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HHEREQARARE

RN

(PEACARMBIE R AR AP B, PRV % 712100)

WE: TR ETFEANA, 2 AETRGRLET &k BE AR 0 BB RALY TR, 3R 5, TR
RFFERERGFRE, BRKOWR BT T A& LT 3200 B i & ok 53k 5 Rk,
Mo AT SLARALM 6 B B B, BF R ALK T AR 6 B T8, 2P 3T R AR BRI R ik g iR
EORRIA D B R R R AR A ET R S BT A EHEEXTLNAER.
AXLZRT SRR B QWAL SR R AR K Gk, F AR & G A KRG e B)R Fe
AJG WA R 7 AT T B, F LA ST ReER E QW5 0 R e 5 AT 7 ik QAR EIR R G MBS
SHT ERRQUF SN ERIRERAF R EGUAF SN E, 12X 0 k&R A S SURIR—FF
T ik TR AR LA M BB B R iR R G 4 ikik, SRR AR FRIKS AT TR E A& AF
K158 FReERFAMNEL S T oA M EE RP I KRS L SAREAARSE R
A EGE, T RrERET QI S, LSS rER IR, ALY b B R PR3 3 & R, 42
B RFMAF, @i RNAI FhEREOHBER 2 FA LT RBRETA, SFEART R A F
EFHERESR, B, EREGABEF RGBT, BT, RAFEHFHEA LK
(host-induced gene silencing, HIGS) # R &35 F T #Aredrdim o AR SR EH & 4, &
THET R R AT, MBI RA, ST REREGESERN SAFFRIEE SN
7k RAT AT, BAERE QBRI T B RLLE T EhZ , FERIF R MY HHEZ
18] 09 AR % L EAR TR R @ WA B AR K 09 5T ALE] A R IR TR Rl R G R4 09 3T K
By 36 37 SR w47 T A
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Advances in aphid salivary protein research

SHANG Zhe-Ming, LIU De-Guang * ( College of Plant Protection, Northwest A&F University, Yangling,
Shaanxi 712100, China)

Abstract: Aphids (Hemiptera: Aphididae) , a group of important agricultural pests, ingest plant phloem
sap and transmit plant viruses with piercing-sucking mouthparts. The outbreak of aphids often causes
serious economic losses. In the long history of co-evolution, plants have established effective defense
systems against the threat of aphids. In order to overcome these plant defenses, aphids also have
developed sophisticated countermeasures. Among them, aphids secrete salivary proteins during the
feeding process, which can modulate plant defenses and degrade plant secondary metabolites. Therefore,
salivary proteins play a critical role in plant-aphid interactions. In this review, we summarized recent
advances in the identification of aphid salivary proteins and the functional research of associated proteins,

and brought forward the prospects about application of salivary proteins in aphid control and new
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directions for future research. Common methods used to identify and predict aphid salivary proteins

include enzymatic activity assay of salivary proteins, proteomic analysis of aphid saliva, and
transcriptomic and proteomic analysis of salivary glands. However, these methods all have their own
advantages and disadvantages, and individual method may just reveal partial real information of the whole
aphid secretome. The combination of different techniques can provide more realistic and detailed
information. Aphid salivary proteins can be classified into various categories including detoxifying
enzymes , protective enzymes, hydrolases, binding domain proteins, effector proteins of unknown function
categories and so on. Aphid salivary proteins have multiple functions, such as participating in salivary
sheath formation, inducing or repressing plant defenses, promoting aphid feeding and enhancing aphid
fecundity. Silencing aphid salivary protein coding genes via RNAi technology can significantly affect
feeding behaviors, and decrease aphid survival rate, fecundity and fitness. Therefore, aphid salivary
proteins are ideal targets for manipulation in aphid control. Now, in several crops, some effective aphid-
resistant lines, which can target salivary protein coding genes, have been established, via the HIGS
(host-induced gene silencing) technique, and they have showed good application prospects. According
to the present studies, it is urgent to analyze aphid secretomes with combination of multiple Omic
techniques. There is still a serious lack of research on the specific functions of various salivary proteins. It
is necessary to explore the functions and related molecular mechanisms of salivary proteins of aphids from
multiple dimensions, such as aphids, plants and the interactions between them, so as to lay a foundation
for the development of new aphid control strategies based on the regulation of salivary proteins in aphids.

Key words; Aphid; salivary proteins; salivary proteome; effector proteins; host defense response; green

control

W 233 H (Hemiptera ) B} (Aphididae ) 41
e e B L, AR S A g R A I A ) 1)
BRI W AL RAE YR 55 e B AR, WF i
TE UL I 25 ] R 40 2H 2 e 43 06 0 52 24 A e A, 91
W IR | AT TR A B SO (2 e
Frsugt & (Teixeira et al., 2018) . Mz M ff) e & v 5
A Z I o, X S8 8 o w2 A ) 3 A%
HIIBeZ A, 7ElF 5 25 FAE W 0 A0 BLAE I vh K 4%
B R RHEEAYNE R, X i0F g 4o 7 4547 B 208 3,
PRI , A SOX 3 A A Ao H M Y 2 1 ) S O U
A DI RE LA S M Y 2R 1 7R A0 1R BT v o A 0 A5 Dy T
MIBFFEHEAT T 23R, I X e 2 11 8 35 2 7 3 7 iz
FHFNA JE W 5E 07 1 54T 1 R

1 BF o R B 5 i

SgF R 7R SRR I, DAASE TS RO e I 0T 32 ) e Y
JBR 3 AWV (Ponsen , 1972) , U5f i WV J2: H JOAR Pl
W (gel saliva) F0ZKCHR ME VK (watery saliva) 25 il A TR
H ) (Tjallingii, 2006) , 495 ALK A ) 2 T
SRS | FEER e B T 65 53 0 o A 055 1 1A 41K TA A
Yy B FR i AST T, IR PR 2 R AR ) A L ) R S A

JRIBED G R T — A EIRBSAE TE . AR B, IR
R 23 B AL I 7™ 285 b B O A R GE I, DTG IR ok i
W (saliva sheath ) . B Y 85 A Z Fh D g, T LADR
P i AT R O EE(Will er al., 2012) o FERFH
PR A v, 02 i 2 i T 1Y — 2 21 240 i
(AnERp AR S ) | 32 MO 3R 4 03 O V= BE TR LIk
AW BT AE ) R B BE 1175 5, W L 2 43 A KRR M Y
R TR, R KA A E SR R
BEORg 4k 22 ) 0 45 38 47 #F & (Tjallingii and Esch,
1993 ; Tjallingii, 2006) , 4 [ 5 5] 2 2k 45 o 24 Jify 5]
IR, RIS LR R, 3 B H 2 Rp L 3 A 7K IR e
W40 ~ 60 s, I IT 1A+ 22 ¥E & (Tjallingii and Esch,
1993) , TEfpZE ik # by, i s oA HRAE | ) I e
Hb A3 WA 7K R MR 2 A A i 5 7 308 L AR e Y 5 A
Wit WiIR G E ARG Y S A i 5, ik st
AW B 2L R By B 45 R (Tjallingii,
2006) .

2 BHEGREBNEETTIE

N Y 5 A A0F M ) T I PR Ry, PR
HA M —RIVIEEAIR 7> T 22 S BRI A 4
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J, e, 15 22 MW AR B A TG 1 (van Bel and
Will, 2016) , Cherqui A1 Tjallingii (2000 ) 43 5| W £&
Wi 505 Acyrthosiphon pisum MkYF Myzus persicae A7 —.
X WF Schizaphis graminum BUE 5 W N T8k, 8 1
Tt LU TG 00 5 FHE DRI X 3 Aol e i g rh X 5 AT 8 SR AL
fiff ( phenoloxidase ) | 5 Jit fif ( pectinase ) Al i & AL ¥
fif ( peroxidase) . F8I'GH 55 (2006 ) SR HIAH [R] 77 12 Uit
AR 05T B, N A2 KA F Sitobion avenae HYMEY
A R | 2 By SE AL B (polyphenoloxidase ) HI£T- 4
2 ( cellulase) o

UTAER A% TR PP HOR 5 38 BT 2 HoR 1 &k
JREAR K Hb HfE B T 0 R R B T 5E . Harmel 4§
(2008 ) JFH i A €335 53 15K BT 3% X ( LC-MS/MS) 434
BT HCE i 180 RRE M VR (P I R ), % Bk A
R Y P A A A A AL ( glucose oxidase ) | 7 2 HE
i & B ( glucose dehydrogenase ) .\ NADH fii & i
(NADH dehydrogenase ) o-3E#; fiff ( i-amylase ) FlI o-
WP B ( o-glucosidase ) 5 Fp2E A, Carlon 4§
(2009 ) X i T2 008 UEL J5 9 N T ARDRE 2R A7 8 1 B 4H
203 BT OBLa] B Dk RT3 ) , 48 5 31 9 o e o 4 11
Horr 4 FaG 2] 1 [REERE, oD 0 Bk R LG
(angiotensin-converting enzyme, ACE) M1 #5574
Hi4 B A (MI zinc-dependent metalloprotease ) . GMC
Ak & JR i [ glucose-methanol-choline ( GMC )-
oxidoreductase | 551 & (regucalcin) , R 1E BT E M
Hh— T 8 B A A VA N 2 5 B 5 W IRV
BT AL, Carolan 25 (2011) X 9 5L 45F 14 0 i ik EA
cDNA SCEEHIEE 20 530 A, S 3L 0 3] 324 4> 4h 43
W o Boulain %5 (2018 ) >R F iy i 2 I J5 5 AR XS
59 MO W Y R A B S LN Y, 2 0 3 A e R
3 603 EHEHEA SRR, RIZ AT BEA 3 603 4 I
WEE 1, R R T 99 S M e Y 1 4 A

