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Identification and validation of quantitative trait loci (QTL) governing desired phenotype of target trait 
is a prerequisite to implement marker-assisted selection in any crop including dolichos bean. Under 
this premise, we used two mapping populations (MPs) to detect and cross population validate QTL 
controlling fresh pod yield. One of the MPs consisted of F2 individuals (MP1) derived from crossing two 
elite genotypes, the second MP consisted of random RILs (MP2) derived from a different pair of elite 
genotypes. The MP1 and MP2 were genotyped using polymorphic 86 and 91 SSR markers, respectively 
and linkage maps were constructed using QTL IciM mapping software. The MP1 and MP2 were 
phenotyped during 2021 and 2017 rainy and post rainy seasons, respectively for fresh pod yield plant−1 
following two-replicated simple lattice design. QTL maps were developed in MP1 and MP2 using 
genotype and phenotype data. Our results indicated that the estimates of total map length, average 
map length per linkage group (LG) and average inter-marker distance in MP2 were greater (by at least 
1.5 times) than those in MP1. While seven QTLs were detected in MP1, six were detected in MP2 with 
three QTL exhibiting positive and additive minor effects for fresh pod yield plant−1. We also detected 
one common minor positive effect QTL across two seasons in MP2 and significant epistatic QTL, whose 
main effects were non-significant. One each of the seven and six QTL-linked SSR markers detected 
in MP1 and MP2, respectively were cross-population validated. The implications of these results are 
discussed in relation to strategies to breed dolichos bean.
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Dolichos bean var. lignosus is one of the important and ancient food legumes extensively grown in southern 
India1. It is commonly known as ‘hyacinth bean’, ‘field bean’, ‘Indian bean’, etc. It is a self-pollinated crop with 
2n = 22 chromosomes2 and genome size of 367 Mbp3. It is believed that dolichos bean is originated in India4. 
It is grown both in rainfed and irrigated eco-systems for fresh beans for use as a vegetable southern in Indian 
states such as Karnataka, Andhra Pradesh and Tamil Nadu. Fresh dolichos beans are one of the most important 
sources of protein (22–28%) to a large number of people, especially those who depend on vegetarian diets1. 
Recent research finding indicate that dolichos bean extracts impede infections of viral diseases such as influenza 
and SARS-CoV-2 which have been declared as world pandemics by world health organization5. It contributes 
to food security and better nutrition and increased income to rural poor1. While fresh pods are harvestable and 
marketable economic products, fresh beans are consumable economic products in dolichos bean. Enhancing 
on-farm productivity by developing high yielding cultivars is expected to offer competitive edge to dolichos bean 
production and in in turn encourage farmers for large-scale production of dolichos bean. Increased production 
would lead to enhanced availability of dolichos bean at price affordable to rural poor who largely depend on 
dolichos bean as one of the protein sources.

Being predominantly self-pollinated crop, pure-lines are the only cultivar option for dolichos bean production. 
Owing to the paucity of genomic resources, dolichos bean breeding has been largely based on phenotype-based 
selection of best homozygous genotypes for use as pure-line cultivars. However, phenotype-based selection 
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for fresh pod yield and its component traits is rather less effective due to their crop-stage specific expression, 
complex inheritance and significant cross-over genotype-by-environment interaction6. DNA markers being 
crop stage non-specific, simply inherited and environmentally neutral are proven to be powerful surrogates 
of such difficult-to-select traits. Enhancing the pace and efficiency of dolichos bean breeding for cultivars with 
high fresh pod yield require adoption of a well-conceived strategy that hinges on DNA marker assisted selection 
(MAS) and introgression of the key quantitative trait loci (QTL) controlling fresh pod yield to elite genetic 
background6. The detection and characterization of QTLs are traditionally being performed using F2/F3/RILs/
di-haploid populations derived from parents contrasting for phenotypes of target traits and a large number of 
polymorphic markers.

Based on quantitative genetics theory6, we hypothesize that detection of QTL within the very breeding 
populations (BPs) routinely developed and used for selection in breeding programmes is more relevant than 
those detected in experimental populations deliberately developed to increase the power of detection of QTL. 
The rationale of our hypothesis is that the QTL detected in experimental populations most often do not segregate 
in BPs used for selection of superior genotypes for use as cultivars7–10. However, BPs are generated more often 
from good × good parent crosses to maximize the probability of selecting recombinant inbred lines (RILs) better 
than the parents or the best cultivar in use. It is possible that major QTL controlling economically important 
traits might have fixed due to repeated selection cycles and hence do not segregate in BPs derived from them6. 
However, we hypothesize that BPs derived from good × good crosses will still segregate for a few minor QTL (if 
not major) that are directly relevant in practical breeding. As a prelude for implementing MAS, the objectives 
of the present study were to (i) detect, locate and estimate size effects of QTL controlling fresh pod yield and (ii) 
validate the SSR markers linked to the detected QTL in two biparental mapping populations derived from elite 
parents.

