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Abstract

This study was conducted to investigate the effect of Rhizobium inoculation and the supply of Mo and lime on the uptake of
macroelements in P. vulgaris. To achieve this aim, experiments were conducted at the glasshouse of the Cape Peninsula University
of Technology, Cape Town (i.e. from August 2008 to January 2009) and field experiment at the Agricultural Research Council
(ARC) Nietvoorbij site in Stellenbosch, South Africa (i.e. during the summer seasons from October 2008 to March 2009). A
randomised complete block design was used in a 3-factorial arrangement with 2 levels of Rhizobium inoculation (with and without
rhizobia), 3 levels of Mo (0, 6 and 12 g kg™ seeds) and 3 levels of lime (0, 2 and 3 t ha™®) with 4 replications per treatment. The result
showed that Rhizobium inoculation significantly (P < 0.05) increased the uptake of P, K, Ca and Mg in the plant parts attributed to
increased soil pH. Similarly, Mo significantly (P < 0.05) increased the uptake of P, K, Ca and Mg in all organs of P. vulgaris but
decreased the S content in roots. Application of lime significantly increased the uptake of the macroelements in shoots and whole
plant only in the glasshouse probably due to differences in soil volumes between the glasshouse and the field conditions. There was
significant interaction between Rhizobium x Mo on P, K and S in roots, shoots and pods of P. vulgaris in glasshouse and field
experiments; Rhizobium x lime on the amount of S in shoots and whole plant of P. vulgaris grown in the field experiments; Mo x
lime on the uptake of P in roots and Ca in pods in glasshouse as well as P in roots in field studies. Regardless of the type of
interaction, combining Rhizobium and Mo at 12 g g seeds and/or lime at 3 t ha™ maximised the uptake of P and K in roots and Ca in
pods compared with zero control. These results suggest that Rhizobium inoculation and the supply of Mo and lime can be of great
benefit to farmers growing grain legumes such as P. vulgaris in acidic soils ranging from pH 6.1 to 6.2. Furthermore, these inputs
have shown to improve the uptake of P, K, Ca and Mg, which are greatly required by the plant for growth, nodulation and N,
fixation.
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Abbreviations: ANOVA-Analysis of variance; ATPases-Adenosine triphosphatases; Ca-Calcium; Chl-Chlorophyll; DAP-Days after
planting; IAA-Indole 3-acetic acid; K-Potassium; Mg-Magnesium; Mo-Molybdenum; N,-Nitrogen; P-Phosphorus; pH-Soil reaction;
P vulgaris-Phaseolus vulgaris; RNA-Ribonucleic acid; RuBP-Ribulose-1, 5-bisphosphate; S-Sulphur.

Introduction

Bioavailability and uptake of primary and secondary polymerase and protein kinases and plays a central role atom
macroelements such as phosphorus (P), potassium (K), of the Chl molecule (Shaul, 2002; Epstein and Bloom, 2004).
calcium (Ca), magnesium (Mg) and sulphur (S) is very Potassium is essential for many physiological processes, such
important for plant growth and development in Africa where as photosynthesis, translocation of photosynthate into sink
different cropping systems involving legumes such as organs, activation of enzymes, and reducing excess uptake of
common beans (Phaseolus vulgaris L. variety Provider — ions in stressed abiotic environment (Mengel and Kirkby,
purchased from Rwanda ) is practiced. Their uptake by plants 2001). Sulphur is a constituent of several plant biochemicals
depends largely on the amount, concentration and activities which regulate plant growth and also plays an important role
in the rhizosphere soil as well as the capacity of the soil to in N, fixation (Beinert, 2000; Marquet, 2001; Noctor et al.,
replenish them in the soil solution. Specifically, P is essential 2002; Kadioglu, 2004). Sulphur is equally essential in the
for plant growth and function including symbiotic N,-fixation synthesis of chlorophyll and in the electron movement in the
processes (Sa and Israel, 1991). Calcium is involved in cell photosynthesis process (Sanda et al., 2001; Kadioglu, 2004).
wall structure, membrane structure and function, optimal root Along with Mg, S plays a role in the formation of oils within
hair colonization, signal-response coupling, early infection the seeds. Acid soils such as those found in Africa are often
events, induction of high number of nodules and synthesis of characterized by low bioavailability of some plant nutrients
flavonoids (Rudd and Franklin-Tong, 2001; Sanders et al., including P, K, Ca, Mg and S due to low soil pH or related
2002). Magnesium is involved in numerous physiological phytotoxicity problems ascribed to H* and AI** ions
and biochemical processes in plants such as ATPases, (Marschner, 1991). Globally, about 40% of cultivated soils
ribulose-1,5-bisphosphate (RuBP)  carboxylase, RNA have acidity problem leading to significant decreases in crop
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production (Sumna and Noble, 2003). For example, Hanson
(1992) reported that of the 3 billion hectares of arable land in
tropical Africa, 16.9% has high soil acidity, and 6.8% has
high P fixation. In order for the legume plants such as P.
vulgaris to establish and grow successfully on such acid
soils, strategic management such as molybdenum (Mo) and
liming supply is required in order to effectively overcome or
minimize soil acidity and related phytotoxicity and/or
nutrient deficiencies prevailing on these soils. Common
beans are considered to be the most important grain legume
for direct human consumption; and comprise 50% of the
grain legumes consumed worldwide (Broughton et al., 2003;
Graham et al., 2003). In Africa, Phaseolus vulgaris is a staple
crop serving as a direct primary source of protein in the diet.
However, low capacity to nodulate and N, fixation as well as
environmental factors such as low macroelements content in
the soil due to acid soil conditions are important constraints
for the common bean production in most areas of Africa
where the crop is grown (Broughton et al., 2003; Graham et
al., 2003). Although several studies have been conducted on
the effect of Rhizobium, Mo and lime on a number of factors
on P. vulgaris (Bambara and Ndakidemi, 20103, b), limited
studies are available on the effect of these factors on mineral
elements uptake in P. vulgaris. This study investigated the
effect of Rhizobium inoculation and the supply of Mo and
lime on the uptake of macroelements (P, K, Ca, Mg and S) in
P. vulgaris.

Results

Effects of Rhizobium inoculation on the amount of
macroelements in the plant organs of P. vulgaris.

