Priming Effect Of Low Drought Stress Affects The Regulation Of The Dehydration Responsive Element Binding 4 (DREB4) Gene In Rice Cv. Inpago 6 And Inpago 9 Based On Transcriptome And Gene Expression Analysis
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ABSTRACT

Drought stress is one of the major limiting factors in rice (Oryza sativa L.) cultivation, as it can hinder growth and reduce yield. Improving drought tolerance can be achieved by analyzing the expression of genes involved in the plant's response to drought stress. One of the key genes in the drought tolerance mechanism is the Dehydration Responsive Element Binding 4 (DREB4) gene, which regulates the expression of stress-responsive genes.This study aimed to identify the expression of DREB4 genes in rice under drought stress using transcriptomic analysis of RNA-Seq data, as well as to analyze the expression pattern of the DREB4 in several rice genotypes through qRT-PCR. RNA-Seq data were obtained from an NCBI BioProject and analyzed using the Galaxy platform to identify members of the DREB gene family involved in drought response. Subsequently, expression analysis of the DREB4 gene was performed on rice cv. Inpago 6, Inpago 9, and IR64. The RNA-Seq transcriptomic analysis revealed that members of the DREB4 gene family, particularly OsDREB2A, play important roles in rice's response to drought stress. Meanwhile, qRT-PCR analysis showed that the highest expression level of the DREB4 gene under low drought stress was observed in Inpago 9 (250- fold), followed by IR64 (7.5-fold), and Inpago 6 (2.5-fold). These findings indicate that DREB4 plays an active role in the drought tolerance mechanism as priming effect and may serve as a potential candidate gene for the development of drought-tolerant rice varieties particularly Inpago 9.
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1. INTRODUCTION
Rice (Oryza sativa L.) is a principal food crop extensively cultivated in numerous countries, including Indonesia. The production of rice is vital for ensuring national food security, particularly in the face of increasingly severe climate change (Lathif & Listyorini, 2018). Drought represents one of the most significant abiotic stresses affecting rice production globally (Nurdin, 2011). Regions characterized by low precipitation encounter substantial difficulties in sustaining agricultural yields, especially in rice cultivation, thereby necessitating the development of drought-resistant rice cultivars (Roy et al., 2025). Drought stress in arid regions poses a major challenge to agricultural productivity, including in Central Java Province (Nurdin, 2011). Satellite imagery analysis during the 2024 dry season indicated a Vegetation Health Index (VHI) of less than 10. The extent of agricultural land in Central Java experiencing extreme drought is 31.54 km², strong drought is 194.19 km², moderate drought is 778.61 km², low drought is 3,377.00 km², and normal drought is 14,652 km² (Mulyanti et al., 2023). These drought categories are determined based on the VHI value, with a VHI value of less than 10 categorized as extreme, 10–20 as strong, 21–30 as moderate, 31–40 as low, and greater than 40 as normal. The reduction in rice production in several central regions of Indonesia, such as Central Java, is projected to reach 2.8% by 2024 (Nazirah et al., 2015).
Several rice cultivars, such as cv. Inpago 6 and Inpago 9, have been developed to withstand drought stress, demonstrating characteristics of drought resistance and potential adaptability to suboptimal land conditions (Azzahroh et al., 2024; Cahyani et al., 2024; Suwarno et al., 2016). Rice is notably sensitive to water scarcity (Singh et al., 2024; Ramadhan et al., 2024). However, in drought-tolerant cultivars, yield reductions are less pronounced compared to those in susceptible varieties (Azzahroh et al., 2024; Vardhana et al., 2024; Henry et al., 2016). Consequently, the utilization of drought-tolerant cultivars is essential for cultivating plants capable of enduring drought conditions. To elucidate the mechanisms underlying drought resistance in these cultivars, a molecular-based approach is necessary, particularly through the analysis of gene expression associated with drought stress responses.
Rice plants exhibit adaptive responses to drought through a variety of mechanisms, both physiological, such as enhanced water use efficiency and osmolyte accumulation, and molecular, including the activation of protective genes to sustain cellular function (Guo et al., 2022). A critical molecular pathway involves the regulation of gene expression by the AP2/ERF family of Dehydration Responsive Element Binding (DREB) transcription factors. DREBs are proteins that specifically bind to the cis-element DRE (core motif G/ACCGAC) in the promoters of target genes, thereby modulating the expression of numerous genes induced by drought, salinity, or cold stress (Sakuma et al., 2002).
Several cDNAs encoding DRE-binding (DREB) proteins have been identified in species such as Arabidopsis, wheat, rye, canola, and barley (Jaglo et al., 2001). DREB proteins function as trans-activating factors, binding specifically to DRE/CRT sequences and activating the transcription of genes influenced by these sequences. Additionally, DREB transcription factors have been identified in rice (Sakuma et al., 2002). Notable DREB genes identified include OsDREB4-1 and OsDREB4-2 (Tian et al., 2005). The expression of OsDREB4-1 is induced by dehydration and high salinity, whereas OsDREB4-2 is constitutively expressed (Tian et al., 2005). Both genes are classified within the DREB4 subgroup, with OsDREB4-1 acting as a trans-active factor in response to dehydration (Tian et al., 2005). The activation of DREB genes enables plants to maintain water homeostasis and mitigate cellular damage caused by drought stress (Huang et al., 2020; Fendiyanto et al., 2025).
RNA-Seq-based transcriptomic methodologies have been extensively employed in research to elucidate the regulation of gene expression under diverse environmental conditions. Transcriptomic analysis facilitates the comprehensive identification of gene expression patterns, thereby enhancing our understanding of plant adaptation mechanisms to drought stress (Zaffar et al., 2025). Through this approach, researchers can identify pivotal genes, such as DREB4, that contribute to drought response and pinpoint candidate genes with greater adaptability to climate change (Fendiyanto et al., 2025; Zaffar et al., 2025). Nonetheless, research on rice transcriptomics in response to drought stress remains limited. Consequently, this study aims to identify genes involved in the molecular response to drought stress through a transcriptomic approach utilizing RNA sequencing data and to verify DREB4 gene expression concerning the priming effect of low drought stress in Inpago 6 and 9 cultivar..
2. MATERIALS AND METHODS
2.1 	Experimental Design
