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Abstract 

Globally, rice is utilized as staple food, belongs to the family Poaceae. From the past few 

decades under variable climate conditions, it greatly affected by the bacterial leaf blight (BLB) 

disease caused by a bacterium Xanthomonas oryzae pv. oryzae (Xoo). Scientists studied causes 

of the disease and found more than 61 isolates of Xoo. About 39 Xa genes were noted that cause 

race specifically resistance either individually or in pairs against Xoo. The canvas on the 

characterization of these genes is still unrevealed. In this study, amino acid sequences of Xa15, 

Xa19, Xa20 and Xa21 were mined and used for motif-domain identification, characterization, 

and comparative analysis. It includes screening of physical and chemical characteristics, 

sequence comparison to find sequence similarity between them and their phylogenetic 

comparison with other Xa genes and other species based upon LRR and S_TKc domains to find 

evolutionary relationship among them. The comparison-based modeling was performed and 

assessed by different tools to gain better understanding and structural evaluation. The results 

showed identified domains are specific in function, each domain involved in resistance against 

biotic and abiotic stresses through regulating different cellular processes. This study also 

revealed high similarity (>98% sequence identity) between these genes and encode a similar 

leucine-rich repeat receptor kinase like protein. It will optimize the breeding programs as it will 

be useful for the selection of effective genes to produce resistance in rice varieties against the 

specific strains of Xoo that will be more effective against BLB than the other Xa genes. 
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Introduction 

Rice is the staple food crop and about 2.7 billion people in the world directly or indirectly rely on 

it (Fairhurst and Dobermann, 2002). It is reviewed that rice is grown by more than 50% of 

farmers in the world (Rehman et al., 2015) and it covers 9% of the world total cultivated area 

(Maclean et al., 2002). According to recent studies, 90% of total rice is cultivated in Asia 

(Denning and Võ, 1995; Khush and Jena, 2009) and in future, the global consumption of rice 

may increase up to 70% of its total yield (Kubo and Purevdorj, 2004). Recently, the production 

of rice crop increased in the rest of the world due to its high production and vast usage (Rehman 

et al., 2015). During 2019-20, according to the United States Department of Agriculture 

(USDA), the rice production estimate was 499.31 million metric tons in the world as given in the 

pie chart (Fig. 1). 
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Figure 1: Pie chart of rice production in metric tons 2019-20 

 

Rice is a monocotyledon angiosperm belongs to the family Poaceae and its genus is 

Oryza that has 22 different species. It is estimated that 40,000 rice varieties are known until now 

(Institute, 1985). The most cultivated varieties are Oryza sativa and Oryza glaberrima. Oryza 

sativa known as Asian rice (Lemus et al., 2014), divided into japonica and indica sub species, 

widely cultivated due to grain stickiness and length (You et al., 2017). The rice production also 

depends upon favorable weather conditions (Khush and Jena, 2009). Being wide adaptation, it is 

cultivated as upland and low land rice in the world. It is also an appropriate crop for the countries 

facing flooded condition due to heavy rain fall. It is estimated that one-third of the earth's fresh 

water is consumed by the rice crop (Wu et al., 2017). In Pakistan, rice is also considered as the 

stuff of life and plays a significant role to boost the country exchequer (Rahman et al., 2017). 

Pakistan is among the largest producers of rice with an average production of 6.7 million tonnes 

in 2016-17. It also helps in maintaining the momentum of export (Abdullah et al., 2015). 

Under conducive environment conditions, several pathogens attack different crop plants 

that lead them to different harmful diseases. It is estimated that these diseases cause a loss of 

16% of the total crop production in the world (K. Reddy, 1979). Among different emerging 

diseases like sheath blight, brown spot, neck blast, the BLB disease caused by Xanthomonas 

oryzae pv. oryzae (Xoo) is the devastating disease which may appear at seedling, tillering, 

booting stages of rice plant life cycle under changing climate conditions. The losses of the crop 

varied from 10% to 90%, if it appears before panicles initiation as it affects the flag leaf of the 
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plant. Most of the time, genes that cause resistance are dominant genes which response by 

identifying the unknown proteins produced by pathogen effector genes and the interaction 

between them are known as gene by gene interaction. Rice, sedges and other grasses mostly 

affected by this BLB disease caused by Xoo. Besides Oryza, there are different host of Xoo 

pathogen as Zoysia japonica, Panicun maximum, Cynodon dactylon, Leersia oryzoides, Cyperus 

difformis and Cyperus rotundus etc. Rice is found as the major host of this bacterium and largely 

affected by the disease. The Xoo belongs to the Xanthomonadaceae family and its genus is 

Xanthomonas. It is a gram negative and non-spore forming rod shaped bacterium with a single 

polar flagellum (Nas, 2008; Sahu et al., 2018). It enters through the natural opening like 

hydathodes, stomata and wounds. It can survive in non-growing seasons in rice seeds as well as 

other living hosts. 

The favorable conditions for the spread of this disease include high temperature (25-30 

°C) and humidity above 70%. It usually occurs after continuous heavy rain and strong wind 

which allow the bacteria to spread easily and affect rice plants (Naqvi, 2019). It is mostly 

observed in rice crops found in high and moderate temperature areas. Its ventures are high under 

high nitrogen fertilization. Rice cultivars in the tropical areas are highly susceptible to BLB 

disease. It has a destructive effect on the rice varieties mostly found in Asian countries. Its 

symptoms include yellowish leaves that roll up and dry, later on lead to its death. It is the one 

that seriously affects the rice plants and the yield loss depends upon the occurrence of the disease 

during growth stages (Ghadirnezhad and Fallah, 2014). The death of affected seedlings occurs 

between two to three weeks. It is unable to chemically control the effect of disease but biological 

control techniques like bacterial antagonists of pathogens can be used to minimize the BLB with 

limited usage (Khan et al., 2012). 

