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Abstract We conducted field experiments over

2 years on two acid soils of southern Cameroon to

test whether efficient uptake and use of phosphorus

(P) from less available sources by grain legume

genotypes could benefit subsequent rotational maize.

We grew two crops each year. For the first crop we

grew 4 genotypes of soybean and of cowpea, plus

maize. For the second crop we grew maize. The first

crops were fertilized with 0, 90 kg P ha)1 as

phosphate rock (PR) or 30 kg P ha)1 as triple super

phosphate (TSP). P application highly significantly

increased shoot dry matter, P uptake, N2 fixation

and grain yields of the grain legumes with TSP

generally more effective than PR. Two of the soy-

bean and two of the cowpea genotypes were more

efficient at using P. Only the P-efficient soybean and

cowpea genotypes increased subsequent maize

yields. Yields of the subsequent maize grown in

rotation were significantly correlated with shoot P

uptake for which the quantity of P applied with the

crop residues of the pre-crop appeared to be a major

factor.We also grew the grain legumes in nutrient

solutions and measured organic acid-anion exuda-

tion from roots, root-surface phosphatase-activity,

and root morphological characteristics. Enhanced

exudation of organic acid anions from roots of P-

deprived plants might have contributed to the P

acquisition efficiency under field conditions of the

P-efficient cowpea genotypes and one of the P-

efficient soybean genotypes. A higher activity of

root-surface acid phosphatase might have been

important for the other P-efficient soybean genotype.

The results show, that the potential positive rota-

tional effect of cowpea and soybean on the acid,

highly P-sorbing soils of southern Cameroon de-

pends on breeding and using P-efficient genotypes

when sparingly soluble and suboptimal rates of

soluble P fertilizers are used.
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Introduction

Many soils in the humid forest benchmark (HFB)

area in southern Cameroon with high levels of iron

(Fe) and aluminum (Al) oxides have high phosphorus

sorption capacity leading to low P availability to

plants (Eswaran et al. 1997; Menzies and Gillman

1997; Vitousek and Farrington 1997). On these soils,

P is the most limiting nutrient for crop production

(Ssali et al. 1996). However, many plants possess

specific mechanisms that allow them to acquire

available P more efficiently or mobilize less available

soil-P pools (Horst and Kamh 2004; Lynch and Ho

2005; Raghothama 1999; Raghothama and Kart-

hikeyan 2005; Shenoy and Kalagudi 2005). In most

soils, the transport of P to the root is the main limiting

factor for P acquisition rather than root P uptake

(Barber 1995; Jungk and Claassen 1997). Therefore,

enhancing P transport and soil/root contact through

lateral root formation (Lynch et al. 1997; Manske

et al. 2000), root-hair length (Gahoonia and Nielsen

2004) and reduced root diameter (Föhse et al. 1991),

or establishing a symbiosis with arbuscular mycor-

rhizal fungi which allows plant access to soil P up to

several cm away from the root (George et al. 1995; Li

et al. 1997) will improve soil-P acquisition by plants.

The release of H+ or OH) (Gahoonia et al.1992),

organic acid anions (Kirk 1999; Gerke et al. 2000),

the increase of reduction capacity (Holford and Pat-

rick 1979), and rhizosphere phosphatase activity

(Tarafdar and Jungk 1987) will allow the plant to

access poorly available inorganic and organic soil-P

fractions and thus increase the pool of soil/fertilizer P

which contributes to plant P nutrition. The formation

of cluster roots e.g. in Lupinus albus and in Protea-

ceae is an efficient form of plant adaptation to soils

with extremely low contents of readily plant-avail-

able P (Shane and Lambers 2005).

The beneficial effect of the incorporation of le-

gumes into cereal-based cropping systems with regard

to N input through N2 fixation is well established

(Vance 2001). However, there is ample evidence that

the positive rotational effect of legumes on subsequent

cereals goes well beyond this N effect (Bagayoko et al.

2000; Bergerou et al. 2004; Horst and Haerdter 1994).

In low-input cropping systems of the HFB in southern

Cameroon, farmers usually do not apply P fertilizers to

their crops due to the cost of P fertilizer needed for

meaningful management of the high P-fixing soils.

Therefore, the incorporation into a rotation of legumes

plants that are efficient at acquiring P from less

available sources and/or in combination with cheaper

sources of P such as phosphate rock (PR) generally

available in many African countries may benefit sub-

sequent maize. This has been previously shown for

leguminous cover crops (Gardner and Boundy 1983;

Horst et al. 2001; Kamh et al. 2002; Vanlauwe et al.

2000a, 2000b). In addition to a possible improvement

of the P use and N supply to cereals grown in rotation

(Carsky et al. 1997; Peoples and Craswell 1992),

enhancement of soil physical properties, nematode

suppression, high mycorrhizal infection, detoxifica-

tion of aluminium (Al) have been found to contribute

to a positive rotational effect of legumes (Bagayoko

et al. 2000; Horst and Haerdter 1994).

