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Abstract Pigeonpea production is severely constrained by
wilt disease caused by Fusarium udum. In the current study,
we discover the putative genomic regions that control resis-
tance response to variant 2 of fusarium wilt using association
mapping approach. The association panel comprised of 89
diverse pigeonpea genotypes including seven varieties, three
landraces and 79 germplasm lines. The panel was screened
rigorously for 3 consecutive years (2013–14, 2014–15 and
2015–2016) against variant 2 in a wilt-sick field. A total of
65 pigeonpea specific hypervariable SSR markers (HASSRs)
were screened representing seven linkage groups and 29 scaf-
folds of the pigeonpea genome. A total of 181 alleles were
detected, with average values of gene diversity and polymor-
phism information content (PIC) of 0.55 and 0.47,

respectively. Further analysis using model based
(STRUCTURE) and distance based (clustering) approaches
separated the entire pigeonpea collection into two distinct sub-
groups (K = 2). The marker trait associations (MTAs) were
established based on three-year wilt incidence data and SSR
dataset using a unified mixed linear model. Consequently, six
SSR markers were identified, which were significantly asso-
ciated with wilt resistance and explained up to 6% phenotypic
variance (PV) across the years. Among these SSRs,
HASSR18 was found to be the most stable and significant,
accounting for 5–6% PV across the years. To the best of our
knowledge, this is the first report of identification of
favourable alleles for resistance to variant 2 of Fusarium
udum in pigeonpea using association mapping. The SSR
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markers identified here will greatly facilitate marker assisted
resistance breeding against fusarium wilt in pigeonpea.

Keywords Fusarium udum . Mixed linearmodel .

Pigeonpea . SSR

Introduction

Pigeonpea [Cajanus cajan (L.) Millsp.] is a major grain legume
crop of India, which accounts for 70% of the global pigeonpea
production. It is the second most important pulse crop next to
chickpea in India, which is grown in an area of 3.86 million
hectare with average annual production of 3.29 million tonnes
(FAOSTAT 2014). Despite concerted breeding efforts for sev-
eral decades, expected progress has not been witnessed in
pigeonpea genetic improvement. The potential reasons that ex-
plain this slow progress include narrow genetic base of the
cultivated pool, poor crop husbandry and exposure to a number
of biotic and abiotic stresses. In recent years, genomic resources
have been established as a powerful tool to increase the efficacy
of crop breeding techniques. Significant progress has been
achieved in developing large scale genomic and genetic re-
sources for genetic mapping and reverse genetic analysis in
pigeonpea (Varshney et al. 2010). For instance, in terms of
transcriptomics resources, 10,000 expressed sequence tags
(ESTs) from Sanger sequencing and 2 million short ESTs by
454/FLX sequencing have been generated followed by a com-
prehensive transcriptome assembly of pigeonpea (Dubey et al.
2011; Dutta et al. 2011, Kudapa et al. 2012). A total of 3072
SSR markers were synthesized from BAC-end sequences
(BESs) to facilitate hybrid purity testing and genetic mapping
(Bohra et al. 2011). The genome sequence has facilitated dis-
covery of hypervariable Arhar simple sequence repeat markers
(designated as HASSRs), 437 of which were experimentally
validated among pigeonpea varieties (Singh et al. 2011). More
recently, the utility of new 401 hypervarible SSR markers
(CcGMs) was sucessfully demonstrated in pigeonpea (Bohra
et al. 2017).

The pigeonpea productivity is severely limited by a range
of biotic stresses such as fusarium wilt (FW), sterility mosaic
disease (SMD) and pod borer (Singh et al. 2013). Among
biotic stresses, fusarium wilt (Fusarium udum Butler) is the
major soil borne fungal disease in pigeonpea (Butler 1906)
that along with SMD is reported to account for annual losses
to the tune of US$113 million (Saxena et al. 2010). The yield
loss due to wilt depends on the stage at which wilting occurs;
for instance 30% and 100% losses are reported when wilting
occurs at the pre-harvest and pre-pod stages, respectively
(Kannaiyan and Nene 1981). The existence of different
variants/races of Fusarium udum poses a major challenge
for breeding programs that aim to improve wilt resistance of
pigeonpea (Singh et al. 2011; Tiwari and Dhar 2011).

Importantly, the F. udum isolates from diverse geographical
origins have been reported to show high variability in their
virulence (Mishra and Dhar 2003). Prevalence of five variants
of the pathogen (1, 2, 3, 4 and 5) has been reported in India
through multi-locational screening of pigeonpea genotypes
(Dhar 1995). Based on the distribution map of F. udum vari-
ants, variant 2 could be considered as the most virulent and
widely distributed in India (Patil et al. 2013).

