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Abstract [ Objective] Grapes (Vitis vinifera L.) are an economically important fruit crop in the
world, and severe fruit drop can affect grape yield and quality. The synthetic cytokinin analog
N-(2-chloro-4-pyridyl)-N'-phenylurea (CPPU) is known to enhance fruit set in grapes. Cytokinin
oxidase/dehydrogenase (CKX) enzymes, which are responsible for the irreversible degradation of
cytokinin, are pivotal in modulating plant growth and development. In the present investigation,
the cytokinin oxidase/dehydrogenase 5(VICKXS5) gene and its promoter were cloned, and
bioinformatic analysis, expression specificity and transcriptional regulation were performed to
illustrate its role in grape fruit setting. [Methods] In this study, we conducted experiments using
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‘Kyoho’ grapes(Vitis vinifera L. x Vitis labrusca L.) as the experimental material. The young
berries were treated with 10 mg-L' of the cytokinin-like growth regulator CPPU 5 days
post-anthesis. The treated berries were sampled at 1,2,4 and 8 days post-treatment. Furthermore, at
13 days post-anthesis, we systematically harvested roots, stems, leaves, inflorescences, tendrils,
and young fruits from plants for subsequent tissue-specific analysis. The VICKX5 gene region was
amplified via polymerase chain reaction (PCR). Bioinformatic analysis of the VICKX5 protein
sequence, including various physicochemical properties, was performed using the Expasy web
tool. The identification of conserved domains within V/CKX5 was conducted through the InterPro
database. Furthermore, the phylogenetic relationship among VICKX5 and its homologs was
examined using MEGA software Protein domain architecture of VICKX5 and its orthologous
proteins was examined utilizing the GeneDoc 2.7. Expression levels of VICKX5 in grapevine
tissues, including roots, stems, leaves, inflorescences, tendrils and young fruits under natural
growth conditions, as well as in young fruits following treatment with the CPPU, were quantified
using real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR). The
activity of the VICKX5 promoter was evaluated through histochemical staining with
B-glucuronidase (GUS). To predict the transcriptional regulatory interactions involving VICKX3,
we utilized the PlantTFDB, CIS-BP, and JASPAR databases to identify potential key transcription
factors that may modulate its expression. The coding sequence (CDS) of VIAGL6, with the
termination codon excised, was cloned into the 101LYFP vector. The construct was then
transformed into Agrobacterium Competent Cells (GV3101), which were subsequently mixed with
a selection marker and used to infiltrate Nicotiana benthamiana plants. At 72 hours
post-transformation, the subcellular localization of fluorescence within N. benthamiana leaf cells
was analyzed using laser scanning confocal microscopy. RT-qPCR was used to analyze the
expression pattern of VIAGL6a in grape tissues and after CPPU treatment. A fragment of the
VICKX5 promoter containing the VIAGL6a binding site, designated as P, was cloned into the
pADAI vector, generating the recombinant bait plasmid pAbAi-proVICKXS/P. This plasmid was
then transfected into the Y1HGold yeast strain. Subsequently, the VIAGL6a gene was cloned into
the pGADT?7 vector to create the recombinant prey plasmid pGADT7-VIAGL6a, which was
transfected into a yeast strain positive for the bait genome to perform yeast one-hybrid (Y1H)
interaction detection. A 1566 base pair segment of the VICKX5 promoter, located upstream of the
ATG start codon, was cloned into the pGreenlI0800-LUC vector to create a reporter construct. The
VIAGL6a CDS was subcloned into the pSAK277 vector to produce an effector construct.
Agrobacterium tumefaciens strains carrying these constructs were co-infiltrated into M.
benthamiana leaves. The luciferase activity in the infiltrated samples was measured 48 hours
post-infiltration using a dual-luciferase reporter assay system. [Results] VICKX5 was 1641 bp in
length and encodes 546 amino acids. The molecular weight of VICKXS was 61.51662 kDa, the
isoelectric point was 8.36, the instability index was 36.64, the fat coefficient was 94.27, and the

protein structure was stable. VICKXS has the closest homology to CKX amino acids in Chinese



