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Fusarium wilt, caused by Fusarium oxysporum f. sp. vasinfectum 7 (FOV7), poses a major threat to the production of elite Sea Island cotton (Gossypium barbadense). To uncover the molecular basis of defense FOV7 in cotton, we employed RNA sequencing to identify numerous differentially expressed genes across various stages of infection. Subsequent K-means clustering and weighted gene co-expression network analysis revealed a core module significantly enriched in defense response and abscisic acid-activated signaling pathways. A detailed examination of the gene distribution within these pathways identified 10 out of 50 genes as members of the Pathogenesis-Related 10 (PR10) gene family. Evolutionary analysis of these PR10 genes uncovered a tandemly-expanded gene cluster located on chromosome 10 of the D sub-genome. In addition, root cell type maps constructed via single-nucleus RNA sequencing (snRNA-seq) enabled pinpointing FOV7 response in the root epidermis, where GbD_PR10.11 was identified as a specifically activated sentinel. Our work, by logically progressing from genome-wide patterns to a single gene in a single cell type, not only deciphers a key component of the cotton-pathogen arms race but also delivers a high-confidence target for engineering frontline resistance.
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1 Introduction

Sea Island cotton (Gossypium barbadense L.), renowned for producing the world’s most valuable long-staple fibers, is a crop of immense economic significance (Rehman et al., 2019). However, its production is severely threatened by Fusarium wilt, a devastating soil-borne disease caused by Fusarium oxysporum f. sp. vasinfectum Race (FOV) (Bell et al., 2019; Michielse and Rep, 2009; Sanogo and Zhang, 2015). As a vascular wilt pathogen, FOV7 invades the root system, colonizes the xylem vessels, and systemically spreads throughout the plant. This colonization obstructs water transport, leading to characteristic symptoms of stunting, wilting, vascular browning, and ultimately, plant death, resulting in substantial economic losses (Dastmalchi et al., 2019; Diaz et al., 2021). Despite progress in identifying quantitative trait loci and defense-related genes, a fundamental aspect of the host-pathogen interaction remains limited: the initial molecular events occurring at the cellular level in the root, where the infection begins (Abdelraheem et al., 2024; Liu et al., 2021; Zhang et al., 2022).

Modern genomic technologies have provided valuable resource of the transcriptome-wide response to FOV infection (Ning et al., 2021; Ojeda-Rivera et al., 2023; Prasath et al., 2023). Transcriptomics technologies have been extensively utilized in investigating the defense mechanisms of cotton under stress conditions, offering novel insights that significantly enhance our understanding of cotton’s survival and adaptive strategies in response to diverse stresses (Khan et al., 2023; Luqman et al., 2025). These studies have successfully identified numerous defense-related genes, yet they suffer from an inherent limitation: they measure the average expression across a heterogeneous mix of root cell types. This averaging effect makes it impossible to distinguish the unique responses of different cellular type (Tang et al., 2023). Recent advances in single-cell transcriptomics have begun to resolve such complexity in other plant-stress contexts, such as mapping the salt-stress response in diploid cotton roots (Li et al., 2024) and dissecting cell-specific immunity in Arabidopsis leaves infected by a fungal pathogen (Tang et al., 2023). However, a cellular-level atlas of the pathogen response in the roots of tetraploid cotton has been missing.

Among the diverse arsenal of plant defense proteins, the Pathogenesis-Related 10 (PR10) family emerges as a prime candidate for orchestrating these rapid, localized responses (Chen et al., 2024). These small, acidic intracellular proteins are defined by a conserved Bet_v_1 domain, which confers a unique three-dimensional structure capable of binding various ligands and, in many cases, exhibiting ribonuclease (RNase) activity to directly inhibit pathogen growth (Lebel et al., 2010). The role of PR10 has been explored in several crops, each showing different responses to various pathogens. In soybean, the PR10 gene is induced during infection with Phytophthora sojae (Xu et al., 2014). In grapes, the PR10 gene exhibits specific subcellular localization and function in response to Plasmopara viticola infection (He et al., 2013). In roses, the PR10 protein (RC4G0290000) inhibits pathogen expansion through ribonuclease activity after grey mold infection and coordinates defense responses through subcellular localization regulation (Li et al., 2024). In rice, the expression of the OsPR10 gene is regulated by jasmonic acid and ethylene signaling pathways, while salicylic acid inhibits its expression (Yamamoto et al., 2018). Additionally, resistance genes in cabbage indirectly enhance PR10-mediated systemic resistance by recruiting beneficial rhizosphere microorganisms to regulate the expression of ethylene and JA pathway genes (Ping et al., 2024). In cotton, GbPR10-5D1 can surprisingly increase susceptibility to Verticillium dahliae (Guo et al., 2022). Despite extensive studies in other species, the specific roles and cellular deployment of the PR10 family within cotton roots during the initial confrontation with FOV7 are entirely unknown.

In this study, we aimed to dissect the cellular and molecular architecture of cotton’s early defense against FOV7. We hypothesized that an integrated approach, combining the breadth of bulk RNA-seq with the precision of single-nucleus RNA-seq (snRNA-seq), could resolve this complex picture. Our multi-scale analysis first identified a key module of rapidly induced PR10 genes through transcriptomic profiling. We then revealed that a tandemly duplicated gene cluster on chromosome D10 is a genomic hotspot for this response, suggesting an evolutionary adaptation for a robust defense. Finally, by generating a single-nucleus atlas of the infected root, we pinpointed the epidermis as a key defensive battleground and identified GbD_PR10.11 as a sentinel gene specifically activated in these frontline cells. This work provides an unprecedented high-resolution view of cotton’s early immunity and offers precise targets for future resistance breeding.




2 Materials and methods



2.1 Plant materials, growth conditions, and pathogen inoculation

The Gossypium barbadense cultivar “Xinhai 14” was used throughout this study. This cultivar was selected as it is a major, elite commercial variety of Sea Island cotton and is known to be susceptible to FOV7 (Han et al., 2022; Zu et al., 2019), thus providing a relevant and suitable model for investigating the molecular mechanisms of the early host-pathogen interaction. The seeds were surface-sterilized with 0.1% HgCl2 and then placed in a constant-temperature germination chamber (28 ± 0.5°C) for germination. When the primary root of the seedlings reached a length of 3 cm, the seedlings were transplanted into a hydroponic system and cultured using Hoagland’s solution (pH 6.0 ± 0.2). The culture conditions were set as follows: a photoperiod of 16 h light/8 h dark, a light intensity of 100 μmol·m>⁻²·s⁻¹ (using full-spectrum LED light), a relative humidity of 65 ± 5%, and a constant temperature of 28 ± 1°C.

The Fusarium oxysporum f. sp. vasinfectum race 7 (FOV7) strain was cultured on PDA medium at 25°C for 5 days, followed by culture in liquid PDB medium for 7–10 days at 25°C on a shaker (180 rpm). The final spore concentration was adjusted to 1×108 spores/mL with 0.01% Tween-20 as a surfactant, and the suspension was used immediately for inoculation to ensure maximal viability.

When the seedlings had fully expanded their second true leaves (14 days after sowing), the pathogen was inoculated using the root-drench method, with an inoculum volume of 5 mL per plant. Root tip tissue samples were collected at four key time points (0 hpi, 2 hpi, 12 hpi, and 48 hpi) after inoculation. Immediately after sampling, the samples were flash-frozen in liquid nitrogen and stored in a -80°C ultra-low-temperature freezer for later use.





2.2 Bulk RNA-seq library preparation and data analysis

We followed the standard RNA-seq library construction protocol, selecting four key time points (0 hpi, 2 hpi, 12 hpi, and 48 hpi), with three biological replicates for each time point (Chen et al., 2024). Qualified libraries were constructed and sequenced on an Illumina NovaSeq X Plus platform (PE150). After quality control, clean reads were aligned to the G. barbadense reference genome (H7124_ZJU, downloaded from the CottonMD database) (Yang et al., 2023) using HISAT2 (v2.2.1) (Kim et al., 2015). Gene expression was quantified as FPKM using StringTie (v2.2.0) (Pertea et al., 2015). DEGs were identified using DESeq2 (v1.42.0) with thresholds of |log2 fold change| > 1 and FDR < 0.05 (Love et al., 2014). These widely-used and stringent thresholds ensure the identification of genes with both statistically significant and biologically meaningful changes in expression (Love et al., 2014). GO and KEGG pathway enrichment analyses were performed using the clusterProfiler R package (v4.10.1) (Wu et al., 2021).




