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Carboxylesterases (CXE, EC 3.1.1.1), a class of hydrolases with an α/β folding domain, play important roles in plant growth and development and stress response. Here, we identified 32, 63, 41, and 45 CXE genes in Oryza sativa Japonica (Nipponbare), Oryza sativa Indica (93-11), Oryza sativa Indica (Xian-1B1 var.IR64), and Oryza sativa Japonica (Geng-sbtrp var.ChaoMeo), respectively. Then, we analyzed the chromosomal location, physical and chemical properties, subcellular localization, collinearity, and selection pressure of CXE genes in four rice varieties. We also analyzed the functional interaction network, cis-regulatory elements, evolutionary relationship, and protein tertiary structure, and performed gene expression profiling and qPCR verification under abiotic stress, as well as diversity analysis of 3010 gene-CDS-haplotype (gcHap) rice samples, aiming to understand the potential function of the 32 OsCXE genes. Our results indicated that fragment replication is the main reason for amplification of the CXE gene family in rice, and the gene family has undergone strong purification selection. OsCXE3.1, OsCXE3.2, OsCXE3.3, OsCXE5.1, and OsCXE7.3 may be used to improve the tolerance of rice to abiotic stress. OsCXE play important roles in rice population differentiation and improvement, and the major gcHaps at most OsCXE locus are significantly associated with yield traits. Therefore, natural variations of most OsCXE locus have great potential value for improvement of rice productivity.
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Introduction

Carboxylesterases (CXE, EC 3.1.1.1) are a superfamily of proteins encoded by the supergene family that have α/β folding domains and can catalyze the hydrolysis of ester and amide compounds (Zhang et al., 2017). This family of proteins contains eight β-folds and a conserved core region consisting of α-helices and irregular rings. CXE comprise three glycines and catalytic ternary structures (serine, aspartate, and histidine) of the oxygen anion gap of the stable substrate-enzyme intermediates, as well as conserved hormone-sensitive domains HGG and GXSXG. At present, 20, 39, 40, and 72 CXE have been identified in Arabidopsis thaliana (Marshall et al., 2003), housefly (Feng et al., 2018), pear (Qi et al., 2023), and sea island cotton (Rui et al., 2022), respectively. CXE are involved in regulating the activity of a variety of substances, and various biological processes such as nerve formation and development and degradation of toxic substances, pheromones, and hormones in animals, and the formation of drug resistance in insects (Rasmussen et al., 2018). In plants, CXE play important roles in the detoxification of herbicides, activation of hormone signaling substances, and response to biotic stress (Griffiths et al., 2007). At present, some CXE have been preliminarily verified in plants. For instance, Nthsr203J in tobacco (Pontier et al., 1998), PepEST in sweet pepper (Ko et al., 2016), and BdCXE29 in Brachystis dipaniculata (Schmeitzl et al., 2016) were all verified to be involved in the interaction between plants and pathogens. Tomato Lehsr203J can hydrolyze methyl jasmonate and methyl salicylate into active jasmonic acid (JA) and salicylic acid (SA), releasing signaling molecules to regulate plant growth and development (Stuhlfelder et al., 2002). Arabidopsis thaliana AtCXE12 is involved in herbicide metabolism and has detoxification effects on plant toxins (Gershater et al., 2007). Radiata pine PrMC3 plays a potential role in the process of programmed cell death (Walden et al., 1999). Sea island cotton GBCXE49 is probably involved in alkaline stress response (Rui et al., 2022). The above findings demonstrate that CXE play important roles in regulating herbicide activity, hormone signaling activation, and stress response in plants.

Rice is one of the most important food crops in the world and also a cereal model plant with great intraspecific genetic diversity (Li and Rutger, 2000; Yu et al., 2003). The completion of sequencing of 3010 different rice materials (3KRG) from 89 countries around the world has provided a large amount of genetic information of rice (Wang et al., 2018). On the basis of 3KRG, Zeng et al. analyzed the potential of applying OsGLR genes in rice improvement by combining haplotype data (Zeng et al., 2023). Cheng et al. investigated the role of OsBES1-4 gene in regulating the grain size of rice by combining the haplotype data (Cheng et al., 2023)gene functions. However, it remains challenging to identify and mine elite alleles from rice germplasm resources to improve specific target traits in rice. At present, there have been rapid advances in studies of rice functional and population genomics, but these advances have not been widely applied to the development of more efficient breeding techniques. This is due to the fact that there has been incomplete information on the phenotypic effects of the cloned genes, as most experiments were conducted in the laboratory without full consideration of the breeding target environments, that is, the influence of environment interaction genotypes and genetic backgrounds of most cloned rice genes on some important agronomic traits remains largely unknown (Zhang et al., 2021). Secondly, before research on a specific gene of interest, researchers should check whether a similar allele has been identified and fixed in commercial varieties, and if a gene has been worked on for decades, it is unlikely to bring a sudden increase in crop yield (Khaipho-Burch et al., 2023). Finally, there are abundant natural allelic variations in most gene locus in rice. The function of many CXE in rice is still unknown. Hence, it is an important challenge to obtain the information needed for the breeding of these genes of unknown functions without cloning.

In this study, we adopted a comprehensive approach to identify 32 OsCXE gene from the rice (Nipponbare) genome, and studied the gene structure, phylogeny, and expression patterns to lay a foundation for further revealing the function of the rice CXE gene family. We also conducted a comprehensive population genetic analysis of the gene-cds-haplotype (gcHap) diversity of rice OsCXE, providing important information for future development of gene locus required for new breeding techniques.





Materials and methods




Identification of CXE family genes in rice

To identify the CXE family genes in rice, we accessed in the Ensembl database of the Ensembl Plants (https://plants.ensembl.org/index.html access) on September 26th, 2023 to download the genome-wide data of Oryza sativa Japonica (Nipponbare), Oryza sativa Indica (93-11), Oryza sativa Indica(Xian-1B1 var.IR64), and Oryza sativa Japonica (Geng-sbtrp var.ChaoMeo),the article represents them respectively as Os, 93-11, IR64, and ChaoMeo. The Hidden Markov Model (HMM) of PF07859 was downloaded from the pfam database (accessed September 26, 2023; http://pfam.xfam.org/) (Chen et al., 2020). Then, the Simple Hmm Search function of TBtools software was used to obtain the potential CXE genes and protein sequences (Chou and Shen, 2010). Then, the NCBI web site (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) was used to analyze the genetic structure domain, and by combining the functional annotation, a comprehensive analysis was conducted for further screening to determine the members of the family, which were renamed according to their position on the chromosome. The online tools Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/access) on September 27th, 2023 was used for subcellular localization prediction (Studer et al., 2021). SWISS-MODEL (https://swissmodel.expasy.org/interactive0) (September 26, 2023) was used for the prediction of CXE protein tertiary structure (Letunic and Bork, 2016). Moreover, the Protein Paramter Calc function of TBtools software was used to analyze the physicochemical properties of rice CXE genes, such as isoelectric point (Pi) and molecular weight (Da) (Chou and Shen, 2010).





Evolution analysis of CXE genes

To study the evolutionary relationship of CXE genes in different rice varieties, we obtained the CXE genes from four rice varieties and Arabidopsis thaliana, and constructed a phylogenetic tree by the Neighbor-joining method in MEGA11 software. Then, the online mapping site iTOL (accessed September 26th, 2023; https://itol.embl.de/) was used to beautify the phylogenetic tree (Letunic and Bork, 2016).For more detailed steps, refer to Cui article published in BMC Molecular Plant (Rui et al., 2022).





Analysis of cis-regulatory elements, conserved motifs, conserved domains, and promoter regions of CXE family proteins

After downloading of the gene structure annotation files from the website of Ensembl Plants, visualization was performed using the Gene Structure View (Advanced) function in TBtools software (Chen et al., 2020). Conserved CXE protein sequence analysis was performed by the MEME (https://meme-suite.org/meme/tools/meme; September 27th, 2023) and simple TBtools software MEME wrapper functions (Bailey et al., 2015), with the number of motifs being set as 10. The conserved domain was analyzed by NCBI CD retrieval function and visualized by Tbtools. Cis-regulatory element analysis was performed using the Gtf/Gff3 sequence extract function in TBtools to extract the upstream 2000 bp of CDS and the promoter sequence of CXE genes. The results obtained were submitted to PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/access) on September 26th, 2023 to analyze the cis-regulatory elements in the promoter regions (Lescot, 2002). The results were filtered based on the information in the table and the file was retained for viewing, which was then visualized using the Simple BioSequence Viewer function of TBtools software (Chen et al., 2020).





Collinearity analysis of rice CXE genes

First, the gff files and DNA files of the target genomes were downloaded from the Ensembl Plants website, and then TBtools was used to obtain the gene pair files for each rice species (Os - 93-11, Os - IR64, Os - ChaoMeo, ChaoMeo - IR64, 93-11 - ChaoMeo, 93-11 - IR64).The collinearity of duplicate gene pairs in four rice species (Nipponbare, 93-11, Xian-1B1 var. IR 64, Geng-sbtrp var. ChaoMeo) was analyzed using the One Step MCScanX and Advance Circos functions of TBtools. Finally, the collinearity results were visualized using chromosome length files and genome comparison files.





Gene expression profiling based on RNA-seq

From the RNA-seq database (PPRD, http://ipf.sustech.edu.cn/pub/plantrna/; September 26th, 2023), the rice CXE gene RNA-seq expression data were retrieved (as FPKM values, Transcripts per kilobase read per million maps) (Yu et al., 2022). Data of multiple tissue sites, different development times, and under abiotic stress conditions were analyzed using average FPKM values in the presence of multiple libraries. Tbtools software was used to create heat maps to visually represent these expression patterns (Chen et al., 2020).





Material handling

Rice seeds (Nipponbare) were disinfected with 3% sodium hypochlorite for 30 min, germinated at 28°C for 3 d, and transplanted into a hydroponic box containing Hoagland nutrient solution. In an intelligent light temperature incubator (under normal conditions: 28°/12 h at day, 26°/12 h at night, humidity 80%, light intensity 3000 lux). The seedlings were treated with low temperature (4°C), high temperature (42°C), high salt (200 mmoL/L), drought (PEG20%), and two different hormones (100 μmol/L ABA and 100 μmol/L MeJA), respectively. Rice leaves were taken at 0, 4, 8, 12 and 24 h, respectively, and immediately placed in liquid nitrogen and stored at –80°C to extract total RNA.





