was also
investigated. It showed Rab7 suppression but not significantly different
when compared with the control (fed with bacteria containing pGL3). For
further anti-virus application, the naturally PmDNV pre-infected shrimp
was treated only by injection with the combined plasmid vectors pGL3-
ie1-dsNS1 and pGL3-ie1-dsVP that can generate dsRNAs specifically to
the PmDNV ns1 and vp genes, respectively. The reduction of PmDNV
was detected in treated shrimp when compared with the control (NaCl or

pGL3). It revealed that the injected plasmids could suppress the level of



viral ns1 and vp transcript during the replication process leading to the
inhibition of PmDNV. Hence, it can be applied for cleaning up the

naturally PmDNV-infected shrimp brood stock in the future.
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1. Muraavilgyninrinnnsidy

Avagsdaudandundsegisadvnivaaslscindlng  visrel6gin
Ussmnatlasvananiiudruuin waludarunisaiilagtiu n1sidaanvludssind
davlssduilguidiagldunlsassuiagunseniinannidalisdgu 15a9

WiAaY  LarlaAfILaIa N1 datinantga’lisd Yellow Head Virus uaw

White Spot Syndrome Virus snuaiau vinldvaanvlanasdynanssnusia
lAsHsAvuavlssindg wallTspuriaigulsalascsunsuintinainlisd

Penaeus monodon densovirus (PmDNV) w#3aHepatopancreatic parvovirus

(HPV) (1) AldvinWideanaviotia udnaWiAeanudonnalaunsesainynsns
ilavannAefidnsinisisaiviafisinddnfuazfiauradnuinbidguise
g ldmusIaviasnans doiuinddorinialutasnrauandsandsnefiei
AAuATIMIIZN1sAUANTIAGINET HufinsuAuiindaTlifinszgndunds

[ Ay ldfiszuuniAunuluuandn (adaptive  immunity) WsinINUAILN
Wrunrnud lafinsnauduavaavssuunlianduaavdlusduuuniiainu

AaNEAFINUINNNTI5IRIFINSEAUNDNFAIA (“vaccination”) waadanalyiil
N13HIUNIUADNTRAA 1I5d N1TnaaavainaInuIladyldsuldssuildan

Y (vp28, vp19) wavliSdamiuasnNa1Inaunis lasulisd Avazliansinis
saa8gINIAeA L ldSuTUsfusenann (2-4)  wsinns “vaccination”  @ae
TUsfiufinansaunaulussaziianduniinis “vaccination” daafiduianiiings
A3 19TUsAulun181& (5-6) uanainiidifinisnaaadiawauiiznisi
“DNA vaccine” dingivTaanisfiuiiialiiuunsauiun1sldlunisu (7) uas
foiinad attenuated Salmonella typhimurium Nl Iuaindidulatding
crayfish Taanisaudngas (8) usiviviteiv laigursaasuianalnlunis
Fruniusial¥aRAnduainnis “vaccination” fenandlddiman luaag 4-5

Tnnruurlgiinasvaninaia RNA interference (RNAI) gvanee
ANI NI TavaInUilIAd T InAuavdvndantaau wasvinnisdatgansian
vavdvidandaaniiu Taafiansiduladraagidudinszduluauiunig a0

Wautianisilafusaudeni1ssnun1salasdlude (9-14)  Taawudndgii
#Suansisuaaugiisimizsatuaaslisaiugidnsnnisaisanasading



wudalaisununaualuaun ilasuarsiduiadnad nailsaudveiuddanlea

vanatiatlnlgaulsaniinain1isd PDNV  ludenaisi (1a59n15338

ol

MRG4980036) donudnaisiduiaadradidninizsaiiu ns1 vasl54d

Uszandninwganalunisilasiunsiiala5d (protection) tarn155nANNL

n1sfia lasauuad (curative) wsin1snaaavsvnaldniusiasinnisianans
WutadogidigAvdivanroadaialriilszansainlunisdudenisiin
Fuusash3dgedn uaziznisdad laiuisnua Ul lunrSud e le
soiuiasiasaninuidauasiiaWaunsnuin 4 18239 lussuunisu N5
Walwnanafiadiduladiuisandnarsifutadadgludeldadvdaios
57u89n15U5 U998 N5 Taen1sAuS vt Tluidadusiuiiassias
inn1533usia’ly

2. AM156LTLIIUIY

2.1 TmauduiiiiduTusTumasvavsiu (ie1 uax rr2) anlasasn

LANANU1D Lgwandiian pGL3-luc

7 UATUs Tuwas
vinn1staandruntuldsTumasuasiiu ie1 waz rr2 a3nn’l5am2

wavAvIdwaNalaniidu luciferase (pGL3-luc) iWa’lgmnsiadaunilys
Tueas NI e Uy 1ae1inn1905298aUAINQNADIUDINIT LARUAIL

N13AAA7E restriction enzyme Larn1sudIaULLE

2.2  @529daun1svitvinadldsiuimasiazin condition 9
winnsanlunsdavaanuaviiv

luciferase INNNANFTAUAIINNAALLGFAV

Viin1sdanandiia pGL3 ie1 uaz pGL3-rr2 Uaunu 2.5
”luTﬂfinfimmdmmonmmua ntiuLfy

fadnfsidananafinudiiuman 3 Jutavinnisdafafidutanazansidula
Aniatiavaaivinnisdaeig Tri-Reagent 3ntuns19daulsunousau
AV lasud lduaznsudnvaanaaviiu luciferase n1alsin1sAaruaua

TUsmas ie1 wax rr2 Tnamaiia PCR war RT-PCR #nud&1ey
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2.3 Taaudruwaviiu Rab7 waeiy lusduuu inverted repeat
MaldTUsTuwas iel tiad$1v wanalia pGL3-ie1-dsRab7
innisaaaIuuaviu Rab7 aaviv lugduvu inverted  repeat

AMnnanadlla pET17-dsRNA-Rab7
(N1ASUNIF2ULATIENINN W.A.LARUNST DIAITLIENN) LINaN1YINN1TTARULTN

unuingaruuaviu luciferase diatinialinisvinuaasllsTuinas ie1 wan
MFIVFALAIUYNNDIAIENITARAIE restriction enzyme 1Wavinn1sdaLaing