kiwifruit, and has a FAD domain and cytokinin binding site (CK-binding) typical of the CKX
family. VICKX5 was highly expressed in roots and leaves, followed by inflorescences, and the
expression of VICKX5 was significantly reduced at 1, 2, 4 and 8 d after CPPU treatment.
Prediction of the cis-acting elements of the VICKX5 promoter revealed elements containing
hormones responsive to IBA, SA and ABA. GUS chemical tissue staining test results showed that
VICKXS5 activated its promoter activity in response to the treatment of CPPU, SA, IBA and ABA.
Transcriptional regulation analysis showed that BPC, DOF, MADS and FLC family transcription
factors may be involved in the transcriptional regulation of VICKX5, and VIAGL6a is a key
candidate transcription factor for VICKX5. Subcellular localization assay verified that VIAGL6a
localized in the nucleus. The results of fluorescence quantification showed that VIAGL6a was the
highest in inflorescences, followed by fruits and tendrils, and lowest in roots, stems and leaves.
The RT-qPCR results after CPPU treatment showed that the expression levels of VIAGL6a were
significantly reduced on the 1th, 2th, 4th and 8th days, which was consistent with the expression
pattern of VICKX5. Y1H and double luciferase assay showed that VIAGL6a could interact with
VICKX5 and promote its expression. [ Conclusion] The VICKX5 gene of grape responded to the
signal of CPPU, and the transcription factor VIAGL6a specifically bound to the promoter of
VICKX5 gene and promoted the transcription of VICKXS5, which affects grape fruit setting by
regulating the level of cytokinin, which provides a theoretical basis for further analysis of the
mechanism of grape fruit set.
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( Vitvil3g01614 ) 1) 4% i3 /7 %] (CDS ) F & A B 7 & . A H & 28 ¥ 355 Expasy
(https://web.expasy.org/protparam/) £x1f] VICKXS5 & [P 7 1S P BEAIAL 580 (7T
2§ ¥ 37 Interpro  Chttps:/www.ebi.ac.uk/interpro/ ) £t ] VICKX5 )& 5F &5 #43k . 7 NCBI
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AL, LT3 3R13 70 % 141 cDNA, JFRLHOABGEE PCR 471 VICKXS H14if% 751 (CDS),
i i 9| Y| A pSAK277-VICKX5-F
TAGTGGATCCAAAGAATTCCATGTTGAGGGGCTTCTGTCTTTGG, pSAK277-VICKX5-R:
CGAGAAGCTTTTTGAATTCGATCACAAGAAGGGTGTCGCCTTTC . 1 F i a1l iz ik 771) ¢

(HEMtEZE, dent) B EFR R B B8 AN RIGHAT RS2 (Trans5a), EHIJG
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(GV3101) .

