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Abstract
Soils of many potential soybean fields in Africa are characterized by low levels of biological nitrogen fixation (BNF) activities

and often cannot support high soybean yields without addition of inorganic N fertilizers or external application of soybean rhizobia.

The most probable number (MPN) technique was used to determine the bradyrhizobial populations that nodulate TGx soybean

genotypes (a cross between nonpromiscuous North American soybean genotypes and promiscuous Asian soybean genotypes),

cowpea or North American soybean cv. Clark IV, in soils from 65 sites in 9 African countries. The symbiotic effectiveness of isolates

from these soils was compared to that of Bradyrhizobium japonicum strain USDA110. The bradyrhizobial population sizes ranged

from 0 to 104 cells g�1 soil. Bradyrhizobium sp. (TGx) populations were detected in 72% and B. japonicum (Clark) in 37% of the

soil samples. Bradyrhizobium sp. (TGx) populations were generally low, and significantly less than that of the cowpea

bradyrhizobial populations in 57% of the samples. Population sizes of less than 10 cells g�1 soil were common as these were

detected in at least 43% of the soil samples. B. japonicum (Clark) occurred in higher population densities in research sites compared

to farmers’ fields. Bradyrhizobium sp. (TGx) populations were highly correlated with biotic but not abiotic factors. The frequent

incidence of low Bradyrhizobium sp. (TGx) populations is unlikely to support optimum BNF enough for high soybean yields while

the presence of B. japonicum (Clark) in research fields has the potential to compromise the selection pressure anticipated from the

indigenous Bradyrhizobium spp. (Vigna) populations. Bradyrhizobium isolates could be placed in four symbiotic phenotype groups

based on their effectiveness on a TGx soybean genotype and the North American cultivar Clark IV. Symbiotic phenotype group II

isolates were as effective as B. japonicum strain USDA110 on both soybean genotypes while isolates of group IV were effective on

the TGx soybean genotype but not on the Clark IV. The group IV isolates represent a unique subgroup of indigenous bradyrhizobia

that can sustain high soybean yields when available in sufficient population densities.
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1. Introduction

Nodulation of soybean (Glycine max (L.) Merrill)

requires specific Bradyrhizobium species. Compatible

populations of these bradyrhizobia are seldom available

in soils where the soybean crop has not been grown
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previously. This explains why Bradyrhizobium japoni-

cum inoculation is required in order to achieve adequate

and effective nodulation of soybean when the crop is

first introduced to many tropical soils that may contain

high cowpea rhizobial populations (Caldwell and Vest,

1968). The need to inoculate soybean in Africa was,

however, considered unfeasible because many African

countries were not sufficiently equipped to deal with

problems associated with Bradyrhizobium inoculum

use in the tropics (Ayanaba, 1977). This remains an

important constraint in the production of soybean

genotypes with specific Bradyrhizobium requirements.

In an attempt to find a solution to this problem, the

soybean-breeding program at the International Institute

of Tropical Agriculture (IITA), Nigeria, developed

soybean genotypes, designated TGx, (tropical glycine

cross) to nodulate effectively with the indigenous

Bradyrhizobium spp. populations. These TGx soybean

genotypes have been tested in many African countries

without N fertilizer or B. japonicum inoculation. The

results of these trials indicated that the indigenous

Bradyrhizobium spp. populations do not always meet the

N demand of the tested soybean genotypes in many

locations in Nigeria (Pal and Norman, 1987; Okereke and

Eaglesham, 1992; Sanginga et al., 1996), and some

eastern and southern African countries (Mpepereki et al.,

2000). The results indicated also that N-deficiency and

poor yields of TGx soybean genotypes may be

experienced whenever bradyrhizobia that effectively

nodulate the TGx soybean genotypes are inadequate, or

even when available in adequate numbers.

B. japonicum strains have been detected in some

African soils even though soybean is not common

(Mulongoy and Ayanaba, 1986; La Favre et al., 1991).

The presence of B. japonicum in soybean-breeding sites

may compromise the selection pressure anticipated from

the presence of Bradyrhizobium spp. populations that can

effectively nodulate the TGx soybean genotypes. It is

therefore important that the selection process be carried

out in soils that naturally do not host B. japonicum.

