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Abstract
Pigeonpea (Cajanus cajan L.) is an important source of quality dietary protein for over a billion people worldwide. The seeds 
of pigeonpea contain approximately 20–22% digestible protein, which makes it a valuable source of nutrition. Despite this, 
there has been little attention paid to enhancing the seed protein content (SPC) through genetic means. Recently, high-protein 
germplasm lines have been discovered in the secondary gene pool, which presents an opportunity to breed for high-protein 
cultivars. To accelerate the breeding process, genomics-assisted breeding (GAB) can be utilized. In this context, this study 
identified the superior haplotypes for the genes that control SPC in pigeonpea. Whole-genome re-sequencing (WGRS) data 
from 344 pigeonpea genotypes were analyzed to identify the superior haplotypes for 57 SPC governing genes. A total of 231 
haplotypes in 43 candidate genes were identified, and haplo-pheno analysis was performed to provide superior haplotypes 
for 10 genes. The identification of superior haplotypes and genotypes will greatly facilitate the development of protein-rich 
pigeonpea seeds through the application of haplotype-based breeding (HBB).
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Abbreviations
Mbp	� Millions of base pairs
kg	� Kilogram
ha	� Hectares
SPC	� Seed protein content
WGRS	� Whole genome re-sequencing
GAB	� Genomics-assisted breeding
CAPS	� Cleaved amplified polymorphic sequences
MAS	� Marker-assisted selection
MABC	� Marker-assisted backcrossing
MARS	� Marker-assisted recurrent selection
HBB	� Haplotype-based breeding
SNP	� Single nucleotide polymorphism
CcLGs	� Cajanus cajan Linkage Groups
maf	� Minor allelic frequency
ANOVA	� Analysis of variance
QTL	� Quantitative trait loci

Introduction

Grain legumes are among the most significant sources of die-
tary protein, contributing towards balanced nutrition to the 
human population. Among the legumes, pigeonpea (Cajanus 
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cajan L.) is a highly valued protein-rich crop having 2n = 22 
chromosomes with a genome size of 833.07 Mbp (Varshney 
et al. 2012). It is grown on 6.36 million ha in 24 countries 
around the globe (FAO 2023) and not only offers nutritional 
food security, but its adaptability to diverse agro-ecological 
conditions and nitrogen-fixing ability, also makes it a crucial 
component of sustainable agricultural systems (Mula and 
Saxena 2010; Rao et al. 2010). Current pigeonpea cultivars, 
yielding around 700 kg/ha, are insufficient to address mal-
nutrition effectively. To improve pigeonpea-based protein's 
impact on malnutrition, it is logical to increase protein har-
vests from existing land resources. This could be achieved 
by developing high-protein cultivars without sacrificing pro-
ductivity (Saxena et al. 2023).

Historically, pigeonpea breeding objectives have predom-
inantly focused on enhancing yield and crop adaptability 
(Mligo and Craufurd 2005; Odeny 2007; Upadhyaya et al. 
2007b), with minimal emphasis on the nutritional quality. 
Despite this, research has indicated that sufficient genetic 
variability for seed protein content (SPC) exists within the 
cultivated gene pool for potential trait improvement (Upad-
hyaya et al. 2007a). The absence of selection for SPC in the 
past may have contributed to the loss of beneficial alleles 
during breeding. A further possibility is that unfavourable 
alleles became fixed in the population due to drift and/or 
hitchhiking effects during the process of selection. Utilizing 
the allelic diversity of genetic resources is considered essen-
tial for overcoming obstacles in the modern world due to the 
significance of the trait (Mayer et al. 2020). The availabil-
ity of genomic resources in pigeonpea, such as a reference 
genome (Varshney et al. 2012; Garg et al. 2022) and whole 
genome re-sequencing (WGRS) data (Kumar et al. 2016; 
Varshney et al. 2017; Saxena et al. 2021), provide an oppor-
tunity to improve productivity and quality traits in the crop 
via modern breeding techniques. Nonetheless, the initial step 
in Genomics-assisted breeding (GAB) is the identification 
of molecular markers or candidate genes associated with 
the traits of interest (Varshney et al. 2005, 2021a). Breeding 
efforts for developing high seed protein pigeonpea cultivars 
were aided by identification of markers associated with seed 
protein content (Obala et al. 2019a). Genome sequencing 
and phenotyping data revealed sequence-based markers 
and candidate genes for seed protein. Screening of 16 poly-
morphic cleaved amplified polymorphic sequences (CAPS) 
markers on a F2 population segregating for SPC identified 
four markers co-segregating with SPC.

