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Abstract This study mainly introduces how the pathogen of Alternaria leaf spot disease infects apples, explains how the pathogen
and apples interact with each other, summarizes some current research progress in apple disease resistance, and also sorts out the
methods of developing molecular markers based on resequencing, the identification steps of resistant materials, and the basic
strategies of disease-resistant breeding, etc. The research results show that Alt resistance sites, NBS-LRR disease-resistant genes,
ROS-related pathways, hormone regulatory modules and some genes related to structural defense are all involved in the disease
resistance process of apples together. Combining resequencing with expression data can help identify candidate genes with high
credibility more quickly and accurately. This study aims to provide an operational technical framework for future apple
disease-resistant breeding and also offer some theoretical references.

Keywords Apple Alternaria leaf spot; Genome resequencing; Candidate gene mining; Genetic basis of resistance; Molecular
markers and gene editing

1 Introduction

Alternaria leaf spot is a very serious disease of apple leaves. It is caused by a specialized fungus, Alternaria
alternata f. sp. mali. This disease can be seen in major apple-growing areas such as China, the United States,
Japan, South Korea, Russia, Iran, Turkey and Brazil, posing a significant threat to the global apple industry.
Pathogenic bacteria can produce some specific toxins (such as AM-toxin) and various secreted proteins. These
substances can infect leaves, damage cells, cause brown or black spots on leaves, and eventually lead to early leaf
drop, poor fruit quality and reduced yield (Elfar et al., 2023). In China, apple Alternaria leaf spot was first
reported in the 1970s and soon became one of the “four major diseases” in the main apple-producing areas, having
a significant impact on orchard income (Liu et al., 2022; Cao et al., 2024). The degree of disease susceptibility
varies among different apple varieties. For instance, ‘Golden Delicious’ is more prone to disease (Fontaine et al.,
2021).

In the past, researchers identified the resistance of apple Alternaria leaf spot mainly through natural field
occurrence and artificial inoculation, and then experienced experts would make judgments based on the area of the
lesion and the grade of the disease. However, these methods are highly subjective and not very efficient. They are
also easily affected by factors such as weather and environment, making it difficult to accurately distinguish the
resistance levels of different materials. Although chemical control can suppress diseases in the short term,
long-term use will bring problems such as environmental pollution, enhanced pathogen resistance, and pesticide
residue risk in fruits (Liu et al., 2022). Therefore, there is now a great need for a faster, more objective and more
stable resistance screening method to assist in breeding and precise prevention and control.

In this study, genomic resequencing technology was utilized to screen a large number of apple germplasm
resources for resistance to Alternaria leaf spot. Combined with candidate gene mining, the genetic basis of apple
resistance was analyzed. By using molecular markers, transcriptome data and functional verification together,
genes related to resistance were identified and their regulatory patterns were analyzed. This study aims to provide
theoretical support and some available technical references for molecular breeding and green control of disease
resistance in apples.
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2 Pathogenesis and Genetic Basis of Resistance

2.1 Pathogen biology and infection mechanisms of Alternaria alternata apple pathotype

Alternaria alternata apple pathotype (4. alternata apple pathotype, AAAP) is a major threat to the global apple
industry and is particularly common in East Asia. This pathogen mainly causes disease through a host-specific
toxin called AM-toxin. AM-toxin can damage the cellular structure of leaves, causing small brown or black spots
on the leaves. As a result, the leaves will fall off prematurely and the fruits will also be affected. AM-toxin not
only directly damages chloroplasts and the nuclear membrane of cells, but also causes cells to enter the death
process, facilitating the further spread of pathogenic bacteria (Figure 1). In addition, 4. alfernata also secretes
various cell wall-degrading enzymes and proteins, such as AItABC, AItAO, AItPDE, etc. Together, they weaken
the defense capabilities of apples, making diseases more likely to occur. The AM-toxin toxicity and secreted
protein combinations of different strains are different, so their pathogenicity to different varieties will also vary
(Cao et al., 2024; Zeng et al., 2024).
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Figure 1 Phenotypes and cellular effects of AM-toxins on apple leaves (Adopted from Cao et al., 2024)