The population size of effective indigenous soil

rhizobia is a reliable index for the capacity of a legume

crop to derive N through BNF and to determine whether

or not the legume will respond to added rhizobia or

fertilizer N (Thies et al., 1991a; Turk et al., 1993). This

biological index may, however, be influenced by

climatic, biological, physical, and chemical soil factors

(Lawson et al., 1987; Yousef et al., 1987; Woomer et al.,

1988) that affect bradyrhizobial survival, infectivity,

and BNF efficiency. These in turn affect the growth and

performance of the legume host. Obtaining sufficient

knowledge on the population characteristics of indi-
genous bradyrhizobial populations in African soils will

be valuable for developing strategies to improve BNF

and thus increase TGx soybean yields at low cost. Also,

soybean breeders and policy makers require informa-

tion on the rhizobial populations that can effectively

nodulate these TGx soybean genotypes in order to make

realistic decisions about soybean improvement pro-

grams in Africa. We hypothesize that TGx soybean

genotypes will effectively nodulate with a subgroup of

indigenous bradyrhizobia and the population sizes will

be influenced by soybean cropping history and previous

introduction of true soybean rhizobia.

The objectives for this study were to (1) obtain

information on the population and symbiotic character-

istics of indigenous bradyrhizobia that can nodulate

TGx soybean genotypes, (2) assess the major soil

environmental factors that are likely to affect their

population sizes, and (3) assess the range and magnitude

of infectivity and N2 fixation efficiency of Bradyrhi-

zobium sp. (TGx) strains that were randomly selected

from a wide range of environments, compared to B.

japonicum strains.

2. Materials and methods

2.1. Site selection and collection of soil samples

Sites were chosen to represent prevalent cropping

systems in soybean growing areas in selected African

countries. They include a total of 65 sites from Bénin,

Cameroon, Ghana, Kenya, Nigeria, Tanzania, Togo,

Uganda, and Zimbabwe. Farmers around those sites

kindly provided information about at least a 2-year

cropping history of the fields; and where these were

cropped, farmers were asked whether fields were

researcher- or farmer-managed. The sites were divided

into quadrats, and each quadrat was sampled separately

after clearing of the surface debris. Fifty to 60 soil cores

15–20 cm deep were collected with a 3.0 cm diameter

soil auger, from four to five quadrats. Soil cores from

each quadrat were thoroughly mixed, bulked, and

subsampled. The subsamples were mixed and a final

subsample was used for biological assay and chemical

analyses. Soil samples for biological assay were stored

at 4 8C while those used for chemical analyses were air

dried and stored at room temperature until used.

2.2. Soil chemical properties

Chemical properties of air-dried soil samples were

determined using standard procedures. The procedure

of Walkley and Black (1934) was used to determine the



R.C. Abaidoo et al. / Applied Soil Ecology 35 (2007) 57–67 59
organic carbon (OC) content. Soil N mineralization

potential was estimated using the procedure of Keeney

and Nelson (1982). The ammonium content was

measured by the microdiffusion procedure (Gebtry

and Willis, 1988) and data were collected by a

Technicon AutoAnalyzer. Extractable P was obtained

using the Bray I extractant (0.03N NH4F and 0.025N

HCl) at the soil:extractant solution ratio of 1:6, and P

content was measured according to the method of

Murphy and Riley (1962). Soil solution pH was

measured using a glass electrode in a suspension of

5.0 g soil in 25 ml 0.01 M CaCl2 after standing for

60 min for equilibration.

2.3. Determination of most probable numbers of

bradyrhizobia

The populations of Bradyrhizobium spp., Bradyrhi-

zobium sp. (TGx), and B. japonicum in each sample

were estimated by the most probable number (MPN)

technique (Vincent, 1970). Seeds of cowpea, Vigna

unguiculata cv. Big Boy; soybean, G. max cv. Clark IV,

and TGx soybean genotype (TGx 1456-2E) were

pregerminated in rhizobia-free medium, and transferred

into growth pouches (Vaughan’s seed, Downers Grove,

Weaver and Frederick, 1972). Seedlings were inocu-

lated after 8–10 days with serial dilutions of moisture

assessed air-dried soil samples. Serial 1:4, 1:5, or 1:10

(soil:sterile water) dilutions were prepared and 2-ml

portions were used to inoculate seedlings as described

by Somasegaran and Hoben (1994). Plants growing in

the pouches were provided with adequate volumes of N-

free nutrient solution (Singleton, 1983) in which the

micronutrient components were replaced with a

micronutrient mix (Hawaiian Horticultural) at the rate

of 0.25 ml l�1. Pouches were scored for the presence or

absence of nodules after 28 days from inoculation. The

presence of a single nodule in a pouch justified a

positive score. The MPN of each bradyrhizobial

population was determined using the most probable

number enumeration system (MPNES) (Woomer et al.,

1990). The estimate obtained with the cowpea genotype

was taken to represent the total bradyrhizobial

(Bradyrhizobium spp.) populations. The population

estimates with G. max cv. Clark IV represented sizes of

taxonomically defined slow-growing soybean rhizobia

(B. japonicum and Bradyrhizobium elkanii) while

population estimates from the TGx genotype less

estimates from soybean cv. Clark IV represented

population sizes of Bradyrhizobium sp. (TGx). This

was based on the expectation that the TGx genotype

would nodulate with all rhizobia strains that nodulated
with G. max cv. Clark IV and some of the cowpea

rhizobia that did not nodulate with G. max cv. Clark IV.

