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Abstract

Production of common bean (Phaseolus vulgaris) is often limited by the low availability of soil
phosphorus (P). Identification of common bean genotypes adapted to low phosphorus (P) availa-
bility may be a feasible strategy to overcome the poor plant growth and production in P-deficient
soils. Genetic variation for P response of thirteen common bean genotypes was studied under
screen house controlled conditions using triple super phosphate as P source. The common bean
genotypes varied in leaf area, shoot mass, root mass, total root length, basal and lateral roots pro-
duction, shoot P concentration and P uptake under phosphorous deficiency and high phosphorous.
All the measured variables were significantly correlated with each other, which in turn were corre-
lated to P uptake. Generally the large-seeded genotypes RWR 1946 and RWR 2075 appeared to
have the best growth, hence superior P efficiency under low P availability, while at the same time
they were more responsive to added P. These results complement the earlier field based observed
tolerance to low soil phosphorous of the selected genotypes under the BILFA strategy.
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1. Introduction

Low soil phosphorous is a widespread constraint to common bean production on tropical and sub-tropical soils
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in Latin America and Africa [1], mostly in soils that have been over cultivated with pH below 5.5 or above 8.0
[2]. In Eastern and Southern Africa, it is the most frequently deficient soil nutrient with the supply low in 65%
and 80% of the bean production areas [3]. For example, in Uganda, this problem is mainly characteristic of the
Southwestern Highlands, central and eastern tall grass zones, and north short grass zones where associated an-
nual mean losses of 200 kg/ha have been reported [3]. Moderate levels resulting into annual mean losses of 100
kg/ha have also been reported in the Western Highlands, Mt Elgon, North Central, and North West parts of the
country [3]. And yet all the above mentioned areas form part of the major bean growing and consumption areas
of the country. In Tanzania, the problem is reported in the Northern Highlands with very high levels resulting in
annual mean losses of 200 kg/ha; in the Usambara, Uluguru, West Kigoma, South Lake, the Southern Highlands
and Morogoro, moderate levels of mean annual losses of 100 kg/ha have also been reported [3].

Symptoms of phosphorous deficiency in common bean plants can be seen on the leaves where by the young
leaves become very small with a dark green colour, while the older leaves senescence prematurely [2]. In most
soil conditions, phosphorous is the least mobile and least available nutrient to plants [4] [5]. Some soils such as
sandy soils possess low total phosphorous content and are also not able to retain the phosphorous added by ferti-
lizer application according to the WRB soil classification system [6]. However, most soils that have little phos-
phorous available for the plant may contain considerable amounts of phosphorous but a large proportion is
bound to different soil constituents, forming complexes of limited availability [6] [7]. On the other hand, some
soils with high total phosphorous content fix most of it and will also equally fix a large proportion of the added
phosphorous. In both cases, the concentration of phosphate in soil solution is suboptimal for crop production.

Furthermore, the use of fertilizers to correct soil phosphorous deficiency may not be a practical option for the
small scale farmers in developing countries because inorganic fertilizers are expensive. In addition to this, re-
covery of phosphorous nutrient applied as fertilizer by crop plants is also reported to be usually low, because
most of the nutrient becomes unavailable due to adsorption, precipitation or conversion to organic forms [8].
Worse still, part of the applied P in intensive cropping systems can enter the waterways through runoff and ero-
sion, contributing to pollution of surrounding lakes and marine environments [9]. Probably an alternative ap-
proach to all the above problems is to enhance the plant’s efficiency to acquire soil phosphorous [10]-[12].
Hence the need to identify and use genotypes tolerant to phosphorous deficiency which would also reduce pro-
duction costs and dependence of farmers on soil amendments.

Tolerance to low phosphorous requires maintenance of plant growth and yields in soils with limited available
phosphorous and is reported to occur by two distinct routes namely acquisition efficiency and utilization effi-
ciency [13]. Acquisition efficiency is the plant’s ability to extract phosphorous from the soil and is expected to
be related to root system traits that increase root surface area or facilitate phosphorous acquisition [14]. Utiliza-
tion efficiency is a function of plant growth, remobilization and physiological traits that translate phosphorous
acquired by the roots into yield. Therefore phosphorus efficiency is defined as the ability of plants to produce
higher biomass or yield, and/or take up more phosphorous under inadequate phosphorous conditions [15].

