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Abstract

:

Salinity is a major abiotic stressor that leads to productivity losses in rice (Oryza sativa L.). In this study, transcriptome profiling and heterosis-related genes were analyzed by ribonucleic acid sequencing (RNA-Seq) in seedlings of a mega rice hybrid, Liang-You-Pei-Jiu (LYP9), and its two parents 93–11 and Pei-ai64s (PA64s), under control and two different salinity levels, where we found 8292, 8037, and 631 salt-induced differentially expressed genes (DEGs), respectively. Heterosis-related DEGs were obtained higher after 14 days of salt treatment than after 7 days. There were 631 and 4237 salt-induced DEGs related to heterosis under 7-day and 14-day salt stresses, respectively. Gene functional classification showed the expression of genes involved in photosynthesis activity after 7-day stress treatment, and in metabolic and catabolic activity after 14 days. In addition, we correlated the concurrence of an expression of DEGs for the bHLH transcription factor and a shoot length/salinity-related quantitative trait locus qSL7 that we fine-mapped previously, providing a confirmed case of heterosis-related genes. This experiment reveals the transcriptomic divergence of the rice F1 hybrid and its parental lines under control and salt stress state, and enlightens about the significant molecular mechanisms developed over time in response to salt stress.
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1. Introduction


Heterosis is an event whereby the heterozygous first filial (F1) hybrid displays growth or fertility superiority over its homozygous parents, and has been widely used in rice-breeding practices for increasing grain yield. Heterosis breeding is a powerful tool to secure global food demands, because of its 10–20 percent higher yield than its two parental lines [1]. The underlying molecular mechanisms of heterosis are broadly exploited by plant breeders in modern breeding programs, however, as yet complex heterosis yet remains poorly understood [2]. Before the development of molecular genetics tools, heterosis focused mainly on three non-mutually exclusive hypotheses, of dominance, single-locus overdominance, and pseudo-overdominance [3]. Evidence for each hypothesis has been presented [4,5,6,7]. Recently, the yield heterosis of super hybrid rice was studied by integrating phenomic, genomic, and transcriptomic data. The comprehensive mapping and analysis of heterosis QTLs with multi-omics tools provide valuable data for both testing heterosis hypothesis and purposely manipulating heterosis for breeding new cultivars.



However, research reported that differential expression of genes could be responsible for heterosis in parental lines and hybrids [8,9]. The present advancement of molecular techniques facilitates expression profiling analysis at the RNA level, and transcriptome profiling can be used to identify the underlying molecular mechanisms of heterosis between a hybrid and its parents. For example, with the RNA-seq analysis, a total of 536 and 269 differentially expressed genes (DEGs) were identified between a hybrid and its parents at the seedling stage for roots’ response under potassium deficiency, respectively [10]. Transcriptome analysis of divergent tissues of the hybrid rice and parents revealed that 10% of genes were differentially expressed among parents and hybrid, and about 0.5–1.4% of expressed genes were detected as non-additive genes [11]. Transcriptome-based heterosis-associated gene analysis has been carried out for a wide range of traits in rice, maize, cotton and Arabidopsis [10,11,12,13,14]. Heterosis contributes to superior phenotypic performance for a broad range of attributes, such as plant height, biomass, grain and grain yield and environmental stress adaptation, but salt stress response transcriptomic expression in hybrid rice is still not clearly understood.



Salinity stress is one of the most consequential abiotic stresses that hamper the plant lifecycle. The world climate change is seriously contributing to increases of soil salinity and reducing crop productivity. Soil salinity is one of the critical abiotic stresses significantly limiting crop production all over the world. Approximately 20% of irrigated and 8% of rainfed agricultural land are affected by salinity [15,16]. Several transcriptome analyses have revealed that thousands of transcription factor genes are altered in response to salt stress [17,18]. However, limited statistics are available on the underlying mechinisms of salt stress and heterosis-related genes. Transcriptomic analysis has been used to recognize DEGs of the rice inbred lines 93-11 and PA64s and their heterozygous F1 (LYP9) hybrid in response to grain quality traits and root traits under potassium stress [10,11], but salt stress response DEGs for heterosis are not widely reported. Therefore, finding out if genes are associated to heterosis is crucial to unveil candidate genes with important functions in the response to salinity stress and the underlying mechanism of heterosis.



