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Abstract 
 

Drought is one of the abiotic stresses on plants, causing significant detrimental impacts, especially to lowland rice (Oryza 

sativa L.) ecosystems. In order to obtain new insights on osmotic stress in rice, a comparative study using a Next-Generation 

Sequencing platform was conducted to elucidate osmotic-responsive genes from two local Malaysian rice cultivars, namely 

the commercially available drought-tolerant MR220 and the drought-sensitive MR211. In the study, 21-day-old seedlings of 

MR220 and MR211 were exposed to 6% PEG 6000 for 24 h, which produced osmotic stress that mimicked the drought 

condition. The samples were collected and total RNA extracted. Two transcriptomic libraries were constructed from both rice 

cultivars using the Illumina HiSeq 2000 platform. A total of 77,964,138 and 92,699,454 raw sequence reads were generated 

from these libraries. Based on the gene annotation of O. sativa, a total of 106 genes were identified as differentially and 

significantly expressed in drought-tolerant and drought-susceptible cultivars, and a total of 29 genes were categorized as 

unknown genes. From the 106 differentially expressed genes (DEGs), 14 genes were up-regulated, while another 92 were 

down-regulated in RM220. Gene Ontology (GO) and KEGG analysis were conducted to obtain the functional and biological 

role of the differentially expressed genes. Overall, this study gave further insight on rice defense mechanisms system in low 

water potentials at early stages of stress. © 2019 Friends Science Publishers 
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Introduction 

 

Rice (Oryza sativa L.) is one of the most important crops in 

the world; over half of world's population consumes rice as 

a staple food (Jackson, 2016). Over 165 million hectares 

were planted worldwide in 2013 with about 90 percent of 

the rice production coming mainly from Asia, of which 

nearly 51 million hectares were in the Southeast Asia region 

(FAOSTAT, 2015). In Malaysia, rice is grown on about 

673,745 hectares of land, which annually produces 2.6 

million tons of paddy grain valued at RM 2 billion (Siwar et 

al., 2014). However, in meeting world demand, the most 

limiting factor rice production faces is drought stress 

(Mostajeran and Rahimi-Eichi, 2009; Ambavaram et al., 

2014; Todaka et al., 2015). 

Drought significantly influences many rice-growing 

regions in the world especially in lowland rice ecosystems 

(Passioura, 2007; Shukla et al., 2012). Observations have 

shown that the percentage of land affected by drought 

has increased by more than a factor of two from 1970s 

to early 2000s around the world (Isendahl and Schmidt, 

2006). The problem has further escalated with the global 

climate changes in agricultural areas and increased world 

population (Hongbo et al., 2005). Drought stress at different 

stages of rice growth gives a different effect on rice 

physiological traits. For instance, drought stress at the 

vegetative stage causes the rice plant height to be reduced, 

which eventually affects the rice yields at mature stage 

(Sarvestani et al., 2008). 

Polyethylene glycol (PEG) is a non-ionic, inert 

molecule that can have a range of molecular weights and is 

widely used to induce water stress and consistent water 

potential in experiments related to drought (Lu and 

Neumann, 1998; Turkan et al., 2005). PEG stimulates 
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drought (osmotic) stress without the confounding 

environmental factors that are usually associated with field 

experiments (Almansouri et al., 2001; Landjeva et al., 

2008). Studies have been conducted using PEG as a drought 

inducer in maize, barley, wheat, potato, sunflower, soybean 

and rice (Lu and Neumann, 1998; Ahmad et al., 2009; 

Hassanpanah, 2010; Wani et al., 2010; Jain et al., 2013; 

Mirbahar et al., 2013; Singh et al., 2013; Ye et al., 2013; 

Opitz et al., 2014; Mujtaba et al., 2016; Zhang et al., 2016). 

A recent surge in the use of the latest genome 

sequencing technology has increased the availability of 

sequencing data of important crops including rice. A 

complete rice genome has been sequenced. Due to its 

relatively small genome size of about 430 million base 

pairs, which represents about 30,000 expressed genes, 

rice is considered as a model plant representing the 

monocots (Jackson, 2016). These raw information needs 

to be characterized and functionally annotated. With the 

completion of the whole genome sequencing of indica 

and japonica rice, rice research has gained a new pace 

that has led to several significant scientific achievements 

in understanding rice development, yield and stress 

responses for example. 

