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ABSTRACT 
 

The demand for global food productivity has been greatly increased with continuously 

rising population and varying climatic conditions; as a result there is dire need for the 

development of stress-tolerant crop varieties. To cope with this condition, it is essential 

to understand the mechanism of plant response to a combination of stresses, as revealed 

by stress induced transcriptomics. Therefore, this study was aimed at utilizing the 

publicly available specific transcriptomic data sets of plants exposed to different abiotic 

stresses in order to identify potential stress tolerant genes. Genes were identified that 

were differentially expressed between control plants and stressed. Based on the RNA-

seq analysis of Filichkin et al. (2010), a total of 12,606 12,594 and 12,530 differentially 

expressed genes (DEGs) were detected under heat, drought and salt stress conditions. 

This included 7145, 6336 and 6551 genes up-regulated and 5461, 6258 and 5979 genes 

down regulated under heat, drought and salt stress, respectively. A total of 2058 and 

7543 and 8056 DEGs were detected under salt, heat and combined salt and heat stress 

conditions in the data set of Suzuki et al. (2016). This included 931, 4092 and 4492 

genes up-regulated while 1127, 3451 and 3564 genes down regulated under salt, heat 

and combined salt and heat stress conditions, respectively. Analysis of RNA-seq data of 

Ding   et al. (2014) revealed a total 30,941 DEGs (17318 up-regulated and 13623 down 

regulated) under salt stress. A total number of 14, 12 and 7 genes were short-listed for 

drought, heat and salt stresses, respectively on the basis of fold change and lowest p 

value (p<0.01). Subsequently, on the basis of the expression pattern of the shortlisted 

genes, a total of six multi-stress tolerant genes were selected, two from each stress 

condition. The RNA-seq predicted expression of the selected genes was confirmed in 

lab by qRT-PCR which showed significantly comparable results. Arabidopsis (Col-0) 

transgenic plants expressing the selected multi-stress tolerant genes were confirmed at 

transcript and protein level, the functional assessment of these transgenic plants was 

done compared to WT (Col-0) plants. The transgenic plants over expressed with 

AT4G18280 gene showed tolerance to heat, drought and salinity. At 100 mM NaCl, the 

germination rate of the transgenic lines varied from 70 % to 90 % as compared to WT 

(Col-0) plants which was recorded only 55 %. Similarly, at 200 mM NaCl the range 

varied from 65 % to 52 % for the transgenic lines as compared to the WT plant (40 %). 

The relative root length of the transgenic lines varied in the range of 70 % (OX-L#1 

and WT) to 100 % (OX-L#3) at 100 mM NaCl. However, at 200 mM NaCl the range 

varied from 40 % (OX-L#1 and WT) to 75 % (OX-L#3). Chlorophyll content of the 

transgenic lines varied in the range of 0.1 mg/g fresh weight (FW) (OX-L#1 and WT) 

to 0.4 mg/g FW (OX-L#2 and #3) at 100 mM NaCl. While at 200 mM NaCl, almost 

negligible chlorophyll content was recorded (OX-L#1 and WT), however, significantly 

higher chlorophyll content of 0.1 mg/g FW was observed (OX-L#2 and #3). Under salt 



x 

stress, the melondialdehyde (MDA) content recorded for the over-expressed transgenic 

lines varied in the range of 6 to 8 nmol/g FW as compared to WT (17 nmol/g FW). 

Under salt stress the wild type plant showed more electrolyte leakage (45%), while 

significantly reduced relative electrolyte leakage in the range of 16 % to 24 % was 

recorded for all of the over-expressed transgenic lines. Under salt stress, the proline 

contents recorded for the transgenic lines varied in the range of 380 to 410 µg/g FW 

compared to the WT plant which was only 120 µg/g FW. The fresh weights determined 

for the transgenic plants varied in the range of 15 to 18 mg/plant as compared to the 

wild type plant which was 8 mg/plant only. The survival rate was only 20 % in WT 

plants, while the transgenic lines showed more survival rate in the range of 50 % to 65 

% at 200 mM NaCl. Similarly, the transgenic lines with AT4G18280 gene showed 

tolerance to drought stress. The survival rate of the transgenic lines varied in the range 

of 31 % to 39 % under drought stress as compared to WT plants which was recorded 

only 24 %. The transgenic lines showed significantly less water loss at different hours 

of dehydration compared to WT plants. The survival percentage recorded for the 

transgenic lines varied from 35 % to 45 % under heat stress condition compared to the 

WT plants which showed only 20 % survival rate. HSP17.6B (AT2G29500) over-

expression increased tolerance to heat stress only. The survival rate of the transgenic 

lines varied in the range of 40 % to 45 % than the WT plants which showed only 20% 

survival rate under heat stress (45 °C for 1hr). The transgenic lines showed lower 

electrolyte leakage (25 % to 35 %) compared to the WT plants which showed 50 % 

relative electrolyte leakage. Chlorophyll content recorded for the transgenic lines varied 

in the range of ~ 0.38 to ~ 0.4 mg/g FW than WT plants which showed only ~ 0.2 mg/g 

FW. Higher root elongation recorded for the transgenic lines in the range of 23 % to 30 

% as compared to the WT plants which was only 0.9 % under heat stress. Over-

expression of the remaining genes (HOP3, LSU1, GRP9 and AT2G16586) had no 

significant effect on transgenic plants response to different abiotic stresses. AT4G18280 

and HSP 17.6B may be used to identify orthologues in other non-model crops for the 

development of multi- stress and heat stress tolerant crop varieties, respectively. 

 

  



1 

I. INTRODUCTION 

 A complex array of environmental stresses constantly affects plants and requires 

their rapid and proper response for adaptation and survival. Stresses are defined as the 

reduction in yield of crops caused by unfavorable environmental condition that creates 

potentially detrimental physiological changes within plants (Shao et al., 2008). The 

average yield of most of the crop plants is reduced by more than 50 % due to abiotic 

stresses such as heat, cold, salinity, drought and nutrient deficiency (Wang et al., 2003). 

 Among abiotic stresses drought is one of the most ever-present environmental 

stresses in rain fed areas affecting plant growth and development. It is expected that 

drought along with  salinity can affect the arable lands more than 50 %  by the year 

2050 as it is already more prevalent in many regions of the world (Ashraf, 1994). 

Agriculture utilizes about 70 % of the world water reservoir that results in 40 % of 

world food production in irrigated soils (Chaves et al., 2004). Drought is one of the 

major contributors to famine and severe food shortages in the past.  

 Soil salinity is one of the major problems that threaten sustainable agriculture 

throughout the world (Flowers, 2004). Around 25 % of 275 million hectares of the 

world’s irrigated land that has been reported in 2004 is salt affected (Flowers et al., 

2005). Salt stress is mostly prevalent in the arid and semi-arid zones such as the 

Mediterranean, deserts of South America, parts of South Asia, China, Australia, South 

Korea and Japan (Levy et al., 2007). Out of the total cultivated area in Pakistan about 

6.30 million hectares of the land is affected by salinization. The extent of this issue can 

be weighed from the reality that this cultivable land area is being destroyed by soil 

salinity at a shocking rate of 40,000 ha per annum (Yasin et al., 1998). The overall 

growth and development is mostly affected by salt stress and inducing various 

biochemical and physiological responses in plants. Ion toxicity and osmotic stresses 

(Na+,Cl- and SO4), deficiency  of nutrient (Ca, Fe, K, N, P, and Zn) and oxidative 

stresses are imposed on plants by salinity (Chinnusamy et al., 2006). 

The everlasting damage to the growth of the plant is believed to be caused by 

the increase in temperature beyond a threshold level for a certain period. The rate of the 

increase in temperature, duration and intensity is associated with heat stress (Wahid et 

al., 2007). Typically heat stress may be considered as a rapid increase of 10-15 °C 
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above ambient temperature. Drought stress causes stronger increase in soil temperature 

than that result from an increase in air temperature (Sekhon et al., 2010; Simoes Araujo 

et al., 2003). Heat stress is a stern menace to crop production on global scale (Hall, 

2001). Growth and development in plants is greatly influenced by transient or a 

persistently elevated temperature that causes an array of physiological, morpho-

anatomical and biochemical changes in plants and that may consequently bring about a 

severe decline in lucrative yield (Wahid et al., 2007). 

In comparison to plant resistance to biotic stresses, plant responses to abiotic 

stresses are more complex and multigenic as compared to biotic stress which is mostly 

dependent on monogenic traits and hence more complex to control and engineer. 

Genetic transformation is one of the current efforts to improve plant stress tolerance 

and has resulted in numerous significant achievements. However, this task is extremely 

difficult by the genetically complex mechanism. For this rationale, biotechnology 

should be entirely integrated with breeding and classical physiology (Wang et al., 2003, 

Flowers, 2004).  

Climate prediction models foresee of 3–5 °C rise in the average surface 

temperature over next 50–100 years, consequently agriculture on global level will be 

effected (IPCC, 2007). This rise is envisaged to be parallel with an amplified incidence 

of flood, heat waves and drought (IPCC, 2008; Mittler & Blumwald, 2010). It is 

predicted that central Africa and Europe will have warmer and drier summers alongside 

growing season are reduced in many regions, sea levels ascend produces extensive 

salinization and minimizes the cultivable land (Easterling et al., 2000; IPCC, 2007, 

2008; Morison et al., 2008). Yields and dietary quality of crops are adversely affected 

by change in inconsistency of temperature and rainfall (Porter and Semenov, 2005). 

 A large array of different environmental stresses in crop plants creates severe 

consequences in combination. The demand of global food productivity has been greatly 

increased by increase in population and varying climatic conditions, as a result the 

demand of stress-tolerant crop varieties has been increased than in the past (Takeda & 

Matsuoka, 2008; Newton et al., 2011). 
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 It is essential to understand the plant response mechanism to a combination of 

stresses in order to provide chances for broad continuum stress tolerant crops 

development. Plants overtime have evolved several molecular mechanisms for 

adaptation and subsequent survival under stress conditions as revealed by stress 

induced transcriptomics. Upon perception of abiotic stress by plants, initially the plant 

sensory stage is followed by a physiological phase (Mahajan and Tuteja, 2005; Zhu, 

2001). A variety of stresses has been extensively studied in Arabidopsis thaliana 

(Matsui et al., 2008; Zeller et al., 2009). It will enable future molecular classification of 

salt-tolerance mechanisms in vital crop plants by unscrambling additional stress 

associated gene resources, from both highly salt- and drought- tolerant model plants 

and crop plants. In the current era where population expansion exceeds food supply, 

plant biotechnologies and agriculture intended to overcome rigorous environmental 

stresses need to be fully implemented. 

Arabidopsis thaliana is used globally as a model plant for basic research due to 

its small genome, easy to handle, short life cycle and easy to be genetically 

manipulated. Different hypothesis and experiments could be designed on the basis of A. 

thaliana gene function in other non model plants as well as in some major 

economically important species. Therefore the fundamental research and practical 

applications require in depth understanding of the A. thaliana genome and a 

comprehensive and accurate understanding of the expression of its associated genes. 

The development of new genetic and genomic resources and new methods for data 

acquisition and analysis can help achieve this goal (Klepikova1et al., 2016). 

 Initially the genomic sequencing required huge assets of human and financial 

assistance. However, with the improvement and appliance of next-generation 

sequencing (NGS) techniques the aptitude to provide genome sequencing of a large 

number of plant species has been facilitated to a great extent. It provides an opportunity 

to discover a large amount of stress related pathways and genes that can serve up as the 

basis for crop improvement. For instance, stress related changes in genome transcripts 

can be investigated by NGS technology coupled with high-throughput transcriptome 

profiling (Molina et al., 2011). 
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High -throughput Sequencing and assembly of transcripts has been very easy by 

new complementary computational tools and NGS. Billions of short reads generally 

50–800 base pairs can be generated in parallel by NGS depending on technology. 

Formerly the sequencing data that may have once taken years to generate can now be 

produced in a very short period of time. Next generation Sequencing has replaced other 

methods of sequencing like capillary sequencing in many applications due to its lack of 

a sub-cloning requirement and lower cost per base pair of DNA. Different stimulating 

scenarios in a number of scientific disciplines has been enabled by a large amount of 

data generated by this technology, as a result it has changed the way in which problems 

are approached in many molecular biology disciplines. Predominantly, NGS has greatly 

facilitated the study of transcriptomics (Strickler et al., 2012). 

 Genome projects i.e. RNA sequencing and whole-genome re-sequencing (for 

variation analysis) either for transcriptome or non-coding RNA-ome analysis are done 

with NGS methods (Lister et al., 2009; Mochida and Shinozaki, 2011). Especially, the 

RNA-seq can be used to detect expression pattern of genes, gene characterization, 

identification and quantification of rare transcripts of a specific gene, the alternative 

splicing and sequence disparity in known genes with no previous information available 

for them (Strickler et al., 2012). The complex regulation networks and gene expression 

in many plant species, in response to several stresses (biotic and abiotic), such as Maize 

(Shen et al., 2013), Chickpea (Wang et al., 2012), Cotton (Wang et al., 2012), Potato 

(Nachappa et al., 2012), Chinese cabbage (Yu et al., 2012), Ammopiptanthus 

Mongolicus (Zhou et al., 2012) and soybean (Fan et al., 2012) has been fully 

understood by RNA-seq method. 

 Microarrays and serial analysis of gene expression (SAGE) has been replaced in 

many applications by RNA-seq for studying gene expression. The collection of 

expressed sequences at a given time point and even rare transcripts can be found with 

RNA-seq due to its high intensity of sequencing. In this way, nearly a complete picture 

of transcriptomic events in a biological sample can be produced by it. RNA-seq can 

generate huge amount of data that can be used for gene characterization, glance at the 

expression of genes, revealing single-nucleotide polymorphisms (SNPs), alternative 

splicing and structural variation (Strickler et al., 2012). RNA-seq is more economical 

and high throughput compared with whole-genome sequencing, it is therefore 
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becoming an important part of functional genome research (Alsford et al., 2011). It is 

an efficient method in identifying the expression level and new members of the genes 

(Halvardson et al., 2013; Xiang, 2014). 

 Nowadays, it is mandatory for the authors to submit their data to one of the 

public data bases, available online, such as Gene Expression Omnibus (GEO) and 

Sequence Read Archives (SRA). Therefore, we have a huge amount of functional 

genomics data available to researchers for free. 

The current study is of prime importance in context of the changing 

environmental conditions of the globe. Global warming, scarcity of water, saline soil, 

presence of high heavy metal concentrations and intense light are the major threats to 

global food security. Therefore, in this study we aimed to utilize the publicly available 

transcriptome data of plants exposed to different abiotic stresses in order to identify 

potential stress tolerance genes. We identified multi-stress tolerance genes that were 

manipulated for tolerance to multiple abiotic stresses that can be employed in plant 

improvement programs to enable plants combat the adverse environmental conditions. 

Objectives: 

 Identifying novel genes responsible for drought, salinity and heat stress 

tolerance in Arabidopsis thaliana using NGS approach. 

 Over-expression of the potential multi-stress tolerance gene(s) in 

Arabidopsis thaliana 

 Molecular detection of the wild type and over-expression lines through real 

time PCR (transcript level) and western blot (protein level).  

 Functional assessment of multi-stress tolerance conferred by over-

expression of selected gene(s) by exposure to different stresses and 

recording response of transgenic plants using wild type (Col-0) plants grown 

under standard conditions, as reference. 
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II. REVIEW OF LITERATURE 

 Rasul et al. (2017) reported that the abiotic constraints particularly heat and salt 

stresses are the major threats to agriculture, especially in the climate change 

perspective. Signal perception and response, at cellular level, have a critical role in 

tolerance to stress. They reported some sensory and response mechanisms caused by 

salt and heat stress. Salinity activates membrane bound sensors like ion transporters, 

secondary messenger and signaling cascades for the activation of response 

mechanisms. They highlighted the importance of signal messengers as well as 

transcription factors for cellular performance of plants under adverse conditions.   

Zhang et al. (2016) used next-generation RNA-seq technology to elucidate salt 

tolerance mechanisms in diploid cotton (Gossypium davidsonii). Differentially 

expressed genes (DEGs) in roots (4744) and leaves (5337) were found to interfere with 

tolerance to saline stress. The function of genes indicated involvement of salt overlay 

sensitive (SOS) pathways and reactive oxygen species (ROS) signaling pathways. They 

also revealed that the alternate splicing contributes to post-transcriptional stress 

responses to salt stress and implies a functional role of alternate splicing in response to 

salinity stress.  

             Lukoszek et al. (2016) made use of ribosomal profiling and RNA sequencing to 

document adaptive response of Arabidopsis thaliana to extended heat stress. 

Adaptation to long-term heat exposure involved modulation of expression of a large 

number of genes at the level of transcription and translation. However, a group of genes 

exhibited predominantly translational regulation. They indicated likely role of 

secondary structure elements in translational regulation of those genes.  

Chhapekar et al. (2015) stated that NGS has enabled sequencing the complete 

genome of a species thus allowing studying the expression pattern of all the genes. The 

whole genome and transcriptome sequencing data not only enables investigation of 

variation in gene sequence but also helps in understanding the underlying evolutionary 

relationships between species.  Application of NGS in Solanaceae crops has helped in 

identification of genes coding for economically important traits. In study of molecular 

basis of disease resistance, improvement of quantity and quality of crop production, the 

use of NGS technologies have been well documented.  
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Soda et al. (2015) reported that abiotic stresses like drought, salinity and 

extreme temperatures are detrimental to crop quantity and quality. To improve 

understanding of the underlying plant stress responses mechanisms, transcriptomics, 

proteomics and metabolomics have been used. Various stress related mechanisms have 

been proposed for the development of tolerant varieties by the use of these omic 

approaches. The use of functional genomics elucidates the relationship between an 

organism’s genome and their phenotype under stress. Integrated functional genomics 

along with bioinformatics is likely to serve as a foundation for further studies of stress 

tolerance in plants.  

Unamba et al. (2015) reported that NGS, for it is fast and cost effective, has 

enabled the use of non-model plants in scientific research that were previously 

neglected in sequencing projects due to higher cost of Sanger method of sequencing 

attributed to them for having a long life cycle, poor fertility or being hard to be grown 

in laboratory conditions. Therefore the information about their genomics and biological 

processes are limited. NGS has also aided in elucidating the mechanisms underlying 

processes of gene expression and secondary metabolism. NGS has also contributed to 

genomic resource development for diversity characterization, evolutionary studies and 

marker assisted breeding even when the genomic sequence is not already available.  

Backiyarani et al. (2015) reported that Banana (Musa balbisiana B genome) 

exhibits resistance/tolerance to many biotic and abiotic stresses. RNA sequencing of the 

Musa B genome accession Attikol generated about 4.5 million reads, which were 

assembled using the MIRA assembler. Unique transcripts, 82,413 in number, with a 

mean length of 113 bp were produced by the assembly. About 62.18 % of the 

transcripts were unique as revealed by the sequence similarity search against the Swiss-

Prot database and 193,826 gene ontology terms were assigned to unique transcripts. 

Functional annotation against Plant CYC pathway database identified 20,696 unique 

transcripts, which were related to 455 pathways. Simple sequence repeats (SSRs), 4780 

in number, were obtained from 82,413 unique transcripts. Primers could be designed 

for 2628 SSRs only, and they randomly selected 30 primers from defense-related genes 

to confirm their efficiency. They added that the data generated in their study will 

contributed to Banana improvement by facilitating the selection of resistance genes and 

trait-specific marker development. 
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Bhardwaj et al. (2015) constructed and sequenced three transcriptome libraries 

under normal and stress (high temperature and drought stress). More than 180 million 

generated reads were processed through quality parameters and high quality reads were 

assembled de-novo. Unique transcripts, 77750 in number, were identified out of which 

89 % were annotated with high confidence. They shortlisted transcripts, 19110 in 

number, which were differentially regulated with stress (either drought or high 

temperature). They also identified transcripts coding for transcription factors (886) and 

kinases (2834). Most of them were responsive to combination or either of high 

temperature and drought or both stresses. Most of the up-regulated transcription factors 

belonged to heat shock factors (in high temperature) and dehydration responsive 

element-binding (in drought stress) families. They also identified metabolic pathways, 

239 in number, that were affected during high temperature and drought treatments. 

Analysis of gene ontology associated with differentially regulated genes suggested their 

role in various biological processes. 

Miao et al. (2015) performed Illumina sequencing of Medicago falcata grown 

under standard, cold, dehydration and high salinity conditions. Transcriptome resource 

was provided by assembling sequenced reads. Gene ontology was performed for the 

annotated transcripts using BLAST searches against the non redundant NCBI database. 

qRT PCR was used to confirm the expression of transcripts. M. falcata gene index was 

built by combining reads from de novo assembled 98,515 transcripts and all the 

samples. The principal mechanism in metabolism responsive in abiotic stress and the 

fundamental signaling components of key phytohormones were revealed by a 

comprehensive analysis of the transcriptome. The modified nod factor signaling 

pathways during abiotic stress was identified at some stage in early symbiotic 

nodulation. Furthermore, a high level of global sequence conservation within the family 

was revealed by comprehensive comparison of homology between the M. truncatula, 

M. falcata transcriptomes along with other five leguminous species.  

Mohd-Yusoff et al. (2015) chemically mutated a model legume for the scanning 

DNA lesions in the entire genome using alkylating ethyl methane sulfonate (EMS). 

They analyzed SNP of third-generation progeny (M3, named AM and AS) using 

second-generation sequencing and revealed the effects of EMS on nucleotide sequences 

in mutant genomes. They found that in both mutants SNP were found in every 208 kb 
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(AS) and 202 kb (AM) with a low percentage of bias G/C-to-A/T mutation. Mutations 

were found to be intergenic. They found mutations in these genomes that can be used to 

identify contributory mutations in their phenotype and these mutations were in their 

individual chromosomes. They suggested that whole genomic sequencing is applicable 

for investigating changes in genome due to mutagenesis. The identification of 

phenotypically causative mutations in EMS-mutated germplasm will be facilitated by 

the identification of these single point mutations. 

Pandey et al. (2014) reported miRNA as regulators of gene expression that is 

involved in stress responses in plants. They identified almost equal number of known 

miRNAs (47) and true novel miRNAs (49) in addition to a significantly high number 

(1030) of candidate novel miRNAs by high throughput sequencing of eight small 

miRNA libraries prepared from various abiotic stresses and tissues. Digital analysis of 

gene expression revealed that 257 and 74 miRNAs exhibited tissue and abiotic stress 

specific expression, respectively. The identified miRNAs coded for putative genes that 

appeared to be involved in diverse biological processes as evident by their grouping 

into various functional categories. Likely post transcriptional level regulation by 

miRNAs was evident from mRNA cleavage that was confirmed by RLM-RACE of 

predicted targets of miRNAs. Moreover, further expression profiling in other abiotic 

stresses indicated the role of miRNA in multiple stress response. 

Wang et al (2013) identified differentially expressed genes (DEGs) during Pb 

stress and typify the transcriptome of Radish (roots) by employing NGS based RNA-

seq technology. From cDNA samples of radish root a total of 68,940 and 33,337 

assembled unique transcripts and unigenes were respectively attained.  Between the two 

libraries of control and Lead-treated (Pb1000) roots around 4,614 DEGs were detected 

based on the assembled de novo transcriptome. They used pathway enrichment and 

Gene Ontology (GO) analysis and found that under Pb stress all the up regulated DEGs 

were predominately involved in glutathione metabolism-related processes and defense 

responses in cell walls, while carbohydrate metabolism-related pathways were 

controlled by down regulated DEGs. Twenty two genes expression patterns have been 

authenticated through real-time quantitative PCR, similar to the results of Solexa 

analysis. They successfully identified a robust number of other candidate genes in 

response to heavy metal Pb, implicated in detoxification and defense mechanisms such 
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as biosynthesis related enzymes, TFs, chelate compound and metal transporters. DEGs 

that were involved in Pb stress had an altered biological and metabolic function. They 

characterized the response of Pb stress in radishes at molecular level.  

Taborda et al. (2013) used high throughput sequencing along with other 

bioinformatics methods to identify potential miRNAs of cassava expressed in different 

tissues that were subjected to drought and heat stress. They identified two sets of 

sequences that consist of 60 miRNAs conserved in other plant species and 821 potential 

cassava-specific miRNAs. For these two sets of sequences they predicted 134 and 1002 

potential target genes. Using Real time PCR they verified that 5 cassava small RNAs 

were expressed specifically to stress treatment compared to control plants. They found 

that there was a significantly lower expression of the predicted target genes of none 

conserved and conserved miRNAs expressed in drought stress relative to other cassava 

genes using publicly available expression data. Stress induced miRNAs were identified 

that were predicted to play a role in stress-induced post transcriptional regulation in 

other plants using condition specific expression of predicted miRNA targets and Gene 

Ontology enrichment analysis. 

Marquez et al. (2012) performed high-throughput sequencing of Arabidopsis 

which resulted in a high coverage transcriptome map using a normalized cDNA library. 

Large amount of splice junctions derived introns were detected from typical plant 

introns together with an eight fold increase in the number of U12 introns (2069). They 

also detected the multi exonic genes that were alternatively spliced were around 61 %. 

High resolution RT-PCR and Sanger sequencing was used for the experimental 

validation of 540 alternative splicing (AS) transcripts (from 256 genes coding for 

important regulatory factors). They found that one of most occurring event in intron 

retention (IR) is AS event (~ 40 %), but many IRs have comparatively low read 

coverage and their representation is quite less in assembled transcripts. Furthermore, 

they found that more than half of Arabidopsis genes turn out AS transcripts but do not 

involve IR. Inside the annotated coding exons a huge set of cryptic introns were 

identified. Notably, a considerable fraction of those cryptic introns were spliced out in 

frame, representing a role in protein diversity.  

Alyssa et al. (2012) studied the effects of abiotic stresses of a putative splicing 

regulator SR45a (AT1G07350) on the splicing from Arabidopsis thaliana by an in-
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depth analysis. Heat and dehydration stresses were given to Arabidopsis plants and 

were sequenced on an Illumina GAIIx sequencer using their cDNA libraries. Millions 

of single end sequence reads were obtained having high quality. After alignment to a 

reference genome reads were visualized in IGB. In SR45a alternative splicing in exon 

skipping was confirmed using IGB. They found that full-length SR45a protein having 

RNA recognition motifs and intact RS in exon-skipped variant AT1G07350.1, while 

due to a frame shift in the alternative exon non-skipped variant AT1G07350.2 the RS 

region and the C-terminal region were lost. Heat and drought stresses have increased 

the full length encoded protein proportion of exon-skipped transcripts and transcript 

abundance. New splice sites were also identified and frequent intron retention was 

observed in the alternative exon flanking frequent intron. Relative to other spliced 

variants there was an increased production of transcripts encoding the full-length 

SR45a protein and that overall profusion of SR45a mRNA by heat and dehydration 

stresses. 

