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Introduction

Upland cotton (Gossypium hirsutum) is the main source of natural fiber in the global textile industry, and thus its fiber quality and yield are important parameters. In this study, comparative transcriptomics was used to analyze differentially expressed genes (DEGs) due to its ability to effectively screen candidate genes during the developmental stages of cotton fiber. However, research using this method is limited, particularly on fiber development. The aim of this study was to uncover the molecular mechanisms underlying the whole period of fiber development and the differences in transcriptional levels.





Methods

Comparative transcriptomes are used to analyze transcriptome data and to screen for differentially expressed genes. STEM and WGCNA were used to screen for key genes involved in fiber development. qRT-PCR was performed to verify gene expression of selected DEGs and hub genes.





Results

Two accessions of upland cotton with extreme phenotypic differences, namely EZ60 and ZR014121, were used to carry out RNA sequencing (RNA-seq) on fiber samples from different fiber development stages. The results identified 704, 376, 141, 269, 761, and 586 genes that were upregulated, and 1,052, 476, 355, 259, 702, and 847 genes that were downregulated at 0, 5, 10, 15, 20, and 25 days post anthesis, respectively. Similar expression patterns of DEGs were monitored using short time-series expression miner (STEM) analysis, and associated pathways of DEGs within profiles were investigated. In addition, weighted gene co-expression network analysis (WGCNA) identified five key modules in fiber development and screened 20 hub genes involved in the development of fibers.





Discussion

Through the annotation of the genes, it was found that the excessive expression of resistance-related genes in the early fiber development stages affects the fiber yield, whereas the sustained expression of cell elongation-related genes is critical for long fibers. This study provides new information that can be used to improve fibers in newly developed upland cotton genotypes.
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1 Introduction

Cotton is one of the most important economic and cash crops in the world. Due to upland cotton having a high yield, the area in which it is grown comprises 95% of the total global cotton-growing area (Yoo and Wendel, 2014). Determining how to improve the quality of upland cotton fiber while ensuring the yield is an urgent problem that remains to be solved (Kim and Triplett, 2001).

Cotton fiber is an extension of epidermal cells present on cotton seed, which extend from a tiny bump of 10 μm–20 μm to a length of 3 cm–6 cm (Kim and Triplett, 2001). The growth of cotton fiber is divided into four stages: fiber initiation [0–3 days post anthesis (DPA)], elongation (3–20 DPA), secondary wall biosynthesis (20–40 DPA), and maturity (40–50 DPA) (Kim and Triplett, 2001; Haigler et al., 2012). During the fiber initiation stage (i.e., 0–3 DPA), hair-like projections begin to appear on the epidermis of cotton seeds (Qin and Zhu, 2011). This is followed by the fiber elongation stage (3–20 DPA). During this stage, fiber development-related genes are expressed in high amounts and elongated fibers form fiber bundles by twisting (Singh et al., 2009). Close to 20 DPA, fiber elongation gradually stops and fibers enter the stage of secondary wall thickening (20–40 DPA) as the expression of secondary wall synthesis-related genes is upregulated (Hinchliffe et al., 2010). The secondary wall is mainly composed of cellulose, and cellulose synthesis is dependent on cellulose synthase and cellulose synthase-like enzymes (Taylor et al., 2003). During the fiber maturation stage (40–50 DPA), fibroblasts undergo dehydration and form mature fibers (Kim and Triplett, 2001; Haigler et al., 2012). The first two stages primarily affect the number and length of fibers, whereas the third and fourth stages are associated with fiber strength (FS) and fineness (Patel et al., 2020).

In recent years, the success in the sequencing, assembly, and publication of the reference genomes of cotton (diploid and allotetraploid) species has made it possible for subsequent research on the genetic mechanisms of various traits at the genomic level to be carried out (Paterson et al., 2012; Du et al., 2018; Hu et al., 2019). In particular, RNA sequencing (RNA-seq) technology has developed rapidly over the past 10 years and has become an indispensable tool for the analysis of differential gene expression/messenger RNA (mRNA) variable splicing at the transcriptome level (Wang et al., 2009). Comparative transcriptomics is used to analyze differentially expressed genes (DEGs) and has proven to be an effective method for the screening of candidate genes at various growth stages. Numerous studies have employed comparative transcriptome analysis to discover the genes related to high-quality cotton fiber (Applequist et al., 2001; Gilbert et al., 2014; Yoo and Wendel, 2014; Islam et al., 2016; Li et al., 2017b; Li et al., 2017c; Lu et al., 2017; Zou et al., 2019; Jiang et al., 2021a). A comparative analysis of the fiber development transcriptomes of two short-fiber mutants and control cotton samples in different environments identified 88 fiber elongation-related DEGs (Gilbert et al., 2014). The comparative transcriptome analysis of upland cotton MD52ne and MD90ne and their near isogenic lines revealed that FS may be associated with ethylene and its related hormone pathways, in addition to the signaling pathways of receptor-like kinases (RLKs) (Islam et al., 2016). Moreover, the comparative analysis of the MBI9915 and MBI9749 transcriptomes of chromosome segment substitution lines (CSSLs) has provided new insights into the biosynthesis-related pathway genes of the secondary wall (Li et al., 2017b). The application of transcriptome analysis for a population of upland cotton recombinant inbred lines (RILs) identified several candidate genes associated with fiber initiation and FS (Zou et al., 2019; Jiang et al., 2021a; Jiang et al., 2021b). However, studies that have employed a systematic analysis on all stages of fiber development are limited.

In this study, RNA-seq technology was used to conduct a comparative transcriptome analysis of the plant material ZR014121, which demonstrates excellent fiber quality and poor yield, and line EZ60, which demonstrates poor fiber quality and high yield. The primary focus of this study was to report differences in the transcription level of the genes involved in fiber development. Through DEG analysis and weighted gene co-expression network analysis (WGCNA), candidate key genes that may be related to fiber development were identified. These findings can be used in the development of new genetic material with the potential to improve cotton fiber quality and yield.




2 Materials and methods



2.1 Plant materials

ZR014121, with its excellent fiber quality and poor yield, and EZ60, with its poor fiber quality and high yield, were grown in standard field conditions at the Experimental Station of the Institute of Cotton Research, Chinese Academy of Agricultural Sciences, located in Anyang, Henan, China (36°N, 114°E) in 2020. EZ60 and ZR014121 are preserved in the National Germplasm Library (Anyang, Henan, China) under accession numbers M116025 and ZM115357, respectively. The plant material was sown in rows that were 3 m long and 0.8 m wide. Ten rows of each plant material were planted. Planting and sampling occurred in April and September, respectively. Field management techniques followed those of regular breeding practices. The days to flowering were recorded as DPA, and cotton bolls were marked individually. The cotton bolls were collected at 0, 5, 10, 15, 20, and 25 DPA, and fiber was extracted from each boll with a sterile scalpel and frozen in liquid nitrogen for the subsequent experiments. Sampling from each period was conducted with three biological replicates. The samples for each period for ZR014121 and EZ60 were labeled ZR_0D, ZR_5D, ZR_10D, ZR_15D, ZR_20D, and ZR_25D and EZ_0D, EZ_5D, EZ_10D, EZ_15D, EZ_20D, and EZ_25D, respectively. The data collected pertained to the fiber-quality traits from two cotton accessions planted in two different locations over 2 years (20AnYang, 21AnYang, 20HeBei, and 21HeBei).




2.2 RNA isolation, library construction, and RNA-seq analysis

The total RNA of the fiber samples was extracted using the RNAprep Pure Plant Kit (Polysaccharides & Polyphenolics-rich) (Tiangen, Beijing, China), and 1% agarose gel electrophoresis was used for the detection of RNA degradation and contamination. The RNA concentration was determined using a NanoDrop 2000 spectrophotometer (Thermo Science, Waltham, MA, USA). The RNA integrity was evaluated using a RNA Nano 6000 Assay Kit for the Bioanalyzer 2100 system (Agilent Technologies, Palo Alto, CA, USA). Approximately 2 µg RNA per sample was used to construct the transcriptome library using an Illumina TruSeq™ RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). Transcriptome sequencing of 36 libraries was carried out on the Illumina Novaseq 6000 sequencing platform that produced 150 base pair (bp) paired-end (PE) raw reads (BerryGenomics Co., Ltd., Beijing, China). The raw data were generated in FASTQ format and processed using Trimomatic version 0.39 (Bolger et al., 2014). Reads containing linkers and poly-N, low-quality reads with ≥10% unknown nucleotides (N) and >20% bases, and reads with a phred quality score <5 were excluded. The GCpercentage and Q30 of the clean data were then calculated to evaluate the quality for downstream analysis. HISAT2 v2.1.0 was used to build an index of reference genomes with default parameters (Pertea et al., 2016), with the sequence alignment following the G. hirsutum genomes (https://www.cottongen.org/) (Hu et al., 2019). StringTie version 1.3.5 was then employed to quantify the fragments per kilobase of exon per million reads (FPKM) values of the genes (Pertea et al., 2015). Pearson correlation analysis was used to evaluate the correlation between samples. Samples with a Pearson correlation coefficient of less than 0.8 among the three biological replicates were deleted from the database.




2.3 Differentially expressed gene analysis

The DESeq2 package in R (R Core Team) was used to screen DEGs between the two cotton accessions at a particular fiber developmental stage (vertical) and among stages of the same accession (horizontal) based on the count number of each gene transcript (Love et al., 2014). The DESeq2 package was also employed for principal component analysis (PCA) and the visualization of the results (Love et al., 2014). The screening criteria were as follows: false discovery rate (FDR) <0.05; log2Fold-change of pairwise comparison >1 or <−1; and FPKM ≥0.5. Gene annotations for all DEGs were obtained from the Cottongen database (https://www.cottongen.org/) (Yu et al., 2014).

STEM software was used to analyze the expression patterns of DEGs in the two accessions (Ernst et al., 2005). To explore the functions of DEGs, the Kobas3.0 tool was used to perform Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology (GO) analysis based on the clusterProfiler package in R and the Cottongen database (https://www.cottongen.org/) (Altschul et al., 1990; Kanehisa and Goto, 2000; Wu et al., 2006; Xie et al., 2011; Yu et al., 2014; Kanehisa, 2019; Kanehisa et al., 2021; Wu et al., 2021).




2.4 Construction of co-expression networks and screening of hub genes

The WGCNA package in R was used to analyze the gene co-expression network and screen the genes related to fiber quality (Langfelder and Horvath, 2008). The edge files generated after co-expression network analysis were sorted according to weight value. The first 200 pairs of network connections were used to establish the co-expression network. In each module, hub genes were screened according to their module membership (KME) values. Cytoscape 3.9.0 (Shannon et al., 2003) was employed to vizualize the co-expression network.




