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ABSTRACT 

Phosphorus is an important macroelement that regulates crop health, grain yield, and 

productivity. Increasing demand for phosphorus fertilizer, unfertile soils, limited 

resources of poor farmers, and depleting reservoirs of natural phosphorus are among 

the major problems of phosphorus deficiency. Wheat crop is mostly grown on marginal 

lands and rainfed areas, where phosphorus content is lower, and P fixation is limited. 

The development of wheat varieties with a deep rooting system, nutrient-use efficiency, 

and high yielding under phosphorus starvation condition is the sole solution to 

improving wheat productivity. To develop such wheat varieties, it is necessary to 

identify the genetic regulators involved in the P use efficiency and deeper rooting. The 

Phosphorus Starvation Tolerance 1 (PSTOL1) gene has been identified and 

characterized in rice, maize, and sorghum. This gene is suggested to play a key role in 

efficient P uptake, deeper rooting, and high yield production under phosphorus 

starvation. Previous studies in wheat only focused on one homolog, TaPstol5AS-1, and 

characterized its role in phosphorus-use-efficiency. Therefore, the present study was 

carried out to characterize the TaPSTOL1 gene at a genome-wide level. We identified 

the 22 orthologs in the whole wheat genome using the latest reference sequence 

(IWGSC v.1.1). Based on the phylogenetic tree, these orthologs of the PSTOL1 gene 

were classified into three groups. Using RNA-sequence data from a previous study, the 

expression profiling of 22 orthologs was analyzed in root and shoot tissues under 

normal and phosphorus-deficient conditions. Four putative candidate genes 

(TraesCS3A02G018500.1, TraesCS3B02G295000, TraesCS5B02G391900, 

TraesCS5D02G396800) were selected based on differential expression in shoot and 

root under control and P starvation condition. RT-PCR further verified the expression 

pattern of these genes. P-efficient (Pakistan-13) wheat cultivar also significantly 

increased P-uptake, root length, volume, and surface area compared to P-non-efficient 

(Shafaq-06) cultivar. Altogether, these results revealed the role of the PSTOL1 gene in 

wheat P-uptake, root architecture, and efficient growth of plants under phosphorus 

starvation conditions. In the future, functional validation of the putative candidate genes 

in wheat will help us identify the role of the TaPSTOL1 gene.  
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INTRODUCTION 

1.1 Wheat – Fundamental Food Source Around the Globe 

Bread wheat (Triticum aestivum L.) is one of the major staple crops around the globe. 

It is among a few of the largest food crops in the Central West Asia and North Africa 

(CWANA) region, with a 45% per capita calorie intake and a consumption rate of 200 

kg per person annually (Tadesse et al., 2017). It meets about 35% of the calorie demand 

of the global population, and because of its unique ability to make many different kinds 

of foods, wheat tops other primary cereal crops around the world (Shewry and Hey, 

2015). 

Wheat yield during 1961-2013 increased from 1.1 – 2.6 t/ha (Tadesse et al., 2017). 

Kazakhstan is the top country that grows wheat on the largest area of about 13.7 Mha, 

Pakistan is the second with 8.9Mha, and Turkey is the third with 7.9Mha. This increase 

in the production area and yield were all made possible by the use of improved wheat 

cultivars obtained from the International Maize and Wheat Improvement Centre 

(CIMMYT) and the International Centre for Agriculture Research in the Dry Areas 

(ICARDA) (Tadesse et al., 2017). Wheat is the most produced crop in Asia, one of the 

most significant food sources in this region, ranking first in China and second in India. 

According to FAO, wheat is produced 642 million tonnes per year globally. Still, it will 

not be enough to meet the demands of the increasing population, and by 2050 the global 

production of wheat will have to be 840 million tonnes per year (Sharma et al., 2015). 

It is also observed that this production rate declined by >0.9% in recent years, which 

has become a concern and will become an alarming situation if left unchecked (Gupta 

et al., 2020).  

1.2 Wheat Evolution History 

About 10,000 years ago, wheat was domesticated in Fertile Crescent Civilization and 

became the Neolithic era's founder crops (Avni et al., 2017). Today's hexaploid wheat 

underwent a polyploidization event about half a million years ago (El Baidouri et al., 

2017).  

About half a million years ago, two diploid wheat species, Aegilopes speltoids (BB 

genome) and Triticum urartu (AA genome), hybridized to form tetraploid wheat 

Triticum turgidum (spp. diccocoides - AABB genome) (Bariah et al., 2020). After that, 
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the second polyploidization event occurred about 10,000 years ago, and Triticum 

turgidum (spp. durum - AABB) hybridized with diploid wheat Aegilopes tauschii (DD 

genome) and formed present-day hexaploid wheat (AABBDD) with approx. 17Gbp 

genome size (El Baidouri et al., 2017) (Figure 1.1). In comparison with their diploid 

ancestors, the hexaploid wheat multiplied over a wide geographical area. Hexaploid 

wheat shows an ample number of morphological variations and quickly occupies large 

diversified ecological niches (Bariah et al., 2020). 

 

Figure 1.1:  Evolution of wheat (Triticum aestivum L.) over time. The first 

polyploidization event occurred about half a million years ago. The second 

polyploidization event occurred 10,000 years ago. 

1.3 Importance of Wheat and Food Insecurity in Pakistan 

Pakistan is the 2nd largest country in South Asia in the area and the 36th largest country 

globally. The primary source of Pakistan's economy is crop production, as out of 

79.6Mha of the total area, 19Mha is used for crop production. Wheat is the second 

most-produced crop in Pakistan. The most dominant food crop is wheat of rabi season, 

contributing to 1.9% GDP (Ahmad et al., 2015; Haider et al., 2019).  

In Pakistan, historically, the food production and population increase have been 

advancing in equal proportion. But according to recent consensus (Pakistan Gov. 

consensus 2017), the population has increased to 208 million, and 47% of Pakistan's 
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population is currently facing food insecurity. It is estimated that by 2050 the 

population will increase to 270 million, and with escalating water scarcity in Pakistan, 

maintaining agricultural advancement will become challenging (Khaliq et al., 2019). 

With Pakistan's increasing population, wheat consumption is escalating at alarming 

rates, and in the future, wheat and agricultural production will not be able to cope with 

the increasing population. The season-to-season wheat production is varying from 

2391-2848 kg/ha. It suggests that productivity is affected by crop management, bio-

physiological factors, deficient soil, and climate changes. These factors cause the yield 

gap, and with the increasing populous the demand is not being met with every passing 

year (Khaliq et al., 2019). Hence, the solution will be to either increase the food 

production in already available geographical areas or develop wheat varieties that can 

quickly grow even in marginal areas that are deficient and non-suitable for its 

production.  

1.4 Biotic and Abiotic Factors Limiting the Wheat Productivity 

The biggest threat to crop plants worldwide is different biotic and abiotic stresses that 

exponentially affect plant growth and yield. Although plants try to cope by developing 

different strategies, these stresses still threaten crop yield and biomass. Insects, fungi, 

bacteria, weeds, nematodes, and viruses entail biotic stress, which causes yield loss of 

approximately 35% per annum (Baillo et al., 2019). While heat, drought, cold, salinity, 

water-logging, UV radiation, osmotic stress, and nutrients deficiency are among the 

abiotic stresses causing yield loss of about 50% annually (Baillo et al., 2019). 

Wheat is one of the major food crops in the world that is primarily affected by different 

biotic and abiotic stresses leading to significant yield loss. Many genes fight against 

biotic and abiotic stresses, altering plants morphologically, physiologically. Plants also 

survive by producing different biochemicals to cope with these stresses. A lot of 

research and experiments are being conducted to identify different biotic stress 

resistance genes from wild wheat cultivars. Efforts are also underway to develop biotic 

stress tolerant wheat cultivars around the globe. By far, 450 genes have been identified 

in wheat, which produces biotic stress resistance. About a third of these genes provide 

resistance against the four most wheat-damaging fungal diseases; stripe rust, powdery 

mildew, leaf rust, and stem rust (Singla et al., 2016). Plant hormones like jasmonates, 

ethylene, auxins, gibberellins, and cytokinins develop tolerance against multiple abiotic 
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stresses. Hence, these phytohormones can be engineered and modified to produce such 

lines, which will be abiotic stress-tolerant (Raza et al., 2019).  

Among the other abiotic stresses, nutrient deficiency is one of the major hurdles for 

wheat growth. Factors like economic conditions of different farmers and the 

surrounding climate of plants affect the nutrient use efficiency of plants. Like other 

plants, wheat also needs nutrients like N, P, and K to thrive with better yield 

performance and high-quality fiber (Salim and Raza, 2020). Providing essential 

nutrients is vital for higher yield and healthy plant growth. Among other nutrients, 

wheat requires more elevated phosphorus (P) content than other food crops. P-

deficiency stress in wheat crops hinders growth and development as it is essential for 

seed germination, tillering, and seed development. According to an estimate, wheat 

removes about 2.5 – 8 kg of phosphate per tonne of its grain (Soumya et al., 2021). To 

keep up with P-deficiency, fertilizers are applied continuously to the soil. It has become 

difficult, laborious, and expensive to replenish phosphate fertilizers with depleting rock 

reserves. On top of that, wheat produces a low response against phosphate fertilizers 

(Soumya et al., 2021).  An effort is going around the world to develop such crops that 

can cope with phosphorus deficiency and survive without losing much yield or biomass 

because of the phosphorus starvation stress (McDonald et al., 2015). 

1.5 Phosphorus Deficiency in Soil and Future Prospects 

One of the primary and vital minerals that a plant needs while growing is phosphorus. 

Phosphorus makes about 0.2% of the dry weight of plants and is a crucial part of the 

energy unit ATP, phospholipids, and nucleic acids (Hufnagel et al., 2014). The 

deficiency of available phosphorus is one of the major abiotic stresses in the process of 

plant growth. A lot of phosphorus is present in tropical soil. Still, its bioavailability is 

relatively low because most of the phosphorus is fixed in the soil clay by iron oxides, 

aluminum, or in the form of organic compounds (Hufnagel et al., 2014). 

To increase the bioavailability of phosphorus and overcome its deficiency in the soil, 

fertilizers are applied to the soil regularly. These fertilizers are made from phosphorus 

rock reserves, which are the non-renewable mineral source, and this reserve keeps 

depleting at a much faster rate. According to some studies, most phosphorus rock 

reservoirs will only last for the next 300-400 years while, according to others available, 

phosphorus will be gone by 2100 (Sattari et al., 2012; Veneklaas et al., 2012). With the 
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depleting phosphorous rock reserves, the processing, manufacturing, and transportation 

costs are skyrocketing (Gemenet et al., 2016). This makes it difficult for farmers of 

developing countries to afford phosphorus fertilizer in the future. This emphasizes the 

development of varieties which will perform better under phosphorus-deficient 

conditions. 

1.6 Effect of Phosphorous Deficiency on Crop Plants 

The deficiency of available phosphorous dramatically affects the yield and morphology 

of the plants. Under phosphorous deficient soils, the shoots of the plant stop growing 

or develop at a prolonged rate. Plant roots become more extended, dry root weight and 

root surface area increase, and root diameter decrease (UYGUR and Mustafa, 2018). 

