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Function identification of the mitogen-activated protein kinase gene
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Abstract: Cucumber (Cucumis sativus L.) is one of the most widely cultivated vegetables in the
world. High temperature and other stress conditions can affect the growth and development of
this plant, even leading to the decreases in yield and quality. The mitogen-activated protein
kinase (MAPK) family plays a crucial role in plant stress responses. However, the role of MPK4
in the stress response of cucumber remains to be reported. In this study, we cloned CsMPK4,
which encoded 383 amino acid residues. The QRT-PCR results showed that the expression level
of CsMPK4 was the highest in leaves and flowers, moderate in roots, and the lowest in stems
and tendrils. CsMPK4 was located in the nucleus and cytoplasm, and it had a close relationship
with CmMPK4 in muskmelon. The cucumber plants overexpressing CSMPK4 became stronger
and shorter, with reduced length and quantity of tendrils. Moreover, the transgenic seedlings
were more resistant to high temperatures, with decreased malondialdehyde (MDA) content and
increased activities of peroxidase (POD) and superoxide dismutase (SOD) in young leaves.
Furthermore, the protein-protein interaction between CsMPK4 and CsVQ10, a member of the
valine-glutamine family, was confirmed by yeast two-hybrid and bimolecular fluorescence
complementation (BiFC) assays. The results suggested that CsVQ10 cooperated with CsMPK4
in response to the high temperature stress in cucumber. This study laid a foundation for the
further study on the stress response mechanism of CSMPK4 and the breeding of stress-resistant
cucumber varieties.

Keywords: cucumber; CSMPK4; high temperature; interaction
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(Cucumis melo). KKJ7-(Petroselinum crispum).
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hirsutum). R+ (Arabidopsis thaliana). H i
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Table I Primers used in this study

Name Sequence (5'—3") Purpose
CsMPK4-F TGCTGTAAATTCAGAGACCC Gene cloning
CsMPK4-R GACCAAACATCAATAGCAGC Gene cloning

ATCGAGTTCTACCACTGCCAC
ACAGCAGCACAAACAAGACC

CsMPK4-qpcrF
CsMPK4-qpcrR
CsMPK4-SL-Sal I-F
CsMPK4-SL-Spe I-R
HG-MAPKA4-F
HG-MAPK4-R
pGADT7-CsMPK4-F
pGADT7-CsMPK4-R

GCGTCGACATGGCTACTAAAGAATCGAG
GGACTAGTAACGCAAAGAGTCGTCCT
CCGGAATTCATGGCTACTAAAGAATCGAG
CCTTAATTAATCAAACGCAAAGAGTCGTCCT
CCGGAATTCATGGCTACTAAAGAATCGAG
CGCGGATCCTCAAACGCAAAGAGTCGTCCT Y2H

qRT-PCR

qRT-PCR

Localization
Localization
Overexpression
Overexpression

Yeast two-hybrid (Y2H)

pYC-MPK4-F cccaggectactagtggatcc ATGGCTACTAAAGAATCGAGTTCTACC Bimolecular fluorescence
complementation (BiFC)

pYC-MPK4-R atcggggaaattcgtgagctcTCAAACGCAAAGAGTCGTCCT BiFC

Actin-F ATGGCCGATGCCGAGGATATT qRT-PCR

Actin-R CTTTTCTCTGTTAGCCTTTGGG qRT-PCR

The restriction enzyme sites were underlined. The lower letters indicate the sequences used for seamless cloning into the vectors.
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RNA, 5341 CSMPK4 JE R 7EAN [F) 41 21 3R ik 1
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AW RHB A A IR 2S iDAE RSt gkt ]
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TEARRIAL P RR R B 25, AR f
MREERAIFE, LU, LML
S 14) 2 25 1 DU AFDE A (T 2)
23 RERBHH

FI AT MEGA-X 73 # 8 JR CsMPK4 5 H

bp Marker CsMPK4

2000

1 000
750
500

250
100

1152 bp

1 EJK CsMPK4 #1849 89 B8 Sk 46 i
Figure 1  Electrophoresis analysis of CsMPK4
amplified products.
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ffEY R IRNE MPK4 5 1A R 500k 7 15 Ol (&

3), 45 R FEW], BK CsMPK4 & 1 5 Hifth MPK4

AL, Hd, 3K CsMPK4 & 1 5l

JN CaMPK4 R4 R . RIS

M5 B CaMPK4 25 [ 36 45 Kk R .

