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ABSTRACT 

Aims: To evaluate genetic variability for NUE and yield traits under controlled N-levels (N0 and N40) followed by morpho-

molecular diversity in Indian mustard; selection of superior genotypes for hybridisation; to identify superior N-efficient 

parental lines and high-yielding hybrid combinations 

Methods: experiment conducted at Assam Agricultural University, Jorhat, during Rabi seasons (2021-22 to 2023-24). 

Evaluated 44 genotypes in a pot trial under two N-doses (0 and 40 kg N ha-1) using a completely randomized design 

(CRD). Mahalanobis D2 and SSR study revealed genetic diversity among the genotypes. Line × Tester design involved 

eight superior lines and three testers; field Evaluation of 24 hybrids hybrids and parents under recommended N levels 

(N40) using a randomized complete block design (RCBD).  

Results: ANOVA revealed significant differences for most traits; high heritability and GAM for NUE and yield was 

recorded. PIC revealed all markers were highly informative (0.63 to 0.95). ANOVA (LXT) revealed significant genotypic 

differences for most traits; Kranti, RRE 2012/14, PM25, and NRCHB101 emerged as superior combiners while superior 

hybrids with strong positive specific combining ability were Kranti × TM2, Kranti × PM25, Kranti × NRCHB-101, 

RRE2012/14 × PM25, RRE2012/14 × NRCHB-101, and JM13-4 × PM25. RRE2012/14 x PM25 and Kranti x NRCHB-

101 revealed considerable positive specific combining ability and standard heterosis of up to 104% and 8.3%, respectively, 

over the check variety NRCHB-101 for seed production hectare-1.  

Conclusions: The study successfully identified genetically diverse, N-efficient parents and high-yielding hybrids. These 

genotypes provide valuable genetic resources for sustainable Indian mustard breeding programs. 
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1. INTRODUCTION 

Indian mustard (Brassica juncea L. Czern & Coss.) is a commercially significant oilseed crop from the Rapeseed-Mustard 

group under family Brassicaceae. With a physical genome size of 922 Mb, it is an amphidiploid crop (AABB, 2n = 36) 

that developed thru natural hybridization between two primary diploids, Brassica rapa and Brassica nigra following 

chromosomal duplication (K. H. Singh et al., 2022). Its high monounsaturated and polyunsaturated fatty acid content, 

omega-3 content, and low saturated fat content make mustard oil healthy. Beside cooking oil, its oil is used for body 

massage, paints and varnishes, and biofuel. Its seedmeal is highly rich in proteins, making it an ideal feed for poultry 

animals (Thakur et al., 2020). Mustard is utilized as a spice due to its distinct sharp spicy pungent flavor. Mustard is also 

used medicinally, with the leaves acting as a diuretic, stimulant, and expectorant. Particularly, fermented mustard has been 

proven to have a number of health advantages and impacts on preventing disease (Tian & Deng, 2020).  

Rapeseed-mustard contributes greatly to the Indian economy by providing edible oils, vegetables, sauces, and livestock 

feed. In 2024, India produced 11.9 million metric tons (MMT) of rapeseed-mustard, harvested from 9.3 million hectares 

with an average yield of 2.05 metric tonnes per hectare (USDA, 2024); making it the -largest oilseed crop in India, 

surpassing soybean (DRMR, 2024). In Assam, rapeseed-mustard are cultivated on 0.32 million hectares, yielding 0.28 

million tonnes, with an average yield of 775 kg/ha (DRMR, 2022). Here short-duration toria (Brassica rapa) stands as the 

most important oilseed crop, although the productivity of rapeseed-mustard in the region remains significantly below the 

national average. Recently, mustard has gained prominence as a strategy to enhance oilseed production. Identifying 

genotypes with improved nitrogen use efficiency (NUE) is essential for developing high-yielding rapeseed-mustard 

varieties and for optimizing the use of nitrogen fertilizers. Adequate nutrient provision enhances seed and oil yields by 

improving yield-related traits. Understanding the genetic basis of NUE variation and associated traits is crucial for 

improving these characteristics in breeding programs. NUE in plants is a complex process, influenced by various internal 

and external factors, including soil nitrogen availability, uptake, and assimilation of carbon and nitrogen (Jat and 
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Choudhury, 2019). It is an essential macronutrient crucial for plant growth and development. Under nitrogen deficit 

environments, plants display stunted growth and experience chlorosis and therefore, efficient nitrogen utilization is a 

critical factor in breeding high-yielding mustard varieties. Indian mustard is noted for its low nitrogen use efficiency 

(Bouchet et al., 2016). Investigations revealed a toria genotype TS65 produced the high seed yield (9.9 q/ha) coupled with 

the high NUE (17.5 kg/kg); the high yield was primarily due to higher NUE, indicating the significance of this trait for 

enhancing yield of oilseed brassicas (Barua et al., 2024). Gaining insight into the nitrogen use characteristics of oilseed 

brassicas can enhance NUE and reduce production costs. Identifying genotypes with high nitrogen utilization efficiency 

(NUtE) under variable nitrogen supply levels can improve the nitrogen economy of Indian mustard in different soil fertility 

conditions.  

Indian mustard hybrids often exhibit higher yield potential and adaptability compared to pure lines. Line × tester analysis 

is an important method for identifying the best parental combinations to produce high-yielding hybrids. This technique 

allows breeders to evaluate general combining ability (GCA) of parental lines via reflecting additive genetic effects and 

the specific combining ability (SCA) of hybrids indicating non-additive genetic effects.  Additionally, the line × tester 

analysis helps in effectively utilizing genetic diversity within the breeding material, enabling breeders to explore a wide 

range of genetic combinations and to increase the chances of finding superior hybrids (Singh et al.,2022). 

Although genetic variability for nitrogen use efficiency (NUE) has been reported in Indian mustard, most studies have 

focused either on physiological evaluation under different nitrogen levels or on genetic analyses independently. 

Comprehensive studies integrating phenotypic screening under contrasting nitrogen environments, molecular diversity, 

and combining ability to identify superior parents and hybrids for NUE improvement remain limited. Such an integrated 

approach is essential for understanding the genetic architecture of NUE and its association with yield-related traits, thereby 

facilitating the identification of genetically diverse, nitrogen-efficient parental lines and superior hybrid combinations for 

sustainable mustard improvement. Therefore, the present study aimed to characterize genetic variability for NUE and 

yield-related traits under contrasting nitrogen regimes, assess genetic diversity through morpho-molecular approaches, 

elucidate combining ability and heterosis, and identify superior parents and hybrids for developing nitrogen-efficient 

Indian mustard cultivars. 

 

MATERIALS AND METHODS 

The experiments were carried out utilizing Indian mustard (Brassica juncea L. Czern & Coss.) genotypes over three 

successive Rabi seasons (2021-22 to 2023-24) at Instructional-Cum-Research (ICR) Farm, Assam Agricultural University, 

Jorhat, India (latitude: 26°47/ north; longitude: 94°12/ east; elevation: 86.6 m above the mean sea level). First experimental 

year (Rabi, 2021-22) followed pot trials for forty-four genotypes Fs1utilizing completely randomized design (CRD) with 

two replications under two nitrogen doses, N0 (0kg N/ha) and N40 (40kg N/ha) to determine the nitrogen use efficiency 

(NUE). Genotypes with high NUE and yielding ability were selected based on their nitrogen use efficiency indices as 

parental lines for hybridization. Pot culture was used to calculate NUE indexes as it provides for precise control over 

nutrient delivery and minimizes nutrient losses or transfer between treatments, resulting in accurate measurements of NUE 

components. Additionally, uniform root-zone conditions minimize soil variability, making it feasible to attribute observed 

variations in NUE only to genetic variation rather than environmental heterogeneity. Random soil samples (0–20 cm 

depth) were taken with the objective to document the soil fertility level of the plot area from which the soil was obtained 

for pot filling .The pot screening revealed eight nitrogen-efficient genotypes, which were used as lines and crossed with 

three testers (one nitrogen-efficient genotype and two released varieties) in a Line x Tester mating system in the second 

season (Rabi 2022-23). Twenty-four F1 hybrids were generated from the eight lines and three testers, which were further 

studied for combining ability and genetic parameters related to NUE and yield attributes following recommended nitrogen 

dose for Assam (N40) under randomized complete block design with two replications in the third year (Rabi, 2023-24). 

Random soil samples (0–20 cm depth) were collected from the experimental site to document the soil fertility level of the 

plot area . The experiment was conducted following cultural approaches and plant protection measures recommended for 

mustard cultivation in Assam. Weekly meteorological data for the cropping season 2021-2024 were obtained from the 

Assam Agricultural University's Meteorological Observatory, Jorhat (Supplementary Table S1).  

The meteorological conditions recorded during the three cropping seasons (Rabi 2021-22 to 2023-24) are summarised in 

Supplementary Table S1. 

 

Supplementary Table S1: Meteorological data during the period of experimentation (Source: Department of 

Agrometeorology, AAU, Jorhat) 

 

Period Temperature (°C) RH (%) Total RF (mm) Total BSSH (hr) 

Max. Min. Morn. Even. 

2021-22 

Nov 28.37 14.36 96.63 55.8 0.77 8.1 

Dec 26.01 10.79 97.9 54.87 0.02 8.1 

Jan 23.3 9.6 99 60 18.9 4.7 

Feb 23.6 10.2 98 53 49.7 5.7 

March 30.8 16.1 96 49 42.6 5.7 

2022-23 

Nov 28.9 14.1 98 56 0 8.6 

Dec 25.8 11.4 99 58 0.9 6.4 
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Jan 24.1 8.7 99 55 0 6.1 

Feb 25.3 13.1 98 59 40.5 3.6 

March 26.9 15.3 96 61 86 4.1 

2023-24 

Nov 28.9 15.2 97 62 19.4 7.2 

Dec 25.4 11.8 98 64 37.4 6.2 

Jan 58 8.4 98 58 0 6.1 

Feb 60 11.1 97 60 28 3.5 

March 55 15 94 55 54.1 4.1 

 

The data were recorded for the traits viz. days to 50% flowering (DFF), days to leaf senescence (DLSC), days to 75% 

maturity (DM), plant height (PH), no. of primary branches/plant (PBP), no. of second. branches/ plant (SBP), foot length 

(FL), length of main raceme (LMR), no. of siliquae/plant (SQP), no. of seeds/siliqua (SQS), thousand seed weight (TSW), 

oil content (OC), leaf area index (LAI) , maximum root length (MRL), root volume (RV), root dry weight (RDW ), shoot 

dry weight (SDW), root/shoot ratio (R-S), biological yield per plant (BYP), leaf area index (LAI), harvest index (HI), seed 

yield per plant (SYP), nitrogen uptake efficiency (NUpE), nitrogen utilization efficiency (NUtE) and nitrogen use 

efficiency (NUE). In first season, the data was recorded for three sample plants under pot culture, while in third year the 

data was recorded for five sample plants under field conditions for both the nitrogen doses.  

The data on various traits were subjected to analysis of variance (ANOVA) following fixed effect model based on 

statistical and biometric techniques (Gomez and Gomez, 1984; Dabholkar, 1999). Genotypic and phenotypic variance 

were estimated as suggested by Allard (1960) and Dabholkar (1999); coefficients of genotypic and phenotypic variations 

were estimated as suggested by Burton and Devane (1953); broad-sense heritability (h2) and genetic advance expected at 

5% selection intensity were calculated as per Allard (1960); Pearson correlation analysis (Singh and Chaudhary, 1985) 

was performed using Microsoft Excel 2019 and classified as suggested by Dospekov (1984). The estimates of genetic 

parameters were categorized into low, moderate, and high as suggested by Sivasubramanian and Menon (1973) for GCV 

and PCV; Robinson et al. (1949) for heritability and Johnson et al. (1955) for genetic advance as percent of mean. Line × 

Tester analysis was carried out as explained by Kempthorne (1957), and Dabholkar (1999). Standard heterosis was 

estimated based on the released variety NRCHB-101. Seed oil content (%) was analyzed using FOSS Infratec NIR (FOSS 

Analytics, Hillerød, Denmark); nitrogen use efficiency was evaluated utilizing the standard procedures; nitrogen uptake 

efficiency, (NUpE) and nitrogen utilization efficiency (NutE) were calculated as per Moll et al. (1982); and plant nitrogen 

content was estimated separately from grains, roots and shoots through Kjeldahl Digestion Method (Kirk, 1950). 

Mahalanobis D2 statistics (Mahalanobis 1936) was carried out in R statistical software utilizing package BIOTOOLS (da 

Silva 2021) to study the genetic diversity among the forty-four genotypes in first year. Molecular characterization was 

carried out to investigate the molecular diversity among the forty-four genotypes using eighty random SSR markers 

(Supplementary Table S2). DNA isolation of young leaf tissues (3-4 leaves stages) were carried out according to the 

modified protocol of Dellaporta et al. (1983) using SDS method. A Nanodrop at 260 and 280 nm was used to determine 

the quality and content of genomic DNA samples; contamination-free DNA is indicated by an absorbance ratio 

(A260/A280) of 1.8 (Desjardins and Conklin, 2010). Simultaneously, 0.8% agarose gel electrophoresis was also used to 

verify the quality of DNA at 100 volt for 90 minutes using 1XTBE buffer. PCR amplification was conducted using a Gene 

AMP® 2400 thermal cycler (Applied Biosystems, USA); the reaction profile consisted of an initial denaturation at 95°C 

for 3 min, followedf by 36 cycles of denaturation at 94°C for 1 min, primer annealing at 50–60°C for 1 min, and extension 

at 72°C for 1 min. A final extension step was performed at 72°C for 7 min. PCR products were resolved via 3.0% agarose 

gel electrophoresis; amplicons (10 µL each) were loaded and run at 70-80 volts for 150 minutes and the scoring of 

prominent bands were recorded using a ladder of 100 bp. Bands were visualized and recorded using a VILBER Gel 

Documentation System and scoring of prominent bands were done based on presence (1) or absence (0). Percentage of 

polymorphism and polymorphism information content (PIC) were calculated as per Anderson et al. (1993). Genetic 

similarity between genotypes was calculated through Jaccard’s Similarity Coefficient (Jaccard, 1908) and cluster analysis 

was done through SIMQUAL module in NTSYS-pc software.  

The 80 SSR markers employed for the molecular characterisation, together with their primer sequences, annealing 

temperatures and original sources, are listed in Supplementary Table S2. 

 

Supplementary Table S2: List of 80 SSR markers used in the study 

 

SI 

No. 