Image caption: (A). Schematic diagram of toxin extraction from Alfernaria alternata f. sp. mali strains ALT2/3/4/5/6/7. (B).
AM-toxin-2/3/4/5/6/7-damaged chloroplasts and plasma membranes in GL-3 (Gala-3) leaves. (C). AM-toxin-2/3/4/5/6/7-damaged
chloroplasts and plasma membranes in GD (Golden Delicious) leaves. Propidium iodide was used to stain the leaves of control plants
and leaves treated with AM-toxin-2/3/4/5/6/7. Confocal microscopy images show red fluorescence at 580-610 nm (representing
propidium iodide-stained nuclei) and green fluorescence at 629-670 nm (representing autofluorescence of chloroplasts) (Adopted
from Cao et al., 2024)

2.2 Known resistance genes and quantitative trait loci (QTLs)

The resistance of apples to A. alternata is not determined by a single factor, but is controlled by major genes and

multiple QTLs together. The most important gene known now is the A4/t gene, which is located at the top of
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chromosome 11 and belongs to the CC-NB-LRR class of R genes. The A/t gene has different alleles, such as Alt]
and A/t2, which are distributed differently in various varieties. Moreover, Alt/ is dominant over 4/¢2. Both of
these alleles are associated with susceptibility. There is a 12 bp insertion in the 4/t gene region, which can be used
as a molecular marker to distinguish disease-resistant and susceptible materials (Moriya et al., 2019; Moriya et al.,
2024). In addition to the 4/t gene, members of the NS-LRR family (such as MdANLR16, MdRNL2, and MdRNL6)
are also important in disease resistance responses. Overexpression of these genes can enhance resistance, and
when they are silenced, the plants are more prone to diseases (Meng et al., 2018; Liu et al., 2024). Multiple
locations related to resistance have also been identified in QTL studies, among which Alt2 QTL can explain nearly
half of the phenotypic differences (Moriya et al., 2024). Some miRNAs (such as miR482, miR827) can also affect
the expression of the NBS-LRR gene, thereby influencing the resistance level (Liu et al., 2024; Cao et al., 2025).

2.3 Molecular inheritance patterns of resistance in different apple germplasms

There are significant genetic differences among different apple varieties in their resistance to 4. alternata. Some
varieties, such as ‘Jonathan’, ‘Gala’, and ‘Hanfu’, show strong resistance, while varieties like ‘Starking Delicious’
and ‘Indo’ are very susceptible to diseases (Zeng et al., 2024; Chauhan et al., 2025). Resistance is mainly
controlled by genotypes such as Alt/alt: Alt/alt often shows susceptibility to diseases, while alt/alt shows
resistance to diseases. The resistance performance of different regions and different varieties to the same strain
may also vary, which may be related to the toxin level of the strain, the genetic background of the fruit trees
themselves, and environmental conditions (Li et al., 2019; Moriya et al., 2019; Moriya et al., 2024). Some
transcriptomic and proteomic studies also indicate that resistant varieties will quickly initiate defense responses in
the early stage of pathogen infection, such as activating R genes, PR proteins, JA/SA signaling pathways, and
genes related to cell wall reinforcement. The responses of susceptible varieties are often relatively slow and may
even down-regulate these defense genes (Zhou et al., 2022; Liu et al., 2023; Zhou et al., 2023). In addition, the
regulatory effects of some mirnas and epigenetic mechanisms such as histone methylation involving MdSDG26
can also affect the resistance level of apples (Liu et al., 2024; Shen et al., 2024; Cao et al., 2025).

