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1,3-1,4-β-D-glucanase (DLH) is a fibrolytic enzyme playing important roles in plant growth, development, and stress response. In this study, we identified 11 DLH genes in japonica rice (Nipponbare), and analyzed their chromosomal localization, physicochemical properties, subcellular localization, evolutionary relationships, and collinearity. We also performed cis-acting element identification, gene expression profiling, and qPCR verification under abiotic stress, as well as conducted diversity analysis of gene-CDS-haplotypes (gcHaps) in 3,010 rice germplasms to dissect the potential functions of these OsDLH genes. The results showed that OsDLH1, OsDLH5, and OsDLH10 can be utilized to improve the tolerance of rice to abiotic stress. OsDLH1, OsDLH2 and OsDLH8 are highly expressed in roots. Under high-salt stress, the expression of OsDLH6 and OsDLH10 in stems and leaves increased. These results indicated that OsDLH1 and OsDLH5 have specific expression patterns in response to different environmental signals, implying that they may play different roles in the growth and development process of rice and the stress response mechanism. Haplotype analysis indicated population differentiation of the OsDLH gene family in rice. The major gcHaps at most OsDLH loci are significantly associated with yield traits. Some genes of this family have potential application value in improving stress resistance and yield traits of rice.
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1 Introduction

Rice (Oryza sativa L.) is one of the most important edible crops only next to wheat worldwide (Khaskhali et al., 2025). However, rice is constantly confronted with the threats from various stresses (Ramasamy et al., 2025), especially drought stress, which poses serious threats to global food security (Sagar et al., 2025). Heat and cold stresses also cause significant adversities during rice growth. Heat stress has particularly negative impacts on rice production. Hence, it is of vital importance to understand the physiological basis underlying heat tolerance in rice for better addressing the negative impacts of heat stress (Beena et al., 2025). Rice is also highly sensitive to low temperatures, and therefore cold stress is also a significant factor limiting its growth, especially during the germination stage (Jo et al., 2025). Moreover, high salinity is another major abiotic stress with substantial adverse impacts on the growth and production of rice (Zhao et al., 2025). These adverse effects of various stresses highlight the necessity of analyzing its complex genetic structure (Lee et al., 2025).

The plant endo-β-1,4 glucanases hydrolyze polysaccharides with a β-1,4 glucan backbone, participate in cellulose biosynthesis, and play important roles in cell wall biosynthesis and remodeling and fruit abscission (He et al., 2018; Li et al., 2019).1,3-1,4-β-glucanase (DLH) and 1,3-β-D-glucanase (laminarinase) are fibrolytic enzymes playing important roles in the hydrolysis of polysaccharide components (Liu et al., 2012). DLH is present in a variety of bacteria, fungi, plants, and animals (Chaari and Chaabouni, 2019). In plants, DLH is widely distributed in the cell walls of gramineous plants and some other vascular plants (Chang et al., 2023), serving as a polysaccharide component of the cell walls. It is particularly abundant in the endosperm cell walls of commercially valuable cereals such as barley, rye, sorghum, rice, and wheat (Planas, 2000), and can hydrolyze the glycosidic bonds with mixed linkages in glucan (Tsai et al., 2003). The glucan content of rice is a key factor defining its nutritional and economic value. Starch and its derivatives have many industrial applications such as in fuel and material production. Non-starch glucans such as (1,3;1,4)-beta-D-glucan (mixed-linkage beta-glucan, MLG) have many benefits to human health, including lowering cholesterol, boosting the immune system, and modulating the gut microbiome (Panahabadi et al., 2021). Exo- and endo-glucanases mediate the specific degradation of cell wall DLH, and are associated with auxin-mediated growth and development of cereal coleoptiles (Inouhe et al., 2000). To date, DLH has also been studied in sorghum (Demirbas, 2005). It is well known that germination has a highly significant impact on enzyme activity (Uriyo and Eigel, 2000). In the study of the stress resistance of DLH, the enzyme exhibited high continuous synthesis capacity of regenerated amorphous cellulose and could maintain over 90% of its activity at 80 °C for a long time, indicating excellent thermal stability of its enzymatic activity (Hussain et al., 2025). In the rice genome, endo-1,4-β-D-glucanase forms a multigene family, with each member showing different expression patterns in various organs. These results suggest that endo-1,4-β-D-glucanase may play multiple roles in the growth and development of rice plants (Zhou et al., 2006). DLH and laminarinase may be related to lodging resistance. Some studies have demonstrated that the expression of the Gns1 gene increased sharply in the stem, and this gene may encode DLH, which catalyzes the degradation of (1-3,1-4)-β-glucan. Baba et al. studied the decomposition mechanism of (1-3,1-4)-β-glucan in rice stems and its possible association with lodging resistance (Baba et al., 2001).

The sequencing of 3,010 rice germplasms (3KRG) from 89 countries worldwide has been completed, which provides a wealth of genetic information about rice (Wang et al., 2018). The 3KRG is a gigabyte-scale dataset that encompasses the publicly available genomic sequences of more 3,000 rice germplasms and exhibits genetic and functional diversity (Li et al., 2014a). On the basis of 3KRG, haplotype data can be integrated to explore the functions of rice genes (Zeng et al., 2023; Cheng et al., 2023), which can not only reveal the diversity and complexity of gene families in rice, but also underscore the significance of haplotype data in deciphering gene functions and their relationships with various agronomic traits. With the progress of biomolecular research, there have been increasing studies of the expression, function, and resistance of DLH genes. However, there have been relatively few studies of the members in the rice DLH gene family, their evolutionary relationships, specific functions, genetic diversity, allelic variations, and associated agronomic traits. This is of particular importance for a comprehensive understanding of the functions and diversity of rice genes and gene networks as well as their associations with important agronomic traits to increase rice yield through some innovative breeding techniques and strategies.

In this study, we systematically identified the members of the rice DLH gene family, resulting in the identification of 11 OsDLH genes from the Nipponbare genome. Moreover, we investigated the gene structures, functions, expression patterns, and phylogenies, providing a foundation for further deciphering the functions, regulatory mechanisms, and utilization of the OsDLH gene family. Additionally, we analyzed the gene-CDS-haplotype (gcHap) diversity of OsDLH genes and their associations with various agronomic traits, providing a theoretical basis for future novel breeding technologies.




2 Materials and methods



2.1 Identification of members in Rice DLH family

To identify the DLH family genes in rice, we accessed the Ensembl Plants database (https://plants.ensembl.org/index.html) and downloaded the genomes of Oryza sativa japonica (Nipponbare IRGSP-1.0), Triticum aestivum (IWGSC), Arabidopsis thaliana (TAIR10), Hordeum vulgare (MorexV3_pseudomolecules_assembly), Sorghum bicolor (Sorghum bicolor NCBIV3), and Zea mays (Zm-B73-REFERENCE-NAM-5.0) on April 7, 2025, which were denoted as Os, Ta, At, Hv, Sb, and Zm, respectively. The hidden Markov model (HMM) of PF01738 was downloaded from the Pfam database (accessed on April 7, 2025; http://pfam.xfam.org/). Subsequently, the SimpleHmmSearch function of TBtools software was used to obtain potential DLH gene and protein sequences. The NCBI website (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) was utilized to analyze the genetic domains. A comprehensive analysis was carried out by combining functional annotations for further screening to identify the family members, which were then renamed according to their positions on the chromosomes. The online tool Cell-PLoc2.0 (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) was used for subcellular localization prediction (Chou and Shen, 2008). In addition, the ProteinParamterCalc function of TBtools software was used to analyze the chemical properties such as isoelectric point (pI) and molecular weight (Da) of the DLH genes in rice (Chen et al., 2020).




2.2 Evolutionary analysis of DLH genes

To investigate the evolutionary relationships of DLH genes, we collected DLH genes from rice, wheat, foxtail millet, barley, and maize. A phylogenetic tree was constructed using the Neighbor-joining method in MEGA11 software. The online drawing website iTOL (accessed on April 7, 2025; https://itol.embl.de/) was used to beautify the phylogenetic tree (Letunic and Bork, 2016). More detailed procedures have been described in a previous study (Rui et al., 2022).




