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Responses of WAK gene family to stress conditions and their applications in improving rapeseed tolerance
LIU Fei, TIAN Tian, LIU Wan—xin, LI Shan—shan, CAT Wen—bo, WANG Dao—jie, YANG Cui-ling’
(State Key Laboratory of Crop Stress Adaptation and Improvement, School of Life Sciences / School of Agriculture,
Henan University, Zhengzhou 450046, China)

Abstract: Plants continuously face challenges from pathogen infection and environmental stresses including
drought, salinity, extreme temperatures, and heavy metals throughout their life cycle, which severely constrain crop
yield and quality. Cell wall, as the interface between plant cells and the external environment, not only provides
structural support but also serves as a dynamic platform for stress signal perception and transduction. Wall-associat-
ed kinases (WAK) are a unique family of receptor—like kinases localized at cell wall — plasma membrane interface.
Their extracellular domains interact with pectin and its degradation products, enabling them to monitor dynamic
changes in cell wall integrity and participate in regulating plant growth, development, pathogen defense, and abiotic
stress adaptation. This review summarizes the structural features, evolutionary patterns, and molecular regulatory
mechanisms of WAK/WAKL gene family, with emphasis on their functions in abiotic stress responses including
drought, salinity, and extreme temperatures, as well as the associated signaling networks involving ROS, Ca®*, and
MAPK cascades. Representative functions of WAK in pathogen defense are also outlined. Finally, we discuss the po-
tential applications and major challenges of WAK/WAKL genes in genetic improvement of stress resilience in oil-
seed rape (Brassica napus), aiming to provide a reference for understanding WAK-mediated stress perception mech-
anisms and crop stress—resistance breeding.
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Table 1 Numbers of WAK/WAKL genes in representative plant species

Yyl ESH WAK/WAKL %P 5 EZ PN
Species Group Gene numbers Ref.
Arabidopsis thaliana W FI Dicotyledon 27 [22]
Oryza sativa japonica HLFI Monocotyledon 130 [11]
Fragaria X ananassa WF I Dicotyledon 167 [23]
Triticum aestivum MLt Monocotyledon 320 [24]
Hordeum vulgare HLF I Monocotyledon 91 [25]

Gossypium hirsutum W F-M Dicotyledon 81/29 [12,26]
Persea americana X F-M Dicotyledon 76 [27]
Glycine max WF I Dicotyledon 74 [13]
Rosa chinensis WF I Dicotyledon 68 [28]
Zea mays FAFI Monocotyledon 58 [29]
Medicago truncatula WF M Dicotyledon 54 [30]
Cannabis sativa WFI Dicotyledon 53 [31]
Juglans regia XL F-IF Dicotyledon 41 [32]
Sorghum bicolor A1 Monocotyledon 37 [33]
Sesamum indicum WFI Dicotyledon 31 [34]
Solanum lycopersicum RS- Dicotyledon 29 [35]
Saccharum spontaneum - Monocotyledon 19 [33]
Saccharum hybrid ML Monocotyledon 12 [33]
Brassicaceae spp. W F-M Dicotyledon 178 [36]
Brassica rapa ssp. pekinensis W F-M Dicotyledon 96 [37]
Brassica napus W F-M Dicotyledon 36 [36]
Solanum tuberosum WF I Dicotyledon 29 [39]
Malus domestica WF M Dicotyledon 44 [40]
Rosaceae WF M Dicotyledon 131 [41]
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Note: A: Frequency distribution of WAK/WAKL gene numbers across representative plant species. The red dashed line and dark red solid line indicate
the median (26) and mean (47) values of WAK/WAKL gene numbers, respectively. B: Density distribution of WAK/WAKL gene numbers in monocotyledon-
ous and dicotyledonous plants. The orange and blue curves represent monocots and dicots, respectively. Dashed lines indicate the median WAK/WAKL
gene numbers of the two groups (Monocots: Median = 74; Dicots: Median = 24). C: Comparison of WAK/WAKL gene numbers between monocotyledonous
plants (Monocots, n = 95) and dicotyledonous plants (Dicots, n = 373). Box plots show the distribution of WAK/WAKL gene numbers in each group, with
black lines indicating the medians. Statistical significance between the two groups was evaluated using statistical tests (p = 3.8 x 10™)
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Fig.1 Distribution of WAK gene family numbers across plant species and comparison between monocots and dicots
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TH A FC AR AR | 2 R R AR X D R T i
FEI IR o 25
3.2 #HhEEiME

