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RN ZERANEE R EEE R RPRER

BT, frd®, RIBE, FHRE
S FOHL K2 AR 5 HOR 2%, A SO K2 BB B0, T3 100083

FE R A e 2 A R 52 A4 (PRRs )R B A AR 52 70 7 B2 (PAMPs),  BETTIfilt & B B 1A 8 S RE(PTI) o £EREH)
e fe, PRRsEGHNLA K LA E Ao HAE BT BER) AP 2R 2, PRRs & AT LAE N5 M (ER) L& ik, JFilid gt
Weor b B R (PM) Lo Ie4h, PRRs R At n] LU e Iy 2E4T M0 P 7R 2 BB o A0 mT DLIE L g P9 96 D2 P il PRRs 2 1 L2
155 H T, AT DOE TR B N AR AT (5 5 & . 1Z30ME T PRRsER 1 BRI BT 7 ik e LUK PRRs &R A AL A B4 18

FERE) o I AR

X8R BEURZ A (PRRS), Wi JE AR FREU(PAMPS), MI#:IE, 0 ARG 7B il 1 G2 (PT1), R %y
BT, BRI, BHE, FHRIE (2020). BRI SR N iz e S T rIfE L. =44k 65, 329-339.

FE )AL BEA AR 37 S A I 20 T W o 2 T S 3 B A
B SO AR . TSR R B
AR, MBI T —E RN, PUERIEH 58
ROEH A KK G IR 5 S5 A HESI I R AR e Fl
PAFE AR L, WY R BRI R, ARG
AL RGUE 5 RILPUR E M AE IR . 1Y)
J6 R A g% X oy R IR AH 95 43 1152 X (pathogen-asso-
ciated molecular patterns, PAMPs) il / ] e %
(PAMP-triggered immunity, PTI)F15 J5 4205 & A
fish /% () % 7% (effector-triggered immunity, ETI) (Zipfel
and Oldroyd, 2017; Liang and Zhou, 2018). PAMP
g1 R B T 8 AR O Bt U, e nT DU AR
AR 2 500 5 2 G AR PR RE ) o 81
LR, 20 SR A A5 B AR AR ) 240 M ) 5T A B
Y11 it 2 T Fr B 5 R 31 3% 44 (pattern recognition recep-
tors, PRRs)Zx X i i 2B P AH 5% 73 7 A Xt A7 1R 1,
e 2 b AR GRS AR AT BN B ig, ETTEOR
T4 ) 7 480 s L, S AL 4 7 AR B E (R RO AR
2015; Boutrot and Zipfel, 2017). #z0iH 5 52 A& 7E#
YIB; DA 54 il B iy s A A, BRI
% I HE B UK E [ (flagllin sensitive 2, FLS2). FEfi
[A-T- %2 {4 (elongation factor Tu receptor, EFR). JL ]

Woke H #9: 2019-07-28; #2252 H #1: 2020-02-26

Jii 5% 44 (chitin elicitor receptor kinase 1, CERK1). K
Bl %2 14 (ethylene-inducing xylanase, EIX) & 5
& % Ik PEP %% 1k (peptide receptor, PEPR) (Ya-
maguchi et al., 2010; Hayafune et al., 2014; Lori et
al., 2015)%% . I AFR, YR MI AR N 3% 18 J
PO 7 T ORI RIS T — RAE . A FE LR
TRV 52 A4 1) B A 2 8 I LA S S S AR

1 RVIHAZFR98R

1.1 REHEXSFER

VF 25 Ji T BT LR 0 B il B AT PAMPs, fEE4L |
FEEORSF o —MRIGOL T, HEPD IR AIPAMPS B0 %%
J S AR SR A P 0 B — T8 B e, A AR
Iod 14 1) i AR o IR BT SR — R A AR
W R R AR . B AT 2RI E Y PAMPS
(OREE L S S N B PS RN N IR N TEZ N
LT R SR Bl DL R UK 2 KA (K1) (Delmotte
et al., 2009; Zipfel and Robatzek, 2010).

1.1.1 AEWEFHMLEHEF
Y TR B AR A B AT S 1S BONE 28 RS R P TI
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T Z I PAMP, ‘B J& 41 1 32 3 P &8 B R 3 sy
(Couto and Zipfel, 2016). FEY#EE & N &4 22
ANEIERR A R IAR 57 X $K(flg22), X — X 3] LA
HWEEANEEFY, JFREE SR A RN
(Hohmann et al., 2017; Liang et al., 2018). Hflg22
b FRARAE ARV 2 51 A wR 2L B A K, 3R B flg22
&M PAMPS, AT {EH T KE Y .

AR FTu (EF-Tu) /24058 4k Py & & i e i —
FER (R . WEFC R, EF-TuS i B ARl 2 —F
FEHERTHREA. EHMET, EF-Tul AR EZ/EH
22 5mRNAREI . BRI, HEF-TuE H M H
F 57 (Arabidopsis thaliana) &% JL e+ RHE Y
b, #8iF T I Ufg22 1 B 18l ) B (Carrasco et al.,
2015).

1.1.2 JUT BRHMEIX
JUT XI5 2 0E, 2 RN- L -D-22 27 4 ih 24
B, o L DA A0 I ) 32 By, SR 2R B AN
ET AN K, Y2 200 E 7R R G,
ML LT BiEERE R LT BB N ILT B B,
T FEAR AR B (M E0% . RIS, B LT T4
] 5% B B¥ (chitin  oligosaccharide) At % /£ N 4 K& 1
(elicitor)fih A& FEAAI 1) 771 5 . (Bozsoki et al., 2017).
EIX& M43 5K %5 B (Trichoderm  aviride)H 43 55
H R B — R AR T FERF(Sharfman et al., 2011). X &
(Lycopersicon esculentum) A1 % % (Nicotiana ta-
bacum) ¥ 7t K B, EIXHEW 51 KA ) (1) i 85 B
(hypersensitive response, HR), 120 114 % 7 i
AH O J R 1 238 DL K 48 i ) B2 e 2 B8 T2 (Guigon-
Lopez et al., 2014; Leibman-Markus et al., 2017).