2.3 Analysis of cis-acting elements, conserved motifs, and conserved domains of DLH proteins

The gene structure annotation file was downloaded from the EnsemblPlants website, and the Gene Structure View (Advanced) function in TBtools software was used for visualization (Chen et al., 2020). The motifs were obtained using MEME (https://meme-suite.org/meme/tools/meme; April 7, 2025) and the Simple MEME Wrapper function of TBtools software (Bailey et al., 2015). The conserved DLH protein sequences were analyzed with the number of motifs being set to 8. The conserved domains were analyzed through the NCBI search function and visualized by Tbtools. The cis-acting elements were analyzed using the Gff3 sequence extraction function in TBtools to extract the 2000-bp region upstream of the CDS and the promoter sequences of the DLH genes. The obtained results were submitted to the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/access) for analyzing the promoter region (Lescot et al., 2002). The results were filtered according to the information in the table, retaining the files for review, and then the SimpleBioSequenceViewer function of TBtools software was used for visualization (Chen et al., 2020).




2.4 Collinearity analysis of DLH genes in rice

First, the GFF files and DNA files of the target genomes were downloaded from the EnsemblPlants website. Then, TBtools was used to obtain the gene-pair files between rice and other plant species such as Gossypium raimondii, Arabidopsis thaliana, Solanum lycopersicum, Cucumis sativus, Citrullus lanatus, Glycine max, Zea mays, Setaria italica, Hordeum vulgare, and Triticum aestivum. The one-step MCScanX and AdvanceCircos functions of TBtools were used to analyze the collinearity of duplicated gene pairs in ten different species (Nipponbare, Gr, At, Sl, Cs, Cl, Gm, Hv, Ta, Zm, and Si). Finally, the collinearity results were visualized using the chromosome length files and genome comparison files.




2.5 RNA-seq-based gene expression profiling

From the RNA-seq database (PPRD, http://ipf.sustech.edu.cn/pub/plantrna/; accessed on April 7, 2025), the RNA-seq expression data of rice DLH genes (presented as FPKM values, Fragments Per Kilobase of exon model per Million mapped reads) were retrieved (Yu et al., 2022). For data from multiple tissue sites and different developmental stages, and under abiotic stress conditions, the average FPKM values from multiple libraries were used for analysis. The GraphPad Prism 8.0.2 software was used to standardize the data.The Tbtools software was used to create heatmaps for visual representation of the expression patterns (Chen et al., 2020).




2.6 Material treatment

In early 2025, at the Crop Molecular Breeding Innovation Center of Anhui Agricultural University, the rice seeds (Nipponbare) were disinfected with 3% sodium hypochlorite for 30 min, germinated at 28°C for 3 days, and then transplanted into hydroponic boxes filled with Hoagland nutrient solution. The plants were placed in an intelligent light-temperature incubator under normal conditions (28°C for 12 h during the day, 28°C for 12 h at night, 70% humidity, and light intensity of 20,000 lux). The seedlings were treated with low temperature (4°C) and high temperature (42°C), respectively. Rice leaves were collected at 0, 1, 3, 6, 12, and 24 h, immediately placed in liquid nitrogen, and stored at –80°C for total RNA extraction.




2.7 Quantitative real-time PCR analysis

The collected samples were ground in liquid nitrogen using a mortar and pestle. The TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Japan) was employed to extract RNA. The obtained cDNA was reverse transcribed using the TAKARA Reverse Transcription Kit (TAKARA, Japan). Gene expression was analyzed via qRT-PCR. Primers for the selected OsDLH1 and OsDLH5 were designed (Supplementary Table S7). The relative quantitative expression was normalized to the reference gene OsActin1 (LOC-Os03g61970) (Cui et al., 2020). Real-time fluorescence quantitative detection was performed using a LightCyler96 quantitative PCR instrument. The amplification system had a volume of 20 μL, with 2 μL of cDNA, 0.8 μL each of forward and reverse primers, 10 μL of AceQ Universal SYBR qPCR Premix, and 6.4 μL of ddH2O. The program was set as pre-denaturation at 95°C for 5 min; denaturation at 95°C for 10 s, annealing and extension at 60°C for 30 s, for a total of 40 cycles. Sampling was conducted at six time points: 0, 1, 3, 6, 12, and 24 h, with three replicates for each time point. For each replicate, five rice seedlings were pooled for processing. In total, ninety rice seedlings were used for each treatment. Three biological replicates and three technical replicates were carried out. The 2-ΔΔCt method was used to analyze the expression of each gene. The WPS2023 software was used for statistical analysis of the data, and the GraphPad Prism8 software was used for analysis of variance and graphing.




2.8 gcHap of OsDLH genes and gcHap diversity in modern and local rice varieties

Shannon’s equity (EH) and F-statistic was used to assess the gcHap diversity at the OsDLH loci in different rice populations. For each gene, Nei’s genetic diversity (INei) was estimated using gcHap data to measure the genetic differences between two populations and to quantify the genetic differentiation among populations (Castelli et al., 2019).The GraphPad Prism 8.0.2 software was used to standardize the data(INei). To understand how modern breeding has influenced the gcHap diversity of OsDLH genes in recent decades, we collected detailed information on a total of 3010 3KRG rice germplasms. Among them, 732 were identified as indica landraces (LANs-Xian), 328 as japonica landraces (LANs-Geng), 358 as modern indica varieties (MVs-Xian), and 139 as modern japonica varieties (MVs-Geng). First, on April 7, 2025, we downloaded the gcHap data of OsDLH genes from RFGB (accessed at RFGB Database (rmbreeding.cn)). Then, based on an R script, we calculated the drift frequency of the major gcHaps of each OsDLH gene between modern varieties (MVs) and landraces (LANs). Subsequently, we compared the gcHap distributions of modern Xian and Geng varieties with those of their respective landraces. Finally, the abovementioned data were plotted using GraphPad Prism 8 software.




2.9 Phenotypic determination of major gcHaps of OsDLH genes

First, we collected the phenotypic data of 15 agronomic traits from 3KRG, 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-to-width ratio (GLWR, ratio), 1000-grain weight (TGW, g), leaf rolling index (LRI, %), seedling height (SH, cm), and lemma length (LL, mm). The phenotypic data of the 15 traits were downloaded from the RFGB website (accessed on April 7, 2025; RFGB Database (rmbreeding.cn)). Next, an R script was used to obtain the major gcHaps of all OsDLH genes. Finally, an R script was employed to correlate the major gcHaps with these agronomic traits in 3,010 rice germplasms. Significance was calculated using one-way analysis of variance, and the Tukey multiple-comparison method was used to compare the significance among the major gcHaps. The layout of the images was performed in Adobe Illustrator 2020 software.




2.10 Construction of the gcHap network of OsDLH genes

First, the gcHaps of OsDLHs were constructed using the pegas script in R (Paradis, 2010). The statistical parsimony algorithm was applied to generate a gcHap network for each OsDLH gene. This algorithm initially connects the most closely related haplotypes with the minimum number of mutations (Templeton et al., 1992). The layout of the images was completed using Adobe Illustrator 2023 software.





3 Results



3.1 Genome-wide identification and characterization of OsDLH genes

We identified 11 OsDLH genes in the Nipponbare genome. To further understand the characteristics of these genes, we analyzed their physicochemical properties, including sequence length, molecular weight (Da), isoelectric point (pI), instability index, aliphatic index, grand average of hydropathicity (GRAVY), and subcellular localization (Supplementary Table S1). The sequence lengths of these OsDLH proteins ranged from 159 to 290 amino acids (aa), the molecular weights from 17,307.84 Da (OsDLH1) to 31,582.32 Da (OsDLH11) with an average of approximately 25,852.04273 Da, and the pI values from 5.07 to 7.65 with an average of 6.05. Notably, nine out of the 11 OsDLH proteins (81.82%) had an instability index below 40, indicating that most of them are stable. In addition, the lowest aliphatic index was 78.32, demonstrating that OsDLH proteins have certain degrees of thermal stability. Six (54.55%) OsDLH proteins had negative GRAVY values, indicating that most OsDLH proteins are hydrophilic. Subcellular localization analysis showed that OsDLH proteins were localized to chloroplasts, suggesting that they may have important biological functions in chloroplasts.




3.2 Evolutionary relationships of DLH genes

The chromosome localization map indicated that the 11 OsDLH genes are located on chromosomes 5, 8, and 11 of Nipponbare, respectively (Figure 1A). To further explore the evolutionary and structural characteristics of DLH genes, a phylogenetic tree was constructed, which included the DLH genes from Nipponbare, barley, Arabidopsis, wheat, sorghum, maize, and foxtail millet (Supplementary Table S2). These genes were classified into four major sub-families (I–IV) according to the proximity of their evolutionary relationships (Figure 1B). Group 1 contains 9 DLH genes, including 1 in rice, 1 in Arabidopsis, 2 in foxtail millet, 1 in maize, 3 in wheat, and 1 in barley.Group 2 contains 29 DLH genes, including 2 in rice, 2 in Arabidopsis, 4 in foxtail millet, 4 in maize, 12 in wheat, 2 in barley, and 3 in sorghum.Group 3 contains 7 DLH genes, including 2 in rice, 3 in wheat, 1 in barley, and 1 in sorghum.Group 4 contains 35 DLH genes, including 6 in rice, 4 in foxtail millet, 2 in maize, 17 in wheat, 2 in barley, and 4 in sorghum.Generally, the results of phylogenetic analysis not only present the phylogenetic relationships of DLH genes, but also provide some useful information for exploring the functions of unknown DLH genes in rice, Arabidopsis, barley, wheat, maize, sorghum and foxtail millet.