Material and methods
Development of mapping populations
Our study consisted of two mapping populations (MPs). One of these MPs consisted of F2 individuals derived 
from crossing two elite genotypes namely HA 41 and HA 511. These two elite genotypes are high yielding pure-
line varieties released for commercial production by University of Agricultural Sciences (UAS), Bangalore, 
India. The F1’s from HA 4 × HA 5 was grown during 2020 post rainy season and these were selfed to obtain F2 
population. The F2 population were selfed in 2021 summer season to obtain F2:3 population (hereafter referred 
to as MP1) for detecting QTLs for fresh pod yield. The second MP consisted of random RILs ((hereafter referred 
to as MP2) derived from two elite genotypes, namely HA 10–8 and RIL-18012. While HA 10–8 is a advanced 
breeding line derived from HA 4 × GL 153 cross, RIL 3–180, is a RIL derived from HA 4 × CPI 31,113 cross13. 
The F1’s from HA 10–8 × RIL-180 was grown during 2015 post rainy season and these were selfed continuously 
to obtain F6 RIL population which constituted MP2 for detecting QTLs for fresh pod yield. Both MP1and MP2 
were developed in the experimental plots of the Department of Genetics and Plant Breeding (GPB), College of 
Agriculture (CoA), UAS, Bangalore, India.

Genotyping MP1 and MP2
DNA extraction
Young leaves from 21-days old seedlings were collected from 144 individual F2 plants of MP1 and 96 F6 RILs of 
MP2. The genomic DNA was isolated by Cetyl-tri-methyl ammonium bromide (CTAB) method14.

SSR marker assay
The MP1 and MP2 were genotyped using 86 (Supplementary Table 1) and 91 SSR markers (Supplementary Table 
2) polymorphic between their parents, respectively. The PCR reactions were carried-out in thermocyclers from 
Applied Biosystems/Veriti 96 well, in a 35-cycle program, obeying the following temperatures and time: 94 °C for 
one minute (initial denaturation), 94 °C for two minutes (cyclic denaturation), the specific temperature of each 
initiator, in °C, for one minute (annealing), 72 °C for three minutes (cyclic extension), 72 °C for 10 min (final 
extension), and 4 °C. The final volume was 14 µL of each sample, being: 2µL of DNA (10 ng/µL), 4 μl of Amplicon 
PCR Master Mix, and 8 μl of nuclease-free water. The amplicons were separated on 3.5% agarose gel, stained 
with ethidium bromide, and visualized through the photo- documentation system (Bio-Imaging Systems). The 
amplicon profiles produced by SSR markers on MP1 and MP2 were scored manually. The amplicons of SSR 
priming regions of genomic DNA specific to HA 4 of MP1 at defined product size range were scored as ‘0’ and 
those specific to HA 5 of MP1 were scored as ‘2’ and heterozygous genotypes as ‘1’. The amplicons of SSR priming 
regions of genomic DNA specific to HA 10–8 of MP2 at defined product size range were scored as ‘0’ and those 
specific to RIL 3–180 of MP2 were scored as ‘2’.

Linkage map construction
The information on linkage map was extracted using QTL IciM mapping software version 4.1 based on genotypic 
data of 86 and 91 SSR markers in MP1 and MP2. While a threshold logarithm of odds (LOD) score of 3.0 was 
used to test the significance of pair-wise marker recombination fraction (RF), threshold RF of 0.30 was used for 
assigning markers to different linkage groups (LGs). The best order among the markers assigned to each LG was 
determined using the protocol “minimum sum of adjacent recombination fraction (SARF)”. The map distances 
among the markers assigned to each LG were estimated using Kosambi (1944)15 mapping function. Significance/
otherwise of departure of frequency of alleles at each SSR marker locus from the expected frequency of 0.50 was 
examined using Chi-square test in both MP1 and MP2. Also, at each SSR marker locus, the segregation of F2 
individuals of MP1 and of RILs in MP2 was examined for conformity with expected segregation of 1:2:1 and 1:1, 

Scientific Reports |         (2025) 15:8613 2| https://doi.org/10.1038/s41598-025-90558-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


respectively. With all these information the skeletal linkage map of MP1 and MP2 were drawn using MapChart 
software16.

Marker distribution analysis
To explore if the mapped markers were randomly distributed in the genome, the LGs in MP1 and MP2 were 
divided into 5 cM, 10 cM and 15 cM bins. The number of markers in defined bins was counted in all the LGs. 
Expected number of markers per defined bins in all the LGs was predicted based on Poisson distribution 
function, P(x) = e−μ μx /x!, where, ‘x’ is the number of markers per bin and μ is the average number of markers 
per defined bin17. The significance/otherwise of deviation of observed number of markers per bin from those 
expected was examined using Chi-square test. Significant and non-significant deviations were considered as 
evidence for non-random and random distribution of markers along LGs and genome of dolichos bean.

Phenotyping MP1 and MP2
While the seeds of 144 F2:3 families (MP1) were planted in single rows of 3 m length with 0.60 m apart following 
simple lattice design during 2021 rainy and post rainy seasons, those of 96 RIL (MP2) were planted during 2017 
rainy and post rainy season. The families/individuals of both MP1 and MP2 were evaluated in experimental 
plots of the department of GPB, CoA, UAS, Bangalore, India. The seeds of each F3 family and RIL were planted 
in single row of 3 m length and 0.60 m apart. Fifteen days after sowing, seedlings were thinned to maintain 
0.3  m between plants within a row. A total of 12–13 plants per F2:3 family and RIL survived to maturity in 
each replication in MP1 and MP2. Ten plants in each F2:3 family and RIL were sampled avoiding border ones. 
Well-filled fresh pods were harvested twice from five sampled plants. The weight of fresh pods harvested in two 
pickings were recorded in grams and expressed as fresh pod yield plant−1. The data on fresh pod yield plant−1 of 
F2:3 families of MP1 and RILs of MP2 were used for QTL mapping.