Atamian 4§ (2013 ) 3 i % & 2 K & 9
Macrosiphum euphorbiae W i % s 40 7, T 1
163 MR A 1, Chaudhary 45 (2015) il B8 5K
I HBCE B A T] 2R 1y (R R A HUAR S A  A) 1Y)
ZEIIK SR 5 WO B i A B A 7 BT 43T, et 2%
TR 7K R N T Ak i WA 2 ) o s WV A 1 B 2 2770 BT
ST, T T 102 SRR AR . SR, 7
T ) i A bR BOR A S S IR, X T RE S E
BA b o3 W FURFIR A 23 AP AT 5. b, i
TSR B BB S B N TR A T B o b, TE A
XY Diuraphis noxia F& — X WF A AE I A To ™
K & U Metopolophium dirhodum ., 8 3% & B W

Megoura viciae ZZ8f v 4359 &3 34, 32, 12, 7 il
87 PR R (£ 1) o

BARZ MR T Be OB T 455 TN F v ne v
AR, {H X S0 7 4 I e e 0 4
AR RS RHMESD T A= W02 00 & e, ol e AT A 1 5
SRR R ARARE R B (Al )2 Jo 2 % Bk N 21 Y B
HO) M F AN E T 25 B/ A R 8 2% 14 (Oppenheim er
al., 2015) . 15F o nie i i % 5 20 2 A 2 J000) g e e
VAR V2R S — e T O s (B AAAE BB - (1) %07
00 AR AR T 1 R Y 9 vh R S L S IS
JIR ok S 7 MY 2 1 (R IR T A B4 43 WAME 5 Ik
FRAERY AR AR S 1 0 e o W B AE M AR b O B
SO AR AT S B A IME 5 BT 81, TR, 3%
5 T g M Y P BB 2 R T S PR A B A )
HEUN 1 MR 2 B (Chaudhary et al., 2015
Boulain et al., 2018 ) ; (2) {3k HoF e i iR 24 7 S)
ZH 3T, M LAVHER 46 g JH TR e 48 2H 3 1 7K TR e Y
23, 91 AN 8 520 1) WV R SR A R 2 22 T L (H
2 H MR e YR 2H 4375 AN B A ( Carolan et al., 2009,
2011 ; Boulain et al., 2018) ; (3) 24 Hij £ i 1Y 5@ &=
I e A A 5 AR P R, 23 228 mRNA R
Ui fE S, FEUT TR, 4122 K A8 W R sr 2H
J TN 526 AR AR 1, (B FR 0 4 I I 152
HEZR B ( Gao et al., 2016 ; Zhang et al., 2017 ) , MEF
Ho e i SR IO 1 S AT R E B A e A,
S M M Y A 1 A R vk 2 — T R
A5 W R S O A AR ARL , TR 5 S B PR
25 B0 B ( Carolan et al., 2011; Yang et al.,
2018) o i s R J B N T ARDRE R AT BT 3% 43 A
AR AT LA Ry 75 W, 5 e 0 T Wi Y 3 WA , I LT
DA DX 3 7ACER P VR R0 S TR R R 2 53 (A 6 7 ik
I EL 4 TER A IF 1 IR MR ), 1L N TR R AR
PR T 55 00 SR T T i P A0 A PN RO 4 R 25 3
K, HAZIm kAR 3 e FRAE BT A i o 4 TR X, X
DS 0 S04 = B8 ) Wi 94 2 1, e S B0 A 4t 2R AR
BRI o 9] 40 h A4 B IR Je i N Al kA T R
AL 22T BRI T 94 IRV AR 1, (H X FF AR
#4100 000 Sk if s e o i 4a kL, TARE R 1A
( Chaudhary et al., 2014 ; Boulain et al., 2018)

W2 1 PRI U A A AR VR R G
SRR, A BT F HR WV R 1 G WA SR AE O A -0
B0 R G AL 0 KB B (Zhang et al., 2017)
T oI df e N R P ) A R R B SR T 2 A
FRORFNZ T BB G 4o He MR A R 7k
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Table 1 Identification approaches and numbers of salivary proteins in different aphids
i s Iy LRI 2% it
Aphid species Identification approaches Number Of' salivary References
proteins
Wi 5.9 Acyrthosiphon pisum GE-LC-MS/MS, LC-MS/MS 70" Carolan et al., 2009
GE 9 Cooper et al., 2011
RNA-Seq, GE-LC-MS/MS, GE-MALDI-TOF/MS 324 Carolan et al., 2009
RNA-Seq 3 603 Boulain et al., 2018
& XEYF Diuraphis noxia RT-PCR 17 Cui et al., 2012
GE-LC-MS/MS 34 Nicholson et al., 2012
JNFE S AREF Diuraphis tritici GE 10 Cooper et al., 2011
& B I Megoura viciae LC-ESI-MS/MS 14 Vandermoten et al., 2014
MALDI-TOF/MS 61°
7 T KA 1F Metopolophium dirhodum GE-LC-MS/MS 7 Rao et al., 2013
BkEF Myzus persicae GE-LC-MS/MS, LC-MS/MS 80 P Harmel et al., 2008
% = X Wf Schizaphis graminum GE 6 Cooper et al., 2011
LC-MS/MS 32¢ Nicholson and Puterka, 2014
% KAFWF Stionbion avenae GE-LC/MS 12* Rao et al., 2013
RNA-Seq 526 Zhang et al., 2017
T KA Macrosiphum euphorbiae RNA-Seq 163 Atamian et al., 2013
LC-MS/MS 1020 Chaudhary et al., 2014
NanoLC-ESI-MS/MS 73" Chaudhary et al., 2015
4587 Schlechtendalia chinensis LC-MS/MS 155° Yang et al., 2018
R GEAEUF Rhopalosiphum padi LC-MS/MS 56 Thorpe et al., 2016
BRI A0 Myzus cerasi LC-MS/MS 19 Thorpe et al., 2016

GE: BEREHLTK Gel electrophoresis; RT-PCR: JZ %% 5% PCR Reverse transcription PCR; RNA-Seq: 45 UM IR 4% 5201 ¥ RNA sequencing analysis of
aphid salivary gland; LC: JAH {03 Liquid chromatography; MS: [fiii Mass spectrometry; MALDI-TOF : K& J5 %l B IOG A7 b Ha 55 - K A7 B[] Matrix-
assisted laser desorption ionization-time of flight; NanoL.C-ESI: 4425 & AH (2, 3% - H 155 25 5 1B Nano liter liquid chromatography electronic spray ion.
VR 2R PR, 4343 W BRI Proteins in salivary glands, not necessarily secreted in the saliva; * I s T A ek eh A5 A 7K V5 1k MV

#HE F1%% 3L Non-soluble saliva fraction from aphids feeding on diet designed to mimic the sieve element environment.

AT r ek 5 — 5 i FAEOR By B b . i an, 45
KE Nilaparvata lugens &=>138 B 09— Fh ™ 55 g i K
FEr i AL, FF HORE D, 12 R R 2 A 4 IR M
HIRCIRMEH . Huang 55 (2016 ) SR H1“ S A6 1E 7 X 4
RN N R N i s = = R o i
S50 M IR 7 S 28 RCHT R0 R DR 2H B8, A
TR A MR R R e G A T M VAR T, DA M
T HACR R AR R 2 5 R, ZE# AR 5
0 BF HhME 9 R 1 A G R S T A N R R S
2, WA E A I R RO S N TR AT
203 HT A R EOR T BodfAs i s AR ELARIE, i)
DARAS A 1 S5 (0 WF N Y 2 1 0 WA . T AFOR
FLF A 7 SE BN P ( single molecular real-time
sequencing ) FE AR I 4K SR 4H 9 10 kb DL B Ry
P, A RGE R T8 AR P HOR B BB, JLF-FT LA
SEREHL R B mRNA 5 E (Gao et al., 2016) , H4h,

[RI; Z R iC AR AN 46 % & 52K F1 4H (isobaric tags for
relative and absolute quantification, iTRAQ) 3 R Z—
FROE T AR L P A M EOR, B il
REE = EEVERRE R (AL SR, 2014) , 5
R, 2 3 B R T M e e A 1 T
AIAGTE R 5 B MR E R

