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Rhizobia inoculation with effective strains is an environmentally friendly approach for
enhancing nodulation and vyield of legumes. To obtain an ideal strain for inoculant
production, the strain’s performance must be matched to the environmental conditions.
A 2 x 9 cross-factorial experiment laid in a randomized complete block design with three
replications on farmers’ fields in the northern part of Ghana was set up to evaluate the
rhizobia’s performance. The factors were groundnut varieties (Chinese and Samnut 22)
and nine strains consisting of five native rhizobia (KNUST 1001, 1002, 1003, 1032, and
1031), two commercial strains (Biofix and BR3267), and a positive (N+) and absolute
control (N-). In addition, the population of the strains was assessed after a cropping
season. The strains’ performance on groundnut was location and variety dependent.
At Cheshegu, KNUST 1031 and 1002 significantly increased seed yield of the Chinese
variety compared to other strains; however, KNUST 1031 elicited a 24% vyield increase
while KNUST 1002 caused a 16% vyield increase over the control. Strain KNUST 1031
increased the seed yield of the Chinese variety by 24% while KNUST 1002 increased the
seed yield of Samnut by 16%. Only KNUST 1002 elicited a significant seed yield increase
in Samnut 22 at Cheshegu. At Binduri, strain KNUST 1003 significantly increased the
seed vyield of the Chinese variety by 35% relative to the control. Samnut 22 did not
show a clear preference for any of the strains. The Chinese variety did not show a clear
response to the strains at Tanina. However, Samnut 22 responded to KNUST 1002 as
it increased seed vyield by 45% relative to the control. On average, the seed yield at
Tanina (846.15kg ha~') was less than the seed yield recorded at Binduri (1,077.66 kg
ha—") and Cheshegu (1,502.78 kg ha~"). Inoculation with strains KNUST 1002, 1003,
and 1031 was all profitable under the current experimental conditions as they recorded
value cost ratios (VCRs) above the threshold of 3-4. The study has shown that strains
KNUST 1002, 1003, and 1031 have the potential to be used in inoculant formulation
to increase groundnut production and enhance the income of smallholder groundnut
farmers in northern Ghana.
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INTRODUCTION

Groundnut is an important source of protein and forms part
of many delicacies in Ghana. The crop provides income to
smallholder farmers through the sale of its seed and the oil
produced from it. Groundnut biomass and haulms are used
to improve the fertility of soils. The annual production of
groundnut in Ghana is 521,030 Mt from an area of 319,680 ha
(Statistics, Research and Information Directorate (SRID), 2019).
The northern part of Ghana contributes about 75.6% of the
annual production (Breisinger et al., 2008).

Grain legumes such as groundnut (Arachis hypogea L.) require
high amounts of nitrogen for optimum growth (Peoples and
Herridge, 1990). The nitrogen demand of such crops can be met
through mineral nitrogen fertilization or inoculation with highly
competitive and effective rhizobia strains. Nitrogen fertilization is
very effective under optimum field conditions; however, the high
cost and accessibility limit its use by most smallholder farmers in
sub-Saharan Africa (SSA) (Zengeni et al., 2006). Mineral nitrogen
fertilizers are one of the main sources of nitrous oxide, which
contributes to greenhouse gas emissions and ultimately climate
change and its attendant effects (Erbas and Solakoglu, 2017).
Also, mineral nitrogen fertilizers have been identified as a major
source of water pollution (Erbas and Solakoglu, 2017). These
negative effects on the environment threaten the sustainable use
of mineral nitrogen fertilizers.

Rhizobia inoculation with highly effective strains is a feasible
environmentally friendly approach for enhancing the grain yield
of legumes. Several reports in SSA show the positive effect of
inoculating groundnut with appropriate rhizobia strain (Yakubu
et al., 2010; Kabir et al., 2013; Biswas and Gresshoff, 2014).

However, smallholder farmers have difficulty in accessing
quality inoculant(s) partly because there are few inoculant-
producing centers in SSA. The quality of inoculants is
sometimes compromised before and/or after the farmer(s)
receives them due to poor handling and storage practices
as well as a lack of strong quality control measures. There
has been contrasting reports on field evaluation of imported
inoculants due to the degree of effectiveness of the strains
and their adaptability to local conditions in SSA (Mathu
et al, 2012; Thuita et al., 2012; Masso et al., 2016; Ulzen
et al,, 2016), creating doubt about the contribution of rhizobia
inoculants to legume grain yields. In recent times, there
has been a renewed interest in inoculant production in
SSA by N2AFRICA (www.n2africa.org) and COMPRO II
(www.compro2.org) projects. This has led to the establishment
of an inoculant production facility in the northern part of Ghana,
necessitating the need to bioprospect, from the indigenous
rhizobia population, highly saprophytic and effective strains to
feed this production center and to boost groundnut production
in northern Ghana.