The materials needed in this research are rice seeds cv. Inpago 6, Inpago 9, and IR64, plant growth medium, PEG 6000 drought stress solution, RNA extraction reagent, DREB and Actin gene primers, qRT-PCR kit, liquid nitrogen, Trizol reagent, Chlorofoam, Isopropanol, ethanol, ddH2O, TBE buffer, DN Master Mix, Green Master Mix, Forward and Reverse primers, cDNA template, Tris HCl, RevertAid RT, RiboLock RNase Inhibitor 250 mM Tris-HCl (pH 8.3) 250 mM, KCl 20 mM MgCl2 50 mM DTT, 10 mM dNTP Mix, Oligo(dT)18 primer 100 μM, Random Hexamer primer 100 μM, Forward GAPDH primer 10 μM, Reverse GAPDH primer 10 μM
2.2 	Research Procedure
2.2.1. Seed Preparation, Germination, and PEG-Induced Drought Stress Treatment in Rice Cultivars
Rice cultivar seeds of cv. Inpago 6, Inpago 9, and IR64 were selected to ensure their quality using a water-soaking method, selecting seeds that sank as an indication of good viability (Fendiyanto et al., 2025). The rice seeds were germinated on moist cotton for 5 days. The germination process began with sterilization of the petri dishes and other equipment to prevent contamination. The petri dishes were lined with cotton that had been evenly moistened with water, but not submerged. The rice seeds were placed on the moist cotton, with sufficient spacing to prevent mold growth due to excess moisture. The petri dishes were then tightly closed to maintain humidity and prevent contamination from outside air. The environmental conditions were then adjusted to a dark environment to support the germination process. The germination process lasted for 7 days before the seeds were transferred to a liquid medium. Germinated rice seeds were planted using Hoagland medium (Wulandari & Mar’Atussholihah, 2022), with a standard solution of 2 liters: 10 mL of 1M Ca(NO3)2, 1 mL of KNO3, 4 mL of 1M MgSO4, 2 mL of 1M KH2PO4, and 2 mL of 1M FeEDTA. In the stress treatment group, PEG 6000 1% (w/v) was added to the medium to induce an initial plant response without causing severe stress, thus triggering a priming effect that can increase resistance to subsequent osmotic stress (Arnon & Hoagland, 1944). During the growth process, the water in the medium was changed every two days to prevent fungal growth (Susilawati et al., 2022). Each rice cultivar was allowed to grow under normal conditions for three days before being subjected to drought stress. Initially, all plants showed normal growth. The drought stress treatment was then administered for four days, with plant conditions monitored periodically to ensure the drought had produced physiological effects, such as wilting or changes in leaf color. After the treatment period, plants from both groups were harvested for further analysis. After the treatment, leaf tissue samples from the control and treatment plants were carefully taken using sterile scissors. Samples were taken from different plants to ensure biological variation, with five plants per group. Data on leaf and root length from each cultivar were then statistically evaluated using analysis of variance (ANOVA). Data were first tested for normality using the Shapiro-Wilk test, and if the data were normally distributed, then tested for homogeneity using Levene's test.
2.2.2. RNA Isolation
RNA isolation was performed using the TRIzol method. Rice plant leaves were ground using liquid nitrogen until they became powder. A total of 1 mL of TRIzol Reagent was added to a 1.5 mL Eppendorf tube containing the ground rice, then vortexed and left for 5 minutes at room temperature. After that, 0.2 mL of chloroform per 1 mL of TRIzol was added, then the mixture was inverted for 15 seconds and incubated for 2-3 minutes at room temperature.
The mixture was then centrifuged at 12,000 × g for 15 minutes at 4°C, forming three phases: the upper phase (containing RNA), the interphase (containing DNA), and the lower phase (containing protein). The upper phase containing RNA was carefully transferred to a new tube. A total of 0.5 mL of isopropanol was added to the RNA solution, then mixed gently and centrifuged again at 12,000 × g for 10 minutes at 4°C. The supernatant was discarded, and a transparent RNA pellet was visible at the bottom of the tube. After that, 0.5 mL of 75% ethanol was added, incubated at room temperature for 10 minutes, and then centrifuged again at the same speed. After that, the supernatant was discarded, and the RNA pellet was dried for 5-10 minutes. The RNA was then dissolved by adding 20 μL of ddH2O. The dissolution process was carried out using a tapping technique (gently tapping the tube) to prevent damage to the RNA. The RNA solution was then incubated in a water bath at 55-60°C for 10 minutes to dissolve completely. After that, the RNA was ready to use or stored at -70°C for long-term storage (Puspitaningrum & Salamah, 2021).
RNA purity was analyzed using a Nanodrop spectrophotometer by measuring absorbance at a wavelength of 260 nm, and determined based on the A260/A280 ratio. The isolated RNA was tested using electrophoresis on a 1% agarose gel with 1x TBE buffer, run at 48 Volts for 30 minutes. The electrophoresis results were observed using a UV transilluminator (Rio et al., 2010).
2.2.3. cDNA Synthesis from Isolated RNA
The cDNA synthesis process begins with preparing an RNA template that has been confirmed free of DNA contamination through DNase I treatment. The RNA template is then mixed with an oligo(dT) primer, which serves as the primer for cDNA synthesis initiation. This mixture is heated at 65°C for 5 minutes, then cooled to 4°C to allow the primer to bind optimally to the RNA template. Next, the cDNA synthesis reaction is carried out by adding reaction buffer, dNTP mix, RNase inhibitor, and reverse transcriptase enzyme (ReverAid RT 200 U/μL) to the RNA-primer mixture. The reaction is incubated at 42°C for 60 minutes to allow the reverse transcriptase enzyme to efficiently synthesize cDNA from the RNA template (Velayati et al., 2023; Fendiyanto et al., n.d.).
The reaction is then stopped by heating at 70°C for 5 minutes to inactivate the enzyme. Once synthesis is complete, the resulting cDNA can be diluted and used for PCR or RT-qPCR amplification. To avoid degradation, cDNA is stored at -20°C or -70°C for long-term storage. Verification of cDNA products is carried out through electrophoresis of PCR results using Actin gene primers and DREB4 genes, as listed in Table 1. The amplification process is carried out using a PCR machine, with a temperature setting of 95°C for 10 minutes, followed by 50 repetition cycles
2.3 	Data Observation and Analysis
RNA-seq data were processed using the Galaxy bioinformatics platform for transcript mapping. This analysis enabled the identification of genes involved in rice’s response to drought stress, including DREB4 genes and other regulatory pathways. Subsequently, RT-qPCR data were analyzed to determine the relative expression levels of selected target genes. Relative expression was calculated using the 2^(-ΔΔCt) method (Fendiyanto et al., n.d.; Sindiya et al., 2024), as follows:
DREB4 Gene Expression: 2^(-ΔΔCt)
Where ΔCt represents the difference between the cycle threshold (Ct) of the target gene and that of the actin reference gene, and ΔΔCt represents the difference between the ΔCt of the treatment sample and the ΔCt of the control sample.
