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Path‑coefficient and correlation 
analysis in Bambara groundnut 
(Vigna subterranea [L.] Verdc.) 
accessions over environments
Md Mahmudul Hasan Khan1,3*, Mohd Y. Rafii1,2*, Shairul Izan Ramlee2, Mashitah Jusoh2 & 
Md Al Mamun1,4

In a breeding program, studies of genotypic and phenotypic relationships among agricultural crop 
traits are useful to design, evaluate, and develop selection criteria for desirable traits. Using path 
coefficient analysis, the present study was executed to estimate the phenotypic, genotypic, and 
environmental correlation coefficients between yield and yield-related traits and to determine the 
direct and indirect effects of yield-related traits on yield per plant. A total of 30 genotypes of Vigna 
subterranea were studied under tropical conditions at two sites over two planting seasons (considered 
as four environments). The experiment at each site used a randomized complete block design with 
three replicates. Data were collected on vegetative and yield component attributes. Based on analysis 
of variance, pooled results showed that there were positive and highly significant differences (p ≤ 0.01) 
among the 30 genotypes for all attributes studied. Highly significant and positive strong correlation 
at phenotypic level was observed for dry seed weight (0.856), hundred seed weight (0.754), fresh pod 
weight (0.789), and total pod weight (0.626) with yield in kg per hectare, while moderate positive 
correlations were observed for harvest cut (0.360) and days to maturity (0.356). However, a perfect 
positive correlation was observed for the dry weight of pods with seed yield. In contrast, days to 50% 
flowering (− 0.350) showed a negative significant relationship with yield per hectare. The dried pod 
weight attribute (1.00) had a high positive direct effect on yield. Fresh pod weight had the greatest 
indirect effect on yield per hectare, followed by the number of total pods by dry pod weight. As a 
result, dry pod weight, hundred seed weight, number of total pods, and fresh pod weight could be 
used as selection criteria to improve the seed yield of Bambara groundnut (Vigna subterranea).

Bambara groundnut (Vigna subterranea [L.] Verdc.) is a grain legume grown in Sub-Saharan Africa (SSA) as 
a source of food and nourishment1. After groundnut and cowpea, Bambara groundnut is Africa’s third most 
significant legume. According to Khan et al.2, it is highly adaptable to low-input farming systems and is one of 
the legumes preferred by various resource-limited farmers. The bambara nut is a nutrient-dense legume that is 
commonly referred to as a "complete food." Dried Bambara Seeds have a carbohydrate content of 64.4%, a protein 
content of 23.6%, a oil content of 6.5%, and a fiber content of 5.5%3. Because of its high ranking among legumes, 
the world’s population’s exponential growth rate has forced an increase in current production of this essential 
legume. As a result, scientists have investigated a variety of approaches to cope with this persistent challenge. 
Previously, various scientists successfully carried out study on Bambara groundnut, such as morphological vari-
ation in response to photoperiod4,5, planting date (time)6,7, moisture deficit6,7, temperature on leaf development8, 
and reaction to soil moisture9. Although Bambara groundnut cultivars naturally reacted differently, this provides 
a fantastic potential for the creation of Bambara groundnut variants.

According to a Khan et al.10 assessment, yields are now uncertain and low due to a lack of established cultivars 
and farmers’ continuous usage of native landraces. However, multiple studies have found that this crop has the 
potential to produce higher yield of 1049 kg/ha11, 1180 kg/ha12, and 2445–5267 kg/ha13. The study of genetic 
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inconsistency is important for plant species in terms of disease and insect resistance, as well as for plant breeders 
in addition to increasing breeding success of economically significant traits such as yield14. Plants with desir-
able features survive better than inferior ones in strong climate variations, therefore sufficient genetic diversity 
promotes plant sustainability.Morphological features have been employed in crop development to create stable 
breeding lines with high yield in a wide range of environmental conditions, such as chickpea15, groundnut16,17, 
and Caribbean bean landraces18.

Morphological indicators were employed to infer evolutionary relationships between the lines. Such findings 
demonstrate that, despite the reality that morphological indicators might be influenced by the environment, their 
application is imperative, particularly in neglected crops14.

Yield is a complicated variable that is influenced by a variety of factors such as polygenes, environment, and 
genetic heterogeneity19. Selection for higher pod yield should not be focused just on yield due to its complexity 
and interaction with other yield-enhancing traits. As a result, various yield-enhancing characteristics should be 
considered. Path coefficient analysis is a valid statistical method for dividing correlation coefficients into direct 
and indirect effects. It evaluates the connectivity of several yield-relevant characteristics.

Perhaps it has a direct effect on yield or follows a different path for total influence, allowing the contribution of 
each trait to yield to be identified. This strategy is used as a selection aid for genetic as well as yield improvement 
in plant breeding programs. The characteristics of the yield components do not occur independently; rather, they 
are interconnected and result in pod yield in Bambara groundnut. Path coefficient analysis examines the effects 
of predictor parameters as first and second-order component variables on a dependent variable such as yield19.

The traits such as plant height, days to 50% flowering, days to maturity, number of branches, the total number 
of pods, biomass fresh weight, dry pod weight, dry seed weight, hundred seed weight, and harvest index are 
all-important yield components that need to be considered before starting an effective breeding program14,20. 
Path analysis, according to Anwar et al.21, may be used to investigate the measurable effect of direct or indirect 
influences on yield by one or more parameters. Path coefficient analysis is widely used by researchers in chilli19, 
wheat22, canola23, and cowpea24 to clearly explain the relationships among yield-enhancing factors. Crop yield 
enhancement may be achievable by breeding its contributing components if the yield-enhancing traits are highly 
heritable and have a favorable association with ultimate yield. The use of correlation tests (genotype, phenotype 
and environment), the interaction of two or more traits is crucial in understanding how an advance in one trait 
can cause concurrent changes in other traits25. To produce high-yielding varieties, it is necessary to study the 
heritable (genetic) differences for plant growth, yield, and yield component traits that are influenced by genetic 
and environmental factors26.

In the literature, there has been insufficient or no research on correlation-based path analysis and trait associa-
tion, inheritance, and genetic progress in quantifiable attributes of V. subterranea in tropical conditions. Because 
the correlation coefficient simply measures the relationship between two traits, it does not show the relative value 
of each attribute. The current study employed path coefficient analysis approaches to evaluate the relationships 
and effect of significant yield contributing components on the yield of Bambara groundnut. The purpose of this 
study was to identify the degree and nature of the correlation between pod yield and contributing traits. These 
results will subsequently be used as selection criteria for increasing Bambara groundnut production and for 
future research in tropical and subtropical environments.

