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Research advances on stress responsive WRKY transcription factors in plants

LI Ran, LOU Yonggen "
Institute of Insect Sciences, Zhejiang University, Hangzhou 310029, China

Abstract: WRKY proteins, which contain one or two high conserved WRKYGQK peptide sequence and a zinc finger motif ,
are a large family of transcription factors (TFs) in plants. There are 74 and 109 WRKY TFs in Arabidopsis and rice,
respectively. WRKY TFs regulate expression of genes by binding to W-box in the promoters of the target genes. It has been
well documented that WRKY TFs play important roles in plant growth and development, such as lateral root development,
senescence, trichome and seed coat development, sugar metabolism, sesquiterpene synthesized and seed germination, and
responses to various abiotic and biotic stresses. In this paper, the roles of WRKY TFs in plant stress responses and their
regulation mechanism were summarized. Up to now, 10 WRKY TFs have been found to be involved in plant responses
against abiotic stresses, including cold, drought, salinity and phosphate starvation, and near 30 WRKY TFs have been
reported to function in plant defense against pathogens and herbivores. The WRKY TFs, as positive or negative regulators,
can manipulate a lot of processes in plant stress responses by joining the signaling pathways. They may localize upstream or
downstream of the signaling pathways, and thus involve in early or late events of the plant stress response. Several WRKY
TFs in Arabidopsis and tobacco, for example, AtWRKY53 and AtWRKY33, have been proven to be downstream of MAPK
cascades that play important roles in plant development and defense response. Plant can activate hormone signaling
pathways when suffered from pathogens or herbivores, and jasmonic acid (JA), salicylic acid (SA), and ethylene (ET)
are the three most known defense signal molecules in plants. SA-dependent defense pathway plays a central role in
pathogen-induced systemic acquired resistance ( SAR) and NPR1 is a key regulator of SAR downstream of SA. In
Arabidopsis, rice and tobacco, some WRKY TFs lying upstream or downstream of NPR1 are involved in NPR1-mediated
defense responses, and thus regulate plant resistance to pathogen. Induced plant herbivore resistance is mainly related to JA
signaling pathway. Two WRKY TFs, NaWRKY3 and NaWRKY6, in tobacco Nicotiana attenuata have been found to regulate
herbivore-induced JA levels and the subsequent defense responses, suggesting their important roles in plant defense against
herbivores. WRKY TFs may also be regulators for cross-talk between SA- and JA-dependent signal pathways. In
Arabidopsis, for example, AtWRKY70 activates SA- but inhibits JA-mediated responses; in contrast, AtWRKY25 and
AtWRKY33 have a different role; both of them activate JA- whereas inhibit SA-mediated responses. In addition to the

regulation mechanisms stated as above, WRKY TFs can also manipulate the plant stress responses by interacting with other
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molecules, such as receptor proteins and biochemical enzymes. Moreover, WRKY TFs may be implicated in miRNAs-
mediated pathways, which regulate a lot of processes in plant growth and development, and defense responses. Because of a
large family, WRKY proteins have been found to have distinct and overlapping functions. Therefore, elucidating how these

WRKY proteins regulate the plant defense and how they interact with each other will be hot topics for future studies.

Key Words: WRKY transcription factor; stress; regulating function; mechanism
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BN H B EAE R MATTESS TR IT KRR B — LAl b WRKY % 5% PR B 5% 0 R LA A o Dt o
8 PIVERT, [RIEEXT WRKY 4% 5% PR 19— SE PR AL AR 1 — e8] (B0 TR A 1 2 Akl & 74 R i
T WRKY 5 56 B U AR R B4 . ARSCE TR R ZEER T WRKY 5% 5% PR 7 2R 4 by ) 3E A ) 5 A= sk
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AtWRKY25 F1 AtWRKY33 3438 T HEHI%F NaCl 196 52>