Statistical analysis of phenotypic data
The replication-wise mean fresh pod yield recorded from two seasons was subjected to statistical analysis. The 
pooled analysis of variance (ANOVA) was performed to detect genotype × season interaction. Summary statistics 
of phenotypic data on fresh pod yield of the two populations was estimated using MS Excel software version.

QTL mapping
The genotypic and phenotypic data of MP1 and MP2 evaluated in two seasons were integrated to detect QTL 
controlling fresh pod yield plant−1, initially using single marker analysis (SMA). Subsequently, Inclusive Composite 
Interval Mapping (ICIM) was performed to detect, locate and estimate size effects of QTL and QTL × QTL 
interactions18 controlling fresh pod yield plant−1 in each season. Under the assumption of additivity of QTL 
effects on the phenotype of traits of interest, the additive effect of a QTL could be completely absorbed by the 
two flanking marker variables and the epistatic effects between two detected QTL could be completely absorbed 
by the four marker-pair multiplication variables between the two pairs of markers flanking the QTL. IciM works 
on this property to map QTL. In IciM, marker variables were considered in a linear model for mapping QTL 
with additive effects and both marker variables and marker-pair multiplications were simultaneously considered 
for mapping QTLs with epistatic effects. Two steps were followed in IciM. In the first step, stepwise regression 
was applied to identify the most significant markers and marker-pair multiplications. In the second step, a one-
dimensional scanning or interval mapping was conducted for mapping additive and a two-dimensional scanning 
was conducted for mapping di-QTL epistasis using adjusted phenotypic values based on the best regression 
model. The accuracy of QTL position and significance of size effect of QTL and QTL × season interaction 
conferring fresh pod yield plant−1 was determined using data-driven (empirical) estimates of threshold LOD 
scores obtained by 1000 permutations19. Similarly, significant QTL × QTL interactions controlling fresh pod 
yield plant−1 were detected at threshold LOD value of 5.0, and their size effects were estimated. All these statistical 
analyses were implemented using QTL ICiMapping software version 4.120. The QTL maps of MP1 and MP2 were 
drawn using MapChart software16.

Estimation of expected number of markers to ensure at least one marker is within defined 
distance from a randomly chosen QTL
The expected number (n) of markers required to achieve the probability (p) that at least one marker is within ‘m’ 
map distance from a randomly chosen QTL controlling a target trait was estimated as n =  ln(1−p)

ln(1− 2m
L )

21,22, where, 

‘L’ is estimated map length in a given experiment and m = inter marker distance. Say if p = 0.85; m = 16  cM; 
L = 1380.98 cM (as realized in MP1) (Table 1), the expected number of markers required to achieve 0.85 ‘p’ was 

estimated as n =  ln(1−0.85)
ln

(
1− 2(16)

1380

)  ~ 80 markers. Say if p = 0.85; m = 28 cM; L = 2593.95 cM (as realized in MP2) (Table 

1), the expected number of markers required to achieve 0.85 ‘p’ was estimated as n =  ln(1−0.85)
ln

(
1− 2(28)

2595

)  ~ 95 markers.

Results
Linkage maps in MP1 and MP2
The frequency of alleles at each SSR marker locus was in conformity with expected frequency of 0.50 in both MP1 
(Supplementary Table 3) and MP2 (Supplementary Table 4). Similarly, at each SSR marker locus, F2 individuals 
of MP1 (Supplementary Table 3) and RILs of MP2 (Supplementary Table 4) segregated in expected ratio of 1:2:1 
and 1:1, respectively. The total map length and average inter-marker distance varied with MP. While map length 
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per LG varied from 35.63 cM (LG 5) to 223.61 cM (LG 10) in MP1 (Table 1; Fig. 1), it varied from 135.59 cM 
(LG 10) to 361.76 cM (LG 8) in MP2 (Table 1; Fig. 2). The highest and lowest number of markers per LG varied 
from 7 to10, respectively in MP1, while they varied from 8 to 9, respectively in MP2. The total length of the 
map spanned 1388.98 cM and 2593.95 cM in MP1 and MP2 with an average marker density of 16.15 cM and 
28.50 cM, respectively (Table 1). These results implied that the total map length and average map length per LG 
in MP2 were greater (by 1.86 times) than those in MP1. Similarly, the average inter-marker distance in MP2 was 
greater (by 1.77 times) than that in MP1, though a number of mapped markers per LG was comparable between 
MP1 and MP2 (Table 1).

Distribution of markers along linkage groups
The observed number of markers deviated significantly from those expected based on Poisson distribution in 
15  cM bins in each LG in MP1 (Supplementary Fig.  1a and 1b) and MP2 (Supplementary Fig.  2a and 2b). 
Similarly, the observed number of markers deviated significantly from those expected in 5 cM and 10 cM bins as 
well in both MP1 and MP2 (data not shown as number of figures will be too many). These results indicated non-
random distribution of markers along LGs. The inter-marker distance on LG varied from 0.0 to 31.4 cM, with an 
average of 0.98 cM. Wide variation in the estimates of the inter-marker distance across LGs in both MP1 (5.09 to 
36.31) (Table 1) and MP2 (16.94 to 45.22) (Table 1) provides further evidence for the non-random distribution 
of the markers along the LGs.

