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Abstract: Potato scab, a global soil-borne disease caused by Streptomyces, is pivotal in developing
resistant cultivars due to its complex resistance mechanisms. This study investigates the transcrip-
tomic responses in potato to common scab using resistant variety CS10 and susceptible CS11 post
S.scabie inoculation (0 d and 10 d, 12 cDNA libraries). Differential expression analysis identified
147 key DEGs (Differentially Expressed Genes) essential in disease recognition, signal transduction,
and defense. GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) en-
richment analyses revealed several significant metabolic pathways, such as ADP binding, heme
binding, chloroplast thylakoid membrane, photosynthesis, glutathione metabolism, and homologous
recombination, among others. Notably, the correlation between chloroplast pathways (GO:0019745)
and photosynthesis (map00195) highlights photosynthesis’s role in potato scab response, while the
oxygen transport (GO:0031408)-related glutathione metabolism pathway (map00480) emphasizes an-
tioxidant defenses. Furthermore, three potential resistance genes were validated: Ethylene Response
Factor ERF010 (LOC102589042), Disease Resistance Protein RPP13 (LOC102605863), and Cytochrome
P450 83B1 (LOC102604056), demonstrating the linkage between metabolic pathways and pathogen
response. These findings offer insights into potato’s molecular resistance mechanisms against potato
scab, supporting the breeding of resistant varieties and comprehensive disease management, thus
advancing sustainable agriculture.

Keywords: potato scab resistance; transcriptomics; DEGs; qRT-PCR; plant pathogen interaction

1. Introduction

The potato (Solanum tuberosum L.) stands as a vital global food crop; its healthy growth
is crucial for global food security [1,2]. However, in recent years, with the increasing
area and duration of potato cultivation, their healthy growth is increasingly threatened by
various phytopathological conditions [3,4], particularly by the soil-borne disease potato
scab, caused by Streptomyces species [5,6]. This disease not only leads to significant losses
in yield and quality but also adversely affects market value and storage processing [7].
Globally, potato yield is significantly impacted by pests and diseases, with estimated losses
ranging from 8% to 21% [8]. According to the Food and Agriculture Organization (FAO),
annual potato production in China in recent years has been approximately 79 million tons.
Considering the current wholesale market price of potatoes at RMB 2.3 per kilogram, the
economic loss attributed to potato scab disease is estimated to be in the billions of RMB.
This estimation not only reveals the substantial economic impact of potato scab disease
on agricultural economy but also highlights the urgency and importance of intensified
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research and control measures for this disease (, Food and Agriculture Organization (FAO).
Rome, Italy, 2023).

The pathogenesis of potato scab and plant defense strategies have been a focal point
of research. Currently, the thaxtomin family of phytotoxins is recognized as a major factor
in pathogenicity, with its biosynthetic genes located on a mobile pathogenicity island in
the pathogen’s genome [9,10]. This consists of two main sections: the toxin synthesis zone,
housing a cluster of biosynthesis genes, and the colonization zone, assisting in pathogen
virulence [11]. Among these, the txtA gene is especially crucial as it not only inhibits
cell wall synthesis, leading to cell death, but also exacerbates cell damage through its
impact on transmembrane transport [12,13]. It, along with the txtB gene, is responsible for
condensing phenylalanine and nitrated tryptophan into dipeptides [14]. Additionally, the
txtD gene encoding nitric oxide synthase and the txtE gene encoding a novel cytochrome
P450 monooxygenase participate in the initial stages of toxin synthesis [15], while txtC
finalizes the synthesis by hydroxylating the dipeptide to form the toxin [16]. On the other
hand, genes like nec1 and tomA in the colonization phase weaken the plant’s defense and
enhance the pathogen’s virulence [17,18]. While the functions of these genes have been
partially unraveled, their interaction with plant defense mechanisms at the molecular and
transcriptomic levels requires further investigation.

Recent studies have revealed genes and pathways involved in plant defense mech-
anisms. Zhang’s research demonstrated that chitosan enhances potato resistance against
Phytophthora infestans, activating defense pathways and inducing defense gene expres-
sion [2]. Another study compared the transcriptomes of potato cultivars resistant to Ralsto-
nia solanacearum, discovering unique defense mechanisms in each cultivar, such as chitin
interactions and specific metabolic pathways [3]. Bengtsson’s research on BABA-induced
resistance in potatoes unveiled various defense responses, emphasizing the variability in
response among cultivars [4]. These studies collectively deepen our understanding of the
genetic and biochemical pathways in potato defense mechanisms. However, a comprehen-
sive understanding of the metabolic pathways in potatoes under pathogen stress remains
to be explored.

