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Abstract [Objectives] To provide a theoretical basis for exploring the role of GSTs in insecticide detoxification in Agrotis
ipsilon by identifying the sigma class glutathione-S-transferase (GST) gene in A. ipsilon, determining the catalytic activity of
the protein encoded by this gene, and elucidating its expression patterns in different developmental stages, tissues, and in
response to the stress induced by chlorpyrifos and lambda-cyhalothrin. [Methods] The A. ipsilon GST gene was identified
from transcriptome data using a homological search method. Recombinant protein was expressed in a prokaryotic expression
system and its activity detected with commercial kits. The expression pattern of the gene was analyzed using reverse
transcription quantitative PCR. [Results] A ¢cDNA (designated 4iGST51) sequence encoding a putative sigma class GST was
identified in the 4. ipsilon transcriptome. Protein encoded by AiGSTs! contain glutathione-binding and substrate-binding sites,

which are typical characteristics of GSTs. Recombinant AiGSTs1 protein was expressed in Escherichia coli, and this protein
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displayed not only GST activity but also peroxidase activity. In addition, the activity of AiGSTs1 was significantly inhibited by

chlorpyrifos and lambda-cyhalothrin. 4iGSTs/ mRNA was detectable in different developmental stages and tissues. Highest

expression was in the pupal stage and the larval fat body. Furthermore, 4iGSTs/ transcription levels were significantly

upregulated in larvae exposed to LDsy doses of chlorpyrifos and lambda-cyhalothrin. [Conclusion]  Transcription of AiGSTs1

can be induced by chlorpyrifos and lambda-cyhalothrin, which suggests that the AiGSTs/ gene may play essential roles in the

metabolic detoxification of these insecticides.

Key words Agrotis ipsilon; GST; expression; chlorpyrifos; lambda-cyhalothrin; metabolic detoxification
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=M, 2018 ), It GSTs X F B HUAy LAl
HERELE,

EL U GSTs 4345 i o AU R ioRs {4 78 7 R
Xk, Hrhga RZHBONMIBAR GSTs (LHEHFSE,
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Chilo suppressalis. F=FE M Hyphantria cunea
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1.3 RNA REFEE 14 cDNA &8

/] RNAiso Plus 57 ( EA4Y), KiE) #

PO A SUEAR T B RNA, 8 FH I BE b e
Hi, K F1 NanoDrop 2000 # i &= 43 % )¢ & if

( Thermo Scientific, 32 ) & RNA )52 24
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W2 T 5 ASiAl, f# ] BLAST %{/) TBLASTN
LA RV R (Altschul efal., 1997), 3K
4 AiGSTs1 1) cDNA J731) o i B i3k R A S
514 (1), {#ifl KOD FX DNA R4, Li/h
B EE 1 BE cDNA SRR AT PCR 973, 3
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x1 AXWASIY
Tablel Primersused in thisstudy

L/ EATS S1¥F5) (5-3") PIGHE (%) iR
Primer name Primer sequence Amplification efficiency Purpose
AiGSTs1-F ATGCCGAAAAAACTTCAAT RITHE ORF Fib. #iiftyg:
AiGSTs1-R TTTCTTATCATCAAACTTGG Uncalculated OREF cloning; Vector construction
AiGSTsl-gF  GTCTTCCATACGGCCAGTTC 91% SEPOLE it PCR
AiGSTsl-gGR  ACGGTGTAGACCGCAGACTC Quantitative PCR
B-actin-qF GATGTTGACATTCGTAAG 95%
B-actin-qR ATCTTGATCTTCATTGTG
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Tris-HCI, pH 7.4; 500 mmol-L ' NaCl) &
i, REHR (- 20 CA%, B8 TEiEAL)
3R, NS . ] AIGSTs1 B E AL AT
WARA, B A HisTrap & f14fifb# ( GE
Healthcare, Fi#t ) #474lifk, L 200 mmol-L ™'
WRISEPER o {5 FH %% B 2 F] Centricon YM-10 %Y
T A T B A R T I AR R e RS
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( SDS-PAGE ) 43#r, JFHiH BCA HHFE &
R (et e ) TR A ) I 2 Ak
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e, SLEIRE 3 WEYFER, UAEGEY
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1.6 FHRFAXMBAZELFTEMGILE
BEFEIGURI 35 S RS v TN, ke s 4%
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EHEHBEK (% 1 pg B4 AIGSTsl HH .
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W AiGSTs1 WFRER, FTHEIH TR 1, ff
/N BRENEE I p-actin FLRFENNZ (Gu
etal., 2013 ), RT-qPCR FfHi&H b5 EH (K
% ) /A7 SYBR Premix ExTaq II ( Tli RNaseH
Plus ), S BAF N 20 L, €07 10 uL SYBR
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TR 7K . RT-qPCR ¥ 2%~ Bio-Rad 2\
CFX96 RIS 52 B PCR X, PRI SECN «
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RS TR 1 RIB 2B —40 RO h 34
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1.8 HiIBEST

