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B E [BH] METEFEGHAT I Nosema ceranae [ 8 % 5 BITEAS2AR2M . 45 21 20 R GL 1
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PRE Y R I 2 22 5, T 3 2k R I A SO S B B . Ok, X RER R e =
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Differential expression of honeybee midgut proteins after infection
by the microsporidian Nosema ceranae
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Abstract [Objectives] To investigate the morphological effects of infection of honeybees by Nosema ceranae, including
the main tissues infected, the effects on protein expression in the midgut and the regulation of the honeybee immune response.
[Methods] Total honeybee midgut proteins were extracted and screened using SDS-PAGE and differentially expressed
proteins identified using LC-MS/MS. Differential expression of proteins was verified with semi-quantitative, and quantitative,
RT-PCR. [Results] There was no significant difference in the body weight of infected and uninfected (control) Apis cerana

cerana Fabricius or Apis mellifera Ligustica. However, there were significant differences in the intestinal morphology of
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infected and uninfected bees. Furthermore, two differentially expressed midgut protein bands were identified in 4. mellifera

and A. cerana cerana. Thirty-five candidate proteins were obtained by MS in 4. mellifera and 11 in A. cerana cerana. Four

days after infection, expression levels of arginine kinase (AK) and glycerol triphosphate dehydrogenase (GPDH) in A.

mellifera, were up-regulated 2.02 times, 2.21 times, respectively, relative to the control group, whereas thioredoxin reductase

(TrxR) and arginine in A. cerana cerana were up-regulated 1.72 times, and 1.88 times, respectively. All data were consistent

with the results of SDS-PAGE analysis. [Conclusion] The expression of proteins related to basic metabolism, immune

response, oxidative stress and energy metabolism in the honeybee midgut (such as AK and GPDH in 4. mellifera and AK and

TrxR in A. cerana cerana) were significantly up-regulated after infection by N. ceranae, suggesting that these proteins may be

involved in the immune defense of intestinal tissues. This study provides a rich data base for in-depth study of the immune and

metabolic responses of the honeybee midgut to infection by N. ceranae.

Key words Nosema ceranae; honeybee; midgut; differentially expressed protein; identification; quantitative analysis
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*1 HMWMEMR PCR3|¥igit
Tablel PCR primer design of target gene
SEH 4 SR (5-3) IBJGREE (°C) Melting 2K (bp)
Gene name Primer sequence (5'-3") temperature, (Tm, °C) Product length (bp)
AK F: GCGCGGATCCATGGTTGACCAAGCTGTTTT 59.22 1093
Apis cerana cerana
/Apis mellifera R: ATATCTCGAGAAGTTCCTTTTCGAGTTTAA 59.14
GPDH F: GCGCGGATCCATGGCAGAAAAACTACGTAT 59.21 1076
Apis mellifera R: ATATCTCGAGCATGTATTCTGGATGATTGC 59.16
TrxR F: GCGCGGATCCATGCCACCAATTGCTGATCA 59.23 1518
Apis cerana cerana R: ATATCTCGAGACTGCAACAACTTTGTGGCT 59.18

*2 HWEREWAEZEE PCR 3|#i%it
Table2 qRT-PCR primer design of target gene

KN £ R SIWIFF (5-3") BB (°C) P (bp)
Gene name Primer sequence (5'-3") Melting temperature (Tm, °C)  Product length (bp)

UK F: CTGACAAGCATCCACCAA 54.00 322

Apis mellifera R: AGAAGCGGCAAGCATT 48.00

GPDH F: GGAAAAGGAAATGTTGAA 48.00 179

Apis mellifera R: TCTGGATGATTGCGTAAG 52.00

TR F: GGTCGTAAACCACTCACA 48.00 235

Apis cerana cerana R, GCTACATTCACATAATCCAT 52.00

UK F: TTGGATTCTGGCGTTG 54.00 127

Apis cerana cerana R, GTCTTTTGGTGGGTGCT 54.00

Effi 1] ABI StepOne Plus™ 317 qPCR ¥ 14/%
Mo HRHE AceQ qPCR SYBR® Green Master Mix