There were significant differences on the uptake of P, K, Ca,
Mg and S in the roots, shoots, pods and whole plant of P.
vulgaris inoculated with Rhizobium in the glasshouse and
field experiments (Table 1). For example, inoculation of P.
vulgaris with Rhizobium significantly (P < 0.05) increased
the amounts of Ca, Mg and S in roots. Although the amount
of P and K increased in the root as a result of Rhizobium
inoculation, these values were only significant in the
glasshouse experiment but not in the field experiment. The
result also showed that the uptake of P, K, Ca, Mg and S in
shoots, pods and whole plant were significantly greater in
inoculated compared with the uninoculated treatment in
glasshouse and field experiments (Tables 1, 2, 3 and 4).

Effects of molybdenum on the uptake of macroelements in
the plant organs of P vulgaris

Supplying Mo at 6 and 12 g kg™ of seeds in glasshouse and
field experiments significantly increased the uptake of P, K,
Ca and Mg in roots, shoots, pods and whole plant P. vulgaris
compared with the control (Tables 1, 2, 3 and 4). However,
although the supply of Mo at 6 and 12 g.kg™ of seeds
significantly decreased the amount of S in roots; in shoots,
pods and whole plant, the amount of S was not significantly
changed in both glasshouse and field experiment (Tables 1, 2,
3and 4).

Effects of lime supply on amounts of macroelements in the
plant organs of P vulgaris

The effect of lime supply on the macroelements uptake in the
roots, shoots, pods and whole plant of P. vulgaris is shown in
Tables 1, 2, 3 and 4. Relative to control, supplying lime at 2
and 3 t hat, the amounts of P, K, Ca and Mg in shoots and
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whole plant were significantly greater in glasshouse but not
in field experiment (Tables 3 and 4). However, similar supply
of lime in glasshouse and field experiments significantly
decreased the uptake of S in roots, shoots and whole plant
(Tables 1, 2 and 4) but not in roots (i.e. glasshouse
experiment) and in pods where the amount of S was not
significantly changed (Table 3).

Differences on the uptake of macroelements between field
and glasshouse experiments

There was a difference on the uptake of microelements
between field and glasshouse experiments. Whether
inoculated with Rhizobium, supplied with Mo or lime, the
uptake of macroelements was greater in the field compared
experiment with the glasshouse experiment (Tables 1, 2, 3
and 4)

Interactions

There was significant interaction between Rhizobium x Mo
on P, K and S in roots, shoots and pods of P. vulgaris in
glasshouse and field experiments (Figs. 1 and 2). Without
Rhizobium inoculation, supplying Mo significantly increased
the uptake of P and K in roots, S in shoots and pods in the
glasshouse and field experiments (Figs. 1A, B, C and D; 2A,
B and C). However, combining Rhizobium inoculation with
Mo, the uptake of P and K were significantly increased in
roots (Figs. 1A and B) but not S in shoots and pods which
significantly showed a declining trend (Figs. 1C, D and 2C)
compared with un-inoculated treatment. With the exception
of S, significantly greater uptake of these macroelements was
observed when Mo was applied at 12 g kg™ of seeds.

The data also showed significant interactive effect of
Rhizobium x lime on the amount of S in shoots and whole
plant of P. vulgaris grown in the field experiments (Fig. 3A
and B). Although supply of lime without Rhizobium did not
indicate any significant change, combining Rhizobium
inoculation with lime, significantly decreased the uptake of S
in shoots and whole plant.

Significant interactive effects of Mo x lime was also
observed on the uptake of P in roots and Ca in pods in
glasshouse (Figs 4A, B) as well as P in roots in field studies
(Fig. 4C). Results showed that combining Mo with lime
significantly increased the amount of P in the roots and Ca in
pods relative to zero control. From these interactions,
combining Mo at 12 g kg™ of seeds and lime at 3 t ha'
maximised the uptake of P in roots and Ca in pods compared
with the zero control.

Discussion

Fertility and productivity of soils in different parts of the
world is rapidly declining due to various forms of
degradation including soil acidity (Gruhn et al., 2000;
Cakmak, 2002). These degradations have caused growth-
limiting problems associated with  mineral-elements
deficiencies and toxicities in about 40 - 60% of the arable
soils (Cakmak, 2002; Okalebo et al., 2009) and relative crop
yields reduction associated with such abiotic stress vary
between 54% and 82% (Bray et al., 2000). Rhizobium, a soil
microorganism which is capable of establishing symbiotic
relationship with legumes such as the P. vulgaris, can fix



Table 1. Effect of with and without Rhizobium, Mo and lime supply on the macroelements uptake in roots of P. vulgaris L. as measured in the glasshouse and field.

Treatments Glasshouse experiment Field experiment

P K Ca Mg S P K Ca Mg S

mg plant™ mg plant™

Rhizobium
R- 0.740.1b 8.2+0.9b 5.6%0.7b 2.0£0.2b 2.0+0.1b 10.5+1.5a 128.1+17.0a 86.1+13.0b 30.6+3.2b 29.0+2.1b
R+ 0.840.1a 9.7+0.5a 7.9+0.5a 2.7+0.3a 2.4+0.1a 11.8+0.9a 149.2+8.2a 122.3+7.2a 42.1+4.5a 38.6x2.7a
Molybdenum (g kg™)
0 0.5+0.1b 6.4+0.7b 4.7+0.5¢ 1.6+0.2b 2.4+0.2a 8.3+1.2b 106.2+14.4b 78.3+10.8b 26.7+3.6b 39.4+3.5a
6 0.7+0.1b 9.2+0.8b 6.7£0.5b 2.3+0.2a 2.4%0.1a 10.4+1.1b 140.8+15.7a 99.9+9.4b 34.4+3.0b 34.9+2.6a
12 . 1.0+0.1a 11.2+0.8a 8.8+0.9a 3.2+0.4a 1.9+0.1a 14.6+1.8a 169.0+16.9a 134.3+16.6a 47.9+6.4a 27.0+2.6b
Lime (t ha™)
0 0.5+0.0b 5.9+0.6b 4.5+0.4c 1.6+0.2b 2.6%0.2a 6.4%0.7c 85.7+10.6¢ 65.2+8.3c 21.9+2.5¢c 37.8+3.1a
2 0.7+0.0b 8.5+0.6a 6.6+0.4b 2.4%0.2a 2.3+0.1a 10.3+0.9b 135.1+12.0b 104.5+9.1b 37.5+3.1b 36.5+3.3a
3 1.1+0.1a 12.5+0.8a 9.2+0.9a 3.2+0.4a 1.7+0.1a 16.6+1.8a 195.2+17.5a 142.8+16.3a 49.6+6.4a 27.1+2.5b
3 - Way ANOVA (F-Statistic)
Main effects
R 3.8* 7.5%* 19.5*** 9.8** 11.2** 1.4ns 2.6ns 9.7** 6.7* 10.1**
Mo 37.3%** 28.1%** 21.3*** 15.6*** 7.4%* 11.2%** 7.6** 7.9%** 7.8*** 5.7**
L 60.2%** 52.0%** 26.9%** 16.7%** 15.2%** 29.0%** 23.0%** 14.9%** 13.1%** 5.0%*
Interactions
R*Mo 10.4*** 7.5%* 1.5ns 1.1ns 1.8ns 8.1%** 6.2** 2.6ns 0.7ns 1.8ns
R*L 0.7ns 2.1ns 0.2ns 0.7ns 1.9ns 1.6ns 2.6ns 1.1ns 0.2ns 2.3ns
Mo*L 7.0%** 1.9ns 1.8ns 1.7ns 0.4ns 3.3* 1.3ns 1.0ns 1.4ns 0.9ns

