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Abstract

Common bean is an important food and cash crop, but its seed yield productivity is constrained by the soil phosphorus
(so0il-P) deficiency among other factors. This study was implemented to determine variability of root traits and seed size of
14 bean genotypes, and identify genotypes with tolerance to low soil-P. A pot experiment was laid out in split-plot design
with two replicates. Highly significant (P <0.01) mean square differences were observed among the genotypes and the
genotype X soil-P interactions for all the root traits and seed size. Genotypes BFS-29, USRM-20 and SEF-15 all of Meso-
American origin had the lowest values for seed size reduction rate and low fertility susceptibility index and were, therefore,
considered tolerant to low soil-P. Cumulatively PC-1 and PC-2 accounted for about 99% of the total variability and were both
highly correlated with Hypocotyl Root Length (HRL). PC-2 was also highly correlated with basal root whorl number, basal
root growth angle, basal root length and tap root diameter. Quadrant-3 comprised of genotypes USRM-20, SEF-15, BFS-29
and SAB-560 that were tolerant to low soil-P and were characterized with longer basal roots, large tap root diameter, and
high seed size. The tolerant genotypes need to be tested on a large scale, conserved and could be utilized in bean improve-
ment programs for low soil-P tolerance.
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Introduction

Common bean (Phaseolus vulgaris L.) is an annual crop
and a diploid (2n=2x 11=22) species that belongs to the
Fabaceae family (Beebe et al. 2013). This leguminous nutri-
tious crop is estimated to provide recommended dietary pro-
tein in the excess of 50% to the resource poor households in
most developing countries in Africa (Wortman et al. 2004).
The crop contributes to food and nutrition requirements
of the resource poor farming communities. However, in
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Southern and Central African countries, about 70% of the
area under the production of common beans is deficient in
soil phosphorus (soil-P) needed for optimum crop growth,
development and production (Aggarwal et al. 1997). It is
also reported that in Eastern and Southern Africa, limited
s0il-P is common in 65%-80% of the area under common
bean cultivation (Namayanja et al. 2014). According to
Henry et al. (2010) soils for bean cultivation are considered
deficient if they contain less than 15 mg/kg of available soil-
P. Limited soil-P is common in Malawi where soil-P as low
as 8 ug/g of soil was reported for some areas (Chilimba and
Nkosi 2014).

Potential common bean seed yields are rarely realized
because very small quantities of orthophosphate (Pi) are usu-
ally available for plant roots to acquire due to the chemical
and biological reactions in the soil that quickly transform Pi
into unavailable forms (Lynch and Brown 2008). Phosphorus
is a very important composition of the Adenosine Diphos-
phate and Adenosine Triphosphate energy compounds that
control biochemical processes including respiration, pho-
tosynthesis, nucleic acid, protein and plant cell production
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(Nesme et al. 2014). Phosphorus is very critical for early
maturity, grain and root development in legume crops such
as common bean and soils deficient in phosphorus result in
poor plant development (Mitran et al. 2018). As such soil
fertility need to be supplemented with organic and inorganic
fertilizers. Most smallholder farmers are resource poor and
cannot afford to pay for escalating prices of inorganic fer-
tilizers. Therefore, it is very important to evaluate, identify
and select genotypes that can yield relatively high under
limited soil-P conditions.

Common bean plant roots grown in soils with limited
phosphorus exhibit genetic variability that needs to be
exploited to develop improved genotypes with root traits for
efficient soil-P exploration and acquisition (Burridge et al.
2016; Lynch and Brown 2008). Namayanja et al. (2014)
reported genotypic variability in root mass, total root length,
basal and lateral root production. Mourice and Tryphone
(2012) reported genotypic variability in root biomass and
100 seed weights after exposing the genotypes to different
soil-P levels. Singh et al. (2011) also reported genotypic
variation in 100 seed weight of cowpea genotypes due to
varying phosphorus levels. Genotypes with tolerance to low
soil-P have been reported, for example, Carioca, a widely
cultivated cultivar in Brazil, and a Mexican genotype G2333
widely grown in Rwanda are well adapted to low soil-P
conditions and respond well to added fertilizer (Lynch and
Beebe 1995).

Not much has been done to evaluate specific root traits in
common bean for responses to limited soil-P to identify and
select tolerant genotypes. Lynch and Brown (2008) indicated
that much of research on common bean plant responses to
edaphic stress focus on the above ground plant traits and
less on the roots, yet the roots directly react to the effect of
stress due to limited soil-P. Information on common bean
genotypic variability of specific root traits grown in low soil-
P conditions is scarce. The specific objectives of this study
were, therefore, to determine variability of root traits and
seed size of common bean genotypes under low soil-P, and
identify genotypes with tolerance to low soil-P.

