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Summary
Cowpea (Vigna unguiculata L. Walp.) is an important protein source for human consumption across
the globe and an essential component of cropping systems in the semi-arid regions of Africa. It is the
predominating legume crop in the dry lands of eastern and coastal Kenya. However, cowpea
performance is limited by, among other factors N and P deficiency thus, resulting in poor grain yields.
Biological nitrogen fixation (BNF) based on the legume-Rhizobium symbiosis can compensate for low
soil nitrogen (N) content. The overall goal of this study was to improve the cowpea productivity under
low input conditions by selecting indigenous Bradyrhizobium strains for their BNF efficiency and
adaptation to two major cowpea production areas in Kenya. The objectives of this thesis were to (i)
characterize and assess the diversity of 202 indigenous rhizobia isolates collected in two contrasting
agro-ecological zones of Kenya [Kilifi (Coastal lowland) and Mbeere (Lower midland)]; (ii) evaluate the
symbiotic effectiveness and competitiveness of 23 most diverse indigenous strains (plus 2 references)
under axenic conditions; and (iii) verify the effectiveness of 4 selected strains, a commercial
Bradyrhizobium product and their mixture under field conditions including controls with contrasting
mineral fertilizer input.
In order to characterize the diversity of the rhizobial isolates a proteomic approach using Matrix
Assisted Laser Desorption/ionization Time of Flight (MALDI-TOF) Mass Spectrometry (MS) was applied
to the collection. Based on this technique, 172 of the 202 isolates were identified as Bradyrhizobium
and classified into five clusters that could be assigned to 11 different Bradyrhizobium species based
on a previously established MALDI-TOF MS library. The remaining isolates belonged to Rhizobium sp.,
Rhizobium radiobacter, Enterobacter cloacae, and Staphylococcus warneri. After characterization, the
twenty-five most diverse Bradyrhizobium strains based on MALDI-TOF MS protein mass fingerprints
were selected; 12 and 11 from Kilifi and Mbeere, respectively, plus 2 references (from Biofix, a
commercial inoculant produced in Kenya and the other from Burkina Faso). The strains grouping and
affiliation were verified by 16S rRNA sequencing, to compare the two approaches for such a diversity
study. These strains were evaluated for their effectiveness for BNF by inoculating cowpea seedlings in
a sterilized substrate and assessing shoot biomass, SPAD index, N uptake and nodule biomass in
comparison to the uninoculated control in growth chamber conditions. In addition, a mixture of the
12 strains per region plus the commercial strain were assessed for their competitiveness by nodule
occupancy. The four most effective strains from Mbeere (M19c, M20a) and Kilifi (K1h, K17f) were
multiplied and evaluated in replicated field experiments in farmers’ fields established in Kilifi and
Mbeere during the 2014 short rain (SR) (sites A-C) and the 2015 long rain (LR) (sites D-F) seasons. All
plots except one treatment were fertilized with the recommended legume fertilizer Sympal (101 g kgvi
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P, 125 g kg-1 K, 71 g kg-1 Ca, 40 g kg-1 S, 6 g kg-1 Mg and 1 g kg-1 Zn). In each site, 9 treatments were

compared: (i) M19c, (ii) M20a, (iii) K1h, (iv) K17f), (v) commercial strain CB 1015, (vi) mixture of all five
strains, (vii) negative control without inoculation and no nitrogen fertilizer, (viii) positive control
without inoculation and 60 kg N ha-1, (ix) CBA-Symp with the commercial strain CB 1015 but without
the Sympal fertilizer. Inoculation with selected strains did not significantly improve shoot parameters
(dry weight and N uptake) and nodule dry weight of cowpea plants at flowering relative to the negative
control at the six sites. The lack of response to inoculation might be attributed to the high incidence
of indigenous rhizobia populations ranging from 2.38 x 102 to 7.10 x 103 CFU rhizobia g-1 of dry soil. As
revealed by MALDI-TOF MS in site C, inoculated strains could not initiate successful nodulation.
Indeed, all analyzed nodules were occupied by indigenous strains. Application of N fertilizer
significantly increased shoot biomass and N uptake (sites A, B and E), indicating that the indigenous
strains might provide insufficient N to the crop plant. The inclusion of the legume fertilizer Sympal
resulted in significant increase in shoot biomass (sites A, B, and D), N uptake (sites A and D) and nodule
dry weight (site A), stressing the importance of balanced nutrient input.
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In conclusion, results from this thesis revealed that MALDI-TOF MS is a suitable tool for the rapid and
accurate (i) characterization and classification of rhizobial isolates and (ii) identification of strains in
nodule occupancy of multiple strain mixtures in competition assays under growth chamber and field
conditions. Results from smallholder farmers’ field experiments in Kilifi and Mbeere showed, on one
hand, no improvement of cowpea performance after inoculation with the selected strains and on the
other hand that integrated soil fertility management (ISFM) interventions are necessary to achieve
improved cowpea production as BNF by indigenous strains does not suffice. Selection of strains
combining both competitiveness and effectiveness in BNF as well as improved inoculant formulations
and application strategies are required for soils with abundant but inefficient indigenous populations.
Moreover, selection of cowpea genotypes with a high nutrient use efficiency and improved symbiosis
with Bradyrhizobium should be further explored to improve the performance of cowpea for resourcepoor farmers under semi-arid conditions in Africa.
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Résumé
Le niébé (Vigna unguiculata L. Walp.) est une importante source de protéines dans l’alimentation
humaine à travers le monde et une composante importante dans les systèmes agricoles des régions
arides d’Afrique. C’est la culture de légumineuses qui prédomine dans les régions sèches de l’est du
Kenya. Cependant, les performances de culture du niébé sont limitées, entre autres, par la faible
fertilité du sol (principalement les déficiences en azote et en phosphore), causant un faible rendement
en grain. La fixation biologique de l’azote (FBA), basée sur la symbiose légumineuse-Rhizobium, peut
compenser les faibles teneurs en azote (N) du sol. L’efficacité de la FBA dépend des interactions solplante-microbe. Le principal but de cette étude était d’améliorer les performances du niébé dans des
conditions de faibles amendements grâce à des souches indigènes de Bradyrhizobium sélectionnées
sur leur efficacité à fixer N et à leur adaptation à deux régions majeures de production au Kenya. Les
objectifs de cette thèse étaient de (i) caractériser et évaluer la diversité de 202 isolats de souches
indigènes de rhizobia collectés dans deux différentes zones agro-écologiques du Kenya [Kilifi (plaine
côtière) et Mbeere (Lower midland)]; (ii) estimer l’efficacité et la compétitivité symbiotique de 23
souches indigènes distinctes (plus 2 références) sous conditions axéniques ; (iii) vérifier l’efficacité de
4 souches sélectionnées, d’une souche commerciale de Bradyrhizobium et de leur mélange dans une
expérimentation en champs incluant des contrôles et également différents apports d’engrais
minéraux.
Afin de caractériser la diversité des isolats Rhizobium, une approche protéomique utilisant un
spectromètre de masse (MS) couplant une source d'ionisation laser assistée par une matrice et un
analyseur à temps de vol (MALDI-TOF) a été réalisée sur la collection d’isolats. Sur base de cette
technique, 172 des 202 isolats ont été identifiés comme appartenant au genre Bradyrhizobium et
classifiés en cinq groupes, pouvant être assimilés à 11 espèces différents de Bradyrhizobium d’après
une base de données MALDI-TOF MS précédemment établie. Les isolats restants appartenaient aux
espèces Rhizobium sp., Rhizobium radiobacter, Enterobacter cloacae et Staphylococcus warneri. Après
caractérisation, les vingt-cinq souches les plus diverses de Bradyrhizobium, basé sur leur empreinte
de masse protéique analysée par MALDI-TOF MS, ont été sélectionnées ; 12 provenant de Kilifi et 11
de Mbeere, plus 2 souches références (l’une fournie par Biofix, un inoculant commercial produit au
Kenya, et l’autre provenant du Burkina Faso). Le regroupement et l’affiliation des souches ont été
vérifiés par séquençage du 16S rRNA, afin de comparer les deux approches pour une telle étude de la
diversité. Les souches ont été évaluées pour leur efficacité de FBA en inoculant de jeunes plants de
niébé cultivés en chambre de croissance sur substrat stérile et en déterminant la biomasse aérienne,
l’index SPAD, l’assimilation en N et la biomasse des nodules, en comparaison au traitement contrôle
ix
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non inoculé. De plus, un mélange de 12 souches par région et incluant la souche commerciale a été
évalué pour étudier leur compétitivité en estimant le taux d’occupation par les différentes souches
dans les nodules. La majorité des souches contenues dans les nodules ont distinctement été
identifiées par MALDI-TOF MS. Les deux souches les plus efficaces de Mbeere (M19c, M20a) et de
Kilifi (K1h, K17f) ont été multipliées et évaluées dans une expérience de terrain sur des champs
d’agriculteurs établis à Kilifi et Mbeere pendant la courte saison des pluies en 2014 (sites A-C) et la
longue saison des pluies en 2015 (sites D-F). Toutes les parcelles, excepté une, ont été amendées avec
l’engrais pour légumineuse Sympal (101 g kg-1 P, 125 g kg-1 K, 71 g kg-1 Ca, 40 g kg-1 S, 6 g kg-1 Mg et 1
g kg-1 Zn). Sur chaque site, 9 traitements ont été comparés: (i) M19c, (ii) M20a, (iii) K1h, (iv) K17f), (v)
souche commerciale CB 1015, (vi) mélange de ces cinq souches, (vii) contrôle négatif sans inoculation
et sans apport N, (viii) contrôle positif sans inoculation et un apport de 60 kg N ha-1 et (ix) CBA-Symp
avec la souche commerciale CB 1015 mais sans engrais Sympal. L’inoculation avec les quatre souches
sélectionnées n’a pas significativement amélioré ni le poids sec et l’assimilation en N des tiges, ni le
poids sec des nodules présents sur les racines de niébé à la floraison comparés au contrôle négatif sur
les six sites. Le manque de réponse à l’inoculation pourrait être attribué à la forte présence de
populations de rhizobia indigènes, de l’ordre de 2.38 x 102 à 7.10 x 103 CFU rhizobia g-1 de sol sec.
Comme révélé par les analyses MALDI-TOF MS sur le site C, les souches inoculées n’ont pas réussi à
initier la nodulation. En effet, tous les nodules analysés étaient occupés par des souches indigènes.
L’apport en engrais azoté a significativement augmenté la biomasse des tiges et leur assimilation en
N (sites A, B et E), indiquant que les souches indigènes ne pourraient pas fournir une quantité
suffisante de N à la plante. L’ajout de l’engrais pour légumineuse Sympal a induit une amélioration
significative de la biomasse aérienne (sites A, B, et D), de l’assimilation en N (sites A et D) et de la
biomasse des nodules (site A), accentuant l’importance de l’apport équilibré de tous les nutriments.
En conclusion, les résultats de cette thèse ont révélé que l’utilisation du MALDI-TOF MS est approprié
pour une rapide et précise (i) caractérisation et classification des isolats dits rhizobium et (ii)
identification des souches dans les nodules après inoculation simultanée au champ et en chambre de
culture de souches multiples, permettant par la sorte l’étude de leur compétitivité. Les résultats
obtenus avec les expériences au champ à Kilifi et Mbeere ont montré d’une part, l’absence
d’amélioration des performances du niébé après inoculation avec les souches sélectionnées et d’autre
part, que des interventions intégrées de la gestion de la fertilité des sols sont nécessaires afin
d’améliorer la production du niébé, puisque la FBA par les souches indigènes n’est pas suffisante. La
sélection des souches combinant compétitivité et efficacité dans la FBA ainsi que l’élaboration
d’inoculant efficace et de leurs stratégies d’application sont requis dans les sols où les populations
indigènes sont abondantes mais inefficaces. De plus, la sélection de différents génotypes de niébé
x
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avec notamment une efficacité accrue de l’assimilation des nutriments et une capacité de symbiose
améliorée avec les Bradyrhizobium devrait être davantage considérées pour améliorer les cultures du
niébé pour les agriculteurs disposant de peu de ressources dans les régions arides d’Afrique.
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General Introduction
Importance of cowpea and challenges to production
Cowpea (Vigna unguiculata L. Walp) is an important crop globally. It originated in Africa and spread
to Asia and the rest of the world through trade routes (Singh et al., 2002; Timko and Singh, 2008). The
global production of dried cowpeas for the year 2014 was estimated at 5.6 million tonnes, with 96%
originating from Africa (FAOSTATS, 2014). To date cowpea is the most extensively produced pulse crop
in Sub-Saharan Africa (SSA) (Walker, 2016). In 2014, more than 12.3 million ha were planted to cowpea
in SSA (FAOSTATS, 2014). It is a major component in farming systems in diverse ecological zones, as a
source of human food, livestock feed, green manure and income source for smallholder farmers
(Dakora and Keya, 1997; Singh et al., 2002; Timko and Singh, 2008; Walker, 2016). According to the
most recent data by FAO, Kenya is among the top ten cowpea producing countries in Africa, having
produced an estimated 140,000 tonnes of dry cowpeas in 2014 (FAOSTATS, 2014).
The main constraints to cowpea production in SSA include; inadequate rainfall (due to frequent and
erratic droughts), use of poor yielding varieties, declining soil nutrients status (mainly N and P), pest
(aphids, beetles, parasitic nematodes), diseases (brown blotch, scab) and parasitic weeds (Alectra
vogelii and Striga gesnerioides) (Reiss and Bailey, 1998; Owolade et al., 2006; Onduru et al., 2008;
Karanja et al., 2011; Afutu et al., 2017).
Biological nitrogen fixation (BNF)
Nitrogen (N) is essential for crops because of its involvement in vital biological processes such as
photosynthesis, production of proteins and enzymatic functioning (Marschner, 1995). Inadequate
levels of N are most often limiting crop productivity (Gardner and Drinkwater, 2009). This element can
be introduced into agricultural systems in form of fertilizers (organic and inorganic) or from the
atmosphere via biological nitrogen fixation (BNF) and to a lesser extent by lightning. The Haber-Bosch
process is an energy intensive approach (13.2 kwh kg-1 NH3) used to produce inorganic N fertilizers
(e.g. Urea and ammonium nitrate) and entails combination of N2 from the air and H2 at high
temperature and pressure in the presence of catalysts (Fowler et al., 2013; Renner et al., 2015).
Although the use of these fertilizers has led to worldwide increase in yields of crops, ecological
problems due to losses (leaching, volatilization and denitrification) are a major concern and BNF offers
a natural means of providing N for plants (Wagner, 2011). Furthermore, majority of smallholder
farmers in SSA and other developing countries have limited access to inorganic fertilizers, hence BNF
can be exploited to improve yields and soil N status of such farmers.
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Biological nitrogen fixation is the reduction of atmospheric nitrogen (N2) to ammonia (NH3) by
prokaryotes in the presence of the nitrogenase enzyme. This process is strictly limited to prokaryotes
(Fischer, 1994). Examples of prokaryotes include aquatic organisms, such as cyanobacteria, free-living
soil bacteria, such as Klebsiella, Azotobacter, bacteria that form associative relationships with plants,
such as Azospirillum, Frankia that form symbiosis with actinorhizal plants, and rhizobia that form
symbiotic associations with legumes and Parasponia species (Wagner, 2011; Mus et al., 2016).
The most important nitrogen-fixing symbiotic association in agricultural systems is taking place
between legumes and rhizobia (Herridge et al., 2008; Peoples et al., 2009). Globally, the amount of
nitrogen fixed in biological systems was estimated to range from 100 - 122 Tg N yr-1 and approximately
33 - 43 Tg N yr−1 of this contribution was from agricultural crops (Herridge et al., 2008).
Nitrogen fixation by cowpea
Cowpea may contribute substantially to the sustainability of cropping systems by fixing nitrogen
(Giller, 2001; Unkovich et al., 2008). Different methods used to quantify N2 fixation indicated varying
amounts of N2 fixed by cowpea under field conditions across the globe. Earlier studies using the N
difference method indicated that cowpea fixed between 24 to 29 kg N ha-1 in Kenya (Ssali and Keya,
1980) and up to 201 kg N ha-1 in Ghana (Dakora et al., 1987). In the same study, incorporation of
cowpea residues into soils was estimated to supply the equivalent of 60 kg N ha -1 mineral nitrogen
with an estimated balance of 42 kg N ha-1 to a succeeding maize crop. Boddey et al. (1990) and de
Freitas et al. (2012) using the 15N isotope dilution technique estimated that cowpea fixed between 9
to 51 kg N ha-1 in Brazil. Also using the 15N isotope dilution technique, Sisworo et al. (1990) reported
that cowpea fixed 12 to 22 kg N ha-1 in Indonesia. In Tanzania, Vesterager et al. (2008) reported that
cowpea fixed 70 kg N ha-1 under sole cropping and 36 kg N ha-1 when intercropped with maize as
estimated by the

15

N isotope dilution method around peak biomass production. Using the same

technique in Zimbabwe, a study by Rusinamhodzi et al. (2006), where cultivation of cowpea as a sole
crop or in a 1:1 intercrop with cotton resulted in a positive N balance of up to 92 kg ha-1.
Recent studies using the 15N natural abundance method indicated that cowpea fixed 7 to 23 kg N ha-1
in farmers’ field conditions in Ghana (Naab et al., 2009). Using the same 15N technique, Belane et al.
(2011) reported considerable variation of N2 fixed by 32 cowpea genotypes, with a range of 50 to 182
kg N ha-1 in South Africa. Similarly, Pule-Meulenberg et al. (2010) observed variation in N2 fixation of
49 to 157 kg N ha-1 in 9 cowpea genotypes in Ghana and South Africa. The two studies indicate the
influence of genotype on BNF and provides an opportunity for selection of high fixing cowpea
genotypes for use in smallholder farming systems. In combination with effective rhizobia and proper
management (providing adequate nutrients, pest control) cowpea yields can be enhanced.
2
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The variation in N2 fixation observed in the mentioned studies can be attributed to several factors: the
different environments where research was conducted, the soil (moisture, temperature, the level of
mineral nutrients in the plant rhizosphere, mineral N concentrations), cowpea genotype differences,
the presence, abundance and efficacy of rhizobia in the soil and management of the agro-ecosystems
(Dakora and Keya, 1997; Giller, 2001; Dakora et al., 2015; Dwivedi et al., 2015).
Factors influencing and affecting BNF
Nutrients to a large extent influence the process of BNF and the role of important nutrients is briefly
described here. Phosphorous is important for plant growth and legume symbiosis with rhizobia, N2
fixation will depend on its availability (Vance, 2001). Plants relying on symbiotic N2 fixation have ATP
requirements for nodule development and function (Ribet and Drevon, 1996) and need additional P
for signal transduction and membrane biosynthesis related to efficient N2 fixation. Potassium serves
as a co-factor of enzymes involved in the formation of peptide bonds during protein synthesis and is
known to improve the resistance of plants to environmental stress and alleviate the effects of water
stress on symbiotic N2 fixation. No direct role for potassium on N2 fixation has been reported (Giller,
2001; O'Hara, 2001; Sangakkara et al., 2001). Calcium ions (Ca2+) play a role in signal transduction
during nodule organogenesis and in the initial attachment of rhizobial cells to root hair tips (Giller,
2001; Reddy, 2001).
Magnesium is required by rhizobia to stabilize cell membranes, nucleic acids and ribosomes, has roles
as an enzyme cofactor and binding of rhizobia to roots of the host legume in the early stages of
infection (Giller, 2001; Guo et al., 2016). Sulphur plays a significant role in synthesis of nitrogenase
metalloclusters, protein structure, nodule functioning and is a component of the amino acids cysteine
and methionine. Sulphur deficiency may also decrease N2 fixation by affecting nodule development
and function (Cooper and Scherer, 2012; Weisany et al., 2013). Zinc plays a role in leghaemoglobin
and protein synthesis and is an essential component of many enzymes linked to the growth hormone
auxin, deficiency can lead to a reduction in nodule number and size (Giller, 2001). Iron is a constituent
of heme containing proteins such the cytochromes, Fe–S proteins such as ferredoxin and several key
enzymes of the nitrogenase complex, deficiency leads to reduction in nodule initiation, nodule
development and N2 fixation rate (Giller, 2001; O'Hara, 2001). Molybdenum is a fundamental
component of the Mo-Fe protein of the nitrogenase complex, deficiency affects nodule development
by reducing bacteroid multiplication, and delaying or preventing the onset of nitrogenase activity
(Jongruaysup et al., 1993; Giller, 2001; O'Hara, 2001).
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Cobalt is part of the coenzyme cobalamin (vitamin B12) which is important in nodule metabolism,
deficiency results in poor nodulation and low N2 fixation rates (Broadley et al., 2012). Boron plays a
role in cell division and cell wall development during nodule formation, deficiency causes a reduction
in development, number and size of nodules (Giller, 2001; Weisany et al., 2013).
Factors that limit BNF include: drought, high temperatures, excessive soil moisture, pests and
diseases, salinity, nutrient deficiencies and element toxicities due to soil acidity or alkalinity. Soil pH is
a key determinant of soil nutrient availability to plants. In acidic soils, the availability of Ca, Mg, and P
is limited and Al toxicity could occur while in alkaline soils, deficiencies of B, Fe, Mn and Zn may occur.
Na and chloride ion (Cl-) toxicity are likely to affect nodulation and nitrogen fixation (Zahran, 1999;
Giller, 2001; O'Hara, 2001; Peoples et al., 2009; Dwivedi et al., 2015).
Biological nitrogen fixation by legumes in agricultural systems is influenced by the plant genotype, the
genotype of the rhizobia, the environmental conditions and management of the agro-ecosystem
(Giller, 2001; Salvagiotti et al., 2008).
Legume-rhizobia symbiosis
Rhizobia are gram negative nitrogen-fixing bacteria that live either freely in the soil as saprophytes, or
form a symbiotic association with the roots (and rarely stems) of legumes and non-legumes
(Parasponia species) (Masson-Boivin et al., 2009; Mus et al., 2016). Rhizobia are taxonomically diverse
and belong to 13 genera and more than 98 species of α- and β - proteobacteria (Weir, 2016).
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Fig. 1. Unrooted phylogenetic tree of 16S rDNA sequences from selected α- , and β- and γ-proteobacteria.
Genera in bold font contain rhizobia. Adapted from Masson-Boivin et al. (2009); without modification.

Legumes vary greatly in their ability to enter into symbiosis with different rhizobia and vice versa
(Pueppke et al., 1998; Perret et al., 2000). The capability of legumes to form symbiotic associations
with a wide range of rhizobia species is referred to promiscuity.
Examples of promiscuous legumes include: cowpea, siratro (Macroptilium atropurpureum (DC.) Urb.),
common bean (Phaseolus vulgaris L.) and shrubby sophora (Sophora flavescens) (Perret et al., 2000;
Jiao et al., 2015). Certain soybean cultivars have been reported as promiscuous (Pulver et al., 1985;
Sanginga et al., 1996; Giller, 2001).
In contrast, some legumes have a restricted host range. Examples include: chickpea (Cicer arietinum),
broad bean (Vicia faba), pea (Pisum sativum), Trifolium spp., Medicago spp., Lupinus spp. and others
(Perret et al., 2000; Lira Junior, 2015).
Similarly, some rhizobial strains such as Sinorhizobium sp. strain NGR234, have a broad host range and
can nodulate with many different legumes, including the non-legume Parasponia andersonii (Pueppke
and Broughton, 1999). In contrast, other strains can only nodulate limited plant species e.g.
Mesorhizobium ciceri are only known to nodulate one species in particular i.e. Cicer arietinum (Laranjo
et al., 2014).
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Although cowpea is capable of forming symbiosis with diverse species and genera of the
α-proteobacteria and β-proteobacteria classes, it is mainly nodulated by slow-growing rhizobia of the
genus Bradyrhizobium (Steenkamp et al., 2008; Wade et al., 2014; Grönemeyer et al., 2015b;
Tampakaki et al., 2017).
Nitrogen fixation and nodule functioning
A key aspect of the symbiotic process between legumes and rhizobia is nodule formation since N2
fixation occurs inside the nodules. The process of nitrogen fixation occurs in root nodules that are
formed after a complex signal exchange between legumes and rhizobia (Oldroyd, 2013). The signalling
processes are initiated by the plant releasing root exudates, typically (iso) flavonoids and other
signalling compounds into the rhizosphere. Root exudates of legumes activate various nodulation
genes, to produce Nod factors (lipochitooligosaccharides). Nod factors trigger several responses in
legumes, such as ion fluxes and calcium spiking, leading to root hair deformation, rhizobial entrapment
in a symbiosome and differentiation into bacteroids and ultimately root nodule formation. A less
frequent and ancient mode of infection occurs via cracks on the root surface of certain legumes (e.g.
Arachis hypogaea) (Oldroyd and Downie, 2008; Maróti and Kondorosi, 2014; Shamseldin et al., 2016;
Le Roux et al., 2017).
Nodules can either be determinate or indeterminate, characterized by developmental variation in
vascularization, persistence of the nodule meristem, and bacteroid development. Determinate
nodules are spherical in shape, have no meristem and contain homogenous population of symbiotic
cells. Legumes that form determinate root nodules include: Vigna unguiculata, Phaseolus vulgaris,
and Glycine max. Indeterminate nodules have an elongated shape, with a pronounced meristematic
region due to constant generation of new cells that cause continuous growth (Lodwig and Poole, 2003;
Maróti and Kondorosi, 2014). Examples of plants forming indeterminate nodules include: Medicago
truncatula, Vicia sativa, and Pisum sativum (Lodwig and Poole, 2003; Maróti and Kondorosi, 2014).
Inside root nodules, rhizobia are capable of fixing atmospheric nitrogen primarily into NH3 through
nitrogenase activity, in turn the leguminous plant provides carbohydrates form of malate and
succinate to the rhizobia (Prell and Poole, 2006).
Nitrogenase consists of two main components: (i) dinitrogenase reductase (the iron protein) and (ii)
dinitrogenase (iron and molybdenum protein).
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The reduction of N2 to NH3 by nitrogenase is shown in the equation below (Carranca et al., 2013):