Marker code Forward Primer Reverse primer Tm 

(0C) 

Reference 

1 BRMS-003 ACGAATTGAATTGGAC

AGAG 

CAGATGGGAGTCAAGT

CAAC 

55 Yadava et al., 2012 

2 Ol10B11 AAAATGTGAGGCTGTT

TGGG 

TTTCGCAGCAGTAAAC

ATGG 

55 Lowe et al., 2004 

3 E05 CTCGTCTCAGGGATTA

TGTCG 

CAGACAGAGGATAGA

CCGAACC 

56 Ramchiary et al. (2007) 

4 E07 GAGCGAGTCGATTACT

TTTGC 

GAATGGATTTCCGATG

ATGG 

55 Lowe, Moule, Trick & 

Edwards (2004) 
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5 BRMS-017 GGAAAGGGAAGCTTC

ATATC 

CTGGAAAGCATACACT

TTGG 

55 Suwabe et al. (2002, 2006 

6 SORF-73 (B-

27) 

CGTGGGCCAAGCTTAG

ATTA 

CGTTCAAGAAGACACA

GATCAAA 

55 Raman et al. (2002) 

7 CN -52 (B-16) CCGGCTTGGTTCGATA

CTT 

TTGCGAATCTTTAAGG

GACG 

55 Raman et al. (2002) 

8 Ra2-E03 AGGTAGGCCCATCTCT

CTCC 

CCAAAACTTGCTCAAA

ACCC 

57 Lowe et al., 2004 

9 BRMS-093 TCCAAGTAGACCGAAT

CAAGAGT 

ATAAATCGAACCTGAA

ACCATGT 

57 Suwabe et al. (2006), 

10 SR_94102 ATCCCCAAACTACCCT

CACC 

AGGATGAGCAAAGGA

AAGCA 

57 Wang et al. (2007) 

11 SSR_Na10-

D11 

GAGACATAGATGAGTG

AATCTGGC 

CATTAGTTGTGGACGG

TCGG 

57 Wang et al. (2011) 

12 BRMS-240 CAAGAGTATTTGTGTG

GGTTGAC 

AAATAACGAACGGAG

AGAGAGG 

57 Suwabe et al. (2002, 2006) 

13 SSR_Na10D0

9 

AAGAACGTCAAGATCC

TCTGC 

ACCACCACGGTAGTAG

AGCG 

57 Wang et al. (2011) 

14 NI-F02a TGCAACGAAAAAGGA

TCAGC 

TGCTAATTGAGCAATA

GTGATTCC 

57 Lowe et al. (2004) 

15 BRMS_324 AACTTAACCGAAACCG

AGSTAGG 

AATCTCGAAATTCATC

GACTTCC 

58 Suwabe et al. (2006) 

16 SR_9222 CACCGAACAAAACTGA

GGGT 

CGTTTCACTGCGTTCT

ACCA 

59 Wang et al. (2007) 

17 sR7178 CTGATGAGGTGACGCA

GTGT 

GGCTTGAGTAAAGCGA

CCTG5 

59 Wang et al. (2007) 

18 Ol10B01 CCTCTTCAGTCGAGGT

CTGG 

AATTTGGAAACAGAGT

CGCC 

59 Lowe et al. (2004 

19 Ni3-B07 GGAGAAGAGGAAGAA

GAAGCC 

CGACTTCTAGAGGAAC

CCCC 

52 Lowe et al. (2004 

20 sS1702 CAGATGAGACAACAC

AGGAAACA 

ACTCAATACGTTTTTC

GCGG 

60 Wang et al. (2007) 

21 Ol10-H02 AACAGGAAGAAACGA

CGAGG 

AGAGAGCCATGAGAA

GCACC 

60 Lowe et al. (2004) 

22 BRMS-040 TCGGATTTGCATGTTC

CTGACT 

CCGATACACAACCAGC

CAACTC 

60 Suwabe et al. (2002) 

23 Ni2B03 ACTTCTTGCCCTCCTCA

CC 

AAATACTCACTGCAAT

ACCCAGG 

54 Lowe et al. (2004 

24 sORA43 GCGCGTGTGGGATCAG

AA 

CTTCTCCACCGTCGAT

CG 

54 Raman et al. (2002) 

25 BRMS-011 GAACGCGCAACAACA

AATAGTG 

CGCGTCACAATCGTAG

AGAATC 

52 Suwabe et al. (2002) 

26 Ni2D10 GATGCCCCAAATCTGT

TACG 

CAATTCGTGAAAAATA

GCCG 

57 Lowe et al. (2004) 

27 PBCESSRJU1

3 

TTGCTTTGACTGAGCC

TG 

CCATTCATGGAGCCTG

TAG 

57 Parida et al. (2009) 

28 NI02-D08a TTTAGGGAAAGCGAAT

CTGG 

ACAACAACCATGTCTT

CCG 

57 Lowe et al. (2004) 

29 EJU1 GGTGAAAGAGGAAGA

TTGGT 

AGGAGATACAGTTGAA

GGGTC 

57 Luy et al. (2008) 

30 NI03-H07a GCTGTGATTTTAGTGC

ACCG 

AGCCGTTGATGGAATT

TTTG 

58 Lowe et al. (2004) 

31 PBCESSRJU1 GGTGAAAGAGGAAGA

TTGGT 

AGGAGATACAGTTGAA

GGGTC 

55 Parida et al. (2009) 

32 PBCESSRJU2 TTCACATCTTCTTCATC

TTCC 

TTGCTATTCGTTCTCAG

TCTC 

55 Parida et al. (2009) 

33 PBCESSRJU3 CCTCTTTTAATTCAAA

CAAGAAATA 

TTCGGACAATGGCAGT

GATA 

55 Parida et al. (2009) 

34 PBCESSRJU4 GCGAAGCAGTCTGAAA

CC 

GCGAATCCGGTGAGAA

AC 

55 Parida et al. (2009) 

35 Ra2-E11 GGAGCCAGGAGAGAA

GAAGG 

CCCAAAACTTCCAAGA

AAAGC 

58 Lowe et al. (2004) 
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36 Ra2-E12 TGTCAGTGTGTCCACT

TCGC 

AAGAGAAACCCAATA

AAGTAGAACC 

58 Lowe et al. (2004) 

37 G02 TTGGTGTCAGAAACAA

CG 

ACACACGACGGATCTC

TGC 

58 Lowe et al. (2004) 

38 Ra2-D04 TGGATTCTCTTTACAC

ACGCC 

CAAACCAAAATGTGTG

AAGCC 

56 Lowe et al. (2004) 

39 OL10-A03a CTGGTTTTCTCCTTCAT

CAG 

CTGTGTAGCTTTTAGT

CTTT 

57 Lowe et al. (2004) 

40 OL10-F11a TTTGGAACGTCCGTAG

AAGG 

CAGCTGACTTCGAAAG

GTCC 

57 Lowe et al. (2004) 

41 RA02-A04a AAAAACTCCTCTTCAA

CG 

CCCAAAGTTAGGTTTT

AATGTAATCTC 

55 Lowe et al. (2004) 

42 RA02-E01a TCTATATTAACGCGCG

ACGG 

GCACACACACACTCAA

ACCC 

55 Lowe et al. (2004) 

43 SSR_Na10-

D11 

GAGACATAGATGAGTG

AATCTGGC 

CATTAGTTGTGGACGG

TCGG 

56 Wang et al. (2011) 

44 BrgMS710 ATCATCATCGTCTTCCT

CTTCC 

CTGCCCAAAATAAACA

CAGTCA 

57 Iniguez-Luy et al. (2008) 

45 SR_7223 AGGACCCGACTTTCCT

TGTT 

ACCAAACTCGGCGTAC

AAAT 

57 Wang et al. (2007/2011) 

46 BrgMS339 CTACCTGAAGATGACC

CAGACG 

GCATACAAACCTCGTC

CTAAGC 

59 Iniguez-Luy et al. (2008) 

47 BRMS-019 CCCAAACGCTTTTGAC

ACAT 

GGCACAATCCACTCAG

CTTT 

59 Suwabe et al. (2002) 

48 cnu_m60a CTCCTTCATTTGATCCC

CAA 

CTTCTTCAGGGTTTCC

AACG 

56 Lowe et al. (2004) 

49 MB5 AACATCTTTTTGCGTG

ATAT 

AATAGCATTGAAGCCT

TAC 

56 Mayerhofer et al. (2005) 

50 Na10-C01c TTTTGTCCCACTGGGTT

TTC 

GGAAACTAGGGTTTTC

CCTTC 

57 Wang et al. (2011) 

51 Ni3C05 TTTCGTGCTTTGGTGTG

AAG 

TCCCCAAATCGAACCA

TAAG 

57 Lowe et al. (2004) 

52 Ni3-G07 CACTCTCTCCGCCATTT

TTC 

CTTGAAGCGTTAAAGC

CGAC 

55 Lowe et al. (2004) 

53 BN6A3 GCTACCCACTCATGTC

CTCTG 

CCAAGCTTATCGAATC

TCAGCTA 

55 Piquemal et al. (2005) 

54 BRMS-033 GCGGAAACGAACACTC

CTCCCATGT 

CCTCCTTGTGCTTTCCC

TGGAGACG 

55 Suwabe et al. (2002) 

55 CB-10065 CGGCAATAATGGACCA

CT 

CGGCTTTCACGCAGAC

TTCG 

55 Cheng et al (2016) 

56 ENA17 CAGTTATTTCGCCTCG

TCT 

TATTTGTGGTCTGTTAT

TGGA 

55 Lowe et al. (2004) 

57 cnu_m62a GCAGAAGCCTGAGAGT

CTGG 

AACAAGGCTGAATGCT

ACCG 

55 Lowe et al. (2004) 

58 NA10-C01a TTTTGTCCCACTGGGTT

TTC 

GGAAACTAGGGTTTTC

CCTTC 

55 Wang et al. (2011) 

59 Na14-D07 GCATAACGTCAGCGTC

AAAC 

CTGCGGGACACATAAC

TTTG 

56 Wang et al. (2011) 

60 E05 CTCGTCTCAGGGATTA

TGTCG 

CAGACAGAGGATAGA

CCGAACC 

54 Lowe et al. (2004) 

61 sS1702 CAGATGAGACAACAC

AGGAAACA 

ACTCAATACGTTTTTC

GCGG 

54 Wang et al. (2011) 

62 Ra2-H10 GCGCGTGTAGGCTACG

TC 

CGGCCGCGGCAACTG 55 Lowe et al. (2004) 

63 Ra3E05 TTCTCATGCTCCAACC

ACAG 

GTTTCTTCCAAGCCAA

GCTG 

59 Lowe et al. (2004) 

64 Ra2-F11 TGAAACTAGGGTTTCC

AGCC 

CTTCACCATGGTTTTGT

CCC 

60 Lowe et al. (2004) 

65 Ra2-H06 GAATTCAGAGGTATCT

ACACGGC 

TAACAAAGACCCTGCG

TTCC 

58 Lowe et al. (2004) 

66 nia_m026a AATGAGTAATGTCCCA

CACGA 

TGAAATTGCGGATTCT

TTAGC 

58 Lowe et al. (2004) 
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67 nia_m043a CCATTCGAGGTGGTCG

TAAA 

AGAAAACGGACCTCG

ATTCA 

55 Lowe et al. (2004) 

68 BN25A CACGTGGTATGTTGGT

ATTGGG 

TGATTCTCCTCCGACG

CATGC 

57 Piquemal et al. (2005) 

69 BrgMS1237 ATCAAAAGATGCAGG

GAGAGAG 

GTCCTCAATGGATTAC

ACATGC 

55 Iniguez-Luy et al. (2008) 

70 BrgMS329 TCATCATCATAGCTTT

CGCTTC 

AAAACCTCCTCCTCCT

CCTC 

54 Iniguez-Luy et al. (2008) 

71 BrgMS787 CCATCTCAGCTCTATC

TACCAAAA 

TCAAAACACCGAGTAA

ACTGGA 

56 Iniguez-Luy et al. (2008) 

72 BrgMS802 TCCCACCCTCAAAATA

TACAGC 

TGCTCGTTGGAAGAGG

ACAT 

56 Iniguez-Luy et al. (2008) 

73 Ol10B11 AAAATGTGAGGCTGTT

TGGG 

TTTCGCAGCAGTAAAC

ATGG 

54 Lowe et al. (2004) 

74 Ol10-A05 TGTAATAACCCGACCC

ATCC 

CTCTCTCGCTCTCTCGA

TCC 

54 Lowe et al. (2004) 

75 Ra3E05 TTCTCATGCTCCAACC

ACAG 

GTTTCTTCCAAGCCAA

GCTG 

59 Lowe et al. (2004) 

76 Ni2A07 GGAACCCAACAAGTG

AGTCC 

AGAGCTTGAGACACAT

AACACC 

54 Lowe et al. (2004) 

77 Ra2-H07 ATCATCAATCCTGACG

AGGC 

CGCGCACACACACACA

C 

57 Lowe et al. (2004) 

78 Ra2-H10 GCGCGTGTAGGCTACG

TC 

CGGCCGCGGCAACTG 57 Lowe et al. (2004) 

79 E07 GAGCGAGTCGATTACT

TTTGC 

GAATGGATTTCCGATG

ATGG 

53 Lowe et al. (2004) 

80 BrgMS70 TACAATGAAGATGTGA

TCCCGA 

CGTGCGTGAGCTTATC

AATACA 

52 Matsumoto et al. (2012) 

 

RESULTS 

Morpho-molecular characterisation of Indian mustard (Pot experiment) 

Analysis of variance 

ANOVA for the forty-four genotypes revealed significant genotypic variations among all the traits except leaf area index 

and thousand grain weights under both N0 and N40 doses, suggesting the presence of high genetic variation among the 

genotypes. Pooled ANOVA for two levels of nitrogen (combined N0 and N40) doses revealed significant environmental 

(nitrogen dose level) differences for the traits studied except for root-shoot ratio and nitrogen uptake efficiency (NUpE), 

and significant genotypic variations among all the traits were observed. Significant GXE interactions were recorded for 

days to leaf senescence, primary branches, siliquae per plant, seeds per siliqua, root traits, nitrogen content traits, biological 

yield, harvest index, seed yield, NUE, NUpE and NUtE (Supplementary Table S3). 

The mean squares from the analysis of variance for the individual nitrogen doses (N40 and N0) and from the pooled 

analysis over the two nitrogen levels are presented in Supplementary Table S3 (parts a and b, respectively). 

  

Supplementary Table S3: ANOVA for the traits (Rabi, 2021-22) 

a. Analysis of variance (mean squares) for the traits studied during first year in pot experiment (Rabi, 2021-22) in 

both N0 and N40 doses 

 

Owing to its width, this table is arranged in 3 panels; the row labels are repeated in each panel and all values are 

reproduced exactly as in the supplementary workbook. 

Sour

ce 

d

f 

DFF DLSC DM PH (cm) NPB NSB FL (cm) LMR (cm) 

N4

0 

N0 N40 N0 N4

0 

N0 N40 N0 N4

0 

N0 N4

0 

N0 N4

0 

N0 N40 N0 

Geno

types 

4

3 

2.9

6*

* 

4.1

7*

* 

29.4

9** 

19.7

7** 

5.0

3*

* 

7.7

5*

* 

243.

46** 

221.

09** 

0.7

3*

* 

0.2

5*

* 

6.5

2*

* 

5.4

8*

* 

7.7

9*

* 

5.3

9*

* 

37.3

3** 

34.0

0** 

Error 4

4 

0.8

6 

0.7

2 

1.31 1.55 1.1

9 

1.7 15.5

7 

20.8

9 

0.1

6 

0.0

8 

1.1

8 

2 0.9

6 

1.0

9 

10.1

8 

13.1

7 

CV%  1.8

9 

1.8 1.27 1.43 1.0

6 

1.2

9 

2.78 3.4 10.

25 

8.1

9 

9.3

6 

14.

46 

11.

31 

15.

54 

6.6 8.22 

* Significant at P=0.05; ** Significant at P=0.01 
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Supplementary Table S3 (continued): part a, panel 2 of 3 

 

Sour

ce 

d

f 

OC (%) TGW SQP SSQ MRL (cm) RV (cc) RDW(g) SDW(g) 

N4

0 

N0 N4

0 

N

0 

N40 N0 N4

0 

N0 N40 N0 N4

0 

N0 N4

0 

N0 N40 N0 

Geno

types 

4

3 

8.9

4** 

24.2

7** 

0.5

3 

0.

4

2 

323.

25** 

383.

13** 

4.1

0** 

2.8

6** 

55.3

9** 

47.7

2** 

9.8

6** 

8.8

0** 

4.2

6** 

1.7

5** 

10.5

2** 

8.3

1** 

Error 4

4 

0.1 11.6

1 

0.3

1 

0.

0

2 

6.94 9.85 0.8

4 

0.6

3 

2.76 1.87 2.7

1 

1.9

2 

0.7

6 

0.3 0.83 0.6

1 

CV%  0.1 10.0

5 

11.

79 

3.

4

7 

1.71 2.17 7.7

2 

8.5

4 

3.35 6.72 13.

51 

14.

06 

22.

99 

20.

01 

10.6

6 

12.

92 

* Significant at P=0.05; ** Significant at P=0.01 

 

Supplementary Table S3 (continued): part a, panel 3 of 3 

 

Sou

rce 

d

f 

R-S 

ratio 

BYP (g) LAI HI (%) Plant N SYP (g) NUpE 

(%) 

NUtE 

(g/g) 

NUE 

(g/g) 

N4

0 

N0 N4

0 

N0 N

40 

N

0 

N4

0 

N0 N4

0 

N0 N0 N0 N4

0 

N0 N4

0 

N0 N4

0 

N0 

Gen

otyp

es 

4

3 

0.0

3*

* 

0.0

2*

* 

166

.98

** 

155

.96

** 

0.

13 

0.

21 

79.

62

** 

5.0

9*

* 

1.7

9*

* 

0.8

8*

* 

4.2

7*

* 

4.2

7*

* 

2.0

0*

* 

2.1

8*

* 

10.

50

** 

15.

24

** 

10.

21

** 

12.

49

** 

Erro

r 

4

4 

0.0

1 

0.0

1 

12.

42 

6.4 0.

31 

0.

36 

7.9

3 

0.5

4 

0.0

5 

0.0

1 

0.3

7 

0.3

7 

0.1

5 

0.0

4 

0.8

5 

0.8

3 

1.0

9 

1.0

8 

CV

% 

 13.

29 

9.7

8 

12.

89 

12.

57 

19

.1

2 

20

.8

3 

10.

09 

10.

13 

9.0

1 

5.9

8 

11.

3 

11.

3 

10.

38 

6.4

1 

9.1

4 

9.3

1 

10.

13 

11.

3 

* Significant at P=0.05; ** Significant at P=0.01 

 

Supplementary Table S3 (continued): part b 

b. Pooled ANOVA of pot culture experiments over two levels of N fertilizer (N40 and N0) during first year 

(Rabi,2021-22) 

 

Owing to its width, this table is arranged in 2 panels; the row labels are repeated in each panel and all values are 

reproduced exactly as in the supplementary workbook. 

 

Sourc

e 

d

f 

DFF DLS

C 

DM PH 

(cm) 

NP

B 

NSB FL 

(cm) 

LM

R 

(cm) 

OC 

(%) 

TG

W 

SQP SSQ MR

L 

(cm) 

N 

levels 

1 229.5

5** 

416.5

7** 

220.5

1** 

2492.