Herbaceous legumes generally present the poten-

tial to efficiently contribute to the improvement of

soil organic matter, N and P contents and thus benefit

to the rotational non-leguminous crops (Carsky et al.

2001). However, despite repeated demonstrations and

usefulness of green manures in enhancing soil fer-

tility, their practices and adoption are still limited in

sub-Saharan Africa (Sanginga 2003). In contrast,

grain-legume cereal rotation contribute less to soil

fertility, because of lower biomass of crop residues,

ready decomposition, and nutrient removal by the

grain. But they are more attractive to the farmers both

for food and cash (Giller and Wilson 1991). Cowpea

and soybean are increasingly being used to improve

the low input cropping systems of the HFB of

southern Cameroon (Wendt and Atemkeng 2004).

However, in the acid soils of southern Cameroon,

there is lack of information on the mechanisms

governing efficient acquisition of P by legumes and

the potential of P-efficient and Al-resistant grain le-

gume genotypes to improve the P availability to crops

subsequently grown in rotation. The exploitation of

genotypic differences in the acquisition of P from less

available sources is emerging as an alternative strat-

egy to the application of soluble P fertilizers for

improving productivity and sustainability in low-

available nutrient environments.

The objectives of this study were to examine

whether grain legume cultivars with improved P use

efficiency lead to positive effects on maize grown in

rotation, and to identify the P acquisition mechanisms

of the grain legumes that account for their P effi-

ciency.
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Material and methods

Plant materials

The cowpea genotypes IT82D-849, IT89KD-349,

IT90K-59 and IT89KD-391 and soybean genotypes

TGm 1511, TGm 1566, TGm 1196, and TGm 1251 were

selected from the Legume Breeding Program of IITA,

Ibadan based on a previous evaluation of their ability to

acquire P from less available sources (Jemo 2005).

Seeds of maize (Zea mays (L) cv CMS8704) used as a

reference crop in the field experiments were obtained

from the Maize Breeding Program of IRAD, Cameroon.

Field experiments

Site description and experimental design

The field experiments were conducted in 2001, 2002,

and 2003 on two acids soils at Abang (3�24¢ N,

11�47¢ E) and Minkoameyos (3�51¢ N, 11�25¢ E),

southern Cameroon. The soil of the field site at Abang

is classified as Typic Kandiudult (TK) and that at

Minkoameyos as Rhodic Kandiudult (RK) (USDA,

classification). The soils of the selected sites were not

significantly different in their silt, clay and K contents,

but the RK soil was lower in its pH (H2O), Ca, Mg,

available-P, and residual-P contents and higher in its

Al, organic carbon (OC), total nitrogen (TN) contents

and P sorption capacity (Table 1). The RK soil site

has been intensively cropped with very short fallow

periods for 30 years after forest clearing. The TK soil

site was under a shorter intensive cropping phase after

forest fallow. The average annual rainfall is 1643 and

1513 mm for the TK and RK soil sites, respectively,

with a bimodal distribution. The experimental plots

were laid out in a split block design with four repli-

cations. The P fertilizers were applied on the main

plots (12 m · 12 m) with 0 kg P, 30 kg P ha)1 as

triple super phosphate (TSP) or 90 kg P ha)1 as Togo

phosphate rock (PR). Sub plots (4 m · 4 m) com-

prised the grain legume genotypes and maize treat-

ments. Neither fertilizer N nor bradyrhizobium

inoculation were used in these experiments.

Crop growth and maintenance

Two seeds of soybean, cowpea genotypes, and maize

were sown per hill at 0.75 m between rows (5 rows T
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per plot) and 0.05 (legumes) and 0.25 (maize) m

distance within rows, and thinned to one plant per hill

1 week after emergence. Sites were established on 24

September 2001 and the experiments were repeated

in September 2002 on adjacent plots. Crops were

sprayed against pests with thiodan at the rate of

0.33 mg l)1 at 2 and 4 weeks after planting (WAP),

and the fields were hand weeded at 2, 4, and 6 WAP.

The subsequent maize was sown at 30 days after

planting (DAP) after the harvest of the grain legumes

coinciding with the beginning of the raining season at

both localities. Two seeds of maize cv CMS8704

were sown per stand at 0.75 m between rows and

0.25 m within rows, and thinned to one plant after

emergence.