Materials and methods
Experimental site

The experiment was conducted at Bolero agricultural
trial site, located 10 km west of Rumphi district assembly
headquarters in Malawi (11° 01" and 33° 52' E). Bolero
trial site is under Lunyangwa Agricultural Research Sta-
tion (LARS) which is the center for agricultural research
in the northern region of Malawi. The site experiences a
humid subtropical climate characterized by hot and humid
summers, and cool to mild winters. The rainy season is
usually from November to April, and the dry season is
from May to October. The average temperatures ranged
from 18.2 °C to 29.1 °C and 18.1 °C to 28 °C in February
and March 2018, respectively. Rainfall for the months of
February and March 2018 averaged 10 mm and 7 mm per
day with a relative humidity of 70% (February 2018) and
66% (March 2018).

The soil is classified as Oxic Haplustalf. Soil analysis
carried out prior to planting indicated that the soils are
slightly acidic and low in phosphorus (Table 1). In bean
cultivation, soils with less than 15 mg/kg of phosphorus
are considered low in phosphorus (Henry et al. 2010).
Phosphorus was determined using Bray-1 method.

Experimental materials

Fourteen common bean genotypes with contrasting root
traits were used for this study. Eleven of the genotypes
were of Meso-American origin and three were of Andean
gene pool (Table 2). The genotypes were obtained from
Chitedze Agricultural Research Station and the ‘Improving
Bean Production in Drought-Prone, Low Fertility Soils of
Africa and Latin America-An integrated Approach’ project
coordinated by Pennsylvania State University.

Table 1 Soil characteristics

L . Soil depth (cm) pH OM (%) N (%) P(ug/g) CEC K (mg/Kg) Zn (mg/Kg) Mg (mg/Kg)
at. B(?lero trial site in Rumphi (me
district /100 g)
0-20 6.94 0.56 0.03 17.41 24 22 14 466
2040 6.15 0.28 0.01 0.18 7 23.2 154 517
0-20 5.08 0.40 0.02 19.10 20 36.8 20.2 372
2040 453 047 0.02 3.73 10 25 14 275
Mean 5.68 043 0.02 10.11 15.3 26.75 15.9 407.5

Critical levels <55 <15

<0.08 <15 - - - -

pH Power of Hydrogen; OM Organic Matter; N Nitrogen; P Phosphorous; CEC Cation Exchange Capacity;
K Potassium; Zn Zinc; Mg Magnesium

@ Springer



Journal of Crop Science and Biotechnology

Table 2 Characteristics of bean

Genotype
genotypes that were screened

Flower color

Source of collection

Source of origin

under low and optimum soil
phosphorous conditions at
Bolero trial site

BFS-81

Tepary-32

IR

SAB-560
BFS-142

BSF-95

SAB-659
Quimbaya
BFS-29

SEF-15
USRM-20
Kabalabala-UBR(92)25-LF
Kambidzi-A286
Kalima-PVA-692*

Purple Pennsylvania State University Meso-American
White Pennsylvania State University Andean

White Pennsylvania State University Andean

White Pennsylvania State University Meso-American
White Pennsylvania State University Meso-American
White Pennsylvania State University Meso-American
White Pennsylvania State University Andean

Purple Pennsylvania State University Meso-American
White Pennsylvania State University Meso-American
White Pennsylvania State University Meso-American
Yellow Pennsylvania State University Meso-American
Purple Department of Agric. Research Meso-American
White Department of Agric. Research Meso-American
Purple Pennsylvania State University Meso-American

4Check

Experimental design

The experiment was implemented from February to March
2018. The experiment was laid out in a split-plot design
with two replicates. The main plots comprised of two soil
phosphorus levels: (A) Normal Phosphorus (NP) and (B)
Low Phosphorus (LP). NP was achieved by applying NPK
fertilizer (23:21:0+4 s) at 200 kg/ha to supply 46 kg N,
42 kg P,05 and 8 kg S, while LP was achieved by applying
Urea (23:10:5: 4+ 6S 4+ 1.0Zn) at 200 kg/ha to supply 46 kg N,
20 kg P,0s, 10 kg K,O, 12 kg S and 2 kg Zn. Multifeed P
5:2:4 (43) foliar inorganic fertilizer was applied in all the
main plots twice at seven and 14 days after crop emergence
at the rate of 2 kg/25 L water/hectare to supply for any pos-
sible deficiencies in the other nutrients. The sub-plot entries
(genotypes) were randomly applied to the main plots. Geno-
type Kalima-PVA-692 was included as a check. Genotype
Kalima-PVA-692 was reported to superior performance
for seed yield under low soil-P in Malawi (Aggarwal et al.
1997).