2.4 EJI\ CsMPK4 #9328 Bl I {2
il 7EZE MG CELLO predicative system

(http://cello.life.nctu.edu.tw/)%} % JI CsMPK4 ¥
YL S B TR, &k BB CsMPK4 & 1 7]
REAE T 20 A% S M BT o AR 308 3ok T S A
R BRI R G Sy, XTI A5 R AT R,
FHZE G 145 R A% WL 5% 3] R 5 498 A% R 240 5
WA YOIES, DLW CsMPK4 & 3 7E 2 ifd
Jo R A% (B 4)

100 Mitogen-activated protein kinase 4 (XP 031741878.1) Cucumis sativus e

98
100

Mitogen-activated protein kinase 4-like (XP 008437327.1) Cucumis melo

Mitogen-activated protein kinase 4-like (XP 038907151.1) Benincasa hispida
Mitogen-activated protein kinase 4 partial (KAG7036019.1) Cucurbita argyrosperma subsp. argyrosperma

Mitogen-activated protein kinase 4 (XP 010676423.2) Beta vulgaris subsp. vulgaris
Mitogen-activated protein kinase 4 (KAI5439974.1) Pisum sativus
100, Mitogen-activated protein kinase 4 (XP 018475321.1) Raphanus sativus
100 Mitogen-activated protein kinase 4 (NP 001303145.1) Brassica napus
Mitogen-activated protein kinase 4 (ABR46155.1) Arabidopsis thaliana
Mitogen-activated protein kinase 4 (NP 001314563.1) Gossypium hirsutum
Mitogen-activated protein kinase 4 (XP 021969289.1) Helianthus annuus
-Mitogen-activated protein kinase 4 (KAF3670627.1) Capsicum annuum
Mitogen-activated protein kinase 4 (KAH9787750.1) Citrus sinensis
Mitogen-activated protein kinase 4 (AAN635180.1) Petroselinum crispum
Mitogen-activated protein kinase 4 (ADK38705.1) Solanum lycopersicum
Mitogen-activated protein kinase 4 (RVX16669.1) Vitis vinifera
Mitogen-activated protein kinase 4 (XP 042397705.1) Zingiber officinale
Mitogen-activated protein kinase 4 (NP 001149495.1) Zea mays
100 Mitogen-activated protein kinase 4 (XP 044438152.1) Triticum aestivium
Mitogen-activated protein kinase 4 (XP 021304350.1) Sorghum bicolor
691  Mitogen-activated protein kinase 4 (XP 004966120.1) Setaria italica
97- Mitogen-activated protein kinase 4 (NP 001408762.1) Oryza sativa Japonica Group

100

—_—

0.050

3 HE/KCsMPK4 ZEHS5HMYM MPK4 EAMARRR BN O SIRAABITE CsMPK4,
Figure 3 Phylogenetic tree of MPK4 proteins from cucumber and other species. The red dot indicates the
CsMPK4 in this study.
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Figure 4 Subcellular localization of CsMPK4 in tobacco leaves.
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CsMPK4 i kbR R .
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2.6 HJIL CsMPK4 j
18 i) i

T ARV N CSMPK4 5 P 2 75 % 47 1 it
A R, I 37 °CpiR AL 23 nH 8K
HIHT 48 h, WELRAIIFNE N _#E(MDA), #
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Lm L &
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WT: ¥4 A, OE-1. OE-2. OE-3. OE-4,
OE-5 #l1 OE-6: CsMPK4 & 3L # WAk & o

Figure 5 Detection of CSMPK4 expression in
transgenic cucumber plants. WT: Wild type
cucumber plants; OE-1, OE-2, OE-3, OE-4, OE-5
and OE-6: Transgenic CSMPK4 cucumber lines.
T-test was used for significance analysis. ns:
P>0.05; *: P<0.05; **: P<0.01.
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Figure 6 Phynotypes (A) and plant height (B) of transgenic CSMPK4 lines under normal temperature.
WT: Wild type; OE-4 and OE-6: Transgenic CSMPK4 lines. t-test was used for significance analysis. **:

P<0.01.
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§EIE Kk 2 SOD H1 POD FY il PE 4 — & F i
Pem, HEE S THER LA Mo (B 7B,
7C). IEBHHE L CSMPK4 Bk R 78 il T 2 e
B, K CsMPK4 JE IR A] 22 i = i haf .
2.7 EJK CsMPK4 5 CsVQ10 E8E
=g
271 BEUFEEEBREE

EA 5 KB MAPK k5 VQ FK it il it

& 7

SEMETH#EEREREKRT MDAA). SODB)F PODCO)E E

Al I 8 A EAES S P # I CsMPK4
ey VQ MU HNEIWE T AN . SHIRALR
WIEIN CSMPK4 )53 FAEFIBLE] , A O )
WREFokE pGBKT7-CsMPK4 5 pGADT7-CsVQ10
Rl o A TR RE RS S50 . SRR B, 7E 30 °C
Rig% 3-5 d i QDO/X/A BEEEF-AR |, CsMPK4 5
CsVQI0 RS TR LA FH M R BRI H 5
CRBE, WM AR R (B 8). KUK
CsMPK4 5 CsVQI0 & FFEREL) RS REM I
et BEDH, A BERY S A EAER
272 WHFRAEBIRALEEEREE
g ik — A EE R CsMPK4 5 CsVQ10 22
A EAESC R, BB 9 ' HoRb 1Y) E 2 JBkr
pVYCE(R)-CsMPK4 5 pVYNE(R)-CsVQI10 43