The farmers are facing many difficulties including decrease in yield that results in very 

low seed production because most of the plants die at their seedling stage which can cause a high 

yield loss up to 70%. It is also a big financial loss for the country (Syed-Ab-Rahman et al., 

2020). There is a need to develop resistance against the disease for next and improved 

generations of rice and in future, there are chances of hunger starvation due to this disease. 

In 2000, the whole genome of rice was sequenced using shotgun sequencing method 

which revealed that rice has 12 chromosomes (2n = 24) and about 40,000 genes that belong to 

15,000 distinct gene families  (Song et al., 1995). Rice, like other plant species, has some 

important genes that fight against different pathogens. After the study of rice genetics, scientists 

have identified BLB resistant genes named as Xa genes that fight against bacterial species like 

Xoo. According to the recent study, 39 Xa genes harboring resistance to BLB-disease were 

discovered from the cultivated and wild rice varieties. These resistance genes are named as Xa1 

to Xa39 in which some Xa genes are extensively used for breeding in Asia like Xa4, Xa5, Xa13 

and Xa21 (Zhang et al., 2015). It is difficult to control the BLB-disease as the pathogens are 

changing under variable climate conditions but the development of resistance in the host against 

pathogens is the best way to control this disease. 
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Xa genes code for specific proteins and have different types of domains in their 

sequences that proved useful for bacterial resistance. Most of the genes have identical regions 

and possess the same type of domains due to their sequence and functional similarity. For 

example, Xa3 and Xa26 genes code for the same type of LRR receptor kinase-like protein. 

Earlier studies reported that proteins of these genes possess 94% similarity and 92% identity in 

their sequences (Xiang et al., 2006). It was also observed that recessive xa gene like xa13 also 

proved resistance ability against BLB disease (Chu et al., 2006). 

The detailed study about the characterization of Xa genes needs to be carried out to 

explore in depth the resistance ability of these genes in order to increase their effect against BLB 

disease. Some Xa genes also possess high resistance as compared to other genes. Xa genes were 

introgressed in existing cultivars to improve their resistance against BLB disease attack for 

sustainable rice production. 

Most of Xa genes have been incorporated into the background of susceptible indica 

cultivar IR24. Some Xa genes have been pyramided, either through classical breeding and 

marker assisted selection or through genetic engineering approaches to develop new plant types 

and near isogenic lines (Khan et al., 2012). Development of resistant cultivars carrying major 

resistant genes has been the most effective approach for the control of BLB but for incorporation 

of the most efficient genes, it is a prerequisite to evaluate the resistant sources against existing 

races or isolates of Xoo. 

In Pakistan, PKX1, PKX2, PKX3, PKX4 and PKX5, races of Xoo were found where PK 

and X used for Pakistan and Xoo respectively. The International Rice Research Institute (IRRI) 

developed 26 rice varieties possess different genes or combination of genes against 61 Xoo 

isolates and indicating 14 different rice producing land zones in Punjab, Pakistan. The analysis of 

disease spread proved that near isogenic lines were prone to one or more Xoo isolates (Khan et 

al., 2012). All the isolates of BLB cannot be controlled by only one gene. For example in Oryza 

longistaminata, Xa21 gene that is present on chromosome 11, works well separately and also in 

combination for resistance in different isolates (Song et al., 1995). A few isolates of Xoo cause 

virulence and dominate the Xa21. According to IRRI, only single race PKX2 dominate the Xa21 

gene and it is the only dominant Xoo race in Punjab, Pakistan while Xa21 cause resistance in 

other Xoo races (PKX1, PKX3, PKX4 and PKX5). 

In Pakistan, none of the existing cultivated variety exhibited complete resistance to BLB 

disease. The rice breeders are trying to develop BLB disease resistant rice varieties by 

incorporating resistant Xa genes developed by IRRI, Philippines. Several Xa genes discovered so 

far have resistance against BLB disease but still research required for their full characterization. 

In the past, many researchers characterized Xa genes. They used different ways to 

annotate these genes, but full characterization of many genes is still incomplete. Most of the 

researchers used wet lab for experimentation so there is a need of dry lab i.e. in-silico analysis to 

fully explore the Xa genes using different computational tools to increase the resistance ability of 

these genes up to 100%. To have complete resistance, the full characterization of the Xa genes 
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using in-silico analysis needs full consideration, so that breeder can incorporate the Xa gene of 

interest in their breeding rice material.   

The objective of study is the sequence and structural analysis of BLB resistance Xa genes 

to understand and enhance its effect in rice plants and generate useful information that will be 

helpful for future research. It includes to identify motifs and domains to analysis conserved 

regions, secondary structure analysis, phylogenetic analysis, homology modeling, Ramachandran 

plot analysis and comparative analysis using different window-based and web-based tools. 