ER W38 2 AR AR 7 v ™ E A R A BR A
R BERY 20% B HEMEAR H 32 3] Eh i fb s
I HBEE A2 A i BT RS B A
T, ERTRAL R Ja 4 SRR £ 22 4 1Y) R B PR )
RN RE)TE B ER AR T TR 2 2 e A e 1 5
R PR K — 5 T, - K A I PR AR AR i
KGRI K g [ LA S AR RS2 45 5y — T
T, Na ™l C1-3f 5 AR R BOR AR B TR 2, Dt &
VERT Bl v AR R L OF 2 — 2D 5 5 ROSTH R
FEAARI 37 ph T 40 i BE 2 A ) A0 5 A S B
B B A ) AN, A0 AR A TR SRR

PREE AR AL i) o, e A 2 A e
AR R S SRR TS A S R I
WAK BES W 41 ff i 52 1, nl B S 5 R Wi 454
T 40 RE RS M R A A BT I o 2o R

O A e s N R R R o I o2 3R ), 26 e
RENL 5 G 2 MY WAK/WAKL 18 5% K A 323k 784k
PR ZFIGE RS S EL P08 N R . BN,
TKFE WAK G175 i 03 A6 30 o ae A 35 SR 0 22 S 3%
IR, 53 BB A R 2 5 3 A e o R A R
T E K WAK G0 R G A itk — 2 kB, 24
WAK/WAKL & PR 7 46 40 B 45 70 F k AE I 3 ik AR
b, IR Bl X3 5 130 AR EE Rz A DG B I
AP TOME, U —2 TR WAK K% 5 R st i 1
AT REE" T, FEKAE Y, OsWAKT 12 BB & — A~
B0V S T R 1 1 WAK R B3, HE 38 508 22 3 JBih e 30 41
OsWAK112 7] 5 S—fif 1 FH 5 24 B2 & Ui (SAMS) B
VEHE HE LR A7, B AR 20 A SAM LR, DA 177 17
il R W38 25 A R 20 A B, S5 24 H) 55 48 0 it 6 B
N 5 OsWAKII2 AN [R]85 I AeWAKLA W) 3 B
S AE VA ERAE L, I AR 2 4% Nat B PR
K HEAE R, 7 e 30 ok 240 o 40 R R B AR S A AL is
JEOV- ffE E ERAE RY  — 5 T, AtWAKLA 4 3538 oy ae
AT SR e R A R AT A B S P 5 O — Ty i,
it fE #E CAT2 4 F 19 1 S A ST BR |, B# IR ROS 1
B Foh SIWAKI ¢ & 2 5 K W13 W30 38 N 1
P, T BB SR AR S5 TR B E TR AR
R EE BACHERZS | 10 i 52 m Ak A 4 R i 7 3%
L, n WAK 1] G o P 8 40 i A K RN K oy i
Z 5EE N,

XL ST F B, WAK AR Ay 3% 422 200 B B bR A58
5 160 P9 A0 1 5 DO 285 1) T LR 4 1 e, HOR R A 5
K FLR IR 5 B R[] A FH 7 A A1 g i 4o o) s
PR 22 ALY . RRAN TS Gl R A
Y 4t R RE 20 53 o3 Ay S B F 41 7 55 2 )2 IR AR i
— 25 AT WAK A\ T 10 3 Jolh 30 o i v 41 i B 57 B
JEHTHILR , DT S 7 B8 0 5 5 1 A 40 6 360 i) 7
LAY
3.3 thumiREME

R i Y05k 360 (A 5 s Y RAER IR ) mT 3 o i AR
200 0 S A o A G T3 s DA B B 1 R P A
FeoE o AL P A AR A i — A KR
B AEAFRE ST, ML A Ak 3 A A
1 28 ML 7 SRR AR I 28 34 U I 4 i RE 455 4 R K
BUAAT 5 1B LA B 4 B 3R T 32 IR S A5 5 i =



