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ABSTRACT 

Plants develop various biochemical, physiological and molecular mechanisms to sense 

a mixture of stress signals and elicit a precise response to minimize the damages. Therefore, 

in-depth studies are required to understand the genetic bases behind the plant’s tolerance in 

response to environmental stresses. Agave, monocotyledonous succulent plant, is endemic 

to arid regions of North America, exhibiting exceptional tolerance to their xeric 

environments. Genomic resources of Agave species have received little attention 

irrespective of their cultural, economic and ecological importance, which so far prevented 

the understanding of the molecular basis underlying their adaptations to the arid 

environment.  

To elucidate the drought-responsive mechanisms, here RNA-Seq libraries derived from the 

Agave sisalana leaves under control and drought conditions have been prepared and 

sequenced. More than 278 million paired ends Illumina leaf specific reads were generated.  

A Comparative de novo approach was applied to assemble paired-end reads into 93,141 

contigs and 67,328 unigenes. Blast analysis of these unigenes against the non-redundant 

public databases (nr, swiss_prot, interProScan, Pfam, Viridi_plante, Pfam, Plant_TF, GO, 

KEGG and COG resulted in 37,546 unigenes with gene descriptions, functional 

categorization, or gene ontology terms. The expression study unveiled 3,095 differentially 

expressed unigenes between well-irrigated and drought-stressed leaf samples. Gene 

ontology and pathway analysis specified a significant number of abiotic stress responsive 

genes and pathways involved in processes like hormonal responses, antioxidant activity, 

and response to stress stimuli, wax biosynthesis, and ROS metabolism. Transcripts to 

several families belonging harboring important drought-response were also reported. 

Furthermore, Insilico 36,525 high confidence variants position (SNPs), 13,375 
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microsatellite markers (SSR) are detected in the annotated unigenes and 8164 marker 

specific pair of primers were designed.  

Stable internal housekeeping genes’ identification was carried out for accurate 

normalization of the target gene expression by qRT-PCR in Agave sisalana. In total 15 

candidate’s housekeeping genes from de novo assembled transcriptome data were screened 

out for further evaluation. These includes ADP-ribosylation factor 2 (ARF2), Cyclophilin 

A (CYCA), Ribulose Bisphosphate Carboxylase activase B (RcaB), Rubisco Activase 

(RCA), Actin 11 (ACT11), beta-tubulin 4 (β-Tub 4), Eukaryotic elongation factor 1-alpha 

(EEF1α), eukaryotic initiation factor-4A (eIF-4A), Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), polyubiquitin (UB), RNA polymerase II (RPII), RuBisCO 

small subunit (RBCs), Serine/Threonine-protein phosphatase catalytic subunit (PP2A-1), 

Cullin-1 (CUL-1), WIN1, Ubiquitin 10 (UB10) and  Ubiquitin-Conjugating enzyme 

(UBE2). The expression stability of these reference genes was rigorously analyzed and 

ranked in order by using four different statistical algorithms; NormFinder, BestKeeper, 

geNorm, and RefFinder under drought, rehydration, heat (± 60 °C), cold (± 4°C) and salt 

stress (100mM to 400mM) conditions. β-Tub 4, PP2A-1 and β-Tub 4, ARF2 were the most 

stable reference genes under drought and rehydration condition respectively. To heat stress 

(high-temperature), CYCA and GAPDH were the stable reference genes while CUL-1 and 

WIN1 were the most stable reference genes under cold stress condition. For Salt stress, β-

Tub 4 and RP II was the most appropriate leaf specific housekeeping genes in Agave 

sisalana. To validate the ranking of reference genes, a qRT-PCR assay of AsHSP20 as 

target gene was conducted by using the most suitable and least reliable reference genes 

under abiotic stress condition. Relative absolute quantification of the target AsHSP20 gene 

was carried out to determine the copy number under different abiotic stress and rehydration 

condition, which further confirmed the reliability of studied reference genes. Taken 
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together this study ranked the reference genes from most to least reliable order for counts 

data normalization. This suggests that the use of appropriate reference genes is critical for 

gene expression studies under specific conditions. Drought specific stable β-Tub 4 gene 

was used as an internal control to validate the differentially expressed genes expression 

data using the quantitative real-time polymerase chain reaction.       

   This study presents the first insight into the genomic structure of A. sisalana underlying 

adaptations to drought stress, which not only provided a rich genomic resource for gene 

discovery and marker development but will also facilitate further to understand the 

complexity underlying drought tolerance and adaptation in agave and other plant species.   
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1. INTRODUCTION 

Plant growth is influenced by different abiotic stresses including salinity, flooding, 

heat, drought, freezing, heavy metal toxicity, and oxidative stress. Among all these stresses, 

drought is one of the major contributing factors, which significantly diminishes the 

agricultural production and threatens food security worldwide (Wang et al. 2003). It 

disrupts the plant metabolism and ultimately effects whole plant morphology. Sessile 

nature limits the plants to their natural habitat; therefore, many species have evolved 

appropriate mechanisms to cope with the drought stress.  

Plant adaptations to stress include drought escape, avoidance, and tolerance, that 

may act synergistically (Blum 1996). The response of the plants to drought stress varies 

from species to species. It is the hidden property of a particular genetic code that imparts 

the survival of plant and makes it able to thrive under stress condition. The adapted 

mechanism largely depends on multiple factors like plant species, developmental phase, 

duration and severity of the drought progression (Pinheiro and Chaves 2010). All these 

mechanisms are complex, polygenic in nature, requiring physio-biochemical and molecular 

changes in order to make the plant able to survive (Pieczynski et al. 2018).  

Stress avoidance and tolerance are two main strategies that plant species have 

adapted to minimize the yield losses due to climate changes. Specialized leaf morphology, 

wax deposition, control over stomatal behavior and especially root structure is critical for 

proper avoidance mechanism. A combination of the diverse genetic network, metabolic 

pathways, and their crosstalk enabled the plant species to survive under stress. These 

adaptations are quite complex as compared to avoidance strategies and extensive inputs are 

required to understand adaptive mechanisms in the model and non-model plant species. It 

involves a number of drought-responsive transcripts that can be associated with two broad 
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groups namely as; “functional proteins” and “regulatory proteins” (Shinozaki and 

Yamaguchi-Shinozaki 2007). The induction and accumulation of functional proteins 

include dehydrins, photosynthesis-related genes, aquaporins, lipid transfer proteins, 

biosynthesis and transport of various osmoprotectants, protein repair enzymes, proteases, 

protease inhibitors, and other enzymes that directly guard the cells against the drought 

challenges (Ramanjulu and Bartels 2002). The regulatory proteins are largely involved in 

the immediate response to drought stress by directing the expression of downstream genes. 

These proteins include transcription factors (TFs), protein kinases and phosphatase-

encoding genes and the genes involved in the biosynthesis of abscisic acid (ABA) that 

control the stomatal behavior and other physiological phenomena (Seki et al. 2007). 

Agave, a member of family Agavaceae, has about 166 species. It is 

monocotyledonous, predominantly monocarpic, succulent, xerophytic rosette plants mostly 

are grown in arid Mexican territory from the Southern United States through Central 

America, the Caribbean and into north-south America since pre-Hispanic time (Gil-Vega 

et al. 2006). Presently it is grown in almost every agricultural area of the world because of 

extreme ecological adaptation (Mcdaniel 1985). In Pakistan, Agave is represented by six 

cultivated species (Kanwal et al. 2012). Till now three species, Agave sisalana, Agave 

tequilana, and Agave deserti have been extensively studied ecologically and 

physiologically because of their commercial importance (Escamilla-Treviño 2012). These 

species are of great commercial importance for their use in food, fiber, shelter, insecticides, 

and for the ornamental purpose (Delgado-Lemus et al. 2014). Agave tequilana usually is 

known as “Blue Agave” is useful to prepare alcoholic beverages such as “pulque” and 

"tequila" which earns $1.7 billion per annum within the United States (Gross et al. 2013).  

“Sisal” is the sixth most important fiber, harvested from the Agave sisalana Perr. 
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ex. Engelm, representing 2% of the world's plant fibers production (FAO 2018). A. sisalana 

is a hardy plant that displays exceptional drought and temperature tolerance. It grows well 

all around the year in hot and extremely dry climate (Nikam et al. 2003). The leaves and 

stem of A. sisalana are the rich sources of carbohydrates, lignocelluloses, introduced as a 

lingo-cellulosic bioenergy feedstock (Escamilla-Treviño 2012). Its average yield falls in 

the range of 8.5 to 22 Mg ha-1 yr-1 of dry weight under mild climate conditions (Davis et al. 

2017; 2014). Persistent aridity, with no relief of irrigation, harshly damages the yield to 

2.0–5.0 Mg ha-1 yr-1 of dry mass. However, an adequate level of management and resource 

input may lead to 38 and 42 Mg ha− 1 yr−1 yield for some species (Nobel et al. 1992). Its use 

for bioenergy production could result in higher yield than other energy crops, such as Zea 

mays (15–19 Mg ha− 1), Miscanthus species (29–38 Mg ha− 1), and Panicum virgatum (10–

12 Mg ha−1) (Heaton et al. 2008).  

Adaptations of agave like specialized leaves morphology, cuticle, and well-

developed root structure further enhanced the drought and heat tolerance efficiency (Gates 

et al. 1965; Nobel 1976; North et al. 2008). The use of crassulacean acid metabolism 

(CAM) makes a possible increase in 2-4x times more water utilization efficiency as 

compared to the plants employing C3 and C4 photosynthesis system.  Both A. sisalana and 

A. deserti are considered to be native to desert regions as they survive in both extremely 

hot, dry weather (77.5°C) and even extremely low temperature of winter (-16.1°C to 

61.4°C) They have the ability to survive more than one season without rainfall. However, 

the study related to drought tolerance in Agave is poorly understood, due to the lack of 

detailed genetic and sequence information. Remarkable tolerance to drought makes this 

species an ideal plant to explore essential genomic information for abiotic stress targets 

(Gross et al. 2013).  
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Agave has the large complex genome, estimated between 2940 to 4704 Mbp of 

DNA with a high level of duplication due to polyploidy levels (2x, 3x, 4x, 5x, 6x, and 8x) 

(Zhou et al. 2012). There is only one transcriptome based de novo assembly reported for A. 

tequilana and A. deserti (Gross et al. 2013). Therefore, further comprehensive genome-

scale studies are much needed to explore the molecular bases for adaptation of Agave to 

harsh conditions. Whole transcriptome analysis using Next-generation sequencing (NGS) 

enables the researchers to understand the expression patterns in response to environmental 

stress. In parallel, advancements in computational tools overcome the complications that 

may arise due to lack of suitable well-annotated reference genome of non-model plant 

species (Schliesky et al. 2012). These tools assemble the raw reads into short DNA de novo 

transcripts called “contigs”, which enables various downstream analyses like gene 

discovery, mutation detection, and expression analysis. Transcriptome study of non-model 

organisms via de novo assembly has already been reported for numerous plants (Li et al. 

2015; Ma et al. 2015; Talukder et al. 2015; Yan et al. 2016a).  

Plant transcriptomic behavior altered continuously with respect to place and time 

due to external environmental conditions. Recent advancements in molecular biology 

enable us to study these changes even at single cell level with the high-throughput 

techniques like microarray and RNA-sequencing etc. In case of expression study, the 

differentially expressed identified genes need to be further validation by using different 

procedures like Northern blotting, quantitative and semi-quantitative real-time PCR 

(Sq/qRT-PCR) (Nikalje et al. 2018b). Out of these, qRT-PCR is considered as a gold 

standard for validation of expression data because of its robustness, reliability and less 

requirement of biological material. Contrary to these, various other factors like 

experimental designs, quality, and quantity of the biological material, nucleic acid 

extraction procedures, and reagents efficiencies affect the reproducibility and efficiency of 
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qRT-PCR based validation studies. To overcome these limitations selection of most 

appropriate housekeeping genes become necessary for normalization of the expression data 

(Barbierato et al. 2017b). Stability of reference gene determines the response of the target 

gene’s towards different treatments in vitro. However, in a real-time situation, the 

expression of most commonly used reference genes may behave considerably variable 

under different environmental conditions (Zhang et al. 2017). 

For non-model plant species, due to limited transcriptomic information, the 

selection of housekeeping genes is generally based on the orthologous genes that are 

reported in model plant species (González-Agüero et al. 2013a). So, the choice of the gene 

as a stable reference may sometimes be inappropriate and results in the misinterpretation 

with false conclusion about their actual biological action (Barbierato et al. 2017a). To 

overcome this situation, the best possible approach is to carry out a comprehensive 

comparative quantitative real-time study to evaluate all possible reference genes and 

identify the most suitable for the specific condition prior to qRT-PCR experiments. Such 

screening and evaluation of the genes have been carried out in a number of plant species 

including N. tabacum (Schmidt and Delaney 2010), S. tuberosum (Nicot et al. 2005), S. 

lycopersicum (Wieczorek et al. 2013), S. sebiferum (Chen et al. 2017), S. portulacastrum 

(Nikalje et al. 2018b) S. bicolor (Reddy et al. 2016), G. max (Gao et al. 2017) and O. sativa 

(Auler et al. 2017). Keeping in view, the transcriptome data generated in this study, 

identification, and validation of homology-based housekeeping genes in of A. sisalana have 

been reported. Further stability studies of identified genes were carried out by using five 

statistical algorithms BestKepper (Pfaffl et al. 2004), NormFinder (Andersen et al. 2004), 

geNorm (Vandesompele et al. 2002), and RifFinder a web-based analysis tool (Xie et al. 

2012) under drought, rehydration, heat, cold and salt stress conditions.  

In this study, the gaps in existing knowledge were filled on the transcriptional 
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response of A. sisalana to the drought stress. The Illumina platform generated reads were 

assembled de novo, to provide a thorough scenario on the A. sisalana transcriptome under 

drought stress. The study of differential gene expression and analyses of their possible 

pathways will improve the current knowledge to understand the molecular bases behind 

adaptation and survival of Agave in a xeric environment. The present work not only 

enriches the available knowledge about the genome of Agave species but also provides an 

important transcriptomic database for molecular investigations.  
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2 LITERATURE REVIEW 

2.1 Drought  

Drought stress is considered as a complex phenomenon, which is difficult to monitor 

and define. In broad the term drought depends upon the variables used for its description 

and may fit into four categories (Ngumbi and Kloepper 2016). 

a) The meteorological way of drought: weather in which reduction in moisture 

and precipitation occur over a specific region for a specific period of time.  

b) Hydrological drought: A significant reduction in water supply chain due to a 

meteorological condition, which leads to a significant reduction in water 

availability especially the groundwater level, natural open reservoirs, lakes, and 

streams, etc. 

c) Agricultural drought: a decline in soil moisture over a period, which results in 

crop failure. This way of drought is a result of the combinational effect of two 

drought conditions. 

d) Socio-economic drought: this condition based on the supply and demand chain. 

It may define as the inability of the available water to full fill the water demands.  

In this study, we will consider the agricultural drought stress.  

2.2 Drought: A Major Constraint to Agricultural Yield  

Crop losses due to drought are extremely common and are expected to increase 

future, provided that the incidence of drought forecast is available for its minimization. 

(Rind et al. 1990) The Cultivars used for agriculture have typically been selectively bred 

over time to get a higher yield, with improved taste and easy to harvest. This artificial 

selection of crops leads to a significant genetic loss and decrease in their resilience towards 

abiotic stresses. While the wild generation of the same cultivars within species usually hold 
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the highly resilient genetic pool as they are not subjected to intense artificial selection and 

could have undesirable traits. For example, wild cultivar (Emmer wheat (T. dicoccoides) 

of modern wheat (T. aesitivum) varieties have previously been extensively considered as a 

genetic resource of drought tolerant genes (Budak et al. 2013). Understanding of plant 

behavior to drought condition at the morphological, physiological and molecular levels of 

A. sisalana are needed to be improved. By using advanced omics strategies, scientists have 

successfully identified the genetic material related to drought stress in a variety of plant 

species (González-Guzmán et al. 2014). Following the identification of the potential 

genetic elements and their manipulation by using conventional breeding or biotechnology, 

can help to transfer these beneficial traits into commercial crop plants.  

2.3 Drought Tolerance and Adaptation Mechanisms   

Plants cope with the drought stress condition with compromises over the growth 

and respiration rates, by diverting more sugars to sink tissues, and reducing the water loss 

from transpiration by closing their stomata (Iljin 1957). However, different species of 

plants tend to institute these changes and adaptive responses to varying degrees. Different 

strategies employed by plants to cope with water deficiency can be broadly categorized into 

three groups: drought escape, drought avoidance, and drought tolerance (Levitt 1980).  

2.3.1 Drought Escape 

Drought escape (DE) mechanism, adopted by plants under long periods of water 

deprivation, occur in a recurring and predictable pattern (Levitt 1980). It indicates the 

ability of plants to complete their life cycle in the presence of water before the onset of 

drought stress (Turner 1979). Drought escape (DE) strategy often employed by desert 

ephemerals, pasture and annual plants that adopted a shorter life cycle, exhibit early 

flowering and developmental plasticity (Grime 2006). (Franks 2011) observed an 
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evolutionary shift to a Drought escape (DE) mechanism in Brassica rapa plants, that had 

an earlier flowering, grown from seeds collected after consecutive years of drought stress 

from a natural population. This mechanism of Drought escape (DE) was related to lower 

water-use efficiency leading to the rapid development and short growing season (Franks 

2011). 

2.3.2 Drought Avoidance 

Drought avoidance (DA) mechanism represents the ability of plants to maintain 

tissue hydration and impart drought tolerance at high water potential (Turner 1979). With 

respect to Drought avoidance (DA) mechanism plants have two important strategies: (a) 

enhancing water uptake from soil (roots specific traits); and (b) reducing water loss from 

plants (stomatal characteristics and morph-anatomical traits such as leaf rolling, dense leaf 

pubescence, thick cuticle and epicuticular wax layer, heavily lignified tissue, smaller 

mesophyll cell, and less intercellular spaces, reduced plant growth, and leaf senescence) 

(Singh and Reddy 2011). Growth rate, volume, depth, and dry weight are traits related to 

drought avoidance (DA). The drought avoidance is a genotypically controlled, adoptive 

and inheritable mechanism in a population and remains active throughout the plant lifespan 

(Krasensky and Jonak 2012).  

2.3.3 Drought Tolerance 

Drought tolerance indicates the inbuilt ability of the plant to keep the cellular 

process ongoing properly while dehydrated. Drought tolerance mechanisms are required 

when the plants can no longer take up or retain water enough to meet the demands of its 

survival. At this point, cells become dehydrated, results in the generation of ROS that 

damage the membranes and nucleic acid (Jubany-Marí et al. 2010). Moreover, cell 

metabolism is adversely affected when there is not enough water to allow proper movement 
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of molecules within a cell or between the cellular compartments. The Drought tolerance 

mechanism is time and places specific and major changes in plant physiology do happen 

on the persistence of prolonged environmental stress (Chaves et al. 2003; Taiz and Zeiger 

2010). By adopting the drought tolerance mechanism, plants can tolerate drought by proper 

osmotic adjustments, balance in the oxidant and antioxidant generation, expression of 

dehydrins and LEA proteins, stomatal control and water-use efficiency (Benešová et al. 

2012). It is difficult to understand the relative contributions of the above-mentioned 

strategies behind drought resistance at the whole-plant level. The genetics behind the 

drought escape and avoidance in natural herbaceous populations is not simple, it's complex 

and controlled by a number of QTLs with a small effect, and environment x gene 

interactions, limit the simultaneous evolution of both strategies (Paterson et al. 2003).  

2.4 Physiological and Biochemical Adaptations 

2.4.1 Control Over the Stomata and Leaf Water Status 

 The stomatal closure is a first step that plants considered under drought stress to 

maintain the cell turgor pressure for plant metabolism and to maintain its water transport 

capacity at optimum level (Lipiec et al. 2013) (Jones and Sutherland 1991). Continuous 

drought environment declines the overall relative water contents, leaf water potential, 

transpiration rate and in the parallel distribution of leaf temperature (Farooq et al. 2009; 

Siddique et al. 2000). Plant hormones like ABA make the stomata close as the drought 

prevailed (Davies and Zhang 1991; Morgan 1990). The biosynthesis of ABA is considered 

an evil messenger, as it happens when soil water content or turgor pressure is decreased 

(Dodd 2005). To maintain leaf water status under drought stress, ABA is actively 

synthesized in roots and transported to shoot via xylem and induces the stomatal closure 

(Gowing et al. 1990; Schachtman and Goodger 2008). In addition to ABA, other hormones 
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also play the regulatory role under drought stress like a high concentration of the cytokinin 

in xylem promotes the stomatal opening by controlling guard cells sensitivity (Wilkinson 

and Davies 2002), while reduction in cytokines biosynthesis in roots was concomitant with 

the rise of ABA level in xylem and the reduction in stomatal conductance (Stoll et al. 2000).  

Instead of the hormones, hydraulic signaling too regulates the stomatal response to the 

environmental condition. Excessive water loss from leaf surface leads to an increase in leaf 

temperature due to short water supply from the soil. Change in xylem conductance and leaf 

turgor pressure stimulate the signals that regulate the stomatal aperture (Buckley and Mott 

2002; Clark et al. 2005; Maroco et al. 1997b; Nardini et al. 2001). 

2.4.2 Modulation of Photosynthetic Behavior under Drought 

Photosynthesis is also another important primary process, inhibited by the osmotic 

stress either through stomatal or non-stomatal limitations (Chaves 1991; Chaves et al. 2009; 

Ghotbi‐Ravandi et al. 2014; Maroco et al. 2002). In stomatal base limitation, the rate of 

photosynthesis decreased by stomatal shutdown under drought stress due to low turgor 

pressure, that causes least carbon dioxide to be available in intracellular space of leaf for 

photosynthesis (Flexas et al. 2004; Flexas et al. 2007; Ghotbi‐Ravandi et al. 2014). The 

limited supply of CO2 under the drought stress enhances the accumulation of reactive 

oxygen species (ROS) due to oxidative stress and photo-damage (Cornic and Massacci 

1996). Under drought stress condition, plants activate the xanthophyll cycle and 

photorespiration process to protect the photosynthetic machinery from the photo-damages 

by diverting the absorbed light from photochemistry to thermal dissipation (Chaves et al. 

2003). While Prolonged stress condition with a continuous lowered supply of CO2 altered 

the photosynthetic metabolism due to a non-stomatal stress limitation (Chaves and Oliveira 

2004). These metabolic alterations include the photosynthetic enzymes inhibition, de-

activation of RuBisco carboxylation due to the presence of tight-binding inhibitors and the 
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synthesis of ATP (Bota et al. 2004; Meyer and Genty 1998; Reddy et al. 2004).  Under mild 

drought stress, the rate of photorespiration was higher in Pancratium maritimum L. plants 

as compared to the severe stress, but in spite of high photorespiration, the level of oxidative 

stress was not severe. This was due to the efficient upregulation of the genes encoding the 

detoxification enzymes like peroxidase (POD), and catalase (CAT) under mild stresses, 

representing that photorespiration may not be a key supplier of oxidative load under abiotic 

stress (Abogadallah 2011). 

2.4.3 Osmotic Adjustment Under Drought 

Osmotic adjustment (OA) is a biochemical process that supports plants to bear 

drought stress (Chen and Jiang 2010; Sanders and Arndt 2012). The plants adjusted by 

osmolytes synthesis can last longer by efficiently maintaining the metabolic process as 

stress prevailed. All this happen because of improved cellular hydration and turgor pressure 

under lower water potential by the accumulation of the osmoprotectants/compatible solutes 

like sorbitol, glycine betaine, sugar alcohol, and proline in the cell (Chen and Jiang 2010; 

Sanders and Arndt 2012; Taiz and Zeiger 2002). Instead of osmoprotectants, various other 

inorganic ions like Cl-, Na+, K+, and Ca+ also take part in the OA process by cross membrane 

movement of ions via ion channels and antiporters (Chen and Jiang 2010). Usually, the 

accumulation of osmoprotectants is increased in crop plants under drought stress condition 

as compared to untreated/nonstressed control plants (Ajithkumar and Panneerselvam 

2014). The proper OA makes plants to have optimum photosynthetic rate and expansion 

growth with higher transpiration rate under lower leaf water potential(Taiz and Zeiger 

2002). Accumulation of osmolytes also contributes to shield the cell membrane, retain the 

functional macromolecules in the solution, stabilizes the proteins and enzymes against 

oxidation (Ouyang et al. 2010; Vendruscolo et al. 2007; Yamada et al. 2005; Zhang et al. 

2011). Proline also acts as an osmolyte, a reservoir of carbon and nitrogen, and has been 
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proved to shield the plants against radical-induced injury (Matysik et al. 2002). Following 

drought states, a tolerant cultivar of sunflower lingered wilting and managed turgor at lower 

water potential than sensitive cultivars (Ouvrard et al. 1996). Current progress in 

biotechnology has explicated that transgenic plants with an immense addition of proline 

and glycine betaine showed improved drought tolerance (Chen and Murata 2011; Molinari 

et al. 2007; Vendruscolo et al. 2007; Yamada et al. 2005). 

2.4.4 Antioxidative Defense and Mitigation of Oxidative Stress 

Under Drought 

Drought stress force the generation of antioxidant molecules such as a nitric oxide 

(NO), hydrogen peroxide (H2O2), hydroxyl radicals (OH), superoxide anion (O2) and 

singlet oxygen (1O2). Further generation and buildup of ROS, cause an oxidative injury to 

apoplastic chambers, destruction of cellular layers by lipid peroxidation (Baier et al. 2005) 

and that provoke the damage to DNA, carbohydrates, and proteins (Gill and Tuteja 2010). 

The main locations for the generation of superoxide anion (O2
-) and singlet oxygen (:O2) 

in the chloroplast are photosystem I and II machinery (PSI and PSII), while a single main 

site for the production of superoxide anion (O2
-) inside the mitochondria are complex I ,III 

and ubiquinone of the electron transport chain (ETC) (Gill and Tuteja 2010).  To overcome 

or limit the damages of ROS, the plants stimulates the resistance mechanisms based on 

commonly occurring non-enzymatic antioxidants like a-tocopherols, glutathione (GSH), 

ascorbic acid (ASH), phenolic compounds, alkaloids, and nonprotein amino acids and 

enzymatic antioxidants molecules ROS detoxification and scavenging, catalase (CAT), 

superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR), 

monodehydroascorbate reductase; MDHAR, dehydroascorbate reductase (DHAR), 

glutathione peroxidase (GPX), glutathione-S- transferase (GST), guaiacol peroxidase 

(GOPX) and  lipoxygenase; (LOX1) molecules (Gill and Tuteja 2010; Hasanuzzaman et al. 
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2013; Jiang and Deyholos 2009; Zheng et al. 2013). In Hordeum vulgare and Panicum 

sumatrense dehydration trigger the response of antioxidant enzymes such as APX, CAT2, 

SOD, CAT2, SOD, and APX (Ajithkumar and Panneerselvam 2014). A drought-tolerant 

wheat genotype showed to have stable membrane stability index (MSI), under H2O2 

accumulation, and unusual activity of antioxidant enzymes such as guaiacol peroxidase 

(GPX), ascorbate peroxidase (APX), catalase (CAT), and superoxide dismutase (SOD) than 

the drought-sensitive cultivar (Hassan et al. 2015).  

