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With the twin pressures of high population growth and extreme weather events, developing countries are the worst hit in meeting the food demands of their people, with millions unable to access adequate and nutritionally balanced food. Crop production must be increased by 70% to keep up with the food demands of a rapidly growing population, which is expected to rise to 9.6 billion by 2050. Legumes are ideal food crops to increase agricultural productivity and achieve sustainable development goals. Cowpea, a warm-season grain legume, is often categorized as a neglected crop with immense scope for genetic improvement through proper breeding strategies. A multi-year field experiment of induced mutagenesis was conducted to increase seed yield and genetic variability in the agro-economic traits of two cowpea varieties treated with different doses of gamma (γ) rays and sodium azide (SA). The study was also aimed to optimize different doses of γ rays and SA employed individually and in combinations. Quantitative trait analysis revealed a maximum increase in seed yield from M2 to M3 generation. Among the 10 quantitative traits studied, seeds per pod and seed weight positively correlated with a major direct impact on yield. An extensive phenotypic selection cycle from M2-M4 generations resulted in isolating new high-yielding and nutrient-dense mutant lines. Such high-yielding biofortified mutant lines with enhanced genetic variability could serve as a donor of elite genes and represent a valuable genetic resource for improving low-yielding warm-season grain legumes.
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INTRODUCTION

At present, global attention on pulses, their role in food and nutrition security, and sustainable agriculture are greater than ever. Numerous research organizations are working together at the national and international levels to solve the question on “How to feed more than nine billion people in 2050?” The United Nations Food and Agriculture Organization (FAO) 2009 emphasized the food security issues and estimated that agricultural production must increase by 70% to meet the food demands of an expected 9.6 billion people by 2050. Drastic climate change and increases in extreme weather events, such as floods, drought, heat, and salinity, pose significant risks to agriculture. Coordinated action across primary research and funding organizations is required to maximize agricultural productivity/ genetic gain (rate of increase in yield over a given period) of major pulse crops to keep up with the food demands of a continuously growing population (Varshney et al., 2018). Pulses are “Leguminosae crops harvested wholly for their grain, including beans, lentils, and cowpeas” (FAO, 1994). Among legumes, cowpea [Vigna unguiculata (L.) Walp.] is a self-pollinated primary pulse crop with chromosome number 2n = 2x = 22 and a genome size of 620 Mb (Arumuganathan and Earle, 1991; Herniter et al., 2019; Omirou et al., 2019). The wild cowpea plants grow only in Madagascar and tropical Africa, and hence Africa is speculated to be the center of origin (Steele, 1976). Cowpea seeds are rich in proteins, carbohydrates, and dietary minerals that fill the void of the protein deficient cereal-based human diet (Boukar et al., 2016; Samireddypalle et al., 2017). Cowpeas form a vital component of the human diet, and livestock feed, and replenish soil fertility through biological nitrogen fixation (Horn et al., 2016). Annually, the plant is cultivated on 14.4 million hectares that produce 8.90 million tons (Food and Agriculture Organization of the United Nations, 2021) of cowpea seeds. The annual average production of cowpea is low compared to other grain legumes, primarily due to narrow genetic variability and the low yielding potential of existing genotypes (Raina et al., 2020). The consistent use of conventional breeding approaches has reduced genetic variability, which is the main prerequisite for crop improvement programs (Holme et al., 2019). Therefore, new breeding techniques such as induced mutagenesis are required to accomplish the goals of increased genetic variability. Besides genetic variability, induced mutagenesis offers an opportunity to improve a single character without altering the entire genetic constitution (Shu et al., 2012; Maghuly et al., 2018). Globally, induced mutagenesis has successfully developed hundreds of agro-economically important mutant varieties (Laskar et al., 2015, 2018a; Raina et al., 2016; Khursheed et al., 2018). Up to 2022, 3,402 mutant varieties, including 468 legumes, have been developed1. However, only 16 cowpea mutant varieties with improved agronomic traits have been developed and officially released. In the literature body, conclusive evidence about an optimum dose of γ rays, SA, and γ rays+SA that could be used for the genetic improvement of cowpea is lacking. Instead, no combination of γ rays+SA, SA, and a variable range of γ rays has been employed in developing elite cowpea varieties. For instance, 10 cowpea mutant lines were developed by treating seeds with 100 to 300 Gy in India. In Costa Rica, a high-yielding cowpea mutant variety, viz., Uneca-Gama, was developed by treating seeds with 100 Gy γ rays. In Zimbabwe, a cowpea mutant variety, viz., CBC5 with 18% high grain and fodder yield, was developed by irradiating cowpea seeds at a dose of 150 Gy γ rays. In Zambia, a cowpea mutant variety, viz., Lunkhwakwa, with improved biotic stress tolerance and higher yield, was developed by irradiating cowpea seeds at a dose of 150 Gy γ rays (see text footnote 1). Keeping in view the production constraints of cowpea and the necessity of optimization of γ rays, SA, and γ rays+SA doses, a multi-year induced mutagenesis field experiment from April 2014 to October 2017 was undertaken to improve genetic variability and yielding potential of cowpea varieties.



MATERIALS AND METHODS


Plant Material

Uniform and healthy seeds of two cowpea varieties, Gomati VU-89 and Pusa-578, were procured from the National Bureau of Plant Genetic Resources (NBPGR), New Delhi, India (Supplementary Table 1).



Methodology

At the beginning of the experimentation, we performed a radiosensitivity test to optimize the mutagen doses of γ rays and SA (see Raina et al., 2018). For γ rays treatments, we irradiated batches of 300 dry seeds with various doses viz., 100 Gy (G1), 200 Gy (G2), 300 Gy (G3), 400 Gy (G4), 500 Gy (G5), 600 Gy (G6), 700 Gy (G7), 800 Gy (G8), 900 Gy (G9), and 1,000 Gy (G10). The seeds were irradiated at a dose rate of 11.58 Gy/min using Gamma chamber Model-900 with Cobalt-60 radioisotope at National Botanical Research Institute (NBRI), Lucknow, India. We chose a minimum γ rays dose (100 Gy) following favorable responses of lentils reported by Laskar and Khan (2017). For SA treatments, an aqueous 1% (v/v) stock solution of SA, manufactured by Sissco Research Laboratories Pvt. Ltd., Mumbai, India, was prepared in phosphate buffer (pH 3.0) at Mutation Breeding Laboratory, Botany Department, AMU, Aligarh, India. From this stock solution we prepared different doses of SA such as 0.01% (S1), 0.02% (S2), 0.03% (S3), 0.04% (S4), 0.05% (S5), 0.06% (S6), 0.07% (S7), 0.08% (S8), 0.09% (S9), and 0.1% (S10). Furthermore, we chose a minimum SA dose (0.01%) following the favorable growth responses of linseed reported by Alka and Ansari (2013). Before SA treatments, batches of 300 dry and healthy seeds per treatment were placed in mesh bags for pre-soaking in double-distilled water for 6 h and then treated with S1-S10 SA doses for 9 h. For combined mutagen treatments, batches of 300 γ irradiated seeds were treated with respective SA doses and denoted as S1+G1 (100 Gy γ rays+0.01% SA), S2+G2 (200 Gy γ rays+0.02% SA), S3+G3 (300 Gy γ rays+0.03% SA) S4+G4 (400 Gy γ rays+0.04% SA), S5+G5 (500 Gy γ rays+0.05% SA), S6+G6 (600 Gy γ rays+0.06% SA), S7+G7 (700 Gy γ rays+0.07% SA), S8+G8 (800 Gy γ rays+0.08% SA), S9+G9 (900 Gy γ rays+0.09% SA), and S10+G10 (1000 Gy γ rays+0.1% SA). Doses beyond 400 Gy in γ rays, 0.04% SA in SA, and 400 Gy γ rays+0.04% SA in combination treatments caused more than a 50% reduction in seed germination. Hence, we did not include such doses for study in subsequent generations (Supplementary Figures 1–3). The selection procedure followed during the experimentation is illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Illustration of the induced mutagenesis and selection methodology followed during 2014–2017.



Details of the 2014–2017 Field Trials
 
Year 1, 2014

During mid-April 2014, a total of 7,800 cowpea seeds (300/treatment and control set/variety) were sown in a randomized complete block design (RCBD) with 30 replications in 23.5 × 40 m sized agriculture farm of AMU, Aligarh (Supplementary Table 2; Supplementary Figure 4). Seeds were sown at a distance of 60 cm inter-row and 30 cm intra-row spacing to raise the M1 generation. All recommended agricultural practices such as regular irrigation, fertilizers as a source of nitrogen (N), phosphorus (P), and potassium (K) at a rate of 20 kg N ha−1, 35 kg P2O5 ha−1, and 20 kg K2O ha−1, respectively, were added. During mid-October 2014, all the seeds from M1 plants were harvested separately and stored for raising subsequent generations.



Year 2, 2015

During mid-April 2015, 10 healthy seeds from each M1 plant were sown to raise M2 generation. A total of 57,620 M2 seeds generated from the M1 generation of two varieties were sown in the same field to raise M2 generation. Moreover, 47,650 seeds germinated, of which 38,749 plants survived were screened for morphological diversity (Supplementary Tables 2, 3). The mean data from 30 replicates on 10 quantitative phenotypic traits included plant height (PH), days to flowering (DF), days to maturity (DM), pods per plant (PPP), seeds per pod (SPP), seed weight (SW), branches per plant (BPP), pod length (PL), plant yield (PY), and harvest index (HI) (Supplementary Table 4). At maturity, plants were harvested manually and sun-dried for 7 days to determine the dry weight of aboveground biomass. The harvest index was calculated by taking the ratio of plant yield to biological yield (dry weight of aboveground biomass). Selection for high yielding mutant lines was carried out in both varieties. Based on the quantitative statistics, 30 high yielding M2 mutant lines were isolated from each G1, G2, S1, S2, G1+S1, and G2+S2 treated population and advanced to subsequent M3 generation. In mid-October 2015, all the seeds from high yielding mutant lines were harvested separately and stored for raising subsequent generations.



