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Genotypic variation of bambara groundnut (Vigna subterranea L.Verdc) for
phosphorus efficiency
Job Sikuku Wafulaa, Benson Ouma Nyongesa a, Beatrice A. Were a and Samuel Gudub

aDepartment of Biological Sciences, University of Eldoret, Eldoret, Kenya; bDepartment of Agronomy and Environmental Sciences, Rongo
University, Rongo, Kenya

ABSTRACT
Low phosphorus (P) in agricultural ecosystems limits growth of bambara. Field trials were carried
out at 2 P levels (0 and 35 kg/ha) to determine the variation of 12 bambara genotypes in
phosphorus efficiency, identify P-efficient and responsive genotypes for cultivation in sub-
optimal P environments. Genotypes differed significantly (P≤ .05) in plant biomass, grain and
biological yields due to P levels and seasonal effects. BAM002, BAM010 and BAM011 recorded
high grain yields in both seasons. Phosphorus accumulation (PA) in biomass, grain and
biological yields was influenced by genotype, P levels and genotype * P levels interaction. High
yielding P-efficient and responsive genotypes including BAM002, BAM010 and BAM011 also had
high values of phosphorus physiological efficiency index and phosphorus harvest index at low P
indicating that they are P-efficient. Genotypes were classified into four and three groups based
on the relationship between total PA and grain yield at low and adequate P, respectively.
Moreover, genotypes were categorised into in-efficient, medium and efficient based on total
index score. Principal component analysis grouped together the genotypes BAM002, BAM010
and BAM011 at both P levels. These genotypes are adapted to P-deficient soils and utilise
acquired P efficiently for optimum grain production.

ARTICLE HISTORY
Received 20 June 2020
Accepted 10 November 2020

KEYWORDS
Bambara; breeding;
phosphorus; phosphorus
efficiency; sustainable
agriculture

Introduction

Bambara groundnut (Vigna subterranea L. Verdc) is an
orphaned African grain legume that thrives well in
regions receiving less than 800 ml annual rainfall
(Feldman et al. 2019; Mateva et al. 2020). It is ranked
the third most important pulse crop in Africa after
groundnut (Arachis hypogaea L.) and cowpeas (Vigna
unguiculata) (Shiyam et al. 2016). The crop fixes up to
28.42 kg/ha N due to its symbiotic association with a
variety of rhizobia (Mayes et al. 2019). Nutritionally,
bambara grain contains 55.5–70.0% carbohydrate, 4–
12% lipids, 3–5% ash, 362–414 kcal/100 g metabolisable
energy, 17–24% protein and 3–12% fibre providing a
complete meal (Halimi et al. 2019). Owing to its
drought resilience and nutritional attributes, bambara
groundnut has the potential to contribute to climate
change adaptation and nutritional security in sub-
Saharan Africa. Despite the usefulness of bambara, the
crop yields are low ranging between 300 and 850 kg/
ha due to phosphorus deficiency especially in acidic
soils (Mayes et al. 2019; Temegne et al. 2019). This is
because it is highly sensitive to P deficiency as P is essen-
tial for both nodulation and biological N2-fixation (Nzi-
guheba et al. 2016).

The critical threshold of soil acidity occurs at the pH
range of 4.5–5.0 in Sub-Saharan Africa (Nziguheba
et al. 2016). These soils have high amount of aluminium
and iron on which P is adsorbed tightly, making it una-
vailable for uptake by plants. Liming is known to raise
the soil pH by correcting calcium deficiency and
thereby improving overall crop performance. However,
the resource constrained smallholder farmers in the
Sub-Saharan Africa do not apply lime. In the absence
of liming, farmers have to apply high rates of phosphate
fertiliser to obtain reasonable yields. Unfortunately, P-
fertiliser application is low because it is an even more
expensive input than lime, creating a clear need to
develop farming systems that produce more under
limited P availability.

A feasible alternative is to adopt crop cultivars that
withstand low available P in acidic soil and respond to
applied P to help achieve initial gains in crop pro-
ductivity. Therefore, breeding of bambara groundnut
for high P uptake and use efficiency is a prerequisite to
enhance production in P-deficient soils. To facilitate
breeding of P-efficient and responsive bambara, there
is need to evaluate genotypes at both low and adequate
P. Genotypic variation for phosphorus acquisition and
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use efficiencies exists in grain legumes including cowpea
(Ojo et al. 2007), common bean (Namayanja et al. 2014),
soybean (Zhou et al. 2016) and mungbean (Irfan et al.
2017). Bambara groundnut cultivars exhibit wide
genetic diversity and respond variably to P application
(Shiyam et al. 2016; Mayes et al. 2019). Based on vari-
ation in P efficiency crop cultivars are categorised into
four groups as: (a) efficient responsive, (b) inefficient
responsive, (c) efficient non-responsive and (d) ineffi-
cient nonresponsive (Nziguheba et al. 2016; Irfan et al.
2017). Although previous studies have documented
genetic diversity among bambara groundnut (Odongo
et al. 2015), no studies on P acquisition and use efficien-
cies have been carried out in this crop. Cultivation of P-
efficient bambara genotypes would result in reduced P
fertiliser needs and improved P fertiliser use efficiency
when such genotypes are supplied with moderate rate
of P fertiliser. The present study evaluated the genetic
variation for P-efficiency in bambara groundnut geno-
types to identify P-efficient and responsive genotypes
for cultivation in sub-optimal P environment.

Materials and methods

Plant materials

Twelve genotypes of bambara groundnut were sourced
from a collection maintained at the Department of Bio-
logical Sciences, University of Eldoret, Kenya. These are
identified as BAM001, BAM002, BAM003, BAM004,
BAM005, BAM006, BAM007, BAM008, BAM009,
BAM010, BAM011 and BAM012. They are traditional cul-
tivars collected from farmers in western Kenya. Infor-
mation on seed colour and collection sites is presented
in Table 1.

Experimental location

Two field trials were conducted at Ligala [0.2516°N,
34.2547°E] in Siaya County in western Kenya during
the long and short rain seasons of the year 2018. The
site is located at an altitude of 1293 m above sea level
in the Lower Midland Sugar Cane Zone (LM1) with a
mean annual temperature of 20.9–21.8°C (Jaetzold
et al. 2010). This agro-ecological zone is characterised
by a long cropping season between February and July,
followed by a medium one with moderate rains from
August to December. The rainfall received ranges from
750 to 950 mm in the long rain season in 10 out of 15
years. The total rainfall during the short rain season is
600–800 mm, with a reliability of 66%. The growing
period during the long and short rain seasons lasts for

>190 and 130–150 days, respectively. Acrisols are the
predominant soil type in the area.

