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Abstract 

 

Chickpea (Cicer arietinum L.) is one of the most important legume crops cultivated in arid and 

semi-arid regions of the world. Since the availability of the draft genome sequence of chickpea, 

several (re)sequencing efforts have been carried out to identify variations among different 

chickpea accessions. These resequencing efforts could not capture the complete genetic 

repertoire of chickpea because of single reference genome for mapping and the limited use of 

wild relatives of the crop. To address these issues, this study reports the construction and 

analysis of a pangenome of Cicer species by sequencing and de novo assembly of eight diverse 

wild species of chickpea. In recent years, the concept of pangenome which refers to the 

complete genetic repertoire of a species have emerged. In this study eight wild accessions of 

chickpea (C. reticulatum, C. echinospermum, C. bijugum, C. judaicum, C. pinnatifidum,           

C. yamashitae, C. chorassanicum and C. cuneatum) were sequenced and assembled to generate 

eight de novo assemblies of sizes ranging from 423 Mb to 895 Mb. These assemblies were 

aligned against the reference (C. arietinum) genome using de novo assembly approach to 

construct the Cicer pangenome. Further, a pangenome of size 1.87 Gb harboring a total of 

52,163 genes was developed. Orthologs investigation classified these genes into 30,586 gene 

families, of which 15,170 were core and 15,416 dispensable gene families. The modelling of 

the pangenome indicated that the Cicer pangenome is a closed pangenome. The dispensable 

genes were annotated with functions related to major agronomic traits such as disease 

resistance, biosynthesis of secondary metabolites and flowering time. The resources generated 

for the study are available to the scientific community in the form of the ‘CicerPanDB’ 

database. The variations/genes identified through Cicer pangenome analysis can be used as 

markers for marker-assisted selection, by which desirable traits present in wild species can be 

incorporated into domesticated cultivars. 
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1 

Chapter 1: Literature Review 
 
1.1 Introduction and Objectives 
 
Chickpea (Cicer arietinum L.) is a self-pollinated diploid annual legume cultivated 

predominantly in arid and semi-arid regions of the world. With an annual global production of 

over 17 million tonnes, chickpea stands in the list of most widely grown legumes (FAO, 2018). 

Chickpea has a substantial amount of proteins, carbohydrates, vitamins and essential amino 

acids which makes it an ideal food for vegetarians. It is also a rich source of important minerals 

such as iron, zinc, magnesium, phosphorus and calcium (Jukanti et al., 2012). Chickpea is not 

only highly nutritious but also has ability to fix atmospheric nitrogen like other legumes, a 

property that plays an important role in enhancing the quality of the soil. It is also known as 

garbanzo bean, gram or Bengal gram in different parts of the world. It is grown in more than 

55 countries and has two market classes, namely, Desi and Kabuli. The Indian subcontinent, 

West Asia, North Africa, America and Australia are the major producers for the chickpea crop. 

 

The increasing population and changing climatic conditions pose a serious threat to world 

agriculture and highlight the necessity of producing more food crops for an additional 2.3 

billion people by 2050 worldwide (Myers et al., 2017). In the current scenario, the increased 

production of chickpea is very important for food security and for improving the diets of people 

living largely in developing countries. Chickpea is a crop of high economic significance but its 

production has not yet reached the anticipated level owing to several biotic and abiotic 

constraints. Several traditional and modern breeding efforts have been made in the direction of 

chickpea improvement. Though these efforts have considerably increased the production of 

chickpea, there is still a need to take more exhaustive steps towards chickpea improvement to 

meet its growing demand. 

 

Since the availability of the draft genome sequence of chickpea, several resequencing efforts 

have been carried out to identify variations among different chickpea accessions (Varshney et 

al., 2013; Thudi et al., 2016a,b). These efforts provide a large number of variations, mainly in 

the form of SNPs and InDels. In recent past, several studies highlighted that apart from 

SNPs/InDels, another source of variations in the form of SVs contribute to genetic diversity 

and are known to be associated with agronomic traits of interest (Feuk et al., 2006; Qi et al., 

2014; Wang et al., 2015). However, there are very limited studies related to SVs in chickpea 

(Thudi et al., 2016a; Varshney et al., 2019). These resequencing efforts could not capture the 

complete genetic repertoire of chickpea because of single reference genome for mapping and 
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the limited use of wild relatives of chickpea. It has been well studied that domestication and 

breeding have significantly reduced the genetic diversity leading to loss of several loci 

controlling important agronomic traits such as disease resistance in cultivated crops (Gross and 

Olsen, 2010; Warschefsky et al., 2014). Fortunately, these genes are still present in the wild 

relatives of the cultivated species and can be exploited for improving the genetic base of crops. 

Considering their huge potential, there is a need to comprehensively investigate crop wild 

relatives for different variations. Also, there is an increasing evidence that a single reference 

genome is incapable of representing the full view of genetic diversity of a species. The mapping 

to a single reference genome is highly erroneous, especially when the data from divergent 

accessions are used. This limitation of the reference genome in estimating the genetic diversity 

within a species paves way for a more comprehensive approach called pangenomics. 

Pangenome analyses facilitate the comprehension of the sequence diversity within a particular 

gene and/or the allelic variation that causes phenotypic variations among different individuals 

of the same species. For several plant species, pangenomes have been developed using highly 

divergent accessions and their comprehensive analyses have pinpointed important genes 

associated with domestication and other important agronomic traits (Li et al., 2014; Schatz et 

al., 2014; Golicz et al., 2016a; Zhao et al., 2018).  

 

The urge to capture the complete genetic diversity of chickpea by utilizing the unexplored 

genetic potential of its wild relatives, supplemented by the decreasing cost of next generation 

sequencing has paved the way for the following objectives: 

 

1. Sequencing and de novo assemblies of eight chickpea wild relatives.  

2. Identification of genome wide variations and construction of Cicer pangenome. 

3. Development of CicerPanDB: A Cicer pangenome database. 

 

This Literature Review provides an introduction to chickpea crop, Cicer genus and the current 

state of chickpea genomics. The review also provides an overview of the advances in NGS 

technologies, different genetic variations, importance of SVs, different studies related to SVs, 

the need for pangenome, different approaches/tools for pangenome construction and its current 

status in plants.  
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1.2 Crop Introduction 

 

1.2.1 Origin and history 

 

Chickpea is one of the earliest cultivated legumes with origins in South-eastern Turkey and 

adjoining areas of Syria (Zohary and Hopf, 1973; van der Maesen, 1987). Vavilov (1926) 

identified Southwest Asia and Mediterranean region as primary centres and Ethiopia as 

secondary centre of chickpea origin. The domestication of chickpea started in the Fertile 

Crescent around 10,000 years ago with the oldest archaeological evidence from 7500 BC. It 

was cultivated mainly in the semi-arid and temperate to warm regions of the Old World. In the 

16th century, spanish and portuguese presented chickpea to the new world and in the 18th 

century it was brought to India through Mediterranean region (van der Maesen, 1987). 

 

1.2.2 Nutritional value 

 

Since the onset of agriculture, legumes have been largely used for human consumption and 

animal feed. Chickpea is an important component of vegetarian diets of people living in many 

parts of the world, especially in Asian and African countries. It is a rich source of carbohydrates 

(60.0-65.0%), proteins (17.0-28.9%), minerals, fibre and a multitude of vitamins like niacin, 

riboflavin and thiamin (Jukanti et al., 2012). It is highly rich in folic acid (206.5 mg/100 g) and 

tocopherols. On an average, raw chickpea seeds contain 4.1 mg/100 g of zinc, 5.0 mg/100 g of 

iron, 138.0 mg/100 g of magnesium and 160.0 mg/100 g of calcium. Chickpea seeds also 

contain different phenolic compounds such as isoflavones biochanin A and formononetin. The 

concentration of biochanin A is higher in kabuli chickpea as compared to desi (Wood and 

Grusak, 2007). Chickpea also contains some anti-nutritional factors like alkaloids and tannins, 

lectins and protease inhibitors which limits its usage as food in raw form but these factors can 

be removed by different cooking methods (Roy et al., 2010). 

 

1.2.3 Constraints in chickpea production 

 

The average global productivity of chickpea is 956.1 kg/ha (FAO, 2018), much lower than its 

estimated potential range of 1390-4590 kg/ha under optimum growing conditions. This huge 

yield gap is a manifestation of several abiotic and biotic stresses affecting the growth of 

chickpea worldwide. Among abiotic stresses, drought, heat, cold and salinity are the major 

constraints limiting chickpea production. Since chickpea is mainly cultivated under rainfed 
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conditions in arid and semi-arid regions of the world, it is highly vulnerable to terminal drought 

stress due to decreased rainfall and progressively depleting soil moisture (Toker et al., 2007).  

 

Among biotic stresses, more than 50 pathogens have been reported to affect chickpea, but only 

a few are known to cause major crop loss. Ascochyta blight (AB), caused by Ascochyta rabiei 

and botrytis grey mold caused by caused by Botrytis cineria are the major foliar diseases of 

chickpea. Both the diseases are prevalent in areas where chickpea growing season is cool and 

humid. The chickpea growing areas with dry and warm seasons witness occurrence of root 

diseases, such as Fusarium wilt (FW; Fusarium oxysporum), dry root rot (Rhizoctonia 

bataticola) and collar rot (Sclerotium rolfsi). Pod borer is the most important pest hampering 

the growth of chickpea worldwide (Ryan, 1997). Other diseases like rust, root nematodes, 

phytophthora root rot, powdery mildew, cutworm and leaf miner are also reported to infest 

chickpea (Sinha et al., 2019). 

 

1.2.4 The Cicer genus 

 

The Cicer genus falls under family Leguminoseae, sub-family Papilionaceae and tribe Cicereae 

and consists of nearly 9 annual and 34 perennial wild species. Among the annual species, 

Chickpea (C. arietinum L.) is the only cultivated species and other eight include wild species, 

namely, C. reticulatum, C. echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. 

yamashitae, C. chorassanicum and C. cuneatum (Singh et al., 2008). C. reticulatum is 

considered as the wild progenitor of cultivated chickpea. Based on relatedness, these species 

have been classified into three major groups. Group I consists of C. arietinum, C. reticulatum 

and C. echinospermum, whereas Group II includes C. bijugum, C. judaicum and C. 

pinnatifidum. The remaining species, C. yamashitae, C. chorassanicum and C. cuneatum, and 

the 34 perennial species fall under Group III. These wild species are considered a potential 

source of resistance genes for biotic and abiotic stresses. Studies have reported that different 

accessions of C. echinospermum, C. bijugum, C. judaicum and C. pinnatifidum have a high 

degree of resistance to AB whereas C. echinospermum is resistant to Phytophthora root rot 

infection (Singh and Reddy, 1993; Singh et al., 1998). A detailed catalogue of association of 

these wild species with different stresses is given in Table 1. 
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Table 1: List of chickpea wild species harboring useful traits 

 

Cicer species Trait Reference(s) 

C. reticulatum Cold, Cyst nematode, Fusarium wilt Nene and Haware (1980), Singh et al. (1990), Singh et al. (1995), 

Singh et al. (1998) 

C. echinospermum Ascochyta blight, Bruchids, cold, Fusarium wilt, 

Phytophthora root rot 

Nene and Haware (1980), Singh et al. (1981), Singh et al. (1990), 

Singh et al. (1994), Singh et al. (1995), Singh et al. (1998)  

C. bijugum Ascochyta blight, Bruchids, Cold, Cyst nematode, 

Fusarium wilt 

Singh et al. (1990), Singh and Weigand (1994),  

Singh et al. (1995), Singh et al. (1998) 

C. judaicum Ascochyta blight, Bruchids, Fusarium wilt, Gray mold, 

Leaf miner 

Singh et al. (1981), Singh and Weigand (1994), Singh et al. (1998) 

C. pinnatifidum Ascochyta blight, Cold, Cyst nematode, Fusarium wilt, 

Gray mold 

Nene and Haware (1980), Singh et al. (1981), Singh et al. (1982), 

Singh et al. (1990), Singh et al. (1995), Singh et al. (1998) 

C. chorassanicum Leaf miner Singh et al. (1998) 

C. cuneatum Fusarium wilt, Leaf miner Nene and Haware (1980), Singh and Weigand (1994),  

Singh et al. (1998) 
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1.3 Genetic and Genomic Resources in Chickpea 

 

1.3.1 Markers repertoire in chickpea 

 

Once considered an orphan crop, several efforts have been made to improve the productivity 

of chickpea crop. Though these efforts have made a difference by enhancing the genetic gain, 

but much more can be achieved on this front as its actual potential has not been reached yet. 

Much of these efforts have been in the form of development of molecular markers aimed to be 

used in the breeding schemes. In the beginning, isozyme markers were developed for the F2 

population derived using interspecific cross between C. arietinum with C. reticulatum and C. 

arietinum with C. echinospermum (Gaur and Slinkard, 1990). Further, to assess the level of 

polymorphism between the kabuli and desi type chickpea, restriction fragment length 

polymorphism (RFLP) markers were deployed (Udupa et al., 1993). Another study using RFLP 

markers on cultivated chickpea genotypes from 11 countries suggested Iraq-Turkey, Pakistan-

Afghanistan and Lebanon as three major centers for diversity. The study also suggested India 

to be secondary center for genetic diversity (Serret et al., 1997). An integrated genetic map of 

550 cM consisting of 27 isozyme, 10 RFLP and 45 randomly amplified DNA (RAPD) marker 

loci was constructed by interspecific crosses between C. arietinum and C. reticulatum (Simon 

and Muehibauer, 1997). RAPD and oligonucleotide probes were used to estimate low genetic 

diveristy between elite Indian chickpea cultivars and highlighted narrow genetic base in 

chickpea (Sant et al., 1999). Further, assessment of polymorphism in chickpea accessions, 

which also included few mutants, was carried out using RFLP and RAPD markers (Banerjee 

et al., 1999). Markers linked with resistance to fusarium were identified using cross developed 

by crossing C 104 and WR 315 (Tullu et al., 1998). Further, amplified fragment length 

ploymorphism (AFLP) markers were used to assess the genetic diversity, unravelling the 

phylogenetic relationship present in the chickpea germplasm (Nguyen et al., 2004; Shan et al., 

2005; Talebi et al., 2008) and construction of genetic linkage map (Winter et al., 2000).  

 

In subsequent studies, several simple sequence repeats (SSR) based markers were reported in 

chickpea for its improvement. In one of the initial studies di-, tri- and tetra- nucleotide repeats 

were studied for polymorphism and used in linkage map development (Sharma et al., 1995). In 

two different studies, screening of small insert genomic libraries with di-, tri- and tetra- 

oligonucleotide probes developed 16 and 174 SSR markers, respectively (Hüttel et al., 1999; 

Winter et al., 1999). From SSR-enriched libraries and bacterial artificial clones of chickpea 

genotype ICC 4958, a total of 311 novel SSR markers were developed (Nayak et al., 2010). In 
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the following year, sequencing of 55,680 bacterial artificial chromosome (BAC) clones 

reported a set of 6845 SSR markers (Thudi et al., 2011). 

 

In the last decade, SNP markers became a popular choice owing to their abundance in genome 

and easy high-throughput genotyping. In one of the earliest studies, 184 SNPs identified on 19 

contigs generated using 1499 expressed sequenced tags (ESTs) were reported for several Cicer 

species (Varshney et al., 2007). Sanger sequencing was further used to identify few thousand 

SNPs from more than 20,000 ESTs developed for salinity stress and drought affected tissues 

(Varshney et al., 2009a). Sequencing data for more than 20 tissues at various developmental 

stages was generated using the NGS techniques. Sanger ESTs and NGS transcripts were further 

merged and analysed leading to development of first transcript assembly which consisted of 

103,215 tentative unique sequences (Hiremath et al., 2011). This also facilitated identification 

of few thousand SNPs for chickpea. Further, 454 transcriptome sequencing of cultivated 

chickpea and its wild progenitor (C. reticulatum) led to identification of ~52,000 genic SNPs 

(Deokar et al., 2014). Further, a high throughput SNP genotyping platform ‘Axiom CicerSNP 

Array’ was designed by utilizing whole genome resequencing (WGRS) data from 429 chickpea 

lines. The developed array consisted of a total of 50,590 SNPs which were used for genotyping 

different RIL populations (Roorkiwal et al., 2018). These markers are a prerequisite for 

chickpea improvement using either genomics assisted breeding (GAB; Varshney et al., 2005). 

 

Diversity Array Technology (DArT) markers, apart from the SSRs and SNPs, have been 

extensively used for development of genetic maps and assessment of the diversity. For 

chickpea, DArT arrays consisting of 15,360 clones were constructed by ICRISAT with support 

from DArT Pvt Ltd (Thudi et al., 2011). DArT arrays were further utilized to demonstrate 

narrow genetic diversity present within the cultivated chickpea gene pool in comparison to its 

wild counterparts (Roorkiwal et al., 2014). Further, DArTseq platform was used for estimating 

prediction accuracies and efforts were made towards genomic selection in chickpea (Roorkiwal 

et al., 2016). The above described marker systems have been used to construct a number of 

genetic maps which are detailed in Table 2. 
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Table 2: Summary of key genetic linkage maps in chickpea 
 
Population 
type 

Population name Number of 
markers 
mapped 

Marker type Number 
of linkage 
groups 

Map 
length 
(cM) 

Reference 

Interspecific ICC 4958 × PI 489777 120 STMS 11 613.0 Winter et al. (1999) 

Interspecific ICC 4958 × PI 489777 303 Morphological, SSR, AFLP, 
ISSR, RAPD, isozyme 

16 2077.9 Winter et al. (2000) 

Intraspecific ICCV 2 × JG 62 80 STMS, RAPD, ISSR, 
morphological 

14 297.5 Cho et al. (2002) 

Intraspecific CA2156 × JG 62 and CA 2139 
× JG 62 

160 ISSRs, STMSs, RAPDs 
morphological 

10 427.9 Cobos et al. (2005) 

Intraspecific JG 62 × Vijay and 
Vijay × ICC 4958 

230 RAPD, ISSR, RGA, SSR 8 739.6 Radhika et al. (2007) 

Intraspecific ICC 4991 × ICCV 04516 84 SSR, EST 10 724.4 Kottapalli et al. (2009) 

Interspecific FLIP84-92C × PI 599072 116 RAPD, ISSR, isozyme, 
morphological 

9 981.6 Santra et al. (2000) 

Interspecific ICC 4958 × PI 489777 521 ICCM, H-series SSR loci, gene-
based, legacy 

8 2602.1 Nayak et al. (2010) 

Interspecific ICC 4958 × PI 489777 1291 SSR, CISR, CAPS, COS-SNP, 
DArT, legacy 

8 845.6 Thudi et al. (2011) 

Interspecific ICC 4958 × PI 489777 300 SNP, SSR, GMM, ISR 8 766.6 Gujaria et al. (2011) 
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Population 
type 

Population name Number of 
markers 
mapped 

Marker type Number 
of linkage 
groups 

Map 
length 
(cM) 

Reference 

Intraspecific ICC 12299 × ICC 8261 2177 SNP 8 798.5 Kujur et al. (2015) 

Intraspecific SBD377 × BGD112 3228  SNP 8 1006.9 Verma et al. (2015) 

Interspecific ICCV 2 × JG 62, ILC 3279 × 
WR 315, WR, 315 × C104, CA 
2139 × JG 62 and CA 2156 × 
JG 62 

229 STMS, cross-genome 8 426.9 Millán et al. (2010) 

Intraspecific ICCV 960290 × CDC Frontier 144 SSR 8 1285.0 Anbessa et al. (2009) 

Intraspecific ICCV 96029 × CDC Luna 76 SSR 8 497.0 Anbessa et al. (2009) 

Intraspecific ICCV 96029 × CDC Corinne 61 SSR 8 391.0 Anbessa et al. (2009) 

Intraspecific ICCV 96029 × Amit 42 SSR 8 276.0 Anbessa et al. (2009) 

Intraspecific ICCV-2 × JG-62 138 STMS 8 630.9 Gaur et al. (2011) 

Intraspecific ILC 3279 × ICCV 2 57 STMS, RAPD, ISSR 8 379.5 Jamalabadi et al. (2013) 

Intraspecific C 214 × WR 315 57 SSR 8 347.9 Sabbavarapu et al. (2013) 

Intraspecific C 214 × ILC 3279 58 SSR 8 386.3 Sabbavarapu et al. (2013) 

Intraspecific ICC 4958 × ICC 1882 1007 SNP 8 727.3 Jaganathan et al. (2015) 

Interspecific Pusa 1103 × ILWC 46 1479 InDel 8 978.6 Srivastava et al. (2016) 

Interspecific Pusa 256 × ILWC 46 1059 InDel 8 978.2 Srivastava et al. (2016) 
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Population 
type 

Population name Number of 
markers 
mapped 

Marker type Number 
of linkage 
groups 

Map 
length 
(cM) 

Reference 

Intraspecific ICC 4958 × ICC 1882 13,679 SNPs 8 1033.7 Roorkiwal et al. (2018) 

Intraspecific ICC 283 × ICC 8261 7769 SNPs 8 1076.4 Roorkiwal et al. (2018) 

Intraspecific ICC 4958 × ICC 1882 241 SSR, GMM, DArT 8 621.5 Varshney et al. (2014) 

Intraspecific ICC 283 × ICC 8261 168 SSR, GMM, DArT 8 533.1 Varshney et al. (2014) 

Intraspecific ICC 4958 × ICC 1882 and 
ICC 283 × ICC 8261  

352 SSR, GMM, DArT 8 771.4 Varshney et al. (2014) 

Intraspecific Lasseter × ICC3996 and 
S95362 × Howzat 

464 SSR, SNP 9 LGs, 3 
satellites 

 658.7 Stephens et al. (2014) 
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1.3.2 Genomic resources 
 
Chickpea genomics accelerated with the availability of chickpea draft genome. A ~532 Mb 

draft genome assembly of CDC Frontier, a kabuli variety, was released (Varshney et al., 2013). 

Around 153 Gb sequencing data was assembled into 532.29 Mb assembly comprising of eight 

pseudomolecules and 7163 scaffolds. All the pseudomolecules had a total size of 347.25 Mb 

and the unanchored scaffolds constituted a total size of 185.04 Mb. The genome assembly was 

predicted to have 28,269 protein-coding genes. The study also identified targets of breeding 

associated genetic sweeps and balancing selection by employing resequence data of 90 wild 

and cultivated accessions. Almost half (49.41%) of the chickpea genome was found to contain 

transposable elements and unclassified repeats. Homology-based searches combined with ab 

initio modelling were used to identify 28,269 protein-coding genes which were functionally 

annotated using TrEMBL and UniProt databases. An estimate of conservation of protein-

coding genes in the chickpea genome in comparison to other legumes exhibited that protein-

coding genes of M. truncatula were most similar to that of chickpea. The analysis of segmental 

duplications resulted in the identification of 110 syntenic blocks. It was further observed that 

chickpea diverged from L. japonicus and M. truncatula ~20-30 and ~10-20 million years ago, 

respectively (Varshney et al., 2013).  

 

In parallel, a 520 Mb draft assembly of ICC 4958, a desi-type chickpea, was also reported (Jain 

et al., 2013). The assembly identified 27,571 protein-coding genes and repeat elements of size 

210 Mb. The genome analysis indicated that 626 families representing 1491 genes were unique 

to chickpea. An improved version of this assembly was reported which covered more than 94% 

of the estimated gene space (Parween et al., 2015). The assembly predicted a total of 30,257 

protein-coding genes which included 2330 transcription factor encoding genes and 133 

resistance genes. The evolutionary analysis presented in the study suggested that desi and 

kabuli chickpea diverged about 8000 years ago. Very recently, the genome sequence of wild 

progenitor of chickpea, C. reticulatum was decoded (Gupta et al., 2017). The genome assembly 

of size 416 Mb reported 25,680 protein-coding genes covering more than 90% of the predicted 

gene space. About 327 Mb of the assembly was anchored to eight linkage groups. Further, a 

comparison of gene sequences and nucleotide diveristy was conducted using 66 wild and 

cultivated chickpea accessions which indicated that desi chickpea was more closer to the wild 

species than the kabuli chickpea.  
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1.4 Advances in Genome Sequencing Technologies 

 

DNA sequencing technologies have been in existence for many decades, but the initial costs, 

the complexity of the techniques and the involvement of toxic reagents made their use limited 

to the research setups (Dijk et al., 2014; Besser et al., 2018). Sanger sequencing, which involves 

chain-termination methods, brought a more practical approach and served as a base to the first 

generation of DNA sequencers. The sanger sequencing produces long stretches of 500-1000 

bp high-quality sequences and is usually considered as the standard for DNA sequencing. The 

introduction of the pyrosequencing technologies started the NGS era in 2005 (Margulies et al., 

2005). The high-throughput technology resulted in the generation of millions of short reads in 

a single sequencing run. However, the use of Sanger sequencing for whole genome sequencing 

was cost-ineffective, complex and required a huge amount of time. Since then, many 

sequencing techniques have emerged resulting in short reads (50-400 bp) data as well as long 

reads (1-1000 kbp) (Figure 1). Though the synthesis techniques differ, general steps for 

sequencing includes many common steps such as DNA extraction, library preparation 

(shearing the DNA, addition of adapter sequences and barcodes/indexes followed by 

amplification), template preparation. 

 

The short reads market is mostly dominated by Illumina technology which performs the 

sequencing-by-synthesis of the complementary strand. It utilizes modified dNTPs having a 

terminator which hinders further polymerization resulting in addition of just a single base by 

the polymerase enzyme to growing DNA strand (Bentley et al., 2008). Several sequencing 

platforms from Illumina exists which have low to high throughput of the data and varied read 

lengths. The low to medium data throughput Illumina machines include MiniSeq and MiSeq 

while high data throughput machines includes sequencers like HiSeq, NovaSeq and NextSeq 

which effectively reduces sequencing costs per sample. The data throughput for MiSeq can 

range upto 15 Gb per run with reads upto 300 bp in length. In contrast to MiSeq, the HiSeq 

2500 sequencer can generate 1 Tb data per run with maximum read length of 250 bp. The 

IonTorrent platform from Thermo Fisher has low data throughput instruments such as PGM 

and S5 and a high throughput instrument Ion Proton which is very much similar to Illumina’s 

NextSeq. The reads generated from PGM and S5 are almost 100 bp longer than the longest 

reads generated on an Illumina instrument. As the IonTorrent platform uses the semiconductor 

based sequencing, it tends to have higher error rate in the bases called in long homopolymer 

regions (Rothberg and Myers, 2011). Though the short reads era, known as second-generation 

sequencing platforms, have made the sequencing affordable by bringing the costs down 

https://www.sciencedirect.com/topics/medicine-and-dentistry/dna-sequence
https://www.sciencedirect.com/topics/medicine-and-dentistry/dna-template
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significantly, the shorts reads have resulted in fragmented and inferior quality genome 

assemblies. These limitations of short reads necessitated generation of longer reads to develop 

standard reference genomes (Varshney et al., 2009b). 

 

Long reads have an additional advantage in generating the superior quality genomes as they 

aid in resolving the complex repeat regions present in the genomes and are particularly helpful 

in detailed cataloguing of SVs. Most of the long reads platforms have lower accuracy as 

compared to Illumina instruments. The long reads technologies, also known as third-generation 

sequencing technologies target the single DNA molecules not utilizing particularly the PCR 

amplification process (Schadt et al., 2010). Single molecule real time sequencing technology 

is deployed by the PacBio RSII platform (Rhoads and Au, 2015). The sequencing run results 

in sequences of length upto 20 kb and longer, with the run consuming few hours. The overall 

data generation is low and the cost per sample is high which makes the PacBio sequencers 

more apt for core sequencing facilities with heavy workload of sequencing. The PacBio 

platform comes with high error rate of 11-15% and the error correction step must be carried 

out using short reads which are comparatively less error prone (Chin et al., 2013). Recently, 

PacBio released the Sequel II system which can generate high throughput HiFi reads using 

circular consensus sequencing (CCS) mode. These reads provide base-level accuracy of > 99% 

similar to Sanger sequencing. Another long read sequencing technology that has emerged is 

Oxford nanopore technologies (ONT) which employ sequencing nucleotide bases by 

quantifying the changes in electrical conductivity when DNA passes through a protein 

nanopore. MinION platform, released in 2014, is a pocket-sized device which can generate 

upto 30 Gb data per run with a low cost for sequencing. Similarly, a mid data throughput 

compact benchtop sequencer, GridION generates upto 150 Gb data per run and is designed to 

run upto 5 MinION flow cells. PromethION platform from ONT can yield > 7 Tb data per run 

and can generate reads as long as 2 Mb. 

 

Although SMRT sequencing and nanopore technologies have proved their worth for 

applications such as genome assembly, they require extensive computational error corrections. 

Preferably, technologies that use short read sequencers along with sample preparation and 

processiong for long reads have come to the foreground. These technologies include 10X 

genomics linked read sequencing and chromosomal conformation and capture based Hi-C 

sequencing. 

 

 



 

 14 

 
Figure 1: A timeline showing the launch of different Next Generation Sequencing (NGS) technologies and platforms. The advances in sequencing 

technogies are categorised into three different generations (first, second and third generation). Images source: www.pacb.com; www.illumina.com; 

www.nanoporetech.com; www.qiagen.com; www.thermofischer.com.
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1.5 Structural Variations and their Role in Plant Genetics 

 

1.5.1 SVs in plant genomes 

 

Genetic variations deployed as molecular markers have been of great interest in plant breeding. 

A wide range of molecular markers, including RFLP, RAPD, AFLP, SSRs and intergenic 

SSRs, have been developed and used over the past few decades. In previous decades, 

microsatellites or SSRs were widely used markers because of their codominance, multiallelic, 

highly polymorphic nature and easy genotyping (Powell et al., 1996; Piquemal et al., 2005). 

However, with advances in sequencing technologies, polymorphisms at the single-nucleotide 

level could also be identified, leading to the development of more robust SNP markers. In the 

current scenario, SNPs are the preferred choice of markers because of low cost and the 

amenability of automation. Further, advances in genomics and the availability of a large 

number of sequenced genomes increased our interest in resolving the genetic differences in 

terms of SVs. 

 

SVs are variations in DNA sequence of length more than 1 Kb and include insertions, deletions, 

inversions, translocations and transversions (Feuk et al., 2006; Saxena et al., 2014). SVs were 

first explored in humans and were found to have a crucial role in human evolution and diseases 

(McCarroll and Altshuler, 2007). SVs are usually classified into copy number variations 

(CNVs), presence absence variations (PAVs) and miscellaneous variations. CNVs are 

sequences that exhibit a difference in copy number between different individuals and exist as 

a result of duplications, insertions and deletions in the genome. In contrast, PAVs refer to 

sequences that are present in one individual and are completely absent in another individual. 

Miscellaneous variations cover inversions and translocations and are of ample importance as 

they add to the diversity in a given individual. 

 

Plant researchers have been investigating SVs in plants and their association with agronomic 

traits of interest for a while now (Springer et al., 2009; Muñoz-Amatriaín et al., 2013; Wang et 

al., 2015) (Table 3). In maize (Zea mays), comparison of B73 and Mol7 identified around 400 

CNVs and 1783 PAVs. These PAVs were associated with ancestral evolutionary events and 

domestication (Springer et al., 2009). In soybean (G. max), a total of 267 CNVs with an average 

size of 18-23 kb were identified, the majority of which were associated with plant defense 

response signal transduction pathways, thus suggesting a crucial role in biotic resistance 

(McHale et al., 2012). In cucumber (Cucumis sativus), a total of 26,788 SVs were identified 
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by resequencing 115 diverse accessions. Gene enrichment analysis of the genes affected by 

SVs revealed that the genes related to histone methylation, acetylation and abiotic stress 

responses were significantly enriched. Further, SVs were also subjected to GWAS analysis for 

gynoecy and tuberculate fruit trait which suggested a strong association between SVs and these 

agronomic traits (Zhang et al., 2015). A pigeonpea reference set of 292 lines, including 

breeding lines, landraces and few lines from wild species, was resequenced and studied for 

variations. This led to the identification of 282, 228 and 173 CNVs in breeding lines, landraces 

and wild lines, respectively. Similarly, 35, 37 and 77 PAVs were identified for breeding lines, 

landraces and wild lines, respectively. Genomic regions with low genetic variations in 

congruence with the positive selection occurring during the breeding process (1643) and 

domestication events (666) were identified (Varshney et al., 2017). In the case of rice, SVs 

were identified for 453 accessions with sequencing depth > 20X and mapping depth > 15X. A 

total of 93,683 SVs were identified which included 582 SVs more than 500 kb in length. The 

average length for the identified deletions, duplications and inversions were 5.3 ± 0.6 kb, 105.1 

± 22.7 kb and 127.1 ± 19.4 kb, respectively (Wang et al., 2018). 