( Vazyme Jefbkad e & PCR PR ) A7) &
A0 P U B AT S R4, FRAL PR () cDNA
BAYRIE N 25 mg/L, PRUERIN A AR FIFE G ) Ct
B HAL T 20-28 JEEI, KBNS
FH BB 5 1 ) 2 B R Sk R
T 3,20 pL PEGRE 5 PCR VAR : 10 uL
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Primer] ( 10 pmol'L " '); 0.4 pL Primer2 ( 10
pumol-L "' ); 0.4 pL ROX Reference Dyel; 2 puL
cDNA; 6.8 uL ddH,O. %t i PCR [ i 2
FEE 95 °C 5 min; JEF N 95 °C 10s , 60
°C 30s, 40 ME¥H; 95 °C 15s , 60 °C 60s
95 °C 15 so B4 34 Fris B 5 a4 I8 AceQ
qPCR SYBR® Green Master Mix i 7] & i 115
A P A 0 B SRR R R T . e
CtM N 1 SHEARHMEENE Ctfl, ' b 15
FEARNS LN Ctfl; e Ct o 2 SHEAH

AIFEDNAY Ct 1, Ct% o 2 SEEARMNS RN
Ct fH; W 1 SHEATN 2 SHAEA H AR F Ak
L AR AT A R . AACE = (CtV—CtP?) —
(CtM-Ct®) = x, Bl 2 SREA H SR 0 235
KR 1S REA H SRR Y 277

1.3 #HiEgGitair

AL F AR 3 411755
P, i SPSS22. 0 B4 XS AN R S 56 2514 F r gk
HR B PE AT TR, A3 M 2 7 R B HA 5

HES S
2 HBREHH

2.1 N. ceranae BEEHEHHMEUEMEAR

X 5 6 2 -5 o 1R 2 ) 2 e R R R A T 4
i, ZURERY AR R AR AR RYYR S 4. 6.
8 R¥ITWAETERZR] (1. A); BRH
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B PR EE 7 B I 5 6 FIES 8 AR R 4 th JoHH I, KIBGE N. ceranae J5 HEBEINRIEE | KRR
B2 (K 1: B)o X452 28 e iR R T 5%, OE T BN (K 1. C, D),

_ AR g _ TR

0.I5r A A. cerana cerana 0.20r B A. mellifera
c C)
wE Gk
=2 - ﬂ\gﬂj '§°
i) = >
®% ®3
o M

Yt E] (d) JRYLIE] (d)

Days post infection (d) Days post infection (d)

S} E2H Control group B JR L4 Infected group

paiiH| SEE
Control group Infected group Control group Infected group
AR B psw vl

A. cerana cerana A. mellifera

1 ERGEESWTEERIUE
Fig. 1 The statistical analysis of honeybee body weight and observation of body surface features

*RARZEFRE (P<0.05, THLE ),
* represents significant differences (P<0.05, Student’s 7- test).

b5, X N. ceranae IEYLJG4 4. 6. 8 K e 2V Y1 i DAPL JL Bl g2 4G

F14) o, R ) e 0 v 0 2 g o A 1 e 28 253 A W], ST B G A R A K
MO 0T B S, o IR 21 v A 2 e T A L, FLAR AL & B S A O A
TRV K] 28 e 1 S R B S R A 7 i Ao 58, R 81 RIES (B 3: A, C), HEFTHI, hieEgEs
Wit TR G B[] PR SIE S, 7 2 e 1Y) Sk 38 i S 2 HORAE e S H s P I X 2 N, ceranae
2L e AT A 3] 2 e A7 1 R - (A 2 G, AT DAE N JE 2L b i 22 S 38 8 T 5
A-D), XFIEBLIRFTEBAIE N. ceranae LAiisyvw s

HAPA I A, M, XYL AN [F] B[R] B9 00 FHEEMETHGLE

AR P AR LS, e U 8
LS L5k P A (7 3: A, ), Sy T e L I o L T 2

RN B P A ST B2 B AR T R g, B, IRIRATR IR X rp i A1 2R Y G
Xt ST MO ER , Sh R A EY TR T S A, M CTAB 42 i i
AR B YL N. ceranae J555 4 T8, ¥ifg THEEEEHNZA DNA (K 4. A), R
R ) s 7o B R AR, TR MR DUHOR RO B SRAS fl 1 IR AY 1TS
wOmi S (K 3: B, D), XRGE 8 KIS F1 16S rDNA FEH (FE 4: B, C). B, #3k
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A 4 dpi 6 dpi 8 dpi B % dpi 6 dpi ‘ dpi
Xof B XfHRZH

Control group Control group
RGP : RG]

Infected group Infected group

D
ﬁ%ﬁ XFRRZH
Control group Control group i
R el
Infected group Infected group % X

B2 HeEFEMBERFMEERNLMAMEERBFRNBMREENE
Fig. 2 Microscopic observation of the head and thorax of Apis cerana cerana and Apis mellifera
A, RPN AT O R OWEE s B P B R A P S IR N AL T O s C. R R B e
Hh B N AT B MO ER s DL P AR R TP AR N A TR OIS . dpi: B RIRE. TR

A. Microscopic observation of spores in head of A. mellifera infection group; B. Microscopic observation of spores in head
of A. cerana cerana ; C. Microscopic observation of spores in chest of 4. mellifera infection group; D. Microscopic
observation of spores in chest of 4. cerana cerana infection group. dpi: Days post infection. The same below.

