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Comparative Proteomic Analysis Reveals the Ascorbate Peroxidase-Mediated Plant Resistance to Verticillium dahliae in Gossypium barbadense












	 
	ORIGINAL RESEARCH
published: 19 May 2022
doi: 10.3389/fpls.2022.877146





[image: image]

Comparative Proteomic Analysis Reveals the Ascorbate Peroxidase-Mediated Plant Resistance to Verticillium dahliae in Gossypium barbadense

Tianxin Lu1†, Liping Zhu1†, Yuxuan Liang2,3, Fei Wang1, Aiping Cao1, Shuangquan Xie1, Xifeng Chen1, Haitao Shen1, Beini Wang3, Man Hu3, Rong Li1*, Xiang Jin1,2,3* and Hongbin Li1*

1Key Laboratory of Xinjiang Phytomedicine Resource and Utilization of Ministry of Education, Key Laboratory of Oasis Town and Mountain-Basin System Ecology of Xinjiang Production and Construction Corps, College of Life Sciences, Shihezi University, Shihezi, China

2Research Center for Wild Animal and Plant Resource Protection and Utilization, Qiongtai Normal University, Haikou, China

3Ministry of Education Key Laboratory for Ecology of Tropical Islands, Key Laboratory of Tropical Animal and Plant Ecology of Hainan Province, College of Life Sciences, Hainan Normal University, Haikou, China

Edited by:
Shaojun Dai, Shanghai Normal University, China

Reviewed by:
Shamim Hasan, University of Bonn, Germany
David D. Fang, Agricultural Research Service, United States Department of Agriculture, United States

*Correspondence: Rong Li, lirong@shzu.edu.cn; Xiang Jin, jinx@hainnu.edu.cn; Hongbin Li, lihb@shzu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Plant Proteomics and Protein Structural Biology, a section of the journal Frontiers in Plant Science

Received: 16 February 2022
Accepted: 29 April 2022
Published: 19 May 2022

Citation: Lu T, Zhu L, Liang Y, Wang F, Cao A, Xie S, Chen X, Shen H, Wang B, Hu M, Li R, Jin X and Li H (2022) Comparative Proteomic Analysis Reveals the Ascorbate Peroxidase-Mediated Plant Resistance to Verticillium dahliae in Gossypium barbadense. Front. Plant Sci. 13:877146. doi: 10.3389/fpls.2022.877146

In previous research on the resistance of cotton to Verticillium wilt (VW), Gossypium hirsutum and G. barbadense were usually used as the susceptible and resistant cotton species, despite their different genetic backgrounds. Herein, we present data independent acquisition (DIA)-based comparative proteomic analysis of two G. barbadense cultivars differing in VW tolerance, susceptible XH7 and resistant XH21. A total of 4,118 proteins were identified, and 885 of them were differentially abundant proteins (DAPs). Eight co-expressed modules were identified through weighted gene co-expression network analysis. GO enrichment analysis of the module that significantly correlated with V. dahliae infection time revealed that oxidoreductase and peroxidase were the most significantly enriched GO terms. The last-step rate-limiting enzyme for ascorbate acid (AsA) biosynthesis was further uncovered in the significantly enriched GO terms of the 184 XH21-specific DAPs. Additionally, the expression of ascorbate peroxidase (APX) members showed quick accumulation after inoculation. Compared to XH7, XH21 contained consistently higher AsA contents and rapidly increased levels of APX expression, suggesting their potential importance for the resistance to V. dahliae. Silencing GbAPX1/12 in both XH7 and XH 21 resulted in a dramatic reduction in VW resistance. Our data indicate that APX-mediated oxidoreductive metabolism is important for VW resistance in cotton.
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INTRODUCTION

Verticillium dahliae Kleb is the fungal pathogen of Verticillium wilt (VW) that commonly causes dramatic reductions in the production of crops such as cotton, tomato, and tobacco (Song et al., 2020). V. dahliae was first reported in Virginia, United States, in 1914 and spread to many cotton-producing regions in China during the 1930s (Shaban et al., 2018). To date, more than half of the cotton fields in China contain V. dahliae pathogen and VW can lead to 30–50% yield reduction, sometimes even causes total yield loss (Zhang et al., 2020). VW usually causes more severe damage in G. hirsutum than in G. barbadense (Ma et al., 1999). Little progress has been made in cotton breeding for VW resistance, either in G. hirsutum or in G. barbadense (Liu et al., 2018b).

