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Abstract Dry root rot (DRR) caused by Rhizoctonia

bataticola [(Taub.) Butler] is an emerging disease of

chickpea (Cicer arietinum L.) and a serious constraint

to chickpea production in warm and arid regions. To

identify the genomic regions conferring resistance to

DRR, a total of 182 F9 derived Recombinant Inbred

Lines (RILs) were developed from the cross between a

susceptible line BG 212 and moderately resistant

breeding line ICCV 08305. The parental lines and

RILs were screened against Rb 6 isolate of R.

bataticola using paper towel method under controlled

environment at ICRISAT during 2016 and 2017. The

RILs were genotyped with cost-effective SNP geno-

typing platform, Affymetrix� Axiom�CicerSNP

array. As a result, a high-density genetic map with

13,110 SNP markers spanning 1224.11 cM with an

average inter marker distance of 0.09 cM was devel-

oped. A single minor QTL (‘qDRR-8’) explaining

6.70% PVE with LOD scores 3.34 was identified on

CaLG08 for DRR resistance which could be further

explored for mining candidate genes and the linked

SNP markers could be further validated for application

in marker-assisted selection of DRR resistance in

chickpea breeding programs.
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Introduction

Chickpea (Cicer arietinum L.) is a self-pollinated

(2n = 2x = 16), cool season food legume, grown over

an area of 17.81 million hectares with a production of

17.19 million tonnes and productivity of 965 kg per

hectare (FAOSTAT 2018). Chickpea is the second

most important food legume crop in the world after dry

beans (Phaseolus vulgaris L.) in terms of annual area

and production. India is the largest chickpea producing

country with a share of 61.4% (11.38 million tonnes)
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in production and 65.5% (11.89 million hectares) in

area (FAOSTAT 2018). Chickpea seeds are highly

nutritious, contain 20–22% protein and 60% carbohy-

drate (Gil et al. 1996), rich in minerals (phosphorous,

calcium, magnesium, iron and zinc), fiber, unsaturated

fatty acids and b-carotene, which are important in

human nutrition (Williams and Singh 1987; McIntosh

and Miller 2001; Jukanti et al. 2012). Since the crop is

largely grown under rainfed conditions in the post-

rainy season, chickpea often experiences terminal

stresses (drought, temperature extremes) which limit

its yield potential (Khanna-Chopra and Sinha 1987;

Gaur et al. 2008, 2019). Chickpea is a low-input crop,

grown extensively in the moisture stress environments

on residual soil moisture in semi-arid regions. Chick-

pea production is largely constrained by both biotic

and abiotic stresses (Gaur et al. 2007, 2008, 2019).

Among the biotic constraints, dry root rot (DRR) is

increasingly becoming a major threat to chickpea

production under rainfed ecologies worldwide

(Sharma et al. 2010, 2016; Ghosh et al. 2013).

DRR of chickpea is caused by soil borne necro-

trophic fungus Rhizoctonia bataticola (Taub.) Butler

[Synonyms: Macrophomina phaseolina (Tassi) Goid].

The pathogen is a facultative sporophyte, a soil-

inhibiting organism which is more prevalent at higher

temperatures mainly in dry and warm regions (Sharma

and Pande 2013). In R. bataticola, high levels of

pathogenic and genetic variation were reported from

different regions of the world (Tripathi and Sharma

1983; Trivedi and Gurha 2006; Aghakhani and Dubey

2009). The severity of DRR disease in chickpea

rapidly increases when crop is exposed to high day

temperature of above 30 �C and dry soil conditions

(deficit soil moisture condition i.e. 60% or less) at

flowering and podding stages (Gurha et al. 2003;

Sharma and Pande 2013). Leaves and stems of the

affected plants become straw coloured and lower

leaves turn brown. Tap root turns black and devoid of

lateral roots.

Incidence of DRR in chickpea was first reported in

India (Mitra 1931), followed by Iran (Kaiser et al.