RNA-Seq is a high-throughput sequencing based 

method, which represents transcriptome and expression 

studies (Sasaki, 2005). Information which includes the 

identification of transcription sites and new splicing 

variants, monitoring of allele expression, cataloguing all 

transcript species, quantifying expression level of each 

transcript in different conditions and quantification of exon 

expression and splicing site can be generated from the 

transcriptome data (Wang et al., 2009; Nagalakshmi et al., 

2010; Yamashita et al., 2011). Thus, RNA-Seq was chosen 

to identify novel drought related-tolerant transcripts and 

genes from our local cultivar. 

Hence, a study was designed as to characterize the 

expression profile of drought-induced transcripts via high-

throughput sequencing technology. Japonica rice cultivars 

were chosen to investigate drought response: Malaysian 

cultivar MR220, a commercial drought-tolerant cultivar, and 

MR211, which is susceptible to drought. MR220 is also one 

of most high-yielding cultivars in Malaysia. 

 

Materials and Methods 
 

Seeds of MR211 and MR220 (Abdul et al., 2012) were 

obtained from the Malaysian Agricultural Research and 

Development Institute (MARDI). The seeds were sterilized 

with 5% sodium hypochlorite and then placed in boxes 

submerged in distilled water for three days in darkness at 

room temperature to germinate. Three-day-old seedlings 

were transferred to a hydroponic box as shown in (Fig. 1). 

After seven days, the seedlings were fertilized with half-

strength Yoshida's solution (Yoshida et al., 1976) and 

grown at 30°C under control light of 12 h light/12 h dark 

cycles for a week. At fourteen days, seedlings were then 

treated with full strength Yoshida's solution for another 

week. The 21-day-old seedlings at the three-leaf stage 

were treated with 6% of PEG 6000 in Yoshida's solution 

(Chutia and Borah, 2012), which mimicked the specific 

drought condition (unirrigated water stress) (Fig. 1). 

After 24 h of the PEG 6000 treatment, the samples were 

collected and snap-frozen immediately in liquid nitrogen 

until further processing. 

Total RNA was extracted using RNeasy Plant Mini 

Kit (Qiagen, USA) following the manufacturer’s 

instructions. The quality and integrity of total RNA 

extracted were analysed using agarose gel 

electrophoresis. The quantity of RNA was measured 

using a NanoDrop ND 1000 Spectrophotometer (Termo 

Scientific, USA). The RNA integrity was assessed using 

the Agilent 2100, BioAnalyzer (Agilent Technologies, 

USA). The total RNA extracted was stored at -80°C for 

further processing (Chan et al., 2017). 

The TruSeq™ RNA Sample Preparation Kit was used 

for mRNA library preparation. The first step involved the 

purification of poly‐A–containing mRNA molecules using 

poly‐T–oligo‐attached magnetic beads. Following the 

purification steps, the mRNA was fragmented into small 

pieces using a divalent cation under elevated temperature. 

The cleaved RNA fragments underwent cDNA synthesis 

twice: the first strand of cDNA was synthesized using 

random hexamers primers and reverse transcriptase, and the 

second strand cDNA was synthesized to replace the RNA 

template. Ampure XP beads were used to separate the 

double-stranded cDNA from the second-strand reaction 

mixture. The cDNA was subjected to an end-repair process, 

i.e. the addition of a single 'A' base, and lastly, the adapters 

were ligated into the cDNA. The sequencing process was 

carried out using HiSeq
TM

 2000 (Illumina, USA). 

The quality of raw sequence reads were examined 

using FastQC (v0.11.2) (http://www.bioinformatics. 

babraham.ac.uk/ projects/fastqc). To obtain a high quality of 

sequence reads for further analysis, the raw sequence reads 

were trimmed using Trimmomatic (v 0.32) 

(http://www.usadellab.org /cms/?page= trimmomatic) to 

remove the adapters. 