Salinity is a major problem for rice (Oryza sativa L.)-based farming systems in coastal areas. About one third of the irrigated rice-growing area is affected by salinity [19]. Soil salinity effects on rice may vary depending upon its different development stages and stress duration period [20]. The effect of salinity stress arises as a result of the relationship between the physiological and molecular responses of plants [21]. Understanding the salt stress-tolerance mechanism of rice is crucial for identifying the responsible genetic material and introducing hybrid rice in salinity stress-prone areas. To investigate the molecular mechanisms in the response to salt stress, the expression profiles of LYP9 and its parental lines were compared in seedlings under 7- and 14-day salinity stress treatment by RNA-seq, and heterosis-associated genes were analyzed to explore the underlying mechanism of heterosis. The results lay an important foundation for a better understanding of salt-tolerance mechanisms in hybrids, and allow insight into the underlying molecular basis of heterosis under salt stress.




2. Materials and Methods


2.1. Plant Growth Condition and Salinity Stress Treatment


Rice cultivars 93–11, PA64s and their hybrid LYP9 were cultured hydroponically in a growth chamber under the following conditions: 14 h photoperiod, under a temperature regime of 30 °C/25 °C and a relative humidity level of ∼70%. To grow seedlings under hydroponics culture, the grains were surface-sterilized and allowed to germinate in water for 3 days. The germinated seedlings were then transferred to nutrient solution containing 1.425 mM NH4NO3, 0.42 mM NaH2PO4, 0.510 mM K2SO4, 0.998 mM CaCl2, 1.643 mM MgSO4, 0.168 mM Na2SiO3, 0.125 mM Fe-EDTA, 0.019 mM H3BO3, 0.009 mM MnCl2, 0.155 mM CuSO4, 0.152 mM ZnSO4 and 0.075 mM Na2MoO4 [22]. The pH was adjusted to 5.5–5.8. The nutrient solution was replaced every 2 days to adjust the volume and pH of the nutrient solution. Seedlings were cultured in hydroponic solution for two weeks, and after that, half of the seedlings were transferred to NaCl-containing solution under 100 mM NaCl/L salt treatment as the salt stress treatment (S), and half of the seedlings were cultured in normal solution as a control (CK) for a further 2 weeks. Shoots of control seedlings were collected at 14 days and treated at 7 and 14 days of salinization for further assays.




2.2. Phenotype Evaluation of Seedlings under Salt Stress


Ten plants per line of uniform growth were evaluated for traits related to salinity tolerance, such as shoot length (SL), root length (RL), shoot fresh (SFW) and dry weight (SDW) and root fresh (RFW) and dry weight (RDW). Shoot lengths were measured from the base of the culm to the tip of the tallest leaf, expressed in centimeters, and fresh weights were taken of the same leaves in milligrams. Root lengths were measured from the base of the culm to the tip of the longest root, and fresh weights were also measured of the same roots. Root lengths were measured in centimeters and fresh weights in milligrams. For dry weights, five plants per line per replication were collected and dried at 65 °C in an oven for 5 days prior to weighing and expressed in milligrams. For transcriptomic analysis, we collected 5 shoot samples from each of 2 biological replicates of each group after 7 and 14 days of treatment. The shoot samples were frozen in liquid nitrogen and stored at −80 °C until they were used for transcriptome sequencing.




2.3. RNA Extraction and cDNA Library Preparation and Sequencing


Total RNA was isolated from both the parents 93-11, PA64s and LYP9 under control and salt treatment by using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA) and purified using poly-T oligo-attached magnetic beads (Illumina, San Diego, CA, USA). RNA was stored at −80 °C until it was used for transcriptome sequencing and real-time fluorescent quantitative PCR validation. The purified RNA was used to construct the cDNA library using the AMPure XP system (Beckman Coulter, Beverly, CA, USA). Fragmentation was carried out using divalent cations under elevated temperature in an Illumina proprietary fragmentation buffer. First-strand cDNA was synthesized using random oligonucleotides and SuperScript II. Second-strand cDNA synthesis was subsequently performed using DNA polymerase I and RNase HExtracted. After the library construction was completed, the library fragments were enriched by PCR amplification, and then the library selection was performed according to the fragment size, and the library size was 300–400 bp. Next, the library was subjected to a quality test by an Agilent 2100 Bioanalyzer, and the total library concentration and the effective concentration of the library were examined. After RNA extraction, purification and library construction, the library was subjected to paired-end (PE) sequencing based on the Illumina HiSeq sequencing platform using next-generation sequencing (NGS). Subsequently, removing adaptor sequences and low-quality reads, the high-quality paired-end reads were mapped to the 93–11 reference genome (Oryza_indica.ASM465v1.dna.toplevel.fa) using the spliced read mapper TopHat version 2.0.12 [23]. The prcomp function in R software with default settings was used to perform principal component analysis (PCA) on each sample based on the amount of expression and interpret the relatedness among all replicas in each genotype.