*1 dEEWEEHERXK WRKY #REF
Table 1 Abiotic stresses related WRKY TFs

LizE7)] Bk W T Vin/l Tk ETFUERR 275 3k
Species TFs Methord Inducer Function Interaction Reference
_ GmWRKY13, i EEIKZF]  NaCl, % F . .
5 Clyei . N -5 N v os5 Wi b T
K5 Glycine max L 27 54 W FE ABA FARLE Y300 45 3 S v [5]
B R EKXB NaCl, B F, o _— A[fE5 ERF % 5t
: h Y BEhhE SRR EALES
Thlaspi caerulescens TcWRKY53 A T-E SA B i RN T FHME [20]
NEABAS N . - , - .
MBI ks R BRERAE SSRLELE ML 0
Arabidopsis thaliana
ARk , Lo HIEHEY PHOL ZENERIES W PHOL E DK
AtWRKY6 42 e 2N . . A 21
WRKYOAZ e PPREBNZ g s o ik 2
AtWRKY25 URT e SN NaCl, & % .
IWRKY33 FE A et e ABA 2 5 NaCl fYHri 2 5 1 MAPK4 43 [22]
JKFE Oryza sativa L. OsWRKY11 iRk i TR Z Il AT B e SO [23]

2 EYEMBE1EXA WRKY #REF

A3 S A A i TR R G R B P B A R e T B AR BORE B T R A O S R OO
KR (SA , salicylic acid) KFFR (JA, jasmonic acid) , LM (ET, ethylene) %5 {5 55 it , SEH Y K
B TN 2T O B o A s A eV g g & N0 - L G S 55 &) & G 0, G o g1 pu e s R 1 B Y S ) =R
TR DNA FEANEE AR, VLR M4 00, 210 IR o AR ek & vk B A ) |
Wi P — 28 WRKY 5558 P 3 kK2 & A 2R ) Ryu 229 P58 T 45 /KR8 WRKY #%5¢ 0
TEATRI AP E R AT B, & B 15 A4S AT LGRS IR 9 B Magnaporthe grisea 553635, 15 P49 H
12 A7) LRI 4 240 T8 Xanthomonas oryzae pv. oryzae ( Xoo) 535 AT WEFE T Bl A8 5 i AH S AF 5 43+ X
WRKY #5789 520, &I OsWRKY4A5 Fl OsWRKY62 1E /K 4 12 4b R & i Fr vhifs S 22 3K, T OsWRKY10 |
OsWRKYS2 Il OsWRKYS5 TE AR ATRIFE S A H W 235, OsWRKY30 A1 OsWRKY82 W] L) [w] Bt 5 7K 7 iR 11 24 1] iR
Wk, UL WRKY #5125 TREY NS PR8N, Y0755 B R 52— N2 8 24« W
267 G5 TEIX A4 i WRKY 3% 53t PR 7E BT i Hr i IR P VR A B I A #As
2.1 RS FAOCH WRKY 56 5% A+

97 VL AT 75 S O R 400 B0 0 s I 96 B T AL R P R S TR G L T — SR R TR R Y A2 R
MAPK 25 IR 5k N T 45 R 5 5 i AR M e L K UK R R AR A G R 1 (PR ) 2817 Hirf WRKY
SRRl TARE ZE RS VE A . 8 ok i 3k RNk R R 45 7 i X L 7 KRS H ) WRKY %% 55 R 1
5T, RIR ZHS 5 T R0 S DA (9 B30 R (3 2) o ey — 2B ] DLIE s 4599 [ 1R 1) 3t Bz, 34
A — X i B i S AR B T SRR AR . i i SRR KR TR Y WRKY13 \WRKY31 \WRKY53 \WRKY45 |
WRKY03 \WRKY89 \WRKYT71 ,#B T L4 =y 7K A8 X 9 Bt B A e e 5 10 DTSRI e 58 [A) 57, 7K e 28 B % it 71 7 Je%
PR IF Y AIWRKY38 AtWRKY62 AtWRKY11 AtWRKY17 2 %55 50 1 0k 1) £ 845 DR 7 3 e 47 A 8 A8 3T R
336 6 5L DA 5 400 R T X S T BT P BB | T e B 58 AtWRKY38 AtWRKY62 i , 4PN EE T X5 S5 T (T PR Ve
2.2 fHEMERRIFE AN WRKY 5%+