This process is energy demanding, consuming 16–24 moles of ATP for the reduction of one mole of
dinitrogen (Lindström and Mousavi, 2010).
The high energy requirement of this process is best covered by aerobic respiration. However,
nitrogenase is oxygen (O2) sensitive and mechanisms exist to protect it from oxidation: (i) a cortical O2
diffusion barrier existent across the cell membranes of nodules, (ii) intensive oxidative respiration by
bacteroids (iii) reversible binding of O2 by leghaemoglobin (Dixon and Kahn, 2004).
NH3 produced in the bacteroids diffuses across the bacteroid membrane into the symbiosome where
it is converted to NH4+ (Masalkar et al., 2010). Assimilation of NH4+ into amino acids occurs via the
collaborative action of glutamine synthetase and glutamate synthase [also termed glutamate 2
oxoglutarate aminotransferase (GOGAT)]. NH3 can also diffuse via the bacterial membrane and be
transported to the plant cytoplasm via ammonia transporters, where it is assimilated into nitrogen
compounds (amino acids, proteins, and alkaloids) in exchange for C4-dicarboxylic acids, amino acids,
and other saccharides (Temple et al., 1998; Prell and Poole, 2006; Mus et al., 2016).
Rhizobia as legume inoculants
The aim of inoculation is to provide sufficient numbers of viable (effective) rhizobia to induce a rapid
colonization of the rhizosphere, enhance BNF by supply of additional ammonia to the plant and
ultimately increase crop yield (Yates et al., 2011; Laranjo et al., 2014; Gopalakrishnan et al., 2015).
This allows increase of crop yields on one hand and decreased use of chemical fertilizers on the other
(Catroux et al., 2001; Gopalakrishnan et al., 2015).
Rhizobia selected for use as inoculants must possess the following important properties: have high
nitrogen-fixing ability with their target host legume, are able to compete with indigenous rhizobia
present in soils and capable of nodule formation on a plant host, and persist in the soil for extended
periods even in absence of the target host (saprophytic competence) (Brockwell et al., 1995; Slattery
et al., 2001; McInnes and Haq, 2007).
Inoculation of legumes with compatible effective rhizobia to increase legume yields has been practised
globally for over 100 years (Herridge, 2008). The greatest success story on benefits of inoculation have
been witnessed in production of soybean in Brazil. Through the combined use of effective strains as
inoculants and improved soybean cultivars, grain yields of up to 3000 kg ha-1 have been achieved
recently as compared to 1100 kg ha-1 in the 1960s (Hungria and Mendes, 2015). Similarly, efforts have
been made to enhance cowpea productivity via BNF.
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Several studies have been conducted to screen indigenous rhizobia isolated from cowpea nodules and
identified efficient strains (Martins et al., 2003; Radl et al., 2014; Rufini et al., 2014; Marinho et al.,
2017). Examples are strains BR3262 and BR3267 isolated from the soils in the semi-arid region of Brazil
and widely used as inoculants in Brazil (Martins et al., 2003). Strain BR3267 when inoculated to
cowpea increased grain yields from 533 to 693 kg ha-1.
In family farming systems in Brazil, grain yields were increased from 319 (without inoculation) to 583
and 636 kg ha-1 when inoculated with strains BR3267 and BR3262, respectively (Ferreira et al., 2013).
The presence of large indigenous rhizobia populations in Kenyan soils is documented in several
studies; which varied from 3.2 x 101 to 3.5 x 104, 4.89 x 102 rhizobia g−1 soil to 1.07 x 103 and >13.5 x 103
rhizobia g−1 soil for common bean in western Kenya, cowpea in eastern Kenya and cowpea in coastal
Kenya, respectively (Kimiti and Odee, 2010; Mathu et al., 2012; Kawaka et al., 2014). These indigenous
populations represent a barrier to introduced inoculants. A previous study on cowpea inoculation by
Mathu et al. (2012) demonstrated that introduced inoculants [Biofix (Kenya), cowpea peat (USA) and
Rhizoliq (Argentina)] could not compete with abundant indigenous strains to form nodules and fix
nitrogen, and proposed selection of indigenous strains as a strategy to identify effective and
competitive indigenous strains for potential inoculants.
Taking into consideration the strategy used in Brazil to identify elite strains from indigenous
populations, a similar approach under local Kenyan conditions could result in improved cowpea
production and yield if efficient and competitive strains are identified and used as inoculants.
The fixed N from BNF in legume production can be increased by the selection of
effective rhizobia strains and the efficient legume cultivar-bacterial strain combination. Rhizobia
strains differ in N2 fixation capacity; it is therefore possible to select for more efficient strains
(Ampomah et al., 2008; Vieira et al., 2010). For instance in Ghana, Fening and Danso (2002) observed
that out of 100 isolates examined for symbiotic effectiveness, 68% were ranked as moderately
effective and only 26% were ranked as highly effective. In another study in Ghana, Ampomah et al.
(2008) assessed the symbiotic effectiveness and competitiveness for nodule occupancy among five
indigenous cowpea Bradyrhizobia isolates, all were effective but only one was competitive and
recommended as a potential strain for use as inoculant. As mentioned above strains BR3262 and 3267
were among many strains isolated from Brazilian soils but due to their high N2 fixing potential have
been widely used as inoculants.
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Approaches to characterize rhizobia and study their effectiveness and competitiveness
Frequently used tools to characterize and identify rhizobia include: DNA-based techniques by
amplification by polymerase chain reaction (PCR) of the repetitive extragenic palindromic sequences
(REP-PCR) (Mnasri et al., 2007), enterobacterial repetitive intergenic consensus sequences (ERIC-PCR)
(Svenning et al., 2001), restriction fragment length polymorphism (PCR-RFLP) (Doignon-Bourcier et al.,
2000), amplification restriction fragment length polymorphism (AFLP) (Vos et al., 1995), sequencing
of the 16S rRNA, 23S rRNA, 16S-23S rRNA intergenic transcribed spacer, DNA-DNA hybridization
(Willems et al., 2001), multilocus sequence analysis (MLSA) (Delamuta et al., 2012).
These techniques are however time consuming, labour intensive and costly, therefore, alternatives
for more rapid characterization of a large number of strains with similar accuracy and resolution have
to be considered.
Matrix Assisted Laser Desorption/ionization Time of Flight (MALDI-TOF) Mass Spectrometry (MS) has
recently proven to be a rapid, reliable, affordable and accurate tool for identifying rhizobia from root
nodules of various legumes (Ziegler et al., 2012; Sanchez-Juanes et al., 2013; Ziegler et al., 2015;
Fossou et al., 2016). The identification process is based on fingerprinting analyses of ribosomal
proteins and other abundant basic proteins. Protein mass patterns can be used for identification of
bacteria at the genus, the species and, in some cases, the subspecies level (Ziegler et al., 2015).
Compared to other characterization and identification approaches, MALDI-TOF MS offers minimal
sample preparation, rapid results, and negligible reagent costs (Biswas and Rolain, 2013; Singhal et al.,
2015; Ziegler et al., 2015; Angeletti, 2017). In addition to rhizobia characterization and identification,
MALDITOF MS due to its high resolving power can also be used as a tool to trace strains in competition
assays (to investigate the competition between rhizobia to gain access to the nodule) or mixed
populations. This was previously demonstrated by Ziegler et al. (2012) where MALDI-TOF MS could
clearly resolve bacteroids of two closely related Ensifer (formerly Sinorhizobium) strains in competition
assays; and is further demonstrated in chapter 2 of this thesis. Because of the rapidity and sensitivity
of MALD-TOF MS, it has considerable potential for application in large-scale screening for rhizobia
isolates that could be used as potential inoculants, this is further highlighted in chapters 1 and 2 of
this thesis.
When bioprospecting for potential inoculant strains, MALDI-TOF MS can be applied to discriminate
identical strains and eliminate duplicates from a large pool of samples allowing for further
characterization and screening for N2 fixing potential of distinct strains.
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Overview of study regions
Mbeere district and Kilifi county are considered as part of the arid and semi-arid lands (ASALS) of
Kenya (Jaetzold and Schimdt, 1983; Jaetzold et al., 2006). The eastern Mbeere (lower midland) and
coastal Kilifi (Coastal lowland) regions, represent a dry and high elevation and more humid low
elevation area, respectively and rainfall is bi-modal occurring in two seasons in each agro-ecology
(Table 1).
Table 1. Characteristics of the study regions.
Characteristic
Altitude (m a.s.l.)
Agro-ecological zone
Range of annual temperature (°C)
Range of rainfall (mm y-1)
Short rains (SR)
Long rains (LR)

Mbeere
500-1200
Lower midland
15-30
640-1110
October to January
March to June

Kilifi
1-450
Costal lowland
22-34
380-1230
October to December
April to July

m a.s.l.: meters above sea level

In Kilifi and Mbeere farmers cultivate cowpea during the two growing seasons for consumption of
leaves and grains by humans. In both regions farmers grow also common bean (Phaseolus vulgaris L.),
green gram (Vigna radiata (L.) Wilczek.), and pigeonpea (Cajanus cajan (L.) Millsp.). Cowpea can be
grown as a sole crop or mainly intercropped with maize (Zea mays L.), sorghum (Sorghum bicolor (L.)
Conrad Moench) and pearl millet (Pennisetum glaucum (L.)R.Br) and at the coast also with cassava
(Manihot esculenta). It is typical for both agro-ecologies that farmers hardly use or only apply limited
amounts of organic or mineral fertilizer, resulting in declining crop production.
Outline and objectives of this thesis
The overall aim of this research was to improve cowpea yield for smallholder farmers in two different
agro-ecologies [Kilifi (Coastal lowland) and Mbeere (Lower midland)] in Kenya through inoculation
with effective and competitive Bradyrhizobium strains.
In chapter 1, the first objective was to characterize by MALDI-TOF MS over 200 isolates collected from
cowpea nodules isolated from farmers’ fields and uncultivated sites in the two cited agro-ecologies.
The second objective aimed at comparing strain occurrence and abundance between the two agroecologies as well as between cultivated and uncultivated sites and verifying presence of correlations
between strain abundance and soil and climatic parameters.
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Other objectives included the identification of distinct and most diverse strains for future testing
(chapter 2) on N2 fixation and competition ability.
The hypotheses of chapter 1 are:
i. Distribution and types of Bradyrhizobium strains nodulating cowpea from two contrasting
agro-ecologies [Kilifi (Coastal lowland) and Mbeere (Lower midland)] differ
ii. Soil properties influence the occurrence and richness of Bradyrhizobium strains
In chapter 2, the objectives were to: (i) Evaluate twelve selected strains (8 derived from cowpea fields
and 4 derived from uncultivated fields) of each agro-ecology, for their symbiotic effectiveness under
axenic conditions and choose the most promising candidate strains for field inoculation experiments.
(ii) Investigate the use of MALDI-TOF MS technology to study competitiveness of co-inoculated
multiple strains in controlled inoculation assays. (iii) Validate the effectiveness and test via MALDI-TOF
MS the competitiveness of selected candidate strains introduced into fields of Mbeere under natural
conditions and against indigenous populations.
The hypotheses of chapter 2 are:
i. Indigenous Bradyrhizobium strains isolated from diverse sites in two contrasting agroecologies [Kilifi (Coastal lowland) and Mbeere (Lower midland)] vary in their capacity to
symbiotically fix nitrogen when individually inoculated to cowpea
ii. and compete for nodule occupancy in mixed population (co-inoculated in pot trials and in
the field)
iii. MALDI-TOF MS is a valuable tool to evaluate competitiveness of co-inoculated strains (in
competition assay)
In chapter 3, the objectives were to: (i) Validate under field conditions the efficiency of four best
performing Bradyrhizobium strains selected based on symbiotic effectiveness in axenic conditions
(chapter 2). (ii) Assess the effect of inoculation with these efficient Bradyrhizobium strains and a multinutrient fertilizer [Sympal: (101 g kg-1 P, 125 g kg-1 K, 71 g kg-1 Ca, 40 g kg-1 S, 6 g kg-1 Mg and 1 g kg-1 Zn)]
on cowpea productivity on farmers’ fields.
The hypotheses of chapter 3 are:
i. Individual Bradyrhizobium strains differ in their symbiotic effectiveness under field
conditions
ii. Competitiveness of introduced strains varies against indigenous rhizobial strains for
nodule occupancy under field conditions
iii. Sympal fertilizer enhances cowpea growth, yield and provides nutrients required for BNF
by cowpea and rhizobia
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Abstract
Cowpea (Vigna unguiculata L. Walp.) is an important food legume and an essential component of
cropping systems in dry regions of Africa and other parts of the world. Despite its importance as a crop
plant, little is known about its bacterial root nodule symbionts that enable fixation of atmospheric
nitrogen. Two hundred and two bacterial isolates were collected from root nodules of two contrasting
agro-ecological regions of Kenya, 15 cultivated and five non-cultivated sites each. From all 40 sampling
sites soil samples and cowpea management records were collected. All isolated bacterial strains were
characterized by Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry
(MALDI-TOF MS) of cell lysates, generating a protein finger print that is characteristic of a bacterial
strain. Almost all isolated strains could be assigned to a species or genus by matching the MALDI-TOF
MS fingerprints to fingerprints of a reference strain with existing database, based on similarity.
Putative taxonomic affiliations, assigned by MALDI-TOF MS, were confirmed by sequencing the 16S
rRNA gene of 25 representative strains of distinctive similarity clusters. Eleven different types of
Bradyrhizobium could be distinguished by MALDI-TOF. Globally widely distributed taxa, such as B.
elkanii, B. japonicum, and B. diazoefficiens, were found both, in the coastal and eastern agroecological regions of Kenya, but the drier eastern region hosted some additional unique
Bradyrhizobium types. Some types were exclusively found in one region, but not the other particularly
for the dry agro-ecological region but, Bradyrhizobium type-distribution did not differ between
cultivated and uncultivated sites. Symbiotic association of cowpea with some strains unique to the
drier region, suggests that the composition of strains in rhizobial inoculants may have to be adapted
for use in different agro-ecological regions.
Keywords: Bradyrhizobium distribution, cowpea (Vigna unguiculata L. Walp), MALDI-TOF MS, agroecology
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Introduction
Cowpea (Vigna unguiculata L. Walp) is an important food legume and an essential component of
cropping systems in the dry regions world-wide (Singh et al., 2002). About 64% of the global cultivation
area is located in central and eastern Africa (Singh et al., 2011). In Kenya, cowpea is the third most
important grain legume after common bean (Phaseolus vulgaris L.) and pigeonpea (Cajanus cajan (L.)
Millsp.). In the drier parts of eastern Kenya, in Mbeere, it is the most important pulse crop, but it is
also cultivated in the coastal area of Kilifi (Kimiti et al., 2009).
Cowpea is a versatile food crop since both its foliage and grains are used for preparing food
(Bubenheim et al., 1990) and feed (Timko and Singh, 2008). Its leaves, green pods, and grains are rich
in proteins and thus provide a valuable diet (Sebetha et al., 2010). Because of its versatile usability
and nutritional value, cowpea is commonly grown by small-scale and resource-poor farmers. An
additional advantage of cowpea is that it can thrive and yield even under drought and on soils poor in
mineral nutrients (Pule-Meulenberg et al., 2010). Furthermore, it is used as cover crop to raise
nitrogen concentrations in soil for subsequent crops (Pule-Meulenberg et al., 2010). Cowpea is,
moreover, shade tolerant and thus widely grown in intercropping together with maize or millet (Makoi
et al., 2010; Rusinamhodzi et al., 2012).
Cowpea is considered promiscuous in its relationship with root nodule-colonising bacteria, so-called
rhizobia. It was shown to establish symbioses with several species and genera of the α- and βproteobacteria (de Souza Moreira et al., 2006; Pule-Meulenberg et al., 2010). This promiscuity in
symbiotic association and hence, pre-emptive association with indigenous rhizobia, has been
suggested as a possible reason for cowpea’s often poor growth response to inoculation (Danso and
Owiredu, 1988; Fening and Danso, 2002). However, recent studies in Brazil and Ghana have shown
that cowpea, can produce higher grain yields when inoculated with particularly beneficial strains of
Bradyrhizobium (Onduru et al., 2008; Ferreira et al., 2013; Omirou et al., 2016). Symbiotic association
with effective rhizobia seems thus a prerequisite for maximal benefits from symbiotic N2 fixation and
relief from dependence on added mineral N fertilizer (Guimaraes et al., 2012; Rashid et al., 2012).
Rhizobial formulations for inoculating legumes normally account for symbiotic specificity and
effectivity, which are often correlated (Batista et al., 2015). Yet, the strain’s agro-ecological origin and
thus most probably edaphic and climatic adaptation are rarely considered in inoculation schemes. This
is astonishing, since a variety of biotic and abiotic factors (host plant, cultivation history, drought, soil
pH, salinity, mineral nutrient availability, soil organic carbon content and texture) have been reported
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to affect rhizobial diversity and distribution (Giller, 2001; Law et al., 2007; Grönemeyer et al., 2014;
Wade et al., 2014).
Inoculation success in terms of benefits for crop plant growth and persistence of the applied strain(s)
may depend on an optimal matching between the rhizobial strain, its legume host, edaphic
parameters, and the prevailing climatic conditions (Fening and Danso, 2002; Ampomah et al., 2008;
Batista et al., 2015). Therefore, it is important to explore the diversity of rhizobial cowpea symbionts
in different agro-ecological regions and check for correlations between environmental parameters
and rhizobial occurrence and abundance.
To methodologically discriminate and identify rhizobial strains, there is a wide array of available,
mainly DNA-based tools. Strains can be differentiated based on Polymerase Chain Reaction-Restriction
Fragment Length Polymorphisms (PCR-RFLP) and assigned to taxa, based on phylogenetic analyses of
whole or partial sequences of DNA markers, such as the 16S rRNA and 23S rRNA genes, or the 16S-23S
rRNA intergenic transcribed spacer (IGS) (Krasova-Wade et al., 2003; Qian et al., 2003; PuleMeulenberg et al., 2010). More recently, a rapid high-throughput assignment technique emerged that
relies on Matrix Assisted Laser Desorption/ionization Time of Flight (MALDI-TOF) Mass Spectrometry
(MS) protein fingerprints. It is simple, yet mostly applied in clinical settings where it is partially
superseding biochemical and molecular genetic bacterial diagnostics (Singhal et al., 2015).
MALDI-TOF MS protein fingerprinting was, however, also already used to assign Bradyrhizobium
strains from cowpea, siratro (Macroptilium atropurpureum (DC.) Urb.), and soybean (Glycine max (L.)
Merr) nodules to species (Ziegler et al., 2012). The MALDI-TOF MS fingerprinting technique takes
rhizobial cell lysates of which the mass spectral finger prints are analysed after ionization and
spectrometric separation according to mass and charge (Ferreira et al., 2011; Ziegler et al., 2012;
Sanchez-Juanes et al., 2013; Ziegler et al., 2015).
The masses and relative abundances of the different mass spectral fingerprints are recorded of the
whole cell extracts, which yields complex mass spectra, which can be utilized as fingerprints,
characteristic to different genera and species mainly owing to distinctive differences in constitutively
expressed ribosomal proteins (Ferreira et al., 2011; Ziegler et al., 2012). Due to the high resolution of
MALDI-TOF MS fingerprints and existing reference databases, it is possible to assign unknown bacteria
to genus, or species level by similarity. High resolution, simplicity in sample preparation, and costeffectiveness, are the main advantages of the technique for analysing large numbers of samples.
The objectives of the present study were to (i) determine the rhizobia in the root nodules of cowpea
in two major production areas of Kenya, (ii) compare strain occurrence and abundance between the
geographic areas as well as cultivated and uncultivated sites, (iii) check for correlations between strain
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abundance and soil and climatic parameters, and (iv) identify different strains for future testing on N2
fixation and competition in symbiosis.

Materials and methods
Site description, soil sampling and analysis
Field surveys and sampling were carried out in the two major cowpea-growing areas of Kenya,
representing different agro-ecological regions which are about 600 km distant from each other (Table
1). The eastern Mbeere (lower midland) represents a dry and high elevation area and coastal Kilifi
(Coastal lowland) a more humid low elevation area. Annual rainfalls follow a bi-modal pattern,
allowing for two cropping seasons (Table 1). Kilifi is hot and humid throughout the year while Mbeere
is considered as part of the Arid and Semi-Arid Lands (ASALS) of Eastern Kenya and is characterized by
frequent droughts due to erratic and unreliable rainfall (Jaetzold et al., 2006). The major soils in
Mbeere are rhodic and orthic ferralsols that are well drained, moderately deep to deep, dark red to
yellowish red, friable sandy-loams, while in Kilifi soils are cambisols, phaeozems, and rendzinas, less
weathered clayey soils with high amounts of organic matter in the topsoil (Jaetzold et al., 2006).
Information on soil texture for all study sites is listed in Table S1. Twenty sites were selected per
region; 15 farmers’ fields (cultivated sites) with cowpea cultivation and five sites with no prior history
of crop production (uncultivated sites). The GPS co-ordinates for each site are also listed in Table S1.
The sites differed in topography, microclimate and soil physico-chemical properties (Table 1).
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Table 1. Characteristics of the study regions and soils at the selected study sites in Mbeere and Kilifi
in eastern and coastal Kenya, respectively. Composite soil samples were taken to a depth of 15 cm.

Altitude (m a.s.l.)
Agro-ecological
zone
Range of annual
temp (°C)
Range of rainfall
(mm y-1)

Mbeere

Kilifi

1049-1209

61-271

Lower midland

Costal lowland

15-30

22-34

640-1110

380-1230

Short rain (SR)

October to January

October to December

Long rain (LR)

March to June

April to July

Soil properties

Cultivated

Uncultivated

Cultivated

Uncultivated

Mean

Min

Max

Mean

Min

Max

Mean

Min

Max

Mean

Min

Max

pH (H2O)

6.4

5.4

7.2

6.4

6.1

6.6

5.9

5.1

6.6

6.2

6.1

6.3

Total Na (g kg-1)

0.9

0.2

1.5

1.0

0.6

1.5

0.7

0.3

1.3

0.7

0.4

1.3

9.3

2.1

15.3

10.2

5.5

14.8

6.6

2.7

12.8

7.5

3.9

12.8

4.0

0.9

28.2

1.4

1.1

2.2

2.5

0.9

17.5

4.4

b

-1

Organic C (g kg )
c

-1

P res (mg kg )
d

-1

0.6

18.0

Clay (g kg )

171

96

256

197

129

329

337

96

696

372

96

675

Sandd (g kg-1)

680

504

804

628

404

764

471

144

904

520

145

884

149

60

300

175

107

267

192

0

440

108

20

180

d

-1

Silt (g kg )
a

Total N: Kjeldahl method (Bremner, 1960), bOrganic C: (Walkley and Black, 1934), cPresin: Pi extracted with anion
exchange resin membranes, dclay, sand and silt: hydrometer method (Bouyoucos, 1962).

All sites were selected in consultation with regional agricultural extension officers, who pointed out
cowpea-growing smallholder farmers that allowed root nodule sampling in cowpea fields. None of the
selected sites had a previous known history of inoculation with rhizobia (pers. com. with farmers by
Samuel Mathu Ndungu).
Nodule and soil samples of cultivated fields were collected in Mbeere in May 2013, and in Kilifi in
August 2013. At uncultivated sites only soil samples were collected for both, physico-chemical
characterisation, as well as, trapping of indigenous rhizobia by growing cowpea in pots (Zilli et al.,
2004; Silva et al., 2012). Soils from cultivated and uncultivated sites were sampled to a depth of 15 cm
by pooling five cores into a composite sample per site. The air-dried soil samples were sieved to
≤ 2 mm prior to determining their chemical properties at the MEA Ltd. soil and tissue testing
laboratories (Nakuru, Kenya) and texture at the International Centre for Tropical Agriculture (CIAT)
soil laboratory (Nairobi, Kenya).
The measured parameters were: Total nitrogen, based on the Kjeldahl procedure (Bremner, 1960),
organic carbon (Walkley and Black, 1934), pH (H2O), and soil texture, using the hydrometer method
(Bouyoucos, 1962).
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The bio-available inorganic P was measured in Zurich (Plant Nutrition Group, ETH) as resin-extractable
soil P (Pres) and was determined in triplicate by extraction with anion exchange resin membranes. In
brief, 2-3 g moist soil was shaken with 30 ml of double-distilled water and two resin strips of 3 cm × 2
cm (BDH Laboratory Supplies product 55164 2S, Poole, England) for 16 h at 160 rpm on a horizontal
shaker. The membranes were rinsed with water, and P was eluted with 0.1 M NaCl/HCl, followed by
colorimetric determination of the P concentrations in the eluates, using malachite green (Ohno and
Zibilske, 1991).
Description of cowpea crop management in the sampled fields
Cowpea was the main crop during both of the two growing seasons in Kilifi and Mbeere, which led to
nearly continuous presence of the plant. It was grown by farmers mostly for human consumption as
vegetable and grains. In both regions farmers grew also common bean (Phaseolus vulgaris L.), green
gram (Vigna radiata (L.) Wilczek.), and pigeonpea (Cajanus cajan (L.) Millsp.) (Table S1). These
additional legumes also form root nodules and host Rhizobium and Bradyrhizobium species as
symbionts and could thereby have influence on the diversity of cowpea-nodulating Bradyrhizobium
strains. Cowpea can be grown as a sole crop, but is mostly intercropped with maize (Zea mays L.),
sorghum (Sorghum bicolor (L.) Conrad Moench) and pearl millet (Pennisetum glaucum (L.)R.Br) and in
the coastal region of Kenya also with cassava (Manihot esculenta Crantz) (Table S1). It is typical for
both agro-ecological regions that farmers hardly use or only apply limited amounts of organic or
mineral fertilizer, which renders the soils largely infertile because of nutrient depletion. Typical
cropping involves alternating rows of cereals, such as maize, sorghum and finger millet, and legumes,
such as common bean, green gram, pigeonpea, and cowpea, with the latter being the most dominant
in both regions (Table S1).
Nodule collection in farmers’ fields and from trap culture plants
Root nodules were collected from cowpea plants in farmers’ fields in case of the cultivated sites. At
each site, five healthy cowpea plants were selected for uprooting and collection of nodules at
flowering stage. Nodules were stored in McCartney glass vials with dehydrated silica gel for transport
to the laboratory and storage at 4°C until bacterial isolation.
To trap rhizobia from the soil samples of the uncultivated sites of Mbeere and Kilifi, two approaches
were used: (1) mixing of soil with autoclaved sand [2:1 (v:v) quartz sand (grain size: 0.7-1.2 mm) :
native soil] and trapping of rhizobia with plants raised in 300 g plastic pots (Zilli et al., 2004), or (2)
pure autoclaved 600 g sand cultures with three day-old cowpea seedlings inoculated with 5 g of native
field soil.
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To isolate rhizobia from commercial Biofix inoculum (MEA Ltd. Nakuru, Kenya) for reference, one gram
of inoculum was added close to a seedling growing in sand culture. Two cowpea cultivars, K80
(improved cultivar; Kenya Agricultural and Livestock Research Organization) and Black eyed pea (local
cultivar) commonly cultivated in the Mbeere and Kilifi regions, were used as trap plants for rhizobia.
Three pots were set up for each soil and cowpea cultivar. Seeds were surface sterilized by immersion
in ethanol (70%; 30 sec), hydrogen peroxide (2%; 2 min) and rinsed thoroughly several times with
autoclaved water. Sterilized seeds were immersed in water for 1 h, and afterwards placed in Petri
dishes with moistened sterile cotton wool for germination in a growth chamber at 28°C in the dark for
24 h or until radicle emergence. Upon germination, seeds were transferred to the growth substrate
to which Broughton and Dilworth’s N-free plant nutrient solution (Broughton and Dilworth, 1970) was
added three times weekly in alteration with water for the entire growth period of the plants.
Conditions in the growth cabinet were set to 12 hours of light from Grolux (1000 Lumen) and Sylvania
white cool (5000 Lumen) lamps, and to 27/20°C (day/night) temperature. Air humidity fluctuated
between 60 and 70%. The plants were harvested 40 days after sowing, while still in the vegetative
state. Root systems were rinsed and the nodules detached for immediate surface sterilization (see
below) and storage in 40% glycerol in 2 ml cryo-vials at -20°C.
Strain isolation from root nodules
Dried root nodules from the field were rehydrated in sterile distilled water prior to surfacesterilization, while the nodules of the trap cultures were immediately surface-sterilized. As further
references, rhizobia were isolated from fresh nodules of cowpea grown in soil from Burkina Faso (PhD
study of Abidine Traore, Plant Nutrition Group, ETH). After immersion in 70% ethanol for 30 sec,
nodules were immediately transferred to 3.85% NaOCl solution for 2 min before three thorough rinses
in sterile distilled water. Each nodule was crushed in 50 μl of sterile 40% glycerol in a sterile 1.5 ml
Eppendorf tube, using a sterile plastic pestle. A wire loop full of the nodule homogenate was dilutionstreaked on Yeast extract Mannitol Agar (YMA) plates [10 g.l-1 mannitol, 0.5 g.l-1 K2HPO4, 1 g.l-1 yeast
extract, 0.2 g.l-1 MgSO4.7H2O, 0.1 g.l-1 NaCl, 15 g.l-1 agar (Somasegaran et al., 1994). Plates were
incubated in the dark at 28°C for 3-7 days to allow for growth of Bradyrhizobium isolates. Single strain
isolates were obtained by repeated further dilution-streaking of subsamples of single colonies.
Glycerol stocks for long-term storage at -80°C were prepared in Yeast extract Mannitol (YM) broth
supplemented with 20% (v/v) glycerol.
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Discrimination of Bradyrhizobium strains
Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) Mass Spectrometry (MS) of
whole cell lysates
Single bacterial colonies of a total of 202 strains derived from 15 cultivated (81 strains) and five
uncultivated (12 strains) sites, in Mbeere, and also 15 cultivated (76 strains) and five uncultivated (27
strains) sites in Kilifi, as well as of four reference strains, collected from Biofix commercial inoculum
(MEA Ltd., Kenya), and two strains from nodules of plants grown in soil from Burkina Faso were subcultured on Modified Arabinose Gluconate (MAG) plates (Sadowsky et al., 1987; Van Berkum, 1990)
in preparation for MALDI-TOF MS analysis. Modified Arabinose Gluconate medium was used instead
of YMA medium, because of reduced exopolysaccharide production easing sample preparation
(Ziegler et al., 2012; Sanchez-Juanes et al., 2013). Sample preparation and MALDI-TOF MS analysis
were carried out at Mabritec AG, Switzerland (http://www.mabritec.com) as described in Ziegler et
al. (2012) and Ziegler et al. (2015). In brief: Bacterial samples were spotted in duplicate on MALDI steel
target plates. Spots were overlaid with 1 µl of 25% formic acid, air-dried, and overlaid with 1 µl of
alpha-cyano-4 hydroxycinnamic acid (CHCA; Sigma Aldrich, Buchs, Switzerland) in 33% acetonitrile
(Sigma Aldrich), 33% ethanol and supplemented with 3% trifluoroacetic acid (TFA). After cocrystallisation at room temperature, target plates were introduced into the MALDI-TOF Mass
Spectrometer AximaTM Confidence machine (Shimadzu- Biotech Corp., Kyoto, Japan) for sample
analysis.
DNA extraction, PCR amplification and 16S rRNA gene amplicon sequencing of selected strains
Twenty-five representative strains of the similarity clusters of the mass spectral fingerprints (MALDITOF MS) from cultivated and uncultivated sites of both agro-ecological regions, were selected for
additional 16S rRNA gene sequence-based phylotaxonomic identification. Genomic DNA was
extracted from 2.2 ml of four day-old liquid cultures in YM broth, using the Nucleospin® Microbial DNA
Isolation Kit (Macherey Nagel GmbH & Co. KG, Germany). Cell lysis was enhanced by two 3 min runs
in a TissueLyzer II (Qiagen, Valencia, CA, USA) at 30 Hz. DNA was recovered in 100 µl elution buffer
and stored at -20°C until PCR amplification.
For PCR amplification of the 16S rRNA gene, forward primer 27F and reverse primer 1492R (Lane,
1991) were used. Reactions were carried out in 50 µl with 1xTaq buffer, 0.6 U/µl GoTaq® DNA
Polymerase (Promega, Madison, WI, USA), 0.2 mM dNTP, 3 mM MgCl2, 0.5 µM of each primer, 2 µl of
genomic DNA and molecular grade water. The following amplification program was used: Initial
denaturation at 95°C (5 min), followed by 35 cycles of 95°C (30 s), 56°C (30 s), and 72°C (1 min), and
final extension at 72°C for 10 min.
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PCR amplicons were run on a 1.5% (w/v) agarose Sigma® (Sigma-Aldrich Chemie Gmbh, Steinheim,
Germany) gel, and visualised with the intercalating dye Midori® Green (Nippon Genetics Europe
GmbH, Germany) and a UV trans illuminator. PCR amplicons were ethanol-precipitated and sent for
Sanger sequencing at Microsynth (Balgach, Switzerland), using primers 27F (Lane, 1991) and U1406R
(Baker et al., 2003).
Similarity clustering and phylotaxonomic assignment
MALDI-TOF mass spectral fingerprinting and similarity analysis
Based on presence/absence of peaks in the size range of 3,000 to 12,000 Da, binary matrices were
generated from the aligned mass spectra of proteins for each bacterial strain, using the Spectral
ARchive And Microbial Identification System (SARAMISTM) Superspectra tool of Mabritec AG (Ziegler
et al., 2015). Dice similarities (Dice, 1945) were used to calculate a pairwise similarity matrix for all
202 bacterial strains, which involved a total of 717 different peaks of the MALDI-TOF MS mass spectral
fingerprints. Using these similarities, the strains were clustered by multivariate neighbor joining in the
Palaentological Statistics Software Package (Hammer et al., 2001). The resulting dendrogram was
edited in the Tree Figure Drawing Tool, FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).
Phylogenetic analysis of 16S rRNA gene sequences
The 25 newly generated 16S rRNA gene sequences of the selected Bradyrhizobium isolates were
aligned together with the sequences of the type strains of the four commonly recognized
Bradyrhizobium species-groups (Yoon et al., 2017). List of Prokaryotic Names with Standing in
Nomenclature, http://www.bacterio.net) and the type strain sequence of B. kavangense, which
appears currently to be the most closely related formally described species to members of MALDI-TOF
MS-Cluster

