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Abstract
Cowpea is a grain legume of major importance in sub-Saharan Africa where it is cultivated by
smallholder farmers on poor soils and production is often constrained by the parasitic weed Striga
gesnerioides. Experiments were conducted to assess the potential of rhizobium inoculation in mitigating
Striga infestation and increasing cowpea productivity. We tested under basal P application and arti�cial
S. gesnerioides inoculation the impact of cowpea genotypes (G) (nine Striga-resistant and 11 Striga–
susceptible genotypes) and bradyrhizobium inoculation (N) (two bradyrhizobium strains USDA3384 and
IRJ2180A, and uninoculated control) on Striga dynamics and cowpea yield. Additional treatments
included N supplied as urea (with and without), and no input (i.e., soil inherent N and P) that served as
negative check. A �rst experiment was carried out in potted sterile soils in the screen house excluding
addition of N-fertilizers. Signi�cant G x N interactions were observed in counts of nodule (P = 0.012),
Striga attachment (P < 0.0001) and emergence (P = 0.005), and cowpea shoot growth (P = 0.016). Cowpea
nodulated poorly across host lines, Striga counts were the lowest for resistant varieties with no emerged
plants. Rhizobial inoculants depressed Striga counts with consistent differences found across cowpea
genotypes. Inoculation with IRJ2180A performed the best against Striga attachment in resistant
genotypes, and its emergence in susceptible genotypes. In the �eld trial, nodule numbers were lowest in
cowpea without inputs (P < 0.0001). The G x N interaction was signi�cant in emerged Striga plants (P < 
0.0001). Resistant genotypes were free of emerged Striga while for susceptible ones, Striga emergence
was the highest without any input addition. Signi�cant G x N interaction was observed in cowpea grain
yield (P < 0.0001). Yield response to inoculation was most obvious for resistant genotypes inoculated
with the strain IRJ2180A (P = 0.0043). The integrated use of Striga-resistant cowpea lines and elite
bradyrhizobium inoculant under moderate application of P-based fertilizer could be a promising
approach for mitigating Striga infestation and increasing productivity.

1. Introduction
Cowpea (Vigna unguiculata (L.) Walp.) is a grain legume of high agronomic, nutritional and economic
importance in the semi-arid tropics where it is mainly cultivated by resource poor farmers. It constitutes a
valuable source of protein in the diets of millions of people (Boukar et al., 2016). About 7.4 million metric
tons of cowpea are annually produced worldwide on about 12.6 million hectares (FAOSTAT, 2017). Yet
the productivity of cowpea on farmers’ �elds remains poor due to numerous abiotic and biotic
constraints. For instance, cowpea is often infested by parasitic weeds including Striga gesnerioides,
which is a major biotic constraint to crop production in the Savannah and Sahel agro-ecologies of West
Africa. The degree of infestation is greatest when soil fertility is poor, sometimes causing complete loss
of yield and forcing farmers to abandon their cultivated lands (Ejeta, 2007; Kamara et al., 2014).

S. gesnerioides is an autogamous parasite with a life cycle typical of other agriculturally important Striga
spp. (Berner and Williams, 1998). Adaptations to parasitism of Striga species include the ability to
produce a large number of tiny seeds with prolonged viability and special germination requirements
(Siame et al., 1993). Seeds germinate only after exposure to exogenous germination stimulants, usually
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strigolactones (SLs), which are derived from root exudates of host and often non-host plant species
(usually referred to as trap crops) (Bouwmeester et al., 2007; Yoneyama et al., 2009; Cardoso et al., 2014).
Strigolactones are plant hormones which regulate plant shoot and root architecture in response to the
environment (Gomez-Roldan et al. 2008; Cardoso et al., 2014), which also function as host recognition
signals for arbuscular mycorrhizal fungi (Akiyama et al., 2005) and rhizobia, and trigger seeds of
parasitic weeds such as Striga spp. to germinate (Soto et al., 2010; Foo and Davies, 2011; Foo et al.,
2013).

Farmer practices to combat Striga weeds range from hand pulling emerged Striga plants, crop rotations /
intercropping to improve soil fertility, the use of trap crops that stimulate suicidal germination of Striga
seed, to the selection of resistant crop varieties. Promising methods to manage Striga arising from
research include the use mineral fertilizers (Kureh et al., 2003; Jamil et al., 2011), chemicals (Kanampiu et
al., 2001, 2003; Kountche et al., 2019), intercropping (Rusinamhodzi et al., 2012), improved
tolerant/resistant germplasm (Lane et al. 2003) and biological control (Mabrouk et al., 2007a). However,
yield loss attributable to Striga is increasing because many promising Striga control methods suffer from
limited adoption and utility (Ronald et al., 2017). Low uptake of agricultural technologies is driven by
multiple socioeconomic constraints at the farm or higher levels, resulting from lack of/or competing use
of land, labor, cash, or organic resources, and reluctance of farmers to experiment with new methods
(Oswald, 2005; Giller et al., 2011; Kanampiu et al., 2018).

African farming systems exhibit large variability at agroecological, socioeconomic and individual farm
scales, such that there are no single solutions as silver bullets to address the numerous constraints to
farm productivity (Giller et al., 2011) including the challenge imposed by Striga (Midega et al., 2014;
Ronald et al., 2017). An integrated approach is required using direct and indirect measures in a concerted
manner to prevent damages of parasitism, and ultimately to eradicate seed bank (Rubiales and
Fernandez-Aparicio, 2012). Integrated soil fertility management (ISFM) (Vanlauwe et al., 2010), including
incorporation of legumes into cropping systems (Sanginga and Woomer, 2009; Kamara et al., 2014) can
contribute to reducing Striga infestation. Many leguminous crops including cowpeas can stimulate
suicidal germination of seeds of Striga spp., and are used as trap crops to reduce Striga spp. in cereal-
legume rotation and intercropping systems. Control of Striga spp. in cereals accounts for ‘non-N or –
other rotational effects’ of legume crops as part of their bene�cial impacts on soil biological, physical
and chemical (except N) properties (Sanginga et al., 2002, 2003; Yusuf et al., 2009; Rusinamhodzi et al.,
2012; Franke et al., 2018). However, major impacts of legumes result from their ability to improve N
nutrition of subsequent non-legume crop, referred to as ‘N effects’, leading to reduced needs in N fertiliser
(Giller, 2001; Franke et al., 2018).