Year 3, 2016

From the M2 generation onwards, we advanced only high yielding and non-segregating mutant lines to M3 and M4 generations. In mid-April 2016, 10 healthy seeds from high yielding M2 mutant lines were sown to raise the M3 generation. A total of 3,600 M2 seeds generated from M2 high yielding mutant lines were sown in the same field to raise M3 generation (Supplementary Tables 2, 3). The effective selection process led to the isolation of 11 high yielding and non-segregating mutant lines viz., Gomati VU-89-A, Gomati VU-89-B, Gomati VU-89-C, Gomati VU-89-D, Gomati VU-89-E, Gomati VU-89-F, Gomati VU-89-G, Pusa-578-A, Pusa-578-B, Pusa-578-C, and Pusa-578-D in lower and medium γ rays and SA treated populations (Figure 2). During mid-October 2016, all the seeds from 11 high yielding mutant lines were harvested separately and stored for raising subsequent generations.


[image: Figure 2]
FIGURE 2. M3 high yielding mutant lines isolated in different mutagenic treatments in (A) variety Gomati VU-89 and (B) variety Pusa-578.




Year 4, 2017

In the M4 generation, we raised only 11 high yielding and non-segregating mutant lines during mid-April 2017. The data was recorded on quantitative, physiological, and biochemical traits to develop a relative profile of each mutant line (see Raina et al., 2020). In addition, we assessed M4 high yielding mutant lines for seed micronutrients (mg. 100 g−1) such as iron (Fe), copper (Cu), and zinc (Zn) using atomic absorption spectrophotometry. We also evaluated such mutant lines for nitrate reductase activity (nmol NO2.g−1.h−1FW), chlorophyll, and carotenoid (mg.g−1 fresh leaf mass) contents following the method of MacKinney (1941) and Jaworski (1971), respectively (see Figure 3). The chlorophyll and carotenoid contents were measured as per the equation of Arnon (1949).
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where

OD645, OD663, OD480, OD510 = Optical densities at respective wavelength

V = Volume of an extract; W = Mass of leaf tissues; d = Length of light path (1.4 cm).


[image: Figure 3]
FIGURE 3. Mean values of branches per plant (BPP), pods per plant (PPP), plant yield (PY), nitrate reductase activity (NRA), chlorophyll (CHL), carotenoids (CARO), proteins (PRO), iron (Fe), copper (Cu), zinc (Zn) in 11 M4 high yielding mutant lines and two control plants (n = 30). Measurement unit for NRA (nmol h−1 g−1 FW); CHL (mg g−1 FW); CARO (mg g−1 FW); PRO (%); Fe (mg 100 g−1); Co (mg 100 g−1); Zn (mg 100 g−1) (Source: Data adapted from Raina et al., 2020. http://creativecommons.org/licenses/by/4.0/).





Statistical Analysis

One-way analysis of variance (ANOVA) followed by Duncan's multiple range post hoc test (DMRT) was performed to evaluate the significance of the quantitative phenotypic data (p ≤ 0.05) (R Core Team, 2019). The Spearman's correlation coefficients were computed to visualize the relationship between different phenotypic quantitative traits using Performance Analytics (https://CRAN.Rproject.org/package=PerformanceAnalytics) and Hmisc (https://CRAN.R-project.org/package=Hmisc) R packages. Path coefficients were calculated to examine the direct and indirect impact of quantitative phenotypic characters on total plant yield using SPSS AMOS version 26. Hierarchical Cluster Analysis (HCA) was performed using SPSS version 16.0 (Team EQX) to evaluate genetic distance and degree of heterogeneity. In addition, data were also subjected to Principal Component Analysis (PCA) to assess the similarities between the quantitative phenotypic traits using the FactoMineR (https://CRAN.R-project.org/package=FactoMineR) and factoextra (https://CRAN.R-project.org/package=factoextra) packages. The interpopulation proximity matrix based on Euclidean distance was performed using SPSS version 16.0. The genetic parameters were calculated following the formula proposed by Allard (1960).

[image: image]

where GCV, Genotypic coefficient of variation; σ2 g (genotypic variance); (MSG –MSE)/r; MSG is a measure of the average square of tested accession; MSE is a measure of the average square of error; r is a number of replications.
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where h2 refers to heritability and σ2 p refers to phenotypic variance
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where GA refers to genetic advance, σp refers to phenotypic standard deviation of the average performance of the treated population; K = 2.64, constant for 1% selection intensity.



RESULTS

The different doses of γ rays and SA induced substantial variations in the morphological traits, resulting in the selection of eleven high yielding and non-segregating mutant lines (Figures 4, 5). Such variations in morphological traits represent a valuable genetic resource for future cowpea breeding programs. The estimation of genetic gain in the M2 generation facilitated the selection of mutagen treated population for advancement into the subsequent M3 generation. The results revealed a substantial improvement in a genetic gain from M2 to M3 generation with the highest increase in G1 treated populations in Gomati VU-89 (9.28%) and Pusa-578 (14.15%) varieties. However, G1 and S1 treatments showed a maximum increase in genetic gain in the varieties Gomati VU-89 (28.75%) and Pusa-578 (45.73%), respectively, in M3 generation (Supplementary Table 5).


[image: Figure 4]
FIGURE 4. (A) Control plant of variety Gomati VU-89; (B) High yielding mutant of variety Gomati VU-89; (C) Control plant of variety Pusa-578; (D) High yielding mutant of variety Pusa-578.
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FIGURE 5. (A) Experimental field (seedling stage); (B) Experimental field (harvesting stage); (C) Tall mutant; (D) Semi-dwarf mutant; (E) Bushy mutant; (F) variation in leaf size; (G,H) variation in flower color; (I) variation in pod length; (J) variation in pod number; (K,L) variation in seed size; (M,N) variation in seed coat.




Quantitative Genetic Parameters: Effect of Mutagen Doses on Quantitative and Genetic Parameters

In both M2 and M3 generations, mutagen induced genetic variability in yield and yield attributing traits were evaluated based on descriptive statistics. One-way ANOVA revealed a significant increase in mean values for all the quantitative traits except seeds per pod in both the varieties and seed weight in variety Pusa-578 (Supplementary Table 6). The results also revealed a high genetic variability coupled with high heritability in both generations. In addition, lower and medium doses of γ rays and SA were more effective in increasing the mean values of quantitative traits as mentioned below:


Plant Height (cm)

In M2 generation, mutagen doses significantly reduced the plant height with the maximum decrease in G4+S4 treatment in the varieties Gomati VU-89 (174.36 cm) and Pusa-578 (173.30 cm) (Tables 1, 2). The maximum GCV (1.96%; 4.33%) and GA (2.42%; 10.82%) were recorded in S2 treatment in the varieties Gomati VU-89 and Pusa-578, respectively. The highest h2 was recorded in G2 and S2 treatments in Gomati VU-89 (76.42%) and Pusa-578 (89.59%), respectively.


Table 1. Estimates of mean values ± standard error (n = 30), genotypic coefficient of variation (GCV %), heritability (h2%), and genetic advance as % of the mean (GA %) for 10 quantitative traits in M2 generation of cowpea variety Gomati VU-89.
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Table 2. Estimates of mean values ± standard error (n = 30), genotypic coefficient of variation (GCV %), heritability (h2%), and genetic advance as % of the mean (GA %) for 10 quantitative traits in M2 generation of cowpea variety Pusa-578.

[image: Table 2]

In M3 generation, all the mutagen treatments significantly reduced the plant height with the maximum decrease in G2+S2 treatment in the varieties Gomati VU-89 (178.47 cm) and Pusa-578 (175.00 cm). The maximum GCV was recorded in S2 and G2 treatments in Gomati VU-89 (2.23%) and Pusa-578 (2.46%), respectively. In the variety Gomati VU-89, the highest h2 (91.42%) and GA (3.0%) were recorded in G1+S1 and S2 treatment, respectively. In the variety Pusa-578, the highest h2 (92.57%) and GA (6.01%) were recorded in S1 and G2+S2 treatments, respectively (Tables 3, 4).


Table 3. Estimates of mean values ± standard error (n = 30), genotypic coefficient of variation (GCV %), heritability (h2%), and genetic advance as % of the mean (GA %) for 10 quantitative traits in M3 generation of cowpea variety Gomati VU-89.
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Table 4. Estimates of mean values ± standard error (n = 30), genotypic coefficient of variation (GCV %), heritability (h2%), and genetic advance as % of the mean (GA %) for 10 quantitative traits in M3 generation of cowpea variety Pusa-578.
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Days to Flowering

In M2 generation, the mean number of days to flowering decreased significantly by about 3 days in G2 and G1 treatment in the varieties Gomati VU-89 and Pusa-578, respectively. The highest GCV was recorded in G2+S2 and G1+S1 treatments in Gomati VU-89 (3.95%) and Pusa-578 (6.21%), respectively. The highest h2 was recorded in G1+S1 and G1 treatments in the varieties Gomati VU-89 (78.57%) and Pusa-578 (82.08%), respectively. The maximum GA was recorded in G2+S2 and G1+S1 treatments in Gomati VU-89 (9.26%) and Pusa-578 (14.80%), respectively.

In the M3 generation, the flowering was earlier by 3.0 days in G2+S2 treatment and 2.5 days in S1 treatment in Gomati VU-89 and Pusa-578, respectively. The maximum GCV was recorded in G1+S1 treatment in the varieties Gomati VU-89 (3.16%) and Pusa-578 (5.78%), respectively. The highest h2 was recorded in G1+S1 and S2 treatments in Gomati VU-89 (81.46%) and Pusa-578 (89.01%), respectively. The maximum GA was recorded in G1+S1 treatment in Gomati VU-89 (7.54) and Pusa-578 (14.34) (Tables 3, 4).