2.4. Symbiotic characteristics of Bradyrhizobium

isolates from TGx soybean genotypes

A total of 258 Bradyrhizobium isolates were randomly

obtained from nodules of the TGx soybean genotype

previously inoculated with soil suspensions from the

various locations described earlier. Seeds of soybean

genotypes TGx 1456-2E and cv. Clark IV were surface

sterilized and pregerminated. Four seedlings were

transferred into each 1-l plastic cup containing med-

ium-coarse grade horticultural vermiculite moistened to

approximately 80% of its water-holding capacity. Each

seedling was inoculated with a 1-ml aliquot of a 14-day-

old arabinose–gluconate (AG) single strain broth

(Sadowsky et al., 1987) culture with cell density adjusted

to 107 cells ml�1. Inoculation of seedlings with B.

japonicum (USDA110), prepared as described above,

served as positive controls; seedlings that were not

inoculated with rhizobia served as negative controls.

There were no applied N control treatments. The

experiment was set up with three replications. Seedlings

were reduced to two uniform stands per cup after 5–7

days from inoculation. Plant growth assemblies were

maintained for 35 days in a greenhouse, with a day and

night temperatures of 31 and 23 8C, by daily irrigation

with N-free plant nutrient solution (Singleton, 1983).

Plants were harvested by cutting the stem at the cotyledon

node, subsequently placed in paper bags, kept for 1–2

days to air dry and then dried at 70 8C to constant weight.

The roots were washed to remove vermiculite particles

and the number, size, and distribution of nodules on the

roots were documented. Oven dried shoots were

weighed, ground, and randomly subsampled for total

N determination and differences between the randomly

selected treatments in shoot dry weights were compared.

To handle the large number of isolates, a total of four

greenhouse evaluations were carried out. The reliability

of the system and reproducibility of the strains’

performance and placement in specific symbiotic

phenotype groups were tested by including five to eight

previously tested Bradyrhizobium isolates in subsequent

greenhouse evaluation of a different set of strains to serve

as a check.

2.5. Cross-reactivity of symbiotic phenotype group

II isolates with Bradyrhizobium reference strains

Bradyrhizobium isolates belonging to the same

symbiotic phenotype group as B. japonicum strain
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Table 1

Ranges of chemical characteristics of composite soil samples collected from some African countries

Country No. of sites pH Organic carbon (%) Bray 1 P (mg P/g) Mineralizable N potential (mg N/g/week)

Bénin 7 4.2–6.0 0.20–0.47 3.79–47.94 10.4–28.8

Cameroon 8 3.9–5.1 0.35–4.20 0.16–4.92 5.0–49.2

Ghana 19 4.7–6.2 0.13–0.84 0.84–78.9 3.0–75.0

Kenya 4 5.1–5.5 1.22–3.36 0.02–2.96 18.0–101.0

Nigeria 12 4.4–6.0 0.16–0.97 3.1–55.1 19.0–55.0

Tanzania 2 4.9–5.3 1.28–2.78 0.29–8.76 49.0–50.0

Togo 7 5.1–5.9 0.26–0.94 2.03–8.01 11.0–45.0

Uganda 4 5.2–5.5 1.08–3.70 0.79–22.08 26.0–48.0

Zimbabwe 2 4.7–4.9 0.38–0.42 5.9–10.92 8.0–27.0

Table 2

Distribution of number of Bradyrhizobium isolates across sites within

countries

Country No. of sites No. of isolates

Bénin 4 13

Cameroon 6 34

Ghana 6 24

Kenya 4 0

Nigeria 32 136

Tanzania 1 2

Togo 4 24

Uganda 3 25

Zimbabwe 2 0

Isolates were obtained from nodules formed on soybean genotype

TGx 1456-2E used in a plant infection bioassay of soil samples.
USDA110 were further examined for serological cross-

reaction with 10 common antisera against B. japonicum

and B. elkanii strains (USDA6, 31, 38, 46, 76, 94, 110,

123, 135, and 138). Serological cross-reactivity was

assessed using the short agglutination method (Vincent,

1970) on isolates grown to a density of 108 to

109 cells ml�1 in Yeast Extract Mannitol Broth

(YEMB). Each broth culture was subjected to 100 8C
for 30 min before testing against the 10 antisera

previously diluted in physiological saline (0.85%) in

a 1:10 ratio. All positive reactions were re-examined by

the fluorescent antibody (FA) test (Schmidt et al., 1968),

and where the two sets of results differed, the FA results

were used to assign cross-reactivity.