GAB methods including marker-assisted selection 
(MAS), marker-assisted backcrossing (MABC), and marker-
assisted recurrent selection (MARS), have been proposed 
and used to transfer or assemble superior alleles into elite 
genetic background(s) (Varshney et al. 2021a). Recently, 
haplotype-based breeding (HBB) has been proposed to 
develop superior cultivars in a number of crop species 

(Varshney et al. 2020). Attempts have been made to intro-
duce HBB in cereal crops, including rice, for salt tolerance 
(Mishra et al. 2016), deep water adaptation (Kuroha et al. 
2018), and improvement of 21 yield and quality traits (Abbai 
et al. 2019). In maize, Mayer et al. (2020) identified superior 
haplotypes for complex traits. In legumes, Guan et al. (2014) 
have identified haplotypes for salinity tolerance and Bhat 
et al. (2022) have identified haplotypes for plant height in 
soybean. Sinha et al. (2020) have identified superior hap-
lotypes for drought tolerance in pigeonpea across 10 asso-
ciated genes, and Varshney et al. (2021b) have identified 
superior haplotypes for 16 important traits in chickpea.

In view of the above considerations, to understand the 
molecular mechanism of SPC in pigeonpea, WGRS data 
with information on gene functions and a common variant 
filtering strategy were used to identify 57 candidate genes 
(Obala et al. 2019a). In the present study, these candidate 
genes have been used to examine haplotype variation across 
WGRS data on 344 pigeonpea genotypes. Haplotype data 
were combined with the SPC phenotyping data to identify 
superior haplotypes in 10 important genes. Furthermore, 
we have also identified pigeonpea genotypes carrying these 
superior haplotypes for SPC. Utilizing HBB, which capital-
izes on both genotypes and superior haplotypes identified in 
this study will provide opportunities to develop pigeonpea 
seeds with a greater protein content.

Materials and methods

Plant material

A set of 344 pigeonpea genotypes including 179 breeding 
lines and 165 landraces was used to conduct haplotype anal-
ysis (ESM Table 1). These genotypes were selected based 
on the availability of sequence data. Further, a subset of 
281 genotypes (121 breeding lines and 160 landraces) was 
selected for conducting haplo-pheno analysis. These 281 
genotypes (ESM Table 2) and SPC phenotyping data were 
collected from International Crops Research Institute for the 
Semi-Arid Tropics genebank (ICRISAT) (http://​geneb​ank.​
icris​at.​org/​IND/​Char_​Pigeo​npea?​Crop=​Pigeo​npea).

Whole genome re‑sequencing data and haplotype 
analysis

Whole genome re-sequencing data of 344 pigeonpea geno-
types were collected from our previous studies including, 
Varshney et al. (2017) and Saxena et al. (2021). Sequenc-
ing data from the 344 pigeonpea genotypes was aligned 
to the improved pigeonpea reference genome (Cajca.
Asha_v2.0) (Garg et al. 2022). Single nucleotide polymor-
phism calling from the deduplicated binary alignment map 