Days to Maturity

In M2 generation, mutagen doses reduced the mean number of days to maturity with a maximum decrease by 11 and 10 days in G4+S4 treatment in the varieties Gomati VU-89 and Pusa-578, respectively. The highest GCV (4.12%; 4.77%) and GA (10.10%; 11.25%) were recorded in G1+S1 and S1 treatment in Gomati VU-89 and Pusa-578, respectively. The highest h2 was recorded in G2+S2 treatment in the varieties Gomati VU-89 (86.84%) and Pusa-578 (79.62%), respectively (Tables 1, 2).

Data recorded on mean values revealed a significant gain in decreasing the maturity period by 4.86 days with G2+S2 treatment in the variety Gomati VU-89 and 6.73 days with G1 treatment in the variety Pusa-578 in M3 generation. The highest GCV (3.01%) and GA (6.87%) were recorded in the S1 treatment, and the highest h2 (86.38%) was recorded in the G2+S2 treatment in the variety Gomati VU-89. The highest GCV (3.28%) and GA (7.89%) were recorded in the G2+S2 treatment, and the highest h2 (83.41%) was recorded in the G1 treatment in the variety Pusa-578 (Tables 3, 4).



Pods per Plant

In M2 generation, the highest increase in the mean number of pods per plant was recorded in G2+S2 and G2 treatment in the varieties Gomati VU-89 (68.03) and Pusa-578 (48.56), respectively. The highest GCV was recorded in G1 and G2 treatment in Gomati VU-89 (13.64%) and Pusa-578 (10.60%), respectively. In the variety Gomati VU-89, the maximum h2 (90.39%) and GA (34.24%) were recorded in G1 treatment, while in the variety Pusa-578, the highest h2 (81.38%), and GA (25.26%) were recorded in the G2 treatment (Tables 1, 2).

In M3 generation, the maximum increase in the mean number of pods per plant was recorded in G2+S2 and G2 treatment in the varieties Gomati VU-89 (70.16) and Pusa-578 (51.10), respectively. Maximum GCV (16.40%), h2 (91.66%), and GA (41.45%) were recorded in G1+S1 treatment in the variety Gomati VU-89. In the variety Pusa-578, maximum GCV (16.99%), h2 (85.73%), and GA (41.53%) were recorded in S1 treatment (Tables 3, 4).



Branches per Plant

In M2 generation, the maximum increase in the mean number of branches per plant was recorded in G2+S2 and G2 treatments in the varieties Gomati VU-89 (12.46) and Pusa-578 (15.03), respectively. The highest GCV was noted in G2+S2 treatment in Gomati VU-89 (18.16%) and Pusa-578 (16.40%). The highest h2 (79.06%; 85.24%) and GA (42.62%; 38.27%) were recorded in G2+S2 and G1+S1 treatment in the varieties Gomati VU-89 and Pusa-578, respectively (Tables 1, 2).

In M3 generation, the maximum increase in branches per plant was recorded in S1 and G2 treatment in the varieties Gomati VU-89 (12.53) and Pusa-578 (18.06), respectively. Maximum GCV was recorded in S1 treatment in Gomati VU-89 (19.15%) and Pusa-578 (24.37%). The highest GA was recorded in G1+S1 and S1 treatment in the varieties Gomati VU-89 (45.85%) and Pusa-578 (60.20%), respectively. The maximum h2 was recorded in G2 and G1 treatment in Gomati VU-89 (83.30%) and Pusa-578 (90.99%), respectively (Tables 3, 4).



Seeds per Pod

In M2 generation, the highest increase in the mean number of seeds per pod was recorded in S1 treatment in the varieties Gomati VU-89 (12.80) and Pusa-578 (11.00). The highest GCV was recorded in G1+S1 and S1 treatment in Gomati VU-89 (17.46%) and Pusa-578 (12.70%), respectively. The highest h2 (80.21%; 80.39%) and GA (41.28%; 30.06%) were recorded in G1+S1 and S1 treatment in the varieties Gomati VU-89 and Pusa-578, respectively (Tables 1, 2).

In M3 generation, the maximum increase in the mean number of seeds per pod was recorded in S1 treatment in the varieties Gomati VU-89 (13.00) and Pusa-578 (11.10). The highest GCV (19.03%), h2 (90.51%), and GA (47.81%) were recorded in G1+S1 treatment in the variety Gomati VU-89, whereas in the variety Pusa-578, the highest GCV (17.73%), h2 (87.50%) and GA (43.79%) were recorded in G2 treatment (Tables 3, 4).



Seed Weight (g)

In M2 generation, the maximum mean weight of 100 random seeds was recorded in S1 treatment in the varieties Gomati VU-89 (13.70 g) and Pusa-578 (22.40 g). In the variety Gomati VU-89, the highest GCV (14.51%), h2 (79.75%), and GA (34.21%) were recorded in G2+S2 treatment, whereas in the variety Pusa-578, the highest GCV (13.43%), h2 (82.22%), and GA (32.17%) were recorded in G2 treatment (Tables 1, 2).

In M3 generation, the maximum increase in mean 100 random seed weight was recorded in G1 treatment in the varieties Gomati VU-89 (13.91 g) and Pusa-578 (22.20 g). The highest GCV (13.52%), h2 (90.64%), and GA (33.99%) were recorded in G1+S1 treatment in the variety Gomati VU-89. In the variety Pusa-578, the highest GCV (14.93%) and GA (35.67%) were recorded in G1 treatment, and the highest h2 (85.96%) was obtained in G1+S1 treatment (Tables 3, 4).



Pod Length (cm)

The maximum increase in mean pod length was recorded in G2+S2 and G2 in the varieties Gomati VU-89 (32.03 cm) and Pusa-578 (27.72 cm), respectively. The maximum GCV was recorded in G1+S1 and G2 treatment in the varieties Gomati VU-89 (4.71%) and Pusa-578 (8.41%), respectively. The highest h2 (81.27%; 79.80%) and GA (32.42%; 19.85%) were recorded in S1 and G2 treatments in the varieties Gomati VU-89 and Pusa-578, respectively (Tables 1, 2).

In M3 generation, the maximum increase in mean pod length was recorded in G2+S2 and G2 treatment in the varieties Gomati VU-89 (33.74) and Pusa-578 (29.59), respectively. The highest GCV (6.27%; 9.93%) and GA (14.70%; 24.32%) were recorded in G1+S1 treatment in the varieties Gomati VU-89 and Pusa-578, respectively. The maximum h2 was recorded in S1 and G1+S1 treatment in Gomati VU-89 (81.76%) and Pusa-578 (85.99%), respectively (Tables 3, 4).



Plant Yield (g)

In M2 generation, the highest increase in mean plant yield was recorded in G1 and S1 treatment in the varieties Gomati VU-89 (112.00 g) and Pusa-578 (110.63 g), respectively. The maximum GCV (7.43%; 6.35%), h2 (82.46%; 91.52%) and GA (17.81%; 16.50%) were recorded in G1 and G1+S1 treatment in the varieties Gomati VU-89 and Pusa-578, respectively (Tables 1, 2).

In M3 generation, the highest mean plant yield was noted in G1 and S1 treatments in the varieties Gomati VU-89 (119.27 g) and Pusa-578 (117.01 g), respectively. In the variety Gomati VU-89, maximum GCV (9.41%), h2 (96.01%), and GA (24.34%) were recorded in the G1 treatment. On the contrary, as in the variety Pusa-578, maximum GCV (9.36%), and GA (23.82%) were recorded in the G1+S1 treatment, and the highest h2 (93.55%) was recorded in the G2+S2 treatment (Tables 3, 4).



Harvest Index per Plant (%)

In M2 generation, the maximum increase in mean harvest index per plant was recorded in G1 treatment in the varieties Gomati VU-89 (41.25%) and Pusa-578 (38.51%). The highest GCV (18.17%) was recorded in the G2 treatment, while maximum h2 (83.23%) and GA (23.93%) were recorded in the S1 treatment in the variety Gomati VU-89. In the variety Pusa-578, the highest GCV (7.73%), h2 (71.90%), and GA (17.32%) were recorded in S1 treatment (Tables 1, 2).

In M3 generation, the highest harvest index was noted in G1 treatment in the varieties Gomati VU-89 (42.63%) and Pusa-578 (40.54%). The maximum GCV (13.04%; 13.55%), h2 (91.23%; 88.74%), and GA (32.88%; 33.71%) were recorded in G1 treatment in the varieties Gomati VU-89 and Pusa-578, respectively (Tables 3, 4).




Correlation Analysis: Relationship Among Yield and Yield Attributing Traits

In-plant breeding programs, assessing the relationship between yield and yield attributing traits is imperative. Spearman's correlation analysis helped us to visualize the relationship between and among quantitative traits. In the variety Gomati VU-89, the plant yield showed a significant positive phenotypic correlation with harvest index followed by pod length, pods per plant, plant height, branches per pod, days to maturity, seeds per pod, seed weight, and a significant negative correlation with days to flowering (Figure 6). In the variety Pusa-578, the plant yield showed substantial positive phenotypic correlation with harvest index followed by pods per plant, branches per plant, seeds per pod, pod length, plant height, seed weight, days to maturity, and non-significant negative correlation with days to flowering (Figure 6).


[image: Figure 6]
FIGURE 6. Correlation analysis between yield and yield attributing traits (A) variety Gomati VU-89 and (B) variety Pusa-578. PY, Plant yield; PPP, Pods per plant; BPP, Branches per plant; SPP, Seeds per pod; SW, Seed weight; PL, Pod length; HI, Harvest index. Significant differences are indicated as ***P < 0.001, **P < 0.01, and *P < 0.05.