1968), USA (Westerlund et al. 1974) and several

countries in Asia and Africa (Nene et al. 1996; Ghosh

et al. 2013). Until recently, DRR was not a major

concern in the chickpea growing areas. With changing

climatic conditions, particularly longer drought spells,

DRR could cause yield losses up to 30–40% under

rainfed conditions (Sharma et al. 2016). Many

economically important crops are predisposed to the

infection and colonisation of R. bataticola under hot

and dry environmental conditions can cause drastic

yield losses on chickpea (Thripathi and Sharma 1983),

soybean (Pearson et al. 1984) and sunflower (Nawaz

2007). Some studies reported the variability in yield

losses (49–79%) at different stages of crop growth and

also reduction in seed size up to 34% (Ahmad and

Mohammad 1986). In addition, it was estimated that

annual yield loss up to 20% was caused by DRR

disease in chickpea (Vishwadhar and Chaudhary

2001; Gupta et al. 2012). Incorporating genetic

resistance into the crop has been the most successful

and economically efficient way of controlling biotic

stresses (Rubiales and Fondevilla 2012). Developing

chickpea cultivars with DRR resistance has been

challenging due to lack of sources having high levels

of resistance in the cultivated chickpea (Pande et al.

2006). However, some studies identified moderate

level of resistance in the cultivated species and

suggested that the resistance is controlled by a single

dominant gene (Rao and Haware 1987; Talekar et al.

2017). In recent years, the availability of genome

sequence (Varshney et al. 2013), germplasm sequenc-

ing (Thudi et al. 2016a,b; Varshney et al 2019) and

ample genomic resources (Roorkiwal et al. 2020)

greatly facilitated mapping of several abiotic (Varsh-

ney et al. 2014; Paul et al. 2018) and biotic

(Sabbavarapu et al. 2013; Garg et al. 2018) stress

resistance genes/QTLs in chickpea. The present study

was conducted to understand the genetic behaviour of

DRR resistance and identify molecular markers linked

to genomic regions/QTLs associated with DRR resis-

tance in chickpea.

Materials and methods

Mapping population

The mapping population used in this study consisted

of 182 F9 derived recombinant inbred lines (RILs)

obtained from a cross between BG 212 (Desi chickpea

line susceptible to DRR) and ICCV 08305 (a Kabuli

chickpea line moderately resistant to DRR). RILs were

developed by advancing the generations from F2 to F9

following single seed descent (SSD) method. The

development of RIL population and evaluation of

RILs for DRR resistance and agronomic traits were
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carried out at the International Crops Research Insti-

tute for the Semi-Arid Tropics (ICRISAT), Patan-

cheru, India.

Phenotyping of RILs for DRR resistance

A total of 182 RILs along with parental lines were

screened against resistance to DRR, R. bataticola (Rb

6 isolate) with three replications for two seasons

(during 2016 and 2017) under controlled condition

using paper towel technique as described by Pande

et al. (2012). The plants were grown in polythene bags

in a greenhouse maintained at 25 ± 1 �C for 7 days.

The bags were filled up to two-thirds of the volume

with sterilized river sand. Seeds were surface-steril-

ized using 2% sodium hypochlorite for two minutes,

rinsed in sterile water for 2–3 min in order to wash off

sodium hypochlorite, sown (30 seeds) in plastic bags

and allowed to grow for 7 days.

A pure culture of R. bataticola (Rb 6) was mass

multiplied on Potato Dextrose Broth (PDB) following

the standard procedure (Pande et al. 2012). Roots of

test seedlings were dipped in the inoculum for about

30 s. Ten seedlings of each RIL were placed side by

side on a blotter paper (size 45 9 25 cm with one-

fold; any color; thin) in such a way that only the

cotyledons and roots were covered. Uninoculated and

inoculated seedlings of susceptible genotype (BG 212)

were kept separately with each batch of test seedlings.

The folded blotters were kept in a tray and incubated at

35 �C with 12 h of day/night light for eight days in a

growth chamber. Seedlings were examined for the

extent of DRR severity after eight days. DRR disease

severity was recorded visually on 1–9 scale as

suggested by Pande et al. (2012) based on the damage

caused by the pathogen. In this scale, 1 = Resistant

(no infection on roots), 3 = Moderately resistant (very

few small lesions on roots), 5 = moderately suscepti-

ble (lesions on roots clear but small, new roots free

from infection), 7 = Susceptible (lesions on roots

many, new roots generally free from lesions) and

9 = Highly susceptible (roots infected and completely

discolored).

