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Abstract

Seed traits present important breeding targets for enhancing grain yield and quality in various grain legume crops including
pigeonpea. The present study reports significant genetic variation for six seed traits including seed length (SL), seed width
(SW), seed thickness (ST), seed weight (SWT), electrical conductivity (EC) and water uptake (WU) among Cajanus cajan
(L.) Millspaugh acc. ICPL 20340 and Cajanus scarabaeoides (L.) Thouars acc. ICP 15739 and an F2 population derived
from this interspecific cross. Maximum phenotypic values recorded for the F2 population were higher than observed in the
parent ICPL 20340 [F2 max vs ICPL 20340: SW (7.05 vs 5.38), ST (4.63 vs 4.51), EC (65.17 vs 9.72), WU (213.17 vs
109.5)], which suggested contribution of positive alleles from the wild parent, ICP 15739. Concurrently, to identify the QTL
controlling these seed traits, we assayed two parents and 94 F2 individuals with 113 polymorphic simple sequence repeat
(SSR) markers. In the F2 population, 98 of the 113 SSRs showed Mendelian segregation ratio 1:2:1, whereas significant
deviations were observed for 15 SSRs with their y* values ranging between 6.26 and 20.62. A partial genetic linkage map
comprising 83 SSR loci was constructed. QTL analysis identified 15 marker-trait associations (MTAs) for seed traits on four
linkage groups i.e. LGO1, LG02, LG04 and LGOS. Phenotypic variations (PVs) explained by these QTL ranged from 4.4
(WU) to 19.91% (EC). These genomic regions contributing significantly towards observed variability of seed traits would
serve as potential candidates for future research that aims to improve seed traits in pigeonpea.
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Introduction

Pigeonpea [Cajanus cajan (L.) Millspaugh] is the sixth most
important grain legume grown across the globe (FAOSTAT
2018). Annually, a total of 5.99 million tons of pigeonpea
is harvested from worldwide area of 6.99 mha (FAOSTAT
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developing countries (Obala et al. 2019; Bohra et al. 2020).

Seed traits are key to improving seed yield and quality of
grain legume crops like pigeonpea. However, limited atten-
tion has been paid to improve seed traits in pigeonpea breed-
ing programmes. A variety of seed traits such as number of
seeds per plant, 100-seed weight are reported to determine
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the crop productivity. Seed traits in general receive limited
attention in view of the fact that our key breeding targets
include developing high-yielding disease- and pest-resistant
cultivars. In recent years; however, growing consumer pref-
erences and market requirements have caused a renewed
focus on seed traits like seed size and shape (Liang et al.
2005). Niu et al. (2013) have reported that 100-seed weight
is positively influenced by seed size, which is a function
of its length, width and thickness. Rate of water uptake by
seed is also known to influence seed quality in chickpea
(Lamichaney et al. 2016), soybean (Singh et al. 2008), flax
(Saeidi 2008) fababean (Peksen 2007) and cowpea (Peksen
et al. 2004), which is attributed to embryo damage and
subsequently leaching out of electrolytes necessary for the
growth and development of embryo. Entry of water into seed
during imbibition is regulated by the physical and chemical
constituents of seed coat (Lamichaney et al. 2017). Nega-
tive association of hard seed (inability of seeds to imbibe
water) with seed weight has also been reported in soybean
(Hirota et al. 2005). The seed coat or testa acts as a bar-
rier between the embryo and external environment, which
regulates the transport of metabolites, air and water to the
embryo (Smykal et al. 2014).