This study uses potato cultivars identified under various pathogenic infections to
characterize key genes and potential metabolic pathways in scab resistance using high-
throughput transcriptomic sequencing and quantitative PCR. The findings aim to provide
potential markers for breeding resistant varieties and scientific bases for developing effec-
tive control strategies against potato scab disease.

2. Materials and Methods
2.1. Experimental Materials and Pathogen Inoculation

This study involved ten potato varieties with varying levels of scab resistance: Chun-
shu 10 (CS10), Eugene (EG), Atlantic (AL), Kexin 1 (KX1), Xisen 6 (XS6), Chunshu 11
(CS11), Zhongshu 18 (ZS18), N3, Zhongshu 19 (ZS19), and Feiwuruita (FW). These varieties
were specifically selected for their widespread cultivation in Jilin Province, reflecting the
practical agricultural landscape of the region. High-quality seed potatoes, free from scab
lesions, were provided by the Institute of Economic Plants, Jilin Academy of Agricul-
tural Sciences. Cultivation took place in Fanjiatunzhen, Gongzhuling City, Jilin Province
(43.46◦ N, 125.07◦ E), characterized by a temperate, humid continental monsoon climate in
2021, which provides an ideal setting for the development of potato scab. Pre-planting pro-
cedures included sprouting and tuber disinfection. Employing a randomized block design,
each potato variety was planted in ridges measuring 8 m × 65 cm, spaced 65 cm × 30 cm
apart. To ensure experimental reliability, we replicated each variety three times.

Pathogens for the study included S. aureofaciens (SA), S. turgidisabies (SG), and S. scabie
(SS), obtained from the Institute of Agricultural Biotechnology, Jilin Academy of Agri-
cultural Sciences. These three pathogens represent the main physiological races that
predominantly infect potatoes in Jilin Province, causing potato scab diseases. For cultivat-
ing these pathogens, ISP-2 medium was prepared by adding 4.0 g of yeast extract, 10.0 g of
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malt extract, and 4.0 g of glucose to 1 L of distilled water [19]. The pH was adjusted to 7.3,
followed by sterilization at 121 ◦C for 15 min. Pathogens cultured on ISP-2 solid medium
were transferred to sterilized ISP-2 liquid medium and grown at 25 ◦C and 150 rpm for
24–72 h, until reaching a concentration of 2 × 107 spores/mL (Figure 1A–C). Four weeks
post planting, the potatoes were inoculated using a combination of hole application and
root watering, injecting 150 mL of the spore suspension into each hole [20]. Throughout
the growth period, manual weeding, avoidance of chemical pesticides, and provision of
adequate water and fertilizer were meticulously maintained.
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Figure 1. Assessment of resistance to potato scab and morphological evolution of pathogen colonies.
Microscopic morphological changes of single colonies of the potato scab pathogen during spore
development: initial sporulation stage (A), intermediate transition from white to grey spores (B),
and the late stage where spores are almost entirely grey, indicating maturity (C). (D) Assessment of
disease resistance levels to potato scab in different potato varieties. The horizontal axis represents
the ten distinct potato varieties, while the vertical axis quantifies DSI and corresponding RL against
potato scab. The inset table provides specific DSI values following challenge with the three distinct
scab pathogens. Values are presented as mean ± standard deviation. (E) Resistance performance of
potato varieties after inoculation with S. scabie pathogen.

2.2. Disease Detection and Resistance Evaluation

Upon reaching maturity, the potato plants from each variety were harvested in three
independent replicates. The harvested tubers were then carefully washed, drained, and
categorized based on the severity of scab symptoms (Supplementary Table S1). The eval-
uation of resistance involved three primary metrics: Incidence Rate (IR), calculated as
the percentage of diseased tubers relative to the total number of harvested tubers, using
the formula IR = (number of diseased tubers/total harvested tubers) × 100%; Disease
Severity Index (DSI), determined by assigning a weighted value to each disease severity
level and calculating the average, as per the formula DSI = Σ (number of tubers at each
disease level × corresponding level)/(total tubers × highest disease level) × 100; Resistance
Level (RL), which, based on the DSI, was categorized into five levels: highly resistant (HR,
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0 ≤ DSI ≤ 10), resistant (R, 10 < DSI ≤ 30), intermediate (I, 30 < DSI ≤ 50), susceptible (S,
50 < DSI ≤ 70), and highly susceptible (HS, DSI > 70) [21,22].

2.3. Transcriptome Sequencing and Analysis

In 2022, a subset of potato varieties, representing high resistance and susceptibility
profiles, were selected for pot cultivation and inoculation. During the sprouting period,
these were irrigated with a 2 × 107 spores/mL spore suspension. Sampling occurred at two
critical time points: immediately pre-inoculation (0 days) and post inoculation (10 days).
The collected samples were promptly frozen in liquid nitrogen and stored at −80 ◦C for
further analysis.