Several types of research aimed at selecting effective rhizobia
for use as inoculants revealed that effective strains capable
of inducing high N, fixation exist within the native rhizobia
populations (Ampomah et al., 2008; Yakubu et al., 2010; Kawaka
et al., 2014; Osei et al., 2018). Also, the native rhizobia are
well-adapted to local conditions and are therefore presumed

to have a highly competitive advantage. An equally important
attribute is the high saprophytic competence relative to exotic
strains, which allows researchers to make informed decisions
about subsequent inoculation practices. Thus, bioprospecting
for and characterizing native rhizobia to identify effective and
persistent strains for use in prescribed doses as inoculants
will increase the likelihood of successful inoculation responses.
Although this is an entry point for successful inoculation, the
success or otherwise of rhizobia inoculation is influenced by
the specificity between rhizobia, legume genotype used, and
environmental conditions as well as management practices
(Woomer et al., 2014). Consequently, studies geared toward
matching superior rhizobia strains with improved crop varieties
under different environmental conditions are needed. The
present study hypothesized that superior effective strains with
saprophytic abilities that can meet the N requirement of
groundnut exist in soils of Ghana and can effectively increase
seed yields of groundnut. This study was, therefore, conducted
to (i) determine the response of groundnut to inoculation
with rhizobia originating from native populations in soils of
northern Ghana and (ii) quantitively assess the population of the
introduced strains after a cropping season. Identifying effective
and saprophytic competent strains will not only be a major step
toward increasing groundnut production and seed yield but will
also reduce the frequency of reinoculation.

MATERIALS AND METHODS

Site Selection and Characteristics

The field trials were conducted at three different locations in
the northern part of Ghana during the 2015 cropping season.
The experimental sites were located at Cheshegu (northern
region) (latitude N09°27'18.2” to longitude W000°57'22.4"),
Binduri (upper east region) (latitude N10°56'57.6” to longitude
W000°18'52.0”), and Tanina (upper west region) (latitude
N09°53/13.0” to longitude W002°27'48.5”). The study sites
have a unimodal rainfall distribution with an annual rainfall
amount of 1,000-1,200mm and mean temperature between
26 and 30°C with little variation within the year. The
rainfall distribution during the cropping season is presented
as Supplementary Figures 1A-C. All the fields had no known
history of rhizobia inoculation. Before planting, five soil core
samples were taken from each plot and thoroughly mixed, and
composite samples were taken into transparent polythene bags
and kept in the refrigerator at 4°C before laboratory analysis. The
soil parameters analyzed were particle size (hydrometer method),
soil pH (1:2.5 soil to distilled water ratio), organic carbon
(OC) (modified Walkley and Black procedure) as described by
Nelson and Sommers (1996), total nitrogen (Kjeldahl method)
as described by Bremner and Mulvaney (1982), available soil
phosphorus (Bray No. 1 solution) as described by Olsen (1982),
and exchangeable potassium [ammonium acetate (NH4OAc)
extract] as described by Helmke and Sparks (1996); details of
the characteristics are given in Table 1. Calcium and magnesium
were also determined in 1.0 M ammonium acetate (NH4;OAc)
extract (Black, 1965). The study was conducted under rainfed
conditions; hence, no manual irrigation was carried out.
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TABLE 1 | Soil physicochemical characteristics and MPN count at the study sites.

Soil parameters Cheshegu Binduri Tanina
Total N (%) 0.024 £+ 0.001* 0.022 £+ 0.0011 0.03 £ 0.001
Available P (mg kg—") 17.61 £ 0.01 17.61 4 0.011 20.54 + 0.005
Exch. K (cmoli) kg™) 0.03 £ 0.004 0.016 £+ 0.0003 0.015 £+ 0.003
Organic carbon (%) 0.42 + 0.006 0.96 + 0.005 0.62 + 0.006
pH (1:2.5, H,0) 6.1 +0.01 6.24 +£0.012 6.38 + 0.001
Exch. Ca (cmoliy) kg~ 3.64 £0.012 2.54 +£0.015 2.6 +£0.015
Exch. Mg (cmoly) kg™") 0.22 £+ 0.002 0.28 + 0.0006 0.18 £ 0.0001
Exch. Na (cmoli) kg~ 0.39 + 0.026 0.28 + 0.0005 0.35 £+ 0.004
% Sand 56.4 + 0.002 78.6 + 0.005 84.56 + 0.005
% Clay 5.88 + 0.003 14.56 + 0.002 5.88 + 0.005
% Silt 37.72 + 0.002 6.84 + 0.006 9.56 £ 0.015
Texture Sandy loam Loamy sand Loamy sand
MPN (rhizobia cell g=' soil) 26.3 1.2 32.8
*Standard deviation.

