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PpWRKY4 regulates carotenoids accumulation in peach fruit by affect-

ing the expression of PpCCD4

SONG Conghao', JIANG Chao', JIN Ziqing', ZHANG Haipeng"**, WANG Xiaobei"**, HOU Nan"*?,
CHENG Jun"**, WANG Wei"*>°, ZHENG Xianbo" **, FENG Jiancan">*, LIAN Xiaodong"*>*, TAN
Bin"*>*

('College of Horticulture, Henan Agricultural University, Zhengzhou 450046, Henan, China; *Henan Engineering and Technology Center

for Peach Germplasm Innovation and Utilization, Zhengzhou, 450046, Henan, China, *Henan Provincial International Joint Laboratory
of Horticultural Crops, Zhengzhou, 450046, Henan, China)

Abstract: [Objective] Peach (Prunus persica) is one of the most important economic fruit tree in the
world. The color of fruit flesh is a notable feature for consumers and one of the important breeding ob-
jectives. The flesh color of white/yellow is a typical Mendelian trait controlled by a single locus (Y),
and white phenotype (YY or Yy) is fully dominant over the yellow one (yy). The yellow- flesh peach
mainly depends on the accumulation of carotenoids in chromoplasts. The carotenoids is considered as
an indispensable part for human diet health and nutrition. The previous studies indicated that three types
of the PpCCD4 mutation caused no expression or extremely lower expression of the PpCCD4 in yellow-

flesh peach, suggesting that the carotenoids would be negatively correlated with the expression of the
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PpCCD4. Although the PpCCD4 is considered as the key gene controlling the white/yellow flesh trait
of peach, the regulatory mechanism of carotenoids degradation remains unclear. The PpWRKY4, a
WRKY transcription factors associated with carotenoids degradation, was isolated from a white- flesh
peach exhibiting lower carotenoids content in this study and the regulatory mechanism of the
PpWRKY4 was explored in carotenoid metabolism of peach fruit. [Methods] The carotenoids content
and the relative expression of the PpCCD4 at S1-S4 stages of the fruits of Zhongyoutao 14 (CN14)
were analyzed, respectively. The PpWRKY4 (the homology of OfWRKY3) was cloned by PCR.
PpWRKY4 and other three homologous proteins were analyzed for domains using MEGA 11. The ex-
pression pattern of the PpWRKY4 and PpCCD4 at S1-S4 periods of the fruits of CN14 were obtained by
qRT-PCR. The cis-elements of the PnCCD4 promoter were analyzed using PlantRegMap and a binding
site map was drawn by GSDS. The CDS of the PpWRKY4 was inserted into pSAK277-GFP vector, and
then transformed into GV3101 and Marker mixed annotated Nicotiana benthamiana. The fluorescence
in tobacco leaf cells was observed using laser scanning confocal microscopy after 36— 48 h. The
PpWRKY4 was cloned and inserted into pGADT7 and transfected into Y1HGold with PpAbAi-
PpCCD4-promoter for Y1H assay. The CDS of the PpWRKY4 was cloned into the pSAK277 vector to
create the effector. The promoter sequence of the PpCCD4 (-2 Kb upstream of ATG) was cloned into
the dual reporter vector pGreenll-0800. The Agrobacterium cells containing pSAK277:PpWRKY4 and
pGreenlI-0800:PpCCD4 were co-infiltrated into the tobacco leaves, and the leaves infiltrated with the
empty vector pSAK277 and pGreenll-0800:PpCCD4 were used as controls. 48 h after infiltration, the
luciferase (LUC) and Renilla luciferase (REN) activities were measured using a dual-luciferase assay
kit. [Results] The expression pattern of the PpCCD4 and the carotenoids content during the S1-S4 peri-
ods of the fruits of CN14 showed opposite tendency. The relative expression of the PpCCD4 increased
gradually, while the carotenoids content of CN14 fruits significantly decreased, ranged from 1.97 pg- g
at S1 stage to 0.68 pg- g at S4 stage. Several cis-elements of the PpCCD4 promoter were observed,
mainly including Dof, MADS, MYB, bHLH, WRKY etc. The PpWRKY4 contained 1764 bp of ORF
(open reading frame) and encoded 587 amino acids, which contained two WRKY conserved domains,
as the character of a group I of WRKY gene subfamily. The sequence alignment results indicated that
PpWRKY4 showed the highest expected value with OfWRKY3 which is a key transcription activator
of the OfCCD4 gene participating in biosynthesis of carotenoids. qRT-PCR analysis of S1-S4 periods of
the fruits of CN14 showed that the PpWRKY4 showed the opposite expression pattern of the PpCCDA4.
The expression level of the PpWRKY4 showed higher at S1 stage and then sharply decreased at S2-S4
stages. Based on the expression patterns of the PpWRKY4 and PpCCD4, the PpWRKY4 might negative-
ly regulate the PpCCD4. The subcellular localization analysis demonstrated that the PpWRKY4 would
be a nucleus-localized transcription factor. The Y1H results showed that the yeast cells containing the
PpWRKY4 and PpCCD4 were able to grow well in SD-Leu/AbA*”, but the yeast containing the empty
AD vector and the PpCCD4 did not, indicating that the PpWRKY4 was bound to the PpCCD4. The re-
sults of dual-luciferase assays using the transiently transformed tobacco leaves indicated that the activi-
ty of the PpCCD4 promoter greatly decreased after co-infiltration of the promoter reporter construct
with a construct expressing PpWRKY4. These results showed that the PnWRKY+4 would be bound to the
integral PpCCD4 and repressed its transcription. [Conclusion] A homology of OfWRKY?3 denoted as
the PpWRKY4 was cloned in CN14 peach. The PpWRKY4 is a typical group I WRKY transcription
factor with two WRKY domains. The PpWRK Y4 was expressed higher at S1 stage of CN14 fruits than
that at S2-S4 stages, showing opposite expression pattern with the PpCCD4. The PpWRKY4 could di-
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rectly bind to the PpCCD4 and inhibited its expression. The PpWRK Y4 was likely a transcription inhib-