B 4 dpi 6 dpi 8 dpi

A

Co

JRGL2H
Infected group

FRA
Midgut of 4. mellifera

*T HRZH
Control group

YL
Infected group

TR
Midgut of 4. cerana cerana

payiisticl
Control group

B 3 EXRF g i d 7 A AR RSN RN BRER ST

Fig.3 Morphological observation and microscopic examination of mid-gut tissue of Apis mellifera and Apis cerana cerana

AL M ) O EE S DAPL Y (4521 B. T OH % e R 4 v fi P 01 10 S Ao 4 2R
C. s b0y BROWE & DAPL Q@ A55R; D, HrAe s iR 2 b i N 78 7 1 O 4 R

A. Microscopic observation and DAPI staining results of midgut of 4. mellifera; B. Microscopic observation of spores in
midgut of 4. mellifera infection group; C. Microscopic observation and DAPI staining results of midgut of 4. cerana cerana;
D. Microscopic observation of spores in midgut of A. cerana cerana infection group.
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A B & oy ®
bp bp bp
5000 5000
3000 g ggg 3000
2000 2000

1000 2000
750 1 000 1 000
500 750 750
250 500 500
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100 100
4 BEEEDREARBTFEMNITSS
16SrDNA EFE 18

Fig. 4 Amplification of ITSand 16S rDNA genes of
microsporidia isolated from the midgut
of infected honeybees

A. BT HU DNA BUHLIRAGI ;. B, 7
ITS BRIP4 ;5 C. T B 16S rDNA FEHEI T4
M: BMS5000 DNA marker; gDNA: f#{#f T H & DNA;

ITS: BB SRR (ITS) A

16S rDNA: /N FARZEIREEIA o

A. Electrophoretic detection of total DNA of islated
microsporidia; B. Amplification of /7S gene;
C. Amplification of /68 rDNA gene. M: BM5000 DNA
marker; gDNA: Total DNA of microsporidia; /7S: The
intergenic transcribed spacer region; /6S rDNA: Small
subunit ribosomal gene.

PR Bk 2 A T AT R A AE
B A5 19 P 57 NCBI 1Y GenBank 4 22 A k47
Blastn UXT/MAT, G5 RIS 8 545 (1 HE K 43 531)
57R 5 E w1 A ITS 751 ( GenBank & 5%
50 DQO78785.1 ) 5 A% A /N IV 3 5L A 7 41
( GenBank k58 U26534.1) bXf—2k, %
H SRR e 2 8 e v iz 20 20 ) At RO AR O 4
B G 1L

23 N.ceranae FEEERBFEARERRIE

231 XRASHBAEZETFHHNEREAR
WS

Fie LRIk T W v i S ER BRI, 43l
B R e R v A e ST 6 2 55 6 R
FEMIEAT 12% SDS-PAGE HLUKKGIN, LAGHESR
HEFEAKN, SRS, hE s a%, 8
I B A T KR 2 e %) %o R 4 5 S o 4 7 B TR

kil , RIUAE N. ceranae JEYLTE R E % J5 5 2
K, LB BT 1 AR FIREERNERA
i N4-0, EHSFRK/NY) 42 kD; TAE N.
ceranae [BYLIG I 4 K, LA P4 T 5 &
MR 2 R E A B AT, ooy R
£ 30-60 kD, 4r3lbRic A N4-1, N4-2, N4-3,
N4-4 1 N4-5, Hr N4-0 5 N4-3 4 72—,
N4-3 Fll N4-4 5505 22 i Wi, il 5 (A)
Fiim o BRIIE, 34 N4-3 Fl N4-4 W 5% 22 AR 4%
W UEAT s 45 0 SR ST o

THAN, B AR W o R A S B A
g MR EH AT, KL N. ceranae JE&Ys 1B %
JE55 2 K, WL BRI 0T AR Tk B A A
M, BHAREIMAWHEMZERSKN . 1€ N. ceranae
JRYL P AR R A 4 K, SCIRARE P T 1
KPR BEATZERFN, 5 FEAE 3545 kD
ZIal, #RiEH Neddo AN R, F 1 &5
T 7E 25-35 kD Z [AIEE A 45 163 N. ceranae
BEOL ST M, PRICiZss o C4d, WA 5 (B)
FioR. PRI, 1E$E Nedd Fil C4d B 2EH 4
AT BT S ST o
232 EBPHEREARETH LC-MIMS
FRig 4