[image: Genomic analysis illustration with four sections: (A) shows chromosome mapping highlighting specific genes on chromosomes 5, 8, and 11; (B) displays a circular phylogenetic tree categorizing four groups with a color legend for different DLH families; (C) includes synteny comparison across multiple species with gene links; (D) presents a series of gene structure diagrams, highlighting motifs with a color-coded key.]
Figure 1 | Characteristics of OsDLH genes. (A) Chromosomal localization of OsDLHs. (B) Phylogenetic tree of DLH genes from Nipponbare (Os), Triticum aestivum (Ta), Arabidopsis thaliana (At), Hordeum vulgare (Hv), Sorghum bicolor (Sb),Setaria italica(Si) and Zea mays (Zm). (C) Collinear relationships between OsDLHs and genes from other species. The collinear regions between the genome of Nipponbare and other species are represented by gray lines, and the collinear gene pairs are represented by blue lines. (D) Phylogenetic tree, motif prediction, domain, and exon-intron distribution of OsDLHs from left to right.

The collinearity relationship diagrams were respectively drawn between rice and Gossypium raimondii, Arabidopsis thaliana, tomato, cucumber, watermelon, soybean, barley, wheat, maize, and foxtail millet. The numbers of collinear gene pairs between rice and dicotyledonous plants such as Gossypium raimondii, Arabidopsis thaliana, tomato, cucumber, watermelon, and soybean were 0, 0, 1, 1, 1, and 0, respectively. While the numbers of collinear gene pairs between rice and monocotyledonous plants such as barley, wheat, maize, and foxtail millet were 1, 3, 3, and 2, respectively. This indicates that rice has more collinear genes with monocotyledonous plants than with dicotyledonous plants.This comparative analysis across different species helps to better understand the evolutionary dynamics of DLH family genes in various plants and their potential common functions in plant biology (Griffiths et al., 2006).

The motif prediction results (Figure 1D) showed that OsDLHs had highly similar motifs in both type and quantity. All proteins except for OsDLH5 and OsDLH9 contained motifs 1 to 6. The OsDLH genes also exhibited significant differences in gene length and exon number, and the differences were generally consistent with the analysis results of conserved motifs and conserved domains.




3.3 Analysis of Cis-acting elements of OsDLH genes

Analysis of the promoter regions of the 11 OsDLH genes identified a total of 45 types of cis-acting elements, and approximately 14.4% (68/472) of them were related to stress responses. Elements associated with methyl jasmonate (MeJA) and abscisic acid (ABA) responses were particularly prominent, accounting for 51.8% and 26.9% of the hormone-responsive elements, respectively. Additionally, elements related to light responses accounted for approximately 39% (188/472), while those related to plant growth were relatively scarce, only accounting for 4.8% (23/472) of the total. As shown in Figure 2, the heat-map analysis of the cis-acting elements in the promoter regions of the OsDLH genes revealed that elements such as G-box and ABRE were present in every member of the OsDLH gene family, indicating that this gene family may play an important role in plant responses to stresses and hormones through these cis-acting elements.

[image: Heatmap showing transcription factor binding site counts across different genes (OsDLH1 to OsDLH11). Intensity ranges from red (high) to blue (low), with values detailed for each binding site such as G-box, ABRE, and others.]
Figure 2 | Analysis of cis-acting elements of OsDLH genes. Heatmap analysis of cis-acting elements in the promoter regions of OsDLH genes. In the heatmap, the values represent the numbers of different cis-acting elements, with a darker color indicating a larger number.




3.4 Expression profiles of OsDLHs in different tissues and under abiotic stresses

The OsDLH gene family displayed distinct tissue-specific expression patterns (Figure 3A). For instance, OsDLH1, OsDLH5, and OsDLH10 were highly expressed in floral tissues and leaves, while OsDLH1, OsDLH2, and OsDLH8 were highly expressed in roots. In addition, the expression patterns of OsDLH genes varied considerably under stress conditions. Under drought stress, the expression of OsDLH5 in the aerial parts increased significantly at 0, 1, and 3 h, while that of OsDLH7 in roots showed little change (Figure 3B). Under high-salt stress, the expression of OsDLH6 and OsDLH10 showed sharp increases in stems and leaves (Figure 3C). Moreover, ABA and MeJA treatments led to increases in the expression level of OsDLH10 in roots and shoots (Figure 3D, E), whereas nearly no expression of OsDLH3 and OsDLH4. After heat treatment, the expression levels of OsDLH5 and OsDLH6 in stems and leaves decreased (Figure 3F), while under cold stress, the expression of OsDLH1 in shoots and OsDLH2 in roots increased (Figure 3G). By integrating the results of the phylogenetic tree and expression patterns, it could be found that OsDLH5 belonged to group 1. It had a relatively high expression level in roots under various stresses and hormone treatments, while its expression level in shoots was very low. OsDLH1 and OsDLH2 both belonged to group2. These two genes had relatively high expression levels in different parts under stress and hormone treatments. In contrast, OsDLH3 and OsDLH4 both belonged to group3, but were less expressed in different environments. These results demonstrated the expression patterns of OsDLH genes in different tissues and under various environmental stresses, offering crucial clues for further investigating the functions of these genes in rice growth, development, and stress responses.

[image: Seven heat maps labeled A to G display expression levels of genes OsDLH1 to OsDLH11 under various conditions: normal growth stages, drought, salt, ABA, JA, heat, and cold. Expression intensity ranges from green (low) to red (high), with measurements in different plant parts and time intervals for each condition.]
Figure 3 | Expression analysis of OsDLH genes. The color coding represents changes in gene expression. Red indicates high expression, and blue indicates low expression. (A) Expression of OsDLH genes in leaves, roots, seedlings, stems, flowers, embryos, buds, meristems, male reproductive tissues, female reproductive tissues, panicles, and seeds. (B) Expression levels of OsDLH genes in roots and shoots after drought stress. (C) Expression levels of OsDLH genes in the stems and leaves of rice after high-salt stress. (D) Expression levels of OsDLH genes in roots and shoots after ABA hormone treatment. (E) Expression levels of OsDLH genes in roots and shoots after MeJA treatment. (F) Expression levels of OsDLH genes in stems and leaves after heat treatment. (G) Expression levels of OsDLH genes in roots and shoots after cold stress.




3.5 Real-time fluorescent quantitative PCR analysis of OsDLHs

Transcriptome data analysis showed that the expression level of the OsDLH1 gene increased from 111 to 124 after 6 h of cold stress. The expression level of the OsDLH5 gene increased from 108 to 178 after 12 h of heat stress. Based on cis-acting element analysis and the above RNA-seq transcriptome data mining, this study screened two genes, OsDLH1 and OsDLH5, as key research objects and made an in-depth analysis on their expression patterns under different environmental conditions (Figure 4). Under cold stress, the expression of these two genes generally showed an upward trend. In particular, the expression level of OsDLH5 increased significantly at 24 h. Under heat treatment, the expression of these two genes exhibited an overall downward trend despite a peak at 6 h. These results indicated that OsDLH1 and OsDLH5 have specific expression patterns in response to different environmental signals, implying that they may play different roles in the growth and development process of rice and the stress response mechanism.

[image: Bar charts illustrate the relative expression of DLH1 and DLH5 under cold (panel A) and heat (panel B) conditions over various time points (0, 1, 3, 6, 12, and 24 hours). Statistically significant differences are marked with asterisks, while “ns” indicates no significant difference. Each group shows variations in gene expression levels, highlighting the response to temperature changes over time.]
Figure 4 | Expression analysis of two genes in the OsDLH family under different treatments. (A) Cold treatment at 4°C; (B) Heat treatment at 42°C. The data were statistically analyzed using WPS 2023 software, and analysis of variance was performed using IBM SPSS Statistics 25 software. The significance levels were defined as *** p < 0.001, ** p < 0.01, * p < 0.05.




