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The existence of large population of ineffective native rhizobia and inconsistent
performance of exotic strains in Ghanaian soils necessitate the need to identify
effective and locally adapted elite strains for enhanced legume-rhizobium symbiosis.
This study was designed to test the suitability of two previously selected potential elite
Bradyrhizobium strains for use as inoculants on cowpea (Vigna unguiculata L. Walp) and
groundnut (Arachis hypogaea L.) in multilocation experiments. Field experiments were
set up at 26 locations (12 planted with cowpea and 14 planted with groundnut) in the
Northern region of Ghana. Four treatments were applied at each location: inoculation with
Bradyrhizobium strains KNUST 1002 and KNUST 1006, a positive nitrogen (+N) control
and a negative control (without nitrogen or inoculation) arranged in randomized complete
blocks with four replications. The results showed that inoculation with strains KNUST
1002 and KNUST 1006 promoted significant increases in grain yields of both cowpea and
groundnut. On average, inoculating cowpea with strains KNUST 1002 and KNUST 1006
resulted in 63 and 52% increases in grain yield when compared to the negative control.
Pod yields of groundnut, on the other hand, were significantly (p < 0.05) increased at
57% of the study locations with one or both test strains. Responses to inoculation were,
however, highly variable across the different study locations (i.e., significant Treatment
× Location Interaction, TLI). A detailed analysis of this significant TLI based on the
genotype main effect (G) plus genotype-by-environment (GE) interaction (GGE) biplot
analysis revealed that location contributed 71 and 88% of the variation observed in
cowpea and groundnut, respectively, and grouped the locations into mega-environments
for cowpea. These results demonstrate that native elite Bradyrhizobium strains KNUST
1002 and KNUST 1006 have potential for use as inoculants to increase cowpea and
groundnut production in Northern Ghana.
Keywords: inoculation, multiple location experiment, GGE biplot, site-specific response, grain yield

INTRODUCTION
Cowpea and groundnut form a vital component of the traditional cropping system in most
countries in Africa including Ghana due to the high protein contents of these grains (Ajeigbe et al.,
2012). Other advantages of these crops are their contribution to soil fertility improvement and
assistance in reducing the incidence of pests and diseases (Graham and Vance, 2000). Until recently,
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As many strains used in inoculant formulations originated
from indigenous pools of their country of origin, isolation and
characterization to identify local elite strains present a strategy
to improve BNF. Studies that focused on the characterization
of indigenous rhizobium have revealed them as important
sources of inoculant strains that are able to improve nodulation
and BNF in grain legumes (Fening and Danso, 2002; Bogino
et al., 2006; Ampomah et al., 2008; Grönemeyer et al., 2014).
Furthermore, effective native strains, when identified, will serve
as an important source of local inoculants to enhance BNF and
subsequently yields of target legumes due to inherent adaptability
to local conditions.
In this context, the present study was performed to assess
the symbiotic potential of two previously selected native
Bradyrhizobium strains to improve grain yields of cowpea and
groundnut in multiple environments in Northern Ghana.

legumes were cultivated as secondary crops to cereals by most
smallholder farmers and, as such, received little or no fertilizer
(Naab et al., 2009). Farmers nowadays cultivate these legumes
on a large scale as cash crops but still without the application
of adequate quantities of fertilizer. It is also evident that yields
obtained are just a fraction of their maximum potential. For
instance, average groundnut yields obtained on farmers’ fields in
Ghana are estimated at 900 kg ha−1 while potential yields of the
improved varieties have been tagged between 1,800 and 2,800 kg
ha−1 (Adu-Dapaah et al., 2004). Additionally, a yield gap of about
1,560 kg ha−1 has been reported for cowpea (Karikari et al., 2015).
Although legumes are characterized by the ability to partially or
fully meet their nitrogen (N) needs through biological nitrogen
fixation (BNF) (Hungria and Kaschuk, 2014), the process is often
limited by nutrient deficiencies in soils, particularly phosphorus
(P). Such nutrient deficiencies in soils are predominant in the
legume growing areas of the savanna zones of Ghana (AdjeiNsiah et al., 2018).
For the past decade, several approaches have been
recommended as means to improve BNF and subsequently
yields of legumes. Among these approaches are the use of high
yielding varieties (Okogun et al., 2005; Buruchara et al., 2011),
P-based fertilizers (Kamara et al., 2007; Kamanga et al., 2010;
Kolawole, 2012), rhizobium inoculants (Sanginga et al., 2000;
Osunde et al., 2003; Thuita et al., 2012), or a combination of
these approaches (Ndakidemi et al., 2006; Ronner et al., 2016).
The International Institute of Tropical Agriculture (IITA) bred
promiscuous legumes, particularly soybeans, with the aim of
improving BNF (Vanlauwe and Giller, 2006). Consequently,
smallholder farmers in Zimbabwe and South Africa, for instance,
preferred these promiscuous varieties to the high yielding
ones due to limited access to inoculants (Mpepereki et al.,
2000; Musiyiwa et al., 2005). However, the performance of
promiscuous soybeans in terms of nodulation and BNF has been
erratic due to the diverse nature of native rhizobia present in
soils (Mpepereki et al., 2000; Sanginga, 2003). In effect, it was
concluded to be impossible to obtain a promiscuous soybean
variety that nodulates in all environments. Hence, the need for
rhizobium inoculation remains paramount in the subregion.
Recent studies that employed the use of rhizobium inoculants
in combination with phosphorus fertilizers revealed clearly that
this approach results in increased yields of legumes (Ronner et al.,
2016; Ulzen et al., 2016; Kyei-Boahen et al., 2017). However,
the widespread use of rhizobium inoculants by smallholder
farmers in Ghana is historically rare owing to limited access.
In addition, the variable quality of some imported inoculants
has resulted in inconsistent responses (Brockwell and Bottomley,
1995; Singleton et al., 1997), creating doubt among farmers. Until
recently, there were no facilities in the region to produce and
distribute inoculants, and as such, all the inoculants available
on the market were imported. However, since 2017, the first
inoculant production facility established in the Council for
Scientific and Industrial Research (CSIR)-Savanna Agricultural
Research Institute in Tamale, Ghana, has been producing
rhizobium inoculants for the local market using exotic strains.
Promiscuous native rhizobium, on the other hand, also competes
with introduced exotic strains precluding inoculation responses
in some cases (McInnes and Haq, 2007).
Frontiers in Agronomy | www.frontiersin.org