The high-quality pair end sequence reads for each 

sample were mapped to the International Rice Genome 

Sequencing Project (IRGSP-1.0) genome assembly 

(http://rapdb.dna.affrc.go.jp/) using Bowtie 2 (v2.2.4) 

(http:// http://bowtie-bio.sourceforge.net/bowtie2) and 

TopHat (v2.0.14) (http:// ccb.jhu.edu/software/tophat) 

(Trapnell et al., 2012). The gene annotations of O. sativa 

Japonica were retrieved from Ensemble database 

(http://plants.ensembl.org/Oryza_sativa/Info/Index) to guide 

the mapping process. The resulting alignment in BAM 

format from each sample was assembled using Cufflinks 

(v2.2.1) (http://cole-trapnell-lab.github.io/cufflinks/) to 

construct the transcript sequences. Cuffmerge (v2) was used 

to assemble the transcripts from both samples and construct 

the consensus transcripts. 
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Gene expression levels were measured as Fragments 

per Kilobase per Million Reads (FPKM). The result of 

FPKM value that is less than 0 was filtered to minimize 

false positive and negative error. The unique genes from the 

transcriptomic libraries were analysed using MapMan 

(3.6.0CR1) (http://mapman.gabipd.org/web/guest/mapman-

version-3.6.0). To estimate the differentially expressed 

genes (DEG) between both samples, Cuffdif (v6) was used 

and the parameter for transcript DEGs identification was as 

shown; fold change and less than or equal to 0.05 for false 

discovery rate (FDR). Statistical analysis of the differential 

expressed genes was performed using the R package, 

CummeRbund (v2.12) (http://www.bioconductor.org/ 

packages/release/bioc/html/cummeRbund.html). Finally, the 

gene annotations of significantly differentially expressed 

genes were performed based on Rice Annotation Project 

Database (RAP-DB) gene annotation database using 

custom-made R script. 

To elucidate the molecular function and biological 

process of significantly expressed genes, the Gene Ontology 

(GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) analysis were carried out using Blast2Go program 

(v3.0.10) (https://www.blast2go.com/blast2go-

pro/download -b2g). The KEGG analysis 

(http://www.genome.ad.jp /kegg/) was used to identify 

the biological pathways that are active in rice plant by 

mapping the detected genes to reference canonical 

pathways. The KEGG pathway database also was used to 

classify gene function. 

 

Results 

 

Illumina Sequencing and Alignment to the Genome 

 

A total of 92 million sequences reads were generated from 

MR211, and 77 million sequences read from MR220. After 

trimming the adapters and filtering out low-quality reads, a 

total of 73 million and 72 million sequence reads from 

MR220 and MR211 were obtained, respectively. The GC 

contents of the samples were 52.51% and 49.53% for 

MR220 and MR211, respectively. Using Tophat and 

Bowtie, these reads were mapped onto a rice reference 

genome, IRGSP-1.0 (http://rapdb.dna.affrc.go.jp/). 

Approximately 90.50% (MR220) and 90.27% (MR211) 

of reads were mapped from both of the transcriptomic 

libraries. The summary of the bioinformatic analysis is 

shown in (Table 1). 

Next, assembly analysis through Cufflink generated 

79,209 and 73,746 expressed genes in the MR220 and 

MR11 libraries, respectively. After being mapped on the 

International Rice Genome Sequencing Project (IRGSP) 

/Rice Annotation Project Database (RAP-DB), the genes 

were clustered into known and unknown genes. Among the 

known genes, 7,749 and 1,757 unique genes were expressed 

in MR220 and MR211, as shown in (Fig. 2). The results 

revealed that during the treatment, MR220 expressed more 

unique genes than MR211. The unique genes were 

further analyzed using MapMan (3.6.0CR1), where the 

reads were mapped on the O. sativa Japonica 

Group/Osa_RAPDB_ Mapping database. The list of the 

unique genes that were expressed in MR220 and MR211 

is shown in (Supplemental Table 1). 
 

Data Analysis and Expression Study 
 

Unique genes from the transcriptome profile of MR220 and 

MR211 generated using MapMan are shown in (Fig. 3). It 

shows the distribution of functional genes obtained from the 

data. Transcription factors, protein modifications and 

receptor kinase in gene regulation were among the most 

highly abundant transcripts being identified. The analysis 

also elucidated that only MR220 expressed abscisic acid 

(ABA) and benzyladenine (BA) in its hormone distribution 

pathway whilst in MR211, gene transcripts that are involved 

in the salicylic (SA) and jasmonate distribution were 

abundant. However, both cultivars seem to express indole-

3-acetic acid (IAA), ethylene and gibberellic acid (GA). 