) T A AR A BE AR S (W AK) Ja DR G I 85 oA AT 5 0 e R AR el R AR 25

SU N 7 B = Y ) SR 72 S O v A o I
IR, e SR VTR T P 9% b B m) 28 e LR T IR 25
FR PR A , 72 PR A6 R e — O D@ 3k 1775 Ca? A
1) SR B 58 1 T2 S0 M) 248 L 3 0 2 S JRe Pk | o —
A ] S0 200 P B 25 R R 20 045 S A R 2 B PR AR
AT R, WAK T e R 4 A RE v R
Y, 2 5 T Ui B e AT S B RS o R T e
J5 10, 7KAE OsWAKT12d X I Ad 33 91 i 5 B4 53
M) 8, B CsWAK T2 W) 3 B 3 AH e i) 454
H SR R IR AR B T Wt 2 68 7, IF 96 CBF(C-
repeat binding factor) #H 5& ¥ M B F A & 1K1 7E &
Kb, ZmWAK3 i3 338 10 2588 5 1 A MR 32 1
AL =206 R b LB i RE 01 AR LA AR
FHASCRR LA S A4 A i S A S AR ST 7 v s e
J7 T, BB CaWAKL20 02K RE A5 Y i AR PR P 524
[DESESoN 2 (VNP e P p 2 SER N TEd i
X ABA P BBURAE, HAh R [ AE W ) 24> WAK/
WAKL 1 53 a] [R] sk o) 7 7% B S i, ik —
ARIR WAK R PT BeAVE N B & Z R IR 15 5 1 48
JH B TR AR 83841

4 WAK B4 F 15 ZH.4

4.1 HEERMNSESED

FE W) 200 B R B 2R 4E R R AR 4R R ORI
ER AR LA R o R B R L LUS LA
J AR AR IR 200 00 200 200 i B v I IS BRI T R
fitf (PMEs ) #E47 25 HEAREA™ ., 2RBE A4 F L 1R AL
2 I 1R 0 200 L BE 1) A= ) ) s R AL, 2
21 i B 52 LA (cell wall integrity, CWI) W il ) 5G4
s,

WAK G 8 FE F T B, JE AN b Sl A
20N RE DB, RENS B4k SR IR Z WSS &, N I g
L kg A ) 200 L B < R e M DN ) O B R SZ A
He 55 K 3, WAK1 REWS 55 41 i B i A4 2 1B R e 20 73
(cross—linked pectin fraction) & 4= & 35 fl 1454, #2
7 WAK H 1 ] RE AR Sy 40 i B 2R i ofR 28 10 J8n o3
T, B J5 , Decreux fll Messiaen F] F 4lifk i) WAK1
Ha A5 AL B — 2B E R, WAK ] BB A% H2.45 5 ] A
- FLBE I FR (homogalacturonan, HG ) M R i 7= A
(R R FUBRE R , JF H WAK1 X SR 45 & fk )
32 3] R Jie Y TR A R R S RS, Hh 2 AL
(de—esterified ) B I B % {6 (non—methylesterified ) f*]
HG I H B R A 55 SR A0 ), T e 38 Y A R I
Mg RE Y. ZHERIL HG t T2E FLME R

(galacturonic acid, GalA) 5L I it H B S0 /b |, 25 5%
BT 22 T L fap R Ak, PRI WAK i A1 45 4 Jal
TR B g SRR g T g P I SRS T 0 A D
b5 WAK 456 RE TR F R, Decreux St —
A58 b X WAKT AP SR 25 G 5 0 AT R
oM R, WAKT Hes 3 i 24 R (Lys ) FORS 2R
(Arg) [ 1E H fif 2 HE R AR B X T~ 455 £ W R 1L HG
BAREZAER] . 53X S0 1F W 1Y 5 e o b PR
SRR BT, WAKL 5 HG W45 A 8E ) B 5 R AR, 5
7 WAKT % T /9 1F HL i IX B e 6% 5 SR i | 2F 3L
B TS T Bk ey A1 ) B P A7 R BT I Ay ELAME T
i EH - ZHEE. Kk, B AT Ay
WAK-SF e BAE F2 20— b i b W5 | 3R gl 3
Waa Mk 8 A5 20 B e E
SR