3.6 Diversity analysis of OsDLH alleles in different rice populations

To understand the potential role of OsDLH alleles in rice improvement, we utilized gcHap data from 3KRG to calculate the Shannon equitability (EH) values of 11 OsDLH genes, the frequency of gcHaps, and the number of major gcHaps (gcHaN) (with a frequency of ≥1% in 3KRG) in four major rice populations (Supplementary Table S3). Among the 11 OsDLH genes, the average number of gcHaps, the average number of major gcHaps, and the EH value were 349.5, 11.3, and 0.381, respectively, indicating differences in their genetic diversity. In particular, OsDLH10 had the highest EH value (0.595), while OsDLH2 had the lowest EH value (0.129). This difference corresponded to their respective number of gcHaps, with OsDLH10 having 738 gcHaps, while OsDLH2 having only 50 gcHaps (Supplementary Table S3).

Further observation of the genetic diversity among different rice populations revealed that the average EH value of the 11 OsDLH genes also had significant differences among various populations. The average EH value of the Xian, Geng, Aus, Bas, and Mixed populations was 0.43, 0.33, 0.421, 0.516, and 0.659 (the highest), respectively. There were also great variations in the average number of detected gcHaps and major gcHaps, which were 246 and 12.7 for the Xian population, 82.7 and 6.8 for the Geng population, 38.8 and 8.7 for the Aus population, 23.5 and 4.3 for the Bas population, and 44.5 and 10.8 for the Mixed population, respectively (Supplementary Table S3).

The F-statistic shows that the Fst values of the 11 DLH genes range from 0.0371 (DLH4) to 0.3521 (DLH2). There is a gradient distribution of the degree of differentiation among the five rice populations, namely Xian, Geng, Aus, Bas, and admix. Among them, DLH3 and DLH4 show low differentiation, DLH6, DLH7, DLH10, DLH1, DLH8, DLH9, and DLH11 exhibit moderate differentiation, while DLH2 and DLH5 show a relatively high degree of differentiation(Supplementary Table S3).

To understand the genetic differences in OsDLH genes among major rice populations, we analyzed the gcHap data of 11 OsDLH genes between all pairwise populations using the genetic diversity index (INei). The results showed that OsDLH7, OsDLH8, OsDLH9, and OsDLH11 exhibited significant genetic differentiation (INei < 0.35) in the Aus-Bas, XI-Bas, and Aus-GJ pairwise comparisons (Figure 5, Supplementary Table S4). OsDLH11 also showed strong genetic differentiation in the XI-GJ, Aus-GJ, XI-Bas, Aus-Bas, and GJ - Bas pairwise comparisons. These results suggested that allelic variations at the OsDLH loci significantly contribute to the differentiation of rice populations and their adaptation to different environments.

[image: Heatmap showing genetic diversity of OsDLH genes across different conditions. Rows represent genes OsDLH1 to OsDLH11, and columns denote conditions like XI-GJ, Aus-XI, and others. Colors range from red to green, indicating high to low expression, with a scale bar from 0 to 100 on the right.]
Figure 5 | Genetic diversity index (INei). Pairwise comparisons were carried out for different populations calculated from gcHap data.




3.7 Influence of modern breeding on the gcHap diversity of OsDLHs

To investigate the impact of modern breeding on the gcHap diversity in OsDLH genes in recent decades, we compared their genetic diversity in modern varieties (MVs) and landraces (LANs). The comparison included 732 landraces (LANs-Xian) and 358 modern varieties (MVs-Xian) in the Xian population, as well as 328 landraces (LANs-Geng) and 139 modern varieties (MVs-Geng) in the Geng population (Tables 1, 2). In the Xian population, MVs-Xian (0.549) had a higher average EH value of the 11 OsDLH genes than LANs-Xian (0.108), and almost all OsDLH genes in MVs-Xian had a higher genetic diversity than those in LANs-Xian. However, it is noteworthy that the average value of gcHapsN in MVs-Xian was 36.8 lower than that in LANs-Xian. The increase in genetic diversity while the decrease in gcHapsN observed at multiple OsDLH loci in MVs-Xian reflect a significant change in the frequency of gcHaps at these loci during the modern breeding process. In fact, except for OsDLH5 and OsDLH9, the number of gcHaps at other nine DLH gene loci decreased significantly in MVs-Xian (Table 1).


Table 1 | Comparison of genetic diversity of 11 OsDLH genes between indica landraces and modern varieties.
	Genename
	Xian(indica)


	LANs
	MVs
	MVs-LANs
	statistical significance
	Artificial selection effect


	EH
	gcHapN
	EH
	gcHapN
	EH
	gcHapN



	OsDLH1
	0.596
	173
	0.711
	129
	0.115
	-44
	**
	up


	OsDLH2
	0.070
	19
	0.110
	16
	0.040
	-3
	*
	up


	OsDLH3
	0.642
	248
	0.658
	121
	0.016
	-127
	ns
	down


	OsDLH4
	0.530
	156
	0.595
	99
	0.065
	-57
	*
	up


	OsDLH5
	0.224
	9
	0.274
	10
	0.050
	1
	ns
	down


	OsDLH6
	0.444
	117
	0.581
	82
	0.137
	-35
	**
	up


	OsDLH7
	0.399
	53
	0.525
	45
	0.126
	-8
	**
	up


	OsDLH8
	0.347
	77.0
	0.488
	71.0
	0.141
	-6
	**
	up


	OsDLH9
	0.384
	91.0
	0.597
	91.0
	0.213
	0
	**
	up


	OsDLH10
	0.622
	236.0
	0.768
	155.0
	0.146
	-81
	**
	up


	OsDLH11
	0.589
	177.0
	0.730
	132.0
	0.141
	-45
	**
	up


	Mean
	0.441
	123.3
	0.549
	86.5
	0.108
	-36.81818182
	 
	 





EH and gcHapN (major gcHapN) refer to Shannon’s equitability and the number of identified gcHaps (in varieties with ≥ 1% frequency), ** p<0.0001.



In addition, in the Geng population, the average EH of 11 OsDLH genes in MVs-Geng and LANs-Geng was 0.317 and 0.311, respectively. In particular, MVs-Geng showed significant increases in genetic diversity only at the OsDLH3 and OsDLH9 loci. The average value of gcHapsN in MVs-Geng was 23.5, which is 22.4 lower than that in landraces (Table 2). In addition, the dominant gcHap Hap1 and gcHap Hap2 were observed at all OsDLH loci in both the Xian and Geng populations, indicating their important roles in these two populations (Supplementary Table S5).


Table 2 | Comparison of genetic diversity of 11 OsDLH genes between Geng landraces and modern varieties.
	Gene name
	Geng (japonica)


	LANs
	MVs
	MVs-LANs
	Statistical significance
	Artificial selection effect


	EH
	gcHapN
	EH
	gcHapN
	EH
	gcHapN



	OsDLH1
	0.250
	46
	0.268
	28
	0.018
	-18
	ns
	down


	OsDLH2
	0.154
	18
	0.186
	11
	0.032
	-7
	ns
	down


	OsDLH3
	0.538
	98
	0.464
	38
	-0.074
	-60
	*
	up


	OsDLH4
	0.501
	87
	0.464
	34
	-0.037
	-53
	ns
	down


	OsDLH5
	0.041
	5
	0.062
	6
	0.021
	1
	ns
	down


	OsDLH6
	0.424
	73
	0.364
	25
	-0.060
	-48
	ns
	down


	OsDLH7
	0.318
	19
	0.343
	15
	0.025
	-4
	ns
	down


	OsDLH8
	0.203
	32.0
	0.155
	15.0
	-0.048
	-17
	ns
	down


	OsDLH9
	0.316
	28.0
	0.438
	24.0
	0.122
	-4
	**
	up


	OsDLH10
	0.433
	59.0
	0.456
	38.0
	0.023
	-21
	ns
	down


	OsDLH11
	0.244
	40.0
	0.283
	25.0
	0.039
	-15
	ns
	down


	Mean
	0.311
	45.9
	0.317
	23.5
	0.006
	-22.4
	 
	 





EH and gcHapN (major gcHapN) represent Shannon’s evenness and the number of identified gcHaps (in varieties accounting for ≥ 1%), ** p<0.0001.