ANansIdaun1sdsvasduladadsiatiu Rab7 sia'ld

2.4 g579daunisdsNatsidutadadasiaiu Rab7 annwandile
pGL3-ie1-dsRab7 1aunslradauarnnisanscauuavasidulauaviiu Rab7
A1835 semi-quantitative PCR

innsdanandiin pGL3-ie1-dsRab7 g udmdsamin 3
Fuevinnrsadnansidueanniidaiia gl wasdedie Ribozol udnsiagdau
n1sanssAuNTslldavaanuaviu Rab7 elawmeila semi-quantitative RT-
PCR Tagvinnsaanwardfinfilsunnusinegdu (3, 10 uaz 30 uTasniusiar
dtn 1 ndN) drfinnsasansifueanadsaiiu Rab?7 aanunlulsuiud
dunsaldnssdiunszuaunits RNAP azdinaliilinnsvinanaansiduiauaviiu
Rab7 uazi3u1an PCR awaviiu Rab7 Aazamavaindaniaudné (1souiiiau
Audsidananaiin pGL3 dvligmnsaddvansiduaaiudld) uanainii
vinnsnsiadauausatiiavlunisasansifuladoduasiiu Rab7
nnandlin pGL3-ie1-dsRab7 Taan15as19daunIsanszaLUavaIsldula

Rab7 navaindiawaralinwdd 3, 9 waxr 30 Ju
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2.5 Taaudruaaviiu ns1 waz vp (wadla58 PmDNV) lusiuuy
inverted repeat unuiidiuuay inverted repeat wavfiu Rab7 ads1IW
andilm pGL3-ie1-dsns1 uaz pGL3-ie1-dsvp auaaLl

innTsangaIuaviu ns1 uas vp (wavlisd PmDNV) lusiuuy
inverted repeat annwandiin pET17b-dsRNA-ns1 waz pET17b-dsRNA-vp
aNdIL AN TAaudWaNaTn  pGL3-ie1-dsRab7  Tasunuiiain

inverted repeat waviiu Rab7 a1l lunstiudalhda PrDNV sia'ly

2.6 ns19daudsEAnanmnsdudelagd PrDNV WadaldSunw
andiia pGL3-ie1-dsns1 w3annu watala pGL3-ie1-dsvp
inn1sdananadlin pGL3-ie1-dsns1 wsaunuwanalia pGL3-iel-
dsvp ignvnaulvinelesula5d
PmDNV Iavinn1snsradaunstiudinisiinguIn lSddnannfieas

multiplex PCR

2.7 nadaunisuinandiin pGL3-ie1-dsRab7 ingrivlaanisiu

Vinnsnaaaniinatalin pGL3-ie1-dsRab7  1agdiviaansiu
AEIBNANNUDINITHNNFAT TUNRITU

338 (Attasart et al., 2013) ua?2TAIAU LAITINTIFaUUSEANENIWNI5UN
naralagngiraanlnanisiulasdsvaisiduladud 1nan150513d0Un1S

anscAUUavanslauLla Rab7 siaids Semi-quantitative RT-PCR

L

3. waviuIdan’lesy

3.1 TaaundrundluldsTuinasuaviinainlISafaunin2vun
(ie1 uaz rr2) hgdwandlin pGL3-luc

CLidTdsTumas)
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innnsaanuuylwsinasdinsu amplify drullsTuinasuaviin

ie1 waz rr2 I Tunwad 3d6n
LAIRIIU1 MiflandudayadiduiiandTalndfifiogudrlu GenBank
(AF369029) anniudiTaaudruuasTuslunasine 2 idwanafin pGL3-luc

ALAT5Tumas el ldwandin pGL3-ie1  was pGL3-rr2  (5U# 1)
ANEFL IansIvdauANgndavuaslnauii e Suinnasasadulomidn
Fnwre uasdduiaeaTalng wuinfulaauiignsdas ndauinllaaduia
f32daudENITVIU La TuAvuaa lisia

Hindill
: Ncol

1
poly(A)y rr2

pGL3-RR2 tucs
4986 bps

Dﬂh‘

BamHI
Sall

5U7 1 wandfia pGL3-rr2 fidsznavdiaTuslumas rr2 draminfu

luciferase

3.2 as1daunsvinviuvadldsluwmasiazin condition 0
winzanlunlsudnvaanuavauann
wardlanasndaingny

Vinsdanandlin pGL3-ie1 uay pGL3-1r2 Uaunau 2.5
lulasnsughgdivauia 1 nsunvnanutila
AnUuLALsIatNAINAawadliaudntuiian 3 Juiavinnsanasidulanas

a1staulaaniilaliiaudinaunvinnisiiasing Tri-Reagent  31nilumsiday
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Uaurausdulanavlasuignlduaznisudavaanaaviiu luciferase n1alsinig

Amuauuadldslunas ie1 uar rr2 lnawaila PCR war RT-PCR anud1eu

1 ¥ %

NaN15059dause PCR  wudnfannsia ldsu watafiauaTuysunoni i
WinAu &runisudadaanaatiiu luciferase  WUIHANWILTINNATITAILANAIE
TUsTuwmas ie1 winiu (5U7 2) udavinTusTunas iel aunsavitenlaludgy
Fonunzaudunininllgdaly udTdsuwas mr2  Susiasiudndiunse

Wvulaluladunay (Sf9) (suin 3) uslunisvinuluiaadadanasiavnis
TU5AUAIDUIIN TITEAIAIAINUIITINAE

RT +RT
M 1 2 N 1 2 N - +
-
= t.
actin
- - e» o . !
- —— - |uc

5Uf 2 udaowa Multiplex RT-PCR  wadfiu actin - uas fiu

luciferase vy NFIUIU 2 A7 (1 LAz 2)
fivinnnsdanandiin pGL3-ie1 (2.5 uTasniu) udniuiian 3 Sutiuainia
Touaziiudnfinans amplify fiu luciferase (luc) andefi ldSuwanainig 2
6 uet luwuludeii lilddn (N) wazlifinns amplify a1n reaction #1s6%4
\Sulasi reverse transcriptase (-RT) udavinLifinnstuidlousaswandiing
utaluszuitvnisdnnaisiduta JeagU 169180158579 transcript waviu

luciferase 3nn1UsTumas iel
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Luciferase Activity

5000+

Mock
pGL3
pGL3-CMV
pGL3-pl
pGL3-p50
pGL3-RR1
pGL3-RR2
pGL3-VP15
pGL3-VP19

717 3 N19015737m luciferase activity Tulradiuay (Sf9) M
TeSunandlinnildslumase1vgn

TSEOILANAINYIT LU 111, 112, vp15, vp19 9nn 15 HPV 1aiu p1, p50
azaIn1sd CMV (cmv)