Using next generation sequencing, Zhu et al. (2012) presented cloning and 

mapping of an enhancer mutation by sequence polymorphisms that is prompted by a 

chemical mutagen on swelled segregants in that very accession. The method 

supplements the conventional cloning methodology by making advance genetics more 

commanding and practical in dissecting the biological procedures in organisms. This 

method made cloning of genes easier for high order of mutants or single mutants 

whether with sequence or without sequence information on numerous accessions. 

Sharma et al. (2012) conducted their study to identify abiotic stress responsive 

genes in sea buckthorn, a plant with high medical value and has the ability to grow in 

extreme temperatures for cold tolerance through transcriptome analysis. They first 

conducted a pilot study comprising of EST sequencing by Sanger’s capillary method, 

followed by whole transcriptome analysis by next generation sequencing.  In Sanger’s 

capillary method study 3412 ESTs were generated from cDNA library of sea buckthorn 

leaf tissue, which could be clustered to 1665 unigenes. However 88,297 putative 

unigenes were assembled exploiting next generation sequencing of leaf and root tissue 

libraries. Few of these cold tolerant genes have already been identified and validated by 

RT-PCR in the earlier study. In order to identify the genes for cold tolerance, deep 

SAGE has also been performed for differential gene expression analysis. During cold 
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stress, an approximate number of twenty thousand genes were found differentially 

expressed. To access genetic diversity among sea buckthorn population polymorphic 

markers are being evaluated and microsatellite distribution in transcriptome was also 

studied in silico.   

Park et al. (2012) used NGS and identified a total of 519 differentially 

expressed transcript derived fragments. Using gene ontology they annotated 147 

transcript derived fragment sequences from the total differentially expressed transcripts. 

The transcript derived fragments belonged to four main categories: stress/defense, 

unclassified, gene regulation and metabolism. They found that under drought stress 

ROS related and heat shock protein-related transcript derived fragments were induced. 

Drought and cotton specific twelve novel transcripts were also identified. Reverse 

transcription PCR was used to verify a subset of differentially expressed transcript 

derived fragments. Five pairs of duplicated transcript derived fragments under drought 

stress were identified in which four pairs responded differentially between each of their 

two homologues by a differential expression analysis. Drought stressed leaf and root 

samples of tetraploid cotton were analyzed for functional/biological distribution, gene 

ontology and possible roles of gene duplication and detected differentially expressed 

transcript derived fragments. 

Jain (2011) reported that NGS as an enhanced approach to gene expression 

profiling with numerous benefits. Transcriptional complexity of an organism can be 

elucidated by gene expression profiling using NGS accompanied by novel molecular 

techniques and computational tools and thus several biological questions can be 

answered. He also reported that many gene expression profiling studies have been 

made in animals but their use in plants was limited. They described the use of NGS 

with reference to gene expression profiling and bioinformatics in data analysis. 

Filichkin et al. (2010) mapped the Arabidopsis transcriptome using the Illumina 

platform at single-base resolution for ultrahigh-throughput RNA sequencing (RNA-

seq). Majority of annotated introns were confirmed and a large number of novel 

alternatively spliced mRNA isoforms were identified using deep transcriptome 

sequencing. Contrary to the previously estimated cDNA/expressed sequence tag 

sequencing, they found notably high percentage of alternative spliced intron containing 

genes in Arabidopsis. They confirmed that the empirically predicted novel splice 
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isoforms can be detected by RNA-seq in vivo. RNA seq revealed that the detected 

novel introns were considerably enriched in non-consensus terminal di-nucleotide 

splice signals. Premature termination codons (PTCs) containing alternative isoforms 

comprised the majority of alternatively spliced transcripts. They showed that 

comparatively profuse PTC+ isoforms can be produced by intron retention using an 

essential circadian clock gene; and this event is conserved among diverse plant species. 

NMD surveillance machinery can degrade the generated alternatively spliced PTC+ 

isoforms or it can regulate the level of functional transcripts by the mechanism of 

regulated un- productive splicing and translation (RUST). Under abiotic stress 

treatments, for a number of key regulatory genes the relative ratios of reference 

isoforms and the PTC+ can be considerably shifted. 

Liu et al. (2007) revealed that a signaling cascade was induced in responses to 

salt stress in Arabidopsis, which was mechanistically related to endoplasmic reticulum 

(ER) stress responses illustrated in Mammals, and involved in processing of ER 

membrane associated transcription factor AtbZIP17 and its relocation to the nucleus to 

activate several stress response genes. 
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III. MATERIAL AND METHODS 

 The research work presented in this thesis was carried out at the Institute of 

Biotechnology and Genetic Engineering, the University of Agriculture Peshawar- 

Pakistan. Part of the research work was conducted at Plant Developmental Genetics 

Lab, Korea University, Seoul, South Korea. Publically available RNA seq data sets 

were analyzed to identify the potential stress tolerance genes that were up-regulated 

under different stresses (heat, drought and salinity). RNA-seq derived expression data 

of these candidate genes was validated in wet lab using qRT-PCR and semi-qRT-PCR, 

whereas, functional analysis of these genes was performed using wild type (Col-0) and 

over-expression lines. 

RNA-seq Public Datasets and analysis using Tuxedo Protocol  

 To gain insights of transcriptome wide genes expression, different publically 

available RNA-seq data sets were analyzed in this study (Table1). We identified 

specific data sets that were built using plants grown under different abiotic stresses e.g., 

heat, salinity and drought. Genes were identified that were differentially expressed 

between control plants and stressed. 

Data retrieval  

 RNA-seq data corresponding to the objectives of this research was downloaded 

from different openly available databases on National Center for Biotechnology 

Information Gene Expression Omnibus (NCBI GEO), European Molecular Biology 

Laboratory Nucleotide Archive (EMBL-ENA) which can be respectively accessed at 

www.ncbi.nlm.nih.gov/geo and www.ebi.ac.uk/ena. 

SRA to FASTQ conversion 

 Publically available RNA-seq datasets were retrieved from GEO in Sequence 

Read Archive (SRA) format and were converted to FASTQ format using SRA toolkit 

“NCBI SRA toolkit” (available at: http:// www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi? 

view=software) for downstream analysis using Tuxedo Protocol (Trapnell et al., 2012). 

 

https://www.embl.de/
https://www.embl.de/
http://www.ncbi.nlm.nih.gov/geo
http://www.ebi.ac.uk/ena
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Data upload and Quality Control using FASTQC 

 RNA-seq data in the FASTQ format was then uploaded to an appropriate 

analysis platform such as CYVERSE (www.cyverse.org/) and quality of the reads was 

checked for every uploaded fastq file using the "FASTQC" program 

(www.bioinformatics. babraham.ac.uk/ projects/fastqc). Only good quality data was 

analyzed and the entire medium to low quality data reads was eliminated from further 

analysis. 

Fastq Grooming 

 As the data-sets originated from different sequencing platforms (and in different 

formats), all files were interchanged into a common FASTQ subtype that were used by 

the analysis programs. For this purpose, a Galaxy web-tool known as “FASTQ 

Groomer” was employed. Without grooming, the raw fastq files are un-compatible with 

many analysis platforms and might contain formatting variations. 

Mapping to reference genome using TOPHAT2 

 The good quality groomed reads in FASTQ files were mapped/aligned against 

the reference A. thaliana genome using “TopHat2” (http://tophat.cbcb.umd.edu/) tool. 

Settings of TopHat2 were kept default as suggested previously (Trapnell et al., 2012). 

TopHat 2 gave mapped output file in the SAM alignment file format. Mapped reads in 

the SAM format were converted into BAM file (a kind of compressed version) to 

minimize its size and make it easy to handle by the programs. 

Assembling transcripts from mapped reads using Cufflinks 

 Mapped reads in the BAM file were assembled together to form transcript 

structures based on the overlapped sequences using a set of programs known as 

“Cufflinks2” (available at: https://github.com/cole-trapnell-lab/cufflinks). Cufflinks 

also applied different normalization algorithms that minimize the inter-study variation 

between the RNA sequencing data. The output of Cufflinks was in the form of Gene 

Transfer Format (GTF), containing assembled transcripts. For each sample and 

biological replicate, one GTF file was generated. 

 

http://www.bioinformatics/
http://tophat.cbcb.umd.edu/
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Merging GTF files 

 To combine transcript information in all individual GTF files, they were merged 

into a single GTF file known as “Merged GTF file”. This file contained all the 

information about the transcripts structure (both reported and novel) and was then used 

as “Reference File” instead of the A. thaliana reference genome which allowed us to 

detect novel splice variants. If we had used the reference Arabidopsis genome as 

annotation file, we would not be able to detect novel splice variants as it would filter 

out all non-listed mapped reads. 

Differential gene expression using CuffDiff2 

 Genes that were up-regulated or down-regulated in stressed plants as compared 

to normally grown plants were considered as “Differentially Expressed Genes” 

(DEGs). The differentially expressed genes between plants exposed to different stresses 

were determined using "Cuffdiff2" tool (Trapnell et al., 2012). Cuffdiff2 Output this 

analysis in Excel files and a number of files required for the visualization of 

differentially expressed data in R using CummeRbund (available at: 

http://bioconductor.org/packages/release/bioc/html/cummeRbund.html). 

Data Visualization using CummeRbund 

 CummeRbund is an R package for visualization of differentially expressed 

genes. The output files of cuffdiff analysis were re-organized by cummerbund and 

stored these files in a local SQLite database. CummeRbund indexes the data to speed 

up access to specific feature data (genes, isoforms, TSS, CDS, etc.) and preserves the 

various relationships between these features. It also uses other R packages to construct 

expression graphs (for single gene) and heat maps (for a group of genes). 

Gene Ontology analysis 

 For determining the biological functions of the differentially expressed genes, 

online tool GENECODIS (Carmona-Saez, 2007) was used. This enabled us to 

categorize the miss regulated genes into broad categories based on the similarities in 

their functions.  
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GO-Enrichment Analysis 

 GO-enrichment analysis was performed on the differentially expressed genes to 

get insights on their biological functions (Biological Processes; BP), classified these 

DEGs based on their molecular functions (Molecular Functions; MF), cellular 

compartment analysis that gave us information about the localization of the DEGs to 

different cellular compartments (Cellular Compartment; CC).The KEGG (Kyto 

Encyclopedia of genes and Genomes) pathways analysis that showed different 

pathways enriched with these DEGs.  In this study we performed these different types 

of GO-enrichment analysis on the differentially expressed genes in response to heat, 

drought and salt stress.  

Common targets of different stresses 

 For determining the common target genes of different stresses, lists of 

differentially expressed genes under different stresses (heat, salt and drought) were 

uploaded to Venny2 (available at: bioinfogp.cnb.csic.es/tools/venny). Venny produced 

a Venn diagram highlighting the number of common genes differentially expressed in 

response to different stresses. 

Wet-lab validation of the vital stress responsive genes  

 Differences in the expression of major stress responsive genes were confirmed 

through semi-quantitative and qRT-PCR. RNA was extracted from plants exposed to 

drought, heat and salt stresses according to the standard procedure previously used by 

(Mane, 2007) 

Plant material and growth conditions 

 For all experiments mostly Columbia accession (Col-0) of A. thaliana was used. 

All plants were grown under different environmental conditions and exposed to 

different abiotic stresses according to the growth conditions mentioned in the original 

studies (Table 1). As the RNA-sequencing, that was used in this study was performed 

under highly controlled conditions such as light/dark period, temperature etc that was 

not possible at our institute due to lack of resources and power breakage, therefore, the 

wet lab validation was performed at Plant Developmental Genetics Lab, Korea 

University, Seoul South Korea. 
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RNA extraction and cDNA synthesis 

RNA isolation 

 For RNA isolation MS media grown plants were transferred to mortar and 

pestle under liquid nitrogen and ground to a fine powder form. It was subsequently 

transferred to a conical tube having 1 volume of grinding buffer (0.09 M LiCl, 4.5 mM 

EDTA, 0.18 M Tris and 1 % SDS; pH 8.2), 10 µL mercaptoethanol/ml extraction 

buffer, 1 volume of phenol (pH 4.7) and 1/10th volume of 2 M NaOAc (pH 4.0) and all 

the ingredients were thoroughly mixed for 10 min on an orbital shaker at 300 rpm. 

Centrifugation (9000 g for 10 mints) was carried out to obtain the supernatant that was 

then transferred and 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1) having 

pH 6.6 was added in a new tube. Again in order to obtain the supernatant the sample 

was centrifuged (9000 g for 10 mints) and to that an equal volume of chloroform was 

added. Centrifuged (9000 g for 10 mints) the sample and the supernatant was 

transferred to a new tube and added 1/2 volume of 10 M LiCl.  RNA was precipitated 

by incubating the sample at -20 ◦C overnight. The incubated sample was finally 

centrifuged (10,000 g for 25 min) and the pellet was collected and washed with 80 % 

ethanol, dried and re-suspended in nuclease free water (Mane, 2007). 

RNA Purification 

 An Ambion DNA-free protocol (Ambion Inc., Austin, TX, USA) was used for 

RNA purification by DNase treatment. The RNA was purified by adding 0.1 volume of 

10X DNase I buffer and 1 µL DNase I (2 units). Then the samples were gently mixed 

and incubated at 37 ◦C for 30 min. DNase inactivation reagent (0.1volume) was re-

suspended and upon re suspension it was added to the sample and kept at room 

temperature for 2 min for incubation. DNase inactivation reagent was pellet out by 

centrifugation at 10,000 g for 2 min. 

Reverse Transcription 

 For reverse transcription 2 µg of RNA and 0.5 µg/µL of 18-mer Oligo-dT were 

added to an eppendorf tube. To make the volume up to 20 µL nuclease free water was 

added and the sample was heated to 70 ◦C for 10 min and then placed on ice. First 

strand buffer  (5X) (Invitrogen, Carlsbad, CA, USA) was added to the sample in 
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volume of  5 µL followed by the addition of 1.25 µL of 0.1 M DTT, 1.25 µL of 

SuperscriptII reverse transcriptase (Invitrogen, Carlsbad, CA) and 1.25 µL of 10 mM 

RNase-free dNTPs. The sample was then incubated for 60 min at 42 ◦C and then heated 

to 75 ◦C for 10 min, and subsequently diluted with nuclease-free water (Sigma-Aldrich, 

St.Louis, Missouri, USA) to 12.5 ng/µL cDNA. 

Stress treatments 

 For different stresses treatment, Arabidopsis seeds were first sterilized by 

treating with 70 % ethanol twice for 1min, and then seeds were sterilized using 50 % 

bleach/0.1 % Tween-20 for 1 min, followed by rinsing three times in sterile water. 

After sterilization seeds were grown on petri dishes with 15 cm diameter containing 

about 20 mL of Murashige-Skoog (MS) agar media (Murashige and Skoog, 1962) 

supplemented with 1.5 % sucrose. The different abiotic stress conditions that were 

applied in this study are mentioned in table 1.  
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Table 1:  Highlighting the growth and abiotic stress conditions that were used in this 

      study with their original references and also the GEO accession number for 

     the respective public RNA-seq database. 

 

 Plant material Growth 

conditions 

Abiotic Stress  Reference  GEO/SRA 

number 

1 Col-0 16:8h 

day/night 

Heat Stress (42 oC) 

Three-wk-old 

 

 

 

Filichkin et al., 

2010 

 

 

 

SRA009031 

2 Col-0 16:8h 

day/night 

Salt Stress (0.5 M, 20 

ml) Three-wk-old 

3 Col-0 16:8h 

day/night 

Drought Stress (25% 

PEG, 25 ml) Three-

wk-old 

4 Col-0 21 oC, 12:12 

day/night 

150 mM NaCl 1, 2, 3 

hrs  

 

Suzuki et al., 

2016  

 

GSE72806  

 

5 Col-0 21 oC,12h 

(L/D)  

 

44 oC  1, 2, 3 hrs 

 

Suzuki et al., 

2016  

 

GSE72806  

 

6 

 

 

Col-0 21 oC,12 h 

(L/D)  

 

 

150 mM NaCl +  

44 oC 1, 2, 3 hrs  

 

 

Suzuki et al., 

2016  

 

GSE72806  

 

7 C-24  

 

16:8h 

day/nigh 

Salt stress (0, 50, 150 

or 300 mM NaCl) 2 

week-old plants  

 

Ding et al., 

2014 

 

SRP035234  

 

8 Col-0  

 

12 h/12 

(L/D)  

 

150 mM NaCl (12 d 

old) for 15-17 days 

Suzuki et al., 

2016  

 

GSE72806  

 

9 Col-0 

 

12 h/12 

(L/D)  

 

Salinity stress, 150 

mM NaCl (12 d old) 

For 15-17days 

Suzuki et al., 

2016  

 

GSE72806  

 

10 Col-0 

 

12 h/12 

(L/D)  

 

Heat stress (25 d old) 

06:00–09:00, 21 °C; 

09:00–17:00, 43 °C; 

17:00–09:00, 21 °C.  

 

Suzuki et al., 

2016  

 

GSE72806  
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Expression analysis 

 The RNA-seq data was duly validated in wet lab using qPCR analysis relative 

to an appropriate reference gene using LightCycler® 480 intrument. Reactions were 

performed in triplicate, and contained 100 ng of cDNA, 0.5 μL of each primer (10 

μM/μL) and 10 μL SYBR Green Master Mix in a final volume of 20 μL. The 

amplification reaction was performed by using the following program: Pre-incubation 

at 95 °C for 5 min, amplification was done in three steps of denaturation at 95 °C for 10 

sec, annealing at 58 °C for 10 sec, extention at 72 °C for 10 sec. Melting curve analysis 

was performed by increasing the temperature from 55 °C to 95 °C (0.5 °C per 10 sec) 

and finally cooling at 40 °C for 10 sec.  

 As qPCR was not feasible for all of the genes expression analysis, we validated 

the expression of some of the key genes via semi quantitative PCR by taking ubiquitin 

8 gene expression as reference control. Semi-quantitative PCR  was performed in 50 

µL  reaction mixtures having 22 µL RNase–DNase-free water, 25 µL Dream Taq Green 

PCR Master Mix (2x) (Thermo Scientific Cat. No. # K1081), 1 µL of each of the 

forward and reverse primers (10 mM each) and 1 µL cDNA template. Semi-

quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed 

as follows: initial denaturation at 95 °C for 5 min followed by denaturation at 95 °C for 

30 sec, annealing at (43-58 °C) for (30–45 sec) for different template cDNAs and 

extension at 72 °C for 30 sec, and final extension for 10 min at 72 °C.  

Generation of over expression lines: 

 Arabidopsis thaliana (Col-0) seeds were sterilized and cultivated in a growth 

room at 22 °C with a 16-h light/8-h dark photoperiod. The potential multi-stress 

tolerance gene(s) that have been identified in Arabidopsis thaliana were intensified 

using specific primers (Table 2). In order to achieve this purpose, RNA was extracted 

from these plants and cDNA was synthesized, the identified multi-stress tolerance 

gene(s) were amplified using specific primers. The specific sequences were ligated into 

pCHF3 vector harboring a Cauliflower Mosaic Virus (CaMV) vector with 35S 

promoter (Figure 1) after restriction digestion.  
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Figure 1:  A simplified pCHF3 vector map that was used for the over-expression 

            analysis. 

Table 2:  Size and primers detail of selected genes for the generation of over-

  expression lines 

 

Selected genes in specific 

stress condition 

Size of gDNA Primers detail 

Salt stress 

 

1. AT2G16586 

 

 

2.  AT4G18280 

 

 

 

1.1 Kb 

 

 

972 bp 

 

 

AGTGGAAAAGGAAGGTGGCT FP 

CGTTATGGATGCTCTACCCAC RP 

 

AGTGGAAAAGGAAGGTGGCT FP 

ACTTCTTTTAGCGGTGTTGGC  RP 

Drought stress 

 

1. AT2G05440 

 

 

 

2. AT3G49580 

 

 

1.1 Kb 

 

 

 

708 bp 

 

AGTGGAAAAGGAAGGTGGCT FP 

GCAAACAGCGCAGTTTATAATTC RP 

 

 

AGTGGAAAAGGAAGGTGGCT FP 

CTACGAGGAAGAGACGACAGAA RP 

 

 

 Heat stress 

 

1. AT4G12400  

 

 

2.  AT2G29500  

 

3.3 kb 

 

 

 

1.05 kb 

 

 

AGTGGAAAAGGAAGGTGGCT FP 

CGTCAACTTCTCCCACATCTC RP 

 

 

AGTGGAAAAGGAAGGTGGCT FP 

TGTTGAAGCGAGTGTGTTTTG  RP 
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Gene cloning 

 Primers containing restriction enzyme sites were designed to amplify the target 

multi-stress tolerance genes in a 100 µL reaction mix. The amplified product was run 

on 1 % agarose gel to confirm amplification and respective bands were excised from 

gel. The amplified genes amplicons were isolated from gel using GEL DNA extraction 

kit (Favergen). The isolated amplicon and empty vector were treated with Pac1 and 

Xma1 restriction enzymes to create sticky ends. The resulting digested products were 

then ligated using T4 DNA-ligase enzyme and incubated at 16 oC overnight. Successful 

ligation was then confirmed by PCR amplification using forward primer designed from 

the vector sequence with gene-specific reverse primer. The conditions of PCR were 

initial denaturation (95 oC ; 7 min), denaturation (95 oC ; 30 sec), annealing (55–57 oC ; 

30 sec), extention (72 oC ; 1min) and final extention (72 oC ; 10 min). 

E.coli Competent Cells preparation (CaCl2 Method)  

 Single colony of E.coli (DH5α) from LB plate was inoculated into 30–40 mL 

LB liquid. The solution was then incubated overnight at 37 °C in a shaker. Ten mL 

from this culture was transferred to 250 mL of LB medium. It was subsequently shaken 

constantly (1.5–2 hrs; 37 °C) to obtain an OD of 0.25–0.3. Culture along with CaCl2, 

MgCl2 (0.1 M each) and CaCl2 (0.1 M) plus 15 % glycerol were chilled for 15 mints. 

The chilled culture was then centrifuged at 4000 rpm  (4 °C ; 10 mints) followed by the 

removal of medium and gentle re-suspension of pellet in ice cold MgCl2 (100 

mM).Then Pellet was re-suspended in chilled CaCl2 (100 mM) and incubated on ice for 

20 minutes. Upper layer was removed after centrifugation and then the E. coli cells 

were re-suspended in 2.5 mL solution of CaCl2 (85 mM) + 15 % glycerol. Fifty µL of 

solution was pipetted per tube and was put in liquid nitrogen at a temperature of ˗80 °C. 

Bacterial Transformation  

Heat Shock Method for E.coli Transformation  

 E.coli competent cells (50 µL) were taken and 2 µL plasmid DNA was added in 

an eppendorf tube and was incubated on ice for 15 to 30 minutes. The tube was 

transferred into water bath for heat shock at a temperature of 42 °C for 30 to 40 

seconds. The tube was transferred again to ice bath for 3 to 6 minutes. One mL LB 

medium was then added and kept on shaking incubator at 37 °C for one hour at 120 
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rpm. Solution was centrifuged for about 3 minutes with a speed of 7000 rpm at 20 °C. 

The upper layer (upto 800 µL) was discarded and the pellet was re-suspended in the left 

over LB medium. After that, it was spread over LB plate consisting kanamycin (50 

mg/L) and was incubated at 37 °C overnight. Plates were examined for E.coli colonies. 

 Colony PCR was performed in 20 µL reaction mixture having 1 µL template 

(by picking colonies and added a stab of each colony to 20 µL of water), 10 µL 2x taq 

master mix, 1 µL forward primer (10 µM), 1 µL reverse primer (10 µM) and 7 µL H2O. 

Thermocycler (PCR) was run with initial denaturation at 95 oC for 7min, denaturation 

at 95 oC for 30 sec, annealing at 58 oC for 30 sec, extention at 72 oC for 45 sec and final 

extention at 72 oC for 10 min. The amplified products were run on 1 % agarose gel with 

1kb ladder.  

  After the confirmation of successful transformation into E.coli the plasmid was 

extracted from E.coli colonies which entailed use of FavorPrepTM Plasmid DNA 

Extraction Mini Kit. The plasmid (recombinant) obtained this way was re affirmed by 

PCR and also sent for Sanger sequencing for confirmation. Plasmid extracted from 

E.coli positive colonies was used as positive control. 

Plant Transformation  

 Agrobacterium Competent Cells Preparation 

 The growth of an Agrobacterium tumefaciens (GV3101) colony was observed 

after the inoculation of this colony in 2 mL liquid LB medium at a temperature of 28 °C 

overnight. Out of which 1 mL of the overnight culture was employed for inoculation in 

a 100 mL LB medium at a temperature of 28 °C to obtain an OD600 0.5–0.1. The 

bacterial cells cultured were iced for 15 minutes. During the while, CaCl2, MgCl2 (0.1 

M each) and CaCl2 (0.1 M) and 15 % glycerol were also placed on ice. Centrifugation 

of the bacterial cells was carried out (5000 rpm; 4 °C for 10 minutes). Pellet was re 

suspended gently in chilled 100 Mm CaCl2 and was incubated on ice for about 30 

minutes. The upper layer was removed after second centrifugation and re-suspended the 

bacterial cells in 2.5 mL of a CaCl2 plus 15 % glycerol solution. The bacterial cells 

were divided in portions of 100 µL and placed in 1.5 mL eppendorf tubes. These tubes 

were stored at ˗80 °C. 
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Agrobacterium Transformation (Freeze/Thaw Method) 

 The Agrobacterium tumefaciens cells were defrosted by ice. Plasmid DNA of 

about 2 µL was added and the sample was gently shaken for 5 minutes on ice. The 

sample was then shifted to liquid nitrogen for 10 minutes and was transferred to water 

bath at 37 oC for 5 min for heat shock. To the sample 1mL of LB medium was added. 

Then sample was placed on a shaking incubator for 2 to 3 hours at a temperature of 28 

oC. Afterwards, this culture was centrifuged for three minutes at 20 °C at a speed of 

7000 rpm. Upper layer was removed up to 800 µL. The pellet was then re-suspended in 

the left over LB medium. Finally, this culture was subsequently dispersed on LB plate 

consisted of appropriate antibiotic(s) and incubated at 28 °C.   

 Colony PCR was performed in 20 µL reaction mixture having 1 µL template 

(by picking colonies and added a stab of each colony to 20 µL of water), 10 µL 2x taq 

master mix, 1 µL forward primer (10 µM), 1 µL reverse primer (10 µM) and 7 µL H2O. 

Thermocycler (PCR) was run with initial denaturation at 95 oC for 7min, denaturation 

at 95 oC for 30 sec, annealing at 58 oC for 30 sec, extention at 72 oC for 45 sec and final 

extention at 72 oC for 10 min. The amplified products were run on 1 % agarose gel with 

1kb ladder. The transformed bacterial cells were confirmed via PCR using sequence 

specific primers. 

