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Cloning of PRE6-like gene and analysis of its function in anthocyanin syn-

thesis in apple

HUANG Juanjuan, HUANG Yaping, LI Wenfang, MAO Juan, CEHN Baihong’
(College of Horticulture, Gansu Agricultural University, Lanzhou 730070, Gansu, China)

Abstract: [Objective] The PREs gene, also known as the polyoxazole resistance gene, belongs to the
basic/helix-loop-helix (bHLH) transcription factor family. It lacks a DNA binding domain and typically
forms homodimers or heterodimers to regulate the expression of target genes, thereby influencing plant
morphology, cell size, pigment metabolism and response to abiotic stress. This study aimed to verify the
function of the atypical member of the polyoxazole resistance protein gene (PRE6-like) in apple and ex-
plore its regulatory role in anthocyanin biosynthesis. [Methods] The Oregon Spur II, which is highly
prone to bud mutation, exhibits significantly improved fruit color compared to the original variety. A
new mutant strain of the Oregon Spur II apple was discovered, which exhibits early and intense color-
ing, with a reddish fruit surface at maturity, and stable variation traits. Based on transcriptome sequenc-
ing of the skin of fruits on the bud mutation branch from the Oregon Spur II apple, a flower pigment
synthesis-related regulatory gene, MdPREG6-like was identified. The coding sequence (CDS) of the Md-
PREG6-like gene (MD14G1197600) was obtained from the apple genome website, and primers were de-
signed using Primer 5.0 to amplify the cDNA from Oregon Spur II the skin tissue of fruits on the bud