WAK-R I EAFS T, Ca? R R A5 5 3R
BT, W ERLE R HG R EE 1 K i
TR I, BERE S5 WAK AN i # & R &
TR 5k L A L BLAE L nT 5 Ca? B S 158 Bk
Decreux F1 Messiaen & Bt , WAK 1 5 5 B 1) 45 & < H5t
Ca i T R4k, A Ca? I, 25 W Fig 1L HG 5B
JFRAE 1Y “egg—box 454, S WAKT g # Mk $ H6 B
(K 2) . #iZ Ca BURME PR AL oA
i, HG B A FL A 20 A 55 25 [ HESI 24028, WAKL 255
REJIBEZ TRED,

YR ) 8 32 D A g LB 0 508 B T aa
I, 200 R SR ) A ik T R ik S SR P LR R
B, 32 i BOE  AH 56 43§ 185 20 (damage—asso-
ciated molecular patterns, DAMPs) # WAK # fifd #h %
SR AT 8506 L P 3t T P o D TR 0
) 241 i B 4% i 15 ( CW DIE's ) A At A 470 400 Jif0 B T 7= A=
BR R A AT B ] R T e WA K SRR T o A 2 £ B
TURIIT AtWAKIT 52 WAK Z 0 h DI RERIE 58 e A R ALY
R 2 —, AtWAK1 % GUB_WAK_bind %5 ¥ 35 fig i
PUNR I £ P EAIRES , 5 0Gs 45 & Ja Fl g fil &
I PR DRl 5 A Sl ) R A (18 2)™% - AL WAK2 U IE
W1 2 5 SRR A0 R JIp 300 O fh A 240 L B A SC 1Y A
B, HC LI R 2 5 748 R 3 3t 240 e BE AL B
RN B 52 T D U 83 F e A4
4.2 MAPK Bk {5 S i@

MAPK (mitogen—activated protein kinase ) 2% I /&
FUAZAE W) b s B AR SY B AE 5 B A B, TR
MAPKKK .MAPKK I MAPK = 4 Bk v i itk 41
T, FEAE o SR | A R S R e s O R 5 3
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N7 R AR O ST FE R e L R e R
#H 5% 41 F 15 X (pathogen—associated molecular pat-
terns, PAMPs ) 5 DAMPs # Jit B %€ {37 1Y 52 1A FF: 13 il
RS, Al 75 S MPK3 . MPK4 Il MPK6 %5 MAPK
AR AL , JE T P8 35 WRKY 2856 S 1 | B R AH 56
SR EE AR MY E S B
R - OGs /5 BB DAMP 15 5, REHS 15 S W)
G SN, AL 4G MAPK 3475 L ROS M & FAIG BT T AR
TR 7 L K 2 3K197°0 . Brutus 25 3 o 445 kg dok 52 46 52
BIEH , WAKL 25 0GR A, & 0G i 5 B 8 )2 )i
) BB AR A gy 2 — [ B, WAK2 19 T RE &
MPKG6 (135 ML B8 U A OC , WAK2 ) i M 5037 $E H i &
{4 36 T 17 P B MPK6 2878 FIT 1, Kohorn 45 &
B, R BE A% 175 40U T MAPK 375 4 11555 8 A G 3
R FEIk , 117 3% — 1 R A WAK2 THRE ; 24 WAK2 3k
ol D e SZ W i, a0 WAK2 A8 R IR s S 1)
MAPK3 i A6 W] 5 8055 , 158 W] WA K2 ] K 24t i R SR fie
55 E N MAPK 38 ™Y, e ah 47 41 Al A
TG AL WAK2 [ P 35 it 225 4 1 2 kTR A et 3 0 A
o e Tl 30 e 7 R 7 0 R PR 356 L i B 5 EDS 1/
PAD4 55 2 P8 12 R - AH G, I EL6E SR e P IR A0
PEFNA e R B AR AR S BAT RO, 48177, Herold
25(2024) F) F CRISPR/Cas9 [ I i 145 380/ I 43 5
AN WAK ZE R 5 & B, T AR E OGs I 1Y
MAPK {5 £k \ROS R & | 5 480 32 PR 3 38 TG 88 52 g 7
T 55 57 A2 BUAH LG O JC W 35 22 5, R W] WAKs Jf3E
OGs s T 15 5 Fr b 75 1Y 32 1R, 5k — &5 S 0t
“WAKs 1E R OGs 5247 1t 28 MU 4R 1 S otk 4k
8%, 6B OGs 155 1Y I P9 14338 1T BB 28 Hh oAl o8 oA %
JE BT A2 AR T, BAETE WAKSs 5 H A RLKs 22 [1]
MIDIRETUAR S5 AME
4.3 ROS.Ca*5S54pEERHIAT

