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ABSTRACT

Declining soil fertility in general and nitrogen (N) in particular limit crop production on
many smallholder farms in western Kenya. Soil N deficiency is usually ameliorated with
inorganic N fertilizers but their high costs preclude their use by resource poor smallholder
farmers. In addition there are concerns that increased use of inorganic fertilizers could lead
to environmental degradation. Organic inputs offer sustainable alternatives to expensive
inorganic N fertilizers but the common organic materials on smallholder farms are not
available in adequate amounts. The use of none traditional organic materials such as water
hyacinth has been reported to supply plant nutrients but has not been adequately tested.
Integration of legumes such as the common bean in cropping systems is another option that
has the potential to contribute soil N through symbiotic nitrogen fixation. However there is
paucity of information on the abundance, symbiotic effectiveness and identity of native
bacterial strains from soils in western Kenya thus making it difficult to make informed
decisions on the inoculation need. This study was conducted to compare the response of
common bean to water hyacinth compost, inorganic N fertilizer and determine the
abundance, symbiotic efficiency (SE) and identity of the native bacteria nodulating
legumes. Soil sampling was carried out in three farms that had been used for growing
common bean for at least two seasons and one fallow land with no known history of
growing common bean or inoculation in Kisumu and Kakamega. The abundance of soil
bacteria and symbiotic efficiency (SE) were determined in a greenhouse experiment.
Deoxyribonucleic acid (DNA) was extracted from the bacteria and the 16S rRNA gene
sequenced to establish their identity. Field experiments were laid out in a randomized
complete block design (RCBD) replicated four times at Masinde Muliro University of
Science and Technology and Kisumu for two consecutive seasons during the short rains of
October to December, 2013 and the long rains of April to August, 2014. The treatments
consisted of two bean varieties, rhizobium inoculation and non inoculation, with and
without phosphorus (P), urea and water hyacinth compost. The population of bacteria
ranged from 3.2 x 10" to 3.5 x 10* cells per gram of soil. Cluster analysis of the 16S rRNA
gene grouped the native bacterial strains into five genera: Rhizobium, Bacillus, Pantoea,
Enterobacter and Klebsiella. The bacterial strains had high SE compared to the first
commercial the inoculant, CIAT 899 and ranged from Rhizobium sp (74%) to Klebsiella
variicola (170%). The two species of Klebsiella variicola (MUST005 and KSMO005) and
Enterobacter hormaechei recorded higher SE than strain 446, a second inoculant. These
native species should be exploited for the development of inoculation programmes to
enhance N fixation in the region. Low levels of P were recorded in fallow soils at the two
sites while Aluminium levels were high in Kakamega. Urea significantly improved yields of
common bean in the short rain season compared to the other treatments at the two sites.
However, in the long rains season water hyacinth compost gave higher yields than urea and
control. This study reveals that the use of water hyacinth compost can serve as a substitute
for inorganic N source.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Many countries in sub-Saharan Africa, including Kenya, are characterized by increased
population growth and food insecurity (Seck et al., 2013). In addition, there are increasing
environmental and economic concerns associated with conventional farming such as low
soil productivity, pollution and high cost of inorganic fertilizers. These problems have
necessitated the development and adoption of alternative food production practices.
Sustainable soil fertility management has been reported to be key to food production without

compromising environmental stability (Lal, 2009).

Historically, legume crops such as common beans (Phaseolus vulgaris L.), have played an
important role in soil fertility, particularly through addition of biologically fixed nitrogen,
enhancement of soil organic matter and prevention of nutrient leaching (Mothapo, 2011).
The common bean is a grain legume grown on more than four million hectares annually in
Africa (Buruchara et al., 2011). The crop is also important in a range of other developing
countries of Central America and Andean region of South America (Singh and Schwartz,
2010). In Kenya, common bean is ranked among the major grain food crops (GOK, 2006).
The beans are grown for subsistence and also for regional markets where they play an
important role in food security and income generation. In parts of western Kenya, per capita
consumption depends on consumer preferences and can be as high as 66 kg/capita/year

(Broughton et al., 2003).



This quantity of beans can provide substantial amounts of both protein and calories in the
diet. In nutritional terms, beans are often called the “poor man’s meat” because they are a
cheap source of proteins and are rich in minerals and vitamins (Beebe et al., 2000). The bean
products are consumed at various stages of plant development, and thus, offer a staggered
and prolonged food supply in the form of leaves, green pods, fresh grain, as well as dry
grains. Integration of common bean into existing cropping systems has therefore the
potential to mitigate food insecurity in Kenya, if challenges associated with its production

are addressed.

The national annual dry bean production in Kenya is about 380,000 metric tons (t) which is
far below the pulse demand of 749,000 metric tons (Bationo et al., 2008; Ministry of
National Planning and Development, 2002). Dry bean production is predominantly by small-
scale farmers and has been on the decline in recent years. For example, production per
hectare declined from 0.8 t ha™ in 1990 to less than 0.5 t ha™ against a potential yield of 1.5
t ha' (MoA, 2005). The low bean yields have been attributed to various constraints such as
diseases, insect pests and poor agronomic practices (Otsyula and Ajang, 1995). In addition,
soil fertility depletion is a major constraint to crop production among most small-holder
farmers in Kenya and is considered the fundamental biophysical root cause of declining per
capita food production in the region (Sanchez et al., 1997). In particular, deficiency of
nitrogen (N), the nutrient taken up by beans in the largest amounts among the essential plant
nutrients (Vance, 2001), is a major constraint to its productivity on many smallholder

farming systems (CIAT, 1989).



Unfortunately, small-holder farmers, who are the major dry bean producers in Kenya rarely
apply nitrogenous fertilizers in bean production, relying mainly on the presumed ability of
the bean to fix its own nitrogen. Beans are however known to be poor nitrogen-fixers
(Hardarson, 1993). There are several options that are available to manage nitrogen
deficiency on smallholder farms. Chemical fertilizers are often considered to offer
immediate solution to nutrient deficiencies in soil (Chaia et al., 2010; Gentili et al., 2006),
but these chemical fertilizers are expensive and most small-holder famers cannot therefore
afford them. The other options that are used to replenish N include use of organic materials
such as crop residues, animal manures and agroforestry tree prunings (Mathu et al., 2012).
Application of these organic materials to soils has multiple roles such as increasing the soil
organic carbon content, soil microbial activity, and improves the soil structure and the
nutrient status (Sanni and Adesina, 2012). However, most of the commonly available
organic materials on smallholder farms are often of inadequate quantity and of poor quality

to meet the crop nutrient demand (Opala, 2011).

The use of non-traditional, largely unexploited, organic resources to augment common
organic inputs in crop production has therefore received considerable research attention in
the recent past (Opala et al., 2012). One such organic material is the water hyacinth
(Eichhornia crassipes), a water weed that is abundant in Lake Victoria. The effect of the
water hyacinth infestation has been observed to have a negative impact on the economic

status of the local fishing community as the weed kills fish due to oxygen depletion.



Despite the problems associated with water hyacinth, it has been reported to be rich in
nitrogen which could be as high as 3.2 % of its dry matter (Gunnarsson and Petersen, 2007).
It also has other macronutrients that are essential for plant nutrition (Center et al., 2002;
Sannigrahi et al., 2002). Water hyacinth compost has been reported to enhance productivity
in several crops such as tomatoes (Kayum et al., 2008), rice (Amitava et al., 2008) and Zea
mays (Chukwuka and Omotayo, 2009). It therefore has the potential to be a cheaper source

of N compared to inorganic N fertilizers on smallholder farms.

Biological nitrogen fixation represents the major source of N input in agricultural soils
including those in arid regions (Zahran, 1999). The major N fixing systems are the
symbiotic systems, which can play a significant role in improving the fertility and
productivity of soils low N. The symbioses between Rhizobium and legumes are a cheaper
and usually more effective agronomic practice for ensuring an adequate supply of N for
legume-based crop and pasture production than the application of N fertilizer (Zahran,

1999).

Common bean establishes symbiotic associations with a wide range of root-nodule nitrogen-
fixing bacteria called rhizobia (Girvan et al., 2003). Initially, based on the cross-inoculation-
group concept, all bean nodulating rhizobia were classified as Rhizobium leguminosarium
symbiovar (sv.) phaseoli (Aserse et al., 2012). Later, due to the advancement of new
molecular biological techniques and the isolation of different strains from various areas of
the world, different common bean nodulating bacteria have been isolated and described

(Laguerre et al., 2001).



Environmental factors influence all aspects of nodulation and symbiotic N, fixation, in some
cases reducing rhizobial survival and diversity in soil; in others affecting nodulation or
nitrogen fixation and even growth of the host. Most leguminous plants require a neutral or
slightly acidic soil for growth, especially when they depend on symbiotic N, fixation

(Bordeleau and Prevost, 1994).

Soil acidity constrains symbiotic N, fixation by limiting Rhizobium survival and persistence
in soils and reducing nodulation (Ibekwe et al., 1997). Strong soil acidity is associated with
Al, H, iron (Fe) and manganese (Mn) toxicities to plant roots in the soil solution and
corresponding deficiencies of the available P, molybdenum (Mo), calcium (Ca), magnesium
(Mg) and potassium (K) (Gathumbi et al., 2002; Jorge and Arruda, 1997). One of the
possible ways to ameliorate soil acidity is through the use of organic materials. The
mechanism of ameliorating soil acidity by organic compost may be due to the exchange of
proton (H") between soil and the added compost (Mokolobate and Haynes, 2002; Wong et

al., 1998).