3 WTHERZERAINEE

TEE A R P R b AR T A S Z2 By 4 T
B AR sUBCR TR X A A ) AR A R i R
RIE T —Z5| B, MER A R Tz —
UgF e A IR I R P 2 03 D 22 e 2 1 B A ) 2 2R
PN, U A AR W B A S L, AT A5 £ AR A 0 3R ) o
(Kettles and Kaloshian, 2016; Nalam et al., 2019)
UF BRI, AR A 25 0] 0 DAy S ROIR e Y 11 7 PR e
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W, AT e R ) 2 AH AN [R] , D RE S 5 o
3.1 BUKMER

AF e %) e AR PR AR = PR I O3 0, — 2R IR S
B A i R ASE A6 T A ] 11 1 1) e Y 4 ( van: Bel and
Will, 2016; Chaudhary et al., 2019) , MF v 44 Btk
WV 7 22 MRV AR 1, N TE B AR B A I M A v
BT T A 1 A FRCAR M VR I R AT, 44 T e Y 2 1
TE JEEAR W 4 A1 7KOIR M Y P 35 A %% B ( Chandhary er
al., 2014) . BF 5% & W, Wi 7 0 85 5 1 ( sheath
protein, SHP) ACYP1009881 £ 5 e Ji% B il & 1, 7%
A RN A2 T A W R I v P S E R T
ACYP1009881 [w]¥J5 A% #5 35 11 ( Carolan et al., 2009,
20115 Rao et al., 2013) . Wi LF SHP nf H H I i
) AR AL, B L B, 7 AR SCBK Y SHP,
AT Rl R A 32 B 45 4 ( Carolan et al., 2011;
Will et al., 2012) (F2), Will 1 Vilcinskas(2015)
R IRUUERSE T 05F ApShp B DR ] 1 ] i 5 9 A4 12 L,
S B A P T I, IR S 0 ) BT R AR R
71, 2¢W] SHP J2& i & R e A 1Y B 22y . R K
Elgh SHP W& H AR, W9 R, T K
TS R P S S L DY) SaShp W S 30EE KAE i e VG A

JEAR WG IE , A7 16 58T B, 77 5 52 0l 20> (Abdellatef er
al., 2015) , iXSEZERL U] SHP X4k 2 i B IE 7 HL
BEXHE,

56 R 11 e YA B ) M 1 . B PR A R O
B, SR HUREARL, M L1 P Y A 2 R ROIR PR
H A, T 0 8 g 5 Bk ) Nishp #1 NIMulp
#hox T Bk CEURCE RIME, W2 FR AR KRR BT
KFE A b B IS 5 R A, NIMulp o H BR7EHS )
BRI, 25 X0 7K A S5 S Y % ( Huang
et al., 2015, 2016, 2017; Shangguan et al., 2018) ,
SR, AT NG 28 0 He IR W T 9 20 0 B 5
R A T SN o
3.2 IRMER

UgF B KPR U PP A 2 B T, TR R S
TN EAEDLHEEEEMN(R2), M,
[ A FEAB P S e SRR ) N AR AR R R
YIXIRE 5| A 2 TG W 97 A B 0L ) b9 S R R
O /DOl N T (B D 2
( Lapitan et al., 2007 ; De Vos and Jander, 2009; Ma
et al., 2010; Takemoto and Takabayashi, 2012;
Zhang et al., 2017) ,

R2 CHEFRERLNTFEBNINGE

Table 2 Functions of the known salivary effector proteins in aphids

i i R 2K 11 W R 2 1 2 i 27 30k
Species Salivary proteins Functions of salivary proteins References
i o f C002 fE % i HUES Facilitating aphid feeding Mutti et al., 2008
Acyrthosiphon pisum ACE1/2 fE YRl B A Facilitating aphid feeding Wang et al., 2015b
Armet fiE 3 th BUES Facilitating aphid feeding Wang et al., 2015a
ACYPI009881 Z 598 il I Carolan et al., 2009, 2011
Participating in formation of saliva sheath Will et al., 2015
ACYPI139568 fE YRl B A Facilitating aphid feeding Guo et al., 2014
ACYPIO06346 fE BRI Hi A Facilitating aphid feeding Pan et al., 2015
Pk et MpC002 H2 = 0 1t 25 ) Increasing aphid fecundity Bos et al., 2010
Myzus persicae Mpl/2 H2 = 0 i 25 ) Increasing aphid fecundity Pitino and Hogenhout, 2013
Mpl0 5| A7 FAEY) B S Triggering host plant defense Bos et al., 2010
Mp42 5| AT EAEY) B SN Triggering host plant defense Bos et al., 2010
Mp55 T B EALYI BT Suppressing host plant defense Elzinga et al., 2014
MIF1 i 27 A ) G RO Naessens et al., 2015
Repressing host plant immune response
T4 B K A5 f MelO H 5 I 1 285 7 Increasing aphid fecundity Atamian et al., 2013
Macrosiphum euphorbiae Me23 HR 5 I 1 %55 /7 Increasing aphid fecundity Atamian et al., 2013
Med7 45 25 EAE Y 51 2 N Kettles and Kaloshian, 2016
Modulating host plant defense response
FERK AW Sitobion avenae SaC002 fiE PRI i A Facilitating aphid feeding A IEEE 2014
Salacl &R /N2 Adaption to resistant wheat Zhang et al., 2018
R v RpC002 PR S ) Escudero-Martinez et al., 2019
Rhopalosiphum padi Rpl Increasing aphid fecundity
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3.2.1 PP S ff RE R - F HOBCE Y& A B
UEMIBCATE AR . O T s IR 9 7 480, 15
PEAEH T SRR 9 A R 3 S AR A SRR AR Y
AE 1, HME W H A X KR 9 D) E (Kettles and
Kaloshian, 2016) . HTij, % 8 Z0F Bk F1 4%

BRI S IO R VA B T R R GEIESE, 1R X 3
Foft doF R P RGN B T 22 M AL L i SR AL W
FA AL A S il (oxidoreductase ) (% 3) o XS4 flid
JE I T REA B T 308 sRACIR B % AR A BER AR
Py e A o 35 P R A

®3 3MPREREAMMYE

Table 3 Composition and number of salivary proteins in three aphids

MR A

Salivary proteins

Acyrthosiphon pisum

i 4% Rl N Y] Hisf

Macrosiphum euphorbiae Myzus persicae

fitg 2 AL (3R P4SO N 4R

Cytochrome P450 monooxygenase

fif i} Esterase

A S Glucose dehydrogenase
B H k-S-# 74 Wi Glutathione-S-transferase
o E ALY Peroxidase

PR R A A W e RS
UDP-glucuronosyltransferase

155 % 3K 2 464 Angiotensin-converting enzyme
45 J& 15 11 /i Metalloproteinase

B -] 4 WHIBE MR i B-Glucuronidase

FRIKEE Carboxypeptidase

HLVE B Cathepsin

SUKAEE N Aminopeptidase-N

g il Lipase

%z ZE W Maltase

24 5 B 7 [ i Serine protease

1 B Trehalase

PSR B 2 1 Cysteine-rich protein

52725 4 8 14 Calcium binding protein

KREE A/ 82 11 Odorant binding/sensory protein

Enzyme

PSR A Zine finger protein
5 I 241 B 5 A2 41 1 [K] -F- Macrophage migration inhibitory factor
2 2 # H Cuticle protein

9 1 7
27 1 9
16 4 5
5 1 17
20 2 18
5 - 5
3 - 3
8 1 3
1 _ _
13 - 3
23 - 7
47 - 5
37 2 8
10 1 1
15 - 3
4 2 1
12 -

21 1 23
16 - 6
73 1 27
1 1 1
59 1 15

A JT B 1) e RV A A R SR )RR N 1 R IR B S 2 8 . Salivary gland transcriptomes of corresponding aphid species were used to identify

different categories of aphid salivary proteins listed in this table.