Wild relatives serve as great reservoir for genetic variabil-
ity for various traits of breeding importance in various leg-
ume crops including pigeonpea (Bohra et al. 2010; Khoury
et al. 2015; Smykal et al. 2015). Incorporation of crop wild
relatives for improving seed traits has been demonstrated in
various legume species (Abbo et al. 1992; Porch et al. 2013;
Bohra et al. 2014). Genetic diversity studies elucidate nar-
row genetic base of the cultivated pigeonpea (Kassa et al.
2012; Yang et al. 2006). Experimental populations based on
the wide crosses have great potential to reveal novel varia-
tions/alleles for the important traits including seed traits (Li
et al. 2019). Recent advances in DNA marker technologies
have allowed molecular mapping of various seed traits in dif-
ferent legume crops such as groundnut (Zhang et al. 2019),
soybean (Xu et al. 2011; Han et al. 2012), common bean
(Pérez-Vega et al. 2010; Yuste-Lisbona et al. 2014), lentil
(Fedoruk et al. 2013; Verma et al. 2015; Jha et al. 2017,
Khazaei et al. 2018). In pigeonpea, limited studies have
been performed so far on analysis of seed traits using DNA
marker technology (Yadav et al. 2019). Availability of robust
marker-trait associations could play important role in fast-
track improvement of seed traits. The present investigation
was carried out with the aim to capture genetic variability
in a broad base F2 population segregating for various seed
traits and to identify the underlying QTL/genomic regions
to enable rapid and targeted improvement of these traits in
pigeonpea.
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Materials and methods
Plant materials

We followed standard hybridization technique suggested by
Sharma and Green (1980) for pigeonpea. Developing flower
buds on ICPL 20340 [Cajanus cajan (L.) Millspaugh] were
hand emasculated and pollen source buds were collected
from ICP 15739 [Cajanus scarabaeoides (L.) Thouars] in
the morning hours. After pollination of the emasculated
buds, the plant (ICPL 20340) was covered with fine-mesh
nylon cloth bags. Coloured threads were used to identify
cross-pollinated flowers. The four F, seeds resulting from
the cross were planted and a single true F1 was identified
based on the visual inspection (Fig. 1). Ninety-four F2 indi-
viduals resulting from self-pollination of true F1 plant were
grown at main farm of Indian Institute of Pulses Research
(ITPR), India during 2017-18.

Fig. 1 Images of parents and F1 hybrid a Parents ICPL 20340 and
ICP 15739 and b Interspecific F1 obtained from the cross ICPL
20340 x ICP 15739, which was self-pollinated to develop an F2 popu-
lation
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Phenotyping of the F2 population was done for six seed
traits viz. seed length (SL), seed width (SW), seed thickness
(ST), seed weight (SWT), electrical conductivity of seed
leachate (EC) and water uptake (WU). For SL, SW and ST,
data were taken from 10 individual seed using digital Ver-
nier caliper having an accuracy of +0.02 mm and the aver-
age data were used for analysis. Owing to shortage of seeds,
ten seeds of each sample were weighed and were allowed to
soak for 24 h in 50 ml of distill water at 20 °C. After 24 h
of soaking the seeds were re-weighed and the percentage
increase in water uptake was calculated. The seed leachate
remained after 24 h of soaking was used to measure EC
using conductivity meter and expressed in pS cm™! g~! of
seed. The data on all seed traits were analyzed using SAS
v.9.4.

Genomic DNA extraction

In order to genotype the entire F2 population, plant leaves
were taken from each individual. Genomic DNA was
extracted from all 94 F2 individuals along with the two
parents. Genomic DNA was isolated from young leaves
by using CTAB method of DNA extraction (Murray and
Thompson 1980). Both quantity and quality of DNA were
estimated through electrophoresis using 0.8% agarose gel
(Sigma-Aldrich, St. Louis, USA).

SSR analysis

A reaction mixture of 10 pl volume was prepared using 4.8 pl
of sterilized distilled water, 2.0 pl template DNA (25 ng),
0.5 pl of forward and 0.5 pl of reverse primer (5 pM), 1.0 pl
10 x PCR buffer (10 mM Tris—HCI, 50 mMKCI, pH 8.3),
1.00 pl NTP mix (0.2 mM each of dATP, dGTP, dCTP and
dTTP) and 0.2 pl Taq polymerase (5 U/ul) (Thermo Scien-
tific, Mumbai, India) for the amplification of genomic DNA
with SSR primers. The reaction mixture was polymerized
in G-40402 thermo cycler (G-STORM, Somerset, UK) in a
touchdown PCR profile by using the following amplification
profile: initial denaturation at 94 °C for 5 min followed by 10
cycles of touchdown 55-45 °C, 20 s at 94 °C, annealing for
20 s at 55 °C (the annealing temperature for each cycle being
reduced by 1 °C per cycle) and extension for 30 s at 72 °C.
This was accompanied by 40 cycle of denaturation at 94 °C
for 30 s, annealing at 50 °C for 30 s, elongation at 72 °C
for 45 s and 10 min of final extension at 72 °C. Amplified
products were resolved in 3% agarose gel using 0.5 X TBE
running buffer and images were analyzed in Quantity one
software (Bio-Rad, CA 94,547, USA).