Real-time fluorescence quantitative PCR analysis

The obtained sample was ground in liquid nitrogen with a mortar and pestle. The TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Japan) was used for the extraction of RNA. Reverse Transcription Kit (TAKARA, Japan) was used to perform reverse transcription of the obtained cDNA, and gene expression was analyzed by qRT-PCR.Primers for the screened OsCXE3.1, OsCXE3.2, OsCXE3.3, OsCXE5.1 and OsCXE7.3 were designed, and relative quantitative expression was normalized to the reference gene OsActin1 (LOC_Os03g61970) (Cui et al., 2020). The related information of primers is shown in Supplementary Table S1. Real-time fluorescence quantitative detection was performed using LightCyler 96 quantitative PCR instrument. The amplification system was 20 μL, and the cDNA was 2 μL. The positive and negative primers were 0.8 μL; AceQ Universal SYBR qPCR Master Mix was 10 μL; and ddH2O was 6.4 μL. The program was set as predenaturation at 95°, 5 min; denaturation at 95°, 10 s, annealing and extension at 60°, 30 s, in a total of 40 cycles. Three biological replicates and three technical replicates were performed. The expression of each gene was analyzed by the 2-ΔΔct method. WPS 2023 software was used for statistical analysis of data, and GraphPad Prism 8 software was used for variance analysis and drawing pictures.





GcHap of OsCXE and gcHap diversity among modern and indigenous rice varieties

We used Shannon’s Equity (EH)to assess gcHap diversity at OsCXE locus across different rice populations. For each gene, Nei genetic diversity (INei) estimates the genetic difference between two populations using gcHap data and was used to measure genetic differentiation between populations (Nei, 2019; Zhang et al., 2021). To understand how modern breeding over the past few decades has affected the gcHap diversity of OsCXE genes in rice, we collected detailed information on a total of 3010 3KRG rice materials.Of these, 732 were identified as Xian landraces (LANs-Xian), 358 were identified as Geng landraces (LANs-Geng),identifed as modern Xian varieties (MVs-Xian),and 139 were identified as modern Geng varieties (MVs-Geng). First of all, we downloaded the gcHap data of OsCXE genes from RFGB (https://www.rmbreeding.cn/Index access) on September 26th, 2023. Then, based on the R script, the drift frequency of the major gcHaps of each OsCXE gene between the modern varieties (MVs) and the local varieties (LANs) was calculated (Zeng et al., 2023). The gcHap distributions of modern Xian and Geng varieties and their respective local varieties were then compared. At the same time, the loss and new emergence of gcHaps in modern Xian/Geng varieties were also analyzed. Finally, GraphPad Prism 8 software was used to plot the above data.





Extraction of major gcHap phenotypes of OsCXE genes

First, we collected phenotypic data on 15 agronomic traits from 3010 cultivated rice cultivars in Asia. The study examined 15 agronomic traits, including Days to Heading (DTH, day), Plant Height (PH, cm), Flag Leaf Length (FLL, cm), Flag Leaf Width (FLW, cm), Panicle Number (PN, count), Panicle Length (PL, cm), Culm Number (CN, count), Culm length (CL, cm), Grain Length (GL, mm), Grain Width (GW, mm), Grain Length/Width Ratio (GLWR, ratio), Thousand Grain Weight (TGW, g), Leaf Rolling Index (LRI, %), Seedling Height (SH, cm), and Ligule Length (LL, mm). The phenotypic data for 15 rice traits were downloaded from the RFGB website (accessed September 26th, 2023; https://www.example.comIndex/). Next, R script was used to obtain the major gcHaps of all OsCXE genes (Zeng et al., 2023). Finally, R scripts were used to correlate major gcHaps with these agronomic traits in 3,010 rice materials. Significance was calculated using one-way analysis of variance, and significance among major gcHaps was compared using Tukey multiple comparison method. The layout of the images was performed in Adobe Illustrator 2023 software.





Construction of CDS haplotype (gcHap) network of OsCXE genes

First, a haplotype of OsCXE genes (gcHap) was constructed using R script pegas (Paradis, 2010). A network of gcHaps for each OsCXE gene was generated using a statistical reduction algorithm, which first connects the most closely related haplotypes by a minimum number of mutations (Templeton et al., 1992). The layout of the images was performed in Adobe Illustrator 2023 software.






Results




Identification and characterization of the CXE family genes in rice

In order to identify the CXE family genes in rice, a hidden Markov model (PF07859) was used for sequence alignment by Hmmer comparison method, and the genes that were incomplete and did not contain the Abhydrolase_3 domain were removed to identify the family members. As a result, in the Oryza sativa Japonica (Nipponbare), Oryza sativa Indica (93-11), Oryza sativa Indica (Xian-1B1 var.IR64), and Oryza sativa Japonica (Geng-sbtrp var.ChaoMeo), 32, 63, 41, and 45 CXE genes were predicted and renamed according to their chromosomal positions (Supplementary Table S2). These 181 CXE genes were distributed on all chromosomes except for chromosome 10, with the largest number of genes located on chromosome 7 (Supplementary Table S2).

The physical and chemical properties of the CXE genes were analyzed, including the protein length, Molecular Weight (Da), isoelectric point (pI), instability coefficient, hydrophilic index, and fat index (Supplementary Table S2). The results showed that in the Oryza sativa Japonica (Nipponbare), members of this family encoded proteins ranging from 321 aa (OsCXE9.3) to 460 aa (OsCXE7.7) in length. The Da ranged from 34163.74 Da (OsCXE8.3) to 49700.11 Da (OsCXE7.7), and the pI ranged from 4.95 (OsCXE7.3) to 9.37 (OsCXE9.1), The adipose index ranged from 70.07 (OsCXE7.7) to 96.18 (OsCXE11.1). Among the OsCXE genes, 23 genes had an instability coefficient greater than 40, indicating that most CXE members were unstable, and 22 genes had a hydrophilic index lower than 0, indicating that most of them are hydrophilic proteins. 93-11CXE, ChaoMeoCXE, and IR64CXE proteins were encoded by family members ranging in length from 110 aa (93-11CXE5.1) to 685 aa (93-11CXE7.13), 149 aa (ChaoMeoCXE9.3) to 1449 aa (ChaoMeoCXE7.1), and 147 aa (IR64CXE9.7) to 1338 aa (IR64CXE7.9). The Da ranged from 12173.82 Da (93-11CXE5.1) to 74913.49 Da (93-11CXE7.13), 16560 Da (ChaoMeoCXE9.3) to 156279.01 Da (ChaoMeoCXE7.1), and 15725.86 Da (IR64CXE9.7) to 144254.64 Da (IR64CXE7.9). The pI ranged from 4.84 (93-11CXE7.3) to 9.76 (93-11CXE8.3), 4.96 (ChaoMeoCXE8.4) to 9.71 (ChaoMeoCXE9.1), and 4.86 (IR64CXE1.1) to 9.73 (IR64CXE7.4). The adipose-index ranged from 67.67 (93-11CXE1.4) to 97.02 (93-11CXE11.3), 70.07 (ChaoMeoCXE7.5) to 94.4 (ChaoMeoCXE1.1), and 70.94 (IR64CXE9.2) to 95.85 (IR64CXE12). Most family member proteins were unstable and hydrophilic proteins. Subcellular localization prediction showed that most rice CXE family genes were located on the cell membrane and chloroplasts (Supplementary Table S2).





Analysis of the evolutionary relationship of rice CXE family members

In order to study the evolutionary relationship between CXE proteins, the CXE family members in four rice species and Arabidopsis thaliana were compared. MEGA11 software was used to investigate the evolutionary relationships among the sequences and generate the phylogenetic tree (Figure 1B). The CXE family proteins were divided into seven clades (clades I–VII) with different gene numbers (Figure 1A). Clades III and IV contained a large number of genes (eight OsCXE). The CXE genes were present in all six subpopulations of A. thaliana except for clade VII, which did not contain any AtCXE gene (Figure 1B). To evaluate the evolutionary relationships of CXE family genes in rice, we analyzed the phylogenetic relationships of CXE family genes using the MCScanX toolkit. The results showed that OsCXE exhibited 42 collinear genes with 93-11CXE, 41 collinear genes with ChaoMeoCXE, and 40 collinear genes with IR64CXE. Moreover, 93-11CXE exhibited 42 collinear genes with IR64CXE and 48 collinear genes with ChaoMeoCXE, ChaoMeoCXE and IR64CXE had 45 pairs of collinear genes (Figure 2). The collinearity of CXE genes in rice indicated a close evolutionary relationship between japonica and indica. Gene replication events are crucial for the formation of gene families. Therefore, we studied the replication events of CXE family genes in rice. Our analysis revealed three collinear gene pairs in OsCXE, 12 collinear gene pairs in ChaoMeoCXE, 8 collinear gene pairs in 93-11CXE, and 10 collinear gene pairs in IR64CXE (Supplementary Figure S1). Further analysis showed that the replication mode was fragment replication, indicating that fragment replication has played an important role in the expansion of CXE family in rice.




Figure 1 | Phylogenetic trees of CXE family members. (A) Phylogenetic tree of four rice species; (B) Phylogenetic tree of four rice and Arabidopsis Thaliana.






Figure 2 | Collinearity of CXE genes in rice. (A) Collinearity between Os and 93-11. (B) Collinearity between Os and ChaoMeo. (C) Collinearity between Os and IR64. (D) Collinearity between ChaoMeo and IR64. (E) Collinearity between 93-11 and ChaoMeo. (F) Collinearity between 93-11 and IR64.







Ka/Ks analysis of rice CXE family members

Ka/Ks< 1 represents purification selection, indicating that natural selection has eliminated harmful mutations and left the protein unchanged. Ka/Ks > 1 indicates positive selection, which indicates that natural selection acts on the change of protein and causes the rapid disappearance of mutation site in the population to accelerate gene evolution. Ka/Ks = 1 denotes neutral selection, indicating that natural selection has no effect on mutation (Hurst, 2002). We determined 10 combinations of four rice species (Os-Os, Os-93-11, Os-IR64, Os-ChaoMeo, 93-11-93-11, 93-11-IR64, 93-11-ChaoMeo, ChaoMeo-IR64, ChaoMeo-ChaoMeo, and IR64-IR64). The results (Figure 3) showed that 28 gene pairs had Ka/Ks > 1 (Figure 3B); 210 gene pairs had Ka/Ks< 1, and most gene pairs had 0.5< Ka/Ks< 0.99 (Figure 3A). These results indicated that the CXE family genes have undergone strong purification selection in rice.




