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Abstract

Objective

European canker is one the most destructive diseases affecting apple trees in temperate growing
regions and is caused by the fungal pathogen Neonectria ditissima. Due to the pathogen’s ability
to persist year-round, effective disease control remains challenging. This study aimed to identify
key genes and signaling pathways associated with susceptibility to N. ditissima. Elucidating the
expression patterns and functional roles of these genes provides insight into the molecular
mechanisms underlying disease development and may contribute to the development of more
targeted and sustainable disease management strategies.

Materials and methods

The susceptible apple cultivar ‘Prima’ was inoculated by applying a fungal spore suspension to
selected buds. Both inoculated and control samples (n = 18) were collected at 5, 15, and 30 days
post-inoculation, with three biological replicates per time point, and used for total RNA
extraction. RNA quality and quantity were evaluated prior to whole-transcriptome sequencing.
Sequencing was performed in paired-end mode on the Illumina HiSeq 2000 platform. Raw read
quality was assessed using FastQC, and high-quality reads were aligned to the apple reference
genome using TopHat2. Differentially expressed genes (DEGs) were identified after
normalization with DESeq?2, and functional pathway enrichment analysis was conducted using
the KEGG database.

Results

RNA-Seq analysis showed that the majority of transcriptional changes in the susceptible cultivar
‘Prima’ occurred at 15 and 30 days following inoculation with N. ditissima. A total of 6,996
differentially expressed genes (DEGs; FDR < 0.05) were identified, with more than 55% being
up-regulated and approximately 45% down-regulated during the intermediate and late stages of
infection. In contrast, no significant changes in gene expression were detected at 5 days post-
inoculation. Notably, genes associated with cell wall biosynthesis and reinforcement, including
CAD and LACI, were down-regulated, while MLO6, a gene previously linked to enhanced disease
susceptibility, showed strong up-regulation. Collectively, these expression patterns point to a
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disrupted coordination between structural and chemical defence responses in the susceptible

cultivar, indicating an overall ineffective defence strategy against the pathogen.

Conclusions

The results suggest that in the susceptible apple cultivar, defence responses are mainly triggered

at later stages of V. ditissima infection and are not sufficiently activated during the early phase of

pathogen establishment. The gene expression patterns observed indicate a disruption in key

defence-related pathways, along with altered regulation of genes associated with susceptibility.

Taken together, genes that exhibited consistent and significant expression changes in this study

represent potential candidates for molecular markers in apple breeding programmes, although

their utility will require validation in independent populations and further functional

characterization.
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Introduction

European canker is a serious disease in apple orchards, especially in cool, wet climates. It's
caused by the fungus Neonectria ditissima, which gets into the tree through wounds on branches
or the trunk and then spreads through the vascular tissues. This leads to dying branches, lower
yields, and shorter orchard life. The fungus attacks a wide range of broadleaf trees, making it hard
to control. Traditional management involves pruning infected parts and protecting wounds, but
fungicides only work for a short time and aren't very effective. Because of this, breeders focus on
developing resistant or tolerant varieties as a more sustainable solution. Past research, using both
artificial inoculations and natural infections, has shown clear genetic differences in how apple
cultivars respond to the pathogen, and some relatively resistant ones have been identified. Still,
we don't fully understand the molecular details behind resistance or susceptibility, which is why
we need modern genomic tools. Transcriptomic work has revealed that N. ditissima releases a
variety of effectors, cell-wall-degrading enzymes (CAZymes), and toxic secondary metabolites
during infection. This suggests the fungus uses sophisticated strategies to colonize the host. In
turn, plant resistance is probably polygenic and changes over time. QTL studies in apple support
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this, identifying several loci linked to canker resistance, but each explains only a small part of the
variation (3—19%). This points to resistance being the combined effect of many genes rather than
a single major gene. Quantitative resistance like this tends to be more durable against evolving
pathogens compared to single-gene resistance. Tools like RNA-Seq are ideal for exploring these
complex interactions at the whole-genome level. With the apple genome now fully sequenced,
RNA-Seq can pinpoint genes and pathways involved in susceptibility or resistance, laying the
groundwork for marker-assisted breeding and precise genetic improvements. In this study, we
used RNA-Seq to examine transcriptomic changes in the highly susceptible cultivar 'Prima’ during
N. ditissima infection. Our goal was to identify genes and pathways associated with susceptibility
across different infection stages and suggest candidates for further functional studies and
breeding.