Materials and methods
Plant materials.  The research work was conducted under the Institute of Tropical Agriculture and Food 
Security (ITAFoS), University Putra Malaysia (UPM), Malaysia. A set of 30 accessions of V. subterranea was 
used in this study taken from the GenBank of ITAFoS, UPM. In the beginning, fifteen collected accessions 
were carried out the formal identification and investigation by Md Mahmudul Hasan Khan11,12 under the direct 
supervision of Prof. Dr. Mohd. Rafii Yusop, Director, ITAFoS, UPM, Malaysia with follows the proper national 
and international strategies. During the evaluation, to select the genotypes selection was made from each selfed 
generation of S0 to S5 based on high yield. From the 15 evaluated landraces of generation S0 we selected 150 indi-
vidual plants based on the maximum number of pods and yield per plant and undergoes subsequent selfing and 
selection considered as S1. These seeds were grown for selfing and advancing the next generation and selected 44 
best performing lines. Likewise, after the execution of two rounds (S2 and S3) of selfing and selection, we planted 
the seeds of S3 and S4 generation together for comparative and inbreeding depression study. Moreover, molecular 
characterization (https://​doi.​org/​10.​1038/​s41598-​021-​93867-5) was also executed using the 44 accessions of S4 
selfed generation. However, the seeds of all selected promising lines are deposited at GenBank, ITAFoS, UPM. 
Finally, we selected the 30 bests performing lines of V. subterranea from the 44 accessions of forth selfed (S4) gen-
eration based on the high yield and homogeneity of traits and considered them to be the S5 selfed generation. In 
terms of plant guidelines, it has complied with relevant institutional, national, and international guidelines and 
legislation. We collected the plant seeds or specimens with the proper permission of the institution’s authority by 
following the national and international strategies as well as deposited them in GenBank, ITAFoS, UPM. We also 
took appropriate permission from the farm or field owner during specimens’ collection and experimentation. 
We provide confirmation that during collection and execution of the experiment authors have complied with 
the IUCN Statement on Research Involving Species at Risk of Extinction and the Convention on the Trade in 
Endangered Species of Wild Fauna and Flora. The name and ID of each accession are listed in Table 1.

Environment and location.  Field trials were conducted recurrently at two sites in two cropping seasons 
(2020 and 2021) in Malaysia. The environments (combination of seasons and location) spanned a considerable 
range of conditions in terms of temperature (warm vs. temperate climate), rainfall (heavy rain vs. supplemental 
irrigation), soil structure, soil pH, and management practices (researcher’s field vs. farmer’s field). Details of 

https://doi.org/10.1038/s41598-021-93867-5
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environmental conditions were presented in Table 2. The soil properties of the experimental site are presented 
in Table 3.

Design and layout of experiment and plant husbandry.  This current investigation was set up in a 
Randomised Complete Block Design (RCBD) with three replications in each environment. Each experimental 
unit consisted of two rows of 1.6 m × 0.80 m each. According to Khan et al.12, the spacing was maintained as 
30 cm for a plant to plant, row to row 50 cm, plot to plot 1.5 m, and between two replications 2.0 m. Moreover, 
the plant population density was maintained as 6 plants m-2. During the growing season, prescribed agronomic 
operations such as field planning, land clearing, weeding, irrigation, and fertilization were carried out. The pre-
scribed fertiliser rates (100% N = 45 kg N/ha, 100% P = 54 kg P2O5/ha, 100% K = 45 kg K2O/ha) were applied at 
final tillage, with 70% N added five weeks after planting11,27. The field was mechanically ploughed at the study 

Table 1.   The thirty selected Bambara groundnut accession used in this study. Maik = Maikai; Bdila = Bildillali; 
Jata = Jatau; Dun = Duna; Canc = Cancaraki; Rok = Roko; Giiw = Giiwa; Kar = Karu; Maib = Maibergo; Kata = 
Katawa; Exsoko = Exsokoto.

Genotype ID Genotype ID Genotype ID

Maik12-18 S5G1 GiiwP12-18 S5G11 GiiwP9-18 S5G21

MaikP3-18 S5G2 ExSokP4-18 S5G12 GiiwP11-18 S5G22

MaikP6-18 S5G3 KarP10-18 S5G13 KarP8-18 S5G23

BdilaP5-18 S5G4 MaikP11-18 S5G14 DunP6-18 S5G24

JataP1-18 S5G5 MaibP8-18 S5G15 GiiwP1-18 S5G25

DunP9-18 S5G6 MaibP6-18 S5G16 KataP5-18 S5G26

CancP3-18 S5G7 KataP8-18 S5G17 KarP9-18 S5G27

RokP1-18 S5G8 DunP2-18 S5G18 DunP8-18 S5G28

ExSokP5-18 S5G9 CancP2-18 S5G19 RokP9-18 S5G29

ExSokP3-18 S5G10 BdilaP8-18 S5G20 JataP3-18 S5G30

Table 2.   Environmental description of the experimental site. FTM = Field ten main season; FTO = Field 
ten off season, FFM = Field fifteen main season; FFO = Field fifteen off season; ENV. = Environment; 
Main season = May- September; Off season = November–March; Av. Temp. = Average temperature; Av. 
Hum. = Average humidity. Sources: https://​en.​clima​te-​data.​org/​asia/​malay​sia/​selan​gor/​mardi-​serda​ng-​97161​
3/#​clima​te-​table.

Code Season Latitude Longitude Altitude Av Temp Av Hum (%) Rainfall (mm) Year

FTM (ENV 1) Main 2.990935 101.7138 61.0 m 23.14–29.88 °C 83.2 188.6 2020

FTO (ENV 2) Off 2.990935 101.7138 61.0 m 24.22–30.72 °C 82.6 198.4 2021

FFM (ENV 3) Main 2.983092 101.7152 54.0 m 23.14–29.88 °C 83.2 188.6 2020

FFO (ENV 4) Off 2.983092 101.7152 54.0 m 24.22–30.72 °C 82.6 198.4 2021

Table 3.   Characterization of soil properties of the experimental region.