Marker genotyping and construction of genetic
linkage map

A set of 113 polymorphic SSR markers comprising Cajanus
cajan genomic microsatellites (CcGMs; Bohra et al. 2017;
Varshney et al. 2012) and Arahar hypervariable simple
sequence repeat (AHSSR; Singh et al. 2012) were used for
genotyping mapping parents and F2 individuals. The ampli-
cons were scored as A, B and H. ICIM v. 4.2 was run to
build genetic linkage map by using parameters LOD 4, nnT-
woOpt algorithm, criterion SARF and window size of 5 cM.

QTL analysis

Genotypic and phenotypic data of parents and F2 population
were used for QTL analysis using ICIM v. 4.2 by apply-
ing parameters LOD threshold of 2.5, window size 5.0 cM,
missing phenotype: deletion, mapping method ICIM-ADD
and PIN 0.001.

Results
Measuring variation for seed physical traits

The parents (ICPL 20340 and ICP 15739) were crossed to
generate Fls (Fig. 1) and F2 population was obtained by
self-pollinating the true F1 plant. The parents and F2 popu-
lation displayed significant variation for these quantitative
traits based on the ¢ test and ANOVA, respectively. The
differences in seed and hilum morphology of seeds from
parents and random F2 plants are shown in Fig. 2. ICPL
20340 (P1) showed higher SL of 5.89 mm as compared to
3.06 mm for ICP 15739 (P2). Among all individuals, values
for SL ranged from 3.69 mm to 5.69 mm with an average
value of 4.54 mm (Table 1, Fig. 3a, b). Mapping parents
were highly contrasting for SW with ICPL 20340 exhibiting
greater width (5.38 mm) than ICP 15739 (3.88 mm), while
F2 individuals had SW values in the range of 3.23-7.05 mm.
Regarding ST, ICPL 20340 had ST of 4.51 mm which
was greater than the other parent ICP 15739 having ST of
2.22 mm. Concerning mapping population, wide variation
was observed among F2 individuals for ST varying from
2.17 to 4.63 mm. Similarly, the parent ICPL 20340 displayed
SWT of 11.90 g, whereas ICP 15739 had a SWT of 1.90 g.
Likewise, F2 population showed significant variation for
SWT ranging from 2.30 g to 9.70 g. ICPL 20340 had an EC
value of 9.72 uS cm™! g~! of seed as compared to the other
parent ICP 15739 with an EC value of 0.93 pS cm™! g™!
of seed. Variation was also observed in the F2 individuals
having a minimum EC value of 0.99 and maximum EC of
65.17 pS cm~! g~!. Mapping parents had contrasting values
for WU, i.e. 1.4% (ICP 15739) and 109.57% (ICPL 20340)
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Fig.2 Variation in seed (upper half) and hilum (lower half) morphology among seeds from parents and F2 plants

Table 1 Range of trait variation observed between parents and in the F2 population

S. no. Traits P1 P2 F2 individuals *Average Skewness Kurtosis
includi
(ICPL 20340) (ICP 15739) Minimum  Maximum g:rcerllltsl)ng
1 Seed length (mm) 5.89 3.06 3.69 5.69 4.54+0.22 0.09 2.24
2 Seed width (mm) 5.38 3.88 3.23 7.05 4.33+0.24 -0.22 -0.45
3 Seed thickness (mm) 4.51 2.22 2.17 4.63 2.92+0.21 1.20 2.48
4 100-seed weight (g) 11.9 1.9 2.3 9.7 4.85+0.87 1.49 3.94
5 Electrical conductivity 9.72 0.93 0.99 65.17 17.57+7.97 1.39 1.32
(Sem™' g™
6 Water uptake (%) 109.5 1.4 0.62 213.17 76.31+25.15 0.17 -0.20

*95% confidence interval

and the range of WU in the F2 population remained between
0.62 and 213.17%.

