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Summary

Identification and physiological roles of the sugar transporter genes in the rice

plant pest, the brown planthopper Nilaparvata lugens

Summary

Sugars are important nutrient sources in the metabolism of all organisms and are
delivered into cells by transporters in the cell membrane. Although the sugar transport
systems of bacteria, plants and mammals have been studies in depth, those of insects
remain unclear. The need for a greater understanding of this aspect of insect metabolism
is particularly important for plant pest species, such as the brown planthopper (BPH,
Nilaparvata lugens), which is a serious pest on rice crops because it sucks a large amount
of sugar-rich phloem sap from the plants. In order to better understand the sugar transport
system in the BPH, sugar transporter genes were cloned and their functions were
analyzed using the Xenopus oocyte expression system. In particular, the analyses focused
on i) the functions of sugar transporters expressed in the midgut (the equivalent of the
mammalian stomach or intestine) in the metabolism of sugars from external food source,
and ii) the role of a sugar transporter expressed in the fat body (the equivalent of the
mammalian liver) in the maintenance of sugar homeostasis in the BPH.

The glucose transporter NIHT1 was recently identified in the BPH. The presence of
this protein suggests that expression of sugar transporters in the midgut is essential for the
uptake of sugars from the rice phloem-sap. In this study, | identified and cloned 18 sugar
transporter genes from the BPH including NIHT1 (Nist1). Among these genes, Nist6 and
NIst16 were of particular interest as they were expressed in the midgut. NIst6 expression
was up-regulated in BPHSs that are able to feed on the resistant rice variety ASD7, while
NIst16 expression was up-regulated in BPHs that had fed on the rice plants. Sugar
transporter genes were expressed in Xenopus oocyte exogenous gene expression
system. In general, sugar transporters can be divided into two functional groups: i)
facilitated transporters, which facilitate diffusion by sugars along gradients from regions of
high concentration to those of lower concentration; and ii) secondary active membrane
transporters, which move sugars via electrochemical membrane gradients of Na* or H*
ions. NIST6 was found to be a facilitated glucose/fructose transporter, while NIST16 was a

facilitated glucose transporter. NIST1 was also confirmed to be a facilitated glucose
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transporter. The sugar gradient in the BPH midgut appears to be important for the efficient
working of the sugar transporters. A significant difference in sugar concentration between
the plant phloem-sap and the BPH hemolymph is required because these NIST
transporters showed the characteristics of facilitated diffusion proteins. Rice phloem sap
was found to contain 6—17% sucrose. The sucrose seemed to be degraded into glucose
and fructose by sucrase in the BPH midgut and, consequently, this gut region was rich in
glucose and fructose. However, the BPH hemolymph contained trehalose and myo-
inositol, but not glucose and fructose. Consequently, the sugar concentrations were very
different between the ingested rice phloem sap and BPH blood, enabling the sugar
transporters in the midgut to work efficiently.

Nist11, which was expressed in the fat body, was then studied, because the gene
showed up-regulation in BPHs under starvation conditions. Analyses using the Xenopus
oocyte expression system analyses showed that NIST11 was a facilitated glucose/fructose
transporter. The exact role of this transporter is unclear but it may function in sugar
transport from the fat body under nutrient deficient conditions to maintain the supply of
sugars to various tissues. Glucose is usually produced by glycogen degradation in the fat
body during starvation, and NIST11 may function in the transport of glucose to the
hemolymph.

NIst8 was found to be expressed in the fat body and Malpighian tubules.
Phylogenetic analysis strongly suggested that Nist8 is a trehalose transporter gene, and is
included in a monophyletic group with other trehalose transporters. Functional analyses
indicated that NIST8 was an H*-trehalose symporter. This study is the first to identify a
secondary membrane potential transporter for trehalose in a multicellular organism. Export
of trehalose from the fat body to the hemolymph appeared to be mediated by NIST8 in the
BPH. Expression of Nist8 in the Malpighian tubules might be involved in the importation of
trehalose from the hemolymph. The Malpighian tubules require energy for the excretion of
waste products and excess salts; imported trehalose might be used as an energy source.

The present study is the first comprehensive analysis for the sugar transport system
in an insect species to investigate gene function using the Xenopus oocyte expression

system. The data obtained from functional analyses of the molecular roles of transporter
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genes have the potential to stimulate further genome-based investigations of the

nutritional and metabolic requirements of insect species.
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General Introduction

N E- O > 71 (Brown planthopper; BPH, Nilaparvata lugens) (&1 % DEIE R Z T
P2ERTH D, EYDETELASNICREDIFAIERZBLU THAL. FRShIEHIX
ILF—REULTHIAENS, BPHICIIE S NicA RIFEB ICHERKDPPREDDRE
L. OEWBE, 1 XD LT B (Sogawa, 1982) » BPHICIIE I NIcZE D1 X DIE
DBMIBEKRTH D, REETOMIZTHIRE V7 TE, A1 RZFHZEL THIET
%MD T, BPHIZEM%E U THAET S (Dyck and Thomas, 1979) » BPHIZEVEMEDEHRT
HH, BETRERBL TSRV, BF, BRERICKREY V7 PhERFEN S BARAREK
L. B E THAERNTEIET % (Kishimoto, 1976; Mun et al., 1999; Otsuka et al.,

2005) . BPHOEFEAMEIT DIV, 1 ROPNENITONSB8BERNS108 ICEED
KET D, BPHOREKIE, NMNEFEEHARICEZWH, EHATEBPHORENHAS5NS
(Fig. IA) - International Rice Research Institute (IRRI) DfFEtic &2 &, HROEFELR K
KEMELT, A1 RIEEHAY —HEED20%Z L. 7 I 7HIKTIE30%% 56 S,
1990FEMS51991F D, ¥ 1PN K
FLRFTER BPHUADHEDLE
) 1T & B ERDHELEIE300075 KL
EZEZ 5N TW3 (Gallagher et al.,
1994) , HRAOIEIMERICH D
ENSBHIEVWVERORBAENERRS
n. 1XOFBREFRDEEZISN
%o BPHIZFICBIBRNRBTH B EE

ZANBREEFERDVEDTH S,

Fig. IA ht4n¢thmﬂwiﬁﬁﬁ
BPHAEMZEBLTHEZ S S5TIY 7 (FRDEM) .
SE O R R BENAERKES N Cx BPHAENSKIENITHEEZSLSTIY T (ROEM).

INE T, BPHICK T 25K 778K
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fco UDULAAS, BPHIZERIPIEM A *Z 2 & & & <$ LU TEf (Nagata and
Masuda, 1980; Khan and Saxena, 1988; Gorman et al., 2008; Wang et al., 2008) , &+
MAREA RBEDOFEIREICLD,. TNSICMATS/NEOEEIBRS N T, BRMERE
EULTERIZEEZIOSND, 1990FRICENTTELLFBFSNTELERY VR H—
INAA RFRHZDWFELZROA RRERANCMZA T, XAZIF /A RRERFADEZ L
fco RAZIF /A RIZZIF>DOEERICIEL . nicotinic acetylcholin receptors
(NAChRs) 7 =X h & LT, EROHFMBMICIERAT S (Millar and Denholmn,

2007) o XA ZAF /A RERBRBEED >V HERHBROIEHICEASI N, 7 I 7HRICE W
TLES<AWLONS &S ICBofce UM L. BERDSXAZIF /A FEFIEZER UL
BPHANHIR L TZTHD (Puinean et al., 2010) . BUBPHORXRENZM THASN S K
SICBR>TE e SHIMEBEMA RBEZIER TE SBPHEGKBNMER. 1 ROLEEEIR
FE. XNFLT70H 8>, FET277A DR LTIcEENTWS (Normile,

2008) o BRHFCKT T ZIETEDEFICDOWTIE, Z<OERTAELARITHON TV
%o UM U. BPHATHREA R ZED K SICUTHTIRI 2DOMCDVWTIRKIFE A ERSH
(78> TLVERLY,

AMRETHAREET U TVSBPHICIE, THRIE RBEASDTZ KT T 5 EAVHRER
BPHD ¥ 1 7 (BPH-R) & B+ TE R WY o 7 (BPH-S) EASEIELT Wz, %2 TBPH-R
EBPH-SOZNZNICMRME RASD7TZ5 2. INSDBPHOBGFREREZZAY IV
A7A7 LA TR LIcE B, BRABEBERFORREFNH SN, LHL. WEDY
A 7ICRRMEAR (AN )) 25X BELFRREZERLUICEISE. FEAEDER
FIFBPH-REBPH-SE TRERENHSNBI > e, Fic, BREH - JIBRHDER
FTRESZHRUICE IS, MBREARZERULREEICL > TRRICEENASNIE
TFHEE. ZORFEAENMBRTERVNILICLD DD THBIIENEZ SN, LML
BM5. BPH-RY A 7IcHEWT, ASD7TZEBR UICHBICOHELTREENHSNIEE

FHARE I, ZFDEEFILsugar transporterc 1— K9 %8{EF T oz (Fig. IB) o &
8



General Introduction

NETMHHRMEARZITHUERICEWT, sugar transporterBz T DHREMNFTEI NS
ZEEMENTE ST, BPHDsugar transporterz #1719 % Z & (EBPHD A EF TR 15 4E
REBDAROERZHE LNV, £, I Dsugar transporter& (EFID kT > AR—45 —
MAEAYZEBRB UL EESPHERRE T, ELFRENFTEINSIEEHASHER
D . sugar transporterlIIRIBFREICIH U TETFRIEANBFESINDI EEZISND, INT
DEMICEWTHEIR NV AR—Y—ZB U THliEEZEX I NS 2 Ehbh > TIEFWS
HDD, BRICHIT Bsugar transporterDIAFTHR S (EIEF ICBRS N TWLWS, Sugar
transporterOt&EEZ S MC U, BRI EIZER T D T &I, BPHOREDERX H =
ALPEOEEMHERRERHOBRE AT LAO—HZHESMNCTEZ EEZI 5N,
AifZE TIEBPHMDsugar transporter DEEREZ FAS MM I B 7zshic. F£9. BPH cDNA
ESTF—4X—XZFIFE U T, sugar transporterfZ@ &R T EZERLIco FLUTENSD
FKIR%E X, sugar transporterfZfE B FDEMEREB T (FB1E) , MMHREL RBIEASD7
I & D HIRHFHEE S 1B sugar transporterlZfEL T (FHEBRIEST T — ¥ R—X D FETH
SHIFICRIRT B EHESNDT, TNEMELT, BIED LS ICUTEFRAANRD
RAENTWSOMZENMFEN, FEZNAEISHESMI Ul RIcHBICENWT, BXE
MR (APENV)ZRTT B ET. BREHIFES Nicsugar transportenEfzTH B H
SNTVWBDT, ZDERFDHEE

B RASD7
BT U Tz (B52E) » BPHODHEEIE 3} BPH.R Y1707 LA
"Cl:l:&
VATLTEBRSMNNCT BI=HICIE. Il&i-l— BPH-RI&
—) Sugar transporter
H{EAR Dsugar transporteriC 6 & B x BEFHREET S

FTENENHDEEZ, RD2DD BRI RICEST

Bkl x% FESIhBIHFROELGT

sugar transporter&{=F DHEEERRIT |BRTE2BPHE

RRTEBVBPH (ennmEELTLZON?)
HiToTc, BERRETRIENFE S |karh3

Fig. IB Sugar transporterB{5FDFH R (XiBHT ¢
1 X BRIFICHEEINhS

N 7zsugar transporter & (853E) .
BROFERMET, TRILF—&
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UCCTHAEZINZ NL/\O—XAZEZETZN SV RAR—Y—%ZREL. BT ZiTo 1
(B4E), ULEDLSICAAETIE. TNETEHRTIEIFEA EBITINTULRVLsugar

transporteric 58 U. RFEPFDERDFEHES XA T LAD—lmZHASHIC U T,

10
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B1E

b E4 O7 > HSugar transporterlZ B FOBEREFEKBR7O07 7 1)L

&

[l

BPHIZERMERRTH D, M RENERZHTI % (Sogawa, 1982) , HIERICEEN S
ETHDRAYVAO—RE, BPHOEERQRIXILF—DVEDTHDEEZSND, X7 O—
ZFTIWA=RETIVI K= SBEINZEETHH. RVO—RADKRETIEHE
MSRIXE NARWE ZINTWS (Rhodes, 1997) o BPHY 7 75 A& DHemipteraB D E
BIZEWT, FBATIRRAZ I—EEWSERNDREIN. R7O0-X@FTIILI—RXET
W b =RICHIKDEEIND EEZS5ND (Price etal., 2007a) . LIz T. ThS5DE
BTREIZILA=APIILI b —ADFETERRNICHEZERDAATNSE EEZ 5N, BPH
FEEROABTAINRTZIK AT 20T TIERL, MERD—EIFHBZNULTZEDORINE
ANBEHE NS (Fig. 1) o ZDRITHE (Honeydew) &M XN, ZDOFDIUL ., EEEL
2T (Sogawa, 1982) , HEHFDHEHDDREZHALE TS, ENCATIA—X, 7
OA—ZAP® 7T =R EDEIEE S NI (Fig. 4-8) o —MRIC. BRIEREDREY
ZIRNTZ2DIE. E NOBYNBICHET 2FHEBEEFREINS BB TITOND EEZSNT
W3, UM U, FIBICBITZIBEBOBDAHD AN ZAALIFIFEALERSHCEIN TV

Wo
a7

RSYRK—5—2)

VEZHIXT DDICIEN TV AR—5—

EMFEN S "B ONENRAIRTH S

(Mueckler, 1994) , Sugar transporter(d—#%

?®

J

IC12(fRE®Y ~ /N7 TH D, NKim&CKR

IHEIAMHRRE ICEL U iR Z R (Fig. Fig.1 BPHIZM RX%ZR+T ZERTH S
1 RXOMAERICEEFNIBIIBEN UTESANEEXEIND CHES
2)o EIIETIF—MIC16TEEDsugar n%, MERO—HE THE SEEN3EENE LTHEENS,

11
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transporterD’\AESINTEHE D, SLC2/GLUT7 7 2 ) —Z R L. BXEEHEDORHEN S
DICKAIE 1S (Mueckler, 1994) , FEDOERENMRICHE>T. IRILF—ZFALTICHEE
BXTBGLUT7 72U — 55— DN Na' 1 AV DBEBRILZENERENIC LD ZRIIBEED
HE THEEZ A AV EHICHEXRT BSCLT7 72 —ThH D, RIEICIF13BEDsugar
transporter® 15 . REIICTE > T, FDOEERDTFOEHMNESHNIED DDH B, BE
DSGLT h TV AR—4 —& UTIEENF STV S (Wood and Trayhurn, 2003) , E b
D/ LRI TlE. RIFHRIE LT, BOREAKICK > TIRDATRNZ LT TIRERL,
Na*/Z' )L d—X kT Y AR—% — SGLT1IC & 2 HZREXNEE TH S (Wright, 1993) » H
ELERDTILA—ZAP TV b —ZADREIFEWNH, SGLT1IC & > TRIBHIICHERZAIAN
ENRDIAFNS, —RHNICHRERNOEREEN LRI 20T, EREEDOKEZFH AL
T, EEE (OER) ICHKFRTBCLUT2RED h T Y AIR—F —Z N U THEDMEER ICHH
FEAAN & XI5 (Drozdowski and Thomson, 2006; Wright et al., 2007) » 27 /LJ—X -
20 b —=RRIREEE (Glucose-galactose malabsorption) (&, 5D kT > AR—
5 —DEEEN RN BEDERE LTSN TWS (Wright, 1998) s D ESICh Sy
AR—F —IHEZEXT 5 L TEELBESZH D,

BHRICEWTIE. sugar transporterh’BAE SN D FRILICEZE T, BOREEICEL-T
ENBRICHIEREE ERT 5 & & X 51Tz (Downing, 1978; Douglas, 2006) » Sugar
transporterNAE S Nfc 2 & THRDE
R0y -7y MEBRMIE UTERS©

extracellular

TW3BNH, ZHZHsugar transporter®
BEREREIT MR E o 2 IE DD T Bk D F
PEZEOEENREFIFEAE MBI

intracellular COOH

TULVELY (Chen et al., 2006; Price et al., ) _.
Fig. 2 Sugar transporter® —X#8i&

. . _ N —H%ICSugar transporter(312ERE&EY >~/ TH D, NKim&ECK
2007b; Caccia etal., 2007) o F7ev 7/ gmmumicmis s, MEEEARSERT.

LRSEDHEA TS Drosophila
12
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melanogastert> Anopheles gambiae’s ED B RICHE WTIE T I / BRECHT DFFEMN 5.
sugar transporterfZ B FHHER SN TWB D, T DERIEKIIFRBETH % (Escher and
Rasmuson-Lestander, 1999) , Ji%. B ®RICH W\ THIH Tsugar transporter DIEEERRITHY
RE SN Tz (Price etal., 2007b) » U K T DIEEENBBIT S NIDIZBPHTH D, D
sugar transporter&= FIENIHT1 ST S . ZOHEREISEDEREMNRICKEL. TR
F—IKENICEEZTOBEEE /I I—A N TV RIR—F —TH > lco NIHTTEHR
ETHRAIED SNDDH - LM EEA X BEASDTERKF PHIHMREICKRENTFESN
sugar transporterfZHBE F & FRBDELTF THD I DM oo NIHT1DELEE
HEA REABERICEFNZRAIVO—RBEELERLTLHT LEEVWHDTIEGRL, i,
NIHTUHZ K2 7T h—ADEBDIAHEHSNEMNoTce IV M—RE TN I—XEME
R, IXRILF—KHICFAINSDEEZ SN, NHTIUANCHEOEDIAKHICEET S
sugar transporterOFENFE I NIz, 2010FIC. P T ZLYT/ LAV —2 TP LD—
D207AY 7 MELT. TV RODETFATZ T T LVICIEAIEFEDsugar transporterh?
BET Z2OMDFEES e (Price et al,, 2010) o 7 7 7 LAY (EBPH & BBk ICHemipteraB
ICBL. BHEDOHR THEBPHE BANAZ TH D, T/ LBENS DT T ZLVICIF54
B Dsugar transporterfZ B FH H B EHERI S TUL S (Price et al., 2010) , F 7.
D. melanogaster T|$231&4E (1A B FH L) Dsugar transporterlEfELFNHEA ST
TWaZENSH, BHOEFAICIEE K DIEREDsugar transporterh'$h 26D EEZ S
N3, BPHcDNAESTF—%~X—X (Noda et al., 2008) _E | (&. sugar transporterfZ#HiE
TFEUTHITDEST O—VNFEL LD, cDNAEREIIFIAS M TIEE <. BPHIC
{AIFEFE Dsugar transporterEfEL TN FET 2DONIFATH %, £ THRMARDE
ETl&. BPH sugar transporteri&zF DEFIPRIRAHZ AN LIS, BPHICE T Ssugar

transporter Bz F DO 71 UV T %175,

13
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TR

1-1 F—H~R—2REFE &BPH sugar transporter{Z#iEGFDHEE

AIFFEETRF L TULS37000 EST CloneZ &3¢cDNAZ 1 7> Y — (Noda et al.,
2008) H 5 sugar transporterf&fE{RF DIEZR Z 1T o fco Drosophila melanogaster®187&
¥ (Dsugar transporterl&fEEFZQuery & U, cDNAZ A 75 Y —[CxF L TProtein
BLASTZ1T>fco Evalue 108 LI TDEST YV A—>ZRE. 89DEST/ O—> %5 Tce K
IKIN5DIA—VICI SRy TEnd 70—V REK - BML, 9QBEST/O—>%
Blco INBIE2DT ZRAY—ICRFETE o 257 TRIT—DSEDHEIF1DDESTY
A—Yh S#ERENTE D, Open reading frame (ORF) (ERETH > 1o £ 2 T, AIELE
(Dsugar transporterE TN H D DM ERET Dlchlic. FESTZ7AO— VI ZEICS
RACE &5 RACEZ%{T\\, cDNA®E%E/z (Table 1-1) » 25BEF D7 I /B £ E

LT, HRAM®REREZIT> & 2 5. 18 &xFH major facilitator superfamilylC /& U .
BPH®Msugar transporter& #ERIZ . < 5 ZNIstERT &% LTz (NCBI accession
numbers, AB549994 — AB550011) » 2581 FD > 5. 7D D7:&{sFIForganic cation
transporter°synaptic vesiclez 1— R 9 %3E=FTdH D . sugar transporter’z 1— K3 3%
BILFTIRABD oI, 9BEST VA—VH, BKZHFHKD4A7 EST V7 AO—r THEEShic
Nist1lE. BEHID b E-r O > fisugar transporten& G FNIHT1 & ZIF—8 L. ZDOEEME
1£97.5% T & > 7= (Price et al., 2007b) o Nist1 ENIHT1Z B UTz& 2 5. Nist1lc31EED
REDNH SN, ORFORE BB T—E D I /BRECIIMNIst1 ENIHT1E TERSZ Z &
DHERENTc, BPHORBE T I /BEINICENEULAEEHELEZ SNIcD T, Hif
RETHREB L TVWEBPHO A XERFE. NMFARBE 71U EYREDNIst1DECT!
ZHER LI E 7 I /BRENEINSDRFETIE. Nist1 ETZRIC—R U T, RIAR
TlE. 7 /EEEHDBREMEDNSNIHTIIENIStI ER—DEBIEFTHDEER oo Flo. T

R4 RASD7Z BB T= 2BPHTRIENFE X Nifcsugar transporten& {1 % Nist6 & i
14
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ZUfc, A2 eAVZERYT 2 & TRENFE S Nfcsugar transporten& (= F % Nist16
& U, HIEBRETRENFES NICEEFZNIst11E U

Sugar transporter(&NK i & CRERAIDHHRRERICET I 2 120KEEEY ~/\J TH S
(Joost and Thorens, 2001, Fig. 2) » BPH sugar transporterf&#i&zF. NIstE-FEEDIE
BEEBZTMHMMESOSUIZ O 2 LZRAWTHEZ LIic& 25, Nist2, 8, 9% 5 TNC
13 M7 OV ZLICEWNWT, 120ERE®EY >/\T THhHoTco Nist1, 3,4, 6,7, 11725
120 TMHMMIT & D Nist15, 16 72 5 TMNC 17 H'SOSUIT, 12[MRE®E TH S &HRIET N
fco Elco Nist5, 10, 147135 NC18IF EE 5D TOT T LICEWTH12EEEEY >~ /T
EFHERIE N7ARH o foo Sugar transporterh’ & 9 % major facilitator superfamily (&7& Zz #8 X
TELDHBULFEHZET %, EZRBBEEBR XA VIE, BEWCHEHRAMENEN - T,
fEE @481, (Transmembrane regions, TMs) D5& 7& B IC &, MEAESERMI & U THEERE
9275 I UDH S5 (Mueckler etal., 1994) . 7 /NI DT L 2 TILIaiEE % R
ITHEHICRERTOY VIFTMI0THER S N (Tamori et al., 1994) , £/, TM10IC #
5ndbhY T KT 72Idsugar transporterfHEFI D O & D T % Cytochalasin BOYERER
ALEHESI NS (Garciaetal., 1992) , TMIMICHSNDNY T RT 7V IFEEEFEICEE
ICRBEEZSNTWS (Garcia et al., 1992) , FREBEEIBNTH B /IL—F2, 8FHIC
GRRIKEF—TMH 3 &ld. —MHI%Rsugar transporterD#E&EZ RLTWS EEZ 51
%o ZDESICRENSHMENTWVNS kT Y AIR—F —DRHENRBEREZHEEMNTE
foo UDLINSDT I /BEEESIICH S NIZHEUIFIFEFEDsugar transporterh 5 BH &
hiclE®R<TH b, BERDsugar transporterlc 8WT, (FHEE & FRDEF—7EFIICEML
MHBDDME DDMEEDTIFARLY,

1-2 BPH sugar transporteri B FDEIR7O7 7 1)L
BPH®Msugar transporterf& @& FDHEBAR S CICR T—VRIBEGTFREREZHREL .