2.4. Data Filtering and Assembly


Before assembly of the transcriptome data, a stringent filtering process was carried out. Data filtering was performed using Cutadapt. For filtering, the 3′ end of the adaptor was cut with Cutadapt, and the removed part and the known linker have at least 10 bp overlap. The adapter sequences of the raw reads were removed, and low-quality sequences (reads with ambiguous bases ‘N’) and reads with more than 20% Q < 20 bases were removed.




2.5. Analysis of Differentially Expressed Genes and Functional Annotation


Differentially expressed genes (DEGs) were analyzed using the DESeq method by comparing the read counts of the transcripts of the control and salt-treated samples. The expression of all genes was determined with FPKM (fragments per kilobase of exon per million fragments mapped) values using the software Cufflinks. Significant differentially expressed genes were determined based on a threshold of two-fold expression change and false discovery rate (FDR) < 0.05. Differentially expressed genes were annotated using the “Ensembl” database (http://www.ensembl.org/, accessed on 1 October 2019) data version ASM465v1.40 and were subjected to GO enrichment analysis using topGO.




2.6. RT-qPCR Analysis


Total RNA was extracted from fresh leaf samples of the super rice hybrid LYP9, and its parents PA64s and 93–11, under control and two salt stresses using a Micro RNA Extraction kit (Axygen) and reverse transcribed into cDNA using a Rever Tra Ace qPCR-RT kit (TOYOBA, Japan). qPCR for the qSL7 gene was conducted on an ABI PRISM 7900HT Sequence Detector (Applied Biosystems) according to the manufacturer’s instructions. Primers for RT-qPCR are listed in Supplementary Table S3. The rice histone gene was used as an internal control. Two biological replicates of each sample were prepared.





3. Results


3.1. Transcriptome Sequencing of the Hybrid LYP9 and Its Parents under Two Salinity Stresses


To investigate the transcriptional changes in rice under salinity stress, we grew LYP9, 93-11 and PA64s plants hydroponically under 0 and 100 mM NaCl and evaluated the shoot length (SL), shoot fresh weight (SFW), shoot dry weight (SDW), root length (RL), root fresh weight (RFW) and root dry weight (RDW) (Supplementary Table S1). However, the salt injury symptoms appeared in the seedlings after one day of NaCl treatment. Visual symptoms showed up as brownish leaf tips, yellowing of leaves, drying leaves, reduction in shoot growth and stunted height in both parents. Similar damage symptoms appeared in LYP9, but in less number of leaves and increased in time of stress imposed (Supplementary Figure S1).



An Illumina HiSeq™ 2500 was used to conduct high-throughput transcriptome analysis of control and salt-treated rice seedling samples of super rice LYP9 (l), and its parents 93-11 (y) and PA64s (p) at three time points (Supplementary Figure S1). To evaluate the potential molecular mechanism underlying salt tolerance, we compared LYP9 and both parents at the transcriptional level. DESeq software was used to compare the expression levels of all transcripts, followed by topGO for enrichment analysis of the GO categories. We used two biological replicates of super hybrid LYP9 and two parents under control and stress conditions, thereby constructing 18 cDNA libraries. After removing short and poor-quality reads, clean reads were obtained at three time points, and accounted for over 88% of the total sequences (Table 1). The Q20 (~97%) and Q30 (~93%) values indicated that the quality of the sequencing data was ample to carry out further transcriptome analysis (Table 1).



Approximately 88% of the clean reads were aligned with the reference genome. We examined the density plot based on the distributions of FPKM scores and correlations among the experimental samples using Pearson’s correlation coefficient (Supplementary Figure S2A,B). As shown in Supplementary Figure S3, PCA and the r-index values among the sample ranged from 0.69 to 0.99, revealing high correlation among the two biological replicates of eighteen LYP9, 93-11 and PA64s samples under CK and salt treatments. All of the tested samples were efficient, the experiment was repeatable and the transcriptome data were dependable for further assessment of the DEGs.