Furman-Matarasso %% (1999) & i, % -9 i i 1= 4
T FAREYD R, A SRR O 7 B3 PR 2 T
TG FAEVIHIB A RR T, R R AR SRS K
T IEAIG T AR TG 035 E

1.1.3 5 hBAPEP

Huffaker4(2006) /£ 0 Fg 7 & 7 40 i b R L 1 Re i 175
R M P AL 1) 2 BRALPEP, JfIE SE 8 & 14
1123 A SRR KB . AtPEPA HH 25 [ /7 #&proPEP1
FEA . W, proPEP1 92/ 58 I iR ik Ik 4H B,
I BAEM T8 . A 32 300 i TR AR G
PR LA I 0T 5 B4R B B A I, AtPEPAREORE T H
M4k, I 5 40 i 3R T 52 A PEPR1MTPEPR2AH 45 &,
ik — R 5B T v (Huffaker et al., 2006). #
XTI J5 B A GBI, DR TR T R 2 I B
£ B 40 0 BE B AR 0> 1, SRR A FAH R o TR
(damage-associated molecular patterns, DAMPs).

DAMPs ] LA A fi5 6 15 5 B0 e 2 S o

1.2 BXIRFNZE

HHl, CUEEMPRRsY 2K ZIAE AWM, BA S
& R FnE—:(Couto and Zipfel, 2016). PRRsfF
AR A i R PAMPS [ JI5 52 4, ot 1 40 288 52 A B
(receptor-like kinase, RLK)#13% 5214 & H (receptor-
like proteins, RLPs)¥] 5K KE i b2, 18 % H il &b 4544
Sl 5 A SR L P 5 R I3 A L . L AR
A DA BCAR R A, T P S g 1 ANE 5 Tl 4 ) B
BN IR N RS AR S A BAE, #EMEOE R
T ) 992 J2 ¥ (Couto and Zipfel, 2016) (K1) HR¥E X}
AN Ji B 1) 20 P LUKEPRRs 73 9 B R 34

4P
FLS2 BAK1 EF-TuBAK1

CEBip CERK1
/>Z

HA UIEZEPS/ARR- N
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Figure 1 Plant pattern recognition receptors and their signaling adapters
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121 RHABERIPRRs
HuTH oG RN 2 M E T E S dRES
1 ()25 32 14 8 # (leucine-rich repeat receptor ki-
nases, LRR-RKs) FLS2, ‘&2 iH 40 B #i & & 11
PRRs (Biicherl et al., 2017). FLS2AE 0545 5 1R A1
= £ 1 Ny o B2 DR ST 11 22> 24 E 1R (lg22) (Liang et
al., 2016), ZEmhA — 5B LM, WL
22 34 JF 35 AL R 1 B (mitogen-activated  protein ki-
nases, MAPKS)Z Ik 5o L0 « 85 (s 2 a1 S 1Y)
WO PUMEIE DR B 3 S B0 5 T 5 1 (rea-
ctive oxygen species, ROS)## & LI K Jif JIK 57 LR,
e 4 B 1 40 B 11 2E K (Schulze et al., 2010; Schwes-
singer et al., 2011; Bi et al., 2018). FLS27E/H &,
& /KFE(Oryza sativa)FlHi %] (Vitis vinifera)& %
P R B FRE G, EA R R S5flg22
AL I 2 K o H I BH, FLS 2% #f & 2 (1 i 131
TER AL P AR R

F— M % PRRs/ZEFR. EFRZ 4 F 5%
SKAEA R FEF-Tulf %2 &, 5FLS2[AJ& T LRRIL %K
J%(Kunze et al., 2004). EF-Tu N 184N 3k FR 41
B L ER A B i 22 ik elf18, fiEWs 51 K& K4 T-flg22i%
T RSN, AR YRR R A
AR 22 RF I B P DL K S A R
(Schoonbeek et al., 2015). — /NGB G2, BER
JHELFF AN ANEF-Tu, {HAE M R 2k AtEFR 2
K5, AtEFRAEHS 5 elf1845 & I 7 AL A B 1) G 2
%, RYEFR FIHE 55 T B A F Y AT e
FEARSF 1 (Zipfel et al., 2006).

1.2.2 RHEHFAKPRRs

KFEJLT WK T 45 4 & A (chitin elicitor binding
protein of Oryza sativa, OsCEBIP)/Z 5 M4 % )
FLE LT AR F 462 02k, s RAa21
LysM &5 #4380 F1 1 A 95 B 38, J&8 T 2R 2 4k i A KR
(Kaku et al., 2006). JL T {454 7 LA S:CEBIPJE
FREZAR S AR, BRI EUE ABERAL, WS T
SN (Liu et al., 2012). WL, mlRizERE, JL
TR SRR R . MAPKSIOE AU J5 A oG 3
PRI 0 46 4 2 J ¥ 52 21|41 il (Akamatsu et al., 2013).
G, LRI LT A AR Pl 2 e ok, A
NCERK1, %8 HA WA 1 Z R MEG A1), fF53

A A LysM &S 6 380 AN 5 TS 458 K 1A M Py 95 g 4k
(Miya et al., 2007). X HBATRER G, M2 JLTER
TIUT il R R OBz, L3S 1 U K . MAPKSs
ISR N JE Bl DA S 7 A DR Y IR 5, AT A A A et
Jp3 JE 5T 1 e P 71 K IE FF (K (Zipfel and Oldroyd,
2017).

TR RSB Z AR FALeEIX1/2. 1% R
FIRRZIREARLPs, L& LG S AR
. WE7T R BLeEIX1FILeEIX2fE4% 4> 5] 5 EIXAH 45
&, HHLeEIX2[1 ERTYxxo AR, EIXF] K1)
HR 290 2, WM 7 7E EIX ] & 5 o % I N e
# 24 ] (Sharfman et al., 2011).