Statistical analysis for DRR resistance

Genetics of resistance was established through testing

of phenotyping frequencies for goodness of fit to

postulated ratio using chi-square test. The significance

of differences for DRR disease was tested by F-test

through analysis of variance (ANOVA) using GenStat

(14th Edition), VSN International, Hemel Hempstead,

UK (www.GenStat.co.uk).

Evaluation of RILs for agronomic traits

The field experiment for agronomic evaluation was

carried out in an Alpha lattice design with 3 replica-

tions during post-rainy season of 2015 and 2016 at

ICRISAT, Patancheru. Field was solarized for con-

ducting the experiment. Planting was done using cone

planter in vertisols. Each RIL was planted in a 4 m row

plot with 60 cm distance between rows and 10 cm

between plants. All other crop management practices

were carried out to ensure good crop establishment

and growth. Observations were recorded on days to

50% flowering, plant height (cm), plant biomass, seed

yield, 100-seed weight and harvest index (%) in each

plot.

Genotyping of RILs

Genomic DNA of the RILs along with two parental

genotypes was extracted from fresh young leaves (2 g)

collected from 14-day old seedlings following the

modified CTAB method as described by Mace et al.

(2003). The quality and quantity of DNA was checked

on the 0.8% agarose gel. The DNA was normalized to

50 ng per microliter for further genotyping using SNP

markers. A cost-effective SNP genotyping platform

comprising of 50,590 high quality non-redundant

SNPs tiled on to Affymetrix� Axiom�CicerSNP

array (Roorkiwal et al. 2018) was used for genotyping

the RIL population. All SNP markers with more than

10% missing data and monomorphic among parental

lines were excluded before genetic map construction.

Genetic map construction and QTL analysis

A total of 13,110 SNPs were used for genetic map

construction using Inclusive Composite Interval Map-

ping (ICIM) software. Chi-square test was performed

(P\ 0.05) to test the segregation distortion for each

marker. Marker grouping was done with LOD (Log-

arithm of odds) score of 5 and recombination

frequency of 0.40. Distance was calculated using

Kosambi’s mapping function and the final linkage
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map was generated using LinkageMapView package

R package (Lisa et al. 2018).

The linkage map data and DRR disease screening

data of the RIL population were used for QTL analysis

using inclusive composite interval mapping (ICIM)

software (Wang et al. 2014). A stepwise regression

was performed by ICIM-Add mapping to identify the

most significant markers and marker-pair multiplica-

tions at 0.001 probability level and scanning step of

1 cM. LOD score threshold was determined by

performing 1000 permutations by maintaining the

chromosome-wise type I error rate of 0.05. The LOD

score peaks were used to estimate the most likely

position of a QTL on the linkage map. The amount of

variation explained was determined using the coeffi-

cient of determination (R2) value and expressed as

percent phenotypic variance explained (PVE%).

Results

Phenotypic variation and frequency distribution

for DRR resistance

The parental line ICCV 08305 exhibited moderately

resistant reaction (disease score between 3.3 to 4.3)

and BG 212 showed high susceptibility (an average

disease score of above 8) (Table 1; Fig. 1). Analysis of

variance for disease severity revealed highly signifi-

cant differences among the RILs (P\ 0.001) in both

the screenings and also in pooled analysis of variance

(Table 1). A high broad sense heritability of 92.92%,

93.00% and 95.65% was recorded for DRR disease

incidence during the first and the second screening and

the pooled analysis, respectively (Table 1). The

frequency distribution of RILs for DRR disease

severity (recorded on 1–9 disease score) depicted a

normal distribution (Fig. 2). Based on the disease

score, a total of 12 RILs were found resistant, 77

moderately resistant, 65 susceptible and 28 highly

susceptible in the first screening (2016). During the

second screening (2017), 12 RILs were found resis-

tant, 76 moderately resistant, 77 susceptible and 17

highly susceptible (Table 2). The differential response

of parental lines and RILs to DRR is shown in the

Fig. 1. Further, the phenotypic data was subjected to

chi-square test by combining the first two classes

(resistant and moderately resistant) as resistant and the

last two classes (susceptible and highly susceptible) as

susceptible. As a result, a good fit to the ratio of 1

Resistant: 1 susceptible ratio (2016: v2 = 0.043;

P = 0.83 and 2017: v2 = 0.099; P = 0.75) was

observed in both the years of screening (Table 2).