3.2. Identification of Salt Stress Response Differentially Expressed Genes (DEGs) by RNA-Seq


We compared the levels of all transcripts among 7-day and 14-day salt-treated samples using DESeq software. Significant DEGs were screened with the criteria of fold change ≥ 1 and FDR ≤ 5% among different samples. Hierarchical cluster analysis showed that all the samples were in the immediate vicinity of each other, which reflected the high efficiency of reproducible results of RNA-Seq (Figure 1, Supplementary Table S2).



To identify the DEGs in the three genotypes, six pairwise comparisons: A1 (CKp vs. S-p_7), B1 (CKp vs. S-p_14), A2 (CKy vs. S-y_7), B2 (CKy vs. S-y_14), A3 (CKl vs. S-l_7) and B3 (CKl vs. S-l_14), were performed. Comparison among genotypes shows that, in A1—8292 (3562 up- and 4730 down-regulated), A2—8037 (3585 up- and 4452 down-regulated) and A3—631 (440 up- and 191 down-regulated) DEGs were identified (Figure 2, Supplementary Figure S4). The number of expressed DEGs was lower in LYP9 at 7 days than that in its parents. Whereas, at 14 days, the expressed DEGs were significantly higher. More gene activity was found after 7 days of salt stress acclimation in the parents, but the hybrid showed gene activity after 14 days of acclimation.



Additionally, the DEGs were divided into different types according to the heterosis characteristics among the hybrid rice LYP9, and its parents 93-11 and PA64s, under two stress levels. We defined DEG related with heterosis because of the differences in expression among F1 (LYP9) and its parents: the DEGs between parental lines (93-11 and PA64s) were defined as DEGpp, and the DEGs between the hybrid rice LYP9 and its parents were defined as DEGhp. DEGhp was further divided into two types, i.e., DEGhpu denotes the unique portion of DEGhp and DEGo denotes the overlap between DEGpp and DEGhp. H2P, B2P and L2P represent higher than both parents, between both parents and lower than both parents, respectively. In heterosis analysis, 1727, 1729 and 342 DEGs related with heterosis were observed in control (CK), and after 7 and 14 days of salt stress treatments, respectively. However, the heterosis-related DEGs were found higher in number when compared to the LYP9 and its parents, i.e., in control condition, the LYP9 vs. 93-11 (L/Y) showed 9724 DEGs, whereas LYP9 vs. PA64s (L/P) showed 9827 DEGs. In the salt stress condition (L/Y, L/P), less heterosis-related DEGs were found in 7-day than in 14-day acclimation (Table 2). In the stress condition, the highest number of heterosis-related genes overlapped between DEGpp and DEGhp at 7 days of salt acclimation. Additionally, the DEGs of the hybrid were found to be higher than both parents (3251) at 14 days after salt treatment, whereas the common DEGs of the hybrid and its parents were found to be lower in number at 14 days (Table 2). This suggested that the hybrid performed better than its parents under prolonged salt stress conditions. To further understand the function of DEGs, we classified these genes according to their functional categories and relatedness.




3.3. Functional Classification of Common DEGs


To assess the functional and biological process categories of the DEGs in LYP9 and both parents under stress conditions, we performed GO enrichment analysis. Comparative GO analysis between the three genotypes revealed that the salt-stress-related DEGs are related with various molecular, cellular and biological processes (Figure 3). A total of 27,956 GO terms were matched with all predicted genes. Among the molecular functions, genes that encoded proteins with chlorophyll binding and protein kinase binding activities accounted for a large portion under 7-day and 14-day salt stress acclimation, respectively. In the 7-day stress treatment, most of the DEGs were involved in photosynthesis activities in cellular and biological processes (Figure 3A). Whereas, after the 14-day stress treatment, DEGs were found to be involved in metabolic and catabolic activities (Figure 3B).



Additionally, protein encoding genes confined in organelles were also considered for a large number of those that were differentially expressed under salt stresses. Lots of these genes take part in photosynthesis and their expression was stimulated by adverse environmental conditions. GO classification analysis of the DEGs revealed that these genes perform important roles in response to salt stress.



