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Abstract: WRKYs is a unique family of transcription factors (TFs) in plants, and belongs to the
typical multifunctional regulator. It is involved in the regulation of multiple signaling pathways.
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This type of transcription factor is characterized to contain about 60 highly conservative amino
acids as the WRKY domain, and usually also has the Cys2His2 or Cys2His-Cys zinc finger
structure. WRKYs can directly bind to the W-box sequence ((T)(T) TGAC (C/T)) in the
promoter region of the downstream target gene, and activate or inhibit the transcription of the
target genes by interacting with the target protein. They may up-regulate the expression of
stress-related genes through integrating signal pathways mediated by abscisic acid (ABA) and
reactive oxygen species (ROS), thus playing a vital role in regulating plant response to abiotic
stresses. This review summarizes the advances in research on the structure and classification,
regulatory approach of WRKYs, and the molecular mechanisms of WRKYs involved in
response to drought and salt stresses, and prospects future research directions, with the aim to
provide a theoretical support for the genetic improvement of crop in response to abiotic
stresses.
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Table 1 The WRKYS genes in different plants
Species Gene name Total number Classification References
I 11 I
Arabidopsis thaliana AtWRKYs 62 12 39 11 [7]
Oryza sativa OsWRKYs 99 12 48 39 [8]
Beta vulgaris BVWRKYs 58 11 40 7 9]
Vigna unguiculata VUWRKYs 92 15 58 16 [10]
Solanum melongena SMWRKYs 58 13 37 6 [11]
Panax ginseng PgWRKYs 118 15 91 12 [12]
Lilium longiflorum LIWRKYs 38 7 22 9 [13]
Liriodendron chinense LchiWRKYs 44 8 28 [14]
Kandelia obovata KoWRKYs 64 18 39 [15]
Scutellaria baicalensis SHWRKYs 72 15 48 [16]
Acer truncatum AtruWRKYs 54 14 11 29 [17]
Xanthoceras sorbifolium XsSWRKYs 65 12 45 8 [18]
Daucus carota DcsWRKYs 67 6 53 8 [19]
Ipomoea batatas IbWRKYs 84 15 56 10 [20]
Hordeum vulgare HVWRKYs 86 10 42 34 [21]
Taraxacum kok-saghyz TKWRKYs 72 16 43 12 [22]
Hylocereus undul atus HUWRKYs 70 14 44 11 [23]
Akebia trifoliata AktWRKYs 42 12 23 7 [24]
Petunia hybrida PhWRKYs 79 14 50 15 [25]
Ginkgo biloba GbWRKYs 37 9 26 2 [26]
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P SR P AN AT IO, R MEGA 11.0 8¢ Sty ; b 4105 BWRKY30 5 SmWRKY14

1 1EY WRKYs RIEEERFEAER  FIFHEH I K 4 8045 % (https://bvseq.boku.ac.at/) Fl NCBI
(https://www.ncbi.nlm.nih.gov/) R 2R &3 . #LEG ST AT 1) WRKY KL R 751, dlad Clustal W #E17 %
SN, FIF MEGA 11.0 1454235 (neighbor joining, NNHH R L EH, HIEIT 1 000 X HBIE L.
WRKYs JE [ £ 225354 1, 11 #1111 41. AtWRKYs, BVWRKYs Fll STWRKYs 735l &% €5, . 21 (6 F s (3R

Figure 1 Phylogenetic tree of WRKYS gene family in plants. The predicted proteins sequences of Beta
vulgaris, Arabidopsis thaliana and Solanum melongena were searched through Beta vulgaris genomic
database (https://bvseq.boku.ac.at/) and NCBI (https://www.ncbi.nlm.nih.gov/). These sequences were
aligned by the Clustal W and the phylogenetic tree was constructed using the MEGA 11.0 by the NJ method
with 1 000 bootstrap replicates. The WRKYS genes were clustered into three major groups: I, II and III.
AtWRKYSs, BWVRKYS, and SMWRKYS are represented in green, red, and blue, respectively.
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Figure 2 The diagram of WRKY transcription factor regulating stress responses in plants. The solid black
arrows indicate that WRKY's regulating plant stress response pathway; The dotted black arrow indicates that
WRKY transcription factors might be activated by the MAPK cascade and thus participates in the regulation
of stress response.
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Table 2 Regulatory mechanisms of WRKY's transcription factors in response to abiotic stresses