2.5 Hub genes and DEGs expression pattern validation

Quantitative real-time PCR (qRT-PCR) was used to verify the gene expression of select DEGs and hub genes. Approximately 1 µg of the total RNA was used as a template to synthesize the cDNA in the HiScript® II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech Co., Ltd). Real-time quantitative PCR was carried out using the ChamQTM Universal SYBR® qPCR Master Mix (Vazyme Biotech Co., Ltd) and LightCycler® 480 II Real-time PCR instrument (Roche, Basel, Switzerland). The qPrimerDB website (https://biodb.swu.edu.cn/qprimerdb/) was used as a reference to design qRT-PCR-specific primers (Lu et al., 2018) (Supplementary Table S8). The gene expression level was calculated using the 2−△△CT method with three biological replicates (Livak and Schmittgen, 2001).





3 Results



3.1 Phenotypic data analysis of the two accessions

The lint percentage (LP) is a key measure for the quantification of cotton fiber yield, whereas FS and fiber length (FL) are important fiber-quality traits. The yield and quality potential of selected cited genotypes were recorded in four environments, namely, 20AnYang, 21AnYang, 20HeBei, and 21HeBei. The average values of LP, FL, and FS determined for EZ60 were 40.82%, 28.91 mm, and 31.66 cN/tex, respectively, and those for ZR014121 were 37.32%, 31.39 mm, and 36.8 cN/tex, respectively (Figure 1A and Supplementary Table S1). Thus, EZ60 has a higher fiber yield and ZR014121 has a higher fiber quality.




Figure 1 | Phenotypic data, transcription level, and DEG statistics for each sample. (A) Phenotypic data for LP, FL, and FS of EZ60 and ZR014121 from four environmental conditions. (B) Transcript levels at each developmental stage of both accessions statistically classified as 0.5≤FPKM<5, 5≤FPKM<100, and 100≤FPKM. (C) The number of DEGs was counted for the same period of both accessions in various developmental periods. The number of upregulated and downregulated genes is marked in red and black. DEGs, differentially expressed genes; FL, fiber length; FPKM, fragments per kilobase of exon model per million mapped fragments; FS, fiber strength; LP, lint percentage.






3.2 Transcriptome sequencing analysis and correlation of replicate samples

Fiber samples were collected during fiber growth (i.e., at 0 DPA, 5 DPA, 10 DPA, 15 DPA, 20 DPA, and 25 DPA) to identify the key genes affecting fiber quality. Transcriptome sequencing was subsequently carried out. A total of 1,634.76 million clean reads were retrieved from 36 libraries, with an average number of reads per sample of 45.41 million. Moreover, 97.01% to 99.36% of Q30 was calculated with an average of 98.80%, whereas 43% to 45% of the GC contents were calculated with an average of 44.17% (Supplementary Table S2). Note that two samples were removed as their correlation coefficients were less than 0.8 (Supplementary Table S3).

Based on the FPKM value, we believed that genes with an FPKM value greater than 0.5 were expressed in this study. A total of 30,893, 28,885, 25,928, 22,518, 22,613, and 20,992 genes were expressed at six time points (0 DPA, 5 DPA, 10 DPA, 15 DPA, 20 DPA, and 25 DPA, respectively) in EZ60. Similarly, 31,325, 28,857, 24,188, 22,835, 21,973, and 20,683 genes were expressed in ZR014121 (at 0 DPA, 5 DPA, 10 DPA, 15 DPA, 20 DPA, and 25 DPA, respectively). Among all expressed genes, those with FPKM values of 0.5 to 5, 5 to 100, and ≥100 accounted for 67.44%, 30.83%, and 1.73% of the total gene models, respectively (Figure 1B).




3.3 Analysis of differentially expressed genes

To identify the genes involved in the development of fiber quality, differentially expressed genes were analyzed using the DESeq2 package in R for the different fiber stages of both accessions through vertical and horizontal comparisons. After removing duplicate genes, 19,915 DEGs were identified during cotton fiber development (Figure 1C and Supplementary Tables S4, 5).

At 0 DPA, when comparing ZR014121 to EZ60, 1,756 DEGs (FPKM ≥0.5 and FDR <0.05) were identified, of which 704 genes were upregulated (log2(FC)>1) and 1,052 genes were downregulated (log2(FC)<−1). We also screened high-expression genes that exhibited significant differences in their expression (FPKM ≥10, |log2(FC)|>2). A total of 34 genes were upregulated and 61 genes were downregulated in the developmental stages (Supplementary Table S6). Among the upregulated genes, two genes (GH_A08G1451 and GH_D07G1411) encoding S-adenosylmethionine synthase were responsible for the production of S-adenosylmethionine. GH_A08G2565 was annotated as the Alpha-1,4-glucan-protein synthase family protein, and participated in the amino sugar and nucleotide sugar metabolism process. In addition, GH_D01G0810 was enriched in the ascorbate and aldarate metabolism pathway, annotated as Vitamin C Defective 2. Among the downregulated genes, GH_A10G0118 was annotated as starch synthase 3 (SS3). Two members of the aldehyde dehydrogenase (ALDH) family were identified and annotated as ALDH10A8 (GH_D11G0455 and GH_A11G0436), whereas GH_D07G1876 was annotated as encodsphosphoserine aminotransferase 2.

At 5 DPA, ZR014121 was compared with EZ60, and 852 DEGs (FPKM≥0.5 and FDR<0.05) were identified, 376 of which were upregulated (log2(FC)>1) and 476 of which were downregulated (log2(FC)< −1). We also assessed the high-expression genes with significant differences in their expression level (FPKM≥10, |log2(FC)|>2). Among them, 36 and 34 genes were upregulated and downregulated, respectively. The majority of upregulated genes were related to proteins involved in various processes of the endoplasmic reticulum. Several genes encoding heat shock proteins were identified, including heat shock cognate protein 70-1 (GH_D05G0960 and GH_A05G0973), heat shock protein 70B (GH_A13G2624), heat shock protein 90.1 (GH_A12G2751), 17.6kDa class II heat shock proteins (GH_A07G0216 and GH_D07G0225), and mitochondrion-localized small heat shock protein 23.6 (GH_D12G2202). In addition, two genes encoding ubiquitin-conjugating enzymes were also upregulated and annotated as ubiquitin-conjugating enzyme 10 (GH_A08G1154) and ubiquitin-conjugating enzyme 22 (UBC22) (GH_D11G3489). Among the downregulated genes, GH_A05G4206 was annotated as 10-formyltetrahydrofolate synthetase, and GH_A08G2085 and GH_D08G2099 were annotated as beta-6 tubulin.

At 10 DPA, ZR014121 was compared with EZ60, and 496 DEGs (FPKM≥0.5 and FDR<0.05) were identified, of which 141 were upregulated (log2(FC)>1) and 355 were downregulated (log2(FC)<−1). We also screened the genes for high expression and significant differences in their expression (FPKM≥10, |log2(FC)|>2). Among them, 9 genes were upregulated and 37 genes were downregulated. For the upregulated genes, GH_A08G1447 was annotated as ADP-ribosylation factor A1F. Some genes were also enriched in the ribosomal pathway (GH_D11G0050, GH_D13G2117, and GH_D02G0697). Among the downregulated genes, GH_D02G1053 was annotated as the phosphofructokinase family protein. Phosphoserine aminotransferase 2 (GH_D07G1876) was found to be downregulated at 0 and 10 DPA.

At 15 DPA, ZR014121 was compared with EZ60, and 528 DEGs (FPKM≥0.5 and FDR<0.05) were identified. A total of 269 genes were upregulated (log2(FC)>1) and 259 genes were downregulated (log2(FC)< −1). We also assessed the genes with a high expression and significant differences in their expression (FPKM≥10, |log2(FC)|>2). Among them, 31 genes were upregulated and 34 genes were downregulated. Among the upregulated genes, three genes were enriched for the fatty-acid elongation pathway and annotated as 3-ketoacyl-CoA synthase 6 (GH_A03G1679 and GH_D02G1843) and 3-ketoacyl-CoA synthase 1 (GH_D12G1341). GH_A08G2414 was annotated as O-acetylserine (thiol) lyase (OAS-TL) isoform A1 and encoded cytosolic O-acetylserine (thiol) lyase. Among the downregulated genes, GH_D06G1226 was annotated as peroxidase 2. Interestingly, the upregulated gene GH_A08G1447 was present at 10 DPA, yet this gene was downregulated at 15 DPA.

At 20 DPA, ZR014121 was compared with EZ60, and 1,463 DEGs (FPKM≥0.5 and FDR<0.05) were identified, of which 761 genes were upregulated (log2(FC)>1) and 702 genes were downregulated (log2(FC)<−1). We also screened genes with a high expression and significant differences in their expression (FPKM≥10, |log2(FC)|>2). Among them, 48 genes were upregulated and 90 genes were downregulated. Among the upregulated genes, two genes (GH_D12G2066 and GH_D09G2122) were enriched in the pentose and glucuronate interconversions pathway and annotated as the pectate lyase family protein and pectin lyase-like superfamily protein, respectively. Genes enriched in metabolic pathways were also identified, including 3-ketoacyl-CoA synthase 6 (GH_D01G2106, GH_A01G2012, and GH_D02G1843), 3-ketoacyl-CoA synthase 10 (GH_D13G2158), alcohol dehydrogenase 1 (GH_A01G2058), and D-3-phosphoglycerate dehydrogenase (GH_D12G0221). GH_A03G0664 encoded the ferulyl-CoA transferase. Among the downregulated genes, the glycerolipid metabolism pathway was enriched, including glycerol-3-phosphate acyltransferase 5 (GH_A10G2449, GH_D04G0663, and GH_D10G2557) and glycerol-3-phosphate acyltransferase 8 (GH_A11G0931). In phenylpropanoid biosynthesis, GH_D10G0525 and GH_A05G0051 were annotated as 4-coumaric acid: CoA ligase 1 and 4-coumaric acid: CoA ligase 2, respectively. Asparaginase B1 (GH_D02G0918) was enriched in the biosynthesis of secondary metabolites. In addition, two peroxidase super-family proteins (GH_A10G1988 and GH_D10G2089) were overexpressed in EZ60 as compared with ZR014121.

At 25 DPA, ZR014121 was compared with EZ60, and 1,433 DEGs (FPKM≥0.5 and FDR<0.05) were identified, where 586 genes were upregulated (log2(FC)>1) and 847 genes were downregulated (log2(FC)< −1). We also screened genes with a high expression and significant differences in their expression (FPKM≥10, |log2(FC)|>2). Among them, 34 genes were upregulated and 61 genes were downregulated. Among the upregulated genes, GH_D11G0356 was enriched in the carbon metabolism pathway and was annotated as malate dehydrogenase. Interestingly, GH_A03G0664 was upregulated at 20 DPA and 25 DPA. Among the downregulated genes, GH_A09G0134 was annotated as pectin methylesterase 31. Note that GH_D02G0918 was not only downregulated at 20 DPA, but the expression level in EZ60 was higher than normal.