mutation branch. Bioinformatics analysis software was used for biological information analysis, and tis-
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sue- specific expression was analyzed using the fluorescence quantitative PCR. The CDS region was
cloned and ligated into the linearized expression vector pCAMBIA1301- GFP. Escherichia coli DH5a
was heat-shock transformed, and Agrobacterium tumefaciens GV3101 was transformed to construct the
overexpression vector. Transient expression was performed in Golden Delicious apple fruit, and the col-
or changes of the skin under intensive light conditions (12 000 1x) were observed to preliminarily identi-
fy the gene’s role in anthocyanin synthesis. Further functional validation was conducted through Agro-
bacterium-mediated transformation of apple callus and by the floral dip method in Arabidopsis. [Re-
sults] The MdPRE6-like is located on chromosome 14, with an open reading frame of 279 bp, encoding
92 amino acids. The molecular formula is CiuH7usNiOweS,, with a relative molecular weight of 10
450.75 Da and a theoretical isoelectric point (pI) of 6.41. The total hydrophobicity is —0.654, which is a
hydrophilic protein with a lipid solubility index of 97.50 and an instability index of 85.86. It belongs to
an unstable protein, and its secondary structure shows that the protein o spiral structure accounts for
66.30%, irregular curls account for 32.61%, and extended chains account for 1.09%, so there are three
a-The atypical bHLH proteins composed of a spiral structure, which is consistent with the protein’s ter-
tiary structure. The subcellular localization prediction results of MdPREG6-like protein indicated that it
may be localized in the nucleus. Multiple sequence alignment of its conserved domains with similar spe-
cies revealed that the MdPREG6-like protein was an atypical bHLH protein containing an HLH domain.
Organizational specific expression analysis showed that the expression level of MdPREG-like gene in
flowers and fruit peel was significantly higher than that in roots and leaves, indicating that this gene had
a certain impact on the growth and development of apple fruit. Instantaneous expression of the Golden
Delicious apple showed that MdPREG6-like significantly promoted the accumulation of anthocyanins at
the injection site of the Golden Delicious apple peel, and increased the expression level of structural
genes related to the anthocyanin synthesis pathway. The UFGT gene, also known as the 3-O-flavonoid
glucosyltransferase gene, was significantly different from the control (»<<0.001); The overexpression of
MdAPREG6-like gene in apple callus and Arabidopsis thaliana revealed a significant increase in anthocyan-
in content in transgenic apple callus compared with the control. The expression level of MdPREG6-like
gene was 5.22 times higher than that of the control, and the relative expression level of structural genes
in the anthocyanin synthesis pathway increased. The differences in CHI, DFR and F3H compared to the
control were extremely significant (p<<0.001), being 5.22, 18.40 and 8.96 times higher, respectively.
The accumulation effect of total anthocyanin content in the leaf veins of transgenic Arabidopsis was sig-
nificant, and the expression level of MdPREG-like gene in OE, and OE; strains was 9.22 and 7.14 times
higher than the control, with extremely significant differences compared to the control. [Conclusion]
MdAPREG6-like gene can positively regulate the synthesis and accumulation of anthocyanins and promote
the expression levels of structural genes in the anthocyanin synthesis pathway. Therefore, the results
can provide theoretical reference for the MdPREG-like gene to participate in improving the quality of ap-
ple fruit in the future.
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Table 1 Primer sequences
ElEYE=2S 1ER514) SR 514
Primer name Forward primer (5'-3") Reverse primer (5'-3")
O-MdPREG6-like ATGTCAAGCAGAAGATCATCATCATC ATGCTGCAAAAGTCTTCTAATAAGCT
Q-MdPRE6-like ACAACCTCTTCTTCCTCAGCTT TGCAGAATCCAGGAGTTGAGAT
Q-MdCHI TTCCACCGTCCGTCAAACCT CGGCGTTATCCTCCAAGTACAC
Q-MdCHS ATCACCAACAGCGAGCACAAG CTTCCACAACCACCATGTCCTG
Q-MdDFR ATCGGCTCTTGGCTCGTCAT CCTTCGGCAAGTCCAACAGATG
Q-MdF3H ATGGCTCCTCCTGCTACTACG GGCAAGCGAGATGATCGGAAT
Q-MdANS GAGGAAGTTCGCAAGGCTCAA CTTGTGCTCGCTGTTGGTGAT
Q-MdUFGT GCTCCATCCTCCGTCGTGTA GCCTCCGCTATTGCCATCTG
Q-MdMDH CGTGATTGGGTACTTGGAAC TGGCAAGTGACTGGGAATGA
Q-AtCHI TTTGTACCGTCCGTCAAGTC CAATGACGGTGAAGATCACG
Q-AtCHS TGAGAACCATGTGCTTCAGG CAGATGCATGTGACGTTTCC
Q-AtDFR GTCGGTCCATTCATCACAAC TGAGCGTTGCATAAGTCGTC
Q-AtF3H TCAGATCGTTGAGGCTTGTG ATGTCGAAACGGAGCTTGTC
Q-AtANS TCAAGAAAGCCGGAGAAGAG TTGTCCACTCGCGTTGTTAG
Q-AtUFGT ACTTGCCGTGAGACAGAAGG GGAGGGCTGATTAGGTTGGG
Q-Atactin CCGCTTAATCCGAAGGCTAACCG TGGCTCACACCATCTCCAGAGTC
Hyg ATGAAAAAGCCTGAACTCACCG CTATTTCTTTGCCCTCGGACGA

£ : O-MdPRE6-like 4 MdPREG-like %[5 CDS [X 5[ K ich 278 #4446 22 it FH 2 ¥ 51 4 : Q-MdAPRE6-like A PREG-like [l 52 & it I 211

G0 Q-Md AR B R B H LT R A pl R rh R R A T I 5145 Q-At Al R ST EIEE R A

R SRR R Rk R

T 514 : Q-MAMDH 7R3 R N ZIE K 514 ; Atactin ZUFF S NS 519 Hyg N T R EE 5149,
Note: O-MdPREG6-like is the primer used for cloning the CDS region of the MdPREG6-like gene and constructing overexpression vectors; Q-Md-