Genetic variability for tolerance to low phosphorous soils has been identified in common bean [16] [17].
Breeding of improved common bean lines with greater phosphorous acquisition and better tolerance to low
phosphorous soils is a feasible strategy as shown by a range of inheritance studies. Several research efforts have
focused on screening of available germplasm such as landraces and several improved genotypes using green
house, growth chamber, nutrient solutions and or field screening methods [17]-[19]. Outside Africa, some of the
identified sources include the following: 1) G19833, a Peruvian landrace with large yellow and red mottled seed
and an indeterminate (Type I11) growth habit [18] [20], 2) G19839, another Peruvian landrace (Andean gene
pool) of indeterminate prostrate growth habit (Type I11) with a high phosphorus acquisition efficiency [21], and
3) G4017, a Brazilian cultivar “Carioca” (Mesoamerican gene pool) with intermediate prostrate habit (type I11),
responsive to phosphorus fertilization, and characterized as having intermediate phosphorus efficiency [21].
While some of the known phosphorus-inefficient breeding lines include 1) DOR 364, of Mesoamerican origin
and has an indeterminate bush habit (Type 1), erect stems and small seeds, 2) AND 696, a CIAT improved line
from the race Nueva Granada, with a determinate growth habit (Type 1) and large red and white mottled seed
[22].

In Africa, genotypes tolerant to low soil phosphorous have also been selected [23]-[25]. Genotypes tolerant to
low soil phosphorous and other soil fertility stresses such as low Nitrogen and Aluminum toxicity have been put
together in nurseries. Nurseries for these genotypes are referred to as BILFA (Bean Improvement for Low soil
Fertility soils in Africa). Currently there are seven BILFA nurseries [26]. For example, in BILFA 1 and 11, the
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low phosphorous lines reported include Carioca, BAT 25, RAO 55, XAN 76 and MMS 224, ACC 433 and Iki-
nimba [26]. Tolerance was reported among mostly the small seeded types. In BILFA 111, the genotypes ARA 4,
A 286, AFR 675, AFR 708, AFR 714, AND 871, CIM 9314-3, CIM 9314-36, CIM 9331-1, CIM 9331-3, DB
196, FEB 192, FEB 196, G 5889, LSA 32, PAN 150, RAB 482, RWR 1873, RWR 1946, RWR 2075, VEF 88(40)
L1PYT6 were also reported with tolerance to low P [26]. Some of these low soil phosphorous tolerant genotypes
have also been reported to be resistant to Pythium root rot disease under both field and controlled screen house
conditions and consequently they have been released as commercial varieties in some African counties such as
Uganda and Kenya [27] [28].

Unfortunately, the current results on low soil fertility tolerances (such as low phosphorous, low nitrogen, and
aluminium toxicity) in most of the BILFA genotypes such as RWR 1946 and RWR 2075 have been mainly
based on field screening, with possibility of many other confounding factors. Therefore the objective of this re-
search was to reconfirm the earlier observed field tolerant reaction to low soil phosphorous for selected geno-
types from the BILFA nursery, particularly those which are also resistant to Pythium root rot disease under con-
trolled screen house conditions.

2. Materials and Methods

2.1. Genetic Materials and Soil Preparation

The experiment was carried out in the screen house at Sokoine University of Agriculture, Morogoro, Tanzania
following a completely randomized block design, arranged as split plot with the phosphorous levels as the main
plots and the genotypes as sub plots. Three replications were used. Thirteen common bean genotypes as de-
scribed in Table 1 were grown in four fertilizer levels/treatments namely: 1) absolute control, 2) control for

Table 1. Characteristics of the common bean genotypes used in the experiment.

Known
Where i
Genotype Other Market Origin NGO TES commerciall Gene Growth e
> name class E of seed v pool Habit s_tress
grown resistance/
Tolerance
1. MLB 49-80A KK 15 Black DRC Root rot Kenya, DRC M Indeterminate  Pythium root rot
2. RWR 221 NA Pink Rwanda BILFA NA M Determinate Low P
3.LSA 144 NA Red kidney BILFA NA M Determinate Low P
Kenya,
4. RWR 719 KK 22 Small red Rwanda Root rot Rwanda, M Determinate ~ Pythium root rot
Ethiopia
5.RWR 2075 NABE 14 Large red Rwanda BILFA Uganda A Determinate ~ Pythium root rot
6. AFR 708 NA Red mottled CIAT BILFA NA A Determinate Low P,

7. AND 1055 NA Red CIAT/IBN Root rot NA A Determinate  Pythium root rot
8. AB 136 NA Small red Anthracnose NA M Indeterminate  Anthracnose
9.RWR 1946  NABE 13 Large red Rwanda BILFA Uganda A Determinate ~ Pythium root rot
10. AND 1062 NA Kidneyred  CIAT/IBN Root rot NA A Determinate  Pythium root rot

11. RWR 10 NA Red kidney Rwanda BILFA NA A Determinate Low P
12. RWR 1059 NA Red mottled Rwanda Root rot NA M Determinate  Pythiumroot rot
13. G 19839 NA Large yellow Peru CIAT-Colombia Peru A Indeterminate Low P

& Red mottled

DRC = Democratic Republic of Congo; M = Mesoamerican; A = Andean; IBN = International Breeding Nursery at CIAT-Colombia.
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phosphorous, 3) low phosphorous and 4) high phosphorous.