Some plants secrete mucilage in phosphorous deficiency, while growing conditions 

also affect the response against phosphorous deficiency (UYGUR and Mustafa, 2018). 

Different cultivars show diverse responses against phosphorous deficiency. According 

to (Chaudhary et al., 2008), there was a severe decrease in photosynthetic capability, 

biomass, and nitrogen fixation ability in the mashbean and mungbean.  

When grown hydroponically in a phosphorous deficient condition, barley plants 

(Hordeum vulgare) showed an increase in root to shoot ratio, decrease in shoot weight, 

biomass, and tillering, and a minor reduction in chlorophyll content (Frydenvang et al., 

2015). The first step in the electron transport chain, in which electron flows from 

cytochrome to electron sink, completely vanished under phosphorous deficient 

conditions, indicating the significant effect of P deficiency on the photosynthesis ability 

of barley plants (Frydenvang et al., 2015). P-deficiency in barley (Hordeum vulgare) 

showed no visible symptoms on leaves but damaged the leaf tissue internally to a great 

extent. It caused a reduction in orthophosphate concentrations in the stroma of 

chloroplast, which inhibited the activity of ATP synthase. This leads to proton 

accumulation and lumen acidification, inhibiting the electron transport chain 

(Carstensen et al., 2018). In rice (Oryza sativa), the phosphorous deficiency caused a 

reduction in nodal root numbers, plant phosphorous content, dry weight of shoots, plant 

height, and plant tiller numbers. These rice plants also exhibit a decline in the density 

of large lateral roots and root length of both large and small lateral roots, along with an 

increase in thickness and length of root hairs (Vejchasarn et al., 2016).  
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Hence, the need for such cultivars adept at growing appropriately under phosphorus-

deficient conditions to attain sustained agricultural production globally. In West Africa, 

multi-environmental trials were conducted to introduce new agronomic practices in 

Sorghum bicolor to grow better in a phosphorous deficient environment (Leiser et al., 

2012). Similarly, sugarcane varieties were grown under the phosphorous deficient 

conditions to understand the difference in photosynthetic activities and morphological 

parameters and identify which cultivars are better suited for growth in phosphorous 

deficient environments (Zambrosi et al., 2015).  

1.7 Impact of Phosphorous Deficiency on Wheat 

Like other crops, the phosphorous deficiency in the soil also affects the wheat crops 

significantly. The phosphorous fertilizer application is essential for the high yield and 

optimum quality of produced wheat under phosphorous deficient conditions. With the 

depleting phosphate rock reserves and side-effects of fertilizer, there is a dire need to 

develop wheat cultivars that can grow under poor phosphorous soils (Yang et al., 2018).  

Roots are the central passage through which a plant acquires all its minerals and water 

from the soil, which makes wheat plant roots the best target for modification for 

growing in nutrient-deficient soils (Stangoulis, 2019). To correctly modify the wheat 

root system to make it self-sufficient in phosphorous deficient soils, we need to 

understand the root architecture system of wheat plants. Wheat has many adventitious 

and seminal roots (Stangoulis, 2019). Eighty-nine wheat genotypes were investigated 

under low phosphorus content (5µM) and high phosphorus content (500µM), which 

revealed a significant increase in surface area, total root length, root volume, root to 

shoot ratio, and total root dry weight (Soumya et al., 2021). The reduction in root 

diameter and phosphorus uptake was observed as well. By identifying and targeting 

genes responsible for different root morphology under phosphorous stress in wheat 

cultivars resistant to deficient soils, we might modify wheat cultivars to better adapt to 

phosphorous deficient soils without a decrease in yield.  

1.8 Plants Adaptive Strategies Against Phosphorous Deficiency 

To cope with P-deficiency stress plants, undergo many morphological, physiological, 

and biochemical changes. Morphologically, plants alter their root architecture to 

increase phosphorus use efficiency (PUE). They release several low-molecular organic 

compounds to increase phosphorous uptake from the soil and form a mutual 
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relationship with mycorrhizal fungi and growth-boosting bacteria (Malhotra et al., 

2018). Legumes create a symbiotic relationship with rhizobia to maintain phosphorous 

homeostasis as a strategy against P deficiency. They keep stable amounts of 

phosphorous in their tissues by developing phosphorous sinks in nodules, allocating 

elevated phosphorous to nodules, or acquiring phosphorous directly through nodules 

surface (Sulieman and Tran, 2015). Maize showed enhanced root cortical aerenchyma 

(RCA), reducing root aspiration and increasing P uptake efficiency (Vejchasarn et al., 

2016). To prevent the inhibition of photosynthesis under P deficiency, plants alter the 

composition of thylakoid membranes. It does not require membrane-bound inorganic 

phosphate, leaving it accessible for photosynthesis (Malhotra et al., 2018).  

1.9 Molecular Response of Plants Towards P-Deficiency 

Along with morphological responses, plants show many molecular responses to cope 

with P deficiency in the soil. Plants have evolved by creating a large and diverse 

rhizospheric pool to have hefty inorganic phosphate uptake by releasing P-releasing 

enzymes like RNAses, Purple Acid Phosphatases (PAPs), and excreting high amounts 

of organic acids (Lan et al., 2018). Plants have reprogrammed their metabolism to 

increase P use efficiency, and they also regulate the production of high-affinity 

phosphorous transporters to control the inflow of extracellular inorganic phosphate 

(Lan et al., 2018).  

Plants induce membrane transporters to enhance their phosphorous acquisition 

capability (Chen et al., 2015). Some plants use different phosphatases and organic acids 

to increase phosphorous uptake from soil and mobilize the internal phosphate 

molecules. It was observed that immature mulberry leaves display a defense mechanism 

to protect them from oxidative damage caused by P deficiency by increasing the activity 

of their antioxidant enzymes (Chen et al., 2015).  

1.10 Genes Involved in Producing Phosphorus Stress Response 

Many genes are involved in generating responses toward P deficiency. These genes are 

divided into two groups; "early genes," which show rapid and non-specific response 

towards P deficiency, and "late genes," which are activated under prolonged P 

deficiency and influence the metabolism, morphology, and physiology of plants to cope 

with P deficiency (Hammond et al., 2004). The genes responsible for generating 

responses toward phosphate starvation stress are termed PSR genes or Phosphate 
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starvation responsive genes (Kuo and Chiou, 2011). Many factors are found in plants 

that regulate these PSR genes, with microRNA being the new player. The microRNAs 

are involved in regulating Pi homeostasis in plants and signaling during P deficiency 

(Kuo and Chiou, 2011). 

Constant research is being conducted to identify phosphorous regulation genes. Two 

cis-regulatory elements were identified upon analysis of P regulation genes in yeast 

which were involved in controlling gene expression against P deficiency. Similar 

factors were then identified in P deficiency responsive genes of tomato (TPSI1), the 

(barrel clover) Medicago truncatula (Mt4), Arabidopsis thaliana (At4 and AtIPS1), and 

in Oryza sativa (OsPI1). These genes encode short open reading frames and induce 

rapid P deficiency-specific response (Hammond et al., 2004). Pht1 family of proteins 

Finger Millet (Eleusine coracana L.) plants show promising results under phosphorous 

stress. The expression of EcPT1-4 in Finger Millet crop plays a significant role in a 

phosphorous acquisition under P-deficient conditions (Pudake et al., 2017). Genes 

encoding phosphate transporter proteins were found to be involved in coping against 

phosphorous stress by generating the symbiotic relationship with ectomycorrhiza in 

Masson pine (Pinus massoniana) (Zhang et al., 2017).  

1.11 Role of PSTOL1 (Phosphorous Starvation Tolerance 1) Gene under 

Phosphorous Stress 

Among other P deficiency tolerance-inducing genes, PSTOL1 is one of the critical 

genes. The Pup1 specific protein-kinase was discovered by (Gamuyao et al., 2012) and 

named as phosphorous starvation tolerance 1 (PSTOL1) gene in rice (Oryza sativa). It 

was found that when the PSTOL1 gene was over-expressed in plants growing in 

phosphorous deficient soil, a significant increase in yield and biomass of rice grains 

was observed. PSTOL1 gene acts by increasing the early growth of roots, enabling the 

plants to acquire more phosphorous from P deficient soil (Gamuyao et al., 2012).  

Upon comparing rice crops that were overexpressing PSTOL1 and those lacking the 

gene, it was seen that crops with overexpression showed enhanced root growth and 

proliferation; hence, the kinases coded by the PSTOL1 gene increased the ability of 

plants to mine more phosphorous (Kochian, 2012). The finding of the PSTOL1 gene 

opened up new frontiers of research. By identifying orthologs of this gene in different 

crops and targeting its expression, crops can be made to proliferate in phosphorous 
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deficient soil with more yield and biomass. The use of fertilizer can also be reduced for 

inorganic phosphorous acquisition.  

PSTOL1 homologs were identified and investigated in Sorghum bicolor to create such 

Sorghum lines that can grow with more yield and biomass under P deficiency stress. 

An experiment was conducted in Brazil; root surface area and root length were 

correlated with grain yield. When PSTOL1 homologs were targeted, the root diameter 

decreased, and the roots surface area increased, thus leading to a significant increase in 

yield (Hufnagel et al., 2014).  

Like Sorghum bicolor experiment, our study aims to identify orthologs of the PSTOL1 

gene in wheat through sequence alignment. Those orthologs can be targeted to make 

wheat cultivars resistant to phosphorous deficiency in the soil, producing a high yield 

of grains under P-deficient soils. This study aims to reduce the use of phosphorous 

fertilizers, preserve the continuously depleting phosphate rock reserves, and build 

better wheat cultivars capable of growing and thriving even in deficient conditions.  

1.12 Objectives 

Present study had following objectives; 

• Genome-wide identification of PSTOL1 gene ortholog in wheat (Triticum 

aestivum L.) 

• Morphological evaluation of lines against phosphorus effective uptake and 

root architecture 

• Molecular characterization of putative genes and identification of candidate 

key regulator genes for OsPSTOL1 gene.
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MATERIALS AND METHODS 

2.1 Sequence Retrieval and PSTOL1 Orthologs Identification in Wheat 

The PSTOL1 nucleotide and protein sequence of Oryza sativa were retrieved from 

NCBI (GenBank: QIN51176.1). The PSTOL1 sequence was used as a query sequence 

for BLASTP and BLASTN. EnsemblPlants was used for BLAST against Triticum 

aestivum L. to identify PSTOL1 orthologs in wheat. Duplicate hits were removed, and 

the cut-off values of identity >50% and E-value (1e-5) were used for sequence 

reliability. In total, 48 orthologs were selected. 

The PSTOL1 protein sequence was also used to BLASTP against four closely related 

species (Brachypodium distachyon, Arabidopsis thaliana, Sorghum bicolor, Zea mays, 

and Oryza sativa) to find the orthologs and evolutionary relationship among those 

species and wheat. BLASTP was performed on EnsemblPlants, and 8 orthologs were 

selected from Brachypodium distachyon, 3 from Arabidopsis thaliana, 17 from 

Sorghum bicolor, 9 from Zea mays, and 3 from Oryza sativa by keeping the cut-off 

value of E-value = 1e-5 and identity >80%. 