Estimation of Rhizobia Population
Enumeration of indigenous rhizobia population was done using
the most probable number (MPN) of plant infection techniques
(Vincent, 1970; Somasegaran and Hoben, 2012) before planting
and after a cropping season. Soil samples were taken from a depth
of 0-20 cm using the W design and bulked. A composite sample
was taken and used for the MPN count. Seeds of groundnut
varieties (Samnut 22 and Chinese) were used as a trap host
for the estimation of the indigenous rhizobia population. The
groundnut seeds were surface-sterilized with 95% ethanol and
3% (v/v) hydrogen peroxide (H,O3) solution. The seeds were
rinsed in five successive changes of sterilized distilled water and
pre-germinated on moistened filter paper in Petri dishes at a
temperature of 30°C. After 2 days, well-grown healthy seedlings
of similar radicle length were transferred aseptically into growth
pouches containing 65 ml nitrogen-free mineral nutrient solution
(Broughton and Dilworth, 1971). Twenty grams of the composite
soil sample was serially diluted in distilled water using the
fivefold, six-step serial dilution method (57!) and was mixed
thoroughly on a vortex mixer. One milliliter of each dilution was
used to inoculate seedlings. Four seedlings were inoculated per
dilution level. Plants were watered as and when required. The
setup was monitored for 28 days, after which scoring was done
for the presence or absence of nodules. Population estimates were
assigned using the MPNES software (Woomer et al., 1990).

Inoculant Preparation

The peat-based inoculant was prepared at the soil microbiology
laboratory of Kwame Nkrumah University of Science and
Technology, Kumasi, as previously described by Ulzen et al.
(2016) following the method of Somasegaran and Hoben (2012).

Field Preparation, Experimental Design,
and Treatments

The field at Cheshegu was planted on July 13, that at Binduri on
July 18, and that at Tanina on July 28, 2015. The experimental
fields were disc plowed and harrowed using a harrow to a depth

of 15cm. Each plot measured 4 x 4m with an alley of 1m
within plots and 2 m between blocks. Each experiment was 9 x
2 cross factorial, laid out in randomized complete block design
(RCBD) with three replications. The treatment factors were
rhizobia strains and varieties. There were nine strains consisting
of five native rhizobia strains (KNUST 1001, 1002, 1032, 1003,
and 1031) (Osei et al., 2018), two reference strains (BR3267 and
Biofix, USDA 110), a positive control with 100 kg N ha™!, and
an absolute control (uninoculated and without mineral N). The
strain BR3267 is from Brazil and has originally been described by
Leite et al. (2018). The two groundnut varieties were Chinese and
Samnut 22. The seeds were inoculated under a shade with a peat-
based inoculum of respective strains at a rate of 5g peat kg~!
of seeds using 10% of gum Arabic solution as a sticker. Three
seeds of the groundnut varieties, Samnut 22 and Chinese, were
sown per hill at a spacing of 60 x 20 cm at each location. The
seedlings were thinned to two, after 2 weeks to maintain optimum
plant population. Other cultural practices such as weeding and
earthing-up were carried out accordingly as and when needed.
Samnut 22 is a dual-purpose groundnut cultivar with good oil
content, high haulms, and high pod yield (Ajeigbe et al., 2015). It
matures within 115-120 days with a potential yield of 2.5t ha™!
(Ajeigbe et al., 2015). The Chinese variety is an early-maturing
(100 days) cultivar with a potential yield of about 3.5t ha=!. A
basal dose of 20 kg P ha™! in the form of triple superphosphate
(46% P,0s5) was applied through band placement 2 weeks after
planting. Nitrogen (urea) was split-applied at 20kg N ha~! 2
weeks after emergence and 80 kg N ha=! at mid-flowering.

Measurement of N> Fixation

The amount of nitrogen derived from the atmosphere through
biological nitrogen fixation (BNF) was estimated using the total
nitrogen difference (TND) method in both field and greenhouse
experiments. Guinea grass (Panicum maximum) was used as a
reference plant (Ashworth et al., 2015). The total amounts of
nitrogen in the shoot at mid-flowering and in the reference plant
were assessed, and the amount of N, fixed was calculated using
the modified equations of Viera-Vargas et al. (1995). To account
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for the nitrogen that remained in the roots and/or was lost in the
soil, the calculated value was then multiplied by a factor of 1.4
(Unkovich and Baldock, 2008).

Shoot dry weight x % N in shoot
100 W

Amount of N fixed = Total N in legume — Total N in reference plant

(2)

Total N in plant =

Harvesting for Nodulation and Grain Yield
At the R) stage (beginning bloom) (Fehr et al., 1971) of Samnut
22 and Chinese varieties in the field, 10 plants were randomly
selected from the row directly adjacent to the border rows for
each treatment plot. With the help of a spade, the selected plants
were carefully uprooted by digging 15 cm around each plant, after
which the shoots were separated from roots. The adhered soil on
the roots was carefully washed in 1-mm sieve mesh after, which
the nodules were detached and counted. The nodules and shoots
were oven-dried separately at 60°C for 72 h, after which the dry
weights were recorded. At the Rg stage (Fehr et al., 1971), the
plants were harvested for their pods and grains.

Economic Viability of Using Indigenous

Rhizobia Isolates

The profitability of using indigenous rhizobia strains in inoculant
formulation was determined through the value cost ratio (VCR)
(Roy et al., 2006; Dittoh et al., 2012).