Plant sampling of the grain legumes and maize crops

Plants were sampled at mid-pod fill, 56 DAP for

shoot growth, and N2 fixation. Six plants were chosen

from the middle rows (2nd and 3rd row) and their

shoots were cut 0.05 m above ground level, then the

fresh weight was recorded. A representative sub-

sample of 500 g from each experimental plot was

retained, transported to the laboratory, and oven-dried

at 70�C for 72 h for dry matter determination. At the

grain maturity stage (84 DAP), grain, shoot, and litter

fresh weights were harvested. All the plants in the

plot were cut at 0.05 m above ground and the fresh

weight was taken. A 500 g sub-sample of fresh bio-

mass was retained and oven-dried for the determi-

nation of dry matter production and N and P

concentrations. The remaining plant material was

returned to its plot.

N2 fixation

The xylem ureide assay method (Peoples et al. 1989)

was used to measure N2 fixation in grain legumes.

The stems and petioles of three dried plants were

finely ground at pod filling, and a subsample of 0.5 g

was used to extract the xylem solutes in boiling wa-

ter. The ureide and nitrate concentrations in the ex-

tract were measured according to the Young and

Conway (1942) and Cataldo et al. (1975) procedures,

respectively. The relative ureide-N abundance (RUA)

of the sample was calculated based on the molar

concentrations of ureides and nitrate with the

assumption of 4 N atoms per ureide molecule, using

the following equation:

RUA ¼ 4 N1=ð4N2 þ N1Þ � 100 ð1Þ

where N1 is the concentration of ureide and N2 the

concentration of nitrate in the stem and petiole ex-

tracts in nmol.

Growth, maintenance, harvest of the grain legumes

and the subsequently grown maize in rotation

Grain yields of the preceding grain legume genotypes

and the maize reference plots were measured at

physiological maturity. Fresh yield was determined

and the remaining other plant organs were returned to

the respective plots. After 30 days of the harvest of

the preceding crops, a maize (cv CMS8704) crop was

established on all plots as described above. No fer-

tilizer P and N were applied. At grain maturity (120

DAP) the maize was harvested and grain yield, shoot

biomass, N, and P uptake determined.

Nutrient solutions experiments

The nutrient-solution experiment was carried out in

the growth chamber at the Institute of Plant Nutrition

(IPE), University of Hannover, Germany. The aim

was to investigate the importance of plant physio-

logical (organic acid-anion exudation and root-surface

phosphatase-activity) and morphological (root length)

traits influencing the efficient acquisition of P from

less available soil P-sources by different cowpea and

soybean genotypes. The nutrient solution used in the

study had the following composition in lM: Ca

(NO3)2, 1000; K2SO4, 275; MgSO4, 325; H3BO3, 8;

ZnSO4, 0.4; MnSO4, 0.2; CuSO4, 0.2; (NH4)6Mo7O24,

0.1; FeEDDHA, 40. Seeds were pre-germinated in

peat for 3 days and 12 seedlings of each soybean and

cowpea genotype were transplanted into 22-l pots

containing the nutrient solution. Seedlings were sup-

plied with 0 (to induce P deficiency) or 100 lM P (for

optimum P-unlimited growth) and cultured at 18/

6 day/night time temperatures of 28/20�C. The light

intensity at plant height was 270 lM m)2 s)1. When

the first symptoms of P deficiency appeared on plants

grown without P supply, root exudates were collected

and analysed for organic acid anions. Twelve plants

were harvested for the determination of dry matter

388 Plant Soil (2006) 284:385–397
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production, root-surface acid phosphatase activity,

root length, and plant P concentrations.

Organic acid-anion collection and analysis

Twelve intact plants from the nutrient solution

experiment were transferred into 500 lM CaCl2 plus

8 lM H3BO3 solution in a 1-liter conical flask for 4 h

to collect the root exudates. The CaCl2 solution

containing the exudates were immediately filtered

through 0.02 lm membranes and then passed first

through a cation and subsequently through an anion

exchange-resin which retained the organic acid

anions, in a cold room (4�C). The anion exchanger

was eluted with 18 ml of 8 M formic acid and then

evaporated to dryness. The residue was then dis-

solved in 1 ml of 10 mM perchloric acid for high

performance liquid chromatography (HPLC) analy-

sis. The samples were analysed by isocratic HPLC

(Kroma System 3000, Kontron Instruments, Munich,

Germany) separated with an Aminex HPX-87H col-

umn (Bio-Rad Laboratory, Hercules, USA) supple-

mented with a cation micro-guard cartridge, using

10 mM perchloric acid at a flow rate of 0.5 ml min)1

at 35oC. The detector used was a photo-diode array

(Kroma System 3000, Kontron Instruments, Munich,

Germany). Absorptions were measured at k=214 nm.

Calibrations were carried out with standard organic

acid anions in mM: 0.10 oxalic, 0.05 cis-Aconiate, 2

citric, 5 malic, 0.1 trans-aconitate, 4 succinic, 0.1

fumaric and 0.10 pyruvic acids. All the data acquired

were processed using the Kontron System 3000

software (Kontron Instruments, Munich, Germany).