 

1.5.2 SV studies in chickpea 

 

Till date, the number of studies focusing on the identification of SVs in chickpea is limited. A 

set of 129 chickpea lines consisting of 88 desi and 41 Kabuli types were subjected to 

resequencing. The study identified a total of 3822 CNVs and 24,603 PAVs across these lines. 

The GO enrichment analysis suggested that the genes affected by CNVs were mostly related 

to GO term, response to stimulus. Similarly, the GO enrichment analysis of PAVs suggested 

their involvement in developmental, cellular, metabolic processes and stress response (Thudi 

et al., 2016b). In a consecutive study, a set of 429 diverse chickpea lines sampled from 45 

different countries was analyzed. The WGRS of the chickpea reference set (300 genotypes) 

was carried out and the data were combined with WGRS data of 100 chickpea released varieties 

(Thudi et al., 2016b) and 29 lines from the genome paper (Varshney et al., 2013). The study 

identified a total of 4,972,803 SNPs; 596,100 InDels; 4931 CNVs and 60,742 PAVs. Of 4931 

CNVs, 1202 were present in the coding regions, of which 1036 CNVs were functionally 

annotated. Similarly, 6606 PAVs were predicted to have a biological function. GO analysis of 

the identified CNVs suggested their important roles in the regulation of multicellular 

organismal processes. The genes related to PAVs were involved in the regulation of cellular 

processes, response to stimulus and reproduction (Varshney et al., 2019). 
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1.5.3 Tools available for SV prediction 

 

Several tools are available for accurate detection of SVs. These tools use different algorithms 

based on split-reads, read-pair, read count, assembly or combinatorial approaches.  

i) BreakDancer: One of the initial tools reported for SVs detection is BreakDancer, which can 

be used for accurate identification of different types of SVs by analyzing the paired-end 

alignments against a reference genome. It is developed in both C++ and Perl. The C++ version 

makes use of the C library from Samtools for better performance than its perl version (Chen et 

al., 2009). 

ii) LUMPY: To identify the SVs for a whole genome resequencing data, there is a requirement 

to detect multiple signals such as split-read, read pair, read depth etc. LUMPY is one such tool 

which reports SVs by integrating multiple SV signals for multiple samples. It is in an open 

source software developed using C++ freely available at https://github.com/arq5x/lumpy-sv 

and can be used for identifying SVs from multiple alignment signals in BAM files generated 

for one or many samples (Layer et al., 2014). 

iii) DELLY: DELLY is designed with an aim to integrate paired-end data from libraries of 

different insert sizes with split alignments to detect genomic rearrangements with high 

confidence. DELLY takes aligned read information in SAM/BAM format and processes it to 

identify deletions, tandem duplications, inversions and translocations. It is written in C++ and 

is freely available at www.korbel.embl.de/software.html (Rausch et al., 2012). 

iv) SVDetect: It is a tool to detect SVs from both paired-end and mate-pair sequencing data. It 

utilises sliding-window and clustering approaches for identification and classification of 

different genomic rearrangements. SVDetect is developed in Perl and can detect large 

insertions–deletions, inversions, duplications and inter-chromosomal translocations (Zeitouni 

et al., 2010). 

v) Pindel: Pindel is a pattern growth approach based tool designed to identify breakpoints of 

large deletions and medium-sized insertions. The high specificity, sensitivity and speed of 

computation makes Pindel an ideal tool for detection of SVs from paired-end short reads (Ye 

et al., 2009). 

vi) CNVnator: It a tool developed for genotyping and identification of CNVs from both single-

end and paired-end sequencing data. With high sensitivity and high resolution in breakpoint 

discovery, CNVnator also has the ability to detect de novo CNVs. It is based on mean shift 

approach with GC correction and multiple-bandwidth partitioning (Abyzov et al., 2011). 
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Table 3: Key studies demonstrating the effect of structural variations on agronomic traits in different plant species 

 
Plant 
species 

Structural variations (SVs) Method Tools Target traits Reference(s) 

Arabidopsis 1059 CNVs Resequencing and de novo 
assembly 

BWA Adaptation to diverse 
environments 

Cao et al. (2011) 

Grape 
 

310,855 insertions, 312,148 
deletions, 5871 complex SVs 

de novo assembly and 
reads mapping methods 

BWA, Dindel, 
Nucmer 

Seedlessness and 
embryo development 

Di Genova et al. (2014) 

~700 CNVs Sequencing, array 
comparative genomic 
hybridization, FISH, qPCR 

BWA, GATK Primary metabolism 
and stress responses 
like chitinases 

Cardone et al. (2016) 

Maize SVs on chr 6 QTL mapping via MAGIC 
population 

GenomeStudio Grain yield Dell’Acqua et al. (2015) 

Tandem triplication of 
MATE1 gene 

qPCR, FISH - Aluminium tolerance Maron et al. (2013) 

147-kb deletion of ZmWAK Fine mapping and 
transgenic 
complementation 

- Resistance to head 
smut 

Zuo et al. (2015) 

Medicago 500,000–1,500,000 short 
InDels 49,000–169,000 CNVs 
2,700–12,700 translocations 

de novo assembly and pan 
genome approach 

OrthoMCL, 
Bcftools 

NBS-LRR and RLK 
genes related to 
resistance 

Zhou et al. (2017) 

Poplar 989 genic CNVs Whole genome 
resequencing 

Delly, tophat2, 
DESeq  

Resistance to 
pathogens 

Pinosio et al. (2016) 

Potato CNV calls per individual 
varying from 2,978 to 10,532 

Genome resequencing, 
transcriptomics, FISH 

CNVnator Adaptation and 
tolerance to abiotic 
stress and herbicides 

Hardigan et al. (2016) 
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Plant 
species 

Structural variations (SVs) Method Tools Target traits Reference(s) 

Rice 7393 large insertion / deletion 
(between Kasalath and 
Nipponbare), 3780 large 
InDels (between Kasalath and 
93-11) 

de novo assembly of 
Kasalath sequences 

MUMmer, 
BWA 

QTL for phosphorus-
deficiency tolerance 

Sakai et al. (2014) 

CNV on chromosome 7 - - Grain size diversity Wang et al. (2015) 

131 large inversions, 4509 
PAVs specific in ZS97RS1 
and 4566 in MH63RS1 

BAC sequencing using 
PacBio 

MUMmer Plant height, number of 
grains and stress 
response 

Zhang et al. (2016) 

14 bp deletion in bHLH 
transcription factor  

Whole genome sequencing GATK, 
MaSuRCA 

Anthocyanin 
biosynthetic pathway 

Lachagari et al. (2019) 

Sorghum 51 large size (>30 kb) PAVs 
covering 2.92 Mb of the 
sorghum genome 

- - Cell death and stress 
response 

Zhang et al. (2014) 

5511 PAVs affecting 3238 
genes 

Whole genome 
resequencing 

SOAPaligner, 
SOAPcoverage 

Genes for nucleotide 
binding and protein 
modification by 
ubiquitination 

Shen et al. (2015) 

Soybean 10,928 medium-size deletions Whole genome 
resequencing 

SOAPdenovo, 
GATK 

Domestication and 
seed, flower 
development related 

Chung et al. (2014) 

- Array hybridization, whole 
genome resequencing 

BWA Adaptive traits, 
resistance (R) genes 
including leucine-rich 

Anderson et al. (2014) 
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Plant 
species 

Structural variations (SVs) Method Tools Target traits Reference(s) 

repeat, nucleotide 
binding, and Toll-
interleukin receptor 
protein domains 

31 kb DNA segment 
exhibiting CNV associated 
with Rhg1 

Whole genome 
sequencing, fiber-FISH 

GATK, 
Bowtie2 

Soybean cyst nematode 
resistance 

Cook et al. (2014) 

7902 PAVs Whole genome 
resequencing 

SOAP2, 
SOAPsnp 

Acyl-lipid metabolism, 
protein content 

Valliyodan et al. (2016) 

Wheat CNV associated with Ppd-B1 
and Vrn-A1 

Genotyping-by-sequencing 
and association mapping 

- Heading time Würschum et al. (2019) 

CNV associated with CBF-
A14 at the Fr-A2 locus 

Genotyping-by-sequencing   Frost tolerance Sieber et al. (2016) 
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1.6 Crop Wild Relatives as Warehouse of Genetic Diversity 
 
1.6.1 An introduction to crop wild relatives 
 
Crop wild relatives (CWRs) refer to both the crop ancestor as well as related species which 

have not been domesticated and may contain the alleles for the stress resilience and agronomic 

traits which are not present in the cultivated genepool. They have high genetic diversity and a 

very high potential of surviving in natural environments as compared to their cultivated 

counterparts (Warschefsky et al., 2014; Zhang et al., 2017). The domestication and breeding 

processes have resulted in crops that feed the population today at the cost of reducing the 

genetic variation in these crops. There are several cases of selective sweep observed due to 

positive selection of a genomic locus controlling a desired trait, which resulted in the reduction 

of diversity (Tian et al., 2009; Xu et al., 2012; Yang et al., 2016). 

 

Approximately 50,000-60,000 species of CWRs are currently known, of which nearly 10,000 

may be considered of high potential for food security (Maxted and Kell, 2009). CWRs are 

known to be capable of attenuating the impact of changing climates as their genetic 

composition provides greater tolerance to drought, salt and other abiotic stresses (Fischer et al., 

2011; Luo et al., 2013; Placido et al., 2013). A number of studies have reported the use of 

CWRs to improve crop performance, thus establishing their robustness as potential targets for 

food security (Table 4). 

1.6.2 Studies utilizing CWRs 
 
Sequencing approaches have enabled better understanding of genetic architecture of CWRs, 

thus facilitating their use in crop improvement. The completion of genome sequencing of major 

crop species has uncovered the need for a wider gene pool, which can be achieved by targeting 

CWRs. In the past decade, several studies deploying de novo assembly and resequencing 

approaches utilizing CWRs have been reported. Resequencing of 14 cultivated and 17 wild 

accessions of soybean confirmed greater allelic diversity present in wild species as compared 

to the cultivated species and identified high linkage disequilibrium in soybean (Lam et al., 

2010). In another study, resequencing of cultivated and wild accessions highlighted the 

alterations in the genetic constitution of soybean during domestication. This study reported 230 

selective sweeps and 162 CNVs, some of which were linked to important agronomic traits like 

oil content and resistance to biotic stress (Zhou et al., 2015). Similarly, in rice, 40 cultivated 

and 10 wild accessions were resequenced, resulting in the identification of genes showing 

different genetic diversity levels among wild and cultivated accessions. These genes were  
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Table 4: Some key studies highlighting the role of CWRs for improving important 

agronomic traits 

 

Crop Crop wild relatives Target traits Approaches References 

Rice Oryza rufipogon Grain quality Backcross QTL 
analysis 

Septiningsih and 
Trijatmiko (2003) 

Oryza rufipogon Nitrogen-
deficiency 
tolerance 

Chromosome 
segment substitution 
lines and SNPs 

Ogawa et al. 
(2016) 

Oryza rufipogon Cold tolerance QTL mapping and 
InDel markers 

Mao et al. (2015) 

Oryza rufipogon Yield related Introgression lines 
and SSRs 

Tian et al. (2006) 

Barley Hordeum bulbosum Resistance to 
scald 

Recombinant lines Pickering et al. 
(2006) 

ISR42-8, a wild 
barley accession 

Root dry weight, 
tiller number per 
plant, root length 

Introgression lines 
and QTL mapping 

Naz et al. (2014) 

Cassava Manihot glaziovii Pest and disease 
resistance 

Whole genome 
resequencing and 
QTL mapping 

Nzuki et al. 
(2017) 

Cucumber Cucumis sativus var. 
hardwickii 

Seedling traits RILs, SSRs, QTL 
mapping 

Wang et al. 
(2016) 

Gummy stem blight 
resistant wild 
accession, PI 183967 

Gummy stem 
blight 

RILs, SSRs, QTL 
mapping 

Zhang et al. 
(2017) 

Tomato Solanum 
habrochaites 

Resistance to late 
blight disease 

Near-Isogenic lines Haggard and St. 
Clair (2015) 

Solanum 
pimpinellifolium 

Fruit quality GBS and QTL 
mapping 

Celik et al. 
(2017) 

Soybean Glycine soja 85-32 Aphid resistance QTL mapping Zhang et al. 
(2017) 

Glycine soja Salt tolerance Whole genome de 
novo sequencing, 
QTL mapping 

Qi et al. (2014) 

Glycine soja Soybean cyst 
nematode 

GWAS Zhang et al. 
(2016) 
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Crop Crop wild relatives Target traits Approaches References 

Wheat Wild emmer wheat Grain yield, 
biomass, drought 

Near-Isogenic Line Merchuk-Ovnat 
et al. (2017) 

Wild emmer wheat Yield and root 
related 

SNP genotyping, 
linkage mapping 

Lucas et al. 
(2017) 

Peanut Arachis magna Rust resistance QTL mapping Leal-Bertioli et 
al. (2015) 

Arachis stenosperma Nematode 
resistance 

Transcriptome 
analysis 

Guimaraes et al. 
(2015) 

 
related to domestication, disease resistance, and flowering (Xu et al., 2012). In another study, 

75 maize lines, including wild relatives, landraces and improved maize lines, were resequenced 

to estimate the evolution of modern maize and to identify genes linked to selection process 

(Hufford et al., 2012). In pepper (Piper nigrum), 2.6% of the genome harbored strong selective 

sweep signals related to disease resistance, fruit ripening, seed dormancy and transcription 

factors such as ethylene responsive factor and basic helix-loop-helix (Qin et al., 2014). 

 

1.7 Pangenome and its Current Status in Plants 

 

1.7.1 Pangenome 

 

The decrease in the cost of sequencing techniques and advancements in the next-generation 

sequencing technologies have paved the way for sequencing more genomes in a cost-effective 

manner. It has become more affordable to genotype the accessions of interest at a lower budget. 

Resequencing several accessions have elucidated that the major differences between the 

genomes are attributed to SNPs, small InDels and SVs. There is increasing awareness that the 

presence of these variations makes a single reference genome incapable enough to present the 

complete catalog of the genetic diversity possessed by a species. Pangenomics study of a 

species/genus promises to provide a framework to investigate and gain insights into the genetic 

repertoire of an entire species/genus, respectively. The pangenome, a term coined by Tettelin 

et al. (2005), is used to refer to the complete gene content of a species of interest. The 

pangenome analysis facilitates the study of allelic variation present across different accessions 

of the same species. These variations may be linked to phenotypic differences between the 

accessions of interest. The pangenome analysis is initiated by sequencing and investigating 

various accessions of a species. The pangenome is made up of the two major components: the 

core genome and the dispensable genome. The core genome is part of the genome which 
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consists of the DNA sequences conserved across all the accessions. Dispensable genome refers 

to the sequences present in some, but not all individuals of the pangenome. The dispensable 

genome also consists of the individual-specific genetic content.  

 

1.7.2 Approaches for pangenome construction 

 

Different approaches for the development of pangenome are available which include iterative 

mapping and assembly, de novo assembly and graph based assembly approach approach as 

shown in Figure 2 (Golicz et al., 2016b). 

 
Figure 2: Different approaches for construction of pangenome.  

i) The iterative mapping and assembly employs the mapping of the reads to the reference 

genome. The unmapped reads are then extracted and assembled using de novo assemblers such 

as SOAPdenovo, ALLPATHS-LG and MaSuRCA etc. The existing reference genome and 

newly assembled contigs are put together to generate the pangenome. 

ii) In the de novo assembly approach, the selected accessions are used to develop high coverage 

de novo assemblies and these assemblies are then used for comparative analysis across the 
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whole-genome. The regions common across all the individuals of the assemblies form the core 

part and rest is constituted as the dispensable genome.  

iii) A k-mer based approach could also be followed for construction of the pangenome. For 

using the de Bruijn graph (DBG), the sequences are further split into substrings of length k 

which are known as k-mers. A graph can be made up of different k-mers represented as nodes 

and nodes may be connected to each other by an edge when the the k-mers overlap by k-1 

characters. A genome can be rebuilt using k-mers by establishing connections between 

different nodes. Similarly, in case of multiple genomes, the origin of node may be represented 

using different colors and a pangenome can be exhibited as a colored DBG. This approach is 

preferrable when pangenome is developed using short reads. In case of assembling long reads, 

fuzzy-Bruijn graphs (FBG) can be used. FBG is an extension of DBG, where a 'base' is a 256-

bp bin and a 'k-mer' is k consecutive bins on reads (Ruan and Li, 2020). 

 

1.7.3 Factors crucial for pangenome construction 

 

Development of the pangenome depends on important factors such as selection of accessions, 

the approach used to develop the pangenome assembly, the quality of the genome assembly, 

quality of the annotations and accurate detection of the SVs. To capture the maximum diversity 

for a species, the accessions with diverse morphological, phenotypic and geographical origins 

should be selected (Li et al., 2014; Schatz et al., 2014). A limited number of diverse individuals 

can give realistic estimates of pangenome as compared to several closely related accessions 

which compromise on diversity. Therefore, selection of accessions for developing pangenome 

is one of the major controlling factors for pangenome analysis. It is advisable to include all the 

accessions with desired/positive phenotype/agronomic traits for developing the pangenome to 

be used in breeding applications. 

Selecting the correct approach (discussed in section 1.7.2) for pangenome development is 

another crucial factor that determines the fate of pangenome. Each approach has its own 

advantages and limitations. The graph based approach seems to be very promising but it is not 

yet fully developed and also require high quality long reads. The de novo assembly approach 

seems to have an additional advantage over iterative mapping approach as it reduces the 

potential bias arising due to compelling differences in the genome size and structure. It also 

minimizes the possibility of misalignment and takes care of the critical sequences that cannot 

be aligned with confidence to the reference genome. However, de novo assembly approach is 

computationally very intensive and demands ample infrastructure to generate multiple de novo 
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genome assemblies. On the other hand, iterative mapping approach is comparatively cheaper 

facilitating its use for large number of samples. It does not have the capacity to place SVs and 

CNVs and thus requires additional analysis. Therefore, in practice, a combination of de novo 

and iterative assembly approaches can provide the most comprehensive information in a cost-

effective way. 

The quality of the assembly is one of the principal factors affecting the pangenome analysis 

and is generally assessed by parameters like total assembly span, N50/N90 size of scaffolds, 

number of scaffolds, the length of the longest scaffold and percentage of conserved core 

eukaryotic genes mapped to databases. Several tools exist for the assessment of the quality of 

the genome assemblies (Madoui et al., 2016; Seppey et al., 2019). The accurate assemblies 

with greater coverage can be developed using the recent technologies like the NRGene 

assembly, Hi-C, 10X Genomics (Mascher et al., 2017; Guo et al., 2018; Springer et al., 2018; 

Edger et al., 2019) etc. Not only the assembly quality, the annotation of gene models is also 

very crucial for pangenome development. Two mostly used approaches for the gene model 

prediction are ab initio and evidence-based. The ab initio methods depend solely on the DNA 

sequence and scans for protein coding genes by detecting a signal of its presence in vicinity. 

Evidence-based methods employ similarity search, using gene models from evolutionarily 

close species, with the assumption that exons pattern is conserved among phylogenetically 

close species. Improvement in the algorithm of gene prediction tools will help in accurate 

estimation of gene models, enhancing the quality of pangenomes. After the development of 

high quality assembly and annotation sets, the next factor that decides the fate of confident 

pangenome is accurate detection of SVs. SV detection can be erroneous owing to sequencing 

artifacts and presence of chimeric reads. The presence of repetitive regions in the genome 

further adds to the complexity in SV detection. A number of tools based on split-reads, read-

pair, read count and de novo assembly approaches are available for SV detection (reviewed in 

Section 1.5.3). 

 
1.7.4 Tools for pangenome development 

 
Since the concept was first introduced in bacteria, majority of the tools available for pangenome 

analyses mainly focus on prokaryotes which are relatively smaller in genome size and less 

complex in nature. However, in recent years, few tools for constructing eukaryotic pangenomes 

have come to foreground. Different tools/pipelines are available to analyze the pangenome that 

focus on clustering of orthologous genes, constructing ancestral relationships, identifying 

genes belonging to core gene set, dispensable gene set and species-specific gene set. 
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i) Panseq 

Panseq is one of the first tools developed for pangenome analyses. It is used to identify regions 

unique to accessions, the presence/absence of regions across many accessions and to perform 

the phylogenetic analysis from the identified SNPs. Some features include: (i) novel region 

finder using MUMmer: to identify novel sequences from input sequences absent in the  

database sequences; (ii) core and accessory genome finder: defines the core and accessory 

genes, and (iii) loci selector: provides the most discriminatory loci along the genome (Laing et 

al, 2010). 

ii) PanOCT 

Pangenome ortholog clustering tool (PanOCT) is mainly used to analyze closed genomes 

belonging to a prokaryotic species/strains. It is a graph-based method that utilizes the       

concept of neighboring genes for the identification of recently diverged paralogs into 

orthologous clusters. PanOct is written in Perl and internally uses BLASTALL (Fouts et al., 

2012). 

iii) PGAP 

PGAP is also among the first generation of pipelines developed for pangenome analyses. 

PGAP, a PERL based pipeline was mainly developed for pangenome analysis of                

bacterial species. It includes five modules: (i) profiling of pangenome, (ii) cluster analysis         

of proteins, (iii) presence of variations in proteins, (iv) phylogenetic analysis, (v) gene        

cluster enrichment analysis. PGAP is written in Perl for Linux platform (Zhao et al.,            

2011). 

iv) BPGA 

Bacterial pangenome analysis (BPGA) pipeline is an ultra-fast tool with several    

functionalities for pangenome analyses. BPGA is coded in Perl and is available as executable 

for both Windows and Linux platforms. There are different modules for the downstream 

analyses which yield pan/core genome curves, identify orthologous protein families, associates 

proteins with KEGG/COG pathways and species phylogenetic analysis (Chaudhari et al., 

2016). 

v) Roary 

Roary is a fast pipeline designed to analyze the pangenome using annotation information of 

assemblies from their gff3 file. Roary is developed in python and can analyze up to 128  

samples in one hr with one processor consuming 1GB RAM. However, it cannot be used  for 
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highly divergent genomes or for meta-genomics analyses. Few functionalities include: (i) 

query_pan_genome which can be used to find the differences in gene content from a set of 

genomes, (ii) iterative_cdhit which is used to iteratively cluster a protein fasta file with           

CD-hit and extracting core genes, (iii) scoary is to execute pan-genome wide                 

association studies linking the information of gene presence/absence with the traits (Page et 

al., 2015). 

vi) Seq-seq-pan 

Seq-seq-pan is a computational framework that facilitates the addition or removal of new 

genomes from a set of aligned genomes. The main aim is to generate the whole                    

genome alignments of the set of genomes to generate a linear representation of a        

pangenome. The alignments result in a set of blocks of aligned sequences that do not         

contain the genomic rearrangement information called as locally collinear blocks (LCBs). The 

steps include consensus genome construction in which the LCBs are put together by 

concatenating the sequences of each block to generate a consensus sequence followed by 

alignment step in which the alignment of the sequences is done using Mauve (Jandrasits et al., 

2018). 

vii) EUPAN 

With the advancements in technologies, now tools for pangenome analysis of eukaryotes     

have come to the foreground. One such tool is EUPAN, a Linux based program        

implemented in Perl, R and C++ for analysing large number of eukaryotic genomes. EUPAN 

is a freely available, user-friendly toolkit which has multiple functionalities such as      

extracting high quality reads, conducting de novo assembly, aligning contigs to reference 

genome, mapping reads to pangenome, determining gene PAVs and gene family PAVs (Hu et 

al., 2017). 

viii) GET_HOMOLOGUES-EST 

GET_HOMOLOGUES-EST is used to analyze plant pangenomes from either genomic 

sequences or expressed sequence tags. It combines the local BLASTN alignments with 

OrthoMCL algorithm to cluster sequences. The tool was first standardized with whole genome 

assemblies of 19 ecotypes of Arabidopsis, followed by benchmarking with de novo     

assembled transcriptomes of Arabidopsis and barley. Along with defining core and       

accessory genome, the tool also offers insights into evolution. It is written in PERL/R and is 

well suited to work with multi-core Linux/MacOSX computer or on a SGE/Open Grid 

computer cluster (Contreras-Moreira, 2017). 
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1.7.5 Pangenomic studies in crops 

 
In recent years, several crop pangenomes establishing SVs as an indispensable source of 

genetic variation and highlighting the limitations of single reference genome have come to 

foreground (Li et al., 2014; Schatz et al., 2014; Golicz et al., 2016a; Gao et al., 2019). In one 

of the initial efforts, pangenome of Glycine soja, a wild relative of cultivated soybean was 

constructed using seven highly diverse accessions. These accessions were sequenced and 

assembled using de novo approach to develop a pangenome, 80% of which was            

completely conserved across all accessions. The variable part displayed huge variation in the 

form of SVs that were reported to be associated with key agronomic traits like flowering time, 

seed composition, biotic resistance and maturity time (Li et al., 2014). 

 
Several research groups have carried out different efforts toward developing rice pangenomes 

using diverse accessions. In one of the initiatives, three rice varieties, viz, IR64 (indica), DJ123 

(aus) and Nipponbare (temperate japonica) were assembled and evaluated against the 

Nipponbare reference genome as well as the indica reference genome. Various genome-

specific regions were identified which contained genes with important biological functions. 

These regions could not have been identified using the reference mapping and assembly 

approach. The study identified regions linked with agronomically important traits. Genes such 

as Sub1 associated with submergence locus, Pup1 gene cluster linked with phosphorus 

deficiency and LRK gene cluster responsible for yield enhancement were identified (Schatz et 

al., 2014). In a subsequent study, a rice dispensable genome from 1483 cultivated rice 

accessions based on metagenome-like assembly strategy was reported. The identified 

variations were studied for their association with grain width and metabolic traits and it was 

observed that 23.5% of the metabolic traits displayed considerable association with SNPs from 

dispensable sequences (Yao et al., 2015).  

 

The 3000 accessions from the Rice 3000 genome project were used to develop ‘The Rice Pan 

Genome Browser (RPAN)’, a web-based pangenome browser. The IRGSP-1.0 rice       

reference genome was used to map the data of 3010 rice accessions, resulting in the 

identification of 28,900 core genes, of which 4986 were the candidate core genes.              

Further, 22,095 distributed genes were identified using the iterative mapping                    

approach. Noticeably, ~12,000 novel genes missing from the reference genome were 

discovered (Sun et al., 2017). A pangenome for rice was also developed using 57 divergent 

accessions from the O. sativa-O. rufipogon species complex and nine modern cultivars. The 
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study identified 16,563,789 SNPs; 5,549,290 InDels of ≤ 20 bp and 933,489 SVs (Zhao et al., 

2018). 

 

Transcriptome sequencing from the seedling of 503 maize inbred lines provided insights        

into the maize pangenome. In the study, the reads were mapped to the B73 reference genome 

for SNP discovery and expression analysis. Reads which could not map to the                   

reference genome were assembled using de novo approach resulting in 102,017 transcripts. 

About 8681 representative transcript assemblies were generated from the analysis, of which 

16.4% were expressed across all the lines and 82.7% expressed in subsets of the lines. The 

study also suggested that maize pangenome is restricted (closed) and adding more      

individuals within this gene pool will not affect the overall size of the pangenome (Hirsch et 

al., 2014).  

 

Further, pangenome of Brassica oleracea, developed using iterative mapping and assembly 

approach was reported. In the study, nine morphologically diverse cultivated accessions and 

one wild accession were used to construct a pangenome of 587 Mb with 61,379 genes. Nearly 

80% of the identified genes were designated as core and rest as variable genes. The        

functional annotation of the variable gene set indicated that these genes were mainly involved 

in disease resistance, vitamin biosynthesis and flowering time (Golicz et al., 2016a). In the 

consecutive year, a pangenome for hexaploid bread wheat was developed using the same 

approach as Brassica. An improved assembly of the existing reference genome (Chinese 

spring) was developed and resequencing data from 18 wheat cultivars were mapped to it to 

generate wheat pangenome. The developed pangenome was predicted to contain nearly 

140,500 genes. The PAV analyses indicated that each of the studied cultivars had an average 

of 49 unique genes. The GO enrichment analysis suggested the enrichment of genes related to 

environmental stress and defense response in the variable component of pangenome 

(Montenegro et al., 2017). 

 

A sesame pangenome of size 554.05 Mb was developed from five different sesame varieties. 

The pangenome reported 26,472 orthologous gene clusters of which 15,409 were designated 

as core and the remaining 11,063 as dispensable. The pangenome analysis suggested that the 

genes related to yield and quality were unique to sesame modern cultivars whereas the genes 

involved in environmental adaptation were specifically found in landraces. Genes related to 

plant-pathogen interaction and lipid metabolism were found to be positively selected and might 



 

 31 

be responsible for the environmental adaptation and high seed oil content in sesame (Yu et al., 

2019). 

 
The sunflower pangenome was developed by sequencing 287 cultivated accessions, 17 native 

American landraces and 189 wild accessions representing 11 sunflower wild species. The 

cultivar sequences which could not be mapped to the reference genome were de novo 

assembled using the iterative mapping and assembly approach. This resulted in the cultivated 

sunflower pangenome consisting of 61,205 genes. Of the total genes in pangenome, 27% were 

found to vary across the genotypes. A set of 17,061 novel genes were de novo assembled which 

were missing from the reference genome. A well-characterized gene-set of 45,302 genes was 

used to investigate the presence/absence variations occurring across the cultivated     

accessions. A high fraction of genes 72.7% (32,917) were found to be present across >95% 

cultivated accessions defining the core genes. The rest of the genes were part of the   

dispensable genome with 2464 genes present across <5% of accessions used. It was observed 

that 636 genes occurred due to introgression from the wild species. The introgression events 

have resulted in elevated SNP diversity and gene repository of cultivated sunflower (Hübner 

et al., 2019).  

 

Further, a tomato pangenome constructed using 725 phylogenetically and geographically 

diverse accessions has been reported. The pangenome developed from both cultivated and    

wild accessions identified the 351-Mb sequence and 4873 protein-coding genes which          

were not present in the reference genome. The SVs analysis suggested that during the process 

of tomato domestication, several genes involved in disease resistance were lost. The 

identification of a rare allele in the promoter of TomLoxC, a gene known for its contribution to 

desirable tomato flavor indicated strong negative selection during domestication (Gao et al., 

2019).  

 

Very recently, a graph-based soybean pangenome has been developed using de novo         

genome assemblies of 26 representative wild and cultivated soybean accessions.               

Ortholog analysis of these 26 genomes along with reference genome (ZH13) identified a        

total of 57,942 gene families, of which 20,623 were termed as core (present in all 27 

accessions); 8163 as softcore (>90% of the accessions) and 28,679 as dispensable (2-24 

accessions). The dispensable genes were enriched for abiotic and biotic stress response      

genes. The study also identified numerous variations in the form of 14,604,953 SNPs; 

12,716,823 InDels; 723,862 PAVs; 27,531 CNVs; 21,886 translocations and 3120     
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inversions. Several of these variations were linked to important agronomic traits (Liu et al., 

2020). 

 

Till date, most of the pangenomics studies in crops have been carried out using the iterative 

mapping and assembly approach, which essentially adds to the reference genome the sequences 

missing from the reference. Most of these studies have been limited to just one species and 

have used accessions from the cultivated gene pool where the diversity is reduced due to 

selective of positive alleles and domestication events. 

 

1.8 Summary of Literature Review 

 
In this review, chickpea crop was introduced and its importance to human diet was highlighted. 

The review also summarized various wild relatives of chickpea and genomic resources 

available for chickpea till date. Also, the importance of structural variations and different 

studies highlighting the association of SVs with important agronomic traits in plants were 

evaluated. Subsequently, the concept of pangenome, various approaches to construct 

pangenome and factors crucial for its development were presented. Finally, different tools to 

develop pangenome and different pangenomic studies in several plant species were discussed. 