During the initial decomposition of the compost, some formation of phenolic, humic-like
material may occur and these organic anions consume protons from the soil, thus tending to
raise the equilibrium pH (Haynes and Mokolobate, 2001). The other mechanism that has
been proposed to explain the increase in soil pH by organic materials is the specific
adsorption of humic material and/or organic acids onto hydrous surfaces of Al and Fe oxides

by ligand exchange with corresponding release of OH (Swarnam and Murugan, 2014).



However the use of water hyacinth as organic compost in western Kenya to reduce soil
acidity, enhance biological nitrogen fixation and improve common bean yield has not been

investigated.

Apart from soil acidity other multiple factors may compromise the efficiency of introduced
inoculant strains in symbiosis with common bean (Rufini et al., 2014). One of these factors
is the ability of common bean to nodulate with different species of rhizobia (Sanchez-Juanes
et al., 2013), many of which demonstrate low efficiency in N, fixation. Nitrogen-fixing
strains of rhizobia that are adapted to diverse edaphic conditions, climates and level of
competition for infection sites are required for optimal for inoculant production (Barret et

al., 2011).

Despite BNF being considered as one of the most important processes in nature, information
on native legume nodulating bacteria in western Kenya is scarce (Odee et al., 1997). It is
therefore important to enhance common bean production among the small holder farmers
through the use of inoculation in order to optimize the contribution of biological nitrogen
fixation in a variety of edaphic and climatic conditions. In addition the information will be
helpful to plant breeders in identifying niche based elite and native strains of nodule bacteria
that are compatible with different newly bred common bean lines of to optimize BNF. Plant
breeders could improve common bean productivity through identification of superior

genotypes with greatest capacity for BNF and nitrogen assimilation.



Research efforts using the newly developed lines to improve symbiotic nitrogen fixation
have been directed towards developing breeding lines capable of nodulation and nitrogen
fixation at high soil nitrate or ammonium concentrations (Herridge and Rose, 2000).
Currently many laboratories are selecting legumes for enhanced N fixation. However most
techniques for studying or estimating symbiotic N fixation are not useful for breeders
because they are expensive, time consuming or inconvenient to field conditions (Herridge

and Rose, 2000).



1.2 Problem Statement

The decline in soil fertility particularly N and the high cost of inorganic fertilizer is one of
the main constraints to crop production among smallholder farmers in western Kenya. The
decline primarily results from continuous cultivation without adequate addition of external
nutrient inputs. Intensive farming practices that accomplish high yields require inorganic N
sources which are not only expensive and out of reach of most small-scale farmers, but have
also been reported to create environmental problems (Tilman et al., 2002). The extensive use
of inorganic fertilizers in agriculture is currently under debate due to environmental concern
and fear for consumer health (Soren et al., 2013). Sustainable, environmentally friendly and
cheaper sources of N such as organic inputs are always of inadequate quantity and of poor
quality to meet the crop nutrient demand (Opala, 2011). Smallholder farmers in western
Kenya rely mainly on legume crops such as common bean to replenish soil N through
biological nitrogen fixation, despite the fact that beans are known to be poor nitrogen-fixers
(Hardarson, 1993). Inoculation of legumes is necessary in the absence of compatible
rhizobia and when rhizobial populations are low or inefficient in fixing N (Catroux et al.,
2001). However, commercial inoculants used in western Kenya still contain exotic cultures
from United States of America which may not be well adapted to local conditions (Waswa,
2013). Despite the natural internal resources presented by rhizobia-legume associations in N
fixation, limited information is available on the regional abundance, symbiotic efficiency

(SE) and diversity of native common bean nodulating bacteria in western Kenya.



1.3 Justification

Low soil N is usually ameliorated with inorganic N fertilizers but their high costs preclude
their use by resource poor smallholder farmers. Therefore, mitigation of N deficiencies in
soil could be expanded to include non-traditional and largely unexploited organic resources
such as water hyacinth. The weed is abundant in L. Victoria and can help mitigate soil
nutrient deficiencies on small holder farms along this region. Although the weed has caused
problems to the fishing industry along the lake basin region, it could be turned into an asset
by converting it into a source of N nutrient for crops because of its high N content
(Gunnarsson and Petersen, 2007). The use of organic materials also reduces Al toxicity

through production of organic acids that form complex with AI**

leading to high crop yields
in acid soils (Haynes and Mokolobate, 2001). Water hyacinth compost is therefore likely to
alleviate soil constraints that limit legume nodule initiation, render P and Mo more available
to crops and increase pH for optimum BNF (Cristina et al., 2012). Exploitation of the
legume-rhizobia symbiosis in agricultural systems requires knowledge on the identity of
legume nodulating bacteria in different agro-ecological zones as foreign strains introduced
as inoculants often fail to adapt well (Cheng et al., 2009). Currently commercial inoculants
used in Kenya still contain exotic cultures from other regions which may not be well adapted
to local conditions (Waswa, 2013). In addition, there is limited information on previous
studies that have quantified the abundance, symbiotic efficiency and genetic diversity of
native legume nodulating bacteria. Therefore identification of new and elite strains offers the

opportunity to improve BNF within different geographical locations (Appunu and Dhar,

2006).



1.4 Objectives
1.4.1 General Objective

To determine the diversity and symbiotic efficiency of native bacteria nodulating legumes
and evaluate the effects of organic and inorganic nitrogen sources on the yield of common

bean varieties

1.4.2 Specific Objectives

1. To assess the abundance and genetic diversity of comoon bean nodulating bacteria in
soils in western Kenya.

2. To determine the symbiotic efficiency of native bacterial strains nodulating common
bean in western Kenya.

3. To compare the effects of water hyacinth compost and inorganic N sources (urea) on

yield and yield components of common bean in western Kenya.

1.5 Hypothesis

1. The abundance and diversity of native bacteria nodulating common bean in western
Kenya does not depend on soil properties and land use settings.

2. Native bacteria nodulating common bean in western Kenya do not have different
symbiotic efficiency (SE).

3. The application of water hyacinth compost and inorganic (urea) N source does not affect

yield components of common bean
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CHAPTER TWO
LITERATURE REVIEW

2.1 Distribution of common bean in Kenya

Common bean (Phaseolus vulgaris L.) is one of the most important legume crops in Kenya
and is cultivated on an estimated 700,000 ha (Karanja et al., 2002). A low average yield of
750 kg/ha is realized, against a potential of 1500 kg/ha (Ministry of National Planning and
Development, 2002). The major constraints to bean production in western Kenya are
diseases, soil infertility and insect pests (Monda et al., 2003). The distribution of common
bean production in Kenya is mainly in the highlands and medium altitude areas. As shown
in Figure 1 (Katungi et al., 2009), approximately 75 % of the annual cultivation of beans
take place in three regions namely; Rift valley, Nyanza, and Eastern regions (Gichangi et al.,
2012). The rift valley contributes the biggest share, accounting for 33% of the national
output followed by Nyanza and Western regions each accounting for 22 % (Katungi et al.,
2009). The output from Eastern parts of the country and the coast is constrained by lack of

improved varieties and inadequate use of fertilisers (Katungi et al., 2009).

Although Kenya has two seasons growing for crop production, a significant number of
farmers grow the crop once a year because of adverse climatic conditions (Katungi et al.,
2009). The Rift valley and the Western regions collectively produce 55% of the national
outputs and allocate land to common beans once a year, during March to May season
commonly known as the long rains while farmers in the Central and Eastern regions grow
the beans twice a year but only 70 percent of the farmers in the Eastern region grow it in the

long rains (Gichangi et al., 2012).
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Figure 1: Distribution of common bean acreage and production in Kenya, 2009

2.2 Rhizobia-legume root association

Nitrogen is an essential nutrient for plant growth and development. Intensive farming
practices that accomplish high yields require inorganic fertilizers. These inorganic inputs are
expensive and may also create environmental problems (Mutegi et al., 2012). Their use is
therefore currently under debate due to environmental concern and fear for consumer health
(Halima et al., 2013). Currently, there is a growing level of interest in environmental

friendly sustainable agricultural practices and organic farming systems (Lee and Song, 2007;

Tu et al., 2006).
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Increasing and extending the role of biofertilizers such as those presented by rhizobia would
decrease the need for chemical fertilizers and reduce adverse environmental effects. The
development and implementation of sustainable agriculture technique like biofertilization is
of major importance in alleviating environmental pollution and the deterioration of nature

(Ogiitcii and Algur, 2014).

One such sustainable agricultural strategy is presented by the association of Rhizobium and
legumes. Rhizobia are nitrogen-fixing soil bacteria capable of inducing the formation of root
or stem nodules on leguminous plants. The bacteria reduce atmospheric nitrogen to
ammonia for the benefit of such plants. In many agricultural systems, rhizobia have
therefore been used to enhance nitrogen fixation in legumes (llyas et al., 2012; Teaumroong
and Boonkerd, 1998). The association produces 50% of 175 million tonnes of total
biological nitrogen fixation, annually providing nearly half of all N used in agriculture

(Adiguzel et al., 2010).