1,

using

the

free-ware

software

SeaView

v.4.5.4

(Gouy

et

al.,

2010)

(http://doua.prabi.fr/software/seaview). The multiple sequence alignment was trimmed in Mesquite
v. 3.10 (http://mesquiteproject.org) to an equal length of 1065 aligned sites, before analysis by
Maximum Likelihood (ML) analysis in SeaView. To run the PhyML algorithm, the general time
reversible model with optimized parameters and the best tree searching operations were chosen.
Statistical support for tree topology and hence species-group assignment was calculated by
bootstrapping the dataset 1000 times. The new sequences were deposited at EMBL under the
accession numbers LT618843-LT618867.
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Further statistical analyses
The numbers of strains of each MALDI-TOF protein spectral similarity cluster were used to analyse
sufficiency of strain sampling in the cultivated and uncultivated sites of the two agro-ecological regions
and to draw a summary bar-graph. The accumulation of different strains with sampling intensity was
analysed by rarefaction analysis in the freeware software Analytic Rarefaction (Holland, 2003)
(http://www.uga.edu/∼strata/software/Software). The multivariate analysis software CANOCO v4.5
for Windows (Microcomputer Power, Ithaca, NY) (Lepš and Šmilauer, 2003) was used to relate the
composition and abundance (in terms of isolates per MALDI-TOF MS-based similarity-cluster) of the
Bradyrhizobium strains (Clusters 1-5) to the physico-chemical soil properties, as well as, regional and
ecosystem (cultivated versus not cultivated) occurrence. These abundances were square roottransformed before analysis. Three out of the 40 study sites did not yield rhizobial isolates and thus
had to be excluded from the analysis (one cultivated and one uncultivated site in Mbeere and one
cultivated site in Kilifi). The environmental parameters considered were the edaphic parameters
[organic carbon, total nitrogen (N), resin-extractable soil phosphorus (Pres), pH (H2O), clay and sand
concentrations] and the occurrence in the two agro-ecological regions and in cultivated and
uncultivated sites, which were treated as dummy variables. Detrended correspondence analysis (DCA)
with detrending by segments was first applied to determine the lengths of the gradient in the joint
species-environment dataset. A gradient length of 2.678 standard deviation units of the first axis
indicated redundancy analysis (RDA) to be the appropriate ordination method to finally analyse the
dataset (Lepš and Šmilauer, 2003). After running an RDA with all environmental parameters and 499
unrestricted Monte Carlo permutations for significance testing, the non-significant factors were
excluded from the species-environment biplot.

Results
Strain discrimination and taxonomic assignment
Two hundred and two newly isolated strains could be characterized based on the mass spectral
fingerprints of their proteins and near full-length 16S rRNA gene sequences of selected strains (Fig. 1
and Table S2). Clustering of the distances calculated from the mass spectral fingerprints of the proteins
at a similarity cut-off level of 60% resolved five clearly different clusters (1-5) of Bradyrhizobium strains
and an additional cluster with bacteria belonging to other taxa (cluster 6). The clusters 1 and 2
consisted of three sub-clusters, clusters 3 and 5 of six sub-clusters and cluster 4 of one big cluster.
Besides these, there were several additional distinctive minority clusters with mostly only 1-3 strain
members (Fig. 1).
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Fig. 1. Dendrogram of an unsupervised hierarchical cluster analysis based on Dice distances of mass spectral
protein fingerprints determined by MALDI-TOF MS. Presence/absence of mass spectral fingerprints peaks in the
size range of m/z 3,000 to 12,000 Da were used to characterize 202 bacterial isolates from root nodules of
cowpea. Strains labelled with the letter K are from Kilifi and strains labelled with the letter M are from Mbeere.
Strains 1-15 are from cultivated sites and strains 16-20 from uncultivated sites. Asterisks (*) indicate those
strains selected for further 16S rRNA gene sequencing as shown in Fig. 2.
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Phylogenetic analysis of the Sanger sequences of the 16S rRNA gene of 25 representative strains of
the different protein fingerprinting-based similarity clusters confirmed affiliation to the genus
Bradyrhizobium and two commonly recognised species-groups of it (Fig. 2). These groups were B.
elkanii (cluster 5), and B. yuanmingense (cluster 3), and strains from Kilifi formed a clade with
B. kavangense, a newly described species isolated from nodules of cowpea, collected in Namibia.
Assignment of members of the protein profile similarity clusters 1, 2, and 4 to the B. cytisi and B.
japonicum groups remained ambiguous and inconsistent (Fig. 2). At higher taxonomic levels, there
were two clearly separated clades, designated clade A and B. Clade A comprised strains of the proteinbased similarity clusters 1, 2, 3 and some further unclustered strains and clade B members of similarity
cluster 5 (Fig. 2). Sixteen of the 25 sequenced strains fell in clade A and nine in clade B. Clade A contains
the B. cytisi, B. japonicum, and B. kavangense groups and clade B is made up of the B. elkanii group
(Fig. 2).
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Fig 2. Maximum-likelihood phylogenetic tree based on near full-length 16S rRNA gene sequences of 25
Bradyrhizobium strains isolated from root nodules of cowpea and four type strains. Statistical branch support is
indicated by bootstrap percentages > 50%. Strains labelled with the letter K are from Kilifi and strains labelled
with the letter M are from Mbeere. Strains 1-15 are from cultivated sites and strains 16-20 from uncultivated
sites. Sequence accession numbers are given in parentheses and the scale bar indicates changes per alignment
position (= sites). The colour-coding follows that of the similarity clusters of Fig. 1. T denotes type strains. Strain
origins are indicated as in Fig. 1.
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Similarity and phylogenetic grouping showed most congruence for members of the B. elkanii group,
represented by cluster 5 and clade B, except for one isolate that grouped next to B. japonicum. Cluster
1 had 3 members identified as B. kavangense and one that grouped next to B. japonicum; cluster 3
had 5 isolate out of 8 from B. yuanmingense and 3 that grouped each next B. japonicum, B. cytisi and
B. elkanii (Figs. 1&2). Twenty-four non-Bradyrhizobium strains were affiliated to Rhizobium sp. (5
strains), Rhizobium radiobacter (6 strains), Enterobacter cloacae (3 strains), Staphylococcus warneri (1
strain), and 9 strains remained unassigned in comparison to the reference library SARAMISTM of
Mabritec AG (Ziegler et al., 2015).
Identification, based on the reference strains of the SARAMISTM database at Mabritec AG (Ziegler et
al., 2015), assigned the newly isolated Bradyrhizobium strains to 11 different Bradyrhizobium species.
Strains that did not cluster in any of the six clusters were affiliated to Bradyrhizobium sp. V, VI, VII and
VIII of the identification system of Ziegler et al. (2015).
Geographical and environmental distribution of different bradyrhizobia
As already evident from Fig. 1, geographical origin seems to correspond poorly with species affiliation,
or similarity clusters, except in case of cluster 4, which hosts included only strains, isolated from Kilifi,
except for one from Mbeere (Table S.2). Most clusters contained strains from cultivated as well as
uncultivated sites of the two agro-ecological regions. Subdivision into origin from cultivated and
uncultivated sites did neither show any clear pattern of presence/absence, nor of abundance of
members of the clusters 1-5 (Figs. 1&3a). An exception was sub-cluster 1b, which consisted solely of
strains from cultivated sites, albeit from both agro-ecological regions (Fig. 1). Region-specific origin
was detected for some sub-clusters. Specifically, the sub-clusters 2a, 3a, 3b, 3f, and 5b contained only
strains from Mbeere and the sub-clusters 5a, 5c, 5d and 5e only such from Kilifi. Sub-cluster 3b
consisted only of strains from cultivated sites in Mbeere, whereas the sub-clusters 5a and 5d
comprised strains from cultivated sites in Kilifi. Although the strains M6i, M7i, M8i, M11h, M13j1 and
M19c from Mbeere were identified as Bradyrhizobium, they did not fall in any of the six clusters (Fig.
1). Replicate strains from the same field often fell within different clusters, pointing at considerable
strain richness at the field level and little evidence for over dominance of some types at the different
sites. For example, in the Kilifi area, strains from site 13 were distributed in the clusters 1, 3, 4 and 6
and strains of site 1 of the Mbeere area were distributed across the clusters 1, 3, 5 and 6 (Fig. 1).
Nevertheless, members of similarity cluster 1 were predominantly recovered from cultivated sites and
members of cluster 4 nearly exclusively from cultivated sites in Kilifi (Fig. 3a).
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Members of cluster 3 were mostly isolated from cultivated sites in Mbeere and those of cluster 5 from
cultivated sites in Kilifi (Table S2). None of the clusters, except cluster 4, was overly dominant in any
of the environments. Several Bradyrhizobium types, such as members of the clusters 2, 3, and 5
showed abundances that were similar in the different geographical regions and between cultivated
and uncultivated sites (Fig. 3a). Namely, in cultivated sites of Mbeere, strains of cluster 3 were most
abundant, followed by strains of the clusters 1, 5, 2 and 4 with 26, 15, 13, 7 and 1 strains, respectively.
Clusters 5, 2, and 1 were only recovered from nodules of trap plants grown in soil from uncultivated
sites with 8, 2 and 1 strains, respectively (Fig. 3a). In cultivated sites from Kilifi, it was cluster 5 with
most strain representatives (28) with clusters 1, 3, 4 and 2 following in terms of strain representation
(13, 11, 11 and 5, respectively). In the uncultivated sites, most strains (11) fell in cluster 3, followed by
the clusters 5, 2, 4 and 1 with 8, 4, 1 and 1 representative strains, respectively (Fig. 3a).
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Fig 3. (a) Number of different strains of bradyrhizobia from root nodules of cowpea of cultivated and
uncultivated sites in Kilifi and Mbeere characterized by similarity grouping of mass spectral protein fingerprints
(Bradyrhizobium clusters 1-5 and non-Bradyrhizobium cluster 6), as determined by MALDI-TOF MS. Sampling
took place at 15 cultivated and 5 uncultivated sites per agro-ecological region (n = number of strains per type of
sampling site). (b) Rarefaction curves indicating relative under-sampling at uncultivated sites of the agroecological areas of Mbeere and Kilifi in Kenya.

Analysis of isolation effort by rarefaction analysis indicates that Bradyrhizobium type richness was
adequately sampled for cultivated sites for which taxon accumulation flattened off (Fig. 3b). The
uncultivated sites were, however, obviously not sufficiently sampled, although members of all, or
most of the five similarity clusters were found also at these sites. Taxon accumulation did not show
any evidence of saturation, pointing at higher richness in uncultivated sites (Fig. 3b). In general,
however, Mbeere, the drier eastern Kenyan region appears to host more different Bradyrhizobium
strains than the coastal Kilifi area (Fig. 3a&b).
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Soil properties and relationship with Bradyrhizobium type occurrence
Redundancy analysis of Bradyrhizobium abundance, geographical and ecological origin and the
edaphic properties separated cluster 2 and 4 along a gradient of decreasing soil sand content and the
cluster 3 and 5 along a gradient of high to low resin-extractable P. Members of cluster 1 tended to be
associated with more sandy soils of higher resin-extractable P (Fig. 4). Region, site, pH, and the soil N
and C concentrations did not significantly contribute to the rhizobial community composition and
structure. Sand and clay concentration and resin-extractable soil P explained 52.5 % and 38.1% of the
total explained variance in the community dataset (Fig. 4).

Fig 4. Community-environment relationship as determined by redundancy analysis (RDA). The biplot, explained
90.6% of total variance in the dataset and is based on the information from 37 sites and 172 new Bradyrhizobium
isolates. Vector sizes denote strength of correlation and small angles high correlation among environmental
factors. Black arrows denote soil parameters, and blue arrows the occurrence and relative abundance of
Bradyrhizobium clusters, as characterized by MALDI-TOF MS of protein mass spectra (Figs. 1&3a). Percentages
on the axes show the amount of explained variance.
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Discussion
Discrimination and taxonomic assignment of rhizobial strains
The present study could assign 172 of a total of 202 newly isolated bacterial strains of cowpea root
nodules to the genus Bradyrhizobium. Five clearly distinct clusters could be defined, based on the
mass spectral fingerprints of the proteins of bacterial cell lysates (Figs. 1&3a). Correct genus
assignment was confirmed by sequencing the 16S rRNA gene of 25 representative strains of all five
Bradyrhizobium clusters. This indicates that similarity grouping based on mass spectral fingerprints of
the proteins can be used together with the Spectral ARchive And Microbial Identification System
(SARAMISTM) Superspectra database to assign new isolates to known species (Ziegler et al., 2015) (Figs.
1&2). The mass spectral protein fingerprints and MALDI-TOF MS-based analytical approach was used
in this study, because of the low resolution of the 16S rRNA phylotaxonomic marker in the genus
Bradyrhizobium (Menna et al., 2009; Azevedo et al., 2015). This study confirmed that mass spectral
protein fingerprints represent an alternative one-step method (Ziegler et al., 2015) compared to the
multi-step approach of multilocus sequence analysis (MLSA) (Menna et al., 2009; Delamuta et al.,
2012; Wade et al., 2014; Grönemeyer et al., 2015a). Hence, operationally less sophisticated and timedemanding MALDI-TOF MS analysis of the cell protein spectra bears the advantage of high sample
throughput at moderate costs, without compromising discrimination power, over traditional
molecular genetic analyses. Compared to classical identification procedures, such as biochemical
tests, restriction or amplified fragment length polymorphism (RFLP or AFLP), or sequencing of marker
genes and MLSA, MALDI-TOF MS is considerably faster, more cost-effective, and less labour-intensive,
because it requires only minimal efforts to prepare the samples (Ziegler et al., 2015). The method has
been applied several times on rhizobia (Ferreira et al., 2011; Ziegler et al., 2012; Sanchez-Juanes et al.,
2013; Ziegler et al., 2015; Fossou et al., 2016).

To our knowledge, we report its use for the first time for application in a field survey on cowpeanodulating bradyrhizobia. The technique has only been used to discriminate and detect
Bradyrhizobium strains from nodules of Lupinus in Spain (Sanchez-Juanes et al., 2013) and most
recently nodules of pigeonpea (Cajanus cajan (L.) Millsp.) in Côte d’Ivoire (Fossou et al., 2016).
Previous studies from Africa that described Bradyrhizobium occurrence have made use of DNA-based
discrimination methods, such as PCR-RFLP fingerprinting, 16S rRNA gene and ribosomal IGS singlemarker or MLSA sequencing (Krasova-Wade et al., 2003; Wasike et al., 2009; Pule-Meulenberg et al.,
2010; Mathu et al., 2012). Also other studies on legume-nodulating Bradyrhizobia from other parts of
the world are, nowadays, relying on MLSA (Ormeno-Orrillo et al., 2006; Rivas et al., 2009; Delamuta
et al., 2013; Delamuta et al., 2015).
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One limitation of MALDI-TOF MS-based mass spectral protein fingerprinting is, however, that
taxonomic assignment is only possible for taxa for which there is already information of reference
strains in the database (Uhlik et al., 2011), as typical for a fingerprinting technique being used for
identification purposes. However, simple strain discrimination as needed for most ecological analyses
is possible, if taxonomic groups do not have to be distinguished, because there is no specific selection
step as with group specific PCR primers in genetic analyses. Another limitation of it is that bacteria
have, to be isolated and cultured prior to MALDI-TOF MS-based protein mass spectral fingerprinting.
However, if cultivation is no hindrance, MALDI-TOF MS-based mass spectral fingerprinting is a valuable
analytical tool.
Bradyrhizobia from cowpea and other tropical legumes
The present study confirmed members of the genus Bradyrhizobium to be the main symbionts of
cowpea (Krasova-Wade et al., 2003; Krasova-Wade et al., 2006; Appunu et al., 2009; Pule-Meulenberg
et al., 2010; Wade et al., 2014; Grönemeyer et al., 2015b), a bacterial genus well known to have its
main distribution in slightly to highly acidic soils of the tropics, and to be tolerant against fluctuations
in soil temperature (Sprent et al., 2010). Similar to the present study, other studies have reported
members of the genus Rhizobium to be minority symbionts of cowpea (Zhang et al., 2007; Steenkamp
et al., 2008; Silva et al., 2012; Grönemeyer et al., 2014). The finding of members of other rhizobial
genera, such as Rhizobium sp. and Enterobacter sp. of this study supports the notion that cowpea, like
groundnut (Arachis hypogaea L.), is promiscuous in its choice of bacterial root nodule symbionts
(Ibáñez et al., 2009; Silva et al., 2012).
The finding that there is considerable richness in cowpea-nodulating members of the genus
Bradyrhizobium is not surprising, given the fact that the plant genus Vigna to which cowpea belongs,
originates from central Africa (Harlan, 1971; Lush and Evans, 1981). This study revealed evidence that
uncultivated sites with larger plant species richness may act as reservoirs of Bradyrhizobium diversity,
although several Bradyrhizobium types were shown to have broad geographical and ecological
distribution ranges.
Occurrence of Bradyrhizobium strains in relation to geography and edaphic factors
Several isolates were found to belong to globally distributed species, such as B. elkanii, B. japonicum,
B. diazoefficiens and Bradyrhizobium sp. I and to have been isolates from both agro-ecological study
regions. This clearly points at the existence of ecological generalist Bradyrhizobium taxa, which may
predominate agricultural settings, as we have found also occur at uncultivated sites. More different
Bradyrhizobium strains were found in the eastern, in-land, and drier agro-ecological region of Mbeere,
which seems to be characterised by the occurrence of also some unique strains, such as those forming
the groups I, II, III, IV, V, VI, VII and VIII.
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These groups of Bradyrhizobium strains could thus either be adapted to drier climatic conditions, or
show localised biogeographical distribution as it is already well known for this genus (Zhang et al.,
2011; Koppell and Parker, 2012; Stępkowski et al., 2012). Higher richness of cowpea root nodule
symbionts has already been reported by Law et al. (2007) for low-rainfall areas in South Africa and
Botswana. Grönemeyer et al. (2014) also observed that sets of rhizobial isolates from semi-arid
sampling sites in Namibia were more diverse than such from humid sites. Similarly, Wade et al. (2014)
reported a higher richness of cowpea-nodulating Bradyrhizobium strains from the drier north than the
more humid south of Senegal.
Multivariate correlative analysis identified only the clay and sand content of the soil and resinextractable P (Pres) as edaphic factors putatively determining Bradyrhizobium strain occurrence and
abundance. Relative sand to clay content of soils affects bioavailability of P in soil, water retention, as
well as protection of bacteria against grazing protozoa (van Veen et al., 1997). Clayey soils, such as
those in Kilifi retain more water than sandy soils, which dominant in Mbeere. Clayey soils support the
survival of rhizobia by protecting them against high temperatures due to their composition of microaggregates (van Veen et al., 1997). Zengeni et al. (2006) demonstrated that the survival of rhizobia
was poorest in soils low in clay. An influence of P in soils on Bradyrhizobium strain distribution has also
already previously been reported for several legumes, which is conceivable, given P’s central role in
the energy metabolism of symbiotic biological N2 fixation and the bacterial high nucleic acid contents
(Giller, 2001; Zhang et al., 2011; Cao et al., 2014).
Further studies are needed with more extensive site and strain sampling across edaphic, ecological
and farming intensity gradients, to ultimately determine the drivers of Bradyrhizobium diversity and
abundance.

Conclusions
In conclusion, this study confirmed MALDI-TOF MS protein fingerprinting as a powerful, low-cost tool
to quickly and accurately characterize large numbers of rhizobial isolates from root nodules. Several
new rhizobial isolates could be distinguished and assigned to known species by similarity clustering.
High resolution of the method allowed the study of bradyrhizobia across agro-ecological regions and
between cultivated and uncultivated sites. We observed a high richness among all the new isolates
virtually without finding the same strain multiple times. Replicate isolates of bradyrhizobia collected
from the same site or field were as different as those from different sites, pointing at high richness,
even locally within the same field. We also found only few differences in rhizobial strain distribution
between the two regions Mbeere and Kilifi, or between cultivated and uncultivated sites.
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Edaphic requirements seem to differ among different bradyrhizobia, which could be important in
choosing the right strains for application as inocula at different sites. However, further studies are
needed to validate this indication. The different Bradyrhizobium types identified in this study
represent a valuable collection of indigenous strains for inoculum development. A subset of 25
bradyrhizibial strains representing different clusters will be further analysed on N2 fixation efficiency
and competitiveness. Promising candidates might not only be used for cowpea but also tested for
nodulation of other legumes. A final goal is to increase symbiotic N2 fixation efficiency under different
agro-ecological and edaphic conditions to sustainably increase yields of smallholder farmers.
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Supplementary material
Table S1. Characteristics of the 40 study sites, including location, soil type, and crop management by
smallholder farmers.

Coordinates

Soil texture

Legume
history
previous 5
years

Duration
of cowpea
cultivation
(years)

Site

Region

Cultivation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere
Mbeere

cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
uncultivated
uncultivated
uncultivated
uncultivated
uncultivated

S 000 44.269
S 000 44.443
S 000 45.172
S 000 45.824
S 000 45.577
S 000 46.176
S 000 46.358
S 000 46.266
S 000 46.920
S 000 47.182
S 000 46.952
S 000 46.735
S 000 46.137
S 000 45.807
S 000 45.441
S 000 45.064
S 000 45.617
S 000 46.805
S 000 46.942
S 000 46.233

E 0370 39.550
E 0370 39.421
E 0370 39.406
E 0370 39.726
E 0370 39.894
E 0370 39.654
E 0370 38.952
E 0370 38.851
E 0370 39.141
E 0370 39.080
E 0370 40.752
E 0370 40.626
E 0370 40.193
E 0370 40.117
E 0370 40.218
E 0370 39.292
E 0370 39.954
E 0370 39.218
E 0370 40.724
E 0370 40.152

sandy loam
sandy loam
sandy loam
sandy loam
sandy clay loam
sandy loam
sandy loam
sandy clay loam
sandy clay loam
sandy loam
sandy loam
sandy loam
sandy loam
sandy clay loam
sandy loam
sandy loam
clay loam
sandy clay loam
sandy loam
sandy loam

cp, gg, cb
cp, pp, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, cb
cp, gg, pp, cb
cp, gg, cb
None
None
None
None
None

> 30
> 30
> 20
> 40
> 40
2
> 30
9
> 30
> 40
> 40
> 30
5
> 20
18
n.a.
n.a.
n.a.
n.a.
n.a.

21
22
23
24
25
26

Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Kilifi

cultivated
cultivated
cultivated
cultivated
cultivated
cultivated

S 030 45.711
S 030 46.114
S 030 45.589
S 030 45.752
S 030 46.955
S 030 46.860

E 0390 40.049
E 0390 40.285
E 0390 40.242
E 0390 40.290
E 0390 40.930
E 0390 40.924

sandy loam
sand
sandy loam
loamy sand
sandy clay loam
sandy loam

cp
cp, gg, cb
cp
cp, gg, cb
cp and cb
cp and gg

18
18
4
20
4
5

27
28
29
30
31

Kilifi
Kilifi
Kilifi
Kilifi
Kilifi

cultivated
cultivated
cultivated
cultivated
cultivated

S 030 47.620
S 030 45.968
S 030 46.055
S 030 46.182
S 030 46.243

E 0390 41.299
E 0390 43.835
E 0390 43.579
E 0390 43.643
E 0390 44.724

clay loam
clay
sandy clay loam
clay
clay

cp and gg
cp, gg, cb
cp and gg
cp and gg
cp and gg

10
> 20
6
> 10
4

32
33

Kilifi
Kilifi

cultivated
cultivated

S 030 46.770
S 030 44.826

E 0390 44.868
E 0390 44.945

clay
clay

cp, gg, cb
cp and gg

2
> 20

34
35
36
37
38
39
40

Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Kilifi
Kilifi

cultivated
cultivated
uncultivated
uncultivated
uncultivated
uncultivated
uncultivated

S 030 44.457
S 030 44.275
S 030 44.323
S 030 46.322
S 030 47.201
S 030 46.186
S 030 46.490

E 0390 46.217
E 0390 46.398
E 0390 41.315
E 0390 40.195
E 0390 41.702
E 0390 43.592
E 0390 44.843

loam
loam
sandy loam
loamy sand
sandy clay
clay
clay

cp and gg
cp and gg
None
None
None
None
None

> 10
15
n.a.
n.a.
n.a.
n.a.
n.a.