3.4 Principal component analysis

Principal component analysis was carried out during six periods of fiber development in the two cotton accessions so that the periods at which the two accessions exhibited differences in fiber development could be determined (Figure 2). Among them, there were significant differences in the transcript levels between the two accessions at 0 DPA, 5 DPA, 15 DPA, and 20 DPA. Note that ZR 25D and EZ 20D were almost identical in terms of the sample variability.




Figure 2 | PCA of the two cotton accessions at various time points presented as DPAs. The same color represents a single timeline, and the circles and triangles represent EZ60 and ZR014121, respectively. DPAs, days post anthesis; PCA, principal component analysis.






3.5 Temporal gene expression patterns analysis

To analyze the temporal expression, we carried out STEM analysis on all DEGs in EZ60 and ZR014121. In particular, the 12,786 and 14,563 DEGs in EZ60 and ZR014121, respectively, were divided into seven profiles (Figure 3A). The genes in each profile exhibited similar expression patterns. To investigate the genes associated with fiber development, we focused on profiles (profile7 and profile30) that were consistently upregulated or downregulated with fiber development. Profile7 contained 2,135 genes for EZ60 and 2,508 genes for ZR014121, and 1,104 genes were found to be identical. Profile30 contained 940 genes for EZ60 and 890 genes for ZR014121, and 448 were found to be identical. In profile7, 1,031 and 1,404 genes were specifically expressed in EZ60 and ZR014121, whereas in profile30, 492 and 442 genes were specifically expressed in EZ60 and ZR014121, respectively (Figure 3B).




Figure 3 | Description of DEG analysis in upland cotton. (A) STEM analysis results, bottom left corner of each profile is gene number and top left corner is profile ID. (B) Venn diagram visualizing the gene number in profile7 and profile30 for both accessions. (C) KEGG analysis of the same genes in the two accessions in profile7. (D) KEGG analysis of the same genes in the two accessions in profile30. (E) GO analysis of different genes in the two accessions in profile7. (F) GO analysis of different genes in the two accessions in profile30. DEGs, differentially expressed genes; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; STEM, short time-series expression miner.



To investigate the pathways with common expression patterns in two accessions, we carried out KEGG enrichment analysis of the genes common to both accessions (Supplementary Table S7). The DEGs in profile7 were primarily enriched in metabolic pathways, secondary metabolite biosynthesis, ribosome, and flavonoid biosynthesis (Figure 3C). In contrast, DEGs in profile30 were enriched in the phenylpropanoid biosynthesis, starch and sucrose metabolism, glycosaminoglycan degradation, and amino sugar and nucleotide sugar metabolism (Figure 3D).

GO enrichment analysis with specific DEGs was conducted to explore the differences between the two accessions (Supplementary Table S7). In profile7, EZ60 was compared with ZR014121 based on the Venn diagram in Figure 3E. The specific DEGs of EZ60 were enriched for the GO terms of GO:0016817 “hydrolase activity, acting on acid anhydrides,” and GO:0006164 “purine nucleotide biosynthetic process”. Moreover, GO:0006353 “DNA-templated transcription, termination”, GO:0009651 “response to salt stress”, and GO:0009414 “response to water deprivation” were specifically enriched in the DEGs of ZR014121. In profile30, ZR014121 was compared with EZ60, as shown in the Venn diagram in Figure 3F. The specific DEGs of ZR014121 were enriched to the GO terms of GO:0003997 “acyl-CoA oxidase activity”, GO:0006631 “fatty acid metabolic process”, GO:0006621 “protein retention in ER lumen”, GO:0046923 “ER retention sequence binding”, GO:0006635 “fatty acid beta-oxidation”, GO:0016627 “oxidoreductase activity, acting on the CH-CH group of donors”, GO:0006012 “galactose metabolic process”, and GO:0003955 “NAD(P)H dehydrogenase (quinone) activity”. The GO enrichment results indicate that there are large differences between the two accessions in terms of the enriched GO terms, which may affect the development of fiber.




3.6 Gene co-expression network analysis and identification of hub genes in correlation networks

We constructed a co-expression network of 5,414 DEGs using WGCNA to investigate the relationship between gene expression and fiber development and identify the genes associated with fiber development.

The hierarchical clustering method was used to construct the topological overlap matrix, merging the dynamic cut modules with similar expression patterns. A total of 25 modules were identified in the fiber samples of both accessions. Five of these (i.e., darkred, orangered4, darkolivegreen, maroon, and floralwhite) were highly correlated with each period of fiber development (Figure 4). In five significant modules, a total of 20 DEGs were identified as hub genes based on the highest KME values in each module. All hub genes exhibited KME values greater than 0.9 (Table 1). The gene co-expression networks for the five significant modules are provided in the additional files (Supplementary Figures S1–S5).




Figure 4 | Gene co-expression network analysis of vertical DEGs for the two cotton accessions. (A) Gene dendrogram of the co-expression modules in WGCNA. According to the expression pattern, 5,414 DEGs were dynamically cut into different-colored modules. (B) Correlation analysis of 25 co-expression modules with 34 samples; important modules are marked in red. DEGs, differentially expressed genes; WCGNA, weighted gene co-expression network analysis.




Table 1 | Candidate hub genes in five modules.



Eight hub genes were identified in the darkred module (related to EZ60_0DPA), including the pre-mRNA-processing-splicing factor, reticulan-like protein B3, ubiquitin-specific protease 14, SS3, calcium-binding EF-hand family protein, and cleavage and polyadenylation specificity factor 30. In the orangered4 module (related to EZ60_5DPA), two genes were identified as hub genes, namely, tubulin beta 8 and an ATP synthase alpha/beta family protein. Five genes were identified as hub genes in the darkolivegreen module (related to EZ60_15DPA), namely, beta-6 tubulin, pyridoxal phosphate (PLP)-dependent transferases superfamily protein, calcium ion binding, and rapid alkalization factor (RALF)-like 33. In the maroon module (related to ZR_20DPA), three genes were identified as hub genes, namely, alcohol dehydrogenase 1, xyloglucan endotransglucosylase/hydrolase family protein, and subtilase family protein. Two genes were identified as hub genes in the floralwhite module (related to ZR_25DPA), namely, the pollen Ole e 1 allergen and extensin family protein and EIN3-binding F box protein 1. These may be key regulatory genes in fiber development.




3.7 Validation of qRT-PCR expression pattern

qRT-PCR was carried out to verify the expression pattern of important DEGs and hub genes. The expression of 41 genes was monitored, indicating that the significant results were similar to the FPKM values in the transcriptome analysis (Figure 5). These results validated the reliability of our RNA-seq.




Figure 5 | qPCR analysis of hub genes and key DEGs. (A–X) qPCR results of key DEGs during fiber development. (Y–OO) qPCR results of hub genes in five key modules. DEGs, differentially expressed genes; qPCR, quantitative PCR.







4 Discussion



4.1 Insights into the RNA-seq of divergent accessions

RNA-seq was conducted on two accessions with extreme phenotypic differences, EZ60 (LP of 40.82%, FL of 28.91 mm, and FS of 31.66 cN/tex) and ZR014121 (LP of 37.32%, FL of 31.39 mm, and FS of 36.80 cN/tex) to explore the molecular mechanisms involved in the fiber development of cotton. The recent application of RNA-seq techniques to study fiber development generally focuses on specific timelines and periods, but research explaining the whole fiber development process is lacking. Based on the analysis of two short-fiber mutants and the fiber transcriptome of wild type (WT) grown in different environments, Gilbert et al. (2014) identified 88 differentially expressed genes required for fiber elongation. Li et al. (2017b) provided new insights into the biosynthesis-related pathways of secondary walls in chromosome segment substitution lines (CSSLs) by comparative analysis of the MBI9915 and MBI9749 transcriptomes in CSSLs. Similarly, Zou et al. (2019) and (Jiang et al. 2021a, Jiang et al., 2021b) identified several candidate genes related to FS and fiber initiation, respectively, using the transcriptome analysis of a recombinant inbred lines (RILs) population of upland cotton.

RNA-seq was carried out on cotton fibers from 0–25 days after flowering to generate valuable data that could explain the genetic and molecular mechanisms of fiber development. Such data sets play an integral role in breeding work. In this study, 1.635 billion clean reads were obtained in 36 libraries, with an average of 45.41 million reads per sample. The average Q30 and GC contents were determined to be 98.80% and 44.17%, respectively. This demonstrates the reliability of the presented RNA-seq data. Data with a low correlation (<0.8) were removed due to possible environmental influences on the samples. These data act as a basis for the exploration of differences in transcript levels during fiber development.




4.2 DEG analysis reveals differences in fiber development processes

Differentially expressed gene analysis was carried out to explore the differences in transcript levels during fiber development. At 0 DPA, GH_A10G0118 (Figure 5F), annotated as SS3, was significantly upregulated in the expression of EZ60. SS3 has been reported to promote the release of glucose units by modifying the cell wall structure (Grisolia et al., 2017; Gámez-Arjona and Mérida, 2021). This process leads to the metabolism of energy and the accumulation of sugars. In particular, it may provide energy for the differentiation of seed epidermal cells. For the high fiber-yielding accession EZ60, during this period DEGs are enriched in metabolic pathways such as glycine, serine, and threonine metabolism. In addition, a variety of amino acid synthesis-related enzymes have high FPKM values in EZ60. For example, phosphoserine aminotransferase 2 (GH_D07G1876) was regulated and expressed by MYB34, playing an important role in plant development and metabolism (Benstein et al., 2013). The ALDH10A (GH_D11G0455 and GH_A11G0436) enzyme participates in seed development by synthesizing γ-butyrobetaine (Jacques et al., 2020; Tola et al., 2020). This implies that a large number of amino acids is synthesized and accumulated during the differentiation of seed epidermal cells, a process that may affect the quantity of cotton fibers produced. At 5 DPA, two beta-6 tubulin genes (GH_A08G2085 and GH_D08G2099) (Figure 5JJ) were significantly upregulated in EZ60. These genes are involved in the direction of cell growth by directing fibrillin (Soga et al., 2018) and may be required to regulate the growth of fibers during the early stages of fiber elongation. The synthesis of protein and various metabolism processes are more active during fiber elongation. 10-formyltetrahydrofolate synthase (GH_A05G4206) can be transported as mRNA to distant cells, regulating cell differentiation and growth (Thieme et al., 2015). This provides the impetus for fiber elongation. During the elongation stage of fiber development (10 DPA and 15 DPA), GH_A08G1447, annotated as ADP-ribosylation factor A1F, was significantly upregulated in the expression of the high fiber quality of ZR014121. This gene is involved in the transport process of vesicles by assisting in transporting cellulose synthase to the plasma membrane and non-cellulose polysaccharides to the cell wall (Gebbie et al., 2005). This implies that GH_A08G1447 plays an important role in cell wall composition and in biosynthesis during fiber elongation stage. In addition, three genes (GH_A03G1679, GH_D02G1843, and GH_D12G1341) (Figure 5K) are upregulated in the fiber elongation of ZR014121. They are enriched in the fatty-acid elongation pathway, which regulates the biosynthesis of very long-chain fatty acids (VLCFAs) (Singh et al., 2020; Guyomarc’h et al., 2021). For extracellular lipids, VLCFAs can be classified as either suberin or cuticle/cutin (Li-Beisson et al., 2013). They are essential for the polar transport of growth hormones during plant development and facilitate the process of fiber elongation (Roudier et al., 2010). VLCFA content and the ratio of VLCFAs to short-chain fatty acids have been reported to play a role in the increased production of long fibers (Hu et al., 2020). Moreover, cytosolic O-acetylserine (thiol) lyase can reduce the concentration of cell sulfide to support the structure of actin cytoskeleton (Li et al., 2018). The upregulated expression of these genes provides the foundation for high-quality fiber in ZR014121. The analysis of DEGs revealed the fiber elongation process to be related to metabolic pathways, the biosynthesis of secondary metabolites, and other pathways. Numerous protein transport genes and polar growth-related genes play an important role in this process (Ruan et al., 2001; Qin and Zhu, 2011).