Construction of a coarse genetic linkage map

A total of 457 hypervariable SSR markers were used
for polymorphism survey between mapping parents.
These hypervariable SSR markers were developed from
the pigeonpea genome by targeting SSR tract length
of >20 bp (Bohra et al. 2017; Singh et al. 2012; Varshney
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et al. 2012). Eleven hundred thirteen polymorphic SSR
markers were identified following polymorphism survey
of parental genotypes. Genotyping data were assembled
for these 113 SSR markers in 94 F2 individuals. We then
evaluated segregation patterns of 113 SSRs in F2 popula-
tion using goodness-of-fit test with alpha threshold 0.05
and 2 degree of freedom (Supplementary Table 1). Ninety-
eight of the 113 SSRs showed Mendelian segregation ratio
1:2:1, whereas deviations were observed for 15 SSRs with
their y*>-values ranging between 6.26 and 20.62. Linkage
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Fig. 3 Distribution of seed traits among parents and population. Dis-
tributions of i) seed length ii) seed width iii) seed thickness iv) 100
seed weight v) electrical conductivity and vi) water uptake are illus-
trated by a bar plots and b contour and count plots. Both figures elu-
cidate almost normal distribution of seed width, seed thickness, seed
length and 100-seed weight, whereas electrical conductivity is highly

analysis could provide map positions to 83 loci, result-
ing in a coarse genetic linkage map spanning a total map
length of 2113.4 cM with individual LGs varying between
167.60 cM and 518.10 cM (Table 2). Owing to low number
of markers, we could obtain six LGs in the current analysis
instead of eleven LGs of pigeonpea (2n=2x=22). Nine
loci showing segregation distortion were also mapped onto
LGs 1, 3, 5 and 6. The number of mapped loci per LG
ranged from 8 (LGO1) to 20 (LGOS5). The average inter
marker distance was found to be 25.46 cM. The distribu-
tion of DNA markers across different LGs was unequal
and the size of the LG did not necessarily reflect the num-
ber of mapped loci. For example, LGOS with 20 markers
had a length of 518.10 cM, whereas LGO1 with eight loci
spanned a distance of 167.6 cM.

Identification of marker-trait associations (MTAs)
for seed traits

The genotyping and phenotyping data were combined
to find significant marker-trait associations controlling
variation for seed traits (Fig. 4). Consequently, two QTL
detected in LG04 showed significant association with SL

skewed. The areas with dark colour in bar plots contain data points
of parents. In contour and count plot, each data point is expressed as
dot showing the frequency of each value in the distribution. The high-
est frequency or modal value is presented by the longest vertical line
joined by dots

explaining about 16 and 10% of the total phenotypic vari-
ation (Table 3). Likewise, three QTL on LG05, LG02 and
LGO1 showed significant association with SW, accounting
for 16, 12 and 8% PV for the trait. One major QTL, QTL6
(flanked by AHSSR301 and CcGM17970) with 10.47% PV
was detected for ST on LGO1. One QTL, QTL10 (flanked
by CcGM17946 and AHSSR228) for SWT explaining
13.37% PV was detected on LG02. QTL11 (flanked by
CcGM16612-CcGM17365) was detected on LGO04 that is
associated with EC explaining PV of 19.91%. We obtained
four QTL for rate of WU on LGs 02, 04, 05 and PVs
explained by these QTL ranged from 4.4 to 5%.