HERELCFRIEETDZHIC. BPHOFERE, EROEABIRELRDHEELR. MEE. &
15
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I, S5l B, BE. EBIR. YILE—F8. BIFAEZHEE L. realtime RT-PCR
17> 7z (Fig. 1-1) o ZDHER. 18EEDNIStEICFDORIFERISZHETH > fzo RBT
IENIst1, 4, 6,9, 12, 16 ¥ 18H IR L. Nist! (NIHT1) DFRIBIT 2 E@NFBTH B &
I%. Price (2007) IC&BIEE—H U Tz, Nist7,8,9, 12, 13, 15, 16 18N ILE—FE
ICEVWTHEWRENHS NI, Nist9, 12, 16 P18IFHFBENVILE—FEICHHRKENH SN
Tzo Nist5, 8, 10, 110 131 BERHAICRKIZN A SN Tco Nist3IFFERIC. Nist17IEMERRIC I L)
THERENH SN, Nist14iEWIT NOMBERICHRIENH S, Nist10lEWIT L DERICH
WTHRIRHED > foo
RIC, NIStEGFDOREFENSKBEXR TORT—IRIELTFRIRZHEN U 2 (Fig.

1-2) o WENSHBREFTD AT —VIEFig. 1-4lc. FEFEAZD DR F—VIFFig. 1-51CR L
Tzo Nist2,7, 8,10, 15, 17 18DEGETHEIF. HBRHEL D HEFHI1-3XT—JICHL

TEh olce Nist7, 15, 17V 18I FHAEIRA T —I TRIBO LELH 5N T,

1-3 EBEHRIC&H (¥ BBPH sugar transporter® R T

7 2 /BRI ZFAWT, NIstERTZ & EHDsugar transporterf&E#fE{mT D Rt
Z{ER U Iz (Fig. 1-3) o D. melanogaster. A. gambiae. 17 X X NE K= Tribolium
castaneum. 71-{ O Bombyx mori. =‘YJI\F Apis mellifera. T RO+ HT7 TS A
¥ Acyrthosiphon pisumis £ 7"/ L\fR5t DA TW 3 B b 5sugar transporterf& B 5T
ZBEATHRIBICEALUEE 23, NISTK T Y AIR—% —([FBPHE—Dcladelc 172 5
I, KRR BERBICSEEL TWe, 97815, sugar transporter® Mbld BRED ML K
DEFWEEZ S5Nfce XAY IR Y A Polypedilum vanderplankiz iZ U s, BEAXDESR
MNoSRESINENLNO—A K ZYAR—Y— TRET1IE—DcladeZz LT % Z & HYEH
5ME R > TWS (Kanamori et al., 2010; Price et al., 2010) . BPHDNIst8HNTRET17 7
SU—ICBLEZEDS. NIST8IFMNL/NO—RA KT VRAR—T—THDEEZSNT
NIST8IC DWTIF. ABXDEAETHL Y So

16
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ER

BPH®MCcDNA EST 7— % RX—2X H 5 sugar transporterlZ &5 F DIRR %= 1T o fco
cDNAL RS = @17 U #5R. 18TESE Dsugar transporterfE BT FNIsth  BEH S,
RI2EBPRT—IEEZHETH >

BPH cDNAESTF—4%~X—X LkIClE, 89 ESTZ A—YMRRBEHI N, —RICT—F
N—X LDESTYZ O—>#IIBPHOA KN THIZT 2 B CFELHBNH D EEZI SN
%, I TESTF—9R—X _LICFEAETY %sugar transporterfZ B FD 5 5. D
ESTVO0—>ZEDNIStIDNEELREZZ L TWD EHR SN, 72 /BEFHS
Nist1lZBEICRE SNIENIHT1EEZ 5. NHT1EIFBICRIET S 7L O—-A NI VX
R—%—T&% >/ (Price etal., 2007) , Lfch'>T. NIST1EA RDEIERICEEN S HE
HEERANED AL T2HICHEET 2 & E X 5N 5,

BEICT/ LESEDSE T U feD. melanogasterld & &k Z20fE$E Dsugar transporterz £ 5 .
DT/ L©EFHIHET UIBRICEWTH, ZHDsugar transporteriB{nF DEFEDTERR
I TL\ % (Escher and Rasmuson-Lestander, 1999; Price et al., 2010) » BPH & LLEAIT
BIEEEZ 5N BA. pisumld. 201057/ LHMESE S 11, sugar transporterfZfB{L T
DEF541EFETH % & ME S/ (Price et al., 2010) » BPH®D IEHEARsugar transporteria
LFOBUIREALD, ESTT—IR—A LT, DR EDH1BELTFOFENRASMNER S
fco 37,000 EST 7 A—> U EDHM 5, sugar transporter& RIS /o O—> 3 EH
0.25% THdlco ZDIERIENIStDFEITIMMEWNT &ZRU. ERITHE S Nfcsugar
transporterBZ FD¥HII—AD /7 O—> UDhBEDOHNS A >fce 2D EMNS, EST
T—=IR=ZALICRBBVWREED b 7Y AR—F —BILFNILEHELH D EHASN
Do

NIstBLF DB PR T —JDRBRAFBZHELcE I 5. 18ELFORRIIIFEICE

RTHDIEDNHASHER ST, FHBIEFA RAERICEENDIATIAO—RABSWICZEDRE
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BiETH BTN I—APTILI h—RZBDAATVWE EEZSND, AT HO—XIEBPH
DEFRAISEE TRV & (Rhodes, 1997; Moriwaki et al., 2003b) &K TR Y
O—XRFRBVAS N EB>TVWRBWNZ ENS, XY O—RIFEERNDED AHHE L
WDOTRBWHEEZS5ND, FBICIIDEL EE8DDNISEEIGFHHKIRT 5 HES
Nneh. A XORMERICEXNDHEDEREL D BNISLEGTFHOANE W\, FIGICHKIRT
BNIStELFIETIVI—AD TV h—Rb UK FZENSmAZ#EXT D gEEIE <.
NISTh 2 Y RIR—F —IC L DD D AHFEHD N TV AIR—=F =T LD, ZDOHEED
BEINTVWSHREENH S, BPHTIEFEDfthcH% < DB TNISLEGFARE LT
W, & 2 FABOIHEICHEE I 2K, EERORHZE BB TH S, b5
R ARRICEENZMBEOER DS E L TOMEZ© D, BPHOERFICHSN B
BIENLNO—XREZAAS/ I N=ILTHZ I EDRESNTE D (Moriwaki et al.,
2003b) . PERHIRICHIRT ZNISTh TV AR—F —lF IS DEQEXICEI>TWS &
EZ5N%. FBICRWTELD KTV RAIR—FY —DHEENHAS5NIVILE—FE T,
FICHHICRS T 5L EZX 5N D, BPHOHEFICEEN D EEEFHMICIFBAS Mo nT
WAL, B8Z5L. YILE—FETREFRNOBRIGHEZIELT 52T EOEREKE
DHRICEES T2 EEZ 5N, ERIFBPHL A R Z KT T DRICERBEM DI ZE
. MBI 2B THDEEZSNTWD, BPHE BT TH S HemipteraE@D 3 3
INAPT TS LY DERTIE. EHREHINTWLS (Miles, 1972) .

AT —=YVRDONIstEGTFRBEABE UL T3, BEROEGTIIHRTFHICKICRENS
BEINdZENHASHER e BRFHFED L SBEHIBVNTWVWEINMIASHICSN
TWRWD, BFRBOLDICHEEENTONTWS EHAIENS, AETK LS
i, EHDsugar transporterO %z SIENLRER TR A LD IFHD TDHRETH %,
Sugar transporterld £ EZ B X THED 7 = /BRI OFHZBE L TWED, BXEDF
THIEETI/BREINNSHET D EIERETH D, T TRENSTRITLSIC,

84X DNIST k T > RIR—45 — DEERERRMT 21T > Tco
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Chapter 1 Materials and Methods

M E %

1 BE

EERICHE Uz b E1 O > 5 (Brown planthopper, BPH) (&, HiAERE THRAEB L
TWB1 XERBERAW, AEZRHIF26°C. BEA16KFHE. RBIASKE T, FHL M X%
AWTEB Ufco T, INTOERICIFA XERBZAVWTREITZT >,

2 Total RNAHH

R o fit 7 2. 24 B RS LA D X ABPHEL B HY S Rneasy mini kit (Qiagen) ZF W\ T, total
RNAZ#H U. sugar transporterf& @& T DcDNARCTRE D fz h I U foo SRR
B TFRIRZBNY 5oHlc. BPHXZXEEZRE L. ROZE#ZF/c. HEE
(Whole body, WB) . BRDEAREIR LR SIRER (Head, HE) . BIER (Thorax, TH) P REHR
(Abdomen, AB) h*5Total RNAZ I UTco & 51C. AR (Salivary glands, SG) . H iz
(Midgut, MG) . ¥JLE—=% (Malphigian tubules, MT) . BFZ (Ovary, OV). FERA{E (Fat
body, FB) =157z, fBE (Testis, TS) (&b 24FFELIA D A X LR H S #EHEI U Ttotal
RNAMIE Z T o7 Ficw AT —VRIDEGFRIRBTDOIZHIC. 15%H (Nymph 1,
N1) A SN2, N3. N4, N5, & & R EA Stotal RNAZ I U Tz (Fig. 1-4) o F1oo BEF
HA (embryonic stage) I&Nasu & Suenaga D57 (1958) Z&& . YU TICRULE3DDX

T — I D50{ED I %= total RNAMH It U feo

3 HEFHIODMEEREE

BPHIE A XRDEZDHICENT %, ENSNIIIOFRT, BFHARRL. BT 2
ETHENA RDANEHTL B, BFDODRT—IF25°CTH K Z168KE TH D (Nasu
and Suenaga, 1958) . ZDHAFER. SNOFERHNEIHIHS5NEMEEZFIRB L. EEINE
BEERROBBKREN S, BFIZREL K (Fig. 1-5) o EINR24KEUADKETTH
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%blastoderm stageZembryonic stage | (EM 1) & U (Fig. 1-5 £) « R\WT. EIR#I6HFRE
D FEF T 3 B blastkinesis stage % embryonic stage Il (EM Il) & U 7z (Fig. 1-5 R , &%

. EEDN#2168kFfEIE Manaphase of eye pigmentation stage & SN DR ANERTE S
AT —3 % embryonic stage Il (EM Ill) & U7z (Fig. 1-5 &) « BPHOIRDERE(ITIE, 1 X
DEN3 - AKITB S TcRES DA RBEZABL. NEIFZEL BPHZ 24K E#E L
fco ZD%, BEBBS EICARXZRBEIL. ZI D SBPHOIZEURL oo IRNTOEER
(FMIZICIEIT o feo M RDEABICIE. 700 gDBELZ T ZAF Vv I T —X (FEE 5cem,
=& 10 cm) ICAN. RFRIDA ROEFEGRIE W, 77X F VI T —ADKEICENFR
DRZREIT. EBICFLATA TZ2B W o 29°CDA Y FaN—F—T, 1 RDEHN3 -4
IC72 % E T, BAHA15.50M. BB LI DRMGTE T,

4 BPH sugar transporterf&fH:Ex T DcDNAZ R FT

BPH®sugar transporterf&##:& 15 F DcDNAFEH [EcDNA EST F— I RXR—2AM 5581
(http://bphest.dna.affrc.go.jp/) « Sugar transporterf&E# &1 F DcDNAL R $H (33’ rapid
amplification of cDNA ends (RACE, Clontech) & U'5’ RACE (Invitrogen) (Z & D ###7 U fzo
3 RACE &5 RACETHAWE 754 Y —IdTablelc Rk Uz (Table 1-2, 1-3) » PCREEMI
PGEM-TXZY ¥ — (Promega) ICBE#FfHHAH. JO=Z—PCR (cPCR) Ic& D, 1V —k
DHERZTDEHICY—VIVADEEDDTY L — 2B lz, ¥—7 I AIFBigDye
Terminator (ABI Biosciences) j&IC & D DNAY 75 -1 ¥'— (ABI Prism 3730) THCZ5! % &4
Ufco cPCREMIZEH DI/ O—>%Z2>—2U TV XL, GENETYX-MAC ver.13
(GENETYX) Z B WTHATZT>Tce cDNAREH 5 O0pen Reading Frame (ORF) % #
£ L. TMHMM ver 2.0 (http://www.cbs.dtu.dk/services/TMHMM/; Sonnhammer et al.,
1998) & SOSUI 7075 A (http://bp.nuap.nagoya-u.ac.jp/sosui/; Hirokawa et al., 1998)
ERAWCHEEBEEZHTE U, Sugar transporterZ i EE FISESTHDZ WEICES %

fFiF. Nist&dp Ut
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5 Quantitative RT-PCR

First-strand cDNAI&PrimeScript RT reagent kit (Takara) Z F3\L\T. 100 ng total RNAH
S8R LTz, &8 L zcDNAIZQuantitative RT-PCR (QRT-PCR) D& D 1= (C 105 1C
RU. 7Y 7L—KrEEULTEngZ#HH U7z, Realtime RT-PCRIZSYBR Green | PCR
Master Mix (Roche Applied Science) % F3\L\TLightCycler 480 (Roche Applied Science) T
FRIT#1T > fco AEPIEEE & U CRibosomal protein LABIEF (RP-L4) =AW\ e, Lk %
AW Y 7R U TEGFORREZEWME TR UIce 754 Y—0DESIETable 1-4
ICRUTco Y > 7IVIFMILICIE D Z 2R U oo

6 ittt

Sugar transporterf&f:&{LF T3 D NIstD RFERIE. BEREEIINSHELLET I /B
Ac5l %z W THEMT U 7o National Center for Biotechnology Information (NCBI) IC & #k S 11
TW3F 0O 373 7/\I Drosophila melanogaster, 71-{ 2 Bombyx mori, ]\ % =
71 Anopheles gambiae, =V /\F Apis melliferab TV RO+ H7 TS LY
Acyrthosiphon pisum®D 7 —4% ICEDE, EHDsugar transporterf& & T =15 <o
Nist1D 7 = / BEER% % Query & U. protein BLASTIC & D, E value 107 U EDEFI% 15
fco E5IC. TMHMMZ OV S ALY X /BRI ZH T, FESNIEEEHEROLEIHKD
10BN 5120 X TOELGFITIKRD AHZIT o1 £z, sugar transporter& U THREITHNE
ATWB M LN\O—ZX M SV RAR—Y —BLFZREENICMA o XLVIRUA
Polypedilum vanderplanki (PvTRET1; NCBI accession no. AB272983) . A. gambiae
(AgTRET1; NCBI accession no. AB369548) . B. mori (BmTRET1; NCBI accession no.
AB369550), A. mellifera (AmTRET1; NCBI accession no. AB369549) . k& 7' Solenopsis
invicta (SiIGLUTS8; NCBI accession no. AY911645) . A. pisum (Ap_ST11; NCBI accession
no. XP_001950990) & D. melanogaster (DmTRET1-1A, -1B & -2; NCBI accession no.

AB369552, AB369553 & AB369551) » ClustalWZFWT 7 X /BECI 7 ZAA Y N Z1T
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L\, 2847 X /BB %= FHL\T. MEGA ver.4 (Tamura et al., 2007) I & % neighbor-joining
ETHEBRHEZER L. 1000REDbootstrap 2T i & D 5 L 7z,
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Chapter 1 _Table 1-1

Table 1-1 BPH sugar transporter genes

Gene EST'  Clone name? ORF3 TMHMM SOSUI
Nist14 47 MB0516 486 12 11
Nist2 9 HT3692 486 12 12
Nist3 8 MB1507 466 12 10
Nist4 5 MB3064 478 12 11
Nist5 4 OC1141 487 9 11
Nist6 3 MB1040 495 12 11
Nist7 3 MBO0106 507 12 11
Nist8 2 SG4295 499 12 12
Nist9 2 NA6316 566 12 12
Nist10 2 EA7235 504 10 10
Nist11 1 AD0895 475 12 11
Nist12 1 AD3130 527 12 11
Nist13 1 EA7530 544 12 12
Nist14 1 MAO0017 450 10 11
Nist15 1 MA5086 530 11 12
Nist16 1 MB3026 549 1 12
Nist17 1 NB0289 494 11 12
Nist18 1 0OC0495 478 10 11

1 The number of clones found in BPH cDNA EST database.
2 Representative clone names are shown.
3 The number of amino acid residues in open reading frame.
4 Nist1 corresponds to NIHT1 reported by Price et al. (2007b).
Transmembrane regions were analyzed by TMHMM and SOSUI programs.
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Table 1-2 Primers for 3’ RACE

Gene  1st forward primer 2nd forward primer

Nist2  5'-TCAAGAAGGACGCCGTCGAA-3' 5-GTGTACTATTTCCTGCCAGAAACC-3'
Nist3 5-CTTCTTTCTGCCTCTGCAAG-3' 5'-GGAACTGATGTTGAATTGAATT-3'
Nist4 5'-GTTACCCTTAATTGGACATCCA-3' 5-TTCCAATCATTCCTCACTACCA-3'
Nist5 5'-TTGCACCCAACATGAAAGCAT-3" 5-ATGTTGCCAGATAATTGATGT-3'
Nist6 5'-CTACTTGCTTACAAAATCACAGC-3' 5'-GAGAGATTATTAGGATACGGTATC-3'
Nist7  5'-GAGTTCGCATTGGGTTCTGGTG-3' 5-TGGGAAGTGTGACATGTATGCT-3'
Nist8 5'-TCTGTGTGGGAATTGCCTCATT-3' 5-CAACTACTTTCGGAAATTCAGG-3'
Nist9 5-TCTTCCTTCTGATTGTCATCCATA-3' 5'-GCTCTATATGAGCGAAATATTC-3'
Nist10 5-GTAGAGCCTTTACCTGAATATA-3'" 5-GTAGAGCCTTTACCTGAATATA-3'
Nist11  5'-CTGTTATGGCTATATGTCTGAT-3' 5-GGGGATGGGTTCCTCTGGTTTCT-3'
Nist12 5-GGCCAGGTGGACAAGTGTCGC-3' 5'-TGGTGAAAACGTTTCCTCTGAT-3'
Nist13 5-ATCCTGGGCCTGGTGCAGCTGC-3' 5'-CGTGCACTGGACGGGCAAGCGA-3'
Nist14 5-ACCTCTAGTGGATCATCTTGGG-3' 5-TTTGCATCCAGCATATGGCTTG-3'
Nist15 5-CCACAATTCTATTTGCCACTCA-3' 5-CCTAGGAGGTCCTGGAGGAGGA-3'
Nist16 5'-GATCATGATCGGCCTGATTCGG-3' 5'-GAGCCATCGTGTCCGGAGCCGG-3'
Nist17 5-GAGGACTGCGCGCTCTCTACCT-3"' 5'-CTGATCTTCATCCAGCAGTTC-3'
Nist18 5-AGGTTTTGGTCCACTAGTGTGG-3' 5'-GATTGGCACCTCAACGTCAACC-3'

The sequence of 3’ region of Nist1 was obtained from the BPH cDNA EST database.
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Table 1-3 Primers for 5 RACE

Gene 1st reverse primer

2nd reverse primer

Nists 5'-GCTTTCATGTTGGGTGC-3'

Nist8 5-CTCTTGCGGTGTGACGTGTAAGG-3'
Nist9 5'-GGTGTTATAGTGACTCTAGCATTA-3'
NIst10 5'-AATATGCAAACGTACGGCAGCC-3'
Nist11 5'-GATATTATCTGAACATTGTCGG-3'
Nist12 5'-GATGGCATCTTGAATCAGAGGAA-3'
Nist13 5-TGTTCTCCAGGGCAGGAACGTGC-3'
Nist14 5-AGCCGTACGGAGACTCTGGGATCC-3'
Nist16 5-ATCATGATCGACACCAGGAACGG-3'
Nist17 5-GACGCAGCCGCCGACAGCGATCA-3'

5'-GCTTCCTGGTCAATGGAGCAGTG-3'
5'-ACCTCAGCCGAGCCACGGCTGGG-3'
5'-CAACAGGAGAGGGTGCATCAT-3'
5'AAGAGCAACTGCAAGAAGACAGG-3'
5'-GCAATGTAAGTGTACAAAATGCC-3'
5'"ACAAACGTCAATGGCCTTCGTCC-3'
5'-CTGAATGAAAACACCTAGAATGA-3'
5'AAGAAGATGATCGGGAAGATGG-3'
5'-TTCCACTGAACTGTTGAAAGAAG-3'

5'-AGCCACGACTCGGGCGCCATCAGG-3'

NIst18 5-CCTCTTCCAGGCGCCCCTTGGCGAC-3' 5'-GGCGATTCGGGTGTGCGCGTGAA-3'

The sequences of 5’ regions of Nist1, 2, 3, 4, 6, 7, and 15 were obtained from the BPH

cDNA EST database.
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Table 1-4 Primers for realtime RT-PCR

Gene forward primer

reverse primer

Nist1
Nist2
Nist3
Nist4
Nist5
Nist6
Nist7
Nist8
Nist9
Nist10
Nist11
Nist12
Nist13
Nist14
Nist15
Nist16
Nist17
Nist18
RP-L4

5'-TGACACCTGAGGATAGAAT-3'
5'-AGGAAGTTCTGGACGGATTC-3'
5'-TGGTGTAACGCAGCTTTATTCT-3'
5'-CAGTGATTGTTGGCATCATTCA-3'
5'-CCTGAGTAGAGATGACTAAAGTT-3'
5'-CCCAAATAATTATGAATGACACTT-3'

5'-AAGATTTCTTCAAAGATAAAAGTCCC-3'

5'-TGGTCACAGGTTTTGGCGGCT-3'
5'-GTGAAGCGGAACTCACGTGT-3'
S'-TTGTGCCATTTCTATACTCGCA-3'
5'-AGGCAAAGATATTGAAACCATAC-3'
5'-ATCACGACTGTGAATAACAATAA-3'
5'-CTGCTCCTCTCAACCAACCAT-3'
5'-ATAAATGTCAACACTGGAATTGAG-3'
5'-AACCTTGGGCAAGAGTCTAC-3'
5'-GCTCTGCTGGTGGCCGTTAT-3'

5'-ACTTGGAACGGTTTTCACCTATT-3'
5'-AACGCATCATGACGGTGATAC-3'

5'-TGACACCTGAGGATAGAAT-3'

5'-AATATGGTACAAATTATTCATCTA-3'
5'-GTTAATACTGCTCTTCACTTCTAC-3'
5'-ACATGATAATTCACCAATTTTGAT-3'
5'-CAATATTGCTAACGTCTTCACC-3'
5'-ATATGAGCTGGACTGAATTTTCAC-3'
5'-AAAGGATTAGTTGGATAGGCTAC-3'
5'-TGCTGCAACCAGCTACTCTCC-3'
5'-GGCATCAGACTTCCAATCCAT-3'
5'-TCGTCACAACCAATTCAATATCT-3'
5'-TTAATGGATTTTCTCATTCTCTC-3'
5'-GTACTCAATAACTTTAATCAAATAA-3'
5'-AACAATGTTCTCAATATTTCACG-3'
5'-CCATTGCATTTTCCAATCTCTTCG-3'

5'-TCTATACTTCTATTCATTTGTGATA-3'
5'-AAGATCCACTGTCAGTATTCCT-3'
5-CGATTTGACTTTTGTTTGTCGG-3'
5'-TGTATTATGCAAGTGATCCGCATT-3'
5'-TGCCATTTATGGCACAGGCTT-3'

5'-AACTCCCTTCTGTGGCGGTTTGA-3'
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Fig. 1-1 Real-time RT-PCR analyses of the expressions of BPH sugar transporter

genes in various tissues.

Tissue name abbreviations: WH, whole-body; HE, head; TH, thorax; AB, abdomen; MG,
midgut; OV, ovary; TS, testis; SG, salivary glands; MT, Malpighian tubules and FB, fat
body. Error bars represent standard deviation. Tissue samples were independently

prepared 3 times. RP-L4 was used for normalization.
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Fig. 1-2 Real-time RT-PCR analyses of the expressions of BPH sugar transporter

genes at various developmental stages.

Stage name abbreviations: N1-N5, 1st to 5th instar nymphs; I, Il, and Il indicate BPH
embryonic stages. (See detailed information in Materials and methods, and Fig. 1-4 and
1-5). Error bars represent standard deviation. Tissue samples were independently

prepared 3 times. RP-L4 was used for normalization.
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Fig. 1-3 Phylogenetic tree of insect putative sugar transporter genes.