itor of the PpCCD4 gene, involved in regulating carotenoids accumulation.

Key words: Peach (Prunus persica); WRKY transcription factor; Flesh color; Carotenoids

B2 PR B AR R 2 —, HRE 2
SIS VEF T R RH R E S %, K
B N R REYAR AR Y ) — 2R E B,
e NRYEA R A Y& BURRTA, I B R A St tl
ERY. BEE N RAEE KA g &, AT
AR, WA E SRAE NRMZBERE. K
BREE b 22 2 fA I 42Ul 2 DX 28 7% (carotenoid cleavage
dioxygenases, CCDs) /& ZE #1352 [% i (1) O¢ i 2k
B Bk T PpCCD4 i 3IA T 5 2K A

N PR, FECRL AR R M & E A
Bk BT PpCCD4 ZE RN RAE , S N 3 il 52 FH
MAREMR, RN 2 E A, RAF R b
FAEWE AR R AR R 2%, 0 & R R

MERBEA R B EEE X

WRKY % 5% BT R R A 1 — K sk R
TR . WRKY He R DL s B2 DR 5F (1) WRKY 4544 45
4 A E LAk 5] (WRKYGQKD , I 5240
— A Cu - sCa - nHH B CoCosHLC [ 8 45 85 11 4
FPe WRKY F 55 A 7 HiR45 JL DNA &5 15 25/ 1 1
BEMEREAEFRER =K 38 1 KA
AW WRKY gifgid. 25 1128 R H —4> WRKY 45
Rt AR R B EE 7 555 1 28AH1R),  Cys(2)-His
(2), AT WRKY £ [ i & 5 56 T & LR 41 %2
S, Mt —20 k5 N a. 1Ib. e IId A e 5
AR, FII2E WRKY # % [H 7R IR R A&
7 CoCasH,.CYo WRKY ZR i i 70 75 A8 4 45 AH 4k
RIALE € , HAEAFAEY) 8o & A E, anfe
IK# (Oryza sative) W A7 7E 109 A~ K K H (Zea
mays) 119 N 4L Fd IF H (Arabidopsis thaliana) 74
AN SR A (Malus domestica) 56 A" Z i H (So-
lanum lycopersicum) 81 " Ak H (Prunus persica)
58 /N0,

WRKY # F 38 5 AR 40 i) R 7 200 1
Z 52 MKk E R, A Y dia 3549 5
BVRE SR LEYERETY, dRIENE
TaWRKY?2 % 5% [ 1 1 715 1 500 O B (R 3k, 2k i
SR AN FERTRE . HRE SCWRKY 3 £ 1 4% 4
St T TR R AR A ) PLPEY . OsWRK Y45 (13