 
 

Fig. 1: Plants were grown in hydroponic boxes using Yoshida 

nutrient solution. The 21-old day rice plant were treated with 

PEG6000 in control condition and harvested after 24 h of 

treatment 

 

 
 

Fig. 2: The diagram of known genes that were expressed in both 

cultivars. Over 45,227 genes were identified in both MR220 and 

MR211. There are 7,749 and 1757 genes were only expressed in 

MR220 and MR211 respectively 
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To gain a deeper insight into the biology of MR220 

and MR211, a number of differentially expressed genes 

were analysed. A total of 106 differentially expressed 

genes (DEGs) were identified, of which 14 genes were 

found to be upregulated and 92 genes downregulated in 

the treated MR220 (Table 2 and Supplemental Table 2). 

The DEGs were classified into different groups depending 

on their IRSGP gene annotation, as shown in (Fig. 4). 

Most genes were conserved hypothetical genes (40%) 

followed by well-known genes (30%). Non-coding RNA, 

cDNA and protein of unknown function contributed 7% 

each and 2% of the genes were similar to certain proteins. 

Table 1: Summary of sequence reads before and after trimming process, mapping percentages and total number of expressed genes 

 

Sample Total read before trimming Total read after trimming Total Mapped reads GC (%) Total expressed genes 

Drought tolerant cultivar_MR220 77,964,138  73,546,016  90.50 52.51 79,207 

Drought susceptible cultivar_MR211 92,699,454  72,667,254 90.27 49.58 73,746 

 

Table 2: Differential expressed genes (DEGs) in Malaysia rice cultivars, MR220 vs MR211 

 

DEGs  Quantity 

Only expressed in MR220 14 
Only expressed in MR211 85 

Down-regulated in MR220 7 

 

 
 

Fig. 3: Classification of uniquely expressed genes of MR220 and MR211 transcriptomic libraries as generated by MapMan software, 

where (A) is main metabolic pathway group and (B) gene regulations group. Known unique genes were filtered depending on their 

accession number, locus and FPKM values 
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The unknown DEGs annotated from RAP-DB database 

were blasted again using the nr database from NCBI, and 

the results are shown in (Supplemental Table 3). 

Volcano plot were generated regarding to the 

comparison between log2 (fold change) X –log10 (p value) 

which showed as in (Fig. 5). Heat-map diagrams were 

generated as shown in (Fig. 6). This figure shows the 

comparison between MR220 and MR211 for the 

distribution of each gene, based on their FPKM value 

(LOG10 FPKM + 1). Based on this result, we used MR220 

for further analysis. 

 

Gene Ontology (GO) & Enrichment Analysis 

 

Gene Ontology (GO) analysis was performed on the DEGs 

using NCBI database as shown in (Fig. 7). The GO 

annotation suggested that the DEGs involved in biological 

process category ‘metabolic process’ were the most 

prevalent sequences (28.0%), followed by ‘cellular process’ 

(25.0%). In the molecular function category, both ‘cell’ and 

‘organelle’ both had the same value of 38.0%, followed by 

‘membrane’ (12.0%). In the cellular component category, 

‘catalytic activity’ was the main function (46.0%), followed 

by ‘binding’ (44.0%) and ‘molecular transducer activity’ 

(5.0%). From the enriched DEGs result, eleven pathways 

involved in DEGs and some of the genes sharing pathways 

are presented in (Supplemental Table 4). Other interesting 

pathways such as starch and sucrose metabolism, fructose 

and mannose metabolism, biosynthesis of antibiotics, T cell 

receptor signalling, and carbon fixation metabolisms are 

also highlighted. 

 

Discussion 

 

Plants use a combination of different strategies to cope with 

drought stress. Drought avoidance and tolerance behaviours 

such as development of deep root systems, metabolic 

adjustments and altering gene expression are among of the 

strategies that plants have adopted when dealing with 

drought stress. In an attempt to investigate the regulation of 

genes expression in rice during drought stress and to 

discover novel transcripts related to plant defense 

mechanism against this stress, NGS was performed on two 

selected local rice varieties. A comparative study of the 

cultivars MR220 (drought tolerant) and MR211 (drought 

susceptible) were carried out via high-throughput 

sequencing technology. Data obtained from the differential 

analysis between these two transcriptome libraries revealed 

106 genes that were significantly expressed during the PEG-

 
 

Fig. 4: Distribution of DEGs genes annotated from IRGSP 

database 

 

 
 

Fig. 5: Comparison of genes in between the two libraries of 

different drought perception variety, MR220 and MR211 were 

shown in volcano plot. The expression level were estimated by 

FPKM value which comparison between log2 (fold change) X –

log10 (p value) 
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Fig. 6: Cluster of significant differential expression genes in 

MR211 and MR220 based on log ratio FPKM data. The heat-map 

diagram referred to FPKM values for differential expressed genes 

(DEGs) in both cultivars, MR220 and MR211. The different color 

showed the values of log10 FPKM + 1 for each DEGs 
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induced drought stress treatment. The roles and their 

potential as well as their functional attributes toward 

drought stress were further highlighted. 