Several DEGs in ZR014121 are upregulated during pre-fiber development and are also associated with resistance. GH_D01G0810 was significantly upregulated at 0 DPA for ZR014121 and is involved in the ascorbate pathway (Iwagami et al., 2022). Upregulated genes at 5 DPA were enriched for multiple heat shock proteins involved in stress responses (Dorn et al., 2010; Li et al., 2017a; Cha et al., 2020; Zhao et al., 2021). Moreover, UBC22 (GH_D11G3489) is reported to have multiple functions during plant development and stress responses (Wang et al., 2020). Cotton fibers are developed from the epidermal cells of the seeds (Kim and Triplett, 2001). Seed epidermal hairs form a plant defense system to protect seeds, and thus resistance-related genes are significantly expressed in the early development of fiber. However, from a macroscopic perspective, this may take up genetic resources for the differentiation of fiber during early development. ZR014121 was heavily upregulated in resistance-related genes early in fiber development, which may explain its low fiber yield. Genetic resources related to stress response pathways are allocated for fiber development, resulting in a higher biomass (Yoo and Wendel, 2014). The fiber initiation stage is important in determining fiber yield, and significant differences between EZ60 and ZR014121 at 0 DPA may induce differences in yield (Figure 2).

During the secondary wall thickening stage (20 DPA and 25 DPA), DEGs were enriched in phenylpropanoid biosynthesis, starch and sucrose metabolism, glycosaminoglycan degradation, and amino acid sugar and nucleotide sugar metabolism pathways. Two pectin lyase family genes (GH_D12G2066 and GH_D09G2122) (Figure 5P) were significantly upregulated in terms of their expression in ZR014121 and could induce cell-wall loosening, remodeling, and rearrangement (Sun et al., 2018). GH_A03G0664 (Figure 5U), which encodes feruloyl-CoA transferase, was upregulated at both 20 DPA and 25 DPA in ZR014121. It is involved in several synthesis pathways and regulates the cell wall composition (Gou et al., 2009; Molina et al., 2009). Interestingly, at 20–25 DPA, the majority of upregulated DEGs expressed in EZ60 were enriched in the phenylpropanoid biosynthetic pathway and the thickening of the secondary wall. For example, at 20 DPA, the upregulated glycerol-3-phosphate acyltransferase (GH_A10G2449, GH_D04G0663, GH_D10G2557, and GH_A11G0931) is reported to be involved in the biosynthesis of cork polyester (Jayawardhane et al., 2018) and 4-Cumaric acid. Furthermore, CoA ligase (GH_D10G0525 and GH_A05G0051) is involved in the biosynthesis of lignin and the process of secondary wall deposition in cotton fibers (Vanholme et al., 2012; Sun et al., 2015). Peroxidase superfamily proteins (GH_A10G1988 and GH_D10G2089) play a role in the lignification stage of the secondary wall (Hoffmann et al., 2020). Moreover, pectin methylesterase 31 was upregulated at 25 DPA in EZ60, and participated in the pectin remodeling process, possibly affecting the thickening of the fiber secondary wall (Liu et al., 2013; Li et al., 2016). Furthermore, malate dehydrogenase was upregulated at 25 DPA in ZR014121 and may influence fiber elongation during fiber development (Imran et al., 2016). Malate, a product of malate dehydrogenase, drives fiber elongation by enhancing turgor pressure (Dhindsa et al., 1975). This may be due to the longer cell elongation of ZR014121 and the shorter duration of fiber growth in EZ60, which is one of the factors influencing poor-quality fiber. The PCA results demonstrate the similarity between fibers from EZ60 at 20 DPA and those from ZR014121 at 25 DPA in terms of the transcript level (Figure 2).




4.3 Hub genes identified by WGCNA

WGCNA identified numerous modules associated with each period of fiber development and the hub genes for each module. We conducted an extended study for some modules that exhibited a strong correlation with EZ60 early-fiber and ZR014121 late-fiber samples. These modules were correlated with periods that demonstrated significant differences between the two accessions in the PCA results (Figure 2). Among the three modules associated with EZ60, the identified hub genes were highly correlated with seed epidermal hair cell differentiation and elongation initiation. These genes include several transcription factors (cleavage and polyadenylation specificity factor 30 and pre-mRNA-processing-splicing factor), genes which regulate the protein synthesis process (reticulan-like protein B3, calcium-binding EF-hand family protein, and calcium ion binding), and genes involved in the energy supply process (ATP synthase alpha/beta family protein). Cleavage and polyadenylation specificity factor 30 is associated with the metabolic process of mRNA and mediates mRNA N6-methyladenosine (m6A) modifications (Hou et al., 2021). This pre-mRNA-processing-splicing factor affects pre-mRNA shearing and is essential for embryonic development in Arabidopsis (Sasaki et al., 2015). This gene may affect the differentiation process of epidermal cells. Reticulan-like protein B3 plays an important role in endoplasmic reticulum modeling (Kriechbaumer et al., 2015). The expression of calcium-binding EF-hand family protein is consistent with the involvement of Ca2+ in the regulation changes of cell development (Day et al., 2002). ATP synthase alpha/beta family protein drives the synthesis of mitochondrial ATP; its mRNA can move between cells and is transported to more distant tissues (Thieme et al., 2015). These genes may influence the accumulation of protein synthesis during the differentiation of fiber development initiation and the energy transfer process. In addition, RALF-like 33 is a small peptide that causes rapid extracellular alkalinization and acts as an extracellular signal to regulate plant development (Sharma et al., 2016). Ubiquitin-specific protease 14 is required for the lateral root development in Arabidopsis and may be associated with the initiation of fiber development (Majumdar et al., 2021). Note that SS3 and multiple tubulin proteins (tubulin beta 8 and beta-6 tubulin) were identified as hub genes, which is consistent with the results of the DEGs analysis. Thus, the role of the aforementioned genes in the early stages of fiber development is crucial. Previous transcriptome research on the Ligon lintless-1 mutant has reported the importance of starch synthase and tubulin for fiber development (Ding et al., 2014).

Among the two modules associated with ZR014121, the xyloglucan endotransglucosylase/hydrolase family protein acts as a cell wall-modifying enzyme to regulate plant growth by maintaining cell wall homeostasis (Zhang et al., 2022). In addition, EIN3-binding F box protein 1 is involved in ethylene signaling (Vaseva et al., 2018). Previous research has linked fiber strength in cotton to the ethylene signaling pathway (Islam et al., 2016). During fiber development, hub genes play an important role in all developmental stages and influence fiber-yield and -quality traits. Therefore, the functions of these hub genes require further investigation.





5 Conclusions

Differentially expressed genes were identified by the transcriptome sequencing of fibers from two cotton accessions (EZ60 and ZR014121) with extreme phenotypic differences at various developmental stages. DEGs with similar expression patterns were classified using STEM analysis, focusing on profiles with persistent upregulated and downregulated expression (profile7 and profile30). Their differences in pathways and classes of action were highlighted by KEGG and GO analysis. DEGs and hub genes associated with each fiber developmental stage were selected by longitudinal comparison and multiple screening, including fiber initiation-related genes (SS3 and tubulin). These genes may be associated with fiber yield. Genes associated with fiber elongation (ADP-ribosylation factor A1F, pectin lyase, and fatty acid extension pathway-related genes) and fiber secondary-wall thickening (feruloyl-CoA transferase, and EIN3-binding F box protein 1-related genes) may be crucial to affecting fiber quality. Our results provide new insights into the molecular mechanisms underlying cotton fiber development.





Data availability statement

The raw reads for the transcriptomic analysis have been uploaded on the SRA database from NCBI under the BioProject PRJNA821165 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA821165) and will be available after publication. All data generated or analyzed during this study are included in this published article and its Supplementary Information Files.





Ethics statement

The experiments on plant material in this study comply with relevant institutional, national, and international guidelines and legislation.





Author contributions

QG, YY, and HS initiated the research. JH and ZX designed the experiments. JH, XJ, PL, and ZZ carried out the transcriptional analysis. JH, ZX, XJ, and SF conducted the DEG analyses and WGCNA. JG grew the plant material for experiments. JH and QG drafted the manuscript. YY, MA, and HS finalized the manuscript. All authors contributed to the interpretation of results and approved the final manuscript.





Funding

This work was supported by the National Natural Science Foundation of China (No. 3210151266) and the Central Public-interest Scientific Institution Basal Research Fund (No: 1610162021004).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1189490/full#supplementary-material





Abbreviations

DPA, days post anthesis; DEG, differentially expressed gene; WGCNA, weighted gene co-expression network analysis; FPKM, fragments per kilobase of exon model per million mapped fragments; FDR, false discovery rate; STEM, short time-series expression miner; qRT-PCR, quantitative real-time polymerase chain reaction; VLCFAs, very long-chain fatty acids; SS3, starch synthase 3.