These results indicated a major gene controlling the

inheritance of DRR resistance in this cross.

Genetic map construction

A total of 13,110 SNPs were found highly polymor-

phic among the parental genotypes of the mapping

population. A high-density genetic linkage map was

constructed containing 13,110 SNPs distributed across

eight linkage groups with a total map length of

1224.11 cM having an average inter-marker distance

of 0.09 cM. The map length of linkage groups ranged

from 89.93 cM (CaLG08) to 230.77 cM (CaLG04)

Table 1 Variance components and heritability estimates for dry root rot resistance during 2016, 2017 and pooled analysis in F9

derived RILs of the cross BG 212 9 ICCV 08305

Source of variance Preliminary screening (2016) Confirmation screening (2017) Pooled analysis

Genotype 2.5476 0.6608 1.422

Replication 7.0857 5.1394 5.303

Error 0.5011 0.3593 0.2304

Fp \ 0.001 \ 0.001 \ 0.001

BG 212 8.33 8 8.11

ICCV 08305 4.33 3.33 3.83

Mean 5.45 5.267 5.359

CV 13.00 11.40 9.00

Broad sense heritability 92.93 93.01 95.65
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with an average of 153.01 cM per group. The inter-

marker distance ranged from 0.05 cM (CaLG04) to

0.71 cM (CaLG03) with an average marker density of

0.09 cM per group (Table 3; Fig. 3).

QTL mapping of DRR resistance

Genotyping data of mapped 13,110 SNPs was inte-

grated with the DRR screening data and analyzed

using ICIM-Add mapping. As a result, a minor QTL

‘‘qDRR-8’’ for DRR resistance explaining 6.70%

phenotypic variation (PV) with LOD score of 3.34

was identified on CaLG08. This QTL was flanked by

Fig. 1 Differential response of parental lines and RILs to dry

root rot disease. BG 212 is the susceptible parent (disease score

of 8.6) and ICCV 08305 is the moderately resistant (disease

score of 4.7) parent. The disease scores of RILs were given as 3,

5, 6, 7 and 9 by following the disease scoring scale as mentioned

in Table 1
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markers Ca8_3970986 and Ca8_3904895. (Table 4;

Fig. 4).

Performance of RILs for agronomic traits

The performance of the RILs along with parental lines

is presented in Supplementary Table 1. The

moderately resistant line, ICCV 08305 recorded early

flowering and early maturity as compared to BG 212.

The line BG 212 was taller, had higher biomass per

plant and gave higher grain yield per plant as

compared to ICCV 08305. Whereas, ICCV 08305

had larger seed size and higher harvest index com-

pared to BG 212 in both the seasons. The RILs

Fig. 2 Frequency distribution of DRR disease scores during a) Preliminary screening and b) Confirmation screening of RIL population

of the cross BG 212 9 ICCV 08305

Table 2 Phenotypic classes and chi square test for DRR resistance in the cross BG 212 9 ICCV 08305

Year Category Grouping Observed Expected Ratio tested v2 Table v2 P value

Preliminary screening (2016) Resistance R 12 89 91 1:1 0.043 3.84 0.83

MR 77

Susceptible S 65 93 91

HS 28

Total 182 182 182

Confirmation screening (2017) Resistance R 12 88 91 1:1 0.099 3.84 0.75

MR 76

Susceptible S 77 94 91

HS 17

Total 182 182 182

Table 3 Features of high-

density genetic linkage map

developed from F9 derived

RILs of the cross BG

212 9 ICCV 08305

Linkage group Number of markers mapped Map distance (cM) Inter-marker distance (cM)