i ] DPS Bl A FE ARS8 vO.5 MU AT e 4t
i1 ( Tang and Zhang, 2013 ), KM Student's r-£
0 FU A ZH A 22 ] ) 2 S 0 ek TP R R
7224381 (One-way ANOVA ) F Tukey KL
B BT 2 FEA Z B Y 25 57 10 P 1 3k
IKF-BEH P<0.05,

2 HRESHMH

2.1 AiIGSTsl FE5 43k

AR RN PR Sk, IF4ad PCR ¥
HERFERIF, K15 T 1 &%t GST ) cDNA
P9 FE T AR R ) GSTs M T RS E L,
4E R oRIZ/ N E R GST WRTE sigma 4337

(FE 1), F, ¥HAr4 A 4iGSTs1 ( GenBank
BRS . MWO014342), AiGSTs1 FA 4
636 bp FYFF L BRI SEHE , Hifis— > H 211 DEIER
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BmGSTel (AY192575)

58
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100 I
100

100 BmGSTul (EF423869)
W: CmGSTul (KM099193)
100 BmGSTt1 (EF506487)
SIGSTt1 (KF482976)
DmGSTt1 (NP_610509)
DmGST12 (NP_724816)
63— CmGSTzl (KM099191)
ﬂE SIGSTz1 (KF482974)
100 BmGSTz1 (DQ355375)
100 L DmGSTZz2 (NP_649895)

100

DmGSTz1 (NP_649894)
BmGSTz2 (EF565386)
CmGSTz2 (KM099192)

DmGSTol (NP_648237)

100

DmGSTo2 (NP_729388)

97 BmGSTol (DQ311183)
ool L CmGSTol (KM099186)

SIGSTol (HQ667939)
SIGSTo2 (KF482977)

0oL BmGSTo2 (DQ355373)
82 CmGSTo2 (KM099187)
1007 @ AiGSTs1 (MW014342)

71
100 6-|6 i

SIGSTs1 (AUN86411)
CmGSTs1 (KM099188)
DmGSTs1 (NP_725653)
CmGSTs2 (KM099189)
CmGSTs2 (KM099189)

95
- BmGSTs2 (AB206971)

0.1

AiGSTs1 LISLOBBIEARE, KT 50 A A2SEAR TR, Dm: BECREE; Bm: ZK#&;

94 SIGSTs3 (HQ667938)
1 EH GSTsi#t sy
Fig. 1 Phylogenetic tree of insect GSTs

Sl: RIS ME; Cm: FEPEMIE, 5510 GenBank 55,
AiGSTsl is indicated with a solid circle, bootstrap values lower than 50 are not shown. Dm: Drosophila melanogaster;
Bm: Bombyx mori; Sl: Spodoptera litura; Cm: Cnaphalocrocis medinalis. GenBank accession numbers are shown in parentheses.
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PRI EA R (B 2), ZEARBES T
HON 24.6 ku, FHEN 74, ZIFAERLS
CD-search F2J7 HMA5 SRR, AIGSTs1 &M
A WEH IKES A 07 55 A6 Tyrs Leuys . Trpsg . Glns;
Phes,. Pross. Glngs Fll Thres ZF 2 ILRRIR L, Y