2.5 Molecular Adaptations under Drought Stress 

2.5.1 Signaling Pathways and their Crosstalk under Drought 

Cellular homeostasis and survival of plants to drought force is a complicated and multi-

component phenomenon (Golldack et al. 2014). Abscisic acid is a drought-sensitive 

phytohormone that plays a crucial role in drought tolerance by controlling stomatal 

conductance and stress-responsive genes expression. Its exogenous treatment dramatically 

mitigates the losses by induction of osmolytes, active photosynthesis, maintaining the cell 

membrane stability and proper ion hemostasis (Cutler et al. 2010; Osakabe et al. 2014; 

Xiong 2007). Binding of ABA with PYR/PYL nucleocytoplasmic receptor activates the 

non-fermenting protein Kinase 2 (SnRK2), which directly regulates ABA-responsive TFs 

like ABRE-binding transcription factor (ABF/AREB) and bZIP Transcription factors (Ma 

et al. 2009; Raghavendra et al. 2010; Yamaguchi-Shinozaki and Shinozaki 2006). Usually, 

drought stress signals are mediated from root to shoot by two pathways (a) ABA-dependent 

pathway (b) ABA-independent pathway. The transcription factors like MYB/MYC, NAC 

(RD26), and AREB/ABF (bZIP) accompany the ABA-dependent pathway to mediate 

drought stress signal and get stimulate the drought-responsive genes (Figure 2.1). The 

osmotic stress signal mediated by ABA-independent pathway via TFs such as NAC, 
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DREB2, and DREB2/CBF stimulates the drought-responsive genes by binding with their 

cis-elements (Simpson et al. 2003; Tran et al. 2004). In addition to ABA, various other 

phytohormones such as ethylene (ET) and jasmonic acid (JA) are also playing a critical role 

to support the signal transduction pathway as the stress prevailed. Main JE and ET signaling 

hub include jasmonate ZIM proteins (JAZ), the homolog of MYC2, ET insensitive 2 

(EIN2), (EIN3) and other various members of ERE/AP2 TF showed an integrated complex 

regulatory role over the stress adaptation (Agarwal et al. 2006; Benešová et al. 2012). JA 

is also involved in stomatal closure only while ET regulates its opening and closure (Berger 

and Ludwig 2014). 

As a part of primarily abiotic stress sensing and cellular hormonal signaling (Golldack 

et al. 2014), the phosphatidic acid (PA) is a key lipid messenger that is induced in response 

to the various abiotic stress conditions. Its biosynthesis has been managed by the 

phospholipase D (PLD) that is a stress-responsive factor whose activity is dramatically 

increased in response to abiotic stresses in plants. The detailed characterization indicated 

that both PA and PLD are vital for drought and salinity tolerance in plants with respect to 

lipid signaling. In Arabidopsis thaliana, overexpression of PLDa1 gene enhanced the 

stomatal closure and overcoming the water loss (Hong et al. 2010; Lu et al. 2013). 

Transformation of Arabidopsis PLDa gene into the Brassica napus cultivars under guard 

cell-specific promoter (AtKatlpro) resulted in the increase of plants’ total biomass and 

limited the water loss under drought and salt stress. This supports the possible role of lipid 

signaling in imparting the drought tolerance in plants (Lu et al. 2013). Various other 

signaling pathways like sucrose, glucose, and fructose (soluble sugar) control the signaling 

also take part in the plant responses to drought stress and behaved as regulatory agents  such 

as MAPK signaling, SnRK2 signaling, the redox state of the photosynthetic electron 

transport chain components, redox active molecules and possible stomatal signaling 
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(Golldack et al. 2014; Ligterink and Hirt 2001). The increased concentration of calcium-

dependent protein Kinase (CDPK) in the cells also trigger the drought stress signaling due 

to early osmotic stress-induced Ca2+ spiking/oscillation, which results in the activation of 

drought-responsive gene transcription.      

 

 

 

 

Figure 2. 1: Transcriptional regulatory networks of abiotic stress signals and gene 

expression (Shinozaki et al. 2003). 

2.5.2 Transcriptional Regulation of Gene Expression 

Drought stress originally perceived by root tissues are transduced through various 

pathways to other parts of the plant where it activates a cascade of transcription of stress-

responsive genes (Huang et al. 2012). Transcription of these stress-responsive genes into 

proteins directly or indirectly impact the tolerance as a part of stress specific adaptive 

mechanism to the plant. Transcriptional regulation in eukaryotic organisms is a complex 

phenomenon that involves the interaction among divers cis-acting regulatory elements, that 

are conserved at DNA level typically found in the promoter region of the drought-

responsive genes with regulatory proteins. These regulatory proteins are known as the 

transcription factors (TF).     

 This regulatory network is based on four major TFs that get interact in response to 

abiotic stress condition (Miura et al. 2012). Regulation of the ABA-dependent gene 

expression under the drought stress is governed by the bZIP class of transcription factors. 
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AREB/ABFs belongs to this category that binds with the cis-elements of the ABA-

responsive (ABRE) genes and starts transcription (Doupis et al. 2013). DREB1/CBF and 

DBEB2 transcription factors are involved in the regulation of the ABA-independent 

pathway and interact with the promoter region of DRE/CRT drought-responsive genes and 

impart drought tolerance (Golldack et al. 2014; Grigorova et al. 2011; Todaka et al. 2015). 

NAC TF is another important class of regulatory proteins that have been identified in Oryza 

sativa and Arabidopsis thaliana and are very responsive to abiotic stress condition 

(Madanala et al. 2011).  

2.5.3 Transcription Factors  

2.5.3.1 Ethylene Responsive (AP2/ERF) Transcription Factor  

The ethylene responsive elements are plant-specific transcription factors with a 

broad range and further categorized into three RVA, ERF and AP2 families holding a 

conserved AP2 domain (Licausi et al. 2013; Nakano et al. 2006). Their role in the stress 

environment has been documented in the model as well as non-model crops like Nicotiana 

tabacum (Park et al. 2001), Oryza sativa (Datta et al. 2012; Oh et al. 2009), Vitis vinifera 

(Licausi et al. 2010), Arabidopsis thaliana (Kang et al. 2011), Triticum aestivum (Zhuang 

et al. 2011), Malus pumila (Zhao et al. 2012), Solanum tuberosum (Bouaziz et al. 2015) 

and many others. Generally, members of the AP2 domain-containing transcription factor 

further marked as an activator or repressor of the downstream specific target genes 

depending on the requirement (Licausi et al. 2013). DREB2 Transcription Factors are the 

dehydration-responsive elements of specific binding proteins that belong to the AP2/ERF 

category. The over-expression of these TFs enhanced the tolerance ability of plants against 

biotic and abiotic stress like pathogen attack, low temperature, Osmotic stress (Park et al. 

2001), salinity (Oh et al. 2009), drought heat (Kang et al. 2011) and cold.  Due to their 

elastic and distinct nature toward the extensive range of stresses make the AP2/ERF 
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transcription factors a worthy target to engineer the crops with enhanced tolerance (Licausi 

et al. 2010; Licausi et al. 2013).     

2.5.3.2 Basic Leucine Zipper (bZIP) Transcription Factor  

Members of the bZIP transcription factors actively regulate the growth and 

developmental process throughout the life cycle of plants includes biotic and abiotic 

responsive signaling, pathogen resistance, control over hormonal signaling, energy 

metabolism process, inducing flowering, NAC controlled senescence and seedling 

maturation (Park et al. 2015; Wei et al. 2012). The basic region/leucine zipper domain is 

conserved in all the members having a continuous basic region that form α-helix chain 

followed by the leucine zipper (LZ) C-terminal motif.  This α-helix chain LZ C-terminal 

motif is necessary for binding with DNA and dimerization. In Arabidopsis, till now about 

75 members of bZIP transcription factors have been identified which further subdivided 

into 10 major groups. Majority of bZIP members played a critical role in the ABA-

dependent signaling pathway that makes them potential candidates for improvements in the 

agricultural crops (Lindemose et al. 2013).            

4.2.2.3 Myeloblastosis (MYB/MYC) Transcription Factor  

Myeloblastosis (MYB/MYC) encoding TFs belong to the diverse class of regulatory 

proteins that performed numerous functions both in plants and animals. The regulatory role 

of MYB and MYC proteins have been defined very well against the abiotic factors like 

drought stress (Baldoni et al. 2015; Kazan and Manners 2013). In plants, the members of 

these families take part in the ABA-dependent signaling pathway and bind with the cis-

element region of the downstream stress-responsive genes for their up-regulation. Member 

of the MYB TFs holds the basic helix-loop-helix (bHLH) amino acid domain family which 

is highly conserved in the plant kingdom. The cis-elementary region of the DNA binding 

domain of the MYB TFs is made up of 1 to 3 consecutive imperfect repeats. These repeats 



19 
 

 

are made up of a long stretch of 52 amino acid residues which form α-helices sheets while 

the second and third one involved in the organization of the helix-turn-helix (HTH) fold 

(Dubos et al. 2010). MYB is one of the largest TF family that exists in the plant kingdom.  

    The genome of A. thaliana and O. sativa hold more than 198 and 183 MYB encoding 

genes individually and a majority of them are (Katiyar et al. 2012) regulated under drought 

stress (Yanhui et al. 2006). Katiyar et al. (2012) reported about 65% of the expressed MYB 

genes were differentially expressed under drought stress at the seedling stage in Oryza 

sativa. In A. thaliana, about 51% and 41% of the MYB genes were up and down-regulated 

respectively under drought stress (Katiyar et al. 2012; Zimmermann et al. 2004). 

Overexpression of drought specific MYC2 and MYB2 transgenic plants showed improved 

indicators of the membrane stability following the treatment of mannitol suggesting the 

possible role of MYC2 in drought tolerance (Abe et al. 2003). Transgenic plants 

overexpressing both MYC2 and MYB2, a drought-inducible MYB TF, reduced the 

electrolyte leakage following mannitol treatment, suggesting that MYC2 can contribute to 

stress tolerance (Abe et al. 2003). 

4.2.2.4 NAC Transcription Factor 

The NAC TFs family is one the diverse, in parallel to  MYBs that have been 

identified using genome-wide analysis from various plant species like Arabidopsis thaliana 

(Ooka et al. 2003), Oryza sative, Populus tremula (Fang et al. 2008) and Glycine max (Le 

et al. 2011). Based on the motif pattern, the NAC transcription factors possess 2 domains, 

N-terminal highly conserved domain and second C-terminal diversified domain (Hu et al. 

2008), that are further subdivided into five subdomains (Ooka et al. 2003). A number of 

reports have been cited in the literature that signifies the association of NAC transcription 

factors to various biotic factors such as bacterial and fungal pathogen and abiotic stress 

factors like low oxygen, cold, drought and salinity (Nuruzzaman et al. 2013; Puranik et al. 
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2012). Over-expression of three Arabidopsis-specific NAC genes, ANAC019, ANAC055, 

and ANAC072 (RD26) induced the tolerance efficiency to drought stress (Tran et al. 2004). 

Overexpression of OsNAC2/6 and OsNAC10 genes in rice increased the drought and salt 

tolerance respectively while another gene OsNAC1 improved the grain yield approximately 

(21-34%) as compared to control under drought stress. 

Plants’ response to abiotic stresses is via both ABA-dependent and ABA-independent 

signal transduction pathways, where ABA can act as a signaling molecule of regulatory 

networks of plant response to stress. Over-expression of Miscanthus lutarioriparius NAC 

gene MINAC5 in the Arabidopsis exhibited hypersensitive to exogenous ABA and 

increased the tolerance to dehydration stress. Hypersensitivity to the drought stress is a 

characteristic feature for drought tolerance as higher sensitivity helps the plants to maintain 

the water contents by closing the stomata as experienced by (He et al. 2005; Lu et al. 2012) 

in Arabidopsis and maize. Over the past decade, significant progress has been made in NAC 

TF functional characterization research considering their involvement in biotic stress. Thus, 

the identification of NAC functions in biotic and abiotic stresses will remain a substantial 

challenge in the future. 

2.6 Drought-Responsive Genes 

2.6.1 Late Embryogenesis Abundant Proteins 

Late embryogenesis abundant (LEA) encoding genes are actively involved to shield the 

plant from the drought stress. Initially, these proteins were discovered for the first time at 

later stages of embryo development from seeds (Galau et al. 1986). Expression of the LEA 

proteins is directly correlated with the level of ABA under drought stress, while the 

induction in the level of ABA under drought stress is associated with Drought tolerance in 

plants (Su et al. 2011) (Fujita et al. 2005). Till now 51 genes have been identified from A. 
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thaliana and further classified into nine subfamilies (Fujita et al. 2005), based on their 

molecular weight and repeated sequence of a hydrophilic amino acid (Candat et al. 2014; 

Hong-Bo et al. 2005). The major role of LEA proteins is to impart the drought tolerance has 

been reported in a number of plant species (Behringer et al. 2015). Overexpression of these 

proteins increased the cell membrane stability (Garay-Arroyo et al. 2000), chaperone 

activity (Kovacs et al. 2008), water retention ability by acting as a hydration buffer and 

scavenging of ROS (Babu et al. 2004; Close 1996; Hara et al. 2004). Various other reports 

have assessed their role in water retention as hydration buffers (Garay-Arroyo et al. 2000), 

as a molecular chaperone (Kovacs et al. 2008), in the protection of cell membrane (Babu et 

al. 2004; Close 1996), and sequestration of reactive oxygen species (Hara et al. 2004). 

Several in vitro studies have shown the activity of the LEA proteins in protecting other 

enzymes against dissecting-induced aggregations.  

2.6.2 Aquaporins 

Aquaporins are the members of major intrinsic (MIP) group of proteins that 

involves in the regulation of water movement across plants and animal cells. The induced 

expression of aquaporins regulates the water transport activity through water channels as 

well as influence the guard cell activity and cell expansion.   Members of the aquaporins 

are further subgroups based on their cellular location, vascular membrane base tonoplast 

intrinsic protein (TIP) (Chaumont et al. 2000), plasma membrane base intrinsic proteins 

(PIP), nodulin-like intrinsic membrane proteins (NIPs), X intrinsic proteins (XIPs) 

(Ishikawa et al. 2005), and small basic intrinsic protein (TIP) (Bienert et al. 2011). Several 

researchers signify the active role of aquaporin genes family in response to drought tolerant 

plants. The overexpression of JcPIP2; 7 in Arabidopsis thaliana enhanced the seed 

germination with efficient water uptake through water channels and imbibition. (Khan et 



22 
 

 

al. 2015) identified the JcPIP2;7 that might help in faster water uptake through outer water 

channels, leading to faster imbibition thus accelerating germination even under normal 

conditions. Increased expression of TaAQP7 in Nicotiana tabacum enhanced the Drought 

tolerance associated with better water retention ability, reduced ROS accumulation, active 

antioxidant activities, decreased membrane injury and improved osmotic adjustment due to 

the accumulation of the higher amount of osmolytes as proline. 

2.6.3 Heat Shock Proteins 

Heat Shock proteins (HSPs) are the stress-responsive proteins found in all types of 

cells including prokaryotes and eukaryotes. Under normal conditions, these proteins work 

as a molecular chaperone which has been confirmed by heterologous expression and further 

purification in E. coli (Reddy et al. 2014; Sarwar et al. 2014). These proteins are further 

classified into five major subfamilies based on their molecular weight (15-42 kDa), small 

heat shock protein family (sHSP) also called as HSP20, HSP 100 (Clo), the Hsp70 (DnaK), 

the Hsp90 chaperonins (GroEL and Hsp60).  

Studies have shown differential expression in response to drought for HSPs of different 

molecular weights (Vásquez-Robinet et al. 2010). There is a significant increase in the 

induction of HSP expression when there is a combination of different stresses, such as the 

combined effect of drought and high temperature (Grigorova et al. 2011). Regulation of 

genes encoding HSPs is strongly related to the heat stress transcription factors (HSTF). 

Several studies have reported the widespread importance of HSP expression in response to 

drought stress (Sun et al. 2001) and (Cho and Hong 2006) verified that AtHSP16.6A and 

NtHSP70-1, respectively, can participate in the regulation of water flow during drought. In 

Arabidopsis thaliana, (Zhang et al. (2012) verified that ectopic expression of cytosolic 

sHSPs 17.1 generated more biomass and less water loss, as well as flowered earlier and 
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recovered more quickly and robustly after being re-watered 

2.6.4 Molecules with Antioxidative Activity (Protection against 

ROS) 

The closing of stomata under drought stress results in less availability of CO2 that 

leads to a drastic decrease in the photosynthetic electron chain reaction. Due to limited 

photosynthetic activity, plants cannot utilize or dissipate the available light energy into 

biochemical energy. This condition paves the way to the production of lethal compounds 

like reactive oxygen species (ROS) which cause oxidative damages, a so-called “oxidative 

stress” apparatus (Marok et al. 2013). Membrane-bounded organelles like peroxisomes, 

mitochondria, and chloroplasts are the main spots for the generation of singlet oxygen (O), 

hydrogen peroxide (H2O2), superoxide anion (O2-) and hydroxyl radical (OH) like ROS 

molecules. The continuous detoxification of these toxic compounds (ROS) is necessary to 

reduce the effect of oxidative stress. Under worse conditions, the excess amount of these 

radicals is responsible for damages to a cellular structure including damage to a nucleic 

acid, inhibition of enzymatic activity, lipid peroxidation and ultimately cell death. 

Scavenging of these compounds from the cell is very critical for the protection of sub-

cellular components and for proper growth and development (Talbi et al. 2015). To prevent 

cells from the oxidative damages, plants have evolved a complex integrated system of 

micro and macromolecules that are encoded by more than 150 genes, encoding enzymatic 

and no enzymatic molecules (Suzuki et al. 2013). Together, all these molecules act as the 

main defense against ROS produced in various parts of plant cells (Weisany et al. 2012). 

Enzymatic molecules include catalases, peroxidases and super-oxide Dismutase (SOD) 

while Glutathione, Flavonoids, and Carotenoids are the key players of the non-enzymatic 

system. 
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Catalases (CAT) are tetrameric heme-containing enzymes, mostly localized in 

peroxisomes and play an important role in biotic/abiotic stress. Plant catalases are 

composed of a multigene family and inversely correlated with cellular H2O2 amounts of 

plants (Chen et al. 2012). Peroxidase (APX) is a plant-based antioxidant enzyme system 

with two isoforms APX1 and APX2 (Sofo et al. 2015). The APX1 expression is continuous 

and constitutively happen in all parts of the plant tissues while expression of APX2 is 

specific in response to abiotic stresses. APX2 also take part in the ascorbate-glutathione 

(ASC-GSH) cycle for H2O2 detoxification system in the chloroplast (Caverzan et al. 2012). 

Deficiency of one of the APX2 enzyme in the Arabidopsis thaliana resulted in the 

decreased tolerance towards the drought stress (Suzuki et al. 2013).  Superoxide dismutases 

are a member of metalloenzymes that protect cells from harmful effects of superoxide 

radicals (O2-) by catalyzing it into molecular oxygen (O2) and hydrogen peroxide (H2O2) 

(Madanala et al. 2011; Miura et al. 2012). Depending on the metal in their active site, SODs 

are classified into four groups: CuZnSODs, NiSODs, FeSODs, and MnSODs. Each SOD 

group holds distinct sub-cellular localization and structural features (Marques et al. 2014). 

In Arabidopsis, the overexpression of CuZnSOD gene improves the secondary cell wall 

biosynthesis, enhanced the plant yield under salt stress (Shafi et al. 2015). The Glutathione 

(a non-enzymatic molecule) is composed of three sub-molecules, namely glycine, cysteine, 

and glutamate. The presence of cysteine is very critical for Glutathione to perform its 

biological activity as antioxidants in cell redox hemostasis state (Noctor et al. 2012). The 

thiol group (-SH) in the Glutathione is a highly water-soluble molecule that makes it able 

to take part in the diverse class of function like developmental process, response to biotic 

and abiotic stresses. As a non-enzymatic antioxidant molecule, Glutathione provides the 

intracellular defense against the ROS and other products that induce the oxidative stress in 

plants (Anjum et al. 2012). Flavonoids are pigmented molecules of a non-enzymatic system 
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that inhibit the production of oxidants by absorbing high energy waves like (i.e., UV-B and 

UV-A). These include “anthocyanins” and “flavanols” which are colorless to pale yellow 

in nature and turn into brown after oxidation (Brunetti et al. 2013). Various biotic and 

abiotic stress factors like UV-light intensity, minerals depletions induced the biosynthesis 

of the flavonoids.  

Carotenoids are the pigmented accessory photosynthetic molecules that are 

synthesized in plastids, flower, root and fruit tissues, where they play dual function (Ruiz-

Sola et al. 2014). It helps in absorption of blue light with a wavelength in the range of 420-

500 nm and secondly, act as the first line of defense for the photosynthesis machinery 

against the toxic effects of ROS under abiotic stress condition. The antioxidant role of 

carotenoids occurs either via physical or by a chemical mechanism. The physical 

mechanism involves the dissipation of the thermal energy while the chemical mechanism 

involves the oxidation of the carotenoid molecule. In Arabidopsis (Shumskaya and Wurtzel 

2013) reported that, the involvement of carotenoids in membrane stabilization, membrane 

protection against the lipid peroxidation and free radical scavenging.  

2.7 Plant Transcriptome Re-programming under Drought 

Stress   

Over the past years, advances have been made regarding the elucidation of molecular 

mechanisms associated with drought tolerance. Transcriptomics or mRNA expression 

profiling is one of the applicable approaches for identification and quantification of spatial 

and temporal gene expression under specific conditions (Morozova and Marra 2008). 

Several technologies have been developed to evaluate transcriptome profiling. Mainly, they 

can be classified into two broad categories: (a) hybridization-based approaches such as 



26 
 

 

cDNAs, amplicons, or oligonucleotides, with the microarray technology and (b) sequencing 

and transcript countings, such as tag-based approaches and RNA-Seq. 

2.7.1 Microarray Technology (A Hybridization-Based Approach) 

The microarray is a high-throughput technology based on the hybridization affinity 

of single-stranded DNA sequences to complementary sequences of nucleotides (probes) 

placed in an array, also known as a DNA chip or slide. Laser-based scanning of the 

hybridized transcripts with the probes provides information about the expression level of 

the specific transcripts (Avramova et al. 2015). This methodology was established in the 

mid-1990s (Schena et al. 1995) and contributed enormously to the transcriptome analysis 

due to its robustness.  

The first complete genome-based microarrays of Arabidopsis, made available in 

2000 by Affymetrix, opened the window to interrogate large genomes in plants. Since then 

this technique is specially applied in model species and economically important crops such 

as Arabidopsis thaliana, Oryza sativa, Lotus japonicus, Glycine max, and Triticum 

aestivum, etc. Till now it is considered to be a gold standard technique for large scale gene 

expression analysis. On another hand, it presents recognized limitations, such as 

background errors, non-specific hybridizations, less sensitivity to counting rare transcripts, 

and analysis restricted to those transcripts immobilized on the array (Asmann et al. 2008). 

“Close architecture” is the fatal drawback of this platform as it requires prior information 

of genomic sequences to conduct the experiment. (Deyholos (2010) presents a 

comprehensive review covering the use and limitations of microarrays in plant sciences. In 

addition to the methodological limitations of microarrays, this technique is still 

expressively used for differential expression of plant transcriptomic. 
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2.7.2 Tag and Sequencing-Based Approaches 

The main components of this group include EST (expressed sequence tags) 

(MCCOMBIE and VENTER 1990), SAGE (serial analysis of gene expression, and its 

derivates, MPSS (massively parallel signature sequencing, (Brenner et al. 2000) and RNA-

Seq (Morin et al. 2008a). 

  At the initiative of the mid-1990s, the expressed sequence tags (EST) was a standard 

method to study the gene expression profiles with the use of automated DNA sequencing. 

The sequencing method was based on the sequencing of a number of cloned products in the 

bacteria having insert size in-between 400 to 600 bp. As this method was based on the 

initial Sanger sequencing so some evident limitations arise. As a result of this approach, 

base qualities were not always up to the mark, which restricts the informative ESTs. The 

redundancy in sequenced ESTs depending on the library of the same source was a routine 

matter which leads to low coverage of the transcriptome in general, decreases the chances 

to explore the rare transcripts. The Serial analysis of gene expression (SAGE) technique 

solved some of the above-mentioned restrictions. SAGE is based on the extraction of single 

specific tag with 11-14bp in length from each cDNA library cloned in the bacterial plasmid. 

In the same manner, two and more tags are concatenated and cloned into a plasmid vector, 

which is sequenced further. The SAGE technique yields higher as compared to the EST 

method, as for every single insert there is information related to dozens of transcripts. 

However, this technique also comes across some limitations. The short size of the tags leads 

to the ambiguous identity of the genes, which become more fatal if the studied 

organism/species do not have a representative comprehensive EST database. Data 

generation in a digital way by the tags make it easier to compare the generated gene 

expression profiles. Because of having the “open architecture” in nature, prior knowledge 
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of genome sequences is not required, favoring the discovery of novel transcripts, in contrast 

to the “closed architecture” of the microarray technique (Matsumura et al. 2005). 

The Massively Parallel Signature Sequencing (MPSS) method was developed based 

on individual cloning of cDNAs within microbeads following the parallel sequencing of 

tags in substantial numbers. This approach offers two plus points over the original SAGE: 

(a) the tag length, which reduces the doubt in the tag-gene annotation, and (b) the 

automated process of sequencing produces millions of tags, allowing improved sampling 

and high potentials to identify rare transcripts of biologically significant genes. However, 

unlike SAGE and its derivatives, the approach was more complex and challenging to 

carry out (Meyers et al. 2004).  

2.8 Next Generation Sequencing (NGS) 

Development of next-generation sequencing (NGS) platforms not only 

revolutionized the field of genomics but also modernized the entire field of molecular 

biology. NGS generates millions of DNA read simultaneously in parallel and provides high 

throughput than the Sanger sequencing in less time, reduce cost and minimum cloning. 

Depending on the coverage, the discovery of rare transcripts makes possible, which may 

go unnoticed with other methodologies. Because of the quantitative nature of this method, 

there is no limit for gene expression detection, and a range of expression levels can be 

revealed, providing a digital gene expression on a genomic scale. This third-generation 

sequencing technology also called high throughput sequencing (HTS). Pyrosequencing was 

the first method of third generation sequencing that generates the reads of the DNA 

fragments of the whole genome while the cDNA approach was adopted later to understand 

the transcriptomic activity from the cell (Morin et al. 2008b).  Advancement of the high 

throughput sequencing technology occurs very fast with respect to enhanced read length, 
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quality, process time and cost. Nowadays the Illumina/HiSeq Genome Analyzer 

(http://www.illumina.com), Life Technologies (www.lifetechnologies.com), Helicos 

Biosciences (https://www.crunchbase. com/organization/helicos-biosciences), ABI SOLID 

system (Applied Biosystems, (http://w ww.appliedbiosystems.com) and Roche 454 

Genome Sequencer FLX+ System (Roche Applied, http://www.454.com), are the major 

service providers of high throughput instruments for next-generation sequencing. Illumina 

is the largest service provider and holds 75% of the sequencing application. Recent 

advancement in the sequencing methodology made it possible to generate up to 10,000 bp 

of reads or high-density maps. These sequencing platforms include the Oxford nanopore 

platform https://nanoporetech.com/ (Quail et al. 2012), FRET sequencing platform by life 

technologies, ion torrent platform https://www.thermofisher.com/pk/en/home/brands/ion-

torrent.html and SMRT (single-molecule real-time), DNA sequencing method by Pacific 

Biosciences https://www.pacb.com/ (Munroe and Harris 2010). Due to the complex 

structure and large size of the data generated from these methodologies, a high computing 

power, and complex detailed algorithmic approaches are required to get the correct 

meaningful results.  