Several genes were shown to be expressed, for 

instance, secondary signalling molecules such as protein 

kinases. Protein kinases including mitogen-activated kinase, 

membrane receptor kinase, and SNF-related protein kinases 

2 (SnRK2) have been shown to be activated during drought 

stress, involved in the regulation of proline accumulation 

(Kulik et al., 2011; Long et al., 2014; Wu et al., 2015). A 

study by two groups showed that ABA-responsive 

SnRKs 2.2, 2.3, and 2.6 in Arabidopsis thaliana mutants 

are important for osmotic stress and ABA-induced 

proline accumulation (Fujii et al., 2012). Genetic 

manipulation of mitogen-activated protein kinase 

(MAPK) signalling adjusts plant tolerance to abiotic 

stresses and induces proline accumulation. Moreover, 

receptor-like kinase 1 (RPK1), which is a part of leucine 

rich repeat family protein was up-regulated by ABA in 

A. thaliana (Teige et al., 2004; Kong et al., 2011). It was 

then suggested that RPK1 is involved in the main ABA 

signalling pathways and in early ABA perception in A. 

thaliana (Osakabe et al., 2005). 

Cytochrome P450 is one of the largest protein gene 

families in the plant genome. Unfortunately, majority of 

these genes are still uncharacterized (Tamiru et al., 

2015). Based on our results, several P450 genes were 

shown to be significantly expressed. Cytochrome P450 

monooxygenase was established as an abscisic acid 

(ABA) 8'-hydroxylase (Krochko et al., 1998). The 

transcription factors belonging to the CYP707As family 

that encoded ABA-8'-hydrolyse were shown to be 

induced in response to salt, osmotic, and dehydration 

stresses. This study also revealed that the gene is one of the 

key genes involved in ABA catabolism (Saito et al., 2004). 

A study conducted by Degenkolbe et al. (2009) found via 

microarray analysis five genes that encode members of the 

cytochrome P450 family that were highly induced during 

moderate drought stress period. Interestingly, a dwarf small 

seed (dss1) rice mutant line, which had a non-synonymous 

point mutation at one of the P450 genes, CYP96B4/SD37, 

exhibited tolerance to drought stress, suggesting its 

involvement in drought stress response. This mutant plant 

also showed accumulation of ABA and ABA metabolites 

(Tamiru et al., 2015). 

Alpha-amylase inhibitors are a part of large group of 

protease inhibitor subfamilies. Numerous studies have been 

conducted on the involvement of alpha-amylase inhibitors 

in response to abiotic stress. Alpha-amylase inhibitors from 

Amaranthus hypochondriacus have been studied under 

water stress and their activity was shown to be increased 

when exposed to water stress (Sánchez-Hernández et al., 

2004). Proteomic analysis of drought-tolerant wheat 

during grain development showed differential 

expression pattern of alpha-amylase inhibitor which was 

down-regulated in drought-sensitive wheat (Jiang
 
et al., 

2012a). However, our results showed that the inhibitor 

was significantly expressed in the drought-sensitive cultivar, 

MR211. The inhibitor might be activated to help plant 

response to stress at this early stage. 

From our comparative study between MR220 and 

MR211, several up-regulated genes that were suggested as 

responding to low water potential conditions are cysteine 

endopeptidase (Os11t0255300-01, Os01t0907600-00), 

potassium channel kat3 (Os01t0718700-00) and ribosome 

inactive protein RIP (Os03t0688000-00). The up-regulation 

of these genes in MR220 suggested their involvement in 

enhancing the drought tolerance in osmotic stress.  