The substrate was a 6-mm sieved soil originally with the following physical and chemical properties: pH of
4.94 (in H,0), 50.33% clay, 11 .00% silt, 38.67% sand, clay textural class, 3.5 mg of extractable P/kg of soil
(p-Bray-1), 0.21% N, 1.37 mg Cu/kg of soil, 0.86 mg Zn/kg of soil, 48.14 mg Mn/kg of soil, 22.19 mg Fe/kg of
soil, 1.073% bulk weight of organic carbon, cation exchange capacity of 10 cmol/kg of soil, 1.167 cmol Ca®kg
of soil, 1.107 cmol Mg*/kg of soil, 0.513 cmol K*/kg of soil, 0.25 cmol Na*/kg of soil, 0.33 mg H*/kg of soil
and 0.583 mg Al**/kg of soil.

Before potting, soil for each treatment was handled separately and mixed thoroughly well with the respective
phosphorous and base fertilizers. For the absolute control, no any fertilizer was added, for the control treatment
for P only the base fertilizers i.e. 100 mg K/kg of soil (as potassium choloride), 10 mg Zn/kg of soil (as Zinc
sulphate) and 1 mg B/kg of soil (as boric acid) were added with no any phosphorous, the low phosphorous
treatment consisted of 10 mg P/kg of soil as triple super phosphate and the same rate of the above base fertilizers
and the high phosphorous treatment consisted of 160 mg P/kg of soil as tripple super phosphate also with the
same rate of the mentioned base fertilizers. For each treatment, 4 kg of soil was potted into 4 litre plastic buckets
which were later placed in the open air above on a metallic screen house bench. Watering was done to field ca-
pacity. Sowing was done when the soil had reached field capacity. One bucket for each treatment was kept un-
planted to measure soil evaporation losses from the buckets. 5 seeds of each genotype were sown and 7 days af-
ter emergence, thinning was done leaving only three plants per bucket. Watering was done as adequately as
possible. For each of the buckets for the control, low phosphorous and high phosphorous treatments, nitrogen
fertilizers i.e. 200 mg N/kg of soil (as ammonium sulphate) and 200 mg N/kg of soil as Urea were applied via
dilute solution 12 and 25 days after emergence respectively.

2.2. Plant Measurements

At 45 days after planting, the most fully expanded top trifoliate leaf (including petioles) from one plant per
bucket was detached, and leaf length and leaf width measured. For each leaf among the trifoliate, leaf length was
measured from lamina tip to the point of intersection of the lamina and the petiole, along the mid rib of the la-
mina. Leaf width was measured from end to end between the widest lobes of the lamina perpendicular to the
mid rib. These linear measurements were then used to estimate the average leaf area per genotype following the
model below as described by Bhatt and Chanda [29];

LA(cm?®)=0.11+0.88(L+W),

where LA = Leaf area; L= Length of the leaf midrib; W = Maximium leaf width.

At mid pod filling stage, which ranged from 48 to 54 days after planting, shoots (including petioles, leaves,
stems) were harvested per bucket and oven dried for 4 days at 70°C. Shoot dry weights were recorded. Roots in-
cluding nodules were separated from soil by washing with water, left to dry in the open air and then put in the
oven at 70°C for 4 days. Root dry weights were recorded. Note that after pod setting, root growth is less intense.
Using one representative root sample per bucket, total root length was determined from the base of the hypo-
cotyl along the length of the longest basal root with the lateral roots that emerge from them. It is important to
note that basal roots arise from the base of the hypocotyl and in conjunction with the lateral roots that emerge
from them, basal roots usually comprise the majority of total root length [30]. Basal and lateral root production
in response to phosphorus availability was visually scored based on a scale of 1 - 9, where 1 is excellent and 9 is
very poor according to the common bean Shovelomics. Shoot P concentration was determined following the ca-
lorimetric determination method as described by Murphy and Riley [31]. P uptake was also calculated as the
product of the shoot biomass and shoot P concentration.

2.3. Data Analysis

Analysis of variance and correlation among variables was performed using GENSTAT v.14. software (VNS In-
ternational Hempstead, UK). Where means were different significantly, fisher’s protected LSD was used. Leaf
area, shoot mass and root mass data for two of the genotypes namely G 19839 and AND 1055 was excluded
from the analysis and is therefore not presented.

(=)
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3. Results
3.1. Phosphorous Response

Treatment (P level) effects were highly significant (P = 0.05) on all the variables measured (Table 2). In con-
trast, effect of genotype was also highly significant (P = 0.05) on all the other variables, except root mass, shoot
P concentration and P uptake. Only leaf area, total root length, and basal and lateral roots production were in-
fluenced by both genotype and P level. In addition, the F values for all the measured variables at either the ge-
notype or treatment level were higher than the F values for genotype x interaction level.