Root-surface phosphatase-activity

The root-surface phosphatase-activity (acid phos-

phomomoesterase, EC 3.1.3.2) of intact roots was

measured with the artificial substrate p-phenyl phos-

phate (pNPP) as described by Antibus and Lessica

(1990). A fresh root sub-sample (0.5 g) was placed

into 2.0 ml of 50 mM citrate buffer (pH=5.0) to

which 0.5 ml of p-NPP was added. Root samples

were then incubated at room temperature for 2 h. At

the end of the incubation period, a 0.5 ml sub-sample

mixed with 2 ml of 0.5 M NaOH was added. Finally,

the concentration of p-nitrophenol (p-NP) was mea-

sured at 410 nm in a spectrophotometer (Hitachi

f2000, Hitachi, Tokyo, Japan).

Root length and dry weight determination

After spreading in a flat tray the root systems of two

plants were scanned and the root length then calculated

using Winrhizo pro 2003 software (Win Mac, Regent

Instruments Inc, Quebec, Canada). Afterwards, the

roots were rinsed with distilled water and oven-dried at

80�C for 72 h for dry weight determination.

Data analysis

The growth parameters of the preceding grain legumes

genotypes and the subsequent maize crop did not differ

significantly between the two experimental years 2001

and 2002 on both soil types. Therefore, mean data over

the two cropping years per site are presented. Statistical

analyses of the data were carried out using the Statis-

tical Analysis System (SAS) software version 8.2 (SAS

2001). Analysis of variance (ANOVA) was performed

using the General Linear Procedure ‘‘Proc GLM’’. The

Least-Means/PDIFF option was used to test the sig-

nificance between treatments. Levels of significance in

tables and graphs are given by ns, *,**,*** for not

significant, significant at P < 0.05, P < 0.01, and

P < 0.001, respectively. Values in columns followed

with same letter are not significantly different at

P < 0.05 (LSMEANS/PDIFF option). Regression

analyses (Proc REG) of SAS programme was used to

establish the relationship between pairs of variables.

Results

Field experiments

Performance of the preceding grain legumes and

maize

The shoot dry matter and grain yields of both grain

legumes species preceding maize grown in rotation

was significantly higher on TK than on RK soil

(Table 2). Significant genotypic differences among

the cowpea and soybean genotypes were observed on

both soils (P < 0.001). Generally, the soybean geno-

types TGm 1511 and TGm 1566 had significantly

higher shoot dry matter production and grain yields

than TGm 1196 and 1251. Among the cowpea geno-

types, IT89KD-391 and IT90K-59 less consistently

produced significantly higher shoot dry matter and

Plant Soil (2006) 284:385–397 389

123



grain yields than IT82D-849 and IT89KD-349. P

uptake and N2 fixation generally followed the same

trends as yields with regard to differences between

soils and genotypes.

P application highly significantly increased shoot

dry matter, P content, N2 fixation and grain yields of

the grain legumes with TSP generally more effective

than PR (Table 3). The interaction G·S was signifi-

Table 2 Shoot growth, shoot P uptake, N2 fixation at mid-pod

filling (56 DAP), and grain yield at maturity (84 DAP) of the

grain legume genotypes preceding maize grown in rotation on

a Typic Kandiudult (TK) and a Rhodic Kandiudult (RK) soil of

southern Cameroon

Grain legume Plant parameters

Shoot dry matter

[kg ha)1]

P concentration

[mg (g dry wt.))1]

N2 fixation

[kg N ha)1]

Grain yield

[kg ha)1]

TK RK TK RK TK RK TK RK

Soybean

TGm 1196 1401 b 1375 b 0.24 b 0.29 b 27.2 b 17.0 b 607 b 167 b

TGm 1251 1353 b 1364 b 0.24 b 0.33 a 25.3 b 19.1 b 646 b 250 ab

TGm 1511 2559 a 1722 a 0.25 ab 0.31 ab 43.2 a 32.3 a 1113 a 310 a

TGm 1566 2776 a 1878 a 0.27 a 0.33 a 44.7 a 27.7 a 1114 a 347 a

Cowpea

IT82D-849 1697 b 1065 b 0.27 bc 0.31 31.6 b 35.4 b 791 c 491 b

IT 89KD-349 1682 b 1246 ab 0.25 c 0.31 b 36.3 ab 29.0 b 833 c 608 b

IT90K-59 1842 ab 1541a 0.29 b 0.33 a 42.5 a 49.9 a 1244 b 840 ab

IT89KD-391 2016 a 1505 a 0.31 a 0.34 a 49.8 a 51.8 a 1596 a 963 a

Means across P rates are presented, n = 4. For F test see Table 3

Numbers followed by the same letter are significantly different between genotypes at P>0.05, LSMEANS/PDIFF