 
 
Fig. 7: Functional annotation of differentially expressed genes 

between MR220 and MR211 within the Gene Ontology (GO) 

(level2). The differentially expressed genes were divided into 

three categories: a) Biological process, b) Cellular Component and 

c) Molecular function. These genes are shown in percentage 
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A previous study provided evidence that cysteine 

protease was expressed during drought stress condition, 

similar to our comparative study. The role of cysteine 

protease (CP) from T. aestivum has been well studied in 

abiotic stresses including drought stress. Overexpression of 

wheat CP in transgenic A. thaliana showed stronger drought 

tolerance and higher CP activity compared to wild-type A. 

Thaliana (Harrak et al., 2001; Zang et al., 2010). A unique 

ribosome-inactivating protein (proRIP1) from maize was 

also up-regulated by drought stress conditions (Bass et 

al., 2004). Furthermore, transgenic rice plants over-

expressing O. sativa ribosome-inactivating protein gene 

18 (OSRIP18) improved tolerance to drought and high 

salinity stress. However, microarray analysis of global 

gene expression in the transgenic rice plant identified 

most of the up-regulated genes was not entirely involved in 

abiotic stress (Jiang et al., 2012b). 

In general, ABA will stimulate a signalling pathway in 

response to drought stress. This process activates reactive 

oxygen species (ROS) production that increases cytosolic 

Ca
2+

. Subsequently, one of the ion channel proteins, 

potassium channel KAT3, is activated to reduce 

turgidity of guard cells and cause stomatal closure (Negi 

et al., 2008; Vahisalu et al., 2008). In drought 

conditions, proton pumps coupled with plasma 

membrane responses mediate stomatal closure by 

regulating the efflux K
+
 and various anions from guard 

cells. These processes cause the Ca
2+

 to regulate the activity 

of plasma membrane H
+
 -ATPase (Kinoshita et al., 1995). 

In our study, the abundance of conserved hypothetical 

genes and proteins was also assessed. This suggested the 

possibility of the genes in responding to the stress. These set 

of genes were further analysed using InterPro 

(http://www.ebi.ac.uk/interpro/) and are listed in 

(Supplement Table 5). These genes were identified as 

hypothetical and did not exhibit clear motif or functional 

domains due to the low overlapping or lower percentage of 

sequence identity than the threshold level when analyses 

were carried out. The unknown genes annotated from RAP-

DB database were again blasted against non-redundant (nr) 

database from NCBI. Several genes showed similarity with 

gibberellins and abscisic acid stimulus genes. Abscisic acid 

and gibberellins are found to be regulated in many key 

processes in plant, including in abiotic stress (Luo et al., 

2014; Shu et al., 2016). Further studies need to be carried 

out, as these genes may represent candidate markers for 

early drought stress in rice. 

The comparative analyses conducted showed more 

genes were significantly expressed in the susceptible 

cultivar, MR211 when compared to MR220. Microarray 

expression profiling analysis conducted in drought sensitive 

(Nipponbare and Taipei) versus the drought tolerant rice 

cultivars (IR57311 and LC-93-4) showed more genes were 

significantly induced in drought sensitive varieties 

(Degenkolbe et al., 2009). Furthermore, RNA-Seq analyses 

conducted on two different levels of drought resistance 

varieties in Brassica napus under PEG-6000 treatment 

demonstrated that 9,542 transcripts were up-regulated 

while 14,202 were down-regulated in the tolerant 

cultivar, which was higher in the more tolerant B. napus 

variety (Wang et al., 2015). 

Based on the comparative analysis of functional 

annotation between the up-regulated and down-regulated 

genes in (Supplement Fig. 1), a group of transporters which 

were grouped in the molecular function category showed 

up-regulation in activity. Many plant transporters were 

shown to be involved in plant adaptation and survival 

during drought stress. These include such functions as 

primary ABA transporters, ABA conjugate transporters, 

ions channels, potassium channels, water channels, and 

protein regulators (Vahisalu et al., 2008; Kuromori et al., 

2010; Burla et al., 2013; Lawson and Blatt, 2014; Osakabe 

et al., 2014; Wege et al., 2014). 

Drought stress can cause retardation of development 

and growth, reduce productivity and even cause plant death. 