2.6. Statistical analysis

Significant differences between population esti-

mates from MPN tables were established by determin-

ing the fiducial limits of each estimate using the

appropriate factor (Woomer et al., 1990). In the

greenhouse experiment, the N2-fixing effectiveness

of an isolate was assessed by determining the shoot dry

matter of inoculated plants compared with those

inoculated with B. japonicum strain USDA110, and

the non-inoculated treatments using the Student’s-t-

test. An isolate was considered effective if the mean

value of the dry matter accumulated in the inoculated

plants was not significantly (P < 0.05) different from

that of the USDA110 inoculated host while signifi-

cantly different from the non-inoculated control. An

isolate was classified as moderately effective if the

performance was significantly higher than its corre-

sponding non-inoculated control but significantly

lower than that of the USDA110 inoculated host, and

ineffective if the dry matter accumulated was not

significantly different from that of the non-inoculated

control. The analysis of variance procedure (SAS,

1996) was used to compare sizes of symbiotic
phenotypes within Bradyrhizobium spp. populations

evaluated in the experiment.

3. Results

3.1. Soil physico-chemical characteristics and

bradyrhizobial populations

The ranges of selected physico-chemical character-

istics from the 65 sites are given in Table 1. The

population sizes of indigenous bradyrhizobia in soils

obtained from 65 sites in nine African countries

(Table 2) were variable, ranging from 2 � 100 to

3.28 � 104 bradyrhizobia g�1 soil (Table 3). The most

frequently detected group was Bradyrhizobium spp.

(95%) followed by Bradyrhizobium sp. (TGx) (72%),

and B. japonicum (37%).

The indigenous bradyrhizobial population sizes that

nodulated the TGx soybean genotype were generally

low (Fig. 1). The population sizes of Bradyrhizobium

sp. (TGx) were smaller than Bradyrhizobium spp. in 48

out of the 65, representing about 74% of the tested soil

samples, but the differences were significant (P < 0.05)

in only 57% of these samples. Population sizes of
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Table 3

Size ranges of bradyrhizobial populations in composite soil samples collected from 65 sites from nine African countries

Country No. of sites Range of bradyrhizobial population sizes (cells g�1 soil)

Bradyrhizobium spp. (Cowpea) Bradyrhizobium sp. (TGx) B. japonicum (Clark)

Bénin 7 6–222 2–105 ND

Cameroon 8 ND–4200 ND–32800 ND–32800

Ghana 19 2–792 ND–3900 ND–2900

Kenya 4 3–16 ND–2 ND

Nigeria 12 27–3750 11–469 2–202

Tanzania 2 5–8 2–228 ND

Togo 7 10–105 ND–780 ND–4

Uganda 4 359–16250 21–33 ND–6

Zimbabwe 2 92–1592 ND–7 ND

Population sizes were estimated using the most probable number technique. ND: not detected as populations were below the detection limit of<0.4

bradyrhizobia g�1 soil.
B. japonicum were significantly smaller than those of

Bradyrhizobium spp. in 86% of the samples. Between

43 and 79% of soils from Ghana, Togo, Bénin, and the

East African countries (Kenya, Tanzania, Uganda, and

Zimbabwe) hosted less than 10 Bradyrhizobium sp.

(TGx) cells g�1 soil while all locations sampled in

Bénin, Togo, and East Africa had less than 10 B.

japonicum cells g�1 soil (Fig. 2).