XFFAE MR A S WRKY #%5% N+ BB 0 e/ (H— 2600 5l R 2 R I A )5
WRKY %% 55 I F [0 38 1k 7K £ e AR AR AR 0 1 R 0 A B8 mT L i 20 A9 175 5 400 2 rP 9 Na WRKY3 I
NaWRKY6 FE 1517 ) Skibbe %5 58 43 52 A UTER A5 10798 T NaWRKY3 Fl NaWRKY6 H:[H BT AE , 7EDT
ERAEAR ir-wrky3 F ir-wrky6 T, K5 OR b AR R A8 3 35 B B 5 T 1E F AR , — S8 ORI 500 A0 B A B R AT
TEHREAR , U0 FH VO 132 AT 118 3 SR 5 AR X R R I P BT 0 55, AE DCBRAE AR JA T JA-Tle/ Leu 1175 5 DA
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K JA G RGERH CEEEL R LOX2 W3R AREAR T 15 % FELRR , 1 ZNitE JA 1T LA Bl F WRKY3 F1 WRKY6 ULER
ST SR A R B A AR () 422 9 0 14 sk 55, U B NaWRKY3 Fil NaWRKY6 Vi 4: 1T JA B4 LA K JA A5 19 95 4

I,
2 S5HFEEAERERRIFESHEXN WRKY #HREF
Table 2 Pathogens and herbivory related WRKY TFs
THY) kN T W BSY ke LRI R E PN
Species TFs Methord Inducer Function Interaction Reference
IKFE iRk Pyricularia oryzae Cav S Ly S
Oryza OsWRKY23 SUEH SA RS Z 595 IR 755 RN [10]
sativa L. IR Magnaporthe grisea , 25 auxin (E5 &R M5
OsWRKY31 e . e 7
S TR MelA, BUMHD R 7]
SA,ACC,MeJA . {iF OsNPR1 L
OsWRKYT1 ORI 1 ’ Z 595 R e e 28
' HEFEE g s, xoo SHREAEEIUL e g e [28]
335 MeJA,ABA,UV-B, S5 REE EAEAK
0sWRKY89 e ST X 29
‘ PR LB, G T S0 [29]
FUN e Z5RERFEIE S0 SA P8 6ST, P450 3
; NI s . 3
OWRKYAS Sy pyrer SABTH R k2 ik [30]
s SA M RMESER
OsWRKY13 it#35  SA,BTH,INA,JA,ETH Ml JA S0 E S [31]
pig e
OsWRKY53 iRk Magnaporthe grisea Z: 5 R IR AR S5 UM [32]
SA,BTH,ACC, MeJA N S {iF OsNPR1 I
OsWRKY03 s O ’ s SA T JA S BB L 33
s iR X003 P SA I A 55 TS TC [33]
IR IT - R % R R R
Arabidopsis AWRKY27 AR HITe T [34]
AtWRKY3 Fl AtWRKY4
thaliana G NN GEES ORI N =3
AtWRKY3 4 ;ZA* . PuDC3000,SA B 40 M, ACWRKY4 £ [35]
RS 1S X I U S
HPLE
AtWRKY38 AR , G e
VRKY3S . HATIE o 03000,9A SRR SN 1 HDA19 T [36]
62 Rk
AtWRKYA1 dR#RE PseDC3000, Pra Z 50 JE A 55 R [37]
. I SA A SIX
AWRKY25 AT pamESa326 ,SA, ACC Pseudomonas syringae 18 1H MAPK4 Y4 [38]
FUN oY N
btk
i ERE A JA PR IR 408 NPR1 T
AtWRKY62 e SA,MeJA D N 39
! S ol %3k e T [39]
T ERIR - W IR E 5 S0 SA Al .
AtWRKY33 e SA, T %A , PstDC3000 i MAPK4 J#45 40
‘ 1 AGE B Pt W EEEEZEGLE Tt [40]
AtWRKY18 | s PSDC3000, 3 3L A A A i A
40,60 WARE Botrytis cinerea A [41]
738 422 %] /\*" A !
ADWRKYILL e oo pubC3000 J;lﬁﬁ:xfﬁ)—? AT ) i fil (4]
17 itk
ik PG SA A SRR 3k
AtWRKYTO %Tkk SA,MeJA, ACC,CF FIRTHME JA A T 1B [43-44]
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LizL7)] BT W S ik ETFUEXR 275 Sk
Species TFs Methord Inducer Function Interaction Reference
A S Wound, Manduca sexta’ s WM EHRERIEFE TN T JA SRR
NaWRKY3 6  FEKTLE ’ N o s it 45
Nicotiana “ ) ERTR oral secretions JA B RO [45]
T™V, A [ N
attenalet -y RKY12 V, Agrobacterim I PR-1a M f 2k [46]
tumefaciens ,SA
PR N
AT E y N
Capsicum  CaWRKY1 %QU‘L%( Different pathgens,SA SRR IR RS [47]
iRk
annuum
Hi% i %35 Wound NN
) Z 55 R E S
Vitis VoWRKY2 F| H Erp Plasmopara viticola B 5 SR (48]
vinifera i i Rk Z 5 B R WS
VoWRKY1 - SA \ETH H,0 = 49
' s 2 2 49