2.3 Biological Nitrogen Fixation

The amount of nitrogen gas (N,) in the atmosphere is approximately 78-80 % which
unusable by most living organisms (Hill et al., 2013). Nitrogen is one of the prime elements
required essentially for the synthesis of enzymes, proteins, chlorophyll, DNA and RNA
(Ahmad et al., 2012). Nitrogen therefore plays a critical role in determining the health of

living organisms including microbes and plants.
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In nodulating legumes, the N demand is fulfilled through symbiotic N, fixation wherein
atmospheric N, is converted to usable N (NHs3) by nitrogenase of Rhizobia (Zaidi et al.,
2012). Some plants benefit from nitrogen-fixing bacteria when the bacteria die and release
nitrogen to the environment or when the bacteria live in close association with the plant. In
legumes and a few other plants, the bacteria live in small growths on the roots called nodules

where N fixation takes place.

2.3.1 Benefits of Biological Nitrogen Fixation

Nitrogen gas is the most abundant in the atmosphere and accounts for approximately 78-80
% (Garrison, 2006). The process of BNF involves conversion of atmospheric nitrogen (N) to
ammonia, a form of N that can be utilized by plants and involves the enzyme dinitrogenase
that splits the triple-bond inert atmospheric nitrogen (N) into organic ammonia molecule
(Cheng, 2008; Vessey et al., 2005). The process is regarded as a renewable resource for
sustainable agriculture as it helps to reduce N fertilizer requirements and thus increases

economic returns to producers (Walley et al., 2007).

The N fixation has the potential to contribute greatly to more economically viable and
environmentally friendly agriculture (Alberton et al., 2006). It is estimated that the 80-90%
of the N available to plants in natural ecosystems originates from BNF (Rascio and Rocca,
2008). BNF contributes to the replenishment of soil N, and reduces the need for industrial N

fertilizers (Larnier et al., 2005).
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The process offers an economically attractive and ecologically sound means of reducing

external N input (Yadvinder-Singh et al., 2004).

2.3.2 Mechanisms of Biological Nitrogen Fixation

Biological nitrogen fixation is a process that is catalyzed by a two-component nitrogenase
complex (Yan et al., 2010). The enzyme nitrogenase catalyzes the simultaneous reduction of
one N, and 2 H* to ammonia and a molecule of hydrogen gas. The enzyme consists of two
proteins, an iron protein and a molybdenum-iron protein. The process utilizes 16 moles of
ATP and a supply of electrons and protons and is known to occur optimally between

legumes and rhizobia (de Carvalho et al., 2011).

N, +8H" +8¢ +16 ATP —— 2 NH3+H,+ 16 ADP + 16 Pi

The symbiotic relationship between the roots of legumes and certain soil bacteria accounts
for the development of a specific organ, the symbiotic root-nodule, whose primary function
is nitrogen fixation (Shvaleva et al., 2010). Depending on the type of microorganism, the
energy required for the reduction during N fixation is generated by photosynthesis,
respiration or fermentation (Hardarson et al., 2003). The maintenance of nitrogenase activity
in the nodule requires a delicate balance. The process requires oxygen for respiration needed
to supply the energy demands of the N reduction process. However oxygen irreversibly

inactivates the nitrogenase enzyme complex (Sanchez et al., 2011).
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These conflicting demands are reconciled by control of oxygen flux through a diffusion
barrier in the nodule cortex and by the plant oxygen carrier, legheamoglobin, which is

present exclusively in the nodule (Minchin et al., 2008).

However there are some rhizobia species that are able to grow under low oxygen conditions
using nitrate as electron acceptor to support respiration in a process known as denitrification
by which bacteria reduce sequentially nitrate (NOs-) or nitrite (NO»-) to Nitrogen (Ny)
(Sanchez et al., 2010). Nitrate is reduced to nitrite by either a membrane-bound or a
periplasmic nitrate reductase, and nitrite reductase catalyzes the reduction of nitrite to nitric
oxide (NO). Nitric oxide is further reduced to nitrous oxide (N2O) by nitric oxide reductases
and, finally, N,O is converted to N, by the nitrous oxide reductase enzyme (van Spanning et
al., 2007). The significance of denitrification in rhizobia-legume symbiosis can be
appreciated when oxygen concentration in soils decreases during environmental stress such
as flooding of the roots, which causes hypoxia (Sanchez et al., 2011). The denitrifying
activity therefore works as a mechanism to generate ATP for survival of rhizobia in the soil

(Sénchez et al., 2011).

2.4 Factors affecting biological nitrogen fixation

There are several factors that affect nitrogen fixation in legumes. These factors influence all
aspects of nodulation and symbiotic N, fixation, in some cases reducing rhizobial survival
and diversity in soil while in others affecting nodulation or nitrogen fixation and even

growth of the host.
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2.4.1 Bacteria

Free-living soil bacteria that are beneficial to plant growth are usually referred to as plant
growth promoting rhizobacteria (Hayat et al., 2010). These bacteria are also termed as plant
health promoting rhizobacteria or nodule promoting rhizobacteria and are associated with
the rhizosphere which is an important soil ecological environment for plant—-microbe
interactions (Hayat et al., 2010). They promote plant growth by colonizing the plant root

(Kokalis-Burelle et al., 2006).

According to their relationship with the plants, they are divided into two groups: symbiotic
bacteria and free-living rhizobacteria (Khan, 2005). The bacteria are further grouped
according to their sites of residence: symbiotic bacteria, which live inside the plant cells,
produce nodules, and are localized inside the specialized structures; and free-living
rhizobacteria, which live outside the plant cells and do not produce nodules, but still prompt
plant growth (Gray and Smith, 2005). The best-known symbiotic bacteria are Rhizobia,

which produce nodules in leguminous plants.

One of the main pre-requisites for effective nodulation and nitrogen fixation is the presence
of an effective and competitive Rhizobium strain in the soil (Fening and Danso, 2002; Mathu
et al., 2012). The survival and persistence of an adequate number of effective rhizobia in

soils is essential to ensure nodulation (Ben Romdhane et al., 2008; Girvan et al., 2003).

17



In spite of Rhizobium being a natural inhabitant of the soil, many soils lack effective strains,
especially those strains effective for legumes species not previously grown on a particular
soil and therefore necassitates the need for inoculation with effective strains in most soils

(Ben Romdhane et al., 2008).

A variety of bacteria have been used as soil inoculants intended to improve the supply of
nutrients to crop plants. Species of Rhizobium (Rhizobium, Mesorhizobium, Bradyrhizobium,
Azorhizobium, Allorhizobium and Sinorhizobium) have been successfully used to permit an
effective establishment of the nitrogen-fixing symbiosis with leguminous crop plants (Hayat
et al., 2010). On the other hand, non-symbiotic nitrogen fixing bacteria such as Azotobacter,
Azospirillum, Bacillus, and Klebsiella sp. are also used to inoculate arable land with the aim

of enhancing plant productivity (Rey and Schornack, 2013).

2.4.2 Host Plant

The host plant controls rhizobia rhizosphere stimulation and is responsible for initial
infection (Driouech, 2010). The specific site and potential number of infections as well as
nodulation, potential number of nodules, size and patterns of distribution of the nodules on
the root system depends on the host plant (Zahran, 2001). It has also been reported that some
leguminous plants do not nodulate and therefore are not able to effectively fix nitrogen
(Mathu et al., 2012). Recent studies have shown that the bacterial genes involved in

nodulation are activated by phenolic compounds exuded by the host plant (Arora, 2013).
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Initiation of nodule formation on compatible host plants results from a molecular dialogue
between the host and the bacteria (Perret et al., 2000). The host plants produce flavonoids

and related secondary metabolites in the rhizosphere.

These signals can be perceived by a specific bacterial receptor called NodD, which acts as a
transcriptional activator of other nodulation genes (Franche et al., 2009). The core of the
Nod factor molecule is encoded by canonical nodA, nodB and nodC whereas, for example,
nodFE are involved in poly-unsaturation of the fatty acyl group attached to the core
molecule (Moulin et al., 2004). Other nodulation genes encode enzymes which add a variety
of substituents to the core, as in the case of Nod factors produced by Azorhizobium
caulinodans (Gibson et al., 2008). The Nod factor acts as an elicitor of root nodule
formation by the plant by triggering a developmental program leading to construction of the

root nodule and entry of rhizobia into the nodule (Gage, 2004).

Nod factor is an important host specificity determinant (Giraud et al., 2007; Spaink, 2000).
Recently however, the Nod factor paradigm was challenged by Giraud et al. (2007), who
reported that certain photosynthetic, stem- and root-nodulating bradyrhizobia do not possess
canonical nodABC genes but use other mechanisms for signalling to the plant. Their
experiments led them to hypothesize that a purine derivative might play a role in triggering
nodule formation instead of the Nod factor. This points to the complexity of the symbiotic

system and shows that bacteria employ diverse strategies to gain entry into the roots.
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2.4.3 Longevity of Nodules

The amount of N fixed by a leguminous crop depends much on the longevity of the nodules
on its roots (Zahran, 1991). In all nodule types, the N fixation period is optimal between 4
and 5 weeks after infection. Beyond this period, fast reductions of N fixing bacteroid
capacity are detectable and a senescence process occurs in the N fixing nodule zone. This
phenomenon is related to the onset of pod filling in grain legumes like soybean, pea and
common bean (Puppo et al., 2005). The lifespan of nodule is largely determined by four
factors: the physiological condition of the legume, the moisture content of the soil, the

presence of any parasites, and the strain of rhizobia forming the nodule (Driouech, 2010).