MATERIALS AND METHODS
General Description of Study Locations
The experiments were conducted during the 2016 cropping
season in two districts in the Northern region of Ghana. The
region falls within the Guinea savannah agroecological zone with
a unimodal rainfall pattern and an annual rainfall distribution
of 1,000–1,200 mm. Mean temperature for the area ranges
from 26 to 30◦ C with slight variations within a year (MOFA,
2016). Twenty-six locations with no known history of recent
legume cultivation were selected for the field experiments. The
geographical positions and other information about the study
locations are presented in Table 1.

Physicochemical Analyses of Soils From
Study Locations
Prior to the establishment of the experiments, soils were sampled
at a depth of 0–20 cm from each of the study sites. At each
site, eight soil core samples were taken, thoroughly mixed,
and composite samples taken. A portion of the composite
sample for each field was air-dried, sieved through a 2 mm wire
mesh, and kept for physicochemical analysis. The hydrometer
method based on the principle of dispersion and sedimentation
was used to determine soil texture (Bouyoucos, 1962). Soil
pH was measured by inserting the electrode of a pH meter
(Jenway 3510, England) into partly settled 1:2.5 (w/v) soil:water
suspension. For organic carbon determination, the modified
Walkley and Black method described by Nelson and Sommers
(1982), which involves a wet combustion of organic matter
using a mixture of potassium dichromate (K2 Cr2 O7 ) solution
and sulfuric acid, was used. Total N was determined by the
Kjeldahl method with samples initially digested to convert
organic N to ammonium–N, followed by the determination
of ammonia in the digested samples (Bremner and Mulvaney,
1982). Available phosphorus was extracted using the Bray’s No
1 solution (Bray and Kurtz, 1945), after which phosphorus
in the extracts was measured with the spectrophotometer
using blue ammonium molybdate with ascorbic acid as the
reducing agent. Exchangeable cations were extracted using
the procedure by Black (1965) with 1.0 M ammonium
acetate extract.
2
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TABLE 1 | Description and Global Positioning System (GPS) coordinates of study locations.
District

Location Name

Location ID

Lat

Long

Alt (m)

Soil type

Planting date

COWPEA
Savelugu

Sankpem

L1

N09◦ 38’56.5”

W000◦ 45’03.5”

155

Acrisol

22/07/2016

Savelugu

JegunKukuo

L2

N09◦ 39’11.0”

W000◦ 41’51.9”

129

Acrisol

05/08/2016

Karaga

Karaga

L3

N09◦ 56’36.4”

W000◦ 26’20.3”

184

Lixisol

01/08/2016

Karaga

Kunang

L4

N09◦ 54’57.4”

W000◦ 37’44.5”

147

Plinthosol

29/07/2016

Karaga

Nangunkpang 1

L5

N09◦ 58’58.6”

W000◦ 25’55.4”

161

Lixisol

28/07/2016

Karaga

Nangunkpang 2

L6

N09◦ 59’40.7”

W000◦ 26’24.6”

160

Lixisol

24/07/2016

Karaga

Nangunkpang 3

L7

N09◦ 59’15.6”

W000◦ 26’23.4”

153

Lixisol

25/07/2016

Karaga

NangunNayilli

L8

N09◦ 57’15.9”

W000◦ 27’19.1”