Identification of QTL
Accuracy and reliability of the QTL discovery is the function of accuracy of phenotypic data. Discovery of 
QTL also depends on significant variability among the individuals of the MPs for target trait (fresh pod yield 
in the present study) and consistency of their performance across tested environments (seasons in the present 
study). ANOVA (Table 2) indicated significant variability among the individuals of both MPs for fresh pod yield. 
Though the genotype × season interaction was statistically significant. A fairly high ‘F’ probability suggested 
that the interaction not strong enough to be considered seriously. The variability for fresh pod yield in terms of 
range in both MP1 and MP2 were comparable. The trait exhibited a moderate level of heritability in both the 
populations (Table 3). While three QTLs (qFPWS1-2–1, qFPWS1-2–2, qFPWS1-11–3) were detected based on 
2021 rainy season data (Table 4; Fig. 3), four QTL (qFPWS2-2–1, qFPWS2-4–2, qFPWS2-10–3, qFPWS2-11–4) 
were detected based on 2021 post rainy season data in MP1 (Table 4; Fig. 3). All these seven QTL exhibited 
negative additive effects on fresh pod yield plant−1 except the one detected based on 2021 post rainy season 
data which showed positive additive effects. This positive effect QTL flanked by LPD 7 and LPD 100 detected in 
MP1 merit mention (Table 4; Fig. 3). In MP2, three QTLs each were detected based on 2017 rainy season data 
(qFPWS1-2–1, qFPWS1-7–2, qFPWS1-11–3) (Table 5; Fig. 4) and 2017 post rainy season data (qFPWS2-2–1, 
qFPWS2-5–2, qFPWS2-10–3) (Table 5; Fig. 4). Though these six QTL showed minor effects, two (qFPWS2-1, 
qFPWS2-2) (Fig. 4) of these detected at 30 cM and 60 cM on LG 2 and LG 5 and flanked by KTD 66 and KTD 
76, and KTD184 and LabRRT44 (Table 5; Fig. 4), respectively merit mention.

QTL × season interaction and common QTL across two seasons
The estimates of variation explained by QTL × season interaction effects were ignorably low in both MP1 (Table 
4) and MP2 (Table 5). One of the seven QTL detected based on 2021 rainy season (qFPWS1-2–1) (Fig. 1) and 
post rainy season data (qFPWS2-2–1) (Fig. 2) was common across two seasons in MP1 (Table 4). Similarly, one 
of the six QTL detected based on 2017 rainy season (qFPWS1-1) (Fig. 3) and post rainy season data (qFPWS2-1) 
(Fig. 4) was common across two seasons in MP2 (Table 5). The common QTL (qFPWS1-2–1/qFPWS2-2–1) 
detected in MP1 on LG 2 was flanked by same markers (LPD 190 and LPD 25) in both seasons with only 

Linkage group identity

Linkage map 
length (cM)

No. of 
markers

Average 
inter-marker 
distance (cM)

MP1 MP2 MP1 MP2 MP1 MP2

1 73.02 276.99 8 8 9.13 34.62

2 195.76 212.04 9 8 21.75 26.50

3 74.97 207.80 8 9 9.37 23.08

4 210.50 238.33 8 8 26.31 29.79

5 35.63 306.43 7 8 5.09 38.30

6 139.66 306.33 7 8 19.95 38.29

7 124.27 307.55 7 9 17.75 34.17

8 56.44 361.76 7 8 8.06 45.22

9 64.55 234.57 7 9 9.22 26.06

10 223.61 135.59 10 8 22.36 16.94

11 190.57 314.11 8 8 23.82 39.26

Total 1388.98 2593.95 86 91 177.65 313.50

Average 126.27 235.81 7.8 8.27 16.15 28.50

Table 1.  Distribution of polymorphic SSR markers on 11 linkage groups in two mapping populations (MPs).
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marginal change (by 4  cM) in chromosomal location (Table 4). Similarly, the common QTL (qFPWS1-1/ 
qFPWS2-1) detected in MP2 on LG 2 was flanked by same markers (KTD 66 and KTD 76) in both the seasons 
with only marginal change (by 4 cM) in chromosomal location (Table 5). However, only in MP2, the detected 
common QTL exhibited positive additive effects.

Di-QTL epistasis
Based on their location, two types of QTL irrespective of whether they exhibit significant/non-significant main 
effects interact and produce effects that could be detected. These are (i) the QTL located on same LG and (ii) the 
QTL located on different LG. The epistatic QTL that was detected in the present study belonged to the second 
category. Considering that power of detection of di-QTL epistasis is lower than that of main effect QTL6, only 

Fig. 1.  SSR marker-based skeletal linkage map in F2 mapping population (MP1) derived from HA 4 × HA 5
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those epistatic QTL which were detected with LOD score of more than 4.0 are reported in this manuscript. 
While two pairs of QTLs interacted significantly in rainy season, three pairs of QTLs interacted significantly in 
post rainy season in MP1 (Table 6: Fig. 5). The QTL located on LG 11 (although detected at different positions) 
involved as one of the QTL in four of the five pairs of QTLs that interacted significantly in both rainy and 
post rainy seasons. Of these four pairs, the QTL located on LG 11 and the one located on LG 7 produced 
additive × additive epistatic effects of over 10.00 (Table 6). As is true in MP1, in MP2 also, while two pairs of 
QTLs interacted significantly in rainy season, three pairs of QTL interacted significantly in post rainy season 
(Table 7: Fig. 6). The QTL located on LG 11 (although detected at different positions) involved as one of the QTL 
in two of the five pairs of QTLs that interacted significantly in both rainy and post rainy seasons in MP 2 (Table 
7). Thus, these results suggest that QTL located on LG 11 involved in di-QTL epistasis more frequently than 
those present on other LG in both MP1 and MP2. Further, the estimates of phenotypic variation explained by 
the epistatic QTLs detected in MP1 (Table 6) were, in general, greater in magnitude than those in MP2 (Table 7).