VEHUE KRR i b I 21 22 R AR ok
1 N4-3 FIN4-4 L) e i b i 2 21 25 7 2R
45 C4d Fll Nedd, 28 )50 % 58 o3 ) 4
FETSE] 24 b, 11 Fh . 6 FlORT 7 Fhg A
R4l 22 S B 11 B 2% 1 o R /N DA R 7 56
HEATA R i LU S AR A R R B R 3 ),
H % 3 AL, SRR E R E AR BRA
FWEN T 722 S E 1 N4A-3 STk i R A&,
MRl s, FEEREN 2. o WM. 6-BER
H AR I SR A OB MR T 5 R Rk E
IR E BT RO R g 25
N4-4 Zs i e th RS 2R . sn-Hh-3-5%
PRI S AJCHE I R 3 FhRak i BRI
AR PEEENT I EREASRT C4d h
i 35 H A S R R I A I . BEIR H T R AR
it . ATP £ BT 7 35 A5 b H KB AL A il 4 Fh
iE N i fErh e i b g 22 R
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A M C2dNe2d M C4d Nedd B M C2d Ne2d C4d Nedd
T L |
F 116.0
116.0 66.2
P P n B 4 NA-1 45.0 Nead
—N4-
66.2 350
== —N4-2
45.0 : B N4-0 . —N4-3 25.0
—N4-4
350 —N4-5 184
25.0 0 e 144

B 5 EiEhFERRIAZBRM SDSPAGE Bk
Fig.5 SDS-PAGE analysisof differentially expressed proteinsin honeybee midgut

A. BRHBEEEYE N. ceranae 5P IpEHEH . M: K marker; Nc2d: N. ceranae JRYLE RFE¥ 2 d 5%
BEA; C2d: XTI 2 dJFME KA I EEN; Nedd: N ceranae R R FE ¥ 4 d 5 ImEBEH;
C4d: XIRAL 4 d Je i ERME R P SE A B, TP EEBERYE N. ceranae J5 P EEH . M: HF B marker;
Nc2d: N. ceranae &GP 1R 2 d P EH; C2d: XTI 2 d JFHHEE P ISR E M ; Nedd:
N. ceranae JEJh AR 4 d S EdE A C4d: XA 4 d 5 b AeE bl SE N .

A. Total midgut protein of 4. mellifera after infection with N. ceranae. M: Protein maker; Nc2d: The mid-gut proteins of infected 4.
mellifera after 2 days; C2d: The mid-gut proteins of A. mellifera in control group after 2 days; Nc4d: The mid-gut proteins of
infected A. mellifera after 4 days; C4d: The mid-gut proteins of A. mellifera in control group after 4 days; B. Total midgut
protein of 4. cerana cerana after infection with N. ceranae. M: Protein maker; Nc2d: The mid-gut proteins of infected 4. cerana

cerana after 2 days; C2d: The mid-gut proteins of A. cerana cerana in control group after 2 days; Nc4d: The mid-gut proteins
of infected A. cerana cerana after 4 days; C4d: The mid-gut proteins of 4. cerana cerana in control group after 4 days.

*3 EARERETRIZEEER
Table3 The mass spectrometry identification result of protein differential band

- L . e T *HXG‘%?’*E S
it G SRS R KRB R HEIRBL (kD)Relative .
Band Protein name Reference Pepcount Uniquepepcount Cover molecular Isoele'ctrlc
percent weight (kD) point

N4-3 F & 5 5 H9JZX5 46 17 04149  48049.00 9.27

Aspartate aminotransferase

FEEREH?2 077061 11 9 0.2456 51073.33 6.83

Major royal jelly protein 2

o JEM T a-amylase Q8NON7 16 9 02373 56 009.19 7.22

TR w1 T b IR I AL Bl HI9KS5C7 4 3 0.089 4 47 338.72 8.50

6-phosphogluconate dehydrogenase

ToHMEZERFE A Innexin H9KQT7 4 3 0.094 7 50 580.16 5.87
N4-4 K5 & PRI Arginine kinase 061367 9 5 0.1775 40 008.39 5.66

sn-H I -3-TE R Ik & il 061368 2 1 0.027 5 41 572.00 6.67

sn-Glycerol-3-phosphate

dehydrogenase

ToE HEFERE R [ Innexin HI9KAAS 1 1 0.025 1 41572.7 6.40
C4d Hiph — WhIR I 45 G VIIF40 7 6 0.2712 396323 7.57