2.9  RNA Sequencing (RNA-Seq): A Method for Transcriptome 

Analysis 

The mRNA sequencing also known as the whole transcriptome sequencing or 

transcriptome shotgun sequencing, enables us to study the existence and amount of the 

specific transcripts of the RNA molecules in the given biological samples under a specific 

condition (Wang et al. 2009).  The main application of RNA sequencing involves (a) 

transcripts quantification (b) cell-specific comparison of the expression under various 

biological conditions (c) SNPs detection in a specific population (d) identified transcripts 

http://www.illumina.com/
http://www.lifetechnologies.com/
http://www.454.com/
https://nanoporetech.com/
https://www.thermofisher.com/pk/en/home/brands/ion-torrent.html
https://www.thermofisher.com/pk/en/home/brands/ion-torrent.html
https://www.pacb.com/
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annotation including their splice junctions (breaks between introns). As it is not restricted 

by the unavailability of a genome reference sequence, this approach has been applied in 

decoding the genomes of several non-model organisms, providing valuable information in 

the understanding of gene function, cell responses and evolution (Grabherr et al. 2011; 

Ramayo-Caldas et al. 2012). Significant progress has also been made in understanding the 

transcript expression of various plants by RNA-Seq over the last two years, such as potato, 

radish (Wang et al. 2013b), cotton (Zhang et al. 2015), apple (Dare et al. 2013), soybean 

(Li et al. 2014), maize (Kakumanu et al. 2012), and Eucalyptus (Grattapaglia et al. 2012). 

The countable, almost digital nature of RNA-seq data makes them particularly attractive 

for the quantitative analysis of transcript expression levels, which can give reliable 

measurements of transcript levels in one or more conditions. However, such investigations 

have not been reported in Agave sisalana. 

2.10 Plant Science Research with RNA-Seq 

RNA sequencing is a critical player behind the on-going research in life sciences and 

now it is very hard to find out the area of biology that not benefitted by this approach, 

thanks to fast improvements in the sequencing technologies. In plant science research the 

use of RNA-Seq for transcriptome analysis provides the new opportunity to understand 

crop responses to various environmental factors. After the first initial draft of the A. 

thaliana genome by Sanger sequencing, its annotation continuously improved with the 

time. RNA-Seq also provides a solution over limitations and provides the correct resolution 

of splice junctions and alternative splicing events. For example, the analysis of the illumine 

generated reads based on single base resolution indicates that approximately 42% of the 

intron contains transcripts in the A. thaliana alternatively spliced (Filichkin et al. 2010), 

Similarly, approximately 48% of rice (Oryza sativa) transcripts showed alternative splicing 
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patterns (Zhou et al. 2010). RNA-seq analysis also provides assistance towards the 

exploration of the full-length transcript sequences, as has been cited in a study by (Lu et al. 

2010) where ~10% of the untranslated region (UTR) boundaries of rice genes could be 

extended. In addition to transcriptional changes during development, RNA-Seq has already 

proved itself a tremendous approach to explore the plant adaptation and plant response 

towards abiotic stress conditions. Dugas et al. (2011) use the transcriptome data generated 

by the RNA-sequencing from the Sorghum bicolor, treated with the 0.5 % PEG and 

comparative analysis in conjunction with previously reported data of rice, maize, and 

Arabidopsis and identified >50 drought-responsive genes that were not reported in the 

previous finding. Water deficiency can lead to an extreme reduction of Solanum tuberosum 

tuber yield and quality reduction. Fan et al.(2013) studied two soybean genotypes (drought-

tolerant and drought-sensitive) under dehydration conditions. They generated and 

sequenced the cDNA libraries via illumine platform and produced 25,000 – 33,000 

unambiguous tags, which were mapped to reference sequences for annotation. Further 

comprehensive analysis exhibited significant gene expression differences among the 

libraries and found 21, 518 and 614 genes were differentially expressed under dehydration 

in leaves and roots, respectively, while 24 were identified both in leaves and tolerant 

cultivar. 

 Cotton (Gossypium hirsutum L.) is an important crop and a source of the natural fiber 

that used as a raw material in the text tile industry. Similar transcriptome analysis of the 

cotton leaves indicates the ABA, ethylene, and JA controlled activation of signaling 

pathways in response to water stress. These results signify the drought specific 

transcriptomic induction in plants specific to the studied organ. In another study by Wang 

et al. (2013a) a high-throughput RNA sequencing technology was employed to characterize 

the de novo transcriptome of radish roots at different stages of development. This study 
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generated an about 66.11 million paired-end reads presenting 73,084 unigenes with an N50 

length of 1,095 bp. The comprehensive analysis revealed that the main activated genes in 

radish taproots were predominately involved in basic physiological and metabolic 

processes, biosynthesis of secondary metabolite pathways, signal transduction 

mechanisms, other cellular components, and molecular function related terms.   

Likewise, RNA-seq has also been used to explore the adopted cellular response and 

molecular mechanisms of the green alga (Chlamydomonas reinhardtii) that tolerate sulfur 

deficiency. High throughput analysis of the plant's response toward pathogens has also 

proved the comprehensive details about the gene expression and explore out the associated 

metabolic pathways involved in the defense mechanisms (Hu et al. 2017) use the RNA-Seq 

tool to understand the molecular basis behind the adaptability of the Miscanthus 

lutarioriparius; native to the semiarid condition by comparing it with the same species 

grown in the normal control condition. After DGE analysis, total forty-eight potential 

candidate’s genes were identified related involved in the photosynthesis, protein 

metabolism, stomatal regulation, and abiotic stress response. Out of this 73 %, DEG was 

from the semi-arid site that improved water use efficiency. Importantly, this study proves 

that potential genes responsible behind the environmental adaptation could be explored out 

by integrating physiological data with molecular expression data. 

Microarrays and NGS-based methods; revolutionized the transcriptomics research in plants 

and provides comprehensive information related to the biological process under 

investigation. The great reduction in the sequencing cost and increase in the number of 

international consortia related to plant and biomedical sciences e.g. one KP (1000 plants) 

https://sites.google.com/a7ualberta.ca/onekp/ sequencing initiative are producing a 

comprehensive amount of data of plants species. In estimated time, the aim is to constitute 

https://sites.google.com/a7ualberta.ca/onekp/
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an important functional resource to be explored to decipher the molecular mechanisms 

underlying drought resistance in plants. 

2.11 Agave sisalana 

The genus Agave has been of great importance not only in economic context but also 

in the social aspect. It includes 210 species widespread in the tropical and subtropical 

regions of the world mainly in the desert, dry and semiarid environments (Nobel 2003). 

Middle America is the center of its greatest diversity use and cultivation (Gross et al. 2013). 

A. sisalana is a monocarpic herbaceous plant with a short thick stem and a close rosette of 

leaves with 60-160 cm in length. The roots rarely go deeper than about 35 cm. Towards the 

end of its lifespan, it produces a long stout flowering pole. The leaves yield a hard, coarse 

fiber used in the manufacture of twines, cordage, and sacks. Fibers are also used to reinforce 

plaster boards and paper. The leaves contain hecogenin used in the partial synthesis of the 

drug cortisone. A short-lived perennial, with a yearly growth cycle of 150-270 days. 

Harvest can begin 2-4 years after planting, depending on temperature, and can continue up 

to about the 7-12th or even 20th year. It prefers moderate humidity. The species is 

indigenous to Central America and Mexico. One ton of fiber removes about 30 kg N, 5 kg 

P, 80 kg K, 65 kg Ca and 40 kg Mg from the field. Because the fibers themselves contain 

few minerals, the majority of the nutrients can be returned to the land with the pulp. The 

average yield is about 0.9 t ha-1 of dried fibers, on the best plantations in East Africa, yearly 

yields of 2.0-2.5 t/ha of dried fibers are obtained.  
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Figure 2. 2: Morphological overview of A. 

sisalana plant 

 

 

 

 

Table 2. 1: Taxonomic hierarchy of Agave sisalana 

Scientific Classification 

Ranks Name  

Kingdom Plantae 

Clade Angiosperms 

Clade Monocots 

Order Asparagales 

Family Asparagaceae 

Subfamily Agavoideae 

Genus Agave 

Species A.sisalana 

Binomial name Agave sisalana 
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Figure 2. 3: Total production of Agave sisalana in different countries (2000-2017) (London 

Sisal Association). 

 

2.11.1 Uses of Sisal  

Sisal has a wide variety of applications including Traditional - Twine, ropes, string, 

yarn and which can also be woven into carpets, mats, and various handicrafts. Sisal pulp 

and paper – As sisal biomass contains a high proportion of cellulose its pulp is a substitute 

for wood fibers and adds bulk to paper and cardboard as well as being absorbent and having 

high fold endurance characteristics making it a high-quality input for paper products.  Given 

its porosity, it can be used in cigarette paper filters and things like tea bags. Textile - A 

major use of the fiber is in buffing cloth – because sisal is strong enough to polish steel and 

soft enough not to scratch it. In addition, it is an insulation material and can be made into 

fiber-board as a wood substitute. Plastic and rubber composites - It has good potential as 

reinforcement in polymer (thermoplastics, thermosets, and rubbers) composites due to the 

low density and good welding specific properties.  Sisal waste products - By-products 

from sisal extraction can be used for making biogas, pharmaceutical ingredients and 
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building material. The biomass left after fibers have been removed represents as much as 

98% of the plant and most are now flushed away as waste. The waste produced by 

decortication such as sisal juice, particles of crushed parenchymatous tissue and fragments 

of leaves and fibers can be used as fertilizer or animal feed. The juice of the plant is used 

to make pharmaceuticals like hecogenin, inulin, and others. 
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3 Materials and Methods  

This study was carried out to understand the transcriptomic response of Agave sisalana 

leaves to drought stress by using RNA-Seq approach at Plant Genomics Lab, National 

Center of Excellence in Molecular Biology (CEMB), University of the Punjab, Lahore 

Pakistan. The part of the experimental work in detail has been described here in this section. 

3.1 Plant Material, Stress Conditions, and Tissue Sampling  

The offshoots from one-year-old mature A. sisalana plant, (asexually propagated 

from a single “the mother plant,”) were used in the current study (additional file 1-S1). 

These offshoots were further grown in pots (one per pot) having the soil mixture of peat 

moss and soil [1:1], under 16h photoperiod at 35 ± 2 °C day/20 ± 2 °C night in the 

glasshouse facility at CEMB, Lahore Pakistan. After 90 days’ propagation, we divided 

these plants randomly into two groups with three replicates in each group. A control group 

(C) was watered regularly while the other group was subjected to drought stress with no 

hydration until leaf sampling. To minimize plant-to-plant variation in the study, three 

groups of randomly selected plants within each treatment were established. The newly 

emerged middle leaf of A. sisalana rosette was harvested from each plant of the group, 

pooled together to create biological replicates, immersed into liquid nitrogen, ground well 

to a very fine powder and stored at -80 ̊C till further molecular investigations (additional 

file 1-S2).  
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3.2 Comparative Studies for the Physiological and Biochemical 

Parameters Among the Control and Drought-Stressed 

Agave sisalana Plants 
 

3.2.1 Physiological Attributes Estimation 

3.2.1.1 Photosynthesis and Gas Exchange Attributes 

The net photosynthesis (PN) and gas exchange attributes like transpiration (E), 

stomatal conductance (C) were analyzed with the Infra-Red Gas Analyzer (CIRAS-3 

Portable Photosynthesis System) from an individual plant. Three measurements were 

recorded from each plant per group in sunlight by the 13.00-14.00h. 

3.2.1.2 Leaf Relative Water Content (RWC) 

Leaf Relative water contents (RWC) of control and drought stressed leaves were 

determined by following the method as used by (Sarwar et al. 2014). Three leaf samples of 

approximate 1.0g per plant were picked and FW of each sample was noted. Leaf samples 

were soaked for 24h under dark in sterile distilled water (ddH2O) and leaf turgid weight 

(TW) was determined. After that, the leaves were oven-dried at 80˚C for 24h to get the dry 

weight (DW). Following equation was utilized to estimate the RWC.      

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑒𝑎𝑓 𝑤𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡𝑠 (%) =  
𝐹𝑊 − 𝐷𝑊

𝑇𝑊 − 𝐷𝑊
 × 100 

3.2.1.3 Measurement of ion leakage (Cell Membrane injury-CMI) 

Ion leakage measurement through conductivity method was adopted to calculate the 

membrane injury under drought stress as described by (Sarwar et al. 2014). Three leaf 

samples of 1.0g per plant were taken, washed three times by using deionized double 

distilled water (ddH2O), wiped with blotting paper, immersed in 10 ml of ddH2O and initial 

conductivity (EC0) from samples was recorded. Further, the samples were placed at 4 oC 

for 24h and second electrical conductivity (EC1) was measured. To remove all ions, 
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samples were autoclaved and third electrical conductivity was recorded (EC2) at room 

temperature. Following equation was utilized to estimate the cell membrane injury.       

𝐶𝑒𝑙𝑙 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐼𝑛𝑗𝑢𝑟𝑦 − 𝐶𝑀𝐼 (%): 
𝐸𝐶1−𝐸𝐶0

𝐸𝐶2−𝐸𝐶0
 × 100    

3.2.1.4 Chlorophyll Contents estimation 

The green photosynthetic pigments (chlorophyll a and b and total chlorophyll) was 

estimated by adopting the Acetone based method as described by (Arnon and Whatley 

1949). Three leaf samples of 1.0g per plants were taken and concocted with 10 ml of 80% 

acetone and further incubated at room temperature for 24h under dark condition. Bio-Rad: 

xMark™ Microplate Absorbance Spectrophotometer was used to note down the 

absorbance value of extract at 663nm and 645nm. Following equation was utilized to 

calculate the Chlorophyll a, Chlorophyll b and total chlorophyll (mg g1 FW).   

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 =  12.7 (𝑂𝐷663) − 2.6 (𝑂𝐷645)  ×  𝑚𝑙 𝑎𝑐𝑒𝑡𝑜𝑛𝑒/𝑚𝑔 𝑙𝑒𝑎𝑓 𝑡𝑖𝑠𝑠𝑢𝑒 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑏 =  22.9 (𝑂𝐷645)  −  4.7(𝑂𝐷663)  ×  𝑚𝑙 𝑎𝑐𝑒𝑡𝑜𝑛𝑒/𝑚𝑔 𝑙𝑒𝑎𝑓 𝑡𝑖𝑠𝑠𝑢𝑒 

𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 =  𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 +  𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑏 

3.2.2 Biochemical Indicators Measurements 

3.2.2.1 Proline Contents 

Total proline contents in the control and drought stressed leaves were measured by 

following the procedure as mentioned earlier (Bates et al. 1973). Three leaf samples of 1.0g 

per plants were taken, processed in 10 ml of 3 % Sulfosalicylic acid by a homogenizer and 

centrifuged to make the filtrate clear. Total 2 ml of acid ninhydrin (Appendix-I) was added 

in an equal volume of clean filtrate and incubated at 100 oC for 1h. After incubation, the 

contents were vigorously mixed with 4ml of absolute toluene for 30 seconds and left on the 

shelf at room temperature for phase separation. The red color intensity of the upper layer 
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was measured at 520 nm by using Bio-Rad: xMark™ Microplate Absorbance 

Spectrophotometer. Standard proline by sigma (Cat # P3350000) was used to prepare the 

standard curve of known concentration for determination of the amount of total proline in 

the experimental samples.    

3.2.2.2 Malondialdehyde estimation:  (Lipid Peroxidation assay) 

Amount of malondialdehyde (MDA) in the cell was estimated by using the method 

as used by (Sarwar et al. 2014).  Three leaf samples of approximate weight 1g per plants 

were taken, processed with 10% solution of trichloroacetic acid (TCA) followed by 

centrifugation at 12,000g for 10 min. Mixture of 1X clear filtrate and 2X 0.6% 

thiobarbituric acid (in 10% TCA) was treated at 100 ˚C in a water bath for 15 min. After 

centrifugation of incubated mixture absorbance of the supernatant was noted at 450, 532, 

and 600 nm. Following equation was utilized to calculate the MDA concentration in the 

samples 

 𝐶 (µ𝑚𝑜𝑙 𝐿 − 1) = 6.45(𝑂𝐷532 − 𝑂𝐷600) − 0.56(𝑂𝐷450) 

3.2.3 Statistical Analysis  

Statistical analysis and graphical representation of the results was performed with 

GraphPad Prism 7 (https://www.graphpad.com/scientific-software/prism/).  

3.3 Total RNA Isolation  

TRI-Reagent®  was used for the isolation of total RNA as per manufacturer protocol 

followed by the column based purification method as used previously by  (Sarwar et al. 

2014). Briefly, 10 ml of  Trizol reagent (cat # 93289 – sigma) was added with 2 ml 

chloroform (cat # 288306 Sigma-Aldrich) for RNA isolation to the ground samples. 

Incubation was given to the samples for 15 mins at room temperature with a brief vortex 

each after 3 min (5X) for proper homogenization. After incubation, a centrifugation step 

https://www.graphpad.com/scientific-software/prism/
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was carried out at 12K for 30 min at 4 ºC. The supernatant was mixed, vigorously shaken 

with the equal volume of pre-chilled chloroform-isoamyl alcohol (24:1), incubated at room 

temperature for 5 min with shaking after 1 min interval. After centrifugation equal volume 

of pre-chilled absolute isopropanol (Merck- 67-63-0) was mixed with the supernatant, 

incubated at -20 ̊ C overnight for total RNA precipitation. The samples were centrifugated 

at 12K rpm at 4  ̊C for 20 min. Pellet washing was carried out with 70% ethanol prepared 

with 0.1% DEPC treated water and purified by using the PureLink® RNA Mini Kit as by 

manufacturer protocol (Catalog number: 12183018A by Ambion). 

3.3.1 DNase Treatment 

DNAfree™ Kit by Ambion’s (Catalog number:  AM1906) was used to remove the 

DNA contamination from total RNA extracted as per manufacturer protocol. One unit of 

DNase 1  was mixed with a 1X volume of 10X buffer and 10 µg total RNA, incubated for 

30 min at room temperature. To deactivate the DNase I, samples were treated with the 1X 

volume of DNase inactivation reagent for 2 min at room temperature. DNase inactivation 

reagent was pellet down by centrifugation at 12k g for 1min and supernatant was transferred 

into new tubes.      

3.3.2 Agarose Gel Electrophoresis 

The total RNA integrity was accessed by gel electrophoresis using 0.8% agarose 

gel at 70V for 1 hour in 1X TAE buffer (Appendix II). Ethidium bromide was used as a 

nucleic acid staining reagent (0.5-1μg ml-1) and visualized by gel documentation system 

(UVP GelTower: Analytik Jena the US).  

3.3.3 Quality Assessment of Total RNA 

Three quality controls were performed on the total RNA to check the quantity, purity, 

and integrity. Quantity and purity of total RNA were checked by NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Inc) by measuring the absorbance at 260 nm. 
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RNA 6000 nano kit by Agilent (Catalog # 5067-1511) was used with BioAnalyzer 2100 

(Agilent Technologies, Santa Clara, CA) to calculate the meaningful RNA integrity number 

(RIN) for RNA intensity determination.        

3.4 Isolation of mRNA, cDNA Library Construction and 

Illumina Sequencing 

Dynabeads® mRNA purification kit by Ambion (Cat # 61006) was utilized to 

separate the mRNA from total RNA as per advised protocol, while RNA-Seq library was 

constructed by following TruSeq RNA Sample Prep Kit v2 (Illumina, Inc. San Diego, CA, 

USA) protocol. Shortly, oligo (dT) magnetic beads worked for mRNA purification, 

fragmentation of mRNA was achieved by fragmentation buffer and reverse transcribed. 

Later these fragments were ligated with the Illumina adapters, amplified and gel purified.  

In total six paired-end sequencings, libraries were constructed with 101-base pair insert 

length and sequenced on the Illumina HiSeqTM 2500 platform at Macrogen Inc. (Korea). 

3.5 Quality Assesment of Sequenced Reads  

Perl backed NGS QC toolkit (http://www.nipgr.res.in/ngsqctoolkit.html) was used 

to guarantee the standard quality statistic for the fastq files. This includes trim of adopter 

and bad quality raw reads, format conversion, generation of different numerical statistics 

such as counts of reads, share of per base (A, T, C, G and Ns), total GC and AT contents, 

and reads assembly quality indicator such as (N25, N50, N75, N90 and N95) (Patel and 

Jain 2012). 

 Further to check the quick graphical impression about the quality of data, we used 

the FastQC v0.11.7 command line application (http://www.bioinformatics.babraham. 

ac.uk/p or jects/fastqc/) (Andrews 2010). It generates different quality indicators for the 

sequenced data like quality statistics of sequences, quality score, base contents, GC 

http://www.nipgr.res.in/ngsqctoolkit.html
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contents, and N content, sequence distribution, Kmer contents, duplication level, and length 

distribution. 

3.6 Transcriptome de novo Assembly   

High-quality reads were used to assemble the de novo transcriptome assembly with 

different assemblers including Trinity v 2.3.1  https://github.com/triinityrnaseq/trinityrnase 

q/wiki) with the default settings (25 K-mer) (Haas et al. 2013), Trans-ABySS 

http://www.bcgsc.ca/platform/ bio info/software/transs-abyss with multi K-mer 

adjustments to include all odd numbers, i.e., 23 k-mer, 25, 27 up to 63 k-mer (Robertson et 

al. 2010), and short oligonucleotide analysis package (SOAP) http://soap.genomics.org-

cn/SOAP-denovo-Trans.html (Xie et al. 2014). Server (Linux operating system) with 32 

cores (CPUs) and 512GB RAM was used to carry out all computational work at Department 

of Molecular Biology and Genetics - Crop Genetics and Molecular Divison Aarhus 

University, Denmark. 

3.7 De novo Assembly Evaluation Statistics 

A comparative evaluation of de novo assembled assemblies was considered based on 

major bioinformatics indicators like contigs mean length, GC percentage, N50, and N25 

value. We also compared the mean distribution plot of contigs produced by the 

aforementioned assemblers with the Ananas comosus V3 partial genome assembly obtained 

from https://phytozome.jgi.doe.gov/pz/portal.html#!info?alaias=Org_Acomosus_er 

(Goodstein et al. 2011) and A. deserti transcriptome data http://datadryad.org/resource/doi: 

10. 5061/dryad.h5t68 (Gross et al. 2013). Based on these indicators the Trinity generated 

assembly was selected for further downstream investigations. 

https://github.com/triinityrnaseq/trinityrnase%20q/wiki
https://github.com/triinityrnaseq/trinityrnase%20q/wiki
http://www.bcgsc.ca/platform/%20bio%20info/software/transs-abyss
http://soap.genomics.org-cn/SOAP-denovo-Trans.html
http://soap.genomics.org-cn/SOAP-denovo-Trans.html
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alaias=Org_Acomosus_er
http://datadryad.org/resource/doi:%2010.%205061/dryad.h5t68
http://datadryad.org/resource/doi:%2010.%205061/dryad.h5t68
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3.8 Assembly Decontamination and Redundancy Removal 

  Decontamination of de novo assembled contigs was done using MEGAN version 

6.01 http://ab.inf.uni-tuebingen.de/software/megan/ on taxonomy IDs basis. Only contigs 

that showed homology to Viridiplantae (Taxon identifier, 33090) were kept (e-value <1e-

5) while unidentified contigs were removed from the main dataset. The longest isoform was 

generated by combining the contigs based on consensus sequences by using Perl script 

obtained from google group “trinity RNAseq-user” from Brian Haas 

(https://groups.google.com/forum/#!form/trinityrnaseq-users). These non-redundant 

longest isoforms were called as “unigenes” hereafter. 

3.9 Mapping and Quality Estimation 

Trinity generated assembly was further assessed using three approaches. (i) a Perl 

script ORFpredictor was to used to predict the potential readability of the transcripts 

(minimum 30 amino acid) and blast against the taxonomy ID # 33099 Viridiplantae (Ie-20) 

(Min et al. 2005a), (ii) (Reads mapping back to transcriptome -RMBT) percentage of raw 

reads representation in the final assembly was assessed by Bowtie v0.12.8 package with 

the default setting (Langmead and Salzberg 2012) (iii) use of BUSCO v1.161 

(Benchmarking Universal Single-Copy Orthologs) database (Simpson et al. 2003). 

BUSCO analysis generates quantitative scores related to the completeness, fragmentation 

and duplication levels of unigene within transcriptome assembly by comparing with near 

OrthoDB v9 (universal conserved single copy orthologs from database 

http://busco.ezlab.org) (Zdobnov et al. 2016).   

3.10  Transcript Annotations and Functional Classifications  

Unigenes were annotated using standalone local BLASTx algorithm against nr 

database (ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/), SwissProt-uniport (htttp://web.ex 

http://ab.inf.uni-tuebingen.de/software/megan/
https://groups.google.com/forum/#!form/trinityrnaseq-users
http://busco.ezlab.org/
ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/
http://web.expasy.org/docs/swiss-prot_guideline.%20html
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passy.org /docs/swiss-prot_guideline.html), Viridiplantae database (taxonomy ID: 33090) 

(http: //www.uniiprot.org/taxonomy/33090),  Clusters of Orthologous Groups (COGs) http 

s://www.ncbi.nlm.nih.nih.gov/COG/  and plant-specific TFdatabase (http://planttfdb.cbi. 

pk u.vv.edu.cn/) (Zhang et al. 2010) with the cutoff e-value 10-5. The Kyoto Encyclopedia 

of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/) was accessed for 

biochemical pathway identification based on assigned enzyme codes (Kanehisa and Goto 

2000; Ogata et al. 1999). InterPro database was used (https://www.ebi.ac.uk/interpro-

database/) for protein domains identification. The best blast hits were used to choose the 

downstream analysis direction.  

3.11 Transcript Counts, Identification and Functional 

Classification of Differentially Expressed Genes  

Transcripts read counts were generated for DEGs identification among the control 

and drought stress plants, as fragments per kilobase of transcripts per million fragments 

mapped (FPKM). Individually mapping of raw reads from 6 libraries was carried out 

against the unigenes database by using bowtie2 http://bowtie-bio.sourceforge.net/bowtie2/ 

index.shtml and RSEM (RNA-Seq by Expectation-Maximization) http://deweylab.github 

.io/RSEM/ packages (Langmead and Salzberg 2012; Li and Dewey 2011). Differential 

genes expression was calculated using the Empirical Analysis of Digital Gene Expression 

(edgeR v: 3.23.2) tool http://bioconductor.org/packages/release/bioc/html/edgeR.html 

(Robinson et al. 2010) by implementing the Generalized Linear Model (GLM) approach 

(Smyth and Verbyla 1996). For the normalization factor, the Trimmed Mean of M-values 

(TMM) method was used as suggested by (Oshlack et al. 2010; Robinson et al. 2010). Fold 

change value was adjusted at logFC > = 1 and logFC < = -1 to filter out the statistically 

significant up or down-regulated unigenes at p-value <0.05 and False Discovery Rate 

http://web.expasy.org/docs/swiss-prot_guideline.%20html
http://www.uniiprot.org/taxonomy/33090
https://www.ncbi.nlm.nih.nih.gov/COG/
https://www.ncbi.nlm.nih.nih.gov/COG/
http://www.genome.jp/kegg/
https://www.ebi.ac.uk/interpro-database/
https://www.ebi.ac.uk/interpro-database/
http://bowtie-bio.sourceforge.net/bowtie2/%20index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/%20index.shtml
http://bioconductor.org/packages/release/bioc/html/edgeR.html
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(FDR) cutoff 0.001. The annotation of these statistically differentially expressed genes was 

retrieved by using the database as mentioned in section 3.10.  

3.12 Go Enrichment Analysis  

Gene ontology (GO) (http://www.geneontology.org/) is an international 

standardized gene function classification system that used to provides a controlled 

vocabulary to facilitate the high-quality functional gene annotation. GO analysis was 

performed with standalone Blast2GO v3.2 package (https://www.blast2go.com) with e-

value 1e-3, annotation cutoff filter 55, code set to 0.8 under three GO categories biological 

process, molecular functions and cellular components (Consortium 2004). Online available 

tool agriGO http://bioinfo.cau.edu.cn/agriGO/ was used for enrichment analysis with False 

Discovery Rate (FDR ) value not less than < 0.05 (Götz et al. 2008). 