Innoculum preparation of transformed Agrobacterium tumefaciens: 

After the confirmation of successful ligation of selected genes into 

Agrobacterium, the transformed bacteria were grown at 28 °C in sterilized LB (10 g 

tryptone, 5 g yeast extract, 5 g NaCl per litre water) at 250 rpm with kanamycine 

(25 μg mL–1) to stationary phase in liquid culture. The overnight culture was sub 

cultured in 1:100 dilutions and grown for about 18–24 hrs. Cells were harvested by 

centrifugation for 20 min at room temperature at 5500 g and then re-suspended in 

infiltration medium to a final OD600 0.80 preceding to use. 
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In Planta Transformation of Arabidopsis thaliana Plants (Floral Dip Method): 

Plant Material  

 Arabidopsis thaliana was grown to flowering stage; plants were exposed to 

Agrobacterium mediated gene transfer modus operandi at primary inflorescences stage 

in sucrose (5 % sucrose and 0.05 % of surfactant Silwet L-77) containing growth 

media. The inflorescences were immersed in solution for 30 sec and then wrapped in 

polythene bags for 24 hours for the conservancy of moisture. The dipping treatment 

was carried out two times within 14 days. The seeds were collected at maturity. 

Selection of homozygous transgenic plants 

 The surface of seeds from floral dipped plants (T0 seeds) was sterilized and 

spread over ½ MS media with appropriate selection (kanamycine, spectinomycine 

antibiotics (50 µg/mL) for 5 continuous days at 23 °C under a photoperiod (16 hours 

light and 8 hours dark). Plants that grow normally with green leaves were considered as 

resistant and were transferred to get T1 seeds, while seedlings that show yellow color 

were discarded. The T1 seeds were grown to get T2 seeds and hence T2 plants, that 

were subjected to PCR-genotyping for the homozygosity of transgenic lines, stable 

integration of the genes was confirmed through semi qPCR at transcript level and 

western blot at protein level using anti-HA antibodies, as the over expression genes 

were tagged with 3X HA. 

Western blotting 

 Western blotting was performed to check if our over-expression genes are 

producing protein product or not. For this purpose protein was isolated using a standard 

procedure of Colon and Salter (2007) from the WT (Col-0) and over-expression lines 

and SDS PAGE was done to separate the proteins on the basis of their size. The detail 

process of protein extraction and SDS PAGE is given below. 

Protein extraction 

 Leaves from Arabidopsis plants were collected using forceps in 1.5 µL 

microfuge tube and 200 µL of buffer E was added to it (detail of buffers is given in 

appendix I). The sample was homogenized with micro pestle at room temperature to 



27 

obtain a homogeneous suspension. The extract was centrifuged for 10 min at maximum 

speed in microfuge and transferred the supernatant to fresh tube. After that the 10 µL 

extract supernatant was taken for total protein quantification in the Bio-Rad DC Protein 

Assay kit (Bio-Rad, Hercules, CA). The total protein concentration ranged from approx 

0.8 µg/µL. the samples were stored at -20 °C. 

Sample preparation: 

Each protein sample was diluted with TD x4 to make it x1 and was heated at 90 

°C for 5 min (details of the buffers  mentioned in Appendix I).  

SDS-PAGE: 

 Reservoirs buffer prepared (300 ml) and was diluted to 1x. The combs were 

removed from the stacking gel after complete polymerization. The excessive 

polymerized acrylamide was removed with a paper. After the complete setup, the 

samples were poured in holes (200 µg in each hole). The remaining reservoirs buffer 

was poured on the cubette and the electrophoresis was run at 100 volts for 3 hrs. When 

the SDS-PAGE was finished the whole setup was dismounted and the stacking gel was 

discarded. 

Staining of SDS-PAGE:  

 The gels were incubated (5 min; 55 °C) in the fixing solution with shaking 

(detail of solution mentioned in Appendix I). Then gels were incubated (10 min; 55 °C) 

with shaking in staining solution. The gels were de-stained after washing with water in 

de-staining solution at 55 °C with shaking for 10–15 min. The gels were stored in water 

with acetic acid until they are dried.  

Western blot:  

 Transfer solution was prepared by mixing water (980 mL), methanol (110 mL) 

and SDS-PAGE transfer stock (11 mL). The gels were incubated in 100 mL of transfer 

solution on shaking for 15 min. During the process one piece of PVDF was incubated 

for 1 min in methanol for each gel. Subsequently the methanol was replaced with 

transfer solution. Transfer sandwich was prepared by putting a black piece of the 

transfer sandwich; wetted 3 mm paper sheet, wetted white pad, transfer solution, gel 
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and blot of PVDF arranged in a proper pattern. The sandwiches were mounted in the 

transfer device by putting their black sides near the black side of the transfer device. 

The cubette was then filled with the transfer solution and transferred at 400 mA for 30 

min, with magnetic stirring. The PVDF blots was then removed and blocked with 

skimmed milk for 1hr with shaking. After that blots were washed briefly with water. 

Primary antibody (anti- HA antibody) was applied and incubated for 6–7 hrs. The blots 

were washed 3 times and then secondary antibody that was specific to the primary 

antibody was applied in the blocking solution and incubated for 1 hr with shaking. 

Washed the blots 3 times by incubating for 5 min in RT with shaking. Then blots were 

incubated in developing solution, upon intensification of the bands blots were washed 

with water and dried. 

Analysis of shortlisted genes mutants 

T-DNA mutant lines were ordered from Arabidopsis Resource Center (ABRC), 

USA. Whereas for isolation of homozygous mutants primers were designed using T-

DNA primer design tool of Salk webpage (http://signal.salk.edu/tdnaprimers.2.html). 

The mutants and primers details are mentioned in (Table 3). There were no T-DNA 

insertions lines present for the selected genes for drought stress tolerance. These genes 

were AT2G05440 (GRP9) and AT3G49580 (LSU1).  

Table 3: Selected genes with their respective mutants and primers detail for genotyping 

S.NO Selected 

Genes 

T-DNA insertion 

mutants 

Primers detail 

1 AT2G16586 

 

SALK_061834 

 
GAGTTCATGGCTCTCACTTC LP 

CGTTATGGATGCTCTACCCC   RP 
 

2 AT4G18280 

 

SALK_112442 

 
GGGAAATTCGAAAACGTTC   LP 

ACTTCTTTTAGCGGTGTTGC   RP 
 

3 AT4G12400  

 

SALK_023494c 

  

TTGGTTGGTTACAAGTATTG   LP 

CGTCAACTTCTCCCACATCC   RP 
 

4 AT2G29500  

 

SALK_013435c 

 
AGGCACCGTAACAGTCAAC   LP 

TGTTGAAGCGAGTGTGTTTG   RP 
 

Exposure of transgenic lines to abiotic stresses: 

 To assess the functionality of shortlisted genes, the transgenic lines over-

expressing multi-stress tolerance genes were exposed to drought, heat and salinity 

http://signal.salk.edu/tdnaprimers.2.html
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stresses as mentioned in table 1. Performance of the over-expression lines was 

determined in comparison with wild-type plants. 

Physiological parameters: 

  Arabidopsis thaliana wild type and over-expression lines were analyzed for 

different physiological parameters. These parameters included relative electrolyte 

leakage (REL), fresh weight determination, germination percentage, relative root 

length, water loss, MDA content, chlorophyll contents, proline content and survival 

rate. 

1. Relative Electrolyte Leakage (REL) 

 Five days old seedlings from wild-type plants (Col-0) and over-expression 

transgenic lines were transferred to MS medium supplemented with desired NaCl 

concentration. After 7 days the rosette leaves were harvested from wild-type plants 

(Col-0) and over-expression transgenic lines for measurement of electrolyte leakage. 

The electrolyte leakage was evaluated by using the plant leaves (0.1 g) and determining 

their relative conductivity in solution.  Conductivity detector DDS-11A (Kangyi) was 

employed to determine the conductivity. Leaf segments from six to ten seedlings were 

vacuum infiltrated in de-ionized water for 20 min and maintained in the water for 2 hrs. 

The obtained solutions conductivities were determined (C1). De-ionized water 

containing the leaf segments were then maintained for 15 min. The conductivities (C2) 

of the resulting solutions were determined after being thoroughly cooled at room 

temperature. Relative electrolyte leakage was determined by calculating the values of 

C1 to C2 (C1/C2). Each data point represents average from three independent 

experiments. Statistical analysis was done using t test. 

2. Fresh weight determination 

 After completion of stress period, seedlings were taken from control and 

stressed pots and their fresh weights were determined using a digital balance. In order 

to know whether increase in fresh weight was due to cell size or cell number, 

propidium iodide staining was done. 
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Propidium iodide staining 

Propidium iodide staining was used for cell size comparison between wild-type and 

over-expression transgenic plants. Leaves of about one week old Arabidopsis soil 

grown seedlings were used for this experiment. Collected leaves were dipped in 

propidium iodide (1 mg/mL stock) solution for about 1–2 minutes. Then, seedlings 

were quickly washed with water and mounted on to a glass. Then the samples were 

observed using excitation maxima (546 nm) under confocal microscope. 

3. Germination percentage 

To find the germination percentage of Arabidopsis thaliana, at least 100–120 seeds of 

both wild type (Col-0) and transgenic plants were sprinkled on a petri plate having 

media with or without stress agent. The germination rates were scored on the third day 

after transfer from stratification conditions (4 °C, 2 days) to normal conditions (22 °C). 

The number of seeds germinated in a total number of seeds plated was expressed as 

germination percentage. The experiment was repeated three times. 

4. Relative root length determination 

Relative root lengths of both wild type (Col-0) and transgenics were determined by 

planting the seeds in vertical MS plates for 4 days supplemented with 0.6 % gelrite. 

About 1–1.5 cm long root seedlings were then transferred onto a second MS vertical 

plate supplemented with different concentrations of stress agent (NaCl, PEG and heat). 

The relative values (root lengths of each transgenic line to ones their respective controls 

growing on normal MS medium) of root lengths were used for a better comparison as 

previously done by (Alavilli et al. 2017). 

5. Water loss 

 Three week old plants aerial parts were excised to analyze the standardized 

water content.  At indicated times the loss in fresh weight was monitored. Dry weight 

was determined by drying the detached aerial parts at 80 °C for 5 hrs. Water loss was 

calculated by using the formula as;  

[(FWi-DW)/ (FW0-DW)]×100 
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  Where FW0 and FWi are fresh weight for original and any given interval fresh 

weight, respectively, and DW is dry weight. These tests were conducted in the 

controlled environmental chamber at 23 °C.  

6. Melondialdehyde content determination (MDA) 

 Melondialdehyde content was measured by the method illustrated by YU et al., 

2015. Fresh leaf samples (0.2 g) from control and stressed plants were homogenized in 

10 mL of 10 % trichloroacetic acid and centrifuged (12000 rpm;10 min). To the 

supernatant (2 mL) about 2 mL of 0.6 % thiobarbituric acid (TBA) was added and 

incubated in a water bath (100 °C; 15 min). After cooling, the mixture was centrifuged 

(12,000 rpm; 10 min).  The obtained supernatant was used to measure the OD at 532, 

600, and 450 nm and the MDA content was calculated as follows: 

 MDA content (uM) = 6.45 (OD532−OD600) − 0.56 OD 450  

7. Chlorophyll content 

 Chlorophyll content was calculated as described by Arnon (1949). The control 

and stressed plants leaf sample were harvested and stored at 21 °C for 4 weeks. Leaf 

samples (~ 100 mg) was homogenized in 3 mL of 80 % acetone and left for 30 min in 

dark to extract the chlorophyll.  Debris was cleared by centrifugation (15,000 rpm; 10 

mints at 4 oC) and supernatant was collected. Chlorophyll content was determined by 

measuring optical density at 663 nm (chlorophyll a) and 646 nm (chlorophyll b) using 

spectrophotometer (U-2810, Hitachi). Total chlorophyll (a & b) was determined using 

the equation; 

(12.7 x A663 - 2.69 x A646) x Volume / Weight = Chl a mg/g FW and (22.9 x A646 - 4.86 

x A663) x Volume / Weight = Chl b mg/g FW. 

 

8.    Proline Content 

  Minor modifications were done in the method previously described by Bates et 

al. (1973) for determining the proline content. About 500 mg frozen plant material was 

homogenized in sulphosalicylic acid (1 mL) and the debris were removed by 

centrifugation (5,000 rpm). To 250 µL extract, acid ninhydrin solution (1 mL) and 

glacial acetic acid (1 mL) was added and then placed in water bath (100 °C for 1 hr) 

and the reaction was finished on ice bath.  Toluene (4 mL) was added to the reaction 

mixture and its absorbance was noted at 520 nm using toluene as a blank. The amount 
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of proline was determined, from a standard curve in the range of 0–20 µg/mL of L-

proline. Using the following formula the proline concentration (μg/g FW) was 

calculated:  

Proline content (μg) x extraction solution volume (mL)/sample volume (mL) x fresh 

leaf sample weight (g). 

9. Survival percentage 

 For drought stress analysis, 16 days old soil grown plants (WT and over-

expressed transgenic) were subjected to desiccation by withholding water supply for 32 

days and then re-watered. Survival percentages were recorded 4 days after the recovery. 

For heat stress analysis soil grown (WT and over-expressed transgenic) plants of about 

two weeks were subjected to heat stress of 45 °C for 1hr, and their survival percentage 

was recorded. Similarly the survival percentage of the (WT and over-expressed 

transgenic) plants was recorded for salt stress tolerance analysis as well. Two weeks old 

plants were subjected to 200 mM NaCl stress for three days and subsequently they were 

evaluated for their survival rate. 
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IV. RESULTS 

4.1.  Global gene expression analysis in response to abiotic stresses 

 During this experiment, the publically available whole transcriptome (RNA-

seq) data was analysed to understand plant acclimation to different abiotic stress 

conditions. The selected RNA-seq data of the first experiment obtained by individually 

exposing the plants to heat, drought and salt stresses was analysed. In this study a total 

of 12606, 12594 and 12530 differentially expressed genes (DEGs) were detected under 

heat, drought and salt stress conditions (Filichkin et al., 2010). This included 7145, 

6336 and 6551 genes up-regulated and 5461, 6258 and 5979 genes down regulated 

under heat, drought and salt stress, respectively. The RNA-seq data obtained by 

exposing the Arabidopsis thaliana plants to salt and heat stress conditions either 

applied individually or in combined form was also analysed. In this study a total of 

2058 and 7543 and 8056 DEGs were detected under salt, heat and combined salt and 

heat stress conditions (Suzuki et al., 2016). This included 931, 4092 and 4492 genes 

up-regulated while 1127, 3451 and 3564 genes down regulated under salt, heat and 

combined salt and heat stress conditions, respectively. Similarly the analysis of RNA-

seq data of Ding et al. (2014) revealed a total 30941 DEGs, of which 13623 genes were 

down regulated while 17318 genes were up-regulated under salt stress. 

4.2.  Functional Classification of Genes:  

4.2.1.  Heat stress induced DEGs  

The transcriptomic data is prone to variations primarily due to batch-to-batch 

variations and differences in lab-to-lab growth conditions. In order to avoid such 

variation and to get  much clearer results for the GO-enrichment analysis, all the genes 

that were up-regulated in response to heat stress from the public data sets of Filichkin et 

al. (2010) and Suzuki et al.(2016) were combined. The combined gene IDs list was 

then used as input for the GO analysis. 

GO-enrichment for Biological Processes (BP)   

  Results for GO enrichment of the up-regulated genes comprised a wide range 

of biological functions, among which 'translation activity' (225 genes/1495 DEGs; 

15.05 %), 'response to salt stress' (203 genes/1495 DEGs; 13.57 %), and 'response to 

cadmium ion' (181 genes/1495 DEGs; 12.01 %) were the highly enriched GO terms; 
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followed by GO terms 'response to abscisic acid stimulus' (175 genes/1495 DEGs; 

11.70 %), 'response to cold' (127 genes/1495 DEGs; 8.49 %), 'response to oxidative 

stress' (116 genes/1495 DEGs; 7.75 %), 'protein folding' (116 genes/1495 DEGs; 7.75 

%), 'response to water deprivation' (115 genes/1495DEGs; 7.69 %), 'response to heat' 

(95 genes/1495 DEGs; 6.35 %), 'response to jasmonic acid stimulus' (79 genes/1495 

DEGs; 5.28 %) and the GO term  'response to salt stress', 'response to abscisic acid 

stimuls' (63 genes/1495 DEGs; 4.21 %) (Figure 2A). 

 GO enrichment analysis of combined down-regulated DEGs of Suzuki et al. 

(2016) and Filichkin et al. (2010) that were induced under heat stress  also comprised a 

wide range of biological functions, among which 'biosynthesis of secondary 

metabolites' (239 genes/498DEGs; 47.99  %), 'plant pathogen interaction' (47 

genes/498 DEGs; 9.43 %) and 'starch and sucrose metabolism' (43 genes/498 DEGs; 

8.63 %) were the highly enriched GO terms,  followed by 'amino sugar and nucleotide 

sugar metabolism' (43 genes/498DEGs; 8.63 %), 'carbon fixation in photosynthetic 

organisms' (32 genes/498 DEGs; 6.42 %), 'phagosomes' (27 genes/498DEGs; 5.42 %), 

'starch and sucrose metabolism', 'amino sugar and nucleotide sugar metabolism' (26 

genes/498 DEGs; 5.22 %), 'DNA replication' (18 genes/498 DEGs; 3.61 %), 

'biosynthesis of secondary metabolites', 'propanoate metabolism' (14 genes/498 DEGs; 

2.81 %), and 'biosynthesis of secondary metabolites', 'pyruvate and propanoate 

metabolism'  (9 genes/498 DEGs; 1.80 %) (Figure 2B). 
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Figure 2:   Functional classification of heat stress induced (A) Up-regulated and (B) 

  Down-regulated genes (Filichkin et al., 2010 and Suzuki et al., 2016) for 

  Biological Process (BP) using a threshold p-value of 0.05.   
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GO-enrichment for Molecular Functions (MF)  

Similar to Biological Function (BP) GO-enrichment analysis for Molecular 

Function (MF) of  combined up-regulated DEGs of Suzuki et al. (2016) and Filichkin 

et al. (2010) was also performed, these combined DEGs induced under heat stress 

comprised a wide range of molecular functions among which 'protein binding' (660 

genes/2856 DEGs; 23.10 %), 'DNA binding activity' (516 genes/2856 DEGs; 18.06 %) 

and 'nucleic acid binding activity' (326 genes/2856 DEGs; 11.41 %) were the highly 

enriched GO terms followed by 'binding' (310 genes/2856 DEGs; 10.85 %), 'nucleotide 

binding' (270 genes/2856 DEGs; 9.45 %) , 'RNA binding' (250 genes/2856 DEGs; 8.75 

%), 'structural constituent of ribosome' (198 genes/2856 DEGs; 6.93 %), 'nucleotide 

binding', 'nucleic acid binding' (118 genes/2856 DEGs; 4.13 %), 'RNA binding', 

'nucleic acid binding' (117 genes/2856 DEGs; 4.09 %) and the GO term 'RNA binding', 

'nucleotide binding', 'nucleic acid binding' (91 genes/2856 DEGs; 3.18 %) (Figure 3A). 

 GO-enrichment analysis for combined down-regulated genes of Suzuki et al. 

(2016) and Filichkin et al. (2010) induced under heat stress comprised a wide range of 

Molecular Function (MF), among which 'protein binding' (464 genes/1656 DEGs; 

28.01 %), 'catalytic activity' (309 genes/1656 DEGs; 18.65 %) and 'kinase activity' (270 

genes/1656 DEGs; 16.30 %) were the dominant GO terms followed by 'protein 

serine/threonine kinase activity' (195 genes/1656 DEGs; 11.77 %), 'ATP binding', 

'protein serine/threonine kinase activity' (159 genes/1656 DEGs; 9.60 %), 'transferase 

activity', 'transferring glycosyl groups' (123 genes/1656 DEGs; 7.42 %), 'calcium 

binding' (83 genes/1656 DEGs; 5.01 %) and 'others' (53 genes/1656 DEGs; 3.20 %) 

(Figure 3B). 
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Figure 3:   Functional classification of heat stress induced (A) Up-regulated and (B) 

  Down-regulated genes ((Filichkin et al., 2010 and Suzuki et al., 2016) 

  for Molecular function (MF) using a threshold p-value of 0.05.   
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GO-enrichment for Cellular Compartments (CC) 

 GO-enrichment for cellular compartments (CC) of combined DEGs of Filichkin 

et al. (2010) and Suzuki et al. (2016) induced under heat stress showed that different 

number of genes were associated to various cellular organelles. Majority of which were 

related to 'cytosol' (943 genes/5078 DEGs; 18.57 %), 'chloroplast'  (919 genes/5078 

DEGs; 18.709 %), 'nucleus' (867 genes/5078 DEGs; 17.07 %) and 'plasma membrane' 

(727 genes/5078 DEGs; 14.31 %), followed by 'mitochondrian' (391 genes/5078 DEGs; 

7.69 %) then by 'chloroplast stroma' (288 genes/5078 DEGs; 5.67 %),  'chloroplast 

envelop' (267 genes/5078 DEGs; 5.25 %), 'vacuole' (264 genes/5078 DEGs; 5.19 %), 

'cytosol', 'plasma membrane' (224 genes/5078 DEGs; 4.41 %) and 'chloroplast', 'cytosol' 

(188 genes/5078 DEGs; 3.70 %) (Figure 4A). 

 Go-enrichment analysis for cellular compartments  down-regulated genes under 

heat stress showed that highest number of genes were related to 'plasma membrane' 

(696 genes/3607 DEGs; 19.29 %), 'chloroplast' (629 genes/3607 DEGs; 17.35 %), 

'cytosol' (606 genes/3607 DEGs; 16.80 %), 'membrane' (531 genes/3607 DEGs; 14.72 

%) followed by 'plasmodesma' (319 genes/3607 DEGs; 8.84 %), 'vacuole' (225 

genes/3607 DEGs; 6.23 %) then followed by 'chloroplast stroma', 'chloroplast'  (199 

genes/3607 DEGs; 5.51 %), 'endoplasmic reticulum' (160 genes/3607 DEGs; 4.43 %), 

'plasmodesma', 'plasma membrane' (142 genes/3607 DEGs; 3.93 %) and 'Golgi 

apparatus' (100 genes/3607 DEGs; 2.77 %) (Figure 4B). 
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Figure 4:   Functional classification of heat stress induced (A) Up-regulated and (B) 

Down-regulated genes (Filichkin et al., 2010 and Suzuki et al., 2016) for 

Cellular compartment (CC) using a threshold p-value of 0.05.   
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Pathways affected by heat stress 

 GO terms, identified by functional annotation of the selected transcriptomic 

data, were found to be involved in different metabolic pathways that were enriched 

with up/down regulated genes under heat stress condition. GO terms concerning to the 

'biosynthesis of secondary metabolites' was the dominant category (253 genes/735 

DEGs; 34.42 %) up regulated under heat stress followed by 'ribosome' (81 genes/735 

DEGs: 11.02 %) and 'plant hormone signal transduction' (78 genes/735 DEGs; 10.61 

%) further followed by 'spliceosome' (66 genes/735 DEGs; 8.97 %) then by the 

'induction of pathway related to protein processing in endoplasmic reticulum' (58 

genes/735 DEGs; 7.89 %), 'purine metabolism' (51 genes/735 DEGs; 6.93 %), 

'glycolysis/gluconeogenisis' (46 genes/735 DEGs; 6.25 %), 'biosynthesis of secondary 

metabolites', 'glycolysis/gluconeogenisis' (45 genes/735 DEGs; 6.12 %),  'glutathione 

metabolism' (32 genes/735 DEGs; 4.35 %) and 'glysine, 'serine and threonine 

metabolism' (25 genes/735 DEGs; 3.40 %) (Figure 5A). 

 Similarly the analysis showed that a large number of down-regulated genes 

were enriched to a wide range of pathways in response to heat stress. Among these 

pathways the 'biosynthesis of secondary metabolites' was the dominant category (239 

genes/496 DEGs; 48.8718 %) followed by 'plant pathogen interaction' (47 genes/496 

DEGs; 9.47 %) and 'starch and sucrose metabolism' (43 genes/496 DEGs; 8.66 %),  

followed by the pathway related to 'amino sugar and nucleotide sugar metabolism' (43 

genes/496 DEGs; 9.48,66 %), 'carbon fixation in photosynthetic organisms' (32 

genes/496 DEGs; 6.45 %), 'phagosomes' (27 genes/496 DEGs; 5.44 %). Other 

pathways down regulated under heat stress included 'starch and sucrose metabolism', 

'amino sugar and nucleotide sugar metabolism' (26 genes/496 DEGs; 5.24 %), 'DNA 

replication' (18 genes/496 DEGs; 3.62 %), 'biosynthesis of secondary metabolites', 

'propionate metabolism' (14 genes/496 DEGs; 2.82 %) and 'biosynthesis of secondary 

metabolites', 'pyruvate/propionate metabolism' (7 genes/496 DEGs; 1.41 %) (Figure 

5B). 
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Figure 5:   Functional classification of heat stress induced (A) Up regulated and (B) 

Down-regulated genes ((Flichiken et al., 2010 and Suzuki et al., 2016) 

for metabolic pathways affected using a threshold p-value of 0.05.   
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4.2.2  Salt stress induced DEGs  

 In order to get a clear picture of the GO-enrichment analysis, all the genes that 

were up-regulated in response to salt stress from all the three publically available data 

sets selected in this study were combined. These data sets included the data of Filichkin 

et al. (2010), Suzuki et al. (2016) and Ding et al. (2014). The combined gene IDs list 

was then used as input for the GO analysis. 

GO-enrichment for Biological Processes (BP)   

 Results for GO-enrichment of salt stress comprised a wide range of biological 

functions, among which 'regulation of transcription, DNA dependent' (736 genes/2065 

DEGs; 35.64 %), 'response to salt stress' (258 genes/2065 DEGs; 12.49 %)  and 

'response to abscisic acid stimulus' (224 genes/2065 DEGs; 10.84 %) were the highly 

enriched GO terms; followed by GO terms 'response to cold' (162 genes/2065DEGs; 

7.84 %), 'response to cold', 'response to water deprivation' (146 genes/2065 DEGs; 7.07 

%), 'response to wounding' (120 genes/2065 DEGs; 5.81 %), 'response to jasmonic acid 

stimulus' (111 genes/2065 DEGs; 5.37 %), 'response to chitin' (111 genes/2065 DEGs; 

5.37 %), 'defense response to fungus' (101 genes/2065 DEGs; 4.89 %) and the GO term  

'response to salicyclicacid stimulus' (96 genes/2065 DEGs; 4.64 %) (Figure 6A). 

