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Abstract Low effectiveness of native strains remains a
limitation to soybean productivity in sub-Saharan Africa;
while in other countries commercial inoculants are pro-
duced that provide effective strains that stimulate N fixation
and growth. An experiment was set up to evaluate the
response of a dual purpose promiscuous soybean variety
(TGx1740-2F) and a non-promiscuous variety (Nyala) to
commercial rhizobium inoculants in soils from central and
coastal Kenya. Highest nodulation was observed in some of
the treatments with commercial inoculants applied with
nodule weights of 4.5 and 1.0 g plant™' for TGx1740-2F
and Nyala, respectively. Average biomass yields of
TGx1740-2F (16 g plant ') were twice as large as of Nyala
(7.5 g plant ') at the podding stage. Nitrogen fixation was
higher in TGx1740-2F than in Nyala, and positively
affected by a number of commercial inoculants with more
than 50% N derived from the atmosphere. Nodule
occupancy was 100% on both soybean varieties, indicating
that the commercial strains were extremely infective in both
of the tested soils. These results showed that commercial
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strains can be used to inoculate promiscuous soybean and
enhance N fixation and yield.
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Introduction

Bacteria of the genera Azorhizobium, Bradyrhizobium, Meso-
rhizobium, Rhizobium, and Sinorhizobium, collectively known
as rhizobia, enter into N,-fixing symbiosis with leguminous
plants (Sprent 2001; Willems 2006). Rhizobium-legume
interaction is specific and in most cases defined species of
legumes may enter into symbiosis with only one (or few)
bacterial species (Perret et al. 2000; Willems 2006). This
symbiosis benefits the plants through biological nitrogen
fixation (BNF) and takes place in specialized organs referred
to as nodules, which can form on roots or stems. There are
many restrictions to full development of nodules (Tewari et al.
2003); for example, in soybean, nodulation and BNF are
readily suppressed by high concentrations of N in the soil
(Salvagiotti et al. 2008).

Soybean is considered one of the oldest crops in the
world, emerging as a domesticated plant in the eastern half
of northern China around the eleventh century BC. The
cultivated form of soybean is thought to have been
introduced into Korea around the first century AD, and to
Japan around the third century AD. A secondary gene
center occurs in Indonesia, the Phillipines, Vietnam, Thai-
land, Malaysia, and Burma (Morse 1950; Hymowitz 1970).
Soybean is thought to have been introduced into Europe
before 1737 and into South America at the end of the
nineteenth century (Hungria et al. 2006b). Soybean is
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relatively a specific host and does not nodulate when grown
in the field for the first time in many parts including Africa
(Giller 2001). Inoculation remains an important constraint
in the production of soybean genotypes with specific
Bradyrhizobium requirements. To overcome this problem,
the soybean breeding program at the International Institute
for Tropical Agriculture (IITA), Nigeria, developed soybean
genotypes, designated TGx (tropical glycine cross), with
reduced nodulation specificity and thus can nodulate
effectively with indigenous Bradyrhizobium strains popu-
lations (Abaidoo et al. 2007). Trials with these promiscuous
genotypes indicate that indigenous Bradyrhizobium pop-
ulations do not always meet the N demand of the tested
TGx genotypes in many locations in Nigeria (Okereke and
Eaglesham 1993; Sanginga et al. 1996) and eastern and
southern Africa (Mpepereki et al. 2000).

In Brazil and USA, inoculation is common practice for
almost all soybean varieties (Hungria et al. 2006a; Peoples
et al. 2009). According to Ferreira and Hungria (2002),
more than 90% of the soils cropped to soybean have been
inoculated at one time or another, and contain high
populations of the strains used in commercial inoculants
and this has led to economic benefit in terms of N-fertilizer
saving of over US$ 2.5 billion per year (Alves et al. 2003).
In Argentina, Melchiorre et al. (2011) reported estimates of
up to 90% of soybean fields being inoculated. In
Zimbabwe, yields of above 2 t ha ' were achieved with
systematic soybean inoculation (Mpepereki et al. 2000).
However, the similar success has not been reported
elsewhere in sub-Saharan Africa; while soybean is an
important grain legume produced by smallholder farmers.
This may in part be explained by the limited availability of
effective rhizobial inoculants.