43** 

14.1

5** 

146.2

4** 

164.8

2** 

768.6

6** 

26.0

1** 

5.7

7* 

4180.

31** 

294.2

8** 

557.1

4** 

Genot

ypes 

4

3 

5.95*

* 

46.49

** 

11.39

** 

454.1

2** 

0.70

** 

11.39

** 

12.14

** 

66.40

** 

27.7

0** 

0.5

5 

689.5

7** 

4.07*

* 

98.14

** 

G x N 4

3 

1.19 2.77*

* 

1.39 10.43 0.28

** 

0.62 1.04 4.93 5.51

** 

0.3

9 

16.80

** 

2.89*

* 

4.97*

* 

Poole

d 

error 

8

8 

0.79 1.43 1.45 18.23 0.12 2.56 2.01 11.68 5.81 0.1

6 

8.39 0.73 2.32 

CV% 1.85 1.35 1.18 3.09 9.47 15 18.44 7.39 7.03 8.9

8 

1.94 8.1 6.88 

* Significant at P=0.05; ** Significant at P=0.01 

 

Supplementary Table S3 (continued): part b, panel 2 of 2 

 

Sourc

e 

d

f 

RV 

(cc) 

RD

W 

(g) 

SD

W 

(g) 

R-S 

rati

o 

Roo

t N 

Sho

ot 

N 

Gr

ain 

N 

Plan

t N 

SYP 

(g) 

BYP 

(g) 

HI 

(%) 

NU

E 

(g/g) 

NU

pE 

(%

) 

NUt

E 

(g/g) 

N 

levels 

1 241.

82** 

48.8

9** 

274.

90** 

0.0

003 

2.34

2** 

1.8

9** 

1.3

1** 

17.0

2** 

155.5

1** 

2293.

43** 

64.59

** 

51.5

2** 

0.0

1 

4.23

* 
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Genot

ypes 

4

3 

14.3

8** 

4.42

** 

14.3

7** 

0.0

2** 

0.15

0** 

0.1

1** 

1.4

1** 

1.87

** 

8.67*

* 

302.6

8** 

180.9

8** 

21.0

0** 

3.6

7** 

21.5

7** 

G x N 4

3 

4.29

** 

1.59

** 

4.47

** 

0.0

3** 

0.13

1** 

0.0

4* 

0.1

1** 

0.30

** 

0.70*

* 

20.27

** 

52.26

** 

1.70

* 

0.4

0** 

4.17

** 

Poole

d 

error 

8

8 

2.32 0.53 0.72 0.0

03 

0.00

1 

0.0

2 

0.0

3 

0.03 0.46 9.41 12.75 1.08 0.0

8 

0.84 

CV% 13.8

1 

22.3 11.6

3 

11.

66 

9.36 24.

91 

11.

1 

7.38 10.68 12.92 12.52 10.6

8 

8.6

1 

9.22 

* Significant at P=0.05; ** Significant at P=0.01 

  

Mean performance of genotypes 

Mean performances of the genotypes (Supplementary Table S4) revealed that the earliest days to fifty percent flowering 

was attained for the genotype JMM-TM2-4 in both nitrogen doses; TM-204 recorded the earliest days to 75% maturity in 

both N0 and N40 dose followed by RRE 2012/14 in N0 levels. Maximum days to leaf senescence for high dose was 

recorded for NPJ-194 (96.3 days) followed by NPJ-193 (95.8 days); for low doses, NPJ-194 (93.4 days) recorded the 

maximum days followed by MM-TM2-160 (93.3 days). Genotype JMM-TM2-38 (122.3 cm at N40; 118.3 cm at N0) 

recorded the lowest plant height for both environments; the maximum primary branches were obtained in JMM-TM2-28 

(6.7) followed by JMM-TM2-10 (5) for N40, and JMM-TM2-38 (4.3) had the maximum primary branches for N0 levels. 

KMH-405 (15.5) recorded the maximum secondary branches in N40, while JMM-TM2-34 (14.1) recorded the maximum 

secondary branches in N0. The longest main raceme was observed in the genotype JM16-1 (60.8 cm) for N40, in N0 

Mustard No.2 (52.9 cm) recorded the longest main raceme. Foot length was the minimum for JMM-TM2-1 (4.9 cm) in 

high doses; conversely, JMM-TM2-1 (3.7 cm) had the minimum foot length for low dose environment. The maximum 

root length was exhibited under high fertilizer condition by PM26 (33.37 cm) followed by Pusa Bold (31.9 cm), under 

low doses it was maximum for PM26 (36.8 cm) followed by Pusa Bold (35.6 cm) and KMH405 (32.4 cm). Under N40 

conditions, high root volume was exhibited by the genotypes JM16-2 (16.5 cc), Kranti (16.5 cc), and Pusa Bold (16.5 cc), 

while in N0 condition, it was recorded for the genotypes JMM-TM2-4 (14.5 cc), Kranti (14.4 cc), and JM16-2 (14.2 cc). 

The siliquae per plant was recorded in the genotype JM16-1 (177.1 no.) followed by JMM-TM2-34 (174.2) under N40 

levels, in N0 levels, it was maximum for JMM-TM2-57 (166.3 no.) followed by JMM-TM2-34. Under high N condition, 

the highest number of seeds per siliqua was shown by the genotype Kranti (14.4 no.) followed by JM-16-2 (13.9), and in 

N0 condition, the highest number of seeds per siliqua was shown by the genotype JM16-3 (12.1) followed by JMM-TM2-

4 (11.5). Plant N content was maximum for Pusa Bold (4.46%) followed by JM13-4 (4.42%) under high N fertilizer 

condition; simultaneously under N0 condition, it was highest for Kranti (3.83%) followed Pusa Bold (3.76%). At both 

N40 and N0 level, high root dry weight was obtained for Pusa Bold (10.2 g and 5.27 g, respectively); maximum shoot dry 

weight was recorded for Pusa Mahak (15.2 g) at N40 level and JMM-PM27-1 (10.74 g) at N0 levels. The maximum root 

by shoot ratio was obtained for Pusa Bold (0.73) followed by JMM-TM2-47 (0.70) under N40 conditions; under N0 

conditions it was maximum for JM16-3 (0.70) followed by PM27 (0.68). The maximum biomass per plant was exhibited 

by Mustard No. 1 in both N levels; the maximum harvest index was recorded for JM16-2 in both fertilizer doses. Seed 

yield per plant was the maximum for Kranti followed by Pusa Bold in both N0 and N40 doses. High nitrogen use efficiency 

was observed for the genotypes Kranti and Pusa Bold in both environmental conditions; maximum nitrogen uptake 

efficiency was recorded for Pusa Bold and JM13-4 in both nitrogen dose levels. Nitrogen utilization efficiency was 

recorded maximum for Mustard No. 1 followed by PM25 in high fertilizer environments; while   the genotypes Mustard 

No.1 and JMM-TM2-14 had the maximum nitrogen utilization efficiency under low fertilizer environments.  

The mean performance of the forty-four genotypes under N40 and N0, together with the pooled means, is presented in 

Supplementary Table S4 for reference. 

  

Supplementary Table S4: Mean performance for the traits in pot experiment at N40 and N0 (Rabi 2021-22) 

Owing to its width, this table is arranged in 3 panels; the row labels are repeated in each panel and all values are 

reproduced exactly as in the supplementary workbook. 

 

Geno

type 

Days to 

50% 

flowering 

Days to leaf 

senescence 

Days to 75% 

maturity 

Primary 

branches/ 

plant (No.) 

Secondary 

branches/ 

plant (No.) 

Plant height 

(cm) 

Length of 

main 

raceme 

(cm) 

N

4

0 

N

0 

Po

ole

d 

N

4

0 

N

0 

Po

ole

d 

N

40 

N

0 

Po

ole

d 

N

4

0 

N

0 

Po

ole

d 

N

4

0 

N

0 

Po

ole

d 

N

40 

N

0 

Po

ole

d 

N

4

0 

N

0 

Po

ole

d 

JM13

-2 

4

8.

5 

4

4.

5 

46.

5 

8

4 

8

2.

5 

83.

3 

10

2 

98 10

0 

3.

2 

2

.

1 

2.7 9.

8 

8.

7 

9.3 14

0.

3 

13

0.

3 

13

5.3 

5

1 

4

4 

47.

5 

                      

JM13

-3 

5

0.

5 

4

7.

5 

49 8

8.

5 

8

8.

7 

87.

8 

10

3.

5 

10

0.

5 

10

2 

3.

4 

2

.

4 

2.9 8.

8 

6.

7 

7.8 15

4.

5 

14

2.

7 

14

8.6 

5

4.

2 

4

6.

1 

50.

1 
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JM13

-4 

4

7.

5 

4

4.

5 

46 8

5.

5 

8

3.

4 

84.

5 

10

3 

10

1 

10

2 

3.

7 

3

.

3 

3.5 9.

6 

8.

3 

9 14

2.

7 

12

8.

7 

13

5.7 

4

5 

4

0.

3 

42.

7 

JM13

-6 

5

0.

5 

4

9.

5 

50 9

1.

5 

8

9 

90.

3 

10

4.

5 

10

1.

5 

10

3 

3.

7 

3

.

2 

3.5 1

2.

6 

1

0.

8 

11.

7 

15

9.

6 

15

2.

5 

15

6 

4

7.

6 

4

2.

6 

45.

1 

JM15

-1 

4

8.

5 

4

6.

5 

47.

5 

8

7.

5 

8

5.

3 

86.

4 

10

5.

5 

10

4.

5 

10

5 

3.

4 

3

.

2 

3.3 9.

9 

8.

7 

9.3 15

4.

4 

13

6.

5 

14

5.5 

5

1.

3 

4

0.

3 

45.

8 

JM16

-1 

4

9.

5 

4

8.

5 

49 8

8.

3 

8

7 

87.

7 

10

3.

5 

10

1 

10

2.3 

3.

7 

3

.

1 

3.4 1

1.

1 

9.

7 

10.

4 

12

7.

4 

11

9.

2 

12

3.3 

6

0.

8 

4

9.

7 

55.

3 

JM-

16-2 

5

0.

5 

4

8.

5 

49.

5 

8

9.

5 

8

7.

9 

88.

7 

10

3.

5 

99 10

1.3 

3.

8 

3

.

5 

3.7 1

0.

3 

8.

7 

9.5 13

6.

7 

13

0.

5 

13

3.6 

4

9 

4

4.

1 

46.

5 

JM16

-3 

4

7.

5 

4

5.

5 

46.

5 

9

3.

4 

9

1.

3 

92.

4 

10

7 

10

5 

10

6 

3.

5 

3

.

5 

3.5 1

1.

7 

1

0.

9 

11.

3 

15

4.

2 

14

5.

7 

14

9.9 

4

1.

7 

3

9.

4 

40.

5 

JM16

-4 

5

0.

5 

4

9.

5 

50 8

8.

8 

8

7 

87.

9 

10

4.

5 

10

3 

10

3.8 

3.

4 

3

.

1 

3.3 9.

6 

8.

8 

9.2 14

4 

13

8.

1 

14

1.1 

4

5.

4 

4

2.

1 

43.

7 

JMM

-13-

57 

4

9.

5 

4

8 

48.

8 

8

6.

7 

8

5.

9 

86.

3 

10

6 

10

4.

5 

10

5.3 

3.

3 

3

.

3 

3.3 1

2.

9 

1

0.

7 

11.

8 

14

4.

8 

13

4.

5 

13

9.6 

4

7.

3 

4

5 

46.

2 

JMM

-

PM2

7-1 

4

7 

4

5 

46 8

5.

4 

8

3.

3 

84.

4 

10

3 

99 10

1 

4 3

.

4 

3.7 1

0.

6 

9.

5 

10.

1 

14

2.

3 

13

6.

3 

13

9.3 

4

9.

3 

4

6.

3 

47.

8 

JMM

-

PM2

7-11 

5

0.

5 

4

8 

49.

3 

9

0.

5 

8

7.

5 

89 10

4.

5 

10

0.

5 

10

2.5 

3.

7 

3

.

3 

3.5 1

0.

4 

9.

8 

10.

1 

15

0.

4 

14

1.

8 

14

6.1 

4

8.

2 

4

2.

6 

45.

4 

JMM

-

TM2-

1 

4

8.

5 

4

6.

5 

47.

5 

9

1.

4 

8

8.

8 

90.

1 

10

0.

5 

98 99.

3 

4.

3 

3

.

1 

3.7 1

1.

5 

9.

8 

10.

7 

13

8.

5 

13

0 

13

4.3 

5

0.

3 

4

6.

2 

48.

2 

JMM

-

TM2-

10 

4

9.

5 

4

8.

5 

49 8

8.

8 

8

5.

8 

87.

3 

10

5 

10

2 

10

3.5 

5 4

.

1 

4.5 1

4.

5 

1

2.

4 

13.

5 

15

4.

2 

14

6.

8 

15

0.5 

4

6.

1 

4

4.

4 

45.

3 

JMM

-

TM2-

14 

4

7.

5 

4

5.

5 

46.

5 

8

5.

8 

8

3.

8 

84.

8 

10

2.

5 

10

2 

10

2.3 

4 3

.

6 

3.8 1

1.

1 

9.

1 

10.

1 

13

7.

1 

13

0.

5 

13

3.8 

4

1.

5 

3

7.

6 

39.

6 

JMM

-

TM2-

160 

4

8.

5 

4

6 

47.

3 

9

4.

8 

9

3.

3 

94.

1 

10

5 

10

2.

5 

10

3.8 

4 3

.

6 

3.8 1

3.

7 

1

0.

9 

12.

3 

13

5.

1 

12

6.

9 

13

1 

4

8.

3 

4

5.

5 

46.

9 

JMM

-

TM2-

17 

4

7.

5 

4

5 

46.

3 

9

1.

4 

8

7 

89.

2 

10

5 

10

3.

5 

10

4.3 

3.

7 

3

.

3 

3.5 1

0.

4 

8.

7 

9.6 12

9.

1 

12

2.

4 

12

5.8 

4

8.

4 

4

5.

6 

47 

JMM

-

TM2-

2 

5

0.

5 

4

8 

49.

3 

8

5.

8 

8

4 

84.

9 

10

1.

5 

99

.5 

10

0.5 

3.

6 

3

.

7 

3.6 1

1.

2 

9.

6 

10.

4 

13

6.

3 

13

2.

5 

13

4.4 

4

7.

8 

4

5.

2 

46.

5 

JMM

-

TM2-

20 

4

8.

5 

4

6.

5 

47.

5 

8

5 

8

3.

8 

84.

4 

10

2.

5 

10

0 

10

1.3 

3.

7 

3

.

3 

3.5 1

1.

1 

8.

9 

10 13

6.

5 

12

9.

5 
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Supplementary Table S4 (continued): panel 3 of 3 
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The present investigation revealed that the increased nitrogen rate increased yield attributing traits viz. primary branches, 

secondary branches, seed yield per plant, number of seeds per siliqua, siliquae per plant, etc. High plant nitrogen content 

was recorded for Pusa Bold, Kranti, and JM13-4; genotypes with higher plant nitrogen content revealed delayed leaf 

senescence. Kranti and Pusa Bold recorded the maximum nitrogen use efficiency and seed yield per plant, respectively. 

Of the forty-four genotypes, Kranti, Pusa Bold, JMM-TM2-47 and RRE2012/14 were the best performing genotypes 

based on their mean values for various traits including nitrogen use efficiency in both N40 and N0 environments. This 

study prioritized the screening of nitrogen-use efficient (NUE) genotypes, enabling the successful identification of 

superior germplasm under nitrogen deficient conditions. Eleven out of forty-four genotypes showing superior 

performances for NUE and most of the yield traits (Supplementary Table S5) under both N0 and N40 environments were 

selected as parents; eight lines (JM13-4, Kranti, JMM-TM2-14, RRE2012/14, JM16-3, Pusa Bold, JMM-TM2-28 and 

NPJ-194) and three testers (TM-2, NRCHB-101and PM-25) were used to perform line x tester crosses. 

The basis on which the eleven parents (eight lines and three testers) were selected for the line × tester mating design is 

summarised in Supplementary Table S5. 