Intercrop of cowpea at
sampling time
millet, sorghum
maize
maize
maize
maize
maize
maize
maize
maize
maize
maize, cassava, sweet potato
maize
maize
maize
maize, sorghum
n.a.
n.a.
n.a.
n.a.
n.a.
maize, cassava, cashew,
coconut, mango
maize, cassava
maize, cassava
maize, cassava
maize, cassava
maize, cassava
maize, cassava, pawpaw,
orange
maize, cassava, okra
maize, cassava
maize, cassava
maize, cassava, okra
maize, sorghum, banana,
pawpaw
maize, cassava
maize, cashew, coconut,
mango
maize, cassava
n.a.
n.a.
n.a.
n.a.
n.a.
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n.a.: not applicable, Cb = common bean (Phaseolus vulgaris L.), cp = cowpea (Vigna unguiculata L. Walp), gg =
green gram (Vigna radiata (L.) Wilczek.), pp = pigeonpea (Cajanus cajan (L.) Millsp.), maize (Zea mays L.),
sorghum (Sorghum bicolor (L.) Conrad Moench) and pearl millet (Pennisetum glaucum (L.)R.Br) cassava (Manihot
esculenta Crantz), sweet potato (Ipomoea batatas (L.) Lam), okra [Abelmoschus esculentus (L.) Moench], banana
(Musa sp. L.), pawpaw (Carica papaya L.), coconut (Cocos nucifera L.), mango (Mangifera indica L.), cashew
(Anacardium occidentale L.), orange (Citrus sinensis L.).
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Table S2. Isolated strains and their identity as inferred by MALDI-TOF MS analysis of the protein mass
spectra, listed for the agro-ecological regions and cultivated and uncultivated sites of origin.
Region

Site type

Colony
ID

Taxonomic affiliation

Cluster

Subcluster

Mbeere

Cultivated

M6j

Bradyrhizobium sp. V

-

-

Mbeere

Cultivated

M7i

Bradyrhizobium sp. VI

-

-

Mbeere

Cultivated

M8i

Bradyrhizobium sp. VIII

-

-

Mbeere

Cultivated

M11h

Bradyrhizobium sp. VII

-

-

Mbeere

Cultivated

M13j1⃰

Bradyrhizobium sp. IV

-

-

Mbeere

Uncultivated

M19c⃰

Bradyrhizobium sp. V

-

-

Mbeere

Cultivated

M1e

Bradyrhizobium cf. diazoefficiens

1

1c

Mbeere

Cultivated

M5a

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M5b

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M5e

Bradyrhizobium cf. diazoefficiens

1

1a

Mbeere

Cultivated

M6b

Bradyrhizobium cf. diazoefficiens

1

1a

Mbeere

Cultivated

M6f

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M6a

Bradyrhizobium cf. diazoefficiens

1

1c

Mbeere

Cultivated

M7b

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M7h

Bradyrhizobium cf. diazoefficiens

1

1a

Mbeere

Cultivated

M9j

Bradyrhizobium cf. diazoefficiens

1

1c

Mbeere

Cultivated

M10f

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M10g

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M11c⃰

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M12d

Bradyrhizobium cf. diazoefficiens

1

1b

Mbeere

Cultivated

M14d

Bradyrhizobium cf. diazoefficiens

1

1c

Mbeere

Uncultivated

M18a

Bradyrhizobium cf. diazoefficiens

1

1c

Kilifi

Cultivated

K3b

Bradyrhizobium cf. diazoefficiens

1

1b

Kilifi

Cultivated

K3f

Bradyrhizobium cf. diazoefficiens

1

1c

Kilifi

Cultivated

K6d

Bradyrhizobium cf. diazoefficiens

1

1a

Kilifi

Cultivated

K6e⃰

Bradyrhizobium cf. diazoefficiens

1

1a

Kilifi

Cultivated

K6j

Bradyrhizobium cf. diazoefficiens

1

1a

Kilifi

Cultivated

K9f⃰

Bradyrhizobium cf. diazoefficiens

1

1c

Kilifi

Cultivated

K11d

Bradyrhizobium cf. diazoefficiens

1

1c

Kilifi

Cultivated

K12h

Bradyrhizobium cf. diazoefficiens

1

1a

Kilifi

Cultivated

K13f

Bradyrhizobium cf. diazoefficiens

1

1b

Kilifi

Cultivated

K14a

Bradyrhizobium cf. diazoefficiens

1

1a

Kilifi

Cultivated

K14d

Bradyrhizobium cf. diazoefficiens

1

1a

Kilifi

Cultivated

K14f

Bradyrhizobium cf. diazoefficiens

1

1c

Kilifi

Cultivated

K14h⃰

Bradyrhizobium cf. diazoefficiens

1

1c

Kilifi

Uncultivated

K18f

Bradyrhizobium cf. diazoefficiens

1

1a

Mbeere

Cultivated

M2b

Bradyrhizobium cf. diazoefficiens

2

2a

Mbeere

Cultivated

M5f

Bradyrhizobium cf. diazoefficiens

2

2c
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Mbeere

Cultivated

M6i

Bradyrhizobium cf. diazoefficiens

2

2b

Mbeere

Cultivated

M8e

Bradyrhizobium cf. diazoefficiens

2

2c

Mbeere

Cultivated

M8g

Bradyrhizobium cf. diazoefficiens

2

2c

Mbeere

Cultivated

M12e

Bradyrhizobium cf. diazoefficiens

2

2a

Mbeere

Cultivated

M14b

Bradyrhizobium cf. diazoefficiens

2

2b

Mbeere

Uncultivated

M20a⃰

Bradyrhizobium cf. diazoefficiens

2

2c

Mbeere

Uncultivated

M20b

Bradyrhizobium cf. diazoefficiens

2

2b

Kilifi

Cultivated

K7b

Bradyrhizobium cf. diazoefficiens

2

2b

Kilifi

Cultivated

K7d

Bradyrhizobium cf. diazoefficiens

2

2c

Kilifi

Cultivated

K8a

Bradyrhizobium cf. diazoefficiens

2

2c

Kilifi

Cultivated

K10a

Bradyrhizobium cf. diazoefficiens

2

2c

Kilifi

Cultivated

K15b

Bradyrhizobium cf. diazoefficiens

2

2b

Kilifi

Uncultivated

K16c⃰

Bradyrhizobium cf. diazoefficiens

2

2b

Kilifi

Uncultivated

K16e

Bradyrhizobium cf. diazoefficiens

2

2b

Kilifi

Uncultivated

K17e

Bradyrhizobium cf. diazoefficiens

2

2c

Kilifi

Uncultivated

K18c

Bradyrhizobium cf. diazoefficiens

2

2b

Mbeere

Cultivated

M1b

Bradyrhizobium cf. japonicum

3

3c

Mbeere

Cultivated

M1d

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M1f

Bradyrhizobium sp. II

3

3b

Mbeere

Cultivated

M1g

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M1h⃰

Bradyrhizobium cf. japonicum

3

3c

Mbeere

Cultivated

M1j

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M3c

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M3d

Bradyrhizobium cf. japonicum

3

3b

Mbeere

Cultivated

M3e

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M3g

Bradyrhizobium cf. japonicum

3

3e

Mbeere

Cultivated

M3h⃰

Bradyrhizobium sp. II

3

3b

Mbeere

Cultivated

M4d

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M4g

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M5d

Bradyrhizobium sp. II

3

3b

Mbeere

Cultivated

M6d

Bradyrhizobium sp. III

3

3a

Mbeere

Cultivated

M6h⃰

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M7e

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M7f

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M7g

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M7j

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M9c

Bradyrhizobium cf. japonicum

3

3f

Mbeere

Cultivated

M9d

Bradyrhizobium cf. japonicum

3

3d

Mbeere

Cultivated

M9i⃰

Bradyrhizobium cf. japonicum

3

3f

Mbeere

Cultivated

M10c

Bradyrhizobium sp. II

3

3b

Mbeere

Cultivated

M10j

Bradyrhizobium cf. Japonicum

3

3b

Mbeere

Cultivated

M13e

Bradyrhizobium cf. japonicum

3

3c

Kilifi

Cultivated

K9d

Bradyrhizobium cf. japonicum

3

3e
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Kilifi

Cultivated

K9g

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Cultivated

K10b

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Cultivated

K10c

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Cultivated

K10e⃰

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Cultivated

K10f

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Cultivated

K10h

Bradyrhizobium cf. diazoefficiens

3

3c

Kilifi

Cultivated

K10i

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Cultivated

K10j

Bradyrhizobium cf. japonicum

3

3e

Kilifi

Cultivated

K13a

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Cultivated

K13e

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Uncultivated

K18a

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Uncultivated

K18b

Bradyrhizobium cf. japonicum

3

3b

Kilifi

Uncultivated

K18e

Bradyrhizobium cf. japonicum

3

3b

Kilifi

Uncultivated

K19a⃰

Bradyrhizobium cf. japonicum

3

3e

Kilifi

Uncultivated

K19b

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Uncultivated

K19C

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Uncultivated

K20a

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Uncultivated

K20b

Bradyrhizobium cf. japonicum

3

3d

Kilifi

Uncultivated

K20d

Bradyrhizobium cf. japonicum

3

3c

Kilifi

Uncultivated

K20f⃰

Bradyrhizobium cf. diazoefficiens

3

3c

Kilifi

Uncultivated

K20h

Bradyrhizobium cf. diazoefficiens

3

3c

Biofix

Biofix CB1015

CBA⃰

Bradyrhizobium cf. diazoefficiens

3

3c

Biofix

Biofix CB1015

CBC

Bradyrhizobium cf. diazoefficiens

3

3c

Biofix

Biofix CB1015

CBE

Bradyrhizobium cf. diazoefficiens

3

3c

Biofix

Biofix CB1015

CBF

Bradyrhizobium cf. diazoefficiens

3

3c

Burkina

Burkina nodules

BK1⃰

Bradyrhizobium sp. III

3

3a

Burkina

Burkina nodules

BK2

Bradyrhizobium sp. III

3

3a

Mbeere

Cultivated

M6c

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K7a⃰

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K11a

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K11g

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K11j

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K12i

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K12j

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K13b

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K13d

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K13g

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K13h

Bradyrhizobium sp. I

4

4a

Kilifi

Cultivated

K13j

Bradyrhizobium sp. I

4

4a

Kilifi

Uncultivated

K20i

Bradyrhizobium sp. I

4

4a

Mbeere

Cultivated

M1c

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M2e

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M2h⃰

Bradyrhizobium elkanii

5

5b
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Mbeere

Cultivated

M2i

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M2j1

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M2j2

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M4a

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M6e

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M6g

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M8b

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M8a

Bradyrhizobium elkanii

5

5f

Mbeere

Cultivated

M9h

Bradyrhizobium elkanii

5

5b

Mbeere

Cultivated

M12f⃰

Bradyrhizobium elkanii

5

5b

Mbeere

Uncultivated

M17b

Bradyrhizobium elkanii

5

5b

Mbeere

Uncultivated

M17c

Bradyrhizobium elkanii

5

5b

Mbeere

Uncultivated

M17e

Bradyrhizobium elkanii

5

Mbeere

Uncultivated

M18f⃰

Bradyrhizobium elkanii

5

5b

Mbeere

Uncultivated

M19e

Bradyrhizobium elkanii

5

5b

Mbeere

Uncultivated

M20c

Bradyrhizobium elkanii

5

5f

Mbeere

Uncultivated

M20e

Bradyrhizobium elkanii

5

5b

Mbeere

Uncultivated

M20f

Bradyrhizobium elkanii

5

5b

Kilifi

Cultivated

K1g

Bradyrhizobium elkanii

5

5a

Kilifi

Cultivated

K1h⃰

Bradyrhizobium elkanii

5

5f

Kilifi

Cultivated

K1i

Bradyrhizobium elkanii

5

5a

Kilifi

Cultivated

K2g

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K3a

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K3c⃰

Bradyrhizobium elkanii

5

5a

Kilifi

Cultivated

K3g

Bradyrhizobium elkanii

5

5a

Kilifi

Cultivated

K3j

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K4b

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K6b1

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K7e

Bradyrhizobium elkanii

5

5d

Kilifi

Cultivated

K7c

Bradyrhizobium elkanii

5

5e

Kilifi

Cultivated

K8b

Bradyrhizobium elkanii

5

5d

Kilifi

Cultivated

K8e

Bradyrhizobium elkanii

5

5d

Kilifi

Cultivated

K9h

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K11e

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K11f

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K11h

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K12g

Bradyrhizobium elkanii

5

5a

Kilifi

Cultivated

K13c

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K14b

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K14e

Bradyrhizobium elkanii

5

5e

Kilifi

Cultivated

K14g

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K15c⃰

Bradyrhizobium elkanii

5

5a

Kilifi

Cultivated

K15d

Bradyrhizobium elkanii

5

5c
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Kilifi

Cultivated

K15e

Bradyrhizobium elkanii

5

5f

Kilifi

Cultivated

K15f

Bradyrhizobium elkanii

5

5c

Kilifi

Cultivated

K15g

Bradyrhizobium elkanii

5

5c

Kilifi

Uncultivated

K16a

Bradyrhizobium elkanii

5

5f

Kilifi

Uncultivated

K16b

Bradyrhizobium elkanii

5

5c

Kilifi

Uncultivated

K17a

Bradyrhizobium elkanii

5

5c

Kilifi

Uncultivated

K17a

Bradyrhizobium elkanii

5

5c

Kilifi

Uncultivated

K17c

Bradyrhizobium elkanii

5

5c

Kilifi

Uncultivated

K17d

Bradyrhizobium elkanii

5

5e

Kilifi

Uncultivated

K17f⃰

Bradyrhizobium elkanii

5

5c

Kilifi

Uncultivated

K17g

Bradyrhizobium elkanii

5

5c

Mbeere

Cultivated

M1a

Enterobacter cloacae

6

6c

Mbeere

Cultivated

M1i2

Rhizobium radiobacter

6

6b

Mbeere

Cultivated

M2a

Rhizobium sp.

6

6b

Mbeere

Cultivated

M2c

Unknown

6

6b

Mbeere

Cultivated

M2d

Unknown

6

6b

Mbeere

Cultivated

M2g

Rhizobium sp.

6

6b

Mbeere

Cultivated

M4e

Unknown

6

6b

Mbeere

Cultivated

M5j2

Unknown

6

6a

Mbeere

Cultivated

M9b

Rhizobium radiobacter

6

6b

Mbeere

Cultivated

M10i

Rhizobium radiobacter

6

6b

Mbeere

Cultivated

M12i

Rhizobium sp.

6

6c

Mbeere

Cultivated

M13j2

Unknown

6

6a

Mbeere

Cultivated

M15a

Rhizobium radiobacter

6

6b

Mbeere

Cultivated

M15f

Unknown

6

6a

Kilifi

Cultivated

K1b

Unknown

6

6b

Kilifi

Cultivated

K3h

Unknown

6

6b

Kilifi

Cultivated

K5e

Enterobacter cloacae

6

6c

Kilifi

Cultivated

K6h

Unknown

6

6b

Kilifi

Cultivated

K8c

Rhizobium radiobacter

6

6b

Kilifi

Cultivated

K9a

Rhizobium sp.

6

6b

Kilifi

Cultivated

K9b

Rhizobium sp.

6

6b

Kilifi

Cultivated

K11i

Rhizobium radiobacter

6

6b

Kilifi

Uncultivated

K19d

Enterobacter cloacae

6

6c

Kilifi

Uncultivated

K20g

Staphylococcus warneri

6

-

Strains characterized using the presence/absence of characteristic protein masses in the size range of 3,00012,000 Da, binary matrices were generated for each bacterial strain and taxonomic assignment made by
comparison to the Spectral ARchive And Microbial Identification System (SARAMISTM), using the Superspectra
tool, which relies on multivariate neighbor joining of Dice distances to find matches between the mass spectral
fingerprints of unknown and reference strains (Ziegler et al., 2015). Asterisks (*) indicate those strains selected
for further 16S rRNA gene sequencing (see Fig. 2).
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Table S3. Nutrient concentrations of Modified Arabinose Gluconate (MAG) media used for culture of
rhizobia in this study.
Compound
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
MES 2-(N-morpholino) ethanesulfonic acid
Yeast extract
L-arabinose
D-gluconic acid
KH2PO4
Agar
Na2SO4
NH4Cl
FeCl3.6H2O
CaCl.2H2O
MgSO4

Quantity L-1
1.3 g
1.1 g
1.0 g
1.0 g
0.22 g
0.25 g
9g
2.0 ml
1.0 ml
1.0 ml
1.0 ml
1.0 ml

Final concentration
5.46 mM
5.63 mM
0.1 g kg-1
6.66 mM
4.58 mM
1.62 mM
1.76 mM
0.6 mM
0.00414 mM
0.0102 mM
0.7303 mM
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Abstract
Cowpea N2 fixation and yield can be enhanced by selecting competitive and efficient indigenous
rhizobia. Strains from contrasting agro-ecologies of Kilifi and Mbeere (Kenya) were screened. Two pot
experiments were established consisting of 13 Bradyrhizobium strains; experiment 1 (11 Mbeere + CB
1015+ BK1 from Burkina Faso), experiment 2 (12 Kilifi + CB 1015). Symbiotic effectiveness was assessed
(shoot biomass, SPAD index and N uptake). Nodule occupancy of 13 simultaneously co-inoculated
strains in each experiment was analyzed by Matrix Assisted Laser Desorption/ionization Time of Flight
(MALDI-TOF) mass spectrometry (MS) to assess competitiveness. Strains varied in effectiveness and
competitiveness. The four most efficient strains were further evaluated in a field trial in Mbeere during
the 2014 short rains. Strains from bacteroids of cowpea nodules from pot and field experiments were
accurately identified as Bradyrhizobium by MALDI-TOF based on the SARAMISTM database. Unclear
resolution between closely related strains was resolved by shrinkage discriminant analysis (SDA) in
pot experiments. In the field, abundant indigenous populations 7.10 x 103 rhizobia g-1 soil,
outcompeted introduced strains. As revealed by MALDI-TOF, indigenous strains clustered into six
distinct groups (I, II, III, IV, V and VI), group III were most abundant occupying 80% of nodules analyzed.
MALDI-TOF was rapid, affordable and reliable to identify Bradyrhizobium strains directly from nodule
suspensions in competition pot assays and in the field with abundant indigenous strains thus, its
suitability for future competition assays. Evaluating strain competitiveness and then symbiotic efficacy
is proposed in bioprospecting for potential cowpea inoculant strains.
Keywords: Bradyrhizobium, cowpea, symbiotic effectiveness, nodule occupancy, protein profile,
bacteroid
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Introduction
Optimal biological nitrogen fixation (BNF) by legumes can be achieved in the presence of efficient soil
bacteria which are generally referred to rhizobia, whose strains can either be indigenous to the soil or
introduced in form of inoculants (Giller, 2001; Rengel, 2002). In this regard, BNF is considered as a
sustainable alternative to the use of nitrogen fertilizers which are mostly inaccessible to smallholder
farmers due to their high cost (Gopalakrishnan et al., 2015).
Cowpea (Vigna unguiculata L. Walp.) production by smallholder farmers could be improved by
exploiting its symbiotic association with rhizobia by enhancing yields and soil N through BNF (Singh et
al., 2003; Ulzen et al., 2016). It is one of the most important crops in mixed farming systems of the
arid and semi-arid regions in Africa and other countries across the globe due to its drought tolerance
(Ehlers and Hall, 1997; Langyintuo et al., 2003). In Kenya, the harvested area under cowpea production
is estimated at 300,000 ha with an average grain yield of 492 kg ha-1 (FAOSTATS, 2014). This yield is
below the estimated potential of selected improved cowpea varieties ranging from 800 - 1800 kg ha-1
(Karanja et al., 2006). In coastal and eastern Kenya, smallholder farmers cultivate cowpea due to its
drought tolerance and high nutrition value, it is mainly intercropped with maize or sorghum (Kimiti
and Odee, 2010; Ndiso et al., 2015). Cowpea production offers versatility by utilization of both foliage
and grain while used for food by humans or animal feed, and as green manure (Singh et al., 2003).
Cowpea is considered promiscuous since it forms nodules with a wide range of rhizobia strains (Giller,
2001; Guimaraes et al., 2012). Indigenous rhizobia forming symbiosis with cowpea are abundant in
many tropical soils (Giller, 2001; Ampomah et al., 2008; Kimiti and Odee, 2010). This abundance
coupled with the promiscuity of cowpea is a possible limitation to strains introduced in form of
inoculants that could be used for growth promotion and yield enhancement. Previous studies on
cowpea inoculation have recorded contrasting results with some showing that cowpea responded to
inoculation and that crop growth and yield could be enhanced (Martins et al., 2003; Rufini et al., 2014;
Ulzen et al., 2016) while others did not (Awonaike et al., 1990; de Freitas et al., 2012; Mathu et al.,
2012). Abundant indigenous populations are unfortunately and generally poor in their ability to fix
nitrogen and can compete at the same time strongly with introduced Rhizobium inoculants (Slattery
et al., 2001; Pérez-Giménez et al., 2011) since they are more adapted to local soil conditions and / or
present in very high numbers.
A strategy to improve the effectiveness of inoculation and N2 fixation could be to select the most
competitive and efficient strains from locally adapted rhizobia populations that are associated with
cowpea (Ampomah et al. 2008; Mathu et al. 2012). While the successful nodulation is a precondition
for N2 fixation, an efficient symbiosis depends also on the potential of the bacteroids to fix nitrogen,
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the availability of soil N for the plant and the cost of N2 fixation to the plant (Zahran, 1999). Also
important to symbiotic functioning is the adequate availability of nutrients (P, K, Ca, Mg, S, Zn and Fe)
that promote plant growth and rhizobia survival in the soil (Zahran, 1999; O'Hara, 2001). The
effectiveness of rhizobia strains can be assessed in controlled pot trials by measuring increase in
biomass and plant nitrogen compared to a non-inoculated and non-fertilized plant (Howieson and
Dilworth, 2016). The competitiveness of rhizobia strains for nodulation can be assessed within socalled “competition studies” and for this the use of suitable tools enables the accurate identification
of the strain(s) present in the nodules (Pistorio et al., 2002; Novák, 2011).
These tools include the use of antibiotic resistance markers, enzyme linked immunosorbent assay
(ELISA) (Spriggs and Dakora, 2009), DNA based methods [polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP) (Krasova-Wade et al., 2006), enterobacterial repetitive
intergenic consensus (ERIC) PCR (Ampomah et al., 2008), quantitative polymerase chain reaction
(qPCR) (Checcucci et al., 2016) and fluorophore-enhanced, repetitive, extragenic, and palindromicPCR (HFERP) DNA fingerprinting (Wongphatcharachai et al., 2015)] and proteomic profiling by Matrix
Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) mass spectrometry (MS) (Ziegler et
al. 2012; 2015).
MALDI-TOF MS is a technique based on the analysis of intracellular proteins from cell lysates, which
in turn are ionized and separated according to their mass to charge ratio, recorded as distinct peaks
that together form a complex mass spectrum, also named fingerprint (Uhlik et al., 2011; Ziegler et al.,
2012; Mehta and Silva, 2015). Protein mass fingerprints can be used for the identification of bacteria
at the genus, the species and, in some cases, the subspecies level when matched to reference spectra
in databases based on well characterized strains (Ziegler et al., 2012; Biswas and Rolain, 2013). The
advantage of MALDI-TOF compared to other identification techniques is the great discrimination
power, its reproducibility and low cost as well as the rapid sample preparation directly from isolates
on agar plates or from root nodules. Recently MALDI-TOF MS has proven to be a powerful tool to
assess nodule occupancy in competition assays of two closely related Ensifer (formerly Sinorhizobium)
strains that were co-inoculated to cowpea (Ziegler et al., 2012).
The use of strains carrying antibiotic resistance suffer from inaccuracy due to cross-reaction with
indigenous rhizobia and reduced strain competitiveness, while the ELISA technique lacks proper
resolution among closely related strains. Although DNA based approaches (PCR-RFLP, ERIC-PCR, qPCR,
HFERP DNA fingerprinting) may have better resolution they are laborious, time consuming and
expensive and more specifically the application of genetic markers is only suitable under controlled

45

Chapter 2

conditions or areas where use of genetically modified organisms is permitted (Spriggs and Dakora,
2009; Pérez-Giménez et al., 2011).
In the above mentioned competition studies (Krasova-Wade et al., 2006; Spriggs and Dakora, 2009;
Wongphatcharachai et al., 2015; Checcucci et al., 2016), assays of two co-inoculated strains were
assessed. Using ERIC-PCR, Ampomah et al. (2008) carried out a competition assay in which up to 5
strains were assessed simultaneously. However, to our best knowledge there was no attempt to trace
the co-inoculation of more than five different rhizobia strains simultaneously in competition assays.
In this study, we evaluated whether MALDI-TOF MS could be used to study competitiveness in a more
complex assay with 13 Bradyrhizobium strains.
Several studies have reported that indigenous rhizobia are abundant in different soils and proposed
their screening for effectiveness and competitiveness to develop inoculants for different legumes
(McInnes and Haq, 2007; Mathu et al., 2012; Batista et al., 2015). Following this, we collected a total
of 202 indigenous strains from two contrasting agro-ecologies in Kenya [Kilifi County (Coastal lowland)
and Mbeere district (lower midland)] by sampling 15 cowpea fields and 5 from uncultivated fields per
region. One hundred and seventy two strains were characterized as Bradyrhizobium by MALDI-TOF
MS (chapter 1) and from each region the most diverse strains were selected.
The aims of this study were to; (i) evaluate 12 selected strains (8 derived from cowpea fields and 4
derived from uncultivated fields) of each agro-ecology for their symbiotic effectiveness in pot
experiments in order to choose the most promising candidate strains for field inoculation
experiments, (ii) Test, and if proven feasible, implement a MALDI-TOF MS technology to study
competitiveness of co-inoculated multiple strains in controlled inoculation assays, (iii) Introduce
selected candidate strains into fields of Mbeere to validate effectiveness and test via MALDI-TOF MS
the competitiveness under natural conditions and against indigenous populations.
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Materials and methods
Bradyrhizobium strains
Selection of these strains (Table 1) was based on their different proteomic profiles obtained by MALDITOF MS in order to cover a great diversity as described in chapter 1.
Pot trials under controlled conditions
Two growth chamber experiments were set up in Zürich (Group of Plant Nutrition, ETH) to identify
Bradyrhizobium strains forming effective symbiotic association with cowpea. Experiment 1 and
experiment 2 consisted of 12 and 11 strains from Kilifi and Mbeere, respectively (Table 1). Strain CB
1015 (isolated from Biofix, a commercial inoculant sold in Kenya by MEA ltd., was used as a reference
strain in both experiments. Strain (BK1) from Burkina Faso, isolated from nodules of cowpea plants
that exhibited good growth as a result of N2 fixation under greenhouse conditions (provided by Dr.
Abidine Traore) was evaluated against native strains in experiment 2 (Table 1). In each experiment, a
mixture treatment consisting of 13 strains co-inoculated (12 plus the reference CB 1015) was included
to assess strain competitiveness (Table 1).
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Table 1. Description of treatments, strains as identified by MALDI-TOF MS and strain origin (where
they were obtained) used in experiment 1 and 2 of the pot trials.
Treatment