Ten plants were grown per experimental unit per rep-
licate. The experimental unit comprised of ten pots. Fifty
kilogram polypropylene woven bag (60 cm in diameter and
102 cm in length) used as planting pots were filled with
soil to 50 cm high. Two seeds were planted per pot at 2 cm
depth and thinned to one plant per pot 7 days after emer-
gence. The polypropylene woven bag was ideal because
according to Halterlein (1983) half of common bean roots
are distributed within the top 30 cm and less than 10%
of the roots are distributed to a soil depth of more than
30 cm. The field soil (pretested for soil nutrients) was
used as the substrate for plant growth. The top-soil (20 cm
deep) was removed, and the sub-soil from the deeper soil
profile (> 20 cm deep) was used to fill the pots because

the soil had much lower soil-P content. The pots were
laid out in an open field. All agronomic practises such as
irrigation, hand weeding and pesticide spraying were done
when necessary.

Data collection and analysis

Root phenotypic data were collected at flowering stage.
Root development is expected to decrease at flowering
stage because photosynthates are allocated more towards
flower and grain development (Araujo et al. 2005). Data
were taken on five randomly selected plants per experi-
mental unit. The soil surrounding the root zone was care-
fully removed with as much minimal damage to the roots
as possible by use of running water from a hose pipe. The
excavated roots were then dipped into water containing
soap solution. A protractor on the phenotyping board was
used to measure the basal root growth angle from the hori-
zontal axis perpendicular to the direction of gravitational
force. Hypocotyl root length (cm), basal root length (cm)
and primary root length (cm) were measured by aligning
a piece of string along the root and then the string was
measured using the ruler. Tap root diameter (mm) was
measured using a digital calliper. Seed size (g) was meas-
ured from the remaining three plants. Basal roots number,
basal root whorl number and hypocotyl roots number were
also counted.

The following derived variables were calculated from
data on seed size using the adopted formulae: Low Fer-
tility Intensity Index (LFII) (Fischer and Maurer 1978),
Reduction Rate (RR) (Rosielle and Hamblin 1981), and
Low Fertility Susceptibility Index (LFSI) (Fischer and
Maurer 1978).
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Results and discussion

Variability for root and seed size traits of 14
common bean genotypes

The mean squares for seed size and all the root traits
except for basal root whorl number, basal root growth
angle and basal root length were significant (P <0.05)
under the soil-P levels (Table 3). The mean squares for the
genotypes were much higher than the genotype X soil-P
level interactions for all the variables except for basal root
whorl number, basal root number and basal root length.
The study revealed highly significant (P <0.01) differences
among the genotypes and the genotype X soil-P level inter-
actions for all the root traits and seed size. Considerable
high variation for root and seed size was observed among
the bean genotypes under varying soil-P conditions prob-
ably due to varying genetic effects. Similarly, Trindade and
Araujo (2014) reported genotypic variability of root traits
in response to varying soil-P levels.

Hypocotyl Root Number (HRN) ranged from 6 for
genotype BFS-29 to 22.5 for genotype Kabalabala-
UBR(92)25-LF under low soil-P conditions (Table 4).
Low soil-P increased HRN by 28.1%. Genotype BFS-81
had the shortest hypocotyl root (3.9 cm) while BFS-142
had the longest hypocotyl root (25.1 cm) after exposure
to low soil-P treatment. Hypocotyl Root Length (HRL)
for Kalima-PVA-692, the check genotype, was slightly
reduced due to low soil-P compared to BFS-142 of Meso-
American origin which had the longest hypocotyl roots.
Miller et al. (2003) and Ochoa et al. (2006) reported a
decrease in hypocotyl root length due to phosphorus defi-
ciency. Under low soil-P conditions, Quimbaya had the
highest number of basal roots (26) while genotype SAB-
659 had the lowest number of basal roots (7.5). Low soil-P

