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FH1E  WAOTER

916 ENAHCE T R, IS L < L EEERPEEDMAD T

BIEHIER B3R 75 A D DADYES LT 328, 2o ADRNo—&% 7-
ED, 2050 FFITE 91 fEAICET 2 &L PHII TV 5, R OB A PER I3 TEAE 26
Y EH D, FEEDEET 2 AR AR Faicaxs s 21T okl E
FE X 3TV % (United States Department of Agriculture, 2018), Z U2 bbb 57,
2017 4ETH 9 A2 1 AD#EIETH 5 8 & 2100 T AR E L A TWS (Food
and Agriculture Organization of the UN, 2018a). -l D (D NI osESs &,
FAREIZS XD b B BRI 2 2 EIFEEVW L) b v, Yook
IR L CEBEHEIHRAT 2 RERFER L LT, BYOERE - St~ oftiis
K OHEE, iE, HHECEBEHOBOPEREDNZIF 545 (Food and Agriculture
Organization of the UN, 2011). 3 HOBMDIFERIN TV 5720, ZNz2HP
2 BN LRBEED, FH U KK 3 FOBYBREPEMAOMR L L TGS
LT\ % (Food and Agriculture Organization of the UN, 2018b). fitfh X 412 84 % 4t
BRZ CBNE S v R 0 BOEFEICIER S 27201, Sk - B2 & T3 2 &
FABOHEE LTl TEELRZ L TH 5.

FAAHEOEIIIE, KB L O0F0BHEL B D, RERHICHE LRI 5 212
D S RIERINRBYINE S v X VB OMIEDIHAE NS T DILRBHIFI N TV B
(The World Bank, 2013). fa/MHDOFEMAERIT Z 2 20 I THREZHITTE D, 2016
EITIFED GO 2KEEVERERDOE L Z 14 T ofy 40%% 15D % 0.6
BhYy2EETIICESTVS (K1), ISICEHMITANETIE 2014 £ 5 5%
FEIC & B AEFERPIKROWIERZ Ll> T 2 (EEREAE @2, 2017), R
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DIAECGEEPER L, 1980 FEUEREDIRFERIT S L k> TR D, Z2DERITIE, %L
DHFFERPEBRRAHEIEL L) FIRE©, 32282 TSNS X912k
TWw3 I, £, FirehBROMAEPHREL LoTWw 2 I LEIF oD (KE
T, 2016). HROWEHERIZE T 10 (L E T2 HD L EHERDE < SFEICHR £ CFl
MAEINTL30HRIE L 22> TR D, SR N6 DR RIER 2 Rl I K E
CHERTRHITZ C, WEICX Z2EFEEDOILRIZ A F it KFET, 2016).
M X 28YMES 7 HOBE IZEIHAEPED S 6 2 5I8RICH» > T 05 2
ERWETH D, BRI RM Z SRRRIZTED§ 72 O DRI D R GEEFIED
FIFERMARIC X 2 KEBBEIL DBk 7 & HARN 22 B O FRIRDSIH A TH 5.

SKEAYAERE L Z 141 v hoOR 8%, 1100 17 kv % ) % DIXHIEYH
DEFERTH S (X24). TERH =k E2ECHBIHIZEE S OWEIEIE\ T
O COMIEDNE <, RKEAYIC X D ARSI 2 BFENMEOR 22%% 15
» 2% (K2B). I5ICRES RO OEMNEEE LOEFICALDE Y, H Ty
7V X Marsupenaeus japonicus, 7 7 v 7 % A I —Penaeus monodon ¥ X O\/NF
A A LY Litopenaeus vannamei %= &L 7 V< T EROIE (7)< EHH) IZIZK
B ed3% S HHRSECHRMEPIEATH Y, 2 DEEERIITEEEH 77
Z DA K Uil T % (Food and Agriculture Organization of the UN, 2018a), 1
EBEIOHBE7?S 7ICB I3 7 Ve CHOEMIT T Ty 784 W —NELENR
BCTH-o7D, ZOEERIIFYLTED, NF AL ZEICEBENREIE D 2>
7o, SNERIRENED 77 v 77 A =1 F X A Z e IETH 5 7 D[l —
AR=ZATE ) ERNNBEIENTEL L, 79 v 74 A —ITHARRICHR &
Wb Twi Z L, BHENS 7200 E2 B D% BEOEMNES 2 &
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BEDBHRELTHITONE26THS, meflisz il oo ns 720, %
N7 BT IR ERHR 7 2 7 2 DI OISR B L CTE N F X 4 T E
7208, BIBOIRIFEME IS X 2BRIC X D 2013 FEHTHRICIE R Z O ZFH A PE =13
YUz, L LD, mFEIE7u N 474 7 ARTHROKRER EICd TR
IND L) ICho7iEo, PHEERREE LM OEALIIRED, NP ALY
DAL FERIISH O IRV IAEN G (FEIHE Y * AL, 2015).
HARENTIZ, B2 O 7 V<2 EEPERM I T\ 5, Sl ik s %
DELTITONE 7V I EEBMEFHSARERL LTONF XA ZEERETDH
5. MK 1600 F Y EFEIN TV AEIHZ L I3, B3 TR MEY —
FEMVSZETHEZRL A Z7REBCRIRATREZ: Z & 205, BB mmioRk
JEANOEHED %, I 51, LR PLICREI NI RADOL D LIZRLED, Fiz
MHTEAGTEZ 2 LB TH D ERTH D 2080 @it CEAHL 6,180-
9,431 M/kg, 2018 4F 1 H2>5 2018 4 9 H D[]y (Bl e dl5e i 5 i i a R,
http://www.shijou-tokei.metro.tokyo.jp, accessed 2018-10-30) Zff£> T\ 5%, —FH DN
F X4 TEERIZ, FHRERDET T IMT v Y =7 ) v FPHREERENTIZY)
ER RN CEES AT L2 HOEEZ 2007 SE2 IR L Twa (v—
— - TANEY—,2014), £7, HAKEKRASHD 2018 0> 5 ST IZE T
HhE R A U 7 PASSIEBR e LA 2 7 2 2 AL, £ 100 b >~ o % H i
TARENEFHELE LTS AZR TR E, 2019 FEESEN NS X A4 T E#EHS
¥BFWLRPHE T2 (HAKEKA 7L Y Y — 2,
http://www.nissui.co.jp/news/20180719_2.html, accessed 2018-10-30). 315 D ¥F X
AZEEPEQEIEPCHEIC EMAIN, TUM 7 F v MMET % 2 L TR

3



HIESPHEE 7 O 7T EREAN T X 4 T8 L0 E K> D, AMFEEE X OEEE D
BRI ST 5, ZOERICIEHETRD 2013 FHiEZEOH AN 2N F X 4 24
FEROMA I X 5 2 HOMlifgEEE L O 2016 FICHE S N7 KEE JRIRETE
B X ORHeHE AR PERECR T 1T & 2 ES4 D2 & DIRIRFED 7 )L~ = BB D i AR
235, ENTOHMGHEDOEHEIEE>T05 I EBEIToN5,

A 72 T X 1934 FFITEEKTUES 7 V> 2 ED AN LSz L7 2 &
R E D, SIEOFIE HERS, 7V X ERESEN T TREENIfTbh
L9k oT. 2D, BAKD N THEAREBEYLEDBE KL 1968 127 7
v 7 AT —DANTHFEFIEIL, BEOZCE O H 2, 20K, 58
TIE T T v 794 —DEPEANATDND X ) Ik >703, 1980 ERDEY
ICERG OBRGERTEPCPIRD EAMEIC K D ZDEERIFFL CHA L LrL,
FBTHET MO HFE 7 2 7 DEZ N E LD T FBED T CBIHPEE D FIEIC
BoTw3 KT, 2014).

BOREDRKD 6N BWES, FHEED» S —H L TADEH T OlE L - 20
FZEMED R EE Z 60, RREHIEOHIE A TV % (Aquaculture Stewardship
Council 2018, https:/www.asc-aqua.org, accessed 2018-10-30; Seedlings Council for

:ﬂﬁﬁ

Sustainable Aquaculture, https://www.scsa.or.jp, accessed 2018-10-30), L HH =5
bORETEIT NI CHD AL S TERMMDEERIZIEML TV EEZS

ns,

W2 2N EHICBD APIRIZONT
IEEIORERIIEEMEY L OO DR L v THBEE TIE A, FRED
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FIRAEE & “shrimp & disease” D ¥ — 7 — F TR L 72 BR D X IR B % ik ¢
% &, BMAERDIEMT 2 12 O TR DI L T b 2 EhHRTEND
(X 3). TEHIFHFPTEEPIEATH Y, EEZEA TEE DAL
TN s 720, JEEBAEY O R IZE T Z2 X v id & v (Karunasagar and
Ababouch 2012; Thitamadee et al., 2016), % Z TEFREAREFH /5 (World Organisation
for Animal Health; OIE) D/KEEYIETERIFIZZH S (Aquatic Animal Health Standards
Commission) Tl%, Wi ADERICHERRZG D b %K EPH (OIE-Listed disease) &
L C 9 FHD HRFHDEEM, acute hepatopancreatic necrosis disease (a1 AT gL
fiE), infection with Aphanomyces astaci (7 7 7 / % A4 & AJE), infection with
Hepatobacter penaei (%1561 M & %8 ), infection with infectious hypodermal and
haematopoietic necrosis virus (IHHNV) ({4 T - @& IMEREEILAE), infection with
infectious myonecrosis virus (IMNV) ({z 344/ BE5E0E), infection with Macrobrachium
rosenbergii nodavirus (& 7 4 b 7 —)LJH), infection with Taura syndrome virus (TSV)
(¥ 7 7 hEfERE), infection with white spot syndrome virus (WSSV) (57 4 F AKX v bk
) ¥ &L U infection with yellow head virus genotype 1 (YHV) (£ =12 —~v FJ§) %
25 T \» % (OIE-Listed diseases, infections and infestations in force in 2018,
http://www.oie.int/animal-health-in-the-world/oie-listed-diseases-2018/, accessed 2018-10-
30). 245 DT ANENTIRNREESAE, BEALVERFIER, (AT - JEIERE
i, ABQEREARE, &7 ZREGR, A7 A4 P ARy MEB XA o —~y FE
D TEIRIZ 7 Vv TEFENDBEEPHER I NTE Y, TNEFTICHERAHEZ b
oL TEk.

SRR EL FERE 1 2009 41 HHECH) & TIRGEDMHER S Nl m D PR T b
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% (Tranetal.,2013). APJHIZZ DL, HET7 Y TEECHERNGRAL, %<
DEJEEZ TR E R EL G 272558, 2013 FRi IR 2 = O fifitk &g
ZH| &R L, AMEITIRIREERE O 3 20k & U<, IO 2, &0, 55
FRIFRBEARPRE SN TS, KPR, WMATEZOHEZ EIZR LT 100%D
BOE%Z 30 HUAIZAR S Z &6, RUPBLTIEMRRE (Early Mortality Syndrome:
EMS) & F& L S#IEEIL T/ (De Schryver ef al., 2014; Lightner et al., 2012),
Trang 5 (2013) SAEHO KM E23E 7Y & @M Vibrio parahaemolyticus T &
HEREL TS, ZLDOMEITN =TIk >TH 7 LEIIDREPTH I
(Gomez-Gil et al,, 2014; Han et al., 2015a; Kondo ef al., 2014; Yang et al., 2014). % D
B, 2VERFRENREESCRE 2 5| S 2 T V parahaemolyticus D3 iEBIE T2 23— F 7T 5%
FED7I7AIRZHET 2 EPHL D E Lok, FRME B X QR #GEREE
T OREMREIX, PCRIC X 2 #HEREETRINTIE (Han et al., 2015b; Sirikharin et al.,
2015; Tinwongger ef al., 2014) DSBHFE I L izft, 70 N4 4 F 1 7 2 (Chomwong et
al., 2018; Chumpol et al., 2017) TG DIERHC X 2 AHNE OBETEINTH], Z=ZIHBHLE
DiE PR TR LZET LT3 2 21Tk 2BRMEATVR S, E 512, BN
HHIA (Immunoglobulin Yolk: IgY) % w72 JBHFEZ O PRI TER (P 2018) 7
77— % e FE KR O H R FE (Jun e al., 2018; Lomeli-Ortega and Martinez-
Diaz 2014) DFFbITHOINL TV S,

fthod 6 MEDEELNIE I VTN S 7 A NV ANFERKTH 2 EGETH 5 70, Hidk
W 75 EDALFREIC X D BRI EZIBRT 5 2 LR, KBICRA LA VA%
SELICHERR T2 2 L RREECTH B, T ANV R EERT 5 LEENTaEIC T A
WVABEOEZESCL, HifcEENEBEPEZINT S, 2007 Ve EHOE
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RN T CIIBERN LB D5, A7 4 F ARy MFEIE 1992 FI2HE
ALEBTHI O TEIR D FEEDHER S 72 A DNA 7 A )L A WSSV Z 5K & T 5
T AINVAIHETH D (JHF 2012; Chou ef al.,, 1995; Escobedo-Bonilla ef al., 2008; Inada
etal.,2017), BEFTICHA, 77XV ALET—A 7V 7 2&LIITHRF D7V
v I EHENG COREPHERIN T 7 Ve T EHEMICRDBEEL2 5 2T
W AR A VA TH S, WSSV DIREMEIZE ST 80-90%IZ7ET 5, Tk
RER E LT, BAIROMIRE X TEREEN RN, HEtKD 7 57 JIBICARR
BEEin s (G} 2012). HEANDERAZHED S OFEOABEKTH 5 £ &
Z6NTED, 1993 FDFE Y HZ penaeid acute viremia (PAV) & L THE I LT
272 (Nakano et al., 1994; Inada et al., 2017; Takahashi et al., 1994). 1990 D 7 )L
YIEEEENT VO HE D 2% OEMELE ORE DT TITETW
7203, FTA ARy MRICK 2 KREBIIRELITRLELVLBD I Vv I EHE
THEL R FEEIE 2B D o7, K74 FAR Y MEICHLTEY arery
FELUDNA 7 7 F >~ (Kono et al., 2009; Kono et al.,, 2014; Namikoshi et al., 2004;
Witteveldt et al., 2004), 7°R /XA %5 4 7 A (Leyva-Madrigal et al., 2011; Peraza-
Gomez et al., 2009) PTHHERF DL (Cock et al., 2009) 7 EFEA LBibRTIEDS
A I N TV 208, LTINS FEMAREZR L ~N)VITIEE L TR,

Z DM s FEEDO T A NV AL, HEZ TICHAENTOEMEZ Ve EI2B 1T 55
MEDOWME F 720D, BHBHIE L LTHETY 726 HAP 7 X U A Il n
72ZED 5 [HHNV B XU YHV 28 PCR HEIC X DI -FHH23H 5 (171
2012). KEZIRIRGEE B X ORI R EECRE DT, W 6 DA E %2
EHRLSBOINO VA NAZEINICRAIE R VWL IICT S 2 LIFIEHICEHHE
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TH 5.

I 51T, Enterocytozoon hepatopenaei JEFIE (Tang et al., 2015) PIFIRILIA (covert
mortality nodavirus J&HYIE) (Zhang et al., 2014) 72 £ &\ 72 Hi 72 R BYHE DR b
HRGTED, 7V~ T EFOEMIFEF 2 HE 2 b 7o & 3R o] 138
THAEREERDILRE &EHITHMT 5 2 TIN5,

PR IR E Y, BREE R XL OE 0 3 DD ERD NS v AN BRI R A
2. ZDROPIROFERMHT 51213, 2RZFNOERZHEYIEHT 3 2 &,
Thb b, WEAY O T S B~ DR AR O MW, KEOE B2
DR, 72, BEREOIRIGLDLT 7 F Ik 3 FHi%iT) 2 EDPEETH B,
TR BE Y OB T R B O AR EE BT 8, o B LTI nE T
FonfFiEzICH T % 2 & THIEWAEDZEA TR S, L LSS, 7L<
CHOLIRITRN T 27 7 F v ORFERIR RO E 2 ST L ~ LT —%E
D% FML T 5D (Cock et al., 2009; Johnson et al., 2008; Kono et al., 2009;
Kono et al., 2014; Namikoshi et al., 2004; Witteveldt et al., 2004), FEFRDEN T
Bz id s, BRI S % Rl iz o, BTN ALY 7 F
VK B PPIEBERN TR, 2 T THBNICIZE oA EK#H2 o 5 2 LTk
b REDOIRIELIC X 2 PP EENS (FK 2012). 7 )V~ D RPEIRIEIC
DWTUE, RPFRITVAYV,5-T2 L7 Vg 7 1 ZFMEE D 1 7 Lactobacillus
plantarum % SPZEIIER & UCEHA T 23R o BT X 0 B AP #HIBEEE i85
FEVIOERREIEMT 2 2 &, SSIPIROIRICERITH 2 Z L LGS N
T\ % (Ciu et al., 2007; Fagutao et al., 2008; Pedrosa-Gerasmio et al., 2018). Z 415 fff
FEH A 13 AR HHIE AR TR GRS ATP G0 LA &2 & ORPERRILIC X b,
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TRIZ 2 7 S IRIT A DO GBI 2 - L T %, —05, %< D 7L~ T A
RRIGHI DR 1%, EGABR 2 1T\ 2 DILTR D R THIRA~ DA% MG L 7
OV, 206 FIEIIEAID & D K 9 AL A O 1 0 A A A & iE (L
LTW20pH62E L TRy, ZiUk, T LR HBEREIC AR AN
DN THDEEZ SN, Ve CEERDIERSZ MR T2 2 &
&, BEANZARILICED (RS2 REE L, DWW TIEZ7 V<> EHD

B EEZFRNICRBE IS 2 7-OICEETH 5,

85 3 AMEBRELC Y B 2 )V T EHID KBRS

KELEY)TH 2 7)< 2 CEO BRI IIBREKBEET 2. Fx OFPICEET
2 22 I 103 fl/m® DIRE TV EAET 208 (YRt 1965), HEKFIZIEHY
10102 ffF/m3 & X D % OMEYDBELET S (HK 1992). Tabb 7w BT
WA EBED b THEETL S,

7 Vv TER OB &L OBMEE AR, BESLXTZINBFons,
HE oML, ¥ F v 2R E L2 T2 @B TH 5. AR IZY
HOBRNNDRAZE, KX 2000 EM» o 8%2#E2 L wIHFHE LD
(REF 1977). —75C, ZRE X OE OB CHRBIR 2% 5 S EHT O K % R
AR ET S, WNEEFTO 71X 23 BRI L CTRARMTH D, S oIliEHost
B3 o S i (Lawlor 1976) £ 72 130RIFEAIEE 12 X 24 (Liu 2004) ICHE X
N2 MEHS b 2. IHERIZINED & O BYNK L oY 22 il o 275 & 348
PR HER O IT > TE D, A7 b A= Tachypleus tridentatus \CENTE Y 75 4 7
IV, IFRATFUHDE0IEY X T LY VEOTIE AR T T FBNEED & B

9



T3 HE 2015; Tijam et al., 2005).

W8 O FHER B AV ORI TH 225, Z DEICRA L CTE B O PR b
[FRFIZAT ) DD 5. B ORFERIBIGEREE L L THIG N, & FPlFBETIE
Z ZITHAES B U 88K, S A TR IE DR A ICfThbiiTw» 5 (K
B <5 2015; J\KF 2014), Silveira 5 (2018) 1Z3F X 4 T EDIGFEICE T 5
BEGES T2 KIS — 7 2o —1c X O BFRIICRNT L, JIE R 7' F F2sE
FRH IR S 2 BRI & > CREAE SIS 2 &, WSSV v 7 ) A Bl o &
WKLo TZNOHER7F FORHEN LA T2 E2Ho»E Lz, £/, BE
WCRRICEHT AL 7 F v OFEBHL IS N, 7V EHOBETH I
SL7F UL BRYDOBREMTONT VB I ENRBINT V3 (Sun ef dl,
2008; Zhang et al., 2009), X 512, BHE N OMEEH % MRS T2 2 L COBGE
S EERE L N L OB 2 R T 2 3 A D fTH 4T\ 5 (Corngjo-
Granados et al., 2017; Huang et al., 2016).

D T 713 A A v 52Hh, RREHEE, MR PHe 7 v =7 PRt &
% DEHAN 70 AT N 5 LSRG TH 5 £ & HIT (Henry et al, 2012),
WSSV, THHNV, TSV $t 7'V A JEflleE O KGR HBAL b H 5 (Alday-Sanz et al,
2002; Clavero-Salas ef al., 2007; Lightner 2011), Z#1iZ, T 7 23MBEREIK & H1c#2
filt URE A DRARIE E R DR T VW6 TH B, 2D, T 7IIFIEERE
Koo DEY % PR T 2 72 O D RIEEIE D AET 5. Amparyup & (2008) (ZIfiLEk
MEE X7 ICBOTHIT 27 7 2AF VERTIER 7°F FOFE, & 5 ICARYIH
R7F FD 77 LatE X OB IS § 2 i OCHIETEEZ ] 6 22 Lz, 2 oft
IZH R} TP (Destoumieux ef al., 2000) ¥ Anti-lipopolysaccharide factor (Liu ef al.,

10



2005) LWV O PEHR7F PO I oSN Tws, TH6HEX7F i
BRI S EEH SN TV 2 EDHISNTED, T 7 WNERICEA L 72l s LT
i EEZSNT WS, — T, Alenton 5 (2017) 1T 78 X OH IR RIS FHE
T5L7FVORFEE L CMIENOBERZHo L L, KL 7 F i3
DGR b I N7 2 L6, = 75T RYHERR I TWw 5 2 EDVRIR
INte, FETRERDPIIICEL 7 FUvRLF Vo R 5 lEBFEL, Ihb
DIPZIC B VTR E B&E 2 R § (hh - & 2016; RS 2003). = EHOKS

W 7 BRI B 2 MR RS 13 7%, SBROMENIEEN S,

A BRI B A (A B Gk

IS, IBE R KO 21281 2 B EPEBERNZ, WD S RN~ D 5RY)
DRAZBI P EV)SDTH S, 26 2R L THRNITERA L 72823 LT
8T 2 OV ISR T 2 BRI CH 2. HBSEHIZBHRINE R TH % 7o,
IR I D> & BIIRZ 38 U &ML ~RIE T 2T OB § 2. 7 Vv Z TR
FWhGER E L CAIS N2 ABE, 7 = 7 — VIBR(LEESERTERATEELR, EPiL,
/Y a2 — AL, MRS, PR 7T FEAP L 7Y = b Sl mERAI DS
Ul & 72 DBEEE L T\ % (Jiravanichpaisal ef al., 2006; Tassanakajon et al., 2013).