RNA extraction followed standard protocols, with the assessment of RNA purity,
concentration, and integrity performed using a NanoPhotometer (Implen GmbH, Munich,
Germany), Qubit 3.0 Fluorometer, and Agilent 2100 RNA Nano 6000 Assay Kit, respec-
tively [23]. For transcriptome library construction, 3 µg of high-quality RNA per sample
underwent several processing steps including mRNA enrichment, fragmentation, cDNA
synthesis and purification, end repair, A-tailing, adapter ligation, and 150 bp paired-end
sequencing using the HiSeq platform. The resulting sequences underwent rigorous quality
control checks. Alignment of these sequences was performed against the Solanum tuberosum
v3 genome, using Bowtie for indexing and HISAT2 software (version 2.2.1) for efficient and
precise alignment, leveraging the Burrows-Wheeler Transform (BWT) algorithm [24–26].

2.4. Differential Gene Expression, Functional Annotation, and Enrichment Analysis

Gene expression levels were quantified using the fragments per kilobase of exon per
million fragments mapped (FPKM) method, which accounts for gene length and sequencing
depth. The calculation formula is as follows: FPKM = 103×F

NL/106 . This approach facilitates a
more accurate representation of gene expression [27,28]. Differential expression analysis
identified genes that were significantly upregulated or downregulated in comparison to
control samples, focusing on fold changes and adjusted p-values [29,30].

Enrichment analysis was conducted using the clusterProfiler package in R, targeting
GO and KEGG databases [31–33]. This analysis aimed to identify significant functional
categories or pathways, with a threshold for significance set at p-value ≤ 0.05.

The functional annotation of DEGs was achieved through BLAST comparisons against
various databases, including the Nucleotide Database (NT), Non-Redundant Protein
Database (NR), Universal Protein Resource (Uniprot), Clusters of Orthologous Groups of
proteins (COG), GO, and KEGG. This comprehensive approach allowed for a detailed un-
derstanding of gene and protein functions, including structural, functional, and biological
roles [34].

2.5. Quantitative Real-Time PCR (qRT−PCR) Analysis of DEGs

Selected DEGs, based on their functional annotations and enrichment analysis results,
were further investigated using qRT-PCR. The primer sequences for these genes were
designed using Primer 3 (https://primer3.ut.ee/, (accessed on 5 October 2023). Total RNA
was extracted from potato samples using the MiniBEST Plant RNA Extraction Kit (TaKaRa,
9769) and reverse transcribed into cDNA with PrimeScript™ RT Master Mix (TaKaRa,
RR036A). qRT-PCR analyses were performed on an Applied Biosystems QuantStudio 6
Real-Time PCR System, using StActin97 as the reference gene. Each gene’s expression
was quantified in three biological replicates, and relative expression levels were calculated
using the 2−∆∆CT method [35,36].

2.6. Statistical Analysis

All statistical analyses were performed using Microsoft Excel 2013 and SPSS 19.0. Data
visualization, including graphical representations of gene expression levels, was conducted
using GraphPad Prism 9 [37]. Group comparisons were carried out using Duncan’s multiple
range tests, ensuring the robustness of the statistical evaluations. Data are presented as

https://primer3.ut.ee/
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the mean ± standard deviation (SD), with a p-value of less than 0.05 deemed statistically
significant [38].

3. Results
3.1. Resistance Identification of Potato Varieties

Following inoculation with the pathogens SS, SA, and SG, significant variation was
observed in three primary metrics—IR, DSI, and RL—across the ten studied potato va-
rieties (Supplementary Table S2). Notably, CS10 and CS11 exhibited contrasting DSIs in
three pathogens. CS10 presented a lower DSI, indicative of a robust resistance profile,
categorizing it as a highly resistant variety (Figure 1D). In contrast, CS11 demonstrated a
lower incidence rate and DSI, which qualifies it as a highly susceptible variety, suggesting a
pronounced vulnerability to the pathogens (Figure 1E). The selection of CS10 and CS11 for
detailed analysis in this study was a strategic decision aimed at capturing the contrasting
responses to scab infection between these two varieties. This juxtaposition allows for a more
nuanced exploration of the genetic and molecular bases of scab resistance and susceptibility
in potatoes.