456 DL RALHS Pheor \TrpiooLysior « Thrigs \Projos .
Valyso Fll Alaje, 2SRRI (K 2), HAAE
HIREE S AL TEARI R sigma 5% GST HH
TR SR , TRIEE A PRSP PEAR X
Bk (&2,

AiGSTs1 (MW014342)
BmGSTs1 (AY297161)
DmGSTs1 (NP725653)
AcGSTsl (HQ828076)
HaGSTsl (AIB07718)

SIGSTs1 (AUN86411)

CmGSTs3 (AIL29320)

CsGSTs2 (AKS40349)
OfGSTs2 (QIC35749)
CpGSTs2 (AYX80656)
L] (1] o0
AiGSTs1 (MW014342) EDEA@QRNVES YTVERYIIKNVTPY - F L PVIRAE ERGKV L F DR THE YOG SKHS E GKLS GERVLT
BmGSTs1 (AY297161) GANDEEAFET Q EFL Dl V-YYRAREE L $IKKHEDF SKNVYEDMLKKLNS TVE
DmGSTs1 (NP725653)  GATEREDLOT] I RLYTAVV-SYI#PEDE TMEKKLVTLNAGVIRFNL.EK L0 TVISDNDEH AT S ORRANY YgA
AcGSTs1 (HQ828076) GSNDEEAFL ‘TIET DINLRQPITQY - YWIRGNHA FRSNKIBY TNV - DTKV|ZLLLNKLIZEQ
HaGSTs1 (AIB07718) QVES WY SVLIYRKNVTPV- VQQ QKEWVEKLHTETIE YN RSN N LIBSENCE g
SIGSTs1 (AUN86411) |ApINPANY TEMRNEL T EKNIRS YMISINaNKHIBE D
CmGSTs3 (AIL29320) 3V TISOE L L. DEVINEF FIFSKIFIOEIRSS AN
CsGSTs2 (AKS40349) KIAEYTRGIAETISAARIKQ T FEIHIRZFY 83 PINAIK EIRSTHY
OfGSTs2 (QIC35749) FNUYINITSNCKK I - T ) PESEAA TISKE T 1, TI T VigYMFINIAKEIRIAC
CpGSTs2 (AYX80656) EAIRREL IN¥SVDFF)FINPAKE RGKLSWADF I
AiGSTs1 (MWO014342) KLPAKFDDKK-- 211
BmGSTs1 (AY297161) EFEF--———--- 206
DmGSTs1 (NP725653) PVTEV---------- 249
AcGSTs1 (HQ828076) TMLKNIPKSMVIS-------~ 204
HaGSTs1 (AIB07718) SGIMDFEEIKARMNKQ 213
SIGSTs1 (AUN86411) KAIGITIDLARFKYKRK- 212
CmGSTs3 (AIL29320) K SMKM————— ————— 203
CsGSTs2 (AKS40349) BYTFK--------- 205
OfGSTs2 (QIC35749) TV -————————= 203
CpGSTs2 (AYX80656) QT VIR AR NYT A TIKIYTL—————————— 203

B2 AIGSTsl5HEERR GSTsERFIIER
Fig. 2 Alignment of the protein sequence of AiGSTsl and GSTsfrom other insect species
B W H IRZE G AL AR 25 G AL 50 LA SO B = SR A SO BRUTEARTE o R AT 5 3RR — BN 2SRRIk AL, K6 5
FRFMA R IR . Ai: /N TR; Bm: ZA&; Dm: RIEREE; Ac: thR%IE; Ha: M42dL; Sp: RIS
Cm: FHPEMIE; Cs: “ALIE; Of: WP EKIE; Cp: S REFMK. 555K GenBank H 5.
Glutathione-binding sites and substrate-binding sites are indicated with inverted filled triangles and circles, respectively.
Identical amino acid residues are shaded black and similar amino acid residues are shaded grey. Bm: Bombyx mori; Dm:

Drosophila melanogaster; Ac: Apis cerana; Ha: Helicoverpa armigera; Sl: Spodoptera litura; Cm: Cnaphalocrocis medinalis;
Cs: Chilo suppressalis; Of: Ostrinia furnacalis; Cp: Cydia pomonella. GenBank accession numbers are shown in parentheses.