2.3 Expression pattern clustering and WGCNA

K-means clustering was performed on all DEGs using the ClusterGVis R package (v0.1.2) (Kumar and E Futschik, 2007). WGCNA was conducted using the WGCNA R package (v1.71) (Langfelder and Horvath, 2008) with a soft-thresholding power of 10, a minimum module size of 30, and a merge cut height of 0.20.




2.4 Bioinformatic analysis of the PR10 gene family

To identify the PR10 gene family, the genome sequence and annotation data of Gossypium barbadense and Gossypium arboreum (A2 genome) were obtained from CottonMD (https://yanglab.hzau.edu.cn/CottonMD/), Gossypium raimondii (D5 genome) were downloaded from NGDC (https://ngdc.cncb.ac.cn/gwh/Assembly/84056/show), and the Arabidopsis thaliana from TAIR (https://www.arabidopsis.org/). PR10 genes were initially screened in the genome using HMMER 3.0 (Finn et al., 2011). The search was guided by the hidden Markov model (HMM) corresponding to the Bet_v_1 domain (PF000407), which was obtained from the PFAM database. A candidate PR10 gene was defined as one that contained the Bet_v_1 domain, with an e-value threshold set to < 1e-10. To ensure accuracy, the conserved domains of these candidate PR10 genes were further validated using the SMART database (https://smart.embl.de/) and the NCBI-CDD platform (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The PR10 gene families in other species were identified using the same method.

To elucidate the evolutionary relationships of PR10 proteins, the complete PR10 protein sequences from the four species were aligned using MAFFT v7.4.1 (Katoh and Toh, 2008). An unrooted phylogenetic tree was constructed by the maximum likelihood (ML) method in MEGA 11 (Kumar et al., 2018), with statistical support assessed via 1,000 bootstrap replicates. The resulting phylogenetic tree was subsequently visualized using Evolview v3 (Subramanian et al., 2019).

The chromosomal positions of PR10 genes were determined from the annotation files of the three cotton genomes and visualized using TBtools-II (Chen et al., 2023). Gene synteny analysis was performed using MCScanX (Wang et al., 2012), and gene duplication events were classified using the duplicate_gene_classifier tool. Furthermore, Ka and Ks values for the PR10 genes were calculated with KaKs_Calculator 3.0 (Wang et al., 2010), and the Ka/Ks ratio was computed to evaluate the selection pressure acting on these genes.




2.5 Single-nucleus RNA-seq library preparation and analysis

We utilized the same samples from bulk RNA-seq to conduct single-cell RNA sequencing using normal cotton root tips and those inoculated by FOV7 at 2 hours. A high-quality single-cell suspension was successfully prepared and carefully loaded onto the MobiNova-100 high-throughput single-cell controller (MobiDrop, Zhejiang, China). The single-cell RNA sequencing library was meticulously constructed using the MobiCube RNA-seq single-cell kit (MobiDrop, Zhejiang, China). Subsequently, these libraries were sequenced on the MobiNova-100 single-cell sequencing platform (MobiDrop, Zhejiang, China) using the Illumina NovaSeq 6000 sequencing strategy. To ensure the reliability and reproducibility of the data, each sample was sequenced in duplicate biological replicates.

We first removed low-quality reads, poly-A tails, and adapter sequences and obtained clean reads. Subsequently, we processed the clean data using the professional Mobivision software (https://www.mobidrop.com/bioinformatics/mobivision2) to construct an accurate expression matrix and then employed the Seurat package 4.4.0 (Hao et al., 2021)for downstream analysis. To ensure high-quality data, we applied stringent filtering criteria. Specifically, cells with fewer than 500 or more than 6,000 UMI counts were discarded, and genes detected in fewer than three cells were excluded. Additionally, only cells with less than 10% mitochondrial gene alignment transcripts were retained for further analysis. In the DoubletFinder (McGinnis et al., 2019)workflow, we retained only the cells annotated as “Singlets” in each library to ensure the accuracy of the single-cell data.

For data integration, we used the CCA (Canonical Correlation Analysis) algorithm (Hao et al., 2021). Dimensionality reduction was performed with the RunUMAP function, and clustering analysis was conducted with the RunPCA function using npc=30. We then accurately identified cell clusters using the “FindNeighbors” function (with parameters k.param=10 and dims=1:30) and the “FindClusters” function (with a resolution of 0.6). To identify DEGs in each cluster, we employed the “FindAllMarkers” function with the Wilcoxon rank-sum test. This allowed us to define DEGs between each cluster and all other cells. We annotated cell types using the PCMDB database (Jin et al., 2022). We used the “FindMarkers” function with parameters logfc.threshold = 1, min.pct = 0.25, and min.diff.pct = 0.1 for differential expression analysis between normal and FOV7 infection samples.




2.6 Real-time quantitative PCR validation

Total RNA was extracted and the integrity of the nucleic acids was confirmed by agarose gel electrophoresis, while the concentration and purity were assessed using ND5000 NanoDrop UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., USA). cDNA was synthesized from 200 ng of RNA using a reverse transcription kit (Hifair™ III 1st Strand cDNA Synthesis SuperMix for qPCR, YEASEN). The primers were designed using Primer 5.0s and are listed in Supplementary Table S16. Following the standard protocol, the Quantitative PCR was performed using on Bioer Line Gene 9600 Plus Real Time Thermalcycler (FQD-96A, Hangzhou Bori Technology Co., Ltd). Relative expression levels were calculated using the 2-ΔΔCT method (Rao et al., 2013) using the housekeeping gene GAPDH, and the data were visualized using GraphPad Prism version 10.1.2 (https://www.graphpad.com). The experiment included three technical replicates and three biological replicates.





3 Results



3.1 Transcriptome profiling reveals a rapid and robust early defense response to FOV7

To capture the temporal dynamics of the defense response in G. barbadense roots following FOV7 infection, we performed bulk RNA-seq at 0, 2, 12, and 48 hpi. We generated a total of 286,236,783 high-quality reads with an average mapping rate of 89.84% to the reference genome (Supplementary Table S1). Differential expression analysis revealed a massive transcriptional reprogramming. At the early infection stage of 2 hpi, we identified 9,478 DEGs, comprising 4,789 upregulated and 4,689 downregulated genes, indicating a swift and extensive cellular reaction (Figure 1a; Supplementary Table S2). The number of DEGs remained high at 12 hpi (5,270 up, 9,837 down) and 48 hpi (5,804 up, 9,108 down) (Figures 1b, c; Supplementary Tables S3, S4). GO enrichment analysis of the upregulated genes at all time points consistently highlighted multiple stress-related biological processes, including response to abscisic acid (GO:0009737), response to osmotic stress (GO:0006970), and response to water deprivation (GO:0009414), indicating a sustained and multifaceted defense activation (Figures 1d–f; Supplementary Figure S1).

[image: Six-panel figure showing gene expression analysis and biological processes. Panels a, b, and c are volcano plots for 0 hpi versus 2, 12, and 48 hpi, respectively, depicting fold changes and statistical significance. Panels d, e, and f are dot plots for the same time comparisons, illustrating enriched biological processes with enrichment factors and gene numbers. Red processes indicate responses to stressors like water deprivation and osmotic stress. Enrichment factors and q-values are outlined, with gene numbers indicated by dot sizes.]
Figure 1 | Differential expression analysis of the cotton root at various time points post-FOV7 infection. The volcano plots illustrate the differentially expressed genes of the “XinHai14” cultivar between uninfected roots (0 hpi) and roots infected with FOV7 at 2 hours (a), 12 hours (b), and 48 hours (c). The top 20 Gene Ontology biological process enrichment analyses for upregulated genes are shown at 2 hours (d), 12 hours (e), and 48 hours (f). The pathways highlighted in red in (d–f) represent the shared pathways.




3.2 Convergent analyses pinpoint a key PR10 gene module in the early response

To identify genes involved in the critical initial defense phase, we first employed K-means clustering on all DEGs, yielding six distinct expression clusters (Figure 2; Supplementary Table S5). Notably, genes in Cluster C4 exhibited a sharp and significant upregulation specifically at 2 hpi, followed by a gradual decline. GO analysis of this cluster revealed strong enrichment in terms like defense response (GO:0006952) and response to wounding (GO:0009611), suggesting its central role in the immediate immune reaction (Figure 2; Supplementary Table S6).