183

Planosol

28/07/2016

Savelugu

Nanton-Kurugu

L9

N09◦ 37’18.3”

W000◦ 44’00.1”

140

Planosol

22/07/2016

Savelugu

Nyeko

L10

N09◦ 40’50.4”

W000◦ 39’57.3”

184

Acrisol

07/08/2016

Savelugu

Nyeko Kukusoli

L11

N09◦ 41’42.1”

W000◦ 39’03.3”

175

Lixisol

07/08/2016

Karaga

Pishegu

L12

N09◦ 57’14.2”

W000◦ 37’36.4”

158

Plinthosol

21/07/2016

Savelugu

Nanton-Kurugu

L1

N09◦ 37’00.8”

W000◦ 44’53.0”

149

Acrisol

14/07/2016

Savelugu

Zoggu

L2

N09◦ 40’47.4”

W000◦ 40’56.6”

178

Acrisol

15/07/2016

Karaga

Karaga

L3

N09◦ 56’36.4”

W000◦ 26’20.3”

184

Lixisol

01/08/2016

Karaga

NangunNayilli

L4

N09◦ 57’15.9”

W000◦ 27’19.1”

183

Planosol

02/08/2016

Savelugu

Sankpem

L5

N09◦ 38’56.5”

W000◦ 45’03.5”

155

Acrisol

12/07/2016

Savelugu

Nyeko D

L6

N09◦ 41’36.3”

W000◦ 39’07.3”

187

Lixisol

07/08/2016

Savelugu

Nyeko B

L7

N09◦ 42’52.4”

W000◦ 40’13.3”

169

Planosol

15/07/2016

Karaga

Nangunkpang 3

L8

N09◦ 59’15.6”

W000◦ 26’23.4”

153

Acrisol

26/08/2016

Karaga

Nangunkpang 1

L9

N09◦ 58’46.6”

W000◦ 25’51.3”

167

Planosol

23/08/2016

Karaga

Nangunkpang 2

L10

N09◦ 58’58.6”

W000◦ 25’55.4”

161

Plinthosol

25/08/2016

Karaga

Pishegu

L11

N09◦ 58’19.0”

W000◦ 39’41.7”

161

Plinthosol

08/07/2016

Savelugu

Batanyilli

L12

N09◦ 37’37.7”

W000◦ 43’30.7”

122

Acrisol

12/07/2016

Karaga

Kunang

L13

N09◦ 56’22.1”

W000◦ 37’22.9”

153

Planosol

16/07/2016

Karaga

Kunang 2

L14

N09◦ 55’26.6”

W000◦ 37’28.8”

151

Plinthosol

14/07/2016

GROUNDNUT

Lat, latitude; long, longitude; Alt, altitude; Soil taxonomic classification was based on the World Reference Based (WRB) for soil resources, 2014.

Estimation of Indigenous Rhizobia in Soils

preliminary controlled experiments based on their symbiotic
effectiveness (Osei et al., 2018), were processed into inoculant
formulations under aseptic conditions. Each strain was cultured
in 50 ml yeast mannitol broth (YMB) until the late logarithm
phase, and this broth was then mixed with 50 g of prepackaged
and gamma-radiated (sterile) peat. The inoculated peat was
gently massaged for even distribution of inoculum and incubated
at 28◦ C for 2 weeks to cure and reach a cell concentration of at
least 108 colony forming units (CFU) g peat−1 (Somasegaran and
Hoben, 2012).

The rhizobium population in each composite soil sample was
estimated using the most probable number (MPN) method
described by Yates et al. (2016) with cowpea (variety, Asontem)
as the trap host. Pregerminated cowpea seeds of equal radicle
length were aseptically transferred into growth pouches (Mega
International, USA). A week after transplanting, growth pouches
with healthy seedlings were selected and inoculated with serial
dilutions of the soil samples. The soil dilutions were prepared
using the six steps, 5-fold serial dilution approach. One milliliter
of each dilution was used to inoculate the seedlings with four
replicates. The setup was monitored for 28 days, after which the
MPN of rhizobium in each soil was assessed using the MPNES
software (Woomer et al., 1990).

Field Preparation and Imposition of
Treatment
Experimental fields were plowed, harrowed, and laid out
in randomized complete blocks with four replications. The
treatments were: (i) Bradyrhizobium strain KNUST 1002, (ii)
Bradyrhizobium strain KNUST 1006, (iii) positive nitrogen
control (i.e., uninoculated and fertilized with 100 kg N ha−1 in
the form of urea) and iv) negative control (i.e., uninoculated and
unfertilized). Each plot measured 5 m × 5 m spaced by 1 m alleys
between blocks and treatments. The inoculants were applied to