GO enrichment analysis of down- regulated DEGs that were induced under salt 

stress also comprised a wide range of biological functions, among which  'metabolic 

process' (363 genes/1821 DEGs; 19.93 %), 'oxidation reduction process' (297 

genes/1821 DEGs; 16.30 %) and 'response to salt stress' (193 genes/1821 DEGs; 10.59 

%) were the highly enriched GO terms followed by  'response to cadmium ion' (180 

genes/1821 DEGs; 9.88 %), 'embryo development ending in seed dormancy' (170 

genes/1821 DEGs; 9.33 %), 'transport' (169 genes/1821 DEGs; 9.28 %) further 

followed by 'response to auxin stimulus' (141 genes/1821 DEGs; 7.74 %),  'response to 

oxidative stress' (139 genes/1821 DEGs; 7.63 %), 'response to water deprivation' (110 

genes/1821 DEGs; 6.04 %), and 'photosynthesis' (59 genes/1821 DEGs; 3.23 %) 

(Figure 6B). 
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Figure 6:   Functional classification of salt stress induced (A) Up-regulated and (B) 

Down-regulated genes (Flichiken et al., 2010 and Suzuki et al., 2016 

and Ding et al., 2014) for Biological Process (BP) using a threshold p-

value of 0.05.   
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GO-enrichment for Molecular Functions (MF)  

 GO-enrichment analysis for Molecular Function (MF) of  combined up-

regulated DEGs of the selected data sets was performed, these combined DEGs induced 

under salt stress comprised a wide range of molecular functions among which 

'sequence specific DNA binding transcription factor activity' (818 genes/5442 DEGs; 

15.03 %), 'protein binding ' (793 genes/5442 DEGs; 14.57 %) and 'DNA  binding ' (679 

genes/5442 DEGs; 12.42 %) were the highly enriched GO terms followed by 'ATP 

binding' (650 genes/5442 DEGs; 11.94 %), 'zinc ion binding' (617 genes/5442 DEGs; 

11.33 %) , 'kinase activity' (485 genes/5442 DEGs; 8.91 %), 'DNA binding', 'sequence 

specific DNA binding transcription factor activity' (437 genes/5442 DEGs; 8.03 %) 

'protein serine/threonine kinase activity' (327 genes/5442 DEGs; 6.00 %) 'nucleotide 

binding' (320 genes/5442 DEGs; 5.88 %) and the GO term 'prtein kinase activity' (316 

genes/5442 DEGs; 5.80 %) (Figure 7A). 

GO-enrichment analysis for combined down-regulated  genes induced under 

salt stress comprised a wide range of Molecular Function (MF),  among which 'protein 

binding' (684 genes/2500 DEGs; 27.36 %), 'catalytic  activity' (493 genes/2500 DEGs; 

19.72 %)  and 'binding' (333 genes/2500 DEGs; 13.32 %) were the highly enriched GO 

terms followed by 'RNA binding' (241 genes/2500 DEGs; 9.64 %), 'oxido-reductase 

activity' (221 genes/2500 DEGs; 8.84 %), 'transferase activity', 'transferring glycosyl 

groups' (169 genes/ 2500 DEGs; 6.76 %) 'GTP binding' (118 genes/2500 DEGs; 

4.72%), 'copper ion binding' (117 genes/2500 DEGs; 4.68 %), 'catalytic activity', 

'binding' (99 genes/2500 DEGs; 3.96 %) and the GO term for 'other' (25 genes/2500 

DEGs; 1.00 %) (Figure 7B). 
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Figure 7:   Functional classification of salt stress induced (A) Up-regulated and (B) 

Down-regulated genes (Filichkin et al., 2010, Suzuki et al., 2016 and 

Ding et al., 2014) for Molecular Function (MF) using a threshold p-

value of 0.05. 
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GO-enrichment for Cellular Compartments (CC) 

 GO-enrichment for cellular compartments (CC) of combined DEGs of the 

selected data sets induced under salt stress showed that different numbers of genes were 

related to a variety of cellular organelles. The plentiful of whom were related to 

'nucleus' (1083 genes/6435 DEGs; 16.82 %), 'cytosol' (1028 genes/6435 DEGs; 15.97 

%), 'plasma membrane' (968 genes/6435 DEGs; 15.04 %) and 'chloroplast' (834 

genes/6435 DEGs; 12.96 %) followed by 'membrane' (811 genes/6435 DEGs; 12.60 %) 

then by 'plasmodesma' (441 genes/6435 DEGs; 6.85 %), 'mitochondrion' (383 

genes/6435 DEGs; 5.95 %), 'cytoplasm' (346 genes/6435 DEGs; 5.37 %), 'vacuole' 

(298 genes/6435 DEGs; 4.63 %) and 'vacuolar membrane' (243 genes/6435 DEGs; 3.77 

%) (Figure 8A). 

Go-enrichment analysis for cellular compartments in case of down-regulated 

genes showed that  highest number of genes were related to 'chloroplast' (1160 

genes/5078 DEGs; 22.84 %), 'cytosol' (975 genes/5078 DEGs; 19.20 %), 'plasma 

membrane' (914 genes/5078 DEGs; 17.99 %) and 'chloroplast stroma' (406 genes/5078 

DEGs; 7.99 %) followed by 'chloroplast stroma', 'chloroplast' (378 genes/5078 DEGs; 

7.44 %), 'chloroplast  envelope' (347 genes/5078 DEGs; 6.2383 %) then followed by 

'chloroplast', 'chloroplast envelope' (287 genes/5078 DEGs; 5.65 %), 'chloroplast 

thylakoid membrane' (230 genes/5078 DEGs; 4.52 %), 'chloroplast', 'chloroplast 

thylakoid membrane'  (201 genes/5078DEGs; 3.95 %) and 'chloroplast', 'thylakoid' (180 

genes/5078 DEGs; 3.54 %) (Figure 8B). 
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Figure 8:   Functional classification of salt stress induced (A) Up-regulated and (B) 

Down-regulated genes (Filichkin et al., 2010, Suzuki et al., 2016 and 

Ding et al., 2014) for Cellular Compartments (CC) using a threshold p-

value of 0.05. 
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Pathways affected by salt stress 

 Functional annotation of the selected transcriptomic data revealed GO terms 

implicated in different pathways affected by salt stress. GO terms related to the 

'biosynthesis of secondary metabolites' was the dominant category (376 genes/1024 

DEGs; 36.71 %) up regulated under salt stress followed by 'ribosome' (113 genes/1024 

DEGs: 11.03 %) and 'plant hormone signal transduction' (111 genes/1024 DEGs; 10.83 

%), further followed by 'plant pathogen interaction'  (81 genes/1024 DEGs; 7.90 %) 

then by the 'induction of pathway related to protein processing in endoplasmic 

reticulum' (66 genes/1024 DEGs; 6.44 %), 'spliceosome' (65 genes/1024 DEGs; 6.34 

%), 'phenylpropanoid biosynthesis' (59 genes/1024 DEGs; 5.76 %), 'biosynthesis of 

secondary metabolites', 'phenylpropanoid biosynthesis' (54 genes/1024 DEGs; 5.27 %),  

'ribosome biogenesis in eukaryotes' (53 genes/1024 DEGs; 5.17 %) and 'cystein and 

methionine metabolism' (46 genes/1024 DEGs; 4.49 %) (Figure 9A). 

Similarly, the analysis of GO terms of the combined DEGs down-regulated in 

the selected data sets comprised a wide range of pathways in response to salt stress. 

Among these pathways the 'biosynthesis of secondary metabolites' was the dominant 

category (386 genes/953 DEGs; 40.50 %) down regulated in salt stress followed by 

'plant hormone signal transduction' (100 genes/953 DEGs; 10.49 %) and 'ribosome' (99 

genes/953 DEGs; 10.38 %) followed by the 'pathway related to purine metabolism' (66 

genes/953 DEGs; 6.92 %), 'phenylpropanoid biosynthesis' (63 genes/953 DEGs; 6.61 

%), 'biosynthesis of secondary metabolites', 'phenylpropanoid biosynthesis' (58 

genes/953 DEGs; 6.08 %). Other pathways down regulated under salt stress included 

'biosynthesis of secondary metabolites', 'phenylalanine metabolism' (51 genes/953 

DEGs; 5.35 %), 'biosynthesis of secondary metabolites', 'phenylalanine metabolism', 

'phenylpropanoid biosynthesis' (49 genes/953 DEGs; 5.14 %), 'corbon fixation in 

photosynthetic organisms' (46 genes/953 DEGs; 4.82 %) and 'photosynthesis' (35 

genes/953 DEGs; 3.67 %)  (Figure 9B). 

 



49 

 

 

Figure 9:   Functional classification of salt stress induced (A) Up-regulated and (B) 

Down-regulated genes (Filichkin et al., 2010, Suzuki et al., 2016 and 

Ding et al., 2014) for Pathways affected using a threshold p-value of 

0.05. 
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4.2.3  Drought stress induced DEGs  

 The data set of Filichkin et al. (2010) was used for the GO-enrichment analysis 

of the DEGs that were induced under drought stress condition. 

GO-enrichment for Biological Processes (BP)   

 Results for GO-enrichment for drought stress up-regulated genes comprised a 

wide range of biological functions, among which 'response to salt stress' (183 

genes/1046 DEGs; 17.49 %), 'response to abscisic acid stimulus' (159 genes/1046 

DEGs; 15.20 %), and 'response to cadmium ion' (136 genes/1046 DEGs; 13.00 %) were 

the highly enriched GO terms; followed by GO terms 'response to cold' (122 

genes/1046 DEGs; 11.66 %), 'response to water deprivation' (96 genes/1046 DEGs; 

9.17 %), 'defense response to bacterium' (88 genes/1046 DEGs; 8.41 %), 'response to 

wounding' (75 genes/1046 DEGs; 7.17 %), 'defense response to fungus' (67 genes/1046 

DEGs; 6.40 %), ' response to osmotic stress' (61 genes/1046 DEGs; 5.83 %) and the 

GO term  'response to salt stress', 'response to abscisic acid  stimulus' (59 genes/1046 

DEGs; 5.64 %) (Figure 10A). 

GO enrichment analysis of down-regulated DEGs induced under drought stress 

also comprised a wide range of biological functions, among which  'metabolic process' 

(219 genes/937 DEGs; 23.37 %), 'translation' (141 genes/937 DEGs; 15.04 %) and 

'response to cadmium ion' (119 genes/937 DEGs; 12.709 %) were the highly enriched 

GO terms followed by  'response to salt stress' (117 genes/937 DEGs; 12.48 %), 

'corbohydrate metabolic process' (113 genes/937 DEGs; 12.50 %), 'protein folding' (81 

genes/937 DEGs; 8.64 %) further followed by 'response to karrikin' (49 

genes/937DEGs; 5.22 %),  'protein transport' (48 genes/937DEGs; 5.12 %), 'cell redox 

homeostasis' (40 genes/937 DEGs; 4.26 %) and 'other' included (10 genes/937 DEGs; 

1.06 %) (Figure 10B). 
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Figure 10:   Functional classification of (A) Up-regulated and (B) Down-regulated 

genes (Filichkin et al., 2010) for Biological Process (BP) using a 

threshold p-value of 0.05. 
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GO-enrichment for Molecular Functions (MF)  

 GO-enrichment analysis for Molecular Function (MF) of  up-regulated DEGs 

under  drought stress comprised a wide range of molecular functions among which 

'protein binding'  (515 genes/2646 DEGs; 19.46 %), 'sequence specific DNA binding 

transcription factor activity' (438 genes/2646 DEGs; 16.55 %) and 'ATP binding' (391 

genes/2646 DEGs; 14.77 %) were the highly enriched GO terms followed by 'kinase 

activity ' (278 genes/2646 DEGs; 10.50 %), 'nucleotide binding' (216 genes/2646 

DEGs; 8.16 %), 'protein kinase activity' (199 genes/2646 DEGs; 7.52 %) , 'protein 

serine/threonine kinase activity' (195 genes/2646 DEGs; 7.36 %), 'RNA binding' (163 

genes/2646 DEGs; 6.16 %) 'Protein serine/threonine kinase activity', 'protein kinase 

activity' (152 genes/2646 DEGs; 5.74 %), 'nucleotide binding' (320 genes/2646 DEGs; 

5.88 %) and the GO term 'sequence specific DNA binding transcription factor activity', 

'protein binding' (99 genes/2646 DEGs; 3.74 %) (Figure 11A). 

GO-enrichment analysis for the down-regulated genes induced under drought 

stress also comprised a wide range of Molecular Function (MF), among which 'protein 

binding' (390 genes/1248 DEGs; 31.25 %)  and 'catalytic  activity' (317 genes/1248 

DEGs; 25.40 %) were the highly enriched GO terms followed by 'oxidoreductase 

activity'  (133 genes/1248 DEGs; 10.65 %), 'structural constituent of ribosome' (133 

genes/1248 DEGs; 10.65 %), 'catalytic activity', 'binding' (69 genes/1248 DEGs; 5.52 

%),  'oxidoreductase activity', 'binding' (46 genes/1248 DEGs; 3.68 %), 'oxidoreductase 

activity', 'catalytic activity', 'binding'  (45 genes/1248 DEGs; 3.680 %), 'unfolded 

binding' (41 genes/1248 DEGs; 3.28 %), 'peptidyl-prolylcis-trans isomerase activity' 

(37 genes/1248 DEGs; 2.96 %) and the GO term for 'peptidase activity' (37 genes/1248 

DEGs; 2.96 %)  (Figure 11B). 
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Figure 11:    Functional classification of (A) Up-regulated and (B) Down-regulated 

genes (Filichkin et al., 2010) for Molecular Function (MF) using a 

threshold p-value of 0.05. 
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GO-enrichment for Cellular Compartments (CC) 

 GO-enrichment of the DEGs for cellular compartments (CC) in the selected 

data sets induced under drought stress showed that different numbers of genes were 

related to several cellular organelles. The plentiful of whom were related to 'chloroplast' 

(687 genes/4117 DEGs; 16.68 %), 'cytosol'  (652 genes/4117 DEGs; 15.83 %), 'plasma 

membrane' (618 genes/4117 DEGs; 15.01 %) and 'chloroplast stroma' (518 genes/4117 

DEGs; 12.58 %) followed by 'chloroplast stroma', 'chloroplast' (510 genes/4117 DEGs; 

12.38 %) then by 'chloroplast envelope' (289 genes/4117 DEGs; 7.01 %), 'chloroplast', 

'chloroplast envelope' (255 genes/4117 DEGs; 6.19 %), 'chloroplast  thylakoid 

membrane' (224 genes/4117 DEGs; 5.44 %), 'chloroplast', 'chloroplast  thylakoid 

membrane' (195 genes/4117 DEGs; 4.73 %) and 'chloroplast, 'thylakoid' (169 

genes/4117 DEGs; 4.10 %) (Figure 12A). 

Go-enrichment analysis for cellular compartments of genes down-regulated 

under drought stress showed that highest number of genes were related to 'chloroplast' 

(715 genes/3208 DEGs; 22.28 %), 'cytosol'  (629 genes/3208 DEGs; 19.60 %), 'plasma 

membrane' (577 genes/3208 DEGs; 17.98 %) and 'chloroplast stroma' (260 genes/3208 

DEGs; 8.10 %) followed by 'chloroplast stroma', 'chloroplast' (244 genes/3208 DEGs; 

7.60 %), 'chloroplast  envelope' (220 genes/3208 DEGs; 6.85 %) then followed by 

'chloroplast', 'chloroplast envelope' (184 genes/3208DEGs; 5.73 %), 'chloroplast 

thylakoid membrane' (151 genes/3208 DEGs; 4.70 %), 'chloroplast', 'chloroplast 

thylakoid membrane'  (137 genes/3208 DEGs; 4.27 %) and 'chloroplast', 'thylakoid' 

(111 genes/3208 DEGs; 3.46 %) (Figure 12B). 
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Figure 12:   Functional classification of (A) Up-regulated and (B) Down-regulated 

genes (Filichkin et al., 2010) for Cellular Compartments (CC) using a 

threshold p-value of 0.05. 
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Pathways affected by drought stress 

 Functional annotation of the selected transcriptomic data of Filichkin et al. 

(2010) identified that a large number of genes were up-regulated by drought stress 

enriched in different pathways. Analysis of the GO-terms relating to the biosynthesis of 

'secondary metabolites' was the dominant category (217 genes/631 DEGs; 34.38 %) up-

regulated under drought stress followed by 'plant hormone signal transduction' (77 

genes/631 DEGs; 12.20 %), 'ribosome' (73 genes/631 DEGs: 11.56  %) and 'plant 

pathogen interaction' (49 genes/631 DEGs; 7.76 %) further followed by 'spliceosome'  

(49 genes/631 DEGs; 7.76 %) then by the induction of pathway related to 'protein 

processing in endoplasmic reticulum' (46 genes/631 DEGs; 7.29 %), 'biosynthesis of 

secondary metabolites', 'glycolysis/gluconeogenesis'  (37 genes/631 DEGs; 5.86 %), 

'ribosome biogenesis in eukaryotes' (30genes/631 DEGs; 4.75 %), 'endocytosis' (29 

genes/631 DEGs; 4.59 %) and 'RNA degradation' (24 genes/631 DEGs; 3.80 %) 

(Figure 13A). 

Similarly analysis of GO-terms of the DEGs of Filichkin et al. (2010) showed a 

large number of pathways enriched with down-regulated genes under drought stress. 

Among these pathways the 'biosynthesis of secondary metabolites' was the dominant 

category (230 genes/547 DEGs; 42.04 %) followed by 'ribosome' (84 genes/547 DEGs; 

15.35 %), 'oxidative phosphorylation' (45 genes/547 DEGs; 8.22 %) and 'purine 

metabolism' (44 genes/547 DEGs; 8.04 %) followed by the pathway related to 'corbon 

fixation in photosynthetic organisms' (33genes/547 DEGs; 6.03 %), 'photosynthesis' 

(27 genes/547 DEGs; 4.93 %), 'proteasome' (26 genes/547 DEGs; 4.75 %). Other 

pathways down regulated under drought stress included 'phagosome' (26 genes/547 

DEGs; 4.75 %), 'biosynthesis of secondary metabolites', 'corbon fixation in 

photosynthetic organisms' (22 genes/547 DEGs; 4.02 %) and   'flavonoid biosynthesis' 

(10 genes/547DEGs; 1.82 %)  (Figure 13B). 
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Figure 13:  Functional classification of (A) Up-regulated and (B) Down-regulated 

genes (Filichkin et al., 2010) for Pathways affected using a threshold p-

value of 0.05. 
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4.3.  Short-listing of stress-responsive genes: 

As three different stresses were imposed on the natural accession of Arabidopsis 

(Col-0) and C-24 in the selected data sets used in this study therefore, in order to 

shortlist the common genes up-regulated in each of the three stress conditions the Venn 

diagram was constructed.  

4.3.1 Short-listing of salt stress responsive genes: 

 In order to identify the suitable candidate genes for the salt stress, all the up-

regulated genes either in a single stress condition (salinity) or in combination (salt 

stress with heat stress) in the three selected data sets  of  Ding et al. (2014), Suzuki et 

al. (2016) and Filichkin et al. (2010) were combined to construct a Venn diagram 

(Figure 14). The Venn diagram showed a total of seven (0.1 %) common salt stress 

responsive genes up-regulated in all the three data sets. These genes included 

AT4G18280, AT3G48520 (CYP94B3), AT3G21670 (NPF6.4), AT2G37180 (PIP2-3), 

AT2G33380 (PXG3), AT2G16586 and AT1G60190 (PUB19).  

 

Figure 14:  Venn diagram representation of the number of up-regulated genes for 

  salt stress that are unique and common among the selected data sets of 

  Ding et al., 2014, Suzuki et al., 2016 and Filichkin et al., 2010. 
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4.3.2  Short-listing of heat stress responsive genes:  

 All the genes that were up-regulated in the selected data sets of Suzuki et al. 

(2016) and Filichkin et al. (2010) were combined to construct a Venn diagram to 

identify the suitable candidates of heat stress responsive genes for the over expression 

analysis. The Venn diagram highlighted a total of six hundred and eighty two genes 

commonly up-regulated in return to heat stress in the selected data sets. Further short-

listing was based on fold change (only selected those with over 100 fold change 

difference) and lowest p value p<0.01. These genes included AT2G29500 (HSP17.6B), 

AT4G12400 (HOP3), AT4G10250 (HSP22.0), AT5G52640 (HSP90-1), AT1G07400 

(HSP17.8), AT3G12580 (MED37C), AT2G32120 (HSP70-8), AT5G48570 (FKBP65), 

AT2G20560, AT5G59720 (HSP18.1), AT1G07350 (SR45A) and AT5G64510 (TIN1) 

Figure 15). 

 

Figure 15:  Venn diagram representation of the number of up-regulated genes for 

  heat stress that are unique and common among the selected data sets of 

  Suzuki et al. (2016) and Filichkin et al. (2010). 

4.3.3  Short-listing of drought stress responsive genes:  

 As we had a single study for drought stress of Filichkin et al. (2010), so we 

shortlisted the genes based on the fold change and p-value (i.e. with highest fold change 

and lowest p-value). A total of fourteen genes were shortlisted based on the highest fold 

change and lowest p-value. These included AT2G05440 (ATGRP9), AT4G11650 

(OSM34), AT1G62510, AT4G25100 (FSD1), AT3G32980 (PER32), AT3G49580 

(LSU1), AT1G73260 (KTI1), AT5G52300 (LTI65), AT1G21310 (EXT3), AT3G17520, 

AT1G02920 (GSTF7), AT3G41768, AT2G30750 (CYP71A12) and AT2G39310 

(JAL22).  
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4.4   Expression analysis of the short-listed genes  

 The up-regulation of short-listed genes for salt, drought and heat stress was 

confirmed by drawing heatmaps using ‘Cummerbund’ package of R-software on the 

selected transcriptome data in this study. 

4.4.1 Transcriptome analysis of shortlisted salt stress responsive genes 

 Transcriptome analysis of salt stress short-listed genes was done to confirm the 

up-regulation of short-listed genes in salt stress condition. The intensity of color in the 

heatmap represents the expression level of that gene. The more intense the colour, the 

more is the expression of the gene. The expression of all shortlisted genes was up-

regulated in response to salt stress as compared to their expressions in controlled 

growth condition. The highest gene expression was recorded for RD20 followed by 

AT2G16586 and PUB 19 (Figure 16).  

 

Figure 16:  Expression pattern of shortlisted genes up-regulated in response to salt 

  stress in comparison with control condition. 

4.4.2 Transcriptome analysis of shortlisted heat stress responsive genes 

 The up-regulation of the shortlisted heat stress responsive genes was confirmed 

by heatmaps on the transcriptome data of Filichkin et al. (2010) and Suzuki et al. 

(2016) in which heat stress was either applied individually or in combined form. The 

expression of all shortlisted genes was up-regulated in response to heat stress as 

compared to their expressions under controlled growth condition. The highest gene 

expression was recorded for HSP17.6B, HSP 17.8, HSP 18.2 and ATHSP 22.0 (Figure 

17).  
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Figure 17:  Expression pattern of shortlisted genes up-regulated in response to heat 

  stress in comparison with control condition. 
 

4.4.3 Transcriptome analysis of shortlisted drought stress responsive genes 

 The heatmap was drawn on the transcriptome data of Filichkin et al. (2010) for 

the confirmation of up-regulation of drought stress responsive genes. The expression of 

all shortlisted genes was up-regulated in response to drought stress as compared to their 

expressions in controlled growth condition. The highest gene expression was recorded 

for ATGRP9, ATEXT3, FSD1 and LSU1 (Figure 18).  

 

Figure 18:   Expression pattern of shortlisted genes up regulated in response to  

  drought stress in comparison with control condition. 
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4.5  Short-listed gene expression in selected abiotic stresses 

 The expression pattern of short-listed genes for each stress condition i.e. heat, 

drought and salinity was checked in selected abiotic stress conditions. 

4.5.1 Expression of short-listed salt stress responsive genes in selected abiotic 

stresses  

 Among the selected salt stress responsive genes the highest expression was 

shown by RD20 in salt stress followed by drought stress while comparatively lowest 

expression was shown heat stress (Figure 19). Similar (highest) expression was 

observed in case of salt and drought stress for AT2G16586. The expression of RD28 

was highest in heat stress followed by its expression in drought stress. AT4G18280 

showed similar expression in salt and drought stress followed by its expression in heat 

stress. Briefly, the expression of all short-listed genes was up-regulated in response to 

heat, drought and salinity as compared to their expressions under controlled growth 

condition.  

 

Figure 19:  Expression profile of salt stress responsive genes under heat and drought 

stress in comparison with control condition. 
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4.5.2 Expression of short-listed heat stress responsive genes in selected abiotic 

stresses  

 The expression profile of shortlisted genes for heat stress responsive genes in 

selected abiotic stresses was confirmed through heatmaps. All the heat stress short-

listed genes showed high level of gene expression in heat stress comparative to salt and 

drought stress (Figure 20). Highest expression in heat stress was shown by HSP17.6B 

and HSP 17.8. Briefly, the expression of all the short-listed genes was high in all the 

tested stress conditions as compared to control condition.  

 

Figure 20:  Expression profile of heat stress responsive genes under salt and drought 

stress in comparison with control condition. 

 

4.5.3 Expression of short-listed drought stress responsive genes in selected 

abiotic stresses  

 The selected drought stress responsive genes expression under heat and salt 

stress was confirmed through heatmaps. The highest level of expression in all the three 

stress conditions (heat, salt and drought) was shown by LSU1, FSD1, ATEXT3 and 

ATGRP9 (Figure 21). Briefly, all the short-listed genes showed high expression level in 

all the three stress conditions as compared to control condition.  
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Figure 21:   Expression profile of drought stress responsive genes under salt and heat 

stress in comparison with control condition. 

 

4.5.4 Expression of the combined short-listed salt, drought and heat stress 

responsive genes in selected abiotic stresses  

In order to get clearer picture of all the shortlisted genes induced under salt, drought 

and heat in response to selected abiotic stresses, a combined heatmap was drawn using 

the shortlisted gene ids. The highest level of expression in all the three stress conditions 

(heat, salt and drought) was shown by LSU1, FSD1, ATEXT3, AT2G16586, RD20 and 

ATGRP9 (Figure 22). Briefly, all the short-listed genes showed high expression level in 

all the three stress conditions as compared to control condition.  
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Figure 22:  Expression profile of the combined salt, drought and heat stress responsive 

       genes under selected abiotic stresses in comparison with control condition. 
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4.6  Expression of Shortlisted Stress Responsive Genes 

4.6.1 Expression of Shortlisted Salt Stress Responsive Genes: 

 All of the seven shortlisted salt stress responsive genes from the selected data 

sets were further checked for their expression analysis individually. The expression of 

these genes was checked in three stress conditions (salt, drought and heat). The detail 

expression represented by FPKM (Fragment Per Kilobase of transcript per Million 

mapped reads) of these genes is given in table 4. In case of AT4G18280 gene, highest 

gene expression (97.67 FPKM) was recorded for salt stress followed by drought (92.77 

FPKM) and heat stress (52.42 FPKM). The expression of AT3G48520 (CYP94B3) was 

highest in salt stress (31.51 FPKM) followed by drought (9.28 FPKM) and heat stress 

(8.75 FPKM). Highest gene expression (49.49 FPKM) in case of AT3G21670 (NPF6.4) 

was recorded in salt stress followed by drought (44.02 FPKM) and heat stress (19.59 

FPKM). The expression AT2G37180 (PIP2-3) was highest (924.73 FPKM) in heat 

stress followed by salt (100.0 FPKM) and drought stress (78.10 FPKM). The 

expression of AT2G33380 (PXG3) gene was checked in stress conditions in comparison 

with control. The highest gene expression (723.53 FPKM) was recorded for drought 

stress followed by salt (688.69 FPKM) and heat stress (64.39 FPKM). The expression 

of this gene was higher in control condition as compared to its expression in heat stress. 