On the other hand, when many of the soybean
promiscuous varieties selected in Nigeria were introduced
for the first time in Kenya (western, central, and coastal
province), all of them got nodulated by indigenous rhizobia
(B. Vanlauwe, personal communication). Musiyima et al.
(2005) showed similar results in Zimbabwe with different
promiscuous soybean varieties. However, the presence of
nodules does not mean that the symbiotic nitrogen fixation
is effective and can significantly enhance the growth of
soybean plants because of the possible ineffectiveness of
native strains contained in the nodules as demonstrated by
Zengeni and Giller (2007) in Zimbabwe on promiscuous
soybean varieties. The need to practice the rhizobial
inoculation to promiscuous soybean plants is still under
discussion.

The present study aimed at answering the following
question: would promiscuous soybean respond to commer-
cial rhizobial inoculants developed elsewhere and to what
level compared to non-promiscuous Nyala. We therefore set
to evaluate the versatility of promiscuous soybean in
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response to commercial inoculants with different rhizobium
strains in terms of biomass production, nodulation, and
BNF. Rhizobial inoculants were obtained from different
commercial producers all with different strains and/or
formulations.

Materials and methods
Rhizobium inoculants

Commercial rhizobial inoculants were obtained from
Becker Underwood (USA), Legume Technology (UK),
and Soygro (South Africa) as shown in Table 1. The strain
TSBF442 isolated at TSBF-CIAT (Kenya) (Wasike et al.
2009) and a reference strain (1495MAR) from Marondera
Soil Productivity Research Laboratory in Zimbabwe (Zengeni
and Giller 2007) were included. In addition, two commercial
products (Twin-N and Leguspirflo, produced by Mapleton
Inc., Australia and Soygro, South Africa, respectively) that
are described to contain microorganisms such as Azorhi-
zobium and Azospirillum as these supposedly also enhance
or induce N fixation in crops were also tested. Vault LVL
from Becker Underwood also contains Bacillus subtillis as a
bio fungicide. Sojapak contains Bradyrhizobium, and
Azospirillum, copper, and zinc.

Study soils

Two representative soils were collected from the central and
coast provinces of Kenya, and were classified according to
the World Reference Base for soil resources as Humic
Nitisol and Rhodic Ferralsol soil classes, respectively (FAO
2006). The soils selected were responsive to both N and P
fertilizer, contained a moderate level of organic matter, and
had a near-neutral pH (Table 2). At the time of sampling,
both fields were cultivated with maize without previous
application of fertilizer or organic inputs, and had never
been cultivated with soybean. The soils were collected from
the 020 cm soil layer, shade-dried, and sieved to pass
4 mm and thoroughly homogenized.

Greenhouse experiment

A pot experiment was established in a greenhouse at TSBF-
CIAT at the World Agroforestry Centre, Nairobi, Kenya.
The effect of various rhizobia inoculants were evaluated in
the two study soils for two soybean (Glycine max L.
Merrill) varieties: Nyala, a variety bred in Zimbabwe was
used as a specific nodulating control (Wasike et al. 2009)
and TGx1740-2F that nodulates with indigenous Bradyrhi-
zobium spp. populations (Abaidoo et al. 2007) was used as
promiscuous test variety. TGx1740-2F is a cross between a
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Table 1 Inoculants evaluated in the greenhouse experiment

Product Company/source Formulation Microorganism strains and minimum concentration
according to companies

1495SMAR Marondera SPRL, Zimbabwe Liquid Bradyrhizobium sp (1x10% CFU mL™")

Legumefix Legume technology, UK Peat-based Bradyrhizobium sp (1x10° CFU mL™")

Leguspirflo Soygro, South Africa Liquid Azospirillum sp (1x10° CFU mL™")

Sojapak Soygro, South Africa Liquid B. japonicum + Azospirillum (1x10° CFU mL™")

Soyflo Soygro, South-Africa Liquid B. japonicum (2.5%10° CFU mL ™)

TSBF 442 TSBF, Kenya (Bungoma) Liquid B. elkanii (110" CFU mL™")

Twin-N Mapleton Inc., Australia Dry-frozen microorganisms Azorhizobium sp, Azoarcus sp, Azospirillum sp

(1x107 CFU mL™")
Vault LVL Becker Underwood, USA Liquid B. japonicum + Bacillus subtilis (5x10° CFU mL™")

specific nodulating North American soybean genotype and
a non-specific (cowpea type) Asian soybean genotype
(Kueneman et al. 1984) bred for promiscuous nodulation
at IITA-Ibadan, Nigeria. The selected varieties have been
released in Kenya and are widely adapted and resistant to
major diseases. Nyala is characterized by a shorter maturity
period (88-93 days to physiological maturity) than
TGx1740-2F (95-100 days). Ten treatments were imposed:
six with application of rhizobia inoculants, two with
addition of products containing plant-growth-promoting
rhizobacteria (PGPR), a negative control (without inocula-
tion), and a positive control (with mineral N addition). In
addition, maize (Zea mays L., cv. H513) was grown in both
soils as a reference for BNF assessment using the '°N
isotope natural abundance method (Mariotti et al. 1980;
Herridge et al. 2008).