[image: Heatmap depicting gene expression patterns in Xinhai14 at 0, 2, 12, and 48 hours post-inoculation (hpi). Clusters labeled C1 to C6 show varying expression dynamics, each with a gene size. The heatmap uses a Z-score scale, indicating upregulation in red and downregulation in blue. Columns list biological processes such as photoreactive repair and RNA modification. Adjacent line graphs illustrate expression trends over time for each cluster.]
Figure 2 | K-means clustering analysis and GO enrichment. On the left side was the gene expression trend charts for each cluster, with the numbers above indicating the number of genes in that cluster. In the middle is the heatmap corresponding to the normalized expression levels. On the right are the GO Biological Process (BP) enrichment analysis charts for each cluster, showing only the top 8 most significant terms.

To further refine this finding from a network perspective, we conducted Weighted Gene Co-expression Network Analysis (WGCNA), which grouped the DEGs into eight co-expression modules (Figures 3a, b). Correlating these modules with the infection time points, we identified the orange module (1,701 genes) as being highly and positively correlated with the 2 hpi stage (Figure 3c). GO enrichment of the orange module genes confirmed their involvement in processes such as response to wounding (GO:0009611), regulation jasmonic acid biosynthetic process (GO:2000022), and regulation of defense response (GO:2000022) (Figure 3d; Supplementary Table S7).

[image: Four-panel image displaying data analysis:  a) Dendrogram of sample clustering with labels indicating different samples.  b) Cluster dendrogram with module-trait color bar and heatmap for time points.  c) Heatmap of module-trait relationships, showing correlations between different color-coded modules and time points.  d) Bubble chart of “orange Biological_Process” showing gene ratio, process names, count, and q-value, with bubbles in varying colors and sizes.]
Figure 3 | WGCNA analysis of cotton root responses to FOV7 Infection. (a) Sample clustering. (b) Cluster dendrogram of 20,163 DEGs with assigned module colors. (c) Heatmap of module-trait associations. (d) Gene Ontology biological process enrichment analysis of genes in the orange module.

By intersecting the early-response genes from Cluster C4 and the orange module, we identified a high-confidence set of 1,241 genes that represent the core of the immediate transcriptional defense (Figure 4a). GO analysis of these shared genes was significantly enriched in defense response and abscisic acid-activated signaling pathway (Figure 4b; Supplementary Table S8). Upon closer examination of the gene distribution within these pathways, we found that 10 out of 50 genes belong to the PR10 gene family, including GbA_PR10.32, GbA_PR10.34, GbA_PR10.37, GbD_PR10.11, GbD_PR10.37, GbD_PR10.38, GbD_PR10.39, GbD_PR10.40, GbD_PR10.41 and GbD_PR10.42. All genes showed strong and rapid induction at 2 hpi, marking them as key players in the initial defense against FOV7 (Figures 4c, d; Supplementary Table S9).
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Figure 4 | Integrate K-means clustering and WGCNA analysis. (a) Intersection of genes in cluster C4 (from K-means clustering) with those in the orange module (from WGCNA) identifies 1,241 shared genes. (b) Gene Ontology biological process enrichment analysis of these 1,241 shared genes. The pathways highlighted in red are enriched with the PR10 genes. (c) Intersection of PR10 genes in the enriched two pathways. (d) Expression pattern of the 10 shared genes in each sample. FC denotes the fold change between the control and different inoculation time.




3.3 Evolutionary analysis reveals tandem duplication as the engine of PR10 expansion

Having established the functional importance of PR10 genes in the early defense response, we next investigated the evolutionary origins of this family in cotton. We performed a genome-wide identification and found 92, 48, and 61 PR10 genes in G. barbadense (Gb), Gossypium arboreum (A2), and Gossypium raimondii (D5), respectively (Supplementary Table S9). A phylogenetic analysis including 26 PR10 genes from Arabidopsis thaliana revealed four major clades, including Clades I, II, III, and IV (Figure 5). Among them, Clade I has the most, with a total of 116 members, Clade II has 77 members, Clade III has 30 members, and Clade IV has the fewest members with only four cotton members (GbA_PR10.25, GaPR10.25, GbD_PR10.29, GrPR10.38). Notably, PR10 genes from all three cotton species are distributed across the four clades, while the AtPR10 genes from A. thaliana are clustered exclusively in Clade II. This indicates that Clades I, III, and IV may be unique to cotton.

[image: Phylogenetic tree depicting relationships among species, including Arabidopsis thaliana, Gossypium arboreum, Gossypium barbadense, and Gossypium raimondii. Branches are color-coded and arranged in a circular layout with sections I to VI. Bootstrap values indicated by black and gray circles. Legend shows species symbols and bootstrap value key.]
Figure 5 | Phylogenetic ML tree of PR10 genes from the three cottons and A. thaliana.

Chromosomal mapping in G. barbadense showed a highly non-uniform distribution of the 92 Gb_PR10 genes. We identified four major gene clusters located at the ends of chromosomes A02, A10, D02, and D10, which together accounted for 58.7% of all Gb_PR10 genes (Figure 6). Gene synteny and collinearity analysis revealed that tandem duplication was the primary driving force behind the expansion of these clusters, with 56.5% of genes in the A sub-genome and 39.1% in the D sub-genome being tandem duplicates (Figures 7a, b; Supplementary Table S9; Supplementary Figure S2). The identification of large syntenic blocks between chromosomes A02/A10 and D02/D10 suggests these clusters arose from an ancient whole-genome duplication (WGD) event, a known feature of the Gossypium lineage (Paterson et al., 2012). Furthermore, Ka/Ks analysis of these tandem pairs indicated that they are under strong purifying selection (Ka/Ks < 1), suggesting their functional importance (Supplementary Table S10).

[image: Comparison of syntenic relationships among chromosomes in different cotton species. Panel (a) shows Gossypium barbadense (A) chromosomes A01, A02, A03, A04, A07, A10, A11. Panel (b) shows Gossypium barbadense (D) chromosomes D01, D02, D03, D04, D05, D07, D10, D11. Panel (c) shows Gossypium arboreum (A2) chromosomes Chr01, Chr02, Chr03, Chr04, Chr05, Chr07, Chr10, Chr11. Panel (d) shows Gossypium raimondii (D5) chromosomes Chr01, Chr02, Chr03, Chr04, Chr05, Chr07, Chr10, Chr11. Each chromosome is marked with genes indicating syntenic blocks.]
Figure 6 | Chromosomal localization of PR10 gene family in three cotton species. (a) G. barbadense A sub-genome, (b) G. barbadense D sub-genome, (c) G. arboreum, (d) G. raimondii.

[image: Circular diagrams labeled a and b depict genomic relationships for Gossypium arboreum and Gossypium raimondii, with connections indicating genomic similarities. Diagram c shows linear comparisons among Gossypium barbadense (A), Gossypium arboreum (A2), and Gossypium raimondii (D5), highlighting corresponding genomic regions with red connecting lines. Each chromosome is labeled, identifying comparative alignments.]
Figure 7 | Synteny and collinearity analysis of cotton PR10 gene family. (a) Circos plot of PR10 genes in the G. barbadense A sub-genome (a) and the G. barbadense D sub-genome (b). Segmental duplications of PR10 gene pairs are linked and highlighted in yellow, and tandem PR10 genes are also labeled. (c) Collinearity plot of PR10 genes between the G. barbadense A sub-genome and G. arboreum, and between the G. barbadense D sub-genome and G. raimondii. Gray lines in the background indicate collinear blocks between genomes, while red lines denote syntenic PR10 gene pairs.




3.4 The tandemly duplicated PR10 cluster on chromosome D10 is a hub for the FOV7 response

We then integrated our evolutionary and expression analyses to ask whether these expanded gene clusters were linked to the defense response. By mapping the expression data of all 92 Gb_PR10 genes, we made a striking observation: the genes that were significantly upregulated at 2 hpi were overwhelmingly located within the tandem gene cluster on chromosome D10 (Figure 8; Supplementary Table S11). Twelve of the thirteen significantly upregulated genes belonged to this cluster, including the highly expressed GbD_PR10.38, GbD_PR10.11, and GbD_PR10.37. This directly links the evolutionary expansion of a specific genomic region to a critical functional role in pathogen defense.