Soil sampling and analyses

Prior to setting up the trials, soil from the experimental
site was analysed for selected physico-chemical charac-
teristics. The soil was sampled following a zigzag
pattern at a depth of 20 cm from the surface using an
auger and mixed to form a composite sample. Soil pH
was determined in 1:2 (w/v) soil: distilled water suspen-
sions as described by Anderson and Ingram (1993). Total
percent organic carbon was determined following
Walkley–Black procedure (Nelson and Sommers 1982).
Kjeldahl nitrogen was measured according to Jackson
(1962). Soil extractable phosphorus and potassium
were calculated using AB-DTPA as an extraction solution
(Soltanpour and Workman 1979). 500 mg of sieved soil
was placed in 40 ml of 0.5 N HCl and left to stand at
room temperature for 5 min followed by measurement
of calcium and magnesium in the filtrate (Sahrawat
1987). Mechanical analysis for soil separates was per-
formed according to a hydrometer method by disper-
sing soil in sodium hexametaphosphate (Bouyoucos
1962). The soil at the experimental site was a sandy
clay loam characterised by low pH, low extractable P
and with a history of poor crop production. Other

Table 2. Initial physio-chemical properties of soil at Ligala in
Siaya County, Kenya.
Parameter Unit Values

pH 5.20
Organic carbon (%) 1.80
Nitrogen (%) 0.34
Phosphorus mg kg−1 5.43
Potassium mg kg−1 56.65
Calcium mg kg−1 1513.20
Magnesium mg kg−1 241.60
%Sand (%) 44.00
%Clay (%) 36.00
%Silt (%) 20.00
Textural class Sandy clay loam

Table 1. Bambara groundnut genotypes used in the study.
Serial
number

Genotype
name Seed colour

Collection
point

1 BAM001 Red Koyonzo
2 BAM002 White with black spots Bumala
3 BAM003 Red Bumala
4 BAM004 Maroon Ligala
5 BAM005 Black Bumala
6 BAM006 Brown with black spots Koyonzo
7 BAM007 Black Ligala
8 BAM008 Black Sega
9 BAM009 Dark red Sega
10 BAM010 Dark maroon Ligala
11 BAM011 Maroon Bumala
12 BAM012 Dark maroon Koyonzo

2 J. S. WAFULA ET AL.



physio-chemical attributes of soil characteristics are pre-
sented in Table 2.

Experimental design and crop establishment

Field trials were setup in a split-plot design using two P
levels (no P addition) and adequate (35 kg/ha) with
three replications. P levels represented the main plots
while genotypes were the sub plots (McDonald et al.
2015). An individual genotype was planted in two rows
measuring 3 m long, with a spacing of 33 cm between
rows and 15 cm between plants within a row. P fertiliser
was applied as triple superphosphate at sowing time.
Urea and muriate of potash applied at the rate of
30 kg/ha provided nitrogen and potassium, respectively.
N was applied as a starter dose to stimulate growth and
nodulation. A week after emergence, the crop was
thinned to two plants per hill and thereafter weeded
thrice to keep the field free of weeds. In each season,
five plants per genotype were harvested at maturity
for yield determination. Grain and plant biomass consist-
ing of roots, stems and leaves were air-dried and
weighed for individual plants. Biological yield was esti-
mated as the summation of grain and plant biomass
yields (Irfan et al. 2017).

Phosphorus accumulation and P-related
efficiency parameters

Phosphorus accumulation in the grains and plant
biomass was assayed from plants grown in the field
during the long rain season only. One gram (1 g) of
grain or plant biomass from five individual plants per
genotype were oven-dried at 70°C to constant weight.
Dried grain and biomass were milled to fine powder.
Milled samples were placed in conical flasks pretreated
with hot 1:1 hydrochloric acid: distilled water to
remove traces of P that might be adsorbed on the glass-
ware. Pulverised samples were digested with 5:1 mixture
of nitric acid and perchloric acid (HNO3:HClO4) to recover
P from the material (Jones and Case 1990). One gram of
milled sample was placed in a 250 ml conical flask, 10 ml
concentrated nitric (V) acid was added and boiled for
30 min. On cooling, 5 ml of 70% perchloric acid was
added and boiled gently until white dense fumes
appeared. The mixture was cooled, 20 ml of distilled
water was added, boiled further to release all the
fumes signalling end of digestion. The solution was
cooled, filtered through Whatman filter paper No 42
and transferred to a volumetric flask containing 25 ml
of distilled water. Quantification of total P was carried
out by the vanadate–molybdate method (Chapman
and Pratt 1961). Phosphorus related parameters were

calculated to establish the relationship between P and
plant growth such as phosphorus stress factor (PSF)
(Hunt 1978), phosphorus harvest index (PHI) (Siddiqi
and Glass 1981), phosphorus physiological efficiency
index (PPEI) and phosphorus biological yield efficiency
ratio (PBER) (Jones et al. 1992), Phosphorus accumu-
lation (PA) and total phosphorus accumulation (TPA)
(Zhang et al. 2007) according to the equation below:

Phosphorus accumulation (PA):

PA(mg/plant) = Dry biomass× P concentration

Total phosphorus accumulation (TPA):

TPA(mg/plant) = PAccumulation in Straw

+ PAccumulation in Grain

Phosphorus physiological efficiency index (PPEI):

PPEI = Grain Yield
Total P accumulation

Phosphorus biological yield efficiency ratio (PBER):

PBER = Biological Yield
Total P Accumulation

where biological yield is the sum of grain and straw
yields.

Phosphorus harvest index (PHI)

PHI(%) = Grain P Accumulation
Total P Accumulation

× 100

Phosphorus stress factor (PSF)

PSF(%)= (GrainYieldatAdequateP)–(GrainYieldatDeficientP)
(GrainYieldatAdequateP)

Classification of bambara groundnut genotypes

Based on the measured traits; plant biomass yield, grain
yield, biological yield, plant biomass PA, grain PA, TPA,
PHI, PPEI and PBER, the bambara genotypes were
grouped as having low, medium and high P acquisition
and use efficiencies using their index score at low and
adequate P levels (Irfan et al. 2017). Classification was
performed using absolute values with the population
mean (µ) and standard deviation (SD) for each parameter
per genotype (Gill et al. 2004). The values 1, 2 and 3 were
used to classify the genotypes into groups: 1 (low) if
mean < µ− SD, 2 (medium) if µ− SD <mean < µ + SD
or 3 (high) if the mean is > µ + SD. Total index score
(TIS) for each genotype was obtained by summation of
the respective index scores of all parameters measured.
The genotypes were further classified into various
groups by plotting a graph in which grain yield (g/
plant) was represented on the x-ordinate and total PA
(mg/plant) on the y-ordinate. Each genotype in this
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graph was represented by a circle. LGY, MGY, and HGY
represented low, medium, and high grain yield while
LP, MP and HP indicated low, medium, and high PA of
the tested genotypes (Irfan et al. 2017).

