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Research Progress of Plant Calcium-dependent Protein Kinases( CDPKs) and CDPK-related Kinases( CRKs)

HE Le-ping, ZHANG Lei (State Key Laboratory of Hybrid Rice, Wuhan University, Wuhan, Hubei 430072)

Abstract As a second messenger in cell, Ca’* coordinates the perception of plant for a variety of physiological reaction. The calcium ion sen-
sor transmits calcium signal and triggers a cascade reaction to regulate plant growth and development. Calcium dependent protein kinases play
important roles in Ca’*-mediated signal transduction. This paper reviewed the related research progress in plant CDPKs and CRKs, including
molecular structure and mechanism, expression patterns, subcellular localizations and biological functions. Hence, the purpose of this review is

to provide reference for related research on CDPKs/CRKs.
Key words

Ca™ 1 R 55 A5l , UM R ) P S 22 o 2 LI 7
B Ca” BRI G (5 5 N 05 S R A AN Y
AR RN . KB 4 Fh Ca™ LA 451 K ( Calm-
odulin, CaM) & H: 25 bl 45 19 ( CaM-like proteins, CMLs) | £5 4K
HeE 2 1 1 ( Calcium-dependent protein kinases, CDPKs or
CPKs) f HAH 56 19 25 1 1% B ( CDPK-related kinases, CRKs) |
LR RRE B 214K 11 ( Calcineurin B-like protein, CBL) (45
IS 5 2R MM 2 1 8 ( calcium-and calmodulin—dependent
protein kinases, CCaMKs) 2 H i CDPKs iR 5% 5y IR
N HFFERW] CDPKs/ CRKs 77552 2% (i TR A 2, FEAR ) K
A/ LA b E 9y A A, EE LR T ARk
14 CDPKs/CRKs AHCHT5E it &, 15 124 CDPKs/CRKs #H
PRI =
1 CDPKs/CRKs #4>F &5 F01E A%

CDPKs f77E T Sk A g s b o il
IF IKFE EARFIRAL 400 F AT 34 31,40 Fil 41 4~ CDPK %
PSR T KRS 4% T it AR R 2 B S A 8.5.9.6
IS A~ CRK JER ™", % F CDPKs 1 CRKs 43 F-45H L4
PGS PR 4 BT R TP TR R T

CDPKs & L& 4 Nghfadal . N g r] 25 45 #4 3§ ( variable
N-terminal domain, VNTD) \Ser/Thr % 1 i it 15 ( Ser/ Thr pro-
tein kinase domain, PKD) | [ 411 ] i $ 38 ( junction domain,
JD) Fil C v HAT EF F-RIZERE 1 255 18 28 PR 45 45 F 5 ( CaM -
like regulatory domain,CaMLD ) [3°15]  CRKs C i EF F5
St 2R Mk, A4 H9 15 CDPKs #1f" . CDPKs/CRKs
HIEE A4 WL 1a,

E&UH
EERN

R B RAFAAEA A (31271512)
AT R F(1994—) , Jo, G Z KA, LB E, BFR 7 67
HMWA T FAEWTE, « BEAE, S HE ANFRHAF
SFEMEHFR,

i EE 2020-02-27;f&E HED 2020-03-26

Calcium-dependent protein kinases ; CDPK-related kinases ; Regulation mechanism ; Biology function

CDPKs 1 N s HA7 85 Ho 0 i Il 22 3 2 Bt 223
FRAFIR R (PEST) F741 , 3X 88 Fp 4 i) L gE A7 PRl 1) 4 141 e
figt* . VNTD X SEMR T 9 L HE, K45 5, AT PR 1L
FJT CDPKs f) VNTD [X oI i e HA 25 DAL, i
Kk 180 AMEIERR " . VNTD X5 5 e ks R 2.
NtCDPK1 5 RSG TLAE, i AtCPK9 K5 RSG T4k, BH&H %
J5T NtCDPK1 [ VNTD [X [y # 20 AtCPK9 7] 5 RSG H.AE,
X F W] NICDPK1 [ VNTD XFERESPEFOIIEY) RSG (13 72
TR T BRI L BFST & BLZ%K CDPKs N i HA 2 5
AR5 1 SR SR 5, B8 VNTD X2 5
CDPKs 45 &t ™

CDPKs fH1#) PKD XARSFE R, 347 Ser/ Thr BERRALAL
B R SR I A I R TS . PKD X5 2 4
BRIE4EH , 43512 N-lobe il C—lobe, Fif# % Ca™ (35 FIPEAR
FIR& " . CRKs BR A Ser/Thr i 1k, 16 HA K 55 1
i SRR 1 DR AL P LT LABA TR TR 4 s s R ™

CDPKs B JD DX AR <74, 32 2R M RIE Y 45 & 78
CDPKs [R#gx '

EHESLT ID X5 C-lobe UMEALAL L5 & A TR
W4 CDPKs Kb TR SE Al S0 5 PR S . A 32 3D
PR AR TR el iy 7 R L i RS R, 40
PWIE U Ca® 55, Ca™ &5 EF FRISEI B4s &, s
T CDPKs HYFGG , B HH 0 6 M 5, DT Dt 1 4 (1
1b) ; A1, PKD X255 ATP 8 GTP JFERS y-BhIR AL 3%
PSR FETRIE BT , T 5| M) 2 A B 2
AR R AEFR /3 CDPKs | HAT CaM 25 & a5 AEARST
IR T 3 AR AR RSN R R CaM AT
AMiX—2 CDPKs Ca™ RAHE RS 1E >