Fructose-bisphosphate aldolase

R H I R A5 51 il Q6UGB7 8 5 0.2323 28 962.26 8.40

Phosphoglycerate mutase
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43R 3 (Table 3 continued)

TR ey

- o 1 " ‘ w iR . )
percent weight (kD) point
C4d ATP & A IV 3 VIIF60 5 2 0.0811 32835.88 9.46
ATP synthase subunit gamma
N RN TR S4S5K4 2 2 0.1471 23 737.49 8.75
Glutathione S-transferase
Ncdd fHZE BRI Arginine kinase VIIDW3 25 13 0.4572 42 059.54 5.58
V FIFRF ATP [ 3 ¢ VIIAXS 8 4 0.1314 44 678.06 8.59
V-type proton atpase subunit ¢
it 82K H 34 )5 i Thioredoxin reductase  D7PBZ6 1 0.0283 54 321.34 6.90
1z & Ubiquitin VoI6X1 1 0.048 1 21320.48 6.18

255 Nedd Hrimi 8 H 8 2RI .V U 51 ATP
Mg 5E o B AR IR R 3 4 Fiik s b
ok = )i

XFAEHE N4-3 . N4-4 2 i /s 2 35
A AL FEAT GO 43280007, 45 E W
FEBW R ARy, o T DIRE A A 2 i A
S I S & ok R T R ey v Rt A E R
A AT L PN 2 0 AR R R B S B R 5 5 v e B
()50 F DI RE 2 B FE ARG I . AR TE RS W
R B WA Y2 R B AR Wi R | AR R A
WY TGS, XA C4d. Nedd &5 5
IR EI 6 A T IR I8 24 7 8 H LM 74 LA
FIRZEREAMIEH LT GO 2. 458 %
O N B S [ s R TR R E s e 4 )
FE G BRBE LR . R AN M PN A 55 5 B8 R B
TR B ANMRE R . MR TEPE | BhiE 5
W R CEI HE 2  RRLEE A LR R A L ) A
655, AP AU BRI R R, 7
A 1IR3 R P B 3 ) A0 B A3 L A R IR 2 A
A RS 6 P 2 AR A i AN A 25 5 6 R B 1Y)
I FUIRE EEAEUEALE . ARSI . AL
PE | SR R AE s W B Y e R Y
SRS MR PR A, PR
42 NI FRIERD GO 43K L i T T,
AT LI E S 5 A TGP L 5 A 3 A 1)
HorREK, HFEERE SRR fEiX e
SEAT, BEPLTGE L 4 Fp 22 2R MR E A
PE— 2 R A7 o i 41 43 TR 4 I POt g

PCR Siik, R & ks 2 R VA | 7 R %
B H Y =B R M Sl | A S I A IR R A
J g AR R R
233 ERFREEARMERIEURKNES
PCRIGUE  Trizol MU 2. 4. 6 KIYEK
1) 250 e T A1 8 6 ST 2] TG IR 2 RNA S5 A
FHI &A1 cDNA, DUINBhE 3 actin 1R
NS IELA T B B ) kB BT St
FIHB TR SRS [ A B cDNA #172F
JE i PCR, JHRERTAR 1 1 i 45 4 (52 a 2
X} HR A AR AR X — 2K, LUK ES SR A 6 B o
HE 6 AJHl, FE N. ceranae UYL= R FE LS 4
KR K5 e RV AK KEPIF sn-Hb-3-
W I A GPDH SER (W 3=k /K- 280 &
J& (E 6: A); TE N. ceranae &Y rh ARG 2
KIFFZH A, AK R A Ik 5 % B A Y,
MAESS 4 KW HBELP ) 3Rk K7 2 B i |
(Kl 6: B); B4 LR/ TrxR L R IA
IKVALZTE N. ceranae JE&YLES 4 KATFRIH A
B (6. B), HE5RE5EAMIATRILY
R—5 bEfE, D BRI AR AR R T
FESEES 1A T R COR 46 1% H () 3£ 18 GPDH F11
AK ., hAEEE H I IER TR F AK 5 E B
PCR, il H SR AT Rib . 45587 N
ceranae JEYLTE RN EWE RS 4 K, SCHR 4 AK
(AK 1) I GPDH H[H (3 3k it 43 il J& % B2
B 2.02 580 2.21 £ TWiTE N. ceranae YL rhtg
HIENER 4RI, 904 AK (AK2) T TrxR J
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A GPDH

AK action

i BR4H 2d 4d 6d

R
Infected group

B TrxR

2d 4d 6d 2d 4d 6d
&S | S " e &

AK action

payiiich
Control group

TR
Infected group

2d 4d 6d 2d 4d 6d 2d 4d 6d

B 6 HMERFMHAS actin EEANERREBERLSHT
Fig. 6 Transcriptional expression analysis of target gene and reference gene transcription