Statistical analysis

Data on plant biomass, grain and biological yields col-
lected from five plants per genotype in the two exper-
imental seasons were subjected to combined analysis
of variance to test the significance of variation due to
seasons, genotypes, P levels and their interactions. PA,
PHI, PPEI and PBER derived from data collected during
long rain season only were subjected to analysis of var-
iance to examine significance due to genotype and P
levels and their interaction. Analysis was performed
using GenStat for Windows (GenStat 2003). Differences
among treatment means were separated using
Duncan’s multiple range tests at P≤ .05. Pearson

correlation analysis was done to determine the relation-
ship between grain yield and various phosphorus
efficiency parameters at both levels of P. Principal Com-
ponent Analysis (PCA) and biplots of the PCA were con-
structed to identify genotypes with suitable traits for
effective selection and breeding to improve P-efficiency.

Results

Yield attributes of 12 bambara genotypes

Bambara groundnut genotypes varied significantly
(P≤ .05) in plant biomass, grain and biological yields
due to P level and seasonal effect (Table 3). The inter-
actions genotype * phosphorus and phosphorus *
season were significant (P≤ .05) for grain yield only.
Genotype * season interaction showed significant
(P≤ .05) differences for plant biomass, grain and biologi-
cal yields. Interaction of genotype * phosphorus * season

Table 3.Mean values of plant biomass, grain yield and biological yield for 12 Bambara genotypes grown in low and adequate P during
long and short rain seasons in the year 2018 at Ligala.

Season Genotypes

Plant biomass (g/plant) Grain yield (g/plant) Biological yield (g/plant)

−P +P −P +P −P +P

LS BAM001 15.04bd(2) 16.32ce(2) 2.70ac(2) 3.33ac(3) 17.68bc(2) 19.62cd(2)
BAM002 16.61ab(3) 18.60ac(3) 3.01ab(3) 4.02a(3) 19.72ab(3) 22.53ac(3)
BAM003 15.33bd(2) 17.61bd(2) 2.31bc(2) 3.14ac(2) 17.60bc(2) 20.70bd(2)
BAM004 14.38bd(2) 17.10ce(2) 2.20bc(2) 2.82bc(2) 16.63bd(2) 19.89cd(2)
BAM005 13.50de(2) 14.67eg(2) 2.52ac(2) 3.20ac(2) 16.00ce(2) 17.91de(2)
BAM006 13.62ce(2) 15.23dg(2) 2.21bc(2) 2.39c(2) 15.81ce(2) 17.60de(2)
BAM007 10.65f(1) 12.79g(1) 2.20bc(2) 2.53c(2) 12.78e(1) 15.28e(1)
BAM008 11.71ef(1) 13.50fg(1) 2.22bc(2) 2.50c(2) 13.92de(1) 16.00e(1)
BAM009 11.70ef(1) 13.31fg(1) 2.31bc(2) 2.54c(2) 14.00de(1) 16.03e(1)
BAM010 16.20ac(2) 20.37a(3) 2.52ac(2) 3.53ab(3) 18.73ac(2) 23.91a(3)
BAM011 18.39a(3) 19.72ab(3) 3.19a(3) 3.54ab(3) 21.59a(3) 23.22ab(3)
BAM012 13.51de(1) 15.70df(2) 2.10c(1) 2.93bc(2) 15.63ce(2) 18.52de(2)

Mean 14.21 16.30 2.45 3.00 16.70 19.30
S.E 0.41 0.45 0.06 0.09 0.46 0.52

SS BAM001 13.53ab 14.83ab 1.43c 2.00bd 14.96ab 16.83ac
BAM002 13.96a 14.96ab 2.00a 2.33ab 15.96a 17.30ab
BAM003 13.73ab 14.73ab 1.70ac 2.20ac 15.43ab 16.9ac
BAM004 12.76ac 14.80ab 1.50bc 1.63d 14.26bc 16.43ac
BAM005 12.73ac 13.66bd 1.56bc 1.80cd 14.30bc 15.46cd
BAM006 12.56bc 14.00ac 1.50bc 1.83cd 14.06bc 15.83bc
BAM007 10.23e 11.93e 1.36c 1.73d 11.60e 13.66e
BAM008 10.50e 12.20de 1.46bc 1.80cd 11.96de 14.00de
BAM009 11.13de 12.56ce 1.53bc 1.76d 12.66de 14.33de
BAM010 13.16ac 15.03ab 1.86ab 2.36ab 15.03ab 17.40ab
BAM011 13.50ab 15.36a 2.03a 2.53a 15.53ab 17.90a
BAM012 11.90cd 14.60ab 1.36c 1.86cd 13.26cd 16.46ac

Mean 12.47 14.05 1.61 1.98 14.08 16.04
S.E 0.23 0.23 0.05 0.06 0.25 0.26

F values
G 29.83* 26.33* 34.78*
P 95.75* 173.36* 132.942*
S 113.67* 683.13* 217.09*
G * P 0.76NS 2.08* 0.89NS
G * S 4.46* 3.30* 4.44*
P * S 1.40NS 8.15* 2.63NS
G * P * S 0.38NS 1.40NS 0.52NS

Notes: Individual treatment means in the same column with different letter(s) differ significantly according to Duncan’s multiple range test P≤ .05, S.E = stan-
dard error, G = genotype, P = phosphorus levels, S = season, LS = long rain season, SS = short rain season, −P = low P (applied 0 kg/ha P), +P = adequate P
(applied 35 kg/ha P), * = Significant at P≤ .05, NS = Non-significant at P≤ .05. Index scores are presented in parenthesis.
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for plant biomass, grain and biological yields was not
significant. For the long rain season, the genotype
BAM011 exhibited the maximum plant biomass of
18.39 g/plant at low P whereas BAM010 recorded the
highest plant biomass of 20.37 g/plant at adequate
P. On the other hand, BAM007 recorded the lowest
plant biomass yield of 10.65 g/plant and 12.79 g/plant
at low and adequate P, respectively. In the short rain
season, BAM002 with 13.96 g/plant recorded the
highest plant biomass while BAM007 had the lowest
biomass of 10.23 g/plant at low P. BAM011 had the
highest plant biomass of 15.36 g/plant whereas
BAM007 recorded the least biomass of 11.93 g/plant at
adequate P. Overall, the mean plant biomass yield
increased by 14.79% and 12.67% due to P application
during long and short rain seasons, respectively.