2.2 Domain, Motifs, and Gene Structure Analysis 

The default mode of SMART tool (Letunic and Bork, 2018) and MEME Version 5.3.3 
(Bailey et al., 2015) were used to predict conserved domains and motifs in the identified 

48 PSTOL1 orthologs in wheat. The classic mode was used in the MEME suite to find 

20 maximum motifs in one sequence and zero or one occurrence per sequence. 

Sequences were filtered after domain analysis, and 22 sequences were kept that had the 

conserved Ser/Thr kinase domain (Pfam identifier PF00069.18) of the protein kinase 

family. GSDS2.0 online tool was used to draw gene structure of selected sequences (Hu 

et al., 2015). TBtools software was used to illustrate the motif, domain, and gene 

structure patterns (Chen et al., 2018). 

2.3 Phylogenetic Tree Construction and Promoter Analysis 

ClustalW was used to perform protein sequences alignment of 22 wheat and orthologs 

from other species (Thompson et al., 2003). The alignment was further used to build a 

phylogenetic tree using the neighbor-joining (NJ) method with 1000 bootstrap 

replication in MEGAX software (Kumar et al., 1994). The annotated mid-rooted tree 

was illustrated using iTOL (Letunic and Bork, 2021). 
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Cis-regulatory elements were identified in the promoter sequences of 22 orthologs. For 

this purpose, upstream sequences of about 1500bp were downloaded from the 

EnsemblPlants database. The online tool PlantCARE (Lescot et al., 2002) was used to 

identify cis-elements in the upstream promoter sequences. The results were visualized 

as a heatmap in TBtools.  

2.4 Duplicates Identification and Gene Location among Wheat Accessions 

Tandem and segmental duplicates were identified among 22 wheat orthologs. The 

following criteria were employed to select tandem and segmental duplicates genes: 

1. Alignment score > 80% 

2. Identity > 80% 

3. Threshold < 10-10 

4. Located on different chromosomes 

5. Located on the same chromosome 

6. Distance between the genes was not more than 25Kb 

Genes that satisfied the first four criteria were designated as segmental duplicates. In 

contrast, genes that followed the last two criteria (5-6) were selected as tandem 

duplicates. From the wheat reference sequence (IWGSC 1.1), the chromosome lengths 

and gene positions were taken. These positions with segmental duplicates were 

visualized using TBtools.  

2.5 Ka\Ks Analysis within Genome and with Other Species 

The coding sequences of the identified segmental duplicates were acquired, and 

multiple sequence alignment was conducted using CLUSTALW. In-house Perl script 

was built based on ParaAT 2.0 to back translate the multiple sequence alignment into 

axt format (as accepted in Ka\Ks calculator) (Zhang et al., 2012). After getting the 

alignment in the required format, the Ka\Ks (nonsynonymous per synonymous 

substitution rates) were calculated with Nei and Gojobori method using the KaKs 2.0 

calculator (Wang et al., 2010). The divergence time between duplicated genes was 

calculated by T = Ks/2r (Tyagi et al., 2020). 

2.6 Synteny Analysis with Ancestral Plants 

Proteomes and GFF3 files of four wheat ancestors (Triticum urartu, Triticum 

dicoccoides, Triticum turgidum, Aegilopes tauschii) were downloaded from the 



Chapter 2  Materials and Methods 

 
Molecular Characterization of Phosphorous Starvation Tolerance 1 Gene in Wheat  

12 
 

EnsemblPlants database. Proteome and GFF3 file for Triticum aestivum L. was 

downloaded from the IWGSC wheat database (iwgsc_refseqv1.1 2017) (Alaux et al., 

2018). BLASTP was conducted for all five proteomes on Linux with in-house scripting. 

BLAST and GFF3 files were further used to predict collinearity through the MCScanX 

algorithm (Wang et al., 2012). Segmental duplicates were further identified from the 

collinearity file. Self-syntenic and ancestral gene pairs were visualized in Advanced 

Circos using TBTools. 

2.7 Meta-QTL Analysis 

To identify the localization of T. aestivum PSTOL1 orthologs with QTLs for morpho-

physiological and biochemical traits under phosphorus starvation, QTLs and linked 

molecular markers were retrieved from previous publications (Shi et al., 2008; Guo et 

al., 2012; Ren et al., 2017; Yuan et al., 2017; Yuan et al., 2020; Yang et al., 2021). To 

obtain the physical position, each marker sequence or marker name was BLAST against 

the GrainGenes database (Blake et al., 2019). TaPSTOL1 orthologs were co-localized 

with phosphorus stress-related QTLs were displayed by using MapChart software 

(Voorrips, 2002). QTLs co-localized with the TaPSTOL1 orthologs were 184 

visualized by red color. 

2.8 RNA-seq Data Collection and Primer Designing 

RNA-seq data were retrieved from the previous study of (Oono et al., 2013) from the 

wheat expression browser (Borrill et al., 2016). Expression data of 22 orthologs was 

acquired from the expression browser. Expression data as TPM values was collected 

from multiple experiments of roots and shoots at the vegetative stage in both control 

and phosphorus-treated plants.  

TPM values were used to generate a heatmap in TBtools. The up-regulated and 

downregulated genes were selected for further expression profile confirmation in the 

studied cultivars. Selected gene expression primers were designed using Primer-

BLAST of NCBI (Ye et al., 2012). Primer melting temperature was set to 57° minimum 

and 60° maximum, and PCR product size was set to minimum 80 and maximum 130. 

The rest of the parameters were kept on default (Table 2.1) 
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Table 2.1: List of primers for expression profiling 

S. No. Gene Primer Name Primer Seq. 

1 TraesCS3A02G018500.1 P3A500-F TCTGAAGGAATGAGACGGGC 

  TraesCS3A02G018500.1  P3A500-R TTGGGTGCTAGGAGTTGTCG 

2 TraesCS3A02G261800.5 P3A800-F TCTCTTGATATGCCACCGGC 

  TraesCS3A02G261800.5  P3A800-R TGATTCAGGCACATGGAGGG 

3 TraesCS3B02G295000.1 P3B5K-F CCAGCACCTCCACTTCAACT 

 TraesCS3B02G295000.1  P3B5K-R TGAGGCGTTCTTCTTGCAGT 

4 TraesCS5B02G391900.1 P5B900-F ATCTCAGATGCTGCCATCCC 

  TraesCS5B02G391900.1  P5B900-R GCTCCAGTCAGCTGCTATGT 

5 TraesCS5D02G396800.1 P5D800-F TTCCCTCTCCAGCTCCTTGA 

  TraesCS5D02G396800.1  P5D800-R TGATGGTGTCTTGGCCTGAG 

 

2.9 Pot Experiment for Morphological Evaluation 

Two wheat varieties, Pakistan-13 and Shafaq-06, were selected to understand the 

phosphorus-deficient response at the morphological level. The seed surface was 

sterilized with Clorox and thoroughly washed with distilled water. Seeds were then 

incubated overnight on moistened filter paper in Petri plates to break the seed 

dormancy. After 2-3 days, the seedlings were shifted in the labeled plastic bags. The 

plastic bags were filled with soil mixture, including soil: sand at a ratio of 2:1. Each 

bag had one seedling in it with 5 replicates. The seedlings were then grown for about 

15 days with given tap water after every 1 or 2 days. 

After a fortnight, the phosphorus treatment was initiated. Control plants were given 

normal tap water; phosphorus sufficient plants were watered with 0.5mM KH2PO4 

solution, and the plants grown in phosphorus-deficient environments were irrigated 

with 0.05mM KH2PO4 solution (Wang et al., 2019). The treatment was given for 15 

days. After 15 days, plants of each treatment were harvested, and different morpho-

physiological traits were taken.  
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2.10 NDVI Measurement 

Plant health was calculated by measuring all plants' NDVI (Normalized Difference 

Vegetation Index) (Moriondo et al., 2007). The GreenSeeker® handheld crop sensor 

was used for taking the values under intense and visible sunlight. Three observations 

of NDVI were taken from each plant.  

2.11 Chlorophyll Content Measurement 

The first leaves of all the plants were taken for chlorophyll content measurement. Three 

biological and three technical replicates were taken for chlorophyll content estimation. 

Chlorophyll content was measured by chemically extracting the chlorophyll from 

leaves using the method proposed by (Arnon, 1949).  

The leaves were crushed in 5ml (80%) acetone and then shifted to 50 ml falcon tubes. 

The total volume of 80% acetone was made up to 10ml. The falcon tubes were then 

centrifuged at 5000 rpm for 15 minutes. The supernatant was taken, and the pellet was 

discarded. The supernatant was filtered once for further purification. The chlorophyll 

a, b and carotenoids content in the samples were then measured by spectrophotometer 

at 470nm, 646nm, and 663nm. 

The chlorophyll a, b and carotenoid content were then calculated using equations 

(Lichtenthaler, 1987); 

▪ Ca = 12.25A663.2 - 2. 79A646.8 

▪ Cb = 21.50A646.8- 5.10A663.2 

▪ (Total chlorophyll) Ca+b = 7.15A663.2 + 18.71A646.8 

▪ (Carotenoids) Cx+c = 1000A470 - 1.82 Ca - 85.02 Cb / 198 

2.12 Morphological Parameters 

Tillers per plant and shoot length were measured from 3 observations of control and 

phosphorus treatment. Plants were harvested from three bags of each treatment, while 

the remaining two bags were used for RNA sampling. The plastic bags were cut very 

carefully with scissors such that none of the plant material was destroyed and the roots 

remain intact thoroughly. Plants along with soil were taken out of bags with care and 

placed on a very fine sieve. The soil was removed with hands from the roots with 

extreme care without breaking any roots. Roots were then washed with extreme caution 

and effort to remove all the remaining soil and debris.  
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After harvesting, roots were placed on filter paper to absorb the water. After drying off, 

the roots were separated from the shoot at the base. Parameters like root length, fresh 

shoot weight, fresh root weight were measured, and after drying in a hot air oven at 

70°C for 2 days, dry shoot and root weight were also measured by a sensitive measuring 

balance.  

2.13 High-throughput Root Phenotyping 

The washed and cleaned roots were placed in the root scanning glass tray (8 x 12 

inches). The tray was filled with water to spread the roots evenly. Roots were scanned 

using hp® Scanjet 5590 scanner at a grey-white scale and 300 dpi resolution.  

The images were used to find root traits using RhizoVision Explorer – interactive 

software for generalized root image analysis (Seethepalli et al., 2020). Root traits like 

total root length, average diameter, root volume, and root surface area were calculated 

using this tool. 

2.14 Phosphorus Content Measurement 

Phosphorus content was measured from the root and shoot tissues of all treated plants. 