A. BRFEY HEER actin FER; B. A% H LA p-actin FEIH

A. Target gene and actin of A. mellifera; B. Target gene and f-actin of A. cerana cerana.

DAL ) 3 38 1 0 S o BB AL 19 1.88 5 1.72 45 &
7), X —45 5 5 R 1 FRIB ST LR A R
TR AR, FRE T2 5 R R 4
AR FEPE

A
> * . OXIHB4 Control group
B 3.0 @ K4 Infected group
(]
o é 25¢F * .
Nz 20f
® &
T5 15r
o
E% 1O}
=
& 05F H H H H
0 1 L 1 iy
AK1  GAPD  AK2 TrR

H iHEE A Target genes

7 BERAEEMPEEEFENERRIEEN
qRT-PCR I&iE S #7
Fig. 7 qRT-PCR analysis of target genestranscription
of Apis mellifera and Apis cerana cerana

*FoREFBE (P<0.05, THIE ).
* represents significant differences
(P<0.05, Student’s T- test).

3 itig

A S 30 o S 1) Y T S A Y e
YeIR 7 S I A L 7R AR e A2 SR L T 8 d N
WEEAR K RHANRIE A W 224k 5 Dty
Bi N Gik, ARSI NSk . FERTESS 4.
6. 8 RILIKRKIME] N. ceranae WILFAAE, T i

BULESE 4 O] LA I 24 7R 77 2 e il 70 7 R
MIFFAE, ELRER BT A E K, B0 1) 37 YL i
FEALBEZ IR 5 7 PG e SC B 4 o ER B 2 1
Tt H, FBH AR S e A e S R L e e
() 2 2 W ST 0 2 6 0 v fizg ZH R SR T
BTN T R AR | Pl e 4t K 2 B R AE AR
FRIERINCHR, T78R % . WL, Hrhpds
BRI R 200 e, BRAGSKILAG, X
SERRAE AT DAXT #6002 552 B N. ceranae JEYL AT
WIHIE

FIHAENERLE & PBS S8 0P I T HE L
S R A M R I A B R,
SDS-PAGE Hi Kk 5 JL fil 7 7 K 8 e A rh A 2
W57 N. ceranae JEYY 5 Horb i B A RIS AAAE—
N2 S R T BRI b i 21 22 R R
FH J5 2% 7 He R 1R T 2% R P 8 4 0 1 o i 2L 20
SEAREM AT LC-MS/MS TGS 2 T,
Y sy E] 35, 13 FMESEAR. RIEER
WA B I KN 5 B, B
I 55 W v i 2 S R 14T I o o P R A R e
HE, FEEWEA 2. o EHEE. 6-BERR w4
WERR LA . 2 FhOCHEMEE R 1 . A IR L
Ko s -3-WE R I S 8 Fh 8 2Rk A A
AR I 1Y) T i 25 S AR AR T T Y 4 b
WRBEN HERMEG. vV B+ ATP B
oo, BMEEAREE, 28 ). 4 F T HRIAE
R W IR T 4 i | IR TR 22 2 [ . ATP
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B AL | A DT KBRS AL ) AR ik 2 1
JT o FHIRE S 2 DR e R T, RIAS
ARG . sn-Hh-3-R A/, HEESS
W BRI . AR AR TRy 2 4
HAR VR B 0T, RIVAR S 3A J 2 F A Jl
K PR, BT e E AR A RGN EE K
g7, ZH5EANRN; J5HE FES She
DL RHTPE Y o a0 22 S A TR T T
MZOGE f PCR A, #E— 2L 90 1 R 3 1) 3
e S H B o B ERER