Table 3 Shoot growth, P concentration, N2 fixation at mid-

pod filling (56 DAP), and grain yield at maturity (84 DAP) of

the grain legumes preceding maize grown in rotation on a

Typic Kandiudult (TK) and a Rhodic Kandiudult (RK) soil of

southern Cameroon as affected by P application (0 (0P), triple

superphophate (TSP), phosphate rock (PR))

P application Shoot dry matter

[kg ha)1]

P concentration

[mg (g dry wt.))1 ]

N2 fixation

[kg N ha)1]

Grain yield

[kg ha)1]

TK RK TK RK TK RK TK RK

Soybean

0P 1771 b 1402 b 0.24 b 0.30 b 27.1 b 20.3 b 737 b 244 b

PR 1975 b 1625 ab 0.25 b 0.31 ab 35.5 a 23.5 b 896 b 262 ab

TSP 2321 a 1727 a 0.29 a 0.33 a 42.7 a 28.3 a 977 a 300 a

Cowpea

0P 1503 b 1067 b 0.27 b 0.31 b 31.5 b 35.6 b 877 b 602 b

PR 1670 b 1383 ab 0.31 a 0.32 b 36.8 b 39.7 b 1184 a 668 b

TSP 2022 a 1675 a 0.30 a 0.34 a 51.9 a 49.3 a 1287 a 907 a

F value

Soil type (S) 48.60 (***) 93.9 (***) ns 253.8 (***)

Genotype (G) 14.09 (***) 2.2 (*) 39.17 (***) 42.95 (***)

P application (P) 25.65 (***) 22.63 (***) 21.66 (***) 31,62 (***)

S·P ns ns ns 5.90 (***)

S·G 2.66 (*) 3.03 (**) 3.96 (***) 6.80 (***)

G·P ns ns ns ns

S·GP ns ns ns ns

Means across genotypes are presented, n = 4

Numbers followed by the same letter within a column are not significantly different at P>0.05, LSMEANS/PDIFF. ns: not significant,

*, **, ***, significant at P £ 0.05, P £ 0.01 and P £ 0.001, respectively
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cant for all parameters, whereas the P·S interaction

was only significant for grain yield. All genotypes

responded similarly to P application (no P·G inter-

action).

Effect of preceding crops and P fertilizer application

on maize grown in rotation

Maize was grown after the harvest of the grain le-

gume precrops in order to test whether P-acquisition

efficiency from legume genotypes is beneficial to

subsequently grown maize. No P was applied to the

succeeding maize crop. However, the P applied to

both soybean and cowpea as previous crops signifi-

cantly enhanced maize grain yields particularly on

TK soil (significant P·S interaction) (Fig. 1). The

application of TSP was generally more effective than

the application of PR. Maize yields were significantly

lower on RK than on TK soil.

The grain yield of rotational maize differed highly

significantly between soybean and cowpea genotypes

grown as pre-crops on both soils (Fig. 2). Only the P-

efficient soybean genotypes TGm 1566 and TGm

1511 and cowpea genotypes IT89KD-391 and

IT90K-59 produced significantly higher maize yields

compared to maize as pre-crop.

Yields of the subsequent maize grown in rotation

were significantly correlated with shoot P uptake on

both soils (Fig. 3) and there were no significant dif-

ferences between the soil types and the P rates and

sources. This suggests that P was the main limiting

factor on both sites independently of P fertilizer

application which was confirmed by generally sub-

optimal P concentrations in maize leaves at anthesis

(2.0 mg P (g dry wt))1). The variation in maize yield,

therefore, is primarily due to the soil/fertilizer P

availability to this maize crop as affected by the pre-

crop.

The quantity of P applied with the crop residues of

the pre-crop appears to be the main factor determin-

ing P uptake of the succeeding maize crop. This is

indicated by the positive correlation between the

amount of P applied with the crop residues and the P

uptake by subsequently grown maize (Fig. 4). The

individually calculated regressions did not reveal a

significant difference between the P fertilizer treat-

ments. However, there was a highly significant dif-

ference between the soil types reflecting the higher P

sorption capacity and thus plant availability of crop-

residue P on RK soil.

Nutrient solution experiment

Nutrient solution experiments were conducted to

investigate whether the overall positive rotational ef-

fect observed by some grain legumes genotypes could

be attributed to root properties beneficial to P acqui-

sition such as release of organic acid anions, root

growth, or root ecto-enzymes (phosphatase). After

10 days of growth in nutrient solution, plants without

P supply developed symptoms of purple coloration on

older leaves. Symptoms were more pronounced in the

faster growing cowpea than the soybean genotypes. P

deficiency resulted in an average reduction of 50% in

shoot dry weight of cowpea and 16% for soybean

genotypes (Table 4). The soybean genotype TGm

1511 and the cowpea genotype IT89KD-391 had a

higher dry matter production at 0 P supply than the

other genotypes of the same species. The P concen-

trations at 0 P application were in the P deficiency

range for both species, whereas the P concentrations at

100 lM P supply were in the P sufficiency range (data

not shown). P uptake was higher for the P-efficient

cowpea genotypes IT90K-59, IT89KD-391 and the

soybean genotypes TGm 1511 and TGm 1599 at 0 P

supply (uptake from the peat during germination and

contamination of the nutrient solution since the con-

tribution of the seeds was subtracted from P uptake) as

well as at 100 lM P supply.