Fig. 2.  SSR marker-based skeletal linkage map in RIL mapping population (MP2) derived from HA 10-8 × RIL 
3-180
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Cross population validation of QTL-linked SSR markers
In the present study, markers found significantly linked to QTL controlling fresh pod yield plant−1 were examined 
for their linkage in MP1 and MP2. Of the eight QTL-linked SSR markers detected in MP1 (Table 4), the marker, 
LPD 233 was found linked to QTL in MP2 (Table 8). Similarly, of the 10 QTL-linked SSR markers detected in 
MP2 (Table 5), the marker, KTD 66 also was found linked to QTL in MP1 (Table 9). However, while LPD 233 
was found linked to negative additive QTL, KTD 66 was found linked to common positive additive effect QTL 
detected across two seasons in MP2 (Table 5).

Discussion
Development of linkage map
Discovery and development of DNA-sequence based locus-specific co-dominant marker systems such as those 
based on SSRs accelerated the development of linkage maps in different crops. Construction of linkage map 
is a prerequisite for conducting strategic and applied plant breeding research activities such as (i) detection, 
chromosomal localization and estimation of size effects of QTL controlling economically important traits23–25 
(ii) introgression of desired QTL to elite genetic background25 and (iii) map-based cloning of QTL24. As a 
prelude to QTL mapping and their introgression into desired genetic background, a skeletal linkage map was 
constructed using the genotyping data of 86 and 91 SSR markers in MP1 and MP2, respectively. The linkage 
map can be theoretically considered satisfactory if every point on the genome is genetically linked to at least one 
marker. This can be achieved if all the polymorphic markers linked and numbers of LGs are equivalent to haploid 
chromosome number of crop species under investigation. Based on these criteria, the linkage map that we have 

Season LG
Position 
(cM)

Flanking markers (FM) Distance 
between FMs 
(cM)

LOD 
score

Phenotypic 
variance Q × S 
int. (%)

Additive 
effect

Phenotypic 
variance 
(PV) (%)Right marker Left marker

2021 rainy season 2 54 LPD 190 LPD 25 53.89 10.09 6.55 – − 10.00

2 64 LPD 190 LPD 25 53.89 6.17 6.12 – − 5.22

11 48 LPD 233 LPT 140 65.36 4.49 5.22 – − 6.51

2021 post rainy season 2 50 LPD 190 LPD 25 53.89 8.50 6.33 – − 5.20

4 49 LPD 7 LPD 100 90.79 3.58 4.22 – 5.31

10 134 LPT 248 LPD 252 78.18 3.04 5.56 – − 0.11

11 40 LPD 233 LPT 140 118.19 3.70 5.22 – − 6.11

QTL × season interaction 2 00 LPT 11 LPT 136 0.72 3.71 6.42 0.04 0.23

8 54 LPT 160 LPT 163 5.36 3.11 7.91 0.10 − 2.50

10 114 LPT 158 LPT 70 12.95 3.47 7.28 0.03 0.75

Table 4.  Main effect-QTL detected using SSR markers for fresh pod yield plant−1 in F2 mapping population 
(MP1) in two seasons.

 

Population Mean ± SE

Range

HeritabilityMin Max

HA 4 × HA 5 (F2:3) 93.80 ± 1.19 66.46 117.58 0.47

RIL 88.32 ± 1.81 55.43 102.55 0.58

Table 3.  Summary statistics of fresh pod yield in experimental populations.

 

Population Sources of variation Degrees of freedom Mean sum of squares

HA 4 × HA 5 (F2:3) Seasons 01 8279.48**

Replications 02 103,167.2**

F2:3 families 143 243.87**

F2:3 families × seasons 143 53.68*

Residuals 286 41.10

RIL population Seasons 01 2484.62**

Replications 02 7290.33**

RIL families 95 169.23**

RIL families × seasons 95 36.29**

Residuals 190 26.11

Table 2.  Analysis of variance for fresh pod yield in F2:3 and RIL populations.
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constructed, though based on fewer markers, could be regarded as fairly satisfactory as all the polymorphic 
markers were found linked and the number of LGs were equivalent to haploid chromosome number (n = 11) of 
dolichos bean2. Further, the expected number of markers (80 in MP1 and 95 in MP2) to achieve the estimated 
map length (1380 cM in MP1 and 2595 cM in MP2) are comparable to those (86 in MP1 and 91 in MP2) used 
in the present study. Given that linkage map length is a function of recombination frequency (RF), substantially 
shorter map length in F2 population (MP1) than that in RIL population (MP2) could be attributed to lower 
effective RF in MP1 (r) than that in MP2 (R), where R = 2r/(1 + 2r)26. Burr et al.27 and Beavis and Grant28 opined 
that the variation of over 20% in map lengths between F2 and RIL populations derived from the same bi-parental 
cross is highly frequent.