3. RESULTS AND DISCUSSION
3.1 Analysis of Inpago Rice Growth Under Drought Stress
Drought stress in rice plants can impede growth by restricting cell elongation and root system development, leading to smaller leaves, underdeveloped roots, and ultimately reduced grain yield (Schmittgen & Livak, 2008)*. In this investigation, rice plants were cultivated until they reached the early vegetative growth phase, specifically at the stage when drought stress typically occurs. On the 10th day post-germination, drought stress was induced in half of each rice cultivar by incorporating PEG 6000 1% (w/v) into Hoagland's solution. Following a 4-day stress period, variations in growth were observed among the cultivars, particularly in terms of leaf and root length (Fig. 1).
Visual observations 14 days after germination revealed striking differences between the control and drought-stressed conditions. The tested rice cultivars, cv. Inpago 6, Inpago 9, and IR64 showed leaves that appeared shorter and wilted under mild drought stress, while the roots showed a variable pattern (Fig. 1). Morphologically, drought can reduce the turgor potential of leaf cells, thereby slowing cell elongation and limiting leaf growth (Sadhukhan et al., 2024). Observations showed that the leaf and root length of rice cv. Inpago 6 under drought stress appeared shorter than those under normal conditions (Fig. 1).
A similar finding was found in rice cv. IR64 (Fig. 1), which showed visibly shorter leaf length. Furthermore, plant accessions died under drought stress conditions in rice cv. IR64. Meanwhile, rice cv. Inpago 9 showed relatively stable growth between the control and stress treatments (Fig. 1). No significant differences were observed in leaf length between the two treatments, although there was a reduction in the number of tillers in the roots. Inpago 9 rice has been officially recognized as having drought tolerance, which allows for relatively stable plant growth even under water-stressed conditions (Susanto et al., 2022).
3.2 Characteristics of Leaf Length and Root Length of rice cv. Inpago
In this study, leaf and root length growth were statistically evaluated using analysis of variance (ANOVA) to determine significant differences between cultivars under control and drought stress conditions. Prior to conducting the analysis of variance (ANOVA), assumption tests were conducted to ensure that the data met the requirements for parametric testing. Normality was tested using the Shapiro-Wilk normality test for root and leaf length. The results showed a p-value of 0.1522 for root length and 0.1488 for leaf length. Because both p-values were greater than the α = 0.05 significance level, it can be concluded that the data were normally distributed (Kwak, 2023).
Homogeneity of variance was tested using Levene's test using the median centering method. The p-values for leaf and root length were 0.3719 and 0.2451, respectively, indicating no significant difference in variance between groups (p > 0.05). Therefore, the assumption of homogeneity of variance was also met, allowing further data analysis using ANOVA (Das et al., 2022). The results of the ANOVA analysis of leaf length and root length are presented in Appendix 1. No significant effect of treatment or variety was found on leaf length (p > 0.05), although there was a tendency for differences in the means between cultivars. Similarly, for root length, neither treatment nor cultivar showed a significant effect (p > 0.05). These results indicate that drought stress treatment did not statistically affect leaf or root length in the three cultivars tested.
The data visualization in Fig. 1 provides additional information regarding the data distribution. In the leaf length boxplot (Fig. 1D), the Inpago 6 cultivar showed a decrease in leaf length due to the stress treatment, while Inpago 9 showed a relatively stable median value with a more central distribution. The IR64 cultivar experienced a decrease in median leaf length under stress. Overall, there is an indication that the treatment tended to decrease leaf length, although this was not statistically significant. These results align with previous findings that drought stress can inhibit leaf growth by affecting turgor and cell division rate (Sobahan et al., 2022).
A similar pattern was observed in the root length boxplot (Fig. 1E). Inpago 6 had a higher primary root length under control conditions, while Inpago 9 showed high variability in its response. IR64 experienced a decrease in median root length under stress treatments. The varying responses among cultivars suggest differences in drought adaptation strategies, both morphologically and physiologically. Some cultivars exhibited reduced root growth as a water conservation strategy, while others may prioritize root growth to explore deeper water (Tiwary et al., 2025).
Although not statistically significant, the observed patterns suggest a tendency for drought stress to affect root and leaf morphology, depending on the cultivar. This indicates that drought adaptation mechanisms are complex, involving physiological and genetic regulation that is not solely reflected in morphological parameters. Therefore, to further understand the mechanisms of this adaptation, molecular approaches such as gene expression analysis related to drought tolerance are necessary. One of the genes involved in the response to drought stress is DREB4, which functions to regulate the molecular pathway of abiotic stress signal transduction and activate the expression of target genes involved in osmotic tolerance and cell protection (Lata & Prasad, 2011). Analysis of DREB4 gene expression along with transcriptomic approaches will provide more in-depth information regarding cultivar-specific responses to drought stress and support the development of superior drought-tolerant varieties through marker-based selection.
[bookmark: _Hlk209902582]3.3 Transcriptomic Analysis of Gene Expression Patterns in Response to Drought Stress
The factor analysis focused on four factor dimensions based on the optimal percentage of variance, which reached 86% (Fig. 2A). Based on this analysis, biological yield variability was found in factor 1 with a loading value of 0.26. This potential was also in line with the total number of tillers, the number of productive tillers, flowering age, harvest age, panicle length, and grain number per panicle. However, flowering age (0.08) and panicle length (0.05) have very low loading values below 0.1, so these two traits were not recommended for further analysis. Therefore, total tiller number, productive tiller number, flowering age, and grain number per panicle become the ideal criteria to proceed with in the path analysis of biological yield.
The transcriptomic data in this study were obtained from Bioproject PRJNA922103, which contains a gene expression dataset from Oryza sativa L. Japonica Group cv. Nipponbare plants subjected to 8 hours of drought stress at 10 days after germination. This bioproject was selected because it provided relevant RNA-Seq data for analyzing plant responses to water-limited environmental conditions. The sequencing instrument used was Illumina MiSeq. The dataset consisted of samples categorized into control and drought-stressed conditions, allowing for differential gene expression (DGE) analysis.