K43 CRKs C i (i) EF FARIZERIR AL, AR 32 Ca™
ARV TR CRKs B CaM 255 X, T LA CRKs 1Y



48 % 18 1

FTHRFF DR B R O S8 2 348 £ & & 38 (CDPKs/CRKs) 89 #F 5 3 & 27

VI P 2232 5] Ca® I CaM. [y B 22

AR AR CDPKs/ CRKs JRETEPER) 5 — 6 5
%, AICPK2S 45 228 Fil 318 {3 922 S0 3 5 S 5 A Bl
B R LA IR T IR P B 0 0 S/ Th
B4 4, CRKs 145 IV 2 CDPKs 26 FLA7 Tyr B i A6 Bt 2

a Ser/ThrKD CaMLD
N-lobe C-lobe ) € €
N-myr/palm Active|site EF-hands
o ¢ i
N )
Degenerative
EF-hands

CDPKs/CRKs T LIIZ 2 ALt Teng %7 B4
XISV 55 4 BF S 2% SR o, LR S T CRKS (Y78 1K -l
DWD &E A5 9k 1z AL & ; AtTR1 1] DL X%} AtCPK28 FlI
ACPK32 HEH TR A1 202 R AL i 33k B3 2 R 5l
ABRv1 i #1927 24k AtCPK3, A U4 B LR R T o>

Inactive CDPK

Active CDPK

1 CDPKs/CRKs I A £544 (a) FEEHLE (b)
Fig.1 Structure and active mechanism of CDPKs/CRKs

2 CDPKs/CRKs {3 i% #7017 40 A E fir

FE AT S o CDPKs BT AR Rl i Fe kit ¢
B CDPKs 7ERII AL P BRI ZAEME® . —26 CDPKs S5
7 Feik it i 5 — 26 CDPKs T4 54 36 1k 70 M ) 1 - s
ESAHAH, W MCDPK1 fEMRGAR (25 B ek, if
RFGK  ACPKI2 ZERIRI IR IR AN A VELIRAR 25 251y
A F ATERD T eI B AlCPK17/20/34 (X 7E 1E
e sk PR A K2 s AlCPK3 /6 WA 13 LA
KAk, P FLzsh Y s BnCDPKL T38RI  A
5 IMSEAE P R A RARAE, A TS b AR k&
CRKs pyZe i izt RS 5. Flli LeCRK1 #EI 25 |
FEHIA F ik (B 7E BVR S2p £ ik R . qRT-PCR
ZEILRW] AlCRKS TEAb P ik B i , Zrh Rk AR .

CDPKs/CRKs 7E4i i o (¥ E i 5 H DR 2 VI . CD-
PKs [0 A1 7 B2 220, A0 45 40 40 A L 4 st
ST I, A AL ) il A | B T A 48 B R LT B £ 6
PE %0 CDPKs 75 40 Ul Ak ¥4 23 4, 55 N 3 4 7
FEAIEMA &, b B A (o7 55 5 40 B TR 1 T 36 R AR
GELy T REREAL O SO R W R R T kA s & . &
SETE AL Sl A A Ik Ak A7 o5 Y 28 A S5 B AR CDPKs [ J5 7 £ o
AWCPK16 L TN, 24 % A G2A Z875 5 , BHIKT 7% 8 11
KA G REBAAE M, ACPK16 W@ 7 F 244 M s [ &
A CAS 58 A5 BH Wy . & A AR Ak 18 A J5, D00 3 B A
£ ACCPK3 S 10 T 4 B 1K, G2A 37 45 5 745 BHLIT H: 2B 6
SEME Ak 18 i, 72 40 M B bl T LR I ) S 2 AR )
AWCPK3™" 343 CRKs 2 4 o 4% a 4 Jfa S5 52 7, HiAtb 45 4
M, HUTHFSE 2R A AtCRKs #ELA N sl 3
A B AtCRKG6 (305 40 i 1 437 14 AN 48, HiAth 7 4> AtCRKs
TEAR ML A A3 A
3 14-3-3 EB/ X CDPKs/CRKs By

CDPKs AT LA 505 sk 14-3-3 & HAH B AE R >R 5 3%
BEE M B AT LU CDPKs %o e 4 i 3 Fpe ™ | i CD-
PKs 5 14-3-3 BEHMIERI X RE W E 4, — I, 14-3-3
AT LLEEIAT CDPKs g, s Hfa e .