During maturity, legumes fill developing seeds with nutrients and storage compounds. As
plants put more energy into seed production, the N fixing activity of the bacteroids
eventually decreases (Zahran, 1999). Eventually the nodules stop functioning and
disintegrate, releasing bacteroids into the soil. In favorable soil conditions, these rhizobia
may survive and infect new plants during the next cropping season (Prévost and Antoun,
2007). However, in intensive agricultural systems it is usually necessary to add rhizobial
inoculant with every crop (Lucy et al., 2004). Plants may also shed their nodules early if

affected by severe drought (Gil-Quintana et al., 2012).
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2.4.4 Temperature

Temperature is considered as one of the most important physical factors affecting BNF. In
the tropics, the maximum soil temperatures have been reported to exceed 40 °C at 5 cm and
50 °C at 1 cm depth and limit nodulation (Grange et al., 2007; Hungria et al., 2000).
However some Rhizobium strains have been reported to survive at temperatures around 70°C

in dry soil (Abbott and Murphy, 2007).

The temperature requirement for BNF in tropical legumes vary between 27 °C and 40 °C
while rhizobia growth requires temperature range between 32 °C and 47 °C, though
tolerance varies among species and strains (Zahran, 1999). High temperatures can prevent
nodulation and inhibit the activity of N fixation in legumes even though root nodules may be
insulated from the highest temperatures by the soil (Giller, 2001). Conversely, cool
temperatures lead to delayed development of plants including delays in the formation of
nodules, and so decreased rates of N, fixation (Giller, 2001). Survival of rhizobia in soils at
high temperatures appears to be improved by the presence of clay particles and soil organic
matter, but many of the soils where high temperatures are experienced are sandy (Giller,

2001).

The plant root infection process is probably the component most affected by high
temperatures, with sensitivity located at the nodulation sites (Aranjuelo et al., 2014). High
temperatures also inhibit root hair penetration, infection thread formation, nodule initiation,
rhizobial release from the infection thread, and bacteriod development (Makarova and
Vadim, 2005; Stacey et al., 2006).
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Indirect effects of high temperature on the metabolism of the host plant and direct effects on
nitrogen fixation have been recognized for a long time (Ahemad and Kibret, 2014).
However the overall balance between photosynthesis and respiration determines levels of N

fixation (Werner and Newton, 2006).

2.4.5 Moisture availability

Stress resulting from water generally affects rhizobial survival, growth, longevity of
nodules, synthesis of leghaemoglobin and nodule function (Zahran, 2001). Severe stress
may lead to irreversible cessation of nitrogen fixation. However different rhizobial strains
and plant species vary in relation to drought tolerance (Gibson et al., 2008). Low water
supply might affect N, fixation by lowering plant carbohydrate supply, carbohydrate
transportation to the nodules, or direct impairment of nodule development and activity
(Maheshwari, 2008). In general, it has been noted that, the numbers of rhizobia in the soil
decline drastically as soil dries (Zahran, 2001). A comparative study on the survival of
Rhizobium and Bradyrhizobium in dry soil indicated that, Bradyrhizobium strains are more
tolerant to desiccation than strains of Rhizobium over short periods (Werner and Newton,

2006).

Other studies however found no simple relationship between the desiccation tolerance of

fast or slow growing rhizobia but they did find that specific strains of each survived in much

greater numbers than others (Giller, 2001).
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Rhizobia generally survive poorly on drying in soils which contain only small amounts of
clay or organic matter while those strains which survive under greater water stress are those
which retain less water within their cells (Giller, 2001). Drought contributes to crop yield
loss, including common bean where symbiotic fixation of atmospheric nitrogen (Ny) is
sensitive to even modest soil water deficits (Sinclair et al., 2007). In soybean, lines with high
nitrogen fixation at pod filling stage were found to have higher yield under water stress than

those having low nitrogen fixation (Puangbut et al., 2010).

Three major factors are thought to be involved in drought effects on BNF: oxygen
limitation, carbon shortage, and regulation by nitrogen metabolism (Marino et al., 2006).
Decline of N, fixation with soil drying causes yield reductions due to inadequate N for

protein production, which is a critical seed product (Sinclair et al., 2007).

2.4.6 Water logging

Rhizobia are normally aerobic organisms but some strains of Bradyrhizobium and R. meliloti
possess a dissmilatory nitrate reductase which can function as an electron acceptor, and thus
enable rhizobia to survive under anaerobic conditions (Jenkins, 2003). Due to the aerobic
characteristic of rhizobia, the survival of rhizobia during long periods of flooding is of
particular importance in cropping systems in which legumes are grown in rotation with rice.
It has been reported that the size of the population of rhizobia sampled from the field is
generally larger when the soil is moist or fully water logged as compared to when the soil is

dry (Burgers, 2012).
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In contrast, large reductions in the numbers of fast growing rhizobia nodulating chickpea
have been reported when grown after paddy rice (Burgers, 2012). Lack of oxygen is also a
major problem for root respiration and can rapidly result in loss of nitrogenase activity
(Giller, 2001; Tobisa et al., 2014). Water logging can result in the rapid release into the soil
certain heavy metals, like iron and manganese, which are highly toxic to both rhizobia and

plants in high concentration (Carranca et al., 2015).

Many studies have demonstrated the sensitivity of N fixation to flooding (Bacanamwo and
Purcell, 1999; Sparks, 2012; Yamauchi et al., 2013). Legumes grown on nitrate have shown
less sensitivity to flooding stress than plants relying on N fixation, indicating the differential
sensitivity to flooding between N fixation and nitrate uptake and assimilation (Khatoon et
al., 2012). The detrimental effect of water logging is usually attributed to inadequate oxygen

supply to sustain various root metabolisms (Ferner et al., 2012).

Water logging-induced soil anaerobosis is also harmful to nodule formation and function in
several legume species (Simms and Taylor, 2002; Tobisa et al., 2014). Decreased O;
concentration in the rhizosphere during flooding offer at least two reasons that nitrate could
ameliorate flooding stress relative to N fixation (Thomas and Sodek, 2005; Yamauchi et al.,
2013). Firstly, nitrate could be used as an alternative to O, as an electron acceptor in
hypoxic roots (Branddo and Sodek, 2009; Thomas et al., 2005). Secondly, respiratory energy
demands for N fixation and assimilation are higher than those for nitrate uptake and

assimilation (Guo et al., 2013; Irigoyen et al., 2014).
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Consequently, hypoxic roots of plants supplying plants with nitrogen have less damage than
hypoxic roots of plants dependent upon N fixation. Studies have shown that water logging
reduces nitrogenase activity and irreversibly alter ultra-structure of cells in many legume
root nodules (Tobisa et al., 2014). Decreases in nitrogen accumulation by bean plants under
waterlogged conditions might be due in part to reduced nodulation and decreased
nitrogenase activity (Jong-Tag et al., 2008; Zahran, 2001). The restriction of assimilatory
nitrate reduction is mainly because the conversion of nitrate to ammonia in leaf tissue is
coupled to the light reactions of photosynthesis which are inhibited by water logging (Forde,

2000; Jong-Tag et al., 2008).

Interest in N transport in the xylem has centered mainly on its relationship with metabolic
processes occurring in other parts of the plant, particularly in the root system (Jong-Tag et
al., 2008). While asparagine is the main organic form of transport of plants grown on nitrate,
ureides predominate in the transport of N in the xylem of symbiotic plants like soybean.
Moreover, nitrate applied to symbiotic plants led to the inhibition of N fixation and a severe
reduction in the transport of ureides (Mancuso and Shabala, 2010). Amino acids are less
affected, but the most clearly established change is the higher asparagine/glutamine ration

for plants grown on nitrate (Jong-Tag et al., 2008; Mancuso and Shabala, 2010).
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2.4.7 Light

The effects of light on nitrogen fixation can be ascribed to its effects on photosynthesis and
to photoperiodic effects (Zackrisson et al., 2004). A certain light intensity is necessary for
maximum nodulation of seedlings and further nodule development of established plants
(Gundale et al., 2012). Decreased day length, effects of shading or excessive cloud cover, all
have adverse effects on nodulation. Studies have shown that transferring legumes from a
low to high light intensity results in a rapid increase of both nodule size and number

(Lichtfouse et al., 2011).

Previous studies have indicated that light can have significant, non photosynthetic effects on
the establishment of the symbiosis (Ramos et al., 2003; Schmidt et al., 1999). Exposure of
excised bean roots to light prior to inoculation stimulated Rhizobium infection, whereas
exposure after inoculation inhibited nodule development (Ferguson and Mathesius, 2003). It
has also been reported that nodulation is enhanced in various leguminous plants if they are
grown under long days as compared to short days and that nodulation is inhibited upon
exposure of roots to far-red light (Ladha et al., 1992; Narasimhan et al., 2013). In legumes
such as soybean, light stimulates the production of one or more regulatory substances which
inhibit the formation of infection threads and which may also inhibit the formation of nodule

meristems.
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2.4.8 Soil acidity

Acidic soils pose serious problems for the plant, the bacteria and the symbiosis as low pH is
often associated with increased Al and Mn toxicity and reduced Ca supply (Giller, 2001). In
addition to Al toxicity, acidity may also cause phosphorus (P) and molybdenum (Mo)
deficiencies (Hungria et al., 2000; Vistoso et al., 2012). These stresses affect the growth of
rhizobia on host legume and symbiosis (Campo and Wood, 2001). The optimal pH for
rhizobial growth is considered to be between 6.0 and 7.0 and relatively few rhizobia grow
well at pH less than 5.0 (Soares et al., 2014). However, some rhizobia can tolerate acidity
better than others, and tolerance may vary among strains within species (Kannaiyan, 2002).
Acidity affects early steps in the infection process, including the exchange of molecular
signals between symbiotic partners and attachment to the roots (Zahran, 1999). Other stages
of nodule establishment and function are also impacted by acidity, as is the growth of the

host plant (Martinez-Romero, 2003).