P deficiency increased root length for all soybean

genotypes but only for one cowpea genotype
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F test 
Soil types (S)       74.5 (***)
P application (P)  7.7 (***)
S x P                     3.4 (*)
CV (%)               41.6
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0P PR TSP

P treatment 
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Fig. 1 Effect of P application (0P: 0 kg P ha)1, PR: Phosphate

rock (90 kg P ha)1), TSP: triple super phosphate, (30 kg P

ha)1)) to preceding crops (cowpea, soybean or maize) on the

grain yield of maize grown in rotation on a Typic Kandiudult

(TK) and a Rhodic Kandiudult (RK) soil of southern

Cameroon. Data are means across crop species and

genotypes. Bars indicate SE, n = 4

Plant Soil (2006) 284:385–397 391

123



reflecting the more severe P deficiency of the more

vigorously growing genotypes. The shoot/root ratio

(g shoot dry weight (m root length))1) of plants

grown under P deficiency conditions decreased as

compared to the plant with sufficient P supply

reflecting that shoot growth is more affected than root

growth by P deficiency. P-efficient cowpea genotype

IT89KD-391 was characterized by a very high shoot/

root ratio. Root-surface phosphatase-activity was

generally higher in soybean than in cowpea and at

low compared to high P supply. Particularly the

soybean genotype TGm 1566 was characterized by a

high phosphatase activity under P-deficiency stress.

Among the organic acid anions succinate, oxalate,

malate, and citrate were exuded in largest quantities

and are shown in Fig. 5. There were no systematic

differences between soybean and cowpea. However

the response to the P nutrition differed between the

species (significant P·G interaction). Only cowpea

responded to P deprivation by an enhanced release of

organic acid anions, primarily of succinate, but also

of malate, oxalate and citrate. There were great dif-

ferences between the cowpea genotypes in this re-

sponse and the absolute exudation rates. The

genotype IT8KD-391 had the highest exudation rates

for all organic acid anions. The genotype IT90K-59

showed higher exudation rates only for malate and

citrate when P-deficient. For the soybean genotypes

the picture is less clear. P deficiency often decreased

the exudation rate, particularly of malate and citrate
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Fig. 2 Effect of preceding crop species and genotypes on grain yield of succeeding maize grown on (a) Typic and (b) Rhodic

Kandiudult soil in southern Cameroon. Data are means across P treatments. Bars indicate LSD0.05, n = 4
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for the genotypes TGm 1196 and TGm 1251. Only in

genotype TGm 1511 there was a consistent

enhancement of the exudation rate for all organic acid

anions at low P supply.

Discussion

The results from this study showed that P-efficient

cowpea and soybean genotypes grown as pre-crops

will produce a positive rotational effect to subse-

quently grown maize particularly when P is applied

to the preceding grain legumes. The observed

enhancement in maize yield might have resulted from

an improvement in grain legume growth and N2 fix-

ation owing to P application because of the high P

requirement of N2 fixation (Hogh-Jensen et al. 2002).

In the derived savannah of Africa, Vanlauwe et al.

(2000a) found that application of P to Mucuna and

Lablab significantly improved grain yield of maize

following the legumes.

However, it is established that the positive effect

of legumes on rotational non-legumes goes well be-

yond an improved N nutrition (Bergerou et al. 2004).
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Fig. 4 Relationship between total shoot P uptake of maize

grown in rotation after cowpea and soybean genotypes on a

Typic Kandiudult (TK) and a Rhodic Kandiudult (RK) soil of

southern Cameroon and the amount of P applied through the

crop residues of not (0P) or fertilised (PR or TSP) preceding

cowpea or soybean genotypes or maize
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Fig. 3 Relationship between P uptake and grain yield of maize

grown in rotation after cowpea and soybean genotypes or

maize not (0P) or fertilized with 90 kg P ha)1: phosphate rock

(PR) or 30 kg P ha)1 triple super phosphate (TSP) on a Typic

Kandiudult (TK) and a Rhodic Kandiudult (RK) soil in

Southern Cameroon

Table 4 Shoot dry matter, P uptake, and root length, shoot/root ratio and root-surface phosphatase activity of grain legume cultivars

grown in nutrient solution as affected by P supply (0 or 100 lM)

Grain legume Shoot dry matter

[g (plant))1]

Total P uptake

[mg P plant)1]