Grain yield response of the Bambara groundnut gen-
otypes varied from 2.1–3.19 g/plant at low P to 2.39–
4.02 g/plant when supplied with adequate P during
the long rain season (Table 3). There was a significant
(P < .05) reduction in grain yield during short rain
season, with values ranging from 1.36–2.03 g/plant at
low P to 1.63–2.53 g/plant at adequate P. The
maximum grain yield of 3.19 and 4.02 g/plant at low
and adequate P supply was recorded for genotypes
BAM011 and BAM002 in long rain season, respectively.
BAM012 had the lowest grain yield of 2.1 g/plant at low
P while BAM006 recorded the lowest grain yield of
2.39 g/plant with adequate P during long rain season.
BAM010, BAM002 and BAM011 recorded highest
grain yield of 1.86, 2.00 and 2.03 g/plant at low P
during the short rain season, respectively. At adequate
P, BAM002, BAM010 and BAM011 registered the
highest grain yield of 2.33, 2.36 and 2.53 g/plant
during the short rain season, respectively. BAM001
and BAM004 had the lowest grain yield of 1.43 and
1.63 g/plant at low and adequate P, respectively.
Overall, seasonal effect led to grain yield reduction of
34.29% and 34.00% at low and adequate P, respect-
ively. Biological yield ranged from 12.78–21.59 g/plant
at low P to 15.28–23.91 g/plant under adequate P
supply during the long rain season. BAM011 and
BAM010 recorded the highest biological yield at low
P and adequate P, respectively whereas BAM007 had
the least biological yield at both P levels. Overall, the
biological yield of the bambara genotypes increased
from 16.70 g/plant at low P to 19.30 g/plant at ade-
quate P, representing 15.57% increase due to P
during the long rain season. Similarly, biological yield
increased from 14.08 g/plant at low P to 16.04 g/plant
at adequate P. In the short rain season, BAM002,
BAM010 and BAM011 recorded the maximum biologi-
cal yield at low and adequate P.

Plant biomass and grain phosphorus
accumulation

Phosphorus accumulation (PA) in the plant biomass,
grain and biological yields was significantly (P≤ .05)
influenced by genotype, P levels and genotype * P
levels interaction (Table 4). PA in the plant biomass
ranged from 27.17 to 46.5 mg/plant at low P to 49.49–
78.93 mg/plant at adequate P. BAM002 and BAM011
had the highest PA at low and adequate P supply,
respectively. In contrast, BAM008 and BAM012 had the
lowest PA in the biomass at both low and adequate
P. Plant biomass P accumulation increased with P appli-
cation. Phosphorus concentration in plant biomass was
as high as 3-fold of the grain P. BAM002 recorded the
highest PA of 18.02 mg/plant while BAM006 had the
least amount of 8.91 mg/plant at low P. At adequate P,
BAM002 exhibited the maximum PA in the grain of
23.78 mg/plant whereas BAM004 recorded the least
grain PA of 13.01 mg/plant. Across genotypes, PA in
the grain increased from 10.9 mg/plant in low P to
16.8 mg/plant at adequate P, translating to 53.66%
increase in grain P upon supplementation. Total P
accumulation in biomass (TPA) varied between 37.03
and 64.52 mg/plant at low P to 62.98–99.11 mg/plant
when adequate P was supplied. BAM002 exhibited the
highest TPA of 64.52 mg/plant in low P while BAM011
registered the highest TPA of 99.11mg/plant in ade-
quate P. BAM008 and BAM004 recorded the lowest
TPA of 37.03 mg/plant and 62.98 mg/plant at low and
adequate P, respectively. On average, the TPA increased
from 46.6 mg/plant in low P to 74.49 mg/plant at ade-
quate P. There was a strong positive correlation
(P≤ .05) between total phosphorus accumulation with
grain yield, plant biomass and biological yield at both
low and adequate P (Table 5). Genotypes BAM002,
BAM010 and BAM011 that recorded high grain yield
also accumulated high amount of P at both levels of
P. A significant positive correlation was also observed
between plant biomass and grain yield of r = 0.80* and
r = 0.99* (P≤ .05) at low and adequate P levels,
respectively.

Phosphorus stress factor

Bambara genotypes differed significantly (P≤ .05) at
low P for relative suppression in grain yield (Table 4).
Phosphorus stress factor (PSF) varied from 7.53% to
28.61% among the tested genotypes at low P. All
Bambara genotypes were responsive to addition of P
exhibiting PSF of greater than 7.53%. BAM010 and
BAM012 were the most responsive genotypes record-
ing PSF of 28.61% and 28.33%, respectively. The least
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reduction in grain yield was observed in BAM006 with
PSF value of 7.53%.

Phosphorus efficiency parameters

Phosphorus harvest index (PHI) was significantly
(P≤ .05) influenced by genotype and genotype * P
level while P level alone had no effect (Table 6). PHI
ranged from 15.01% in BAM004 to 24.03% in BAM001
at low P. Under adequate P, PHI varied from 20.42% in
BAM011 to 26.01% in BAM002. Genotypes BAM010
and BAM011 showed higher PHI at low P compared to
adequate P level. Overall, genotypes with a high PHI,
produced higher grain yield than those having low PHI.

Phosphorus physiological index in grain (PPEI)
varied significantly among genotypes at each level of
P. The interaction effect between genotype and P
level was not significant (Table 6). All of the genotypes

showed higher values of PPEI at low P than adequate
P. Genotypes BAM001 and BAM012 exhibited the
highest PPEI value of 52.22 g of grain mg−1 P and
61.1 g of grain mg−1 P under adequate and low P,
respectively. BAM008 recorded the lowest PPEI of
39.06 g grain mg−1 P and 42.5 g grain mg−1 P in ade-
quate and low P, respectively. The mean PPEI increased
from 46.28 g of grain mg−1 P in plants grown at low P
to 51.7 g of grain mg−1 P under adequate P
application.

Phosphorus biological yield efficiency ratio (PBER)
differed significantly (P≤ .05) between the two levels
of P (Table 6). Interaction between genotypes and phos-
phorus levels for PBER varied significantly (P≤ .05).
Bambara genotypes recorded high PBER values at low
P, ranging from 299.11 to 376.15 g biomass mg−1

P. PBER values decreased to 236.45–293.89 g biomass
mg−1 P upon application of P (Table 6). The maximum
PBER value of 376.15 g and 293.89g biomass mg−1 P
was observed in genotypes BAM008 and BAM005 at
low and adequate P, respectively. BAM002 recorded
the least PBER values of 299.1 and 236.5 g biomass
mg−1 P under low and adequate P. BAM008 and
BAM012 recorded the highest PBER values but regis-
tered low biological yield at low P.