3.2. Transcriptome Sequencing and Mapping

In an effort to understand the transcriptional underpinnings of potato resistance to
scab, we profiled the transcriptomes of Chunshu 10 (CS10) and Chunshu 11 (CS11), which
demonstrate markedly different responses to the disease. Total RNA was extracted from
samples harvested 0 and 10 days post inoculation with the scab pathogen S. scabie. This
resulted in a comprehensive dataset comprising twelve samples (Supplementary Table S3).
High-throughput sequencing, conducted on the Illumina NovaSeq 6000 platform, yielded a
substantial 63.89 gigabases (Gb) of data. The sequencing output averaged 42,009,542 clean
reads per sample, achieving a high-quality score (Q30) of 94.11% alongside a mean GC
content of 42.76%. A significant proportion of the reads, ranging from 80.49% to 87.33%,
aligned with the reference genome Solanum tuberosum v3, suggesting an exhaustive capture
of the potato transcriptome during pathogenic challenge. These high-quality sequence data
set the stage for in-depth differential gene expression analysis and subsequent unraveling
of the genetic basis of resistance.

3.3. Transcriptomic Analysis Reveals Overall Trends in Differential Gene Expression

Transcriptomic profiling of the potato varieties CS10 and CS11 revealed a high degree
of consistency in the distribution of gene expression levels. The density plot (Figure S1A)
demonstrates that the majority of gene expression values across all samples are concentrated
in a specific range, indicating that despite individual variances, the overall pattern of gene
expression is similar. The box plot (Figure S1B) further elucidates this similarity, showing
comparable medians and interquartile ranges across samples, while the correlation heatmap
(Figure S1C) displays a high correlation in gene expression levels among samples, reflecting
a unified trend in expression. These results suggest that although differential genes are
present, the overall gene expression patterns remain stable across samples, providing a
reliable foundation for further investigation into the mechanisms of resistance.

3.4. Comparative Analysis of Shared Differential Genes across Different Time Points in
Potato Varieties

In an effort to dissect the dynamic expression of genes in response to potato scab,
this study categorized samples from CS10 and CS11 potato varieties into four groups
based on the inoculation timeline: CS10 0 days post inoculation (Group C), CS10 10 days
post inoculation (Group T), CS11 0 days post inoculation (Group C1), and CS11 10 days
post inoculation (Group T1). Following stringent selection criteria (fold change ≥ 2,
p-value < 0.05, q-value < 0.05), the number of DEGs within each group comparison was
ascertained (Supplementary Table S4). The gene expression differential statistics chart
(Figure 2A) succinctly illustrates the upregulated, downregulated, and total DEG counts for
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each group comparison. For instance, the comparison between Groups C1 and T1 revealed
2181 upregulated and 1526 downregulated genes, summing to a total of 3707 DEGs. The
comparison between Groups C and T revealed 1580 upregulated and 1833 downregulated
genes, summing to a total of 3413 DEGs. Volcano plots (Figure 2C–F) delineate the fold
change in gene expression and the statistical significance of expression variation across
these four comparison groups. Despite the identification of a considerable number of DEGs,
the majority did not exhibit significant expression changes.
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Figure 2. Analysis of DEGs across four temporal groups in potato varieties. (A) Statistical bar chart
of DEGs. “Up” indicates the number of genes upregulated in the treatment group compared to the
control group, “Down” represents the number of downregulated genes, and “Total” denotes the
overall number of genes with significant differential expression between the two groups. (B) Venn
diagram of DEGs at different time points. (C–F) Volcano plots of DEGs between four groups. Blue
points represent significantly downregulated genes, yellow points indicate significantly upregulated
genes, and gray points correspond to genes with non-significant differential expression, visually
reflecting the magnitude and significance of gene expression changes.

We employed Venn diagrams to analyze the DEGs in potato varieties CS10 and CS11
before and after inoculation with potato scab (Figure 2B). The analysis revealed that CS10
exhibited 961 differential genes (C−T) 10 days post inoculation, reflecting gene activation
post-infection, particularly in disease resistance. Similarly, CS11 demonstrated 1254 differ-
ential genes (C1−T1), likely linked to mechanisms of disease resistance, stress response,
cellular repair, and metabolism, indicating a broad defensive and adaptive response upon
infection. Further comparison between CS10 and CS11 showed 747 differential genes
(C−C1) in the uninfected state, possibly related to innate disease resistance, involving basic
immunity and genetic diversity. Additionally, 584 differential genes (T−T1) post infection
highlighted the differences in gene expression related to pathogen resistance and variety-
specific defense mechanisms. Overall, 147 core DEGs were identified, suggesting their
central role in combating common scab, involving disease recognition, signal transduction,
and defense mechanisms. These findings provide significant insights into the molecular
response mechanisms of potatoes to common scab, crucial for future variety improvement
and disease management strategies.
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3.5. Functional Enrichment Analysis of Shared DEGs