Strains of rhizobia have been identi�ed with potential for controlling the parasitic weed Orobanche
crenata in inoculated pea (Mabouk et al., 2007a,b). Inoculation of pea with compatible rhizobia was
reported to affect O. orobanche by reducing seed germination, and decreasing root infection with limited
capacity for tubercle development and necrosis of attachments (Mabouk et al., 2007a,b). Like most BNF
traits of legumes (Ronner et al., 2016; Van Heerwaarden, 2018), control of S. gesnerioides can be
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anticipated to depend upon multiple component interactions between and among integrated
technologies. Considering that the key factors determining productivity/ or performance of legume
technologies range from the genotypes of both the legume (GL) and the associated root nodule rhizobia
(GR), the test climate and soil environments (E), to the agronomic management used (M), such
relationship can be expressed as - (GL × GR) × E × M (Giller et al., 2013). For a given environment,
understanding in the same way the relationship between the effectiveness of various combinations of
symbiotic partners (GL × GR) and managements options (M), and the variability in legume infestation by
Striga spp. can be of major interest in view of explaining the potential of matching legume variety and
inoculant strain in controlling S. gesnerioides. Striga-resistant varieties and promising lines of cowpea
have already been identi�ed (Lane et al., 2003; Boukar et al., 2016), which provide a key entry point for
testing integrated Striga management options. In this paper, we present the results of an integrated
evaluation of BNF technologies consisting of crop varieties, rhizobium inoculants, and the application of
phosphorus (P) and nitrogen (N) fertilizers.

The objectives of this study are (i) to evaluate under screen-house conditions the potential of rhizobia as
biocontrol agents against S. gesnerioides in Striga-resistant and susceptible cowpea varieties, (ii) to
assess the relative performance of rhizobial inoculants to control Striga infestation of cowpea in the �eld
as compared with standard mineral fertilisation, and (iii) to identify the most effective combination of
rhizobia, cowpea genotype and fertilizer for optimal control of S. gesnerioides leading to increased
cowpea productivity.

2. Materials And Methods
2.1 Experimental site and soil description

Two sets of experiments were conducted in 2014 in Kano (Kano state, northern Nigeria) under screen
house and �eld conditions. A screen-house trial was carried out under arti�cial irrigation during the dry
season at the Kano Station of International Institute of Tropical Agriculture (IITA). A subsequent �eld trial
was conducted under natural rainfall during the following rainy season at the IITA research farm
(12°10'42''N, 8° at 500 m above sea level), located at Minjibir village 45 km north of Kano. Both locations
fall under the Sudan savanna agro-ecological zone, where climate is dry with a unimodal distribution of
690 mm annual rainfall over a short growing season (about 120 days) from July to September. The mean
monthly rainfall and temperature in 2014 at Minjibir are shown in Figure 1.

Soil samples were taken at random in the �eld from 0-15 cm depth before land preparation. These were
bulked and thoroughly mixed to provide a composite sample, and a sub-sample of this composite was
analysed for physical and chemical properties according to standard procedures (IITA, 1989). The
abundance of soil bradyrhizobia was determined by the plant infection technique (Vincent, 1970) (Table
1). The soil was coarse textured and texture fell within the loamy sand and sandy loam class (Table 1).
Soil organic carbon (9 g kg-1) was relatively low and total nitrogen (0.36 g kg-1) in the very low N fertility
class. The concentration of available Cu (1.07 mg kg−1) was low and there was relatively high
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concentration of Mn (46 mg kg−1) and Fe (178 mg kg−1) due to the slightly acidic pH (5.6) of the soil
(Table 1). Available soil P in the �eld (8.6 mg kg−1) was low, which is common in sandy Sudan savanna
soils with low organic matter content (Kwari et al., 2011).

2.2 Cowpea and Striga seed sources

Twenty cowpea genotypes (Table 2) were compared in both screen-house and �eld station experiments.
These lines had contrasting responses to Striga (Muranaka et al., 2011) and were obtained from the
Genetic Resource Center (GRC) of the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria.
The Striga seeds were harvested in 2010 from a research farm at Malam Madori in Jigawa State, a Striga
hot-spot where cowpea is widely cultivated. Striga seeds were manually threshed, cleaned to remove
chaff and then were sterilized with a diluted Sodium hypochlorite (NaOHCl, 3.0%) for 3 minutes.
Thereafter, the seeds were soaked in detergent for 5 min, thoroughly rinsed with tap water through a �ne
sieve and left to air-dry in the laboratory.

2.3 Bradyrhizobium strains and inocula preparation

Bradyrhizobium sp. strain USDA 3384 (National Rhizobium Culture Collection, Beltsville, Maryland, USA)
and B. japonicum strain IRJ 2180A were obtained from the soil microbiology laboratory of IITA. These are
reference broad host-range rhizobia (Foster et al., 1998; Hashem et al., 1997) and elite soybean inoculant
strain (Sanginga et al., 2002; Okogun and Sanginga, 2003), respectively. Each strain was grown in yeast
extract mannitol medium for �ve days to reach 10^9 cell ml-1, which was used as liquid inoculant in
screen-house studies. Bradyrhizobial broths were used to prepare peat-based inoculants to coat seed for
�eld experiments. Standard peat carrier (APT, USA) was sterilized by gamma irradiation (Ghana Atomic
Energy Commission, Accra, Ghana) in bags containing 50 g of peat each. Upon radiation, each bag was
aseptically injected with 50 ml of the appropriate rhizobial broth, injection hole sealed, contain thoroughly
mixed and then cured in the same bag at 28°C for two weeks to obtain at least 10^9 cell g-1 inoculant.

2.4 Treatments, experimental design and crop management

In a �rst experiment, responses of 20 cowpea genotypes to three inoculation options were assessed
under screen-house conditions. Inoculation treatments comprised of the two bradyrhizobial inoculants
used separately, and an uninoculated control. Sixty treatments were studied consisting of 20 × 3 factorial
combinations of both factor levels. Treatments were established in three replications using a split plot
arrangement where inoculation options were randomly assigned to main plots and cowpea genotypes to
sub-plots as to minimize cross contamination. Cowpea plants were grown on potted-soil infested with
Striga seeds using a modi�ed protocol of Singh and Emechebe (1990). A mixture of top soil and river
sand (2:1; v/v) was prepared and sterilized by autoclaving (120°C 1 h) prior to incorporating Striga seed.
Growth units consisted of plastic pots (13 cm, height and width) containing ca. 2.5 kg pot- 1 soil mixture.
Four seeds of cowpea were planted and inoculated with 1 ml of bradyrhizobial broth pot-1. The growth
units were subsequently irrigated with tap water as necessary on alternate days to ensure adequate
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moisture and good germination. Pots were thinned to two seedlings at 2 weeks after planting then
fertilized with 180 mg P as single super phosphate (SSP, 18% P2O5). Seedling leaves were further sprayed
with a combined insecticide (35 ml of Lamda cyhalothrine and 75 ml of Cypermethrin plus Dimethoate in
15 liters sprayer) to control insect pests.