Species Gene Regulatory mechanism Target gene  Function References
Triticum aestivum TaWRKY53 ABA signaling pathway AtAREB Enhances resistance to [55]
drought stress
Vitis vinifera VWWRKY18 ABA signaling pathway AAO2 Reduces resistance to [56]
CYP707A3 drought stress
Gossypium GhWRKY46 Activating the transcription ~ AtRD22 Enhances resistance to [57]
hirsutum of downstream genes AtCBL10 drought and salt stresses
AtCPK3
Medicago sativa MsWRKY11 Interacting with - Enhances resistance to [58]
MsWRKY22 protein drought stress
Solanum SWRKY81 Inhibiting the transcription ~ SP5CS1 Reduces resistance to [59]
lycopersicum of downstream genes drought stress
Vitis vinifera VWWRKY13 Inhibiting the transcription =~ P5CS1 Reduces resistance to [60]
of downstream genes BAM1 drought stress
BAM4
Ss1
Musa acuminata MaWRKY80 Activating the transcription =~ AtNCED2 Enhances resistance to [61]
of downstream genes AtNCED3 drought stress
AINCED4
Malus domestica MdWRKY30 Interacting with - Enhances resistance to salt [62]
MdWRKY28 protein and osmosis stresses
Sorghum bicolor  SbWRKY30 Activating the transcription ~ SbRD19 Enhances resistance to [63]
of downstream genes drought stress
Populus PtrWwRKY75 Activating the transcription =~ PAL1 Enhances resistance to [64]
trichocarpa of downstream genes drought stress
Capsicum annuum CaWRKY27 ROS signaling pathway NtAPX1 Reduces resistance to salt  [65]
NtSOD and osmosis stresses
NtPOX1
NtPOX2
Populus PagWRKY75 ROS signaling pathway SODs Reduces resistance to salt  [66]
angustifolia PODs and osmosis stresses
P5CSs1
Prunus mume PmMWRKY18 ABA signaling pathway PmLEA10 Enhances resistance to [67]
PmLEA29 cold stress
Arabidopsis AtWRKY39 SA and JA signaling AtPR1 Enhances resistance to heat [68]
thaliana pathway AtMBF1c stress
Triticum aestivum TaWRKY70 SA and ET signaling TaPR1.1 Enhances resistance to heat [69]
pathway TaAOS stress
TaPIE1
Arabidopsis AtWRKY47 Activating the transcription  ELP Enhances aluminum [70]
thaliana of downstream genes XTH;7 tolerance
Solanum SWRKY42 Activating the transcription ~SAMT9 Reduces aluminum [71]
lycopersicum of downstream genes tolerance
Arabidopsis AtWRKY13 Activating the transcription PDR8 Enhances cadmium [72]
thaliana of downstream genes tolerance

—: No target gene.
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FEH ARG IT Sk ik LIWRKY22 ) B85 & &
(Lilium longiflorum)h DREB K& R 1y #1514 F
VA, RERR BT BPE 35 01T R, FEAIRIR
2T, 3223574 )N (Citrullus lanatus) CIWRKY20
(%% SL DR UL B T A AR ABIS Z2k F I, XA I
T AT A2 1 R OO

WRKYs 3 2 AH )38 3= A7 -5 3 1 s 28
TE A O S5 DR 114 3 35 O I 28 W ot ek B Wb o 7 G
WAMET, BIFFIT AtWRKY25, AtWRKY26 FiI
AtWRKY33 9 L 45 461k, Rt A EIN2 T
Z R SERYS, R E LI5S s, W
PRI S A0 S, B R PO ST T AT
IeAh, FEMRIR R E T, WRKY53 5k 8 %
(gibberellin, GA)G AH S IEH (1)) 8 T-45 53
MR R, FEEOKAE A e bR AR, L
MJTH WRKY42 1 5 RHD6 Ji sh 745 &, i
TR, YRR S A AR SRR peAh, 7B
PIE Tt ik PMWRKYS7 858kl (Kandelia
obovata) KoWRKY40 43 il 45 & I i i )7 % [
AtCOR6.6 F1 AtCORA7 LA Kt A AL B AH 5 H A
AtMNSOD [k 7K -, T 14 5 400 R I X AP ik
38 T 2 RO S e ZE LR, WRKY
BESEIR T AT ABA KW mig 1y A & LR
TR SR AT S P, DT X AR o I A
O 225 ) SO o
2.2.4 WRKYs 2 5iFEEFRTEM BN

W (phosphorus, Pi)JCE Mk = 2 XHHE P Y
ARKEFEBRCEEW, FREMN, KE
(Glycine max) GmWRKY46 5 AtAED1 Ji 3l F-IX.
B AR T W-box 454 IF G Higkik, ok
T 2 o A 35 DR 400 7 AR X 8 =5 SR Mol 2 1) T 32
PEURL AL, AR 30 R D) 42 = L (Capsicum
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annuum) CaWRKY58 #% sk £ 1 i —H W5k
B, Cal4-3-3 5 CaWRKY58 HAE, 1E [
TR P U AN, i Rk
OSWRK Y108 1 % F PRI A ke a8 3k 572 i 31 3 25 7
fik (brassinosteroid, BR)AEY) & A5 Z S,
HETT I [ PR K FETERE 7 8 S5 1F T B i it
PR MR, TEBE T BT, BT
AtWRKY33 A J8#5 AALMTL % 5t 31k, i s
R TR, —N T F TEMRRIELR,
AR R A Z B