Root length

[m (plant))1]

Shoot/root ratio

[mg dry wt. shoot (m

root length) )1]

Phosphatase activity

[nmol h)1

(cm root) )1]

0 lM P 100 lM P 0 lM P 100 lM P 0 lM P 100 lM P 0 lM P 100 lM P 0 lM P 100 lM P

Soybean

TGm 1196 0.15 b 0.17 a 0.3 c 2.6 b 8.9 a 5.0 a 16.9 a 34.0 c 2.6ab 1.5 b

TGm 1251 0.16 b 0.18 a 0.6 c 2.5 b 7.7 a 4.1 a 20.8 a 43.9 b 3.6 ab 3.1 a

TGm 1511 0.20 a 0.22 a 1.0 b 2.8 b 8.3 a 4.3 a 24.1 a 51.2 b 1.7 b 3.1 a

TGm 1566 0.16 b 0.24 a 2.0 a 4.5 a 7.1 a 3.7 a 22.5 a 64.9 a 4.8 a 2.8 a

Cowpea

IT82D-849 0.26 b 0.30 c 0.7 b 3.6 b 5.8 a 4.7 b 44.8 b 63.8 b 1.5 ab 1.1 a

IT 89KD-349 0.27 b 0.66 b 0.6 b 5.5 b 6.6 a 11.0 a 40.9 b 60.0 b 0.9 b 0.2 a

IT90K-59 0.35 b 0.70 b 1.1 a 9.1 a 8.6 a 9.9 ab 40.7 b 70.7 b 0.8 b 0.9 a

IT89KD-391 0.52 a 1.17 a 1.3 a 15.4 a 4.6 a 9.7 ab 113.0 a 120.6 a 2.4 a 0.7 a

Plants were grown in nutrient solution for 10 days

Numbers followed by the same letter within a column are not significantly different at P < 0.05 (LSMEANS/PDIFF ), n = 4
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Among these effects are an improved P nutrition

(Alvey et al. 2001; Kamh et al. 2002; Nuruzzaman

et al. 2005), the suppression of nematodes (Bagayoko

et al. 2000), a more favourable microbial community

in the rhizosphere (Bagayoko et al. 2000, Marschner

et al. 2004), and a better root growth (Horst and

Hardter 1994). Our results show that soil fertility

management in the humid forest of Southern Cam-

eroon needs to take into consideration both N and P;

omitting the addition of one of these nutrients leads to

inefficient use of the other nutrient. Grain legumes

can significantly reduce the need for external N in-

puts by contributing N2 fixed from the atmosphere to

the soil available N pool only if N2 fixation itself is

not hampered by lack of available soil P (Vanlauwe

et al. 2000a, 2000b).

The fact that the relationships between P uptake

and grain yield of the succeeding maize crop did not

differ between soils and P fertilizer rates and sources

(Fig. 3) suggests that P was the main limiting factor

for maize on both soils at both levels of P application.

Neither the application of 30 kg ha)1 P as TSP nor of

90 kg ha)1 P as PR fully overcame the P limitation

because of the high P sorption capacity of the soils

and low solubility of the PR. The positive rotational

effect of the legumes could be due to their positive

effect on plant-available soil-P in their rhizosphere as

indicted by the results of Vanlauwe et al. (2000a,

2000b), who found an enhancement in available-P in

the topsoil by cropping with mucuna and lablab.

However, the close relationship between the crop

residue P and P uptake of the maize (Fig. 4), suggests

that the recycling of plant-available P through crop

residues was of major importance in our experiments.

The lower efficiency of crop-residue P on RK com-

pared to TK soil (smaller slope of the regression in

Fig. 4) could be explained by the higher P-soprtion

capacity of this soil (Table 1) and/or indicate that P

nutrition was not the only factor controlling maize-

yield production of maize on this soil. Other soil

factors such as exchangeable toxic Al3+ and N defi-

ciency might have interfered and affected the growth

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

Tgm Tgm Tgm Tgm
1196 1251 1511 1566

IT82D-
849

IT
89KD-
349

IT90K-
59

IT8KD-
391

Tgm Tgm Tgm Tgm
1196 1251 1511 1566

IT82D-
849

IT
89KD-
349

IT90K-
59

IT8KD-
391

Tgm Tgm Tgm Tgm
1196 1251 1511 1566

IT82D-
849

IT
89KD-
349

IT90K-
59

IT8KD-
391

F test
P application (P) 3.8 *
Genotype (G) 3.0 *
P x G  4.6 **
CV (%)  50.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Genotype