The virulence mechanism exhibited by V. dahliae is predominantly induced through propagation in the vascular system, and finally leads to xylem vessel blockage, resulting in severe leaf chlorosis and wilting, leaf and boll abscission, and even plant death (Klosterman et al., 2009). For decades, efforts have been made by researchers to investigate the molecular mechanisms of VW-defense in cotton. It has been demonstrated that the resistance of cotton to VW primarily depends on preformed defense structures, such as thick cuticles, accumulation of phenolic compounds and structures delaying or hindering the expansion of the invader (Shaban et al., 2018). The proteins that are responsible for the resistance of cotton to V. dahlia have been identified, and these proteins include immune-related proteins, receptor-like kinases, and transcription factors, such as apoplastic thioredoxin protein (GbNRX1), the receptor-like kinase suppressor of BIR1-1 (GbSOBIR1) and MYB transcription factors (GhMYB108) (Cheng et al., 2016; Li et al., 2016; Zhou et al., 2019). Proteins that play various roles in cell wall modification and/or development, such as proline-rich protein GbHyPRP1 (which can thicken cell walls), are also involve in VW resistance (Yang et al., 2018). When the lignification of cell walls is increased and pectin methylesterase is inhibited, the resistance to VW is enhanced (Liu et al., 2018a). Furthermore, researchers have even identified cotton proteins that can directly degrade chitin in fungal cell walls to facilitate immune recognition (Han et al., 2019).

Reactive oxygen species (ROS) are important signaling molecules that have significant roles in plant development, signal transduction and environmental stress responses (Mittler et al., 2004; Li et al., 2007). Hydrogen peroxide (H2O2) is the major form of ROS in plants and is mainly produced in peroxisomes, chloroplasts and mitochondria; in addition, a high content of H2O2 in apoplast, which is the extracellular space between the plasma membrane and cell wall, is toxic to plant cells (Smirnoff and Arnaud, 2019). Higher plants have at least four types of peroxidases, glutathione peroxidases (GPX), catalase (CAT), ascorbate peroxidase (APX, class I peroxidase, intracellular) and plant-specific class III peroxidase (Prx, secreted) (Hiraga et al., 2001). Numerous studies have shown that Prxs are involved in plant defense, mainly through the reinforcement of cell walls, ROS metabolism, and the production of anti-microbial metabolites (Passardi et al., 2004; Okazaki et al., 2007). It has been reported that redox homeostasis is important for the elongation of fiber in cotton (Guo et al., 2016; Tao et al., 2018). Moreover, ROS scavenging is also considered important for VW resistance in cotton; for instance, a novel cluster of glutathione S-transferase genes was reported to provide VW resistance in cotton (Li et al., 2019). An NBS-LRR protein from G. barbadense was also identified to enhance VW resistance in Arabidopsis through the activation of ROS production and the ethylene signaling pathway (Li et al., 2018). Thus, investigating the potential roles of APX (class I) and Prx (class III) peroxidases in cotton resistance to VW will improve our understanding of redox homeostasis in the plant pathogen response.

Proteomics is frequently used for investigations on VW resistance in various plants and provides useful information for understanding the molecular mechanisms of disease resistance (Wang et al., 2018; Hu et al., 2019; Wu et al., 2019). In V. dahliae-inoculated G. thurberi, 6,533 proteins were identified in the roots, and salicylic acid was found to be significantly accumulated (Fang et al., 2015). Proteomics analysis of xylem sap in cotton showed that most of the over-accumulated proteins belonged to pathogenesis-related and cell wall proteins, while the under-accumulated and absent proteins were principally related to plant growth and development (Yang et al., 2020). Two-dimensional gel electrophoresis (2-DE)-based proteomic techniques have been applied for almost four decades since the 1980s, while liquid chromatography coupled to tandem mass spectrometry (LC–MS/MS) gel-free proteomic approaches have been predominant in recent years due to their high sensitivity and throughput (Roe and Griffin, 2006). Data-independent acquisition (DIA), an attractive MS analysis method, has recently emerged as a powerful approach for label-free relative protein quantification at the whole proteome level. With the DIA approach, thousands of proteins could be identified and quantified without performing fractionation, and only a few micrograms of the protein sample was needed (Pino et al., 2020).