3.13 Pathway Enrichment Analysis  

For pathway enrichment analysis, KEGG Orthology-Based Annotation System 

(KOBAS v3.0 server http://kobas.cbi.pku.edu.cn/)  was used to understand the involvement 

of functionally relevant pathways to the drought stress using BLASTx searches against the 

monocot O. sativa var. japonica proteins (Xie et al. 2011). 

3.14 Simple Sequence Repeat (SSR) and Single-Nucleotide 

Polymorphism (SSR) Calling 

Perl supported script MISA (MicroSAtellite identification tool - http://pgrc.ipk-

gatersleben.de/misa/) was used to mining the SSR repeats with di-, tri-, tetra-, penta- and 

hexanucleotide motifs present in the A. sisalana assembly. The latest version of PRIMER3 

with modifies Perl scripts “p3_in_v2.pl p3_out_v2.pl” https://gist.github.com/ascata 

nach/7a562621b9c86c7b5e81973136e6419f) was used for primer designing. For varients 

http://www.geneontology.org/
https://www.blast2go.com/
http://bioinfo.cau.edu.cn/agriGO/
http://kobas.cbi.pku.edu.cn/
http://pgrc.ipk-gatersleben.de/misa/
http://pgrc.ipk-gatersleben.de/misa/
https://gist.github.com/ascata%20nach/7a562621b9c86c7b5e81973136e6419f
https://gist.github.com/ascata%20nach/7a562621b9c86c7b5e81973136e6419f
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identification, clean reads from the six libraries were aligned back to the unigenes by short 

read aligner  bowtie2 with default parameter (Langmead and Salzberg 2012). Further for 

SNPs and indel calling was carried out using the mpileup function in SAMtools 

(http://samtools.sourceforge.net/) and VarScan (http://varscan.sourceforge.net/) mpileup 

v0.1.7a (Li and Durbin 2009; Li et al. 2009).  

3.15 Identification and Validation of Indigenous Housekeeping 

Genes in Agave sisalana  

3.15.1 Plant material, Growth Conditions, and Stress treatments  

In another experiment, plants were grown as mentioned in section 3.1. The off-

shoots of same age and size were harvested from the single mature A.sisalana plant and 

grown in the plastic pots (15.0 cm top diameter and 14.5 cm deep) having the  peat moss, 

and soil mixture in 1:1 under 16h photoperiod at semi controlled condition (32 ± 2 °C 

day/28 ± 2 °C night) in the glasshouse at the CEMB, Lahore Pakistan. After 90 days of 

sowing (5 to 9 leaf stage), the plants were shifted randomly into five groups, containing 6 

plants per group. These groups were further subjected to abiotic stress treatments such as 

drought, heat, cold, salt and rehydration. For low and high-temperature effects, the plants 

were placed in the controlled cooling chamber (Ningbo Hinotek Technology Co., Ltd. 

BPC-250F) at 4 °C and 60 °C respectively. The leaves samples were harvested at 3, 6, 9  

and 12h intervals as suggested earlier by (Ma et al. 2016). For salt stress treatment, the 

NaCl solution (100mM to 400mM) was applied to plants as a substitute to normal water, 

while for drought stress, we stop watering to plants till the appearance of stress symptoms 

on leaves. For rehydration study, the drought-stressed plant was watered adequately and 

leaf sampling was carried out at 6, 9, 12 and 24h interval.  We also maintain a control group 

of plants that were watered regularly. A single juvenile leaf near to the middle of the rosette 

http://samtools.sourceforge.net/
http://varscan.sourceforge.net/
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was harvested per plant of each group. Three biological replicates from each treatment were 

used for this study. All harvested leaf samples were immersed into liquid nitrogen, ground 

well to a very fine powder and stored at -80 ̊ C until further molecular investigations. 

3.15.2 Total RNA isolation and cDNA Synthesis 

Total RNA was isolated from the leaves using a Trizol method with column based 

purification (Sarwar et al. 2014) as mentioned in section 3.3. The quantity and quality 

parameters were ensured by Nanodrop ND-1000 (ThermoFisher Scientific) and 2100 

Bioanalyzer by Agilent as mentioned in section 3.3.3.  The first strand cDNA synthesis was 

carried out from total RNA with SuperScript™ IV First-Strand Synthesis kit (Catalog 

number: 18091050-Invitrogen™) following the manufacturer protocol. Further dilution 

was made at a 1:10 ratio with RNase-free water and stored at -20 ̊ C for further use.   

3.16   Candidate Reference Genes Identification and Primer 

Designing for  RT-qPCR 

We used the following three approaches to mine out the candidate's reference genes 

from a unigenes database of A. sisalana.  

3.16.1 Analysis of RNA-Seq Libraries 

  Within each library, the gene expression data generated by the edgeR was further 

filtered as based on the FPKM values. The unigenes having FPKM value less than of 10 in 

the generated transcriptome were removed by assuming that lower expressed genes would 

be least stable, difficult to detect and may be a poor candidate as a reference gene. After 

this, remaining unigenes were taken for further evaluation by employing three methods to 

screen out genes. (a) The simple coefficient of variance base filtration, (b) Fold change 

expression base filtration and (c) homology-based search. 
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3.16.2  The Coefficient of Variance (CV) Base Method 

For stable gene identification from expression data, the average expression data of 

each transcript, standard deviation, and coefficient of variation were determined in 

Microsoft Excel programme. Means and standard deviations were calculated over the leaf 

specific libraries, while CV was calculated by dividing the standard deviation over mean 

expression (SD/mean) (Czechowski et al. 2005a). We adopted the screening parameters as;  

a CV cutoff for each unigenes below 0.3, with mean counts above 500  as advocated by (Li 

et al. 2017). 

3.16.3 Homology-Based Search for Selection and Annotation of Reference 

Genes  

A local database was established with proper annotation based on reported stable 

expressed housekeeping genes from the model- and monocot plants. This includes A. 

thaliana, N. tabacum, O. sativa, Z. mays, T. aestivum, H. vulgare, S. bicolor, P. glaucum 

and S. italica (Jain et al. 2006; Kumar et al. 2013a; Manoli et al. 2012; Paolacci et al. 2009; 

Reddy et al. 2016) (additional file 2). by BLAST+ programme (fttp://ftp.ncbi.nlm.nih.gov/b 

last/executables/blast+/LATEST/) at e-value ≤ 10−50 against the CV based filtered unigenes. 

The best hits were kept for annotation based on bit score and e-value.  

3.16.4 Selection of Candidate Reference Gene and Primer Designing   

Total 15 candidate reference genes were identified, annotated and selected on the 

bases of homology search for further validation (additional file 3). All these selected genes 

were grouped into three categories based on their stability values as (a) highly stable, (b) 

stable and (c) less stable under different abiotic stress and rehydration conditions. These 

genes include ADP-ribosylation factor 2 (ARF2), Cyclophilin A (CYCA), Ribulose 

bisphosphate carboxylase activase B (RcaB), Rubisco activase (RCA), Actin 11 (ACT11), 

ftp://ftp.ncbi.nlm.nih.gov/blast/ executables/blast+/LATE ST/
ftp://ftp.ncbi.nlm.nih.gov/blast/ executables/blast+/LATE ST/
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Beta-tubulin 4 (β-Tub 4), Eukaryotic elongation factor 1-alpha (EEF1α), eukaryotic 

initiation factor-4A (eIF-4A), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

polyubiquitin (UB), RNA polymerase II (RPII), RuBisCO small subunit (RBCs), 

serine/threonine-protein phosphatase catalytic subunit (PP2A-1), cullin-1, WIN1, Ubiquitin 

10 (UB10) and  ubiquitin-conjugating enzyme (UBE2) (Table 3.1). Primer Premier 6.0 http: 

//www.premier biosoft.com/primredesign/ software was used for primer designing within 

the specific region of the sequence of Tm between 59 to 61˚C, primer length between 20 to 

22 nucleotides, and amplicon length within 120 to 150 base pair as per MIQE guidelines.  

To verify the specificity, target genes were amplified using the recombinant Taq DNA 

Polymerase by invitrogenTM (Cat # 10342020) and resolved on the 2.5 % agarose gel 

prepared in 1X TAE buffer.  

The PCR thermal profile was as follow  

1. Initial Denaturation at 95 °C for 3 min,  

 

 

2. Denaturation at 95 °C for 30 Seconds 

3. Annealing      60 °C for 30 Seconds        X 40  

4. Extension       72 °C for 30 seconds 

 

 

5. Final Extension……….. 72 °C for 30 seconds  

 

6. Final hold  …………. 25 °C for ∞ 
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Table 3. 1: List of Primers of candidates Reference genes evaluated for gene expression  

 ID Sense Primer Anti-sense Primer 

CYCA TCCTTCTCCATCGCCTTCAC CCAACGGATCGCAGTTCTTC 

RcaB ACGATGATGAAGTGAGGAAGTG GCAAGAGCGTCTCCAGATTC 

ARF2 GCGAAGAAGGAGATGAGGATC GATGGTAGGAATGGTGGTGAC 

RCA AGCCTTCCCAACATCAAGATTC TTCCAACTCTCCAGCACTCAT 

ACT11 TCCAGCCTCTCGTCTGTGA CCTTCTGTCCCATACCAACCA 

β-Tub 4 GCCAGTGCGGTAACCAGAT CGCTCGCCTCGTTGTAGTA 

EEF1α ACTGTGCCGTCCTGATTATTG ATCATCTGCTTCACTCCAAGAG 

eIF-4A AATATGTTGCTTCGGAGTTG CACTCACTTCTCGGTCTC 

GAPDH TCTTCCACCTCTCCAGTCCTT ATTGCTTGGCTCCTCTTGCTA 

UB GTGGACTCCTTCTGGATGTTG GCTCCGACACCATTGACAA 

RP II TGTTCGCTAGGACAAACTTCAC GAATCCTGTGTCTTGTGGTTCC 

RBCS GGTGGCTTGTAGGCAATGAA CTCAGGTGTTGAAGGAGGTTC 

PP2A-1 CGGGTATCAAGAGGAGATTGG CCAACTCGAAGCACCATCAT 

CUL-1 AATACTCCTCTCGTGTTCATCA CACCTTGGTTCTGCTCTACTT 

WIN1 ACCGCTATCTTGCTGAGTTCA AAGACCGAGCCGAATTGGAT 

 UB10 GGTGGATTCCTTCTGGATGTTG CGAGAGTTCCGACACTATTGAC 

UBE2 GCTCGGCAATAATCGTCTAGTT TCCAAGTTCAGGCACCAAGA 

 

3.16.5 Real-Time Quantitative PCR Assay for Ranking of  Reference 

Genes 

MIQE guidelines were followed for conducting the RT-qPCR experiments. 

Relative fold expression (qPCR) was carried out on the IQ5 system  (Bio-Rad) in 96 well 

microtiter plates using SYBR® Green PCR Master Mix (cat # 4309155) with total final 

reaction 25µl. The primer amplification efficiency was individually calculated by using a 

10-fold serial dilution (1, 0.1, 0.01, 0.001, 0.0001) while the primer specificity was 

accessed with melt-curve analysis on real-time machine and separation of the amplified 

amplicon with gel electrophoresis.  
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Thermal settings included the following conditions: 

1. Initial Denaturation at 95 °C for 3 min,  

 

2. Denaturation at 95 °C for 30 Seconds 

3. Annealing      60 °C for 30 Seconds             X 40  

4. Extension       72 °C for 30 seconds 

 

 

A dissociation (melting) curve was run after each real-time PCR to determine the specific 

amplification. Following thermal condition were adopted to run the dissociation curve 

 

5. Denaturation …………. 95°C for 30 seconds (1 cycles) 

6. Starting Temperature …………. 60°C for 30 Seconds (1 cycles) 

7. Melting step (Increases by 0.5°C per cycle) …………. 60°C for 10 seconds (80 

cycles) 

8. Final hold  …………. 25 °C ∞ 

 

Relative expression search tool (REST) http://www.gene-quantification.com/rest-

2009.html  was used for relative expression results using the delta (2−ΔΔ𝐶𝑡) method (Pfaffl 

et al. 2002). Following equation was used for this method  

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−ΔΔ𝐶𝑡 

Where, 

𝛥𝛥𝐶𝑡 =  [(𝐶𝑡, 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 −  𝐶𝑡, 𝑅𝑒𝑓. 𝑔𝑒𝑛𝑒)𝑡𝑟𝑒𝑎𝑡𝑒𝑑] − [(𝐶𝑡, 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 −  𝐶𝑡 𝑅𝑒𝑓. 𝑔𝑒𝑛𝑒)𝑐𝑜𝑛𝑡𝑟𝑜𝑙]  

All this expression study was carried out on three independent biological and technical 

replicates. 

 

3.16.6 Ranking of  Reference Gene Expression Stability and Validation 

BestKeeper (Pfaffl et al. 2004), geNorm (Vandesompele et al. 2002) integrated into 

qbase+ (v:3.0; Biogazelle, Belgium), NormFinder and RefFinder 

(http://150.216.56.64/referencegen e.php#) approaches were considered for candidates to 

reference gene stability analysis. Ct values of selected genes under different experimental 

condition were obtained from the Bio-Rad IQ5 real-time system and used to determine the 

expression level.  

http://www.gene-quantification.com/rest-2009.html
http://www.gene-quantification.com/rest-2009.html
http://150.216.56.64/referencegen%20e.php
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3.17 AsHSP20 Gene Cloning and Plasmid Copy Number 

Calculation 
The sequence of drought-responsive AsHSP20 gene was amplified using the full 

length sequence primers Forward primer: 5’- TTCCGCCCTTTCTGCTCTC CTT -3’ and 

Reverse primer: 5’-CCGTATCTCGCCTGCTGTGTTG-3’(additional file 4). Amplified 

PCR product was further cloned in the pJET1.2Vector. The concentration of plasmid was 

measured by nanodrop ND-1000 at 260nm. Following formula was used to determine the 

plasmid molecules/copies as described by (Karuppaiya et al. 2017) (http://scienceprimer.c 

/copy-number-calculator-for-realtime-pcr).   

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑝𝑖𝑒𝑠 (𝐶𝑜𝑝𝑖𝑒𝑠 𝜇𝑙−1 ) =
6.02 × 1023 (

𝑐𝑜𝑝𝑖𝑒𝑠
𝑚𝑜𝑙

) × (𝑝𝑙𝑎𝑠𝑚𝑖𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑔
𝜇𝑙

) 

(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑠𝑒 𝑝𝑎𝑖𝑟 × 660𝑔 𝑚𝑜𝑙−1)
 

3.17.1 Absolute Quantification of AsHSP20 and Validation of Stable 

Reference Gene  

  The standard curve was obtained by diluting the purified plasmid with sterile 

deionized water from 3.848×109  copies µl-1 to 3.848×105  copies µl-1 as described by 

(Karuppaiya et al. 2017). The expression level of A. sisalana small heat shock protein gene 

(AsHSP20) was analyzed by using the most stable reference gene as recommended by 

RefFinder for data normalization under heat, cold, drought, rehydration, heat, cold and salt 

stress conditions. In comparison, the least stable reference genes were also used for the 

validation test. One-way ANOVA was used to check the significance of results. The 

statistical and graphical study was conducted with GraphPad Prism 7 software.  

3.18  RNA-Seq Expression Data validation by RT-qPCR  

We randomly selected the 10 annotated DEGs to verify the RNA-Seq expression data. 

Gene-specific primers were designed using Primer 6.0 software (http://www.premierbioso 
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ft.com/ primer design/) from the selected unigene sequences (Table 3.2). Relative fold 

expression (qPCR) was carried out on the IQ5 system by Bio-Rad using SYBR® Green 

PCR Master Mix of Thermo ScientificTM (cat#4309155). Thermal settings included the 

following conditions: 

1. Initial Denaturation at 95 °C for 3 min,  

 

2. Denaturation at 95 °C for 30 Seconds 

3. Annealing      60 °C for 30 Seconds        X 40  

4. Extension       72 °C for 30 seconds 

 

 

A dissociation (melting) curve was run after each real-time PCR to determine the specific 

amplification. Following thermal condition were adopted to run the dissociation curve. 

 

5. Denaturation …………. 95°C for 30 seconds (1 cycles) 

6. Starting Temperature …………. 60°C for 30 Seconds (1 cycles) 

7. Melting step (Increases by 0.5°C per cycle) …………. 60°C for 10 seconds (80 

cycles) 

 

8. Final hold  …………. 15 °C ∞ 

 

Relative expression search tool (REST) http://www.gene-quantification.com/rest-

2009.html was used for relative expression by using the delta (2−ΔΔ𝐶𝑡) method (Pfaffl et al. 

2002). Following equation was used.  

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−ΔΔ𝐶𝑡 

Where, 

𝛥𝛥𝐶𝑡 = [(𝐶𝑡,𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − 𝐶𝑡,𝐺𝐴𝑃𝐷𝐻)𝑑𝑟𝑜𝑢𝑔ℎ𝑡] − [(𝐶𝑡,𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − 𝐶𝑡,𝐺𝐴𝑃𝐷𝐻)𝑐𝑜𝑛𝑡𝑟𝑜𝑙] 

Table 3. 2: Primer Sequence used for the validation of the Differentially Expressed Genes 

ID Sense Primer Anti-sense Primer 
 

 DN43992 CTTGAAATACCGAGGCAGTA AGTGATTGAGGACATGAGTG 199 

 DN16778 GATGAAGTCTGGCGTCTC TCCTCCCTCGTCTTCTTC 153 

 DN30560 TCTGAGGAGGAGAAGAGC AGAGTGTGATGCCAGTTG 155 

 DN22781 AGAAGGAAGAGGCGTTCA GGCAGAGTTGTAGAGATGG 145 

 DN10658 GCTTCAGTTAAGTGAGTCCT CGCTAGAGAGGCATACATAG 160 

 DN15873 CAGCCATCAGCAAGAACT GAACCGTTAGAAGAGGAGAT 169 

 DN17539 CGCAATCAAGGCTCATCT CACACGCTTCTCATACAATT 190 

 DN22577 GGAGGAACTAAGTGATGAGAT AACAGTAACAGTGACGAGAT 169 

 DN17132 GGTTCACTTAGCCACGATT ATCCGAGAGCCTTGACAG 166 

 DN11424 CTCAATTCTCATTCCACCATC TACATCTCCAACAACCTCAG 172 

http://www.gene-quantification.com/rest-2009.html
http://www.gene-quantification.com/rest-2009.html
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4 Results  

 

4.1 Plant Growth and Stress Treatment   

The study was carried out to investigate the molecular response of A. sisalana leaves 

to drought stress conditions. Offshoots of A. sisalana were growing under well-watered 

conditions from the very first date of sowing in plastic pots up to three months in the glass 

house. The control plants watered regularly remained healthy, having normal rosette 

arrangement of leaves. While the stressed plants exhibited shrunk rosette leaves in drying 

soils (Figure 4.1). The soil water content was 38.5% in the pots where the control plants 

were growing, which dropped remarkably to 12.63% in the drought-stressed group at the 

time of leaf sampling. The lower soil water potential leads to a decrease in the turgor 

pressure that causes the wilting process.  Further leaf tissue sampling of control and stressed 

plants was carried out for molecular analysis. 

 

 

 

 

 

 

 

 

Figure 4. 1: Well-watered and drought stressed A. sisalana plants. The encircled rosette 

leaf tissue was harvested from each treatment for further analysis.    
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4.2 Physiological Response of Agave sisalana Plants Under 

Drought and Well-Watered Condition  

4.2.1 Photosynthesis and Gas Exchange Attributes 

The rate of photosynthesis among the well-watered and drought stress condition 

differed significantly. Under the control condition, the photosynthesis rate was 8.2 µmol 

m-2s-1 while it was found to be 5.69 µmol m-2s-1 under drought stress condition (Table 4.1).  

Figure 4.2 represents the response of the transpiration rate (E) under the well-watered and 

drought stress conditions. The ANOVA revealed the significant differential effect of the 

drought stress on the A. sisalana plants as compared to well-watered conditions. The 

transpiration rate (E) of plants under control and drought stress was 13.6 mmol m-2s-1 and 

8.3 mmol m-2s-1 respectively. Under drought stress, stomatal conductance was enhanced as 

compared to the well-watered conditions. Under control condition, stomatal conductance 

rate (C) was 4.71 mmol m-2s-1, which dropped to 2.98 mmol m-2s-1 under drought condition, 

which is significantly lower as compared to the control condition (Figure 4.2).  

4.2.2 Leaf Relative Water Content (RWC) 

Statistically, a significant difference was observed for relative water content under 

well-watered and drought stress condition in this study (Table 4.2). The plants under well-

watered condition hold the higher-water content (79.6%) as compared to the drought-

stressed plants (55%) (Figure 4.3a).   

4.2.3 Cell Membrane Injury (CMI)  

Cell membrane injury (CMI) was calculated in case of control and drought stressed 

plants of A. sisalana and it increased with increasing stress. The average cell membrane 
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injury (CMI) in case of control plants was observed to be 42% and 77% in experimental 

stressed plants (Figure 4.3b- Table 4.2).  

4.2.4 Chlorophyll Content  

The comparison of chlorophyll a, chlorophyll b and total chlorophyll contents 

between experimental control and stressed plants revealed that these three parameters 

decrease as the stress level was increased in plants (Figure 4.4). Chlorophyll a, content in 

case of control plant was recorded as 5.3 mg g-1 and reduced to 3.6 mg g-1 of fresh weight 

under drought stress. Chlorophyll b and total chlorophyll in the control plant were 8.3 mg 

g-1 and 14.6 mg g-1 which reduced to 5.3 mg g-1 and 9.3 mg g-1 respectively in drought-

stressed plants (Table 4.3).    
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Figure 4. 2: Comparison of gas exchange/photosynthesis attributes in control and drought-

stressed plants. 

 (Rate of Photosynthesis = PN); (Stomatal Conductance = C); Transpiration rate = E) 

 

 

 

 

 

Table 4. 1: Analysis of variance (ANOVA) and mean performance analysis for parameters 

(Photosynthesis, Stomatal Conductance, Transpiration) under control and drought stress 

   

Alpha 0.05 
 

Bonferroni's multiple 

comparisons test 

Mean 

Diff. 

95.00% CI of 

diff. 

Significant? Adj. P 

Value 

  Control – Stress 
 

    PN 3.11 a 1.248 to 4.972 Yes (**) 0.0046 

    C 5.067 b 3.205 to 6.929 Yes (***) 0.0003 

    E 2.257 c 0.3945 to 4.119 Yes (*) 0.0218 
Means followed by different alphabet are different at 5% level of significance based on the least significant 

difference test (LSD) while those followed by same letters are statistically non-significant 

* denotes significant differences at 5% probability level (P ≤ 0.05) 

** denotes significant differences at 1% probability level (P ≤ 0.01) 

NS= non-significant 
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Figure 4. 3: Comparison of the Relative water contents and Cell Membrane Injury in 

control and drought stress.  

(a) RWC = Relative water content (b) CMI=Cell membrane injury 

 

 

 

 

  

 

Table 4. 2: Analysis of variance (ANOVA) and mean performance analysis for parameters 

(Relative water contents and Cell membrane injury) under control and drought stress 

  

Alpha 0.05 
 

Bonferroni's multiple 

comparisons test 

Mean Diff. 95.00% CI of 

diff. 

Significant? Adj. P 

Value 

  Control - Stress 
 

RWC 24.67 23.5 to 25.83 Yes (**) <0.01 

CMI -35.33 -36.5 to -34.17 Yes (**) <0.01 

Means followed by different alphabet are different at 5% level of significance based on the least significant 

difference test (LSD) while those followed by same letters are statistically non-significant 

* denotes significant differences at 5% probability level (P≤0.05) 

** denotes significant differences at 1% probability level (P≤0.01) 

NS= non-significant 
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Figure 4. 4: Comparative analysis of chlorophyll a, chlorophyll b and total chlorophyll 

content between control and drought stressed plant. 

 

 

 

 

 

 

 

 

 

 

Table 4. 3: Analysis of variance (ANOVA) and mean performance analysis for 

physiological parameters (Chlorophyll a, Chlorophyll b and Total Chlorophyll) under 

control and drought stress. 

   

Alpha 0.05 
 

Bonferroni's multiple 

comparisons test 

Mean Diff. 95.00% CI of 

diff. 

Significant? Adj. P 

Value 

  Control – Stress 
 

Chlorophyll a 1.667 -1.018 to 4.351 ns 0.2619 

Chlorophyll b 

2.667 

-0.01753 to 

5.351 

ns  

0.0514 

Total Chlorophyll 4.667 1.982 to 7.351 Yes (**) <0.01 

Means followed by different alphabet are different at 5% level of significance based on the least significant 

difference test (LSD) while those followed by same letters are statistically non-significant 

* denotes significant differences at 5% probability level (P≤0.05) 

** denotes significant differences at 1% probability level (P≤0.01) 

NS= non-significant 
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4.3 Biochemical Response of Agave Sisalana Plants Under 

Drought and Well-Watered Condition 

4.3.1 Total Proline Content  

The total proline content differed significantly as revealed by the data of the 

drought-stressed leaf tissues of the A. sisalana in contrast to the control leaf (Table 4.4). 

Under control condition, proline was found to be 1.80 µg g-1 which increased to 6.36 µg g-

1 under the drought stress (Figure 4.5 a).     

4.3.2 Malondialdehyde (MDA) Estimation  

To study the impact of drought stress on lipid peroxidation, MDA level was measured 

in both well-watered and stressed plants and results indicated that it's level increases as the 

level of stress in plants increases. Figure 4.5 b shows that average MDA level in control 

plants (0.27 µmol g-1 FW) was less than drought-stressed plants (1.65 µmol g-1 FW). No 

statistically significant difference was observed between the well-watered and drought 

stressed leaf tissue (Table 4.4) 
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Figure 4. 5: Comparison of total proline content and Lipid peroxidation level in control and 

drought stress leaf tissue of Agave sisalana  

(a) Proline; (b) MDA level  

 

 

 

 

 

 

 

 

 

 

Table 4. 4: Analysis of variance (ANOVA) and mean performance analysis for biochemical 

parameters (Total Proline Contents, MDA levels) under control and drought stress 

  

Alpha 0.05 
 

Bonferroni's multiple 

comparisons test 

Mean Diff. 95.00% CI of diff. Significant Adj. P Value 

  Control - Stress 
 

proline  -4.7 -6.932 to -2.468 Yes 0.0036 

MDA  -1.385 -3.617 to 0.8478 No 0.1920 
Means followed by different alphabet are different at 5% level of significance based on the least significant 

difference test (LSD) while those followed by same letters are statistically non-significant 

* denotes significant differences at 5% probability level (P≤0.05) 

** denotes significant differences at 1% probability level (P≤0.01) 

NS= non-significant 
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4.4 Molecular Analyses of Agave sisalana Leaf Tissue Under 

Dough Stress 

4.4.1 Total RNA Isolation and Quality Assessment  

The Trizol based RNA extraction method with slight modifications was used to get 

good quality RNA as used by (Sarwar et al. 2014; SARWAR et al. 2017). The integrity and 

quality of ribosomal RNA (rRNA) are shown in Figure 4.6 where three discrete bands (23S, 

16S, 5S) are visible. Quantity and purity of the RNA on Nanodrop ND-1000 

spectrophotometer at 260/280 and 260/230 was in the range 2.0 to 2.2 (Table 4.5). To 

further, access the integrity, RNA Integrity Number (RIN) value as generated by using the 

RNA Nano 6000 chip (Agilent technologies) on 2100 Bioanalyzer was more than 9.0 RIN 

and 28S/18S ratio more than 1 were used for RNA sequencing (Figure 4.7).  
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Figure 4. 6: Total RNA isolated from the control (C1; C2; C3) and drought stressed (T1; 

T2; T3) leaves, showing intact rRNA bands with mRNA smears.  