o 2 RV 2 B AR P P — P B PR R U T
BT HEME Y P LER A ( Laino et al.,
2017), H5RBEMCITES . ARKETFE T HE
B, HB oA s M A E g 22 52
TERE BT R KM Sk B BcRib s m (3R
ZI55, 2019), BEHREZE M ATP KV, XfRERE S
AP B H R AR (B R4S, 2019 ),
AR, BRME &M LB EZE N
ceranae WHEHT, FHETRR R L= LA R
RT3 I 3R X k) 1 ) R N e A G
A, SEMTRESEA T IE R B A A o . e R R TE
Z N A i R AR RS AL, an . BheRE A
(2008 ) BF5E &P, 7E40 A U XTUF Penaeus
stylirostris &Yt WSSV JWiaE T, HoKG 2 BRI
FRR T RAEE 2.84 %5 E XA P
AR B TG A ( Miranda et al., 2006 ).
B sn-HM-3-BER IS . o TEMEE. 6-
T T 8 W IR T Sl . R A IR A R Rl 5 3
A5 e ) R s AR B ARG o sn-THHM-3-B5 1R
JIt S EA e A R RSP S G, EAE
R AR i Ol RS R E R . FE AR
e E AR, S 3-BERR T
M, e R EE A, FERR Aok ik &
PSR A CHEVE T, G R IDTR . JH [
R EAVE PR, J54h, GPDH 41k
F i3 A F 45774 NADH il H+, X 26y i af
IR AR BRI, DO S 3 M Al 7 B
EE (XA, 2020 ), WFFEEM, REARE
GPDH HA kAR, R4 4M NAD'
/NADH LS5 A R DI RE , 24 2R 58 423 < GPDH

TEPE, HAAERE ) B RRIL (B4, 2010 ),
TERERE BT A o i3RI GPDH X TR
EEBHE R BEEEMH (Yan e al,
2008 ), SLEHT, N. ceranae JEYLTE KA,
GPDH ) mRNA I H R IA K- kAR T
A, s YA IEREC I A A AR . o JERY
it 2 T A0 TR AT B ) v UE s TN R SRR K AL B )
(A — P, B T P M R B A R A ) T A
fR AT AR (BUR TR, 2021), S
RIS o JER Tl 38 1 3 im0 3
AL oy g, ORI IE 12 (PPP iR 1%) 2
YRR REZ —, ZBRmAEREN
NADPH HI# R4S B0 7> 5, NADPH X &5
2. R . BRI E A HEAEH, 1RZ2H
o FALE AR LAY S R o . 6-
BRI A VIR 2 (6PGDH ) J& PPP i&f2E
ALY B A A — AN S B, R AR 40 P9 Y
NADPH F1 6-B R0 i) £ %, 5 4540 i
IEH AR, BEEZ YRR
RIRGEH, R RYF RSP AR & (24
SRAF, 2018 ), T A WS & IUAE YA 32 HE Lo i
(G T, RN 6PGDH Fik 2 b F4Tt, H
an: v a T R RN (BRERAE, 2010). Pb B
ENBE S (Devi ef al., 2013 ), KRR
R W —Fh Sl , DA N v WA
Ny, BKRESEMR M —RIRIEEF . 6PGDH HIK
KRR A AR LR FRIK , W REH R TR SR
WAL, T 2 R A T o AT,
(i) 55 R B ey 2o ) 2 e A PN B A8
TEZMMAEYH , 4% hemichannel HJ&EH
RO (FHAPAAEAR % hemichannel
L S RESE ), TEMESIYIIYJE innexin
(Inx ), AMESIY 2 connexin( Cx )F pannexin
( Px ) ( Beyer and Berthoud, 2018 ), 5% & #,
= TG 9P R 0 R 1 i 2 A T R L 30 1 2
M9 connexin-hemichannel 7% 144 1R KR
M7 32 ol i 4 ) 2 [ A1 EE He 40 i b innexin-
hemichannel #7514 ; Samuels 4 (2010) W55 %
R i i 22 Z2 e hidaf innexin-hemichannel 3
TH i G 928 20 B ) A 22 2 AR SRR, AT DLHE I
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innexin-hemichannel i# i 5 B (5 55 5H
XK. FHF, innexin 5 pannexin J&[FJEY), PxI-
hemichanne BE/FAIMEIT:, HOW5R A E
HoMERZ 19 STO M i i 2k inx2 A1 inx3 A
Y b B T MA (ZFBHAE, 2013 ), XATL
HEM innexin-hemichannel 3@ 18 A ZH M T-H %,
ARSZHS 2 Ff innexin ik A F N, NG
T AR, ik S RE PR Rk s 0 i A 2 KA
BB [ B 0 S0 2R S8 RN TR I AR A0 I Y
T,

W (MRIPs ) 204 T ks
PR, S ERAEAN 46%-89%. £ HHT
C4 R 32 4> MRIPs ZiEM B, XT
MRIP;- MRIP, B 5E L F &, d it K
MRIPs FIEM AT, RIFEIEME RS 70%
Ay, UL A 0 AR L LR T g - AT e AR ALY
IhEE ., AW~ IRE )T T, MRIPs SR 165 2 1 (1 1
KEBME  4+tS170 . AR E HE W
Ve, ME N B 22— , MRIP, ELA RTARTHAE,
BRUILZ A1, MRIP, iR B AL 40 i35 . Pipd
WM, MRIP, ] Rl IN B 0 40 g ik
TNF-o fi& 2T 20 M 34 58 . 3o S64E I ml 68 5 S e i
P NRHIEE G MRIP, Fik & FIHA X,
FiAh, MRIP2 WAFLEFPIH] 22 57, WA ik
MRIP2 1) C-¥i [ FI A 7E I 019 ER R Ay 41 K
JEE 2235 TS FiIvs 190 7E 5 KR 4 % MIRJP, 11 C-
WA IR B (SRR FL, 2013), BiFIER
P 22 SR BT P AR W | R O 2 0 e JRK
YeJ5 , MRIP, 75 WG e 6 1k it AR A0 AN [R] 1) D
A