 

Materials and methods 

Sequence retrieval and purification 

The amino acid sequences of rice resistance Xa genes downloaded from the UniProtKB database 

(https://www.uniprot.org/help/uniprotkb). Amino acid sequences of some Xa were not available 

in the UniProtKB so their nucleotide sequences were retrieved from online biological database 

GenBank (http://www.ncbi.nlm.nih.gov/genbank). The MSU (http://rice.plantbiology.msu.edu) 

Rice Genome Annotation Project Database and Resource was used to get information about 

sequence conformation with the genomic linkage and annotation of Xa genes with other Xa 

genes that form a semantic network of all rice genes (Kawahara et al., 2013). For the sequences 

purification and to exclude data redundancy, BLAST Aligning tool for Multiple Protein 

Sequences 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins&PROGRAM=blastp&BLAST_PROG

RAMS=blastp&PAGE_TYPE=BlastSearch&BLAST_SPEC=blast2seq) was employed to align 

amino acid sequences according to their similarity with other amino acid sequences (Johnson et 

al., 2008). Amino acid sequences were required for analysis, so translation of nucleotide 

sequences was carried out by using EMBOSS Transeq tool 

(https://www.ebi.ac.uk/Tools/st/emboss_transeq) (Only unavailable amino acid sequences were 

translated) (Madeira et al., 2019).   

Sequence analysis 

Motif and domain identification 

Multiple Sequence Alignment (MSA) of Xa amino acid sequences was performed using the 

CLUSTAL-X tool (it employs progressive alignment method using a heuristic approach) (Larkin 

et al., 2007). Motif identification was carried out using the MEME suite tool (http://meme-

suite.org/tools/meme) that led to the location identification and graphical representation by 

sequence logo of the cross-ponding motifs. (Bailey et al., 2009). 

For further sequential annotation, the Simple Modular Architecture Research Tool (SMART) 

(http://smart.embl-heidelberg.de) (the Hidden Markov Models for protein domain identification 

was used to generate detailed results for the domains) (Schultz et al., 1998) and CDD 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) pragmated for domain identification and 
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purified protein sequences used as the input (Lu et al., 2020). To confirm the resultant domain 

presence in the sequences, the Pfam database (https://pfam.xfam.org) was accessed (El-Gebali et 

al., 2019). InterProscan (https://www.ebi.ac.uk/interpro/search/sequence) was utilized for 

classification of protein family based on motif conserveness and domain present in the sequences 

(Jones et al., 2014). 

Comparative analysis 

All Xa genes were taken as a query one by one and aligned with all Xa genes (as subject 

sequences) using Align Sequences Protein BLAST tool that showed the sequences similarity 

percentage among these sequences. For the ease in understanding their similarity, the Sequence 

Identity Matrix (SIM) was created. The evolutionary relationship also analyzed to take a peek 

deeply on the evolutionary relationship between all the present Xa genes using MAFFT for 

alignment (Madeira et al., 2019), FastTree (https://www.genome.jp/tools-bin/ete) (Price et al., 

2009) for phylogenetic tree construction using approximate maximum likelihood method  (Jin et 

al., 2006)  and Interactive Tree of Life (ITol) (https://itol.embl.de) to edit and enhance tree 

topology (Letunic and Bork, 2016). 

Phylogenetic analysis 

MSA of Xa amino acid sequences was done with the CLUSTAL-X tool that employed 

progressive alignment method which used a heuristic approach to align the sequences. By using 

protein MSA, a phylogenetic tree constructed with FastTree tool that used the maximum 

likelihood method. Finally, ITol tool used for phylogenetic tree annotation, display and 

manipulation of tree’s data like clusters name, text font, tree style, bootstrap value, evolutionary 

distance, merge clusters into clades, colorful visualization and other useful manipulations 

(MEGA-X can also be used). 

Primary structure analysis 

ProtParam tool (https://web.expassy.org/protparam) was utilized to calculate the physical and 

chemical parameters useful regarding the structural analysis in Xa proteins. The calculated 

parameters include no. of amino acids, molecular weight, formula, theoretical pI, no. of 

negatively charged residues, no. of positively charged residues, total no. of atoms, extinction 

coefficient, aliphatic index, GRAVY, and instability index (ProtParam, 2017). To determine the 

transmembrane helices in Xa amino acid sequences, the TMHMM tool 

(http://www.cbs.dtu.dk/services/TMHMM) was employed that utilize membrane protein 

topology identification approach based upon the Hidden Markov Model (Krogh et al., 2001). 

Secondary structure analysis 

In Xa proteins, the prediction of secondary structures was carried out with the help of SOPMA 

tool (https://npsa-prabi.ibcp.fr/cgi-bin/npsa-automate.pl?page=/NPSA/npsa_sopma.html). The 

main components of predicted secondary structures include alpha helix, beta-turn, and random 

coil, etc., (Geourjon and Deléage, 1995). The identification of signal peptides with positions of 
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their cleavage sites in Xa amino acid sequences was done using the SignalP tool 

(http://www.cbs.dtu.dk/services/SignalP). It is based upon the architectures of recurrent and 

convolutional neural networks with a random option of condition (Nielsen et al., 1997). 

Comparative modeling 

Template searching and modeling 

The residues of  Xa15, Xa19, Xa20 and Xa21 proteins of rice was explored in BLASTP against 

PDB database (http://www.rcsb.pdb.org) to find suitable template for homology modeling to 

predict 3D structures and functional prediction of these proteins (Berman, 2000). I-TASSER 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER) was also utilized for the searching of well-

suited templates for comparative modeling of these Xa proteins (Yang and Zhang, 2015). 