[image: Dendrogram and heatmap showing hierarchical clustering of samples labeled GbD_PR followed by numbers. The dendrogram has groups labeled III, II, IA, IB, and IV, color-coded in blue, red, green, and purple. The heatmap on the right displays RNAseq data with varying shades from white to red, indicating lower to higher expression levels across samples Xhfast1_Go_1 to Xhfast1_Sg_3. A color scale bar indicates expression intensity.]
Figure 8 | Expression patterns of Gb_PR10 gene family at different time during FOV7 infection of cotton. The gene expressions were made row -scaled. The genes marked in red are those with significantly upregulated at 2 hpi.




3.5 Single-nucleus transcriptomics localizes the early defense response to the root epidermis

While our bulk RNA-seq analysis identified the key defense genes, it could not resolve which cell types were responsible for this rapid response. To address this, we performed single-nucleus RNA-seq (snRNA-seq) on root tips from control and 2 hpi samples. After stringent quality control, we obtained a total of 7,843 high-quality cells, comprising 4,723 cells from the control group and 3,120 cells from the 2-hour treatment group. These cells were subsequently grouped into 13 distinct cell clusters (Figure 9a; Supplementary Table S13). Based on known marker gene expression (Denyer et al., 2019; Huang et al., 1996; Li et al., 2024; Shahan et al., 2022; Zhu et al., 2023), we successfully annotated various root cell types, with epidermal cells being the most abundant population (Figure 9b; Supplementary Figures S3; S4; Supplementary Table S14).

[image: Three-panel figure showing data visuals of cell types and expression levels. Panel (a) displays UMAP plots of different cell clusters labeled by color, across four different conditions. Panel (b) is a stacked bar chart showing the percentage distribution of cell types across the same conditions, with a legend identifying each cell type by number and color. Panel (c) is a scatter plot depicting the averaged log2 fold change (FC) for different conditions, with points colored to indicate upregulation (red) and downregulation (green) across various cell types labeled from 0 to 12.]
Figure 9 | Single cell transcriptome analysis of G. barbadense root cells during FOV7 infection. (a) UMAP dimensionality reduction plot showing different cell types. The figure includes four distinct samples: two samples of Xinhai14 (Xinhai14_0h_1 and Xinhai14_0h_2) as controls and two samples of Xinhai14 at 2 hpi (Xinhai14_2h_1 and Xinhai14_2h_2) for treatment. Each dot represents a single cell, with different colors indicating different cell clusters. (b) Bar plot showing the percentage distribution of different cell types across the four samples. Each bar represents a sample, with different colors corresponding to different cell clusters. (c) Differential expression analysis across different cell clusters, with PR10 genes directed in the plot.

Upon comparing the transcriptomes of infected versus control samples at the cellular level, we observed cell-type-specific responses to FOV7 (Figure 9c; Supplementary Table S15). Critically, when we examined the expression of the PR10 gene family, we found that GbD_PR10.11—one of the highly induced genes from the chromosome D10—was specifically and significantly upregulated in three epidermal sub-clusters (Clusters 0, 10, and 11) at 2 hpi. This finding pinpoints the epidermis as a primary defensive frontier and identifies GbD_PR10.11 as a key sentinel gene activated in these frontline cells, demonstrating pronounced cellular heterogeneity in the immune response.




3.6 RT-qPCR confirms the expression patterns of key candidate PR10 genes

To validate our sequencing results, we selected four candidate PR10 genes representing different aspects of our findings and performed RT-qPCR analysis. The selected genes included GbA_PR10.34 (identified by both K-means and WGCNA), GbD_PR10.11 (the key gene specifically expressed in the epidermis), and two other highly expressed genes from the tandem clusters (GbA_PR10.14 and GbD_PR10.37). Consistent with our RNA-seq data, all four genes showed significant upregulation at 2 hpi, confirming their crucial involvement in the early defense response against FOV7 (Figure 10).

[image: Bar graph showing the relative expression of four genes: GbA_PR10.14, GbA_PR10.34, GbD_PR10.11, and GbD_PR10.37 at four time points: 0, 2, 12, and 48 hours. Expression is highest at 2 hours for all genes except GbD_PR10.11. Significant differences are marked with asterisks.]
Figure 10 | qRT-PCR results of four selected GbPR10 genes under FOV7 infection stress. * represents p < 0.05, ** represents p < 0.01.





4 Discussion

Despite the substantial economic impact of FOV7 on cotton (Diaz et al., 2021), the intricacies of the defense mechanisms for FOV7 infection remain largely unexplored. In this study, we dissected the early host-pathogen arms race between G. barbadense and FOV7 at a multi-scale resolution. By integrating transcriptomics from bulk tissue down to the single nucleus, we moved beyond a simple catalog of defense genes to uncover an elegant defense strategy. Our findings connect a specific evolutionary mechanism—tandem duplication of PR10 genes—to a functional genomic hotspot on chromosome D10, and ultimately pinpoint the root epidermis as the primary cellular battleground where a key sentinel gene, GbD_PR10.11, is deployed. This research successfully demystifies the intricate, cell-specific immune responses that occur at the very onset in cotton roots. Further evolutionary analysis PR10 genes in cottons revealed that the chromosome D10 acts as a genomic hotspot for adaptation (Figures 5–7). The concentration of responsive PR10 genes in this tandem cluster (Figure 8) suggests it may function as a co-regulated genomic cassette, where shared regulatory elements could enable a swift, synchronized, and high-magnitude transcriptional response upon pathogen recognition. This architecture provides a potent gene dosage effect, which is a classic evolutionary strategy to counter pathogen pressure (Khanfir et al., 2024; Xu et al., 2024).The multiple gene copies within this cluster may not be merely redundant. It is plausible that they have undergone sub- or neofunctionalization, evolving slightly different expression patterns, enzymatic activities, or affinities for pathogen effectors, thus providing a more versatile and robust “defensive toolkit”. From a breeding perspective, such a functionally significant gene cluster represents a prime target for marker-assisted selection or even for transfer as a complete unit to enhance resistance in susceptible elite varieties (Chen LiJun et al., 2013).

A key breakthrough of our study is the precise localization of this early defense to the epidermis. This finding positions the root epidermis not as a passive barrier, but as an active immune frontier (Figure 9). As the first point of contact, a rapid defense in this layer is strategically critical (Ali et al., 2024; Chen LiJun et al., 2013; Sidiq et al., 2022). We speculate that GbD_PR10.11 acts as a first responder. Its molecular function could be multifaceted: its RNase activity might directly degrade pathogen-derived RNA molecules, or upon programmed cell death, the protein could be released into the apoplastic space to attack the fungus directly (Dos Santos and Franco, 2023; Karimian et al., 2024). Alternatively, its ligand-binding pocket could sequester pathogen effectors or bind endogenous signaling molecules to modulate the defense response (Khan et al., 2025; Przybylska and Obrępalska-Stęplowska, 2020). This highlights a clear cellular division of labor, where the epidermis mounts a rapid, direct defense, likely while the underlying cortical and vascular tissues initiate longer-term responses like cell wall reinforcement and systemic signaling.

While our study provides a high-resolution snapshot of the early infection events, we acknowledge its limitations. Our analysis focused on the initial 48 hours and a single cotton cultivar. The roles of these PR10 genes in later infection stages and across different genetic backgrounds warrant further investigation. Moreover, while snRNA-seq provides invaluable spatial information, the functions of the identified genes require direct validation. Future research should therefore prioritize the functional characterization of GbD_PR10.11 and other promising candidates from the D10 cluster using gene editing (e.g., CRISPR-Cas9) and overexpression systems. Such studies will be crucial to confirm their roles in FOV7 resistance and to elucidate their underlying molecular mechanisms, be it through RNase activity, ligand binding, or other functions.