Previous research on cotton VW resistance usually used G. hirsutum as a susceptible cotton species and G. barbadense as a resistant one, despite their different genetic backgrounds. To eliminate genetic background variation, we performed a DIA proteomics analysis of two G. barbadense varieties, susceptible XH7 and resistant XH21. A total of 4,118 proteins were identified, of which 885 proteins were differentially abundant proteins (DAPs) under the threshold of 1.5-fold change and p < 0.05. Weighted gene co-expression network analysis (WGCNA) showed that peroxidase activity was the most significantly enriched gene ontology term from the module that showed the most significant correlation with the time of fungal infection. In addition, one enzyme that is crucial for the biosynthesis of ascorbate acid (AsA) was observed in the most significantly enriched GO terms of XH21-specific DAPs. The expression levels of ascorbate peroxidase (APX) members were induced when the content of H2O2 increased during V. dahliae infection. Silencing GbAPX1 and GbAPX12 using virus-induced gene silencing (VIGS) in both XH7 and XH21 resulted in a dramatic reduction in VW tolerance. Our data provide the proteome profiles of G. barbadense varieties with different resistances to V. dahliae and reveal that the key members of the APX family are important for V. dahliae resistance in Pima cotton.



MATERIALS AND METHODS


Cotton Material and Fungal Treatment

XH7 and XH21 cotton plants were cultured in sterilized soil in an artificial climate room under 70% humidity, 30°C and a 16/8 h light/dark cycle. Four-week-old seedlings were used for inoculation with V. dahliae. The V. dahliae strain V592 was activated using potato-agar medium and then grown on Czapek’s medium (30 g/L sucrose, 3 g/L NaNO3, 0.5 g/L MgSO4-7H2O, 0.5 g/L KCl, 100 mg/L FeSO4-7H2O, 1 g/L K2HPO4, pH 7.2) under 25°C for 5 days. Fungus spores were filtered using four-layer gauze to remove mycelium, and then the spore concentration was adjusted to 107 per milliliter in liquid medium. The cotton seedlings were incubated with fungi at 25°C and shaken at 200 rpm for 50 min. The cotton seedlings were then transferred into Hoagland’s nutrient solution (Hoagland, 1920) for 3 weeks before phenotype identification. For high-throughput proteomic analysis, cotton roots from XH7 and XH21 were collected at 0, 6, and 24 h after incubation with V. dahliae and immediately frozen in liquid nitrogen before storage at –80°C. Three independent treatment replicates were performed for each time point.



Protein Extraction and Liquid Chromatography Coupled to Tandem Mass Spectrometry

The roots from ten cotton plants were used for protein extraction using an improved protein extraction method as previously reported (Jin et al., 2019). Protein quantification was performed following the Bradford method (Bradford, 1976) using a UV-160 spectrophotometer (Shimadzu, Kyoto, Japan). After concentration determination, 100 μg of total protein from each sample was used for trypsin digestion as previously described (Jin et al., 2019). After digestion, iRT (Escher et al., 2012) and digested peptides were mixed in a 1:10 volume ratio. Then, samples were recovered in phase A [2% acetonitrile (ACN), pH 10] and injected into an Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, United States). The samples were then fractionated into 10 fractions using an Agilent Zorbax Extend-C18 column under a 50 min gradient of phase B (90% ACN, pH 10) with a 300 μL/min flow rate. The fractions were then vacuum freeze dried and subjected to the subsequent nanoLC–MS/MS experiment, which was carried out using a DIA method (Bruderer et al., 2017) on the orbitrap Fusion Lumos platform (Thermo Fisher Scientific, Rockford, IL, United States). Positive ion and high-resolution (120,000 resolution at m/z 200 with automatic gain control target of 3e6) modes were used for MS/MS data collection. The mass spectra scan range was set to 350–1,650 m/z. The isolation window for MS2 was set to 26 m/z, and the normalized collision energy was 28%.

DIA spectra were analyzed using Spectronaut pulsar 13.7.190916 (Bernhardt et al., 2012) against the protein database derived from the genome sequence of G. barbadense (Wang et al., 2019) with the following settings: missed cleavage, 2; fixed modification, carbamidomethyl; variable modification, oxidation; and protein FDR cut-off, 0.05. The DIA configuration was as follows: precursor q-value cut-off: 0.01; protein q-value cut-off: 0.01; normalization strategy: local normalization; and quantity MS-Level: MS2. Proteins that were observed in at least two out of three replicates were considered high-quality identified proteins. Proteins specifically found in only one cotton variety were defined as variety-specific proteins. For common proteins that could be observed in all samples, fold change ratios of over 1.5 with a p-value < 0.05 were considered DAPs.



Bioinformatics Analyses

For further bioinformatic analyses, a heatmap was constructed using Heatmapper1 (Babicki et al., 2016). Protein co-expression network analysis was performed with the R package WGCNA as previously described (Langfelder and Horvath, 2008). The GO analysis of DAPs was performed using the Cytoscape plug-in ClueGO (Gabriela et al., 2009), while GO analysis for cotton variety-specific DAPs was carried out using agriGO 2.0 (Tian et al., 2017).