 

 

 

 

Table 4. 5:  Concentration and purity of RNA from control and drought stressed Agave 

sisalana leaf tissues. 

 

 

 

Sample ID Concentration (ng µl-1) 260/280 260/230 

Control 1 1540 2.20 2.22 

Control 2 1835 2.15 2.24 

Control 3 1515 2.07 2.22 

Treated 1 1200 2.12 2.20 

Treated 2 1350 2.09 2.15 

Treated 3 1145 2.11 2.16 
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Figure 4. 7: Bioanalyzer electrophoresis analysis to determine the RNA integrity number 

of total RNA isolated from the well-watered (C1, C2, C3) and drought stressed leaves (T1, 

T2, T3).  

(A) Gel image of samples used in the current study (T1, T2, T3: C1, C2, C3). (B) 

Electropherogram summary of the studied samples with RIN value. Each sample showed 

two distinct ribosomal peaks 18S and 28S and more than 9 RIN value.  
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4.5 RNA- Seq Data Overview  

Figure 4.8 represents the complete workflow for the current study. To explore the 

drought tolerance mechanism at the molecular level, we sequenced and analyzed the leaf 

specific transcriptome of A. sisalana by the whole mRNA-sequencing. Total of six paired-

end cDNA libraries was generated from the well irrigated (control: C1, C2, C3) and drought 

stressed (stress: T1, T2, T3) independent biological replicates. Tissue samples were 

harvested from the freshly emerged leaves from the middle of the rosette of asexually 

propagated progeny of A. sisalana with the insert size 101bp. Illumina sequencing platform 

HiseqTM 2500 was used for paired-end sequencing of libraries at Macrogen Korea. A total 

of 276 M paired 101 bp reads with 27, 961, 424, 790 nucleotides were retained after pre-

processing and filtering out reads containing adaptors, short reads, and reads with low-

quality scores (Q < 25) Figure 4.9. The generated clean reads were ranging from 39 to 55M 

per library. 152 million reads were from the control with 15, 407, 859, 060 nucleotide 

counts while 124,292,730 high quality reads with nucleotides counts 12,553,565,730 were 

from the stress samples with 48.29% and 47.9% GC contents respectively. The clean reads 

exceed ≥ 72 GB memory which indicates the high fold coverage of the A. sisalana genome 

and will aid in the gene expression analysis. A summary of the data generated is shown in 

Table 4.6.  The reads of individual biological replicates library were deposited in the NCBI 

SRA database and can be accessed by using the SRA accession ID:  SRR5137659, 

SRR5137661, SRR5137662, SRR5137658, SRR5137663, and SRR5137660. 
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Figure 4. 8: Graphical overview of experimental design for RNA-Seq data analysis of Agave sisalana leaf tissue under control and drought 

stress condition.  
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Figure 4. 9: Pictorial presentation of the qualitative indicators of the clean reads used for the construction of the de novo assembly. 

A. Per Base Sequence Quality         B. per sequence quality Score   C. Per Base Sequence 

Contents 

D. Adopter Contents    E.  Per Sequence GC contents   D. Sequence Length 
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Table 4. 6: Summary of the Illumina sequencer generated data from six paired-end libraries of the control and drought stressed Agave sisalana 

leaves.  

Sr 

No. 

File Name size 

(GB) 

read length Total reads  read with (bp)  GC (%) AT (%) Q20 (%) Q30 (%) 

1 C1 

  

1.fastq 5.71  

 

 

 

 

 

 

101 

43.5M 4,395,545,048 48.6 

  

51.4 

  

97.899 

  

96.406 

  2 2.fastq 5.71 

3 C2 

  

1.fastq 7.07 53.8 5,440,548,820 48.2 

  

51.87 

  

97.822 

  

96.282 

  4 2.fastq 7.07 

5 C3 

  

1.fastq 7.21 55.1 5,571,765,192 48.07 

  

51.93 

  

97.745 

  

96.13 

  6 2.fastq 7.21 

7 T1 

  

1.fastq 5.8 44.3 4,478,188,702 47.5 

  

52.48 

  

97.78 

  

96.389 

  8 2.fastq 5.8 

9 T2 

  

1.fastq 5.3 40.5 4,097,010,056 48.1 51.9 97.737 96.123 

10 2.fastq 5.3 

11 T3 

  

1.fastq 5.15 39.3 3,978,366,972 48.2 

  

51.97 

  

97.299 

  

95.423 

  12 2.fastq 5.15 

  Total    72.49 276.8 27,961,424,790 48.11 51.93 97.71 96.13 



70 
 

 

4.6 Transcriptome De novo Assembly and Evaluation Statistics  

Prior to de novo assembly, reads were assessed for quality metrics. A quality filter 

(threshold =Q25) was performed to eliminate base composition bias and to ensure accurate 

base calling. Finally, 270 million high-quality reads were further used for downstream de 

novo leaf specific transcriptome assembly. Here in this study, we used an aforementioned 

de novo assembler and evaluated to assess the distribution of transcripts assembled at 

varying k-mer lengths based on several parameters such as a number of used reads, nodes, 

transcripts longer than 200 bp, as well as N50 value and longest contig length. Primarily, 

Trinity generated assembly perform better across all the parameters, recovering more full-

length sequence, with a high average and median contigs length, with better N50, and N90 

indicator and high GC contents. Secondly, Trans-ABySS at 64 and 51 k-mer length, yielded 

larger contigs and scaffolds with a lower average and median contigs lengths, while the 

SOAP-de novo-trans, performed well independently at 47 k mer, that generated higher N50 

and L50 than other k-mer lengths. Comparatively SOAP-de novo generated assembly give 

poor indicators for most of the parameters across all the samples. Comparison of these 

assemblers used in this study showed that Trinity outperformed the rest (Trans-ABySS and 

SOAP de novo-trans) across the entire range of conditions and that, SOAP-denovo-trans 

showed the lowest quality assembly (additional file 4-S1). The summary of results 

including contig mean length, N50 and L50 for all the assemblers are listed in Table 4.7.  

Further contigs length generated by aforementioned assemblers for A. sisalana 

transcriptome was compared against the well-annotated Ananas comosus CDS 

https://phytozome.jgi.doe.gov  reference transcriptome and transcriptome-based A. deserti 

reference genome http://datadryad.org/ as both these species fall in CAM plant group. 

Figure 4.10 represents the box plot comparison and it was observed that the trinity 

generated assembly correlates closest to the reference’s distribution followed by the Trans-

https://phytozome.jgi.doe.gov/
http://datadryad.org/
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ABySS (64 K-mer) and short oligonucleotide analysis package (SOAP) (additional file 4-

S2). The results may vary from one dataset to others, so the user should optimize their own 

preferences/settings according to the data types. Here, Trinity generated the most accurate 

assembly with the transcript mean size closer to Agave deserti and A. comosus reference 

sequences Figure 4.10.  

 

Table 4. 7: Summary of the de novo assembly with Trinity, Trans-ABySS and SOAP de 

novo-trans software.   

Parameters Trinity Trans-ABySS / 

K. 64 

Trans-Abyss / 

K. 51 

SOAPdenovo-

trans K. 

Total contigs            93,141 647,990 950,646 37,731 

Total bases                68,048,194 270,466,052 309,981,046 28,640,994 

Min contig 

length        

201 100 100 100 

Max contig 

length        

9,304 16,240 18,530 3,637,672 

Ave. contig 

length    

731 417 326 759 

Median contig 

length     

432 228 177 234 

N25 length                 1,887 1,253 1,024 3,541 

N50 length                 1,164 676 521 1,882 

N75 length                 537 330 245 875 

N90 length                 297 149 115 243 

N95 length                 248 127 101 152 

As                        27.44% 27.92 28.18% 24.05% 

Ts                       27.28% 27.81 28.01% 23.90% 

Gs                         22.99% 22.01 21.77% 19.54% 

Cs                         22.29% 22.24 22.05% 19.81% 

(A + T)s                  54.72% 55.73 56.19% 47.95% 

(G + C)s                  45.28% 44.27 43.81% 39.35% 

Ns                        0% 0% 0% 12.70% 
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Figure 4. 10: Boxplot comparisons of de novo assembled 

transcripts length distribution using Trinity, SOAP de novo-trans 

and Trans-ABySS software.  

 

 

 

 

The first column indicates the Agave deserti transcriptome, the second represents the CDS transcriptome of Ananas comosus, third represents 

the assembly generated by the Trinity software using default K-mer set at 25. Fourth and Fifth columns represent the assembly generated with 

the Trans-ABySS at K-mer (K) set at 64 and 25 respectively. The last column represents the assembly generated with the SOAP-de novo with 

K-means (K) set at 25. The transcripts longer than the 6000 bp were not plotted here. K-mer length was adjusted to include every odd number 

from 23 to 65 (i.e. kmers 23, 25, 27, 29..., up to 65) for Trans-ABySS (T. ABySS hereafter) and SOAP-de novo-trans (SOAP hereafter) to 

optimize transcriptome de novo assembly into contigs and scaffolds.
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Trinity assembled the 276.8 million reads successfully into 93,141 contigs (transcripts 

hereafter) with 68,048,194 nucleotide counts (additional file 4-S3 and 5). To remove the 

redundancy and potential artifacts due to the ploidy level of A. sisalana, the assembled 

transcripts were further merged by using Perl script (materials and methods) to make the 

non-redundant dataset. The non-redundant dataset holds 67,328 longest isoforms per gene 

(unigene hereafter) with the 39,203,184 bp nucleotides in counts and was finally used for 

further downstream analysis (Table 4.8) (additional file 6). The GC% content of A. sisalana 

(45.3%) assembly was quite similar to the A. deserti (45.1%), A. tequliana (42.3%) and O. 

sativa (55%). The size distribution of the transcripts and unigenes was in-between 200-

9304 bp by length span, with an average length of 731bp and 582bp respectively Table 4.8. 

On an average, 43,396 transcripts were in the range of 200-400bp, 26,728 in 401-1000bp, 

16,536 in 1001-2000bp, 4736 in 2001-3800bp and 398 transcripts hold > 4000bp, while 

this counts for unigene were 40849, 16788, 6977, 2461 and 253 respectively (Figure 4.11). 

 

Table 4. 8: Statistics of contigs and non-redundant Unigenes generated by the Trinity 

Assembly Statistics 

  Contigs                              Unigenes 

Total sequences 93141  67328 

average length  731 (bp) 582 (bp) 

Min length  201 (bp) 201 (bp) 

Max length 9304 (bp) 9304 (bp) 

N50  1164 (bp) 834 (bp) 

GC (%) 45.28 % 45.3 % 
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Figure 4. 11: Sequence length distribution of the transcripts and unigenes of the trinity 

generated de novo assembly driven out of the raw reads from the control and drought 

stressed Agave sisalana leaf samples.  

  

Further assembly completeness and quality parameters were assessed by five parameters. 

This includes (i) basic assembly statistics (ii) mapping raw reads back to the assembly (iii) 

comparative genome analysis and (iv) Presence of plant-specific universal core genes.  

N50 observation is a widely used indicator to represent the assembly quality (Table 4.7) 

(Ekblom and Wolf 2014; Schliesky et al. 2012). Here the observed N50 indicator was 

higher than to the previously published N50 values in Poaceae like Zea mays (1612 bp) and 

Phragmites australis (1187 bp) (Schliesky et al. 2012). GC % contents give an important 

indication about the genes and genomic composition including evolutionary history, 

structure (intron size and number) gene regulation and genome stability (Yan et al. 2016a). 

On average GC percentage content (45.3%) was quite similar to the A. deserti (45.1%) but 

different from A. tequliana (42.3%) and Oryza sativa (55%).  

Further, a Perl supported script orfPerdictor http://pgresearchgroup.ysu.edu/ by Min et al. 

(2005b) was used to predict the percentage of potentially readable transcripts and hits back 

http://pgresearchgroup.ysu.edu/
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with 92,559 (99.3%) and 63,589 (94.3%) sequences with potential ORF from the transcripts 

and unigenes dataset respectively. Furthermore, blast analysis (Blastp with evalue 1e-20) 

against the viridiplantae database (Taxon_ID;33090) returned more than 25,000 significant 

hits for both dataset (contigs and unigenes) which reflects the quality of de novo assembly 

(additional file 4-S5). The completeness of de novo assembled transcriptome is critical for 

the accuracy of downstream analysis like gene identification, differential gene expression 

analysis, and genetic molecular developments. Reads mapping back to the transcriptome 

(RMBT) and BUSCO V2 (Benchmarking Universal Single-Copy Orthologs) are the most 

widely used packages for assessment of de novo assembly (Simão et al. 2015). Several 

recent studies have used the BUSCO tool, as derived results have been demonstrated to be 

more solid than the previously used packages like CEGMA (Core Eukaryotic Genes 

Mapping Approach) and bioinformatics indicators like the N50 statistics. Almost 95% of 

the reads mapped back to transcriptome by bowtie2 read aligner and only a fraction of 

aligned reads were found to be improper pairs (Table 4.9).  Total 83% completeness was 

observed with ~21% duplication contents as per BUSCO analysis (Figure 4.12). This 

intermediate to high duplication level may be due to the high polyploidy level within Agave 

species. High sequences similarity (>70%) was observed among the Agave species by 

reciprocal blast analysis. Taken together all these indicators support that we have generated 

a high-quality transcriptome assembly that could be used for further possible downstream 

analysis.  
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Table 4. 9: Distribution of the Reads mapped back to the transcriptome (RMBT) in A. 

sisalana. 

Assembly Statistics 

 Contigs (transcripts) Unigene 

ORF readable transcripts  

Predicted ORF  92559 63584 

Significant blastp hits (e-20) 48509 (52.4%) 49239 (77.4%) 

   

Reads Mapping Back to Transcriptome (RMBT)  

Perfect Match  258449400 245149412 

Improper match 3507412 3011710 

Multi-position match  1346508 2030490 

Total unmapped reads  13542470 26654178 

Total mapped reads  263303320 (95.11%) 250191612 (90.3%) 

BUSCO Score (%) 

Completeness 83% 79% 

Duplicated 45% 21% 

Fragmented 9.2% 10% 

Missing  7.5% 10% 

 

 

 

 

Figure 4. 12: (a) Benchmarking Universal Single-Copy Orthodox (BUSCO) scores for 

assembly quality assessment. (b) Graphical representation of the statistics of cleaned raw 

reads mapping back to the de novo assembled transcripts. 
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4.7 Transcriptome Functional Annotation  

The size of the final proposed reference transcriptome was 98 megabytes (MB), in 

which 67328 unigenes with 135,814 isoform/transcript fragments were identified 

(additional file 5 & 6). The maximum functional annotations based on top hits mapping 

information was retrieved from the nr database (10 e-5), afterwards viridiplantae (51.3%), 

UniProt (38.6%), A. thaliana (46.2%), O. sativa (48.2%), Pfam (37.5%), Gene Ontology 

(GO) (24.01%), PlantTF database(1e-10) (18.8%) and Cluster of Orthologous Groups of 

proteins (COG) (13.8%) (Figure 4.13 A). In total, only 37,546 (55.7%) unigenes assigned 

functions out of 67,328 (E-value ≤ 1e -5) (additional file 4-S5). This lower percentage of 

retrieved annotation may be due to fewer homologous sequences or conserved 

motifs/domains, related to A. sisalana in the public database. Maximum homology with the 

sequences from the species like Elaeis guineensis (31%), Phoenix dactylifera (27%), and 

Musa acuminata subsp. Malaccensis (9%) and others were obtained by BLAST search 

(additional file 4-S6a). This similarity reflects a close genetic relationship with these 

species (Figure 4.13 B). Though the leaf sampling was performed in the greenhouse from clean 

tissues, interestingly, by blast search hits outside of plants kingdom were also observed like 

Metazoa, bacteria, fungi, and Amoebozoa, etc. (Figure 4.13 C) (additional file 4-S6b). As per GO 

distribution analysis, most of the transcripts (58.2%) were related to the biological process (BP), 

then molecular functions (MF) (43.2%) and cellular components (CC) 35.7% (Figure 4.14) 

(additional file 7-S1). The 9307 (14%) of unigenes were divided into 25 categories for functional 

prediction and classification matching with the Cluster of Orthologous Group (COG database; e 

value 1e -5) (Figure 4.15). Further, GeneMARK http://exon.gatech.edu/GeneMark/ a standalone 

gene prediction package retrieved total 24,797 functional unigenes having a minimum of 98 amino 

acid residues in length. Rest unpredicted may have less amino acid residues than the predicted or 

could be the miss-assembles by assembler or novel sequences. 

http://exon.gatech.edu/GeneMark/
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Figure 4. 13: Annotation of Trinity constructed de novo assembly of Agave sisalana.  

(A) Homology analysis of the non-redundant unigenes against publicly available databases. (B) Species distribution of the sequences in all-

Unigenes. (C) The contigs similarities with the species other than green plant taxonomy ID#33090. These unigenes have been removed from 

the main assembly file before the further downstream analysis. 

 

 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 14: Gene Ontology classification into biological Process, Molecular functions, Cellular Components in the A. sisalana reference 

transcriptome assembled with Trinity software. 
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Figure 4. 15: Clusters of orthologous group-based classification of all unigenes.  

The unigenes were aligned to the COG database (1e-5) to understand their possible protein function. In total 9307, unigenes were annotated 

and grouped into the 26 categories. The capital letter indicates the COG categories listed on the right while numeric represents the total number 

of unigenes in each category.
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Total 129 biochemical pathways were identified with the involvement of 6,338 unigenes 

based on KEGG database prediction http://genome.jp/kegg/ under drought stress 

(additional file 7-S2). The major pathways were ‘purine metabolism; ko00230 (17.4850% 

of 6338), Thiamine metabolism; ko007309 (9.6294% of 6338)’, Biosynthesis of antibiotics; 

Ko00790 (7.6180% of 6314), Aminobenzoate degradation; ko00627 (4.6088% of 6314), 

Starch and sucrose metabolism; ko00500 (2.6608% of 6314), T cell receptor signaling 

pathway; ko04660 (2.4% of 6314), Pyrimidine metabolism; ko00240 (2.398% of 6314). 

Further, includes ‘Carbon fixation in photosynthetic organisms; ko00710,' ‘Cutin, 

submarine, and wax biosynthesis; ko00073, ‘spliceosome; Ko030400, ‘Citrate cycle (TCA 

cycle); ko00020, Phenylpropanoid biosynthesis; ko00940, Porphyrin, and chlorophyll 

metabolism; ko00860 and Phenylalanine metabolism; ko00400, etc. These 6338 annotated 

unigenes by the KEGG database were further categorized into five diverse functional 

groups, namely metabolism (93.4%), the organismal system (4.5%), environmental 

information processing (0.72%); genetic information processing and cellular processes 

(0.78%) (Figure 4.16). The diverse metabolism category includes 5876 unigenes, most of 

which were involved in nucleotide metabolism (21.05%), carbohydrate metabolism 

(16.9%), metabolism of cofactor and vitamins (14.4%), amino acid metabolism (10.94%), 

global and overview maps (8.1%) and other eight subcategories (28.54%). Purine and 

pyrimidine metabolism were the core group in the nucleotide metabolism category and 

played housekeeping function within the plant kingdom. In the biosynthesis of secondary 

metabolites, most frequent subsets of sequences were Phenylpropanoid biosynthesis 

(37.06%), Tropane, piperidine and pyridine alkaloid biosynthesis (14.6%) and Novobiocin 

biosynthesis (14.3%) (additional file 7-S1-S3). Transcription factors are the main upstream 

regulatory elements that control the gene expression of plants through specific binding to 

the cis-regulatory elements present in the promoter regions. A total of 12,676 transcription 

http://genome.jp/kegg/
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factors have been predicted from the unigenes assembly, their annotation was retrieved 

from the PlantTF Database http://planttfdb.cbi.pku.edu.cn/. The major TFs were associated 

with the bHLH (9.93%) group, followed by the NAC family (7.02%), MYB related group 

(6.8%), ERF family (5.6%), C2H2 group (5.09%), WRKY (4.33%), FAR1 (4.07%), C3H 

(3.9%), MYB group (3.6%) (Figure 4.17 a). All these are considered to be involved in the 

regulation of primary and secondary metabolic biosynthesis in the green plants. Heat Shock 

protein annotation was retrieved based on Heat Shock Protein information resource 

database (http://pdslab.biochem.iisc.ernet.in/hspir/ (Figure 4.17 b).

http://planttfdb.cbi.pku.edu.cn/
http://pdslab.biochem.iisc.ernet.in/hspir/
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Figure 4. 16: KEGG pathway analysis of unigenes of A. sisalana de novo transcriptome.  

A major number of unigenes involved for 20 main KEGG pathways in A. sisalana plant under drought stress. A number of genes in each 

pathway are shown on the x-axis; pathway categories are shown on the y-axis. 
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Figure 4. 17: Total proportion of genes occupied in the A. sisalana de novo assembled transcriptome. (a) Transcription factors (b) heat shock 

proteins families 

A                              B                              
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4.8 SSR and SNP Detection  

The high-throughput transcriptome sequencing provides excellent resources toward 

the discovery of cost-effective and polymorphic coding gene-based genetic markers (SSRs, 

SNPs, Indel). 13,375 SSR markers have been identified by using the MISA tool within 

12,279 unigenes in the A. sisalana transcriptome (additional file 8). The average density of 

microsatellites covered the 2.9 kb of sequences per one microsatellite. Based on the motif 

repetition, these microsatellites were further categorized into mononucleotide (5318), 

followed by the di-(4347), tri-(3544), tetra-(97), Penta-(37) and hexanucleotides motifs 

(32), while about 1096 were present in compound formation (Table 4.10). (A/T) n motif 

sequences were the dominant for the mononucleotide, (GA/CT/AG) n for di- and 

(TGC/GAG) n were for trinucleotide microsatellites. Specific primers were designed for 

these SSRs by using the Primer3 plugin and 8164 SSR was verified for a single 

amplification by in silico PCR with the product size 100-280bp in range (additional 8-S1). 

The SNPs endure the ability to produce high-density genetic maps, association 

mapping and molecular markers with the promise of low cost and error rate. In this study, 

putative variants were called out by aligning the raw reads with the non-redundant de novo 

assembled reference database. In total 36,525 high confidence variant position was 

identified which includes 35,059, 1466 for SNPs and indels respectively within 17363 

unigenes (additional file 9-S1). An average nucleotide frequency between all the SNPs in 

these unigenes was 330bp. The paleopolyploid nature of the A. sisalana may increase the 

possibility of high counts of SNPs due to the identical paralogous loci in the genome. Large 

proportion of the unigenes (9576) had the single base shift than di- (3470), tri- (1901) and 

tetra- (1051), that account 27.3%, 9.8%, 5.4% and 2.9% respectively (additional file 9-S2). 

Transitions and transversion frequencies including six variations are listed in Table 4.11. 

The transition between A and G happens most frequently than any other variation. 
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Validation of these SNPs will be required but their annotation indicates potential 

polymorphism in drought-regulated transcripts. 

Table 4. 10: Statistics of SSRs identified in A. sisalana  
 

 
 

 

 

Table 4. 11: Statistics of SNPs identified in A. sisalana  
          

 

 

 

 

 

SSR mining  

Total number of sequences examined 67,328 

The total size of examined sequences (bp) 39203184 

Total number of identified SSRs 

 

13375 

Number of SSR containing sequences 10729 

Number of sequences containing more than one SSR 2108  

Number of SSRs present in the compound formation 1096 

  

Distribution of SSRs in different repeat types  

Mono-nucleotide 5318(39.7%) 

Di-nucleotide 4347 (32.5%) 

Tri-nucleotide 3544 (26.4%) 

Tetra-nucleotide 97(0.72%) 

Penta-nucleotide 37(0.28%) 

Hexa-nucleotide 32 (0.24%) 

 Number of SNP 

Transition  

A<->G 10143 (28.9%) 

C<->T 9962 (28.4%) 

 

Total 20105 (57.3%) 

 

Transversion  

T<->G 3817 (10.88%) 

C<->G 3236 (9.23%) 

A<->T 4239 (12.09%) 

A<->C 3662 (10.4%) 

 

Total 14954 (42.6%) 

Grand Total 35059 (100%) 
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4.9 Drought Responsive Transcripts Identification, Annotation 

and GO Tagging  

To investigate the differential gene expression among the control and drought group, 

the Bioconductor package edgeR (http://bioconductor.org/packages/release/bioc/html/edge 

R.h tml) was used on the read counts data that was generated by RSEM package http://dew 

eylab.b iostat.wisc.edu/rsem/README.html. A total of 8,678 genes were found to be 

differentially expressed in the leaf tissue under the drought stress at FDR value (<0.05) and 

≥1-fold expression initially. Subsequentially, a more stringent FDR value (<0.001) was 

applied and total 3095 differentially expressed unigenes (DEG) significantly differed 

between normal and drought conditions with ≥1-fold expression |log2 (fold change) | (Table 

4.12).  

Table 4. 12: Total number of differentially expressed genes showing either up-regulation 

or down-regulation at one- or two-fold ratio under different FDR value in drought-stressed 

leaves.  

Among these, 1195 genes were up-regulated, while 1864 were down-regulated (Figure 

4.18). As illustrated in the above table, under the drought stress condition, the number of 

down-regulated genes were slightly higher than the number of up-regulated genes under all 

FDR and fold change filters. Under the water-deprived condition, the leaf tissue 

experienced the complex gene regulatory cascade. The undermentioned detailed analysis 

further highlights the role of these DEGS to stress environment.    

http://bioconductor.org/packages/release/bioc/html/edge%20R.h%20tml
http://bioconductor.org/packages/release/bioc/html/edge%20R.h%20tml
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Figure 4. 18: Total number of differentially expressed genes in Agave sisalana under drought stress.  

(A)There was a slightly higher number of down-regulated genes than the number of up-regulated genes. The x-axis indicates the range of 

Log2FC. The fold change (FC) was calculated as the ratio between the drought-stressed and control plants, while the y-axis indicates the 

number of detected DEGs.  B and C Represents the differentially expressed data in form of volcano and MA plot respectively.

A                                                                                                                  B             

C 
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4.9.1 Annotation of Differentially Expressed Genes (DEGs)  

In order to assign the putative functions to the differentially expressed genes, all 

identified transcripts with the FDR value < 0.001 were subjected to Blast2GO annotation 

pipeline. After blast analysis, 2,682 (79.3%) DEGs showed homology in the NCBI nr 

database, 2474 got significant hits from the viridiplantae database, 2,047 were successfully 

annotated by the Swiss_prot, 2,047 by InterPro scan, 2,047 with Pfam, 1,438 got GO 

annotation, 819 falls in COG  and further classified into 25 groups, while 1435 were found 

to be involved in 144 biochemical pathways as per KEGG analysis (Table.4.13). In total, 

after improving the annotation by running the Interpro_Scan filter, 2480 transcripts were 

successfully annotated while 579 (18.9%) DEGs did not match with any of the sequence 

characterized in the database, which may indicate the presence of novel genes. Based on 

the NCBI nr blast, the majority of the best hits were from Phoenix dactylifera, Elaeis 

guineensis, Ananas comosus and Musa acuminate plant species.  

Table 4. 13: Blast search of the differentially expressed genes (DEGs) identified in Agave 

sisalana against a different database.  