Figure 3 | Selection pressure (Ka/Ks) analysis. (A) Selection pressure diagram. (B) Prediction of the number of genes in different combinations of four rice species,Where positive indicates Ka/Ks> 1 and pure selection indicates Ka/Ks<1.







Analysis of conserved motifs, domains, and gene structure of OsCXE

Phylogenetic analysis revealed that OsCXE can be divided into seven clades based on their amino acid sequences (Figure 4). First of all, in order to predict the evolution and functional diversity of OsCXE, exon-intron analysis of 32 OsCXE gene sequences was performed using TBtools. The results showed that most OsCXE genes had two exons and one intron, and only four genes (OsCXE1.1, OsCXE9.1, OsCXE7.6, and OsCXE8.1) had no exon. Three genes (OsCXE7.5, OsCXE3.1, and OsCXE7.7) had only one exon, and three genes (OsCXE1.3, OsCXE12.2, OsCXE7.8) harbored two introns. The exon/intron analysis and the phylogenetic tree analysis results indicate that the distribution of OsCXE across different clades is random, and within the same phylogenetic clades, similar genes cluster together. Next, the motifs of OsCXE gene sequences were analyzed through online MEME, and a total of 10 motifs were identified (Figure 4). Clade I genes all contained nine motifs, namely motifs 6, 3, 1, 7, 2, 5, 8, 4, and 9. Motifs 6, 3, 1, 7, 2, 8, 5 and 4 were found in OsCXE3.1 of clade II, while an additional motif 10 was found in OsCXE8.3. Most genes of clade III contained 10 motifs, which are motifs 1 to 10. Interestingly, OsCXE9.1 lacked motif 10, while OsCXE8.2 lacked motif 6. Most genes in clade IV contained nine motifs, namely motifs 6, 3, 1, 7, 2, 5, 8, 4 and 9, while OsCXE7.8 was lack of motif 6, and OsCXE7.9 and OsCXE7.10 contained 10 motifs. Clades V and VII contained similar sequences with 10 motifs, namely motifs 1 to 10. In clade VI, OsCXE3.2 had 10 motifs; OsCXE5.1 and OsCXE5.2 lacked motif 6; and OsCXE11.1 lacked motifs 6 and 9. These motifs are distributed in the order of each subgroup, with similar motif arrangements within the same subgroup, indicating that the protein structure is conserved within specific subgroups, while the functions of most conserved motifs remain to be elucidated. Finally, Domain analysis showed that all OsCXE genes contained the Abhydrolase_3domain (Figure 4).




Figure 4 | From left to right, phylogenetic tree,conserved motif,conserved domainc and gene structure analysis of 32 OsCXE (Nipponbare).







Analysis of cis-regulatory elements in OsCXE promoters

The distribution of cis-regulatory elements in response to stress and hormone is shown in Figure 5. Cis-regulatory elements in OsCXE are involved in a variety of abiotic stress responses, including MYB binding sites involved in drought induction, low temperature response, and anaerobic induction. Cis-regulatory elements of light response signaling and plant hormone synthesis are present in the promoter of each OsCXE, including ABA reaction, MeJA reaction, IAA response, and GA response. These results suggested that OsCXE play key roles in plant development and responses to abiotic stress and hormone.




Figure 5 | Detection of cis-regulatory elements in 32 OsCXE (Nipponbare) genes. Cis-elements with similar functions are shown in the same color. Black lines indicate the promoter length of OsCXE genes, and boxes of different colors represent cis-regulatory elements with different functions.







Three-dimensional structure prediction and interaction network analysis of OsCXE proteins

The three-dimensional structure of a protein is mainly composed of α-helix, β-fold, and random helix, as shown in Figure 6A. These proteins were grouped according to their phylogenetic relationships. The prediction results showed that the 32 OsCXE proteins had different three-dimensional structures, indicating that they may have diverse functions. To further investigate the function of the OsCXE (Nipponbare) protein, we based on the homologous genes of Arabidopsis thaliana, conducted an interaction network analysis using an online platform(https://string-db.org/ (accessed on Sep 26, 2023), and utilized the Cytoscape software to beautify the network diagrams (Figure 6B). As shown in Figure 6, most of the promoters of OsCXE members had gibberellin-responsive elements, and the core gibberellin receptor genes GID1A, GID1B, and GID1C also demonstrated interactions with OsCXE. Moreover, OsCXE is also closely associated with the RGL1, RGL2, and RGL3 genes in the interaction network map. By analyzing the cis-acting elements of the OsCXE proteins and their interactions within the protein network, we can gain a deeper understanding of the mechanisms of action of these proteins.




Figure 6 | 3D structure and network interactions of 32 OsCXE (Nipponbare) proteins. (A) Prediction of OsCXE protein tertiary structure. According to the phylogenetic relationship, these proteins were divided into seven clades, and the blue and red color of the three-dimensional protein structure represent low activity and high activity, respectively. (B) OsCXE protein interaction network. Red denotes the central gene, and lines indicate interactions.







Expression of OsCXE in different tissues and under abiotic stress

To identify the potential function of OsCXE genes, we analyzed the transcription levels of OsCXE in various tissues of rice and under different stresses (Figure 7). The genes showed different levels of expression in different tissues, suggesting that they have different functions. Among them, OsCXE1.1, OsCXE7.7, OsCXE7.6, and OsCXE9.1 had low expression levels in all tissues as shown in Figure 7A. However, OsCXE5.1, OsCXE9.2, OsCXE11.3, and OsCXE1.3 were all highly expressed. OsCXE3.2 was highly expressed in the endosperm. The expression of OsCXE1.2 in the root was obviously up-regulated at 12h of development, and OsCXE3.3 also had a certain increase in expression at 12h of development in root (Figure 7B). After ABA treatment, OsCXE3.2, OsCXE5.1, OsCXE3.3, OsCXE7.1, and OsCXE11.3 were obviously up-regulated in the root and shoot, while OsCXE1.2 was obviously up-regulated only in the root (Figure 7C). After ABA treatment, the expression of OsCXE3.1 and OsCXE11.1 decreased obviously in the root and shoot. After JA treatment, the expression of OsCXE3.2 was obviously up-regulated in the root, while that of OsCXE11.1 decreased. OsCXE7.3 and OsCXE11.3 showed increases in expression in the shoot after JA treatment (Figure 7D). The expression of OsCXE7.7 increased in stems and leaves, while that of OsCXE3.1, OsCXE7.2, OsCXE8.1, OsCXE9.3 and OsCXE9.4 decreased after 12h of high-temperature treatment (Figure 7E). The expression of OsCXE7.7 increased in stems and leaves after 1h and 6h of salt treatment (Figure 7E). OsCXE3.1 expression in stems was obviously up-regulated after 1h of flooding treatment, and OsCXE7.3 and OsCXE11.3 also showed increases in expression afterl flooding stress (Figure 7F). The expression of OsCXE3.1, OsCXE3.2, OsCXE5.1, and OsCXE1.3 in stems was increased after low-temperature stress (Figure 7F). OsCXE3.2, OsCXE3.3, OsCXE7.1, OsCXE7.3 and OsCXE11.3 in stems were up-regulated after osmotic stress. Interestingly, the expression of OsCXE3.1 increased only after 1h of treatme(Figure 7F). OsCXE3.2, OsCXE3.3, OsCXE7.1, OsCXE7.3, OsCXE7.9 and OsCXE11.3 in stems showed increases in expression after drought stress. Interestingly, the expression of OsCXE3.1 decreased obviously after 6h of treatment (Figure 7F). OsCXE3.2 was obviously up-regulated in roots after low-temperature, osmotic, and drought stress (Figure 7G). OsCXE showed no obvious change in expression in shoots and roots after P stress, and in leaves after N and K treatment (Supplementary Figure S2).




Figure 7 | Analysis of 32 OsCXE (Nipponbare) gene expression. Color markers indicate changes in gene expression, with red indicating high expression and green indicating low expression. (A) Expression of OsCXE in the root, leaf, seedlings, shoot, stem, meristem, flower, seed, embryo, endosperm, panicle, female reproductive tissue, and male reproductive tissue under normal conditions. (B) Expression of OsCXE genes in shoots and roots at different developmental stages. (C) Expression levels of OsCXE genes in shoots and roots at different time after ABA treatment. (D) Expression levels of OsCXE genes in shoots and roots at different time after JA treatment. (E) Expression levels of OsCXE genes in stems and leaves under heat and salt stress at different time. (F) Expression levels of OsCXE genes at different time during flooding, cold, osmotic, and drought stress. (G) Expression of OsCXE genes at different time in roots under flooding, cold, osmotic and drought conditions.







The expression of OsCXE in leaves under abiotic stress

Five genes (OsCXE3.1, OsCXE3.2, OsCXE3.3, OsCXE7.3 and OsCXE11.3) were selected as research objects based on cis-regulatory elements and RNA-seq analysis results, and their expression patterns under different treatments in leaves were analyzed (Figure 8). The expression levels of OsCXE3.1 and OsCXE3.2 showed no significant change under ABA hormone treatment, while those of OsCXE3.3 and OsCXE5.1 first decreased and then increased, and reached the peak at 24h. The expression of OsCXE7.3 peaked at 4h and then decreased. After MeJA hormone treatment, OsCXE3.3 and OsCXE7.3 were significantly up-regulated, and both reached the highest expression at 24h. Under drought stress, the expression levels of both OsCXE3.2 and OsCXE3.3 were significantly up-regulated, but OsCXE3.2 had a lower degree of up-regulation than OsCXE3.3, with the former reaching its peak at 24h while the latter reaching its maximum value at 12h. After NaCL stress treatment, the expression of all genes was extremely significantly up-regulated, except for OsCXE3.1, with the expression of OsCXE3.2 and OsCXE3.3 reaching the peak at 24 h, while that of OsCXE5.1 and OsCXE7.3 reaching the peak at 12h, among which OsCXE3.2 was the most significantly up-regulated. After high-temperature treatment, only the expression of OsCXE3.1 and OsCXE5.1 showed explosive growth and reached the highest value in 24h. After low-temperature stress treatment, the expression of OsCXE3.3 showed a general first increasing and then decreasing trend, reaching the peak at 12h. OsCXE5.1 and OsCXE7.3 showed an upward trend and both reached the peak in expression at 24h.