In a second experiment conducted in the �eld, responses of the same cowpea varieties to �ve N including
the above inoculation treatments were monitored. The N treatmemts were urea fertiliser, the two
inoculants, a control, and a negative check with no input (inherent soil fertility). Except for the negative
check, all N treatments were tested under basal P application as described bellow. A total of 100
individual treatments were de�ned as factorial combinations of the cowpea genotypes (20) and N-
sources (5), and replicated thrice in �eld-testing using a split design as previously described. Cowpea was
planted on land heavily infested with Striga (�ve plants m-2 on average). The �eld was mowed, the soil
harrowed and the plant debris removed. The �eld was then ridged at 0.75 cm apart. Cowpea seeds were
pre-treated with fungicide-insecticide Apron Star (20% w/w Thiamethoxam, 20% w/w Metalaxyl-M, 2%
w/w Difenoconazole) to prevent soil-borne pests attack on seeds and seedlings. Plots (6 ridges x 4 m)
were planted manually at the rate of three seeds per hill with 0.2 m intra-row spacing. Immediately before
planting, cowpea seed was costed with peat-based inoculants (10 g kg-1 seed) using a solution of gum
Arabic (ca. 20 g l-1) as sticker. Pre-emergence herbicide Paraquat and Pendimethalin (3 l ha-1) was
sprayed immediately after sowing to control weeds. Two weeks after planting, plots were thinned to two
plants per hill and SSP fertilizer was applied at the rate of 30 kg P ha-1. Lamda cyhalothrine 25 EC (0.7 l
ha-1) and Cypermethrin, plus Dimethoate (1 l ha-1) was applied at �owering stage to control insect pests.
The �eld was maintained free of weeds except Striga plants by regular manual weeding at three, six and
eight weeks after planting.

2.5 Data collection and statistical analyses

In the screen-house study, plants were harvested at 64 days after planting (DAP). Potted plants were cut
at the soil level and pots were gently �ushed with tap water to discard soil from the root systems for
count assessment of nodules, Striga attached to roots and emerged Striga. All plant parts were oven-dried
separately at 65°C for 48 hours for biomass. In the �eld trial data were collected from the �owering stage
onward. Twenty plants were randomly uprooted from border rows of each plot, nodules recovered,
counted and oven-dried as above for dry mass assessment. Number of emerged Striga plants was
monitored three times from the two central rows of plots until 70 DAP and cumulative number calculated.
At maturity, the same inner rows were harvested, shoots, pods and grains air-dried and weight recorded.

Biomass data (cowpea and Striga dry weights) from the screen-house trial, and grain yield from the �eld
study were analysed using a linear mixed model where genotype, strain, and genotype x strain were
considered as �xed effects, and replicate, genotype x replicate as random effects. Count data across
screen house and �eld experiments (number of nodules, Striga attachments and emerged plants) were
analysed using a generalized mixed model (McCullagh and  Nelder, 1989) assuming a Poisson
distribution. Least-squares means and the associated standard errors derived from the mixed model were
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computed. Custom hypothesis tests were used to perform contrast comparisons between speci�c groups
among cowpea genotypes and N-sources (see Table 3 and Table 5). All data were analysed using MIXED
(linear mixed model) and GLIMMIX (generalized linear mixed model) procedures in SAS/STAT software,
Version 9.4 of the SAS System for Windows (SAS Institute, 2019).

3. Results
3.1 Striga infestation, nodulation and plant growth in screen-house bioassay

At harvest 64 DAP, a majority of inoculated cowpea plants poorly nodulated as it has reached
physiological maturity. (Fig. 2). The occurrence of nodulation appeared to be inversely-related to infection
of cowpea roots by Striga, with most plants exhibiting either nodules or Striga attachments (Fig. 3A-B). In
addition, nodulation, cowpea growth and Striga infection traits showed signi�cant inter-correlation (Fig. 3;
Fig. 4A-D).

There was a differential response of cowpea genotypes to inoculation treatments in shoot dry weight
(P=0.0155, Table 3). Resistant varieties grew the best, yet were not responsive to inoculation in pots;
Opposite to this, susceptible lines showed substantial responses to inoculation gaining on average up to
63% shoot growth improvement (P < 0.0001, Table 3; Fig. 5A). Similarly, there were large differences
between susceptible cowpea varieties which had signi�cantly larger counts of emerged Striga plants
(P=0.0047) and number of Striga attachments to cowpea than resistant varieties (P < 0.0001) (Fig. 3;
Table 3; Fig. 5B-C). The number of emerged Striga plants from pots was the higest (2.5 plant-1) for
susceptible genotypes grown without inoculation (control treatment) (P=0.0168; Fig. 5B). Moreover,
inoculantion with strain IRJ 2180A was the most effective totally in preventing emergence of Striga
plants in the potted susceptible genotypes (P=0.0246; Fig. 5C). On average, the smallest numbers of
Striga attachments to cowpea roots were observed in resistant varieties (P=0.0046), and in inoculated
plants (P=0.0065, Table 3; Fig. 5D-E). When compared with the uninoculated (control) treatments,
addition of rhizobial inoculants was more effective in reducing Striga attachments on resistant (90%)
than susceptible (80%) varieties (P=0.0168; Fig. 5D). Resistant genotypes performed best against Striga
attachment to root with strain IRJ 2180A inoculant (P =0.0246; Fig. 5E).

3.2 Striga infestation, nodulation and plant growth in the �eld trial

At early �owering the �eld-grown cowpea genotypes had 14.9 nodules plant-1 on average with signi�cant
differences among varieties (P=0.0315), and between nutrient management options (P < 0.0001; Table 4;
Fig. 6A-D). Nodule number was the least (5.3 nodules plant-1) for cowpea managed without any input (P <
0.0001; Fig. 6A). The application of P fertilizer alone improved nodulation (13.1 nodules plant-1), but to a
lesser extent than when combined with nitrogen sources (P+N) (P < 0.0001; Fig. 6B). Addition of urea
resulted in less nodules (13.3 nodules plant-1) than when rhizobial inoculants were applied (21.5 nodules
plant-1) (P < 0.0001; Fig. 6C). Among the inoculant treatments, the largest number of nodules was found
in the presence of the strain IRJ 2180A (29.8 nodules plant-1; P < 0.0001, Table 4; Fig. 6D).
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Overall, strong positive relationships were found between nodule number and cowpea yield and negative
relationships with Striga emergence (Fig. 7). Emergence of Striga plants decreased with increasing nodule
number, which led to improved cowpea yield (Fig. 7A-C). The density of Striga plants was highest for the
less nodulated cowpea plants managed without any input (≤5 nodules plant-1) and lowest for the
abundantly nodulated plants under P+ IRJ 2180A treatment (≥25 nodules plant-1) (Fig. 7A). Cowpea
grain yield had a signi�cant (negative) correlation with Striga count (Fig. 7B).