References

 Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215 (3), 403–410. doi: 10.1016/s0022-2836(05)80360-2

 Applequist, W. L., Cronn, R., and Wendel, J. F. (2001). Comparative development of fiber in wild and cultivated cotton. Evol. Dev. 3 (1), 3–17. doi: 10.1046/j.1525-142x.2001.00079.x

 Benstein, R. M., Ludewig, K., Wulfert, S., Wittek, S., Gigolashvili, T., Frerigmann, H., et al. (2013). Arabidopsis phosphoglycerate dehydrogenase1 of the phosphoserine pathway is essential for development and required for ammonium assimilation and tryptophan biosynthesis. Plant Cell 25 (12), 5011–5029. doi: 10.1105/tpc.113.118992

 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30 (15), 2114–2120. doi: 10.1093/bioinformatics/btu170

 Cha, J. Y., Kang, S. H., Ali, I., Lee, S. C., Ji, M. G., Jeong, S. Y., et al. (2020). Humic acid enhances heat stress tolerance via transcriptional activation of Heat-Shock Proteins in Arabidopsis. Sci. Rep. 10 (1), 15042. doi: 10.1038/s41598-020-71701-8

 Day, I. S., Reddy, V. S., Shad Ali, G., and Reddy, A. S. (2002). Analysis of EF-hand-containing proteins in arabidopsis. Genome Biol. 3 (10), Research0056. doi: 10.1186/gb-2002-3-10-research0056

 Dhindsa, R. S., Beasley, C. A., and Ting, I. P. (1975). Osmoregulation in cotton fiber: accumulation of potassium and malate during growth. Plant Physiol. 56 (3), 394–398. doi: 10.1104/pp.56.3.394

 Ding, M., Jiang, Y., Cao, Y., Lin, L., He, S., Zhou, W., et al. (2014). Gene expression profile analysis of Ligon lintless-1 (Li1) mutant reveals important genes and pathways in cotton leaf and fiber development. Gene 535 (2), 273–285. doi: 10.1016/j.gene.2013.11.017

 Dorn, K. V., Willmund, F., Schwarz, C., Henselmann, C., Pohl, T., Hess, B., et al. (2010). Chloroplast DnaJ-like proteins 3 and 4 (CDJ3/4) from Chlamydomonas reinhardtii contain redox-active Fe-S clusters and interact with stromal HSP70B. Biochem. J. 427 (2), 205–215. doi: 10.1042/bj20091412

 Du, X., Huang, G., He, S., Yang, Z., Sun, G., Ma, X., et al. (2018). Resequencing of 243 diploid cotton accessions based on an updated A genome identifies the genetic basis of key agronomic traits. Nat. Genet. 50 (6), 796–802. doi: 10.1038/s41588-018-0116-x

 Ernst, J., Nau, G. J., and Bar-Joseph, Z. (2005). Clustering short time series gene expression data. Bioinformatics 21 Suppl 1, i159–i168. doi: 10.1093/bioinformatics/bti1022

 Gámez-Arjona, F. M., and Mérida, Á. (2021). Interplay between the N-terminal domains of Arabidopsis starch synthase 3 determines the interaction of the enzyme with the starch granule. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.704161

 Gebbie, L. K., Burn, J. E., Hocart, C. H., and Williamson, R. E. (2005). Genes encoding ADP-ribosylation factors in Arabidopsis thaliana L. Heyn.; genome analysis and antisense suppression. J. Exp. Bot. 56 (414), 1079–1091. doi: 10.1093/jxb/eri099

 Gilbert, M. K., Kim, H. J., Tang, Y., Naoumkina, M., and Fang, D. D. (2014). Comparative transcriptome analysis of short fiber mutants Ligon-lintless 1 and 2 reveals common mechanisms pertinent to fiber elongation in cotton (Gossypium hirsutum L.). PloS One 9 (4), e95554. doi: 10.1371/journal.pone.0095554

 Gou, J. Y., Yu, X. H., and Liu, C. J. (2009). A hydroxycinnamoyltransferase responsible for synthesizing suberin aromatics in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 106 (44), 18855–18860. doi: 10.1073/pnas.0905555106

 Grisolia, M. J., Peralta, D. A., Valdez, H. A., Barchiesi, J., Gomez-Casati, D. F., and Busi, M. V. (2017). The targeting of starch binding domains from starch synthase III to the cell wall alters cell wall composition and properties. Plant Mol. Biol. 93 (1–2), 121–135. doi: 10.1007/s11103-016-0551-y

 Guyomarc’h, S., Boutté, Y., and Laplaze, L. (2021). AP2/ERF transcription factors orchestrate very long chain fatty acid biosynthesis during Arabidopsis lateral root development. Mol. Plant 14 (2), 205–207. doi: 10.1016/j.molp.2021.01.004

 Haigler, C. H., Betancur, L., Stiff, M. R., and Tuttle, J. R. (2012). Cotton fiber: a powerful single-cell model for cell wall and cellulose research. Front. Plant Sci. 3. doi: 10.3389/fpls.2012.00104

 Hinchliffe, D. J., Meredith, W. R., Yeater, K. M., Kim, H. J., Woodward, A. W., Chen, Z. J., et al. (2010). Near-isogenic cotton germplasm lines that differ in fiber-bundle strength have temporal differences in fiber gene expression patterns as revealed by comparative high-throughput profiling. Theor. Appl. Genet. 120 (7), 1347–1366. doi: 10.1007/s00122-010-1260-6

 Hoffmann, N., Benske, A., Betz, H., Schuetz, M., and Samuels, A. L. (2020). Laccases and peroxidases co-localize in lignified secondary cell walls throughout stem development. Plant Physiol. 184 (2), 806–822. doi: 10.1104/pp.20.00473

 Hou, Y., Sun, J., Wu, B., Gao, Y., Nie, H., Nie, Z., et al. (2021). CPSF30-L-mediated recognition of mRNA m(6)A modification controls alternative polyadenylation of nitrate signaling-related gene transcripts in Arabidopsis. Mol. Plant 14 (4), 688–699. doi: 10.1016/j.molp.2021.01.013

 Hu, Y., Chen, J., Fang, L., Zhang, Z., Ma, W., Niu, Y., et al. (2019). Gossypium barbadense and Gossypium hirsutum genomes provide insights into the origin and evolution of allotetraploid cotton. Nat. Genet. 51 (4), 739–748. doi: 10.1038/s41588-019-0371-5

 Hu, W., Chen, L., Qiu, X., Wei, J., Lu, H., Sun, G., et al. (2020). AKR2A participates in the regulation of cotton fibre development by modulating biosynthesis of very-long-chain fatty acids. Plant Biotechnol. J. 18 (2), 526–539. doi: 10.1111/pbi.13221

 Imran, M., Tang, K., and Liu, J. Y. (2016). Comparative genome-wide analysis of the malate dehydrogenase gene families in cotton. PloS One 11 (11), e0166341. doi: 10.1371/journal.pone.0166341

 Islam, M. S., Fang, D. D., Thyssen, G. N., Delhom, C. D., Liu, Y., and Kim, H. J. (2016). Comparative fiber property and transcriptome analyses reveal key genes potentially related to high fiber strength in cotton (Gossypium hirsutum L.) line MD52ne. BMC Plant Biol. 16, 36. doi: 10.1186/s12870-016-0727-2

 Iwagami, T., Ogawa, T., Ishikawa, T., and Maruta, T. (2022). Activation of ascorbate metabolism by nitrogen starvation and its physiological impacts in Arabidopsis thaliana. Biosci. Biotechnol. Biochem. 86 (4), 476–489. doi: 10.1093/bbb/zbac010

 Jacques, F., Zhao, Y., Kopečná, M., Končitíková, R., Kopečný, D., Rippa, S., et al. (2020). Roles for ALDH10 enzymes in γ-butyrobetaine synthesis, seed development, germination, and salt tolerance in Arabidopsis. J. Exp. Bot. 71 (22), 7088–7102. doi: 10.1093/jxb/eraa394

 Jayawardhane, K. N., Singer, S. D., Weselake, R. J., and Chen, G. (2018). Plant sn-glycerol-3-phosphate acyltransferases: biocatalysts involved in the biosynthesis of intracellular and extracellular lipids. Lipids 53 (5), 469–480. doi: 10.1002/lipd.12049

 Jiang, X., Fan, L., Li, P., Zou, X., Zhang, Z., Fan, S., et al. (2021a). Co-expression network and comparative transcriptome analysis for fiber initiation and elongation reveal genetic differences in two lines from upland cotton CCRI70 RIL population. PeerJ 9, e11812. doi: 10.7717/peerj.11812

 Jiang, X., Gong, J., Zhang, J., Zhang, Z., Shi, Y., Li, J., et al. (2021b). Quantitative trait loci and transcriptome analysis reveal genetic basis of fiber quality traits in CCRI70 RIL population of Gossypium hirsutum. Front. Plant Sci. 12 (2825). doi: 10.3389/fpls.2021.753755

 Kanehisa, M. (2019). Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28 (11), 1947–1951. doi: 10.1002/pro.3715

 Kanehisa, M., Furumichi, M., Sato, Y., Ishiguro-Watanabe, M., and Tanabe, M. (2021). KEGG: integrating viruses and cellular organisms. Nucleic Acids Res. 49 (D1), D545–d551. doi: 10.1093/nar/gkaa970

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28 (1), 27–30. doi: 10.1093/nar/28.1.27

 Kim, H. J., and Triplett, B. A. (2001). Cotton fiber growth in planta and in vitro. Models for plant cell elongation and cell wall biogenesis. Plant Physiol. 127 (4), 1361–1366. doi: 10.1104/pp.010724

 Kriechbaumer, V., Botchway, S. W., Slade, S. E., Knox, K., Frigerio, L., Oparka, K., et al. (2015). Reticulomics: protein-protein interaction studies with two plasmodesmata-localized reticulon family proteins identify binding partners enriched at plasmodesmata, endoplasmic reticulum, and the plasma membrane. Plant Physiol. 169 (3), 1933–1945. doi: 10.1104/pp.15.01153

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

 Li, J., Chen, S., Wang, X., Shi, C., Liu, H., Yang, J., et al. (2018). Hydrogen sulfide disturbs actin polymerization via S-sulfhydration resulting in stunted root hair growth. Plant Physiol. 178 (2), 936–949. doi: 10.1104/pp.18.00838

 Li, G., Li, J., Hao, R., and Guo, Y. (2017a). Activation of catalase activity by a peroxisome-localized small heat shock protein Hsp17.6CII. J. Genet. Genomics 44 (8), 395–404. doi: 10.1016/j.jgg.2017.03.009

 Li, W., Shang, H., Ge, Q., Zou, C., Cai, J., Wang, D., et al. (2016). Genome-wide identification, phylogeny, and expression analysis of pectin methylesterases reveal their major role in cotton fiber development. BMC Genomics 17 (1), 1000. doi: 10.1186/s12864-016-3365-z

 Li, P. T., Wang, M., Lu, Q. W., Ge, Q., Rashid, M. H. O., Liu, A. Y., et al. (2017b). Comparative transcriptome analysis of cotton fiber development of upland cotton (Gossypium hirsutum) and chromosome segment substitution lines from G. hirsutum × G. barbadense. BMC Genomics 18 (1), 705. doi: 10.1186/s12864-017-4077-8