The management of fusarium wilt through chemical inter-
ventions is not a cost-effective and eco-friendly approach.
Because of its soil borne nature and long survival of the path-
ogen, growing resistant varieties remains the most sustainable
approach to control the disease (Mishra and Dhar 2010).
Therefore, improved varieties showing resistance to major
diseases are urgently needed. Based on the previous analyses
that aimed to understand the genetics of FW resistance in
pigeonpea, researchers have proposed the presence of a single
gene of dominant (Singh et al. 1998) or recessive (Jain and
Reddy 1995) nature or more than one gene (Joshi 1957) such
as two complementary genes (Okiror 2002), duplicate reces-
sive (Patil et al. 2013) in different crosses. Considering the
pathogenic variability in F. udum, consistent efforts were
made in the past to identify stable and broad based resistant
sources through large-scale screening of pigeonpea genotypes
(Okiror 1999; Sharma et al. 2012, 2016; Singh et al. 2011).
Since, germplasm represents the important genetic resource
that harbours resistance genes for various diseases. The effec-
tive utilization of crop diversity held in gene banks depends on
our knowledge of useful traits and available markers associat-
ed with the target traits (Kumar et al. 2014).

The availability of wide-ranging molecular markers has
enhanced the scope for trait mapping through linkage and
linkage disequilibrium (LD)mapping strategies. The LDmap-
ping or association analysis has been receiving unprecedented
attention because of its inherent advantages over the conven-
tional QTL mapping, which includes enhanced genetic reso-
lution, cost-efficiency and non-requirement of the mapping
populations (Myles et al. 2009; Bohra 2013). Association
mapping has been demonstrated to be an extremely efficient
method to genetically dissect the simple qualitative and com-
plex quantitative traits in many other crops (Atwell et al. 2010;
Sakiroglu et al. 2012; Perseguini et al. 2016). Limited efforts
have been made so far to discover the DNA markers linked
with the fusarium wilt resistance in pigeonpea; for instance
randomly amplified polymorphic DNA (RAPD: Kotresh
et al. 2006), SSR (Singh et al. 2013), single nucleotide poly-
morphism (SNP: Singh et al. 2016a, b). Concerning LD map-
ping, scanty information is available in pigeonpea that con-
cerns mapping of determinacy trait (Mir et al. 2014).
Therefore, the present study aims to identify the SSR markers
tightly associated with resistance to FW variant 2 in a large set
of pigeonpea genotypes, and the SSRs identified here could be
used effectively in wilt resistance breeding programme.
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Materials and methods

Plant material

A total of 89 pigeonpea genotypes including seven varieties,
three landraces and 79 germplasm lines were used (Table 1).
Seeds of these genotypes were obtained from Division of
Crop Improvement, Indian Institute of Pulses Research
(IIPR), Kanpur, India. These genotypes were selected based
on their relevance to wilt resistance improvement programme
in India.

Screening for wilt resistance

The association mapping panel was phenotyped for three
cropping seasons viz. 2013/14, 2014/15 and 2015/16 against
FW variant 2 in the wilt sick field (FW variant 2) at IIPR,
Kanpur. Sowing was done in the month of July second fort-
night in all 3 years. The experiment was conducted in random-
ized block design (RBD) having three replications with ICP
8863 (resistant) and Bahar (susceptible) as checks. Each rep-
lication consisted of a single row of 5 m length of each test
entry with a spacing of 60 × 15 cm. The susceptible check was
planted after every two test entries and resistant check was
planted after every 10 test entries to monitor sickness level
in the field. Recommended agronomic practices were follow-
ed.Wilt incidence was recorded fortnightly in these genotypes
for 4 months (November to February), i.e. during pre-
flowering, flower and pod development stages. As described
by Sharma et al. (2016), the cumulative incidence for all
4 months was calculated using the following formula:

%Disease incidence ¼ Number of infected plants

Total number of plants
� 100

Based on the above formula, genotypes were categorized
into distinct groups viz. resistant (<10.0% incidence), moder-
ately resistant (10.1–20.0% incidence), moderately suscepti-
ble (20.1–50.0% incidence) and susceptible (>50.0% inci-
dence). The 3 year percent wilt incidence data (Suppl.
Table 1) were curated with arcsine transformation to normal-
ize the data (Gomez and Gomez 1984).

SSR genotyping

Genomic DNAwas isolated from each genotype by following
the CTAB method (Agbagwa et al. 2012). To facilitate
marker-trait association (MTA) detection, 65 hypervariable
pigeonpea specific (HASSR) primers were used, which were
previously validated on 3% agarose gels (Singh et al. 2012).
Since markers selected were unmapped, the possible physical
location of the SSR markers was determined by aligning these
on to pigeonpea genome using BLAT option in Genome