Correlation Analysis: Concurrent Increase in Yield and Nutrient Density

The results revealed a positive correlation between plant yield and physiological parameters such as NRA, chlorophyll, carotenoids, protein, iron, zinc, and copper in M4 high yielding mutant lines. Plant yield correlated positively with all the parameters in Gomati VU-89-C, Gomati VU-89-D, Gomati VU-89-F, and Gomati VU-89-G, except (i) NR activity in Gomati VU-89-A and Gomati VU-89-E, and (ii) copper contents in Gomati VU-89-B. Plant yield showed a positive correlation with all the parameters in Pusa-578-C except (i) zinc and copper contents in Pusa-578-A, (ii) iron and zinc contents in Pusa-578-B, and (iii) iron contents in Pusa-578-D (Supplementary Table 7).




Path Analysis: Direct and Indirect Impact of Yield Attributing Traits on Yield

The path analysis allowed us to visualize the direct and indirect impact of yield attributing traits (Figure 7). The causal variables included pods per plant, branches per plant, seeds per pod, seed weight, pod length, and harvest index, while plant yield was treated as a resultant variable and E1 as a residual factor, unaccounted and independent of the other variables. The results revealed that seed weight and seeds per pod possess a maximum positive direct effect on plant yield while pod length and branches per plant negatively impacted yield. Path analysis indicated that contributions of trait toward yield followed an increasing trend, i.e., pod length<harvest index<branches per plant<pods per plant<seeds per pod<seed weight in the variety Gomati VU-89 and branches per plant<harvest index<pod length<pods per plant<seed weight<seeds per pod in the variety Pusa-578.


[image: Figure 7]
FIGURE 7. Path analysis in (A) variety Gomati VU-89 and (B) variety Pusa-578 showing the interrelationship between PY, plant yield, and yield attributes, viz. PPP, Pods per plant; BPP, Branches per plant; SPP, Seeds per pod; SW, Seed weight; PL, Pod length; HI, Harvest index and E1: Residual.



Plant Yield vs. Pods per Plant

The direct effect of pods per plant on plant yield was 1.63 in the variety Gomati VU-89 and 2.04 in the variety Pusa-578. Pods per plant showed a positive indirect impact on plant yield through branches per plant (1.62; 2.38), seeds per pod (0.33; 0.69), seed weight (0.36; 0.14), pod length (2.37; 2.11), and harvest index (8.83; 6.67) in the varieties Gomati VU-89 and Pusa-578, respectively.



Plant Yield vs. Branches per Plant

The direct impact of branches on plant yield was 0.12 in the variety Gomati VU-89 and−0.14 in the variety Pusa-578. It showed a positive indirect impact on plant yield through seeds per pod (0.17; 0.32), seed weight (0.16; 0.20), pod length (0.46; 1.40), and harvest index (2.57; 2.47) in the varieties Gomati VU-89 and Pusa-578, respectively.



Plant Yield vs. Seeds per Pod

The direct impact of seeds per pod on plant yield was 6.18 in the variety Gomati VU-89 and 9.52 in the variety Pusa-578. It had positive indirect impact on plant yield through branches per plant (0.17; 0.32), seed weight (0.05; 0.16), pod length (0.09; 0.30), harvest index (0.75; 0.97) in the varieties Gomati VU-89 and Pusa-578, respectively.



Plant Yield vs. Seed Weight

The direct impact of seed weight on plant yield was 8.95 in the variety Gomati VU-89 and 4.59 in the variety Pusa-578. Seed weight showed a positive indirect impact on plant yield through pod length (0.11; 0.16) and harvest index (0.75; 0.26) in the varieties Gomati VU-89 Pusa-578, respectively.



Plant Yield vs. Pod Length

The direct impact of pod length on plant yield was −0.37 in the variety Gomati VU-89) and 0.10 in the variety Pusa-578. Pod length showed a strong positive indirect impact on plant yield through harvest index (2.45; 2.59) in the varieties Gomati VU-89 and Pusa-578, respectively.



Plant Yield vs. Harvest Index

The direct impact of harvest index on plant yield was 0.03 in the variety Gomati VU-89) and 0.04 in the variety Pusa-578.




Multivariate Analysis
 
Hierarchical Cluster Analysis Delineated Control and Treated Cowpea

Hierarchical cluster analysis grouped treated and untreated populations into different clusters. A dendrogram was constructed based on the average linkage between the populations for each variety (Figure 8). HCA revealed that treated and control populations were grouped into five clusters I, II, III, IV, and V. Cluster I comprises six treated populations. On the contrary, clusters II, III, and IV comprise two treated populations, and cluster V comprises one untreated population in the variety Gomati VU-89. HCA also divided the treated and untreated population into seven clusters I, II, III, IV, V, VI, and VII. Clusters I, III, and V comprise three treated populations, while clusters II, IV, and VI comprise one treated population, and cluster VII comprises one untreated population in the variety Pusa-578. Average values of 10 quantitative phenotypic traits for three groups among 13 populations per variety are furnished in Supplementary Table 8. Results revealed that cluster II had the maximum mean values for pods per plant (65.97; 44.9), branches per plant (11.35; 13.7), seeds per pod (12.47; 11.00), seed weight (13.49; 22.40), pod length (30.71; 26.72), plant yield (111.37; 110.64), and harvest index (40.84%; 37.54%) in the varieties Gomati VU-89 and Pusa-578, respectively. We recorded the maximum inter-cluster distance between clusters I and II in Gomati VU-89 (19.25) and Pusa-578 (25.45) (Supplementary Table 9), respectively.


[image: Figure 8]
FIGURE 8. Dendrogram clustering based on quantitative traits in (A) variety Gomati VU-89 and (B) variety Pusa-578.


The inter-population dissimilarity matrix showed a maximum Euclidean distance between G4+S4 and G1 treated population in the variety Gomati VU-89 (29.00), whereas in the variety Pusa-578, it was recorded between G4+S4 and S1 treated population (35.62), indicating that these populations are most dissimilar. The lowest Euclidean distance was recorded between G1+S1 and S3 treated population in the variety Gomati VU-89 (2.66) and S3 and G3 treated population (1.92) in the variety Pusa-578, indicating that these populations are most similar. The most distanced population were G1 (24.00) and S1 (29.39) in the varieties Gomati VU-89 and Pusa-578, respectively (Supplementary Table 10).



Principal Component Analysis: Simultaneous Analysis of Multiple Traits

The PCA revealed lower and moderate mutagen treated populations viz., G1, G2; S1, S2, S3; G1S1, and G2S2 and higher mutagen treated populations viz., G4; S4; G3S3, and G4S4 lie on opposite quadrants in the biplot (Figure 9). In the variety Gomati VU-89, the PCA revealed that first two principal components explained 80% of the total variation (PC1 = 62.4%; PC2 = 17.6%), while as in the variety Pusa-578, the first two principal components explained 75.8% of the total variation (PC1 = 51.9%; PC2 = 23.9%). The magnitude of each quantitative trait in different treatments is shown in Figure 10, and the treatment on the same side of the quantitative trait has a higher value for that quantitative trait and vice versa. Cos2 indicates the quality of representation and contribution of quantitative traits (in %) to the principal components. Our results revealed that PY, HI, PH, DF, DM, SPP, and SW showed good representation, while BPP, PL, and PPP showed weak representation in the variety Gomati VU-89 (Figure 10). However, in the variety Pusa-578, all the traits except BPP showed good representation (Figure 10).


[image: Figure 9]
FIGURE 9. Principal component analysis in (A) variety Gomati VU-89 and (B) variety Pusa-578, showing effects of mutagens on various studied attributes of cowpea. DF, Days to flowering; DM, Days to maturity; PH, Plant height; PPP, Pods per plant; BPP, Branches per plant; SPP, Seeds per pod; SW, Seed weight; PL, Pod length; HI, Harvest index.



[image: Figure 10]
FIGURE 10. Quality of representation (cos2) of quantitative traits. (A) variety Gomati VU-89 and (B) variety Pusa-578, high cos2 values are colored in “red,” with mid cos2 values colored in “blue,” and low cos2 values with “black color.”


Based on the magnitude and representation of quantitative traits across different treatments, lower and moderate treated populations viz., G1, G2, G3, G4, S1, S2, S3, G1S1, and G2S2 formed the first cluster. In contrast, control and higher treated populations viz., S4, G3S3, and G4S4 formed second and third clusters, respectively, in the variety Gomati VU-89 (Figure 11). The control population forms the first cluster, and G1, G2, S1, S2, and G1S1 treated populations form the second cluster, while G3, G4, S3, S4, G2S2, G3S3, and G4S4 treated populations forms the third cluster in the variety Pusa-578 (Figure 11).


[image: Figure 11]
FIGURE 11. Clustering of mutagenized population based on the representation of quantitative traits: (A) variety Gomati VU-89 and (B) variety Pusa-578.






DISCUSSION


Mutagenic Mode of Action

In the present study, we chose γ rays and SA due to their high effectiveness and efficiency in inducing different mutations. Among the physical mutagens, γ rays are mainly used to improve economically important yield and yield contributing traits (Celik and Atak, 2017). Gamma rays have successfully developed 1,716 mutants in different crop species (see text footnote 1). During irradiation, γ rays interact with the tissues and facilitate electron ionization and excitation that distorts the stable DNA structure. The distorted DNA structure eventually causes hydrolysis of chemical bonds linking nitrogenous bases with the backbone of DNA. Gamma rays also cause radiolysis of cellular water and lead to the formation of positively charged free radicals, viz. reactive oxygen species (ROS), ionized water (H2O+) hydroxyl radical (·OH), and other reactive nitrogen species (RNS). These free radicals attack the DNA constituents and induce changes in deoxyribose rings, DNA bases, DNA–DNA cross-links, and DNA–protein cross-links leading to the induction of alterations such as substitutions, deletions, and chromosomal aberrations (Reisz et al., 2014).