FIB R T HESRPUIFE RE S1 41, R 1 5R T R 1 A 5
PEIS, WRKY #% 3% [R 1 1 45 A8 420 %5 3 ol 3 1 47
P BLREX S R RTA B E e Rk R 1 TR
B, WRKY ¥ s R 7 Z 5 Yk A9 AR 2
FEAEH OfWRKY3 # i % OfCCD4 33k i1 7] B
S5 AW p-ionone A ™. A il WRKY32 3
4% YELLOW FRUITED-TOMATO 1 #£ [X % ik,
W IREAEE bR R, B R L H A, Sl-
WRKY?35 i i 0% & il 52 MEP (2-C-methyl-D-
erythritol 4-phosphate) il % 1F [a] i #2 K#H & N R4
YA Y. EAR WRKY 5 R 40 AR W 8 45 1 1
% ,fHJE, WRKY ZE 2 52 5 sk R KA
MR MATERE . T, EH AR TR E
TRk 14 5 Sz PY AN I (S1.S2.83.84) K B
N &R & B PpCCD4 3 R ik #a34 , PpCCD4
F /g 37 oo A Rk BB & WRKY 5% [H 1
g & ot 3 5 T T PpWRKY 4, M 56AE T
PpWRKY4 it % 1% PpCCD4 FE N FKik . W4 R
A BT BRSEEHEE 2 AR 5 AL H] B A R
B bk R PR 8 4 (R B A 3 i it

1 MR

1.1 RIEM R

Bk 14 5 SR S2EL E ] A K R R X
I3 R RS2 S1.S2.S3 A1 S4 PYAN I 1 i) 5 A 4.
SUHEAT IS B D &R BRI , 32 B DNA T
PpCCD4 #: R 3 21 5 b, $2EXRNA Fl T PpWRKY4
FE K 5 B A1 qQRT-PCR 4347
1.2 EHE NREEAEN

FRELUS g BF BE ok (1) Bk SR S S b A7 2R 2 b
FIRHL, TERE S I B Z SR B CIE Ot TR
TR REAEREL 2101, % 0.01%BHT) . K% H
UV755B LS A AT W43 6 BETHAE I K 450 nm ik
TS, DR R Se BRI N RS E. EWAE b
RIS I E 22 RIs REE T
1.3 PpCCD4EFA BT REMZEREFHEENS
o

Lorbdi Bk 14 5 (9 DNA Dy B, 48 51 9



81

REESE, 25 . PpWRK Y4l F2 M PpCCD4 2k i R Szl F R R 1507

(PpCCD4- p- F: TGGTAGTTACTAGGGTGTTGTT-
GCC, PpCCD4- p-R: AAAAAGGTAGTGAGGTGT-
GGGA) AT JA 2 7 )7 9 34 . 4 S BE 15 2 10
PpCCD4 J& 8 1 I % #| H PlantRegMap Chttps://
plantregmap.gao-lab.org/) % 31§ Tl 4% 53¢ K - 45 & o7
15, F ) GSDS (https://gsds.gao-lab.org/) 4 ffill 45 &
P g
1.4 PpWRKY4ERFwEREBRFIINH

LA AR 14 5 ) cDNA R, 13 FH v 1% B
2 xPhanta Flash Master Mix (P520, i ME & A VR
1 5| ¥ (PpWRKY4- G- F: ATGGACGCAACCA-
CACTC, PpWRKY4- G- R: CTATGGACCTGTTAG-
TACCCTT) # 17 %% 15 [X Bt (coding sequence, CDS)
P38 ;8 MEGA T B2 B 0L R 7+ AtWRK Y20 %
%] VVWWRKY20 FfEETE OFWRKY3 & FH &R 41
HEATEEXT 28T o PCRAT™ 3 RN A A) 52 2 AR Y 250
(AT o
1.5 EREFRESH

H ik 14 5 K B WA S8 1) RNA #EAT & s
S cDNA , ) F 52 i) %¢ )6 2 & PCR A A6 I
PpCCD4 1 PpWRKY4 J5 [F M X ik & . & & 5
) ¥ % : PpCCD4-F : GGCTAGAGAGCCCGAGA-
ATC, PpCCD4-R: GAGGAGACTTGGCATCCATC;;
PpWRKY4-F: GATCGGCCGTGATGACAAGC, Pp-
WRKY4- R: CCAACATCCATCCTCCTCCTT, 1 £
L[ PpEF2(Elongation factor 2) , PpEF2-F: GGTGT-
GACGATGAAGAGTGATG, PpEF2- R: TGAAGG-
AGAGGGAAGGTGAAAG. FJF] 2T yg: it 51 %
FRT RIS &P, AR 3 IRE S .
1.6 IFZBAEE(L

& PpWRKY4 4 hth [X |7 51 (A 55 28 1165 T o
B B 0 0O B A M 34 pSAK277-GFP |, 14
7 PpWRKY4-GFP il & Rk 244 , 1 il & 3Rk ik
FENGV3101 AR B B bR A o K BE 1 VR 0 S O
B, 48 h Ja HURE , 48 FH 0% L 5 £ B ioes (Je BR
AIR HD25) MEL5HAE 5
1.7 B85 223505 9F PpWRKY4 454 PpCCD4 |3
BT

¥ PpCCD4 % R #2 46H % 1 7 L35 2000 bp F B
(PpCCD4-promoter) FEFEF| pAbAI HUAE |, 2 JE AL,
FY1H Gold F# B} & #% H , /£ SD/—Ura B g #3577
2~3 d, ik FHE R M. BEJS , ik PpAbAi- PpCCD4-

promoter 5 54 T E WK E 200 ng-mL" HJ AbA.