22 AIGSTsl [R#%Ri% | &S 5 B0 I8 AL

Py Y pEASY Blunt E2-AiGSTs1 #ik#
MS%@U(%H%T BL21(DE3) &k, #HA7H%#E
ik, 22 SDS-PAGE il , & AT AL IPTG 155,

FONG T —5, £ AiGSTs1 EAHE LR
FF B R 23k SR ANZE A IRAS T 4k
AiGSTs1 HHEH (K 3. A, KiE 4), MAEHA

e H IR R BTG PR (13.241.8 ) pmol-min ' *mg '

ﬁ%ﬁg%@ﬁgfﬁ%@%kumﬁmgg S2 S (Bl 3: B), st eWEgiEES (0.5+0.1)
E ([’§l3 A, VKiE 2); MIERZRTIA IPTG i umol-min "mg " (& 3. C). A HFIXHEEE

P 256 25 SR B | B A WA = R S R R A TR Y
Al R EH AiGSTs1 S HPHEILTEYE (& 4 ),

. RIFFAZRIE =P 25 ku BHLA — 44k
%ED%EEI’JZ@EEI/« (E3: A, Ik 3), o THE



© 944 - R B 244k Chinese Journal of Applied Entomology 58 &

B 20r C 10r
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% Igé‘) 15 B é’ I(é[) : *
&7 Z5 06
Q S 10 L Q E
<E <E
H = # = 04+
Ha 5 5t it 5 o2l
0
CK  AiGSTsl CK  AiGSTsl
% H Protein % H Protein

B 3 AiIGSTsl FizFRizRFHENE
Fig. 3 Analysisof prokaryotic expression products of AiGSTs1 using SDS-PAGE

A, RNIGBEEBER IR T AIGSTs1 JBURZRIA ™YY, 1. A TRME; 2. RE PTG EFMRIE7Y; 3. M1

IPTG TG RIB W) 4. 4ifbiY AiGSTs1 AL 15 B. AiGSTs1 B9 H IR BB IR 1052 , LA AiGSTsl

HAAFEAM BB, B5HRRE Student's K50 2257 3 (P <0.05); C. AiGSTs1 i AL WS I E
IR AiGSTs1 HALE H AR R IR, 25 HRE Student's t-K 50 22 57+ ¥ (P <0.05 ),

A. Analysis of prokaryotic expression products of AiGSTs1 using SDS-PAGE, 1: Protein ladder; 2: Expression products from
E. coli not induced by IPTG; 3: Expression products from E. coli induced by IPTG; 4: Purified recombinant AiGSTs1
protein; B. Glutathione transferase activity of recombinant AiGSTs1 protein, the activity in the reaction mixture in the

absence of AiGSTsl1 is used as a control, asterisk represents significant difference (P < 0.05, Student's z-test).

C. Peroxidase activity of AiGSTs1, the activity in the reaction mixture in the absence of AiGSTsl is set
as a control, asterisk represents significant difference (P < 0.05, Student's ¢-test).

120, 3.5 IRy SR R T A R S 4iGS T I
S0 22k, (AR RIBK TR, 4iGSTsI 78 1 1
o Z 80 L IR T A , B M ST [ L2k R TR
mE gl TR, LI Rk A BIRES , B AiGSTS] 18
22 ol HI R KT BB THE LM (P<0.05)
gd | (P 5: A FEMCHUY, AiGSTsI kKT %

TR (5. A). RIRHE/NBZEL b i5

0 K CPF LCT Witk . A I R H I AiGSTs] 123K,

Z W] Insecticides gE IR Rz R R TE IR AR v i 3R K e, HL

B4 2#3mAx AiGSTsl BHE [ iE M A $I 85 R T HAE AL ( P<0.05 ). 4iGSTs1 1EH %
Fig. 4 Inhibition effect of two insecticides on E@%@iﬁﬁ&ﬁ%, Eg&%q:ggﬁﬁﬂﬁ, TEF

the acticity of AiGSTsl ﬁEF'EI’\J%%ﬁﬂ(EIZE'ﬂE& (K 5. B),
CPF. #4EMH; LCT: WsA R ESENE.

