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Verticillium, representing one of the world’s major pathogens, causes Verticillium wilt in important woody species, ornamentals, agricultural, etc., consequently resulting in a serious decline in production and quality, especially in cotton. Gossupium hirutum and Gossypium barbadense are two kinds of widely cultivated cotton species that suffer from Verticillium wilt, while G. barbadense has much higher resistance toward it than G. hirsutum. However, the molecular mechanism regarding their divergence in Verticillium wilt resistance remains largely unknown. In the current study, G. barbadense cv. Hai7124 and G. hirsutum acc. TM-1 were compared at 0, 12, 24, 48, 72, 96, 120, and 144 h post-inoculation (hpi) utilizing high throughput RNA-Sequencing. As a result, a total of 3,549 and 4,725 differentially expressed genes (DEGs) were identified, respectively. In particular, the resistant type Hai7124 displayed an earlier and faster detection and signaling response to the Verticillium dahliae infection and demonstrated higher expression levels of defense-related genes over TM-1 with respect to transcription factors, plant hormone signal transduction, plant-pathogen interaction, and nucleotide-binding leucine-rich repeat (NLR) genes. This study provides new insights into the molecular mechanisms of divergence in Verticillium wilt resistance between G. barbadense and G. hirsutum and important candidate genes for breeding V. dahliae resistant cotton cultivars.
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Introduction

Due to their sessile nature, plants fatally suffer from an extensive diversity of abiotic and biotic stresses. When it comes to biotic setbacks, plants respond to pathogen infection using a two-branched innate immune system: pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Chisholm et al., 2006; Jones and Dangl, 2006). Essentially, PTI and ETI eventually converge into many similar downstream responses, albeit with distinct amplitudes and dynamics (Yuan et al., 2021b). In recent decades, researchers have made many distinguished advances in the immunity of plants against pathogenic bacteria. Pathogen recognition by surface receptors activates multiple protein kinases and nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, while intracellular receptors primarily potentiate the activation of these proteins by increasing their abundance through several mechanisms, showing immune pathways activated by cell-surface and intracellular receptors in plants mutually potentiate to activate strong defenses against pathogens (Ngou et al., 2021). Moreover, an EDS1–PAD4–ADR1 node has been proposed as a convergence point for defense signaling cascades, activated by both surface-resident and intracellular leucine-rich-repeat (LRR) receptors, in conferring pathogen immunity (Pruitt et al., 2021). It has been gradually revealed that virulent pathogens use effectors to suppress PTI as a major mechanism of pathogenesis (Yuan et al., 2021a). Consequently, mountains of genes are involved in PTI and ETI activation mechanisms. These genes work separately and crosstalk to ensure a robust immunity to detect and cope with diverse biotic attacks.

The genus Verticillium represents one of the world’s major pathogens, causing Verticillium wilt in many plants (Pegg et al., 2002). Of these polyphagous wilt pathogens, Verticillium dahliae stands out because it has the broadest host range and infects over 200 plant species (Inderbitzin et al., 2011), including important woody species, ornamentals, and agricultural crops, such as eggplant, oilseed rape, and cotton. Symptoms associated with Verticillium wilt are stunting, chlorosis, wilting, vascular discoloration, and early senescence (Deketelaere et al., 2017). Verticillium wilt is associated with losses in crop production worldwide, which exceed billions of dollars annually. Verticillium wilt of cotton was first reported in 1914 (Miao et al., 2019), it spread around the world and was introduced to China via cotton cultivars from the United States in 1935 (Cai et al., 2009). Since then, Verticillium wilt of cotton has become a devastating fungal disease in cotton planting areas (Pegg et al., 2002). Generally, the occurrence of Verticillium wilt reduces the yield by 10–30%, and in serious cases, the yield can be reduced by more than 80% (Wei et al., 2015). The acreage of Verticillium wilt-infected cotton fields in China is around 2.5 million hectares annually, causing direct economic losses of ca. 250–310 million US dollars (Li et al., 2015).

Recently, several studies were conducted to examine the physiological and molecular mechanisms of plant resistance to V. dahliae. Faced with Verticillium wilt, plants can develop resistance through a variety of mechanisms, including cell wall modifications, extracellular enzymes, pattern recognition receptors, transcription factors (TFs), and signal transduction pathways related to salicylic acid (SA), jasmonic acid (JA), or ethylene (ET) (Song et al., 2020). More importantly, the many resistance-related genes and long non-coding RNAs identified and experimentally validated to be involved provide a theoretical foundation for a better understanding of the molecular genetic mechanisms underlying plant resistance to Verticillium. GhMYB36 encodes an R2R3-type MYB protein in Gossupium hirsutum (G. hirsutum) and is involved in drought tolerance and Verticillium wilt resistance in Arabidopsis and cotton by enhancing the expression of resistance genes (Liu et al., 2022). In addition, GhWAK7A, a wall-associated kinase, serves as an important component in cotton’s response to fungal wilt pathogens by complexing with the chitin receptors to positively regulate cotton’s response to V. dahliae infections (Wang P. et al., 2020). Long non-coding RNA lncRNA7 and its regulating gene Pectin methylesterase inhibitor 13 (GbPMEI13) positively regulate disease resistance via a silencing approach. In contrast, lncRNA2 and its regulating gene Polygalacturonase 12 (GbPG12) negatively regulated resistance to V. dahliae (Zhang L. et al., 2022). By identifying 41 conserved ENODLs in G. hirsutum, Zhang M. et al. (2022) found GhENODL6 was upregulated under V. dahliae stress and hormonal signal and displayed higher transcript levels in resistant cotton than the susceptible. In addition, pectin lyase enhances cotton resistance to Verticillium wilt by inducing cell apoptosis in V. dahliae (Zhang et al., 2021). Apart from these, several genes, including GhLAC15 (Zhang et al., 2019), GhWAKL (Feng et al., 2021), GbCYP86A1 (Wang G. et al., 2020), etc., have been reported to be involved in defense mechanisms against V. dahliae.

G. hirsutum and Gossypium barbadense (G. barbadense) are two kinds of widely cultivated allotetraploid cotton species that originated from a hybridization event between G. arboreum and G. raimondii about 1–2 million years ago (Paterson et al., 2009). G. hirsutum and G. barbadense have a common allotetraploid ancestor, but the independent domestication process resulted in huge differences in plant type, yield, fiber quality, environmental adaptability, etc. Our previous report demonstrated that G. hirsutum was more tolerant to abiotic stress in general than G. barbadense (Hu et al., 2019). Even so, in terms of disease resistance, such as Verticillium wilt and Fusarium wilt, G. barbadense cultivars show superior performance. Thus, a proposed approach to improve the disease resistance of G. hirsutum is to transfer the superior related traits from G. barbadense into G. hirsutum during the breeding process (Ma et al., 2021). Due to the vitality of resting spores and the overwintering structures produced by microsclerotia, it is difficult to eradicate V. dahliae from infected fields. Planting varieties resistant to Verticillium wilt is the most effective way to control the disease. However, the reasons for the formation of the divergence in Verticillium wilt resistance between G. barbadense and G. hirsutum, as well as its molecular mechanism, are still largely unknown.

Due to the lack of disease-resistant germplasm resources in G. hirsutum and the variation in V. dahliae strains, the breeding progress for Verticillium wilt resistance seems to be at a standstill. Yield traits and disease resistance are not always able to aggregate well, which brings many barriers for high-yield and high-resistance cotton breeding. Therefore, analyzing the formation of Verticillium wilt resistance differentiation between resistant cultivars and sensitive varieties helps find the core genes of the pathogen response and provides theoretical support for disease-resistant and high-yield breeding not only for cotton but also for more varieties of plants that suffer from Verticillium wilt. In this study, we performed a comprehensive transcriptome analysis of Hai7124 (G. barbadense; V. dahliae-resistant) and TM-1 (G. hirsutum; lower V. dahliae resistance) multiple hours after V. dahliae infection to identify common and different gene expression and regulation networks, aiming to gain new insight into the divergence of Verticillium wilt resistance between G. barbadense and G. hirsutum and generate a substantial understanding of host-pathogen interactions and the defense mechanisms in plants.



Materials and methods


Plant materials and Verticillium dahlia inoculation

Two cotton species, Hai7124 (G. barbadense) and TM-1 (G. hirsutum), were used in present study. Seedlings were grown in a controlled-environment growth room at 22°C ± 2°C with a photoperiod scheme of 16-h light/8-h dark. After 14 days sowing, we divided these cotton seedings into two identical groups, one inoculated with a V. dahliae strain Vd991 spore suspensions (107 conidia/ml in sterile distilled water), the other was treated with equal volume of water as a negative control (mock). The mix of leaves, roots and stems of Verticillium wilt group and mock group’s samples at 0, 12, 24, 48, 72, 96, 120 and 144 hpi were collected respectively. Three biological replicates were performed for each cultivar at each time under fungal and water inoculated treatments. All these samples were instantly frozen in liquid nitrogen and stored at -80°C.



Transcriptome profiling

Total RNA was extracted using the RNeasy plant mini kit (BSC65S1, BioFlux) along with DNase treatment, and then high-throughput sequencing platform was adopted using the Illumina HiSeq 4000 platform for RNA sequencing. A total of 90 libraries were constructed for Hai7124 and TM-1 (7 time points of 2 cultivars in 3 biological replicates for V. dahliae group and 8 time points of 2 cultivars in 3 biological replicates for mock group). The clean reads were generated by processing the raw data whose format was FASTQ to fastp (Chen et al., 2018). Then all the clean reads were aligned to the TM-1 genome (v2.1) (Hu et al., 2019) utilizing hisat2 version 2.1.0 (Kim et al., 2015). The fragments per kilobase of transcript per million mapped reads (FPKM) was calculated to represent gene expression levels (Trapnell et al., 2010).

We performed principal component analysis (PCA) with the R package models1 and conducted determination of Pearson correlation coefficients (Benesty et al., 2009) with R version 4.1.2 to investigate similarity among three replicates. Afterwards, RNA differentially expression analysis was carried out, genes induced or repressed of V. dahliae inoculation when comparing to mock at the same time point in Hai7124 and TM-1 were identified using the R package DESeq2 (Love et al., 2014) thus leading to seven groups of differentially expressed genes (DEGs) for each cultivar. Only significantly changed genes with an adjusted p-value < 0.05 and | log2(fold-change)| > 2 were considered to be differentially expressed genes (DEGs). In addition, Venn diagrams were generated using these DEGs via TBtools version 1.0986853 (Chen et al., 2020). Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis2 were performed. The terms and pathways with a corrected P-value < 0.05 were selected for further analysis.



Identification of nucleotide-binding leucine-rich repeat genes

We defined as nucleotide-binding leucine-rich repeat (NLR) genes that contained at least a nucleotide-binding (Pruitt et al., 2021), a Toll/interleukin-1 receptor (TIR) or a coiled-coil (CC) domain, Leucine-rich repeat (LRR) domain as previous research reported (Van de Weyer et al., 2019). The Hidden Markov Model (HMM) profile of the NB (Pfam accession PF00931), TIR (PF01582), CC (PF05659), LRR (PF00560, PF07725, PF13306, and PF13855) domains was obtained from Pfam website,3 and was employed as a query to identify all possible NLR genes using HMMER (V3.0) software (Finn et al., 2011) in Hai7124 and TM-1 genome (Hu et al., 2019) respectively. Eventually, the BLAST search program was used to undermine the coordination between cotton specials to make a convenient comparison in present study.