3.2. Influence of legume cropping history and

management on bradyrhizobial population sizes

The legume cropping history of the sites did not

appear to directly influence population sizes of the

different Bradyrhizobium species. Sites previously

cropped to cowpea and soybean did not always have
Fig. 1. Bradyrhizobial population estimates for 65 soils from Africa,

by the MPN bioassay, using cowpea and two soybean genotypes as

trap hosts. The population range of zero indicates no bradyrhizobia

were detected by the MPN technique.
Bradyrhizobium sp. (TGx) populations in excess of

10 cells g�1 soil. For example, 70% of sites previously

cropped to cowpea, and 45% of sites cropped to soybean

had less than 10 Bradyrhizobium sp. (TGx) cells g�1

soil (Fig. 3A). Also, 85% of sites cropped to legumes

other than cowpea, soybean, and peanut had less than

10 Bradyrhizobium sp. (TGx) cells g�1 soil while 67%

of the fallow sites had population sizes within this

range. The distribution pattern of B. japonicum

population sizes in relation to previous legume cropping

history was similar to that of Bradyrhizobium sp. (TGx)

(Fig. 3B).

All the research field soils sampled had Bradyrhi-

zobium sp. (TGx) whereas 33% of the farmers’ fields

had no detectable numbers of Bradyrhizobium sp.

(TGx) (Fig. 4A). On the other hand, 72% of farmers’
Fig. 2. Occurrence of low bradyrhizobial populations (less than

10 cells g�1 soil) in West and East African soils. East African data

represent combined data of four countries (Kenya, Tanzania, Uganda,

and Zimbabwe).
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Fig. 3. Influence of previous cropping on the distribution of soybean

bradyrhizobial population sizes in West and East African soils. (A)

TGx soybean bradyrhizobia; (B) B. japonicum (Clark). ‘Other’ in

legend refers to cropping systems other than cowpea, soybean, and

peanut. These include mucuna, beans, sweet potato, maize, and yam.

Fig. 4. Influence of farm management on the distribution of soybean

bradyrhizobial population sizes in West and East African soils. (A)

TGx soybean bradyrhizobia; (B) B. japonicum (Clark).
fields compared with 41% of the research fields

sampled, contained no detectable B. japonicum

populations (Fig. 4B). Also, the higher population

ranges (101 to 104 cells g�1 soil) were more frequently

associated with research fields than with farmers’ fields

(Fig. 4B).

3.3. Relationships between soil characteristics and

bradyrhizobial population sizes

The tested soil samples had wide ranges of OC,

extractable P, mineralizable N potential, and pH

(Table 1). Only soil pH was found to be significantly

correlated with population densities of Bradyrhizobium

spp. (P < 0.01), but not with Bradyrhizobium sp. (TGx)

(P = 0.08), or B. japonicum (P = 0.13) population sizes

(Table 4). The correlation analysis revealed that

population sizes of Bradyrhizobium spp. accounted

for 22% of the variation in the Bradyrhizobium sp.

(TGx) populations in the soils sampled, and B.

japonicum 58%.
3.4. Symbiotic characteristics of Bradyrhizobium

isolates obtained from root nodules of TGx soybean

genotypes

Nodule number, size, and distribution on roots did

not vary significantly with the origin of a Bradyrhizo-

bium isolate (data not shown). The symbiotic perfor-

mance of the Bradyrhizobium isolates in association

with soybean genotypes was designated as ineffective,

moderately effective, or effective, as compared to the

reference strain USDA110 inoculated, or the non-

inoculated control plants based on shoot dry matter

accumulation. Soybean cv. Clark IV formed ineffective

symbiosis with a significantly (P < 0.01) greater

proportion of isolates than the TGx soybean genotype

(Fig. 5). However, the proportions of Bradyrhizobium

isolates that established effective symbiosis with the

two soybean genotypes were similar.
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Table 4

Correlation coefficient (r) between soil characteristics and log10 of bradyrhizobial populations

Bradyrhizobia species Bradyrhizobium

spp. (Cowpea)

Bradyrhizobium

sp. (TGx)

B. japonicum

(Clark)

Cropping

history

Management OC Min. N P pH

Bradyrhizobium spp. 0.47*** 0.37*** 0.28* 0.24 0.14 0.01 0.20 0.35***

Bradyrhizobium sp. (TGx) 0.76*** 0.32** 0.32** 0.17 0.04 0.09 0.22

B. japonicum 0.24* 0.22 0.22 0.14 0.24 0.20

OC, organic carbon; Min. N, mineralizable N; P, extractable phosphorus.
* Significant differences at P � 0.05, otherwise not significant.

** Significant differences at P � 0.01, otherwise not significant.
*** Significant differences at P � 0.001, otherwise not significant.

Fig. 5. Dinitrogen fixation phenotypes of 258 TGx soybean bradyr-

hizobial isolates in symbiosis with two soybean genotypes. Geo-

graphic origin of isolates is given in Table 2; adjacent bars with

the same letter are not significantly different at P � 0.05.