Liming is widely known as the most effective means of correcting soil acidity (The et al.,
2006). Application of agricultural lime containing Ca and/or Mg compounds to acid soils
increase Ca®* and/or Mg?* ions and reduces AI**, H*, Mn*, and Fe** in the soil solution
(Kisinyo et al., 2014). This leads to increase in soil pH and available P due to reduction in P
sorption (Sato and Comerford, 2005). In addition to neutralization of soil acidity, lime
enhances root development, water and nutrient uptakes, necessary for healthy plant growth

(Kisinyo et al., 2014; The et al., 2006).
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Other studies have also shown that lime reduces Al toxicity, increases soil pH, available P,
Ca, Mg, uptake of N and P thus improving crop productivity in Kenya acid soils (Opala et
al., 2010a; Opala et al., 2010b). Apart from the use of lime, organic materials such as
farmyard manure have also been shown to increase pH and reduce acidity and could serve as
alternative in places where lime is expensive (Opala et al., 2010a). Other organic materials
such as water hyacinth could also be tested to assess their potential in managing soil acidity

in western Kenya.

2.4.9 Salinity

Some legumes are relatively salt tolerant but high concentrations can damage the nodules
indirectly by withdrawing water osmotically from nodules or in situations of high
evaporation rates, nodules may be damaged as a result of deposition of salts directly on
nodule and roots (Lichtfouse et al., 2011). Among the most common effect of soil salinity
include growth inhibition by Na* and CI" Elevated Na" in soil solution inhibits the uptake of
other nutrients such as P, K, Fe, Cu, and Zn directly by interfering with various transporters

in the root plasma membrane (Giri et al., 2007).

As with most cultivated crops, the salinity response of legumes varies greatly and depends
on such factors as climatic conditions, soil properties, and the stage of growth (Manchanda
and Garg, 2008; Swaraj and Bishnoi, 1999). Variability in salt tolerance among crop
legumes has been reported with others e.g., Vicia faba, Phaseolus vulgaris, and Glycine

max, being more salt tolerant than others, e.g., Pisum sativum (Zahran, 1991; Zahran, 2001).
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Many studies have shown that some V. faba tolerant lines sustained nitrogen fixation under
saline conditions (Bouhmouch et al., 2005; Zahran, 2001). Other legumes, such as Prosopis
(Fagg and Stewart, 1994), Acacia (Lafay and Burdon, 2007), and Medicago sativa (Polcyn
and Garnczarska, 2009), are salt tolerant, but these legume hosts are less tolerant to salt than
are their rhizobia. The legume-Rhizobium symbioses and nodule formation on legumes are
more sensitive to salt or osmotic stress than are the rhizobia (Nogales et al., 2002; Zahran,

1991). Salt stress inhibits the initial steps of Rhizobium-legume symbioses.

In a previous study, soybean root hairs showed little curling or deformation when inoculated
with Bradyrhizobium japonicum in the presence of 170 mM NaCl, and nodulation was
completely suppressed by 210 mM NaCl (Katerji et al., 2003). The reduction of N fixing
activity by salt stress is usually attributed to a reduction in respiration of the nodules
(Moradi et al., 2011) and a reduction in cytosolic protein production, specifically
legheamoglobin, by nodules (Garg and Singla, 2004). The depressive effect of salt stress on
N fixation by legumes is directly related to the salt-induced decline in dry weight and N
content in the shoot (Figueira, 2009). The salt-induced distortions in nodule structure could
also be reasons for the decline in the N fixation rate by legumes subject to salt stress (Arora,
2013). Reduction in photosynthetic activity might also affect N fixation by legumes under
salt stress (Garg and Singla, 2004). Although the root nodule-colonizing bacteria of the
genera Rhizobium and Bradyrhizobium are more salt tolerant than their legume hosts, they

show marked variation in salt tolerance.
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Strains of Rhizobium leguminosarum have been reported to be tolerant to NaCl
concentrations up to 350 mM NacCl in broth culture (Abdelmoumen et al., 1999; Zahran,
1991). Reports have shown that soybean and chickpea rhizobia are tolerant to 340 mM
NaCl, with fast-growing strains being more tolerant than slow growing strains (Elsheikh and
Wood, 1990). It has been found recently that the slow growing peanut rhizobia are less

tolerant than fast-growing rhizobia (Kang et al., 2011).

2.4.10 Nitrogen

Nitrogen added to the soil through fertilization can be a limiting factor that affects the
symbiotic relationship between rhizobia and their hosts (Sparks, 2002). The capacity for N
fixation by a nodulating legume is influenced at least in two ways by mineral nitrogen in the
soil where it is grown. Firstly, the process of nodulation may be promoted by relatively low
level of available nitrate or ammonia, higher concentrations of which almost always depress
it (Maheshwari, 2008). Secondly, the rate of N, fixation by an active, growing and well
nodulated legume is always suppressed by nitrate ions (Tow and Lazenby, 2001). Nitrogen
fertilizers added to soil may therefore delay the symbiotic process through decreased
multiplication of free-living rhizobia (Gage, 2004). Studies have shown that N fertilizers
inhibit root hair infection, nodule initiation, growth development, nitrogenase activity and
promote premature nodule senescence (Kiers et al., 2006; Liu et al., 2010; Watanabe et al.,
2014). Nodulation is reduced or eliminated when the soils have high supplies of ammonium

and nitrate (Nahed-Toral et al., 2013).
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2.4.11 Phosphorus

Phosphorus (P) is essential macronutrient for plant growth and function. P deficiency is a
major constraint of effective N fixation because phosphorus is an important nutrient in the
process of nodulation and nitrogen fixation (World Bank, 2006). The high requirement for P
in legumes is consistent with the involvement of P in the high rates of energy transfer that
must take place in the nodule (White et al., 2007). The more the supply of phosphorus, the
more abundant are the nodules (Gowariker et al., 2009). The requirements of host plants for
optimal growth and symbiotic dinitrogen fixation processes for P have been assessed by
determination of nodule development and functioning (Maheshwari, 2010). The influence of
P on symbiotic nitrogen fixation in leguminous plants has received considerable attention,

but its role in the process remains unclear (Kouas et al., 2005).

Other studies have shown that P nutrition increases symbiotic dinitrogen fixation in
subterranean clover by stimulating host plant growth rather than by exerting specific effects
on rhizobial growth or on nodule formation (Robson et al., 1981). The increase of whole
plant growth and plant nitrogen concentration in response to increased soil P supply has
been noted for several leguminous species including soybean (Bargaz et al., 2011; Israel,
1993; Kouas et al., 2005). Decreased specific nitrogenase activity in nodules of P deficient
soybean plants has been associated with decreased energy status of host plant cells of

nodules (Cabeza et al., 2014).
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2.5 Density of rhizobial population in soils

Population size of indigenous rhizobia determines success of inoculation of legumes which
is critical when compatible rhizobia are absent, population densities are low, or when native
rhizobia are not effective (Ben Rebah et al., 2007; Brockwell and Bottomley, 1995; Catroux
et al., 2001; Giller and Cadisch, 1995). The main source of rhizobia inocula is the soil with
great variations in the population size from soil to soil and across regions (Thrall et al.,

2011).

The main factors that determine the presence of rhizobia include the presence of appropriate
host, soil acidity, seasonal changes and soil texture (Abaidoo et al., 2007; Rupela et al.,
1987; Thies et al., 1991). It has been reported that rhizobia survive in soil between symbiotic
phases as saprophytes, and their populations depend on many physical and chemical
properties of the soil environment and on the frequency of planting legumes in a given area
or field (Jarecki and Bobrecka-Jamro, 2012; Martinez-Romero, 2006). A study on 305 soil
samples from 17 countries by the International Centre for Nitrogen Fixation by Tropical
Legumes showed that while rhizobia were common at a large number of sites, their
populations were extremely variable and ranged from zero to >1000 cells g™ soil (Galloway
et al., 2004; Peoples et al., 1995). These authors further stated that more than 50% of the
soils had fewer than 100 rhizobia g™ soil. These findings suggest that tropical soils do not

have sufficient numbers of resident rhizobia to meet legume N demand.
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In Zimbabwe population levels of rhizobia ranged between zero and 100 cells of cowpea
rhizobia per gram of soil (Zapata and Hera, 1996). Similar low population sizes have been
reported for cowpea and groundnut in Egypt (Mpepereki and Wollum, 1991; Van Berkum et

al., 2012).

Soils lacking in rhizobia have been reported to occur in areas where indigenous related
legumes are absent or where levels of pH, osmotic stress, temperatures and heavy metals are
detrimental to rhizobial populations (Catroux et al., 2001). Different studies have pegged the
response of indigenous soil rhizobia at varying population levels (Giller, 2001; Thies et al.,
1991). However it is common to observe negative response in the presence of high

population densities of rhizobia and high nodulation.