BT (laccase ) o B2 HU 2 A7 ) —Fh iy 481k
ity , 12T ] AE A 22 T i 2 ) BT (Wang et al., 2018)
WF9E A B, 22 14 I il VR P e S 38 1 804 Tl G
B Lacl , T2 AN S B KSR S & 2Ry
BT /NEE Triticum: aestivum b 07715 R B 3T
K, 22 SaLacl W RES 5% HUM /N Rk AW Y
A, 722 A8 I 00 BB b 2 4% B A ] ( Zhang et
al., 2018) ., fEMAR B\ Bemisia tabaci MED [EFi it e
Y A A (R R R, T g TR LACT
A BUTE A EAEY) E AT R T RE( Yang e
al., 2017) . XSELEIRRM]  BREVE A 240 A ALl K

R — b, 7EE H gl H R R 5 YR B AR
A B8 & A4k 1T A

L7 G Y B S SRR S N L
( glutathione-S-transferase, GST) (% 3) , ZF#iH =
55 A i REAUS (Huang et al., 2018) o BF5E k3L,
LR A I (0 MR Y 2 11 Med7 J& T GST ik, 1
Z& 7 Solanum lycopersicum Wik Med7 1] i FH 15
LR WE I BEH ), FE A A S rh 5K Med7
AEFRE o Bk F () 55 T, SR, AE LR T Arabidopsis
thaliana H133K Med7 HJ tib 25 FEAK T BREF (0 B3 77,
FW] Med7 J&—Fh 2y U IR0 4 1 (Kettles and
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Kaloshian, 2016) ,

AN, T 22 i e ) e Y - S 3 A IO IR

2 AL P ( glutathione peroxidase) | 4 Jifd {4 % P450
BI04 i ( cytochrome P450 monooxygenase ) | JR 1 -
W 1% % 75 ¥F 55 32 i ( UDP-glucuronosyltransferase ,
UGT) 5 e (2 3) , % SUA# B2 Il T AE 5 1F He A5
A EHY AP A G, W Rl BEAEF 5 2 A
HAE A & RO 2 H B AE A ( Carolan et al., 2011
Chaudhary et al., 2015; Zhang et al., 2017) ,
3.2.2 KSR ST R RHAE DA
VIS SN KR L L R I R S A i
KR . BT B, i R TR SR M2 8 R
H /i ( M2 metalloprotease ) , 1% 2 [ B X AY 1M 45 25 5K
Z 50 ( angiotensin-converting enzyme, ACE) , J&
—FhEE S T R A B LR ApACEL 5 ApACE2
TE 5 57 0 WY AR X 0 B I v T A A 4
R FIA R, T3t ACEL F1 ACE2 B b 25 R 3 2 1
TE# 5. Vicia faba FRFATE R SBOER Y B
SRS 1] A9 Bl R N ] 35 Sk 4, 3R] ApACE &
— RN AR, TR B R b Ok AR
(Carolan et al., 2009, 2011; Wang et al., 2015b)
S J AR Tl AR Ay 0 IR AT, TR 2 A I 1 e
TR R s vl % A 5 B 28 ApACE [R] J5 ) i
WA (Zhang et al., 2017) , WA, 15 HOe g ik
A B 1 (trypsin) (ZHZUEE 1 ( cathepsin) (22
SR W (serine protease ) 2, A PR Il AN [A] A 42 2k
R AR I s, BA AN 6] 4 2 K e 1, D g T g
HIgHhFE(#3) .

g e R VAL 1) P /I SR T P T 0 T I R S S
KAE 13 B 50E, Furch 55 (2015 ) 435K i & 0%
I B RS (I MEVR 575 N Cucurbita maxima )
i 4 25 1 ( phloem protein ) {R-5 W & , & B4 4 11
Bl Are , 9 Y o o e VR 1Y 2 1 T PR A B TR LA
FAEY B, K A S R AR
3.2.3 W TLAEEN W IUREEYIGET L
JOF R BT 10 B A5 T N 194 22 B B 48 S Bz (Nalam er al.,
2019) . AETHAE WEIR BT DR 2 5 B0 45 B 2E DL
gF ey B TP T, 3 — e AR ) A S5 R R I ]
A5 B T35 3 A ¢ ( Vincent et al., 2017), Will £
(2007) &3, 83218 B Megoura viciae )RR ] BH.
ke G e N TR e 8 O AT BEL 2 S 0, 1 2 RE
S E s = RTINS R A RN e s k1 2 IR S FL 2
B, SRR MG R A MV AR 1) B8 A B A B A
IXSESE R, LS8 2 i AT L 5ok M i A 1 RS

BT BAH EAE FH B AR T B ZE S o JRZERIE ST
FEH, 0F o ) e R K ok 4 BEL 1 DR AR B T AR A 4
(Will et al., 2009)

Wi 5 W B 43 W W VK 2K 1 Armet ( arginine-tich,
mutated in early stage of tumors) , 1% H & 5k &,
W2, A TG B T 455 45 . X B SL 0 Armet i
ApArmet FEATIEDN T, 5 BB &9 76 7 TR 1)
¢ S HCA I T S8 i i KRR 53 DA 3R A2 1y
TR 4R I ) SE G K ApArmet 3 7E AN AR A
Nicotiana benthamiana "P3E3K , K& I 1 RAE Y 09
ZHUE 5 0 OO , 3 BUK R TR R (Carolan
et al., 2011; Wang et al., 2015a; Cui et al., 2019)
XBELREH], ApArmet J2—FIEON HE H . MAH, 78
FRief Aphis gossypii W& H L T 2] T Armet 8 H
AgArmet, HZR K BETE A [F] A= Py 00 [0 A 22 5, {H )2
TEAF FRARTTG A W35 22 5, RUNZE A 1Ef B 5
HAF AR 0 BAE hon] e A AR T (AR B4
2018a) ,

3.2.4 BN BRI B EE F PR Kl
JE R TE A 2R B [A) YR A 1 2 i S i Y A P X
B ICE 2 OCH 2, X A A T A 46 4 A AR B
A AL AR 237 A B A, AT R =2 R 43 S 280 B
(Hogenhout et al., 2009; Elzinga et al., 2013) . i
R AR 1 ApCO02 S f Ht rh 3 — S P8 E A%
NIAE T, Mutti 55 (2006 ) % 395 2. 455 e Y 2R 1 G B
BEPA ApCO02 A5 1 g 1Y 2235 42 B2, i HZ PP 51 g f
HPRAT o T ApC002 2= W BUi F7 16 f KA bk 1
AR HOAMARBE T, (EAS 32 ) 59 S o 7 N T ARDRE B Y
FEIG R, SRS R I, TR O W IR 5 i 4
e rp 5 AR 34 SRR AR ) ApC002 , K Bl
Wi IR IR N 2o R 1 A WA B A AR B
HORER AL AL B IR0 45 R R BT, T4 ApC002 fig !
200 L 5 3 S A ) B S %) BT I ), S BOHC £ TR
METMAET (Mutti et al., 2008 ; Carolan et al., 2009) ,
REIRER W], M ApCO02 1k B 2 B HUE i
Feh R 3 AR

7 H Al 35 B R bR R, AR R I T
C002 B A& [FlWF A4 26 1 g A JE 1, ik i () MpC002
(Bos et al., 2010) . Z% — X WF SgC002 ( Zhang et al.,
2015) FEZKE W SavC002 (2= F IS, 2014) A if
AgoC002 (AT #] 5L %, 2018b ). R & 4i & If
Rhopalosiphum padi RpC002 ( Escudero-Martinez et al.,
2019) . RGK B HTRY,IZE A RAATE T U R
Bl ANs TR E ME A SR . SR, AN [R) i
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HUiy €002 AR FFAE T 51 8 B2 DR ST, A R 14 ]
PEABIREH A SE AR . Bilan, 5 5 A4 BUAH Fe L Bk
WFER IR MpCO02 [yFE BE R4 M I 1A T vy 1) 5
T, MAER K B 5 8F ApCO02 11 % 1 [N 48 g 71 |- I
B S IR WA B #E 3 E (Pitino and Hogenhout,
2013) . SR, =AU RE CO02 £ I 7EAL 9 )
BB FR LA KGR E VR A8 0 BT A S

B CO02 A1, 1 Hy M8 F S B AN 22 19 4 10 4
#XE 2F 3 A W) W7 A8 S N A S . W De Vos il
Jander (2009 ) % B 1] #0414 I i Fr 10 S Bk 00 0o L, 75
S A JR A BT PE S Bk I IR B R A pT R A
Rl SRR B TEA A Al ik ek Bk Y Mpl0
1 Mpd2 , i] 3380 28 R iR AN MR AL, B
R FE DR IR R AEF A g, 3 Y 3 T e e A 1 |
KT A ERE W) G B AR S 5 Herh Mpl0 Ho A5 22
WAk 22 7% 57 3 19 ( chemosensory protein, CSP) [ 4%
F3, T Mpd2 AN J& TATA & 18 F %% (Bos et al.,
2010) . Mpl0 5 Mp42 #RGE#E 7 Wh BN AE Y LH L,
SR, —F A AR A i vb ) 5 AN [R], — 25 ] AR ik
AR A5 i AN 2 AR & A BAF (Rodriguez et
al., 2014 ) o 76 A A Sl v FAL R I, MR R EE
Mp10 23453 Wh B AH Y 40 B J57 v, BE A0 ] e 200 77 0 6
I 122 75 0 dURE S S A 1S R A, WHAE
Vb 18 5 B — € 19 71 8 45 (Bos et al., 20105
Mugford et al., 2016), M 4b, tH WF 55 & B, Mpl0
5 Mp42 TE &Y D45 2 & 0 5 5 ( potato leafroll
virus, PLRV) ARk I5F i3 i r 1) 2 36 i I 225410
MR, B Mpl0 5 Mp42 7] 68 b B Bk 0F 1% 3% PLRV
(XA, 2017)

gF Hhanae YA v %) 0 508 AR 1, Tk B Y Mipl
Mp2, Mp55 Fil MpMITF1 G 4 il 75 3= 4 14 B 7 B
LA F) T Bk AE A EAE Y b HUE 5 (Pitino et
al., 2011; Pitino and Hogenhout, 2013; Elzinga et
al., 2014 ; Naessens et al., 2015) , AR, Mof B
B 5 EHEY0 EAEDLE 2 B8 AR, AU
Mpl1 75 HCE b #8 th g o0 W B AE ) 2 2 P HLAE Th A e
RSN, 758 B BRI R T A L A O AR
4> 1 ¢ B8 & [ 52 ( vacuolar protein sorting
associated protein 52, VPS52) J& Mpl 7548 #)4H 21
AIVE A AR ( Mugford et al., 2016; Rodriguez et al.,
2017) o LR B AE W i Hh LA R D) RE 2R ALY 2K
PR . WS B, DA% B KA I IR U AR 1 MelO
I Me23 A 410 2 S AR 400 B4R R H v i ek B 0 1Y)
Tag, SR, Al Py R gy 8] 957 51 8 R 4k 3E