The rest of the thesis will focus on the de novo assembly of eight annual wild species of 

chickpea and development of Cicer pangenome. First, the sequencing and assembly of eight 

annual wild species of chickpea will be presented (Chapter 2), followed by construction of Cicer 

pangenome and identification of variations (Chapter 3). Finally, the development of a database 

storing all the information related to Cicer pangenome for public use will be presented (Chapter 

4).  
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Chapter 2: Sequencing and de novo Assembly of Chickpea Wild Relatives 

 

2.1 Introduction 

CWRs have huge genetic diversity which can be exploited in crop improvement        

programmes once their genetic repertoire is decoded. In the present study, the aim is to 

construct the pangenome of Cicer genus by employing the genetic information of eight     

annual wild relatives of cultivated chickpea. In this direction, one accession each from          

eight annual wild species (Cicer reticulatum, Cicer echinospermum, Cicer bijugum, Cicer 

judaicum, Cicer pinnatifidum, Cicer yamashitae, Cicer chorassanicum and Cicer cuneatum) 

was selected and subjected to whole genome sequencing. Along with these eight          

accessions from different species, the improved reference genome assembly of chickpea   

(CDC Frontier) was also used for pangenome construction (Varshney et al., 2013). 

DeNovoMAGIC software from NRGene (Nes Ziona, Israel) was used to assemble the 

sequencing data in order to generate de novo genome assemblies for each species. 

DeNovoMAGIC has been used to generate high quality and high contiguity de novo         

genome assemblies for crop species such as wild emmer, durum wheat, allotetraploid         

cotton and octoploid strawberry (Avni et al., 2017; Maccaferri et al., 2019; Hu et al., 2019; 

Edger et al., 2019). These de novo assemblies were further scaled to pseudomolecule              

level using high-throughput chromosome conformation capture (Hi-C) approach. This 

approach is a very popular approach for generating genomes in 3D conformation and has     

been used to improve genome assemblies of several crop species (Jiao et al., 2017;        

Raymond et al., 2018; VanBuren et al., 2018; Wang et al., 2019; Zhang et al., 2020). Also, 

many high-quality genome assemblies, for example, Arachis monticola and Arachis   

hypogaea, have been improved and reported using the Hi-C approach (Yin et al., 2018;   

Zhuang et al., 2019; Bertioli et al., 2019). As discussed in Chapter 1, a single accession is not 

enough to address the genetic diversity present in crops, hence, various studies have been 

carried out for development of pangenome in crops such as soybean, wheat, rice, sesame,  

tomato, poplar (Li et al., 2014; Montenegro et al., 2017; Zhao et al., 2018; Yu et al., 2019;   

Gao et al., 2019; Zhang et al., 2019). However, most of these studies have used               

accessions either from the cultivated gene pool or accessions from just one of the species.    

Most of these pangenomes have employed an iterative mapping and assembly            

approach where the reads that do not map to the reference genome are assembled                          

de novo to generate new contigs. These contigs are joined with the existing                          

reference genome to develop the pangenome of that crop. 
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In order to address the complete diversity present in a crop, the pangenome needs to be 

generated at the genus level. Such genus level pangenome will include the accessions from 

different species. In order to fully catalog the genetic variations present across different  

species, one de novo assembly from each species must be developed. This approach will 

eliminate the reference bias and will provide a real estimate of the genes present/absent         

from each species of the genus. The objective in this study is to cover the maximum        

diversity by targeting all the annual wild species of chickpea and development of de novo 

assemblies for each of these species resulting into the elimination of reference bias, giving       

an insight into the structural variations between these genomes and their association                

with important traits. These variations may be responsible for genomic regions controlling the 

adaptation to various environmental conditions and how they respond to different abiotic 

stresses.  

 

2.2 Materials and Methodology 

 

2.2.1 Plant material 

 

To perform de novo sequencing of eight annual wild species of chickpea, the seeds of              

wild chickpea were procured from the ICRISAT Genebank, ICRISAT, India 

(http://genebank.icrisat.org/). Based on the availability of seeds, one genotype was           

selected for each species: ICC 17123 (C. reticulatum), ICC 20190 (C. echinospermum),         

ICC 17289 (C. bijugum), ICC 17148 (C. judaicum), ICC 17126 (C. pinnatifidum), ICC 17281 

(C. yamashitae), ICC 17141 (C. chorassanicum) and ICC 17162 (C. cuneatum). The seeds 

were sown in the pots and were allowed to grow in the glass house. The leaf tissues of              

two-month-old plants, planted in the same pot, were harvested in three replicates and stored at 

-80o C for subsequent experiments. DNA was isolated from the samples, which was     

sequenced and de novo genome assemblies were generated followed by downstream      

analyses as presented in Figure 3. 



 

 35 

 
Figure 3: A schema representing the different steps involved in the generation of different wild crop genome assemblies. Eight different accessions 

representing eight annual wild chickpea species (C. reticulatum, C. echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. 

chorassanicum and C. cuneatum) were grown in glass house conditions. The high molecular weight genomic DNA isolated from the leaf tissues of these 

plants was sequenced and the data obtained was subjected to bioinformatics analysis for generating eight high-quality de novo genome assemblies. 
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2.2.2 DNA isolation 

 

The genomic DNA from leaf tissues of each accession was isolated using NucleoSpin Plant II 

kit provided by Macherey-Nagel (North Rhine-Westphalia, Germany). For some wild samples, 

it was difficult to extract high quality DNA using NucleoSpin Plant II kit. For such samples, 

an alternate protocol by Healey et al. (2014) was used which resulted in the isolation of enough 

high-quality DNA. Briefly, around 100 mg of each leaf sample was taken for grinding. After 

grinding, 450 µl pre-heated cetyltrimethyl ammonium bromide (CTAB) extraction buffer and 

0.3% B-mercaptoethanol was added. The sample was then placed on a water bath maintained 

at 65ºC for one hour and mixed by inversion at an interval of every 10 minutes. It was then 

centrifuged for five minutes at 5000x g to remove the un-lysed leaf tissue. The aqueous layer 

was then transferred to a new tube. One volume of chloroform was added to isoamylalcohol 

(24:1) and mixed by inversion for five minutes, followed by centrifugation for 10 minutes at 

5000x g. The aqueous layer was then transferred to a new tube to which 25 µl of RNAse A 

(10mg/ml) was added and incubated for 90 minutes at 37ºC with gentle mixing at regular 

intervals. Again, one volume of chloroform: isoamylalcohol (24:1) was added and further 

mixed by inversion for two minutes. Then it was centrifuged at 5000x g for 10 minutes. The 

aqueous layer was then transferred to a new tube. For precipitating the DNA, half volume of 5 

M NaCl was added to the sample and mixed gently through inversion. Three volumes of cold 

95% ethanol were added followed by mixing through inversion. The tubes were then placed in 

the -20ºC freezer for 30 minutes. Post incubation, centrifugation was carried out at 5000x g for 

10 minutes to pellet the DNA. The supernatant was gently decanted and DNA pellets were 

washed with 300 µl of 70% ethanol. Next, centrifugation for 10 minutes at 5000x g was done 

and ethanol was decanted. The last three steps were then repeated. The pellet was air-dried at 

room temperature for 15 minutes to which 100 µl of TE buffer was added. The isolated DNA 

was checked for its quality by electrophoresis on 0.7% agarose gel. DNA was then stored at -

80ºC until library construction.  

 

2.2.3 Genome sequencing and assembly 

 

The DNA isolated from wild species was subjected to library construction and sequencing by 

NRGene. Briefly, the libraries were generated in the form of PCR-free paired-end and mate-

pair libraries of various insert sizes. A total of two PCR-free paired-end libraries of average 

insert size of 480 bp and 800 bp were generated for each wild species using Illumina TruSeq 

(Illumina, CA, USA) PCR-free DNA sample prep kit. Similarly, a total of three mate-pair 
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libraries with average insert sizes of 2-4 Kb, 5-7 Kb and 8-10 Kb were generated using Nextera 

MP Library Preparation Kit (Illumina) according to the manufacturer’s instructions. The 

sequencing was carried out on Illumina HiSeq 4000 platform followed by processing and 

assembly of data using the DeNovoMAGIC 2.0 assembler by NRGene. Out of the eight 

scaffold-level assemblies, six genome assemblies were further scaffolded to pseudomolecule-

level using the Hi-C approach. The scaffold-level assemblies of six wild species including C. 

reticulatum, C. echinospermum, C. pinnatifidum, C. yamashitae, C. chorassanicum and C. 

cuneatum were subjected to processing by Hi-C data. For generating pseudomolecule length 

scaffolds, library preparation and sequencing was carried out as previously described 

(Dudchenko et al., 2017). The sequencing data was processed against the scaffold-level 

assemblies using Juicer/3D-DNA pipeline with default parameters (Durand et al., 2016a, b). 

The resulting contact maps were visualized using Juice box visualization platform. These 

contact matrices were then used to anchor and order the scaffolds to generate pseudomolecule-

length scaffolds. Further, the genome size estimation for each assembly was performed by 

using 17-mer frequency which is the total number of k-mers divided by the peak depth. 

 

2.2.4 Contamination removal and quality assessment 

 

The genome assemblies were screened for the presence of any contamination and the identified 

contaminants were removed using two strategies: i) identification of contamination sequences 

by aligning to the NCBI nucleotide (NT) database. The scaffold sequences which aligned to 

NCBI NT database of bacteria and fungus with identity ≥ 95%, coverage ≥ 90% and E-value ≤ 

1E-05 were filtered out. ii) Further, the processing was done by BlobTools program which 

identifies contamination from other species (Laetsch and Blaxter, 2017). Precisely, the 

sequences were classified using BlobTools according to the alignment results of the NCBI NT 

database which utilizes the BAM files by mapping raw reads on de novo assemblies. The 

contaminated sequences marked by BlobTools were filtered out to get contamination-free 

assemblies. 

Further, the redundant sequences from assembled genomes were removed to develop the final 

set of assemblies. For removing redundancy, redundans pipeline version 0.11 with parameters 

‘--identity 0.9, --coverage 0.8’ was used (Pryszcz and Gabaldón, 2016). These assemblies were 

evaluated for their completeness using the Benchmarking Universal Single-Copy Orthologs 

(BUSCO) version 4.0.0 (dataset: embryophyte; Seppey et al., 2019). Various steps followed to 

generate genome assemblies for wild Cicer species are illustrated in Figure 4. 
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Figure 4: A flowchart depicting various steps involved in developing de novo assemblies 

of eight wild Cicer species. The major steps were constructing sequencing libraries, generating 

de novo scaffold-level assemblies for wild species using DeNovoMAGIC and then moving to 

pseudomolecule-level assemblies for six wild species using chromosome conformation capture 

sequencing. 
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2.2.5 Identification of repetitive elements 

 
Repeat elements were first identified by screening the genome assemblies against the Repbase 

repeat library using RepeatMasker version 4.1.0 (‘-nolow -no_is -norna -engine wublast’) and 

RepeatProteinMasker (‘-noLowSimple -pvalue 0.0001’) (Smit et al., 2015). Additionally, the 

genome assemblies were also screened for de novo repeat elements using RepeatModeler 

version 1.0.11 (http://www.repeatmasker.org/RepeatModeler/). Once the species-specific 

repeat libraries were generated using RepeatModeler, the repeats from Repbase and 

RepeatModeler were combined and masked in the genomes. 

 

2.2.6 Gene model prediction 

 
From the assembled genomes, the gene models were predicted using a combination of ab initio, 

homology and transcriptome-based approaches. In order to avoid any methodological biases, 

the gene model predictions and annotations were performed for the assembly of cultivated 

chickpea (unpublished data) as well, following the same protocol as used for the eight wild 

genome assemblies. Briefly, the gene models were first predicted using the GeneMark-ES suite 

(Lukashin and Borodovsky, 1998) and Augustus (Stanke et al., 2006). The protein sequences 

from G. max, A. thaliana, C. cajan, M. truncatula and UniProtKB/Swiss-Prot Viridiplantae 

were mapped to assemblies using BLAT and refined by GeneWise (Birney et al., 2004). The 

publicly available RNA-seq data for C. arietinum and C. reticulatum found in NCBI - Sequence 

Read Archive (SRA) were mapped to all assemblies using Hisat2 version 2.1.0 (Kim et al., 

2015; Appendix 1) and transcriptome-based gene structure predictions were made by 

StringTie version 2.0 (Pertea et al., 2015), and further refined by TransDecoder version 5.5.0 

(https://github.com/TransDecoder/TransDecoder). The predicted gene models from different 

approaches were combined and processed using EVidenceModeler version 1.1.1 (Haas et al., 

2008). Finally, the gene models that were predicted by the de novo approach but had no 

transcript evidence were eliminated to generate high confidence gene sets for each genome 

assembly. 

 

2.2.7 Gene annotation 

 
The predicted genes were assigned putative functions by homology search against publicly 

available databases including Swiss-Prot, TrEMBL and NCBI NR databases (BLASTP with 

an E-value threshold of 1E-05). InterProScan version 5.38-76 was used to identify motifs and 

domains by searching the peptide sequences against databases including Pfam, PRINTS, 
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PROSITE, ProDom, SMART and PANTHER. The genes were assigned Gene Ontology (GO) 

terms on the basis of InterPro descriptions. The genes were also mapped against the KEGG 

database to identify their best matched pathways. 
 

2.2.8 Identification of non-coding RNAs 

 
For identification of non-coding RNAs in the form of microRNAs (miRNAs), transfer RNAs 

(tRNAs), ribosomal RNAs (rRNAs) and small nucleolar RNAs (snoRNAs), different tools 

were used. The tRNA genes were predicted using tRNAscan-SE version 2.0.5 (Lowe and Chan, 

2016) with default parameters. The rRNAs were identified by aligning against rRNA template 

sequences using BLASTN with an E-value cutoff of 1E-05. For the prediction of snoRNAs and 

miRNA genes, cmsearch utility from Infernal version 1.1.2 (Nawrocki and Eddy, 2013) with 

default parameters was used against the Rfam database. 
 

2.2.9 Gene family and phylogenetic analysis 
 

Orthofinder version 2.1.2 (Emms and Kelly, 2019) with default parameters was used to identify 

orthologous gene clusters in the assembled genomes of wild Cicer species (C. reticulatum, C. 

echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum 

and C. cuneatum) along with cultivated chickpea and other plant species (M. truncatula, C. 

cajan, G. max, P. vulgaris and A. thaliana). The gene sequences for other plant species were 

downloaded from Phytozome version 12.1.6 (https://phytozome.jgi.doe.gov/pz/portal.html). 

The single copy orthologs obtained from Orthofinder were used to construct the phylogenetic 

tree using Bayesian and maximum likelihood methods. The divergence time between different 

species was calculated using MCMCtree from PAML package (Yang, 2007).  
 

2.2.10 Identification of transcription factors and disease resistance genes 
 
Transcription factors (TFs) in the Cicer genomes were identified using similarity search against 

plant TFs from PlantTFDB database version 5.0 (Tian et al., 2020). In parallel, the RGAugury 

pipeline (Li et al., 2016) with default parameters was used to identify disease resistance genes 

from the predicted gene sets of all Cicer assemblies. The identified disease resistance genes 

were classified into different classes based on the presence or absence of specific domains. 
 

2.2.11 Whole genome alignments and synteny analysis 
 
Whole genome assemblies of all wild Cicer species were aligned to the improved assembly of 

cultivated chickpea (unpublished data). Briefly, NUCmer from MUMmer 4.0 (Marçais et al., 
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2018) was used to align the genomes of wild species to the cultivated chickpea genome using 

the following command line: 

 
nucmer --mum -l 40 -c 90 -p Ret_Ari_MUM Ari.fasta Ret.fasta 

 
where, l is the minimum length of a single exact match and c is the minimum length of a cluster 

of matches.  

The NUCmer alignments (.delta files) were further filtered by “delta-filter” using the following 

parameters “-m 500 and -q 500000” and visualized to generate whole-genome dot plots using 

DotPlotly (https://github.com/tpoorten/dotPlotly). In case of pseudomolecule-level assemblies, 

only the pseudomolecules and in case of scaffold-level assemblies, only scaffolds with length 

more than 5 Mb were used for plotting. 

 
The pseudomolecules for the wild Cicer species were renamed based on the syntenic 

relationship with the reference genome of cultivated chickpea. For instance, if a 

pseudomolecule of C. reticulatum exhibited maximum identity to pseudomolecule 1 of 

reference genome of chickpea (Ca1), it was renamed as pseudomolecule 1 of C. reticulatum 

(Cre1). However, this nomenclature was not implemented for C. bijugum and C. judaicum as 

their final assemblies were at scaffold-level. 

 
2.3 Results 

 
2.3.1 High throughput data generation 

 
The high-quality DNA isolated from eight annual wild species (C. reticulatum, C. 

echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum 

and C. cuneatum) was subjected to whole-genome sequencing (Appendix 2). Two paired-end 

(PCR-free) and three mate-pair (MP) libraries were constructed for each accession. The 

average fragment size of the constructed libraries was 450 bp, 800 bp, 2-4 Kb, 5-7 Kb and 8-

10 Kb. These libraries were sequenced on Illumina HiSeq 4000 at ~180 X coverage per 

accession leading to generation of 1.14 Tb raw data. A total of 842.94, 759.15, 722.97, 739.13, 

756.34, 736.03, 771.81 and 736.05 million reads were generated for C. reticulatum, C. 

echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum 

and C. cuneatum, respectively. In total, 6.06 billion reads were generated for all species (Table 

5). An estimate of the Q20 value for each library for each species suggested high quality of 

data generated as more than 90% of the bases per library in each species had phred quality 

score >= 20 which corresponds to 99% base accuracy. 



 

 42 

Table 5: Statistics of the data generated for each of the wild Cicer species 
 

Cicer species Accession Paired end Mate pair Total (in 

Gb) 
PCR-free 470 bp PCR-free 800 bp 2-4 Kb 5-7 Kb 8-10 Kb 

Bases in 

Gb 

% bases 

> Q20 

Bases in 

Gb 

% bases 

> Q20 

Bases in 

Gb 

% bases 

> Q20 

Bases in 

Gb 

% bases 

> Q20 

Bases in 

Gb 

% bases 

> Q20 

C. reticulatum ICC 17123 65.02 91.42 24.68 92.36 25.15 96.25 22.68 96.81 22.02 96.84 159.55 

C. echinospermum ICC 20190 58.08 91.32 20.63 92.84 23.35 96.72 19.56 96.66 22.15 96.66 143.77 

C. bijugum ICC 17289 56.54 90.26 21.44 92.08 20.78 97.50 19.96 97.67 18.25 97.71 136.96 

C. judaicum ICC 17148 58.64 91.35 22.88 92.79 21.16 96.42 19.55 96.88 18.56 96.34 140.78 

C. pinnatifidum ICC 17126 49.89 88.75 24.42 91.99 21.84 96.25 21.41 96.41 22.33 96.46 139.89 

C. yamashitae ICC 17281 57.78 90.93 22.85 91.76 20.46 95.10 18.44 96.24 20.28 96.03 139.82 

C. chorassanicum ICC 17141 57.34 90.57 22.01 92.97 21.01 97.69 20.21 97.77 18.60 97.67 139.17 

C. cuneatum ICC 17162 54.77 93.31 23.70 92.27 22.60 97.03 22.66 97.29 20.59 97.34 144.32 
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2.3.2 Genome assembly 

 

The de novo assemblies of eight wild species of chickpea were assembled using the 

DeNovoMAGIC assembler. In case of C. reticulatum, a total of 159.55 Gb (842.94 million reads) 

data was generated which led to the development of an assembly of size 927.08 Mb with N50 of 

1.71 Mb. The assembly consisted of a total of 68,849 scaffolds with 948 scaffolds of more than 

100 Kb. The longest scaffold was 17.53 Mb in length (Table 6). For C. echinospermum, an 

assembly of size 809.40 Mb (N50 = 2.94 Mb) was developed by assembling 143.77 Gb sequencing 

data (759.15 million reads). The resulting genome assembly consisted of 48,554 scaffolds with 

591 scaffolds of > 100 Kb. A total of 140.78 Gb data, representing 739.13 million reads, was used 

to develop C. judaicum genome sequence. The assembly of size 512.36 Mb with N50 value of 

8.03 Mb contained 22,333 scaffolds (240 scaffolds > 100 Kb). Further, a total of 136.96 Gb 

sequencing data (722.97 million reads) was assembled to generate a genome draft sequence of C. 

bijugum. The assembly of size 520.04 Mb (N50 = 5.30 Mb) represented a total of 31,610 scaffolds 

(213 scaffolds >100 Kb). Similarly, the de novo assembly of C. pinnatifidum was developed using 

a total of 139.89 Gb data (756.34 million reads). The assembly of size 662.14 Mb (N50 = 3.17 

Mb) harbored 50,864 scaffolds with 536 scaffolds of more than 100 Kb. In the case of C. 

yamashitae, a total of 139.82 Gb data (736.03 million reads) was assembled into 655.46 Mb 

sequence with N50 of 9.70 Mb. The C. yamashitae assembly consisted of 49,652 scaffolds with 

332 scaffolds > 100 Kb and the longest scaffold of length 89.38 Mb. An assembly of size 808.75 

Mb was generated for C. chorassanicum by assembling 139.17 Gb data (771.81 million reads). 

The N50 for C. chorassanicum assembly was 1.91 Mb and contained 18,737 scaffolds with 860 

scaffolds > 100 Kb (Table 6). Similarly, for generating C. cuneatum genome assembly, 144.32 

Gb data (736.05 million reads) was assembled to produce a genome sequence of size 569.93 Mb 

with N50 of 16.34 Mb. The assembly harbored 7738 scaffolds with 93 scaffolds of more than 100 

Kb and the longest scaffold of size 41.10 Mb. 

 

2.3.3 Three-dimensional chromatin conformation capture sequencing 

 

To anchor scaffolds onto pseudomolecules with high accuracy, DNA isolated from six wild 

species, namely, C. reticulatum, C. echinospermum, C. pinnatifidum, C. yamashitae, C. 

chorassanicum and C. cuneatum, was subjected to Hi-C sequencing. For each species, a Hi-C 

library was constructed and paired-end reads of length 151 bp were generated using Illumina 

platform. The details of Hi-C data generated are given in Table 7. 
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Table 6: Statistics of de novo assemblies of different wild Cicer species 

 

Cicer species Assembly size 

(bp) 

Number of 

scaffolds 

N50 (bp) Longest scaffold 

length (bp) 

Ns (%) 

C. reticulatum 927,085,386 68,849 1,716,035 17,532,399 1.64 

C. echinospermum 809,403,106 48,554 2,941,940 17,586,922 1.89 

C. bijugum 520,041,009 31,610 5,303,315 26,362,547 3.14 

C. judaicum 512,356,794 22,333 8,032,019 30,701,475 1.35 

C. pinnatifidum 662,138,780 50,864 3,172,443 32,272,783 3.00 

C. yamashitae 655,461,411 49,652 9,698,071 89,377,585 1.70 

C. chorassanicum 808,748,825 18,737 1,912,730 37,235,433 6.29 

C. cuneatum 569,925,473 7738 16,341,318 41,101,364 0.23 

 

Table 7: Summary of Hi-C data used for generating pseudomolecule-level assemblies 

 

Cicer species Total reads 

in million 

Total bases 

in Gb 

Average bases 

above Q20 (%) 

Average read 

length (bp) 

Average 

GC (%) 

C. reticulatum 352.71 53.26 95.42 151 35.46 

C. echinospermum 283.79 42.85 95.82 151 34.87 

C. pinnatifidum 372.12 56.19 94.88 151 35.90 

C. yamashitae 313.98 47.41 90.93 151 37.42 

C. chorassanicum 222.11 33.54 93.72 151 36.21 

C. cuneatum 268.14 40.49 95.98 151 36.84 

 

For generating pseudomolecule level assembly of C. reticulatum, a total of 352.71 million paired-

end reads covering 59.49X of the genome were generated. After gap filling and removal of 

contaminants which accounted for 7.35 Mb, a final assembly of 895.25 Mb with N50 of 60.32 Mb 

was developed. Based on k-mer statistics, the C. reticulatum genome is estimated to be ~858 Mb 

in size. The size of the assembled genome is similar to the estimated genome size. In total, 583.98 

Mb (65.23%) of sequences were anchored to eight pseudomolecules, whereas 311.26 Mb in 33,072 
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scaffolds remained unplaced (Table 8). The length of the pseudomolecules ranged between 109.18 

Mb and 33.72 Mb. Similarly, a pseudomolecule-level assembly of size 734.27 Mb (N50 = 92.71 

Mb) was developed using 283.79 million reads for C. echinospermum. The size of the assembled 

genome is more than the estimated genome size of 652.81 Mb. The Hi-C approach could anchor 

88.32% of the assembly onto eight large scaffolds and 3437 small scaffolds. Further, 372.12 

million reads were used to connect C. pinnatifidum scaffolds into eight pseudomolecules of length 

ranging between 78.62 Mb to 31.72 Mb. The final assembly of C. pinnatifidum after removal of 

contaminants (6.70 Mb) spanned 643.91 Mb (N50 = 53.10 Mb) with 71.00% of the assembly 

covered by pseudomolecules. The size of the assembled C. pinnatifidum genome was similar to its 

estimated genome size of 655.45 Mb. In the case of C. yamashitae, 313.98 million reads covering 

86.87X of the genome were used to anchor, order and orient the scaffolds. An assembly of size 

545.79 Mb (N50 = 54.71 Mb) consisting of eight pseudomolecules and 22,088 unplaced scaffolds. 

The lengths of these pseudomolecules ranged between 68.59 Mb and 47.96 Mb. These 

pseudomolecule-level scaffolds constituted 83.85% of the total genome assembly of C. 

yamashitae. Similar to C. echinospermum, the assembled genome size of C. yamashitae was also 

more than the estimated genome size (488.87 Mb). The discrepancy in estimated and assembled 

genome sizes might be due to the inaccuracy of the estimation in these genomes owing to high-

copy repetitive sequences. Further, the final genome assembly of C. chorassanicum was developed 

using 222.11 million reads (59.18X coverage). An unusual high amount (~230 Mb) of fungal 

contamination (Blumeria graminis) found in the assembly was removed to develop a final 

assembly of size 566.76 Mb with N50 of 59.62 Mb. The assembly consisted of eight 

pseudomolecules and 11,720 scaffolds. About 83% of the assembly was placed on 

pseudomolecules of average length ~59 Mb. The size of the assembled genome of C. 

chorassanicum was similar to its estimated genome size of 544.23 Mb. Further, a total of 268.14 

million reads covering 71.62X of the genome were used to join scaffolds of C. cuneatum to 

generate an assembly of size 565.22 Mb (N50 = 75.05 Mb). The size of the C. cuneatum assembly 

was similar to its estimated genome size of 585.99 Mb. The assembly was formed by eight 

pseudomolecules covering 99.32% of the genome sequence (561.36 Mb) and 2030 scaffolds. The 

longest pseudomolecule was of 82.84 Mb and the shortest pseudomolecule was of 33.94 Mb. The 

Hi-C contact matrices for six wild Cicer genomes are shown in Figure 5. 

For C. judaicum and C. bijugum, the assemblies developed using DeNovoMAGIC were further 

processed to remove the contaminations and to check redundancy present in the scaffolds 

(Appendix 3). After removing the contaminants and redundant sequences, the final assemblies of 

C. judaicum and C. bijugum were developed. The size of the genome assemblies was 466.60 Mb 

and 434.96 Mb with N50 of 9.24 Mb and 6.76 Mb for C. judaicum and C. bijugum, respectively. 
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The number of scaffolds in C. judaicum and C. bijugum genomes were 1324 and 1832, 

respectively. The longest scaffold size was higher in C. judaicum (30.70 Mb) as compared to C. 

bijugum (26.36 Mb) genome. The size of assembled C. judaicum and C. bijugum genomes was 

similar to their estimated genome sizes of 435.18 Mb and 481.54 Mb, respectively. The statistics 

of the final eight wild Cicer assemblies are detailed in Table 8. 

The GC composition of each of the developed assemblies was evaluated and it was seen that the 

average GC content of the Cicer species varied between 30.05% in C. bijugum to 32.9%. in C. 

reticulatum. The GC content of these wild species was relatively higher as compared to cultivated 

chickpea (C. arietinum; 28.25%). The GC composition of genic and non-genic regions in each of 

these genomes was also estimated (Appendix 4). 

 

Figure 5: Hi-C contact matrices for six chickpea wild genome assemblies. For each species, 

the left plot depicts the scaffold-level assembly generated by DeNovoMAGIC and the right plot 

represents the assembly post Hi-C super-scaffolding. In case of C. chorassanicum and C. 

yamashitae the grey regions indicate the presence of fungal contaminants removed from the final 

assemblies.
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Table 8: Statistical features of all de novo assembled Cicer genomes  
 
Assembly C. 

arietinum 
C. 
reticulatum 

C. 
echinospermum 

C. 
bijugum 

C. 
judaicum 

C. 
pinnatifidum 

C. 
yamashitae 

C. 
chorassanicum 

C. 
cuneatum 

Total assembly size 
(in Mb) 

530.27 895.25 734.27 434.97 466.60 643.91 545.79 566.76 565.22 

Number of 
pseudomolecules 

8 8 8 - - 8 8 8 8 

Number of scaffolds 6448 33,080 3445 1832 1324 30,683 22,096 11,728 2038 

Longest scaffold (in 
Mb) 

79.33 109.19 107.65 26.36 30.70 78.63 68.60 75.74 82.85 

Number of scaffolds 
> 10 Kb 

723 2342 597 210 415 2621 613 1726 61 

Number of scaffolds 
> 1 Mb 

9 39 22 86 72 16 13 12 8 

Number of scaffolds 
> 10 Mb 

8 8 8 11 12 8 9 8 8 

N50 scaffold (in Mb) 65.80 60.33 92.71 6.76 9.24 53.10 54.71 59.62 75.06 
L50 scaffold count 4 6 4 19 16 6 5 5 4 
Ns in scaffolds (%) 8.96 1.72 2.10 3.24 1.32 3.11 2.13 2.99 0.24 
N50 contig (in Kb) 37.17 55.33 52.84 25.58 56.66 28.47 60.85 29.57 270.21 
% assembly in 
pseudomolecules 

92.59 65.23 88.32 - - 71.00 83.85 83.22 99.32 
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2.3.4 Assessment of completeness of the genome assemblies 

 
Further, the integrity of the assemblies was assessed using BUSCO. In the case of C. reticulatum, 

91.50% (86.70% complete and single-copy genes and 4.80% complete and duplicated genes) and 

2.10% of the 1440 expected embryophytic genes were identified as complete and fragmented, 

respectively. Similarly, for C. echinospermum, 91.50% and 1.80%; C. judaicum, 91.20% and 

2.20%; C. bijugum, 91.70% and 1.70%; C. pinnatifidum, 91.50% and 1.70%, C. yamashitae, 

91.10% and 2.10%; C. chorassanicum, 91.70% and 1.80% and C. cuneatum, 90.70% and 2.40% 

were identified as complete and fragmented genes, respectively (Table 9). Overall, BUSCO 

analysis depicted a high degree of completeness for conserved single copy orthologs (complete 

BUSCOs > 90%) indicating the high quality of all the eight assemblies developed. The paired-end 

reads were also mapped backed to each Cicer wild genome assembly and average alignment of 

~98% was observed, suggesting low portion of mis-assembled regions in assemblies (Appendix 

5). 

Table 9: Evaluation of completeness of different Cicer genome assemblies using BUSCO 
 
Cicer species Complete 

BUSCOs (%) 

Fragmented 

BUSCOs (%) 

Missing 

BUSCOs (%) 

C. arietinum 91.10 2.10 6.80 

C. reticulatum 91.50 1.70 6.80 

C. echinospermum 91.50 1.80 6.70 

C. bijugum 91.70 1.70 6.60 

C. judaicum 91.20 2.20 6.60 

C. pinnatifidum 91.50 1.70 6.80 

C. yamashitae 91.10 2.10 6.80 

C. chorassanicum 91.70 1.80 6.50 

C. cuneatum 90.70 2.40 6.90 

 
2.3.5 Repeat identification and classification 

 
The genomes of all Cicer species were screened for the presence of transposable elements (TEs). 