AN, 7E48 (aluminum, ADIRA T, 13k
GMWRKY8L 1 %% Bt P K & N = &
(malondialdehyde, MDA)Fid b & & & 15 i
ZAR T B A4 A (wild type, WT)REFE, 11 E ALY
it} (peroxidase, POD)V&E M5 T WT A bk 5 i — 2
WFFE R, 1 ik GMWRKYSL ] i1 AlM iz
FIHTE AL B AR SCEE A i Feak R4k | K e ALY
i it sz RO MR, FERRMNETE,
(Solanum lycopersicum) SALMT3 23] WRKY %%
SEHF 6 1A 5 (SWRK Y3, SWRK Y6, SWRKY16
SWRKY37, SIWRKY39 il SWRKY71)H) ¥,
A TA (RS, AR R g A U

WRKYs i A] 2 5 Y 45 48 9y 0 )i HAth 55 55
JUEMA . Fltn, FE/hFZH, WRKY68a HH:
fli WRKYs . 5 8 [ 455 3G % s
(calmodulin-binding transcription activator, CAMTA),
MAPK 2 [ ¥ B . #F 35 W U 45 #9 3 (zine
finger-homeodomain, ZF-HD)ZE [ Fll Z % Wi ]
I H5AE, DT R 5 Hp B A0 E B2 A (nitrogen, N)
Bz SR ANEG AR Ak, Rk
WRKY25 #l WRKY33 iliif /5 AGB1 FilffEe
(zinc, Zn)if KL[H ZIP3 I ZIPA %5 %, HF
117 12 £ 2 35 TR 0 R A 3 5 ity i sz 0T
Bk A= Bk (iron, Fe)wg FH SMRMIEYI R ™ &, £
B FAVE N K AE 40 i B W AH OC (autophagy-

http://journals.im.ac.cn/cjben

related)J& K OSATGs Y% sk KRR FiH;
— W5 KB, OsATG JEHJE 8 74 WRKY
Y W-box MEAEHIITH, 52 WRKY 5%
K0S, s KR MPrE"", 54k, 1k
PR, i F ik /N4 3 (Malus xiaojinensis)
MXWRKY64 ()% 3 40l pg 7+ vl il o 42 /7 ROS
T ok R 7 Sk 1 s AR o K Pl 14 7 25 I i 2
b LRI WRKYs AU S5 L5 58
e, WA B2 2 5 24 WRKYs iR ER , o
T O] 2B AR ) % 36 SR 0 2 5 BRI A2 M
2.2.5 WRKYs &5z H 8
WRKY ¥#HFHRTS5T5, % )
iR S FEOL R A s, 2 5 HAM AR
W30 2 o 7E5% (cadmium, CAWMA T, 5%
% GMWRK Y172 AT R 4% e PR A ok HL O, AR
R, it —ad H0, 15 il R R & i ek )
(a3 O L NI G Ko O ¥ AR S B
1 £ 15 JH # (Populus  yunnanensis) PyWRKY75
{14 2 o DRI A X 4600 P T 2 44t B S 348 >0 ik
Ah, Shi ZE2% B UV-B/A] WAL BT 75 A
. (Mangifera indica) MiWRKY1 1 MiWRKYS i
Rk, (EHRPAEHF RN G M, B
IF wrky23 Z ARG P A A A2 1 AMTL;2
Fik , FHONH, TEAR PR, P BRI,
XUEZELER . WRKY 52K 7 il 2 5 i
YT 4R . SRANR S A Il i

3 RE

WRKY # 53¢ [N 12 5 R4 22 Rt ki
WL, BRIP4 RO B i i b k45
MfER . BT, 4% WRKY P54 0 24k A
Py ia i o3 TP O S B Mok M2 BT
AR H R ST, WRKYSs (451 BA £
FEVE, DRAT S5 AL RN A 48 45 M S A A A8 S A
HZ25plEgiet+aosE e, REaxs b
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TR FIBOE , IFEAE S EgR L E O A
o 45 A N ISR 3 X3 W-box, #F—#
PR 30 AH D BE DR B ek, 1 9T R A e
ANEY ST e . A, [Fl— WRKYs %65+
CINGEEGE 010 ST o A i R U7 STEL o el
A% 3| ZM WRKYs pyiEfs, HZmmd H
F T A 10 15553 3% A A/ A HAth ik 42 Sfe 9 1
bk, BB RFRARI .

KLt WRKY %% 5% B F AR A58 7] LT
AATEE T (1) FIHCA WHEART B2 i
Bl WRKYs 25 A A&7 (2)
— RS WRKY's I T i 45 PR 1 REE AR A
FEATT 305 58 3 ) 1 9 X 445 5 (3) 42 i B 2
T WRKY's 25305 B AR SR IR AR R & A&
23X e 2 55 U 30 45 W 36 ) 1 65 B T 5 (4)
FIR A 3R08 L BE 4w 4E . RNA TSR R,
B E bR RAEY B S A, ARkl T R
K #.
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