Expression of AT2G16586 gene was highest (2194.71 FPKM) in salt stress followed by 

drought (871.75 FPKM) and heat stress (146.50 FPKM).  In case of AT1G60190 

(PUB19) gene the highest gene expression (125.11 FPKM) was recorded in salt stress 

followed by drought (62.19 FPKM) and heat stress (15.23 FPKM). 
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Table 4:  Expression (FPKM) of shortlisted salt stress responsive genes under 

drought and heat stress in comparison with control condition. 

S.NO Gene Ids Stress Condition FPKM values  

1 AT4G18280 Drought 92.7708 

    Heat 52.4214 

    Salt 97.6758 

    Control 16.0396 

2 AT3G48520 Drought 9.28511 

    Heat 8.7538 

    Salt 31.5103 

    Control 2.73567 

3 AT3G21670 Drought 44.0255 

    Heat 19.5924 

    Salt 49.4944 

    Control 19.7754 

4 AT2G37180 Drought 78.1097 

    Heat 924.735 

    Salt 100.94 

    Control 17.4391 

5 AT2G33380 Drought 723.53 

    Heat 64.3998 

    Salt 688.694 

    Control 144.145 

6 AT2G16586 Drought 871.751 

    Heat 146.502 

    Salt 2194.71 

    Control 26.4974 

7 AT1G60190 Drought 44.022 

    Heat 19.59 

    Salt 49.49 

    Control 19.6 

 

4.6.2 Expression of Shortlisted Heat Stress Responsive Genes: 

 The expression of all the shortlisted genes for heat stress from the data sets of 

Suzuki et al. (2016) and Filichkin et al. (2010) were further checked individually. The 

expression values in fpkm of all the twelve genes under heat, drought and salinity as 

compared to control condition are given in table 5. The highest (19686.9 FPKM) was 

recorded for heat stress followed by drought (134.01 FPKM) and salt stress (90.91 

FPKM) for AT2G29500 (HSP17.6B) gene. Expression in FPKM was checked for 

AT4G12400 (HOP3) in stress conditions as well as control. The highest gene expression 
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(4887.22 FPKM) was recorded for heat stress followed by salt (233.25 FPKM) and 

drought stress (40.28 FPKM). In case of AT4G10250 (HSP22.0) the highest gene 

expression (5147.24 FPKM) was recorded for heat stress followed by drought (25.31 

FPKM) and salt stress (18.59 FPKM). The expression analysis of AT5G52640 (HSP90-1) 

showed highest gene expression (6558.34 FPKM) for heat stress followed by drought 

(68.40 FPKM) and salt stress (47.72 FPKM).  In case of AT3G12580 (MED37C), the 

highest gene expression (7532.12 FPKM) was recorded for heat stress followed by 

drought (112.22 FPKM) and salt stress (90.51 FPKM). Highest gene expression 

(1434.7 FPKM) for AT2G32120 (HSP70-8) gene was recorded for heat stress followed 

by drought (8.63 FPKM) and salt stress (5.93 FPKM). The Expression in FPKM for 

AT5G48570 (FKBP65) showed highest gene expression (3084.79 FPKM) for heat stress 

followed by drought (22.58 FPKM) and salt stress (15.77 FPKM). AT2G20560 gene 

expression was checked in stress conditions in comparison with control. The highest 

gene expression (2653.76 FPKM) was recorded for heat stress followed by drought 

(25.70 FPKM) and salt stress (23.55 FPKM). The expression of AT5G59720 (HSP18.1) 

showed highest gene expression (14544.6 FPKM) in heat stress followed by drought 

(83.36 FPKM) and salt stress (57.25 FPKM). In case of AT1G07350 (SR45A) the highest 

gene expression (1473.97 FPKM) was recorded for heat stress followed by drought 

(36.98 FPKM) and salt stress (24.62 FPKM). AT5G64510 (TIN1) showed highest 

expression (229.32 FPKM) in heat stress followed by drought (6.76 FPKM) and salt 

stress (5.58 FPKM). AT1G07400 (HSP17.8) gene expression in FPKM was checked in 

all the three stress conditions (heat, salt and drought) in comparison with control. The 

highest gene expression (23536.3 FPKM) was recorded for heat stress followed by 

drought (142.17 FPKM) and salt stress (132.25 FPKM). 
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Table 5:  Expression (FPKM) of shortlisted heat stress responsive genes under 

drought and salt stress in comparison with control condition. 

S.NO Gene Ids Stress Condition FPKM values  

1 AT2G29500 Drought 134.011 
    Heat 19686.9 

    Salt 90.9127 

    Control 2.91449 

2 AT4G12400 Drought 40.2849 

    Heat 4887.22 

    Salt 233.2595 

    Control 2.31271 

3 AT4G10250 Drought 25.3183 

    Heat 5147.24 

    Salt 18.595 
    Control 2.44858 

4 AT5G52640 Drought 68.4057 

    Heat 6558.34 

    Salt 47.722 
    Control 5.09076 

5 AT3G12580 Drought 112.229 

    Heat 7532.12 

    Salt 90.5156 
    Control 7.28461 

6 AT2G32120 Drought 8.63293 

    Heat 1434.7 
    Salt 5.93672 

    Control 1.72381 

7 AT5G48570 Drought 22.5811 

    Heat 3084.79 
    Salt 15.7793 

    Control 5.35733 

8 AT2G20560 Drought 25.7095 

    Heat 2653.76 
    Salt 23.5585 

    Control 5.33787 

9 AT5G59720 Drought 83.3641 
    Heat 14544.6 

    Salt 57.2587 

    Control 39.0914 

10 AT1G07350 Drought 36.9816 
    Heat 1473.97 

    Salt 24.6202 

    Control 7.93949 

11 AT5G64510 Drought 6.76311 
    Heat 229.324 

    Salt 5.58397 

    Control 1.78264 

12 AT1G07400 Drought 142.172 

    Heat 23536.3 

    Salt 132.253 

    Control 21.0999 
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4.6.3 Expression of Shortlisted drought Stress Responsive Genes: 

 All of the 14 shortlisted drought stress responsive genes from the data set of 

Filichkin et al., 2010 were further checked for their expression analysis. The detail 

expression (FPKM) of these genes in stress as well as control condition is given in table 

6. AT2G05440 (ATGRP9) gene showed highest expression (4477.8 FPKM) in heat stress 

followed by salt (3483.1 FPKM) and drought stress (1587.5 FPKM). Expression in 

FPKM for AT4G11650 (OSM34) showed highest gene expression (486.03 FPKM) was in 

drought stress followed by salt (395.6 FPKM) and heat stress (362.1 FPKM). In case of 

AT1G62510, the highest gene expression (546.6 FPKM) was recorded for salt stress 

followed by drought (498.0 FPKM) and heat stress (235.3 FPKM). The highest gene 

expression (284.8 FPKM) was recorded for salt stress followed by drought (197.3 

FPKM) and heat stress (93.8 FPKM) for AT3G32980 (PER32) gene. The expression of 

AT3G49580 (LSU1) gene recorded for heat stress was highest (2412.9 FPKM) followed 

by salt (850.2 FPKM) and drought stress (782 FPKM). The highest gene expression 

(202.0 FPKM) was recorded for drought stress followed by salt (192.0 FPKM) and heat 

stress (47.7 FPKM) in case of AT1G73260 (KTI1). AT5G52300 (LTI65) showed 

highest gene expression (86.5 FPKM) in drought stress followed by salt (61.2 FPKM) 

and heat stress (2.5 FPKM). In case of AT1G21310 (EXT3) gene, the highest gene 

expression (1430.7 FPKM) was recorded for salt stress followed by heat (1174.3 

FPKM) and drought stress (159.5 FPKM). AT3G17520 gene showed highest expression 

(125.6 FPKM) in drought stress followed by salt (99.5 FPKM) and heat stress (0.63 

FPKM). In case of AT3G41768 (GSTF7) gene, highest gene expression (553.0 FPKM) 

was recorded for heat stress followed by salt (405.6 FPKM) and drought stress (244.1 

FPKM). Highest expression (82.3 FPKM) was recorded for drought stress followed by 

salt (23.9 FPKM) and heat stress (10.4 FPKM) for AT2G30750 (CYP71A12) gene. The 

highest expression (237.5 FPKM) for AT2G39310 (JAL22) gene was recorded for heat 

stress followed by salt (92.8 FPKM) and drought stress (82.7 FPKM). Expression in 

FPKM of AT4G25100 (FSD1) gene was checked in stress conditions as compared to 

control. The highest gene expression (2838.1 FPKM) was recorded for heat stress 

followed by salt (1791 FPKM) and drought stress (1268.76 FPKM). The highest (553.0 

FPKM) was recorded for heat stress followed by salt (405.0 FPKM) and drought stress 

(244.0 FPKM) for AT3G41768 gene. 
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Table 6:  Expression (FPKM) of shortlisted drought stress responsive genes under 

heat and salt stress in comparison with control condition. 

S.NO Gene Ids Stress Condition FPKM values  

1 AT2G05440 Drought 1587.54 

    Heat 4477.8 

    Salt 3483.1 

    Control 1.82708 

2 AT4G11650 Drought 486.035 

    Heat 362.131 

    Salt 395.655 

    Control 1.15205 

3 AT1G62510 Drought 498.098 

    Heat 235.333 

    Salt 546.625 

    Control 2.21131 

4 AT3G32980 Drought 197.339 

    Heat 93.8521 

    Salt 284.895 

    Control 1.27173 

5 AT3G49580 Drought 782 

    Heat 2412.92 

    Salt 850.277 

    Control 5.76336 

6 AT1G73260 Drought 202.097 

    Heat 47.7805 

    Salt 192.155 

    Control 1.53982 

7 AT5G52300 Drought 86.5191 

    Heat 2.57348 

    Salt 61.2839 

    Control 0.663381 

8 AT1G21310 Drought 159.55 

    Heat 1174.32 

    Salt 1430.77 

    Control 13.5356 

9 AT3G17520 Drought 125.697 

    Heat 0.638647 

    Salt 99.5238 

    Control 1.12346 

10 AT3G41768 Drought 244.112 

    Heat 553.04 

    Salt 405.677 

    Control 2.25001 
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11 AT2G30750 Drought 82.3657 

    Heat 10.4083 

    Salt 23.9161 

    Control 0.805297 

12 AT2G39310 Drought 82.7645 

    Heat 237.579 

    Salt 92.8038 

    Control 0.820759 

13 AT4G25100 Drought 1268.76 

    Heat 2838.1 

    Salt 1791 

    Control 6.40046 

14 AT1G07400 Drought 142.172 

    Heat 23536.3 

    Salt 132.253 

    Control 21.0999 

 

4.7  Selection of stress responsive genes 

4.7.1 Selection of salt stress responsive genes: 

 Based on the expression pattern of the shortlisted genes they were intensively 

studied regarding their role and available publications and from those genes only two 

genes were selected for the over expression analysis. Only those genes were selected 

that were not studied in detail or not used in over expression analysis regarding salt 

stress. These genes included AT2G16586 and AT4G18280. The detail of these two 

genes is given below. 

AT2G16586 is a putative unclassified protein in Arabidopsis thaliana and an important 

constituent of membrane (Araport11. 2016), guard and plant sperm cells are the sites of 

its expression (TAIR, 2015). No genes or family found for AT2G16586.  

AT4G18280 this is a glycine-rich cell wall protein-like protein (TAIR, 2015) in 

Arabidopsis thaliana, located in nucleus help in protein binding, zinc Ion binding and 

sequence specific DNA binding (TAIR). 

4.7.2  Selection of Heat Stress Responsive Genes: 

From the total number of 12 shortlisted heat stress responsive genes only two 

genes were selected for the over-expression analysis. The selection was based on the 



73 

expression pattern and the novelty of those genes. These genes included AT4G12400 

(HOP3) and AT2G29500 (HSP17.6B). The detail of these genes is given below. 

AT4G12400 (HOP3) this is a well identified protein coding gene located in cytoplasm 

and nucleus. It has the ability to interact with Hsp90/Hsp70 as co-chaperones. It is 

mainly involved in heat acclimation, response to high light intensity, response to heat 

and response to hydrogen peroxide (TAIR). 

AT2G29500 (HSP17.6B) this protein coding gene has HSP20-like chaperones super 

family and located in cytoplasm (source: Araport11). It is involved in oxidative stress, 

heat response, high light intensity and hydrogen peroxide response.  

4.7.3  Selection of Drought Stress Responsive Genes: 

Out of 14 shortlisted genes only two genes were selected for the over expression 

analysis, these genes were AT2G05440 (ATGRP9) and AT3G49580 (LSU1). 

AT2G05440 (GRP9) also known as Arabidopsis glycine rich protein 9 (GRP9s), it is 

protein coding gene expressed in guard cells in Arabidopsis thaliana. Its biological and 

molecular function is unknown (TAIR). 

AT3G49580 (LSU1) this is protein coding gene located in nucleus of A. thaliana. Also 

known as LSU1, Response to low Sulfur 1 as it response to low sulfur 1 (source: 

Araport11) and salt stress; however it is not studied in context of drought stress. 

4.8  Wet lab validation of selected gene expression  

 To validate the results of RNA-seq data analysis, wild type (Col-0) plants were 

grown under different stress conditions as explained in their respective publications 

(Table 1, see material and methods for detail). RNA was extracted and reverse 

transcribed into cDNA (see material and methods for detail) which was used as a 

template for the quantitative PCR analysis (Real time PCR).  

4.8.1  Expression validation of selected salt stress responsive genes 

i. qPCR analysis of AT2G16586: 

 The results of qPCR for this gene were in accordance with the RNA-seq data, as 

significantly high transcript abundance was recorded for AT2G16586 gene under all 

abiotic stresses (Figure 23 A RNA-seq & B qPCR). Expression of this gene was up-
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regulated by ~75 folds under salt stress (Figure 23 B, black bar), ~5 folds in heat stress 

(Figure 23 B, dark grey bar), while the mRNA levels were increased by ~35 folds in the 

drought stress (Figure 23 B, light grey bar). These results imply the possible role of this 

gene in response to abiotic stress.  

 

Figure 23:  (A) RNA-seq and (B) Quantitative PCR analysis of the selected 

candidate AT2G16586 gene under different abiotic stresses. Each bar 

represents the  mean expression of two biological and three technical 

replicates. 

 

ii. qPCR analysis of AT4G18280: 

 The qPCR results for AT4G18280 gene were in accordance with the RNA-seq 

data, as significantly high transcript abundance was recorded for AT4G18280 gene 

under selected abiotic stresses (heat, salt and drought). Expression of mRNA levels of 

this gene was up-regulated by ~80 folds under salt stress (Figure 24 B, black bar), ~30 

folds in heat stress (Figure 24 B, dark grey bar), while the mRNA levels were increased 

by ~35 folds in the drought stress (Figure 24 B, light grey bar) (Figure 24 A RNA-seq 

& B qPCR). 
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Figure 24:  (A) RNA-seq (B) Quantitative PCR analysis of the selected 

candidate AT4G18280 gene under different abiotic stresses. Each 

bar represents the mean expression of two biological and three 

technical replicates. 

 

4.8.2 Expression validation of selected drought stress responsive genes: 

i. qPCR analysis of AT2G05440 (GRP9): 

 qPCR for GRP9 gene was performed on the seedling that were grown under 

stress conditions as mentioned previously in their respective publications (Table1).The 

results of qPCR for this gene were in accordance with the RNA-seq data, as 

significantly high transcript abundance was recorded for GRP9 gene under all abiotic 

stresses (Figure 25 A RNA-seq & B qPCR). Expression of this gene was almost  ~52 

folds up-regulated  under heat stress (Figure 25 B, dark grey bar), ~45 folds in salt 

stress (Figure 25 B, black bar), while under drought stress its expression was increased 

by  ~22 folds (Figure 25 B, light grey bar). 
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Figure 25:  (A) RNA-seq and (B) Quantitative PCR analysis of the selected 

candidate GRP9 gene under different abiotic stresses. Each bar 

represents the mean expression of two biological and three technical 

replicates. 

ii. qPCR analysis of AT3G49580 (LSU1): 

 The results of qPCR for LSU1 gene were also in accordance with the RNA-seq 

data, as significantly high transcript abundance was recorded for LSU1 gene under heat, 

drought and salinity stresses (Figure 26 A RNA-seq & B qPCR). The qPCR results 

showed that the expression of this gene was up-regulated by ~95 folds under heat stress 

(Figure 26 B, dark grey bar), ~70 folds in salt stress (Figure 26 B, black bar), while ~40 

fold  mRNA levels were increased in the drought stress (Figure 26 B, light grey bar).  
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Figure 26:  (A) RNA-seq and (B) Quantitative PCR analysis of the shortlisted 

candidate gene LSU1  under different abiotic stresses. Each bar 

represents the mean expression of two biological and three technical 

replicates. 

4.8.3 Expression validation of selected Heat stress responsive genes: 

i. qPCR analysis of AT4G12400 (HOP3): 

 The results of qPCR for this gene were in agreement with the RNA-seq data, 

since significantly high transcript abundance was recorded for HOP3 gene under all 

abiotic stresses (Figure 27 A RNA-seq & B qPCR). Expression of this gene was up-

regulated by ~100 folds under heat stress (Figure 27 B, dark grey bar), ~20 folds in salt 

stress (Figure 27 B, black bar). While under drought stress the expression of mRNA 

levels were increased by ~20 folds (Figure 27 B, light grey bar).  
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Figure 27:  (A) RNA-seq and (B) Quantitative PCR analysis of the selected 

candidate HOP3 gene under different abiotic stresses. Each bar 

represents the mean expression of two biological and three technical 

replicates. 

ii. qPCR analysis of AT2G29500 (HSP17.6B): 

 The qPCR results for HSP 17.6B gene were in agreement with the RNA-seq 

data because significantly high transcript abundance was recorded for HSP17.6B gene 

under specific abiotic stresses (Figure 28 A RNA-seq & B qPCR). Expression of this 

gene was up-regulated by ~180 folds under heat stress (Figure 28 B, dark grey bar), ~9 

folds in salt stress (Figure 28 B, black bar), while the mRNA levels were increased by 

~8 folds in the drought stress (Figure 28 B, light grey bar).  
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Figure 28:  (A) RNA-seq and (B) Quantitative PCR analysis of the shortlisted 

candidate HSP17.6B  gene under different abiotic stresses. Each bar 

represents the mean expression of two biological and three technical 

replicates. 

4.9  Transcriptome wide effects of stresses on splicing: 

 In this study we used the publically available selected data sets to identify the 

transcriptome wide effects of abiotic stresses on alternative splicing. 

4.9.1 Splicing analysis in the data set of Ding et al. (2014)  

Global scale analysis of alternative splicing events was determined in the 

transcriptomic data by using splice R of R software. 

From the analysis of Ding et al. (2014) datasets, a total of 12,827 splicing 

events were identified in control, 12,596 in 50 mM NaCl, 13,322 in 150mM NaCl and 

13,407 alternative splicing events in 300 mM NaCl treated plants. Four main alternative 

splicing events were observed among them i.e. intron retention (IR), exon skipping 

(ES), alternative acceptor site (AA), and alternative donor site (AD) were predominant 

(Figure 29). Precisely, the analysis revealed IR: 34.85 %, AA: 27.91 %, AD: 14.95 % 

and ES: 6.39 % for Control; IR: 35.79 %, AA: 27.35 %, AD: 14.75 % and ES: 6.62 % 

for 50 mM NaCl. For 150 mM NaCl the proportion of these events was recorded as, IR: 

34.91 %, AA: 27.45 %, AD: 14.68 % and ES: 7.21 %. The IR: 34.37 %, AA: 28.12 %, 

AD 14.49 % and ES: 7.73 % was identified for 300 mM NaCl.  
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Figure 29:   Genome wide splicing events in the data set of Ding et al. (2014).  

  Alternative splicing analysis in control, 50 mM NaCl, 150 mM NaCl 

  and 300 mM NaCl. 

4.9.2 Splicing analysis in the data set of Suzuki et al. (2016)  

 The data set of Suzuki et al. (2016) with three conditions (control, heat and salt 

stress) was analyzed for alternative splicing. The analysis revealed a total of 11,768 

splicing events in control, 13,688 splicing events in heat stress and 11,823 splicing 

events in salt stress (Figure 30). Among them, four main alternative splicing categories 

were intron retention (IR), exon skipping (ES), alternative acceptor site (AA), and 

alternative donor site (AD).For control condition the analysis revealed; IR: 37.50 %, 

AA: 25.73 %, AD: 13.62 % and ES: 6.39 %. Alternative splicing events in heat stress 

plants revealed that IR accounted for 38.36 %, AA: 24.53 %, AD: 13.61 % and ES: 

6.33 % while for salt stress; IR: 37.29 %, AA: 25.90 %, AD: 13.63 % and ES: 6.48%. 
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Figure 30:  Genome wide splicing events in the data set of Suzuki et al. (2016). 

Alternative splicing analysis performed for control, heat and salt stress 

conditions. 

4.9.3  Splicing analysis in the data set of Filichkin et al. (2010)  

 The data set of Filichkin et al. (2010) comprised of four different conditions 

(control, heat, salt, and drought). Heat stress was applied in two replications. The 

analysis revealed a total of 8,099 splicing events in control, 9,704 splicing events in 

heat stress (1st rep) and 9,689 in heat stress (2nd rep). Similarly salt stress applied in two 

replications revealed 9,130 splicing events (1st rep) and 9,193 splicing events in (2nd 

rep).The analysis for control condition revealed that IR accounted for 31.60 %, AA: 

28.65 %, AD: 15.42 % and ES: 7.64 %. Alternative splicing events in heat stress (1st 

rep) revealed, IR: 40.65 %, AA: 23.97 %, AD: 12.95 % and ES 6.38 %. For the heat 

stress (2nd rep), IR: 40.57 %, AA: 24.09 %, AD: 13.04 % and ES: 6.40 % was revealed. 

Splicing events revealed in salt stress (1st rep), IR: 37.87 %, AA: 25.56 %, AD: 13.85 

% and ES: 6.83 %. Similarly for salt stress (2nd rep) the splicing events revealed IR: 

38.38 %, AA: 25.44 %, AD: 13.68 % and ES: 6.76 % (Figure 31). 
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Figure 31:   Genome wide splicing events in the data set of Filichkin et al. (2010). 

  Alternative splicing analysis performed for control, heat stress (1st and 

  2nd rep) and salt stress (1st rep and 2nd rep). 
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4.10  Characterization of Arabidopsis Mutants for Selected Genes 

 Based on the expression profile and functional annotation six genes were 

selected two genes from each stress condition (salinity, drought and heat) to analyze 

their role in abiotic stresses. These genes were selected on the basis of their role in 

different stress conditions.  

4.10.1  Analysis of shortlisted genes mutants 

 In order to study the effect of mutations in the putative stress tolerance genes, 

T-DNA mutant lines were ordered from Arabidopsis Resource Center (ABRC) (Table 

3), USA. For isolation of homozygous mutants, primers were designed using T-DNA 

primer design tool of Salk webpage (http://signal.salk.edu/tdnaprimers.2. html). 

i. Analysis of AT2G16586 insertion mutant  

 To obtain further supportive evidence that the over-expression of AT2G16586 

was indeed responsible for enhancement of stress tolerance, a T-DNA tagged 

AT2G16586 mutant allele was identified from the ABRC T-DNA collection. The T-

DNA insertion mutant lines were analyzed by PCR genotyping using AT2G16586_R 

primer with the T-DNA left (Lb4) border primer. PCR genotyping of AT2G16586 

mutant (SALK_061834) showed that lines 2, 5, 7, 8, 13 and 15 were heterozygous and 

lines 1, 3, 4, 6 and 10 were homozygous for T-DNA insertion (Figure 32).  

 

Figure 32:  Analysis of AT2G16586 T-DNA insertion mutant. PCR genotyping of 

  AT2G16586 mutant (SALK_061834) where lines 2, 5, 7, 8, 13 and 15 

  are heterozygous and lines 1, 3, 4, 6 and 10 are homozygous for T-DNA 

  insertion. A= 1kb ladder, WT= wild type. 

 

 

 

http://signal.salk.edu/tdnaprimers.2.%20html
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ii. Analysis of AT4G18280 insertion mutant  

 PCR genotyping of AT4G18280 insertion mutant was performed for the 

isolation of homozygous mutant. A T-DNA tagged AT4G18280 mutant allele was 

identified as SALK_112442 and the mutant lines were analyzed by PCR genotyping 

using AT4G18280_R primer with the T-DNA left (Lb4) border primer. PCR 

genotyping of AT4G18280 mutant showed that the lines 2, 3 and 4 were heterozygous 

and line1 was homozygous for T-DNA insertion (Figure 33). 

 

Figure 33:  Analysis of AT4G18280 T-DNA insertion mutant. PCR genotyping of 

  AT4G18280 mutant (SALK_112442), where lines 2, 3 and 4 are  

  heterozygous and line1is homozygous for T-DNA insertion. A= 1kb 

  ladder, WT= wild type. 

iii. Analysis of AT4G12400 insertion mutant  

 A T-DNA tagged AT4G12400 mutant allele was identified from the ABRC T-

DNA collection as SALK-023494c. The analysis of AT4G12400 insertion mutant was 

performed for the isolation of homozygous mutant through PCR genotyping using 

AT4G12400_R primer with the T-DNA left (Lb4) border primer. PCR genotyping of 

AT4G12400 mutant showed that the lines 2, 3 and 4 were heterozygous and line1was 

homozygous for T-DNA insertion (Figure 34). 
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Figure 34:  Analysis of AT4G12400 T-DNA insertion mutant. PCR genotyping of 

  AT4G12400 mutant (SALK-023494c), where the PCR for gene  

  specific primer gave non-specific bands and all the lines were found 

  heterozygous for T-DNA insertion. A= 1kb ladder, WT= wild type. 

iv. Analysis of AT2G29500 insertion mutant  

 PCR genotyping for the analysis of AT2G29500 insertion mutant was performed 

for the isolation of homozygous mutant. The T-DNA insertion mutant was identified as 

(SALK_013435c) and the mutant lines were analyzed by PCR genotyping using 

AT2G29500_R primer with the T-DNA left (Lb4) border primer. Genotyping showed 

that lines 1, 2 and 13 were homozygous and lines 6, 7, 8, 9, 12, 14, 15, 17, 18 and 20 

were heterozygous for T-DNA insertion (Figure 35).  