3 Genome Resequencing in Apple Resistance Studies

3.1 Principles and workflow of genome resequencing (WGS and re-seq pipelines)

Whole genome sequencing (WGS) and genome resequencing (re-seq) are both methods that utilize
high-throughput sequencing to obtain information on genomic variations. WGS is generally used to establish a
reference genome, while resequencing involves comparing many samples based on an existing reference genome
to identify variations. Their basic processes are more or less the same, including DNA extraction, library
construction, sequencing, data quality control, sequence alignment, as well as variant detection and annotation.
The commonly used analysis processes nowadays include BWA-MEM, GATK and DRAGEN, etc. They each
have their own characteristics in terms of comparison speed and the accuracy of mutation detection. Therefore,
choosing the right process is very important for subsequent analysis (Betschart et al., 2022; Minamikawa et al.,
2024; Lu et al., 2025).

3.2 Applications in identifying genomic variation: SNPs, InDels, CNVs, and SVs

Genomic resequencing can simultaneously detect multiple variations, including SNPS, insertions and deletions
(InDel), copy number variations (CNV), and structural variations (SV). Among them, SNP and InDel are the most
common and are most widely used in population genetics and trait association analysis. CNV is another important
variant type, which can affect gene dose, expression level and even phenotype. For instance, in apples, the CNV
whole genome map shows that it is involved in biological processes such as defense responses (Xu et al., 2023).
SV is also very important. Large fragment insertions, deletions and inversions may all affect gene function.
Long-read sequencing and the combined use of different platforms have greatly improved the detection ability of
SV (Ebert et al., 2021; Rao et al., 2025). In fruit trees such as apples, the high-density genetic maps and variant
data obtained by resequencing provide an important basis for the localization of disease-resistant genes and the
screening of candidate genes (Agarwal et al., 2018; Peace et al., 2019).
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3.3 Population genetics and genome-wide association analysis (GWAS) for resistance trait mapping

Based on resequencing data, population genetics analysis can help us understand the genetic structure, evolution
process, and distribution of resistance genes of apple germplasm. By combining high-density SNP/InDel
variations and phenotypic information through GWAS, QTLs and candidate genes related to resistance can be
identified across the genome. At present, apple resistance GWAS have identified multiple important QTLs and
candidate genes in aspects such as black star disease, fire blight, and Marssonina spot disease. Some overlap with
known resistance genes, while others are new discoveries (Noh et al., 2020; Thapa et al., 2021). If combined with
transcriptome data and gene function annotation, the accuracy of candidate genes can be further improved,
providing a more reliable basis for molecular marker-assisted breeding and resistant variety breeding (Chagné et
al., 2019; Peace et al., 2019; Minamikawa et al., 2024).

4 Candidate Gene Mining and Functional Annotation

4.1 Strategies for identifying candidate genes from resistant vs. susceptible genotypes

The screening of candidate genes usually employs both genomic resequencing and multi-omics data
simultaneously. Researchers usually compare resistant and disease-susceptible apple varieties together, such as
‘Jonathan’ and ‘Starking Delicious’, or ‘Hanfu’ and ‘Golden Delicious’. By performing whole-genome
resequencing and transcriptome sequencing on these materials, genes (DEGs) that are significantly differentially
expressed after pathogen infection can be identified (Liu et al., 2023). On this basis, combined with genetic
linkage analysis, QTL mapping and high-density SNP typing, some genes related to resistance can be located to
specific chromosomal regions, such as Alt sites or Rgls regions (Moriya et al., 2019). In addition, small RNA
sequencing can also screen out some disease-resistant genes regulated by miRNA, such as certain NB-LRR R-like
genes or WRKY transcription factors (Zhang et al., 2018; Liu et al., 2024). Finally, through population typing,
association analysis of genotype and phenotype, and combined with functional verification (such as transient
expression, gene silencing, etc.), it is possible to further confirm which are the candidate genes that are truly
closely related to resistance (He et al., 2022; Liu et al., 2023).