To gain a better understanding of metabolic processes, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the identified DEGs (Figure 4). The KEGG pathway analysis showed the top 20 most enriched pathway subcategories, including the most profuse group represented as the phenylpropanoid biosynthesis, plant hormone signaling and sugar metabolism. Enrichment analysis also revealed that the DEGs involved in biosynthesis of metabolites were strongly influenced by salt treatment, indicating that salt stress also affects the normal biological functions of the plant (Figure 4). In the 7-day stress treatment, DEGs were involved in stress sensing and processing pathways, such as plants’ hormone signal transduction and MAPK signaling pathways and plant pathogen interaction pathways (Figure 4A). In the 14-day stress treatment, DEGs were also found to be active in the ABC transporter pathway along with other stress sensing pathways (Figure 4B).




3.4. Identification of Transcription Factors That Respond to Salt Stress


High-throughput sequencing is one of the efficient assays for gene expression identification in compared to microarrays and less abundant gene expressions are also detected in this method, such as transcription factors. Further analysis of differentially expressed genes (DEGs) in rice shoots showed that there were 18,992 transcription factors belonging to 59 transcription factor families (Figure 5). Of these, salt stress transcription factors and bHLH DNA binding factor family members were the most numerous. The bHLH transcription factor concurrence correlated to a shoot length/salinity-related quantitative trait locus qSL7 that we fine-mapped previously [16].



Then, we used qPCR to detect the target gene and found that the expression of LYP9 was significantly higher than that of 93-11 and PA64s after 7 days of salt acclimation. Whereas, no significant differences were found among LYP9, 93-11 and PA64s expression under the control and 14-day salt stress treatment (Figure 6 and Supplementary Table S3). The salt stress transcription factor family regulates different stress responses in plants, and the ethylene response factor family are primarily involved in DNA binding. Other transcription factors are included in ion homeostasis and biological processes, including signal transduction and the adverse environmental conditions guarding mechanism.



This experiment engaged in high-throughput sequencing using three materials with two different time point for the analysis of the rice shoot transcriptome under control and salt stress conditions. The findings of the present study revealed that a large number of genes exhibit clear expression changes in response to different salt stress conditions. Among the expressed genes, a large number of them had unknown functions, implying that research on the transcriptional changes in rice caused by salt stress is an abundant area for future investigation.



Furthermore, due to the higher performance of hybrids in comparison with their parental lines, heterosis has been widely studied in plant breeding for years. Three main basic models of classical quantitative genetics could explain heterosis, including comprising dominance, overdominance and epistasis hypotheses [24]. Different study results have revealed that gene expression level dissimilarity between hybrids and their parents may be responsible for heterosis. However, the differences could also be because of the presence of the multi-genetics background in F1. Furthermore, it is well-known that during meiosis division, genes organized in tandem undergo to recombination events that produce new genes in tandem duplicate, which causes dissimilarities between the hybrid and its parents [25]. On the other hand, soil salinity is a major abiotic stress that has huge room for improvement. Despite the complexity of abiotic stress responses, there are several hundred salt-responsive genes that have been identified. Among those, a few genes could be effectively utilized in breeding programs because of their complex biological responses [26]. However, heterosis could be a great genetic tool to improve salt tolerance in plants. In the present study, RNA-seq was used to find out the expression patterns and heterosis in seedlings of the rice hybrid LYP9 and its parental lines 93-11 and PA64s grown under control and salt stress conditions.



The significant difference in gene expression between 9311 and PA64s may be an important genetic element that causes the heterosis of LYP9. We also observed that the number of DEGs increased between the F1 hybrid and its parental line. Further, the heterosis-related DEGs were found to be higher in number when compared to LYP9 and its parents, i.e., in control condition, the LYP9 vs. 93-11 (L/Y) showed 9724 DEGs, whereas in LYP9 vs. PA64s (L/P), it showed 9827 DEGs. In the salt stress condition (L/Y, L/P), less heterosis-related DEGs were found in 7-day than in 14-day acclimations. In the stress condition, the highest number of heterosis-related genes overlapped between DEGpp and DEGhp at 7 days of salt acclimation. Additionally, the DEGs of the hybrid were found to be higher than both parents (3251) at 14 days after salt treatment, whereas the common DEGs of the hybrid and its parents were found to be lower in number at 14 days. These results suggested that the hybrid developed a coping mechanism under the salt stress condition over time.