Ideally, the number of mapped markers should be evenly distributed/equally spaced throughout each LG and 
the genome and the average inter-marker distance should be shortest possible. However, the number of mapped 
markers per LG and average inter-marker distance are reflections of mean number of recombination events 
per meiosis within the chromosomal region between the markers29. A wide variation in inter-marker distance 
per LG in the present study, is therefore could be attributed to non-random RF all along each chromosome/LG 
and among the chromosomes/LGs30–32. A significantly reduced RF near centromeres and telomeres compared 
to other chromosomal regions of several crops such as tomato and potato33, wheat34,35, barley36,37, rye38,39 and 

Season LG
Position 
(cM)

Flanking markers (FM) Distance 
between FMs 
(cM)

LOD 
score

Phenotypic 
variance (PV) 
(%)

Phenotypic 
variance Q × S 
int, (%)

Additive 
effectRight marker Left marker

2017 rainy season 2 26 KTD 66 KTD 76 14.00 4.01 7.15 – 1.25

7 96 KTD 140 KTD 94 37.92 3.85 6.92 – 1.22

11 140 LabRRT 28 LabRRT 30 62.32 3.52 6.56 – − 0.85

2017 post rainy season 2 30 KTD 66 KTD 76 14.00 5.22 6.25 – 2.20

5 60 KTD 184 LabRRT 44 24.15 4.25 7.88 – 2.31

10 180 LabT 25 LabT 24 72.26 5.16 7.49 – − 0.72

QTL × season interaction 5 60 KTD 195 KTD 117 53.17 3.02 6.58 0.14 0.33

7 19 LabT 31 KTD 162 16.37 3.26 5.01 0.08 − 1.30

10 11 LabRRT 2 LabRRT 11 14.18 3.27 6.25 0.12 0.55

Table 5.  Main effect-QTL detected using SSR markers for fresh pod yield plant−1 in RIL mapping population 
(MP2) in two seasons.

 

Fig. 3.  Linkage map showing location of QTLs (detected in 2021 rainy and post rainy seasons) controlling 
fresh pod yield plant−1 in F2 mapping population (MP1) derived from HA 4 × HA 5.
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lolium40,41 provide adequate evidence for non-random RF. Non-random distribution of markers could also be 
possibly due to paucity of polymorphisms in a few chromosomal regions of the parents of mapping populations17. 
Therefore, the development of mapping populations from different crosses and the use of new markers, are likely 
to be effective to fill in gaps between makers to saturate linkage maps17.

Even within a crop, the length of linkage map and inter-marker distances vary as average RF vary with the 
genotypes used as parents of MP41. For example, the first linkage map of dolichos bean was based on 218 (102 
RAPD and 116 RFLP) markers distributed across 17 LGs covering 1610 cM in 119 F2 population42. The linkage 
map developed by Yuan et al.43 using 122 RAPD markers in 136 F2 population consisted of 14 LGs spanning 
1302.4 cM of dolichos bean genome. Linkage map constructed by Uday Kumar13 based on 80 SSR markers using 
136 RIL population in dolichos bean consisted of 11 LGs spanning 1067.83 cM with an average inter-marker 
distance of 10.59 cM. In yet another study in dolichos bean, Chandrakanth44 constructed linkage map based on 
58 polymorphic SSR markers in 109 F10 RIL population derived from HA 4 × CPI 60,125. The 58 polymorphic 
markers were mapped on to 11 LGs. The total length of the map spanned 2008.55 cM with an average density of 
34.63 cM. Further, the lengths of linkage map also reported to vary between different types of MPs developed 
from the same cross. For instance, the total map length in RIL population was 70.5% of that in DH population 
derived from the same cross in rice32.

The SSR marker-based linkage map developed in the present study could be used to anchor and orient 
scaffolds onto the pseudo chromosomes of yet to be sequenced dolichos bean whole genome. Markers based on 
SSRs are considered as efficient ones owing to their locus specificity and genome-wide distribution45. They are 

Seasons

QTL A QTLB

Linkage 
group

Position 
(cM)

Right 
marker

Left 
marker

Linkage 
group

Position 
(cM)

Right 
marker

Left 
marker

LOD 
score

Phenotypic 
variance 
(%)

Additive × Additive 
effect

2021 rainy season 6 110 LPT 36 LPD 287 11 80 LPD 144 LPD 141 13.49 2.01 5.41

5 5 LPT 143 LPD 371 11 80 LPD 144 LPD 141 4.42 1.59 5.22

2021 post rainy 
season 3 10 LPT 121 LPT 129 4 40 LPD 7 LPD 100 14.26 2.05 2.45

10 115 LPT 158 LPT 70 11 65 LPD 144 LPD 141 14.96 1.96 2.82

7 30 LPT 41 LPT 291 11 110 LPD 144 LPD 141 4.98 1.97 10.82

Table 6.  Epistatic QTL controlling fresh pod yield plant−1 across seasons in F2 population (MP1).

 

Fig. 4.  Linkage map showing location of QTLs (detected in 2017 rainy and post rainy seasons) controlling 
fresh pod yield plant-1 in RIL mapping population (MP2) derived from HA 10-8 × RIL 3-180
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also useful to integrate different linkage maps and chromosomes. SSR markers can also be used as good probes 
for fluorescent in situ hybridization (FISH) to integrate genetic and cytogenetic maps45,46.

Identification of QTL
Construction of high density and high-quality marker-based linkage maps facilitated QTL mapping in a number 
of crop plants. This paved the way for successful introgression of adequately validated QTL, especially those with 
large effects into elite genetic background in highly researched crops such as rice, maize, sorghum, soybean and 
tomato through marker assisted selection (MAS)6,47. The present study to map QTL controlling fresh pod yield 
plant−1 in dolichos bean, a less researched and less genome information crop is an initial step towards replicating 
the success of MAS of QTL achieved in major crops.