Different parameters of BLASTP like, highest alignment score and percentage identity, 

maximum query coverage, and lowest E-value employed for accuracy assurance of the selected 

templates for Xa proteins. All these steps suggested that 6s6q.2.A a hetero dimer whose A-chain 

is the most suitable template for Xa15, Xa19, and Xa20, and 4mn8A (A-chain) for Xa21 

proteins. Homology modeling based upon target sequence alignment with template sequence 

whose structure was already available in the PDB database. The sequence alignment of target 

with template was done by MODELLER9v7 using alignment script (align2d.py). Using the 

alignment file 15 different 3D structural models were produced by the MODELLER9v7 (Webb 

and Sali, 2016). The ranking of these predicted 3D models was done according to their discrete 

optimized protein energy (DOPE) scores and GA3141 score. The lowest DOPE score and 

highest GA3141 cross-ponds the best modeled structures. For further clear visualization, UCSF 

Chimera 1.14  was implemented (Chen et al., 2015). 

Model quality assessment 

The quality assessment along reliability and internal consistency of Xa15, Xa19, Xa20, and Xa21 

models was carried out by GNUPLOT(Racine, 2006), Ramachandran plot analysis and a number 

of other tools. To test the stereo chemical quality of the model by phi and psi angles of proteins, 

Swiss model server was used, which identify the number of residues in favorable and 

unfavorable regions of Ramachandran plot (Spencer et al., 2019). ERRAT 

(https://servicesn.mbi.ucla.edu/ERRAT) tool utilized for the overall quality-factor determination 

of proteins. It calculated the statistics of unbonded interactions among different types of atoms 

(Dym et al., 2012). Furthermore, standard bond angles and bond lengths of these models were 

determined. Structural Analysis and Verification Server (SAVES) (http:// 

nihserver.mbi.ucla.edu/SAVES) used to perform the above analysis. The quality validation of 3D 

predicted models was carried out using MolProbity web server 

(http://molprobity.biochem.duke.edu). This outcome fine detail about any problem in molecular 

model using atomic contact analysis (Chen et al., 2010). The root mean square deviation 

(RMSD) between the atoms of the computed models and templates was calculated with the help 

of I-TASSER server. The updated dihedral-angle diagnostics was done using Ramachandran 
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plot, built with the help of Swiss model tool of Expasy server 

(https://swissmodel.expasy.org/interactive) (Waterhouse et al., 2018). For final validation and 

refinement of the predicted 3D structural models, the ProSA tool 

(https://prosa.services.came.sbg.ac.at/prosa.php) was used to calculate the native protein folding 

energy of the predicted models (Fig. 2a, 2b, 2c, 2d) and compare the energies of these with the 

known structural models’ energy field (Fig. 3a, 3b) (Wiederstein and Sippl, 2007). MATRAS 

web server (http://strcomp.protein.osaka-u.ac.jp/matras/matras_pair.html) was used for the 

pairwise alignment of the structures of suited templates and the computed models to have a 

better assessment of the conserveness between them and their pairwise 3D structural 

superimposition (Kawabata, 2003). 

 

Figure 2: Protein structure analysis (ProSA) of predicted structures of Xa proteins, (A) overall quality of 

Xa15 model. (B) overall quality of Xa19, (C) overall quality of Xa20 model, and (D) represents overall quality 

of Xa21 model (blue doted region show the protien folding energies and the black dot represents the place of 

predicted model energy value in that region). 
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Figure 3: Protein structure analysis (ProSA) of selected templates (A) Image against 4mn8, (B) Image against 

6s6q. 

 

Results and discussion 

Sequence analysis and domain prediction 

The previously published amino acid sequences of Xa15 (363aa), Xa19 (363aa), Xa20 (363aa) 

and Xa21 (1025aa) proteins from Oryza sativa and indica, involved in resistance against BLB 

disease in rice, which were downloaded from UniProt database (https://www.uniprot.org). The 

domain search using SMART tool revealed that all four Xa proteins possess a similar domain 

leucine-rich repeat receptor-like protein kinase (LRR 8) (Antolín-Llovera et al., 2012). LRR-8 is 

the 8th family member of clan CL0022 which consist of total 13 family members. Xa15, Xa19 

and Xa20, each of these possess five different type of identical domains (LRR) (Yoshimura et 

al., 1998), on different positions that start from same residue (Leucine) but end on different 

residues viz, (Leu14-Leu38), (Leu62-Asn85), (Leu86-Ile110), (Leu135-Cys159) and (Leu183-

Asp206). Traditionally, LRR protein contains normally one alpha-helix for each beta-strand, 

variants that involved in the formation of beta-alpha superhelix folds, sometimes contain long 

loop structures instead of helices that link with successive beta-strands. The toll-like receptors 

that involved in binding of pathogens with danger associated molecular patterns, possess ten 

consecutive LRR motifs (Xiang et al., 2006). Xa21 possesses two different type of domains viz, 

N terminal leucine rich repeat kinase like protein (LRR) beta-alpha subunit domain and C-

terminal Serine/Threonine protein kinases (S_TKc) catalytic domain, conserved protein domain 

that involved in protein kinase’s catalytic function, phosphorylation process (works as on/off 

switch for different cellular processes) and play an important role in the embryonic development 

and immune system (Cross et al., 2000). Many diseases in human including cancer causes due to 

abnormal phosphorylation and drugs that affect phosphorylation can treat those diseases. For 
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SMART results conformation, searches are performed in CDD and Pfam databases. Results of 

the previously discussed tools and databases are perfectly correlated with that of the results from 

the InterProscan, which showed that Xa15, Xa19, Xa20 and Xa21 possess the conserved motifs 

and protein domains of the superfamily (Pkinase-PF00069 and LRV-PF01816) which is directly 

or indirectly involved in physiological responses, in the nervous and immune system and in the 

regulation of different cellular processes like apoptosis, cell cycle progression and the 

phosphorylation that ultimately leads to disease control (Cross et al., 2000). SignalP5.0 predicted 

that there is no probability of any signal peptide cleavage sites in Xa15, Xa19 and Xa20, but 

Xa21 have 0.8092 probability of signal peptide cleavage sites at the position of 23 and 24. 