Co-expression network construction and hub genes selection

To assess similarities and differences in expression patterns along with V. dahliae colonization between Hai7124 and TM-1, the FPKM of the unique DEGs from these two cultivars was used to construct the co-expression networks by way of the R package WGCNA (weighted gene co-expression network analysis) (Langfelder and Horvath, 2008). Adjacency matrices were constructed using the soft threshold power, then networks were identified using a dynamic tree-cut algorithm with a minimum cluster size of 30 and merging threshold of 0.25. The co-expression modules were determined with the default settings and then assigned by a unique color. Hub genes were selected based on their module membership (KME) values in the highest coefficient modules (Langfelder et al., 2013). Cytoscape v3.9.04 were explored to visualize the interaction network of hub genes.




Results


Phenotype comparison and sequencing upon Verticillium dahliae stress between Gossypium barbadense and G. hirsitum

As a generally acknowledged truth for cotton breeders in practice, G. barbadense cultivars show significantly higher resistance to Verticillium wilt than G. hirsutum. Using the cultivars Hai7124 (G. barbadense) and TM-1 (G. hirsutum), we performed a disease resistance investigation in the greenhouse to make further comparisons of their resistance differences. The symptoms resulting from V. dahliae (Vd991) infection were observed for Hai7124 and TM-1 in the greenhouse. The wilt leaves and chlorosis in TM-1 were much more severe than that in Hai7124 at 50 days post-inoculation (Figure 1A), indicating Hai7124 was more tolerant to Verticillium wilt than TM-1, consistent with previous reports.
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FIGURE 1
Gossypium barbadense (G. barbadense) cultivar Hai124 is more resistant to Verticillium wilt than Gossupium hirsutum (G. hirsutum) TM-1. (A) G. barbadense cv. Hai124 and G. hirsutum acc. TM-1 were used in this experiment. Disease symptoms of cotton plants inoculated with V. dahliae for 50 days. (B) Seedlings were incubated in growth chambers at 22°C under a 16–8 h day-night period for about 2 weeks (until they grew two true leaves) and then treated with V. dahliae and water, and harvested at 0 h, 12 hpi, 24 hpi, 72 hpi, 96 hpi and 144 hpi. (C) PCA depicting pairwise Pearson correlation of gene expression values of all samples.


Based on the distinct resistance to Verticillium wilt between Hai7124 and TM-1, a mixture of leaves, roots, and stems were collected from Hai7124 and TM-1 after V. dahliae inoculation at 7 time points and were subject to RNA sequencing as shown in Figure 1B. A total of 90 libraries were constructed from Hai7124 and TM-1 and transcriptome sequencing was conducted, generating approximately 2.23 million raw reads and 2.21 million clean reads per library. The average Q20 and Q30 were 97.21 and 93.25%, respectively, and the GC content was 43% (Supplementary Table 1). The PCA analysis showed that the three replicates of each sampling group clustered well together, with a correlation variance value of 18.9 and 17.3% (Figure 1C), suggesting the reliability of these data. The RNA-seq data were mapped to the corresponding reference genome and normalized to the FPKM values to quantify the transcript expression. Finally, a total of 49,739 genes expressed (FPKM > 1) in at least one time point were detected in all samples from all 7 time points (12 hpi, 24 hpi, 48 hpi, 72 hpi, 96 hpi, 120 hpi, and 144 hpi).



Comparison of pathogen-induced expression profiles in Hai7124 and TM-1

To characterize the gene expression patterns responsive to V. dahliae infection in Hai7124 and TM-1, we compared the FPKM of the samples inoculated with V. dahliae to mock samples at the same time among the 49,739 expressed genes. Overall, the number of non-redundant genes with an adjusted p-value < 0.05 and | log2(fold-change)| > 2 was 3,549 DEGs in Hai7124 and 4,725 DEGs in TM-1 from all 7 time points. In detail, 2,288, 1,593, 631, 85, 1,225, 112, and 117 DEGs were observed at 12, 24, 48, 72, 96, 120, and 144 hpi in Hai7124, respectively, and 1,246, 555, 38, 396, 3,407, 15, and 131 DEGs were identified in TM-1 at 12, 24, 48, 72, 96, 120, and 144 hpi, respectively. The largest number of DEGs (3,407 DEGs) in TM-1 induced by V. dahliae infection occurred remarkably later than that of Hai7124 (2,288 DEGs). The former was at 24 hpi and the latter was at 12 hpi. The quantity and time change tendency of the DEGs revealed that the patterns of these two cultivars responding to V. dahliae attacks were similar from the aspect of the whole pathogen resistance phase but differed for the small stages (Figure 2A). The total number of DEGs at every time point for Hai7124 and TM-1 immediately increased within 12 hpi (Hai7124: 2288 vs. TM-1:1246 DEGs), reaching the first peak, and after a few hours of decline, the second peak was at 96 hpi (Hai7124: 1225 vs. TM-1:3407 DEGs). Then, there was a swift decrease, indicating that the temporal trends of the DEGs were accordant that both reached their peaks at 12 hpi and 96 hpi, which inferred that these two time points were the key process of the innate immune responses. Furthermore, the number of corresponding DEGs for Hai7124 in the early stage (2,288 at 12 hpi and 1,246 at 24 hpi) of infection far exceeded that of TM-1 (1,593 at 12 hpi and 555 at 24 hpi), elucidating that Hai124 initiated a larger-scale disease resistance and immune response earlier than TM-1. Moreover, the tendency of the up and downregulated DEGs indicated a distinct divergence (Figure 2A). The trend of the upregulated DEGs was consistent with the whole set of DEGs, showing that both varieties had a large number of upregulated genes at the first time point (1869 DEGs in Hai7124 and 1,200 DEGs in TM-1 at 12 hpi). Then, there was a gradual decrease in the upregulated genes, with 1,039 genes at 24 hpi and 613 genes at 48 hpi for Hai7124 and 526 DEGs and 10 DEGs at 24 hpi and 48 hpi for TM-1. Eventually, the upregulated genes for both Hai7124 and TM-1 peaked at 96 hpi (Hai7124: 1186 vs. TM-1: 3250 DEGs) and dropped back to the near-zero level in the following 24 h. However, the number of downregulated genes at 12 hpi and 24 hpi for Hai7124 (419 and 554 DEGs respectively) was distinct from that of TM-1 (46 and 29 DEGs). Consequently, Hai7124 adjusted its gene expression pattern by up or downregulating more rapidly than TM-1 during the first stages of V. dahliae infection and carried out an effective tug-of-war with Verticillium wilt, laying the defense mechanisms for disease resistance differentiation.
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FIGURE 2
Homoeologous expression bias difference between Hai7124 and TM-1. (A) Line chart of DEGs, upregulated and downregulated genes of Hai7124 and TM-1 in each hour post infection. (B) Venn diagrams of total DEGs in Hai7124 and TM-1. (C) The significant KEGG pathways of the total DEGs identified in Hai7124, the specific pathways were marked in red. (D) The significant KEGG pathways of the total DEGs identified in TM-1, the specific pathways were marked in red. (E) The top 30 significant GO terms enriched in Hai7124. (F) The top 30 significant GO terms enriched in TM-1.


Throughout the response process of the pathogen, among the DEGs, 1320 (21.84%) in Hai7124 and 2,496 (36.87%) in TM-1 were unique, and 2,229 DEGs (41.29%) were shared (Figure 2B), showing that similar and distinct wilt response mechanisms were present. Furthermore, functional annotation of DEGs for each cultivar was conducted based on the KEGG database and GO enrichment. The 3,549 DEGs identified in Hai7124 were significantly enriched in 30 pathways (Figure 2C), while the 4,725 DEGs from TM-1 were enriched in 36 pathways (Figure 2D). Comparing the KEGG enrichment results of these two varieties, 27 biological pathways were identical, including metabolism, TFs, plant-pathogen interaction, plant hormone signal transduction, metabolism of terpenoids and polyketides, protein phosphatases, etc. Illuminating the DEGs involved in these shared pathways may uncover the mechanism of the early stages following the invasion. However, some pathways were interspecies-specific. Linoleic acid metabolism, flavone and flavonol biosynthesis, and metabolism of other amino acids were solely enriched in Hai7124; while, carotenoid biosynthesis, Vitamin B6 metabolism, sesquiterpenoid and triterpenoid biosynthesis, amino sugar and nucleotide sugar metabolism were markedly enriched in TM-1.

The DEGs in Hai7124 were significantly enriched for 59 GO terms, and there were less than 82 GO terms for TM-1 (Supplementary Table 2). Among the 59 GO terms for Hai7124, the DEGs participating in ubiquitin-protein transferase activity (38) were the largest. Protein ubiquitination, carbohydrate binding, and cellular oxidant detoxification ranked closely in gene number. The defense response by callose deposition in the cell wall had the least number of genes associated with it. As for the 82 terms from TM-1, cellular oxidant detoxification, ubiquitin-protein transferase activity, protein ubiquitination, and cell wall all had 55 genes in each category. Carbohydrate homeostasis ranked last by gene number. A comparison of all the GO categories for each cultivar revealed that 43 GO terms overlapped between Hai7124 and TM-1, 16 specific genes in Hai7124 and 39 in TM-1. The top 30 GO terms enriched were focused (Figures 2E,F). The biological processes involved in signal transduction, exocytosis, terpene synthase activity, carbonate dehydratase activity, lead ion transport, reactive oxygen species metabolic process, magnesium ion binding, and serine-type endopeptidase inhibitor activity were only enriched in Hai7124, while cell wall, hydrolase activity, protein dephosphorylation, magnesium ion binding, lipid transport, and cellulose microfibril organization were solely showed up in TM-1. Notably, the 43 overlapping terms included carbohydrate binding, cellular oxidant detoxification, peroxidase activity, protein serine/threonine phosphatase activity, polysaccharide binding, transferring hexosyl groups, manganese/calmodulin ion binding, cell wall biogenesis, etc.

In summary, the gene expression patterns of Hai7124 and TM-1 in response to V. dahliae showed an identical trend in general, but there were large differences in the subtleties. For the quantity and tendency of DEGs by number, they were similar from the aspect of the whole pathogen resistance phase, but the gap in the number of DEGs was quite large at the common key peak time point for Hai124 and TM-1. Moreover, for the enrichment analysis results based on DEGs, Hai7124 and TM-1 showed roughly similar resistance response processes, including protein ubiquitination and cellular oxidant detoxification, in response to the V. dahliae infection, but inter-species biases in the extent and intensity of these identical‘ or unique biological processes existed. There were different focuses and distinct mechanisms among them. For instance, the DEGs in Hai7124 played roles in the signal transduction process and exocytosis to activate the wide response, while TM-1 focused on physical defense by utilizing genes that take part in cell wall construction, such as hydrolase activity and cellulose microfibril organization, with 91 DEGs associated with the cell wall in TM-1, whereas there were only 26 in Hai7124.