 

Supplementary Table S5: Table showing basis of selection of genotypes for LxT matting design 

 

Genotype Basis of selection Class 

JM13-4 High plant N, high NUpE, high NUE (AE), high shoot and root dry weight, early 

flowering and maturity, high NUE at high fertilizer dose, 

Line 

Kranti High NUpE, high NUE, high seed yield/plant, medium height, short foot and high 

1000 seed weight, high plant N, high shoot dry weight, high root volume, high 

seeds/siliqua, high biological yield/plant, high secondary branches/plant, high NUE 

at high fertilizer dose, high secondary branches/plant 

Line 

JMM-TM2-14 High NUtE, early flowering Line 

RRE2012/14 Early maturity, high shoot dry weight, root and shoot dry weight, high biological 

yield/plant, high secondary branches/plant, high NUE at high fertilizer dose, 

Line 

JM16-3 High number of primary branches/ plant, high seeds/siliqua Line 

Pusa Bold High NUpE, NUE, seed yield/plant, early maturity, medium height, high seed weight 

and high oil content, high plant N, high shoot and root dry weight, long root, high root 

volume, high biological yield/plant, high NUE at high fertilizer dose, 

Line 

JMM-TM2-28 Short foot length, high seeds/siliqua, high number of primary branches/ plant, high 

secondary branches/plant 

Line 
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NPJ-194 Medium height, short foot length and high seed weight, late leaf senescence, early 

flowering, high NUE (AE), high NUE at high fertilizer dose, high secondary 

branches/plant 

Line 

TM-2 Early maturity and high oil content, high NUE at high fertilizer dose, Tester 

NRCHB101 High NUE at high fertilizer dose, late leaf senescence, high siliquae number /plant, 

high harvest index, high secondary branches/plant 

Tester 

PM-25 High seed yield/plant and NUE, early maturity, high seed weight, root dry weight, 

high root volume, high harvest index, high NUE at high fertilizer dose, high secondary 

branches/plant 

Tester 

 

Genetic diversity 

Mahalanobis D2 statistics grouped forty-four genotypes into three clusters (Supplementary Table S6); cluster I had forty-

one genotypes, cluster II had two genotypes, and cluster III was solitary. 

Intra and inter-cluster distances (Supplementary Table S6) revealed that the maximum intra-cluster distance was recorded 

for cluster II (1117.21) followed by cluster I (428.68). The maximum inter-cluster distance was observed between cluster 

III - II (3122.86), followed by cluster III - I (1616.7) and between cluster II - I (1448.7).  

Cluster means (Supplementary Table S6) revealed that cluster I had the genotypes with early flowering (49.2 days), 

maximum number of secondary branches (11.7), maximum number of seeds per siliqua (11.9) and high nitrogen uptake 

efficiency (23.7%). Cluster II had the genotypes with early maturity, decreased plant height (134.7 cm), maximum seed 

yield per plant (9.75 g), long roots (32.9 cm), high root volume (15.25 cc), maximum shoot dry weight (15.3 g), root dry 

weight (s5.9 g), high root-shoot ratio (0.54), high plant nitrogen content (4.42%) and high harvest index (31.3%). Cluster 

III hfS8Fs9ad low foot length (6.1 cm), long main raceme (51.0 cm), greater number of primary branches (4.0), more 

siliquae per plant (159.4), high biological yield per plant (69.4 g), late leaf senescence (95.2 days), high nitrogen utilization 

efficiency (22.0 g/g) and high nitrogen use efficiency (70.7 g/g).  

The grouping of the genotypes into clusters, the average intra- and inter-cluster distances and the cluster means are detailed 

in Supplementary Table S6 (parts a to c). 

 

Supplementary Table S6: Mahalanobis D2 genetic divergence among the forty-four genotypes of Indian mustard 

a. Grouping of the 44 genotypes into three clusters based on Mahalonobis distance 

 

Number of 

cluster 

No. of 

genotypes 

Name of genotypes 

Cluster I 41 JM13-3, JM13-4, JM13-6, JM15-1, JM16-1, JM-16-2, JM16-3,JM16-4, JMM-13-57, 

JMM-PM27-1, JMM-PM27-11, JMM-TM2-1, JMM-TM2-10, JMM-TM2-14, JMM-

TM2-160, JMM-TM2-17, JMM-TM2-2, JMM-TM2-20, JMM-TM2-208,  JMM-TM2-

23, JMM-TM2-28, JMM-TM2-34 , JMM-TM2-38, JMM-TM2-4, JMM-TM2-47, JMM-

TM2-73, JMM-TM2-15, KMH-405, KMR(E)16-1, KRANTI, Mustard No-2, NPJ-193, 

NPJ-194, NRCHB-101, PM25, PM26, PM-27, Pusa Mahak, RRE-2012/14, TM-2, TM-

204 

Cluster II 2 JM13-2, Pusa Bold 

Cluster III 1 Mustard No-1 

 

b. Average intra and inter cluster distance among the clusters of the 44 genotypes 

 

Cluster I II III 

I 428.68 1448.7 1616.7 

II 1448.69 1117.21 3122.86 

III 1616.7 3122.86 0 

 

C. Cluster means of forty-four genotypes 

 

Cluster I II III 

DFF 49.2 49.7 49.5 

DM 103.4 101.8 104.5 

DLSC 90 89.4 95.2 

PH 142.5 134.7 137.6 

FL 8.7 9.2 6.1 

LMR 48.3 47.6 51 

NPB 4 3.4 4 

NSB 11.7 10.5 9.6 

SQP 155.4 127.4 159.4 

SSQ 11.9 11.4 11.6 

MRL 23.2 33 25.3 
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RV 12.3 15.3 7.5 

SDW 12.3 15.3 7.5 

RDW 3.8 5.9 3.8 

R/S ratio 0.46 0.54 0.37 

BYP 26.2 31.1 69.4 

Plant N 2.62 4.42 2.88 

HI 28.3 31.3 11.1 

SYP 7.13 9.75 7.71 

NUpE 23.7 18.6 14.6 

NUtE 15.6 12.8 22 

NUE 25.8 31.4 70.7 

 

The contribution of total variation was maximum for siliquae per plant (15.5%), biological yield per plant (14.2%), plant 

nitrogen content (11.2%), root length (10.7%), nitrogen use efficiency (8.1%) and root volume (8.04%), made major 

contributions, followed by plant height (5.91%), seed yield per plant (4.8%), harvest index (4.6%), nitrogen utilization 

efficiency (3.8%), days to maturity (2.3%), days to 50% flowering (1.4%) and nitrogen uptake efficiency (1.3%).  

 

Molecular characterization 

A total of 80 SSR markers, were assessed to identify polymorphisms among the forty-four genotypes (Figure 2). Of the 

eighty SSR markers, fifty eight markers generating 157 alleles revealed polymorphism (Supplementary Table S7). The 

frequency of major allele (MAF) ranged from 0.28 to 0.89 with an average of 0.64. The highest MAF was detected for 

OL10-F11a (0.89) followed by BRMS-040 and Ol10B11 (0.88). The number of alleles (Na) per locus varied from 2 to 5 

with an average of 2.72 alleles per locus. Out of total 58 polymorphic markers, 32 markers had three alleles, 22 had two 

alleles, and three markers had four alleles and one marker viz. CN-52 (B-16) had five alleles. Effective number of alleles 

(Ne) ranged between 1.23 and 3.16 with an average of 1.97. The maximum effective number of alleles was noted in 

BRMS-033 (3.16), followed by PBCESSRJU1 (2.94) and PBCESSRJU4 (2.84). The Shannon's information index (I) 

ranged between 0.34 and 1.29 with a mean of 0.76. The highest information index was found in CN-52 (B-16) (1.29), 

followed by BRMS-033 (1.22) and PBCESSRJU1 (1.21); expected heterozygosity (He) ranged from 0.19 to 0.69, with 

an overall mean of 0.48. The highest expected heterozygosity was observed for BRMS-033 (0.69), followed by CN-52 

(B-16) and PBCESSRJU1 (0.67 each).  The polymorphism information content (PIC) scores ranged from 0.63 to 0.95 

with an average of 0.81. The highest polymorphism information content score was recorded for PBCESSRJU4 (0.95), 

CN-52 (B-16), and PBCESSRJU1 (0.94 each). In contrast, the lowest PIC score (0.63) was recorded for Ni2D10. 

The allelic and diversity statistics for the 58 polymorphic SSR markers are tabulated in Supplementary Table S7. 

 

Supplementary Table S7: SSR markers with their number of different alleles amplified (Na), major allele 

frequency (MAF), number of effective alleles (Ne), Shannon’s informative index (I), observed heterozygosity (Ho), 

expected heterozygosity (He) and polymorphism information content (PIC) in the forty-four genotypes. 

 

SI no Marker code Na Ne I He PIC MAF 

1 BRMS-003 3 1.79 0.71 0.45 0.85 0.69 

2 Ol10B11 2 1.27 0.37 0.22 0.66 0.88 

3 E05 2 1.49 0.51 0.33 0.68 0.79 

4 E07 3 2.01 0.81 0.51 0.85 0.62 

5 BRMS-017 3 2.22 0.93 0.55 0.85 0.61 

6 SORF-73 (B-27) 2 2 0.69 0.51 0.79 0.53 

7 CN -52 (B-16) 5 2.95 1.29 0.67 0.94 0.51 

8 Ra2-E03 3 1.33 0.49 0.25 0.76 0.86 

9 BRMS-093 2 1.95 0.68 0.49 0.75 0.58 

10 SR_94102 3 2.19 0.91 0.55 0.85 0.28 

11 SSR_Na10-D11 3 2.26 0.94 0.56 0.85 0.59 

12 BRMS-240 3 1.33 0.49 0.25 0.76 0.86 

13 SSR_Na10D09 3 2.39 0.98 0.59 0.86 0.57 

14 NI-F02a 2 1.94 0.68 0.49 0.78 0.59 

15 BRMS_324 2 1.96 0.68 0.5 0.75 0.57 

16 SR_9222 3 2.14 0.91 0.54 0.85 0.63 

17 sR7178 3 2.26 0.94 0.56 0.85 0.59 

18 Ol10B01 3 1.33 0.49 0.25 0.76 0.86 

19 Ni3-B07 3 2.29 0.95 0.57 0.86 0.59 

20 sS1702 2 1.94 0.68 0.49 0.78 0.59 

21 Ol10-H02 3 1.79 0.71 0.45 0.85 0.69 

22 BRMS-040 2 1.27 0.37 0.22 0.66 0.88 

23 Ni2B03 2 1.49 0.51 0.33 0.68 0.79 
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24 sORA43 3 2.01 0.81 0.51 0.85 0.62 

25 BRMS-011 3 2.16 0.92 0.54 0.85 0.63 

26 Ni2D10 2 1.37 0.44 0.27 0.63 0.84 

27 PBCESSRJU13 2 1.71 0.61 0.42 0.71 0.7 

28 NI02-D08a 3 2.02 0.77 0.51 0.84 0.58 

29 EJU1 3 2.21 0.93 0.55 0.85 0.61 

30 NI03-H07a 2 1.98 0.69 0.5 0.77 0.55 

31 PBCESSRJU1 4 2.94 1.21 0.67 0.93 0.49 

32 PBCESSRJU2 3 2.02 0.77 0.51 0.84 0.58 

33 PBCESSRJU3 3 2.13 0.86 0.54 0.86 0.6 

34 PBCESSRJU4 4 2.84 1.18 0.66 0.95 0.5 

35 Ra2-E11 3 2.02 0.81 0.51 0.84 0.61 

36 Ra2-E12 2 1.71 0.61 0.42 0.71 0.7 

37 G02 3 1.79 0.7 0.45 0.83 0.69 

38 Ra2-D04 3 1.75 0.69 0.43 0.81 0.7 

39 OL10-A03a 2 1.97 0.68 0.5 0.93 0.57 

40 OL10-F11a 2 1.23 0.34 0.19 0.92 0.89 

41 RA02-A04a 3 2.1 0.86 0.53 0.85 0.6 

42 RA02-E01a 2 1.98 0.69 0.5 0.77 0.55 

43 SSR_Na10-D11 2 1.94 0.68 0.49 0.83 0.59 

44 BrgMS710 3 1.95 0.81 0.49 0.83 0.66 

45 SR_7223 3 2.37 0.97 0.58 0.86 0.57 

46 BrgMS339 2 1.67 0.59 0.41 0.71 0.72 

47 BRMS-019 2 1.69 0.6 0.41 0.73 0.71 

48 cnu_m60a 3 1.87 0.73 0.47 0.82 0.66 

49 MB5 2 1.73 0.61 0.43 0.72 0.7 

50 Na10-C01c 3 1.81 0.71 0.45 0.82 0.68 

51 Ni3C05 3 1.84 0.8 0.46 0.81 0.7 

52 Ni3-G07 3 1.84 0.8 0.46 0.81 0.7 

53 BN6A3 3 2.12 0.9 0.53 0.84 0.64 

54 BRMS-033 4 3.16 1.22 0.69 0.93 0.4 

55 CB-10065 3 2.37 0.97 0.58 0.86 0.57 

56 ENA17 3 2.03 0.88 0.51 0.84 0.66 

57 cnu_m62a 2 1.85 0.65 0.46 0.74 0.64 

58 NA10-C01a 3 2.34 0.94 0.58 0.86 0.55 

Mean 2.72 1.97 0.76 0.48 0.81 0.64 

 

Jaccard's similarity coefficient ranged from 0.133 to 0.952; genotypes Pusa Mahak and JM16-4 revealed the least degree 

of resemblance, whereas JMM-TM2-15 and KMH-405 exhibited the maximum degree of similarity. A dendrogram based 

on Jaccard's coefficient of similarity using UPGMA (Figure 3) revealed 44 genotypes were split into two major clusters, 

cluster A and cluster B. Cluster A comprised of two sub-clusters; sub-cluster I had JMM-TM2-20, JMM-TM2-2, JM16-

3, NPJ-194, Pusa Mustard No 1,  PM-27, PM-26, JMM-TM2-17, JMM-13-57, JMM-TM2-34, JMM-TM2-23, JMM-

TM2-38, and JM16-4, while sub-cluster II had JM13-4, JM13-3, JM13-2, JM16-1, JM13-6, JMM-TM2-14, JMM-TM2-

10, JM15-1, JM16-2, JMM-TM2-1, JMM-PM27-11, JMM-PM27-10, JMM-TM2-47,  JMM-TM2-38, KMH-405,  JMM-

TM2-15, Kranti, JMM-TM2-73, JMM-TM2-4, JMM-TM2-28, JMM-TM2-160, PM25, NRCHB-101, NPJ-193,N0-2, and 

KMR(E)16-1. Cluster B had TM2, RRE-2012/14, TM-204, Pusa Bold, Pusa Mahak. The parental genotypes of LxT design 

emerged from different clusters. JM16-3 and NPJ-194 were in sub-cluster I of cluster A, whereas JM13-4, Kranti, JMM-

TM2-14, JMM-TM2-28, NRCHB-101 and PM-25 were in sub-cluster II. Genotypes RRE2012/14, Pusa Bold, and TM-2 

were grouped in cluster B.  

 

Genetic Architecture, Combining Ability, and Heterosis via Line × Tester Analysis  

Analysis of variance 

The analysis of variance (Supplementary Table S8) for the parents and F1s revealed high significant variances for all the 

traits except days to 50% flowering, indicating substantial amount of variation present among the genotypes. Mean squares 

due to parents were significant for all the traits except days to leaf senescence, primary branches, secondary branches, 

length of main raceme and seed yield per plant. Simultaneously, mean squares due to parent vs. hybrids were significant 

for the traits under study except for days to leaf senescence, plant height, length of main raceme, foot length, seeds per 

siliqua, thousand seed weight, R/S ratio and nitrogen use efficiency.  

The mean squares from the analysis of variance for the line × tester experiment, together with the percentage contribution 

of lines, testers and their interactions to the sum of squares of crosses, are given in Supplementary Table S8. 

  

 



Genetics and Molecular Research 25 (22s): 2026     21 

Supplementary Table S8: Analysis of variance for Line x Tester cross 

 

Owing to its width, this table is arranged in 2 panels; the row labels are repeated in each panel and all values are 

reproduced exactly as in the supplementary workbook. 