MEME suit predicted three different motifs from these Xa amino acid sequences. Xa protein 

sequences that represented the conserved residues in the sequences using sequence logos (Fig. 

4). The maximum selected width of identified motifs was 50 amino acids. The conserveness of 

residues revealed that Xa15, Xa19, Xa20 and Xa21 are closely related to each other. So, they 

share a common cluster within a phylogenetic tree. The locations of motifs and their consensus 

sequences are shown in the figure (Fig. 5). 

 

Figure 4: Sequence logo of conserved region among Xa15, Xa19, Xa20, and Xa21 proteins to show the 

conserveness of the residues at that point, generated by MEME suit. 
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Figure 5: Consensus sequences in Xa15, Xa19, Xa20 and Xa21 and their positions. The color shows the motif 

of a specific sequence and sequence against that color motif is defined in the bottom of the image. 

Primary structure analysis 

The ProtParam tool employed to compute primary structural parameters of the Xa proteins like 

molecular weight, that is 38.85 kDa for Xa15, 38.93 kDa for Xa19, 38.83kDa for Xa20 and 

111.33 kDa for Xa21 protein. The isoelectric point (pI) refers to the pH at which net charge on 

protein is zero and the surface of protein is covered with charge. At pI, proteins behave as 

compact and stable. The protein Xa15, Xa19 and Xa20 had same pI of 9.30, indicating its basic 

nature (pI > 7.0) and Xa 21 have pI of 7.35, indicates its neutral nature (pI ~ 7.0). The aliphatic 

index (AI) is defined as the relative volume of a protein occupied by aliphatic side chains such as 

alanine, valine, isoleucine, and leucine. It is considered as a positive factor for the increase of 

thermal stability of globular proteins. Aliphatic index of rice Xa15, Xa19 and Xa20 protein was 

very high (i.e., 115 and 109 in case of Xa21), indicating that these proteins may be stable for a 

wide range of temperature (Ikai, 1980). The instability index provides approximation about the 

stability of protein in in-vitro environment. A protein possesses instability index smaller than 40 

is considered as stable while value greater than 40 considered that the protein may be unstable 

(Guruprasad et al., 1990). It was calculated that the instability index of these protein is about 

21.91, 22.45, 22.52 and 32.79 respectively, which indicated the stable nature of the protein 

structure. The GRAVY index of Xa15 is 0.107, for Xa19 is 0.108, for Xa20 is 0.106 and for 

Xa21, it is 0.049. These were on positive side and show their slightly hydrophobicity nature 

(GRAVY>0), indicating its low affinity for water. Extinction coefficient is the amount of light 

absorption by the protein at a specific wavelength. In case of rice protein extinction coefficient of 

Xa15, Xa19 and Xa20 is 23170, and for Xa21, it is 87415.   

Secondary structure analysis 

In order to find the structural features of the Xa proteins, its secondary structures predicted using 

SOPMA tool. A high proportion of random coils and alpha helix were found in the protein 

structures. The results of predicted secondary structures showed that the proportion of extended 

strands (β folds), α helices, β turns, and random coils accounted for Xa15; 14.88, 34.44, 4.13, 

and 46.56%, for Xa19; 13.22, 34.71, 4.41 and 47.66%, for Xa20; 16.25, 32.51, 4.68 and 46.56%, 
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for Xa21; 14.54, 35.32, 4.29 and 45.85% of the secondary structure, respectively. TMHMM tool 

predicted the presence of one transmembrane helix of 22.72 amino acids in Xa15, one 

transmembrane helix of 22.80 amino acids in Xa19, one transmembrane helix of 22.69 amino 

acids in 20 at location 267-289 and one transmembrane helix of 23.09 amino acids in 21, at 

location 652-674. 

Comparative analysis with other Xa genes 

The comparative analysis of Xa proteins show the sequence similarity between these proteins as 

shown in Percentage Sequence Identity Matrix (PSIM) Table 1. 

Table 1: Percentage Sequence Identity Matrix (PSIM) 

 
Xa1 Xa4 Xa5 Xa10 Xa13 Xa15 Xa19 Xa20 Xa21 Xa23 Xa25 Xa26 Xa27 

Xa1 100 - - - - 31.17 31.17 31.17 32.47 - 50.00 23.85 45.45 

Xa4 - 100 - - - 28.00 26.09 28.00 24.11 - - 27.56 - 

Xa5 - - 100 - - 62.50 62.50 62.50 20.45 - - - - 

Xa10 - - - 100 - - - - - 35.78 - - - 

Xa13 - - - - 100 - - - - - 56.48 53.85 27.69 

Xa15 27.74 60.87 62.50 - - 100 99.17 99.72 98.07 - - 36.76 - 

Xa19 27.74 60.87 62.50 - - 99.17 100 98.90 98.35 - 33.33 36.76 - 

Xa20 27.74 60.87 62.50 - - 99.72 98.90 100 97.80 - - 36.49 - 

Xa21 28.68 28.15 62.50 - - 98.07 98.35 97.80 100 - 35.48 34.85 - 

Xa23 - - - 35.78 - - - - - 100 - - - 

Xa25 50.00 - - - 56.48 - 33.33 - 35.48 - 100 - - 

Xa26 23.49 27.56 - - 53.85 36.76 36.76 36.49 37.22 - - 100 27.59 

Xa27 45.45 - - - 27.69 - - - - - - 66.67 100 

 