Three independent samples from each biological replicate were taken as technical 

replicates to make precise phenotyping. About 0.25 g tissue sample was weighed for 

each sample. The samples were further droved in glass tubes and placed in a digestion 

machine for breakdown. The digested samples were then analyzed to quantify 

phosphorus content using an atomic absorption spectrometer (Shar et al., 2002). Raw 

data were used to calculate the P concentrations that were expressed in mg/kg dry 

weight. 

2.15 Plant Sampling for RNA Extraction 

Two observations from each treatment of a cultivar were retained for RNA sampling. 

Plants were carefully harvested as described above. After proper washing, plant roots 

and shoots were sprayed with 70% ethanol to remove any foreign contamination. 1st 

leaf and primary roots of each plant were cut down with sterile scissors. Samples were 

enveloped in aluminum foil and immediately placed in a liquid nitrogen container. 

Samples were labeled and stored at -80°C.  
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2.16 Total RNA Extraction 

RNA extraction from the root and shoot samples was performed using TRIzol® reagent 

for RNA purification. TRIzol protocol used was according to (Simms et al., 1993). 

Sterile mortar and pestle were cooled with liquid nitrogen. Samples were placed in a 

cooled mortar and pestle (autoclaved at 121°C and 15psi pressure for about 2 hours) 

and ground with liquid nitrogen into fine powder. 1ml of TRIzol was added into 1.5ml 

Eppendorf tubes. Eppendorf tubes were placed on ice, and about 2g of ground tissue 

sample was added to the TRIzol. Tubes were vortexed for few seconds and centrifuged 

at 4°C at 12,000g for 10 minutes. The supernatant was collected in another sterile tube, 

and 200µl chloroform was added, tubes were inverted few times and incubated for 5 

minutes at room temperature. 

Eppendorf tubes were then centrifuged at 4°C for 15 minutes at 10,000g. The upper 

aqueous phase was collected in a sterile tube, and the pellet was discarded. 300µl chilled 

isopropanol and 300µl of Na-Citrate solution were added to, tubes were inverted few 

times for proper mixing and incubated at room temperature for 5 minutes. Tubes were 

then centrifuged at 4°C at 10,000g for 10 minutes. The supernatant was discarded, and 

the pellet (hardly visible) was washed with 1ml of 75% ethanol, vortexed for few 

minutes, and centrifuged at 4°C at 10,000g for 10 minutes. Ethanol was carefully and 

thoroughly removed from the tubes. The pellet was dissolved in 30µl of nuclease-free 

water.  

2.17 Extracted RNA Confirmation and Quality Validation 

To identify the pellet contained RNA and check the quality of RNA, the dissolved pellet 

was run on gel electrophoresis and visualized on Gel Doc. 

2.17.1 Stock Buffer Preparation  

For making 1000ml/L buffer, 20ml of 50X TAE buffer was dissolved in 980ml of 

distilled water.  

2.17.2 Gel Preparation  

To prepare 1% gel, 70ml of 1X TAE buffer was taken from stock, 0.7g of agarose was 

measured using a weighing scale, and was dissolved in the buffer by heating for 1 

minute. The gel was cooled down for few minutes, and 4µl of ethidium bromide 
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(carcinogenic) was carefully added. The gel was cooled down to room temperature and 

poured into a gel tray with an attached comb.  

2.17.3 Sample Loading 

After the gel was set, the tray was placed in an electrophoresis tank filled with 1X Tae 

buffer. The gel was immersed in the buffer and comb removed. 3µl of 1Kb DNA Hyper 

Ladder (Gene RulerTM1000bp DNA ladder Thermo Scientific) was loaded in the first 

well. 3µl of loading dye (Thermo Scientific 6X DNA loading dye) was mixed with 4µl 

of each sample, and then every sample with dye was loaded in wells one by one. The 

time for electrophoresis was set for 10 minutes with 200 Voltage and 300 Amp current.  

2.17.4 Gel Visualization 

The gel was visualized using Invitrogen™ iBright™ FL1500 Imaging System. The gel 

was carefully placed on the tray. The gel was observed under smart exposure to confirm 

the presence and quality of RNA. 

2.18 RNA Quantification 

Nanodrop was used to quantify the amount of RNA in the extract. 1µl of the sample 

was taken and placed on the lens of Biospec™ (Biospec Nano spectrophotometer for 

Life Sciences). Three readings were taken for the reliability of each sample, and the 

RNA was quantified in ng/ul concentration with O.D at 260/280nm and 260/230nm.  

2.19 cDNA Synthesis  

Thermo Scientific Revert Aid – Reverse Transcriptase kit was used for constructing 

cDNA from extracted RNA. The synthesis of cDNA was carried out in the following 

steps; Mathematical calculation was done to achieve the final concentration of RNA in 

1000ng from the mean values of RNA concentration. After the calculations, the varying 

amounts of RNA and 1ul OligodT Primer were added to PCR tubes and incubated at 

65°C for 5 minutes in ProFlex™ 3x32 wells PCR system by Applied Biosystems® 

Thermal Cyclers.  

The PCR master mix was prepared with constant ingredients; 2ul dNTPs, 4ul RT buffer, 

1ul Reverse Transcriptase enzyme, and making up to 7ul of master mix for each PCR 

tube. After the incubation, the PCR tubes were placed on the cold rack (4°C) for 1 

minute. Proceeding, the master mix was added to each tube and put back in the PCR. 

Tubes were incubated at 42°C for 1 hour, with an extension done at 72°C for 7-10 
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minutes. After 1 hour and 15 minutes, the PCR tubes containing cDNA were removed 

and stored at -20°C.    

2.20 Real-Time Quantitative PCR (qRT-PCR) 

Real-time quantitative PCR (Applied Biosystems® 7900 HT Fast RT PCR) with 

StepOnePlus software were used to check the expression of the identified orthologs 

under-treated and control conditions. There were 3 negative controls, and Actin acted 

as an endogenous control. Taq Man SYBR-Green kit was used for conducting RT PCR. 

For 1 Tube in RT PCR strips, a total 10ul reaction mixture was added; 1ul cDNA, 5ul 

SYBR-Green, 3.6ul Water, and 0.2ul of each forward and reverse primers (Table 2.2). 

Table 2.2: Temperature variations of RT PCR steps 

Stage Temperature Time 

Denaturation 94°C 10 Minutes 

40 Cycles 95°C 30 Seconds Each 

Annealing 58°C 30 Seconds  

Extension  72°C  30 Seconds  

Melt Curve  95°C 15 Seconds 

Stage 2 Melt Curve 60°C 1 Minute 

 

After the PCR, amplification plots, melt curves, and ΔCT values were taken for further 

analysis.  

2.21 Statistical Analysis 

Bar charts were made in Excel v.2019 and Origin for all morphological, 

physiochemical, and biochemical parameters to demonstrate the descriptive statistics. 

To understand the genetic variations among studied traits of both genotypes under 

phosphorus and normal conditions and significant impact of treatment were subjected 

to the analysis of variance. The factorial analysis of variance was carried by using 

statistics v8.1 software. All morphological traits were correlated using "correlate" and 

"agricolae" packages in R.
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RESULTS 

3.1 Sequence, Motif and Gene Structure Analysis with Identification of PSTOL1 

Orthologs in Wheat 

After the sequence similarity search on the EnsemblPlants database, a large gene family 

was hit, having approximately 103 members. Based on the set threshold (>50% and 1e-5), 

48 orthologs were filtered and selected from BLASTN and BLASTP. According to the 

similarity, the most similar orthologs of OsPSTOL1 were found on chromosome 3B with 

92% identity. The second most similar orthologs were on 6A the 6D and 3A with the 

identity of 90% and 89%. 

The conserved domain in the PSTOL1 gene of Oryza sativa is reported to be S_TKc 

(Ser/Thr Kinase) (UniProtKB-A0A0H3VD96). All 48 orthologs, when searched against 

the SMART database, 22 were found to have S_TKc domain, along with that 11 orthologs 

had GUB_WAK_bind domain, which is a cysteine residue rich wall-associated receptor, 

galacturonan binding kinase domain. This domain is the extracellular component of the 

S_TKc domain and binds to the pectin in the cell wall. While 9 orthologs also had a 

WAK_association domain on the C terminal of the GUB_WAK_bind domain (Figure 3.1). 

The 22 wheat PSTOL1 orthologs were searched against the MEME suite for identifying 20 

conserved motifs. 6 motifs were found to be part of the functional and conserved S_TKc 

domain. Motif 20, only predicted in 6 orthologs, was part of the GUB_WAK_bind domain, 

and motif 9,11 and 18 were also part of the GUB_WAK_bind domain in 3 orthologs. Motif 

8 and 10 were related to the WAK_association domain in 3 orthologs (Figure 3.1).  

Phylogenetic tree was constructed, using MEGAX, of identified genes to understand their 

evolutionary relationship and to identify the structural diversity of PSTOL1 wheat 

orthologs, gene exon/intron structures were determined using GSDS 2.0. It was found that 

all orthologs contained introns, with 1 ortholog containing 1 intron, 13 orthologs containing 

2 introns, 7 orthologs had 3 introns, while 1 ortholog had 4 introns. Variations among the 

intron numbers are probably because of the functional differentiation of these orthologs. 

Additionally, 8 orthologs had (UTRs) untranslated regions (Figure 3.1).
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Figure 3.1: Gene structure, motif, and domain analysis image designed on TBtools. (A) phylogenetic tree constructed on MEGA 7.0 

with 1000 bootstrap replications with Neighbor-Joining method (B) exon, intron, and UTRs analysis done on GSDS 2.0. with red boxes 

displaying CDs, solid black lines depicting introns, and yellow boxes representing UTRs (C) 20 conserved motifs were identified using 

the MEME tool. Each motif is shown with different color (D) Conserved domains identified using the SMART tool. The green rectangle 

represents the S_TKc domain, pink represents the GUB_WAK_bind domain, and the yellow rectangle represents the WAK_association 

domain.  
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3.2 Cis-Regulatory Elements Analysis of Promoter Regions 

Differences in gene regulation and function can be understood by identifying cis-elements 

and their distribution patterns in the promoter region of such genes. After identifying cis-

elements in the 1500bp upstream promoter regions of the wheat PSTOL1 orthologs, it was 

found that 24 cis-regulatory elements were involved in biotic and abiotic stress, 7 in 

growth, and development, while 10 in phytohormone response.  

As seen in (Figure 3.2), the cis-element G-Box, which is involved in the biotic and abiotic 

response, and the ABRE element involved in phytohormone response, are distributed in 

almost all orthologs with G-Box lying in maximum number in (TraesCS3D02G014600.1) 

gene. After that, both G-Box and ABRE elements are present in the second maximum 

concentration in the (TraesCS3D02G261800.3) gene. Following the pursuit, 

phytohormone response producing elements (CGTCA motif, TCACG motif) and growth 

and development responsive CAT-box are also distributed among most orthologs. Contrary 

to this, among biotic and abiotic responsive elements (ATCT-motif, I-box, chs-CMA2a, 

GA-motif, ATC-motif, Box II, CAG-motif, GTGGC, and LAMP-element), among growth 

and development responsive elements (circadian, HD-Zip 1, MSA-like, and RY-element) 

and the phytohormone response generating elements (TGA-box) show decreasing 

distribution among all orthologs.  