Inequivalent distribution of plant disease resistance bioprocesses resulted in the divergence of Verticillium wilt tolerance between Gossypium barbadense and Gossupium hirsutum

To discover inter- and intra-specific expression biases, we compared the DEGs from Hai7124 and TM-1 at each time point in detail. At 96 hpi, 911 DEGs were identified, accounting for the highest number of shared genes, and 347 and 337 DEGs were found at 12 hpi and 24 hpi, respectively. Only 17 DEGs at 48, 72, 120, and 144 hpi were shared in both cultivars. Among them, 3 genes at 48 hpi were found, including a cGMP-dependent protein kinase (GH_A07G1749), a Germin-like protein subfamily 1 member (GH_D11G2744), and an unknown gene (GH_D05G3868). There were 11 genes at 72 hpi, including 4 F-box protein (GH_A06G2344, GH_A06G2345, GH_D06G2376, and GH_D06G2377), 2 genes with unknown functions (GH_A13G0280 and GH_D10G1713), an ethylene-responsive transcription factor (ERF) gene GH_D11G0433, a basic chitinase named GH_A06G0558, a Glutamine synthetase nodule isozyme GH_A11G1761, a Glucan endo-1,3-beta-glucosidase (GH_D09G1316), and a nodulin MtN21/EamA-like transporter family gene (GH_D06G0451). Moreover, only one gene was in common at 120 hpi encoding the protein plant natriuretic peptide A (GH_A08G0955). Finally, two genes, ethylene-responsive transcription factor (GH_D04G1148) and protein ASPARTIC protease in guard cell 2 (GH_D05G0626), were prominent at 144 hpi (Figure 3A).
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FIGURE 3
Dynamic gene expression changes during Verticillium wilt infection process. (A) Venn diagrams of DEGs with interspecies expression bias at each time point. (B) The top 15 significant GO terms enriched in DEGs uniquely expressed in Hai7124 at 12 hpi; (C) The top 15 significant GO terms enriched in DEGs uniquely expressed in TM-1 at 12 hpi. (D) The top 15 significant GO terms enriched in DEGs commonly expressed in Hai7124 and TM-1 at 12 hpi. (E) The top 15 significant GO terms enriched in DEGs uniquely expressed in Hai7124 at 24 hpi; (F) The top 15 significant GO terms enriched in DEGs uniquely expressed in TM-1 at 24 hpi. (G) The top 15 significant GO terms enriched in DEGs commonly expressed in Hai7124 and TM-1 at 24 hpi. (H) The top 15 significant GO terms enriched in DEGs uniquely expressed in Hai7124 at 96 hpi; (I) The top 15 significant GO terms enriched in DEGs uniquely expressed in TM-1 at 96 hpi. (J) The top 15 significant GO terms enriched in DEGs commonly expressed in Hai7124 and TM-1 at 96 hpi.


Subsequently, we paid more attention to the annotation and enrichment terms of the DEGs at 12 hpi, 24 hpi, and 96 hpi (Figures 3B–J and Supplementary Table 3). First, there were 1,941 DEGs specifically expressed in Hai7124 at 12 hpi, which were concentrated in diverse biological processes, including protein ubiquitination, calmodulin binding, polysaccharide binding, nutrient reservoir activity, manganese ion binding, regulation of systemic acquired resistance, xyloglucan: xyloglucosyl transferase activity, response to wounding, hydroxymethylglutaryl-CoA reductase (HMGR) activity, coenzyme A metabolic process, gibberellic acid (GA) mediated signaling pathway, sterol biosynthetic process, and defense response by callose deposition in the cell wall (Figure 3B). Among these, genes related to protein ubiquitination, which is one of the major pathways of protein degradation, were dominant, including GhPUB22 and GhPUB23, E3 ubiquitin-protein ligase, confirming their role in the resistance to F. oxysporum infection in cotton (Chen et al., 2014). Additionally, GH_D02G1964, which encodes E3 ubiquitin-protein ligase RMA1H1 (RING membrane-anchor 1), shows strongly enhanced tolerance to drought stress (Lee et al., 2009; Chen et al., 2021). Also, xyloglucosyl transferase encodes an enzyme involved in cell wall elongation and restructuring (Cosgrove, 2005). However, only 899 DEGs were particularly expressed in TM-1 during the same period (12 hpi), which was significantly less than Hai7124 (1941 DEGs). Those genes’ functions were mainly concentrated in several processes, such as peroxidase activity, response to oxidative stress, cellular oxidant detoxification, hydrogen peroxide catabolic process, transferase activity: transferring hexosyl groups, and negative regulation of endopeptidase activity (Figure 3C). Most of these were related to scavenging reactive oxygen species (ROS), which is involved in the plant immune system (Gao et al., 2021; Wang et al., 2022). The 2 cultivars showed a similar expression pattern for 347 genes jointly at 12 hpi, and the biological response processes were flavin adenine dinucleotide binding (Li et al., 2021), nutrient reservoir activity, manganese ion and magnesium ion binding, and oxidoreductase activity (Figure 3D). Thus, we inferred that the intracellular redox reactions were dominant in TM-1 at 12 hpi, while Hai7124 developed a wide variety of anti-disease defense responses to better prepared molecularly to deploy critical defense response proteins.

Second, at 24 hpi, 1256 specifically expressed genes in Hai7124 were dominant. The top GO categories were manganese ion binding, reactions related to oxidative stress, cell wall organization/biogenesis, carbohydrate binding, nutrient reservoir activity, and xyloglucan: xyloglucosyl transferase activity (Figure 3E). Simultaneously, the Hai7124-specific-DEGs acted on the response of intracellular oxidative stress and the reconstruction of the cell wall. The functions of 218 DEGs unique to TM-1 converged on dephosphorylation, chitin catabolic process/chitinase activity, polysaccharide binding, carbohydrate homeostasis, ROS metabolic process, etc. (Figure 3F). Considering that the addition or removal of phosphate groups (dephosphorylation) acts as a biological “on/off” for many reactions (Ke et al., 2009; Shi, 2009), TM-1 may have initiated certain anti-disease responses. Moreover, 337 DEGs overlapped between Hai7124 and TM-1 at 24 hpi, and the main biological processes represented by these genes were leaf morphogenesis, peptidyl-tyrosine phosphorylation, exocytosis, and non-membrane spanning protein tyrosine kinase activity (Figure 3G). Thus, the biological functions of the DEGs shared by the two cultivars were relatively scattered. The reactions of oxidative burst were continuous between Hai7124 and TM-1 in the early stage of pathogen invasion (0–24 hpi). However, the intensity and extent of this reaction varied greatly between the two species based on the DEGs numbers involved.

At the 96 hpi, the GO processes revealed 314 DEGs unique in Hai7124 that were classified as hydrolase activity/hydrolyzing O-glycosyl compound, lyase activity, negative regulation of endopeptidase activity, lipid catabolic process, etc. (Figure 3H). In contrast, the enriched terms for TM-1 revealed 2,496 species-specifically expressed genes that were similar with the specific GO terms of Hai7124 at 12 hpi, including magnesium ion binding, protein serine/threonine phosphatase activity, calmodulin binding, polysaccharide binding, cell wall biogenesis, cell wall biogenesis, anchored component of membrane, HMGR activity, coenzyme A metabolic process, phospholipid-translocating ATPase activity, triterpenoid biosynthetic process, and sterol biosynthetic process (Figure 3I). Importantly, the shared 911 DEGs at 96 hpi enriched as protein ubiquitination, protein dephosphorylation, protein serine/threonine phosphatase activity, and regulation of systemic acquired resistance (Figure 3J). The DEG enrichment analysis of these two species at 96 hpi hinted that the disease resistance defense response initiated by TM-1 had an explosive increase, and TM-1 then increased to “catch up” with the resistant type Hai7124 only at 96 hpi, suggesting a delayed recognition and response to V. dahliae compared to Hai7124.

In summary, when Verticillium wilt began to invade the cotton plants at 12, 24, and 96 hpi, G. barbadense Hai7124 and G. hirsutum TM-1 activated corresponding defense measures that shared both commonalities and showed significant interspecific differences. Particularly, Hai7124 developed a broader resistance response at 12 hpi to trigger an effort to contain the invading pathogen, which included xyloglucosyl transferase activity, HMGR activity, coenzyme A metabolic process, GA-mediated signaling pathway, sterol biosynthetic process, and callose deposition in the cell wall. While TM-1 focused on regulating the redox status of the plant cells and protecting them from the oxidative burst and generated ROS in the early stages. It was not until 96 hpi (later stages) that TM-1 activated intensive resistance responses. These results suggested the inequivalent distribution of plant disease resistance bioprocesses activated by DEGs may gradually result in the divergence of Verticillium wilt tolerance between G. barbadense and G. hirsutum.



Gossypium barbadense was superior to Gossupium hirsutum in terms of the number and expression level of resistance-related genes