( Atamian et al., 2013) . 3 LU TE FIEEBE X 2%
BB, b TETT7 2 D% AT IF Mel0 B A [+)
IR AglOk A FHEEAR ; X032t HAMKER 3%
W1, MelO 5 TFT7 # 5 1E & A4 16 40 i B2
(Chaudhary et al., 2019) . AN, IR WF5T R, &
A A A 41 i B PR 32 K 38 B ( somatic embryogenesis
receptor kinases, SERKs) FIPiiEILN Mi-1.2 & 5%f
LR B AE M W Y AR 1 R0 T 3R 1] (Peng et al.,
2016) .

U7 e A R TP B RS AR A L, BR B A
JUEEE AN, 7r 05 Wi e W IR 5 s A PR S E B T
2 LM (maltase ) |V BRI (trehalase ) | ) 45 5 46
AL ( glucose oxidase ) | % 75 B i & i ( glucose
dehydrogenase) JIg i i ( lipase ) | 20 ZUAH 1 il UK
24547 1 (odorant binding protein) k27 @%3Z [ .
FHHE F5F (cuticle protein) (£ 3) o MARIXLLITE
B R EAARDIRE R IH , (82 2 808 2 Ao ik
B, YIRS T REAFTETUAY , W] RETE T He BUE AN R By
By i s o i) A A

4 BHEGEANERRERRE
B 76 5 EY R A

4.1 WHEFEQEERRIEENX

gt DIAR ) B, 3 A B AR S 4
W3 R 4R 77 ( Dres and Mallet, 2002) , & T B
UMb W PR, 08 s EAT AT R e LU A 4R B B o
AIEYHRIEE (Cui et al., 2017) . SR, A[A) 2 3
T E FEACY W BRESF R AR R IR 25 5%
PRIt , HF s B 27 A d e R 0 S/ 2 BRI e 1
I it 5 At & A 22 — (Simon and Peccoud,
2018) . KeialFR e b B B A i A 2K R
Wi & Vicia villosa . 922 B §& Medicago truncatula .
LA E T Medicago sativa FAY 5 h,30 4~ E 3
PRI R R A 22 S 2Rk, 30 2 22 S 3k e AL ] 4 i G
A0 MR PASO B fin Al L R M 2 R TR
(alkaline phosphatase ) %5 ME /i 2 1 ( Lu et al.,
2016) , #kBEF Haylopterus persikonus TE A [6] 2247 )
YA Z R TEE % £ 549 £ ERHRRA
110 AR 5 25 11 G BT Ak PR 7 22 S R A, X SE R
B PG RE R PRSI R B R A
i S A (Cui et al., 2017)

ZROF R SRRV, TF A L T HU A
FORGEE | DRI , 2 A o i A 0 ) e 2
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SILEIF HURPREHT R AR Y e % s 7, DT 31K 5 38 17
Hrar EFEE Y & AR BRI AR T 09 A2 ) AL (Simon and
Peccoud, 2018) , [R)FfieF b A ] A= 49 2 [a] e 0% 26 4
BRI FRIRTEAFAE 22 7 BP0 R O, U 4 & 1 B & 0%
ARl A= Py U] MR AR R T A 0 3 25 5 X
i 2% 5 AT BE K Bl i 5205 7 A= 2F £ R34k, TR AR )
® ( Jaquiéry et al., 2012; Eyres et al., 2016;
Nouhaud et al., 2018) . 7 WU Bf 122 — LWt 47
P38 N AR/ NZE Al R AR ) B TS B, Rl 3R A )
—/NZZE T b 2 SR RN () A B (B AETE 14
2 S AR MR 1, T IRCRS [m] Ah/N 22 Y 2 S
ANTR) A Wy BRI 6 A 22 S5 3K 3K 1Y IR AR 1
( Nicholson et al., 2012; Nicholson and Puterka,
2014)

BB (R AIAR 0 AN [) 0P it o g g ol JHC e 97 2
FRIAE WA, WP R, SR e RS
Glycine max i & b B K G WF Aphis glycines #H HL AR 37
TEE ARG F RS, A 6 e AR M &k
TR AR S AR AR S R R
VRS . R kY 54 i ( disulfide isomerase ) Jk [K] 45
(Bansal et al., 2014) , 5Z AL, BEHUHR/NER
F2 A AE IF IR TR /N2 118 22 KA OF ) W, 1
Lacl Fikim B3 T+ (Zhang et al., 2018)

4.2 HHREGEESERIERRNA

B RS AT T RO o, R R A
o3I N RZGTIR . B Z R PG Tk itk
$E, A BT 4 Hi 322 A 0 d B IR B, AR, A
HORN A I B AR T — R R, 4G 7 A B 2
il FRAGF R R A LR A A A R 2 R RN At A
A )) RIS Y A (Yu et al., 2016) o RIEMFSE
W], BT RNAI B R BORA B Tk Dk 3 28 ] BT,
meay FiH 5 60 * UL Bk ( host-induced gene
silencing, HIGS) BAT B 1A ROR 4 AR 45 57 P 0 Al
X IR A A S %07 A B AR R H 4 S
AL 7B iR T BOARBOR AN FRE 19 A8 B 4 it ( Liu et
al., 2019; Sun et al., 2019)

iz 1 HIGS B o, S5 A RNAT B AR 2
B %34T %5 ( Bhatia and Bhattacharya, 2018), H 7,
B LI5F AR A A% T AR W v B A O MR VR A
RESRAT AT , X 223 JR A [ 2 1 M5 , % 4o 1 iy B
BHEA AT EERER . REPFFEER, RNAL HAR
Xof BgF Hh P M Y 1 G D s PR R B R ARCR:, O
HL TR MR A AH DGR A T B Hel 5 B R R
(Yu et al., 2016) , 4N, Pitino 45 (2011 ) ZR 444 2t

T AT A A AR, 1 SR PRI T BR P e BE R UL R R
B EDAAC LRI B B AR ) 0 it R v S A DR i 1
BRiF MpC002 ) dsRINA, 75 4% JE DA 480 1 I 1 e 2k (M)
A A b AT BOBEF B MpC002 2k 7K - F1 % 5H )
Yl AR, Sk ny Wt R W, Mk ur g I i L DR A
YILUG M b 27 AR S 10 RNAL RCRATIRREE 6
d, It H 2 B ) RNAG A& A0 5 )i 3%
B F BE DL T O BRIF R R T B T 60% , 2
HOE A B B IR R (Coleman et al., 2015),
Abdellatef 45 (2015) 55 & 1 HE [ 22 45 0 4 4 1 A
SaShp B RNAL ¥ 3L K KFZ Hordeum vulgare , & ¥
B BT Y A R R 22 Y M SRR LU, TR e R K2
AR E KW SaShp FEH B KV AFTE A
EYWIRTE N R S e = R
F|PFEMREZ G, KR IRLE AR A
BF ETE, IF Mot 22 g ARz mfese 17 7 48,
FEW T B DR R 0 2 A AT B R B 808
AN, WoF B 22 MR 1 O SRR BUTRE A
A [v] 5 1 ] — S e Y A 1 R R R DR, DAL, R LA
X M YR 1 i % 5 DR %) DR S P 9 BT AL AR
HEFT HIGS , BB PT LAk o 25 A1 AR #E b5 2R, SUPT DA
UFAE W) X5} 2 Ptk o (470 1 ( Abdellatef et al., 2015;
van Bel and Will, 2016) , A] Ud,, 4of dv e %% 25 (1 2 HE
B HEIR . B 5 R AR LT TS IR A, A2
PR A 7 EA 200 RNAL SUif du 4t 2 1
FRAEFEAR , SORA B T e i iU 45

