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Advances in multi—omics—based elucidation of traits and
molecular breeding in apple

LI Wei, WANG Zijun, SUN Haochen, WANG Shiyao, CHEN Doudou, XIONG Yao,

LI Hui, WANG Yi, HAN Zhenhai’
(College of Horticulture, China Agricultural University, Beijing 100193, China)

Abstract Apple (Malus domestica) is one of the most widely cultivated temperate deciduous fruit trees
worldwide. However, as a perennial woody plant with a highly heterozygous and complex genetic background,
traditional breeding approaches are constrained by low efficiency and long breeding cycles. In recent years,
significant progress has been made in apple omics research, with a gradual transition from a single reference
genome to a graph-based pan-genome. This has systematically revealed the evolutionary trajectory of the Malus
genus and the genetic basis of important traits, while facilitating in-depth analysis of structural variations and
functional genomic regions. The integrative application of epigenomics, metabolomics, and proteomics has
further enhanced the precise dissection of key traits such as fruit quality, dwarfing, and stress resistance. On
this basis, the development of molecular markers, genomic selection strategies, and trait-specific breeding chips
has accelerated early-stage identification of elite germplasm. Meanwhile, gene-editing technologies such as

CRISPR/Cas have greatly advanced functional validation and targeted trait improvement. This review provides
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a comprehensive summary of recent progress in apple multi-omics research, with a focus on reference genome

upgrading, integration of multi-omics data, dissection of complex trait, and their application in molecular design

breeding. Moreover, it analyzes current technical bottlenecks, such as data integration, functional identification,

phenotypic measurement, genome editing system, and looks forward to the breakthrough directions of molecular

design breeding systems, providing a theoretical basis and technical framework for apple germplasm innovation

and modern breeding.

Keywords apple; multi-omics technologies; complex trait dissection; molecular design breeding
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Fig. 2 Chromosomal mapping of GWAS-associated traits (a) and molecular marker-associated traits (b) in Malus species

HHZMHRREEWEZE T B, K RBZIEH L —
bricfi Bh ik P A0 dh e B L A S B & Fhs A
AR N R R e AR e B PR IR I B
3.2.1 S FARRMBEFMAS Y LA ER
MAS 502 /152815 57 Fhob o e )2
ELEE T B, R0 aE T 3R AR R A A R, dn
PG Tk S (] 2)15 1010808091580 o 22 JUA S R 11
g3 FhRICTF & 3SR S R RO S R TR T
BB T AR G B A AT IR 2 A (SNP) 5
A B2k (nDeD bR id 4b , D) BE 1 45 49 28 5 (SV)
EAE R 47 FhRic BB BE R . B AN, B X IR SE A
o BRI Tl SRR X SV A L TR T
KASP/CAPS 45 /53 fit 43 Bl Ar i, 52 90 PR 2 0 i 5
E N T <o 2 UL N = A T S S A
3.2.2 ARARBFGSESHEREALS PHME
GSIETE M N B 2= R B G AR T B, il
A S A bR B, b A T A A B AT
Xof F ST A AN A E AT 38 R T AL . R SE AT X
TSR B R P A MR g ST GS ALY &
BHFEIE P PAV SVAER S ST EFHIE”
GS 5 MAS WG, C oI R E =R R G

B AS 2 0 H .
3.2.3 AACATFALEERELA

T bR C N I ROR 5 5 2 HE AL
ot AR CHEZEFREHEM O TR,
I TE SEBR R R P S EN, AR P T A R R
AR B R ASE B TR 8 23 7 55 LSRR R R T O
JiT 22 Bt Rl A B o AR AR MR A (D
R AL A SNP S H, W Appled80K” F & , 4
A i SNP A &, )iz W TR R GS B
Y2 5 B0 BT I8 AL 43 705 (20 HbR MR R, R AR
S AU B S O HEPEAR B S SNP .SV S 2 K
RUAR S CAE 2B AR T T R R AL A
55 b4 6} 9 2

i A DL AR IC R Bl GS B A O A
R T B FRUIA R ER TR AE
TE B R A7 A 0 T & 1) g 30 O e 1) — R Ak Ak
ROUCHEERERNSBOERE S EMIET
3.3 ERGAEEIIRERIEIEEEAUR

51 A CRISPR/Cas £ ¢ #le K hn e 1 32 R 2 A
Ty fig 5 ik 5 Pk o R R, U HGE B T A A
ST B L PR 2 AR 0N B TA RS AN TR 4R X G 4



55 10

BRAE ST Z AL R R IR AR T 5 2 7 TS R 127

HETC A 2435 H 3t 5 52 90 40 58 91 9k 15 8 48
P (e DI @B MdPDS 3 P A1 ik
PR NS S R NE N E VAR iR I I IR
OO M T e B MATEL L 142 3F 348, It
B ORI T g B MASPLG R #E R 2 A B
A H R R Pt B Ak rp 2 SR A Y )

g B MdDIPM R % B AR k95 9 18 v A B2 o /b
o5 7 R T B B MAPGT1 A6 A5 i A )
Az KR R A 0 ) B AR AR R
e, FE N g B A R AR T DL B A PR B R L
S8 F R R] AR B B AL AN, S 6 2 R A RS 4

®1 EREERKHERARER

Table 1 Genome editing advances in Malus

R A Y REAR H A5 5 A ERTNERIN %2 SCHk
Malus accession Target gene Target trait Reference
MdPDS H 1k [137-140]
MATFLI. 1 ia [137]
Malus domestica ‘ Gala’ MdJALS S B P b [138]
MdDIPM 1 W KR [141]
MdDIPM4 W KR [141-142]
MdDIPM4 KR [141-142]
Malus domestica * Golden Delicious’
MdPGTI R & [143]
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GL-3 miR171i i 5 [144]
MdSPL6 A ZF A [145]
MdMADSI15 EE [146]
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MdMADS221 HEH [146]
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