1.2.3 RAIANIEAHPRRs

PEPRs & —Fli G815 IR I PEP1 K& S Ik () 52 44, [A] i
W REME MU . MeJARIfIg22%% i G %K 1A (Yama-
guchi et al., 2010). PEPRs— H 4 #%, K51k — &
BB TS A, 5 45 4 % T g, FDF-1.2. MPK3
FIWRKY 3355 #H 56 B #l 5k (K 51k, MAPKs 2% 1% % )7
Ja 8. PEPRsH LLRA A, W% [ (clathrin)fE 3
Ji 77 2 o R 4 E B4 ] (Ortiz-Morea et al., 2016).

1.3 PAMPEERRIENK K

IR A 2 AAPRRs IR AIIPAMPs 7 1 )5, 754565 8] Py
CIRFA=R/ =LY/ E 2 il e SaA I 2a s M SR D AR ] ]
SN AN B 34 75 481 S S (Boller and Felix, 2009; Boud-
socq et al., 2010; Segonzac et al., 2011) (&2).
ST IR B 0 S SLAE B 93 Bl 2 N R A, T B E 2 DT B
oy WETEEURR . BB TIRE A . MAPKs HIES K
1 1) 2 19 5 40 (calcium-dependent protein kina-
ses, CDPKs) (Boller and Felix, 2009; Yeh et al.,
2015; Wyrsch et al., 2015)5 £ s . 3 1 By
R RLAE JL/NB A S, BRI PR
(pathogenesis-related 1)/ FiA. BifHE R /K IR
(salicylic acid, SA)R b1 LL & JBf IG5 1) i L 4%
(Boller and Felix, 2009). FLL1E 4L T, #6200 4B
AE A VT R T EULE AR G L A R T I 2 B AR T
(Hann and Rathjen, 2007); [AIl}, AJfEs KEP
TR B, A RALCH L A A i e s A
Z(Melotto et al., 2006; Faulkner et al., 2013;
Henty-Ridilla et al., 2013). {H2Z, X465 =4 2 W
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Figure 2 A model of FLS2-mediated defense at the cell surface

Ar] 1 7] B A7 [7] 8 25 LA K e o 7 3 4% G 88 e 8 i A
Y A7 o

2 HENIRAZEHRAEEZ

HBEZWRIEFH IR G, s 2 Y PR B
AR, PRRs SR TELHR P 1 4 A A2 o] AR 1, T
XA AR AT RERL I PAMP R3] . PRRs 2 & A1EH 1 %
B f) 3% (Mithoe et al., 2016). 5 fir 7€ i il L i)
PRRs 7] DU it 2 A4 L P 4 3 >R 1 42 0] i 5 420 )k
FANAE . FLS2 1 Ay f 2 (¥ 28 24, TEAN AR AR 1)
TE LRI N #5128 %52 0

2.1 BRIRAZEE 570

FER Y st R, PRRsE (A 7E 5 M _E A i,
it R 24K (Golgi apparatus)Fl I i /R A
(trans-Golgi network, TGN)JII TA&4fi, il 158 &1 5

Lol
o Hle ol e
//‘ i '\\ P
s | N
K : A
\/

TSR

F i FE I i bk i 16 2 1 (K13). PRRs
Ji 53485 Y — S MR 1) N o i A5 5K, BT & )
PRRs#EAEZE S KIIGI R T, & LRy hidic i
355 i i< (Ben Khaled et al., 2015).

PRRs £ 132 ¥ 21 i B i 78 52 B 2 45 . o
LR, P E AL A 5 R (I0RTNLB1/2) 2
55 P9 J5E X /N 1 TR R RN B U 1) 4 12 (Sparkes et all.,
2010; Ben Khaled et al., 2015), 4RTNLB1/2k %
BRRARI, FLS2EH 1A P 5T ) 21 iy 7 B A 1) 43 i it
TEM BT, F3FLS27E A5t M 1 #H 2 (Ben Khaled et
al., 2015), AW 7L £ H, RAB (Rasith 5 jik 1 a7 %
Z /N GTPRE SR ) 5 1R B 01 Re 8 1 1 FE i Is i, ik
i 5 Wi PRRs 28 [ 1) 45 Wb . 24 76 il & JE R GA
FLS2-GFPF1E 1 #]RabA1b (DN-RabA1b)if, &
I FLS27E o 5 16 5 Az sk /b, ] s 76 i o ot 3K B
FLS2[1%¢ Y15 5, %M RabA1bXf T FLS2 M1
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TR 3 12 2 I /& 06 75 /I (Choi et al., 2013).

2.2 #ENIRAEZ 00 I 4068 2 i

BT SR, PRRs&E AANAFIE T K b, 75—
SERERR I R o FR AT R B . O R i 22 R i R 2 R AR
JORAA ) B 22, e RT DA B 5 24N AH AT RE 40 4 1 240 i
E¥(Faulkner et al., 2013), H ik 4% 7= ki
7 401 i ) F) 4 S5 1k N7 (Epel, 1994). TERE A A
P S N, 252 S T B RS, 40 R TR AT DLIE
ik PR 22 SR A2 it T 0TS B A R SR R A S
% (Faulkner et al., 2013).

BEAh, FLS2 C ik W A7 12 T 51T 2 3 771 i (deter-
gent-resistant membrane, DRM)#H 4>, T1fj H 7¢
flg22(¥1 %3, FLS27£DRMH ()4 & 1 fin (Keinath
et al., 2010). [FIRf, 7EJEAHM R FLS20 0 A7 F2 55
B ASRHIES 5 [ B % DIAH S (Cui et al., 2018). 1t

FLS2 BAK1
—fig22 <
""" ‘ ——
itilie) ﬂ'ﬁ
1T ITREREAI] |}
BIK1 PUB12/
/e PUB13
BEFEER | )
L W
-
PSRN
52 T PR AR B/ A IR A
PN Y%

E3 FLS2EAMAHK ISR

Figure 3 Schematic overview of FLS2 endocytosis

&k, JarschZ%(2014) % il flg22 7] LA S5 5t X A 5
[ A4S 2R A (remorin) & AEAS R FE FE IR B Rk . ok w
HEY, BEMX TR AEYIURESESRT 4.