effect increased number of basal roots by 12%. The results
revealed that hypocotyl root length decreased while basal
root number and basal root length increased due to low
soil-P (Table 4). The findings are consistent with earlier
studies that reduction in hypocotyl root length is inversely
proportional to the increase in basal root number and
length (Walk et al. 2006). The study revealed highly sig-
nificant (P <0.01) differences among the genotypes and
the genotype X soil-P level interactions for hypocotyl
root number, hypocotyl root length and basal root number
(Table 3). Low soil-P increased Basal Root Whorl Num-
ber (BRWN) by 3.5%. Genotypes BFS-81, BFS-95 and
USRM-20 had two basal root whorls while Quimbaya had
four basal root whorls. The soil-P treatment had no signifi-
cant effect on BRWN, however, genotypic effect and the
genotype X soil-P interaction were significant at P <0.01
and P <0.05, respectively (Table 3). The high number of
basal root whorls probably contributed to increased basal
root number observed in this study, and consequently,
increased hypocotyl root number, basal root number and
basal root length contributed to high root surface area
which is beneficial for soil-P exploration and acquisition
under limited soil-P conditions.

Under low soil-P, genotype Quimbaya had the low-
est basal root growth angle (10°) while Kalima-PVA-692
(the check) had the highest basal root growth angle (55°).
Quimbaya had the shortest basal roots (16 cm) while SAB-
560 had the longest basal roots (46.6 cm). Exposure to low
soil-P increased the basal roots growth angle and basal root
length when compared to normal soil-P level. The treat-
ment effects were not significant suggesting that the effects
of soil-P levels on basal root growth angle and basal root
length were similar. However, the genotypic effect and
the genotype X soil-P treatment interactions were highly
significant at P <0.01 (Table 3). Genotypes with shallow
basal root growth angle after exposure to soil-P deficiency

Table 3 Mean squares for root traits and seed size of 14 genotypes evaluated under low and optimum soil phosphorus

Source of variation DF BRWN BRGA () BRN BRL (cm) PRL (cm) HRN HRL (cm) TRD (mm) SdWt (g)
Block/Replication 1 0.07 0.45 0.286 0.15 1.479 2.161 0.411 3.018 0.982
Soil-PLevel SL) 1 0.07ns 279.02ns 20.643%*  207.90ns 15.122*%  95.161*  211.383*  11.161% 4008.455%
Main Plot Error 10 54.02 0.071 11.07 0.03 0.446 0.231 0.018 1.083
Genotypes (G) 13 1.22%F  454.20%F  26286%%  118.68%%  30.072%%  32.853%%  77.373k*  (.826%* 140.773%*
SLx G 13 241%  22325%F  34.643%%  245.65%+  18.072%%  18315%%  52401%%  (.738%* 35.853%*
Sub Plot Error 26 31.08 0.948 34.90 0.982 1.150 0.432 0.172 0.373

DF degrees of freedom; BRWN basal root whorl number; BRGA basal root growth angle (°); BRN basal root number; BRL basal root length
(cm); PRL primary root length (cm); HRN hypocotyl root number; HRL hypocotyl root length (cm); TRD tap root diameter (mm); SAWt weight

of 100 Seeds (g)
"SNon-significant
*Significance at P <0.05
**Significance at P <0.01
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conditions can be selected from this study. A shallow basal
root growth angle under low soil-P condition is desirable
for soil-P exploration and acquisition in the top-soil profile
which is expected to contain more soil-P compared to the
lower soil profile.

The length of primary roots decreased under low soil-P.
The genotype IJR had the shortest primary root (6.7 cm),
while Tepary-32 had the longest primary root (20 cm). The
genotypic effect and the genotype X soil-P interactions
were highly significant at P <0.01 for primary root length
(Table 3). Low soil-P conditions increased the number and
length of basal roots and decreased primary root length, and
these characteristics contribute to tolerance of bean geno-
types grown under soil-P deficiency conditions. Therefore,
genotypes with such traits for tolerance to soil-P deficiency
can be selected and included in bean crop improvement pro-
grams. According to Burridge et al. (2016) deep primary
roots in legume crops are more useful for extracting soil
moisture from the deep soil profiles while the short primary
roots, increased number and length of basal roots are use-
ful attributes for extracting available soil-P in the top-soil
profile. The findings of this study are also consistent with
Lopez-Bucio et al. (2002) and Al-Ghazi et al. (2003) who
reported that an increase in basal roots reduced primary root
length in Arabidopsis thaliana after exposure to low soil-P
growth conditions.