Table 1 Details of the 89 pigeonpea genotypes used for the study

Sl. no. Genotype Type FW response

1 Bahar Variety S

2 KPL 43 Germplasm line R

3 KPL 44 Germplasm line R

4 ICP 89049 Germplasm line R

5 ICP 9174 Germplasm line MS

6 GPS 33 Germplasm line R

7 BSMR 853 Variety R

8 AWR 74/15 Germplasm line MR

9 JAW 5-6A Germplasm line MS

10 ICP 89048 Germplasm line R

11 ICP 8863 Variety MR

12 BDN 2 Variety S

13 IPA 40 Germplasm line S

14 Sujata Landrace R

15 ICP 8858 Germplasm line R

16 Banda Palera Landrace R

17 BWR 377 Germplasm line R

18 ICP 8859 Germplasm line MS

19 ICP 8862 Germplasm line R

20 IPA 203 Variety R

21 IPA 38B Germplasm line R

22 IPA 16F Germplasm line R

23 C 11 Variety R

24 DPPA 85-12 Germplasm line R

25 DPPA 85-13 Germplasm line R

26 DPPA 85-16 Germplasm line R

27 DPPA 85-3 Germplasm line R

28 DPPA 85-7 Germplasm line R

29 DPPA 85-8 Germplasm line R

30 PH 1062 Germplasm line R

31 GPS 30 Germplasm line R

32 ICP 7035 Landrace R

33 KPL 45 Germplasm line MS

34 BSMR 843 Variety R

35 IPA 6-1 Germplasm line R

36 P-96169 Germplasm line R

37 P-479 Germplasm line R

38 PH 1063 Germplasm line R

39 MAL 19 Germplasm line MS

40 MAL 16 Germplasm line R

41 PH 4816 Germplasm line MS

42 ICPL 20124 Germplasm line R

43 ICPL 96053 Germplasm line R

44 ICPL 87051 Germplasm line R

45 ICP 11376 Germplasm line S

46 ICPL 99009 Germplasm line MS

47 ICP 12739 Germplasm line MS

48 ICP 12728 Germplasm line S

49 ICPL 99099 Germplasm line S
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Browser (GBrowse, Cc1.0) of Legume Information System
(LIS). The default parameters likeminimum sequence identity
percent of 90 and number of hits to return 5 were selected for
alignment. Physical genome positions between markers on
each chromosome were converted into centi Morgan (cM)

map units by considering physical to genetic linkage ratio of
561.1 Kb/cM for 853 Mb of pigeonpea genome size
(Kumawat et al. 2012). The representative genetic linkage
map was drawn using GGT 2.0 software package (Van-
Berloo 2008). Polymerase chain reaction (PCR) was per-
formed as per the protocol described by Patil et al. (2016),
amplicons were separated on 3% agarose gel and visualized
in gel documentation unit (Alpha Innotech, India).

Statistical analyses

SSR amplicons generated for each primer were scored as al-
lelic data in base pairs. The marker attributes like major allele
frequency, gene diversity and polymorphism information con-
tent (PIC) value for all markers were computed using
PowerMarker v. 3.25 (Liu and Muse 2005). Concerning clus-
tering, DARwin v. 6.0.13 software (Perrier and Jacquemoud-
Collet 2006) was employed to generate genetic distance (GD)
followed by distance based unweighted neighbour joining tree
and factorial analysis.

Population structure

A set of 65 SSR markers was used to understand the genetic
structure and number of sub-populations in the 89 pigeonpea
genotypes by employing STRUCTURE v. 2.3.3 (Pritchard
et al. 2000) (http://pritch.bsd.uchicago.Edu/structure.html).
Admixture model with correlated allele frequency was
applied and all runs were performed with burn-in period and
Monte Carlo Markov Chain replications of 20,000 and
200,000, respectively. Five independent runs were accom-
plished with each K values ranging from 1 to 10. Evanno’s
Δk value was calculated by using Structure Harvester pro-
gram by processing the STRUCTURE results (Evanno et al.
2005). Ln P(D) is the log likelihood of the observed genotype
distribution in K clusters and is found by STRUCTURE sim-
ulation. Evanno’sΔK takes into consideration the variance of
ln P(D) among repeated runs and indicates the ideal K.

Association analysis

The MTAs were detected using TASSEL v. 2.1 software
(Bradbury et al. 2007). The tests of significance were per-
formed for genotypic data and 3 year wilt incidence data by
following Q + K MLM (mixed linear model) method. The Q
matrix was created from population structure analysis and the
relative kinship matrix was calculated by TASSEL software.
Alleles with minor frequency (MAF) lower than 5% were
removed and a unified mixed linear model was employed
for association analysis with 1000 permutations, since it ac-
counts simultaneously for both population structure and kin-
ship, and can effectively control the spurious associations. The
MTAs were declared significant by P ≤ 0.05 with relative

Table 1 (continued)