1% 1 4 (reactive oxygen species, ROS) Fll Ca®* J&
70 00 e 5 8 e W ) 5 e 8 i 7 ) TR 2K LB
BS54, BN15 WAK A5 5 5 s i i 72 25 D)
K, OGHENILBIRY DAMP, REA% 175 5 MU Ca2 ik
FETFF R (ROS KR & \MAPK 75 4k A K [ A AH 563 K 32
K0 T WAKLBEE 2S5 0GR 51 F1 0G 15 5
(S E MR L, WAK BN R R i B A M BE L 3 15 5 5
ROS/Ca** B W 5 F 4 1) 8 E A2 (R Bt 2 —1o%1,
TEWAK-R g HEAET , Ca> HAF WEAEH . — i,
Ca* ] & Ry 4 L BE vh i 5 4 M 55 7, 2 51077 WAK
5RKEMEEAE. 5 —J7H, DAMP 5 PAMP {55 3%
65, HAh Ca AT 5 3B a3 38 0F A M, 51 &

Wk s Ca WAL, 2F T S5 T76 5 A4 8 2 11 9 (calcium—
dependent protein kinases, CDPKs/CPKs) | #5 i £
K FAh Ca 256 8, #E 3 T UiF ROS 7= A= R 1 4
SR (R 2)0%95 PRI, Ca? B2 15 40 i B SR Ji 4y
S, NAE RN SR F2 5 WAK 1
BPEM [ o BEAR, Ca? i 1Y CPK W] 8 2 b - T
J B NADPH 48 1L B RbohD , M 11 12 #F J5i 414 ROS
W% . W CPK4/5/6/11 25 Ca? iK1 1Y ROS 7= A= Fll
B 45 56 PR 2 35 (] 2)99, 0G il 1 WAK 4~ 519
MAPK {5 5 3% 1 fe 0% 5 = By A 5 ] 3 8™, o
WRKY %554 55 PR 7 Bl A AH G 3k R | 2o 401k 4 g A
2 B 0 [ DG L PR 2R3k (181 2) , 4EHF AR ROS
5557, Ak, ROS A B ik 7] fig #F Ca* 38 18 FF ik,
1M Ca®* ] AE 4R SEI % CPK 1 RbohD , JE it ROS-Ca?*
1ESCBRFR, BRI, Ca* X ROS 77 A= i 18 5 5 4 B
] K < MY Ca® {5 5 7 1 1 CPKs—RbohD 3 [ 1)
(] B, 12, P 38 ok 4 12 J B 1 (g 8 2 1 28 ) DA &
RbohD H & EF-hand %5 #4384 5 69 S 453 AL i1 B2 ol
ROS R LR, [H L, ROS 5 Ca* 2 8] 32 R I
FEAEIE SR A7 B L) 8 45 56 &, HLi i 5 4
SE B[] 37 BORS % M5 . Ak, ROS Al Ca?* AU
WAK 55 19 T Uik s, o n] 1) B S 40 i e AR S
TE RS BRE 2 2R . U ROS A3 ik 1 A Ak 9y il
T 240 i 235 ) B R 2 ) JoT A K 39 i 2 L RE L
R PO s [] A w8 7K S ROS o mT g 4 2k 40 it B 22
Rt it ol Jmy R A BB T, i — 20 AR SRR S5 #™, Ca
“ U] AT 3 g 9 4 2 B R AL HG B 38 BRE B 52 ) SR e
o 2 Pk R FLUBR R, FH T WAK X R e Y AR 2
B AR BE AN Ca® 15 T4 R BB, ROS/Ca> SR Bl 1Y
2 it B 9 AT BRE — 20 R WAK TR AT ) T A R
55 K R 40 B B R S - WA K R -ROS/Ca (5 5 - 41
b B EE O A 5 T B 3k sz 45 L oA 4
i E A A R B A =2 ) 29 285 b R 4 40 B BE 45 4 5 A
SR

5 WAKZE W 203 ok B oy b A Al
=5k &

H ST SRR O 5 = AR R IR, H
R ARE VE B BRI . SR, Tl
7 BE MR PR 8 2 F , AR W AR 2R W 30 5 11 7
AR E BN BRIl A A GBI R . 50K
T NE S EEOR AR L S B A K AR E
JRI SRS 2% ) A B k1 G AR R A 05 90 gl v E A
T U HGRAETTAE B0 FORFRIE LB BE , L34 Sy