The mean values for the leaf size, shoot mass, root mass, total root length, basal and lateral roots production
scores, shoot P concentration and P uptake for the 13 common bean genotypes evaluated in four different phos-
phorous levels were highly significant (Table 3). Leaf area increased with increase in phosphorous levels, rang-
ing from 7.63 cm?/leaf to 17.08 cm?/leaf. Shoot mass also increased with increase in phosphorous level, being
very significantly different with the high phosphorous treatment at 10.175 gm/plant. However it did not differ
significantly for the control and the absolute control treatments. The root mass also increased significantly with
increase in phosphorous levels, with mean values ranging from 0.3258 gm/plant to 1.4545 gm/plant. However
there was no significant difference for the low phosphorous and absolute control treatments. On the other hand,
for the total root length highly significant mean values of 22.29 cm and 21.59 cm were observed for the absolute
control and high phosphorous treatments respectively. Basal and lateral roots production also varied significant-

Table 2. Analysis of variance for the different variables evaluated for the common bean genotypes.

Variables Source Df SS MS F value P value
1. Leaf area (cm%leaf) Treatment 3 1699.589 566.530 231.77 <0.001
Genotype 10 233.461 23.346 9.55 <0.001
Gen. x Trt. 30 219.941 7.331 3.00 <0.001
2. Shoot mass (gm/plant) Treatment 3 1636.342 545.447 385.62 <0.001
Genotype 10 71.947 7.195 5.09 <0.001
Gen. x Trt. 30 63.903 2.130 151 0.073
3. Root mass (gm/plant) Treatment 3 25.07399 8.35800 100.73 <0.001
Genotype 10 1.87899 0.18790 2.26 0.021
Gen. x Trt. 30 4.22899 0.14097 1.70 0.030
4. Total root length (cm) Treatment 3 597.8134 199.2711 246.37 <0.001
Genotype 12 65.2484 5.4374 6.72 <0.001
Gen. x Trt. 36 111.6746 3.1021 3.84 <0.001
5. Basal and lateral roots production score ~ Treatment 3 520.949 173.650 97.80 <0.001
Genotype 12 72.103 6.009 3.38 <0.0001
Gen. x Trt. 36 143.718 3.992 2.25 <0.001
6. Shoot P concentration (%) Treatment 3 0.279815 0.093272 33.19 <0.001
Genotype 11 0.063452 0.005768 2.05 0.031
Gen. x Trt. 33 0.099623 0.003019 1.07 0.383
7. P uptake (mg P/plant) Treatment 3 10616.69 3538.90 231.77 <0.001
Genotype 11 386.02 35.09 2.30 0.015
Gen. x Trt. 33 534.57 16.20 1.06 0.400

Trt. = Treatment (phosphorous levels); Gen. x Trt. = Genotype X treatment interaction. Levels of P <0.001 were highly significant.
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ly with excellent average scores of 1.378 recorded at the high phosphorous treatment and poor average score of
6.974 recorded at the control for phosphorous treatment. Shoot P concentration ranged from 0.1157% to
0.2323%. P uptake was also highly variable ranging from 1.647 to 22.638 mg P/Plant, but was not significantly
different for the absolute control and control for P treatments. In general, high phosphorous level resulted into
better performance of all the variables that were measured. While for all the variables, the absolute control was
always higher than the control treatment.

High P level markedly increased the leaf size (leaf area per leaf), shoot mass, total root length, basal and lat-
eral roots production, shoot P concentration and P uptake (Table 4). While extreme phosphorus deficiency
strongly reduced the leaf area and shoot mass more than the root mass. The control for phosphorous treatment
had the strongest reduction effect on all the measured plant traits more than the absolute control and the low
phosphorous treatments.

3.2. Genotypic Variability

Genotypic variation for each variable under each of the four treatment levels is presentable in Figures 1-4 and
Table 5 separately. Leaf area: For this variable, both the genotype and treatment as sources of variation were
highly significant (<0.001). Under extreme phosphorous deficiency (i.e. the absolute control and control for
phosphorous treatment), the leaf area was reduced ranging from 8.60 to 11.43 cm?/leaf, where genotype RWR
1946 had the biggest leaf area. When phosphorous was applied at a rate of 10 mg P/kg of soil (low phosphorous),
genotype RWR 1946 and RWR 2075 had the highest leaf area of 16.33 and 15. 58 cm?/leaf respectively (Figure
1). At high phosphorous level of 160 mg P/kg of soil, genotype RWR 1946 had the highest response to phos-

Table 3. Mean values for the leaf size, shoot mass, root mass, total root length, basal and lateral roots production scores,
shoot P concentration and P uptake for the 13 common bean genotypes evaluated under four different phosphorous levels.