Figure 8 | Analysis of expression levels of five genes of the OsCXE (Nipponbare) family under different treatments. (A) ABA treatment. (B) MeJA treatment. (C) Drought stress. (D) NaCl stress. (E) High temperature stress. (F) Low temperature stress. Statistical analysis of the data was performed using WPS2023 software, and IBM SPSS Statistics 25 statistics analysis software was used to perform analysis of variance; the significance level was defined as **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.







Analysis of the diversity of OsCXE alleles in different populations

To understand the potential role of OsCXE alleles in the improvement of rice, we used CDS haplotype (gcHap) data from 3KRG. We obtained Shannon Fairness (EH), gcHaps, and the number of major gcHaps (frequency ≥1% in 3KRG) for 32 OsCXE genes in four major rice populations (Figure 9; Supplementary Table S3). In 3KRG materials, there were one low-diversity OsCXE gene, ten medium-low diversity OsCXE genes, 17 medium-high diversity OsCXE genes, and four high-diversity OsCXE genes (Figure 9A). The average values of gcHaps (major gcHaps) and EHamong the 32 polymorphic OsCXE genes in 3KRG materials were 482.3 (9.1) and 0.399, respectively. Different OsCXE svaried greatly in diversity, and the EH value generally increased with the number of gcHaps. OsCXE9.1 had the highest diversity, with EH of 0.816 and 2094 gcHaps (Figures 9C, D), while OsCXE9.2 had the lowest diversity, with EH of 0.037 and four gcHaps (Supplementary Table S3). The diversity of OsCXE salso varied greatly among different rice populations. The average EH of 32 OsCXE swas 0.393, 0.275, 0.435, 0.515, and 0.658 in Xian, Geng, Aus, Bas, and Adm population, respectively. The average number of gcHaps and major gcHaps was 341.6 and 8.3 in Xian population, 93 and 6.5 in Geng population, 50.3 and 7 in Aus population, and 27.6 and 6.3 in Bas population, respectively. There were 45.9 and 2.8 gcHaps and major gcHaps in the Adm population (Supplementary Table S3). It is clear that the number of gcHaps and major gcHaps has an important relationship with the size of the population, and most gcHaps are rare and low-frequency (Figures 9C, D).




Figure 9 | Population diversity of OsCXE genes in 3010 rice accessions. (A) Conserved genes (HK) (EH = 0 and gcHapN = 1), low diversity genes (0< EH< 0.05,   = 0.020 ± 0.015, and gcHapN =12 ± 10), medium-low diversity genes (0.05 ≤ EH< 0.3,   = 0.171 ± 0.065, and gcHapN = 82 ± 67), medium-high diversity gene (0.3≤EH<0.7,  =0.444 ± 0.110,and gcHapN=498 ± 305), and high diversity gene (0.7≤EH ≤ 1,  =0.804 ± 0.075,and gcHapN =1767 ± 458). (B) Relationship between Shannon fairness (EH) of 32 OsCXE gene and gcHapN. (C) The EH value of 32 OsCXE genes in different populations. (D) gcHap number (gcHapN) of OsCXE gene in different populations. (E) INei values of OsCXE genes between all paired populations calculated from gcHap data.



To understand the differences in OsCXE sbetween different rice populations, we analyzed the gcHaps data of 32 polymorphic OsCXE in pairwise populations using genetic diversity data (INei) values. Among the 32 OsCXE, OsCXE3.2, OsCXE7.1, OsCXE7.2, OsCXE7.4, OsCXE8.2, OsCXE9.3, and OsCXE12.1 showed strong XI-GJ differentiation (Figure 9E; Supplementary Table S4). In addition, the 32 OsCXE also showed strong differentiation in other populations, such as OSCXE3.2 in Aus-XI, Aus-GJ, XI-Bas, and GJ-Bas (Figure 9E; Supplementary Table S4). These results indicated that allelic variation of OsCXE sites have contributed significantly to the differentiation of rice populations and the adaptation of different populations to the environment.





Effects of modern breeding on gcHap diversity of OsCXE

In order to understand the effects of modern breeding on the gcHap diversity of OsCXE genes in rice in recent decades, we analyzed modern varieties (MVs) and local varieties (LANs), including 732 local varieties (LANs-Xian), 358 modern Xian varieties (MVs-Xian), 328 local verities of Geng (LANs-Geng), and 139 modern varieties of Geng (MVs-Geng) (Supplementary Table S5). Compared with LANs, MVs in Xian and Geng populations showed increases in average EH. Seven genes showed a significant increase in diversity in both Xian and Geng populations, while 12 genes showed a significant increase in their diversity only in Xian, and one gene exhibited significant increase in diversity only in Geng population (Supplementary Table S5). It was observed that MVs-Xian had an average of 91.9 gcHaps/locus, which is lower than that of LANs-Xian (159.8 gcHaps/locus), and MVs-Geng had an average of 28.1 gcHaps/locus, which is lower than that of LANs-Geng (49 gcHaps/locus). Further examination showed that MVs-Xian lost an average of 131.1 gcHaps/locus relative to LANs-Xian and MVs-Geng lost an average of 37.3 gcHaps/locus relative to LANs-Geng, which may be caused by the bottleneck effect of genetics.

With an average of 65.2 new gcHaps/locus obtained in MVs-Xian, which were not present in LANs-Xian, MVs-Geng obtained an average of 16.3 new gcHaps/locus, which were not present in LANs-Geng. The new gcHaps were apparently generated by intragenic recombination during breeding. We found deletions and new majority as rare gcHaps/locus. It is worth noting that the newly emerged gcHaps/locus in Xian population did not become the main gcHaps/locus in Xian population, but some newly emerged gcHaps/locus in Geng population have become major gcHaps/locus (Supplementary Table S5).

The 32 OsCXE in Xian population showed a significant increase in the frequency of major gcHaps F(P) in three genes and a significant decrease in the frequency of the major gcHaps F(P) in 12 genes. In the Geng population, the frequency of major gcHap F(P) in only one gene was significantly increased, while that of five genes was significantly decreased. Further observations showed that most genes in the OsCXE family had the same major gcHaps in Xian and Geng populations, suggesting that most of the major gcHaps play a role in both Xian and Geng (Supplementary Table S6).





Comparison of trait values between the predominant and ‘unfavorable’ gcHaps of OsCXE genes in rice

The dominant gcHap in CXE locus in rice populations, namely the gcHap with the highest frequency, is thought to have been favored by natural selection during evolution. Conversely, the major gcHap with the lowest frequency in the group is more likely to be an “unfavorable” gcHap (Zeng et al., 2023). We compared the phenotypic differences between the predominant and “unfavorable” gcHap on each of 32 CXE locus for 15 agronomic traits. Differences between the predominant and “unfavorable” gcHaps at CXE locus were detected in 196 (40.8%) cases out of a total of 480 comparisons (Supplementary Table S3-S34). In 25 out of the 32 OsCXE, phenotypic differences were observed between dominant gcHap and “unfavorable” gcHap in the trait of TGW. Among the 15 traits, OsCXE7.6 showed the most differences, with phenotypic differences between the predominant gcHap and “unfavorable” gcHap for 10 traits. In addition, OsCXE1.2, OsCXE3.2, OsCXE6.1, OsCXE7.4, OsCXE7.9, OsCXE8.1, OsCXE8.2, and OsCXE8.3 showed phenotypic differences between the predominant and “unfavorable” gcHap. More differences suggested that they may affect more traits (Supplementary Table S7).





Correlation analysis of major gcHaps of OsCXE genes and important agronomic traits

To demonstrate the functional importance of OsCXE genes, we constructed a gcHaps network for the dominant alleles of 32 genes in five rice populations, and analyzed the dominant alleles of 32 OsCXE genes in 3KRG and four agronomic traits, including panicle number per plant (PN), panicle length (PL), plant height (PH), thousand grain weight (TGW) (Figure 10; Supplementary Figures S35–S41). Strong (P< 10-7) associations were observed in 64 (50%) of 128 (32 × 4) cases, and the major alleles of multiple OsCXE genes were strongly associated with the values of one or more traits. Further analysis of OsCXE genes showed that OsCXE1.1 is a conserved gene with five major gcHaps. There were three non-synonymous mutations between Hap2 and Hap5, which significantly increased PN during breeding compared with Hap2. OsCXE1.2 is a conserved gene with four major gcHaps. Hap4 has a high frequency in LANs-Xian and differs from Hap2 in two non-synonymous mutations that have become dominant gcHaps in LANs-Geng and significantly increase TGW during breeding. OsCXE1.3 is an “other” gene, and there are six major gcHaps. Hap4 and Hap6 have a high frequency in LANs-Xian and LANs-Geng, respectively. Hap6 has significantly increased PL and PN during breeding compared with Hap4. OsCXE3.1 is also an “other” gene, and Hap1 has a high frequency in LANs-Xian. Hap3 differs from Hap1 in two non-synonymous mutations that have become dominant gcHaps of LANs-Geng and significantly increase TGW during breeding. Among the 32 OsCXE sgenes, OsCXE1.1, OsCXE5.1, and OsCXE7.7 were closely related to the values of the four traits.




Figure 10 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S., not significant.







Mining of “favorable” alleles at OsCXE locus to increase yield

The effects of major gcHaps at OsCXE locus on important agronomic traits of rice were significantly different. The “favorable” allele frequency was different for different yield traits, CXE locus, yield traits, rice populations, and favorable allele frequencies. For example, Hap4 at OsCXE3.1 was the most associated with the GL trait in 3KRG germplasm, and its frequency was fixed in MVs-Geng but less frequent in MVs-Xian. In addition, Hap1 at OsCXE7.1 had the highest correlation with GL and CN. Hap3 at OsCXE7.2 was the most correlated with PL. Hap7 at OsCXE7.8 had the highest correlation with PL and CN. Hap2 at OsCXE7.11 showed the highest correlation with GL and CN. Hap2 at OsCXE7.12 had the highest correlation with CN. Hap5 at OsCXE8.2 showed the highest correlation with GL. Hap3 at OsCXE11.1 had the highest correlation with CN. Hap10 at OsCXE11.3 had the highest correlation with PL and Hap13 with CN. Hap7 at OsCXE12.2 has the highest correlation with CN, and their frequency is fixed at MVs-Geng. Among the genes with fixed frequency in MVs-Xian, OsCXE7.2 and Hap3 had the highest correlation with PL. Hap6 at OsCXE7.7 was the most correlated with TGW and GW. Hap10 at OsCXE7.8 had the highest correlation with TGW (Figure 11). These results suggested that the “favorable” alleles for different yield traits may vary significantly between the two rice subspecies or genetic contexts, and possibly in different environments.