Table 5

Cross-reactivity of 60 symbiotic phenotype isolates with 10 antisera

obtained by using each of B. japonicum and B. elkanii strainsa as

antigens

Source No. of

isolates

No. of isolates that reacted

positively with antisera of

USDA strains

Negative

reactions

31 46 76 110

Benin 3 1 0 0 0 2

Cameroon 19 13 0 0 0 6

Ghana 13 4 0 0 0 9

Nigeria 25 6 1 4 3 12

% of total 38 2 7 5 48

a One isolate from Nigeria cross-reacted with antisera against

USDA31 and USDA76.
The Bradyrhizobium isolates were classified into

four symbiotic phenotypic groups based on their

symbiotic effectiveness as follows: group I comprised

41% that were found ineffective on TGx 1456-2E;

group II, 20% that were effective on both TGx and the

North American soybean genotypes; group III, 5% that

were likely to have caused rhizobitoxine-induced

chlorosis on the soybean genotypes (as described by

Devine et al., 1983); and group IV, 33% that were found

moderately effective or effective on the TGx soybean

genotype but ineffective on the North American

soybean genotype.

3.5. Cross-reactivity of phenotype group II isolates

with Bradyrhizobium reference strains

Cross-reactivity of isolates belonging to phenotype

group II with antisera from the North American

Bradyrhizobium strains revealed that 47% of these

isolates were closely related to B. elkanii (Table 5) that

does not produce rhizobitoxine-induced chlorosis while

5% of the isolates cross-reacted with B. japonicum

strain USDA110. The results also revealed that 48% of

these strains did not cross-react with any of the 10

antisera. B. elkanii strain USDA31 appeared to be the

most prevalent strain that naturalized the North

American Bradyrhizobium strain and accounted for

68% of the isolates obtained from Cameroon (Table 5).

4. Discussion

The wide range of bradyrhizobial populations in

soils sampled from different areas has been documen-

ted. Trotman and Weaver (1986) obtained similar

population size ranges in soils of Guyana; populations

in excess of 150 Bradyrhizobium cells g�1 soil occurred

only in locations with a previous history of cowpea

rhizobia inoculation. In Zimbabwe, Mpepereki (1994)

reported population sizes of Bradyrhizobium spp.

ranging from 0 to 2.9 � 103 cells g�1 soil, and in
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Nigeria, population sizes were found ranging between

4.9 � 102 and 4.3 � 103 cells g�1 soil (Ahmad et al.,

1981; Abaidoo et al., 1999; Sanginga et al., 1996). Also,

the variation in Bradyrhizobium spp. population

estimates in selected locations on the island of Maui,

Hawaii (Thies et al., 1991a; Woomer et al., 1988) was

comparable to those obtained in this study. In a wider

perspective, Singleton et al. (1992) reported similar

variability in cowpea rhizobial populations assessed by

MPN when compared to values obtained from 305

tropical soil samples collected from locations around

the world.

The soybean-breeding program at IITA intended to

eliminate the need for soybean inoculation in Africa on

the basis that the legume would depend on indigenous

Bradyrhizobium spp. for sufficient nodulation and

efficient BNF to meet soybean N requirements.

However, Weaver and Frederick (1974) reported that

a soil population density of at least 103 B. japonicum

cells g�1 was required for maximizing nodule numbers

on seedling tap roots, and efficient N2 fixation to satisfy

the N demand of soybean. Our results show that

Bradyrhizobium sp. (TGx) populations in many African

soils are much lower than this threshold and, conse-

quently, unlikely to support the magnitude of BNF

required for the enhanced growth and performance of

soybean. Moreover, there is ample evidence that

promiscuous soybean genotypes (genotypes that nodu-

late freely with rhizobia of the cowpea miscellany), like

the North American soybean genotypes, may not meet

all their N demand for growth and seed production only

by BNF since in some cases more than 50% of the plant

total N is likely to be derived from the soil (Sanginga

et al., 2001). These observations indicate that other

management options are mostly required in order to

provide adequate N to soybean grown in low-N soils

containing low Bradyrhizobium sp. (TGx) populations.

The high incidence of low population sizes of

Bradyrhizobium sp. (TGx) relative to those of

Bradyrhizobium spp. suggests that the TGx soybean

genotype is more specific than the cowpea genotype

used in this study. The TGx soybean genotype is likely

to nodulate with only a fraction of the total indigenous

Bradyrhizobium population that can nodulate with the

cowpea genotype. However, results of this study are in

agreement with Thies et al. (1991b) who reported that

legumes within the cowpea cross-inoculation group

(Burton, 1979) nodulate only with subgroups of the

indigenous Bradyrhizobium spp. populations. It is

interesting here to refer to the recent results of Abaidoo

et al. (2000) about genetic analysis of the Bradyrhi-

zobium sp. (TGx) isolates which revealed that some of
them share the same phylogenetic cluster with standard

cowpea rhizobial strains.