Putative sugar transporter genes in insects were identified from insect genome

sequences using the predicted amino acid sequence of Nist1 as a query in a BLASTP

search of the NCBI database with a cutoff E value of 10-7. Genes that were predicted to

have 10—12 transmembrane domains by TMHMM were included in the analysis. Amino

acid alignment was performed using ClustalW. The unrooted tree was constructed with the

neighbor-joining method using MEGA, ver. 4. The reliability of the trees was evaluated with

1,000 bootstrap replications. Circles show the nodes whose bootstrap values were above
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90% (black) and 70% (gray). BPH sugar transporter genes are boxed. Scale bar
represents 0.1 amino acid substitutions per site. Initial letters show the insect species: CG
or Dm, Drosophila melanogaster, BGIBMGA, Bombyx mori; AGAP, Anopheles gambiae;
Tc, Tribolium castaneum; Am, Apis mellifera; and Ap, Acyrthosiphon pisum. pvTRET1 is
derived from Polypedilum vanderplanki, DmTRET1 from D. melanogaster, BmTRET1 from
B. mori, AnoTRET1 from A. gambiae, ApisTRET1 from A. mellifera, and SiGLUT8 from

Solenopsis invicta.
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Chapter 1 Fig. 1-4

-

-n
E | P G =a

Fig. 1-4 Developmental stages in the BPH.

A: BPH Nymph 1 (N1), B: N2, C: N3, D: N4, E: N5, F: Female adult, G: Male adult.

Scale bars represent 500 um.
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Chapter 1 _Fig. 1-5

Fig. 1-5 [Egg developmental stages in the BPH.

Stage | (left), an egg at about 24 h after oviposition (blastoderm stage). Stage II
(center), an egg at about 96 h after oviposition (blastkinesis stage). Stage Ill (right), an egg
at about 168 h after oviposition (anaphase of eye pigmentation stage). Scale bars
represent 500 um. White arrowhead indicates a symbiont ball or an aggregation of yeast-

like symbionts. Black arrowhead indicates the eyespot.
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Chapter 2 Introduction

B2E

1 REBERICEFNZFEDEDIAHD A H =X LD#REE

&

[l

FEISHREAANEENICEDAE NS D TIEAR <. sugar transporterz /' U TEIX S 1 %
(Wood and Trayhurn, 2003) . BPHIC& (72 HEDEA DA W= X LZHASMNC TS ETH
TYVAR—Y —DHEREIFEETHZDEEZIO5ND, BRIFE NOBY/NGZICHEYET 2HE
ICENWT, AL ST I /BEORENEMDAATVNSEEZISNTVESHDD,
BNEDLSICULTERRANRDAENTVZDONMIIEE A EBRSHICSNTVEL,
BPH®sugar transporter D B8RS FRIRDBETHN S, BPHOHEZIC IS 7IEFE Dsugar
transporterfZELFHIFEIB LT W, INSD KT Y AR—Y —(3EDODERD AHICHE
FHEEZSNDD. NIHTT (Nist1) LA DEIEDFPEHEESER EFTHETH %,

IR, BERHCBPHDsugar transporter&F CHANIHTICPIY RO T+ A7 754
> Msugar transporterWAp_ST3ZRIFI ., BHAED L SICUTEDIAETEN S DD EE
& vtz (Price et al., 2007b; 2010) o UM UEBERZFIB U BITRTIEREED K Z VR
R—% =GN E <. AREDFEEDOED AHZFHES 2 ICIEFFTH D, 2 THRMAR
Tlx. 77 YHYXAIT)LINEHARE % FAUL\Tsugar transporter DHERERBT % 1T > fco 77
UAYAATILINEHRREAEIRRIE. AREOEBLFOREMNENE L. AEEDFEIME
WEEZ 5N TS (Sobczak et al., 2010) o Ffc. Z DFEIFFRIEsugar transporter® 73
59, BHIN S VRAR—F—VPTFI /BN VRAR—F—RELZLDRN TV AR—F—D
RATICENTH %o AAETIE. NIHTT (Nist1) BZF%E2T7 7Y 1Y XA HIT)LINEHERSIC
KIS ESHIET. NHTIOEEDEIRM, B5CICF7 7UAY X AT)LINEHEZ L
ToRERERRIT RZRRET U Tco RIS, THHRMEA RXRMIEASD7TZIRITT 5 2 & TEIGTFHRIRIFH
BINDNIst6EA R (AVEAN)) ZRTT 22 & TEGFRRDFTE SN D NIst16DH
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S, ISICEBZMABEASNISTE TV AR—5 —DEIZZRTT 22 & T
BPHOREDEDIAH X W Z X LZBSMITT %,

BRIFEE. f2R. JIHQRERLBRBRAREICH U TESEV S cH DR ZmAT
W2, BICENYZER IS LRER. R, BREDLDHICHICEETH S, BRHE
Y= BRI HHIEE LT, TRRITE PRARINTETWS, MERRTEL &,
REGFBEZHWEL. BNYZERKIT 21T8ZET, ULH L. BEVEYZHEET 0
ICUTRYORBZNERCRINLTVWEDONMCDWTIRRBELRRDE W, FFICREDSD
S5 BP7I/BBEBKN I VYAR—Y—ZNH UTEFRINEEEXS NS I EHNRKRS
NTW2HDD, ZDEREDIFEA EIFREATH S, Drosophilah‘iERBEF. HEERKRLE
WEREEZSUEZEBRULLZDEFRNDEGRFRRICOVWTR., Y1707 L1 %A
WTEHfr SN TEfz (Zinke et al., 2002; Stergiopoulos et al., 2009) , 5 UL RER
EHETICHEWT, sugar transporterOBTFRIINFE I NTWD, £/, FlyAtlas
(http://www.flyatlas.org/; Chintapalli et al., 2007) £, BERKFICsugar transporterz 1— R
TDEHESNDCC1I208ELFORBENFTES NI I ENbh >Tce ULHULEHS. Z
5 Msugar transporter DEEEEREIT IXTONTHR ST, BEWDADHD TEERD D
FOEEY (FIFEAEESHICINTVWEWEE RS, KETIEREZRINT 238E TH
% A5 THIE U TV Bsugar transporten& =T DL & 21T U e
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Chapter 2 Results

TR

2-1 NISTIDHEERIT ~7 7YY XA IILIREHE%Z B\ /sugar transporterkgE
BRI R DR~

BPH®Msugar transporter, NISTH#iIX 9 2HEZRE T Dfcsdic. 77 ) AYAXATILE
FHRBRIC N 5V RAIR—49 —BIF e RKRSEI2ERRERT Ulce 77 YUY AATILIN
FHERRE RO DT HIc. NIHT1 (Nist) DEREDFE BT UTco NIHT1IENISH & (3
FRU7 I /BRI ZHE. INSOEGFIFRICHBICKIET DI &S (Price et al,,
2007b; Fig. 1-1) . INS5ER—D KNS Y RAR—F—THDEEZ 5Nz, £I.
NIST1:ACGFP1ZHRITS B 7 U AV X AT LA OGFPREDBEZHER L o
23, PEHMROELICGFPOENIER TEfeo DM T VAR—F —BLFEHR
SErINEHRZERPICAN. INEHREANOEDIDAHZHREL . FEIFHPLCY
FZIATPAY =T ML —Y—TREH U, ZOHER. NIST1ZHIR = IR
DIV I—ADEDAHFDFER S NI (Fig. 2-1) o —H. 7T =X DEDAHHIHS
nigh - &id. Price5IC & BNIHT1DETIER & —H U feo

Sugar transporteriFHE L. 20205 1 ZICHEI NS, 1DBIE. BRENE FEOERE
AfE) h 7Y AR=5—T, EVERENSEVEREDANIXRILF—IKENICEZ
WXT 5517, 228 Na* M AV PH A A Y OBRIEZN AR ZFAL T, BE1A
v &E—HBICEXRT D RIIBEENENED h T Y AR—5 —D %5 1 7T % (Wood and
Trayhurn, 2003) . CDEESTHEINZERT BHDICUTDERZTo>fce TDRT
Y AIR—5 —DFETFETIE. SNEMREEZRTLIAMID/INY 7 7 RICIZEREDEN D
D, —A. ATILINEMIERICEIENFEAEBRVWRETHE I ENS, SMUICH DB
BEEEST )L I—RA N T Y AR—4 —& UTONIST1IT & > THNAHBRIA IC{EXEER ICER D
AENTAREENEZ 5N 5,
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RICNISTIN ZRBEBEEE DIV I—A N TV AIR—F — DO e Z 5T U Tzo Na
MAVZEFTRRBRWNY T 7ZBWVWTC, JILO—XADOBWDAHZFE L& T 5. Nar1 A
Y OBEEICEDSINISTIICED, FILOA—XDEDIAHDH STz (Fig. 2-2A) . LTz
Mo TNISTHEZIIL A=A ENa* 1 AV EDHERICE > T JILI—XZHiE T 2 AIREM I
BWEEZ SN, Fleo HHAAYDOEEICDWTIE, Ny T 7HOpHEEEZZLIE
EZEQVIIVA—ADEDAHZRETT D E T LTz, ZDFER. NISTHC K ST
O—ZADED A FpHDEE ICEKTF LA - fc (Fig. 2-2B) » FEEEMES/ILI—A TV
AIN—% —DFEEHITH % Cytochalasin Bz LIzE&E 25, NISTHIC KD 7L I—XD
DA EIKESHES N (Fig. 2-2C) » ULDIERHS. NISTIHHEREES )L I —X
RSVAR—F—THZIENPESH ER D Tce TBIT. FTVRIR—F—ICLDEDE
%% Michaelis-Menten D:EERIGHICEDEHE U & T 3. KnfEDY2.0 £ 0.4 MMTH
D, Vmaxh'37.9 £2.8T3 > Tz (Fig. 2-2D) o PichiaZ FAWENIHT1 DKfE(IE3.0 MM T
D, EAHEWMEZRUfco CDRERIFHT. NISTHIEBEICHEENHRES N TWDS
NHT1ER—D RSV AR—F—THZ I &HERLTHED, EREKESIILI-ART VR
IR—F—THolco INSDEBITIERMNS., FT7UAYAATILINGHBEZRE W N Z Y
AIR—5 —BITRDBENTH D EEZ 5N,

2-2 NIST6DHEEERRIT

BTNz & Sic, MHRMEA X RAEASD7ZIBR U BPHTIE. NIst6DBIZFHIEH
FEINiz, NIST6HE D K S isugar transporter T 2 & 2= |F 6D B 1= 8D [CHERERR T
Z 1T fco NISTEDMHFIEANDFBEZER T D7cHIc. NIST6:AcGFP1Z HFKIR U 1-5iE
HHEDGFPEtZFANTIc & 2 5., MR ENDBEMIER S e (Fig. 2-3A, E) -
ACGFPTEGTFIE T A SIEHARICA > ¥ 173> Licb D (AcGFP1 cRNA) YK 1T %
SRAHEREICA > Y 273> Uz D (Sham) TlE. MR FOGFPHY IR TER

h - 7= (Fig. 2-3B, C, D, F, G, H) o Nist6h\FIH T 2B IEHIEAD T, NISTI &R ICA
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FEMBERICEENDEZRINT DEET L DEHESIND, FIT. I RABRICEEZN
Z¥EHEA T~ - L—Y—ETEURL = (Fig. 2-10) » BPHO O Z B L TEIN U f2EE
RISTEDMTA S Z L (HPX-87C) Z#EE LIcHPLC T Ui, ZDHER. 4 XROEIERIC
XX 7 O0—REZIFHREET N (Fig. 2-11A) . BPHIFA 7 O—ZAh, ZOEEETH SV
O—XH2WETIVT N —RZEFEANERDIAATVWS EEZ SNTc, —RICBETIFR
JO—XDEDRAIHEHBWEEDLNTE D, BPHY 7 75 A7k EHemipteraB D FEA
T, A 7—EEWVWSBERICLDRZ7O-RFFILA—-RE TV h=RICIKI BRI N
% (Price et al., 2007a) » UTch > T, KAKTIE. FBICHKIRT SNIstiETILI—XH S
WEZILI N —RZEET D EHEL. ZNSDOEOEDIAHZRET L ce FTHPLCIC
K BETDFER. NIST6Z FIR S BIZINEMREANTILI—XETILY b —XDED AH
MEFR SNz (Fig. 2-4A) o ZILOA—RETILT M —RDED AIKHTIFRKRERENH 5 1.
IV N —RADOBDAHNEETH >lco Ffew REBB UV I—RETILI N—R%Z
FAWEZIA7A4Y =T kL —Y—REDHERHHPLCOIER & Ak T - fc (Fig.
2-4B) o RICNISTEDEIEFFEIC D WTHAE Uz, ZILI—RDEDAHICBI L TId-Na
MAVEHTICEWT, ENCER U (Fig. 2-5A) e —A. 7T h—XDEDAHT
[ENa*1 AV OBEEICEDL S ITNISTEIC K BFEIFHSNEN o T (Fig. 2-5B) o NISTED
pHIKGEHEZRANcEZ 2, ZILA—XDBDAHSEERBRENHASNBN >TEHDD
(Fig. 2-5C) . 7LV h—RDEDIAHICIFFHENH SN T (Fig. 2-5D) e D T7ILY h—2
D AAIFEPHIC D & lXDAHEDIBINT 2ER T AN >D T, 7O KAk
LB 7L N—=RBEENMTONTWB EFEZSNED Tz, FI T, tris
(hydroxymethyl)aminomethane (Tris) h' 5. & D {EpHER A ICHEEED 8 % 2-(N-
morpholino)ethanesulfonic acid (MES) ICBE AT, /\v 7 7 Z{E& L. HPLCTERZ
Tofc& T2, 7Y N—ZEDAHDpHIKTFMIZH 5 N S o (Fig. 2-5E) 0 &5

IZ. ZILA—=RETIVT M—=ZADOEAHII/NY 7 7 HRICTFET 5 & ZDEDEDIAHEAND

FEBERILLUfco RIBERULCTIILIA—ADSEEDIFZATILY b —RZR/MUTcRET
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IEBIFZDTINIA—RDWDAATIE. ZILA—ADEDAHIIFH SN EMhS. Th
SDETIIHEENRI DI ENPESHIER > (Fig. 2-6A) , RBEDHHIC. REEFHU
o7V N—RADO5EEDIHFE#H I I—AZRMULEETICE TS 7L N—XDED
AHZRET LB EHCIED. 7ILT N —XDED AHHDNEIE nfz (Fig. 2-6B) o
Cytochalasin BEEZEE|Z /Ny 7 7 [CRII U 2B & IENISTEIC £ 5 7))L A—X DELD iA #1F
RELEESNLD, TILY h—ADEDAHDEEIFEMNTH > fc (Fig. 2-6C, D) » L
LIRTOFERNS. NISTOIFEREEHD I A—R/TIVI N—A KN FZVAR—5 —TH
% EEZ 5N, NISTEOERXEEZANRDcHIC, VILA—RETIVI h—RADZENZ
NICTH VT, Michaelis-Menten=\ IC 2 T l& s fzKineticBi#iR =S /co NISTEIC LS /)L 01—
ZDELD A FKnfED2.3 £ 0.6 MM TS D, Vinaxh'7.1 £ 0.8 T8 > 1= (Fig. 2-7TA) o —

. LT N —ZXDED AHFEIKEN11.8 4.3 MMTH D, Vimaxh¥165.6 £34.7CTH > I
(Fig. 2-7B) o LI ED@EIFTHN S, NISTOIEEICTILY h—RXEE*XT D KNZ VY AR—F—T
HdED DM T,

2-3 BRFUTTRRHIFE SN SNISTI6DHEEERFT

AR (AYEAV)BEFETEHEBRGT (KETZ5XHE) DEGFRREZL
RUCEE, BEFEFICEWTNIStI6DELFHRIBNFE S NIc. NISTI6DHERERITE
NETOEBMEERKIC. 7 7Y DY AXAATILINFBMEAIRR TEEDTFOREZITD
foo NIST16::AcGFP17%Zz HEIR = /oA L OB ISR LICHEFR S fc, HPLC
ZRAWTEOR D AHZIERET LTz & 25, NIST16::AcGFP17% RIR S B - SNAHERE Tl
TIA—=ZAP TV b =D D AHF@RH S iaM > fco GFPZMU 2 Z & TNIST16
DEEICEENH SN, BOBENTERL B SICARENEZSNID T, NIST161E
FZRIRS LN ZAVWTEONRDAHZRETTUIcE 25, ZILI—XDEDAH
MERSIN. 7T —XDEDAMHEHSNED 5 fo (Fig. 2-8A) o RICMC-7)LI—X

EMC-T7ILY b—=RX%ZRWT, NIST16IC L2 HEDERDIAHZIRET UTc& 5, HPLCOHE
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REAKRIC, ZJILT—ADEDAHDER S N ic (Fig. 2-8B) o NIST16DHFEIE. Na*t1 A
VPpHDEENH ST (Fig. 2-9A, B) . Cytochalasin BEEEFIZARMT 52 & T, 7L
O—ADEDAHNKELHES NI ENS, NISTI6IFHEREEE I I—A KT VR
R—9—TH B ENESMER ST (Fig. 2-9C) o NIST16(C & 37/ A— X DERER I
BEZEHELLETSE, KnfED2.4 206 MMTH D, Vmaxh'56.9 £ 5.4T3H - 1= (Fig.

2-9D) ,

2-4 A REFEREBPHIERPDEDRE

ZNE T, BEZICHIEY SBPH sugar transporter NIST k 5 > A iR— 4 — D& RERRT %
ToTEfco NIST1, 6, 16IEVWITNERBREE NSV RAR—5—THofco TNEDRT
Y AIR—=F —HMEI< feITiF. PBHIEZR TATERNEICIE. BOEEENVDETH
HEEZSNC, 22T FEACEFAOEESEDEEZ A M lc,. REMRACHIEE
NOEDAEIIIERICHETH DT, 1 XOEERICETFNZDIRAVO—XAZFE LME
ERORE. b EMEZEAMMTEN S LZEBEH UICHPLCZAWTAE L e, 1 RATE
BICEENDRAIVO—REIF. 1 RDRAT—IICE>TKRELER > TWe, 3-5FEHD
1 ZDEERICIE. 6.1+£0.3%DAY O—AN, HBEI7THEZED M ROMAERICIE15.0 +
0.6%D X7 O—ANEFENTWE (Fig. 2-11B) » —H. BPHIEEFICIE. ML/AO—R &
SAA/ Y R=IEIDRES N (Fig. 2-12A) . FNENDEEIX 0.52%E1.23% TH -
Tz (Fig. 2-12B) , MAEMN ST ILA—ZAP 7)Y b =R IFBRHE I high - fzo

25 ARZEWTIT S ETHRRHFESINSNIst16

NA7A7 LA BITORENS, AR (AYeHYV) ZHT B ERBICHKIZT DNIst16
DELFRIENFEIND ZENASHERS>TWD, Z I TNIst16DBIEFHKIRZqRT-
PCRICK D, BERZIToflc& T 3. Nist16ld1 Xz H2REENSHKIBMNFTESI N, K
STEAMA6RFEIE [C K FIREEICE U 2 (Fig. 2-13B) » [BEMIICEFIRZSugar transporter&
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TFTHDNIstTPIEFMEA RIC K DHIIAHNFESNDNISt6OBLTFHIRIE. CD1XR%Z
BREULEHICEWT, KELFEEINS 2 &IFEM o7 (Fig. 2-13C, D) o LI EDFERH
5. NAM707 LA DERISZYMENHB D EEZI SN 1 ROMERZRTI D &
T, Nist16DFEEHNFTESNDT, COHRRZFHEHIT 2HAFIEAROMERICEERND
EHE LT NIst16iE IV I—A RSV AR—9 —% A— R Z2EETFTHZD I EH 5,
MIBERICEENDEONIstI6RIERFEEZ. BRZBTS e & ZDNIst16DEETF
RZERET UTco BPHORSTERBRUWRZRN T 2chic. BRULCNS TAILLATREZE
W, BPHZIR TS €3 F AN LI NTLS (Koyama, 1979) o ZDFIEICEK > TBPHD
BT =RERT DI, TAY Y EEATE20% AT O—RAARE24KEE5 2. FHEOBER
MBEZHERUTc. ZORR. FBOBRABEZMRT 5 &N TE 2 (Fig. 2-14A) . Fic
IAYYZEFRVWERTIE. PEBEEIEEAISHEZZLTUL (Fig. 2-14B), LT
No>T IR TAILENUIEBROEBIVEICK DBPHICIEZ 5 X2 2 EMNTEDEER
Shfco 1 RISEBHICLKDEVERD R O—IAEENKE K ZEEFHT S (Fig. 2-11B) o
ZI T, BEIHBDM RDHFAEX (RFBERIDOWZE ) EBEI7THR D XZBPHIC
BZIcEZDNIst16DETTFRIREZAE UL 25, HICAKRBELFRRENTRIN
7z (Fig. 2-14C) o AV O—ZARS5WIC R Y A—RMKDREY THZ I A—RETILY
N—ZDZENZN20%DERZHAR Uz, A MO—I)LIFEEIHE DA RDIFEZ &K
R z52cHH&HZRAE V. INSOBEZEMRTEZIBEICIE. Nist16DELF
KIBFFEINEH o f (Fig. 2-14D) o RIC. BEIEBET-ZEHERBULT. 0-20%
DAY O—RARZAWVWT. AKOERERZITocH. Nist16DELFRIRIESFES NG -
fz (Fig. 2-14E) o ZRINSF VB, TILF IV, FRINSGFY, PIZUPNIVRE
D7 =/ BEIIBPHOBSHBEERMH % &E X 5T\ (Sakai and Sogawa, 1976;
Sogawa, 1982) , ZZ CTXEESEICL., INSDT7 I /BOREESRZERL. Nist16D
BRFREEZTHELLD. PEDZELIEHSNTGN T, Ffeo TO7 I /EERARIC

BIREE20% A7 O—RZRIMUICHBEICEWTH, HRICELLHASNEDL > e (Fig.
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2-14F) o INSDERNS. NIst16DBEILFRIRZHET R FIE NS DIELT I /R
PADARIcEENDIEFTHLAEEELNZWV,
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ER

CNETRHTIFE. sugartransporter DIEEERRITNNIT L A ETONTE ST, FEOED
RAHDANZXLBFREB RIS H > Tc, 2007FICRRTHIS TR TONT
sugar transporterld k £ O > 751 (BPH) DNIHT1T#H %, LH L. BERO—ETHS
Pichialc b 2 Y AR—9 —ZHIRSEHEBERTIE. REMD b T Y AR—5 —DFEHEN

. EEEIBSWVEIXEZBD o7 (Price etal., 2007b) . fcfe. RSV AR—F—%
NUIHEDOEDAHZRU I ERBEEREM TH > fco AMMRTIE. Z7T7UNYXAT
JUSREHAREFEIR AR TNIHT1 DHEBEDERAZ 1T > foo NIHTHEINISTIER U b T > A7R—
F=THHD. VI A-RADRENEICLDWMEETOI NIV AR=F-THB I ENHES
WM& o7z cDNAEST 7—4%~X—X ETIE. NIST1DEST# Isugar transporterf& &
CFOPTROEESTENZVWZ NS, BLTFREERSVI ENRKREI N, BPHOHE
ICEWTTILI—RZWMDRALHICHIONBEE ZRICT EEZ SN, NISTHITIL
A—RZRHENICEET DTV AR—F—THDH, A RORERICEFNDATO—X
DHESI—DDMKDBENTHD7ILT h—ZXDEDAHFE > TWEN 2T &,
NIST1 (NIHT1) D 2)L —REREEMR BN EREN S, FILT—ZPTILYT h—ZD
B D AAITIFMDONISTE TV AIR—5 —DOBEHNES5T 5 2 & HRE S/ (Price et al.,
2007) o AIAFKDNIstOERRECFRIRNSBPHOFRZICIFTDODBELFHNREIRT 52
ENHSMHERD>TWS, NIHTIDRE S N/22007FICKFZRLC K ULTARAREDN 1Y
OF L AT RABEBERETICEWTHBICHKIRT 22D DONIStEGFNRE SN
fco TH5 Dsugar transportenBE{GFIENIst6E NIst16TH > Tco CNSDEBIEFET 7Y
AYAATILINEHARICRKIRS €. BRI Z1Tofce ZILIA—XBTILI b—XH
NIST6Z ¥R & B e IR AICEX S Nfco BPHTIIL Y h—RXZEDRALHD S
YAR—Y —ZHHTRAE LI, TRIEL RMIBASD7 DEEZITH U/ZBPHTIE, &