Determination

Location

Field fifteen (FF) Field ten (FT)

Physical analysis Value

Sand (%) 40 5.8

Silt (%) 26.82 51.19

Clay (%) 33.74 42.99

Textural classes (USDA) Clay loam Silty clay

Chemical analysis Value

pH 6.6–7.5 5.0–5.59

Organic matter (%) 1.97 10.32

Total nitrogen (%) 0.16 0.41

Available phosphorus (mg kg-1) 10.6 59.2

Available potassium (mg kg-1) 120.6 306.4

Khan et al.12

https://en.climate-data.org/asia/malaysia/selangor/mardi-serdang-971613/#climate-table
https://en.climate-data.org/asia/malaysia/selangor/mardi-serdang-971613/#climate-table
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sites following the usual cultural traditions of the local farmers. Regular hand weeding as well as pest and disease 
control measures were carried out whenever needed.

Data collection.  For data collection, a total of twelve quantitative features were taken into account based on 
Bambara groundnut descriptions and descriptors from IPGRI, IITA, and BAMNET28. For each trait, data were 
collected on five randomly selected plants, from each genotype and replication. The collection of quantitative 
data included as (1) days to 50% flowering = D50%F (d), (2) days to maturity = DTM (d), (3) plant height = PH 
(cm), (4) number of branches per plant = NB, (5) biomass fresh weight per plant = BFW (g), (6) total number 
of pods per plant = TNP, (7) fresh pod weight per plant = FPW (g), (8) dry seed weight per plant = DSW (g), (9) 
hundred seed weight per plant = HSW (g), (10) harvest index = HI (%), (11) dry pods weight per plant = DPW 
(g), and (12) pod yield (kg per hectare). Of the quantitative traits studied, days to 50% flowering, days to matu-
rity, plant height, and number of branches per plant were verified in the field and the remaining traits were 
measured in the laboratory after harvest.

Statistical analysis.  The SAS 9.4 (Statistical Analysis System) was used to calculate genotypic and phe-
notypic correlation coefficients (SAS Institute Inc., Cary, NC, USA). According to Kashiani and Saleh29, the 
genotypic and phenotypic correlations of several traits with yield per hectare were studied. Using Wright’s30 
method and path coefficient analysis, the genotypic correlations were then partitioned into components of direct 
and indirect effects. Misangu et al.31, Usman et al.19, and Oladosu et al.32 developed a technique for finding path 
coefficients that used a matrix notation to illustrate the relationships between correlations and path coefficients. 
Based on two-level relationships, the traits studied were then divided into first- and second-order components. 
The traits such as days to 50% flowering (D50%F), days to maturity (DTM), plant height (PH), number of 
branches per plant (NB), and biomass fresh weight (BFW) were considered as first-order components, while the 
second-order components are the total number of pods per plant (TNP), fresh pod weight per plant (FPW), dry 
pod weight per plant (DPW), dry seed weight per plant (DSW), hundred seed weight (HSW) and harvest index 
(HI). The cause and effect correlations between the two components were obtained using simultaneous equa-
tions in matrix notation. All the related equations can be found as “Supplementary Table S1” online.

Result and discussion
Sources of variation analysis.  Table 4 displays the combined analysis of variance results for all genotypes 
across all locations for the traits of vegetative, yield, and yield components. As shown in Table 4, significant 
variation was observed among environments (E), genotypes (G), and G × E interaction. Highly significant dif-
ferences (p ≤ 0.01) were detected between environment, genotype and genotype-environment interaction for 
all the variables studied. The extent of the significant differences observed implies that there is a considerable 
degree of genetic variation among the genotypes evaluated. The coefficient of variation (CV %) for yield and 
yield-related components varied from 5.43% (DTM) to 26.24% (HSW), showing that there is substantial het-
erogeneity across the traits evaluated. Any breeding material with high genetic variation has a greater chance 
of obtaining desirable traits and can be effective in heterosis breeding33. The differences in genotypes might be 
attributed to their genetic histories and origins from a range of sources. In this regard, several types of research 
on phenotypic diversity among Bambara groundnut genotypes have been published viz. Suneetha34 identified a 
roughly similar range of variance across the 29 groundnut cultivars. Environmental influences on yield compo-
nents had a considerable impact for all genotypes, according to Masindeni20. A significant difference (p ≤ 0.01 

Table 4.   The mean squares and significant level of vegetative, yield, and its related traits revealed by 
ANOVA. df = degrees of freedom, St. Dev = standard deviation, CV = coefficient of variation, * = significant 
(p ≤ 0.05),** = highly significant (p ≤ 0.05), D50%F = days to 50% flowering, DTM = days to maturiity, 
PH = plant height (cm), NB = number of branches , BFW = biomass fresh weight (g), TNP = total number of 
pods, FWP = fresh pods weight (g), DPW = dry pods weight (g), DSW = dry seeds weight (g), HSW = hundred 
seed weight (g), HI = harvest index, and YLD = yield kg/ha.

Source of variation Reps (Environment) Environments (E) Genotypes (G) G × E Error

CV (%) St. Devdf 8 3 29 87 232

D50%F 170.93** 606.94** 124.08** 32.67** 5.11 14.09 5.49

DTM 186.58** 177.29** 265.12** 74.60** 10.46 5.43 7.2

PH 69.60** 663.21** 24.28** 13.63** 4.48 13.24 3.91

NB 122.61** 1668.60** 109.37** 51.20** 17.58 18.1 7.02

BFW 14,799.31** 738,639.89** 103,871.17** 3875.17** 420.23 27.96 126.9

TNP 1042.51** 831.01** 220.44** 71.03** 19.44 10.41 8.82

FPW 9959.17** 428,488.77** 19,117.35** 6651.85** 256.82 13.32 84.41

DPW 4697.92** 191,292.95** 6228.69** 170.41* 127.54 11.98 47.4

DSW 1918.50** 75,582.15** 4193.77** 420.84** 275.9 11.77 35.96

HSW 1886.90** 216,273.59** 1945.19** 204.52** 130.21 26.24 46.26

HI 11.65** 424.48** 403.52** 4.28** 2.16 10.01 6.23

YLD 166,448.32** 6,423,330.79** 220,685.25** 6038.15* 4519.1 11.98 282.13
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and 0.05, respectively) was observed between genotypes and genotype by environment interaction and these 
results were in agreement with the findings of Pranesh et al.35, Shegro et al.36, Jonah et al.37 and Naik38 in Bambara 
groundnut. Bambara groundnut showed considerable variation in morphological and yield characters11,12,14,39. 
Ambrose40 accepted yield as a source of information, and ANOVA revealed that location accounted for 97.22%, 
while genotypes and genotype by environment interaction (G x E) accounted for 0.58% and 0.61%, respectively.