-R: Without Rhizobium; +R; With Rhizobium, R; Rhizobium, Mo; Molybdenum, L; Lime. Values presented are means + SE, n = 4. *; **; *** = sjgnificant at P<0.05, P<0.01, P<0.001 respectively, ns = not significant, SE = standard error. Means
followed by dissimilar letters in a column are significantly different from each other at P=0.05 according to Fischer least significance difference.

Table 2. Effect of with and without Rhizobium, Mo and lime supply on the macroelements uptake in shoots of P. vulgaris L. as measured in the glasshouse and field.

Treatments Glasshouse experiment Field experiment

P K Ca Mg S P K Ca Mg S

mg plant™ mg plant™

Rhizobium
R- 2.7+0.3b 33.3+3.1b 34.5+3.5b 8.8+0.7b 4.9+0.5b 58.616.6b 720.3487.6b 722.1+79.8b 190.4+21.9b 98.1+5.9b
R+ 4.240.2a 51.3+2.3a 64.9+4.2a 13.6+0.6a 9.3+0.5a 131.9+14.0a 1538.9+138.6a 1821.6+141.1a 413.0£38.8a 269.7+23.7a
Molybdenum (g kg™)
0 2.6+0.3b 33.5+3.2b 36.6+0.4b 8.6+0.8¢c 6.9+0.8a 64.8+9.4b 821.2+107.7b 893.24129.4b 212.0+27.4b 168.3+25.9a
6 3.3£0.3b 39.6+4.0b 46.745.8b 10.7+1.1b 7.1+0.9a 99.1+15.9ab 1166.7+171.9ab 1287.7+182.9a 313.6+44.9ab 201.5+31.0a
12 ) 4.6+0.3a 53.8+2.9a 65.845.4a 14.2+0.6a 7.3+0.6a 121.8+17.7a 1400.9+186.2a 1634.7+193.1a 379.6+52.5a 181.9+25.8a
Lime (t ha™)
0 2.940.3b 36.2+3.4b 39.5+4.5b 9.5+0.9b 8.3+0.9a 84.5+14.4a 1027.1+154.3a 1100.3+169.1a 277.2+45.0a 228.7+33.9a
2 3.610.3b 42.9+3.5ab 51.445.3a 11.7+1.0a 7.4+0.6a 91.9+13.9a 1077.6+139.4a 1265.6+165.1a 294.6+38.8a 183.5+25.7ab
3 4.0+0.4a 47.7+4.1a 58.3+6.6a 12.4+1.0a 5.6+0.5b 109.3+17.6a 1284.2+195.9a 1449.7+202.4a 333.4+50.4a 139.4+18.4b
3 - Way ANOVA (F-Statistic)
Main effects
R 28.7*** 33.4%** 43.0%** 38.9*%** 46.3*** 21.4%** 23.4%** 50.9*** 23.6%** 54.6%**
Mo 17.3*** 14.9%** 13.7%** 17.7%%* 0.2ns 4.4* 4.0* 7.7%* 4.5* 0.7ns
L 5.9** 4.6* 5.6** 5.0* 6.1*%* 0.9ns 0.9ns 1.7ns 0.5ns 4.9*
Interactions
R*Mo 1.0ns 3.5ns 0.6ns 2.3ns 3.9* 0.4ns 0.1ns 0.4ns 0.2ns 0.3ns
R*L 0.3ns 0.3ns 0.7ns 0.6ns 1.9ns 0.1ns 0.3ns 0.1ns 0.2ns 5.2%*
Mo*L 0.9ns 0.8ns 0.6ns 0.3ns 0.2ns 0.2ns 0.2ns 0.4ns 0.1ns 0.2ns