PREG6-like is the primer used for quantifying the PREG-like gene; Q-Md is the primer used for detecting gene expression levels in the anthocyanin

synthesis pathway of apple epidermis and apple callus; Q-At is the primer used for detecting gene expression levels in the anthocyanin synthesis path-

way structure of Arabidopsis; Q-MdMDH is the primer used for detecting apple reference genes; Atactin is an Arabidopsis reference primer; Hyg is a

hygromycin identification primer.
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Fig. 1 MdPREG6-like gene amplification map
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Fig.2 Prediction of apple PREG6-like gene structure (A), protein hydrophilicity (B), transmembrane structural domains (C),

and secondary and tertiary structure (D, E)
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PAILI4-like ....... M|S|SRR|T|RA S|QP|T ED|E[VIK|E L V|S|R| H.RRN|TT T|IpAE
PpPREG-like -« oo oo o|o]e o fi]e ot K|P|S D D|E|I|K|E L V|L|K H.S[RNAP S|THAE
PbPRE6 .. ... ... .. ... . . KPILDDE|I|KE LVL[K H.SRNAP S|THAE
MbC1H46 MSSRRSSS|S|SSS|S|RT S[K|P|SDD|E|I[KEF I|SK| H.TRNAP S|THAE
MS.SR. .RS|SSS|S|RTS[K[P|SDD|E[IKE L I|S[K H.TRNAP S|THAE
PbPRE6-like MSSRR. . S|S[SSSISRT S[K|P|SDD|E|I|K|E L I|S|K H.TRNAP S|THAE
MsPREG6-like .. ... . KIPISDDE[IKELISK H.TRNAQ S|IH4E
8.0 9.0
AtbHLH134 PNSPQAAVRR|SLING
AtPRE6 EDSPEAAVPR[SLILM.
AtbHLH136 EDSPEAAVPR[SLILM.
AtPRE3 . TAQAA|LPR|S|LL|TQ
AtPRE4 . SAQAA[LMR[SILLMOQ
ZmILI5 HNSPGAE|IMRIS[ILRS
PAILI4-like IAEVDEE TRILL. .
PpPRE6-like ITDVDEELPRT|LLRH
PbPRE6 ITDVDEELMRIT|LLRH
MbC1H46 ISDVDEELMRR|LLIQH
ISDVDEE|[LMRR[LLIQH
PbPRE6-like ISDVDEE|LMRR|LLIQH
MsPRE6-like ISDVDEELMRR[LLIQH

MdPREG- like(XP_008393138.2); AtbHLHI34(QI9LXG5.1); AfPREG(Q8GW32); AtbHLHI36(QIFLEY.1); A(PRE3(QICAG64.1); AtPRE4
(F4JCN9); ZmILIS(NP_001152510.1); PAILI4- like(XP_050378613.1); PpPRE6- like(KAB2633469.1); PbPRE6(XP_009369317.1); MbC1H46
(TQD92014.1); PbPRE6-like(XP_048443949.1); MsPRE6-like(XP_050120653.1).

3 MAPRE6-like YR EBLFHIEL3F
Fig.3 Sequences aligment of the MdPRE6-like protein
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4 MAPREG6-like EREERTFHATHRIEER
Fig. 4 Expression pattern of MdPREG6-like gene in

different tissues of apple
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A. MdPRE6-like BERIZEX AR IAFF A PCR 455 ;M. Trans2K
DNA Marker; 1~5 %758 MdPREG-like S£NFEAEMA KGR R PCR %%
il s B. MAPREG- like 3[R A<H 1 B PCR 45 2 s M. Trans2K DNA
Marker.

500 bp->

250 bp—> 79 bp

500 bp
250 bp

A. MdPREG6- like gene expression vector E. coli bacteriophage PCR
results; M. Trans2K DNA Marker; 1-5 denotes MdPREG-like gene ex-
pression vector E. coli bacteriophage PCR bands; B. MdPRE6-like gene
Agrobacterium tumefaciens PCR results; M. Trans2K DNA Marker.