Discussion

Seed traits viz., SW, SWT and seed size remain one of
the important breeding targets for determining market
class and value and consumer preference of grain legume
crops like pigeonpea. However, limited efforts have been
invested for genetic analysis of seed traits in pigeonpea.
The present study is the first attempt to report the genetic
variation and identify the QTL for important seed traits in
an inter-specific population of pigeonpea. In the present
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Fig.3 (continued)

Table2 Salient features of the genetic linkage map based on the
interspecific population

Linkage group Number of Length (cM) Average marker
mapped loci spacing (cM)

LG1 8 167.6 20.95

LG2 12 361.2 30.1

LG3 11 305 27.72

LG4 16 497.2 31.07

LG5 20 518.1 259

LG6 16 264.3 16.51

Total markers 83 2113.4 25.46
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investigation, we analyzed variations in seed traits (SL,
SW, ST, SWT, EC and WU) of two contrasting parents
and F2 individuals. Mapping parents registered significant
difference for the traits examined here. For instance, ICPL
20340 had bold seed with higher seed coat permeability
as it recorded higher rate of WU and EC values. Whereas
ICP 15739 was small seeded with lower values of WU and
EC. The value of all seed traits in F2 individuals roughly
spanned between the values recorded in the parents.

The recent advancements in genomic technologies in
concert with availability of mapping populations have
allowed construction of genetic linkage maps and QTL
mapping of various traits of breeding importance in
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LG 1 LG2
0.0 ———CcGM18681 AHSSR294 0.0 ——— CcGM16633
33.4 AHSSR310 332 CcGM18924
63.4 AHSSR409 68.1 AHSSR205
95.5 AHSSR301
1195 AHSSR297 1171 AHSSR201
- R 1443 CcGM16545
2~ _|— Cd
167.6 — < CoGM23131 1734 AHSSR214
203.3 AHSSR208
237.7 AHSSR225
268.7 AHSSR226
305.0 AHSSR211
335.2 CcGM13254
361.2 —t—— AHSSR276

LG 4 LG5
0.0 CcGM19665
0.0 CeGM17543 30.7 CcGM16529
30.2 CcGM17845 60.0 ——— CcGM11452
61.6 CcGM17614 75.1 ——— CcGM13040
95.4 —T T~ CcGM13213
98.7 CcGM16612 119.9 ——— CcGM13188
1274 CcGM17379 151.6 AHSSR230
161.7 CcGM17365 183.3 CcGM18867
190.1 CcGM17946
2228 CcGM20569
2224 AHSSR227
2583 CcGM14252
255.0 AHSSR228 277.2 CcGM12694
281.6 AHSSR231 305.0 CcGM16417
‘ AHSSR256 343.0 CcGMO6587
338.2 366.8 CcGM08129
701 AHSSR251 388.9 CcGM15803
411.4 — | — CcGM19670
406.2 QH§SR235 429.1 CcGM16323
434.8 cGM17438 I 456.9 CcGMO6586
468.1 CoGM18291 490.0 CcGM06356
497.2 CcGM01991 518.1 CcGM18893

Fig.4 Linkage groups showing marker intervals of significant QTL. Total 15 QTL were identified for six seed traits from analysis of genotyping
and phenotyping data. QTL for SW, ST, SL, SWT, EC, WU are shown with green, magenta, red, blue, orange and black colour, respectively

Table 3 QTLs for seed-related traits detected in the F2 population (ICPL 20340 X< ICP 15739)

Traits LGs QTL Position (cM) Marker interval LOD value *Additive effect % PV
Seed length (SL) 4 QTL1 30.2 CcGM17543-CcGM17614  4.67 -0.0141 15.75

4 QTL2 338.2 AHSSR231-AHSSR251 3.86 -0.2291 10.48
Seed width (SW) 5 QTL3 95.4 CcGM13040-CcGM13188  4.05 0.0537 16.07

2 QTL4 268.7 AHSSR225-AHSSR211 2.75 —0.1005 12.2

1 QTLS5 95.5 AHSSR409-AHSSR297 2.59 —0.2952 7.67
Seed thickness (ST) 1 QTL6 119.5 AHSSR301-CcGM17970 3.86 —0.2467 10.47

4 QTL7 468.1 CcGM17438-CcGM 18291 2.77 —0.0886 6.89

5 QTLS8 305 CcGM12694-CcGM06587 2.7 0.1856 6.75
Seed weight (SWT) 4 QTLY9 222.4 CcGM17946-AHSSR228 2.97 —0.1326 8.46

2 QTL10 305 CcGM13254-AHSSR226 2.58 0.4516 13.37
Electrical conductivity (EC) 4 QTL11 127.4 CcGM16612-CcGM 17365 2.71 0.9112 19.91
Water uptake (WU) 2 QTL12 96 AHSSR205-AHSSR201 33 0.0633 5