The trial was established in triplicate. Soil was weighed
in 8-L PVC tubes (diameter=15.6 cm), closed at the bottom
by a double-nylon 1-mm mesh. Because of the difference in
bulk density, tubes contained different soil masses per tube:
9.5 kg of coast soil and 6.4 kg of soil from central Kenya.
All nutrients except for N were applied at optimal rates per

pot ' for crop growth (1,500 mg K, 540 mg Ca, 330 mg
Mg, 120 mg S, 72 mg Mn, 3.0 mg Zn, 1.2 mg Cu, 1.8 mg
B, 0.3 mg Mo, and 0.3 mg Co pot ') calculated based on
optimal nutrient tissue concentrations and an expected
maximal biomass yield of 60 g dry matter (DM) plant .
Because of the difference in P sorption capacity of the two
soils (Table 2), P was applied at 20 and 270 mg Pkg ' in
the coast and central Kenya soil, respectively, targeting a P
concentration in solution of 0.2 mg PL™" in both soils. In
the mineral N positive control, N was applied as NH4NO;3
at a rate of 800 mg Npot ' (split applied at planting and
at 3 weeks later). Nutrient solutions were prepared using
salts KH,PO,, KCIl, KNO;, MgSO,, CaCl,, MgCl,,
Zl’lclz, CUSO4, Ml’lclz, COClz, Na2M004, and N32B407,
and thoroughly mixed with the soil, prior to planting.
Pots were randomly placed on tables in the greenhouse
and rotated daily. The soil moisture content was brought
to 18% and 27% (w/w) for the coast and central Kenya
soil, respectively (approximately 90% of field capacity).
Prior to planting, seeds were surface-sterilized using
3.3% Ca(OCl), for 5 min and rinsed five times with
sterile distilled water.

Table 2 Selected physico-

chemical properties Property Units Coast soil Central Kenya soil

of the two soils
pH (H,0) - 6.6 5.7
Organic C (%) 0.98 2.63
Total N (%) 0.08 0.23
Olsen-extractable P (mg Pkg ™" 17.3 17.7
Exchangeable Ca (cmolckg ™) 4.04 6.98
Exchangeable Mg (cmol kg ™) 1.71 2.54
Exchangeable K (cmol kg ™) 0.55 0.88
ECEC (cmol kg ™) 6.3 10.4
Sand (%) 68 22
Silt (%) 06 20
Clay (%) 26 58
MPN CFU g ! of soil <103 <10°

MPN most probable number
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Five soybean seeds were planted in each pot. Peat-based
inoculants were applied on the seeds, while liquid inocu-
lants were applied 2 days after emergence, at the base of the
plantlets. Application rates per plant corresponded to triple
the recommended rate in the field, converted using the
optimal planting density (270,000 plants ha '). During
plant growth, the moisture content was restored daily by
weighing pots and adding distilled water. Average minimum
and maximum temperatures recorded in the greenhouse
during plant growth were 18°C and 38°C, respectively.
Soybean varicties were harvested at the full podding stage
(R4), 57 and 71 days after planting for Nyala and
TGx1740-2F, respectively. Plants were cut at 1 cm above
the soil surface, using a thoroughly cleaned knife. Subse-
quently, roots were isolated by washing the whole tube
contents over a 2-mm sieve. Nodules were isolated,
counted, weighed, and stored in glycerol at —20°C. Root
and shoot biomass samples were oven-dried (65°C),
weighed, and ground.