Materials and methods

We used a completely randomized factorial design in a greenhouse. Eighteen one-year-old
'Prima’ apple trees on M9 rootstock, selected for uniform branch size, came from a commercial
nursery in Lund, southern Sweden (55°42' N, 13°12" E; ~45 m elevation). There were two
treatments, inoculated and mock-inoculated (control with distilled water), each with three
biological replicates (one tree per replicate). Spore suspension of N. ditissima was prepared from
sporodochia collected from naturally infected trees at Balsgard research orchard, southern
Sweden. Spores were cultured on 1.5% agar at 21°C, macroconidia isolated and re-cultured to
produce fresh sporodochia. Concentration was adjusted to 1 % 10° conidia/mL using a
hemocytometer. Germination rate was confirmed at ~80% after 24 h at 21°C. Four terminal buds
per tree (positions 11, 14, 17, 20) were wounded with a sterile scalpel and inoculated with 10 pL
spore suspension; controls received water. Wounds were sealed with Vaseline. Trees were kept
under ambient greenhouse conditions (18-25°C, natural light, weekly watering, no fungicides or
fertilizers). Samples (three buds per tree) were taken at 5, 15, and 30 days post-inoculation, flash-
frozen in liquid nitrogen, and stored at —80°C. Total RNA was extracted from pooled buds using
the RNeasy Micro Kit (QIAGEN, cat. no. 74104). Quality was checked with NanoDrop
(purity/concentration) and Experion system (integrity, RQI > 9.8). One pg high-quality RNA per
sample was sent to NGI (SciLifeLab, Sweden) for [llumina library preparation and paired-end
sequencing (2 x 100 bp) on HiSeq 2000. Raw reads were quality-controlled with FastQC and
trimmed using Trimmomatic. Clean reads were mapped to the apple genome v1.0 with TopHat2
(no novel junctions). Counts were generated with HTSeq-count and normalized/analyzed for
differential expression using DESeq2 (]log2FC| > 1, FDR < 0.05). GO and KEGG enrichment
were performed with Blast2GO and AgriGO.

Results

Sequencing produced 218 million paired-end reads (average 10.9 million per sample). After
trimming, ~85% remained high-quality, with >80% mapping to the apple genome.
PCA on normalized counts showed PC1 (62% variance) separating inoculated from control

samples, and PC2 (18% variance) reflecting time points. At 5 dpi, treatments overlapped
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considerably; separation increased at 15 and 30 dpi. No DEGs were found at 5 dpi. At 15 dpi,
2,694 DEGs were identified (1,578 up, 1,116 down). At 30 dpi, 6,996 DEGs were detected (2,994
up, 4,002 down). GO enrichment highlighted early involvement of stimulus response and
signaling terms (15 dpi) and stronger metabolic/catalytic activity enrichment later (30 dpi). Key
genes correlated with susceptibility included strong upregulation of MLO6 (log:FC +2.49 at 15
dpi, +2.84 at 30 dpi) and general downregulation of lignin biosynthesis genes (CAD, LACI,
ATOMTI), transporter ATMRPS5, chitinase CHIBI (mixed pattern), and stress-response genes
GLTI and RD2.

Conclusions

The transcriptomic response of 'Prima' to N. ditissima is delayed, with major changes
appearing only in intermediate and late infection stages. Early transcriptomic silence does not
necessarily mean no defense activation-responses may occur at post-transcriptional or metabolic
levels. The pattern-upregulation of the negative defense regulator MLOG6 alongside
downregulation of genes involved in cell wall strengthening, secondary metabolism, and stress
response-correlates with the susceptible phenotype. This suggests coordinated dysregulation
across multiple defense layers, but causality remains unproven without functional studies. These
genes are promising candidates for future validation and could serve as molecular markers in
breeding for canker resistance. The findings highlight the complex, polygenic nature of
susceptibility in apple and the value of timed transcriptomic profiling. Integrating RNA-Seq with
physiological, histological, and functional assays in both susceptible and resistant cultivars will
be essential to uncover causal mechanisms and develop durable resistance strategies in perennial

CTops.
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Figure 1. Assessment of RNA quality and integrity. Panels (A), (B), and (C) correspond to
RNA samples extracted at 5, 15, and 30 days post inoculation, respectively
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Table 1. Differentially expressed genes at three time points in the susceptible cultivar
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Figure 1. Principal component analysis (PCA) performed on differentially expressed genes
identified by DESeq2 using 18 samples of an apple cultivar (Prima), including control and
Neonectria ditissima—infected tissues, collected at 5, 15, and 30 days post-inoculation (dpi).
Control samples are shown in red, whereas infected samples are shown in turquoise. The
first principal component (PC1) explains 62% of the total variance and primarily separates
samples according to infection status (infected vs. control), while the second principal
component (PC2) accounts for 18% of the variance and reflects temporal changes associated
with sampling time. The substantial overlap between control and infected samples at 5 dpi
indicates similar gene expression profiles at early stages of infection, whereas clearer

separation at 15 and 30 dpi is consistent with progressive host transcriptional responses to
pathogen infection.
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Figure 3. Gene Ontology (GO) classification of differentially expressed genes at level 2. The
results are summarized into the three main GO categories: molecular function, cellular
component, and biological process.
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