It was seen that approximately 58.90% (527.34 Mb) of the C. reticulatum genome consisted of 

repetitive elements followed by 56.60% (319.91 Mb) in C. cuneatum. The total repeat share of C. 

echinospermum (51.37% of the total assembled genome) was similar to the repeat content of C. 
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arietinum (50.56% of the genome). The classification of repetitive elements highlighted the huge 

abundance of long terminal repeats (LTRs) in all the genomes under study (Table 10). 

Approximately 58.08% of the repetitive region of C. reticulatum and 53.22% of C. pinnatifidum 

was governed by LTRs. The share of LTRs was seen to be 41.00%, 48.49%, 40.56%, 45.50%, 

39.66%, 42.54% and 52.08% in C. arietinum, C. echinospermum, C. bijugum, C. judaicum, C. 

yamashitae, C. chorassanicum and C. cuneatum, respectively. LTR retrotransposons are divided 

into two important groups Ty1 or copia and Ty3 or gypsy. In all the Cicer genomes, Copia 

elements constituted the major fraction among LTRs. The maximum number of Copia elements 

was observed in the case of C. cuneatum (428,243 spanning 32.80% of the assembled genome) 

followed by C. bijugum (21.51%) while the minimum copia elements were identified for C. 

pinnatifidum (12.89%). Gypsy elements were observed to be present in maximum in C. 

echinospermum (17.60%) while the minimum were seen in C. yamashitae (8.39%). In C. 

arietinum, 19.74% and 16.91% of elements were classified as copia and gypsy, respectively (Table 

11). LINE elements constituted 1.73%, 0.89%, 1.30%, 1.15%, 1.24%, 1.06%, 1.63%, 1.53% and 

0.92% of the genomes of C. arietinum, C. reticulatum, C. echinospermum, C. bijugum, C. 

judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum and C. cuneatum, respectively. 

Among different classes of TEs, the abundance of SINE elements was the lowest ranging from 

0.02% (C. reticulatum) to 0.12% (C. yamashitae). Among the wild Cicer genomes, the proportion 

of DNA transposons varied from 5.80% in C. cuneatum to 11.50% in C. bijugum. In cultivated 

chickpea, DNA transposons constituted 10.74% of the genome (Table 10). 

Table 10: Details of the repeats identified in genome assemblies of different Cicer species 

 
Cicer species DNA 

(%) 
LINE 
(%) 

SINE 
(%) 

LTR 
(%) 

Others 
(%) 

Unknown 
(%) 

Total TEs 
length (Mb) 

Total TEs 
ratio (%) 

C. arietinum 10.74 1.73 0.06 41.00 0.008 0.93 268.13 50.56 

C. reticulatum 7.35 0.89 0.02 58.08 0.003 0.32 527.35 58.90 

C. echinospermum 8.31 1.30 0.03 48.49 0.003 0.40 377.23 51.37 

C. bijugum 11.50 1.15 0.08 40.56 0.016 1.01 215.94 49.64 

C. judaicum 10.05 1.24 0.10 45.50 0.004 1.24 242.74 52.02 

C. pinnatifidum 8.56 1.06 0.06 53.22 0.005 0.87 361.92 56.21 

C. yamashitae 9.15 1.63 0.12 39.66 0.009 0.76 240.80 44.12 

C. chorassanicum 9.14 1.53 0.03 42.54 0.010 0.71 271.44 47.89 

C. cuneatum 5.80 0.92 0.06 52.08 0.006 0.31 319.91 56.60 
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Table 11: Summary of the Copia and Gypsy elements identified in each Cicer species 

 
Cicer species LTR/Copia LTR/Gypsy 

Count Share in genome (%) Count Share in genome (%) 

C. arietinum 272,703 19.74 186,920 16.91 

C. reticulatum 267,380 14.22 212,267 15.23 

C. echinospermum 250,729 15.46 202,787 17.60 

C. bijugum 229,006 21.51 130,957 15.65 

C. judaicum 202,882 15.61 109,009 10.97 

C. pinnatifidum 212,615 12.89 128,935 10.27 

C. yamashitae 242,279 15.69 103,871 8.39 

C. chorassanicum 274,786 18.03 110,552 8.93 

C. cuneatum 428,243 32.80 138,092 14.85 
 
2.3.6 Whole genome synteny of wild Cicer genomes with cultivated chickpea genome 

 
Pairwise sequence comparison between the pseudomolecules of wild and cultivated chickpea was 

performed using NUCmer. From the synteny analysis for each of these genomes, it was observed 

that there were large inversions and some small inversions present when compared to the cultivated 

chickpea genome. For example, large inversions were seen on pseudomolecules Cre3 of C. 

reticulatum, Cec1, Cec3 and Cec8 of C. echinospermum, Cpi5 of C. pinnatifidum, Cya1, Cya3 and 

Cya6 of C. yamashitae, Cch3, Cch5 and Cch6 of C. chorassanicum, Ccu3, Ccu4, Ccu5 of C. 

cuneatum, when synteny analysis was done against the reference genome. Minor inversions were 

observed on Cpi1 of C. pinnatifidum, Cya4 and Cya5 of C. yamashitae and Ccu6 of C. cuneatum 

when compared against the reference genome (Figures 6-9). When different wild species were 

aligned against the cultivated chickpea, the highest alignment rate was seen for C. reticulatum 

(91.57%), the wild progenitor of chickpea (Table 12). Similarly, C. echinospermum was observed 

to have the second highest overall alignment rate (82.70%). Overall whole genome alignment rates 

for C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum and C. cuneatum 

was found to be 45.09%, 39.35%, 60.64%, 30.63%, 29.84%, 18.64%, respectively. The third 

highest alignment rate was observed for C. pinnatifidum. The least number of alignment rate was 

seen for C. cuneatum which is supposed to be the most distant species from cultivated chickpea. 

The alignment rates against the reference genome were in accordance with different gene pools of 

Cicer. Alignment of 88.56% was seen between the current and previously published C. reticulatum 

genome assemblies (Gupta et al., 2017; Appendix 6), while 92.07% alignment rate was observed 

when cultivated chickpea was compared with Gupta et al. genome assembly (Appendix 7).
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Figure 6: Whole genome alignment of C. reticulatum and C. echinospermum against the C. arietinum genome. Dotplots of whole genome 

alignment; X-axis represents pseudomolecules of C. arietinum and Y-axis represents pseudomolecules of C. reticulatum (left) and C. 

echinospermum (right). 
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Figure 7: Whole genome alignment of C. judaicum and C. bijugum against the C. arietinum genome. Dotplots of whole genome alignment; 

X-axis represents pseudomolecules of C. arietinum and Y-axis represents scaffolds (> 5 Mb) of C. judaicum (left) and C. bijugum (right). 
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Figure 8: Whole genome alignment of C. pinnatifidum and C. yamashitae against the C. arietinum genome. Dotplots of whole genome 

alignment; X-axis represents pseudomolecules of C. arietinum and Y-axis represents pseudomolecules of C. pinnatifidum (left) and C. 

yamashitae (right). 
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Figure 9: Whole genome alignment of C. chorassanicum and C. cuneatum against the C. arietinum genome. Dotplots of whole genome 

alignment; X-axis represents pseudomolecules of C. arietinum and Y-axis represents pseudomolecules of C. chorassanicum (left) and C. 

cuneatum (right). 
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Table 12: Summary of alignments observed in the synteny analysis 
 

Cicer species Overall alignment rate 
with cultivated genome 
(Query (Reference) in %) 

One-to-one alignments 
Alignment length (Query 
(Reference) in Mb) 

Average 
identity (%) 

C. reticulatum 91.57 (88.64) 426.28 (426.12) 98.02 
C. echinospermum 82.70 (85.21) 387.00 (386.90) 97.17 
C. bijugum 45.09 (33.99) 147.53 (147.68) 92.76 
C. judaicum 39.35 (33.17) 147.30 (147.54) 92.46 
C. pinnatifidum 60.64 (38.33) 157.17 (157.18) 93.05 
C. yamashitae 30.63 (31.14) 144.44 (143.93) 92.72 
C. chorassanicum 29.84 (29.76) 139.57 (139.23) 92.85 
C. cuneatum 18.64 (19.00) 95.08 (94.96) 91.95 
 
2.3.7 Gene model prediction and functional annotation 

 
By integrating ab initio, homology and transcriptome-based approaches, an average of 25,546 

protein-coding genes were identified for each of the Cicer genome assemblies. The maximum gene 

models were identified for C. reticulatum (28,627) followed by C. echinospermum (27,649). The 

genome of cultivated chickpea harbored a total of 25,029 genes with an average transcript length 

of 4404.53 bp, coding sequence size of 1246.92 bp and 5.58 exons per gene. The minimum gene 

models were identified for C. judaicum (23,516) with an average transcript length of 4578.58 bp, 

coding sequence size of 1304.41 bp and 5.95 exons per gene. A similar number of genes were 

predicted for the genomes of C. bijugum (23,911) and C. cuneatum (23,890). The highest gene 

density was seen in the case of C. bijugum (54.97 genes per Mb) followed by C. judaicum (50.40 

genes per Mb). The gene densities were comparatively low in the case of C. reticulatum (31.98 

genes per Mb) and C. echinospermum (37.65 genes per Mb). Similar gene densities were observed 

for C. arietinum (47.20 genes per Mb), C. yamashitae (46.87 genes per Mb) and C. chorassanicum 

(47.63 genes per Mb) (Figures 10-12). The comparison of gene features of the Cicer genomes 

suggested that they have similar characteristics such as the length of genes, mRNAs, number and 

length of exons and introns (Table 13). The range of average gene length varied from 4293.50 bp 

in C. reticulatum to 4671.78 bp in C. chorassanicum. Further, the average exon length was 

observed to be the same for C. arietinum and its wild progenitor, C. reticulatum (~223 bp). The 

average exon number per gene varied from 5.46 (C. reticulatum) to 5.99 (C. chorassanicum). 

The identified genes were annotated using similarity-based searches. The functions were 

tentatively assigned to 24,263 (96.94%), 27,945 (97.62%), 27,218 (98.44%), 23,659 (98.95%), 

23,264 (98.93%), 24,379 (98.64%), 25,052 (97.94%), 26,416 (97.86%) and 23,473 (98.25%) of 



 

 56 

the identified genes in C. arietinum, C. reticulatum, C. echinospermum, C. bijugum, C. judaicum, 

C. pinnatifidum, C. yamashitae, C. chorassanicum and C. cuneatum, respectively, using various 

databases such as KEGG, SwissProt, TrEMBL, InterPro and GO (Figure 13). The maximum 

percentage of genes of C. judaicum and C. bijugum were assigned functional annotations. 

Similarly, the TrEMBL and InterPro databases yielded the maximum percentage of annotations 

for gene models of each genome. Further, the assessment of the gene models from all genomes 

using the BUSCO shows a high percentage of presence of single copy orthologs in these genomes 

(Table 14). In all the genomes, the complete BUSCOs were seen to be either more than or equal 

to 90%, which shows high quality of gene models. 

Table 13: Details of protein-coding genes predicted from genomes of different Cicer species 
 

Cicer species No. of 
genes 

Average 
gene length 
(bp) 

Average 
CDS length 
(bp) 

Average 
exon 
number 

Average 
exon length 
(bp) 

Average 
intron length 
(bp) 

C. arietinum 25,029 4404.53 1246.92 5.58 223.30 688.80 
C. reticulatum 28,627 4293.50 1217.03 5.46 223.02 690.26 
C. echinospermum 27,649 4362.46 1250.10 5.77 216.64 652.45 
C. bijugum 23,911 4582.07 1294.26 5.90 219.40 671.09 
C. judaicum 23,516 4578.58 1304.41 5.95 219.12 661.05 
C. pinnatifidum 24,716 4551.47 1287.19 5.86 219.80 672.20 
C. yamashitae 25,579 4593.59 1269.52 5.86 216.81 684.59 
C. chorassanicum 26,993 4671.78 1269.29 5.99 212.05 682.41 
C. cuneatum 23,890 4435.23 1283.52 5.87 218.51 646.65 
 
Table 14: BUSCO evaluation for predicted genes in all Cicer species 
 

Cicer species Genes Complete BUSCOs Fragmented BUSCOs Missing BUSCOs 

C. arietinum 25,029 93.10% 2.00% 4.90% 

C. reticulatum 28,627 93.90% 1.20% 4.90% 

C. echinospermum 27,649 89.80% 2.80% 7.40% 

C. bijugum 23,911 92.60% 2.20% 5.20% 

C. judaicum 23,516 93.20% 1.90% 4.90% 

C. pinnatifidum 24,716 91.90% 2.70% 5.40% 

C. yamashitae 25,579 92.70% 2.70% 4.60% 

C. chorassanicum 26,993 90.60% 2.60% 6.80% 

C. cuneatum 23,890 91.70% 2.70% 5.60% 
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Figure 10: Circos plots displaying the genomic features of C. reticulatum (left) and C. echinospermum (right). The tracks represent eight assembled 

pseudomolecules a) GC content b) DNA repeats density c) LTR repeats density d) gene density e) Pseudogenes density f) Transcription factors density 

g) The lines represent paralogous genes (1E-10; >=80% similarity). Bin size: 20kb. 
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Figure 11: Circos plots displaying the genomic features of C. pinnatifidum (left) and C. yamashitae (right). The tracks represent eight assembled 

pseudomolecules a) GC content b) DNA repeats density c) LTR repeats density d) gene density e) Pseudogenes density f) Transcription factors density 

g) The lines represent paralogous genes (1E-10; >=80% similarity). Bin size: 20kb. 
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Figure 12: Circos plots displaying the genomic features of C. chorassanicum (left) and C. cuneatum (right). The tracks represent eight assembled 

pseudomolecules a) GC content b) DNA repeats density c) LTR repeats density d) gene density e) Pseudogenes density f) Transcription factors density 

g) The lines represent paralogous genes (1E-10; >=80% similarity). Bin size: 20kb.
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Figure 13: Functional annotation of the protein coding genes. The bar plots depict the 

percentage of genes annotated by SwissProt, KEGG, TrEMBL, InterPro and GO databases. 

 
2.3.8 Prediction of non-coding genes 

 

Along with the protein-coding genes, the study also focused on annotation of non-coding genes 

from different Cicer genomes. The number of these non-coding genes was variable among 

different species (Table 15). Among the newly assembled wild Cicer genomes, the maximum 

miRNAs (106) were identified in C. reticulatum and the minimum were found in C. cuneatum 

genome (86). The number of miRNAs were comparable in cultivated chickpea genome (96), 

C. chorassanicum (95) and C. pinnatifidum (98). The number of tRNAs in C. arietinum, C. 

reticulatum, C. echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. 

chorassanicum and C. cuneatum genomes were 708, 865, 696, 644, 600, 791, 687, 643 and 

701, respectively. A huge variation was seen in the rRNA count of C. arietinum (479) and other 

wild genomes; minimum rRNAs in C. cuneatum (1151) and maximum in C. yamashitae 

(69,699). Interestingly, a very high number of rRNAs were identified for the C. yamashitae 

genome and most of them were located between the 10 Mb - 30 Mb region on pseudomolecule 

8. A relatively higher number of rRNAs were observed for C. chorassanicum (7663), C. 

echinospermum (4532), C. reticulatum (3878) and C. pinnatifidum (2827) as compared to C. 

judaicum (1576), C. bijugum (1391) and C. cuneatum (1151). The number of snoRNAs 

identified varied from 592 in C. yamashitae to 824 in C. pinnatifidum. On an average, ~706 

snoRNAs were found in each Cicer genome. 



 

 61 

Table 15: Summary of non-coding genes identified from the genomes of different Cicer 

species 

 

Cicer species miRNA tRNA rRNA snoRNA 

Count Length in 
genome 
(Kb) 

Count Length in 
genome 
(Kb) 

Count Length in 
genome 
(Kb) 

Count Length in 
genome 
(Kb) 

C. arietinum 96 11.45 708 53.15 479 85.41 751 88.80 

C. reticulatum 106 12.51 865 65.33 3878 970.07 813 102.45 

C. echinospermum 101 11.91 696 52.05 4532 1587.94 776 95.48 
C. bijugum 87 10.35 644 48.24 1391 408.82 682 84.37 

C. judaicum 87 10.20 600 44.89 1576 213.78 603 72.37 

C. pinnatifidum 98 11.54 791 59.47 2827 654.64 824 108.82 

C. yamashitae 87 10.31 687 51.41 69,699 8394.92 592 71.67 

C. chorassanicum 95 11.22 643 48.23 7663 2249.02 636 79.17 

C. cuneatum 86 10.27 701 52.54 1151 166.53 666 77.77 
 

2.3.9 Gene family analysis 

 

Orthofinder was used to cluster the protein coding genes of nine Cicer species along with four 

other legume species (C. cajan, G. max, M. truncatula and P. vulgaris) and A. thaliana as an 

outgroup species. A total of 436,995 genes from 14 species were clustered into 27,326 

orthogroups containing 412,772 genes (94.5% in orthogroups). A total of 10,250 orthogroups 

were shared by all the 14 species. Further, 4430 species-specific orthogroups were defined that 

contained 21,796 genes. A total of 762 single-copy orthogroups were identified. The maximum 

number of multiple-copy orthologs were observed in G. max (26,506) while the minimum was 

seen in C. chorassanicum (6670) (Figure 14a). The high number of multiple-copy orthologs 

in G. max might be attributed to its tetraploid nature. The analysis identified 1918 orthogroups 

to be specifically found in all legumes with 36,822 genes. In total, 567 (3133 genes), 597 (1670 

genes), 1597 (8451 genes) and 135 (569 genes) orthogroups were specific to C. cajan, G. max, 

M. truncatula and P. vulgaris, respectively. A total of 124 orthogroups (2165 genes) were 

specifically found in Cicer genus. The members of Cicer genus were found to share maximum 

orthogroups (897 containing 11,003 genes) with M. truncatula (Figure 14b) which belongs to 

the same phylogenetic clade (galegoid) as Cicer. 
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Figure 14: Gene family analysis of Cicer species with other legumes. a) An overview of 

orthologous and paralogous genes in different Cicer species and other closely related legume 

species and A. thaliana. b) Venn diagram displaying the number of genes shared or unique 

across Cicer genus, A. thaliana and other legumes (M. truncatula, G. max, C. cajan and P. 

vulgaris). 

  

a 

b 
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2.3.10 Phylogeny of Cicer genus with other species 

The single copy orthologs identified from Orthofinder were used to construct the phylogenetic 

tree displaying the relationship between different Cicer species and other legume species. The 

phylogenetic tree exhibited three major clades. The first clade consisted of M. truncatula and 

all the members of the Cicer genus (C. arietinum, C. reticulatum, C. echinospermum,                  

C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum and C. cuneatum). 

The second node contained species P. vulgaris, G. max and C. cajan and the third clade was 

formed by A. thaliana. It was seen that the galegoid (M. truncatula and Cicer genus) and 

millettioid (G.max, P. vulgaris and C. cajan) clades separated ∼52.2-78.1 million years (Myr) 

ago which is in accordance with Varshney et al. (2013). Among galegoids, the Cicer genus 

diverged from M. truncatula ∼35.1-54.1 Myr ago. Within the Cicer genus clade, there were 

four subgroups. As expected, the wild progenitor of chickpea, C. reticulatum and                           

C. echinospermum were the closest to the cultivated chickpea. C. reticulatum was observed to 

diverge from C. arietinum ~1.4 Myr ago and C. echinospermum diverged from both cultivated 

chickpea and C. reticulatum ~2.2 Myr ago. The subgroup containing C. bijugum, C. judaicum 

and C. pinnatifidum diverged from C. arietinum, C. reticulatum and C. echinopsermum around 

8.0 Myr ago. The third subgroup containing C. yamashitae and C. chorassanicum diverged 

from first subgroup (C. arietinum, C. reticulatum and C. echinospermum) ~10.6 Myr ago.           

C. cuneatum was the farthest (fourth subgroup) from other Cicer species and it is estimated to 

have diverged ~15.3 Myr ago (Figure 15). 

2.3.11 Identification of transcription factors 

 

The study predicted an average of 1574 transcription factor encoding genes in each genome 

assembly. A total of 1584 transcription factors representing 58 gene families were identified in 

C. arietinum. Similarly, transcription factors predicted were 1588 in C. reticulatum, 1599 in C. 

echinospermum, 1577 in C. bijugum, 1575 in C. judaicum, 1540 in C. pinnatifidum, 1581 in C. 

yamashitae, 1599 in C. chorassanicum and 1528 in C. cuneatum. In each of the studied Cicer 

species, ERF, bHLH, MYB, C2H2, WRKY and NAC were the most abundant TF families 

(Figure 16). Interestingly, it was seen that while most of the TF families were conserved across 

all Cicer species, a TF NZZ/SPL known to control stem identity in Arabidopsis was missing 

in the genomes of C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae and C. 

chorassnicum (Liu et al., 2009). The most abundant classes of transcription factors in each 

Cicer genome are shown in Figure 16. 
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Figure 15: Phylogenetic tree of different Cicer species with closely related legumes. The 

phylogenetic tree was constructed using Bayesian and ML method and highlights the 

evolutionary relatedness and divergence time of cultivated, wild chickpea, A. thaliana and 

other legumes (M. truncatula, G. max, P. vulgaris and C. cajan). 

 
Figure 16: Abundance of transcription factor families. The bar plot represents the most 

abundant TF families identified from the genomes of different Cicer species (top 20 families 

are shown).  
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2.3.12 Identification of disease resistance genes 

 

Disease resistance in plants is mediated by a set of resistance genes (R-genes). These genes are 

generally referred to as resistance gene analogs (RGAs) and include both nucleotide binding 

site-leucine-rich repeats (NBS-LRRs), receptor-like protein kinases (RLKs) and receptor-like 

proteins (RLPs). In this study, we identified RGAs from the genomes of all the species and 

then classified into four major families, viz, NBS-encoding, RLK, RLP and TM-CC. The NBS-

encoding genes were subdivided into different classes, namely, NBS (NB-ARC domain); TN 

(TIR, NB-ARC); TNLs (TIR, NB-ARC, LRR domain); CN (Coils, NB-ARC); CNLs (Coils, 

NB-ARC, LRR domain); TX (TIR, Coils). A total of 859, 808, 801, 834, 812, 820, 841 and 

817 RGAs were identified from genomes of C. reticulatum, C. echinospermum, C. bijugum, C. 

judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum and C. cuneatum, respectively. 

In total, 852 RGAs were identified from C. arietinum which included 140 NBS-encoding, 505 

RLK, 50 RLP and 157 TM-CC (Table 16). Similar number of disease resistance genes were 

identified in the case of another legume species, pigeonpea (Zhao et al., 2020). Across all the 

Cicer genomes, RLK was the most abundant family followed by TM-CC and NBS. On an 

average, 477 RLK and 46 RLP genes were identified in wild Cicer genomes. Among the NBS-

encoding genes, maximum NBS genes were found in C. yamashitae (147) and minimum in C. 

pinnatifidum (114). In all the Cicer genomes, maximum NBS genes were categorized under 

the CC-NBS-LRR (CNL) followed by the TIR-NBS-LRR (TNL) family. The maximum CNL 

genes were identified in C. judaicum (55) followed by C. reticulatum (49). 

 

Table 16: Statistics of resistance gene analogs identified in different Cicer species 

 
Cicer species Number of NBS-encoding genes Total 

NBS 
RLK RLP TM-CC 

NBS CNL TNL CN TN NL TX Other 
C. arietinum 7 38 23 9 3 26 16 18 140 505 50 157 
C. reticulatum 7 49 20 6 3 25 16 13 139 497 40 183 
C. echinospermum 9 40 14 2 3 36 12 12 128 482 43 155 
C. bijugum 9 45 8 8 3 37 18 9 137 473 41 150 
C. judaicum 7 55 11 9 3 28 10 7 130 483 57 164 
C. pinnatifidum 10 39 14 7 1 25 10 8 114 477 38 183 
C. yamashitae 20 40 15 7 5 40 11 9 147 442 47 184 
C. chorassanicum 18 43 12 12 1 40 13 5 144 474 50 173 
C. cuneatum 14 29 15 4 3 38 14 3 120 489 49 159 
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2.4 Discussion 

 

Since the availability of chickpea draft genome, several research efforts were carried out to 

identify variations among different chickpea accessions but these efforts could not capture the 

complete genetic repertoire of chickpea because these studies mainly revolved around 

cultivated gene pool (Varshney et al., 2013; Thudi et al., 2016a, b). As it is well studied that 

wild relatives of crops are rich sources of genetic diversity, it becomes important to include 

both cultivated and wild gene pools in cataloguing genetic diversity and using them in crop 

improvement programmes. In this direction, the present study focused on deciphering the 

genomic architecture of different wild Cicer species. This study is the first attempt to assemble 

the genomes of eight annual wild relatives of chickpea which were largely unexplored till date. 

The study reports high quality genome assemblies of C. reticulatum, C. echinospermum, C. 

bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum and C. cuneatum. 

These genome assemblies will open new avenues for chickpea improvement by providing 

information about the genetic repertoire of the wilds. 

 

The research goal of the study is to develop a Cicer pangenome. For the development of 

pangenome, three different approaches exist, viz, iterative mapping and assembly, de novo 

assembly based and graph-based (As discussed in Section 1.7.2). Considering the merits of de 

novo assembly-based approach, this study used two powerful sequencing and assembly 

approaches. Genome assemblies of eight chickpea wild species were developed using 

DeNovoMAGIC. The DNA libraries of different insert sizes were constructed and sequenced 

using Illumina platform. Scaffold-level assemblies were developed for all eight species. 

DeNovoMAGIC has been used exhaustively to generate high quality assemblies of several crop 

species (Chen et al., 2019; Colle et al., 2019; Edger et al., 2019; Hu et al., 2019) and also for 

development of various genome assemblies of wild relatives of various crop species (Avni et 

al., 2017; Luo et al., 2017; Valliyodan et al., 2019). To further anchor the scaffolds onto 

pseudomolecules, Hi-C approach was used. The Hi-C data helped in orienting the scaffolds, 

correcting misjoins and assembling pseudomolecule length scaffolds for six species.  

 

A significant variation in the assembled genome sizes was observed within the Cicer genus, as 

they belong to different gene pools. Similar variation in genome sizes was also observed in 

different wild Oryza species (Stein et al., 2018). Further, the assembled genome sizes of C. 

reticulatum, C. bijugum, C. judaicum, C. pinnatifidum, C. chorassanicum and C. cuneatum 

were similar to their k-mer based estimated genome sizes suggesting the completeness of these 
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assemblies. However, in case of C. echinospermum and C. yamashitae, the estimated genome 

size was less than the assembled size. Similar trend of underestimation of genome size was 

also observed in the case of wild species of rice. In the study, it was noted that estimated 

genome sizes using k-mer based methods were significantly less as compared to genome sizes 

estimated by flow cytometry and physical map-based methods (Stein et al., 2018). This was 

also observed in another genome assembly reported for rice developed by Nanopore 

sequencing approach (Choi et al., 2020). 

 

In plant genomes, the repeats can account for up to 90% of the genome size. They are also 

considered to be a major contributing factor in species divergence. The repeat content of the 

Cicer wild genome assemblies was in concurrence with wild genomes of Glycine and Oryza 

genus. As seen in most of the plant species, the maximum proportion of TEs was contributed 

by LTRs (Li et al., 2014; Brozynska et al., 2017). An integrated approach was used to predict 

a high confidence set of protein coding genes from each Cicer genome. In most of the wild 

species, the gene models predicted were either higher or close to the number of genes predicted 

for cultivated chickpea genome (25,015). Similarly, in most of the G. soja genomes, the 

predicted gene numbers were more than the G. max W82 genome (Li et al., 2014). This 

increment in gene number may be due to higher genome sizes in G. soja genomes as compared 

to G. max W82 genome. The share of non-coding RNAs in Cicer wild genomes was similar to 

wild rice genomes (0.25%; Brozynska et al., 2017). 

 

A genome assembly of C. reticulatum was reported in a previous study (Gupta et al., 2017). 

The size of the previous genome of C. reticulatum was 416 Mb, while in this study the C. 

reticulatum genome assembly size was more than doubled (895.25 Mb). Based on the estimated 

genome size reported in previous genome assembly (Gupta et al., 2017) and the current genome 

assembly, the current genome seems to be near-complete. Further, the N50 of previous genome 

assembly was 39.84 Mb and the largest assembled pseudomolecule was pseudomolecule 6 

sized 58.23 Mb; the current genome has a higher N50 (60.32 Mb) and longest pseudomolecule 

of 109.18 Mb. This increase could be attributed to the long-range contact information provided 

by the Hi-C sequencing data. In the assembly reported in this study, 58.9% of the genome was 

repetitive, whereas 63.0% of the previous assembly was spanned by repeats (Gupta et al., 

2017). The previous genome of C. reticulatum had a total of 25,680 protein coding gene models 

while the current genome has 28,627 gene models, which can be attributed to higher coverage 

in the current C. reticulatum genome. Phylogenetic analysis based on single copy orthologs 

classified the nine Cicer species into three different groups and estimated their divergence time. 
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Our results indicated that the cultivated chickpea diverged from C. reticulatum around 1.4 myr 

ago. In a previous study, the divergence time of cultivated chickpea was estimated to be around 

0.53 myr ago (Jhanwar et al.,2012). The difference might be attributed to the different 

methodologies used for calculating divergence time which is also seen in the case of other 

species like peanut (Zhuang et al., 2020). 

 

Wild relatives of crops are known to exhibit high resistance against various abiotic and biotic 

stresses (Mammadov et al., 2018; Zhang and Batley, 2020). Many transcription factors and 

disease resistance genes are known to contribute towards this highly sought-after capability in 

plants (Seo and Choi, 2015; Brozynska et al., 2016; Li et al., 2017). Therefore, in this study, 

transcription factors and different resistance gene analogs (RGAs) were identified in all Cicer 

species. The different families of transcription factors were similarly represented across all 

Cicer species with ERF, bHLH, MYB, C2H2, WRKY and NAC being the most abundant 

families and several members of these families have been reported to confer disease resistance 

(Seo and Choi, 2015; Li et al., 2017). Similarly, different RGAs were identified in all the 

studied genomes with comparable numbers across all species. In this study, 20 TIR-NBS-LRR 

(TNL) and 49 (CNL) genes were identified from C. reticulatum assembly whereas 28 TNL and 

22 CNL genes were identified in a previous study (Gupta et al., 2017). Further, a detailed 

investigation of the transcription factors and RGAs is reported in Chapter 3. 

 

The high-quality genome assemblies develpoed in the current study will serve as reference 

genomes for wild Cicer species. The assemblies together with gene annotations will pave the 

way for functional and evolutionary analysis and will also help in elucidating chickpea 

domestication and loss and gain of genes during this process. The de novo assemblies and gene 

models of all wild Cicer species will be used to develop the Cicer pangenome and to identify 

different variations and species-specific genes (Chapter 3). 
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Chapter 3: Identification of Variations and Construction of Cicer Pangenome 

 

3.1 Introduction 

 

This chapter describes the assembly and annotation of Cicer pangenome. Pangenome, a term 

coined by Tettelin et al. (2005) refers to the complete genetic repertoire of a given species. The 

concept initially introduced in bacteria has become increasingly popular in higher organisms. 

Several pangenome studies in plants have been reported recently (Li et al., 2014; Golicz et al., 

2016a; Zhao et al., 2018; Hübner et al., 2019; Alonge et al., 2020; Liu et al., 2020). A 

pangenome consists of the core (genes present across all individuals) and variable (present in 

some individuals only) genes. There are several approaches for construction of pangenome 

including the de novo assembly, iterative read mapping and assembly and k-mer approach 

(Golicz et al., 2016b). 