Signi�cant variety x management interactions were observed in the cumulative count of emerged Striga
plants (P < 0.0001, Table 4). Plots with resistant cowpea varieties were remarkably free of emerged Striga
almost throughout the �eld experiment (Fig. 8A-D). Susceptible varieties had stronger infestation with
Striga count dependent upon the management option (Fig. 8A-D). Sprouting of Striga was densest
without any amendment (no input) compared with nutrient addition (P < 0.0001, Table 4; Fig. 8A). On
average, managing susceptible cowpea varieties with various combinations of P and N-sources led to
more than 2.6-fold reduction in the number of Striga plants relative to plots without any input (Fig.8A).
Effectiveness in the control ranged from the least with P alone to the highest for P combined with N-
sources (Fig. 8B). However, emerged Striga count when fertilized with urea was comparable with that for
rhizobial inoculants (Fig. 8C-D).

The differential responses of the cowpea genotypes to management options resulted in large grain yield
differences at harvest (P < 0.0001, Table 4). Grain yield as well as its response to input additions was
consistently stronger in resistant than susceptible lines (P < 0.0001, Table 4; Fig. 9A-D). Overall, grain
yield was more than doubled in response to nutrient supply compared with no input treatments, with
increases being greater for resistant (128%) than susceptible (119%) lines (Fig. 9A). On average in
addition, grain yield in susceptible varieties was more responsive to P alone (+16%) than P+N treatments
(P < 0.01, Table 4; Fig. 9B). Under P supply however, yield response of the cowpea varieties to N was
signi�cantly higher (ca +10%) with inoculant than urea (P=0.0174; Fig. 9C). Overall, cowpea yielded
substantially more grain (31 – 34 % more) with inoculant strain IRJ 2180A than USDA 3384 (P < 0.0001;
Fig. 9D). Also, resistant varieties outperformed susceptible lines in yield responses to inoculation, which
was most obvious in the presence of inoculant strain IRJ 2180A (P = 0.0043; Fig. 9D).

4. Discussion
Our results demonstrate that integration of resistant varieties, fertilizer application and inoculation with
Bradyrhzobium could effectively control Striga in cowpea. A potted-soil system was used �rst to
investigate genotypic variability in cowpea responses to co-inoculation with rhizobia and Striga in the
screen-house. In the presence of viable Striga seeds, rhizobial inoculants were unable to trigger an
adequate nodule formation in cowpea plants (< 1 nodule plant-1 on average), but strongly reduced plant
infestation by Striga as compared to the control without inoculation. On average, the resistant cowpea
varieties had the least number of attachments to root and emerged Striga shoots and dry weight.
Surprisingly, resistant varieties were also found to be the most responsive to rhizobial inoculants for the
control of Striga: compared with the uninoculated control plants of these varieties, there was as high as a
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tenfold reduction in the number of Striga attachments which resulted in cowpea plants almost clean of
parasites. For the susceptible cowpea lines on the other hand, Striga infestation was best controlled by
inoculation contributing to a better shoot growth.

 

In comparison with some practices recommended against Striga such as hand or hoe-weeding and
conventional biocontrol, which operate only when the parasite has already switched the crop and
subsequently developed emerged shoots, eradicating the seed bank and preventing root colonization by
Striga may be the ideal solution to its control (López-Ráez et al., 2008; Kountche et al., 2019). In this
regard, our �ndings compare well with effective control methods described for S. hermonthica
management in maize, which consist of the application of herbicide chemicals (imazapir) to herbicide-
resistant maize hybrid (Kanampiu et al., 2001, 2002). This maize technology is reported to induce death
of Striga organs including attachments and germinating seeds around maize roots over several weeks
after planting, therefore leading to host plants clean of Striga, depleting Striga seed bank and improving
crop productivity (Kanampiu et al. 2002, 2003).

 

Cowpea lines grown in �elds infested with S. gesnerioides readily formed root nodules without
inoculation, demonstrating the presence of adequate native populations of compatible rhizobia. Unlike
other legume crops such as soyabean which have a symbiotic requirement for speci�c rhizobial strains,
cowpea is a promiscuous host, able to form root nodules with a broad range of highly diverse rhizobia
(Giller, 2001). On the other hand, poor soil fertility is a major constraint to the proper establishment and
function of legume symbiosis in sub-Saharan Africa (Vanlauwe et al., 2019). The improved nodulation of
cowpea with addition of P is indicative of inadequate soil P supply, as also reported on various legumes
in sub-Saharan Africa (Ronner et al, 2016; van Heerwaarden et al., 2018; Belete et al., 2019; Rurangwa et
al., 2018). It appears that cowpea generally needs fertilization with P, except in some favourable sites
such as in Ghana where �eld-grown cowpea genotypes nodulated well without any nutrient addition
(Adjei-Nsiah et al., 2008).

 

Cowpea nodulation was enhanced by the combined application of P and rhizobial inoculants, which gave
better nodulation then when urea was, applied (Fig. 5). Combined nitrogen is often recommended for
legumes as starter N at moderate rates not inhibitory for nodule formation (Streeter, 1988; Sylvester-
Bradley and Cross, 1991; Thies et al., 1991; Waswa et al., 2014; Giller et al., 2016). The slight
improvement in nodule number observed with N addition suggests the rate of 20 kg N ha-1 to be suitable
to serve as an effective starter N. In a �eld study conducted in Brazil by Freitas and Silva (2012), however,
the same rate of urea was reported to have negative effects on the symbiotic performance of indigenous
rhizobia in cowpea. There is little justi�cation to use starter N on legumes in sub-Saharan Africa.
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This study reports the �rst investigation of the potential bene�ts that can be derived from the
management of rhizobial inoculants under pressure of S. gesnerioides pest on �eld-grown cowpea. As
expected from previous genotypic characterization studies (Lane et al., 2003; Muranaka et al., 2011) the
results revealed a consistent varietal effect on Striga infestation with a clear discrimination between
resistance and susceptible lines. Striga plants were not observed in the plots planted to resistant lines
and signi�cant interactions between the variety and the management option were evident. Nodule
abundance increased in the �eld with the strain IRJ 2180A demonstrating its high competitive ability, as
also reported by earlier studies conducted in the semi-arid zone of Brazil with various inoculant strains
(Martins et al., 2003). Competitive Brazilian strains were observed to improve nodulation of �eld-grown
cowpea in Ghana (Boddey et al., 2016) and in Mozambique (Boddey et al., 2016; Kyei-Boahen et al.,
2017), leading to improved productivity.