CaLG01 3118 195.17 0.06

CaLG02 637 102.33 0.16

CaLG03 145 103.03 0.71

CaLG04 4896 230.77 0.05

CaLG05 288 118.5 0.41

CaLG06 1852 188.03 0.1

CaLG07 1808 196.35 0.11

CaLG08 366 89.93 0.25

Total 13,110 1224.11 0.09
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exhibited wide variation for the traits studied in both

the seasons (Supplementary Table 1). Agronomic data

of the RILs from field evaluation was compared with

the disease score data recorded from growth chamber

to identify RILs with superior performance coupled

with DRR resistance. Genotypes in each category

were averaged to observe the differences between

categories for different traits. Results indicated that

there was no difference among categories for all the

traits studied (Table 5). Relative comparison was

made between resistant and susceptible RILs for yield

and yield related traits (Supplementary Table 2). As a

result, a non-significant difference was observed for

all yield related traits (P\ 0.001). This implies that

disease resistance has no relationship with days to

flowering, days to maturity, biomass, seed yield and

100 seed weight.

Promising DRR resistant RILs

Among 182 RILs, 12 lines were found resistant

(ICCRIL14-0005, ICCRIL14-0058, ICCRIL14-0105,

ICCRIL14-0107, ICCRIL14-0128, ICCRIL14-0138,

ICCRIL14-0141, ICCRIL14-0142, ICCRIL14-0144,

ICCRIL14-0145, ICCRIL14-0147, ICCRIL14-0152)

and 77 as moderately resistant to DRR. Some of these

RILs were superior in agronomic performance (Sup-

plementary Table 3). These include, ICCRIL 14-0133

Fig. 3 High-density genetic

map developed in a RIL

population of the cross BG

212 9 ICCV 08305. The

map comprises 13,110 SNP

markers spanning

1224.11 cM with an average

inter marker distance of

0.09 cM

Table 4 Details of the QTL identified for DRR disease resistance in the cross BG 212 9 ICCV 08305

QTL CaLG Position (cM) LOD PVE (%) Additive effect Flanking markers

Left marker Right marker

qDRR-8 08 67 3.3413 6.7045 - 0.3507 Ca8_3970986 Ca8_3904895
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for early flowering and early maturity; ICCRIL

14-0145 for plant height; ICCRIL 14-0119 for plant

biomass; ICCRIL 14–0152 for grain yield and harvest

index; ICCRIL 14-0154 for 100-seed weight and

ICCRIL14-0066 for harvest index during 2015–2016.

Whereas during 2016–2017, the RILs with superior

performance included ICCRIL14-0105 for early flow-

ering and early maturity; ICCRIL14-0080 for plant

height; ICCRIL14-0058 for grain yield and plant

biomass; ICCRIL14-0021 for 100-seed weight and

ICCRIL14-0018 for harvest index..

Discussion

Development of DRR resistant varieties is a priority in

chickpea breeding programs as this is an emerging

disease of chickpea in warm and arid regions and its

occurrence is increasing due to changing climatic

conditions (Sharma et al. 2016). Efforts have been

made to identify sources of DRR resistance from

germplasm and breeding lines/cultivars using either or

both of these screening techniques by various

researchers (Nene et al. 1981; Reddy et al. 1990;

Baker and Ahmed 1991; Bekele et al. 1992; Jayanti

Bhatt 1993; Gupta 1995; Oad et al. 1995; Gurha et al.

2003; Pande et al. 2004, 2006; Ashraf et al. 2005;

Gupta and Babbar 2006; Shareef et al. 2009; Gupta

et al. 2012). However high level of DRR resistance has

not been identified so far (Sharma et al. 2016).

Nevertheless, using partial resistance available in

germplasm collections, breeders have developed sev-

eral chickpea cultivars with moderate levels of DRR

resistance (Muehlbauer et al. 1998a, 1998b, 2004;

Muehlbauer and Kaiser 2002; Malhotra et al. 2003;

Rubio et al. 2003, 2004; Vandenberg et al. 2003a, b;

Warkentin et al. 2005). ICRISAT has developed

several breeding lines, such as ICCV 05530, ICCV

08305, ICCV 05529, ICCV 05532, ICCV 07117 and

Fig. 4 Mapping of a minor QTL ‘qDRR-8’ for Dry root rot

resistance on CaLG08 of the cross BG 212 9 ICCV 08305

Table 5 Mean values of various traits categorized under different groups based on disease score

DRR Score Category No. of

Genotypes

Days to

50%

flowering

Days to

maturity

Plant

height

(cm)

Biomass

per plant

(g)