NELDTIVI h—RZBDALZ EICRBRDEEZ SN D, FFITNISTEIC LD HEDEIXE
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M. MUPBICERIRTZYI)ILO—Z T2 AR—4 —NISTI P NIST16 D EiXEME & LEER
LTH. FEICEVEFEEEZRUZ. NIST6IE, ELVEETIEH S/ - Dk
EEBELTWS, ZILI =R/ ULTEWIIILI-RBEDEEE. TILV =D
EREENMET T EDRENTc. CDRERIE. NIST6ZMULTTILY h—XZHDIA
DfedITid. NISTI®NISTI6RED S A—A RSV AR—Y—DEIENEEERZ L
ZRBLTWS, BIBRICEFNDZ RO E VI I—-RETILY =D Z{EETHE
MENTED, FBEATENZNICIIKDEE NS, NIST6EITTTILY h—XZE DA
H5ELIBE. FBAROVILI—REEN LR U, NIST6IC &S 7ILY b —RE@EFE
MMET T %, UH U, BEZICIENISTI®ONISTI672E DS ILA—X b T > AR—4 —h ke
I5DT. FIBEAOCTII I—XEED LR ZIFHTHIENTE, NISTOICELD 7LD

N —ZXDEDAHNAEEICRD EEZX 5ND. ASDTEIRTTESBPHTIE. NISTI6DH
BOFEHIERINTLRVNDT, PR EHEENICERIBLTVBNISTIIC L 2E=
NEERZONS LN,

—7. NIST16/ENIST1 & ERkICHEREKE S ILI—RA N T VY AR—F —T&H > fco Nist16
IRV ZRAFTZZETRRICERBENFEIND NS, ELTFORBEZHIET
ZRFOEENTREREI NI, 22T RZAO—AYYI/ILA—A, TV h—AD¥EEANT
BRIET CEAIGEDNIStI6ORBEZREBELIEI S, WITNDEZBWIHEICHEL
THARZRT U EZTDEOBREBEDIBMIIRENGEN oo Tic. BPHOIRTHEE
RN G D ESNZBADT I /BYT7 I /BERVO-ADREREERNSELIBE
Nist16DBIEFDHERICIFEENRESNBIN>Tco A ROMERICEEFNDZRAIVO—XE
ERFBERICHEWN. FEUSEBMT S ENKARTHONER > Tce ATA—XBENDA
WA RXDHFEZZBPHIC24FFE 5 X, NIst16DEBIRFRIBEZANCE B, KELHER
UleM X Z 5 X CI5EDNIstI6DRIBEE IFIFR U THo>lco INSDHERMNS. HEPF
S/BTREBL EBNICARICETFNSIRFICL>TRENFTESNTWS EHES N

fco 1 XICIEshaftside. neoschaftside. carlinoside¥neocarlinoside’2ED 7SR/ A R
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PHUFILENEEN TS (Sogawa, 1982, Besson, 1985) , N5 DY E L1 REF
DHRICHBEFNTVNB I ENS, FAEZDARICHOFENRE SN, Nist16DBLFFHIR
I, INSOYBEDESICOVWTHRETINENHG S S,

Drosophilalc 88T, BZE A GEVPEREEDEZEVEZEZALHGRRERAIGE
BERETPHHREICKE ITZ2EGTFRENNYAIV7OT7 LA THRARSNTED., sugar
transporterlZ I EGEF D RIENFE I NDIHED B B (Zinke et al., 2002; Chintapalli et al.,
2007; Stergiopoulos et al., 2009) , F7c. IRMMEERTH DA. aegyptilic EWVWTH, MK
DIBEXC & D sugar transporter D FEIRHNZEE I % (Sanders et al., 2003) . ULH L. bTV
AR—Y —BELEFOREFEIERINTVNDZEDD, DTV AR—4 —DHEREIER
BATH %, AMRICHIFTZBPHOYAIOF LM BITOFERSEDLE T, BRIFEREKIC
sugar transporterEn F ORI ZFE I T HEENMab > TWBEEZIEND, AIFRT
&, BRTHSHTERICHWRIENFEE X N Ssugar transporterDEREE B S HMic U Tz,

AT THETZ1T > 2NIST1, 6, 16D VI NEFEDRENEEDMHEICK DIEZEXT S
RSVAR—=F—THD, INSDRTVRAR—F IR B eHICF. FEZR
TIEALEARNSL TROBEENH 2 LHEESI NI, M ROMERPERFPOEREICD W
TIEINXTIRE N TLSB A (Fukumorita and Chino, 1982; Hayashi and Chino, 1990;
Moriwaki et al., 2003b) . WHTINS DERDDENTZITofc & T 5. A RDORIERF
ICIFEBHICEDZEFHNASNDZDEDD, 6-17%DEEEDA 7 O—IAMMRHI N,
Bt Enfc R A—EFRBARATTINIA—RETIVLT N—=RICIIKIMESNZ DT, FEE

ICEREDOTIA—APIILY h—ADBEARICFET 5 &Rk nd, —7/. BPH
DmEICIE. ZILIA—ZAPTILY h—REFBHEI NI, MLANO—XPIAC/ T =)L
EiIdREHINic, INSDFERIE. BETDBC-NMR spectroscopy %z F W o fRITHER &
—E U = (Moriwaki et al., 2003b) » F/BPHEERANT VY17 3> ULBC-7ILO—
ARFArI 7y aVERICIEIRES SN AFBERICERES NGB >TWVWS

(Moriwaki et al., 2003b) o, BPHOIMMFEIC VIV A—Z P T7ILY h—ZADMEH I hiah - 3B
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HEULT, RBZBU TERRARDAENINS DREIE. EEZNLT. BYMNCE
HBANEIND ZENEZ SN, AARDBERE NI TOMRBEZREIT D&
BPHOW'EHE T 51/ RENERFDR YV O—RREFFEICEL. —A. BPHIERFADIERE
FFHEBICBEWVEZRL., PEHREZRTTREBRBEOREENH>Tce DI ENSBPH
IEZIRING Bfcodic. BOREARICKE UTREEDREZFIAL T, EOEDAH
ZITI>TWBEEZS5NS, 2010F(C. BPHERIUETHEERTHZ TV RIS F+H
7 72 ¥ Dsugar transporter, Ap_ST3 #EREMEZILA—X/TILT h—A N TV AR—

& —HEE S 7z (Price et al., 2010) o T DT 7 T LY E54FELEDsugar transporter’z &
LTW3, FEAEDKRERIITREATHZIN, P T I7LYZEHIBPHGEDIRTHER R
WEZEDASfcoHIciF, BREEOMEZFARAL WS EEZISNS, TV RIVETFH
F7ILYOMERNL/NO—XT, ZOREFFEICEHEED271 mMTH S (Moriwaki
etal.,, 2003a) , AEHBNcLSIC, BREN NS VY AR—F —B3EDOREZE DRE) Z 7
FAUTEDERXREZITSN, FEHD S L/N\O—EEISEDEOREE D AT oI Id5
ENGEWEEZEND, Flo. BEHOBMICKDEOED AHFDANDZILIFFNZNE
BBIEHEZILOND, BRHOBMEIE. BYPUEPIEMELR EOEBFENH D, 5. KR
MEYEFG EDEFENH SN D (Dow, 1986), fc& 2 X, BSHHERERTHZ T T I LY
PBPHIZTEYDRAEZEEE T 0. Ny FPhHA IREORBEEHRERIE. HENEFZDOHD
HEEERD, AIEDOITHRETIE. BOIBEICHIMERZRTI 5D T, FHEANIC
FZ < DENRNAL, UM LEFYZRERETDEROFHZTIE. BIERD L S ICHE
ZATENRNIAATL 2DIFTRBEVNDOT, FERNOEEEIFEVNWC ENEZ SN, &
D EMS. BEKRBERTIE. BPHD K S BHEREM b T > XIR—4 —H\TERA I HEEE
I ZRNEBEEOEEZFMAUIL NI Y AR—Y =MW TWEEREESH D, /Ny
S ICH W Tsugar transporterDEIE X TIEE > TWRWH, Na*-HFZI7 h—XMT VX
R—45 —DEEINTREENTWS (Pascual et al., 2006) o D kT2 AR—4 —IF ZRHY

BEENENAT N 5V AR—5—TH O, BREMEN SV AR—F—DIXRILF—FFEKENT
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MEEIRRLD, £fcen DDLSICE FODIMBRNSKEZEBNT 5355, MHFRER
0.1% D7 A—AEE UHHSNBVD T, WHBEFRRAMFTILIA-RAZIWDAES &
9550, e hONBERARKIC, Na*-7)LO—XA KTV AR—F— SCLT1ID L 577K
FIBEENEE [C K DHEDEXD AADREDS UV, BRRBERICEITDIEDED AHD
ANZXLBERD KTV AR—Y —DEEZASHNCT S EDKRTITH S,
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Chapter 2 Materials and Methods

M E %

1 BHR
NEAODYHDEBIRINETOME EAEICED T,

2 RNAHH
Total RNAIE X X B H 5 RNeasy Mini kit (Qiagen) ZEAWTHE UTce ¥—7 TV X &
BigDye Terminator (ABI Biosciences) /&I & D DNAZ 75 - H— ABI prism 3730 T U

feo BENIZY—2 T AFHNIZGENETYX-MAC ver.13 (GENETYX) THEHT U 7z,

3 A RENERDEUX

1 XEAEROEYNIFBEICHII SN TWS A eI~ - L—Y—EZHRBLk, 1>t7
k- L—Y—&F. BPHONM X 2RI 2B ZFIFAL. BPHOOE (OFF) 2L —H—
THEE. R UEERZEUNT 2F/ETH D (Kawabe et al., 1980; Fig. 2-10) . HED
FEIIBPHN A XN SEIERZIT U TWS I EZRTIEEREE LD eH. BMAULLEAXD
BPHIC X Z14E5 2. HEOEEZHER U, O#HZARICRILIcXXDBPHZ
L —F—HEABICHREBE L. BPHOO % L —H'—THELV/z (YAG Laser, NEC, Tokyo,
Japan) . O ZRILCBAICHRH U TS MERZF Yy EZU— (2 ) TEIRL., 27T
BETKETHRFLU . YTV 7IVIEHIZICIE2ZARL. ENZEND 7 Y1 ICiFE

UIDETE R Z AU,

4 BPH{FR®D[EX
BPH&R D [EUY (& Moriwaki et al. (2003b) [C LB FExxEIC, —ZEHELTITo> T,
L2245 B UAND X ABPHZ., - X C4REEB Ufco BPHOHFHIZE > v N TRE
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L. MHUfER%EF+ £ Y — (World Precision Instruments, Inc., FL) TEIX L. #&

EDREZIT>fco BIURU iR Z XA U cPBSICEH T,

5 REORHEEESE

FEDEHAIZ. Watanabe et al. (2002) Ic &K DIRE SN /cHPLCZ AWz A L
feo EURU EIERPBPHIERIGEZEHRIL ok, AEMEEL LT1%VILEN—ILEZS
LPBSHICES Tz, KBKZ0.45 um PVDF 7 1 )L¥ —7 7 /s (Whatman) (@ L. $ED
A< L (HPX-87C, BioRad) Z1&# U /cHPLC T/ L co 80 °C. 0.8 ml/min. 100%
KDEUETHM Uz, EEEDEEDHIC. HPLCY AN NS LD E— Y EiEIR

Chromato-PRO (Z % A LA VAV I)LX Y, Japan) TRIE U Tz,

6 CRNADEH

BPH sugar transporterz 7 7 Y 1Y X AT )LNEHRRRICKIRES €5 cHIC. NIstERTF
DORFZHMHARAATENT T —AV AR T U M 2fFRUTco NIStEGLFRENT 14—
Table 2-1A, BICSE&E LT, HIRBREIESATE TS5 ¥—%BUWT. High-fidelity DNA
polymerase (KOD plus, TOYOBO) Ic & D, 18U /cPCREY) % pGEM-TRY 7 — (T HH &
AT, TORTY—AVARNZT I b ZENZNOFIRBERTLIEL., BEYG/I\Y RZY)
DH L. DNAMHE %1757z, Capped RNA (cRNA) &R DY 4 — (pT7XbG2-AcGFP1,
DDBJ accession number; AB255038 and pT7XbG2, DDBJ accession number;
AB255037) Hfl|[RERTHUIEL., TNZNICNIstEETFDORFEHEHAATE, ZDRY
H—AVAKZURETYTL—NMNCUTTTET3 754X —IC& DPCRZETV, EIRE

¥ 7% cRNAB R ICHE U 7zo cRNABRLIC [EmMessage mMachine T7 kitz FAU Ve,

7 F7YUNYAATILINEHRERE EAD N T Y AR—5 —DFEE
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PI7UYRYAATINZFHL, SIEHREEZRHE L, MEROATILIFEEL. 1-2
BE., BEEE L, fEHUINEEERZ0.2% (wtivol) 54—, type Il (Sigma-
Aldrich) Z & A 12 Ca2*-free Modified Barth’s medium (MBS) (85 (& Supplemental datalc
mUT) IR Ufce AT F—EUIRD/N1 7ILZ700H. 20°CEHET T, D> < DElER
SEBLSA Y FaR—NUIE, AT F—EWEORIGZELT D fcshic, Ca?*-
MBS TINAHlE = & <% UTc. BERV-VIRT—Y OINEEZ[EIUX L (Dumont,
1972) . ERil@Zz £ty b TR\, SNEHARE ORERAIC 41.4 ngDcRNA (1 ug/nl)
EXAU 04> 103> Ul (World Precision instruments) . 1 >3 x> 3> Uik
INAHEAE % Ca2-MBSH T72[fE. 20°CRHE T TIRFL. ERMMR/I\v T 7 [ L
2o

ARMEN TV AIR—F —DRIRZHERT DT, EEIEMIE (Leica) ZFAWLWT, UVE
BT TGFPOHRNXZMR L fco GFPOEND A SNIIMFRRZEIUIXL. b T Y ZXR—
5 — DR ICHE U fco INBHARRDOE EDGFPOREZER T Dchic. EiEV R %=
ER U Tco NIST:AcGFP1%Z HFIR X € - SRAHHAZIXO.C.T. compound (Tissue-Tek,
Japan) [C AfL, 24B5R, -80 CCRETTRIF Lo 751 A R% vk (Leica, CM3050S)
ZRWTS umD BRI R ZER L. GFPENZHER L = (Leica, DMR) o

8 MZIVAR—=T=TvtA
NSV AIR—45 —Z KRS EINHRRERNANDOHEDE D AHDEERF2BEDHE%Z AW
TiTofce 9. RFFEHOEZAVLT, HPLCTIRE U fco RICRAESH U fcEZ AW
T, BBOBDAHERET U Tz,

Ca?*-MBSIC105 mMMOIEZ AR U fco ZZIENISTR SV AR—9 —2REI AT
JUSRAHMBE % 25, 20 CCOKHBET T Y FaR—hUf, ZD#%. MBS/N\y 7 7 THA
MR E SR U o HEREREIE3ERDIRL fco HPLCZRAWT., O ZEITS oo,

1%V ILE N—=ILZEL80%IY ./ —)LhTHRAEMIEZREYF4 XU, 15000 g. 20 min
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EOEfTW, EEFZBINUc, COLEEZRERMEZRAWVWT. TLICEURE. R
L v k%200 pIDKTERUTce PIFFIOY > ZILI&. 0.45 ym PVDF 74 L5 —H 5 I
(Whatman) T X% REUTz. ¥EDTAHN S L (HPX-87C, BioRad) % #£#, L /cHPLC T,
80 °C. 0.8 mli/min, 100% KDEHTH > TILa ot Ulco EERIFIMAZICIOITo/cs TF
FHABETEME DEME % #8/X D Negative control& U T, AcGFP1cRNAZ A Iz 3y
U 7cSREHlRR Z AV e,

ZIATPAY M=K L —U—FERTIF. “CEHIII—REUCAEHTILI h—X
% F\\/z (GE Healthcare) o NISTh > AR—% —ZHKIFE = /- INHIEZ RIEH U 7-4E
ZEUMBS/NY T 7ITR UTe, IERBERNY LIVENSEHEU . NIST1ZHIRS 750
R ZAWT, BOWDIAHDY A LADA—RAZARcET S 30 mnTHEDED AHH
BRI e, BDAAERRZRDOINAHIEZ80% LY./ —ILFRTIREI XL, 15,000
g« 20 minDEHTERO LI, EEZRBINL., BEE> > F L —2 3> (Ready Cap,
Beckman Coulter) [IC A, 75 CTREICERS e TIA 7MY N—TE RV F
L—>3>ho 5 —7THI%E LT (Quanta Smart, Perkin Eimer) o BEE & EORERH
SEDRAFENEEEZELR U, REWEDFEEZFANDZHIC. Negative control& U
TAcGFP1cRNAZ A > Y=Y 3 v LIIIRiRRZR W, b YAR=F—lc k28
KRG DkineticsZ1§ 5 28120 — 12 mMDOFERE. 20 min, ER CTHEDHD AHZITL,
HEUTco KnfBE & VimaxldPrism 5 (GraphPad) TEEHT U fco Nat-f 7> & ¥EDHEEHED A]
BEMEZRET T B /cHICNaCIOZ LD I Y ZFAWTMBS/\y 7 7 ZEBI LT & &
DIEDOE D AHZFTHME U fco HA A Y DEEZRRDCDICERR BpHEGTICE T2
DEDIAHZFHEL foo FEDEXDAHDRLERIZE. Trisdk D HEpHEM THEEIED &
% 4-morpholine ethanesulfonic acid (MES) ZFWTMBS/\y 7 7 Z1E& LT, #EDED
AHERT UTco BBICHEDNMDAAZIToIcEED/NY T 7 DpHIZ7.8TH > fco HiEat
SR IF. 2RE D LEBRIC (FStudent’s t-test CRHEI L. S EELBIRTE D fo 8 [C— RO BT
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Chapter 2 Materials and Methods

(one-way ANOVA) TEAICERBENHASNIHEEIF. S 5ICTukey's testz T 1o

(Prism 5)

9 AXZRFSEIc&EITHBICHEKIRT $BPH sugar transporterE{mF D FIR
NIstEEFDHREZBINT Sicsdic. PLR24KEURDBPHX X 58 7% 121K #.
KEFTZE5ZCHEIREBICE W&, 0,2,6, 12, 24KE1 *Zz5Z. 1XEICDE105ED
OB ZEREE U (Fig. 2-13A) o [BIUX U G D Stotal RNAZHIE U e &MY > TIL

(FIRIZIC4ENDZAR L oo qRT-PCRIGAGRIE1EM B & AIESICHE U fe,
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Chapter 2 Table 2

Table 2-1A  Primers for capped RNA (cRNA) pT7XbG2-AcGFP1

Gene forward primer reverse primer
5— 5-—

Nist1 CGAGGATATCCCACCATGAGCACCAA CGACGAATTCAAATTTTGCAGGTTTCTGT
GGCAACGACTGTC-3' c-3'
5— 5-—

Nist6 CATGATATCCCACCATGGCTTCGAAG CCTGAATTCTAGTTTCCTGTTGACAGGTC
GGCGATCA-3' TC-3'

AcGFP1 5-TAATACGACTCACTATAGGGCGA-3' 5'-ATTAACCCTCACTAAAG-3'

Table 2-1B  Primers for cRNA pT7XbG2

Gene forward primer reverse primer
5- 5'-

Nist16 TAGCGATATCCCACCATGGAATCCAAA GCTTCGAATTCTCATTTATTCTGTGCTTTCT
AGAAGTAGAGA-3' GTA-3'

Bold fonts represent restriction enzyme sequences.
GATATC, EcoRV; GAATTC, EcoRl

Under lines show Kozak sequences.
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Glucose uptake by NIST1.
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Sugar uptake analyses using HPLC and radioisotope-labeled sugars. Transporters were

expressed in the cellular membrane of Xenopus oocytes by injecting cRNA of Nist1. Error
bars represent standard error (n = 3). Five oocytes were analyzed in each assay. A: HPLC
analyses; Sugar uptake assays were examined, NIST1::AcGFP1-expressing oocytes were
incubated with 105 mM sugar solutions for 2 h at 20 °C. Endogenous transport activities of
sham (water injection) and AcGFP1 cRNA injection were not detected using HPLC. B:
Radioisotope tracer analyses; Sugar uptake assays using radioisotope were performed in
1 mM "4C-glucose or “C-fructose solutions for 30 min at 20 °C. The white bar represents

the endogenous transporter activity in oocytes expressing AcGFP1 cRNA.
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Fig. 2-2 Characterization of NIST1.
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NIST1::AcGFP1 fusion protein was expressed in the cellular membrane of Xenopus

oocytes. The endogenous transport activities of Xenopus oocytes were subtracted from

NIST1::AcGFP1 activities. Error bars represent standard error (n = 3). A: The effect of Na*

deficiency was examined in a Na*-free buffer (-Na*). B: The pH dependency was

examined across a range of pH values. C: An inhibition assay was performed using
cytochalasin B (CB). D: Analysis of the kinetics of NIST1::AcGFP1 for glucose. A and C:

Statistical analyses were evaluated by Student’s t-test. B: Statistical analyses were

evaluated by one-way ANOVA. “ns” indicates no significant difference, an asterisk

indicates a significant difference

(** P<0.001). A: P=0.8059, B: P=0.3012, C: P < 0.0001.
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Fig. 2-3 Expression of NIST6 in the cellular membrane of a Xenopus oocyte as

detected by the AcGFP1 fusion protein.

AcGFP1 fluorescence was observed in Xenopus oocytes (A-D) and in the cellular
membrane in sections of frozen oocytes (E-H). A and E, NIST6::AcGFP1 fusion protein; B
and F, AcGFP1 as a control; C and G, water injected; D and H, water injected (UV + visible
light). Arrowheads indicate the fluorescence from the NIST6::AcGFP1 fusion protein. Scale

bars show 500 pm (A-D) and 50 pm (E-H).
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Fig. 2-4 Sugar uptake analyses of NIST6 using HPLC and radioisotope-labeled

sugars.

Transporters were expressed in the cellular membrane of Xenopus oocytes by injecting
cRNA of NIst6. Error bars represent standard error (n = 3). Five oocytes were analyzed in
each assay. A: HPLC analyses; Sugar uptake assays were examined, NIST6::AcGFP1-
expressing oocytes were incubated with 105 mM sugar solutions for 2 h at 20 °C.
Endogenous transport activities of AcGFP1 cRNA injection were not detected using HPLC.
B: Radioisotope tracer analyses; Sugar uptake assays using radioisotope were performed
in 1 mM '#C-glucose or “C-fructose solutions for 30 min at 20 °C. The white bar

represents the endogenous transporter activity in oocytes expressing AcGFP1 cRNA.
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Fig. 2-5 NIST6 is a facilitated glucose/fructose transporter (continued).

Glucose and fructose uptake via NIST6::AcGFP1 was examined under Na*-free
conditions (A, B) and different pH conditions (C, D). Sugar uptake assays were performed
for 30 min at 20 °C at a concentration of 1 mM #C-glucose or '“C-fructose. Five oocytes
were used in each assay. The net transport content was calculated by subtracting the
endogenous transport activities of Xenopus oocytes. Error bars represent standard error
(n = 3). E: The transport activity of fructose for different pH values in Xenopus oocytes
expressing NIST6::AcGFP1 was measured with HPLC using MBS buffer in which Tris was
replaced with MES for the low pH values.. Sugar uptake assays were performed for 2 h at
20 °C. A and B: Statistical analyses by Student’s t-test. C, D and E: Statistical analyses by
one-way ANOVA before Tukey’s multiple comparison tests. “ns” indicates no significant
difference; an asterisk indicates a significant difference (* P < 0.05, ** P < 0.001). A:

P =0.0467, B: P=0.9689, C: P =0.0753, D: P =0.0005.

58



Chapter 2 Fiqg. 2-6

>
vy

1
*

—* 250

60 _
m [
m e
250 £ % 200
8040 58
g-\g = 150F
= 30 o=
2 E 2 E 100}
38 20 g3
S 3 5o L
G g 10 Fg °°
Qo
Glucose Glucose Fructose Fruitose
+
High Frc High Glc

O
O

_ *%
A60 "ok ?100-
Q -
23 £3 80
8 o 40} "5_8
S2 g
£ o=
0 ‘g n £
7 40
38 20 88
5= 2o
Gg u.EZO
S
9: 0 ~ 0
CB - + CB - +

Fig. 2-6 Analyses of competition for NIST6 between glucose and fructose and of

inhibition by cytochalasin B.