23 #FRRAZHERBRE

WFC R, MRS H & HIMIEFLS2, lEm ko A
R A AN S B i (Cui et al., 2018). ARG
AHFLS2iE I BFA (brefeldin A)UR 1 75 2 %,
HAFREBAKIMNZS Y, %77 U R A 2 R 7
M Hflg22 4h BEEF, FLS2W] DATE F B 8] Py % A2 i 7,
I HAEFIg22 40 B 1 /NI J5 A &0k B o K, i
FLS2/ i 75 /2 il it — 4 BFAR UK iR 48, (HFEE
BAK1Z 5, X5 Ko 2 8 7 (Beck et
al., 2012b; Yeh et al., 2016). @il 5 AEtRicEE
g A ) T iR — R, 2 I flg224b BEA RS TT %)
H I, FLS2-GFP/™ A l# /ML EEAFE T 2l

5 5 +fig22
ﬂéﬁz {ﬁéﬂ
fi ﬁ i r i =
Gl ’Mﬂ ﬂ]ﬂu
n Jii2h5iy
@ ) PIP & P o
& ¢ \ “
| FEAE R
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“ P
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%Y o
/
L
1g22"
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& (multivesicular body, MVB)#1#ifd(vacuoles) (K
3) (Ortiz-Morea et al., 2016). K} HHE KB 7T L FE 1,
FLS2 ) i 5 /I il 3 B 5 ARA7/RabF2b AIVAMP727
AR EMILENA, MARA7/RabF2bAIVAMP727 4 5
Fe I 0T AR R R AR B 1, IR R K
NI I 2 B W iR (Beck et al., 2012b).
I, ARAEFLS2 2 54 s, FLS20] LAy &4 BFA
BUR ) IR i 42 AIBFAAS BUR I i 7 i 12 (13) . 48
M, FLS2/) A 3 42 %5 G032 1 T R ot AN B A o

I PN R R A R B 245 B 4%, B ERD
ZREAMKRS . fEXHEDMBET R, EAP
2 EAIE MR B %% 5. 12 % (ubiquitin) 2 —Fi 77
ETRZHE AN NER, H76 N2 AR
B, EEAZAY T B R, B DR
Fric 5 B AR EE A0, K. U SR ARz
FAWAM G 8 A 1 5 1k ¥ i2 2 A 1R (ESCRT)
MLEIR B AR, ERE A SR ARE. B, 75
WL IF R A B H -ATPase i bz &0 7, (7]
LA#H"-ATPase il % 2 41 i 53 14 33 47 B fi# (Herberth
etal., 2012). #FFIFIBORIZEEMIFFIE T, Hrikiii
AR MR R Rz R R B E RN e
B A5 ) (Kasai et al., 2011). #EFIFIRT 14 (5
AR I R IR S ZE AN RE L
R I [ 7 98 30 (1) 75 42 (Barberon et al., 2011). A4E K
R E APIN2,/2ESCRTI 1) 55 [ (Spitzer et al.,
2009), [FIFE 277 =L I (Abas et al., 2006).

T B A AEAL, RS2 AR R (R I 2 FLS2
F)iE Y A R N S B o e . O
B TR, flg221 s S B FLS2:E H I FFE, X —
R EFLS21 £ iz R A X (Lu et al., 2011;
Wang et al., 2018). PUB12RIPUB13 /& ¥ 124 E3
RN, EATE T BAKTE S BIFLS232 4k 1, Bk
Bk G/ S FLS21iZ Z4k(Lu et al., 2011). KT
FLS2% [ fix 4 52 i 1 25 11 Bl A [ At /2 JE v 3 0 %
fift H BTATIAEAE G0 A M R, MG132 (5 A4
il 771 b B AT DL 5] EC A0 Mz 2R A T BV RE, 3k i 4 )
flg221% S [ FLS2/i % (Robatzek et al., 2006), il
I FLS23KPESTH: 7 RAZ, {EFLS2& kM Miflg22 /%
MRS, PR R AFLS2 K B R
IS 8 R A R R AT B AR (Lu et al., 2011), JRTTE
T AR 95 A % 2 1 IR AN 2 o AR SR,

T FIFLS2i8 it ESCRT 433k J kN Ji5 A ) Pl & 76 34
BAR, X R Bz ZPUB12/PUB13 i #: il 25 i1
M FFLS2, IR HZ b, mA RN EET
[ . IR 2 75 55 & (wortmannin, Wm)il#iflg22i% 5 (1)
FLS2a 75 F1 4 R AIE Fi 45 FARAIESE 11X — Wi £ (Beck et
al., 2012b; Smith et al., 2014).

3 RARINZUHHEANEEEEYRE
HEIEH

3.1 ERXIRFZEM S bEY R ENIER
HZAE T, EARME R E S, RZrEA
AN AR S R B NN S AT IE R AT 2 AME 2 ),
A Be Wl % 12 ) 40 i Tk % 4F H (Sitia and Braak-
man, 2003). — HA MR DR Z 2150, K E#%ES
F A 1) B2 B (Vitale and Boston, 2008). HF 7T
K, EHYPRRE M5 R UIHE, Wi
MAEPRRE H /- FE it EAEH] . Lee®$(2011)
fa b, PO 43 AR O B I RTNLBAFIRTNLB2 R A%
Jei, fE 5 PR flg22 N elf181F 5 (1 I 4 S 7, 3k ifif
1 AR (1) B RE 1 (4. AR SRR, €T W
J M #5811 ER3B AT i #7 4E K 7 SDF2
(stromal-derived factor-2)Jj g it i, 2 S EFR
AN TN ERAR R, 3 EFR 2 W & kb
A P %ot elf 18 ANBRURR, 5 2838 AL 4D 1) 0976 T D 5
(Beck et al., 2012a) (K4). Chen%(2010)7E /K FgH+
WA, 5T 2 5 AR Hsp90 fie i 5 CERK1AH
HAEM, WiECERKAMA B, 35 & v 1 i
PE(E4) R, A5 =R B2 A (1) 73 WA R B B
B .