Among the six pairwise comparisons, the total number of DEGs in control vs. salt stress samples was significantly higher than most of the other salt-treated samples: a total of 8292 (3562 up- and 4730 down-regulated), 8037 (3585 up- and 4452 down-regulated) and 631 (440 up- and 191 down-regulated). However, in tolerant cultivar LYP9, there were more upregulated genes at the 14-day than the 7-day salt treatment, which were different from those of genes showing changes in expression. This suggested that the genes showed transcriptional changes at time periods under salt stress, which supports a previous experiment [27]. The total number of DEGs increased under salt stress, and similar results were obtained for other crop species in previous studies [28,29]. More gene activity was found after 14 days of salt stress acclimation.



Functional classification of DEGs was further assorted by GO enrichment analysis. Many genes were overrepresented in biological processes associated with diverse stress response activities. Both GO and KEGG pathway analysis revealed that most of the DEGs were involved in photosynthesis activity, light reaction and stress responses. Photosynthesis is a major physiological mechanism that produces the energy required for growth and development in plants. Salt stress usually restricts growth or directly leads to metabolic dysfunction in plants [13,30], with strong effects on plant physiology and biochemistry [31,32,33]. Salt stress directly affects photosynthesis by reducing cellular CO2 levels in leaves due to limited diffusion through the stomata [34]. The current findings reveal that salt stress in rice affects the expression of photosynthesis-related genes, including genes in the categories: photosystem I, photosystem II, Rubisco, chloroplast, curvature thylakoid protein, chlorophyll a-b binding protein and PsbP-like protein 1. We uncovered how a hybrid responds under salt stress. These results provide an overview of how heterosis improves the salt-tolerance critical process of plants.



Furthermore, TFs play vital roles in the salt tolerance mechanism in crops via transcriptional regulation. Particular TF families were identified to control and attune salt stress adaptive pathways, such as bZIP, WRKY, ERF/AP2, HB, MYB and bHLH [35,36,37,38]. The HB family TFs with basic helix loop domain are transcriptionally regulated in an ABA-dependent manner, and also act in a signal transduction pathway which arbitrates the abiotic stress response. Several transcription factors of the bHLH gene family were discovered for regulating plant growth and plant responses to salt stress, such as OsbHLH094, OsbHLH062 and OsbHLH035, already reported to take part in salt tolerance by DNA-binding in the promoter region of some ion transporter genes [39,40,41]. In the present study, the highest number of bHLH DETFs were identified. This result is also similar to our previous study, where we identified salt tolerance QTL in a unique position [16]. The temporal gene expression patterns of these TFs involved in RNA processing in the hybrid and its parents could be helpful in understanding the transcriptional regulation in rice under salt stress.





4. Conclusions


Here, we provided a global view of the transcriptomic differences of the elite super hybrid rice LYP9 and its parental lines under two salt stress treatments using RNA-seq. This study suggested that the hybrid has an important role in the reaction to salt stress, and provided new insights into the mechanisms of heterosis in salt tolerance. Additionally, the hybrid LYP9 can tolerate longer periods of salt stress at the seedling stage. Finally, the hybrid LYP9 and its parents PA64s and 93-11 will provide genetic resources for future advancement of rice salinity tolerance.
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Figure 1. Hierarchical cluster analysis of 18 samples of three rice varieties, LYP9 (l), PA64s (p) and 93-11 (y), under control (CK) and salt stress (S) conditions at 7 and 14 days. 
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Figure 2. Venn diagram for differentially expressed genes of three rice varieties, LYP9, PA64s and 93-11, between the control (CK) and two salt (S) treatments. Where, A1 (CKp vs. S-p_7), B1 (CKp vs. S-p_14), A2 (CKy vs. S-y_7), B2 (CKy vs. S-y_14), A3 (CKl vs. S-l_7), B3 (CKl vs. S-l_14). 
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Figure 3. GO classification of differentially expressed genes of three rice varieties, LYP9, PA64s and 93-11, under two salt stresses. Here, (A) GO classification at 7 days, (B) GO classification at 14 days. CC—cellular component, MF—molecular function and BP—biological process. 






Figure 3. GO classification of differentially expressed genes of three rice varieties, LYP9, PA64s and 93-11, under two salt stresses. Here, (A) GO classification at 7 days, (B) GO classification at 14 days. CC—cellular component, MF—molecular function and BP—biological process.