5 NEERE

124 1k, FOA DB LA i i v 2R 53 0
TR TEAR AT , Wi 2 BREE | S R A A X
LOHeE ot (9 MR AR LS 2 YRR R R (R
1) o HAth ™ Jgl B A ol A 7 %) BF S 1 e Y 2 1 O3
WATEATIA o R AR BT, X S 07 o 5 AR I L 22 — X
Wof R RZMAAE BT O A TR A M AR A I 1Y
gty A DEO LR ERY R R RETS BT, R 2
B A D REAT AR R . DA 0 Sy f51], FL RV
T H ApC002, ApMIF1, ApArmet, ApACE1/2
ACYPI009881 4575 7 F U & rh i D RE C LA 4
(van Bel and Will, 2016) , {H J2 i3 6 e % 25 [ 76 %
LW 5 AR AR 3 i G E AR A E A RRRA
W5,

FIFHAE I8 RGBS, e A8 ) i 28 15 W e i 2
1, 2 B 53 iR 11 2 RE ) A AT Bt (Guy et al.,
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2016) , H i, 75 28 M i B A ) (U R I F A 2
M) T 2 HESL T 58 % 1Y R AT I Agrobacterium
umefaciens 7 YL AR Z5 , PRI, AT AE 40P T BlA 2B A v
Rl TR MPF R A A 1 o ) sk T e 2 L Frg A A
Yy, 385 AR B A AR AT AR T ARk
AR, A R A A 1Y) K M A 1
H-HY” BAETP RIHLE C ARG — E R T . 2R
M7, T IEAAT TR AR A B RCR I AR E , BT
PRFF T AE R FIAE ) B, A 2l R AEY)
(I/NZ) ik A N7 R F R A FR (Wroblewski
et al., 2005; Guy et al., 2016), [N, fF4& FhEZE
(B R) RAEY S IR AR R IR ARG
WV A AR I A EAE R A HLAR TR, I i B
FHICE A 53— F AL, 2 AH 5 S0 358 1 =5 ZEF 592 07 [ R
gz oI

Xu 55 (2019 ) 18 32 7 A0 B v [ e 3 32 MDA mUAL
IEEE 1, & PR AR 1 BS6 A7 B T8 v Mk mUAG
Yo 42 15 H] qPCR R SO AR 2E G H %
PEENTE DG G e B R 1 32 BT MR YRR 48 3K 0
AT IAEIAEIN SRS P B R e AT T4, 2 BX
Ry EIBCE AT A MR 5 AR A ) 75 ) S AT Y 2
SO 5 38 3 WERE AL AAE R AR WUy 2O H AR
T, B R A 5 1) NTH202 #% 53% [R5 Oy e v 2
F1 BiS6 pfEHIHE bR, MKy B 5 0F de W) g 3 H B
H AP R H R JU) BCR R e G A Y
22 = W S N R Gl 7 el Y B e S SR T s e S (E R
ZHEAEYE, X A I REIR R 2 R R
FE )~ IS0 28 SUATR, 3 T i 45 0 4 s 3L 2 v 1)
3 JerL DR KON, F12F FEAE W) AR BT SR 5 ik, (] ERE DA
UF Kb F% £ RTREL P 1) £ B R 9 [R) R, 22 #3248 7 1
MR AR R A EARY BRI IR, OB
Hel g B SER B AR 15 B, A B Tk e fe sy
BTG i 05 AT B, i Aol 1 AT ¢ 48 e e L o 22
P

B2k (References)

Abdellatef E, Will T, Koch A, Imani J, Vilcinskas A, Kogel KH,
2015. Silencing the expression of the salivary sheath protein causes
transgenerational feeding suppression in the aphid Sitobion avenae.
Plant Biotechnol. J., 13(6) : 849 —857.

Atamian HS, Chaudhary R, Cin VD, Bao E, Grike T, Kaloshian I,
2013. In planta expression or delivery of potato aphid Macrosiphum
euphorbiae effectors MelO and Me23 enhances aphid fecundity.
Mol. Plant-Microbe Interact., 26 (1) : 67 —=74.

Bansal R, Mian MAR, Mittapalli O, Michel AP, 2014. RNA-Seq

reveals a xenobiotic stress response in the soybean aphid, Aphis
glycines, when fed aphid-resistant soybean. BMC Genomics, 15
(1):972.

Bhatia V, Bhattacharya R, 2018. Host-mediated RNA interference
targeting a cuticular protein gene impaired fecundity in the green
peach aphid Myzus persicae. Pest Manag. Sci., 74 (9): 2059 -
2068.

Bos JIB, Prince D, Pitino M, Maffei ME, Win J, Hogenhout SA, 2010.
A functional genomics approach identifies candidate effectors from
the aphid species Myzus persicae (green peach aphid). PLoS Genet.,
6(11): el001216.

Boulain H, Legeai F, Guy E, Morliere S, Douglas NE, Oh J, Murugan,
Smith M, Jaquiery J, Peccoud J, White FF, Carolan JC, Simon
JC, Sugio A, 2018. Fast evolution and lineage-specific gene family
expansions of aphid salivary effectors driven by interactions with
host-plants. Genome Biol. Evol., 10(6) : 1554 —1572.

Carolan JC, Caragea D, Reardon KT, Mutti NS, Dittmer N, Pappan K,
Cui F, Castaneto M, Poulain J, Dossat C, Tagu D, Reese JC,
Reeck GR, Wilkinson TL, Edwards OR, 2011. Predicted effector
molecules in the salivary secretome of the pea aphid (Acyrthosiphon
pisum) ; a dual transcriptomic/proteomic approach. J. Proteome
Res., 10(4) : 1505 —1518.

Carolan JC, Fitzroy ClJ, Ashton PD, Douglas AE, Wilkinson TL, 2009.
The secreted salivary proteome of the pea aphid Acyrthosiphon pisum
characterised by mass spectrometry. Proteomics, 9 (9 ):
2457 -2467.

Chaudhary R, Atamian HS, Shen Z, Briggs P, Kaloshian I, 2015.
Potato aphid salivary proteome: enhanced salivation using resorcinol
and identification of aphid phosphoproteins. J. Proteome Res., 14
(4):1762 -1778.

Chaudhary R, Atamian HS, Shen Z, Briggs SP, Kaloshian I, 2014.
GroEL from the endosymbiont Buchnera aphidicola betrays the aphid
by triggering plant defense. Proc. Natl. Acad. Sci. USA, 111
(24) . 8919 -8924.

Chaudhary R, Peng HC, He J, MacWilliams J, Teixeira M, Tsuchiya T,
Chesnais Q, Mudgett MB, Kaloshian I, 2019. Aphid effector Mel0
interacts with tomato TFT 7, a 14-3-3 isoform involved in aphid
resistance. New Phytol., 221(3) : 1518 - 1528.

Cherqui A, Tjallingii WF, 2000. Salivary proteins of aphids, a pilot
study on identification, separation and immunolocalisation. J. Insect
Phystol., 46(8) : 1177 —1186.

Coleman AD, Wouters RHM, Mugford ST, Hogenhout SA, 2015.
Persistence and transgenerational effect of plant-mediated RNAi in
aphids. J. Exp. Bot., 66(2) . 541 —548.

Cooper WR, Dillwith JW, Puterka GJ, 2011. Comparisons of salivary
proteins from five aphid ( Hemiptera: Aphididae ) species.
Environm. Entomol., 40(1) . 151 —156.

Cut F, Michael Smith C, Reese J, Edwards O, Reeck G, 2012.
Polymorphisms in salivary-gland transcripts of Russian wheat aphid
biotypes 1 and 2. Insect Sci., 19(4) : 429 —440.

Cui N, Lu H, Wang TZ, Zhang WH, Kang L., Cui F, 2019. Armet, an

aphid effector protein, induces pathogen resistance in plants by



12 14 TR F kR R T S 0 1445

promoting the accumulation of salicylic acid. Philos. Trans. R.
Soc. B, 374(1767) . 20180314.

Cui N, Yang PC, Guo K, Kang L, Cui F, 2017. Large-scale gene
expression reveals different adaptations of Hyalopterus persikonus to
winter and summer host plants. Insect Sci., 24(3) : 431 —442.

De Vos M, Jander G, 2009. Myzus persicae ( green peach aphid) salivary
components induce defence responses in Arabidopsis thaliana. Plant
Cell Environ., 32(11) : 1548 - 1560.

Dres M, Mallet J, 2002. Host races in plant-feeding insects and their
importance in sympatric speciation. Philos. Trans. R. Soc. Lond.
B, 357(1420) ; 471 -492.

Elzinga DA, De Vos M, Jander G, 2014. Suppression of plant defenses
by a Myzus persicae ( green peach aphid) salivary effector protein.
Mol. Plant-Microbe Interact., 27(7) : 747 —756.

Escudero-Martinez C, Rodriguez P, Santos P, Jennifer S, Jorunn IBB,
2019. A cereal aphid effector promotes barley susceptibility in a
species-specific manner through suppression of defence gene
expression. bioRxiv, 2019(7) ; 639476.