3.3 Phylogenetic Analysis of PSTOL1 Orthologs with other Related Species 

To understand the evolutionary relationship of wheat with other closely related species the 

OsPSTOL1 gene sequence was used to find orthologs in related species like Brachypodium 

distachyon, Arabidopsis thaliana, Sorghum bicolor, Oryza sativa, Zea mays. BLASTP 

identified orthologs in the related species (cut-off values of 1e-5 and identity >80%).  

Multiple sequence alignment of 62 sequences (including 22 orthologs from Triticum 

aestivum L.) was conducted on CLUSTALW, and a circular phylogenetic tree was 

constructed using the Neighbor-Joining (NJ) method and 1000 bootstrap replications 

(Figure 3.3)
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Figure 3.2: Cis-regulatory elements in promoter regions of wheat PSTOL1 orthologs. The color patterns indicate the distribution of 

different cis-elements across the ortholog.
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The tree was annotated in the iTOL online tool, and it is evident from (Figure 3.3) that 

PSTOL1 orthologs in wheat have the closest relationship with Brachypodium distachyon, 

Sorghum bicolor and Arabidopsis thaliana does not show any association with PSTOL1 

wheat orthologs. According to topology and bootstrap values, the phylogenetic tree was 

divided into three groups (1,2 and 3), as shown in (Figure 3.3). Group 1 has 26 orthologs, 

Group 2 has 18 orthologs, and Group 3 has 18 orthologs.  

 

Figure 3.3: PSTOL1 wheat orthologs in Triticum aestivum L. and Arabidopsis thaliana, 

Sorghum bicolor, Zea mays, and Oryza sativa. All 62 orthologs were aligned in 

CLUSTALW, and a phylogenetic tree was constructed in MEGA 7.0 using the NJ method. 

Orthologs in different species are shown with other colored squares.  
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3.4 Duplication Events and Ka\Ks Analysis 

To make the map of chromosome distribution, the physical locations of 22 wheat orthologs 

were taken from GFF3 files, and the map was drawn using TBtools. It is observed that the 

TaPSTOL1 were predicted on 11 chromosomes (1A, 1B, 2B, 2D, 3A, 3B, 3D, 5B, 5D, 6A, 

and 6D) and no orthologs were predicted on other chromosomes (Figure 3.4.1 and 3.4.2). 

As wheat is one of the oldest polypoid crops that underwent three hybridization events 

throughout its evolution. This polyploidization has caused wheat to have over and above 

85% repetitive DNA. Because of repetitive DNA, many genes duplicate over time. This 

duplication event can lead these genes to acquire either neofunctionalization (gene 

developing new function after particular duplication event), subfunctionalization (paralogs 

retaining a part of the original gene's functions), or non-functionalization (fate most 

common after duplication as gene loses all functionality) (Lynch et al., 2001). Hence, it is 

necessary to study duplication events to understand the functionality and the evolutionary 

relationship of different duplicated genes. 

According to the criteria mentioned in (materials and methods), duplicated genes were 

identified among 22 wheat PSTOL1 orthologs. Four of the 22 orthologs were tandem 

duplicates (duplicate genes present on the same chromosome), and 4 were segmental 

duplicates (duplicate genes present on different chromosomes). The four segmental 

duplicates were predicted on chromosomes (2B and 2D), (3A and 3B), (5B and 5D), and 

(6A and 6D).   

Table 3.1: Segmental duplicates within 22 PSTOL1 wheat orthologs predicted 

Tandem Duplicates 

TraesCS1A02G018000 TraesCS1A02G018600 

TraesCS3B02G055835 TraesCS3B02G056100 

TraesCS3B02G056100 TraesCS3B02G057900 

TraesCS5B02G391900 TraesCS5B02G528200 
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Figure 3.4.1: Chromosomal location and segmental duplicates. 1A, 1B, 2B, 2D, 3A, and 3B represent chromosome numbers. The ruler 

on the left side indicates chromosome size in megabase pairs (Mbps). Red-colored gene labels show segmental duplicates, and the blue 

lines indicate a duplicate link.
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Figure 3.4.2: Chromosomal location and segmental duplicates. 3D, 5B, 5D, 6A, and 6D represent chromosome numbers. The ruler on 

the left side indicates chromosome size in megabase pairs (Mbps). Red-colored gene labels show segmental duplicates, and the blue 

lines indicate a duplicate link.
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To further understand the evolutionary relationship and selection pressure on the genes, 

nonsynonymous and synonymous substitution rates (Ka/Ks) were calculated using both 

tandem and segmental duplicates (Yi‐Qin et al., 2020). Ka/Ks <1 indicates purifying or 

negative selection (selective removal of harmful genes or alleles and leaving specific and 

essential genes). Ka/Ks =1 implies neutral selection while Ka/Ks >1 indicates positive or 

natural selection (Darwinian selection in which individual genes are selected by nature on 

their phenotypic importance). All tandem and segmental duplicates had Ka/Ks <1, 

implying that these genes underwent strong negative or purifying selection (Table 3.2). 

With Ka/Ks, the divergence time of these genes was calculated between 3-53 million years 

ago (Tyagi et al., 2020).  

Table 3.2: Ka\Ks ratio and divergence time calculated by KaKs Calculator 2.0 

Seq_1 Seq_2 Ka Ks Ka/Ks 

Divergence 

Time 

(MYA) 

TraesCS1A02G018600.1 TraesCS1B02G020700.1 0.0283053 0.194875 0.145249 14.990384 

TraesCS2B02G558600.1 TraesCS2D02G530900.1 0.0336806 0.101222 0.33274 7.786307 

TraesCS3A02G261800.5 TraesCS3D02G261800.3 0.265657 0.466528 0.569434 35.886769 

TraesCS5B02G391900.1 TraesCS5D02G396800.1 0.0309779 0.139284 0.222409 10.714153 

TraesCS6A02G001700.1 TraesCS6D02G003900.1 0.020903 0.0440992 0.474 3.392246 

TraesCS1A02G018000.1 TraesCS1A02G018600.1 0.0762187 0.2352677 0.323966 18.097517 

TraesCS3B02G056100.1 TraesCS3B02G057900.1 0.1163265 0.303672 0.383066 23.359385 

TraesCS5B02G391900.1 TraesCS5B02G528200.1 0.1873184 0.686024 0.273049 52.771074 
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3.5 Synteny Analysis of 22 Wheat PSTOL1 Orthologs with Aegilops tauschii, Triticum 

urartu, Triticum dicoccoides, and Triticum turgidum  

50-70 million years had passed since the Gramineae family evolved, and about 20 have 

passes when its sub-family Pooideae evolved. Pooideae sub-family contains barley, wheat, 

oats, rye, and many more cereal and grass crops (Yi‐Qin, H et al., 2020). Upon analysis of 

22 PSTOL1 orthologs with ancestors in synteny, we identified 34 self-syntenic gene pairs, 

3 gene pairs with Aegilopes tauschii, 14 with Triticum dicoccoides, 19 with Triticum 

turgidum, and 10 gene pairs were found with Triticum urartu (Figure 3.5) 

This emphasizes that wheat PSTOL1 genes were retained more from T. turgidum, T. 

dicoccoides, T. urartu, and Aegilopes tauschii, respectively. A and B sub-genomes of 

hexaploid wheat had fewer PSTOL1 genes than wheat progenitors. This indicates that some 

PSTOL1 genes might have been lost during polyploidization. At the same time, the D sub-

genome showed an increased gene number in hexaploid wheat. This indicates that copy 

number increases during wheat polyploidization events. 

3.6 Expression Patterns of Wheat PSTOL1 Orthologs in Transcriptomic Data 

The data collected from contained TPM values. TPM value data was collected of roots and 

shoots at the vegetative stage in both control and phosphorus stressed plants. The collected 

data was used to create a heatmap in TBTools (Figure 3.6) from which it is evident that 

TraesCS3A02G261800.5 gene was downregulated in both roots and shoots under 

phosphorus stress plants while up-regulated in control plant roots and shoots. Contrary to 

this, TraesCS3A02G018500.1 was found to be highly upregulated in both treated roots and 

shoots and downregulated in control roots and shoots. Also, TraesCS3B02G295000.1 was 

up-regulated in control conditions while downregulated in stress conditions. 

TraesCS5B02G391900.1 and TraesCS5D02G396800.1 also upregulated in roots and 

shoots treated with phosphorus deficient conditions while down regulated in control 

tissues. 
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Figure 3.5: Syntenic and evolutionary analysis of PSTOL1 wheat orthologs with ancestral species. (A) Synteny analysis; (B) 

Phylogenetic tree of 22 Triticum aestivum L. PSTOL1 orthologs with Aegilops tauschii, Triticum urartu, Triticum dicoccoides, and 

Triticum turgidum. Red-colored rectangles represent Triticum dicoccoides, green for Triticum turgidum, gray for Aegilops tauschii, blue 

for Triticum urartu, and yellow for Triticum aestivum L
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Figure 3.6: Gene expression profiling of TaPSTOL1 gene in root and shoot tissues under 

normal and phosphorus-deficient treatment conditions. Expression data was acquired from 

the wheat expression browser in the TPM values and presented in the form heatmap. Color 

patterns illustrate the down and up-regulated genes.  

3.7 Morphological Evaluation under Phosphorus Sufficient and Deficient Conditions 

By visualizing the plants (Figure 3.7.1), shoots of both plant genotypes under phosphorus 

stress showed limited and stunted growth. Pak-13 showed better shoot growth in 

phosphorus-sufficient conditions than tap water, while Shafaq-06 plant shoots were less 

affected in both conditions.  
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Figure 3.7.1: Plants' response towards control and P starvation condition. On top are the 

Pakistan-13 plants, showing comparison between plants under -P, C and +P conditions. 

Similarly, the bottom image shows Shafaq-06 plants, showing comparison between plants 

under -P, C and +P conditions.  

Morphological data showed that the shoot length of Shafaq-06 under control condition was 

approximate 21-32 cm with an overall mean of 27.93cm, for phosphorus sufficient plants, 

the range was about 28-35 cm with the mean of 31.60cm while for plants treated with 

phosphorus deficiency showed range 29-36 cm with the average of 31.40cm. 
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In the case of Pakistan-13, the shoot length for control plants was observed to be in the 

range of 36-31cm with the mean of 29.53cm, for phosphorus sufficient plants, the mean 

was 33.63cm with the range between 32-35 cm, and for phosphorus-deficient plants, the 

range was between 25-30cm with an overall mean of 27.57cm (Figure 3.7.2). The result of 

ANOVA showed p > 0.05. Hence, the LSD All-Pairwise Comparison Test showed no 

significant pairwise differences between the means for either genotype, treatment, or 

genotypes x treatment. Moving towards the tiller count of the plants, both genotypes 

showed similar results with an average of 3 tillers per plant for phosphorus sufficiency 

treatment, while 2 tillers per plant in case of both control and phosphorus-deficient 

conditions (Figure 3.7.3). ANOVA showed a p > 0.05; hence the LSD All-Pairwise 

Comparison Test showed no significant pairwise differences between the means for either 

genotype, treatment, or genotypes x treatment.  