 

Nutrient addition options, either P alone or in combination with N also supressed Striga emergence. The
positive effects of both fertilizers can partly be explained by the alleviation of nutrient de�ciency (N
and/or P), as poor soil fertility is known to favor the spread of S. gesnerioides (Sanginga and Woomer,
2009). Jamil et al. (2011) showed that N and P de�ciencies induce increased secretion of Striga spp.
seed germination stimulants (SLs) by maize resulting in increased infection of the host plants, which was
reduced with the application of fertilizers. In our study, emergence of Striga was best controlled with
rhizobial inoculants (as bio-fertilizers), and this was clearly due to the striking performance of the strain
IRJ 2180A. By contrast strain USDA 3384 performed poorly in suppressing Striga infestation, possibly
because of it being a poor competitor compared with native soil rhizobia. Besides being a good
competitor, the inoculant strain IRJ 2180A appears also to be highly effective in N2-�xation, which
together P fertilizer, led to a better nutrition of the host. Taken together, our �ndings suggest that the
improved nutritional status of cowpea, indicated by better vigour, as the most likely major mechanism
through which Striga infestation was mitigated. In addition, colonization of the roots by rhizobia and
nodule formation may compete with Striga for potential colonization sites as a barrier contributing to
reducing the infestation by the parasite.

 

The effective reduction in the number of Striga plants in the �eld always resulted in better grain yields
and differences were consistent with trends in the repression of the parasite (Figs. 6 and 7). Unless
supplemented with rhizobial inoculants and P fertilizer, productivity of cowpea was generally very poor.
This demonstrates that the comparative advantage of varieties bred speci�cally for resistance to Striga
was insu�cient to ensure good yields. The increase of cowpea yield obtained here with the combined use
of fertilizers, rhizobial inoculants and improved germplasm is a clear application of the concept of
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integrated soil fertility management (ISFM) needed for the sustainable intensi�cation of African
agriculture (Vanlauwe et al., 2015).

5. Conclusion
We have demonstrated the potential of using bradyrhizobial inoculants as effective biocontrol agents as
part of an integrated strategy against S. gesnerioides weed infestation of cowpea. Infestation of �eld-
grown cowpea by Striga was strongly reduced by rhizobial inoculants together with moderate P
fertilization. Further, evidence of a strong genotypic host plant x rhizobia strain interaction highlights the
possibility for further selection of combinations to counter Striga damage.

Declarations
Acknowledgements

The authors thank the Bill & Melinda Gates Foundation for funding this research through the N2Africa
project grant to Wageningen University. We are grateful to IITA staff at Kano Station and Mijibir farm
technical assistance.

Con�ict of interest

The authors declare no con�ict of interest.

References
Adjei-Nsiah, S., Thom, W.K., Cees, L., Mark, K., Abekoe, J.C., Owuraku, S.D., and Giller, K.E. (2008). Farmers’
agronomic and social evaluation of productivity, yield and N2-�xation in different cowpea varieties and
their subsequent residual N effects on a succeeding maize crop. Nutr. Cycle of Agroeco. 80, 199-209.

Akiyama, K., Matsuzaki, K., and Hayashi, H. (2005). Plant sesquiterpenes induce hyphal branching in
arbuscular mycorrhizal fungi. Nature 435, 824–827

Belete, S., Bezabih, M., Abdulkadir, B., Tolera, A., Mekonnen, K., and Wolde-meskel, E. (2019). Inoculation
and phosphorus fertilizer improve food-feed traits of grain legumes in mixed crop livestock systems of
Ethiopia. Agric. Ecosyst. Environ., 58-64.

Berner, D.K., and Williams, O.A. (1998). Germination stimulation of Striga gesnerioides seeds by hosts and
nonhosts. Plant Dis. 82, 1242-1247.

Boddey, R., Mathias, R., Atakora, K., Miranda, W., Boddey, C., Guimares, L.P., and Benjamin, A. (2016).
Cowpea (Vigna unguiculata) crops in Africa can respond to inoculation with rhizobium. Experimental
Agriculture 53, 1-10.



Page 12/27

Boukar, O., Fatokun, C.A., Huynh, B.-L., Roberts, P.A., and Close, T.J. (2016). Genomic tools in cowpea
breeding programs: Status and per-spectives. Front. Plant Sci. 7, 757.

Bouwmeester, H.J., Roux, C., Lopez-Raez, J.A., and Becard, G. (2007). Rhizosphere communication of
plants, parasitic plants and AM fungi. Trends Plant Sci. 12, 224-230. Doi:10.1016/j.tplants.2007.03.009

Cardoso, C., Ruyter-Spira, C., and Bouwmeester, H.J. (2010). Strigolactones and root infestation by plant-
parasitic Striga, Orobanche and Phelipanche spp. Plant Science 180, 414-420.

Cardoso, C., Zhang, Y., Jamil, M., Hepworth, J., Charnikhova, T., Dimkpa, S.O.N., et al. (2014). Natural
variation of rice strigolactone biosynthesis is associated with the deletion of two MAX1 orthologs. PNAS
111, 2379–2384. www.pnas.org/cgi/doi/10.1073/pnas.1317360111

Chidebe, I.N, Sanjay, S.K., and Dakora, F.D. (2018). Distribution and phylogeny of microsymbionts
associated with cowpea (Vigna unguiculata) nodulation in three agro-ecological regions of Mozambique.
Appl Environ Microbiol 84, 01712-17. https://doi.org/10.1128/AEM.01712-17

Ejeta, G. (2007). “The Striga scourge in Africa: a growing pandemic,” in Integrating New Technologies for
Striga Control: Towards Ending the Witch-hunt, eds. G. Ejeta, and J. Gressel (World Scienti�c Publishing
Co. Pte Ltd.), 3–16.

FAOStat (2017). FAOSTAT, Statistical data base. Food and Agricultural Organizations of the United
Nations, Rome. http://www.fao.org/faostat/ 2017.

Foo, E., and Davies, N.W. (2011). Strigolactones promote nodulation in pea. Planta 234, 1073–1081.

Foo, E., Yoneyama, K., Hugill, C.J., Quittenden, L.J., Reid, J.B. (2013). Strigolactones and the regulation of
pea symbioses in response to nitrate and phosphate de�ciency. Mol. Plant 6, 76–87.

Foster, C.M., Horner, H.T., and Graves, W.R. (1998). Nodulation response of woody Papilionoid species
after inoculation with rhizobia and soil from Hawaii, Asia and North America. Plant Soil 205, 103-111.

Franke, A.C., van den Brand, G.J., Vanlauwe, B., and Giller, K.E. (2018). Sustainable intensi�cation through
rotations with grain legumes in Sub-Saharan Africa: A review. Agriculture, Ecosystems and Environment
261, 172–185.

Freitas, F., and Silva, A. (2012). Yield and biological nitrogen �xation of cowpea varieties in the semi-arid
region of Brazil. Biomass and Bioenergy 45, 109–114.

Giller, K. E., Tittonell, P., Rmith, J., Karanja, S., Quiroz, C., Kungu, et al. (2011). Communicating complexity:
Integrated assessment of trade-offs within African farming systems to support development policy. Agric.
Syst. 104, 191–203.