1.4 ERTRHKEE (RT-qPCR)
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(GenBank: CA808925) il 5 E-20 CCORAFEA ] o KH] 2-28CT ikt S AL R (R AH N 205
F#{8 H Excel 2016 A1 Graphpad Prism 8 #A4-X] FirfS 2 #E4T 70 o W2 BT FH 5190 7 51
VICKX5-F: GCATTCGTTTCATAGCAAGC, VICKX5-R: AATGCCCGTCAACAGAAAGT;
VIAGL6a-F: ACTTTCTGTGCTTTGTGATGCT, VIAGL6a-R: TGATACCGCTCTAGGGTTTTG,
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% GUS Jetil & (R, Jbnd) misf. MHLEKE BA) (100 umol- L. /K#
2 (SA) (100 umol-L). ii7582 (ABA) (100 pmol-L"). &ML ZEAR (CPPU) (40 pmol-L ™)
MZRFI R (MeJA) (100 pmol L) ¥ERMIHIR 4% | pC0390-GUS-proVICKXS5 T ¥ Y
FHEEI e, e P ) I ST, P S A L B A, RN R R IR IR B 9% 24h.
PA pC0390-GUS #ifh A I X E, A 35S JA 31 GUS #EME AP TERT R . K32 01
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eto 5 ML JF Ml & o M Bk BT 5l W F 5 8 GUS-proVICKXS-F
TGGGCCCGGCGCGCCAAGCTTGGGAGCCACCTTGAGCATCTC ,  GUS-proVICKX5-R :
GGTGGACTCCTCTTAGAATTCCATGGGTCTAGGGAAAGGAGCAG,
1.6 #B[a) VICKXS5 HY%E R FIAF= T
B i CIS-BP %t #% # ( httpsi//cisbp.ccbr.utoronto.ca/ ) + JASPAR #%{ #5 J%
(https://jaspar.elixir.no/) 1 PlantTFDB #{#& % Chttp://planttfdb.gao-lab.org) 15 315 %) % K K]
TA5 B, Jf4d 1 TB-tools ) GTE/GFF3 Sequences Extractor {4 $2 BU VICKX5 J3 &)1 L
2000bp 751, R¥E PlantTFDB. CIS-BP Fll JASPAR i J /8 A (4 5% K 145 A A A5 2
i H Find Individual Motif Occurences ( FIMO ) fE 2 MW 5
(https://meme-suite.org/meme/tools/fimo) {E VICKXS5 Jash+ Eit47 /) TFBS i, k¥ 10
TR B LA Ay 0 a T 485 SR JEIE GENIE3 FU 45k K 15 VICKXS 2 18] il REA7AE [ dh ik
P KR, K weigh™>0.1 HEURMEEATHIE TS K. 45 GENIE3 Tillf5 3 13tk
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B VIAGL6a (Vitvil5g00776) wtit X (2 1b %65 1 )5, K ddi A2 101LYFP # ik,
J% M 101LYFP-VIAGL6a #H 2H Jii ki . % 5 4 57 K0 % 10 2] Gr3101 W, ¥ b id ¥
(VirD2NLS-mCherry) S5#ALJERIERIR G, FAGSIHEM higEmf 218 . 25 )CRIEALEE 2 d,
IEWEFE 1 d G, HABOCIERERME (KBS, BA) WRELES. oA 101LYFP
v b M. M@ M pr i 5 ¥ K % 4 101LYFP-VIAGL6a-F
ATGGGATCTACTAGTGAATTCATGGGGAGAGGAAGAGTGGAGC, 101LYFP-VIAGL6a-R:
GGGGGTACCGTCGACGGATCCAAGAACCCACCCTTGGATGAAG:.
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SLfE VICKXS JA 3§ VIAGL6a 456 F B P 48 N\ pAbAi #ifkHr, 4 #2401 R
K pAbAi-proVICKXS/P . ¥ 5 2H 75 15 Jii ki pAbAi-proVICKXS5/P F| Bstbl £k 14 1t., 1 H
PEG/LiAc F A0 J5 14 B4 2| BRI AR Y 1H Gold H o 3540 J5 IR % B T AR /2 SD/-Ura Sl Y
Btk BREFE 3~5 d, B RE IR AL NE T 30 °CREFRAE @I IR FE 640 7 32 ACADA)
(1) SD/-Ura B2 5L IR I . B, K A EY TR pGADT7-VIAGL6a % ¢ 2 BH 14 %
HEHK CEEFHIZRNLD f, FIRAMATE SD/-Leu BUERIEFR3E E, 30 °CH I F h {31 B £
7 3~5d, DL pGADT7 T #H M AGBIPHVERE B bk (B IBHEEFE 4D FE XTI, 72
SD/-Lew/AbA 3775 FE IR AL E BRI, Kl VICKXS 5 VIAGL6a HIFH EAE . #yid
B ok B H 3| 7/ s 1| | pAbAi-proVICKX5/P-F
TTGAATTCGAGCTCGGTACCCCATGACCGAGTCCTCGTTATTTTG ;
pADbAi-proVICKX5/P-R: TACAGAGCACATGCCTCGAGGAGCAACACCTAATCCTCCTCTC;



pGADT7-VIAGL6a-F: GCCATGGAGGCCAGTGAATTCATGGGGAGAGGAAGAGTGGAGC,
pGADT7-VIAGL6a-F
CAGCTCGAGCTCGATGGATCCTCAAAGAACCCACCCTTGGATGAAG.
1.9 RS REGNE