RNA Extraction and Polymerase Chain Reaction

Total RNA was extracted from XH7 and XH21 cotton roots at 0, 6, and 24 h after a treatment with V. dahliae using an RNA extraction Kit (DP441, Tiangen, Beijing, China). cDNA was synthesized using a Takara reverse transcription Kit (K1622, Takara, Kusatsu, Japan). Semiquantitative polymerase chain reaction (PCR) was carried out using agarose gel electrophoresis by normalizing the housekeeping gene GbUBQ. Real-time quantitative PCR (qRT-PCR) was performed using SYBR green real-time PCR master premix (Applied Biosystems, Foster, CA, United States). The relative expression level of each tested gene was calculated using the 2–△Ct method with GbUBQ set to 1 unless otherwise stated. All qRT–PCR results are shown as the mean ± SD from three independent biological replicates. The primers used in this work are provided in Supplementary Table 1.



H2O2 and Ascorbate Acid Measurement

The content of H2O2 of cotton root was determined using a Micro Hydrogen Peroxide Assay Kit (BC3590, Solarbio, Beijing, China) and AsA was measured using an Ascorbic Acid Assay Kit (BC1230, Solarbio, Beijing, China) based on the methods in Wu et al. (2017).



3,3′-Diaminobenzidine Staining

DAB (3,3′-diaminobenzidine) staining of cotton leaves was performed according to Zheng et al. (2021). Briefly, cotton leaves were incubated in 1 mg/ml DAB-HCl, pH 3.8, in the dark for 8 h. The leaves were then cleared of pigment by boiling in an ethanol/acetic acid/glycerin mixture (3:1:1 v/v/v) for 20 min before imaging.



Virus Induced Gene Silencing

A VIGS system (Burch-Smith et al., 2004) was used to validate the functions of GbAPX1/12 in cotton V. dahliae tolerance. The conserved fragments of target genes were cloned into the pTRV2 vector (TRV:GbAPX1/12) using the AscI and SpeI restriction sites. TRV:GbCLA was also constructed as a positive marker, in which white leaves are observed in gene silencing transformants. Empty vector TRV:00 was used as a negative control. All vectors were introduced into the Agrobacterium GV3101. After injection into cotton cotyledons, the plants were placed in the dark for 24 h before being exposed to normal growth conditions. After 2 weeks, the successful silencing of target genes was verified by qRT–PCR, and positive plants were selected for V. dahliae tolerance analyses.



Statistical Analysis

All statistical analyses in this work were performed using SPSS 20.0 with one-way ANOVA and least significant difference methods. The asterisks represent statistical significance: *p < 0.05; **p < 0.01.




RESULTS


Phenotypes of XH7 and XH21 After Infection and Weighted Gene Co-expression Network Analysis of Differentially Abundant Proteins

Compared to XH21, XH7 exhibited more severe disease symptoms with more wilting leaves and smaller plants, as well as higher disease indexes at 3 weeks after infection by V. dahliae (Figure 1A and Supplementary Figure 1). Total proteins of the XH7 and XH21 roots at 0, 6, and 24 h after fungal treatment were extracted, and DIA proteomics analysis was performed with three biological replicates each. The Venn diagrams of all replicates showed a high consistency among the three replicates (Supplementary Figure 2). A total of 4,118 proteins were identified with high confidence. Furthermore, the proteins with a signal intensity fold change of over 1.5 compared to that at 0 h separately in XH7 or XH21 were considered DAPs that responded to V. dahliae infection (Supplementary Figure 3).
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FIGURE 1. Symptoms of Verticillium wilt disease and heatmap of differentially abundant proteins (DAPs). (A) Representative seedlings of XH21 and XH7 before (upper panel) and 21 days after (lower panel) incubation with Verticillium dahliae. Four-week-old seedlings were infected with V. dahliae and were photographed after 3 weeks. N = 18 for each group. (B) Heatmap of 885 DAPs. The Log2 value of the expression levels of DAPs was used to produce the heatmap.


A total of 885 DAPs were determined with the threshold of fold change over 1.5 and p < 0.05, which were then used for subsequent bioinformatic analyses (Figure 1B and Supplementary Table 2). Eight co-expression modules were observed for the WGCNA of all the DAPs. The turquoise (0.88) and blue (–0.8) modules showed the most positive and negative relationships with the time point, while the black (0.76) and red (–0.71) modules showed the most significant relationships with varieties (Supplementary Figure 4A). The interactions among these modules are shown in Topological Overlap Matrix (Supplementary Figure 4B), suggesting that the modules were relatively independent.