Overall mean performance.  The overall mean and comparison of each evaluated vegetative trait, yield, 
and yield component in this study are presented in Table 5. In this study, all of the evaluated traits exhibited con-
siderable variation across the environments. Within the row values with different letters indicate that the traits 
performed differently in the environments tested, at least significant difference (LSD) = 0.05. Days to 50% flow-
ering were recorded at 42 (d) for Ladang fifteen (LFO), which was greater than the other three environments, 
which averaged 38 (d). In the environment LTO, most of the genotypes took less time to maturity (130 days) 
which was statistically different from the other environments. However, with an average of 132 days, the LTM 
and LFO environments (133 days) had the largest number of days to maturity. Plant height (31 cm) was com-
parable in both seasons at location Ladang fifteen, but not statistically comperable in both seasons at location 
Ladang ten. The average number of branches per plant was 38, and there was a significant variation across 
the four environments. The off-season performance for biomass fresh weight at both locations was statistically 
similar, with a mean of 453.85 g, while the two major seasons had different values, such as 373.30 g for LTM 
and 583.87 g for LFM. The average number of pods per plant was 84, with the environment LFO accounting for 
the greatest number of pods (88), followed by LTM (85) which is statistically similar to LTO (84) but not LFM. 
The trait fresh pod weight (g) differed significantly; the highest value was recorded for the environment LFO 
(718.12 g) with an average of 633.61 g, and the lowest was 565.89 g for the main season of location Ladang ten. 
The yield was determined using the parameters dry pods weight per plant, and we identified a perfect positive 
correlation between these two traits.

For the environment, the average dry pod weight was 395.57 g, with LFO having the highest dry pod weight 
of 462.05 g, followed by LTO (380.81 g) and LTM (373.89 g). Location Ladang ten had similar dry seed weight 
(296 g) values in both seasons, however, location Ladang fifteen had greater dry seed weight (347.69 g) with an 
off-season mean performance of 305.49 g. The recorded hundred seed weight was higher (238.68 g) in the main 
season of Ladang ten but the lowest was noted as 133.43 g for the off-season of the same location with a mean of 
176.32 g. However, the performance of a hundred seed weight (g) in two seasons at Ladang fifteen was statistically 
not comparable. The environment LFO had the highest harvest index value (65%), while the Ladang ten had the 
lowest (60%). The yield was highly influenced by environmental factors however, maximum yield was observed in 
the off-season of location Ladang fifteen (LFO) as 2750 kg/ha, followed by off-season of Ladang ten (2272 kg/ha) 
with an average of 2354 kg/ha. We discovered that the off-season in both locations produced a higher yield than 
the main seasons. This is due to the effect of the environment on yield and its contributing factors. According to 
the meteorological data, off-season rainfall is higher than during the growing season, and sufficient moisture in 
the soil accelerates nutrient uptake by plants, enhancing plant growth and development as well as yield. Moreo-
ver, the experimental plot is irrigated by a well-arranged irrigation system to manage the soil moisture as well as 
experimental field condition. However the variation in yield performance is related to the seasonal imbalance 
of the environmental component is validated by Masindeni20, who studied Bambara groundnut in six different 

Table 5.   Overall mean performance of vegetative, yield, and yield component traits of 30 V. subterranea 
genotypes across the environments. LTM = Ladang ten (main season), LTO = Ladang ten (off season), 
LFM = Ladang fifteen (main season), LFO = Ladang fifteen (off season), LSD = least significant difference 
(p = 0.05). Within a row, values with different letters indicate that the traits performed differently in the 
environments evaluated with LSD test at p > 0.05. D50%F = days to 50% flowering, DTM = days to maturiity, 
PH = plant height (cm), NB = number of branches , BFW = biomass fresh weight (g), TNP = total number of 
pods, FWP = fresh pods weight (g), DPW = dry pods weight (g), DSW = dry seeds weight (g), HSW = hundred 
seed weight (g), HI = harvest index, and YLD = yield kg/ha.

Traits

Location

LTM LTO LFM LFO Mean LSD

D50%F 37.02c ± 0.50 36.86c ± 0.47 39.58b ± 0.44 42.38a ± 0.68 38.96 0.66

DTM 133.86a ± 0.72 130.83c ± 0.64 132.60b ± 0.78 133.73a ± 0.85 132.75 0.95

PH 29.54b ± 0.23 25.64c ± 0.32 31.60a ± 0.41 31.19a ± 0.34 29.49 0.62

NB 38.00c ± 0.37 43.59a ± 0.70 33.33d ± 0.76 40.26b ± 0.61 38.79 1.23

BFW 373.30c ± 9.57 430.31b ± 12.85 583.87a ± 5.44 427.90b ± 12.60 453.85 6.02

TNP 85.08b ± 0.78 84.95b ± 1.07 80.64c ± 0.85 88.02a ± 0.82 84.67 1.29

FPW 565.89d ± 3.45 659.96b ± 9.84 590.48c ± 4.26 718.12a ± 5.66 633.61 4.7

DPW 373.89c ± 2.42 381.80b ± 3.15 364.52d ± 2.29 462.05a ± 3.44 395.57 3.31

DSW 296.38b ± 2.36 296.3b ± 3.0 281.6c ± 2.36 347.69a ± 3.09 305.49 4.87

HSW 238.68a ± 2.46 133.43d ± 1.47 141.18c ± 1.02 192.01b ± 2.38 176.32 3.35

HI 60.60c ± 0.63 61.6b ± 0.71 61.34b ± 0.57 65.44a ± 0.61 62.24 0.43

YLD 2225.55c ± 14.40 2272.66b ± 18.73 2169.82d ± 13.60 2750.33a ± 20.64 2354.59 19.74
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locations and his statemen is supported our findings. Ambrose40 demonstrated a comparable trend of variation 
in yield across two seasons and two locations using 49 groundnut accessions.