RNA-Seq data quality was assessed using FastQC and summarized using MultiQC. The analysis results showed that all samples had high quality values, with an average Phred Score >30, GC content consistent with rice genome characteristics (~49-50%), and duplication levels within reasonable limits (37.9% - 47.1%). Based on these results, the sequencing data was suitable for further differential gene expression analysis (Conesa et al., 2016). After analyzing the data quality, preprocessing was performed using Cutadapt to remove adapters or low-quality sequences. This process aims to ensure that only high-quality data is used in the analysis, resulting in more accurate and standardized results (Martin, 2013).
After the trimming process was complete, alignment was performed against the rice reference genome using RNA-STAR. The reference genome used in this analysis was obtained from the International Rice Genome Sequencing Project (IRGSP), with the reference genome file IRGSP-1.0_genome.fasta.gz and the annotation IRGSP-1.0_representative_annotation_2024-07-12.tsv.gz. The alignment results showed a high mapping rate (>90%), indicating that the data was of good quality and suitable for further analysis. Read orientation validation analysis was performed using the Infer Experiment tool. The Infer Experiment results showed that the read orientation was predominantly distributed in one direction (++/--) or (+-/-+), depending on the sample, with values ranging from 0.31 to 0.76. This variation corresponds to the type of stranded library used (Appendix 2). No failures in determining orientation were found (0.0000 failed), so the data were deemed valid for expression quantification analysis.
Next, gene expression was quantified using FeatureCounts, which counts the number of reads mapped to each gene in the dataset. These quantification results were then used in differential expression analysis with DESeq2, which aimed to identify genes differentially expressed between drought-stressed and control samples. The analysis revealed that 1,793 genes were identified as upregulated and 1,793 genes as downregulated, with a threshold of |log2 Fold Change| ≥ 1 and an adjusted p-value (FDR) < 0.05. Genes showing significant expression changes were further analyzed to understand the response mechanisms to drought stress in the studied rice cultivars. This analysis resulted in a gene expression dataset ready for further exploration of rice drought resistance mechanisms, including the identification of candidate genes with potential roles in regulating plant adaptation to environmental stress conditions.
Differentially Expressed Genes (DEG) analysis is a crucial step in transcriptomic studies to identify genes that experience significant changes in expression levels due to a specific treatment, in this case, drought stress. This analysis generally uses a negative binomial distribution model to detect differences in gene expression between two groups: control and drought stress (Love et al., 2014). Before evaluating significantly differentially expressed genes, data quality analysis and global visualization of gene expression are performed to ensure the reliability of the results. Initial visualizations such as Principal Component Analysis (PCA) and heatmaps of intersample distances are used to assess data quality, intersample relationships, and verify separation between treatment groups. The results of this DEG analysis provide the basis for understanding the molecular response of rice plants to mild drought stress.
The first visualization performed is Principal Component Analysis (PCA), which aims to reduce the dimensionality of transcriptomic data and observe global variation in gene expression between samples. PCA results are displayed as a two-dimensional plot that maps each sample based on its first (PC1) and second (PC2) principal components. In this analysis, PC1 explained 95% of the total variation in the data, while PC2 accounted for 3% of the variation, indicating that most of the variation in gene expression between samples can be explained by the PC1 axis (Fig. 2A). This separation indicates significant changes in gene expression in response to the drought treatment.
The PCA plot shows a very clear separation between samples from the Control and Drought Stress groups. Control samples are located on the left side (negative PC1 values), while samples from the drought treatment group are clustered on the right side (positive PC1 values). This pattern indicates that the drought treatment has a consistent and significant effect on overall gene expression. Furthermore, the close clustering within each group indicates that the biological replicates within each condition have good consistency. These results are consistent with the literature stating that PCA can be used to identify key variables influencing gene expression and validate data quality and structure before further differential analysis (Pereira et al., 2018). Thus, PCA successfully demonstrated that the drought treatment has a significant transcriptomic effect distinct from the control condition.
After PCA visualization demonstrated a clear separation between the control and drought-stressed groups based on global gene expression, the analysis continued with a heatmap of intersample distances to evaluate the expression proximity between replicates within each group. The heatmap results showed that samples from the control and drought-stressed treatment groups formed two clearly separated clusters, reflecting that treatment conditions were the primary factor differentiating gene expression patterns (Fig. 2B). The distances between samples within each group were relatively small, indicating a high degree of consistency between replicates. Conversely, the distances between samples from the control and treatment groups were quite large, indicating significant changes in gene expression patterns due to drought stress.
The heatmap visualization of intersample distances (Fig. 2B) shows the pattern of gene expression proximity between rice plants under control and mild drought stress conditions. Based on the distance analysis, samples from the drought-stressed group formed a dense cluster with a low interreplicate distance, indicated by the dark blue color on the diagonal of the cluster. This indicates that replicates in the drought-stressed group exhibit consistent gene expression patterns. In contrast, samples from the control group showed greater variation between replicates, reflected by the lighter color (white to light blue) in the interaction areas between control samples. This indicates a relatively larger distance between control samples compared to the drought-stressed group, although still within reasonable limits.