The synthesis of an organic metabolite, β-azidoalanine [N3–CH2–CH (–NH2)–COOH], an amino acid analog “L-azidoalanine” mediates the mutagenicity of SA. This organic metabolite interacts with DNA and induces AT → GC base pair transition and transversion (Khan et al., 2009) and chromosomal aberrations (Gruszka et al., 2012). Being capable of generating point mutation, SA alters many developmental, physiological, and metabolic activities of cowpea.



Genetic Parameters and Their Response to Mutagen Doses

In mutation breeding, induction of desirable micro-mutations affecting the economically important quantitative traits like yield is a prime goal (Laskar et al., 2018b; Goyal et al., 2021a,b). In the present study, mutagen doses were successful in increasing the values of GCV, h2, and GA for all the quantitative traits. The increase in genetic parameters may be attributed to mutagens or pleiotropic effects of newly mutated genes. The results were in good agreement with the previous studies that have also reported enhanced GCV, h2, and GA in lentil mutant lines (Laskar and Khan, 2017). Our results revealed lower and moderate doses of γ rays and SA employed individually induced desirable mutations in quantitative traits. However, higher doses of combined γ rays and SA-induced undesirable mutations may be attributed to the synergistic effect of the mutagens. Therefore, it is recommended to expose the plant material individually to evade the harmful effects of combined mutagens. Different statistical measures have been employed in both M2 and M3 generations to assess variations in quantitative traits and genetic variability, considering the mutagen-induced genetic variability. The effects of mutagen doses on the quantitative traits and genetic parameters are discussed below:



How Do Quantitative Traits Influence Total Cowpea Yield?

In the present study, decreased plant height in all mutagen-treated populations could be exploited in the future cowpea breeding program. The decreased plant height mutants are lodging resistant and can withstand the fast winds prevalent during the flowering season of cowpea. Anjana and Thimmaiah (2002) also reported dwarf mutants with a higher nitrogen-fixing ability in gamma irradiated cowpea. The mutagen-induced inhibition of mitotic divisions and expression of phytohormone synthesis genes may be ascribed to reducing plant height (Rao, 1988; Cheng et al., 2019). Besides plant height, mutagens reduced flowering time and depicted a scope for selecting early flowering mutants in the later generations. Dhakhanamoorthy et al. (2010) and Horn et al. (2016) also reported mutagen-induced earliness in cowpea varieties, and opinionated early flowering might be due to the physiological changes caused by mutagens. The flowering time and the entire maturity period were shorter in a few mutant lines observed in both generations. This short maturity period would help the cowpea escape the prevalent heatwaves during the pod filling stage. Adekola and Oluleye (2007) also reported early maturing mutants in gamma irradiated cowpea. Another desirable mutation was an increased branching capacity in mutagen treated population that might be due to rapid cell division, elongation, and synthesis of phytohormones or nucleic acids (Hanan et al., 2011). Essel et al. (2015); Khursheed et al. (2019) also reported the same effect of mutagens on the branching capacity.

Most importantly, we noticed that lower and medium mutagen doses increased the mean number of pods per plant, an important trait from the breeder's perspective. The previous studies in gamma-irradiated cowpea varieties also reported the same findings (Kumar et al., 2010). The physiological effects of lower and medium mutagen doses and their hydrolysis products may be attributed to the augmented number of pods. Interestingly a slight and non-significant increase was recorded in the mean number of seeds per pod in the M2 and M3 generations. This depicted apparent trait stability was also supported by earlier findings in mutagenized lentils (Laskar and Khan, 2017) and pigeon pea cultivars (Giri et al., 2010). In cowpea, seed weight is an important trait for predicting yield, therefore, we evaluated the effects of mutagens on the seed weight in both generations. Our results revealed that seed weight also increased in populations treated with lower and medium mutagen doses. The results were in line with the findings in mutagenized cowpea cultivars (Odeigah et al., 1998; Kumar et al., 2010). Besides seed weight, pod length is another essential trait that contributes to the seed yield as longer pod lengths accommodate more seeds (Horn et al., 2016). In the present study, almost all the mutagen doses induced a substantial increase in mean pod length that might be ascribed to the predominant prevalence of desirable mutations in the treated population. The same findings were also reported in earlier studies (Kashid and Kulthe, 2014). In the present study, a significant increase in plant yield was supported by previous reports on mutagenized cowpea varieties (Kumar et al., 2010; Horn et al., 2016). Since yield is a complex trait involving additive effects of several genes, it is challenging to identify the mutated genes that govern the increase in yield. To harness the full genetic potential of cowpea, evaluation of the harvest index is imperative (Adeyanju, 2009). The harvest index, a ratio of seed yield to dry weight, is used to evaluate the efficiency of allocation of assimilated photosynthate to the seeds (Sinclair, 1998). In the present study, increased harvest index in the lower and medium mutagen doses may be attributed to the mutagen-induced higher plant yield. The results were supported by the earlier works (Laskar and Khan, 2017).



Interrelationship Among Yield and Yield Component Traits

In mutation breeding programs, correlation analysis between character pairs plays a vital role in determining the influence of yield attributes on total yield (Goyal et al., 2019). The direct selection for yield is rarely effective as it is a polygenic trait with a complex mode of inheritance. Small additive effects of multiple genes that govern the trait expression influence the correlations between quantitative traits. Therefore, it is imperative to emphasize on indirect selection, focusing on traits directly impacting yield. Achieving maximum selection gains require adequate knowledge of the correlation between yield and yield attributes. A trait showing a high correlation with another desired trait is considered better for indirect selection. In the present study, plant yields correlated positively with all the studied traits except days to flowering. The results were in good agreement with the previous studies (Silva et al., 2015; Laskar and Khan, 2017). The negative correlation between yield and flowering time is an important trait of interest in warm-season legumes like cowpea. Early flowering enables the cowpea to avoid heat stress-induced yield losses during the reproductive phase. Significant positive correlations between plant yield and pods per plant revealed that pods per plant contributed maximally toward plant yield, and plants with more pods tend to have a higher yield. The results were also supported by the earlier findings in chickpeas (Raina et al., 2017). Since the mode of selection for an untreated and treated population is the same, the observed differences in the correlation coefficients could be attributed to the effect of mutagens or altered pleiotropic effects of newly mutated genes.



Is Biofortification Possible in High Yielding Cowpea Mutant Lines?

In the present study, a concurrent increase in yield and nutrient density was obtained in M4 high yielding mutant lines indicating a broad possibility of developing biofortified cowpea after subjecting to multi-location trails. Mutant lines with a high yield and micronutrient concentration provided an added benefit for future breeding programs. Besides the current scenario of food insecurity and widespread malnutrition, developing biofortified cowpea varieties could keep up with the nutritional demands of millions of undernourished people living in Asian and African countries. Gregoria (2002) also reported a concurrent improvement in nutrient density and yield in staple crops using conventional breeding strategies. Therefore, mutation breeding with the rich literature on optimum doses is a promising technique to generate biofortified mutants that would accomplish the nutritional targets and sustainable development goals that ensure zero hunger and a better future for all people worldwide.



Path Analysis: Direct and Indirect Impact of Component Traits on Yield

The path analysis revealed that seed weight is one of the primary yield components due to its greatest direct and indirect impact on plant yield. The results agree with the previous findings that heavier seeds show a higher yield than lighter seeds (Elliott et al., 2008). Besides seed weight, seeds per pod also revealed a great direct impact on plant yield. Yang et al. (2016) also reported the same findings and suggested that crops with more seeds per pod are expected to yield more than crops with fewer seeds per pod. It is important to mention that characteristics like plant height, days to flowering, and days to maturity revealed a low and negligible effect on the plant yield and hence were not included in the path analysis.

In the present study, correlation and path analysis revealed that seed weight and seeds per pod are the main yield components. However, contradicting conclusions on various traits were also recorded. For instance, the correlation between plant yield and pod length was highly significant and positive, indicating that pod length greatly influenced plant yield. In contrast, path analysis revealed pod length as an unimportant factor influencing plant yield. The noticeable disagreement between correlation and path analysis may be attributed to the fact that the correlation calculates mutual association only without considering the causes; however, path analysis specifies the causes and calculates their relative significance. Hence to get an accurate association between traits, it is imperative to study correlation and path analysis.



Multivariate Analysis: Reducing Complex Data to Simple in an Error-Free Process

Analyzing numerous phenotypic characters is a hectic and error-prone process that may influence selection output; therefore, multivariate analysis is vital for proper selection (Muduli and Misra, 2008). It helps a breeder to reduce complex data and enhances breeding precision. In multivariate analysis, HCA and PCA are the primary tools for aiding the correct selection (Malek et al., 2014). In the present study, HCA divided mutagenized and control populations into separate clusters, indicating that mutagenic treatments induced heterogeneous populations in the background of two parental varieties. Genetically diverse populations were grouped within the different clusters. Therefore, mutants selected from different clusters could be advanced to subsequent generations in cowpea improvement programs aimed at increasing genetic diversity/variability.

The inter-cluster distance helped us to visualize the spectrum of variability. The lesser distance between the clusters indicates a narrow spectrum of variability in the segregating generations and vice versa. In the present study, maximum mean values for most quantitative traits were recorded in cluster II. Hence, the population forming cluster II could be evaluated for selecting high yielding mutant lines. The results were in good agreement with the earlier findings of Laskar and Khan (2017) that reported maximum values of quantitative traits associated with one of the clusters in lentil mutant lines. HCA also revealed that G2 and G3 populations were most mutated and distinct with respect to the control population. Therefore, these populations could be advanced to subsequent generations for a further selection of high-yielding mutant lines.