-R: Without Rhizobium; +R; With Rhizobium, R; Rhizobium, Mo; Molybdenum, L; Lime. Values presented are means + SE, n = 4. *; **; *** = sjgnificant at P<0.05, P<0.01, P<0.001 respectively, ns = not significant, SE = standard error. Means
followed by dissimilar letters in a column are significantly different from each other at P=0.05 according to Fischer least significance difference.
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atmospheric N, and change it into ammonium, a form that
can be used naturally by the associated plants in different
cropping systems in Africa. It is estimated that rhizobial
symbiosis accounts for at least half of the annual amount of
N, fixation in soil ecosystems (Peoples and Craswell, 1992).
The productivity of acid soils is limited by two major factors,
that is, phytotoxic substances such as Al of which the
excessive levels may affect soil pH and induce P, Ca, Mg and
Mo deficiencies (Beukes, 1995; Fageria and Baligar, 2003).
Rhizobium inoculation and the supply of Mo and liming is
one way of ameliorating such soils while increasing their
fertility and productivity. In the present study, Rhizobium
inoculation in P. vulgaris significantly increased the uptake
of P, K, Ca, Mg and S in roots, shoots, pods and whole plant
during glasshouse and field experimentation (Tables 1, 2, 3
and 4). However, greater increases over the control were
observed in the uptake of Ca, S and/or Mg compared with
those of P, K and/or Mg. For example, over the control, the
amount of Ca and S on a whole plant basis increased by 77%
and 134% in the glasshouse and field experiments
respectively compared with the uptake of P, K and Mg (Table
4). Generally, macroelements uptake observed in the field
was greater than in the glasshouse probably due to greater
volume of soil that was available for plant roots to explore
for more plant nutrients. Whether in the glasshouse or field
experiment, the greater uptake of these macroelements could
be ascribed to the synthesis of phytohormones, siderophores,
indole 3-acetic acid (IAA) and cytokinins by the Rhizobia
which directly stimulated the plant growth, thus, increasing
macroelements for uptake by plant as suggested in different
studies (Noel et al., 1996; Perveen et al., 2002; Khan and
Zaidi, 2007; Ahmad et al., 2008; Wani et al., 2008a). Greater
uptake of these macronutrients could also result from the
improved rhizosphere pH as reported by Bambara and
Ndakidemi (2010b). Rhizobium inoculation has also been
reported to modify the rhizoplane by releasing dead cells
which may contain macroelements or biomolecules that can
solubilise unavailable to available nutrients as previously
observed by Halder and Chakrabartty (1993); Abd-Alla
(1994) and Chabot et al. (1996). Greater plant nutrient
requirement during the N, fixation by legumes such as P.
vulgaris has similarly necessitated greater uptake of such
macroelements from the rhizosphere to the plant. In their
field experiment, Mausumi and Raychaudhuri (2008)
reported that the significant increase of P and Ca uptake in
pods of groundnuts cv. JL-24 was partly attributed to
Rhizobium inoculation. A similar result on the amount of K
was also reported by Singh (1973) in pigeonpea (Cajanus
cajan L. Millsp) during harvest. In acidic soils such as those
used in the current study (Ndakidemi, 2005; Makoi, 2009;
Bambara and Ndakidemi, 2010b), decreased Mo availability
is attributed to weathering and excessive leaching over
seasons. However, Mo in the form of MoFe protein is a key
component of the most common nitrogenase enzyme and has
been shown to limit N, fixation in cropping systems
involving grain legumes (Gupta, 1992; Bellenger et al., 2008)
such as P. vulgaris. In acid soils, Mo bioavailability is
reduced by the interaction of molybdate (MoO,*) with Fe
oxides and OM (Pasricha et al., 1997). Supplying Mo will not
only correct the Mo deficiency manifested in such soils, but
also will improve plant growth by enhancing nodulation and
N, fixation in P. vulgaris. Relative to zero control, applying
Mo at 6 and 12 g kg™ of seeds increased the uptake of P, K,
Ca and Mg in glasshouse and field experiments (Tables 1, 2,
3 and 4) and decreased S in root organ in the field experiment
(Table 1). However, greater amount of P, K, Ca and Mg was
observed when Mo was supplied at 12 g kg™* of seeds (Tables
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1, 2, 3 and 4). For example, on a whole plant basis, the
increase of these macroelements in the glasshouse were 59%,
54%, 75% and 57% over the control (i.e. Ca>P>Mg>K)
whereas in the field experiment were 84%, 68%, 82% and
78% over the control (i.e. P>Ca>Mg>K) respectively (Table
4). Sulphur was however decreased by 31% under the control
(Table 1). The elevated uptake of these macroelements
suggests that the supplied Mo may have induced changes in
the soil pH (Kaiser et al., 2005; Bambara and Ndakidemi,
2010b), thus, making these macroelements available for
uptake by the plant. Increased uptake of macroelements such
as K and Mg after Mo supply has been reported previously
by Abd El-Samad et al. (2005). Improved availability of P,
K, Ca and Mg in the study area is advantageous to cropping
systems involving P. vulgaris which requires greater amounts
of these nutrients for normal growth and N, fixation.
Although S was only significant in root organ, it was
decreased when Mo was supplied at 12 g kg™ of seeds. The
decrease in the uptake of S was probably due to the sulfate
anion (SO,*) behaving more like the molybdate anion
(MoO,?). As these anions use the same transport system may
have acted antagonistically just as reported by Sims et al.
(1979) and Marschner (1995). Amelioration of acid soils with
lime provides direct availability of Ca and Mg for uptake by
plant, better conditions for growth of bacterial cells, change
in soil pH and increased uptake of P and Mo. Compared with
the zero control, applying lime at 2 t ha® and 3 t ha®
significantly increased the uptake of P, K, Ca and Mg (Tables
1, 2, 3 and 4) and decreased S uptake in shoot and whole
plant (Table 2 and 4) in the glasshouse experiment.
Generally, greater uptake of these macroelements was
observed when lime was supplied at 3 t ha’. For example, on
a whole plant basis, P, K, Ca and Mg was significantly
increased by 48%, 42%, 53% and 39% respectively over the
control in decreasing order as Ca>P>K>Mg (Table 4).
Generally, similar trend was observed in shoots and pods
(Tables 2 and 3) and to a lesser extent in roots (Table 1). The
increased uptake of these macroelements was attributed to
improved soil pH as similarly reported by Mora and Barrow
(1996); Andrade et al. (2002) and Bambara and Ndakidemi
(2010b). Increased soil P, K, Ca and Mg by liming has
similarly been reported by Jansen van Rensburg et al. (2010).
The mechanism involved is that, under acidic conditions Ca
and Mg have low exchange power over the acid causing ions
such as H* in the soil solution. But as lime is supplied, OH"
ions are added into the soil solution, thus, increasing the
exchange power for the polyvalent cations such as Ca*" and
Mg?* and making them available for plant uptake (Marschner,
1989). Likewise, for high uptake rate of these
macroelements, high concentration of polyvalent cations
including Ca?" and Mg?" should be maintained along the
apoplasmic pathway which is necessary for loading of these
macroelements in the roots apoplast. For this to happen,
increased external pH is required. In this study, the overall
effects of lime on the soils include among others, increased
soil pH, Ca and Mg saturation, neutralization of phytotoxic
concentrations, increase in P availability and improved
nutrient uptake by plants (Nicholaides et al., 1983;
Oguntoyinbo et al., 1996). Secondly, as liming application in
acid soils improves the soil pH and the uptake of P, Ca, Mg
and K in P. vulgaris, the adsorption of Rhizobium at the root
surface and nodulation will be enhanced along with the
ability of root exudates to induce the expression of
nodulation genes (Richardson et al. 1988; Caetano-Anolles et
al., 1989). This positive change is of great contribution to the
acid soils and their productivity when used for different
cropping systems. In this study, remarkable differences were



Table 3. Effect of with and without Rhizobium, Mo and lime supply on the macroelements uptake in pods of P. vulgaris L. as measured in the glasshouse and field.