In pursuit of enhancing the chances of detecting and mapping QTL controlling economically important traits, 
most researchers attempt detecting QTL in MPs derived from parents most contrasting for target traits48. Most 
often (if not always) this necessitates the use of at least one of the parents in undesirable genetic background. 
QTL detected in such MPs may not even segregate and hence are not directly relevant in breeding populations 
(BPs) routinely developed and used for selection of superior genotypes for use as cultivars7–10. However, QTL 
detected in MPs derived from elite parents (such as HA 4 and HA 5, and HA10-8 and RIL-180 in the present 
study) could be directly used in the selection of superior genotypes within the BPs for use as cultivars7–10. A 
potential argument against attempts to map QTL in BPs derived from elite parents is that chances and power of 
detection of QTL would be low and QTL, if any are mostly minor effects ones. Nevertheless, they can be directly 
selected using linked markers. Under these premises, the QTL controlling fresh pod yield plant−1 were detected 
and mapped by integrating genotyping and phenotyping data of two seasons separately in MP1 and MP2.

A QTL is considered as ‘major’ or ‘minor’ based on the proportion of phenotypic variation explained by the 
QTL47. The QTL which explains > 10% and < 10% of phenotypic variation are regarded as ‘major’ and ‘minor’ 
ones respectively. Based on this definition, the three QTL detected based on 2021 and 2017 rainy season data 

Seasons

QTL A QTLB

Linkage 
group

Position 
(cM)

Right 
marker

Left 
marker

Linkage 
group

Position 
(cM)

Right 
marker Left marker

LOD 
score

Phenotypic 
variance 
(%)

Additive × Additive 
effect

2017 rainy season 3 40 KTD 286 KTD 283 10 85 LabT 24 LabT 23 6.89 2.22 3.69

5 22 KTD 193 KTD 195 11 30 LabRRT 50 LabRRT 23 5.89 1.52 3.22

2017 post rainy 
season 2 15 KTD 289 KTD 66 5 29 KTD 193 KTD 195 10.12 2.58 1.95

4 110 LabRRT 93 KTD 63 10 78 LabT 24 LabT 23 10.95 2.12 1.99

6 36 KTD 233 KTD 278 11 88 LabRT 23 LabRRT 28 6.12 1.86 1.82

Table 7.  Epistatic QTL controlling fresh pod yield plant−1 across seasons in RIL population (MP2).

 

Fig. 5.  Genome-wide detection of significant di-QTL interactions controlling fresh pod yield plant−1 in 2021 
rainy and 2021 post rainy seasons in F2 mapping population (MP1) derived from HA 4 × HA 5
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in the present study are all ‘minor’ ones. The complete assembly of dolichos bean genome is expected to help 
identify candidate genes corresponding to these QTL governing fresh pod yield45,46. Fewer and small effect 
QTL detected in the present study could be attributed to most likely fixation of major effect QTL during the 
selection of the parents of MPI and MP2. In elite germplasm such as F2/RIL MPs used in our study, no major 
QTL controlling fresh pod yield left segregating as they are likely to be rapidly fixed during selection6. Further, 
based on extensive review6, documented that of the 1076 reported QTL controlling grain yield in different crops, 
77% of them explained only ≤ 10% variation in the target trait, while 36% of these QTL explained 1–5%, 41% of 
them explained 6–10% of the variation in the target trait.

QTL × season interaction
Quantitative trait such as fresh pod yield plant−1 exhibits significant crossover genotype × environment 
interaction as a rule rather than an exception49,50. Such traits are also expected to exhibit significant QTL × season 
interaction6. Detection of QTL in some environments but not in others is generally used as a criterion for 
declaring QTL × environment interaction (QEI). However, contrary to this expectation, in the present study, 
variation explained by QTL × season interaction is rather very low, implying that QTL detected either in rainy 
or post rainy season are stable. In maize, Stuber et al.51 also found little evidence of QEI. However, several 
other researchers have reported significant QEI for different traits in different crop species. To quote one, in 
tomato, four out of 29 QTL were detected in all three environments, 10 in two environments and 15 in only one 

Marker Source of variation Degrees of freedom Mean sum of squares F ‘statistic’ P-value

KTD 66 Between marker class genotypes 01 107.43 5.88 4.95 × 10–3

Within marker class genotypes 143 18.27

Table 9.  Single marker ANOVA for validation of fresh pod yield plant−1 QTL linked SSR makers in F2 
population (MP1) derived from HA 4 × HA 5.

 

Marker Source of variation Degrees of freedom Mean sum of squares F ‘statistic’ P-value

LPD 233 Between marker class genotypes 01 137.43 06.17 5.4 × 10–3

Within marker class genotypes 96 22.27

Table 8.  Single marker ANOVA for validation of fresh pod yield plant−1 QTL linked SSR makers in RIL 
population (MP2) derived from HA 10–8 × RIL 3–180.

 

Fig. 6.  Genome-wide detection of significant di-QTL interactions controlling fresh pod yield plant−1 in 2021 
rainy and 2021 post rainy seasons in RIL mapping population (MP2) derived from HA 10-8 × RIL 3-180  
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environment52. Examples of significant QEI or of QTL being detected in some environments but not in others 
have also been reported in different crops such as, soybean53, sunflower54, cotton55, wheat56 and oat57.