Experimental conditions were similar to those in Fig. 2-5. Error bars represent standard
error (n = 3). A: *C-glucose uptake was measured in a solution containing 1 mM 14C-
glucose plus 5 mM unlabelled radioisotope fructose (High Frc). B: “C-fructose uptake was
measured in a solution containing 1 mM “C-fructose plus 5 mM unlabelled radioisotope
glucose (High Glc). C and D: Inhibitory assays with cytochalasin B (CB). Xenopus oocytes
expressing NIST6::AcGFP1 were incubated for 30 min in a solution of 0.8 mM '“C-glucose
or "“C-fructose with 10 uM CB. Statistical analyses were evaluated by Student’s t-test. “ns”
indicates no significant difference, an asterisk indicates a significant difference (* P < 0.05,
** P <0.001). A: P=0.0006, B: P=0.0007, C: P<0.0001, D: P=0.0023.
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Fig. 2-7 Analysis of the kinetics of NIST6 for glucose (A) and fructose (B).

Oocytes expressing NIST6::AcGFP1 were incubated with various concentrations of
radioisotope-labeled sugars for 20 min. Data were fitted to the Michaelis—Menten equation.
Five oocytes were used for each assay. Endogenous transport activities in Xenopus
oocytes were subtracted from NIST6::AcGFP1 net activities. Error bars represent standard

error (n = 3).
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Fig. 2-8 Sugar uptake analyses of NIST16 using HPLC and radioisotope-labeled

sugars.

Transporters were expressed in the cellular membrane of Xenopus oocytes by injecting

cRNA of NIst16. Error bars represent standard error (n = 3).

Five oocytes were analyzed in

each assay. A: HPLC analyses; Sugar uptake assays were examined, NIST16-expressing

oocytes were incubated with 105 mM sugar solutions for 2 h at 20 °C. Endogenous

transport activities of AcGFP1 cRNA injection were not detected using HPLC. B:

Radioisotope tracer analyses; Sugar uptake assays using radioisotope were performed in

1 mM '“C-glucose or '“C-fructose solutions for 30 min at 20

°C. The white bar represents

the endogenous transporter activity in oocytes expressing AcGFP1 cRNA.
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Fig. 2-9 Characterization of NIST16.

NIST16 was expressed in the cellular membrane of Xenopus oocytes. The endogenous

transport activities of Xenopus oocytes were subtracted from NIST16 activities. Error bars

represent standard error (n = 3). A: The effect of Na* deficiency was examined in a Na*-

free buffer (-Na*). B: The pH dependency was examined across a range of pH values. C:

An inhibition assay was performed using cytochalasin B (CB). D: Analysis of the kinetics of

NIST16 for glucose. A and C: Statistical analyses were evaluated by Student’s t-test. B:

Statistical analyses were evaluated by one-way ANOVA. “ns” indicates no significant
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difference, an asterisk indicates a significant difference (** P < 0.01). A: P=0.3095, B: P =
0.9942, C: P =0.0026.
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Fig. 2-10 Insect laser microdissection system.

The laser sight is fitted to the BPH stylet with monitor, and the BPH stylet was ablated

using the beam of a YAG laser. The phloem-sap was collected using 2 yl capillary tube.
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7.28 ==l Sucrose
17,21 <] Sorbitol

L

? Void
7

-
—

B

% %
Early vegetative stage 1 5.93 Late vegetative stage 1 13.85
Early vegetative stage 2 6.65 Late vegetative stage 2 15.92
Early vegetative stage 3 5.79 Late vegetative stage 3 15.18
Average t S.E. 6.12+0.27 Average t S.E. 14.9810.60

Fig. 2-11 Sugar detection and the concentrations of the rice plant phloem-sap.

A: HPLC chromatogram chart. Black arrowhead shows the sucrose peak, and white
arrowhead shows sorbitol peak as an internal standard control. The numbers represent the
retention time. B: The concentration of the sucrose. The concentration was measured in

independent 3 samples (1-3). Early vegetative stage shows 3-5 leaf stages. Late

vegetative stage shows at 37 days after seedlings.
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Fig. 2-12 Sugar detection and quantification of the BPH hemolymph sugars.

A: HPLC chromatogram chart for trehalose (black) and myo-inositol (white). B:
Concentration of planthopper hemolymph sugars. Error bars represent standard error (n =

3), and each sample was collected from 10 BPH female adults independently.
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Chapter 2 Fig. 2-13
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Fig. 2-13 Gene expressions of three sugar transporters in BPH feeding on rice plants

and starved.

A: Schematic representation of nutrient condition. First, BPH female adults within 24 h

after ecdysis were put on a water-soaked filter paper for 12 h. Second, Some BPH were

put on the rice plant seedlings, another BPH populations were allowed to suck water
through parafilm. Finally, total RNA of the BPH midgut were extracted at the 0, 2, 6, 12 and

24 h after feeding starts, and the gene expression was analyzed using quantitative RT-
PCR. B-D: Gene expression Nist16 (B), Nist1 (C), and Nist6 (D) in feeding and starved

conditions after 0—24 h. Error bars represent standard error (n = 4).
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Fig. 2-14
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Effect of sugars and amino acids on induction of NiIst16 gene expression.

A, B: BPH often sucking of fluid. The 20% sucrose solution with (A) or without (B) eosin

dye was given to BPH through the parafilm. Scale bar represents 500 um. C—F: Gene

expression of NIst16 when BPH fed on various solutions or rice plants (Rice) for 24 h.

Starvation means water supply only for 24 h (Strv). C: Effects of rice plant stages.

Seedlings: the rice plant at 3 days after seedlings. Vegetative: the rice plant at the

vegetative stage with 3-5 leaves. D: 20% various sugar solutions, Suc, sucrose; Glc,

glucose; Frc, fructose, E: Effect of sucrose concentrations 0—-20%. F: Effects of amino

acids. Amino acid solution (AA) contained 1% each of aspartic acid, glutamic acid,

asparagine, alanine and valine. Suc; 20 % sucrose.
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Chapter 3 Introduction

LERE

BERARICFIRT BNIST b T ¥ A iR— 49 —DHEEEERRIT

&

[l

Z OEYIHEBREBICEDINIcEE, £ZTEOEL S T 24FHENMEL>TED,
ZOEHHEIFHEEL NILTOIRENSEERL NIVICETRR, & ZF, FEREICT LT
L ANIVICRB T BRIBD—DICA— KT 7 I —IC K2 —BRNRIHEITEDELEN H S
(Levine and Klionsky, 2004) , A— k7 7Y —DOBESHELIERAICE > T, MIlEENICXRZ
UTcRBREZEAT B LT, FIICREZERI ST HitoFmzRmEIZz>5£9%
BENH D, oo IO UIAEFEEOAIE. BELANILICEVWTHHISNTWS, &
ZIF BRICFAEUVUTCERANOREN ZEBINT 52 ETHR - BREZRDIRT ERKIR
MRRIE, REMBRICMARRT—INEFZRL., ENBVRETTOH s B, £2
WD & ATEETH S (Kikuta et al., 2008; 2009) s D& S, HERREEICH T 24E
BIRIESEVD OO TO—FEULTEETHDIEEZI SN D,

BRICEVWTHHHREBRICEFRATE XS TREFHIBE. BROEFICHEEZR
F9. BROBEMEIIE NOFREICIHL I 2B THD. EEADEEREOHEREICEDS
BERKXEEHDEEZ 5N TS (Arrese and Soulages, 2010) . ¥ A3 7I 37
JXI D. melanogasterD AERFAICHE WT, 1 > X VK Dinsulin like peptide (ILP) ¥ ')l
513 >8R Dadipokinetic hormone (AKH) R E D ¥ 7 FI)UREICEE T 2RI T, RES
TW% (Baker and Thummel, 2007; Buch et al., 2008) . $FICAKHIZHEIREEICH WTIE
HZRT ZENMASNTED . ZORTFEBYLEEDITHICOVWTHREIMTDRTWS
(Isabel et al., 2005; Kaun et al., 2008) , D. melanogaster® BEIRREICH LT, sugar
transporterOFKIBMNFEINDZ I ENHSNTVWEZHDD, T VAR—F—DEIEICD
WTIEARBE T % (Baker and Thummel, 2007) . RIAFKDE2ETIE, FEBETEIK ATV
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Chapter 3 Introduction

AMR—=F —ZBES M UTch . EEANIRDATNCTIILI—ZAPT7ILT b —XIFHERF
NS IFRE I D - fc (Fig. 2-12A) s TS DFEIFEFEPIIEARE TRILF—HNE
ERDBHEBARLHCEIEIND Z ENRE I NS, BPH sugar transporteri&8fc ¥ & U
THES N8BT TR, MEGCTFIEFADORLGHEBICHEIRL TWe, FEBUANDE
AR Dsugar transporterDIREEZASMNCT DI &H. BEHDOBEHE I AT LZHS DI
TRIHICERTHZEEASND, BREJEBKREOBPHOYAZO7 LA #T. 8l
R TRIENKE K FE S NINIst11IEBEREARICFIR U T UL e (Fig. 1-1; Supplemental
data) o & DNIST11IEBPHABERREED RS Ic. 45ICEIC SHETE SN D, BPHABEIREEIC
EhnfcEE. NISTMZN U TEENEBZEDATOL, 6 UK (FBPHOIIMETH S
SAA/ Y=L S LAB—ZADEBFERTER S 1. NISTZN L TERRHPA EHEH
ENTVBDHIREVNBWBRI EHNBESIND,
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Chapter 3 Results

TR

3-1 BERIREEICH [T B NIst11DFEIR

BE MU TICH T B NIt DEEFRE%qRT-PCRTEIT U T2 (Fig. 3-1A) o %
DIER. 24E DOHHEHE T, NIst11 DB FRBEHNKRELFESI NI, FEMERICE<
R T, PHSEEILTFE U TH SN % pepck®DFIR % Positive control& U THRET U 7z &
25, HERETORENEE >,

3-2 EERIRREICH T BNISTMDFE

BREJBEETICEITBNISTIMIODY >/ HKIFE % Western Blotting T#4T U 7= (Fig.
3-1B) » ZDiER. 24KEDOHERE T, ¥ VIV EDEMMIEREI N, LH L. BE
DY VIR PMRE SN TREL, BRO/NY REBUAMC B IFFENRISHIRE S
hifco d> hAO—JLE ULTREWEBR-tubulin& B-actinDEIBERE LUic& 2 3. B-tubulinlk
BR - JIERGTRREENKREL, JIERETERIRE S N, B-actindFIR (FB-tubulin
ICHNRNTRENTH o> Tco oo BEBIEOEBIIR ETNISTH O REBBIILZHNRE%
AHAeH, IEFENBRIGDH 5N, NISTHORBEIFRETH > 7.

3-3 NIST1 DHEHERRMT

NIST1 DHEBERRNTIEZNE TONISTE SV RAR—F— @k, 77U HAYXHAIILN
AR FAIRR TIRAEL fco BERIARIZIMES R DB TH D T &5 (Wyatt, 1967; Arrese
and Soulages, 2010) . BPHOMM#EICEE Ufco BPHOIMMEE M L/\O—XEIAA/
h—ILTHEB S N TW3 (Moriwaki et al., 2003b; Fig. 2-12) , BPHOIM#ETH % b LJ/\
A—XPIAA/ Y h=ILHNISTHIC L DEESN D EHE L THRERITZIT k&l
%, HPLCIC &K 1R T, IS OOV AAIEREINT, NISTHICLDE®EINS
LTI O—RETILY =R TH > (Fig. 3-2A) o RIc. REBHFHRUEEZBWT, 7
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OA—RETIVT h—RADEDIAHZFTANTcE Z 5. HPLC E[RAERDIFERME S fc (Fig.
3-2B) o NISTHUAZRIVEEBIEXEID N SV RAR—F —THIHESHERTT 20
IZ. TNETORBROBEITEREKICNa ™1 A >, HA AV DELEICDODWTENENEITE
Tofco ZDHER. Na* 1 AV DOBEEICEDLSI. NISTMICKDZILIA—RPTILY h—
AFHITEDAHZDH SNz EH S, NIST11HNa*-sugar transporter T &b % ATEEME (75 L)
EEZ 5Nl (Fig. 3-3A,B) s Ffc. HAAVDEZEICDWTIHANILEZ S, pHIEDZETL
LS TYILOA—ZADE D IAIRTEENH STz (Fig. 3-3C, D), 7272, pHIKTFERIZRELD
AHZTRUTWCDTIFBEDN DT, pHIEICX U T, BEOEDIAANRLZE TH o &
EZ SN, I T, BERETish SMESICBE#X TEER L. HPLCEZAWT,
NISTHMICEZ VI A—RETILY h—RZFNZNOEDIAHDBRET>fc& 23, pH
Bl & BEDAHDEEFH S NN > T (Fig. 3-3E, F) o 5T, NISTHMIZZILI—Z
ETIWT N—ZAOMAZED AL Z EMNARBDT, INSHEVDEICKZHEENRI S
DMNE S ERTT Ulco MC-7IILIA—XEBICH LT, SBFED I h—XZHMULIEE
DTV A—ADEDIAHZRANfcEZ B, TILI—ADED A FKE IS iz (Fig.
3-4A), Ffoc. AEKDERZ 7L h—RICDWTHBREZTolcE 3. 2207
J—REFRMUEZEHET TR, 7L h—XOEDAHHINEHEIE 1/ (Fig. 3-4B) o U ED
EERNS. NISTMICKD VIR ETILI h—RDHEENERI DI ENRES NI, &5
Ic. FEEEESILI—R N TV AR—% —BEZEH|Cytochalasin BOFEZ RS U, FHE
HlzRmmLiceZ20RE. RIDRBICDOWTENZNDORERNZ1T o IciER (Fig. 3-5A,
B,C). 10 yMDEE TNISTMICLZ VL OA—XDEDAHDAEI RS Nz, FEEH
ZAMUICEENISTIC KBTIV I—ZADED AHIEKE S HE S iz (Fig. 3-4C) 0 —
F. LT b —RDEDAKICIFIFE A EFZENHSNIED - I (Fig. 3-4D) o AT D
BATICE D, NISTHMIZHEREKE I DA—R/TILY A=A NSV RR—F—TH 2 EHEHL
Teo NISTIMIC KB HEDEERISEEZEAELIcE B JILA—ADEEIF. KnfED
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17.3+£3.7mMMTH D, ViaH'183.4 £ 25.9TH > 1= (Fig. 3-6A) o £fo. TILY K —ZADE

E(E. KnfBEH21.0 £8.3MMTH D, Vinax'246.4 £ 67.9T 3 > I (Fig. 3-6B) o

3-4 BPHAEMFAIICKIFBNISTHICE DEZEESNSJILD—R - 7L —R

NISTIM TR & D HHERFICRIBNE <. FIEKICBVWTWSIEELEWV, BPH
DIERPDOEOREZHATCE B, FIHREBICEWTH I I—APTILY b —RF1&
HRALTORE T, HPLCZRAWEOAM TIEINS DIERIRESI NI, MIETH S
NLN\O—REIAA/ I M=ILEFHBREHS N (Fig. 3-7TA, B) » HIEIREEDBPHI.
FIA=ZAP TV b =R ENEHSEDAATWRW 6, NISTHMA A S BER AN
INSDOEZEDADOHICHERET D EIFEZICK W, oo NISTHIEHE(EE M DEE
HEEZH DI ENHESHRDOT, BWVEREN SEWEREDOANITRILF—IFKENIC
EEEXT 2, BEOBMERTDZILI—ZAPTILY h—2 % TRILF—IKRENICHE
FAARANEE T 2 DIFEHLWEEZ SN,

TlE. NISTMICKDERXESINDTILI—RAPTILT N—ANEINSEKDIDOMN? T
NISTMHD R TCRENFEINZ OB EDN ? EWSRENEL D, AAKTIE.
NISTUNEDREEZZFALLEXZITS>E WS RICEB L. TERIFANICEET 25
ZNISTIMZ N U TREIEANBEE 20 &IRHZIITTRIEL fco Z 2 TREFEAICHE
TEIBETHBTU AT VICEB Ulc, BIIMEIFHEORREICHEE T 2B TH D, 1B
BICKDEDIATENIHEO—BBIIEEANLHESI N, 7 AT Y EULTIHREINS
(Vardanis, 1963) . IZFFETIEYY AT VIFRENDERRREICHS & VIV —RICH
I NTHMEA SHEHE E NS (Thorens et al., 1990; Guillam et al., 1998) , % Z T,
BPHZHEIRRBICE W& E /Y AT Y ODBEHIMMTONTWENE SN ZFANDH
. VATV ET VAT VRREYTH BTN AR - JILI—R6Y VEREDEE%E

1T o 7c (Fig. 3-8) o
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FI. LBEEEETBPHOBEDRENAIENE DHZBPHRAZAWTHEITLIcEZ
5. VT VERSTICZILI—X - 7)LO—R6") VEEDFHAMNEER TR
(data not shown) . RICIER - SEHAREIC24KFE & WcBPHDBEIFAD—E =M LT 2
NSDEDIERHZITo1c, HIEREICEWTI U T VYEDRSIHS5ncDT, 7)1
T2 DRENRE SN (Fig. 3-9A) » SSICEBHBFEMIKRICED. 7' 2T V5N
ZHEUCE 3, BREICIEASNTEEREFOTY 07 VBRI 24KE O EEHRRE T
EFEAEIBERLTWZ &S (Fig. 3-9B, C) . BPHORREHAF D Z') O > IFHEHIR
BICEWTOHBEIND I EMNASHER o RIT, 7Y AT VD BEYO—DTH BT
WA—RETIT—R6) VEEICEB Ufco V)L —X6Y VEEIFBEIMTITRETE AN -
e T JILA—R6Y YEETILI—ZADEFZRAEL. VI IA—RERNITAE L e, &
YTV ONMRICKDEESINEYILO—R6") VEBIFEEHAERICE WTIBMT 2 & E X
Snfch’. JILI—R6Y VEERER - HIEREHRICZETH >t (Fig. 3-9A) . 2D
EMNSTILI—R6) VEBRIFRIOEICEZ S5NDHic. BEIFEROTILI1—X6"Y) VEE
MEMUGWABEMENE Z 5Nfco £ZTNISt11ICE D ZILO—R6Y) VBN SES LT
TV I—ZADEHS B IR EE X o,

NISTHZRERS B/ 7 U A YA ATIILINEHEREZRAWT, L I—XFEEENH S
DM ESIH ZRT UTco ZIAPAY N —Y—FEBRTHEZELBRPICNISTIIZ
HKFS TNl ZESE. BZzERDAALLINEERN S AMINDOIENHE2NE S H %=
FAEU, TORHE. NISTHMICED ZILI—RETILY b —XDOEEEIRER S 1iz (Fig.
3-10A,B) s UM L. ZDOERERTIEAHI/LINEHARICATE L T\ Ssugar transporter(Z & D
I A—AQFEHESNICAEMEDEBE TE RV, £ T NISTHMZRIEL TWLWS I
EFHRFUTWRWREHRE TYIILI—XADFEZ B U fc, NISTHZFHIRS 730 &5
FHERANS SHUHEZIRD AT ED I ENTELHRVWDO T, JILDA—XZZENZ2N0O5
FHERE (NIST113 2 WEACGFP1ZRITESBl) IC1 > Yz 73> Ui, £ UTHRER
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BE EHIC, INEHARAD VIV I—XEZHPLCTRIELE 25, BASMTNISTIM ZF
1S Y-SR THEE AR SN/ (Fig. 3-10C) 6

FERSEANS 7L I —RZ2HEHT BBR. BBIIANCIE. 0.1-0.5% ~L/\O—X &1.2%
SAA/ I N=ILDMERFICEEL (Fig. 3-7A,B). IS5 DHEICEK > T, BOEELR
ICEENMRETCTIILIA—ROBHICHENH D IHEEEEZSNZDT, TOXETICE
(727 I—XDEEHZRET U fco NISTIMZRIRS B0k Z3RAE. V)L 1—XA
BISREL., IAMEAICFESNICTINI—RZBDAFEE, JILO—XZ2EF 20
Ny 7 7 ICNElEZBE S B e, SURNOERRFOREEZBRT 2Hic. /Ny T 7H
ICEERBEEDONL/N\O—X, SAAM/ I h=)lZAN. JILI—RZRDAXE
NISTMRIEINAMIEzBE S Blc & SDOINEMRRNO VIV I-R2E LR U, €D
R, Ny TF7RICNLNO—XPIAA/ Y N—IHFETIREICEVWTE, £o7<
EFLVRIBEARKRIC. FERAICH > TIREERAO IV I—XEHED U o (Fig.
3-10D) o U EDZ ENS, NISTMIFZ I OA—RAEHHT HEEE S > TWD I ENTRR
=Nl

JRICNist11 double strand RNA (dsRNA) Z 1 >~ ¥ 1 7 & 3 > UTeRNAIfE & %= F§ W\ T #&
WF&ETolo dsSRNAZ A VI 10 Y 3> UT24BR%Ic, & 5ICBPHEMIREICE WL
fz & E DmRNAE %realtime PCRTHIE L2 & 23, Nist11dsRNAZ 1 > ¥ o3> L
7eBPHICHWT. Nist11DHIR_EFHH & iz (Fig. 3-11A) o BPHTIERNAIIC & D &fx
FRENB/N—tY NATICIMZAS5ND Z EDIMIDBEFTHREINTWS, £y N
2 &% Western blotting TEHT U7z & 2 3. Nist11_RNAi BPHT IZHEIRAEE TDNIST11D
FIFMFIDHER S Nz (Fig. 3-11B) o« % Z TNIst11_RNAI BPHIC R 13 2 igRAEF DS O
gy, ZIVA-R6YVE, VI A-REBDAEZ{Tolk, A hO—JLEULTHWE
EGFPdsRNAZ >3 17 >3 UIcBPHZER - HIERREICE W e & E DIEBEF D
I A—X6Y Y - T A—RAEICEENHS5NT (Fig. 3-11C) . Fig. 3-0ADT—45 %

BIRUTW e, —73. Nist11_RNAi BPHZER - 8lBIREICE W o & S DIEMEF O )L
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O—Z6Y V- VI A—XEFAELILE T3, BIHERODOSILO—26Y VEEEHIIEX
L. ZIL—REFEEAEBREE NN 5 2 (Fig. 3-11D) » BPHOHEIREEIC )L O —X
NEDKSICEESINZMNIBETIFHRWA, RNAIICED ZILO—R6Y VEENEELT
WBZEMBESMER>Tc, BBIAETRIRLTWSZDMD KT Y AR—F —IZDWNT,
FEREBR TORBEZANCE 2. RELLEKENFEIND N TV AR—FY —EETF
FREI NG, 2 (Fig. 3-12) » BERFAROD L I—XIE. ANFY FF—EFHEICELD Y
IA—=X6Y VEENEZEZ 5N, BIFEISTILI—ADOREZES ZENHENTE

D, RNAMEERTIEZIL =P 7)LY b—=RDFEEIT+2THILOA—R6Y VEEE LT
BEELLEOIND LN,
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ER

BPHOERRE ICE I nTc & & RENFES N IEMHEDONISTIIIEREET L
A=W h=RANZVRAR=F—=TH>Tco 77 UNYXATILEEHEZ RV
PS5, NISTHIEHEDE D AAEBEZTO RSV AR—F—THB I ENHESME
o Tce NISTHDHEREEICE WT VIV - 28 $ 2 £ BN AR ENZ IF B0 ke
ICHRIRT DCLUT2ICHHE T 2HEEZ D EHEE S D (Thorens et al., 1990) , NIST11&
GLUT2IEHICHEREE I I—R/TILI h=XA R TV ZIR—=F—TH D, FEICEVE@E
SEEZEDIENSD, INSDRNTVRAIR—F —DEBNBEZEIFLUTWSEEEZ SN
Z. LML, NISTI1E B RGLUT2EIO 7 =/ BEERS OAERAM IE. 6.9% identity. 28.9%
similarity & {&h > 7= (Fig. 3-13A) o F/z. BPHOHZICEKIR T 27/ I—X KTV AR—
£ —NISTIENISTI1E D7 S / BEEH OHERME L. 44% identity. 68.4% similarity D[
MHTHD (Fig. 3-13B) . NIST11IEE FGLUT2& b £ BPH®Dsugar transporter DEC3! & 51T
Weo 51T FAFEDOGLUT2V7ILY h—X KN TV AMR—4%—GLUT5. EHRDsugar
transporter® 7 = / BECH 2z AW T EGTFRGEZER UIc & 2 5. (FHFEDsugar
transporter& ERHDZFN & (&, BIDRKEICHD NI (Fig. 3-13C) e DK ST, IFFFED
sugar transporter & B Dsugar transporter|d AR B EBZNREZE 2 HDELTH, 7
S /BEIIDKREL ER D, BRICEEBRT PEEEENHASH ER>TWSITIED
GLUTZ7 72U —07 I /BRI OFENS. BRODsugar transporterDEEEEZ HETE T 2
CEIER#ETH S5,