The phylogenetic analysis showed the relationship between Xa proteins. The results revealed that 

the Xa19, Xa21, Xa15 and Xa20 fall in the same cluster because they are more closely related to 

each other due to higher sequence similarity between them. They are also closely related to 

Xa26. So, fall in the same clade. Meanwhile, Xa13 and Xa25 have the same cluster due to their 

closely relatedness. Xa5 also makes clade with Xa13 and Xa25 due to low evolutionary distance 

from these Xa proteins. Xa10 and Xa23 make their separate clade due to weak relationship with 

other proteins. Xa27, Xa1 and Xa4 also have some relationship with the lower clade (Fig. 6). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2020                   doi:10.20944/preprints202010.0472.v1

https://doi.org/10.20944/preprints202010.0472.v1


 

Figure 6: Neighbor joining based evolutionary tree inferred from all available Xa proteins with the help of 

FastTree tool. (color of the branches represents the percentile bootstrap value according to the define 

parameters and Tree scale 0.1 shows the substitution at per base position). 

Molecular evolutionary analysis 

For comparative sequence analysis of rice Xa proteins, BLAST tool against non-redundant (nr) 

database results that these Xa genes are closely related to the family members of  the leucine rich 

repeats (LRR, CL0022) and Serine/Threonine protein kinases catalytic domains (S_TKc, 

CL33413) from various species of plants that are evolutionary related to eudicots and other 

monocot species. The sequences from the BLAST results were selected based upon the highest 

score, identity percentage (>95%), Query coverage (>90%) and lowest E-value (near to Zero) 

with responding to our query. Sequences from 11 different species including Xa proteins for 

LRR domain and 9 different species related to S_TKc domain including Xa21 protein were 

compiled for multiple sequence alignment using MAFFT tool (Fig. 7). The MSA revealed that 

the leucine rich repeats and serine/threonine protein kinase are highly conserved in these species 

during over all evolutionary pathway.  
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Figure 7: Multiple sequence alignment of all available Xa proteins using MAFFT aligning tool (view of more 

conserved region) 

 

The evolutionary analysis of these species was carried out using the approximately maximum 

likelihood method in FastTree that generate their mid rooted evolutionary tree. This tree divided 

the species into two major groups (cluster I and cluster II) on the basis of specific divergence 

among them with strong bootstrap values within their node (green color for highest and red for 

lowest value). The LRR cross ponding tree consists of one group, cluster II for different species 

of Oryza genus (Oryza indica, Oryza japonica, and Oryza longistaminata) and one group 

clusterII for species other than rice which include eudicots,(i.e. Kingdonia uniflora, Nelumbo 

mucifera, papaver somniferum, Aquilegia coerulea, and thalictrum thalictroides) (Fig. 8). The 

S_TKc cross-ponding tree consists only monocot related species that are further divided into two 

major groups, cluster I  for Oryza species (OS indica, OS japonica, and Oryzaongistaminata) and 

other cluster II for other species (i.e. Brachypodium distachyon, Panicum miliaceum, Aegilops 

tauschii and Triticum turgidum) (Fig. 9). All LRR and S_TKc sequences from OS japonica was 

clustered together with OS indica which indicates, indica and japonica are highly similar in 

contrast to other members of the tree.  
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Figure 8: LRR domain based evolutionary tree among rice and other species having same domain using NJ 

approach. (percentage on the branches represents the percentile bootstrap value. Tree Scale 0.1 shows the 

substitution per base position. Cluster-I is for all eudicots species and Cluster-II is for all monocots species 

including rice). 

 

 

Figure 9: S_TKc domain based evolutionary tree among rice and different species have same domain using 

NJ approach. (percentage on the branches represents the percentile bootstrap value. Tree Scale 0.1 shows the 

substitution per base position. Cluster-I is for rice species and Cluster-II is for all other species). 

 

Comparative modeling of Xa proteins 

For 3D structural prediction of proteins, comparative modeling also known as homology 

modeling, considered as one of the best approaches that outcomes structural models having high 

precision and accuracy as compared to other similar approaches. It is taken as a method of choice 

for the proteins that have closely related sequence similarity due to their evolutionary 

relationship. This technique used the idea that if two proteins possess sequence similarity then 

they also have structural similarities. For a precise and reliable alignment between target and 
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template high sequence identity is preferred. 5gr8A, 5gr9B, 6s6q.2.A, 5hyxB, 5gijB, 4mn8A, 

4j0mA and 3rgxA were predicted top templates with the help of I-TASSER. 6s6q.2.A that have 

highest similarity with Xa15, Xa19 and Xa20 and 4mn8A with Xa21 as shown in Table 2. Swiss 

model server search also suggested that crystal structures of the 6s6q.2.A (chain-A) and 4mn8A 

(chain-A) in Arabidopsis thaliana with a resolution of 2.95 Å and 3.06 Å respectively, was the 

best suited templates for these Xa proteins. Sequences of these templates were pairwise aligned 

with the Xa proteins sequences by using CLUSTAL-X and Seaviewer tool was utilized to 

visualize the alignment. Based on the target and template alignment, MODELLER9v7 generated 

20 rough models of queried proteins sequences using 6s6q (for Xa15, 19 and 20) and 4mn8 (for 

Xa21 as templates. From these 20 models, the model having lowest DOPE score and highest 

GA3141 score was considered to be thermodynamically stable and chosen for further validation 

and refinement. The secondary structure of selected predicted models (Fig.11) and selected 

templates (Fig 12) were visualized using chimera tool and compared which conclude that, the 

predicted model have some conserved pattern with their template used for model building. The 

secondary structure comparison between the predicted models and selected templates showed 

both of comprised of helices and beta sheets that shared strong homology across the entire 

length. The identity of each alpha and beta sheets between target and template is shown in Table 

3. 