Preparation of Planting Materials
For the field experiments, groundnut (Arachis hypogaea L.)
variety Shitaochi commonly known as “Chinese” was used, while
the cowpea (Vigna unguiculata L. Walp) variety “Songotra” was
used for the cowpea experiments. These varieties were selected
based on farmers’ preference. The two elite Bradyrhizobium
strains (KNUST 1002 and KNUST 1006), selected from
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the seeds and planted at a spacing of 50 cm × 20 cm for both
cowpea and groundnut. Prior to planting, the seeds were coated
with 3% w /v gum arabic solution, followed by inoculation with
each of the inoculant strains at a rate of 5 g kg seed−1 . The seeds
were mixed gently and air-dried for 30 min before planting. Each
treatment received a basal application of 30 kg P ha−1 in the
form of triple super phosphate. One hundred kg N ha−1 in the
form of urea was applied as the +N treatment and was split
during the application at the rate of 20 kg N ha−1 at 2 weeks after
planting and the remaining 80 kg N ha−1 at 50 % flowering (R2
growth state).

TABLE 2 | Average chemical properties of soils at study locations.
Soil parameters

Range

pH (in H2 0)

6.1 ± 0.08*a

5.5–6.8

6.0 ± 0.04a

5.5–6.8

Organic carbon (%)

0.7 ± 0.08a

0.2–1.8

0.5 ± 0.03b

0.03–0.8

Total N (%)
Exchangeable K
[cmol(+) kg−1 ]

Plants were harvested manually from the inner rows excluding
the border rows at full maturity (R8 stage) (Fehr et al., 1971)
and pods of both groundnut and cowpea separated. Cowpea
pods were dried to constant weight, threshed, and winnowed
for grain yield determination. Yield of groundnut, on the other
hand, was determined unshelled. Grains and pods were weighed
using a standard electronic balance and yields estimated on per
hectare basis.

Savelugu (n = 11)

Mean

Available P (mg kg−1 )

Harvesting and Data Collection

Karaga (n = 15)

Mean

0.08 ± 0.004a 0.05–0.12 0.07 ± 0.006a
5.8 ± 0.06a

5.3–6.2

5.7 ± 0.03a

0.10 ± 0.006a 0.08–0.2 0.10 ± 0.003a

Range

0.03–0.1
5.3–5.9
0.08–0.2

Exchangeable Ca
[cmol(+) kg−1 ]

4.8 ± 0.1a

2.6–7.0

4.0 ± 0.12b

2.4–5.8

Exchangeable Mg
[cmol(+) kg−1 ]

1.3 ± 0.08b

0.56–2.6

1.6 ± 0.10a

0.4–2.6

Exchangeable Na
[cmol(+) kg−1 ]
IRP cells g of soil−1
Predominant soil texture

0.04 ± 0.004b 0.02–0.08 0.07 ± 0.03a 0.007–0.08
75 (26.2–217.6)† 11–218 125 (43.7–363.4) 24–273
Sandy loam

Loamy sand

Means followed by the same letters within rows are not significantly different (p > 0.05)
based on Scott-Knott test, IRP, indigenous rhizobia population, *standard error of means,
† lower and upper limit.

Statistical Analyses
Since two different legume hosts (groundnut and cowpea)
were used, separate analysis was done for each crop. The
data from all the locations were pooled together and checked
for normal distribution and homogeneity of residuals variance
before subjecting to analysis of variance (ANOVA) using R (R
Core Team, 2017) and SISVAR (Ferreira, 2008), respectively.
The ANOVA model included treatment, location, and their
interaction. Significant mean differences were separated using
Scott Knott method at 5% probability. Treatment × Location
Interaction (TLI) was further evaluated using the Genotype (G)
mean effect plus Genotype-by-Environment (GE) interaction
(GGE) biplot function in GEA-R (Genotype x Environment
Analysis with R for windows) software version 4.0 (Pacheco
et al., 2015). GGE biplot analysis helps to address important
concepts such as crossover Treatment × Location responses and
specific adaptation of treatment in an easy to understand form
(i.e., graphically) and is also very efficient especially when a few
number of treatments are considered.
For genotype evaluation (herein referred to as treatment
evaluation), treatment-focused singular value partitioning (SVP
= 1) was used based on the Mean vs. Stability option in the
software. The “which-won-where” option was used to identify
the treatment with the best performance at specific locations and
to delineate mega-environments. Yan and Tinker (2006) have
explained in detail the statistical theory of the GGE methodology.

available P-values averaged 5.8 mg kg−1 (5.3–6.2 mg kg−1 ) and
5.7 mg kg−1 (5.3–5.9 mg kg−1 ) for locations under the Karaga
and Savelugu districts, respectively, and were considered low.
Estimates of native rhizobium population of soils at the study
locations averaged 75 and 125 rhizobium cells g−1 of soil for
Karaga and Savelugu districts, respectively. The textural class
analysis revealed that soils of the sites in the Karaga district were
predominately sandy loam while those in the Savelugu district
were mostly loamy sand in nature. In general, the fertility status
of the soils considered in this study were low (Table 2) based
on the description of Landon (2014). The amount of rainfall
within 3 days before or after planting varied per study location
for both cowpea and groundnut. For the cowpea study locations,
the rainfall amount within the period of planting was 9 mm or
more for only 4 out of the 12 sites, while that of groundnut fields
recorded was 11 mm or more for 4 out of the 14 sites.