Grouping of bambara groundnut genotypes

Bambara genotypes were classified into in-efficient,
medium and efficient based on total index score (TIS)
derived from plant biomass, grain yield, biological
yield, PA in plant biomass, PA in the grain, TPA, PSF,

Table 4. Mean values of phosphorus accumulation in plant biomass, grain and index scores of 12 Bambara genotypes grown at low
and adequate P at Ligala in Siaya, Kenya.

Genotype

Phosphorus accumulation (mg/plant)

PSF (%)

Biomass Grain Total PA

−P +P −P +P −P +P

BAM001 37.22bc(2) 54.04c(2) 10.01c(2) 18.48bd(2) 47.23de(2) 72.53b(2) 18.92ad(2)
BAM002 46.50a(3) 67.55b(2) 18.02a(3) 23.78a(2) 64.52a(3) 91.34a(3) 25.12ac(2)
BAM003 39.75b(2) 56.23c(2) 10.49bc(2) 15.03ef(2) 50.24cd(2) 71.27bc(2) 26.43ab(3)
BAM004 33.62ce(2) 49.96c(2) 9.29c(2) 13.01f(1) 42.91ef(2) 62.98c(2) 21.99ad(2)
BAM005 31.10de(2) 50.72c(2) 10.83bc(2) 15.06ef(2) 41.95f(2) 65.79bc(2) 21.58ad(2)
BAM006 31.83de(2) 52.32c(2) 8.91c(2) 15.89df(2) 40.75fg(2) 68.22bc(2) 7.53d(1)
BAM007 34.71cd(2) 52.74c(2) 9.81c(2) 14.93ef(2) 44.52ef(2) 67.68bc(2) 13.04ad(2)
BAM008 27.17f(2) 50.55c(2) 9.86c(2) 14.45ef(2) 37.03g(1) 65.03bc(2) 11.20bd(2)
BAM009 31.95de(2) 54.95c(2) 9.90c(2) 16.76ce(2) 41.86f(2) 71.72bc(2) 9.06cd(1)
BAM010 39.96b(2) 74.59a(3) 12.33b(2) 19.18bc(2) 52.29bc(2) 93.77a(3) 28.61a(3)
BAM011 43.77a(2) 78.93a(3) 11.19bc(2) 20.18b(2) 54.96b(3) 99.11a(3) 9.89cd(1)
BAM012 30.35ef(2) 49.49c(2) 10.58bc(2) 14.94ef(2) 40.93fg(2) 64.43bc(2) 28.33a(3)
Mean 35.66 57.68 10.94 16.81 46.60 74.49 18.44
SE 1.68 2.93 0.69 0.88 2.23 3.66 2.00
F-values
G 33.59* 21.96* 41.88* 131.36*
P 837.62* 334.47* 1018.02*
G × P 5.99* 2.44* 6.21*

Notes: Individual treatment means in the same column with different letter(s) differ significantly according to Duncan’s multiple range test P≤ .05, SE = stan-
dard error, G = genotype, P = phosphorus levels, * = Significant at P≤ .05, NS = Non-significant at P≤ .05 Index scores are represented in parenthesis.

Table 5. Pearson correlation matrix showing relationship
between total phosphorus accumulation and grain yield, plant
biomass and biological yield for 12 Bambara genotypes at low
and adequate P.

PB,−P BY,−P, TPA,−P, GY,−P, PB,+P, BY,+P, TPA,+P, GY,+P,

PB,−P 1
BY,−P, 0.99* 1
TPA,−P, 0.77* 0.79* 1
GY,−P, 0.80* 0.85* 0.75* 1
PB,+P, 1
BY,+P, 0.99* 1
TPA,+P, 0.79* 0.80* 1
GY,+P, 0.80* 0.85* 0.76* 1

*Correlation is significant at the P≤ .05; PB = Plant Biomass, BY = Biological
yield, GY = Grain yield, TPA = Total Phosphorus Accumulation, −P = Low
Phosphorus, +P = Adequate Phosphorus.
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PHI, PPEI and PBER (Table 7). BAM002 and BAM011
achieved the highest index score of 26 and 24, respect-
ively at low P and were classified as P-efficient at low
P. Three genotypes: BAM007, BAM008 and BAM009
with index scores of 18, 18 and 17 were grouped as P-
inefficient at low P conditions. The rest of the genotypes
were ranked as medium at low P. BAM002, BAM010 and
BAM011 recorded the highest total index score of 23 and
were grouped as P efficient at adequate P supply.
BAM008 recorded the lowest total index score of 15
and was classified as P-inefficient at adequate P. The

remaining 8 genotypes were grouped as medium in per-
formance at adequate P.

The 12 bambara genotypes were distributed further
into 4 groups based on the relationship between TPA
and grain yield at low P (Figure 1). BAM002 and
BAM011 were grouped as high grain yield -high phos-
phorus uptake (HGY-HP) while BAM008 was placed in
the medium grain yield-medium phosphorus uptake
(MGY-LP) category at low P supply. Similarly, BAM012
was grouped as low grain yield-medium phosphorus
uptake (LGY-MP). BAM008 in the group medium grain
yield-low phosphorus uptake (MGY-LP) was P-inefficient
with respect to the acquisition of native P. The rest of the
genotypes (8) were grouped into medium grain yield-
medium phosphorus uptake (MGY-MP) showing a
medium potential in both P acquisition and utilisation
in production of grains under low P conditions.
BAM002, BAM010 and BAM011 were placed in HGY-HP
at adequate P (Figure 2). Four genotypes BAM006,
BAM007, BAM008 and BAM009 were classified in LGY-
MP. The remaining five genotypes were grouped in
MGY-MP showing their medium potential in both P
accumulation and grain yield at adequate P.

Principal component analysis (PCA) at low P revealed
two principal components among the studied par-
ameters which contributed 67.71% and 17.37% vari-
ation, respectively, with a total variation of 85.05%
(Table 8). Grain yield, PA in the grain and TPA contribu-
ted the most to variation in PC1 at low P, whereas, PC2
was positively correlated with PPEI and negatively corre-
lated with PA for plant biomass at low P. PCA bi-plot at
low P showing groupings of Bambara genotypes and
parameters is shown in Figure 3. Bambara genotypes

Table 6. Mean values of phosphorus efficiency indices of 12 Bambara genotypes grown at low and adequate P supply.