Giller, K.E. (2001). Nitrogen Fixation in tropical cropping systems, 2nd edn. CAB International, Wallingford.

http://www.pnas.org/cgi/doi/10.1073/pnas.1317360111
http://www.fao.org/faostat/


Page 13/27

Giller, K.E., Franke, A.C., Abaidoo, R., Baijukya, F., Bala, A., Boahen, et al. (2013). “N2Africa: putting nitrogen
�xation to work for smallholder farmers in Africa,” In Agro-ecological Intensi�cation of Agricultural
Systems in the African Highlands, eds. B. Vanlauwe, P.J.A. van Asten, and G. Blomme (Routledge,
London), 156–174.

Giller, K.E., Herridge, D.F., and Sprint, J.I. (2016). “The legume rhizobia symbiosis and assessing the need
to inoculate,” In Working with rhizobia, eds J.G. Howieson, and M.J. Dilworth (Australian Centre for
International Agricltural Research, Canberra), 15-24.

Gomez-Roldan, V., Fermas, S., Brewer, P. B., Puech-Pagès, V., Dun, E. A., Pillot, et al. (2008). Strigolactone
inhibition of shoot branching. Nature 455, 189-194.

Hashem, F.M., Saleh, S.A., van Berkum, P., and Voll, M. (1997). Survival of Bradyrhizobium sp. (Arachis) on
fungicide-treated peanut seed in relationship to plant growth and yield. World Journal of Microbiology
and Biotechnology 13, 335–340.

IITA (1989). Automated and Semi-automated Methods for Soil and Plant Analysis. Manual Series No. 7.
IITA, Ibadan, Nigeria.

Jamil, M., Charnikhova, T., Cardoso, C., Jamil, T., Ueno, K., Verstappen, F., Asami, T., and Bouwmeester, H.J.
(2011). Quanti�cation of the relationship between strigolactones and Striga hermonthica infection in rice
under varying levels of nitrogen and phosphorus. Weed Research 51, 373–385.

Kamara, A.Y., Ekeleme, F., Jibrin, J.M., Tarawali, G., and Tofa, I. (2014). Assessment of level, extent and
factors in�uencing Striga infestation of cereals and cowpea in a Sudan Savanna ecology of northern
Nigeria. International Agriculture, Ecosystems and Environment 188, 111–121.

Kanampiu, F., Makumbi, D., Mageto, E., Omanya, G., Waruingi, S., Musyoka, P., and Ransom, J. (2018).
Assessment of Management Options on Striga Infestation and Maize Grain Yield in Kenya. Weed Sci 66,
516-524. doi: 10.1017/wsc.2018.4

Kanampiu, F.K., Kabambe, V., Massawe, C., Jasi, L., Friesen, D., Ransom, J.K., and Gressel, J. (2003). Multi-
site, multi-season �eld tests demonstrate that herbicide seedcoating herbicide-resistance maize controls
Striga spp. and increases yields in several African countries. Crop Prot 22, 697–706.

Kanampiu, F.K., Ransom, J.K., Friesen, D., and Gressel, J. (2002). Imazapyr and pyrithiobac movement in
soil and from maize seed coats to control Striga in legume intercropping. Crop Prot 21, 611–619.

Kanampiu, F.K., Ransom, J.K., and Gressel, J. (2001). Imazapyr seed dressings for Striga control on
acetolactate synthase target-site resistant maize. Crop Prot 20, 885–895.

Kountche, B.A., Jamil, M, Yonl, D, Nikiema M.P., Blanco-Ania, D., Asami, T., et al. (2019). Suicidal
germination as a control strategy for Striga hermonthica (Benth.) in smallholder farms of sub‐Saharan
Africa. Plants, People, Planet-2019 1,107–118. https://doi.org/10.1002/ppp3.32

https://link.springer.com/journal/11274
https://doi.org/10.1002/ppp3.32


Page 14/27

Kureh, I., Chikoye, D., Emechebe, A.M., Hussaini, M. A., Krmawa, P., Schulz, S., et al. (2003). Reduction of
Striga hermonthica parasitism on maize using host plant resistance, N fertilization and rotation with
legume trap-crops. African Crop Science Conference Proceedings 6, 167-171.

Kwari, J.D., Kamara, A.Y., Ekeleme, F., and Omoigui, L. (2011). Soil fertility variability in relation to the
yields of maize and soybean under intensifying cropping systems in the tropical savannas of
northeastern Nigeria. Innovations as Key to the Green Revolution in Africa. Springer, Netherlands, pp. 457-
464.

Kyei-Boahen S, Savala C.E.N., Chikoye D., and Abaidoo R. (2017). Growth and yield responses of cowpea
to inoculation and phosphorus fertilization in different environments. Front. Plant Sci. 8, 646. doi:
10.3389/fpls.2017.00646

Lane, J.A., Bailey, J.A., Butler, R.C., and Terry, P.J. (2003). Resistance of cowpea [(Vigna unguiculata (L.)
Walp.] To Striga gesnerioides (Willd.) Vatke, a parasitic angiosperm. New Phytol. 125, 405-412.

López-Ráez, J.A., Matusova, R., Cardoso, C., Jamil, M., Charnikhova, T., Kohlen, W., Ruyter-Spira, C.,
Verstappen, F. and Bouwmeester, H. (2008). Strigolactones: ecological signi�cance and use as a target
for parasitic plant control. Pest Management Science 65, 471-477.

Mabrouk, Y., Zourgui, L., Si�, B., Delavault, P., Simier, P., and Belhadj, O. (2007a). Some compatible
Rhizobium leguminosarum strains in peas decrease infections when parasitized by Orobanche crenata.
Weed Research 47, 44–53.

Mabrouk, Y., Zourgui, L., Si�, B., Belhadj, O. (2007b). The potential of Rhizobium strains for biological
control of Orobanche crenata. Biologia 62, 139-143.

Martins, L.M.V., Xavier, G.R., Range, F.W., Ribeiro J. R.A., Neves M.C.P., Morgado·L.B., and Rumjanek, N.G.
(2003). Contribution of biological nitrogen �xation to cowpea: a strategy for improvinggrainyieldin the
semi-aridregionof Brazil. Biol. Fertil. Soils 38, 313-339. DOI10.1007/s00374-003-0668-4

McCullagh, P., and Nelder, J.A. (1989). Generalized linear models. London, UK, Chapman & Hall

Midega, C.A.O., Salifu, Du�no, M. C., van Wijk, M. T., Zingore, S., Mapfumo, et al. (2014). Cumulative
effects and economic bene�ts of intercropping maize with food legumes on Striga hermonthica
infestation. Field Crops Res. 155, 144-152.

Muranaka, S., Fatokun, C., and Boukar, O. (2011). Stability of Striga gesnerioides resistance mechanism in
cowpea under high- infestation level, low soil fertility and drought stresses. Journal of Food, Agriculture &
Environment 9, 313-318.