 

Source d

f 

Days to 

50% 

floweri

ng 

Days to 

75% 

maturi

ty 

Days to 

leaf 

senescen

ce 

PH PB SB LMR FL SQP SSQ 

Replicatio

ns 

1 2.41 2.06 1.73 0.69 0.42 19.74*

* 

0.74 0.22 7.83 3.4 

Genotypes 3

4 

1.3 5.10** 16.54** 279.26

** 

0.86*

* 

6.54** 34.05*

* 

7.84*

* 

451.01

** 

5.54** 

Parents 1

0 

1.78 5.35** 10.54 367.35

** 

0.17 2.67 18.08 7.36*

* 

912.57

** 

4.78* 

P vs C 1 1.55 19.22** 21.34 9.67 4.58*

* 

68.64*

* 

21.58 1.78 553.63

** 

0.7 

Crosses 2

3 

1.09 4.38** 18.94** 252.67

** 

1.00*

* 

5.53** 41.54*

* 

8.32*

* 

245.87

** 

6.08** 

Lines 7 0.76 3.52** 14.14 410.73

** 

2.21*

* 

5.08** 28.27 9.38*

* 

237.38

** 

12.36*

* 

Testers 2 1.27 8.40** 85.15** 519.16

** 

0.65 1.99 85.58*

* 

4.71* 224.40

** 

0.69 

Lines x 

Testers 

1

4 

1.22 4.23** 11.88 135.58

** 

0.45 6.26** 41.88*

* 

8.31*

* 

253.17

** 

3.72* 

Error 3

4 

1.03 0.91 7.14 11.88 0.25 1.3 12.52 1.41 6.54 1.53 

CV%  2 0.92 3.04 2.38 12.27 9.72 7.4 14.06 1.65 10.44 

% Contribution to sums of squares of crosses 

Lines 21.3 24.5 22.7 49.5 67 27.9 20.7 34.3 29.4 61.8 

Testers 10.2 16.7 39.1 17.9 5.7 3.1 17.9 4.9 7.9 1 

Lines x Testers 68.6 58.8 38.2 32.7 27.3 68.9 61.4 60.8 62.7 37.2 

* Significant at P=0.05; ** Significant at P=0.01 

  

Combining ability analysis 

Mean squares due to lines (GCA) were significant for the traits except days to leaf senescence, length of main raceme and 

thousand seed weight. Mean squares due to testers (GCA) were significant for the characters other than primary branches, 

secondary branches, number of seeds per siliqua, thousand seed weight and nitrogen utilisation efficiency. Also, 

significant mean squares due to line × tester interactions (SCA) were observed for the traits except days to leaf senescence, 

primary branches, secondary branches, seeds per siliqua, and thousand seed weight. The relative contribution of lines, 

testers, and their interactions to the sum of squares (SS) due to crosses varied substantially by trait. Lines contributed 

maximally to seed yield per plant (68.3%), primary branches (67.0%), and biological yield per plant (66.4%), but 

minimally to shoot dry weight (12.1%). In contrast, testers’ key contributions were restricted to shoot dry weight (53.4%), 

days to leaf senescence (39.1%), and root-shoot ratio (36.4%). The line × tester components predominantly governed 

secondary branches per plant (68.9%), thousand-seed weight (73.5%), and root volume (71.1%). The lowest percentage 

contributions for lines, testers, and interactions were observed in shoot dry weight (12.1%), seeds per siliqua (1.0%), and 

oil content (17.6%), respectively (Figure 4). 

 

Mean performance of parents and GCA effects 

The mean performances and GCA effects of eight lines and three testers (Supplementary Table S9a) revealed that the 

earliest maturing line was JM13-4 (102 days) followed by JMM-TM2-14 (103 days), Pusa Bold (103.5 days) and JMM-

TM2-28 (103.5 days). Among the lines, JM13-4 had a significantly favourable negative GCA effect of (-1.08), while 

Kranti had a significant positive GCA effect. NPJ-194 registered the maximum days to leaf senescence (93.0 days), 

followed by Kranti, Pusa Bold, and TM2 (88.0-88.5 days). Non-significant effects were noted for the lines; however, the 

tester PM25 displayed a significantly positive effect for GCA (2.58). Pusa Bold recorded the shortest height (122.1 cm) 

followed by NPJ-194 (135.21 cm). The lines Pusa Bold and NPJ-194 showed a significantly favourable negative GCA 

effect, whereas JM13-4 and JMM-TM2-14 displayed significant positive GCA. Testers such as TM2 and PM25 revealed 

significantly negative GCA effect. RRE2012/14 had maximum numbers of primary branches (4.2), while NPJ-194 

obtained maximum number of secondary branches (12.2). Kranti was the only line showing positive GCA for both traits, 

whereas, lines showing significant negative GCA were JM16-3 and Pusa Bold for primary branches. No tester showed 

any GCA for branching traits. Maximum length of main raceme was recorded for JM16-3 (51.3 cm) with significant 

positive GCA among lines, while PM25 had positive GCA among testers. NPJ-194 revealed maximum mean value for 

foot length (12.5 cm), significant negative GCA effects were recorded in the Kranti and RRE2012/14 cultivars, whereas 
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Pusa Bold and NPJ-194 were found to have significant positive GCA effects. Number of siliqua per plant was maximum 

for Pusa Bold (177.1), followed by NRCHB-101 cultivar (174.1). RRE2012/14, JM16-3, and PM25 were found to have 

significant positive GCA effects for this particular trait. JMM-TM2-28 cultivar had the maximum seeds per siliqua, and 

Kranti and JMM-TM2-28. Maximum oil content was observed in RRE2012/14 (36.9%) having positive GCA effects 

followed by Kranti; among testers, only PM25 had positive GCA effects. Maximum root length was recorded for Kranti 

(28.8 cm) followed by JMM-TM2-28 (27.1 cm), with significant positive GCA effects; PM25 was the best general 

combiner among testers. JMM-TM2-28 (28.2 cc) and NPJ-194 (26.2 cc) recorded the maximum root volume and 

significant positive GCA effects, and NRCHB-101 recorded positive GCA among testers. The maximum root dry weight 

was observed in TM2 and it was the best general combiner among testers, and Kranti and JMM-TM2-14 showed positive 

GCA effects. JM13-4 recorded the maximum shoot dry weight, but the maximum root-shoot ratio was observed in JMM-

TM2-28. JMM-TM2-14 recorded the maximum biological yield, and Kranti, RRE2012/14 and JMM-TM2-28 were good 

general combiners among lines, while TM2 and PM25 among testers. JM13-4 recorded the maximum harvest index; 

maximum seed yield per hectare was registered in RRE2012/14, which was statistically equivalent to JMM-TM2-14, 

JMM-TM2-28, Pusa Bold, PM25 and NRCHB-101. Though there was no significant variation between the parent plants 

regarding seed yield per plant, Kranti and RRE2012/14 showed favourable GCA effects, suggesting that these two could 

be used as better yield donors. NUE was maximum for RRE2012/14, positive GCA effects were recorded for Kranti, 

RRE2012/14 and JM16-3 among the lines, while NRCHB-101 appeared to be the best general combiner among the testers. 

The line RRE 2012/14 scored desirable traits for twelve characters, JMM-TM2-28 for eleven traits, and Kranti recorded 

desirable traits for seven traits. Among the testers, PM25 had desirable traits for eight traits followed by TM2 for seven 

traits. Among the lines, Kranti recorded significant positive GCA effects for most of the traits followed by RRE 2012/14 

with favourable GCA effects for traits including NUE. Kranti recorded positive significant GCA effects for twelve traits 

followed by RRE 2012/14 for eight traits.  Among the testers, PM 25 recorded favourable GCA effects for the seven traits. 

The lines Kranti and RRE2012/14 and the testers PM25 and NRCHB101 demonstrated both high mean performance and 

strong General Combining Ability (GCA). They are identified as excellent general combiners for improving multiple 

agronomic traits simultaneously. 

Supplementary Table S9a presents the mean values and general combining ability (GCA) effects of the lines and testers 

for the traits studied. 

  

Supplementary Table S9: Mean values and GCA/SCA effects of lines and testers for the traits under study 

a. Mean values and GCA effects of lines and testers for the traits under study 

 

Owing to its width, this table is arranged in 3 panels; the row labels are repeated in each panel and all values are 

reproduced exactly as in the supplementary workbook. 

 

Genotyp

e 

DM DLSC PH PB SB LMR 

Mea

n 

GCA Mea

n 

GCA Mean GCA Mea

n 

GCA Mea

n 

GC

A 

Mea

n 

GCA 

Lines 

JM13-4 102 -

1.08*

* 

86 -0.92 147.7

7 

11.07*

* 

3.3 0.01 10.9 0.91 47.68 -1.88 

Kranti 105.5 0.92* 88.5 -1.58 135.6

4 

-2.51 4 1.37*

* 

8.9 1.18

* 

50.29 -2.05 

JMM-

TM2-14 

103 -0.75 85.5 -1.25 141.6

5 

5.10** 3.7 -0.3 9.2 0.21 45.04 -1.69 

RRE 

2012/14 

106 0.75 85 -1.42 144.1

5 

2.53 4.2 -0.03 11.1 -0.85 47.62 2.32 

JM16-3 106 0.25 86.5 2.08 147.1

1 

0.92 3.5 -0.46* 8.9 -

1.15

* 

51.3 3.47* 

Pusa 

Bold 

103.5 -0.42 88 1.25 122.0

5 

-5.47** 3.5 -0.51* 11.1 -

1.09

* 

43.15 0.78 

JMM-

TM2-28 

103.5 0.75 87 -0.08 143.1

6 

4.66** 3.9 -0.29 9.3 0.61 50.28 0.92 

NPJ -194 107 -0.42 93 1.92 135.2

1 

-

16.30*

* 

3.8 0.21 12.2 0.18 41.71 -1.87 

CD5% / 

SE(gi) 

1.9 0.39 5.4 NS 7.01 1.41 2.31 0.2 2.31 0.46 7.19 1.44 

Testers 

TM2 104.5 -0.48 88.5 -0.73 147.1 -4.70** 3.4 -0.03 10.1 -0.4 45.35 -2.2 
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NRCHB-

101 

106 -0.35 86.5 -

1.85*

* 

171.5

4 

-1.63 3.5 0.22 11.5 0.27 47.29 -0.22 

PM-25 103 0.83*

* 

85 2.58*

* 

164.8

2 

-6.33** 4 -0.19 9.6 0.12 47.18 2.41*

* 

CD5% / 

SE(gj) 

1.9 0.24 5.4 0.67 7.01 0.9 2.31 0.13 2.314 0.28 7.192 0.88 

 

Supplementary Table S9 (continued): part a, panel 2 of 3 

 

Genoty

pe 

Siliquae/plan

t 

Seeds/siliq

ua 

1000 seed 

wt. (g) 

Oil content 

(%) 

Foot length 

(cm) 

Main root 

length (cm) 

Root 

volume (cc) 

Mea

n 

GCA Mea

n 

GC

A 

Mea

n 

GC

A 

Mea

n 

GC

A 

Mea

n 

GC

A 

Mea

n 

GC

A 

Mea

n 

GC

A 

Lines 

JM13-4 101.

7 

-1.11 10.9 -

1.11

* 

3.86 -

0.18 

34.4 -

1.07

* 

9.1 -0.46 23.2

1 

-

1.08

** 

13.9

5 

-

2.81

** 

Kranti 146.

4 

-

3.64*

* 

11.8 2.9*

* 

4.15 0.1 36 2.12

** 

8.8 -

1.26

* 

28.8

2 

5.43

** 

17.4

3 

0.46 

JMM-

TM2-

14 

136.

6 

0.19 9.8 -

1.04

* 

3.73 0.09 35 -0.95 10.1 -0.68 22.9

9 

-

1.38

** 

13.8

8 

-0.19 

RRE 

2012/14 

146.

7 

13.14

** 

11 -

0.79 

3.96 0.01 36.9 2.91

** 

9.6 -

1.32

* 

24.7

4 

1.97

** 

24.9

7 

0.89 

JM16-3 134.

2 

3.55*

* 

9.8 0.26 4.18 -

0.07 

29.9 -0.54 6.6 0.49 17.8

9 

-

3.82

** 

8.29 -

1.33

** 

Pusa 

Bold 

177.

1 

-

0.98*

* 

11 -

0.23 

3.67 0.01 36 -0.25 5.5 1.25

* 

20.6

3 

-

3.71

** 

18.5

5 

-0.17 

JMM-

TM2-

28 

156.

8 

-

8.21*

* 

15.2 1.22

* 

3.86 -

0.01 

35.3 -1.15 6.5 -0.26 27.1 2.11

** 

28.1

5 

1.75

** 

NPJ -

194 

164.

1 

-

2.95*

* 

12.2 -

1.21

* 

4.22 0.05 34.1 -1.07 12.4 2.25

** 

24.7

8 

0.47 26.2

1 

1.41

** 

CD5% / 

SE(gi) 

5.2 1.04 2.5 0.5 0.34 NS 2.4 0.49 2.4 0.48 1.86 0.37 2.38 0.48 

Testers 

TM2 155.

8 

-

4.24*

* 

11.9 -

0.09 

4.45 -

0.02 

33 -0.3 9.5 -0.58 19.8

9 

0.18 13.0

4 

-

0.64

* 

NRCH

B-101 

174.

1 

2.87*

* 

11.7 0.24 3.48 0.02 32.8 -

1.05

** 

8.8 0.49 22.8

4 

-

0.84

** 

23.7 0.88

** 

PM-25 163.

7 

1.37* 13.3 -

0.15 

4 0 36 1.35

** 

8.4 0.09 22.8

6 

0.66

** 

19.1

6 

-0.24 

CD5% / 

SE(gj) 

5.2 0.64 2.5 NS 0.34 NS 2.4 0.3 2.4 0.33 1.86 0.23 2.38 0.29 

 

Supplementary Table S9 (continued): part a, panel 3 of 3 

 

Genot

ype 

Root dry 

wt. (g) 

Shoot dry 

wt. (g) 

Root-shoot 

ratio 

BYP (g) HI (%) SYP (g) SYH (Kg) NUE 

(Kg/Kg) 

Me

an 

GC

A 

Me

an 

GC

A 

Me

an 

GC

A 

Me

an 

GC

A 

Me

an 

GC

A 

Me

an 

GC

A 

Me

an 

GC

A 

Me

an 

GC

A 

Lines 

JM13-

4 

2.2

5 

0.03 10.

33 

-

0.43 

0.2

2 

0.02 21.

12 

-

1.58

** 

32.

46 

-

0.19 

6.8

6 

-

0.46 

563

.5 

-

1.68 

21.

13 

-

0.06 
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Kranti 3.0

7 

0.81

** 

7.8

9 

0.56 0.3

9 

0.06

4* 

33.

82 

6.45

** 

24.

05 

-

2.04

* 

8.1

1 

1.15

** 

577

.4 

13.0

** 

21.

65 

0.49

** 

JMM-

TM2-

14 

2.8

1 

0.25

* 

7.3

3 

0.73 0.3

8 

-0.02 37.

62 

-

3.72

** 

19.

4 

-

1.07 

7.3 -

1.54

** 

588

.4 

-

31.1

** 

22.

07 

-

1.16

** 

RRE 

2012/

14 

3.4

4 

-

0.07 

6.0

9 

-

0.85 

0.5

8 

0.02

8 

35.

64 

6.96

** 

21.

38 

1.67 7.6

3 

2.88

** 

598

.5 

9.84

* 

22.

45 

0.37

* 

JM16-

3 

2.3 -

0.47

** 

9.8

9 

0.57 0.2

3 

-

0.06

8* 

21.

91 

-

4.89

** 

30.

8 

3.48

** 

6.7

6 

-

0.46 

573

.3 

8.13

* 

21.

5 

0.30

* 

Pusa 

Bold 

2.9

3 

-

0.36

** 

7.2

3 

-

0.89

* 

0.4

1 

-

0.00

7 

27.

65 

-

4.12

** 

24.

75 

1.51 6.8

4 

-

0.74

* 

578

.7 

-

5.45 

21.

7 

-0.2 

JMM-

TM2-

28 

3.3

3 

-

0.12 

4.8

8 

-

0.33 

0.6

9 

0.00

9 

31.

44 

1.77

** 

23.

25 

-

3.80

** 

7.3

1 

-

0.74

* 

589

.4 

2.5 22.

1 

0.09 

NPJ -

194 

3.2

9 

-

0.06 

7.1

1 

0.65 0.4

7 

-

0.02

6 

28.

29 

-

0.88

* 

27.

84 

0.45 7.8

5 

-

0.09 

562

.1 

4.71 21.

08 

0.18 

CD5

% / 

SE(gi) 

0.5

6 

0.11 2.1

1 

0.42 0.1

3 

0.02

5 

1.9 0.38 5.0

2 

1.01 1.5

9 

0.32 18.

1 

3.63 0.6

8 

0.14 

Testers 

TM2 3.4

7 

0.19

** 

8.2

3 

0.71

** 

0.4

3 

-

0.01

4 

27.

15 

1.63

** 

26.

84 

-

2.77

** 

7.2

9 

-

0.51

* 

563

.7 

-0.7 21.

14 

-

0.03 

NRC

HB-

101 

3.3 0.03 6.8

3 

1.20

** 

0.4

8 

-

0.05

5** 

24.

88 

-

2.48

** 

28.

69 

2.86

** 

7.1

4 

0.15 595

.8 

10.3

** 

22.

34 

0.39

** 

PM-

25 

3.0

1 

-

0.22

** 

7.6

7 

-

1.91

** 

0.3

9 

0.06

8** 

29.

45 

0.85

** 

26.

23 

-0.1 7.7

3 

0.35 579

.8 

-

9.61

** 

21.

74 

-

0.36

** 

CD5

% / 

SE(gj) 

0.5

6 

0.07 2.1

1 

0.26 0.1

3 

0.01

5 

1.9 0.23 5.0

2 

0.62 1.5

9 

0.2 18.