Genotype BFS-142 had the smallest tap root diameter
(1 mm), while BFS-81 had the largest tap root diameter
(3.5 mm) under low soil-P conditions. Generally, soil-P defi-
ciency decreased tap root diameter (Table 4). The genotypic
effect and the genotype X soil-P treatment interactions were
highly significant at P <0.01 for tap root diameter (Table 3).
Tap root diameter provides an indication of the strength of
the tap root. A large tap root diameter may be useful against
lodging and also contribute to total root surface area which
is ideal for acquiring available soil-P. Zhu and Lynch (2004)
reported that tap root diameter decreased with low soil nutri-
ent content. Similarly, Lynch and Brown (2008) indicated
that specific root diameters are more likely to decrease in
response to soil nutrient deficiency.

The broad sense heritability with their corresponding
genetic advance values were highest for hypocotyl root
length, basal root number, basal root length and primary
root length under low soil-P conditions (Table 4). This is an
indication that these traits can reliably be used in the screen-
ing and selection of genotypes with genetic tolerance to low
soil-P conditions. According to Panes and Sukhatme (1995)
variables that exhibit high heritability and genetic advance
can be used in the selection process because such variables
are expected to be controlled by additive genes and are
less influenced by the environment. Contrary to this study,
Araujo et al. (2005) reported lower broad sense heritability
values for bean root traits under low soil-P conditions. High

@ Springer

coefficients of variation were observed for root traits in this
study suggesting that common bean adaptive strategy to low
soil-P include characteristics such as roots plasticity which
enables the roots to grow until they reach localized soil por-
tions with optimum available soil-P. Similar observations
have been reported in maize by Zhu and Lynch (2004). Root
morphological variables that were used in this study can be
effectively used in conventional breeding programs to iden-
tify genotypes that are tolerant to low soil-P. The findings are
consistent with Burridge et al. (2016) and Lynch and Brown
(2008) who reported that efficient top-soil profile foraging
and phosphorus acquisition is a combination of several root
traits with different adaptive functions.

Variability of seed size and indices for selecting
genotypes tolerant to low soil phosphorus

Seed size ranged from 20 to 49 g under normal soil-P
and from 11 to 29 g under low soil-P (Table 5). Seed size
decreased due to the effect of low soil-P conditions. Seed
size reduction rate and low fertility susceptibility index were

Table 5 Effect of optimum and low soil phosphorus on 100 seed
weight, reduction (%) in seed weight and low fertility susceptibility
index of 14 bean genotypes

Genotype 100 Seed Reduction LFSI

Weight (SdWt)  rate (%)

in grams/plant/

genotype

NP LP
BFS-81 24 11 54.2 1.2
Tepary-32 37 14 62.2 1.3
R 37 19 48.6 1.1
SAB-560 49 26 46.9 1.0
BFS-142 36 19 47.2 1.0
BSF-95 27 12 55.6 1.2
SAB-659 46 22 52.2 1.1
Quimbaya 34 18 47.1 1.0
BFS-29 27 23 14.8 0.3
SEF-15 35 21 40.0 0.9
USRM-20 33 29 12.1 0.3
Kabalabala-UBR(92)25-LF 20 18 54.2 1.2
Kambidzi-A286 32 26 62.2 1.3
Kalima-PVA-692* 48 23 52.1 1.1
Mean 23.6 20.1 14.7 -
SE+ 242 1.86 - -
GCV 2630  20.94 - -
PCV 2745  24.17 - -

SE standard error; LFSI low soil-P fertility susceptibility index; NP
normal phosphorus; LP low phosphorus; GCV genotypic coefficient
of variation; PCV phenotypic coefficient of variation

2Check genotype
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used as principal criteria in discriminating between suscep-
tible and tolerant genotypes under low soil-P. Five geno-
types, SAB-560 of Andean evolutionary origin, BFS-142,
BFS-29, SEF-15 and USRM-20 of Meso-American gene
pool, had lower values for seed size reduction rate and low
fertility susceptibility index compared to the check genotype
Kalima-PVA-692. These genotypes were considered less
susceptible to low soil-P. Genotypes BFS-29, USRM-20 and
SEF-15 all of Meso-American evolutionary origin were con-
sidered tolerant to low soil-P for the lowest values both in
seed size reduction rate and low fertility susceptibility index
(values < 1). However, while similar seed size was observed
for BFS-29 and the check genotype Kalima-PVA-692, SEF-
15 had smaller seed size. Genotype USRM-20 which had
the highest seed size, lowest value for seed size reduction
rate and lowest fertility susceptibility index was identified
as the most tolerant to low soil-P conditions. The tolerance
in the three genotypes could be attributed to longer basal
roots for USRM-20 and BFS-142; a larger tap root diam-
eter for BFS-142; and the highest number of basal roots and
whorls for BFS-29 compared to the check genotype Kalima-
PVA-692. Lynch and Brown (2008) explained that the most
tolerant bean genotypes under low soil-P conditions are able
to explore and acquire the soil nutrients at very minimal
metabolic costs and allocate more photosynthates towards
grain development.