3.8 Comparison of the trait values of favorable and unfavorable gcHaps of OsDLHs

The dominant gcHaps at the OsDLH loci in rice, namely those with the highest frequency, are considered to be favored by natural selection during the evolution process. On the contrary, the main gcHaps with the lowest frequency are probably unfavorable gcHaps (Zeng et al., 2023). We compared the phenotypic differences in 15 agronomic traits between the favorable and unfavorable gcHaps at eight OsDLH loci (Supplementary Table S6). In a total of 120 comparisons, differences were detected in 68 comparisons (Supplementary Figure S1-S8). Among the eight OsDLH genes, for the 1000-grain weight (TGW), phenotypic differences were observed between favorable and unfavorable gcHaps in five genes. Notably, OsDLH2 showed the greatest differences, with phenotypic differences between favorable and unfavorable gcHaps in all the 15 traits.




3.9 Relationship between the main gcHaps of OsDLHs and important agronomic traits

Among the 11 OsDLHs, three genes had only one gcHap in 3KRG, and therefore cannot be analyzed for gcHap diversity. To demonstrate the functional importance of OsDLHs, we constructed gcHap network of the dominant alleles of the remaining genes in 3KRG in five rice populations, and analyzed the relationships between them and four agronomic traits, namely panicle number per plant (PN), panicle length (PL), plant height (PH), and TGW (Figure 6; Supplementary Figure S9). Strong correlations (P < 10-7) were observed in 23 out of the 32 (8 × 4) analyzed cases, and the major alleles of multiple OsDLH genes were significantly associated with the values of one or more traits. OsDLH1 had three major gcHaps, with Hap2 having a relatively high frequency in LANs-Xian. Compared with Hap1 and Hap3, Hap2 significantly increased PL and PH during the breeding process. OsDLH2 had two major gcHaps, with Hap1 having a relatively high frequency in LANs-Xian. Compared with Hap2, Hap1 significantly increased PL and PN during the breeding process. OsDLH4 had four major gcHaps, where Hap1 had a relatively high frequency in both LANs-Xian and MVs-Xian. Compared with Hap2, Hap1 also significantly increased PL and PH during the breeding process. OsDLH9 had five major gcHaps, with Hap1 having a relatively high frequency in both LANs-Geng and MVs-Geng. Compared with Hap2 and Hap3, Hap1 significantly increased TGW during the breeding process.

[image: Circos plots, box plots, and bar graphs depict genetic variants and their frequencies in different populations for genes OsDLH1, OsDLH2, OsDLH4, and OsDLH7. Each gene has a pie chart showing haplotype distribution and box plots detailing the significant differences for traits like plant height, panicle length, and thousand-grain weight among the haplotypes. Bar graphs compare the haplotype frequencies between Xian and Geng populations. Statistical significance is indicated by p-values and asterisks. Color coding corresponds to population groups, as indicated by the legend.]
Figure 6 | Haplotype networks of four cloned OsDLH genes and four agronomic traits in 3KRG. Letters denote differences among haplotypes evaluated by two-way analysis of variance, where different letters on the box and whisker plots indicate statistically significant differences at p < 0.05 according to Duncan’s multiple-range test. The bar chart on the right shows the frequency differences of major gcHaps between landraces (LANs) and modern varieties (MVs) of Xian and Geng. The chi-square test was used to determine significant differences in the proportion of gcHaps among different populations (** p < 0.0001).





4 Discussion

Cellulose is the predominant biopolymer and the core structural component within the plant cell wall (Etale et al., 2023; Lampugnani et al., 2019). The biosynthesis of cellulose in plant cell walls by CSCs is controlled by a sophisticated regulatory framework (Li et al., 2014b; Polko and Kieber, 2019; Pedersen et al., 2023). Although the functions of some OsDLH genes have been reported in barley and sorghum, their regulatory mechanisms remain largely unexplored, with only a few cases investigated. For example, barley (1,3;1,4)-β-d-glucanase is believed to have evolved from an ancestral monocotyledon (1,3)-β-d-glucanase, enabling the hydrolysis of (1,3;1,4)-β-d-glucans in the cell walls of leaves and germinating grains (Kao et al., 2024). The changes in enzyme activities in sorghum malt showed that the activity of endo-(1,3)(1,4)-β-d -glucanase was lower than that of α-amylase (Uriyo and Eigel, 2000). Here, we identified the members of the OsDLH family and investigated their functions by gene expression and evolutionary tree (Figures 1 and 3). With the publication of the TFsβ-glucanase-β-1,4-1,3-cellotriose complex structure, it has been revealed how the product β-1,4-1,3-cellotriose binds to the enzyme active site (Tsai et al., 2005). Structural modeling of glucanase - substrate complexes indicated that the tyrosine residue, conserved across all known 1,3-1,4-β-D-glucanases, plays a role in the recognition of polysaccharides with mixed β-1,3 and β-1,4 linkages (Tsai et al., 2008). This specific structural feature provides important reference for the identification of the DLH gene family in cereals.

Analyses of RNA-seq data (Figure 3) and qPCR results (Figure 4) of the OsDLH gene family indicated that different OsDLH genes have specific expression responses to environmental signals and stress conditions such as ABA, MeJA, drought, heat, cold, and salt stress. OsDLH1 showed relatively high expression levels under multiple stress conditions, while OsDLH10 exhibited a unique expression pattern under drought and salt treatments. The expression of OsDLH2 and OsDLH8 was up-regulated under hormone treatments and was quickly responsive to salt stress. This result is consistent with the findings of Tamoi. They found that SsGlc is a novel type of GH9 glucanase, which could specifically hydrolyse the β-1,3-1,4-linkage of glucan. However, under salt stress (300–450 mM NaCl), the growth of the Ssglc-disrupted mutant cells was significantly inhibited as compared with that of the wild-type cells (Tamoi et al., 2007). DLH genes are involved in the synthesis and decomposition of cellulose. Abnormalities in DLH genes can lead to abnormal cell wall synthesis, thus reducing plant resistance to stress. The expression patterns of these genes are closely related to their biological functions, but the specific mechanisms still require further investigation.

Analysis of the gcHap data from the 3KRG project revealed that the OsDLH gene family has significant genetic diversity among different populations, particularly the admixed population. Genetic differentiation analysis indicated that OsDLH1, OsDLH2, and OsDLH10 had significant differences in genetic variation among different rice populations, which may have important contribution to rice adaptability and population differentiation. Comparison between modern varieties and landraces showed that although modern Xian varieties have high genetic diversity, they possess a relatively smaller number of gcHaps, probably due to gene recombination. In the Geng population, modern varieties had low genetic diversity at the OsDLH3 locus, but the main gcHap, Hap1, had a consistent frequency across all loci, indicating its stability in different populations. These results demonstrate that breeding has a profound impact on the genetic diversity of rice, and allelic diversity and environmental adaptability should be considered in the breeding programs.

A comparison of the performance of favorable and unfavorable gcHaps at eight OsDLH loci for 15 agronomic traits demonstrated that the two haplotypes of OsDLH2 had the largest phenotypic differences, indicating that this gene has significant impacts on multiple agronomic traits. Except for those of OsDLH4 and OsDLH6, some specific gcHaps of other OsDLH genes were significantly associated with traits such as GW and DTH, highlighting the necessity of considering allelic diversity in rice breeding. An in-depth association analysis showed that the gcHaps of the major alleles of 11 OsDLH genes were significantly associated with some agronomic traits such as PN, PL, PH, and TGW in five rice populations, with highly significant associations being observed in 42.2% of the analyzed cases. Our results also revealed that the frequencies of some favorable gcHaps at OsDLH loci varied among different rice populations, implying possible adaptive genetic variations in different ecological environments (Zeng et al., 2023). The findings highlight the importance of selecting and utilizing the favorable alleles to improve the allelic diversity and environmental adaptability in rice breeding.




5 Conclusion

Phylogenetic and collinearity analyses revealed lineage-specific contraction and differentiation of the DLH gene family. Cis-element, transcriptome, and qPCR analyses identified OsDLH1 and OsDLH5 as the key genes regulating cold and heat tolerance in rice. Integration of multiple datasets constructed a molecular framework for rice stress adaptation, providing targets for improving the climate adaptability of Poaceae. Haplotype 7 of OsDLH6 and haplotype 1 of OsDLH9 are haplotypes that significantly affect the seed setting rate. Haplotype differences may help explain the genetic mechanisms underlying their functional divergence.