Biological N fixation

Biological N fixation was determined using the '°N isotope
natural abundance method (Boddey et al. 2000; Herridge et
al. 2008). It relies on the commonly observed phenomenon
that soil mineral N is usually slightly naturally enriched in
the heavy isotope of N, '*N, compared to atmospheric N,
(Shearer et al. 1978). The '*N content of the plant shoots was
determined using a stable isotope mass spectrometer (Europa
Scientific ANCA 20-20/GSL), and the 8'°N value and
proportion of N fixed from the atmosphere (%Ndfa) were
calculated. The relative reliance of the legume on N, fixation
was calculated by comparing the >N composition of the N,-
fixing legume to a non-N,-fixing reference plant such as
maize or a non-nodulated soybean control (Shearer and Kohl
1986). The estimation was done using the formula:

%Ndfa = 100 x (5" Nref — §""Nfix) /(6"*Nref — 5"°N)

Where: §'°N ref is the '°N value of reference plants
(value of N from sources other than atmospheric N5);
§'°Nfix is the '°N value of the total N in the N,-fixing
soybean grown under conditions in which atmospheric N,
and N from other sources are available, and 5'°N is the
isotopic discrimination (B value) of fixed N in the N,-fixing
soybean as measured in N,-fixing soybean forced to depend
solely on fixed N by growing them hydroponically with N-
free nutrient pots (Shearer and Kohl 1986).

For both varieties, a B value of —0.982 %o was used
(Houngnandan et al. 2008). The §'°N value in maize was
compared with values in treatment with non-nodulated
soybean, to verify the suitability of the reference crop.
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Nodule analysis

Before analysis the nodules were surface sterilized
using 70% ethanol (30 s) and 3.3% Ca(CIlO), (2 min)
and rinsed with sterile distilled water thrice. One nodule
was crushed in 150 ul of sterile water and DNA was
directly extracted (Krasova-Wade et al. 2003; Rouvier et
al. 1996; Thiao et al. 2004). Total genomic DNA from 30
(ten per rep) nodules per treatment was extracted
separately.

DNA amplification and restriction

Genetic diversity was determined by polymerase chain
reaction—restriction fragment length polymorphism
(PCR-RFLP) amplification and restriction of the 16S—
23S rDNA intergenic spacer region. A 930- to 1,100-
bp intergenic region between the 16S and 23S rDNA
was amplified by PCR using rhizobia specific primers
derived from the 3’ end of the 16S rDNA (FGPS 1490-
72; 5'-TGCGGCTGGATCCCCTCCTT-3") (Navarro et
al. 1992) and from the 5" end of the 23S rDNA (FGPL
132-38; 5'-CCGGGTTTCCCCATTCGG-3") (Ponsonet
and Nesme 1994). PCR amplification was carried out in
a 25-ul reaction volume containing 2 ul of total DNA
extract, 10 pmol of each primer, and one freeze-dried
bead (puReTaq Ready-To-Go PCR beads, GE Healthcare
UK Ltd) containing 2.5 U of Taq DNA polymerase,
200 uM in 10 mM Tris—HCI (pH 9 at room temperature)
of each dANTP, 50 mM KCIl, and 1.5 mM MgCl,. PCR
amplification was performed in a Bio-Rad iCycler™
thermal cycler adjusted to the following program: initial
denaturation for 5 min at 94°C, 35 cycles of denaturation
(30 s at 94°C), annealing (30 s at 58°C) and extension
(30 s at 72°C) and a final extension (7 min at 72°C). PCR
products were visualized by electrophoresis of 3 ul of the
amplified DNA on 2% horizontal agarose gel in TBE
buffer (1.1% Tris—HCI, 0.1% Na,EDTA-2H,0 and 0.55%
boric acid), pre-stained with 0.033 mg ml™"' of ethidium
bromide. The gel was photographed under UV illumina-
tion with Gel Doc (BIO-RAD) Software (USA). Aliquots
(10 pl) of PCR products were digested with the
restriction endonucleases Mspl and Haelll (5 U) in a
total volume of 15 pl for 2 h at 37°C. The restriction
fragments were separated by horizontal electrophoresis in
I1x TBE buffer with 3% agarose gel pre-stained with
0.033 mg ml™!' of ethidium bromide. The gels were run at
100 V for 3 h and photographed under UV illumination
with Gel Doc (BIO-RAD, USA) software. Strains with
identical restriction fragment profiles (in individual
fragment size and number) were classified into the same
intergenic spacer (IGS) group.
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Statistical analysis

Analysis of variance for dry biomass yield, nodule fresh
weight, and nitrogen fixation was done using mixed
procedures of the SAS System (SAS 20006) to assess the
effects of (and interactions between) products, soils, and
varieties. The effects of the various factors and their
interactions were compared by computing least square
means and standard errors of difference (SED); signifi-
cance of difference was evaluated at P<0.05, P<0.01, and
P<0.001.