Furthermore, the distance between biological replicates within a single group (both control and drought-stressed) showed good uniformity, indicating consistent data quality and low technical variation between replicates. Meanwhile, the higher distance values between the control and drought-stressed groups strengthen evidence that the drought treatment affected changes in gene expression patterns. These results support the sustainability of the differential gene expression (DEG) analysis, as the data structure showed cluster separation consistent with the treatment design, and no outliers were found among the samples.
DESeq2 models RNA-Seq count data using Negative Binomial (NB) with mean μ and dispersion parameters α (Love et al., 2014). With NB, variance is calculated as var = μ + α · μ², so that genes with relatively low expression have high variance (dispersion), and genes with high expression are relatively stable. DESeq2 estimates dispersion per gene separately (gene-wise), then fits a dispersion trend curve to the mean expression (Love et al., 2014). A dispersion estimation plot is then generated, showing the estimated dispersion for each gene (black dots) and the fitted/predicted dispersion value (red curve).
Based on the resulting plot (Fig. 2C), most genes are distributed around the fitted curve (red), indicating that the NB model fits the data well (Petrany et al., 2024). According to Nowicka and Robinson (2025), a characteristic of good RNA-Seq is a downward trend between mean expression and dispersion. Genes with low expression have relatively high dispersion, while genes with high expression have low dispersion. The negative mean-dispersion pattern in the plot (Fig. 2C) indicates that the RNA-Seq data have been well normalized and fit the assumptions of the NB model, and the statistical model fits the data.
Conversely, the distribution of p-values from the DESeq2 differential gene expression analysis between drought stress and control treatments shows a high-frequency peak near p=0 (Fig. 2D). This pattern is consistent with the expectation that p-value histograms in high-resolution experiments will be a combination of a uniform distribution (for genes with no differential expression) and a distribution dominated by low p-values (for genes with significant differential expression) (Ereful et al., 2021). A peak near 0 indicates that most genes reject the null hypothesis (many genes differ between conditions) (Ereful et al., 2021). Thus, the observed p-histogram pattern (a clustering of low p-values) adds confidence that the DESeq2 analysis results are valid and reflect a real biological signal, not a statistical artifact. The DESeq2 method itself models count data using a negative binomial GLM and performs a Wald test to obtain p-values, which are then adjusted (FDR adjustment) using the Benjamini–Hochberg procedure (Love et al., 2014). A total of 1,793 genes were upregulated and 1,793 genes were downregulated (a total of 3,586 genes significant with adjusted p<0.05), which was found to be consistent with the p-value distribution of a real biological effect under drought stress conditions.
In the MA plot, the X-axis represents the mean expression (mean normalized counts) and the Y-axis represents the log2 fold change (LFC) between the drought stress and control groups (Love et al., 2014). Colored gene dots (e.g., blue) indicate significant genes (padj <0.1 or other threshold). A general characteristic of the MA plot is symmetry of the dots around the zero horizontal line (no change in expression), with some genes scattered above/below it for positive/negative log2FC. The log2FC value itself indicates the magnitude of the biological effect; for example, a log2FC of 1.5 represents an approximately 2^1.5-fold increase in expression under stress conditions (Wang et al., 2025).
Biologically, genes that are differentially expressed under drought stress play a role in the water stress response mechanism. Many studies have reported that under drought stress conditions, high gene expression is involved in the accumulation of osmoregulatory substances (e.g., proline and soluble sugars) for antioxidant defense in dry plants. The accumulation of proline and sugars is a crucial strategy for resisting cellular osmotic stress during drought. Antioxidant enzymes such as superoxide dismutase (SOD) and peroxidase (POD) increase to mitigate oxidative damage, reflecting the activation of cellular defense genes (Wang et al., 2025). Conversely, photosynthesis and primary metabolism genes are often repressed (negative log2FC) during drought (Ma et al., 2022). Metabolites sometimes correlate to the gene expression in other plants like Jatropha (Fendiyanto et al., 2024). Thus, the results of this analysis demonstrate an expression profile consistent with plant adaptive mechanisms to drought. DEG identification revealed 1,227 genes with increased expression and 1,227 with decreased expression (p.adj <0.05 and log2FC >=2). This knowledge is important for understanding specific molecular pathways and can serve as a starting point for further functional analysis, such as gene annotation or co-expression module analysis in the context of drought tolerance.
Analysis of various plots demonstrated clear differences in gene expression between control and drought-stressed samples. The heatmap indicates clustering that differentiates the two conditions, while the dispersion estimation plot demonstrates the stability of the data for differential analysis. The histogram of p-values and MA-plot revealed that most genes did not experience significant changes, but several genes showed significant upregulation or downregulation. These results confirm that drought stress affects the expression of specific genes, which could be the focus of further research in understanding plant adaptation mechanisms.
In this study, differential gene expression data was visualized using a volcano plot, a common graphical representation method in RNA-seq analysis. Volcano plots map the relationship between statistical significance (p-value) and the magnitude of gene expression change (log2 fold change) (O’Connell, 2025). This approach allows genes experiencing the most significant changes in expression, both biologically and statistically, to be visually identified more easily. Significantly upregulated genes are displayed on the right side of the graph, while significantly downregulated genes are displayed on the left side. Genes with the highest level of statistical significance are displayed at the top (O’Connell, 2025).
The volcano plot results in this study were obtained from differential expression data analysis using the DESeq2 package (Fig. 3), which has proven reliable in identifying genes involved in responses to environmental stresses, including drought stress (Love et al., 2014). One of the genes that appeared in the significantly up-expressed group was the DREB (Dehydration Responsive Element Binding) gene, which is known to function as an important transcription factor in the regulation of gene expression related to abiotic stress, including drought.