Pathway Enrichment Analyses and Polymerase Chain Reaction Validation of the Module With the Highest Time Correlation and XH21-Specific Differentially Abundant Proteins

To investigate the enriched pathways, DAPs from the turquoise module were then subjected to a Cytoscape plug-in ClueGo (Gabriela et al., 2009). For the biological process category, 255 DAPs of the turquoise module were enriched in three clusters, in which the GO terms of organonitrogen compound biosynthetic process, oxidoreductase activity and peroxidase activity were the most enriched GO terms (Supplementary Figure 5A). Moreover, intracellular non-membrane-bounded organelle, cytosol and chloroplast stroma were the most enriched GO terms for the cellular component category, while carbon-oxygen lyase activity, coenzyme binding and RNA binding were the most enriched for the molecular function category (Supplementary Figures 5B,C). We noticed that nine peroxidases were significantly enriched in the GO term peroxidase activity for both biological process and molecular function categories. Thus, qPCR assays were performed to validate whether the mRNA levels of these peroxidases changed. Of the nine peroxidases-coding genes, the expressions of GbPrx72 and GbPrx were extremely low. Seven detectable genes showed significantly up-regulated mRNA levels after V. dahliae infection in both XH7 and XH21 (Figure 2). Together, the proteomics and qPCR data showed that the majority of class III peroxidases were significantly up-regulated at both the mRNA and protein levels after V. dahliae infection in both high- and low-susceptibility G. barbadense cultivars, indicating that extracellular redox homeostasis might be important for cotton V. dahliae resistance.
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FIGURE 2. Transcriptional expression analysis of nine peroxidases. Relative expression levels of nine peroxidases identified in GO enrichment analysis. GbUBQ was used as an internal control and set to 1. Three independent replicates were performed for each PCR assay. **p < 0.01.


In addition to the common DAPs, this study also provided insights into the XH21-specific DAPs, which were probably responsible for the high tolerance to V. dahliae in XH21. A total of 184 XH21-specific DAPs were identified, and the detailed information is provided in Supplementary Table 3. Furthermore, GO enrichment analysis of the 184 XH21-specific DAPs was performed using software AgriGO. For the molecular function category, the significantly enriched end-terms of the tree-view were structural constituent of ribosome (GO:0003735), lyase activity (GO:0016829), protein heterodimerization activity (GO:0046982), RNA binding (GO:0003723) and coenzyme binding (GO:0050662) (Supplementary Figure 6). The end-terms for the biological process category were translation (GO:0006412) and glycolytic process (GO:0006069) (Supplementary Figure 7), while the end-terms for the cellular component category were ribosome subunit (GO:0044391) and nucleosome (GO:0000786) (Supplementary Figure 8). Through qPCR, we further examined the expression levels of nine genes that were enriched in the GO term coenzyme binding (GO:0050662). Seven genes exhibited mRNA expression levels that were consistent with the protein accumulation patterns between XH7 and XH21 (GbYUCCA10, GbAcox1, GbDFR, GbPDC, GbAKHSD, GbPDC2, and GbGLDH) (Supplementary Figure 9, gene names and primers are provided in Supplementary Table 1). Notably, one of the validated genes, GbGLDH, was considered the rate-limiting enzyme for the biosynthesis of AsA (Mellidou and Kanellis, 2017), which is one of the key metabolites that reduces H2O2 by the catalysis of ascorbate peroxidases (APXs). Collectively, we found that redox homeostasis-related proteins were significantly enriched in DAPs that were common to both XH7 and XH21, and XH21-specific accumulated proteins.



Ascorbate Acid and H2O2 Contents and the Expression of Ascorbate Peroxidases Are Important for Verticillium dahliae Resistance in Cotton

To further confirm the influence of AsA and H2O2 on the susceptibility of different G. barbadense cultivars, we examined the contents of AsA and H2O2 in the roots of XH7 and XH21 at 0, 6, and 24 h post-infection. The AsA contents of both cultivars were similar before inoculation with V. dahliae; however, the AsA contents in XH21 were significantly higher than those in XH7 after treatment with V. dahliae (p < 0.01, Figure 3A). Correspondingly, the contents of H2O2 increased shortly after infection (6 h) but then decreased at 24 h post-fungal treatment (Figure 3B). The susceptible cultivar XH7 had a significantly higher (p < 0.01) H2O2 content than that of XH21 at 6 h, and the result was consistent with the lower level of AsA in XH7 at 6 h (Figures 3A,B). To visualize the H2O2 distribution, DAB staining was performed in cotton leaves from XH7 and XH21 at 0, 6, and 24 h after inoculation with V. dahliae. High levels of H2O2 predominantly accumulated at 6 h in both XH7 and XH21, with a stronger staining signal (dark brown) in XH7 (Figures 3D,G). Exogenous application of AsA onto XH7 and XH21 leaves significantly improved the disease resistance of cotton plants, indicating that extracellular ROS scavenging by peroxidases might be crucial for V. dahliae resistance in G. barbadense (Supplementary Figure 10).
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FIGURE 3. Detection of the AsA and H2O2 contents in XH7 and XH21 after V. dahliae incubation. AsA (A) and H2O2 (B) contents were determined in XH7 and XH21 roots treated with V. dahliae for 0, 6, and 24 h, respectively. *p < 0.05; **p < 0.01. DAB staining of leaves of XH7 (C–E) and XH21 (F–H) after V. dahliae treatment for 0 h (C,F), 6 h (D,G), and 24 h (E,H) are shown. The stained H2O2 is indicated with a brown color. Bar = 2 mm.