Okogun, J.A., and Sanginga, N. (2003). Can introduced and indigenous rhizobial strains compete for
nodule formation by promiscuous soybean in the moist savanna agroecological zone of Nigeria? Biol
Fertil Soils 38, 26–31. DOI 10.1007/s00374-003-0611-8

http://refhub.elsevier.com/S0261-2194(14)00284-1/sref24
http://refhub.elsevier.com/S0261-2194(14)00284-1/sref24
http://refhub.elsevier.com/S0261-2194(14)00284-1/sref24
http://refhub.elsevier.com/S0261-2194(14)00284-1/sref24
http://refhub.elsevier.com/S0261-2194(14)00284-1/sref24


Page 15/27

Oswald, A. (2005). Striga control: technologies and their dissemination. Crop Prot 24, 333–342.

Ronald, M., Charles, M., Stanford, M., and Eddie, M. (2017). Predictions of the Striga scourge under new
climate in Southern Africa: a perspective. J. Biol. Sci. 17, 194-201.

Ronner, E., Franke, A.C., Vanlauwe, B., Dianda, M., Edeh, E., Ukem, et al. (2016). Understanding variability in
soybean yield and response to P-fertilizer and rhizobium inoculants on farmers' �elds in northern Nigeria.
Field Crops Res. 186, 133-145.

Rubiales, D., and Fernandez-Aparicio, M. (2012). Innovations in parasitic weeds management in legume
crops. A review. Agron Sustain Dev. 32, 433–449.

Rurangwa, E., Vanlauwe, B., and Giller, K.E. (2018). Bene�ts of inoculation, P fertilizer and manure on
yields o fcommon bean and soybean also increase yield of subsequent maize. Agric. Ecosyst. Environ.
261, 219–229.

Rusinamhodzi, L., Corbeels, M., Nyamangara, J., and Giller, K.E. (2012). Maize–grain legume
intercropping is an attractive option for ecological intensi�cation that reduces climatic risk for
smallholder farmers in central Mozambique. Field Crops Res. 136, 12-22.

Sanginga, N., Dashiell, K., Diels, J., Vanlauwe, B., Lyasse, O., Carsky, et al. (2003). Sustainable resource
management coupled to resilient germplasm to provide new intensive cereal–grain legume–livestock
systems in the dry savanna. Agric. Ecosyst. Environ. 100, 305–314.

Sanginga, N., Okogun, J., Vanlauwe, B., and Dashiell, K. (2002). The contribution of nitrogen by
promiscuous soybeans to maize based cropping the moist savanna of Nigeria. Plant Soil 241, 223–231.

Sanginga, N., and Woomer P.L. (2009). Integrated Soil Fertility managemenr in Africa: Principles, Practices
and Developmental Process. Tropical Soil Biology and Fertility Institute of the Intenaioanl Centre for
Tropical Agriculture, Nairobi. 263 pp.

SAS Institute (2019). The SAS System for Windows, version 9.4. Cary, NC, USA, SAS Institute Inc.

Siame, B.A., Weerasuriya, Y., Wood, K., Ejeta, G., and Butler, L.G. (1993). Isolation of Strigol, a germination
stimulant for Striga asiatica, from host plants. Journal of Agricultural and Food Chemistry 41, 1486-1491.

Singh, B.B., and Emechebe, A.M. (1990). Inheritance of Striga resistance in cowpea genotype B301. Crop
Sci 30, 879-881.

Soto, M.J., Fernandez-Aparicio, M.N., Castellanos-Morales, V., Garcia- Garrido J.M., Ocampo, J.A., Delgado,
M.J. and Vierheilig, H. (2010). First indications for the involvement of strigolactones on nodule formation
in alfalfa (Medicago sativa). Soil Biol Biochem 42, 383–385.Streeter, J. (1988). Inhibition of legume
nodule formation and N2 fixation by nitrate. Crit. Rev. Plant Sci. 7, 1–23.



Page 16/27

Sylvester-Bradley, R., and Cross, R.B. (1991). Nitrogen residues from peas and beans and the response of
the following cereal to applied nitrogen. Aspects of Applied Biology 27, 293–298.

 Thies, J.E., Singleton, P.W., and Bohlool, B.B. (1991). Modeling symbiotic performance of introduced
rhizobia in the �eld by use of indices of indigenous population size and nitrogen status of the soil. Appl.
Environ. Microbiol. 57, 29-37.

Ulzen, J., Abaidoo, R.C., Mensah, N.E., Masso, C., and Abdelgadir, A.H. (2016). Bradyrhizobium Inoculants
Enhance Grain Yields of Soybean and Cowpea in Northern Ghana. Front. Plant Sci. 7, 1770. doi:
10.3389/fpls.2016.01770.

Van Heerwaarden, J., Baijukya, F., Kyei-Boahen, S., Adjei-Nsiah, S., Ebanyat, P., Kamai, et al. (2018).
Soyabean response to rhizobium inoculation across sub-Saharan Africa: patterns of variation and the
role of promiscuity. Agric. Ecosyst. Environ. 261, 211-218.

Vanlauwe, B., Bationo, A., Chianu, J., Giller, K.E., Merckx, R., Mokwunye, U., et al. (2010). Integrated soil
fertility management Operational de�nition and consequences for implementation and dissemination.
Outlook Agric. 39, 17–24.

Vanlauwe, B., Descheemaeker, K., Giller, K.E., Huising, J., Merckx, R., et al. (2015). Integrated soil fertility
management in sub-Saharan Africa: unravelling local adaptation. Soil 1, 491–508.

Vanlauwe, B., Hungria, M., Kanampiu, F., Giller, K.E., 2019. The role of legumes in the sustainable
intensi�cation of African smallholder agriculture: Lessons learnt and challenges for the future. Agric.
Ecosyst. Environ. 284, 106583.

Vincent, J.M. (1970). A manual for the practical study of root-nodule bacteria, (IBP handbook no 15)
Blackwell, Oxford.

Waswa, M.N., Karanja, N.K., Woomer P.L., and Mwenda G.M. (2014). Identifying elite rhizobia for soybean
(Glycine max) in Kenya African. Journal of Crop Science 2, 60-66.

Yoneyama K, Xie X, Yoneyama K, and Takeuchi Y. (2009). Strigolactones: structures and biological
activities. Pest Management Science 65, 467–470.

Yusuf, A.A., Abaidoo, R.C., Iwuafor, E.N.O., Olufajo, O.O., and Sanginga, N. (2009). Rotation effects of grain
legumes and fallow on maize yield: microbial biomass and chemical properties of an Alfisol in the
Nigerian savanna. Agric. Ecosyst. Environ. 129, 325–331.