4.2 Gene function prediction using GO, KEGG, and BLAST annotation

For the candidate genes screened out, functional annotations still need to be made using tools such as GO, KEGG
and BLAST. GO analysis revealed that these genes were generally concentrated in biological processes such as
defense responses, signal transduction, transcriptional regulation, and REDOX processes. KEGG results often
show that they are enriched in pathways such as MAPK signaling pathway - plant, plant hormone signaling
pathway, and plant-pathogen interaction (He et al., 2022). BLAST is used to compare the homology and domains
of genes, such as typical disease-resistant protein domains like NBS-LRR, TIR, and CC (Moriya et al., 2019; Lv
et al.,, 2022). These annotation results can assist in subsequent functional research and further explain the
resistance mechanism.

4.3 Integration with transcriptome data to validate resistance-related expression patterns

After analyzing the candidate genes and transcriptome data together, the expression differences between them in
resistance and susceptibility genotypes can be seen more clearly. RNA-seq shows that some genes, such as
MAGRASS53, MAERF 110, MAWRKY75d/e, and MARNL2/6, are significantly upregulated in resistant varieties after
pathogen infection. However, in susceptible varieties, these genes were either expressed at low levels or inhibited
by miRNA (He et al., 2022; Liu et al., 2023). Some miRNAs (such as miR482, miR156ab, miR395) can further
reduce the resistance of susceptible varieties by inhibiting R genes or transcription factors (Liu et al., 2024).
Functional verification, such as transient gene expression and gene silencing experiments, also confirmed the
important role of these genes in resistance (He et al., 2022; Liu et al., 2023). Analyzing multi-omics data together
can significantly enhance the accuracy of candidate gene screening and also make subsequent annotation and
judgment more reliable.

5 Bioinformatics Tools and Data Resources

5.1 Databases for apple genome analysis

The research on the apple genome cannot do without the support of some authoritative databases. GDR (Genome
Database for Rosaceae) is currently the most comprehensive Rosaceae database, which integrates genomic
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sequences, annotation information, genetic maps, SNPS, QTLs, as well as phenotypic and genotype data of
various Rosaceae crops such as apples. It also provides various query tools such as gene function, KEGG pathway,
homologous genes, etc., and supports visualization, which greatly facilitates the localization of disease-resistant
genes and the screening of candidate genes (Peace et al., 2019; Saud et al., 2024). In addition, NCBI and
EnsemblPlants can also provide basic data such as apple genomes, annotations, SNPS and transcriptomes, and are
the main sources for many comparative analyses (Peace et al., 2019). AppleMDO integrates multi-omics data such
as genomics, transcriptomics and epigenomics, and can conduct co-expression network analysis, functional
module analysis and chromatin state studies, which is very helpful for finding resistance-related regulatory
relationships (Figure 2) (Da et al., 2019). The ROFT database focuses on transcriptome data during the
developmental stage of Rosaceae fruits such as apples, facilitating the comparison of expression patterns among
different species and tissues (Li et al., 2023).

5.2 Bioinformatics pipelines for variant calling, annotation, and haplotype analysis

Mutation detection and annotation of high-throughput sequencing data are important steps in mining resistance
genes. The general process is to first perform sequence alignment using BWA or DRAGEN, and then use tools
such as GATK, Strelka2, Samtools-Varscan2, and DeepVariant to find SNPS and indels. Multiple system
evaluations have shown that DRAGEN and DeepVariant are better in terms of accuracy and efficiency and are
suitable for large-scale population genome analysis (Chen et al., 2019; Zhao et al., 2020; Betschart et al., 2022;
Wong et al., 2025). Due to its high maturity and standardization, GATK is also frequently used for variation
detection and haplotype analysis of crops such as apples (Weilbach et al., 2020). Some new tools, such as
snpArcher, integrate mutation quality control, visualization and downstream analysis, making the process more
stable and more suitable for processing large volumes of data (Mirchandani et al., 2023). Furthermore, the
co-expression network analysis tool WGCNA is also frequently used to link haplotypes with phenotypes (Li et al.,
2023).