A large number of studies have confirmed that transcription factors (Wang et al., 2018; Wani et al., 2021), plant hormone signal transduction (Verma et al., 2016; Zhou and Zhang, 2020), plant-pathogen interaction (Dodds and Rathjen, 2010; Han, 2019), and NLRs genes (Yuan et al., 2021a; Zhai et al., 2022) are involved in plant disease resistance and immune processes. Thus, we focused on these targets during the time course of our experiment to reveal the difference in resistance between G. barbadense and G. hirsutum. We defined TF DEGs throughout the whole defense stage (3549 in Hai7124 and 4,725 in TM-1), and 616 unique TFs were identified in total (396 in Hai7124 vs. 476 in TM-1). Among these, 256 TFs were shared by the two species. For the 396 TFs in Hai7124, they consisted of 148 AP2/ERFs, 63 WRKYs, 34 MYBs, 21 MYB-related, 27 bHLHs, 18 GRASs, 13 NACs, 8 HSFs, 7 bZIPs, 7 GATAs, 5 LBDs, 4 SBPs, 3 Trihelixs, and 2 C2H2s. The TF number showed a zigzag trend from the time of the invasion of V. dahliae in Hai7124 that started at its highest level of 286 TFs at 12 hpi, then decreased to 12 TFs at 72 hpi and followed another small climax at 96 hpi with 171 TFs, and then decreased rapidly to a low level (Figure 4A). On the other hand, a total of 476 TFs were found in TM-1, including 139 AP2/ERFs, 91 WRKYs, 48 MYBs, 18 MYB-related, 41 bHLHs, 13 GRASs, 15 NACs, 15 HSFs, 14 bZIPs, 9 GATAs, 4 LBDs, 2 SBPs, 7 Trihelixs, and 2 C2H2s. While the number of TFs in TM-1 presented a zigzag shape, it was relatively stable at the early stage (90, 64, 0, and 33 TFs at 12, 24, 48, and 72 hpi, respectively) but fluctuated extremely in the later stage, showing 391 TFs were involved in disease resistance at 96 hpi, which was significantly more than that in Hai7124. In addition, the expression levels of these TFs were uniquely expressed or co-expressed between Hai7124 and TM-1 (Supplementary Figure 1) but all responded to V. dahliae infection, such as GhMYB36, which is reported to encode an R2R3-type MYB protein that is involved in drought tolerance and Verticillium wilt resistance in Arabidopsis and cotton by enhancing the expression of resistance genes (Liu et al., 2022). Its expression level increased dramatically at 12 hpi in Hai7124 and TM-1. For those TFs specifically expressed in G. barbadense, these genes’ expression levels were significantly increased upon V. dahliae infection (12 hpi), including GH_A07G0890 (NAC), which had been verified to function in relation to stress-induced fruit ripening in banana (Yan et al., 2021), GH_D06G1135, which is a WRKY family transcription factor that serves as protein in polar localization during asymmetric division and redistribution, GH_A12G2166 and GH_A03G0725 (ERF), which are members of the ethylene-responsive transcription factors (Figure 4B). On the contrary, most of the TFs uniquely in TM-1 responded to Verticillium wilt at 96 hpi or even later, including GH_D09G1895 (bHLH), GH_A01G0041 (bZIP), and GH_A08G0250 (MYB) (Figure 4C). Moreover, the shared TFs showed a uniform trend that the expression levels in Hai7124 were relatively high at 12 hpi and 24 hpi, but the significant increase in expression level did not show up until 72 hpi in TM-1 for the same TF (Figure 4D). Among them, GH_A08G0652, GH_A12G1128, and GH_A08G1651, the ethylene-responsive transcription factors of the AP2/ERF family are involved in a wide range of stress tolerance activities and form an interconnected stress regulatory network (Xie et al., 2019).
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FIGURE 4
The quantitative and expression level relationship of the four categories’ genes with time changes. (A) Number of DEGs in transcription factors with infection time. (B) Heatmap of gene expression patterns of TFs uniquely expressed in Hai7124. (C) Heatmap of gene expression patterns of TFs uniquely expressed in TM-1. (D) Heatmap of gene expression patterns of TFs commonly expressed in Hai7124 and TM-1. (E) Variation of the number of DEGs in plant hormone signal transduction with infection time. (F) Heatmap of gene expression patterns of DEGs in plant hormone signal transduction. (G) Variation of the number of DEGs in plant-pathogen interaction with infection time. (H) Heatmap of gene expression patterns of DEGs in plant-pathogen interaction. (I) Variation of the number of DEGs in NLRs with infection time. (J) Heatmap of gene expression patterns of DEGs in NLRs.


Moreover, 93 and 103 DEGs were shown to play a role in plant hormone signal transduction in Hai7124 and TM-1. Among these, 55 genes were identical in these two cultivars, including those related to jasmonate-zim-domain proteins (JAZ) (20 genes), which are involved in the regulation of the jasmonic acid-mediated signaling pathway, Gibberellin signaling DELLA protein (8 genes), auxin-responsive protein SAUR (7 genes), auxin responsive GH3 gene family (CH3) (4 genes), protein brassinosteroid insensitive 1(BRI1) (4 genes), auxin-responsive protein (IAA) (4 genes), gibberellin receptor (GID1) (3 genes), salicylate activated NPR1, which interacts with TGA transcription factors to induce the expression of a large set of pathogenesis-related proteins (TGA) (2 genes) (Beckers and Spoel, 2006), jasmonic acid-amino synthetase (JAR1) (1 gene), the type-B authentic response regulator (ARR-B) genes involved in cytokinin signaling (1 gene), and ABA responsive element binding factor (ABF) (1 gene). In the first 72 h, the number of DEGs related to plant hormone signal transduction boosted to a maximum at 12 hpi (75 DEGs) and then began to gradually decrease with a small peak at 96 hpi (38 DEGs) and finally decreased to zero in the next 48 h (2 and 0 DEGs at 120 hpi and 144 hpi), indicating that the plant hormone signal transduction process triggered by V. dahliae in the G. barbadense plants was completed. In contrast, the trend of the quantitative changes of the plant hormone signal transduction genes was completely divergent in TM-1. A small peak was found at 12 hpi and 24 hpi (13 and 11 DEGs) and reached its highest point at 96 hpi (87 DEGs) (Figure 4E). The genes included GH_D01G1847 (gibberellin receptor GID1), GH_A01G0218 (jasmonate-zim-domain protein 10), and GH_A07G2361 (AUX/IAA transcriptional regulator family protein). Instead, for TM-1, the vast majority of genes remained at normal expression levels from 0 to 48 h and did not respond until 72 hpi, as seen for GH_D09G0917 (TIFY 5A), which serves as JAZ and plays an important role in JA signal transduction (Figure 4F). We inferred that genes related to plant hormone signal transduction showed higher expression levels in Hai7124 than TM-1 at 12 hpi and 24 hpi. The expression of many genes in TM-1 were not changed dramatically until 72 hpi, providing evidence that the plant hormone signal transduction responding to Verticillium wilt was significantly delayed in TM-1 compared to Hai7124.

Furthermore, the quantitative changes of plant-pathogen interaction genes were highly similar to plant hormone signal transduction (Figure 4G). There were 123 and 151 DEGs associated with the plant-pathogen interaction in Hai7124 and TM-1, respectively, and 89 genes appeared in both Hai7124 and TM-1. The expression levels of these genes showed pronounced interspecific differentiation, illustrating that there were two high-expression response time periods for genes related to the plant-pathogen interaction in Hai7124. The first interval was 12 hpi to 24 hpi, and the second was 72 hpi to 144 hpi. However, the high expression interval of such plant-pathogen interacting genes in TM-1 was basically between 72 and 144 hpi (Figure 4H), suggesting that the gene expression taking part in the plant-pathogen interaction in Hai7124 was quicker and stronger than TM-1. Taking GH_D07G2416 (SAG101) as an example, it encodes a senescence-associated carboxylesterase 101 and provides a major barrier to infection by both host-adapted and non-host pathogens during plant immunity (Lapin et al., 2019; Sun et al., 2021). In Hai7124, its expression level jumped up immediately at 12 hpi, and after a brief down-regulation at 48 hpi, it continued to express highly from 72 to 144 hpi. While in TM-1, it was significantly overexpressed at 96 hpi, with inconspicuous up-regulated expression the rest of the time, which may have a profound impact on plant disease resistance.

Eventually, a total of 744 genes have been identified to possess NBS domains in TM-1, and 748 genes were revealed in Hai7124. The total NLR genes were 428 in Hai7124 and 426 in TM-1, certificated to be irreplaceable in ETI process in plants. However, 45 and 55 NLR genes in Hai7124 and TM-1, respectively, were identified as DEGs, the overlapping part was 41 NLRs. The tendency of NLRs over time was consistent with the changing pattern of DEGs regarding the transcription factors, plant hormone signal transduction, and plant-pathogen interaction. The number of NLR genes corresponding to TM-1 at 12 hpi and 24 hpi were 6 and 9, respectively, and reached 53 NLRs at 96 hpi. While, for Hai7124, 33 and 26 NLR genes were differentially expressed at 12 hpi and 24 hpi, respectively, and there were 11 NLRs at 96 hpi (Figure 4I). Additionally, the expression patterns of these NLR genes in Hai7124 and TM-1 were examined to understand how they adjusted and survived in response to pathogen infection (Figure 4J). Four genes specifically expressed in Hai7124, GH_D11G3206, GH_D03G1837, GH_D11G3404, and GH_D11G3399, belonged to TIR-NBS-LRR class. The remaining 41 NLR genes were induced both in Hai7124 and TM-1. Notably, 26 responded to V. dahliae invasion quickly and enhanced their expression level at 12 hpi in Hai7124. These began to increase their transcript level at 72 hpi in TM-1, such as GH_D11G3437 and GH_D11G3434. Moreover, the magnitude of the up or down regulation of the DEGs in G. barbadense was much larger than in G. hirsutum, such as GH_A11G3611, GH_A11G3618, GH_A06G2124, and GH_D10G1314. Overall, a species-biased expression trend still existed that for most of the NLR genes, the time points of induction were earlier in Hai7124 than TM-1. Considering that the NLR genes are irreplaceable and play an important role in the plant immune system, we inferred that these NLR genes play a predominant part within 48 hpi in dealing with V. dahliae attacks and shape the disease resistance quality substantially in Hai7124.

All the above assays confirmed that genes playing irreplaceable roles in disease resistance were postponed in TM-1, regarding expression level and gene number, compared to Hai7124. Hence, we proposed that the first 48 hpi after infecting V. dahliae is an essential life-or-death moment to build internal and external walls of defense to resist the invasion of V. dahliae in cotton plants.



Co-expression network in response to Verticillium wilt and hub genes

To further understand the relationship between gene regulation and cotton defensive resistance to V. dahliae, 6,045 non-redundant DEGs from Hai7124 and TM-1 were subjected to WGCNA, and a co-expression network was generated (Figure 5A and Supplementary Table 4). In total, 7 modules were obtained according to a pairwise correlation analysis based on the gene expression profiles of Hai7124 and TM-1 (Figure 5B). The green module and grey module–trait relationships (indicated with red underlines) were significant (P-value < 0.05). The gene expression levels of the green module (393 genes) showed an increase at 12 hpi, 24 hpi, 72 hpi, 96 hpi, and 144 hpi in Hai7124, while in terms of TM-1, the expression level of the genes in the green module did not begin to rise until 72 hpi. Simultaneously, the transcript levels of the grey module genes (886 genes) in Hai7124 were soaring at 12 hpi and 24 hpi. Meanwhile, although the genes in this module were also upregulated at 12 hpi and 24 hpi in TM-1, the intensity was 0.34 and 0.054, respectively, which were far less than that of Hai7124 (0.52 and 0.34), and its expression level stabilized at a relatively low level in the later stage of V. dahliae infection.
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FIGURE 5
Weighted gene co-expression network analysis (WGCNA). (A) WGCNA of DEGs from Hai7124 and TM-1 at each hour post-inoculation. The modules showing a high degree of correlation (P < 0.05) with samples are in red. (B) Hierarchical cluster tree of WGCNA analysis, the co-expression modules labeled with seven different colors based on the calculation of eigengenes. (C) The correlation network of major genes from the green modules. The genes related to phytohormones were in purple, genes relative to plant-pathogen interactions were in blue, genes belonged to NLRs were in green, and hub genes from other categories were in pink. (D) Box-plots of hub genes in plant hormone showing expression pattern of the network. (E) Box-plots of hub genes in NLRs relative subnetworks showing expression pattern of the network. The x-axis indicates time points (0 h, 12 hpi, 24 hpi, 72 hpi, 96 hpi, and 144 hpi), and gene expression data were normalized to Log2(FPKM + 1).


A total of 70 hub genes related to V. dahliae resistance in cotton were identified using the criteria of eigengene connectivity (KME) > 0.98 (Supplementary Table 5). Consistent with the GO and KEGG annotations, the candidate hub genes were involved in biological processes, such as plant hormone signal transduction (CIGR1, JAZ1, B561P), the MAPK signaling pathway [WRK22, Y2451 (LRR)], the plant-pathogen interaction (CML27), xyloglucan galactosyltransferase activity (KATAM), and the heavy metal transport/detoxification process (HMTD).