M ELIEF %] DNA 71 PCR 474 ) VICKXS [ ATG 2 4f %0+ L3 1566 bp [ DNA J¥ 41,
F+4i 21| pGreenl10800-LUC #k iAo AT Az s ¥ FURL ProVICKXS-LUC 1E Nl T« ¥ VIAGLG6a
) CDS 4 [X 4 N3 AR pSAK277 H,  AE RAE NS T 1) 35S-VIAGL6a. A4 N Ji 37 1)
AR pGreenll0800-LUC FIARAd N VIAGLG6a W% pSAK277 1EJyFIPERS R o 4 R0 1 AR
HT M RANLATE GV3101 vh, R BB S RN BURLLA 10 9 VRA L AL BIA IR E R Fr
HROT, 48 h 548 AU G R R S R RS RSt (Promega, EED e &AM 26 3=
oW M . M o# # % | KM 5w o A A
LUC-VICKX5-F: GTCGACGGTATCGATAAGCTTGGGAGCCACCTTGAGCATCTC ,
LUC-VICKX5-R: CGCTCTAGAACTAGTGGATCCCATGGGTCTAGGGAAAGGAGCAG
PSAK277-VIAGL6a-F: TAGTGGATCCAAAGAATTCCATGGGGAGAGGAAGAGTGGAGC,
PSAK277-VIAGL6a-R
CGAGAAGCTTTTTGAATTCGATCAAAGAACCCACCCTTGGATGAAG.
2 RS0
2.1 VICKXS R RFHI5 T

Nt —%F VICKXS (Ih R TIR L, s FE 2] VICKX5 (Vitvil3g01614). VICKXS5 1) CDS
KJEN 1641 bp, gwtd 546 NEIER, /7T HEN 61.516 62 kDa, 5 N 8.36, HEER
BRI R A58 36.64. 94.27, HREAALE . VICKXS HA CKXs HF1E 45 6 4 - 1 iy F 2
F21LE (PCMH) 35 2 IRVENS — H 17 R (FAD) 45 & 340 i 70 34 & 45 447 14 (CK-binding)

(B 1-A). RGEKBEWEIR, VICKXS5 5 RN R R il (B 1-B). VICKXS5

5 AcCKX (HHAERRERE ). OsCKX4 (UKFE) Fl AtCKX6 (R TT) &AM 2 751 Xt 45 5%
BIR VICKX5 & # FAD M Cytokin-bind % O RSF S5 8938 (& 1-C).
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o XP 0312848401 FTH i 1 (Pistacia vera)
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PSS24430,1 SRIERRIHE (Actinidia chinensis.)
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A. VICKX5 {R57 £5#35. B. VICKXS5 [ R 48K & W37 - C. VICKXS ZIEER /771 X . AcCKX (PSS24430.1),
OsCKX4 (NP_001384946.1), AtCKX6 (AEE80482.1).
A. VICKXS5 conserved domain. B. Phylogenetic tree analysis of VICKXS. C. VICKXS5 amino acid sequence
alignment.
& 1 VICKXS HIF515347
Fig. 1 Sequence analysis of VICKX5
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A. VICKXS fEAE AR RN R FRR, SFTRZE, LEFRM, In FomiEfy, BERLER, T
FoRE A 5 LTTHIA RN FREOR AN R 41 2 [0 R R 38K 82 22 57 i A P fE+SD  (P<<0.05,
RNERTZAH. Tl B. VICKXS #£ CPPU AbEJa M AR A B IOHI &1 4 R P I FRIA R, CPPU: &t
R, CK: W, ¥R ATHEESD %+, 0.01<p<<0.001; ***, p<<0.001, %)

A. Expression patterns of V/ICKX5 in grape tissues. R for root, S for stem, L for leaf, In for inflorescence, B
for berry, T for tendrils. Different lowercase letters at the top of the columns indicate significant differences in
gene expression levels between different tissues, data shown are means + SD (P <<0.05, One-way ANOVA test).
The same below. B. Expression patterns of V/ICKX5 in CPPU treated and naturally developed young grape berry.
CPPU:N-(2-chloro-4-pyridyl)-N'-phenylurea; CK: control. Data shown are means = SD (**, 0.01 <p<<0.001; ***,
»<<0.001, Student's #-test).