Sl. no. Genotype Type FW response

50 ICPL 99095 Germplasm line MS

51 ICPL 99044 Germplasm line MR

52 ICPL 99048 Germplasm line MS

53 PA 443 Germplasm line S

54 AL 2046 Germplasm line S

55 TRG 59 Germplasm line MR

56 BRG 15-3 Germplasm line R

57 GRG 177 Germplasm line MS

58 AKTE 12-02 Germplasm line MS

59 BRG 15-2 Germplasm line R

60 BRG 15-1 Germplasm line R

61 LRG 170 Germplasm line MS

62 WRG 252 Germplasm line S

63 WRG 242 Germplasm line S

64 IPAC 494 Germplasm line R

65 PT4 378 Germplasm line MR

66 IPAC 79 Germplasm line S

67 IPAC 15-1 Germplasm line S

68 IPAC 15-6 Germplasm line S

69 1PAC 15-14 Germplasm line S

70 IPAC 15-17 Germplasm line S

71 IPAC 15-21 Germplasm line R

72 IPA 2014-2A Germplasm line MS

73 ICP 1793 Germplasm line MS

74 ICP 3882B Germplasm line S

75 ICP 12638 Germplasm line MS

76 ICP 3882A Germplasm line R

77 ICP 725 Germplasm line S

78 ICPL 20135 Germplasm line R

79 ICPL 9904 Germplasm line MR

80 IPAC 67-1 Germplasm line R

81 RPS 207-10 Germplasm line MR

82 ICPL 20136 Germplasm line R

83 TDRG 107 Germplasm line R

84 ICPL 90011 Germplasm line MR

85 ICP 83011 Germplasm line MS

86 JBT 42/RP-317 Germplasm line MS

87 JBT 005 Germplasm line MR

88 IPAC 437 Germplasm line S

89 GJP 1401 Germplasm line MS

R resistant, MR moderately resistant, MS moderately susceptible, S sus-
ceptible, FW Fusarium wilt
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magnitudes suggested by the corresponding R2 value as the
portion of phenotypic variation (PV) explained by the marker.
Marker effects for each associated SSRs (resulting from
TASSEL) were used to identify major allele (homozygous)
with higher phenotypic effects on FW resistance.

Results

Extensive phenotyping against fusarium wilt

The screening of 89 pigeonpea genotypes against FW variant
2 for 3 years under wilt sick field revealed a broad range of
response to FW. Based on the 3 years mean wilt incidence
data, a total of 43 genotypes were found to be resistant, nine
were moderately resistant, 19 were moderately susceptible
and 18 were susceptible (Table 1).

Frequency distribution graphs of FW incidence for each
year are illustrated in Fig. 1. The graphs depict a continuous
variation with population mean slightly deviating towards re-
sistance in all 3 years. The disease expression as reflected
from FW incidence with respect to genotypes was high for
year 1 and year 3, whereas relatively low disease expression
in the second year might be due to adverse environmental
conditions.

Genetic diversity

A total of 181 alleles were detected across 89 genotypes using
65 SSR markers. The number of alleles per locus ranged from
2 to 5 with an average of 2.8 (Table 2). The PIC values ranged
from 0.25 to 0.66 with an average of 0.47. Out of 65 SSRs, 29
(44.6%) were highly informative (PIC ≥0.5) and 36 (55.4%)
were reasonably informative with PIC values ranging from
0.25 to 0.5. The gene diversity varied between 0.30 and 0.71
with an average of 0.55.

Population structure and cluster analysis

Population structure analysis was performedwith a predefined
number of sub populations (K) ranging from 1 to 10. The
maximum delta K (ad hoc quantity) was reached at K = 2
suggesting the presence of two subpopulations in the entire
collection (Fig. 2). Of the total 89 genotypes, 37were assigned
to sub-population 1 (Q1, red), while remaining 52 represented
sub-population 2 (Q2, green) (Fig. 2). With few exceptions, a
neighbour-joining (NJ) tree could categorize the entire set of
89 genotypes into two dist inct clusters (Fig. 3) .
Subpopulations 1 and 2 corresponded to two main clusters
and the colours in NJ tree were assigned according to the
population structure Q1 (red) and Q2 (green). Additionally,
factorial analysis was also undertaken to verify the patterns
obtained in STRUCTURE and NJ analyses. Interestingly, a

close agreement was observed between the results arising
from STRUCTURE and factorial analysis (Fig. 3). The geno-
types contained in quadrants I and II of factorial analysis
belonged to subpopulation 1 in STRUCTURE analysis,
whereas the subpopulation 2 of STRUCTURE was assigned
to quadrants III and IV.

Association analysis

With theMLM program in the TASSEL software,MTAswere
established using the FW wilt incidence data and the SSR
dataset. This analysis was carried out separately for each year
of wilt incidence data, and also on average incidence data of
3 years. This analysis uncovered six significant MTAs for
resistance to FW variant 2 (Table 3). In the first two years
(2013–2015), four SSRs namely HASSR18, HASSR128,
HASSR30 and HASSR121 were found significant. In the
third year (2015–16) HASSR18, HASSR174 and HASSR8
were found significant. Out of six MTAs, three markers
HASSR18, HASSR128, HASSR30 were stable and signifi-
cant for 3 years average wilt incidence data as depicted in
Manhattan plot (Fig. 4). The phenotypic variance explained
by SSRs such as HASSR18, 128, 30, 121, 174 and 8 were up
to 6%, 5%, 5%, 4%, 1% and 2%, respectively across 3 years.

Allele effects were estimated for each associated SSR locus
and major alleles (in homozygous state) with higher pheno-
typic effects were identified. Marker alleles with strong nega-
tive effect on wilt incidence reduction were shown in Fig. 5
(Suppl. Table 2). Considering six associated HASSRs,
HASSR 18 with marker allele A150 bp showed stable pheno-
typic effect across the years. This particular allele was carried
by 34 individuals, which significantly reduced the mean wilt
incidence value below the threshold (<10% incidence, trans-
formed value 0.321). However, the strong negative effects on
phenotypes were noticed for HASSR128_A230 (present in 21
individuals) followed by HASSR30_A180 (54) and
HASSR121_A160 (34) for the first two years and across.
These SSR alleles could reduce the mean wilt incidence be-
tween 10 and 20% (<0.46). The lowest marker effects with
reduced wilt incidence between 10 and 20% were noticed for
HASSR174_A185 and HASSR8_A190 during the third year.