ACC: I-aminocyclo-1-carboxylic acid; BTH: thiadiazole-7-carbothioc acid S-methyl ester; CF: Erwinia carotovora subsp carotovora SCC3193 culture
filtrates; INA: 2, 6-dichloroi-sonicotinic acid; MeJA: methyl jasmonate; Pta: Pseudomonas syringae pv. tabaci 6605; PsmES4326. P. syringae pv.
maculicola strain ES4326; PstDC3000: Pseudomonas syringae pv tomato strain DC3000; TMV: Tobacco mosaic virus; X00; Xanthomonas oryzae
pv. Oryzae

3 WRKY %R EFREEY3 5 R M IE

WRKY %% 5% R A AR B A SOy P i 0 B AR 25 2 4 A T g, S 5 R0 — 5 5@ 51
BN TR, BB A SN 2550 . Maleck 255 R R BARBIIE T R G SAT B M 6 3L K 1 3
ik, BIAES SAR AHSEHY 26 NS 1 Jg 2h T R AEAE B A — 1Y W-box ,26 N FE B G 25 F 1 W-box 9°F-3
FEULECN 4.3 A, UL WRKY #4557 5 A 22 W7 40 507 AH S 36 B 9 338 TR A5G . W-box & TE )R 8 T+
B B, U B WRKY 54 55 PR -1 AT B8R Al ] 28 19 B 1 ARG [R5 — N L R i 6k
3.1 WRKY #65%H 71 H

WRKY A & 5 80 F P AE e W-box, Bl WRKY %% 5% R F 2 ) o] DL E 384 . Xu 260140 F e Bk
X ASUEI T WIR T H B WRKY18 40 .60 %% 53% N 22 8] i LAAH EL Y . Kim 255 ) BiFC B AR 7E (R Pt
[FIFEUER] T WRKY18 40 60 % s K 7 Z [ B EAE . Skibbe %51 F| Ff NaWRKY3 Fl NaWRKY6 F [H 170 Bk 5 75
W IEA T HRE Y WRKY3 T WRKY6 L, WRKY3 4205155 , i WRKY6 F5 e 2 i EHE SR
PR . WRKY 457 2Z MIAEAE Y BAE AT BE 2t TR 1 WRKY 4% 5% 1Dy 86 L 1 T4 i .
3.2 25 MAPK fF 590kt