Treatments Glasshouse experiment Field experiment

P K Ca Mg S P K Ca Mg S

mg plant™ mg plant™

Rhizobium
R- 5.4+0.4b 40.5+2.7b 11.0+0.7b 5.240.3b 3.3£0.2b 4.440.3b 33.6+2.5b 9.1£0.7b 4.3+0.3b 2.74£0.1b
R+ 9.4+0.5a 66.3+2.8a 19.9+1.0a 9.3+0.4a 6.0£0.2a 9.8+0.5a 68.9+2.7a 20.8+1.0a 9.7+0.4a 6.2+0.2a
Molybdenum (g kg™)
0 6.1+0.6b 44.7+4.2b 12.5+1.1c 6.3+0.6b 4.6+0.4a 5.7+0.7c 41.7+4.7¢c 11.8+1.3c 5.9+0.7b 4.3+0.5a
6 7.0+£0.6b 50.2+3.8b 14.4+1.2b 6.9+0.6b 4.5+0.4a 7.1+£0.8b 51.645.1b 15.1+1.6b 7.1+0.8a 4.6+0.5a
12 . 9.1+0.7a 65.3+3.8a 19.4+1.5a 8.6+0.6a 4.9+0.3a 8.3+0.7a 60.5+4.0a 18.0+1.5a 8.1+0.6a 4.5+0.3a
Lime (tha™)
0 5.9+0.5b 43.743.4b 12.2+1.0c 6.1+0.5b 4.9+0.4a 5.7+0.6¢c 42.2+4.3c 12.0+1.4c 6.0£0.7b 4.7+0.5a
2 7.6+0.6a 55.1+4.0a 15.8+1.2b 7.5+0.6a 4.8+0.4a 7.1£0.7b 51.5+4.8b 14.9+1.5b 7.0£0.7b 4.5+0.4a
3 8.6+0.8a 61.5+4.6a 18.3+1.6a 8.3+0.7a 4.3+0.3a 8.4+0.8a 60.1+4.8a 18.0+1.7a 8.1+0.7a 4.2+0.3a
3 - Way ANOVA (F-Statistic)
Main effects
R 71.5%** 80.1%** 138.1%** 98.8*** 111.5%** 142.7%** 146.3*** 170.9%** 147.8*** 184.7%**
Mo 13.4%** 18.3%** 29.0%** 11.9%** 0.9ns 11.3%** 14.0%** 16.2%** 7.9%* 0.4ns
L 10.8*** 13.1%** 21.7%** 10.3*** 2.1ns 12.0%** 12.5%** 14.9%** 7.9%** 1.2ns
Interactions
R*Mo 0.1ns 1.1ns 0.0ns 0.7ns 4.2* 0.9ns 1.6ns 0.7ns 1.2ns 4.3*
R*L 0.7ns 0.8ns 1.2ns 0.9ns 1.3ns 0.6ns 0.3ns 0.6ns 0.3ns 1.4ns
Mo*L 1.5ns 1.4ns 3.3* 1.7ns 0.8ns 0.6ns 0.3ns 0.6ns 0.4ns 0.4ns

-R: Without Rhizobium; +R; With Rhizobium, R; Rhizobium, Mo; Molybdenum, L; Lime. Values presented are means + SE, n = 4. *; **; *** = gjgnificant at P<0.05, P<0.01, P<0.001 respectively, ns = not significant, SE = standard error. Means
followed by dissimilar letters in a column are significantly different from each other at P=0.05 according to Fischer least significance difference.

Table 4. Effect of with and without Rhizobium, Mo and lime supply on the macroelements uptake in whole plant in P. vulgaris L. as measured in the glasshouse and field.

Treatments Glasshouse experiment Field experiment

P K Ca Mg S P K Ca Mg S

mg plant™ mg plant™

Rhizobium
R- 8.8+0.6b 82.045.9b 51.1+4.5b 16.0+1.1b 10.2+0.5b 73.4+7.5b 882.1+96.5b 817.3+83.7b 225.44+23.0b 129.8+6.7b
R+ 14.4+0.7a 127.345.0a 92.745.2a 25.6+1.1a 17.7£0.7a 153.5+14.3a 1757.0+139.3a 1964.7+142.4a 464.8+38.5a 314.5+24.2a
Molybdenum (g kg™)
0 9.240.9¢ 84.6+7.6¢ 53.745.4¢c 16.6+1.5¢c 13.9+1.3a 78.9+10.5b 969.2+118.6b 983.3+136.2¢ 244.6+29.8b 211.9427.7a
6 10.9+0.9b 99.0+£7.4b 67.8£7.0b 19.9+1.6b 14.0+1.2a 116.6+16.5ab 1359.0+177.4ab 1402.8+187.0b 355.1+45.7a 241.0+£32.0a
12 . 14.6+0.9a 130.3+6.5a 94.1+7.0a 26.0+1.4a 14.1+0.8a 144.8+18.1a 1630.4+188.0a 1787.0+193.8a 435.5+51.9a 213.5+27.1a
Lime (tha™)
0 9.240.7¢c 85.846.6¢ 56.1+5.6¢ 17.141.3c 15.8+1.3a 96.6+15.2a 1155.0+161.7a 1177.5+174.2a 305.0+46.6a 271.2435.3a
2 11.940.9b 106.5+7.3b 73.7+6.6b 21.5+1.5b 14.4+1.0a 109.4+14.6a 1264.1+146.0a 1385.0+170.5a 339.1+40.0a 224.6+27.0ab
3 13.7+1.1a 121.748.8a 85.7+8.3a 23.9+1.9a 11.740.8b 134.3+18.1a 1539.5+199.0a 1610.5+204.1a 391.2450.4a 170.6+18.7b
3 - Way ANOVA (F-Statistic)
Main effects
R 74.5%** 76.9%** 68.7%** 81.8%** 84.9%** 25.1%** 27.0%** 57.3%** 29.1%** 63.7***
Mo 23.8%** 27.4%** 22.2%** 27 .4%** 0.0ns 5.7%* 5.2%* 9.4%* 6.2** 0.7ns
L 15.6%** 16.3*** 11.8*** 13.8*** 9.1%** 1.9ns 1.8ns 2.7ns 1.3ns 6.3**
Interactions
R*Mo 0.7ns 3.8* 0.7ns 1.6ns 5.6** 0.2ns 0.0ns 0.3ns 0.2ns 0.4ns
R*L 0.6ns 0.5ns 1.0ns 1.0ns 2.6ns 0.2ns 0.4ns 0.2ns 0.2ns 6.2**
Mo*L 1.8ns 1.4ns 1.3ns 1.1ns 0.2ns 0.3ns 0.3ns 0.5ns 0.2ns 0.2ns