Marker localization and distribution map

In-order to locate the physical position of unmapped HASSR
markers on pigeonpea genome the BLAT option of genome
viewer from legume information system (LIS) was used.
Based on alignment results, 32 HASSR markers viz. 6, 4, 4,
1, 4, 4, 1, 3 and 5 SSRs could be assigned to linkage groups 1,
2, 3, 4, 6, 7, 8, 10 and 11, respectively. No markers were found
on linkage groups 5 and 9, and the remaining 33 markers
corresponded to 29 different scaffolds (Table 2). The physical
distances between SSR markers belonging to each
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chromosome were translated to genetic distances by consider-
ing the ratio of 561.1 Kb/cM (Kumawat et al. 2012). Finally,
centimorgan (cM) distances between markers for each chro-
mosome were used to draw the partial linkage map. This map
enabled visualization of the probable genomic locations of
FW associated SSR markers on different chromosomes
(Suppl. Fig. 1). The majority of these HASSRs were assigned
to distal ends of LGs such as HASSR18 on LG 1, HASSR8 on
LG 11 and HASSR30 on LG 10. Similarly, HASSR121 was
mapped on LG 6 in the vicinity of another HASSR, i.e.
HASSR162. The remaining HASSRs like 128 and 174 could
be located on unknown scaffold regions.

Discussion

In the present study, FW variant 2 was selected for association
study. Based on previously published reports, variant 2 is well

characterized and is the most virulent strain distributed in sev-
en different states of India viz. Uttar Pradesh, Madhya
Pradesh, Karnataka, Andhra Pradesh, Bihar, Jharkhand and
Tamil Nadu (Patil et al. 2013). Management of this variant
through harnessing the host resistance is key to ensure stable
pigeonpea production in India. Therefore, mapping of genetic
determinants of resistance against FW variant 2 was undertak-
en in this study. Robust disease screening of 89 pigeonpea
genotypes for three cropping seasons revealed adequate vari-
ability in the wilt incidence.

The wilt incidence was recorded during pre-flowering to
pod maturation stages as the reproductive phase of
pigeonpea remains most susceptible to this disease
(Natarajan et al. 1985). Though seedling mortality is often
seen during August, adult plant wilting starts from flowering
during November–December (Kotasthane and Gupta 1981).
In this study, we found higher disease expression in first
(2013–14) and third (2015–16) years as compared to second

Fig. 1 The frequency distribution graph showing per cent of wilt incidence for 89 pigeonpea genotypes screened against Fusarium udum (variant 2) for
3 years (2013–16) in the wilt nursery
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Table 2 Degree of polymorphism and infromativeness as revealed by SSR markers