In our quest to elucidate the molecular determinants of resistance to potato common
scab, a targeted functional enrichment analysis was performed on 147 core differential
genes identified. First, we conducted GO enrichment analysis to delineate their roles
in biological processes (BP), cellular components (CC), and molecular functions (MF).
The analysis spanned 127 GO pathways, encompassing 53 BPs, 22 CCs, and 51 MFs
(Supplementary Table S5). With a p-value threshold set below 0.05, bar charts of enrichment
levels were created. Six BPs were significantly enriched, including carbohydrate trans-
port (GO:0008643), pentacyclic triterpenoid biosynthetic process (GO:0019745), defense
response (GO:0006952), oxylipin biosynthetic process (GO:0031408), hydrogen peroxide
catabolic process (GO:0042744), and response to biotic stimulus (GO:0009607) (Figure 3A).
The CC category showed notable enrichment in the extracellular region (GO:0005576)
(Figure 3B), and the MF category highlighted cysteine-type endopeptidase inhibitor activity
(GO:0004869) and flavonoid 3′,5′-hydroxylase activity (GO:0033772) (Figure 3C). Integrat-
ing all categories, the bar chart depicted the top 10 pathways with the highest enrichment
(Figure 3D), with the ADP binding pathway (GO:0008643) having the highest number of
DEGs at 110, followed by the heme binding pathway (GO:0005576) with 120 DEGs, and
the chloroplast thylakoid membrane (GO:0019745) with 63 DEGs. These findings suggest
a pivotal role for these pathways and associated genes in pathogen recognition, signal
transmission, and initiating defense responses during scab infection.

Agronomy 2024, 13, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 3. Bar chart of GO enrichment pathways for 147 DEGs. (A–C) display the enrichment results 
categorized into BP, CC, and MF, respectively. (D) shows the top 10 pathways with the most 
significant overall enrichment. The x-axis represents the -Log10 transformed p-value, and the y-axis 
lists the enriched GO pathways. Numbers within the chart denote the quantity of DEGs enriched in 
each pathway. The depth of color correlates with the degree of enrichment, with darker colors 
indicating higher enrichment levels. 

SeĴing a p-value threshold of less than 0.05 for significance, a KEGG pathway 
enrichment analysis was conducted to identify the key biological functions of 147 DEGs. 
The analysis revealed six significantly enriched metabolic pathways (Figure 4A, 
Supplementary Table S6), with photosynthesis (map00195) and glutathione metabolism 
(map00480) showing the highest enrichment with gene ratio of 4.60% and 3.68%, 
respectively. Figure 4B indicates these pathways were significantly enriched in the CS10 
and CS11 potato varieties at the initial point of scab inoculation (C-C1), suggesting their 
potential role in the early response to the disease. Ten days post inoculation (T-T1), 
pathways like homologous recombination (map03440), phenylalanine metabolism 
(map00360), mismatch repair (map03430), and isoquinoline alkaloid biosynthesis 
(map00950) were notably enriched between the two varieties, implicating their relevance 
to the progression and pathological response of scab in potatoes. Six DEGs were detailed 
within the photosynthesis pathway (Supplementary Figure S2), with five upregulated and 
one downregulated, reflecting the regulatory role of photosynthesis in the potato’s 
response to scab. Additionally, five DEGs in the glutathione metabolism pathway 
(Supplementary Figure S3), including two upregulated and three downregulated, might 
play a crucial role in maintaining intracellular redox balance and defending against 
pathogenic invasion, underscoring the significance of these metabolic pathways in the 
resistance mechanism against scab disease. 
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lists the enriched GO pathways. Numbers within the chart denote the quantity of DEGs enriched
in each pathway. The depth of color correlates with the degree of enrichment, with darker colors
indicating higher enrichment levels.
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Setting a p-value threshold of less than 0.05 for significance, a KEGG pathway enrich-
ment analysis was conducted to identify the key biological functions of 147 DEGs. The
analysis revealed six significantly enriched metabolic pathways (Figure 4A, Supplementary
Table S6), with photosynthesis (map00195) and glutathione metabolism (map00480) show-
ing the highest enrichment with gene ratio of 4.60% and 3.68%, respectively. Figure 4B
indicates these pathways were significantly enriched in the CS10 and CS11 potato vari-
eties at the initial point of scab inoculation (C-C1), suggesting their potential role in the
early response to the disease. Ten days post inoculation (T-T1), pathways like homolo-
gous recombination (map03440), phenylalanine metabolism (map00360), mismatch repair
(map03430), and isoquinoline alkaloid biosynthesis (map00950) were notably enriched
between the two varieties, implicating their relevance to the progression and pathological
response of scab in potatoes. Six DEGs were detailed within the photosynthesis pathway
(Supplementary Figure S2), with five upregulated and one downregulated, reflecting the
regulatory role of photosynthesis in the potato’s response to scab. Additionally, five DEGs
in the glutathione metabolism pathway (Supplementary Figure S3), including two upregu-
lated and three downregulated, might play a crucial role in maintaining intracellular redox
balance and defending against pathogenic invasion, underscoring the significance of these
metabolic pathways in the resistance mechanism against scab disease.
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Figure 4. KEGG pathway enrichment analysis of 147 DEGs. (A) depicts a bubble chart for KEGG
pathway enrichment, determined by a p-value threshold of less than 0.05. The y-axis lists the
pathway names, while the x-axis shows the gene ratio, and the size of the bubble indicates the
number of genes enriched in each pathway. (B) presents a distribution map of enriched pathways
across four comparative groups, according to the q-value of sample enrichment within each path-
way (Supplementary Table S7). Different color intensities represent varying levels of enrichment
significance.