5 33 MdPREG-like %X PCR EliZ
Fig.5 PCR map of MdPRE6-like gene in apples
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A. Control(WT) and overexpression(OE) of MdPREG-like apple epidermal phenotype observation; B. Comparison diagram of total anthocyanin ex-

tract from fruit peel; C. Overexpression of total anthocyanin content in fruit peel; D. Overexpression of MdPREG6-like gene relative expression level;

E. qRT-PCR analysis. WT. Empty as a reference; OE. Overexpression; ** Represents p<<0.01, ##:* Representing p<<0.001. The same below.

Bl 6 MAPREG-like BFEEFRR K P HIBHTRIE DT
Fig. 6 Transient expression analysis of MdPRE6-like gene in apple peel

Boe W ST A 5 2 4iE T3 AL I
o 8-C IR 1 it SRk Mk F AN AR AR AR I R AL X
R SR D, ik A bR F A R KGR A B R BT
AR, AR S . 3B EdES KB,
3R RIAEMR AL T =& &5 E T B A8 (]
8-D) , HeH , MdPREG-like 3£ [X F ik & 43 )L ] 9.2
47.7.1, 5WT 257 83 (K 8-E). % MdPREG-like
LR AU R TG TE 256 U D2 R 1 4 ik S gk
AT E KN, B8 CHI.UFGT 2 Fif{E S WT 1 &
HME RN, F3H % F KL, CHS.DFR 5 ANS
W25 ERFRIA (B 8-F).

3 0
D ZE RN ZH U )2 Stk 3k A& B %
BEALFR 5 A ST LA [F) D) A B BB 2 —. Bt

BERE I PR AT REAE AR AR e BE SR, TR M R 3RIE
A XA 22 A VR AR IE T DA BUR B AN F AR TR

it

MG LRz RS, AN EER P E R R
RIE ] DL 20 2R e v R Bl 1 A S DR T S A A
FURARAE R S, 30X 28 J8 By A 45 A A U mT LAFE SRR
SE ZH 2 B A AR R U DT R 4 R e R )
Fast, Wi HLARE RIERE ST, EE R
PREG-like 5 P £ 3 R AN [A] L 4L b SR B H AN [F] 1 3%
AR, A3 RACFN R S v [ Rk K &, AR T 3
& — B W AR AE T RAE 2 fUR S b g (3R, Tl
D127 o PR SR S G B T G AR b, e S R s I R
BAEH RIIR

PREs %: [N (Paclobutrazol Resistance genes) » X
2 MBI R B, RS 22 e FLAT HRBRE T, T
AT HETEAS AR S B2 AR e AN [FI A 4
BRI AR e . BRI T PRESs 2E R B 58 K
#HED TG 5BRE S I7H, #He 550
FER M, FE MR RE b i 35K bHLH T FE R REWS SR &
RS &, S B GG R /) s EIEE S



820 3 i) = H 413
A B
8r MAPREG6-like
Hk
i .8
X 2
RE 4
B35
=2
220
0
WT OE
c b 20 - fokk
40
=
= )
< 30l 5
—~ = KKK =
fm 2 .2
¥ 8 o g
e 20F #® &
w8 75
S ®2
= | =
g 10 &
s
b

WT OE WT OE WT OE
OEl OE2 OE3

0
WTOE WTOE WTOE WTOE WTOE WTOE

CHI CHS  DFR F3H ANS  UFGT

A IR AR AR B. W RIE @AY MAPREG-like SEFZIK:; C. i Rk @A LEAETT H & #HIE :D. qRT-PCR 4347, *3K p<<0.05.
A. Transgenic callus phenotype map; B. Overexpression of MdPREG-like gene expression in callus tissue; C. Determination of total anthocyanin
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7 MAPREG6-like ZEREFERBFH L ER G RHITNEES T
Fig. 7 Functional analysis of MdPRE6-like gene on anthocyanin synthesis in apple callus
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8 MAPREG-like TEMFEATTEE RE P HITHERED T
Fig. 8 Functional analysis of MdPRE6-like in anthocyanin synthesis in Arabidopsis
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