The fresh shoot weight under control conditions showed the range of 0.4-4g (Shafaq-06) 

and 2.1-2.3g (Pak-13), with an overall mean of 2.2g for both. Under phosphorus sufficient 

conditions, Shafaq-06 plants were in the range of 3-3.6g while Pakistan-13 plants were 

between 2.5-4g with an average of 3.26g and 3.22g each. Lastly, in phosphorus-deficient 

conditions, Shafaq-06 plants showed 1-3g while Pakistan-13 showed a range of 1-2g with 

the overall means of 2.15g and 1.9g (Figure 3.7.4). ANOVA showed the p > 0.05 and 

showed no significant difference among the mean values. Still, the LSD All-Pairwise 

Comparison Test for treatment showed that means of +P and -P are divided into 2 different 

groups with significantly different means among them. Under control conditions, the dry 

shoot weights were in the range of 0.05-0.5g (Shafaq-06) and 0.35-0.4g (Pak-13), with an 

overall mean of 0.33g and 0.38g. Under +P conditions, both Shafaq-06 and Pak-13 plants 

exhibited the range of dry shoot weight to be 0.4-0.6g with averages of 0.49g and 0.5g. In 

phosphorus-deficient conditions, both Shafaq-06 and Pak-13 plants were in the range of 

0.2-0.5g with overall means of 0.35g and 0.38g (Figure 3.7.5). ANOVA showed p > 0.05, 

and along with LSD All-Pairwise Comparison Test, there was no significant difference 

between the means.  
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Figure 3.7.2: Shoot length of both genotypes under control and treated conditions 

 

Figure 3.7.3: Tiller count of both genotypes under control and treated conditions 

 

Figure 3.7.4: Fresh shoot weight of both genotypes under control and treated conditions 
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Figure 3.7.5: Dry shoot weight of both genotypes under control and treated conditions 

 

Figure 3.7.6: Fresh root weight of both genotypes under control and treated conditions 

 

Figure 3.7.7: Dry root weight of both genotypes under control and treated conditions 
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Fresh root weight was taken after cautiously washing off all the debris on plant roots. The 

fresh root weight under control conditions of Shafaq-06 plants was in the range of 0.1-1.3g 

with a mean of 0.78g. Pak-13 plants were in between 1.1-1.6g with an overall mean of 

1.35g. Under +P conditions, Shafaq-06 plants were in the range of 1.2-1.5g with an average 

value of 1.37g, while Pak-13 plants showed the mean value of 1.75g with the range of 1.4-

2.1g. Similarly, under -P conditions, the Shafaq-06 plants were in the range of 0.3-2g with 

an average of 0.85g, while Pak-13 plants were in the range of 1.1-1.8g with the mean value 

of 1.39g (Figure 3.7.6). ANOVA showed the p < 0.05 (0.02) for genotypes. With the LSD 

All-Pairwise Comparison Test, the genotypes were divided into 2 groups, indicating that 

the means of both genotypes for fresh root weight were significantly different from each 

other. Also, in the case of genotype x treatment, the means were divided into 2 groups 

showing both groups were significantly different from each other.  

For root dry weight under control conditions, Shafaq-06 plants were in the range of 0.01-

0.4g with an average of 0.09g, while Pak-13 plants were in the range of 0.1-0.2g with the 

mean of 0.16g. In +P conditions, Shafaq-06 plants were in the range of 0.15-0.17g with the 

average value of 0.16g, while Pak-13 plants with the mean value of 0.20g were in the range 

of 0.1-0.22g. In -P condition, Shafaq-06 plants were in the range of 0.04-0.19g with an 

average value of 0.10g, and Pak-13 plants were in the range of 0.1-0.17g with an overall 

mean of 0.16g (Figure 3.7.7). ANOVA showed p < 0.05 (0.03) for genotypes, along with 

LSD All-Pairwise Comparison Test, it was clear that both genotypes had a significant 

difference among their means. Also, in the case of genotype x treatment, the means were 

divided into 2 groups showing both groups were significantly different from each other.  

3.8 Physiological Parameters Analysis 

Upon calculating chlorophyll content, it was observed that under control conditions, 

Shafaq-06 plants had chlorophyll content in the range of 1000-1800 ug/g with an average 

of 1381 ug/g, while Pak-13 plants had 1000-1700 ug/g with mean of 1342 ug/g. In +P 

conditions, Shafaq-06 plants ranged between 800-850 ug/g with an average of 831 ug/g, 

while Pak-13 plants had 1342 ug/g with the range of 1000-1700 ug/g. In -P condition, 

Shafaq-06 plants had mean chlorophyll content of 197.72 ug/g with the range between 190-
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230 ug/g, while Pak-13 plants contained about 156.90 ug/g chlorophyll content on average 

with the range of 150-160 ug/g (Figure 3.8.1). ANOVA resulted in p ≤ 0.001, showing a 

highly significant difference between the means in treatment comparison. According to 

LSD All-Pairwise Comparison Test, the -P treated plants were placed in group B while 

control and +P plants were in group A showing both of their means were not significantly 

different. NDVI measurement in Shafaq-06 plants showed a high value of 0.31 in -P 

conditions compared to both control and phosphorus sufficient conditions (0.27 and 0.29). 

Similarly, Pak-13 plants showed 0.44 in phosphorus deficient conditions compared to both 

control and +P conditions (0.26 and 0.32) (Figure 3.8.2).  Both NDVI and chlorophyll 

content values coincide, depicting that the plants with more chlorophyll content had higher 

NDVI values.  

 

Figure 3.8.1: Chlorophyll content of both genotypes under control and treated conditions 

 

Figure 3.8.2: NDVI values of both genotypes under control and treated conditions 
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3.9 Bio-physiochemical Parameters Analysis 

Phosphorus content was measured in both shoots and roots of all replicates for both 

genotypes. Roots of Shafaq-06 in both control and +P conditions showed uptake of (0.43% 

and 0.44%), while in the -P condition, the phosphorus uptake (0.38%) was slightly less in 

comparison. In Pak-13 roots, the phosphorus content was higher in both phosphorus 

sufficient and deficient conditions (0.44% and (0.41%) while slightly less in the control 

(0.38%) condition (Figure 3.9). In the case of shoots, the phosphorus accumulated 

excessively in +P conditions for both genotypes with Pak-13 showing the highest value 

(1.16%) with Shafaq-06 showing (1.07%). Under control conditions phosphorus content 

was 0.57% in Shafaq-06 plant roots and 0.73% in Pak-13 roots. In phosphorus-deficient 

conditions Shafaq-06 shoots accumulated less (0.82%) than Pak-13 (0.87%). This shows 

that Pak-13 was responding to change by trying to mine more phosphorus than Shafaq-06 

plants in phosphorus-deficient conditions (Figure 3.9) 

 

Figure 3.9: Phosphorus content in shoots and roots of Shafaq-06 and Pak-13, under 

control, phosphorus sufficient, and deficient conditions. 
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For the roots, ANOVA showed that the means of phosphorus content were highly 

significantly different (p ≤ 0.01) from one another in case of treatment. For genotype and 

treatment x genotype, the means showed significant differences (p < 0.05).  

In the case of phosphorus content in shoots, the difference in the means was found to be 

highly significant (p ≤ 0.01) for treatment, while the results were non-significant (p > 0.05) 

for both genotype and treatment x genotype.  

3.10 High-Throughput Root Phenotyping Analysis 

Roots were scanned and analyzed under RhizoVision (Figure 3.10.3). The root length (RL), 

the average diameter (AD), volume (V), and surface area (SA) were calculated using 

RhizoVision. Compared to control and phosphorus sufficient conditions, the (RL) root 

length for Pak-13 increased under phosphorus deficient conditions. Contrary to this, 

Shafaq-06 showed an increase in root length under phosphorus-sufficient conditions and 

remained similar in both control and phosphorus-deficient conditions. Under control 

conditions, the root length for Pak-13 lay in the range of 3330-3800 mm, while Shafaq-06 

lay in 2600-3500 mm. In phosphorus sufficient conditions Pak-13 showed the range of 

2800-3100 mm while Shafaq-06 was 3300-3900 mm. In phosphorus-deficient conditions, 

Pak-13 root length lay in the range of 3500-3900 mm, while for Shafaq-06, the range was 

between 2900-3100 mm (Figure 3.10.1).  

With the mean value of 10924 mm3, the root volume was seen to increase drastically in 

Pak-13 as compared to Shafaq-06 (6429 mm3) under phosphorus-deficient conditions. In 

control conditions, Shafaq-06 showed quite an increase in root volume (13590 mm3) 

compared to Pak-13 (5817 mm3). In phosphorus sufficient conditions, a slight increase was 

observed in the root volume of Shafaq-06 (7814 mm3) compared to Pak-13 (5817 mm3) 

(Figure 3.10.1). The surface area of roots was observed to be in correspondence with root 

volume. Most of the plants that showed higher root volume also had a higher surface area 

and vice versa. In phosphorus-deficient conditions, the surface area was more elevated in 

Pak-13 (15512 mm2) than Shafaq-06 (10022 mm2). While in control conditions surface 

area of roots was higher (17324 mm2) in Shafaq-06 as compared to Pak-13 (11224 mm2) 

(Figure 3.10.1). 
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For average diameter (AD), Pak-13 with the mean value of 0.89 mm showed decrease in   

-P conditions. In Shafaq-06, the average root diameter with mean values of 1.5mm and 

1.4mm, did not significantly differ in +P and -P. The diameter was 1.3 mm in Pak-13 and 

2.7 mm in Shafaq-06 under control conditions (Figure 3.10.2).  The range of root diameter 

in +P condition was recorded to be 1.1-1.25 mm in Pak-13 and 1.2-2 mm in Shafaq-06. In 

-P conditions, the range was 0.7-1.2 mm in Pak-13 while 1.3-1.7 mm in Shafaq-06. Finally, 

in the control condition, the range was recorded as 1-1.5 mm in Pak-13 and 2.1-4 mm in 

Shafaq-06.  

 

Figure 3.10.1: Bar graph showing root length, volume, and surface area of roots among 

Pakistan-13 and Shafaq-06 varieties under control, +P and -P conditions.  

 

Figure 3.10.2: Bar graph representing root diameter in Pakistan-13 and Shafaq-06 

varieties under control, +P and -P conditions. 
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Figure 3.10.3: Root images analyzed in RhizoVision Explorer. (A) Shafaq-06 +P plant root with root analyzed image (B) Shafaq-06 -

P plant root scanned and analyzed image (C) Shafaq-06 C plant root scanned and analyzed image (D) Pak-13 +P plant root scanned 

and analyzed image (E) Pak-13 plant -P plant root scanned and analyzed image (F) Pak-13 plant C plant root scanned and analyzed 

image.
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The analysis of variance (ANOVA) of the root lengths obtained from RhizoVision 

Explorer software showed that the means were significantly different from each other. 