Response of Target Legumes to Treatment
Cowpea Yield Response
The grain yield response of cowpea to rhizobium inoculation
was significantly positive compared to the negative control
treatment for both strains at 8 of the 12 sites (Table 3). At all
the sites except L6, KNUST 1002 promoted significant increase
in grain yield compared to the negative control plots while with
the exception of sites L9, L10, and L11 (see sites description
in Table 1), inoculation with strain KNUST 1006 promoted
significant increase in grain yield at all the other sites. The
application of 100 kg N ha−1 at most sites promoted an increase
in grain yield compared to the negative control. Only at two
sites (L5 and L9) did the positive control treatment outyield
both inoculated treatments with KNUST 1002 and KNUST 1006.
There were large and significant differences in grain yield for
the negative control plots ranging from 175 to 1,229 kg ha−1 .

RESULTS
Chemical and Biological Properties of Soil
and Rainfall Distribution of the Study Sites
The soils from all the study locations ranged from moderately
to slightly acidic (pH 5.5 to 6.8) (Table 2). The organic carbon
and total N contents of soils ranged from 0.03 to 1.8% and
0.03 to 0.1%, respectively, and were considered as very low. The
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TABLE 3 | Grain yield response of cowpea to treatments at the different study
locations.

TABLE 4 | Grain yield response of groundnut to treatments at the different study
locations.

Location/
Treatment

Location/
Treatment

Grain yield (kg ha−1 )

KNUST 1002 KNUST 1006
L1

1,213cA

1,125cA

L2

1,330

bA

cB

L3

1,553aB

1,720aA

L4

cA

cA

1,130

1,005

1,100

N+

N–

Mean

1,053dA

821bB

1,053

760

eC

1,305bC
950

dB

693

bC

493cD
835

bB

Grain yield (kg ha−1 )

KNUST1002

KNUST1006

N+

L1

1,000fB

1,455bA

1,075dB

947

L2

eA

cA

cA

1,268

L3

595gA

590eA

580eA

305fB

518

L4

gB

eB

eA

410fB

523

1,004

1,213
515

1,289
495

N–

1,294
670

Mean

1,000dB

1,133

960dB

1,189

L5

515eB

438eB

665eA

175eC

448

L5

2,175aA

1,829aB

1,809aB

1,665aC

1,870

L6

465eB

805dA

425fB

325dB

505

L6

1,050fB

1,355bA

1,295cA

1,385bA

1,271

L7

685dA

803dA

675eA

325dB

622

L7

1,220eA

1,165cA

1,330cA

1,210cA

1,231

L8

503eA

410eA

500fA

200eB

403

L8

1,295eA

1,305cA

1,135dB

930dC

1,166

L9

1,080cB

838dC

1,227cA

740bC

971

L9

585gA

590eA

630eA

605eA

603

L10

1,453aA

1,280bB

1,375bA

1,173aB

1,320

L10

1,575cA

1,370bB

1,390bB

1510bA

1,461

L11

1,563aA

1,250bB

1,535aA

1,229aB

1,394

L11

930fA

775dB

1,023dA

L12

cA

cB

cA

Mean
CV (%)

1,180

1,060

1,056

986

1,210

973

760

bC

1,053

647

10.1

1,569

1,860bA

1,935aA

1,508bB

1,105cC

1,602

L14

eA

cA

dA

1,165cA

1,188

1,190

CV (%)

1,110

1,234

1,168

1,043

18.7

Means followed by different uppercase letters within rows (treatment) and lowercase
letters within columns (locations) are significantly different (p < 0.05) based on Scott-Knott
test. KNUST 1002 and KNUST 1006 = Bradyrhizobium strains, +N, positive nitrogen
control; -N, negative control. L1–L12 represent study locations 1 to 14, respectively.

At the sites with lowest yields in control plots, the increase
in the grain yield due to inoculation was often very high. For
example, strain KNUST 1002 resulted in increases of 194 and
111% at sites L5 and L7, respectively, over the negative control.
For the negative control treatment, grain yield only exceeded
1,000 kg ha−1 at two sites (Table 3). The average yield increases
of cowpea following inoculation with the rhizobium strains were
409 kg ha−1 and 339 kg ha−1 for KNUST 1002 and KNUST 1006,
representing percentage increases of 63 and 52, respectively, over
the negative control.

and 1006 were 147 and 191 kg ha−1 , respectively, but at some
sites, yield increases were highly significant. For example, yield
increased from 1,105 kg ha−1 in the negative control treatment to
1,860 kg ha−1 with strain KNUST 1002 and 1,935 kg ha−1 when
groundnut was inoculated with KNUST 1006 at site L13. At the
sites L1 and L13, inoculation promoted yield increases of over
400 kg ha−1 .