Tgm Tgm Tgm Tgm
1196 1251 1511 1566

IT82D-
849

IT
89KD-
349

IT90K-
59

IT8KD-
391

Genotype

Citrate
F test
P application  (P) ns
Genotype (G)  6.4 **
P x G 4.9 **
CV(%) 75

0.0

5.0

10.0

15.0

20.0

25.0

0µM P 100µM P

Succinate

F test
P application (P) 21.3 ***
Genotype (G)  9.3 ***
P x G 4.9 **
CV(%)  67.7

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0 Oxalate F test 
P application (P) 5.2 *
Genotype (G)  2.2 *
P x G  3.0 *
CV(%)  49

O
rg

an
ic

 a
ci

d-
an

io
n 

ex
ud

at
io

n 
ra

te
 [ 

ρ m
ol

 (
cm

 r
oo

t)
-1

h-1
]

(a) Malate

(b) 

(c)

(d)

Fig. 5 Exudation rate of organic acid anions in [qmol M h)1

(cm root))1] from the roots of soybean and cowpea genotypes

as affected by P (0 or 100 lM) supply during preculture for

10 days in nutrient solution. Roots of 12 plants were incubated

in 0.5 mM of CaCl2 for 4 h for the collection of root exudates.

Values are means of four independent replications with their

respective standard error bars
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and P uptake of maize as was observed by Aune and

Lal (1997).

The cowpea genotype IT89KD-391 and IT90K-59,

and the soybean genotypes TGm 1566 and TGm 1511

were more effective in producing positive rotational

effects for the subsequent maize. This could be due to

their ability to take up P from sparingly soluble soil

and fertilizer P. The high P use efficiency of different

cover crop legume species (Horst et al. 2001),

L. albus (Gardner and Boundy 1983), cowpea geno-

types (Krasilnikoff et al. 2003; Sanginga et al. 2000),

and faba bean (Nuruzzaman et al. 2005) could be

related to their capability to acquire P from sparingly

available P sources (non-Olsen P). The ability of the

P-efficient genotypes may be related to an enhanced

release of organic acid anions (malate, citrate and

succinate) by the root systems of these genotypes

under P-limiting conditions. On acid soils of southern

Cameroon, where P is strongly sorbed on Fe and Al

hydroxides (Menzies and Gillman 1997), the syn-

thesis and enhanced release of organic acid anions, in

particular citrate, by the roots might be beneficial for

several reasons (Gerke 1992). The desorption of P

bound by Fe/Al hydroxides and the reduction of the P

buffer capacity will increase the soil-solution P con-

centration (Jones 1998). The acidification of the rhi-

zosphere due to the concomitant release of protons

for maintaining the charge balance would contribute

particularly to the solubilisation of PR applied as P

fertilizer (Gerke et al. 2000; Kania et al. 2003;

Neumann and Römheld 1999). We, therefore, suggest

that the positive rotational effects observed in the

soybean genotype TGm 1511 and the cowpea geno-

type IT89KD-391 are attributed to their ability to

desorb P from sparingly available P sources through

exudation of high amounts of organic acid anions,

mainly citrate (Fig. 5).

Further experimental studies conducted in the

frame of the same project revealed a significant

relationship between the P uptake and the colonisa-

tion by mycorrhizal fungi of the soybean genotype

TGm 1511, and the cowpea IT90K-59 (Jemo 2005).

Under field conditions the formation of an extended

AMF network in the rhizosphere can allow the host

plant to better use the pool of plant-available P by

allowing to access soil P up to several cm away from

the root (George et al. 1995; Li et al. 1997).

The soybean genotype TGm 1566, which pro-

duced a higher and positive rotational effect to the

subsequent maize, exuded less citrate, but had a

particularly high level of root-surface phosphatase

activity under P-limiting conditions (Table 4). This

could enable this genotype to more efficiently use

organic P accumulating in the rhizosphere as shown

by a close negative correlation between phospha-

tase activity and organic P concentration in the

rhizosphere of several cover crops (Kamh et al.

1999).

The results show that the understanding of the

performance of plants on low available-P soils under

field conditions and their positive effect on the P

nutrition of the succeeding maize crop requires

understanding P efficiency as a whole plant phe-

nomenon of considerable complexity integrating

many different mechanisms (Vose 1990).

Conclusion

The results show that the improvement of the P

nutrition of the grain legumes incorporated into the

maize-based cropping systems prevailing on the

acid, highly P-fixing soils of Southern Cameroon

will have a positive effect on the yield of maize

grown in rotation through the cycling of more P

through crop residues. This can be achieved through

the application of fertilizer P to the grain legumes

particularly in combination with the use of P-effi-

cient genotypes when sparingly soluble and subop-

timal rates of soluble P fertilizers are used. In our

studies, enhanced exudation of organic acid anions

and root surface acid phosphatase activity appeared

to be particularly important plant traits for genotypic

P acquisition efficiency. The study demonstrates

the prospects and importance of the breeding and

use of P-efficient grain-legume genotypes for sus-

tainable maize-based cropping systems in Southern

Cameroon.
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