Strain origin

No inoculation, no N

-

-

(+)c

Not inoculated, +N

-

-

K1h

Bradyrhizobium elkanii

Kilifi

Cultivated site

K3c

Bradyrhizobium elkanii

Kilifi

Cultivated site

K6e

Bradyrhizobium cf. diazoefficiens

Kilifi

Cultivated site

K7a

Bradyrhizobium sp. I

Kilifi

Cultivated site

K9f

Bradyrhizobium cf. diazoefficiens

Kilifi

Cultivated site

K10e

Bradyrhizobium cf. japonicum

Kilifi

Cultivated site

K14h

Bradyrhizobium cf. diazoefficiens

Kilifi

Cultivated site

K15c

Bradyrhizobium elkanii

Kilifi

Cultivated site

K16c

Bradyrhizobium cf. diazoefficiens

Kilifi

Uncultivated site

K17f

Bradyrhizobium elkanii

Kilifi

Uncultivated site

K19a

Bradyrhizobium cf. japonicum

Kilifi

Uncultivated site

K20f

Bradyrhizobium cf. diazoefficiens

Kilifi

Uncultivated site

CB 1015

Bradyrhizobium cf. diazoefficiens

Kenya

Biofix

-

-

Mixturea
Control

No inoculation, no N

-

-

(+)c

Not inoculated, + N

-

-

M1h

Bradyrhizobium cf. japonicum

Mbeere

Cultivated site

M2h

Bradyrhizobium elkanii

Mbeere

Cultivated site

M3h

Bradyrhizobium sp. II

Mbeere

Cultivated site

M6h

Bradyrhizobium cf. japonicum

Mbeere

Cultivated site

M9i

Bradyrhizobium cf. diazoefficiens

Mbeere

Cultivated site

M11c

Bradyrhizobium cf. diazoefficiens

Mbeere

Cultivated site

M12f

Bradyrhizobium elkanii

Mbeere

Cultivated site

M13j1

Bradyrhizobium sp. IV

Mbeere

Cultivated site

M18f

Bradyrhizobium elkanii

Mbeere

Uncultivated site

M19c

Bradyrhizobium sp. V

Mbeere

Uncultivated site

M20a

Bradyrhizobium cf. diazoefficiens

Mbeere

Uncultivated site

Bradyrhizobium sp. III

Burkina

Burkina Faso

Bradyrhizobium cf. diazoefficiens

Kenya

Biofix

-

-

N

Experiment 2

Region

Control
N

Experiment 1

Strains as identified by MALDITOF-MS

BK1
CB 1015
Mixtureb
a

Mixure of strains (K1h+K3c+K6e+K7a+K9f+K10e+K14h+K15c+K16c+K17f+K19a+K20f+CB 1015) in experiment 1,
Mixure of strains (M1h+M2h+M3h+M6h+M9j+M11c+M12f+M13j1+M18f+M19c+M20a+BK1+CB 1015) in
experiment 2, cN+ (nitrogen applied as KNO3 at 240 mg N pot-1), Biofix (commercial inoculant sold in Kenya by
MEA ltd. contains strain CB 1015), BK1 (Strain isolated from nodules of cowpea plants grown in soil from Burkina
Faso). Cultivated sites (farmers’ fields) and uncultivated sites (no prior history of crop production). Regions
(coastal Kilifi and eastern Mbeere) representing contrasting agro-ecologies from where strains were obtained.
b
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In total, sixteen treatments were assessed per experiment; 12 Bradyrhizobium strains from Kilifi and
11 strains from Mbeere plus BK1, a negative control without inoculation and no N source, a positive
control without inoculation with N applied as KNO3 (240 mg N pot-1), a reference strain CB 1015 and
in each experiment, the mixture of all 13 strains (12 individual strains plus CB 1015) (Table 1).
An axenic sand culture system (Howieson et al., 1995) with modifications was used. In brief, plants
were grown in free-draining plastic pots (1 kg; 12 cm diameter and 11 cm length) sterilized with 75%
ethanol and lined with a sterilized mesh at the base. Seven hundred grams of quartz sand and sterilized
vermiculite (2:1 v/v) was filled per pot and 100 ml of Millipure water applied to each pot in preparation
for sowing.
Rhizobia inoculant cultures were prepared by picking single purified colonies of the individual strains
from plate cultures on Modified Arabinose Gluconate (MAG) media (Sadowsky et al., 1987; Van
Berkum, 1990). Each colony was transferred into 20 ml of fresh MAG broth (same media without agar)
in 100 ml Erlenmeyer flasks and incubated at 28°C at 200 rpm for 3-5 days until growth in the log phase
of the individual strains.
Cowpea (Vigna unguiculata L. Walp.) cultivar, K80 [improved cultivar, from Kenya Agricultural and
Livestock Research Organization (KALRO)] commonly cultivated in the Mbeere and Kilifi regions of
Kenya, was used in both experiments. Seeds were surface sterilized by washing in ethanol (70%;
30 sec), hydrogen peroxide (2%; 2 min) and rinsed thoroughly several times with sterile distilled water.
Surface sterilized seeds were immersed in water for 1 h to initiate germination, and afterwards placed
in Petri dishes with moistened sterile cotton wool for germination in a growth chamber at 28°C in the
dark for 24 h for the radicle to emerge and then three pre-germinated seeds were sown per pot.
Inoculum of each strain were adjusted to an OD540 nm of 1.3 in sterile physiological water (9 g l-1 NaCl)
to target 106 CFU ml-1. Inoculant for the mixture treatments was prepared by using 1 ml of liquid
culture of each strain and adding to a separate sterile tube and vortexed for 1 min. For each pot, 3 ml
of the inoculant was added at the base of each seedling (1 ml per seedling), at 4 days after sowing.
Plants were thinned to two healthy plants per pot at 3 days after inoculation.
In both experiments, the pots were laid out following a completely randomized design (CRD) with four
replicates per treatment. The plants were grown for 5 weeks under growth chamber conditions set
to: 12 hours of light [Growth chamber 1; Grolux (1000 Lumen) and Sylvania white cool (5000 Lumen)
lamps for experiment 1 and Sylvania bulbs (780 Lumen) for experiment 2] and to 27/20°C (day/night)
temperature. Air humidity fluctuated between 60 and 70% throughout the growth period.
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Essential nutrients with the exception of N (only added to the positive control: 240 mg N) were added
per pot [16 mg phosphorus (P), 160 mg potassium (K), 16 mg calcium (Ca), 16 mg magnesium (Mg),
0.16 mg manganese (Mn), 0.16 mg zinc (Zn), 0.05 mg copper (Cu), 0.03 mg boron (B), 0.05 mg
molybdenum (Mo) and 0.05 mg cobalt (Co)]. Nutrients were applied as solutions of potassium chloride
(KCl), potassium phosphate (KH2PO4), calcium chloride (CaCl2), magnesium chloride (MgCl2),
magnesium sulphate (MgSO4), manganese chloride (MnCl2), zinc chloride (ZnCl2), copper chloride
(CuCl2), cobalt chloride (CoCl2), sodium borate (Na2B4O7) and sodium molybdate (Na2MoO4) at sowing
and at three and six weeks after sowing.
Sampling and data assessment of pot trials
Plants were harvested during the vegetative growth phase 5 weeks after sowing. Prior to harvest, the
Soil Plant Analysis Development (SPAD) index of the youngest fully developed cowpea leaves was
determined using a Minolta SPAD-502 chlorophyll meter (Minolta corporation, Ltd., Osaka, Japan).
Shoots of two plants per pot were separated from roots by cutting using a clean, sharp knife at 1 cm
above the sand surface. Parameters measured included shoot dry weight (SDW), nodule dry weight
(NDW) and shoot nitrogen uptake (SNU). In both experiments, twenty nodules were selected per
individual treatment (5 nodules per pot/rep) and forty nodules per treatment (10 per pot/rep) from
the 2 treatments consisting of mixtures for strain identification by MALDI-TOF MS. Nodules for
occupancy assessment were surface sterilized in 70% ethanol and immediately stored at -20°C until
analysis. Shoots and remaining nodules were oven-dried at 60°C for 48 hrs to constant dry weight.
The mean dry weight of shoots (X) was used to calculate an index of symbiotic effectiveness (SE),
where SE = 100 (Xj −XTO/XTN −XTO) where j is the inoculated isolate, TO is the uninoculated control and
TN is the nitrogen-fertilized treatment, modified from Ferreira and Marques (1992).
Field trial design, data assessment and sampling
The best strains [K1h and K17f from Kilifi (experiment 1) and M19c and M20a from Mbeere
(experiment 2)] in terms of improved cowpea shoot dry weight and SPAD measurements were
selected for validation of the symbiotic effectiveness in a field trial in Mbeere during the short rainy
season 2014.
The site was located on a farmers’ field (S 00° 46' 59.1'', E 037° 40' 46.4'') at an altitude of 1048 metres
above sea level. The rainfall is bimodal, falling in two seasons: the long rains (LR) from March to June
and short rains from October to December. An annual rainfall ranging from 640-1100 mm and annual
temperature ranging from 15-30°C is experienced in this area. The soils are classified as Rhodic and
Orthic Ferralsols (Jaetzold and Schimdt, 1983; Jaetzold et al., 2006). According to the climate data
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obtained for the growing season from October 2014 to January 2015, the total precipitation was 183
mm. The mean maximum temperature was 29 °C and the minimum 18 °C. Temperature and rainfall
pattern data for the 2014 and 2015 growing seasons at the study sites were obtained from the aWhere
Weather module http://www.awhere.com.
Soil sampling and analysis
At sowing, soil was sampled to a depth of 0-20 cm by pooling thirty cores into a composite sample,
placed in polythene bags and transported in a cooler box and stored in the refrigerator at 4°C prior to
analysis. The soil sample were divided into two parts; one part was for the enumeration of indigenous
rhizobia population in the soil, while the other part was for the chemical and physical analyses. This
second part was air-dried and sieved to ≤ 2 mm prior to determining their chemical and texture
properties at the MEA Ltd. soil and tissue testing laboratories (Nakuru, Kenya). The following
parameters were determined: total nitrogen based on the Kjeldahl procedure (Bremner, 1960),
organic carbon (Walkley and Black, 1934), Olsen P (Olsen, 1954), Mehlich K, Ca, Mg and Na (Mehlich
et al., 1962), pH in H2O, and soil texture using the hydrometer method (Bouyoucos, 1962).
Treatments and experimental design of the field trial
The field had no history of rhizobia inoculation and was previously cropped with an intercrop of
cowpea, pigeonpea (Cajanus cajan (L.) Millsp.) and pearl millet (Pennisetum glaucum (L.)R.Br). Each
treatment received a basal application of Sympal fertilizer (101 g kg-1 P, 125 g kg-1 K, 71 g kg-1 Ca, 40 g
kg-1 S, 6 g kg-1 Mg and 1 g kg-1 Zn). This was applied at a rate of 150 kg ha-1; this implies 15 kg P ha-1, 19
kg K ha-1, 11 kg Ca ha-1, 6 kg S ha-1, 0.9 kg Mg ha-1 and 0.12 kg Zn ha-1. The trial was set up in a
randomized complete block design replicated 4 times. Treatments included inoculation with either CB
1015, K17f, M19c or mixture (M19c+M20a+K1h+K17f+CB 1015). Filter-mud based inoculants for each
strain (107 rhizobia g-1 filter mud) were applied at a rate of 10 g of inoculant kg-1 of seed resulting in
104 to 105 CFU rhizobia per seed, on surface sterilized cowpea seeds using gum arabic (3 g l-1) as an
adhesive. The following data were assessed: shoot dry weight (SDW), shoot nitrogen concentration
(SNC), shoot nitrogen uptake (SNU) and nodule dry weight (NDW) (at 50% flowering; 53 days after
sowing (DAS) and grain yield (at maturity; 80 DAS). To evaluate competitiveness of selected strains
under field conditions, nodule occupancy was assessed by collecting fresh nodules from cowpea plants
at mid flowering. Nodules were transported from the field in cooler boxes to the lab and immediately
surface sterilized by immersion in ethanol (70%; 30 sec), NaOCl (0.5M; 2 min) and rinsed thoroughly
several times with sterile distilled water and stored in 40% glycerol in 2 ml cryo-vials at -20°C until
analysis.
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Shoot nitrogen analysis
Dried cowpea shoots from pot and field experiments were milled (particle size ~1 mm) using a cutting
mill (Retsch GmbH, Germany) and a subsample milled into fine powder using a ball mill (Retsch GmbH,
Germany). Shoot total N concentration (SNC) was measured using a CN analyzer coupled with mass
spectrometer (IsoPrime 100 IRMS system, Isoprime Ltd). The shoot nitrogen uptake (SNU) was
calculated as follows; SNU = SNC x SDW.
Enumeration of indigenous Bradyrhizobium populations from field sites
A Most Probable Number (MPN) experiment in sterile sand using dilutions of soil from the field
experiment in Mbeere was carried out according to Brockwell (1963) to estimate the size of the
indigenous rhizobia population nodulating with cowpea. Briefly, 10 g of soil was diluted in 90 ml
sterilized distilled water and serial dilutions done to obtain a fivefold serial dilution of 1:50, 1:250,
1:1250, 1:6250 and 1:31250 with four replicates per dilution. Sterilized sand was used as the growth
medium and 600 g weighed into sterile plastic pots (diameter 9 cm, length 11 cm). The same cowpea
cultivar was used and procedures for seed sterilization and pre-germination were done as described
above for the pot experiments. Plants were thinned to one healthy seedling per pot at 4 days after
sowing and 1 ml of soil diluent was then used to inoculate each seedling in the pots. Twenty ml of
Broughton and Dilworth nutrient solution (Broughton and Dilworth, 1970) was applied every second
day in alternation with distilled water according to plant need. Conditions in the greenhouse were set
to 12 hours of light, 27/20°C (day/night) temperature and air humidity fluctuated between 60 and
70%. Presence or absence of root nodules was assessed after 30 days and rhizobia population
estimates calculated using MPN tables (Vincent, 1970).
Nodule lysates and MALDI-TOF MS analysis to assess strain competitiveness in pot and field
conditions
Forty (40) nodules were analyzed from each competition assay of pot experiment 1 and 2, while a
total of 96 (24 per treatment) nodules from the field trial were assessed. Sample preparation and
MALDI-TOF MS analysis were carried out as described in Ziegler et al. (2012). Prior to isolation of
endosymbiotic bacteria, nodules were surface sterilized in 70% ethanol and crushed into 400 µl of
sterile ddH2O. The crude supernatants were transferred free of nodule debris into new microfuge
tubes and centrifuged at 20,000 g to collect bacteroids. The bacterial pellet was rinsed up to three
times with 200 µl of sterile ddH2O to wash off abundant plant leghaemoglobin proteins and
transferred into 20 µl of 25% formic acid.
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Aliquots of 1µl of the suspension were spotted in quadruplicate (or in duplicate in the case of field
nodule isolates) on a MALDI steel target plate and air dried at room temperature. Then each spot was
covered with 1 µl of a mixture of sinapinic acid (SA; Sigma Aldrich, Buchs, Switzerland) diluted in 60%
acetonitrile and 0.3% trifluoroacetic acid (TFA) as ionising matrix. After complete co-crystallisation at
room temperature, target plates were introduced into the MALDI-TOF Mass Spectrometer AximaTM
Confidence machine (Shimadzu- Biotech Corp., Kyoto, Japan) using the linear positive detection mode,
a laser frequency of 50 Hz and a mass range of 4 to 20 kDa. For each sample, spectra consisting of 50
to 100 profiles were averaged and processed using the Launch-padTM 2.8 software (ShimadzuBiotech). For identification of bacteroids, mass spectra were matched against the rhizobia-specific
module of the SARAMISTM databases previously described by Ziegler et al. (2015). For unsupervised
hierarchical clustering of protein masses, a binary matrix indexing the presence/absence of each mass
signal was generated using the SARAMISTM Superspectra tool.
Database update and mass spectral analysis for tracing Bradyrhizobium strains in pot and field trials
Unsupervised sets of biomarkers (standard procedure)
Strain-specific sets of biomarkers were calculated using 8 to 12 reference mass spectra [in total 134
spectra for experiment 1 (Kilifi strains), and 119 spectra for experiment 2 (Mbeere strains)] obtained
from 2 to 4 nodules per strain collected from pot experiments 1 and 2 under controlled conditions
(corresponding to the single inoculation treatments). By using the SARAMISTM Superspectra tool and
according to the SARAMISTM user guideline, a consensus spectrum was calculated first, considering all
reference mass spectra of each individual strain used for each experiment. The consensus spectrum
which includes masses that are present in more than 60% of all reference spectra for all strains was
stored as an exclusion list. Subsequently, to calculate strain-specific Super Spectra (SSp)’s enabling the
update of current rhizobial database, masses present in the exclusion list were reduced in order to
select 25 strain-specific biomarkers.
Supervised Linear Discriminant Analysis (advanced procedure to increase discrimination power)
As not all strains could be clearly differentiated by the unsupervised approach, we also performed a
supervised approach using linear discriminant analysis (LDA) earlier applied by Wittwer et al. and
Müller et al. (2011; 2013). As described by Müller et al., we have chosen the shrinkage discriminant
analysis (SDA) for constructing the LDA model. Predictor masses calculated to separate the strains are
given as correlation-adjusted t-scores (CAT scores). The CAT scores allow for simple ranking and
selection of mass peaks.
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For the supervised LDA, ASCII files containing the mass peak lists for each measurement including up
to four technical replicates per reference nodule (in total 134 spectra for experiment 1, respectively
119 spectra for experiment 2) were imported into R software package version 0.99.491. The mass
peaks from the original peak list were dynamically binned with the R package “caMaClass” (Tuszynski,
2010), with a variable bin size between 800 to 1600 ppm.
Mass peak intensities were log10-transformed. Then, functions in the R package “sda” (Ahdesmäki et
al., 2011) were applied for the SDA as described earlier (Ahdesmäki et al., 2011; Wittwer et al., 2011;
Müller et al., 2013). To build and test the predictive performance of the SDA model, the set of
reference nodule mass spectra were split randomly into two sets: a training set (containing 80% of all
reference spectra) and a set of spectra (20%) for cross-validation. To classify nodule spectra that were
not used to build or cross-validate the model, the “Top 40-markers” as calculated by the SDA were
applied. The 40 most discriminating MALDI-TOF peaks for the experiment 1 and 2 are given in the
supplementary material (Fig. S1 (Exp. 1 Kilifi strains) and Fig. S2 (Exp. 2 Mbeere strains).
Statistical analysis
Data on SDW, NDW and SNU from the pot and field experiments, SPAD (pot experiments only) and
grain yield were analyzed using the mixed procedures of SAS software (ver. 9.4, SAS Institute, Cary,
NC). Square or log transformations were applied where necessary to protect against violation of
homoscedasticity and normality of the ANOVA. The treatment effects when significant were
compared using the Tukey’s HSD test, significance of difference was evaluated at P ≤ 0.05.
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Results
Assessment of N fixation and symbiotic effectiveness in pot experiments
Parameters used to assess symbiotic effectiveness included: SDW, SPAD value and SNU. There were
significant (P ˂ 0.05) differences between the different strains in the mentioned parameters for both
experiments (Tables 2&3).
In experiment 1, inoculation with strains K19a, K1h, K17f and the mixture resulted in SE of above 100%
while the lowest SE of 10% was observed in plants inoculated with strain K6e (Table 2). SPAD values
ranged from 14.5 to 50.3 in the uninoculated control and inoculation with strain K3c, respectively.
Inoculation with all strains except K6e resulted in a significant increase in SPAD and SNU relative to
the uninoculated control. Shoot nitrogen uptake ranged from 3.2 to 31.0 mg N pot-1 in the
uninoculated control and N (+) treatment. Shoot dry weight ranged from 0.22 to 0.84 g pot -1 in the
uninoculated control and inoculation with strain K17f, respectively. Inoculation with all strains except
K6e, K10e and K16c resulted in a significant increase in SDW relative to the uninoculated control.
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Table 2. Mean SPAD value, shoot dry weight (SDW), shoot nitrogen uptake (SNU), nodule dry weight
(NDW) and symbiotic effectiveness index (SE) from experiment 1 (strains from Kilifi) harvested five
weeks after sowing.
Treatment
Control
N (+)
K1h
K3c
K6e
K7a
K9f
K10e
K14h
K15c
K16c
K17f
K19a
K20f
CB 1015
Mixture
CV%

SPAD
SDW
value
(g pot-1)
14.5 d
0.22 c
31.9 cd
0.75 a
48.1 ab
0.83 a
50.3 a
0.74 a
19.9 d
0.27 bc
39.9 bc
0.73 a
45.0 ab
0.63 ab
41.1 abc 0.59 abc
42.6 abc 0.64 ab
46.8 ab
0.71 a
43.8 abc 0.63 abc
45.4 ab
0.84 a
43.1 ab
0.79 a
45.2 ab
0.63 ab
42.6 abc 0.67 ab
49.6 ab
0.80 a
18.7
24.42

SNU
(mg N pot-1)
3.2 c
31.0 a
28.8 a
26.9 a
6.3 bc
24.1 a
22.7 a
20.0 ab
22.4 a
23.6 a
22.3 a
30.1 a
23.9 a
18.9 ab
20.6 ab
27.6 a
27.2

NDW
(mg pot-1)
‒
‒
‒
‒
86.4 ab
75.2 abc
24.7 c
74.8 abc
62.8 abc
71.9 abc
65.0 abc
58.1 bc
60.4 bc
62.3 bc
67.8 abc
67.2 abc
96.9 a
85.8 ab
41.6

SE
(%)
‒
‒
116
99
10
96
77
70
80
93
87
116
108
77
85
109

Means followed by different letters are significantly different at P < 0.05. Means separated according to Tukey’s
test. CV=coefficient of variation.
a
Mixure of strains (K1h+K3c+K6e+K7a+K9f+K10e+K14h+K15c+K16c+K17f+K19a+K20f+CB 1015), cN+ (nitrogen
applied as KNO3 at 240 mg N pot-1), Biofix (commercial inoculant sold in Kenya by MEA ltd. Contains strain CB
1015), BK1.

In experiment 2, inoculation with strains M11c, mixture, M2h, CB 1015, M20a, M19c and M3h resulted
in symbiotic effectiveness (SE) of above 100% while inoculation with strains M6h and M13j1 had the
lowest SE values of 29 and 55%, respectively (Table 3). SPAD values ranged from 8.2 to 48.8 in the
uninoculated control and inoculation with strain M19c, respectively. Inoculation with all strains
resulted in a significant increase in SPAD and SNU relative to the uninoculated control. Shoot nitrogen
uptake ranged from 2.2 to 39.4 mg N pot-1 in the uninoculated control and N (+) treatment. Shoot dry
weight ranged from 0.22 to 1.09 g pot-1 in the uninoculated control and inoculation with strain M3h,
respectively.
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Table 3. Mean SPAD value, shoot dry weight (SDW), shoot nitrogen uptake (SNU), nodule dry weight
(NDW) and symbiotic effectiveness index (SE) from experiment 2 (strains from Mbeere) harvested five
weeks after sowing.
Treatment
Control
N (+)
M1h
M2h
M3h
M6h
M9i
M11c
M12f
M13j1
M18f
M19c
M20a
BK1
CB 1015
Mixture
CV%

SPAD
SDW
value
(g pot-1)
8.2 e
0.22 c
29.4 d
0.96 ab
45.6 ab 0.92 ab
44.2 ab 1.02 ab
43.0 ab 1.09 a
31.5 d
0.49 bc
41.4 bc
0.86 ab
44.3 ab 0.98 ab
45.6 ab 0.88 ab
34.7 cd
0.63 abc
44.8 ab 0.94 ab
48.8 a
1.08 a
48.6 a
1.04 a
45.4 ab 0.87 ab
43.2 ab 1.04 a
45.0 ab 1.01 ab
13.9
21.07

SNU
(mg N pot-1)
2.2 d
39.4 a
26.5 ab
33.1 a
33.2 a
13.9 bc
26.9 ab
31.3 a
31.6 a
12.6 c
34.1 a
36.6 a
32.1 a
26.2 ab
23.3 abc
33.6 a
8.6

NDW
(mg pot-1)
‒
‒
‒
‒
72.3 ab
75.9 ab
79.8 ab
57.6 b
107.3 a
86.3 ab
78.5 ab
86.4 ab
89.4 ab
93.1 ab
83.8 ab
90.3 ab
112.7 a
98.2 ab
20.7

SE
(%)
‒
‒
96
109
118
29
87
103
90
55
98
116
112
88
112
108

Means followed by different letters are significantly different at P < 0.05. Means separated according to Tukey’s
test. CV=coefficient of variation.
Mixure of strains (M1h+M2h+M3h+M6h+M9j+M11c+M12f+M13j1+M18f+M19c+M20a+BK1+CB 1015), N+
(nitrogen applied as KNO3 at 240 mg N pot-1), Biofix (commercial inoculant sold in Kenya by MEA ltd. Contains
strain CB 1015), BK1 (Strain isolated from nodules of cowpea plants grown in soil from Burkina Faso).The two
best treatments consisting of strains K1h and K17f; and M19c and M20a from experiment 1 and 2 respectively,
were selected for field testing based on their SDW and SPAD data.

Nodulation and nodule occupancy of pot experiments
Nodulation in both experiments varied in response to inoculation by individual Bradyrhizobium strains
and nodules were formed on roots of all inoculated cowpea plants with none on the control and N+
treatment without inoculation (Tables 2&3). Inoculation with the reference strain from Biofix
inoculant (CB 1015) resulted in the highest NDW of 96.9 and 112.7 mg pot-1in experiment 1 and 2,
respectively.
In experiment 1, NDW ranged from 24.7 to 96.9 mg pot-1 in plants inoculated with strains K6e and CB
1015, respectively. There was no significant difference between inoculation with strain CB 1015 and
other strains except strains K17f, K16c, K15c and K6e that had low NDW of 62.3, 60.4, 58.1 and 24.7
mg pot-1, respectively.
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In experiment 2, NDW ranged from 57.6 to 112.7 mg pot-1 in plants inoculated with strains M6h and
CB 1015, respectively. The highest nodulation by strain CB 1015 was not significantly different from
all other strains except M6h.
Competitiveness of strains in pot experiments
To establish the use of MALDI-TOF MS for nodule occupancy, the primary step involved acquisition of
mass spectra of the 25 free-living strains (pure strains cultivated on nutrient agar) to confirm that
fingerprint profiles of each strain were distinct and that resolution down to strain (sub-species) level
is given (data not shown). Secondly, mass spectra of nodule bacteria were acquired to confirm that
fingerprint profiles of bacteroids were distinct and allowed for resolution down to strain (sub-species)
level. This was performed by analysing the bacteroids of nodules collected from the single inoculation
treatments. Unfortunately, some strains did not show sufficient differences and could not be
distinguished by the unsupervised analysis (see methods). These strains had to be combined into a
shared SSp., and are defined as “strain-group”. These strains included the combinations
K14h/K16c/K9f and K3c/K6c from experiment 1 and M3h/M6h from experiment 2. Subsequently, sets
of biomarkers were calculated for each strain or “strain-group”. A blinded set of reference nodules
was then tested to evaluate the sensitivity and specificity of the MALDI-TOF approach.
In experiment 1, by using the calculated sets of strain-specific SSp’s, a set of “blinded” nodules were
validated first. Considering a SSp confidence value threshold of 90% (equals the presence of 18 of 25
biomarker masses), 46 of 52 mass spectra were positively identified. Furthermore, when applying an
additional minimal threshold of 2 (out of 4) positive identifications per nodule, each blinded sample
was correctly identified either at “strain” or at “strain-group” level (K14h/K16c/K9f or K3c/K6c).
When using the unsupervised biomarker approach, 40 nodule bacteria derived from the mixture
treatment of experiment 1 were classified as following: 29 nodules occupied by strain K20f (72.5%), 5
nodules by K17f (12.5%), 4 nodules by K1h (10%), one nodule by K10e (2.5%) and one nodule by K7a
(2.5%) as shown in Fig. 1a.
When using the supervised SDA approach and the application of a 0.9 confidence value threshold
(arbitrary unit) as positive prediction, 31 of 32 mass spectra were correctly predicted in the crossvalidation. In 157 of 160 spectra, prediction was above 0.9 and resulted in the following classifications:
28 nodules occupied by strain K20f (70.0%), 5 nodules by K17f (12.5%), 4 nodules by K1h (10%), one
nodule by K10e (2.5%) and one nodule by K7a (2.5%). Only in one case, unambiguous identification
was not possible and resulted in a mixed K20f/K9f prediction (Fig. 1b). Consequently, highly similar
identification results were obtained independent of the approach that was applied (Fig. 1).
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Fig. 1. Nodule occupancy of strains in the mixture treatment from experiment 1 characterized by MALDI-TOF
MS of protein mass spectra using (a) unsupervised sets of biomarkers (standard procedure) and (b) Supervised
Linear Discriminant Analysis (advanced procedure to increase discrimination power) n=40.

In experiment 2, identical to the concept described for experiment 1 strains, 48 of 52 mass spectra
acquired from blinded nodule samples were positively identified. All blinded nodule samples were
correctly identified either at “strain” or at “strain-group” level (M3h/M6h).
When using the unsupervised biomarker approach, the following strains were identified in the mixture
treatment: 28 nodules as strain group M3h/M6h (70.0%), 6 nodules as M1h (15.0%), 3 nodules as
M18f (7.5%), one nodule as M2h (2.5%), one nodule as M12f (2.5%) and one nodule remained
unassigned due to insufficient spectrum quality (Fig. 2a).
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Fig. 2. Nodule occupancy of strains in the mixture treatment from experiment 2 characterized by MALDI-TOF
MS of protein mass spectra using (a) unsupervised sets of biomarkers (standard procedure) and (b) Supervised
Linear Discriminant Analysis (advanced procedure to increase discrimination power) n=40.
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When using the supervised SDA approach and considering a 0.9 confidence value as threshold
(arbitrary unit) for a positive prediction, 26 of 26 mass spectra were correctly predicted in the crossvalidation. In 160 of 160 spectra, prediction was above 0.9 and resulted in the following classifications:
18 nodules as strain M3h (45.0%), 14 nodules as M1h (35.0%), 2 nodules as M18f (5%), one nodule as
M12f (2.5%) and one nodule as M2h (2.5%). In three cases, unambiguous identification was not
possible and resulted in a mixed M1h/M3h or M9i/BK1 prediction. One nodule remained unassigned
(Fig. 2b).
Since the “strain-group” M3h/M6h could not be discriminated at a reliable level in the unsupervised
approach using strain-specific biomarkers for identification, we evaluated the number of identities
obtained in the SDA by a reduced SDA approach. To validate this approach, additional nodules
obtained from cowpea inoculated with M3h and M6h together were included in the analysis. In the
reduced SDA approach only M3h and M6h reference spectra were considered and by applying the Top
40 markers (Fig. S3). Twenty three nodules (82.1%) were predicted as M3h, 3 nodules (10.7%) were
predicted as M6h and 2 nodules (7.2%) remained unassigned.
Additional nodules were obtained to enable discrimination between strains M3h and M6h by MALDITOF MS using the SDA approach. These two strains were inoculated separately and in a mixture (Fig.
3). When comparing the phenotype of plants inoculated separately with either strain M3h or M6h it
was evident that M3h was efficient (dark green leaves) and M6h inefficient (pale green to yellow
leaves) in forming symbiosis with cowpea (Fig. 3). This was also the case in the earlier established
experiment 2.

Fig. 3. Photograph showing 5 week old cowpea (Vigna unguiculata L. Walp.) inoculated by strains M3h, M6h and
a mixture of both strains showing the difference in plant phenotype for effective N 2 fixation by M3h and the
mixture (M3h+M6h) versus ineffective N2 fixation by M6h.
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Data on SDW, SPAD and SNU confirmed that M3h was efficient in N2 fixation as compared to M6h
(Table 2; Fig. 3). From the SDA analysis of nodules obtained in experiment 2 and this set up it was
possible to verify that M3h occupied a large proportion of nodules in experiment 2 and resolve the
problem of having a mixed M3h/M6h profile.
Results of field trial
The field soil in which the trial was conducted was a sandy loam with a slightly acidic pH. Soil
concentrations of N and C were below 1 g kg-1. Soil P and Ca were 3.2 mg kg-1 and 0.4 cmolc kg-1,
respectively (Table 4).
Table 4. Soil physiochemical properties from site C, composite
samples were taken at a depth of 0-20 cm.
Property

Site C

pH (H2O)

5.5

Total Na (g kg-1)
b

0.2
-1

Organic C (g kg )
c

0.6

-1

P (Olsen) (mg kg )
d

3.18
-1

Mehlich K (cmolc kg )

BDL

e

-1

Mehlich Ca (cmolc kg )

0.38

f

-1

Mehlich Mg (cmolc kg )

BDL

Mehlich Nag (cmolc kg-1)

BDL

Sandh (g kg-1)

720

Clayi (g kg-1)

150

j

-1

Silt (g kg )
k

130
−1

MPN (CFU rhizobia g soil)
Textural class

7.10 x 103
sandy loam

a

Total N: Kjeldahl method (Bremner, 1960), bOrganic C according to Walkley and Black (1934), cP Olsen according
to Olsen (1954), available dK, eCa, fMg and gNa using AAS Mehlich double acid method according to Mehlich et
al. (1962), hsand, iclay and jsilt using the hydrometer method according to Bouyoucos (1962), kMPN Most
probable number (Brockwell, 1963). BDL, Below Detection Limit.