http://genebank.icrisat.org/IND/Char_Pigeonpea?Crop=Pigeonpea
http://genebank.icrisat.org/IND/Char_Pigeonpea?Crop=Pigeonpea
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files was performed using BCFtools version 1.9 of SAM-
tools (Danecek et al. 2021), thus creating the base single 
nucleotide polymorphism (SNP) set. Quality control of 
raw sequencing data was done using FastQC. The cleaned 
reads were aligned to the Cajca.Asha_v2.0 using Burrows-
Wheeler Aligner. The aligned reads in the binary alignment 
map format were converted to the variant call format using 
SAMtools and BCFtools. Variant call format file was filtered 
to remove low-quality SNPs. The criteria for filtering were 
to have base quality of 20, mapping quality of 20, bi-allelic 
only, minimum depth of three, site minimum count of 80%, 
and 1% minor allelic frequency. Furthermore, to perform 
haplotype analysis, full length sequence data of 57 candidate 
genes governing total seed protein content in pigeonpea were 
used (Obala et al. 2019a). From the filtered SNPs, haplo-
types present in candidate gene regions were identified using 
Haploview software (Barrett et al. 2005).

Haplo‑pheno analysis

Using SPC phenotyping data on pigeonpea genotypes and 
haplotype information from the candidate genes, haplo-
pheno analysis was performed. Genes with at least two 
haplotypes and each haplotype present in minimum three 
genotypes were considered for haplo-pheno analysis. The 

genotypes were thus categorized into haplogroups and the 
significance among the haplogroups was studied with the 
help of analysis of variance (ANOVA) and Duncan’s test at 
95% confidence level. The analysis was carried out using 
Agricolae package in R software (Team 2009).

Results

Haplotypes for seed protein content

The analysis of whole genome sequence data of 344 pigeon-
pea genotypes (Varshney et al. 2017; Saxena et al. 2021) 
provided 2,190,221 single nucleotide polymorphisms 
(SNPs) distributed across 11 Cajanus cajan Linkage Groups 
(CcLGs) (Fig. 1). Further SNPs were filtered for bi-allelic, 
minimum depth, 80% site count and 1% minor allelic fre-
quency (maf) and provided a set of high quality 1,148,409 
SNPs. Maximum number of SNPs were present on CcLG11 
(231,568), whereas CcLG05 contained minimum SNPs 
(22,546). SNPs identified across 344 genotypes with 57 
candidate genes for SPC were used to identify haplotypes 
by adopting the criteria of no missing bases, homozygous 
alleles and a minimum length of 3 bp. It resulted in the 
identification of 231 haplotypes across the coding regions 

Fig. 1   Single Nucleotide Polymorphism (SNP) spectrum in re-sequencing data of 344 pigeonpea genotypes
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(missense, silent and non-sense) of 43 genes distributed in 
all the linkage groups, except CcLG05 (Fig. 2). Maximum 
number of haplotypes (53) for nine candidate genes were 
located on CcLG01, followed by CcLG08 (40 haplotypes 
for eight candidate genes) and CcLG02 (40 haplotypes for 
seven candidate genes), while minimum number of haplo-
types (2) for single candidate gene were located on CcLG10. 
The number of haplotypes (ESM Table 3) ranged from 2 
(C.cajan_14054, C.cajan_18213 and C.cajan_18280) to 
10 (C.cajan_07942 and C.cajan_10048) for different can-
didate genes. Varying haplotype frequencies ranging from 
0.29–84.01% were identified in the present study (Fig. 3). 
The haplotypes with highest and lowest frequency were con-
sidered as ‘major’ and ‘minor’ haplotypes, respectively. The 
haplotype H1 for C.cajan_19670 gene had recorded maxi-
mum frequency (84.01%) with 289 genotypes and hence was 
identified as the major haplotype, while 54 haplotypes for 23 
genes had recorded minimum frequency (0.29%) and hence 
were identified as minor haplotypes. The minor haplotypes 
were observed to be mono-genotypic in constitution.  