Database Blast Hits 

Nr database (NCBI) 2682 

Swissprot-database 2,047 

Viridiplanta database (uniport) 2474 

Uniprot_sprot database 2,047 

Arabidopsis thaliana 2299 

Oryza sativa 2308 

InterPro scan 3067 

Pfam database 1370 

GO 1,438 

KEGG database 1435 

Plant TF database 1178 

COG database 2307 

GOSlim 19996 

 

The entire set of DEGs was subjected to GO analysis in order to achieve a broader 

functional characterization. In total 19,066 GO terms were retrieved and further classified 
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into main categories like Biological process (42%), Molecular Functions (36.5%) and 

Cellular components (29%). The most abundant GO categories in Biological process was 

Organic substance metabolic process (GO: 0071704), followed by the primary metabolic 

process (GO:0044238), cellular response to a stimulus (GO:0051716), and response to 

stress (GO:0006970). As for the molecular function, the majority of the subcategories were 

organic cyclic compound binding (GO:0097159), heterocyclic compound binding 

(GO:1901363), ion binding (GO:0043167), small molecule binding (GO:0036094) and 

transferase activity (GO:0016740). While within the cellular component’s terms 

intracellular (GO:0005622), intracellular part (GO:0044424), organelle (GO:0043229) 

were the most abundant terms followed by the membrane-bounded organelle 

(GO:0065010) and cell and cell part (GO:0044464). The annotation within the Biological 

process was the most critical with respect to the drought-related study as they are easier to 

correlate in the context of drought stress.   The GO enrichment analysis was performed with 

singular Enrichment Analysis (SEA) at p-value < 0.05 significance interval (Figure 4.19). 

Enriched GO terms specific to drought stress were identified with Singular Enrichment 

Analysis (SEA) at 0.05 significance interval.  In total 107 significantly enriched GO terms 

were identified, including response to abiotic stimulus (GO:0009628), photosynthesis 

(GO:0015979), response to stimulus (GO:0050896), binding (GO:0005488), cell 

communication (GO:0007154), transcription (GO:0006350), metabolic process 

(GO:0008152), cellular process (GO:0009987), catalytic activity (GO: 0003824) and 

others Figure (additional file 10).  Search against the COG database divided the DEGs data 

set into 25 functional groups. Carbohydrates transport (16.06%), posttranslational 

modification (13.5%), chaperones general function prediction only (9.9%), lipid transport 

and metabolism (8.8%), signal transduction mechanisms (7.7%) were the most frequent 

categories. 
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Figure 4. 19: GO terms enrichment analysis of all the differentially expressed genes performed by the AgriGO online tool.  
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4.9.2 KEGG Pathway Analysis 

KEGG analysis was carried out in order to look at the role of DEGs into the biochemical 

pathways. Out of 3059 leaves specific DEGs, 1435 showed significant involvement in 114 

pathways along with 563 enzymes codes within the KEGG database. The most abundant 

enzyme families were Oxidoreductases, Transferases, Hydrolases, Lyases, Isomerases, and 

Ligases. The complete set of matched pathways includes the various significant drought 

specific pathways and enzymes belonging to metabolisms are summarized in additional dataset 

11. The major identified pathways were Purine metabolism (ko00230;1104 unigenes) with 

highest number of involved sequences, followed by the Thiamine metabolism (Ko00730; 

unigenes 608), Biosynthesis of antibiotics (Ko0079; 481unigenes), starch and sucrose 

metabolism (Ko00500; 291 unigenes) and Aminobenzoate degradation (Ko00627;168 

unigenes).  

4.10   Classification of Differentially Expressed Drought-Inducible 

Genes  

4.10.1 Expression of Regulatory Genes at The Onset of Drought 

Stress  

Regulatory genes play an important role in eliciting the response to abiotic stress. In 

this study, 1347 differentially expressed transcripts were detected playing a regulatory role in 

signaling and regulation process under the drought stress. These include transcription factor 

(1178), protein kinases group (78), calcium sensor and ion exchange (9), hormone-related 

genes; auxin (21), abscisic acid (22), cytochrome (31) and phospholipase and phosphatases 

(8). Identification of these transcripts indicates that the Agave plant uses a large array of 

signaling mediators and complex factors to combat the environmental factors.  The identified 
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GO terms like transcription (GO:0006350), transcription regulator activity (GO:0030528) and 

transcription factor activity (GO:0003700) were also significantly enriched indicating the 

enhanced activity of TFs under drought stress. Based on annotation from PlantTFDB, the 

identified TFs were further classified into 52 subfamilies (additional file 12-S1). Majority of 

these belonged to the ERF family (102), bHLH (100), NAC group (86), MYB_related (84), 

C2H2 group (58), WRKY family (46), HSFs (33) and others (Figure 4.20). 31 differentially 

expressed genes were identified having the significant hits with cytochrome gene family, 

including members of cytochrome P450 and 709, subfamily A and B, polypeptide 1 

(CYP709B1), polypeptide 4 (CYP86A4) and 22(CYP71-A22) and cytochrome C oxidase 6B 

(COX6B) (additional file 12-S2).  Plant constitute a battery of hormones that involved in the 

control of physiological and metabolic processes that mediate the response to environmental 

stresses. Several DEGs were found to encodes the number of hormones; like Auxin, abscisic 

acid (ABA), ethylene, gibberellins, and brassinosteroids (BRs) (additional file 12- S3). 

Leucine-rich repeat protein kinase family protein (LRR-RLK) were the most abundant genes 

within the kinase group and most of them showed down-regulation trend under drought stress, 

followed by SNF1-related protein kinase 2.1, adenosine kinase 1 and Protein kinase 

superfamily protein. Likewise, Calcineurin B-like Calcium Sensor Proteins, cation exchanger 

3 and calcium exchanger 7 also showed down-regulation. In contrast to this trend, the genes 

related to phosphoinositide 4-kinase gamma 7, Protein kinase superfamily protein, SNF1-

related protein kinase 2.1 and with no lysine (K) kinase 5 (WNK5) were induced under drought 

stress (additional file 12 S4).  
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Figure 4. 20: Total number of up and down-regulated transcription factors and their response to drought stress.  
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4.10.2 Functional Genes Expression in Response to Drought 

Stress  

In total 268 differentially expressed genes were involved in the response to drought 

stress under functional group category. This includes the diverse group of heat shock 

proteins, genes related to the antioxidant’s response and osmotic adjustments, Cuticle and 

wax biosynthesis, cell wall metabolism, heavy metal detoxification, and photosynthesis-

related genes. Heat shock proteins (HSPs) are classified into five major categories based 

on molecular mass. The differential expression of genes within these categories was 

calculated on the basis of fold change. A total of 145 differentially expressed HSPs were 

identified, among them, 100 were up-regulated, and only 45 were the down-regulated 

(Figure 4.21).  Small heat shock family (HSP20) was the major DE group found in this 

study followed by the HSP70, HSP100 and HSP90 group. 

 

 

Figure 4. 21: Total Heat Shock protein genes differentially expressed in response to drought 

stress in A. sisalana.  

 29 significantly DE unigenes have been identified related to the cytochrome (CYP) 

gene family, while seventy-five DE was belonged to photosynthesis and light reaction 

category as revealed by fold change analysis. All of them were down-regulated under 

drought stress including CAB1 (chlorophyll A/B binding protein 1 and 6), LHB1B1 light-

harvesting chlorophyll-protein complex II subunit B1, PSAD -2, PSAF, PSAG, PSAH2, 

PSAK, PSAL, PSAN (involved in photosystem I), PSB group with subunits (components of 
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photosystem II) and others related to ATPase synthesis (additional file 12 –S5). One of the 

inevitable consequences of drought stress is the production of reactive oxygen species 

(ROS). They induce oxidative damages by acting as a secondary messenger during the 

drought stress.  The plant has evolved several enzymatic and non-enzymatic compounds to 

counter the oxidative damages includes glutathione-S-transferases (GSTs), peroxidases 

(CAT), lecithin: cholesterol acyltransferase (LCAT) and ascorbate peroxidases (APXs) 

(additional file 12-S6). In addition, differentially expressed transcripts related to heavy 

metal detoxification system were also observed including farnesylated protein (6), zinc 

transporter, pleiotropic drug resistance (4) and iron-regulated transporter (3). 42 genes were 

related to the biosynthesis, expansion, and deposition of cutin and export of wax detected 

in the differentially expressed gene pool.  
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4.11  Identification and Validation of Stable Housekeeping 

Genes for qPCR Data Normalization    

4.11.1 Pre-Analytic Assessment of The Candidate Reference Genes for 

Primer Specificity and Amplification Efficiency by qRT-PCR 

In this study, a total of 15 candidates internal reference genes based on the FPKM 

values and homology search (see materials and methods) were selected from the A. sisalana 

transcriptome data (Sarwar et al. 2019). These includes ADP-ribosylation factor 2 (ARF2), 

Cyclophilin A (CYCA), Ribulose bisphosphate carboxylase activase B (RcaB), Rubisco 

activase (RCA), Actin 11 (ACT11), beta-tubulin 4 (β-Tub 4), Eukaryotic elongation factor 

1-alpha (EEF1α), eukaryotic initiation factor-4A (eIF-4A), Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), polyubiquitin (UB), RNA polymerase II (RPII), RuBisCO small 

subunit (RBCs), serine/threonine-protein phosphatase catalytic subunit (PP2A-1), Cullin-1 

(CUL-1), WIN1, Ubiquitin 10 (UB10) and  ubiquitin-conjugating enzyme (UBE2) 

(additional file 13). The biological function of the selected genes is determined based on 

homology analysis and shown in Table 4.14. The specificity and amplification efficiency 

of primers for target genes were determined by running the amplified PCR product on the 

2% agarose gel by gel electrophoresis and dissociation melt curve analysis. Genes with the 

specific and unique amplification at expected band size without any sign of the primer 

dimer formation were considered for further study. Melt curve analysis of the amplified 

products was carried out by the qPCR with 40 cycles of amplification, to ensure the single 

peak presence in the qPCR (Figure 4.22a and b). Presence of the single peak indicates the 

expected specific amplification of the amplicons. Despite the use of several alternate 

primers and variable thermal profiles for PCR based screening, non-specific amplification 

could not be avoided for RcaB, RCA, RBCS, and UB10 sequences andhence excluded from 
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this study for further analysis. The amplification efficiency (E) for all the used primers 

displayed the good value in the range of 92 to 104% with linear Regression Coefficient (R2) 

value greater than the 0.92 (Table 4.15). All the statistics were the results of three biological 

and technical independent replicates. No amplicons and signals were detected in the control 

(NTC) samples. 
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Figure 4. 22: The primer specificity and amplicon size determination.  

(A) The melt curve analysis of the 12 candidates housekeeping genes after the real-time 

PCR showed single peak amplification. (B) Gel electrophoresis of amplified product on 

2% agarose gel indicated that the amplification of single PCR product of expected size for 

the 12 genes.  M represents the 100bp DNA marker.    
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4.11.2 Quantification Cycle Values of Candidate Reference Genes   

The Real-time RT-PCR was performed to determine the stability of candidate 

housekeeping genes at mRNA level under various abiotic stress condition by the IQ5 Real-

Time PCR System (Bio-Rad Scientific) and results were determined as a Ct value 

(additional file 13-S1). The Ct value directly indicates the abundance of transcripts 

expression under specific condition. Generally lower the Ct values, higher the expression 

level, and vice versa. Here the Ct values for the candidate's reference genes fell in the range 

of  14.5 to 30.7 (GAPDH to eIF-4A) in all the samples. This wide imbalance in the 

expression of candidates genes suggests, the housekeeping genes showed diverse responses 

to different abiotic stress condition in Agave sisalana (Figure 4.23 a-d). As per mean 

expression values (Ct), GAPDH was the most abundantly expressed reference gene having 

the lowest Ct value (14.9-25.9 ± 0.92) followed by the ARF2 (17.9-25.5 ± 1.44), UBE-2 

(18.8-25.9 ± 1.83), β-Tub 4 (19.2-25.9 ± 1.55), CYC-A (19.9-27.0 ± 1.61), RP -II (21.3-

27.8 ± 1.21), eIF-4A (21.4-30.7 ± 2.52), EEF1- α (22.0-30.7 ± 2.75), WIN-1 (24.9-26.9 ± 

0.83), PP2-A (25.2-26.7 ± 1.10), ACT11 (25.7-26.9 ± 1.18), and CUL-1 (26.3-28.1 ± 1.43) 

(Table 4.15). The genes with higher SD of Ct-values indicated more variable expression 

compared with those with lower SD, while the CV value indicates the stability of expressed 

genes across the studied samples (Table 4.15). The coefficient of variation (CV%) of these 

twelve genes were  CYC-A (8.2%), ARF2 (10.72%), ACT11 (4.052%), β-Tub 4 (8.74%), 

EEF1-α (15.08%), eIF-4A (9.68%), GAPDH (18.69%), RP-II (8.68%), PP2-A (5.17%), 

CUL-1 (4.76%), WIN-1 (3.09%) and UBE-2 (11.24%). The reference genes stability 

ranking based on the CV values was as follow (from least stable to most stable) GAPDH, 

EEF1-α, UBE-2, ARF2, eIF-4A, β-Tub 4, RP-II, CYC-A, PP2-A, CUL-1, ACT11 and WIN-

1 (additional file 13-S2). Briefly, the results indicate that the response of the candidate 

reference genes varied across different experiments.
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Table 4. 14: Agave sisalana candidate reference genes with gene symbols, accession numbers, descriptions, cellular functions and 

ortholog locus.                 

Gene 

Symbol 

NCBI 

Accession  

Blast results Cellular function 

Annotation ortholog Locus 

ARF2 JZ979889.1  ADP-Ribosylation Factor 2 AT5G62000.1 protein trafficking 

CYCA JZ979890.1  Cyclophilin A  AT1G44110.1 accelerate the folding of proteins 

RcaB JZ979892.1         Ribulose Bisphosphate Carboxylase Activase B  AT2G39730.1 ATP binding 

RCA JZ979891.1         RuBisCO Activase  AT2G39730.1 ATP binding 

ACT11 JZ979893.1 Actin 11 AT3G12110.1   cell shape determination, extension growth. 

β-Tub 4 JZ979894 Beta-Tubulin 4 AT5G44340.1 the major constituent of microtubules 

EEF1α 

JZ9798945 Eukaryotic Elongation Factor 1-Alpha AT5G60390.1 promotes the GTP-dependent binding of 

aminoacyl-tRNA to the ribosomes during protein 

biosynthesis 

eIF-4A  Eukaryotic Initiation Factor-4A AT3G19760.1 ATP-dependent RNA helicase 

GAPDH 

JZ979896        Glyceraldehyde-3-Phosphate Dehydrogenase AT3G04120.1 encodes cytosolic GADPH (C subunit) involved in 

the glycolytic pathway b 

UB 

JZ979897       Polyubiquitin AT4G05320.2 covalently attached to substrate proteins targeting 

most for degradation 

RPII 

JZ979898      RNA Polymerase II AT2G15400.1 catalyzes the transcription of DNA to synthesize 

precursors of mRNA 

RBCS 

JZ979899        RuBisCO Small Subunit AT1G67090.1 Functions to yield sufficient Rubisco content for 

leaf photosynthetic capacity 

PP2A-1 JZ97900.1        Serine/Threonine-Protein Phosphatase Catalytic Subunit AT1G59830.1 phosphoprotein phosphatase activity 

CUL1 

JZ979901.1         Cullin-1 AT4G02570.1 complexes involved in mediating responses to 

auxin and jasmonic acid 

WIN1  WIN1 AT1G15360.1 protein domain specific binding 

UB10 

 Ubiquitin 10 AT4G05320.2 Membrane proteins, Genomic maintenance, 

Transcriptional regulation 

UBE2 

JZ9798902.1      Ubiquitin-Conjugating Enzyme AT5G41700.4 Mediates the selective degradation of short-lived 

and abnormal proteins 

Target Genes  

AsHSP20 

Submitted Small Heat Shock Protein 20 AT5G59720.1 response to heat, response to high light intensity, 

response to hydrogen peroxide, response to reactive 

oxygen species, response to salt stress 
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Table 4. 15: Details of the candidate genes evaluated for reference genes selection in Agave sisalana under abiotic stress conditions.  

Gene 

Symbol 

Forward Primer Reverse Primer Amplicon 

Length (bp) 

Ta (℃)(a) Avg.(b)  Std.(c) CV(D) E (%)(e) R2  (f) 

ARF2 
5’-TCCTTCTCCATCGCCTTCAC-3’ 5’-CCAACGGATCGCAGTTCTTC-3’ 115 

60℃ 21.52 2.31 0.107 98 0.98 

CYCA 5’-ACGATGATGAAGTGAGGAAGTG-3’ 5’-GCAAGAGCGTCTCCAGATTC-3’ 126 60℃ 24.1 1.97 0.082 98 0.95 

RcaB 5’-GCGAAGAAGGAGATGAGGATC-3’ 5’-GATGGTAGGAATGGTGGTGAC-3’ 108 59℃ n.d 
 

RCA 5’-AGCCTTCCCAACATCAAGATTC-3’ 5’-TTCCAACTCTCCAGCACTCAT-3’ 135 60℃ 

ACT11 5’-TCCAGCCTCTCGTCTGTGA-3’ 5’-CCTTCTGTCCCATACCAACCA-3’ 138 60℃ 26.75 1.083 0.04 96 0.99 

β-Tub 4 5’-GCCAGTGCGGTAACCAGAT-3’ 5’-CGCTCGCCTCGTTGTAGTA-3’ 138 58℃ 22.68 1.99 0.087 98 0.93 

EEF1α 5’-ACTGTGCCGTCCTGATTATTG-3’ 5’-ATCATCTGCTTCACTCCAAGAG-3’ 118 58℃ 27.5 4.15 0.151 95 0.93 

eIF-4A 5’-AATATGTTGCTTCGGAGTTG-3’ 5’-CACTCACTTCTCGGTCTC-3’ 122 58℃ 26.38 2.55 0.097 94 0.96 

GAPDH 5’-TCTTCCACCTCTCCAGTCCTT-3’ 5’-ATTGCTTGGCTCCTCTTGCTA-3’ 137 60℃ 17.87 3.34 0.187 104 0.95 

UB 5’-GTGGACTCCTTCTGGATGTTG-3’ 5’-GCTCCGACACCATTGACAA-3’ 142 60℃ n.d  

RPII 5’-TGTTCGCTAGGACAAACTTCAC-3’ 5’-GAATCCTGTGTCTTGTGGTTCC-3’ 121 60℃ 24.02 2.085 0.087 103 0.92 

RBCS 5’-GGTGGCTTGTAGGCAATGAA-3’ 5’-CTCAGGTGTTGAAGGAGGTTC-3’ 121 60℃ n.d 

PP2A-1 5’-CGGGTATCAAGAGGAGATTGG-3’ 5’-CCAACTCGAAGCACCATCAT-3’ 127 60℃ 26.18 1.354 0.052 99 0.98 

CUL1 5’-AATACTCCTCTCGTGTTCATCA-3’ 5’-CACCTTGGTTCTGCTCTACTT-3’ 136 60℃ 27.5 1.31 0.048 99 0.97 

WIN1 5’-ACCGCTATCTTGCTGAGTTCA-3’ 5’-AAGACCGAGCCGAATTGGAT-3’ 134 60℃ 26.21 0.83 0.31 100 0.93 

UB10 5’-GGTGGATTCCTTCTGGATGTTG-3’ 5’-CGAGAGTTCCGACACTATTGAC-3’ 148 60℃ n.d  

UBE2 5’-GCTCGGCAATAATCGTCTAGTT-3’ 5’-TCCAAGTTCAGGCACCAAGA-3’ 137 60℃ 22.55 2.54 0.112 101 0.96 

Target Genes  

AsHSP20 TTCCGCCCTTTCTGCTCTCCTT CCGTATCTCGCCTGCTGTGTTG 200 60℃    102 0.99 

n.d no data available as the gene was excluded from the study 
an optimal annealing temperature  
b Average Ct value of the respective gene  
c Standard Deviation of the respective genes  
d coefficient of variation values of the respective genes 
e amplification efficiency measurement based on the real-time PCR reaction calculated by the standard curve method  
f Reproducibility of the real-time  PCR reaction  



103 
 

 

 

 

Figure 4. 23: The expression level of tested reference genes under various abiotic stress conditions.  

(A) the control condition, (B) drought stress, (C) rehydration condition, (D) high temperature 60 °C condition, (E) low temperature 4°C 

condition, (F) salt stress condition, (G) total pooled samples. 
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4.11.3 Statistical Analysis of Candidate Reference Genes for Stability 

Leaf-specific single or combination of suitable reference gene(s) for Agave was 

screened out by geNorm, NormFinder, BestKeeper, and RefFinder statistical approaches 

by using the raw Ct values under different abiotic stress and rehydration conditions. The 

stability ranking was done by each of the above-mentioned algorithms are detailed in the 

following sections. 

4.11.3.1 geNorm Indicators   

 All of the 12 candidates housekeeping genes were evaluated by using the geNorm 

software. geNorm is a visual basic statistical algorithm to find out the gene expression 

stability. This algorithm produces (M) normalization value based on the geometric mean 

of each studied reference gene relative to others and means pairwise variation of each gene 

from all the reference genes in a given set of the sample(s). The default cutoff stability (M) 

range to eliminate the gene by the geNorm software is <1.5, so the genes with the lowest 

M values reflect the higher stability in terms of gene expression under the specific condition 

and vice versa. By following this criterion the statistics showed that RP II, β-Tub 4 and 

PP2A-1 were the most stable reference genes for the drought stress treatment while under 

rehydration condition GAPDH, RP II, and ARF2 gained the lowest stability values 

respectively (Figure 4.24 A (a & b). CUL-1, GAPDH, and CUL-1, WIN 1 were the most 

stable reference genes for the high and low temperature stressed leaves (Figure 4.24 B (a 

& b), while ARF2 and β-Tub 4 were the most stable reference genes for the salt treated leaf 

samples (Figure 4.24 C (a). Combined analysis of all the experimental sets showed that 

only 5 candidate housekeeping genes β-Tub 4, ARF2, CYC-A,eLF-4A, PP2-A, and CUL-1 

fell within the default limit of stability for the pooled samples (Total) (Figure 4.24 C (b). 

In addition to the M values, the geNorm software also determined the ideal number of 

required genes for optimal normalization of expression data under particular experiment, 
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based on the pairwise variation between ranked genes (Vn/Vn+1). Generally, a threshold of 

0.15 (Vn value) is usually applied to calculate the best reference genes. When the paired 

value is reached to lower than 0.15, additional reference genes (n+1) are not necessary. 

Here in this data, it has been noted the difference in the Vn values was in the range of V2/3 

and V4/5 combination. The V2/3 value for the drought (0.01), high temperature (60 °C) 

(0.09), low temperature (4 °C) (0.12 and salt treatment (0.07) samples were lower than the 

default limit (Figure 4.24 A-C). This indicates that only two reference genes would be 

sufficient for the accurate normalization of these samples under stress conditions.  The Vn 

value for the samples under rehydration stress condition was lower than the default set 

value till V4/5 combinations,  which indicates that involvement of the four genes would be 

critical for the accurate normalization of these samples (Figure 4.24 A (d). Under combined 

stress condition, all pairwise variation (Vn/Vn+1) were more than the 0.15 default limit 

(Figure Figure 4.24 C (d)).  
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Figure 4. 24 A: 

validation of the 12 

candidate’s 

housekeeping genes 

under drought and 

rehydration condition 

with their combination 

in Agave sisalana 

determined by the 

geNorm indicators. 

  A and C indicated the 

average stability value 

of the 12 candidates 

genes and (B, D) 

represents the 

determination of the 

optimal number of the 

candidate’s reference 

genes for 

normalization by the 

geNorm analysis. The 

condition A was under 

drought stress, B was 

under rehydration 

condition while B and 

D under their stress 

pairwise combination.  
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Figure 4.24 b: 

validation of the 12 

candidates 

housekeeping genes 

with their combination 

in Agave sisalana 

determined by the 

geNorm indicators.   

A and C indicated the 

average stability value 

of the 12 candidates 

genes and (B, D) 

represents the 

determination of the 

optimal number of the 

candidates reference 

genes for normalization 

by the geNorm 

analysis. The condition 

A was under High 

temperature stress, C 

was under cold 

condition while B and 

D represent their stress 

pairwise combination 

respectively. 
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Figure 4.24 C: 
validation of the 12 

candidates housekeeping 

genes under drought and 

rehydration condition 

with their combination 

in Agave sisalana 

determined by the 

geNorm indicators.  A 

and C indicated the 

average stability value of 

the 12 candidates genes 

and (B, D) represents the 

determination of the 

optimal number of the 

candidates reference 

genes for normalization 

by the geNorm analysis. 

The condition A was 

under Salt stress, C 

represents the total 

pooled samples, while B 

and D under their stress 

pairwise combination. 
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4.11.3.2 NormFinder Indicators  

The expression level of 12-candidate reference genes was also evaluated using the 

NormFinder algorithm. NormFinder is an excel based mathematical tool that analyzes each 

sample set individually and also estimates intra- and inter-group variation in expression across 

different sample sets. Similar to the geNorm, NormFinder also ranked the reference genes 

based on their expression stability values (SV), where lower stability value represents higher 

gene expression stability and vice versa (Table 4.16). Under the drought-treated samples β-

Tub 4, PP2A-1 and CYCA were the most stable reference genes. Under rehydration condition, 

ARF2 and β-Tub 4 had gained the highest stability. Under high and low temperature, GAPDH 

and CUL-1 revealed the highest stability respectively while under salt stress condition β-Tub 

4 behaved very well. Combined analysis of pooled samples identified the β-Tub 4, WIN1 and 

CYCA genes as three most stably expressed with stability values of 0.381, 0.441 and 0.491 

respectively while UBE2, RP II, and EEF1α genes exhibited the utmost variation with SV of 

1.254, 0.961 and 0.839 respectively under multiple abiotic stress and rehydration conditions. 

Comparatively the geNorm and NormFinder ranked the β-Tub 4 and CYCA as the first and 

third most stable genes respectively in all pooled samples.  However, the ranking of the 

candidate reference genes generated by the NormFinder was slightly different from that of the 

geNorm in most of the samples (Table 4.16 and Figure 4.24 A-C).  
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Table 4. 16: Expression stability (M value) of candidate reference genes calculated by NormFinder under different abiotic Stress 

treatments of Agave sisalana. 