3.6. Gene Function Annotation Analysis of Shared DEGs

In this study, comprehensive functional annotation was performed on 147 core DEGs
across six major bioinformatics databases: NR, NT, COG, GO, KEGG, and SwissProt. The an-
notation coverage was high, with NR and NT databases achieving rates of 99.32% and 100%,
respectively (Supplementary Table S8). Subsequent integrated analysis of these annotations
highlighted ten genes strongly associated with potato common scab (Table 1), implicated in
pathogen defense, stress response, and metabolic regulation. Notably, genes such as the
Ethylene-responsive transcription factor ERF010 (LOC102589042), Abscisic acid-insensitive
protein (LOC102597983), chloroplastic Allene oxide synthase (LOC102577479), and the
Disease resistance protein RPP13 (LOC102605863) were identified as playing pivotal roles
in enhancing pathogen defense and stress response modulation. Particularly, RPP13 is un-
derscored as a key gene in the investigation of potato common scab resistance mechanisms.
Additional genes like Cytochrome P450 83B1 (LOC102604056), Snakin-2 (LOC102588973),



Agronomy 2024, 14, 291 9 of 15

and enzymes related to cell wall fortification (LOC102590869 and LOC102588686) were also
noted for their critical functions in potato scab resistance. Moreover, the enzyme involved
in flavonoid synthesis (LOC102582164) was indicated for its role in metabolic regulation
within the potato scab defense response. These annotated genes provide invaluable in-
sights into the biological functions during the potato scab response, contributing to a deeper
understanding of the molecular mechanisms of the disease.

Table 1. Ten key candidate genes derived from the combined results of enrichment and functional
annotation analyses.

NO. Gene Name Annotation Description Potential Relevance to PCS

1 LOC102589042 Ethylene-responsive transcription
factor ERF010 May enhance pathogen defense.

2 LOC102597983 Abscisic acid-insensitive 5-like protein 5 Could participate in stress response.
3 LOC102577479 Allene oxide synthase, chloroplastic May contribute to jasmonic acid-related defense.
4 LOC102605863 Disease resistance protein RPP13 Likely involved in direct disease resistance.
5 LOC102604056 Cytochrome P450 83B1 Could be part of defense compound metabolism.

6 LOC102588973 Snakin-2 Might produce antimicrobial peptides
against PCS.

7 LOC102590869 Caffeic acid 3-O-methyltransferase May strengthen plant cell walls.
8 LOC102588686 Beta-glucosidase 18 Could activate antimicrobial agents.
9 LOC102589603 Feruloyl CoA ortho-hydroxylase 2 May alter cell wall to prevent pathogen entry.

10 LOC102582164 Flavonoid 3′,5′-hydroxylase Involved in synthesizing
defense-related flavonoids.

3.7. Cross-Validation of Crucial DEGs between qRT-PCR and Transcriptome Profiles

Under four distinct treatment conditions, we harvested potato leaf samples and de-
signed specific primers for 10 key DEGs (Supplementary Table S9). We analyzed the relative
expression levels of these genes using qRT-PCR. By correlating with transcriptome data,
we identified three genes that exhibited consistent expression trends across all conditions,
suggesting a stable regulatory role in the plant’s defense response to scab disease (Figure 5).

Specifically, the gene LOC102589042 encodes the Ethylene-responsive transcription
factor ERF010, which consistently showed downregulation across all treatment groups.
This aligns with the critical role of ethylene in plant stress responses, particularly in
pathogen defense and stress signaling. The downregulation of ERF010 may reflect the
plant’s adjustment of its ethylene signaling pathways in response to scab infection. The
gene LOC102605863, which encodes the disease resistance protein RPP13, exhibited a con-
sistent upregulation under various conditions. This pattern strongly suggests its direct
involvement in the plant’s defense mechanism against scab disease. RPP13 plays a crucial
role in the plant’s innate immune system by recognizing specific pathogen effectors and
initiating defensive responses. Consequently, LOC102605863 emerges as a prime candi-
date gene potentially pivotal in conferring resistance to potato scab disease. Meanwhile,
LOC102604056, which encodes Cytochrome P450 83B1, was downregulated in all treatment
combinations, suggesting that the plant may be modulating various biosynthetic reactions
in response to scab disease attack, including the synthesis of plant hormones, detoxification
processes, and the production of secondary metabolites involved in defense responses.