Sl. no. Marker names Chromosome/
scaffold

SSR motif aAllele frequencies Allele no Gene diversity Heterozygosity PIC

1 HASSR9 Cc01 (TAT)20 0.47 (0.53) 3.00 0.60 0.01 0.52

2 HASSR10 Cc01 (TTA)18 0.71 (0.29) 2.00 0.41 0.00 0.33

3 HASSR18 Cc01 (ATA)22 0.39 (0.61) 3.00 0.65 0.04 0.58

4 HASSR58 Cc01 (ATA)25 0.40 (0.6) 4.00 0.71 0.02 0.65

5 HASSR97 Cc01 (TTA)23 0.47 (0.53) 3.00 0.63 0.00 0.55

6 HASSR113 Cc01 (TTA)29 0.49 (0.51) 3.00 0.63 0.00 0.56

7 HASSR16 Cc02 (TTA)21 0.66 (0.34 3.00 0.50 0.00 0.45

8 HASSR17 Cc02 (TAT)18 0.61 (0.39) 2.00 0.47 0.01 0.36

9 HASSR36 Cc02 (ATA)23 0.57 (0.43) 2.00 0.49 0.00 0.37

10 HASSR117 Cc02 (TAA)21 0.57 (0.43) 2.00 0.49 0.00 0.37

11 HASSR32 Cc03 (ATT)20 0.69 (0.31) 4.00 0.47 0.01 0.42

12 HASSR50 Cc03 (ATA)23 0.38 (0.62) 3.00 0.66 0.01 0.59

13 HASSR118 Cc03 (ATT)17 0.54 (0.46) 2.00 0.50 0.00 0.37

14 HASSR144 Cc03 (ATA)17 0.54 (0.46) 2.00 0.50 0.05 0.37

15 HASSR178 Cc04 (AAT)17 0.71 (0.29) 2.00 0.41 0.01 0.33

16 HASSR19 Cc06 (ATA)18 0.54 (0.46) 4.00 0.63 0.07 0.58

17 HASSR24 Cc06 (TTA)19 0.40 (0.6) 3.00 0.66 0.08 0.59

18 HASSR121 Cc06 (AAT)20 0.52 (0.48) 3.00 0.56 0.02 0.47

19 HASSR162 Cc06 (AAT)19 0.40 (0.6) 3.00 0.65 0.00 0.58

20 HASSR47 Cc07 (ATT)17 0.51 (0.49) 3.00 0.61 0.01 0.54

21 HASSR56 Cc07 (TAT)18 0.51 (0.49) 3.00 0.62 0.01 0.54

22 HASSR73 Cc07 (TAT)24 0.45 (0.55) 3.00 0.61 0.00 0.52

23 HASSR96 Cc07 (ATA)19 0.57 (0.43) 2.00 0.49 0.00 0.37

24 HASSR93 Cc08 (ATT)18 0.51 (0.49) 3.00 0.62 0.00 0.55

25 HASSR30 Cc10 (AAT)23 0.64 (0.36) 3.00 0.53 0.05 0.47

26 HASSR45 Cc10 (TAT)19 0.40 (0.6) 4.00 0.68 0.03 0.62

27 HASSR70 Cc10 (ATA)18 0.58 (0.42) 2.00 0.49 0.00 0.37

28 HASSR8 Cc11 (AAT)22 0.63 (0.37) 3.00 0.53 0.02 0.48

29 HASSR28 Cc11 (TTA)22 0.55 (0.45) 3.00 0.59 0.02 0.53

30 HASSR67 Cc11 (TTA)19 0.40 (0.6) 4.00 0.71 0.01 0.66

31 HASSR60 Cc11 (TAT)20 0.55 (0.45) 3.00 0.59 0.00 0.52

32 HASSR130 Cc11 (TTA)18 0.82 (0.18) 2.00 0.30 0.00 0.25

33 HASSR101 44 (TTA)19 0.50 (0.5) 2.00 0.50 0.01 0.38

34 HASSR126 46 (TAT)27 0.43 (0.57) 3.00 0.63 0.00 0.55

35 HASSR57 120 (AAT)18 0.68 (0.32) 2.00 0.44 0.00 0.34

36 HASSR142 127 (ATT)20 0.74 (0.26) 2.00 0.39 0.00 0.31

37 HASSR158 127 (TAT)19 0.59 (0.41) 2.00 0.48 0.00 0.37

38 HASSR74 141 (ATA)21 0.57 (0.43) 3.00 0.58 0.00 0.51

39 HASSR98 248 (ATA)17 0.41 (0.59) 3.00 0.66 0.00 0.58

40 HASSR92 387 (AAT)20 0.53 (0.47) 5.00 0.66 0.00 0.63

41 HASSR99 387 (AAT)17 0.55 (0.45) 3.00 0.59 0.00 0.51

42 HASSR102 400 (TTA)18 0.48 (0.52) 4.00 0.64 0.03 0.57

43 HASSR159 126,862 (TAA)21 0.47 (0.53) 3.00 0.63 0.01 0.56

44 HASSR160 127,392 (TTA)22 0.63 (0.37) 3.00 0.51 0.04 0.44

45 HASSR154 128,825 (ATA)17 0.37 (0.63) 3.00 0.66 0.01 0.59

46 HASSR135 128,870 (ATA)17 0.51 (0.49) 3.00 0.51 0.00 0.39

47 HASSR72 129,401 (TAT)18 0.44 (0.56) 4.00 0.67 0.05 0.61

48 HASSR95 130,267 (AAT)21 0.55 (0.45) 3.00 0.59 0.01 0.53
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year (2014–15). This variable expression might be due to
prevalence of congenial weather conditions favouring dis-
ease incidence in those particular years. Compared to second
year, first and third years had a slightly good rainfall during
November–February (see Suppl. Table 3 & Fig. 2 for
weather data). This difference in rainfall might have contrib-
uted to retaining lower soil moisture required for wilt

incidence. Also, spread of wilt disease from plant to plant
occurs through root contacts, irrigation, rainwater and ter-
mites (Upadhyay and Rai 1992). FW is favoured by low
soil temperature and increasing plant maturity (Mundkur
1935). Specifically, soil water holding capacity (30%) and
soil temperatures between 20 and 30 °C favour disease de-
velopment (Singh and Bhargava 1981).

Fig. 2 Population structure of 89 pigeonpea genotypes based on 65 SSR
markers (K = 2) and graph of estimated membership fraction for K = 2.
The maximum of adhoc measure ΔK determined by structure harvester

was found to be K = 2, which indicated that the entire population can be
grouped into 2 subpopulations

Table 2 (continued)