Control: XJ82H; Heat

tolerance: fiRALFRAL; WT: AR5L L TG A OE-4 1 OE-6: CSMPK4 i #ik o Nk FR ; FW: fif i,
Figure 7 Contents of MDA (A), SOD (B) and POD (C) in cucumber plants under heat stress. Control:
Non-heat treatment group; Heat tolerance: Heat treatment group. WT: Wild-type cucumber plants; OE-4 and
OE-6: Transgenic CSMPK4 cucumber plants; FW: Fresh weight. **: P<0.01.
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Figure 8 Protein interactions of CsMPK4 with
CsVQI10 in yeast. PC: Positive control; NC:
Negative control.
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Figure 9 Protein interactions of CsMPK4 with CsVQ10 in BiFC assays. EV: Empty vector.
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M) 22 24 TE AL R T MAPKs 2 5%
Flosi s e m 7, AFRIRE . #hed . TR%.
HTIRABFSE BN CsMPK4 JLH g shfE, &
WFFE e 7eke 7 8K CsMPK4 JL[R, -7 3
HEYPEIIRE . WA E A BN, N CsMPK4
EAEN T MMM . qRT-PCR 2 #r &
B, K CsMPK4 7EM FHp & ih g, Hik
AL, MBI REEM, BHEK
CsMPK4 7EAR R P i RIK EAFTEZE 57

EHRAE T, 1Rk FOk ZmMAPKL FE
A f% 18 S AR R T 5 0 g TR A A TR 2, B
1B 2R 2R B3 S NG PR R A BR e A R TR
i RBOH1, MPK1 FI MPK2 7 =5 Ui 1% 184 () it 57
PE i %5 B /R, RBOHL F1 MPK2 %t X771 2k
Ja SRR E R NERAE S BT B R
CRISPR/Cas9 AR MiBR#& Al SMPK3 BL[H, &
PR 5 A RUR EL , SIMPK 3 il 595 98 228 (A 7E 720 T b
R PR, I H AR AR B PR T AR
WL SR PR R IR B ERE, KU
SIMPK3 BEfE1E A i3 K 2 5 2 il = L

&: 010-64807509

Em O Li HUREL, EiRARE T Cat
CaM3 2 B 40 L A5 5 Je B i TG MPK6, 2 515
TS T R I 0 20 B R PP R AT Tk R

AWFFEA T 3N CsMPK4 i ik 384k
I LR AT A F 1535 CsMPK4 1 ik i o5
JNAE KR . &I CSMPK4 1 3% 1855 3 PR B JTUHE A
FHEF ARG IE R X 0, A Kt . R F 2R |
B AR SX A, 7E 37 cCRpi A
48 h Ji, CSMPK4 #5ILH B NLHin: i S
JEERR, FHYifeska; MDA SR BT
XPHE; SOD F1 POD il i 2 & T XTI
It CSMPKA4 5f 3 1k ¥8 IR i A i 4 v
i LN, CsMPK4 3t [ 2 5 # I 1 3
SEN A