Haplotypes diversity in breeding lines and landraces

A total of 168 and 207 haplotypes were identified for the 43 
candidate genes governing seed protein across 179 breed-
ing lines and 165 landraces, respectively (ESM Table 3). 
From these 144 haplotypes were common in both breed-
ing lines and landraces. While 24 and 63 unique haplo-
types were found specific to breeding lines and landraces, 
respectively. For example, haplotype H5 for C.cajan_19199 
was present only in landraces, while H3 for C.cajan_20717 
was present only in breeding lines. The number of hap-
lotypes for a specific gene in breeding lines ranged from 

one (C.cajan_06087 and C.cajan_15499) to eight (C.
cajan_20841). In case of landraces, it ranged from two (C.
cajan_14054, C.cajan_18213 and C.cajan_18280) to nine 
(C.cajan_20841). It is thus evident that for the majority of 
genes, maximum number of haplotypes were present in lan-
draces in comparison to breeding lines. Few haplotypes of 
a gene were observed to be present in different landraces 
and breeding lines, while some haplotypes were present 
only in landraces or breeding lines and are considered as 
unique haplotypes. Interestingly, out of 43 genes, haplotypes 
of only 26 genes in breeding lines showed complete match 
with landraces, while 17 genes showed unique haplotypes in 
breeding lines which are not present in any of the landraces. 
The frequency of the unique haplotypes of breeding lines 
ranged from 11.11% (C.cajan_04622 and C.cajan_20842) 
to 33.33% (C.cajan_18443 and C.cajan_20717).

Phenotyping data for seed protein content

A subset of 281 genotypes including 121 breeding lines and 
160 landraces from the total 344 genotypes was selected on 
the basis of available phenotyping data and representation of 
all 231 haplotypes for 43 genes. The SPC in 281 genotypes 
ranged from 16.30% to 28% (breeding lines: 16.30–27.10%; 
landraces: 16.30–28%) with an average value of 21.22% 
(breeding lines: 20.87%; landraces: 21.48%). This indicated 
that a significant phenotypic variation was present for SPC 
in the 281 genotypes studied (Fig. 4).

Superior haplotypes for seed protein content

Haplo-pheno analysis with haplotype and phenotype data 
on 281 genotypes provided 10 significant genes. In order 

Fig. 2   Number of genes and 
haplotypes identified in different 
linkage groups of pigeonpea
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to define a superior haplotype in a given significant gene 
for SPC, performance of a haplogroup (group of genotypes 
with the same haplotype sequence) was compared to other 
haplogroups (Table 1). A haplotype with phenotypic perfor-
mance superiority for SPC over other haplotypes has been 
considered as a superior haplotype in a gene. As a result, 
12 superior haplotypes were identified in 10 genes regulat-
ing SPC in pigeonpea. The maximum number of superior 
haplotypes were present in two genes (2 haplotypes in each 
C.cajan_04622 and C.cajan_20776 and the remaining 8 
genes contained one superior haplotype in each). For the 
12 superior haplotypes identified, the SPC values ranged 
from 16.3% to 28% with an average SPC 22.33%. A total of 
seven genotypes, including four landraces and three breeding 
lines were carrying superior haplotypes for 10 SPC govern-
ing genes (C.cajan_00758, C.cajan_02320, C.cajan_04622, 
C.cajan_05310 ,  C.cajan_14054 ,  C.cajan_15445 , 
C.cajan_18280, C.cajan_20776, C.cajan_20841 and 
C.cajan_20914 (Fig. 5)). In terms of individual genotypes, 
ICP4213 (27.1% SPC) and ICP11230 (27% SPC) were found 
to be superior genotypes carrying maximum number (i.e., 7 
in each) of superior haplotypes. Genotypes ICP11320 and 
ICP7257 harboured two superior haplotypes each and the 
genotypes ICP6859, ICP7420 and ICP11690 carried sin-
gle superior haplotype each (Table 2). Above mentioned 

Fig. 3   Number of haplotypes and accessions / genotypes for genes governing seed protein content in pigeonpea

Fig. 4   Phenotypic distribution of seed protein content in 281 pigeon-
pea genotypes. The violin plots show the phenotypic distribution of 
the 281 genotypes for seed protein content. The shape of the distribu-
tion (skinny on each end and wide in the middle) indicates that the 
trait distribution is highly concentrated around the median
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superior haplotypes and pigeonpea genotypes will provide 
new opportunities for developing high SPC pigeonpea cul-
tivars through haplotype-based breeding (Fig. 6).   