In this analysis, several genes from the DREB (Dehydration Responsive Element Binding) family were successfully detected in the differential expression results (Fig. 3C), including the Os01t0165000-01/02 and Os08t0545500-01 genes. The Os01t0165000-01/02 gene showed a very high expression level with a log2 fold change (log2FC) value of 21.03 and an adjusted p-value (padj) of 2.52 × 10⁻⁷. This value shows very strong significance, indicating that the expression of this gene experienced a dramatic increase under drought stress conditions. This gene is suspected to be a homolog of OsDREB2A, which is known to be an important transcription factor in the regulation of abiotic stress response genes, including drought (Yavuz, 2025).
In contrast, the Os08t0545500-01 gene had a log2FC value of -0.65 and a padj value of 0.772. These values are well above the general significance threshold (padj <0.05), so this gene was not categorized as significantly differentially expressed. In other words, the expression of the Os08t0545500-01 gene showed no significant changes between control and drought stress conditions. In addition to these two genes, several other DREB genes were also detected in the dataset, but had a baseMean value of 0, meaning there were no gene expression readings in either the control or stress conditions. This suggests that these genes are likely not expressed in the tissue or sampling time used in this study, or are below the detection limit of the sequencing technology used. Overall, these findings support the role of the Os01t0165000 gene as a strong candidate in the molecular response of rice plants to drought stress, and strengthen our understanding of the role of DREB transcription factors in abiotic stress tolerance. DREB2 (Dehydration-Responsive Element-Binding Protein 2) is a member of the AP2/ERF family of transcription factors that plays a key role in regulating plant responses to drought stress. Activation of DREB2 expression triggers a stress protection pathway by binding to the DRE/C-repeat element in the promoter region of target genes, which subsequently induces the expression of various stress response genes such as LEA (Late Embryogenesis Abundant) genes, dehydrins, starch-degrading proteins, and HSP (Heat Shock Proteins). These proteins function to protect cell structure and maintain plant physiological stability under water deficit conditions (Kumar et al., 2024).
Increased expression of OsDREB2A, thought to be represented by the Os01t0165000 gene in this study, may increase the accumulation of protective proteins and osmolytes, which play a role in maintaining turgor and cellular stability during stress. Previous research has shown that transgenic rice plants overexpressing OsDREB2A have a higher survival rate under drought stress than control plants, confirming the important role of this gene in adaptation to abiotic stress (Cui et al., 2011). The very high log2FC value indicates dramatically increased expression under drought stress conditions. This strengthens the hypothesis that increased DREB2 expression, particularly OsDREB2A, is positively correlated with increased rice plant drought tolerance.
Based on the literature, the DREB (Dehydration-Responsive Element-Binding) gene family is divided into two main subgroups, DREB1/CBF and DREB2, which are regulated by distinct signaling pathways. The DREB1/CBF genes are predominantly induced by low temperatures (cold stress), while DREB2 is activated by drought, high salinity, and high temperatures (heat stress) (Ma et al., 2016). Thus, DREB1 is generally associated with the response to cold stress, while DREB2 plays a key role in drought adaptation mechanisms. This finding aligns with the analysis in this study, where 8 hours of drought stress significantly increased DREB2 gene expression, particularly OsDREB2A (Os01t0165000), while the DREB1/CBF gene showed no significant expression changes. This reinforces the interpretation that the observed regulation of DREB expression is directly related to drought tolerance mechanisms, and not a consequence of cold exposure. The literature also reports that overexpression of DREB1 or DREB2 genes can enhance plant resistance to various abiotic stresses. However, this increase is often accompanied by phenotypic side effects, such as stunted plant growth (Ma et al., 2016).
3.4 DREB4 Gene Expression as Priming Effect of Drought Stress in Inpago cultivars
To analyze gene expression, isolates verified to have the target gene were subjected to qRT-PCR using a pair of primers specific for the Actin gene and the target gene DREB4. The qRT-PCR results are depicted as an amplification plot. For the housekeeping Actin gene, the curves in all three test samples (Inpago 6, Inpago 9, and IR64) reached the detection threshold (threshold cycle or Ct) at around 20–25 cycles, indicating relatively high and consistent expression. This indicates that Actin gene expression is stable and unaffected by drought stress.
Meanwhile, the amplification results for the target gene (DREB4) reflected varying levels of expression (Fig. 3). In some samples, the amplification curves crossed the detection threshold early (Ct around 28–32), indicating induction of gene expression. Conversely, several other curves did not reach the detection threshold, indicating very low or undetectable expression (control condition). The DREB4 gene showed low expression in the control and was strongly induced by drought treatment, which can be quantified using the ΔΔCt method.
Quantitative calculation of qRT-PCR results using the ΔΔCt method, with the reference gene ACTIN, is shown in a bar chart (Fig. 4). In the Inpago 6 cultivar under normal, non-stress conditions, DREB4 gene expression was relatively low. A high Ct indicates minimal transcriptional activity of the DREB4 gene under control conditions. An increase then occurred after drought treatment, with DREB4 gene expression increasing approximately 2.5-fold compared to the control (Fig. 4). This indicates that DREB4 is induced by drought stress, signifying the activation of the molecular response pathway to dehydration (Lata & Prasad, 2011).
In Inpago 9, DREB4 gene expression was very low under control conditions. Expression then increased 14-fold after drought treatment compared to the control. This is the highest expression among the three cultivars, indicating that Inpago 9 has a highly responsive molecular mechanism to drought through the DREB4 regulatory pathway. On the other hand, the IR64 cultivar also showed very low DREB4 expression under normal conditions. The high Ct in the amplification plot supports that this gene is almost inactive in the absence of environmental stress. Then, after drought stress, DREB4 expression in IR64 increased drastically up to 16-fold compared to the control. This increase was the highest of all cultivars, indicating a strong genetic induction ability of DREB4 when facing drought (Susanto et al., 2022).
3.2	Discussion