Correlation analysis.  The correlation coefficients (genotypic and phenotypic) for the vegetative character-
istics, pod yield, and yield contributing factors evaluated in this study are shown in Table 6. The SAS program 
provides r-values and assesses their significance. The results demonstrated a significant positive relationship 
between yield and all parameters, with the exception of biomass fresh weight and days to 50% flowering. The 
yield characteristic does not express independently; rather, it exists as a result of an interaction with other factors, 
resulting in a complex interaction that ultimately affects yield. This interaction or relationship might be positive 
or negative. The r-value for Pearson’s correlation coefficient aids in the discovery of a relationship between two 
independent variables, despite the fact that it does not indicate the degree of the association. Ratner41 describes 
a widely used approach for analyzing correlation coefficients. The correlation values for genotypic characters 
varied from (-) 0.030 (FPW vs. BFW) to 1.00 (DPW vs. YLD), whereas the correlation coefficients for pheno-
typic characters ranged from 0.029 (D50%F vs. BFW) to 1.00 (DPW vs. YLD). This shows that in most cases, 
the genotypic level is more closely related to the associated phenotypic level. Total number of pods (r = 0.62), 
fresh pod weight (g) (r = 0.78), dry seed weight (g) (r = 0.85), and hundred seed weight (g) (r = 0.75) all had a 
strong, positive, and highly significant correlation with yield. A perfect positive significant correlation (r = 1.00) 
was observed between dry pod weight and yield, whereas a moderate positive correlation was observed with the 

Table 6.   Assessment of phenotypic correlation (above diagonal) and genotypic correlation (bellow diagonal) 
among 12 characters of V. subterranea genotypes. * = Significant (p ≤ 0.05),** = Highly significant (p ≤ 0.05), 
ns = non significant (p > 0.05), D50%F = days to 50% flowering, DTM = days to maturiity, PH = plant height 
(cm), NB = Number of branches , BFW = biomass fresh weight (g), TNP = total number of pods, FWP = fresh 
pods weight (g), DPW = dry pods weight (g), DSW = dry seeds weight (g), HSW = hundred seed weight (g), 
HI = harvest index, and YLD = yield kg/ha.

Variable D50F DTM PH NB BFW TNP FPW DPW DSW HSW HI Yld

D50F 1 0.388** − 0.241* − 0.215* 0.029 ns − 0.475** − 0.506** − 0.544** − 0.551** − 0.432** − 0.125 ns − 0.544**

DTM 0.214* 1 − 0.094 ns 0.274** − 0.079 ns 0.151 ns 0.313** 0.395** 0.434** 0.499** 0.168 ns 0.395**

PH − 0.038 ns − 0.034 ns 1 0.815** 0.332** 0.183 ns 0.127 ns − 0.048 ns 0.058 ns 0.268* − 0.320** − 0.048 ns

NB 0.393** − 0.036 ns 0.299* 1 0.414** 0.264* 0.236* 0.168 ns 0.085 ns 0.206 ns − 0.355** 0.168 ns

BFW 0.060 ns − 0.076 ns 0.269* 0.172 ns 1 0.080 ns − 0.037 ns − 0.162 ns − 0.214* − 0.252* − 0.972** − 0.162 ns

TNP − 0.201* 0.041 ns 0.156 ns 0.341** 0.091 ns 1 0.825** 0.790** 0.735** 0.696** 0.058 ns 0.790**

FPW − 0.387** 0.223* 0.086 ns 0.075 ns − 0.030 ns 0.701** 1 0.834** 0.870** 0.766** 0.183 ns 0.834**

DPW − 0.360** 0.366** 0.042 ns 0.095 ns − 0.141 ns 0.636** 0.789** 1 0.986** 0.894** 0.364** 1.000**

DSW − 0.315* 0.313* 0.116 ns 0.176 ns − 0.169 ns 0.567** 0.756** 0.856** 1 0.944** 0.408** 0.986**

HSW − 0.283* 0.404** 0.126 ns 0.096 ns − 0.212* 0.511** 0.657** 0.754** 0.799** 1 0.412** 0.894**

HI − 0.075 ns 0.137 ns − 0.235* − 0.049 ns − 0.958** 0.069 ns 0.187 ns 0.360** 0.363** 0.363** 1 0.364**

Yld − 0.350** 0.356** 0.042 ns 0.095 ns − 0.141 ns 0.626** 0.789** 1.000** 0.856** 0.754** 0.360** 1

Table 7.   Estimation of environmental correlation among 12 characters of V. subterranea genotypes. 
* = Significant (p ≤ 0.05),** = Highly significant (p ≤ 0.01), ns = non significant (p > 0.05), D50%F = days to 50% 
flowering, DTM = days to maturiity, PH = plant height (cm), NB = Number of branches , BFW = biomass fresh 
weight (g), TNP = total number of pods, FWP = fresh pods weight (g), DPW = dry pods weight (g), DSW = dry 
seeds weight (g), HSW = hundred seed weight (g), HI = harvest index, and YLD = yield kg/ha.

Variable D50F DTM PH NB BFW TNP FPW DPW DSW HSW HI

D50F 1

DTM − 0.024 ns 1

PH − 0.113 ns − 0.092 ns 1

NB 0.186 ns 0.185 ns − 0.138 ns 1

BFW − 0.108 ns 0.104 ns 0.013 ns − 0.052 ns 1

TNP − 0.122 ns 0.125 ns 0.020 ns 0.131 ns − 0.091 ns 1

FPW − 0.104 ns − 0.031 ns − 0.008 ns − 0.094 ns 0.009 ns 0.216* 1

DPW − 0.204 ns 0.014 ns − 0.028 ns − 0.142 ns − 0.048 ns 0.237* 0.849** 1

DSW − 0.076 ns − 0.004 ns 0.092 ns 0.110 ns − 0.005 ns − 0.006 ns 0.124 ns 0.258* 1

HSW − 0.014 ns 0.149 ns − 0.253* 0.175 ns − 0.010 ns 0.096 ns 0.188 ns 0.246* 0.360** 1

HI 0.077 ns − 0.086 ns − 0.101 ns 0.076 ns − 0.821** 0.201 ns 0.322** 0.355** 0.077 ns 0.135 ns 1

Yld − 0.204 ns 0.014 ns − 0.029 ns − 0.142 ns − 0.048 ns 0.237* 0.849** 1.000** 0.258* 0.246* 0.355**
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traits of days to maturity (r = 0.35) and harvest index (r = 0.36). It is preferable to select these four traits since 
they all contribute equally to seed yield improvement. Dry pod weight (g) per plant may show an important 
contribution because of its direct positive and perfect effect on yield kg per hectare. However, Table 7 displayed 
the environmental correlation of vegetative, yield, and yield component traits of 30 V. subterranea genotypes 
across the environment. We noticed that majority of the traits had a non-significant association with each other 
and with yield in terms of environmental correlation. The fresh pod weight (g) (r = 0.84) and dry pods weight (g) 
(r = 1.00) had strong and perfect correlation with yield. A week positively significant correlation was identified 
between the characteristics total number of pods vs. yield (r = 0.23), dry seeds weight vs. yield (r = 0.25), and 
hundred seeds weight vs. yield (r = 0.24), while a moderately meaningful correlation was found between harvest 
index vs. yield (r = 0.35) (Table 4).