Results were significant in the case of genotype (p < 0.05) while it was highly significant 

in the case of genotype x treatment (p < 0.01). The result for root length was not significant 

in the case of treatment (p > 0.05).  Upon further applying the LSD all-pairwise comparison 

test, the means were divided into 2 groups (A and B) for genotype and treatment x 

genotype. 

In the case of root volume, the result of ANOVA showed that the means of all plants 

showed a highly significant difference (p < 0.01) in the case of treatment, treatment x 

genotype, and (p ≤ 0.01) in genotype. Based on the LSD test, the mean for C and -P was 

placed in 1 group (A). The mean of (+P) was placed in the 2nd group (B). Similarly, the 

LSD test put both genotypes into different groups and divided the means into 4 other groups 

for treatment x genotype interaction.  

The result was highly significant (p < 0.01) for root surface area in the case of treatment x 

genotype. ANOVA results for both genotype and treatment were non-significant (p > 0.05). 

LSD test divided the means into 3 groups treatment x genotype interaction while keeping 

means in 1 group for both treatment and genotype. For diameter, the ANOVA result 

showed a significant difference (p < 0.05) for treatment interactions while showed a highly 

significant difference (p < 0.01) between means in the case of genotypic interactions. The 

results showed non-significant difference (p > 0.05) for treatment x genotype interaction. 

3.11 Correlation of Morphological Traits 

The correlation of morphological traits was performed in R, using "correlate" and 

"agricolae." The analysis revealed that the plant root length (RL) had a positive correlation 

with NDVI, dry root weight (DRW), dry shoot weight (DSW), root volume (RV), and root 

surface area (RSA). RL showed a negative correlation with chlorophyll content (CC), fresh 

shoot weight (FSW), tillers, root diameter (RDM), and shoot length (SL). All of the 

correlations of (RL) showed non-significant difference (p > 0.05). Shoot length (SL), 

tillers, FSW, DSW, FRW, DRW and CC, root phosphorus content (RPC), and shoot 

phosphorus content (SPC) all showed a positive association with each other. The maximum 
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correlation was found between FRW and DRW. These 8 parameters showed a negative 

correlation with RDM, RV, and RSA (Figure 3.11). A significant difference (p < 0.05) was 

found between SL and RV, tillers and DSW, DRW and DSW, and SPC and tillers. A highly 

significant difference (p < 0.01) was observed between tillers and FSW, FSW and DSW, 

RV and RSA, SPC and DSW, and SPC and DRW.  

 

Figure 3.11: Correlation between all morphological, physiological, and bio-

physiochemical traits. Correlation values are shown below the diagonal. Above the 

diagonal the size and color of circles represent the correlation intensity. Ruler on right side 

indicates positive and negative correlation.  
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3.12 RNA Extraction and Expression Analysis  

Total RNA was extracted from roots of Shafaq-06 and Pak-13 plants under control, 

phosphorus sufficient, and deficient conditions. Extracted RNA was visualized using Gel 

Electrophoresis and a gel documentation system (Figure 3.12.1). 

 

 

 

 

 

 

 

 

 

Figure 3.12.1: Extracted RNA from roots of Shafaq-06 and Pak-13 plants under C, +P, 

and -P conditions. 1 and 2 wells contain RNA of Shafaq-06 and Pak-13 under +P 

conditions, 3 and 4 wells contain RNA of Shafaq-06 and Pak-13 under -P conditions while 

5 and 6 wells contain RNA of Shafaq-06 and Pak-13 under C conditions. 

Extracted RNA was used to create cDNA and perform expression analysis of selected 

genes on RT-PCR. For gene TraesCS3A02G018500.1 the relative expression in Shafaq-06 

plants was highest under phosphorus sufficient condition, lower in -P condition, and least 

in the control condition. In comparison, this gene was highly expressed in phosphorus-

deficient condition for Pak-13, lower in the control condition and least in phosphorus 

sufficient condition. There was a highly significant difference (p < 0.01) between the means 

of relative expression under control and phosphorus-deficient conditions in Pak-13 and 

between +P and phosphorus deficiency.  There was a significant difference (p < 0.05) 

between phosphorus deficiency and +P condition for Pak-13. 

M         1          2           3         4           5          6 

1 Kb 
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Expression of gene TraesCS3A02G018500.1 was up-regulated under phosphorus 

deficiency in the data obtained from wheat expression browser, and Pak-13 plants 

responded similarly in our study. Pak-13 plants showed upregulation of this gene under 

phosphorus deficiency, while Shafaq-06 plants showed the opposite result by expressing 

this gene more in phosphorus-sufficient conditions. This indicates that this gene could be 

the wheat PSTOL1 ortholog (Figure 3.12.2 - A). 

In the wheat expression browser, TraesCS3B02G295000 was downregulated under 

phosphorus-deficient conditions and was up-regulated in control conditions. Our study 

showed the opposite result in both varieties with upregulation of this gene in phosphorus-

deficient conditions. There was a slight expression in phosphorus-sufficient conditions for 

Pak-13 plants, while Shafaq-06 showed almost similar expression in both control and 

phosphorus deficient conditions. In Pak-13, there was a highly significant difference (p < 

0.001) in expression between +P and phosphorus-deficient condition while the rest of the 

differences were non-significant (Figure 3.12.2 - B).  

TraesCS5B02G391900 was up-regulated in phosphorus-deficient conditions and 

downregulated in a control condition in the expression browser. Similarly, in our study, the 

expression data revealed that the gene showed higher expression in phosphorus-deficient 

conditions than control in both genotypes. At the same time, there was an excessive 

increase in relative expression in phosphorus sufficient conditions for both varieties. In 

Shafaq-06 plants, there was a significant difference (p < 0.05) of expression between 

phosphorus adequate and deficient conditions. The was a similar case in Pak-13, but the 

difference was highly significant (p < 0.01) (Figure 3.12.2 - C). 

TraesCS5D02G396800 was found to be up-regulated under phosphorus-deficient 

conditions and downregulated in the control condition. In our study, the expression data 

revealed that in Pak-13 and Shafaq-06, the gene was up-regulated in phosphorus-deficient 

conditions while downregulating in control conditions.
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Figure 3.12.2: Relative expression (ug/g) of four genes under phosphorus deficient and 

control conditions. Asterisks on bars indicate significant difference determined by T.test 

with p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). 

Upon phosphorus sufficient conditions, the gene was excessively up-regulated in Pak-13 

and slightly up-regulated in Shafaq-06. In Pak-13 there was significant difference (p < 

0.05) of expression between control and phosphorus-deficient condition while high 

significant difference (p < 0.001) between +P and phosphorus-deficient condition (Figure 

3.12.2 - D). 
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3.13 Co-localization of TaPSTOL1 Orthologs with Phosphorus Deficiency Responsive 

QTLs  

To further understand and validate the function of TaPSTOL1 genes, these orthologs were 

plotted against reported QTLs. These QTLs were identified for their involvement in 

maximum root length (MRL), root dry weight (RDW), shoot, root, and total phosphorus 

content (SPC, RPC, TPC), root diameter (RDM), root tip numbers (RTN), number of axial 

root length (RN) under phosphorus-deficient conditions. All 22 genes were mapped against 

QTLs on 10 different chromosomes, i.e., 347 1A, 1B, 2B, 3A, 3B, 3D, 5B, 5D, 6A, and 

6D. But only 6 genes were found to be co-localized with the QTLs. Five genes were on 

chromosome 1A and 3A, while the one gene was on chromosome 2B. 

TraesCS1A02G018000 and TraesCS1A02G018600 were located within QRdw-1A.2. 

TraesCS3A02G012900, TraesCS3A02G018200, TraesCS3A02G018500 were in close 

proximity of QRDW.caas-3AS. In B sub genome, TraesCS2B02G558600 was linked with 

QRDM.sicau-2B.5 (Figure 3.13).  

 

Figure 3.13: Co-localization of 6 TaPSTOL1 orthologs on three chromosomes, i.e., 1A, 

3A, and 2B. Scale on the left-hand side shows the physical position of these genes in Mbp. 

Genes located within or close to QTLs are illustrated with red color. Genes and QTLs not 

linked are represented with pink and blue colors. 
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DISCUSSION 

Abiotic stresses are one of the major limiting factors for plant growth worldwide. 

Research and studies are being conducted around the globe to identify the mechanisms 

of plants against stress, but producing lines that are tolerant and resistant genomic 

background behind all these processes are still not clear and completely identified 

(Vigueira et al., 2016). Phosphorus stress is one such factor that excessively increases 

farmers' costs because it has to be applied in the form of expensive fertilizers (Azevedo 

et al., 2015). Plants are trying to survive in phosphorus deficiency by increasing P 

uptake by modifying their root systems, changing rhizospheres and interacting with 

microorganisms, or working around with the transport of internal phosphorus and 

mobilization (Azevedo et al., 2015). Over time, multiple genes have been identified in 

many different plants that play an influential role in regulating plants' responses to 

many of these stresses. 

With all the tools and genomes available at our disposal, identifying genetic variants of 

many genes, even in very complex genomes like wheat, has become easier. With the 

emergence of many bioinformatics tools, studying and understanding comparative 

genomics is now convenient and effortless (Song et al., 2021). Studying different genes, 

their functions, structures and performing multiple genome-wide analyses have become 

fast and convenient. After the release of the first-ever sequenced genome of 

Arabidopsis thaliana in 2000, more than 500 plant genomes have been sequenced. With 

the increasing amount of genomics and proteomics data available, it has become easier 

to analyze and study the evolution and evolvement of plant genes. With further 

advancement in comparative genomics, information from one species can be used to 

study related species, and many functional variants in species can be identified. Thus, 

consequences and effects of different genetic variants can be determined because these 

variants at phylogenetically conserved and variable sites contribute toward different 

phenotypic variations (Kono et al., 2018).  

PSTOL1 gene, which belongs to the RLK family (Lehti-Shiu et al., 2009), is one such 

variant. Receptor-like kinases (RLK) are involved in controlling growth and defense in 

plants. It has been found that the expansion of this gene family is significant for the 

plants to acquire specific adaptations and survive. The main reason for the increase of 

the RLK gene family is mainly tandem duplication events, and this duplication is 
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further correlated with stress responsiveness (Lehti-Shiu et al., 2009). OsPSTOL1 genes 

were identified upon sequencing of PuP1 QTL in Kasalath rice variety (Gamuyao et 

al., 2012). This gene is responsible for early root growth in phosphorus-deficient soil 

and increases grain yield exponentially (Gamuyao et al., 2012). So, using a comparative 

genomics study, we have tried to locate and identify ortholog of PSTOL1 gene in wheat 

just like it was done previously in Sorghum bicolor by (Hufnagel et al., 2014) and in 

Zea mays by (Azevedo et al., 2015) .  

In our study, we used two wheat varieties, Pak-13 and Shafaq-06. Both varieties were 

grown under phosphorus-deficient and sufficient conditions, similar to the study (Wang 

et al., 2019). Shafaq-06 plants under phosphorus-deficient conditions showed reduced 

shoot dry weight, root dry weight, and total root length similar to (Horst et al., 1993). 