FM 14-3-3 AT LAFEIRSMiE iE AtCPK1/21/23 )3
PR 52 i) FL A5 0 () B 0 ) AcCPK3 78 41 it P9 174 F
fip o 7T, 14-3-3 & (LT LIYE R CDPKs (R4
KAV,

4 CDPKs H)44£ThEE

4.1 CDPKsA#ZE#EMERKEST LU CDPKs 25
PR 25 A& E . MICDPKI X T 76 A B 19 IE % 4=
KRR D J MiCDPK1 SR 35 45 SRR K AR E K
RS ; 0sCDPKS il OsCDPK13 1EAR J 2 40 K %3k,
%5 OsRBOHH 41 5:# ROS A= AL, R /K R LEHE 7K 2514 R R
Z LU RIS . FEHTER NaCDPK4 #1 NaCDPKS
PRI RIS R T T W, A K2 B AlCPK28 (R4 AS
1Dt AN T B St o] 1218 €4 XA R o1 M N
MR E ,cpk28 FASRTEEIEL ™ . RIS NiCDPK1 4
SECH L M2 S T AR T s AlCPK3 B R 1L
A RhoGDI1 @5 5 ROP {5 538 R A F A i 25
kR AL E .

CDPKs 2 5if¥s Y46 AEKS i & MACK & LK Fh
TREGIRE, ACPK33 5 bZIP & 5% K1 FD #HH AE I
WEERTL FD R AR E A IRTE B G5, AtCPK33 T g B
SEIFAEIEIR T AlCPK2/4/6/11/14/16/17/20/24/26/32/
34 FEAE A TR AT Hodr AtCPK11/24 5 3 4114 SPIK
A1 KT TR AE R A A K ACCPK2/6/20 3l 3 3 1
SLAH3 ALMT12/13/14 4~ NO,” FI3ER R £E AN A HE 4L
B A Aepk 17/ Ateph34 RIS RAE S 8 T 0 A/
KAFAEBR R 5 1 32 1% AtCPK32 51 6 45 43 Ca™ ¥k
JERINIECE GRS A AR MK . OsCPK21-RNAi 53X
FARTEAEZY K B 5 10 I AR J 75 7™ 5 B , 164 40 i 38
721, OsCPK31 it 2 1A% i DR R R A1 20 SO0 412 i, i
W45, W] OsCPK31 X 7K R R B4V S i v o L4
' ; 0sCDPKY 1R T2 8 IR it e , 00 58 P BEVE
it RFLE IR AR TN
42 CDPKs 25iAEHEMBERESERE CDPKs 257
Y758 K (Gibberellin, GA) ZAE ¥ A ik (5 5 % . CDPKs 2



28 AR AL

2020 £

5 GA Al 2R i 52 ) GA20— 4L ( GA200x ) Fil GA3
—FRIEALE(GA3ox) SRR CA A '™ . AtCPK28 fi2
HE GA3ox1 A5, BT ME GA /KT, IEVEH: GA #as ™, Ni-
CDPK1 {ii bZIP %% 3% A7 RSG 2 1%, F 4 GA200x1, 171 4 4%
GA B2 0sCDPK1 7 5 GA200x1 Fl GA30x2 [ %
iKW GA A . NtICDPK1 5 14-3-3 & [ (- iR 1k
FEFLE G AR A K BeAh, SR GA 4R FRLJE , OsCD-
PK13 NtCPK4 IiCDPK2 #iky i @™

CDPKs 2 54 KRz, AiCPK3/4 gt 48 %
VAR AR CWE IR 8 AtPLA IVA Fl IVB 8424 K R {5 5
B PRSMREE R SICDPK1 AT ABSRR bR K 2z gk
StPIN4 AT A K ZkF "

CDPKs Wi 1 Z #1585 3 8 L& 90 A . StCDPKS
A LA O 175 T 3238, 16 35 AL AT B0 75 2o Bt v 4 o LA
A . AICDPKI16 5@ it 2 fb ACC 4 il AtACS7, % 5
PRI AR i T

CDPKs i [ 3£ £ 12 ( Jasmonic Acid,JA) {5535 5 5
JA 2E¥)4 . NtCDPK4 F1 NtCDPKS mi 7 JA {55, 50 JA
TP RE 7 Ateph28 FEASIRAE KR8 JA HHSEIEIN %
ISR THE L JA s

CDPKs 25 ABA 53 1) S fLiz gl Fima i ABA {55,
AtCPKI3 EZAER DA ZEE , W ABA {55, il i B fk
FE A 2 A~ KT PN 3 18 AKATT AT AKKAT2, fif S FL I
™ . ACPK6 i BERR 1L ABA Wi TCPESE & BT, IR
ABA 5 S AR ™ . AcCPKO i 1 P45 s 1 5 1, 971
JEFE ABA MRS ALIE 3™ . 0sCPK9/12/21 B BHIFSL AT
AU ABA {557
43 CDPKs S 5#EM4EhBRA Yt 7/ 00
ol R GRS A PR R E i et o 55— 2B,
I J5L T A2 W) {5 5 ( microbe — associated molecular patterns,
MAMPs ) B AE ) A5 _E AR 531 32 44 ( pattern recognition
receptors, PRRs) JE& 1, 51 2 ALK 9 35 2 1 ( pattern — triggered
immunity, PTI) : ROS {388 i a5 5 B0 A1 ¢ 26 I 3 ik
SR AE PTI (5l % rh, PRRs B0 MAMPs 2375 | & 3
R 55 RN, 4G MAPK G215 [ )i Fil CDPKs 43
UIERER s S