A 2257 B4R I (MAPK) (5 S 080 2 A TE S By, 25 T AR RE DRI
BALEYRARE Y 0 B Y MAPK 155 21 41 5 MAPKKK , MAPKK . MAPK , i i R Ik W R Ak, fe &
MAPK BER AL FIET R W 0% 500 11, Horh WRKY 5 5t IR T2 — MR RN T, Asai 25 BF5E T 40
FAT I MAPK ZI0AE AR ) S5 S0 i AR, Ferh AsWRKY22/29 S0 T MPK3/6 T it ) I8 2 A 0 1o %o s i
B I T, Andreasson 5 18 1o i RF A AZ UESE MKS1 37 T MPK4 R i, il MKS1 7] LLAT WRKY25 F
WRKY33 T AF AKSNE H EAE L8 ARIESS T WRKY25 Fl WRKY33 J& MPK4 ()Y, 7] LB MPK4 Bk, FIMH
P RE LA 8 [ REIESE T K05 WRKY1 of LU SIPK BERR AL . 7E4URE I+, MEKK] AT LART AtWRKYS3 # (445
BRI B Y R RN, TR AN R AREIE S T AdWRKYS3 W] DL MEKK1 B BR Ak, 3% Fh i e 1k g T
AtWRKY53 1 DNA Z5 41557
3.3 5MERTRTERE

FE B A0 S 7 ¥ B T AR A5 40— F BB LA R AT =2 [ i EL AR P AT L RTE 2 1Y 28 3 F MR 5
3 F, 53000 SA JA DL Z M, NPR1 JERUE SA /v 3B R GRS BN (SAR) B —A> SCHER I8 15 R, AE UL R
Jrep, i iR NPR1 LT LASRE & %0 B o A BT 78 NPR1 DUERAE PR T SA 55019 PR JEIH k0855 , 1
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PRAE AN B B 2 0 Mao 26 ifF 98 IR T AtWRKY62 207 T4 it NPR1 R i I H. 7T DL G
JAMGS AR I FRIL, 78 TR OsWRKYTL /KRG, OsNPR1 F1 OsPR1b 241 i 8 32 16 19, 13613
OsWRKY71 A REJEAE T OsNPR1 LAY ICHE . van Verk 251 AURIFSEIE 5240 5 0 B9 NeWRKY12 W] L3
¥ PR-1a L35, Wang 551 I Fl— Bl aT 9 1054 SR mes 45 A i BUAR , %658 T 8 4~ NPR1 B 1)
WRKY #55[H 1, Horp WRKY18 7] LIIE % SAR ; WRKYSS J&— B S A4 (45 1, & 1l BE A Sh g 2 B
LF 9 R B T A B 16 M B A L SAR ; WRKY70 1] LLAA 45 SA BAE & 1%, (A AT LIS SA /v %
FIBE R I . X B8R UL B WRKY #5578 SA A SR PUwRE S & &b K5 T HEE N IEEE-,
Thibaud-Nissen % 7 I e 68 J5 G2 T3 Bt H H2 AR ( CHIP-on-chip ) & BUAURG ST TGA e 5 H -7 1] LA $E
AtWRKY51 3£, TGA FTLLFI NPR1 S A HAE, & SA A5 19 B A8 S 1 9 G BRI 4% K 5 1T AeWRKYS1 7] LAg
FRIEE A SA % S R IK1 LI AWRKYS1 AT T6A B 5k 7 T i, W% T SA 4 S 1y By i 5 i,
Turck 25 FIH] CHIP £ R454 PCR %52 T PcWRKY1 7256 R A S G M T, ol AR H B8 s 7R il W-
box DA K PePR1 Fl PeWRKY3 3 HFE sl FH 1) W-box 454, Ul PeWRKY1 B T H IR, I PHHE T SA 51
BT R PePR1 Tl PeWRKY3 BRI 3R3K . JiAk  MHRE TR Y NaWRKY3 Fil NaWRKY6 P85 T JA 14 B & JA
- FHIB B R