[image: Agronomy 11 01328 g003]







[image: Agronomy 11 01328 g004 550] 





Figure 4. Top enriched KEGG pathways of the DEGs in PA64s 93-11 and LYP9 at 7- and 14-day stress treatments. Here, (A) KEGG pathway of DEGs at 7 days, (B) KEGG pathway of DEGs at 14 days. The corresponding pathways are listed on the Y-axis, and the rich factor values are listed on the X-axis. Different sized circles represent different numbers of DEGs, whereas their color (FDR) represents the adjusted p-value. 
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Figure 5. The summary of TFs’ gene families represented in differentially expressed genes. 
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Figure 6. qPCR analysis of qSL7 for expression analysis of three rice varieties, LYP9 (l), PA64s (p) and 93-11 (y), CK refers to control condition, S-7 refers to salt stress treatment at 7 days, S-14 refers to salt stress treatment at 14 days. * Indicates the 5% level of significance.4. Discussion. 
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Table 1. Sequencing statistics of 18 RNA libraries.
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	Sample
	Raw Data (bp)
	Clean Data (bp)
	Q20 (%)
	Q30 (%)
	Total Mapped





	CKl_1
	7,923,985,022
	7,518,704,344
	97.32
	93.36
	46,372,093 (93.13%)



	CKl_2
	6,480,020,342
	6,146,625,630
	97.58
	93.36
	37,908,455 (93.13%)



	CKy_1
	7,446,201,694
	7,064,073,846
	97.44
	93.61
	44,311,077 (94.72%)



	CKy_2
	7,585,693,380
	7,207,629,244
	97.58
	93.89
	44,852,039 (93.97%)



	CKp_1
	7,190,156,100
	6,797,538,000
	97.47
	93.56
	43,303,322 (95.56%)



	CKp_2
	7,312,592,400
	6,912,223,200
	97.51
	93.64
	43,166,663 (93.67%)



	S-l_7_1
	7,253,315,100
	6,839,539,800
	97.53
	93.67
	42,824,053 (93.92%)



	S-l_7_2
	7,295,699,100
	6,890,722,800
	97.35
	93.24
	43,026,950 (93.66%)



	S-y_7_1
	7,274,557,500
	6,870,173,400
	97.54
	93.66
	43,685,297 (95.38%)



	S-y_7_2
	8,194,719,300
	7,745,438,400
	97.38
	93.35
	49,557,272 (95.97%)



	S-p_7_1
	7,487,282,700
	7,087,584,600
	97.56
	93.74
	45,026,497 (95.29%)



	S-p_7_2
	7,109,772,900
	6,710,789,400
	97.51
	93.64
	42,096,782 (94.10%)



	S-l_14_1
	8,286,700,612
	7,863,880,378
	97.30
	93.34
	48,575,755 (93.27%)



	S-l_14_2
	6,374,416,680
	6,056,998,372
	97.24
	93.25
	36,757,809 (91.64%)



	S-y_14_1
	7,336,768,974
	6,948,243,860
	97.49
	93.72
	43,152,182 (93.78%)



	S-y_14_2
	7,461,388,972
	7,071,076,924
	97.46
	93.64
	44,220,646 (94.43%)



	S-p_14_1
	8,189,553,600
	7,718,297,100
	98.01
	94.62
	48,529,365 (94.31%)



	S-p_14_2
	6,494,686,800
	6,111,858,300
	97.97
	94.51
	38,808,204 (95.24%)
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Table 2. Number and classification of DEGs according heterosis analysis.
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Traits

	
DEGpp

	
DEGhp




	
L/Y

	
L/P

	
DEGhpu

	
DEGo

	
H2P

	
B2P

	
L2P






	
CK

	
1727

	
9724

	
9827

	
10,139

	
470

	
3430

	
1523

	
6505




	
7-day

	
1729

	
1397

	
1952

	
1592

	
142

	
1412

	
811

	
501




	
14-day

	
342

	
7581

	
5473

	
7993

	
65

	
3251

	
192

	
4834








Note: Y, L and P refer to 93-11, LYP9 and PA64s, respectively. CK refers to the control condition. DEGpp refers to DEGs between both parents, DEGhp refers to DEGs between the hybrid and parents. L/Y refers to DEGs between LYP9 and 93-11, and L/P refers to DEGs between LYP9 and PA64s under salt stress. DEGhpu denotes the unique portion of DEGhp, and DEGo denotes the overlap between DEGpp and DEGhp. H2P, B2P and L2P represent higher than both parents, between both parents and lower than both parents, respectively.
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