i ik AcCPK1 W] 175 3 7K A R FR SR IR A R 142 1) o 10
PO FE PR A 20 P TR e 2k ) AT X S AR R e LA T i O A
F'™ o 2 A YL PR TR I, AtCPKS Wl bl e - W i
fk. NADPH % fk. i AtrbohD , Jii% A2 %) i S AL il ; AtCPKS 7
exoTOB1 41 B B fois Pl A% 3 B ™ . OsCPK18
~OsMPKS5 3 {110 1) B A5 AF ¢ 35k B e 3, S ) 45 /KR8 0 FR I
TGP , 3 33k OsCPK4 B LIS KRS HORHE ™ |
44 CDPKs S 5#EWIEEWBMBER Wk, T5 .5
Ui IR SR a2 T 5| CDPKs $ i gein™ il i ) 98
¥ SRR A SR K R AT I S A b, B 6 A
OsCDPK F£[H (0sCPK4/10/12/13/15/21) 335 i ,1 4~ ( Os-
CPK1) 3K T,

5G| K (AR ) A I I A 4 3 e 9 R T 40 Mk
T ABA AR SLiz sh Gl LR B B Y B 85
iF ROS RSy A0 =™ . T4, 0sCPK9 14 %
TR S DA AR , 38 L I 198 B TR AL AT, B A T
PEA/INEEEPE™ 5 0sCPK10 38 31 3 45 it S8 AL L (H,0,) B )
TR Bt A KT B T i MBS A e 48 31 8 T K
FExt H,0, MFTERE ST, a0 7 KR R Fpt

SR A R Na® F1 C1 S UM N B 1 AP, (A
Wt A AR N R TR B R 2 38 A 4 0k P9 ROS g 77
A AICPK27 Fil AtCPKI12 3+ 1 75 25 FFa 75 fl ROS 4
B EAEARTELTE ™ . 0sCPK21 55 OsGF14e FHHAFEHIIf
1 Tyr—138 v/ J5 R 1k OsGF14e, 1 i3 X OsGF14e % 565
PP AW B ABA {5 5 AR Y S ZmCPK1L i i 34 Y
Na" F K" {4 N - L K R o R SRR 4 i 7 S DR 40 g T
FERR TR SR 2

CDPKs 2 55 {8 4 Wi 17 ¥4 W 380 A% I o /K R Os-
CPK17 DA A Bl 50 I8 [ 2 11 R G, S ¥ IR R I BT
WY s 0sCPK24 st Ca™ (55 30 B, 1R A R B 2 3
(0sGrx10) , filf HAERF =5 (1048 D H IOKF- A iR fE RS, 1
PEFK R4 A g 5 . 7 MaCDPK7 JE P &
F1 SR 9 BRI T 9 E S
5 CRKs &Y% ThEg

CRKs 7EIFE MY A K & T e W A= 9 AR A= ke v
RAFEEAEH.

PURGIT crk5 548 AR FMUNARE E Wi/l , M1 1) 2 T 1
AR, BT HIH AtCRKS il iR fk PIN2 2 S5AR K [0 & )
PEAERST S A BT S B SR R AU I I crkl 2825 1A
HH R B R TR I (PR ATG A RN 25 850 ) , /R LR T CRKL
WHES S TORIRE MR E K R E '™ o SICRK6 1EJHEF i
St Pst DC3000 F4% %1% ( Sclerotinia sclerotiorum ) [zt |
6 Z5iE

= HAl,CDPKs VE ML LA A Y24 I Re SR B
A R AR R R A Tt — 20 R B, R &
CDPKs 5 14=-3-3 S MM IR#E C R TR 4% (H 83
SURTRAC T BT LA B 3 i 3 4 T D 36 A1 19 5 i)
T B — RS A, 6T T R TR 5 A5
PEIE R R S N 2E O, B AT Z e B A IR
Pl TAEE SO 51 .

55 CDPKs #H ., CRKs A== D RERI(E BAE R A IR, %
T CRKs 1 CDPKs i & [R]85, 7 BRIZ Wk 58 %) CDPKs f 5% i
JRISAZE GBS A CRHIF TA/E BFSE CRKs 1 D) RE4R AL L
AT
B30k

[1] DODD A N,KUDLA J,SANDERS D.The language of calcium signaling
[J].Annual review of plant biology,2010,61:593-620.

[2] XU W W,HUANG W C.Calcium-dependent protein kinases in phytohor-
mone signaling pathways [ J ]. International journal molecular sciences,
2017,18(11) :2346-2361.

[3] HAMEL L P,SHEEN J,SEGUIN A.Ancient signals ; Comparative genomics
of green plant CDPKs[ J].Trends in plant science,2014,19:79-89.



48 % 18 1

FTRFF AR RIEE & #8348 % & G #L8 (CDPKs/CRKs) 89 AF 50 i & 29

[4] HRABAK E M,CHAN C W,GRIBSKOV M, et al.The Arabidopsis CDPK-
SnRK superfamily of protein kinases[ J].Plant physiology,2003,132(2) .
666-630.

[5] RAY S,AGARWAL P,ARORA R et al.Expression analysis of calcium-de-

pendent protein kinase gene family during reproductive development and

abiotic stress conditions in rice( Oryza sativa L.ssp.indica) [ J].Molecular

genetics and genomics,2007,278(5) :493-505.

BOUDSOCQ M, SHEEN J.CDPKs in immune and stress signaling[J].

Trends in plant science,2013,18(1) :30-40.