Although previous legume cropping is expected to

increase the populations of their cross-inoculation

partner-indigenous rhizobial populations through

nodule senescence (Wilson, 1944), population sizes

of Bradyrhizobium spp. (Cowpea) Bradyrhizobium sp.

(TGx), and B. japonicum (Clark) collected through this

study were not always high in locations previously

cropped with their specific hosts. However, Woomer

et al. (1988) reported that, in some areas of the island of

Maui, the proportion of N2-fixing rhizobia specific to a

legume plant represented only 37% of the observed

indigenous populations. In other studies, however,

previous cultivation of soybean in Iowa soils (Weaver

et al., 1972) accounted for the higher populations of B.

japonicum and the appearance of groundnut in the

cropping history of Iraqi soils (Yousef et al., 1987)

accounted for higher populations of Bradyrhizobium sp.

(Arachis). However, the findings of this study are in

contrast to this as they indicated specific symbiotic

relationships between specific subgroups of resident

bradyrhizobial populations and the legume genotypes

grown in such soils, but the population densities of such

subgroups of indigenous bradyrhizobia were found to

be very low in, or absent from some of the tested areas.

The lack of bradyrhizobial enrichment through previous

legume cropping is expressed here by low correlation

coefficients (r = 0.22–0.32) between bradyrhizobial

population sizes and cropping history. The disparity

between our results and those of other workers may be

explained as follows: (a) the bradyrhizobial groups that

can nodulate TGx soybean genotypes are not wide-

spread since TGx soybean are not the traditional types

in Africa and, thus, Bradyrhizobium sp. (TGx)

populations might be either absent or very low; (b)

the apparent specificity of the Bradyrhizobium sp.

(TGx) could not lend itself to rapid adaptation and

enrichment due to the cultivation, by farmers, of

different legumes other than their natural specific hosts;

(c) large differences exist among farmers with respect to

cultivation, inoculation, other agronomic practices, etc.,

and their corresponding implications for the enrichment

of bradyrhizobial populations. The detection of

bradyrhizobia in fallow locations in this survey study

is consistent with observations by other workers (e.g.,

Yousef et al., 1987; Rupela et al., 1987). The incidence

of higher populations (>10 cells g�1 soil) detected in

fallow lands through this study, however, would suggest

that such sites might have been previously planted with

legumes that enriched Bradyrhizobium sp. (TGx)

populations. This information was probably not
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included in the information gathered on legume cropping

history. Alternatively, and most probably, these rhizobia

are transferred to farms by different farm machines,

irrigation water, wind, rhizobia-loaded seeds, etc., where

they become established and live saprophytically,

assisted by favorable soil and climatic conditions.

The higher bradyrhizobial populations in the

research fields compared with those in farmers’ fields

could be attributed to practices such as higher legume

stand densities and relatively high fertilizer inputs (ca.

20 kg N ha�1, 15 kg P ha�1, and 15 kg K ha�1) that are

virtually absent from most marginal farmers’ fields.

Also, research fields are more likely to be used for

repeated soybean cultivation, resulting in selective

enrichment of Bradyrhizobium sp. (TGx). These

differences might have led to better plant growth and

more uniform and faster Bradyrhizobium sp. (TGx)

population enrichment. Moreover, the selection of

soybean genotypes capable of being nodulated with

indigenous bradyrhizobia is a recent practice, and the

distribution and cultivation of these genotypes by

farmers has not been widespread.

Soil chemical factors except pH were not signifi-

cantly correlated with the population sizes of the

different bradyrhizobial groups. The low Bradyrhizo-

bium sp. (TGx) population densities measured in this

study cannot, therefore, be directly attributed to the

tested parameters. Contrary to our results, soil OC levels

of<1% were found unsatisfactory for the establishment

of significant peanut rhizobial populations (Yousef

et al., 1987) and available P influenced B. japonicum

populations through an indirect response of soybean to

P (Hiltbold et al., 1985). Significant positive correla-

tions between pH and indigenous rhizobial populations

have in some cases, but not in others, been reported

(Rupela et al., 1987; Woomer et al., 1988; Mpepereki,

1994). However, the results of the present study showed

soil pH to be negatively correlated with population sizes

of Bradyrhizobium spp. (Cowpea), but not with the

other bradyrhizobial groups, which provides further

explanation for the weak linear relationships observed

between indigenous population sizes of Bradyrhizo-

bium spp. (Cowpea) and the Bradyrhizobium sp. (TGx)

subgroup. This weak correlation indicates also that high

populations of Bradyrhizobium spp. (Cowpea) cannot

guarantee adequate populations of the Bradyrhizobium

sp. (TGx) subgroup.