3.3 Taaudruaaviiu Rab7 wavnv lusiuvy inverted repeat

AaleTdsTumas iel

Wadgsawanafindmsundnansifuwadugdaiu  Rab7  luds
sia’ll Fevinnrsdadruaasiiu Rab7

w9y Wgduuy inverted repeat aanwandiin pET17-dsRNA-Rab7 (i
1dSun1sauULAs1EiIN W.ALDRUWS avA25-1dnan) aaadulanl Xhol Au
Xbal udninnTaaudnunuiidiueasiiu luciferase Fvagnialfnisvinann
229115005 ie1 vavwadiin pGL3-ie1 fisinuniis Ncol Ay Xbal Uilsw
andifin pGL3-ie1-dsRab7 (5Ufi 4) udmsiasdaumnugndatdiunissingie
restriction enzyme fawinlaadhgiaiaLvifin1sasvarsifuagugsa
fu Rab7 uazesiadauarnnisanszaudavaisidulavuaviiu Rab7 61s35

semi-quantitative PCR sia’ld
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/_

f1 origin

iel

ampr  PGL3-iel-dsRab7
6037 bps

5U7i 4 wandfia pGL3-ie1-dsRab7 #idsenausiaTusTunas iet

d19nUnaIU inverted repeat

wavEduRab7

3.4 p913dauniIsdTvastduladagsiadu Rab7 nwadiia

pGL3-ie1-dsRab7

innsdawandiin  pGL3-ie1-dsRab7  dingndnuniiady  udd
udaniiu 3 JuSeinnisifiusnadnuasvinnisadnansidueanniiada gill
wav9R18 Ribozol udrnsradaunisanssauniIsiaaaanuaviu Rab7 ¢ae
waila  semi-quantitative RT-PCR Tun1sneaasil ldvinnsdananaiin
Usuausinegiu (3, 10 uaz 30 lulasndusiadainin 1 ) wudnanunse
f32FaUN1TaNAIIRINTSIULEMIDaNUavEU Rab7 16 udavinlinisds9ans
Buladugdafiu  Rab7  anwanaliafidadll  wazdmnsansedu
nszUUn1s RNAI dedewalifinisvinatoansiduavasiiu  Rab7  vinlud
Ysunaanafiaiiauiunauaiuan (pGL3) (SUR 5) uazdlawudinisasay
anslauladadsadiu Rab7 tluluu dose dependent Taaiiunisanssal

aavanslaula Rab7 daungaliadanatdlinlauia 30 lulasnsusiady 1
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nsu (U9 6) uanainitderinnisnsdradauarusiatiiavlun1sdsansiaula
daguaviiu Rab7 3nnwandila pGL3-ie1-dsRab7 1aan1sdanadiini 30
TuTasndusiadaniidn 1 n3u waFAudIadInavIndaLaniiuiagl 3, 9

ar 30 M lansIdauNIsanstauYadansidula Rab7 gudungualIuau

(%

(pGL3) wan1anmaavudayliliuitansiduaaay Rab7 fiscaudaaning?
AANNALINIAT (5UN 7) (Munane: lldunsalAuaiadgaii;an 30 Ml

ADVLALUN 24 Juunuliiavanivnaaaaid a1stiadnan1si Rab7 gailu

=2

dudifguuaiiy  ganalifiscausniuinaiuiudvdewalvidvdauuaiazaie

1 a

Tluiga) udavinunsiinisdsmansiduadradsatiu Rab7 waviy aanun

u

Anwanailn pGL3-ie1-dsRab7 fdaidinlatvsiaiias

pGL3 pGL3-iel-dsRab7 - +
E - — .- - ..; Rab7
:---8-3--E-d-.—--.— =Actin

'§1J1'7i 5 udgaina Multiplex RT-PCR «avéiu actin way fiu Rab7
nnilaiiia gill vavds ndRNT

Vinn1sfiananalin pGL3-ie1-dsRab7 uaatiuiian 3 7 Tagasiriuininig

ansEfuvaIansduta Rab7 avdiaiiaududelunguidasiawandiin pGL3

TaasisnAiuauTilild DNA template (-) uazfila DNA figinannds (+)
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Relative transcription
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pGL3

pGL3-dsRab7

51N 6 udnvnanisidsouiiaussauansidula Rab7/ actin uav

Avlunguindanandiin pGL3-ie1-

dsRab7 Tudiuiau 3, 10 war 30 ulasnsusiany 1 n3u AuANlungundan

andlim pGL3 ludannauiinau uantuan 3 M Tngaziuiniinisanszeu

wavanstauta Rab7

s1uuy dose dependent

avtlaltiaununelunaundaniawandin pGL3 lu
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Nacl pGL3 pGL3-iel-dsRab7

18

UM 7 udavnanisildauiaussauansidula Rab7/ actin wav

Tunguidananaiin pGL3-ie1-
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dsRab7 ‘luil3uneu 30  lulesniusiany 1 n3u Audelunguindanandila

¥

pGL3 Tudiuiau 30 luTasniuvinau wiadvinde NaCl uaniuiian 3, 9
Las 24 U Tagziuiinisanssauaavansiduta Rab7  du1s00s1316
AUTITUN 24 navandaudasliiuinlinnsdsvansiduladiudaanuiadiy
fatilav

3.5 Taaudruaaviu ns1 uaz vp (wavlsd PmDNV) ‘lusduuy

inverted repeat unundiuwavy inverted repeat wavéiu Rab7 1iWads1an

andiia pGL3-ie1-dsns1 waz pGL3-ie1-dsvp snudau

ilavandiayanauming (Attasart et al., 2011) udaslyiiiuii
n1stiudivlasd PmDNV adnefidssananiwgedatiu davnanisudavaanaas
fula%d nst1 uar vp luwsaugdu sviuedndludavadonwanaiiniinanans
LﬁuLammjsiaﬁuﬁoam Taavinnsaadiuaaviu ns1 uas vp (wavlisd
PmDNV) lustuvuy inverted repeat 3nnwanalin pET17b-dsRNA-ns1 uas
PET17b-dsRNA-vp aua16iu tiavunTaawdiwandiin pGL3-ie1-dsRab7
Taounuiidn inverted repeat waviiu Rab7 udinsiadaumnugndassie
n19Yin PCR uassineae restriction enzyme wuinlewandlin pGL3-iel-
dsns1 (" usundsnastduladiadsiadiu ns1) war pGL3-ie1-dsvp (d1m3u
NAnaNSISuadugsalin  vp) Boudesudd ol Wl lunsdude e