[7] MA P D,LIU J Y,YANG X D, et al.Genome-wide identification of the
maize calcium-dependent protein kinase gene family[ J ].Applied biochem-
istry and biotechnology,2013,169(7) :2111-2125.

[8] LIL B,YUD W,ZHAO F L,et al.Genome-wide analysis of the calcium-
dependent protein kinase gene family in Gossypium raimondii[ J ].Journal
of integrative agriculture,2015,14(1) :29-41.

[9] ASANO T,TANAKA N,YANG G,et al.Genome-wide identification of the
rice calcium-dependent protein kinase and its closely related kinase gene

—
=)}
=

families ; Comprehensive analysis of the CDPKs gene family in rice [ J].
Plant and cell physiology,2005,46(2) :356-366.
[10] ZUO R,HU R B,CHAI G H,et al.Genome-wide identification , classifica-
tion ,and expression analysis of CDPK and its closely related gene families
in poplar( Populus trichocarpa ) [ J ]. Molecular biology reports, 2013, 40
(3) :2645-2662.
[11] WANG J P,XU Y P,MUNYAMPUNDU J P,et al.Calcium-dependent
protein kinase( CDPK ) and CDPK-related kinase (CRK) gene families in
tomato : Genome-wide identification and functional analyses in disease re-
sistance[ J ] .Molecular genetics and genomics,2016,291(2) :661-676.
CAI H Y,CHENG J B,YAN Y ,et al.Genome-wide identification and ex-

pression analysis of calcium-dependent protein kinase and its closely re-

[12

[

lated kinase genes in Capsicum annuum| J].Frontiers in plant science,
2015,6:737.
CHRISTODOULOU J ,MALMENDAL A ,HARPER J F et al.Evidence for

differing roles for each lobe of the calmodulin-like domain in a calcium-

[13

s

dependent protein kinase [ J ]. Journal of biological chemistry,2004,279
(28) :29092-29100.

[14] KLIMECKA M,MUSZYNSKA G.Structure and functions of plant calcium-
dependent protein kinases [ J ]. Acta biochimica polonica,2007,54;219-
233.

[15] DELORMEL T Y,BOUDSOCQ M.Properties and functions of calcium-de-
pendent protein kinases and their relatives in Arabidopsis thaliana[]].
New phytologist,2019,224 . 585-604.

[16] HARPER J F,BRETON G,HARMON A.Decoding Ca™ signals through
plant protein kinases[ J].Annual review of plant biology,2004,55(1) ;263
—288.

[17] TAKAHASHI Y, ITO T.Structure and function of CDPK: A sensor re-
sponder of calcium[ M ] //LUAN S.Coding and decoding of calcium sig-
nals in plants.Berlin; Springer, 2011 ; 129-146.

[18] ITO T,NAKATA M, FUKAZAWA ], et al.Phosphorylation-independent

binding of 14-3-3 to NtCDPK1 by a new mode[ J].Plant signaling and be-

havior,2014,9(12) :1-3.

RUTSCHMANN F,STALDER U,PIOTROWSKI M, et al.LeCPKl,a calci-

um-dependent protein kinase from tomato, Plasma membrane targeting

and biochemical characterization[ J].Plant physiology,2002,129(1) :156—

168.

[20] NEMOTO K,TAKEMORI N,SEKI M, et al.Members of the plant CRK su-
perfamily are capable of trans-and autophosphorylation of tyrosine resi-
dues[J]. The Journal of biological chemistry,2015,290 (27) : 16665 -
16677.

[21] KUDLA J,BATISTIC O,HASHIMOTO K.Calcium signals: The lead cur-
rency of plant information processing[ J |.The plant cell,2010,22.541 -
563.

[22] LIESE A,ROMEIS T.Biochemical regulation of in vivo function of plant
calcium-dependent protein kinases( CDPK) [J ].Biochimica et biophysica
acta( BBA ) -molecular cell research,2013,1833(7) :1582-1589.

[23] BENDER K W,BLACKBURN R K,MONAGHAN ] et al.Autophosphory-
lation-based calcium( Ca™ ) sensitivity priming and Ca®/calmodulin inhi-
bition of Arabidopsis thaliana Ca™-dependent protein kinase 28( CPK28)
[J].Journal of biological chemistry,2017,292(10) ;3988-4002.

[24] POPESCU S C,POPESCU G V,BACHAN S, et al.Differential binding of
calmodulin-related proteins to their targets revealed through high-density

[19

[t

Arabidopsis protein microarrays[ J].Proceedings of the national academy of

sciences ,2007,104( 11) :4730-4735.

[25] WANG Y,LIANG S,XIE Q G,et al.Characterization of a calmodulin-reg-
ulated Ca®"-dependent-protein-kinase-related protein kinase, AtCRK1,
from Arabidopsis[ J ] .Biochemical journal ,2004,383.73-81.

[26] MATSCHI S,WERNER S,SCHULZE W X et al.Function of calcium-de-
pendent protein kinase CPK28 of Arabidopsis thalianain plant stem elon-
gation and vascular development[J].The plant journal ,2013,73(6) :383~
396.