 

Rank 

Drought Rehydration High Temperature 

(± 60 °C) 

Cold (± 4°C) Salt (100, 200, 300, 

400) mM 

Total 

Gene  

Stability 

Value Gene  

Stability 

Value Gene  

Stability 

Value Gene  

Stability 

Value Gene  

Stability 

Value 

Gene 

  

Stability 

Value 

1 β-Tub 4 0.389 ARF2 

β-Tub 4 

0.236 GAPDH 0.152 CUL-1 0.190 β-Tub 4  0.166 β-Tub 4  0.381 

2 PP2A-1 

CYCA 0.464 

CYCA 0.193 WIN1 0.232 RP II 0.171 WIN1 0.441 

3 GAPDH 0.320 ACT11 0.205 ARF2 0.353 CYCA 0.188 CYCA 0.494 

4 CUL-1 0.504 WIN1 

ACT11 

0.457 

 

WIN1 0.274 GAPDH  0.630 ARF2 0.282 ACT11  0.585 

5 ARF2 0.524 eIF-4A 0.303 CYCA 0.720 GAPDH  0.294 PP2A-1  0.619 

6 RP II 0.599 PP2A-1 0.509 ARF2 0.315 PP2A-1  0.739 WIN1 0.316 CUL-1 0.666 

7 ACT11 0.610 RP II 0.548 CUL-1 0.335 RP II 0.786 ACT11 0.339 ARF2  0.671 

8 GAPDH 0.622 EEF1α 0.592 β-Tub 4 0.343 β-Tub 4  0.810 CUL-1 0.343 eIF-4A  0.787 

9 eIF-4A 0.687 CYCA 0.700 EEF1α 0.525 eIF-4A 0.820 UBE2 0.360 GAPDH  0.822 

10 WIN1 0.893 eIF-4A 0.744 PP2A-1 0.819 UBE2 0.845 eIF-4A 0.381 RP II 0.839 

11 EEF1α 0.924 CUL-1 0.770 UBE2 1.148 ACT11 0.953 EEF1α 0.485 EEF1α  0.961 

12 UBE2 1.825 UBE2 1.802 RP II 1.199 EEF1α 1.433 PP2A-1  0.501 UBE2 1.254 
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4.11.3.3 BestKeeper Statistics  

The BestKeeper is a Microsoft Excel-based statistical tool has an altogether different 

algorithm than geNorm and NormFinder. BestKeeper ranked candidates reference genes in 

term of stable expression on the following three indicators, (a) the coefficient of covariance 

(CV), (b) standard deviation (SD), and (c) coefficient 4 of correlation (r). Data with lower than 

1 SD  were considered to have an acceptable range of variation for the reference gene. Lower 

standard deviation values represent the stability of the genes and vice versa. The stability 

indicators calculated by the BestKeeper software for the 12 candidates are shown in Table 

4.17.  β-Tub 4, EEF1α and ACT 11 were ranked as top three reference genes under drought 

treatment, while GAPDH was ranked as the top first stable reference genes followed by the 

PP2A-1 and RP II as second and third stable reference genes under rehydration condition. CYC, 

eIF-4A, GAPDH and β-Tub 4 were on the top list of ranking under the high-temperature 

treatment while CUL-1 and RP II were the most stable gene for the expression normalization 

in the cold and salt-stressed leaf samples. Under pooled sample condition only three genes 

(WIN, ACT11, and CUL-1) got the SD values less than 1 and ranked on top of the list. Detailed 

comparison of Figure 4.24, Table 4.16 and Table 4.17 generated by the geNorm, NormFinder 

and BestKeepr respectively ranked the genes in similiar orders for most of the conditions are 

summarized in Table 4.18.   
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Table 4. 17: Expression analysis of 12 candidate reference genes by BestKeeper under abiotic stress condition in Agave sisalana 

 

 

 

 

 

R
a

n
k

 

Drought  Rehydration Temperature (± 60 °C) Cold (± 4 °C) Salt (100, 200, 300, 400) mM Total 

GENE Std. CV GENE Std.  CV GENE Std.  CV GENE Std.  CV GENE Std.  CV GENE Std.  CV 

1 β-Tub 4 ± 0.25 1.15 GAPDH ± 0.12 0.87 CYCA ± 0.12 0.49 CUL-1 0.06 0.23 RP II 0.12 0.49 WIN1 0.79 3.02 

2 EEF1α  
± 0.32 

1.12 PP2A-1 ± 0.36 1.47  
eIF-4A 

GAPDH 

β-Tub 4 

 
± 0.30 

 

1.18  
ACT11 

WIN1 

0.23 
 

0.84  
β-Tub 4  

CYCA 

 
0.19 

0.78 ACT11  0.89 3.31 

3 ACT11 1.10  
RP II 

ARF2 

 
± 0.42 

1.98 1.84 1.19 0.73 CUL-1 0.95 3.45 

4 ARF2 ± 0.36 1.51 2.28 1.56 CYCA 0.46 1.73 ARF2  0.22 1.02 PP2A-1  1.13 4.32 

5 GAPDH ± 0.37 1.67 β-Tub 4 ± 0.54 2.68 CUL-1 ± 0.34 1.24 β-Tub 4 0.58 2.30 CUL-1 0.26 0.96 CYCA 1.54 6.40 

6 PP2A-1 ± 0.42 2.53 CUL-1 ± 0.61 2.39 ACT11 ± 0.40 1.57 RP II 0.73 2.71 GAPDH  0.33 1.82  

RP II 

ARF2  

 

1.70 

 

7.09 
7 CYCA ± 0.58 2.17 eIF-4A ± 0.73 3.29 WIN1 ± 0.46 1.72  

PP2A-1 

UBE2 

 

0.82 

0.84 

 

3.0 

UBE2 0.39 1.71 

8 CUL-1 ± 0.72 3.01 ACT11 ± 0.78 2.96  

EEF1α 

ARF2 

 

± 0.60 

 

2.51 WIN1 0.39 1.46 β-Tub 4  1.76 7.76 

9 WIN1 ± 0.72 2.51 EEF1α ± 0.95 4.26 3.01 eIF-4A 0.93 3.22 eIF-4A  0.44 1.61 UBE2 1.82 8.03 

10 eIF-4A ± 0.72 2.81 CYCA ± 1.11 5.21 PP2A-1 ± 1.16 4.61 ARF2 1.07 4.21 ACT11  0.53 1.98 eIF-4A  2.10 7.96 

11 RP II ± 0.79 2.83 WIN1 ± 1.51 6.05 RP II ± 1.55 6.17 GAPDH 1.99 8.25 EEF1α  0.60 1.99 GAPDH  2.38 13.3 

12 UBE2 ± 1.18 5.08 UBE2 ± 2.85 13.8 UBE2 ± 1.88 8.11 EEF1α 3.06 9.27 PP2A-1  0.71 2.65 EEF1α  3.45 12.5 
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4.11.4 Comprehensive Ranking Assessments by RefFinder Approach  

geNorm, NormFinder, and Best Keeper software generated the heterogeneous ranking 

for the candidate reference genes based on stability values. To address this heterogeneity issue 

and get a clear picture, RefFinder approach was used that established a comprehensive ranking 

of the candidate's reference genes Figure 4.25 (a-f) & Table 4.18. This comprehensive ranking 

is based on the signed weight (rank) and geometric mean (Geomen) of the weights for the 

respective reference genes (additional file 14).  β-Tub 4, WIN1, and CYCA were three most 

stable while EEF1α, GAPDH, UBE2, and RP II were the least stable reference genes ranked 

by RefFinder approach in pooled samples (Table 4.19). This determined a homogenous rank 

order for most and least stable genes with the ranking obtained by the BestKeeper, geNorm, 

and NormFinder. The stability indicators were in the range from 2 to 11.7 in combine analysis 

of candidates reference genes across all experimental sets.  β-Tub 4 reference gene was ranked 

as most stable, which had the lowest geomean ≤ 2 value for drought, rehydration, salt stress 

including in combined analysis and further recommended in combination with PP2A-1, ARF2, 

RP II and WIN 1 across treatments respectively (Figure 4.25). CYC with GAPDH and CUL 1 

with WIN 1 were best candidates genes for the gene of interest calibration under high 

temperature and cold treatments respectively. UBE2 and EEF1 α were the least reliable under 

the majority of the condition (Table 4.18 & 4.19). 
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 Figure 4. 25: The Comprehensive ranking of 12 candidates’ reference genes based on their expression stability by the RefFinder.  

The Y-axis indicates the stability values of the genes based on the normalization stability values,  while x-axis indicates the sequence 

of the candidate's reference genes from most stable to least stable in each group. (A) Drought; (B) Rehydration; (C) High temperature; 

(D) Low-temperature stress; (E) Salt group and (F) pooled samples   
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Table 4. 18: Expression stability Ranking of the 12 candidates reference genes by the geNorm, NormFinder, Best Keeper and 

RefFinder under various abiotic stress condition.   

 Rank  

1 

 

2 

 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

 

9 

 

10 

 

11 

 

12 Method 

DROUGHT TREATMENT (Better-Good-Average) 

Recommended Comprehensive ranking β-Tub 4 PP2A-1 RP II ACT11 EEF1α ARF2 CYCA GAPDH CUL-1 UBE2 eIF-4A WIN1 

geNorm RP II β-Tub 4 PP2A-1 ACT11 EEF1α UBE2 GAPDH ARF2 CUL-1 eIF-4A CYCA WIN1 

NormFinder β-Tub 4 PP2A-1 CYCA CUL-1 ARF2 RP II ACT11 GAPDH eIF-4A WIN1 EEF1α UBE2 

BestKeeper β-Tub 4 EEF1α ACT11 ARF2 GAPDH PP2A-1 CYCA CUL-1 WIN1 eIF-4A RP II UBE2 

REHYDRATION CONDITION (Better-Good-Average) 

Recommended Comprehensive ranking β-Tub 4 ARF2 GAPDH PP2A-1 RP II EEF1α WIN1 ACT11 UBE2 CYCA eIF-4A CUL-1 

geNorm β-Tub 4 RP II PP2A-1 UBE2 EEF1α ARF2 CYCA GAPDH WIN1 eIF-4A ACT11 CUL-1 

NormFinder ARF2 β-Tub 4 GAPDH WIN1 ACT11 PP2A-1 RP II EEF1α CYCA eIF-4A CUL-1 UBE2 

BestKeeper GAPDH PP2A-1 RP II ARF2 β-Tub 4 CUL-1 eIF-4A ACT11 EEF1α CYCA WIN1 UBE2 

HIGH-TEMPERATURE TREATMENT (Better-Good-Average) 

Recommended Comprehensive ranking CYCA GAPDH CUL-1 eIF-4A ACT11 β-Tub 4 WIN1 ARF2 EEF1α PP2A-1 RP II UBE2 

geNorm CUL-1 GAPDH CYCA eIF-4A ACT11 β-Tub 4 ARF2 EEF1α WIN1 PP2A-1 RP II UBE2 

NormFinder GAPDH CYCA ACT11 WIN1 eIF-4A ARF2 CUL-1 β-Tub 4 EEF1α PP2A-1 UBE2 RP II 

BestKeeper CYCA eIF-4A GAPDH β-Tub 4 CUL-1 ACT11 WIN1 EEF1α ARF2 PP2A-1 RP II UBE2 

LOW TEMPERATURE (cold) TREATMENT (Better-Good-Average) 

Recommended Comprehensive ranking CUL-1 WIN1 ACT11 CYCA β-Tub 4  RP II ARF2 PP2A-1 GAPDH UBE2 eIF-4A EEF1α  

geNorm CUL-1 WIN1 ACT11 β-Tub 4  CYCA RP II PP2A-1 UBE2 ARF2 eIF-4A GAPDH EEF1α  

NormFinder CUL-1 WIN1 ARF2 GAPDH CYCA PP2A-1 RP II β-Tub 4  eIF-4A UBE2 ACT11 EEF1α  

BestKeeper CUL-1 ACT11 WIN1 CYCA β-Tub 4  RP II PP2A-1 UBE2 eIF-4A ARF2 GAPDH EEF1α  

SALT TREATMENT (Better-Good-Average) 

Recommended Comprehensive ranking β-Tub 4  RP II ARF2 CYCA CUL-1 GAPDH  WIN1 UBE2 ACT11 eIF-4A EEF1α PP2A-1  

geNorm ARF2 β-Tub 4  CYCA RP II CUL-1 WIN1 GAPDH  UBE2 eIF-4A EEF1α ACT11 PP2A-1  

NormFinder β-Tub 4  RP II CYCA ARF2 GAPDH  WIN1 ACT11 CUL-1 UBE2 eIF-4A EEF1α PP2A-1  

BestKeeper RP II β-Tub 4  CYCA ARF2 CUL-1 GAPDH  UBE2 WIN1 eIF-4A ACT11 EEF1α PP2A-1  

POOLED SAMPLES (Total) (Better-Good-Average) 

Recommended Comprehensive ranking β-Tub 4  WIN1 CYCA ACT11  ARF2  PP2A-1  CUL-1 eIF-4A  RP II UBE2 GAPDH  EEF1α  

geNorm β-Tub 4  ARF2  CYCA eIF-4A  PP2A-1  CUL-1 ACT11  WIN1 RP II UBE2 GAPDH  EEF1α  

NormFinder β-Tub 4  WIN1 CYCA ACT11  PP2A-1  CUL-1 ARF2  eIF-4A  GAPDH  RP II EEF1α  UBE2 

BestKeeper WIN1 ACT11  CUL-1 PP2A-1  CYCA RP II ARF2  β-Tub 4  UBE2 eIF-4A  GAPDH  EEF1α  
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Table 4. 19: The Recommended most stable and least stable combination of reference genes (up to four) as determined by RefFinder 

under different abiotic stress conditions.  

Drought Treatment Rehydration Hight Temperature 

(± 60 °C)  

Cold Stress (± 4 °C) Salt Treatment(100, 

200, 300, 400) mM 
Pooled sample 

Most Stable Least Stable Most Stable Least Stable Most Stable Least Stable Most Stable Least Stable Most Stable Least Stable Most Stable Least Stable 

β-Tub 4 WIN1 β-Tub 4 CUL-1 CYCA UBE2 CUL-1 EEF1α β-Tub 4 PP2A-1 β-Tub 4 EEF1α 

PP2A-1 eIF-4A ARF2 eIF-4A GAPDH RP II WIN1 eIF-4A RP II EEF1α WIN1 GAPDH 

RP II UBE2 GAPDH CYCA CUL-1 PP2A-1 ACT11 UBE2 ARF2 eIF-4A CYCA UBE2 

ACT11 CUL-1 PP2A-1 UBE2 eIF-4A EEF1α CYCA GAPDH CYCA ACT11 ACT11 RP II 
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Figure 4. 26:  Venn diagram of (A) most stable and (B) least stable candidates reference genes in common based on the recommended 

comprehensive ranking (RefFinder) under abiotic stress condition.   

The Mapping data were derived from Table 4.18; 4.19 and Figure 4.25.  
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Figure 4. 27: Venn diagram showing the (A) most stable and (B) least stable candidate’s reference genes in common up to four as 

determined by the NormFinder, geNorm, RefFinder, and BestKeeper statistical algorithms.  

The map data for this Venn diagram was derived from the Table 4.18 Section (pooled samples).     
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Shortly in terms of selecting the best reference genes under different abiotic stress condition 

in Agave sisalana, these four algorithms yielded flexible combinations (Figure 4.27). β-Tub4 

and CYCA exhibited relatively stable expression while UBE2 and eIF-4A shown least stability 

under different stress conditions (Figure 4.26 A). CYCA should be used carefully for 

normalization of GOI expression under rehydration condition. RP II showed stability under 

drought and salt stress, while was the worst performer in case of high temperature stress 

condition. Similarly, WIN 1 also behaved vice versa under cold and drought stress condition. 

Further, in a detailed comparison of the top four most and least, stable genes can be observed 

in the (Figure 4.26 A & B).  

4.11.5  Selected Reference Genes Validation for the Expression of Target 

(AsHSP20) Gene  
 

 Now it’s been proven fact that the use of inappropriate reference gene(s) for the 

normalization of GOI can lead to significantly wrong interpretation of expression data under 

specific stress condition.  Here to validate the utility of identified most stable and most varying 

reference genes (Table 4.19), the relative expression pattern of a target AsHSP20 gene was 

determined in response to drought, heat (high temperature), cold, salt and rehydration condition 

(Figure 4.28). Based on the comprehensive ranking, the most stable β-Tub 4, PP2A-1 and least 

stable WIN1, eIF-4A reference genes were selected for the normalization of AsHSP20 target 

gene data under drought stress. The Relative expression of the target gene was upregulated 

comparative to control by drought stress at 3h and slightly experienced down-regulation at 6h 

when normalized by the β-Tub 4, PP2A-1 genes. This trend of target gene expression was 

significantly (p < 0.05 Tukey multiple range test) differ when normalization was carried out 
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by least stable WIN1, eIF-4A as a reference gene. The peak expression pattern of AsHSP20 

also inflated to extreme downregulation when WIN1 was used as a reference gene (Figure 4.28 

A). Similarly, under heat stress CYCA, GAPDH was used as the most stable while UBE2, RP 

II were used as the least calibrator for GOI normalization data. The result showed that the 

expression of AsHSP20 was increased upon the heat induction when stable reference genes 

was used while it significantly overestimated when least stable genes were used as a calibrator 

(Figure 4.28 B). Under salt stress, the expression level of the GOI was up-regulated up to 2-

fold after the normalization by β-Tub 4, RP II stable genes which significantly differ (p < 0.05 

Tukey multiple range test) with of PP2A-1, EEF1α least stable genes. Uniformity in expression 

at each point of salt stress (100nM – 400mM) were noted when normalization was performed 

by the β-Tube 4 and RP II reference genes (Figure 4.28 C). Under Cold stress condition CUL-

1, WIN -1 were the most stable reference genes while EEIFα and eIF-4A were the least stable 

reference genes in Agave sisalana leaves. The target genes exhibited uniform expression when 

normalized with CUL-1 and WIN 1 as reference genes and significantly varied when 

normalized with EEIFα and eIF-4A (Figure 4.28 D).  Similar trend was observed with the least 

stable and most stable reference genes under rehydration condition. Under rehydration 

condition the relative expression pattern of the target gene was different when normalization 

was carried out by the most stable reference genes β-Tub 4, ARF 2 as compared to the least 

stable reference gene eIF-4A and CUL-1 (Figure 4.28 E).   
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4.11.6 Relative Absolute Quantification of AsHSP20 by Quantitative RT-

PCR for Copy Number determination   

To confirm the actual expression of AsHSP20 in the plants under abiotic stress 

condition, the copy number of the AsHSP20 was determined by drawing a standard curve 

(additional file 15) as described in section 3.17.1. Figure 4.28 F showed the copy number of 

AsHSP20 gene under drought, cold, salt, heat and rehydration condition. High copy number of 

the AsHSP20 was observed under the heat and drought stress respectively, while least 

expression was observed under cold and rehydration treatments. Thus, these results were in 

complementary to the trends generated by the stable reference genes particularly. This relative 

absolute quantification of AsHSP20 further proved the accuracy of the stability data.           
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Figure 4. 28: Normalization of AsHSP20 gene expression for validation of selected reference genes (Table 4.19) under (A) Drought 

(B) High Temperature (C) Salt (D) Cold and (E) Rehydration condition.  

The Error bar represents the standard deviation among the biological replicates. The blue and Red solid lines represent the topmost 

stable reference while doted green and indigo lines represent the least stable reference genes under abiotic stress treatments 

respectively. (F) Showed the copy number of the AsHSP20 genes in the A. sisalana leaves. The copy number of AsHSP20 gene was 

determined by relative absolute quantification (additional file 15) in response to abiotic stress condition.     
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4.12  qRT-PCR Based Validation of The DEGS from RNA-Seq 

Data  

To confirm the reliability of RNA-Seq based expression data, 10 DEGs were studied by 

using the quantitative real-time PCR (qRT-PCR). The results showed almost the same level of 

fold changes between RNA-Seq expression and qRT-PCR analyses (Figure 4.29).  stable β-

Tub 4 was used as a reference gene for the normalization of the qRT-PCR data under drought 

stress.  

 

 

 

 

 

Figure 4. 29: RNA-Seq differentially expressed genes data validation by quantitative real-time 

PCR (qRT-PCR).  
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5 Discussion  

Among abiotic factors, undoubtedly water availability is the most critical for crop quality 

and productivity, compromising economic output and human food supply (Roche et al. 2009). 

The effects of drought stress are often manifested at morphological physiological, biochemical 

and molecular level, such as inhibition of growth (Bahrani et al. 2010), accumulation of 

compatible organic solutes, and modifications in the expression of stress responsive-genes 

(Sánchez-Díaz et al. 2008). Agave, a member of the Agavaceae family, has about 166 species 

(Gil-Vega et al. 2006). Remarkable tolerance to drought and heat stress makes the Agave 

species an ideal plant to explore out the essential genomic information for abiotic stress target 

traits. Therefore, the study of these xerophytes at the various level would be very beneficial 

and imperative to understand the tolerance mechanism. Comprehensive genome information 

of Agave sisalana is yet unavailable. The lack of transcriptomic information limits the ways 

for gene identification, evaluation, and characterization. RNA-sequencing refers to the use of 

high throughput sequencing approach for characterizing the transcriptomic dynamics to 

understand the molecular constituent of cells during various aspects of plant growth, 

development, and adaptation (Ozsolak and Milos 2011; Ritchie et al. 2015). In the current 

study, RNA-sequencing approach was carried out to identify the molecular mechanism 

associated with the drought tolerance in Agave sisalana. The findings of the study are 

mentioned below.   

5.1 Physiological Responses of Agave sisalana to Drought stress 

Due to sessile nature, plants are unable to escape when environmental conditions become 

unfavorable. Nevertheless, they can successfully deploy complex physiological and molecular 
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strategies to cope with environmental stresses. In this study, physiological measurements 

confirmed that the plants were subjected to water deficiency, and elicited physiological 

responses to combat this problem. In fact, when water availability is restricted, plants change 

their biochemistry in order to be able to retain as much water as possible and increase their 

chances of survival. Gollan et al. (1986) have reported that parameters including 

photosynthesis (PN), stomatal conductance (C), transpiration rate (E), relative water content 

(RWC), cell membrane injury (CMI) and chlorophyll contents are highly affected by water 

deficit conditions.  

Leaf Relative water content (RWC) is considered as a measure of water status and a 

meaningful index in the study of drought tolerance. Generally, plants hold high relative water 

content during the juvenile stage, at the initial stage of leaf development and decline as the 

biomass increased and leaf matures. Here results showed the substantial decrease in LRWC of 

stressed (55%) plants as compared to control plants (79%). Decreased LRWC leads towards 

the loss of leaf turgidity with a reduction in water potential resulting in reduced photosynthetic 

rate, stomatal conductance, and transpiration rate (Nayyar and Gupta 2006).  

Cell membrane injury is critical factors to check the intensity of drought stress on the 

plant leaves. The tolerance potential of crops to dehydration varies in different plants and this 

ability is influenced by the cell membrane’s capacity to prevent electrolyte leakage at reducing 

water content. It plays a vital role in osmotic adjustment and cell turgidity hence maintaining 

cell integrity. Comparison to control plant (42%), high cell membrane injury was calculated in 

case of drought stress (77%). Water deficiency disrupts the cell membrane making it more 

permeable to ions by enhancing solubilization along with peroxidation of membrane lipids 

(Meloni et al. 2003).  
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Drought stress impedes photosynthesis efficiency of plants by changing the chlorophyll 

content, distressing chlorophyll components and impairing photosynthetic apparatus. The loss 

in chlorophyll content under water-deficit conditions is reckoned as a major reason for 

photosynthetic limitation (Asrar and Elhindi 2011). In the present study, chlorophyll a 5.3 mg 

g-1 to 3.6 mg g-1), chlorophyll b (8.3 mg g-1 to 5.3 mg g-1) and total chlorophyll (14.6 mg g-1 to 

9.3 mg g-1) content of A. sisalana reduced under drought conditions in comparison to control 

plants. Moreover, decrease in chlorophyll content due to water deficit has been ascribed to 

deformation of lamellae vesiculation, excessive swelling, loss of chloroplast membranes and 

appearance of lipid droplets hence disturbing photosynthetic rate of the plant (Günthardt-Goerg 

and Vollenweider 2007). 

5.2 Water Relations indicators of Agave sisalana to Drought 

Stress  

Leaf photosynthesis is also reduced when plants are grown under moisture deficit conditions 

because of a combination of stomatal and non-stomatal limitations (Turner et al. 1986). In this 

study, drought-stressed A. sisalana plants have undergone an excessive loss in photosynthetic 

rate (8.2 µmol m-2s-1 to 5.69 µmol m-2 s-1). The decrease in photosynthetic rate under drought 

stress occurs through stomatal closure and less protoplasm activity which may be due to the 

reduction in stomatal conductance and uptake of water from roots. The repetition of water 

stress cycles might cause photosynthetic adaptability (Leverenz et al. 1990). Many studies have 

reported decreased photosynthetic activity under drought stress due to stomatal or non-stomatal 

mechanisms (Samarah et al. 2009).  
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The data showed a substantial decrease in stomatal conductance in drought-stressed plants in 

comparison to control plants (4.71 mmol m-2s-1 to 2.98 mmol m-2s-1). Stomatal conductance is 

one of the key responses influenced by drought stress due to limiting transpiration rate and 

CO2 influx that ultimately reduces photosynthetic rate (Flexas et al. 2004). This can be linked 

to damage the chlorophyll components, subsequently affecting the photosynthetic apparatus. 

Considering the past literature as well as the current information on drought-induced 

photosynthetic responses, it is evident that stomata closure happens progressively with 

increased drought stress. It is a well-known fact that leaf water status always interacts with 

stomatal conductance and a good correlation between leaf water potential and stomatal 

conductance always exists, even under drought stress. Stomatal responses are more closely 

linked to soil moisture content than to leaf water status (Maroco et al. 1997a; 1997b).  

Transpiration rate is the cooling mechanism of plants to maintain the cellular temperature 

at high temperature. The reduction in transpiration rate of the plant may attribute to reduced 

leaf surface area under water-limited conditions (Correia et al. 2006). In the current study 

transpiration rate (E) was higher in control plants (13.6 mmol m-2 S-1) as compared to drought-

stressed plants (8.2 mmol m-2 S-1). For many crops, transpiration declines when the soil water 

in the root zone has been left only with a third of the extractable water content (Sadras and 

Milroy 1996). These declines precede changes in the water status of the plant and hence, 

attributed to a non-hydraulic root signal produced by roots growing in a drying soil (Chaves et 

al. 2002). Increase in transpiration efficiency under drought has been reported in various crops 

which are attributed to the fact that, partial stomatal closure to increasing water deficits leads 

to more decline in transpiration, as compared to dry matter production (Barceló and 

Poschenrieder 1990; Siddique et al. 2000).  



128 
 

 

5.3 Biochemical Indicators of Agave sisalana to drought stress 

Proline is a compatible solute that accumulates in plant cells under stressed conditions. In 

addition, to maintain osmotic adjustment, proline also plays a role to stabilize sub-cellular 

structures (e.g. membranes and proteins), the buffer redox potential of the cell and scavenge 

free radicals under stressed environment (Farooq et al. 2012). In this study, A. sisalana has 

shown induced proline level in drought-stressed (6.36 µg g-1) in comparison to control plants 

(1.80 µg g-1).  

Malondialdehyde (MDA) estimation is another measure of drought stress in plants. An 

increased level of MDA under drought stress is an indicator of oxidative damage (Bian and 

Jiang 2009). In this study, an elevated level of MDA has been measured in A. sisalana plants 

under drought stress (1.65 µmol g-1) compared to control plants (0.27 µmol g-1).  

5.4 Insight into the de novo Transcriptome Assembly and 

Sequence Annotation  

Drought tolerance is a multi-pronged mechanism orchestrated by a complex set of gene 

actions in plants. Its understanding requires a comprehensive approach to explore gene 

expression and physiological and biochemical pathways. To investigate the dynamic variations 

of the A. sisalana transcriptome to drought conditions, RNA-Seq approach by using the 

Illumina platform was employed. Ninety days of drought stress is considered enough duration 

to activate the plant transcriptome under stress as reported in various studies (Gross et al. 2013; 

Jain et al. 2010). A very crucial and pivotal step in RNA-sequencing experiment is the isolation 

of total RNA while ensuring its quality and integrity. The presence of compounds like 

carbohydrates and phenolics can cause hurdles in nucleic acid (DNA and RNA) isolation. 
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Modified Trizol based RNA isolation method was used following the column-based 

purification method as used by the (Sarwar et al. 2014; 2017). Comparatively, drought-stressed 

RNA libraries produced the 18.5% fewer data than the control that strengthens the hypothesis 

that the A. sisalana genome compromised the normal growth processes under stress and 

activates the various signaling and regulatory proteins to counter the stress. De novo assembly 

is an efficient and comprehensive way for the discovery of novel transcripts, their expression 

behavior and new markers in the absence of the whole genome sequencing data. Assembling 

de novo transcriptomes with the high breadth of coverage and full-length transcript 

reconstruction is still a computationally challenging task, especially in the case of non-model 

polyploid plant species (Schliesky et al. 2012). Among the strategies that have been proposed 

until now, de Bruijn's graph approach is widely accepted as the method of choice for Illumina 

reads. The widely used Trinity assembler has been reported to perform full-length transcripts 

reconstruction more efficiently than another popular assembler like Trans-AByss and SOAP 

de novo-trans (Grabherr et al. 2011). Trinity assembled the 90.3% clean reads into 67,328 non-

redundant unigenes that make possible to perform annotation and association of transcripts 

with biological functions. With BLAST search, 37,546 (55.7%) unigenes out of 67,328 could 

be assigned functionally with sequences in the nr database, confirming the reliability of the 

assembly. In addition to function assignment, the high similarity of unigenes to other plant 

protein sequences also confirms their integrity (Wu et al. 2017). Insufficient information in 

public databases and high sequence variation in Agave species could arguably be reasons 

underlying the high number of un-assigned sequence in the A. sisalana genome. These results 

were similar to those presented in studies by Grabherr et al. (2011) and Xu et al. (2013b). 