2R R B PR AR N
% 5z ZBMiE i, B2 R4 Bl iZ ZH06 T
E2 Z ZMAHE . B3 12 KB RO N % 3 3
JEYEA L, ZZ B e g | . R
SRR R KA HEAEN (KB,
2021), HARE K Z M T RS F Rk E
B, X T BE SR vR HL E D REHEHT A
V BUG - ATP [iFfE LK% ATP A= i) R i S5 B
YRR N pH BYIETY (FERT, 2020), HECT V
RIFF ATP BV IE ¢ AFFRED, ErEpifidt

F ARG RREEN T IsAS R KRBT,
FRETUR & V BUTT ATP Mk, i
W HEAAZ RN Y PH.

i S R 1 340 5 il 2 — P NADPH {61 54 3
175 FAD Z5H3 ) — RARMRG, IS5
1} NADPH LR RE T B AR H RS, 1EHL
PREAIR TR Y | PR . ARG 5 S (5
R B EEAEN L Gl EHEE LT, i
CL 40 MR — 2L TR A Y TrX . TrxR BB R
BRI G E A B T (RS R FIRERK R,
2005 ). Trx RGE 1T IE % ( Reactive oxygen
species, ROS) 7KV EE/ER S, XT4ifind
AL IR T REVE Y U B 2 Rundlo and Arner,
2004 ), Dussaubat % (2012 ) Z#Fs5 %M N.
ceranae JERPERAEP LG, HS 58400
BN AR SCHE ] (andi ALl ) mysRib s & 4E T
. FERATBFR S, N. ceranae [RYs 5%
¥, TrxR MFRINEEE TR EIERE, K
BRARXT IR KA ER 1.72 %, XWTHER N
ceranae JERYLHHARE R4 )5, hieERE
SRR N, DLORIEIT N. ceranae
AN

SRWE W TR A6 L B R T R A2 7 T
(PGAM ) & Wi e fift FOBE S A2 i A vh — AP B2 1)
ity , S5AE R NP B RE AR DI E R
Kondoh 4§ (2005 ) & BLHE /IS BRUSET 4k 4t rp
PGAM WA T 2 A (1) 4, Okomo-
Adhiambo 4§ (2006 ) UFSETE ST HUR PS4
AR, SIEEARN PGAM2 &5 ; ATP
A e SRR, A LA, ATP & R
BT AL AR S I N, A B F 3l i,
WSl ATP A TiF9RZN ADP il Pi A ATP, Hifk
FRT AN R BPIK AR ATP ; 2 e H IR % i e —
Y AFAEAS TR AE AR P 0 [R) T, DARSSZS A R M
WFIEAEAE, SAEYIRNRE RGBTV,
ERBIUD A DT KA IR A, b S A F
VIR R)REER 2SS A FY Y T2k 4i i
B, RBIEEEMEK (5%, 2012), Yin %
(2021) AFFE RIS BEH K S-FEFL R (PxGST2L)
eSS 5/N R Plutella xylostella(L.)H & HU2K
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FH M A 1) it 75 AT o DI 26 7 TR SR —
PG . BERR HIM AR AR 1B . ATP A5 UG I3 |
A I H R AL i 5 rh AR R Y Y g AR
R RGESFA K, UMM T IRARE, PRk
RNBER S . A B S N LT,
{EAEAR SIS A S SE R Y N IR ERE, JRIRIE TR
i — 5

25 FrR  HEITE N. ceranae YL E ]I,
WER T N AR AT R AR, E A
TP i AU rp R B Rk aE, DI R Y 4
P SEAAR I . BERARI | SR N RN B R
AR N, Fe 2 i 2 0 11 B v B 4 2R ARl
AT o AT AR AR5 W v i KR Ty B e g
T61 7 L G 5 AR 2 U AR A
SR, X T AT EE WA T T AR e 4 L
Tl LA EZRE L, WRHIRA TH#E N. ceranae 3%
e E e i 2V E H R R R S %
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