The consistent expression patterns of these three genes reinforce their potential roles in
the defense mechanism against potato scab. These findings provide significant insights into
the molecular mechanisms of potato defense against scab disease and identify potential
candidates for resistance breeding programs.
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Figure 5. Comparative relative expression levels of 10 DEGs across four treatment combinations.
(A–D) display the relative expression levels of selected key DEGs across C-C1, C-T, T-T1, and C1-
T1 treatment combinations. Light grey represents the selected controls in each combination, blue
represents the results of the transcriptome analysis, and black represents the results of the qRT-PCR
experiments. Red arrows highlight the three genes that exhibit consistent expression trends across all
treatment conditions. Error bars denote the means ± SDs from three independent replicates. Different
letters indicate significant differences at the 0.05 level according to Student’s t-test.

4. Discussion

Potato scab disease, as a significant soil-borne disease globally, holds crucial impor-
tance for agriculture worldwide. Breeding resistant varieties is considered one of the most
effective control strategies [39,40]; hence, comprehensively understanding the pathogenic
mechanism of scab disease and the plant’s defense mechanisms is key to disease man-
agement. While the pathogenic mechanism of potato scab has been partially elucidated,
further studies are needed to explore its interaction with plant defense mechanisms at the
molecular and transcriptional levels. This study aims to reveal biological pathways and
resistance genes related to potato scab resistance through transcriptomic analysis, which
not only enhances our understanding of the genetic mechanisms underlying potato scab
disease resistance but also aims to offer practical implications for breeding strategies.

Transcriptomic analysis, an effective tool for identifying plant disease resistance genes,
has been widely applied and proven practical [41,42]. For instance, Gong used this approach
to explore the response mechanism of potatoes to drought stress, revealing expression differ-
ences of specific genes under varying conditions [43]. Similarly, Tiwari studied the impact
of nitrogen stress on the potato transcriptome, successfully identifying nitrogen-deficiency
sensitive genes [44]. Tang’s study on the impact of heat stress on potato leaves highlighted
the crucial roles of heat shock proteins and transcription factors [45]. These studies have en-
riched our understanding of plant stress resistance mechanisms, demonstrating the value of
transcriptomic analysis. While our transcriptomic analysis has provided valuable insights
into plant disease resistance genes, it is important to note the limitations of this approach.
Specifically, transcriptomic data do not encompass post-transcriptional modifications and
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protein-level interactions, which are critical components of gene expression regulation and
protein function. Future research integrating proteomic analysis would be beneficial to
gain a more comprehensive understanding of the plant stress response.

In our study, we focused on analyzing the transcriptomic data of potato scab-resistant
variety CS10 and disease-susceptible variety CS11. Sampling at different time points after
Streptomyces infection, we identified 147 core DEGs and their potential biological pathways.
The integrated analysis of GO and KEGG enrichment results revealed significant inter-
connections and functional overlaps. Notably, we highlighted the correlation between the
chloroplast thylakoid membrane pathway in GO and the photosynthesis pathway in KEGG,
emphasizing the central role of photosynthesis in responding to scab disease stress [46].
Furthermore, the close relationship between the oxygen transport and cellular respiration
pathways in GO and the glutathione metabolism pathway in KEGG highlights the impor-
tance of antioxidant defense mechanisms in combating scab disease [47]. Additionally,
we provided detailed insights into the expression patterns of three potential disease resis-
tance genes: Ethylene Response Factor ERF010 (LOC102589042), disease resistance protein
RPP13 (LOC102605863), and Cytochrome P450 83B1 (LOC102604056). Their expression
patterns underscore a tight linkage between metabolic pathways and pathogen response.
The downregulation of ERF010 suggests a potential modulation of the ethylene signaling
pathway in response to scab infection, prompting further exploration of its interplay with
other hormonal pathways in plant immunity [48,49]. Baharudin’s research highlighted
ethylene’s role in regulating plant responses post infection, including defensive actions and
repair processes [50]. The downregulation of ERF010 suggests a potential modulation of the
ethylene signaling pathway in response to scab infection, necessitating further exploration
of its interplay with other hormonal pathways in plant immunity.