1 

2.22 0.6

8 

0.08 

 

The mean performance and SCA effects (Supplementary Table S9b) revealed a high degree of variation among all the F₁ 

hybrids for all the traits examined. JM16-3 × NRCHB101 was the earliest maturing hybrid with a significantly negative 

SCA effect (-1.81), while a significantly positive SCA effect was noted for JM13-4 × NRCHB101, JM16-3 × TM2, JMM-

TM2-28 × NRCHB101 and NPJ194 × PM25 for days to maturity. NPJ194 × PM25 had the highest days to leaf senescence 

(96.0 days), while the only significantly negative SCA effect was noted for NPJ194 × TM2 (-5.10). Reduced plant height 

was observed in NPJ194 × NRCHB101 (124.2 cm), while significantly negative SCA effects for plant height were 

obtained in JM13-4 × TM2, RRE2012/14 × TM2, Pusa Bold × TM2, and JMM-TM2-14 × PM25. Maximum primary 

branches was for Kranti × NRCHB101 (6.7), but SCA values for this character were not significant. In secondary branches, 

the maximum was recorded for JM13-4 × PM25 (15.5). SCA was significantly positive in the combinations JM13-4 × 

PM25, RRE2012/14 × TM2, NPJ194 × TM2 and Pusa Bold × NRCHB101. Main raceme was maximum for JM16-3 × 

PM25 (56.3 cm); significant SCA for this character was recorded in JM13-4 × TM2.  Foot length was maximum for JM13-

4 × TM2 (4.9 cm), which was also significantly negative followed by NPJ194 × NRCHB101. The maximum oil content 

was observed in Kranti × PM25 (39.0%). but no hybrid showed significant SCA for oil content. Regarding the root traits, 

Kranti × TM2 had the maximum root dry weight (5.12 g) with positive SCA; for shoot dry weight, the maximum value 

with positive SCA was recorded for NPJ194 × TM2(12.2 g), and JM13-4 × PM25 had the favourable SCA. For root-shoot 

ratio, the maximum was obtained in Kranti × PM25 (0.61); JM13-4 × TM2 had significant positive SCA effects for root-

shoot ratio. Kranti × TM2 and JMM-TM2-28 × TM2 had the maximum root length (31.5 cm) with favourable SCA effects. 

The maximum root volume was for RRE2012/14 × NRCHB101 (31.4 cc) and positive SCA effects were recorded for 

Kranti × TM2, RRE2012/14 × NRCHB101, JM16.  

Supplementary Table S9b presents the mean values and specific combining ability (SCA) effects of the twenty-four 

crosses for the traits studied. 

  

 

 

 



Genetics and Molecular Research 25 (22s): 2026     25 

Supplementary Table S9 (continued): part b 

b. Mean values and SCA effects of crosses for the traits under study 

 

Owing to its width, this table is arranged in 3 panels; the row labels are repeated in each panel and all values are 

reproduced exactly as in the supplementary workbook. 

 

Cross Mea

n 

SCA Mea

n 

SC

A 

Mea

n 

SCA Mea

n 

SC

A 

Mea

n 

SCA Mea

n 

SCA Mea

n 

SCA 

DM DLSC PH PB SB LMR FL (cm) 

JM13-4 x 

TM 2 

100.

5 

-1.35 86 -

0.77 

144.

3 

-

6.73*

* 

4.9 0.6

6 

12.3 -0.6 50.3 6.15

* 

4.9 -

2.35

* 

Kranti x 

TM2 

105 1.15 85.5 -0.6 137.

4 

-0.03 5 -

0.6 

14.5 1.34 46.1 2.21 6.3 -0.19 

JMM-

TM2-14 x 

TM2 

102.

5 

0.31 87.5 1.06 149 3.97 4 0.0

7 

11.1 -1.1 41.3 -3 8.3 1.22 

RRE2012/

14 x TM2 

105 1.31 86 -

0.27 

136.

2 

-

6.31* 

4 -

0.2 

13.7 2.57

** 

48.3 -0.04 7.3 0.84 

JM16-3 x 

TM2 

105 1.81

* 

93.5 3.73 146.

5 

5.62* 3.7 -

0.0

7 

9.6 -1.24 48.4 -1.08 9.3 1.06 

Pusa Bold 

x TM2 

101.

5 

-1.02 91 2.06 125.

3 

-

9.23*

* 

3.6 -

0.1

7 

9.9 -1 47.8 1.03 7.5 -1.54 

JMM-

TM2-28x 

TM2 

102.

5 

-1.19 87.5 -0.1 154.

2 

9.53*

* 

3.7 -

0.2

4 

11.1 -

1.50

* 

46.3 -0.64 6.9 -0.57 

NPJ194x 

TM2 

101.

5 

-1.02 84.5 -

5.10

* 

126.

8 

3.17 5 0.5

6 

13.7 1.53

* 

39.5 -4.63 11.5 1.54 

JM13-4x 

NRCHB1

01 

103.

5 

1.52

* 

88 2.35 164.

1 

9.97*

* 

4 -

0.4

8 

12.1 -1.47 37.8 -

8.30

** 

9.6 1.25 

Kranti x 

NRCHB1

01 

103.

5 

-0.48 85.5 0.52 136.

8 

-3.76 6.7 0.8

5 

12.5 -1.34 40.3 -

5.60

* 

8.4 0.81 

JMM-

TM2-14 x 

NRCHB1

01 

101.

5 

-0.81 85.5 0.19 155.

6 

7.46*

* 

3.8 -

0.3

8 

14.3 1.43 50 3.72 6.3 -1.81 

RRE2012/

14 x 

NRCHB1

01 

103 -0.81 85 -

0.15 

141.

6 

-3.94 4.7 0.2

5 

11.3 -0.51 52.3 1.99 7.7 0.17 

JM16-3 x 

NRCHB1

01 

101.

5 

-

1.81

* 

85.5 -

3.15 

141.

5 

-2.47 4 -

0.0

2 

12.1 0.59 50.3 -1.12 9.7 0.42 

Pusa Bold 

x 

NRCHB1

01 

103.

5 

0.85 86.5 -

1.31 

136.

2 

-1.34 3.7 -

0.2

7 

13.5 1.93

* 

53.3 4.52 11.5 1.46 

JMM-

TM2-28 x 

NRCHB1

01 

106 2.19

** 

86 -

0.48 

144.

3 

-3.41 4.5 0.3

2 

14.7 1.43 51.5 2.61 10.5 1.95

* 

NPJ194 x 

NRCHB1

01 

102 -0.65 90.5 2.02 124.

2 

-2.51 4.4 -

0.2

8 

10.8 -

2.04

* 

48.3 2.18 6.8 -

4.26

** 

JM13-4 x 

PM25 

103 -0.17 88.5 -

1.58 

158.

8 

-3.24 3.9 -

0.1

8 

15.5 2.08

** 

50.9 2.15 9.1 1.1 
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Kranti x 

PM25 

104.

5 

-0.67 89.5 0.08 152.

3 

3.79 5.2 -

0.2

5 

13.7 0.01 51.9 3.39 6.5 -0.61 

JMM-

TM2-14x 

PM25 

104 0.5 88.5 -

1.25 

144.

7 

-

11.4*

* 

4.1 0.3

1 

12.4 -0.33 48.2 -0.73 8.3 0.59 

RRE2012/

14x PM25 

104.

5 

-0.5 90 0.42 163.

8 

10.25

** 

4 -

0.0

5 

9.6 -

2.06

** 

51 -1.95 6.1 -1.01 

JM16-3 x 

PM25 

104.

5 

0 92.5 -

0.58 

148.

8 

-3.15 3.7 0.0

9 

12 0.64 56.3 2.2 7.4 -1.48 

Pusa Bold 

x PM25 

104 0.17 91.5 -

0.75 

156.

1 

10.57

** 

4 0.4

4 

10.5 -0.92 45.8 -

5.55

* 

9.8 0.07 

JMM-

TM2-28x 

PM25 

104 -1 91.5 0.58 149.

5 

-

6.12* 

3.7 -

0.0

8 

13.2 0.08 49.5 -1.98 6.8 -1.37 

NPJ194 x 

PM25 

105.

5 

1.67

* 

96 3.08 134 -0.66 4 -

0.2

8 

13.2 0.51 51.2 2.46 13.4 2.72

** 

CD5%/ 

SE(sij) 

1.9 0.67 5.4 1.89 7 2.44 1 NS 2.1 0.74 7.2 2.5 2.4 0.84 

 

Supplementary Table S9 (continued): part b, panel 2 of 3 

 

Cross Mea

n 

SC

A 

Mea

n 

SC

A 

Mea

n 

SCA Mea

n 

SCA Mea

n 

SCA Mea

n 

SCA Mea

n 

SCA 

Oil (%) RDW (g) SDW (g) RS Ratio MRL (cm) RV (cc) SQP (No.) 

JM13-4 x 

TM 2 

33.9 -

0.2

4 

3.82 -

0.11 

6.9 -

2.68

** 

0.55 0.13

** 

21.2 -

2.16

** 

19.3 -

4.12

** 

145.

7 

-

5.66*

* 

Kranti x 

TM2 

38.4 1.0

6 

5.12 0.42

* 

10.9 0.28 0.47 0.01 21.1 1.61

* 

30.2 3.58

** 

156.

3 

7.46*

* 

JMM-

TM2-14 x 

TM2 

34.7 0.4

6 

3.88 -

0.27 

9.7 -1.09 0.4 0.02 31.5 -

1.41

* 

27 1 167.

5 

14.84

** 

RRE2012/

14 x TM2 

38 -

0.1

2 

4.08 0.25 8.9 -0.28 0.46 0.03 25.3 -

1.78

** 

24.9 -

2.17

* 

163.

1 

-2.52 

JM16-3 x 

TM2 

33.2 -

1.4

2 

3.47 0.04 11.5 0.88 0.3 -0.03 24.7 -0.03 25.2 0.28 153.

8 

-2.23 

Pusa Bold 

x TM2 

35.4 0.4

5 

3.38 -

0.15 

10.3 1.2 0.33 -0.06 27.7 -0.31 27.3 1.23 149.

7 

-1.8 

JMM-

TM2-28x 

TM2 

33.1 -

0.9 

3.72 -

0.07 

9.9 0.2 0.38 -0.03 23.4 4.32

** 

26.8 -1.19 141.

2 

-3.06 

NPJ194x 

TM2 

34.8 0.7

1 

3.73 -

0.11 

12.2 1.49

* 

0.3 -0.07 27.4 -0.22 29 1.39 142.

5 

-

7.03*

* 

JM13-4x 

NRCHB1

01 

34.7 1.2

8 

3.48 -

0.28 

9.8 -0.32 0.36 -0.02 19.2 1.76

* 

23.1 -

1.79

* 

156.

6 

-1.87 

Kranti x 

NRCHB1

01 

35.5 -

1.0

5 

4.1 -

0.44

* 

11.7 0.6 0.35 -0.07 21.4 -

1.76

* 

23.5 -

4.67

** 

153.

3 

-2.64 

JMM-

TM2-14 x 

NRCHB1

01 

33.8 0.3

4 

4.28 0.3 11.2 -0.1 0.38 0.04 24.7 0.69 26.1 -1.43 174.

2 

14.43

** 

RRE2012/

14 x 

38.4 1.0

5 

3.76 0.1 10.1 0.42 0.37 -0.01 23.8 1.42

* 

31.4 2.79

** 

173.

2 

0.51 
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NRCHB1

01 

JM16-3 x 

NRCHB1

01 

34 0.1

4 

3.06 -0.2 11.1 -0.02 0.28 -0.01 24.9 -0.97 29.5 3.11

** 

163.

3 

0.17 

Pusa Bold 

x 

NRCHB1

01 

32.9 -

1.3 

3.84 0.47

* 

8.8 -0.8 0.43 0.08 31.1 1.04 28.3 0.71 153 -

5.60*

* 

JMM-

TM2-28 x 

NRCHB1

01 

33.6 0.3

3 

3.63 0.01 10.9 0.74 0.33 -0.03 24.9 -

1.44

* 

30.8 1.32 149.

5 

-1.87 

NPJ194 x 

NRCHB1

01 

32.6 -

0.7

9 

3.72 0.05 10.7 -0.51 0.37 0.03 27.9 -0.74 29.1 -0.03 153.

5 

-3.13 

JM13-4 x 

PM25 

34.7 -

1.0

4 

3.91 0.39 10 3.00

** 

0.39 -

0.11

* 

22.7 0.4 29.7 5.92

** 

164.

5 

7.53*

* 

Kranti x 

PM25 

39 -

0.0

1 

4.32 0.02 7.1 -0.88 0.61 0.06 21.1 0.15 28.2 1.09 149.

6 

-

4.82* 

JMM-

TM2-14x 

PM25 

35.1 -

0.8 

3.71 -

0.03 

9.3 1.19 0.4 -0.06 24.8 0.72 26.8 0.43 129 -

29.3*

* 

RRE2012/

14x PM25 

38.8 -

0.9

3 

3.08 -

0.35 

6.4 -0.14 0.49 -0.02 27 0.36 26.9 -0.62 173.

2 

2.01 

JM16-3 x 

PM25 

37.6 1.2

8 

3.18 0.16 7.1 -0.85 0.46 0.04 21.2 1 21.9 -

3.39

** 

163.

7 

2.06 

Pusa Bold 

x PM25 

37.4 0.8

5 

2.81 -

0.32 

6.1 -0.4 0.46 -0.02 21.1 -0.73 24.5 -

1.94

* 

164.

5 

7.40*

* 

JMM-

TM2-28x 

PM25 

36.3 0.5

7 

3.43 0.06 6.1 -0.94 0.56 0.07 31.5 -

2.88

** 

28.2 -0.13 154.

8 

4.93* 

NPJ194 x 

PM25 

35.8 0.0

7 

3.49 0.06 7.1 -0.98 0.49 0.04 25.3 0.96 26.7 -1.35 165.

3 

10.16

** 

CD5%/ 

SE(sij) 

2.4 NS 0.56 0.19 2.1 0.73 0.13 0.04 1.9 0.65 2.4 0.83 5.2 1.81 

 

Supplementary Table S9 (continued): part b, panel 3 of 3 

 

Cross Me

an 

SC

A 

Me

an 

SCA Mea

n 

SCA Mea

n 

SCA Mea

n 

SC

A 

Mea

n 

SCA Mea

n 

SCA 

SSQ (No.) BYP (g) HI (%) SYP (g) TSW (g) SYH 

(Kg/ha) 

NUE 

(Kg/Kg) 

JM13-4 x 

TM 2 

11.7 0.9

9 

28.2 -

2.69

** 

27.9 0.96 7.9 -0.25 4 0.1

7 

601.

5 

-

13.68

* 

22.5

5 

-

0.51

* 

Kranti x 

TM2 

13.7 -

1.0

3 

41.3 2.39

** 

21.2 -

3.85

* 

8.8 -0.96 4.18 0.0

8 

628.

6 

-1.19 23.5

7 

-0.04 

JMM-

TM2-14 x 

TM2 

11.8 1.0

2 

34.7 5.94

** 

22.3 -

3.74

* 

7.7 0.66 4.26 0.1

7 

608.

8 

23.01

** 

22.8

3 

0.86

** 

RRE2012/

14 x TM2 

12.3 1.2

4 

37.1 -

2.33

** 

26.8 -1.97 10 -

1.51

* 

3.89 -

0.1

3 

616.

6 

-

10.01 

23.1

2 

-0.38 

JM16-3 x 

TM2 

13 0.9

2 

24.9 -

2.70

** 

37.2 6.67

** 

9.3 1.15

* 

4.11 0.1

7 

627.

4 

2.44 23.5

3 

0.09 
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Pusa Bold 

x TM2 

10.1 -

1.4

9 

29.3 0.95 28.6 -0.01 8.4 0.53 3.72 -

0.2

9* 

600 -11.4 22.5 -0.43 

JMM-

TM2-28x 

TM2 

12.6 -

0.4

4 

35 0.73 22.7 -0.57 8 0.1 4.02 0.0

2 

613.

8 

-5.51 23.0

2 

-0.21 

NPJ194x 

TM2 

9.4 -

1.2

1 

29.3 -

2.29

** 

30 2.5 8.8 0.28 3.88 -

0.1

8 

637.

9 

16.34

* 

23.9

2 

0.61

* 

JM13-4x 

NRCHB1

01 

8.7 -

2.3

3* 

27.2 0.36 34.1 1.58 9.3 0.47 3.56 -

0.3

1* 

631.

1 

4.9 23.6

6 

0.18 

Kranti x 

NRCHB1

01 

16.4 1.3

9 

37.4 2.54

** 

29.8 -0.87 11.2 0.77 4.14 -

0.0

1 

645.

4 

4.57 24.2 0.17 

JMM-

TM2-14 x 

NRCHB1

01 

11.5 0.4 22.9 -

1.77

* 

34.3 2.61 7.9 0.14 4.08 -

0.0

6 

611.

5 

14.72

* 

22.9

3 

0.55

* 

RRE2012/

14 x 

NRCHB1

01 

9.9 -

1.4

6 

35.6 0.29 32 -2.41 11.4 -0.74 4.1 0.0

3 

632.