Results
Nodulation and biomass yield

Emergence rates were not affected by treatments. The
effects of the inoculants on nodule fresh weights differed
between the two soils (independent of the soybean variety)
(Fig. 1). There were significant (P<0.05) two-way inter-
actions between variety x inoculants (Fig. 1) and soil X
variety (Fig. 1) and hence both application of Legumefix
and Soyflo resulted in significantly (P<0.05) higher nodule
fresh weights in the central soil (3.4 and 3.8 g plant ',
respectively) relative to the soil from coast soil (2.3
and 2.2 g plant ', respectively). For other inoculants, no
differences between soils were observed. The effects of the
inoculants on nodule fresh weights also differed signifi-
cantly (P<0.05) between the two soybean varieties (Fig. 1).
For TGx1740-2F, controls had very low nodulation (Fig. 1)
and all inoculants except Leguspirflo significantly increased
nodulation. For TGx1740-2F, highest nodulation was
observed in treatments with 1495SMAR, Legumefix, Soja-
pak, Soyflo, and Vault LVL. Low nodulation was observed
in the treatment with TSBF442. Nodules were generally
fewer in Nyala than in TGx1740-2F, and consequently,
higher nodule fresh weights were observed for TGx1740-
2F (2.9 g plant ') than for Nyala (0.5 g plant '), averaged
across all nodulated treatments (Fig. 1). In Nyala, no
nodules were observed in the control, and only 1495MAR,
Legumefix, and Vault LVL resulted in significant increases
in nodule fresh weights.

The effect of the inoculants on shoot DM vyield differed
significantly between both soybean varieties and inoculants
but soil did not significantly (P<0.05) affect biomass yield
(Fig. 2). In Nyala, none of the products increased shoot
yield, relative to the control and significant (P<0.05)
negative effects of Soyflo and Twin-N were observed. In
TGx1740-2F, addition of Soyflo and 1495MAR increased
shoot DM vyields, but yield increases were relatively small
(13-20%). Average biomass yield for each plant of
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Fig. 1 a, b Nodule fresh weight in two soils and varieties as affected
by addition of various inoculants. The error bars represents the
standard error of the difference (SED) for the inoculant x soil and
inoculants x variety interactions. Values marked by an asterisk are
significantly (P<0.05) larger than the control

TGx1740-2F (16 g) was twice as large as of Nyala
(7.5 g). Effects of the inoculants were independent of soil
effects. Shoot DM yields of both varieties were about 30%
higher in the soil from central Kenya than in the coast soil.
In the soil from central Kenya, pod yields were similar for
both varieties (on average 2.2 g plant ') while in the coast
soil, contrarily, pod yields were larger for Nyala (1.1 g
plant") than for TGx1740-2F (0.5 g plant '). Pod yields
were not significantly affected by the inoculants (data not
shown).

Biological N fixation

The 5'°N-value observed in maize (7.0%0) was similar to
the values observed in soybean for treatments without
nodulation in the central Kenya soil. In the coast soil,
however, the value in maize (8.4%o) was significantly lower
than in soybean for treatments without nodulation, and the
value for TGx1740-2F (12.1%0) was higher than for Nyala
(10.0%o). For correct estimation of BNF in soybean using
the natural abundance method, 5'°N values observed in
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Fig. 2 Shoot DM yield of two soybean varieties, as affected by
addition of various inoculants. The error bar represents the standard
error of the difference (SED) for the inoculants x variety interaction.
Values marked by an asterisk are significantly (P<0.05) larger than the
control

soybean for treatments without nodulation were used as
reference values. There was no three-way interaction
between soil x variety x inoculants but there were two-
way interactions between soil and variety and hence means
are shown for the interaction (Fig. 3a, b). In the control, no
significant amount of N was fixed from the atmosphere by
any of the varieties in any of the soils (Fig. 3a, b). The
effect of the inoculants differed between the two varieties.
In Nyala, none of the inoculants significantly increased %
Ndfa, relative to the control. In TGx1740-2F, however,
addition of 1495MAR, Legumefix, Soyflo, and Vault LVL
significantly increased %Ndfa to about 60%, corresponding
to 250-350 mg N fixed plant '. Moderate increases in %
Ndfa were observed in treatments with application of
Sojapak and TSBF442. Other inoculants did not signifi-
cantly affect %Ndfa. The effect of the inoculants differed
significantly in the two soils and %Ndfa was about 30%
higher in the coast soil than in the soil from central Kenya.