[27] TENG H J,GUO Y,WANG J Q,et al. WDRP,a DWD protein component
of CUI4-based E3 ligases,acts as a receptor of CDPK-related protein ki-
nase 5 to mediate kinase degradation in Arabidopsis[ J].Journal of plant
biology ,2016,59.627-638.

(28] SEHTUR, FRFONN , AUKE, 25 AVREJT AtTRI X AICPK 28 F1 AtCPK 32
FIERINZ MBI T [J ] IR ( H AR R0 , 2017, 54
(3) :617-622.

[29] ARNETS Xt E0ESE, 5510 F0k B3 {2 R ABRvl iz Rkt
CPK3 Sl R Rz [ ] VU RS54k (BRI ,2018,55
(3) :613-618.

[30] YOON G M,CHO H S,HA H ], et al.Characterization of NtCDPK1,a cal-
cium-dependent protein kinase gene in Nicotiana tabacum ,and the activi-
ty of its encoded protein[ J].Plant molecular biology,1999,39(5) :991-
1001.

[31] ZHAO R,SUN H L,MEI C,et al.The Arabidopsis Ca®*-dependent protein
kinase CPK12 negatively regulates abscisic acid signaling in seed germi-
nation and post-germination growth[ J].New phytologist,2011,192(1) .61
=73.

[32] MYERS C,ROMANOWSKY S M,BARRON Y D, et al.Calcium-depend-
ent protein kinases regulate polarized tip growth in pollen tubes[ J ].The
plant journal ,2009,59(4) :528-539.

[33] GUTERMUTH T,LASSIG R,PORTES M T,et al.Pollen tube growth reg-
ulation by free anions depends on the interaction between the anion chan-
nel SLAH3 and calcium-dependent protein kinases CPK2 and CPK20[ J].
The plant cell,2013,25(11) :4525-4543.

[34] MORI I C,MURATA Y,YANG Y Z,et al.CDPKs CPK6 and CPK3 func-
tion in ABA regulation of guard cell S-type anion-and Ca®*-permeable
channels and stomatal closure[ J].PLoS Biology,2006,4(10) :1749-1762.

[35] ZHANG Q P,WEN L,WANG F,et al.Cloning and expression analysis of
calcium-dependent protein kinase BnCDPKI in Brassica [ ] ]. Journal of
plant genetic resources,2014,15(6) :1320-1326.

[36] LECLERCQ J,RANTY B,SANCHEZ-BALLESTA M T,et al.Molecular
and biochemical characterization of LeCRK1,a ripening-associated tomato
CDPK-related kinase[ J].Journal of experimental botany,2004,56(409) :
25-35.

[37] RIGO G,AYAYDIN F,TIETZ O,et al.Inactivation of plasma membrane-
localized CDPK related kinase 5 decelerates PIN2 exocytosis and root
gravitropic response in Arabidopsis[ J].The plant cell ,2013,25(5) : 1592~
1608.

[38] SIMEUNOVIC A,MAIR A, WURZINGER B, et al.Know where your cli-
ents are:Subcellular localization and targets of calcium-dependent protein
kinases| J ] .Journal of experimental botany,2016,67(13) :3855-3872.

[39] RESH M D.Trafficking and signaling by fatty-acylated and prenylated pro-
teins[ J ].Nature chemical biology,2006,2(11) :584—590.

[40] STAEL S,BAYER R G,MEHLMER N, et al.Protein N-acylation overrides
differing targeting signals[ J].FEBS Letters,2011,585:517-522.

[41] MEHLMER N,WURZINGER B,STAEL S et al.The Ca* -dependent pro-
tein kinase CPK3 is required for MAPK-independent salt-stress acclima-
tion in Arabidopsis| ] ].The plant journal ,2010,63(3) :484-498.

[42] BABA A 1,RIGO G,AYAYDIN F et al.Functional analysis of the Arabi-
dopsis thaliana CDPK-related kinase family ; AtCRKI regulates responses
to continuous light [ J ].International journal of molecular sciences,2018,
19(5) :1282.

[43] MAJERAN W,LE CAER J P,PONNALA L,et al.Targeted profiling of A.
thaliana sub-proteomes illuminates new co- and post-translationally N-
terminal myristoylated proteins[ J].The plant cell ,2018,30(3) :543-562.

[44] DIXIT A K,JAYABASKARAN C.Phospholipid mediated activation of cal-
cium dependent protein kinase 1( CaCDPKI ) from chickpea: A new para-
digm of regulation[ J].PLoS One,2012,7(12) :1-8.

[45] CAMONI L,HARPER J F,PALMGREN M G.14-3-3 proteins activate a
plant calcium-dependent protein kinase( CDPK) [ J].FEBS Letters, 1998,
430.381-384.

[46] VAN KLEEFF P J M,GAO J,MOL S, et al.The Arabidopsis GORK K-



30 AR AL

2020 £

channel is phosphorylated by calcium-dependent protein  kinase21
(CPK21) ,which in turn is activated by 14-3-3 proteins[ J ].Plant physiol-
ogy and biochemistry,2018,125.219-231.

[47] LACHAUD C,PRIGENT E,THULEAU P et al.14-3-3-regulated Ca™ -de-
pendent protein kinase CPK3 is required for sphingolipid-induced cell
death in Arabidopsis[ J].Cell death and differentiation ,2013,20:209-217.