) T A AR A BEAR S (W AR Ji DR G R i 5 k18 T 0 B AR SRt ed R R A R A 27

Cellulose Hemicellulose Pectin De-esterified HG (DGs) e gomasinks Carbox)

DAMPs Pathogen Cell wall
o Degrading Enzymen (GWDEs)
-8 OGs
H
2 > .. leu
De-esterified HG Caz S oy opaiacironides (0Gs) ﬂ922
. * Electrostatic attraction/
Homogalacturonan (HG) l Cell Wall Remrarum?ﬂ el Dietrg)

De-esterified HG/OGs \ ;
recognition % [ ]
.CQz'. / j &
ROS-Ca?*
Cah channels Positive Feedback Ap! lastic S burst

Plasma Membrane

Cytoplasm °
° .. . L] Ca?
o ©®

Cytoplasmic Ca2*
transient increase

&

Transcription Factors
” Nucleus “
Transcriptional Reprogramming

Drught Salinity/Alkalinity Defense responses Extreme Temperatures
Stomatal Closure SOS pathway PR genes HSPs
Osmotic Adjustment lon homeostasis Callose Deposition CBF/COR
LEA/DREB NHX/HKT Phytoalexins Antioxidant Systems
HR

T AR A BE T SRR (TR 5 +?L#%M¥%,HG) 72 S TP RE R (PMEE ) 25 1 1 S B0 Dt T 00 i B % Tl ( CW DI ) AR 7R Oy 5 2 1 LR TR iR
(0G) BARMAHZ 7 TALA(DAMP) o 0G 5 KBk HG AN EERISEREF(WAK, 21 ChWAKTA \WAKL10) U, 25 WAK 8 H 5 Z (R 3l
(4 GhLYK5/CERK1 . FLS2/BAK1 )*HFM’EFH FAN, BRI HG 5T Ca® 58 X34 3 (“egg box " 45 K4 ) I LU 4 11 5 WAK 2K 1454 . DAMP 1§
PAMP {5 S8 22 g 0 Ah Ca 38 32 5 I Ca?H W 38 HE A, 51 & Bt Ca> I (H , Yﬁﬁ%@ﬁ%*ﬁ%ngﬂl(ﬁ@(calcium—dt‘pendem protein kinases, CD-
PK/CPK) , i3 86 i /il 25 2 11 0% 1 RbohD A1 5 (14 BT A I M S0 (ROS) B &, I 3T HF T B Ca™ 3830 , LIS PN Ca™ ¥ B2 110 3 ) v i — 2B 0T
CPK/CDPK {5538 , 15 ROS &6 UL AT o 325 & W3l i BIK1 B WAK-MAPK #i5k (MAPKKK-MAPKK-MAK3/6/4) /- -0 K2
AOSRE o IXBEAE T SR R AN, 5 S S B e 5 e s R 1 3Rk, AR T 5 CRALOGH] (2B IHTT ) ERA% (SOS 5i % i 7 F2
) Byt N (PR ZEF IR IO AE PR R G U ) LKA il (R SE AR 11 CBF/COR B AL 2250 138 N7 5 B 1
Note: In the cell wall, pectin (homogalacturonan, HG) is de—esterified by pectin methylesterase (PME) or degraded by pathogen cell wall-degrading en-
zymes (CWDEs) into oligogalacturonides (OGs) and damage—associated molecular patterns (DAMPs). OGs and de—esterified HG are recognized by wall—
associated kinases (WAKs, such as GhWAK7A and WAKL10), participating in the interactions between WAK proteins and receptor—like kinases (such
as GhLYK5/CERK1 and FLS2/BAK1). Additionally, de—esterified HG forms Ca’* cross—links (the "egg—box" structure) to enhance its binding with
WAK proteins. The activation of DAMP or PAMP signaling promotes extracellular Ca®* influx through plasma membrane Ca** channels, triggering a tran-
sient cytosolic Ca®* spike that activates calcium—dependent protein kinases (CDPKs/CPKs). These protein kinases activate an apoplastic reactive oxygen
species (ROS) burst mediated by RbohD and open plasma membrane Ca®* channels; this transient increase in cytosolic Ca®* concentration further acti-
vates CPK/CDPK signaling pathways, forming a positive feedback loop with ROS production. Furthermore, receptor complexes mediate phosphorylation
cascades via BIK1 and the WAK-APK module (MAPKKK-MAPKK-MAK3/6/4). These signaling pathways converge in the nucleus to induce transcrip-
tional reprogramming and transcription factor expression, ultimately regulating plant adaptation and defense against drought (stomatal closure, osmotic
adjustment), salinity/alkalinity (SOS pathway, ion homeostasis), immune responses (PR genes, callose deposition, phytoalexins, hypersensitive response
[HR]), and extreme temperatures (heat shock proteins [HSPs], CBF/COR, antioxidant systems)