One core network consisting of three small subnetworks was identified as a key model (green module) of the V. dahliae response (Figure 5C). Genes with known functions were selected based on the interaction relationship of two hub genes (RPM1 and TMVRN contained the NBS domain and TIR-NBS-LRR domain, respectively) that belonged to NLRs and plant hormones. This correlation network of the high-weight value genes in this green module was visualized using gene interaction edges with high weights. The interaction network results showed that the disease resistance protein NLR initiated a wide range of downstream reactions to cope with the invasion of foreign pathogens. For example, a large number of phytohormone-related genes were closely associated with these two plant resistance proteins, such as jasmonate-zim-domain protein 10 (JAZ10), ethylene-forming enzyme (ACCO3), cytokinin oxidase 5 (CTX5), brassinosteroid signaling positive regulator family protein (BES1/BZR1), abscisic acid 8′-hydroxylase 1 (ABAH1), and AUX/IAA transcriptional regulator family protein (AUX22B), forming a phytohormone response network. Apart from that, calcium-dependent protein kinase (CDPKS) genes, inositol-tetrakisphosphate kinase (ITPK3), vacuolar protein sorting-associated protein (VP241), rhamnose biosynthesis (RHM1), protein phosphatase 2C family protein (P2C49), and E3 ubiquitin-protein ligase (LOFG2) were activated by RPM1 and TMVRN. This weighted co-expression network revealed that the response mechanism of plant disease resistance proteins reacted to the invasion of exogenous pathogens and the close cooperative relationship between them and plant hormones. Furthermore, box plots of the hub genes in the plant hormone and NLR relative subnetworks showed that the expression pattern of these hub genes had a consistent trend, which ensured the reliability of this network (Figures 5D,E and Supplementary Table 6). It turned out that the correlation of genes in each sub-network was relatively high and clustered well.




Discussion


Rapid and high intense pathogen response in the early stages of infection is critical for cotton disease resistance

In general, Verticillium wilt causes great reductions in yield and fiber quality in cotton, and understanding the mechanisms of resistant cotton cultivars underlying cotton V. dahliae colonization is critical for mining key genes for breeding disease-resistant and high-yield varieties. In the current study, we observed the disease symptoms after treating with V. dahliae and confirmed that the G. barbadense Hai7124 showed a stronger tolerance over G. hirsutum TM-1 (Figure 1A). Our transcriptome analysis between the two cultivars further clarified the response mechanisms adopted in the resistant cultivar plants. The peak of the DEG number in TM-1 (12 hpi and 24 hpi) induced by V. dahliae infection was remarkably later than that of Hai7124 (96 hpi) (Figures 2A, 3A). Specifically, in the early stage of the response to Verticillium wilt (0 h to 48 hpi), the number of DEGs in Hai7124 was strikingly more than TM-1. Furthermore, the Verticillium wilt defense response of G. barbadense was preferential to that of G. hirsutum in terms of the number and expression level of resistance-related genes, including TFs, plant hormone signal transduction, plant-pathogen interaction, and NLRs genes (Figure 4). The response time and the intensity of expression of these genes in G. barbadense Hai7124 were prominent over TM-1. Moreover, the results of WGCNA (Figure 5B) also supported the conclusion that the response time of Verticillium wilt of Hai7124 was earlier than that of TM-1. Tolerant cultivars tend to respond more quickly to a biotic or abiotic stress than susceptible cultivars, such as lentil (Lens culinaris) fight against Ascochyta lentis infection during the first 24 hpi (Khorramdelazad et al., 2018).

During the infection of the two cultivars by V. dahliae, the dominant biological responses and the active molecules were completely different at different times (Figure 6). As for the molecular functions and biological processes in response underlying the initiated DEGs, based on the KEGG and GO annotations, we found that Hai7124 developed a broader resistance response at the early stage of response (0 h to 48 hpi) against Verticillium wilt by up or down regulating a large number of genes, resulting in processes like xyloglucosyl transferase activity, NADPH activity, coenzyme A metabolic process, GA mediated signaling pathway, sterol biosynthetic process, defense response by callose deposition in the cell wall. Xyloglucosyl transferase encodes an enzyme involved in cell wall elongation and restructuring (Cosgrove, 2005), and it can repair and strengthen cell wall defenses; Sterols are involved in plant responses to external stress, and brassinosteroids (BRs) are an important group of plant steroid hormones involved in numerous aspects of plant life including growth, development and response to various stresses (Nolan et al., 2017), thus forming a highly effective defensive response to Verticillium wilt attack in Hai7124. While TM-1 had a smaller amount of DEGs being activated at the first stage, the dominant process at 12 hpi were response to oxidative stress and carbohydrate binding which lacked of direct correlation when compared to protein ubiquitination and signal transduction in Hai7124 at 12 hpi. And it was in the latter stage (after 48 hpi) that TM-1 activated these intensive resistance responses. DEGs associated with protein ubiquitination and protein dephosphorylation which plays key role in plant immune system were increase rapidly (Popovic et al., 2014; Hoang et al., 2019). Moreover, when the genes responded at the same time in Hai7124 and TM-1, the gene expression pattern of G. barbadense was often higher than that of G. hirsutum, suggesting that some core pathogenic immune-related responses were absent or delayed at critical time points in TM-1. Therefore, we reasonably speculate that missing the prime time for a powerful and extensive defense against foreign pathogenic microorganisms shaped the compromised resistance to V. dahliae in G. hirsutum. TM-1 compared to G. barbadense Hai7124.
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FIGURE 6
Defense-related molecules involved in response of cotton to V. dahliae during the first 144 hpi.




The construction of a finely tuned control resistance system against Verticillium dahliae

Although plants are immobile, they still can adjust the expression patterns of certain genes by receiving stimuli signals from the outside world to form a powerful finely tuned defense system to achieve the purpose of resisting the invasion of external pathogens. Faced with V. dahliae, cotton can construct that kind of system to protect itself by developing resistance through a variety of mechanisms, including cell wall modifications, extracellular enzymes, plant-pathogen interaction, transcription factors activity, and signal transduction pathways related to plant hormones. However, when it comes to the specific resistance systems based on genes induced by V. dahliae, the differentiation among the breeds becomes more pronounced (Figure 6).

We propose a hypothesis that the defense system established by Hai7124 is fast, relatively continuous, extensive, and high-strength, while TM-1 adopts a disease defense model whose core resistance-related processes are delayed. The genes postponed in TM-1 were mainly TFs, enzymes with EC numbers, or those participating in key steps of the plant-pathogen interaction, plant hormone signal transduction, the mitogen-activated protein kinase (MAPK) signaling pathway, membrane trafficking, transporters, and protein phosphatases. All of these are closely linked to the plant immune system against pathogens. Many TF families have been previously reported to be differentially expressed in plants as a reaction to bacterial, fungal, and viral infection (Amorim et al., 2017; Xie et al., 2019; Wani et al., 2021). MAPK cascades play pivotal roles in signaling plant defense against pathogen attack and also can emerge as battlegrounds of plant-pathogen interactions (Meng and Zhang, 2013). Moreover, plant immunity must be tightly controlled to avoid activation of defense mechanisms in the absence of pathogen attack, thus protein phosphorylation is a common mechanism regulating immune signaling (Liu et al., 2020). The addition or removal of phosphate groups (dephosphorylation) acts as a biological “on/off” for many reactions (Ke et al., 2009; Shi, 2009).

Among these genes, the most interesting genes, RPM1 and RPS2, belong to NLRs and are confirmed to recognize pathogen effector perturbations and activate ETI (Kourelis and van der Hoorn, 2018). Coincidently, RPM1 was one of the hub genes in the highly significant module (green) of WGCNA whose annotation is disease resistance RPP13-like protein 4. There were two NLR genes in this module. The other was TMVRN, which contains the TIR-NBS-LRR domain and is described as a disease-resistance protein. In a co-expression sub-network centered on TMVRN, this gene activates functional genes associated with plant stress resistance, such as BCP (Blue-copper-binding protein), GFPT2 (Glutamine–fructose-6-phosphate aminotransferase), IPCS1 (Inositol phosphorylceramide synthase 1), and RSLE1 (Zinc finger BED domain-containing protein RICESLEEPER 1). In addition, the trends in the transcript levels of these network genes activated by TMVRN and RPM1 were consistent with the previously mentioned results that Hai124 responded earlier and stronger to V. dahliae than TM-1.

Overall, these results finally showed that Hai714 opened a stronger and more extensive defense system involving TFs, plant hormones, the plant-pathogen interaction, PTI and ETI responses, and other processes effectively preventing V. dahliae from further invasion of the cotton. While in terms of TM-1’s delayed resistance system, the pathogenic bacteria received less resistance during the colonization process, resulting in more irreversible physiological and biochemical damage to the cotton plant, which ultimately manifested as the relatively weak resistance to Verticillium wilt. In addition, this phenomenon may indicate that TM-1’s disease resistance was not a typical sensitive type, and the defense was weak in the initial stage such that only small amounts of pathogens were invaded.




Conclusion

In this study, a comparative transcriptome analysis between G. barbadense and G. hirsutum was performed to clarify their response mechanisms when Verticillium wilt attacked. Both Hai7124 and TM-1 showed consistent trends of differential gene expression within 12 hpi of V. dahliae invasion that was reduced at 48 h and then, increased to a greater extent and intensity at 96 h. While Hai7124 initiated more DEGs at the early response stage over TM-1 and the co-expression of these genes developed a broader resistance response, TM-1 increased to “catch up” with the resistant type only at 96 hpi, suggesting a delayed recognition and response to V. dahliae compared to Hai7124. Moreover, for the essential resistance-related genes, including TFs, plant hormone signal transduction, the plant-pathogen interaction, and NLRs, Hai7124 adopted a more immediate, powerful, and extensive response mode to actively fight against the invasion of V. dahliae in the critical early stages over TM-1. All these phenomena might contribute to the disease defense mechanisms and lay the foundation for candidate gene investigation in cotton and other plants.



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 below: https://www.ncbi.nlm.nih.gov/genbank/, PRJNA839539.



Author contributions

YH and TZ conceived and designed the experiments. LH and ZH performed the experiments and wrote the manuscript. YZ and ZS performed the experiments and FD analysis of RNA-seq data. JC, SJ, CH, YC, JZ, and BX revised the manuscript. GQ, YWC, LX, and SY performed the experiments. All authors contributed to the article and approved the submitted version.



Funding

This work was financially supported in part by grants from the National Natural Science Foundation of China (31970320) and Leading Innovative and Entrepreneur Team Introduction Program of Zhejiang (2019R01002).



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.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.979585/full#supplementary-material

SUPPLEMENTARY FIGURE 1
Heatmap of the expression levels of TFs in Hai7124 and TM-1.

SUPPLEMENTARY TABLE 1
RNA-seq data output quality.

SUPPLEMENTARY TABLE 2
GO enrichment results of Hai7124 and TM-1.

SUPPLEMENTARY TABLE 3
GO enrichment results of Hai7124 and TM-1 at 12, 24 and 96 hpi.

SUPPLEMENTARY TABLE 4
WGCNA information of TM-1 and Hai7124.