Eyres I, Jaquiéry J, Sugio A, Duvaux L, Gharbi K, Zhou JJ, Legeai I,
Nelson M, Simon JC, Smadja CM, Butlin R, Ferrari J, 2016.
Differential gene expression according to race and host plant in the
pea aphid. Mol. Ecol., 25(17) : 4197 —-4215.

Furch ACU, van Bel AJE, Will T, 2015. Aphid salivary proteases are
capable of degrading sieve-tube proteins. J. Exp. Bot., 66 (2):
533.

Gao S, Ren YP, Sun Y, Wu ZF, Ruan JH, He BJ, Zhang T, Yu X,
Tian XX, Bu WJ, 2016. PacBio full-length transcriptome profiling
of insect mitochondrial gene expression. RNA Biol., 13(9) . 820 -
825.

Guo GX, Liu Y, Yang JJ, Ma XZ, 2006. Identification, activity and
function determination of several salivary enzymes secreted by
Macrosiphum avenae. Acta Entomol. Sin., 49(5) : 768 = 774. [ ¥
HE, X, EE, D E, 2006, KRR T LR
B T INE S . RHE, 49(5) - 768 ~774]

Guo K, Wang W, Luo L, Chen J, Guo Y, Cui F, 2014.
Characterization of an aphid-specific, cysteine-rich protein enriched
in salivary glands. Biophys. Chem., 189 25 —32.

Guy E, Boulain H, Aigu Y, Pennec CL, Chawki K, Morliere S, Kunert
G, Siomon JC, Suigo A, 2016. Optimization of agroinfiltration in
Pisum sativum provides a new tool for studying the salivary protein
functions in the pea aphid complex. Front. Plant Sci., 7: 1171.

Harmel N, Létocart E, Cherqui A, Giordanengo P, Mazzucchelli,
Guillonneau F, Pauw ED, Haubruge E, Francis F, 2008.
Identification of aphid salivary proteins: a proteomic investigation of
Myzus persicae. Insect Mol. Biol., 17(2) : 165 - 174.

Hogenhout SA, Van der Hoorn RAL, Terauchi R, Kamoun S, 2009.
Emerging concepts in effector biology of plant-associated organisms.
Mol. Plant-Microbe. Interact., 22(2) : 115 —122.

Huang HJ, Liu CW, Cai YF, Zhang MZ, Bao YY, Zhang CX, 2015. A
salivary sheath protein essential for the interaction of the brown
planthopper with rice plants. Insect Biochem. Molec. Biol., 66
77 -87.

Huang HJ, Liu CW, Huang XH, Zhou X, Zhou JC, Zhang CX, 2016.
Screening and functional analyses of Nilaparvata lugens salivary
proteome. J. Proteome Res., 15(6) : 1883 —1896.

Huang HJ, Liu CW, Xu HJ, Bao YY, Zhang CX, 2017. Mucin-like
protein, a saliva component involved in brown planthopper virulence
and host adaptation. J. Insect Physiol., 98 ; 223 —230.

Huang XL, Liu DG, Zhang RF, Shi XQ, 2018. Transcriptional
responses in defense-related genes of Sitobion avenae ( Hemiptera:
aphididae) feeding on wheat and barley. J. Econ. Entomol., 112
(1):382-395.

Jaquiéry J, Stoeckel S, Nouhaud P, Mieuzet L., Mahéo F, Legeai F,
Bernard N, Bonvoisin A, Vitalis R, Simon JC, 2012. Genome
scans reveal candidate regions involved in the adaptation to host
plant in the pea aphid complex. Mol. Ecol., 21(21) : 5251 —5264.

Kettles GJ, Kaloshian I, 2016. The potato aphid salivary effector Me47 is
a glutathione-S-transferase involved in modifying plant responses to
aphid infestation. Front. Plant Sci., 7 1142.

Kong HJ, Zhang KS, Liu YJ, Shang YJ, Wu B, Liu XT, 2014.
Advances in isobaric tags for relative and absolute quantitation
techniques research. Lett. Biotechnol., 25(2) : 295 —300. [ LY
G, sk, XGKAS, MAGZE, SOk, XY, 2014, [AA7 R bx
LA RO X 52 1 2 AL BORDE STk . A BRI, 25
(2):295-300]

Lapitan NLV, Li YC, Peng J, Botha AM, 2007. Fractionated extracts of
Russian wheat aphid eliciting defense responses in wheat. J. Econ.
Entomol., 100(3) : 990 —999.

Li XF, Fan J, Sun YW, Wang GP, Chen HM, Yan T, Du WM, Xia
LQ, 2014. Cloning and RNA interference analysis of the Sitobion
avenae salivary protein C002 gene. Chin. J. Appl. Entomol., 51
(6): 1479 - 1487. [ZHIE, Jifk, i, EHRF, BRI,
=g, ARSCB, HA2EE, 2014, E R 1 C002 5K
FERES RNA THEOFE. MR HAAR, 51(6) : 1479 - 1487 ]

Liu S, Jaouannet M, Dempsey DMA, Imani J, Coustau C, Kogel KH,
2019. RNA-based technologies for insect control in plant
production. Biotechnol. Adv., 107463.

Liu YJ, 2017. PLRV-Mediated Physiological Responses, Feeding and
Defense Behaviors of Myzus persicae. PhD Dissertation, Shandong
Agricultural University, Tai’an, Shandong. [ X|JE7%, 2017. h4%
B R AORE I A BN A R S R AT . IR
T2 R R # A ]

Lu H, Yang PC, Xu YY, Luo L, Zhu JJ, Cui N, Kang L, Cui F,
2016. Performances of survival, feeding behavior, and gene
expression in aphids reveal their different fitness to host alteration.
Sci. Rep., 6; 19344.

Ma R, Chen JL, Cheng DF, Sun JR, 2010. Activation of defense
mechanism in wheat by polyphenol oxidase from aphid saliva. J.
Agric. Food Chem., 58(4) : 2410 -2418.

Mugford ST, Barclay E, Drurey C, Findlay KC, Hogenhout SA, 2016.
An immuno-suppressive aphid saliva protein is delivered into the
cytosol of plant mesophyll cells during feeding. Mol. Plant-Microbe
Interact., 29(11) ; 854 —861.

Mutti NS, Louis J, Pappan LK, Pappan K, Begum K, Chen S, Park Y,



1446 B 244k Acta Entomologica Sinica 62 &

Dittmer N, Marshall J, Reese JC, Reeck GR, 2008. A protein from
the salivary glands of the pea aphid, Acyrthosiphon pisum, is
essential in feeding on a host plant. Proc. Natl. Acad. Sci. USA,
105(29) : 9965 —9969.

Mutti NS, Park Y, Reese JC, Reeck GR, 2006. RNAi knockdown of a
salivary transcript leading to lethality in the pea aphid,
Acyrthosiphon pisum. J. Insect Sci., 6(1) : 38.

Naessens E, Dubreuil G, Giordanengo P, Baron OL, Minet-Kebdani N,
Keller H, Coustau C, 2015. A secreted MIF cytokine enables aphid
feeding and represses plant immune responses. Curr. Biol., 25
(14) . 1898 - 1903.

Nalam V, Louis J, Shah J, 2019. Plant defense against aphids, the pest
extraordinaire. Plant Sci., 279 ; 96 —107.

Nicholson SJ, Hartson SD, Puterka GJ, 2012. Proteomic analysis of
secreted saliva from Russian wheat aphid ( Diuraphis noxia Kurd. )
biotypes that differ in virulence to wheat. J. Proteomics, 75(7) :
2252 -2268.

Nicholson SJ, Puterka GJ, 2014. Variation in the salivary proteomes of
differentially virulent greenbug ( Schizaphis graminum Rondani )
biotypes. J. Proteomics, 105: 186 —203.

Nouhaud P, Gautier M, Gouin A, Jaquiéry J, Peccoud J, Legeai F,
Mieuzet L, Smadja CM, Lemaitre C, Vitalis E, Simon JC, 2018.
Identifying genomic hotspots of differentiation and candidate genes
involved in the adaptive divergence of pea aphid host races. Mol.
Ecol., 27(16) : 3287 -3300.

Oppenheim SJ, Baker RH, Simon S, DeSalle R, 2015. We can’t all be
supermodels ; the value of comparative transcriptomics to the study of
non-model insects. Insect Mol. Biol., 24(2) : 139 — 154.

Pan Y, Zhu J, Luo L, Kang L, Cui F, 2015. High expression of a
unique aphid protein in the salivary glands of Acyrthosiphon pisum.
Physiol. Mol. Plant Pathol., 92 : 175 - 180.

Peng HC, Mantelin S, Hicks GR, Takken FW, Kaloshian I, 2016. The
conformation of the plasma membrane-localized SISERKI-Mi-1. 2
complex is altered by a potato aphid derived effector. Plant Physiol.,
171(3) . 2211 -2222.

Pitino M, Coleman AD, Maffei ME, Ridout CJ, Hogenhout SA, 2011.
Silencing of aphid genes by dsRNA feeding from plants. PLoS ONE,
6(10) : €25709.