32 #FRNRAZHHBREEEDNRERNIER

MEEREMRNAERKRKEMES TS FmASR
EEVEH . IAERMB R, BRI R R
RSP R EEEA . TARRY, SribRm
M B 1 RE BRI, AR A A flg2215 5 I FLS 2
T/NER A, FEHIER LG, 3 R AR AR 5
Y1 T 12 YL B #1671 (Mbengue et al., 2016). Ro-
batzek5(2006) %} #1l B 7FFLS27'O7°A-GFP & R AL 4
BHEATHTIT, R IfIg2240 B A e i S FLS271070A.
GFPHu®; X HRHMBI RN, MR
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Figure 4 Pattern recognition receptors (PRRs) trafficking in the endomembrane system

Afewifig24hi] . X —45 R RVIFLS21)  F7EAEY)
G RE—ENER . SOt RN, Btz s
FLS21 fl %, 24 MR A 1 20 i ) IR 1 I8 k2B 8 A0 I
flg221% 5 (I FLS2 f 75 pl S5l 35 i), L 31 e 2 A8 Ak A
2 e mflg22i% 5 (5 515 % (Cui et al., 2018). 7
B TR, WS A E AL R R R T E RS
pep1if T I PEPR (1) il 75 A1 4 #% 4E K (Ortiz-Morea
etal., 2016). & ATk, FoiRs S MR a2 44 1)
J 5 R ) o S A DR AR

4 FRRRE

It 55 X AL ) 56 R e SORSERTT TR A IR N, 4 0T g
AT R VR ) R RN 8 4 B 2 2 T A, ok
22 OGRS SR B LB 87 o AEAE AP
AR, BRI SZAR IS R E SR E [ AT REIE
PEBEE A B0 R A, X R X TR B AR
AR o BRI TCRE A KIGTUR HLI K R0 25 s
R . B H AT S YNGR S
BT TRERIBET, EARZETIAEE. 6
a1, A5 2GR 3 A R0 5 R HE AL R < 1R K Dh REAN

S YIS TR N i R R AE S 5 R R 4 %
R, ZHAMERESSHUREARATNE L. HEH
XA QU 2 A S 4 S ThRE AR AT, A BAEAR AW
165 8] BE I 8 e, S AR A U AT LER RO 7 A R A
WL R TR A (1 B P 7 i

UTAER, PSR 1 52 AR M AT 8 K 22 SR A
Wb rik, R IXEeg ST B T4 /R B I 251 R
AL AL, E T AT BRI R SR
f1°F- 1418 (ensemble averaging), i H.EUR i a] #5 )&
FOBER, M0 A7 75 SEB0 B R B 32 v T AR B AR
WRE, EARANE A BIREE N, 5 (ST B S RR1E
LA RREHAIL. Rik, N7k i A
WAZ R E AR ThREM i e, & BB AT A
FB AN TN A 50 SR B AR EAE R I 2 4 R .

S50

R, R, IR, B, BETF (2015). LysMEAN T
T G P 95 1S B2 S FAS S UK BT SE st e 141 50,
628-636.

Abas L, Benjamins R, Malenica N, Paciorek T, Wirnie-

© 0000 Chinese Bulletin of Botany



336 Hi¥R 55(3) 2020

wska J, Moulinier-Anzola JC, Sieberer T, Friml J,
Luschnig C (2006). Intracellular trafficking and proteoly-
sis of the Arabidopsis auxin-efflux facilitator PIN2 are in-
volved in root gravitropism. Nat Cell Biol 8, 249-256.

Akamatsu A, Wong HL, Fujiwara M, Okuda J, Nishide K,
Uno K, Imai K, Umemura K, Kawasaki T, Kawano Y,
Shimamoto K (2013). An OsCEBiP/OsCERK1-OsRac-
GEF1-OsRac1 module is an essential early component of
chitin-induced rice immunity. Cell Host Microbe 13, 465—
476.

Barberon M, Zelazny E, Robert S, Conejero G, Curie C,
Friml J, Vert G (2011). Monoubiquitin-dependent endocy-
tosis of the IRON-REGULATED TRANSPORTER 1 (IRT1)
transporter controls iron uptake in plants. Proc Natl Acad
Sci USA 108, E450-E458.

Beck M, Heard W, Mbengue M, Robatzek S (2012a). The
INs and OUTs of pattern recognition receptors at the cell
surface. Curr Opin Plant Biol 15, 367-374.

Beck M, Zhou J, Faulkner C, MacLean D, Robatzek S
(2012b). Spatio-temporal cellular dynamics of the Arabi-
dopsis flagellin receptor reveal activation status-depen-
dent endosomal sorting. Plant Cell 24, 4205-4219.

Ben Khaled S, Postma J, Robatzek S (2015). A moving
view: subcellular trafficking processes in pattern recogni-
tion receptor-triggered plant immunity. Annu Rev Phyto-
pathol 53, 379-402.

Bi GZ, Zhou ZY, Wang WB, Li L, Rao SF, Wu Y, Zhang XJ,
Menke FLH, Chen S, Zhou JM (2018). Receptor-like
cytoplasmic kinases directly link diverse pattern recogni-
tion receptors to the activation of mitogen-activated pro-
tein kinase cascades in Arabidopsis. Plant Cell 30, 1543—
1561.