Discussion

Seed protein content (SPC) is an important nutritional trait 
of pigeonpea (Saxena et al. 2023). SPC is a quantitatively 
inherited trait and G × E interactions are further adding to 
this complexity (Obala et al. 2018, 2019b, 2020). Due to 
this trait complexity, though pigeonpea germplasm has good 
genetic variations available (up to 32% SPC), but could not 
be used efficiently to develop high yielding pigeonpea geno-
types with higher SPC (Obala et al. 2019a). Therefore, few 
studies were undertaken recently to identify the genetic loci/
QTLs for SPC in pigeonpea (Obala et al. 2019a, 2020). The 

present study based on haplotype approach is an advance-
ment to our findings with respect to genetic control of SPC 
in pigeonpea.

Haplotype analysis is a useful tool for identifying and 
utilizing existing genetic diversity among target genes. In 
cereal crops such as rice and maize, superior haplotypes 
have been linked to complex traits and environmental adap-
tations identified (Mishra et al. 2016; Abbai et al. 2019; 
Mayer et al. 2020). In legumes, noteworthy progress has 
been made in discovering superior haplotypes for essen-
tial traits. For example, Varshney et al. (2021b) identified 
superior haplotypes for 16 key traits in chickpea, while in 
soybean, haplotypes have been detected for salinity toler-
ance and plant height (Guan et al. 2014; Bhat et al. 2022). 
In the case of pigeonpea superior haplotypes were identified 
for drought tolerance and related traits (Sinha et al. 2020). 
In the present study, we have identified superior haplotypes 

Table 1   Average performance of genotypes possessing superior haplotype in comparison to another group of haplotypes

Duncan analysis was employed to test statistical significance (p < 0.05). Different alphabets (a, b, c) indicate significant differences

Gene Superior haplotype Other haplotypes

Haplotype Mean Range Promising accession SPC (%) Biological status Haplotype Mean Range

C.cajan_00758 H1 22.52a 19.40–27.10 ICP7257 27.10 Breeding line H2 17.87b 16.50–20.50
C.cajan_02320 H2 22.23a 16.7–27.1 ICP4213 27.10 Landrace H3 20.95b 16.5–23.7

ICP11230 27.00 Breeding line H1 20.51b 16.3–28
C.cajan_04622 H2 22.35a 16.7–27.1 ICP4213 27.10 Landrace H1 21.13ab 16.5–28

ICP11230 27.00 Breeding line H4 20.93ab 18.7–22.8
H5 22.17a 20.3–25.1 ICP11690 25.1 Breeding line H3 19.22b 16.6–22.2

C.cajan_05310 H1 21.74a 16.3–27.1 ICP4213 27.10 Landrace H3 21.17ab 17.3–27.1
ICP11230 27.00 Breeding line H2 20.79b 16.4–26.7

C.cajan_14054 H1 21.73a 16.5–27.1 ICP4213 27.10 Landrace H2 18.87b 17.7–19.5
ICP11230 27.00 Breeding line

C.cajan_15445 H2 22.17a 16.5–27.1 ICP4213 27.10 Landrace H1 20.82ab 16.4–27.1
ICP11230 27.00 Breeding line H4 20.67ab 17.2–24.5

H3 20.25b 16.6–24.4
C.cajan_18280 H1 22.73a 17.9–27.1 ICP4213 27.10 Landrace H2 20.3b 16.5–26.3

ICP11230 27.00 Breeding line
C.cajan_20776 H1 22.43a 18.2–25.8 ICP11320 25.80 Landrace H2 20.13b 16.5–25.1