5 Conclusions

This research bridges genomics, cell biology, and pathology to paint a cohesive picture of cotton’s frontline defense. We have identified a tandemly-amplified PR10 gene cluster that is functionally deployed in the epidermis. The sentinel gene GbD_PR10.11 represents a high-value target for a new generation of “precision breeding”. Instead of targeting genes with broad, constitutive expression that may incur a fitness cost, our work paves the way for engineering a fortified cellular barrier—enhancing frontline immunity in the exact cells where it is needed most. This strategy holds the promise of developing a more sophisticated and durable resistance against one of cotton’s most formidable pathogens.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

BL: Project administration, Methodology, Data curation, Visualization, Validation, Conceptualization, Software, Writing – original draft, Supervision, Resources, Writing – review & editing, Formal Analysis. SW: Resources, Data curation, Visualization, Writing – review & editing, Software, Validation, Investigation, Formal Analysis, Methodology. YZ: Methodology, Software, Visualization, Investigation, Validation, Writing – review & editing, Resources. GL: Investigation, Validation, Formal Analysis, Writing – review & editing, Data curation. ZL: Data curation, Software, Validation, Investigation, Writing – review & editing, Formal Analysis. AG: Investigation, Data curation, Software, Funding acquisition, Validation, Formal Analysis, Writing – review & editing. JB: Formal Analysis, Data curation, Funding acquisition, Software, Validation, Writing – review & editing, Investigation.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was funded by Key R&D Project Topic of Xinjiang Uygur Autonomous Region: 'R&D and Integrated Demonstration of Green and Precision Prevention and Control Technologies for Major Diseases, Pests and Weeds in Cotton' (No. 2024B02003-1); Xinjiang Uygur Autonomous Region Graduate Research Innovation Program (No. XJ2024G116); XJARS-Cotton (XJARS-03); Natural Science Foundation of Xinjiang Uygur Autonomous Region (No.2022D01A188); Xinjiang Uygur Autonomous Region Department of Agriculture and Rural Affairs ‘Tianshan Yingcai’ Cultivation Program -Core Talents in ‘Three Rural’ Sectors -Highlevel Talent Development Project for Modern Agriculture and Animal Husbandry (No. 2023SNGGGCC016).




Acknowledgments

The authors would like to thank Fuyan Liu for bioinformatics help.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1622223/full#supplementary-material




References

	 Abdelraheem A., Zhu Y., Zeng L., Stetina S., Zhang J. (2024). A genome-wide association study for resistance to Fusarium wilt (Fusarium oxysporum f. sp. vasinfectum) race 4 in diploid cotton (Gossypium arboreum) and resistance transfer to tetraploid Gossypium hirsutum. Mol. Genet. Genomics 299, 30. doi: 10.1007/s00438-024-02130-9, PMID: 38472439


	 Ali S., Tyagi A., Mir Z. A. (2024). Plant immunity: at the crossroads of pathogen perception and defense response. Plants (Basel) 13, 1434. doi: 10.3390/plants13111434, PMID: 38891243


	 Bell A. A., Gu A., Olvey J., Wagner T. A., Tashpulatov J. J., Prom S., et al. (2019). Detection and Characterization of Fusarium oxysporum f. sp. vasinfectum VCG0114 (Race 4) Isolates of Diverse Geographic Origins. Plant Dis. 103, 1998–2009. doi: 10.1094/PDIS-09-18-1624-RE, PMID: 31188737


	 Chen C., Wu Y., Li J., Wang X., Zeng Z., Xu J., et al. (2023). TBtools-II: A “one for all, all for one” bioinformatics platform for biological big-data mining. Mol. Plant 16, 1733–1742. doi: 10.1016/j.molp.2023.09.010, PMID: 37740491


	 Chen H., Li Q., Cheng P., Yan T., Dong C., Hou Z., et al. (2024). Identification and analysis of major latex protein (MLP) family genes in Rosa chinensis responsive to Botrytis cinerea infection by RNA-seq approaches. Front. Plant Sci. 15, 1511597. doi: 10.3389/fpls.2024.1511597, PMID: 39735770


	 Chen LiJun C. L., Sun Na S. N., Wang Jin W. J., Ling Hua L. H., Zhang Lida Z. L., Zuo KaiJing Z. K. (2013). Functional analysis of a wilt fungus inducible PR 10–1 gene from cotton. Am. J. Plant Sci. 4, 417–426. doi: 10.4236/ajps.2013.42A054


	 Dastmalchi M., Chen X., Hagel J. M., Chang L., Chen R., Ramasamy S., et al. (2019). Neopinone isomerase is involved in codeine and morphine biosynthesis in opium poppy. Nat. Chem. Biol. 15, 384–390. doi: 10.1038/s41589-019-0247-0, PMID: 30886433


	 Denyer T., Ma X., Klesen S., Scacchi E., Nieselt K., Timmermans M. C. P. (2019). Spatiotemporal developmental trajectories in the arabidopsis root revealed using high-throughput single-cell RNA sequencing. Dev. Cell 48, 840–852.e845. doi: 10.1016/j.devcel.2019.02.022, PMID: 30913408


	 Diaz J., Garcia J., Lara C., Hutmacher R. B., Ulloa M., Nichols R. L., et al. (2021). Characterization of Current Fusarium oxysporum f. sp. vasinfectum Isolates from Cotton in the San Joaquin Valley of California and Lower Valley El Paso, Texas. Plant Dis. 105, 1898–1911. doi: 10.1094/PDIS-05-20-1038-RE, PMID: 33021919


	 Dos Santos C., Franco O. L. (2023). Pathogenesis-related proteins (PRs) with enzyme activity activating plant defense responses. Plants (Basel) 12, 2226. doi: 10.3390/plants12112226, PMID: 37299204


	 Finn R. D., Clements J., Eddy S. R. (2011). HMMER web server: interactive sequence similarity searching. Nucleic Acids Res. 39, W29–W37. doi: 10.1093/nar/gkr367, PMID: 21593126


	 Guo J., Cao P., Yuan L., Xia G., Zhang H., Li J., et al. (2022). Revealing the contribution of GbPR10.5D1 to resistance against Verticillium dahliae and its regulation for structural defense and immune signaling. Plant Genome 15, e20271. doi: 10.1002/tpg2.20271, PMID: 36281215


	 Han W., Zhao J., Deng X., Gu A., Li D., Wang Y., et al. (2022). Quantitative trait locus mapping and identification of candidate genes for resistance to fusarium wilt race 7 using a resequencing-based high density genetic bin map in a recombinant inbred line population of gossypium barbadense. Front. Plant Sci. 13, 815643. doi: 10.3389/fpls.2022.815643, PMID: 35371113


	 Hao Y., Hao S., Andersen-Nissen E., Mauck W. M., Zheng S., Butler A., et al. (2021). Integrated analysis of multimodal single-cell data. Cell 184, 3573–3587.e3529. doi: 10.1016/j.cell.2021.04.048, PMID: 34062119


	 He M., Xu Y., Cao J., Zhu Z., Jiao Y., Wang Y., et al. (2013). Subcellular localization and functional analyses of a PR10 protein gene from Vitis pseudoreticulata in response to Plasmopara viticola infection. Protoplasma 250, 129–140. doi: 10.1007/s00709-012-0384-8, PMID: 22327469


	 Huang N. C., Chiang C. S., Crawford N. M., Tsay Y. F. (1996). CHL1 encodes a component of the low-affinity nitrate uptake system in Arabidopsis and shows cell type-specific expression in roots. Plant Cell 8, 2183–2191. doi: 10.1105/tpc.8.12.2183, PMID: 8989878


	 Jin J., Lu P., Xu Y., Tao J., Li Z., Wang S., et al. (2022). PCMDB: a curated and comprehensive resource of plant cell markers. Nucleic Acids Res. 50, D1448–D1455. doi: 10.1093/nar/gkab949, PMID: 34718712


	 Karimian P., Trusov Y., Botella J. R. (2024). doi: 10.3390/genes15010115, PMID: 38255003


	 Katoh K., Toh H. (2008). Recent developments in the MAFFT multiple sequence alignment program. Brief Bioinform. 9, 286–298. doi: 10.1093/bib/bbn013, PMID: 18372315


	 Khan M. K. R., Ditta A., Wang B., Fang L., Anwar Z., Ijaz A., et al. (2023). “The intervention of multi-omics approaches for developing abiotic stress resistance in cotton crop under climate change,” in Sustainable Agriculture in the Era of the OMICs Revolution. Eds.  C. S. Prakash, S. Fiaz, M. A. Nadeem, F. S. Baloch, A. Qayyum (Cham: Springer International Publishing), 37–82. doi: 10.1007/978-3-031-15568-0_3


	 Khan M. S. S., Islam F., Chen H., Chen J. (2025). A fungal effector hijacks a plastid protein to dampen plant immunity; PR1 is here for rescue. Stress Biol. 5, 23. doi: 10.1007/s44154-025-00230-z, PMID: 40169511