BRTEZ7VATVZEDEL. I O—X6) VBEZANLTKNL/\O—ANEH NS
hY (Wyatt, 1967; Mitsumasu et al., 2010) . #E#4. IabSHBREDBREIC/ Y 25
VHSTINA—ANEESND I ERHED L< DD >TVRW, FAETEHRLEDORKE
BRICEWT, ZILI—X6Y YENS VI I—RXZEET BHICiF. 7ILI—X 6-1R

A7 79—CEWSBROEENDEL LD I ENESH ERD>TLSAH (Hutton and
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O'Brien; 2009) . EH T(dD. melanogasterANA TIEFRDOHh > THSI. BPHTIF V)L O—
R 6-IRRAT 79 —EHREGFREESNTVDEHDD, ZOMEEIFKRMNTH D, Lich>
TIREDE Z S, FIEBRETTILI—ADMES N, NISTHMZAULTTILI—XDHELEN H
B ERMOTBIODTRRT—FIEHI > TLRL,

oo FIECEBAMECHMRTIILI—IZEET ZHiciE. HiZRTIIL
O—X6Y) VEHI/NEBENBEZESINT IV A—ANEEDBZISNDZENMREEINTWL
BhH%. KRR _E D Sugar transporterid (ZFFEICE W THRESINTWEW, i,
FDOFEREM ~ T > AIR—% —GLUT1, 2,45 U < [F9NHERERE £ &/ VBIR EZ2BIR U T
FEOHIXZITD ZENTREBINTE D, /NEEEFEFENsugar transporter O FEDME L &
HZEZ5NDESICH > TETLS (Takanaga and Frommer, 2010) . BEBHIRICE 1T 2
NISTHMDRBESMUIFHSNMCT B ENTERMN > 2h NISTHUAVNEEE ETYIL
OA—ZAPTIWNI N—RZEHET 2HEZE IS SUBEEEERT D2HDENH S,

BREMBEZNUTREHGZITOZENHSNTED (Wyatt, 1967) . FEAEDE
ROEFERMEF S L/N\O—-XTHZDT, HERERICERNG N L/\O—XDEAE
ERANDHFEHNMTONTWE EEZ 5N 2N, HEREROBPHTIE, NL/\O—X K>
¥ AIRN—4 —BIEFNIst8DREIFICELIEH S NIEh > Tz (Fig. 3-12) » £z, HlERFHRCHK
B TBPHOERFATRE IS b L/INO—XEIEKE {ETF U7 (Fig. 3-7A) . BEABD
BRTH 3 Y/NTRXX 4R Manduca sextald. IRREIDHE T, KEHhD ~L/\O—
ZEHMEINL. HEHRRSFRREICEVWTSH, BING N L//N\O—XFEAEH SN0
(Siegert, 1987) , FERED A JICEWVWTH, P M L/\OA—RDKELRELKITHA SN
TULVR\L (Satake et al., 2000) . 215 D RBHR TIFHERERICAEREFOS ) IT7H
PMEINNLN\O—INEESINT, IFDONL/N\O—XDBENMHERINTLWDEEZ
5Nd, INSDERHIS. BPHIFMDERICHSND & S REERERO NL/\O—X
DR TDMMTITWRWATREENH D MHICHFET S b L/N\O—XZEPHITHEL

T. SERNICREB T E2REBRZHBLTVWEZONE LW, BPHOIMEEFRICIE < L/\
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O—XEFTRBLIAA/ I h—ILEBREEND, SAC/ I h—I)LZIEICHEDOER
FINFTHSNTHE ST Ty HEICKHENRIMETH 2 AIREEDL S V. BPHZHEIR
BlcEWesE SAAM/ Y MN—ILBIIFEEICRENTH >/ (Fig. 3-7B) . 7'V a5
VIR EIN., A/ IR EERINSEEEZIOSND, e, BE - JIERRED
NA7QF7 LA BITOBERIS., —OIAA/ VN —ILERBERORENSFEIN
e EhSH, BPHOERRICEWTIAA/ Y h—)LENUREBHIEN H D & HHETE
INZH BEDEZE, SAAM/ VNI VAR—FY—@FREINTWEWN, A
A/ R=LETII =R R L/NO—XERRICVILI—Z6Y VBEREBEE UTELS
N%, BPHICEWTIZAA/ Y MN=)LENUcREBBEDH D ERETDE. SAM/ Y
N—ILDBRBERNEEBICEEL. SAAM /I ERBITDIETIRILF—EEFT
W EEZSNDD. COLDBERIFAETSINTLWEL, BPHOEERIMETHD I A
A/ h=ILIFED K SBREREING 2 DHRE %S - HEIREEIC K 1T B E AR D FEEIE

DERPIISEDREETH 5,
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M E %

1 B®
INETOMBIEAEICED T,

2 EBREHBREORMET

PUbE24RE LA DA AR BICHEEIHER O XOFH U EZS A LXKEZEBRFHX
EUTco 1DDHBREICSH DA RXEF (A HY) EREIE, 3BOBPHEERELU
—hH. KTESELZH| (1ecmx9em) Z5 X EXBEZHBEEX E Ul

3 RNA¥H
A AR HDREIAE (BB BAERA A & IF LN 2 M) H Stotal RNAZ RNeasy Mini kit
(Qiagen) TH#H U 7co

4 Quantitative RT-PCR
qRT-PCRISEBXE1EM R & AIESICHE U o 7 T4 ~—HLF S Table 1-4, 3-1lc/R L
Teo

5 2\

KSUEREY 4 XNy 7 7 (BB IESupplemental datalc /R U 72) ICBPH%Z5%E AN
TRYZILTIDHEL, 800g. 10 min, 4°CT&EDLL. EEZBNRLEE, 2DLEEZ
KBULEBNS, BERER 3% x 5EZ 1TV, 5 mindk L TREL 2. £D#HE. 15000 g.
30min, 4°CTEMONUTce KBUIREIFA ANy T 7ERL Y MTIIZ, —8%2 5>
NTEBICERUfc, FYNIVEDRERY VNI 7y EAFy MTEMUT
(BioRad) » 595 nmODIKZAEEE~YC27 AL — k') —%— (BioRad) THH L. Y7L

BREICH U TIAEDSDSZEL TV FIL/INy T 7ZMZ. 40°C. 10 min1{ > F 1 X—
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Y3y Ulz, 2D, 15000 g. 15 min. 4 CTERODULTELEBZYVINIH YTV E
L/Tl:o

6 Western Blotting

10%7 7 JIL7 2 RTILERBWT, A5 TTILEKIKEIEE (ATTO) %W\ TSDS-
PAGEZ{T>7co EERTARTOY T« VU %E (BioRad) T. X%/ —ILiREULL
PVDFAY T LYVICBRULITILZERE U, BEIF15VTI8MnTiTofce XY TLY
(FTBS-Tween AR L 120.5% 70 v F > J'#l (GE Healthcare) IC—B2Z U fco —RIUAE
LI L. TBS-Tween THid& IC ZRITAMIE%Z 1T o oo ECL Plus (GE Healthcare) Z A
WT, TIURFZEE (FAS 1000, Fuji film) T RILEZRE Ufco FURIENISTIMOHRE
Al U TUWBNKIFEMVTEKNLETAAYGETIIC & CRiCDELGGKKPELQLYDTKN D A~
T7FRZER U, FINISTI/RY 2O—FILRTF RIFAEIE 7T F 2B WTER U I,
GEMMBEERWCEE. RIBIEHFShEh >fco Y bA—JLDHIB-actin, B-tubulinic
DWTIE, YTAPE DT I /BEES & BPH®Dactin& tubulin & DIEREMEIIER ICE < .
REENHDEEZZSNIEDT, YXITVATERESINZE /7 A—F /Lt (Monoclonal

Anti- Tubulin-FITC, Anti-BActin-FITC, SIGMA-ALDORICH) Z AU\,

7 cRNADEHRS
CRNAD EELK I ARG SCE2EM B & AE6ICHE U Tco NIStTTBEGFIEEN TS 1Y —IF
Table 3-2lCE2& U 120

8 FI7UAYAAIIINHHEEEAD KT Y AR—5 —DHIR
Z 7)Y AAT)L SRR OMMEERE EANISTIM ZRKIRE B2 A R II AR/ E2EME
t ﬁ;f?‘:%ﬁ— D 7;:0
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9 KIVAR—HY—TvtAa
NIST1MIC K BHEDED )AHEER (I AGHNE2E MBI & AIE8ICEE U oo

10 BERsEF DT 5y, ZILA—X, ZILA—X6Y VEOEE
PHER24FEUAD X ABPHZ R - R EIC24REE S, BBREBEZREL U
Teo IRBEICDE. 108D DDBPHZRER L. £9Y > ZILIEHILIC3ETARE L,
JUATVE, JIA—XE, 7 O—X6J VEERLEEEETERAIL. TnZho
FEFE 70O N3LICEU Iz (SIGMA, Glycogen assay kit, Glucose reagent, Glucose (GO)
assay kit) o FHIEDZHICY >V /INTEDEEZRKFICIT > fc (Protein assay kit, BioRad) .
BOMBETOIOERAZ70—F v —bMCRUTc (Fig. 3-8) » T, 2XEDLE
BXIC [EStudent’s t-test CRHAI L. ZELLLEBIRTE D e HIC— R BT (one-way ANOVA)

TEEICEERENHSNIIHE. S 5ICTukey's testx 1T 7z (Prism 5) o

11 FEEFIEHEE (TEM) IC K2 EBEFOT Y 27 2V FER OFHE

TEMZ FAWTHEIKBEICE WeBPHOBRRAD 7' J7 Y O MRz R L Tc. (1) FE
24 FEIUADBPHA R RICX U T, BE - HESRHNIEZ 24K 1T > 7o SEERZ VIR
%, WEEEHZRWT. FIREMIEZIT o>/, (2) FIRELIRIE. ) U EREER (PBS)
ZRAWE2.5% ZILZILTILTE RRIC, B> 7ILEANTI0O mnREEE L. £D
%, PBSTHAEZIEDIRL. 4 °CEHETI2HEM L. FREU. ) RIT. Y TIL%ZE2%
ARZIVLKICAN., 2BEEREE U, (4) BKIETIE. 70%. 80%. 90%. 95%.
100% L7/ —I)LZZNZN10minDERTER T CRDEZ o S5I1C100% LY./ —)b
ICANZE, BPLE7AOELYAFY RICY Y ZILZE ANT, 4 °CEHET10 min, 2[0]
IBL foo ZFDH. KBMRIIEQuetol-6511C27E Uz, (5) A8 (FEHXIESupplemental
dataTRUT) EZ7OELYAF Y REZ1ATREALURRKIC, Y 7ILEEEL. BIRETI
K. 1 >FaxX—hUTc, D%, BIlEZ ANEB AT, 4 °CEHETI2REM L. REFEL
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oo SIBAEBORE TICAENBIIEZ ANE X Tz, (6) BIBLEDT=HIC. 60 "CHRHEFT.
2HMEA Y F aR—KUfe, (7) BBULEEABENYI VI ZITTW, HIXFAT7ZFE>T
JILNZZ/0O8—LA (LKB) TUIRZ/EE L. BEHIET CRIAZESRL. S 5ICRDR
HADRYZI VT %ETolco 8) VILNZZTIVORN—AT, JILN—FfclFY v/ O—
IWREDBENR ZERLU,. 7ALLN—ILXFEERS>7Y v RECER U, (9)
2% EFfD > T20-25 "CEHFT T15 min. REUTco RICKTELLHEHRL., WBRTE

PEUf, B, KTEHEEL. TEM (JEM-1010, HAEF, Japan) TEE U .

12 double strand RNA (dsRNA) D{E&L
Nist11 dsRNAIZORFZ & A TZpGEM-TRY ¥ —DcDNAZ T L —hE LT, T7
RiboMAX™ Express RNAi system (Promega) ZFBW TR Uz ENEND T4 N —

%Z Table 3-3ICR U Tco

13 RNAI
1000 ng/plD Nist11 dsRNAK % J1b 524 KB LI DBPH X Z B 2 D g EB & AR ER D D

BT EppendorfD 1 > ¥t 79 —ZFBWT, FvEZU—TEAL, 1YV 3

> 245 B DMRNAZE Z qRT-PCRTHEIT U 7o dSRNAZE DEERFEIENIst1ZFBEWTH S

H U 15T U 7= (Supplemental data) o

14 BPH&&D[EYY
RERXE2EBEME & ARIDFRICED 1=,

15 BB - JIBEZEICE VW EBPHIIED TS
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BE - JlEFHFIC24FEE WcBPHA S EUN U 72 &% Z0.45 um PVDF 74 LY —H 5
Ix (Whatman) (S8 U, HPLCTOMT UTco DIMEIRARTRIE2EM K & FIESDFIRICHEE
Ul

16 R

Sugar transporterB{=F D 7 = / BEECIIENCBIN 587z, Rattus norvegicus (Rat
GLUT2; NCBI accession no. NP_037011.2) . Mus musculus (Mouse GLUTZ2; NCBI
accession no. NP_112474.2) . Homo sapiens (Human GLUT2; NCBI accession no.
NP_000331.1) . Mus musculus (Mouse GLUT1; NCBI accession no. NP_035530.2) .
Homo sapiens (Human GLUT5; NCBI accession no. NP_003030.1) . Acyrthosiphon
pisum (Aphid sugar transporter; NCBI accession no. XP_001942953.1) o 7 ZA XV ~%Z
ClustaWTZEfT L. RiFitEIEMEGA ver. 4 (Tamura et al., 2007) ZFBWT/EEL L fzo 1000

[B]Dbootstraplc & > TEHE U 7co
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Chapter 3 Table 3

Table 3-1 Primers for realtime RT-PCR

Gene forward primer reverse primer
pepck 5'-CATACGATACGATAGAAAATCTAT-3' 5-CCGGTTGTGGTAAAATTCAACT-3'
GlyP 5'-CATCTCTCCATTGTCGGAT-3' 5'-CTCTGGAGTCATCTCGAAGA-3'

Table 3-2 Primers for capped RNA (cRNA) pT7XbG2-AcGFP1 vectors

Gene forward primer reverse primer

Nist11 g 5_

plus CAGCGATATCCCACCATGGTAACTGAG CACAGAATTCGTTCTTGGTGTCATAAAG
AcGFP1 AAAAATCTTGAG-3' CTG-3'

Bold fonts represent restriction enzyme sequences.
GATATC, EcoRV; GAATTC, EcoRlI

Under lines show Kozak sequences.

Table 3-3 Primers for double-strand (dsRNA) construction

Gene forward primer reverse primer

Nist11 5'-TGCATAGGTACCTATCCATCAA-3' 5'-GCAATGTAAGTGTACAAAATGCC-3'
EGFP  5-AAGTTCAGCGTGTCCGGCGA-3' 5'-GAAGTTCACCTTGATGCCGTT-3'
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Chapter 3 Fig. 3-1
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Fig. 3-1 Expression of Nist11 gene and NIST11 protein in BPH feeding on the rice

plant or starved for 24 h.

A: Gene expressions of Nist11 with qRT-PCR. RP_L4 is used as an internal standard.
pepck, phosphoenolpyruvate carboxykinase gene is used as a positive control for
starvation. Biological samples were prepared independently three times. B: Western
blotting of NIST11. B-Actin of BPH was immune-detected by anti IgG against B-Actin of

mouse.
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Fig. 3-2 Sugar uptake analyses of NIST11 using HPLC and radioisotope-labeled

sugars.

Transporters were expressed in the cellular membrane of Xenopus oocytes by injecting
cRNA of NIst11. Error bars represent standard error (n = 3). Five oocytes were analyzed in
each assay. A: HPLC analyses; NIST11::AcGFP1-expressing oocytes were incubated with
105 mM respective sugar solutions for 2 h at 20 °C. Endogenous transport activities in the
oocytes injected with AcGFP1 cRNA were not detected using HPLC. B: Radioisotope
tracer analyses; Assays were performed in 1 mM “C-glucose or '*C-fructose solutions for
30 min at 20 °C. The white bar represents the endogenous transporter activity in oocytes
injecting AcGFP1 cRNA.
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Fig. 3-3 Effect of Na* and pH conditions by NIST11 sugar uptakes.
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Fig. 3-3 Effect of Na* and pH conditions by NIST11 sugar uptakes (continued).

Glucose and fructose uptake via NIST11::AcGFP1 were examined under Na* and Na*-

free conditions (A, B) and different pH conditions (C—F). A-D: Sugar uptake assays were

performed for 30 min at 20 °C at a concentration of 1 mM '“C-glucose or “C-fructose. Five

oocytes were used in each assay. The net transport content was calculated by subtracting

the endogenous transport activities of Xenopus oocytes. E—F: Transport activities of

glucose and fructose were measured with HPLC using MBS buffer in which Tris was

replaced with MES for the low pH values. Sugar uptake assays were performed with 105

mM sugar solution for 2 h at 20 °C. Error bars represent standard error (n = 3). A and B:

Statistical analyses by Student’s t-test. C—F: Statistical analyses by one-way ANOVA

before Tukey’s multiple comparison tests. “ns” indicates no significant difference; an
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asterisk indicates a significant difference (** P < 0.01). A: P=0.4845, B: P=0.1742, C:
P =0.0369, D: P=0.2878. E: P=0.8573, F: P=0.878.
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Fig. 3-4 Analyses of competition for NIST11 between glucose and fructose and of

inhibition by cytochalasin B.

Experimental conditions were described previously in Fig. 3-2, 3-3. Error bars represent

standard error (n = 3). A: “C-glucose uptake was measured in a solution containing 1 mM

14C-glucose plus 5 mM unlabelled radioisotope fructose (High Frc). B: “C-fructose uptake

was measured in a solution containing 1 mM '“C-fructose plus 5 mM unlabelled

radioisotope glucose (High Glic). C and D: Inhibitory assays with cytochalasin B (CB).

Xenopus oocytes expressing NIST11::AcGFP1 were incubated for 30 min in a solution of

91



Chapter 3 Fig. 3-4

0.8 mM "C-glucose or “C-fructose with 10 uM CB. Statistical analyses were evaluated by

Student’s t-test. “ns” indicates no significant difference and an asterisk indicates a
significant difference (** P < 0.01, *** P < 0.001). A: P =0.005, B: P=0.0013, C:
P < 0.0001, D: P=0.336.
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Fig. 3-5 Dose response and time course of the inhibitor, cytochalasin B (CB) for 4C-

glucose uptake by NIST11.

NIST11::AcGFP1-expressing oocytes were incubated in the MBS buffers contained 0.8

expressing oocytes with CB 10 uM (C).

mM '4C-glucose with various cytochalasin B. Error bars represent standard error (n = 3).
A: For dose response analyses, the oocytes were incubated in the MBS for 30 min with
various CB concentrations 0-50 yM. B, C: Time course analyses. AcGFP1 cRNA injection

oocytes were used as a negative control with CB 10 yM (B). Glucose uptake of NIST11-
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Fig. 3-6 Kinetics of NIST11 for glucose (A) and fructose (B).

Oocytes expressing NIST11::AcGFP1 were incubated with various concentrations of
radioisotope-labeled sugars for 20 min. Data were fitted to the Michaelis—Menten equation.
Five oocytes were used for each assay. Endogenous transport activities in Xenopus
oocytes were subtracted from NIST11::AcGFP1 net activities. Error bars represent

standard error (n = 3).
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Fig. 3-7 Hemolymph sugar contents of BPH feeding on the rice plants and starved.

Trehalose (A) and myo-inositol (B) were detected using HPLC. BPH were allowed to

feed on rice plant (black) or were provided only with water (white bar) after the starvation
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treatments for 12 h. Biological samples were prepared independently three times.
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Feeding condition
BPH was allow to fed on rice seedlings for 24 h.

Starved condition
BPH was watered for 24 h.

\

[Five females or the fat body from 10 females were squashed in DW. ]

\/

The samples were homogenized using an ultrasonic homogenizer,
and were centrifuged at 15,000 g for 15 min at 20 °C.

* Pellet *Supernatant

Quantification of the proteins Four-fold 100% ethanol was added to each
(BioRad, Protein assay kit) sample, and the samples were centrifuged at

15,000 g for 30 min at 4 °C.

+ Pellet * Supernatant

The pellets were dissolved The supernatant was dried and dissolved in
in DW at 60 °C. appropriate volume of DW. Measurements of
Measurement of glycogen glucose or glucose 6-phosphate
(SIGMA, Glycogen assay kit) (SIGMA, Glucose reagent or GO assay Kkit)

Fig. 3-8 Flowchart for the quantifications of glycogen, glucose and glucose 6-

phosphate from whole-body or the fat body.
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Fig. 3-9 Quantifications of glycogen, glucose 6-phosphate (G6P) and glucose (Glc),

and observations of the glycogen granules in the fat body of BPH in feeding or starved

condition.

A: Glycogen (white bars), G6P (black bars) and Glc (gray bars) contents in the fat

body. Biological samples were prepared independently three times. Statistical analyses
were evaluated by Student’s t-test. “ns” indicates no significant difference and an asterisk
indicates a significant difference (* P < 0.05). Glycogen: P = 0.0240, G6P: P = 0.4224, Glc:
P =0.2189. B-C: Scale bars represent 1 ym in large photos, and 50 nm in insets. B:

Glycogen granules in feeding condition. C: Glycogen granules in starved condition.
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Fig. 3-10 Sugar export from Xenopus oocytes via NIST11.

A, B: Glucose (A) or fructose (B) were incorporated to NIST11::AcGFP1-expressing
oocytes with MBS buffer containing 1 mM “C-glucose or '“C-fructose for 60 min. Oocytes
were then moved into fresh sugar-free MBS. Sugar amount in the oocytes were detected
using radio isotope activity. C: Glucose solution was injected into the NIST11::AcGFP1- or
AcGFP1-expressing oocytes. Glucose amount in the oocytes were detected using HPLC.
D: Glucose export into MBS buffer containing trehalose (Tre) and myo-inositol (Myo).
Trehalose and myo-inositol concentrations were 0.5% and 1.2%, respectively (Tre + Myo).
Sugarless is the sugar free MBS buffers. NIST11::AcGFP1- or AcGFP1-expressing

oocytes were incubated with MBS containing 105 mM glucose for 3 h before exporting
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experiment as was in A and B. Glucose amount in the oocytes were analyzed using HPLC.

Error bars represent standard error (n = 3).
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Fig. 3-11  RNAi of Nist11 gene and sugar contents of the fat body.

A: Gene expression of Nist11 at 24 h after Nist11 dsRNA was injected into 0-day-old
females. EGFP dsRNA was injected as a negative control. B: Immune blotting when Nist11
dsRNA was injected into 0-day-old females. BPH were put in feeding or starved condition
at 24 h after the injection. EGFP dsRNA injection is used as a negative control. C-D:
Glycogen (white bars), G6P; Glucose 6-phosphate (black bars) and Glc; Glucose (gray
bars) contents in the fat body. C: EGFP dsRNA injection. D: Nist11 dsRNA injection.
Statistical analyses were evaluated by Student’s f-test. “ns” indicates no significant
difference; an asterisk indicates a significant difference (* P < 0.05; ** P < 0.01). C:
Glycogen: P = 0.0056, G6P: P = 0.6996, Glc: P = 0.3883. D: Glycogen: P = 0.0125, G6P:
P =0.0023, Glc: P = 0.4634. Biological samples were prepared independently three times.

100



Chapter 3 Fiqg. 3-12

1.2rNIst5 1.2rNIst8 15rNIst10
0.9F 0.9F
1.0F
g 0.6F 0.6F
I 0.5
um) 0.3F 0.3F
D
o 0.0-= i 0.0~= i 0.0-= i
> Rice Starvation Rice Starvation Rice Starvation
Q
g 15rNIst13 25rGlyP
© 2.0
&, 1.0F 15
0.5k 1.0
0.5
Rice Starvation " Rice Starvation

Fig. 3-12 Gene expression of the other four Nist genes expressing in the fat body.