Data availability statement

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





Author contributions

MaZ: Software, Writing – original draft, Visualization, Data curation, Methodology, Validation, Formal Analysis. YZ: Validation, Formal Analysis, Methodology, Data curation, Software, Visualization, Writing – review & editing. MeZ: Methodology, Writing – review & editing. YB: Writing – review & editing, Project administration, Methodology. CW: Writing – review & editing, Formal Analysis, Software. WL: Methodology, Writing – review & editing, Project administration. CT: Writing – review & editing, Project administration, Conceptualization. JZ: Resources, Writing – review & editing, Investigation. KT: Methodology, Writing – review & editing, Investigation. RC: Writing – review & editing, Conceptualization. JZ: Project administration, Writing – review & editing, Investigation. SY: Project administration, Validation, Methodology, Investigation, Funding acquisition, Supervision, Resources, Writing – review & editing. ME: Writing – review & editing, Conceptualization, Data curation.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This research was funded by the Science and Technology of Innovative research program of Anhui Province (202423m10050002), the Key Research and Development Program of Anhui Province (2023n06020013), This research was funded by the National Key Research and Development Program of China (2023YFD1200900), the National Natural Science Foundation of China (grant numbers U21A20214), the Improved Varieties Joint Research (Rice) Project of Anhui Province (the 14th fve-year plan).





Conflict of interest

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





Generative AI statement

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

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1690795/full#supplementary-material





References

	 Baba Y., Ishida Y., Oda M., Iiyama K., Akita S. (2001). Decomposition of (1-3,1-4)-β-glucan and expression of the (1-3,1-4)-β-glucanase gene in rice stems during ripening. Plant Prod. Sci. 4, 230–234. doi: 10.1626/pps.4.230


	 Bailey T. L., Johnson J., Grant C. E., Noble W. S. (2015). The MEME suite. Nucleic Acids Res. 43, W39–W49. doi: 10.1093/nar/gkv416, PMID: 25953851


	 Beena R., Sowmiya S., Visakh R. L., Shelvy S., Sasmita B., Sah R. P. (2025). Unravelling genetic mechanisms for heat tolerance in rice landraces of Kerala, India. Euphytica 221. doi: 10.1007/s10681-025-03504-9


	 Castelli M., Cattaneo G., Manzoni L., Vanneschi L. (2019). A distance between populations for n-points crossover in genetic algorithms. Swarm Evol. Comput. 44, 636–645. doi: 10.1016/j.swevo.2018.08.007


	 Chaari F., Chaabouni S. E. (2019). Fungal β-1,3-1,4-glucanases: production, proprieties and biotechnological applications. J. Sci. Food Agric. 99, 2657–2664. doi: 10.1002/jsfa.9491, PMID: 30430579


	 Chang S. C., Kao M. R., Saldivar R. K., Diaz-Moreno S. M., Xing X. H., Furlanetto V., et al. (2023). The Gram-positive bacterium Romboutsia ilealis harbors a polysaccharide synthase that can produce (1,3;1,4)-β-d-glucans. Nat. Commun. 14. doi: 10.1038/s41467-023-40214-z, PMID: 37500617


	 Chen C. J., Chen H., Zhang Y., Thomas H. R., Frank M. H., He Y. H., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009, PMID: 32585190


	 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. Macromol. 253. doi: 10.1016/j.ijbiomac.2023.127327, PMID: 37820910


	 Chou K. C., Shen H. B. (2008). Cell-PLoc: a package of Web servers for predicting subcellular localization of proteins in various organisms. Nat. Protoc. 3, 153–162. doi: 10.1038/nprot.2007.494, PMID: 18274516


	 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, PMID: 32527735


	 Demirbas A. (2005). β-Glucan and mineral nutrient contents of cereals grown in Turkey. Food Chem. 90, 773–777. doi: 10.1016/j.foodchem.2004.06.003


	 Etale A., Onyianta A. J., Turner S. R., Eichhorn S. J. (2023). Cellulose: A review of water interactions, applications in composites, and water treatment. Chem. Rev. doi: 10.1021/acs.chemrev.2c00477, PMID: 36622272


	 Griffiths J., Murase K., Rieu I., Zentella R., Zhang Z. L., Powers S. J., et al. (2006). Genetic characterization and functional analysis of the GID1 gibberellin receptors in Arabidopsis. Plant Cell 18, 3399–3414. doi: 10.1105/tpc.107.190261, PMID: 17194763


	 He H. J., Bai M., Tong P. P., Hu Y. T., Yang M., Wu H. (2018). CELLULASE6 and MANNANASE7 affect cell differentiation and silique dehiscence. Plant Physiol. 176, 2186–2201. doi: 10.1104/pp.17.01494, PMID: 29348141


	 Hussain N., Mikolajek H., Harrison P. J., Paterson N., Akhtar M. W., Sadaf S., et al. (2025). Structural and functional snapshots of a broad-specificity endoglucanase from Thermogutta terrifontis for biomass saccharification. Arch. Biochem. Biophysics 764. doi: 10.1016/j.abb.2024.110274, PMID: 39701201


	 Inouhe M., Inada G., Thomas B. R., Nevins D. J. (2000). Cell wall autolytic activities and distribution of cell wall glucanases in Zea mays L. seedlings. Int. J. Biol. Macromol. 27, 151–156. doi: 10.1016/S0141-8130(00)00111-2, PMID: 10771065


	 Jo S., Jang S. G., Lee S. B., Lee J. Y., Cho J. H., Kang J. W., et al. (2025). Analysis of quantitative trait loci and candidate gene exploration associated with cold tolerance in rice (Oryza sativa L.) during the seedling stage. Front. Plant Sci. 15. doi: 10.3389/fpls.2024.1508333, PMID: 39840352


	 Kao M. R., Parker J., Oehme D., Chang S. C., Cheng L. C., Wang D. M., et al. (2024). Substrate specificities of variants of barley (1,3)- and (1,3;1,4)-β-D-glucanases resulting from mutagenesis and segment hybridization. Biochemistry 63, 1194–1205. doi: 10.1021/acs.biochem.3c00673, PMID: 38598309


	 Khaskhali S., Xiao X. R., Solangi F., Hussain S., Solangi K. A., Chen Y. H. (2025). Exploring the functional and regulatory mechanisms of the RBOHD gene in rice against bacterial blight disease. J. Plant Interact. 20. doi: 10.1080/17429145.2025.2456572


	 Lampugnani E. R., Flores-Sandoval E., Tan Q. W., Mutwil M., Bowman J. L., Persson S. (2019). Cellulose synthesis - central components and their evolutionary relationships. Trends Plant Sci. 24, 402–412. doi: 10.1016/j.tplants.2019.02.011, PMID: 30905522


	 Lee Y. K., Jang S., Im J., Koh H. J. (2025). Comprehensive GWAS and Transcriptome Analysis Discovered Candidate Gene Associated with Starch Pasting Properties of Temperate japonica rice (Oryza sativa L.). Rice 18. doi: 10.1186/s12284-025-00782-8, PMID: 40169429


	 Lescot M., Déhais P., Thijs G., Marchal K., Moreau Y., Van de Peer Y., et al. (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, PMID: 11752327


	 Letunic I., 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, PMID: 27095192


	 Li S., Bashline L., Lei L., Gu Y. (2014b). Cellulose synthesis and its regulation. Arabidopsis Book. doi: 10.1199/tab.0169, PMID: 24465174


	 Li J. Y., Wang J., Zeigler R. S. (2014a). The 3,000 rice genomes project: new opportunities and challenges for future rice research. Gigascience 3. doi: 10.1186/2047-217X-3-8, PMID: 24872878


	 Li C. Q., Zhao M. L., Ma X. S., Wen Z. X., Ying P. Y., Peng M. J., et al. (2019). The HD-Zip transcription factor LcHB2 regulates litchi fruit abscission through the activation of two cellulase genes. J. Exp. Bot. 70, 5189–5203. doi: 10.1093/jxb/erz276, PMID: 31173099


	 Liu W. C., Lin Y. S., Jeng W. Y., Chen J. H., Wang A. H. J., Shyur L. F. (2012). Engineering of dual-functional hybrid glucanases. Protein Eng. Design Select. 25, 771–780. doi: 10.1093/protein/gzs083, PMID: 23081838


	 Panahabadi R., Ahmadikhah A., McKee L. S., Ingvarsson P. K., Farrokhi N. (2021). Genome-wide association mapping of mixed linkage (1,3;1,4)-β-glucan and starch contents in rice whole grain. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.665745, PMID: 34512678


	 Paradis E. (2010). pegas: an R package for population genetics with an integrated-modular approach. Bioinformatics 26, 419–420. doi: 10.1093/bioinformatics/btp696, PMID: 20080509


	 Pedersen G. B., Blaschek L., Frandsen K. E. H., Noack L. C., Persson S. (2023). Cellulose synthesis in land plants. Mol. Plant 16, 206–231. doi: 10.1016/j.molp.2023.05.008, PMID: 37339637