	 Khanfir E., Zribi I., Dhouib H., Ghorbel M., Hamdi K., Jrad O., et al. (2024). Genome-wide identification of PR10 family members in durum wheat: expression profile and in vitro analyses of tdPR10.1 in response to various stress conditions. Plants (Basel) 13, 3128. doi: 10.3390/plants13223128, PMID: 39599337


	 Kim D., Langmead B., Salzberg S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317, PMID: 25751142


	 Kumar L., E Futschik M. (2007). Mfuzz: a software package for soft clustering of microarray data. Bioinformation 2, 5–7. doi: 10.6026/97320630002005, PMID: 18084642


	 Kumar S., Stecher G., Li M., Knyaz C., Tamura K. (2018). MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096, PMID: 29722887


	 Langfelder P., Horvath S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinf. 9, 559. doi: 10.1186/1471-2105-9-559, PMID: 19114008


	 Lebel S., Schellenbaum P., Walter B., Maillot P. (2010). Characterisation of the Vitis viniferaPR10 multigene family. BMC Plant Biol. 10, 184. doi: 10.1186/1471-2229-10-184, PMID: 20727162


	 Li P., Liu Q., Wei Y., Xing C., Xu Z., Ding F., et al. (2024). Transcriptional landscape of cotton roots in response to salt stress at single-cell resolution. Plant Commun. 5, 100740. doi: 10.1016/j.xplc.2023.100740, PMID: 39492159


	 Li R., Yao J., Ming Y., Guo J., Deng J., Liu D., et al. (2024). Integrated proteomic analysis reveals interactions between phosphorylation and ubiquitination in rose response to Botrytis infection. Horticulture Res. 11, uhad238. doi: 10.1093/hr/uhad238, PMID: 38222823


	 Liu S., Zhang X., Xiao S., Ma J., Shi W., Qin T., et al. (2021). A single-nucleotide mutation in a GLUTAMATE RECEPTOR-LIKE gene confers resistance to fusarium wilt in gossypium hirsutum. Adv. Sci. (Weinh) 8, 2002723. doi: 10.1002/advs.202002723, PMID: 33854882


	 Love M. I., Huber W., Anders S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/s13059-014-0550-8, PMID: 25516281


	 Luqman T., Hussain M., Ahmed S. R., Ijaz I., Maryum Z., Nadeem S., et al. (2025). Cotton under heat stress: a comprehensive review of molecular breeding, genomics, and multi-omics strategies. Front. Genet. 16, 1553406. doi: 10.3389/fgene.2025.1553406, PMID: 40171219


	 McGinnis C. S., Murrow L. M., Gartner Z. J. (2019). DoubletFinder: doublet detection in single-cell RNA sequencing data using artificial nearest neighbors. Cell Syst. 8, 329–337.e324. doi: 10.1016/j.cels.2019.03.003, PMID: 30954475


	 Michielse C. B., Rep M. (2009). Pathogen profile update: Fusarium oxysporum. Mol. Plant Pathol. 10, 311–324. doi: 10.1111/j.1364-3703.2009.00538.x, PMID: 19400835


	 Ning K., Li M., Wei G., Zhou Y., Zhang G., Huai H., et al. (2021). Genomic and transcriptomic analysis provide insights into root rot resistance in panax notoginseng. Front. Plant Sci. 12, 775019. doi: 10.3389/fpls.2021.775019, PMID: 34975957


	 Ojeda-Rivera J. O., Ulloa M., Perez-Zavala F. G., Najera-Gonzalez H. R., Roberts P. A., Yong-Villalobos L., et al. (2023). Enhanced phenylpropanoid metabolism underlies resistance to Fusarium oxysporum f. sp. vasinfectum race 4 infection in the cotton cultivar Pima-S6 (Gossypium barbadense L.). Front. Genet. 14, 1271200. doi: 10.3389/fgene.2023.1271200, PMID: 38259617


	 Paterson A. H., Wendel J. F., Gundlach H., Guo H., Jenkins J., Jin D., et al. (2012). Repeated polyploidization of Gossypium genomes and the evolution of spinnable cotton fibres. Nature 492, 423–427. doi: 10.1038/nature11798, PMID: 23257886


	 Pertea M., Pertea G. M., Antonescu C. M., Chang T. C., Mendell J. T., Salzberg S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122, PMID: 25690850


	 Ping X., Khan R. A. A., Chen S., Jiao Y., Zhuang X., Jiang L., et al. (2024). Deciphering the role of rhizosphere microbiota in modulating disease resistance in cabbage varieties. Microbiome 12, 160. doi: 10.1186/s40168-024-01883-0, PMID: 39215347


	 Prasath D., Matthews A., O’Neill W. T., Aitken E. A. B., Chen A. (2023). Fusarium Yellows of Ginger (Zingiber officinale Roscoe) Caused by Fusarium oxysporum f. sp. zingiberi Is Associated with Cultivar-Specific Expression of Defense-Responsive Genes. Pathogens 12, 141. doi: 10.3390/pathogens12010141, PMID: 36678490


	 Przybylska A., Obrępalska-Stęplowska A. (2020). Plant defense responses in monocotyledonous and dicotyledonous host plants during root-knot nematode infection. Plant Soil 451, 239–260. doi: 10.1007/s11104-020-04533-0


	 Rao X., Huang X., Zhou Z., Lin X. (2013). An improvement of the 2^(-delta delta CT) method for quantitative real-time polymerase chain reaction data analysis. Biostat Bioinforma Biomath 3, 71–85., PMID: 25558171


	 Rehman A., Jingdong L., Chandio A. A., Hussain I., Wagan S. A., Memon Q. U. A. (2019). Economic perspectives of cotton crop in Pakistan: A time series analysis, (1970–2015) (Part 1). J. Saudi Soc. Agric. Sci. 18, 49–54. doi: 10.1016/j.jssas.2016.12.005


	 Sanogo S., Zhang J. (2015). Resistance sources, resistance screening techniques and disease management for Fusarium wilt in cotton. Euphytica 207, 255–271. doi: 10.1007/s10681-015-1532-y


	 Shahan R., Hsu C. W., Nolan T. M., Cole B. J., Taylor I. W., Greenstreet L., et al. (2022). A single-cell Arabidopsis root atlas reveals developmental trajectories in wild-type and cell identity mutants. Dev. Cell 57, 543–560 e549. doi: 10.1016/j.devcel.2022.01.008, PMID: 35134336


	 Sidiq Y., Tamaoki D., Nishiuchi T. (2022). Proteomic profiling of plant and pathogen interaction on the leaf epidermis. Int. J. Mol. Sci. 23, 12171. doi: 10.3390/ijms232012171, PMID: 36293025


	 Subramanian B., Gao S., Lercher M. J., Hu S., Chen W. H. (2019). Evolview v3: a webserver for visualization, annotation, and management of phylogenetic trees. Nucleic Acids Res. 47, W270–W275. doi: 10.1093/nar/gkz357, PMID: 31114888


	 Tang B., Feng L., Hulin M. T., Ding P., Ma W. (2023). Cell-type-specific responses to fungal infection in plants revealed by single-cell transcriptomics. Cell Host Microbe 31, 1732–1747.e1735. doi: 10.1016/j.chom.2023.08.019, PMID: 37741284


	 Wang Y., Tang H., Debarry J. D., Tan X., Li J., Wang X., et al. (2012). MCScanX: a toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 40, e49. doi: 10.1093/nar/gkr1293, PMID: 22217600


	 Wang D., Zhang Y., Zhang Z., Zhu J., Yu J. (2010). KaKs_Calculator 2.0: a toolkit incorporating gamma-series methods and sliding window strategies. Genomics Proteomics Bioinf. 8, 77–80. doi: 10.1016/S1672-0229(10)60008-3, PMID: 20451164


	 Wu T., Hu E., Xu S., Chen M., Guo P., Dai Z., et al. (2021). clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. Innovation (Camb) 2, 100141. doi: 10.1016/j.xinn.2021.100141, PMID: 34557778


	 Xu L.-N., Jiang X.-R., Lin J.-X., Li J., Javed T., Zhao J.-Y., et al. (2024). Pathogenesis-related protein 10 family genes involved in sugarcane responses to biotic stressors and salicylic acid. J. Plant Growth Regul. 43, 3907–3919. doi: 10.1007/s00344-024-11371-2


	 Xu P., Jiang L., Wu J., Li W., Fan S., Zhang S. (2014). Isolation and characterization of a pathogenesis-related protein 10 gene (GmPR10) with induced expression in soybean (Glycine max) during infection with Phytophthora sojae. Mol. Biol. Rep. 41, 4899–4909. doi: 10.1007/s11033-014-3356-6, PMID: 24737571