 Li, X., Wu, M., Liu, G., Pei, W., Zhai, H., Yu, J., et al. (2017c). Identification of candidate genes for fiber length quantitative trait loci through RNA-Seq and linkage and physical mapping in cotton. BMC Genomics 18 (1), 427. doi: 10.1186/s12864-017-3812-5

 Li-Beisson, Y., Shorrosh, B., Beisson, F., Andersson, M. X., Arondel, V., Bates, P. D., et al. (2013). Acyl-lipid metabolism. Arabidopsis Book 11, e0161. doi: 10.1199/tab.0161

 Liu, Q., Talbot, M., and Llewellyn, D. J. (2013). Pectin methylesterase and pectin remodelling differ in the fibre walls of two Gossypium species with very different fibre properties. PloS One 8 (6), e65131. doi: 10.1371/journal.pone.0065131

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25 (4), 402–408. doi: 10.1006/meth.2001.1262

 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 (12), 550. doi: 10.1186/s13059-014-0550-8

 Lu, K., Li, T., He, J., Chang, W., Zhang, R., Liu, M., et al. (2018). qPrimerDB: a thermodynamics-based gene-specific qPCR primer database for 147 organisms. Nucleic Acids Res. 46 (D1), D1229–d1236. doi: 10.1093/nar/gkx725

 Lu, Q., Shi, Y., Xiao, X., Li, P., Gong, J., Gong, W., et al. (2017). Transcriptome analysis suggests that chromosome introgression fragments from sea island cotton (Gossypium barbadense) increase fiber strength in upland cotton (Gossypium hirsutum). G3 (Bethesda) 7 (10), 3469–3479. doi: 10.1534/g3.117.300108

 Majumdar, P., Karidas, P., and Nath, U. (2021). The TARANI/UBIQUITIN PROTEASE 14 protein is required for lateral root development in Arabidopsis. Plant Signal Behav. 16 (3), 1860386. doi: 10.1080/15592324.2020.1860386

 Molina, I., Li-Beisson, Y., Beisson, F., Ohlrogge, J. B., and Pollard, M. (2009). Identification of an Arabidopsis feruloyl-coenzyme A transferase required for suberin synthesis. Plant Physiol. 151 (3), 1317–1328. doi: 10.1104/pp.109.144907

 Patel, J. D., Huang, X., Lin, L., Das, S., Chandnani, R., Khanal, S., et al. (2020). The ligon lintless -2 short fiber mutation is located within a terminal deletion of chromosome 18 in cotton. Plant Physiol. 183 (1), 277–288. doi: 10.1104/pp.19.01531

 Paterson, A. H., Wendel, J. F., Gundlach, H., Guo, H., Jenkins, J., Jin, D., et al. (2012). Repeated polyploidization of Gossypium genomes and the evolution of spinnable cotton fibres. Nature 492 (7429), 423–427. doi: 10.1038/nature11798

 Pertea, M., Kim, D., Pertea, G. M., Leek, J. T., and Salzberg, S. L. (2016). Transcript-level expression analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. Nat. Protoc. 11 (9), 1650–1667. doi: 10.1038/nprot.2016.095

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33 (3), 290–295. doi: 10.1038/nbt.3122

 Qin, Y. M., and Zhu, Y. X. (2011). How cotton fibers elongate: a tale of linear cell-growth mode. Curr. Opin. Plant Biol. 14 (1), 106–111. doi: 10.1016/j.pbi.2010.09.010

 Roudier, F., Gissot, L., Beaudoin, F., Haslam, R., Michaelson, L., Marion, J., et al. (2010). Very-long-chain fatty acids are involved in polar auxin transport and developmental patterning in Arabidopsis. Plant Cell 22 (2), 364–375. doi: 10.1105/tpc.109.071209

 Ruan, Y. L., Llewellyn, D. J., and Furbank, R. T. (2001). The control of single-celled cotton fiber elongation by developmentally reversible gating of plasmodesmata and coordinated expression of sucrose and K+ transporters and expansin. Plant Cell 13 (1), 47–60. doi: 10.1105/tpc.13.1.47

 Sasaki, T., Kanno, T., Liang, S. C., Chen, P. Y., Liao, W. W., Lin, W. D., et al. (2015). An Rtf2 domain-containing protein influences pre-mRNA splicing and is essential for embryonic development in Arabidopsis thaliana. Genetics 200 (2), 523–535. doi: 10.1534/genetics.115.176438

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13 (11), 2498–2504. doi: 10.1101/gr.1239303

 Sharma, A., Hussain, A., Mun, B. G., Imran, Q. M., Falak, N., Lee, S. U., et al. (2016). Comprehensive analysis of plant rapid alkalization factor (RALF) genes. Plant Physiol. Biochem. 106, 82–90. doi: 10.1016/j.plaphy.2016.03.037

 Singh, B., Avci, U., Eichler Inwood, S. E., Grimson, M. J., Landgraf, J., Mohnen, D., et al. (2009). A specialized outer layer of the primary cell wall joins elongating cotton fibers into tissue-like bundles. Plant Physiol. 150 (2), 684–699. doi: 10.1104/pp.109.135459

 Singh, S., Geeta, R., and Das, S. (2020). Comparative sequence analysis across Brassicaceae, regulatory diversity in KCS5 and KCS6 homologs from Arabidopsis thaliana and Brassica juncea, and intronic fragment as a negative transcriptional regulator. Gene Expr. Patterns 38, 119146. doi: 10.1016/j.gep.2020.119146

 Soga, K., Yamazaki, C., Kamada, M., Tanigawa, N., Kasahara, H., Yano, S., et al. (2018). Modification of growth anisotropy and cortical microtubule dynamics in Arabidopsis hypocotyls grown under microgravity conditions in space. Physiol. Plant 162 (1), 135–144. doi: 10.1111/ppl.12640

 Sun, X., Gong, S. Y., Nie, X. Y., Li, Y., Li, W., Huang, G. Q., et al. (2015). A R2R3-MYB transcription factor that is specifically expressed in cotton (Gossypium hirsutum) fibers affects secondary cell wall biosynthesis and deposition in transgenic Arabidopsis. Physiol. Plant 154 (3), 420–432. doi: 10.1111/ppl.12317

 Sun, H., Hao, P., Ma, Q., Zhang, M., Qin, Y., Wei, H., et al. (2018). Genome-wide identification and expression analyses of the pectate lyase (PEL) gene family in cotton (Gossypium hirsutum L.). BMC Genomics 19 (1), 661. doi: 10.1186/s12864-018-5047-5

 Taylor, N. G., Howells, R. M., Huttly, A. K., Vickers, K., and Turner, S. R. (2003). Interactions among three distinct CesA proteins essential for cellulose synthesis. Proc. Natl. Acad. Sci. U.S.A. 100 (3), 1450–1455. doi: 10.1073/pnas.0337628100

 Thieme, C. J., Rojas-Triana, M., Stecyk, E., Schudoma, C., Zhang, W., Yang, L., et al. (2015). Endogenous Arabidopsis messenger RNAs transported to distant tissues. Nat. Plants 1 (4), 15025. doi: 10.1038/nplants.2015.25

 Tola, A. J., Jaballi, A., Germain, H., and Missihoun, T. D. (2020). Recent development on plant aldehyde dehydrogenase enzymes and their functions in plant development and stress signaling. Genes (Basel) 12 (1), 51. doi: 10.3390/genes12010051

 Vanholme, R., Storme, V., Vanholme, B., Sundin, L., Christensen, J. H., Goeminne, G., et al. (2012). A systems biology view of responses to lignin biosynthesis perturbations in Arabidopsis. Plant Cell 24 (9), 3506–3529. doi: 10.1105/tpc.112.102574

 Vaseva, I. I., Qudeimat, E., Potuschak, T., Du, Y., Genschik, P., Vandenbussche, F., et al. (2018). The plant hormone ethylene restricts Arabidopsis growth via the epidermis. Proc. Natl. Acad. Sci. U.S.A. 115 (17), E4130–E4139. doi: 10.1073/pnas.1717649115

 Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq: a revolutionary tool for transcriptomics. Nat. Rev. Genet. 10 (1), 57–63. doi: 10.1038/nrg2484

 Wang, S., Li, Q., Zhao, L., Fu, S., Qin, L., Wei, Y., et al. (2020). Arabidopsis UBC22, an E2 able to catalyze lysine-11 specific ubiquitin linkage formation, has multiple functions in plant growth and immunity. Plant Sci. 297, 110520. doi: 10.1016/j.plantsci.2020.110520

 Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., et al. (2021). clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. Innovation 2 (3), 100141. doi: 10.1016/j.xinn.2021.100141

 Wu, J., Mao, X., Cai, T., Luo, J., and Wei, L. (2006). KOBAS server: a web-based platform for automated annotation and pathway identification. Nucleic Acids Res. 34, W720–W724. doi: 10.1093/nar/gkl167

 Xie, C., Mao, X., Huang, J., Ding, Y., Wu, J., Dong, S., et al. (2011). KOBAS 2.0: a web server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 39, W316–W322. doi: 10.1093/nar/gkr483

 Yoo, M. J., and Wendel, J. F. (2014). Comparative evolutionary and developmental dynamics of the cotton (Gossypium hirsutum) fiber transcriptome. PloS Genet. 10 (1), e1004073. doi: 10.1371/journal.pgen.1004073

 Yu, J., Jung, S., Cheng, C. H., Ficklin, S. P., Lee, T., Zheng, P., et al. (2014). CottonGen: a genomics, genetics and breeding database for cotton research. Nucleic Acids Res. 42, D1229–D1236. doi: 10.1093/nar/gkt1064

 Zhang, C., He, M., Jiang, Z., Liu, L., Pu, J., Zhang, W., et al. (2022). The xyloglucan endotransglucosylase/hydrolase gene XTH22/TCH4 regulates plant growth by disrupting the cell wall homeostasis in Arabidopsis under boron deficiency. Int. J. Mol. Sci. 23 (3), 1250. doi: 10.3390/ijms23031250

 Zhao, H., Jan, A., Ohama, N., Kidokoro, S., Soma, F., Koizumi, S., et al. (2021). Cytosolic HSC70s repress heat stress tolerance and enhance seed germination under salt stress conditions. Plant Cell Environ. 44 (6), 1788–1801. doi: 10.1111/pce.14009

 Zou, X., Liu, A., Zhang, Z., Ge, Q., Fan, S., Gong, W., et al. (2019). Co-expression network analysis and hub gene selection for high-quality fiber in upland cotton (Gossypium hirsutum) using RNA sequencing analysis. Genes 10 (2), 119. doi: 10.3390/genes10020119




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


Copyright © 2023 He, Xu, Azhar, Zhang, Li, Gong, Jiang, Fan, Ge, Yuan and Shang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1189490-g002.jpg
PC2: 13% variance