PmDNV sia'ly

1%

3.6 s57daulszAnsnnnisdudylisa PmDNV Wiadvlasuw

9

andiia pGL3-ie1-dsns1 wiauny

nandin pGL3-ie1-dsvp
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Penaeus monodon densovirus (PmDNV) is one of the major causes of stunted shrimp in Thailand and
leads to considerable economic losses in overall shrimp production. Present study shows that the double-
stranded RNA corresponding to the non-structural protein gene (ns1) and structural protein gene (vp)
of PmDNYV effectively inhibit viral propagation in naturally pre-infected shrimp. Multiple application of
dsRNA was performed by injection into the haemolymph. The total amount of virus in the hepatopan-
creas of treated shrimp was measured by semi-quantitative PCR and histological methods. Observations
indicated that PmDNV was almost eradicated in comparison to the high viral propagation in the control
Penaeus monodon densovirus groups (no dsRNA and non-related dsRNA-gfp). For heavily infected shrimp, simultaneously knock down
Shrimp of ns1 and vp genes exhibited greater potency for viral depletion than dsRNA-ns1 alone. Furthermore,
RNAi typical hypertrophic nuclei were also reduced in treated shrimp. This study therefore demonstrates the
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first result of an effective anti-PmDNV therapy in naturally pre-infected shrimp.

© 2011 Elsevier B.V. All rights reserved.

At present, shrimp with a slow growth rate and stunted appear-
ance is one of the main problems of the shrimp culturing industry
in Thailand. Several tons of shrimp production has been lost
due to improper farm management and severe infection from
causative pathogenic agents. One such pathogen is Penaeus mon-
odon densovirus (PmDNV) (formerly hepatopancreatic parvovirus
or HPV). Although, many intensive studies have developed a sensi-
tive and efficient method for diagnosis (Rukpratanporn et al., 2005;
Khawsak et al., 2008; Nimitphak et al., 2008), this disease pandemic
is still seriously found. Therefore, the development of an efficient
approach for PmDNV treatment is needed.

RNA interference (RNAi) is a powerful technique that requires
the activation of the exogenous dsRNA for the degradation of its
complementary viral RNA (Hannon, 2002). By its sequence speci-
ficity, it has been widely applied to inhibit shrimp viruses such
as white spot syndrome virus (WSSV) (Robalino et al., 2005; Kim
et al,, 2006; Attasart et al., 2009), and yellow head virus (YHV)
(Yodmuang et al., 2006; Tirasophon et al., 2007).

PmDNV is a single-stranded DNA non-enveloped virus (Lightner
and Redman, 1985; Bonami et al., 1995). Its genome composes three
large open reading frames (ORFs); two of which are non-structural

* Corresponding author. Tel.: +66 2 800 3624 8x1259; fax: +66 2 441 9906.
E-mail addresses: mbpas@mahidol.ac.th, attasart.aung@hotmail.com
(P. Attasart).
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protein genes (ns1 and ns2) and one which is a structural protein
gene (vp) (Sukhumsirichart et al., 2006). In our previous study, we
have determined the effectiveness of viral specific double-stranded
RNA (dsRNA) for the inhibition of PmDNV in shrimp (P. monodon)
(Attasart et al., 2010). It demonstrated that both of dsRNA corre-
sponding to the ns1 (dsRNA-ns1) or vp gene (dsRNA-vp) effectively
inhibited PmDNV replication in which the dsRNA-ns1 was more
effective than the dsRNA-vp. However, the therapeutic effect of
these dsRNAs against this disease in shrimp is still not known.
Hence, in this work, treatment of the infected-shrimp by dsRNA-
ns1 alone alongside a combined dsRNA-ns1 and dsRNA-vp was
evaluated under low and high levels of pre-existing PmDNV.
Naturally PmDNV infected-shrimp (P. monodon) having a body
weight of 300-400 mg were obtained from a hatchery farm since
they were at the post-larval stage (P15-20) and reared in a tank
until they reached the appropriate size. They were maintained in
artificial sea water (10 parts per thousand (ppt)) supplied with oxy-
gen, and fed daily with a commercial shrimp food pellet. Prior to
testing the curative effect of dsRNA-ns1, the shrimp were sam-
pled randomly for PmDNV infection by PCR. The total DNA of the
hepatopancreatic tissue was isolated using TRI reagent (Molecu-
lar Research Center). After grinding 50-100 mg of tissue in 1 ml
TRI reagent, the DNA in the inter-phase and organic phase was
precipitated by adding absolute ethanol and washed with 0.1 M
Tri-sodium citrate and 75% ethanol. The DNA pellet was finally
resuspended in sterile distilled water at 60°C. The 200ng of
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Fig. 1. Treatment of naturally PmDNV-infected shrimp by dsRNA-ns1. The 300-400 mg PmDNV-infected shrimp were injected with 800 ng dsRNA specific to viral ns1 gene
(dsRNA-ns1) three times by 5 days intervals. Instead of dsSRNA-ns1, shrimp were treated with NaCl in the control group or with dsRNA specific to gfp (dAsRNA-gfp) in order to
determine the non-specific effect. Shrimp were randomly selected for analysis 1 and 2 after the second and third administration, respectively. The hepatopancreas of each
shrimp was collected for DNA extraction and further PCR analysis was performed. (a) Diagram represents the experimental condition. Semi-quantitative PCR is shown in b
(analysis 1) and c (analysis 2). The amount of PmDNV in the individual shrimp was determined by multiplex PCR using the viral specific primers (vp) together with the host
control gene (actin) primers for normalization (0.2 wM each). Lanes 1-7 (b), 22-28 (c) represent individual shrimp receiving NaCl; 8-14 (b), 29-36 (c) dsRNA-ns1; 15-21 (b),
37-43 (c) dsRNA-gfp. Negative (—) and positive (+) control of the reaction are included with the 100 bp DNA marker in lane M.

total extracted DNA, estimated by the measurement of UV light
absorption, was used as a template for vp amplification using
vp-s (5 AATCTGCAGGGTACGGAAAAAAC 3') and vp-a (5 TGTG-
GAACCATCTCAAATGCC 3’) primers. In the reaction, the shrimp
actin primers; F (5" GACTCGTACGTCGGGCGACGAGG 3’) and R (5
AGCAGCGGTGGTCATCACCTGCTC 3’), were also added for normal-
ization between each sample. The PCR amplification procedure was
carried out as follows; 94 °C for 2 min, denaturation at 94°Cfor 10s,
annealing at 55°C for 30s, and extension at 72 °C for 1 min. After
20 cycles, the reaction was held at 72 °C for another 5 min. The PCR
product was analyzed by agarose gel electrophoresis. As a result,
the PmDNV DNA was detected in every shrimp, indicating that they
were already infected (data not shown).