Basal and Shoot P
Phosphorous Leaf area Shoot mass Root mas Total root lateral roots . P uptake
level (P) (cmleafy  (gm/plant)  (gm/plant)  length (cm) production score °°”°e([,‘/f)r)a“°” (mg P/Plant)
onascalel-9
1. Absolute control 9.35° 1.863° 0.5269" 22.29° 4.154° 0.1440° 2.648°
2. Control for P 7.63¢ 1.408° 0.3258° 15.54° 6.974° 0.1157° 1.647°
3.LowP 12.37° 3.409° 0.5269" 18.21° 4.538° 0.1444 4579°
4. High P 17.08° 10.175° 1.4545° 21.59° 1.378° 0.2323° 22.6389°
Mean 11.61 421 0.715 19.41 4.299 0.1583 7.88
CV% 135 28.2 40.3 26.6 30.6 35.1 335
LSD (5%) 0.765 0.582 0.1409 2.930 1.470 0.02480 1.828

Means followed by the same letter within the same column are not significantly different (P = 0.05) by Fisher’s protected least significant difference
test. Absolute control = no any fertilizer was added; Control treatment = only the base fertilizers i.e. 100 mg K/kg of soil (as potassium choloride), 10
mg Zn/kg of soil (as Zinc sulphate) and 1 mg B/kg of soil (as boric acid) and nitrogen fertilizers i.e. 200 mg N/kg of soil (as ammonium sulphate) and
200 mg N/kg of soil (as Urea) were added with no any phosphorous; low phosphorous treatment = consisted of 10 mg P/kg of soil as triple super
phosphate and the same rate of the above base and nitrogen fertilizers and; the high phosphorous treatment = consisted of 160 mg P/kg of soil as triple
super phosphate also with the same rate of the above base and nitrogen fertilizers.

Table 4. Effect of phosphorous levels on leaf area, shoot mass, root mass, total root length and basal and lateral roots pro-
duction, shoot P concentration and P uptake.

Basal and lateral Shoot P

Phosphorous Leaf area Shoot mass Root mass Total root A P uptake
level (P) (cm?/leaf) (gm/plant)  (gm/plant)  length (cm) sc:;?gt;r? goi:f;'irf 9 concir(z/f);ation (mg P/Plant)
1. Absolute control —2.26 —2.35 —0.188 2.88 0.22 —0.0144 -5.23
2. Control for P -3.98 —2.81 -0.389 —-3.87 —2.60 -0.0426 -6.23
3. Low P 0.77 —-0.80 —-0.162 -1.20 -0.17 —0.0169 -3.30
4. HighP 5.57 5.96 0.739 2.18 2.55 0.0739 14.76

(=)
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Table 5. Genetic variability for basal and lateral roots production score in response to phosphorous availability on a scale of

1-9
Phosphorous level

Genotype Absolute control Control for P Low P High P Mean
1. MLB 49-89A 6 9 5 1 5.1667%
2. RWR 221 4 7 5 1 4.500%%
3.LSA 144 5 9 4 1 4.708%%
4. RWR 719 4 9 4 1 4.292be
5. RWR 2075 3 7 3 1 3.500%
6. AFR 708 4 6 5 1 4.042%°
7. AND 1055 4 8 7 2 5.167¢%
8. AB 136 4 8 3 1 4.208*™
9. AND 1062 5 6 4 2 3.958%°
10. RWR 10 6 5 5 1 4.318%°
11. RWR 1059 6 7 6 2 5.333°
12. G 19839 4 5 4 1 3.500%
13. RWR 1946 3 6 4 1 3.208%

Mean 4 7 5 1 4.299

CV% =23.7; LSD (5%) = 1.926; 1 - 9 scale, where 1 is excellent and 9 is very poor according to the common bean Shovelomics.

30

DOMLB 49-89A
BRWR 221

25 | O LSA 144
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DAFR 708
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BAND 1062
BRWR 10
ORWR 1059
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Leaf area (cm?leaf)

One Two Three Four
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Figure 1. Phosphorous level and genotype interaction effects on leaf area; Treatments one = absolute control; Two =
control for phosphorous; Three = low phosphorous; Four = high phosphorous.
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Figure 2. Phosphorous level and genotype interaction effects on shoot mass: Treatment 1 = absolute control; 2 =
control for phosphorous; 3 = low phosphorous; 4 = high phosphorous.
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Figure 3. Phosphorous level and genotype interaction effects on root mass: Treatment 1 = absolute control; 2 = con-
trol for phosphorous; 3 = low phosphorous; 4 = high phosphorous.
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Figure 4. Phosphorous level and genotype interaction effects on total root length: Treatment 1 = absolute control; 2
= control for phosphorous; 3 = low phosphorous; 4 = high phosphorous.

phorous, followed by genotypes RWR 2075 and AFR 708.