Nist5, 8, 10 and 13 were expressed in the fat body of BPH Nist gene profiles. These
Nist gene expressions were analyzed using qRT-PCR when BPH fed on the rice plant or
were starved for 24 h. GlyP: glycogen phosphorylase gene as a positive control. Statistical
analyses by Student’s t-test were performed in each assays. NIst5: P = 0.6096, NIst8: P =
0.2562, Nist10: P = 0.1328, Nist13: P = 0.4133, GlyP: P = 0.0014.
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Fig. 3-13A Alignment of amino acid sequences between NIST11 and human GLUT2

).

NCBI accession no. NP 000331.1

(

Sequences were aligned using ClustalX.
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Fig. 3-13B Alignment of deduced amino acid sequences between NIST11 and NIST1.

Sequences were aligned using ClustalX.



Chapter 3 Fig. 3-13C

100 — GLUT2 Rat
100 AEGLUTZ Mouse
GLUT2 Human
GLUT1 Mouse
GLUTS Human
NIST11

XP 001942953.1 aphid
99 NIST1

100

100

0.1

Fig. 3-13C Phylogenetic relation of sugar transporters of insects and mammals.

Amino acid alignment was performed using ClustalW. The tree was constructed with the
neighbor-joining method using MEGA ver. 4. The reliability of the trees was estimated with
1000 bootstrap replications. Amino acid sequences of insect and mammalian sugar

transporters were obtained from NCBI.
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Chapter 4 Introduction

F£45F FHHH-FLNO—RYVVIKR—Y—0ODHEE

&

[

ELNAO—RE 7L A=R20FDa-1-1 7' I REEDSHEBHS NDIERTHETH
h, REOIRILF—RE LTHASINZRITTIRAL, BREPERBREDI ML IRE
TOREMED—DOELTHKREZEDEEZ SN TULS (Arrese and Soulages, 2010;
Crowe et al., 1998) , 7= & X (3. Locusta migratoria®> Schistocerca gregaria’s & DI\ 5
HIIRERTOLE, RUICAVWSIXILF—RELTALNO—XZFMAT S
(Vaandrager et al., 1989) , ®/AY XY H (Polypedilum vanderplanki) % BI$52 /@54 T
ICEWT, BEIfFATR L/N\O—RXZEKT %o DK L/INOA—RIEHZREDIRRE E AR
h., RKOKEZHE, MlEZzRET 2EEZX 5N TS (Watanabe et al., 2002;
Sakurai et al., 2008) .

IRTCOEYICEWTEZRIXT BHITF N TV AR—F—DPREEEZ SN TV
%5, INET, NLNO—RX N FYVRAR—Y —FEFPLPER TR DN > TS/ (Stambuk
et al., 1998; Kikawada et al., 2007) . Saccharomyces cerevisiaeld. kL /\O—X, V<
/=R, RIS —ARERRBNERZEXT 5a-7 LAY TV AR—F —BIGF
AGT1pZH D, AGT1pld T RNVEEENEHIX T O M Y ARCICKEFEL THEZEIXT 2H-T
AR YIR—%—T3H3 (Hanetal, 1995), EHTIERLAYIZRY AMNS KL/
A—XDEENRICHKELUREE N TV AR—F =D REEINTLS (Kikawada et al.,
2007) o ZDML/N\A—R LSV RR—Y —BEGEFTrettld. 73/ BEH%E B\ RHRR
T, D. melanogaster®1+{ AR EDEBRODETILAEYDONW DO DEICHEHS5N. B
RIEICIBA LS EEYT % &E X 5N fc (Kanamori et al., 2010) o

ZHREEY T TRMBEEEXE D M L/\O—X K T Y RIR—F —[FRIERAE SN TV
WA FhUDLPTONVAROREICK DIEZEHZET D 5T Y AR—7 —FERDUS
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TRERLASNTWS, fc& 2 E bDNETIR. NG ERRAIICHKIKRI DNa*-7)LI—
ARZYAR—=F—SGLTIC LD, EBYILI—RDEHETH > TH ZRIVBESIEIEXIC K D
J ) A—RZ2NEHRRICEND AL, HEBORRTICH U TIRILF—ZHEBLTETD
BEZWMDIAD N VY AR—F —DFERFEELEEZ 5N S,

BRETHEEI DL DBH-NL/N\NO—RX NS VAR—Y—%Z7 I /BEIHISHET S
CEIERBICHETH D, EWVWSDH. major facilitator superfamily T, H*-sugar
transporter & FEIBEME N TV AR—5 —D 7 = /BEEEFIDZEIE. [FADENTH D & HER
ENTW3 (Pacetal., 1998) , fo& ZIE. BHDX I O—R KTV XR—%—, LjSUT4
(X V37 Lotus japonicus) &PsSUF4 (T~ R Pisum sativum) (&7 = / BRECH) T73%
DOHEBEMEZRI D, FIERFH-RIVAO—XARNITVYAR—Y—THH, BEIEREERY
A—X K Z Y RANR—%—"7T&%H 3 (Zhou et al., 2007; Reinders et al., 2008) , EHED ~ L/\
A—XARZYAR—=F—IFTRET17 7 T YU —ICB L. fDsugar transporter& (Z5l Dclade
ZRT B ENBHSH ERR>TULS (Kanamori et al., 2010; Price et al., 2010; Kikuta et
al., 2010) . BPH®sugar transporter&{zT D THE—. NIST8EIFMTRET17 7 X YU —I(C
B LTWkE (Fig. 1-3) o BRIFIEHAETKN L/\O—XZEHR L. KRPFOEERIIEE R
%1 (Saito, 1963; Wyatt, 1967) . BPHIZEBAMMEE LTI AC/ Y h—ILEET S
(Moriwaki et al., 2003b; Fig. 2-12) » BPHOEEN SHBRIESI 1D ~L/A\O—Z DEER
0.5% (5.8 mM) T&H D . H+ JOAEH N L/AO—ZEE (13.74 mM) PITY Ry 5+
H7TSLIDZFN (255 mM) EEEELTH, FERBICTEBRBETH > > T BPHOAE
FRICEVWT, CRETAESNTE L SBEREICKEFI SLS5BMNLNO—R KNS
VAR=F—=TE, bLN\O—XOHEBEEENHEL WO TRBVWNEDEZISND, Z
Z . BPHD Tret1MEREEIEF Nist8Z 7 7 ') Y XA AT IUSIABMREICRIEIE., IhET
ERIRRICHEBERRIT 21T > fc & 230 NIST8IFH- M L/\O—XA NSV AR—F—TH B &
NS ER DT,
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TR

41 b ELCAOY Y ANIST8DREEER

7 = /B % B W R EREITIC S LW T, BPH®Dsugar transporterfZ &1 F Nist8(d b
LAO—Z RS YRKR—%—TRET17 7 2 U—ICB U7 (Fig. 1-3) o Nist8LIADNIsth 5
VAR—F —BEFIFTRETI 7 7 I U —&FEG>TWeZ &S, NIST8HA N L/\O—
ANTZYVAR=F—TH D EHAI NIz, NCBIICEFRSNTWSETY S invicta, ~./
YNy H L. migratoria. TV R +H7 T LY A pisumDsugar transporterf&f
BETLFD7 I /BEREIDNIst8Z EOTRET17 7 2 U —SHRMENSE L. A—VY O TH
EEZSNC, INSDERENL/NO—RARNTVRAR—FT—EHEINTWVWSBRAY
3 X') 51 P. vanderplanki. /\X% 271 A. gambiae. 714 3 B. mori. Z“V/\F A. mellifera
PYPFXFA O3 3T/\I D. melanogasterD £ BT ZIMA T, BRI NDRGHETZ

Tofcb T3, FNELTERBHRDTRETZE—DYIL—T TR > Tz (Fig. 4-1) o

4-2 FE/OVVANIST8IZNL/NOA—AKSZ Y RAR—5Y—TH 3

NIST8D XD FZRET B/, NIST8ZFF 7Y WY XHI)LINEHHEICRKIZE
B, EOLSBEZEIKXT 2DNERET U, NIST8::AcGFP1 cRNAZ SRAHARZIC 1 >~
Vrva>r U, GFPOEXICE D, NIST8:AcGFP1N IR DELICRKIBI 22 &%

# U7 (Fig. 4-2A) . > bO—)LE UTAWZACGFP1 cRNAYSham (KT 5) Tl&,
fMBEiE_E D GFPELIFRESR T E 12N - fo (Fig. 4-2B, C) »

NIST8IC &2 b L/\O—RDED AH%FHET S fzshlC. 105 mMD k L/\O—RRIC2
KENREL. IBONMDIAHZHER U, ZOFER. I hO—)LE B U TNIST8Z IR
SETHINFMEAND S L/NO—XEDAHZEFHEDIEML TWEI > foo FEDELD A
HER TV RAR—F —ICL>T, EEDIKELEDLZDT, FL/N\O—ARICEITREZ
R ULT, BREGRKEERET UK (Fig. 4-3) o NISTSZHIBS € 2IIRHABEAD b L/\
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O—XOEDAAS12RE R TIFIF—REENITIEINUTco —7A. KZFTEAATZINEHE
RRTIEMREAAND N L/\O—XDOWMDAHD EREHASNT, BEEBICHV. IKER
FERREIBL NI VAR=FT—C LD RAHADIBREHEN LI B>l LD >TH
L/A\O—X DD AHZFHET 2 RE E3FE N S 12KEE TORMNEYI TH D EEZS
nico RAR TSI AR Z b L/\O—RRITRET 2REZ6E & Ufc, RIT,

NIST8A k L/\NO—ALUANDIEDEHEZEB S DM ESHZERET UTce YILE—X I AA
/2 k=)L, 2-deoxy-D-glucose (2-DOG) ZFW\fco NS DIEDED AH(EShamEF
BRENHSNEMN > ENS. NISTIE M L/NO—X NSV RAR—F —TH 3 &b
U 7c (Fig. 4-4A) » Positive control& UTAHWERAV XV ADKNL/\NO—RXAKZ VR

IR—%— PvTRETIC& 2 b L/\O—XDEDAHE RERDER THERR L /= (Fig. 4-4B) o

4-3 NIST8|FH*-FL/\NO—RA Y VIR—5—TH S

2007 lc, RAYIARYANSEES N M L/NO—X b TV AR—% — TRET1IEHE
DEEARICEKTE UBREENE N 5 > AIR—% —Td > fc (Kikawada et al., 2007) , £
ICEET S N TWRWAY, D. melanogasterh* S EIE S N/=DmTRET1 b EREME N 7V X
R—5 —DHEEZEH DI &ENS (unpublished data) . TRET17 7S U—ICBITD T VR
R—% —(FHEREMICLD N L/I\NO—XDH®EZITS EHAlS N, 22T NIST8ICH
WT, INETDO KT YRAIR—F — DM & ERRICNaPH A A > ic &b ~L/\A\O—XD
D IAHNDREZRE Ufco NatM AV OERICEDLSI. NL/ANO—XRDEDAHE
ICBEERERHFSNEBN ST (Fig. 4-5A) o RIT. pHIKEMEIC D W TR Z{T ol T
5, pHEEICLK > T L/N\O—XDEDIAKITEENH SN (Fig. 4-5B) o pH5D K L
NO—XETlE. BEDpHEHFTH SpH7.8L D HAFDOEDAHEN A SN T,
Negative control& LT, #EEEME N L/\O—X kT Y XAR—% — PVTRET1IC LB k LJ/\
A—XDEDIAHZHRR BpHEE TR Ufco ZORR. INEFTHEINTWVWSIED,
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PVTRET1 CTlEpHIKFIEH5NT, BREREENZVAR—FY—THD I ZHER LU
(Fig. 4-6) o

RIT. NIST8ZHIZS B INFMEZ N L/\O—XZEVHRABpHBRITREL. 6FF
B OINEHRANDpHZBIE UTce Z DR, HIENpHMMEMNCET Ui, —7A.
Negative control& U TKZFT 5 AALINEHARANOpHZ RIE L fc & 2 5. #ilEApHDIE
TlE#H SN > 1z (Fig. 4-5C) o THIENISTSZRIBEI B/ & T, ML/AO—ZDED
AHDEREE 7R D IREHERERIC b L/\O—X EH A Y DFRADN S > FcATREENE X 5
N3, COFERHNS. NIST8IFH-ML/\O—RX Y ViR—F —TH DA BEENRE S N,
Z I T HA AV DR AZINF T % Btk Hlprotonophore carbonyl cyanide m-
chlorophenyl hydrazone (CCCP; SIGMA-ALDRICH) % 70 U 7o 35& O SRRHEREAA D ~
LAO—ZXDOWMDAHZRHE L fco TEYPDSUTPSUCE WS feH-ZA TV H—ZA KTV
IR—% —DfEHf 7z 1 T)LINEHOFKIRZ TRER L fciHE. CCCPIE50 pMDIRE TTH
NTW3 (Reinders et al., 2008) , AT TH ZDCCCPEEZAHWTHIEZ S, ML
INO—ZX DD AHHIBEEET NIz, 100 yM CCCPEHTIE. INAHARICERA LMD
MR DEBENE U > DT, 50 yM CCCP%EA U 7= (Fig. 4-5D) o pH5DRETICH
WT R LAO—ZDE D A E75% D %I & 117z (Fig. 4-5E) o pH 7.8DERETICENT
H. FLNO—XDOEDAANE SICHHESNfco UALDERHNS. NIST8IEHk L/\
AO—XIVR—7—ThHd MU, RIS, NIST8IC LS b L/\O—RAEnXRItEE %
HEUTo pH7.8DEE, KnfEIE75.5 £ 23.4 MMT. Vimaxh'27.1 £ 3.5T8 - 7= (Fig.
4-7TA) » pH 5DEMET TDkineticsid. KnfEH19.2 2 17.0 MM T, Vinaxld47.9 £ 7.0T8 -

f= (Fig. 4-7B) o NIST8IC &3 k L/\O—REEEMISEpHE G TEE > 1o

4-4 HEICEFThIEOEL &pHAIE
BPHDNIst8DHIR T DMMIE VI E—FBEICE VW THEWRIRIN RS iz (Fig. 1-1) o

NILE—FERE hOBREICHE T 2EBTH D, TICHEEREZEE LIS TL
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% (Beyenbach et al., 2010)  BPHOIIRFICIE S L/\NO—X & XA/ ¥ N—)LH&RH

SNz (Fig. 2-12A) . TILE—XEICRIET BNIs8IC L > T MEOHEEHITHOR TS
AREMNEZ 5ND, £ T, BPHOHEY TH 2 HBOER D DORE EEEZHHMH

M. R LAO—RIFREE hah - 1z (Fig. 4-8B) o HEDPHERIE L& 23, pHIZS.1
THolco BMPHEHETTIE 7O NV ARDEFEEIENC ENSEIILE—FEZNL
TEEEYME LR LN\O—XZHHIT D EREELWVWEEZI SN D,

4-5 FEFHPOEORELEES

AT —YRIDNIStSDEFRIRZWHITLIcE 25, BRFHICEITZ2RIFERIHR - &K
HEICHNNTED > (Fig. 1-2) o 22T MFHOBEEZRELICE 25, IHADSII
HACH T T SAA/ D R—ILEDBIRICIEMUL e —7A. ~L/\NO—XIFIHAHNSNIEAIC
MFTREBREEZEDASNT. 0. 1% EETEENTH > (Fig. 4-9) » BIIRLTcL S
IC. BREADMAEEIG N L/\O—R0.5%, SAA/ Y b—)L1.2%TH D, FRMmERS
AA /O R=ILTHolco TOEBED N L/N\O—IXFHETEEEITSHICIE, FERE
MRSV RAR=T—THBLDH RBEEBEXERE N SV AR—T—DAHIEL TWBHA
BEEN D Do
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HFREENTIC K D, BPH sugar transporter, NIST8IC &% k L/\O—XDEYD A&
BpHEMATICEWT, BULLEM L. BPHASH-NLN\O—RAYYR—F —%2RET
ZENTE, ThiFRZHEEYTHNHTOTONY - NLINO—AYVR—%F —DRE
TH b,

EUNANAO—X K ZYAR—F —TRET1EEEZERERDOABRS5Y. FAEEEREERIC

PHBEBLTHEND, 73 /BRENERAVWCREEBITICEWT, BEFTOETSE, K

ot

EZREERONL/\NO—XAKNFYAR—FY—ETRET1I7 72U —DHTH, TLEEER
ERFRERBZYTVIN—TEZERTDEEZISND, INSDFERIE. TRET1FELRICTE
SEREEREATLERERICME T DENSTET DI ENTHBIND, DI EIFE
BOMHETHD S L/IN\O—RZEET B0 FTHDIENSDIRXEABEZIER DN S,
TRET17 7 2 Y —(IBH Dsugar transporter F THE I % &, BE—DcladeZzRL. %
N507 2 /BREYOERMEERIFBICEWN, fcEZIE NISTSEXAYIRYHD
PVTRET1TlE, 62.5%D7 I /BEIN—HUL. 87.5%0BELITI /BTHoTz
(Fig. 4-10) o NIST8E[EER. ANV ARICEKFUCZIEE N VY AR—5 —TH 2ER
HRDAGTIE LY B & 15.5% DM —H L. 39.6% M ELULI 7 I /BETHD, AL
OfYYYR=F—RALEDBEYPDORBERDENS TV RAIR—F—RALTOAHBF I/
BEFDHERMENEVWEWSHERTH D, £, BYDLSUT4 (H-RVO—A KTV
IR—%—) EPsSUF4 (R O—XADBEARICLD N TV RAR—%—) &EDF X /B
DOMERMEF73% TEH S (Zhou et al., 2007) . TR E, H-NL/\O—X I VR—% —EMHE
FER. BRZNZNHEICELRLEEEZ SN S, ENDhSGLTI N T VY AR—5—D
204FBEHD7 I /BERET ZIINZ X VEINa /I I—R Y Y R—F —DFEEZFDI &
NHESHER>TED., COF7I/BEREZIVIVIIVEICBRULECZ, 7ONVE

Dk ZYAIR=57 —DHEHI20FULICEIMU. Nat1 AV DEENASNEL BT
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EHRESIN TS (Quick et al.,, 2001) » FHRZBNSEBEHDTRETIICIE, COEIIGREE
3. AN VAROEEELDOEEIFSERDRETH 2,

INFET, TRETINEIRT 2WISEMHETHEENRAV IR P HA I THE
FINTWS (Kanamori et al., 2010) o KAV IR ATIE S L/\O—XRILPEIHAETERK
LT&D (Mitsumasu et al., 2010) . BEFFARTERKRS e b L/\O—X [FMAEREHRAN &
TRET1ZHM L TEX S, HEBNEERSNTIXILF—REVTHASZhTWSEE
ZbN%, FM4A 37 37/NIT (D. melanogaster) & D DmTret1|&FlyAtlas (http:/
www.flyatlas.org/, Chintapalli et al., 2007) THEBRIRZHER L& 2 3, BIFREYIL
E—FEBICRKENHSND, £l 7Y (S. invicta) THD. melanogaster& [Btk. Tret1
DOFIFT ZHEBIFEIHERE VL E—FETH > (Chen et al., 2006) . BPHDNIst8DFIR
FREBOEINSODEREAKRTH D, HICVILE—FECEVWTHEVWRRENREI NI
(Fig. 1-1) o« ¥ILE—FERRHORKREYPERIBIE. EERNICE > THEERERBE
ZHEHT 2 EEZIONS, INSZHHT Blcohic. YILE—FEDEMITTH
transporting vacuolar-ATPasehE\L\ T L\ % (Beyenbach et al., 2006) , < DR, ATPAYH
BENdDT, JIA-RBEDIRINF—ZREET D, ~L/ANO—REFTIILI-XZ
DFTHEEEINDEETHD., YILE—FEILHEFZML/\O—XDEDAHFTERIL
F—RzEEL. EERNOEERZHR T 2RI ZzE DI ENTERENS,

BPH cDNAESTT—NR—XTHRIELTWEIAA/ Y N ILBEEDEGEFZRANTH
&0 MULNAA—REARICI A/ Y M—ILEBHERTEESNTVWS EHEES N
%o U T SAA/ Y ML MEBRANEEXEEIND(FT EEZ SN, NIST8ICLD
ERZRET UTehS, A4/ 2 h—)LIdEE S uigh - fo (Fig. 4-4A) o BPHIEXKRREE D
SHAA /IR NTVRAR=F—EHDEHAETNS,
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M & TTE

1 BH
NEA/ODYARINETTOMBEAEICE L, XRLY X FIDpvTret! cDNA (£
EEYERMRAMORE)IHELDESSIN) FIY MO—ILEULTHW,

2 RNAHH
Total RNAH I EIF ChhFETOME E AEICED =,

3 kit

TRET1D 7 = / B&fc3!idthe National Center for Biotechnology Information (NCBI) T#&
fco X' R H Polypedilum vanderplanki (PvTRET1; NCBI accession no.
AB272983) . /\N% = 71 Anopheles gambiae (AgTRET1; NCBI accession no.
AB369548) . 71-f O Bombyx mori (BmTRET1; NCBI accession no. AB369550), </ /\F
Apis mellifera (AmTRET1; NCBI accession no. AB369549) . & 7Y Solenopsis invicta
(SiGLUTS8; NCBI accession no. AY911645) . ./ Y~ /\v ¥ Locusta migratoria (gastric
caeca sugar transporter; NCBI accession no. AAT72921) . TV RO F A7 T LY
Acyrthosiphon pisum (Ap_ST11; NCBI accession no. XP_001950990) . ¥/ A>37¥ 3
7 JXI Drosophila melanogaster (DmTRET1-1A, -1B &-2; NCBI accession no. AB369552,
AB369553 & AB369551) » 77 A A hEClusta WTETL. RiFHIMEGA ver. 4
(Tamura et al., 2007) ZFAWT/ER U fz, 1000[E]Dbootstraplc & > TFHE L fco NIST1I

TRET1Z7 73X U—0D7 7 ~JI)L—7& ULTHWI (NCBI accession no. AB549994)

4 cRNAD{ESR
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BPH sugar transporten&{ZFNISt8RIE Y ¥ —DEE D feHc, HIRERY A 28D
724 N—TCPCRBIEZIT>ce 7 T4 N—HECHlidforward 751 ¥ — 5'-
GTCGAGATCTCCACCATGAAGCGATTGCTGCGTGC-3' XK= BgHIfRER T 1 ~ &R
U. TH#REBIZKozakELFZ R U foo #&1EO RV ZBRW fereverse 7 54 ¥ — 5'-
AGCTCGATATCAATGGAGCTTGGAAGCGGTTTG-3"' KF(FEcoRVHIRERT 1 ~k Z R
U7zo pT7XbG2-AcGFP1 (DDBJ accession number, AB255038) Ic. #&IEa K>V =AU
fcreverse 7 2 1 ¥ — 5'-AGCTCGATATCCTAAATGGAGCTTGGAAGCGGTTTG-3'
pT7XbG2 (DDBJ accession number, AB255037) Z % 112 11.Bglll & EcoRV THll[REE 3R T
HU. PCREMISEENRY Y —ICHHMAAT, CapZ ML 7ZRNA (cCRNA) DERD Tz
IC. DNAT Y7L —R@T7ETI7OE—Y—ENZEL T 714N —ZHWT, high-
fidelity DNA polymerase (KOD plus, TOYOBO, Japan) CTPCRI&IR L fco NIst8¥° PvTret1
cRNAlEmMessage mMachine T7+w & (Ambion) ZFWTIER U fco PvTret1 Z#EHA A
27252 RRY 45— (Kikawada et al. 2007) (FEZAYERMAERAOE/IIIHE L D ES
=N

5 F7UNYAAT)INHEREZEWENIST8 h T Y AR—5 —DFIF
7 7Y RAHIIL (Xenopus laevis) SREHABIFRIR R D F A IFBEICHEIL L I FiEZ AL

fc (Kikawada et al., 2007; Kikuta et al., 2010)

6 FEDEDIAHEER

NIST8%Z FIR = B /- NI Z DI D A HFERICHE U 7o NISTSDENEDF DR E
MZFEEIT SHIC S L/NA—R, YL K—X, 2-deoxy-D-glucose (2-DOG) & I A/
V=IO IAHZFTML oo PVTRET1%Z IR S B /- INAHHAZ (S Positive control& LT
AW, SRR OpHIE ~ L/\O—XEXD AHEEREDOINEMEZ R Y XL TEL
%, HZRXBBHpHX —% — (HORIBA, Japan) THITE U fco
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7 BPHEFHIOEEEDEE

BPHOIEFDEIYNE., AL DE1EMRIE AEIICE Lo Y Y 7ILIFMILIC3E
PEAR U, S0BEDODHEFZ1%YVILEN—ILZET80% LY./ —ILHFTITDEL., HBED
WS L (HPX-87C) Z##, L fcHPLCTHMR U 1o

8 BPHHEDEUN & HERS DR

BPHEEDEUNIE/NZ 7 1 )L A-Hy ¥ 23K TITo o, 1BEH%I9A B D1 RIT/IEIRIC
ERIULTc/KT 74 L LB EEMT. ZOFICBPHX R B10B%EEL. LZIEZBH< o)
ICRERICET U, BERRI S16ERIC. NEROHEZEIUN L., 21X T-30°CS
HETHREFEUC. BRD O TICIE. BEDITE NS L (HPX-87C, BioRad& CAPCELL PAK
NH2, SHISEIDO, Japan) = Zh 2 NniEH U fcHPLC TR £ 1T 5 fco HPX-87C TR
i BOR U fe NGB 2EM B & AESICRE D foo NH2A T AICDWTIE, ZERNZKY

JU 7K =75:25. 35°C. 0.5 m/minDEETHRIFU T,
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Fig. 4-1 Phylogenetic tree among insect trehalose transporters.