SUPPLEMENTARY TABLE 5
List of the candidate hub genes with module KME values over 0.98.

SUPPLEMENTARY TABLE 6
Hub genes used for network instruction and their gene annotations.


Footnotes

1     https://cran.r-project.org/web/packages/gmodels/index.html

2     https://www.genome.jp/kegg/

3     http://pfam.xfam.org/

4     https://cytoscape.org/


References

Amorim, L. L. B., da Fonseca Dos Santos, R., Neto, J. P. B., Guida-Santos, M., Crovella, S., and Benko-Iseppon, A. M. (2017). Transcription factors involved in plant resistance to pathogens. Curr. Protein Pept. Sci. 18, 335–351. doi: 10.2174/1389203717666160619185308

Beckers, G. J., and Spoel, S. H. (2006). Fine-tuning plant defence signalling: salicylate versus jasmonate. Plant Biol. (Stuttg) 8, 1–10. doi: 10.1055/s-2005-872705

Benesty, J., Chen, J., Huang, Y., and Cohen, I. (2009). Pearson Correlation Coefficient,” in Noise Reduction in Speech Processing. Berlin: Springer Berlin Heidelberg, 1–4.

Cai, Y. F., He, X. H., Mo, J. C., Sun, Q., Yang, J. P., and Liu, J. G. (2009). Molecular research and genetic engineering of resistance to Verticillium wilt in cotton: a review. Afr. J. Biotechnol. 8, 7363–7372. doi: 10.5897/AJB2009.000-9571

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

Chen, Q., Liu, R., Wu, Y., Wei, S., Wang, Q., Zheng, Y., et al. (2021). ERAD-related E2 and E3 enzymes modulate the drought response by regulating the stability of PIP2 aquaporins. Plant Cell 33, 2883–2898. doi: 10.1093/plcell/koab141

Chen, S. F., Zhou, Y. Q., Chen, Y. R., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, 884–890. doi: 10.1093/bioinformatics/bty560

Chen, Y. C., Wong, C. L., Muzzi, F., Vlaardingerbroek, I., Kidd, B. N., and Schenk, P. M. (2014). Root defense analysis against Fusarium oxysporum reveals new regulators to confer resistance. Sci. Rep. 4:5584. doi: 10.1038/srep05584

Chisholm, S. T., Coaker, G., Day, B., and Staskawicz, B. J. (2006). Host-microbe interactions: shaping the evolution of the plant immune response. Cell 124, 803–814. doi: 10.1016/j.cell.2006.02.008

Cosgrove, D. J. (2005). Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6, 850–861. doi: 10.1038/nrm1746

Deketelaere, S., Tyvaert, L., Franca, S. C., and Hofte, M. (2017). Desirable traits of a good biocontrol agent against Verticillium wilt. Front. Microbiol. 8:1186. doi: 10.3389/fmicb.2017.01186

Dodds, P. N., and Rathjen, J. P. (2010). Plant immunity: towards an integrated view of plant-pathogen interactions. Nat. Rev. Genet. 11, 539–548. doi: 10.1038/nrg2812

Feng, H. J., Li, C., Zhou, J. L., Yuan, Y., Feng, Z. L., Shi, Y. Q., et al. (2021). A cotton WAKL protein interacted with a DnaJ protein and was involved in defense against Verticillium dahliae. Int. J. Biol. Macromol. 167, 633–643. doi: 10.1016/j.ijbiomac.2020.11.191

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

Gao, M. J., He, Y., Yin, X., Zhong, X. B., Yan, B. X., Wu, Y., et al. (2021). Ca2+ sensor-mediated ROS scavenging suppresses rice immunity and is exploited by a fungal effector. Cell 184, 5391–5404. doi: 10.1016/j.cell.2021.09.009

Han, G. Z. (2019). Origin and evolution of the plant immune system. New Phytol. 222, 70–83. doi: 10.1111/nph.15596

Hoang, Q. T. N., Han, Y. J., and Kim, J. I. (2019). Plant phytochromes and their phosphorylation. Int. J. Mol. Sci. 20:3450. doi: 10.3390/ijms20143450

Hu, Y., Chen, J. D., Fang, L., Zhang, Z. Y., Ma, W., Niu, Y. C., et al. (2019). Gossypium barbadense and Gossypium hirsutum genomes provide insights into the origin and evolution of allotetraploid cotton. Nat. Genet. 51, 739–748. doi: 10.1038/s41588-019-0371-5

Inderbitzin, P., Bostock, R. M., Davis, R. M., Usami, T., Platt, H. W., and Subbarao, K. V. (2011). Phylogenetics and taxonomy of the fungal vascular wilt pathogen Verticillium, with the descriptions of five new species. PLoS One 6:e28341. doi: 10.1371/journal.pone.0028341

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329. doi: 10.1038/nature05286

Ke, Y. Q., Han, G. Q., He, H. Q., and Li, J. X. (2009). Differential regulation of proteins and phosphoproteins in rice under drought stress. Biochem. Biophys. Res. Commun. 379, 133–138. doi: 10.1016/j.bbrc.2008.12.067

Khorramdelazad, M., Bar, I., Whatmore, P., Smetham, G., Bhaaskaria, V., Yang, Y., et al. (2018). Transcriptome profiling of lentil (Lens culinaris) through the first 24 hours of Ascochyta lentis infection reveals key defence response genes. BioMed Central 19:108. doi: 10.1186/s12864-018-4488-1

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

Kourelis, J., and van der Hoorn, R. A. L. (2018). Defended to the nines: 25 Years of resistance gene cloning identifies nine mechanisms for r protein function. Plant Cell 30, 285–299. doi: 10.1105/tpc.17.00579

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

Langfelder, P., Mischel, P. S., and Horvath, S. (2013). When is hub gene selection better than standard meta-analysis? PLoS One 8:e61505. doi: 10.1371/journal.pone.0061505

Lapin, D., Kovacova, V., Sun, X., Dongus, J. A., Bhandari, D., von Born, P., et al. (2019). A coevolved EDS1-SAG101-NRG1 module mediates cell death signaling by TIR-domain immune receptors. Plant Cell 31, 2430–2455. doi: 10.1105/tpc.19.00118

Lee, H. K., Cho, S. K., Son, O., Xu, Z., Hwang, I., and Kim, W. T. (2009). Drought stress-induced Rma1H1, a RING membrane-anchor E3 ubiquitin ligase homolog, regulates aquaporin levels via ubiquitination in transgenic Arabidopsis plants. Plant Cell 21, 622–641. doi: 10.1105/tpc.108.061994

Li, C. H., Feng, Z. L., Li, Z. F., Zhang, Z. G., Shi, Y. Q., Zhao, L. H., et al. (2015). In vitro sensitivity of Verticillium dahliae Kleb strains against some effective fungicides. China Cotton 42, 16–18. doi: 10.11963/issn.1000-632X.201508006

Li, F., Hu, Q., Chen, F. D., and Jiang, J. F. (2021). Transcriptome analysis reveals vernalization is independent of cold acclimation in Arabidopsis. BMC Genomics 22:462. doi: 10.1186/s12864-021-07763-3

Liu, T., Chen, T., Kan, J., Yao, Y., Guo, D., Yang, Y., et al. (2022). The GhMYB36 transcription factor confers resistance to biotic and abiotic stress by enhancing PR1 gene expression in plants. Plant Biotechnol. J. 20, 722–735. doi: 10.1111/pbi.13751

Liu, Y., Yan, J., Qin, Q., Zhang, J., Chen, Y., Zhao, L., et al. (2020). Type one protein phosphatases (TOPPs) contribute to the plant defense response in Arabidopsis. J. Integr. Plant Biol. 62, 360–377. doi: 10.1111/jipb.12845

Love, M. I., Huber, W., and 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

Ma, Z., Zhang, Y., Wu, L., Zhang, G., Sun, Z., Li, Z., et al. (2021). High-quality genome assembly and resequencing of modern cotton cultivars provide resources for crop improvement. Nat. Genet. 53, 1385–1391. doi: 10.1038/s41588-021-00910-2

Meng, X., and Zhang, S. (2013). MAPK cascades in plant disease resistance signaling. Annu. Rev. Phytopathol. 51, 245–266. doi: 10.1146/annurev-phyto-082712-102314

Miao, Y. H., Zhu, L. F., and Zhang, X. L. (2019). Down regulation of cotton GbTRP1 leads to accumulation of anthranilates and confers resistance to Verticillium dahliae. J. Cotton Res. 2:19. doi: 10.1186/s42397-019-0034-1

Ngou, B. P. M., Ahn, H. K., Ding, P., and Jones, J. D. G. (2021). Mutual potentiation of plant immunity by cell-surface and intracellular receptors. Nature 592, 110–115. doi: 10.1038/s41586-021-03315-7

Nolan, T., Chen, J., and Yin, Y. (2017). Cross-talk of brassinosteroid signaling in controlling growth and stress responses. Biochem. J. 474, 2641–2661. doi: 10.1042/BCJ20160633

Paterson, A. H., Paterson, A. H., and Springer. (2009). Genetics and Genomics of Cotton. New York, NY: Springer New York.

Pegg, G. F., Brady, B. L., and Ovid Technologies. (2002). Verticillium wilts. Wallingford: CABI Pub.

Popovic, D., Vucic, D., and Dikic, I. (2014). Ubiquitination in disease pathogenesis and treatment. Nat. Med. 20, 1242–1253. doi: 10.1038/nm.3739

Pruitt, R. N., Locci, F., Wanke, F., Zhang, L., Saile, S. C., Joe, A., et al. (2021). The EDS1-PAD4-ADR1 node mediates Arabidopsis pattern-triggered immunity. Nature 598, 495–499. doi: 10.1038/s41586-021-03829-0

Shi, Y. G. (2009). Serine/threonine phosphatases: mechanism through structure. Cell 139, 468–484. doi: 10.1016/j.cell.2009.10.006

Song, R., Li, J., Xie, C., Jian, W., and Yang, X. (2020). An overview of the molecular genetics of plant resistance to the Verticillium wilt pathogen Verticillium dahliae. Int. J. Mol. Sci. 21:1220. doi: 10.3390/ijms21031120

Sun, X., Lapin, D., Feehan, J. M., Stolze, S. C., Kramer, K., Dongus, J. A., et al. (2021). Pathogen effector recognition-dependent association of NRG1 with EDS1 and SAG101 in TNL receptor immunity. Nat. Commun. 12:3335. doi: 10.1038/s41467-021-23614-x

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J., et al. (2010). Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28, 511–515. doi: 10.1038/nbt.1621

Van de Weyer, A. L., Monteiro, F., Furzer, O. J., Nishimura, M. T., Cevik, V., Witek, K., et al. (2019). A species-wide inventory of NLR genes and alleles in Arabidopsis thaliana. Cell 178, 1260–1272.e14. doi: 10.1016/j.cell.2019.07.038

Verma, V., Ravindran, P., and Kumar, P. P. (2016). Plant hormone-mediated regulation of stress responses. BMC Plant Biol. 16:86. doi: 10.1186/s12870-016-0771-y