Thus, we further investigated the mRNA expression levels of APX genes, which are considered the only enzymes that catalyze the reduction of H2O2 using AsA as a specific electron donor. Based on our previous work (Tao et al., 2018) and a transcriptome analysis of G. barbadense at different times after V. dahliae infection (Supplementary Figure 11, NCBI accession number: PRJNA234454), eight homologs of the GbAPX family that were predominantly expressed were selected for qPCR assays (GbAPX1A/D, GbAPX2A/D, GbAPX3A/D, and GbAPX12A/D). The results showed that the mRNA levels of partial GbAPX homologs were slightly increased in XH21 (no more than twofold change), while most APX homologs that were tested here exhibited significantly up-regulated expression levels in XH7, especially GbAPX1A/D and GbAPX12A/D (Figure 4).
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FIGURE 4. Relative expression levels of APX family members in Pima cotton roots of XH7 (A) and XH21 (B) at 0, 6, and 24 h after V. dahliae incubation. Genes with extremely high nucleotide similarity that could not be distinguished by primers were detected using identical primers (APX1A/D and APX12A/D). GbUBQ was used as a reference gene and set to 1. Three independent replicates were performed for each qPCR assay. Significance was analyzed using one-Way ANOVA. *p < 0.05; **p < 0.01.




Silencing GbAPX1 and GbAPX12 Compromises the Resistance of Cotton to Verticillium dahliae

To validate the functions of the predominant GbAPX members in V. dahliae resistance, conserved fragments of GbAPX1A/D and GbAPX12A/D were used to construct a VIGS vector (TRV:GbAPX1/12). Successful silencing of the positive control and target genes was confirmed by semi and real-time quantitative PCR (Supplementary Figure 12 and Figures 5A,B). The V. dahliae accumulation in the stem of GbAPX1/12-silenced transformants was more severe than that in the TRV:00 control at 14 days after V. dahliae inoculation in both XH7 and XH21, and more dark brown streaks were observed in the stems (Figure 5C). In the fungal recovery assays, more hyphae around stem sections were observed with the GbAPX1/12-silenced plants than with the TRV:00 controls (Figure 5D). As a result, the disease symptoms observed for the TRV:00 plants were similar to those of regular wild type plants (XH7 is susceptible and XH21 is resistant), while TRV:GbAPX1/12 plants of both XH7 and XH21 showed similar disease symptoms, and these symptoms were much more severe than those of TRV:00 (Figure 5E). Together, silencing predominantly expressed APX family members in Pima cotton compromises the resistance to V. dahliae.
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FIGURE 5. The resistance of VIGS plants to V. dahlia was compromised. Semi-quantitative (A) and real-time quantitative (B) PCR were used to select successfully silenced transformants. Three replicates were performed for each transformed plant. **p < 0.01. (C) Fungal accumulation in the stems of TRV:00 and TRV:GbAPX1/12 plants. (D) Fungal hyphae recovery assays of the V. dahlia-infected cotton. The stem sections were plated on PDA medium, incubated at 25°C, and photographed at 5 days post-plating. (E) Disease symptoms for the representative plants of TRV:00 and TRV:GbAPX1/12 at 14 days after inoculation. N = 18 for each treatment.