Sl. no. Marker names Chromosome/
scaffold

SSR motif aAllele frequencies Allele no Gene diversity Heterozygosity PIC

49 HASSR37 130,593 (TTA)22 0.44 (0.56) 4.00 0.66 0.00 0.59

50 HASSR51 132,298 (TAT)20 0.51 (0.49) 3.00 0.58 0.00 0.49

51 HASSR23 132,526 (ATA)20 0.69 (0.31) 2.00 0.43 0.00 0.34

52 HASSR165 132,643 (AAT)17 0.61 (0.39) 4.00 0.51 0.00 0.43

53 HASSR179 132,643 (ATT)18 0.47 (0.53) 3.00 0.64 0.00 0.56

54 HASSR53 132,757 (TTA)23 0.66 (0.34) 2.00 0.45 0.00 0.35

55 HASSR116 133,013 (AAT)24 0.56 (0.44) 3.00 0.57 0.01 0.01

56 HASSR129 133,013 (TAT)20 0.60 (0.4) 2.00 0.48 0.00 0.36

57 HASSR3 133,138 (AAT)20 0.56 (0.44) 2.00 0.49 0.02 0.37

58 HASSR174 133,614 (TAT)18 0.55 (0.45) 2.00 0.50 0.00 0.37

59 HASSR128 134,838 (TTA)17 0.73 (0.27) 2.00 0.39 0.01 0.31

60 HASSR133 134,844 (TAT)22 0.58 (0.42) 3.00 0.57 0.00 0.50

61 HASSR166 135,063 (TTA)24 0.76 (0.24) 2.00 0.36 0.03 0.30

62 HASSR124 135,298 (TTA)18 0.50 (0.5) 2.00 0.50 0.00 0.38

63 HASSR156 135,592 (ATA)20 0.57 (0.43) 2.00 0.49 0.00 0.37

64 HASSR52 136,490 (AAT)24 0.60 (0.4) 2.00 0.48 0.00 0.37

65 HASSR4 136,959 (ATT)26 0.53 (0.47) 2.00 0.50 0.00 0.37

Mean 0.55 (0.45) 2.78 0.55 0.45 0.47

PIC polymorphism information content
a Values in the parenthesis are collective frequency of minor alleles for the given marker
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In the present study, frequency distribution graph slightly
skewed towards resistance in all 3 years. More recently,
Sharma et al. (2016) examined environmental influences on
FW incidence on 29 resistant pigeonpea genotypes across nine
locations in India including IIPR, Kanpur. The authors noted
higher variability in wilt incidence at Kanpur in two seasons
(2007/08 and 2008/09). The current study provides evidence
that variability in wilt incidence over seasons and locations
might be due to GxE interactions. The authors also concluded
that the genotype contributed 36.51% variation for resistance
as compared to environment (29.32%). The skewed distribu-
tion observed in our study is indicative of a greater number of
genetically resistant genotypes as reflected from phenotyping
results (out of 89 genotypes 43 were found resistance). The

varying level of pathogen’s virulence (type of race/variant
prevailed over the different locations) may also yield variation
in wilt incidence. Mishra and Dhar (2003) reported F. udum
isolates from diverse geographical origins to exhibit greater
variability in their virulence.

The SSR markers are still preferred for genetic analyses
due to their abundance in genome, multi-allelic and co-
dominant nature and ease of assay (Gupta and Varshney
2000). Moderate to high mean values for PIC (0.47) and gene
diversity (0.55) were obtained in the current study with 65
SSR markers. As was reported recently in a panel of 94
pigeonpea genotypes (Bohra et al. 2017), we also observed a
strong agreement among results obtained using both model
and distance based clustering methods. The presence of

Fig. 3 Unrooted neighbour joining tree and factorial analysis showing clustering of 89 pigeonpea genotypes into 2 subpopulations

Table 3 Significance tests for association analysis between SSR markers with resistance to wilt, using 89 pigeonpea genotypes

Locus Linkage group 2013–14 2014–15 2015–16 2013–16 Overall
PVQ + K MLM

(R2)
Q + K MLM
(R2)

Q + K MLM (R2) Q + K MLM (R2)

HASSR18 1 0.06** 0.05** 0.05** 0.06** 6%

HASSR128 Scaffold 0.04*** 0.05*** ns 0.03** 5%

HASSR30 10 0.04** 0.05*** ns 0.04** 5%

HASSR121 6 0.04** 0.04** ns ns 4%

HASSR174 Scaffold ns ns 0.01** ns 1%

HASSR8 11 ns ns 0.02** ns 2%

MLMMixed linear model using the Q population structure matrix and the K kinshipmatrix, ns non-significant, PV Phenotypic variance explained, Q +K

*** (P < 0.010), ** (P < 0.050)
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moderate to low genetic diversity in cultivated pigeonpea ge-
notypes was congruent with earlier studies using various
marker systems in pigeonpea such as RAPD (Ratnaparkhe
et al. 1995), restricted fragment length polymorphism
(RFLP) (Nadimpalli et al. 1994), amplified fragment length
polymorphism (AFLP) (Punguluri et al. 2006), diversity ar-
rays technology (DArT) (Yang et al. 2006), intron spanning
region (ISR) (Kudapa et al. 2012), SSR (Bohra et al. 2011)
and SNP (Kassa et al. 2012).

The population structure acts as a strong confounding fac-
tor in association studies (Bohra 2013), especially with respect
to traits that are important in diversifying selection and family
relatedness associated with recent co-ancestry (Nordborg and
Weigel 2008). As a result, spurious associations occur fre-
quently in cases where the population structure is not factored
in (Gupta et al. 2005). The efficiency of eliminating false
positive associations that arise due to complex patterns of
the population stratification/relatedness in experimental sam-
ple depends on the use of optimum statistical method (Zhang
et al. 2010). Therefore, to perform genome wide MTA study,
selection of appropriate statistical method is crucial. In this

context, the general linear model (GLM) and the mixed linear
model (MLM) are the two commonly used methods. Among
these, the superiority of MLM approach over the GLM is
evident in several studies (Huang et al. 2010; Yang et al.
2010). Among grain legumes, this approach has been widely
and successfully used in various crops such as common bean
(Shi et al. 2011), soybean (Hu et al. 2014) and chickpea
(Thudi et al. 2014). Therefore, the MLM owing to its ability
to simultaneously account for both population structure and
kinship control false associations was employed in the present
study. The MTAs for 3 year wilt incidence data revealed six
SSR markers (HASSR18, HASSR128, HASSR30,
HASSR121, HASSR174 and HASSR8) to be significantly
associated with wilt resistance with 1–6% PVas depicted from
Manhattan plot. HASSR18, which explained 5 to 6% of PV
across the years was found to be the most stable and signifi-
cant marker. Similarly, lower R2 values (up to 8%) were
assigned to SNP markers in pigeonpea by Mir et al. (2012)
while mapping determinacy trait using association mapping
approach. Compared to the conventional QTL mapping using
biparental crosses, the relatively low R2 values in association