-R: Without Rhizobium; +R; With Rhizobium, R; Rhizobium, Mo; Molybdenum, L; Lime. Values presented are means + SE, n = 4. *; **; *** = gjgnificant at P<0.05, P<0.01, P<0.001 respectively, ns = not significant, SE = standard error. Means
followed by dissimilar letters in a column are significantly different from each other at P=0.05 according to Fischer least significance difference.
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significant difference (LSD) test at P = 0.05.
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observed between field and glasshouse experiments on the
uptake of macroelements in all plant organs. These
differences may be attributed to large volume of soil exposed
to the roots of the P. vulgaris to search for nutrients in the
field compared with that of glasshouse experiment. Exposure
of plant roots to large volume of soil will enable the plant to
scavenge for more water and macronutrients. Significant
interaction between Rhizobium x Mo, Rhizobium x lime and
Mo x lime was observed in glasshouse and field experiments.
For example, the interaction between Rhizobium x Mo
significantly increased the amount of P and K in the roots of
P. vulgaris regardless of adding or not adding Rhizobium
inoculants (Figs. 1A and B). However, distinct uptake of P
and K was observed under no Rhizobium inoculation and
their amount increased as Mo was increased to 6 g kg of
seeds compared with where Rhizobium inoculation was
applied. The increased uptake of these macroelements in the
roots was probably attributed to the supply of Mo which may
have raised the soil pH (Oguntoyinbo et al., 1996; Bambara
and Ndakidemi, 2010b), thus, making them available for
plant uptake. It was also previously reported by Ssali and
Keya (1983) and Bergersen (1991) that N, fixation is a very
expensive process and requires greater amounts of nutrients
including P, K and Mo. This argument could probably
explain why the uptake of these macroelements was not as
distinct with Rhizobium inoculated treatments compared with
no Rhizobium inoculation, suggesting that greater amounts of
P, K and Mo may have been utilized during N, fixation
process and nodulation compared with no Rhizobium
inoculation. Combining with or without Rhizobium with Mo
significantly (P < 0.05) affected the uptake of S in shoots and
pods in both glasshouse and field studies (Figs. 1C, D and
2C). Regardless of the Mo applied, the amount of S was
significantly higher with Rhizobium inoculation compared
with no Rhizobium inoculation. The result showed that by
increasing supply of Mo under no rhizobia inoculation, the
uptake of S in the shoots and pods was increased, and,
significant amount was observed when Mo was applied at 6 g
kg of seeds (Figs. 1C, D and 2C). On the contrary, with
Rhizobium inoculation, the uptake of S showed a general
declining trend suggesting that the uptake of S in shoots and
pods was negatively affected by the supply of Mo, more so at
6 g kg™ of seeds. There was significant (P < 0.05) Rhizobium
x lime interaction on the uptake of S in shoots and whole
plant of P. vulgaris grown in the field experiments (Fig. 3A
and B). Generally, the uptake of S in shoots and whole plant
without Rhizobium inoculation did not change regardless of
the amount of lime supplied. Although Rhizobium
inoculation improved amount of S relative to no Rhizobium
inoculation, the uptake of S was significantly (P < 0.05)
reduced, with the lowest uptake observed when lime was
supplied at 3 t ha™®, thus, suggesting that lime application has
a negative effect on the uptake of S in shoot and whole plant.
The data has also showed significant (P < 0.05) Mo x lime
interaction in the uptake of P in roots and Ca in pods (Fig.
4A, B and C). From this data, combining Mo and lime
increased the uptake of P and Ca. Greater uptake of these
macroelements was observed when Mo at 6 g kg™ of seeds
was combined with lime at 3 t ha™* and was ascribed to the
change in soil pH caused by both Mo and lime (Chang and
Sung, 2004; Karaivazoglou et al., 2007), which may have
made the nutrients to be more available for plant uptake.
This data suggest that in cropping systems involving P.
vulgaris growing in acid soils, greater uptake of P and Ca can
be achieved when Mo at 6 g kg™ of seeds is combined with
limeat3tha™.
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Materials and methods
Site location and description

The experiments were conducted in the glasshouse of the
Cape Peninsula University of Technology, Cape Town
Campus, Keizersgracht from August 2008 to January 2009
while the field study was conducted at the Agricultural
Research Council (ARC) Nietvoorbij site (33°54°S, 18°14’E)
in Stellenbosch, South Africa, during the summer seasons
from October 2008 to March 2009. The site lies in the winter
rainfall region of South Africa at an elevation of 146 m above
sea level. The mean annual rainfall on the farm is 713.4 mm
and the means annual day and night temperatures were
22.6°C and 11°C respectively. The experimental site had a
previous history of grape cultivation. The soil type was
skeletic leptosol according to FAO classification (FAO,
2001). Following land preparation, but prior to planting, soil
samples at 0 - 20 cm depth were collected from the
experimental plots in a zigzag mode, pooled, and sub-
samples taken for chemical analysis.

Field experimental design

The experimental treatments (in both greenhouse and field)
consisted of 2 levels of Rhizobium inoculation (with
Rhizobium and without Rhizobium), 3 levels of dolomitic
agricultural lime (0, 2 and 3 t ha?') and 3 levels of
molybdenum (0, 6 and 12 g kg of seeds). The experimental
layout was 3-factorial in a randomised complete block
design. Four replicates were used per treatment. In the field,
experimental plots measured 4 m x 4 m (16 m?) with 4 rows
spaced 0.5 m apart from one another. P. vulgaris was sown
with inter-row planting distance of 20 cm. The plots were
interspaced by small terraces of 1 m to prevent
contamination.  The plant populations were pegged at
200,000 plants ha™. Planting was done after ploughing,
harrowing, and lime application was done 2 weeks before
planting. For the glasshouse experiment, enough soil was
collected from the ploughed land of the field experimental
site. Four kg of soil was then packed in 4 kg pot size and two
seeds were sown in each pot. Twelve hours before planting,
seeds were soaked into molybdenum solution. The control
was also soaked in a water solution containing zero Mo. To
avoid contamination, all Rhizobium uninoculated treatments
were sown first. Rhizobium inoculation was done manually
by putting the inoculant (Rhizobium leguminosarum biovar
phaseoli-bakteriee registrasie nr. L1795 wet 36/1947) in the
planting hole. The inoculants used were obtained from the
University of Pretoria, South Africa. In the greenhouse, 200
mLs of water was supplied in each pot per day. In the field
experiment, irrigation water was supplied through sprinklers
for 15 minutes per day. After germination, the seedlings were
thinned to one in both glasshouse and field experiments.