Tables
Table 1: Soil chemical characteristics and most-probable number (MPN) of rhizobia at the
Minjibir site.
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Soil property Value
pH (H2O) 5.6
N (g kg-1) 0.36
Bray P (mg kg-1) 8.61
C (g kg-1) 9
Sand (g kg-1) 800
Silt (g kg-1) 80
Clay (g kg-1) 120
Ca (cmol kg-1) 1.29
Mg (cmol kg-1)  0.57
K (cmol kg-1) 0.19
Na (cmol kg-1)  0.40
Zn (mg kg-1) <0.01
Cu (mg kg-1) <0.01
Mn (mg kg-1) 0.46
Fe (mg kg-1) 0.78
ECEC 2.45
Rhizobia (MPN) 1.7x103 

 
 
Table 2:  Physical  characteristics, distinguishing features of cowpea genotypes and their
reaction to Striga.
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 S/N Genotype Seed
colour

Seed
texture

Reaction to
Striga

aOrigin
1 B301 Cream Smooth Resistant Local land race from

Botswana
2 IT97K-205-8 White Rough Resistant Bred at IITA
3 IT97K-499-35 White Smooth Susceptible  Bred at IITA
4 IT98K-503-1 Maroon Rough Resistant Bred at IITA
5 IT98K-573-1-

1
White Smooth Resistant Bred at IITA

6 IT99K-573-2-
1

White Smooth Resistant Bred at IITA

7 Tvu 16514 Brown Rough Resistant Tropical Vigna
unguiculata 

8 UAM09 1046-
6-1

Brown Smooth Resistant Bred at UAM

9 UAM1051-1 White Smooth Resistant Bred at UAM
10 Aloka local White Rough Susceptible Local cultivar in Nigeria
11 Borno brown Brown Smooth Susceptible Local cultivar in Nigeria
12 BOSADP Brown Smooth Susceptible Bred at BOSADP
13 Danila White Rough Susceptible Local cultivar in Nigeria
14 IT81D-994 White Smooth Susceptible Bred at IITA
15 IT84S-2246-2 Brown Smooth Susceptible Bred at IITA
16 IT90K-277 White Smooth Resistant  Bred at IITA
17 IT98D-1399 White Smooth Susceptible Bred at IITA
18 IT98D-288 White Smooth Susceptible Bred at IITA
19 TVx 3236 Variegated Smooth Susceptible Bred at IITA 
20 UAM102021-

1
Brown Smooth Susceptible Bred at UAM

a  IITA: International Institute of Tropical Agriculture; UAM: University of Agriculture,
Makurdi; BOSADP: Borno State Agricultural Development Programme

Table 3: Summary of analysis of variance (ANOVA) of nodule number, cowpea shoot and
Striga dry weights, and counts of plants and attachement of Striga for cowpea grown in
potted-soils under screen-house conditions.
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 df P-value      
Effect  Nodule

number
(number
plant-1)

Cowpea
shoot dry
weight (g
plant-1)

Striga  dry
weight (g
pot-1)

Striga
count
(number
pot-1)

Striga attachment
(number plant-1)

           
 

 

Variety 19 NS **** NS NS NS
(R vs. S) 1 NS **** ** ** **
Inoculation 2 NS ** **** ** ****
(Inoculants  vs.
Control)

1 NS *** **** ** **

(IRJ vs. US) 1 NS NS * * *
Inoculation*variety 38 * NS * ** ****
(Inoculants  vs.
Control @ R)

1 NS NS * NS NS

(Inoculants  vs.
Control @ S)

1 NS **** **** **** ****

(IRJ vs. US @ R) 1 NS NS * NS NS
(IRJ vs. US @ S) 1 NS NS * ** **

*, **, *** and ****: P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, respectively; NS: Not significant

 
Table 4: Summary of analysis of variance (ANOVAs) of nodule number, count of emerged
Striga and cowpea grain yield of cowpea grown under field conditions.
         
  Df P-value    

Effect  

Nodule number
(number
plant-1)

Striga
count (number ha-
1)

Cowpea grain
Yield (kg ha-
1)

Variety (V) 19 * **** ****
(R vs. S) 1  NS **** ****
Management (M) 4 **** *** ****
(No input vs. Others) 1 **** **** ****
(Urea vs. Inoculants) 1 **** NS *
(IRJ2180A vs.
USDA3384) 1

**** NS
****

(P vs. P+N) 1 **** NS  NS
M x V 76  NS **** ****
(No Input vs. Others @
R) 1

****
 NS

****

(No Input vs. Others @
S) 1

****
****

****

(Urea vs. Inoculants @
R) 1

****
 NS *

(Urea vs. Inoculants @
S) 1

****
**  NS

(IRJ vs. UDSA @ R) 1 **** NS ****
(IRJ vs. UDSA @ S) 1 **** NS ****
(P vs. P+N @ R) 1 **** **** NS
(P vs. P+N @ S) 1 **** **** **
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*, **, *** and ****: P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, respectively; NS: Not significant

Figures

Figure 1

Weather data for the Minjibir experimental site in Kano, Nigeria

Figure 2
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Average nodule number of 20 cowpea genotypes inoculated with bradyrhizobia under screen-house
conditions. Error bars represent the standard errors of difference between means.

Figure 3

Relationships between (A) emerged Striga count, (B) number of Striga attachment and (C) cowpea shoot
dry weight, and nodule number of Striga-resistant (R) and -susceptible (S) cowpea genotypes inoculated
under screen-house conditions.
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Figure 4

Relationships between emerged Striga count and (A) dry weight of Striga and (B) cowpea shoot dry
weight, and between number of Striga attachment and (C) dry weight of Striga and (D) cowpea shoot dry
weight under screen-house conditions.
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Figure 5

(A) Shoot dry weight, (B-C) emerged Striga count, and (D-E) Striga attachment responses to inoculation
with bradyrhizobia of Striga-resistant and -susceptible cowpea genotypes in potted soils under screen-
house conditions; the cowpea plants were inoculated with strains IRJ 2180A or USDA 3384 (inoculant) or
not (control). Errors bar represents the standard error of means.
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Figure 6

(A-D) Average nodule number of cowpea plants grown under �ve management options under �eld
conditions; No input: No fertilization; + P: phosphorus; urea: urea-N; IRJ 2180A and USDA 3384:
bradyrhizobial inoculants; Error bars represent the standard error of means.
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Figure 7

(A-C) Relationships between cowpea grain yield, nodule number and emerged Striga count for Striga-
resistant (_R) and -susceptible (_S) cowpea genotypes; The cowpea plants were grown under �ve
management options under �eld conditions; No input: No fertilization; + P: phosphorus; urea: urea-N; IRJ
2180A and USDA 3384: bradyrhizobial inoculants;
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Figure 8

(A-D) Average number of emerged Striga plants for cowpea grown under �ve management options in the
�eld; No input: No fertilization; + P: phosphorus; urea: urea-N; IRJ 2180A and USDA 3384: bradyrhizobial
inoculants; Error bars represent the standard error of means.
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Figure 9

(A-D) Average grain yield response of cowpea grown under �ve management options in the �eld; No
input: No fertilization; + P: phosphorus; Urea: urea-N; IRJ 2180A and USDA 3384: bradyrhizobial
inoculants; Error bars represent the standard error of means.