 

Figure 10: 3D view of secondary structures of homology based predicted Xa proteins models: (A) Snip of 

Xa15 model, (B) Snip of Xa19 model, (C) Snip of Xa20 model, and (D) Snip of Xa21 model using chimera.   
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Table 2: Selected templates for homology modeling from BLAST against PDB database 

 

 

Figure 11: 3D view of secondary structures of the proteins selected as templates for comparison based 

homology modeling: (A) Image of 4mn8(Chain-A), and (B) Image of  6s6q (Chain-A). 

Table 3: Secondary structure comparison of selected templates and predicted models 

Sr. 

No. 

Target/ template Number of amino acid residues (%) Total No. of 

amino acids Turn Helix Strand Coils 

1 Xa15 4.13 34.44 14.88 46.56 363 

2 Xa19 4.41 34.71 13.22 47.66 363 

3 Xa20 4.68 32.51 16.25 46.56 363 

4 Xa21 4.29 35.32 14.54 45.85 1025 

5 6s6q 1.39 38.24 9.50 50.87 863 

6 4mn8 1.28 40.54 10.36 47.83 782 

Sr. No. Templates Total score Identity (%) 
Query 

coverage (%) 
E value 

Resolution 

(Ao) 

1 4mn8_A (for Xa15) 1013 36.54 69 7e-21 3.06 

2 6s6q_A 1414 40.96 73 1e-40 2.95 

3 5hyx_B 696 38.13 84 1e-39 2.60 

4 5gr8_A 1233 38.55 98 6e-36 2.59 

5 4mn8_A (for Xa19) 1007 36.54 69 1e-40 3.06 

6 6s6q_A 1408 40.96 73 2e-40 2.95 

7 5hyx_B 819 38.13 84 2e-39 2.60 

8 5gr8_A 1226 38.55 98 9e-36 2.59 

9 4mn8_A (for Xa20) 1123 36.21 69 1e-40 3.06 

10 6s6q_A 1326 40.56 73 2e-40 2.95 

11 5hyx_B 694 38.13 84 2e-39 2.60 
12 5gr8_A 1353 38.55 98 7e-36 2.59 

13 4mn8_A (for Xa21) 917 32.69 58 6e-92 3.06 

14 6s6q_A 1073 36.79 66 6e-84 2.95 

15 5hyx_B 267 33.86 56 2e-77 2.60 

16 5gr8_A 463 32.28 57 7e-73 2.59 
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Model assessment and validation  

The conserveness of the secondary structure revealed the reliability and robustness of predicted 

models computed by MODELLER9v7 based on the alignment between target and template. The 

graphical view of that alignment shown with the help of GNUPLOT (Fig. 12).  

 

 

Figure 12: GNU plots of predicted models of Xa15, Xa19, Xa20 and Xa21 proteins respectively created by 

GNU plotter (purple colored curve indicate the cross-ponding Xa protein and green colored curve indicates 

the selected template). 

 

To check the reliability of dihedral angles and stereo chemistry of the model for backbone 

confirmation the Swiss model on ExPasy online server 

(https://swissmodel.expasy.org/interactive) was interpreted and computed the residues fall in the 

available zone of Ramachandran plot (Fig. 13). The Ramachandran plot analysis of the models 

showed that the 88.08% residues of Xa15 (Fig. 13a), 88.08% residues of Xa19 (Fig. 13b), 

86.72% residues of Xa20 (Fig. 13c) and 92.67% residues of Xa21 (Fig. 13d) fell in the most 

favored regions. 11.98% residues of Xa15 and Xa19, 13.28% residues of Xa20 and 7.33% 

residues of Xa21 fall in the additional allowed regions, and no residue of them was found in the 
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generously allowed and disallowed region. The residues percentage in computed 3D models 

were nearly similar with the Ramachandran plot of templates (Fig. 14) as shown in Table 4, 

which strongly recommend the computed structural models as precise and reliable for its 

backbone conformation. Similarly, the VERIFY-3D (https://servicesn.mbi.ucla.edu/Verify3D) 

tool determined more than 80% residue score > 0.2 which shows the atomic-model (3D) 

compatibility with its own residues (1D), (Lüthy et al., 1992). 