	 Planas N. (2000). Bacterial 1,3-1,4-β-glucanases:: structure, function and protein engineering. Biochim. Et. Biophys. Acta-Protein Struct. Mol. Enzymol. 1543, 361–382. doi: 10.1016/S0167-4838(00)00231-4, PMID: 11150614


	 Polko J. K., Kieber J. J. (2019). The regulation of cellulose biosynthesis in plants. Plant Cell 31, 282–296. doi: 10.1105/tpc.18.00760, PMID: 30647077


	 Ramasamy S. P., Rathnasamy S. A., Manickam S., Chellappan G., Natarajan B., Swaminathan M., et al. (2025). Genome editing for improving disease resistance in rice (Oryza sativa L.)- Scope, achievements, limitations and future needs. Physiol. Mol. Plant Pathol. 138. doi: 10.1016/j.pmpp.2025.102640


	 Rui C., Peng F. J., Fan Y. P., Zhang Y. X., Zhang Z. G., Xu N., et al. (2022). Genome-wide expression analysis of carboxylesterase (CXE) gene family implies GBCXE49 functional responding to alkaline stress in cotton. BMC Plant Biol. 22. doi: 10.1186/s12870-022-03579-9, PMID: 35413814


	 Sagar S., Ramamoorthy P., Ramalingam S., Muthurajan R., Natarajan S., Doraiswamy U., et al. (2025). Drought’s physiological footprint: implications for crop improvement in rice. Mol. Biol. Rep. 52. doi: 10.1007/s11033-025-10405-6, PMID: 40063283


	 Tamoi M., Kurotaki H., Fukamizo T. (2007). β-1,4-Glucanase-like protein from the cyanobacterium Synechocystis PCC6803 is a β-1,3-1,4-glucanase and functions in salt stress tolerance. Biochem. J. 405, 139–146. doi: 10.1042/BJ20070171, PMID: 17331074


	 Templeton A. R., Crandall K. A., 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. Available online at: https://webofscience.clarivate.cn/wos/alldb/full-record/MEDLINE:1385266 (Accessed April 27, 2025)., PMID: 1385266


	 Tsai L. C., Chen Y. N., Shyur L. F. (2008). Structural modeling of glucanase-substrate complexes suggests a conserved tyrosine is involved in carbohydrate recognition in plant 1,3-1,4-β-d-glucanases. J. Computer-Aided Mol. Design 22, 915–923. doi: 10.1007/s10822-008-9228-1, PMID: 18663584


	 Tsai L. C., Shyur L. F., Cheng Y. S., Lee S. H. (2005). Crystal structure of truncated Fibrobacter succinogenes 1,3-1,4-β-D-glucanase in complex with β-1,3-1,4-cellotriose. J. Mol. Biol. 354, 642–651. doi: 10.1016/j.jmb.2005.09.041, PMID: 16246371


	 Tsai L. C., Shyur L. F., Lee S. H., Lin S. S., Yuan H. S. (2003). Crystal structure of a natural circularly permuted jellyroll protein: 1,3-1,4-β-d-glucanase from Fibrobacter succinogenes. J. Mol. Biol. 330, 607–620. doi: 10.1016/S0022-2836(03)00630-2, PMID: 12842475


	 Uriyo M., Eigel W. E. (2000). Duration of kilning treatment on α-amylase, β-amylase and endo-(1,3)(1,4)-β-D-glucanase activity of malted sorghum (Sorghum bicolor). Process Biochem. 35, 433–436. doi: 10.1016/S0032-9592(99)00071-0


	 Wang W. S., Mauleon R., Hu Z. Q., Chebotarov D., Tai S. S., Wu Z. C., et al. (2018). Genomic variation in 3,010 diverse accessions of Asian cultivated rice. Nature 557, 43. doi: 10.1038/s41586-018-0063-9, PMID: 29695866


	 Yu Y. M., Zhang H., Long Y. P., Shu Y., 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, PMID: 35218297


	 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, PMID: 37636110


	 Zhao W. J., Wen J. L., Zhao J., Liu L. L., Wang M., Huang M. H., et al. (2025). E3 ubiquitin ligase osRFI2 regulates salinity tolerance by targeting ascorbate peroxidase osAPX8 for its degradation in rice. Rice 18. doi: 10.1186/s12284-025-00780-w, PMID: 40210834


	 Zhou H. L., He S. J., Cao Y. R., Chen T., Du B. X., Chu C. C., et al. (2006). OsGLU1, a putative membrane-bound endo-1,4-β-D-glucanase from rice, affects plant internode elongation. Plant Mol. Biol. 60, 137–151. doi: 10.1007/s11103-005-2972-x, PMID: 16463105







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


Copyright © 2025 Zhu, Zhou, Zhang, Bao, Wang, Lv, Tang, Zhu, Tao, Chen, Zhang, Arabboevich 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-16-1690795-g002.jpg
O"o

AN A AN N 5 N[ OO N 2 TCT-motif

[ 5 T [N [ (N IO MNGM MO MRE

AN SO A 72 N O[O [0 N N GATA-mof
AN A NN N N [ [N (OIS O AE-box

[N ) U R N [ (NG IO MO MO L AMP-ellemeent
ISR ] [ N [ [NNOIN) IO MON| CAG-motif
AN O A 2 MO N s MON 3 NN GT1-motif
NS NN NN N [ [ [ (NG O ACE

AN 5 T (NG 5 [OW A-box

BN 4 NS0 G I N (NN NN S 2N Box 4

AN A R N 5 [ [N (NG IO MO MOW G TGGC-motif
A SN T N U [ (O[OS WA WUN-motif
AN ) [ N [NNOIN IO MOW/MOW G A-moif

IR T N N [N [N (OIS MO MO ATC-motif
6 [l 4 ‘4 [[30 4 (7 30 4 WON 3 ABRE

BN s BENE2N s BN o [F28 4 [[5 WGM CGTCA-motif
BN s WENE2N s NN 6 [28 4[5 WBN TGACG-motif
4 NN T N N [N (O S MOW O2-site

AN SN T I NI [NOIN (72 [l O WOW TCA-ellement
ISR 5 [ [N [ MO OM| TATC-box
AN SN S N [ [ [ OIS O P-box

21 NG NG (NG 2T NON NON NONNON 5 NON TGA-element
AN O [ [N (O IO OM| AuxRR-corre
AN SN T OISO [NOIN O WS MOWWOW GARE-moif
J15 ) G [ [ [N (O IOW WO G C-moi
(207 O A + N O [N [N (MO O WN CCAAT-box
A2 N N N N N 2 N ARE

oo 1 1000000 1 LR

(5217 ) T NG (21 O (O IOWOM 3 TC-rich repeatts
AN O U [ [ O WO MBS

IS V20 2 52 O O N (NG (OIS N AN CAT-box

AN U U [ N [N (N IO MOM RY-element
AN SN NI NI I N N [ O O NON-box
ASN] EE E F  [ [CN [NCIN IO) MAOW MO AACA_mmotif
AN SN T NI N N [ (G (OIS (MO circadlian

AN A T NI SO JNOIN (721 [0 2 MO WO AT-rich element
NN O NI IO IO WA M1SA-like

SRR

LY

o xdile e e e e il o il 0





OEBPS/Images/fpls-16-1690795-g005.jpg
100
OsDLH1

OsDLH2
OsDLH3
OsDLH4
OsDLH5
OsDLH6
OsDLH7
OsDLH8
OsDLH9
OsDLH10
OsDLH11

80

60

40

20

XI-GJ
Aus-XI
Aus-GJ
Xl-Bas
Aus-Bas
GJ-Bas
XI-Adm
Adm-GJ
Aus-Adm
Adm-Bas





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2025.1690795_cover.jpg
& frontiers | Frontiers in Plant Science

Identification of 1,3-1,4-B-D-glucanase
(OsDLH) genes and analysis of haplotype
diversity in rice





OEBPS/Images/fpls-16-1690795-g001.jpg
0 Mb

=
=
wn
OsDLH6
= OsDLH7
= OsDLHS
=
=
=
Lg
=
=
[—J
[o\]
=
=
w
(o}
=
=
[—}
en

Gr-1 Gr2 Gr-3 Gr-4 Gr-5 Gr-6 Gr-7 Gr-8 Gr9 Gr-10 Gr-11 Gr-12 Gr-13
Gr (=) GEEED GEED GEEED) GEEED) GEED) GEEED) GEED) (GEEED) GEEED) (GEEED) @GED) (GEE—)

Os-1 Os-2 Os-3 Os-4 Os: Os-6 Os-7 Ws-8 Os-9 0Os-10 -11 Os-12
OS(‘E‘) () (D) () |—E’j () D) (D) D) GED) (GEEED) (GEED)

At(il [*J [*J (*l (*]

Sk-1 sl2 sI3 Sl4 S5 SI-6 Sl.7 SI-8 sl9 SI-10 Sk-11 sl12
S (—) D) D) GEEED) GEEED) GEED) GEEED) (GEEED) GEEEED) (GEEED) (GEEED) (GEE—)

Os-6 Os-7 -8 0Os-9 0Os-10 (_ys-ﬂ 0Os-12
() > G G G (GaEE») (GEE=.)