Wang, G., Xu, J., Li, L., Guo, Z., Si, Q., Zhu, G., et al. (2020). GbCYP86A1-1 from Gossypium barbadense positively regulates defence against Verticillium dahliae by cell wall modification and activation of immune pathways. Plant Biotechnol. J. 18, 222–238. doi: 10.1111/pbi.13190

Wang, J., Zhou, L., Shi, H., Chern, M., Yu, H., Yi, H., et al. (2018). A single transcription factor promotes both yield and immunity in rice. Science 361, 1026–1028. doi: 10.1126/science.aat7675

Wang, N., Fan, X., He, M., Hu, Z., Tang, C., Zhang, S., et al. (2022). Transcriptional repression of TaNOX10 by TaWRKY19 compromises ROS generation and enhances wheat susceptibility to stripe rust. Plant Cell 34, 1784–1803. doi: 10.1093/plcell/koac001

Wang, P., Zhou, L., Jamieson, P., Zhang, L., Zhao, Z., Babilonia, K., et al. (2020). The cotton wall-associated kinase GhWAK7A mediates responses to fungal wilt pathogens by complexing with the chitin sensory receptors. Plant Cell 32, 3978–4001. doi: 10.1105/tpc.19.00950

Wani, S. H., Anand, S., Singh, B., Bohra, A., and Joshi, R. (2021). WRKY transcription factors and plant defense responses: latest discoveries and future prospects. Plant Cell Rep. 40, 1071–1085. doi: 10.1007/s00299-021-02691-8

Wei, F., Fan, R., Dong, H. T., Shang, W. J., Xu, X. M., Zhu, H. Q., et al. (2015). Threshold microsclerotial inoculum for cotton Verticillium wilt determined through wet-sieving and real-time quantitative PCR. Phytopathology 105, 220–229. doi: 10.1094/Phyto-05-14-0139-R

Xie, Z., Nolan, T. M., Jiang, H., and Yin, Y. (2019). AP2/ERF transcription factor regulatory networks in hormone and abiotic stress responses in Arabidopsis. Front. Plant Sci. 10:228. doi: 10.3389/fpls.2019.00228

Yan, H., Jiang, G., Wu, F., Li, Z., Xiao, L., Jiang, Y., et al. (2021). Sulfoxidation regulation of transcription factor NAC42 influences its functions in relation to stress-induced fruit ripening in banana. J. Exp. Bot. 72, 682–699. doi: 10.1093/jxb/eraa474

Yuan, M., Ngou, B. P. M., Ding, P., and Xin, X. F. (2021b). PTI-ETI crosstalk: an integrative view of plant immunity. Curr. Opin. Plant Biol. 62:102030. doi: 10.1016/j.pbi.2021.102030

Yuan, M., Jiang, Z., Bi, G., Nomura, K., Liu, M., Wang, Y., et al. (2021a). Pattern-recognition receptors are required for NLR-mediated plant immunity. Nature 592, 105–109. doi: 10.1038/s41586-021-03316-6

Zhai, K., Liang, D., Li, H., Jiao, F., Yan, B., Liu, J., et al. (2022). NLRs guard metabolism to coordinate pattern- and effector-triggered immunity. Nature 601, 245–251. doi: 10.1038/s41586-021-04219-2

Zhang, J., Yu, X., Zhang, C., Zhang, Q., Sun, Y., Zhu, H., et al. (2021). Pectin lyase enhances cotton resistance to Verticillium wilt by inducing cell apoptosis of Verticillium dahliae. J. Hazard. Mater. 404:124029. doi: 10.1016/j.jhazmat.2020.124029

Zhang, L., Liu, J., Cheng, J., Sun, Q., Zhang, Y., Liu, J., et al. (2022). lncRNA7 and lncRNA2 modulate cell wall defense genes to regulate cotton resistance to Verticillium wilt. Plant Physiol. 189, 264–284. doi: 10.1093/plphys/kiac041

Zhang, M., Wang, X., Yang, J., Wang, Z., Chen, B., Zhang, X., et al. (2022). GhENODL6 isoforms from the phytocyanin gene family regulated Verticillium wilt resistance in cotton. Int. J. Mol. Sci. 23:2913. doi: 10.3390/ijms23062913

Zhang, Y., Wu, L., Wang, X., Chen, B., Zhao, J., Cui, J., et al. (2019). The cotton laccase gene GhLAC15 enhances Verticillium wilt resistance via an increase in defence-induced lignification and lignin components in the cell walls of plants. Mol. Plant Pathol. 20, 309–322. doi: 10.1111/mpp.12755

Zhou, J. M., and Zhang, Y. (2020). Plant immunity: danger perception and signaling. Cell 181, 978–989. doi: 10.1016/j.cell.2020.04.028



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Advanced genes expression pattern greatly contributes to divergence in Verticillium wilt resistance between Gossypium barbadense and Gossupium hirsutum



		Introduction



		Materials and methods



		Plant materials and Verticillium dahlia inoculation



		Transcriptome profiling



		Identification of nucleotide-binding leucine-rich repeat genes



		Co-expression network construction and hub genes selection







		Results



		Phenotype comparison and sequencing upon Verticillium dahliae stress between Gossypium barbadense and G. hirsitum



		Comparison of pathogen-induced expression profiles in Hai7124 and TM-1



		Inequivalent distribution of plant disease resistance bioprocesses resulted in the divergence of Verticillium wilt tolerance between Gossypium barbadense and Gossupium hirsutum



		Gossypium barbadense was superior to Gossupium hirsutum in terms of the number and expression level of resistance-related genes



		Co-expression network in response to Verticillium wilt and hub genes







		Discussion



		Rapid and high intense pathogen response in the early stages of infection is critical for cotton disease resistance



		The construction of a finely tuned control resistance system against Verticillium dahliae







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/fpls-13-979585-g005.jpg
Module-trait relationships

= TR
w5 L) ti}
-0z 0 o1
@ L &
- s om
w5 ) )
oo wx o
@ i v
o omm
o 1
omsom
t) &
o oo
£ o
< L)

Hai7 124

Gene dendrogram and module colors

Dymamic Tree Cut

Plant hormone network

15 20 25 30

LogIFPKMs1)

LogFPHAsY)

00 05 10

o

R Y N . T WP NP N Sy R O T I N T W Y S o





OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Advanced genes expression
patte rn greatly contributes
to divergence in Verticillium wilt
resistance between Gossypium
barbadense and Gossupium
hirsutum





OPS/images/fpls-13-979585-g004.jpg
888883

-
o

12 hpi

Transcription factors

48hpi 72 hpi
wHai7124 = TM-1

96hpi 120 hpi 144 hpi

Plant hormone signal transduction

12 hpi

12 hpi

12 hpi

87

2 g o 3

48hpi 72 hpi
=Hai7124 =TM-1

126

g 3

96 hpi 120 hpi 144 hpi

Plant-pathogen interaction

9

3
-D _0

48 hpi
uHai7124 =TM-1

72hpi  96hpi 120hpi 144 hpi

wHai7124 = TM-1

NLRs
53
1
3 4
-D 0 = 00 00
24hpi 48hpi 72hpi 96 hpi 120 hpi 144 hpi

F

Hai7124

T™-1

Intersection

Hai7124

LRI

HNE |

I

S «»‘%‘f ‘f"%“*-“&‘%‘%

Hai7124

™1

|glglglglglglglglglglglgl
> 'z g'z'a'g'z's
g quggﬁw

g3 -

aﬁmﬁm"

GH_DO7G1818
GH_D05G2558

I

L
A aEad
‘ ARRREARS

PR R

SR

Hai7124

Wikl

GH-RAeEidT:

:
:

< 4
2>
g
"

3]
i

%

gmwm [o]

|

|
I

]
1

-y — - —

[T11] ll.’ I
EEERERRERNA AN 5
AENNENEC NI EETNE NN
T ‘
I iR ™
 ENRRNNRNANRN]
J I
i
===
S
He
oIS

BRSNS w*‘&‘ﬁ‘ﬁ*%‘&*’

T Hair124

GH _D0BG1424
GH_ADBG2513
GH_D0OG2448

O

Intersection
. |

GHD12G1410
GH”A12G1128
GHZAD3G2135

GHD10G1990
GHD11G0514

GH™A1

GHDO5G0843

GHD10G1144

GHDO02G1864
GHDO05G2350

GH'D|261 124

GH'D' |GM17

GH”ADSG1588

| 1
[NEN
|
| EEERn
1M I

GHDO5G0845
GH”A13G1322

atialigise
GHTD02G2545

GHD12G1123

| GHZA12G1127

wﬁ@‘ﬁ‘i‘%@‘%‘:«%‘%ﬁ%ﬁ“’

T Hair124

GH_A11G3818

 GH_J AM62124
GH D10G1214

GH_D03G0117

GH_D11G3408

| GH_D11G3410

Gerl 1G3171
11G3437

GH_A1
GH_D11G1229

GH”ADBGDES2
GH”ADBG16851

| GH_DD8G1703
| GH_A11G3811






OPS/images/fpls-13-979585-g006.jpg
' Verticillium dahliae Kleb

eicitors . . .

. Ge, N T
PP eeeeeeeereeeees vl eleeeeeeeeeeeretereeeree e

, Ly 9 0 {
SEEELLEELEELLEELEE AN e s O

i1 LRR-RK

protein ubiquitination m response to oxidative stress _

signal transduction carbohydrate binding 12 hpi

response to oxidative stress W polysaccharide binding .

cell wall organization @ . % ’ sxocylosis 24 hpi
NI\

12 hpi

24 hpi

nutrient reservoir activity

apoplast :
manganese ion binding 48 hpi

48 hpi ———
response to oxidative stress

@ nucleus
72 hpi tra.n_sfemng h_exosyl groups nutrient reservoir activity 72 hpi
chitin catabolic process — | manganese ion binding
96 hpi protein ubiquitination Wy W BHLH protein ubiquitination 96 hpi
protein serine/threonine phosphatase activity oz DDA protein dephosphorylation
120 hpi regulation of systemic acquired resistance polysaccharide catabolic process 120 hpi
phosphatase activity beta-amylase activity
144 hpi cell wall organization apoplast 144 hpi
llular oxidant detoxification cell wall organization
\“‘
Verticillium wilt { = 1 Verticillium wilt
- | suee, G- barbadense cv. Hai7124 G. hirsutum acc. TM-1 susceptible
{ N =

.