Relative contribution of root variables to observed
variability

Principal Component Analysis (PCA) is one of the tools
that is used to understand the extent of genetic variation and

relationships of the genotypes. PCA enhances the selection
of ideal genotypes and identification of traits that best depict
the genotypic variation. The first Principal Component (PC-
1) and second Principal Component (PC-2) accounted for
99% of total variability observed in this study (Fig. 1). Vari-
ability was based on eight root variables and the genotypes
were spread across the four quadrants of the principal com-
ponents. Kambidzi-A286 was solely categorized in Quad-
rant-1, and BFS-142, BFS-95 and Kalima-PVA-692 (the
check) in Quadrant-2 (all of Meso-American gene pool),
BFS-142 had long hypocotyl roots while Kalima-PVA-692
had the highest number of hypocotyl roots and the deepest
basal root growth angle. Genotypes SEF-15, USRM-20 and
BFS-29 considered as tolerant to low soil-P were catego-
rized in Quadrant-3 together with SAB-560 that had high
seed weight size and long basal roots. Generally, the geno-
types in Quadrant-3 had the least number of hypocotyl roots,
longest basal root length, shortest basal root length, least
number of basal root whorls and largest tap root diameter.
Quimbaya was in between Quadrant-3 and Quadrant-4 and
was characterized with the highest number of basal roots
and root whorls. Quadrant-4 comprised of genotypes with
the lowest number of basal roots and the highest number of
hypocotyl roots. Quadrants 3 and 4 comprised of genotypes
of both Meso-American and Andean origins.

Variables with high factor loadings were identified by
examining the latent vectors (Eigen vectors) for the first
two principal components (Table 6). Score on the PC-1 was
highly and positively correlated to hypocotyl root length.
The PC-2 was highly and positively correlated with hypoco-
tyl root length and basal root length. PC-2 was also highly
and negatively correlated with basal root whorl number,

Fig. 1 Distribution across the
principal component axes of
14 common bean genotypes
screened under low soil-P
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Table 6 First two principal components for root traits under low soil
moisture conditions

Variable Principal Component (PC)

factor loadings

PC-1 PC-2
HRN 1.05 3.55
HRL 6.95 5.47
BRWN 1.05 - 5.76
BRN 2.35 -3.75
BRGA -2.12 -5.02
BRL - 1.55 5.38
PRL -1.19 1.44
TRD 1.10 -5.99
Eigen value 1082.99 57.63
Variance 31.43 20.32
Proportion of variance (%) 94.30 5.02
Cumulative (%) 94.30 99.31

HRN hypocotyl root number; HRL hypocotyl root length; BRWN
basal root whorl number; BRN basal root number; BRGA basal root
growth angle; BRL basal root length; PRL primary root length; TRD
tap root diameter; LFSI low fertility susceptibility index

basal root growth angle and tap root diameter. The findings
suggest that hypocotyl root length, basal root length, basal
root whorl number, basal root growth angle and tap root
diameter can effectively and efficiently be used to phenotype
bean roots at flowering stage under low soil-P conditions.

Relatedness of common bean genotypes based
on selected root traits

The average linkage grouping method produced three
major clusters at the mid-point (9.0) distant between clus-
ter centroids (Fig. 2). Cluster analysis based on hypocotyl
root length, basal root length, basal root whorl number,
basal root growth angle and tap root diameter rearranged
the association of genotypes as compared to the distribu-
tion of the genotypes on the principal component axes.
Cluster-A comprised of genotypes that were characterized
with the longest hypocotyl and basal roots. Genotypes that
were identified as tolerant to low soil-P, BFS-29, SEF-
15 and USRM-20 including the check genotype Kalima-
PVA-692 were all in Cluster-B suggesting close genetic
relatedness of these genotypes. Cluster-B comprised of
genotypes that were characterized with the shortest basal
roots, shallow basal root growth angle, longest hypocotyl
roots and high number of basal root whorls. The shallow
basal root growth angle, high number and long hypoco-
tyl root characteristics of some genotypes in Cluster-B
contribute to large root area enhancing soil-P exploration
and acquisition from the top-soil substrate (Burridge et al.
2016; Lynch and Brown 2008; Miller et al. 2003). The
principal components and cluster analyses revealed the
existence of genotypic variation among the fourteen bean
genotypes.