H3 21.55a 19.7–24.1 ICP6859 24.1 Landrace
C.cajan_20841 H9 24.7a 22.9–25.8 ICP11320 25.80 Landrace H6 22.51b 19.7–26.4

H3 22.07bc 18.4–27.0
H5 21.91bc 19.0–24.8
H4 21.03bc 18.6–26.3
H1 20.91bc 16.3–28.0
H7 20.82bc 17.5–25.0
H2 20.64bc 16.4–27.1
H8 20.01c 18.0–22.9

C.cajan_20914 H1 21.32a 16.3–28.0 ICP7420 28.00 Landrace H2 19.57b 16.6–25.0
ICP4213 27.10 Landrace
ICP7257 27.10 Breeding line
ICP11230 27.00 Breeding line
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associated with seed protein content (SPC) by analyzing 
whole genome sequence data of 344 pigeonpea genotypes. 
The study identified 231 haplotypes across 43 genes, indi-
cating considerable haplotype diversity in the pigeonpea 
genome for SPC.

Our study found that 100% of haplotype diversity for 
nine genes in landraces has already been utilized in breed-
ing lines. While 50% to 80% of haplotype diversity har-
nessed from 25 genes and < 50% of haplotype diversity 
utilized from the remaining nine genes for SPC in breeding 
lines. Whereas, in an earlier study in pigeonpea for drought 

Fig. 5   Haplotype analysis of C.cajan_20841 across the subset panel. 
a Haplotypic variation of C.cajan_20841, a gene associated with 
SPC. b SNP motif representation of C.cajan_20841 haplotypes. 
(Height of each stack of letters represents the relative frequency of 
that nucleotide at a particular position). c Boxplot showing variation 
in SPC among 281 pigeonpea genotypes. Lower and upper boxes 

indicate the 25th and 75th percentile, respectively. The median is 
depicted by the horizontal line in the box. Duncan’s analysis sug-
gested H9 is the most superior haplotype of C.cajan_20841 gene for 
SPC. d The geographical distribution of accessions harbouring H9 of 
C.cajan_20841 gene
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tolerance responsive genes have shown limited use of haplo-
type diversity from their ancestors in breeding lines ranging 
from < 20% in eight genes to > 80% in only two genes (Sinha 
et al. 2020). Despite extensive utilization of haplotype diver-
sity in past and current pigeonpea breeding programs for 
candidate genes, there has been no notable enhancement in 
SPC. Most superior haplotypes were identified in landraces 
compared to breeding lines, suggesting their contribution to 
improving breeding lines with higher SPC. Our phenotyp-
ing and candidate gene-based statistical analysis identified 
ten strongly associated SPC genes in pigeonpea. We even-
tually identified twelve superior haplotypes for ten genes, 
and genotypes carrying these superior haplotypes were 
analyzed. Interestingly, eleven of the twelve superior hap-
lotypes were transferred to breeding lines from landraces, 
while C.cajan_20841 (H9) is a unique haplotype found only 
in landraces.