Genotype

PHI (%) PPEI PBER

−P +P −P +P −P +P

BAM001 24.03a(2) 25.50ab(3) 53.26a(3) 52.22ac(2) 346.49cd(2) 273.91d(2)
BAM002 22.61ab(3) 26.01a(3) 50.36bd(2) 45.59bd(2) 299.11i(1) 236.45j(2)
BAM003 20.00bc(2) 21.10c(2) 45.73cd(2) 43.98bd(2) 350.21c(2) 265.15f(2)
BAM004 15.01cd(2) 20.80c(2) 50.46bd(2) 44.69bd(2) 342.58de(2) 286.72b(2)
BAM005 20.12bc(2) 22.89ab(2) 54.24ac(2) 42.37d(2) 368.94b(3) 293.89a(2)
BAM006 19.20bc(2) 23.04ab(2) 52.68ac(2) 48.93ac(2) 335.46fg(2) 259.37h(2)
BAM007 17.73cd(2) 22.10bc(2) 46.94cd(2) 46.21ad(2) 337.76ef(2) 270.42e(2)
BAM008 18.52bd(2) 22.20bc(2) 42.50d(2) 39.06d(1) 376.15a(3) 262.40g(2)
BAM009 17.71cd(2) 23.31ab(2) 51.09bd(2) 46.81ac(2) 329.56gh(2) 258.43h(2)
BAM010 21.80ab(2) 20.52c(2) 56.11a(3) 48.06ac(2) 348.60cd(2) 262.31g(2)
BAM011 21.71ab(2) 20.42c(2) 56.75ab(3) 50.26ab(3) 327.43h(2) 244.82i(1)
BAM012 18.10cd(2) 23.21ab(2) 61.11a(3) 46.15ad(2) 369.80b(3) 277.76c(2)
Mean 19.71 22.59 51.70 46.28 344.35 266.00
SE 0.74 0.53 1.43 1.06 6.15 4.66
F-values
G 5.34* 5.53* 259.98*
P 3.20NS 28.23* 15,119.60*
G × P 2.12* 1.68NS 33.76*

Notes: Individual treatment means in the same column followed with different letter(s) differ significantly according to Duncan’s multiple range test P≤ .05, *
= Significant at P≤ .05, NS = Non-significant at P≤ .05. Index scores are represented in parenthesis. SE = Standard error, G = genotype, P = phosphorus
levels, PHI = Phosphorus Harvest Index, PPEI = Phosphorus Physiological Efficiency Index, PBER = Phosphorus Biological Efficiency Ratio.

Table 7. Classification of 12 Bambara genotypes within three
performance levels based on total index scores of grown at
low and adequate P.

Genotype

Low P Adequate P

TIS Grading TIS Grading

BAM001 20 M 21 M
BAM002 26 E 23 E
BAM003 21 M 18 M
BAM004 20 M 17 M
BAM005 21 M 18 M
BAM006 19 M 18 M
BAM007 18 I 16 M
BAM008 18 I 15 I
BAM009 17 I 16 M
BAM010 22 M 23 E
BAM011 24 E 23 E
BAM012 21 M 18 M

Notes: The genotypes were classified as efficient if they had mean of >μ +
SD, medium with mean of between μ− SD to μ + SDnd inefficient if
having men of <μ− SD (Gill et al. 2004). L = Classification was based on
total index score (TIS) derived from the following traits: phosphorus
stress factor, plant biomass, grain yield, biological yield, Phosphorus
accumulation in plant biomass, grain phosphorus accumulation, total
phosphorus accumulation, phosphorus biological efficiency ratio (PBER),
phosphorus harvest index (PHI) and physiological phosphorus efficiency
index (PPEI).E = efficient, M = Medium and I = In-efficient in P use
efficiency with respect to the parameters measured.
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BAM002, BAM010 and BAM011 were grouped together
based on grain yield, PA in the grain, TPA, biological
yield, plant biomass, and PA in plant biomass. BAM003,
BAM004, BAM005, BAM006, BAM007, BAM008 and
BAM009 were ranked together based on PBER. On
other hand, BAM001 was grouped alone based on PHI
and PPEI. PC1 and PC2 contributed 62.19% and 16.85%
variation, respectively with a total variation of 79.04%
at adequate P (Table 8). PA in plant biomass and TPA
contributed the most to variation in PC1 at adequate
P, whereas, PC2 was positively correlated with PBER
and negatively correlated with PHI (Table 8). Grouping
of bambara genotypes on the basis of different par-
ameters at adequate P is shown in Figure 4. BAM002,
BAM010 and BAM011 were again clustered together at
adequate P based on plant biomass, biological yield,
PA in plant biomass, TPA, grain yield and PA in the
grain. BAM004, BAM005, BAM006, BAM007, BAM008
and BAM009 were categorised together based on PBER
at adequate P. BAM001 and BAM003 were grouped
alone based on PPEI and PHI at adequate P, respectively.

Discussion

Low available P in the soil is a major nutritional con-
straint that limits plant growth leading to reduced
crop yields. Plant biomass, grain and biological yields
varied significantly in response to P and seasons while
a significant interaction between genotype and phos-
phorus was observed for grain yield only as shown in
Table 3. This demonstrates that bambara genotypes
harbour useful genetic variation for response to soil P
availability that could be exploited to enhance their

Figure 1. Distribution of 12 Bambara genotypes based on their
grain yield and total P accumulation at low P. LGY = Low grain
yield, MGY = Medium grain yield, HGY = High grain yield, LP =
Low Phosphorus, MP = Medium Phosphorus, HP = High Phos-
phorus. Numbers in figure represent names of genotypes
studied in the experiment as 1 = BAM001, 2 = BAM002, 3 =
BAM003, BAM = 004, 5 = BAM005, 6 = BAM006, 7 = BAM007, 8
= BAM008, 9 = BAM010, 10 = BAM010, 11 = BAM011, 12 =
BAM012.

Figure 2. Distribution of 12 Bambara genotypes based on their
grain yield and total P accumulation at adequate P. LGY = Low
grain yield, MGY = Medium grain yield, HGY = High grain yield,
LP = Low Phosphorus, MP = Medium Phosphorus, HP = High
Phosphorus. Numbers in figure represent names of genotypes
studied in the experiment as 1 = BAM001, 2 = BAM002, 3 =
BAM003, BAM = 004, 5 = BAM005, 6 = BAM006, 7 = BAM007, 8
= BAM008, 9 = BAM010, 10 = BAM010, 11 = BAM011, 12 =
BAM012.

Table 8. Principal component analysis showing eigenvectors,
percent and cumulative variation of yield, phosphorus
accumulation and phosphorus efficiency indices of 12
bambara genotypes grown under low and adequate P.