¥ PpWRK Y4 1265 [X 7 71 7% 42 2 pGADT7 %,
& E , ¥ pGADT7- PpWRKY4 Jii ki ¥ 1k it &
PpAbAi-PpCCD4-promoter JFi ¥ [ B BE B Ak o
B 14 %5F BE (pAbAi-p53+ pGADT7-rec-53) « [ 14 % i
(pAbAi-PpCCD4-promoter+pGADT7-EMPTY ) Fllix
% 40 (pAbAi- PpCCD4- promoter + pGADT7-
PpWRKY4) , 435I 7E SD™ 1 SD™+200 ng- mL" AbA
BE IR S REAE AR O
1.8 MK ZBERF R % KN PpWRKY4 5t
PpCCD4RIEE{ER

¥ PpCCD4- promoter 3% #% | pGreenll 0800-
LUC A B 3R 5 AL, K PpWRKY4 4 5 /7 41
BB pSAK277 R EAR NS FURL . 4 P B BTRE
RN, HRATY Z (ODwi=0.9~1. 1) B0
Ji (10 min, 4000 r-min ™) , fff F 25 & # (0.5 mol - L
MES, 10 mmol - L"' MgCl, 100 mmol - L' AS) 5 & 1
PRIV BE T ODow=0.8 7& A7 o SR B, 5597
48 h Ji , 1% 8 Promega X ¢ Y 2 Mg ik 7 2 DAL Aar I 3K
PRSI0 T, D e B
1.9 BEGITS SR

FIFH SPSS 17.0 B A0t Hidfs ik AT S E ML, R
F Excel 2010 BEAT 04 G 1H A B

2 ERE55W

21 HFHtk 14 SRELNAET NEEE N PpCCD4
FRIEER

PN E R B M Bk 14 5 S se i s bR
TEMATIE , 45 R EIR ERLRE S
HNESENII ng- g BEEXRAT PRTES
Ji R B, S2 I 0.64 pg - g, S2-S4 I 3 B s b2k
S N RERERARE (B 1-A) . XEHE MR
KA I b PpCCD4 FE A AE H i Bk 14 5 R S2AN A
KRG AR IS 3 b R, FLAE SR KR IE , Bl 5
SR BT Ul SRR N 3R IR A B PpCCDA4 (1)
ERIEFT S . X PpCCD4 i 2000 bp 7 513k
AT WG S R 745 6 J0 A 20 BT 5 B X3 N B 22 Bl i
SRR F 45 A3, 45 Dof JMADS .MYB.bHLH b/
J WRKY %5 (E 1-B) . HILHEN , PpCCD4 7] fig &=
2% WRKY MY B &5 55 55 [ 1 (145
2.2 PpWRKY4ERETESFRIEDH

DL AR Bk 14 5 5 A 41 21 cDNA R AR B T B



1508 B 4 a1
3 22535 N & & & Content of total caroteniods
A —8—PpCCD4 x| KA & Relative expression of PpCCD4
2.5 - N 1 3.0
a

2 : %

b 20 T b 125 8
s g,
i 2 L
L2 15}t 120 S

o) Y g
] = S
m = E’E @
= S 17
® ° < &
HE 10 15 8 &
ol b b Qo

=5 / 2 7 EE

s < =

£ 05 r Lo 2

S

0.0 T T ‘ T 0.5
S1 S2 S3 S4
PSR E I
B Stage of fruit development
PpCCD4 5 ¥ i B [ ] el B 3
—2000 bp -1500 bp -1000 bp -500 bp -1bp
B Dof BN MADS I MYB B WRKY bHLH

A KBS NREES PpCCD4 RikEH T, A F/NG FRERRZE T B #E (p<0.05, NFD ;B. PpCCD4 R 3 T45 6 7647 hT

A. The content of total carotenoids and expression of PpCCD4. Different small letters mean significant differences (p<<0.05, the same below); B.

The motif analysis in the promoter of PpCCDA4.
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Fig. 1 The content of total caroteniods and expression pattern of PpCCD4 in the fruit of Zhongyoutaol4 at different stages

and motif analysis in the promoter of PpCCD4
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Fig. 2 Characterization and expression of PpWRKY4
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