Since high specificity exists between Rhizobium strains and their host plants, for successful
nodulation and fixation, it is essential that the two be compatible. Host legumes can enrich
their immediate soil environment with rhizobia through rhizosphere effects (Graham, 2007,
Thies et al., 1995). Failure of inoculation to elicit response in legumes is a common
phenomenon in Kenyan soils (Mungai and Karubiu, 2011). This could be due to the
presence of effective indigenous rhizobia or highly competitive but inefficient indigenous
strains that lock out the inoculant strains from occupying the nodules. An understanding of
rhizobial ecology requires their enumeration in natural habitats, and the relationship between
rhizobial numbers and legume nodulation response is of considerable practical importance

for legume inoculation.
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2.6 Methods of studying rhizobial diversity and phylogenetics

Generally, numerical taxonomy comprising biochemical, nutritional and serological
characterization of the rhizobia together with the host ranges was used as the main method
for classification and identification of root-nodulating bacteria until the molecular era. The
rhizobial taxonomy has been improved considerably after the development of molecular
techniques, such as sequencing of the 16S rRNA gene (Woese, 1987). Molecular genetic
markers in general provide better information, are more sensitive and relatively more
accurate to study the relationship of closely related bacterial strains and in detection of
higher rhizobial diversity than the phenotypic techniques. Phenotypic features such as
colony morphology, and physiological or biochemical responses of a bacterium may vary
depending on the media and conditions used for growing it. Nevertheless, each of the
molecular markers and techniques has also its own limitation in determining the diversity
and phylogeny of bacteria (Pontes et al., 2007). Some of these methods are described in this

section.

2.6.1 Phenotypic, cultural and metabolic methods

There are a wide range of morphological, cultural and metabolic properties that have been
used in the characterization and identification of rhizobia. The phenotypic characteristics
that are routinely used for this purpose are growth rate, colony characteristics on yeast
extract mannitol agar (YEMA) media, utilization of carbon and nitrogen substrates as sole

sources of nutrition (Maatallah et al., 2002).
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Different laboratories also use additional methods to characterize rhizobia including cell
protein banding pattern, multilocus enzyme electrophoresis and tolerance to stress, acidity,
salinity, heavy metals and high temperatures (Bala and Giller, 2007). These set of tests by
which the root nodule bacteria could be characterized was suggested as a way to resolving
the taxonomic difficulties within the genus Rhizobium (Lange, 1961). However the methods
were later considered to be impracticable (Graham and Parker, 1964). Despite this criticism,
cultural and metabolic parameters are still used for phenotypic characterization and are
frequently carried out in combination with other techniques. The use of phenotypic

characteristics provides the primary basis for rhizobial species classification (Dlodlo, 2012).

2.6.2 Cross inoculation concept

Cross inoculation concept is based on the ability of Rhizobium strains to specifically
nodulate a group of legume host species (Giller, 2001). In this concept, rhizobial strains
have long been described as being specific when they are restricted in their host range or
promiscuous when they have a very broad host range (Provorov et al., 2013). However, a
wide range of legume species has shown that many legumes are nodulated by rhizobia
outside their own groups (Bationo, 2007). Promiscuity of some rhizobial strains has also
been found to be so broad that it goes beyond closely related legumes, to include legumes
that are so distantly related as to be placed in different sub-families within the family
Leguminosae (Gnanamanickam, 2007). Cross inoculation concept like other earlier methods

for characterizing Rhizobium strains pays no attention to nitrogen fixation abilities.
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It is thus common to find strains of rhizobia that can form nodules on say 10 different
legume host species and yet in association with perhaps five of those host plants fix nitrogen
only weakly or not at all (Perotto and Baluska, 2011). Due to these setbacks associated with
the cross inoculation concept, its use in the classification of rhizobia has reduced. Continued
use of this method by some scientists can only be justified on the basis of convenience and
agronomic significance (Veldzquez and Rodriguez-Barrueco, 2007). The concept actually
has some practical use for selecting rhizobial strains which have the potential to be used as

inoculants for particular legume crops (Amarger, 2001).

2.6.3 Serological method

The method is based on the principle of antigen- antibody reaction to study rhizobial
diversity. Serological studies of indigenous rhizobia have revealed considerable diversity
within and among geographic locations. In some instances it has been possible to correlate
the presence of particular serogroups within a restricted region to soil properties such as pH
or total nitrogen content (Dommergues, 2012; Pongslip, 2012). Apart from using serology to
study rhizobial diversity, the practical importance of serology is to identify groups that have
practical importance to the management of symbiosis. Although many studies have
documented serological diversity within rhizobial populations, relatively few have assessed
the value of the resulting groupings in predicting symbiotic performance. The main
weakness of using serology to characterize rhizobia is the presence of strains that do not
react with all antisera tested and the frequency of non-reactive strains is often significant
(Zhang et al., 2014). Cases of cross-reaction of strains with antiserum derived from
reference strains are also common.
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2.6.4 Antibiotic resistance method

Environmental studies of micro-organisms in their natural habitat require the recovery of
either the resident population or added cell on a selective medium to exclude contaminants.
The lack of a suitable medium that allows the selective, recovery of rhizobia in soil has
hindered studies on the behavior of rhizobia in soil (Dommergues, 2012). Rhizobia like
other bacteria contain small numbers of naturally occurring mutants that are resistant to high

concentrations of certain antibiotics.

The growth of antibiotic or toxin resistant mutants in media containing elevated levels of
anti-microbial agents has been used for recognizing rhizobial strains in ecological studies
and other bacteria (Spriggs and Dakora, 2009). Repeated culturing on YEMA plates
containing these antibiotics marks target rhizobial strains with resistant strains retaining their
N, fixing capabilities. Antibiotic-resistant marked strains of rhizobia may be identified by
their ability to grow on media containing the antibiotics to which they are resistant, while
non-marked ones are unable to grow. The antibiotic marker technique is applied in
ecological studies where strain identification is not possible by serology due to cross
reaction of strains or because of unavailability of antisera. The popularity of the technique is
due to the ease with which the mutants, in particular those resistant to streptomycin have

been obtained (Baldani et al., 2014).
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2.6.5 16S rRNA gene sequence

The ribosomal ribonucleic acid (rRNA) gene is considered as a model genetic marker for
studying the evolutionary history of life. Comparison of the rRNA sequences is used for
construction of the “universal tree of life”, the tree which divides all organisms on earth into
three main domains; Eukarya, Bacteria and Archaea (Woese et al., 1990). Bacteria contain
genes coding for 5S, 16S, and 23S rRNAs and 16S-23S rRNA internal transcribed spacer
(ITS) regions, in which all are typically structured into a segment of genome, called rRNA
operon. The rRNAs are vital components of ribosomes that are involved in translation of
messenger RNA and protein synthesis (Acinas et al., 2004). Predominantly, the 16S rRNA
gene sequence has been used as a standard genetic marker in identification and taxonomic

classification of prokaryotes including rhizobia (Harris and Hartley, 2003).

This marker has several properties that make it suitable for phylogenetic inference. Firstly,
16S rRNA is universally found in all living organisms, this enables the comparison of the
phylogenetic relationship of all organisms and allows the construction of a tree of life.
Secondly, it is relatively highly conserved, thus the function of this gene over time has not
changed, indicating that random sequence variations that may occur among organisms are
more exact measure of evolution. Thirdly, the bacterial 16S rRNA gene sequence is a long
stretch (about 1500 bp) that includes both conserved and variable regions, which can offer

enough information for taxonomic purpose.
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Nine “hyper-variable” regions (labeled as V1 to V9) that are flanked by conserved stretches
exhibit significant sequence variability among different bacterial species and can be used for

bacterial phylogenetic studies (Aserse et al., 2012).

Conserved regions are used in designing universal primers for PCR amplification of 16S
rRNA gene and these also allow alignment of sequences of distantly related organisms
(Chakravorty et al., 2007). Due to these benefits, 16S rRNA gene sequence has been used
extensively as a main criterion for phylogenetic classification of prokaryotes. In general,
97% 16S rRNA gene sequence similarity has been considered as a threshold for species
delineation (Stackebrandt and Goebel, 1994). Subsequently, large numbers of 16S rRNA
gene sequences have been deposited in the nucleotide databases. This facilitates the
comparisons between different species and makes the 16S rRNA sequences further a choice

of marker for identification and in building bacterial phylogenies (Woese et al., 1990).

2.6.6 DNA-DNA hybridization (DDH)

The DNA-DNA hybridization technique is a common genetic method used to study
bacterial heterogeneity, speciation and taxonomy (Degefu et al., 2013). The DNA-DNA
hybridization (DDH) method has been used in determining specific differences between
closely related bacterial species. This technique has been used as a regular criterion for

description of new bacterial species (Krieg, 1988).
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It is a technique by which the entire sequence similarity of different organisms calculated
from the pairwise whole genome comparisons (Rossell6-Mora, 2006). In practice DDH has
three main steps: sheering of the genomic DNASs of test organism and reference strain,
mixing the DNA of both strains and heating to dissociate the DNA double strands, and

cooling the temperature down until fragments re-anneal.

The melting temperature value varies according to the base pair matching of the two strands
and thereby giving a clue for genetic relatedness of the two strains (Auch et al., 2010). It is
recommended that test bacterial strains to be considered as different species should show
70% or less DDH relatedness value from the references (Moore et al., 1987). Methods used
for measuring the DDH values can be varied in different laboratories (Rossell6-Mora, 2006).
Practically all the methods are based on the same principle but the DNA quality,
concentration or tagging and washings steps may vary from one laboratory to the other.
These differences can lead to prominent errors or give conflicting result (Rosselld-Mora,

2006).