Shoot mass: The genotypes did not have significantly different shoot mass under extreme phosphorous defi-
ciency. Highest shoot mass of 2.54 gm/plant and 2.26 gm/plant was observed among genotypes RWR 221 and
MLB 49-89A respectively under the absolute control treatment (Figure 2). While under the control for phos-
phorous treatment, genotypes RWR 1946 and RWR 2075 had the highest mass of 2.49 and 2.27 gm/plant re-
spectively. At a rate of 10 mg P/kg of soil, genotype RWR 1946, had the highest shoot mass of 6.34 gm/plant.
While at high phosphorous level of 160 mg P/kg of soil, all the genotypes significantly responded with the
highest shoot mass of 13.58, 11.33 and 11.21 gm/plant being recorded with genotypes RWR 1946, RWR 2075
and RWR 10 respectively.

Root mass: Mean genotypic variation for root mass was lowest in the control for phosphorous treatment
(Figure 3). Under the absolute control and low phosphorous treatments, the genotypes had moderately high root
mass. A high response in the root mass was observed with an increase in phosphorous application for all the ge-
notypes. However, the highest root mass of 2.093 and 2.075 gm/plant was recorded on genotype RWR 10 and
RWR 2075 respectively.

Total root length: Genotypic variation for total root length was highest in the absolute control (Figure 4),
where genotypes RWR 2075, RWR 221, and RWR 1946 had the highest values of 34.50, 28.00 and 25.00 cm
respectively. When phosphorous was applied at a rate of 10 mg P/kg of soil, genotypes RWR 221, RWR 1946,
AB 136 and G 19839 had the highest total root lengths. An increase in phosphorous did not lead to an increase
in root length for some genotypes such as RWR 719 and AB 136. In other genotypes such as RWR 1946, RWR
2075, MLB 49-89A, and AND 1062, increase in phosphorous to 160 mg P/kg of soil the total root length in-
creased. Genotype RWR 1946 produced nearly the same total root lengths of 25.00, 22.33 and 22.00 cm under
phosphorous deficiency and 28.33 cm under high phosphorous. Phosphorous deficiency reduced the root length
in some genotypes, while in other genotypes such as G 19839, RWR 1946, AB 136, root length was increased.

Basal and lateral roots production score in response to phosphorous availability: Generally genotypic
variation for production of basal and lateral roots was more evident under phosphorous deficiency than high
phosphorous. It was poorest under the control for phosphorous treatment (Table 5). Under the absolute control,
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genotypes produced slightly more and longer basal and lateral roots where genotypes such as RWR 1946 and
RWR 2075 had vigorous and good root production scores. Under the low phosphorous treatment, some geno-
types such as RWR 2075 and AB 136 had more vigorous and increased production of roots than the others.
However, much as production of these roots was greatest at high phosphorous level, there was no significant
difference among the response of the genotypes because at this level all genotypes extremely responded in a
similar way.

Shoot P concentration: There was significant difference in shoot P concentration for the treatment levels.
Under the absolute control, genotypes AFR 708, AB 136 and RWR 1946 had the highest shoot P concentration
of 0.1976%, 0.1999% and 0.1855% respectively (Figure 5). While LSAA 144 and RWR 221 had the lowest. For
the control treatment, genotypes RWR 2075, RWR 719, AFR 708 and RWR 1946 had the highest values, the
lowest being observed with genotype AND 1055. Under low phosphorous treatment, genotypes RWR 2075,
LSAA 144 and RWR 1946 had the highest shoot P concentration. When phosphorous level was highly increased,
genotype AFR 708, LSAA 144, RWR 221 and AND 1055 had the highest values.

P uptake: Generally the studied genotypes had the poorest P uptake under the control for phosphorous treat-
ment followed by the absolute control (Figure 6). Genotypes AND 1055 and RWR 1946 had the highest P up-
take under the absolute control. While under the control for phosphorous treatment, genotypes RWR 2075 and
RWR 1946 had the highest, with the lowest P uptake being observed among genotype AND 1055. Under the
low phosphorous treatment, genotypes RWR 1946, RWR 221, RWR 10, AND 1062 and RWR 2075 had the
highest P uptake. At the high phosphorous treatment, P uptake was highest in genotypes AFR 708, RWR 1946,
RWR 2075 and AB 136.