Figure 11 | Favorable gcHap frequencies of 32 OsCXE genes affecting TGW, GL, GW, PL and CN in Xian/Indica rice (XI), Geng/Japonica rice (GJ) and different rice subpopulations.The “favorable” gcHaps of a gene are defined as the gcHAPs associated with the highest trait values. “#accession” indicates the number of accessions with “favorable” gcHaps. Distribution frequency of five subpopulations of XI (XI-1A, XI-1B, XI-2, XI-3, and XI-ADM) and four subpopulations of GJ (temperate GJ [GJ-TMP], subtropical GJ [GJ-SBTRP], tropical GJ [GJ-TRP], and GJ-ADM).








Discussion

CXE is a hydrolase that can catalyze ester and amide compounds, playing important roles in plant growth and development, disease resistance and stress response (Li et al., 2024; Wang et al., 2024). It is a large gene family in the rice genome, but the molecular and functional characteristics of most OsCXE genes remain largely unknown. In this study, we performed a whole-genome identification of the CXE gene family in rice through bioinformatics analysis, gene haplotype diversity analysis, and some other methods, and selected some non-biological genes with potential functions through structural analysis and transcriptome analysis. We also studied the expression patterns of these genes in response to environmental stress. A diversity analysis was performed in 3010 rice samples of gcHap, which provide important insights into the function and evolutionary history of OsCXE genes.

Firstly, most OsCXE proteins are unstable and hydrophilic according to the analysis of physical and chemical properties (Supplementary Table S2). Subcellular localization prediction showed that most of OsCXE genes are located on the cell membrane and chloroplast (Supplementary Table S2), this provides clues as to their biological functions.Gene structure analysis showed that OsCXE genes have a very similar exon-intron distribution pattern and a conserved motif distribution. Some clades have specific structure pattern, and the structure pattern is similar within the same group (Figure 4). The collinearity analysis (Figure 2; Supplementary Figure S1) and evolutionary selection pressure analysis (Figure 3) showed that the OsCXE family has experienced strong purification selection pressure during evolution,fragment duplication plays a key role in family amplification.In order to understand the evolutionary relationship between indica and japonica rice, four rice species (two japonica rice and two indica rice) were subjected to pairwise comparison, and collinearity analysis result (Figure 2) between them supported the close evolutionary relationship between japonica and indica rice (Garris et al., 2005).

Secondly, the results of the cis-acting element analysis (Figure 5) indicate that most promoters of the OsCXE family members contain gibberellin-responsive elements, which is consistent with the results of protein interaction analysis based on the homologous genes of Arabidopsis thaliania CXE (Figure 6). Previous studies have shown that GID1 in rice is involved in GA signal transduction by binding to GA and forming a GID1-GA-SLR1 complex, thereby affecting the expression of various proteins and genes, and is related to the stress resistance of rice (Ueguchi-Tanaka et al., 2005, 2007; Yamamoto et al., 2010). Therefore, it is speculated that the OsCXE family members may be closely related to GID1. Transcriptome data analysis (Figure 7) and real-time fluorescence quantitative analysis (Figure 8) show that the OsCXE genes exhibit different expression patterns in different tissues and stress conditions of rice, suggesting their specific functions in plant physiology.

Thirdly,by analyzing the CDS haplotype data of 3 KRG,we found that the OsCXE gene may play an important role in the evolution and population differentiation of rice, with most OsCXE loci showing strong differentiation across different populations. Additionally, in the 3KRG materials, the genetic diversity of the OsCXE gene family exhibits significant differences among various rice populations (Figure 9; Supplementary Tables S3–S4). The study also revealed that modern breeding has had a significant impact on the genetic diversity of these genes, which is consistent with the results of Zeng et al.’s research (Zeng et al., 2023) For example, in the Xian population, modern varieties (MVs-Xian) compared to local varieties (LANs-Xian), the average number of gcHaps decreased from 159.8 to 91.9, indicating a possible genetic bottleneck effect. Furthermore, modern breeding has also led to the emergence of some new gcHaps, such as MVs-Xian, which on average acquired 65.2 new gcHaps (Supplementary Table S5).

Finally, further association analysis has revealed a significant link between the OsCXE gene and important agronomic traits (Figure 10; Supplementary Figures S35–S41), suggesting that the OsCXE gene may play an important role in rice improvement. For instance, two main gcHaps (Hap2 and Hap5) of the OsCXE1.1 gene are significantly correlated with the increase in TGW (Figure 10). The OsCXE7.6 gene shows phenotypic differences between dominant and “unfavorable” gcHaps across 10 distinct traits(Supplementary Table S7), Suggesting that it may play a key role in regulating rice traits.Besides,OsCXE1.2, OsCXE3.2, OsCXE6.1, OsCXE7.4, OsCXE7.9, OsCXE8.1, OsCXE8.2, and OsCXE8.3 had phenotypic differences between dominant and “unfavorable” gcHaps. More differences indicated that they may affect many more traits (Figure 11). The existence of such differences may imply that natural selection has favored specific alleles during the evolutionary process, which may have a positive effect on improving rice yield and agronomic traits, necessitating further research. The study also found that the frequency distribution of some advantageous gcHaps at the OsCXE gene loci varies among different rice populations (Figure 11), which may reflect genetic variations adapted to different ecological environments (Zhang et al., 2021; Zeng et al., 2023). These findings provide different perspectives for the precise improvement of rice traits, while also indicating that the specific needs of different populations and the maintenance of genetic diversity should be considered during the breeding process.
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Supplementary Figure 1 | Collinear relationship of CXE genes in rice.

Supplementary Figure 2 | Analysis of 32 OsCXE (Nipponbare) gene expression. Color markers indicate changes in gene expression, red indicates high expression and green low expression. (A) Expression of OsCXE in root and aerial parts at different times under P stress. (B) Expression of OsCXE in leaves at different times under N and K treatment.

Supplementary Figure 3 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE1.1.

Supplementary Figure 4 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE1.2.

Supplementary Figure 5 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE1.3.

Supplementary Figure 6 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE3.1.

Supplementary Figure 7 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE3.2.

Supplementary Figure 8 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE3.3.

Supplementary Figure 9 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE5.1.

Supplementary Figure 10 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE6.1.

Supplementary Figure 11 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.1.

Supplementary Figure 12 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.2.

Supplementary Figure 13 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.3.

Supplementary Figure 14 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.4.

Supplementary Figure 15 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.5.

Supplementary Figure 16 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.6.

Supplementary Figure 17 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.7.

Supplementary Figure 18 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.8.

Supplementary Figure 19 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.9.

Supplementary Figure 20 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.10.

Supplementary Figure 21 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.11.

Supplementary Figure 22 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE7.12.

Supplementary Figure 23 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE8.1.

Supplementary Figure 24 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE8.2.

Supplementary Figure 25 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE8.3.

Supplementary Figure 26 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE9.1.

Supplementary Figure 27 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE9.2.

Supplementary Figure 28 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE9.3.

Supplementary Figure 29 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE9.4.

Supplementary Figure 30 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE11.1.

Supplementary Figure 31 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE11.2.

Supplementary Figure 32 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE11.3.

Supplementary Figure 33 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE12.1.

Supplementary Figure 34 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsCXE12.2.

Supplementary Figure 35 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S.,not significant.

Supplementary Figure 36 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S.,not significant.

Supplementary Figure 37 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S.,not significant.

Supplementary Figure 38 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S.,not significant.

Supplementary Figure 39 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S.,not significant.

Supplementary Figure 40 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S.,not significant.

Supplementary Figure 41 | Haplotype network analysis of OsCXE genes and their associations with four agronomic traits in 3KRG.P-values under the trait names indicate differences between haplotypes assessed by a two-factor ANOVA, where different letters on the boxplot indicate statistically significant differences at P< 0.05 based on Duncan’s multiple range test. The bar chart on the right shows the difference in frequency of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) of Xian and Geng. Chi-square tests were used to determine significant differences in the proportion of the same gcHap between different populations ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and N.S.,not significant.




References

 Bailey, T., Johnson, J., Grant, C., and Noble, W. (2015). The MEME suite. Nucleic Acids Res. 43(W1), W39-Ww49. doi: 10.1093/nar/gkv416

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 9. doi: 10.1016/j.molp.2020.06.009

 Cheng, M. X., Yuan, H. R., Wang, R. H., Wang, W., Zhang, L. C., Fan, F. F., et al. (2023). Identification and characterization of BES1 genes involved in grain size development of Oryza sativa L. Int. J. Biol. Macromolecules 253, 127327. doi: 10.1016/j.ijbiomac.2023.127327

 Chou, K. C., and Shen, H. B. (2010). Cell-PLoc 2.0: an improved package of web-servers for predicting subcellular localization of proteins in various organisms. Natural Sci. 2, 1090–1103. doi: 10.4236/ns.2010.210136

 Cui, Y., Lu, S., Li, Z., Cheng, J., Hu, P., Zhu, T., et al. (2020). CYCLIC NUCLEOTIDE-GATED ION CHANNELs 14 and 16 promote tolerance to heat and chilling in rice. Plant Physiol. 183, 1794–1808. doi: 10.1104/pp.20.00591

 Feng, X. C., Li, M., and Liu, N. N. (2018). Carboxylesterase genes in pyrethroid resistant house flies,Musca domestica. Insect Biochem. Mol. Biol. 92, 30–39. doi: 10.1016/j.ibmb.2017.11.007

 Garris, A. J., Tai, T. H., Coburn, J., Kresovich, S., and McCouch, S. (2005). Genetic structure and diversity inOryza sativa L. Genetics 169, 1631–1638. doi: 10.1534/genetics.104.035642

 Gershater, M. C., Cummins, I., and Edwards, R. (2007). Role of a carboxylesterase in herbicide bioactivation inArabidopsis thaliana. J. Biol. Chem. 282, 21460–21466. doi: 10.1074/jbc.M701985200