5.3 Functional validation support from protein interaction networks and regulatory pathway mapping

The functional research of candidate genes often requires protein-protein interaction networks and regulatory
pathways to assist in the analysis. The AppleMDO database contains protein interaction information, transcription
factor families, GO annotations and KEGG pathways of apples, which can help infer gene functions and their
regulatory relationships (Da et al., 2019). In addition, algorithms like RSNET can use transcriptome data to infer
the regulatory network of apples at specific developmental stages, thereby identifying key regulatory genes
(Mochida et al., 2018; Jiang and Zhang, 2022). Tools such as iRegulon analyze the binding sites of cis-elements
and transcription factors to infer regulatory relationships in reverse, further helping to confirm the upstream
regulation of candidate genes. Protein-protein interaction network and pathway analysis can not only help
determine the importance of candidate genes, but also provide theoretical support for subsequent functional
verification and mechanism research.

6 Case Study: Genome Resequencing of Resistant Apple Varieties

6.1 Study background: selected resistant and susceptible apple genotypes

This case mainly studies the genomic differences between resistant varieties and susceptible varieties of apple
Alternaria leaf spot (Alternaria alternata). Common resistant varieties include ‘Hanfu’, ‘Jonathan’, etc. While
‘Golden Delicious’, ‘Starking Delicious’ and ‘NGR196’ are usually used as susceptible controls. These varieties
vary greatly in genetic background and disease resistance performance. Therefore, they are highly suitable for
mining resistance genes and also for functional validation (Zhang et al., 2018; Zhou et al., 2022; Liu et al., 2023).

6.2 Workflow: resequencing, variant detection, and candidate gene identification

The first step of the research is to conduct whole-genome resequencing on resistant and susceptible varieties to
obtain high-quality genomic data. Then compare the sequence with the reference genome to detect variations such
as SNPS and indels. Then, by combining population typing, linkage analysis and expression data, the gene regions
related to resistance are located. For instance, by comparing the resequencing data of the F1 population with that
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of the parents and combining them with phenotypic scores, the loci of resistance or susceptibility such as Alt/Alt2
can be located more precisely (Moriya et al., 2019; Moriya et al., 2024). Meanwhile, RNA-Seq and transcriptome
analyses can also identify defense genes and their regulatory networks that are specifically activated in resistant
varieties (Zhou et al., 2022; Liu et al., 2023).
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Figure 2 General description of AppleMDO functions (Adopted from Da et al., 2019)

6.3 Key findings: resistance-related alleles, gene clusters, and functional markers

In the fine localization of chromosome 11, the study found that the Alt/Alt2 gene was located near the
CC-NB-LRR class of disease-resistant genes, and a 12 bp insertion mutation co-isolated from susceptibility was
identified (Moriya et al., 2019; Moriya et al., 2024). In addition, some specific SNPs (such as single nucleotide
variations in the promoter region of MdhpRNA277) can also be used to distinguish resistant and susceptible
varieties as molecular markers (Zhang et al., 2018). In resistant varieties, gene families such as CNL, TNL, and
WRKY are significantly upregulated, and together they form a defense network (Liu et al., 2023). Meanwhile,
some miRNAs and epigenetic regulatory modalities (such as m6A modification, SET-domain proteins) have also
been demonstrated to be involved in resistance regulation (Liu et al., 2024; Shen et al., 2024; Song et al., 2025). In
addition, markers such as SSR and RAPD have also been developed, which can be used to quickly distinguish
between resistance and susceptibility genotypes, providing assistance for molecular breeding.
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7 Integration with Molecular Breeding and Marker Development

7.1 Marker-assisted selection (MAS) based on SNP and InDel markers

Molecular markers such as SNP and InDel have become very important tools in the breeding of apple Alternaria
leaf spot resistance. Studies have shown that some specific SNP loci (such as the SNP in the promoter region of
MdhpRNA277) have a close relationship with resistance or susceptibility and can be used to distinguish resistant
and susceptible varieties, thereby completing molecular screening at an early stage (Zhang et al., 2018).
Furthermore, markers such as SSR (Simple sequence repeat) and RAPD (Random amplification polymorphic
DNA) have also been shown to be closely linked to resistance or susceptibility, enabling rapid screening of
disease-resistant plants in large-scale breeding populations (Moriya et al., 2019). Through MAS, the breeding
speed of disease-resistant varieties was significantly accelerated, and the time and cost of field identification were
also reduced (Li et al., 2019).