4 QTL13 44 CcGM17543-CcGM 17614 3.8 —0.5861 5

4 QTL14 452 CcGM17438-CcGM 18291 2.8 2.9773 44

5 QTL15 202 CcGM18867-CcGM20569 6.6 3.5851 4.9

*The positive or negative signs of additive effect of a QTL indicate that, the favourable allele is contributed by the wild parent (ICP 15739) and
cultivated parent (ICPL 20340), respectively

pigeonpea; however, the reported number of QTL control-
ling seed traits remains dismally low in pigeonpea (Yadav
et al. 2019; Obala et al. 2020). In the present study, we
observed segregation distortion for 16.95% of the 113
SSRs genotyped in F2 population. Segregation distortion
is a common phenomenon in populations resulting from
interspecific crosses. In a previous study in pigeonpea,
authors found segregation distortion for 63.5% of the SSR
loci scored in an interspecific F2 population (Cajanus
cajan acc. ICP 28 X Cajanus scarabaeoides acc. ICPW
94) and authors attributed this deviation to occurrence of

low parental alleles and overabundance of heterozygous
alleles in population (Bohra et al. 2011).

Out of 11 QTL mapped in the current research, seven
QTL namely QTLs 1, 2, 3,4, 6, 10 and 11 could be consid-
ered as major QTL as these explained more than 10% PV,
while remaining eight QTL (QTLs 5,7, 8, 9, 12, 13, 14, 15)
had minor effects since these accounted for less than 10%
PV. Two QTL were mapped onto LG04 for SL, while LG04
and LGO2 had one QTL each for SWT. Three QTL each
were detected for SW (located at LGO1, LG02 and LGO05)
and ST (located at LGO1, LG04 and LGO05), while one QTL
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on LG04 was found controlling variation in EC. Earlier,
Yadav et al. (2019) have reported one major QTL (qSS6.1)
for seed size on CcL.GO6 that explained 29.5% PV. Similarly,
QTL related to SL, ST and SW have been reported in rice
(Qietal. 2017), wheat (Williams and Sorrells 2014), maize
(Liu et al. 2014), lentil (Fedoruk et al. 2013; Khazaei et al.
2018), soybean (Teng et al. 2018), groundnut (Zhang et al.
2019).

Earlier researchers have noted wider genetic variation for
SWT in pigeonpea (Zavinon et al. 2019; Obala et al. 2019;
Yadav et al. 2019). Obala et al. (2020) reported one QTL
flanked by SNP markers S2_11771536 and S2_10960200
for SWT on LGO02. In our study, four QTL were detected
for WU. Parents ICPL 20340 and ICP 15739 differed in the
seed coat permeability as they registered contrasting values
for WU and EC. Higher EC value of the seed leachate is an
indicator of reduced membrane integrity. Hence, the seeds
of ICPL 20340 having higher WU also recorded higher EC
of seed leachate. Negative correlation is reported between
seed hardness with 100-seed weight and rate of water uptake
in soybean (Hirota et al. 2005). Significant MTAs have been
reported for seed coat permeability (assessed by rate of water
uptake) in other legume crops; such as Singh et al. (2008)
identified four QTLs associated with seed coat permeability
in soybean, of which one (satt281) showed association with
EC.

Wide range of genetic variability revealed in the inter-
specific population followed by molecular mapping of the
underlying genomic regions reinforces the significance of
wild relatives and offers great scope for targeted and accel-
erated improvement of these important traits. In the present
study, traits SW, ST, SWT, EC and WU had QTL with posi-
tive additive effects suggested the contribution of favourable
allele of these traits from the wild parent ICP 15739. Earlier,
Gnanesh et al. (2011) also reported contribution of favour-
able alleles from low-value parent, i.e. susceptible parent
towards observed phenotypic variability in pigeonpea. Once
validated in diverse genetic background/after saturation of
the candidate genomic regions, the MTAs can be deployed in
breeding programs for fast-track improvement of seed traits.
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