EREHIMEECEcH D, ST o 0B YR EA LMLT 2fEHO 2 L TH
%, WABICB L TRER, w7 v 77— 8 X OB, WERICHEL T
FET 5 X F X250 75 (pathogen-associated molecular patterns: PAMPs) % #2
ik LERT S (Aderem and Underhill 1999), RN 7% PAMPs 137 7 LEHE O Y R
LHE, 77 LR O Y BT A 2k X O ERIIEE O BisiETH 2 X7 F P

11



VA THL, TEEIEVWTHYREHEE X ORT7F P75 iz X 253,
MERFIIIC X 2 BB ZEESE 2 (Itami ef al, 1998; Sung ef al., 2000; Wang et al.,
2017). X512, 7=z HEHOBRMEX, vI7F Uikt Ay = oRRICk
DIEMELE 415 (Kondo er al., 1998a; Shi ef al., 2014; Wang et al., 2017). BERZAY)IC
@ U CH S 2 BB RS Ch 2 BRIEH D X A = AL 32 B TRES
NTVBEEEZEZLNTOLEY, JUVIIEHIIEWTEDEI ) RAATF—FDOTT
BYINERINDDZOFEMIZHS T\, £, 7)o T UHOEAER XL
WIS ELE T 2 IMBRIII D 275 & 9, U v oSl X VDI &8 L < 2k
IZXoTHirbirsd Z £5Y Kondo & (1998b) 1 X 2 &Y H o & 1 BEMMER 124 &
L O van de Braak & (2002a) (T X 2 #H#&YI 7 DG BEMEREIEZRIC L > TH S 2
SN T35, Kondo 5 (1998b) (& T 31 & fffiel 2 [l Ml & dwda L 7223, Z DIEHE
I IMBRAAE & L L TR D 3 AV FIRHUEH S HThv,

7 x ) — VIR EEERTBR AT ML R 13 prophenoloxidase (proPO) iGME{L% & & T
TN, RZF RSV A URB-,3-INA VI YER LI NG T T —Eh A
r—FTHH (FFH 2004; Johansson and Soderhill 1989), IMLKHICHET S 7 =/
— VIBALBER W AR TR L S e ) v e T 7 =Xk 5T 7 = /7 — Vil
WELR2, 7=/ = VIBLEEIZRHICHEET 2F 0 % L-dopa X 7=V
b3 2, A 7=VEBOBBRTELS2X /) vEXOX 7 = VIidfilasEnr s 0,
FIUN=TIET 77/ A L AREDFKNERTH 5 Aphanomyces JEMEIZX L T
#:E % R T (Soderhill and Ajaxon 1982). 7 V< ZEHHTIZ I NS —#HD A X7 —
FHIEH ORI & L il E, ki X 2 By o EaEH, x 7 =1L,
WL B LN P2 —VERICEB W TEHEEZL#) & %2787 (Cerenius and Soderhill
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2004; Cerenius et al., 2008; Nappi and Christensen 2005), & 512, 7L< ZEIZEWT
“ARBIRNA 7z invivo SBIZT 7 v 7 ¥ VEBRTIE, 7 =/ — VIEB{LIEERT
BN RS T DI A 230 o I ERAR IS D 38 5 X M B 082 & 72 5 LA
RO HE % EH XS (Fagutaoetal,2009), L22L, BH - B0 T 7 =
/= VAV IR BB AT AL R IS BT 2 RERIA T3 T R TRE I LT 2 1R
%<, 72 R TH AT AIED S Tnb,

AP IZERTE R\ & ) 2K E 2 RZY) 2 BRI A D PHA CHBEN b i
LR 21ElC°dh 2. /B BRY©H KRICEA L 5E i@l & B
BT TR ERE L TR 2 A ARAR ) ¥ a—VEBRT 5. 206 OfEMIE
LM ICHTFET DL 7 F v 8y — Vi B/ iR & LTl &, + 7y =1k
SN HY & MBI T 2 2 LItk > THI SR Z N3 (Junkunlo ef al,
2012; Ma et al., 2008; Wang et al., 2013), Bt F 7213/ ¥ 2 — WAL L Z - 7= 347
T, [ARFIC 7 =/ — VIERURER BB ATE MR R M@ & X 7 = b hl iR s n
5, NSRRI -3 REOBY 2 PR T 2 &H O L% 6T, BYOEKANT
DI DB CHEE SR, LeL, LIZFUItEoTA 7Y = vbI B2y
WS 2 E%, MBRMIEDSE D X ) I L THEIISNEDIERIZHS DT> TR,
L2 F v ZDHDWBFHEFWE L > TS HRENE S & 253, 5% O 2 7e 0 e
EFN T3 (Burge et al., 2007).

HSE D IMEREER O A A7 — X, YU ZBIOT7 XV AA 7 M=
Limulus polyphemus Crffll 727N ED 6 T E 7o, MUIKEERE A A 7 — P, e
% %78 (clotting protein: CP) 234 )V 7 AMRIFED N 7 Vv A7V % S F—%
(transglutaminase: TGase) D & THEME T4 2 L ICX DB SR I I N5 —HD KK
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FTH B, BV A= TR IMERGH A O kD & IHI S 115 TGase (2L > TCP D
BEME 23 2 5 2 & CILE A3 EERE 3 % (Hall er al, 1999; Kopacek et al, 1993;
Sritunyalucksana and Soderhill 2000; Wang et al., 2001). —J5, 7 AV Hh 5 7 b H=D
IMBEERE 5 A 77 — K Cld TGase D) 12 X 2 CP DEEFIC X o T LR SO Ak
C5DAELT, PR 7F FOXKB O REEI LS (Iwanaga 1993; Muta and
Iwanaga 1996). 215 HLE R 7°F FIZEEERA I CHE -/ L, MOk % 17
9 (Iwanaga and Lee 2005)., 7 X VA4 7 b A= DMREE A A7 — 377 L&
P & < ROR LR 2 70, BEEMA~OMEOEABTEEZE Limulus
amebocyte lysate (LAL) & L TASH VST WS, 7))L~ EEHDIMIKEEE A A
T—FEA 7 P EHPILTE D, TGase DIEMHIC K D CP 2EEHT 2 DA% 6
$, TGase 2MERAIAE D> & DHLE R 7°F FDFH% FHl> CT\» % (Fagutao et al., 2009;
Maningas et al.,2013). %7z, o2-macroglobulin & /XL 2% ¥ > 2% 7 /E 53 TGase DIk
HEL s cp iR %2 5] E# Z § (Chaikeeratisak et al, 2012;
Ponprateep ef al., 2017). 57 V<L ETIE, TGase H XN CP 2y & LT
ABARNAIC X % invivolBIET-/ v 777 %479 &, WSSV E X O Vibrio penaecida
BRI T 2 IPIMENT E 2 2 &, 72, WTNOREEZ BRI 2L L Lk
DYFE1=F % (Maningas et al., 2008).

LI R 7°F PR 2 0 18 £ 255 2 72 0 O SEO—>ThH b, flEH
oMY, FHDY), EYICO ) IRCAEVICHFET S 1555 100 7 2/

MR TR INE Y VRV ETH S (A= 2009). FiER7F FOERHIZZDO T

[/

J WK & BEANCHED K ViR RS ISR E AP L, ilEECERED 5 »Iid—F6
D7 4V A T EVIN U TAHEIPAZPIE AR 7 + 7 L %78 ¢ (Boman 1995; Ganz and
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Lehrer 1999; Zasloff2002). 7 V< ZEHTH %  DHIE R 7 F FOMWELH h RE
MabDELTRFIPY, 77AFvEIONY XEHEERT2IE T o515
(Tassanakajon et al., 2010). FLE X7 F FIZENNZA L 72 HIE 1R L TS0 12 @)
{728, RN TOMBEIAEE X W2 B CRElD B 37 O BUE %R TcH % 7
IV TEHHICE W T b BE L ARG HBEEE F RO —D2Th s Lt EZA 5N 5,
IBI, 7997940 —DRFZI VI A FAA UkOBREZ A L, BRI
DWEEZRFEET S (Lietal,2010). ZD X I, PIEHRTF Fid 7 2 HICHIE 2 1A
WT2DATERERRBELT LI LD >TEL.

TS BERE R BRI IRNT 3 2 2 & 28, IMBRMIIE O ] 2 AR (R BH BB AE 4 1A % CLdm iy
ICBRRS 2 1D %Y %, MIRuEEE 2 SIS T 3 2 - DI I3 Z OREZ BT 5
ML Z aHEL, HAZ1IT) 2 EERTH S, L LADS, W noliEki
fEM2 T oMlakiEZ 5T 2 DL DHIEIC > Tk v, ZOEHIE 7 L
I EHIMBRMED Y > 7Y v FFELAEFEIH—I N Tk Th s, %
D1z DIFFEE F 72 IZAFFEE T 6 N RS RICEEE 4 U, 7V < = eIkl
HEDIEEZ W T 2 DDBURTH 5. Z D 7 OIMBHKAINL D 73 BiA R 2 WL T 5
2 L7~ T EHO AR N 2 BRT 2 e o ICEE S AR ch D L

FEEL K ) bR,

{5 7~ IR & Z DFkRE

HBJH O IMBRAAE X Bauchau (1981) DK, MEREAIER (Hyaline cells: HCs), /INEEAL
BR & 72 13 JERIER (semi-granular cells: SGCs), KYEBIER F 72 12 PR ER (Granular
cells: GCs) D 3 fMHIC, JWRBICH D S 0T 2 2 L2 RINTH 5. IMBKMIIEDIE
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gellggicy, —MRIVICF AP RE RS NBEADR 55,

X LPGAETEL 1904 I KA Y OMEYEH TH % Gustav Giemsa IZ k> T 7
U7 REog ke U I, ¥ oaygaikid, pH: 6.3-7.3 OB CE
BOFMEAE X FLYE - 7RA—LE) LRABOOBIEAE (24P V) DR
£ %2 ET, BITHEPREOD A TH SO EFHHE 545 Romanowsky 4l
PRI LItk ch b, 7 RA—VE, FHEEEYE (%O DNA, filE o
RNA, 7 A=)k % ) 2H%OICRO %, 24PV, FBEYE (~t 70
vy, GBI 2 &) 2R RIS 5. IIROFOWEE L &I 2 ot
RSP INT, MBI e et e BT %,

7V T EHO MBI D EICE S E 3 MEICOBIND D CEBES 1992;
Kondo et al., 1998b), ¥ LAY REIEDUIETH 5 A A 7)) 2 7 )V F-F Aok
(AAFX L) Ik sFHEICOBEINIMEDH S COHES 2012), FERIT NN
AL ZETEA AT XY = )VEREAREEICK D 5 i (Dantas-Lima et al,
2013), 77 v 7 AN —TIIETHEMBEBIEIC XD 4 FH (van de Braak ef al,
2002b) EMFEHIC L > TEI STl L L 723 BHOWmE L H 5.

AfEbERE & PRI & D HIBET biThbTw 5, JEBES (1992) 137 Vv~<x
E DO IMERAIEZ Percoll 5 EE AL 02T HCs, SGCs £ X U GCs @ 3 flfHIC Y
HEL 72, 2 s IMBRIO ERIEEZHRZ L 25, WTnolmERfis 7v 5
7ATE FEEEY PRINERZERL, SGCs & GCs DEARFEHN HCs X hH b 22
53 ol EEREL TV, 4, MBI X 2 e v O RIMBRO &

Y, IV IEMFICE 24 7Y 2 MU I DFLIHEART2 I L 2ME LT
VW3 GEES,1992). AL 7Vt THENF AL ZETRA AT FH/ —)L
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AR B TSI NG 5 DOHEMON, MWL 1 8 X0 4 2EE8IHE
ZET5E Tuan 5 (2016) IC X DMEI N TS, F =T FH I Macrobrachium
rosenbergii T3 GCs B XV SGCs IZ L 2 A EF VOERBVHERINL TS (Sung
et al, 2000). 7=, YU H=TIZ HCs BX UV SGCs DEEELZEHT 3
(Johansson et al., 2000), I —W v X3 N A= Carcinus maenas Tl& HCs 2%, 7 X

) A va 7 A Y —Homarus americanu Cl¥ GCs B L N SGCs B EFNFNEEBIEEZ

N

9% (Hoseeral, 1990). ML LD X9 ic, ERZ1T) MBKHIE L Z OIEENITEHIZ

N\

MAF F 1 BHEIC L > TRHERWKRE S B2 5. 7 = /7 — VIBLEEE HBR ARG AL R
LMK EICBI T 2 %E b irb iy, 26 5 13N 26 T 2 BRI 7 = 2 —
VBV BT AR AL R BEDR (R F O EEY & X CBIEBEE N ER I LT
% (Soderhill 2016; Sung et al., 1998; Yang et al., 2015), £7z, _F LY, 77 AF
B XU REHEEEE T £ oo PR 7 F Rk o i ic B R S n
T\2% (Bachére ef al., 2004; Rosa and Barracco 2010),

78—%A b X —%—% TR E & MlaihE % 85T 25mC b %
BGEINTws, 7a—4%4 X =% —I3HRICE < offild % & B> H—
ZAFCHIERHETH S, Sun 5 (2010) % Yang 5 (2015) (F7 2 —H A F XA —% —
IZ TIMERFNE DIZRE 2 T 9 2 & ITHII D 77 HCD 170> Z Ol labépE s G EY)
ZEHTL T3, L LAadds, % < O Tt 217 ) Sl Mila s itz 7H 7,
EFHK R ORI 26D 22> S MO 38 E2 > TR D, S O 58 S L7 fila
DARBIZHMOMIETH 2 DOAHD T Fikimd 72 I 1T % (Duetal, 2010; Lee
et al., 2000; Sequeira et al., 1995; Xian et al., 2013; Xian et al., 2018). Z 15 iffZedk
(ISR F 7o I R T ORI G & 42 U, IBRIIRERFZE O SR 2 95 F T %

17



—ODDEIITH > T 5,

t F OEMBRIE X AP REIEICK D, GFhER, GFRER, AFEIEBR, U v oERkE X
OHERD 5 FFICARBIE NS, L LAY S X AP ROEORKEEH -IhTEs
T, FHRICHV SNy 7 7 —D pH, e, Yetalro il rEsEs OB &
EDMRA AT X ) Z2 OREFERIBEL ICELT 5. 2T, 1975 T Kohler
& Milstein 23GA%E L 7€ / 7 0 — F Lk 2 Fl v COBRBR BTN 2 01V
IC T 2 2 225 F AMBRDETIEERTH 5. & roAIMERZHLE L7z
MR ICHFET 2070 T 28 7 7 a—F Lk z o 08T cluster
of differentiation (CD) ZJFHEMIND, INHEENER LTI, €/ 7u—F)L
PUADKEGT 2P TH D, REVIED 2 0 IFEl~—H— L WEN 2, Bk 2fE
o€/ 70— F VB0 CRIPURE T T ISREAE T 2 2 L2035 %720, [[—FEi
PUR % Bk 2 YRR 2 W U &5 CEBRMICH — L T8 L 2 DAY CD 4
HThsb., COAHIZE/ 70— FVHEDONETH 20, €/ 70— F ks
iR T ARIVUR T TOHATRICO v o h, fle LT A—THlldE L O* 7 —
THilED v —A—& L THISIL S CD4 S CD8 32 6415

7V TEHIMERAEOTEE D & F O FAMBRFERRIC ¥ 29 Gea o & T2
HGADNL ., INE I Ve TR EOIRMIC R LT, £ 7a—F
B2 ERL L 8% AR5 235 5. Rodriguez & (1995) (&7 L= B4l
BRAfE 2R & L, 10 FiHOE ) 70—+ Pk 2 /E# L 72, Sung 5 (1999) &
X 0¥ Sungand Sun (2002) 177 v 7 ¥ 4 A — oMM Z PR & L, 4 EEOE
J 7a—F ViR zEEELL 72, FBRIC van de Braak & (2000) %> Winotaphan &
(2005) & 77 v 7 ¥ 4 ' —oaiEkiiiae R E Ry 2 hid & LTz nzth
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ATEDE /) 7u—F VB ZE- L7, CNS6E/ 7 u—Fhifkz v 70
ARG DRER, GCs, SGCs B & W HCs & o ZTEREN D LRl —ofliic b 2
ORGS0 T 5 KOGHEICHED R & 0, €/ 7 v —FVFUR D ROGHED 7
B2 X o CHERAIIESS & D FEMNICERA S N5 2 MBS N T3, 51, Lin
5 (2007) B LW Zhan 5 (2008) 12 & > THER I 11723 X 4 T EIMERAIEIZ [
I6ERTE/ Z7a—F Pk Z R L, Xing 5 (2017) 3Bk Z 2 DDt
M, MERRIEREEN & X OERBRENNICBET 2 2 LITRIIL T 5, M7 L— 71
ZNoHiEMO 7’0 74 — AT 2 7 il iR O EZ LT 5 (Zhu et al,
2018a; Zhueral, 2018b). L2 L %0355, 5T/ 7 0 —F k% w7z FiEs
AZ V=R EEHoTwRw, EZH)2HEELT, £LFA—DE/ 7u—F)L
PUREAE 7 0 — v R E TR TE L0 I L RMAZTDEL D ki H
m&E LTI BEDIFEL B EDNEI LGNS,

Z 2T, MRS TREDMIEZ BT 5 2 L b HETH 5. WIS, Kick
FPCEMERAICEET 2HEECES VLMo E M fTbRTWw 3
(Christiansen ef al., 2014; Gabius et al., 2015), L 7 F v IZBEBIKEE T 29 V878
DRFTH D, BN 2 R 2D & BRI o Rt I b A I N T 0 5,
ZIE TIT 2 Y NF Apis mellifera, 3 a7 a 7 /NI Drosophila melanogaster, 7
Y E IS T Anopheles gambiae, < 71 Crassostrea gigas 8 X N3 —1 v »34
HA Mytilus edulis OMIRMIEDIL 7 F I Xk > THRE\EI N T E 72 (Jiang et al,
2016; Marringa et al., 2014; Pipe 1990; Rodrigues e al., 2010; Tirouvanziam e al., 2004),
F 72, Martin & (2003) 12X DA ZEED 1 S. ingentis BE X7 AV Ava 7
A 8 —H. americanus O BRI O M NBERL AN IRHENESESE SR (wheat-germ
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agglutinin: WGA) IZ X DR ERNICREAIND T EPREINTV S, 51T,

Estrada 5 (2016) 12X D NF X 4 T EDIMERMINE GCs, SGCs & X O HCs 1% LT
WGA, bt~ MEHEEFE (Lycopersicon esculentum agglutinin: LEA) 8 X NE—F v v
% (peanut agglutinin: PNA) BZNZN—EDHETHET 2 2 LPHMEINT
W3, L Las, 7 I CHIMKMIEO L 7 F 1 & 2 g3 R AR DN
FTAALZEICHNT H2MEDATH DA%, L7 F I K DI N5 &R 2RI

ERAMEEER DO HL D 72 STV 728\,

WOH 72T S DRI &N 2Pkt E X CREIERIZOWT
7 Ve ZEHD 6 FRIMZ AT, M AA IR 2 1T 9 BR e Bkl z it 9 2
B IS IS PUERIR S W 5 s, WB 0@ D 7 )L = EHEO MBRAINE I 1384 72 s
TERDSEAE T 228, MRERIEIRGAER & X VBRI O 2179 Béic, 7=/ —
WAV IR R TE (LR B X ORI 2 BHE § 2 03035 % . BIfER b A S
T 5 HBZHEIMEIZE D 72  OHLEEENE (X Soderhill and Smith (1983) 12Xk > T
REINLDDOTH S, ZOMBUX, 100 mM Glucose, 30 mM trisodium citrate, 26
mM citric acid, 510 mM NaCl, 10 mM EDTA-Na2, pH: 4.6 T» 5. APLEEHETTIZ
Alsever iR EWEIEIL 5 & F D2IMZRFET B W S LBV (114 mM Glucose,
30 mM trisodium citrate, 2.65 mM citric acid, 71 mM NaCl, pH:6.5) % B¢ Ic 3
CESBTEZ2HE L 7-b0Th 2. Vv B2 GUHREOMKT D7 = 7 — L
BV BTG ML R PR ME X, ZAliDBRA A VRIS AV 7 A T VIR
L T\ % (Gollas-Galvén et al., 1997; Maningas et al., 2013). AFuEEFERICIE, 7=
VEBANT T LBEL B EIEIDMFDANT T LZFRET S trisodium citrate
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BLOMiokmA A v 2% L —MET % EDTA G ENTE Y IMKF D7 =/ —
VBV IR RTBRATE M 3 X OBEREITE I 2 80 2 21 & 235 % . ARFUBEREIK O 5k Tl
pH: 46 THW2 Z L ZH#EBEL T30, 7NV EHTIRERINBZRICY V7 ED
B 2 2 EPMEINTED, pH:5.6-7.0 THWw o5 Z L3 INTH S
(Vargas-Albores ef al., 1993).

RIAFEFH D%\ b DIF, Vargas-Albores 5 (1993) 1Z & > THfE X 4172 shrimp salt
solution (SSS) TH %. Z DHHIZ, 450 mM NaCl, 10mM KCl, 10 mM EDTA, Na2,
10 mM HEPES, pH: 7.3 Td 5. HIBOPUEEENEIFRRIC, EDTA 8% L — FAIE &
D ZAiDBEA A > O E ZPHET 5 2 & CHURBER & L Cof#l% R 7. Vargas-
Albores & 1% SSS DFHFEIZER L T, Penaeus stylirostris DIMKIRIET, ML HEIRE
% L 72 (Vargas-Albores et al, 1992; Vargas-Albores and Ochoa, 1992). Z ® 7z % SSS
(AT O Séderhill and Smith DHLEERNE & Hg L, 7 )L~ T CHIMIK O 4 BRI S&4F
IZ & DEWHBEENR &\ 25, LT OFEEER b MK O EER RS L O 7 =/ — Vi
{LEEEHIBR ARG AL 2 HE L, 7 = /7 — VIR LEE R ni B ARG LR O B RE AR AT 2R
2479 T LWL T b7, T s HBEER Z AV 5 2 & 23R O Al EaA 5
B L OB D4 #2179 BRICEECTH 5.