Shafaq-06 contained low phosphorus content in both shoots and roots. Also, following 

(Alam et al., 2001), our wheat plants showed low levels of chlorophyll under low 

phosphorus content, Shafaq-06 in our study exhibited lower levels of chlorophyll 

content under phosphorus-deficient conditions along with a lower number of tillers 

(Pandey et al., 2005). On the other hand, Pak-13 plants tried to survive and thrive in 

phosphorus-deficient conditions. Pak-13 plants showed increased root length, root dry 

weight, tiller count under phosphorus deficiency (Horst et al., 1993). Pak-13 also 

displayed more phosphorus content than Shafaq-06 plants under phosphorus stress, in 

both shoots and roots, and higher chlorophyll content. Based on these inferences, we 

conclude that Pak-13 is phosphorus efficient variety, while Shafaq-06 is non-efficient 

to phosphorus uptake.  

This study identified 22 orthologs of PSTOL1 in Triticum aestivum L. through 

BLASTP, conserved motifs, domains, and expression analysis. Previously, 6 orthologs 

were identified in Sorghum bicolor (Hufnagel et al., 2014), and 6 were identified in Zea 

mays (Azevedo et al., 2015). Similar to these previous studies, all 22 orthologs in our 

study contained conserved Ser/Thr kinase domain. Along with this conserved domain, 

these orthologs also included features similar to OsPSTOL1 and SbPSTOL1. One was 

the presence of wall-associated kinases or WAKs domain, which links the cytoplasm 

and the pectin fraction of the cell wall and is also responsible for generating stress 

response (Kohorn and Kohorn, 2012; Kaur et al., 2013). WAKs are also found to cause 

root extension and elongation in barley (Hordeum vulgare). 
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Along with that the WAKs interact with other genes as a stress response for alteration 

of root development (Tripathi et al., 2021). According to (Hufnagel et al., 2014), the 

interaction of the cell wall and cell membrane may cause increased root surface area 

and phosphorus uptake during stress. Along with WAKs, some of the wheat orthologs 

also contained the GUB-WAK bind domain.  

To validate and confirm that some genes show upregulation and some genes exhibit 

downregulation under phosphorus starvation stress (Wang et al., 2019), we selected 4 

genes out of 22 orthologs based on the transcriptomic data obtained from the study of 

(Oono et al., 2013). Among these genes, 3 showed upregulation under phosphorus 

stress while 1 gene showed downregulation. Upon performing RT-PCR, 3 of our genes 

showed similar results while the fourth gene showed the contrary. In Pak-13, similar to 

transcriptomic data, the TraesCS3A02G018500 gene showed upregulation under 

phosphorus starvation. Shafaq-06 plants showed higher expression under stress than 

control but displayed very high relative expression under sufficient phosphorus. We 

assume that Shafaq-06 plants underwent more stress during the excess of phosphorus. 

The other two genes TraesCS5B02G391900 and TraesCS5D02G396800 also showed 

a similar result. Both of these genes were up-regulated in phosphorus-deficient 

conditions compared to control, but they all were also highly expressed in +P conditions 

for both varieties.  

Conclusion 

Pak-13 is identified to be more phosphorus efficient. It shows enhanced root growth 

and deeper root architecture with increased phosphorus uptake under phosphorus 

starvation. With these findings Pak-13 should be introduced into breeding programs for 

further development of new varieties with enhanced P-uptake efficiency. The three 

putative candidate genes for PSTOL1, identified in this study, will lay foundation for 

further exploration of these genes and their functions. Novel gene editing tools like 

CRISPR-Cas9, ZFNs and RNAi should be utilized to further validate the function of 

these genes. This study also improves our understanding of Phosphorus Starvation 

Tolerance 1 (PSTOL1) gene in phosphorus uptake, root development and plant growth. 

Utilization and selection based on the PSTOL1 gene will help us to improve the 

phosphorus use efficiency in wheat varieties. 
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Appendix - I 

ANOVA for Tiller Count 

Source DF MS P-Value 
Genotypes 1 0.05556 0.7787 
Treatment 2 1.16667 0.2230 

Genotypes*Treatment 2 0.05556 0.9207 
 

LSD for Genotype 

Treatment Homogeneous Groups 
1 A 
2 A 

 

LSD for Treatment 

Treatment Homogeneous Groups 
2 A 
3 A 
1 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 2 A 
2 2 A 
1 1 A 
1 3 A 
2 3 A 
2 2 A 

 

Appendix - II 

ANOVA for Shoot Length 

Source DF MS P-Value 
Genotypes 1 0.0200 0.9675 
Treatment 2 25.4606 0.1591 

Genotypes*Treatment 2 16.0317 0.2913 
 

LSD for Genotype 

Treatment Homogeneous Groups 
1 A 
2 A 
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LSD for Treatment 

Treatment Homogeneous Groups 
2 A 
3 A 
1 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
2 2 A 
1 2 A 
1 3 A 
2 1 A 
1 1 A 
2 3 A 

 

Appendix - III 

ANOVA for Fresh Shoot Weight 

Source DF MS P-Value 
Genotypes 1 0.05163 0.8066 
Treatment 2 2.54119 0.0891 

Genotypes*Treatment 2 0.02233 0.9731 
 

LSD for Genotype 

Treatment Homogeneous Groups 
1 A 
2 A 

 

LSD for treatment 

Treatment Homogeneous Groups 
2 A 
1 A 
3 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 2 A 
2 2 A 
1 1 A 
2 1 A 
1 3 A 
2 3 A 
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Appendix - IV 

ANOVA for Dry Shoot Weight 

Source DF MS P-Value 
Genotypes 1 0.00448    0.6220 
Treatment 2 0.03636    0.1732 
Genotypes*Treatment 2 0.00064    0.9637 

 

LSD for Genotype 

Treatment Homogeneous Groups 
2 A 
1 A 

 

LSD for Treatment 

Treatment Homogeneous Groups 
2 A 
3 A 
1 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 2 A 
2 2 A 
1 1 A 
2 1 A 
1 3 A 
2 3 A 

 

Appendix - V 

ANOVA for Fresh Root Weight 

Source DF MS P-Value 
Genotypes 1 1.12400    0.0230 
Treatment 2 0.44579    0.1046 
Genotypes*Treatment 2 0.01589    0.9042 

 

LSD for Genotype 

Treatment Homogeneous Groups 
2 A 
1 B 
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LSD for Treatment 

Treatment Homogeneous Groups 
2 A 
3 A 
1 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
2 2 A 
2 3 AB 
1 2 AB 
2 1 AB 
1 3 B 
1 1 B 

 

Appendix - VI 

ANOVA for Dry Root Weight 

Source DF MS P-Value 
Genotypes 1 0.01307    0.0396 
Treatment 2 0.00506    0.1654 
Genotypes*Treatment 2 0.00043    0.8363 

 

LSD for Genotype 

Treatment Homogeneous Groups 
2 A 
1 B 

 

LSD for Treatment 

Treatment Homogeneous Groups 
2 A 
3 A 
1 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
2 2 A 
2 1 AB 
1 2 AB 
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2 3 AB 
1 3 B 
1 1 B 

 

Appendix - VII 

ANOVA for Chlorophyll Content 

Source DF MS P-Value 
Genotypes 1 33928 0.4404 
Treatment 2 1426658 0.0017 
Genotypes*Treatment 2 124734 0.1699 

 

LSD for Genotype 

Treatment Homogeneous Groups 
2 A 
1 A 

 

LSD for Treatment 

Treatment Homogeneous Groups 
1 A 
2 A 
3 B 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 1 A 
2 2 A 
2 1 A 
1 2 A 
1 3 B 
2 3 B 

 

Appendix - VIII 

ANOVA for Shoot Phosphorus Content 

Source DF MS P-Value 
Genotypes 2 0.18596    0.0185 
Treatment 1 0.00714    0.5918 
Genotypes*Treatment 2 0.01865    0.4778 
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LSD for Genotype 

Treatment Homogeneous Groups 
2 A 
1 A 

 

LSD for Treatment 

Treatment Homogeneous Groups 
2 A 
3 B 
1 B 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
2 2 A 
2 1 AB 
3 1 ABC 
3 2 BC 
1 2 C 
1 1 C 

 

Appendix - IX 

ANOVA for Root Phosphorus Content 

Source DF MS P-Value 
Genotypes 1 0.00013    0.5405 
Treatment 2 0.00228    0.0197 
Genotypes*Treatment 2 0.00154    0.0467 

 

LSD for Genotype 

Treatment Homogeneous Groups 
1 A 
2 A 

 

LSD for Treatment 

Treatment Homogeneous Groups 
2 A 
1 B 
3 B 
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LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 2 A 
2 2 A 
1 1 A 
2 3 AB 
2 1 B 
1 3 B 

 

Appendix - X 

ANOVA for Root Length (RhizoVision Explorer) 

Source DF MS P-Value 
Genotypes 1 152223 0.0375 
Treatment 2 9447     0.7085 
Genotypes*Treatment 2 799798 0.0001 

 

LSD for Genotype 

Treatment Homogeneous Groups 
2 A 
1 B 

 

LSD for Treatment 

Treatment Homogeneous Groups 
3 A 
1 A 
2 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
2 3 A 
1 2 A 
2 1 A 
1 1 B 
1 3 B 
2 2 B 
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Appendix - XI 

ANOVA for Root Diameter (RhizoVision Explorer)  

Source DF MS P-Value 
Genotypes 2 1.12692     0.0237 
Treatment 1 2.79716    0.0040 
Genotypes*Treatment 2 0.45452     0.1565 

 

LSD for Genotype 

Treatment Homogeneous Groups 
1 A 
2 B 

 

LSD for Treatment 

Treatment Homogeneous Groups 
1 A 
2 B 
3 B 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 1 A 
2 1 B 
3 1 B 
1 2 B 
2 2 B 
3 2 B 

 

Appendix - XII 

ANOVA for Root Volume (RhizoVision Explorer) 

Source DF MS P-Value 
Genotypes 2 1.667E+07     0.0061 
Treatment 1 1.812E+07     0.0111 
Genotypes*Treatment 2 5.704E+07    0.0001 

 

LSD for Genotype 

Treatment Homogeneous Groups 
1 A 
2 B 

 



    Appendices 

ix 
 

LSD for Treatment 

Treatment Homogeneous Groups 
1 A 
3 A 
2 B 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 1 A 
3 2 B 
2 1 C 
3 1 CD 
1 2 CD 
2 2 D 

 

Appendix - XIII 

ANOVA for Root Surface Area (RhizoVision Explorer) 

Source DF MS P-Value 
Genotypes 2 5767349 0.2842 
Treatment 1 6549701 0.2312 
Genotypes*Treatment 2 5.403E+07    0.0015 

 

LSD for Genotype 

Treatment Homogeneous Groups 
1 A 
2 A 

 

LSD for Treatment 

Treatment Homogeneous Groups 
1 A 
3 A 
2 A 

 

LSD for Treatment*Genotype 

Genotypes Treatment Homogeneous Groups 
1 1 A 
3 2 A 
2 1 AB 
1 2 BC 
2 2 BC 
3 1 C 
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