Boller T, Felix G (2009). A renaissance of elicitors: percep-
tion of microbe-associated molecular patterns and danger
signals by pattern-recognition receptors. Annu Rev Plant
Biol 60, 379—406.

Boudsocq M, Willmann MR, McCormack M, Lee H, Shan
LB, He P, Bush J, Cheng SH, Sheen J (2010). Differen-
tial innate immune signaling via Ca®* sensor protein ki-
nases. Nature 464, 418—422.

Boutrot F, Zipfel C (2017). Function, discovery, and ex-
ploitation of plant pattern recognition receptors for broad-
spectrum disease resistance. Annu Rev Phytopathol 55,
257-286.

Bozsoki Z, Cheng J, Feng F, Gysel K, Vinther M, Ander-
sen KR, Oldroyd G, Blaise M, Radutoiu S, Stougaard J
(2017). Receptor-mediated chitin perception in legume

roots is functionally separable from Nod factor perception.
Proc Natl Acad Sci USA 114, E8118-E8127.

Bicherl CA, Jarsch IK, Schudoma C, Segonzac C,
Mbengue M, Robatzek S, MacLean D, Ott T, Zipfel C
(2017). Plant immune and growth receptors share com-
mon signaling components but localise to distinct plasma
membrane nanodomains. eLife 6, e25114.

Carrasco SE, Yang YY, Troxell B, Yang XL, Pal U, Yang
XF (2015). Borrelia burgdorferi elongation factor EF-Tu is
an immunogenic protein during Lyme borreliosis. Emerg
Microbes Infec 4, 1-8.

Chen LT, Hamada S, Fujiwara M, Zhu TH, Thao N, Wong
HL, Krishna P, Ueda T, Kaku H, Shibuya N, Kawasaki
T, Shimamoto K (2010). The Hop/Sti1-Hsp90 chaperone
complex facilitates the maturation and transport of a PA-
MP receptor in rice innate immunity. Cell Host Microbe 7,
185-196.

Choi SW, Tamaki T, Ebine K, Uemura T, Ueda T, Nakano
A (2013). RABA members act in distinct steps of subcel-
lular trafficking of the FLAGELLIN SENSING 2 receptor.
Plant Cell 25, 1174-1187.

Couto D, Zipfel C (2016). Regulation of pattern recognition
receptor signaling in plants. Nat Rev Immunol 16, 537—
552.

Cui YN, Li XJ, Yu M, Li RL, Fan LS, Zhu YF, Lin JX (2018).
Sterols regulate endocytic pathways during flg22-induced
defense responses in Arabidopsis. Development 145, dev-
165688.

Delmotte N, Knief C, Chaffron S, Innerebner G, Ro-
schitzki B, Schlapbach R, von Mering C, Vorholt JA
(2009). Community proteogenomics reveals insights into
the physiology of phyllosphere bacteria. Proc Natl Acad
Sci USA 106, 16428-16433.

Epel BL (1994). Plasmodesmata: composition, structure and
trafficking. Plant Mol Biol 26, 1343-1356.

Faulkner C, Petutschnig E, Benitez-Alfonso Y, Beck M,
Robatzek S, Lipka V, Maule AJ (2013). LYM2-depen-
dent chitin perception limits molecular flux via plasmodes-
mata. Proc Natl Acad Sci USA 110, 9166-9170.

Furman-Matarasso N, Cohen E, Du QS, Chejanovsky N,
Hanania U, Avni A (1999). A point mutation in the ethyl-
ene-inducing xylanase elicitor inhibits the beta-1,4-en-
doxylanase activity but not the elicitation activity. Plant
Physiol 121, 345-352.

Guigon-Lopez C, Guerrero-Prieto V, Lanzuise S, Lorito M
(2014). Enzyme activity of extracellular protein induced in
Trichoderma asperellum and T. longibrachiatum by sub-

© 0000 Chinese Bulletin of Botany



BT BRI 52 AR I P iz S AR ) e P AR 337

strates based on Agaricus bisporus and Phymatotrichop-
sis omnivora. Fungal Biol 118, 211-221.

Hann DR, Rathjen JP (2007). Early events in the patho-
genicity of Pseudomonas syringae on Nicotiana bentha-
miana. Plant J 49, 607-618.

Hayafune M, Berisio R, Marchetti R, Silipo A, Kayama M,
Desaki Y, Arima S, Squeglia F, Ruggiero A, Tokuyasu
K, Molinaro A, Kaku H, Shibuya N (2014). Chitin-indu-
ced activation of immune signaling by the rice receptor
CEBIP relies on a unique sandwich-type dimerization.
Proc Natl Acad Sci USA 111, E404-E413.

Henty-Ridilla JL, Shimono M, Li JJ, Chang JH, Day B,
Staiger CJ (2013). The plant actin cytoskeleton responds
to signals from microbe-associated molecular patterns.
PLoS Pathog 9, e1003290.

Herberth S, Shahriari M, Bruderek M, Hessner F, Miiller
B, Hilskamp M, Schellmann S (2012). Artificial ubig-
uitylation is sufficient for sorting of a plasma membrane
ATPase to the vacuolar lumen of Arabidopsis cells. Planta
236, 63-77.

Hohmann U, Lau K, Hothorn M (2017). The structural basis
of ligand perception and signal activation by receptor ki-
nases. Annu Rev Plant Biol 68, 109—137.

Huffaker A, Pearce G, Ryan CA (2006). An endogenous
peptide signal in Arabidopsis activates components of the
innate immune response. Proc Natl Acad Sci USA 103,
10098-10103.

Jarsch IK, Konrad SSA, Stratil TF, Urbanus SL, Szy-
manski W, Braun P, Braun KH, Ott T (2014). Plasma
membranes are subcompartmentalized into a plethora of
coexisting and diverse microdomains in Arabidopsis and
Nicotiana benthamiana. Plant Cell 26, 1698—-1711.