 

Figure 35:  Analysis of AT2G29500 T-DNA insertion mutant. PCR genotyping of 

 AT2G29500 mutant (SALK_013435c), where lines 1, 2 and 13 are 

 homozygous and lines 6, 7, 8, 9, 12, 14, 15, 17, 18 and 20 are    

 heterozygous for T-DNA insertion. A= 1kb ladder, WT= wild type.
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 The selected homozygous mutant and over-expression lines were subjected to 

salinity, drought and heat stresses to evaluate their role under stress condition. These 

mutants were found hyper sensitive to stress conditions; therefore, the performance of 

the over-expression lines was compared with the wild type plants only.  

4.11  Development of Over-expression lines  

4.11.1 Cloning of shortlisted genes  

 For the over-expression analysis, pCHF3 vector harboring a (CaMV) 35S 

promoter was used. A simplified vector map used for the over-expression is given in 

material and method section. Briefly, the gene of interest was fused with HA tag (3X-

HA) for analysis of expression at protein level. The pCHF3 vector used had kanamycin 

selection marker for selection in transgenic plants while spectinomycin selection 

marker for bacterial selection. Cloning of each selected gene is given individually as 

follows: 

4.11.2 Cloning of selected salt stress responsive genes 

 

i. AT2G16586: 

Transformation into E. coli 

 Colony PCR analysis of the selected E. coli colonies with AT2G16586 gene was 

performed. All the tested colonies were found positive for the gene of interest (Figure 

36).  

 

Figure 36:  Colony PCR of the selected E. coli colonies with forward primer  

  designed from 35S promoter of the vector and reverse primer from the 

  AT2G16586 gene. A= 1kb ladder, Last lane = Positive control i.e. the 

  product of ligation reaction (see material and methods for details). 
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 The results of Sanger Sequencing of the selected two PCR positive colonies 

aligned with the CDS (Coding Sequence) of AT2G16586 gene showed that the gene 

was successfully cloned and was in-frame with the construct sequence (Appendix II). 

Transformation into Agrobacterium  

 Plasmid extracted from transformed E.coli colonies was used to transform 

Agrobacterium tumefaciens strain GV3101. The Agrobacterium cells spread on LB 

plate with appropriate antibiotic(s) showed growth after transformation procedure 

(Figure 37). The selected transformed colonies were confirmed through colony PCR. 

All the tested colonies were found positive for the AT2G16586 gene (Figure 38). 

 

Figure 37:  Selection of transformed Agro with 35S::AT2G16586:HA construct on 

  spectinomycin containing LB media.  

 

 Figure 38:  Colony PCR of the selected Agrobacterium colonies with forward  

  primer designed from 35S promoter of the vector and reverse primer 

  from the AT2G16586 gene. A= 1kb ladder Last lane = Positive control 

  i.e. the product of ligation reaction (see material and methods for details). 
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ii. AT4G18280: 

Transformation into E. coli 

 Analysis of colony PCR of the selected E. coli colonies with forward primer 

designed from 35S promoter of the vector and reverse primer from the AT4G18280 

gene was done. All the tested colonies were found positive for the gene of interest 

(Figure 39).  

 

Figure 39:  Colony PCR of the selected E. coli colonies with forward primer  

  designed from 35S promoter of the vector and reverse primer from the 

  AT4G18280 gene. A= 1kb ladder, Last lane = Positive control i.e. the 

  product of ligation reaction (see material and methods for details). 

 Sequencing results of the two selected PCR positive colonies showed that the 

gene was successfully cloned and was in-frame with the construct sequence (Appendix 

III). 

Transformation into Agrobacterium  

 The transformed Agrobacterium strain GV3101 showed proper growth on LB 

plates with appropriate antibiotic(s) (Figure 40). All the selected transformed colonies 

with AT4G18280 gene were confirmed through colony PCR and found positive (Figure 

41). 
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Figure 40:  Selection of transformed Agro with 35S:: AT4G18280:HA construct on 

  Spc. containing LB media. 

 

Figure 41:  Colony PCR of the selected Agrobacterium colonies with forward  

  primer designed from 35S promoter of the vector and reverse primer 

  from the AT4G18280 gene. A= 1kb ladder, Last lane = Positive control 

  i.e. the product of ligation reaction (see material and methods for  

  details). 

 

4.11.3  Cloning of selected Heat stress responsive genes 

i. AT4G12400 (HOP3) 

Transformation into E. coli 

 After the successful transformation of AT4G12400 gene into E.coli, colonies 

were selected for PCR analysis. Four out of five colonies were found positive for the 

gene of interest (Figure 42). 
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Figure 42:  Colony PCR of the selected E. coli colonies with forward primer  

  designed from 35S promoter of the vector and reverse primer from the 

  AT4G12400 gene. A= 1kb ladder, Last lane = Positive control i.e. the 

  product of ligation reaction (see material and methods for details). 

 Sanger sequencing of the extracted plasmid from two selected positive colonies 

confirmed the presence of cloned gene. The sequences aligned with the CDS (Coding 

Sequence) of AT4G12400 gene showed that the gene was successfully cloned and was 

in-frame with the construct sequence (Appendix IV). 

Transformation into Agrobacterium  

 The Agrobacterium cells transformed with AT4G12400 gene were spread on 

LB plate with appropriate antibiotic(s) and checked for growth (Figure 43). 

Transformed colonies were confirmed through colony PCR. Four out of five PCR 

colonies were found positive for the gene of interest (Figure 44). 

 

Figure 43:  Selection of transformed Agro with 35S:: AT4G12400:HA construct on 

  Spc. containing LB media. 
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Figure 44:  Colony PCR of the selected Agrobacterium colonies with forward primer  

  designed from 35S promoter of the vector and reverse primer from the  

  AT4G12400 gene. A= 1kb ladder, Last lane = Positive control i.e. the  

  product of ligation reaction (see material and methods for details). 

 

ii. AT2G29500 (HSP17.6B) 

Transformation into E. coli 

 The selected gene was successfully transformed into E.coli, the colony PCR 

analysis showed that all the tested colonies had been successfully transformed with 

AT2G29500 gene (Figure 45).  

 

Figure 45:  Colony PCR of the selected E. coli colonies with forward primer  

  designed from 35S promoter of the vector and reverse primer from the 

  AT2G29500 gene. A= 1kb ladder, Last lane = Positive control i.e. the 

  product of ligation reaction (see material and methods for details). 
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 The sequences obtained through Sanger Sequencing of the two selected PCR 

positive colonies were aligned with the CDS (Coding Sequence) of AT2G29500 gene. 

Sequencing results showed that the gene was successfully cloned and was in-frame 

with the construct sequence (Appendix V). 

Transformation into Agrobacterium  

 The transformed cells of Agrobacterium showed growth on LB plates provided 

with appropriate selection markers (Figure 46). Selected transformed colonies were 

confirmed through colony PCR. All the seven colonies were found positive for the gene 

of interest (Figure 47). 

 

Figure 46:  Selection of transformed Agro with 35S:: AT2G29500:HA  

   construct on Spc. containing LB media. 

 

Figure 47:  Colony PCR of the selected Agrobacterium colonies with 

forward primer designed from 35S promoter of the vector and 

reverse primer from the AT2G29500 gene. A= 1kb ladder, first 

lane = Positive control i.e. the product of ligation reaction (see 

material and methods for details). 
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4.11.4  Cloning of selected drought stress responsive genes: 

i. AT2G05440 (GRP9) 

Transformation into E. coli 

 Colony PCR analysis of the selected E. coli colonies showed that five out of 

nine colonies were successfully transformed with the AT2G05440 gene (Figure 48).  

 

Figure 48:   Colony PCR of the selected E. coli colonies with forward primer  

    designed from 35S promoter of the vector and reverse primer from the 

    AT2G05440 gene. A= 1kb ladder, Lane one = Positive control i.e. the 

    product of ligation reaction (see material and methods for details). 

 The sequencing results of the plasmid extracted from selected two PCR positive 

colonies of E.coli showed that the gene was successfully cloned and was in-frame 

with the construct sequence (Appendix VI).  

Transformation into Agrobacterium  

 The transformed Agrobacterium cells were spread on LB plate with appropriate 

antibiotic(s) and showed growth (Figure 49). Selected transformed colonies with 35S:: 

AT2G05440:HA construct were confirmed through colony PCR. Fifteen out of 

seventeen colonies were found positive for the gene of interest (Figure 50). 
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Figure 49:  Selection of transformed Agro with 35S:: AT2G05440:HA  

   construct on Spc. containing LB media. 

 

Figure 50:  Colony PCR of the selected Agrobacterium colonies with 

forward primer designed from 35S promoter of the vector and 

reverse primer from the AT2G05440 gene. A= 1kb ladder, 1st 

lane = Positive control i.e. the product of ligation reaction (see 

material and methods for details). 

 

ii. AT3G49580 (LSU1) 

Transformation into E. coli 

 After successful transformation of E.coli cells with vector having GOI 

(AT3G49580), the colony PCR was done with selected E. coli colonies. Thirteen 

out of fifteen colonies were found positive for the gene of interest (Figure 51).  
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Figure 51:  Colony PCR of the selected E. coli colonies with forward primer   

designed from 35S promoter of the vector and reverse primer 

from the   AT3G49580 gene. A= 1kb ladder, 2nd lane = Positive 

control i.e. the product of ligation reaction (see material and 

methods for details). 

 The sequencing results obtained through Sanger sequencing of the positive 

E.coli colonies were aligned with the CDS (Coding Sequence) of AT3G49580 which 

showed that the gene was successfully cloned and was in-frame with the construct 

sequence (Appendix VII).  

Transformation into Agrobacterium  

 The successful transformation of the selected gene (AT3G49580) into 

Agrobacterium tumefaciens was confirmed by spreading the cells on LB plate with 

appropriate antibiotic(s) (Figure 52). Transformed colonies were selected and 

confirmed through colony PCR. All the tested colonies were found positive for the gene 

of interest (Figure 53). 

 



96 

 

Figure 52:  Selection of transformed Agro with 35S:: AT3G49580:HA  

   construct on Spc. containing LB media. 

 

Figure 53:  Colony PCR of the selected Agrobacterium colonies with 

forward primer designed from 35S promoter of the vector and 

reverse primer from the AT3G49580 gene. A= 1kb ladder, 1st 

lane = Positive control i.e. the product of ligation reaction (see 

material and methods for details). 
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4.12 PLANT TRANSFORMATION 

4.12.1 In-planta transformation of Arabidopsis thaliana plants (Floral Dip 

Method): 

Plant Material  

 Arabidopsis thaliana were grown to flowering stage. At primary inflorescences 

stage the plants were exposed to Agrobacterium mediated gene transfer protocol 

(Figure 54), as described in material and methods. The seeds (T0) were collected upon 

maturity. 

 

Figure 54:  Arabidopsis plants at flowering stage subjected to in-planta  

     transformation procedure. 

4.12.2 Selection of transgenic plants (T1) 

 The surface of seeds from floral dipped plants (T0 seeds) were sterilized and 

spread over ½ MS media (Figure 55) with appropriate selection (kanamycine and 

spectinomycine antibiotics) under appropriate conditions. The resistant plants with 

green leaves were transferred to pots, at least twenty in number to get T1 seeds, while 

seedlings that showed yellow color were discarded (Figure 56 A, B & C).  
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Figure 55:  T1 Seeds grown on selection media (Kanamycine 50µg/mL,  

     spectinomycine 50 µg/mL) for selection. 

 

 

Figure 56:  (A) T1 seeds grown on selection media (B) Representative T1  

             selection plate (C) T1 plants growing in soil. 

4.12.3  Selection of transgenic plants (T2) 

 The T1 seeds were grown to get T2 seeds and hence T2 plants (Figure 57 A, B 

& C), the T2 seedlings were checked for 3:1 selection (survived: dead) to ensure that a 

single T-DNA has been inserted. Only those plates were selected that fulfill the criteria 

and were subjected to PCR-genotyping for the homozygosity of transgenic lines. 

A B C 
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Figure 57:  (A) T2 seeds grown on selection media (B) Representative T2  

    selection plate (C) T2 plants growing in growth room. 

 T3 seeds obtained from T2 plants were grown on plates with appropriate 

selection (Figure 58). All the plants were resistant at this level. Their expression at 

mRNA and protein level was checked. These plants were further used for functional 

assessment of transgenic over-expression lines.  

 

Figure 58:  T3 seedlings on selection media (50 µg/mL kanamycine and 50 µg/mL 

Spc). 

 

B A 

C 
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4.13  Over-expression lines confirmation by RT-PCR and Western blotting  

 In order to confirm that the selected genes are indeed over-expressed and they 

are producing the functional proteins, the over-expression of the transgenic lines was 

confirmed at transcript level by RT-PCR and protein level by Western blotting. 

Ubiquitin 8 (UBQ 8) was used as a loading control to ensure that nearly equal amount 

of sample has been loaded in the wells. Further, the expression of selected genes was 

also confirmed at protein level by western blot. As the selected genes were 3X HA 

tagged, therefore anti HA antibody was used to ensure its presence. To get an overview 

of total protein for each lane the membranes were stained with Ponceau dye, which is a 

non-specific protein dye that ensures that nearly equal amount of protein has been 

loaded in the wells as it can detect even small differences in total protein loading. 

4.13.1  Confirmation of AT4G18280 by RT-PCR and Western blotting 

 The over-expression lines with AT4G18280 gene was confirmed by RT-PCR at 

transcript level, which showed the transcript abundance in all of the three OX-lines as 

compared to the wild type (Col-0) (Figure 59 A). The expression of this gene at protein 

level showed that the gene was producing functional protein in the over-expressed 

transgenic lines, while no band was observed for the wild type plants (Figure 59 B).  

 

Figure 59:  (A) Confirmation of over-expressed gene AT4G18280 at transcript   

  and (B) protein level. UBQ8 and Ponceau S were used as loading control. 

 

A 

   B 
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4.13.2 Functional Assessment of the AT4G18280 over-expressed transgenic lines 

 To assess the functionality of this gene over-expressed in the transgenic plants, 

the transgenic lines were checked for some of the physiological parameters (see 

material and methods for detail) under different stress conditions as mentioned in 

material and methods section (Table 1). 

A. Function of AT4G18280 gene under salt stress 

i. Fresh weight determination 

 The wild type (Col-0) and over-expressed plants grown under normal conditions 

were assessed for differences in fresh weight. The phenotype of the plants showed 

remarkable differences in wild type and over-expression lines (Figure 60 A).  In general 

the over-expression lines (OX-L#1, OX-L#2, and OX-L#3) showed significantly more 

fresh weight (mg/plant) than the wild type (Col-0) plants used as a reference (Figure 60 

B).  Highest fresh weight (18 mg/plant) was recorded for the OX-L#3, followed by OX-

L#1 (16 mg/plant) and OX-L#2 (15 mg/plant) as compared to the wild type plants (8 

mg/plant). To further assess that the increase in fresh weight was due to increase in cell 

size or number, the plant leaves were stained with propidium iodide (see detail in 

material and methods) which showed that there were more cells in over-expressed 

transgenic lines in a given surface area of leaves while fewer in wild type plants. 

 

Figure 60:  (A) Phenotypic differences in wild type (Col-0) and AT4G18280       

OX line, image of WT and OX leaves after PI staining. (B) Fresh 

weight in mg/plant of WT and OX lines. 
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ii. Proline content  

 Proline content (µg/g FW) of the WT (Col-0) and over-expressed transgenic 

lines was determined as previously mentioned in material and methods section. Under 

control condition, all of the genotypes showed an equal amount (~95 µg/g FW) of 

proline. However, when exposed to salt stress (200 mM NaCl), significantly higher 

proline content (410 µg/g FW) was recorded for OX-L#2 and OX-L#3, followed by 

OX-L#1(380 µg/g FW)  as compared to the WT plant which showed only (120 µg/g 

FW) of proline (Figure 61).  

 

Figure 61:  Proline contents (µg/g FW) of wild type and AT4G18280 over-

expression lines under control and salt stress conditions. 

iii.  Relative electrolyte Leakage  

 Relative electrolyte leakage (%) of wild type and over-expression lines was 

measured under control and salt stress condition (see material and methods). Under 

control conditions, all of the genotypes showed an equal amount (8 %) of relative 

electrolyte leakage (REL). However, when exposed to salt stress (200 mM NaCl), a 

significant reduction in relative electrolyte leakage was observed in all of the over-

expression lines as compared to WT (Col-0). The wild type plant showed more 

electrolyte leakage (45 %). However, significantly reduced relative electrolyte leakage 

was recorded for the OX-L#3 (24 %) followed by OX-L#1 (20 %) and OX-L#2 (16 %) 

(Figure 62). 
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Figure 62:  Relative electrolyte leakage (%) of wild type and AT4G18280 over-

expression lines under control and salt stress conditions. 

iv. Melondialdehyde (MDA) content  

 MDA content of WT (Col-0) and over-expression lines was determined under 

control and salt stress conditions as previously mentioned in material and methods 

section. Under control condition all of the genotypes showed an equal amount of MDA 

(5 nmol/g FW). However, under salt stress condition the MDA content recorded for the 

wild type plant was significantly higher (17 nmol/g FW) than that recorded for OX-L#2 

(8 nmol/g FW), OX-L#1 (7 nmol/g FW) and OX-L#3 (6 nmol/g FW) (Figure 63).  

 

Figure 63:  MDA contents (nmol/g FW) of wild type and AT4G18280 over-

expressed plants under control and salt stress conditions. 
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v. Germination percentage 

 Germination percentage of the wild type and over-expressed transgenic lines 

was determined as mentioned in material and methods section. Under control condition 

the entire genotypes showed similar (100 %) germination rate. At 100 mM NaCl 

highest germination rate (90 %) was shown by OX-L#2 followed by OX-L#1 (85 %) 

and OX-L#3 (70 %) as compared to the WT plants which showed (55 %) germination 

rate. At 200 mM NaCl the wild type plants showed only (40 %) germination while it 

was reduced only to (65 %) for the OX-L#2 and OX-L#3 followed by OX-L#1 (52 %). 

All of the over-expressed transgenic lines showed significantly higher germination 

percentage as compared to wild type plants even at high dose (200 mM) of salt stress 

(Figure 64). 

 

Figure 64:  Germination percentage of wild type and AT4G18280 over-expression 

lines under control and salt stress conditions. 

vi. Relative root length 

 Relative root length of over-expression lines and wild type was noted under 

control and salt stress. Almost all the genotypes showed similar root elongation (100 

%) under control conditions. At 100 mM NaCl stress the OX-L#3 showed ~100 % root 

elongation followed by OX-L#2 which showed ~ 90 %, while almost similar pattern ( 

70 %) was shown by WT and OX-L#1. The OX-L#3 and OX-L#2 showed ~ 75 % and 

~70 % root elongation respectively, at 200 mM NaCl. However wild type and OX-L#1 

showed only 40 % root elongation at 200 mM NaCl (Figure 65).  
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Figure 65:  Relative root elongation (%) of WT and AT4G18280 over-expression 

lines under control and salt stress conditions. 

vii. Chlorophyll content 

 Chlorophyll content (mg/g FW) was determined for WT (Col-0) and over- 

expression under control and salt stress conditions as previously mentioned in material 

and method section. Under control condition nearly all of the genotypes showed similar 

chlorophyll content (~ 0.6 mg/g FW). However, when exposed to salt stress, the 

chlorophyll content of OX-L#2 and OX-L#3 was significantly higher (0.4 and 0.1 mg/g 

FW) at 100 mM and 200 mM of salt stress, respectively. The OX-L#1 and control 

plants showed (0.1 mg/g FW) chlorophyll content at 100 mM of salt stress, while the 

chlorophyll content recorded  for the WT and OX-L#1 was almost negligible at 200 

mM NaCl (Figure 66).  

 

Figure 66:  Chlorophyll content (mg/g FW) of WT and AT4G18280 over-expression 

lines under control and salt stress conditions. 
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viii. Survival rate  

 Survival rate (%) was determined under salt stress condition for WT (Col-0) and 

over-expression lines as mentioned in material and methods section. At 200 mM NaCl, 

the survival rate was only 20 % in WT plants, however significantly higher survival 

rate was recorded for all of the over-expression lines. The highest survival rate was 

shown by the OX-L#2 (~ 65 %) followed by the OX-L#3 (~ 60 %) and OX-L#1 (~50 

%) (Figure 67). 

 

Figure 67:  Survival rate (%) of WT and AT4G18280 over-expression lines under 

200 mM NaCl stress.  

B.  Function of AT4G18280 under drought stress 

i. Survival rate (%) 

 To confirm the role of AT4G18280 under drought stress, the survival rate (%) 

was determined for WT and over-expressed lines (see material and methods section). 

The survival rate was only 24 % in WT plants, however significantly higher survival 

rate was recorded for all of the over-expression lines under drought stress condition. 

The highest survival rate (~ 39 %) was shown by the OX-L#2 and OX-L#3, followed 

by OX-L#1 (~31 %) (Figure 68 A & B). 
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Figure 68:   (A) Phenotypic differences in wild type and AT4G18280 OX 

lines after the completion of drought stress. (B)  Survival rate 

(%) of the OX and WT plants. 

ii. Water loss 

 Water loss (%) was determined at different intervals of dehydrations both for 

wild type and over-expression lines (Figure 69). The WT (Col-0) plants showed more 

water loss as compared to all of the over-expressed transgenic lines as shown by the red 

bar. At second hour of dehydration the WT plants lose 10 % water as compared to all of 

the over-expression lines which showed only 5 % water loss.  Similar pattern was 

observed at third hour of dehydration in which the water loss recorded for the WT 

plants was 20 %, while for the over-expression lines it was less than 15 %. All of the 

over-expressed transgenic lines tend to lose less water even at maximum hours of 

dehydration as compared to the WT plants. The OX-L#2 showed less water loss (20 %) 

as compared to WT (35 %) at 4hr of dehydration. However, minimum water loss was 

determined at 5hr of dehydration for OX-L#3 (35 %) as compared to the WT plants (45 

%).  
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Figure 69:  Water loss (%) at different hours of dehydration for wild type and 

AT4G18280 over-expression lines. 

 

C. Function of AT4G18280 under heat stress 

i. Survival rate (%) 

 To confirm the role of AT4G18280 under heat stress as well, the survival rate 

(%) was determined for wild type and over-expression lines under control and heat 

stress condition (mentioned in materials and method section). The survival rate (%) 

of all the over-expression lines was significantly higher than the WT plants under 

heat stress. The survival rate for the WT plants was recorded only 20 % under heat 

stress. However, highest survival rate was recorded for the OX-L#2 (45 %), 

followed by OX-L#1 and OX-L#2 (35 %) (Figure 70 A & B). 

Figure 70:  (A) Phenotypic differences in wild type and AT4G18280 over-expression lines 

after the completion of heat stress. (B) Survival rate (%) of the over-expression and wild type 

plants.  
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4.13.3 Confirmation of  HSP 17.6B (AT2G29500) by RT-PCR and Western 

blotting 

 The over-expression lines with HSP 17.6B gene were confirmed by RT-PCR at 

transcript level. At transcript level the over-expressed transgenic lines showed the 

transcript abundance in both of the OX-lines as compared to the wild type (Col-0) 

plants (Figure 71 A). Further, the expression of this gene was also confirmed at protein 

level by western blot. The expression of this gene at protein level showed that this gene 

was producing functional protein in all of the over-expressed transgenic lines, while no 

band was observed for the wild type plants (Figure 71 B).  

 

Figure 71:  (A) Confirmation of over-expressed gene HSP 17.6 B at transcript and 

(B) protein level. UBQ8 and Ponceau S were used as loading control. 

 To assess the functionality of this gene, the over-expressed transgenic lines 

were checked for some of the physiological parameters (see materials and methods for 

detail) under stress conditions. 

A. Function of HSP 17.6B under heat stress 

i. Fresh weight determination 

 The wild type (Col-0) and over-expressed transgenic plants with HSP 17.6B 

gene grown under normal growth conditions were assessed for differences in fresh 

weight. No significant differences in fresh weight (mg/plant) were observed in wild 

type and over-expressed transgenic lines. OX lines showed wild-type-like phenotype 

under normal growth conditions (Figure 72). 

A 

B 
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Figure 72:  Fresh weight (mg/plant) of wild type and HSP17.6B over-

expression lines grown under normal growth conditions. 

 

ii. Survival rate (%) 

 To confirm the role of HSP17.6B gene under heat stress the survival rate (%) 

was determined for WT (Col-0) and over-expressed transgenic lines as previously 

mentioned in materials and method section. Remarkable phenotypic differences were 

observed in the wild type and transgenic plants after thermal treatment (Figure 73 A). 

The survival rate (%) of both the OX-L#1 and OX-L#2 was significantly higher (45 % 

and 40 %) respectively, than the WT plants which showed only (20 %) survival rate 

under heat stress condition (Figure 73 B). 

 

Figure 73:  (A) Phenotypic differences in wild type and HSP 17.6B over-expression 

lines after the completion of heat stress. (B) Survival rate (%) of the 

over-expressed and wild type plants. 
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iii. Relative electrolyte leakage  

 Relative electrolyte leakage (%) of WT and over-expressed transgenic lines 

with HSP 17.6B gene was measured (see material and methods) under stress and 

normal growth conditions. Under control conditions nearly all of the genotypes showed 

an equal amount (8 %) of relative electrolyte leakage. Under heat stress relative 

electrolyte leakage recorded for the wild type plants was 50 %. However, the OX-L#1 

showed (25 %) REL followed by OX-L#2 (35 %), which was significantly lower than 

that recorded for the WT plants under heat stress condition (Figure 74). 

 

Figure 74:  Relative electrolyte leakage (%) of wild type and HSP 17.6 B over-

expression lines under control and heat stress conditions. 

iv. Chlorophyll content 

 Chlorophyll content (mg/g FW) was determined under control and heat stress 

conditions as previously mentioned in material and methods section. Remarkable 

differences in phenotype of the wild type and over-expressed transgenic lines were 

observed after the completion of stress period (Figure 75 A). Under control condition 

nearly all of the genotypes showed similar (~0.6 mg/g FW) chlorophyll content. 

However, when exposed to heat stress, the chlorophyll content of OX-L#1 was 

significantly higher (~0.4 mg/g FW), followed by OX-L#2 (~0.38 mg/g FW) than WT 

plants which showed only (~0.2 mg/g FW) chlorophyll content (Figure 75 B).  
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Figure 75:  (A) Phenotypic differences in wild type and HSP 17.6 B over-expression 

lines after the completion of heat stress (B) Chlorophyll content (mg/g 

FW) of wild type and over-expression lines under control and heat stress 

conditions. 

v. Relative root length 

 Relative root elongation of WT and over-expressed transgenic lines was 

determined under control and heat stress conditions (see material and methods section). 

Under control condition nearly all of the genotypes showed similar root elongation 

percentage. However, when exposed to heat stress, root length of OX-L#2 was 

significantly higher (30 %) followed by OX-L#1 (~23 %) than the WT plants (~0.9 %) 

(Figure 76).  