_ A($ha™h)
VCR = BGha D) (3)

where A represents total benefits as a result of the applied
treatment and B represents the total treatment cost. Rhizobia
inoculant was estimated at a cost of US$6 ha~!. The cost of 1kg
of groundnut from the open market was US$0.7. An exchange
rate of US$1 to GH 3.60 was used in the conversion of the cost
to US dollars. A VCR value greater than a threshold of 3-4 was
considered profitable (Dittoh et al., 2012).

Statistical Analysis

The data from each location were checked for normality
using Shapiro-Wilk’s test. Analysis of variance (ANOVA) was
applied to the data through Sisvar version 5.6 (Ferreira, 2008).
The Scott-Knot test at 5% probability was used to compare
treatment means.

RESULTS

Physical and Chemical Properties and the
Most Probable Rhizobia Count

The physical and chemical soil properties of the study sites are
shown in Table 1. The texture of the soils from Binduri and
Tanina was loamy sand while that from Cheshegu was sandy
loam. The soil pH levels (6.10-6.38) were considered to be in the
medium range. The OC levels at all the study sites were very low:
0.42% at Cheshegu, 0.96% at Binduri, and 0.62% at Tanina. Total
N at all the study sites was generally very low, ranging from 0.022

t0 0.030%. Available phosphorus (P) ranged from low to medium
(17.61-20.54 mg kg~ 1). In general, the fertility status of the soil
at the study sites was very low. The estimated population sizes of
the indigenous rhizobia at the study sites were 26.3, 11.2, and 32.8
cells g~! soil for Cheshegu, Binduri, and Tanina, respectively.

Nodulation, N5 Fixation, Pod Formation,
and Grain Yield

The results showed a significant interaction between the strains
and groundnut variety for all the parameters measured at
Cheshegu. The seed yield increases of the Chinese variety
inoculated with strain KNUST 1031 was statistically higher
than all the other treatments except strain KNUST 1002 and
the mineral N-fertilized treatment. Except for strains KNUST
1002 and 1031, the seed yield of all other test strains was not
significantly different from that of the control treatment. Strains
KNUST 1002 and 1031 increased seed yield over the control
by 16% and 24%, respectively. The Samnut 22 variety, however,
responded better to the KNUST 1002 strain as it markedly
increased seed yield over the control and the other strains.
The seed yield increase by KNUST 1002 on Samnut 22 was
comparable only to the yield of plants that received mineral N
fertilizer (Table 2). Strain KNUST 1002 significantly increased
seed yield over control by 30% and above 22% over the other
strains. The results followed a definite pattern at Cheshegu and
showed a clear response of the Chinese variety to KNUST 1031
and of Samnut 22 to KNUST 1002 in all the measured parameters.
For instance, KNUST 1031 increased the seed yield of the Chinese
variety by 24% compared to Samnut 22. Meanwhile, KNUST
1002 increased seed yield on Samnut 22 by 21% compared to the
Chinese variety. Generally, seed yields observed for the control
treatment on both varieties were at par with all the inoculated
treatments (test strains and reference strains) except KNUST
1031 on the Chinese variety and KNUST 1002 on Samnut 22. The
two strains KNUST 1031 and KNUST 1002 increased nodulation,
shoot biomass, pod number, and BNF of Chinese and Samnut
22 varieties, respectively, relative to the control and the other
strains (Table 2).

At Binduri, a significant interaction between the strains
and groundnut variety was observed. Unlike Cheshegu, the
Chinese variety showed a response to KNUST 1003. The
isolate KNUST 1003 significantly increased shoot biomass, BNF,
pod number, and seed yield of the Chinese variety relative
to the other strains. KNUST 1003 increased the seed yield
of the Chinese variety by 35% over the control treatment
(Table 3). On the other hand, Samnut 22 did not show a
clear response to one particular strain. Although KNUST
1003 recorded the highest grain yield, it was only significant
compared to KNUST 1032, BR3267, and the control (Table 3).
A seed yield increase of 21% over the control was recorded by
strain KNUST 1003 on Samnut 22. The isolate KNUST 1003
recorded a significantly higher yield on Samnut 22 than on the
Chinese variety.

Similar to the results at Cheshegu and Binduri, a significant
interaction was observed between the strains and groundnut
varieties at Tanina for all the parameters measured. On average,
the seed yield recorded at Tanina was lower than that recorded
at Cheshegu and Binduri (Table 4). The pattern of results was
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TABLE 2 | The response of groundnut to rhizobia inoculation and mineral N application at Cheshegu.