Kaku H, Nishizawa Y, Ishii-Minami N, Akimoto-Tomiyama
C, Dohmae N, Takio K, Minami E, Shibuya N (2006).
Plant cells recognize chitin fragments for defense signa-
ling through a plasma membrane receptor. Proc Natl Acad
Sci USA 103, 11086-11091.

Kasai K, Takano J, Miwa K, Toyoda A, Fujiwara T (2011).
High boron-induced ubiquitination regulates vacuolar sor-
ting of the BOR1 borate transporter in Arabidopsis tha-
liana. J Biol Chem 286, 6175-6183.

Keinath NF, Kierszniowska S, Lorek J, Bourdais G,
Kessler SA, Shimosato-Asano H, Grossniklaus U,
Schulze WX, Robatzek S, Panstruga R (2010). PAMP
(pathogen-associated molecular pattern)-induced chan-
ges in plasma membrane compartmentalization reveal
novel components of plant immunity. J Biol Chem 285,
39140-39149.

Kunze G, Zipfel C, Robatzek S, Niehaus K, Boller T, Felix
G (2004). The N terminus of bacterial elongation factor Tu
elicits innate immunity in Arabidopsis plants. Plant Cell
16, 3496-3507.

Lee HY, Bowen CH, Popescu GV, Kang HG, Kato N, Ma
SS, Dinesh-Kumar S, Snyder M, Popescu SC (2011).
Arabidopsis RTNLB1 and RTNLB2 reticulon-like proteins
regulate intracellular trafficking and activity of the FLS2
immune receptor. Plant Cell 23, 3374-3391.

Leibman-Markus M, Schuster S, Avni A (2017). LeEIX2
interactors’ analysis and EIX-mediated responses mea-
surement. In: Shan LB, He P, eds. Plant Pattern Recogni-
tion Receptors: Methods and Protocols. New York: Hu-
mana Press. pp. 167-172.

Liang XX, Ding PT, Lian KH, Wang JL, Ma MM, Li L, LiL,
Li M, Zhang XJ, Chen S, Zhang YL, Zhou JM (2016).
Arabidopsis heterotrimeric G proteins regulate immunity
by directly coupling to the FLS2 receptor. eLife 5, e13568.

Liang XX, Ma MM, Zhou ZY, Wang JH, Yang XR, Rao SF,
Bi GZ, Li L, Zhang XJ, Chai JJ, Chen S, Zhou JM
(2018). Ligand-triggered de-repression of Arabidopsis hete-
rotrimeric G proteins coupled to immune receptor kinases.
Cell Res 28, 529-543.

Liang XX, Zhou JM (2018). Receptor-like cytoplasmic ki-
nases: central players in plant receptor kinase-mediated
signaling. Annu Rev Plant Biol 69, 267-299.

Liu TT, Liu ZX, Song CJ, Hu YF, Han ZF, She J, Fan FF,
Wang JW, Jin CW, Chang JB, Zhou JM, Chai JJ
(2012). Chitin-induced dimerization activates a plant im-
mune receptor. Science 336, 1160-1164.

Lori M, van Verk MC, Hander T, Schatowitz H, Klauser D,
Flury P, Gehring CA, Boller T, Bartels S (2015). Evolu-
tionary divergence of the plant elicitor peptides (Peps)
and their receptors: interfamily incompatibility of percep-
tion but compatibility of downstream signaling. J Exp Bot
66, 5315-5325.

Lu DP, Lin WW, Gao XQ, Wu SJ, Cheng C, Avila J, Heese
A, Devarenne TP, He P, Shan LB (2011). Direct ubig-
uitination of pattern recognition receptor FLS2 attenuates
plant innate immunity. Science 332, 1439—1442.

Mbengue M, Bourdais G, Gervasi F, Beck M, Zhou J,
Spallek T, Bartels S, Boller T, Ueda T, Kuhn H, Ro-
batzek S (2016). Clathrin-dependent endocytosis is re-
quired for immunity mediated by pattern recognition re-
ceptor kinases. Proc Natl Acad Sci USA 113, 11034—
11039.

Melotto M, Underwood W, Koczan J, Nomura K, He SY
(2006). Plant stomata function in innate immunity against

© 0000 Chinese Bulletin of Botany



338 Hi¥%R 55(3) 2020

bacterial invasion. Cell 126, 969-980.

Mithoe SC, Ludwig C, Pel MJC, Cucinotta M, Casartelli A,
Mbengue M, Sklenar J, Derbyshire P, Robatzek S,
Pieterse CMJ, Aebersold R, Menke FLH (2016). Attenua-
tion of pattern recognition receptor signaling is mediated
by a MAP kinase kinase kinase. EMBO Rep 17, 441-454.

Miya A, Albert P, Shinya T, Desaki Y, Ichimura K, Shirasu
K, Narusaka Y, Kawakami N, Kaku H, Shibuya N
(2007). CERK1, a LysM receptor kinase, is essential for
chitin elicitor signaling in Arabidopsis. Proc Natl Acad Sci
USA 104, 19613-19618.

Ortiz-Morea FA, Savatin DV, Dejonghe W, Kumar R, Luo
Y, Adamowski M, Van den Begin J, Dressano K, de
Oliveira GP, Zhao XY, Lu Q, Madder A, Friml J, de
Moura DS, Russinova E (2016). Danger-associated
peptide signaling in Arabidopsis requires clathrin. Proc
Natl Acad Sci USA 113, 11028-11033.

Robatzek S, Chinchilla D, Boller T (2006). Ligand-induced
endocytosis of the pattern recognition receptor FLS2 in
Arabidopsis. Genes Dev 20, 537-542.

Schoonbeek HJ, Wang HH, Stefanato FL, Craze M,
Bowden S, Wallington E, Zipfel C, Ridout CJ (2015).
Arabidopsis EF-Tu receptor enhances bacterial disease
resistance in transgenic wheat. New Phytol 206, 606—613.