	 Yamamoto T., Yoshida Y., Nakajima K., Tominaga M., Gyohda A., Suzuki H., et al. (2018). Expression of RSOsPR10 in rice roots is antagonistically regulated by jasmonate/ethylene and salicylic acid via the activator OsERF87 and the repressor OsWRKY76, respectively. Plant Direct 2, e00049. doi: 10.1002/pld3.49, PMID: 31245715


	 Yang Z., Wang J., Huang Y., Wang S., Wei L., Liu D., et al. (2023). CottonMD: a multi-omics database for cotton biological study. Nucleic Acids Res. 51, D1446–D1456. doi: 10.1093/nar/gkac863, PMID: 36215030


	 Zhang J., Abdelraheem A., Ma J., Zhu Y., Dever J., Wheeler T. A., et al. (2022). Mapping of dynamic QTLs for resistance to Fusarium wilt (Fusarium oxysporum f. sp. vasinfectum) race 4 in a backcross inbred line population of Upland cotton. Mol. Genet. Genomics 297, 319–332. doi: 10.1007/s00438-021-01846-2, PMID: 35020076


	 Zhu X., Xu Z., Wang G., Cong Y., Yu L., Jia R., et al. (2023). Single-cell resolution analysis reveals the preparation for reprogramming the fate of stem cell niche in cotton lateral meristem. Genome Biol. 24, 194. doi: 10.1186/s13059-023-03032-6, PMID: 37626404


	 Zu Q. L., Qu Y. Y., Ni Z. Y., Zheng K., Chen Q., Chen Q. J. (2019). The chalcone isomerase family in cotton: whole-genome bioinformatic and expression analyses of the gossypium barbadense L. Response to fusarium wilt infection. Genes (Basel) 10, 1006. doi: 10.3390/genes10121006, PMID: 31817162







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Liu, Wang, Zhang, Liu, Liu, Gu and Bai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1622223-g002.jpg
Gene Size: 2491

Gene Size: 2413

Gene Size: 3474

g

Gene Size: 7840

Gene Size: 3281

Xinhai14

0 hei 2 hei 12 hei 48 hei

1\ homeostatic process
anatomical structure homeostasis

protein phosphorylation Z-score
photomorphogenesis 5
circadian rhythm I
recognition of pollen
hydrogen peroxide catabolic process 0
photoreactive repair

signal transduction

response to oxidative stress
photosynthesis

MRNA processing

peroxisome fission
peptidyl-lysine monomethylation
cellular oxidant detoxification
regulation of biological quality

RNA modification

cellular response to heat

chloroplast rRNA processing

regulation of long—day photoperiodism, flowering
MRNA transcription

regulation of circadian rhythm

protein processing involved in protein targeting to mitochondrion
translation

microtubule—based movement

intra—Golgi vesicle-mediated transport

cell wall organization

acetyl-CoA biosynthetic process

cellulose biosynthetic process

plant-type primary cell wall biogenesis

thiamine metabolic process

microtubule depolymerization

translation

microtubule—based movement

microtubule cytoskeleton organization
nucleosome assembly

DNA replication initiation

cytoplasmic translation

double-strand break repair via break—induced replication
cell division

response to wounding
regulation of jasmonic acid mediated signaling pathway

jasmonic acid biosynthetic process
regulation of defense response
glutamine metabolic process

cellular response to phosphate starvation
defense response

trehalose biosynthetic process






OEBPS/Images/fpls-16-1622223-g010.jpg
Relative expression

GbA _PR10.14 GbA_PR10.34 GbD_PR10.11 GbD_PR10.37





OEBPS/Images/fpls.2025.1622223_cover.jpg
& frontiers | Frontiers in Plant Science

Integrated RNA-seq and snRNA-seq
analysis identifies PR70 tandem gene
cluster governing early defense against
Fusarium wilt in sea island cotton





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1622223-g004.jpg
Biological_Process
C4 orange

defense response
response to wounding

regulation of jasmonic acid mediated signaling pathway

gvalue
regulation defense response
jasmonic acid biosynthetic process 0:00025
0.00050
abscisic acid—activated signaling pathway 0.00075
negative regulation of catalytic activity 0.00100
C c4 orange oxylipin biosynthetic process 0.00125
trehalose biosynthetic process
sl b Count
cytokinin metabolic process
Yy p O 10

cellular response to phosphate starvation
fatty acid beta—oxidation using acyl-CoA oxidase

glycerophospholipid catabolic process

proline catabolic process to glutamate

PR10 pyrimidine nucleobase biosynthetic process
0.01 002 003 004 005
GeneRatio
Gene ID Functional description
GbA_PR10.32 PR10
GbA_PR10.34 PR10
GbA_PR10.37 PR10
GbD_PR10.11 PR10
GbD_PR10.37 PR10
GbD_PR10.38 PR10
GbD_PR10.39 PR10
GbD_PR10.40 PR10
GbD_PR10.41 PR10

GbD_PR10.42 PR10






OEBPS/Images/fpls-16-1622223-g006.jpg
80 Mp 60MD 40Mp 20Mp oMb

100 Mb.

120Mb

Chro01

ET

100 Mb

Gossypium barbadense(A)

gas  Gossypium barbadense(D)

,Pkm g 2 bD_PR10.9
A pige ar PR1029 Z 20 e 0,610
e e S
oA PRID1 APRICTD) DATPRI0.24 b0 LRI bR DERIg
\_PR10.12] bD_PR10.1i
\_PR10.15| = bD_PR10.1¢
\_PR10.16| £ bD_PR10.2(
> o ==
~ o = = o0, pr103 o =] Q” o 2 D!
N ] . o — = E- o (] o (@] [
o o o <« o erio
< < < ! S Eei
< 00 RIS ¥
< 5-FRics —— w0 prt0 55 FRios
bD_PR10.2: bD_PR10. bD-PRIMNAL
LD_PRI023 RERTEY b0 PRI0 41
£ 20 prigs
- bD_PR10.32 bD_PR10.4!
8 H-PRio3s oDPRi0 33
 Pri0s
oa_pr103 o pR1025 .
PRIz s pri030 2
DA PRI0 2/ bA_PR10 31 ]
bA_PR10.184 bA_PR10.28 DA_PR10.32
bA_PR10.19 s bA_PR10.33
on_pri0a bAFRid 20 DA P
TN
N
s prt02t
Pr10.17] oA PRI022 PA-PRID0 H
bA_PR10.41 8
bA_PR10.42 ¥
o nss
bA_PR10.44
b
oa_pri0.45
.
e
;]
.
4
= PR10.44
e
: 2 o
~ - = 0 N o = TR
PRID11 2 ¥ N ™ < n N~ o -
(= (=] SRR - (= (=] -~ - =] o o o o o 5 =
=4 = SRS =4 — [ B — [ = RIg s =4 — — =
=y o = ¥ = X = M s £ N = L = Rl X o] N o o =
(&) (&) (6] O O (&) (6] O (&) (6] RO (6] (&] (6] (&
%
— 2
—
rrs
7R
3 i PRI e
T
o S s
i e Rl =i
SPRID TPR1022 ToRI0SS
P s 5 ] ER iy
e i 2 i R0 s
fLii i 8 S i
i ]
abR1020 aPRI04S roRI03 ERIOS!
oL ii i
Sz R ]
aPR1023 2 (ERIBIE
H s





OEBPS/Images/fpls-16-1622223-g008.jpg
GbA_PR10.24

GbD

PR10.32

GbA_PR10.17

GbD_|
GbD

PR10.27
PR10.28

GbA_PR10.46

GbD_

PR10.46

GbA_PR10.21

GbD_|
GbD

PR10.24
PR10.3

GbA_PR10.2

GbD_

PR10.4

GbA_PR10.4

GbD_

PR10.26

GbA_PR10.20

GbD_

PR10.22

GbA_PR10.22

GbD_|
GbD

PR10.25
PR10.23

GbA_PR10.19
GbA_PR10.29

GbD_|
GbD

PR10.34
PR10.5

GbA“PR10.3
GbA_PR10.18

GbD_

PR10.21

GbA_PR10.28
GbA_PR10.27

GbD_|
GbD

PR10.31
PR10.15

GbA_PR10.11
GbA_PR10.12

GbD_

PR10.16

GbA_PR10.13

GbD
GbD
GbD!
GbD!