Strains (S) Variety (V) Nodule number  Nodule dry weight Shoot dry BNF Pod number Seed yield
(10 plants—) (mg 10 plants~") weight (kg N ha™") (plant™") (kg ha™")
(kg ha™")
KNUST 1001 Chinese 103 + 1.157° 0.26 + 0.01738° 763.7 + 28.9%° 26.48 + 1.158° 24 + 1,737 1,267.5 + 57.8/°
KNUST 1002 119 + 1,158 0.34 +0.0173% 1,186.8 + 28.952 44,2 +1.1582 51+ 1.15% 1,694.7 + 55.852
KNUST 1032 100 + 1.1580 0.24 + 0.01738° 697.8 + 28.9%° 25.92 + 1.158° 27 + 0.577Ad 1,393.3 + 57.47°
KNUST 1003 97 + 1.15%° 0.22 +0.0173% 741.6 4 28.9%° 29.85 + 1.1580 32 + 1.45M° 1,264.4 + 58.75°
KNUST 1031 121 £ 1.15% 0.38 + 0.01732 1,206.6 =+ 28.9" 46.78 + 1.15% 52 + 1,73/ 1,704.8 + 56.3"
Biofix 104 + 1.157° 0.26 + 0.0173%° 716.8 4 28.9%° 26.5 + 1.158¢ 26 + 1.2/ 1,304.6 & 57.45°
BR3267 101 + 1.1580 0.24 +0.0173"° 847.6 + 28.9%° 29.99 + 1.158° 32 + 1.45M° 1,341.9 + 6280
N- 97 + 1.158° 0.19 + 0.0173%° 531.8 4 28.9%¢ 21.49 4+ 1.1589 31+ 0.882%° 1,372.7 + 54.5/°
N+ 94 + 1.158° 0.19 + 0.0173%° 1,124.8 + 28.952 32.98 + 1.158° 44 + 0.882°° 1,685.6 + 60.9"
KNUST 1001 Samnut 22 106 + 1.15%° 0.36 + 0.0173° 1,214.1 + 28.9/° 42.23 + 1,154 24 + 0.882"° 1,365.2 + 60.8/°
KNUST 1002 135 + 1.15% 0.49 + 0.0173%2 1,307 + 28.9"2 49.63 + 1.15% 42 + 11,7682 1,933.9 + 50.6"
KNUST 1032 111 £ 1.16/° 0.33 + 0.0173%° 1,070.4 + 28.9/° 37.76 + 1.1A% 25 + 0.882"° 1,458.5 + 56.9°°
KNUST 1003 99 4 1.15M 0.23 + 0.0173%¢ 1,050.3 =+ 28.9/° 40.25 + 1.15%° 27 + 1.458¢ 1,520.7 + 54,140
KNUST 1031 94 + 1.158¢ 0.19 + 0.0173% 932.7 + 28.95¢ 31.13 + 1.1589 21 + 0.8828d 1,371.7 & 59.28°
Biofix 101 + 1,157 0.33 + 0.0173%¢ 967.7 + 28.9%7 36.05 4 1.15%° 22 + 1,158 1,537.4 + 48.5"°
BR3267 105 + 1.15%° 0.28 +0.0173"d 1,186.3 + 28.9/° 43 + 1,157 31+ 1.15% 1,590.9 + 54.9/°
N- 106 + 1.15%° 0.38 +0.0173"° 1,025.2 & 29/° 41,93 + 1.15%° 31+ 0.882%° 1,490.2 + 54.3/°
N+ 98 + 1.15/ 0.32 +0.0173%° 1,375.3 & 28.9" 41,02 + 1.15%° 39 + 0.882% 1,852.1 4 55/
P-values
S 0.0005 0.00001 0.00001 0.00001 0.00001 0.00001
1% 0.00001 0.00001 0.00001 0.00001 0.00001 <0.00001
SxV 0.00001 0.00001 0.00001 0.00001 0.00001 0.0001
CV (%) 1.95 9.45 4.95 5.3 6.22 6.59

Figures followed by the same small letters compare the same variety among different strains, while figures followed by capital letters compare the same strain between different varieties.

different from Cheshegu and Binduri. Between the varieties, the
Chinese variety did not show a clear response to the strains;
however, Samnut 22 responded to KNUST 1002 (Table 4). The
strain BR3267 recorded the highest seed yield on the Chinese
variety but was only significantly different from the yields
recorded by the control, Biofix, KNUST 1001, and KNUST
1003 (Table 4). KNUST 1002 significantly increased the seed
yield of Samnut 22 over all the other strains except the mineral
N-fertilized treatment. KNUST 1002 increased the seed yield
of Samnut 22 over the control by 45%. Strain KNUST 1002
performed better on Samnut 22 than on the Chinese variety as
it significantly increased all parameter measures on Samnut 22
compared to the Chinese variety.

Economic Viability of Using Indigenous

Rhizobia Isolates

About five of the strains (KNUST 1001, 1003, and 1032; Biofix;
and BR3267) had VCRs below the threshold of 3-4 at Cheshegu
(Figure 1A). Strains KNUST 1002 and 1031 had VCRs of 5.6 and
8.3 for the Chinese variety, which were above the threshold of 3-
4. Only strain KNUST 1002 was profitable on Samnut 22 with a
VCR of 11.

The VCR results at Binduri showed that strain KNUST 1003
recorded the highest VCR of 7.83 on the Chinese variety. The
other strains had a VCR less than or within the range of 3-4. On
the other hand, strains KNUST 1002, 1003, and 1031 recorded

VCR values of 4.24, 5.87, and 4.09, respectively, on Samnut 22
(Figure 1B).