 Griffiths, J., Murase, K., Rieu, I., Zentella, R., Zhang, Z. L., Powers, S. J., et al. (2007). Genetic characterization and functional analysis of the GID1 gibberellin receptors in Arabidopsis. Plant Cell 19, 726–726. doi: 10.1105/tpc.107.190261

 Hurst, L. D. (2002). TheKa/Ks ratio: diagnosing the form of sequence evolution. Trends Genet. 18, 486–487. doi: 10.1016/s0168-9525(02)02722-1

 Khaipho-Burch, M., Cooper, M., Crossa, J., de Leon, N., Holland, J., Lewis, R., et al. (2023). Genetic modification can improve crop yields - but stop overselling it. Nature 621, 470–473. doi: 10.1038/d41586-023-02895-w

 Ko, M., Cho, J. H., Seo, H. H., Lee, H. H., Kang, H. Y., Nguyen, T. S., et al. (2016). Constitutive expression of a fungus-inducible carboxylesterase improves disease resistance in transgenic pepper plants. Planta 244, 379–392. doi: 10.1007/s00425-016-2514-6

 Lescot, M. (2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 30, 325–327. doi: 10.1093/nar/30.1.325

 Letunic, I., and Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for the display and annotation of phylogenetic and other trees. Nucleic Acids Res. 44, W242–W245. doi: 10.1093/nar/gkw290

 Li, Y. Y., Pang, Q. Y., Li, B., Fu, Y. C., Guo, M. Y., Zhang, C. J., et al. (2024). Characteristics of CXE family of Salvia miltiorrhiza and identification of interactions between SmGID1s and SmDELLAs. Plant Physiol. Biochem. 206, 108140. doi: 10.1016/j.plaphy.2023.108140

 Li, Z., and Rutger, J. N. (2000). Geographic distribution and multilocus organization of isozyme variation of rice (Oryza sativa L.). Theor. Appl. Genet. 101, 379–387. doi: 10.1007/s001220051494

 Marshall, S. D. G., Putterill, J. J., Plummer, K. M., and Newcomb, R. D. (2003). The carboxylesterase gene family from arabidopsis thaliana. J. Mol. Evol. 57, 487–500. doi: 10.1007/s00239-003-2492-8

 Nei, M. (2019). genetic distance between populations. Am. Nat. 106 (949), 283–292.  doi: 10.1086/282771

 Paradis, E. (2010). pegas: an R package for population genetics with an integrated-modular approach. Bioinformatics 26, 419–420. doi: 10.1093/bioinformatics/btp696

 Pontier, D., Tronchet, M., Rogowsky, P., Lam, E., and Roby, D. (1998). Activation of hsr203, a plant gene expressed during incompatible plant-pathogen interactions, is correlated with programmed cell death. Mol. Plant-Microbe interactions: MPMI 11, 544–554. doi: 10.1094/mpmi.1998.11.6.544

 Qi, L. Y., Li, X. J., Zang, N. N., Zhang, Z. R., Yang, Y. M., Du, Y. Q., et al. (2023). Genome-wide identification of CXE andPuCXE15 functions in the catabolism of volatile ester in 'Nanguo' pear fruit. Plant Physiol. Biochem. 203, 107996. doi: 10.1016/j.plaphy.2023.107996

 Rasmussen, H. B., Madsen, M. B., and Consortium, I. (2018). Carboxylesterase 1 genes: systematic review and evaluation of existing genotyping procedures. Drug Metab. personalized Ther. 33, 3–14. doi: 10.1515/dmpt-2017-0023

 Rui, C., Peng, F. J., Fan, Y. P., Zhang, Y. X., Zhang, Z. G., Xu, N., et al. (2022). Genome-wide expression analysis ofcarboxylesterase (CXE) gene family impliesGBCXE49 functional responding to alkaline stress in cotton. BMC Plant Biol. 22 (1), 194. doi: 10.1186/s12870-022-03579-9

 Schmeitzl, C., Varga, E., Warth, B., Kugler, K. G., Malachová, A., Michlmayr, H., et al. (2016). Identification and Characterization of Carboxylesterases fromBrachypodium distachyon Deacetylating Trichothecene Mycotoxins. Toxins 8 (1), 6. doi: 10.3390/toxins8010006

 Studer, G., Tauriello, G., Bienert, S., Biasini, M., and Schwede, T. (2021). ProMod3—A versatile homology modelling toolbox. PloS Comput. Biol. 17, e1008667. doi: 10.1371/journal.pcbi.1008667

 Stuhlfelder, C., Lottspeich, F., and Mueller, M. J. (2002). Purification and partial amino acid sequences of an esterase from tomato. Phytochemistry 60, 233–240. doi: 10.1016/s0031-9422(02)00126-7

 Templeton, A. R., Crandall, K. A., and Sing, C. F. (1992). A cladistic analysis of phenotypic associations with haplotypes inferred from restriction endonuclease mapping and DNA sequence data. III. Cladogram estimation. Genetics 132, 619–633. doi: 10.1093/genetics/132.2.619

 Ueguchi-Tanaka, M., Ashikari, M., Nakajima, M., Itoh, H., Katoh, E., Kobayashi, M., et al. (2005). GIBBERELLIN INSENSITIVE DWARF1 encodes a soluble receptor for gibberellin. Nature 437, 693–698. doi: 10.1038/nature04028

 Ueguchi-Tanaka, M., Nakajima, M., Katoh, E., Ohmiya, H., and Matsuoka, M. (2007). Molecular interactions of a soluble gibberellin receptor, GID1, with a rice DELLA protein, SLR1, and gibberellin. Plant Cell 19, 2140–2155. doi: 10.1105/tpc.106.043729

 Walden, A. R., Walter, C., and Gardner, R. C. (1999). Genes expressed in Pinus radiata male cones include homologs to anther-specific and pathogenesis response genes. Plant Physiol. 121, 1103–1116. doi: 10.1104/pp.121.4.1103

 Wang, D., Jin, Y., Guan, C., Yang, Q., He, G., Xu, N., et al. (2024). Evolutionary divergence of CXE gene family in green plants unveils PtoCXEs overexpression reduces fungal colonization in transgenic Populus. Tree Physiol. 44(7). doi: 10.1093/treephys/tpae071

 Wang, W., Mauleon, R., Hu, Z., Chebotarov, D., Tai, S., Wu, Z., et al. (2018). Genomic variation in 3,010 diverse accessions of Asian cultivated rice. Nature 557(7703), 43–49. doi: 10.1038/s41586-018-0063-9

 Yamamoto, Y., Hirai, T., Yamamoto, E., Kawamura, M., Sato, T., Kitano, H., et al. (2010). A rice gid1 suppressor mutant reveals that gibberellin is not always required for interaction between its receptor, GID1, and DELLA proteins. Plant Cell 22, 3589–3602. doi: 10.1105/tpc.110.074542

 Yu, S. B., Xu, W. J., Vijayakumar, C. H. M., Ali, J., Fu, B. Y., Xu, J. L., et al. (2003). Molecular diversity and multilocus organization of the parental lines used in the International Rice Molecular Breeding Program. Theor. Appl. Genet. 108, 131–140. doi: 10.1007/s00122-003-1400-3

 Yu, Y. M., Zhang, H., Long, Y. P., Shu, Y., and Zhai, J. X. (2022). Plant Public RNA-seq Database: a comprehensive online database for expression analysis of ∼45 000 plant public RNA-Seq libraries. Plant Biotechnol. J. 20, 806–808. doi: 10.1111/pbi.13798

 Zeng, W., Li, H., Zhang, F. L., Wang, X. C., Rehman, S., Huang, S. J., et al. (2023). Functional characterization and allelic mining of OsGLR genes for potential uses in rice improvement. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1236251

 Zhang, Y.-N., Li, Z., Zhu, X.-Y., Qian, J.-L., Dong, Z., Xu, L., et al. (2017). Identification and tissue distribution of carboxylesterase (CXE) genes in Athetis lepigone (Lepidoptera: Noctuidae) by RNA-seq. J. Asia-pacific Entomology 20, 1150–1155. doi: 10.1016/j.aspen.2017.08.016

 Zhang, F., Wang, C., Li, M., Cui, Y., Shi, Y., Wu, Z., et al. (2021). The landscape of gene-CDS-haplotype diversity in rice (Oryza sativa L.): properties, population organization, footprints of domestication and breeding, and implications in genetic improvement - ScienceDirect. Mol. Plant 14, 18. doi: 10.1016/j.molp.2021.02.003




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 © 2024 Zhang, Wang, Dou, Meng, Tang, Lv, Wang, Wang, Li, Bao, Zhang, Huang and Shi. 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-15-1435420-g009.jpg
>

7 B 2500

[ J
2000
5 15 . .
= 5} Py
g =
= 10 g 1500
= 10 g .
g & 1000
L 4 % o @
C 5 o0 CI )
500
1 o
0
V&‘ '\sﬂ & &sg 0.0 0.2 0.4 0.6 0.8 1.0
8&& &&“' Shannon's equitability(Eyy)
& D
1.0 2500
0.8 2000
0.6 1500

0.4

0.2

0.0

Shannon's equitability(Ep) O

Whole Aus
=0~ (sCXEl 1=~ OsCXE]2 —e—

== (sCXE3.3=e= QOsCXE5.1 ==

== OsCXE7.3=e= QOsCXE7.4 ==
== (OsCXE7.8=e= OsCXE7.9 ==
== (OsCXES.]=e= QOsCXES.2 —o—

gcHap number

Bas Adm  Xian  Geng Whole  Aus Bas Adm  Xian  Geng
OsCXE1.3 -+ OsCXE3.1 == (OsCXE3.2 ~o~ OsCXE1l.1 == OsCXE1.2 =o= OsCXE1.3 — OsCXE3.1 == OsCXE3.2

OsCXE6.1 == OsCXE7.]1 == OsCXE7.2 == (OsCXE3.3 == OsCXES5.1 == OsCXE6.1 —e—= OsCXE7.1 =e= OsCXE?7.2

OsCXE7.5 == OsCXE7.6 === OsCXE7.7 —— OsCXE7.3 —— OsCXE7.4—e— OsCXE7.5 == OsCXE7.6 =~ OsCXE7.7
—— OsCXE7.8 == OsCXE7.9 == OsCXE7.10=e= OsCXE7.11=e= OsCXE7.12