Simple correlations for measured variables: Correlations between the measured variables were highly sig-
nificant as shown in Table 6. However, no correlation existed between treatment (phosphorous levels) and ge-
notypes. Genotypes had weak correlation coefficients with any of the variables under study. Unlike genotypes, a
strong positive correlation existed between treatments and all the variables, except total root length. Leaf area
was positively correlated with all variables, and had the highest correlation coefficient with shoot mass and the
lowest was with total root length. Shoot mass was positively correlated with all variables, with the highest cor-
relation coefficient being with P uptake and the lowest was with total root length. Root mass was positively cor-
related with all variables. Total root length had weak correlations with shoot P concentration and P-uptake, but
negatively correlated with treatment. Lateral and basal roots production had a strong positive correlation with
the root mass. Shoot P concentration was highly and positively correlated with P uptake and shoot mass. On the
other hand, P-uptake was positively and strongly correlated with treatment, leaf area, shoot mass, root mass,
shoot P concentration and lateral roots production. However, it was weakly correlated with genotype and total
root length.

Table 6. Pearson simple correlations (r-values) between variables measured on 13 common bean genotypes under phos-
phorous deficiency and high phosphorous.

Total root Lateral and basal Shoot

Genotype  Treatment Leafarea Shootmass Root mass length r00tS SCOreS concentration P uptake
Genotype 1
Treatment 0 1
Leaf area 0.088 0.737" 1
Shoot mass 0.100 0.795™ 0.886™ 1
Root mass 0.097 0.623" 0.728" 0.824™ 1
Total root length ~ —0.125 -0.004 0.288™ 0.279™ 0.342" 1
'-a:f)ro""t'sas’;i rk;a:a' 0.044 0518"  0659”  0655" 0719  0.420" 1
co nScTe%(t):aTion 0.079 0.623™ 0.506™ 0.728™ 0.385"  0.138 0.646™ 1
P uptake 0.04 0.749™ 0.836" 0.932" 0.735"  0.250” 0.688"™ 0.735™ 1

™ Correlation is significant at the 0.01 level (2-tailed).
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4. Discussion

The genotypes used in this study varied in leaf area, shoot mass, root mass, total root length, basal and lateral
roots production, shoot P concentration and P uptake under varying phosphorous availability levels. These ob-
servations confirm that there is genetic variability for response to soil phosphorous availability in common bean
[13] [16] [32] [33]. Phosphorus deficiency strongly reduced the leaf area of bean plants implying that genotypes
such as RWR 1946 and RWR 2075 observed with the highest leaf area were able to maintain their leaf growth
under low phosphorous availability. Leaf area production is important for energy transference and processes for
dry matter accumulation in the crop canopy. According to Trindade et al. [34], low phosphorus supply markedly
limits leaf growth in common bean and genotypes able to maintain adequate leaf area at low P could adapt better
to limited-P conditions. The observation that low P reduced leaf area is consistent with several earlier findings;
for example [35], and [36] reported that leaf area development was reduced by phosphorus deficiency in com-
mon bean. [37] also showed that phosphorus deficiency reduced leaf expansion in cotton. Decreases in leaf area
were also observed in soybean plants deprived of P [38]. It is hypothesized that the restricted rate of expansion
of individual leaves could result from reduced leaf epidermal cell area [38], fewer cells per leaf primordia or li-
mited cell elongation [39]. On the other hand, the significant increase in leaf area observed among all genotypes
at 160 mg P/kg of soil, most especially for genotypes RWR 1946 and RWR 2075 confirms that leaf area of bean
plants responds to increased P supply mainly by improving the leaf appearance and by enhancing leaf expansion
[35].

The decrease in leaf area due to phosphorous deficiency was also accompanied by decrease in shoot biomass.
This is because when leaf expansion is reduced, there is less carbon assimilation which results into low shoot
biomass. Therefore the genotypes observed with higher mean values for the shoot biomass at low phosphorous
availability were more efficient. P efficiency is defined as the ability of plants to produce relatively more yield
(either biomass or grain) with suboptimal P availability or take up more P under in adequate P conditions [15]
[20]. The root biomass also increased with increase in phosphorous level. In our results, phosphorus deficiency
strongly reduced the shoot mass more than the root mass. This is in agreement with other studies that showed
that root growth is less affected by phosphorus stress than shoot growth [35] [36] [40]. This is also in accor-
dance with the Brouwer hypothesis, which states that if there is a suboptimal nutrient supply, the growth of the
shoots will be checked sooner than that of roots because the latter are closer to the source of the deficient nu-
trient [41].