 

Since the availability of draft genome of chickpea, several resequencing studies have been 

performed in chickpea for identification of different classes of variations (Varshney et al., 

2013; Thudi et al., 2016a, b; Varshney et al., 2019). These variations include SNPs and small 

InDels and large variations in the form of SVs. The SVs comprise CNVs, PAVs, large InDels, 

inversions, translocations etc. In one of the studies, 35 chickpea lines representative of 16 

parents of the mapping population were resequenced. Variant calling resulted in 2.05 million 

SNPs and 0.29 million short InDels and a total of 539 SVs comprising long InDels, inversions 

and translocations. The study involved three accessions of C. reticulatum which were resistant 

to Helicoverpa (Thudi et al., 2016a). Further, a study involving a large number of chickpea 

accessions (429) sampled from 45 countries reported 4.29 million SNPs, 4931 CNVs and 

60,742 PAVs. From this dataset, genomic regions that underwent domestication were identified 

(Varshney et al., 2019). These resequencing studies have reported millions of SNPs, InDels 

and SVs and also shown their association with different phenotypes. However, these studies 

could not capture the complete genetic repertoire of the Cicer genus due to limited use of wild 

species and mapping to a single reference genome. Therefore, the current study tried to 

catalogue all the variations present between cultivated and wild gene pools of chickpea by 

employing pangenomics approach. In the previous chapter, the de novo assemblies of eight 

wild species of chickpea were developed. The assemblies were subjected to identification of 

repeats, gene prediction and evolutionary analysis with other legumes. This chapter focuses on 

identification of variations in the form of SNPs, InDels and SVs (insertions, deletions, 

inversions, duplications and translocations) between these wild assemblies and the reference 
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genome of chickpea. Further, the assemblies of eight wild species along with reference genome 

of chickpea were anchored together to develop a comprehensive chickpea pangenome 

assembly. The core genes as well as the variable genes were identified. Mathematical functions 

were used to model the pangenome expansion and predict the pangenome and core genome 

sizes. The core and variable genes were functionally annotated. The PAVs and CNVs 

associated with important agronomic traits like flowering time, disease resistance, defense 

response, seed dormancy was investigated thoroughly. 

 

3.2 Materials and Methodology 

 

3.2.1 Identification of SNPs and InDels by comparing the whole genome assemblies 

 

The soft-masked genome assemblies of eight chickpea wild species were aligned to cultivated 

chickpea genome on the whole genome level using NUCmer of MUMmer (version 4.0.0beta2; 

Marcais et al., 2018) with parameters ‘-l 40 -c 90’. Further, the alignment delta files were 

filtered and the SNPs and InDels were called using the show-snps utility of mummer with 

parameters ‘-Clr -T’ (Figure 17).  

delta-filter -r -q Carietinum_Variant*_MUM.delta > Carietinum_Variant*_MUM.filter 

show-snps -Clr -T Carietinum_Variant*_MUM.filter > Carietinum_Variant*_MUM.snps 

 

3.2.2 Identification of Structural Variations 

 

SVs including the large insertions, deletions, duplications, inversions and translocations were 

identified using a dual-calling strategy. The raw reads were filtered and adapter sequences were 

removed using Trimmomatic version 0.36 (Bolger et al., 2014) with a minimum phred quality 

score of 30 (Q <=30) and minimum read length of 70 bp. The high-quality reads from each 

species were aligned on the chickpea reference genome version 3.0 genome assembly 

(unpublished) using BWA-MEM version 0.7.17 (Li et al., 2009). Picard tools were used to 

process the resulting alignment files and for marking the PCR duplicates 

(http://broadinstitute.github.io/picard/). SVs were identified by using LUMPY (Layer et al., 

2014), DELLY (Rausch et al., 2012) and Manta (Chen et al., 2016) tools individually using the 

BAMs generated for each species (Figure 18).  

http://broadinstitute.github.io/picard/
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Figure 17: A flowchart showing identification of variations and construction of Cicer 

pangenome. The wild assemblies were aligned to the cultivated reference genome to identify 

variations, followed by development of pangenome and identification of PAVs. 
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Figure 18: Workflow for identification of SVs at the reads level. Three different tools viz. 

DELLY, LUMPY and Manta were used to obtain different classes of SVs followed by their 

filtration and merging using SURVIVOR. 
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Following the dual SV calling strategy, DELLY version 0.7.9 was used initially to obtain the 

SV sites across all the wild species and further bcftools version 1.9 was used to combine all the 

BCF files for individual species. The following commands were used to run DELLY: 

 

 

Further, LUMPY was used to call the SVs by evaluating the discordant paired-end alignments 

and split-read alignments for each of the wild species. For executing Lumpy following steps 

were used: 

 
 

Further, SVtyper version 0.7.1 (Chiang et al., 2015) was used to genotype the SVs identified 

using LUMPY: 
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In addition to DELLY and LUMPY, Manta version 1.6.0 was also used for identification of 

SV sites, as both DELLY and LUMPY do not report long insertions category and which is 

reported by Manta. 

 

 
 

SURVIVOR version 1.0.7 (Jeffares et al., 2017) was used to filter and merge the SVs obtained 

from DELLY, LUMPY and Manta. An SV call was considered if it was supported by at least 

two SV callers, minimum length of 50 bp and supported by at least 5 reads. As long insertions 

are reported by only Manta, all long insertions of length > 50 bp and supported by >= 5 reads 

were considered for further analysis. 
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3.2.3 Construction of Cicer pangenome 

 

For construction of the Cicer pangenome, the C. arietinum genome (cultivated; unpublished 

data) was selected as the base genome. All the Cicer wild assemblies (C. reticulatum, C. 

echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. chorassanicum 

and C. cuneatum) were aligned to the base genome using NUCmer from the MUMmer 

package. For each wild assembly, the continuous alignments with length >= 500 bp and identity 

>= 90% were extracted and then the aligned regions were merged by BEDTools (version 

2.28.0; Quinlan and Hall, 2010) with parameter ‘merge -d 500’ to obtain continuous larger 

aligned regions. Further, for each wild assembly, the regions which did not align were extracted 

for subsequent analysis. These unaligned sequences from different wild assemblies contained 

a considerable amount of redundant sequences. In the first approach, the shorter sequences 

(<=10k) were clustered into unique sequences using CD-HIT (version 4.8.1; Li and Godzik, 

2006) to remove short redundant sequences. Further to remove redundancies in longer 

sequences all-versus-all alignments were performed using NUCmer. For removing the 

redundant sequences, the sequence identity threshold was set to 90% and the minimum length 

was set to 500 bp. Based on the alignment results, a greedy iterative process was carried out to 

retain only the unique sequences which were termed as additional sequences. The base genome 

and these additional sequences together constituted the Cicer pangenome. The pangenome 

gene models were obtained from the gene models predicted for each of the Cicer species. The 

base genes were from C. arietinum and the genes with >= 60% regions covered by non-

redundant sequences were defined as the additional pangenome genes. Further, to 

accommodate the genes either present at the start or end of the non-redundant sequence, these 

sequences were extended to cover the whole gene body. The base genes and additional genes 

together made pangenome gene models. 

 

3.2.4 Identification of PAVs 

 

Gene presence/absence variations (PAVs) were identified using the SGSGeneLoss package 

(Golicz et al., 2015). The high-quality reads from each of the eight wild Cicer species were 

aligned to the Cicer pangenome using BWA-MEM version 0.7.17 with default parameters. The 

presence or absence of a gene in each species was then detected by applying the coverage cut 

off. For a given gene in a given species, if more than 60% of its exon regions were covered by 

less than two reads (minCov = 2, lostCutoff = 0.6), this gene was treated as absent, otherwise 
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it was considered as present. A gene was considered core if it was present in all species and 

variable/dispensable if it was absent in at least one species. 

 

3.2.5 Gene clustering and phylogenetic tree 

 

The pangenome genes were clustered using OrthoFinder (version 2.3.12). The gene families 

that were shared between all Cicer species were defined as core gene families. Gene families 

that were absent in one or more Cicer species were defined as dispensable gene families. IQ-

TREE (Minh et al., 2020) was used to construct a maximum-likelihood phylogenetic tree based 

on the binary PAVs data with 1,000 bootstraps.  

 

3.2.6 Pangenome modelling 

 

Curves describing the pangenome size and core genome size for both genes and gene families 

were fitted in R by using the nlsLM function, which is part of the ‘minpack.lm’ package 

(Oswald et al., 2012). To obtain the combinations of the genomes following formula - 9!/(9 

!(9−n)!), n = [1,9], was used. The modelling of the pangenome size was performed by using 

the power law regression: y = AxB + C. Similarly, the core genome size modelling was carried 

out by deploying the exponential regression y = AeBx + C. 

 

3.2.7 Annotation and GO enrichment 

 

The pangenome was functionally annotated using Blast2GO version 5.2 (Conesa et al., 2005). 

The Fisher’s exact-test was used to identify significantly enriched GO terms (P-value 0.05) for 

each category, viz. biological process (BP), molecular function (MF) and cellular component 

(CC) by utilizing all pangenome genes as the reference set using the topGO package (Alexa 

and Rahnenführer, 2009). 
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3.3 Results 

 

3.3.1 Variations in different wild and cultivated Cicer species 

 

The alignment of whole genome assemblies resulted in small variations in the form of SNPs 

and small InDels. A total of 28,899,126 non-redundant SNPs was identified for the wild 

chickpea accessions against the cultivated chickpea genome. Of these, 1.83 million SNPs were 

present in the coding sequence regions (CDS). The maximum number of SNPs were identified 

in C. pinnatifidum (6,708,692) followed by C. judaicum (6,408,232) and C. bijugum 

(6,362,759). Notably, C. bijugum and C. judaicum had almost similar number of SNPs. The 

minimum SNPs were identified for C. reticulatum (3,857,314; Table 17) which is closest to C. 

arietinum. Similarly, 6,206,266 non-redundant InDels were identified by comparing the 

genome assemblies of chickpea wild species against the cultivated chickpea genome. A total 

of 92,488 InDels were overlapping with CDS regions. The maximum number of insertions 

were identified for C. judaicum (634,369) while the minimum insertions were seen in case of 

C. reticulatum (407,891). Similarly, the maximum number of deletions were identified in case 

of C. yamashitae (628,296) followed by C. pinnatifidum (621,104), while minimum deletions 

were observed for C. reticulatum (416,963). Overall, the maximum number of total variations 

were seen for C. pinnatifidum (7,941,617) and minimum were identified in the case of C. 

reticulatum (4,682,168) suggesting higher similarity of C. reticulatum with cultivated 

chickpea. 

 

The annotation of these variations exhibited that the majority of the SNPs and InDels were 

present in the intergenic regions of the genome, followed by intronic variations (Figure 19; 

Appendix 8). Further, analysis of high effect SNPs and InDels revealed variations due to start-

lost, stop-lost, stop-gained and other splice-region variants. The minimum number of stop-

gained and stop-lost were seen in case of C. reticulatum. The minimum number of start-gained 

was observed for C. echinospermum. A total of 1261 high effect SNPs and 2968 high effect 

InDels were seen for C. reticulatum, affecting 1077 and 1908 genes, respectively. For C. 

echinospermum, 1740 high effect SNPs and 3840 high effect InDels were present in 1434 and 

2478 genes, respectively. Similarly, C. bijugum was found to have 4519 high effects SNPs and 

12,308 high effect InDels affecting 3487 and 5458 genes, respectively. In C. judaicum, 3504 

and 5441 genes were affected by high effect 4639 SNPs and 12,252 InDels, respectively. It 

was seen that 3254 unique genes for 4304 high effect SNPs and 4286 genes for 10,579 high 

effects InDels were affected in C. pinnatifidum. In the case of C. yamashitae, 4140 high effect 
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SNPs were present in 3240 genes and 11,966 high effect InDels in 5369 genes. These results 

indicate that the high effect variations were much lesser in species close to C. arietinum i.e. its 

wild progenitor C. reticulatum and C. echinospermum. The number of such variations was 

higher as distant species were analyzed on the whole genome level. The functional annotation 

of the affected genes highlighted that these genes were mainly related to disease resistance 

(NBS-LRR, pathogenesis related protein and dirigent), defense response to fungus (chitinase), 

transcription factors (ERF, NAC, WRKY and bHLH), dehydration (early responsive to 

dehydration 15-like), cold (cold-responsive protein kinase 1-like), heat stress (heat shock 

proteins), seed dormancy, seed storage, salt stress (salt sensitive 3) and flowering time related 

genes. 

 

Table 17: Summary of number of SNPs, small insertions and deletions identified for each 

wild Cicer species against the cultivated genome 

 

Cicer species Mapping 

% * 

Number of 

SNPs 

Number of 

small insertions 

Number of 

small deletions 

Total 

variations 

C. reticulatum 91.57 3,857,314 407,891 416,963 4,682,168 

C. echinospermum 82.70 5,592,811 537,099 541,432 6,671,342 

C. bijugum 45.09 6,362,759 599,554 590,511 7,552,824 

C. judaicum 39.35 6,408,232 634,269 597,599 7,640,100 

C. pinnatifidum 60.64 6,708,692 611,821 621,104 7,941,617 

C. yamashitae 30.63 6,019,182 550,999 628,296 7,198,477 

C. chorassanicum 29.84 5,755,325 527,624 576,028 6,858,977 

C. cuneatum 18.64 4,587,774 423,900 447,763 5,459,437 

* Overall alignment rate with cultivated genome (Query in %) 
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Figure 19: A pie-chart showing the annotation of identified SNPs. The graph depicts the distribution of different categories of SNPs identified by 

aligning different wild species against the cultivated chickpea genome. 
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3.3.2 Identification of SVs 

 

The variations between two individuals exist in the form of SNPs, short InDels and large 

variations known as SVs which are known to affect the phenotypes and also determine the 

response of individuals to different climatic conditions. A dual SV calling strategy was used to 

identify the insertions, deletions, duplications, inversions and translocations and these SVs 

were supported by at least two tools - LUMPY, DELLY and Manta. The maximum number of 

SV events were observed on pseudomolecule 6 followed by pseudomolecule 4 (Table 18). 

Overall, the maximum number of SVs were seen in C. judaicum (21,434) followed by C. 

bijugum (19,804) and C. chorassanicum (19,787). The maximum share of SVs was contributed 

by deletions with maximum deletions identified in C. judaicum (14,468) followed by C. 

bijugum (13,559). The majority of these long deletions were in the range of 100-10000 bp 

followed by 50-100 bp and >10 Kbp. Most duplications and inversions were more than 1000 

bp in length. Most of the long insertions were less than or equal to 1000 bp in size. Among 

SVs, inversions were the least abundant class of variations with 1452 in C. yamashitae 

followed by 1441 in C. judaicum (Figure 20). 

 

Table 18: Distribution of structural variants, identified in wild Cicer species against the 

cultivated genome, on different pseudomolecules of cultivated reference genome 

 

Pseudomolecule Number of 

Inversions 

Number of 

Insertions 

Number of 

Deletions 

Number of 

Duplications 

Number of 

Translocations 

Ca1 961 169 7844 1419 1961 

Ca2 749 125 6946 1500 1596 

Ca3 1312 174 9367 2170 2579 

Ca4 905 203 10,065 1866 3550 

Ca5 1403 171 9436 2244 3115 

Ca6 1170 194 9952 1894 3962 

Ca7 1086 172 9510 1674 3931 

Ca8 592 84 4344 874 2341 
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In case of C. reticulatum, the deletions affected a total of 1497 genes whereas 4139, 24, 102 

genes were affected by duplications, insertions and translocations, respectively. Similarly, in 

the case of C. echinospermum, 6054, 1970, 168, 39 and 3 genes were affected by 2663 

duplications, 11,461 deletions, 2422 translocations, 222 insertions and 1023 inversions, 

respectively. The genes influenced by inversions encoded for putative F-box/LRR-repeat 

protein, integrator complex subunit 3 and deoxyhypusine synthase-like gene. In C. bijugum, a 

higher number of genes (13,135) were duplicated and 315 genes were translocated while 3207 

genes were deleted. The genes affected by translocations were annotated with functions such 

as ethylene-responsive transcription factor ERF020, senescence/dehydration-associated 

protein, homeobox-leucine zipper protein ATHB-40, pentatricopeptide repeat-containing 

protein, metal tolerance protein 4-like, TIMELESS-interacting protein, late embryogenesis 

abundant protein, early nodulin-like protein 2, heat stress transcription factor A-3 etc.  

 

 
Figure 20: Summary of different classes of SVs identified in each wild Cicer species. The 

stacked bar-plot depicts the number of SVs identified by comparing wild Cicer species against 

the reference genome of chickpea. 

 

Similarly, for C. judaicum a total of 3294 genes (14,468 deletions) were deleted, 11,818 genes 

were duplicated and 52 genes were inverted. Genes present in deletions were found to be coding 

for protein early flowering 5, early-responsive to dehydration 7, cold-responsive protein kinase 

1-like, expansin-A12-like, floral homeotic protein, protein QUIRKY-like, sodium potassium 

root defective 2, chitinase domain-containing protein 1 and DEAD-box ATP-dependent RNA 

helicase and transcription factors such as MYB, NAC, C2H2-like zinc finger protein. Similarly, 

in C. pinnatifidum, 2613 genes were deleted (11,028 total deletions), 1528 duplications 
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harbored 10,029 genes, 177 inserted regions had 80 genes, inversions (1095 regions) were 

found to affect 14 genes and 2783 translocated regions had 285 genes. The inserted and inverted 

genes were found to be associated with serine/threonine-protein kinase, root phototropism 

protein 3-like, gibberellin 2-beta-dioxygenase-like, chaperon protein, LEA 4, CC-NBS-LRR, 

root initiation defective-3, transcription factor bHLH93-like protein. In the case of C. 

yamashitae, 2652 genes were present in 12,218 deleted regions, 10,965 genes were present in 

1753 duplicated regions. Also, a total of 55, 74 and 366 genes were affected by 160 insertions, 

1452 inversions and 3344 translocations, respectively. The genes present in translocated 

regions were linked to Transducin/WD40 repeat-like superfamily protein, leaf rust 10 disease-

resistance locus receptor, disease resistance protein LAZ5, PHD finger protein, auxin efflux 

carrier component 4-like, transcription factor membrane anchored-MYB, pentatricopeptide 

repeat-containing protein, zinc finger, CCCH domain-containing protein ZFN-like, aberrant 

root formation protein 4, heat shock protein, SNF2 domain-containing protein CLASSY 4, 

NAC protein 71, accelerated cell death, MADS box interactor-like protein, senescence-

associated protein, SAUR-like auxin-responsive protein and actin-related protein. 

 

Similarly, in the case of C. chorassanicum, a large number of genes (13,551) were affected by 

1843 duplication events. A total of 3057, 71, 74 and 375 genes were affected by 12,918 

deletions, 177 insertions, 1334 inversions and 3515 translocation events, respectively. The 

majority of the genes affected by insertions and translocations was associated with Ankyrin 

repeat-containing protein, MLO-like protein 2, purple acid phosphatase, LRR receptor-like 

serine/threonine-protein kinase, pyruvate decarboxylase, homeobox-leucine zipper protein, 

chlorophyllide a oxygenase, chloroplastic oxidation-reduction process, DEAD-box ATP-

dependent RNA helicase and quirky, etc. Similarly, for C. cuneatum, 1963, 11,110, 40, 59 and 

417 genes were affected by 7173 large deletions, 1302 duplications, 100 large insertions, 1039 

large inversions and 3112 translocations, respectively. Majority of these insertions and 

inversions were associated with genes responsible for seed maturity, disease resistance, stress 

response and senescence. 

 

3.3.3 Construction of Cicer pangenome 

 

The Cicer pangenome was built using the map-to-pan approach which involved combining the 

reference genome and non-reference sequences. The de novo wild assemblies of C. reticulatum, 

C. echinospermum, C. bijugum, C. judaicum, C. pinnatifidum, C. yamashitae, C. 

chorassanicum and C. cuneatum were aligned against the reference (C. arietinum) genome. 



 

 83 

The regions which did not align to the reference genome were extracted and processed to obtain 

additional sequences (see Section 3.2.3). These additional sequences along with the cultivated 

reference genome constitute the Cicer pangenome. The size of the assembled pangenome is 

1.87 Gb which is ~2.77 times the size of expected size of cultivated genome assembly (~738 

Mb). The pangenome consisted of 340,550 unique sequences including 6242 sequences from 

the reference genome and 334,308 additional sequences (Table 19). De novo repeat 

identification using RepeatModeler and homology analysis against the RepBase library 

suggested that 1.10 Gb (58.86%) of the pangenome is repetitive. The average GC content of 

pangenome was 29.4%. Using the Braker 2 pipeline, a total of 52,163 genes were predicted for 

the Cicer pangenome as compared to 25,029 genes identified from the reference genome. The 

predicted genes had an average transcript length of 3245 bp, CDS length of 806 bp and 3.8 

exons per gene. Functional annotation of the predicted genes assigned functions to 49,676 

genes (95.23%) using the NR database and GO terms were assigned to 25,167 genes.  

 

Table 19: Summary of Cicer pangenome constructed from eight wild and one cultivated 

Cicer species 

 

Feature C. arietinum genome Additional sequences Cicer pangenome 

Total length (Mb) 530.16 1340.01 1870.17 

Total sequences 6242 334,308 340,550 

Minimum length (bp) 2000 2000 2000 

Maximum length (bp) 79,327,772 2,308,337 79,327,772 

N % (bp) 8.96 (47,526,069 bp) 1.27 (19,317,635 bp) 3.26 (66,843,704 bp) 

N50 (bp) 65,803,235 8,931 14,756 

Total genes 25,029 27,134 52,163 

 

Based on the pangenome developed for the Cicer genus, the PAVs were identified in each 

Cicer species. The gene presence-absence matrix resulted in identification of genes 

missing/present in a particular species (Figure 21). The maximum number of genes missing 

were seen in the case of C. cuneatum (29,066), followed by C. bijugum (28,442) and C. 

judaicum (28,259; Figure 22). 
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Figure 21: Distribution of PAVs in different Cicer species. The heatmap depicts the 

presence/absence of genes in different wild and cultivated Cicer species; red denotes presence 

and blue represents the absence of a given gene. 

 

 

 
Figure 22: Summary of presence absence variations in Cicer species. The bar plots depict 

the number of genes present (in red color) and absent (in blue color) in different Cicer species. 
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3.3.4 Core and dispensable gene families 

 

The gene families that were present in all Cicer species were defined as core gene families and 

the genes that were missing in at least one species were defined as part of the dispensable gene 

family. Based on orthologous analyses, the genes from the pangenome were used for gene 

family analysis which resulted in a total of 15,170 gene families were designated as core gene 

families and 15,416 as dispensable gene families (Figure 23). From the dispensable set, a total 

of 6,572 gene families were species-specific (present only in one of the given species). The 

functional analysis of core gene families suggested that these genes were involved in a diverse 

array of biological functions including growth, DNA repair, cell communication, transport, 

methylation, RNA processing, metabolism and detection of stimulus (Figure 24a). Functional 

analysis of dispensable gene families indicates the over-representation of genes involved in 

defense response, response to auxin, amino acid phosphorylation, response to cell wall 

modification and ion homeostasis (Figure 24b). The pathway analysis of the dispensable genes 

using KEGG suggested that these genes were mainly involved in metabolic pathways, 

biosynthesis of secondary metabolites, plant hormone signal transduction, pathogen interaction 

pathways. 

 

 
Figure 23: Composition of Cicer pangenome. The pangenome was constructed using eight 

assembled wild Cicer genomes and cultivated reference genome. The pie chart on the left 

highlights the core and variable genes; the right pie chart represents the composition of the 

variable genes. 
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Figure 24: Gene Ontology (GO) enrichment of the dispensable and core genes. The figure highlights significantly enriched GO terms among the 

dispensable genes (a) and core genes (b) using all the pangenome genes as background (P value < 0.05).
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The pangenome analysis identified several species-specific gene families. Among the Cicer 

species, the maximum number of species-specific gene families were identified in the species 

of tertiary gene pool with 1280 genes in C. chorassanicum followed by C. yamashitae (1006), 

and C. cuneatum (659). The gene families specifically found in the tertiary gene pool were 

mainly involved in maintenance of apical meristems, auxin signalling, senescence, defense 

response, seed dormancy, flower development and dehydration response. The secondary pool 

species had 397, 460 and 503 species-specific gene families in C. judaicum, C. bijugum and C. 

pinnatifidum, respectively. The species of primary gene pool harbored lower number of 

species-specific gene families with 669, 895 and 712 in C. arietinum, C. reticulatum and C. 

echinospermum, respectively (Figure 25). Functional analysis of the cultivated chickpea-

specific genes suggested that these genes mainly included early nodulin-10-like, proline-rich 

receptor-like protein kinase and transcription factors like MYB, ARF, HSP, GTE7 and F-box 

(Appendix 9). A total of 28 genes were present in all wild species but absent in cultivated 

chickpea. These genes included cytochrome oxidase subunit 1, autophagy-related, 

pentatricopeptide repeat-containing, basic leucine zipper, B3 domain-containing and auxin-

binding proteins and STOP1 gene etc (Table 20). 

 

 
Figure 25: Annotated gene families of the core and dispensable genomes. The figure 

depicts the number of gene families present across all and species-specific gene families in 

different Cicer species. 
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Table 20: List of genes present in all wild species and missing from cultivated genome 

 

Gene ID NR description 

bij_scaffold14564.1298 basic leucine zipper 4 

bij_scaffold14564.1595 poly(A) polymerase-like protein 

bij_scaffold21471.1487 autophagy-related protein 

bij_scaffold21471.172 cytochrome oxidase subunit 1 (mitochondrion) 

bij_scaffold24084.417 fasciclin-like arabinogalactan protein 12 

bij_scaffold315.1 ATP synthase CF1 beta subunit 

cho_HiC_scaffold_2.3491 multiple RNA-binding domain-containing protein 1 

cho_HiC_scaffold_412.1 cytochrome c oxidase subunit I (mitochondrion) 

cho_HiC_scaffold_4.476 vacuolar protein sorting-associated protein 29 

cho_HiC_scaffold_6.4189 actin-depolymerizing factor 1-like 

cho_HiC_scaffold_8.2827 RNA-dependent RNA polymerase, mitoviral 

cho_HiC_scaffold_8.2878 pentatricopeptide repeat-containing protein 

cun_HiC_scaffold_2.643 CcmB (mitochondrion) 

cun_HiC_scaffold_4370.1 ribosomal protein L2 

cun_HiC_scaffold_6.300 protein NIM1-INTERACTING 1-like 

cun_HiC_scaffold_6.2936 uncharacterized protein LOC101489702 

ech_HiC_scaffold_3.2272 auxin-binding protein ABP19a-like 

pin_HiC_scaffold_1.1964 hypothetical protein TSUD_291880 

pin_HiC_scaffold_35301.1 hypothetical chloroplast RF21 

pin_HiC_scaffold_4.2987 SENSITIVE TO PROTON RHIZOTOXICITY 1-like  

pin_HiC_scaffold_6.2268 GDP-L-fucose synthase 2-like protein 

pin_HiC_scaffold_7.1586 50S ribosomal protein L7/L12 

ret_HiC_scaffold_3.4940 putative B3 domain-containing protein At1g78640 

yam_HiC_scaffold_1.3007 RING-H2 finger protein ATL33-like 

yam_HiC_scaffold_1.3100 CRS2-associated factor 2, mitochondrial 

yam_HiC_scaffold_3.1965 WAT1-related protein At5g47470 isoform X1 

yam_HiC_scaffold_5.3142 DUF1677 family protein 

yam_HiC_scaffold_8.3007 E3 ubiquitin protein ligase RIE1-like protein, putative 
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3.3.5 Modelling of pangenome size 

 

To evaluate if the number of genomes included in this study are sufficient to capture the 

complete gene content of Cicer genus, the pangenome was modelled to estimate if new Cicer 

genomes will significantly increase the number of genes. The modelling of pangenome 

indicates a closed pangenome with a finite number of genes present both in the core and 

pangenomes of the Cicer pangenome (Figure 26). The majority (15,416 gene families) of the 

pangenome is composed of dispensable gene families, while 15,170 of the gene families were 

core families. The results are different from the pangenome analysis performed in Brassica 

(Golicz et al., 2016a), soybean (Li et al., 2014), rice (Zhao et al., 2018) and tomato (Gao et al., 

2019) because of inclusion of diverse wild species across the Cicer genus. The length of 

variable genes was less than the core genes, with fewer exons per gene (Figures 27-28), 

consistent with previous findings (Schatz et al., 2014; Golicz et al., 2016a). 

 
Figure 26: Model describing the sizes of core and pangenome. Every genome added using 

all genes. The pangenome size increases with each added line. 
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Figure 27: Boxplots comparing the average gene lengths for the core genes and 

dispensable genes of Cicer pangenome. The average gene length was higher in core genes as 

compared to the dispensable genes. 

 

 
Figure 28: Violin plot comparing the exons per gene in the core genes and dispensable 

genes of Cicer pangenome. The number of exons per gene was higher in the core genes. 
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3.3.6 Pangenome gene clustering 

 

Based on gene PAVs in each species, OrthoFinder was used to obtain gene orthologs (gene 

families) across Cicer species. PAV based phylogenetic analysis grouped the Cicer species into 

three major clades (Figure 29). Group I (in green color) consisted of the cultivated chickpea, 

C. arietinum and two wild species, namely, C. reticulatum and C. echinospermum. C. 

reticulatum is considered to be the wild progenitor of chickpea (Abbo et al., 2003; Harlan, 

1971). The second group (in red color) was constituted by C. bijugum, C. judaicum and C. 

pinnatifidum. The remaining three species, C. yamashitae, C. chorassanicum and C. cuneatum 

were part of the third group (in blue color). The phylogenetic tree obtained using PAVs from 

the Cicer pangenome was in accordance with the gene pools defined for chickpea on the basis 

of crossability (Ladizinsky and Abbo, 2015). 

 

 
Figure 29: Phylogenetic tree representing the relationship between different Cicer 

species. Three major clades were observed based on phylogenetic tree developed using PAVs. 
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3.3.7 Variations in genes related to agronomic traits 

 

To investigate the differences in genes associated with agronomic traits, key genes were 

selected and the respective protein sequences from all the Cicer species were compared. 

Mutations were identified in the LEO1 gene, known to be associated with vernalization (Zhang 

and Nocker, 2002). Interestingly, a deletion of 10 amino acids was seen in cultivated chickpea 

which might be associated with the reduced vernalization in cultivated chickpea as compared 

to its wild counterparts (Figure 30a). Further, sequence variations were identified in the 

homologs of flowering time control protein (FCA). The sequence of FCA protein was 

conserved in all the wild Cicer species and two non-synonymous mutations (G -> E; S -> F) 

were seen in the case of cultivated chickpea. FCA gene is an important component of the 

autonomous flowering time pathway and also promotes the transition of the vegetative 

meristem to reproductive development (Bäurle et al., 2007). Variations were also identified in 

the enhanced disease resistance gene (EDR), a gene known to limit initiation of cell death and 

the establishment of hypersensitive response in plants against different pathogens (Tang et al., 

2005). The EDR homolog of cultivated chickpea highlighted a deletion of 15 amino acids 

(Figure 30b). It is well known that wild chickpea are highly resistant to different biotic/abiotic 

stresses and such variations in the important genes might explain the phenotypic differences of 

wild and cultivated species. 

 

 
 

Figure 30: Multiple sequence alignment of LEO-1 and enhanced disease resistance-2 

protein homologs in Cicer species. a) The red box highlights an InDel (position 183-193) 

present in the LEO1 gene of different Cicer species. b) An InDel present in protein sequences 

of enhanced disease resistance-2 gene (position 382-396). 
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Chickpea is one of the most widely grown legumes and different cultivars have been selected 

for reduced vernalization, seed dormancy and flowering time. In this study, different variations 

were identified in genes related to important traits that might be acquired/lost during the course 

of domestication. The variable genes involved in flower development were assessed in the 

Cicer pangenome. In total, 98 genes involved in either flower development or flowering time 

regulation were identified. A total of 24 flowering locus genes were identified from the Cicer 

pangenome, of which 22 were variable genes (Figure 31; Appendix 10). These genes included 

orthologues of flowering locus D, flowering locus K homology domain-like, flowering locus 

T and its homologs and four copies of flowering locus C (FLC). FLC is a key regulator of 

vernalization and flowering time (Sheldon et al., 2000). In Brassica species, it has been 

reported that the flowering time variation is affected by the number of FLC gene copies present 

in the genome (Osborn, 2004). In the cultivated chickpea genome, two copies of the FLC gene 

were present in contrast to four copies in C. yamashitae. Further, a total of five early flowering 

genes (three core and two variable) were seen in the pangenome (Appendix 11). The cultivated 

chickpea harbored four early flowering genes (early flowering 5 homolog, photoperiod-

independent early flowering 1, early flowering 3 and early flowering 4). Along with these four 

genes, an additional copy of early flowering 4 was seen in the case of C. pinnatifidum. A total 

of 74 genes mainly related to flower development regulation were identified from the Cicer 

pangenome of which 55 genes were variable. The majority of the variable genes were mainly 

those present only in either of the wild species and include genes such as gibberellin 20 oxidase 

1-like, flowering-promoting factor 1-like, FRIGIDA-like protein 3, nodulin homeobox-like, 

RTF1 homolog and FT interacting protein-1 like etc. Among variable genes, the Constans2 

gene, a crucial regulator of photoperiodic flowwering, was found to be present in all Cicer 

species except C. yamashitae. The protein of this gene was found to be truncated by 10-17 

amino acids in the wild species (Figure 32a).  