Dehydration-Responsive Element Binding (DREB) genes were initially identified in Arabidopsis thaliana. The AtDREB1 and AtDREB2 genes have been demonstrated to enhance plant tolerance to drought and low temperatures (Sakuma et al., 2002). DREBs are part of the AP2/ERF superfamily and contain highly conserved AP2/ERF domains, which facilitate their interaction with the DRE/CRT cis-elements in target gene promoters (Huang et al., 2020). In numerous plant species, including rice, DREBs are instrumental in regulating the expression of genes involved in abiotic stress defense mechanisms (Sakuma et al., 2002). DREB genes are pivotal in enabling plants to manage stress independently of ABA (Lata & Prasad, 2011). These genes contribute to the expression of various stress-responsive genes. The initial cDNAs isolated for DRE-binding proteins, specifically CBF1, DREB1A, and DREB2A, were discovered through a yeast one-hybrid screening method from Arabidopsis. Subsequently, numerous other DREB genes have been isolated from various plant species. These proteins possess the specific capability to bind DRE sequences, thereby triggering the expression of associated genes (Lata & Prasad, 2011).
Transcriptomics is a scientific discipline focused on the study of transcriptomes, which are the complete set of RNA molecules transcribed from the genome of a specific organism or cell, along with their expression levels. Research in transcriptomics entails the analysis of gene expression patterns through the detection and quantification of RNA transcripts (Shahid, 2024). RNA sequencing (RNA-Seq) is a widely employed technique in this field, involving the sequencing of RNA molecules to achieve a comprehensive and precise representation of the transcriptome. This technology facilitates the measurement of gene expression levels and aids in identifying variations in gene expression across different samples or conditions. The analysis of transcriptomics data necessitates the application of various computational and statistical methodologies. This analytical process encompasses read sequence alignment, transcript assembly, quantification of gene expression levels, differential expression analysis, and functional annotation. Bioinformatics tools and databases are indispensable for managing and analyzing the substantial volumes of data generated from transcriptomics experiments (Shahid, 2024).
Transcriptomics holds significant potential in the realms of biological and medical research. Within the agricultural sector, transcriptomics is employed to elucidate the mechanisms underlying plant tolerance to abiotic stresses, such as drought and salinity. By examining alterations in gene expression under stress conditions, researchers can pinpoint key genes implicated in plant adaptive responses. Additionally, transcriptomics facilitates the discovery of potential disease biomarkers, the identification of novel metabolic pathways, and the comprehension of complex gene-environment interactions (Huang et al., 2020).
DREB genes are categorized into several subgroups based on their structural and functional attributes, encompassing six primary groups (A1–A6) or four clades (I–IV) (Chai et al., 2020). A prominent example is OsDREB4, a member of the rice DREB gene family. This gene, comprising two homologs, OsDREB4-1 and OsDREB4-2, modulates responses to drought and salinity stress and functions as a transactivating factor in stress signaling pathways (Tian et al., 2005). Both genes encode proteins with a conserved AP2 domain, which binds to DRE elements in DNA. They also possess an N-terminal region that potentially serves as a nuclear localization signal (NLS) and a C-terminal region that may act as a transcriptional activation domain. The OsDREB4 gene plays a crucial role in regulating plant responses to abiotic stress, particularly stress induced by drought and salinity (Tian et al., 2005).
Most plants are inherently immobile and thus incapable of evading adverse environmental changes. Consequently, they have evolved physiological mechanisms to recognize and adapt to such conditions (Batool et al., 2025). A notable form of this adaptation is the response to drought stress, which can be simulated in vitro using polyethylene glycol (PEG). PEG serves as an osmotic agent that reduces the water potential in the root environment without being absorbed by plant tissues, thereby effectively replicating drought-like conditions in a laboratory setting (Sobahan et al., 2022). The application of PEG at low concentrations, such as 1% (w/v), can induce mild osmotic stress, sufficient to trigger initial stress signals in plants (Sobahan et al., 2022). This response involves the activation of specific genes, such as DREB, which are crucial transcription factors in regulating the expression of protective genes against water stress. In this early activation phase, the plant prepares its internal defense mechanisms to withstand hostile environmental conditions (Zaffar et al., 2025; Sobahan et al., 2022).
When confronted with pathogens or environmental stress, rice plants can activate localized defense mechanisms. Systemic Acquired Resistance (SAR) is a well-documented phenomenon in some dicotyledonous plants, initiating a systemic defense response to inhibit the spread of infection. A study by Ahn et al. (2005) demonstrated a priming mechanism in rice through the administration of thiamine to the Hwacheong and Nakdong varieties prior to inoculation with the pathogens Magnaporthe grisea (the causative agent of blast disease) and Xanthomonas oryzae pv. oryzae (the causative agent of leaf blight). The findings revealed that the priming effect significantly mitigated disease severity. Thiamine induced the expression of defense genes such as PR-1, PBZ1, and POX22.3 earlier than the typical response. These results suggest that thiamine holds substantial potential as a SAR-inducing agent for disease management in rice (Ahn et al., 2005). In the future, Rice cv. Inpago 9 could be transformed into a multi-tolerant variety through gene editing, particularly utilizing CRISPR/Cas9 gene editing methods, to enhance drought stress resilience (Fendiyanto et al., 2025).
4. CONCLUSION
In summary, the in silico analysis of RNA-Seq data effectively identified several genes within the DREB family that are implicated in the response of rice plants to drought stress. The expression levels of these DREB genes varied, with OsDREB2A exhibiting the most significant increase in expression (log2FC = 21.03), while several other genes demonstrated low or negative expression levels. Validation of DREB4 gene expression through qRT-PCR analysis across three rice cultivars revealed that drought stress treatment led to an increase in the expression of this gene in all tested cultivars. Specifically, the Inpago 6 cultivar exhibited an approximately 2.5-fold increase in DREB4 gene expression, Inpago 9 showed a 250-fold increase, and IR64 demonstrated a 7.5-fold increase compared to the control condition. These findings suggest that the DREB4 gene plays a pivotal role in the adaptive response mechanism of rice plants to drought conditions, with the Inpago 9 cultivar potentially exhibiting enhanced tolerance to low drought stress, as indicated by priming effect studies
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able 1. DREB4 primers for gene expression studies
	Primer
	Sequence (5’-’3)