OsCXE8.1 —— OsCXES8.2 —— OsCXES8.3 == OsCXE9.1 == OsCXE9.2
—— OsCXE9.3 == OsCXEY9.4 == OsCXE11.1=e= OsCXE11.2=e= OsCXEIIL3

OsCXE7.10 =e= OsCXE7.11=e= OsCXE7.12
OsCXES$.3 == OsCXEY.1 == OsCXEY.2

== (sCXE9.3 == OsCXEY.4 == (OsCXEIl.I1=e= OsCXEI11.2 == OsCXEI1l1.3

== OsCXEI2.]1=e= OsCXEI2.2

—— OsCXE12.]1=%= OsCXE12.2

OsCXEL1
OsCXE3.1 0.8
OsCXE7.5 .
OsCXEY.2 0.6
OsCXE9.4 ’
OsCXE1.2 04
OsCXE7.6
OsCXES.1 | ¢,
0sCXE5.1 i
OsCXE3.3

OsCXEL3
OsCXES.2
OsCXE7.7
OsCXE7.8
OsCXE7.1
| 0sCXE9.3
| OsCXE7.2





OEBPS/Images/fpls-15-1435420-g010.jpg
" Xian

" Adm © Aus ®Bas ®Geng

OsCXE]. 1(Conserved) lHapl lHap2 .Hap3 .Hap4 lHapS

Geng

Xian

ns

0.600

*
*
*
*
s
5
=

= = = = = =
3 S 1= = IS 1=
A = = b = =
= =] =] = P= P=

MVs

LANs

LANs LANs MVs MVs

W Hap5

M Hap2 W Hap3

MVs
MVs

1 Hapb

] *
oo ¥ g oo %
n* ==
o = G =2
S 3 I @ % s
* =
sg888888888 8 8888 8 8 8 8
SEE88S S 8 d ]
I 383332338 == === = =
2 =
. I <
* 3 *
n* = - n*
s - <
= | I = il I =
* = * =

o 2 e 9 2 9 9 9
B B S S S &8 &
= 8 B8 § 8 8 & 8
S B B S B S S o

Hipl Bip? Bip} Bty Bips [ ot

=61)

(n

OsCXE]. 3(Other)

OsCXEL. 2(Conserved) Byl Bty By [ i

W Hap4

OsCXE3. 1(Other)

Geng

Xian

sk skk

s sksk sk

LANs

0.700
0.600

=)
S
=
=

0.500

0.400

MVs

0.300
0.200
0.100
0.000

OSL 0SL OrL OZt 0Ok 08 09

MVs

LANs

W Hap3

W Hapl






OEBPS/Images/fpls-15-1435420-g004.jpg
Legend: ™™™ Motif 1

[ Motif 2
I Motif 3
e Motif 4

[ Motif 5
T Motif 6

~  Motif 7
T Motif 8

W Motif 9
[ TMotif 10

VII

[ Abhydrolase 3

VI
11

I

IV

5'|_|_|_|_|_|3' 5'l—|—|—|—|—|3' 5',—|—|—,—|—|3‘
Obp  100bp  200bp  300bp  400bp  S00bp Obp  100hp  200bp by  A0bp  S00by Obp 1000bp ~ 2000bp  3000bp  4000bp  S000bp





OEBPS/Images/im4.jpg





OEBPS/Images/fpls-15-1435420-g002.jpg
93-11-1 93-11-2 93-11-3 93-11-4 93-11-5 93-11-6 93-11-7 93-11-8 93-11-9 93-11-10  93-11-11 93-11-12

Os-1 Os-2 Os-3 Os-4 Os-5 Os-6 Os-7 Os-8 0Os-9 Os-10 Os-11 Os-12
ChaoMeo-1 ChaoMeo-2 ChaoMeo-3 ChaoMeo-4 ChaoMeo-5 ChaoMeo-6 ChaoMeo-7 ChaoMeo-8 ChaoMeo-9 ChaoMeo-10 ChaoMeo-11 ChaoMeo-12
B [ (N ] D O
\\~\
><;/

Os-1 0s-2 0s3 0s-4 0s-5 0s-6 0Os-7 0s-8 059 Os-10 Os-11 Os-12

1R64-1 1R64-2 IR64-3 IR64-4 IR64-5 IR64-6 TR64-7 1R64-8 1R64-9 TR64-10 IR64-11 1R64-12
—
Os-1 Os-2 0Os-3 Os-4 Os-5 Os-6 Os-7 Os-8 0s-9 Os-10 Os-11 Os-12
ChaoMeo-1 ChaoMeo-2 ChaoMeo-3 ChaoMeo-4 ChaoMeo-5 ChaoMeo-6 ChaoMeo-7  ChaoMeo-8 ChaoMeo-9 ChaoMeo-10 ChaoMeo-11  ChaoMeo-12
TR64-1 TR64-2 TR64-3 TR64-4 TR64-5 TR64-6 TR64-7 TR64-8 TR64-9 TR64-10 TR64-11 TR64-12

93-11-1 93-11-2 93-11-3 93-11-4 93-11-5 93-11-6 93-11-7 93-11-8 93-11-9 93-11-10 93-11-11 93-11-12

gl

ChaoMeo-1 ChaoMeo-2 ChaoMeo-3 ChaoMeo-4 ChaoMeo-5 ChaoMeo-6 ChaoMeo-7 ChaoMeo-8ChaoMeo-9ChaoMeo-10ChaoMeo-11ChaoMeo-12

93-11-1 93-11-2 93-11-3 93-11-4 93-11-5 93-11-6 93-11-7 93-11-8 93-11-9  93-11-10 93-11-11  93-11-12

1

TR64-1 TR64-2 TR64-3 TR64-4 TR64-5 TR64-6 TR64-7 TR64-8 TR64-9 TR64-10 TR64-11 TR64-12





OEBPS/Images/im2.jpg





OEBPS/Images/fpls-15-1435420-g007.jpg
osCxes.1 7%
0sCXES.1
oscxeria [S® 0sCXET3
0sCXEB.2

OSCXE3.1 5.00
OSCXET.3 0sCXE11.2
0sCXE8.2 4.00 OsCXE7.3
OsCXET.1 300 OsCXE7.10
OSCXET.5 0sCXE3.2
oscxerr.2 k200 0sCXE9.2
OsCXE3.2 OsCXE3.1
OsCXEG.1 1.00 OSCXE9.3
OsCXE12.2 y
bt 0.00 OsCXE7.11
OSCXETT OsCXE1.3
OSCXET.6 OsCXE7.2
OsCXES.1 OsCXEZ.1
0OsCXET.2 OsCXES.1
OSCXET.9 i OsCXE9.4
QuCXET4 OsCXES.1
SCXET.12

OSCXET1.1 gigﬁﬂ
OSCXET.3 ¥
prosiolle OsCXE7.6
OSCXE12.1 OsCXED.1
0SCXE7.2 OSCXE3.3
OsCXES.1 OsCXE7.8
OSCXET.11 0sCXE7.9
OSCXE9.4 OsCXE7.12
OSCXE3.3 0sCXE8.3
OsCXE7.8 OsCXE12.2
OsCXES.3 OsCXET.4
0sCXE9.3 OSCXET.5

OsCXET1.1
OsCXE1.2
OsCXE12.1

0sCXE:
exEs ] QuCKEL2 OsCXES.1
et ! 0sCXET1 0sCXET1.2
OSCXET.1 OeCXET 11 0sCXE7.3
gecxert I OsCXE3.1 0sCXE7. 11
i ; 0sCXE73 0sCXET2
e 0sCXES1 0sCxEB1
awez. 0sCXET3 0sCXEXT
OeCxEI21] 0sCXES2 0sCXED3
OpcX-40 0sCXEB.1 0sCXE94
QecxEia: 0sCXE9.2 0sCXE32
. i 0sCXES3 0sCXET1
0sCXET1.2 0sCXET1.2 0sCXES1
0sCXEL.2 0sCXE.1 0sCXET1.3
0sCXET.9 OsCXET1.3 0sCXE3S
0sCXE3.1 0sCXET.10 OsCXET3
OsCXEH1.1 0sCXE72 0sCXEB2
0sCXES.2 0sCXES.3 0sCXE122
0sCXET. 0sCXES4 OsCXET.9
0sCXES.3 0sCXE7.9 0sCXEBS
0sCXES.1 OSCXET.1 0sCXE7S
0sCXE7.2 0sCXET.6 gsxr 0
s

OSCXE9.4 OsCXE7S
0sCXE7.11 OsCXE7.4 OsCXET.2
0sCXE9.3 OsCXE7.8 OsCXET1.1
0sCXE7.7 0sCXE9.1 OsCXET.1

OsCXES.1 OsCXE12.2 OsCXE7.6
OsCXET. OsCXE1.2 | OsCXE7.4
OsCXE7.6 OSCXET1.1 ™ 0sCXES.1
OSCXE7.4 OSCXE12.1 OsCXE7.7
OsCXES.1 OsCXE7.7 OsCXE7.8
OsCXE7.5 OsCXE3.3 OschV, 12
B oscxe7.12 OsCXET.12 g Oscxsvzt
SR b*‘ve\v@s@ SEMBSS
heat salt

0sCXE122
OsCXE7.9 OsCXET.9 8.00
OsCXET.T N OsCxE1.1 7.00
0sCXET.12 OsCXET.6
OsCXET1.2 0sCXET7 %o
0sCXE.2 oscxes.1 [llts.o0
N 0sCxes 3 0sCXETS *
B O:CxEss 0sCXES3
0sCXES.1 oscxess [lkaoo
0sCXET.2 oscxes.t M o0
0sCXET4 0sCXET.4
0sCXET.1 oscxers 1.0
0sCXET.6 0scxez.10 MLy o
0sCXER3 OsCXET1.2
OsCXET1.1 0sCXET.11
OsCXE121 OsCXET1.3
0sCXET.S 0sCXET.1
0sCXETS 0sCXET.12
0sCXEY.2 0sCXES.1
0sCXE3 0sCXE94
0sCXED.1 0sCXET.2
0sCXES. 1 0sCXEY 2
0sCXET.2 0sCXE9.3
0sCXES. 1 0sCXE3.2
0sCXET. 10 0sCXES2
0sCXET.1 O0sCXE13
0sCXET.3 0sCXES.1
OsCXET1.3 0sCXE1.2
0sCXET.11 0sCXE22
0sCXES.1 0sCXETS
0sCXEL.3 OsCXETT.1
0sCXES2 0sCXE3.1
OsCXET21