Parameters

Principal components

PC-1 PC-2 PC-1 PC-2

Low phosphorus
Adequate
phosphorus

Plant biomass 0.358 −0.141 0.076 0.154
Grain yield 0.385 0.154 0.014 0.027
Biological yield 0.371 −0.099 0.090 0.181
PA in plant biomass 0.386 −0.160 0.431 0.446
PA in grain 0.391 0.095 0.124 0.024
TPA 0.396 −0.086 0.554 0.470
PBER −0.251 0.406 −0.689 0.711
PHI 0.225 0.470 0.001 −0.082
PPEI 0.115 0.720 0.063 0.106
Eigen values 6.094 1.563 5.597 1.516
% of Variance 67.710 17.370 62.190 16.849
Cumulative % 67.710 85.080 62.190 79.039

Notes: PA = phosphorus accumulation, TPA = Total phosphorus accumu-
lation, PBER = Phosphorus Biological Efficiency Ratio, PHI = Phosphorus
Harvest Index and PPEI = Phosphorus Physiological Efficiency Index.
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ability to extract P from the soil with varying levels of P
fertilisation. BAM002, BAM010 and BAM011 consistently
recorded high grain yields at both levels of P during the

long and short rain seasons and also had fairly high
biomass, demonstrating their potential to partition
more dry matter to grain production. Inherent genetic
variation among mungbean and bambara genotypes
has contributed to differences in grain yields and plant
biomass under contrasting P supply (Irfan et al. 2017;
Temegne et al. 2019). Some genotypes recorded high
yields during both cropping seasons but registered sig-
nificant reduction in biomass, grain and biological
yields during the short rain season at both levels of P
(Table 3). Likewise, there was significant interaction
between genotype and season for plant biomass, grain
and biological yields. The short rain season receives a
lower amount of rainfall than the long rain season (Jaet-
zold et al. 2010), which partly explains the observed
differences in crop performance in this study. Previous
studies have reported that environmental variations
observed in different sites and seasons contribute to
differences in plant biomass and grain yield of crop gen-
otypes (McDonald et al. 2015; Samago et al. 2018). Gen-
otype * phosphorus * season interaction was non-
significant since the interactions genotype * phosphorus
and phosphorus * season did not vary across the geno-
types for the agro-morphological attributes measured.
BAM002, BAM010 and BAM011 produced consistently
high biomass, grain and biological yields at low and ade-
quate P supply across the seasons. These genotypes are
desirable since they can successfully be grown in a wide
range of P environments as well as different seasons
with variable rainfall amount without compromising
the yield.

Phosphorus accumulation (PA) in plant tissues indi-
cates the capacity of the genotype to extract P from
the soil. PA in the plant biomass, grain and biological
yields was significantly (P≤ .05) influenced by genotype
and genotype × P level interaction (Table 4) indicating
that the bambara genotypes evaluated have differential
ability to absorb P from the soil. Genotypic variation in P
acquisition among genotypes of different crop species
have been reported in mungbean (Irfan et al. 2017,
2020), wheat (Bilal et al. 2018) and cotton (Iqbal et al.
2019) among others. A significant and positive corre-
lation between grain PA and grain yield was observed
under low P (Table 5). This finding supports the assertion
that crop genotypes which accumulate more P in the
grains realise high grain yield (Yaseen and Malhi 2009;
Bilal et al. 2018). As shown in Table 4, BAM002,
BAM010 and BAM011 produced high grain yields and
accumulated high amount of P in both biomass and
grain at low and adequate P. These genotypes were con-
sidered to be efficient in acquisition of P from the soil as
well as utilisation of absorbed P for production of
biomass and grain at both levels of soil P. Genotypes

Figure 3. Principal component analysis biplot of yield, phos-
phorus accumulation and phosphorus efficiency indices of 12
bambara genotypes grown at low P. PHI = Phosphorus Harvest
Index, PPEI = Phosphorus Physiological Efficiency Index, PBER
= Phosphorus Biological Efficiency Ratio. Numbers in figure rep-
resent genotypes as follows: 1 = BAM001, 2 = BAM002, 3 =
BAM003, BAM = 004, 5 = BAM005, 6 = BAM006, 7 = BAM007, 8
= BAM008, 9 = BAM010, 10 = BAM010, 11 = BAM011, 12 =
BAM012.

Figure 4. Bi-plot of principal components showing percent vari-
ation accounted for PC1 vs. PC2 and relationships among 12
bambara genotypes based on yield, phosphorus accumulation
and phosphorus efficiency indices grown at adequate P. PHI =
Phosphorus harvest index, PPEI = Phosphorus physiological
efficiency index, PBER = Phosphorus biological efficiency ratio.
Numbers in figure represent genotypes as follows: 1 =
BAM001, 2 = BAM002, 3 = BAM003, BAM = 004, 5 = BAM005, 6
= BAM006, 7 = BAM007, 8 = BAM008, 9 = BAM010, 10 =
BAM010, 11 = BAM011, 12 = BAM012.
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with high acquisition of P are suitable genetic resources
that should be promoted for cultivation owing to their
inherent ability to produce high yield at relatively low
soil P status that can be reached by applying lower
rates of mineral P fertiliser than would be recommended.

Phosphorus stress factor (PSF) distinguishes between
P-responsiveness and non-responsiveness of cultivars
and the comparative ability of a cultivar to yield
biomass and/or yield upon P addition (Irfan et al.
2020). PSF varied significantly among the bambara culti-
vars evaluated in this study (Table 4). All the genotypes
responded to P application and showed reduction in
grain yields due to low P (PSF > 0). A wide PSF range
from 7.53% to 28.61% among genotypes demonstrates
that the genotypes differ in their potential to tolerate
conditions of PSF in the soil. A number of crops includ-
ing wheat (Yaseen and Malhi 2009), mungbean (Irfan
et al. 2017) and rice (Irfan et al. 2020) have shown geno-
type-dependent variation in PSF. BAM002, BAM003,
BAM010 and BAM012 were the most P responsive geno-
types demonstrating that increased productivity of
these genotypes can be sustained under P fertilisation.
Although BAM011 recorded high grain yield at both
low and adequate P levels (Table 4), it had a lower PSF
than BAM002 and BAM010 indicating that it is low-P tol-
erant and yields fairly well under varying P status in the
soil. BAM002, BAM010 and BAM011 had a high P
accumulation (PA) in both biomass and grain (Table 4),
demonstrating their high P-utilisation efficiency. The
differences in responsiveness of bambara genotypes to
P application could be attributed to variation in the abil-
ities of these genotypes to absorb, remobilize and
efficiently utilise P over time (Fageria et al. 2011).