An additional main weakness of this technique is that it is not possible to build comparative
database since the method gives non-cumulative relative DNA similarity values (Rossell6-
Mora, 2006). The DDH technique needs also a large amount and high quality DNA,
technically challenging, time consuming and labor intensive. This technique is therefore
limited to a few specialized laboratories and mostly applied if the bacteria under study are

known to have closely related 16S rRNA gene sequences (Tindall et al., 2010).
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Though it has several limitations, the DDH technique is still considered as the gold standard
in delineating bacteria at species level. However, the rapid progress of sequencing
techniques and with the ever decreasing of its costs, most likely the DDH will be swapped
by the more reproducible and accurate whole genome sequencing technique in the near

future.

2.6.7 Whole genome sequencing

The complete genome sequencing is a molecular technique that involves sequencing of the
entire chromosomal DNA of an organism as well as DNA found in the mitochondria (for
higher organisms, eukaryotic), chloroplast (for plants) or plasmids (for single cell
organisms, prokaryotic) at a single time. Recently, due to several whole genomes
sequencing efforts, a large numbers of bacterial genome are sequenced and available in
public nucleotide databases Whole genome sequencing provides the complete genetic
variation of the organisms and the sequence data can be used in comparative genomic
studies for identification and taxonomic purpose. Due to the sharp falling in the price of the
technology, in the future many more bacteria including rhizobial complete genomes will be

sequenced.

Nevertheless, at the moment sequencing the whole genome is far from applicable in many
laboratories since its price is still expensive and it needs skilled personnel to analyze the
sequence data. Consequently, the current phylogenetic and diversity studies are still based
on nucleotide sequences of various genes and genetic fingerprints though these markers

contain limited molecular information.
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2.6.8 Housekeeping protein coding gene sequences

These genes are chromosomal in origin and are constitutively expressed in all cells under
normal and patho-physiological conditions in order to maintain basic cellular functions of an
organism. In order to overcome the limitations of rRNA genes and DNA-DNA
hybridization techniques, the sequence analysis of multiple protein coding genes, known as
multilocus sequence analysis (MLSA), has been recently considered as a preferred method
to study closely related species and to discriminate strains of the same species (Aserse,
2013). The housekeeping protein coding genes seem to be the most appropriate markers for
phylogenetic analysis of bacteria. The genes have higher level of sequence divergence
compared to the 16S rRNA gene but are conserved enough to retain genetic information, and
therefore their sequences show better discrimination than 16S rRNA gene sequences. The
protein coding genes are widely distributed, unique within a given genome, long enough and
phylogenetically informative but short enough to be sequenced economically, that has
acceptable accuracy in predicting the whole-genome relationships and that located
separately in the chromosome of the genome are recommended in studying bacterial

taxonomy (Zeigler, 2003).

2.6.9 Amplified fragment length polymorphism (AFLP) fingerprinting

AFLP is among the most widely used DNA fingerprinting methods since it was developed
(Vos et al., 1995). The technique has been used in several applications including genetic
diversity, phylogeny, and ecological studies of plants, animals, fungi and bacteria (Bensch

and Akesson, 2005).
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AFLP fingerprints are produced by restriction of intact genomic DNA with restriction
endonuclease and ligation of them with double strand oligonucleotide adapters. The
restricted fragments are then selectively amplified and separated either using polyacrylamide
gel electrophoresis or more commonly with capillary electrophoresis using automatic
sequencer. Usually one or two of the PCR primers are fluorescently labeled in order to
produce labeled AFLP-fragments that can be detected and separated according to their size
by automatic sequencer. In this case, once the fragment passes in the capillary
electrophoresis of the sequencer, the primer that is labeled with fluorescent dye provides
signal and the differently sized fragments are then converted to peaks on the computer
software. The peaks are equivalent to the bands on silver stained polyacrylamide gel, which
can also be employed to separate the AFLP-fragments based on their size in an electrical
field. In comparison to the polyacrylamide gel electrophoresis, the capillary electrophoresis

provides more resolute fingerprint pictures and the data are better manageable.

In addition, the silver staining in the polyacrylamide gel electrophoresis is time consuming
and demanding. Therefore, the capillary electrophoresis has been used as the preferred
method for separation of AFLP fragments (Terefework et al., 2001). With the AFLP
technique, multilocus fingerprints representing the whole genome of an organism can be
produced with a limited number of primer combinations. As a result, this method can be
used to assess both core and accessory genes that are biologically and ecologically

important for the organisms.
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This indicates that the technique helps in studying the species from ecological species points
of view and to identify bacterial strains that may be adapted to the same ecological niches or
geographic origins (Cohan, 2001). The great number of polymorphic bands that are
produced with the AFLP method shows different genetic fingerprints and provide excellent
power in resolving differences between very closely related strains compared to other
techniques (Boudon et al., 2005). In comparison to other molecular methods, AFLP is
reported to have higher discriminatory power and to show better intraspecific genetic
diversity between Pseudomonas species (Clerc et al., 1998). Other studies have shown that
AFLP clustering present much more diversity between Bradyrhizobium species compared to
16S-23S rRNA intergenic sequence (ITS) and recA phylogenies, though all the three
methods showed consistent grouping between the species (Gueye et al., 2009). Generally,
the AFLP method has been comprehensively used in genetic diversity studies of root nodule
bacteria and to confirm if rhizobial strains in the same species are genetically identical or

different (Li et al., 2012).

The AFLP technique has also been applied in studying the taxonomic relationship of various
groups of bacterial species (Costechareyre et al., 2010). However several restriction
enzymes might be needed in order to produce composite datasets for comparison and for
clear similarity or difference among the taxa (Terefework et al., 2001). The technique has
been reported to have similar discriminating power as DNA-DNA hybridization and
therefore can be used as an alternative to the DNA- DNA hybridization for identifying

bacterial species (Costechareyre et al., 2010).
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AFLP is used to effectively delineate the genomic species of the genus Agrobacterium that
were previously classified by DNA-DNA hybridization relatedness (Costechareyre et al.,
2010). Recently, the AFLP method has also been applied in studying the phylogenetic

structure in identifying genospecies of the genus Frankia (Aserse, 2013).

2.6.10 Restriction fragment length polymorphism (RFLP)

In RFLP technique, DNA purified from rhizobial isolates is cut with a restriction
endonuclease (often EcoR1 or Hindlll). The variation (polymorphism) in the length of
resulting DNA fragments is visualized by running the DNA fragments on an electrophoretic
gel and staining the gel with ethidium bromide followed by illumination under UV light.
These polymorphisms are then used to differentiate between rhizobial isolates. If
chromosomal DNA is cut with restriction endonucleases then visualization of fragment
polymorphism is difficult because of the large number of fragments generated. RFLP is
rarely used on its own for diversity studies. It is most commonly used in conjunction with
Southern blotting followed by nucleic acid hybridisation with an oligonucleotide or gene

probe or in the restriction digestion of amplified ribosomal genes.
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2.6.11 Metagenomics: Application of Genomics to Uncultured Microorganisms

Metagenomics is the genomic analysis of microorganisms by direct extraction and cloning
of DNA from an assemblage of microorganisms (Handelsman, 2004). The development of
metagenomics stemmed from the ineluctable evidence that as-yet-uncultured
microorganisms represent the vast majority of organisms in most environments on earth.
This evidence was derived from analyses of 16S rRNA gene sequences amplified directly
from the environment, an approach that avoided the bias imposed by culturing and led to the
discovery of vast new lineages of microbial life (Huson et al., 2007). Although the portrait
of the microbial world was revolutionized by analysis of 16S rRNA genes, such studies
yielded only a phylogenetic description of community membership, providing little insight
into the genetics, physiology, and biochemistry of the members. Metagenomics provides a
second tier of technical innovation that facilitates study of the physiology and ecology of
environmental microorganisms. Novel genes and gene products discovered through
metagenomics include the first bacteriorhodopsin of bacterial origin; novel small molecules
with antimicrobial activity; and new members of families of known proteins, such as an
Na*(Li*)/H" antiporter, RecA, DNA polymerase, and antibiotic resistance determinants
(Schleper et al., 2005). Reassembly of multiple genomes has provided insight into energy
and nutrient cycling within the community, genome structure, gene function, population
genetics and microheterogeneity, and lateral gene transfer among members of an uncultured
community (DeLong et al., 2006). The application of metagenomic sequence information
will facilitate the design of better culturing strategies to link genomic analysis with pure

culture studies.