Misangu et al.31, Oyiga and Uguru42, and Maunde et al.43 found a significant positive association and contri-
butions of total pod number per plant and hundred seed weight. Dry pod weight per plant and number of pods 
per plant both contributed positively to yield in this study. Makanda et al.44, Alake et al.45, and Unigwe et al.46 
provided clear evidence in Bambara groundnut in support of these conclusions. According to Ofori47, and Iqbal 
et al.48, days to 50% flowering and number of pods per plant are important traits in legumes, hence these traits 
should be prioritized for increasing seed yield in Bambara groundnut. Due to higher component compensation 
and uncertain climate circumstances, there was a strong positive association between hundred seed weight and 
yield with a minor contribution to yield (0.0357), which contradicted earlier findings by Karikari and Tabore49 
and Misangu et al.31. However, our findings corresponded with those of Maunde et al.43, who found a direct 
influence of hundred seed weight on yield (0.0883). In our study, biomass fresh weight and days to 50% flowering 
had a negative relationship with yield, which is supported by Wigglesworth50, the negative association among the 
vegetative components could result from competition for ambient resources such as nutrients, light, moisture, 
genetic properties, and so on (linkage and pleiotropy). Maunde et al.43, Ofori47, Mogale51, Evangeline52, and 
Jonah53 in Bambara groundnut, Kumari and Sasidharan54, in groundnut, and Manggoel et al.24 in cowpea found 
comparable phenotypic and genotypic relationships between the total number of pods per plant and final yield.

Direct and indirect effects of vegetative traits on pod yield.  The direction and magnitude of the correlation 
between yield and yield components is important for determining the important characteristics that may be 
implemented in the breeding programme as a crop enhancement approach, depending on selective breeding. A 
simple correlation metric does not accurately capture the characteristics’ contribution to pod yield. Path coef-

Figure 1.   Genotypic path coefficient diagram representing cause and effect relationships among quantitative 
traits and grain yield. Path diagram and coefficients of factors on the influence of first order on the second-order 
components and the latter on yield kg per hectare of V. subterranea genotypes. Here, Pij is the direct effects and 
rij are the correlation coefficients. The single arrowed lines in the path diagram reflect direct effect, whereas the 
double arrowed lines reflect mutual connection. Note: 1 = Days to 50% flowering (D50%F); 2 = Days to maturity 
(DTM); 3 = Plant height (PH); 4 = Number of branches per plant (NB); 5 = Biomass fresh weight (BFW); 6 = Total 
number of pods per plant (TNP); 7 = Fresh pod weight per plant (FPW); 8 = Dry pod weight per plant (DPW); 
9 = Dry seed weight per plant (DSW); 10 = Hundred seed weight (HSW); 11 = Harvest index (HI); 12 = Yield kg/
hectare (YLD).
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ficient analysis, on the other hand, is the most commonly used method for studying the interaction of various 
parameters with pod yield. As displayed in Fig. 1 and Table 8, yield is considered as an artefact of all contribut-
ing parameters including days to 50% flowering, days to maturity, plant height, number of branches, biomass 
fresh weight, total number of pods, fresh pod weight, dry pod weight, hundred seed weight, and harvest index. 
The correlation coefficients of these contributing traits with yield are categorized as direct and indirect effects 
(Fig. 1). Wright30 distinguishes between direct and indirect effects by assigning correlations for a more precise 
evaluation of the cause-and-effect relationship. The current study showed a significant correlation between sev-
eral vegetative, yield, and yield contributing components. Because of their interrelation, these variables have 
direct and indirect effects on the pod yield and its contributing traits. Consequently, Misangu et al.31, Oyiga and 
Uguru42; Ofori47, in Bambara groundnut, Usman et al.19 in chili, and Oladosu et al.32 in rice employ path coef-
ficient analysis effectively to investigate the direct and indirect correlations between component characteristics 
via the partitioning of correlation coefficients. According to the results of our path analysis, the dry pod weight 
had the greatest direct effect on yield kg per hectare (1.000), followed by the fresh pod weight (0.0456) and 
the hundred seed weight (0.0357). Fresh pod weight had the highest indirect influence on yield kg per hectare 
(0.7890), followed by the total number of pods per plant (0.6358). These characteristics, however, can be used 
to develop an ideally effective selection index for improving the yield of Bambara groundnut. A similar trend of 
classification for path coefficient like as very high > 1; 0.3–1 for high; 0.2–0.29 for moderate; 0.1- 0.19 for low; 
0.00–0.09 for negligible was noted by Lenka and Mishra55 in rice. In reality, a residual effect of 0.011 (Fig. 1) 
reveals that the causative features explained about 98.90% of the variability in pod yield, leaving 1.10% of the 
variability unexplored. These findings are corresponded with the result of Aman et al.56 who reported 79.6% 
variability explained by tested traits and leaving 20.4% (residual effect = 0.204) was unexplained when studied 
in Maize. In our observation, the traits such as days to 50% flowering, plant height, biomass fresh weight, fresh 
and dry pods weight, hundred seeds weight, pods number, and harvest index showed a positive direct effect to 
yield. As a result, these traits are considered as the key contributors to overall yield. Makanda et al.44 observed 
similar trends of positive direct contribution. As a result, direct selection based on these traits should be utilized 
to enhance Bambara groundnut pod yield42. This is due to the masking effect of a positive indirect effect of the 
corresponding traits acknowledged by Oyiga and Uguru42, the features with a negative direct effect were days 
to maturity, dry seed weight, and number of branches per plant. The total number of pods and fresh pods per 
plant had the highest indirect effect which is consistent with the findings of Misangu et al.31, Oyiga and Uguru42 
in Bambara groundnut.