CPF: Chlorpyrifos; LCT: Lambda-cyhalothrin. 2.4 AiGSTsl #EFR RFME TRRZER
FE AR ARV NG FEREFRR G E R T 20T 25 . U, )
5% (P<0.05, Tukey RETICHE ). FIEH. AR A BN OARRAL IR AGSTS ]

Histograms with different lowercase letters indicate FEHFRIRAKT- B FIE (P<0.05), fii HEESE
significant difference in One-way ANOVA (P < 0.05, KR 6 h 5, AiGSTs] Fik g 2Tt B

Tukey's multiple comparison). The same below.

B 227 7%, WS 12 hiz3EHE AT FTH R

KAE (CHXTIRZH 4.96 %) (K 6: A), HEIRFEIE
i N [5] N[E] 4B 4R 9

;;Qﬁgﬂﬁﬂﬂﬁg%ﬂxﬂﬁ*¢%% WAL 24 h 5 AiGSTs1 L3586 B F R,

(H IR IR KA 35 X IR (P<0.05) (A

SERT DL RE B PCR 5580, /NHEFE 1, 6: A)o EISNARFHERALIE 6, 12 F124 h )5,
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Fig.5 Expression pattern of AiGSTsl in different developmental stages (A) and tissues (B)

Ist: 184 3rd: 3 #84hH; Sth: S#R%d; P: Ji; MA: HERUH; FA: BERCH;

IN: f{AEE;

MG: H}%; FB: JEHifK; MT: HEKE.

1st: First-instar larva; 3rd: Third-instar larva; Sth: Fifth-instar larva; P: Pupa; MA: Male adults;
FA: Female adults; IN: Integument; MG: Midgut; FB: Fat body; MT: Malpighian tubules.
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Skt ERLE Y 3.21 45 . 3.07 f5M1 8.17 1% (& 6
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3 #Fit5iig

AR ETREEIFET 1 5K/ IR
sigma Z % GST F:H 1) cDNA J¥31) ( 4iGSTs1 ).
AiGSTs 1 Grht i 8 11 h & A A e H RS &7 5 R
EMEES IS, A GSTs FUMLRIKEAE £ X
5 SR AN K A% sigma FK ik GSTs 25 1 AR 25 #4) 1)
TR, A WEH BREE S AL R4S & s
) — S LR sk AL (WIRAE RME DmGSTs1 1)
Trpss. Glngg. Glnjgo FIZK 7 BmGSTs1 (1) Tyrg.

o]

101 a

AN AR

Relative expression level
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Fig. 6 Expression pattern of AiGSTsl in responseto chlorpyrifos (A) and lambda-cyhalothrin (B)

Leuys. Trpso 55 ) XFF GSTs AYMEfLINERA &
ZAEH ( Agianian et al., 2003; Yamamoto et al.,
2013 ), RELEILFRIRFAE /N E IR AiGSTs1 2§
SN BRSF , 7R X SEsR 5 AT i HLA ff
SFRTIRE. A, JEAZRIEN AIGSTsl HEHHE
A A I H IR AL S 1 A SR AL I T, R B
AiGSTs1 it R ATRENEH . AiGSTs1 JT5)
(4 AR AT I E 21 R A D 3R I8 IR A G 1% 5
(AR BT REZEE T Al