The correlations between population sizes of the two

soybean bradyrhizobial groups were, however, stronger.

The significantly higher correlation between Bradyrhi-

zobium sp. (TGx) and B. japonicum populations may

suggest that the presence of high B. japonicum
populations will normally increase the resident bra-

dyrhizobial populations that can nodulate TGx soybean

genotypes. It is, therefore, important to consider that

breeding TGx soybean genotypes in soils with B.

japonicum populations will be problematic, since the

selection pressure expected from Bradyrhizobium spp.

populations (Cowpea miscellany) will be compromised.

From the broad symbiotic phenotype groups, which

were identified in this study based on the effectiveness

of Bradyrhizobium isolates on the two soybean

genotypes, of specific interest are the Bradyrhizobium

isolates in the symbiotic phenotype groups II and IV.

These were possibly strains of Bradyrhizobium spp. that

could be taxonomically designated as Bradyrhizbium

sp. (TGx) in line with the nomenclature proposed by

Jordan (1982). Thirty-eight percent (33 out of 86) of

symbiotic group IV, and all group II isolates were as

effective as B. japonicum strain USDA110. The isolates

in symbiotic group IV, therefore, represent a unique

subgroup of indigenous Bradyrhizobium spp. popula-

tions that can sustain high soybean yields at levels

comparable to that obtained by symbioses with B.

japonicum strains, given that their population density is

sufficient to establish a reasonable symbiotic inter-

relationship. However, the random distribution of the

isolates within this group (0–63% of the total number of

isolates depending on country of origin) indicates that

their presence in a given soil cannot be relied upon for a

satisfactory contribution to a symbiotic interrelation-

ship that can sustain soybean yields. Prior knowledge is

then necessary for planning an inoculation strategy.

The ability of isolates of the symbiotic phenotype

group II to induce high dry matter yields in the North

American soybean genotype Clark IV led to our

speculation that these isolates were mostly North

American soybean bradyrhizobia which have been

introduced through soybean inoculation. Cross-reacting

antigens from these isolates with antisera from North

American Bradyrhizobium strains (Table 5), however,

suggested that these strains were cowpea rhizobia that

shared serological characteristics with North American

soybean rhizobia. These types of cowpea rhizobia might

have also been earlier introductions of such strains for

the inoculation of soybean in this area. Weber et al.

(1989) reported that early commercial soybean inocu-

lants were primarily strains of serogroups 31, 46, and

123. The restriction of such serogroups to a few

locations in Cameroon and Ghana is not surprising,

considering the extensive missionary and agricultural

research work that has taken place in these locations

since the introduction of soybean into the two countries.

Strains belonging to serogroups 31, 46, and 76 are
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usually reported to be less efficient in N2 fixation than

strains belonging to serogroups 110 and 122 (Keyser

et al., 1984). Our data, however, suggest that some of the

isolates that cross-reacted with strains belonging to

serogroups 31, 46, and 76 were as effective as B.

japonicum strain USDA110 in supporting biomass

production in the TGx soybean genotype under the

experimental conditions that prevailed in this study.

Many strains belonging to symbiotic phenotypes II and

IV are, therefore, potential local sources of Bradyrhi-

zobium strains for inoculum production and distribution

to emerging soybean farmers in areas where the

indigenous bradyrhizobial populations are ineffective

or inadequate for sustainable soybean production.

The results from this study show that bradyrhizobial

requirements of TGx soybean genotypes for nodulation

are not serologically different from those needed for

soybean cv. Clark IV. These newly developed soybean

genotypes are, however, more restrictive than cowpea in

their Bradyrhizobium spp. requirements for effective

nodulation and N2 fixation. Many of the Bradyrhizo-

bium spp. isolates were ineffective, while few were as

effective as B. japonicum strain USDA110. The results

also indicate that the potential exists for soybean-

breeding work to identify locations devoid of B.

japonicum strains but containing effective strains of

Bradyrhizobium spp. These places can serve as local

sources of elite strains for inoculum production and use

in soybean growing areas where the Bradyrhizobium

spp. populations are ineffective or inadequate.
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