IMERARRE OWFZE, I MUBRAAE I SR i et 2 47 9 BRI, IR 2 1] A
B2 LN RINTHS. Wang 5 (2002) F X 0¥ Sun and Sung (2002) 1%, FRIML
%3 BBHC 10%F V< ) VIEIR 2 O CIEBZIMBRAIIE O EE 217> T ., [Fkk
I, EHOINET 2 W85 T b PUBEBIK CRRIM L 7 5 o BRI I 5 L Cfugsimy
pta 2 I BRI, dr< ) I K BEEZIT> T\ % (Elbahnaswy et al., 2017;
Zhang et al., 2018a; Zhang et al., 2018b). Z 4L 7 )L = L &R D MBRH A AR H E D
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RETIEPB 2RI OGEODBEIEICL 2Ly MEPERy 74 v 7R ED
BAEIC X DAEG ICHIRAMEG £ 7213 L CL £ 956 Th 2. BRI RERE
DAMEE 7 )V < T MBS TR IS X D 2SI i 35w, kb —iRm
ZEIERIE ALY v TH BH, dLe U ikl of%EE tho sy L AR S
X, ZoMmHE%KEEICT S5 (Coombs ef al., 1999; Masuda et al., 1999). Z D78
PRIME & OVREIELBE 2 17 - 7 BRI 2 Fifs P Ly — & — 2 LI X D 08B &
OITHEL T, Zho s & BHEEE T LA IR 5 720 D RNA % Hii
52 EIFIERICINEECH S, VT4, dithiobis [succinimidyl propionate] (DSP) (Z &
D73 HERET 22 LT, MEEEE XONZDHD RNA MEAAREICAR S &
DHEDH B (Attar et al., 2018; Xiang et al., 2004), DSP % FIH L 7205134 7%
<, 7= EHEIMERHASE S 7 Blid 72 w23, 2o &) Z28Elo EEA %2 H
W3 2 E B SROIMMKMIEITREICIZEETH 5.

AR DTERE AT DRBEH D2 & D B2 T 5. HdE o Bkl b
Bl ClE 7 <, 2D OO T IR L CEY) 72258 O YU Eg 72 1 H E
Wz w3 2 EI3EETH 2, FEHYOIMKRZEE I FEFEESHR S ETDH
5 DIZR LT, HBgHD MIEGEE 3N O BREKICHf ¢ TEE T 5, 20707
L2 T E DI EZETE1E#) 680-1050 mOsm/kg (Setiarto et al., 2004), /NF X f =&
T34 480-800 mOsm/kg (Rosas et al., 2002; Sowers et al., 2006), 77 v 7 5 A /' —
T34 680-760 mOsm/kg (Chen et al., 1986; Owens and Smith, 1999) &, BEREE/KDIE
REICX D ZOIMIZEEOEET 5. Z207d% O APEFER S L < 1
EWRTIE, RIEHD 800-1100 mOsm/kg FRFEEICHHB I N TW A, b MKERZERED
HHE(HIZ 275-290mOsm/kg TH 5 2 & 2 & 2 % &, EH B O MWRE 23\ )
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ICERELTH D, ZOEFHDIHPRZ DTN S,

Blbo X9 ic 7)<z e ol A bAadiis L OmmeRilfa s s o B i v &
NBHEWE, W OPHESINT WS, B 2imEz -5 &, MRS L O
BRAEDOTREIZZALT 5. Z D7 HIWIZIH - Y 2 FulE i & X OREE R % H
W3 I EPHETH S, T, WIROIZEAER S X v D% I3, A2 R
ICBAFEDHED & T % 720, IEIRDIRIET S 72 £ S IHFLEHD b DI L TR
SNTw3, 20703 * v b OMPABNSEI 2R L, BEVH 255
WIIEZMA 270 8 L CRELFZMFZ2EYICT 2 I EPHEETHLI LRI

K THRLHY 5.

978 AW HEE

7 Vv LD MBRAINEASE 2 AL, BB 285 F07n—=v 7
® L OFIAZ BT 2 thlICHFZE N ED &N, TR GERDHS I > T E T,
L LA, ZHE O CIRamERinz 4k e LTiensfibniro,
WD BRI M 25 T D EAE 2 H 3 2 D DWIEIC e > T e, 7
2 % IR L ~OLCRFE S 5 7 012, BRI O S F 2 BT 2 2 & I3H
OTHETH S, £, F~—A—2REBICIKZ TETE 5 &) T e,
I S B A 1 D SR e S S IRV IR G 12 35 0T B IMBRAT R - 0 25 Bh % AT 3 2 =
EEAREE L, 7V~ T EEHOERPIHINE 2RI CE 5 2 IS N 5.
X512, BB MR O 2 HFIEOB L, RSB X OHAERTOMi—L
AR 212 2 LICERD, ZNnETIcd L To Ve T B EERBGHFZ D
e a TH I X' B,
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Z 2TARWIETIR 7 )V~ T E IR IE O B BUN 72 0 E X OVt T kB FE D 72
DOWFEEIT > T, 8 2 BT, Mk ICES LT 2 IMBRHIIEEERE O 75 1Y%
FIBEREMRNT 2, RIMRS — 7 o9 —IC X 2 MRV G REMENTIC K DT> 72, 28
3FETIE, AREL AT 2 MBKMIR Rk o 12 RE T 2 ok~ A 7
o — X% v milll o e FIE 2 BgE U, B S e B afiid TR R mIcE
SN 28 E TIREEY 2 FE Lk z e 7 ERRaIc X O KRR T2 H
BildD > —A— L D325 025l L 72, 56 4 BT, BRI 2 BESIc o %
ST 2 - o IMERAEO LRI RIVICH AT 2L 7 F v OBRZT L, it %
RL7V 7 F 8 X O AR TE 2 M U, iekitiia o s M 2 o it L i

PEV & RNTT 5 2 L CRERE R S L 7.
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¥52%  The immune functions of sessile hemocytes in three
organs of kuruma shrimp Marsupenaeus japonicus

differ from those of circulating hemocytes

Contents of this chapter were published as https://doi.org/10.1016/j.£51.2018.04.036 under

Elsevier.

%5 1fii Abstract

Shrimp, as invertebrates, have an open vasculature that allows circulating hemocytes to
infiltrate the tissues, where they are referred to as sessile hemocytes. Sessile hemocytes are
known to express immune-related genes, but it is not known whether their functions differ
from those of circulating hemocytes. To answer this question, I enriched them from
suspensions of different tissues using discontinuous density gradient centrifugation and
analyzed their transcripts by RNA-seq. The results suggest that circulating hemocytes and
sessile hemocytes of the gills are in a state that could react quickly to pathogens, immune-
related genes expression of sessile hemocytes differ from circulating hemocytes, and the
gills, heart and lymphoid organs have cells that express immune-related genes that are

different from hemocytes.
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55 2fili Introduction

In invertebrates, hemocytes have roles in several immune-related processes such as
phagocytosis, coagulation, encapsulation, nodulation, production antimicrobial peptides
(AMPs) and prophenoloxidase (proPO) activity (Jiravanichpaisal et al., 2006; Tassanakajon
et al., 2013). Invertebrates have open vasculatures that allow circulating hemocytes to
infiltrate the tissues, where they are referred to as sessile hemocytes. So far, most studies of
hemocyte function have focused on circulating hemocytes, while little is known about the
functions of sessile hemocytes. The functions of immune-related genes in different tissues
have been examined by expressed sequence tag (Gross et al., 2001; Tassanakajon et al.,
2006) and microarray (Aoki et al., 2011; Robalino et al., 2007) analyses. Such studies have
shown that immune-related genes are expressed in circulating hemocytes as well as other
tissues. However, each of these experiments extracted RNA from whole tissues, so that it is
not known whether the source of these immune-related genes is sessile hemocytes or other
cell groups.

Wang et al. (2007) examined the expression of nine immune-related genes in nine tissues
of Litopenaeus vannamei using RT-PCR, qRT-PCR, and in situ hybridization. They found
that sessile hemocytes express several immune-related genes, such as proPO,
transglutaminase (TGase), crustin, penaeidin-3, lysozyme and cytosolic manganese
superoxide dismutase (cMnSOD). However, because their methods targeted only a limited
number of genes, other important genes may have been overlooked.

Distinct cells can be extracted from a tissue suspension by several methods, such as
density gradient centrifugation, flow cytometry, and magnetic antibody separation. Density
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gradient centrifugation is often easier and less expensive than the other methods. Previous
studies have fractionated penaeid shrimp hemocytes by Percoll (Havanapan et al., 2016;
Itami et al., 1999; Koiwai et al., 2017; Rodriguez et al., 1995) and iodixanol (Dantas-Lima
et al., 2013) density gradient centrifugation and determined their specific gravity.

Here, I developed a technique for concentrating sessile hemocytes from tissue suspensions
using discontinuous density gradient centrifugation, and attempted to clarify their function

by RNA-seq analysis.
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55 3fili Material and methods
Shrimp samples
Apparently healthy kuruma shrimp (Marsupenaeus japonicus), obtained from farms in
Okinawa and Miyazaki prefecture, Japan, were used in this study. Shrimps were kept and
acclimatized for at least 3 days before the experiment in tanks provided with recirculating

water maintained at 25 °C and 30-35 ppt.

Density gradient centrifugation

Single-cell suspensions from gills, heart, and lymphoid organs were obtained using a 40
pm nylon cell strainer (Corning Inc., USA) from a shrimp, diluted with kuruma shrimp PBS
(KPBS) (480mM NaCl, 2.7mM KCI, 8.1mM Na;HPOj4* 12H>0, 1.47mM KH>POq4, pH: 7.4),
placed onto 1.05/1.11 g/mL discontinuous Percoll (GE Healthcare, USA) density gradients,
and centrifuged at 500 xg for 20 min. Cells at the interface were collected and washed twice
in washing buffer (KPBS containing 0.1% of BSA and 10 mM EDTA), and was likewise

performed for Giemsa staining, flow cytometry analysis and cDNA library construction.

Flow cytometry analysis of sessile hemocytes

Sessile hemocytes were obtained in the same way as described in above section, then fixed
with fixing buffer (KPBS containing 10% formalin and 10 mM EDTA). Both non-
concentrated and concentrated cell suspension were analyzed by flow cytometry. Forward-
scatter (FSC) and side-scatter (SSC) were used to determine relative cell size and relative
cell complexity, respectively. Five thousand (5,000) events of each sample were collected
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and FSC and SSC analyses were conducted by FACSCalibur (Becton-Dickinson, USA) with
Cell Quest Pro software ver. 5.2.1 (Becton-Dickinson). Two gates, debris and hemocytes,
were established based on the FSC and SSC, and then the percentage of dot plots in each

gate were analyzed by Cell Quest Pro software. The assay was performed three times.

Giemsa staining

Circulating hemocytes were collected using anti-coagulant buffer (KPBS containing 10
mM EDTA) and washed twice in washing buffer, then fixed with fixing buffer. Sessile
hemocytes were collected and fixed from three shrimps in the same way as described in
above section. Each fixed cell suspension was spread on glass slide using cell collection
bucket SC-2 (TOMY, Japan) at 10 xg for 2 min. Glass slides were dried, fixed again with
ice-cold methanol for 3min, dried again, stained for 20 min with 5% Giemsa stain solution
(Wako, Japan) in 0.067 M phosphate buffer (pH: 6.6), washed with tap water, dried, mounted
with Malinol (Muto Pure Chemicals, Japan) and visualized with NIS-Elements software

(Nikon, Japan). The assay was performed three times.

c¢DNA library construction and sequencing by Illumina Miseq

Circulating hemocytes, tissue of gills, heart, lymphoid organs, and sessile hemocytes of
those tissues were collected from three shrimps in the same way of above sections. Total
RNA was extracted using NucleoSpin® RNA XS (Takara Bio Inc., Japan) following the
manufacturer’s protocol. The concentration and purity of total RNA were using a Qubit®
RNA BR Assay Kit and NanoDrop Lite (both Thermo Fisher Scientific Inc., USA). cDNA
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libraries were prepared using TruSeq stranded mRNA sample preparation kit (Illumina Inc.,
USA) followed the manufacture’s protocol. The libraries were amplified with 15 cycles of
PCR and contained indexes within the adaptors. The yields in the amplified libraries were
measured with a Qubit® dsDNA HS Assay Kit (Thermo Fisher Scientific Inc.) and D1000
ScreenTape System (Agilent Technologies, USA). The libraries were diluted to 10 nM and
sequenced using MiSeq (Illumina Inc.) and MiSeq reagent kit version 2 (Illumina Inc., USA)

with 150 nt paired end reads.

De novo assembly, Trinity-assembled gene quantification, and quality check of samples
and biological replicates

The reads were assembled by Trinity software v2.5.1 (Grabherr et al., 2011) using default
parameters (minimum assembled transcripts length 200) to obtain Trinity-assembled genes,
running with Trimmomatic to perform quality trimming using default parameters. Each
sequenced library was mapped back to the reference Trinity-assembled genes using RSEM
(Li and Dewey, 2011) to quantify the transcripts per kilobase million (TPM) value. TPM
value were normalized by trimmed mean of M-values (TMM) as TMM-TPM value to
account for differences in library size (Robinson et al., 2010), then log2-transformed as Log
TMM-TPM value. Trinity-assembled gene quantification for each of the samples and
biological replicates was examined by correlation matrix and principal component analysis

(PCA) using a Perl-to-R script included in Trinity.
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Homology searching and identification of immune-related Trinity-genes

A search of the NCBI database for proteins using "Penaeidae" as the organism yielded
5,299 proteins as of Nov. 11, 2017. This database was then searched for homologs of each
of Trinity-genes using Blastx (Altschul et al, 1997). To comprehensively characterize
immune related genes, Trinity-genes which log TMM-TPM value was higher than 8.0 were
extracted. The log TMM-TPM value of housekeeping Trinity-genes were around 12.0, thus
log TMM-TPM value 8.0 indicates 1/16 expression against housekeeping genes. Among the
homologs found in the Penaeidae protein database, I searched for immune-related genes, in
particular genes involved with AMPs, clotting, proPO and lectin. Heat maps of these genes

were constructed with MeV (https://github.com/dfci-cccb/mev).
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5 4 fifi Results and discussion

Previous studies reported that hemocytes had a specific gravity in the range 1.05-1.10
g/mL (Dantas-Lima et al., 2013; Koiwali et al., 2017; Rodriguez et al., 1995), so I used 1.05
and 1.11 g/mL Percoll layers in the present study. As expected, hemocyte-bearing tissues
yielded a layer of cells between these layers. These cells were confirmed to be hemocytes
by Giemsa staining. (Fig. 1). Many of the hemocytes from each tissue contained granules in
their cytoplasm (Fig. 1). As shown by the flow cytometry analysis (Fig. 2), sessile hemocytes
were enriched many times by density gradient centrifugation: from 6.2 + 2.0% to 37.0 +
26.5% in the gills, from 2.9 + 0.2% to 22.0 + 16.2% in the heart and from 3.5 + 0.3% to 18.6
+ 9.5% in the lymphoid organs.

The Trinity software assembled the transcripts into 67,284 genes, referred to below as
Trinity-genes, with a median length of 367 bp and a weighted median N50 of 1,446 bp. Both
correlation matrix (Fig. 3) and PCA (Fig. 4) result indicated the replicates are highly
correlated within same tissue. This shows that the comparative analysis based on the results
obtained from RNA-seq analysis was appropriate.

Of the 67,284 Trinity-genes, 43,900 had hits in the Penaeidae protein database with E-
values less than 10 (The data is stored in the laboratory). After genes with relatively low
expression levels were removed, 874 genes were left (The data is stored in the laboratory).
Of these 106 Trinity-genes, which accounted for 12% of relatively high expression levels of
Trinity-genes, were immune-related genes contained 27 AMPs-related, 23 clotting-related,
28 proPO-related, and 28 lectin-related (Table 1).

AMPs-related Trinity-genes were mainly expressed in circulating hemocytes (Fig. 5A).
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Several of the genes, marked ch, were expressed only in circulating hemocytes, while genes
marked gt were expressed only in gill tissue. Crustin was the top Blastx hit of several of
these AMPs-related Trinity-genes (Table 1). Crustin is an AMP unique to the Crustacea
(Tassanakajon ef al., 2013) and is known to be expressed by hemocytes (Rattanachai et al.,
2004). Three crustin-related Trinity-genes were expressed in sessile hemocytes of gills,
marked gh. These results suggest that the gills have crustin-expressing cells, and that the
expression pattern of AMPS in sessile hemocytes of the gills is different the expression
pattern of crustin in circulating hemocytes.

Clotting- and proPO-related Trinity-genes were strongly expressed in circulating
hemocytes and sessile hemocytes of gills. On the other hand, these Trinity-genes were not
expressed in sessile hemocytes and tissues of heart and lymphoid organ (Fig. 5B, C). The
clotting system is considered the first line of defense of the invertebrate immune system
(Maningas et al., 2013). The ProPO system also serves an important role as a non-self-
recognition system that participates in the innate immune responses (Amparyup et al., 2013).
The circulating hemocytes and gills are primary cell or tissues that face to pathogens because
of more exposure chances to the external environment than the heart and lymphoid organs,
and have a high probability of contact with various bacteria. Because these hemocytes need
to be ready to react quickly to pathogens, the expression patterns of their clotting- and
proPO-related Trinity-genes would be expected to be different from those of the sessile
hemocytes of heart and lymphoid organs.

On the other hand, lectin-related Trinity-genes (Fig. SD) were expressed in the gills, heart
and lymphoid organs as well as circulating hemocytes. Lectins have roles in many processes,
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including protein trafficking, cell signaling, and pathogen recognition, through their capacity
to bind carbohydrates (Wang and Wang, 2013). Some lectins are expressed by circulating
hemocytes (Liu ef al., 2007; Wang and Wang, 2013), while others are expressed by specific
tissues (Alenton et al., 2017; Sun et al., 2008; Wang and Wang, 2013). Some lectin-related
Trinity-genes were expressed more strongly in the gills, heart and lymphoid organs than in
the sessile hemocytes of those tissues (Fig. 5D). In Chinese shrimp, a C-type lectin was
expressed in the central antrum of the hepatopancreatic duct but not by sessile hemocytes in
this tissue (Sun et al.,, 2008), as well as in M. japonicus, another C-type lectin was not
expressed by circulating hemocytes (Alenton et al., 2017), indicating that some lectins are
also expressed by cells other than hemocytes. Two Trinity-genes, DN29044 c3 g2 and
DN29665 c2 g2, were expressed more strongly by sessile hemocytes of the gills, heart and
lymphoid organs than their tissues, suggesting that these hemocytes differ from circulating
hemocytes.

The above results suggest that 1) circulating hemocytes and sessile hemocytes of the gills,
unlike sessile hemocytes of the heart and lymphoid organs, are in a state that could react
quickly to pathogens, 2) sessile hemocytes of the gills, heart and lymphoid organs differ
from circulating hemocytes, and 3) the gills, heart and lymphoid organs have cells that
express immune-related genes that are different from hemocytes.

Further studies are needed to understand how and where hemocytes are produced and how
they mature. One approach to answering these questions is to develop molecular markers in
crustaceans (Soderhill, 2013; Soderhéll, 2016). In the present study, I was able to separate
only a few sessile hemocytes from hematopoietic tissues because these tissues were very
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small. Thus, it was difficult to completely separate hemocytes from tissues or confirm that
they are hemocytes. In the future, when molecular markers of hemocytes such as antibodies
or aptamers become available, it will be possible to discriminate and separate hemocytes

from tissues and elucidate their function and production pathways.
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Table 1. 106 Trinity-genes, which were hit as immune-related genes contained 27 AMPs-related, 23 clotting-related, 28 proPO-related, and 28

lectin-related by blastx

Average log2-transformed TMM-TPM value of three samples

Result of blastx Gills Heart Lymphoid organs
Gene classification Trinity-gene Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score E;rmc:gttiel;g :Srsliol:ytes Tissue :Srsliol:ytes Tissue :Srsliol:ytes Tissue
AMPs DN17517_c0_gl ABM63362.1 crustin [Litopenaeus schmitti] 36.36 2.60 25.40 9.90 9.71 9.89 9.90 10.24 9.94 10.64
AMPs DN22532 c0_gl AME17866.1 Crul-1 [Marsupenaeus japonicus] 41.12 0.00 80.50 8.13 6.29 4.15 3.18 343 1.07 -0.02
AMPs DN23014 ¢c0 gl ?@iggg&;us j;’;(l"sw sz]l\’lp"egulated protein like protein, partial 54 5, 2.60 25.00 - 6.30 8.02 - - - -
AMPs DN23122 c0_g2 ACP40176.1 crustin Pm5 [Penaeus monodon] 54.55 0.04 30.00 9.00 6.99 5.01 5.59 4.46 3.85 3.34
AMPs DN24438 c0_g2 ARB15844.1 crustin A [Litopenaeus vannamei] 86.76 0.00 119.00 - 7.09 8.89 -0.99 -0.86 -
AMPs DN24879 ¢c0 gl ﬁﬁfigg]g‘l AMP-activated protein kinase subunit alpha [Litopenacus 3 4o 0.00 87.80 8.29 8.86 6.46 8.08 7.03 7.50 7.06
AMPs DN25545_¢c0_g2 AB093323.1 crustin [Farfantepenaeus subtilis] 44.44 0.00 35.40 - 8.10 9.27 -1.07 2.83 - -
AMPs DN26007 ¢l g2 ?@iggg&;us j;’;(l"sw sz]l\’lp"egulated protein like protein, - partial o 5o 0.00 303.00 9.19 7.56 5.03 6.38 5.94 5.79 6.31
AMPs DN26212_c0_gl ANA91277.1 crustinl-5 [Marsupenaeus japonicus] 34.41 0.00 37.70 -0.36 8.92 - - - - 0.53
AMPs DN26479 ¢c0 gl ﬁfﬁiﬁ?g‘l double WAP domain-containing protein [Marsupenacus 4 o, 0.00 186.00 11.74 9.90 7.58 7.20 6.11 6.32 6.72
AMPs DN26641_c0_g3 AAQ62565.1 antimicrobial peptide penaeidin 2 [Litopenaeus stylirostris] 37.50 0.23 28.10 8.85 7.20 4.59 6.57 5.09 4.97 4.56
AMPs DN26691_c0_g2 ANA91277.1 crustinl-5 [Marsupenaeus japonicus] 34.15 0.30 25.80 - 9.72 2.08 3.13 - - -
AMPs DN27042_c3_gl AMH87234.1 penaeidin-II [Marsupenaeus japonicus) 100.00 0.00 116.00 14.90 12.18 10.33 10.05 9.33 8.96 9.00
AMPs DN27203_c0_gl ASR74830.1 antilipopolysaccharide factor E1 [Marsupenaeus japonicus) 84.78 0.00 82.80 2.82 3.68 2.72 297 2.73 6.55 8.02
AMPs DN27203_c0_g3 ANA91279.1 ALF-C1 [Marsupenaeus japonicus] 100.00 0.00 207.00 9.87 8.58 6.26 8.39 6.72 8.74 10.04
AMPs DN27378_¢2_g3 ASR74831.1 antilipopolysaccharide factor E2 [Marsupenaeus japonicus) 38.64 0.45 27.30 9.10 9.06 6.54 9.18 8.09 7.44 8.29
AMPs DN27452_¢c0_gl AOF79108.1 anti lipopolysaccharide factor [Marsupenaeus japonicus] 100.00 0.00 174.00 8.96 8.89 9.53 8.39 8.46 9.09 10.03
AMPs DN27716_¢2 gl ?ﬁiﬁﬂ ?4‘1 double WAP domain-containing protein [Fenneropenacus 39 0.24 30.40 9.44 8.08 8.08 7.93 7.97 7.70 8.66
AMPs DN27929_¢c0_gl AB(C33920.1 penaeidin 3-2 [Fenneropenaeus chinensis] 41.38 4.40 23.50 9.00 8.74 6.23 8.56 6.64 8.40 7.51
AMPs DN28400 c0_g3 ﬁfﬁiﬁ?g‘l double WAP domain-containing protein [Marsupenacus ¢, g 0.00 55.10 571 10.55 6.08 2.36 0.47 1.76
AMPs DN29063_c0_gl BAD15063.1 crustin-like peptide type 2 [Marsupenaeus japonicus] 100.00 0.00 197.00 11.84 9.48 7.08 6.89 6.29 6.04 5.67
AMPs DN29121_¢9 gl ACY64754.1 double WAP domain-containing protein [Fenneropenaeus 35.14 1.10 26.90 R 752 3.80 R R R B

chinensis]
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Table 1. Continued