Double-stranded RNA was produced in bacterial cells accord-
ing to the protocol of Ongvarrasopone et al. (2007). The stem-loop
RNA expression plasmid containing the inverted repeat of the DNA
region corresponding to the ns1 or vp gene (Attasart et al., 2010)
was transformed into Escherichia coli HT115. The overnight culture
was diluted 100-fold and grown at 37 °C until ODggo reached 0.4.
After activation with isopropyl-f3-p-thiogalactopyranoside (IPTG)
for 4h, the bacterial cells were then centrifuged at 6000 x g for
5min at 4 °C. The cell pellet was resuspended in phosphate buffer
saline (PBS) containing 0.1% sodium dodecyl sulphate (SDS) and the
cell suspension was boiled for 2 min to lyse the cells. After treat-
ment with RNaseA to destroy the bacterial single-stranded RNAs
(ssRNAs) and the loop region of the expressed RNA, the remain-
ing dsRNA (400 bp) was purified by using TRI reagent. The integrity
and yield of dsRNA were then determined and compared with a
standard DNA marker by agarose gel electrophoresis.

Two different batches of shrimp, with mild or severe levels of
PmDNV infection, were tested in this study. In the case of low
PmDNV, the pre-infected shrimp were randomly divided into three

groups. Each group was separately treated with buffer (NaCl), viral
specific dsRNA-ns1 or non-related dsRNA (dsRNA corresponding
to green fluorescence protein gene, gfp). The shrimp were placed
in individual cages and reared in 10 ppt artificial sea water dur-
ing the experiment. Multiple injections of 800 ng dsRNA into the
haemolymph circulation occurred every 5 days. According to the
diagram presented in Fig. 1a, 7-8 shrimp of each group were ran-
domly selected for analysis 1 (10 days post the first injection,
dpi) and analysis 2 (15dpi) after the second and third dsRNA
administration, respectively. The total DNA was extracted from
the hepatopancreas of the shrimp and semi-quantitative PCR was
employed to determine PmDNV reduction in dsRNA-ns1 treated
shrimp compared with the control (NaCl and dsRNA-gfp). The
amount of DNA and conditions used for the PCR analysis were the
same as described before for PmDNV detection. The experiment
was performed twice, showing a similar trend. Hence, the results
provided here are from only one set of data.

We observed a significant decrease in virus production after
the second and third injection of dsRNA-ns1 as shown in Fig. 1b
and c. In contrast, neither the buffer nor dsRNA-gfp suppressed
viral propagation indicating that the effect is sequence-specific.
Notable results indicated that exogenous viral specific dsRNA-
ns1 can potently suppress PmDNV replication in a curative mode
whereas the non-related dsRNA cannot. Tirasophon et al. (2007)
have also reported this phenomenon, stating that there was no
curative effect against YHV infection in black tiger shrimp by non-
related dsRNA-gfp.

To test the curative efficacy of the dsRNA-ns1 in heavily PmDNV-
infected shrimp, shrimp were treated with dsRNA-ns1 three times
for every 5 days. Under the same experimental conditions as pre-
viously mentioned, the reduction of PmDNV in treated shrimp was
only 50% in comparison to the control (NaCl) (data not shown).
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Fig. 2. Treatment of heavily PmDNV-infected shrimp by dsRNAs. The 300-400 mg strong PmDNV-infected shrimp were separately injected with 800 ng dsRNA-ns1 alone
or combined ns1 and vp dsRNAs (800 ng each) or NaCl every 5 days. After 4 injections, shrimp were collected for semi-quantitative PCR analysis. Multiplex PCR using vp
primers and host actin primers, at final concentration of 0.1 wM and 0.2 wM, respectively, was used. Lanes 1-4 represent individual shrimp receiving NaCl; 5-8 dsRNA-ns1;

9-12 ns1+vp dsRNAs. M is a 100 bp DNA marker.

Fig. 3. H&E stained section of hepatopancreas from PmDNV-infected shrimp treated with NaCl (a) or with combined ns1 and vp dsRNAs (b). Relating to the result in Fig. 2,
only H&E stained section of hepatopancreas from shrimp treated with NaCl (no. 3) and with ns1 +vp dsRNAs (no. 9) are present. Many large densely purple stained intranulear
inclusions in nuclei of epithelial hepatopancreatic cells are clearly detected in the control PmDNV-infected shrimp (a). In contrast, the typical character of PmDNV infected
hepatopancreatic cells is disappeared in the dsRNA-treated shrimp. Enlargement is shown in a small box.

Therefore, an improvement of the anti-PmDNV effect by simulta-
neous silencing of the ns1 and vp gene expression was performed.
A mixture of dsRNA-ns1 and dsRNA-vp (800 ng each) or dsRNA-
ns1 alone (800 ng) was injected into the heavily infected shrimp
for 5 day intervals. After four injections (20dpi), the remaining
PmDNV in individual shrimp was evaluated by semi-quantitative
PCR and histological analysis. The hepatopancreas of each shrimp
was separately divided into two parts; one for DNA extraction and
another for Hematoxylin and Eosin (H&E) stained paraffin sections.
PCR analysis illustrated a significant reduction of PmDNV in dsRNA-
treated shrimp in which the combined dsRNA (ns1 +vp) was more
effective than dsRNA-ns1 alone (Fig. 2). Moreover, clearance of
PmDNV was also confirmed by normal histology. The hepatopan-
creas tissue was fixed in Davidson’s solution for 18 h before being
dehydrated and embedded in paraffin using standard histological
methods (Lightner, 1996). The sections were then cut and stained
with hematoxylin and eosin solution. Analysis by light microscopy
illustrated numerous enlarged nuclei containing typical basophilic
parvovirus inclusions in the control whereas normal nuclei char-
acter was observed in dsRNA-treated shrimp (Fig. 3). It indicated
that shrimp suffering from PmDNV infection may be cured by this
treatment.