 

Figure 76:   Relative root elongation (%) of wild type and HSP 17.6 B over-

expression lines under control and heat stress conditions. 
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4.13.4 Confirmation of HOP3 (AT4G12400) by RT-PCR and Western blotting 

 The over-expression lines with HOP3 gene were confirmed by RT-PCR at 

transcript level and at protein level by western blot. At transcript level the over-

expression lines showed the transcript abundance in both of the over-expression lines 

as compared to the wild type (Col-0) (Figure 77 A). At protein level the expression of 

this gene showed that the gene of interest was producing functional protein in all of 

the over-expression lines, while no band was observed for the wild type plants 

(Figure 77 B).  

 

Figure 77:  (A) Confirmation of over-expressed gene HOP3 at transcript and (B) 

  protein level. UBQ8 and Ponceau S were used as loading control. 

A. Function of HOP3 under salt stress 

Proline content  

 Proline content (µg/g FW) of the WT (Col-0) and over-expressed lines was 

determined according to the standard procedure mentioned in material and methods 

section. Under control condition, the proline content of OX-L#2 was less than that of 

WT plants. However, no significant differences in proline contents of WT and over-

expressed transgenic lines were observed under salt stress condition (Figure 78).  
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Figure 78:  Proline contents (µg/g FW) of wild type and HOP3 over-expressed lines 

under control and salt stress conditions. 

A. Function of HOP3 under heat stress 

Relative electrolyte Leakage  

 Relative electrolyte leakage (%) of WT (Col-0) and over-expressed lines with 

HOP3 was measured (see material and methods) under control and heat stress 

condition. Under control conditions, nearly all of the genotypes showed an equal 

amount of relative electrolyte leakage (REL). However, when exposed to heat stress, 

the over-expressed transgenic lines showed reduction in relative electrolyte leakage as 

compared to WT (Col-0). However, the decrease in REL was not significant in OX-

lines compared to the WT plants (Figure 79). 

 

Figure 79:  Relative electrolyte leakage (%) of wild type and HOP3 over-expressed 

lines under control and heat stress conditions. 

 



115 

B. Function of HOP3 under drought stress 

Survival rate (%) 

 To confirm the role of HOP3 gene under drought stress the survival rate (%) 

was determined for WT (Col-0) and over-expressed lines as previously mentioned in 

materials and method section. The OX lines showed WT-like-phenotype under drought 

stress condition (Figure 80). 

 

Figure 80:  Survival rate (%) of wild type and HOP3 over-expressed lines under 

control and drought stress conditions. 

 

4.13.5 Confirmation of LSU1 (AT3G49580) by RT-PCR and Western blotting 

 The transgenic over-expressed lines with LSU1 gene were confirmed by RT-

PCR at transcript level and at protein level by western blot. At transcript level the over-

expression lines showed the transcript abundance in both of the OX-lines as compared 

to the wild type (Col-0) (Figure 81 A). At protein level the expression of LSU1 gene 

showed that the gene was successfully producing functional protein in all of the over-

expression lines, while no band was observed for the wild type plants (Figure 81 B).  
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Figure 81:  (A) Confirmation of over-expressed gene LSU1 at transcript and (B) 

protein level. UBQ8 and Ponceau S were used as loading control 

A. Function of LSU1 (AT3G49580 ) under salt stress 

Proline content  

 Proline content (µg/g FW) of the WT (Col-0) and over-expressed transgenic 

lines was determined as previously mentioned in material and methods section. Under 

control condition, all of the genotypes showed equal amount of proline. When 

subjected to salt stress, the OX-L# 2 showed more proline content as compared to WT 

and OX-L#1. But the differences were not significant in both the OX-lines and WT 

plants (Figure 82).  

 

Figure 82:  Proline contents (µg/g FW) of wild type and LSU1 over-expression lines 

under control and salt stress conditions. 
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B. Function of LSU1 under heat stress 

Relative electrolyte Leakage  

 Relative electrolyte leakage (%) of WT and over-expressed lines was measured 

(see material and methods) under control and stress condition. Under control 

conditions, nearly all of the genotypes showed an equal amount of relative electrolyte 

leakage (REL). However, when exposed to heat stress, a slight increase in relative 

electrolyte leakage was observed for the over-expressed lines as compared to WT (Col-

0), but the differences were not significant (Figure 83). 

 

Figure 83:  Relative electrolyte leakage (%) of wild type and LSU1 over-expressed 

lines under control and heat stress conditions. 

C.  Function of LSU1 under drought stress 

Survival rate (%) 

 To confirm the role of LSU1 gene under drought stress, the survival rate (%) 

was determined for WT (Col-0) and over-expressed transgenic lines (see material and 

methods section). The survival percentage recorded for OX lines was high as compared 

to the WT plants under drought stress condition. But these differences were not highly 

significant (Figure 84). 
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Figure 84:  Survival rate (%) of wild type and LSU1 over-expressed lines under 

control and drought stress conditions. 

4.13.6  Confirmation of GRP9 (AT2G05440) by RT-PCR and Western blotting: 

 The over-expressed transgenic lines with GRP9 gene were confirmed at 

transcript level by RT-PCR and at protein level by western blot. At transcript level the 

over-expressed transgenic lines showed the transcript abundance in both of the over-

expression lines as compared to the wild type (Col-0) plants (Figure 85 A). The 

expression of the selected gene at protein level showed that this gene was producing 

functional protein in all of the over-expression lines, while no band was observed for 

the wild type plants (Figure 85 B).  

 

Figure 85:  (A) Confirmation of over-expressed gene GRP9 at transcript and (B) 

  protein level. UBQ8 and Ponceau S were used as loading control 
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A. Function of GRP9 (AT2G05440) under salt stress 

Proline content  

 The function of GRP9 under salt stress was confirmed by measuring the proline 

content (µg/g FW) for the WT (Col-0) and over-expressed lines (see material and 

methods section). Under control condition, nearly all of the genotypes showed equal 

amount of proline. However, under salt stress, the OX-L#2 showed more proline 

content as compared to WT and OX-L#1. But there were no significant differences in 

proline content of OX lines and WT plants (Figure 86).  

 

Figure 86:  Proline contents (µg/g FW) of wild type and GRP9 over-expressed lines 

under control and salt stress conditions. 

B. Function of GRP9 (AT2G05440)  under heat stress 

Relative electrolyte Leakage  

 Relative electrolyte leakage (%) of wild type and over-expressed transgenic 

lines was measured under control and heat stress condition (see material and methods). 

Under control conditions, nearly all of the genotypes showed an equal amount of 

relative electrolyte leakage (REL). However, when exposed to heat stress, the OX-L#1 

showed reduction in REL as compared to wild type and OX-L#2 (Figure 87). 
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Figure 87:  Relative electrolyte leakage (%) of wild type and GRP9 over-expressed 

lines under control and heat stress conditions. 

A. Function of GRP9 under drought stress 

Survival rate (%) 

 To confirm the role of GRP9 gene under drought stress the survival rate (%) 

was determined for WT (Col-0) and over-expressed transgenic lines as previously 

mentioned in materials and method section. The survival percentage in the over-

expression lines was high as compared to the WT plants. But the differences were not 

high significantly (Figure 88). 

 

Figure 88:  Survival rate (%) of wild type and GRP9 over-expressed lines under 

control and drought stress conditions. 
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4.13.7 Confirmation of AT2G16586 by RT-PCR and Western blotting  

 Transgenic plants with AT2G16586 gene over-expression was confirmed at 

transcript by RT-PCR level and at protein level by western blot. At transcript level the 

over-expression lines showed the transcript abundance in both of the OX-lines as 

compared to the wild type (Col-0) (Figure 89 A). The expression of this gene at protein 

level showed that this gene was producing functional protein in all of the over-

expression lines, while no band was observed for the wild type plants (Figure 89 B).  

 

Figure 89:  (A) Confirmation of over-expressed gene AT2G16586 at transcript  

  and (B) protein level. UBQ8 and Ponceau S were used as loading  

  control. 

A. Function of AT2G16586 under drought stress  

Survival rate (%) 

 To confirm the role of AT2G16586 gene under drought stress the survival rate 

(%) was determined for WT (Col-0) and over-expressed lines as previously mentioned 

in materials and method section. The survival percentage recorded for the OX lines was 

a bit high as compared to the WT plants. But the differences were not significantly high 

(Figure 90). 
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Figure 90:  Survival rate (%) of wild type and AT2G16586 over-expressed lines 

under control and drought stress conditions. 

B. Function of AT2G16586 under salt stress 

Proline content  

 The Proline content (µg/g FW) for the WT (Col-0) and over-expressed lines 

was determined, under control condition equal amount of proline was recorded for all 

of the genotypes. When subjected to salt stress, the OX-L# 1 showed more proline 

content as compared to WT and OX-L#2. But the differences were not significantly 

high (Figure 91).  

 

Figure 91:  Proline contents (µg/g FW) of wild type and AT2G16586 over-expressed 

lines under control and salt stress conditions. 
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C.  Function of AT2G16586 under heat stress 

Relative electrolyte Leakage  

 Relative electrolyte leakage (%) for wild type and over-expression lines was 

measured under control and stress condition (see material and methods). Under control 

conditions, nearly all of the genotypes showed an equal amount of relative electrolyte 

leakage (REL). However, when exposed to heat stress, both of the over-expressed 

transgenic lines  showed reduction in REL as compared to WT plants, but the 

differences were not significantly high (Figure 92). 

 

Figure 92:  Relative electrolyte leakage (%) of wild type and AT2G16586 over-

expressed lines under control and heat stress conditions. 
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V. DISCUSSION 

 Being sessile in nature the plants are continuously exposed to different kinds of 

environmental stresses. Extensive research in model plants and crops has aimed to 

understand the responses of plants to a range of biotic and abiotic stresses, as these 

stresses reduce harvest yields (Hirayama and Shinozaki, 2010. The major abiotic 

stresses are being comprehensively studied to cope with plants and crop yield (Munns 

& Tester, 2008; Mittler & Blumwald, 2010). Drought, salinity, heat, freezing, cold, 

nutrient and high light intensity is among these abiotic stresses (Wang et al., 2003; 

Chaves & Oliveira, 2004). Unlike the laboratory controlled conditions, plants are 

simultaneously exposed to various biotic and abiotic stresses under field conditions in 

combination e.g., salinity and heat; drought and salinity; and combinations of drought 

with extreme temperature are frequent to numerous agricultural areas throughout the 

world that reduces crop yields. This is consistent with the persistent reduction in the 

arable land, limiting water resources and increased global warming and climate change 

trends (Lobell et al., 2011). 

 Around the world, the crop production has been greatly reduced by the 

concurrent high salinity, heat and water stresses that reduced the potential yield in tons/ 

hectare and the real harvest yield (Boyer. 1982). Plants has developed the incredible 

ability to cope with a wide range of stresses but the plant breeding strategies have to be 

used to develop abiotic stress tolerance to avoid the extinction of agronomical 

important crops due to the continuous worsening environmental conditions.  

 Plants have developed numerous adoptive strategies to cope with stress 

condition which include physiological, morphological, molecular and biochemical 

responses (Mahajan and Tujeta, 2005). Hundreds of plant genes are differentially 

regulated in response to abiotic stresses, as demonstrated by RNA-seq analyses. 

 In the context of the changing environmental conditions of the globe, global 

warming, scarcity of water, saline soil and high temperature that reduces harvest yields 

and are the major threats to global food security. Therefore, in this study we aimed to 

utilize the publicly available transcriptome data of plants exposed to different abiotic 

stresses in order to identify potential stress tolerance genes. RNA-seq analysis of the 

selected publically available data sets was performed. A number of genes were 
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differentially expressed (DEGs) under abiotic stresses (heat, drought and salinity). The 

functional annotation of these DEGs was performed which showed that a number of 

genes were up/ down-regulated in response to different stresses and involved in various 

functions. 

GO Analysis of the DEGs: 

  The functional annotation of the differentially expressed genes (DEGs) 

performed by GO analysis categorized these genes into Biological functions (Biological 

Processes; BP), Molecular functions (Molecular Functions; MF), Cellular compartment 

(Cellular Compartment; CC) and KEGG Pathways effected based on their functions.  

GO Analysis of the DEGs under heat stress: 

 The genes up-regulated under heat stress were involved in different biological 

processes. Overall, the expression analyses suggested that upon exposure to heat stress 

plants increases the expression of genes related to translation machinery for the rapid 

expression of stress-tolerance genes. Additionally, the heat stress induces the 

expression of genes that are normally up-regulated in response to salt stress underlying 

the common mechanisms for stress responsiveness to heat and salt. A similar inter-

stresses-connection between abiotic stresses like drought, salinity, extreme 

temperatures and oxidative stress has been reported earlier by Wang et al. (2003). 

Further the analysis showed that heat stress up-regulated the expression of genes 

involved in oxidative stress and protein folding which is consistent with the findings of 

Liu and Howel (2010) who showed that the plants earliest metabolic response upon 

exposure to abiotic stresses was the increase in protein folding and processing. Rasul et 

al. (2017) also highlighted similar phenomenon that under stress condition the plants 

alter their physiological and biochemical pathways to ensure their survival. For 

example salt stress induces different pathways that are intended to detoxify the ROS to 

maintain the ion-homeostasis. Similarly heat stress activates the metabolic pathways 

that utilize heat shock proteins to beget heat-tolerance. 

 The expression analysis for the down regulated genes involved in different 

biological functions suggests that upon exposure to eminent level of thermal stress the 

production of secondary metabolites is highly effected as reported previously by 

Sacharay et al. (2002) who stated that the concentration of anthocynines (a secondary 

metabolite) was decreased in buds and fruits at elevated temperature. High temperature 
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stress causes the negative regulation of genes involved in the conversion from sucrose 

to starch. These are transporter genes such as HvSUT1 and HvSTP3, which suggested 

heat stress-induced repression of phloem unloading of sugars (Mangelsena et al., 2011). 

Same findings were also reported by Zemanek and Frecer (1990) who stated that heat 

stress had a significant effect on sucrose accumulation in winter wheat (Triticum 

astivum L.). Similarly there was a reduction in starch concentration in heat-stressed 

leaves of potato (Lafta and Lorenzen, 1995) and Indian mustard (Brassica juncea L.) 

(Subrahmanyam and Rathore, 1995). Further, the analysis suggested that as the 

temperature increases plants photosynthetic capacity is also largely effected and so 

carbohydrate metabolism as reported previously by Huang et al. (1998a); Prange et al. 

(1990) and Wolf et al. (1991), who stated that high temperature causes the reduction in 

carbohydrate accumulation that may result from the imbalance between respiration and 

photosynthesis. 

 The genes up-regulated under heat stress were also involved in different 

molecular processes. Over all, the analysis suggested that when Arabidopsis is exposed 

to heat stress it responds by the up regulation of genes for protein binding, DNA 

binding and nucleic acid binding signifying that binding activity function mainly at 

transcript level (Liu and Howel (2010); Tang et al., 2013). This is because the heat 

shock factors with DNA binding domains may be the important components in the 

transduction pathway between high temperature stress and gene expression leading to 

accumulation of heat shock proteins (Nover et al., 2001) for increased thermo-

tolerance. The expression analysis of down regulated genes under heat stress suggested 

that heat acclimation affects the expression of genes involved in transcriptional 

regulation as well as other metabolic processes. 

 Different cellular components were enriched with the up-regulated genes under 

heat stress. Elevation in external temperature is sensed by plants and activates response 

mechanism. In this study it was found that Cytosol, chloroplast and nucleus were the 

highly enriched GO terms. As different cytosolic genes are up-regulated under heat 

stress e.g. APX1 gene (cytosolic ascorbate peroxidase gene) in Arabidopsis. Liu et al. 

(2015) stated that chloroplasts are proposed as heat sensors as well, because the 

retrograde signal are generated by the protein translation capacity of chloroplast to 

activate HsfA2-dependent heat-responsive genes in the nucleus. Similarly plasma 

membrane recognizes the changes in temperature and communicates it to the nucleus as 
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a result transcriptome is transformed (Saidi et al., 2009; Conde et al., 2011). The GO 

terms for the down regulated genes suggested that heat stress negatively affect different 

cellular structures and membranes which is consistent with the findings of (Ruelland 

and Zachowski, 2010) who stated that the stability of proteins, several membranes, 

RNA structures and cytoskeleton are differently effected by heat stress. At the sub-

cellular level, major modifications occur in chloroplasts, leading to significant changes 

in photosynthesis. For example, high temperature reduces photosynthesis by changing 

the structural organization of thylakoid membrane (Karim et al., 1997). 

 Upon perception to elevated temperature a large number of pathways are up-

regulated by plants to cope with extreme conditions. The GO analysis showed that heat 

stress causes the production of secondary metabolites which is consistent with the 

previous findings that heat stress causes to synthesize phenolics while  suppressing 

their oxidation, which is considered as the basis for heat stress acclimation for example 

as in watermelon (Rivero et al., 2001). Heat stress also causes the alteration in 

hormonal homeostasis, content, biosynthesis, stability and compartmentalization 

(Maestri et al., 2002). The analysis showed that the protein processing in endoplasmic 

reticulum is highly enriched with up-regulated genes. As plants expresses stress 

proteins to adapt and cope with environmental stresses. Similar results have been 

reported that plants increase the production of HSPs when an unexpected or a steady 

increase in temperature occur (Nakamoto and Hiyama, 1999; Schoffl et al., 1999). 

 Moreover, the expression analysis of down regulated genes under heat stress 

suggests that the production of secondary metabolites decreases after thermal treatment. 

Heat stress down regulated the genes involved in plant pathogen interaction which 

means that abiotic stresses can robustly regulate plants tolerance or susceptibility to 

pathogen. This is done by different mechanisms in plants to respond to biotic and 

abiotic stresses and lead to alteration in plant pathogen interactions (Pandey et al., 

2015). Analysis showed that thermal stress causes the down regulation of pathways 

related to amino sugar and nucleotide sugar metabolism which is consistent with the 

previous findings that abiotic stresses sternly affect carbon metabolism and the levels of 

specific sugars (Pandey et al., 2015). 
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GO Analysis of the DEGs under salt stress: 

 GO enrichment analysis classified the genes into biological functions. The GO 

analysis for salt stress suggested that upon signal perception signal transduction 

pathways are activated at transcriptional level which activates secondary messengers 

for stress response. Further it results in the ABA biosynthesis which activates a number 

of genes concerned to respective stress response as reported by Dong et al.  (2015). The 

analysis also showed that salt stress also up-regulated the genes involved in drought 

stress which is consistent with the previous findings that the ABA induced TFs e.g. 

DREB2A and DREB2B are induced under drought stress (Rasul et al., 2017). 

Additionally, ABA dependent signaling pathway up-regulated the genes also involved 

in cold and drought stress. Over all, the analysis for the down regulated genes involved 

in several biological functions suggested that salt stress disturb the normal metabolic 

reactions occurring in plant which consequently affects the plant water uptake capacity 

of roots. Analysis also showed that salt stress down-regulated the genes involved in 

photosynthesis and oxidative stress.  

At molecular level the plant responds to abiotic stresses by up regulating the 

genes involved in binding and catalytic activity. A large number of transcription factors 

(TFs) are thus activated to consequently activate the specific pathways to cope with the 

stress condition.  The analysis showed that the salt stress causes the up-regulation of 

genes involved in DNA binding, zinc ion binding and protein serine/threonine kinase 

activity as reported previously that salt stress increases the cytosolic Ca2+ level, then 

SOS3, a calcium sensor binds to it and serine/threonine protein kinase family of protein 

kinases is activated (Zhu et al., 1998; Zhu, 2003) which further activates plasma 

membrane localized channels to excrete the excessive Na+ from the cytosol. Moreover, 

the expression analysis of the down regulated genes showed that several metabolic 

pathways are affected under salt stress. DEGs involved in binding and catalytic activity 

were down regulated in the tested data set suggesting that stress affects the normal 

events occurring at transcript level. 

 The genes up-regulated under salt stress were involved in different cellular 

processes. Over all, the expression analysis of the up regulated genes under salt stress 

showed that there is an increase induction of membrane localized genes after stress 

treatment. These results are parallel to other transcriptomic studies that outlined that 
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stress treatment causes the induction of chloroplast, vacuole-related and membrane- 

localized genes (Desikan et al., 2001; Begara-Morales et al., 2014). The expression 

analysis for the cellular functions also showed that some of the membrane localized 

genes were down regulated that include chloroplast, cytosol and plasma membrane 

under salt stress. As a result of stress condition these membrane might lose their normal 

confirmation and so their function as previously reported that plasma membrane might 

be the primary site of salt injury (Mansour and Salama, 2004). 

 Different pathways were enriched with up-regulated genes under salt stress. 

Over all the expression analysis of up-regulated genes under salt stress showed the 

expression level of genes involved in plant secondary metabolites production has 

increased which is consistent with the findings of Mahajan and Tujeta (2005) who 

stated that salt stress frequently generates both ionic as well as osmotic stress in plants, 

as a result the level of specific secondary metabolites are accumulated or decreased. 

Moreover plant ribosomal machinery is activated for the production of specific target 

molecule to cope with the stress. The expression analysis of down regulated genes 

involved in different pathways suggested that salinity affects the expression pattern of 

genes at transcript level. A large number of pathways including biosynthesis of 

secondary metabolites, purine metabolism, plant hormone signal transduction etc were 

down regulated which mean that salt stress has a major impact on the expression 

pattern of transcripts involved in these pathways. 
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GO Analysis of the DEGs under drought stress: 

 Different biological functions were highly enriched with up-regulated genes 

under drought stress. Over all, the expression analysis indicated that drought stress 

causes the up regulation of genes involved in salt stress response suggesting that both 

stress underlying the same mechanism, as the plant responses to salt and drought are 

closely related and the mechanisms overlap and these environmental stresses often 

activate similar signaling pathways (Shinozaki and Yamaguchi-Shinozaki, 2000; 

Knight and Knight, 2001; Zhu, 2001b, 2002). Further, ABA signaling pathway is up 

regulated under drought stress to regulate plant water balance and osmotic stress 

tolerance (Zhu. 2002). The analysis also revealed that drought induced the up 

regulation of genes involved in cold stress because a large number of dehydration-

responsive transcription factors (DREB) are activated which mediate the transcription 

of several genes in response to cold and drought stress (Seki et al., 2001; Thomashow 

et al., 2001). The analysis also showed that the drought stress causes the down 

regulation of genes involved in different metabolic processes by affecting the 

translation machinery of plants. Carbohydrate metabolic processes were also down 

regulated under drought condition as previously reported that drought stress affects 

carbohydrate metabolism by producing changes in photosynthetic pigments and 

components (Anjum et al., 2003). 

 GO enrichment analysis for the molecular functions showed that a large number 

of genes were up-regulated by drought stress involved in binding and catalytic activity. 

So that the sequence specific TFs are activated and consequently activate the structural 

(cell membrane) and functional (enzymes) proteins as well as metabolites to cope with 

the stress condition. Moreover, the expression analysis indicated that drought stress 

causes the down regulation of genes involved in binding, catalytic and oxido-reductase 

activity which is consistent with the previous findings that drought stress causes the 

reduction in nitrate reductase activity in leaves and nodules of common bean and 

dhainicha (Ashraf and Iram, 2005). 

 Different cellular compartments were highly enriched with up-regulated genes 

under drought stress. Overall, the GO analysis showed that drought stress up-regulated 

the expression of genes present in cytosol, plasma membrane and chloroplast. Stress 

signal is sensed by plants and activate large number of genes and proteins present in 
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intracellular compartment which is consistent with the previous reports that 

intracellular organelles and their interactions represent the primary defense response 

during stress conditions (Nouri and Komatsu, 2013). This is due to the fact that more 

receptors proteins are located in plasma membrane, directly involved in stress sensing 

(Komatsu, 2008). Drought caused a number of genes down-regulated in different 

cellular compartments. The most abundant number of those down-regulated genes were 

present in chloroplast, cytosol and plasma membrane. As the stress is responsible for 

the injury of these cellular compartments that’s why the genes present in these 

intracellular compartments were down regulated. 

 GO analysis for the pathways up-regulated during drought stress indicated that 

the plant respond to stress condition by up regulating the genes involved in plant 

secondary metabolite production, plant hormone signal transduction and by activating 

the ribosomal machinery for the production of target genes and proteins to cope with 

the stress which are then processed in ER. This is consistent with the findings of 

Larson. (1988) who stated that flavonoids and phenolic acids were increased in willow 

leaves under drought stress. As drought stress causes injury to the plant and disturbs 

many associated metabolic pathways. Drought stress causes the down regulation of 

pathways including secondary metabolite production, oxidative phosphorylation, 

carbon fixation and photosynthesis, Which is consistent the previous findings that 

progressive down-regulation and inhibition of metabolic processes leads to decreased in 

the enzyme activity responsible in photosynthesis and thereby inhibits photosynthetic 

CO2 absorption (Medrano et al., 2002). 

 After the functional annotation of DEGs, all the up-regulated gene ids in the 

selected data sets were used to construct Venn diagram which identified the number of 

common genes up-regulated in the selected data sets under abiotic stress conditions 

(heat, drought and salinity). Further short-listing of genes was done by fold change and 

lowest p vale (p<0.01). The short-listed genes expression was determined by R 

packages which constructed graphs for single genes and heat maps for group of genes 

under different abiotic stress conditions. On the basis of the expression pattern of short-

listed genes under control and stress conditions a total of six genes were selected for the 

over-expression analysis two genes for each stress condition (heat, salt and drought).  
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Transcriptome wide effects of abiotic stresses on the alternative splicing  

  Numerous genes have been proved to be involved in plant responses to a 

variety of abiotic stresses (Achard et al., 2006; Baena-Gonza´lez et al., 2007). Gene 

expression regulation is generally controlled at the transcriptional level. Splicing occur 

in the Pre-mRNAs which are then translated into proteins. Two or more mRNAs are 

produced from a single pre-mRNA with multiple introns by alternative splicing (AS) 

using different splice sites (SSs) (Brown and Simpson, 1998; Luco et al., 2011). It has 

been proved in various reports that a large number of environmental stresses causes AS 

of pre-mRNAs including some stress responsive genes (Sugliani et al., 2010). 

According to the recent reports that splicing and AS play an important role in the plants 

gene expression regulation, as they can manipulate transcript complexity their stability 

and abundance (Reddy et al., 2013). These AS are normally related with the 

environmental stresses or specific tissue types (Palusa et al.2007).  

 In this study three publically available selected data sets were analysed for 

alternative splicing. Different number of splice events were identified in control and at 

various abiotic stress conditions, which indicated that abiotic stresses causes changes in 

the pre-mRNA processing as reported previously by Palusa et al. (2007). Among all 

data sets, four main alternative splicing events, i.e.  intron retention (IR), exon skipping 

(ES), alternative acceptor site (AA), and alternative donor site (AD) were predominant. 

In all the cases IR was recorded as the main splicing pattern which is consistent with 

some previous studies in Arabidopsis (Marquez et al., 2012). The different splicing 

events identified bioinformatically were not validated at lab due to the shortage of time. 