Plant harvest and sample preparation

At 60 DAP, 10 common bean plants were sampled from the
middle rows of each plot. The plants were carefully dug out
with their entire root system, washed and divided into roots,
shoots, pods. The plant parts were oven-dried at 60°C for 48
h, weighed, ground into a fine powder (0.85 mm) and stored
prior to the tissue nutrient analysis. In the glasshouse, plants
were sampled at 60 DAP as explained above.



Measurement of macroelements in plant tissue

Measurements of P, K, Ca, Mg and S were determined based
on Giron (1973) and FSSA (1974). Nutrient uptake (mg
plant®) was then calculated as the product of nutrient
concentration (mg g, data not shown) and the weight of the
plant part dry matter (g plant™).

Statistical analysis

A 3-Way ANOVA was used to analyse the macroelements
uptake in P. vulgaris. Analysis of data was performed using
STATISTICA program 2010 (StatSoft Inc., Tulsa, OK,
USA). Where the f-value was found to be significant,
Fisher’s least significant difference was used to compare
treatment means at P=0.05 (Steel and Torrie, 1980).

Conclusion

This study shows that Rhizobium inoculation and the supply
of Mo and lime can be of great benefit to farmers growing
grain legumes such as P. vulgaris in acid soils. Additionally,
these inputs have showed to improve the uptake of
macroelements such as P, K, Ca and Mg, which are greatly
required by plant for growth, nodulation and N, fixation.

Acknowledgements

This study was supported by the Belgium Technical
Cooperation (BTC/CTB) and Cape Peninsula University of
Technology through University Research Fund (RP 03).

References

Abd El-Samad HM, El-Komy HM, Shaddad MAK and Hetta
AM (2005) Effect of molybdenum on nitrogenase and
nitrate reductase activities of wheat inoculated with
Azospirillum brasilense grown under drought stress. Gen
Appl Plant Physiol 31(1-2):43-54

Abd-alla MH (1994) Phosphatases and the utilization of
organic P by Rhizobium leguminosarum biovar viceae. Lett
Appl Microbiol 18:294-296

Ahmad F, Ahmad I, Khan MS (2008) Screening of free-
living rhizospheric bacteria for their multiple plant growth
promoting activities. Microbiol Res 163:173-181

Andrade DS, Murphy PJ and Giller KE (2002) The diversity
of Phaseolus-nodulating Rhizobial populations is altered
by liming of acid soils planted with Phaseolus vulgaris L.
in Brazil Appl Envir Microbiol 68(8):4025-4034

Bambara S and Ndakidemi PA (2010a) Phaseolus vulgaris
response to Rhizobium inoculation, lime and molybdenum
in selected low pH soil in Western Cape, South Africa. Afr
J Agric Res 5(14):1804-1811

Bambara S and Ndakidemi PA (2010b) Changes in selected
soil chemical properties in the rhizosphere of Phaseolus
vulgaris L. supplied with Rhizobium inoculants,
molybdenum and lime. Sci Res Essays 5(7):679-684

Beinert H (2000) A tribute to sulfur. Eur J Biochem
267:5657-5664

Bellenger JP, Wichard T, Kutska AB and Kraepiel AML
(2008) Uptake of molybdenum and vanadium by a
nitrogen-fixing soil bacterium using siderophores. Nature
Geosci 1:243-246

Bergersen FJ (1991) Physiological control of nitrogenase and
uptake hydrogenase. In: Dilworth MJ, Glen AR (Eds).
Biology and Biochemistry of Nitrogen Fixation. Elsevier,
Amsterdam, pp. 76-102

792

Beukes DJ (1995) Benefits from identifying and correcting
soil acidity in Agriculture. ARC-Institute for soil, climate
and water, Pretoria. ISBN: 1-86849-021

Bray EA, Bailey-Serres J, Weretilnyk E (2000) Responses to
abiotic stresses. In: Gruissem W, Buchannan B, Jones R
(eds) Biochemistry and molecular biology of plants.
American Society of Plant Physiologists, Rockville, MD,
pp 1158-1249

Broughton WJ, Hernandez G, Blair M, Beebe S, Gepts P,
Vanderleyden J (2003) Beans (Phaseolus spp.): model food
legume. Plant Soil 252:55-128

Caetano-Anollés G, Lagares A and Favelukes G (1989)
Adsorption of Rhizobium meliloti to alfalfa roots:
Dependence on divalent cations and pH. Plant Soil 117:67-
74

Cakmak | (2002) Plant nutrition research: Priorities to meet
human needs for food in sustainable ways. Plant Soil
247:3-24

Chabot R, Antoun H, Cescas MP (1996) Growth promotion
of maize and lettuce by phosphate-solubilising Rhizobium
leguminosarum biovar phaseoli. Plant Soil 184:311-321

Chang CS, Sung JM (2004) Nutrient uptake and yield
responses of peanuts and rice to lime and fused magnesium
phosphate in an acid soil. Field Crops Res 89:319-325

Epstein E and Bloom AJ (2004) Mineral Nutrition of Plants:
Principles and Perspectives (Sinauer, Sunderland, MA),
2nd Ed., in press

Fageria NK and Baligar VC (2003) Fertility management of
tropical acid soil for sustainable crop production p.359-386.
In: Rengel Z (ed) Handbook of soil acidity. Mercel Dekker
New York

FAO (2001) Word soil Resources Reports. p. 289

Fertilizer Society of South Africa (FSSA) (1974) Manual of
soil analysis methods. FSSA Publication no 37, Pretoria

Giron HC (1973) Comparison between dry ashing and wet
digestion in the preparation of plant materials for atomic
absorption analysis. Atomic Absorption Newsletters 12:28-
29

Graham PH, Rosas JC, de Jensen EC, Peralta E, Tlusty B,
Acosta-Gallegos J, Arraes Pereira PA (2003) Addressing
edaphic constraints to bean production: the bean/cowpea
CRSP project in perspective. Field Crop Res 82:179-192

Gruhn P, Goletti F, Yudelman M (2000) Integrated nutrient
management, soil fertility, and sustainable agriculture:
current issues and future challenges. Food, Agriculture, and
the Environment Discussion Paper 32, International Food
Policy Research Institute, Washington, D.C

Gupta UC (1992) Characterization of the iron status in plant
parts and its relation to soil pH on acid soils. J Plant Nutr
15: 1531-1540

Halder AK and Chakrabartty PK (1993) Solubilization of
inorganic phosphate by Rhizobium. Folia Microbiol
38:325-330