Average log2-transformed TMM-TPM value of three samples

Result of blastx Gills Heart Lymphoid organs
Gene classification Trinity-gene Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score E;;f:gttiel;g :Srsliol:ytes Tissue :Srsliol:ytes Tissue :Srsliol:ytes Tissue
AMPs DN29547_¢c0_gl AAP33450.1 penaeidin 3-1 [Fenneropenaeus chinensis] 41.67 0.35 28.50 6.52 7.81 6.92 8.59 8.37 9.77 9.82
AMPs DN30530 ¢3 gl iﬁfiﬂg‘f‘l AMP-activated protein Kinase subunit gamma [Litopenacus  g¢ 4, 0.00 1004.00 5.24 7.54 8.47 6.37 6.65 6.32 6.48
AMPs DN30744_c0_gl BAC57467.1 c-type lysozyme [Marsupenaeus japonicus] 100.00 0.00 270.00 7.46 9.77 7.77 11.45 9.91 9.54 9.49
AMPs DN31585_c0_gl iﬁfiﬂg‘f‘l AMP-activated protein kinase subunit gamma [Litopenaeus ., 7, 3.30 28.90 8.1 6.13 321 3.55 2.66 428 479
AMPs DN31816_c2_gl ANA91278.1 ALF-A1 [Marsupenaeus japonicus] 100.00 0.00 130.00 5.68 8.38 9.51 8.47 8.33 9.27 10.35
Clotting DN24230_c0_gl ABK59925.1 clottable protein [Marsupenaeus japonicus] 21.16 1.00 29.30 1.72 8.38 7.78 - - - -
Clotting DN25562_c0_gl BAD36808.1 transglutaminase, partial [Marsupenaeus japonicus] 34.38 9.30 23.10 0.69 8.12 9.27 - 2.56 - -
Clotting DN25724 ¢4 gl BAC99073.1 alpha2-macroglobulin homolog [Marsupenaeus japonicus] 99.57 0.00 425.00 11.26 9.96 6.29 7.18 527 6.41 4.84
Clotting DN25724 c4 g2 BAC99073.1 alpha2-macroglobulin homolog [Marsupenaeus japonicus] 89.33 0.00 137.00 10.45 891 4.87 6.43 3.62 5.59 3.67
Clotting DN27055_¢c2_gl BAD36808.1 transglutaminase, partial [Marsupenaeus japonicus] 100.00 0.00 257.00 10.11 8.00 4.79 5.10 4.92 4.64 4.43
Clotting DN27220_c7_gl BAD36808.1 transglutaminase, partial [Marsupenaeus japonicus] 43.24 0.64 29.30 - 6.80 8.09 0.92 4.87 5.94 5.43
Clotting DN27342_c5_gl ACU31810.1 alpha2 macroglobulin isoform 2 [Fenneropenaeus chinensis] ~ 37.84 0.10 32.30 8.98 7.07 577 6.51 5.64 6.15 6.31
Clotting DN28152_¢c0_gl ABW?77320.1 clottable protein 2 [Penaeus monodon] 44.44 0.41 29.30 3.72 4.35 591 7.24 8.97 2.97 4.32
Clotting DN29107_c1_gl ABD92928.1 hemocyte transglutaminase [Marsupenaeus japonicus] 99.44 0.00 1463.00 10.51 8.76 5.53 5.54 5.70 6.56 6.45
Clotting DN29341_c0_gl ADT91769.1 alpha 2-macroglobulin [Fenneropenaeus indicus] 35.56 4.20 22.70 - - 3.09 8.58 9.51 - 322
Clotting DN29516_c4 gl ;’;L?gh{sgé‘;l%g;rsifNMo RecName: - Full=Hemolymph clottable 35 4o 4.60 25.80 8.46 7.94 8.53 7.74 8.40 8.23 8.85
Clotting DN30674_c0_g2 ABN13875.1 hemocyte transglutaminase [Litopenaeus vannamei] 50.12 0.00 408.00 0.09 6.52 7.44 6.25 6.83 8.65 8.74
Clotting DN30674_c0_g3 ﬁgﬁ:]zéo‘l hemocyte — transglutaminase, - partial - [Fenneropenacus 33 0.00 58.90 . 636 7.47 6.71 6.65 8.53 8.47
Clotting DN30805_c4_gl ABC86572.1 alpha 2 macroglobulin, partial [Penacus monodon] 28.57 2.40 27.30 2.11 4.30 5.19 6.81 8.02 4.86 5.15
Clotting DN31349_cl_gl ACU31810.1 alpha2 macroglobulin isoform 2 [Fenneropenaeus chinensis] ~ 91.26 0.00 1420.00 -0.17 4.71 5.51 8.36 8.69 7.05 6.78
Clotting DN31388_c0_gl ABK59925.1 clottable protein [Marsupenaeus japonicus] 99.46 0.00 3321.00 1.01 8.77 9.18 9.03 9.18 7.89 8.37
Clotting DN31512_¢7_gl BAC99073.1 alpha2-macroglobulin homolog [Marsupenaeus japonicus] 98.39 0.00 868.00 12.01 10.52 7.02 7.44 5.90 6.77 5.66
Clotting DN31512_¢7_g2 BAC99073.1 alpha2-macroglobulin homolog [Marsupenaeus japonicus] 99.48 0.00 751.00 12.12 10.50 7.09 7.75 6.04 6.97 5.76
Clotting DN31515_¢c0_g3 ABI95361.1 hemolymph clottable protein [Litopenacus vannamei] 26.00 6.80 24.60 - 5.63 5.52 3.24 431 9.39 8.66
Clotting DN31633_¢3_g2 BAC99073.1 alpha2-macroglobulin homolog [Marsupenaeus japonicus] 98.70 0.00 848.00 11.62 10.43 6.91 7.84 6.05 6.99 5.61
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Table 5. Continued

Average log2-transformed TMM-TPM value of three samples

Result of blastx Gills Heart Lymphoid organs
Gene classification Trinity-gene Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score E;;f:gttiel;g :Srsliol:ytes Tissue :Srsliol:ytes Tissue :Srsliol:ytes Tissue
Clotting DN31966_c1_gl BAD36808.1 transglutaminase, partial [Marsupenaeus japonicus] 99.64 0.00 516.00 12.28 10.17 7.48 7.69 6.79 7.26 6.65
Clotting DN31966_c2_gl BAD36808.1 transglutaminase, partial [Marsupenaeus japonicus] 97.43 0.00 556.00 12.51 10.55 7.35 7.94 6.96 7.44 6.90
Clotting DN32074_c1_gl ACU31810.1 alpha2 macroglobulin isoform 2 [Fenneropenaeus chinensis] ~ 35.97 0.00 847.00 -4.64 8.20 7.49 -2.35 -3.84 -2.68 -
proPO DN23662_c0_gl AGI42860.1 prophenoloxidase 3 [Fenneropenaeus chinensis] 45.16 0.24 28.50 7.12 6.86 7.51 8.34 9.89 6.46 7.38
proPO DN25445 _¢c0_gl AAM?77689.1 prophenoloxidase [Penaeus monodon] 48.15 0.90 28.50 -1.00 10.02 10.53 -0.14 2.56 - -0.71
proPO DN25529 _¢c0_g2 ACL00586.1 prophenoloxidase 2 [Penaeus monodon] 26.67 0.97 29.30 6.16 6.02 5.96 8.02 8.64 5.63 6.00
proPO DN25967_c0_g2 AAD45201.1 prophenoloxidase [Penaeus monodon] 37.50 6.40 24.30 - 8.07 8.52 - - - -
proPO DN26279_c3_g7 BAO96441.1 prophenoloxidase beta [Penaeus monodon] 37.21 0.23 26.60 - 7.84 9.75 - - 2.30 229
proPO DN27763_c6_gl AFW98993.1 prophenoloxidase activating factor [Litopenaeus vannamei] — 43.52 0.00 287.00 8.33 7.34 6.49 5.16 4.62 3.63 1.80
proPO DN27767_c0_gl AIU96362.1 peroxinectin [Fenneropenaeus merguiensis] 37.82 0.00 385.00 -1.65 7.56 8.12 -2.58 - -2.76 -1.12
proPO DN27947 c4 g3 AAD45201.1 prophenoloxidase [Penaeus monodon] 50.00 7.30 27.30 1.13 4.37 2.59 10.40 12.62 1.46 2.88
proPO DN28097_c2_gl AGN53342.1 peroxinectin [Fenneropenaeus indicus] 25.84 1.50 28.90 0.36 7.46 9.09 -1.93 - -0.58 -0.61
proPO DN28234 _¢c2 gl ADR74382.1 prophenoloxidase-activating enzyme 2a [Penacus monodon]  34.09 0.06 32.30 -2.23 8.52 6.06 -0.21 -1.39 - -0.75
proPO DN28260_c0_g3 ACP19559.1 prophenoloxidase-activating enzyme 2 [Penaeus monodon] 34.16 0.00 140.00 - 8.08 7.66 -0.82 - -0.27 -0.96
proPO DN28681_c5_gl AIU96362.1 peroxinectin [Fenneropenaeus merguiensis] 35.71 7.10 27.70 9.57 8.31 5.59 7.57 5.94 7.92 8.15
proPO DN28723 ¢0_gl ABEO03741.1 prophenoloxidase activating factor [Penaeus monodon] 89.72 0.00 679.00 10.11 9.62 9.36 7.06 5.26 9.21 9.00
proPO DN28723_c0_g2 iﬁ:ﬁﬁfz prophenoloxidase activating factor, partial [Litopenacus 5, 1 0.00 71.20 9.57 8.89 8.66 6.16 525 8.73 8.62
proPO DN29260_c0_g2 AAL05973.1 peroxinectin [Penaeus monodon] 36.70 0.00 374.00 -1.19 7.14 9.08 3.95 1.42 -0.99 -2.52
proPO DN29474 c4 g3 @i\l’l‘ﬁzﬁz‘] prophenoloxidase activating  enzyme 2 [Litopenacus g 39 5.90 26.20 7.05 7.24 6.62 7.81 6.55 8.43 9.12
proPO DN30206_c1_g3 ADR74381.1 prophenoloxidase-activating enzyme 1a [Penacus monodon]  35.93 0.00 128.00 0.71 10.54 9.99 - 1.62 0.06 -0.74
proPO DN30298 ¢2 gl fﬁ:ﬁ:ﬁ 1.1 prophenoloxidase activating  enzyme  [Litopenacus  gg o, 0.00 682.00 8.94 8.77 9.37 5.12 4.03 4.46 4.62
proPO DN30664_c0_gl BAQO96441.1 prophenoloxidase beta [Penaeus monodon] 50.00 4.90 23.50 6.92 10.30 4.99 7.12 4.81 6.08 4.22
proPO DN30664_c0_g4 BAQO96441.1 prophenoloxidase beta [Penaeus monodon] 45.83 0.98 24.60 8.89 11.66 7.29 9.14 5.81 7.60 6.75
proPO DN31165_c0_g3 ACP19558.1 prophenoloxidase-activating enzyme [Penaeus monodon] 45.45 0.01 32.70 - 8.23 8.38 - - - -
proPO DN31165_c0_g4 AFWO8991.1  prophenoloxidase activating  enzyme  [Litopenacus 45 o3 0.00 186.00 243 8.59 8.84 1.23 - -0.55 0.69

vannamei]
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Table 5. Continued

Average log2-transformed TMM-TPM value of three samples

Result of blastx Gills Heart Lymphoid organs
Gene classification Trinity-gene Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score E;;f:gttiel;g :Srsliol:ytes Tissue :Srsliol:ytes Tissue :Srsliol:ytes Tissue
proPO DN31298 cl1_g2 BAB70485.1 prophenoloxidase [Marsupenaeus japonicus] 100.00 0.00 665.00 11.80 9.65 6.57 7.07 6.10 6.33 5.92
proPO DN31298 c1_g3 BABg3773.1 prophenoloxidase [Marsupenacus japonicus] 100.00 0.00 147.00 11.37 9.26 6.23 6.93 5.56 6.47 539
proPO DN31441_c0_g3 ABY81277.1 prophenoloxidase-2 [Litopenacus vannamei] 87.70 0.00 798.00 11.93 9.98 7.49 7.33 6.31 6.66 6.22
proPO DN31474_¢c0_g2 ACM61983.1 prophenoloxidase [Fenneropenaeus chinensis] 39.39 8.70 26.20 11.31 9.35 7.37 9.87 9.70 8.25 8.08
proPO DN31522 ¢0_gl AAM?77689.1 prophenoloxidase [Penaeus monodon] 48.39 2.80 27.30 8.60 6.69 4.57 437 3.37 327 2.37
proPO DN32004_c1_gl ACP19558.1 prophenoloxidase-activating enzyme [Penaeus monodon] 41.98 0.00 179.00 6.85 8.37 7.31 5.19 3.26 597 5.47
Lectin DN22119 c0_gl AHAB83582.1 C-type lectin [Marsupenaeus japonicus] 58.21 0.00 155.00 -1.80 7.41 8.23 - - - -0.60
Lectin DN23268_c0_gl ADWO08727.1 C-type lectin-2 [Litopenaeus vannamei] 30.30 1.20 26.90 - 5.20 8.30 - - - -
Lectin DN24312_c0_gl AHAB85979.1 C-type lectin 4 [Marsupenaeus japonicus] 99.60 0.00 467.00 - 8.50 9.78 -0.08 0.15 -0.51 -0.77
Lectin DN24403_c0_gl AAZ29608.1 C-type lectin [Penaeus monodon] 33.68 0.00 87.80 -2.02 6.69 7.79 6.62 8.69 3.50 3.02
Lectin DN25052_c0_gl AAX63905.1 C-type lectin protein [Fenneropenaeus chinensis] 31.94 0.29 32.00 5.42 6.22 6.39 6.45 6.33 8.73 8.51
Lectin DN25466_c0_gl AFJ59946.1 C-type lectin 2 [Marsupenacus japonicus] 38.89 0.00 43.10 - 0.33 0.95 7.73 8.79 2.79 3.95
Lectin DN26812_c0_gl ABAS54612.1 C-type lectin 1 [Fenneropenaeus chinensis] 45.83 0.92 25.80 - 11.40 6.10 - 2.01 - 1.10
Lectin DN27060_c0_gl ANE31673.1 C-type lectin [Fenneropenaeus merguiensis] 36.72 0.00 92.00 0.21 522 6.34 11.72 12.79 1.15 1.40
Lectin DN28092_c0_gl AGS42195.1 C-type lectin 4 [Fenneropenaeus merguiensis) 29.38 0.00 75.90 -1.07 1.73 2.59 9.35 9.68 6.13 5.90
Lectin DN28164_c0_gl ANE31673.1 C-type lectin [Fenneropenaeus merguiensis] 77.22 0.00 379.00 10.19 9.00 6.07 11.06 11.50 5.93 4.76
Lectin DN28477_c0_gl AHAB83583.1 C-type lectin 2 [Marsupenaeus japonicus] 98.98 0.00 612.00 4.03 4.57 4.23 7.96 8.53 6.79 6.47
Lectin DN28516_c2_gl AAZ29608.1 C-type lectin [Penaeus monodon] 40.54 0.00 114.00 -1.86 9.78 11.08 6.90 8.15 7.34 7.77
Lectin DN28517_c0_gl AFJ59947.1 C-type lectin 3, partial [Marsupenaeus japonicus] 99.72 0.00 752.00 - 3.84 4.59 6.37 6.86 8.92 9.43
Lectin DN29044_c3_gl AFJ59946.1 C-type lectin 2 [Marsupenacus japonicus] 100.00 0.00 146.00 6.26 7.16 6.01 9.38 9.39 9.71 10.09
Lectin DN29044 _c3_g2 AFJ59946.1 C-type lectin 2 [Marsupenacus japonicus] 100.00 0.00 134.00 6.93 8.40 6.32 9.73 8.50 10.56 11.09
Lectin DN29306_c1_gl BAW18769.1 gill C-type lectin [Marsupenaeus japonicus] 39.82 0.00 253.00 4.60 4.83 3.17 10.53 10.95 8.62 9.14
Lectin DN29551_c0_g3 AFJ59946.1 C-type lectin 2 [Marsupenacus japonicus] 31.71 0.01 34.30 9.18 7.65 5.12 5.52 5.13 5.39 4.61
Lectin DN29665_c2_g2 ACJ06431.1 C-type lectin 3 [Fenneropenaeus chinensis] 27.72 0.00 48.10 6.64 8.52 6.16 9.81 8.31 10.82 11.65
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Table 5. Continued

Average log2-transformed TMM-TPM value of three samples

Result of blastx Gills Heart Lymphoid organs
Gene classification Trinity-gene Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Ez:::g?;g :Srsliol:ytes Tissue :Srsliol:ytes Tissue :Srsliol:ytes Tissue
Lectin DN29761_c5_gl AFJ59946.1 C-type lectin 2 [Marsupenacus japonicus] 39.13 7.00 23.50 9.72 8.27 4.90 7.63 5.83 5.80 535
Lectin DN30279 _c0_g2 ASA69502.1 penlectin 5-2 [Penaeus monodon] 41.28 0.00 158.00 -2.88 7.99 9.02 0.03 0.45 - 241
Lectin DN30405_c0_g3 ANE31673.1 C-type lectin [Fenneropenaeus merguiensis] 36.15 0.00 79.30 0.36 0.61 0.22 6.25 7.29 7.83 8.04
Lectin DN30675_¢c3_g2 ABV58637.1 C-type lectin-like protein, partial [Metapenaeus ensis] 26.42 6.00 23.90 -0.26 7.97 8.97 - 0.47 0.18 0.04
Lectin DN31020_c0_gl ﬁiﬂf}z‘i’]&l C type lectin containing domain protein [Litopenacus 4, 5, 0.00 256.00 8.81 7.95 5.04 7.53 778 5.68 5.63
Lectin DN31125_c0_gl AAZ29608.1 C-type lectin [Penaeus monodon] 28.07 1.30 29.30 4.34 4.93 542 8.48 8.69 4.95 4.67
Lectin DN31425_¢c0_g2 ACJ06428.1 C-type lectin 2 [Fenneropenaeus chinensis] 26.92 3.70 24.30 -2.92 3.81 2.16 9.22 0.18 2.41 -
Lectin DN31539_¢c0_gl BAW18769.1 gill C-type lectin [Marsupenaeus japonicus] 99.21 0.00 266.00 0.68 11.76 12.84 3.10 3.40 0.71 1.31
Lectin DN31539_¢c0_g3 BAW18769.1 gill C-type lectin [Marsupenaeus japonicus] 90.77 0.00 214.00 -0.08 11.47 12.80 - 1.74 0.23 2.78
Lectin DN31957 c0_gl AEH05998.1 C type lectin containing domain protein [Litopenacus 3 ;9 6.00 27.70 251 8.13 8.78 7.15 722 5.55 577

vannamei]
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Figure 1. Giemsa staining of circulating and sessile hemocytes of M. japonicus. Circulating
hemocytes (A), sessile hemocytes of gills (B), heart (C) and lymphoid organs (D) were
stained by Giemsa solution. Black arrows indicate hemocytes composed granules in its

cytoplasm. Bars indicate 10 um scale.
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Figure 2. Dot plots analyses of non-concentrated and concentrated sessile hemocytes of
gills, heart and lymphoid organs. The target tissue was gills (A, D), heart (B, E) and
lymphoid organs (C, F), non-concentrated samples (A, B, C) and concentrated samples (D,

E, F). X-axis indicates FSC, Y-axis indicates SSC, respectively.
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Figure 5. Hierarchical clustering analysis of immune-related Trinity-genes in circulating
hemocytes, sessile hemocytes of gills, heart, lymphoid organs and each tissue. AMP-
related (A), clotting-related (B), proPO-related (C) and lectin-related (D) Trinity-genes.
Each column is the average log2-transformed TMM-TPM (Log TMM-TPM) value of three
samples in each experimental group. Relatively highly expressed genes are shown in red,
relatively lowly are in green, no-expression are in gray. The symbols indicate Trinity-
genes were mainly expressed in ch; circulating hemocytes, gt; tissue of gills, gh; sessile
hemocytes of gills, respectively.
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#53% RNA-seq identifies integrin alpha of kuruma shrimp
Marspenaeus japonicus as a candidate molecular

marker for phagocytic hemocytes

Contents of this chapter were published as https://doi.org/10.1016/j.dci.2017.12.014 under

Elsevier.

%5 1fii Abstract

Phagocytosis is main cellular immunity, however, it is still unknown or debated upon
which types of hemocyte contributes phagocytosis in penaeid shrimps. The hemocyte
characterization in kuruma shrimp have been mainly performed based on its morphology by
microscopic observation. Therefore, establishment of molecular markers to distinguish
phagocytic hemocytes is required. In this study, using magnetic fluorescent beads, I enriched
phagocytic hemocytes and conducted RNA-seq analysis between total and enriched
phagocytic hemocytes. The data demonstrated functional difference between total and
phagocytic hemocytes. In addition, a transcript homologous to integrin-alpha was highly
expressed in phagocytic hemocytes, and named Mj-Intga. Using anti-serum against Mj-
Intga revealed that around 60% of total hemocytes and more than 90% of phagocytic
hemocytes showed positive for Mj-Intga. This study presents Mj-Intga as a candidate

molecular marker for future functional characterization of hemocytes.
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55 2fili Introduction

Among crustaceans, shrimp included, circulating hemocytes contribute to both cellular
and humoral immune responses, such as phagocytosis, encapsulation, nodule formation,
blood coagulation, prophenoloxidase-activating system (proPO) in the melanization cascade,
production of antimicrobial peptides (AMPs), opsonins, etc., (for reviews see
Jiravanichpaisal et al., 2006; Soderhéll, 2016; Tassanakajon et al., 2013). These circulating
hemocytes have been characterized into three types; the hyaline cells (HCs), the
semigranular cells (SGCs) and the granular cells (GCs) based on their morphology
(Johansson et al., 2000; Soderhéll and Smith, 1983). To study different types of hemocytes,
separation techniques of hemocyte have been reported in penaeid shrimp such as Percoll
(Bachere et al., 1995; Koiwai et al., 2017; Vargas-Albores et al., 2005) or iodixanol (Dantas-
Lima et al., 2013) density gradient centrifugation, cell-sorting by flow cytometry (FCM)
(Sun et al., 2010; Yang et al., 2015; Yip and Wang, 2002).