	DREB_F
	ATGGAAGCAGACGCGAGCCATA

	DREB_R
	GGCTACYCGGCCCACAAGAGT

	Actin_F
	GAAGGATGCCTATGTTGGTGA

	Actin_R
	CTTCATAGATTGGCACGGTGT
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Fig-1. Comparison of rice plant growth over 14 Days in rice cv. Inpago 6 (A), Inpago 9 (B), IR64 (C) under Control and Treatment conditions. Boxplot: Leaf Length (D), Root Length (E) under control (yellow) and treatment stress (blue).
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Fig-2. Clustering study and quality checking of dataset expression. Visualization of Principal Component Analysis (PCA) of Rice Plant Gene Expression under Control and Drought Stress Conditions (A). Heatmap of Inter-Sample Distances Based on Rice Plant Gene Expression under Control and Drought Stress Conditions (B). Gene Dispersion Estimation Based on the Negative Binomial Model (C). MA plot of Differential Gene Expression Analysis (DEGs) between Drought Stress Treatment Groups and the Control (D).
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Fig-4. Gene expression of DREB4 in rice cv. Inpago 6 (A), Inpago 9 (B) and IR64 (C) between control and drought stress treatment. Electrophoregram of RT-PCR of DREB4 gene of rice in control and drought stress treatment (D). Houskeeping gene: Actin as internal control. M= marker 1kb, K= control and P= drought treatment, C= ddH2O or non-template cDNA (Supplementary 1 for raw data).
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ERF12,  DREFL, | 1.4004 Drought-responsive ethylene response factor,

ERF1, AP2/ERF70 Transcriptional  activator, Drought response
through controlling the ethylene ~synthesis
(0s08t0454000-01)

AP2, ERF108, | -0.0889 AP2/ERF transcription factor, Drought stress

AP2/ERF1, RDG2 response (0s01t0131600-01)

AP2/ERF129, 0.1753 AP2/ERF and B3 domain-containing protein, RAV

ABI3/VP1-2, family protein, Salt stress response, Repression of

RAV2, TEM1 photoperiodic flowering (0s01t0141000-01)

OsDREB2A 21.0253 Transcription factor, Dehydration and salt stress
tolerance  (0s01t0165000-01) DRE  binding
protein 2. (0s01t0165000-02)

OsDREB1J, 0.6451 ERF family protein, DREBI (dehydration-

OsDREB1I, responsive element binding protein) homolog

OsDREB1G (0s08t0545500-01)

OSsDREBIF ns DREB transcription factor, Drought tolerance, Salt

% (o and low temperature tolerance (0s01t0968800-

o5 01)

OsDREB1G ns ERF family protein, DREB1 (dehydration-
responsive element binding protein) homolog
(0s02t0676800-01)

OsDREBIG ns Typical CBF/DREBI transcription factor,

OsDREB1I Dehydration-responsive element binding protein
1G, Cold stress tolerance, Positive regulation of
heat, salt and drought tolerance (0s02t0677300-
02)

OsDREB1D ns Homolog of CBF/DREB1 (0s06t0165600-01)
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