Hanson RG (1992) Optimum phosphate fertilizer products
and practices for tropical climate agriculture. In: Proc. Int.
Workshop on Phosphate Fertilizers and the Environment.
International Fertilizer Development Center, Muscle
Shoals, Alabama, USA, pp. 65-75

Jansen van Rensburg HG, Claassens AS and Beukes DJ
(2010) Evaluation of the effect of soil acidity amelioration
on maize yield and nutrient interrelationship using stepwise
regression and nutrient vector analysis. S Afr J Plant Sci
27(2):117-125

Kadioglu A (2004) Plant Physiology, Practice Guide.
Trabzon, Turkey



Kaiser BN, Gridley KL, Brady JN, Phillips T and Tyerman
SD (2005) The role of molybdenum in Agricultural Plant
Production. Ann Bot 96:745-754

Karaivazoglou NA, Tsotsolis NC, Tsadilas CD (2007)
Influence of liming and form of nitrogen fertilizer on
nutrient uptake, growth, yield, and quality of Virginia (flue-
cured) tobacco. Field Crops Res 100:52-60

Khan MS, Zaidi A (2007) Synergistic Effects of the
Inoculation with Plant Growth-Promoting Rhizobacteria
and an Arbuscular Mycorrhizal Fungus on the Performance
of Wheat. Turk J Agric For 31:355-362

Makoi JHJR (2009) Seed flavonoid concentration in cowpea
genotypes and the effect of plant density on growth, N,
fixation and rhizosphere phosphatases and grain yield of
cowpea intercropped with sorghum. Doctoral Thesis, p.
135

Marquet A (2001) Enzymology of carbon-sulfur bond
formation. Curr Opin Chem Biol 5:541-549

Marschner H (1989) Effect of soil acidification on root
growth, nutrient and water uptake. In Internat. Congr.
Forest Decline Res. State of knowledge and Perspectives.
Ed. B Ulrich. pp 381-404. Friedrichshafen.

Marschner H (1991) Mechanisms of adaptation of plants to
acid soils. Plant Soil 134:1-20

Marschner H (1995) Mineral nutrition in higher plants, 2.
Edn. London: Academic Press

Mausumi R, Raychaudhuri S (2008) Rhizobium inoculation
and furrow-liming interaction on the yield of and nutrient
uptake by groundnut (Arachis hypogeaea L.) in an acid
Ultisol. J Indian Soc Soil Sci 56 (1)

Mengel K, Kirby EA (2001) In: Principles of Plant Nutrition
5th ed. Kluwer, Dordrecht

Mora ML, Barrow NJ (1996) The effects of time of
incubation on the relation between charge and pH of soil.
Eur J Soil Sci 47:131-136

Ndakidemi PA (2005) Nutritional characterization of the
rhizosphere of symbiotic cowpea and maize plants in
different cropping systems. Doctoral degree Thesis. Cape
Peninsula University of Technology, Cape Town, South
Africa p. 150

Nicholaides JJ, Sanchez PA and Buol SW (1983) Proposal
for the Oxisol-Ultisol. Network of IBSRAM. Raleigh,
North Carolina State University, pp: 16

Noctor G, Gomez L, Vanacker H and Foyer CH (2002)
Interactions between biosynthesis, compartmentation and
transport in the control of glutathione homeostasis and
signaling. J Exp Bot 53:1283-1304

Noel TC, Sheng C, Yost CK, Pharis RP and Hynes MF
(1996) Rhizobium leguminosarum as a plant growth-
promoting rhizobacterium: Direct growth promotion of
canola and lettuce. Can J Microbiol 42:279-283

Oguntoyinbo FI, Aduayi EA and Sobulo RA (1996)
Effectiveness of some local liming materials in Nigeria as
ameliorant of soil acidity. J Plant Nutr 19:999-1016

Okalebo JR, Othieno CO, Nekesa AO, Ndungu-Magiroi KW
and Kifuko-Koech MN (2009) Potential for agricultural
lime on improved soil health and agricultural production in
Kenya. Afr Crop Sc Conf Proc 9:339-341

793

Pasricha NS, Nayyar VK and Singh R (1997) In
Molybdenum in Agriculture (ed. Gupta, U. C.) 245-270
(Cambridge Univ. Press)

Peoples MB, Craswell ET (1992) Biological nitrogen
fixation: investments, expectations and actual contributions
to agriculture. Plant Soil 141:13-39

Perveen S, Khan MS, Zaidi A (2002) Effect of rhizospheric
microorganisms on growth and vyield of greengram
(Phaseolus radiatus). Ind J Agric Sci 72:421-423

Richardson AE, Djordjevic MA, Rolfe BG, Simpson RJ
(1988) Effects of pH, Ca and Al on the exudation from
clover seedlings of compounds that induce the expression
of nodulation genes in Rhizobium trifolii. Plant Soil
109:37-47

Rudd JJ, Franklin-Tong VE (2001) Unraveling response-
specificity in Ca*" signaling pathways in plant cells. New
Phytol 151:7-33

Sanda S, Leustek T, Theisen MJ, Garavito RM and Benning
C (2001) Recombinant Arabidopsis SQD1 converts UDP
glucose and sulfite to the sulfolipid head group precursor
UDPsulfoquinovose in vitro. J Biol Chem 276:3941-3946

Sanders D, Pelloux J, Brownlee C, Harper JF (2002) Calcium
at the rossroads of signaling. Plant Cell Suppl 2002:401-
417

Shaul O (2002) Magnesium transport and function in plants:
the tip of the iceberg. Biometals 15: 309-323

Sims JL, Leggett JE and Pal UR (1979) Molybdenum and
sulfur interaction effects on growth, yield, and selected
chemical constituents of burley tobacco. Agron J 71:75-78

Singh K (1973) Plant density, Rhizobium inoculation and
fertilization studies in pigeonpea (Cajanus cajan L.
Millsp). PhD. Thesis, Indian Agricultural Research
Institute, New Delhi, India

Ssali H, Keya SO (1983) The effect of phosphorus on
nodulation, growth and dinitrogen fixation by beans. Biol
Agric Hortic 1:135-144

Steel RGD, Torrie JH (1980) Principles and procedures of
statistics: A biometrical approach. 2nd ed. mcGraw-Hill,
New York

Sumner ME and Noble AD (2003) Soil acidification: The
world story. p. 1-28. In Z. Rengel (ed.) Handbook of soil
acidity. Marcel Dekker, New York

Wani PA, Khan MS, Zaidi A (2008) Chromium reducing and
plant growth promoting Mesorhizobium improves chickpea
growth in chromium amended soil. Biotechnol Lett 30:159-
163