Common QTL across two seasons
An important concept on which QTL mapping studies are performed in different environments is that certain 
QTL are detected in all most all test environments and are designated “consensus/common QTL”, while a few 
others are detected in a single or a few environments and are designated as “specific QTL”6. In the present study, 
common QTL across two seasons were detected in MP1 and MP2. One of these common QTL detected in 
MP2 exhibited positive additive effects. Chandrakanth44 also detected one common QTL (controlling 100-grain 
weight) on LG 6 at 154 cM across 2014 and 2015 rainy seasons data in dolichos bean.

Di-QTL epistasis
Mapping epistatic QTL is challenging experimentally, statistically and computationally. This is because, a large 
mapping population, and a large number of pair-wise interactions and multiple testing need to be evaluated. The 
number of interactions is of the order of the square of the number of single-locus tests for pair-wise interactions58. 
Besides these, other segregating QTL can confound the estimates of epistasis between the pair of QTL under 
test58,59. Because of these challenges, the power of detection of epistatic QTL is smaller than detection of main-
effect QTL. For the same reason, the number of false-positives of significant epistatic QTL is also higher6,58,59. 
To substantially reduce the frequency of false-positives, a minimum LOD score of 4.0 was considered to detect 
di-QTL epistasis. None of the main effect QTL detected in either season appeared to interact with strong signal 
as could be inferred from their absence in di-QTL epistatic QTL detected in the present study in both MP1 
and MP2. Detection of epistatic QTL with desirable additive effect whose main effects are not large enough 
provide evidence that the QTLs in combination can have synergistic effect on phenotype of the trait under 
investigation60. Knowledge of such epistatic QTL help understand contribution of epistasis to breeding value of 
interacting genes61. Importance of introgression of epistatic QTL via MAS has also been advocated62.

Epistasis between QTLs detected in MPs such as F2 has been at a frequency close to that expected by chance 
alone63–65. As a result, detection of di-QTL epistasis controlling economically important traits in crop plants is 
not un-common. In asparagus bean66, reported three pairs of QTLs displaying significant epistatic interactions 
for days to first flowering. Liang et al.67 in soybean reported two epistatic QTL for seed width which explained 
2.05 and 1.05 per cent phenotypic variation. Orf et al.68 in soybean reported significant epistasis among QTL 
with substantial main effects on grain yield. Li et al.69 detected significant di-QTL epistatic effects with one or 
both interacting QTL with no significant additive effects for dormancy in diploid potato. On the other hand, Hu 
et al.70 failed to detect epistatic QTL for kernel starch content in maize. Additive × Additive epistasis detected in 
the present study could be fixed in desired homozygous genotype for use as a pure line, which is the only cultivar 
options for commercial dolichos bean production.

Cross population validation of QTL—linked SSR markers
Most often than not, detected target traits’ QTL and their linked SSR markers are genotype-specific6. This is 
because, different QTL and their linked markers are present in different genotypes. Hence, QTL and their 
linked markers detected in one MP may not be detected in another MP. Effective introgression of identified 
QTL into elite genetic background, therefore need to be confirmed/validated in diverse genetic backgrounds. 
Marker confirmation/validation involves testing the linkage of markers in mapping populations whose genetic 
background is different from those where linked markers are/were discovered71–73. In the present study, one 
each of QTL-linked SSR markers could be validated in each of the two MP. The validated marker, KTD 66 is 
linked to common positive additive effect QTL detected across two seasons in MP2. This validated marker could 
be considered as candidate surrogate in MAS for fresh pod yield in dolichos bean after further validation other 
genetic backgrounds.

Breeding implications
Find and introgress major QTL approach (referred to as design approach) is not likely to be effective for genetic 
improvement of dolichos bean for fresh pod yield which is controlled by minor effect QTL. The reasons for this 
are two-fold. First, pyramiding favorable OTL alleles, into a single cultivar becomes increasingly difficult as 
the number of OTL increases. Second, the power to detect minor QTL is often low and estimates of the minor 
QTL are often inconsistent6,74. Such inconsistency in estimate of QTL effects is evident from a comparison of 
location and effects of QTL detected in two MP developed from the same cross75. To improve traits controlled 
by minor effect QTL, predictive approach (rather than design approach) that do not rely on the detection of 
QTL is considered as most useful6,74. In the predictive approach, the genotyped-only breeding population 
(BP) individuals are selected based on their breeding values predicted using a large number of genome-wide 
markers effects estimated using optimized statistical model trained in both phenotyped and genotyped diverse 
population related to BP. This approach is now popularly called as genomic selection (GS). GS is a form of MAS 
that bypasses QTL mapping and validation.

Conclusion
SSR marker-based linkage maps were constructed in F2 and RIL populations derived from bi-parental crosses. 
The estimates of total map length, average map length and intra marker distance in MP2 were greater than those 
in MP1. Only three of the 13 fresh pod yield controlling QTL detected across two MPs exhibited additive positive 
but minor effects. Of these, one of the QTL in each mapping population was common across two populations. 
The QTL whose main effects could not be detected interacted and produced significant di-QTL epistasis. One 
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each of QTL-linked SSR markers detected in each mapping population were cross-population validated. The 
validated SSR marker, KTD 66 was found linked to common positive additive effect QTL controlling fresh pod 
yield. To breed dolichos bean for improved fresh pod yield which is controlled by minor effect QTL, GS is likely 
to be more effective than MAS.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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