DISCUSSION

In total, 885 DAPs were identified at 0, 6, and 24 h after infection in XH7 and XH21, and a much higher number of DAPs were observed than those identified in 2-DE based studies (Witzel et al., 2017). Benefiting from the high sensitivity, many novel DAPs have been identified, such as low-abundant transcript factors (nuclear transport factor 2 -like protein, transcription factor RF2a, GATA transcription factor 26 -like protein) and very small molecular weight peptides (malate dehydrogenase-2C mitochondrial, cytochrome b-c1 complex subunit 9), which are very difficult to be detected by 2-DE based proteomic techniques (Supplementary Table 2). The WGCNA and pathway enrichment analyses of the module with the highest module-trait relationship revealed the key pathways that are involved in VW resistance in G. barbadense (Supplementary Figures 4, 5). Some of the enriched pathways were mentioned in previous works, such as the response to oxidative stress (Hu et al., 2019). In addition to the common DAPs, DAPs that are specific to the resistant cotton XH21 also represented biological significance for cotton VW resistance. Both pathway enrichment analyses of common and XH21-specific DAPs revealed that ROS-related pathways, especially the biological processes related to H2O2 scavenging, were significantly enriched (Supplementary Figures 5, 6). Ribosomal protein GaRPL18 contributes significantly to cotton resistance (Gong et al., 2017). In this study, ribosomal-related pathways were also observed to be significantly enriched pathways and can be studied for the function of these proteins in cotton disease resistance in future investigations.

Ascorbate acid has been demonstrated to play various important roles in cotton, including fiber development and stress response (Ma et al., 2019; Pan et al., 2019; Song et al., 2019). It is well known that the antioxidant system is important for improving plant resistance to abiotic or biotic stress; however, few studies have reported the functions of AsA in V. dahliae resistance in G. barbadense. Here, we examined the AsA and H2O2 contents in resistant and susceptible cultivars, showing that higher AsA contents and lower H2O2 levels were closely correlated with the disease resistance (Figure 3). The different levels of AsA and H2O2 between high- and low-resistance G. barbadens cultivars could be partly explained by our data for the XH21-speicific accumulated protein GLDH (Supplementary Figure 9), which is responsible for AsA biosynthesis, and by the higher expression levels of the class I peroxidase APX in XH7 (Figure 4). Exogenous application of AsA onto XH7 and XH21 plants significantly improved their VW syptoms (Supplementary Figure 10).

Ascorbate peroxidase are necessary for cotton fiber development (Li et al., 2007; Guo et al., 2016); however, thus far, no study has linked APX to pathogen resistance in cotton species, although several investigations have shown that APX activity is important for the tolerance of rice and wheat to pathogens (Gou et al., 2015; Jiang et al., 2016). Our data showed that APXs might be related to cotton VW resistance by regulating redox homeostasis. The qPCR of APXs, coupled with the AsA and H2O2 content assays, might provide a possible explanation for the high V. dahliae resistance of XH21, which was mainly attributed to the high activity of AsA biosynthesis and the high levels of AsA in XH21. In contrast, the AsA levels in XH7 were much lower than those in XH21, possibly because of the low level of GbGLDH and significantly increased expression of GbAPX, which consumes AsA as an electron donor. This was further confirmed by gene silencing experiments. TRV:00 transformants exhibited disease symptoms similar to those of their original phenotypes; cultivar XH7 was susceptible and XH21 was resistant. However, by knocking down GbAPX1/12 expression, the transformants of TRV:GbAPX1/12 exhibited a significantly decreased resistance to V. dahliae in both XH7 and XH21 (Figure 5E).



CONCLUSION

In summary, we identified many novel DAPs by using a DIA-based high-throughput proteomic analysis in two G. barbadense varieties with different VW resistance. WGCNA and pathway enrichment analyses revealed the key pathways that are involved in VW resistance in G. barbadense. Increased AsA level, decreased H2O2 content, were observed in VW resistant variety XH21. Knocking down GbAPX1/12 expression in G. barbadense resulted in significantly decreased resistance to V. dahlia in both XH7 and XH21. Our results provide effective proteomic references for elucidating the VW resistance mechanism and genetic improvement of VW resistant cotton germplasms.
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Supplementary Figure 1 | Disease index of XH7 and XH21 after V. dahliae incubation. The number of four represented the highest disease index when the whole plant died, and the number of zero indicated the lowest disease index with no visible wilting. The numbers zero to four are also presented by different colors for visualization.

Supplementary Figure 2 | Venn diagram for three replicates of proteomics data. The diagram shows the distribution of the identified proteins in three independent experiments, indicating a high repetitiveness of three replicates in each group.

Supplementary Figure 3 | Statistical analysis of DAPs. Venn diagram of DAPs at 6 and 24 h compared to 0 h in XH7 (A) and XH21 (D). The red and green numbers indicate up- and down-regulated protein respectively. Volcano plots of DAPs at 6 h compared to 0 h in XH7 (B) and XH21 (E); volcano plots of DAPs of 24 h compared to 0 h in XH7 (C) and XH21 (F); the red and green dots represented increased and decreased abundant proteins, respectively, and the blue dots represent proteins without significance.