OEBPS/Images/fpls-15-1435420-g006.jpg
®

&

IR

oexeny
o
oy

&
&

oy

ocxna
aexeins

%

ﬁ, ; %]

<

2

®i®
LSRR I
4 &

rIpe ;

o
ooz

"

I YR TR TR TR R

o






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genome-wide identification of rice CXE gene family and mining of alleles for potential application in rice improvement

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Identification of CXE family genes in rice

          



          		

            Evolution analysis of CXE genes

          



          		

            Analysis of cis-regulatory elements, conserved motifs, conserved domains, and promoter regions of CXE family proteins

          



          		

            Collinearity analysis of rice CXE genes

          



          		

            Gene expression profiling based on RNA-seq

          



          		

            Material handling

          



          		

            Real-time fluorescence quantitative PCR analysis

          



          		

            GcHap of OsCXE and gcHap diversity among modern and indigenous rice varieties

          



          		

            Extraction of major gcHap phenotypes of OsCXE genes

          



          		

            Construction of CDS haplotype (gcHap) network of OsCXE genes

          



        



        



        		

          Results

        

          		

            Identification and characterization of the CXE family genes in rice

          



          		

            Analysis of the evolutionary relationship of rice CXE family members

          



          		

            Ka/Ks analysis of rice CXE family members

          



          		

            Analysis of conserved motifs, domains, and gene structure of OsCXE

          



          		

            Analysis of cis-regulatory elements in OsCXE promoters

          



          		

            Three-dimensional structure prediction and interaction network analysis of OsCXE proteins

          



          		

            Expression of OsCXE in different tissues and under abiotic stress

          



          		

            The expression of OsCXE in leaves under abiotic stress

          



          		

            Analysis of the diversity of OsCXE alleles in different populations

          



          		

            Effects of modern breeding on gcHap diversity of OsCXE

          



          		

            Comparison of trait values between the predominant and ‘unfavorable’ gcHaps of OsCXE genes in rice

          



          		

            Correlation analysis of major gcHaps of OsCXE genes and important agronomic traits

          



          		

            Mining of “favorable” alleles at OsCXE locus to increase yield

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1435420-g001.jpg
GJsubtrpCXE11.3

OsCXE11.2
XICXE11.6

1°23x0dnansro
XI1B1CXE7.2
OsCXE7.3

XICXE9.8

XICXE8.2
GJsubtrpCXE9.6

GJsubtrpCXES.2
OsCXE9.4

X1B1CXE7.1

ZL2axoso
£1°23XIX
g'2axodnansro
OsCXET.9
XICXE7.18

OsCXE9.4
XICXE9.8

XI1B1CXE11.3

GJsubtrpCXE7.5
GJsubtrpCXE7.4
€1°23X0IX
9'23x0LgLIx
9'Z3X0dngnspe
€'/3X0dngnspe,
L NWXOC«

23xo,
P Ly

BACXE9.5

X1
G

OsCXES.2
Q.-m:c»_ﬁnxmw.w

XICXE9.9
XI1B1CXE9.7

1'93X01LaLIX
2'93X2IX

. G W,
2%
w @ QY (SR}
2223389%3%%%% =
fouyeRioees 2
XXAXBo8TRrEZ Y :
0ol wxw’ B3 S
2% ead’ s 3% ©
s - * \vdu
5 % o
7]
K]
]

Tree scale





OEBPS/Images/fpls-15-1435420-g003.jpg
Species

~ ChaoMeo — ChaoMeo

TR L e etk s | Tl
— Os — ChaocMeo

— Os—Os
— Os—93-11
~ Os—IR64

- IR64-IR64
— 93-11 - ChaoMeo
— 93-11-93-11
— 93-11-IR64
- IR64

93-11-93-11

93-11-ChaoMeo

ChaoMeo-ChaoMeo

Total





OEBPS/Images/im3.jpg





OEBPS/Images/fpls-15-1435420-g005.jpg
M1

IV

SYe,rosmnoe—m——mm——— 73’

Obp 200bp 400bp 600bp 800bp 1000bp 1200bp 1400bp 1600bp 1800bp 2000bp

B auxin-responsive element

" cis-acting element involved in salicylic acid responsiveness

I cis-acting regulatory element related to meristem expression

B cnhancer-like element involved in anoxic specific inducibility
B light responsive element

I MYB binding site involved in drought-inducibility

- part of a conserved DNA module involved in light responsiveness
W part of a light responsive element

BN cis-acting element involved in low-temperature responsiveness
~ cis-acting element involved in the abscisic acid responsiveness
BN cis-acting regulatory element

BN cis-acting regulatory element essential for the anaerobic induction
N cis-acting regulatory element involved in light responsiveness
| gibberellin-responsive element

B MYBHv1 binding site

B cis-acting regulatory element involved in the MeJA-responsiveness
B cis-acting regulatory element involved in zein metabolism regulation
B cis-acting element involved in defense and stress responsiveness
Bl MY B binding site involved in light responsiveness





OEBPS/Images/fpls-15-1435420-g008.jpg
MeJA Drought ok
4h
8h

12h

24h

Relative Expression
Relative Expression
Relative Expression

.1 OsCXE3.2 OsCXE3.3 OsC) 1 0sC

OsCXE3.1 OsCXE3.2 OsCXE3.3 OsCXES.1 OsCXE7.3 OsCXE3.1 OsCXE3.2 OsCXE3.3 OsCXES.] OsCXET7.3

40 Salt - Heat Cold

0 . o
£ 5 5
z - %
£ £ 30 £3
Z = E) .
= = =
£ Z 20 P i
s = =
< & 2
10 1

OsCXE3.1 OsCXE3.2 OsCXE3.3 OsCXES.1 OsCXE7.3 OsCXE3.1 OsCXE3.2 OsCXE3.3 OsCXES.1 OsCXE





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





OEBPS/Images/im1.jpg





OEBPS/Images/fpls.2024.1435420_cover.jpg
& frontiers | Frontiers in Oncology

Genome-wide identification of rice CXE
gene family and mining of alleles for
potential application in rice improvement





OEBPS/Images/fpls-15-1435420-g011.jpg
Target

genes

CxEnT —

o2

CXE13 —

CXE3—

oxEI2 —

oxea3 —

oxest —

cxes

CXETY —

CxEr2 —

oxe73—

CxETA—

oxers

oxE78 —

oxe121—

o122

— hag2 (181)

vorable
ap

#accession!
(]

Favorable geHap frequeney in moder Distribution of
Varieties(%)

100 0 1000 100

neo? (52) 3
napd (290) ©W)
hags (54)
hs2 (819) LY
hapt (1429) e
@)

Tow)

hes2 (518)

hap2 (518) W)

resz (518) T

hes2 (518) L
hap3 (167) ©n

et (88) ] o
nas2 (366) ©W)
hags (101) § oow
nage (e6) LY

naps (66) ©N

napé (80) . >
nag2 (475) (W)
hap2 (475) aw)
ot (863) )

haos (60) )
hapt (239) 1 ©)

a0t (82) % i o
hag2 (574) ow)
hapt (230) K
haos (81)
haga (69)
hao? (91)
haps (115)
hap? (91)
Peoa (69)

nag3 (310)
ha2 (375)
hapd (310)
napd (310)
heos (127)

nag? (74)
haot (546)
nopt (548)
hegt (22)

hapt (1710)
hao (1068)
neg (1085)
g (08)

haot (1710)
napt (1345)
)
hor (982)
haga (78)

Pt (1345)

hopts (90)
haoa (127)
g (127)
haptt (58)
haoto (69)

hapt (243)
hoos (177)
nag2 (727)
naga (273)
heot (80)

hast (939)
hass (65)
P2 (819)
b (54)
b3 (108)

hapd (171)

(164)
haps (164)
hogo (67)

hass (68)

hass (57) J _KCY
n3p2 (008) @w)
res2 (866) 6w
ropt (190) 1 o
napd (294) )

hapd (109) j <

hap2 (358)
nap2 (365)
hapt (512) - .
nao? (58) il

W)
Tow)

ey

Xian/indica Geng/japonica

. Favorable gcHap

- Remaining gcHap

Target
enes

oxer—

oxers

79—

oxez.10~

X711

cxEs2 —

oxEs3—

oxE93—

o

oxen 2

OEN I

Favorable
Hap

Favorable

ecHap frequeney in modern Distribution of accessions possessing the favorable
Varieties(%) In 3KRG(%)
1000 1009 100

haos (228)
vaps (65)
nocs (65)
haos (28)
-
hag3 (206
Yeps (121)
nap1o (60)
nao? (20)

(Tow)
| e

nasT (80) Lo

hag2 (28) o

ot (808) @w)
nap1 (506)
nes2 29)

has2 (28)

(W)

hasd (88)
napt (847)
naot (s87)

(ow)

[ §] cow
| .
B [ —
[ —t

] oW
T RED

hasa (28)
ros2 (156)
hasz (354)
gt (671)
hapt (671)
haga (169)
hs2 (354)

| v

©
y (oL

(ow)
j aom

hapd (305)
Papt (573)
hapt (573)
hag3 (305)
hag2 (538)

~
B o

I
| @

| com

hapt (1450)
rag2 (851)
hagz (851)
rat (1)

rga (517)

hagss (147)
hapt (208)
hag2 (815)
Pt (144)

hapt (1449)

= B

(aw)

| rom

| c "L

hap2 (339)
nao (84)
nao (84)
oo (84)
haga (80)
g2 (76)
naot (520)
haot (820)
hapt (520)
nagd (2)

haot (2799)
haot (2799)
naot (219)
oot (27199)
nagz (190)

hao (125)
has2 (810)
has2 (810)
nags (63)

rogd (172)
hapt (118)
oS (78

hoc2 (008)
hags (78)
o3 (179)
heot (734)
hoot (734)
hoot (734)
hac2 (184)
oo (118)

hagt (103)
oo (103)
heot (103)
heot ()
oo (342)

B [ S
ey | | owm
[

I o
l‘ ™)

hoot3 (53)
haot (196)
hapt3 (53)
bt (77)
hasd (239)

Xian/indica Geng/japonica

DAdm I:I Aus - Bas D GJ-adm - GJ-sbtrp D GJ-tmp
B Gr-p [l x4 [] xt-1B [ ]x12 [l x1:3 [ X1-adm