To classify or isolate identical cells, cell surface molecules known as cluster of
differentiation (CD) markers are often used especially for mammalian leukocytes (Bock et
al., 2012; Laudanski et al., 2006). According to this, monoclonal antibodies (mAbs) have
been developed to classify hemocytes types in penaeid shrimp (Rodriguez et al., 1995; Sung
and Sun, 2002; Van de Braak et al., 2000; Winotaphan et al., 2005, Xing et al., 2017). Using
these mAbs, hemocytes were divided into two types, mAbs positive and negative, to
characterize different hemocyte sub-populations. Whereas, these mAbs couldn’t
characterize any distinct function of hemocytes.

Each type of hemocyte are believed to have a distinct immune function (Johansson et al.,
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2000). Among these immune functions, phagocytosis, the digestion of foreign particles
including microorganisms, is a conserved cellular immune response in eukaryotes.
Phagocytosis is well studied in mammalian phagocytes include many types of white blood
cells such as neutrophils, monocytes, macrophages, mast cells, and dendritic cells (for a
review see Aderem and Underhill, 1999). However, in crustaceans, it is still unclear or
debated upon on whether which types of hemocyte mediate phagocytosis. Moreover,
references from various data from different spices shows conflicting results (for reviews see
Jiravanichpaisal et al., 2006; Soderhéll, 2016). Since, there is no molecular markers or a
technique precise enough to characterize hemocyte types, thus, the identification of the
molecular marker for phagocytic hemocytes will be instrumental.

For studying phagocytosis in penaeid shrimp, some of studies used fluorescence micro
beads and FCM (Oliver et al., 2011), such as the injection of magnetic micro beads in vivo,
resulting to the enrichment of phagocytic immune cells facilitating the proteomic analyses
conducted in mosquito Anopheles gambiae (Simth et al., 2016).

In this study, I enriched phagocytic hemocytes using fluorescent magnetic beads and
conducted transcriptome analysis via RNA-seq analysis. Differences in gene expression
between total hemocytes and enriched phagocytic hemocytes were analyzed on the
transcriptome profiles to predict possible functions of each hemocytes as well as to identify
candidate marker molecules for phagocytic hemocytes. From analysis, one transcript,
DNS8588 c0 gl named as Mj-Intga, was identified as candidate marker of phagocytic
hemocytes. Finally, I evaluated the potential of Mj-Intga as a marker of phagocytic
hemocytes through immuno-staining using anti-Mj-Intga rabbit serum.
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55 3fili Material and methods
Shrimp samples
Kuruma shrimp (Marsupenaeus japonicus) were obtained from farms in Okinawa and
Miyazaki prefecture, Japan. Shrimps were kept in tanks provided with water recirculating
system maintained at 25 °C and 30-35 ppt. Shrimps were acclimatized for at least 3 days

before the experiment. Apparently healthy shrimp were used in this study.

Enrichment of phagocytic hemocytes by in vivo injection of fluorescent magnetic beads

Shrimps (average 25 g) were injected with 100 pL of 10% suspension of fluorescent
magnetic beads (FMB) (Fluorescent YG Superparamagnetic Microparticles: Polysciences,
Inc., USA) in kuruma shrimp PBS (KPBS) (480 mM NaCl, 2.7 mM KCI, 8.1 mM
NaxHPO4-12H,0, 1.47 mM KH>POs, pH: 7.4). Three (3) hours post injection, 1 mL of
hemolymph was collected from each shrimp using a 23-gauge needle and syringe containing
1 mL of 10 mM EDTA diluted in KPBS (E-KPBS) as anti-coagulant, then diluted the cell
concentration to 1 x 107 cells/mL by E-KPBS. To enrich the hemocytes engulfed FMB
(FMB+ hemocytes), 1 mL of diluted hemocytes was placed on DynaMagTM-2 Magnetic
Particle Concentrator (Thermo Fisher Scientific Inc., USA) and incubated 2 min, then
discard the supernatant. To wash enriched FMB+ hemocytes, samples were re-suspended in
1 mL of 0.5% albumin from bovine serum (BSA) (Sigma-Aldrich Co., USA) and 10 mM
EDTA containing KPBS (B-E-KPBS), and repeated this washing proses twice. After
washing three times, hemocytes were then collected as enriched FMB+ hemocytes (EF-
Hem) for further studies. Before enrichment, a part of cells (3 x 10° cells) were also collected

71



as total hemocytes (T-Hem). This enrichment was conducted totally ten times, three times
for verification of the enrichment process, four times for total RNA collection and three
times for immunostaining from ten shrimps individually.

The ratio of FMB+ hemocytes was determined by flow cytometry analysis and
fluorescence microscopy (Nikon, Japan) to verify the enrichment process. Both T- and EF-
Hem were analyzed for at least 2,500 events by FACSCalibur (Becton-Dickinson, USA)
using an FL-1 filter with Cell Quest Pro software ver. 5.2.1 (Becton-Dickinson). The
fluorescence of FMB was detected with an FL-1 filter. Then the ratio of FMB+ hemocytes
was calculated by Cell Quest Pro software ver. 5.2.1. The cells were examined by bright-
field or fluorescent field using upright microscope ELIPSE Ci (Nikon Co., Japan), and the
images were analyzed by NIS-Elements (Nikon Co.) and ImageJ ver. 2.0.0. (Schneider et al.,

2012). The assay was performed three times from three individual shrimps.

c¢DNA Library construction and sequencing by Illumina Miseq

T- and EF-Hem from a shrimp were collected as described in above section. Total RNA
was extracted using a RNeasy Mini kit (QIAGEN, Germany) following the manufacturer’s
protocol. The concentration and purity of total RNA were measured using a Qubit® RNA
BR Assay Kit (Thermo Fisher Scientific Inc.) and NanoDrop Lite (Thermo Fisher Scientific
Inc.). RNA-seq libraries were prepared with 250 ng of total RNA using TruSeq stranded
mRNA sample preparation kit (Illumina Inc., USA) followed manufacture’s protocol. The
libraries were amplified with 15 cycles of PCR and contained indexes within the adaptors.
Finally, amplified library yields were measured using a Qubit® dsDNA HS Assay Kit
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(Thermo Fisher Scientific Inc.) and D1000 ScreenTape System (Agilent Technologies, USA),
had 43.4 ng/uL for T-Hem and 32.2 ng/uL for EF-Hem with an average length of 305 bp for
T-Hem and 313 bp for EF-Hem, indicating a concentration of 225.4 nM for T-Hem and 164.2
nM for EF-Hem. The libraries were diluted to 10 nM and sequenced using MiSeq (Illumina

Inc.) and MiSeq reagent kit version 2 (Illumina Inc.) with 150 paired end reads.

De novo assembly and identification of differentially expressed transcripts

The reads were assembled by Trinity v2.1.1 (Grabherr et al, 2011) using default
parameters (minimum assembled transcripts length 200) to obtain Trinity-assembled
transcripts. The sequenced libraries were mapped back to the reference Trinity-assembled
transcripts using RSEM (Li and Dewey, 2011) to quantify the read counts. Read counts were
TMM-normalized (trimmed mean of M-values) to account for differences in library size
(Robinson and Oshlack, 2010) and then TPM-normalized (transcripts per kilobase million)
to account for differences in transcript length. The differentially expressed transcripts
between T- and EF-Hem library were identified using EdgeR (Robinson et al., 2010). Default
parameters were used, including a p-value cutoff for false discovery rate (FDR) of 0.01 and
a minimum 2-fold change in expression. Blastx program (Altschul et al., 1997) was then
used for homologous gene searching in Penaeidae’s 4,438 proteins (downloaded at Feb. 8§,
2017) in NCBI database (http://www.ncbi.nlm.nih.gov) and DDBIJ

(http://www.ddbj.nig.ac.jp/index-j.html).
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Validation of RNA-seq results by quantitative RT-PCR (qRT-PCR)

Total RNA of T- and EF-Hem were extracted from three shrimps as described in above
section. cDNAs were synthesized from 100 ng of RNA of each sample using a High capacity
cDNA reverse transcription kit (Thermo Fisher Scientific Inc.). After synthesis, cDNA
samples were diluted 5 times by distilled water and 2 pl of samples were used for gqRT-PCR.
The set of primers were designed from three transcripts (DN8588 c0 g1, DN9598 c0 gl
and DN10184 c0 g1) and elongation factor 1a (EF-1a: as an internal control) for gqRT-PCR
(Table 1). Quantitative reverse transcription PCR (qRT-PCR) was conducted using
THUNDERBIRD SYBR gPCR Mix (TOYOBO Co. Ltd., Japan) and condition was 95 °C
for 1 min, 40 cycles of 95 °C for 15 secs and 60 °C for 1 min followed by dissociation
analysis step. mRNA accumulation of each gene was calculated as ACT by comparing with
CT value of EF-1a (as a reference gene). The statistical significance between T- and EF-

Hem was analyzed using t-test.

Molecular cloning, structural analysis and tissue distribution analysis of Mj-Intga
The open reading frame containing region of DN8588 c0 gl (named as Mj-Intga) was
cloned with the primer sets (Table 1) designed based on Trinity-assembled transcripts data
from above section After sequencing by ABI Genetic Analyzer 3130 (Applied Biosystems
Inc., USA), the signal peptide was predicted wusing SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/), the protein conserved domain was predicted by
Simple Modular Architecture Research Tool (http://smart.embl-heidelberg.de/), the
transmembrane  helices were predicted by TMHMM  Server v. 2.0.
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(http://www.cbs.dtu.dk/servicess TMHMMY/) and the molecular weight was predicted by
ProtParam tool (http://web.expasy.org/protparam/).

The mRNA expression levels of the Mj-Intga gene was determined by RT-PCR and qRT-
PCR. cDNA samples of 9 tissues gills (G), heart (He), hemocytes (H), hepatopancreas (Hp),
intestine (I), lymphoid organ (Lo), muscle (M), nerve (N) and stomach (S) were prepared
using the same protocol as above section. RT-PCR was conducted using 2 uLL of cDNA from
various tissues using Mj-Intga and EF-1a (as an internal control) detection primers (Table
1). The amplification process was conducted under the following PCR conditions: pre-
denatured at 95 °C for 5 min, then amplified for 28 cycles at 95 °C for 30 secs, 55 °C for 30
secs, 72 °C for 30 secs and a final extension at 72 °C for 5 min. RT-PCR products were
viewed by electrophoresis on 1.0% agarose gel. qRT-PCR was also conducted using 1 pLL of
cDNA from various tissues with Mj-Intga and EF-la (as an internal control) primers for
qRT-PCR (Table 1) using THUNDERBIRD SYBR qPCR Mix (TOYOBO Co. Ltd., Japan),
and condition was 95 °C for 1 min, 40 cycles of 95 °C for 15 secs and 60 °C for 1 min
followed by dissociation analysis step. mRNA accumulations of Mj-Intga on each tissue
were calculated as ACT by comparing with CT value of EF-1a (as a reference gene), then
relative mRNA expressions of Mj-Intga between tissues were calculated as AACT by
comparing ACT value of Mj-Intga with ACT value of Mj-Intga. on muscle (as a reference

tissue).

Expression of recombinant Mj-Intga protein and antiserum preparation
Part of the Mj-Intga sequence was amplified with the specific primers Mj-Intgo, F Ndel
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and Mj-Intgo. R Notl from the hemocyte cDNA template. After purification of the target
fragments from agarose gel with Gen Elute Agarose Spin Columns (Sigma-Aldrich Co.), the
fragments were digested by restriction enzymes Ndel and Notl, then the digested fragment
was cloned into the pET-32a vector with adding a His-tag which was digested with the same
restriction enzymes. After confirmation of the sequence by ABI Genetic Analyzer 3130, the
recombinant plasmid pET-32a-Mj-Intga was transformed into the Escherichia coli BL21
(DE3) strain. The E. coli transformed with pET-32a-Mj-Intgo. was incubated at 37 °C
overnight and treated with 1 mM of IPTG for an additional 4 h at 37 °C. The cells were
collected, re-suspended in PBS (137 mM NaCl, 2.7 mM KCIl, 8.1 mM Na,HPO4-12H,0,
1.47 mM KH>POy4, pH: 7.4), sonicated for 10 min on ice and centrifuged at 9,000 rpm for
20 min at 4 °C. The pellet was washed 3 times by PBS and dissolved in denaturation buffer
(8 M Urea, 50 mM Tris-HCl, 0.1% SDS, pH: 8.2). From the dissolved protein, recombinant
Mj-Intga (rMj-Intga) was purified by Ni-NTA agarose (QIAGEN) followed manufacture’s
protocol. The purity of rMj-Intga was checked by running it on a 10% SDS-PAGE gel and
its concentration was measured by Qubit® Protein Assay Kit (Thermo Fisher Scientific Inc.,
USA). Anti-rMj-Intgo. serum was developed by immunizing a rabbit with rMj-Intga
(Eurofins genomics Co. Ltd., Japan). To check reactivity of anti-rMj-Intgo serum against
rMj-Intga, 200 ng of rMj-Intga was analyzed by 10% SDS-PAGE gel, and transferred to a
polyvinylidene difluoride membrane (ATTO Co., Japan). The membrane was blocked with
blocking buffer containing 5% BSA in TBS-T (137 mM NaCl, 2.7 mM KCI, 50 mM Tris-
HCI, 0.05% Tween 20, pH: 7.4) for 1 h at room temperature, incubated in the same buffer
with anti-rMj-Intga serum or non-immunized rabbit serum (1:10,000 diluted in TBS-T) for

82



1 h at room temperature, washed 3 times with TBS-T, incubated in the same buffer with anti-
rabbit IgG (Fc) AP conjugate (1:5,000 diluted in TBS-T) (Promega Co.) for 30 min at room
temperature, washed 3 times with TBS-T, and stained with SIGMAFAST BCIP/NBT tablet

(Sigma-Aldrich Co., USA).

Immunostaining of Mj-Intga on hemocytes

T- and EF-Hem were prepared according to the protocol as above section. except that the
anti-coagulant of E-KPBS to fixing solution of 2% paraformaldehyde and 10 mM EDTA
containing KPBS for fixing hemocytes. Both T- and EF-Hem were diluted to the
concentration of 1 x 10° cells/mL by 0.5% BSA containing KPBS (B-KPBS). An aliquot of
each hemocyte suspension (150 puL) was spread on a glass slide using cell collection bucket
SC-2 (TOMY SEIKO Co. Ltd., Japan) at 300 rpm for 2 min. Hemocytes on the glass slide
were incubated with anti-rMj-Intga serum (1:100 diluted in B-KPBS) for 1 h at room
temperature, washed 3 times with B-KPBS, incubated with goat anti-rabbit IgG H&L (Alexa
Fluor® 568) (Abcam plc., UK) (1:500 diluted in B-KPBS) for 30 min at room temperature,
washed 3 times with TBS-T, and stained nucleolus with Hoechst 33258 (Thermo Fisher
Scientific Inc.). For negative control, no anti-serum was replaced anti-rMj-Intga serum.
Stained glass slide samples were examined by bright-field or fluorescent field using upright
microscope ELIPSE Ci, and the pictures were analyzed by NIS-Elements and Image] ver.
2.0.0. The ratio of Mj-Intga positive hemocytes (Mj-Intga+ hemocytes) and Mj-Intga
negative hemocytes (Mj-Intga- hemocytes) was count from randomly selected more than

100 hundred hemocytes on both T- and EF-Hem. The assay was performed three times from
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three individual shrimps.
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H 4 Results
Enrichment of FMB+ hemocytes
The percent of total hemocytes (T-Hem) that were positive for fluorescent magnetic beads
(FMB+) was 6.4 £+ 2.3% (Fig. 1A). The percent of the magnetically separated hemocytes,
called enriched FMB+ hemocytes (EF-Hem), that were FMB+ was 69.6 + 8.6% (Fig. 1C).
The enrichment process was confirmed by fluorescence microscopy, demonstrating the

actual phagocytosis of FMB by hemocytes (Fig. 1B, D).

De novo assembly and identification of differentially expressed transcripts

The assembled transcripts contained 44,088 transcripts. The mean transcript length was
411 bp and the N50 (weighted median) was 1,477 bp. From the result of analyzing
differentially expressed transcripts, 11 transcripts were identified based on p-value cut-off
for FDR of 0.01 and a minimum 2-fold change in expression (Table 2). One (1) transcript
showed higher expression in EF-Hem and 10 transcripts showed higher expression in T-Hem.
Contig number, log2-transformed fold change (Log FC), log2-transformed counts per
million (Log CPM), false discovery rate (FDR) and homology gene which was found in

NCBI and DDBJ database are shown in Table 2.

Validation of differentially expressed transcripts by qRT-PCR

In the case of transcript DN8588 c0 g1, which showed higher expression in EF-Hem,
showed higher ACt value in EF-Hem than T-Hem in qRT-PCR (Fig. 2). On the other hand,
transcripts DN9598 c0 gl and DN10184 c0 gl, which showed higher expression in T-
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Hem, showed higher ACt value in T-Hem than EF-Hem in qRT-PCR (Fig. 2). In addition,
the p-value of the differentiation of 2 transcripts, DN8588 c0 gl and DN9598 c0 gl, were
less than 0.01, and transcript DN10184 c0 gl, was less than 0.05 based on statistical
analysis. These results of qRT-PCR confirm the significant difference between differentially

expressed transcripts of the RNA-seq analysis.

Molecular characteristics and tissue distribution profile of Mj-Intga
The amino acid sequence of Mj-Intga (GenBank No. LC114983) consisted 1,111 amino
acids, including one signal peptide (1-19th aa), three integrin alpha domains (34-93th aa,
370-424th aa and 431-486th aa) and one transmembrane domain (1,055-1,077th aa) (Fig.
3A). Predicted molecular weight of Mj-Intga except signal peptide was about 116 kDa.
The distribution of Mj-Intgo. mRNA in 9 tissues in apparently healthy shrimp were
examined by RT-PCR and qRT-PCR. The Mj-Intgo mRNA was detected or highly

accumulated in heart, hemocytes and lymphoid organs (Fig. 3B, C).

Reactivity of anti-rMj-Intga serum against rMj-Intga

Based on the detections of SDS-PAGE analysis, the rMj-Intga was found to be pure (Fig.
4A lane 1). The result of western blotting analysis showed that the anti-rMj-Intga serum
bound to rMj-Intga (Fig. 4B lane 1) but non-immunized rabbit serum didn’t bind to rMj-

Intga (Fig. 4B lane 2).
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Immunostaining of Mj-Intga on hemocytes

Anti-rMj-Intga staining showed that Mj-Intga was localized on the hemocyte cell surface
(Fig. 5). The ratio of Mj-Intga+ hemocyte was 73.5 + 8.3% on T-Hem and 93.4 + 5.4% on
EF-Hem, respectively. About 5% on EF-Hem were also Mj-Intga- FMB+ (Fig. 5D indicated

by green arrow).
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#5 5 fffi Discussion

By using FMB, I was able to enrich and isolate phagocytic hemocytes. Compared to other
techniques such as gradient centrifugation or cell-sorting, our method does not need
expensive equipment. Therefore, this technique can be used to study phagocytic hemocytes
in other invertebrates.

Eleven transcripts were found to be highly expressed in T-Hem, with six of them being
homologous to immune-related genes. DN10184 c0 g1 has arole in blood coagulation (Yeh
et al., 2006), while the other five (DN9598 c0 g1, DN10529 c1 g8, DN10956 ¢3 g7,
DNS8333 c0 gl and DN5567 c0 gl) have roles in the proPO system (Amparyup et al.,
2007; Pang et al, 2014; Rattanachai et al., 2004; Shanthi and Vaseeharan, 2014). In
Litopenaeus vannamei, granular cells (GCs) were the main producers of proPO transcripts
while hyaline cells (HCs) were the main producers of blood coagulation-related transcripts
(Yang et al., 2015). Therefore, EF-Hem may consist mainly of semigranular cells (SGCs). It
is also possible that phagocytosis decreased gene expression by hemocytes. To test these
hypotheses, it is necessary to develop a robust method for classifying HCs, SGCs and GCs
based on mAbs and to confirm the expression levels at the protein level.

One transcript was highly expressed in EF-Hem. Because it was homologous to Integrin
alpha 5 of Fenneropenaeus chinensis (Sun et al., 2014), it was named Mj-Intga. Integrins
are off heterodimeric cell surface receptors that mediate cell-cell and cell-matrix interactions
and serve essential cell adhesion functions (reviewed in Huhtala et al., 2005; Johnson et al.,
2009). In vertebrates, some integrins have been used as cluster of differentiation (CD)

markers including some that are specific for leukocytes (reviewed in Barczyk ef al., 2010;
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Luo et al., 2007). Integrins have been found to mediate phagocytosis in oyster (Jia et al.,
2015), crab (Huang et al., 2015), Drosophila (Nonaka et al., 2013) and C. elegans (Hsu &
Wu, 2010). In addition to being expressed in hemocytes, Mj-Intga transcripts were also
expressed in the heart and lymphoid organ (Fig. 3B, C), both of which are known to have
phagocytic activity and/or phagocytic hemocytes (Kondo et al., 1998; Supamattaya et al.,
2003), in agreement with our finding of Mj-Intga mRNA expressed in phagocytic hemocytes
in each organ. Therefore, I produced Mj-Intga anti-serum to see if Mj-Intga can be used as
a marker for phagocytic hemocytes.

In immunostaining, the anti-serum bound to Mj-Intga on the cell surface of hemocytes,
because the signals were detected without any permeabilization process. On EF-Hem, almost
all hemocytes were positive for Mj-Intga (Fig. 5B, D), although I also found some Mj-Intga
negative FMB+ hemocytes (indicated by green arrows in Fig. SH). This suggests that almost
all phagocytic hemocytes (but not all) have Mj-Intga. On T-Hem about 70% of hemocytes
were positive for Mj-Intga. However, the maximum ratio of FMB+ hemocytes in this study
was about 10%, suggesting that another 60% of the hemocytes have the ability for
phagocytosis. These results also suggest that phagocytic hemocytes could be divided into
two types, mainly Mj-Intga-positive hemocytes and a few Mj-Intga-negative hemocytes.