Supplementary Figure 4 | Weighted gene co-expression network analysis of 885 DAPs. (A) Network heatmap of DAPs. Recognized modules are indicated by different colors. The light color represents a low overlap, and darker red indicates a higher overlap between proteins. (B) Module-trait relationship of eight well-coexpression modules. The depth of color corresponds to the correlation. Positive correlations are indicated in red color, and negative correlations are represented in blue color. Significance (p-value) of each module to time or variety presented in parentheses.

Supplementary Figure 5 | GO enrichment of the 255 DAPs from the turquoise module, which showed the most significant positive relationships with infection time. (A) Biological Process. (B) Cellular Component. (C) Molecular Function. The sphere size indicates the number of genes in the corresponding term; the color corresponds to different correct p-value ranges. Gray lines connect the terms with related functional enrichment.

Supplementary Figure 6 | Tree-view of GO terms for the molecular function category enriched by 184 XH21-specific DAPs. The depth of color corresponds to the p value of significance. The GO ID, p-value, annotation and the numbers of DAPs for each GO term are shown inside the boxes. The GO ID with red color font indicates the subsequent experimental verification term selected in this study.

Supplementary Figure 7 | Tree-view of GO terms for the biological process category enriched by the 184 XH21-specific DAPs. The white box represents GO category terms. The depth of color corresponds to the statistical significance. The GO ID, p-value, annotation and the numbers of DAPs for each GO term are shown inside the boxes. Stars indicate that the terms are not on the key nodes of the tree.

Supplementary Figure 8 | Tree-view of GO terms for the cellular component category enriched by the 184 XH21-specific DAPs. The white box represents GO category terms. The depth of color corresponds to the statistical significance. The GO ID, p-value, annotation and the numbers of DAPs for each GO term are shown inside the boxes. Stars indicate that the terms are not on the key nodes of the tree.

Supplementary Figure 9 | qRT–PCR validation of the expression levels of the nine proteins in GO:0050662, coenzyme binding. The transcriptional expression levels of the nine proteins distributed in the coenzyme binding category of GO:0050662, including flavin-containing monooxygenase YUCCA10-like protein (YUCCA10), peroxisomal acyl-coenzyme A oxidase 1-like protein (Acox1), FAD/NAD(P)-binding oxidoreductase family protein isoform 1 (FAD), dihydroflavonol-4-reductase (DFR), thiamine pyrophosphate dependent pyruvate decarboxylase family protein (PDC), bifunctional aspartokinase (AKHSD), thiamine pyrophosphate dependent pyruvate decarboxylase family protein (PDC2), glucose-6-phosphate 1-dehydrogenase-2C chloroplastic (G6PD1), and l-galactono-1,4-lactone dehydrogenase-2C mitochondrial-like protein (GLDH), were measured by qRT–PCR with relative expression levels to the reference gene of UBQ. Finally, the fold change between the infected groups and the control is shown, and the expression level in the 0 h samples is set to 1. Three independent replicates were performed for each qPCR assay. *p < 0.05; **p < 0.01.

Supplementary Figure 10 | Disease index of XH7 and XH21 with or without exogenous AsA application after V. dahliae treatment. The exogenous applications of 0.5 mM AsA were performed when the cotton seedlings were exposed to V. dahliae, and H2O was used as a control. The fungal treatment time was extended to 3 days. Then, the seedlings were transferred into Hoagland’s nutrient solution to measure the disease index. The number four was the highest disease index when the whole plant died, and zero indicated the lowest disease index with no visible wilting. The numbers zero to four are also illustrated by different colors for visualization.

Supplementary Figure 11 | Heatmap of transcriptional expression levels of all G. barbadense APX genes deduced from public transcriptome data of V. dahlia-treated roots. The transcriptome data of G. barbadense roots after V. dahliae treatment were obtained from the public online database at NCBI (accession number: PRJNA234454). The colors of yellow, black, and blue indicate high, moderate, and low transcriptional expression levels, respectively. The heatmap was produced by the value of Log2 of FPKM by Heatmapper (http://www.heatmapper.ca/expression/). The APX genes of red fonts were selected for further analysis of qRT–PCR validation.

Supplementary Figure 12 | Phenotypes and qPCR assays of the positive control. TRV:GbCLA was used as a positive control for VIGS. Silencing of GbCLA will prevent the biosynthesis of chlorophyll and result in write leaves [(A) for XH7 and (B) for XH21]. qPCR of GbCLA showed a significant decrease of expression level in transformed plants (C).

Supplementary Table 1 | Primers used in this work.

Supplementary Table 2 | Detailed information for the 885 DAPs.

Supplementary Table 3 | Detailed information for the 184 XH21-specific DAPs.
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