PR10.17
PR10.12
PR10.18
PR10.6

GbA_PR10.5

GbD

PR10.10

GbA_PR10.15
GbA_PR10.9

GbD_|
GbD

PR10.19
PR10.13

GbA_PR10.10

GbD_

PR10.14

GbA_PR10.6
GbA_PR10.8

GbD_|
GbD_|
GbD

PR10.8
PR10.9
PR10.20

GbA_PR10.16

GbD_

PR10.36

GbA_PR10.31

GbD_

PR10.35

GbA_PR10.30

GbD_

PR10.11

GbA_PR10.14

GbD_

PR10.7

GbA_PR10.7
GbA_PR10.42

GbD_|
GbD_|
GbD

PR10.42
PR10.41
PR10.39

GbA_PR10.36
GbA_PR10.39
GbA_PR10.33
GbA_PR10.35
GbA_PR10.38

GbD_

PR10.45

GbA_PR10.45
GbA_PR10.41

GbD_

PR10.43

GbA_PR10.43
GbA_PR10.40
GbA_PR10.44

GbD
GbD!

PR10.44
PR10.30

GbA_PR10.26

GbA

PR10.37

GbA_PR10.32

GbA
GbD
GbD
GbD!
GbD

PR10.34
PR10.40
PR10.37
PR10.38
PR10.29

GbA_PR10.25

B

\V

RNAseq

Lawer

Higher





OEBPS/Images/fpls-16-1622223-g003.jpg
Sample clustering

=]
o
o
=)
o
o
o
©
o
o
o
©
o
o
o
<
o
o
o
o~
o
L o
< e
NN N D
< RN
= A |
o T m X
= £ < ©
> £ £ 'g
X X <
MEorange
MEcyan
MEgreen
MEdarkturquoise

MElightcyan1

MEdarkolivegreen

MEroyalblue

MEgrey

Xinhai4_0Oh_.

Xinhai4_12h_2

Xinhai4_48h_1

Xinhai4_48h_2
Xinhai4_0h_1
Xinhai4_0h

Xinhai4_12h_1

Module-trait relationships

0.5

-0.5

Xinhai4_12h_3

Cluster Dendrogram

1.0

0.8
1

Height
0.4

0.2

Module

~(L il |

- KL il

, Il
o | [

orange Biological_Process

response to wounding -

regulation of jasmonic acid | .
mediated signaling p.... .

regulation of defense response 5

jasmonic acid biosynthetic | .
process

response to water deprivation -

@
glutamine metabolic process @
oxylipin biosynthetic process{ @

cytokinin metabolic process1 @

cellular response to | ®

phosphate starvation
fatty acid beta—oxidation

using acyl-CoA oxidase | ®

0.010 0.015 0.020 0.025
GeneRatio

i
il

|
Il
. (U [

LN

qvalue

0.0015
0.0010

0.0005





OEBPS/Images/fpls-16-1622223-g001.jpg
- LOg10(FDR)

= LOg10(FDR)

= LOg10(FDR)

0 hpi vs 2 hpi

Volcano Plot

Down : 4689
Not : 38814
Up : 4789

10
Log,(FoldChange)
0 hpivs 12 hpi
Volcano Plot
Down : 9827
Not : 33343
Up : 5270
10
Log,(FoldChange)
0 hpi vs 48 hpi
Volcano Plot
Down : 9108
Not : 34055
Up : 5804
10

Log,(FoldChange)

d 0 hpi vs 2 hpi Biological_process

response to wounding
response to water deprivation
response to salt stress
response to salicylic acid
response to osmotic stress

response to jasmonic acid gealie
0.000125
response to chitin 0.000100
response to absence of light: 0.000075
response to abscisic acid 0.000050
regulation of jasmonic acid mediated 0.000025

regulation of cellular response to alkaline pH
photoperiodism, flowering
oxylipin biosynthetic process

) . o ® 12
negative regulation of nucleic acid-templated ® «
jasmonic acid metabolic process ® »

jasmonic acid biosynthetic process

induced systemic resistance, jasmonic acid
cellular response to toxic substance

cellular response to sucrose starvation
amino acid transmembrane transport

4 8 12 16

Enrichment factor

e 0 hpi vs 12 hpi Biological_process

response to water deprivation
response to symbiotic fungus
response to osmotic stress
response to magnetism
response to continuous far red light stimulus
response to absence of light
response to abscisic acid
regulation of circadian rhythm
positive regulation of translation
positive regulation of gibberellic acid
photosynthesis

leucine catabolic process
ion transmembrane transport

intracellular signal transduction
gibberellin mediated signaling pathway
fatty acid beta—oxidation
detection of light stimulus
circadian rhythm
cellular response to sucrose starvation

cellular response to iron ion starvation

Gene_number

@ o

qvalue
0.0020

0.0015
0.0010
0.0005

3 10
Enrichment factor

15

f 0 hpi vs 48 hpi Biological_process

tyrosine catabolic process*
RNA splicing -

response to water deprivation -
response to osmotic stress -

response to high light intensity -

response to chitin - ® 2
response to abscisic acid - ® s
regulation of sulfur utilization - ®
regulation of removal of superoxide radicals- : 122
protein ubiquitination -
photosynthesis - qalue

peroxisome organization -

mRNA processing

leucine catabolic process-

iron ion homeostasis-

histone modification-

glyoxylate cycle-

glycerol ether metabolic process-
chlorophyll catabolic process -

cellular response to sulfur starvatiorr
5 10

Enrichment factor

Gene number

Gene number





OEBPS/Images/fpls-16-1622223-g005.jpg
GrPR10.31
GbD_PR10.11
GrPR10.22
GrPR10:29

PR10.25

GIPR10.38
GbA

:ivebn PR10.29

£

it

.35.
9
e

GaPR10.35

GbA_PR1

\_| 0.30.
GbD_PR10.3
9 0ldd
9g°0Ldd!

Species
@ Arabidopsis thaliana

o= Gossypium arboreum (A2)
Ye Gossypium barbadense (A)
Ye Gossypium barbadense (D)
‘ Gossypium raimondii (D5)
Bootstrap values
@ >90%
70-90%

GrPR10.19
GbA_PR10.18
GaPR10.13
bA_PR10.28
GaPR10.28
bA_PR10.27
GaPR10.27





OEBPS/Images/fpls-16-1622223-g009.jpg
a Xinhai14_0h_1 Xinhai14_0h_2 b

12:Epidermis_6
11:Epidermis_5
I10:Epidermis_4
I 9:Root meristem

o
o)

-Epi f ()
@ O:Epidermis_{ o) I 8:Epidermis_3
® 1:Epidermis_2 _.(E 0.6 I 7-Root stele
® 2:Root cap c E
® 3:Root cortex 8 I 6:Endodermis
: 4:Quiescent center 5 M 5:Pericycle
5:Pericycle 0. s
@ & Endoderis o M 4:Quiescent center
® 7:Root stele I 3:Root cortex
® 8:Epidermis_3 M 2:Root cap
® 9:Root meristem . .

I 1:Epid 2
® 10:Epidermis_4 miaeiine
® 11:Epidermis_5 I 0:Epidermis_1
® 12:Epidermis_6

Averaged log2 FC





OEBPS/Images/fpls-16-1622223-g007.jpg
T
3¢
Ss
127
EL‘Q
a b
33
5]
B e
X Q
EA
»
Z )
——GbA_PR10.1 o GbD_PR10.1
= )_PR10.
N ~CGbbPR10:
6D
M & G5 2R 106
G, 2R 70,5
G 510
00 5R
g 2870,
S 2 Be70,70
G0 %, 70,7
%) \/%770/ .
g4
406‘ / G208 75
po? K 3
A04 &
e &
A N
N 6621 299
=8 gs S>>
&g i ‘93
<l %; 2272
58 33 BE%
L

Gossypium barbadense (A)

AO01 A02 AO03 A04 A05 A06 AQ7 A08 A09 A10 A11 A12 A13
&= = &9 )

C—) CE— GE— C— —)
Chr01  Chr02 Chr03  Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chr10 Chr11 Chr12  Chr13

Gossypium arboreum (A2)

Gossypium barbadense (D)

D01 D02 D06 “9& D09 D10 D11 D12 Rlli

] — = = =— =
Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 chr09 Chr1i0  chr11  Chr1i2  Chr13

Gossypium raimondii (D5)