The soil Mehlich K, Mg and Na values were lower than the detection limits. Results from the MPN
assessment revealed a high abundance of indigenous Bradyrhizobium strains estimated at 7.1 x 103
CFU rhizobia g-1 of dry soil. No significant (P > 0.05) difference in shoot biomass, nodulation, shoot N
content and grain yield between the uninoculated control and inoculated treatments (CB 1015, K17f,
M19c and the mixture) was observed (data not shown).
The effectiveness of our inoculated strains could not be validated based on the mentioned agronomic
parameters. We used MALDI-TOF MS to trace the presence of our introduced strains in the nodules
of inoculated plants and in this way explain the lack of response to inoculation.
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Nodule occupancy analysis of field nodules
From a total of 96 nodules analyzed from CB 1015, K17f, M19c and the mixture treatments, none of
the strains used as inoculants were present in nodules as revealed by MALDI-TOF MS analysis. Protein
mass fingerprints from these nodules did not correspond to reference mass spectra of individual
bacteroids of either strains CB 1015, K17f, M19c, M20a or K1h that were included in the mixture
treatment.
All nodules analyzed were occupied by other indigenous strains distributed in six distinct groups (I, II,
III, IV, V and VI) as revealed by MALDI-TOF mass fingerprints (Table 5; Fig. S4). The groups were defined
based on unsupervised hierarchical clustering of protein masses and the distinctness of these groups
is illustrated in Fig. S4.
Mass profiles that grouped together as group III were dominantly present representing 80% of
analyzed nodules. This was followed by strains from groups I and II while mass profiles IV, V and VI
occurred only once (Table 5).
Table 5. Summary of nodule occupancy by inoculated strains and indigenous strains classified into six
different MALDI-TOF MS groups (I to VI) of cowpea nodules expressed in percentages.
Treatment
CB 1015
K17f
M19c
Mixture

Nodule occupancy by inoculated
Strains (%)
CB 1015 K1h K17f M19c M20a
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

I
4
4
8
21

Nodule occupancy of
indigenous strains (%)
II
III IV V
8 79 4
4
8 88 0
0
0 92 0
0
13 63 0
0

No. of analyzed
nodules
VI
0
0
0
4

24
24
24
24

To evaluate whether this group represented only one type of mass spectrum (one clonal strain) or
several ones (different closely related strains), we calculated a group-III-SSp which showed that all
mass profiles within this cluster were identified accordingly thus, we concluded that group III is
represented by a single clonal strain rather than by several (Fig. S4). Since strains from this group were
present in the majority of nodules analyzed, independent of the sampled treatment in the field trial,
we concluded that these indigenous strains outcompeted the introduced candidate strains. According
to MALDI-TOF cluster analysis and SARAMIS database, group III showed high similarity to strain M11c
collected one year before from the same field (see chapter 1) and also included in experiment 1of this
study (Tables 1&3).
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Discussion
In the present study, the effectiveness of individual strains was observed under axenic conditions in
pot experiments and the best performing strains (M19c, M20a, K1h and K17f) based on SDW and SPAD
values were selected for inoculation and validation in field trials. In both pot experiments, the mixture
treatments showed high symbiotic effectiveness with an efficiency above 100%. Our results agree with
the findings of Fening and Danso (2002), who observed that indigenous isolates from Ghanaian soil
varied in their symbiotic effectiveness on cowpea.
Similar findings were also reported by Ampomah et al. (2008) for indigenous isolates not only on
cowpea but also on groundnut (Arachis hypogeae L.), mung bean (Vigna radiata L. Wilczek), and
soybean (Glycine max L. Merr.) where strains varied in symbiotic effectiveness and only few were
superior in N2 fixation. At a global scale studies on different legumes with indigenous strains have also
shown varying effectiveness in symbiosis (Thrall et al., 2011; Xu et al., 2013; de Almeida Ribeiro et al.,
2015; da Costa et al., 2017).
The ability of MALDI-TOF MS to discriminate closely related species of rhizobia is an advantage when
it comes to strain tracing in mixed populations of closely related strains in competition assays and in
field trials as shown in this study. This was previously demonstrated by Ziegler et al. (2012) where
MALDI-TOF MS could clearly resolve bacteroids of two closely related Ensifer (formerly Sinorhizobium)
strains in competition assays.
At Mabritec AG, the enlarged SARAMISTM database was updated with reference spectra obtained from
free-living and also endosymbiotic rhizobia enabling an accurate identification of the bacteroids
present in cowpea nodules obtained from our pot and field experiments. The majority of these strains
were identified as belonging to the genus Bradyrhizobium (chapter 1; and this study).
In a few instances, the use of MALDI-TOF MS with an unsupervised biomarker analysis could not
immediately discriminate bacteroids of different strains i.e. K6e/K3c, K9f/K14h/K16c and M3h/M6h.
This was rapidly solved by the use of shrinkage discriminant analysis (SDA) which enhanced
discrimination between highly similar strains. However, when the free-living form (colonies on
nutrient media) of these bacteria were analysed, discrimination between them was instant in the
automatic mode (unsupervised biomarkers analysis). This could be attributed to the difference in form
and lifestyle of strains in their free-living state (colonies on nutrient medium) or as bacteroids (inside
root nodules) since they display different metabolism in each form. Inside the nodule, the
environment is more controlled or limited to the function of N2 fixation thus fewer proteins may be
expressed as compared to when the bacteria exist in their free-living state.
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Therefore, fewer distinct peaks of protein masses are available to discriminate closely related strains
in this form. Contrary to the pot experiments, all strains could clearly be resolved from field nodules
by use of MALDI-TOF MS using the unsupervised biomarkers analysis. However, from a computational
point of view it needs to be highlighted that the unsupervised approach is fully dependent on the
manual selection of strain-specific markers by the user, in order to obtain a solid SuperSpectrum, while
the supervised analysis is a fully automated and iterative approach. Due to this, highly similar
fingerprints of two different strains can be discriminated because of few distinct mass peaks in a
supervised approach, while a solid identification via a SuperSpectrum expects a set of around 20 to 40
mass peaks. Effectiveness for the majority of the strains evaluated in either experiment was not
correlated with competitiveness. For instance, competition assays in pot experiments revealed M3h
and K10e as superior competitors in their respective experiments, M3h was also effective in N2 fixation
with cowpea, while K10e was not as effective. Also in experiment 2, strains M20a and M19c were
effective in N2 fixation but not competitive as revealed by nodule occupancy analysis.
In the field, nodule occupancy by MALDI-TOF MS revealed that indigenous strains were prevalent.
Strains from group III had very high similarity to the originally sampled strain M11c collected from the
same farm a year before the experiment setup and screened in experiment 2 (see chapter 1). This
result reiterates the high resolving power of MALDI-TOF MS since the SARAMIS database was updated
with reference spectra from the pot trials. In pot experiments, strain M11c was effective in N2 fixation
but was not among the competitive strains in the competition assay. However, under field conditions
strains from group III were dominant. This could in part be explained by the difference in environment
and possibly strain M11c could be more adapted to harsh field conditions rather than the favourable
environment in the pot trials. Previous studies demonstrated that environment is a key proponent
dictating the competitiveness of a strain and can differ under varying growth conditions (Zhang et al.,
2014; Ji et al., 2017). The dominance of strains from group III in the field is in agreement with findings
of several studies that demonstrated dominance of particular strains within indigenous populations
of nodule occupants of cowpea under field conditions (Pule-Meulenberg et al., 2010; Mathu et al.,
2012; Wade et al., 2014).
In our study, the abundance of indigenous strains recovered from field nodules can be attributed to
the adaptation of these strains to the adverse dryland field conditions of Mbeere in soils of low
nutrient availability (Table 4). The cropping of cowpea in this particular field for over forty years either
as a sole crop or in rotation with other crops (chapter 1) is also another factor. Continuous cropping
of the host plant has an influence on indigenous rhizobia (Bottomley, 1992).
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This could explain the high abundance of rhizobia (7.1 x 103 CFU g-1 soil) obtained from this field soil
and could have presented a major limitation to colonization of the rhizosphere and roots of cowpea
by our introduced strains.
Despite having used inoculum containing a high amount of Bradyrhizobium strains (approximately 104
to 105 CFU rhizobia per seed), occupancy of nodules by our introduced strains was not attained.
Several studies have reported low or no recovery of the inoculant strain where resident rhizobial
populations exceeded 103 rhizobia g−1 soil (Danso and Owiredu, 1988; Thies et al., 1991; Mathu et al.,
2012). In contrast, other studies have shown responses to inoculation even against a high background
of indigenous strains (Asad et al., 1991; Zhang et al., 2014). In these mentioned studies success of
inoculation was attributed to the high competitiveness of introduced strains as compared to
indigenous strains. Also, an alternative strategy applied to enhance strain competitiveness in soils with
high populations of Bradyrhizobium entailed re-inoculation in several seasons that resulted in
increased soybean yield (Hungria et al., 2006).
In our study, besides abundant indigenous rhizobia, the lack of response to inoculation can also be
attributed to the inoculation technique and formulation. This may have reduced the survival of our
strains under field conditions and inability to successfully compete with indigenous rhizobia to
colonize the rhizosphere of cowpea plants and initiate nodules. Seed coating by use of filter mud based
inoculant might not have been adequate to ensure the survival of the introduced strains on the seed
surface and in the soil until germination. Poor survival of rhizobia on the seed surface and in the soil
due to harsh environmental conditions has been documented as a cause of inoculation failure (Deaker
et al., 2004; Law et al., 2007). Mbeere has a hot and dry climate usually characterized by erratic rainfall
and frequent droughts. Therefore, new inoculant formulations that will offer adequate nutrients,
humidity protect strains against desiccation and enhance cell multiplication in the rhizosphere will be
required to enhance the competitiveness of introduced strains against indigenous populations.

Conclusions
In conclusion, rapid screening due to simple sample preparation and short processing time of multiple
rhizobia strains makes MALDI-TOF MS attractive for studying nodule occupancy as demonstrated in
the pot and field experiments. This approach of studying nodule occupancy is suitable for assessing
competitiveness of a large number of strains simultaneously. Although the maximum number of
strains that can be simultaneously traced in competition assay is yet to be investigated, this tool
provides an opportunity that would allow for selection of superior competitors if assays including 20
or more strains can be developed.
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The accuracy of strain identification by MALDI-TOF MS when using complex mixtures of strains will
allow future studies simulating more the natural conditions of native soils. Considering the high
concentration of indigenous rhizobia populations in soils used in this study, it might be beneficial to
first screen for competitiveness and then test the symbiotic efficacy in order to develop new
inoculants for cowpea production. In addition, future genome sequencing of the two strains M3h and
M6h will allow investigation into the genetic basis and possibly identify candidate genes responsible
for the poor efficacy of M6h and high efficacy of M3h.
Future research could investigate the possible applications of MALDI-TOF MS to compare and relate
available protein mass spectra to the proteins or metabolites that might be important for
competitiveness and/or symbiotic efficacy, and development of biomarkers for such a large set of data
if available.
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Supplementary material

Fig. S1. List of the top 40 ranked biomarkers of bacteroids from experiment 1. Ranking is performed on
correlation adjusted t-scores (CAT scores). The length and direction of the horizontal blue bars can be
interpreted as a measure of the influence of a given biomarker on the discriminative power of the predicting
model. A high positive CAT-score indicates that a biomarker is consistently higher expressed within a species
compared to the total sample pool the reverse applies for highly negative CAT-scores.
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Fig. S2. List of the top 40 ranked biomarkers of bacteroids from experiment 2. Ranking is performed on
correlation adjusted t-scores (CAT scores). The length and direction of the horizontal blue bars can be
interpreted as a measure of the influence of a given biomarker on the discriminative power of the predicting
model. A high positive CAT-score indicates that a biomarker is consistently higher expressed within a species
compared to the total sample pool the reverse applies for highly negative CAT-scores.
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Fig. S3. List of the top 40 ranked biomarkers of bacteroids from M3h and M6h. Ranking is performed on
correlation adjusted t-scores (CAT scores). The length and direction of the horizontal blue bars can be
interpreted as a measure of the influence of a given biomarker on the discriminative power of the predicting
model. A high positive CAT-score indicates that a biomarker is consistently higher expressed within a species
compared to the total sample pool the reverse applies for highly negative CAT-scores.
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Fig. S4. (a) Two-dimensional (2D) and (b) three-dimensional (3D) principal component analysis representing the
relationships between unsupervised hierarchical clustering of protein masses set of field nodules and their
distribution. The clustering groups were defined as I, II, III, IV, V, VI and CB 1015 reference nodules. To verify
that group III represented only one type of mass spectrum (one clonal strain) or several ones (different closely
related strain), a "group III biomarker set" was calculated using 8 random strains (16 spectra) shown as Group
III Ref in the 2D PCA-panel.
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Abstract
Inoculation of cowpea (Vigna unguiculata L. Walp.) with rhizobia selected for high efficiency in
biological nitrogen fixation (BNF) and fertilization using Sympal (containing P, K, Ca, S, Mg and Zn) is
an option to enhance nitrogen fixation and yields in smallholder farmers’ fields. In previous studies
Bradyrhizobium strains isolated from contrasting agro-ecological zones [Kilifi (Coastal lowland) and
Mbeere (Lower midland)] in Kenya were screened and selected for symbiotic effectiveness in axenic
conditions. The present study aimed at (i) validating the effect of two selected strains from Kilifi and
two from Mbeere and their mixture on cowpea nodulation, above ground biomass and N content in
comparison to a reference strain CB 1015 (from Biofix, MEA Ltd. Kenya) and the uninoculated controls;
(ii) assessing site and regional interaction of these strains (i.e. local adaptation of the selected strains);
and (iii) quantifying the effect of additional N and Sympal fertilizer on cowpea nodulation and biomass
production. Field experiments with a local cowpea cultivar K80 were established in Kilifi and Mbeere
during the 2014 short rain (SR) and 2015 long rain (LR) seasons. In each agro-ecology, two trials were
set up on farmers’ fields during both cropping seasons. In each site, experiments were established
using a randomized complete block design with nine treatments and four replications. Besides the
selected strains from Mbeere (M19c, M20a) and Kilifi (K1h, K17f), a commercial strain CB 1015 and
the mixture of all five strains were included as well as a negative control (without inoculation and no
nitrogen fertilizer), a positive control (without inoculation and 60 kg N ha-1), and a treatment (CBASymp) with the commercial strain CB 1015 but without the Sympal fertilizer (101 g kg-1 P, 125 g kg-1 K,
71 g kg-1 Ca, 40 g kg-1 S, 6 g kg-1 Mg and 1 g kg-1 Zn). Two out of the eight experimental sites were
discarded due to animal attack and Alectra plus nematode infestation. Three sites remained in 2014
SR [sites A, B (Kilifi) and site C (Mbeere)] and three sites in 2015 LR [sites D, E (Kilifi) and site F
(Mbeere)]. Grain harvest was only possible in site C in Mbeere during the 2014 SR with low yield levels
(340 kg ha-1) due to drought. The selected strains had no significant difference to the negative control
in shoot parameters (dry weight, nitrogen concentration and nitrogen uptake) and nodule dry weight
of cowpea plants at flowering in all sites and on grain yield or grain N uptake in site C. Indigenous
rhizobia populations ranging from 2.38 x 102 (site E) to 7.10 x 103 (site C) CFU rhizobia g-1 of dry soil,
most likely outcompeted introduced inoculant strains. N fertilization increased shoot dry weight
between 24 to 90% across the six sites. Shoot dry weight of CBA treatment (Sympal applied) showed
an increase ranging from 23 to 168% when compared to the CBA-Symp treatment (Inoculation with
strain CB 1015 but no addition of Sympal fertilizer). Application of Sympal increased nodulation across
all sites. This study revealed the need for nutrient supplementation in smallholder farmers’ fields for
efficient BNF and proposes a strategy for the improved screening and selection of competitive and
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effective strains and screening of high yielding cowpea cultivars that are efficient in N2 fixation with
indigenous rhizobia.
Keywords: cowpea, resource poor farmers, inoculation, biological N fixation, fertilization

Introduction
The cultivation of Cowpea (Vigna unguiculata L. Walp) is prevalent across global cropping systems.
Most importantly it dominates farming systems of the arid and semi-arid tropics since it is well
adapted to dry conditions (Singh et al., 2002). It is grown as a sole crop or inter cropped with maize,
sorghum, millet, cassava among other crops (Timko and Singh, 2008; Adekunle et al., 2014). In the dry
lands of eastern and coastal Kenya, cowpea plays an integral role in the diets of humans, livestock and
as a source of income for smallholder farmers (Saha, 2000). However, poor cowpea grain yields
(ranging from 107 to 239 kg ha-1) have been recorded in eastern Kenyan smallholder farms (Kimiti et
al., 2009). Furthermore, the average grain yield in Kenyan farms is estimated at 492 kg ha-1 (FAOSTATS,
2014). This is far below the estimated potential yield of selected improved Kenyan cowpea varieties
ranging from 800 - 1800 kg ha-1 in Kenya (Karanja et al., 2006).
A conglomerate of factors are responsible for the yield gap, key among them being nutrient limitation.
Continuous cultivation without adequate replenishment of nutrients via optimal fertilization has
resulted in nutrient depletion, hence declining crop productivity and food security for smallholder
farms in Kenya and across Sub Saharan Africa (SSA) (Itabari et al., 2011; Vanlauwe et al., 2014). A
report by Gicheru (2012) in Kenya estimated the average annual export of nutrients at 46 kg Nitrogen
(N), 1 kg Phosphorus (P) and 36 kg Potassium (K) ha-1. Other constraints are (i) the use of poor yielding
varieties (Ndiso et al., 2015), (ii) severe pests attacks e.g. aphids (Aphis craccivora), root nematodes
(Gichuki et al., 2016) and disease pressure (e.g., brown blotch, scab) (Mbong et al., 2016), as well as
parasitic plants (Alectra vogelii) (Karanja, 2009), and (iii) inconsistent rainfall distribution and recurrent
droughts (Njeru et al., 2013).
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Biological nitrogen fixation (BNF) through the use of Rhizobium inoculants, is among the technologies
that can be exploited to increase cowpea grain yields (Ferreira et al., 2013; Rufini et al., 2014; Gómez
Padilla et al., 2016). An important characteristic, especially under N limited conditions, is the ability of
cowpea to fix atmospheric N through symbiosis with rhizobia and to contribute to the sustainability
of the cropping system (Giller, 2001; Belane and Dakora, 2010).
The efficiency of BNF will vary with the soil conditions including moisture, pH, soil N status, the
availability of carbohydrates and selected mineral nutrients [phosphorus (P), potassium (K),
magnesium (Mg), calcium (Ca), sulphur (S), zinc (Zn), iron (Fe), molybdenum (Mo), copper (Cu), boron
(B)] (O'Hara, 2001; Weisany et al., 2013).
Integrated soil fertility management (ISFM) is a set of agricultural practices adapted to local conditions
to maximize the efficiency of nutrient and water use and improve agricultural productivity. ISFM
strategies rely on the combined use of mineral fertilizers, locally available soil amendments (such as
lime and rock phosphate) and organic matter (crop residues, compost and green manure) to replenish
lost soil nutrients (Vanlauwe et al., 2015). In order to optimize BNF the use of effective strains
(indigenous to the soil or introduced as inoculants) and ISFM practices such as mineral nutrient
application should be considered. In eastern Kenya, Onduru et al. (2008) observed a grain yield
increase of 45% when cowpea plants were inoculated and fertilized with P as compared to the
treatments which were inoculated and no P added. Similarly, cowpea grain yields improved by 56% in
Mozambique by application of P combined with rhizobia inoculation compared to the uninoculated
control without P (Kyei-Boahen et al., 2017).
Previously, most research in SSA has focused on N (through improved BNF) and P as the key nutrients
limiting cowpea production (Jemo et al., 2006; Gweyi et al., 2011; Singh et al., 2011). Recent research
on common bean and soybean across several African countries highlighted soil nutrient deficiencies
(K, Ca, Mg, Zn and S) as associated to reduced legume productivity (Woomer et al., 2014). This lead
to the formulation of a synthetic fertilizer named “Sympal”, blended specifically for legumes to
enhance BNF (101 g kg-1 P, 125 g kg-1 K, 71 g kg-1 Ca, 40 g kg-1 S, 6 g kg-1 Mg and 1 g kg-1 Zn). Sympal
was developed by N2Africa [Putting Nitrogen fixation to work for smallholder farmers in Africa
(http://www.n2africa.org)] and commercialized by MEA Ltd. in Kenya (Woomer et al., 2014).
Therefore, we wanted to test if increase in plant productivity can be achieved for cowpea when
combining inoculation with indigenous Bradyrhizobium strains and adjusted nutrient supply such as
those contained in Sympal fertilizer.
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In a previous study in Kenya by Mathu et al. (2012), inoculation of cowpea failed to improve cowpea
yield because of the low efficacy and competitiveness of the tested strains [Biofix (Kenya), cowpea
peat inoculant (USA) and Rhizoliq (Argentina)]. This has been attributed to a high occurrence of
competitive but less efficient indigenous Bradyrhizobia strains in the tested soils. This might also be
related to the promiscuity of cowpea which show less specificity to rhizobia compared to soybean
(Guimaraes et al., 2012). In order to improve the cowpea productivity without adding N fertilizer, there
is a need to select locally adapted strains with high efficiency with respect to BNF and high
competitiveness (ability to occupy a significant proportion of the nodules) from abundant and
unexplored indigenous populations. This could lead to the formulation of quality inoculants with the
potential to improve cowpea protein yield and N supply for companion or subsequent crops.
For this reason, 200 strains were selected in two different agro-ecologies [Kilifi (Coastal lowland) and
Mbeere (Lower midland)] in Kenya. The strains were characterized using MALDI-TOF MS of protein
mass spectral fingerprints (see chapter 1) and the 12 most diverse strains per region were tested for
their efficiency in biological N fixation in pot trials (see chapter 2). For each region, two Bradyrhizobium
strains with the highest potential were selected based on symbiotic effectiveness in axenic conditions.
The present study aimed at (i) validating the effect of the two selected Bradyrhizobium strains from
Kilifi and the two selected strains from Mbeere on cowpea nodulation, biomass and N content in
comparison to a reference strain CB 1015 (from Biofix, MEA Ltd. Kenya) and the uninoculated controls
with native strains directly in farmers’ fields in Kilifi and Mbeere; (ii) assessing site and regional
interaction of these strains on shoot biomass and nodule biomass (i.e. local adaptation of the selected
strains); and (iii) quantifying the effect of additional N and Sympal fertilizer on cowpea nodulation and
biomass production. In addition, a mixture of strains was used to verify if more diverse inocula have a
higher potential to adapt to local conditions. Results on the competitiveness of the selected strains
under field conditions have been described in detail in chapter 2.
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Materials and methods
Study site description
In each region, two farmers’ fields were selected to set up the cowpea experiments in the two typical
growing seasons. Field experiments were established in two agro-ecologies [Kilifi (Coastal lowland)
and Mbeere (Lower midland)] in Kenya, during the 2014 short rain (SR) and 2015 long rain (LR) seasons
(Table 1). Out of the 8 experimental sites, two were discarded. In the 2014 SR season in Mbeere, at
approximately three weeks after sowing the site was invaded by antelopes which caused extensive
damage to majority of the plots and no usable data could be obtained. Also in Mbeere, during the
2015 LR season one site suffered from infestation by root nematodes (Fig. 6) and Alectra (Fig. 7) greatly
affecting cowpea growth and no reliable data could be obtained.
The remaining six experiments represented different farmers’ fields and were named as A-F: in the
2014 SR season, two sites (A and B) from Kilifi and one from Mbeere (site C) and for the 2015 LR
season, 2 sites from Kilifi (D and E) and one from Mbeere (site F). The fields selected for this study had
no known history of inoculation with rhizobia. Details of site location, altitude, fertilizer management,
cropping history of the previous season, sowing and harvesting of the trials are listed in Table 1.
Generally, resource poor farmers in both regions neither use inorganic nor organic fertilizer for their
cowpea production. However, animal manure was often applied to other crops (e.g. maize, millet,
sorghum) in the crop rotation in Mbeere region only. In both agro-ecologies, farmers utilize crop
residues (maize, sorghum and cowpea) from preceding crops as a source of nutrients (pers. com.
during interviews with farmers by Samuel Mathu Ndungu).
Temperature and rainfall pattern data for the 2014 and 2015 growing seasons at the study sites were
obtained from the “aWhere Weather” module http://www.awhere.com. Rainfall in Mbeere was 146
mm and 194 mm for the SR and LR seasons, respectively, while in Kilifi, it was 178 mm and 210 mm
for the SR and LR seasons, respectively (Fig. 1). The mean temperature in Mbeere was 23.8°C and
23.4°C for the 2014 SR and 2015 LR seasons, respectively, while in Kilifi, it was 28.6°C and 26.7°C for
the 2014 SR and 2015 LR seasons, respectively.
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Fig. 1. Daily cumulative precipitation during the crop growing periods for the 2014 short rains (SR) and 2015 long
rains (LR) in (a) Mbeere and (b) Kilifi.
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Table 1. Characteristics of the 6 study sites, including location, agro-ecology, altitude, and history of
the previous cropping season, input use by farmers and dates of sowing and sampling in each site.
Region
Year
Farm
Co-ordinates

Kilifi
Site A
S 03° 45.707'
E 039° 40.027'

S 03° 45.739'
E 039° 40.269'

S 03° 46.985'
E 037° 40.773'

Coastal lowland

Lower midland
1048

maize-cowpea
intercrop

210
maizecowpeacassava
intercrop

none

Kilifi
Site D

S 00° 46.714'
E 037° 40.621'

Coastal lowland

Lower midland

162

170

1052

cowpea,
pigeonpea and
millet intercrop

Fallow

cassava

millet

none

animal manure

none

none

animal manure

10-Oct-14

11-Oct-14

07-Nov-14

23-Jun-15

24-Jun-15

08-Apr-15

04-Dec-14

05-Dec-14

02-Jan-15

25-Aug-15

26-Aug-15

09-Jun-15

07-Jan-15

07-Jan-15

27-Jan-15

25-Sep-15

01-Oct-15

02-Jul-15

169

S 03° 45.685'
E 039°40.027'

Mbeere
2015 long rains (LR) season
Site E
Site F
S 03° 45.470'
E 039° 40.030'

AEZ
Alt (m a.s.l)
Cropping
history of
previous
season
Input use by
farmer
Soil sampling
and sowing
date
Biomass
sampling
Harvest at
maturity

Mbeere
2014 short rains (SR) season
Site B
Site C

AEZ = Agro-ecological zone, Alt = Altitude

Soil sampling and analysis
Soils from each site were sampled from several points in each block before sowing to a depth of
0-20 cm. Samples consisting of thirty cores were pooled into a composite sample per site, placed in
polythene bags and transported in a cooler box. A sub sample was made and stored in the refrigerator
at 4°C prior to biological analysis while the rest was air-dried under shade for physico-chemical
analysis. The air-dried soil samples were sieved to ≤ 2 mm prior to determining their chemical and
texture properties at the MEA Ltd. soil and tissue testing laboratories (Nakuru, Kenya). The measured
parameters were: Total nitrogen, based on the Kjeldahl procedure (Bremner, 1960), organic carbon
(Walkley and Black, 1934), Olsen P (Olsen, 1954), Mehlich K, Ca, Mg and Na: (Mehlich et al., 1962), pH
(H2O), and soil texture, using the hydrometer method (Bouyoucos, 1962).
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Enumeration of indigenous rhizobia populations from field soil
A Most Probable Number (MPN) experiment in sterilized sand using dilutions of soil from the field
sites was carried out with cowpea cultivar K80 according to Brockwell (1963) to estimate the
abundance of indigenous rhizobia population in soils from sites A to F (as described in chapter 2).
Inoculant preparation
Four strains selected from greenhouse experiments (M19c, M20a, K1h and K17f), a mixture of these
strains, and the reference strain CB 1015 (chapter 2) were used to produce liquid cultures (minimum
of 107 rhizobia cells per ml of bacterial culture). Rhizobia inoculant cultures were prepared by picking
single purified colonies of the individual strains from plate cultures on Yeast extract Mannitol Agar
(YMA) plates [10 g.l-1 mannitol, 0.5 g.l-1 K2HPO4, 1 g.l-1 yeast extract, 0.2 g.l-1 MgSO4.7H2O, 0.1 g.l-1 NaCl,
15 g.l-1 agar (Somasegaran and Hoben, 1994)]. Each colony was transferred into 50 ml of fresh YM
broth in 200 ml Erlenmeyer flasks and incubated at 28°C at 200 rpm for 3-5 days until growth in the
log phase of the individual strains. Inoculant for the mixture treatment was prepared by using 1 ml of
liquid culture of each strain and adding to a separate sterile tube and vortexed for 1 min.
Sterilized filter mud was obtained from MEA Ltd. (Nakuru, Kenya) and selected as a suitable carrier
material for inoculant production. Filter mud which is also called filter-cake is a solid residue obtained
from sugarcane juice before crystallization of sugar (Talha et al., 2016). In the laminar flow, using a
sterile 10 ml syringe and a needle, 5 ml of liquid culture was aseptically injected into 5 g of sterilized
filter mud for each strain. The bags were then aseptically sealed, labelled and massaged to allow for
bacterial strains to be absorbed into the filter mud. The freshly prepared inoculants were incubated
at 28°C for 14 days to allow for rhizobia growth (Somasegaran and Hoben, 1994) and then stored at
room temp.
Prior to use in the field, direct cell counts by the drop plate method were done to quantify the colony
forming units (CFU) per gram of inoculant produced to ensure that a minimum target of 10 7 rhizobia
cells g-1 filter mud was achieved. Inoculants were transported to the field in a cooler box.
Experiment design
Experiments were laid out in a randomized complete block design with 9 treatments (except site C,
which had 8) with 4 blocks.
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Table 2. Description of treatments used during the 2014 short rains (SR) and 2015 long rains (LR)
seasons.
Treatment

Description

Control

negative control, without inoculation and no nitrogen fertilizer applied

N (+)

positive control, without inoculation and 60 kg N ha-1 applied as calcium ammonium nitrate (CAN)

CBA-Symp

Inoculation with strain CB 1015 but no addition of Sympal fertilizer

CB 1015

Strain obtained from Biofix (commercial inoculant produced in Kenya by MEA ltd.)