PCA is considered helpful for selecting high-yielding mutant lines for breeding programs (Afuape et al., 2011). A significant positive correlation was observed between plant yield and pods per plant, seeds per pod, and branches per plant. However, days to flowering correlated negatively with yield and yield attributing traits, suggesting that earliness is a desirable trait in breeding programs. The PCA also equips breeders in identifying the range of variability contributed by different yield attributes. In the present study, plant yield contributed maximally toward genetic variability, and hence it might be prioritized in selecting high yielding mutant lines. The PCA divided the mutagenized population into groups scattered in all quadrants, indicating a wide genetic variability induced in phenotypic traits. The mutagenized population treated with lower and moderate mutagen doses remained around the origin of PC2, indicating genetically similar mutants. However, the mutagenized population treated with higher mutagen doses remained at extreme positions from the origin in the PCA biplot, indicating genetically divergent mutants. Therefore, lower and higher mutagen doses effectively induced a wide range of genetic variability in two cowpea varieties, resulting in the selection of high-yielding mutant lines.




CONCLUSIONS AND FUTURE DIRECTIONS

The present study reflected the usefulness of quantitative evaluation of phenotypic markers for assessing induced genetic variability in cowpea varieties. Mutagens significantly increased the genetic parameters in the selected mutagenized populations and confirmed the scope of yield improvement in cowpea varieties. The data on quantitative traits indicated that mutagens were effective in inducing substantial inter-population genetic divergence. The increased mean values of quantitative traits in the mutagenized populations revealed a wide possibility of selecting yield trait (s). Yield based statistics in M2 generation revealed six superior high yielding mutagenized populations. In the M3 generation, two treatment lines, viz. G1 in variety Gomati VU-89 and S1 in variety Pusa-578 showed maximum genetic gain and could be advanced to subsequent generations at multiple locations. Correlation and path analysis showed that seed weight and seeds per pod are the main yield components and might be prioritized over other traits in indirect selection for yield trait (s). The HCA grouped mutant lines in different clusters with wide inter-cluster distance, indicating that mutagenic treatments induced heterogeneous populations in the two parental lines. PCA revealed that mutants treated with lower and higher mutagen doses were divergent and could be suitable in the crop improvement programs aimed at broadening the genetic base of cowpea. In the M4 generation, high yielding mutant lines showed improved genetic gain and increased nutrient density. Considering the improved genetic gain and nutrient density in selected mutant lines, further characterization and multi-location trails can be fruitful for releasing high yielding biofortified cowpea varieties. Besides, these high yielding biofortified mutant lines can serve as parents in crossbreeding programs to broaden the genetic base of cowpea.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

AR contributed to designing and performing the experiments, analyzing and assessing data, and drafting and revising the manuscript. RL, MRW, and SA analyzed and interpreted data. BJ contributed in data analysis and funding acquisition. SK contributed to the supervision of overall experimentation. All authors reviewed the manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

AR, RL, and SK are grateful to the Chairperson, Department of Botany, Aligarh Muslim University, Aligarh, India, for providing basic research facilities and the Director, National Botanical Research Institute, Lucknow, India, for providing a gamma irradiation facility. AR and RL are thankful to University Grants Commission (UGC), New Delhi, India, for providing Research Assistance. BJ would like to extend his sincere appreciation to the Researchers Supporting Project Number (RSP-2021/168), King Saud University, Riyadh, Saudi Arabia.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.911049/full#supplementary-material



FOOTNOTES

1https://mvd.iaea.org/ (accessed April 27, 2022).



REFERENCES

 Adekola, O. F., and Oluleye, F. (2007). Induction of genetic variation in Cowpea (Vigna unguiculata L. Walp.) by gamma irradiation. Asian J. Plant Sci. 6, 869–873. doi: 10.3923/ajps.2007.869.873


 Adeyanju, A. O. (2009). Genetics of harvest and leaf-yield indices in cowpea. J. Crop Improv. 23, 266–274. doi: 10.1080/15427520902805555


 Afuape, S. O., Okocha, P. I., and Njoku, D. (2011). Multivariate assessment of the agromorphological variability and yield components among sweet potato [Ipomoea batatas (L.) Lam] landraces. Afr. J. Plant Sci. 5, 123–132. doi: 10.9734/AJEA/2014/5827


 Alka, and Ansari, M. Y. K.. (2013). Induction of polyploid mutant in Linum usitatissimum L. By the combined action of 5 Kr gamma rays + 0.10% sodium szide. Indian Stream. Res. J. 3. doi: 10.9780/22307850


 Allard, R. W. (1960). Principles of Plant Breeding. New York, NY: John Wiley and Sons Inc.


 Anjana, G., and Thimmaiah, S. K. (2002). Evaluation of dwarf mutant of cowpea (Vigna Unguiculata L. Walp.) developed through gamma irradiation for nitrogen fixation characters. J. Nucl. Agri. Biol. 31, 94–98.


 Arnon, D. I. (1949). Copper enzymes in isolated chloroplast polyphenoloxidase in Beta vulgaris. Plant Physiol. 24, 1–15. doi: 10.1104/pp.24.1.1

 Arumuganathan, K., and Earle, E. D. (1991). Nuclear DNA content of some important plant species. Plant Mol. Biol. Rep. 9, 208–218. doi: 10.1007/BF02672016


 Boukar, O., Fatokun, C. A., Huynh, B. L., Roberts, P. A., and Close, T. J. (2016). Genomic tools in cowpea breeding programs: status and perspectives. Front. Plant Sci. 7:757. doi: 10.3389/fpls.2016.00757

 Celik, O., and Atak, C. (2017). “Applications of ionizing radiation in mutation breeding,” in New Insights on Gamma Rays, ed A. M. Maghrabay (London: Intech Open), 111–132. doi: 10.5772/66925


 Cheng, Q., Dong, L., Su, T., Li, T., Gan, Z., Nan, H., et al. (2019). CRISPR/Cas9-mediated targeted mutagenesis of GmLHY genes alters plant height and internode length in soybean. BMC Plant Biol. 19:562. doi: 10.1186/s12870-019-2145-8

 Dhakhanamoorthy, D., Selvaraj, R., and Chidambaram, A. (2010). Physical and chemical mutagenesis in Jatropha curcas L. to induce variability in seed germination, growth and yield traits. Rom. J. Plant Biol. 55, 113–125.


 Elliott, R. H., Franke, C., and Rakow, G. F. W. (2008). Effects of seed size and seed weight on seedling establishment, vigour and tolerance of Argentine canola (Brassica napus) to flea beetles, Phyllotreta spp. Can. J. Plant Sci. 88, 207–217. doi: 10.4141/CJPS07059


 Essel, E., Asante, I. K., and Laing, E. (2015). Effect of colchicine treatment on seed germination, plant growth and yield traits of cowpea (Vigna unguiculata (L.) Walp). Can. J. Appl. Sci. 9, 3573–3576.


 FAO. (1994). “Classification of Commodities.” Pulses and Derived Products.-Incomplete


 Food Agriculture Organization of the United Nations. FAOSTAT Statistical Database. FAO (2021). Available online at: https://www.fao.org/statistics/en/ (accessed January 22, 2022).


 Giri, S. P., Tambe, S. B., and Apparao, B. J. (2010). Induction of a novel, high yielding mutant of pigeonpea. Asian J. Exp. Biol. Sci. 152–155.


 Goyal, S., Wani, M. R., Laskar, R. A., Raina, A., Amin, R., and Khan, S. (2019). Induction of morphological mutations and mutant phenotyping in black gram [Vigna mungo (L.) Hepper] using gamma rays and EMS. Vegetos 32, 464–472. doi: 10.1007/s42535-019-00057-w


 Goyal, S., Wani, M. R., Raina, A., Laskar, R. A., and Khan, S. (2021a). Quantitative assessments on induced high yielding mutant lines in urdbean [Vigna mungo (L.) hepper]. Legum. Sci. e125. doi: 10.1002/leg3.125


 Goyal, S., Wani, M. R., Raina, A., Laskar, R. A., and Khan, S. (2021b). Phenotypic diversity in mutagenized population of urdbean (Vigna mungo (L.) Hepper). Heliyon 7:e06356. doi: 10.1016/j.heliyon.2021.e06356

 Gregoria, G. B. (2002). Progress in breeding for trace minerals in staple crops. J. Nutr. 132, 500–502S. doi: 10.1093/jn/132.3.500S

 Gruszka, D., Szarejko, I., and Maluszynski, M. (2012). “Sodium azide as a mutagen,” in Plant Mutation Breeding and Biotechnology, eds Q. Y. Shu, B. P. Forster, and H. Nakagawa (Wallingford: CABI), 159–166.


 Hanan, H. L., Abdalla, M. A., and Farag, S. A. (2011). Radio-stimulation of phytohormons and bioactive components of coriander seedlings. Turkish J. Biochem. 36, 230–236.


 Herniter, I. A., Lo, R., Muñoz-Amatriaín, M., Lo, S., Guo, Y. N., Huynh, B. L., et al. (2019). Seed coat pattern QTL and development in cowpea (Vigna unguiculata [L.] Walp.). Front. Plant Sci. 10:1346. doi: 10.3389/fpls.2019.01346

 Holme, I. B., Gregersen, P. L., and Brinch-Pedersen, H. (2019). Induced genetic variation in crop plants by random or targeted mutagenesis: convergence and differences. Front. Plant Sci. 10:1468. doi: 10.3389/fpls.2019.01468

 Horn, L. N., Ghebrehiwot, H. M., and Shimelis, H. A. (2016). Selection of novel cowpea genotypes derived through gamma irradiation. Front. Plant Sci. 7:262. doi: 10.3389/fpls.2016.00262

 Jaworski, E. G. (1971). Nitrate reductase assay in intact plant tissues. Biochem. Biophys. Res. Commun. 43, 1274–1279. doi: 10.1016/S0006-291X(71)80010-4

 Kashid, N. G., and Kulthe, M. P. (2014). Effect of physical and chemical mutagens on pod length in Okra (Abelmoschus esculentus L. Moench). Sci. Res. Rep. 4, 151–154.