Fig. 5 Phenotypic effects of
major marker allele at six
significantly associated SSR loci
against FW resistance trait across
the years

Fig. 4 Manhattan plot of mixed
linear model (MLM) for resis-
tance to fusarium wilt
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mapping is not unexpected since the biparental QTL analysis
often leads to overestimation of variation explained by the
QTLs (Varshney et al. 2012).

Allele effects on phenotype for each associated SSR locus
were also calculated, and consequently, HASSR 18 _A150
showed stable and negative effect on phenotypic as reduction
in the mean wilt incidence value below the threshold (<10%
incidence) as compared to alleles of remaining SSR loci that
reduced mean wilt incidence between <10 and 20%. By de-
claring the genotypes with mean wilt incidence of <10% as
resistant and 10.1–20.1% as moderately resistant,
HASSR18_A150 could bemore efficient in detecting resistant
individuals as compared to remaining marker alleles viz.,
HASSR128_A230, HASSR30_A180, HASSR121_A160,
HASSR174_A185 and HASSR8_A190. Similarly, the
favourable SSR alleles with major effects on phenotype were
determined for kernel length, width and weight in wheat
(Breseghello and Sorrells 2006) and for plant height in sor-
ghum (Wang et al. 2012).

Reports on identification of stable DNA markers for resis-
tance to FW in pigeonpea are still limited. For instance,
Kotresh et al. (2006) reported RAPD marker linked to FW
resistance in pigeonpea through bulked sergregant analysis.
Singh et al. (2013) reported six ASSR markers significantly
associated with fusarium wilt resistance based on Kruskal–
Wallis ANOVA and simple regression analysis. Later, Singh
et al. (2016a, b) while confirming the efficacy of these asso-
ciated SSR markers concluded that the markers ASSR1,
ASSR23 and ASSR148 could be more useful in marker
assisted breeding (MAB) in pigeonpea. Among the three in-
formative ASSRs, one of the markers ASSR23 was located on
LG6 (Kumawat et al. 2012). By using a sequencing-based
bulked segregant analysis (Seq-BSA) approach, Singh et al.
(2016a, b) reported association of four candidate nsSNPs in
four genes viz., C.cajan_07078 (PHD figure protein),
C.cajan_07124 (rRNA processing protein), C.cajan_02962
(NADH dehydrogenase) and C.cajan_03203 (retrovirus like
polyprotein) with FW resistance. Of the four nsSNPs, the SNP
in the candidate genes C.cajan_03203 showed deleterious ef-
fect on the protein structure and was speculated to be involved
in plant defence against FW pathogen through root expression
study. These four genes are located on the linkage groups
CcLG02 and CcLG11. Interestingly, in the present study two
associated HASSR markers, i.e. HASSR121 (PV 4%) and
HASSR 8 (PV 2%) for FW were physically located at LG06
and LG11, respectively. These results are in agreement with
ASSR23 markers assigned to LG06 (Kumawat et al. 2012)
and candidate genes for FW, C.cajan_02962 and
C.cajan_03203 assigned to LG11 (Singh et al. 2016a, b).
However, it remains difficult to pinpoint the genomic regions
shared between the two studies unless we have the complete
information about the kind of race/variant prevailing on those
particular areas. We assume that the genomic regions

identified in this study could be novel and remain more rele-
vant to breeding against variant 2 that is prevalent at IIPR,
Kanpur.

To our knowledge, this study represents the first report on
the discovery of stable and significant MTAs for F. udum var-
iant 2 based on FW incidence recorded over multiple years.
Since we have employed unmapped SSR markers for the as-
sociation study, we have drawn a representative genetic link-
age map of these SSRs. This map helped to assign significant-
ly associated markers on LG01, LG06, LG10 and LG11. The
results strongly indicate the involvement of several genomic
regions in conditioning FW resistance in pigeonpea. Similarly,
SNP-based association analysis in common bean revealed oc-
currence of multiple significant loci across all 11 chromo-
somes for resistance to common bacterial blight (Shi et al.
2011). In our study, most of the associated SSR markers were
placed on distal ends of linkage groups. Similarly, Perseguini
et al. (2016) also reported telomeric localization of associated
SSR and SNP markers for resistance to angular leaf spot in
common bean.

In summary, here we identify six significantly associated
SSR markers PV ranging between 1 and 6% for resistance to
FW variant 2, which after validation in different genetic back-
grounds might prove immensely useful in MAB. Given this,
validation of these SSRs in the bi-parental mapping popula-
tions is underway in order to further confirm their utility in
MAB for FW resistance in pigeonpea.
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