Nodule analysis

In total five IGS groups were obtained from the inoculants.
The nodules in the TGx1740-2F control were ineffective as
they had a whitish-cream color when crashed during DNA
extraction process and could not give a PCR product with
the expected size (930-1,050 bp). Nyala did not nodulate
after inoculation with Twin-N and Leguspirflo and nodula-
tion was very low in the coastal soil after inoculation with
TSBF442. Nyala only nodulated with commercial strains
containing Bradyrhizobium sp.

Figure 4 shows IGS profiles for the PCR products
obtained from pure cultures isolated from the inoculants
before application and profiles obtained from the nodules
after inoculation. Table 3 shows summary nodule occupan-
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Fig. 3 a, b Proportion of N derived from the atmosphere (%Ndfa)
and quantity of N fixed as affected by addition of various inoculants in
two soybean varieties (averaged across both soils). Error bars
represent the standard error of the difference (SED) for the inoculants
x variety soil interaction. Values marked by an asterisk are
significantly (P<0.05) larger than the control

cy obtained after analysis of the nodules. Nodule occupan-
cy after PCR-RFLP was identical in both soybean varieties.
Two profiles (I and V) presented in Fig. 4 did not
correspond to any of the profiles from the applied
inoculants. IGS group II was obtained from the central
Kenya soils while IGS profile V was obtained from the
coastal Kenya soil. Legumefix and Vault LVL had similar
profiles (IGS group IV), while 1495MAR, Sojapak, and
Soyflo had the same IGS profile (IIT) as expected for Soyflo
and Sojapak.

Discussion

Controls for the TGx1740-2F genotype were poorly
nodulated (less than ten nodules per plant) in both soils,
and the nodules were ineffective as estimation of %Ndfa
showed no BNF. This suggests that populations of
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Fig. 4 a, b The three IGS a From moculants
profiles of rhizobia obtained

from the DNA of pure cultures
after isolation from the com-
mercial products and the five
IGS profiles of rhizobia
obtained from the DNA of
nodules after inoculation using
two enzymes (Haelll and Mspl)
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indigenous rhizobia capable of nodulating soybean were  reported that a soil population density of at least
very low in both soils. This was confirmed by MPN tests ~ 10° CFU g ' of soil is required for maximizing nodule
carried out on the same soils indicating rhizobial popula-  numbers on seedling tap roots, and efficient BNF to satisfy
tions of <10° CFU g_1 of soil. Weaver and Frederick (1974)  the N demand of soybean. Wasike et al. (2009) showed the

Table 3 Summary of IGS groups from the nodule occupancy analysis expressed in percentages of the two soybean varieties

Treatment Nodule occupancy in IGS groups (%) Number of nodules analyzed

TGx1740-2F Nyala

I I 1T v \Y 1 1I 111 v \%
Control 0 0 0 0 0 0 0 0 0 0
Mineral N 0 0 0 0 0 0 0 0 0 0
1495SMAR 0 0 100 0 0 0 0 100 0 0 120
Legumefix 0 0 0 100 0 0 0 0 100 0 120
Leguspirflo 0 35 0 0 65 0 0 0 0 0 23
Sojapak 0 0 100 0 0 0 0 100 0 0 110
Soyflo 0 0 100 0 0 0 0 100 0 0 120
TSBF442 85 10 0 0 5 100 0 0 0 0 57
Twin-N 0 40 0 60 0 0 0 0 0 53
Vault LVL 0 0 0 100 0 0 0 0 100 0 90
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occurrence of various native rhizobial populations nodulat-
ing promiscuous and non-promiscuous soybean varieties in
soils from Mitunguu (central Kenya) and Bungoma
(western Kenya) with a long history of soybean cultivation,
contrary to the soils from coastal and central Kenya used in
our study.

Interestingly, application of Twin-N and Leguspirflo
increased nodulation in TGx1740-2F but not in Nyala,
and two new profiles were found from IGS groups Il and V
in the soils from central and coastal Kenya, respectively. It
has been demonstrated that nodulation can be enhanced
by plant-growth-promoting rhizobacteria (Bashan and
de-Bashan 2005; Saxena et al. 2006), and both Twin-N
and Leguspirflo contain Azospirillum. PGPR capable of
improving in certain conditions root growth and function,
often leading to increased uptake of water and mineral
nutrients (Matiru and Dakora 2004) and could have led to
the better nodulation on TGx1740-2F as has been reported
elsewhere (Lynch 1990; Lata and Tilak 2000). This increase
in nodulation was however not accompanied by an increase
in %Ndfa.