Exploring the Interaction Between
Treatment and Location

Groundnut (Unshelled) Yield Response

Which-Won-Where Pattern

The yield response of groundnut to rhizobium inoculation was
significantly positive compared to the negative control treatment,
for both strains at only five sites (Table 4). At two sites (L1 and
L12), only KNUST 1006 promoted a significant yield increase
and at sites L5 and L11, only KNUST 1002 significantly increased
yield over the control. Thus, there were statistically significant (p
< 0.05) increases in yield responses to one or both rhizobium
strains at 8 (L1, L2, L3, L5, L8, L11, L12, and L13) of the
14 sites compared to the negative control. The application of
100 kg N ha−1 promoted an increase in yield compared to the
negative control treatment at seven sites. However, at two sites
(L5 and L10), the yield of the plants inoculated with KNUST
1002 was significantly higher (p < 0.05) than those of plants
receiving 100 kg N ha−1 . At sites L8 and L13, both rhizobium
strains promoted significantly higher yields than the positive
control treatment. The positive N treatment promoted yield
increases significantly at par with one or both strains at all the
locations except L4. The mean yield increases of groundnut in
relation to the negative control at all sites for KNUST 1002
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Means followed by different uppercase letters within rows (treatment) and lowercase
letters within columns (locations) are significantly different (p < 0.05) based on Scott-Knott
test. KNUST 1002 and KNUST 1006 = Bradyrhizobium strains, +N, Positive nitrogen
control; –N, Negative control. L1–L12 represent study locations 1 to 12, respectively.

dB

The best treatment(s) for each location was identified based
on the which-won-where function in the GGE biplot analysis.
The analysis grouped the study locations into three megaenvironments with KNUST 1002, KNUST 1006, and positive
control treatment, producing the best yields in each of the megaenvironments for cowpea. Thus, three locations (L5, L9, and
L11) fell within mega-environment 1 delineated by the red lines
in the biplot with the +N treatment at the polygon vertex.
This indicates that cowpea yields were increased for plots that
received N at these three locations when compared with the
other treatments. Similarly, four locations, L1, L8, L10, and
L12, formed the second mega-environment with KNUST 1002
producing comparatively higher yields at these locations than
the other treatments. The remaining locations fell under megaenvironment 3 with KNUST 1006, resulting in increased cowpea
yields at these locations (Figure 1).
The biplot analysis of groundnut data resulted in the
delineation of three mega-environments (Figure 2). The first
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FIGURE 2 | Polygon view of the GGE biplot for treatment performance at
different locations for groundnut based on the which-won-where pattern.
KN02 KN02, KN06, CN, and SN represent Bradyrhizobium strains KNUST
1002, KNUST 1006, positive nitrogen, and negative controls, respectively and
L1–L14 represent study locations 1 to 14. Mega-environment = group of
locations sharing the same best set of treatment(s).

FIGURE 1 | Polygon view of the Genotype main effect plus
Genotype-by-Environment (GGE) biplot for treatment performance at different
locations for cowpea based on the which-won-where pattern. KN02, KN06,
CN, and SN represent Bradyrhizobium strains KNUST 1002, KNUST 1006,
positive nitrogen, and negative controls, respectively and L1–L12 represent
study locations 1 to 12. Mega-environment = group of locations sharing the
same best set of treatment(s).

from the abscissa of the biplot for each treatment. KNUST 1002
thus consistently promoted significant yield increases across the
cowpea study locations. The negative control treatment also had
a very short projection from the abscissa of the biplot, which
means that lower yields were recorded for this treatment across
all the study locations. Evaluation of the ability of a treatment
to perform similar to or better than an ideal treatment (i.e., a
standard strain) showed that KNUST 1002 was an ideal strain
for inoculating cowpea as it produced greater yields at almost
all the study locations. This was depicted by its position in the
concentric circles drawn to visualize the distance between each
treatment and the hypothetical ideal treatment (Figure 4A).
The biplot for treatment-focused view for groundnut data
explained 90.1% of the variability in performance observed
with the +N treatment, having a short projection from the
abscissa, followed by KNUST 1006 and KNUST 1002. The
consistency in performance of treatment was relatively low
on groundnut compared with cowpea. The negative control
treatment consistently recorded the lowest yields across the
groundnut study locations (Figure 3B). These results were
confirmed by the output of the ideal treatment evaluation
(Figure 4B).