Phosphorus harvest index (PHI) that describes
accumulation of higher amount of P in the grain than
in biomass was influenced by the genotype and geno-
type * P level interaction. This demonstrated differential
abilities of the genotypes to convert part of the plant P
to grain P under different levels of soil P. The PHI of
bambara genotypes did not significantly vary due to
the effect of P levels (Table 6). This implies that realloca-
tion of P from the biomass to grain was similar at both
low and adequate P supply conditions. Genotypic vari-
ation for PHI at different rates of P fertiliser application
has also been observed in a variety of crops including
dry bean (Fageria et al. 2013), wheat (McDonald et al.
2015) and mungbean (Irfan et al. 2017). As shown in
Table 6, BAM001, BAM002, BAM010 and BAM011 that
had high grain yield also recorded high PHI values at
low P, pointing to the ability of these genotypes to
efficiently use internal P for grain production (Kruse
et al. 2015). Since PHI varied in this study, there is
need to investigate traits responsible for P translocation

from various plant parts to the grain to provide insight
into the underlying internal P-use efficiency
mechanisms.

Phosphorus physiological efficiency index (PPEI)
describes the efficiency of a genotype to utilise P and
produce grain yield per unit of P absorbed in the
above ground parts of the plant at maturity (Irfan et al.
2017). PPEI varied significantly from one genotype to
another in both low and adequate P supply (Table 6),
demonstrating differences in efficiency of these geno-
types to utilise absorbed P. This shows that bambara
genotypes differ significantly in terms of their P require-
ments for growth and grain yield. Therefore, the geno-
types that accumulated more P under low P conditions
can tolerate P-deficiency stress. Variation for PPEI
under varying P supply has also been reported among
the genotypes of many other crops including wheat
and mungbean (Yaseen and Malhi 2009; Irfan et al.
2017). High yielding bambara genotypes BAM002,
BAM010 and BAM011that exhibited high values of PPEI
at low P, and low values under adequate P nutrition
are P-efficient (Table 6). Apparently, these genotypes
are well-adapted to low P environments since they can
acquire and utilise P more efficiently for optimum
grain production. Physiological biological efficiency
ratio (PBER), which indicates the efficiency of a genotype
to use P and measures the ability of a genotype to
produce biomass per unit of absorbed P (Yaseen and
Malhi 2009), also varied significantly at both levels of P
and decreased with addition of P (Table 6). This shows
that the bambara genotypes differed in their ability to
produce biomass per unit of P absorbed from the soil.
Both PPEI and PBER in the grain and biological yield
decreased at high P supply. A similar trend was observed
in mungbean genotypes, where higher PPEI and PBER
values were recorded at low P than adequate P
(Fageria et al. 2013; Irfan et al. 2017).

The bambara genotypes were grouped into four cat-
egories; HGY-HP, MGY-MP, LGY-MP and MGY-LP under
low P supply (Figure 1). The genotypes BAM002 and
BAM011 in the HGY-HP category (Table 7, Figure 1)
were efficient in P acquisition from soil as well as utilis-
ation of the absorbed P to produce high grain yield
under low P. However, BAM002 accumulated relatively
more P (Table 4), and therefore seems to be less
efficient in P utilisation than BAM011. BAM010 was
grouped as MGY-MP, being medium in P acquisition
and efficient in grain yield production. High grain yield
with medium PA demonstrate an ability of the genotype
to partition available resource to grain production under
low P supply. BAM012 was grouped as LGY-MP, which
shows that this genotype has low utilisation efficiency
of the absorbed P (Table 4). At adequate P, the
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bambara genotypes were differentiated into the three
categories: HGY-HP, MGY-MP and LGY-MP as presented
in Figure 2. BAM002, BAM010 and BAM011 were
efficient in P acquisition and also classified as HGY-HP
for their superior response to P application (Table 7;
Figure 2). Hence, BAM010 shifted group from MGY-MP
at low P to HGY-HP under adequate supply of
P. Similarly, BAM008 that was initially categorised as
MGY-LP at limited P changed to LGY-MP at adequate P
supply together with BAM006, BAM007 and BAM009
(Table 7). This finding is consistent with results reported
from previous studies on several crops (Irfan et al. 2017;
Bilal et al. 2018). Evidently, some genotypes that perform
well under P deficiency may have inferior response to
added P. Therefore, it would be necessary to screen gen-
otypes for P efficiency at both limiting and adequate P
conditions to gauge their responsiveness to P fertilisa-
tion. Genotypes that consistently perform well at low
and adequate P, as observed for BAM002, BAM010 and
BAM011 in the present study are desirable. P utilisation
efficient crop cultivars produce high yield per unit of
absorbed P under P deficient conditions, since they
have low internal P demand for normal metabolic activi-
ties and growth (Balemi and Negisho 2012). Conse-
quently, such genotypes have low requirement for
supplemental mineral P fertiliser to produce relatively
high yield. Genotypes showing variation in P acquisition
and utilisation efficiency and may be considered for cul-
tivation on soils varying in P regime (Gill et al. 2004;
Kruse et al. 2015).

Principal component analysis (PCA) showed that the
first two principal components contributed a total vari-
ation of 85.05% and 79.04% at low and adequate P,
respectively (Table 8). PCA grouped together the geno-
types BAM002, BAM010 and BAM011 based on grain
yield, PA in the grain, TPA, biological yield, plant
biomass, and PA in plant biomass at low P supply as
shown in Figure 3. Similar clustering of these genotypes
based on the same traits was achieved at adequate P
(Figure 4), indicating the usefulness of these traits in
breeding for enhanced agronomic performance. The
scores for these discriminative traits were characteristi-
cally high in the three genotypes BAM002, BAM010
and BAM011 that stand out as the most P efficient and
responsive in the current study. Phosphorus acquisition,
biomass and grain yields at low P supply have been
identified as influential traits in the directional selection
of P efficient crop genotypes (Bilal et al. 2018; Iqbal et al.
2019; Irfan et al. 2020). Strategic recombination of the P-
efficient genotypes identified in the present study may
improve gains for these traits in the progeny under
low P supply. Besides contributing to breeding, the
information on bambara genotype characterisation

may be applied in low-input cropping systems to
improve productivity of the crop.

In conclusion, this study demonstrates that bambara
groundnut harbours genetic variation for P accumu-
lation and P-utilisation efficiency. BAM002, BAM010
and BAM011 genotypes showed superior efficiency in
P acquisition and utilisation while at the same time
they responded well to P application across seasons. P
efficient and responsive bambara genotypes would be
multiplied and promoted for cultivation in low and ade-
quate P fertilised soils. Since these genotypes varied in P
utilisation efficiency, they have potential use as breeding
material for future development of bambara varieties
that are high yielding and adaptive to varying levels of P.
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