KEHE I GSTs RN YRR K
B B BORUR R G U YR AR TR, 3 0 92 [ 1 0
GSTs! TE IR FIRI Sl RO F Tk A i, TN 0
AR A 28 AL (Sun et al., 2020 ).
SERYME Pieris rapae W) GSTs1 7E 40 MG i AR 1)
KRR RZESTHBmMEKE (L etal,
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2017b ). XLERFFELE IR KM GSTs 7E R AR &
B BRI 2] g k45 A A RIVE . 4%
WG R IR, A6/ N FEAS R 9 & & B B 4 g k]
B AiGSTs1 FEPIRY IR , (HIZEE N TR A2k
S T A R R R R
ARSI, TR R4 T 8 &) s 20 S Mg R R R
HLEMIE R (XK T, 2019), AiGSTsI TENH
957 258 2 B A 3k R T BB A I B R B AR P
P ATEEThRE . A, T4 HO A A U N
LRI BEY IR 2E R, X EH R
X AiGSTs 1 W FRIRTE LFE M, 77 2tk —20
BT o AT KR AiGSTs 1 T4 G 514 it 2
RO S T H AL B AE R R EER
aeACi s, SRAMAERK . £7 . 28
H 5 S5 A % )k 2 ( Arrese and Soulages, 2010 ),
eI AiGSTs1 FERG Wi rhE 2RA v g 5 AR
PR o R AR A G

B LI = R U A TR A A B iR
/NHBZE PR R 25 (AR A, 20125 fa] &bk
L, 2018 ), X 2 MR EARVERIMLEIAR, 2
TEASTIG R B M H AIGSTs1 EAHH M
TEPE, R AIGSTs1 H5iX 2 FPoR AL &
BN, ATRERTEX 2 AP A HE R . Ao
[7i] B 0L 2 70 LRy 2080 S FRU TR 46 T W 381 BB 615 175
T AiGSTs 1 XKV W2 B, R AiGSTs1 F
PRl () 3 1 R 3K T RE SR /N b 32 PR X6 A% |55 i 3
P — A= B S BL A o e R Rl R Lk
sigma FJ%E GSTs Fk[H 32 3| 2% B P 5 25 5
22 7t ( Balakrishnan et al. 2018; Li et al.,
2020 ), iR &I —LE sigma F K GSTs ¥ M 2% HU 7
iY77 ( Yamamoto et al., 2006; Qin et al., 2012;
LA, 2019 ), RIGHEN AiGSTs! AIRES 53
HEMR AN = A AR A B o s A . 9 — D,
RZ R Y sigma X% GSTs HAT it S ALY Bt
PE, BERS ORI LIRS 3Z E A (Kim et al.,
2011;Yan et al.,2013 ). 7EH7 A( Liu et al.,2017a )
FIBFFE Y, T A FH 25 50 R g 5 S R U 4 R A
HUNZ R S R RN A A
Fo WEE R P A=z —, HSmEs
IS e 7 40 B iy AR Ak 2 AR (XN TR

2018 ), PRI PN & i b T A 2 A0 MR =5 40
SR TSGR M/ N PR A T R . % T
AiGSTs1 2 [ HA o A LW as 1, PR e
AiGSTs1 ik /K1) B JH AT BB T8 Bl /N2 B N
XoF 2 A MR 1 3 S R A B AR ) AR T

AT EE T /N2 P A S AR, ol e
FFERE T AiGSTs1 FEH A 5E%E cDNA JF51) . i1
SIFT T HIVREE . RGEHEESE R R s 2 1 1Y)
PERT, IR T AiGSTs1 J& T sigma K%, I HH:
JIT G 1) 2 11 EL AT A D H BRI % il R ot L1
FEEYE . AiGSTs 1 7E/ Nt FRANIR] & B A4l 41
R RGN 2 ek, (EAE SR AN 4l BB A e
IR R o FEE IR B R B AL B R 5
T AiGSTs1 BFRBKT- B3 B, RIFIRSEEHTE
g X 75 T WAL e 204 S R T4 T 1Y) v i
Ve JREEFFR A RNA TS AR IRAE
FAZFE P FE A R a8 p 25 g AR BRI R, M &R
SE IR /N PR GSTs 6% HURIM UM T BE AT
PEIE B 8 T AL 25 JE At
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