mega-environment comprised six locations (L1, L2, L8, L12,
L13, and L14) with KNUST 1006 promoting yield increases in
these locations. The second mega-environment comprised only
location L6 with the negative control treatment recording greater
yield than the inoculated and positive control treatments. Seven
locations (L3, L4, L5, L7, L9, L10, and L11) fell within the third
mega-environment with KNUST 1002 producing high yields,
which were comparable to +N treatment (Figure 2).
Overall, the soil fertility status of the study locations was
low. The native rhizobium population, however, varied for
the delineated mega-environments. For instance, the cowpea
study locations within mega-environment 3, where KNUST 1006
caused yield increases, all had rhizobium populations below 100
cells g soil−1 . These populations were relatively lower than the
populations at the locations within mega-environment 2 where
KNUST 1002 produced greater yields. A similar but opposite
trend was observed for the mega-environment delineation of
groundnut locations. The locations in mega-environment 3,
where KNUST 1002 was the best treatment, had relatively lower
populations of native rhizobium than the locations in megaenvironment 1, where KNUST 1006 produced greater yields
(Table 5).

Treatment-Focused Evaluation

DISCUSSION

The first two principal components (axis 1 and axis 2) explained
92.1% of the variation in grain yield for cowpea (Figure 3A).
The consistency in performance of treatment across the cowpea
study locations was in the order KNUST 1002 > +N > KNUST
1006. This is indicated by the shortness of the line projecting

Although efficient exploration of BNF for enhanced grain
yields, particularly in legumes, can be achieved via the use
of effective native rhizobia, there are several factors that
influence inoculation responses. Chiefly among these factors
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Increases in grain yields following inoculation of legumes with
native rhizobia in this study are remarkable and disprove earlier
reports by some authors that these crops do not respond to
inoculation with rhizobia (Awonaike et al., 1990; de Freitas et al.,
2012; Mweetwa et al., 2014). The results, however, agree with the
findings of several authors including Bogino et al. (2006), Boddey
et al. (2016), Ulzen et al. (2016), and Martins et al. (2003) that
inoculating cowpea and groundnut leads to yield improvements.
Variations in yield response to inoculation of cowpea and
groundnut at the different locations can be attributed to the
differences in compatibility between the host plant genotype and
specific rhizobium strains under the influence of environmental
factors. Several authors have reported similar observations of
variability in rhizobium strain performance on different plant
genotypes (Tirichine et al., 2000; Simsek et al., 2007; Schumpp
and Deakin, 2010). Such variability in performance of rhizobia on
different legume hosts emphasizes the significance of evaluating
strains on different legume hosts under varying edapho-climatic
conditions (Zaman-Allah et al., 2007).
The GGE biplot analysis permitted a detailed interpretation
of the observed significant interaction between treatment and
the various locations considered in this study. Considering the
contribution of each factor (i.e., treatment, location, and their
interaction) to the variation observed, the results showed that
location contributed most (71–88%) to the variation, which
means that the treatment performance was highly influenced by
the different environments. This observation could have resulted
from differences in rhizobium population, weather conditions
(mainly rainfall), and management practices of farmers at the
different locations. For instance, the variable and insufficient
amount of rainfall before and/or at planting and the planting
and weeding dates could have affected the performance of
the inoculated strains and the efficient use of N in the case
of the +N treated plots (Tittonell et al., 2008). Since factors
that affect the host also affect the microsymbiont (Thies et al.,
1995), insufficient amounts of rainfall (below 15 mm) received
at some locations prior to, or at planting, may have affected
the survival of inoculated strains, resulting in the differences
in yield responses observed (Subedi and Ma, 2009). The
differential ranking of best treatment across study locations
indicates existence of crossover TLI. This means that, although
inoculation with either of the strains induced significant yield
increases over the control, their adaptation to environmental
conditions in the various location possibly differed, which
influenced their performance and hence the delineation of
mega-environments. In the case of cowpea, the positive yield
responses induced by Bradyrhizobium strain KNUST 1002
at the locations within mega-environment 2, even in the
presence of relatively large numbers of ineffective native rhizobia
populations, signify that this strain was possibly more compatible
with the legume host and possessed an inherent ability to
outcompete native rhizobia during nodulation. Bradyrhizobium
strain KNUST 1006, on the other hand, demonstrated high
compatibility with groundnut and competitiveness against the
native rhizobium populations in mega-environment 1. It can
be deduced from the results that strain-specific legume rhizobia
symbiosis may have occurred in the various locations across

TABLE 5 | Native rhizobia population for locations within each mega-environment
for cowpea and groundnut.
Mega-environment/
Best treatment

Location
ID

Location Name

MPN
(cells g−1 soil)