Although there have been reports about the curative effect of
dsRNA against other shrimp viruses but this effect was effective
only if shrimp received dsSRNA within 24 h after experimental infec-
tion (Tirasophon et al., 2007; Ongvarrasopone et al., 2010; Ho et al.,
2011). Therefore, the present study reports the first results of the
ability of combined ns1 and vp dsRNAs for the effective clearance
of PmDNV from shrimp that were already infected from naturally
cultured pond. In the future, the promising ability of these com-

bined dsRNAs may be utilized as a tool for anti-PmDNV therapy in
shrimp and could be especially useful when applied to cleaning-up
high value shrimp brood stock after being infected by the virus.
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ABSTRACT

RNAi activation in shrimp through dsRNA injection has been well demonstrated but oral delivery of dSRNA
remains controversial. Therefore, this study was conducted to determine whether RNAi was induced in
shrimp by ingestion of bacteria expressing dsRNA. We fed shrimp, Penaeus monodon and Litopenaeus
vannamei, with inactivated bacteria expressing dsRNA specific to the shrimp genes (Rab7 and STAT).
Forty-eight hours after 6 day-continuous feeding, the level of the targeted gene transcript was measured
by semi-quantitative RT-PCR. Significant reduction of Rab7 as well as STAT transcript was observed when
compared to that of control shrimp fed with bacteria containing the empty vector or bacteria expressing
non-related dsRNA (GFP). Moreover, the suppression was detected not only in the hepatopancreas but
also in the gills indicating the successful systemic induction of RNAi via oral delivery of dsRNA. Our results
suggested that RNAI in shrimp could be triggered by ingestion of dsRNA expressing bacteria. Therefore,
oral feeding is a practical approach which can be used to deliver dsRNA for further viral inhibition in
farmed shrimp.

STAT

© 2012 Elsevier B.V. All rights reserved.

Intensive studies which have investigated various anti-viral
approaches in shrimp have concluded that RNA interference (RNAi)
is probably the most effective technique (Robalino et al., 2005;
Yodmuang et al., 2006; Attasart et al., 2011; Mai and Wang, 2010;
Syed and Kwang,2011; Linetal.,2011; Yogeeswaranetal.,2012).To
inhibit viruses in shrimp, the introduction of double-stranded RNA
(dsRNA) that corresponds to viral replication gene is a prerequisite.
The specific mRNA of that gene is eventually degraded leading to
the disruption of the viral replication process (Attasart et al., 2009).
Even though, in the laboratory, the protection of shrimp against
viral diseases has been demonstrated with high efficacy, dsRNA
administration by injection is not a practical procedure when work-
ing on a farm. Therefore, an oral delivery of dsRNA through feeding
into shrimp needs to be explored. Recently, two research groups
have developed an oral delivery approach. Sarathi et al. (2008)
reported that shrimp fed with food pellets coated with bacteria
containing dsRNA, specific to the viral vp28 gene, were protected
from white spot syndrome virus (WSSV) infection (68% survival)
while the control shrimp were all dead. On the contrary, Sellars
and colleagues (2011) could not silence either the Gill-associated
virus (GAV) gene or the endogenous actin gene of black tiger shrimp
via oral feeding of bacterially expressed dsRNA but injection with
dsRNA of the same genes was effective. This was despite a 400-600
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fold increase in the number of bacteria being administered com-
pared to Sarathi’s method. Therefore, whether the RNAi can be
induced in shrimp by ingestion of bacteria expressing dsRNA still
remains to be clarified. Hence, this study was conducted to deter-
mine whether RNAi was induced in shrimp by ingestion of bacteria
expressing dsRNA. To determine the silencing effect of fed dsRNA,
two housekeeping genes of shrimp, Rab7 and STAT (signal trans-
ducers and activators of transcription), were targeted. The relative
levels of their transcripts compared to the control actin transcript
were monitored by semi-quantitative RT-PCR. In addition, dsRNA
corresponding to the non-related green fluorescent protein gene
(GFP) was included in this study for observation of the silencing
specificity.

The plasmid constructs containing the cassette for expres-
sion of dsRNA specific to shrimp Rab7 gene (dsRNA-Rab7) and
non-related GFP gene (dsRNA-GFP) were kindly provided by Dr.
Chalermporn Ongvarasopone (2011) and Dr. Witoon Tirasophon
(2005), respectively, while the plasmid for dsSRNA-STAT production
was constructed based on the same strategy as described earlier
(Attasart et al., 2010). To amplify 600bp and 400bp fragments for
cloning, two sets of primers; F1:5 CCGTCTAGAGCAGCTTCCCGCA-
GATGACC 3’ and R1:5' CCCCCCGATATCCGTCTCCGAAGGCTCTGTTC
3’, F2:5' CCGCTCGAGGCAGCTTCCCGCAGATGACC 3’ and R2:5
GTTTGTTGCATGTGAAACACCTCC 3, were designed from the STAT
sequence of Penaeus monodon (GenBank accession no. AY327491).
These two fragments were then cloned into the pET17b vector
(under the T7 promoter) in an inverted direction. The pro-
duction of each dsRNA was conducted in RNaselll deficient
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Fig. 1. The integrity of dsRNAs in the formulated diet. Total RNA was extracted from
diet containing bacteria expressing either dSRNA-Rab7 (R) or dsRNA-STAT (ST) or
dsRNA-GFP (G) or bacteria with empty plasmid pET17b (P) by tri-reagent. After
RNaseA treatment, the integrity of each dsRNA was visualized by 1.5% agarose gel
electrophoresis. The expected bands of dsSRNA-Rab7 or dsRNA-STAT or dsRNA-GFP
are showninlane R, ST or G, respectively but not in the control (P). M: 100-bp ladder.

bacteria HT115 according to the protocol of Ongvarrasopone et al.
(2007). The overnight culture was diluted and grown at 37°C
until ODggo reached 0.4 before activation with isopropyl-3-p-
thiogalactopyranoside (IPTG) for 4 h. The bacterial cells were then
centrifuged at 6000 x g for 5 min at 4 °C. For environmental safety,
the bacterial cells were inactivated in 75% ethanol and kept at
—20°C until used. To test their viability, the inactivated bacteria
were streaked on an antibiotic-free LB agar plate. No live bacteria
were detected (data not shown).