2 VICKX5 HIFRIBE
Fig. 2 Expression analysis of VICKX5



2.3 VICKXS BEI T =R D

X VICKXS JR 35 R A R E oo AT ), 455K BoR VICKXS JR )1 IX R 15
BRI R DX LA e CAAT-box AL BT J014 TATA-box 4F, &4
e, B EHRRIERMBEERRN T (£ Do 18 VICKXS KRS FIXEEBUEK R, K
MR A0 B V4 TR (AL R i S e 1 (B 3-AD . TLfE VICKXS 1) 5% 13 1566 bp 7511 k47
GUS Zetifds, S5PATEXT AL, Mock ALHAIARIM Jy IR U5 €, ProCKXS % M4
T GUS R G . teAh, VICKXS B3I+ % IBA. SA. ABA fil CPPU ¥R I H & N &
5%, HH IBA. SA. ABA I CPPU 435 Mock Ab3 [ v B EaAHEL, R BE IR 1
4, MeJA A3 Mock AL v B AR EL A BRI 2251, 0 VICKXS J8 31§ 30E R
A (B 3-B).

® 1. VICKX5 BEhFHRIGRIER TS5 E

Table 1 The cis-acting elements and number in VICKXS5 promoter

Nz e P31 Theg PIREE 6
Cis-acting element Sequence Function Number
MYB 25447 5% 56 R
MRE AACCTAA R - . 1
MY B binding site involved in light responsiveness
TGATAATGT/gGATA B N
S NETeA
I-box AGGTG/gGATAAGGT 3
G part of a light responsive element
_ I T R — 0 73
GATA-motif AAGATAAGATT 1
part of a light responsive element
CTTTATCA/CCTTAT S NETC A — E 2y
LAMP-element ) ) 3
CCA part of a light responsive element
ACE GACACGTATG/CTAA e N e 5
CGTATT light responsive element
o e BT
3-AF1 binding site TAAGAGAGGAA ) ) 1
light responsive element
_ DL lE) I £ i
TCT-motif TCTTAC ) ) 2
part of a light responsive element
_ I i
GT1-motif GGTTAA/GGTTAAT ) ) 3
light responsive element
I i
G-Box CACGTT/CACGTG ) ) 4
light responsive element
ATATAT/TATA/ATTA
TA/TATAA/TATATA/ N .
o BB 1 To it
TATA-box ATATAA/TAAAGATT 40
core promoter element
/ATTATA/TATACA/T
ACAAAA
JE By G 5 DX LB e
CAAT-box CCAAT common cis-acting element in promoter and enhancer 15

regions
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TCA-element

ABRE

CAT-box

W box

AAGAA-motif

TCA

MY B-binding site

MYB-like sequence

MYC

STRE

WUN-motif

ERE

WRE3

CAAT-box

box S

AT~TATA-box

GGTCCAT

CCATCTTTTT

ACGTG/CGCACGTGT
C/CGCACGTGTC

GCCACT

TTGACC

GAAAGAA

TCATCTTCAT

CAACAG/CAACCA/T
AACCA

TAACCA

CATGTG/CAATTG/C
ATTTG/TCTCTTA

AGGGG

CAATTACAT

ATTTTAAA

CCACCT

CAAT

AGCCACC

TATATA

AR N e
auxin responsive element
IR S e
salicylic acid responsive element
i v R i) S e
abscisic acid responsive element
50 A HAURIE AR M % T
cis-acting regulatory element related to meristem
expression
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
ARH
Unknown
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A. Prediction of the presence of hormone-responsive cis-acting elements in the 2000 base pairs of the
VICKX5 promoter sequence using the PlantCARE website. B. GUS staining assay using GUS empty as a negative
control and CaMC358S::35S construct as a positive control to verify the activity of the ProVICKXS promoter,
where Mock refers to no hormone treatment. To investigate the effects of IBA, SA, ABA, CPPU and MeJA plant
hormones on the regulation of V/CKX5 promoter activity.
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Fig. 3 Analysis of VICKX5 promoter activity