None of the tested strains were profitable on the Chinese
variety at Tanina per the threshold of 3-4. Only the industrial
strain BR3267 had a VCR of 4.17. However, strain KNUST 1002
had a VCR of 9.04 for Samnut 22 at Tanina. The other strains
had VCR values that were less than or within the threshold of 3-4
(Figure 1C).

Rhizobia Population After a Cropping

Season of Introduction Into the Soil

The rhizobia population count varied among the strains
and across different locations; however, strain KNUST 1002
demonstrated consistency in persistence. The highest rhizobia
population count (283.4 cells g~! soil) after a cropping season
was recorded at Binduri by strains KNUST 1002 and 1003.
However, only strain KNUST 1002 persisted in high numbers at
Cheshegu and Tanina (Figure 2). The population of KNUST 1002
in inoculated soils was more than double that of the uninoculated
plots after a year of introduction at all three study locations.

DISCUSSION

Until recently, groundnut was regarded as a promiscuous grain
legume that nodulated freely with indigenous rhizobia and
therefore did not require inoculation during establishment.
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TABLE 3 | The response of groundnut to rhizobia inoculation and mineral N application at Binduri.

Strains (S) Variety (V)  Nodule number Nodule dry Shoot dry BNF Pod number Seed yield
(plant™") weight weight (kg N ha™") (plant™") (kg ha™")
(mg plant™) (kg ha™")
KNUST 1001 Chinese 84 + 1.158P 0.14 £ 0.01158¢ 524.3 + 28.38d 24.47 + 1,138 20 + 1.73BP 912.1 + 298¢
KNUST 1002 92 + 2.085° 0.14 £ 0.01158¢ 517.4 + 29.85d 24.48 + 1.26%° 19 + 1.738° 893.3 + 298¢
KNUST 1032 97 + 2.895P 0.1 £ 0.01158 531.2 + 29.18d 27.51 £ 1.26%° 21 4+ 1.73%° 824.3 + 31B¢
KNUST 1003 105 + 2.89%2 0.38 +0.011552 882.1 + 28.6" 36.41 4+ 1.1182 33 +1.73% 1195.8 + 29.452
KNUST 1031 93 + 2.89%° 0.23 £ 0.0115% 727.8 £ 29.9%° 31.64 + 12150 24 4+ 1.73%° 985.7 + 298¢
Biofix 106 + 2.89"2 0.35 + 0.0115% 744.6 + 28.2°° 31.47 £ 1.198° 23 +1.73% 892.9 + 29.95¢
BR3267 88 + 2.89°5° 0.11 4+ 0.011584 635.6 + 29.3%° 29.54 + 1,040 22 +1.73% 857.2 & 29.48¢
N- 92 + 2.8985° 0.13 4+ 0.01158¢ 496.5 + 2784 23.82 £ 1.114° 18 4+ 1.73° 882.8 + 27.9%¢
N+ 90 + 2.898° 0.06 + 0.0115%¢ 845.4 + 28.4% 31.52 41,1270 32 +1.73% 1076.9 + 27.9%°
KNUST 1001 Samnut 22 127 + 2.89°° 0.43 £ 0.0115%0 825.3 + 28.6"2 39.41 + 1,054 31 4+ 1.73% 1275.7 + 26.5%2
KNUST 1002 128 + 2.897P 0.23 £ 0.01154d 825.3 + 28%a 41,66 + 1.25% 33+ 1.73% 1,293.9 + 2742
KNUST 1032 117 £ 2.89/¢ 0.21 £0.0115% 730.8 + 29.2/0 35.69 + 1.12/0 23 4+ 1.73%° 973.4 + 28.9/¢
KNUST 1003 144 + 2,89/ 0.47 £0.0115% 885.3 & 27.14a 41.36 & 1.22%a 37 +1.73% 1,359.1 + 29.4%@
KNUST 1031 128 4+ 2.89"° 0.24 4+ 0.0115% 794.9 + 29.9% 40.57 + 144 32 +1.73% 1,287.9 + 28.2%
Biofix 105 + 2.89/¢ 0.3+ 0.0115% 725.8 + 28.5%° 35.34 + 1.13% 25+ 1.78% 1,191.4 +28.6%
BR3267 119 & 2.89/¢ 0.18 + 0.0115%¢ 717.3 £27.5% 32.42 £ 1.2/ 19 4 1730 1,112.9 + 29/
N- 128 4+ 2.89"° 0.2 +0.0115%¢ 651.5 & 29.14° 34.73 £ 1.25%° 20 +1.73% 1,124.3 +£ 28,10
N+ 126 4+ 2.89"° 0.19 4+ 0.0115%¢ 821.6 + 28.6% 34.75 4 0.974° 30+ 1.73% 1,258.2 + 29.7%@
P-value
S 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
v 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
SxV 0.00001 0.00001 0.00001 0.00001 0.0003 0.0009
CV (%) 4.28 8.54 7.03 6.23 11.97 4.74

Figures followed by the same small letters compare the same variety among different strains, while figures followed by capital letters compare the same strain between different varieties.