Relationships in two stages.  The first-order component included vegetative parameters such as days to 50% 
flowering, days to maturity, plant height, number of branches, and biomass fresh weight. The yield component 
characteristics comprised the total number of pods, fresh pod weight, dry pod weight, dry seeds weight, hundred 
seeds weight, and harvest index, which were the major yield determining factors in Bambara groundnut and 
were included as a second-order component. Tables 6 and 7 demonstrate how these two elements interact with 
each other.

The effects of a first‑order component association on a second‑order component.  The effects of the first-order 
component on the total number of pods (Table 9) revealed that only plant height and days to maturity had a 
negative association, whereas all other components had a positive correlation. The number of branches per plant 
(0.519) had the strongest correlation with the total number of pods, followed by the number of days to maturity 
(0.157). The path analysis of the first order component with fresh pods weight revealed a negative direct influ-
ence on plant height, days to 50% flowering, and biomass fresh weight, but a positive direct influence on other 

Table 8.   The direct (diagonal) and indirect effects of 11 characteristics on pod yield in 30 V. subterranea 
genotypes. D50%F = days to 50% flowering, DTM = days to maturiity, PH = plant height (cm), NB = number 
of branches , BFW = biomass fresh weight (g), TNP = total number of pods, FWP = fresh pods weight (g), 
DPW = dry pods weight (g), DSW = dry seeds weight (g), HSW = hundred seed weight (g), HI = harvest index, 
and YLD = yield kg/ha.

Trait D50F DTM PH NB BFW TNP FPW DPW DSW HSW HI

D50F 0.0209 0.0045 − 0.0008 0.0082 0.0013 − 0.0042 − 0.0081 − 0.0075 − 0.0066 − 0.0059 − 0.0016

DTM − 0.0046 − 0.0216 0.0007 0.0008 0.0017 − 0.0009 − 0.0048 − 0.0079 − 0.0068 − 0.0087 − 0.0030

PH − 0.0001 − 0.0001 0.0029 0.0009 0.0008 0.0005 0.0003 0.0001 0.0003 0.0004 − 0.0007

NB − 0.0009 0.0001 − 0.0007 − 0.0024 − 0.0004 − 0.0008 − 0.0002 − 0.0002 − 0.0004 − 0.0002 0.0001

BFW 0.0019 − 0.0025 0.0087 0.0055 0.0322 0.0029 − 0.0010 − 0.0045 − 0.0054 − 0.0068 − 0.0308

TNP 0.0061 − 0.0012 − 0.0048 − 0.0104 − 0.0028 − 0.0306 − 0.0215 − 0.0195 − 0.0174 − 0.0156 − 0.0021

FPW − 0.0177 0.0102 0.0039 0.0034 − 0.0014 0.0320 0.0456 0.0360 0.0345 0.0300 0.0085

DPW − 0.3603 0.3658 0.0420 0.0945 − 0.1413 0.6358 0.7890 1.0000 0.8657 0.7540 0.3601

DSW 0.0168 − 0.0167 − 0.0062 − 0.0094 0.0090 − 0.0302 − 0.0403 − 0.0456 − 0.0533 − 0.0426 − 0.0194

HSW − 0.0101 0.0144 0.0045 0.0034 − 0.0075 0.0182 0.0234 0.0269 0.0285 0.0357 0.0129

HI − 0.0026 0.0048 − 0.0083 − 0.0017 − 0.0336 0.0024 0.0066 0.0126 0.0127 0.0127 0.0351

Genotypic
correlation
with Yld

− 0.35** 0.35** 0.042 ns 0.09 ns − 0.14 ns 0.62** 0.78** 0.99** 0.85** 0.75** 0.36**
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metrics such as days to maturity (0.360) and branch number (0.329). (Table 9). The inter-relationship of days to 
50% flowering, plant height, and biomass fresh weight with dry pod weight had a negative direct effect, but the 
number of branches (0.382) and days to maturity (0.487) showed a positive direct effect (Table 9). Furthermore, 
days to maturity had the greatest positive and direct influence (0.487) on dry pod weight. Ofori49 found that 
dry pod weight is significantly and indirectly related to the number of branches per plant. The path analysis for 
the traits revealed that dry seed weight had a direct negative effect on days to 50% flowering and biomass fresh 
weight. Days to maturity (0.437), plant height (0.028), and branch number (0.438) all exhibited a positive and 
direct impact on dry seed weight (Table 9). The characteristic hundred seed weight is a significant factor influ-
encing the ultimate yield of Bambara groundnut20. In our study, the day to maturity had the most direct positive 
effect on the hundred seed weight (0.508), followed by the number of branches (0.324). However, biomass fresh 
weight and day to 50% flowering had a direct negative effect on hundred seed weight (Table 9). Days to maturity, 
plant height, and biomass fresh weight all had a negative direct association with harvest index, however days to 
maturity (0.090) and number of branches (0.169) had a positive direct contribution to harvest index (Table 9). 
We found that the total number of pods per plant had a significant direct effect on on pod yield. Misangu et al.33 
discovered that plant height had a direct positive association with the number of pods and a strong positive 
relationship with yield. According to Karikari and Tabone49, wider leaves and longer petiole length enhanced 
canopy and plant height, respectively, which boosted pod yield in Bambara groundnut. According to Misangu 
et al.31, the expansion of a larger canopy encourages the avoidance of moisture loss from the soil, resulting in 
adequate moisture in the soil to sustain plant development and enhance metabolic rate, which improves crop 

Table 9.   First order and second-order component relationships. D50%F = days to 50% flowering, DTM = days 
to maturiity, PH = plant height (cm), NB = number of branches, BFW = biomass fresh weight (g).