2.4 BR[E)AIE VICKXS BY%E R F Tl & 534

TR T AT REHE R VICKXS %% % K -F-, 7EPlantTFDB. CIS-BPFIJASPARKHE 22 & I T
FL[H ¥E ) VICKXS IS AN s I (B4-A) o il 3T Gephi0. 1081E XX SAN 3 55 IR 7 A K VICK XS
B (R FERIE P48 56 RIEAT PTG, 45 3T LA SR VICKXS FIX SN s R -7 2 1R A7 A2 4
R (E4-B)o X T 3T DB R X SANFE % K 1 )8 T BPC. DOF. MADSH!
FLCK &, 456 VICKXSINZZIE R A1 #E (E2-B, El4-C), #hikih 5VICKXS
FIEHHFEN T A IAGL6alE AR EFE T T



Vitvil3g01614 Vitvil8g00110(DOF3)

CIS-BP

Vitvil6g00894,
Vitvil8g01067(BPCE) Yy

=T
hogtFC

Vitvi1gh1673(FLC)

Vitviligl Vitvil6gD0894(MADS-box6)

VitviO¥ o110 Vitvil3gh1614(VICKXS)

plantTFDB 5 JASPAR

Vitvil 500776

&R
o @t o

A. JASPAR. plantTFDBFICIS-BPHHE FE 7l 1) VICK XS e K 75 B . B. X TR0 2 154 22 42 i %
KN TRATIRIERIL ). C. VICKXS RILEAERRINTAE1 dy 2d. 4 dFI8 dIV R AL RIA A,
COHE P POl 8 R SR B e e IR, s LR AR 4R [ U E R (5 Brfty (NCBD), BioProjectid:fil 5
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A. Venn diagram of VICKX5 transcription factors predicted by JASPAR, plantTFDB, and CIS-BP databases.
B. Co-expression network analysis of the 5 intersecting transcription factors predicted. C. Transcriptome
expression heat maps of V/CKX5 and its potential transcription factors at 1 d, 2 d, 4 d, and 8 d. The ones circled in
black are identified as key transcription factors. The RNA-seq sequence has been submitted to the National Center
for Biotechnology Information (NCBI) with BioProject registration number PRINA788660.
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Fig. 4 Prediction of VICKXS transcription factor
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A. Subcellular localization of VIAGL6a in Nicotiana benthamiana leaves.101LYFP: empty carrier;
101LYFP-VIAGLG6a: Vector 101LYFP contains VIAGL6a. Bar = 50 um. B. Expression pattern of VIAGL6a in
grape tissues. The data shown are mean = SD (p<<0.05, One-way ANOVA test). C. Expression pattern of VIAGL6a
in young grape fruits after CPPU treatment and naturally developed. The data shown are mean + SD (**, 0.01 <<p
<<0.001; ***, p<<0.001, Student’s z-test).
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Fig. 5 Subcellular localization and expression analysis of VIAGL6a
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WP IR EIEH A K, MipGADT7-VIAGL6aRIpAbAi-VICKXS5/P %R} # 745400 ng-mL!
MAbAEBEMERE R ERBRIEH AR K (El6-B)
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ProVICKXS ‘ ATG
e
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Ong/ml AbA 400ng/ml AbA
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RFVIAGL6aI TR LE S . B. YIHERVIAGL6a5 VICKX5 A 2T 454

A. Schematic diagram of the VIAGL6a transcription factor binding site on the V/CKX5 promoter. The triangle
indicates the location of the transcription factor binding site. The P fragment represents the predicted binding site
of VIAGL6a. B. Y1H show that VIAGL6a binds to the VICKX5 promoter.
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Fig. 6 Y1H assay
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A. Vector construction diagram of reporter and effector vector for detecting transcriptional activity of
VIAGLS6a in a dual luciferase assay. B. Analysis of the LUC/REN ratio in a double luciferase assay.
pSAK277+LUCO0800 as a control. The data shown are mean + SD (***, p<<0.001, ¢-test).
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Fig. 7 Dual luciferase assay
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