The functional annotation of identified SPC associated 
genes has also provided support to our findings (Detailed 
table presented in Obala et  al. 2019a, b). For instance, 
C.cajan_05310, has been found significant in seed storage 
albumin protein processing, linked to increased SPC in soy-
bean, with studies indicating its upregulation in high SPC 
genotypes (Gruis et al. 2002; Krishnan et al. 2007; Bolon 
et al. 2010). C.cajan_04622, essential in the first step of 
nitrogen assimilation, is a potential candidate for controlling 
grain protein content, as demonstrated in wheat (Gaur et al. 
2012; Nigro et al. 2013; Guan et al. 2014). The MYB gene 
C.cajan_02320 induces expression of proteinases, impact-
ing protein content through its interaction with gibberel-
lic acid-responsive elements (Gubler and Jacobsen 1992; 
Gubler et al. 1999). Genes C.cajan_00758, C.cajan_14054, 
and C.cajan_18280 are involved in the processing and deg-
radation of storage proteins in seeds, key for seed maturation 
and germination (Hiraiwa et al. 1997; Asakura et al. 2000; 
Pereira et al. 2008; Mazorra-Manzano et al. 2010). Differ-
ential expression of C.cajan_15445 in soybean suggests 
its influence on SPC (Bolon et al. 2010). C.cajan_20776, 
located in a region associated with a major SPC QTL in 
soybean, and C.cajan_20914, encoding a phosphoglycer-
ate kinase, are linked to traits like seed weight, indicating a 
possible dual influence on seed weight and protein content 
(Burstin et al. 2007; Lestari et al. 2013). C.cajan_20841 
known to regulate leaf senescence and ROS production, 
could be significant for understanding seed protein content 
in pigeonpea (Chardon et al. 2014; Li et al. 2016). Further-
more, out of 231 haplotypes identified for 43 genes, 87 were 
unique haplotypes found in landraces and breeding lines. 
The presence of unique haplotypes in breeding lines that are 
not found in any of the landraces suggests that these haplo-
types might have originated through mutation or recombina-
tion during breeding. This scenario implies that additional 
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efforts are required in forthcoming years to utilize available 
haplotype diversity to enhance SPC in pigeonpea.

To enhance the SPC of popular pigeonpea varieties or 
to develop better SPC varieties, a haplotype-based breed-
ing strategy can be employed (Varshney et al. 2020). This 
approach can be useful in pigeonpea hybrid breeding, where 
parents can be selected based on superior and diverse hap-
lotypes to develop the next generation of superior haplo-
types. For instance, in a recent study by Sinha et al. (2020), 
an accession ICP7420 carrying a superior haplotype for 
C.cajan_20914 and having a high seed protein content of 
28% was also reported to carry a superior haplotype for 

relative water content, a drought-related trait. This acces-
sion can be used as a parent in breeding programs to further 
improve the SPC and drought tolerance in pigeonpea. Fur-
ther investigation is required to gain a deeper understanding 
of the interaction between different haplotypes of SPC genes 
in pigeonpea. Future research should focus on validating the 
identified superior haplotypes in larger and more diverse 
pigeonpea germplasm collections to ensure their robustness 
across different genetic backgrounds. Additionally, studies 
aimed at elucidating the molecular mechanisms governing 
SPC in pigeonpea would further enhance our understanding 
of the genetic basis of this important trait and facilitate the 

Fig. 6   Schematic representation 
of haplotype and haplo-pheno 
analysis towards developing 
tailored pigeonpea with superior 
haplotypes for seed protein con-
tent. Through haplotype-based 
breeding, new breeding lines 
can be developed with the most 
superior haplotype combination
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development of more efficient breeding strategies. Moreover, 
integrating the superior haplotypes identified in this study 
into genomic prediction models could facilitate the rapid 
selection of high SPC genotypes in breeding programs. 
Genomic prediction has emerged as a powerful approach 
for improving complex traits, such as SPC, which are con-
trolled by multiple genes with small to moderate effects. By 
combining genomic prediction with the superior haplotypes 
identified in this study, breeders can accelerate the develop-
ment of pigeonpea cultivars with improved SPC.

Conclusions

Haplotype analysis has been applied in various crops, result-
ing in the identification of superior haplotypes associated 
with target traits. A haplotype analysis of seed protein con-
tent in pigeonpea revealed a rich diversity of candidate genes 
and significant variations among different genotypes. The 
haplotype-specific responses to SPC found in this study 
highlight the inadequacy of utilizing haplotype diversity in 
past pigeonpea breeding programs and the need for increased 
efforts to utilize existing haplotype diversity to improve SPC 
in pigeonpea. In the future, it is expected that further func-
tional evaluation, including the discovery of epistatic inter-
actions between these haplotypes, and the implementation 
of haplotype-based breeding, will lead to the development 
of pigeonpea varieties with high SPC.
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