A possible lectin receptor in the shrimp F. chinensis was identified as an integrin that
involved phagocytosis (Wang et al., 2014). The integrin a of silkworm Bombyx mori is
reported to be granulocyte-specific (Zhang et al., 2014). In kuruma shrimp, strong
phagocytic activity was observed in SGC and GC (Kondo et al., 1992). Integrin alpha 5 of
F. chinensis is homologous to Mj-Intga, and is reported to interact with white spot syndrome
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virus (WSSV) (Sun et al,, 2014). WSSV also infects SGC and GC but not HC (Wang et al.,
2002). The present results, together with previous results, indicate that Mj-Intga could be a
marker of phagocytic SGCs and GCs.

However, our attempts to isolate Mj-Intga-positive hemocytes from total circulating
hemocyte using this anti-serum by antibody with techniques such as MACS were
unsuccessful. Almost all antibody-based isolation techniques use monoclonal antibodies
rather than polyclonal antibodies because of their high affinity and specificity. Therefore, a
monoclonal antibody that recognizes Mj-Intga is needed to isolate and further characterize
phagocytic hemocytes.

In the summary, I enriched phagocytic hemocytes by a low-cost technique and then
conducted RNA-seq analysis between total circulating hemocytes and enriched phagocytic
hemocytes. In this way, I identified Mj-Intga as a gene that was highly expressed in
phagocytic hemocytes and cloned it. Anti-serum against rMj-Intga bound to almost all (but
not all) phagocytic hemocytes, suggesting that M. japonicas has at least two types of
phagocytic hemocytes. Further studies using Mj-Intga should further clarify the immune

system of kuruma shrimp.
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Table 1. Primer sequences used in this study

Primer name Sequence (5°-3°) Usage

Mj-Intga_F1 GAC AAG CGG ACC CGA GGT GCA Cloning
Mj-Intga._R1 TAG CCT CTG TAC CGG TGG TC Cloning
Mj-Intga_F2 GAC CAC CGG TACAGA GGC TA Cloning
Mj-Intga_R2 AAC GTCAGG GTAACCATT GC Cloning
Mj-Intga_F3 GCAATG GTTACC CTGACGTT Cloning
Mj-Intga_R3 AAG CGATCC TCC TCT TGT CGT TC Cloning
Mj-Intga detection F GCAATG GTTACC CTGACGTT RT-PCR
Mj-Intga detection R AGG AAG CGA GGG TAG GAG AG RT-PCR
EF-1a detection_F ATG GTT GTC AAC TTT GCC CC RT-PCR
EF-1a detection_ R TTG ACC TCC TTG ATCACA CC RT-PCR

Mj-Intga. F Ndel
Mj-Intga. R Notl
MjIntgo. qPCR_F

MjIntga qPCR_R
DN9598 c0_gl gqPCR_F
DN9598 c0_gl gPCR_R
DN10184 c0 gl qPCR_F
DN10184 c0_gl gPCR_R
EF-la_gqPCR_F

EF-lo_gPCR_R

AAA CAT ATG TTC AAC CTG GAC ACA CAG CAC

TTT GCG GCC GCC TCG ACC GCCAGCACC GGC GCC GA

GAC GAG CCAAGC CATCTG A

TCC GTC GAG CAGTCTTCATG

ACC CGA CGATGC CAGAAC

TGG GAA GAT TTG GGA TAA GAA GAC

GAG TCA GAA GTC GCC GAG TGT

TGG CTCAGCAGG TCG TTT AA

ATT GCCACA CCG CTCACA

TCG ATC TTG GTC AGC AGT TCA

Recombinant plasmid
Recombinant plasmid
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR

qRT-PCR
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Table 2. Differentially expressed transcripts between T- and EP-Hem

Top hit of homology genes of Penaeidae by Blastx

Contig no. ;gg E‘I’,gM FDR
Gene name [Species] Identity (%) E-value GenBank accession no.
DN8588 c0 gl 4.50 5.89 6.04E-07 Integrin alpha 5 [Fenneropenaeus chinensis) 30 4.00E-08 AHH32888.1
DN10184 c0 gl -4.59 988  231E-09 lemocyte transglutaminase  [Marsupenacus 100 0 ABD92928.1
Jjaponicus]
DN9598 c0 gl  -3.91 758  3.91E-07 lrophenoloxidase activating enzyme [Litopenaeus 85 0 AFW98991.1
vannamei)
DN10109 c0 gl -3.58 8.29 1.62E-06 Pancreatic lipase [Lifopenaeus vannamei) 29 52 AHMS88206.1
DN10529 c1 g8  -4.25 5.83 1.86E-06 Alpha 2-macroglobulin [Fenneropenaeus indicus] 31 9.5 ADT91769.1

Hemocyte kazal-type proteinase inhibitor [Penaeus

DN9657 ¢l gl -335  12.64  2.82E-06 77 1.00E-142 AAP92779.1
monodon]
DN10956 c3 g7  -329 1405 401E-06 ‘\pha 2-macroglobulin “homolog [Marsupenaeus 99 0 BAC99073.1
- Jjaponicus]
DN8333 c0 gl -3.66 6.56  5.50E-06 if}f;‘;;‘r‘l’]lo’“dase activating  factor  [Penaeus 51 1.00E-73 ABE03741.1
DN5567 ¢0 gl -3.50 6.82  5.90E-06 Zf}f;‘;;‘r‘l’]lo’“dase activating  factor  [Penaeus 8  3.00E-06 ABE03741.1
DN10773_c0_gl  -3.63 654  626E-06 Cysteine sulfinic acid decarboxylase [Litopenacus 45 6.00E-142 AKS04548.1
- vannamei|
DN10856 c0 gl -3.46 6.79 7.36E-06 Alpha glucosidase [Litopenaeus vannamei) 44 0 CABS85963.1
DN7484 c0 gl -3.44 6.70 8.56E-06 Chitinase [Marsupenaeus japonicus| 44 9.00E-04 BAA12287.1

Log2-transformed fold change (FC), log2-transformed counts per million (CPM), and false discovery rate (FDR) refer to the differential
expression analysis between T- and EP-Hem. Log FC, when positive, indicates transcripts that are expressed more highly in EP-Hem and when

negative, indicates transcripts that are expressed more highly in T-Hem.
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Figure 1. Flow cytometry analysis and fluorescence microscopy observation of total and
enriched FMB+ hemocytes from a shrimp. FCM analysis of T-Hem (A) and EF-Hem (C).
Dotted line indicates negative control of FL-1 value. Fluorescence microscopy observation
of T-Hem (B) and EF-Hem (D). Green colors in picture B and D came from fluorescence of

FMB. Black arrow indicates hemocyte engulfed FMB. Black bar indicates 10 pm scale.
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Figure 2. qRT-PCR analysis of three transcripts (DN8588 c0 gl, DN9598 c0 gl and
DN10184 c0 gl). ACt values analyzed by qRT-PCR. Higher ACT value indicates higher
expression. Double asterisk (**) on the name of each transcript indicates p-value less than

0.01 and single asterisk (*) indicates p-value less than 0.05.
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Figure 3. Molecular characterization and tissue distribution of Mj-Intga. Predicted domain
structures of Mj-Intgan (A): Signal peptide (SP), integrin (Int) alpha domain and
transmembrane (TM) site. Tissue distribution of Mj-Intga by RT-PCR (B) and qRT-PCR (C)
using Gills (G), heart (He), hemocytes (H), hepatopancreas (Hp), intestine (In), lymphoid

organ (Lo), muscle (M), nerve (N) and stomach (S).
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Figure 4. Purity of rMj-Intga and reactivity of anti-rMj-Intga serum against rMj-Intga. SDS-
PAGE analysis of rMj-Intga (A) and western-blotting analysis against rMj-Intga (B) using

anti-rMj-Intga serum (Lane 1) and non-immunized rabbit serum (Lane 2). Marker (Lane M).
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Figure 5. Immunostaining of Mj-Intga on of total and enriched FMB+ hemocytes from a
shrimp. White arrow, Mj-Intga- hemocytes; red arrow, Mj-Intga+ hemocytes; yellow arrow,

Mj-Intga+ FMB+ hemocytes; green arrow, Mj-Intga- FMB+ hemocytes. Scale bars, 10 pm.
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54 %% Isolation and molecular characterization of hemocyte
sub-populations in kuruma shrimp Marsupenaeus

japonicus

%5 1§ Abstract

Crustacean hemocytes, which have usually been classified morphologically based on
dyeing methods such as Giemsa or May-Giemsa staining, have recently been categorized
with monoclonal antibodies or marker genes. However, these techniques have not become
widely used, resulting in the use of different classification methods for hemocytes among
laboratories. Therefore, in this research, I aimed to develop a classification method that can
be widely used. The method uses lectins and a magnetic-activated cell sorting system
(MACS system) to isolate sub-populations. Two lectins, wheat germ agglutinin (WGA) and
tomato lectin (Lycopersicon esculentum lectin: LEL), characteristically bound to the
hemocytes, which allowed them to be classified into three sub-populations. Furthermore, by
using LEL and the MACS system, different sub-populations of hemocyte could be isolated.
These sub-populations were characterized as non-granular and granular hemocytes, and the
accumulation patterns of the gene transcripts were consistent with the results of a functional
analysis reported previously. The lectin-based hemocyte isolation method developed in this

study has good reproducibility.

105



55 2fili Introduction

Hemocytes of shrimp act as immune organs (for reviews see Jiravanichpaisal et al., 2006;
Soderhall, 2016; Tassanakajon et al., 2013). The classification of hemocytes is indispensable
to analyze the biological defense mechanism in detail. So far, dyeing methods such as
Giemsa or May-Giemsa staining, and antibody-based classification methods have been
developed based on the leukocyte classification methods of mammals. The Giemsa or May-
Giemsa staining method is excellent for staining the cytoplasmic granules of hemocytes,
which contain anti-microbial peptides (Bachere et al., 2004; Rosa and Barracco 2010).
Hemocytes can be roughly divided into three types morphologically, hyaline hemocytes
(HCs), semi-granular hemocytes (SGCs) and granular hemocytes (GCs) by Giemsa or May-
Giemsa staining (Johansson et al., 2000; Soderhéll and Smith, 1983). However, the results
of Giemsa and May-Giemsa staining are not always the same, and can be affected by pH,
dyeing time, humidity and worker's degree of training. Therefore, these methods are not
well-suited for quantitative experiments.

Rodriguez et al. (1995) used whole hemocytes of kuruma shrimp (Marsupenaeus
Japonicus) as antigens and produced ten kinds of monoclonal antibodies. Sung et al. (1999)
and Sung and Sun (2002) used whole hemocytes of black tiger shrimp (Penaeus monodon)
as antigens to produce four monoclonal antibodies. Similarly, van de Braak et al. (2000) and
Winotaphan et al. (2005) produced four types of monoclonal antibodies using black tiger
shrimp hemocytes or hemocyte lysate as antigens. As a result of immunological staining
using these monoclonal antibodies, even the same morphologically classified cells such as

HCs, SGCs and GCs showed differences in reactivity to their cell surface antigens, and due
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to the reactivity difference of the monoclonal antibodies, hemocytes have been defined in
more detail. More recently, monoclonal antibodies reactive to Litopenaeus vannamei
hemocytes were developed by Lin et al. (2007) and Zhan et al. (2008). Using these
antibodies Xing et al. (2017) succeeded in isolating two sub-populations of hemocytes:
agranulocytes and granulocytes. However, these monoclonal antibodies are not widely used
for classifying shrimp hemocytes because it is difficult to prepare identical monoclonal
antibody-producing clones in different laboratories and because few suppliers are interested
in developing products for crustaceans due to the small number of researchers.

Therefore, it is also important to classify specific hemocytes without relying on antibodies.
In other organisms especially in human, cells are classified based on sugar chains present on
the cell surface. Lectins are proteins that bind to sugar chains, and are used for staining and
classification of various cells, such as cancer cells, based on their sugar chains (Christiansen
etal.,2014; Gabius et al.,2015; Kobata 1992). Until now, hemocytes of bees (Apis mellifera),
fly (Drosophila melanogaster), mosquito (Anopheles gambiae), Pacific oyster (Crassostrea
gigas) and Europe mussel (Mytilus edulis) have been classified by lectins (Jiang et al., 2016;
Marringa et al., 2014; Pipe 1990; Rodrigues et al., 2010; Tirouvanziam et al., 2004). In
addition, cytoplasmic granules of hemocytes of ridgeback prawn (Sicyonia ingentis) and
American lobster (Homarus americanus) have been reported to be stained by wheat germ
agglutinin (WGA) (Martin et al., 2003). Furthermore, WGA, tomato lectin (Lycopersicon
esculentum lectin: LEL) and peanut agglutinin (PNA) were found to bind to some of the
GCs, SGCs and HCs of L. vannamei (Estrada et al., 2016). However, few studies have
stained shrimp hemocytes with lectins, and molecular biological analyses of lectin-positive
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hemocytes have not been conducted.

In this study, I isolated two hemocyte sub-populations using LEL and a magnetic-activated
cell sorting system (MACS system), and then predicted their functions by measuring the
accumulation of mRNA transcripts by RNA-seq and quantitative RT-PCT (qRT-PCR)

analyses.
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55 3fili Material and methods
Shrimp samples
Apparently healthy kuruma shrimp (Marsupenaeus japonicus) were obtained from farms
in Okinawa and Miyazaki prefecture, Japan. Shrimps were kept in tanks provided with a
water recirculating system maintained at 25 °C and 30-35 ppt. Shrimps were acclimatized

for at least 3 days before the experiment.

Lectin staining of hemocytes by LEL and WGA

One (1) mL of hemolymph was collected from each shrimp using a 23-gauge needle and
syringe containing 1 mL of anti-coagulant (0.45 mM NaCl, 0.1 M glucose, 30 mM trisodium
citrate, 26 mM citric acid, 10 mM EDTA, pH: 5.6) (Soderhédll and Smith, 1983), and then
centrifuged to obtain hemocytes. The hemocytes were fixed with 4% paraformaldehyde
(PFA) in PBS (137 mM NaCl, 10 mM Na,HPOy4, 2.7 mM KCl, 1.8 mM KH>POs, pH: 7.3)
for 15 min at room temperature. One of two lectins, DyLight 488-conjugated LEL or FITC-
conjugated WGA (both Vector Laboratories, Inc., USA), was added at a ratio of 2 pg to 10°
fixed cells and reacted for 15 minutes at 4 °C in reaction buffer (0.5% BSA, 2 mM EDTA in
PBS). After washing twice, hemocytes were analyzed by flow cytometry and observed under
a fluorescence microscope. The fluorescent intensities of at least 5,000 DyLight 488- or
FITC-stained hemocytes were analyzed by FACSCalibur (Becton-Dickinson, USA) using
an FL-1 filter with Cell Quest Pro software ver. 5.2.1 (Becton-Dickinson, USA).
Simultaneously relative cell size and relative cell complexity were determined by
FACSCalibur and Cell Quest Pro software ver. 5.2.1 using a forward-scatter (FSC) filter and
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a side-scatter (SSC) filter, respectively. The stained hemocytes were examined by bright-
and fluorescent-field using upright microscope ELIPSE Ci (Nikon Co., Japan), and the
images were analyzed by NIS-Elements (Nikon Co.) and ImageJ ver. 2.0.0. (Schneider et

al., 2012). The assay was performed three times from three individual shrimps.

Double lectin staining

PFA-fixed hemocytes were prepared as described above. Both biotin-conjugated LEL
(Vector Laboratories, Inc.) and FITC-conjugated WGA were added at a ratio of 2 pg each
to 10° fixed cells and reacted for 15 minutes at 4 °C in reaction buffer. After the hemocytes
were washed twice, DyLight 550-conjugated natural streptavidin protein (Abcam plc., U.K.)
was added at a ratio of 0.4 pg to 10° fixed cells and reacted for 15 minutes at 4 °C in reaction
buffer. After washing twice, hemocytes were examined by bright- and fluorescent-field as

described above. The assay was performed three times from three individual shrimps.

Isolation of LELP™ and LELS""¢ hemocytes by MACS system

PFA-fixed hemocytes were prepared as described above. For isolation of LELP™,
hemocytes were stained with biotin-conjugated LEL (Vector Laboratories, Inc.) at a ratio 1
ug to 10° fixed cells for 15 minutes at 4 °C in reaction buffer. After washing once, hemocytes
were reacted with 10 pL of streptavidin microbeads (Miltenyi Biotec, Germany) in 90 pL of
reaction buffer for 15 min at 4 °C. After washing once, hemocytes were separated by MACS
using MS column (Miltenyi Biotec) and MiniMACS separator (Miltenyi Biotec) following
the manufacturer’s protocol. The negative fraction was collected as LELP™ hemocytes. For
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isolation of LELS"™", hemocytes were stained with biotin-conjugated LEL at a ratio 0.1 ug
to 10 fixed cells for 15 minutes at 4 °C in reaction buffer. After washing once, hemocytes
were reacted with 1 pL of streptavidin microbeads in 99 pL of reaction buffer for 15 min at
4 9C. After washing once, hemocytes were separated by MACS. The positive fraction was
collected as LELS™"¢ hemocytes.

Total, LELP™ and LELS"™"¢ hemocytes were analyzed by flow cytometry. Five thousand
(5,000) events of each sample were collected and then FSC and SSC analyses were
conducted by FACSCalibur with Cell Quest Pro software ver. 5.2.1 as described above. Two
gates, R1 and R2, were established based on the FSC and SSC, and the percentage of dot
plots in each gate were analyzed by Cell Quest Pro software. The assay was performed six

times.

May-Giemsa staining of LELP™ and LELS'"°"¢ hemocytes

LELP™ and LELS™" hemocytes were collected as described above. Each hemocyte
suspension was spread on a glass slide in a cell collection bucket SC-2 (TOMY, Japan) at
100 x g for 1 min. Glass slides were dried, stained for 3 min with 20% May-Grunwald stain
solution (Wako, Japan) in 0.67 mM phosphate buffer (pH: 6.6), washed with phosphate
buffer, stained for 15 min with 4% Giemsa stain solution (Wako) in 0.67 mM phosphate
buffer (pH: 6.6), washed with tap water, dried, mounted with Malinol (Muto Pure Chemicals,

Japan) and visualized with NIS-Elements software.
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c¢DNA Library construction and RNA sequencing by Illumina Miseq

Total, LELP™™ and LELS™"¢ hemocytes were collected from six shrimps as described
above. The PFA-fixed hemocytes were digested with proteinase K (Masuda et al., 1999).
Total RNA was then extracted with a NucleoSpin® RNA XS kit (Takara Bio Inc., Japan)
following the manufacturer's protocol. The total RNAs of each type of hemocyte were
pooled. The concentration and purity of total RNA were measured using a Qubit® RNA HS
Assay Kit and NanoDrop Lite (both Thermo Fisher Scientific Inc., USA). cDNA libraries
were prepared with total RNA using a TruSeq stranded mRNA sample preparation kit
(Illumina Inc., USA) following the manufacturer's protocol. The libraries were amplified
with 20 cycles of PCR and contained indexes within the adaptors. The yields in the amplified
libraries were measured with a Qubit® dsDNA HS Assay Kit (Thermo Fisher Scientific Inc.)
and D1000 ScreenTape System (Agilent Technologies, USA). The yields of LELP™
LELS"™n¢ and total hemocytes were 1.9, 0.184 and 14.5 ng/uL, respectively, with average
lengths of 293, 286 and 297 bp, respectively, indicating concentrations 10.3, 1.05 and 77.5
nM, respectively. Six (6) pmol of each library was sequenced using MiSeq (Illumina Inc.)

and MiSeq reagent kit version 2 (Illumina Inc.) with 75 nt paired end reads.

De novo assembly and identification of differentially expressed transcripts

The reads were assembled by Trinity v2.5.1 (Grabherr et al, 2011) using default
parameters (minimum assembled transcripts length 200) to obtain trinity-assembled
transcripts. The sequenced libraries were mapped back to the reference trinity-assembled
transcripts using RSEM (Li and Dewey, 2011) to quantify the read counts. Read counts were

112



normalized by trimmed mean of M-values (TMM) to account for differences in library size
(Robinson and Oshlack, 2010) and then normalized by transcripts per million (TPM) to
account for differences in transcript length. The differentially expressed transcripts between
total, LELP'™ and LELS"™"¢ hemocytes libraries were identified using EdgeR (Robinson et
al., 2010) including a p-value cutoff for false discovery rate of 0.001 and a minimum 16-
fold change in expression. Blastx program (Altschul et al., 1997) was then used for
homologous gene searching with an e-value cut-off of 0.05 in Penaeidae’s 5,942 proteins

(downloaded at Oct. 18, 2018) in NCBI database (http://www.ncbi. nlm.nih.gov).

Transcripts quantification of immure-related genes by qRT-PCR

Total, LELP™ and LELS"™"¢ hemocytes were extracted from three shrimps, then total
RNAs were extracted as described above. cDNAs were synthesized from RNA of each
sample using a High capacity cDNA reverse transcription kit (Thermo Fisher Scientific Inc.).
After synthesis, cDNA samples were diluted five times with distilled water and 2 pl of
samples were used for qRT-PCR. The set of primers were designed based on registered
sequences or trinity-transcripts (Table 1). Elongation factor la (EF-la: as an internal
control) for qRT-PCR (Table 1). qRT-PCR was conducted using THUNDERBIRD SYBR
gPCR Mix (TOYOBO Co. Ltd., Japan) and condition was 95 °C for 1 min, 40 cycles of 95
OC for 15 secs and 60 °C for 1 min followed by dissociation analysis step. mRNA
accumulation of each gene was calculated as ACT by comparing with CT value of EF-1a (as
areference gene). The statistical significance between total, LELP™ and LELS™"¢ hemocytes

respectively was analyzed using t-test.
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Lectin staining on hemocytes phagocyted micro beads

Shrimps were injected with 200 uL of 10% suspension of fluorescent beads (Fluoresbrite
YO Cartoxylate Microspheres 1.0 pm: Polysciences, Inc., USA) in artificial seawater. Three
(3) hours post injection, PFA-fixed hemocytes were prepared and stained by DyLight 488-
conjugated LEL or FITC-conjugated WGA, respectively as described above. The stained
hemocytes were examined by bright- and fluorescent-field as described above. The assay

was performed three times from three individual shrimps.
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H5 41 Results

Lectin staining of total hemocytes

Both LEL and WGA showed reactivity to all hemocytes, however there were a difference
in reactivity, and they could be classified into two subpopulations, LELP™/LELS" and
WGAP™/WGASTne | respectively (Fig. 1 and 2). LEL reacted strongly with cells with
relatively small and simple intracellular structure (Fig. 1D), whereas WGA reacted strongly
with cells with relatively large and complex intracellular structure (Fig. 2D). LEL and WGA
strongly reacted with the cell surface and the intracellular structure of hemocytes,
respectively (Fig 3). Dim-positive and strong-positive of each lectin hemocytes were also

observed under fluorescent-field (Fig 3).