Fig. 2 Hierarchical clustering
of 14 bean genotypes under low
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Conclusion

Genotypic variability existed for root traits and seed size
among the common bean genotypes evaluated under low
soil-P conditions. Genotypes BFS-29, USRM-20 and SEF-
15 were identified as tolerant to limited soil-P. The three
genotypes exhibited lowest seed size reduction rate and low
fertility susceptibility index. USRM-20 was considered the
most tolerant based on its high seed size, lowest seed size
reduction rate and low fertility susceptibility index. Geno-
types BFS-29, USRM-20 and SEF-15 could be utilized in
bean crop improvement programs for low soil-P tolerance.

Acknowledgements The Deutscher Akademischer Austauschdienst
(DAAD) In-Region Scholarship Programme-West Africa Centre for
Crop Improvement (WACCI) and the Econet are greatly appreciated
for funding this study. The Secretary for Agriculture, Irrigation and
Water Development in Malawi, is also acknowledged for granting a
study leave to the first author.

Author contributions NK conceptualization, methodology, investi-
gation, data analysis, writing original draft, review and editing; BI
funding acquisition, supervision, review and editing; JSYE supervision
and review; MM conceptualization, supervision, review and editing;
PT methodology, funding acquisition, review and editing; KO funding
acquisition, supervision, review and editing.

Funding The Deutscher Akademischer Austauschdienst (DAAD)
In-Region Scholarship Programmed-West Africa Centre for Crop
Improvement (WACCI) and the Eco net are greatly appreciated for
funding this study.

Availability of data and material Not applicable.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare that there is no conflict of in-
terest.

Ethical approval Not applicable.
Consent to participate Not applicable.

Consent publication Authors would like to publish in Springer Nature;
Journal of Crop Science and Biotechnology.

References

Aggarwal VD, Mughogho SK, Chirwa RM, Snapp S (1997) Field-
based screeningmethodology to improve tolerance of com-
mon bean to low-p soils. Commun Soil Plant Anal 28(17 &
18):1623-1632

Al-Ghazi Y, Muller B, Pinloche S, Tranbarger TJ, Nacry P, Rossignol
MF, Doumas P (2003) Temporal responses of Arabidopsis root
architecture to phosphate starvation: evidence for the involvement

of auxin signaling. Plant Cell Environ 26(7):1053-1066. https://
doi.org/10.1046/j.1365-3040.2003.01030.x

Araujo AP, Ferreira Al, Grande TM (2005) Inheritance of root traits
and phosphorous uptake in common bean (Phaseolus vulgaris L.)
under limited soil phosphorous supply. Euphytica. https://doi.org/
10.1007/s10681-005-8772-1

Beebe SE, Rao IM, Blair MW, Acosta-Gallegos JA (2013) Phenotyp-
ing common beans for adaptation to drought. Front Physiol 4:35

Burridge J, Celestina NJ, Alexander B, Jonathan PL (2016) Legume
shovelomics: high-throughput phenotyping of common bean
(Phaseolus vulgaris L) and cowpea (Vigna unguiculata subsp,
unguiculata) root architecture in the field. Field Crops Res
192(2016):21-32

Chilimba ADC, Nkosi D (2014) Malawi fertilizer recommendations
for maize production based on soil fertility status. Department of
Agricultural Research Services, Malawi

Fischer RA, Maurer R (1978) Drought resistance in spring wheat culti-
vars. In: Grain yield response. Aust J Agric Res 29(1978):897-907

Halterlein AJ (1983) Bean. In: Teare ID, Peet MM (eds) Crop-Water
Relations. Wiley Pub, New York, pp 157-185

Henry CS, DeJongh M, Best AA, Frybaarger PM, Linsay B, Stevens
RL (2010) High-throughput generation, optimization and analysis
of genome-scale metabolic models. Nat Biotechnol 28(9):977-
982. https://doi.org/10.1038/nbt.1672

Lopez-Bucio J, Hernandez-Abreu E, Sanchez-Calderon L, Nieto-
Jacobo MF, Simpson J, Herrera-Estrella L (2002) Phosphate avail-
ability alters architecture and causes changes in hormone sensitiv-
ity in the Arabidopsis root system. Plant Physiol 129:244-256

Lynch JP, Beebe SE (1995) Adaptation of beans (Phaseolus vulgaris
L.) to low phosphorus availability. Hortic Sci 30:1165-1171