 

A total of 126 late embryogenesis abundant (LEA) genes was predicted from the Cicer 

pangenome, out of which 124 genes were variable. In the cultivated chickpea, 34 LEA genes 

were found, similar to 35 in C. reticulatum and 34 in C. echinospermum. In contrast, the 

secondary gene and tertiary gene pool species had higher copies of LEA genes. For example, 

C. pinnatifidum had 50 LEA genes. One of the LEA genes was present in cultivated and all 

wild species except C. cuneatum. Interestingly, in the protein encoded by this gene a deletion 

of eight amino acids was seen in the case of wild Cicer species (Figure 32b). 

 



 

 94 

It is well proposed that for breeding resilient crops, disease resistance genes from the wild 

relatives could be reintroduced into the cultivated crop (Haggard and St. Clair, 2015; Leal-

Bertioli et al., 2015). In this direction, the disease resistance genes in the pangenome were 

investigated. The Cicer pangenome demonstrated the presence of a total of 289 disease 

resistance genes which included different classes of NBS, enhanced disease resistance, RPM1 

and RPP (Appendix 12). The cultivated genome exhibited a loss of 142 disease resistance 

genes. From this set, 12 genes encoding for RPP13-like, TIR-NBS-LRR, LRK10L were present 

in at least five wild species. From the pangenome analysis, 72 pathogenesis related genes were 

identified, out of which 44 were lost from the cultivated chickpea. These results suggest that 

during domestication of chickpea, several genes involved in defense response were lost and 

this might be the reason that wild chickpea were more resilient. 

 

 
Figure 31: Distribution of flowering locus genes in Cicer pangenome. The heatmap 

represents presence/absence of flowering locus genes in different wild and cultivated Cicer 

species. Red indicates presence; blue indicates absence.
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Figure 32: Multiple sequence alignment for CONSTANS-2 and late embryogenesis abundant (LEA) 4 protein for all the Cicer genomes. a) An 

InDel specific to cultivated chickpea genome can be seen towards the end of the CONSTANS-2 protein sequence. b) An InDel of 8 amino acids specific 

to cultivated chickpea genome can be seen from position 4-11 in LEA protein. 
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3.4 Discussion 

 

In this study, a de novo assembly-based pangenome of Cicer genus was developed by 

sequencing and assembling eight annual chickpea wild species. This is the first study reporting 

the de novo assemblies of eight wild Cicer species and their pangenome. In this era of 

pangenome, where one reference genome does not represent sufficient diversity, there have 

been studies in rice, soybean, sunflower, poplar where they have included wild species to 

understand the pangenome architecture within the crop (Li et al., 2014; Zhao et al., 2018; Stein 

et al., 2018; Zhang et al., 2019). It is estimated that the wild gene pool consists of genes which 

may be lost in the cultivated gene pool due to selective breeding and domestication events. 

Therefore, in this study different wild species of chickpea were subjected to pangenome 

construction. 

 

The comparative study of different wild species with the reference genome of chickpea resulted 

in identification of millions of SNPs, short InDels and SVs. Significantly huge variations were 

identified between the cultivated chickpea and wild species. This is expected as several of these 

Cicer species are distant from the cultivated gene pool. Several high effects SNPs and InDels 

were observed in genes linked with seed dormancy, flowering time, heat shock proteins, 

defense response and disease resistance, etc. The study also identified InDels specific to genes 

such as Constans 2, enhanced disease resistance - 2 (EDR2), LEO1 and seed maturation LEA4 

genes in cultivated chickpea. Constans-2 and LEO1 genes are linked to flowering time, flower 

development and vernalization (Lagercrantz and Axelsson, 2000; Griffiths et al., 2003; Zhang 

and Nocker, 2002). The EDR2 gene is known to confer defense response to fungus (Tang et 

al., 2005). An InDel was found in LEO1 protein of cultivated chickpea, which might be 

responsible for its reduced vernalization. It has been reported that during domestication of the 

wild progenitor, selection within domesticated chickpea was carried out for reduced 

vernalization (Abbo et al., 2002). The recent studies pertaining to SVs in plants have 

demonstrated their importance in plant genetics as well (Feuk et al., 2006; Saxena et al., 2014). 

The SVs analyses in the study resulted in identification of 8178 inversions, 23,035 

translocations, 67,464 deletions, 1297 insertions and 13,641 duplication events between 

different wild species and reference genome. The annotation of the SVs suggested that the 

genes related to stress, response to auxin, defense response, oxidation-reduction process, 

response to cold, cell wall expansion, seed maturity and senescence were affected. Previous 

studies in poplar and rice reported SVs affecting the genes responsible for response to stress, 

defense response, etc (Fuentes et al., 2019; Pinosio et al., 2016). 
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Further, the de novo assemblies of eight wild species along with the cultivated reference 

genome of chickpea were used to construct the Cicer pangenome. The size of the constructed 

pangenome is 1.87 Gb which includes the chickpea cultivated reference genome and sequences 

present only in the Cicer wild genomes. A similar size of pangenome was seen in case of B. 

napus (~1.8 Gb) where different ecotypes were used from the cultivated gene pool (Song et al., 

2020). Furthermore, a large number of PAVs accounting for ~4.7 Gb sequences were identified 

when cultivated and wild accessions were used for construction of soybean pangenome (Liu et 

al., 2020). The gene based pangenome analysis indicated 15,170 core genome families and 

15,416 dispensable gene families. The higher dispensable genome size may be attributed to 

highly diverged Cicer species included for the pangenome construction. Inclusion of Cicer 

species from all the gene pools is expected to exhibit high degree of variation in the gene 

content for the pangenome. The higher share of dispensable gene families has been observed 

for soybean and B. napus pangenomes (Song et al., 2020; Liu et al., 2020) The share of 

dispensable genome in Cicer pangenome is much similar to soybean and B. napus pangenomes 

and higher than the share of dispensable genomes observed in Glycine soja, Brassica and Oryza 

pangenomes (Li et al., 2014; Golicz et al., 2016a; Song et al., 2020; Wang et al., 2018; Zhao et 

al., 2018). In most of these pangenomes, the core genome constitutes almost 75%-80% of the 

pangenome, while in case of Cicer pangenome share of the core genome is lower. The 

modelling of the pangenome suggested that it is a closed pangenome similar to the pangenomes 

of maize and Brassica (Hirsch et al., 2014; Golicz et al., 2016a). The PAVs analysis of the 

Cicer pangenome suggested that 27,924 genes were missing from the cultivated chickpea 

genome, highlighting the importance of the pangenome. About 12,000 novel genes missing 

from the reference genome have been identified in rice by using the 3000 accessions sequenced 

as part of the 3K rice genome sequencing project (Sun et al., 2017). PAVs identified in this 

study are higher than the previous studies in chickpea which can be explained by the fact that 

earlier studies used accessions only from C. reticulatum and C. echinospermum which are 

much closer species to C. arietinum than other annual wild species (Thudi et al., 2016b; 

Varshney et al., 2019). The analysis also highlighted the presence of wild specific genes which 

were missing from the cultivated genome and included cytochrome oxidase subunit 1, 

autophagy-related, pentatricopeptide repeat-containing, dirigent, basic leucine zipper, B3 

domain-containing and auxin-binding proteins, STOP1 gene. Basic leucine zipper transcription 

factors are known to mediate salt and drought tolerance in tomato (Zhu et al., 2018). The 

STOP1 gene is reported to play an important role in conferring tolerance to Arabidopsis against 

proton and aluminum toxicities (Sawaki et al., 2009). The functional analysis of the dispensable 
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genes resulted in over-representation of GO terms such as defense response, response to auxin, 

amino acid phosphorylation, response to cell wall modification and ion homeostasis. Similar 

GO terms were significantly enriched in the dispensable genomes of other plant species as well 

(Li et al., 2014; Golicz et al., 2016a; Zhao et al., 2018; Hübner et al., 2019). A high number of 

species-specific genes were identified in the Cicer species from secondary and tertiary gene 

pools. Several transcription factors such as NAC, MYB, bHLH, heat shock proteins, ERF were 

also part of the PAVs. The PAVs analysis resulted in identification of several additional 

homologs of genes responsible for flower development and regulation, seed maturation and 

disease resistance in wild Cicer species. The finding that wild species, especially the species 

of tertiary gene pool, possess the largest number of uniquely present genes suggests that 

chickpea wild relatives are a significant source of new genes that were lost during 

domestication and might have a role in adaptation and survival in hostile environments. 

 

This study confirmed the previous findings that a single reference genome is not enough to 

represent the diversity present in a crop’s gene pool. By integrating the information of highly 

diverged wild Cicer species, the study attempted to identify several candidate genes that were 

lost and can be introgressed into the cultivated gene pool for improvement of chickpea crop. 

The Cicer pangenome serve as a warehouse of genetic variations that were not available to the 

chickpea breeders and researchers relying on chickpea reference genome alone. 
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Chapter 4: Development of CicerPanDB - A Cicer Pangenome Database 

 

4.1 Introduction 

 

The study produced an enormous amount of genomic data with potential applications in crop 

improvement. The availability of genome sequences for different Cicer species facilitates 

analysis of huge data already present in the public domain and to identify variations between 

genotypes from different wild and cultivated chickpea species. These variations could be 

utilized for QTL analysis, trait mapping and further identification of candidate genes linked to 

various important agronomic traits. However, management of such huge data, visualization of 

the variations and extraction of the useful information to assist the genome-assisted breeding 

can be a tedious task. 

 

Till date, several efforts have been carried out to facilitate easy access of huge amounts of 

genomics resources of chickpea by developing various databases which further helps to 

enhance chickpea crop improvement. Databases like CicArMisatDB which contains 

information on the SSRs identified from the chickpea genome and CicArVarDB which reports 

the variations for 29 WGRS lines using the chickpea reference genome have been developed. 

CicArMisatDB contains 48,298 SSRs identified in the chickpea draft genome (Doddamani et 

al., 2014). It provides an option to search and extract different types of SSRs (di-, tri- 

nucleotides etc) and to visualize the presence of these SSRs across different regions of the 

genome using GBrowse (Stein, 2013). CicArVarDB harbors approximately 1.9 million 

genome-wide variations identified from WGRS data of 29 lines and RAD-seq data of 61 

different chickpea lines. These variations include SNPs (4.1 million), small insertions 

(149,063) and deletions (183,825) and the user can search for through the annotations of these 

variations. The database comes loaded with features like webBLAST and JBrowse (Buels et 

al., 2016) facilitating search modules against the genome and visualization of different tracks 

and variations present in the database (Doddamani et al., 2015). Most of the data available in 

these databases is restricted either to the cultivated genetic repertoire of chickpea or to a very 

limited set of wild species. The genomes of two types of cultivated chickpea are available and 

the respective data is hosted on the chickpea portal (http://www.cicer.info/databases.php) 

which contains the sequences for kabuli genomes version 1.0 and 2.6.3, desi genomes version 

1.0 and 3.0. The database provides an option to visualize these sequences and annotations in 

the GBrowse genome browser and also to download the raw sequences associated with the 

data. The database also contains similarity search tools and SNPs significantly associated with 
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AB resistance (Edwards, 2016). Another database, Chickpea Transcriptome Database v2.0 

(CTDB) provides a web interface for extraction and visualization of chickpea transcriptome 

data. CTDB contains transcriptome data for different tissues from kabuli and desi types and 

wild chickpea along with their functional annotations (Verma et al., 2015). Further, Chickpea 

Genomic Web Resource was developed as a web interface for browsing and searching 

information of the desi genome of chickpea. It enables the search of SSRs in the desi genome 

and host of other features such as BLAST search to find regions of interest and visualization 

of various genetic maps of chickpea (Misra et al., 2014). 

 

Few databases for crop pangenomes have also been developed such as Brassica pangenome 

(http://brassicagenome.net/databases.php), soybean pangenome 

(https://www.soybase.org/PanGenome/PanGenome3.php), rice pangenome database 

developed titled “RPAN: Rice Pan-genome Browser” (http://cgm.sjtu.edu.cn/3kricedb/) and 

wheat pangenome database (http://wheatgenome.info/wheat_genome_databases.php). Most of 

these pangenome databases focus on enabling browsing, downloading and visualization of data 

and results of respective analyses. These databases provide tools like web BLAST for sequence 

homology search and visualization of the sequences using either JBrowse or GBrowse. 

 

To facilitate the use of data produced in this thesis by the scientific community, a user-friendly, 

freely available public repository ‘CicerPanDB’ was developed. The database has been built 

using a general customizable platform for easy integration of the data. The various features of 

this data repository include access to the genome assemblies, gene models, functional 

annotations of cultivated and wild chickpea species and results from pangenome analysis such 

as presence/absence variations and ortholog analysis. Further, the database catalogues the 

variations present in different wild species as compared to the cultivated chickpea genome and 

provides information about novel sequences identified in the Cicer genus. 

 

4.2 Materials and Methodology 

 

The web interface of CicerPanDB was developed using the combination of Apache web server, 

PHP, HTML, CSS and a relational PostgreSQL database. Precisely, the dataset was stored in a 

relational database constructed using PostgreSQL (v9.2.4). The web interface was developed 

using the web-builder platform WordPress. The users can browse and make use of all the 

resources without being a registered user. The database comprises mainly two components; 

front-end and back-end interfaces. The front-end contains various pages for different kinds of 
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information such as data store, newly identified genes and PAV pages, database search, 

sequence similarity search, and genome browser. The PostgreSQL relational database server 

stores eight tables containing gene information, variations, location of pangenome sequences, 

gene annotation, etc. The appropriate index was built on the corresponding retrieval columns 

of the table for fast data access. Whenever the user submits a query using the search page, the 

back-end responds rapidly by building and executing a SQL statement. PHP and CSS manage 

the data analysis processes and display the final results. Moreover, a customized web-based 

BLAST graphical user interface tool was integrated by implementing ‘SequenceServer’ 

version 1.0.13 (Priyam et al., 2019) and JBrowse to visualize the sequences. SequenceServer 

is a recent tool developed for implementing BLAST for crops of interest. Accordingly, users 

can query data with rapid visualization in JBrowse or enter a query sequence to search for 

homologous regions in the genome. CicerPanDB has been tested on all major internet browsers 

including Firefox, Chrome, Chromium, Internet explorer and Safari. A general schema of the 

CicerPanDB and its various components is presented in Figure 33. 

 

 
Figure 33: An overview of the schema used in Cicer pangenome database. The figure 

depicts how the database is linked to different functionalities and search options. The data 

generated in the Cicer pangenome can be browsed using CicerPanDB.  
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4.3 Results 

 

4.3.1 An overview of the database 

 

The CicerPanDB database contains all the data generated and analysed for pangenome analysis 

in different Cicer species. The home page provides a short description about the chickpea crop 

and links to all the other pages (Figure 34). 

 

 
Figure 34: A snapshot of the home page of ‘CicerPanDB - a database for Cicer 

pangenome’. The home page provides links to other pages of the database and list of species 

studied.  

 

The database hosts a range of data: data generated in the study and data available after the 

analysis and can be accessed at https://cegresources.icrisat.org/cicerpandb/ (Username: admin; 

Password: Pan@db#1@3). 

 

i) de novo genome assemblies of eight annual wild species of chickpea. The length of these 

assemblies varies from 423 Mb - 895 Mb. 

https://cegresources.icrisat.org/cicerpandb/
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ii) Gene models identified for nine chickpea genomes. The database contains a total of 229,910 

genes predicted from nine different Cicer species. 

iii) SNPs and small InDels identified by aligning the wild genome assemblies against the 

cultivated chickpea genome. 

iv) Orthogroups identified by all-vs-all similarity search in the nine Cicer genomes. 

v) The newly identified genes (i.e. genes missing in the cultivated chickpea genome) in the 

chickpea pangenome. 

vi) A genome browser for swift visualization of the genomic features, variations and their 

annotations. 

vii) A search page for quickly finding the genes of interest based on simple text-based queries. 

 

4.3.2 Different components of the database 

 

4.3.2.1 Datastore 

 

All the data hosted in CicerPanDB database can be downloaded in the form of flat files using 

a h5ai based data store user interface. The data is provided in standard file formats such as fasta 

files for genome assemblies, genes, CDS and protein sequences, Generic Feature Format 3 

(GFF3) files for annotated gene models, transposable elements and non-coding RNAs (Figure 

35). Additionally, the functional annotations are provided as tab-delimited text files. 

 

 
Figure 35: A view of the data store page of CicerPanDB. The data store page provides access 

to genome fasta files, gene fasta files, annotations etc. 
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4.3.2.2 Orthogroups 
 
The results from the orthologous analysis (Section 3.3.8) are presented in the form of a simple 

table with each row representing one orthogroup and different columns represent the number 

of genes of the respective species in the orthogroup (Figure 36). The users can click on the 

numbers in the table to get the list of genes along with the chromosome, start and end 

coordinates (Figure 37). The users can also sort the table in descending or ascending order 

based on number of genes for a given species. 

 

 
Figure 36: A snapshot of the orthogroups page of the database. Each row represents a single 

orthogroup and number of genes in each species. The cells in red denote that the orthogroup 

does not contain any gene for the respective species. 
 

 
Figure 37: A view of the results page of gene orthologs. The results page lists all the genes 

from a species within an orthogroup, position of the genes within the genome. 
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4.3.2.3 Presence/Absence variations (PAVs) 

 

Similar to the orthogroups page, the PAVs identified in this study (Section 3.3.4) are also 

provided in the form of a table. Each row represents a gene in the pangenome. The columns 

show presence (1) or absence (0) of that gene in the respective species (Figure 38). The users 

can sort the table to select for genes present in a specific or a set of species. The gene id is 

directly linked to the respective JBrowse page. 

 

 
Figure 38: A snapshot presence/absence variations page in the database. Each row 

represents a gene from the Cicer pangenome and ‘1’ and ‘0’ denote the presence and absence 

of the gene, respectively, in the respective Cicer species. 

 

4.3.2.4 Newly identified genes 

 

The CicerPanDB provides the users to browse the genes missing from the cultivated chickpea 

genome and present only in the Cicer wild species. These genes can be candidates for 

introgression into the cultivated gene pool. The newly identified genes have been provided in 

the form of a table. Each gene is represented as a row along with its genomic location and 

function based on annotation from NCBI-NR database. The gene ID is hyperlinked to its 

JBrowse page (Figure 39). The table also has the ability to perform keyword search for all the 

columns. 
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Figure 39: A view of the newly identified genes page in the database. Genes present only 

in the Cicer wild species are stored as a table in CicerPanDB. 

 

4.3.2.5 BLAST 

 

The CicerPanDB database has many tools integrated within the setup. This includes an instance 

of NCBI’s web BLAST+ tool version 2.2.31 where the users can search for the sequence(s) of 

their interest by performing the pairwise BLAST searches against the sequences of nine 

chickpea genomes present in the database. The BLAST search enables a user to input a batch 

of sequences to be searched against the genomes of Cicer species and results can be visualized 

using BLAST web interface. The input sequences are automatically detected as protein or 

nucleotide. The BLAST command is automatically selected based on the input sequence and 

type of target database. The CicerPanDB contains a total of 27 databases which can be queried 

by the user. This includes whole genome sequences of nine chickpea genomes, CDS sequences 

of the genes of chickpea genomes and also the corresponding peptide sequences. The users 

have the option of either typing the sequence(s) or drag and drop a fasta file (Figure 40). Once 

the search is complete, the user can download the search results in XML or tabular format. 

Additionally, all or selected hits can be downloaded as a multiple fasta file. The default 

parameters for BLAST i.e. “-evalue 1.0e-10 and max_target_seqs 10” are enabled, however 

the user can change these parameters or provide additional BLAST parameters. 
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Figure 40: View of BLAST search page. Image illustrating the BLAST page with options to 

select several databases as subject. 

 

4.3.2.6 Searching the database 

 

The interface provides an option for searching the whole database to find the genomic features 

of interest. The users can perform the search using gene identifier, location of the gene or by 

searching a keyword against the gene descriptions. Additionally, the users can also specify the 

Cicer species to search for genomic features (Figure 41). The search results are displayed in 

the form of a table where each row represents an individual gene along with its chromosome, 

genomic coordinates and description. The results are displayed as a table which can be 

downloaded as a flat text file. Furthermore, clicking on the gene identifier opens the JBrowse 

page of the respective genome and zooms into the genomic coordinates of the gene. 
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Figure 41: A snapshot of the search page of CicerPanDB. The database provides different 

ways to search for genomic features stored in the database. 

 

4.3.2.7 Genome browser for visualization 

 

A Jbrowse (Stein et al., 2013) instance has been provided for each Cicer species for 

visualization of the respective genomic features. In the local JBrowse Genome Browser server, 

seven tracks were provided based on the Cicer pangenome analysis which can be enabled or 

disabled by the user (Figure 42). The seven tracks include the genome sequence, repeats, gene 

models, miRNAs, tRNAs, rRNA and snoRNA. Further, the order of tracks can also be changed 

as per convenience. The gene models are represented in the form of respetive exon-intron 

structures. The user can also upload VCF files to visualize the presence of SNPs and InDels 

identified for a genotype against the reference genome. Furthermore, the user can also upload 

custom GFF files to visualise in Jbrowse to allow a comparative view of different tracks. 
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Figure 42: A view of JBrowse for visualization of different genomic features. JBrowse 

provides the user to view and browse features of the genome and check for their presence 

within a specified window. 

 

4.3.3 Case studies 

 

4.3.3.1 Case study 1: Searching for disease resistance genes in wild Cicer genomes 

 

The database stores the information on genes identified in each of Cicer wild genomes and 

cultivated genome. The genes are further linked to their annotations which are stored as 

separate tables in the pangenome database. If the user is interested to mine the genes related to 

disease resistance such as leucine rich resistance genes, the information can be retrieved by 

entering the respective annotation term in the search box present in the search page. If the user 

enters the term ‘disease resistance’ in the search box and selects C. bijugum from the dropdown 

(Figure 43a), the search yields a list of 111 disease resistance genes present in C. bijugum. The 

result table contains the genomic coordinates location of the genes along with the function of 

the genes. The gene names are hyperlinked to the respective JBrowse page of the respective 

species (Figure 43b). 
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4.3.3.2 Case study 2: To find newly identified genes in C. bijugum 

 

A major aim of pangenome analysis is the identification of novel genes which were missing in 

the existing reference genomes. The Cicer pangenome analysis has resulted in identification of 

genes present in at least one wild species and absent from the cultivated chickpea genome. 

These genes may be labeled as newly identified genes as they are not found in the existing 

reference genome of chickpea. The database provides an interface to extract the genes missing 

in the reference genome. This is an important aspect as the genomic sequence could be 

introgressed in the cultivars. The list of newly identified genes is provided in a separate page 

(Figure 44a). The table has the option of performing a keyword search in all the columns of 

the table. If the user wants to extract the list of newly identified genes from C. bijugum then 

the user needs to click on the search button which can be found on the left bottom of the table 

and then select “Species” from the dropdown menu and type “C. bijugum” in the search box. 

After the user clicks “Find”, the table will be filtered for a list of newly identified genes present 

in C. bijugum (Figure 44b). 

 

4.3.3.3 Case study 3: To find sequences in the chickpea genomes similar to sequence(s) of 

interest 

 

The BLAST page in the CicerPanDB allows the user to find the sequences in the database 

similar to the sequence(s) of interest. The user can type the sequence(s) or drag and paste the 

sequence file in the search box. The interface gives an option to select from the 27 BLAST 

databases which include 18 nucleotide and 9 protein databases (Figure 45a). Once the 

sequences are uploaded and the user clicks on BLAST, a single core BLAST search is 

performed in the background and results are displayed (Figure 45b). The output shows all hits 

and also displays the alignment of the sequences. The user can select one or more sequences 

and download all the sequences as a plain text file for further analysis. 
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Figure 43: A view of search results for the term ‘disease resistance’ in C. bijugum genome. 

a) The search page can be used to perform keyword search using “disease resistance” and 

selecting “Cicer bijugum” species from dropdown. b) The results page contains lists all the 

results in a table. Each row in the table contains the gene id, genomic coordinates, species and 

predicted function. 
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Figure 44: A view of newly identified gene pages which gives the option to search for genes 

present in the wild genomes but missing in cultivated chickpea. a) The newly identified 

genes page provides a search icon at the bottom left (highlighted in red box) to open the search 

dialog. b) Users can select the species of interest or alternatively can search with a gene ID. 
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Figure 45: Snapshots of the BLAST input and results pages in CicerPanDB. a) An 

illustration to type the sequence of interest in the BLAST search page and select the database(s) 

from nine Cicer species. b) A view of BLAST search results for the sequence of interest.  
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4.4 Discussion 

 

The CicerPanDB database hosts a range of Cicer pangenome information with unrestricted 

public access. The information provided at the CicerPanDB website can enable chickpea 

researchers, including those without bioinformatics skills, to easily navigate and search the 

genes of interest by viewing the predicted gene structures in each of the chickpea wild species, 

as well as other features on the pangenome such as annotations, repeats, variations and non-

coding RNAs. The database also allows the users to compare query sequences with the 

available genomic data, mine for genes at regions of interest and related structural and 

functional information. The CicerPanDB hosts the Cicer pangenome and genome assemblies 

of wild Cicer genomes used for pangenome assemblies, the predicted genes and non-coding 

sequences and enables visualization of several genomic features using JBrowse. The database 

is expandable and can host more sequencing data added for chickpea pangenome analysis. 

CicerPanDB is developed and deployed to aid the chickpea genomics research and is expected 

to accelerate the chickpea improvement by providing useful resources such as important 

markers and novel alleles missing from the cultivated chickpea genome. 
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Chapter 5: Summary and Outlook 
 
The thesis presented here describes the assembly and annotation of Cicer pangenome. It has 

been well reported that domestication and breeding processes have drastically reduced the 

genetic diversity of cultivated crops. Chickpea is also one such crop which has a narrow genetic 

base owing to its domestication and breeding which involved selection of some desirable traits 

at the cost of losing some other traits like disease resistance. The narrow genetic base presents 

difficulties for chickpea breeders to develop superior cultivars. In such situations, wild species 

play very crucial roles. Therefore, this study was designed to capture the genetic diversity 

present in wild species of chickpea. It is the first attempt to develop the Cicer pangenome. In 

this direction, de novo assemblies of eight wild species (C. reticulatum, C. echinospermum, C. 

judaicum, C. bijugum, C. pinnatifidum, C. yamashitae, C. chorassanicum and C. cuneatum) 

were developed. The size of these de novo assemblies ranged from 423 Mb to 895 Mb. The 

N50 for the pseudomolecules level assemblies was in the range of 92.71 Mb (C. 

echinospermum) to 53.10 Mb (C. pinnatifidum). For the scaffold level assemblies N50 

observed was 9.24 Mb (C. judaicum) and 6.76 Mb (C. bijugum). Repetitive DNA made up 

51.92% of each genome with a range from 44.12% to 58.90%. Further, an average of 25,546 

gene models were identified for Cicer genomes with maximum gene models in C. reticulatum 

(28,627) and minimum in C. judaicum (23,516). The study serves as a resource in terms of 

genome assemblies, gene models, their annotations and also the non-coding part of these 

genomes, which may have regulatory roles. The work presented in the study demonstrates the 

advantage of de novo assembly in detecting genetic variation that would not have been found 

by resequencing alone. The study identified a significant number of structural variations 

including 67,464 deletions, 13,641 duplications, 8178 inversions, 23,035 translocations and a 

series of SNPs and InDels in highly divergent genic regions, where only assembled sequences 

could be mapped. The identified variations were investigated further to understand their 

biological significance. The de novo assemblies of eight wild Cicer species along with the 

reference genome of chickpea were used to develop the genus level pangenome of size 1.87 

Gb. The Cicer pangenome contains a total of 52,163 genes and comprises 15,170 core and 

15,416 dispensable gene families. The high share of dispensable gene families (50.4% of the 

pangenome) highlights the significant amount of variations present across all the gene pools of 

the genus of a given crop. These dispensable genes were mainly associated with flowering 

time, abiotic and biotic stress. The huge amount of the data generated in the study was 

incorporated into a publicly available database “CicerPanDB”. The database hosts all the 

information on the genome assemblies, gene models and their functions, presence-absence 

matrix of genes, novel genes identified, variations catalogue and their annotations, BLAST 
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utility and genome browser, deploying JBrowse, to visualize all the genomic information 

linked to Cicer pangenome. The work presented in this thesis offers robust solutions to harness 

the untapped genetic diversity from wild species for improving chickpea crop. 

 

In this study, one accession from each species was used to develop de novo assemblies and 

these assemblies along with the reference genome were used to develop the Cicer pangenome. 

Considering the advances in NGS technologies with reducing cost, we propose a more 

comprehensive approach where we aim for a super-pangenome (Figure 46). This approach 

starts with the identification and selection of the most diverse accessions from a particular 

species (say, Species I), followed by de novo genome assembly of one of the accessions and 

then mapping of resequencing data from the remaining accessions onto this assembly to 

construct a species-level pangenome (Species I pangenome). For instance, from Species I, 

select the ten most diverse accessions, then assemble one of these accessions and map the 

sequencing data from the other nine accessions on this assembly to develop a pangenome, 

which will represent the genetic makeup of Species I. Similarly, a pangenome for another 

species (e.g., Species II) will be constructed. In this way, different species-level pangenomes 

will be generated for the genus of the given crop species. The pangenome for a genus would 

be developed by combining these species-level pangenomes using the map-to-pan to strategy 

or graph-based approach. The pangenome thus constructed may be called a super-pangenome 

and will have the potential to represent the complete genetic repertoire of the genus. We 

propose to generate the super-pangenome by developing at least one de novo assembly from 

each species, as it reduces the bias of mapping the sequencing data from accessions of other 

diverse species. Also, we suggest adding at least ten diverse accessions from each species to 

develop the species-level pangenomes for all of the species. The study of such pangenomes 

will provide better insights into genes present/absent across the different species and help to 

decipher genetic material specific to the species/gene pool/lineage. A more comprehensive 

coverage of genes in the dispensable genome enhances the process to identify genes associated 

with important agronomic traits such as disease resistance, seed composition, maturity, 

flowering time, and organ size, thus enabling its use in accelerating breeding programs. 

Considering the fact that the super-pangenome will have the capacity to represent a complete 

genus, it can be postulated that the size of the core genome, which is usually considered to be 

the dominant part of the pangenome, may not be the major fraction. The super-pangenome will 

also serve as an excellent resource for evolutionary studies as it will enable accurate detection 

of the divergence time between the species and provide a true estimate of the different 

evolutionary events shaping the present genomic architecture of different species. The super-
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pangenome would discern novel haplotypes of potential use for future crop improvement and 

conservation efforts. 

 

 
Figure 46: Schema for the Construction of a Super-Pangenome. A super-pangenome can 

be developed using diverse accessions of all of the species of a given genus. Most diverse 

representative accessions from each species can be used to construct a species-level 

pangenome, and combining these species pangenomes would result in a super-pangenome, 

which would ultimately have the capacity to represent the complete genetic repertoire of the 

genus. In the figure, Acc is used for accession and SP for species of a given genus (Source: 

Khan et al., 2020). 

Till date most of the pangenomes are being constructed by using either de novo assembly or 

iterative mapping approach. But over the course of time it has been well studied that both of 

these approaches have their own advantages and limitations. For instance, the de novo assembly 

approach has the capacity to reduce the potential bias arising due to compelling differences in 

the genome size and structure. It also minimizes the possibility of misalignment and takes care 

of the critical sequences that cannot be aligned with confidence to the reference genome. 
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However, de novo assembly approach is computationally very intensive and demands ample 

infrastructure to generate multiple de novo genome assemblies. On the other hand, an iterative 

mapping approach is comparatively cheaper facilitating its use for a large number of samples. 