Double lectin staining

Double lectin staining of total hemocytes by LEL and WGA was able to divide hemocytes
into three sub-populations: LEL-positive, WGA-positive and LEL/WGA-positive
hemocytes (Fig. 4). The ratio of LEL/WGA-positive hemocytes was 19% (n=3), and the
fluorescent intensity of LEL/WGA-positive hemocytes was weaker than the ratios of other
sub-populations. As with single staining, LEL well stained the cell surface and WGA well

stained the intracellular structure of hemocytes.

Isolation of LELP™ and LELS™"¢ hemocytes by MACS system
Using the MACS system and biotin-conjugated LEL, LELP'™ hemocytes and LELSon2

hemocytes were isolated, respectively. May-Giemsa staining showed that LELP™ hemocytes
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(Fig. 5C) were relatively larger than LELS™"¢ hemocytes (Fig. 5D), and unlike the latter,
contained intracellular granules and a large cytoplasm compared to the nucleus. Regions 1
and 2 before separation of hemocytes were 45.8 = 12.4% and 51.9 + 12.0%, respectively,
whereas after separation of LELP™ hemocytes, they were 11.0 + 3.2% and 83.8 + 6.0%, and
after separation of LELS""¢ hemocytes, they were 86.7 = 7.2% and 10.9 + 6.6% (n=6) (Fig.

6).

Differentially expressed transcripts by RNA sequencing

The assembled transcripts contained 11,870 trinity-transcripts. The median trinity-
transcripts length was 339 bp and the N50 (weighted median) was 539 bp. I identified 2,630
differentially expressed transcripts based on a p-value cut-off for FDR of 0.001 and a
minimum 16-fold change in expression. In blastx searches, 163 trinity-transcripts matched
Penaeidae proteins with e-values less than 0.05 (Table 2), 31 of which were immune-related
(Fig. 7). The immune-related trinity-transcripts fell into four clusters that were highly
expressed in (1) only LELS™"¢ hemocytes, (2) both total and LELP™ hemocytes, (3) only

total hemocytes and (4) only LELP'™ hemocytes (Fig. 7).

Differentially expressed transcripts by qRT-PCR

In the qRT-PCR results, the ACt values of transcripts of two major anti-microbial peptides
(AMPs) (crustin and penaeidin-II) and c-type lysozyme were lower in LELS™"¢ hemocytes
than in total hemocytes, while the ACt values of transcripts of hemocyte transglutaminase
and prophenoloxidase (proPO) activation enzyme were lower in LELP™ hemocytes than in
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total hemocytes (Fig. 8). The trend was also seen in that the ACt values of transcripts of Toll

and integrin o were lower in LELS"" hemocytes than in total and LELP™ hemocytes (Fig.

8)..

Lectin staining of hemocytes phagocyted micro beads

The fraction of hemocytes phagocyted micro beads was 5.6% (n=3). Both LEL-positive
and -negative hemocytes phagocyted micro beads (Fig. 9B, D), whereas only WGA-positive
hemocytes phagocyted micro beads (Fig. 10B, D). In addition, the fluorescent intensity of
WGA-positive beads phagocyted hemocytes tended to be weaker than other WGA-positive

hemocytes.
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5 5 fifi Discussion

The stainability of hemocytes by two lectins, WGA and LEL, were different. This
suggests that sugar chains on hemocytes are different depending on the type of hemocytes.
Like the reports of Martin et al., (2003) and Estrada et al., (2016), WGA strongly stained
the granules of hemocytes. The flow cytometry data also showed a strong WGA signal in
hemocytes with high SSC values, suggesting that WGA stains granules of hemocytes.

The investigation of the existence of granules on hemocytes is important for
characterization of hemocytes. However, it was unclear which hemocytes contained
granules on dyeing methods such as Giemsa or May-Giemsa staining. Combination of
WGA staining, microscopic observation and FCM analysis, it became easier to prove the
existence of granules on hemocytes. In contrast to WGA, LEL appeared to bind to the cell
surface and not cytoplasmic granules. Since LEL stained the cell surface, MACS system
could be used.

May-Giemsa staining showed that LELP™ hemocytes contained a lot of cytoplasmic
granules, while LEL5"™" hemocytes contained little or no granules. The flow cytometry
data also showed that LELS™"¢ hemocytes was smaller and had lower SSC value than
LELP™ hemocytes. These results indicate that hemocytes could be divided into two sub-
populations: LELS"™"¢ hemocytes that were agranulocytic and LELP™ hemocytes that were
granulocytic.

The two populations were associated with specific transcripts. Transcripts of hemocyte
transglutaminase, which is related to clotting of hemolymph (Maningas et al., 2013), were
highly accumulated in LELS"" hemocytes in both the RNA-seq and qRT-PCR analyses.
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Abundant transglutaminase transcripts were also reported on HCs (also called agranular
hemocytes) in L. vannamei (Yang et al., 2015). The transglutamase results also strongly
suggest that LELS"™"¢ (i.e., agranular) hemocytes contribute to blood coagulation in
kuruma shrimp. On the other hand, total and LELP'™ hemocytes highly accumulated
transcripts of crustin, crustin-like, penaeidin-II and c-type lysozyme, as shown by the
RNA-seq and qRT-PCR analyses. AMPs and c-type lysozyme are also present in
cytoplasmic granules of hemocytes (Bachére ef al., 2004; Rosa and Barracco 2010). Our
RNA-seq analysis also showed that LELP'™ hemocytes had abundant transcripts of proPO
activation enzymes and serine proteases, which are also proPO-related enzymes (Cerenius
and Soderhédll 2004; Herndndez-Lopez et al., 1996). In many crustaceans, the proPO
system is carried by granular hemocytes (Soderhéll 2016; Sung et al., 1998; Yang et al.,
2015). Based on these previous reports and the present results, LELP™ hemocytes (i.e.
granulocytes) are responsible for the production of AMPs and c-type lysozyme, and
contribute to the proPO system, as reported previously.

The hemocytes which have the phagocytic activity vary greatly from species to species
in crustacean. In kuruma shrimp, strong phagocytic activity was observed in SGCs and
GCs (Kondo et al., 1992). LELP™ hemocytes accumulate transcripts involved in foreign
object recognition, such as integrin, lectins, toll and scavenger receptor (Art et al., 2007; Bi
etal.,2015; Lin et al., 2013; Wang et al., 2010; Wang and Wang, 2013; Wang et al., 2014;
Yang et al., 2007; Zhang et al., 2012). Furthermore, there was a correlation between
WGA-positive hemocytes and phagocytosis, not LEL-positive hemocytes (Fig. 10B, D) in
this study. Together, these results indicate that kuruma shrimp granular hemocytes are the
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main players in phagocytosis. Interestingly, LEL-positive not WGA-positive cells were
reported to be phagocytotic in Pacific oyster C. gigas (Jiang et al., 2016), which suggests
that the composition and function of cell surface glycans can differ in the same
invertebrates.

Some hemocytes stained with both WGA and LEL. Lin and Soderhéll (2011) argue that
GCs and SGCs differentiate from HCs. In this study, both LEL- and WGA-positive
hemocytes were present, but we were unable to analyze their functions. For example, both
LEL- and WGA-positive hemocytes may be in transition from HCs to GCs or SGCs. By
using a combination of LEL and WGA, it is now possible to more accurately classify the
types, functions and life cycles of hemocytes.

Since my lectin-based hemocyte isolation method requires cell fixation, functional
analysis was impossible. Therefore, further studies are needed to identify buffers that can
make it possible to stain living hemocytes with lectins to conduct functional analysis or
extract high quality RNAs. It is also necessary to identify the antigens of LEL and WGA to
clarify how hemocytes are classified. Despite these problems, lectin-based hemocyte
isolation uses easily available lectins and a relatively inexpensive MACS system, which

should make it useful in many laboratories.
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Table 1. Primer sequences used in this study

Primer name

Sequence (5°-3”)

Accession number

EF-lo_qRT-PCR_F

EF-la_gqRT-PCR_R

Crustin_qRT-PCR_F

Crustin_qRT-PCR_R

Penaeidin-II gqRT-PCR_F

Penaeidin-II_ qRT-PCR_R

C-type lysozyme qRT-PCR_F

C-type lysozyme qRT-PCR_R
Anti-lipopolysaccharide factor qRT-PCR_F
Anti-lipopolysaccharide factor qRT-PCR_R
C-type lectin_qRT-PCR_F

C-type lectin_qRT-PCR_R

Hemocyte Transglutaminase_qRT-PCR_F
Hemocyte Transglutaminase_qRT-PCR_R
Transglutaminase qRT-PCR_F
Transglutaminase qRT-PCR_R
Prophenoloxidase activation enzyme qRT-PCR_F
Prophenoloxidase activation enzyme qRT-PCR_R
Prophenoloxidase activation factor qRT-PCR_F
Prophenoloxidase activation factor qRT-PCR_R
Prophenoloxidase_qRT-PCR_F
Prophenoloxidase qRT-PCR_R

Toll qRT-PCR_F

Toll_qRT-PCR_R

Integrin o qRT-PCR_F

Integrin o qRT-PCR_R

ATT GCCACA CCG CTCACA

TCG ATC TTG GTC AGC AGT TCA
AACTACTGC TGC GAAAGG TCT CA
GGC AGT CCA GTG GCTTGG TA

TTA GCC TTA CTC TGT CAA GTG TAC GCC
AAC CTGAAG TTC CGTAGG AGC CA
ATT ACG GCC GCT CTG AGG TGC
CCA GCA ATC GGC CAT GTAGC

AGC CTC CTT TTC CTT TCC CCT

CAC AAT CCT GTCAGT TTT TCC GC
ACG CTG GTG TGATGC CCG

ACC GAG TCT GAG CCG CCT AA
GAG TCA GAA GTC GCC GAG TGT
TGG CTCAGCAGG TCGTTT AA

TGA CTG CGAAGAACATGA GC

GTT CTT GGT TTC CCC GACTC

ACC CGA CGATGC CAGAAC

TGG GAA GAT TTG GGA TAA GAA GAC
TCAAGG AGG TGG CTCTCC CT

GAT ACC CGAACC CGGTCT CC
CCGAGTTTT GTG GAG GTGTT

GAG AACTCC AGT CCG TGC TC

ACT GGA ACG TGT TGG GAA GA
TGC AAG TCC AGA ACCTCC AA
GAC GAG CCAAGC CATCTG A

TCC GTC GAG CAGTCTTCATG

AB458256.1

AB121740-4.1

KU057370.1

AB080238.1

KX424931.1

KJ175168.1

DQ436474.1

AB162767.1

This study

This study

AB073223.1

AB333779.1

LC114983.1
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Table 2. 163 trinity-transcripts were hit by blastx on Penaeidae proteins e-value less than 0.05

Result of blastx Log2-transformed TMM-TPM value
Trinity-transcripts Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Total LEL"™ LELSt"
DN6941_c0_gl AVG44186.1 crustin-like protein [Penaeus japonicus] 100 1.12E-44 140.0 11.23 9.96 6.80
DN7229_c0_gl ACP40176.1 crustin Pm5 [Penaeus monodon] 54.545 0.026 30.0 8.35 7.25 -
DN7517_c0_gl ABD92928.1 hemocyte transglutaminase [Penaeus japonicus] 96.078 4.56E-96 303.0 6.44 -3.27 8.29
DN7410_c2_gl AJI42795.1 crustacean hematopoietic factor-like protein [Penaeus vannamei] 78.689 1.02E-27 99.8 7.77 3.48 5.99
DN7472_c0_g3 ABV55648.1 Ubc protein, partial [Penacus monodon] 100 1.75E-41 137.0 7.76 3.74 -
DN7147_c0_gl AJI42795.1 crustacean hematopoietic factor-like protein [Penaeus vannamei] 41.791 8.23E-11 55.1 7.41 6.95 2.63
DN7399_c0_g2 AXP33454.1 selenium-dependent glutathione peroxidase [Penaeus japonicus] 99.465 3.77E-137 385.0 7.21 6.62 -
DN7398_c8_gl BAM35674.1 putative reverse transcriptase [Penaeus japonicus] 96.774 1.14E-13 63.5 7.02 6.03 -
DN7337_c0_gl BAJ78983.1 heat shock protein 90 [Penacus japonicus] 100 4.26E-21 84.7 6.99 6.53 -
DN7564_c0_gl ANE31673.1 C-type lectin [Penaeus merguiensis] 78.788 7.53E-76 224.0 6.87 5.78 1.34
DN7561_c3_gl AOD27416.1 Delta, partial [Penacus vannamei] 36.842 3.30E-06 45.8 6.80 1.12 6.18
DN1109 c0_gl ATIU99749.1 mitochondrial cytochrome ¢ oxidase subunit VIb [Penaeus vannamei] 95.181 2.39E-56 170.0 6.65 6.53 -0.94
DN7484 _c0_g2 BAD34945.1 serine proteinase homologue, partial [Penaeus japonicus] 97.345 0 651.0 6.59 531 -
DN7345_¢c0_gl ALA09086.1 pacifastin light chain-like serine proteinase inhibitor [Penaeus monodon] 38.043 2.12E-10 57.4 6.50 6.31 -
DN5604_c0_gl AMQ26208.1 Racl [Penaeus vannamei] 100 6.35E-11 52.4 3.24 6.45 -
DN7397_c10_gl AGV55415.1 innexin 2 [Penaeus monodon] 22.131 1.77E-21 92.8 6.41 5.93 -
DN7451_cl_g2 AID61753.1 fructose 1,6-biphosphate-aldolase A [Penaeus chinensis] 97.808 0 746.0 6.41 6.08 -
DN6409_c0_gl AEP83534.1 cyclophilin A [Penaeus vannamei] 94.512 7.08E-105 301.0 6.25 577 -
DN7462_c0_gl ARO77488.1 facilitate fatty acid transport protein [Penaeus vannamei] 25.934 3.28E-14 73.6 6.24 6.14 0.31
DN4509_c0_gl BAM65719.1 myosin heavy chain type 1 [Penaeus monodon] 30.120 3.29E-05 38.5 1.65 - 6.12
DN7008_c0_gl ABDG65308.1 eukaryotic translation initiation factor 3 subunit k, partial [Penaeus vannamei] 95.804 1.01E-101 290.0 5.98 5.84 -
DN7175_c0_gl AQW41372.1 peroxiredoxin [Penaeus monodon] 98.985 8.96E-146 405.0 5.96 5.69 -
DN5872_c0_gl ADP30959.1 COP9 constitutive photomorphogenic-like protein subunit 6 [Penaeus monodon] 20.913 1.12E-10 59.3 5.90 5.16 -
DN7357_c0_g2 AFT92034.1 triose-phosphate isomerase [Penaeus vannamei] 98.394 0 513.0 5.89 5.81 -2.14
DN7553_¢c0_gl BBC20717.1 integrin alpha ps [Penaeus japonicus] 99.728 0 1441.0 5.87 4.46 0.37
DN7444 _c0_gl BAC57943.1 cathepsin C [Penaeus japonicus] 99.444 2.48E-117 345.0 5.07 5.86 -
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Table 2. Continued

Result of blastx Log2-transformed TMM-TPM value
Trinity-transcripts Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Total LEL"™ LELSt"
DN5833_¢c0_gl BAA12287.1 chitinase [Penaeus japonicus] 43.902 0.001 38.1 5.76 4.94 -
DN61_c0_gl ACJ47904.1 nascent polypeptide-associated complex alpha [Penacus monodon] 98.558 3.81E-112 320.0 5.73 525 -
DN9914 _c0_gl ABD92928.1 hemocyte transglutaminase [Penaeus japonicus] 99.517 1.36E-151 436.0 2.20 - 5.67
DN6868_c0_gl ADR74382.1 prophenoloxidase-activating enzyme 2a [Penacus monodon] 70.745 0 525.0 5.64 4.23 -
DN6682_c0_gl ACO059906.1 eukaryotic translation initiation factor 3 subunit G [Penaeus monodon] 98.630 2.8E-178 493.0 5.59 4.70 -
DN7095_c0_gl AEE25939.1 V-H-ATPase subunit A [Penacus vannamei] 96.970 5.03E-37 135.0 4.77 5.54 -
DN7484_c0_gl BAD34945.1 serine proteinase homologue, partial [Penaeus japonicus] 75.964 3.72E-180 503.0 5.43 4.60 -
DN7504_c0_gl AOZ86849.1 tyrosine-protein phosphatase non-receptor type 2 [Penaeus japonicus] 21.339 1.23E-05 45.1 5.36 4.75 -
DN6898_c0_gl ANCS55855.1 selenoprotein M [Penaeus vannamei] 94.656 9.56E-77 228.0 4.85 533 -1.67
DN5050_c0_gl AIW39898.1 calreticulin [Penacus monodon] 98.131 4.74E-133 385.0 532 5.02 -
DN5464_c0_gl ADM&87522.1 Na+/K+-ATPase alpha subunit, partial [Penaeus vannamei] 98.540 9.58E-95 298.0 525 4.70 -
DN2082_c0_gl AFV69126.1 mitochondrial cytochrome ¢ oxidase subunit Vb [Penaeus vannamei] 95.041 4.09E-86 248.0 524 4.42 0.83
DN6116_c0_gl AOF79112.1 toll-3 [Penacus japonicus] 46.429 0.006 323 3.53 522 -
DN10066_c0_g1 AKO062849.1 scavenger receptor B1 [Penacus japonicus] 39.474 0.047 28.1 - 5.19 -
DN7387_c0_gl ADR74382.1 prophenoloxidase-activating enzyme 2a [Penacus monodon] 43.766 1.44E-98 298.0 517 291 -
DN7083_c0_gl ADK66821.1 prophenoloxidase activating factor serine proteinase [Penaeus indicus] 56.522 3.20E-11 54.3 5.11 4.42 -
DN7243 _¢9_gl AHV85235.1 ADAM metalloprotease, partial [Penacus japonicus] 54.023 2.97E-52 176.0 2.12 -1.52 5.10
DN5387_c0_gl AEG80154.1 Tep-1-beta [Penacus vannamei] 28.440 5.32E-16 71.0 5.07 4.71 -
DN7527_¢5_gl ADR31351.1 FKBP46 [Penaeus monodon] 44.068 5.63E-23 94.7 5.02 3.79 -1.45
DN7035_c0_gl ALO17563.1 G-protein coupled receptor GRL101, partial [Penacus monodon] 26.364 1.84E-04 40.0 5.02 3.52 -
DN6436_c0_gl ADN43412.1 hemocyte homeostasis-associated protein [Penaeus monodon] 81.319 2.39E-53 164.0 4.95 4.00 -
DN8956_c0_gl ADD63783.1 cytochrome P450 [Penacus vannamei] 84.071 4.06E-62 194.0 243 - 4.92
DN7366_c9_gl ADB65770.2 drosha [Penaeus japonicus] 46.154 0.043 32.0 4.38 491 -
DN7286_c0_gl ADH94008.1 caspase [Penaeus japonicus] 78.646 4.18E-104 309.0 4.90 4.77 -
DN195 _c0_gl ALM25771.1 cyclin T [Penaeus monodon] 33.333 0.01 30.8 1.62 4.86 -
DN6389_c0_gl AFQ62791.1 Bip [Penaeus vannamei] 97.308 1.88E-163 469.0 4.86 3.75 -
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Table 2. Continued

Result of blastx Log2-transformed TMM-TPM value
Trinity-transcripts Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Total LEL"™ LELSt"
DN7054_c0_gl ARJ31757.1 casein kinase II subunit beta [Penaeus vannamei] 100 1.19E-141 401.0 4.85 4.83 -
DN7407_c4_gl ADG22163.1 chitinase 3 precursor, partial [Penaeus monodon] 32.653 0.024 29.6 4.14 4.84 -
DN3088_c0_gl BAM35674.1 putative reverse transcriptase [Penaeus japonicus] 78.571 8.66E-33 116.0 3.38 4.83 -
DN1031_c0_gl AAK13497.1 syntenin, partial [Penacus monodon] 100 5.12E-38 124.0 2.05 - 4.82
DN7016_c0_gl ACN30234.1 ATP binding cassette transmembrane transporter [Penaeus vannamei] 25.405 2.22E-04 412 4.81 4.71 -
DN7071_c0_gl AFE88208.1 proteasome alpha 3 [Penaeus monodon] 34.848 1.86E-19 82.4 4.79 4.11 -
DN1104_c0_gl AEBO00819.1 vasa-like protein [Penacus japonicus] 60.000 0.036 28.5 3.70 4.78 -
DN7257_c0_gl BAHS86597.1 immune deficiency homolog [Penacus japonicus] 99.375 1.96E-117 334.0 4.77 3.97 -
DN6934_c0_g2 ACUS82846.1 acyl-CoA-binding protein [Penaeus chinensis] 39.773 4.74E-14 64.7 4.76 4.06 -
DN6261_cl_gl AJE29369.1 vascular endothelial growth factor receptor precursor [Penaeus vannamei 67.742 1.24E-22 88.2 4.71 4.74 -
DN3709_c0_gl ABR01223.1 elongation factor 2 [Penaeus monodon] 44.697 5.05E-33 121.0 2.08 -0.56 4.73
DN6991_c0_gl AJO69983.1 organellar Rab protein [Penacus vannamei] 95.522 1.07E-37 137.0 4.66 4.61 -
DN4451_c0_gl AX169830.1 bystin 1 [Penaecus monodon] 92.000 8.32E-28 100.0 4.62 - -
DN5402_c0_gl ACC62172.1 innexin 2 [Penaeus monodon] 38.636 0.018 30.0 2.58 4.61 -
DN6775_c0_gl AEI25987.1 hypothetical protein, partial [Penacus monodon] 50.000 1.05E-05 40.4 4.61 322 -
DN7455_¢c0_gl ACP19558.1 prophenoloxidase-activating enzyme [Penaeus monodon] 32.245 6.32E-26 106.0 4.60 391 -
DN7309_c0_gl AAM73800.1 SCYLLA-like protein [Penacus monodon] 43.182 2.24E-18 76.3 4.59 4.29 -
DN5317_c0_g2 AER34936.1 ubiquitin, partial [Penaeus vannamei] 31.818 2.84E-04 335 232 4.59 -
DN6969_c0_gl AHI85755.1 cytoplasmic dynein intermediate chain [Penaeus chinensis] 97.222 1.20E-17 78.2 4.20 4.56 -
DN6926_c0_gl ACU31809.1 alpha2 macroglobulin isoform 3, partial [Penaeus chinensis] 82.844 0 732.0 4.53 3.52 -
DN6618_c0_gl AFE88208.1 proteasome alpha 3 [Penaeus monodon] 26.923 4.85E-07 47.4 4.51 391 -
DN5249_¢c0_gl ACD13596.1 cyclophilin A [Penacus monodon] 34.615 0.009 30.4 2.72 4.50 -
DN5366_c0_gl ABV55648.1 Ubc protein, partial [Penacus monodon] 33.333 1.37E-06 424 4.15 4.50 -
DN1688_c0_gl AHX56189.1 activated protein kinase C receptor, partial [Penacus vannamei] 33.333 5.23E-09 48.5 3.62 4.48 -
DN5675_c0_gl AII17358.1 calmodulin, partial [Penaeus monodon] 33.333 0.001 358 4.47 3.20 -
DN10189 c0_gl CABR85963.1 alpha glucosidase [Penaeus vannamei] 36.508 2.47E-05 38.5 2.26 4.45 -
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Table 2. Continued