The upregulation of the RPP13 gene emphasizes its central role in the plant’s innate
immune system, particularly in pathogen recognition and defense mechanism activation.
Bittner’s research highlighted the significant amino acid diversity within the LRR domain
of RPP13 in response to various virulence factors of Peronospora parasitica, underscoring the
importance of these amino acid sequences in plant–pathogen interactions [51]. A study by
Rose revealed that such diversity is maintained through reciprocal selection between the
plant and the pathogen, indicating functional differences of RPP13 in combating various
pathogen strains [52]. Additionally, studies in barley identified RPP13-like genes and
analyzed their potential roles in disease resistance, illustrating their importance in the plant
defense mechanism [53]. These studies collectively emphasize the diversity and pivotal
role of the RPP13 gene family in pathogen recognition and resistance in plants. In our study,
the upregulation of RPP13 in response to scab infection suggests the active engagement of
the plant’s immune system, potentially triggering localized or systemic defense responses,
highlighting the significance of R gene-mediated resistance in plant defense.

The consistent downregulation of Cytochrome P450 83B1 indicates metabolic adjust-
ments in plants under pathogenic stress, highlighting the diverse and crucial role of P450
enzymes in plant defense. Research on basidiomycete biotrophic plant pathogens suggests
that unique patterns in the P450 enzyme family significantly influence their interactions
with host plants [54]. Studies on the CaCYP1 gene in chili pepper demonstrate its role
in salicylic acid and gibberellin signaling pathways in plant defense against bacterial
pathogens [55]. Additionally, research on the CaCYP450A gene emphasizes the importance
of P450 enzymes in plant defense responses to microbial pathogens [56]. The observed
downregulation of Cytochrome P450 83B1 in our study may reflect a strategic reallocation
of metabolic resources by the plant in response to scab attack, providing key insights into
the complex defense mechanisms plants deploy against pathogenic attacks. This analysis
pinpointed three key DEGs as the most likely candidates associated with resistance to
potato scab. Each gene plays a unique and integral role in the plant’s sophisticated defense
mechanisms, contributing to a complex network of plant–pathogen interactions. This
discovery provides pivotal insights into the multifaceted resistance mechanisms against
pathogenic assaults.



Agronomy 2024, 14, 291 12 of 15

Through a comprehensive analysis of GO, KEGG enrichment, and key disease resis-
tance genes, this study unravels a myriad of metabolic pathways and signaling processes
essential in plant responses to scab disease. This foundational understanding sheds light on
the genetic mechanisms of potato scab disease resistance, with significant implications for
potato breeding. The implications of our findings for potato breeding are substantial, and
we recognize the importance of translating these insights into practical breeding strategies.
Future research aims to deepen our understanding by developing mutant lines for precise
validation of gene functions. Additionally, expanding studies to include proteomic and
metabolomic analyses will enhance our comprehension of molecular interactions under
pathogenic stress, advancing genetic engineering and crop resistance strategies.

While identifying key pathways and potential genes, it is crucial to address potential
off-target effects, particularly when manipulating genes related to chloroplast pathways,
photosynthesis, oxygen transport, and glutathione metabolism. Recognizing the broader
implications on potato growth, future studies will not only focus on functional validation
but also comprehensively assess off-target effects. Advanced techniques will be employed
to minimize non-specific alterations, ensuring responsible advancements in potato scab
resistance studies and practical applications for agricultural use. We aim to explore the
integration of identified genes into breeding programs, taking into consideration cost-
effectiveness and scalability.

In contemplating the broader applications of our findings, it is paramount to consider
the environmental implications, especially within the framework of sustainable agriculture
practices. While our study lays the foundation for understanding genetic mechanisms
and breeding implications, we recognize the importance of further investigations into the
ecological impact of implementing genetic or molecular strategies for disease resistance
in potato crops. Future research endeavors will aim to provide a more holistic view,
considering factors such as biodiversity, soil health, and overall sustainability in the context
of deploying these strategies in real-world agricultural scenarios.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agronomy14020291/s1, Figure S1: Analysis of gene expres-
sion quantifies consistency and variability between CS10 and CS11; Figure S2: The photosynthesis
pathway with differential gene expressions highlighted: red for upregulated genes and green for
downregulated genes; Figure S3: The glutathione metabolism pathway with differential gene expres-
sions highlighted: red for upregulated genes and green for downregulated genes. Table S1: Grading
criteria for potato scab disease severity; Table S2: Disease response of different potato varieties
to three pathogens; Table S3: Summary of transcriptome sequencing analysis results for samples;
Table S4: Number of DEGs obtained from inter-group comparisons; Table S5: GO enrichment analysis
of 147 DEGs; Table S6: KEGG pathway enrichment analysis of 147 DEGs; Table S7: Q-values corre-
sponding to enriched pathways across four comparative groups; Table S8: Summary of annotation
results for 147 DEGs across six different databases; Table S9: The primers used for qRT-PCR of ten
important DEGs.
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