 Components Traits D50F DTM PH NB BFW

Total number of pods (TNP)

D50F − 0.4423 − 0.0947 0.0166 − 0.1739 − 0.0266

DTM 0.0336 0.1571 − 0.0054 − 0.0057 − 0.0120

PH 0.0009 0.0008 − 0.0227 − 0.0068 − 0.0061

NB 0.2041 − 0.0188 0.1550 0.5191 0.0893

BFW 0.0028 − 0.0035 0.0124 0.0079 0.0460

TNP − 0.2000 0.0408 0.1559 0.340** 0.0905

Fresh pods weight (FPW)

D50F − 0.5937 − 0.1272 0.0223 − 0.2334 − 0.0357

DTM 0.0772 0.3605 − 0.0123 − 0.0130 − 0.0275

PH 0.0006 0.0006 − 0.0171 − 0.0051 − 0.0046

NB 0.1296 − 0.0119 0.0984 0.3296 0.0567

BFW − 0.0011 0.0014 − 0.0050 − 0.0032 − 0.0187

FPW − 0.3874 0.223* 0.0863 0.0749 − 0.0298

Dry pods weight (DPW)

D50F − 0.5992 − 0.1284 0.0225 − 0.2356 − 0.0361

DTM 0.1043 0.4872 − 0.0166 − 0.0176 − 0.0372

PH 0.0017 0.0015 − 0.0454 − 0.0135 − 0.0122

NB 0.1502 − 0.0138 0.1141 0.3821 0.0657

BFW − 0.0073 0.0093 − 0.0327 − 0.0209 − 0.1215

DPW − 0.3503 0.3558 0.0420 0.0945 − 0.1412

Dry seeds weight (DSW)

D50F − 0.5690 − 0.1219 0.0214 − 0.2237 − 0.0343

DTM 0.0938 0.4378 − 0.0149 − 0.0158 − 0.0334

PH − 0.0011 − 0.0010 0.0281 0.0084 0.0076

NB 0.1723 − 0.0159 0.1309 0.4384 0.0754

BFW − 0.0111 0.0141 − 0.0495 − 0.0317 − 0.1841

DSW − 0.3150 0.3131 0.1159 0.1756 − 0.1688

Hundred seeds weight (HSW)

D50F − 0.5025 − 0.1076 0.0189 − 0.1975 − 0.0303

DTM 0.1090 0.5088 − 0.0174 − 0.0184 − 0.0389

PH − 0.0033 − 0.0030 0.0869 0.0259 0.0234

NB 0.1274 − 0.0117 0.0968 0.3242 0.0558

BFW − 0.0133 0.0169 − 0.0596 − 0.0381 − 0.2216

HSW − 0.2827 0.4034 0.1256 0.0960 − 0.2116

Harvest index (HI)

D50F − 0.1036 − 0.0222 0.0039 − 0.0407 − 0.0062

DTM 0.0193 0.0902 − 0.0031 − 0.0033 − 0.0069

PH 0.0010 0.0009 − 0.0267 − 0.0080 − 0.0072

NB 0.0667 − 0.0061 0.0507 0.1698 0.0292

BFW − 0.0582 0.0739 − 0.2602 − 0.1663 − 0.9671

HI − 0.0748 0.1367 − 0.2353 − 0.0485 − 0.9582



10

Vol:.(1234567890)

Scientific Reports |          (2022) 12:245  | https://doi.org/10.1038/s41598-021-03692-z

www.nature.com/scientificreports/

yield. In Bambara groundnut, pod formation is a significant yield contributing characteristic, and the current 
study discovered that it has a positive effect on pod yield. Misangu et al.31 and Wigglesworth50 identified a posi-
tive relationship between podding and seed yield in Bambara groundnut. The employment of various genotypes 
and environments may have led to the variable response, and a number of factors have been identified as having 
a negative influence among vegetative traits, yield, and its attributed components31. Growing the crop under 
stress-free conditions resulted in a considerable reduction in inter and intra plant competition, resulting in a 
reduction in yield losses via component compensation50.

The effects of a 2nd‑order component association on pod yield.  The influence of the second-order component 
on yield is depicted in Table 10. According to the path analysis, dry pod weight (1.00) had the most positive direct 
effect on seed yield. The second-highest positive and direct contributing attribute was fresh pods weight (0.008), 
followed by hundred seeds weight (0.004) and the total number of pods (0.002). With the exception of dry pod 
weight, most of the traits had a poor relationship with yield. In contrast, the harvest index and dry seed weight 
had a direct negative effect on pod yield. Misangu et al.31, Oyiga and Uguru42, Maunde et al.43, and Makanda 
et  al.47 discovered comparable results in the previous study on Bambara groundnut. Nawab et  al.57 obtained 
consistent findings in garden pea, while Kumari and Sasidharan54 reported equivalent results in groundnut. The 
researchers identified moderate to strong positive associations between yield and yield component parameters 
such as total pod number, dry seed weight, and hundred seed weight, whereas our study found a positive but 
moderate and direct inter-relationship among the variables. According to Wigglesworth50, this moderate and 
negative interaction among components may be owing to competition for ambient resources such as nutrients, 
light, moisture, geographical coordinates, various meteorological conditions, and the genetic makeup of the 
landraces. Because of their effect on pod yield, the criteria dry pod weight, total pod number, and hundred seed 
weight should be prioritized during selection in the Bambara groundnut improvement program.

Conclusion
In the conclusion, the investigation suggested that dry pods weight per plant was the most key attribute among 
the tested yield components traits in Bambara groundnut due to its strong and positive correlation as well as a 
high direct impact to yield kg per hectare. This one was accompanied by that of the number of pods per plant, 
hundred seed weight, and fresh pods weight which also displayed strong and positive correlation as well as a 
high direct effect to yield kg per hectare. This implies that in the case of direct selection for high yielding geno-
types above mentioned traits should also be emphasized selection. The indirect effect via dry pods weight is also 
important for the significant correlations with the number of total pods, fresh pods weight, dry seed weight, 
harvest index, and hundred seed weight. The indirect effects were usually low indicating that positive correla-
tions among the traits were largely due to the direct effects. The dried pod weight had the most direct beneficial 
influence on yield, followed by the fresh pod weight. Following the total number of pods and dry pods weight, 
fresh pod weight had the highest indirect effect on yield per hectare. As a result, to maximize the production 
of Vigna subterranea, the variables total number of pods, fresh and dry pods weight, and hundred seed weight 
must be prioritized.

Data availability
All data are provided in the manuscript’s text body. We also certify that a voucher specimen of the described 
species has been placed in a publicly accessible herbarium and GenBank, ITAFoS, Universiti Putra Malaysia 
(UPM). The deposition number is Bambara groundnut (Vigna subterranea)/ITAFoS/UPM/S5-2021.
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