[48] SWATEK K N,WILSON R S,AHSAN N, et al.Multisite phosphorylation
of 14-3-3 proteins by calcium-dependent protein kinases[ J ].Biochemical
journal ,2014,459,15-25.

[49] ORMANCEY M,THULEAU P ,MAZARS C,et al.CDPKs and 14-3-3 pro-
teins ; Emerging duo in signaling[ J ].Trends in plant science ,2017,22.263
=272.

[50] IVASHUTA S,LIU J Y,LIU J Q,et al. RNA interference identifies a calci-
um-dependent protein kinase involved in Medicago truncatula root devel-
opment[ J ].The plant cell ,2005,17(11) :2911-2921.

[51] YAMAUCHI T,YOSHIOKA M,FUKAZAWA A et al.An NADPH oxidase
RBOH functions in rice roots during lysigenous aerenchyma formation un-
der oxygen-deficient conditions[ J].The plant cell ,2017,29(4) ;775-790.

[52] YANG D H,HETTENHAUSEN C,BALDWIN I T,et al.Silencing Nicoti-
ana attenuata calcium-dependent protein kinases, CDPK4 and CDPKS,
strongly up-regulates wound-and herbivory-induced jasmonic acid accu-
mulations[ J].Plant physiology,2012,159(4) :1591-1607.

[53] LEE S S,CHO H S,YOON G M, et al.lteraction of NtCDPK1 calcium-de-
pendent protein kinase with NtRpn3 regulatory subunit of the 26S protea-
some in Nicotiana tabacum[ J].The plant journal ,2003,33(5) ;825—-840.

[54] WU Y X,ZHAO S J,TIAN H,et al.CPK3-phosphorylated RhoGDI1 is es-
sential in the development of Arabidopsis seedlings and leaf epidermal
cells[ J].Journal of experimental botany,2013,64(11) ;3327-3338.

[55] KAWAMOTO N,SASABE M,ENDO M, et al.Calcium-dependent protein
kinases responsible for the phosphorylation of a bZIP transcription factor
FD crucial for the florigen complex formation[ J ].Scientific reports,2015,
5(1):1-9.

[56] HONYS D,TWELL D.Comparative analysis of the Arabidopsis pollen tran-
scriptome| J ].Plant physiology,2003,132(2) ;640-652.

[57] PINA C,PINTO F,FEIJO J A, et al.Gene family analysis of the Arabidop-
sis pollen transcriptome reveals biological implications for cell growth,di-
vision control ,and gene expression regulation[ J ].Plant physiology,2003,
138(2) . 744~756.

[58] ZHAO L N,SHEN L K,ZHANG W Z,et al.Ca” -dependent protein kinase
11 and 24 modulate the activity of the inward rectifying K* channels in
Arabidopsis pollen tubes[ J].The plant cell ,2013,25(2) :649-661.

[59] GUTERMUTH T,HERBELL S,LASSIG R, et al.Tip-localized Ca™ -per-
meable channels control pollen tube growth via kinase-dependent R-and
S-type anion channel regulation [ J ]. New phytologist, 2018, 218; 1089 -
1105.

[60] MICHARD E,SIMON A A,TAVARES B, et al.Signaling with ions: The
keystone for apical cell growth and morphogenesis in pollen tubes[ ] ].
Plant physiology,2017,173(1) :91-111.

[61] ZHOU L M,LAN W Z,JIANG Y Q,et al.A calcium-dependent protein ki-
nase interacts with and activates a calcium channel to regulate pollen tube
erowth[ J ].Molecular plant,2014,7(2) ;369-376.

[62] WEN K X,CHEN Y X,ZHOU X J et al.0sCPK21 is required for pollen late-
stage development in rice[ J ] Journal of plant physiology,2019,240:1-3.

[63] MANIMARAN P ,MANGRAUTHIA S K,SUNDARAM R M, et al.Consti-
tutive expression and silencing of a novel seed specific calcium dependent
protein kinase gene in rice reveals its role in grain filling[ J].Journal of
plant physiology,2015,174(3) :41-48.

[64] JIANG J Z,KUO C H,CHEN B H et al.Effects of OsCDPK1 on the struc-
ture and physicochemical properties of starch in developing rice seeds
[ J].International journal of molecular sciences,2018,19(10) ;3247.

[65] DAVIERE J M,ACHARD P.Gibberellin signaling in plants[ J ].Develop-
ment,2013,140(6) :1147-1151.

[66] ISHIDA S,YUASA T,NAKATA M, et al.A tobacco calcium-dependent
protein kinase, CDPKI, regulates the transcription factor REPRESSION
OF SHOOT GROWTH in response to gibberellins [ J ].The plant cell,
2008,20( 12) :3273-3288.

[67] FUKAZAWA J,NAKATA M,ITO T,et al.bZIP transcription factor RSG
controls the feedback regulation of NtGA200x1 via intracellular localiza-
tion and epigenetic mechanism|[ J ].Plant signaling and behavior,2011,6
(1) :26-28.

[68] HO S L,HUANG L F,LU C A,et al.Sugar starvation-and GA-inducible

calcium-dependent protein kinase 1 feedback regulates GA biosynthesis
and activates a 14-3-3 protein to confer drought tolerance in rice seedlings
[J].Plant molecular biology,2013,81(4/5) ;347-361.