Soybean variety TGx1740-2F inoculated with strain
TSBF442 showed an estimable number of nodules occu-
pied by native strains from IGS groups II and V for the
central and coastal Kenya soils, respectively, which were
also found in treatments with application of Twin-N and
Leguspirflo. This suggests that TSBF442 strain is probably
less competitive than the strains contained in Legumefix,
Soyflo, Sojapak, Vault LVL, and 1495MAR, which gave
100% occupancy for all the nodules analyzed. Analysis by
PCR-RFLP and sequencing showed that the strain
contained in Vault LVL and Legumefix was identical
(Herrmann et al. 2010), and the products only differed in
their formulation and the presence of Bacillus subtilis in
Vault LVL. This could explain the difference in nodule
and biomass yields from both inoculants. Xavier et al.
(2004) demonstrated the importance of formulation for
commercial production of rhizobial inoculants. It has
also been shown that variant strains exhibit differences
in N, fixing efficiency (Barcellos et al. 2009; Bizarro et
al. 2011) and partly may be due to adaptation to their
new environment changes (Ferreira and Hungria 2002;
Galli-Terasawa et al. 2003).

The amount of nitrogen fixed by 1495MAR, Legumefix,
Soyflo, and Vault LVL (250-350 mg N fixed plant ')
compared favorably by results reported by Guimardes et al.
(2008) who found about 500 mg plant ' (at about 80%
Ndfa) when a plant is grown to maturity. Other studies have
reported %Ndfa values ranging between 26% and 87%
(Sanginga et al. 1997) for soybean. The amounts of %Ndfa
are also comparable to the averages values found in
farmer’s fields and researcher managed trials (58% and
68%, respectively) (Herridge et al. 2008; Walley et al.
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2007). Soybean variety TGx1740-2F had significantly
higher biomass yield and pod numbers and this could
be attributed to the higher N content as a result of
higher N fixation and thus higher vegetative growth and
podding. Sanginga et al. (1997) reported reliable esti-
mates of N, fixation by promiscuous genotypes in the
Southern Guinea Savannah zones of Nigeria, and our
results have demonstrated the same effect for the promis-
cuous variety TGx1740-2F. Nyala, in contrast, showed
good nodulation response to inoculation but the %Ndfa
was much lower. This could in part be the reason why
conventionally bred soybean varieties do not contribute to
the soil N status, as the N fixed is removed by the grains
(Sanginga et al. 2003).

The wide variation in amounts of N fixed by different
genotypes have been reported elsewhere and are attributed
to the N-fixing capability of the genotype, the duration to
maturity (and duration of N fixation), the relative fertility of
the soils, and the bradyrhizobia species (Sanginga et al.
1997). Possibly, N mineralization after water addition to the
dry soil released N with a lower 5'°N value, which was
utilized relatively more by the faster-growing maize than
for soybean, and by the earlier-maturing soybean variety
Nyala than by TGx1740-2F. It could also be attributed to
the higher number of days required for maturity for
TGx1740-2F than Nyala. Similar findings have also been
reported (Carsky et al. 1997; Sanginga et al. 2000; Yusuf et
al. 2008). Although our results are based on a greenhouse
study, high correlation has been previously reported
between the N,-fixing effectiveness of strains tested in the
greenhouse and in the field, based on total plant weight and
total N (Bremer et al. 1990). Hence, similar trends in
inoculant performance would be expected under field
conditions.

Conclusions

We conclude that promiscuous soybean varieties respond
to inoculation, and nodulation, BNF, and biomass yield
are improved if the strain is infective and effective. The
commercial inoculants tested showed variability in
their effectiveness with Legumefix, Vault LVL, and
1495MAR being the suitable inoculants for the promis-
cuous TGx1740-2F soybean variety, but not for non-
promiscuous Nyala. Twin-N and Leguspirflo were found
to be ineffective both in terms of stimulating BNF and
plant growth. Commercial products produced elsewhere
can be an important source of effective strains for use
in areas where soybean is being introduced or where
low populations of indigenous rhizobia hinder BNF.
Further evaluation under field conditions is necessary to
confirm these findings.
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