2 EYAME R WAK-MAPK 15 S 5 & T % S #5249 A& E

Fig.2 Proposed working model of cell wall pectin perception, WAK-MAPK signaling, and downstream stress responses in plants
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PRSEE PRI ] 3 A 2 R

ERIIRE S LRI AT E L T RIR T K
i N SR Y BOR B AR . RS SR T ]
J& T AERE, W TE WAK/WAKL 3 R 5 1 2 B AN LA
SRR A0 BE 25 R b B B R T A R ST
ARSI B B WAK S REHEZR A B2
i AR )R G R RS B ; R, il s ke A 1Y
S R O % A PRI 20 DL R A 7 1 TR I 194 30 B i, S
PE T BnWAKs BF 58 5 A0 AR SR A 10 BL Ak
b S AR RTINS B SRR SRR A R

TR AT bSOk PR R R R 20%~40%
JUE T RS T R 50% , T AR S, e
AR, H AL SR B R VR AT B0 = R
T%~50%""" HAITACIELE 3 KA 0 B AT S Hoks
KL i N 2 23% AR R B BRI I8 25 T,
Fiv Tl ] N 5% ~ 149", AR IR B2 T3
Na TR KM SZ R 2 17 DA LA S ROSH &, e 2
MR R A RAAYRIE R P B SR AR T
THSRAERT AL RIS B9 A= W 70 31 T 6 18. 46% ~
35. 67% F120. 92% ~ 46. 03%"*,

T84 W) W 36 7518, T8 4% 9% (Sclerotinia sclerotio-
rum) AR B 5 (Plasmodiophora brassicae) 1 2 12 I
(Leptosphaeria maculans ) J& 4= BR {0 5 Az 72 o e HL
IR LRI T o TR A% ™ B AT A O AT 3k il e ik
50% B, L I T A% BE S KA 16 T L
Herp, B ali A Ak 2 B4 DL SR A s
AR 8 0 A b R RROU i S 7 X R
AR ELL) 10% ~ 15% B =i ok ™ E e X
S8 K T 3K 3] 30% ~ 1009, A, B A7
B S LR S B SR A PR R E T o T
PR AL B A PO B IR A ROE T R L g
— 40 HE D A R I R PR

ARk, AR WAK JE P 510 R G 56 5 h
M2 WAK BFSE B85 T Al . Xu 00 A 45 T 5 Al
THERAE A B9 9+ T AERH A o L [F] 45 72 5] 178 4>
WAK FEIA, He b H 8 0 5 7 36 1 (A IR A 17
ALCWIEHA 194 ) s RERF i s, H g
TSR WAK A5 SR B0 H 85 00 B & () 5
Bl —2K, 156 8 K =M AR e AR .
H AL S WAK JERITEGL (UK BRI A5, L
CO8 et IAK H Fe 1, Jioh , AT T 58— hrife
73 3 A9 RLK 4, $2 BOH i 58 90 3¢ 19 55 4>
WAK/WAKL Ji 53 ™ 3K 53 2 B, 3873 H- ik 2L i
S WAK IO 7E TR AZ IR R ie dle AT 54 3