5 

-5.17 23.7

2 

-0.19 

JM16-3 x 

NRCHB1

01 

12.2 -0.2 24 0.48 31.9 -

4.29

* 

7.7 -1.11 3.89 -

0.0

9 

630.

9 

-5.11 23.6

6 

-0.19 

Pusa Bold 

x 

NRCHB1

01 

13.1 1.2

1 

24.8 0.55 32.9 -1.38 8.2 -0.35 4.22 0.1

6 

624.

9 

2.54 23.4

3 

0.1 

JMM-

TM2-28 x 

NRCHB1

01 

13.8 0.4

3 

27.2 -

2.92

** 

31.5 2.59 8.6 0.07 4.16 0.1

2 

616.

4 

-

13.93

* 

23.1

2 

-

0.52

* 

NPJ194 x 

NRCHB1

01 

11.5 0.5

6 

28 0.47 35.3 2.17 9.9 0.74 4.27 0.1

6 

630 -2.51 23.6

3 

-0.09 

JM13-4 x 

PM25 

12 1.3

4 

32.5 2.33

** 

27 -2.54 8.8 -0.22 3.99 0.1

4 

615 8.79 23.0

6 

0.33 

Kranti x 

PM25 

14.3 -

0.3

6 

33.2 -

4.93

** 

32.4 4.72

* 

10.8 0.19 4.05 -

0.0

7 

617.

5 

-3.39 23.1

6 

-0.13 

JMM-

TM2-14x 

PM25 

9.3 -

1.4

2 

23.8 -

4.17

** 

29.8 1.13 7.1 -0.8 4.01 -

0.1

1 

539.

1 

-

37.73

** 

20.2

2 

-

1.41

** 

RRE2012/

14x PM25 

11.2 0.2

2 

40.7 2.04

** 

35.8 4.38

* 

14.6 2.24

** 

4.14 0.1 632.

9 

15.18

* 

23.7

3 

0.57

* 

JM16-3 x 

PM25 

11.3 -

0.7

2 

29.1 2.23

** 

30.9 -2.38 9 -0.03 3.88 -

0.0

8 

618.

7 

2.67 23.2 0.1 

Pusa Bold 

x PM25 

11.8 0.2

7 

26.1 -

1.51

* 

32.7 1.39 8.5 -0.19 4.18 0.1

4 

611.

3 

8.86 22.9

2 

0.33 

JMM-

TM2-28x 

PM25 

13 0.0

1 

35.7 2.19

** 

23.9 -2.03 8.5 -0.17 3.88 -

0.1

4 

629.

9 

19.44

** 

23.6

2 

0.73

** 

NPJ194 x 

PM25 

11.2 0.6

5 

32.7 1.82

** 

25.5 -

4.67

* 

8.3 -1.02 4.1 0.0

2 

598.

8 

-

13.82

* 

22.4

5 

-

0.52

* 

CD5%/ 

SE(sij) 

2.5 0.8

7 

1.9 0.66 5 1.75 1.6 0.55 0.34 0.1

2 

18.1 6.29 0.68 0.24 
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The maximum number of siliquae per plant was obtained for JMM-TM2-14 × NRCHB101 (174.2) and the significant 

positive SCA effect was noticed in JMM-TM2-14 × TM2, JMM-TM2-14 × NRCHB101, JM13-4 × PM25, Kranti × TM2 

and NPJ194 × PM25. Kranti × NRCHB101 produced the maximum number of seeds per siliqua (16.4), but there was no 

significant positive SCA effect. Biological yield was maximum in Kranti × TM2 (41.3 g) and the hybrid recorded 

significant positive SCA, along with JMM-TM2-14 × TM2, Kranti × NRCHB101, JM13-4 × PM25, RRE2012/14 × 

PM25, JM16-3 × PM25, JMM-TM2-28 × PM25 and NPJ194 × PM25. Harvest index was maximum for JM16-3 × TM2 

(37.2%) with significant positive SCA effect. Seed yield per plant was maximum for RRE2012/14 × PM25, while Kranti 

× NRCHB101 had the maximum seed yield per hectare (645.4 kg ha⁻¹) and maximum NUE (24.2 kg kg⁻¹). Significant 

positive SCA effects for both NUE and seed yield per hectare were obtained in JMM-TM2-14 × TM2, NPJ194 × TM2, 

JMM-TM2-14 × NRCHB101, RRE2012/14x PM25 and JMM-TM2-28 × PM25. Cross-evaluation revealed that the 

hybrids Kranti × PM25, RRE2012/14 × PM25, and RRE2012/14 × NRCHB101 exhibited superior mean performance for 

the majority of traits governing seed yield and NUE. Furthermore, under recommended nitrogen regimes (N40), Kranti × 

TM2, RRE2012/14 × PM25, and JM13-4 × PM25 emerged as the most elite combinations specifically for optimizing both 

yield and NUE. 

 

Genetic variability parameters 

The study revealed that the SCA variances were mostly higher than the GCA variances for most of the traits 

(Supplementary Table S10) except shoot dry weight, oil content, days to leaf senescence, and NUE. Moderate GCV and 

PCV were recorded for foot length, shoot dry weight, root-shoot ratio and NUE, while rest of the traits exhibited low 

variances. High broad sense heritability was recorded for plant height, siliquae/ plant, oil content, root dry weight, shoot 

dry weight, main shoot length, root volume, biological yield per plant, harvest index, seed yield/ plant, seed yield/ha and 

NUE. High narrow-sense heritability was for oil content, shoot dry weight, maximum root length, and biological yield per 

plant. Moderate narrow sense heritability was observed for days to leaf senescence, plant height, root dry weight, root-

shoot ratio, harvest index, seed yield per plant, and seed yield per hectare. Average degree of dominance of genes was 

less than unity, for the traits days to leaf senescence, primary branches per plant, oil content, root dry weight, shoot dry 

weight, root-shoot ratio, root length, biological yield per plant, and seed yield per plant; conversely, it was greater than 

unity for days to maturity, main shoot length, seeds per siliqua, harvest index, and NUE. Additive genetic variance was 

non-significant for secondary branches, foot length, siliquae per plant, thousand seed weight, and root volume. Therefore, 

for these characters narrow sense heritability and average degree of dominance could not be estimated.  

The estimates of the genetic parameters derived from the line × tester analysis are presented in Supplementary Table S10. 

 

Supplementary Table S10: Estimates of genetic parametersobtained from line x tester analysis 

 

Character GCV 

(%) 

PCV 

(%) 

Additive 

genetic 

variance 

Dominance 

variance 

h² (bs) h² (ns) Average 

degree of 

dominance 
(%) (%) 

Days to maturity 0.73 0.98 0.31 1.66 55.7 15.32 2.3 

Days to leaf senescence 2.28 3.13 6.87 2.37 53 45.19 0.59 

Plant height (cm) 4.65 4.94 59.89 61.85 88.43 58.32 1.02 

Primary branches/ plant 8.26 11.98 0.18 0.1 47.53 37.2 0.75 

*Secondary branches/ plant 5.39 8.28 - 2.59 42.46 - - 

Main shoot length (cm) 4.69 7.03 2.73 14.68 44.58 12.1 2.32 

*Foot length (cm) 10.24 14.27 - 3.45 51.5 - - 

*Siliquae/ plant 3.47 3.66 - 123.32 89.81 - - 

Seeds/ siliqua 6.14 9.6 0.51 1.09 40.89 19.74 1.46 

*1000 seed wt. (g) 0.98 3.08 - 0.02 10.11 - - 

Oil content (%) 3.7 4.42 3.15 0.46 69.98 65.2 0.38 

Root dry wt. (g) 7.6 9.43 0.11 0.06 64.94 50.57 0.75 

Shoot dry wt. (g) 16.82 18.78 3.59 1.54 80.22 66.08 0.65 

Root-shoot ratio 13.49 17.09 0.005 0.004 62.31 44.89 0.88 

Main root length (cm) 7.46 7.92 4.81 3.59 88.72 64.62 0.86 

*Root volume (cc) 5.17 6.19 - 9.39 69.73 - - 

Biological yield/ plant (g) 10.44 10.66 14.72 10.51 95.82 70.61 0.85 

Harvest index (%) 9.56 11.34 8.85 12.31 71.12 41.94 1.18 

Seed yield/ plant (g) 9.59 11.58 0.94 0.8 68.68 48.14 0.92 

Seed yield/ha (kg) 1.92 2.19 142.38 258.25 77.42 40.6 1.35 

NUE (g/g) 1.96 2.37 0.02 0.06 68.45 29.86 1.61 

*Additive genetic variance is negative 

 

Estimates of heterosis 

Estimates of standard heterosis percentage (Supplementary Table S11), compared to performance of the standard variety 

NRCHB-101 (recommended mustard variety for Assam) revealed that, for days to maturity, fifteen crosses showed 

negative heterosis (-5.50 to 0%); maximum significant negative heterosis was observed for JM13-4 x TM 2 (-5.50%). For 
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days to leaf senescence, three crosses, viz. NPJ194 x PM25, JM16-3 x PM25 and JM16-3 x TM2 exhibited significant 

positive heterosis.  For plant height all the hybrids expressed significant negative heterosis, as the standard variety 

NRCHB 101 was the tallest genotype. Six crosses showed positive significant heterosis for primary branches per plant; 

maximum heterosis was recorded for Kranti x NRCHB101. For secondary branches/ plant four crosses viz. JM13-4 x 

PM25, JMM-TM2-28 x NRCHB101, Kranti x TM2, and JMM-TM2-14 x NRCHB101 revealed positive significant 

heterosis. Negative heterosis is desirable for length of the main raceme and was significant for NPJ194 x TM2 and JM13-

4 x NRCHB101; only JM16-3 x PM25 had significant positive heterosis (19%). For number of siliquae per plant all the 

crosses revealed negative heterosis; for number of seeds per siliqua, Kranti x NRCHB101 and Kranti x PM25 had positive 

heterosis. For oil content, eleven crosses revealed positive heterosis ranging from the value 7.9% to 18.8% heterosis; 

maximum was recorded for Kranti x PM25 (18.8%). Maximum thousand seed weight was obtained for NPJ194 x 

NRCHB101 (22.6%); maximum root dry weight was recorded for Kranti x TM2 (59.3%); positive significant heterosis 

for shoot dry weight was observed for fifteen crosses, ranging from   36.5% to 71.1%. Kranti x PM25 (27.1%) revealed 

positive heterosis for root-shoot ratio. Significant positive heterosis for root volume was recorded for sixteen crosses 

ranging from 10.1% (JMM-TM2-14 x NRCHB101) to 32.5% (RRE2012/14 x NRCHB101); maximum root length with 

highest positive heterosis was for Kranti x TM2 (40.6%) followed by fourteen cross combinations. The maximum 

heterosis for biological yield per plant was exhibited by Kranti x TM2 (66.2%); for harvest index, JM16-3 x TM2(29.8%), 

followed by RRE2012/14 x PM25 (24.8**) had maximum positive heterosis. For seed yield per plant, twelve crosses 

expressed significant positive heterosis, the highest heterosis percentage was observed in the cross RRE2012/14 x PM25 

(104%);. for seed yield per hectare, maximum significant positive heterosis was exhibited for Kranti x NRCHB101 (8.3%). 

Maximum positive heterosis for NUE was recorded for JMM-TM2-28 x NRCHB101 followed Kranti x PM25 and JM13-

4 x PM25. Out of the twenty-four crosses, JM13-4 x PM 25, Kranti x TM2, JM16-3 x TM-2, RRE 2012/14 x PM 25, NPJ-

194 x TM-2, Kranti x NRCHB101, Kranti x PM25, RRE2012/14 x PM25 and JMM-TM2-28 x PM25 were positively 

heterotic for yield traits (Supplementary Table S12). Occurrence of heterosis either positive or negative was commonly 

observed in these crosses of Indian mustard.  

The estimates of standard heterosis (%) of the crosses over the check variety NRCHB-101 are presented in Supplementary 

Table S11. 

 

Supplementary Table S11: Estimates of standard heterosis percentage for phenological and morphological traits 

Owing to its width, this table is arranged in 2 panels; the row labels are repeated in each panel and all values are 

reproduced exactly as in the supplementary workbook. 

 

Cross DM DLS PH PB SB LMR FL SQP SSQ OIL 

JM13-4 x TM 2 -

5.2** 

-0.6 -

15.9** 

40.0** 7 6.3 -

44.2** 

-

16.3** 

0 3.3 

Kranti x TM2 -0.9 -1.2 -

19.9** 

42.9** 26.2* -2.4 -28.8* -

10.2** 

17 17.0** 

JMM-TM2-14 x TM2 -

3.3** 

1.2 -

13.1** 

14.3 -3.5 -12.7 -6.2 -3.8* 0.9 5.8 

RRE2012/14 x TM2 -0.9 -0.6 -

20.6** 

14.3 19.2 2.1 -17.7 -6.3** 4.9 15.8** 

JM16-3 x TM2 -0.9 8.1* -

14.6** 

5.7 -16.5 2.3 5.1 -

11.7** 

11.1 1.3 

Pusa Bold x TM2 -

4.3** 

5.2 -

27.0** 

1.4 -13.9 1.1 -15.6 -

14.0** 

-13.7 7.9* 

JMM-TM2-28 xTM2 -

3.3** 

1.2 -

10.1** 

5.7 -3.5 -2.2 -21.8 -

18.9** 

7.7 1 

NPJ194 x TM2 -

4.3** 

-2.3 -

26.1** 

42.9** 19.1 -

16.5* 

30.5* -

18.2** 

-19.7 6.2 

JM13-4 x NRCHB101 -2.4* 1.7 -4.4* 14.3 5.2 -

20.1* 

8.8 -

10.1** 

-25.6* 5.6 

Kranti x NRCHB101 -2.4* -1.2 -

20.3** 

91.4** 8.7 -14.7 -5.4 -

11.9** 

40.5** 8.3* 

JMM-TM2-14 x 

NRCHB101 

-

4.3** 

-1.2 -9.3** 8.6 24.3* 5.7 -28.4* 0.1 -1.7 3.2 

RRE2012/14 x 

NRCHB101 

-

2.8** 

-1.7 -

17.4** 

34.3* -1.7 10.5 -13.2 -0.5 -15.4 17.1** 

JM16-3 x NRCHB101 -

4.3** 

-1.2 -

17.5** 

14.3 5.2 6.4 10.1 -6.2** 4.3 3.8 

Pusa Bold x 

NRCHB101 

-2.4* 0 -

20.6** 

5.7 17.4 12.6 30.5* -

12.1** 

12.2 0.3 

JMM-TM2-28x 

NRCHB101 

0 -0.6 -

15.9** 

28.6 27.8** 8.9 18.8 -

14.1** 

17.9 2.5 
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NPJ194 x NRCHB101 -

3.8** 

4.6 -

27.6** 

25.7 -6.1 2.1 -22.9 -

11.8** 

-1.7 -0.6 

JM13-4 x PM25 -

2.8** 

2.3 -7.4** 11.4 34.8** 7.6 2.5 -5.5** 2.6 5.9 

Kranti x PM25 -1.4 3.5 -

11.2** 

48.6** 19.1 9.8 -26 -

14.1** 

22.2* 18.8** 

JMM-TM2-14 x PM25 -1.9* 2.3 -

15.7** 

16.8 7.7 1.9 -5.8 -

25.9** 

-20.5 7 

RRE2012/14 x PM25 -1.4 4.1 -4.5* 14.3 -16.5 7.8 -31.1* -0.5 -4.3 18.4** 

JM16-3 x PM25 -1.4 6.9* -

13.3** 

5.7 4.3 19.0* -16 -6.0** -3.4 14.6** 

Pusa Bold x PM25 -1.9* 5.8 -9.0** 14.3 -8.7 -3.1 10.3 -5.5** 0.9 14.1** 

JMM-TM2-28 x PM25 -1.9* 5.8 -

12.8** 

5.7 14.8 4.8 -23.2 -

11.1** 

11.1 10.5** 

NPJ194 x PM25 -0.5 11.0** -

21.9** 

14.3 14.8 8.2 51.5** -5.1** -4.3 9.3* 

 

Supplementary Table S11 (continued): panel 2 of 2 

 