 Khan, S., Al-Qurainy, F., and Anwar, F. (2009). Sodium azide: a chemical mutagen for enhancement of agronomic traits of crop plants. Environ. Intl. J. Sci. Technol. 4, 1–21.


 Khursheed, S., Raina, A., Laskar, R. A., and Khan, S. (2018). Effect of gamma radiation and EMS on mutation rate: their effectiveness and efficiency in faba bean (Vicia faba L.) Caryologia. Intl. J. Cytol Cytosyst. Cytogenet. 71, 397–404. doi: 10.1080/00087114.2018.1485430


 Khursheed, S., Raina, A., Parveen, K., and Khan, S. (2019). Induced phenotypic diversity in the mutagenized populations of faba bean using physical and chemical mutagenesis. J. Saudi Soc. Agric. Sci. 18, 113–119. doi: 10.1016/j.jssas.2017.03.001


 Kumar, V. A., Vairam, N., and Amutha, R. (2010). Effect of physical mutagen on expression of characters in arid legume pulse cowpea (Vigna unguiculata (L.) Walp.). Electr. J. Plant Breed. 1, 908–914.


 Laskar, R. A., and Khan, S. (2017). Assessment on induced genetic variability and divergence in the mutagenized lentil populations of microsperma and macrosperma cultivars developed using physical and chemical mutagenesis. PLoS ONE 12:e0184598. doi: 10.1371/journal.pone.0184598

 Laskar, R. A., Khan, S., Khursheed, S., Raina, A., and Amin, R. (2015). Quantitative analysis of induced phenotypic diversity in chickpea using physical and chemical mutagenesis. J. Agron. 14, 102–111. doi: 10.3923/ja.2015.102.111


 Laskar, R. A., Laskar, A. A., Raina, A., Khan, S., and Younus, H. (2018a). Induced mutation analysis with biochemical and molecular characterization of high yielding lentil mutant lines. Intl. J. Biol. Macromol. 109, 167–179. doi: 10.1016/j.ijbiomac.2017.12.067

 Laskar, R. A., Wani, M. R., Raina, A., Amin, R., and Khan, S. (2018b). Morphological characterization of gamma rays induced multipodding mutant (mp) in lentil cultivar Pant L 406. Intl. J. Rad.Biol. 94, 1049–1053. doi: 10.1080/09553002.2018.1511927

 MacKinney, G. (1941). Absorption of light by chlorophyll solution. J. Biol. Chem. 140, 315–322. doi: 10.1016/S0021-9258(18)51320-X


 Maghuly, F., Pabinger, S., Krainer, J., and Laimer, M. (2018). The pattern and distribution of induced mutations in J. curcas using reduced representation sequencing. Front. Plant Sci. 9:524. doi: 10.3389/fpls.2018.00524

 Malek, M. A., Rafii, M. Y., Afroz, M. S. S., Nath, U. K., and Mondal, M. M. A. (2014). Morphological characterization and assessment of genetic variability, character association, and divergence in soybean mutants. Sci. World. J. 2014:968796. doi: 10.1155/2014/968796

 Muduli, K. C., and Misra, R. C. (2008). Genetic divergence analysis among micromutant lines in finger millet (Eleusine coracana G.). J. Crop Sci Biotech. 11, 63–68.


 Odeigah, P. G., Osanyinpeju, A. O., and Myers, G. O. (1998). Induced mutations in cowpea, Vigna unguiculata (Leguminosae). Rev Biol Trop. 46, 579–586. doi: 10.15517/rbt.v46i3.20117


 Omirou, M. D., Ioannides, I. M., Fasoula, D., et al. (2019). Optimizing resource allocation in a cowpea (Vigna unguiculata L. Walp.) landrace through whole-plant field phenotyping and non-stop selection to sustain increased genetic gain across a decade. Front. Plant Sci. 10:949. doi: 10.3389/fpls.2019.00949

 R Core Team (2019). R: A Language And Environment For Statistical Computing.Vienna: R Foundation for Statistical Computing.


 Raina, A., Khursheed, S., and Khan, S. (2018). Optimization of mutagen doses for gamma rays and sodium azide in cowpea genotypes. Trends Biosci. 11, 2386–2389.


 Raina, A., Laskar, R. A., Khursheed, S., et al. (2016). Role of mutation breeding in crop improvement-past, present and future. Asian. Res. J. Agric. 2, 1–3. doi: 10.9734/ARJA/2016/29334


 Raina, A., Laskar, R. A., Khursheed, S., et al. (2017). Induce physical and chemical mutagenesis for improvement of yield attributing traits and their correlation analysis in chickpea. Intl. Let. Nat. Sci. 61, 14–22. doi: 10.18052/www.scipress.com/ILNS.61.14


 Raina, A., Laskar, R. A., Tantray, Y. R., Khursheed, S., Wani, M. R., and Khan, S. (2020). Characterization of induced high yielding cowpea mutant lines using physiological, biochemical and molecular markers. Sci. Rep. 10:3687. doi: 10.1038/s41598-020-60601-6

 Rao, K. S. (1988). Gamma rays induced morphological and physiological variations in Cicer arietinum L. Indian J. Bot. 11, 29–32.


 Reisz, J. A., Bansal, N., Qian, J., Zhao, W., and Furdui, C. M. (2014). Effects of ionizing radiation on biological molecules—mechanisms of damage and emerging methods of detection. Antioxid. Redox Sign. 21, 260–292. doi: 10.1089/ars.2013.5489

 Samireddypalle, A., Boukar, O., Grings, E., Fatokun, C. A., Kodukula, P., Devulapalli, R., et al. (2017). Cowpea and groundnut haulms fodder trading and its lessons for multidimensional cowpea improvement for mixed crop-livestock systems in West Africa. Front. Plant Sci. 8:30. doi: 10.3389/fpls.2017.00030

 Shu, Q. Y., Forster, B. P., and Nakagawa, H. (2012). Plant Mutation Breeding and Biotechnology. CAB International and FAO.


 Silva, A. F. D., Sediyama, T., Silva, F. C. D. S., Bezerra, A. R. G., and Ferreira, L. V. (2015). Correlation and path analysis of soybean yield components. Intl. J. Plant Animal Environ. Sci. 5, 177–179.


 Sinclair, T. R. (1998). Historical changes in harvest index and crop nitrogen accumulation. Crop Sci. 38, 638–643. doi: 10.2135/cropsci1998.0011183X003800030002x


 Steele, W. M. (1976). “Cowpeas, Vigna unguiculata (Leguminosae Papillionatae),” in Evolution of Crop Plants, ed N. W. Simmonds (London: Longman), 183–185.


 Varshney, R. K., Thudi, M., Pandey, M. K., Tardieu, F., Ojiewo, C., Vadez, V., et al. (2018). Accelerating genetic gains in legumes for the development of prosperous smallholder agriculture: integrating genomics, phenotyping, systems modelling and agronomy. J. Exp. Bot. 69, 3293–3312. doi: 10.1093/jxb/ery088

 Yang, Y., Shi, J., Wang, X., Liu, G., and Wang, H. (2016). Genetic architecture and mechanism of seed number per pod in rapeseed: elucidated through linkage and near-isogenic line analysis. Sci. Rep. 6:24124. doi: 10.1038/srep24124

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Raina, Laskar, Wani, Jan, Ali and Khan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpls-13-911049-t002.jpg
Characters

Plant height

Days to flowering

Days to maturity

Pods per plant

Branches per plant

Seeds per pod

Seed weight

Pod length

Plant yield

Harvest index

MEAN

GCV%
h2%
GA
MEAN

GCV%
h2%
GA
MEAN

GCV%
h2%
GA
MEAN

GOV%
h2%
GA
MEAN

GOV%
h2%
GA
MEAN

GCV%
h2%
GA
MEAN

GCV%
h2%
GA
MEAN

GCV%
%
GA
MEAN

GOV%
h?%
GA
MEAN

GOV¥%
h2%
GA

c

180.32% &
0.29

0.79
48.48
1.46

87.46" +
0.40

245
53.94
475

160.10* +
0.44

0.99
33.00
150

41.90% £
027

325
50.94
6.12

11.50%0 +
021

7.99
41.04
13.52

9.50%1 &

0.10

5.50
51.11
10.39

21.019+
020

4.63
49.14
857
2352°

0.26
2.78
18.51
3.16

8351" +
025

111
34.02
172

28.93" +
0.31

27
18.78
3.10

G1 G2

17851® £ 177510+

056 058
2.90 3.10
87.02 88.44
7.15 772
84.60°+  85.40° +
0.61 0.60
6.03 6.20
8208 78.34
14.43 12.85
154,000 £ 154.30% &
059 066
287 3.36
75.69 7818
6.59 784
45000+ 4856° +
051 062
9.13 10.60
79.77 81.38
2154 2526
12439 15032 +
024 0.30
1351 15.99
69.92 79.65
2983 37.68
1066% £ 1020
0.15 0.12
10.19 823
72.33 7115
2289 18.32
22150 215899 &
027 031
9.86 13.43
78.27 82.22
23.04 3217
24488 2772 %
0.17 029
439 8.41
62.31 79.80
9.16 19.85
105540+ 101.90° %
058 0.40
501 362
86.26 87.22
12.28 894
38519 3630
039 033
718 516
7125 56.06
16.01 1021