The diet was formulated using either bacteria expressing
dsRNA-Rab7 (diet-Rab7) or bacteria expressing dsRNA-STAT (diet-
STAT) or bacteria expressing dsRNA-GFP (diet-GFP) or bacteria
containing the empty plasmid pET17b (diet-pET17b). Each inactiv-
ated bacterial cell pellet (after centrifugation) was separately mixed
with ground commercial shrimp food (CP, Thailand) and pellet
binder (fresh ripe banana (Nam-wa variety); the middle part was
removed before using) at 1:1:1 weight ratio before being extruded
through a syringe and air-dried overnight at room temperature. The
dry spaghetti-like strings were then broken into small pieces same
size as a commercial shrimp food pellet. To ensure the integrity of
dsRNA during the preparation of the shrimp’s diet, the total amount
of RNA from each diet source was extracted from 10 milligrams
(mg) of dry pellets which contained approximately 2.6-3 x 10°
bacterial cells. The pellets were ground in 250 .l of 0.1% sodium
dodecyl sulfate (SDS) in phosphate buffer saline (PBS) and the
homogenate was boiled for 2 min and quick cooled on ice. The
RNA was treated with RNaseA (1 p.g) in the presence of 1x RNase
buffer (300 mM Sodium acetate, 10 mM Tris-Cl pH7.5) to degrade
unwanted single-stranded RNAs for 30 min before extraction using
TRI reagent (Molecular Research Center). The extracted dsRNAs
were dissolved in 150 mM NaCl. Agarose gel electrophoresis (1.5%)
presented the expected bands about 400bp of dsRNA-Rab7 or
dsRNA-STAT or dsRNA-GFP from diet-Rab7, diet-STAT and diet-
GFP samples, respectively, but not in the control (diet-pET17b)
(Fig. 1). The extra two bands of dsRNA-Rab7 at 250 and 150 bp were
due to the mismatched nucleotides within 400 bp of dsRNA region
(Ongvarrasopone et al., 2011). By comparison with DNA markers,
the amount of extracted dsRNA-Rab7, dsRNA-STAT or dsRNA-GFP
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Fig. 2. The stability of dsRNA-Rab7 in the dry formulated diet. The dsRNA was
extracted once a month from approximately 10 mg of dry pellets at different tem-
peratures; room temperature (RT), 4°C (4) and —20°C (—20), for up to 3 months.
After RNaseA treatment, the dsRNA-Rab7 was visualized by 2% agarose gel elec-
trophoresis. No significant difference of dsSRNA-Rab7 was observed among three
diets after long time storage (one month (1), two months (2), three months (3))
when compared to the extracted dsRNA-Rab7 at the beginning of the experiment
(0). M: 100-bp ladder.

was approximately 7.5 micrograms (.g) per milligram dry weight
of diets.

For practical use on a farm, the stability of dsRNA within dry
food pellets has to be ascertained. In this case, the diet-Rab7 was
keptin adry sealed bag and stored at different temperatures; room
temperature (RT), 4°C (4) and —20°C (-20), for up to 3 months.
The dsRNA-Rab7 was extracted once a month from approximately
10 mg of the dietary material that was kept separately at differ-
ent temperatures. There were insignificant differences of dsRNA
integrity between extracted dsRNA-Rab7 from all dietary samples
after long term storage (one month (1), two months (2), three
months (3)) and the extracted dsRNA-Rab7 at the beginning of
the experiment (0) (Fig. 2). This indicated that dsRNA produced by
bacteria in dry food pellets was stable up to 3 months even when
stored at room temperature.

To determine whether dsRNA delivery via ingestion of inactiv-
ated bacteria that produced dsRNA can trigger RNAi in shrimp,
we fed juvenile shrimp (200-400 mg), Penaeus monodon (M) and
Litopenaeus vannamei (V), with 30 mg of either diet-Rab7 (Rab7),
diet-pET17b (pET) or commercial food (food) once a day for 6 days.
Two days after the final feeding, all shrimp were sacrificed and the
total RNA was extracted from the shrimp tissue by TRI reagent for
further semi-quantitative RT-PCR analysis. Furthermore, to evalu-
ate the possibility of systemic RNAi induction in fed shrimp, two
different tissues, the hepatopancreas (hep) (ingestion site) and
gills (non-ingestion site) were collected. Two micrograms of total
extracted RNA, estimated by measurement of UV light absorp-
tion, were subjected to cDNA synthesis by random hexamer and
ImProm-II"™ Reverse transcriptase (Promega) following the man-
ufacturer’s instructions. Two microlitres of synthesized cDNA were
used as a template for the PCR reaction containing two pairs of
primers corresponding to shrimp Rab7 (F: 5 ATGGCATCTCGCAA-
GAAGATT 3’ and R: 5’ TTAGCAAGAGCAT GCATCCTG 3’) and the actin
gene (F: 5' GACTCGTACGTCGGGCGACGAGG 3’ and R: 5 AGCAGCG
GTGGTCATCACCTGCTC 3'). The ratio of Rab7/actin primers in each
reaction was 4:1. The PCR amplification procedure was carried out
as follows; 94 °C for 2 min, denaturation at 94 °C for 10 s, annealing
at 55°C for 305, and extension at 72 °C for 1 min. After 30 cycles,
the reaction was held at 72 °C for another 5 min. The RT-PCR prod-
ucts were analyzed by 2% agarose gel electrophoresis. The relative
amount of Rab7/actin transcript from individual shrimp fed with
diet-Rab7 (Rab7) was measured by an intensity scanning program
(Scion image) and compared to that of the control shrimp fed with
either diet-pET17b (pET) or commercial food (food) (Fig. 3). All of
them are significantly different (One-way ANOVA, P<0.05) except
M-hep (P=0.089). This group showed some fed shrimp did not seem
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Fig. 3. Effect of ingested bacteria expressing dsRNA-Rab7 on the transcriptional level of Rab7. Shrimp, Penaeus monodon (M) (300-400 mg) and Litopenaeus vannamei (V)
(200-250 mg), were kept in individual cage and fed with 30 mg of either diet-Rab7 (Rab7), diet-pET17b (pET) or commercial food (food) once a day for 6 days. Two days after
the last feeding, shrimp were sacrificed and total RNA was extracted from hepatopancreas (hep) or gills (gill) for further semi-quantitative RT-PCR. The RT-PCR products
were analyzed by 2% agarose gel electrophoresis. The relative amount of Rab7 normalized with actin of individual shrimp is demonstrated by dot plot with median line. Only
one from three independent experiments (n=5-10/group/experiment) is presented. The one-way ANOVA P values are 0.089, 0.003, 0.018, 0.001 for M-hep, M-gill, V-hep,

and V-gill, respectively.

to be different from the control. It might be due to they ate less the
formulated diet than the others during the experimental period.
The less they ate, the less they received the dsRNA (less response).
Nevertheless, reduction of the Rab7 gene transcript suggesting that
the dsRNA-Rab7 produced in the inactivated bacteria can be orally
delivered into shrimp cells and, thus successfully silenced Rab7
gene expression.