AR IR 5 I Y 22 S AP, $R R HE W S a0 4
Mg Jo AT R % 4% B PR e

I 2 PR G M5 5 A, il S v A WAK/WAKL B
DD REIE S B HRIE < 6 T AO7 FEBHE ) RIm9 37 55,
it —A> WAKLZESZ AR A, T S X PRI B
(Leptosphaeria maculans ) ¥ & 4= BN RGBT PES, &
TS TR BOAS 2 B9 4 00 I 1) WAK/WAKL 2509
S W N2 G R R AR T S o ast 1% el B v A iz
W fE, T 38 AT AR S AR 535 FAnic 4 Bh e £ B 4
YIAIA TR, & 2 W SR L AT AT M 0 N O
] SRR , I3 WAK/WAKL 1% 51 h 2 D1 R
B UE ) BT ARARR , 248 K 22 B0 03 AE A AR W 3
(T e 1 J8 25 15 WP e R A T 5 B R
SR USERCINAINES R E =W AR K RS AL L N 7S
5T S TF BRGS0 . R IT v i B Y
WAK 4t GUB_WAK_bind £ ¥4 5 31 551 25 FP i Ak R
JRE1 o8 JtL ) STK e 35 it 235 #4) 3 17] MAPK 2 5K (MPK3/
MPK6) 55 Ca*~ROS it F§ %3 {555 A% O DI e HE
20T 2 H R AR OGRS B I S R AT A O H 5
SR SRR AT 1) S 05 DU A5 AR L PRI 4 (A L COESE R 2
[R5 DL 22 (8] 9 98 9 04 ) DA BRe AT 1 PR TR 0 AR
i A Bl aE , Mp R T H WAK B 55 75 78 1 2 A5 X
A 22 1% i ity - g ST R R S I 58 AR A R IE 4
&R,

T X} 52 23 FLAS T 14 ik 1 336 1% 1R, 4% G At o
— 70 S PR s Jih 3 T B 1 e SR M LA
JEARARMY TG 3R o FE B AR 7 PR v i v S A A )
Bf 28 DA IR — T 52 3 — 0 T DA s A= G — A 555 ol
A S WA R e Z [ 3R ROS & L Ca?
155 40 i 90 R0 90 2% o A 5 e [y 50 %
U, A SR B A Y H bR L 2 B 2
7 1 B T ) 386 A ) 6 A A PR AR A 1 B A
JIFNIE R RE T -

1R GE i o B SR W BB S SR B
18 5 1 PR A DL BB 37 R A DG BRI R T, X
AP R SR {7 T 2 ) 7 D) 465 1) T U, SR BB A8 UL
R N 5 A I 2 M (LA X A ] B PR
AN MHEAE 5, I T BE A Bl AR K JE IR ANy T RS
WA . L, FHRAB ST BB 5 2RIk
I 0 7 ) GRS T A S S SR R B
KA E T ). WAK G BRI HURR % 4 B — o g
ST R AL, FOR A B G 4 ) 2 5 4 i RE o M Ik
1 \ROS 5 | Ca? {7 5 14 128 A MAPK BT , Kt 1%
FIE T RE A A 2R i (5 5 i B BRI
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RAT] AT BARIRER WAK FEH S o B P iy
NEF B E I Bl X0 v 2 R — b X )
ST A S R R R A ER A RGERE . BT
BB WAK 8 5% (A1/N2E TaWAKS ) 2T 5038 R Bl b
M T I BT T U AR B M g 7, 3l 5 CRISPR/
Cas9 /- F 10 i3 3 =X 45 oo 1 4 i, o 30 15 &
F14) e S T S X R 7 vl S v B AT TE [l 03 0 0 1Y
WAK [RIRFE A, A o] BEAE A SZ I 1IE # A K & B T
7l WY ) SIS LA NS E T e S PS F SRV ST 7 S e
DIARAAS R AR K S5 o LR, R R SR S5 4 728 Sk
1350 Fh i il Bl s 502 Y A 5 HL T A7 0 19 7 R
o ZWWHFECEANFY R h & T 5 IS
PR G B WAK 3R [N [ SR A8 5% . fildn, /&
TaWAKS W) R BAG T 5 T 255000 N = i fe e 1k
38R S, R SR R T AT S BIRE B Y
RIm9 S 5., S i WAKL 25 [T 1 % SR 200 9 A=
FE /N Fob AR S MR BOPESY S A X A 0 B B A
WAK/WAKL JEH (9 )7 5028 S b AT 0 Br 85 A 2 4E £
ST R A A B AR AR I &
et FAnic. fea, Al —Z0% b BEA 1E 4% A
T (4N At WAKLA B 58 AU G ST T Eh M ZmWAK3 $2 5
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