Pitino M, Hogenhout SA, 2013. Aphid protein effectors promote aphid
colonization in a plant species-specific manner. Mol. Plant-Microbe
Interact., 26(1) ; 130 —139.

Ponsen MB, 1972. The Site of Potato Leafroll Virus Multiplication in lts
Vector, Myzus persicae; An Anatomical Study. PhD Dissertation,
Wageningen University, Wageningen, Netherland.

Rao SAK, Carolan JC, Wilkinson TL, 2013. Proteomic profiling of
cereal aphid saliva reveals both ubiquitous and adaptive secreted
proteins. PLoS ONE, 8(2) : e57413.

Ren KY, Zhang S, Luo JY, Lu LL, Cui JJ, Zhu JB, 2018a. Cloning of
the gene armet in the salivary gland and analysis of its expression in
Aphis gossypii. Plant Prot., 44(2) . 47 =52. [ATA] 5L, sk, #E
Wy, B, EEA, PN, 2018a. MMFIERARE 1 armet
B DR B s B SRR AT, AR, 44(2) : 47 -52]

Ren KY, Zhang S, Luo JY, Wang CY, Lu LL, Zhang LL, Zhu XZ,
Wang L, Cui JJ, Zhu JB, 2018b. Clone and expression analysis of
salivary gland protein C002 in different host-specific types of Aphis
gossypii Glover. J. Environ. Entomol., 40(3) ; 231 —241. [{T#]
B, oak0b, AESRHT, TA, B, KA, REE, T,
B, BUERE, 2018b. ARIGME 8 C002 KA v b X AE AR
WEARRIZF E LA R B Rk 04T PRI R o, 40(3) .
231 -241]

Rodriguez PA, Escudero-Martinez C, Bos JIB, 2017. An aphid effector
targets trafficking protein VPS52 in a host-specific manner to
promote virulence. Plant Physiol., 173(3) : 1892 —1903.

Rodriguez PA, Stam R, Warbroek T, Bos JIB, 2014. MplO and Mp42
from the aphid species Myzus persicae trigger plant defenses in
Nicotiana benthamiana through different activities. Mol. Plant-
Microbe Interact., 27(1) : 30 —39.

Shangguan XX, Zhang J, Liu BF, Zhao Y, Wang HY, Wang ZZ, Guo
JP, Rao WW, Jing SL, Guan W, Ma YH, Wu Y, Hu L, Chen
RZ, Du B, Zhu L, Yu DZ, He GC, 2018. A mucin-like protein of
planthopper is required for feeding and induces immunity response in
plants. Plant Physiol., 176(1) : 552 —565.

Simon JC, Peccoud J, 2018. Rapid evolution of aphid pests in
agricultural environments. Curr. Opin. Insect Sci., 26 17 —24.

Sun YW, Sparks C, Jones H, Riley M, Francis, Du WM, Xia LQ,
2019. Silencing an essential gene involved in infestation and
digestion in grain aphid through plant-mediated RNA interference
generates aphid-resistant wheat plants. Plant Biotechnol. J., 17
(5): 852.

Takemoto H, Takabayashi J, 2012. Exogenous application of liquid diet,
previously fed upon by pea aphids Acyrthosiphon pisum (Harris) , to
broad bean leaves induces volatiles atiractive to the specialist
parasitic wasp Aphidius ervi (Haliday). J. Plant Interact., 7(1):
78 - 83.

Teixeira MA, Sela N, Atamian HS, Bao E, Chaudhary R, MacWilliams
J, He J, Mantelin S, Grike T, Kaloshian I, 2018. Sequence
analysis of the potato aphid Macrosiphum euphorbiae transcriptome
identified two new viruses. PLoS ONE, 13(3): €0193239.

Thorpe P, Cock PJA, Bos J, 2016. Comparative transcriptomics and
proteomics of three different aphid species identifies core and diverse
effector sets. BMC Genomics, 17(1); 172.

Tjallingii WF, 2006. Salivary secretions by aphids interacting with
proteins of phloem wound responses. J. Exp. Bot., 57(4): 739 -
745.

Tjallingii WF, Esch TH, 1993. Fine structure of aphid stylet routes in
plant tissues in correlation with EPG signals. Physiol. Entomol., 18
(3):317 -328.

van Bel AJE, Will T, 2016. Functional evaluation of proteins in watery
and gel saliva of aphids. Front. Plant Sci., 7. 1840.

Vandermoten S, Harmel N, Mazzucchelli G, Pauw ED, Haubruge E,
Francis F, 2014. Comparative analyses of salivary proteins from
three aphid species. Insect Mol. Biol., 23(1) . 67 =77.

Vincent R, Avramova M, Canham J, Higgins P, Bilkey N, Mugford ST,
Pitino M, Toyota M, Gilroy S, Miller AJ, Hogenhout SA, Sanders



12 i T A5 - of O A 1447

D, 2017. Interplay of plasma membrane and vacuolar ion channels,
together with BAKI, elicits rapid cytosolic calcium elevations in
Arabidopsis during aphid feeding. Plant Cell, 29(6) : 1460 —1479.

Wang W, Dai H, Zhang Y, Chandrasekar R, Luo L, Hiromasa Y,
Sheng C, Peng G, Chen S, Tomich JM, Reese J, Edwards O,
Kang L, Reeck G, Cui F, 2015a. Armet is an effector protein
mediating aphid-plant interactions. FASEB J., 29 (5):. 2032 -
2045.

Wang W, Luo L, Lu H, Chen S, Kang L, Cui F, 2015b. Angiotensin-
converting enzymes modulate aphid-plant interactions. Sci. Rep., 5:
8885.

Wang Z, Hu R, Ye X, Huang JH, Chen XX, Shi M, 2018. Laccase 1
gene from Plutella xylostella ( PxLacl) and its functions in humoral
immune response. J. Insect Physiol., 107 ; 197 —203.

Will T, Kornemann SR, Furch ACU, Tjallingii WF, van Bel AJ, 2009.
Aphid watery saliva counteracts sieve-tube occlusion: a universal
phenomenon? J. Exp. Biol., 212(20) : 3305 -3312.

Will T, Steckbauer K, Hardt M, van Bel AJ, 2012. Aphid gel saliva:
sheath structure, protein composition and secretory dependence on
stylet-tip milieu. PLoS ONE, 7(10) : e46903.

Will T, Tjallingii WF, Thonnessen A, van Bel AJ, 2007. Molecular
sabotage of plant defense by aphid saliva. Proc. Natl. Acad. Sci.
USA, 104(25) : 10536 —10541.

Will T, Vilcinskas A, 2015. The structural sheath protein of aphids is
required for phloem feeding. Insect Biochem. Molec. Biol., 57:
34 -40.

Wroblewski T, Tomczak A, Michelmore R, 2005. Optimization of
Agrobacterium-mediated transient assays of gene expression in

lettuce, tomato and Arabidopsis. Plant Biotechnol. J., 3(2) : 259 -

273.

Xu HX, Qian LX, Wang XW, Shao RX, Hong Y, Liu SS, Wang XW,
2019. A salivary effector enables whitefly to feed on host plants by
eliciting salicylic acid-signaling pathway. Proc. Natl. Acad. Sci.
USA, 116(2) ; 490 —495.

Yang CH, Guo JY, Chu D, Ding TB, Wei KK, Cheng DF, Wan FH,
2017. Secretory laccase 1 in Bemisia tabaci MED is involved in
whitefly-plant interaction. Sci. Rep., 7(1): 3623.

Yang Z, Ma L, Francis F, Yang Y, Chen H, Wu H, Chen X, 2018.
Proteins identified from saliva and salivary glands of the Chinese gall
aphid Schlechtendalia chinensis. Proteomics, 18(9) : 1700378.

Yu XD, Liu ZC, Huang SL, Chen ZQ, Sun YW, Duan PF, Ma YZ,
Xia LQ, 2016. RNAi-mediated plant protection against aphids. Pest
Manag. Sci., 72(6) : 1090 - 1098.

Zhang Y, Fan J, Francis F, Chen JL, 2017. Watery saliva secreted by
the grain aphid Sitobion avenae stimulates aphid resistance in wheat.
J. Agric. Food Chem., 65(40) . 8798 —8805.

Zhang Y, Fan J, Francis F, Chen JL, 2018. Molecular characterization
and gene silencing of Laccase 1 in the grain aphid, Sitobion avenae.
Arch. Insect Biochem. Physiol., 97(4) : €21446.

Zhang Y, Fan J, Sun JR, Chen JL, 2015. Cloning and RNA
interference analysis of the salivary protein C002 gene in Schizaphis
graminum. J. Integr. Agric., 14(4) . 698 —705.

Zhang Y, Fan J, Sun J, Francis F, Chen JL, 2017. Transcriptome
analysis of the salivary glands of the grain aphid, Sitobion avenae.

Sci. Rep., 7(1): 15911

(TR BRI