Grain

yield

per plot

(g)

100-seed

weight

(g)

Harvest

index

(%)

DRR

Score

Preliminary screening (2015–2016)

[ 1 and\ 3 Resistant 12 47.61 101.94 38.13 295.97 167.56 18.02 0.57 3.00

[ 3 and\ 5 Moderately

resistance

77 51.81 101.55 39.85 344.07 174.90 19.35 0.51 4.37

[ 5 and\ 7 Susceptible 65 50.07 99.17 40.00 332.75 168.73 20.77 0.51 6.02

[ 7 and\ 9 Highly susceptible 28 49.70 99.94 38.73 332.49 171.62 20.54 0.52 8.12

Confirmation screening (2016–2017)

[ 1 and\ 3 Resistant 12 45.64 97.39 41.55 351.28 204.86 17.04 0.59 2.97

[ 3 and\ 5 Moderately

resistance

76 45.12 96.32 47.00 387.51 214.48 18.92 0.56 4.40

[ 5 and\ 7 Susceptible 77 43.29 95.74 46.39 390.03 215.66 20.48 0.56 5.91

[ 7 and\ 9 Highly susceptible 17 44.75 96.53 49.37 427.94 240.00 21.46 0.57 7.84
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ICCV 07112 with moderate level of resistance to DRR

(Sharma Mamta, Legumes Pathology, ICRISAT,

unpublished results). Among these, ICCV 08305 was

used as male parent for construction of mapping

population used in the present study. Analysis of

variance for disease severity revealed highly signifi-

cant differences among the RILs (P\ 0.001) in both

the screening and also in pooled analysis of variance.

The heritability (h2) estimates were found high for

DRR resistance indicating less influence of environ-

mental variability (Table 2). This suggests that

selection would be effective for DRR resistance. In

this study, a total of 12 RILs showed resistant and 76

moderately resistant reactions to DRR under con-

trolled environment condition in both screenings. The

identified resistant and moderately resistant sources to

DRR need to be reconfirmed under artificial epiphy-

totic conditions in sick pots/plots with the existing

variability in R. bataticola isolates. Previously, several

germplasm and breeding lines were evaluated using

these two screening techniques by various researchers.

Pande et al. (2006) identified resistant sources (ICC

1710 and ICC 2242) for DRR among 211 mini core

accessions. Jayalakshmi et al. (2008) reported four

genotypes (GCP- 101, GBM-2, GBM-6 and ICCV-10)

as tolerant to DRR. Iftikhar and Ilyas (2000) found

ICCV 97112 as resistant to DRR among 108 chickpea

lines screened. Resistant sources to DRR were also

reported from other studies in chickpea (Gangwar

et al. 2002; Prajapati et al. 2003; Mishra et al. 2005;

Pande et al. 2006; Gupta et al. 2012 and Khan et al.

2013). The identified resistant sources can be utilized

in breeding programs to develop DRR resistant

cultivars.

Understanding the genetics of resistance is the first

step for the successful disease resistance breeding

programme. The parental line ICCV 08305 main-

tained its resistance against Rhizoctonia (Rb6) with

disease score of 3.3 to 4.3 and recorded as moderately

resistant. The disease score of C 8 of susceptible

parent BG 212 indicated that this genotype was

susceptible to DRR (Table 2). Interestingly, the

frequency distribution of the DRR disease scores

based on mean values was normal and the DRR

disease scores extended beyond the parents suggested

transgressive segregation (Fig. 2). Here, some of the

RILs showed transgressive segregation for DRR

resistance (higher level of DRR resistance than that

in DRR resistant parent) suggesting that the DRR

susceptible parent also contributed some alleles for

DRR resistance. Thus, there is possibility of increasing

DRR resistance by accumulating favorable alleles

from diverse sources of DRR resistance. The trans-

gressive segregation also suggests the resistance to be

quantitative in nature. The distribution of DRR

resistance scores in RILs suggests quantitative inher-

itance of DRR resistance. However, some earlier

studies reported monogenic inheritance of DRR

resistance (Rao and Haware 1987; Talekar et al.