K17f

Bradyrhizobium elkanii isolated from uncultivated site 17 in Kilifi (chapter 1)

K1h

Bradyrhizobium elkanii isolated from a farmers’ field in Kilifi (chapter 1)

M19c

Bradyrhizobium sp. isolated from uncultivated site in Mbeere (chapter 1)

M20a

Bradyrhizobium cf. diazoefficiens strain isolated from uncultivated site in Mbeere (chapter 1)

Mixture

Mixed inoculant of strains (M19c+M20a+K1h+K17f+CB 1015)

⃰CB 1015 is henceforth referred to as CBA treatment throughout this chapter. All treatments received Sympal
except the CBA-Symp treatment

Treatments consisted of a negative control (without inoculation and no nitrogen fertilizer), positive
control (without inoculation but 60 kg N ha-1 applied) and five Bradyrhizobium inoculants prepared
using strains (M19c, M20a, K1h, K17f and CB 1015), a mixture of the five strains and CBA-Symp
(inoculation with strain CBA but no addition of Sympal fertilizer).
Nitrogen was applied as calcium ammonium nitrate (CAN) for the treatment with mineral N only (and
no inoculation) at a rate of 60 kg N ha-1, in a split application of 25 kg N ha-1 at sowing and 35 kg N ha1

at three weeks after sowing. Prior to sowing, Sympal fertilizer (101 g kg-1 P, 125 g kg-1 K, 71 g kg-1 Ca,

40 g kg-1 S, 6 g kg-1 Mg and 1 g kg-1 Zn) was applied to all plots except the CBA-Symp treatment which
received only inoculation with the reference strain (CBA) in all sites except in Mbeere (site C). There,
this treatment was not included. Sympal was applied at a rate of 150 kg ha-1; this implies 15 kg P ha-1,
19 kg K ha-1, 11 kg Ca ha-1, 6 kg S ha-1, 0.9 kg Mg ha-1 and 0.12 kg Zn ha-1. The experiment was conducted
under rain-fed conditions. Two manual weeding operations were carried out using hand-hoes at three
and six weeks after sowing. Pest management to control aphids and beetles was done by spraying
pesticide [DUDUTHRIN 1.75 EC (active ingredient; Lambdacyhalothrin), (TWIGA chemicals Ltd.,
Nairobi, Kenya)] as per the manufactures instructions in all sites.
Experiment set up
Fields were first prepared by ox-plough and hand-hoes prior to sowing. In each site, the experimental
area was divided into plots of 3.5 m x 3.5 m (12.25 m2) with 1 m spacing between blocks and with 0.5
m between plots (see Fig. 2).
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Fig. 2. Illustration of experimental layout, plot size and spacing between plots and blocks (B1-B4) used in each
site.

Cowpea cultivar, K80 [a determinate improved cultivar; Kenya Agricultural and Livestock Research
Organization (KALRO)] commonly cultivated in the Mbeere and Kilifi regions of Kenya, was used for
field experiments. Each plot consisted of 6 cowpea rows. Plant to plant distance was 0.5 m between
rows and 0.2 m within row.
Cowpea seeds were surface sterilized in NaOCl (0.5M; 2 min) and rinsed several times in distilled water
to eliminate any rhizobia from the surface. Afterwards inoculation was done at a rate of 10 g of
inoculant kg-1 of seed resulting in 104 to 105 CFU rhizobia per seed. In order to ensure that all the
applied inoculum stuck to the moist seed, gum arabic (3 g l-1) was used as a sticking agent and gently
mixed with seed so that all the seeds received a thin coating of the inoculant. All inoculation was done
just before sowing under the shade to maintain the viability of bacterial cells. Seeds were allowed to
air dry for a few minutes and were then planted. Seeds were immediately covered with soil after
sowing.
Biomass, nodulation and yield assessment
Nodulation and shoot biomass were assessed at 50% flowering of cowpea plants. In total eight plants
were taken from the second row of the border (4 from each side, Fig. 3) of the plot for assessing nodule
number per plant, nodule dry weight (NDW) in g per plant, shoot biomass (SDW) in g per plant and
shoot nitrogen content (SNC) in g per kg.
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Fig. 3. Schematic representation of an experimental plot indicating how plants were sampled at 50% flowering.
The red marks (x) represent boarder plants. Green marks (x) represents plants sampled either at 50% flowering
or at maturity (net plot). Four plants were selected from each of the orange coloured areas at 50% flowering for
assessment of biomass and nodulation.

Nodules were carefully separated from cowpea roots, counted and nodule fresh weights recorded.
Nodules were placed in a cooler box for transportation to the lab where 24 nodules per treatment
were surface sterilized and stored in glycerol at -20°C for nodule occupancy (see chapter 2) and the
remaining dried. Shoots and remaining nodules were oven dried to constant weight at 60°C for 48 hrs.
At physiological maturity, plants from the inner four rows net plot (4 m2) were manually harvested to
determine the grain yield of each plot. However, due to unfortunate weather events after flowering
(Fig. 4) and animal attack, only one site (site C) in the 2014 SR could be used for statistical analysis of
grain yield and N content (see chapter 2). In the 2015 LR across all sites there was poor plant
germination in majority of plots and grain yields were not reliably estimated (Fig. 5).
Management by researcher and farmer
Experiments were carried out in close collaboration with the researcher (myself) and farmers in all
sites. For the entire duration of the experiments farms were managed by the farmers under their
conditions. I was involved together with farmers and labourers in the experiment setup, seed
inoculation and planting, weeding and top dressing of N fertilizer to N+ treatments at 3 weeks after
sowing (WAS) and second weeding at 6 WAS, biomass and nodulation sampling and final harvest.
Sometimes weeding coincided with pest control and I was involved.
Some activities such as pest control were carried out independently by the farmers when necessary
during the growing seasons since aphids were rampant in all sites. Experiments in all sites relied on
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rainfall. To alleviate some of the constraints to cowpea production highlighted in the introduction,
some measures were put in to place: All sites received fertilization with Sympal (except CBA-Symp
treatment) to alleviate nutrient deficiency, K80 an improved high yielding (potential of 1800 Kg ha-1
grain yield) cultivar was used, proper plant spacing, weed control, spraying to control pests such as
aphids was done at the appropriate time.
Shoot nitrogen analysis
Dried cowpea shoots at flowering stage were milled (particle size ~1 mm) using a cutting mill (Retsch
GmbH, Germany) and a subsample milled into fine powder using a ball mill (Retsch GmbH, Germany).
Shoot N concentration (SNC) (mg N g-1 dry matter) was measured using a CN analyzer coupled with
mass spectrometer (IsoPrime 100 IRMS system: Isoprime Ltd.). The analysis was done at ETH Zürich
(Plant Nutrition Group, ETH). Shoot total N uptake (SNU) was calculated by SNC multiplied by SDW.
Statistical analysis
The data on SDW, NDW, SNC, and SNU of sites A to F as well as grain yield and grain N content for site
C were analysed by analysis of variance (ANOVA) using SAS JMP version 11.2.1 (SAS institute, 2013).
Shapiro-Wilk W tests were used to determine if residuals were normally distributed, and Box-Cox
transformations applied where necessary to protect against violation of homoscedasticity and
normality of the ANOVA. Treatment effects were assessed at a significance level of 5 % and significant
differences between treatment means identified were rated using post-hoc Tukey’s HSD (honest
significant difference) test. Due to large differences between the six sites and unequal within site
variation, the overall data across sites A to F did not meet the requirements of the ANOVA (see Table
4) regardless of the transformation used. Therefore, the ANOVA for the determination of treatment
effects was done per site using the treatment as fixed factor and replication (block) as random factor.
Nonparametric Spearman’s correlation was applied to the overall data for nodule dry weight and
shoot nitrogen content and uptake.
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Results
Soil properties
The six experimental sites differed in soil texture and ranged from sandy loam (sites A, B and C), sandy
clay loam (Site D and E) and loam (site F).The soils were all acidic having a pH range of 4.8 (site D) to
6.0 (site F). Soil N concentrations ranged from 0.1 to 0.9 g kg-1. Olsen P soil concentrations ranged
from 3.3 to 8.3 mg kg-1. Soil organic C concentrations ranged from 0.6 to 8.7 g kg-1 (Table 3). The soil
Mehlich K values were lower than the detection limits in all sites except in site F. The soil Mehlich Mg
values ranged from 0.2 to 0.7 cmolc kg-1 but were below the detection limits for sites C and E. The soil
Mehlich Ca values ranged from 0.35 to 2.23 cmolc kg-1. The soil Mehlich Na was below detection limit
in site C, and in the other sites ranged from 0.06 to 0.22 cmolc kg-1 (Table 3). Site D and E had the
highest content of organic matter, while site C showed very low values and site E had the highest P
content and site F the highest Ca content.
Table 3. Selected soil properties from the study sites.
Season

2014 short rains (SR) season

2015 long rains (LR) season

Region

Kilifi

Kilifi

Mbeere

Kilifi

Kilifi

Mbeere

Property

Site A

Site B

Site C

Site D

Site E

Site F

5.4

5.6

5.5

4.8

5.1

6.0

0.4

0.1

0.2

0.9

0.9

0.4

Organic C (g kg )

5.1

2.9

0.6

8.7

9.2

4.1

Pc (Olsen) (mg kg-1)

4.1

3.9

3.2

3.3

8.3

5.0

Mehlich K (cmolc kg )

BDL

BDL

BDL

BDL

BDL

0.1

e

-1

Mehlich Ca (cmolc kg )

0.4

0.5

0.4

1.2

1.2

2.2

f

-1

Mehlich Mg (cmolc kg )

0.8

0.3

BDL

0.6

BDL

0.4

Mehlich Nag (cmolc kg-1)

0.1

0.1

BDL

0.2

0.1

0.2

560

735

720

540

560

440

160

190

150

240

220

240

pH (H2O)
a

-1

Total N (g kg )
b

-1

d

h

-1

-1

Sand (g kg )
i

-1

Clay (g kg )
j

-1

Silt (g kg )
k

280
−1

MPN (CFU rhizobia g soil)
Textural class

75
3

130
3

1.41 x 10

1.21 x 10

sandy loam

sandy loam

220
3

7.10 x 10

sandy loam

220
2

4.36 x 10
sandy clay
loam

320
2

2.38 x 10
sandy clay
loam

7.50 x 102
loam

a

Total N: Kjeldahl method (Bremner, 1960), bOrganic C: (Walkley and Black, 1934), cP Olsen : (Olsen, 1954),
Mehlich dK, eCa, fMg and gNa: Mehlich double acid method (using AAS) (Mehlich et al., 1962), hsand, iclay and
j
silt: hydrometer method (Bouyoucos, 1962), kMPN Most probable number (Brockwell, 1963). BDL, Below
Detection Limit.
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Abundance of indigenous Rhizobium strains per site
Results from the MPN assessment revealed abundance of indigenous rhizobia in all sites with
population numbers ranging from 2.38 x 102 (site E) to 7.1 x 103 (site C) CFU rhizobia g-1 of dry soil
(Table 3). In general the MPN was higher in the short season 2014 compared to the long growing
season in 2015 and higher in Mbeere (site C and site F) compared to the Kilifi sites.
Effect of treatments on cowpea performance and nodulation across sites
It was not possible to obtain a normal distribution of the residuals for any traits across the six sites,
despite the different types of transformations that were tested. This is mainly due to the large
differences between the six sites and unequal within site variation. Therefore, results of the ANOVA
cannot be used for the interpretation of the data as normal distribution of residuals is a precondition.
Therefore, the non-parametric Kruskal-Wallis test was conducted (Table 5), which has less statistical
power and cannot test for treatment x site interaction. Across all six sites we found significant
treatment effects for nodule dry weight (NDW) and shoot dry weight (SDW) but not for shoot N
content (SNC) and shoot N uptake (SNU). In contrast, the effect of the site was highly significant for all
traits.
Table 4. Kruskal-Wallis test, 1-way, Chi-square approximations in response to treatment and
site for shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake
(SNU) and nodule dry weight (NDW) from cowpea plants harvested at 50% flowering across all
sites.

SDW
SNC
SNU
NDW

Treatment
ChiSquare
DF Prob>ChiSq
17.435
8
0.026
13.511
8
0.095
15.128
8
0.057
19.631
8
0.012

Chi-Square
141.611
112.304
147.015
148.158

Site
DF
5
5
5
5

Prob>ChiSq
<.0001
<.0001
<.0001
<.0001

Since the ANOVA indicated that we might have significant treatment x site interaction, the analysis
was conducted individually for each site as shown below (Tables 5 to 10).
Effect of treatments on cowpea performance and nodulation for individual sites
It was possible to fulfil the requirement of the ANOVA for each of the six sites. For the traits (SNC in
all sites and NDW in sites A and E), Box-Cox transformation was applied to achieve normal distributed
residuals. However, due to the limited number of samples (4 replications per treatment) and the high
standard error of means the statistical power is very low per site.
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Shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake (SNU) and nodule
dry weight (NDW) of cowpea plants at 50 % flowering were generally higher for all treatments in the
2015 LR season as compared to the 2014 SR season (Tables 5 to 10). The four selected Bradyrhizobium
strains including the mixture of tested strains and the commercial strain were not significantly
different to the uninoculated control for the all the assessed traits (SDW, SNC, SNU, NDW) at all sites
(Tables 5 to 10). Significant (P<0.05) differences were detected for some traits (i) between treatments
CBA with and without Sympal fertilization and (ii) between uninoculated control with and without
additional N fertilizer in several sites, while significant differences between Bradyrhizobia strains were
observed only in Site A (see below). In site C, where grain harvest was possible but treatment CBASymp was missing, we could not detect any significant difference between the 8 treatments for any
trait (SDW, SNC, SNU, NDW, grain yield or grain N uptake) (Table 7).
Nodulation
All plants in all the study sites formed nodules. The average nodule number per plant during flowering
in the uninoculated treatments in sites A, B, C, D, E and F was 18, 11, 15, 53, 53 and 28, respectively.
Thus, there is already basic nodulation from native rhizobia in the different sites.
This higher level of nodulation in the 2015 LR season (site D, E and F) is in contrast to the MPN
assessment from soil samples where higher rhizobia abundance was detected before sowing of
cowpea in the 2014 SR season (site A, B and C). As the size of nodules can vary quite a lot, the nodule
dry weight is a more relevant parameter for BNF than just the nodule number. Therefore, the
statistical analysis was conducted on NDW. The lowest NDW was observed for treatment CBA-Symp
in sites A, B, D, E and F with significant difference (P<0.05) between CBA and CBA-Symp in site A (Table
5). At this site we also found significantly lower NDW in the N+ treatment compared to the control.
Shoot dry weight at flowering (SDW)
The highest shoot dry weight SDW was observed in the N+ treatment (60kg N ha-1 applied),
uninoculated in all sites in both growing seasons. Increase in SDW of the N+ treatment over
uninoculated controls without additional N fertilizer ranged from 24, 61, 62, 65, 67 and 90% for sites
C, D, B, F, A and E, respectively , despite the fact that all plants were well nodulated. This difference in
SDW was significant in sites A, B, and E. The lowest SDW was observed in the CBA-Symp treatment in
four sites (A, B, D, and E). Shoot dry weight of CBA treatment (Inoculation with strain CBA plus Sympal
fertilizer) showed an increase of 23, 44, 70, 77 and 168% in sites F, E, A, B and D, respectively, when
compared to the CBA-Symp treatment (Inoculation with strain CBA but no addition of Sympal
fertilizer).
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Significantly lower SDW was observed for CBA-Symp compared to the CBA treatment in site A, B, and
D. In site A, significantly higher SDW was achieved for Bradyrhizobia inoculation with M20a and the
Mixture compared to strain K1h (Table 5) although not significantly different to the uninoculated
control.
Shoot nitrogen uptake (SNU), shoot nitrogen concentration (SNC)
Shoot N concentration was not significantly affected by any of the 9 treatments in all sites. Therefore,
SNU follows the same distribution as the SDW. The highest SNU was observed in the N+ treatment in
all sites and this was significantly (P ˂ 0.05) higher compared to all other treatments in sites A, B and
E. Significant lower SNU was observed in the CBA-Symp treatment compared to the CBA treatment in
sites A and D. Significantly higher SNU was achieved for Bradyrhizobia inoculation with the Mixture
compared to strain K1h (Table 5) although not significantly different to the uninoculated control.
Grain yield and Grain N Uptake
Grain yield and Grain N uptake could only be reliably assessed in site C during the 2014 SR season
(Table 7). However, as stated above, none of the parameters was significantly different for the
assessed traits at this site. Grain yield could not be assessed in Kilifi during the same season due to
rotting of pods and seeds (Fig. 4), while in the 2015 LR season we observed at all four sites
inhomogeneous plant stand due to low germination rate of the seed and nematode infestation in one
site in Mbeere that was excluded.
Table 5. Mean shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake
(SNU) and nodule dry weight (NDW) from cowpea plants harvested at 50% flowering at site A in
Kilifi during the 2014 short rain season.
Site A
Treatment

Shoot dry weight
(g plant-1)

Shoot N
concentration
(mg N g-1)

Control

13.9

1.2

bc

24.6

1.8

ab

336.6

7.2

bcd

41.2

6.9

a

N(+)

23.2

1.6

a

24.0

1.0

ab

555.1

32.1

a

27.1

3.8

a

8.5

0.7

d

27.6

0.7

a

234.7

17.7

d

9.1

3.0

b

CBA

14.5

0.4

bc

24.2

0.4

ab

350.6

10.1

bc

28.7

7.9

a

K17f

13.0

0.8

bcd

23.8

0.1

ab

309.6

19.3

bcd

46.5

9.9

a

K1h

10.7

1.0

cd

25.6

0.7

ab

275.8

34.6

cd

37.4

10.2

a

M19c

13.2

0.8

bcd

23.3

1.0

b

308.7

30.3

bcd

21.5

1.8

ab

M20a

15.8

0.6

b

23.4

0.7

ab

368.4

10.3

bc

34.7

6.2

a

Mixture

17.0

0.9

b

24.2

0.2

ab

410.0

18.8

b

43.6

9.8

a

CBA-Symp

Shoot N uptake
(mg N plant-1)

Nodule dry weight
(mg plant-1)

Values in italics are standard errors of the mean. Means followed by different letters are significantly different
at P < 0.05. Means separated according to Tukey’s test.
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Table 6. Mean shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake
(SNU) and nodule dry weight (NDW) from cowpea plants harvested at 50% flowering at site B in Kilifi
during the 2014 short rain season.
Site B
Treatment

Shoot N
concentration
(mg N g-1)

Shoot dry weight
(g plant-1)

Shoot N uptake
(mg N plant-1)

Nodule dry weight
(mg plant-1)

Control

19.0

2.5

bc

25.7

0.5

488.4

66.2

b

19.6

6.2

ab

N(+)

30.8

1.8

a

23.1

1.1

707.4

30.5

a

4.4

1.9

ab

CBA-Symp

11.5

1.6

c

25.9

1.5

294.4

35.7

c

3.7

1.6

b

CBA

20.4

1.8

b

23.1

1.7

463.9

29.6

bc

17.0

3.0

ab

K17f

18.8

1.1

bc

23.9

0.9

450.1

34.2

bc

23.5

5.0

ab

K1h

17.3

1.6

bc

26.3

0.6

452.9

40.9

bc

21.0

2.1

ab

M19c

22.3

1.9

b

26.2

0.6

582.6

42.5

ab

27.9

6.7

a

M20a

20.9

1.0

b

23.7

0.7

496.6

35.1

bc

17.2

6.5

ab

Mixture

21.5

3.1

b

20.3

3.0

414.6

46.4

bc

24.2

3.1

ab

Values in italics are standard errors of the mean. Means followed by different letters are significantly different
at P < 0.05. Means separated according to Tukey’s test.

Table 7. Mean shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake
(SNU), nodule dry weight (NDW) from cowpea plants harvested at 50% flowering and grain yield and
grain N uptake harvested at maturity, at site C in Mbeere during the 2014 short rain season.

Site C
Treatment

Shoot dry
weight
(g plant-1)

Shoot N
concentration
(mg N g-1)

Shoot N
uptake
(mg N plant-1)

Nodule dry
weight
(mg plant-1)

Grain yield
(kg ha-1)

Grain N
uptake
(kg N ha-1)

Control

10.2

2.2

29.6

1.0

296.9

54.4

68.5

9.5

272.9

89.2

1.7

0.03

N(+)

12.5

1.8

33.8

2.5

408.7

42.3

48.2

2.2

340.0

61.9

1.9

0.1

CBA

7.3

K17f

9.5

0.8

29.6

1.4

215.4

25.3

48.2

3.6

277.1

43.7

1.8

0.1

0.9

29.0

1.4

278.1

39.6

60.8

5.5

256.2

61.7

1.7

0.1

K1h

9.7

2.1

30.3

0.6

291.2

59.9

60.5

5.1

305.0

73.7

1.7

0.1

M19c

10.2

1.8

32.6

1.8

323.0

44.3

59.8

10.3

289.3

82.2

1.9

0.1

M20a

7.0

1.1

32.1

2.5

225.1

44.2

70.6

5.6

228.9

14.4

1.8

0.1

Mixture

7.9

0.9

29.7

0.7

234.8

31.0

77.6

12.0

222.1

41.8

1.7

0.1

Values in italics are standard errors of the mean. There was no statistically significant difference (P > 0.05)
between treatments of all measured parameters.
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Table 8. Mean shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake
(SNU) and nodule dry weight (NDW) from cowpea plants harvested at 50% flowering at site D in Kilifi
during the 2015 long rain season.
Shoot N
concentration
(mg N g-1)

Site D
Treatment

Shoot dry weight
(g plant-1)

Shoot N uptake
(mg N plant-1)

Control

33.4

4.4

abc

22.5

1.1

741.2

77.3

N(+)

53.8

6.8

a

24.5

0.6

1324.8

CBA-Symp

15.2

1.9

c

27.5

1.0

414.4

CBA

40.8

6.7

ab

25.6

2.3

K17f

45.4

4.8

ab

22.9

K1h

35.2

3.2

abc

M19c

29.1

1.6

bc

M20a

28.9

5.0

Mixture

36.4

9.4

Nodule dry weight
(mg plant-1)

abc

389.3

79.1

a

183.7

a

161.4

45.4

ab

44.1

c

42.3

16.3

b

1082.0

260.4

ab

227.7

29.2

ab

1.0

1051.3

141.2

ab

388.2

32.4

a

24.2

1.3

840.4

43.5

abc

279.3

70.8

ab

27.9

2.6

816.4

93.9

abc

276.4

28.0

ab

bc

22.5

1.4

661.1

144.6

bc

461.5

146.6

a

abc

22.6

0.7

815.3

206.3

abc

332.0

27.9

ab

Values in italics are standard errors of the mean. Means followed by different letters are significantly different
at P < 0.05. Means separated according to Tukey’s test.

Table 9. Mean shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake
(SNU) and nodule dry weight (NDW) from cowpea plants harvested at 50% flowering at site E in Kilifi
during the 2015 long rain season.
Site E
Treatment

Shoot dry weight
(g plant-1)

Shoot N
concentration
(mg N g-1)

Shoot N uptake
(mg N plant-1)

Nodule dry weight
(mg plant-1)

Control

33.0

2.1

b

26.6

1.8

873.4

66.6

b

219.0

27.8

ab

N(+)

62.7

8.5

a

25.0

0.9

1557.3

180.4

a

279.7

99.9

ab

CBA-Symp

26.9

2.3

b

28.8

1.0

769.9

43.3

b

134.6

45.4

b

CBA

38.8

3.5

b

26.2

1.3

1007.4

68.8

b

460.9

132.9

ab

K17f

42.9

6.4

b

25.7

0.9

1089.4

144.5

b

338.4

129.8

ab

K1h

36.7

2.4

b

27.6

1.0

1004.0

35.2

b

546.8

156.0

a

M19c

27.8

2.7

b

29.4

1.1

819.6

94.6

b

363.0

105.1

ab

M20a

29.5

3.5

b

26.2

0.8

767.1

68.4

b

244.0

39.1

ab

Mixture

35.0

2.1

b

27.8

1.3

966.8

33.1

b

510.7

182.8

a

Values in italics are standard errors of the mean. Means followed by different letters are significantly different
at P < 0.05. Means separated according to Tukey’s test.
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Table 10. Mean shoot dry weight (SDW), shoot nitrogen concentration (SNC), shoot nitrogen uptake
(SNU) and nodule dry weight (NDW) from cowpea plants harvested at 50% flowering at site F in
Mbeere during the 2015 long rain season.
Site F
Treatment

Shoot dry weight
(g plant-1)

Shoot N
concentration
(mg N g-1)

Shoot N uptake
(mg N plant-1)

Nodule dry weight
(mg plant-1)

Control

28.7

2.8

ab

28.4

0.8

821.9

102.2

ab

51.5

21.7

ab

N (+)

47.3

4.9

a

29.3

0.5

1387.3

147.1

a

29.4

18.0

ab

CBA-Symp

28.8

6.4

ab

30.7

1.2

873.0

181.6

ab

14.9

7.6

b

CBA

35.3

4.0

ab

29.0

1.3

1013.7

98.2

ab

82.9

62.1

ab

K17f

28.5

4.2

ab

29.1

0.6

829.8

126.2

ab

127.5

22.0

a

K1h

24.8

3.8

b

30.2

0.7

752.8

127.5

b

51.3

1.9

ab

M19c

25.9

5.2

ab

28.6

0.9

732.1

123.8

ab

31.9

24.0

ab

M20a

34.9

3.8

ab

29.6

0.3

1030.3

106.0

ab

54.0

43.7

ab

Mixture

40.3

8.5

ab

28.9

0.3

1160.3

233.5

ab

38.9

12.1

ab

Values in italics are standard errors of the mean. Means followed by different letters are significantly different
at P < 0.05. Means separated according to Tukey’s test.

Correlation among cowpea parameters assessed at 50 %flowering
Across the six sites SNU was highly correlated (rank correlation 0.97, P <0.05) with SDW, while there
was no correlation with SNC. The NDW was significantly correlated to SDW and SNU (Table 11). This
indicates that successful nodulation is important for the biomass production of cowpea.

Table 11. Nonparametric Spearman’s correlation of shoot dry weight (SDW), shoot nitrogen
concentration (SNC), shoot nitrogen uptake (SNU) and nodule dry weight (NDW) from cowpea plants
harvested at 50% flowering across all six sites in this study.
Variable

by Variable

Shoot N concentration (mg g-1)

Shoot dry weight (g plant-1)

-1

Spearman ρ
-1

Shoot N Uptake (mg plant )

Shoot dry weight (g plant )

Shoot N Uptake (mg plant-1)

Shoot N concentration (mg g-1)

Nodule dry weight (mg plant-1)

Shoot dry weight (g plant-1)

-1

-1

Nodule dry weight (mg plant )

Shoot N concentration (mg g )

Nodule dry weight (mg plant-1)

Shoot N Uptake (mg plant-1)

Prob>|ρ|

-0.20

0.0038

0.97

<.0001

-0.02

0.8211

0.47

<.0001

-0.03

0.7061

0.46

<.0001
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Challenges to cowpea production
In this study, several challenges to cowpea production were encountered and the photos of rotting
cowpea pods at maturity, plots with low plant population of cowpea, root galls as a result of nematode
infestation and the parasitic weed Alectra are shown below and further elaborated in the discussion
of this chapter.

Fig. 4. Photo showing rotting of cowpea pods at maturity in sites A and B in Kilifi during the 2014
short rains (SR) season resulting in loss of harvesting data.