60 -

N
o
1

N
o
1

o
1

|
N
o

1

_40 -

-100

b

A

-50

>e

0
PC1: 63% variance

50

»

group

> > > > > >0 0 0 0 0 O

EZOD
EZ5D
EZ10D
EZ15D
EZ20D
EZ25D
ZROD
ZR5D
ZR10D
ZR15D
ZR20D
ZR25D





OEBPS/Images/fpls-14-1189490-g005.jpg
e

o
5
B
2 £
s
3
58

“
2
0

o
s
o
2

GH_A10G0118
GH_D12G1341

25
o
s
o
5
o
a0

1ora1 YN oneroy Tonor YN onterey

w -
aner oo s
T L § 8 2 s s 5 8 o

GH_A11G0436
GH_A03G1679

%1 YN onterRy

2
o5
o0
10,
00

onel YN ehterRY

E
K

onfen Wydd

onen W
2 8 &

g 2

%

o
o

2100

GH_D12G2066

2100

GH_D11G0455
GH_D02G1053

Tloner i swaerey

25
o
s
o
5

a0,

a0

oral v aneroy

D
J

nien s

anien wydd

&
»
o
*
0
E]
»

o

.
o
"
5
o

250

GH_A08G2565
GH_A05G4206
GH_D02G1843

o
5
o

oner VN sterey

00

oral vy onterRY

Cc
1

onfen wydd

onven s

2
“
s
»
25
B

o

o
s
o

E250

GH_D06G1226

2D

GH_D07G1411
GH_A08G1154

oral v oneroY

o0
10

5
00

oner v onterey

njen s

2
©
s
°
o

GH_A08G1451
GH_D07G1876

ora1 Vi sherRY

o0

A
G

GH_D10G0525

1onon v onzeroy

o

£

GH_D09G2122

onat v aseiey

Q

aneA W

"
n
0
g
o
o
2
o

o0

1onot v oteIoy

o

1onen VN SAREro

A Wtdd

2
5

s
o

o
s
o

fons] vl oneioy

P
o
o

GH_A08G2414
150 10

o0

10n31 VN anaeioy

GH_A09G0134
250 2250

0.

10401 YN oAteIOY

nen

s
2
o

GH_D11G0356
GH_D11G0143

10
o0

1oRel YN enteley

o W3
§ & 8§ 8 o

20
1000

GH_D08G0264
GH_A08G0145

GH_D02G0918

19he) YN onterey

n
&)
©
o
©
»
»

GH_A03G0664
GH_A08G1344

5

1one] VN BARelE

anen widd
$8¢98 .

20
0
w
o
2

GH_A10G1988

g & &
o8 s ansoy

»
»
o

anen s

.
2
o

2

o

0
5

19401 YN oteloy

a

E
o
o

GH_A05G0051
GH_A12G0442

hohagitinsed e oad

8 8 @

e
%
5
o

8 ¢ 8 8 ° o

o

GH_A02G1327

w
GH_A08G2085

A

_!.Ixxs.,isx

2
o
B
>
o

1on) N antEY

DD
JJ

i s 8 b e s omen povas

GH_D11G1234
GH_D08G2716

o

O 1 oo & i s oy O emvaueimes
oo s Je—
..... i e 8 s T8 8 = . FUT T el

GH_D05G3615
Mm:s ———

Tonol N onteoy

a0
s
o

18ha1 ¥ snErey

$
F
H
£

BB
HH
NN

nen Wydd

n
B
0
»
°

N
s

GH_A05G3885
GH_A05G2091

o

Torol VN enteroy

5

2
o8
15
o0
o0

Tonel N onteRy ona] Vv sniERy

=
=

AA
GG

neA Wydd ]

W
™
100
%
0
o
B
o
o

’
8
s
o

—

GH_D10G0843
]djm

GH_A04G1196

GH_D08G0287

o

LI N LI T :: 4
Iove e o w o s s 1 o e sy
N w |
anen porss
anen 1ok
<<<<< 2 8 8 § 8 8 ° o § 88 R 8 B 8 g

GH_A01G2058

L

——

GH_D03G1709

fore] YN ontEroYy

o
a
2
o
o

1ona1 VN SAREroR

18001 N ansEro

0
o5
o0
et
0
o0,

Y
EE
KK





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparative transcriptional and co-expression network analysis of two upland cotton accessions with extreme phenotypic differences reveals molecular mechanisms of fiber development

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant materials

          



          		

            2.2 RNA isolation, library construction, and RNA-seq analysis

          



          		

            2.3 Differentially expressed gene analysis

          



          		

            2.4 Construction of co-expression networks and screening of hub genes

          



          		

            2.5 Hub genes and DEGs expression pattern validation

          



        



        



        		

          3 Results

        

          		

            3.1 Phenotypic data analysis of the two accessions

          



          		

            3.2 Transcriptome sequencing analysis and correlation of replicate samples

          



          		

            3.3 Analysis of differentially expressed genes

          



          		

            3.4 Principal component analysis

          



          		

            3.5 Temporal gene expression patterns analysis

          



          		

            3.6 Gene co-expression network analysis and identification of hub genes in correlation networks

          



          		

            3.7 Validation of qRT-PCR expression pattern

          



        



        



        		

          4 Discussion

        

          		

            4.1 Insights into the RNA-seq of divergent accessions

          



          		

            4.2 DEG analysis reveals differences in fiber development processes

          



          		

            4.3 Hub genes identified by WGCNA

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1189490-g003.jpg
EZ60 R014121 E26R014121

Ubiquinone and other terpenoid-quinon biosynithesis .

Thiamine metabolism .

Ribosome biogenes’s in eukaryotes °

Pyrimidine metabolism{ @

Phenylaianine, yrosine and tryptophan biosynthesis .

Phenylalanine metabolism .

Pathway name

Lysine bosyntesis .
Homologous recombination .
Gltations metasolsme{ @
Flavonoid biosynthesis. L]
O rptation .
Bosyniness o sscanary metaboties | @
Blosynhesis of amino acids

Base excision repair .

nucleosome

double-stranded DNA binding’

hydrolase activity, acting
on acid anhydrides

coenzyme binding

protein heterodimerization
activity

purine nucleotide
biosynthetic process.

nucleosome assembly:

isomerase activity

isoprenoid biosynthetic
process

small nucleolar
ribonucleoprotein complex

fibosome biogenesis:
TRNA processing
pseudouridine synthesis.
nucleolus:

large ribosomal subunit

DNA-templated transcription,
termination

response to salt stress

response to water deprivation:

Spliceosome{ @

Roosome{ @

Nucleotide excision repair .
Monobactam biosynthesis: .
Mismatch repair .

Metabotc patnways )

Profile7

Top20 of pathway enrichment

005 _oi0 o5
Rich factor

-i0g 1o(Qvalue)

Gene
number

® 2
® 50
@
@

p.adjust

02
i
0s
08

GeneRatio

[ ]
X7 EZ X7 ZR
(751) (938)

Cluster

Pathway name

D Profile30

Top20 of pathway enrichment

VHanin 86 metabolsm I
Vaine leucinsand acleucie degadaton .
Strch and sucross meabolm .
Riotvin metasaism A
Protanprocassing n encopasmc ratcuun |~ @
Plant hormone signal transduction{ @
Phenypropancd bosyniesi .
Panicthenat and Co iosyrnests .
Othr gyean dogradaton A
Neothale snd riothamids meabolem .
Mo bosyaness{ @
Metaboicpatways 1)
Lnlolc acd meaboli "
Ghcosaminoghcan degradaon
Frciose and mannose maabolem] @
Cystaoeand metionine metabosm{ @
Cysnoamino acid metabolem .
Blosyrihest of sscondarymetaboes - unciassted .

‘Amino sugar and nucleotide sugar metabolism .

2.0xo0carboxylc acid metabolism .

-logo(Qualue)
o7
I
05
04
03
02

Gene
number

® 10
[
)

001 002 003 004 005

Rich factor

metal ion transport

protein tyrosine phosphatase
activity

phosphatase activity:
SNAP receptor activity
dephosphorylation{

xylan biosynthetic process

Golgi apparatus:
cortical microtubule
organization

mitochondrial respiratory.
chain complex |

methionine
adenosyltransferase activity

transferase activity,
transferring glycosyl groups

acyl-CoA oxidase activity
fatty acid metabolic process
protein retention in ER lumen
ER retention sequence binding

fatty acid beta-oxidation

oxidoreductase activity,
acting on the CH-CH group of
donors

galactose metabolic process

NAD(P)H dehydrogenase.
(quinone) activity

p.adjust

02
04

06

GeneRatio

X30_EZ
(279)
Chistar

X30 ZR
(250)





OEBPS/Images/fpls-14-1189490-g001.jpg
LP 21uB

FL 2118

FS 21HB

EZ60

ZR014121

ol e EZ60
o ZR014121

20HB

20AY

20HB

20AY

21AY

21AY

21AY

1411 355,

I FPkM2100

2691|259

I 5<FPKM<100 [0 0.5SFPKM<5

7611] 7024






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2023.1189490_cover.jpg
& frontiers | Frontiers in Plant Science

Comparative transcriptional and co-
expression network analysis of two upland
cotton accessions with extreme phenotypic
differences reveals molecular mechanisms

of fiber development





OEBPS/Images/fpls-14-1189490-g004.jpg
<
-
@
IS
-
=
i
o ©
I o
<
IS

Dynamic Tree Cut

Modules name
MEorange
MEorangered4
MEdarkorange
MEdarkred
MEturquoise
MElightcyan
MEsienna3
MEsalmon4
MEivory
MElightsteelblue1
MEbisque4
MEdarkslateblue
MEdarkolivegreen
MEdarkorange2
MEmagenta
MEplum2
MEdarkgreen
MEsteelblue
MEmaroon
MEfloralwhite
MElightcyan1
MEthistle2
MEdarkmagenta
MEred

MEgrey

0073 0073 COT T B0 TE-0 -0 G360 096 =006 0 06 ~006 <012 072 <012 003 0004 GO0 =0 B0 OR300 D20 1T 01T 01T 01T 0T 0T 0000005
©07) 07 ©7) 07 ©7) 07 (©06) (06 (05) ©7) (07) 07) (©5) 05 (©5) (6 05 05 08 08 ©9 (03 ©5 ©5 05 ©5 05 05 08 0§ 08
Foos1-0.0s1-0.0s 013 0.13 012 0015 0015 0015 024 -024 024 ~031 031 031 019 -0.19 -0.19 0041 0041 027027 -0.046-0.046-0.045 -0.15 ~0.15 -0.15 ~024 024 0.2
08) ©8 (©8) (©5) (©05) ©5 09 ©9 ©9 (02 (02 (©2) (008 (0 0 (03 03 ©3) 08 (08 (1) (O 08 05 08 04 04 04 02 02 ©2)
018 018 018 Qo7 oze7 oo sosecaeceit g cois OB RS oo oces cou-ocio-sr ot otz ot ot code e ez