NZWFFELRI JA A1 SA (55 B R BRI, i 06155 @ AAXT JA (5 5B e —FISsUE A, 5ol
WFE R SA F1 I f5 SR WM EREPR ), 78 SA Al JA Z JAlAY 5 4F rh—Se 3L R 3 T 8 2 A P8
FH 4 NPR1 43588 11 GRX480 \MPK4 L) e WRKY #4527 . WRKY 3% N F5 5 T #E Z A 5 AE
B R LR ) ) F R R IF AtWRKYT0, Li %6 38 5 o 8 6k FSE U BR I 5T T AsWRKY70 1 49 55 480 52 g
FIVER , ACWRKYT0 7E SA F1s J 18 b BESER 0] LABE 55, 1T MeJA NEEVE 5 AWRKYT0 JER (W 3R 3k ;i i 3k
ik AtWRKYT0 LR 5 A AT DAL e 2635 SA A3 A6 B B A 0 1 s AH B B, DLER AeWRKY70 35 PR U3
T JA AR SR BT LKA G B S R A ek . BB AtWRKYT0 W] LASIE SA A By B A T 0 ] JA
- FRIBEE . Li SRR B E SA T JA {55 5 Sl e fa o vE i R , ik — A UESE T AdWRKYT0
57 SA il JAMS B RAZ MM AR, IR i WRKY25 Fl WRKY33 &0 F MPK4 Rz 5t 105
I MPK4 A LISTG JA {5 SRR Ml SA {55421 r L WRKY25 FIl WRKY33 WAERYJETE T SA Al JA {5
SR Z A AR, Zheng S50 43 51 H) FH it B 3 A FLE A RAEWFST T ST WRKY25 Fl WRKY33 LR 7E
LW 595 A 2 7 P A L 235 S22 B WRKY25 I WRKY33 ffy S ] A5 R B 175 S 10 SA 15 S8R M JA 15
St BAMVKRERR OsWRKY13P FI R ST P AsWRKY41™Y FE SA FJA TAREP R T EE RN,

3.4 HAhpEEEhLE]

Shen 5% 3l 1 FEBE XL A2 28 DA SR Y BR 45 & 5000, WESE T R Z IRZ W IR 1) MLA Z R EH S
HoWRKY1/2 %% 5% R FAE4E % HAE, HOWRKY1/2 J2 KA %93 Ji T Bt M ) 07 0 958 R, Tl MLA A2 1R 2 T R
HoWRKY1/2 %55 7 HAE G AR T X FBHE MR . Kim 25580 ) i B X2 52 DL K BiFC AR MRS
[EIHIER T WRKY38 (62 W] LAFIZH 2 (i £ It 5L/ HDA19 HAE, WRKY38 62 24Dl B 7+ i #1745 IH 1, Y
5 R AR HAD19 F1 WRKY38 62 TLAE , i %: WRKY38 .62 HIBHIEMEH . miRNA AR N —Z/ M
POUEYE ) RNA, BT LUEER YR LA K R B AR, Bol— S £ ER S5 T Y N6 5 AR e v
ELH A BRI R R 7 Zhang 27 F A 045 B2 5 2 0 T oK 2ma-miR17 AYFEARSEH AT fig & — 4
WRKY 551, PEBI7ERY) o o] REAEAE—28 miRNA 4% T B4 W AH SE ) WRKY #5547, %7 T miRNA
HI NI H RIS AR
4 B2

WRKY %% 5% PR F-VE A A i e 2 LA 4 5 A8 AR 9 W 3 v J B2 A o By 2R P, L 28 ORI 2 19 5 12 T AT
MIETE, MWHZ R R —A WRKY #6557 24 R 412 B A AWE B =55k,
WRKY 5k HFEmy i oiie S &wig g kda ik, EAES 5 THEYAE K LT BRI DR, HE
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ZEHRTIRSS TR SN A U AR Y e SO0, WRKY 7 56 A7 TR G 5 8 R &4
P, — 2 R SZ R85 1T MAPK 208K SA Fl JA SRR (5 5 & 42 LT iR 42 48 U8 AT LU WRKY §% 5%
WP H A, WRKY 5558 H 72— R I FIR, OA W98 £ AT A28 B WRKY # 52 N 71718
HICADN ) I, g2 B WRKY %% 55 X170 R4 97 480 0 245 o A 3 4 S5 0 FHAILER L & WRKY 55 5% H
(] (AR MR AL K2 A5 B — A ST 7 0], R, WRKY VEFIHLEE A B W, % T 55 B Pudi e /Y &
T HLA E 2 BEAE 5 SE
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