Plants, however will try to overcome these conditions. This 

involves complex cross-talk between different regulatory 

levels, including metabolic adjustment and genes expression 

for physiological and morphological adaptation. Functional 

annotation of DEGs revealed that metabolic activity gave 

the highest percentage, followed by cellular processes and 

biological processes (Krasensky and Jonak, 2012). In 

grapes, Principal Component Analyses (PCA) of the 

response of grapevines with different levels of water stress 

tolerance indicated that primary metabolism were primarily 

changed; based on the PCA analyses, the cell component, 

cell and organelle subgroup were of the highest percent but 

with similar percentage (Hochberg et al., 2013). Hossain et 

al. (2012) conducted a study on cell organelle proteomics in 

response to abiotic stress. However, insufficient data on 

drought sensing and tolerance mechanism at the organelles 

proteomic level were obtained, although similarly the 

catalytic activity gave the highest percent for molecular 

function followed by binding. In our study, the abundance 

of transcription factor (TF) families found was mainly of the 

kinase-like protein, leucine repeats family, Zn-Finger and 

protein phosphatase type. Our findings suggested that the 

early treatment of drought stress expressed transcription 

factors that responded to drought stress signalling. 

Plant responses under drought stress are a complex 

process, which involves a wide range of metabolic and 

synthetic pathways. For KEGG analysis, a very large 

amount of sequences shared in starch, sucrose, fructose and 

mannose pathways. Sucrose and glucose are important in 

plants, which can act as substrates for cellular respiration 

and as osmolytes to maintain cell homeostasis (Gupta and 

Kaur, 2005). Metabolites analysis in hybrid Bermuda grass 

(cv. Tifdwarf) responding to long-term drought stress 

showed high accumulations of several organic acids, amino 

acid, sugar compounds including sucrose, fructose and 

mannose, one nitrogen compound and two sugar 

alcohols (Gupta and Kaur, 2005). Moreover, the analysis 
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showed an induced pattern of soluble sugar 

concentration in drought, salinity, low temperature, and 

flooding stresses, but a reduced pattern in heavy metals, 

nutrient shortage, high light irradiance and ozone stresses 

(Gill et al., 2001). Sucrose non-fermenting 1-related protein 

kinase 2 and mitogen-activated protein kinase pathways 

were elucidated as the initial part of stress adaptive to 

abiotic response (Golldack et al., 2014). 

Drought condition normally reduces photosynthesis in 

plants due to the decline of rubisco activity (Bota et al., 

2004). Rubisco activity and concentration in two chickpea 

cultivars, Gokce (tolerant) and Kusmen (sensitive) were 

analysed after being subjected to drought treatment for 10 

days. Interestingly, Kusmen showed reduced pattern in 

rubisco activity and rubisco concentration while Gokce did 

not show any significant changes in the activity and 

concentration of rubisco (Saglam et al., 2014). The rubisco 

level in leaves is controlled through its synthesis rate and 

degradation. However, the rubisco activities were shown to 

be relatively stable even after several days of drought stress 

(Hoekstra et al., 2001). In our study, the genes related to 

rubisco enzymes were induced in MR211 cultivars. It was 

suggested that MR220 have earlier response to drought 

stress when compared to MR211. However, Flexas et al. 

(2006) found that rubisco activity during water stress was 

not only caused by drought, but also by low stomatal 

conductance and choloroplast CO2 concentration. 

Furthermore, two positive regulator of ABA signalling in 

stomata were shown to induce PLDa1 and GPA1 expression 

during stomatal response in A. thaliana under moderate 

drought conditions. Both genes were induced in a 24 h 

treatment but started to decline after a 72 h of treatment 

(Harb et al., 2010). Identification of protease inhibitor types 

in drought stress was also investigated. Interestingly, even 

though the comparative study conducted showed several 

different types of protease inhibitors to be differentially 

expressed and having different FPKM values, the 

differences were not significant when compared between 

MR220 and MR211 (The raw data has not been published 

yet. It is being processed to be published with other 

supporting data.). 

 

Conclusion 

 

In this study, RNA-Seq was used to investigate the global 

transcriptomes of shoots from Malaysia-drought tolerant 

cultivar, MR220 and susceptible cultivars MR211 under 

osmotic stress treatment. This could generate a useful 

resource for the Malaysian rice breeders and rice breeders 

from around the world. The transcripts that were 

significantly up-regulated were suggested as contributing to 

osmotic stress, which leads to the drought-tolerance 

response. This will provide valuable information for 

future study on molecular mechanisms of the stress. 

Moreover, the genes and pathways studies related to 

drought response are useful for plant manipulation in order 

to improve the adaptation of the plant during stress 

conditions. In the future, the unique genes and novel genes 

from both cultivars will be characterized and their roles in 

drought-related condition and stress response elucidated. 
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