G5 6 (63 (@00 @0 06 08 0 05 0 b 08 G 63 63 03 63 6 105 ©n 65 09 09 @5 05 05 04 G4 00 05 03 02
037 037 03 otz 02 oz 51 0n 01h 022 ‘a2 02 (03 (08 (03 Gokr-om-ommog oo 02 02103 2% 0 30 930 9z 0t uar o

om0 (1 G4 04 G2 05 02 G0N 09 008 05 ©8 05 05 65 03 @3 04 0 04 05 €2 05 G O O
057 037 017 Co7s-007s-0a7s 032 022 -0 018 ~a.18 018 031 031 031 5035 002k G088 0084 021 031 D31 033 033 023 038 028 038
©3) 03 0% 07 07 67 03 G2 05 6 03 63 02 063 02 65 (@5 (09 ©5 €3 02 0 ©5 62 65 6 01 G

55793 5012 613 “012 013 012 D13 013 ‘D18 ~0.13 012 -D.13-00M-0 01-0081-0 04-0 4z-008: 508 6043 -9083-0083 012 0 12 -0 13- 080 088-008- -0 -0

©5 05 09 05 05 05 05 €5 05 05 05 05 06 05 €6 05 08 05 09 (08 (08 05 65 05 65 01 61 07 05 09 60

503 514 2074 -0 0a-08b-008-0 0 1086-0048 311 01 -D.11 -0.0R-0 -0 080-003-0 081008 5036 02800850 0e-0082-0082-D082 0011 0011 G011 -002-0026 002

04 64 09 05 00 08 08 0o 00 03 05 05 60 05 65 €6 08 08 05 (5 on 00 67 ©7 O 0 0 0 05 09 6o

50069 00 0080-015 ~0.18 015 15 038 D15 ~0.11 011 -D.11-0085-0088-0065 031 011 01 G028 002k 018 018 011 011 011 -cowr-04r-0.087 0022 022 022

() B G4 09 €4 04 ©4 05 05 65 07 67 01 05 05 05 55 (05 (09 00 69 65 0 09 68 06 O 05 G5

Foour-aer-co 002 0a2 063 ‘017 017 ‘017 023 023 ‘024 “azs ‘025 o328 031" 031" 4 G13 073 om0 0s-nie-021 031 031 028 ‘028 020

w0 09 o8 &9 0% 09 03 63 03 08 €8 62 ©) 01 ©1 00 6 (05 ©5 00 00 06 €2 03 02 01 O 01

G101 017 011011 017 018 013 015 18 0.8 ‘018 011 -011 511 0.5 D18 0.5 031 @31 091 §002800048(1080-0083-0083 013 018 ~0.13 011 D11

55 69 (09 09 63 69 b 65 09 6§ 69 04 63 05 ©5 04 66 0 LI G M 0000 06 60 05 ©5 09 03 05

Fms-068s-0085-0 2e-003+-0.2¢ 07 0078 G7s G031 D281 G031 012 012 -012-007¢L007H-0074 008 -D00-00BE00049 e-0096-0035-208 008 008 012 012

69 40 05 09 09 69 67 ©F €1 59 09 G5 05 65 05 07 67 01 68 68 0y 05 65 05 OF 0N bh 05 b

|38 2036 o3 038 ‘025 028 024 024 024 025" 025 028 a3 033 % 03 018 018 011 211 011 O 017 01 o1 |DMTIM DAk 021 021 031 017 -037 011

(568 G oy 03 @1 61 03 03 63 0D 65 63 G 68 0 €3 6 63 05 ©9 bh 89 65 66 o 0o BB 05 05 65 b 0

5% 0% 018 -018 018 018 012 0.2 012 SMENGEN 52 52 52 D1 o3 ‘o 1 ok ot ot Gid 014 014 ‘o otk

©3 03 03 03 03 0 05 05 05 @5 05 05 03 03 02 03 03 05 04 04 08 ©a 04 04 09 ©h 08

LG4 034 ‘034 028 a0 ‘028 Dors-0ore-aor Gz 0m 0m ‘o3 G303 53 am oxr ‘or orm Got-oowro0e 021 031 a1

(669 06 06 0 G G 05 09 6o ) @9 09 600 @60 0 0% 900 06 63 03 @5 08 05 62 62 05

50 63 o o 0% 0% S0 o1 ‘028 ‘028 028 03 03 0300 oars 00 o 035 028 o (030 ‘oz S0z

03) (0.3) (03) (0.06) (0.06) (0.08)] (05 (05 (05 ©1) (0.1) (0.1) (0.08) (0.08) (0.08) (0.7) (©07) (07) (0.08) (0.08) (06) (06) (06) (0.2) (02) (02) (0.1) (O.0)

a3 2037 o2 002 0ust oz G2 028 020 035 035 035 034 0% 034 03 ‘03 03 G1s 01n @15 08 ST on S

©1) (01 (©1) (09) (09 (09) ©1) (©1) (©1) (02) (02) (02) (0.05) (0.05) (0.05) (0.09) (0.09) (0.08) (03) (03) (04) (04) ©5) (05) (05 (02)

1.2 1335 532 1084-0os-00o4 81 G0e1 0081 015 018 -015 018 018 018 6093 0082 0083 015 013 015 038 038 011 011 ox ox o “om

(867 0% @67 0 08 05 ©8) @5 05 04 ©h 04 ©3 63 03 05 05 05 63 ©3 03 b 03 069 65 o1 oy o @on

554 S5 1035 0% ‘015 doms 0ok 00 024 024 034 029 2% 030 -025 038 -025 037 -0 037 G058 08h -0 040 s

m'wmw ©3) (03 03 ©8 (08 (08 (02) 02 02 (02 (02 (©02) (02 (02 ©2) (003 ©0) (©07) (07) (08 (08)

0% 507 5 038 018 “0.18 031 ~3.11 “0.1-007s-0074-0074-0.18 -018 318 -0 D17 0170028 0028-0028 1628

G 041 (69 00 @4 64 05 05 G5 b1 0N 67 6 I 69 G 6 b 09 68 0 05 G5 ©O 05 b O 0

501 % 033 0% a5 53 5% 5% 012 015 015 018 -008s-008s 0065 018 ~0.18 -0 18- 00880 0058 0ke00TA-0074-0.085-00% 51 0.1 -o1 G 008t oG

G4 09 G 03 0 03 05 G5 05 04 0 04 67 01 67 08 O O 0 () ©7 07 08 66 05 g8 05 05 €8 0

125 035 528 030 1520 028 ‘028 038 028 007k Gos 007 033 033 0% 028 28 039 D28 -0n -028 028 035 022 032 018 313 018

(01) (0.1) (0.1) (0.09) (0.08) (009) (0.1) (0.1) (1) (07) (©7) (07) (007) (07 (0.07) ©1) (O1) (O1) (O.1) (01) (01) (02) (02) (02) (02) (05) (05) (05)

§064-0 034084 0.7 017 0170 00-0.085-0038 005k 0008 04 G015 001D G013 -0078-0075-007-0086-0090 005 008 01 01 01 -0URI-0020 01018

67 07 o7 03 ©3 (@3 05 @8 05 09 €9 05 G5 ©% ©5 67 6D 7 65 69 68 o5 05 86 08 05 09 69 08

1075-0.73-007s D2k 008 .04 50650 08s-0.08s-004-0 74-00740038 08 0088 0001-0.031-0.081-08e-0.88-0034-0 084 031 011 “0.11-008z-0082-0082 01

67 o 07 on @9 68 08 6o 68 0 01 67 67 ©7 0D 08 08 085 67 01 ©7 07 05 05 05 @6 05 06 00

57 010 015 ‘02 ‘03 ‘02 14 04 ‘014 013 ‘018 a1y 5% 1034 2% 07 ‘378 ‘015 ‘015 a18 ‘018 018 ‘000 000 000 008

03 (03 09 ©5 03 G2 0 04 ©4 G5 09 0 09 61 04 03 03 0 04 03 03 03 €6 05 06 06

5otz dow Gors 03 033 033 018 D18 018 008 005008 018" D16 010 -0026-0025-0038 011 011 -011 ~3.11 -0 038 L0

(05 {65 105 ot @on Gan 05 o5 o' GmGemGN S7 0% 00 o6 5o o5 o 08 ©5 b5 06 8666 :

o0
NG D NG 5N q 0 N Qo N Y DN DN NG D NG SN D
%

R R R R R R R RLR TR R R R R R RRRRRRRR
samples <X Q:Q S 6,099\@2@62@0‘3@&@0‘2@ S S IO E PP P PSS
NI
A ARSI IIEPEIES AR
L LNV NN

Correlation Coefficient

0.5
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Gene ID

darkred module (EZ_ODPA)

GH_A12G0442 0971 AT1G30460
GH_D08G0448 0.967 AT1G09680
GH_D10G0843 0.962 AT1G80070
GH_A08G1344 0.958 AT1G64090
GH_D08G0264 0.958 AT3G20630
GH_A10G0118 0.957 ATIG11720
GH_DI11G0143 0.956 AT3G49240
GH_A02G1327 0.951 AT5G04170

orangered4 module (EZ_5DPA)
GH_D03G1709 0953 AT5G23860
GH_A04G11% 0945 AT5G08680

darkolivegreen module (EZ_15DPA)

GH_D08G2099 0971 AT5G12250
GH_A05G3885 0.961 AT3G01120
GH_A08G2085 0.959 AT5G12250
GH_A08G0145 0.954 AT4G08810
GH_D11G1234 0.954 AT4G15800

maroon module (ZR_20DPA)

GH_A01G2058 0.945 ATIG77120
GH_D08G0287 0.924 AT5G57560
GH_A05G2091 0.919 AT5G67360

floralwhite module (ZR_25DPA)
GH_D05G3615 0.943 ATIG29140

GH_D08G2716 0.938 AT2G25490

Arabidopsis

Description

Cleavage and polyadenylation specificity factor 30
PPR superfamily protein
Pre-mRNA-processing-splicing factor
Reticulan-like protein B3

Ubiquitin-specific protease 14

SS3

PPR superfamily protein

Calcium-binding EF-hand family protein

Tubulin beta 8

ATP synthase alpha/beta family protein

Beta-6 tubulin

PLP-dependent transferases superfamily protein
Beta-6 tubulin

Calcium ion binding

RALF-like 33

Alcohol dehydrogenase 1
Xyloglucan endotransglucosylase/hydrolase family protein

Subtilase family protein

Pollen Ole e 1 allergen and extensin family protein

EIN3-binding F box protein 1

Ky eigengene connectivity value; mRNA, messenger RNA; PLP, pyridoxal phosphate; PPR, pentatricopeptide repeat; 3, starch synthase 3.