2017). This could be due to different approaches in the

classification of resistant and susceptible groups or

differences in the resistance level of parental geno-

types used in the previous studies. In the present study

also, a good fit to 1 Resistant: 1 Susceptible ratio for

DRR resistance in RILs was observed when score up

to 5 was considered resistant and above 5 as suscep-

tible (Table 3). More studies are needed to understand

and confirm the genetic nature of DRR resistance.

Molecular markers linked to DRR resistance would

be very much useful in identification of resistant

genotypes in the early generations and improving

precision and efficiency of breeding programs aimed

at improving DRR resistance. The advent of next

generation sequencing (NGS) technologies has

enabled the development of sequence-based markers

and subsequently high-density genetic maps for fine

mapping of trait of interest. Single Nucleotide Poly-

morphisms represent the most abundant DNA

sequence variation in the genome and are well

chronicled for use in high-resolution genetic mapping.

In the present study, we screened the parental lines and

the RIL population with a total of 50,590 SNP probes

on the Axiom�CicerSNP array. Of these, a total of

13,110 SNPs found highly polymorphic between the

parental genotypes of the mapping population. Based

on the genotyping data of RILs, a high-density genetic

linkage map was constructed comprising of 13,110

SNPs distributed on to eight groups spanning a total of

1224.11 cM with an average inter-marker distance of

0.09 cM (Table 4; Fig. 3). The resolution of the high-

density map developed in the present study is higher

than the chickpea genetic maps constructed using the

axiom array (Barmukh et al. 2020; Soren et al. 2020)

and GBS approach (Gaur et al. 2015; Verma et al.

2015; Deokar et al. 2019; Sab et al. 2020). Overall, the

high-density genetic map has a sufficient number of

markers to capture the majority of the recombination

events in the population which will increase precision
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in QTL mapping and subsequent identification of

candidate genes. In this study, a minor QTL, ‘qDRR-8’

explained 6.70% phenotypic variation (PV) with LOD

scores 3.34 was identified on CaLG08 for DRR

resistance flanked by markers Ca8_3970986 and

Ca8_3904895 (Table 5; Fig. 4). In an earlier study,

Talekar et al. (2017) conducted bulk seggregant

analysis in 129 F2:3 progeny derived from the cross

L550 9 PG06102, found monogenic inheritance of

DRR resistance. In addition, they identified four SSR

markers (ICCM0299, TR29, CaM111 and

ICCM0120b) differentiated the resistant and suscep-

tible bulks. On linkage analysis found that two

markers (ICCM0299 and ICCM0120b) were co-seg-

regating with resistance to DRR. Previous studies

mapped these SSR markers on different linkage

groups of the chickpea genetic map. For instance,

the marker TR29 was mapped on LG01, 05 & 07, and

marker CaM111 on LG01 & 07. Similarly, the marker

ICCM0120b was mapped on LG05 of chickpea

genetic map (https://cegresources.icrisat.org/cmap/).

These findings indicate that the genomic regions

conferring resistance to DRR could be distributed on

to more than one linkage group in the chickpea gen-

ome indicating polygenic nature. Therefore, further

studies are needed to confirm these results and con-

clusively establish the genetic inheritance of DRR

resistance. In this study, the RILs exhibited a wide

variation for agronomic traits studied in both the sea-

sons. A relative comparison made between resistant

and susceptible RILs revealed a non-significant dif-

ference for yield related traits (Supplementary

Table 2). This indicates that disease resistance has no

relationship with these traits. In this study, agronom-

ically superior lines with high level of DRR resistance

(e.g., ICCRIL14-0058 with disease score 3) (Supple-

mentary Table 3) were identified which could be used

as donor parent in chickpea breeding programs for

improving DRR resistance.

The present study revealed that DRR resistance in

chickpea was found to be polygenic in nature. The

RILs studied had high phenotypic variation with high

heritability for DRR disease resistance suggesting that

selection will be effective for this trait. A minor QTL

for DRR resistance was identified on linkage group 8.

The identified genomic region could be further

explored for mining candidate genes and the linked

SNP markers could be validated and used for devel-

opment of cost affective marker systems for

application in marker assisted breeding programs.

Also, the transgressive segregants with high level of

DRR resistance identified in the present study could be

used as resistance sources in chickpea breeding

programs for enhancing DRR resistance.
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