Increased production (length and number) of lateral roots and total root length in some genotypes, confirmed
that low phosphorous availability modifies root architecture traits such as number and length of lateral roots,
primary root length, root branching, enhancement of root hair and cluster root formation, adventitious rooting,
top soil foraging in common bean and in other cultivated crops [21] [42]-[47]. From our results, lateral and basal
roots production was also positively correlated to P-uptake confirming the fact that, lateral roots play an impor-
tant role in plant adaptation to low phosphorous availability by increasing soil exploration [48] [49], the absorp-
tive surface of the root system [50] and P solubilization [11], which results into increased P uptake. Several oth-
er studies have also reported that plant roots typically respond to P deficiency through allocation of more carbon
to roots resulting in increased root growth, enhanced lateral root formation, greater exploration of the surface
soil, increased length and number of root hairs [43] [51] [52] that increase P availability. Well as some geno-
types showed increased and vigorous production of lateral and basal roots under low phosphorous availability,
others showed the opposite. This is because the response of lateral roots to P deficiency shows genotypic and
species variations. For example, in arabidopsis low P availability also promotes the development of a highly
branched root system characterized by the stimulated formation and emergence of lateral roots and root hairs
[53]-[55]. This is because under low P concentrations, the mitotic activity is relocated to the sites of lateral root
formation, which leads to increased lateral root density [56] and that each lateral root can produce more lateral
roots and a complex root system is constructed by the reiteration of a single developmental process. Conse-
quently because of increased lateral elongation, the total root length increased such that in this study we also
observed that phosphorous deficiency increased the total root length in some genotypes such as G 19839, RWR
1946, AB 136 and RWR 221 and reduced it in others. Genotype RWR 1946 produced nearly the same total root
length under phosphorous deficiency and high phosphorous, implying it was phosphorous efficient. Phospho-
rus-efficient genotypes G2333 and G19839 were also reported to have greater and statistically significant root
length under both medium and low phosphorus than the phosphorus-inefficient genotypes [21]. According to
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Lynch and Van Beem, [57], a P efficient genotype had a vigorous, highly branched root system with numerous
basal roots while a P inefficient genotype had a smaller, less branched root system. Yan et al., [20] reported that
P efficient genotypes had more root length than inefficient genotypes.

High and significant correlations between leaf area and shoot mass, leaf area and root mass, leaf area and P
uptake, shoot mass and root mass, shoot mass and P-uptake, and root mass and P uptake indicates that direction
selection for either improved leaf area or shoot mass under limited phosphorous supply would result into in-
creased root mass and P uptake, also confirming that leaf and shoot growth was determined by the amount of
phosphorous absorbed [8]. Several morphological characters including root and shoot dry weights have been
identified as important to low P tolerance in common bean [23]. From our results, the negative effect of phos-
phorous deficiency on P uptake confirms that uptake of P also depends on its availability in the soil. The ob-
served variation in P uptake among the genotypes under the four treatments shows the diversity in efficiency
with which bean plants are able to absorb phosphorus from the soils of varying phosphorous availability. There-
fore, P uptake would be a good indicator of P acquisition efficiency which is the plant’s ability to extract P from
the soil.

A positive and high response of all bean genotypes to increased phosphorous levels confirmed that phos-
phorous is an important macronutrient for common bean growth and production. On the other hand, the absolute
control treatment where no any fertilizer was added at all resulted into better performance of the measured va-
riables than the control for phosphorous treatment where at least base fertilizers i.e. 100 mg K/kg of soil (as po-
tassium choloride), 10 mg Zn/kg of soil (as Zinc sulphate) and 1 mg B/kg of soil (as boric acid) and nitrogen
fertilisers i.e. 200 mg N/kg of soil (as ammonium sulphate) and 200 mg N/kg of soil (as Urea) were added but
with no any phosphorous. This was not expected and it is hypothesized that adding of nitrogen and the base fer-
tilizers alone without phosphorous in the control treatment may have triggered processes that might have made
the little available soil phosphorous to become the more unavailable. Application of Urea and ammonium sul-
phate increases acidity of the soil. Furthermore, the relatively poor performance of variables in the control
treatment despite having received nitrogen and base fertilisers but with no phosphorous unlike in the absolute
control with none at all, strongly shows that nitrogen cannot be utilized in the absence of phosphorous.

5. Conclusion

It can be concluded that out of the studied common bean genotypes, some genotypes were more tolerant to low
phosphorous availability and greatly responded to added P than others. Generally the large-seeded genotypes
RWR 1946 and RWR 2075 appeared to have superior P efficiency under low P availability, while at the same
time they are more responsive to added P. The root rot resistant genotypes namely RWR 719, MLB 49-89A,
AND 1062, AND 1055 and genotypes AFR 708 and RWR 221 were of moderate tolerance. While genotypes
LSA 144 and RWR 1059 were the least efficient. This controlled screen house study therefore complements the
earlier observed field findings for tolerance to low soil phosphorous under the BILFA strategy that had hig-
hlighted genotypes such as RWR 2075 (red), AFR 708 (Calima) and many others as tolerant to low soil phos-
phorous [24] [25]. In addition, the higher F values observed for all the measured variables at either the genotype
or treatment level than the F values for genotype x interaction level suggest that phosphorous tolerance in the
studied genotypes is likely to be stable. We therefore hypothesize that existing genetic variation for P efficiency
in the studied common bean genotypes is likely to be due to variation in P acquisition efficiency rather than P
use efficiency.
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