 

 

Figure 13: Ramachandran plot of predicted structures of proteins: In (A) Ramachandran plot of Xa15 

protein, (B) Ramachandran plot of Xa19 protein, (C) Ramachandran plot of Xa20 protein,  (D) 

Ramachandran plot of Xa21 protein. 
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Figure 14: Ramachandran plot of selected templates (4mn8 and 6s6q respectively) 

 

This result indicates that the proposed models are reliable. WHATCHECK 

(https://servicesn.mbi.ucla.edu/WHATCHECK) server used to accessed the coarse packing 

quality of the protein, planarity, collision with symmetry axis and to compute the anomalous 

bond length, anomalous bond angles, proline puckering, and distribution of omega angles of the 

model protein, indicate that it is acceptable and of good quality. PROVE 

(https://servicesn.mbi.ucla.edu/PROVE) program computed the Z-score mean, Z-score Standard 

deviation and Z-score RMS of the models to estimates the average magnitude of the volume 

irregularities. The Z-score RMS values of the predicted models were 1.65 for all Xa15, Xa19, 

Xa20 and xa21, respectively which is positive and near to 1 and indicates the moderate 

resolution of our predicted models (Z-score RMS value in positive direction or near to one 

represents the structures have good resolution).  The results of MolProbity server 

(http://molprobity.biochem.duke.edu/index.php) showed that our computed models had 0% bad 

bonds and only 1% residues had bad angels (a good model have both values close to 0%) that 

further confirmed their reliability. To ensure the Comparative model quality the computed model 

structures were compared with the selected templates structure that was predicted using X-ray 

diffraction technique (2.95Å), using atoms RMSD assessment and the superimposition. 
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Table 4: Ramachandran plot result elucidation 

 

 

 

MATRAS server (http://strcomp.protein.osaka-u.ac.jp/matras/matras_pair.html) computed 

pairwise alignment of 3-D structures of the predicted models and selected templates that 

provides the key elements of secondary structure and proves the strongly conserveness 

(Reliability of folds and  Superfamily were 93.9% and 64.4% respectively) in the alignment 

where there exists a sequence similarity of ~35% and normalized S_dis score (28.5%). The 

DRMS similarity (deviation of CA trace) between the structures of predicted models and 

selected template was 0.93Å that denotes, the predicted models are reasonably good and similar 

to the selected templates as in Figure 15. 

Sr. # 
Protein 

Name 

Model length 

(No. of 

Residues) 

Amino-acid Residues in 

Most Favored 

regions 

Additional 

Allowed 

regions 

Generously 

Allowed 

regions 

Disallowed 

regions 

1. 
Xa15 262 75.0% 53 2 0 

2. 
Xa19 262 75.0% 53 2 0 

3. 
Xa20 262 75.0% 53 2 0 

4. 
Xa21 602 80.9% 92 5 2 

5. 
6s6q.2 857 74.2% 189 4 1 

6. 
4mn8.1 971 82.8% 134 6 3 
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Figure 15: The 3D secondary structure alignment of selected templates and predicted models. (A) Structural 

alignment of Xa21 with 4mn8 (Chain-A). (B) Structural alignment of Xa (15/19/20) proteins with 6s6q 

(Chain-A). (Blue color represents the overlapping region on template by predicted models’ structures and 

grey represents the structure of selected templates). 

 

Conclusion 

The dominant genes Xa15, Xa19, Xa20 and Xa21 belong to family of Xa gene in rice and 

encode beta-alpha kinase protein subunits and provide complete resistance race specifically 

against the pathogen Xoo. The characterization of these Xa genes revealed that these are highly 

similar (more than 95%) with each other and possess similar domains of leucine rich repeat 

kinase like proteins. Xa21 is greater in sequence length (1025) and have a patch of 363 amino 

acids similar to the Xa15, Xa19 and Xa20. In the addition, a patch of amino acids sequence 

possesses a small subunit of serine/threonine kinase protein (S_TKc). These kinase-like proteins 

are involved in kinase’s catalytic functions and phosphorylation process. The phosphorylation 

process work as an on/off switch for the different cellular processes and play an important role in 

the resistance causing in many species including rice. The abnormality in this process leads to 

the damaging or lacking the immunity of the cells against any disease or pathogen attack. 

Because of the involvement of these proteins in phosphorylation process, the presence of these 

genes in any cultivar of the crop will leads to the regularity in this process which ultimately 

cause the resistance against pathogens. These phosphorylated amino acids have recently been 

identified to be present in human cell extracts and fixed human cells using a combination of 

antibody-based analysis. The Homo sapiens also possess the abnormality in the phosphorylation 

process which leads to cause cancer. The leucine rich repeat kinase like protein is the member of 

family LRV which directly involved in catalytic activity of cell like physiological responses and 

regulation different cellular processes, that are directly or indirectly involved in the resistance 

Template (4mn8) 

Chain-A 

Overlapping by 

Model (Xa21) 

Template (6s6q) 

Chain-A 

Overlapping by Model 

(Xa15/Xa19/Xa20) 
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process and the presence of both domains may lead these Xa genes to cause resistance against 

bacterial leaf blight disease in rice and these domains in any other species will also helpful for 

causing resistant against pathogens. The prediction of 3-D structures of these genes was done 

using the comparative based modeling method (homology modeling) carried out by using LRR 

and S_TKc based templates (6s6q and 4mn8) by comparing them with Xa genes and used due to 

their highest similarity with them. The modeled structures were observed homologous to the 

templates that used for structure prediction computationally, concluded that these Xa may also 

possess the same biological processes in rice. Accuracy of these predicted models was computed 

using different model assessment and validation techniques like Ramachandran plot analysis, 

target-template structural alignment, back-bone conformation of the models, compatibility of 

atomic model with their own amino acid sequences, and the coarse packing quality of the 

protein. The phylogenetic analysis showed the evolution of these kinase proteins in different 

species of monocots and eudicots clades. The evolution shows the diversity of these kinase 

proteins in regard to the biological process with the passage of time and due to segregation of the 

genes in these species results in the wide spread of the functional abilities. 

The domains identification and the characterization will lead us to a specific domain that involve 

in resistance biologically. The Xoo races are changing continuously and we can use these 

identified specific regions to predict new genes and pairing arrangements of genes for the 

upcoming races. 
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