Expression validation of selected genes  

 The RNA-seq predicted expression of the selected genes was confirmed in lab 

by qRT-PCR which showed that the results of both were significantly similar to each 

other, and RNA-Seq results were authentic and could be used for further analysis. The 

selected multi-stress tolerant genes two for each stress conditions (heat, salt and 

drought) were over-expressed in Arabidopsis Thaliana. 
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Functional Assessment of the over-expressed transgenic Arabidopsis lines 

 All the selected multi-stress tolerant genes, two for each stress condition (heat, 

drought and salinity) were confirmed at transcript and protein level. The functional 

assessment of these genes was done by subjecting the transgenic plants over-expressing 

the selected genes to stress conditions (explained in the material and methods section) 

and the phenotypic data was recorded with wild type plants as a reference. Two out of 

six multi-stress over-expressed genes in Arabidopsis showed significant differences for 

all the tested parameters with respect to WT (Col-0) plants. These genes included 

AT4G18280 and HSP 17.6B. 

Transgenic Arabidopsis lines over-expressing AT4G18280 confers tolerance to salt 

stress: 

 To confirm the functional attributes of the over-expressed transgenic plants with 

AT4G18280 gene it was tested for some of the physiological parameters under salt 

stress. The biological role of transgenic plants over-expressing the AT4G18280 gene 

under salt stress was confirmed by measuring the fresh weight (mg/plant). A number of 

scientific studies reported that salt stress causes significant reduction in plant growth in 

a number of plant species (Essa, 2002; Rameeh et al., 2004; Kusvuran et al., 2007). In 

our study we observed remarkable phenotypic differences in the wild type and over-

expression transgenic plants. Highest fresh weight was shown by all of the over-

expressed transgenic lines as compared to the WT (Col-0) plants. The increase in fresh 

weight was further confirmed by propidium iodide staining which showed that the 

over-expression lines showed more number of cells over the same surface area of 

leaves as compared to the WT plants, suggesting that the increase in fresh weight of the 

transgenic plants over-expressing the AT4G18280 gene and showed more growth which 

is possibly due to their rapid cell cycle. 

 The transgenic lines evaluated for germination rate (%) under control and stress 

condition. As salt stress has a known effect to induce reduction in germination 

percentage (Mauromicale & Licandro, 2002; Gulzar et al., 2001).  The transgenic lines 

showed significantly high germination rate under salt stress condition than the WT 

plants.  This means that the over-expressed transgenic lines are more tolerant to high 

dose of salt stress (200 mM NaCl). Root length is one of the most important parameter 

for determining salt stress tolerance as roots are in direct contact with the soil. Salt 

stress causes a drastic reduction in the root length of plants (Neumann. 1995). 
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Therefore, relative root elongation (%) of the WT and transgenic plants over-expressing 

the AT4G18280 gene were compared at control and salt stress condition (100 mM and 

200 mM NaCl). Under stress condition the over-expressed transgenic lines showed 

more root growth which means that the transgenic plants roots are capable to grow even 

in high dose of salinity and hence are more tolerant. To know if the AT4G18280 over-

expression can rescue the low survival rate, survival rates were recorded for both the 

over-expression transgenic lines and wild-type plants after exposure to a salt stress of 

200 mM NaCl. Our results showed that the over-expression lines were able to survive 

under higher dose of salinity as compared to wild type control plants. Precisely all of 

the over-expressed transgenic lines showed a three-fold higher survival rate of ~65% 

compared to wild-types plants with a survival rate of around 20%. 

 The over-expressed transgenic plants were also evaluated for some of the 

biochemical parameters including proline, MDA, chlorophyll content and relative 

electrolyte leakage. Upon exposure to biotic as well as abiotic stress like drought, 

salinity, heavy metals, cold and certain pathogens can increase the levels of free proline 

content in plants. Therefore the calculation of free proline levels is a valuable assay to 

scrutinize the physiological status and to evaluate stress tolerance of higher plants 

(Ábrahám et al., 2010). Different plants produces higher free proline levels in response 

to salinity and many scientists have cited the potential roles of proline such as 

stabilizing proteins, osmolyte, scavenging of hydroxyl radicals and regulating cytosolic 

pH (Koca et al., 2007; Hazman et al., 2015; Dar et al., 2016). Significantly higher 

proline content in all the over-expression lines compared to control plants was recorded 

under stress condition. While all of the genotypes showed similar proline content under 

normal growth conditions. Increase in proline content shown by OX lines as compared 

to the WT plants suggesting that they are more tolerant to salt stress. It is known that 

salt stress causes membrane lipid peroxidation which is used as an indicator for salt 

stress induced oxidative membranes damage (Hernández and Almansa, 2002). In this 

study the melondialdehyde (MDA) content was determined both in control and salt 

stress conditions. Under salt stress condition all of the transgenic lines showed 

significantly lower MDA content as compared to the WT plants. This implies that the 

transgenic plants over-expressing the AT4G18280 gene confers tolerance to salt stress 

as they provide better protection against the oxidative damage.  Chlorophylls are 

essential components of the photosynthetic apparatus of plants, the power generation 
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machinery. Salt stress is manifested to effect chlorophyll, photosynthetic enzymes and 

carotenoids (Stepien and Klobus, 2006).  To assess the effect of AT4G18280 over-

expression on chlorophyll content, we measured the chlorophyll content in over-

expression and wild-type plants under salt stress and control conditions. Significantly 

higher chlorophyll content were observed in the over-expression transgenic lines as 

compared to the wild-type plants, precisely, ~2.2 fold higher chlorophyll contents were 

recorded for over-expression lines, whereas, both over-expression and wild-type plants 

showed similar chlorophyll content under control conditions (without salt stress). 

Relative electrolyte leakage is an important indication for the evaluation of the cell 

membrane firmness as a mechanism of salt stress tolerance (Bajji et al., 2002). Like 

other stresses, salt stress also induces electrolyte leakage in plants, often resulting in 

cell death (Dexter et al., 1932). In order to determine if the over-expression lines are 

tolerant to the lethal level of electrolyte leakage, we measured the electrolyte leakage 

under salt stress (200 mM NaCl) for both over-expression lines and wild-type plants. 

Significantly reduced relative electrolyte leakage was recorded for the over-expressed 

transgenic plants than the WT plants. The results suggest that the over-expression lines 

are tolerant to salt stress as they can stabilize their membranes under salt stress 

condition and hence lower REL. 

Transgenic Arabidopsis lines over-expressing AT4G18280 confers tolerance to 

drought stress: 

 To confirm the functional attributes of the over expressed transgenic plants with 

AT4G18280 gene it was tested for some of the physiological parameters under drought 

stress. For this the survival rate of over-expressed transgenic lines was determined as 

compared to wild type control plants. Remarkable phenotypic differences were 

observed between wild type and over-expressed transgenic plants. All the transgenic 

lines showed significantly higher survival rate than control plants. Precisely, ~ 2 fold 

increase in the survival rate of the over-expressed lines was observed under drought 

stress. This means that the over-expressed transgenic Arabidopsis plants with 

AT4G18280 gene results in greater tolerance to drought stress than in the WT (Col-0) 

plants. Stomatal closure is one of the adaptive strategies of plants under drought stress 

to reduce transpirational water loss (Flexas et al., 2004). To determine the role of 

AT4G18280 over-expression in transgenic plants, water loss was measured at different 

intervals (0, 1, 2, 3, 4, 5 hrs) of dehydrations both for wild type and over-expressed 
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lines. All of the over-expressed transgenic lines showed significantly reduced water 

loss as compared to control plants over increasing hours of dehydration suggesting that 

they are more tolerant to drought conditions.  

Transgenic Arabidopsis lines over-expressing AT4G18280 confers tolerance to 

heat stress:  

 After knowing the potential role of the over-expressed transgenic Arabidopsis 

plants with AT4G18280 gene in salt and drought stress, it was evaluated to confirm its 

role in heat stress as well. As the heat stress is lethal to plants, causing a number of 

changes in plant’s metabolism and even causes the mortality in plants. For this, the 

survival rate of the over-expression and WT plants were recorded after subjected to 

heat stress of 45 °C for 1hr. The survival rate recorded for all the over-expressed 

transgenic plants was significantly higher than the WT plants which means that they are 

more tolerant to heat stress. 

 After the confirmation of functional attributes of the over-expressed transgenic 

Arabidopsis plants with AT4G18280 gene under salt, heat and drought stress it was 

named as Abiotic Stress Tolerance 1 (AST1) gene. 

Transgenic Arabidopsis lines over-expressing AT2G29500 (HSP 17.6B) confers 

tolerance to heat stress:  

 The over-expressed transgenic Arabidopsis lines with HSP 17.6B functional 

attributes were studied to confirm its role in stress condition. This gene showed 

tolerance to heat stress only. As reduced root length is one of the effects of heat stress 

on plants (Wahid et al., 2007), relative root lengths were recorded for the HSP17.6B 

over-expression transgenic lines compared to wild-type control plants. Significantly 

higher root lengths were observed under heat stress condition as compared to the wild-

type plants. The over-expressed transgenic lines maintained to grow in heat stress 

condition as compared to the WT plants means they are more tolerant to heat stress. 

Heat stresses are often lethal to the plants and hence wild-type plants often show low 

survival rates (Essemine et al., 2010). Heat stress of 45 °C for 1hr applied to the WT 

and over-expression lines to determine the changes in their survival rate (%). 

Significantly increased survival rate in over-expression lines means they are more 

tolerant to heat stress. Our results showed that the over-expression lines showed a two-
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fold higher survival rate of ~40% compared to wild-types plants with a survival rate of 

around 20%. Different biotic and abiotic stresses affect various aspects of plant 

physiology and cellular structures, one of the common phenomenon associated with 

these stresses is the electrolyte leakage (Demidchik et al., 2014). In order to determine 

if the over-expression lines are tolerant to the lethal level of electrolyte leakage, we 

measured the electrolyte leakage under heat stress (450C for 1hr) for both over-

expression lines and wild-type plants. Under heat stress, significantly lower relative 

electrolyte leakage was recorded for the over-expression transgenic lines than the wild-

type plants. Precisely, about two folds reduced leakage was found in the over-

expression lines as compared to the wild-type plants. However, under control 

conditions, all of the genotypes showed almost equal relative electrolyte leakage. 

Chlorophylls are essential components of the photosynthetic apparatus of plants, the 

power generation machinery. Heat stress induces degradation of chlorophyll in the leaf 

tissues causing leaf senescence (Jespersen et al., 2016). To assess the effect of 

HSP17.6B over-expression on chlorophyll content, we measured the chlorophyll 

content in over-expression and wild-type plants under heat stress and control 

conditions. Significantly higher chlorophyll content was observed in the over-

expression transgenic lines as compared to the wild-type plants, precisely, ~2.2 fold 

higher chlorophyll contents were recorded for over-expression lines, whereas, both 

over-expression and wild-type plants showed similar chlorophyll content under control 

conditions (without heat stress). Significantly higher chlorophyll content recorded for 

the over- expressed Arabidopsis plants under heat stress as compared to WT plants 

suggesting they are more tolerant to heat stress. 

Confirmation of functional attributes of overly expressed transgenic lines with 

AT2G16586, HOP3, GRP9 and LSU1:  

 All these over-expressed transgenic Arabidopsis lines were evaluated for heat, 

drought and salt stress tolerance as compared to wild type plants. No significant 

differences were observed between the WT and over-expressed transgenic lines tested 

for heat, drought and salinity, it showed that the transgenic plants had no significant 

response to different abiotic stresses. 
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VI. SUMMARY 

 Being sessile in nature the plants are continuously manifested to diverse group 

of environmental stresses. The average yield of most of the crop plants is reduced by 

more than 50 % due to abiotic stresses such as heat, cold, salinity, drought and nutrient 

deficiency (Wang et al., 2003). Climate prediction models foresee of 3–5°C rise in the 

average surface temperature over next 50–100 years, consequently agriculture on 

global level will be effected (IPCC, 2007). The demand of global food productivity has 

been greatly increased by increase in population and varying climatic conditions, as a 

result the demand of stress-tolerant crop varieties has been increased than in the past 

(Takeda & Matsuoka, 2008; Newton et al., 2011). It is essential to understand the plant 

response mechanism to a combination of stresses in order to provide chances for broad 

spectrum stress tolerant crops development. 

 Plants have developed several molecular mechanisms for adaptation and 

subsequent survival under stress conditions as revealed by stress induced 

transcriptomics. Arabidopsis thaliana has been extensively studied in terms of different 

stresses (Zeller et al., 2009). It will enable future molecular classification of salt-

tolerance mechanisms in vital crop plants by unscrambling additional stress associated 

gene assets from both highly salt- and drought- tolerant model plants and crop plants. 

Therefore the fundamental research and practical applications require in depth 

perceptive of the A.thaliana genome and a comprehensive and precise understanding of 

the expression of its coupled genes. The development of innovative genetic and 

genomic resources and latest methods for data acquisition and scrutiny can help achieve 

this goal (Klepikova et al., 2016). For instance, stress related changes in genome 

transcripts can be investigated by NGS technology coupled with high-throughput 

transcriptome profiling (Molina et al., 2011). 

 Nowadays, it is mandatory for the authors to submit their data to one of the 

public data bases such as Gene Expression Omnibus and Sequence Read Archives.  

Therefore, we have a huge amount of functional genomics data available to researchers 

for free. Therefore, in this study we aimed to utilize the publicly available 

transcriptome data of plants exposed to different abiotic stresses in order to identify 

potential stress tolerance genes. We have identified multi-stress tolerance genes that 
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were manipulated for tolerance to multiple abiotic stresses that can be employed in 

plant improvement programs to enable plants combat the adverse growth conditions. 

 To gain insights of transcriptome wide genes expression, different publically 

available RNA-seq data sets were analyzed in this study. We have identified specific 

data sets that were built using plants grown under different abiotic stresses e.g., heat, 

salinity and drought. RNA-seq data corresponding to the objectives of this research was 

downloaded from different publicly available databases for downstream analysis using 

Tuxedo Protocol (Trapnell et al., 2012). Genes were identified that were differentially 

expressed between control plants and stressed. GO-enrichment analysis was performed 

on the differentially expressed genes to get insights on their biological functions 

(Biological Processes; BP), classified these DEGs based on their molecular functions 

(Molecular Functions; MF) and their cellular compartment analysis that gives us 

information about the localization of the DEGs (Cellular Compartment; CC). The 

KEGG pathways analysis, gave us the information about the different pathways that 

were up/down regulated in response to a particular stress treatment. In this study we 

performed these different types of GO-enrichment analysis on the differentially 

expressed genes in response to heat, drought and salt stresses.  

 For determining the common target genes of different stresses, lists of 

differentially expressed genes under different stresses (heat, salt and drought) were 

uploaded to Venny2 .Venny produced a Venn diagram highlighting the number of 

common genes differentially expressed in response to different stresses. Further short-

listing of genes was done by fold change and lowest p vale (p<0.01). The short-listed 

genes expression was determined by R packages which constructed graphs for single 

genes and heat maps for group of genes under different abiotic stress conditions. Gene 

investigator was used to visualize the expression of selected genes in all the three stress 

conditions across different tissues and cell types. On the basis of the expression pattern 

of shortlisted genes, multi-stress tolerant genes were identified from which only two 

genes were selected for each stress condition. The RNA-seq predicted expression of the 

selected genes was confirmed in lab by qRT-PCR which showed that the results of both 

were significantly analogous to each other, and RNA-Seq findings were authentic and 

could be used for further study. The multi-stress tolerant genes selected two for each 

stress conditions (heat, salt and drought) were over-expressed in Arabidopsis Thaliana. 

The transgenic over-expressed homozygous lines were obtained by proper selection. 
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All the selected multi-stress tolerant genes were confirmed at transcript and protein 

level. The functional assessment of these genes was done by subjecting the transgenic 

plants over-expressing the selected genes to stress conditions and phenotypic data was 

recorded with WT plants only as reference, as the mutants were found hypersensitive to 

stress conditions. Two out of six multi-stress over-expression lines showed significant 

differences with respect to WT (Col-0) plants. These genes included AT4G18280 and 

HSP 17.6B. 

 To confirm the functional attributes of the overly expressed transgenic plants 

with AT4G18280 gene it was tested for some of the physiological parameters under salt 

stress. The biological role of transgenic plants over-expressing the AT4G18280 gene 

under salt stress was confirmed by measuring the fresh weight (mg/plant). The over-

expressed lines showed higher fresh weight as compared to the WT plants. The increase 

in fresh weight was also confirmed by propidium iodide staining. The germination rate 

(%) of WT and transgenic lines were evaluated at 100 mM and 200 mM NaCl. The 

over-expressed transgenic lines showed significantly higher germination rate as 

compared to the wild-type plants which showed reduced germination in a dose 

dependent manner. The relative root elongation (%) of the WT and transgenic plants 

were compared at control and salt stress condition of 100 mM and 200 mM NaCl. The 

transgenic plant showed significantly higher root length in stress condition as compared 

to WT plants. The survival rate (%) of the over-expressed transgenic lines with 

AT4G18280 gene was significantly higher at 200 mM NaCl as compared to the WT 

plants. We also evaluated the over-expressed transgenic plants for some of the 

biochemical parameters including proline, MDA, chlorophyll content and relative 

electrolyte leakage. Under salt stress (200 mM NaCl), significantly higher proline 

content was determined in the over-expression lines as compared to the WT plants. In 

our study the melondialdehyde (MDA) content was determined both in control and salt 

stress conditions. Under salt stress significantly lower MDA content was determined in 

over-expression lines as compared to the WT plants. The transgenic plants showed 

significantly lower REL contents as compared to the WT plants.  

 To confirm the functional attributes of the over-expressed transgenic plants with 

AT4G18280 gene under drought stress it was tested for some of the physiological 

parameters. Wild type and over-expressed transgenic lines were subjected to 

desiccation and their survival rate was determined. Significantly higher survival rate 



141 

(%) was determined for the transgenic over-expression lines as compared to WT (Col-

0) plants. Transgenic lines were also evaluated for the water loss percentage at different 

intervals (0hr, 1hr, 2he, 3hr, 4hr, and 5hr) of dehydration. Over-expression lines 

showed significantly reduced water loss as compared to control plants over increasing 

hours of dehydration suggests that they are more tolerant to drought conditions. To 

confirm the role of over-expression lines with AT4G18280 gene in heat stress as well, it 

was evaluated for its survival rate. Over-expressed and WT plants survival rate was 

recorded after being subjected to heat stress of 45 °C for 1hr. All of the over-expressed 

transgenic lines showed significantly higher survival rate as compare to the WT (Col-0) 

plants. After the confirmation of functional attributes of the overly expressed transgenic 

Arabidopsis plants under salt, heat and drought stress it was named as Abiotic Stress 

Tolerance 1 (AST1) gene. 

 The over-expressed transgenic Arabidopsis lines with HSP 17.6B functional 

attributes were studied to confirm its role in stress condition. This gene showed 

tolerance to heat stress only. Different parameters were studied to evaluate its tolerance 

level in comparison with WT (Col-0) plants. Fresh weight (mg/plant), Relative root 

lengths (%), survival rate (%) and chlorophyll content (mg/g FW) of the transgenic 

lines were found significantly higher than WT plants. Relative electrolyte leakage 

incase of transgenic plants was significantly lower than that of WT plants under heat 

stress suggesting they are more tolerant to heat stress. 

 All the remaining over-expressed transgenic Arabidopsis lines were also 

evaluated for heat, drought and salt stress tolerance as compared to wild type plants. No 

significant differences were observed between the WT and over-expressed lines tested 

for heat, drought and salinity, it showed that the transgenic plants had no significant 

response to different abiotic stresses. 
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            VII. CONCLUSIONS 

• Gene expression predicted by the analysis of publically available RNA-seq 

datasets was in accordance with the qPCR analysis results under same stress 

conditions. 

•  Selected genes were over-expressed and confirmed through real time PCR 

(transcript level) and Western Blot (protein level).  

• Over-expression of AT4G18280 gene resulted in increased tolerance to salt, 

drought and heat stresses. 

• HSP17.6B (AT2G29500) over-expression only increased tolerance to heat 

stress. 

• Over-expression of the remaining genes (AT2G16586, HOP3, GRP9 and LSU1) 

had no significant effect on transgenic plants response to different abiotic 

stresses. 

• Significant differences in fresh weight, proline content, relative electrolyte 

leakage, MDA content, root length, chlorophyll content, survival rate, 

germination and water loss were recorded of the over-expressed lines 

(AT4G18280) as compared to their control.  

• As overly expressed transgenic Arabidopsis plants with AT4G18280 gene 

conferred tolerance to drought, salt and heat stresses, therefore, we named this 

gene as Abiotic Stress Tolerance 1 (AST1).  
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VIIII. RECOMMENDATIONS 

 

 It is recommended to identify the downstream target of the AT4G18280 gene  
   

 As the selected AT4G18280 gene over-expressed in transgenic plants has DNA 

binding and zinc binding activity so it could be of great importance to identify the 

downstream targets of this gene. It could be done by extracting the RNA from both the 

wild type and over-expression lines grown under stress conditions and send them for 

RNA-seq analysis. The transcritomic data generated could be used to identify the TFs 

that bind to DNA sequence to activate or repress the expression of target genes. The 

downstream targets could also be identified by Chromatin Immunoprecipitation 

sequencing (ChIP-seq) analysis which identifies the chromatin regulators causing 

modifications in histone to affect chromatin structure and function under stress 

condition. 

 

 Generation of knock down mutants (amiRNA). 

 It is recommended to generate knock down mutants of the selected genes by 

using artificial micro RNA approach and compare the performance of the overly 

expressed transgenic Arabidopsis plants generated in this study. As the knock out 

mutants for the selected genes were found hypersensitive to stress conditions. 

 

 Protein-Protein interactions: 

 It is recommended to identify the protein protein interaction of the target genes. 

It could be done by Yeast-two hybrid screening method which is suited for de novo 

detection of protein interaction and could identify the functional subgroups of proteins 

in the whole transcriptome. 

  

 Bimolecular fluorescent complementation assay (BiFC) could also be used to 

identify protein binding partners of the gene that modulated protein-protein 

interactions. 

 

 It is recommended to identify the physiological interaction of the target proteins 

 by Co-immunoprecipitation (Co-IP).   

• Protein structure and motif analysis (using bioinformatics tools). 

• Interconnecting salt, heat and drought stresses through this novel regulatory 

module. 

• These stress tolerance modules can be exploited to develop crop varieties 

tolerant to different abiotic stresses. 
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APPENDICES 

Appendix I.  

Protein Extraction buffers 

 Buffer E: 125 mM Tris-HCl, pH 8.8, 1% (w/v) SDS, 10% (v/v) glycerol, 50 mM 

Na2S2O5. Prepare in a fume hood, as both SDS and Na2S2O5 (sodium 

metabisulfite) are irritants. Store tightly capped and at room temperature to prevent 

Na2S2O5 oxidation and SDS precipitation, respectively. 

Reagents for SDS PAGE 

Stock solutions:  

SDS-PAGE 

A. Acrylamide=30 g acrylamide/0.8 g Bis to 100 ml with Super Q water and 

filtered through 0.2 µm filter. 

B.  1.5 M Tris, pH 8.8= 36.3 g Tris in 100 ml water. pH to 8.8 and adjust to 200ml. 

C. 0.5 M Tris, pH 6.8=6 g Tris in 40 ml water. pH to 6.8 and then adjust to 100 ml. 

D. 10% ammonium persulfate=0.1 g in 1 ml water 

E. 10% SDS 

3% Stacking layer: 6.3 ml water/2.5 ml soln C/0.1 ml 10% SDS/1.2 ml soln A/10 µl 

TEMED/100 µl persulfate 

APS: 25 mg of ammonium persulfate in 100 ml of H2O.  

8.8 buffer: 1.5 M tris pH=8.8, 0.4% SDS 6.8 buffer: 0.5 M tris pH=6.8, 0.4% SDS 

ButOH/H2O: TD 4x - ßSOH: 0.25 M tris pH=6.8, 8% SDS, 35% glycerol and an small 

quantity of bromophenol blue TD 4x + ßSOH: 0.25 M tris pH=6.8, 8% SDS, 35% 

glycerol, 2.5% 2mercaptoethanol and an small quantity of bromophenol blue  

Reservoirs buffer x 10: stock of Tris/glycine buffer. Mix 1 l of that stock with 50 ml of 

20% SDS.  
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SDS-PAGE staining 

 Fixing solution: 20% trichloroacetic acid.  

Staining solution: Disolve 0.25 g of Coomasie brilliant blue in 45 ml of methanol. Add 

45 ml of H2O and 10 ml of acetic acid.  

SDS-PAGE Transfer 

 SDS-PAGE transfer stock: 1 M bicine pH=9 (NaOH) Blot staining solution: 0.1% 

Poinceau red, 1% acetic acid. PT: 20 mM NaPi pH=7.5, 150 mM NaCl, 0.1% Tween 

20 Blocking solution: 3% BSA in PT  

Developer: small quantity of 3, 3’-diaminobenzidine in 10 ml of 50 mM Tris pH=7.4 

and 2.5 µl of H2O2  

Separating gel 

 One 0.5 mm thick gel of 13% acrylamide: 

Stacking gel 9 µl APS 5 µl APS 712 µl H2O 746 µl H2O 577 µl 8.8 buffer 300 µl 6.8 

buffer 1000 µl acrylamide 140 µl acrylamide  

For two 0.5 mm thick gels of 13% acrylamide:  

Separating gel Stacking gel 20 µl APS 10 µl APS 2 x 771 µl H2O 2 x 746 µl H2O 2 x 

625 µl 8.8 buffer 600 µl 6.8 buffer 3 x 722 µl acrylamide 288 µl acrylamide Quickly, 

add the TEMED (same volume as APS) to the separating gel, invert the tube two or 

three times and pour 3 x 700 µl in each sandwich. Cover the poured gel with 

butOH/H2O. Add the TEMED (same volume as APS) to the stacking gel, invert the 

tube two or three times and pour about 700 µl of the gel in each sandwich. Insert the 

combs and refill well with the remaining stacking gel.  
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Appendix II.  

 

 Alignment of 35S::AT2G16586:HA construct sequence with the CDs of AT2G16586 

gene.  
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Appendix III. 

Alignment of 35S:: AT4G18280:HA construct sequence with the CDs of  AT4G18280 

gene.  
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Appendix IV. 

 

Alignment of 35S:: AT4G12400:HA construct sequence with the CDs of AT4G12400 

gene.  
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Appendix V. 

 

Alignment of 35S:: AT2G29500:HA construct sequence with the CDs of AT2G29500 

gene.  
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Appendix VI. 

 

Alignment of 35S:: AT2G05440:HA construct sequence with the CDs of AT2G05440 

gene.  
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Appendix VII. 

 

Alignment of 35S:: AT3G49580:HA construct sequence with the CDs of AT3G49580 

gene.  

 