Lynch JP, Brown KM (2008) Root strategies for phosphorus acquisi-
tion. In: White P, Hammond J (eds) The Ecophysiology of Plant-
Phosphorus Interaction. Springer, Dordrecht, pp 83-116

Miller CR, Ochoa I, Nielsen KL, Beck D, Lynch JP (2003) Genetic
variation for adventitious rooting in response to low phospho-
rus availability: potential utility for phosphorus acquisition from
stratified soils. Funct Plant Biol 30:973-985

Mitran T, Meena RS, Lal R, Layek J, Kumar S, Meena BL, Datta
R (2018) Role of Soil Phosphorus on Legume Production. In:
Meena RS, Das A, Yadav GS, Lal R (eds) Legumes for Soil
Health and Sustainable Management. Springer Nature, Singapore,
pp 488-510

Mourice SK, Tryphone GM (2012) Evaluation of common bean (Pha-
seolus vulgaris L.) genotypes for adaptation to low phosphorus.
Int Sch Res Netw. https://doi.org/10.5402/2012/309614

Namayanja A, Semoka J, Buruchara R, Nchimbi S, Waswa M (2014)
Genotypic variation for tolerance to low soil phosphorous in com-
mon bean under controlled screen house conditions. Agric Sci
5:270-285. https://doi.org/10.4236/as.2014.54030

Nesme J, Cécillon S, Delmont TO, Monier JM, Vogel TM, Simonet P
(2014) Large-scale metagenomics based study of antibiotic resist-
ance in the environment. Curr Biol 10:1096-1100

Ochoa I, Blair M, Lynch J (2006) QTL analysis of adventitious root for-
mation in common bean (Phaseolus vulgaris L.) under contrasting
phosphorus availability. Crop Sci 46:1609-1621

Panes VG, Sukhatme PV (1995) Statistical methods for agricultural
workers, 3rd edn. New Delhi, ICAR, p 58

Rosielle AA, Hamblin J (1981) Theoretical aspects of selec-
tion for yield in stress and non-stress environment. Crop Sci
21(1981):943-945

Singh A, Baoule A, Ahmed H, Dikko A, Aliyu U, Sokoto M, Alhas-
san J, Musa M, Haliru B (2011) Influence of phosphorus on the
performance of cowpea (Vigna unguiculata (L) Walp.) varieties
in the Sudan savanna of Nigeria. Agric Sci 2(3):313-317

Trindade RS, Araujo AP (2014) Variability of root traits in com-
mon bean genotypes at different levels of phosphorus supply

@ Springer


https://doi.org/10.1046/j.1365-3040.2003.01030.x
https://doi.org/10.1046/j.1365-3040.2003.01030.x
https://doi.org/10.1007/s10681-005-8772-1
https://doi.org/10.1007/s10681-005-8772-1
https://doi.org/10.1038/nbt.1672
https://doi.org/10.5402/2012/309614
https://doi.org/10.4236/as.2014.54030

Journal of Crop Science and Biotechnology

and ontogenetic stages. Revista Brasileira De Ciencia Do Solo
38:1170-1180

Walk TC, Jaramillo R, Lynch JP (2006) Architectural trade-offs
between adventitious and basal roots for phosphorus acqui-
sition. Plant Soil 279:347-366. https://doi.org/10.1007/
s11104-005-0389-6

Wortman SC, Kirkby AR, Eledu AC, Allen JD (eds) (2004) Atlas of
common bean (Phaseolus vulgaris L.) production in Africa. Inter-
national Centre for Tropical Agriculture, Cali

@ Springer

Zhu J, Lynch JL (2004) The contribution of lateral rooting to phospho-
rus acquisition efficiency in maize (Zea mays L.) seedlings. Funct
Plant Biol 31:949-958. https://doi.org/10.1071/FP04046

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s11104-005-0389-6
https://doi.org/10.1007/s11104-005-0389-6
https://doi.org/10.1071/FP04046

	Variability of root traits, seed size and tolerance to low soil phosphorus in common bean (Phaseolus vulgaris L.)
	Abstract
	Introduction
	Materials and methods
	Experimental site
	Experimental materials
	Experimental design
	Data collection and analysis

	Results and discussion
	Variability for root and seed size traits of 14 common bean genotypes
	Variability of seed size and indices for selecting genotypes tolerant to low soil phosphorus
	Relative contribution of root variables to observed variability
	Relatedness of common bean genotypes based on selected root traits

	Conclusion
	Acknowledgements 
	References