To confirm that not only Rab7 gene can be silenced by oral feed-
ing, the different shrimp endogenous gene; STAT was targeted. The
pacific white shrimp (n=8/group) of 200 mg body weight were fed
with 30 mg of either diet-STAT (STAT) or diet-pET17b (pET) once a
day for 6 days. As a positive control group, the dsRNA-STAT (500 ng)
extracted from bacteria expressing dsSRNA-STAT was injected into
un-treated shrimp 48 h before analysis. Two days after the final
feeding with the formulated diets, all shrimp were sacrificed and
the total RNA was extracted from hepatopancreas or gills for further
semi-quantitative RT-PCR. The RT-PCR products were amplified
under the same PCR condition of Rab7/actin by two sets of primers

corresponding to shrimp STAT gene (F: 5 ATGTCGTTGTGGAACA-
GAGC 3’ and R: 5" GTTTGTTGCATGTGAAACACCTCC 3') and actin
gene. The ratio of STAT/actin primers in each reaction was 4:1. The
RT-PCR products were analyzed by 2% agarose gel electrophoresis.
The relative amount of STAT normalized with actin of individual
shrimp was determined by an intensity scanning program (Scion
image) and compared to that of the control shrimp fed with diet-
pET17b (pET) or injected with the dsRNA-STAT (inj-stat) (Fig. 4).
The relative level of STAT transcript of shrimp fed with diet-STAT
was significantly reduced (P=0.035 (hep) and P=0.050 (gill)) when
compared to the control shrimp fed with diet-pET17b. This level
was comparable to that of shrimp injected with the dsSRNA-STAT
indicating that orally delivered dsRNA-STAT to trigger the RNAi
pathway was efficient as injected one. Taken the result of Rab7 and
STAT together, it was confirmed that dsRNA can be applied into
shrimp via oral feeding bacteria being expressed dsRNA and thus
eventually knocked down the corresponding gene target. More-
over, the reduction of the Rab7 and STAT transcripts were detected
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Fig. 4. Effect of ingested bacteria expressing dsSRNA-STAT on the transcriptional level of STAT. Shrimp, Litopenaeus vannamei (V) (200-250 mg), were kept in individual cage
and fed with 30 mg of either diet-STAT (STAT), diet-pET17b (pET17b) once a day for 6 days. The dsSRNA-STAT (500 ng) was injected into un-treated shrimp control (inj-stat)
and shrimp were sacrificed for analysis at 48 h after injection. Two days after the last feeding, fed shrimp were sacrificed and total RNA was extracted from hepatopancreas
(hep) or gills (gill) for semi-quantitative RT-PCR. The RT-PCR products were analyzed by agarose gel electrophoresis. The relative amount of STAT normalized with actin of
individual shrimp is demonstrated by dot plot with median line. The P values are 0.035 and 0.050 for hep and gill, respectively.
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Fig. 5. Sequence specific silencing of STAT by feeding dsRNA-STAT. Shrimp, Litopenaeus vannamei (V) (200-250 mg), were kept in individual cage and fed with 30 mg of
either diet-STAT (STAT), diet-pET17b (pET17b) or diet-GFP (GFP) once a day for 6 days. Two days after the last feeding, shrimp were sacrificed and total RNA was extracted
from gills (gill) for semi-quantitative RT-PCR. The RT-PCR products were analyzed by 2% agarose gel electrophoresis (a). Lanes 1-10 represent individual shrimp fed with
diet-pET17b, 11-20 fed with diet-GFP, 21-30 fed with diet-STAT. M: 100-bp ladder. The relative amount of STAT normalized with actin of individual shrimp is demonstrated

by dot plot with median line (b). The P value is 0.006.

not only in the hepatopancreas but also in the gills of both tested
shrimp species indicating that RNAI triggered by oral feeding of
dsRNA was systemically induced in shrimp.

To determine the specificity of silencing effect in this study, a
group of shrimp (n=10) fed with diet-GFP was included. Under
the similar experimental condition of STAT suppression, the rela-
tive amount of STAT normalized with actin of the individual treated
shrimp was determined and compared to that of the control shrimp
fed with diet-pET17b (pET) or fed with the dsRNA-GFP (GFP). The
relative STAT transcript was significantly decreased (P=0.006) only
in the group of shrimp fed with diet-STAT whereas it was not
affected by feeding with diet-GFP when compared to the control
(fed with diet-pET17b) (Fig. 5) indicating that the observed silenc-
ing effect by feeding bacterially expressed dsRNA was sequence
specific.

Our results suggested RNAI in shrimp can be induced effectively
to silence specific gene expression through ingestion of bacteria
producing the corresponding dsRNA. Interestingly, systemic induc-
tion of RNAI through oral feeding of dsRNA in shrimp has been
demonstrated for the first time. Our finding was consistent with
previous research using oral delivery of dsRNA via bacterial vehi-
cle to knock down the specific gene in insect (Tian et al., 2009;
Li et al., 2011). They found that the gene suppression has not
been found only in the gut but also in other tissues especially the
specific tissue of that particular gene target. As SID-1, a dsRNA
signal channel required for systemic RNAi in Caenorhabditis ele-
gan (C. elegan) (Winston et al., 2002), has been identified in pacific
white shrimp recently (Labreuche et al., 2010), it may account for
the systemic RNAI effect in shrimp after feeding of dsRNA. How-
ever, the mechanism mediating this effect still needs to be further
elucidated.

With regard to the high amount of bacteria (2-3 x 10! cells per
gram of shrimp) used for RNAi activation in our feeding experi-
ment; this indicated that the efficacy of dsRNA uptake into shrimp
cells through oral administration was low when compared to the
injection method. It may result from several factors such as eating
behavior of an individual shrimp, dsRNA degradation during inges-
tion process and efficiency of bacteria taken up into shrimp cells.
As reported earlier by Tian and colleagues (2009), the sufficient
amount of ingested dsRNA was required for RNAi induction in the
larvae of insect Spodoptera exigua. They varied amount of dsRNA
in the formulated diets and fed larvae for 3, 5, 7 and 9 days. The
target mRNA (SeCHSA) was decreased only on days 7 and 9 in the
larvae that fed high dose dsRNA. Therefore, to effectively silence

the target gene by feeding, yield of dsRNA per milligram of the
formulated diet as well as an accumulation of ingested dsRNA
should be taken into account. This could be used to explain the
failure of actin gene suppression in black tiger shrimp by inges-
tion of insufficient bacterially expressed dsRNA-actin reported by
the group of Sellars et al. (2011). They formulated the diet using a
quantity of bacteria approximately 20 times lower than ours. Nev-
ertheless, we used fresh bacterial cell pellet for diet preparation
while they used the freeze-dried bacterial cells. Concerning with
this difference, it might affect the potency of gene silencing by oral
feeding.

This study confirmed that the oral delivery of dsRNA via bacte-
ria vehicle is possible. And it is, therefore, a practical approach
to induce RNAi when working in the farmed shrimp. For further
anti-virus application, the viral genes (non-structural or structural
protein genes) in the single or combination formula would be tar-
geted.
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