Schulze B, Mentzel T, Jehle AK, Mueller K, Beeler S,
Boller T, Felix G, Chinchilla D (2010). Rapid hetero-
merization and phosphorylation of ligand-activated plant
transmembrane receptors and their associated kinase
BAK1. J Biol Chem 285, 9444-9451.

Schwessinger B, Roux M, Kadota Y, Ntoukakis V, Skle-
nar J, Jones A, Zipfel C (2011). Phosphorylation-depen-
dent differential regulation of plant growth, cell death, and
innate immunity by the regulatory receptor-like kinase
BAK1. PLoS Genet 7, e1002046.

Segonzac C, Feike D, Gimenez-lbanez S, Hann DR, Zipfel
C, Rathjen JP (2011). Hierarchy and roles of pathogen-
associated molecular pattern-induced responses in Nico-
tiana benthamiana. Plant Physiol 156, 687—699.

Sharfman M, Bar M, Ehrlich M, Schuster S, Melech-Bonfil
S, Ezer R, Sessa G, Avni A (2011). Endosomal signaling
of the tomato leucine-rich repeat receptor-like protein
LeEix2. Plant J 68, 413—-423.

Sitia R, Braakman | (2003). Quality control in the endo-
plasmic reticulum protein factory. Nature 426, 891-894.
Smith JM, Leslie ME, Robinson SJ, Korasick DA, Zhang
T, Backues SK, Cornish PV, Koo AJ, Bednarek SY,
Heese A (2014). Loss of Arabidopsis thaliana dynamin-

related protein 2B reveals separation of innate immune
signaling pathways. PLoS Pathog 10, e1004578.

Sparkes |, Tolley N, Aller I, Svozil J, Osterrieder A,
Botchway S, Mueller C, Frigerio L, Hawes C (2010).
Five Arabidopsis reticulon isoforms share endoplasmic
reticulum location, topology, and membrane-shaping
properties. Plant Cell 22, 1333-1343.

Spitzer C, Reyes FC, Buono R, Sliwinski MK, Haas TJ,
Otegui MS (2009). The ESCRT-related CHMP1A and B
proteins mediate multivesicular body sorting of auxin car-
riers in Arabidopsis and are required for plant develop-
ment. Plant Cell 21, 749-766.

Vitale A, Boston RS (2008). Endoplasmic reticulum quality
control and the unfolded protein response: insights from
plants. Traffic 9, 1581-1588.

Wang JL, Grubb LE, Wang JY, Liang XX, Li L, Gao CL,
Ma MM, Feng F, Li M, Li L, Zhang XJ, Yu FF, Xie Q,
Chen S, Zipfel C, Monaghan J, Zhou JM (2018). A regu-
latory module controlling homeostasis of a plant immune
kinase. Mol Cell 69, 493-504.

Wyrsch |, Dominguez-Ferreras A, Geldner N, Boller T
(2015). Tissue-specific FLAGELLIN-SENSING 2 (FLS2)
expression in roots restores immune responses in Arabi-
dopsis fls2 mutants. New Phytol 206, 774—-784.

Yamaguchi Y, Huffaker A, Bryan AC, Tax FE, Ryan CA
(2010). PEPR2 is a second receptor for the Pep1 and
Pep2 peptides and contributes to defense responses in
Arabidopsis. Plant Cell 22, 508-522.

Yeh YH, Chang YH, Huang PY, Huang JB, Zimmerli L
(2015). Enhanced Arabidopsis pattern-triggered immunity
by overexpression of cysteine-rich receptor-like kinases.
Front Plant Sci 6, 322.

Yeh YH, Panzeri D, Kadota Y, Huang YC, Huang PY, Tao
CN, Roux M, Chien HC, Chin TC, Chu PW, Zipfel C,
Zimmerli L (2016). The Arabidopsis malectin-like/LRR-
RLK 1081 is critical for BAK1-dependent and BAK1-inde-
pendent pattern-triggered immunity. Plant Cell 28, 1701—
1721.

Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JDG,
Boller T, Felix G (2006). Perception of the bacterial
PAMP EF-Tu by the receptor EFR restricts Agrobacte-
rium-mediated transformation. Cell 125, 749-760.

Zipfel C, Oldroyd GED (2017). Plant signaling in symbiosis
and immunity. Nature 543, 328-336.

Zipfel C, Robatzek S (2010). Pathogen-associated molecular
pattern-triggered immunity: veni, vidi...? Plant Physiol
154, 551-554.

© 0000 Chinese Bulletin of Botany



BT RS2 IR I P e ds R AR ) e e P IOAE D 339

Intracellular Trafficking in Pattern Recognition
Receptor-triggered Plant Immunity

Yaning Cui, Hongping Qian, Yanxia Zhao, Xiaojuan Li

Beijing Advanced Innovation Center for Tree Breeding by Molecular Design, College of Biological Science and Technology,
Beijing Forestry University, Beijing 100083, China

Abstract Plants initially sense microbes via perception of pathogen associated molecular patterns (PAMPs) by pat-
tern-recognition receptors (PRRs) located on the cell surface. This recognition is referred to as PAMP-triggered immunity
(PTI). In order to ensure their physiological and cellular functions, PRRs must be properly conveyed from their site of
synthesis, i.e., the endoplasmic reticulum, to their final destination, the plasma membrane (PM), through the secretory
pathway. PRRs also rely on recycling and/or degradation, two processes that are initiated by endocytosis. Intracellular
trafficking serves to terminate signaling through degradation, sustains signaling through recycling, or relays signaling
inside the cell through the formation of signaling endosomes. In this review, we summarize the current knowledge of plant
PRRs and their ligands, illustrating that intracellular trafficking plays an important role in plant immunity.

Key words pattern recognition receptors (PRRs), pathogen-associated molecular patterns (PAMPs), intracellular traffic-
king, PRR-triggered immunity (PTI), plant immunity
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