Cs-1 Cs-2 Cs-3 Cs-4 Cs-5 Cs-6 Cs-7
CS(—) () R s rerrmm———" R = Y =———— R ———— Y Y v———]

Cl-1 Cl-2 Cl-3 Cl-4 Cl-5 Cl-6 Cl-7 Cl-8 Cl-9 CI-10 Cl-11
cll—l (——) () GEES) (GEEEES) GEEED) GEEES) GEEED) (GEEE—S) (GEEE——) (GEE——)

Os-1 Os-2 0s-3 Os-4 Os: Os-6 Os-7. Ws-8 0s-9 0s-10 Us-11 0Os-12

Os () G- GEEES GEEES) GEES) GEE» GEE») GEED) GE») GED) (GaEE») (GEEES)
Gm-1 Gm2 Gm3 Gm4 Gm5 Gm6 Gm7 Gm8 Gm-9 Gm-10 Gm-11 Gm-12 Gm-13 Gm-14 Gm-15 Gm-16 Gm-17 Gm-18 Gm-19 Gm-20
Gm S Gr G Gr G G G Gp) ) G @ G ) G G G G G ) @

Hy-1H Hy-2H Hv-3H Hv-4H Hy-5H Hv-6H Hy-7H
HV (——) (D) (D) (D) (D) (D) (S )

Os-1 0Os-2 0s-3 Os-4 Os: Os-6 Os-7 Ws-8 0s-9 0s-10 Os-11 Os-12
OSI—I () GE——) GEE—) GEE») GEE») GEE») GEE») GE» D) (GEEE») (GEE=.)

Ta-1 Ta2A Ta2B Ta2D Ta-3A Ta-3B Ta-3D Tad4A Ta4B Ta4D TaBA Ta-5B Ta-5D Ta-6A Ta-6B Ta-6D Ta-7A Ta7B Ta-7D
Ta @@ - - - - - - - G o G G - o o o G @ @
Z Zm-1 Zm-2 Zm-3 Zm-4 Zm-5 Zm-6 Zm-7 Zm-8 Zm-9 Zm-10
M o) ) () (e (e (e (e (e () ()

Os-1 0s-2 0s-3 Os-4 OsS 0s-6 0s-7 -8 0s-9 0s-10 Vs-11 0s-12
Os (——) S G GEEES) G GEES) GEES GaEEe) GE) G (GEE>) (GEEES)

- Sil Sill Si-Ill Si-lV Si-IX Si-vi Si-vill Si-v Sivil
S| (——) (D) (D) (D) (D) (D) (D) (D) ()

Colored ranges

ospLits— MM
v — AR
v — R
sDLH9 -EEB

-ospLis — AR

I L N

~OsDLH10 —!!E!B

~OsDLH1 W

LowLinz—mAmm

ospLus — AN

oo —
[

ouns— M

5'|_|_|—|_|_|_[—|_|_|_|_|3'

0 30 60 90 120150180210240270300330

3

[ Motif 3
[ Motif 5

[ Motif 4
[ Molif 1
[ Motif 6

[ Motif 2

| | [ Abhydrolase superfamily
uiut H DLH
uTR
| [~cos

—
r—
i
—
r—
—
R

=i

— -

I N N R

0 30 60 90 120150180210240270300330 0 2000 4000 6000 8000 10000






OEBPS/Images/fpls-16-1690795-g003.jpg
A

OsDLH1 108
OsDLH2
OsDLH3 80
OsDLH4
OsDLH5 60
OsDLH6
OsDLH7 40
OsDLHS
OsDLH9 20
OsDLH10
OsDLH11 0
T B 0 % o= = 0 o o
2358528583253 3
(77} 5 = o2 K p O0vw v € o
T (DE u_‘l-":“'qs
o S u 0o 9 4
» £ = 3
11 (3] (&)
= =
T ]
S 8
o o
o o
o o
o [1°]
s £
(]
L
ABA
100
OsDLH1
OsDLH2
OsDLH3 80
OsDLH4
OsDLH5 60
OsDLH6
OsDLH7 40
OsDLH8
OsDLH9 56
OsDLH10
OsDLH11 .
L £ £ C L L C©C C© C© N
I R I |
shoot root
G Cold
100
OsDLH1
OsDLH2
OsDLH3 80
OsDLH4
OsDLH5 60
OsDLH6
OsDLH7 40
OsDLHS
OsDLH9 95
OsDLH10
OsDLH11
0

L £ £ <
© = ™M ©

12h

L £ £ £ < L
T O - ™ © <
N N

I I SE——

shoot root

12h

Drought

100

80

60

40

20

OsDLH1
OsDLH2
OsDLH3
OsDLH4
OsDLH5
OsDLH6
OsDLH7
OsDLH8
OsDLH9
OsDLH10
OsDLH11

=
<
N

L £ £ € £ £ £ © < <
o\—nmmgo‘-nw
-

I N S—

shoot root

12h

JA

100

80

OsDLH1
OsDLH2
OsDLH3
OsDLH4
OsDLH5
OsDLH6
OsDLH7
OsDLH8
OsDLH9
OsDLH10
OsDLH11

L £ £ £ £ £ £ £ £ £ £ C©
O ™ M O N € O ™ m o N «
- - N

I I —

shoot root

Salt
OsDLH1
OsDLH2
OsDLH3
OsDLH4
OsDLH5
OsDLH6
OsDLH7
OsDLH8
OsDLH9
OsDLH10
OsDLH11
SE5E8553
I —
stem and leaf
Heat
OsDLH1
OsDLH2
OsDLH3
OsDLH4
OsDLH5
OsDLH6
OsDLH7
OsDLH8
OsDLH9
OsDLH10
OsDLH11
SEEE8553

stem and leaf

100

80

100

80

60

40

20





OEBPS/Images/fpls-16-1690795-g006.jpg
BAdm .AUS I Basl Geng B Xian

H Hap1 H Hap2 H Hap3 Xian Geng
OsDLH1 0.4 * 0.8 =
ns
PIL PN PH TGW 0.3 0.6
P=3.24x10 P=4.91x10"° P=3.24x10° P=6.46x10"°" § ‘:,‘
() (]
§_ 0.2 qg,_ 0.4
w w
0.1 0.2
0.0 0.0
LANs MVs LANs MVs
¥ Hap2 [l Hap3 M Hap1
OsDLH?
Xian Geng
1.0 ns 08 ns
Hapz 0.8
o 0.6
(n=677) o oy
g 0.6 g
g. S 04
o 04 g
L o
0.2 0.2
0.0 0.0
LANs MVs LANs MVs
N Hapl [ Hap2
OsDLH4
ansaﬂ Geng
0.6 10 * %
0.8
204 >
§ 2 06
s S
] 8— 0.4
w 0.2 e
0.2
0.0 0.0
LANs MVs LANs MVs
W Hap1 [ Hap1[¥ Hap2
OsDLH7
Xian Geng
PL PN PH TGW b %u 10
P<2x10-1 P<2x10-® P<2x10-® P<2x101® * % xx
0.8
e 0.3 -
e 2 0.6
S 02 S
g g 0.4
(18 [T
0.1 0.2
0.0 0.0
LANs MVs LANs MVs
[ Hap2¥ Hap3 M Hap1






OEBPS/Images/fpls-16-1690795-g004.jpg
g
(=]

pression
- -
=3 o

Relative Ex
I
[§,]

Oh

DLHI1
ns

1lh 3h 6h 12h 24h
Cold

»
o

ression
p N
o

Relative Ex
)

[==1]

1h 3h 6h 12h 24h
Cold

on

Relative Ex

o
o

pressi

g
5]

e
=)

-
(¢,

-
o

o
=)

Oh 1h 3h 6h 12h 24h
Heat

DLH5

N
o

on
N
o

m‘essn
o

Relatixe Ex
=}

o
o

&
o

Oh 1h 3h 6h 12h 24h
Heat