This skepticism has been challenged by the outcome of several
inoculation studies (Ashraf et al., 2006; Sajid et al., 2010;
Yakubu et al.,, 2010; Biswas and Gresshoff, 2014; Gronemeyer
et al,, 2016; Osei et al., 2020). Groundnut has been reported to
respond positively to inoculation with effective rhizobia, leading
to enhanced nodulation, BNF, and ultimately yields in Ghana
and elsewhere (Ashraf et al,, 2006; Sajid et al., 2010; Yakubu
et al, 2010; Osei et al., 2020, Gronemeyer et al., 2016). The
results of this study corroborate these reports as inoculation
with effective native strains particularly KNUST 1002, 1031, and
1003 elicited seed yield increases of Samnut 22 and Chinese
varieties at different locations, thus confirming the widely known
assertion that most strains are site specific and variety specific
(Date, 2000; Woomer et al., 2014). The significant interaction
response indicates that the strain performance varied with
location and variety. The positive response observed in this
study may have been influenced by the superior symbiotic
effectiveness of the introduced strains over the indigenous
rhizobia population, the low population of native rhizobia before
the establishment of the experiment, and the low fertility of
soils at the study sites. Buri et al. (2010) indicated that soils
in the Savanna zones of Ghana are predominantly low in
organic matter, nitrogen, and available P. These low nutrient
contents, particularly N (ranging between 0.022 and 0.03%),
coupled with the rhizobia population, which was below the

threshold reported by Thies et al. (1991) to obviate inoculation
response, revealed a need for plant N that was impossible to
obtain from the soil by groundnut plants. Hence, introducing
effective native strains led to an efficient symbiosis, subsequently
making N available for plant growth and increased yields.
Mathenge (2017) reported that the potential of legumes to
fix nitrogen is likely to be high when the mineral N of the
soil is low compared to when soils have higher N levels. The
response of groundnut varieties (Chinese and Samnut 22) to
inoculated strains, which varied significantly, could be due to
the specificity in the interaction between rhizobia and plant
genotype (de Alcantara et al., 2014). For instance, inoculation
with strain KNUST 1031 enhanced nodulation of the Chinese
variety compared to Samnut 22 at Cheshegu. Furthermore,
nodulation of the negative control was higher for Samnut 22
than for the Chinese variety. This shows that although the native
rhizobia population was low, Samnut 22 was highly compatible
with the native soil rhizobia, giving them a competitive advantage
over some of the introduced strains. According to Sanginga et al.
(2000), genotypes of the same legume may differ in terms of
their nodulation and N fixation capacities, hence influencing
the performance of strain(s). Abi-Ghanem et al. (2011) also
reported that crop genotype and its interaction with rhizobia
significantly influence nitrogen fixation. This is due to the
inherent genetic capacity of a strain. Perret et al. (2000) reported
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TABLE 4 | The response of groundnut to rhizobia inoculation and mineral N application at Tanina.

Strains (S) Variety (V)  Nodule number Nodule dry Shoot dry BNF Pod number Seed yield
(plant™") weight weight (kg N ha™") (plant™") (kg ha™")
(mg plant™) (kg ha™")
KNUST 1001 Chinese 88 + 1.73% 0.11 £ 0.0115%° 646 + 30.14° 20.80 4 1.14° 22 + 1,73 756.6 + 27.9%°
KNUST 1002 85 + 1.7380 0.12 £ 0.0115%° 697.6 + 28.9%° 21.37 + 1.158¢ 23 + 17382 826.3 + 27.652
KNUST 1032 87 + 1.73% 0.12 + 0.0115%° 561 + 28.589 17.52 & 1.018d 25+ 1,73 807.9 + 28.9%2
KNUST 1003 85 + 1.73% 0.1 +0.01158 586.3 + 3189 17.47 £ 1.21/d 20 + 17382 744.8 + 30.9%°
KNUST 1031 92 + 1.73% 0.18 +0.0115%° 963.9 + 28.782 33.73 4 1.44%2 23 + 1,73 833.5 4+ 30.3*2
Biofix 89 + 1.73% 0.15 + 0.0115%° 694 + 27.6%° 22,35+ 1.28¢ 19 4 1.73% 765.2 4 27.78°
BR3267 95 + 1.73% 0.2 +0.0115% 975 4 28.2%2 343+ 1.18% 27 +1.73% 873.7 + 28.7°2
N- 86 + 1.73%° 0.15 + 0.0115%° 835.3 + 28.3%° 30.45 + 1.09%° 20 + 1.73% 707.1 4 29.18P
N+ 86 + 1.73%° 0.14 +0.0115%° 974.5 + 27.2% 29.63 + 0.93%° 23 + 17382 813.8 + 29.6°2
KNUST 1001 Samnut 22 84 + 1,73 0.14 + 0.0115%° 705.1 + 27Ad 23.56 + 1.37Ad 24 + 1,73 796.3 + 28.6°°
KNUST 1002 108 + 1.73% 0.3+ 0.0115% 1074.9 + 27.8% 42,74 + 1,214 34 + 1,73 1185.5 + 28.4%
KNUST 1032 86 + 1.73%° 0.12 + 0.0115%° 763.8 + 28.449 26.26 + 1.16"° 19 4 1.73%° 757.2 4 29.9°°
KNUST 1003 87 +1.73% 0.2 £ 0.0115%° 993.6 + 26.9%° 33.59 + 1.238° 28 + 1.73% 975.1 4+ 29°°
KNUST 1031 91 + 1.73/° 0.16 + 0.0115%° 838.2 + 29.44d 27.56 + 0.96°° 22 + 1,73 756.4 4 27.7°°
Biofix 86 + 1.73%° 0.13 £ 0.0115%° 876.5 4 29.6"° 27.55 4 1.25° 24 + 1,73 873.8 4 28.9*°
BR3267 92 + 1.73/° 0.18 + 0.0145"° 975.6 + 270 35.347 4 1.14%0 23 + 2,03 814.6 + 59.8"°
N- 85 + 1.73%° 0.11 £ 0.0115%° 914.9 4+ 28.4%° 29.60 + 1.18%° 214+ 1,73 824.1 4 30.14°
N+ 87 + 1.73% 0.13 £ 0.0115%° 1024.4 + 28.9/2 33.36 + 1.16%° 30 + 1.73% 1118.8 £ 24.1%a
P-value
S 0.00001 0.00001 0.00001 0.00001 0.0035 <0.00001
% 0.00001 0.00001 0.00001 0.00001 0.0012 <0.00001
SxV 0.00001 0.00001 0.00001 0.00001 0.0003 <0.00001
CV (%) 3.44 12.65 5.86 7.32 12,79 6.48