Cross TSW RDW SDW RSR RV MRL BYP HI SYP SYH NUE 

JM13-4 x 

TM 2 

14.8*

* 

15.8 1.5 15.4 -

18.7*

* 

-4.4 13.4*

* 

-2.9 10.3 0.9 -

49.5*

* 

Kranti x 

TM2 

20.1*

* 

55.2*

* 

59.3*

* 

-1.8 27.6*

* 

40.6*

* 

66.2*

* 

-

26.1*

* 

22.9* 5.5*

* 

-

56.4*

* 

JMM-TM2-

14 x TM2 

22.3*

* 

17.4* 41.7*

* 

-16.2 14.0*

* 

-2.5 39.5*

* 

-22.3* 7.9 2.2 -35.6* 

RRE2012/1

4 x TM2 

11.8* 23.5*

* 

30.5 -3.9 5.2 10.6* 49.2*

* 

-6.6 39.4** 3.5* -13.5 

JM16-3 x 

TM2 

18.0*

* 

5 68.2*

* 

-

36.7*

* 

6.1 -7.1 0.1 29.8*

* 

29.8* 5.3*

* 

-

51.0*

* 

Pusa Bold x 

TM2 

6.9 2.4 51.5*

* 

-31.5* 15.0*

* 

-7.8 17.9*

* 

-0.3 17.4 0.7 -

47.7*

* 

JMM-TM2-

28 xTM2 

15.4*

* 

12.6 45.2*

* 

-21.7 12.9* 37.9*

* 

40.6*

* 

-20.8* 11.3 3 -

43.1*

* 

NPJ194 x 

TM2 

11.4* 12.9 78.3*

* 

-

36.6*

* 

22.4 10.9* 17.9*

* 

4.7 23.0* 7.1*

* 

-31.6* 

JM13-4 x 

NRCHB101 

2.3 5.5 43.2*

* 

-25.6 -2.5 8.3* 9.2* 18.9* 29.7* 5.9*

* 

0.5 

Kranti x 

NRCHB101 

18.8*

* 

24.2*

* 

71.1*

* 

-26.9* -0.8 21.3*

* 

50.2*

* 

3.9 56.4** 8.3*

* 

-10.2 

JMM-TM2-

14 x 

NRCHB101 

17.1*

* 

29.5*

* 

63.3*

* 

-20.4 10.1* 2.2 -8.0* 19.4* 9.9 2.6 34.5* 

RRE2012/1

4 x 

NRCHB101 

17.7*

* 

13.9 47.7*

* 

-22.4 32.5*

* 

20.1*

* 

43.2*

* 

11.5 59.5** 6.2*

* 

56.6*

* 

JM16-3 x 

NRCHB101 

11.8*

* 

-7.3 62.1*

* 

-

42.4*

* 

24.5*

* 

-

15.7*

* 

-3.7 11.3 7.4 5.9*

* 

28.6* 

Pusa Bold x 

NRCHB101 

21.1*

* 

16.4 29.3 -9.4 19.2*

* 

-6.4 -0.2 14.5 14.2 4.9*

* 

-9.2 

JMM-TM2-

28x 

NRCHB101 

19.5*

* 

9.8 60.1*

* 

-30.4* 29.9*

* 

8.2* 9.5* 9.8 20.1 3.5* 69.4*

* 

NPJ194 x 

NRCHB101 

22.6*

* 

12.6 56.0*

* 

-23.5 22.8*

* 

4.1 12.4*

* 

23.2* 38.6** 5.7*

* 

-19.8 
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JM13-4 x 

PM25 

14.5*

* 

18.5* 46.2*

* 

-18.4 25.4*

* 

8.9* 30.5*

* 

-5.8 22.8* 3.2* 67.6*

* 

Kranti x 

PM25 

16.4*

* 

30.9*

* 

3.8 27.1* 18.8*

* 

36.3*

* 

33.6*

* 

13.1 51.1** 3.6* 69.1*

* 

JMM-TM2-

14 x PM25 

15.1*

* 

12.3 36.5* -17.2 13.3* 9.0* -4.2 4 -0.5 -

9.5*

* 

29.5* 

RRE2012/1

4 x PM25 

18.8*

* 

-6.8 -5.9 2.6 13.4* 22.0*

* 

63.6*

* 

24.8*

* 

104.0*

* 

6.2*

* 

47.0*

* 

JM16-3 x 

PM25 

11.5* -3.6 4.3 -4.7 -7.7 -0.5 16.8*

* 

7.6 25.4* 3.8* 17.3 

Pusa Bold x 

PM25 

20.0*

* 

-15 -10.5 -4.9 3.3 -7.6 4.9 13.9 19.3 2.6 -

48.2*

* 

JMM-TM2-

28 x PM25 

11.5* 3.9 -10.1 16.4 19.1*

* 

8.5* 43.4*

* 

-16.6 19.6 5.7*

* 

42.9*

* 

NPJ194 x 

PM25 

17.7*

* 

5.8 3.7 2.8 12.5* 18.1*

* 

31.3*

* 

-11 16.8 0.5 5.3 

 

The superior cross combinations, with their mean performance, SCA effects and heterosis for yield-attributing 

traits, are summarised in Supplementary Table S12. 

 

Supplementary Table S12: Superior cross combinations with mean, SCA and heterosis for yield attributing traits 

Superior cross Yield attributing trait Mean SCA effect Heterosis (%) 

JM13-4 x PM 25 Secondary branches (No.) 15.5 2.08** 34.8** 

Kranti x TM2 Biological yield (g/plant) 41.34 2.39** 66.2** 

JM16-3 x TM-2 Harvest index (%) 37.25 6.67** 29.8** 

RRE 2012/14 x PM 25 Biological yield (g/plant) 40.72 2.04** 63.6** 

NPJ-194 x TM-2 Seed yield (kg/ ha) 637.87 16.34* 42.06** 

Kranti x NRCHB101 Biological yield (g/ plant) 38.48 2.54** 12.5** 

Kranti x PM25 N use efficiency (kg/kg) 31.49 7.75** 69.09** 

RRE2012/14 x PM25 Seed yield (kg/ha) 632.93 15.18* 37.12** 

JMM-TM2-28 x PM25 Seed yield (kg/ha) 629.85 19.44** 34.04** 

* Significant at P=0.05, ** Significant at P=0.01 

 

DISCUSSION 

ANOVA revealed significant genotypic variations in both environments; ANOVA over the environments revealed the 

presence of highly significant genotypic, environmental and GXE effects for majority traits demonstrating highly 

influenced the phenotypic expressions of the plants for growth, NUE and yield traits. Significant genotype-by-nitrogen 

interactions confirm that distinct plant varieties are specialized for either nitrogen-deficient or optimal nitrogen 

environments (Fageria & Baligar, 2005; Hirel et al., 2007; Xu et al., 2012). High plant N, delayed leaf senescence and 

increased photosynthetic activity were in agreement with Zaneet al. (2002); increased leaf N content delays N efflux from 

the leaf. Moll et al. (1982) explained primary components of NUE as NUpE and NUtE; due to the presence of early 

developed extensive root system, lower NUE in oilseed rape prevails as a result of lower NUtE (rather than NUpE)(Kamh 

et al., 2005). Earlier studies revealed genotypic variation for NUE, NUpE and NUtE in rapeseed (Fageria et al., 2008; 

White and Brown, 2010). NUpE is associated with root growth and N uptake rates.  Excessive nitrogen uptake (high 

NupE) without efficient utilization (low NUtE) can lead to luxury consumption and environmental issues. Conversely, 

efficient utilization efficiency (high NUtE) without sufficient uptake (low NUpE) limits potential yield. Thus; improving 

NUE often requires balancing both NUpE and NUtE. However, the study emphasised on nitrogen use efficient genotypes 

and it was observed that some efficient genotypes performed well at N0 conditions. Application of nitrogen increased 

growth, biomass production, yield attributes, and seed yield through vegetative growth and photosynthesis (Gan et al., 

2008; and Keerthi et al., 2017).  

High difference between GCV and PCV was observed for root dry weight, indicating the trait was highly influenced by 

environment (Bind et al., 2014). High GCV and PCV indicated a high amount of variability present among genotypes for 

improvement of the traits as also reported by Akbari and Niranjana (2021) for yield per plant and biomass yield per plant. 

Low GCV and PCV for plant height, and number of siliquae per plant were also reported by Patel et al., (2012) and Yadav 

et al., (2019). High heritability suggests a high component of the heritable portion of variation, which can be exploited for 

crop improvement. High heritability was observed for most of the traits as also reported by Shekhawat et al., (2014) and 

Rout et al., (2019). A high heritability does not always mean high genetic gain, and therefore, heritability coupled with 

genetic advances should predict the ultimate effect of selecting superior genotypes (Sarma et al., 2003). High heritability 

coupled with high GAM for various traits under study implies the predominance of additive gene action, as also reported 

by Pal et al., (2019), offering crop improvement opportunities through direct selection. High to moderate heritability 

accompanied by high to moderate genetic advance indicated that heritability was due to additive gene action and simple 
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selection may be effective for that character (Meena and Kumar, 2023). High heritability coupled with low GAM was also 

reported by Kumar et al. (2023). The high significant positive correlation between seed yield per plant and NUE revealed 

that seed yield was governed by the crop’s ability to convert available nitrogen into economic yield as explained by Moll 

et al., (1982) and Xu et al., (2012) how the variations in maternal sink capacity (seed yield) are strictly linked to metabolic 

nitrogen utilization efficiency. Thus, selection of enhanced NUE may result in increased seed yield, facilitating the 

development of low-input, high-yielding cultivars (Han et al., 2015).  

Mahalanobis D2 statistics grouped the genotypes into three distinct clusters; the grouping of genotypes indicated that 

geographical distribution need not necessarily be the indicator of genetic divergence, as also reported by Verma (2006); 

and Fu and Guel (2010), as the pedigree of breeding lines may influence the clustering pattern Chandra et al. (2018). The 

inter-cluster distances were larger than the intra-cluster distance, indicating that wider diversity existed among the 

genotypes belonging to distantly spaced groups. Hybridization between widely diverse parents selected from diverse 

clusters may produce broad variability with high heterotic effect (Akabari and Niranjana, 2015). The genotypes grouped 

into the same cluster displayed low degree of divergence, and when crosses are made among the genotypes of the same 

cluster, no transgressive segregant is expected from such combinations (Akbari and Niranjana, 2015; Singh et al., 1979). 

Therefore, hybridization programs should always be formulated in such a way that the parents belonging to different 

clusters with maximum divergence could be utilized to get desirable transgressive segregant (Kumar and Yadav, 2007). 

Fifty-eight polymorphic SSR markers revealed one fifty-seven; the allelic richness per locus recorded was 2.72 which was 

higher than Thakur et al. (2017) with an average of 2.17. The increased number of alleles may be due to the inclusion of 

genetically diverse germplasm lines. The average major allele frequency was 0.64; if the MAF is high (close to 1.0), it 

implies low diversity, while lower MAF values suggest higher genetic variation. Sharma et al., (2021) also reported 

average MAF value of 0.62 in Indian mustard. The average number of effective alleles was 1.97; higher Ne indicates 

greater genetic diversity and a healthier population. Shannon's information index ranged from 0.34-1.29 with an average 

of 0.76, high value of Shannon's information index suggested substantial genetic diversity in the mustard germplasm under 

study (Sharma et al., 2008). Average expected heterozygosity was 0.48; while the polymorphic information content values 

(PIC) ranged from 0.634-0. 928, with an average of 0.810, indicating the markers were highly informative. The markers 

CN-52 (B-16), PBCESSRJU4, PBCESSRJU1 and BRMS-033 revealed high allelic diversity and polymorphism, and thus 

were very useful for genotype characterization and marker assisted breeding. Similar findings were reported by Abbas et 

al. (2009), Chandra et al. (2013), Thakur et al. (2015) and Singh et al. (2021). The Jaccard's similarity coefficient based 

on UPGMA clustering revealed two main groups of genotypes, with Line x Tester parents belonging to various clusters, 

and this reflects great genetic divergence between them. The conformity of molecular diversity and breeding efficiency 

implies that these genetically diverse parents serve as an excellent source for development of high-yielding nitrogen 

efficient cultivars of mustard.   

ANOVA for the traits under Line x Tester mating design corroborated Kaur et al. (2020); Gami and Chauhan (2013); Ram 

et al. (2023) and Gupta et al. (2003). Mean squares due to lines (GCA), testers (GCA) and line × tester interactions (SCA) 

were significant for most of the traits as also reported by Rameeh (2012;2016). Mean performance and GCA effects of 

eight lines and three testers were in agreement with Meena et al. (2018); Adhikary et al. (2018); Choudhary et al. (2020) 

and Kumar et al. (2021). GCA variance gives additive genetic variance and additive x additive interaction, while SCA 

variance includes non-additive genetic variance including dominance and non-additive epistasis. In the present study, the 

SCA variances were mostly higher than the GCA variances for most of the traits, suggesting the primary role of non-

additive gene action in the expression of those traits, which include dominance and epistasis involving dominance. In such 

situation, heterosis breeding would help to utilize the maximum proportion of non-additive genetic variation. Recurrent 

selection can be used for crop improvement to utilize additive, additive x additive epitasis as well as non-additive genetic 

component consisting of dominance, additive x dominance and dominance x dominance (Singh et al., 2022).  The 

predominant role of non-additive gene action in the inheritance of seed yield per plant was observed by Ghosh et al. 

(2019). The average degree of dominance was greater than one for most of the traits, indicating that the genes for these 

traits showed over dominance as also reported by Patel et al. (2012) and Bind et al., (2014). Conversely, average degree 

of dominance of genes for some traits was less than unity, implying preponderance of additive gene action. High estimates 

of H2bs and H2ns were recorded; high H2ns indicates that the traits were preponderantly governed by additive gene action 

and simple selection for such characters would be rewarding. For seed yield, the average degree of dominance was 0.92, 

indicating the presence of incomplete to nearly complete dominance. Similarly, the average degree of dominance 

approached unity for plant height (1.02), suggesting complete dominance governing the expression of these traits, 

demonstrating that the magnitude of dominance genetic variance is roughly equal to the additive genetic variance. 

Evaluation of 24 mustard hybrids against the recommended variety NRCHB-101 revealed significant heterotic potential 

for yield traits, with RRE2012/14 x PM25 showing the maximum seed yield heterosis (104%) and Kranti x NRCHB-101 

yielding 8.3% higher per hectare. Key hybrids, particularly Kranti x TM2 and Kranti x NRCHB101, exhibited strong 

positive heterosis for root biomass, nutrient use efficiency, and yield components, making them suitable candidates for 

breeding programs targeting superior adaptability.  

 

CONCLUSION 

The present study demonstrated substantial genetic variability for nitrogen use efficiency (NUE), and yield-related traits 

in Indian mustard, providing a strong foundation for breeding nitrogen-efficient cultivars. The integration of morpho-

physiological, biochemical, molecular, and genetic analyses enabled the identification of superior nitrogen-efficient 

genotypes and their effective utilization in a Line × Tester breeding programme. Among the parental lines, Kranti, 

RRE2012/14, PM25, and NRCHB-101 emerged as excellent combiners, while hybrids such as Kranti × TM2, Kranti × 
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PM25, Kranti × NRCHB-101, RRE2012/14 × PM25, RRE2012/14 × NRCHB-101, and JM13-4 × PM25 exhibited 

superior performance for NUE, root traits, and seed yield, making them promising candidates for future breeding 

programmes. The observed phenotypic and molecular diversity provides opportunities to broaden the genetic base of 

Indian mustard, while the informative SSR markers identified in this study offer valuable resources for parental selection 

and marker-assisted breeding. The identified nitrogen-efficient parents and hybrids can be exploited to develop high-

yielding cultivars with improved nitrogen-use efficiency, thereby reducing fertilizer inputs without compromising 

productivity. Future efforts should focus on validating the superior parents and hybrids under multi-location trials and 

elucidating the genomic architecture underlying nitrogen use efficiency through high-density molecular mapping and 

genomic-assisted selection. Such approaches will accelerate the development of stable, climate-resilient Indian mustard 

cultivars with enhanced nitrogen-use efficiency and productivity under reduced nitrogen inputs. 
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Figure 2: PCR amplification of the 44 genotypes: (a) BN6A3 and (b) BRMS003 showing polymorphism 
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Figure 3: Clustering of genotypes using UPGMA based on Jaccard’s coefficient similarity estimated from 58 

polymorphic SSR markers 

  

 

 
 

Figure 4: Performances of some of the parents and hybrids: a) performance of NRCHB-101 under pot culture; b) 

no. of siliquae per plant in NRCHB-101; c) root length of NRCHB-101 under pot culture; d) no. of seeds per 

siliqua n NRCHB-101; e) performance of Kranti (Line) at N40 dose under field conditions; f) performance of 
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PM-25 (Tester) at N40 dose under field conditions; g) performance of F1 Cross Kranti x PM-25 at N40 dose 

under field conditions; h) Siliquae per plant of Kranti x PM-25 at N40 dose under field conditions; i) 

performance of F1 RRE2012/4X NRCHB-101 at N40 dose under field conditions; j) harvesting of F1 

RRE2012/4X NRCHB-101 at N40 dose under field conditions; k) siliqua of RRE2012/4X NRCHB-101 at N40 

dose under field conditions; l) no. of seeds per siliqua in RRE2012/4X NRCHB-101 at N40 dose under field 

conditions; (m-p) Performances of hybrids viz. Kranti x NRCHB101, RRE2012/14 x NRCHB101,  Kranti x PM25 

and NPJ-194 x TM-2 at N40 dose under field conditions in Rabi 2023-24. 
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