MAPK 7EAE ) H 2 s AR SF Y Ser/Thr 28
T MEES MY MAPK B AR % . WIREZHE
PHEEHLE 2R A0, B T RES S 2 Fhia
N, MBES BRI , InAERIRE IT
MAPKK Z 1 AtANP1 A 5315 AtMPK3 ffi
PR AL IR S N, AE VR W38 T ) 3 45 VR 3 T 32
PEH 5546, KA OsMKK6-OsMPK3 2% J2
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REME R 1Y 2R 15 516 5 M 2P Bk R
(H,S)BENS 1 1F AtMPK4 41 Sl 5848 30 5500
IF H = F AR L [R]85 — ZR 91 ¥ g 1 5 [H 7 3R
ik, HoS FER A F T ik MPK4 4R Jr
HINHZAFLAYFFRL; X U] MPK4 £ F H,S 4
S T4 T30 M SO 38 B 1Y) R RE, HoS R MPK4 3
[vi) 9811 4 i o 6 DXL () e sk F A fLig sl DATE B
) XA 1 U Ve IR 2 T R T
MPK4, 1% MEKKI1-MKK2-MPK4 8¢ 2/ ,
S8 MEKK1 1 MKK2 BO®ERR 1L DL K 415
COR15a 17k, MYB15 15 —Fid (55
FIFE SEANHI R 7, HyEPE 32 31 MPK6 43 1Y i
BRI M #; MPK6 il id B Rk MYBILS 1)
Ser168 i &5, F#MXT MYBI5 5 CBF3 JizhT
SEAWSER T, R mRE Y b ", 78
Zehnh, RYER A JELEE (nitrite reductase, NR)JTER
T2 S- il 35 1k 48 e HBK A8 5 8 (S-nitroso
glutathione reductase, GSNOR){% ¥ 1 MPK1/
MPK2 JEPEREAR, MR ESTR M. A
ZF, GNOR MyULERZFEAL NR 16 PE, #hn
NO F ZIF 3% MPK1/2, 4582 9k S %
Mz, pesh, SLFEDTER MPK1 Fil MPK2 [
T NR i NO flr=HE A Ik FAgHTA T,
ZHEIATE JE$E R F 5 (LY ST-interacting protein
5, LIP5)/f: > MPK3/MPKG6 1) 55840 5, 7EAH Y
IR G R EZ/EM . MPK3/MPK6 i
X} LIPS Wifafk, dEiE+E MVB i, HHY
Xt . AR S, SIMAPKS 7EF; 5k
K EZ5T DA EAME R Y . 75D
RS, S AEOE WRKY22 F1 WRKY29,
gl SIMAPK6 Fil IMAPK [y 55 K- i % 42
. 5 SMAPK6 Fl SMAPK19 A1, SMAPK2
O Ty G =L

G TR -4 AL M (VQ) 2 B 2 — 25 e
PRI 7. VQ HE I HA SRR 7 1 4F
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PE, EIERRUE VQ Z5M s B AR~ , JF Him
15 WRKY ., MAPK HEHMEEH, 25£
P 5 %, PR A K R T LA A
AEA= P a B B s R 2 VQ FKIKHEEA
FE 6% 1) 1 390 58 A L DA A AR B U R b
B, WO EKE, AR KR E
i&}%ﬂg[lé—m]o

LR OT A IR - A A B B )Y BB
(VQ-motif-containing protein, VQPs)f)— >\ Ff
#% MPK3/6 BElRfb )5, B4 0 MPK3/6-targeted
VQPs (MVQs), & A YIRENE I8 15 1 4 B 1 5
PR 2 S U081 AtVQ4A/MVQL FEfS B MPK3/6
BERR AL, T BOZEE e PR IR
T A REA R H WRKYs Witk T iehims st
DR 1) 2 15 7K V- Bl 45 ol T A A ST 16 P o T o
MAPK3/6 25 AtVQ4/MVQI1 . WRKYs F{JHHH.
YER, A0 T BUREIF A9 g0 R 241
AtVQ21 7] L% % MPK4 Al WRKY33 JE % =JC
BEY, v AR EAE SRR 6] WRKY33 A916
PEo R RIS, 151k MPK4 BEfR 1L
AtVQ21, T8 A% MPK4-AtVQ21-WRKY33
FIAE AT B, SEAROIC WRKY33, FHH A Hi 8
R PAD3 JH g PR HRE, SR YN
TR IEAR I BLPERS ), F i SIVQ6 S SIMPK1 )
BRI, eI . TR EY
iy v B AR Y, KA OsVQI1 5 OsMPK6
FHEAER, OsVQL w28 A8 (A XS KA 11 Al
# (Xanthomonas oryzae pv. oryzae, Xoo)Z¢#
B e, R EEKE R B LR, IR
H SR A K AT B ZE IR JF A8 % R T,
OsMPK6 5 OsVQI13 WHEEWSH HAEM, BOE
OsMPK6-OsWRKY45 14y, 1F [a] ¥ 15 56 1 IR
(jasmonic acid, JA) 538 [ , /- oK FEXE A
WGP e, OsMPK4 AT LIBERR L OsVQ14 Fil
OsVQ32 H- 5 HAEA/ERH, 0svQ14 1 OsVQ32
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YE5 OsMPKK6-OsMPK4 {55 kK, 14
5t T KAEXT Xoo MPLIERS, FE/NEH, TavQ4
5 MPK3/6 MEAEH, IFEMYHGLT 28
Hiff Sl MPK3/6 HIBEER LIS & HEAERPT, 4
5T 3 TR AU 2SIl BiFC 2B & 8L, #5R
CsMPK4 fEf8 5 CsvQI10 FHHAMEAMH ., Xik
7~ CsVQI10 2 H BB Pp[R] CsMPK4 788 ) i it
ESUR SRl e T S (YT

A 5T B T v N 22 240G AL R e
CsMPK4 St [H () Uy g S Hprab pL], X 4y
THAEA LR X HE)RN CsMPK4 JE#sHit
USRI, DA G 38 R Y TN CsSMPK4
T LTl W A A 1 K ST AT 9 4 B B st M iR A
FRRABISE
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