Amino acid sequences of the insect trehalose transporter were obtained from NCBI
database. Amino acid alignment was performed using ClustalW. The rooted tree was
constructed with the neighbor-joining method using MEGA ver. 4. The reliability of the
trees was estimated with 1000 bootstrap replications. Holometabolous insects show are in
the pink box, and Hemimetabolous insects in the green box. Initial letters represent the
insect species: Ap, Acrythosiphon pisum; Ag, Anopheles gambiae; Pv, Polypedilum
vanderplanki; Dm, Drosophila melanogaster, Apis, Apis mellifera; Bm, Bombyx mori.
SiGLUTS8 is the putative trehalose transporter of the fire ant, Solenopsis invicta and gastric
caeca sugar transporter is from Locusta migratoria. NIST1 was used as an out group in the

tree.
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Fig. 4-2 Expression of NIST8 in the cellular membrane of a Xenopus oocyte as

detected by the AcGFP1 fusion protein.

The AcGFP1 fluorescence was observed under UV light, and was detected in the cellular
membrane of Xenopus oocyte expressing NIST8::AcGFP1 fusion protein (A). The GFP
fluorescence was not detected in AcGFP1 cRNA injection (B) and sham (water injection)

(C). Scale bar shows 20 um.
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Fig. 4-3 Time course of the trehalose uptake via NISTS.

Trehalose uptake by NIST8 was examined with various time points. Sham (water injection)

is as a negative control. Ten oocytes were analyzed in each assay, and error bars

represent standard error (n = 3).
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Fig. 4-4 Sugar uptake analyses of NIST8 using HPLC.

Transporters were expressed in the cellular membrane of Xenopus oocytes by injecting
cRNA of NIst8 (A) or PvTret1 from P. vanderplanki (B). Sham (water injection) is as a
negative control. Sugar concentration of each sugar was 105 mM. Ten oocytes were
analyzed in each assay, and error bars represent standard error (n = 3). Statistical
analyses by Student’s t-test were performed in each assays. “ns” indicates no significant
difference; an asterisk indicates a significant difference (** P < 0.01, *** P < 0.001). (A)
Myo-inositol: P = 0.7834, Maltose: P = 0.1661, Trehalose: P = 0.0014. (B) Trehalose: P <
0.0001.
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Fig. 4-5 NIST8 is a H*-trehalose symporter.

Ten oocytes were used in each assay at trehalose concentration 105 mM. Error bars

represent standard error (n = 3). A: Trehalose uptake under Na* and Na*-free conditions.

“ns” indicates no significant difference by Student’s t-test (P = 0.7686). B: Trehalose

uptake was examined under different pH conditions. Statistical analyses by one-way

ANOVA before Tukey’s multiple comparison tests. Same letters show no significant

difference (P < 0.05). C: Detection of intracellular pH in Xenopus oocyte after trehalose

uptake. pHi: internal pH in Xenopus oocyte. pHo: pH of MBS buffer. Sham (water injection)

is as a negative control. D: Trehalose uptake with oocytes expressing NIST8 were

examined at pH5 with protonophore, CCCP. The concentration of CCCP was 0, 10 and 50
MM. E: Trehalose uptake with the presence of CCCP (50 uM). White bars show the
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trehalose uptake at the pH 5 in 105mM trehalose solution, and black bars are at the pH
7.8. DMSO (dimethyl sulfoxide) was put into the buffer as a negative control in CCCP-free

condition.
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Fig. 4-6 Trehalose uptake via PvTRET1 different pH.

Ten oocytes were analyzed in each assay, and error bars represent standard error (n = 3).
The PvTRET1-expressing oocytes were incubated in 105 mM trehalose solutions for 2 h.

Pv, Polypedilum vanderplanki.
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Fig. 4-7 Kinetic parameters of NIST8.

Trehalose uptakes were fitted to the Michaelis—Menten equation. Ten oocytes were
analyzed in each assay, and error bars represent standard error (n = 3). A: Oocytes
expressing NIST8 were incubated with various trehalose concentrations for 3 h at pH 7.8.
B: at pH 5 for 1 h.
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% 1st 2nd 3rd 4th 5th Average * S.E.
Fructose  1.66 0.56 1.59 0.51 2.03 1.27+0.31
Glucose  1.86 0.38 1.82 0.22 0.44 0.94+0.37
Sucrose  2.38 0.98 2.35 0.96 4.24 2.18+0.60
Melezitose 0.10 0.09 0.12 0.10 0.47 0.18+0.07

Fig. 4-8 Sugar detections in BPH honeydew.

Abbreviations, Polysac; polysaccharide, Suc; sucrose, Tre; trehalose, Glc; glucose, Frc;
fructose, Mel; melezitose and Sor; sorbitol. Arrow head (white) represents sorbitol peak as
an internal standard control. Numbers represent each retention time. A) Sugars in the

honeydew of BPH using HPX-87C column in HPLC. Sucrose and trehalose peaks are not
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clearly discriminated. B) Sugars of the honeydew are detected using CAPCELL PAK NH2.

C) Sugar concentrations of the BPH honeydew. Five honeydew samples were examined.
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Fig. 4-9 Quantification of sugar concentrations during embryonic stages of BPH.

BPH embryonic stages were described in Fig. 1-6. Briefly described, Stage |;
blastoderm stage, Stage ll; blastkinesis stage, Stage lll; anaphase of eye pigmentation
stage. Sugar analyses were examined with 50 embryos at each stage using HPLC.

Biological samples were prepared independently three times.
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Fig. 4-10 Amino acid sequence alignment of between NIST8 and PvTRET1 derived

from P. vanderplanki.

Sequences were aligned using ClustalX.
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1

g

EMCEWTEBREZERIRILF—RTHD., EHERNTOEZEF. FB|/ENIRIL

F—ZHRIDIEHDICHEELGD, BHTIRZREEZFA LU TEOMBEREXZIT
E—ERTIFE Z 5N TE7H (Downing, 1978; Douglas, 2006) . (ZFLIEPIEYID & S (CHE
ZEIET DEDICIF N TV RAIR—F —DNENRETH DI ENHESNTH S, Sugar
transporterld EYEMICAS B U THEET 20, ZOMERIEYBECEICERIT S &
DAREARTH B, & ZIE. 20065 Ic k7Y (Fire ant) H* S sugar transporterlZ & {F
NI O—=>7ENTW3 (Chenetal., 2008) , 7= /BACS) % B W BIEFREHERTDH
5k hDOGLUT8 (FILI—RX K Z Y RIR—%—) LHHRMELEM > DT, Fire ant®
GLUT8IEZIILI—RA KTV RIR—F —EEZ SNfch Fire antOGLUT8IERFEMICER
DhLNA=ZAKNZYAR=T—DTIL—TICBT %, FEREEN SV RAR—F—EZR
MEEBIEXE O 7O N VY ARICES T VY AR—Y —BIcF EIF7 I /BRI IT TIERK
BITERWN, TEZIE BYDRAIO—AMZ Y AR—%—, LjSUT4 (from Lotus
japonicus) &PsSUF4 (from Pisum sativum) D7 = ./ BREEHI D73%H E—DHEFI TH %
M, BIERH-AIO—RARTVRAR—F—THH., BRESHEREEN SV AIR—F—T
3 o Tz (Zhou et al., 2007; Reinders et al., 2008) , £7z. KIFFE TEHSHNICH > fcBPH®D
MLNAB—XFSVRR—=F—NIST8IE, AU KL/N\A—ZXA S VAR=F—T 73—
ICBULRICHBEDST. chETHMSNTW N L/\O—XDBEARIC & > THIET S
NSV AR—F—OHETIFRL, 7O VARICEZ Y YIR—F—THolco Lichio
T IV AR—T —DFHZHESMNCT BHITIFELR D~ T AIR—5 —DOHEBERET
DA RTH B, EHDsugar transporterDEITIEIEBICRSNTWB DT, S, KA
BN YAR—Y —DFNZEITS LT, ceZF, BEEEOEENZ7ON YV AROMK
BROMIDWTRT I /BEEIINSHI2EEHEETE DL DICIF>EEDE LA,
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A RICH U TREBEEZ B SIBPHABTDBEICEWNT, EDLSICLTHEELE
FERARDIAATWE DM DWTIE, CNETAREATH > TchS 2007F DPriceS T &
MR EARROETH S, BOREALDORE ZFRA LI NSV AIR—F —DEIEHE
BRBREZHDIENESHNER >fce Flow NI VRAR—F —DOHEERITIEITTIRE S
TEDELSICHERET 2D SBVNEETH LV AFRDO LS IC. £EHRRNICEFET D
okt EEHMZITSCETREREFATO N TV RAIR—Y — DB DT ZHSMNMCT
EHEEZILSND, BEDEIS, BEOMDIAAZTOHEBTHIHBICHENT, BD
BEARORBZHALLN Y AR—F—LIFHAESNTNDH, S, NatPH
FY OB ZEFA L ZRNEEEIEER N 5 Y AR—F —DEESINEHNHE LG,
EHRRICHKRT BNISTSPNISTND LSBT Y AR—F —DAEBNBEHEICOVWTER
35 LTH. EERRNOBEOELEEICERT 2 2 EHEHIE Y AT LADRRRIC—FHD <
EEZSND, AARICEVWT, ERXOELFNVWDECTHRIRT 2O 2707 71
U. B BREKR CTRACBERERNMAROBRRICKELEMUIcEEZ SN,

BT A RASD7Z I+ U 7eBPHICE WT, RIEH LR U fcME—DE&EE T (dsugar
transporter NIst6 T3 > 1o AMFTRDNA I OF7 L 1 DT TIE. cDNAESTF—FRX—X
ZEICVUTRBEZHTWBDT, ESTT—IRN—X LICIERW, Tc& ZIFEERFHEE
RBICED—BRICHERENERTBLS5BRAERFNEFEIT S EHEZISND, RED
23, MBEEARICEDFESNIZAFNELRICIEASNCSNTVIRVNEDD,
ASD7ZIRt LicZ & T, BPHIMASH DY T FILZEZAB L. NIsteDRRZFESEZ

ENTREEIND, SEIE. NIst6DEETFRITHEEEDORED. BHES R & DEEIC
PWTEEEZEZ 5N %, Sugartransporteré WS ZFRIEZFDFDIUNL . TEE#EZET S
Bk THBH. ZOERFBRFIEMTEGL, ZOREPERNRENICOVWTRERLXLER
fREAT®H 5, A TIEBPH®Dsugar transporterDET %8 LT, EHDOEHEX S X T A
D—ifZ R TE fc,
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Conclusion

BPH®Msugar transporter DB FRIRZAS M L. EED b TV AR—5 —DHEEERR
MZziT52&licd>T. BEOHMSNE DHEHIXS AT LAD—IHHEE S H TR - fo,o
BPHIFEL NS XRDEERERTHD. TNETBPHAED L SICLTA ROEZED
ATOMCOWTIEFRShTWED > feht. RARDOERN S, FIBICHKIRI dsugar
transporteric & > T, HEDEEARZFA U TEINEDAEND Z ENESHER S T,
Ffoo BPHOAKAICEWT, HEREORKICRERE UTOEZEXRT 5~ 7> AR—
F—ZRBEUREFTES, ERNOEEEOHRFICEDZ NIV AR—F—bRAETE
fzo Sugar transporterlC EE 9 % = - h\F & 18 o BT RASD7 & sugar transporter &
DEEESEOMEICERRITNIERSRWA, KIFFEEsugar transporterfiff 35 IC K =7
RifEZ U EBbhd,

BICE < DBITAITONTWDER. (FILE. 1EYDsugar transporterlc B9 25 3Rk &
BEULER. EYHBICHASND N TV RAR—Y—DRFEZHD—H. 7 /BEIIP
HED T WEEERERBEVWCKESERD ZENS, ELDBRETEYZENZNIC
sugar transporterDEBEZ FZES B CE e & E X SN, SRIIERALRERDsugar
transporterO 21715 2 & T, BROEEEX I AT LDOESFEAIN AT I N,
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Supplemental data

Y4787 L1 ZRAWERSEMN - KRG - REA REEOBEGFHREDLLER

M & TTE

1 EBR
N E-r O > A3 (BPH; Brown planthopper, Nilaparvata lugens (strain: ¥ XE) (&1 XD

EULZRAWT, 26°C. HR16KHE. RESKEDODAIABTE CHAB LU

2 22KAYUIODNAY7A7 LA

BPH 22K AU O~¥r~ 07 L1 X741 K (60 mer oligo nucleotides on each 21,495 spots,
Agilent Technologies #2514245) [&BPH cDNA EST (expressed sequence tag) (Noda et
al., 2008) ICEDWTEET Ulco EERRIFMIZIC4ETTON. TNZENICRESIETER%Z
1T > fzo Total RNA (400 ng each for Cy3 and Cy5) (& Total RNA#H F v k (Qiagen) Z
Wi U7z Cy3. Cy5EZERNAIZLow RNA Linear Amplification Kit PLUS Two-Color
Kit (Agilent Technologies) TE& U 7o, RIT. i LU fccRNAIK17EEL 65°C. 4 rpmD5E
#HT, BPHYZ7A7ZLAIC/I\ATYF1 X Ll, 7L 1 IEGene Expression Wash Buffer
Kit (Agilent Technologies) T#¥E% L. Agilent G2565BA Microarray scannerz FHL\ T, 10
UMDRBRETAF v > Ul AF v UTIiERIZG2565AA Feature Extraction Software
ver. 8.5 (Agilent Technologies) ZFWT#4T U fco P-value. fold-change. error flags(C £
DWTHIRICEDH DETFZRE LT,

131



Supplemental data

3 44K AU IODNANY/ZO7 LA

Total RNA 75 DHERE R & & OU'cRNADE K IE. Low RNA Input Linear Amplification
Kit (Agilent technologies) & Two-Color RNA Spike-In Kit (Agilent technologies)Zz FH U\ 7z,
RNAIZ400 ngZEAL. £ TOY Y 7ILECY3ECy5D2DDEBEETENENEH L .
Total RNA% 2.55 pldDNuclease free water(TAD L. 2 plDSpike-In ZINZA TRE L Tz,
T7 Promoter 7254 ~X— 1.2 ulENZ. 65°CT10EME L. FDEXETSHE S L
fco cDNAGRAHDNY XY — = w7 X (5x First strand buffer 2 pl, 0.1M DTT 1 pl, 10mM
dNTP Mix 0.5 pl, MMLV-RT 0.5 pl, RNase Inhibitor 0.25 pl) Z N X f=#&. 40°CT2RfE -1 >~
FarR—hU., BEHEERINZ ST T2EREDNAZERK Lz, 65°CT150MEMEL. Wk
ERbZEEIELE., KETS2ESAIL. 10 mM Cyanine 3-CTP & 7z(&10 mM Cyanine
5-CTP 1.2 pl&cRNAB R DY X% —= v & X (Nuclease-free water 7.65 pl, 4x

Transcription buffer 10 pl, 0.1M DTT 3 pl, NTP Mix 4 pl, 50%PEG 3.2 ul, Rnase Inhibitor
0.25 pl, Inorganic Pyrophosphatase 0.3 pl, T7 RNA Polymerase 0.4 pl) ZH01X. 40°CT2

RifEl 1 > F 2X—hk U, cDNAK D EHAFH U TccRNAZ BRL U Teo 1R U fccRNAD KSR
IC [FRNeasy Mini Kit (QIAGEN) Z £ U fco Nuclease-free water 60 ul& 350 pIDORLT
Buffer, 250 plD99.5% DT/ —)LZINZRE U, AT ALICERZRMUIE. Fnll
B OBREIF. RNABIE ERKRDOAETITo e BEEBRDBRDO.DEZREL. RNAE
ExZsHEU, N1 T UF1E—> 3 vIciE. Hi-RPM Gene Expression Hybridization Kit
(Agilent technologies) Z{EMR U 7c. Cy3 TR L 7ccRNA 0.825 pglctB9 %8R & Cy5
THEF U 72cRNA 0.825 pglc B2 9 23 KIC. 11 pld10x Blocking Agent & Nuclease-free
waterz iz, &4 T52.8 ul& Lico cRNAZKTR{ET 57 D25x 757X F— Y
Ny T 7 —22 WEMATELRL, 60°CTI0NEME L. 55 pld2x GE Hybridization
Bufferz I ZBE L. BRDI100 e HRT Y SZXZ4 RICMA, 4707 LA % LEh

S5#ETc. 65°CTITHEA VY F 2=k U, Y707 LA LDA") TDNAECRNABR
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EINATIVIAE—Y gy, Y1707 LA DiE4%ICIEGene Expression Wash
Buffer Kit (Agilent technologies) Z{£M U fc. Buffer IR TYA 707 LA Z TR v hR
A4 RMSHL. EROR/NY T 7 —NT1oEHESR U T, RITI7°CDBufferI T1 5
#F LT, G2505BY -1~ 07 L A+ + F— (Agilent technologies) ZFHW T, XAF¥F v+ =

2'UTct%. Feauture Extraction ver 9%/ 7 k7 = 77 (Agilent technologies) T U 7z,

Fold Change
1st Test 2nd Test 3rd Test 4th Test
Gene EST Clone BPH-R BPH-S BPH-R BPH-S BPH-R BPH-S BPH-R BPH-S
Nist1 HT3796 1.72 1.57 1.36 8.71 2.37 4.34 1.15 1.32
Nist2 AB1102 1.54 1.13 2.22 1.06 1.38 1.23 2.71 1.13
Nist3 MB1507 1.36 1.65 1.00 2.10 1.92 1.36 1.59 1.43
Nist4 MA3755 1.85 2.12 1.96 8.63 1.79 3.72 1.36 1.00
Nlst5 0C1141 1.18 1.08 1.21 1.17 1.13 1.39 1.11 1.11
NIst6 MB1040 4.45 1.48 4.16 1.77 2.70 1.16 5.19 2.00
Nist7 MB0660 1.00 1.07 1.31 2.40 Error 1.11 1.48 1.64
Nist8 SG4295 Error 1.36 2.08 Error 1.31 2.01 1.20 1.70
NIst9 NA6316 1.71 1.34 1.23 1.14 Error Error 1.76 2.01
Nist10 EA8189 1.48 1.21 2.19 1.51 1.84 3.15 1.35 1.61
Nist11 AD0895 3.24 1.94 2.03 Error 2.34 1.81 4.02 3.27
Nist12 NLWF 47022 R 2.19 1.57 1.09 1.16 1.27 Error 1.12 1.23
Nist13 EA7530 1.79 1.06 Error Error Error Error Error Error
Nist14 MAOQ017 2.51 1.26 1.63 2.61 1.57 1.73 Error 1.20
Nist15 MA5086 1.13 1.15 Error 1.59 Error Error Error Error
Nist16 MB3026 5.58 1.38 2.27 1.23 1.09 2.01 1.44 3.49
Nist17 NB0289 1.00 1.00 1.63 Error Error Error Error Error
Nist18 0C0495 Error 1.00 Error Error Error Error Error Error
pepck NA7503 1.60 1.72 5.18 4.52 1.65 3.52 1.04 1.24

Fig. S1 Microarray 22K analyses of Nists in BPH-R and BPH-S.

BPH was allowed to feed on the resistant rice variety ASD7 for 24 h, and were divided into
two groups, BPH-R could attack the resistant variety and BPH-S could not. They were
further reared for 24 h on susceptible variety (Koshihikari) and the total RNA was
extracted. The experimental design is described in General introduction (Fig. IB). Different
gene expression was shown in fold change between BPH-R and BPH-S (BPH-R/BPH-S).
Phosphoenolpyruvate carboxykinase gene (pepck) is used as a positive control for

starvation. Microarray analyses were independently performed 4 times.
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Fold Change
1st Test 2nd Test 3rd Test

Nist1 2.5 1.64 3.16
Nist2 1.14 1.07 1.17
Nist3 Error Error Error
Nist4 2.57 2.2 3.5

NIst5 -1.08 -1.19 -1.6

NIst6 1.16 1.52 1.82
Nist7 Error Error Error
NIst8 1.63 1.7 1.52
Nist9 1.35 1.12 Error
Nist10 -1.78 -1.66 -1.62
Nist11 -2.88 -3.1 -2.14
Nist12 1.46 1.85 2.06
Nist13 1.3 Error Error
Nist14 Error -1.23 Error
Nist15 -1.65 -1.52 -2.18
Nist16 3.62 4.54 3.29
Nist17 Error Error 1.5

Nist18 1.63 Error 2.7

pepck -3.89 -1.67 -3.83

Fig. S2 Microarray 44K analyses between BPH sucking the rice plant (Koshihikari)

and BPH starved.

BPH were allowed to suck rice plant (Koshihikari) or were only supplied with water for 24
h. Fold changes show the different gene expression levels of each Nist gene in starved
BPH against feeding BPH. pepck: phosphoenolpyruvate carboxykinase. Microarray

analyses were independently performed 3 times.
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RNAIf#4T D 1o 8 D SRHIRE

BPH®DRNAiI(Zdouble strand RNA (dsRNA) ZM{AENAS >3 123> 952 & T,
BLFREZINHTE S, AARTIF. FEERE LT, BPHOMEKHITNIstT dsSRNA%Z
A2Ix723>YUlcEEDKRARGISRNAE. BERBICE ITDNIStIELCFORIKRE=
MREEU Tz FDFER. 1000 ng/ul. 24856 U < [£500 ng/ul. 48RRI EDEBET T
Nist1 DFIRIEIME S N rc,

MElEAE

dsRNAENIst1:BGFDcDNAZ T > 7L — Kk & LT, T7 RiboMAX Express RNAI
system (Promega) Z FIWLWTIF&E U 7o, Forward primeric (5'-
AAGTCTGCAAACAATTATAGTTG-3'Zreverse primer|c (&5'-
TGTTCCAGCTATGGAAATTC-3'Z AL\ fzo dsRNAZ FJ{b&48KifE AN DBPHX X5 R D
IR & EEOEDEEIcF v EZ Y —Tr Y>3 Uiz (Eppendorff >y
5 —) . BEFRIFEEDAETIE. 10882 OFED ST U fctotal RNAZ cDNANFERE
U. qRT-PCRTH#EIT U Tco YT ZILIEIIIIC3[E D % EfE U T,
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Fig. S3 mRNA levels in the midgut by NIst7 dsRNA injection.

For RNAi analyses Nist1 dsRNA was injected to the young female BPH. The
concentrations dsRNA prepared were 0, 500, 1000, 1500 and 3000 ng/ul. The injected
insects were reared on a rice sheath. The rice sheath was changed every day. Total RNA
from the midgut of 10 females were extracted at 0, 24, 48, 72 h after dsRNA injection.
cDNA was synthesized and qRT-PCR was performed.
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Modified Barth’s Saline (MBS)

88 mM NaCl

1.0 mM KCI

2.4 mM NaHCOs3

15 mM Tris-HCI (pH 7.6)
0.3 mM Ca (NO3)24H20
0.41 mM CaCl22H:20
0.82 mM MgSQO47H20
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10 pg/ml Sodium Penicilline
10 pg/ml Streptomycin sulfate
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10 mM HEPES-NaOH (pH 7.5)
83 mM NacCl
1mM MqgClo
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EFIEWIR (TEM) TER U f#ilE
2.21 g Quetol-651 (AAME IR+ 2 #IEE)

1.65 g NSA: Nonenyl succinic anhydride special grade (NISSIN EM CO, Ltd)
1.73 g MNA: Methyl nadic anhydride (NISSIN EM CO, Ltd)
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