Result of blastx Log2-transformed TMM-TPM value
Trinity-transcripts Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Total LEL"™ LELSt"
DN7420_c0_g2 AME17650.1 trypsin [Penaeus monodon] 33.992 2.72E-41 148.0 4.45 3.42 -
DN4635_c0_gl AHV85235.1 ADAM metalloprotease, partial [Penacus japonicus] 100 3.05E-31 115.0 4.45 3.43 -
DN6348_c0_gl AIZ03630.1 cactin [Penaeus vannamei) 29.167 0.037 31.2 331 4.43 -
DN5487_c0_gl ABI98679.1 ubiquitin-conjugating enzyme H5b [Penacus vannamei] 100 4.17E-103 302.0 4.43 3.64 -
DN7339_c0_gl AFW98991.1 prophenoloxidase activating enzyme [Penaeus vannamei] 39.615 1.29E-40 147.0 4.42 2.70 -
DN6516_c0_gl AFE88208.1 proteasome alpha 3 [Penaeus monodon] 36.364 2.36E-14 67.8 4.42 3.61 -
DN5578_c0_gl AWI47734.1 DEAD box-ATP dependent RNA helicase 48 [Penacus monodon] 32.632 2.74E-33 125.0 4.38 2.40 -
DN5803_c0_gl AHK23065.1 double-stranded RNA-specific adenosine deaminase [Penaeus japonicus] 28.169 1.36E-06 47.4 4.37 4.22 -
DN6155_c0_g2 ACO059906.1 eukaryotic translation initiation factor 3 subunit G [Penaeus monodon] 28.571 7.81E-04 36.6 3.60 -1.78 4.34
DN7161_c0_gl ACRI15870.1 serine protease [Penaeus chinensis] 45.763 1.89E-62 201.0 4.34 3.05 -
DN7465_c4_gl ANZ80593.1 ubiquitin-activating enzyme E1 [Penaeus monodon] 27.000 0.03 33.1 4.34 2.84 -
DN1554_c0_gl ADQA43366.1 HMGBa [Penaeus vannamei] 97.826 6.62E-60 185.0 3.32 - 4.30
DN7101_c0_gl ADR74382.1 prophenoloxidase-activating enzyme 2a [Penacus monodon] 29.218 3.50E-24 101.0 4.30 4.23 -
DN10270_c0_gl CABR85963.1 alpha glucosidase [Penaeus vannamei] 50.000 1.94E-05 37.7 4.28 2.04 -
DN5426_c0_gl AJE29369.1 vascular endothelial growth factor receptor precursor [Penaeus vannamei] 60.317 9.05E-25 93.2 3.97 4.28 -
DN6353_c0_gl BAE78496.1 farnesoic acid O-methyltransferase [Penaeus japonicus] 100 6.11E-65 208.0 3.74 4.28 -
DN6712_c0_gl AGZ01980.1 valosin-containing protein [Penacus monodon] 39.264 1.17E-27 109.0 4.26 3.68 -
DN1895_c0_gl AWB51937.1 60S ribosomal protein L7A [Penaeus vannamei] 65.625 1.41E-40 132.0 3.06 4.26 -
DN7362_c0_g2 ABW88999.1 double WAP domain-containing protein [Penaeus japonicus] 38.636 0.018 29.6 1.82 4.26 -
DN6515_c0_gl AON76443.1 defender against apoptotic death [Penaeus japonicus] 100 7.21E-80 231.0 4.25 4.03 -
DN7393 cll_g4 AHH32888.1 integrin alpha 5 [Penaeus chinensis] 84.058 5.20E-33 116.0 4.24 4.16 -
DN9011_c0_gl AEU11366.1 Broad-complex protein isoform 4 [Penacus monodon] 45.455 1.15E-04 358 1.83 4.24 -
DN10350_c0_gl AHF21001.1 activated C kinase 1 receptor [Penaeus japonicus] 48.276 0.01 30.0 0.98 4.23 -
DN3546_c0_gl BAJ23879.1 glycogen phosphorylase [Penaeus japonicus] 100 3.56E-105 325.0 4.21 2.98 -
DN7001_c1_gl ATY51983.1 cAMP-responsive element binding protein-3, partial [Penaeus vannamei] 97.170 7.85E-139 421.0 4.19 3.70 -
DN7481_c12_gl ADO32581.1 cathepsin B [Penacus japonicus] 99.699 0 675.0 4.17 3.82 -
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Table 2. Continued

Result of blastx Log2-transformed TMM-TPM value
Trinity-transcripts Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Total LEL"™ LELSt"
DN5852_c0_gl ABW88999.1 double WAP domain-containing protein [Penaeus japonicus] 55.172 5.13E-05 36.2 3.65 4.16 -
DN8034_c0_gl sp|QINGPO.1 Crustacean hyperglycemic hormone B 32.609 0.005 30.8 2.56 4.16 -
DN5575_¢c0_gl AOZ86849.1 tyrosine-protein phosphatase non-receptor type 2 [Penaeus japonicus] 100 1.12E-77 235.0 3.41 4.16 -
DN4 _c0_gl ADO000929.1 endoplasmic reticulum protein 57 [Penaeus monodon] 98.182 0 544.0 4.15 4.07 -
DN7346_c7_g2 sp|Q25456.1 Allergen Met e 1 72.139 8.55E-60 193.0 4.15 223 -
DN7367_c0_gl ABO33174.1 serine protease-like protein 3 [Penaeus monodon] 90.612 6.69E-166 469.0 4.13 3.25 -
DN7272_c0_gl ACR23314.1 chitinase 4 precursor [Penaeus vannamei] 39.024 0.008 36.6 4.13 3.40 -
DN2737_c0_g2 AECI12821.1 lactate dehydrogenase [Penacus vannamei] 34.921 0.025 33.1 3.54 4.12 -
DN1723 _¢0_gl AYF59253.1 tyrosine-protein phosphatase non-receptor type 2 [Penacus monodon] 37.313 1.47E-11 55.1 2.64 4.12 -
DN6691_c0_gl AEX07320.1 gamma-interferon-inducible lysosomal thiol reductase [Penacus merguiensis] 88.614 1.87E-139 387.0 4.12 322 -
DN7378_c8_gl AHH32891.1 integrin beta 6, partial [Penaeus chinensis] 76.176 1.28E-102 309.0 4.12 3.45 -
DN5417_c0_gl ACD13598.1 variant transformer-2 protein [Penacus monodon] 36.986 3.48E-06 45.1 4.12 3.84 -
DN6751_cl_gl AFW98986.1 prophenoloxidase activating factor [Penaeus chinensis] 50.735 2.16E-93 281.0 4.11 0.96 -
DN7290_c1_g4 AEU11365.1 Broad-complex protein isoform 6 variant 2 [Penaeus monodon] 42.254 1.17E-19 78.2 3.77 4.09 -
DN3814_c0_gl AEU11365.1 Broad-complex protein isoform 6 variant 2 [Penaeus monodon] 51.515 3.68E-07 42.7 2.67 4.09 -
DN4230_c0_gl AQW41373.1 peroxiredoxin [Penaeus monodon] 96.386 2.95E-55 168.0 2.09 4.07 -
DN9388_c0_gl BAM37459.1 argonaute 2 [Penaeus japonicus] 100 1.89E-51 169.0 4.06 - -
DN7527_cl_gl sp|Q6PV61.3|[H2A PENVA RecName: Full=Histone H2A 61.765 4.60E-35 117.0 3.99 -1.78 -
DN1562_c0_g2 ADC55251.1 mitochondrial ATP synthase subunit alpha precursor [Penaeus vannamei] 98.462 1.17E-36 126.0 3.89 - -
DN6093_c0_gl BBD20111.1 wsv343-like protein [Penaeus japonicus] 33.333 0.004 31.6 3.75 - -
DN7367_cl_gl ABO33174.1 serine protease-like protein 3 [Penaeus monodon] 89.474 1.52E-15 66.2 3.69 - -
DN6384_c0_gl ACJ36226.1 spermatogonial stem-cell renewal factor [Penaeus chinensis] 93.827 3.90E-47 152.0 3.62 - -
DN7906_c0_gl ABC33917.1 trypsin-like serine proteinase [Penaeus chinensis] 48.980 9.85E-13 58.2 3.62 - -
DN6432_c0_g2 ACM91676.1 FIFO-ATP synthase beta subunit [Penaeus japonicus] 34.524 1.59E-05 389 3.60 - -
DN4683_c0_gl AMQ76360.1 clathrin coat assembly protein 17 [Penacus vannamei] 96.429 4.39E-35 113.0 3.58 - -
DN2353_c0_gl AEG80154.1 Tep-1-beta [Penacus vannamei] 38.571 5.01E-08 45.1 3.56 - -
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Table 2. Continued

Result of blastx Log2-transformed TMM-TPM value
Trinity-transcripts Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Total LEL"™ LELSt"
DN8431_c0_gl AEU11366.1 Broad-complex protein isoform 4 [Penacus monodon] 55.263 9.42E-11 53.1 3.46 - -
DN10199_c0_gl AGS38337.1 ERK [Penaeus vannamei] 100 7.87E-11 52.8 3.45 - -
DN1727_c0_gl AGN53342.1 peroxinectin [Penaeus indicus] 53.704 1.40E-05 39.3 3.43 - -
DN6840_c0_g3 ADK94870.1 saposin isoform 1 [Penaeus monodon] 95.522 8.14E-40 135.0 3.42 - -
DN7505_c0_gl AIU96362.1 peroxinectin [Penaeus merguiensis] 90.654 2.49E-63 202.0 3.42 - -
DN5384 _c0_g3 ARE29775.1 p53-like protein isoform delta [Penacus vannamei] 91.549 1.37E-40 132.0 3.40 - -
DN1308_c0_g2 AMQ76360.1 clathrin coat assembly protein 17 [Penacus vannamei] 54.098 1.00E-18 72.0 3.38 - -
DN7379_c0_g5 AHA90856.1 FEM-1 [Penaeus vannamei] 38.333 6.57E-06 38.9 3.38 - -
DN9787_c0_gl ADV04044.1 ATP-binding cassette transmembrane transporter [Penaeus chinensis] 42.857 0.01 30.0 3.33 - -
DN1403_c0_gl AEU11366.1 Broad-complex protein isoform 4 [Penacus monodon] 54.839 1.07E-06 424 3.32 - -
DN9524 _¢c0_gl AMKO05616.1 transforming growth factor beta regulator 1-like protein [Penaeus monodon] 100 1.93E-52 163.0 3.32 - -
DN529 _¢0_gl AEE25939.1 V-H-ATPase subunit A [Penaeus vannamei] 93.151 5.34E-44 147.0 332 - -
DN6000_c0_g2 AGU41814.1 IRAK]1 protein [Penacus vannamei] 51.852 0.008 30.4 332 - -
DN5252 _¢c0_gl AKV16260.1 adiponectin receptor [Penaeus vannamei] 43.243 0.038 29.3 3.29 - -
DN31_c0 gl AFJ59949.1 M-type lectin [Penacus japonicus] 52.542 3.72E-13 60.8 3.28 - -
DN7393 cll_g2 AHH32888.1 integrin alpha 5 [Penaeus chinensis] 68.047 3.59E-73 235 327 - -
DN8798_c0_gl AHX84170.1 target of rapamycin [Penaeus chinensis] 41.538 1.51E-07 45.1 3.26 - -
DN1960_c0_gl AEB96259.1 C-type lectin [Penacus merguiensis] 39.286 0.022 28.9 322 - -
DN8546_c0_gl AGG82488.1 p38 [Penaeus vannamei] 39.286 2.28E-04 34.7 3.15 - -
DN4511_c0_gl ARO77487.1 MST4 [Penaeus vannamei] 34.328 2.12E-07 43.9 3.14 - -
DN773_¢c0_gl ACO059906.1 eukaryotic translation initiation factor 3 subunit G [Penaeus monodon] 32.787 0.021 29.6 3.11 - 2.13
DN8565_c0_gl AOF79107.1 dorsal [Penaeus japonicus] 100 2.20E-30 108.0 3.10 - -
DN3666_c0_gl AEU11364.1 Broad-complex protein isoform 6 variant 1 [Penaeus monodon] 44.118 2.31E-17 72.0 3.09 - -
DN3692_c0_gl AFX71574.1 dopamine receptor type 1 [Penacus monodon] 28.788 1.15E-04 37.4 3.08 - -
DN9385_c0_gl AAK28535.1 farnesoic acid O-methyltransferase [Metapenaeus ensis] 33.333 0.046 28.1 3.08 - -
DN8172_c0_gl AEU11366.1 Broad-complex protein isoform 4 [Penacus monodon] 46.429 4.71E-04 343 3.06 - -
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Table 2. Continued

Result of blastx Log2-transformed TMM-TPM value
Trinity-transcripts Top hit of homology genes, gene name [spicies] Identity (%) E-Value Bit-Score Total LEL"™ LELSt"
DN10540_c0_gl AFK25798.1 KPI2 [Penaeus vannamei] 28.814 0.042 28.1 3.05 - -
DN6873_c0_g2 ADH93870.1 caspase [Penaeus japonicus] 29.688 0.006 32.0 3.04 - -
DN8186_c0_gl BAOO01182.1 protein phosphatase 1B [Penaeus japonicus] 100 2.49E-48 154.0 3.03 - -
DN8634_c0_gl BAHS57291.1 putative ovarian lipoprotein receptor [Penaeus japonicus] 35.294 0.014 30.0 3.03 - -
DN8031_c0_gl AWI47734.1 DEAD box-ATP dependent RNA helicase 48 [Penaeus monodon] 47.222 4.19E-07 424 3.03 - -
DN8047_c0_gl AEU11366.1 Broad-complex protein isoform 4 [Penaeus monodon] 65.714 5.10E-09 47.8 3.03 - -
DN1775_c0_gl AFW98985.1 prophenoloxidase activating enzyme [Penaeus chinensis] 40.367 4.19E-24 93.2 3.02 - -
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Figure 1. Flow cytometry analysis of LEL-stained hemocytes from a shrimp. The intensity
of FL-1 signal of LEL-stained hemocytes (A). Dotted line indicates negative control of FL-
1 value. Dot-plot analysis of total hemocytes (B) LELP'™ hemocytes (C) and LELSto"e

hemocytes (D). X- and Y-axes indicate FSC and SSC, respectively.
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Figure 2. Flow cytometry analysis of WGA-stained hemocytes from a shrimp. The
intensity of FL-1 signal of WGA-stained hemocytes (A). Dotted line indicates negative
control of FL-1 value. Dot-plot analysis of total hemocytes (B) WGAP'™ hemocytes (C)

and WGAS™ hemocytes (D). X- and Y-axes indicate FSC and SSC, respectively.
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Figure 3. Lectin staining of total hemocytes from a shrimp. Hemocytes stained LEL (A-D)
and WGA (E-H). Bright-field (A, E). Nucleolus stained as blue by Hoechst 33258 (B, F).

Each fluorescent lectin stained as green, LEL (C) and WGA (G). Merged figure (D, H).

Bars indicate 10 pm scale.
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Figure 4. Double lectin staining of total hemocytes from a shrimp. Hemocytes stained LEL
and WGA. Bright-field (A). Nucleolus stained by Hoechst 33258 as blue, hemocytes
stained by LEL as red and WGA as green (B). Nucleolus stained by Hoechst 33258 as
blue, hemocytes stained by LEL as red (C). Nucleolus stained by Hoechst 33258 as blue,

hemocytes stained by WGA as green (D). Bars indicate 10 um scale.
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Figure 5. Bright field microscopic observation and May-Giemsa staining of hemocytes
from a shrimp. Total hemocyte observed under bright-field (A). Total hemocytes stained
by May-Giemsa staining (B). Bright field observation and May-Giemsa staining of LELP™

hemocytes (C) and LELS""¢ hemocytes (D). Bars indicate 10 um scale.
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Figure 6. Dot plot analyses of total, LELP'™ and LELS"™"¢ hemocytes from a shrimp. Total

hemocytes (A), LELP™ hemocytes (B) and LELS"™"¢ hemocytes (C). Each region was

established based on characteristic cell plots. X- and Y-axes indicate FSC and SSC,

respectively.
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Trimmed mean of M values normalized transcripts per million transcripts

0.0 16.0 256.0

wa137
buons 137

Trinity gene Top hit of homology genes, gene name [species] Identity E-Value
DN7517_c0_g1  ABD92928.1 hemocyte transglutaminase [Penaeus japonicus] 96.1 4.56E-96— g
DN9914_c0_g1  ABD92928.1 hemocyte transglutaminase [Penaeus japonicus] 99.5 1.36E-151 _h E':
DN7229_c0_g1  ACP40176.1 crustin Pm5 [Penaeus monodon] 54.5 0.026 -
DN7564_c0_g1  ANE31673.1 C-type lectin [Penaeus merguiensis] 78.8  7.53E-76
DN6926_c0_g1  ACU31809.1 alpha2 macroglobulin isoform 3, partial [Penaeus chinensis] 82.8 0
DN6941_c0_g1  AVG44186.1 crustin-like protein [Penaeus japonicus] 100.0 1.12E-44
DN7161_c0_g1  ACR15870.1 serine protease [Penaeus chinensis] 45.8 1.89E-62
DN7553_c0_g1  BBC20717.1 integrin alpha ps [Penaeus japonicus] 99.7 0 o
DN6868_c0_g1  ADR74382.1 prophenoloxidase-activating enzyme 2a [Penaeus monodon] 70.7 0 =~ %
DN7484_c0_g2 BAD34945.1 serine proteinase homologue, partial [Penaeus japonicus] 97.3 0 ;
DN7455_c0_g1  ACP19558.1 prophenoloxidase-activating enzyme [Penaeus monodon] 322 6.32E-26
DN7083_c0_g1  ADK66821.1 prophenoloxidase activating factor serine proteinase [Penaeus indicus] 56.5 3.2E-11
DN7378_c8_g1  AHH32891.1 integrin beta 6, partial [Penaeus chinensis] 76.2 1.28E-102
DN7484_cO_g1 BAD34945.1 serine proteinase homologue, partial [Penaeus japonicus] 76.0 3.72E-180
DN7367_c0_g1  ABO33174.1 serine protease-like protein 3 [Penaeus monodon] 90.6 6.69E-166
DN7387_c0_g1  ADR74382.1 prophenoloxidase-activating enzyme 2a [Penaeus monodon] 438  1.44E-98 |
DN7339_c0_g1  AFW98991.1 prophenoloxidase activating enzyme [Penaeus vannamei] 39.6 1.29E-40
DN6751_c1_g1  AFW98986.1 prophenoloxidase activating factor [Penaeus chinensis] 50.7 2.16E-93
DN7367_c1_g1  ABO33174.1 serine protease-like protein 3 [Penaeus monodon] 89.5 1.52E-15 | g
DN31_c0_g1 AFJ59949.1 M-type lectin [Penaeus japonicus] 525 3.72E-13 jol
! DN7393_c11_g2 AHH32888.1 integrin alpha 5 [Penaeus chinensis] 68.0 3.59E-73 @
DN1960_c0_g1  AEB96259.1 C-type lectin [Penaeus merguiensis] 39.3 0.022
DN1775_c0_g1  AFW98985.1 prophenoloxidase activating enzyme [Penaeus chinensis] 40.4 4.19E-24
DN6261_c1_g1  AJE29369.1 vascular endothelial growth factor receptor precursor [Penaeus vannamei] 67.7 1.24E-22
DN7101_cO_g1  ADR74382.1 prophenoloxidase-activating enzyme 2a [Penaeus monodon] 29.2 3.5E-24
DN7393_c11_g4 AHH32888.1 integrin alpha 5 [Penaeus chinensis] 84.1 5.2E-33
DN5426_c0_g1  AJE29369.1 vascular endothelial growth factor receptor precursor [Penaeus vannamei] 60.3  9.05E-25 g
DN5852_c0_g1  ABW88999.1 double WAP domain-containing protein [Penaeus japonicus] 55.2 0.0000513 i §
DN6116_c0_g1  AOF79112.1 toll-3 [Penaeus japonicus] 46.4 0.006 s
DN7362_c0_g2 ABW88999.1 double WAP domain-containing protein [Penaeus japonicus] 38.6 0.018
DN10066_c0_g1 AKO62849.1 scavenger receptor B1 [Penaeus japonicus] 39.5 0.047_

Figure 7. Hierarchical clustering analysis of immune-related trinity-transcripts extracted as
differentially expressed in total, LELP™ and LELS"°"¢ hemocytes. Each column is the
TMM-TPM value. Relatively highly expressed trinity-transcripts are shown in red,

relatively weakly expressed trinity-transcripts are shown in green.
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Figure 8. QRT-PCR analyses of 12 transcripts. ACt values analyzed by qRT-PCR. Higher

ACT value indicates higher expression. Each bar indicates the average value. Double

asterisk (**) on the bars indicates p-value less than 0.01 and single asterisk (*) indicates p-

value less than 0.05.
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Figure 9. LEL staining on hemocytes phagocyted micro beads. Microscopic observation
under bright-field (A, C) and under fluorescent-field (B, D). Nucleolus stained by Hoechst
33258 as blue, hemocytes stained by LEL as green and phagocytized beads as red (B, D).

Bars indicate 10 pm scale.
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Figure 10. WGA staining on hemocytes phagocyted micro beads. Microscopic observation
under bright-field (A, C) and under fluorescent-field (B, D). Nucleolus stained by Hoechst
33258 as blue, hemocytes stained by WGA as green and phagocytized beads as red (B, D).

Bars indicate 10 pm scale.
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