G3

177.00° £
0.50

2.09
74.05
474

85.3° +
0.55

4.61
7244
10.38

164.00%9

064
289
7140
6.45

44.16% £
0.41

6.60
7242
14.83

11.83%" &
0.20

1217
70.77
27.03

10.000% &
0.09

7.07
76.00
16.16

21109 £
0.25

8.13
69.07
17.85

24.28% +
017

421
59.94
861

937" £
0.40

333
77.10
7T

34.30%9 +
0.38

6.09
56.07
12.04

G4

176.809 +
0.49

175
64.66
3.72

85.10° +
0.42

4.05
80.41
9.60
152.93% +
058
254
68.38
5.56

41.16° +
0.36

5.64
65.43
12.06

11239+
0.18

11.03
67.56
23.95

9.96%% &
0.10

6.52
66.37
14.03

21019+
029

733
52.97
14.09

24.09% £
016

3.26
49.22
6.04

86.09" +
0.44

3.02
60.86
6.23

32.66' +
0.39

5.66
46.65
10.21

Treatment population
st s2 s3 s4
179.30% &+ 178.10° & 177.70° & 177.30% &
079 0.80 071 058
414 433 3.12 2.44
88.56 89.59 77.67 7552
1029 10.82 726 561
8463°+ 86230+ 8520°% 84800 %
062 055 059 055
6.10 5.20 480 438
81.78 80.75 70.85 69.10
1458 12.35 10.66 9.63
156.00° £ 156.00° £ 155400 & 155.00%¢ &
093 0.80 067 0.69
477 400 317 277
79.49 79.29 74.49 64.34
125 9,63 7.49 5.87
4490° £ 4380 4466 4103 %
0.46 057 0.41 039
799 10.16 735 628
77.61 77.98 78.67 67.78
18.58 23,67 17.22 1367
1870° 1323  1210% & 115390 %
025 0.23 0.19 0.19
16.44 13.11 1125 10.80
81.04 7553 70.24 64.79
36.71 3009 24.90 23.49
11.00°+  10.40%4+ 980°% +  0.40'%
0.17 0.14 0.13 0.1
12.70 11.42 10.86 874
80.39 78.84 7727 76.95
30,06 26.77 25.21 19.86
2240°+  2210% + 215009+ 21.009+
029 0.30 024 022
9.40 9.03 724 6.46
72.86 67.22 65.17 61.91
21.19 1956 15.44 13.42
26720+  2588°% 2440° 2420
0.29 022 021 0.17
752 6.20 4.80 394
69.23 72.52 56.73 57.82
16.52 13.94 954 7.91
110632+ 97.76°+ 9409+ 810V %
0.68 043 0.40 035
593 364 3.00 285
89.20 81.33 7235 67.41
14.80 868 675 6.18
3754°+ 3053+ 84899 8316 %
0.45 028 033 0.30
773 483 449 401
71.90 52,09 46.94 42.94
17.32 9.20 8.13 695

G1+81

177.31% +
0.72

3.80
88.00
9.41

85.30° +
0.64

6.21
81.33
14.80

1541359 4

0.63
3.09
76.64
7.16

43.900°
059

10.59
78.74
24.81

14.36° £
025

15.70
86.24
38.27

10.30% &
0.16

11.22
73.71
2543

22.20° +
0.36

1212
74.66
27.66
26.21% +
0.26
7.58
77.08
17.69

100.38¢ +
0.72

6.35
91.62
16.50

35.58°

0.40
7.06
64.67
15.00

G2+S2  G3+S3
175.34% & 174507 &
062 064
3.50 281
8562 76.94
856 651
84900+ 85030 &
059 062
532 486
7657 68.43
12.31 1061
154.900° & 152.13¢ &
083 0.58
427 298
7962 77.65
1007 694
43264+ 4063° %
054 059
9.46 828
7594 58.10
21.77 16.69
1310°+  11.73%0 +
028 0.18
16.40 1092
75.47 71.15
37.61 2433
970% £ 9.60% &
0.15 0.10
1081 7.07
7125 68.31
2432 15.44
21.40°9 £ 21.36° &
034 032
12.81 892
7877 60.27
3002 18.29
2609° & 24619 %
025 015
6.18 395
65.57 64.83
1321 8.40
80870+ 8320
062 051
557 424
7965 70.98
1313 9.44
34.00% & 2041h %
035 0.30
639 498
6395 49.32
13.50 924

G4+s4

173.30 +
0.62

2.60
73.81
590

84.70° +
0.49

3.42
60.79
7.06

150.10° +
053

2.49
72.02
567

38.26' +
0.49

5.42
40.50
on

11109 &
0.18

10.75
65.89
2305

9.60%! +

011
588
5075
11.08

20.96° +
031

853
59.66
17.39

24.08% +
0.14

3.30
57.62
6.62

7839 =
0.40

3.17
64.11
6.71

27.74 =
0.29

423
38.74
6.95

Means followed by the same letter is not different at a 5% level of significance, based on the DMRT.
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Means followed by the same letter is not different at a 5% level of significance, based on the DMRT.
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Means followed by the same letter is not different at a 5% level of significance, based on the DMRT.

s2

178.41° £ 038
213
9136
538
87.20%¢ +0.39
427
89.01
10.64
166.10% + 0.58
3.10
8169
7.40
45.95% +0.74
13.79
8294
3315
13.83° £0.34
2225
8523
54.24
10.20° + 016
1215
7727
2821
21.60% £ 0.30
1.73
8275
28.18
26.40° £ 0.24
767
81.09
18.24
101.25° + 067
623
8313
15.45
35.76° + 0.41
899
77.69
2092

G1+81

177.60° £ 039
1.97
85.23
481
87.30% + 054
578
83.28
1434
15463 + 0.64
276
68.42
6.04
48.03%° & 0.87
16.01
85.22
39.03
16.06° & 0.34
1824
82,61
43.78
10.30° +0.19
16.43
81.55
36.78
21.40% +0.29
1261
85.96
3088
28.18% £ 031
9.93
85.99
24.32
105.90° + 0.97
9.36
92.76
2382
36.39° +0.39
9.41
83.94
22.76

G2+82

175.00° + 0.45
2.42
88.11
6.01
86.500¢4 £ 0.42
400
81.56
955
166.93° + 0.60
328
82.74
7.89
43.93¢ £0.89
1568
77.86
36.53
14.90% £ 0.31
17.04
79.46
40.11
9.90* + 016
1293
79.28
30.41
21.80%° +0.36
13.07
78.09
30.50
27.98° £024
7.72
84.96
1879
94.80' £ 057
632
93.55
16.14
87.07¢ 4:0.47
964
75.76
22.16





OPS/images/fpls-13-911049-t003.jpg
Characters Treatment population

c S} G2 s1 s2 G1+81
Plant height MEAN 184.75° £0.18 181.73% £0.46 181.05%+ 045 18352°+047 182.79% +0.45 179.80°+0.29
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h% 362 65.06 65.20 64.00 86.15 91.42
GA 0.41 189 189 1.83 300 2.30
Days to flowering MEAN 80.46°£038 79.06°£020 77.909+028 7896%+£025 7873°£025 79.73% +030
Gov% 1.66 3.02 257 231 247 3.16
W% 30,81 79.73 71.29 74.04 76.56 81.46
GA 243 7.12 573 524 572 754
Days to maturity MEAN 161.40° £0.49 148.83° £ 057 147.56% £0.60 147.80%+ 060 147.08° £055 147.93% 053
aov% 092 2.30 279 3.01 264 2.74
W% 22,61 62.02 69.71 74.81 7223 76.68
GA 1.16 478 6.15 687 593 6.35
Pods per plant MEAN 60869 £042 68.10% £1.04 6650 £104 63.80°+110 66.10%£095 67.06°%1.10
GCV% 3.66 14.79 15.08 16.25 13.47 16.40
W% 54.74 89.95 89.66 88.52 88.19 91.66
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acv% 723 18.41 18.08 1915 16.61 19.12
% 4512 81.41 83.30 82.44 77.80 8244
GA 12.82 43.86 4357 4583 38.69 45.85
Seeds per pod MEAN 11.80°9 £ 0.08 12.60%° +0.14 12.43%° +0.16 13.00°+0.19 1270 £0.24 12.26°¢ +0.23
GCv% 464 1098 12.00 13.48 18.06 19.03
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Seed weight MEAN 12.90°+0.04 13912 +0.156 1330 +£0.17 1390°+020 13.45% +£0.18 13.40%® +0.15
aev% 196 9.08 1193 12.24 1293 1352
h2% 60.73 8228 85.30 80.76 88.80 90.64
GA 405 21.76 29.09 2905 3216 33.99
Pod length MEAN 29.08'+£0.16  8170°£013 3282€ 018 3217%£021 3285021 33.28% £0.26
acv% 1.08 332 447 5.44 483 627
h2% 1120 79.72 75.73 81.76 76.33 78.77
GA 096 7.83 959 13.00 1.4 14.70
Plant yield MEAN 92.64'£0.42  11927°£1.02 11052°£0.64 115.28°£0.84 112.90°+062 106.72° +0.65
GCV% 247 9.41 6.06 769 605 6.39
W% 5632 96.01 93.27 94.06 95.95 93.98
GA 491 2434 15.45 19.70 15.64 16.35
Harvest index MEAN 2851'+£031  42.63°£066 4032 +£054 41610062 39.27%+£046 38.43°+045
GOV% 288 13.04 11.43 1210 11.68 1122
h2% 2026 9123 83.17 89.45 9099 88.84
GA 343 3288 27.52 30.22 20.42 27.92

Means followed by the same letter is not different at a 5% level of significance, based on the DMRT.
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