L5

Nangungkpang1

28

L9

NantonKurgu

75

L11

Nyekokuku

75

L1

Sampkem

273

L8

NangungNayilli

160

L10

Nyeko

160

L12

Pishegu

75

L2

Jegum-Kukuo

24

L3

Karaga

57

L4

Kunang

44

L6

Nangungkpang2

11

L7

Nangungkpang3

57

L1

NantonKurugu

142

L2

Zoggu

273
11

COWPEA
Mega-environment
1/+N
Mega-environment
2/KNUST 1002

Mega-environment 3
/KNUST 1006

GROUNDNUT
Mega-environment
1/KNUST 1006

L8

Nangungkpang 3

L12

Bantayili

57

L13

Kunang

218

L14

Kunang 2

75

Mega-environment
2/N-

L6

Nyeko D

81

Mega-environment
3/KNUST 1002

L3

Karaga

81

L4

NangungNayilli

121

L5

Sampkem

160

L7

Nyeko B

57

L9

Nangungkpang 1

15

L10

Nangunkpang 2

139

L11

Pishegu

28

KNUST 1002 and KNUST 1006 = Bradyrhizobium strains, +N, positive nitrogen control;
—N, negative control, mega-environment = group of locations sharing the same best set
of treatment(s).

are the population of native rhizobia in soils and the soil
N concentration. In this study, the general soil fertility and
particularly N content of soils at the experimental sites were
very low (Landon, 2014). This poor fertility status might have
influenced the low average population estimates (i.e., between 75
and 125 cells g−1 soil) of rhizobia in these soils. This population
of rhizobia is within the 300 cells g−1 soil threshold below which
inoculation is likely to give beneficial results to farmers (Herridge,
2008). Furthermore, Thies et al. (1991) indicated that there must
be a demand for fixed N not being met by soil N in order to
achieve desired responses to inoculation. This was generally the
case for soils in our study locations. Inoculation with native
strains in this study led to increases in grain yields of cowpea and
groundnut, which confirms the effectiveness of the strains in BNF
under controlled conditions previously reported by Osei et al.
(2018). Furthermore, strains isolated from a particular region
have been reported to be the most effective on a given crop in
the same region (Sattar et al., 1995).
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FIGURE 3 | GGE biplot based on the genotype-focused view for evaluation of treatment performance on cowpea (A) and groundnut (B). KN02, KN06, CN, and SN
represent Bradyrhizobium strains KNUST 1002, KNUST 1006, positive nitrogen, and negative controls, respectively. L1-L14 represent study locations. AEA, Average
Environment Axis; AEC, Average Environment Coordination.

FIGURE 4 | GGE biplot based on genotype-focused view for comparing treatment in this study with an ideal treatment cowpea (A) and groundnut (B). KN02, KN06,
CN, and SN represent Bradyrhizobium strains KNUST 1002, KNUST 1006, positive nitrogen, and absolute controls, respectively. L1–L14 represent study locations.
Ideal treatment = treatment with high mean performance and high stability, Undesirable treatment = treatment that is less stable and has below average yields.

a previous study, which showed that inoculation responses
could be highly variable and site specific (Singleton et al.,
1992).
Another important trait that has to be considered when
selecting native rhizobium for use as inoculant is the ability to
constantly produce desired responses in a measured parameter.
A treatment (rhizobium strain) that possesses such a trait is

the mega-environments. According to Woomer et al. (2014),
positive inoculation response is primarily influenced by the
rhizobium/legume genotype, environmental conditions, and
crop management. In addition, Berrada et al. (2012) observed
that strains that exhibit a wide adaptation to their environment
are able to elude limiting factors and maintain a higher
capacity for BNF. These findings agree with the results of
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DATA AVAILABILITY STATEMENT

referred to as stable (Yan and Tinker, 2006). In this study,
Bradyrhizobium strain KNUST 1002 was considered stable on
cowpea, producing consistently higher yields than the other
treatments, while Bradyrhizobium strain KNUST 1006 was stable
on groundnut. Such stability in performance of test strains in
this study makes it easy and convenient to recommend them
for inoculant production to increase cowpea and groundnut
yields, respectively, with little financial risks for farmers, which
will subsequently boost their confidence in the use of the
inoculant technology. Several studies have reported on positive
yield responses following inoculation of cowpea and groundnut
(Martins et al., 2003; Bogino et al., 2006; Boddey et al., 2016;
Ulzen et al., 2018), but none of these have considered the stability
in performance of the strains. The GGE biplot analyses have been
widely employed in the field of plant breeding to identify superior
genotypes and for delineation of mega-environments (Yan et al.,
2000; Kaya et al., 2006). It is interesting to note that this is the first
time the outcome of multilocational inoculation experiments is
being reported based on GGE biplot analysis. This GGE biplot
analysis has revealed the differences in relative performance of
treatments within locations and the stability in performance of
native elite strains across locations, which would not have been
possible by just considering mean yields based on simple ANOVA
alone (Samonte et al., 2005).

All datasets generated for this study are included in the
article/supplementary material.
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CONCLUSION
This study has shown that inoculation with native
Bradyrhizobium strains KNUST 1002 and KNUST 1006
increases grain yields of field-grown cowpea and groundnut,
respectively, in multiple locations within the Sudan savanna
agroecological zone. Therefore, these strains have potential
for use as inoculants to increase legume production of the
study locations and environments of similar soil fertility and
climatic conditions.
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