It does not have the capacity to place SVs and CNVs and thus requires additional analysis. 

Therefore, we propose that a combination of both these approaches should be used for future 

comprehensive and cost-effective pangenomes construction. 

Further, RNA-Seq data can be used to improve annotation of the pangenome. In this study, 

homology and ab-initio methods were used to predict gene models which might have missed 

some genes. Therefore, it is advisable to use the consensus of homology, ab initio and evidence-

based approaches. RNA-Seq data can also be used to confirm the expression of PAV genes 

identified from pangenome analysis. 

Current pangenomics approaches focus only on gene models predicted from the genomes to 

define the core and accessory genomes. There is a need to extend the horizon by considering 

the complete genome which also includes enhancers, repressors, promoter regions and various 

transcription factor binding sites. These components are present in the upstream/downstream 

regions of genes and play intrinsic roles in regulation of these genes.  

Further, currently available methods and tools to develop pangenomes are mainly restricted to 

bacterial (prokaryotic) genomes. It is important now to develop novel, effective, and user-

friendly tools for the development of pangenomes/super-pangenomes for crop (eukaryotic) 

genomes. We need to also develop highly interactive open-source visualization tools with the 

capacity to represent the super-pangenome. With the development of the pangenome of 

pangenomes a possibility for a species, it is imperative to constitute a schema for pangenome 

data analyses which considers sequencing of new individuals, their integration into the updated 

pangenome and to establish a uniform coordinate system for super pangenome. Also, an 

efficient framework needs to be developed for the storage of huge data generated for the 

pangenome analysis. 

 

The information from pangenome in the form of genes/variations now needs to be translated 

into the development of improved crop varieties either through pangenomics-assisted breeding 

or biotechnological advances such as genome editing. The contribution of the candidate 

towards the completion of this work has been detailed in Appendix 13. 
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Appendix 1: List of public RNA-seq accessions used as transcripts support for the gene 

models 

 
Bioproject ID Title of the experiment 

PRJNA184382 Cicer arietinum strain: ICCV2 transcriptome or gene expression 

PRJNA246444 Cicer arietinum transcriptome or gene expression 

PRJNA288273 Ascochyta rabiei strain: P4 transcriptome or gene expression 

PRJNA288321 Transcriptional response to drought stress in chickpea 

PRJNA288473 Transcriptional response to salinity stress in chickpea 

PRJNA293928 Cicer arietinum transcriptome or gene expression 

PRJNA316845 Transcriptome dynamics during seed development in chickpea (JGK3) 

PRJNA328302 Cicer arietinum transcriptome or gene expression 

PRJNA335939 Cicer arietinum transcriptome or gene expression 

PRJNA360515 Chickpea (Cicer arietinum) roots transcriptome 

PRJNA396819 Cicer arietinum kabuli drought tolerance 

PRJNA401922 Gene expression profiling in different organs of chickpea 

PRJNA413294 RNA sequencing of leaf tissues from two contrasting chickpea 

genotypes reveals mechanisms for drought tolerance (chickpea) 

PRJNA413872 Cicer arietinum gene expression atlas 

PRJNA479940 Transcriptome and small RNA analysis to study the molecular 

interaction between A. rabiei and chickpea 

PRJNA255223 Cicer arietinum and Cicer reticulatum transcriptome or gene expression 

PRJNA401922 Gene expression profiling in different organs of chickpea (Cicer 

reticulatum) 

PRJNA436616 Transcriptome sequencing of wild and cultivated Cicer species 
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Appendix 2: An overview of the quantity and quality of the isolated DNA 
 
S. No. Accession Cicer species DNA Concentration 

Qubit BR (ng/µL) 
Volume 
(µL) 

Total DNA 
(µg) 

1 ICC 17123 C. reticulatum 50 900 45 

2 ICC 20190 C. echinospermum 62 1000 62 

3 ICC 17289 C. bijugum 34 1300 44 

4 ICC 17148 C. judaicum 48 1000 48 

5 ICC 17126 C. pinnatifidum 55 1000 55 

6 ICC 17281 C. yamashitae 47 1000 47 

7 ICC 17141 C. chorassanicum 45 1000 45 

8 ICC 17162 C. cuneatum 73 800 58 

 

Appendix 3: Summary of contamination identified in each assembly 
 
Cicer species Filtered length by 

Step1* (bp) 
Filtered length by 
Step 2# (bp) 

Total contamination 
(bp) 

C. reticulatum 1,701,710 5,647,066 7,348,776 

C. echinospermum 1,779,364 4,585,937 6,365,301 

C. bijugum 1,555,336 4,743,677 6,299,013 

C. judaicum 1,390,362 3,369,530 4,759,892 

C. pinnatifidum 1,558,626 5,133,555 6,692,181 

C. yamashitae 1,813,484 3,284,606 5,098,090 

C. chorassanicum 211,538 230,295,913 230,507,451 

C. cuneatum 491,195 802,301 1,293,496 

*Step 1: The scaffold sequences bacteria and fungi in NCBI-NT database 

#Step 2: Contaminant sequences identified using Blobtools 
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Appendix 4: Genic and non-genic GC composition for each Cicer genome assemblies 

 
Cicer species Average genic GC (%) Average non-genic GC (%) 

C. arietinum 33.36 30.36 

C. reticulatum 33.81 33.41 

C. echinospermum 33.98 32.79 

C. bijugum 33.33 30.27 

C. judaicum 32.96 30.74 

C. pinnatifidum 33.54 32.97 

C. chorassanicum 34.12 32.46 

C. yamashitae 33.97 32.01 

C. cuneatum 33.78 32.37 

 

Appendix 5: Summary of the alignment of reads mapped back to respective genome 

assemblies of Cicer species 

 
Cicer species Total HQ reads Total reads mapped Mapping percentage (%) 

C. reticulatum 346706543 344258349 99.29 

C. echinospermum 302398166 296209576 97.95 

C. bijugum 293936152 286591497 97.50 

C. judaicum 318084664 315480169 99.18 

C. pinnatifidum 324242649 321964478 99.30 

C. yamashitae 308100833 292720834 95.01 

C. chorassanicum 305108254 285704970 93.64 

C. cuneatum 306269272 304479871 99.42 

Average     97.66 
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Appendix 6: Whole genome alignment of C. reticulatum (current study) against the C. 

reticulatum (Gupta et al., 2017) 
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Appendix 7: Whole genome alignment of C. arietinum against the C. reticulatum (Gupta 

et al., 2017) 
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Appendix 8: A pie-chart showing the summary of effects of InDels identified genome wide  
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Appendix 9: List of genes specific to cultivated genome based on PAVs analysis 
 
Gene ID NR sequence description GO biological 

process 
GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_1.1271 

---NA---    

ari_HiC_scaffold
_1.1523 

---NA---    

ari_HiC_scaffold
_1.1592 

GAU50103.1hypothetical 
protein TSUD_374520 

   

ari_HiC_scaffold
_1.1786 

XP_004517311.2probable 
leucine-rich repeat 
receptor-like protein 
kinase At1g68400 

protein 
phosphorylatio
n 

integral 
component of 
membrane 

protein kinase 
activity;ATP 
binding 

ari_HiC_scaffold
_1.1801 

XP_012574671.1chloroph
yll a-b binding protein 
AB80, chloroplastic-like 

photosynthesis
, light 
harvesting;pro
tein-
chromophore 
linkage 

photosystem 
I;photosystem 
II;chloroplast 
thylakoid 
membrane;int
egral 
component of 
membrane 

chlorophyll 
binding 

ari_HiC_scaffold
_1.2087 

XP_004513001.1metacasp
ase-6-like 

   

ari_HiC_scaffold
_2.1077 

XP_004508869.1transduci
n beta-like protein 3 

rRNA 
processing 

small-subunit 
processome 

 

ari_HiC_scaffold
_2.1566 

---NA---    

ari_HiC_scaffold
_2.1699 

XP_004509397.1la-related 
protein 1C-like 

  RNA binding 

ari_HiC_scaffold
_2.1779 

GAU19288.1hypothetical 
protein TSUD_335740 

   

ari_HiC_scaffold
_2.2001 

XP_004509707.1probable 
1-deoxy-D-xylulose-5-
phosphate synthase 2, 
chloroplastic 

terpenoid 
biosynthetic 
process 

 1-deoxy-D-
xylulose-5-
phosphate 
synthase 
activity 

ari_HiC_scaffold
_2.3129 

---NA---    

ari_HiC_scaffold
_2.3232 

---NA---    

ari_HiC_scaffold
_2.3248 

XP_012574202.1uncharact
erized protein 
LOC101504975 isoform 
X1 
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Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_2.3267 

XP_004514788.1glutathio
ne S-transferase zeta class-
like 

  catalytic 
activity 

ari_HiC_scaffold
_2.3767 

XP_019418987.1 
nardilysin-like 

  catalytic 
activity;metal 
ion binding 

ari_HiC_scaffold
_2.3768 

---NA---    

ari_HiC_scaffold
_2.4060 

XP_004499383.1type I 
inositol polyphosphate 5-
phosphatase 12 isoform 
X1 

phosphatidylin
ositol 
dephosphoryla
tion 

 hydrolase 
activity 

ari_HiC_scaffold
_2004.1 

XP_027189433.1auxin 
response factor 5-like 

   

ari_HiC_scaffold
_2340.1 

XP_004495930.1kinesin-
like protein KIN-14I 

microtubule-
based 
movement 

integral 
component of 
membrane 

microtubule 
motor 
activity;ATP 
binding;microt
ubule binding 

ari_HiC_scaffold
_3.227 

XP_013456236.1CLAVA
TA3/ESR (CLE)-related 
protein 40 

   

ari_HiC_scaffold
_3.352 

XP_004491052.1uncharact
erized protein 
LOC101496493 

   

ari_HiC_scaffold
_3.614 

XP_004506260.1transcript
ion factor MYBS2-like 

 nucleus DNA binding 

ari_HiC_scaffold
_3.1031 

---NA---    

ari_HiC_scaffold
_3.2109 

---NA---    

ari_HiC_scaffold
_3.2244 

XP_027191014.1aquapori
n NIP6-1-like 

transmembran
e transport 

integral 
component of 
membrane 

channel 
activity 

ari_HiC_scaffold
_3.4062 

XP_012572443.1transcript
ion factor GTE7-like 

   

ari_HiC_scaffold
_3.4140 

KEH27570.1Sec14p-like 
phosphatidylinositol 
transfer family protein 

   

ari_HiC_scaffold
_3.4359 

---NA---    

ari_HiC_scaffold
_3.4543 

---NA---    
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Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_3419.1 

BAU03482.1hypothetical 
protein 
VIGAN_UM114500 

   

ari_HiC_scaffold
_4.113 

XP_027189433.1auxin 
response factor 5-like 

regulation of 
transcription, 
DNA-
templated;auxi
n-activated 
signaling 
pathway;embr
yo 
development 
ending in seed 
dormancy;xyle
m and phloem 
pattern 
formation 

nucleus DNA binding 

ari_HiC_scaffold
_4.262 

XP_027189868.1calcium-
dependent protein kinase 
26-like 

protein 
phosphorylatio
n 

 protein kinase 
activity;calciu
m ion 
binding;ATP 
binding 

ari_HiC_scaffold
_4.496 

---NA---    

ari_HiC_scaffold
_4.524 

XP_004500914.1proline--
tRNA ligase, cytoplasmic-
like isoform X1 

prolyl-tRNA 
aminoacylatio
n 

cytoplasm proline-tRNA 
ligase 
activity;ATP 
binding 

ari_HiC_scaffold
_4.930 

XP_004513919.113-
hydroxylupanine O-
tigloyltransferase-like 

  transferase 
activity, 
transferring 
acyl groups 
other than 
amino-acyl 
groups 

ari_HiC_scaffold
_4.1226 

---NA---    

ari_HiC_scaffold
_4.1496 

XP_004507119.1lysine-
specific demethylase 
JMJ30 

methylation  methyltransfer
ase activity 

ari_HiC_scaffold
_4.2204 

---NA---    

ari_HiC_scaffold
_4.2579 

---NA---    

ari_HiC_scaffold
_4.2696 

---NA---    



 

 150 

Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_4.3232 

XP_004494142.1histone 
deacetylase HDT1 

   

ari_HiC_scaffold
_4.3679 

XP_012573326.1WRKY 
transcription factor 71-like 

regulation of 
transcription, 
DNA-
templated 

nucleus DNA-binding 
transcription 
factor 
activity;sequen
ce-specific 
DNA binding 

ari_HiC_scaffold
_5.1017 

---NA---    

ari_HiC_scaffold
_5.1463 

PNX96079.1lipase lipid metabolic 
process 

integral 
component of 
membrane 

 

ari_HiC_scaffold
_5.1582 

XP_004502259.1xylogluc
an 
endotransglucosylase/hydr
olase 2 

xyloglucan 
metabolic 
process;cell 
wall 
biogenesis;cell 
wall 
organization 

cell 
wall;apoplast 

hydrolase 
activity, 
hydrolyzing O-
glycosyl 
compounds;xyl
oglucan:xylogl
ucosyl 
transferase 
activity 

ari_HiC_scaffold
_5.2034 

---NA---    

ari_HiC_scaffold
_5.2455 

XP_027187070.1uncharact
erized protein 
LOC105851407 

   

ari_HiC_scaffold
_5.2457 

XP_027187070.1uncharact
erized protein 
LOC105851407 

 integral 
component of 
membrane 

 

ari_HiC_scaffold
_5.2529 

XP_004515014.1uncharact
erized protein 
LOC101496412 isoform 
X4 

   

ari_HiC_scaffold
_5.2531 

XP_004492114.1pentatric
opeptide repeat-containing 
protein At1g62930, 
chloroplastic-like 

   

ari_HiC_scaffold
_5.2685 

KEH33366.1transmembra
ne protein, putative 

   

ari_HiC_scaffold
_5.2698 

XP_004514912.1protein 
ENL-like 

   

ari_HiC_scaffold
_5.2725 

XP_027190505.1uncharact
erized protein 
LOC113786678 

 integral 
component of 
membrane 
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Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_5.2732 

OIV98269.1hypothetical 
protein TanjilG_09903 

   

ari_HiC_scaffold
_5.2751 

XP_027190499.1probable 
polygalacturonase 
At3g15720 

carbohydrate 
metabolic 
process;cell 
wall 
organization 

extracellular 
region 

polygalacturon
ase activity 

ari_HiC_scaffold
_5.2767 

XP_012574048.1threonine
--tRNA ligase, 
mitochondrial 1-like 
isoform X1 

threonyl-
tRNA 
aminoacylatio
n 

cytoplasm threonine-
tRNA ligase 
activity;ATP 
binding 

ari_HiC_scaffold
_5.2770 

---NA---    

ari_HiC_scaffold
_5.2924 

XP_004513258.1early 
nodulin-10-like 

   

ari_HiC_scaffold
_5.3343 

---NA---    

ari_HiC_scaffold
_5.3459 

---NA---    

ari_HiC_scaffold
_5.3785 

XP_004511258.1dirigent 
protein 21-like 

 integral 
component of 
membrane;ap
oplast 

 

ari_HiC_scaffold
_5.4027 

XP_027190468.1receptor-
like protein kinase 
FERONIA 

protein 
phosphorylatio
n 

 protein kinase 
activity;ATP 
binding 

ari_HiC_scaffold
_5.4349 

---NA---    

ari_HiC_scaffold
_5.4363 

XP_027191059.1uncharact
erized protein 
LOC101498519 

   

ari_HiC_scaffold
_5689.1 

RHN64075.1 kinase TKL-
Pl-6 family 

protein 
phosphorylatio
n 

 protein kinase 
activity;ATP 
binding 

ari_HiC_scaffold
_5740.1 

XP_004509707.1probable 
1-deoxy-D-xylulose-5-
phosphate synthase 2, 
chloroplastic 

terpenoid 
biosynthetic 
process 

 1-deoxy-D-
xylulose-5-
phosphate 
synthase 
activity 

ari_HiC_scaffold
_5999.1 

XP_004517311.2probable 
leucine-rich repeat 
receptor-like protein 
kinase At1g68400 

protein 
phosphorylatio
n 

integral 
component of 
membrane 

protein kinase 
activity;ATP 
binding 
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Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_6.273 

---NA---    

ari_HiC_scaffold
_6.349 

XP_004491937.1uncharact
erized protein 
LOC101498692 

   

ari_HiC_scaffold
_6.350 

XP_027188634.1 
pentatricopeptide repeat-
containing protein 
At3g29230-like 

   

ari_HiC_scaffold
_6.511 

PHT26171.1Protein TAR1    

ari_HiC_scaffold
_6.512 

---NA---    

ari_HiC_scaffold
_6.514 

OIV92059.1hypothetical 
protein TanjilG_08732 

   

ari_HiC_scaffold
_6.515 

XP_027192640.1uncharact
erized protein 
LOC113787721 

   

ari_HiC_scaffold
_6.673 

---NA---    

ari_HiC_scaffold
_6.792 

PNX97976.1heat shock 
protein 

cellular 
response to 
unfolded 
protein;protein 
refolding;chap
erone 
cofactor-
dependent 
protein 
refolding 

cytoplasm ATP 
binding;ATPas
e activity;heat 
shock protein 
binding;protein 
folding 
chaperone;unfo
lded protein 
binding;misfol
ded protein 
binding 

ari_HiC_scaffold
_6.793 

---NA---    

ari_HiC_scaffold
_6.1503 

---NA---    

ari_HiC_scaffold
_6.1735 

---NA---    

ari_HiC_scaffold
_6.1870 

XP_004515617.1RING-
H2 finger protein ATL33-
like 

   

ari_HiC_scaffold
_6.2133 

---NA---    

ari_HiC_scaffold
_6.2739 

---NA---    
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Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_6.2813 

---NA---    

ari_HiC_scaffold
_6.3356 

XP_012569409.1 
eukaryotic translation 
initiation factor 3 subunit 
A-like 

translation cytoplasm  

ari_HiC_scaffold
_6.3632 

XP_027915751.140S 
ribosomal protein S27-2-
like 

translation ribosome structural 
constituent of 
ribosome;metal 
ion binding 

ari_HiC_scaffold
_6.4138 

XP_004494972.1F-
box/FBD/LRR-repeat 
protein At1g13570-like 

   

ari_HiC_scaffold
_6398.2 

XP_027186542.1protein 
trichome birefringence-
like 32 

 integral 
component of 
membrane 

 

ari_HiC_scaffold
_7.637 

---NA---    

ari_HiC_scaffold
_7.803 

XP_004500064.1uncharact
erized protein 
LOC101510812 

   

ari_HiC_scaffold
_7.864 

XP_027192648.1protein 
MAIN-LIKE 1-like 

   

ari_HiC_scaffold
_7.1016 

---NA---    

ari_HiC_scaffold
_7.1215 

NP_001351768.1F-box 
protein SKP2A-like 

proteolysis integral 
component of 
membrane 

cysteine-type 
peptidase 
activity 

ari_HiC_scaffold
_7.1218 

XP_027192989.1probable 
cysteine protease RDL6 

proteolysis  cysteine-type 
peptidase 
activity 

ari_HiC_scaffold
_7.1352 

XP_004516690.1uncharact
erized protein 
LOC101514130 

   

ari_HiC_scaffold
_7.1368 

---NA---    

ari_HiC_scaffold
_7.1417 

---NA---    

ari_HiC_scaffold
_7.1685 

XP_008225331.1 
peroxisome biogenesis 
protein 7 

   

ari_HiC_scaffold
_7.2188 

XP_027189942.1protein 
MAIN-LIKE 1-like 
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Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_7.2872 

KHN33029.1Hypothetical 
protein glysoja_010020 

   

ari_HiC_scaffold
_8.317 

---NA---    

ari_HiC_scaffold
_8.782 

---NA---    

ari_HiC_scaffold
_8.1078 

XP_004495254.1putative 
pentatricopeptide repeat-
containing protein 
At3g11460, mitochondrial 

   

ari_HiC_scaffold
_8.1158 

XP_004516955.2inorganic 
phosphate transporter 1-
11-like 

transmembran
e transport 

integral 
component of 
membrane 

transmembrane 
transporter 
activity 

ari_HiC_scaffold
_8.1304 

XP_012569052.2protein 
EMBRYO DEFECTIVE 
514-like 

   

ari_HiC_scaffold
_8.1386 

XP_012567856.1transcript
ion termination factor 
MTERF15, mitochondrial-
like 

regulation of 
transcription, 
DNA-
templated 

 double-
stranded DNA 
binding 

ari_HiC_scaffold
_8.1499 

XP_027912851.1uncharact
erized protein 
LOC114172721 

   

ari_HiC_scaffold
_8.1757 

XP_004499588.1proline-
rich receptor-like protein 
kinase PERK10 

phosphorylatio
n 

 nucleic acid 
binding;zinc 
ion 
binding;kinase 
activity 

ari_HiC_scaffold
_8.1858 

XP_004499002.1uncharact
erized protein 
LOC101514792 isoform 
X2 

  nucleic acid 
binding 

ari_HiC_scaffold
_8.2007 

XP_004516800.1serine/ar
ginine repetitive matrix 
protein 1-like 

   

ari_HiC_scaffold
_8.2066 

XP_012571022.2uncharact
erized protein 
LOC105852070 

  zinc ion 
binding 

ari_HiC_scaffold
_8.2168 

XP_004489983.1F-box 
protein SKIP23-like 

   

ari_HiC_scaffold
_8.2305 

XP_004514912.1protein 
ENL-like 
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Gene ID NR sequence description GO biological 
process 

GO cellular 
component 

GO molecular 
function 

ari_HiC_scaffold
_8.2359 

XP_027188020.1NADPH-
dependent aldehyde 
reductase-like protein, 
chloroplastic 

oxidation-
reduction 
process 

 oxidoreductase 
activity 

ari_HiC_scaffold
_8.2442 

XP_027187170.1pectinest
erase inhibitor 1-like 

negative 
regulation of 
catalytic 
activity 

 pectinesterase 
inhibitor 
activity 

ari_HiC_scaffold
_8.2761 

XP_012568087.1AAA-
ATPase At3g28510-like 

 integral 
component of 
membrane 

ATP binding 
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Appendix 10: Presence/absence of genes linked with flowering locus in Cicer pangenome 
 
Gene ID C. 

arieti
num 

C. 
retic
ulat
um 

C. 
echino
sperm
um 

C. 
bijug
um 

C. 
juda
icum 

C. 
pinn
atifid
um 

C. 
yama
shitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_4.1983 

1 1 1 1 1 1 1 1 1 XP_004504519.1pr
otein 
FLOWERING 
LOCUS D 

ari_HiC_sca
ffold_4.4250 

1 1 1 1 0 1 1 1 1 XP_004495126.1fl
owering locus K 
homology domain-
like 

ari_HiC_sca
ffold_6.55 

1 1 1 0 0 0 0 0 0 XP_004489130.1pr
otein 
FLOWERING 
LOCUS T 

ari_HiC_sca
ffold_6.2736 

1 1 1 0 0 0 0 0 0 XP_004493127.1pr
otein 
FLOWERING 
LOCUS T isoform 
X1 

ari_HiC_sca
ffold_6.4031 

1 1 1 1 1 1 1 1 1 XP_004494715.1fl
owering locus K 
homology domain 
isoform X1 

ari_HiC_sca
ffold_7.1922 

1 1 1 0 1 1 1 1 0 XP_004488297.1
MADS-box protein 
FLOWERING 
LOCUS C-like 

ari_HiC_sca
ffold_7.1923 

1 1 1 0 0 1 1 0 0 XP_004488297.1
MADS-box protein 
FLOWERING 
LOCUS C-like 

ari_HiC_sca
ffold_8.2346 

1 1 1 0 0 0 0 0 0 XP_004489723.2pr
otein 
FLOWERING 
LOCUS T 

bij_scaffold1
2834.123 

0 0 0 1 1 1 0 0 0 XP_004493127.1pr
otein 
FLOWERING 
LOCUS T isoform 
X1 

bij_scaffold3
3059.565 

0 0 0 1 0 0 0 0 0 XP_004489723.2pr
otein 
FLOWERING 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echino
sperm
um 

C. 
bijug
um 

C. 
juda
icum 

C. 
pinn
atifid
um 

C. 
yama
shitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

LOCUS T 

bij_scaffold3
3608.48 

0 0 0 1 1 1 0 0 0 XP_004504519.1pr
otein 
FLOWERING 
LOCUS D 

cho_HiC_sc
affold_4.267
6 

0 0 0 0 0 0 1 1 0 XP_004489723.2pr
otein 
FLOWERING 
LOCUS T 

cho_HiC_sc
affold_5.281
7 

0 0 0 0 0 0 1 1 0 XP_004493127.1pr
otein 
FLOWERING 
LOCUS T isoform 
X1 

cun_HiC_sc
affold_4.505 

0 0 0 0 0 0 0 0 1 XP_004489723.2pr
otein 
FLOWERING 
LOCUS T 

cun_HiC_sc
affold_6.128
9 

0 0 0 0 0 0 0 0 1 XP_004489130.1pr
otein 
FLOWERING 
LOCUS T 

cun_HiC_sc
affold_6.326
5 

0 0 0 0 0 0 0 0 1 XP_004493127.1pr
otein 
FLOWERING 
LOCUS T isoform 
X1 

cun_HiC_sc
affold_6.326
9 

0 0 0 0 0 0 0 0 1 XP_027350943.1pr
otein 
FLOWERING 
LOCUS T-like 

jud_scaffold
20819.132 

0 0 0 0 1 1 0 0 0 XP_004493127.1pr
otein 
FLOWERING 
LOCUS T isoform 
X1 

jud_scaffold
2252.572 

0 0 0 0 1 0 0 0 0 XP_004489723.2pr
otein 
FLOWERING 
LOCUS T 

pin_HiC_sca
ffold_6.2793 

0 0 0 1 1 1 0 0 0 XP_027188407.1pr
otein RICE 
FLOWERING 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echino
sperm
um 

C. 
bijug
um 

C. 
juda
icum 

C. 
pinn
atifid
um 

C. 
yama
shitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

LOCUS T 1 
isoform X3 

pin_HiC_sca
ffold_8.556 

0 0 0 0 0 1 0 0 0 XP_004489723.2pr
otein 
FLOWERING 
LOCUS T 

yam_HiC_sc
affold_1.142
2 

0 0 0 1 1 1 1 1 0 ADZ05703.1flower
ing locus T c 

yam_HiC_sc
affold_3.950 

0 0 0 0 0 0 1 0 0 XP_004488297.1
MADS-box protein 
FLOWERING 
LOCUS C-like 

yam_HiC_sc
affold_3.951 

0 0 0 0 0 0 1 0 0 XP_004488297.1
MADS-box protein 
FLOWERING 
LOCUS C-like 
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Appendix 11: Presence/absence of genes associated with early flowering in Cicer 

pangenome 

 
Gene ID C. 

arieti
num 

C. 
retic
ulat
um 

C. 
echino
sperm
um 

C. 
bijug
um 

C. 
juda
icum 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cune
atu
m 

NR sequence 
Description 

ari_HiC_scaf
fold_2.1005 

1 1 1 1 1 1 1 1 1 XP_004508795.1p
rotein EARLY 
FLOWERING 5 
isoform X1 

ari_HiC_scaf
fold_4.1902 

1 1 1 1 1 1 1 1 1 XP_004497900.1p
rotein 
PHOTOPERIOD-
INDEPENDENT 
EARLY 
FLOWERING 1 
isoform X1 

ari_HiC_scaf
fold_5.694 

1 1 1 1 1 1 1 1 1 XP_004501482.1p
rotein EARLY 
FLOWERING 3 

ari_HiC_scaf
fold_5.2118 

1 1 1 1 1 1 1 1 0 XP_004500487.1p
rotein EARLY 
FLOWERING 4 

cun_HiC_sca
ffold_7.1833 

0 0 0 0 0 1 0 0 1 XP_004500487.1p
rotein EARLY 
FLOWERING 4 
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Appendix 12: Presence/absence of disease resistance genes identified in Cicer pangenome 

 
Gene ID C. 

arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_1.560 

1 1 1 1 1 1 1 1 1 XP_004511973.1p
robable disease 
resistance protein 
At5g66900 

ari_HiC_sca
ffold_1.670 

1 1 1 1 1 1 1 1 1 XP_004512078.1d
isease resistance 
RPP8-like protein 
3 

ari_HiC_sca
ffold_1.929 

1 1 1 1 1 1 1 1 1 XP_004512421.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2 
isoform X2 

ari_HiC_sca
ffold_1.948 

1 1 1 1 1 1 1 1 1 XP_004512454.1d
isease resistance 
protein RPM1 

ari_HiC_sca
ffold_1.1076 

1 1 1 1 1 1 1 0 0 XP_027192844.1 
putative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_1.1828 

1 1 1 0 0 1 0 1 1 PNX82881.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

ari_HiC_sca
ffold_1.2022 

1 1 1 1 1 0 1 1 1 XP_004512929.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_2.665 

1 1 1 1 1 1 1 1 1 XP_004508389.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2 
isoform X1 

ari_HiC_sca
ffold_2.1527 

1 1 1 1 1 1 1 1 1 XP_004509177.1p
robable disease 
resistance protein 
At5g66900 

ari_HiC_sca
ffold_2.2322 

1 1 1 1 1 1 0 0 0 XP_004509975.1p
utative disease 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

resistance protein 
At5g05400 
isoform X1 

ari_HiC_sca
ffold_2.2737 

1 1 1 0 0 0 0 0 0 AHB79188.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_2.2738 

1 1 1 0 0 0 0 0 0 AHB79188.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_2.2928 

1 1 1 1 1 0 1 1 1 XP_027186241.1d
isease resistance 
protein RML1A-
like 

ari_HiC_sca
ffold_2.3030 

1 1 1 0 0 0 0 0 0 PNY05552.1diseas
e resistance protein 

ari_HiC_sca
ffold_2.3046 

1 1 1 1 1 1 1 1 1 XP_004511027.1p
utative disease 
resistance protein 
At3g14460 

ari_HiC_sca
ffold_2.3422 

1 1 1 1 1 1 1 1 1 XP_004516395.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 4-
like 

ari_HiC_sca
ffold_2.3613 

1 1 1 0 0 0 1 0 1 PNY08309.1diseas
e resistance protein 

ari_HiC_sca
ffold_2.3631 

1 1 1 1 1 1 0 0 0 XP_004510453.1d
isease resistance 
protein RML1A 

ari_HiC_sca
ffold_2.3640 

1 1 1 1 1 1 1 1 1 XP_004510441.1d
isease resistance 
protein LAZ5 

ari_HiC_sca
ffold_2.3641 

1 1 1 1 1 1 1 1 0 XP_004510440.1d
isease resistance 
protein LAZ5 
isoform X2 

ari_HiC_sca
ffold_2.3842 

1 1 1 1 1 1 1 1 1 XP_027192883.1 
disease resistance 
protein RGA2-like 

ari_HiC_sca
ffold_2.3843 

1 1 1 1 1 0 1 0 0 XP_012574020.2 
putative disease 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_2.3845 

1 1 1 1 1 0 0 1 1 AET01388.2diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

ari_HiC_sca
ffold_3.197 

1 1 1 1 1 1 1 1 1 XP_004507344.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2-
like 

ari_HiC_sca
ffold_3.1067 

1 1 1 1 1 1 1 1 1 XP_027193531.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_3.1068 

1 1 1 1 1 1 1 1 1 XP_027193530.1p
utative disease 
resistance protein 
At3g14460 

ari_HiC_sca
ffold_3.2384 

1 1 1 1 1 1 1 1 0 XP_012572719.1p
utative disease 
resistance RPP13-
like protein 3 

ari_HiC_sca
ffold_3.2695 

1 1 1 1 1 1 1 1 1 XP_012572624.1d
isease resistance 
protein RPS4B 

ari_HiC_sca
ffold_3.3311 

1 1 1 1 1 1 1 1 1 XP_004504716.1p
utative disease 
resistance protein 
RGA4 

ari_HiC_sca
ffold_3.3656 

1 1 1 1 1 0 1 1 1 XP_004504267.1d
isease resistance 
protein RPS5-like 

ari_HiC_sca
ffold_3.4111 

1 1 1 1 1 1 1 1 1 KEH21088.1 
disease resistance 
protein (TIR-NBS 
class) 

ari_HiC_sca
ffold_3.4149 

1 1 1 0 0 0 0 1 0 XP_004503652.1d
isease resistance 
response protein 
206-like 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_3.4150 