7.2 Haplotype-based breeding strategies for durable resistance improvement

Haplotype analysis can help study the genetic structure and diversity of resistance genes and also contribute to the
breeding of varieties with more persistent resistance. Fine localization and haplotype analysis of major resistance
genes such as Alt revealed that some specific insertions or deletions co-occurred with susceptibility. These results
laid the foundation for haplotype precision breeding (Moriya et al., 2019). Meanwhile, analyzing the haplotype
diversity of resistance gene families such as NB-LRR and CC-NB-LRR can also help integrate superior resistance
resources and provide support for the construction of durable resistance varieties (Liu et al., 2023; Liu et al.,
2024).

7.3 Prospects of genomic selection and CRISPR-based gene validation

With the continuous advancement of apple genome sequencing and the accumulation of a large number of
high-density molecular markers, the prospects of genome selection (GS) in resistance breeding are getting better
and better. GS can integrate SNP information from the entire genome to predict resistance phenotypes, thereby
enhancing the efficiency of improving multi-gene control traits. Meanwhile, gene editing technologies such as
CRISPR/Cas have also provided new means for functional verification and resistance improvement. In the future,
it is expected that new disease-resistant varieties can be rapidly obtained through site-specific editing of key
resistance genes (Igarashi et al., 2016).

8 Challenges and Future Perspectives

Genome resequencing holds great potential in unearthing resistance genes to apple Alternaria leaf spot, but its
effectiveness largely depends on data quality, sequencing depth, and the reliability of the reference genome itself.
When the sequencing depth is too low, many SNPS and structural variations may be missed, thereby affecting the
localization accuracy of resistance genes. In addition, the genome of apple has a high degree of heterozygosity and
a complex structure. The fragmentation of the early reference genome is relatively serious, which also affects the
annotation and localization of candidate genes. Although the high-quality T2T reference genomes and
pan-genomes introduced in recent years have significantly improved the accuracy of gene mining, there are still
structural variations and gene deletions among different varieties. These differences may prevent some resistance
genes from being detected. Therefore, enhancing sequencing depth, optimizing the analysis process, and using
reference genomes of multiple varieties are the key directions for improving the accuracy of mining.

There are a large number of disease-resistant gene families (such as NBS-LRR, WRKY) in apples, and their
functions often overlap. This makes it difficult for a single gene knockout or overexpression to completely change
the resistance phenotype. Meanwhile, multilayer regulatory mechanisms such as miRNA also make the resistance
regulatory network more complex. The functional verification of candidate genes usually requires transgenic or
gene editing techniques. However, the genetic transformation efficiency of apples is not high, the cycle is long,
and the phenotype is easily affected by the environment. These factors all increase the difficulty of identifying
pathogenic genes. Therefore, integrating multi-omics data and developing a higher-throughput functional
verification platform can help break through the bottleneck caused by functional redundancy and more accurately
identify key genes.
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In the future, the mining of resistance genes will develop from single-omics to multi-omics integration (genome,
transcriptome, epigenome, metabolome, etc.), and the resistance regulatory network will be analyzed through
systems biology methods, thereby improving the accuracy of candidate gene screening. The establishment of the
pan-genome can help to understand the differences in resistance genes among different apple varieties more
comprehensively and avoid missing important genes due to relying only on a single reference genome. In addition,
the “resistance gene aggregation” strategy of combining multiple resistance genes into the same variety can enable
apple varieties to acquire more stable and broad-spectrum resistance . Combining high-density molecular markers
and gene editing techniques, the efficiency of disease-resistant breeding of apples in the future will be further
enhanced, and it is expected to simultaneously improve resistance and fruit quality.
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