F







OPS/images/fpls-13-979585-g001.jpg
TM-1-V3991

14 days of cultivation 12hpi 24hpi 48hpi 72hpi 96 hpi 120 hpi 144 hpi

Hai7124 ¢
V. dahlia inoculation | . ve i - ve ve Ve

Hai7124 $

water inoculation
14 d f cultivati

S T CHTIVATO™ 42hpi 24hpi 48hpi 72hpi 96 hpi 120 hpi 144 hpi

T™-1 +

1 ' |
V. dahlia inoculation | | _ - - R [ vs -
TM-1 . ' ' .

water inoculation

-

Vs

-

PC2: 17.3% variance

Hai7124-V991

1004

100§ '

-200)

" 100 0 100 200
PC1: 18.9% variance

-200

Oh
12h
24h
48h
72h
96h
120h

Hai7 124
Hai7124_v991
T™M-1
TM-1_v991







OPS/images/fpls-13-979585-g003.jpg
Hal7124 Hai7124 Hai7124 T™M-1 Hai7124 T™-1 Hai7124 Hai7124 ™ Hai7124

T™M-1
12 hpi DEGs 24 hpi DEGs 48 hpi DEGs 72 hpi DEGs 96 hpi DEGs 120 hpi DEGs 144 hpi DEGs
B Hai7124 C T™M-1 D Intersection
ubiquitin—protein - ; s I
ke activity . peroxidase activity . flavin adenine dinucleotide binding .
protein ubiquitination - . response to oxidative stress . nutrient reservoir activity - .
calmodulin binding - & cellular oxidant detoxification 4] ganese ion bindi @
polysaccharide binding - ) Count ?c%emxde he) Count magn&sium ion binding 1 o
recognition of pollen- [&] @ transh mﬁﬁgm?ﬁ ity, _ & ® 75 acting on CH-OH group &
nutrient raervoir activily- @ @ ve regulation of - i @ o polysacd\mde binding- D
& iase activity @ development | ™
12 hpi regl emic p.adjust o ® @ o idylcholine
unreaof TSians L lipid transport - o ) ‘ﬂm ] ®
ng- ] 1o0s ©Ndopeptidase inhibitor activity- @ . terpenoid ‘:‘q‘ﬁ_Y“d'lhe"c o L4
!se (%PH) activity L response to biotic stimulus - 5] gy nmotn(yge'}&gym @
ooenzyme A mlﬁ:t?t_iur:ne 1 ® 0.010 chitin binding - @ 2e-05 Chiﬁrf °"“_’°‘i° pm ¢
ey g pa%tgyd . chitin catabolic process{ @ alternative 0""’5&‘ activity | ®
triterpenoid biosynthetic process| ® chitinase activity- @ o i ngn i
sheﬂ:ebmynthehc process{ ® pollen sperm cell differentiation| ® Be-05 terpenosd transport+ @
defen @mﬂﬂﬁ ® ' ! ! cell wdcla%moleqle. ° abscisic acid transport{ ® ' '
0005 0010 0015 00620 — T e Bl 0010 0015 0020 0025 0030
GeneRatio GeneRatio
E manganese ion binding | ) F Par s ———— o G leaf morphogenesis - &
I s HIE i ok process @ Cant paptytrasnaphosoyien ° =
ine n
ular oxi . n ‘. .- ————— o el —tyros phonfener . ; 20
Eow ey e 8 i X CleSI 1 25
cell wall organization | . : 5 polysaccharide binding 1 @ ®: recognition of pollen- . o :
i rate bindi @ Sab S bomeamie o - camodbin binding ® o:
24 hpi casbohycrats binding @ reacllve en species | I ®:
nutrient reservoir activity | & lic process protem lyrosme lunase achvw & . 40
apoplast | & P swlng pathway - @ beta—1,4- wme&- °
PSS roress, ® . Wostieices: Py ke Sy o -~y thiamine biosynthetic process | ® padjust
m%gmwm_ . 0.001 cell Mm%- . 0.005 yycoipu! tlz\sporter actlvlly [ ] 0.015
cell wall biogenesis B 10z trehalose biosynthetic process ® 0.010 glycolipid transport{ ® 0.020
xylogucan metabolic process & ::: response to heat- -] 0.015 glycolipid b'ndng » 0.025
alrepElEnS © defense response o fungus ® o020 e red eYRIEnts | @ 003
% i &ddwdmgamém‘ ° %ﬁlpo "*&fﬁ : 0.035
® —cari in] - sexual reproduction -
morrpmanm , ! T Froxoacy-ao AT niBEN) - : 050
0.005 0.010 0.015 0.020 0.0100 0.0125 0.0150
- 0.015 0020 0025 0030 0035 i
GeneRatio Gkl GeneRatio
rolase activi ubiquitin—protein |
H hydrolyzing 0—glyht¥gsyl cmi)q;_:(y{ . I magnesium ion binding . J tran: sfl:)a:‘.e'l ivity :
- n u -
mrrivin . Count PO SSRASY SR ] o i sk L oun
b @ - calmodulin binding - & protein dephosphorylation ® 4
lipid catabolic . 5] o . L n n%my_ . ®:
el fn0 acid o - polysaccharide binding - o @ v pﬁ;m of systemic
meg%oimprocess & [ cell wall biogenesis & ® acquired resistance ® @ =
96 hpi endopeptidase inhibitor activity- @ ®: xylogiucan metabolic process- @ @ = nutrient reservoir activity - © @ -
. sexual repmdum = . i xybqlrl;canxyioym‘yyl_ o . o exocyst- i)
B n&g‘oﬁcnbfngces e recognition of pollen i) euocytosls- o
protein stabilization | ® e anchored component of membrane =] p.adjust chitin binding - &
L-leucine transaminase activity{ ® 0.0025 V'a&fv?@ 'Y response to wmnd:ng- @
L-valine transaminase activity { ® 0.0050 coenzyme A metabolic process| @ 0.002 pwggyﬂy- )
L-isoleucine transaminase activity| ® 0.0075 phosph)lipkli\—tmnslocajing | @ 0.004 “'A’ﬁfs'é T @
| 0.01 o - cell wall macromolecule -
e R i I N
inmatﬁ' sterol biosynthetic process{ @® Sl & s
thylakoid membrane { . ] UDP-glucose 6-dehydrogenase activity| ® galactolipase activity - ®
0.01

0.02 003 004 0.05
G

] 1 0.005 0.010 0.015 0.020 0.025
0.004 0.008 0.012 :

(o]






OPS/images/fpls-13-979585-g002.jpg
DEGs

Up regulated DEGs

Down regulated DEGs

Hai7124

TM-1

4000 4000
3000 3000
400
2000 2000
200
1000 1000
12hpi 24 hpi 48 hpi 72 hpi 96 hpi 120 hpi 144 hpi 12hpi 24 hpi 48 hpi 72hpi 96 hpi 120 hpi 144 hpi 12hpi 24hpi 48hpi 72hpi 96 hpi 120 hpi 144 hpi
——Hai7124 —TM-1 ——Hai7124 —TM-1 ——Hai7124 —TM-1
C Hai7124 D TM-1
Metabolism Metabolism o14
Protein families: melabolism 4 Protein families: metabolism 557
T iption factors 207 Transcription factors as7
m"a.c" i Environmental Information Processing 283
Environmental Information Processing pessssssssssm—m—" 224 Environmental adaptation s 275
Environmental adaptation |jessssssssss———" 203 Organismal Systems | 275
Organigmal Systems peessssssssss—————— 208 Signal transduction pesssssssss—— 253
lem" nhmchm [—— Plant hormone smal transduction s 154
Plant hormone signal fransduction pessssss—— 129 Biosynthesis of other secondary metabolites |me— 154
Unclassified: metabolism jesssss—— 110 Metabolism of terpenoids and polyketides | 150
Protein phosphatases and associated proteins jpesss——— 104 Protein phosphatases and associated proteing s 140
Metabolism of terpenoids and polykefides s 101 Amino acid metabolism - fes—" 141
= a = Unclassified: metabolism s 140
Biosynthesis of other secondary metabolites jpss——— 02 MAPK signaling pathway - plant e 135
MAPK signaling pathway - plant s o5 Enzymes with EC numbers s 126
Enzymes with EC numbers = 07 Glycosyitransferases |ssssssss 111
Glycosyltransferases - 52 Phenylpropanoid biogynthesis |sssssss 100
Skt Fy0 -y A d Ieohdecm i [
Phenylpropanoid biosynthesis s 55 R S o T e Lt
Metabolism of other amino acids e 54 Gwmmu,w metabolism s 52
Amino acid related enzymes jpussm 45 alpha-Linolenic acid metabolism = 40
alpha-Linolenic acid metabolism e 42 Phosptmbdyinosmol 959:8""9 system fe= 43
Pt — P 4 i cyHRN e 30
Rl nEr— el Terpenond backbone biosynthesis | 33
Glycerophospholipid metabolism mmm 31 Diterpenocid biosynthesis jsm= 35
Diterpenoid biosynthesis s 30 Lysine degradation |w= 20
Lysine degradation s 28 Zeatin biogynthesis = 20
Zeatin biosynthesis s 21 Alanine, aspartate and glutamate metabolism = 22
Carotenoid biosynthesis jm 22
A Ap——— g'"m'u'“ Z‘ r':';:xm : 1:,7 Vitamin BE metabolism fu 18
. : Sesquiterpenoid and triterpenoid biosynthesis e 15
Lincleic acid metabolism p 8 G protein-coupled receptors b 10
Flavone and flavonol biosynthesis p 7 Taurine and hypotaurine metabolism | 5§
0 100 200 300 400 500 500 T00 0 100 200 300 400 500 600 700 800 900 1000
E Hai7124 F TM-1
carbohydrate binding - & cellular oxidant detoxification - ®
cellular oxidant detoxification - . ubiquitin—protein transferase activity -
peroxidase activity - O protein ubiquitination -
transferase acfivity, transferring hexosyl groups - . peroxidase activity - .
manganese ion binding - & response to oxidative stress - .
protein serinefthreonine phosphatase activity - ] protein dephosphorylation - .
nutrient reservoir activity - @ carbohydrate binding - b
polysaccharide binding - fax) apoplast - @
recognition of pollen - @ cell wall organization - .
exocyst - T padiust  protein serinefthreonine phosphatase activity - & P
xyloglucan:xyloglucosyl transferase activity - B 0.001 hydrogen peroxide catabolic process . 104
cell wall biogenesis - 5] — polysaccharide binding - &3 o
exocytosis 1 & 0.003 calmodulin binding - [ ] s
xyloglucan metabolic process - & 0.004 cell wall biogenesis - L ] Se—04
defense response to fungus - bl xyloglucan metabolic process - §
terpene synthase activity - [ ] Count xyloglucan:xyloglucosyl transferase activity - .
chitin catabolic process - [ @ recognition of pollen - [ ®
chitinase activity - ] @ response to biotic stimulus - @ ® =
regulation of systemic acquired resistance - & . 30 cell wall macromolecule catabolic process . . a0
response to wounding - @ chitin catabolic process - [ ] . 40
carbonate dehydratase activity - chitinase activity - &
chitin binding - chitin binding L)
sexual reproduction - ® phosphatase acfivity - .
seed coat development - @ negative regulation of endopeptidase activity - ]
phosphatidylcholine 1-acylhydrolase activity - @ response to wounding - &
carbohydrate homeostasis | ® endopeptidase inhibitor activity 1 L
triglyceride lipase activity { ® regulation of systemic acquired resistance 1)
serine—type endopeptidase inhibitor activity 1 @ phosphatidylcholine 1-acylhydrolase activity { @
lead ion transport { @ triglyceride lipase activity { @
terpenoid transport 1 @ hydroxymethylglutaryl-CoA reductase (NADPH) activity - @
0.005 0.010 0.004 0.008 0.012 0.016
GeneRa GeneRatio







OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science