1 1 1 0 0 0 0 1 1 XP_004503651.1d
isease resistance 
response protein 
206 

ari_HiC_sca
ffold_3.4432 

1 1 1 0 0 0 1 0 0 PNX76779.1diseas
e resistance-
responsive dirigent 
domain protein 

ari_HiC_sca
ffold_4.195 

1 1 1 1 1 1 1 1 1 XP_004499099.1p
robable disease 
resistance protein 
At4g33300 

ari_HiC_sca
ffold_4.196 

1 1 1 1 1 1 1 1 1 XP_004499098.1p
robable disease 
resistance protein 
At4g33300 

ari_HiC_sca
ffold_4.356 

1 1 1 1 1 1 1 1 1 XP_004498894.1d
isease resistance 
protein RPM1 

ari_HiC_sca
ffold_4.853 

1 1 1 1 1 1 1 1 1 AHB79190.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_4.1797 

1 1 1 1 1 1 0 1 1 XP_004513775.1p
utative disease 
resistance protein 
RGA3 

ari_HiC_sca
ffold_4.1801 

1 1 1 1 1 1 1 1 0 XP_004513778.1p
utative disease 
resistance protein 
RGA3 

ari_HiC_sca
ffold_4.3328 

1 1 1 1 1 1 1 1 1 XP_004496270.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2-
like 

ari_HiC_sca
ffold_5.608 

1 1 1 1 1 1 1 1 1 XP_012571560.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2-
like 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_5.1138 

1 1 1 1 1 1 1 1 1 XP_004502813.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 4-
like 

ari_HiC_sca
ffold_5.1760 

1 1 1 1 1 1 0 1 1 XP_012571759.1d
isease resistance 
protein RML1A-
like 

ari_HiC_sca
ffold_5.2384 

1 1 1 0 0 0 0 0 0 XP_027190512.1d
isease resistance 
protein 
At4g27190-like 

ari_HiC_sca
ffold_5.2433 

1 1 0 0 0 0 0 0 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_5.2560 

1 1 1 1 1 1 0 0 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_5.2575 

1 1 1 1 1 1 1 1 1 XP_003600246.2d
isease resistance 
protein RPM1 

ari_HiC_sca
ffold_5.2578 

1 1 1 1 1 0 0 0 0 XP_004506663.1d
isease resistance 
protein RPM1 

ari_HiC_sca
ffold_5.2579 

1 1 1 0 0 0 0 0 0 XP_004506662.1d
isease resistance 
protein RPM1 

ari_HiC_sca
ffold_5.2583 

1 0 0 1 0 1 1 1 0 KYP37838.1Disea
se resistance 
protein RPM1 

ari_HiC_sca
ffold_5.2589 

1 1 1 1 1 0 0 1 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_5.2590 

1 1 1 0 0 0 1 1 1 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_5.2648 

1 1 1 1 1 1 1 1 1 XP_004513876.1p
robable disease 
resistance protein 
At4g27220 
isoform X1 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_5.2664 

1 1 1 1 1 1 1 1 0 XP_004516857.1p
utative disease 
resistance protein 
At5g05400 

ari_HiC_sca
ffold_5.3205 

1 1 1 0 1 1 0 0 1 KEH23617.1NBS-
LRR disease 
resistance protein 

ari_HiC_sca
ffold_5.3579 

1 1 1 1 1 1 1 1 1 XP_012569238.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.3683 

1 1 1 1 1 1 1 1 0 XP_027190826.1 
putative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.3697 

1 1 1 1 0 1 0 1 0 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.3727 

1 1 1 0 0 0 0 0 0 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.3749 

1 1 0 0 0 0 0 0 0 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.3843 

1 1 1 1 1 1 1 1 1 XP_027186699.1 
putative disease 
resistance protein 
At3g14460 

ari_HiC_sca
ffold_5.3844 

1 1 1 1 1 1 1 0 1 XP_027186699.1 
putative disease 
resistance protein 
At3g14460 

ari_HiC_sca
ffold_5.3847 

1 1 1 0 0 0 1 1 0 XP_027186700.1 
putative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.3860 

1 1 1 1 1 1 1 1 1 XP_027186403.1p
utative disease 
resistance RPP13-
like protein 1 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_5.3954 

1 1 1 1 1 1 0 1 1 XP_004514999.1p
utative disease 
resistance protein 
RGA4 

ari_HiC_sca
ffold_5.4036 

1 1 1 0 0 0 0 0 0 KEH40927.1LRR 
and NB-ARC 
domain disease 
resistance protein 

ari_HiC_sca
ffold_5.4037 

1 1 1 1 1 1 1 1 1 XP_004498674.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.4041 

1 1 1 1 1 1 1 1 1 XP_004498668.1d
isease resistance 
protein RPS2-like 
isoform X2 

ari_HiC_sca
ffold_5.4110 

1 1 1 1 1 1 0 0 0 XP_027192844.1 
putative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.4140 

1 1 1 1 1 1 0 0 0 XP_004516528.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.4157 

1 1 1 1 1 1 1 1 1 XP_027186657.1d
isease resistance 
protein RPM1-like 

ari_HiC_sca
ffold_5.4187 

1 1 1 1 1 1 0 0 0 XP_027190602.1p
robable disease 
resistance protein 
At1g61180 

ari_HiC_sca
ffold_5.4192 

1 1 1 0 0 1 1 1 0 XP_004499595.2 
disease resistance 
protein RPS5-like 

ari_HiC_sca
ffold_5.4202 

1 1 1 0 1 1 1 0 1 XP_027190772.1 
putative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.4203 

1 1 1 1 1 0 1 1 1 XP_027190772.1 
putative disease 
resistance RPP13-
like protein 1 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_5.4369 

1 1 1 1 1 1 0 0 0 XP_004499578.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_5.4378 

1 1 0 0 0 1 0 1 0 XP_027190204.1p
utative disease 
resistance protein 
At3g14460 

ari_HiC_sca
ffold_5764.1 

1 1 1 1 1 1 1 0 1 XP_004517302.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_6.316 

1 1 1 0 0 0 1 1 0 XP_027188745.1p
utative disease 
resistance protein 
At1g50180 
isoform X1 

ari_HiC_sca
ffold_6.1473 

1 1 1 0 0 0 1 1 1 TKY63988.1Disea
se resistance 
protein RPS2 

ari_HiC_sca
ffold_6.1476 

1 1 1 1 0 0 1 1 1 RDX65621.1Disea
se resistance 
protein RPS5 

ari_HiC_sca
ffold_6.1478 

1 1 1 1 1 0 1 1 1 AGT75408.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_6.1839 

1 1 1 1 1 1 1 1 1 XP_027188573.1p
robable disease 
resistance protein 
At4g27220 

ari_HiC_sca
ffold_6.1840 

1 1 1 1 1 1 1 1 1 XP_027188573.1p
robable disease 
resistance protein 
At4g27220 

ari_HiC_sca
ffold_6.2252 

1 1 1 0 0 0 0 0 0 XP_027188573.1p
robable disease 
resistance protein 
At4g27220 

ari_HiC_sca
ffold_6.2723 

1 1 1 0 0 0 0 0 0 ABD33170.1 
disease resistance 
gene, putative 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ari_HiC_sca
ffold_6.2881 

1 1 1 0 0 0 0 1 0 AES81069.2 NBS-
LRR type disease 
resistance protein 

ari_HiC_sca
ffold_6.2897 

1 1 1 0 0 1 0 0 0 AES96379.2diseas
e resistance protein 
(CC-NBS-LRR 
class) family 
protein 

ari_HiC_sca
ffold_6.2919 

1 1 1 0 0 0 1 1 1 XP_012569237.1 
disease resistance 
protein RPP2B-
like 

ari_HiC_sca
ffold_6.2920 

1 1 1 0 0 0 1 1 1 XP_012569237.1 
disease resistance 
protein RPP2B-
like 

ari_HiC_sca
ffold_6.3011 

1 1 1 1 1 1 1 1 1 XP_004493471.1d
isease resistance 
protein RGA2 

ari_HiC_sca
ffold_6.3012 

1 1 1 0 0 0 0 0 1 XP_012569277.1p
utative disease 
resistance protein 
RGA4 

ari_HiC_sca
ffold_6.3013 

1 1 1 1 0 0 1 0 1 XP_012569277.1p
utative disease 
resistance protein 
RGA4 

ari_HiC_sca
ffold_6.3015 

1 1 0 0 1 0 1 0 1 XP_027188218.1p
utative disease 
resistance protein 
RGA1 

ari_HiC_sca
ffold_6.3016 

1 1 1 1 1 0 1 0 0 KEH23617.1NBS-
LRR disease 
resistance protein 

ari_HiC_sca
ffold_6.3033 

1 1 0 0 0 0 1 0 0 RDY03728.1Disea
se resistance 
protein RGA2 

ari_HiC_sca
ffold_6.3037 

1 1 1 0 0 0 0 0 0 RDY03728.1Disea
se resistance 
protein RGA2 

ari_HiC_sca
ffold_6.4101 

1 1 1 1 1 1 1 1 1 XP_003626554.1p
rotein 
ENHANCED 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

DISEASE 
RESISTANCE 4 
isoform X1 

ari_HiC_sca
ffold_7.437 

1 1 1 1 1 1 1 1 1 XP_027192243.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2 

ari_HiC_sca
ffold_7.993 

1 1 1 1 1 0 1 1 1 XP_027191605.1p
utative disease 
resistance protein 
RGA1 

ari_HiC_sca
ffold_7.1111 

1 1 1 0 1 1 1 1 1 XP_024632862.1p
robable disease 
resistance protein 
At4g27220 

ari_HiC_sca
ffold_7.1112 

1 1 1 1 1 1 1 1 1 PNY14259.1diseas
e resistance protein 

ari_HiC_sca
ffold_7.1113 

1 1 1 1 1 1 1 1 1 PNY14259.1diseas
e resistance protein 

ari_HiC_sca
ffold_7.1361 

1 1 1 1 1 1 1 1 0 AGT75402.1CC-
NBS-LRR disease 
resistance protein 

ari_HiC_sca
ffold_7.1362 

1 1 1 1 1 1 1 1 1 XP_004513778.1p
utative disease 
resistance protein 
RGA3 

ari_HiC_sca
ffold_7.1392 

1 1 1 1 1 1 1 1 1 XP_003595834.1p
utative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_7.1765 

1 1 1 0 0 0 0 0 0 RHN74015.1 
ENHANCED 
DISEASE 
RESISTANCE 2 

ari_HiC_sca
ffold_7.1805 

1 1 1 0 0 0 0 0 0 XP_004488257.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2-
like 

ari_HiC_sca
ffold_7.1809 

1 1 0 0 0 0 0 0 0 XP_004488257.1p
rotein 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ENHANCED 
DISEASE 
RESISTANCE 2-
like 

ari_HiC_sca
ffold_7.2287 

1 1 1 1 1 1 1 1 1 XP_004488027.1p
utative disease 
resistance protein 
At1g50180 

ari_HiC_sca
ffold_7.2513 

1 1 1 1 1 1 0 0 1 NP_001351690.1d
isease resistance 
response protein 
DRRG49-C 

ari_HiC_sca
ffold_7.2910 

1 1 1 0 1 0 0 1 0 XP_027192058.1 
putative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_7.3157 

1 1 1 1 1 1 1 1 0 XP_027186176.1 
putative disease 
resistance RPP13-
like protein 1 

ari_HiC_sca
ffold_7.3158 

1 1 1 1 1 1 1 1 1 AES63918.1NB-
ARC domain 
disease resistance 
protein 

ari_HiC_sca
ffold_8.233 

1 1 1 1 1 1 1 1 1 XP_004517051.1p
robable disease 
resistance protein 
At1g52660 

ari_HiC_sca
ffold_8.361 

1 1 1 1 1 1 0 1 0 XP_012568623.1p
utative disease 
resistance protein 
At3g14460 

ari_HiC_sca
ffold_8.1033 

1 1 1 1 1 1 1 1 1 XP_012568451.1p
utative disease 
resistance protein 
RGA1 

ari_HiC_sca
ffold_8.1083 

1 1 1 1 1 1 1 1 1 XP_004490577.1p
utative disease 
resistance protein 
RGA1 

ari_HiC_sca
ffold_8.1173 

1 1 1 1 1 1 1 1 1 XP_004490512.1p
rotein 
ENHANCED 



 

 171 

Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

DISEASE 
RESISTANCE 4-
like 

ari_HiC_sca
ffold_8.2244 

1 0 1 0 0 0 0 0 0 XP_027187972.1p
utative disease 
resistance protein 
RGA4 

ari_HiC_sca
ffold_8.2245 

1 1 1 0 0 0 0 0 0 XP_004489884.1p
utative disease 
resistance protein 
RGA4 

ari_HiC_sca
ffold_8.2249 

1 1 1 1 1 1 1 1 1 XP_004489884.1p
utative disease 
resistance protein 
RGA4 

ari_HiC_sca
ffold_8.2826 

1 1 1 0 0 1 0 0 0 AES96281.1NB-
ARC domain 
disease resistance 
protein 

bij_scaffold1
2834.71 

0 0 0 1 0 1 0 0 0 PNX60982.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

bij_scaffold1
3454.319 

0 0 0 1 0 1 0 0 0 XP_004486553.2d
isease resistance 
protein Pik-1 

bij_scaffold1
4564.43 

0 0 0 1 1 0 0 0 0 PNX60982.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

bij_scaffold1
4564.44 

0 0 0 1 0 0 0 0 0 PNX60982.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

bij_scaffold1
465.1219 

0 0 0 1 1 1 0 1 0 AES81069.2 NBS-
LRR type disease 
resistance protein 

bij_scaffold1
5991.187 

0 0 0 1 1 1 0 0 0 XP_027188573.1p
robable disease 
resistance protein 
At4g27220 

bij_scaffold1
6975.1 

0 0 0 1 0 1 0 0 0 XP_004488257.1p
rotein 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

ENHANCED 
DISEASE 
RESISTANCE 2-
like 

bij_scaffold1
9499.80 

0 0 0 1 1 0 0 0 0 XP_004506663.1d
isease resistance 
protein RPM1 

bij_scaffold1
9499.437 

0 0 0 1 1 0 0 0 0 KEH34493.1LRR 
and NB-ARC 
domain disease 
resistance protein 

bij_scaffold2
021.15 

0 0 0 1 0 1 0 0 0 PNX99602.1diseas
e resistance (CC-
NBS-LRR class) 
family protein 

bij_scaffold2
1471.1077 

0 0 0 1 0 1 1 1 0 PNY08309.1diseas
e resistance protein 

bij_scaffold2
1471.1078 

0 0 0 1 1 1 1 1 1 PNY08309.1diseas
e resistance protein 

bij_scaffold2
1471.328 

0 0 0 1 1 0 1 1 0 XP_003604989.1p
utative disease 
resistance protein 
RGA1 

bij_scaffold2
3803.79 

0 0 0 1 0 0 0 0 0 PNX60982.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

bij_scaffold2
57.65 

0 0 0 1 1 1 0 0 0 RDX62435.1Disea
se resistance 
protein RPP13 

bij_scaffold2
6663.253 

0 0 0 1 0 0 0 0 0 XP_012568027.1 
putative disease 
resistance protein 
At3g14460 

bij_scaffold3
304.285 

0 0 0 1 0 0 0 0 0 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

bij_scaffold6
1.208 

0 0 0 1 0 0 0 0 0 XP_015892643.1p
utative disease 
resistance RPP13-
like protein 3 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

cho_HiC_sc
affold_1.317
7 

0 0 0 1 1 1 1 1 1 XP_004517302.1p
utative disease 
resistance RPP13-
like protein 1 

cho_HiC_sc
affold_2.263
6 

0 0 0 0 0 0 0 1 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

cho_HiC_sc
affold_2.263
9 

0 0 0 0 0 0 0 1 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

cho_HiC_sc
affold_2.264
0 

0 0 0 0 0 0 0 1 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

cho_HiC_sc
affold_2.266
2 

0 0 0 0 0 0 0 1 0 AES58973.1NB-
ARC domain 
disease resistance 
protein 

cho_HiC_sc
affold_2.418
0 

0 0 0 0 0 1 1 1 0 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

cho_HiC_sc
affold_2.443
2 

0 0 0 0 0 0 0 1 0 AES68745.2LRR 
and NB-ARC 
domain disease 
resistance protein 

cho_HiC_sc
affold_2.453
7 

0 0 0 0 0 0 0 1 0 XP_027190772.1 
putative disease 
resistance RPP13-
like protein 1 

cho_HiC_sc
affold_2.469
0 

0 0 0 0 0 0 1 1 0 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

cho_HiC_sc
affold_2.469
3 

0 0 1 1 1 1 1 1 1 XP_027190772.1 
putative disease 
resistance RPP13-
like protein 1 

cho_HiC_sc
affold_2.469
4 

0 0 1 1 1 0 1 1 1 XP_027190772.1 
putative disease 
resistance RPP13-
like protein 1 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

cho_HiC_sc
affold_2.481
2 

0 0 0 1 0 0 1 1 0 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

cho_HiC_sc
affold_4.467 

0 0 0 0 0 0 1 1 1 XP_027186894.1d
isease resistance 
protein RLM3-like 

cho_HiC_sc
affold_4.313
1 

0 0 0 0 0 0 0 1 0 XP_003613325.2p
utative disease 
resistance protein 
RGA3 isoform X1 

cho_HiC_sc
affold_5.100
5 

0 0 0 0 0 0 0 1 0 KEH39710.1disea
se resistance 
protein (CC-NBS-
LRR class) family 
protein 

cho_HiC_sc
affold_5.100
6 

0 0 0 0 0 0 1 1 0 AES96379.2diseas
e resistance protein 
(CC-NBS-LRR 
class) family 
protein 

cho_HiC_sc
affold_5.280
1 

0 0 0 0 0 0 0 1 1 ABD33170.1 
disease resistance 
gene, putative 

cho_HiC_sc
affold_6.110
6 

0 0 0 0 0 0 0 1 0 QCD88929.1disea
se resistance 
protein RPM1 

cho_HiC_sc
affold_8.331
3 

0 0 0 0 0 0 0 1 1 PNY06307.1diseas
e resistance protein 

cho_HiC_sc
affold_8.331
4 

0 0 0 0 0 0 0 1 0 PNY05552.1diseas
e resistance protein 

cho_HiC_sc
affold_8.420
5 

0 0 0 0 0 0 0 1 1 RDX94833.1putati
ve disease 
resistance RPP13-
like protein 1 

cun_HiC_sc
affold_1.937 

0 0 0 0 0 0 0 0 1 XP_004496122.1p
utative disease 
resistance RPP13-
like protein 2 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

cun_HiC_sc
affold_1.158
3 

0 0 0 0 0 0 0 0 1 XP_027188573.1p
robable disease 
resistance protein 
At4g27220 

cun_HiC_sc
affold_2.105
4 

0 0 0 0 0 0 0 0 1 XP_030941890.1d
isease resistance 
protein RPP13-like 

cun_HiC_sc
affold_4.174
8 

0 0 0 0 0 0 0 0 1 XP_003615744.2p
utative disease 
resistance protein 
RGA3 

cun_HiC_sc
affold_4.601 

0 0 0 0 0 0 0 0 1 XP_024639710.1p
utative disease 
resistance protein 
RGA3 

cun_HiC_sc
affold_5.958 

0 0 0 0 0 0 0 0 1 PNY05552.1diseas
e resistance protein 

cun_HiC_sc
affold_5.113
0 

0 0 0 0 0 0 0 0 1 XP_003604989.1p
utative disease 
resistance protein 
RGA1 

cun_HiC_sc
affold_5.153
3 

0 0 0 1 1 1 0 0 1 XP_004509975.1p
utative disease 
resistance protein 
At5g05400 
isoform X1 

cun_HiC_sc
affold_5.354 

0 0 0 0 0 0 0 0 1 RDX96744.1putati
ve disease 
resistance protein 

cun_HiC_sc
affold_5.400 

0 0 0 0 0 0 0 0 1 XP_004510453.1d
isease resistance 
protein RML1A 

cun_HiC_sc
affold_6.109
0 

0 0 0 0 0 0 0 0 1 XP_027935361.1p
utative disease 
resistance protein 
RGA3 

cun_HiC_sc
affold_6.109
4 

0 0 0 0 0 0 0 0 1 PNY12242.1diseas
e resistance protein 
rga2-like 

cun_HiC_sc
affold_6.121
7 

0 0 0 0 0 0 0 0 1 AES96379.2diseas
e resistance protein 
(CC-NBS-LRR 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

class) family 
protein 

cun_HiC_sc
affold_6.123
2 

0 0 0 0 0 0 0 0 1 PNY07763.1diseas
e resistance protein 

cun_HiC_sc
affold_6.160
8 

0 0 0 0 0 0 0 0 1 RZB54045.1putati
ve disease 
resistance protein 

cun_HiC_sc
affold_6.160
9 

0 0 0 0 0 0 0 0 1 KEH21823.1NB-
ARC domain 
disease resistance 
protein 

cun_HiC_sc
affold_7.585 

0 0 0 0 0 0 0 0 1 PNY13232.1diseas
e resistance protein 
rpm1-like 

cun_HiC_sc
affold_7.709 

0 0 0 0 0 0 0 0 1 XP_004516857.1p
utative disease 
resistance protein 
At5g05400 

cun_HiC_sc
affold_7.130
3 

0 0 0 0 0 0 0 0 1 AES68796.1diseas
e resistance protein 
(CC-NBS-LRR 
class) family 
protein 

cun_HiC_sc
affold_7.136
5 

0 0 0 0 0 0 0 0 1 XP_027186700.1 
putative disease 
resistance RPP13-
like protein 1 

cun_HiC_sc
affold_7.138
3 

0 0 0 0 0 1 0 0 1 XP_004515735.1p
utative disease 
resistance RPP13-
like protein 1 

cun_HiC_sc
affold_7.143
6 

0 0 0 0 0 0 0 0 1 XP_003599436.1p
utative disease 
resistance RPP13-
like protein 1 

cun_HiC_sc
affold_7.160
4 

0 0 0 0 0 0 0 0 1 XP_024635058.1p
utative disease 
resistance RPP13-
like protein 1 
isoform X1 



 

 177 

Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

cun_HiC_sc
affold_7.162
0 

0 0 0 0 0 0 0 0 1 XP_027190772.1 
putative disease 
resistance RPP13-
like protein 1 

cun_HiC_sc
affold_7.163
6 

0 0 0 0 0 0 0 0 1 XP_027186700.1 
putative disease 
resistance RPP13-
like protein 1 

cun_HiC_sc
affold_7.171
5 

0 0 0 0 0 0 1 0 1 XP_027190602.1p
robable disease 
resistance protein 
At1g61180 

cun_HiC_sc
affold_8.105
2 

0 0 0 0 0 0 0 0 1 XP_031276742.1p
utative disease 
resistance protein 
RGA1 

cun_HiC_sc
affold_8.351 

0 0 0 0 0 0 0 0 1 XP_004503652.1d
isease resistance 
response protein 
206-like 

cun_HiC_sc
affold_8.292
8 

0 0 0 0 0 0 0 0 1 XP_013459956.1d
isease resistance 
protein RPM1 
isoform X1 

cun_HiC_sc
affold_8.73 

1 1 1 1 1 0 1 1 1 PNX76779.1diseas
e resistance-
responsive dirigent 
domain protein 

cun_HiC_sc
affold_8.401
0 

0 0 0 0 0 0 1 0 1 XP_012572719.1p
utative disease 
resistance RPP13-
like protein 3 

ech_HiC_sc
affold_1.203
9 

0 1 1 0 0 0 0 0 0 XP_012569277.1p
utative disease 
resistance protein 
RGA4 

ech_HiC_sc
affold_1.302
4 

0 1 1 0 0 0 0 0 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

ech_HiC_sc
affold_2.333
2 

0 0 1 0 0 0 0 0 0 KEH26532.1LRR 
and NB-ARC 
domain disease 
resistance protein 



 

 178 

Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

jud_scaffold
10924.362 

0 0 0 1 1 0 0 1 0 XP_004503652.1d
isease resistance 
response protein 
206-like 

jud_scaffold
10924.92 

0 0 0 1 1 0 0 0 0 KEH22663.1TIR-
NBS-LRR class 
disease resistance 
protein 

jud_scaffold
12923.726 

0 0 0 0 1 1 0 0 0 KEH41547.1disea
se resistance 
protein (TIR-NBS-
LRR class) 

jud_scaffold
12992.396 

0 0 0 1 1 1 0 0 1 PNX82881.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

jud_scaffold
14952.211 

0 0 0 1 1 1 0 0 0 XP_004488257.1p
rotein 
ENHANCED 
DISEASE 
RESISTANCE 2-
like 

jud_scaffold
15138.779 

0 0 0 0 1 1 0 0 0 XP_027351089.1p
utative disease 
resistance protein 
At3g14460 

jud_scaffold
15138.796 

0 0 0 0 1 1 1 1 0 PNX75203.1diseas
e resistance protein 
rga2-like 

jud_scaffold
19398.1955 

0 0 0 1 1 1 0 1 0 AES63918.1NB-
ARC domain 
disease resistance 
protein 

jud_scaffold
19398.897 

0 0 0 0 1 0 0 0 0 XP_003613325.2p
utative disease 
resistance protein 
RGA3 isoform X1 

jud_scaffold
21061.1162 

0 1 0 1 1 1 1 0 0 XP_027186014.1p
utative disease 
resistance protein 
At3g14460 
isoform X1 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

jud_scaffold
21061.646 

0 0 0 0 1 1 0 0 0 XP_004486553.2d
isease resistance 
protein Pik-1 

jud_scaffold
21865.421 

0 0 0 0 1 1 1 1 0 PNY08309.1diseas
e resistance protein 

jud_scaffold
23677.546 

0 0 0 0 1 1 0 0 0 XP_024635445.1p
utative disease 
resistance RPP13-
like protein 1 

jud_scaffold
3927.2540 

0 0 0 1 1 1 0 0 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

jud_scaffold
5216.194 

0 0 0 0 1 0 0 0 0 KEH32500.1NB-
ARC domain 
disease resistance 
protein 

jud_scaffold
9571.618 

0 0 0 0 1 0 0 0 0 XP_004509975.1p
utative disease 
resistance protein 
At5g05400 
isoform X1 

jud_scaffold
9571.107 

0 0 0 0 1 0 0 0 0 PNX60982.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

pin_HiC_sc
affold_1.101
7 

0 0 0 1 1 1 0 1 0 NP_001351690.1d
isease resistance 
response protein 
DRRG49-C 

pin_HiC_sc
affold_2.196
8 

0 0 0 0 0 1 0 0 0 PNX91312.1diseas
e resistance protein 
rpm1-like 

pin_HiC_sc
affold_3.376 

0 0 0 1 0 1 0 0 0 XP_004503652.1d
isease resistance 
response protein 
206-like 

pin_HiC_sc
affold_4.309 

0 0 0 0 0 1 0 0 0 XP_003588529.2p
utative disease 
resistance RPP13-
like protein 1 

pin_HiC_sc
affold_4.171
7 

0 0 0 0 0 1 0 0 0 XP_004509975.1p
utative disease 
resistance protein 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

At5g05400 
isoform X1 

pin_HiC_sc
affold_4.179
5 

0 0 0 0 0 1 0 0 0 XP_027192883.1 
disease resistance 
protein RGA2-like 

pin_HiC_sc
affold_5.246
5 

0 0 0 0 0 1 0 0 0 XP_004513775.1p
utative disease 
resistance protein 
RGA3 

pin_HiC_sc
affold_6.304
3 

0 0 0 1 1 1 0 0 0 PNX60982.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

pin_HiC_sc
affold_7.282
8 

0 0 0 0 1 1 1 1 0 XP_003604989.1p
utative disease 
resistance protein 
RGA1 

ret_HiC_sca
ffold_1.1139 

0 1 1 0 0 0 0 0 0 PNX92798.1diseas
e resistance protein 
rga2-like 

yam_HiC_sc
affold_1.175
8 

0 0 0 0 0 0 1 1 0 KEH21823.1NB-
ARC domain 
disease resistance 
protein 

yam_HiC_sc
affold_1.361
4 

0 0 0 0 0 0 1 1 0 XP_027186014.1p
utative disease 
resistance protein 
At3g14460 
isoform X1 

yam_HiC_sc
affold_1.390
2 

0 0 0 0 0 0 1 0 1 ABD33170.1 
disease resistance 
gene, putative 

yam_HiC_sc
affold_1.113
6 

0 0 0 0 0 0 1 0 0 PNY12242.1diseas
e resistance protein 
rga2-like 

yam_HiC_sc
affold_2.639 

0 0 0 1 0 1 1 1 0 XP_004516528.1p
utative disease 
resistance RPP13-
like protein 1 

yam_HiC_sc
affold_2.758 

0 0 0 0 0 0 1 0 0 AES96379.2diseas
e resistance protein 
(CC-NBS-LRR 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

class) family 
protein 

yam_HiC_sc
affold_2.199
0 

0 0 0 0 0 0 1 0 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

yam_HiC_sc
affold_2.212
5 

0 0 0 0 0 0 1 0 0 AHB79187.1CC-
NBS-LRR disease 
resistance protein 

yam_HiC_sc
affold_2.232
0 

0 0 0 0 0 0 1 0 0 XP_003600773.1d
isease resistance 
protein RPM1 

yam_HiC_sc
affold_3.410 

0 0 0 0 0 0 1 1 0 PNX82881.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

yam_HiC_sc
affold_4.294
2 

0 0 0 0 0 0 1 0 0 AHB79188.1CC-
NBS-LRR disease 
resistance protein 

yam_HiC_sc
affold_4.314
9 

0 0 0 0 0 0 1 1 1 PNY05552.1diseas
e resistance protein 

yam_HiC_sc
affold_4.381
8 

0 0 0 0 0 1 1 1 0 XP_004510453.1d
isease resistance 
protein RML1A 

yam_HiC_sc
affold_4.402
4 

0 0 0 0 0 0 1 0 1 RDX94833.1putati
ve disease 
resistance RPP13-
like protein 1 

yam_HiC_sc
affold_5.100
2 

0 0 1 0 0 0 1 1 1 NP_001351690.1d
isease resistance 
response protein 
DRRG49-C 

yam_HiC_sc
affold_6.134
2 

0 0 0 0 0 0 1 0 0 XP_027191900.1d
isease resistance 
protein TAO1 
isoform X5 

yam_HiC_sc
affold_6.363
7 

0 0 0 0 0 1 1 1 1 XP_004503651.1d
isease resistance 
response protein 
206 
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Gene ID C. 
arieti
num 

C. 
retic
ulat
um 

C. 
echin
osper
mum 

C. 
bijug
um 

C. 
juda
icu
m 

C. 
pinna
tifidu
m 

C. 
yamas
hitae 

C. 
chor
assa
nicu
m 

C. 
cun
eatu
m 

NR sequence 
Description 

yam_HiC_sc
affold_6.363
8 

0 0 0 0 0 0 1 1 0 XP_004503652.1d
isease resistance 
response protein 
206-like 

yam_HiC_sc
affold_7.140
8 

0 0 0 1 1 1 1 1 0 PNY10402.1diseas
e resistance protein 
(TIR-NBS-LRR 
class) 

yam_HiC_sc
affold_7.187
0 

0 0 0 1 1 1 1 1 1 XP_004513775.1p
utative disease 
resistance protein 
RGA3 

yam_HiC_sc
affold_7.188
2 

0 0 0 0 0 0 1 1 0 XP_004513775.1p
utative disease 
resistance protein 
RGA3 
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Appendix 13: Summary of the contributions of candidate and others to the thesis  

 
Task Contribution 

Study design Candidate (60%), Dr. Rajeev K. Varshney (30%), 

Dr. David Edwards (10%) 

Plant material Candidate (70%), Dr. Rajeev K. Varshney (30%) 

Data generation Candidate (50%), NRGene (20%), Baylor College 

of Medicine (30%) 

Data analysis and interpretation Candidate (100%) 

Thesis data compilation, figures 

and tables 

Candidate (100%) 

Database development Candidate (100%) 

Thesis writing Candidate (100%) 

Thesis editing Candidate (50%), Dr. Rajeev K. Varshney (30%), 

Dr. David Edwards (20%) 

 