Figures followed by the same small letters compare the same variety among different strains, while figures followed by capital letters compare the same strain between different varieties.

that the specificity between symbiotic partners minimizes the
formation of non-fixing nodules by the host plant to enhance
N, fixation.

The fact that introduced rhizobia strains increased
nodulation over the native rhizobia population suggests
that the introduced strains were probably competitive for
nodulation sites. The performance of some of the introduced
strains was comparable to the commercial strain, suggesting
their potential for use in inoculant formulation. Even though
nodulation was higher in this study, it was limited by moisture
stress at Tanina as indicated in Supplementary Figure 1C.
Moisture stress has also been reported to generally affect
nodulation (Bordeleau and Prévost, 1994; Hungria and
Vargas, 2000). Moisture stress compromises plant and
rhizobia growth and is a major cause of nodulation
failure due to its effect on rhizobia survival, growth, and
population structure in soil; the formation and longevity of
nodules; synthesis of leghemoglobin; and nodule function
(O’Hara, 2001).

Our results suggest the potential saprophytic competence
abilities of the introduced strain, especially KNUST 1002, as its
population was higher compared to other strains after a cropping
season of its introduction. Confirming the strain’s ability to
sustain effectiveness after a cropping season will be a major step
toward reducing the number of successive inoculations. This has

positive implications for groundnut farmers, as inoculants are
rarely available in the remote areas and thus costs are cut down.

The VCR values showed that the strains varied in profitability
between groundnut varieties and across locations. Using the
threshold of 3-4 indicated by Dittoh et al. (2012), strains
KNUST 1002 and 1031 were profitable on Samnut 22 at
Cheshegu, while KNUST 1003 was profitable on the Chinese
variety and KNUST 1002, 1003, and 1031 were profitable
on Samnut 22 at Binduri. Per the threshold, only KNUST
1002 was profitable on Samnut 22 at Tanina. Ronner et al.
(2016) and Ulzen et al. (2018) indicated that the use of
rhizobia inoculant is financially rewarding for farmers in
northern Ghana and northern Nigeria. Thus, this study has
demonstrated that not only will the use of the test strains
improve yields of groundnut for smallholder farmers under
similar environmental conditions but that it will also increase
their livelihoods.

CONCLUSION

The findings of this study support the hypothesis that superior
effective strains with saprophytic abilities that can meet the
N requirement of groundnut exist in soils of Ghana and
can effectively increase seed yields of groundnut. The study
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FIGURE 2 | Rhizobia population after one cropping season of introduction. The legends describe the rhizobia population in the control plots before and after the

has shown the potential of strains KNUST 1002, 1003,
and 1031 as possible candidates for use in the commercial
production of rhizobia inoculant for Samnut 22 and Chinese
varieties in Cheshegu, Binduri, and Tanina as the grain
yields produced by these strains were better or comparable

to those produced by mineral N-fertilized treatment. Strain
KNUST 1002 can persist in the soil for at least one
cropping season irrespective of the location. The study also
revealed that strains KNUST 1002, 1031, and 1003 were
highly profitable under the current environmental conditions
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of the study. Our results showed that with the same rhizobia
strain, genotypes, and management practices, environmental
conditions are the most important factors that limit rhizobia
efficiency. Long-term studies are required to unravel the
mechanisms underlying rhizobia survival under field conditions
and the interaction between environmental conditions and
rhizobia strains.
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