Fig. 5. Photo showing plots with low plant population of cowpea at maturity in (a) site D in Kilifi
and (b) site F in Mbeere during the 2015 long rains (SR) season resulting in non-representative
yield data.
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Fig. 6. Photo showing root galls as a result of nematode infestation on cowpea in one of the
excluded sites in Mbeere during the 2015 long rains (SR) season resulting in complete loss of this
trial.

Fig. 7. Photo showing the parasitic weed Alectra in in a farmers’ field in Mbeere during the 2015
long rains (SR) season resulting in complete loss of this trial.
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Discussion
Response to inoculation and Indigenous rhizobia
In the present study, the occurrence of nodules in cowpea plants of the uninoculated controls signified
presence of indigenous rhizobia. The number of nodules per plant in the uninoculated controls ranged
from 11 in Site B to 53 in sites C and D. The site specific enumeration of rhizobia populations further
revealed the abundance of indigenous rhizobia nodulating cowpea in all sites ranging from 2.38 x 102
(site D) to 7.1 x 103 CFU rhizobia g-1 of dry soil (site C). This result is in agreement with other studies
that have reported presence of indigenous rhizobia for cowpea and other grain legumes in soils from
Kenya, Ghana, South African, Botswana and Mozambique (Kimiti and Odee, 2010; Mathu et al., 2012;
Kawaka et al., 2014; Pule‐Meulenberg and Dakora, 2015; Kyei-Boahen et al., 2017).
Previous studies have demonstrated that indigenous rhizobia are better adapted to local
environmental conditions than strains introduced as inoculants (Meghvansi et al., 2010; Grönemeyer
et al., 2014). Hence in this study, the most efficient strains from screening experiments in the growth
chambers and originally isolated from farmers’ fields in Mbeere and Kilifi were used as inoculants for
cowpea (chapter 1 and 2 of this thesis). However, the introduced strains although previously isolated
from these agro-ecologies did not significantly improve cowpea shoot biomass, N content or
nodulation across all sites and grain yield in site C compared to the uninoculated control.
Due to the abundance of the native strains and their high competition as shown for site C in Chapter
2, it was not possible to draw any conclusion on the effectiveness of the 4 selected strains or if strains
selected in Kilifi were better adapted to Kilifi sites than those isolated in Mbeere and vice versa.
Factors that may have led to lack of response to inoculation as discussed for site C in chapter 2 may
also apply to the remaining five sites. These include mainly the hindrance of the inoculant strains to
compete with abundant indigenous rhizobia populations ranging from 2.38 x 102 (site E) to 7.10 x 103
(site C) CFU rhizobia g−1 soil.
Besides abundant indigenous rhizobia, the lack of response to inoculation can also be attributed to
the strain selection and inoculation technique and formulation. As the strains were selected first of all
for effectiveness, their ability to successfully compete with indigenous rhizobia to colonize the
rhizosphere of cowpea plants and initiate nodules might have been overestimated. We also selected
the Bradyrhizobia species while the native strains also include different rhizobia species that have
faster multiplication rates and might be faster in nodulating cowpea roots compared to the
Bradyrhizobium strains selected. The applied concentration of the inoculum with 104 to 105 CFU per
seed might have been too low considering the abundance of native rhizobia.
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Nodule occupancy was assessed in site C of Mbeere in the 2014 SR season (chapter 2) for selected
treatments and revealed that none of the introduced strains (CB 1015 from Biofix inoculant, K1h and
K17f from Kilifi and M19c and M20a from Mbeere) was competitive against the indigenous
populations for nodule formation. Based on the lack of response to inoculation, as observed on plant
response data, and results from MPN assays, it was not viable to invest additional resources and time,
to do further occupancy assessment of nodules from the other five sites. In order to improve the
symbiotic N fixation, it would be important to first check the competition potential of the isolated
strains and afterwards the BNF potential.
We also have to consider that the validation of the effectiveness of the selected strains could not be
conducted as planned (from 8 trials we could analyse 6 for SDW at flowering and only 1 for grain yield)
and that we lost a lot of statistical power due to inhomogeneous variances across sites that did not
allow a parametric testing across sites. Data from this study indicate a minor response of mixture of
strains compared to certain strains on SDW in site A (Table 5), which was also observed in the pot trial
(chapter 2). Based on that, inoculation experiments with mixtures should be given higher priority.
Mixture of strains could complement each other and adjust better to changing conditions, however it
should be tested that they are not competing or hampering each other.
Response of cowpea to fertilization
Nitrogen fertilizer application resulted in increase of shoot biomass and N content at flowering in all
the study sites and would have most likely also increased grain yield, although the increase in site C
was not statistically significant. This implies that the BNF of indigenous strains could not reach the N
required by cowpea plants in our study for optimal growth. This is an indication that N was a limiting
factor for cowpea growth and that the conditions for optimal BNF by indigenous strains were not
fulfilled. This is in agreement with findings of Ulzen et al. (2016) where an increase in grain yield was
observed when N fertilizer was applied to cowpea and soybean in field trials in Ghana, although a
higher rate of 100 kg N ha-1 was used in their study. However, previous reports indicate that N
fertilization reduced nodulation of cowpea (Graham and Scott, 1984; Sarr et al., 2015; Ulzen et al.,
2016). In our trials the NDW was also reduced when N fertilizer was applied compared to the control
in five of six sites.
Thus it would be very important to improve the efficacy of the BNF in cowpea by selection of efficient
strains so that the plant could cover the whole demand from fixed nitrogen instead of applying N
fertilizers. However, as discussed above, this will only be successful if the inoculated strains can
outcompete the indigenous inefficient strains.
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It might also be possible to select cowpea genotypes with improved symbiosis that can profit to a
greater extent from the BNF of Bradyrhizobia or might be able to start nodulation preferentially with
more efficient strains. For example, Belane et al. (2011) Identified cowpea genotypes that could fix
up to 182 kg N ha-1 and give yields of up to 2,900 kg ha-1. More recently, a study in Nigeria by Abaidoo
et al. (2017), evaluated cowpea genotypes for P use efficiency and BNF and identified P efficient
genotypes that could fix up to 50 kg N ha-1.
In the present study, the lowest nodulation was observed in the CBA-Symp treatment that lacked
Sympal fertilizer. Results obtained from the CBA-Symp treatment (sites A, B, D, E and F) showed that
cowpea production as well as successful nodulation was constrained by the limited nutrient
availability for plants in farmers’ fields. This is mainly due to lack of adequate fertilizer (inorganic) or
organic (either as manure or crop residues) application by farmers over several growing seasons in
farms which experiments were setup. Although crop residues in Kilifi and in Mbeere (animal manure
and crop residues) are used by farmers, results of crop performance indicate that these inputs are
inadequate to sustain crop productivity.
The low biomass and nodulation observed when Sympal was not applied compared to all other
treatments that received this fertilization demonstrated that these nutrients were limiting.
Phosphorus, Ca, Mg, S and Zn are critical for successful nodulation, nodule functioning and nitrogen
fixation, while K has a major role in photosynthesis and overcoming water stress by the plant
(Sangakkara et al., 2001; Bonilla and Bolaños, 2009). Deficiencies of P, K, Mg, Ca, S and Zn have been
shown to negatively affect legume growth and symbiosis with rhizobia resulting in reduced
nodulation, nitrogen fixation, biomass and yield (Giller, 2001; O'Hara, 2001; Cooper and Scherer,
2012). In five out of the six sites, Mehlich extractable potassium was below the detection limit and
could be a major limitation to cowpea production in these regions. This is further supported by the
response in five out of six sites to Sympal fertilizer which contains a higher proportion of element K
(125 g kg-1 K), (applied at a rate of 19 kg K ha-1) as compared to the other nutrients in this blend.
Further studies on increasing Sympal application by applying higher rates are required under these
field conditions to determine the optimum rate to improve cowpea yields.
The use of Sympal fertilizer was thus essential for cowpea growth due to its nutrient composition that
can enhance BNF and legume growth. Sympal application benefited the indigenous strains resulting
in better nodulation which probably led to improved nitrogen fixation and shoot biomass. This could
partially explain the strong correlation between nodule dry weight and shoot dry weight (Table 11).
Therefore, for successful cowpea production of resource poor farmers in Kenya the whole system
needs to be improved.
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The higher shoot biomass and nodulation observed in sites D and E during the 2015 LR season can also
be attributed to the higher organic C levels in the soil, 8.7 and 9.2 g kg-1, respectively as compared to
all other sites that had values ranging from 0.6 g kg-1 (site C) to 5.1 g kg-1 (site A).
Farmers need to take greater attention to adequate crop rotation, recycling of nutrients in form of
crop residues, manure, cover crops, but also the targeted addition of specialized fertilizer designed to
improve nodulation and thus the performance of legume crops. Only under these conditions, it is
possible that competitive and efficient strains can show the full potential to sustainably improve
cowpea production.
Challenges to cowpea field trials
Limited rainfall was a constraint to cowpea production especially in Mbeere as compared to Kilifi in
both growing seasons. The rainfall in Mbeere was mostly distributed at the beginning of the growing
season as compared to Kilifi where the distribution was regular throughout the growing period in both
seasons (Fig. 1). This could in part explain the higher shoot biomass and nodulation of cowpea in Kilifi
than in Mbeere in both growing seasons. Also, temperatures were about 4°C higher in Kilifi as
compared to Mbeere in both seasons and combined with more rainfall may have led to better crop
growth, longer time to flowering and higher shoot biomass and nodulation. In Mbeere, during the
2014 SR season a drought occurred since no rains were experienced from three weeks after sowing
until harvest. This resulted in plant stress thus, in reduced plant biomass at flowering and eventually
poor grain yields (340 kg ha-1) with the best performing treatment (60 kg N ha-1).
Under such conditions, the yield potential ranging between 800 and 1800 kg ha-1 of cowpea cultivar
K80 according to the Kenya Agricultural and Livestock Research Organization (KALRO)
(http://www.kalro.org) could not be attained. In the same season for Kilifi no grain yields were
obtained due to rotting of pods as a result of delayed spraying by the farmers to control pests under
moist conditions (Fig. 4). In the 2015 LR season grain yields could not be reliably estimated in all other
sites due to challenges of germination, crop growth resulting in unbalanced plant population in field
plots (Fig. 5). The low plant population in plots resulted in larger spacing between the plants and this
reduced competition for nutrients and space enabling them grow better. This in part could explain the
higher biomass in the 2015 LR season as compared to the 2014 SR season.
Other challenges included; destruction of cowpea plants by antelopes in one site during the 2014 SR
season in Mbeere. In the 2015 LR season, infestation by parasitic root nematodes and the parasitic
weed Alectra vogelii (Figs. 6&7), led to the poor crop performance of one experimental site in Mbeere.
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Conclusions
In conclusion, our study could not detect any significant advantage of the inoculation of four
Bradyrhizobium strains previously isolated from Kenyan soils and selected for symbiotic efficiency
under controlled conditions in pot trials. This was most likely due to competition of indigenous
rhizobia strains as cowpea in uninoculated control treatments was well nodulated. However, there
was a positive response of cowpea to N fertilization despite the nodulation, indicating that the BNF
and the N supply of the indigenous strains to the plant was not sufficient and should be improved. It
could also be shown that targeted fertilization with N-free fertilizer Sympal designed for legumes had
the greatest effect on cowpea biomass as well as on nodulation. Thus, in addition to improved
Bradyrhizobium strains, sufficient supply of other nutrients is required. Further studies should be
conducted to determine the optimum rates of legume specific fertilizers that enhance cowpea growth
and yield in farmer fields.
In this study only one cowpea genotype was used, it is important in future to screen locally available
genotypes for their N2 fixation capacity with indigenous rhizobia already present in farmers’ fields.
An important area for further research is to identify highly competitive and effective strains and
develop inoculant formulations that enable better strain survival on the seed and in the rhizosphere
after inoculation. This could ensure strain endurance under harsh environments and enhance the
competitiveness against abundant indigenous strains.
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General discussion
Highlights
The overall aim of this research was to improve cowpea yield for smallholder farmers through
inoculation with effective and competitive Bradyrhizobium strains using two contrasting agroecologies Kilifi (Coastal lowland) and Mbeere (Lower midland) in Kenya as a model.
In chapter 1, MALDI-TOF MS of protein mass spectral fingerprints allowed similarity grouping of 202
bacterial isolates, 172 of which were Bradyrhizobium strains. Eleven types of Bradyrhizobium could be
identified. Twenty-five were selected for 16S rRNA gene sequencing and further screening for
symbiotic effectiveness and competitiveness. The hot and dry agro-ecological region of eastern
(Mbeere) Kenya presented more diverse types of Bradyrhizobium strains than the hot and humid agroecological region of coastal (Kilifi) Kenya.
In chapter 2, twelve and eleven indigenous Bradyrhizobium strains from Kilifi and Mbeere,
respectively, were shown to vary on one hand in their symbiotic effectiveness and on the other hand
in their competitiveness for nodule occupancy in pot experiments (complex assay of 13 co-inoculated
strains). MALDI-TOF MS was a suitable tool to study competition for nodule occupancy of multiple
Bradyrhizobium strain mixtures as demonstrated in the pot and field experiments. In the later,
abundant indigenous rhizobia (population numbers ranging from 2.38 x 102 to 7.1 x 103 CFU rhizobia
g-1 of dry soil) outcompeted introduced strains.
In chapter 3, no response to inoculation on cowpea nodulation, shoot biomass and shoot N uptake
was observed across all sites. Rather, cowpea responded to fertilization with N and Sympal fertilizer
(101 g kg-1 P, 125 g kg-1 K, 71 g kg-1 Ca, 40 g kg-1 S, 6 g kg-1 Mg and 1 g kg-1 Zn). In five out of six sites,
increased nodulation, shoot biomass and shoot N uptake was observed when Sympal was applied
compared to when it was not applied and inoculant used. Environmental (inadequate rainfall), edaphic
factors (soil nutrients) and biotic (nematode and Alectra infestation) factors constrained cowpea
growth and affected biomass and yield.
Isolation and characterization of rhizobia
Although indigenous rhizobia are present in Kenyan soil, their efficiency in biological nitrogen fixation
(BNF) is often not sufficient to cover the N uptake of cowpea crop. Kyei-Boahen et al. (2017) reported
an average N uptake of 18-87 kg N ha-1 of different cowpea genotypes and a percentage of 31 to 62%
BNF with indigenous rhizobia in Mozambique.
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Marandu et al. (2010) found BNF of 38 kg N ha-1 and 16 kg N ha-1 in mono-cropping and maize
intercropping in Tanzania, respectively. However, it has been demonstrated that the potential of BNF
fixation can reach up to 138 kg N ha-1 (Rusinamhodzi et al., 2006).
To increase the chances of finding highly efficient N2 fixing and competitive strains, a large number of
rhizobia isolates from 15 cowpea fields and 5 uncultivated fields of two different agro-ecological zones
in Kenya were isolated and characterized. The process of isolation can result in many identical strains
among populations sampled, for ease of analysis a suitable tool is required to discriminate between
strains to focus on choosing distinct strains for further evaluation.
In chapter 1, MALDI-TOF MS could assign 172 of a total of 202 newly isolated bacterial strains of
cowpea root nodules to the genus Bradyrhizobium. Five distinct clusters could be defined, based on
the mass spectral fingerprints of the proteins of bacterial cell lysates. Putative taxonomic affiliations,
assigned by MALDI-TOF MS, were confirmed by sequencing the 16S rRNA gene of 25 representative
strains of distinctive similarity clusters. Eleven types of Bradyrhizobium could be distinguished by
MALDI-TOF. Twenty-four non-Bradyrhizobium strains out of the 172 grouped into a sixth cluster that
was distinct from the 5 Bradyrhizobium clusters. Strains from this sixth cluster were affiliated to
Rhizobium sp. (5 strains), Rhizobium radiobacter (6 strains), Enterobacter cloacae (3 strains),
Staphylococcus warneri (1 strain), and 9 strains remained unassigned in comparison to the reference
library SARAMISTM of Mabritec AG (Ziegler et al., 2015).
The high resolving power of MALDI-TOF MS thus enabled discrimination between Bradyrhizobium
strains (clusters 1-5) and non-Bradyrhizobium strains (cluster 6). The clustering into similarity groups
facilitated the selection of distinct representatives from each Bradyrhizobium cluster. This enabled
selection of 25 representative strains from cultivated and uncultivated sites of two contrasting agroecological regions for symbiotic effectiveness and competitive assessment in pot trials under axenic
conditions in growth chambers.
Screening and field validation for effectiveness in biological N fixation and competitiveness
In this thesis, we selected strains (K1h, K17f, M19c and M20a) based on their effectiveness in BNF
(chapter 2) and introduced them as inoculants in the field. Although we used reasonably high amounts
of inoculants (104 to 105 CFU rhizobia per seed), inoculation did not result in successful nodulation.
From experiments under axenic conditions we demonstrated that the most effective strain is not
always the most competitive in pot trials. For example in pot experiments, strains M19c and M20a
were highly effective but did not occupy any nodules in the competition assay.
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Considering the high abundance of indigenous rhizobia in farmers’ fields in this study (2.38 x 102 to 7.1
x 103 CFU rhizobia g-1 of dry soil) and also reported in other African countries like Mozambique (5.27
x 102 to 1.07 x 103 cells g1 soil; Kyei-Boahen et al. 2017), it is imperative to first screen for
competitiveness and then test the symbiotic effectiveness in order to identify elite strains for
successful inoculation.
Rapid screening of competitiveness due to simple sample preparation and short processing time of
multiple rhizobia strains makes MALDI-TOF MS an attractive technology for studying nodule
occupancy as demonstrated in the pot experiments that allowed the use of 13 strains in the
competition assay and in the field with indigenous populations. Other techniques such as the use of
recombinant markers or reporter genes and PCR-based approaches would be either time consuming,
labour intensive, expensive or lack the adequate resolving power to discriminate strains in complex
mixtures. Although reporter genes (e.g. gusA, lacZ) are widely used for competition assays mainly
under controlled conditions (Sessitsch et al., 1998; Sessitsch et al., 2008), it would have been
impossible to utilize such a tool in the field assay since regulations in Kenya currently prohibit the use
and release of genetically modified organisms into the environment.
From the field trial in Mbeere during the 2014 SR season, MALDI-TOF MS could rapidly and reliably
discriminate into six distinct groups (I, II, III, IV, V and VI) closely related species of rhizobia in mixed
populations from nodule suspensions. This implies that rapid assays to assess strain competitiveness
could be developed by the use of MALDI-TOF MS considering first the strain competitiveness and then
the effectiveness of the selected competitive strains.
A primary step would entail obtaining a large number of nodules from different plants grown in soils
with abundant rhizobia directly from the field or trap cultures in greenhouse conditions.
Characterizing and identifying the strains by MALDI-TOF MS, followed by selection of dominant strains
and finally screening the most dominant strains for their symbiotic effectiveness under axenic
conditions with the host plant of interest. And finally to validate results under field conditions. Such a
strategy would save time and resources by excluding in the screening strains that are less competitive
in mixed populations.
A second strategy for developing a rapid assay is to setup co-inoculated mixtures of individual rhizobia
strains (more than 10 strains at equal concentrations) and using MALDI-TOF MS to assess
competitiveness by nodule occupancy. This would allow for screening of a large number of strains
simultaneously under axenic conditions and the most competitive are selected for assessment of N2
fixation and if effective recommended for evaluation in the field in presence of indigenous rhizobia.
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The major limitation of MALDI-TOF MS-based mass spectral protein fingerprinting is the requirement
of a reference database for accurate identification. A prerequisite to have such a database entails
obtaining and archiving a large set of microorganisms of interest, at the beginning building of the
database is time and resource intensive.
Do we need to inoculate cowpea in the field?
In chapters 2 and 3 we reported that cowpea did not respond to inoculation mainly due to abundant
indigenous rhizobia in the experimental sites (population numbers ranging from 2.38 x 102 to 7.1 x 103
CFU rhizobia g-1 of dry soil). This was validated by nodule occupancy analysis of selected treatments
[inoculation with either CB 1015, K17f, M19c or mixture (M19c+M20a+K1h+K17f+CB 1015)] indicating
100% occupancy by indigenous (established in the field) populations (chapter 2). Several authors have
reported a lack of response to cowpea inoculation where resident rhizobia populations exceeded 103
rhizobia g−1 soil (Danso and Owiredu, 1988; Mathu et al., 2012). In another study, Thies et al. (1991)
in Hawaii demonstrated that populations as low as 50 rhizobia g-1 of soil hindered a response to
inoculation in cowpea. Interestingly, a recent study by Kyei-Boahen et al. (2017) in Mozambique
showed that cowpea responded to inoculation in the presence of abundant indigenous populations
ranging from 5.27 x 102 to 1.07 x 103 cells g-1 soil.
The variations in response to inoculation in the above mentioned studies (50 to 1.07 x 103 rhizobia g1

soil) can be attributed to the higher concentration of inoculants (106 rhizobia cells per seed compared

to 105 in our study) and the interaction of rhizobia cowpea genotype and environment conditions.
Kiers et al. (2003) could show that soybean penalize rhizobia that fail to fix N2 inside their root nodules.
The competitiveness of rhizobia is a major determinant of inoculation success, and may vary
depending on the rhizobia genotype/strain. For example in chapter 2, nodule occupancy of cowpea
nodules from the field experiment in Mbeere revealed that indigenous strains clustered into six
distinct groups (I, II, III, IV, V and VI) of which group III was dominant and occupied 80% of all nodules
analysed followed by groups I, II, IV, V and VI with occupancies of 9, 7, 1, 1 and 1%, respectively. Also
in growth chamber experiments strains varied in their competitiveness when co-inoculated in both
experiments.
As revealed by MALDI-TOF MS, strains K1h and K17f, both isolated from Kilifi, were competitive in pot
experiments but not in the field, while M19c and M20a were not competitive in both pot and field
trials. Given their superior competitive ability under axenic conditions, K20f and M3h are potential
strains for further evaluation, in pot studies with field soils and under field conditions.

102

General discussion, conclusion and outlook

Determinants of strain competitiveness include: motility and chemotaxis, cell surface components
(exopolysaccharides), storage polymers, production of antimicrobial compounds (bacteriocin), higher
growth rates, ability to bring about faster infection, quorum sensing, the ability to form biofilms,
presence of protein secretion machinery, early nodulation and adaption to soil conditions (Archana,
2010; Maj et al., 2010; Hungria and Mendes, 2015; Lira Junior, 2015). Further studies are required to
investigate these mechanisms of competitiveness on the individual strains used in this study. In
chapter 2, strains M3h (effective) and M6h (ineffective) were quite different in their BNF effectiveness
but according to MALDI-TOF MS had near similar protein mass fingerprints.
It would be interesting in future to investigate the genetic components of these strains to gain insight
in to this phenomenon. Differential assays of whole genome sequencing of both strains would allow
the identification of potential candidate genes that are relevant for successful BNF. There are
indications from the pot trials (chapter 2) and some tendencies from the field trials (chapter 3) that
mixtures of strains might be more efficient in BNF than individual strains. This should be further
elucidated and considered in inoculant development. In this study, cowpea production could not be
improved through the use of rhizobia inoculation in smallholder farmers’ fields. Therefore,
Bradyrhizobium cannot be recommended for cowpea in these study sites of Kenya, as we have not yet
identified a strain which is very efficient in BNF and at the same time very competitive to obtain high
nodule occupancy. Both strain selection and formulation of the inoculant needs to be improved before
its practical application in farmers’ fields.
Alternative strategies to increase cowpea production and yield through BNF
Another result of this study was, that the cowpea production in smallholder farms was limited mainly
by nutrient deficiencies. We found a positive response of cowpea to nitrogen and Sympal fertilization
in both agro-ecologies of Mbeere and Kilifi. The lack of nutrients remains a very important problem in
subsistence agriculture, especially in Sub-Saharan Africa (Frossard et al., 2009). Other constraints to
cowpea production included low and erratic rainfall (mainly in Mbeere), pests (aphids and nematodes)
and Alectra infestation.
For successful cowpea production of resource-poor farmers in Kenya, the whole system needs to be
improved. Integrated soil fertility management (Vanlauwe et al., 2015) (definition explained in chapter
3) is a much needed intervention. A relevant option of the ISFM scheme is to increase nutrient use
by plants via adoption of plant germplasm with a high nutrient acquisition efficiency and/or high
nutrient use efficiency (Frossard et al., 2007). It is possible to identify genotypes with high BNF,
superior plant growth, and greater grain yield. This has recently been demonstrated by Belane and
Dakora (2010) and Belane et al. (2011) in which 30 and 32 cowpea genotypes were evaluated for their
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symbiotic N2 fixation in Ghana and South Africa, respectively. These studies demonstrated that the
cowpea genotypes which fixed the most N also produced the greatest amounts of biomass, and
highest grain yield. Jemo et al. (2006) and Abaidoo et al. (2017) evaluated cowpea genotypes for P use
efficiency and BNF and identified P efficient genotypes that could fix up to 50 kg N ha-1 in Cameroon
and Nigeria, respectively. The utilization of P efficient genotypes would be important in smallholder
farms such as those in this study where P is a limiting factor. More recently, a study by Abed (2017) in
Iraq evaluated cowpea genotypes for their potassium use efficiency. In future, it would be relevant to
screen cowpea genotypes that are efficient in potassium use in smallholder farms such as those in this
study which showed limitation in potassium.
From interviews conducted with farmers during this study, it was apparent that no or limited amount
of fertilizer is applied to crops such as maize, sorghum, cassava and millet while no fertilizer at all is
applied to cowpea. Also among all farmers interviewed, none was aware about what inoculants were
or their utilization.
To alleviate the above mentioned challenges, it is highly recommended to conduct participatory
research with resource poor farmers in Kilifi and Mbeere. Through involvement of researchers,
agricultural extension officers and other stakeholders, farmers should be trained using farmer
demonstration trials in their farms. The research should be carried out in close collaboration with
researchers and extension officers on use of improved germplasm, recycling of nutrients in form of
crop residues, manure, cover crops. They should also target the amendment of specialized fertilizer
designed to improve nodulation and thus the performance of legume crops with quality rhizobia
inoculants containing highly competitive and effective strains. Training is needed to improve disease
and pest management and crop rotation as a way to mitigate diseases and pests including nematodes
and Alectra (Singh and Emechebe, 1997). But also water conservation approaches e.g. water
harvesting of rainfall, might become very important in the scope of climate change. Only under these
conditions can cowpea production and yield be enhanced in a sustainable way. This would lead to
improving food security, generating income through sale of produce and ultimately eradicating
poverty.
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Conclusion and outlook
As revealed by MALDI-TOF MS, the different Bradyrhizobium types identified in this study represent a
valuable collection of indigenous strains for inoculum development. Future studies are recommended
screen a larger number of Bradyrhizobium strains that had already a high nodule occupancy when
selected in the same field (chapter 1) for competitiveness and symbiotic effectiveness on different
cowpea cultivars.
Inoculant formulations other than filter mud as a carrier should be considered. Responses to
inoculation can be obtained if highly competitive and effective strains are introduced in high-quality
inoculants (Catroux et al., 2001; Giller, 2001). For example the application of higher inoculation rates
(109 CFU per seed), re-inoculation and improved inoculant formulation for evaluation in the field
experiments. The use of polymeric inoculants that contain polymers such as alginate, kappa and pectin
may be an alternative. Also encapsulation of live microorganisms in polymers can be considered.
These have a longer shelf life, ensure better strain survival on the seed and in the rhizosphere after
inoculation (Bashan et al., 2016).
Jansa et al. (2011) recommended for improved bean productivity in Africa to (i) use improved bean
varieties that are better adapted to low soil fertility, (ii) apply fertilizers and manage soil fertility, and
(iii) optimize the root symbioses to improve plant nutrient uptake. Co-inoculation of cowpea with AMF
(arbuscular mycorrhizal fungi) (and/or plant growth promoting rhizobacteria (PGPR) (Lima et al., 2011;
Andrade et al., 2013; Johnson et al., 2016) is an interesting aspect that can be investigated as a strategy
to enhance P acquisition and in return improve nodulation, BNF, cowpea production and yield.
Future research should aim at screening cowpea genotypes for improved symbiosis to efficient
Bradyrhizobium strains. Quantitative Trait Loci (QTLs) regulating nodulation and BNF have been
identified in several legumes, e.g. in Phaseolus vulgaris (Heilig et al., 2017) and recently in cowpea, a
PhD study by Atemkeng-Nkoumki (2015) paving the way for marker assisted selection.
In future MALDI-TOF MS can be applied to develop new assays to study symbiotic functioning of
cowpea genotypes with indigenous rhizobia. This will allow for identification of compatible cowpeacultivar and rhizobia-strain combinations for improved BNF and yield. This could entail collection of
nodules from cowpea plants in farmers’ fields and using MALDI-TOF MS to assess nodule occupancy
and determine the number of different strains forming symbiosis with cowpea. This would then allow
for selection for most competitive indigenous strains that will be further selected for high BNF
efficiency.
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Results from this thesis will allow for development of advanced assays to rapidly screen for indigenous
strains to improve cowpea production through inoculation. Also the challenges highlighted in farmers’
fields need to be addressed before cowpea production can be improved by inoculation.
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