However, the statistics of this study about assembly were not in accordance with the findings 
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of Vijay et al. (2013) in which SOAP de novo outperformed the other assemblers (T.ABySS 

and Trinity). Gene ontology (GO) based information about the biological role of transcripts 

under drought stress identified the drought tolerance mechanism, including the discovery of 

novel drought stress-related transcripts in A. sisalana (Jensen and Bork 2010). Based on the 

biological role, differentially expressed genes have been categorized further into functional 

and regulatory groups.  

5.5 Induction of Functional Proteins to Drought Response  

5.5.1 Heat Shock Proteins (HSPs)  

Plant's capability to resist the environmental strains is central to the development. Protein 

dysfunction is a routine event under abiotic stress and is extremely crucial to keep protein 

functional under stress. Activation of the heat shock proteins is the most prominent response 

to depreciate the cellular injuries and re-establishment of cellular homeostasis. Categorization 

of these proteins is based on their approximate molecular weight (Hsp100, Hsp90, Hsp70, 

Hsp60, and HSP20, the small Hsp (sHsp) families) (Sarwar et al. 2014). In this study, 53 heat 

shock proteins related unigenes from 06 major families such as the sHSP20 group members 

(HSP17.4, HSP17.6II, HSP18.2, HSP21, ATHSP22.0, and HSP23.6-MITO), HSP70, HSP90.1, 

and HSP10I were up-regulated under drought stress. HSP20 was significantly enriched group 

with 8.2 enrichment score including the homolog of Arabidopsis (ATHSP22.0, AT5G51440, 

AT2G29500, AT1G52560) (additional file 12 S5) (Figure 4.21). sHSPs are the ubiquitous 

proteins and can be triggered by multiple stresses including water stress, high temperature, 

heavy metals, and toxic substances. More than a 300-fold expression of small heat shock 

proteins was observed in S. oleracea under heat stress (Yan et al. 2016b). In Arabidopsis, over-
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expression of GmHsp90s family from Glycine max act as a damage control agent under the 

abiotic stress (Xu et al. 2013a).  

5.5.2 Antioxidants Response and Osmotic Adjustments to 

Dehydration 

Over-production of ROS is extremely harmful to plants as it causes lipid oxidation, 

DNA damage, and programmed cell death (Mittler et al. 2011). The antioxidant enzymes 

constitute the “first line of defense” against these damages. Here in this study, induced 

expression of enzymatic and non-enzymatic scavenging molecules indicates the active 

protection shield against the oxidative stress in A. sisalana. The enriched GO categories like 

“response to abiotic stimulus” (GO: 0009628) and “response to stress” (GO: 0009628) give a 

strong clue about the active antioxidant enzyme mechanism. Sixteen unigenes were associated 

in enzymatic scavenging include catalase (CAT1, CAT2), ascorbate peroxidase (APX2, APX4, 

TL29), peroxidase (PER64, PAP10) and glutathione were identified (additional file 12 S6). 

Two unigenes (DN17768_c0_g1_i2 and DN19391_c0_g2_i2) encodes the ascorbate 

peroxidase 2 (APX2) and ascorbate peroxidase 4 (TL29) groups, while others four were 

homolog to AT1G71695 (Peroxidase superfamily protein), AT2G41480 (PRX25), AT5G66390 

(PRX72), AT4G33420 (PRX47). Ascorbate peroxidase has a significant role in the ascorbate-

glutathione detoxification system. GST (ec: 2.5.1.18) is critical in glutathione metabolism and 

is considered as an important indicator for improving the tolerance capability of Rice and 

Arabidopsis (Chen et al., 2012; Jain et al., 2010). Here, genes that encode enzymes (ec: 

1.8.5.1), glutathione dehydrogenase (ascorbate) and (ec: 2.5.1.18) glutathione S-transferase 

taking part in glutathione metabolism were also detected. Heavy metal accumulation in plants 

is highly reactive and lethal to living cells. The detoxification transporters and their proteins 
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are well-known to detoxify the heavy metals into the cell vacuole and maintain a theme in a 

balanced amount (Ueno et al., 2010). In total, sixteen genes were identified, six were associated 

with the pleiotropic drug resistance-type ATP-binding protein- PDR (PDR4, PDR5, PDR12), 

two tonoplasts based heavy metal ATPase 2 (HMA2), one was related to farnesylated protein 

6 (FP6), others included heavy metal-associated isoprenylated plant protein (HIPP22, 

HIPP27). In A. thaliana, members of HIPP family involved in the cadmium transport play a 

role in cadmium detoxification (Mittler et al. 2004; Mittler et al. 2011).  

Osmolytes are the nontoxic small compounds, which are synthesized and accumulated 

in plants under abiotic stress. These include non-toxic macromolecules; organic compounds, 

sugars, starch, sugar alcohols, lipid peroxidase, and free proline (Slama et al. 2015). Significant 

activities have been observed in the metabolism of sugar and starch (non-sugar) related 

enzymes. The sugar metabolism associated pathways were also the enriched, “ko00500” with 

the involvement of 07 up-regulated transcripts. The associated enzyme within this pathway 

were (ec: 3.2.1.21) beta-glucosidase/gentiobiase, (ec: 3.2.1.2) saccharose amylase/beta-

amylase, (ec:3.1.3.12) trehalose-6-phosphatase/ trehalose-6-phosphate phosphohydrolase and 

(ec:3.2.1.48) sucrose sucrase/alpha-glucosidase. Trehalose 6-phosphatase (TPP/TPS) is a key 

player in osmoregulation which strengthens the tolerance in plants to the drought stress (Yan 

et al. 2016a; Yan et al. 2016c). We noted 06 up-regulated genes “TPS2, TPS3, and TPS6” 

encoding the trehalose. Enzyme phosphorylase (ec: 2.4.1.1) was also altered that take part in 

the decomposition of non-sugar molecules under drought stress. Other enzymes like 

“(ec:3.1.1.11) - pectinesterase/pectin-demethylase” and “(ec:3.2.1.15)-pectinase/pectin 

depolymerase were induced under drought stress in this study. They are reported to enhance 

the cell-to-cell adhesion, cell elongation, the porosity of the wall, disease resistance and 
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ultimately plant growth and development. The role of secondary metabolites like flavonoids, 

phenylpropanoids is also critical under osmotic stress. Phenylpropanoid biosynthesis pathway 

(ko00940) was enriched with (ec: 2.1.1.146)-O-methyltransferase and (ec: 1.11.1.7) 

peroxidase/lactoperoxidase up-regulated enzymes. Induction of these enzymes indicates the 

critical role in phenylpropanoid biosynthesis in the osmotic stress.   

5.5.3 Biosynthesis of Cuticle, Wax and Cell Wall Metabolism under 

Drought Stress  

  Wax accumulation on the outer surface of plant leaf cuticle provides the hydrophobic 

protection against water loss under osmotic stress (Yeats and Rose 2013). Biosynthesis of wax 

begins in epidermal cells of the plastids with a C16-C18 long chain of fatty acid with cofactor 

acyl carrier protein. β-ketoacyl-CoA synthase (KCS), β-ketoacyl-CoA reductase (KCR), β-

hydroxy acyl-CoA dehydratase (HCD), and enoyl-CoA reductase (ECR) catalyzed the long 

chain to produce the very long chain fatty acid (VLCFAs). In this investigation, all core-

mentioned enzymes that take part in wax biosynthesis and regulation were found in the 

differentially expressed database except the HCD (additional file 12-S12). The expression of 

KCS6, GPAT1 (Glycerol-3-phosphate acyltransferase 1) and LTP3 (Lipid transfer proteins 3) 

were induced under drought stress along with CER1 (Eceriferum /trans-2-enoyl-CoA reductase 

1) and EXL 2 and 3 (EXORDIUM like 2) (ec:2.3.1.75) long-chain- alcohol O-fatty-

acyltransferase; and (ec:2.3.1.20) palmitoyl-CoA-in-1, 2-diacylglycerol acyltransferase 

enzymes take part in cutin, suberine, and wax biosynthesis pathway (Ko00073) with 

(ec:1.14.13.8 – monooxygenase) was also up-regulated under drought stress. Surprisingly a 

long list of wax biosynthesis genes was also down-regulated under drought stress (additional 

file 12-S12). Muthusamy et al (2016) and Ni et al (2016) also reported a high proportion of 
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down-regulation of wax biosynthesis transcripts under drought stress.  The ABC transporter G 

subfamily has been reported to be involved in the export of mature fatty acids in A. thaliana 

(Bessire et al. 2011; Panikashvili et al. 2007) (additional file 12-S8). The involvement of 

ERF/AP2 has been extensively reported in the cuticle biosynthesis, especially regulation, 

accumulation, and transport in response to the abiotic stresses (Ma et al. 2015). MYB TFs are 

also characterized for their role in cuticle metabolism (Ni et al. 2016). These factors in 

combination with other regulatory genes in A. sisalana may act as the coordinator for leaf 

cuticle synthesis. Identification of these wax related genes from this study would assist further 

to understand the biosynthesis and functions of the cuticular wax under drought stress.  

5.6 Signaling and Regulatory Proteins’ Response to Drought 

Stress  

5.6.1 Ca+ Signaling and activation of kinases (PK & RLK)  

Activation of various signaling transduction pathways is key phenomena that happen mostly 

across the cell membranes to initiate a series of the self-protective mechanisms within the cells 

under unfavorable conditions. The protein and receptor kinases are the sensors on the cell 

membrane that perceive extracellular signals and transmit them to target genes for activation 

of the specific stress response. The abundance of the kinases is expected as their domain is 

actively involved in a number of cellular processes. In this study, 78 significantly differentially 

expressed transcripts were associated with the protein and receptor kinase group under drought 

stress conditions. Majority of them belonged to PK and RLK superfamily, like Leucine-rich 

repeat protein kinase and Leucine-rich receptor-like protein kinase family protein RLKs (BAM 

1 & 2, BRII, CLVI, ER, and FSL2). The others include adenosine kinase (ADK 1 & 2, CBL and 
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CBL-interacting protein kinases (CIPK1 & 3, CRCK2), SNF1-related (SNRK2 .1), 

Serine/Threonine kinase catalytic domain protein (NEK5) and other (additional file 12-S4). 

Leucine-rich receptor-like kinases (RLKs) are one of the major groups that managed the 

meristem proliferation, reproduction, organ initiation, specification, and hormonal signal 

cascade. There are several reports that revealed their response towards the drought tolerance 

e.g. in Arabidopsis abrupt increase in RLKs was observed towards the osmotic stress (Osakabe 

et al. 2013).  

  The abrupt increase in calcium ions happens in plants under abiotic stress is a sign of 

activation of stress-responsive cascades. In this study, 09 significantly enriched unigenes that 

belong to the calcium transport signaling group includes calcium ion binding protein (SUB, 

SUB1), calcium exchanger (CAX3, CAX5, and CAX7) and tonoplast calcium sensor (CBL3) 

have been identified (additional file 12-S3). The induced response of these proteins under 

drought stress stabilized the structural rigidity of the cell wall. The CAX group of genes have 

been discovered in a number of plant species and act ubiquitously as they regulate the tonoplast 

localized Ca2+ /H+ antiport activities. Furthermore, the interaction among different protein 

phosphatases like HAI2, HAI3, and kinases such as serine/threonine-protein kinase (NEK5), 

CBL-interacting protein kinase initiated the protein phosphorylation cascade which takes part 

in cell signal recognition and transduction in responses of plants to abiotic stress (Luan 2009). 

SNF1-related protein kinase 2.1 (SNRK2.1) also acts as a positive regulator of the hormonal 

(ABA) signaling. In A. thaliana complex association between the Calcineurin like proteins 

(CBL4/CIPK) is associated with the sodium ions release from the cells and absorption of K+ 

by the root surface, that regulates the stomatal behavior under osmotic stress (Kudla et al. 

2010).  
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5.6.2 Phytohormones and Drought Stress    

To combat various environmental stresses, novel and dynamic approaches should be 

devised, and phytohormone engineering could be a method of choice to improve drought 

tolerance (Sah et al. 2016). Plant hormones improve the resistance to osmotic stress by 

regulating physiological processes. The abscisic acid (ABA) is a key plant growth regulator 

that is directly involved in response to abiotic stresses (Sah et al. 2016). Here, 23 up-regulated 

unigenes have been observed which were related to ABA-induced protein phosphatase 2 and 3 

(HAI2 and HAI3) (ec:3.1.3.16), 01 related to protein phosphatase 2C A group (PP2CA) 

(ec:3.1.3.16), homolog of ABI2 (HAB, HAB2), while 04 were related to protein phosphatase 

2C families (ABI1) that are homologous of AT3G62260, AT3G63320, AT1G18030, 

AT3G12620 IDs. A higher number of up regulations of ABA encodes unigenes including ABA 

receptor family (PYL4) is an indication of higher accumulation of ABA due to decreased 

cellular water content under drought stress (additional file 12-S9).  

Protein phosphatases are the chief regulators and considered to mediate the ABA 

triggered signaling pathways. Induced PP2C and PP3C (Protein phosphatases) level in 

association with the ABA pathway indicated its hyperactive response to the drought stress in 

A. sisalana, which is a conserved mechanism in the metabolism of ABA. The differential 

expression of these genes may regulate the guard cells of stomata for air exchange and 

activation of ABA-dependent regulatory elements, such as MYB factors. Auxin biosynthesis 

and transport are essential in regulating response to the environmental stresses, including 

drought, salinity, and pathogen attack. Changes in Indole-3-acetic acid (IAA) biosynthesis in 

response to external stimulus regulate the stomatal closure via cross-talk with other plant 

hormones like ABA. The IAA mutant plant of Arabidopsis exhibited significant induced water 
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loss than the normal plants (Shi et al. 2014). Enrichment analysis showed the number of genes 

contributing to the growth under drought stress related to auxin hormones including auxin-

induced protein ( IAA13, IAA16, IAA33 ), auxin response factor (ARF-1,9,11,19) that were 

homologous to (AT1G19220, AT4G23980, AT1G59750, AT2G46530), GH3 and  4, auxin 

efflux carrier family protein (PIN1and EIR1), like-LAX2 related gene, auxin- responsive factor 

AUX/IAA-like protein (NPH4) and auxin binding ABP like proteins (additional dataset 6-S10). 

Several positively regulated induced auxins genes is an indication of its important role in A. 

sisalana in response to drought stress. 

 Thirty-seven DE unigenes were related to the cytochrome p450s gene family have also 

been observed (additional file 12 6-S11). Cytochrome is one of the largest and central 

superfamilies in plants, so far encoding about 1% of the protein coding sequences which act in 

hormonal control mechanisms including biosynthesis and catabolism of primary and secondary 

metabolites. The exact biological function of the majority of cytochromes members is not 

established. (Mizutani 2012).  Several members of this group like CYP71 are known to catalyze 

the production of aliphatic and aromatic nitriles suggested their possible role in defense to the 

biotic stress (Frisch and Møller 2012; Nelson and Werck‐Reichhart 2011). Members of CYP 

family like CYP86, CYP94, CYP96, and CYP704 are also regarded as candidates for cuticle 

biosynthesis (Wellesen et al. 2001; Xiao et al. 2004). The detection of these cytochromes in 

this dataset may be pointed out as a potential role for cuticle biosynthetic enzymes. The 

promoter region of various cytochromes genes has the affinity for the drought-induced TF 

including MYB/MYC, TGA, and W-box for the WRKY. The appearance of high number 

unigenes associated with these TFs and the CYPs-450 might be a strategy to stress response. 

Biosynthesis of the jasmonic acid (JA) and Brassinosteroids (BR) hormones are also stressed 
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sensitive. In this data, 02 differentially expressed genes have been observed that were involved 

in the alpha-Linolenic acid metabolism that regulates the JA biosynthesis (Pan et al. 2014). 

There are several reports that confirmed their involvement to improve the stress tolerance 

ability of drought-tolerant cultivars (Bai et al. 2017; Lenka et al. 2011). The transcription 

factor-like MYC2 is a key regulator of JA response and in this study, its up-regulation indicates 

its regulatory role and may act as a mediator in cross-talk along with WRKY and MYB TFs.  

5.6.3 Transcriptional Regulatory Network Induced in Response to 

Drought Stress  

Role of transcription factors to abiotic stress in plants is critical and have been studied in a 

variety of plant species (Fujita et al. 2011; Lata and Prasad 2011). TFs are the key regulatory 

switches that directly regulate the signal transduction pathways (Gupta et al. 2010). In 

eukaryotes, especially in plants, TFs are highly conserved and represented by various 

multigene families to perform specific functions. The number of genes that encode these 

families may vary due to origin, expansion, and tissue-specific functions. In the current study, 

372 transcription factors belonging to the ERF (E2F3) family, bHLH, NAC, HSF, MYB, and 

Zinc finger-like protein and others are found to be differentially up-regulated under drought 

stress (additional file 12 S1).  In addition, 02 unigenes belonging to the GRAS transcription 

family, PAT1, and SCL7 (homolog of AT5G41920) have also been observed. GRAS play a 

critical function in plant growth and environmental adaptation, especially for the modulation 

of plant tolerance to stress (Hirsch and Oldroyd 2009). In A. thaliana, up-regulation of the 

SCL7 and SCL 23 TF has enhanced tolerance to the salt and drought stress (Bai et al. 2017). 

Heat Shock TFs (HSF) is considered central facilitator for expression of the genes responsive 

to various abiotic stress conditions. Here, 08 upregulated DEG got annotation to HSFs group, 
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including HSF3, HSFA3, HSF-A4A, HSFB2A, HSFB4, and HSFC1. NAC proteins are plant-

specific TFs that are considered important for plant development, abiotic stress responses as 

well as for ABA signaling. The Arabidopsis and rice genome, have 106 and 149 NAC proteins 

respectively. Here, 27 induced unigenes related to NAC TF family under drought stress were 

also detected. Overexpression of the NAC enhanced the longevity and the abiotic stress 

tolerance efficiency in Arabidopsis, Oryza sativa, Zea mays (ZmNAC55) and Cicer (CarNAC4) 

(Marques et al. 2017). These results indicate that drought stress drives the changes in 

expression of many regulatory genes, which may act as key components to trigger out the 

signal transduction and pathway activations to drought stress. 

5.7 Ranking of Candidate Housekeeping Genes Based on 

Stability under Abiotic Stress Condition  

The qRT-PCR is one of the most recognized technique to monitor the response of GOI 

accurately towards a specific condition in biological research. This accuracy of the qRT-PCR 

generated results mostly vulnerable to numerous factors like RNA quality, non-specificity of 

primers, enzymes efficiency, reference genes and selection of statistical method for 

normalization may lead to misinterpretation of the results (Nikalje et al. 2018a). The use of 

appropriate housekeeping genes in relative quantification is critical for data normalization. 

These should behave stably irrespective to tissue, organ, developmental stage, and 

environmental factors. Generally, these genes are mainly involved in primary metabolism and 

other cellular processes, which are important for plant survival. The harsh environmental 

condition disrupts plant metabolism and may alter their expression altogether. Many studies 

have noted the variable behavior of housekeeping genes to environmental forces, which might 
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lead to wrong interpretation of GOI, therefore the selection of appropriate housekeeping gene 

become a bottleneck for an accurate estimation of gene expression. No single reference gene 

yet reported that showing the stable expression in different tissues across all the samples.  

High throughput sequencing provides an opportunity for the screening of genes from the non-

model organisms in the insufficient information of whole genome information.  Arabidopsis 

whole genome Affymetrix ATH1 chip was first to be proposed by Czechowski and co-workers 

to screen out the reference genes under abiotic stress condition, while González-Agüero et al 

(2016) for the first time used the RNA-Seq data of grape transcriptome and refined the 

analytical process for reference gene screening (Czechowski et al. 2005b). The current study 

is a first report for the identification of appropriate genes for the accurate normalization of GOI 

in Agave sisalana leaf tissue under drought (rehydration) heat, cold, salt stress condition using 

the transcriptome database (Sarwar et al. 2019). Here in this study, total 12 housekeeping genes 

from the leaf specific Agave sisalana transcriptome data were identified includes GAPDH, 

ARF2, UBE-2, β-Tub 4, CYC-A, RP-II, eIF-4A, EEF1- α, WIN-1, PP2-A, ACT11, and CUL-1 

and accessed their expression towards different abiotic stress condition by using qRT-PCR. 

SYBER Green detection dye was used for Ct values determination. A good range of 

amplification efficiency was observed for the primer pair of twelve candidates’ reference 

genes. The raw Ct values for each gene were in the range of 14.5 to 30.7 which indicates the 

suitability of the results for further analysis. The geNorm, NormFinder, BestKeeper, and 

RefFinder algorithms were used to determine the stability of the candidate genes’ expression 

data.      

Each software ranked the candidates reference genes inconstantly on variable order because of 

the different working approaches of the algorithm. Overall, least stable genes were consistent 
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across the abiotic stress treatments by several statistical analysis. Under drought stress, β-Tub 

4 was ranked 1st by NormFinder and BestKeeper while it stood at second place by the geNorm. 

CUL-1 gene showed stability under cold stress and ranked 1st by all the algorithms. Under heat 

stress condition CUL-1, GAPDH and CUL-1 ranked as most stable by geNorm, NormFinder, 

and BestKeeper, while the similar conflicting trend was observed under rehydration and salt 

stress treatments where β-Tub 4, ARF2, GAPDH and ARF2, β-Tub 4 and RPII ranked 1st 

respectively. RefFinder approach made a comprehensive ranking of candidate genes and 

determined the stability indicator based on above-mentioned algorithms rankings. (Nikalje et 

al. 2018a; Xiao et al. 2015). Lower the value by the RefFinder indicates the high stability of 

the gene while higher value indicates the lower stability. Hence, the final selection for the 

ranking of the reference genes was made based on the output from the RefFinder. β-Tub 4 was 

the most stable reference genes under the drought, rehydration and salt-stressed samples with 

lowest RefFinder value, while CYCA and CUL-1 had the lowest value under high and low-

temperature stress respectively. No consensus was observed for the second-best gene across 

all the samples. This may be because of the plants responded by a different set of metabolome 

and proteome under different stress condition (Nikalje et al. 2018a). The combined analysis 

from all the stressed samples (drought, rehydration, heat, cold and salt stress) together, β-Tub 

4 was identified as the most stable genes followed by the WIN1, CYCA, and ACT11. Under 

drought stress condition β-Tub 4 and PP2A-1 genes achieved stable expression. Under 

rehydration, β-Tub 4 and ARF2 performed best as the most stable reference genes in leaves. 

For heat stress, CYCA and GAPDH were the optimal reference genes, while CUL-1 and WIN-

1 showed the highest stability under cold treatment to the leaves. To the salt stress, leaf sample 

consensus was made for the β-Tub 4 along with RPII as stable reference genes.             
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Several recent studies have reported that the target gene expression would be more appropriate, 

steady and precise when normalization was carried out by two or more internal reference genes 

in the specific experimental setup (Expósito-Rodríguez et al. 2008; Gutierrez et al. 2008; 

Karuppaiya et al. 2017; Reid et al. 2006). So, by considering the maximum required number 

of the reference genes for optimal normalization of GOI by geNorm software also figured out. 

the geNorm applet calculates the successive normalization factors NF (NFn and NFn+1) 

initially for two highly stable reference genes and then move onward by adding one by one 

with an order to determines the pairwise variation (Vn/Vn+1) (Kumar et al. 2013b).  Usually, 

a threshold of 0.15 value (Vn/Vn+1) is applied to calculate the best combination reference genes, 

second to no additional reference genes (n+1) for GOI normalization are required 

(Vandesompele et al. 2002). Further, reports regarding the cut-off value cited that the 0.15 

value should not be considered as a rigorous standard but rather as an ideal value, and could 

be found higher (Vn/Vn+1) for optimal normalization of data. Under drought and salt stress 

condition, all pairwise variation was below the 0.15 limit. Here in this study Vn/Vn+1 value 

suggested that only two best internal reference genes could be appropriate for GOI 

normalization in the leaves. Under the combined analysis of stressed samples, all the pairwise 

variation was out of the default limit of 0.15.  

Further, the reliability of the most and least stable identified candidate housekeeping genes 

was verified by relative profiling of stress-responsive small heat shock protein gene AsHSP20 

under abiotic stress condition. Small heat shock proteins (sHSPs) is an abiotic stress-inducible 

gene family member, which play important and extensive roles in plant stability under abiotic 

stress condition especially high temperature and drought stress. The relative expression of 

AsHSP20 exhibited a significant difference in pattern when combination of  β-Tub 4, PP2A-1; 
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β-Tub 4, ARF2; CYCA, GAPDH; CUL-1, WIN1; β-Tub 4, and RP II stable genes were used a 

reference for normalization under abiotic stress condition that validated their suitability for 

quantification of target gene in drought; rehydration; heat; cold and salt-stressed leaves 

respectively. The AsHSP20 exhibited severe disparities in expression pattern when least stable 

reference genes’ combination WIN1, eIF-4A; CUL-1, eIF-4A; UBE2, RP II; EEF1α, eIF-4A, 

and PP2A-1, EEF1α were used for normalization the qPCR generated data under abiotic stress 

condition suggesting that those genes would be unreliable for RT-qPCR analysis in the 

respective stressed Agave sisalana leaves. Additionally, the highest copy number of the 

AsHSP20 were observed under the heat, drought and salt treatments respectively, while the 

lowest copy number were detected under the rehydration and cold stress respectively. Hence, 

this data further confirmed the reliability of reference genes used to normalize the target gene 

expression under abiotic stress conditions. This is the first report on the identification and 

validation of the suitable candidate’s reference genes for accurate qRT-PCR data normalization 

in Agave sisalana under abiotic stress conditions.    

To the best of our knowledge, we reported the first transcriptome study of Agave sisalana with 

the objective to identify the functional genes associated with drought tolerance. Total 67,328 

unigenes were de novo assembled, and 37546 were functionally annotated. Further differential 

gene expression provides a clear understanding of drought stress-responsive mechanism. In 

addition, the identified genetic marker will provide the source for marker development in this 

species. This study may not only provide the insights to genomics of adaptation of drought 

tolerance in Agave but also excellent genetic resources for drought-tolerant crop development. 
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7 APPENDICIES 

APPENDIX-I 

Acid Ninhydrin Solution 

Ninhydrin    1.25g 

Glacial acetic acid   30ml 

H3PO4 (6M)    20ml 

 

APPENDIX-II 

TAE Buffer (50X)    

Tris base    242g 

Glacial acetic acid   57.1ml 

0.5M EDTA (pH:8)   100ml 
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