[69] ABBASI F,ONODERA H,TOKI S, et al.0sCDPK13,a calcium-dependent
protein kinase gene from rice,is induced by cold and gibberellin in rice
leaf sheath[ J].Plant molecular biology,2004,55(4) ;541-552.

[70] ZHANG M,LIANG S,LU Y T.Cloning and functional characterization of
NitCPK4,a new tobacco calcium-dependent protein kinase[ J ].Biochimica
et biophysica acta( BBA)-Gene structure and expression,2005,1729(3) .
174~185.

[71] LU B B,DING R X,ZHANG L, et al.Molecular cloning and characteriza-
tion of a novel calcium-dependent protein kinase gene liCPK2 Responsive
to polyploidy from tetraploid Isatis indigotica[ J].Journal of biochemistry
and molecular biology ,2006,39(5) :607-617.

[72] RIETZ S,DERMENDJIEV G,OPPERMANN E et al.Roles of Arabidopsis
patatin-related phospholipases a in root development are related to auxin
responses and phosphate deficiency[ J ].Molecular plant,2010,3(3) ;524-
538.

[73] SANTIN F,BHOGALE S,FANTINO E, et al.Solanum tuberosum StCD-
PK1 is regulated by miR390 at the posttranscriptional level and phospho-
rylates the auxin efflux carrier StPIN4 in vitro,a potential downstream tar-
get in potato development[ J ].Physiologia plantarum,2017,159(2) :244~
261.

[74] ZHANG X L,QI M F,XU T,et al.Proteomics profiling of ethylene-in-
duced tomato flower pedicel abscission [ J].Journal of proteomics, 2015,
121.67-87.

[75] HUANG S J,CHANG C L,WANG P H,et al.A type Il ACC synthase,
ACS7,is involved in root gravitropism in Arabidopsis thaliana| J ].Journal
of experimental botany,2013,64( 14) :4343-4360.

[76] HETTENHAUSEN C,YANG D H,BALDWIN I T,et al.Calcium-depend-
ent protein kinases, CDPK4 and CDPKS, affect early steps of jasmonic
acid biosynthesis in Nicotiana attenuate[ J].Plant signal and behavior,
2013,8(1) :83-85.

[77] MATSCHI S,HAKE K,HERDE M, et al.The calcium-dependent protein

kinase CPK28 regulates development by inducing growth phase-specific,

spatially restricted alterations in jasmonic acid levels independent of de-

fense responses in Arabidopsis| J].The plant cell ,2015,27(3) :591-606.

RONZIER E,CORRATGE-FAILLIE C,SANCHEZ F et al.CPK13,a non-

canonical Ca” -dependent protein kinase, specifically inhibits KAT2 and

[78

[

KAT1 shaker K* channels and reduces stomatal opening[ J].Plant physi-
ology,2014,166( 1) :314-326.

[79] ZHANG H F,LIU D Y,YANG B, et al.Arabidopsis CPK6 positively regu-
lates ABA signaling and drought tolerance through phosphorylating ABA-
responsive element-binding factors [ J ]. Journal of experimental botany,
2020,71(1) ;188203

[80] CHEN D H,LIU H P,LI C L.Calcium-dependent protein kinase CPK9
negatively functions in stomatal abscisic acid signaling by regulating ion
channel activity in Arabidopsis [ J ]. Plant molecular biology, 2019, 99
(172) :113-122.

[81] ASANO T,HAYASHI N,KOBAYASHI M, et al.A rice calcium-dependent
protein kinase OsCPK12 oppositely modulates salt-stress tolerance and
blast disease resistance[ J ].The plant journal ,2012,69(1) :26-36.

[82] WEI S Y,HU W,DENG X M,et al.A rice calcium-dependent protein ki-
nase OsCPK9 positively regulates drought stress tolerance and spikelet
fertility[ J ].BMC Plant Biology,2014,14(1) :1-13.

[83] ASANO T,HAKATA M,NAKAMURA H, et al.Functional characterisation
of OsCPK21,a calcium-dependent protein kinase that confers salt toler-
ance in rice[ J].Plant molecular biology,2011,75(1/2) :179-191.

[84] BOLLER T,HE S Y.Innate immunity in plants:an arms race between pat-
tern recognition receptors in plants and effectors in microbial pathogens
[7] Science ,2000,324(5928) ;742744

[85] WANG J Y,WANG S Z,HU K, et al.The kinase OsCPK4 regulates a buff-
ering mechanism that fine-tunes innate immunity [ J].Plant physiology,
2018,176(2) :1835-1849.

[86] BOUDSOCQ M, WILLMANN M R, MCCORMACK M, et al. Differential
innate immune signalling via Ca™ sensor protein kinases [ J ]. Nature,
2010,464 :418-422.

[87] TENA G,BOUDSOCQ M,SHEEN J.Protein kinase signaling networks in
plant innate immunity[ J].Current opinion in plant biology,2011,14(5) :
519-529.

(T#% 51 1)



48 % 18 1 LA

7, B AR A IC LU AETE DR E T 2 B v A RDH R RE LA
FARZ B HERAE DL
x4 FREREFHERLR

Table 4 Survival rate of seedlings with different matrix formulations
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