46



2.6.12 Ribotyping

Ribotyping makes use of differences in the chromosomal positions or structure of rRNA
genes to identify or group isolates of a particular genus or species (Laguerre et al., 2001).
Ribotyping has been shown to be reproducible and hence has gained popularity for strain
fingerprinting (Nicolas-Chanoine et al., 2008). The most frequently used ribotyping method
is to identify RFLPs of rRNA genes by probing a Southern transfer of restricted genomic
DNA (Bouchet et al., 2008). Bouchet et al. (2008) used the technique to characterise isolates
of non nodulating, Gram-negative soil bacteria that gained the capacity to nodulate clover
once they were crossed with E. coli strain PN200, which contains the cointegrative plasmid
pPN1. Ribotyping combined with DNA-DNA hybridisation and partial 16S rRNA
sequencing enabled them to classify these isolates of soil bacteria into 5 different species of
Rhizobium. In this way, Bouchet et al. (2008) demonstrated that nod — rhizobia bacteria are
an integral part of the soil microbial community regardless of either the presence of a
compatible host legume or the capacity of the bacteria to nodulate it. Similarly, Laguerre et
al. (2001) described non-symbiotic R. etli isolates that outnumber R. etli symbiotic bacteria

in the field.
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2.6.13 Single nucleotide polymorphism (SNPS)

Single-nucleotide polymorphisms (SNPs) have become of standard use in genetics and in
model organisms and are particularly relevant genetic markers for evolutionary and
conservation genetic analyses (Dereeper et al., 2011). Interest in SNP markers in
evolutionary genetics comes primarily from their abundance and widespread distribution
throughout the genome (Deschamps and Campbell, 2010). SNPs are usually biallelic so that
more SNP markers are required compared to other molecular markers, especially
microsatellites (Hauser et al., 2011). The binary nature makes genetic variation easy to score

and comparisons of patterns of variation between markers and populations straightforward.

SNPs are easily amenable to automation, and during the last decade, many medium- to high-
throughput SNP genotyping methods have been developed (Gupta et al., 2008). The choice
between all these technologies depends strongly on the number of samples and markers to
be analyzed. As SNPs occur both in coding and noncoding regions it is possible to build sets
of SNPs containing ‘anonymous’ SNPs and ‘candidate’ SNPs (Brumfield et al., 2003). The
availability of both categories is particularly relevant for candidate gene association studies
and to look for footprints of selection. Anonymous SNPs can be used to capture a genome-
wide picture of the demographic history of the studied sample. This in turn constitutes a
control/reference to detect abnormal patterns of diversity on candidate SNPs reflecting a
potential response to specific constraints and especially selection (Shen et al., 2014).

Whole-genome resequencing or SNPs arrays of very high density (>50 000 SNPs) are

needed for genome-wide association studies (GWAS).
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However, given the current cost of such kind of analysis, smaller sets of SNPs allowing to
genotype large samples may be very valuable tools for the survey and/or the monitoring of
natural populations and the study of patterns of local adaptation. One important
complication when using SNPs to study the demographic and selective history of a
population or species is the potential occurrence of a bias towards analyzing only the most
variable genomic regions. This artefact, known as ‘ascertainment bias’, may arise when the
discovery panel is too small and/or unrepresentative of the assayed sample and is of special
concern for biallelic markers such as SNPs (Clark et al., 2005). Ascertainment bias affects
the site frequency spectrum (SFS) of a population sample, that is, the distribution of allele
frequencies of polymorphic sites) and may lead to false evolutionary inferences (Ewens,

1972).

2.7 Breeding for enhanced nitrogen fixation in crop legumes

The concept that legume N fixation could be enhanced through selection and breeding has
been around for decades (Nutman, 1984). Previous studies showed that there was little
understanding of how N fixation breeding programs might be undertaken and that the basic
genetic information necessary for understanding the expression of desired traits was largely
absent (Graham and Temple, 1984). Intensive research during the past 25 to 30 years has
successfully addressed many of the challenges associated with legume breeding. Some, such
as dissecting carbon and nitrogen allocation within the legume plant in relation to nodule
function, were apparently useful, whilst others were clearly more critical (Herridge and

Rose, 2000).
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There was a need to develop alternative strategies for genetically improving legume N
fixation and to clearly define protocols for selection and breeding. N fixation activity of
individual plants and plant populations had to be quantified in a rapid, simple and cost

effective manner.

2.8 Strategies for breeding legumes with enhanced N fixation

2.8.1 Legume biomass and seed yield

Maximizing legume (biomass) and seed yield within the constraints imposed by agronomic
management and the environment. This is because larger biomass crops require more N and
therefore N fixation will be increased as biomass yield is increased. The approach assumes a
capacity for N fixation sufficient to satisfy increased N demand of larger plants. It has
particular application to lower-yielding species such as common bean, lentil (Lens
culinaris), mung bean (Vigna radiata) and chickpea (Cicer arietinum), but less relevance for
the larger, vigourously growing species like fababean (Vicia faba), pea (Pisum sativum) and

soybean (Attewell and Bliss, 1985).

2.8.2 Symbiotic nitrate tolerance

Enhancing symbiotic nitrate tolerance and the ability of the legume to nodulate and fix N in
the presence of soil nitrate. This strategy may not result in greater yields (either biomass or
grain). Rather, the principal impact of symbiotic nitrate tolerance is to increase the
percentage of crop N derived from N fixation (Pfix) and therefore total N fixed by the

legume.
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This should lead in improved residual benefits of the legume on soil N fertility. Variation for
symbiotic nitrate tolerance exists in natural plant populations and has also been created
through plant mutagenesis (Park and Buttery, 1988). It may be impossible and even
undesirable, to produce a legume solely dependent upon N for growth. There is scope,
however, to improve the levels of symbiotic tolerance to nitrate for the most commonly

grown crop legumes.

2.8.3 Legume nodulation through specific nodulation traits

Optimizing legume nodulation through specific nodulation traits (mass and duration), and
depending on the circumstances, for promiscuous or selective nodulation (Cregan and
Keyser, 1986). Continued improvements in the effectiveness of legume inoculants and the
matching of strains with host genotypes should also be sought. There appears to be scope to
select rhizobia for specific environmental niches such as acid tolerant strains for acidic soils

(Hungria and Vargas, 2000).

2.9 Soil fertility and legume nitrogen requirements

The continued decline in soil fertility and high fertilizer costs are major limitations to crop
production in smallholder farms in Kenya (Chemining’wa et al., 2004). The problem has
been augmented by intensification of agriculture coupled with the reduction in farm sizes

(Otieno et al., 2007; Saha and Muli, 2000).
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Among the major nutrients, requirements for nitrogen (N) exceed any other and rarely do
soils in the tropics have enough of this nutrient to produce high sustainable yields (Akter et
al., 2013; Mourice and Tryphone, 2012). This lack of adequate amounts of nitrogen in most
soils puts a limitation on the farmers’ goals of increasing yield per unit area. Rebuilding soil
fertility in traditional agricultural systems has been achieved through long-duration fallow
periods (Kekeunou et al., 2006; Poubom et al., 2005). However, with increased human
population and land pressure, long fallow periods are no longer feasible (Miriti et al., 2007;

Poubom et al., 2005).

There are several options which are available to manage nitrogen in farmers’ fields with
chemical fertilizers often considered to be an immediate answer to current nutrient
deficiencies in soils (Bationo, 2004; Chemining’wa et al., 2004). The quantity of nitrogen
fertilizer needed for agriculture is projected to increase in the period to 2030 (Tillman, 1999)
and this is likely to lead to greater environmental degradation (Lal and Stewart, 2013,;
Tilman, 1999). Reduced dependence on N fertilizer and adopting farming practices that
favour the more economically viable and environmentally prudent BNF will therefore
benefit both agriculture and the environment (Vance, 2001). Apart from symbiotic BNF that
is already described, N requirement of legumes can also be met through mineral N
assimilation and incorporation of organic materials (George and Singleton, 1992; Salvagiotti

et al., 2008).
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2.9.1 Organic nitrogen sources

Traditionally, organic inputs were used to replenish soil fertility but later emphasis shifted to
the use of mineral fertilizers (Odhong’ et al., 2014; Opala, 2011). However, due to
increasing costs of chemical fertilizers and concerns for sustainability, there is renewed
interest on the use of organic materials such as animal manures, green manures, composts
and crop residues to improve soil fertility (Bationo, 2004). Organic materials are derived
from plant and animal droppings such as weed residues, tree prunings, urine, green manure,
farmyard manure and crop residues. However, their availability as nutrient sources is limited
by their alternative uses as fuel, feed and fiber. In addition, the labour required to collect and

process these materials affects their utilization (Jama et al., 1997).

Recent research efforts have therefore focused on increasing the generation of non-
traditional organic resources using agroforestry interventions such as improved fallows and
biomass transfers (Opala, 2011) and water hyacinth (Woomer, 1997; Woomer et al., 2000)
to increase the amount of nutrients supplied by organic inputs. These sources have been
recognized as alternative nutrient sources to resource poor smallholder farmers (Bala et al.,
2011). The organic materials improve the soil fertility, promote good soil aggregation,
improve moisture infiltration and increase the water holding capacity of the soil, increase the

soil organic carbon, soil available nutrients (Bala et al., 2011; Mucheru-Muna et al., 2010).
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Additionally, they have the ability to increase the P availability of the already present P by
rendering it more accessible to crops through reducing the soil P absorption capacity,
increasing the pH by decreasing the exchangeable acidity and aluminum in soil solution
through chelation, and increasing the soil biological activity (Bationo et al., 2007
Mukuralinda et al., 2010).There are however some challenges in the use of OMs to manage
acid soils and replenish soil fertility (Kisinyo et al., 2014; Nziguheba, 2007). The quantities
and qualities of organic materials available to farmers are limiting factors to their use in
Kenya (Kisinyo et al., 2014; Opala, 2011). Due to their low nutrient content, large amounts
have to be applied thus increasing the labour cost (Jama and Pizarro, 2008). The high costs
in some cases cannot be offset by the extra yields obtained by applying some of the organic
materials such as tithonia (Opala et al., 2007), calliandra and maize stover (Nyambati and
Opala, 2014). However, OMs such as FYM of high quality have in most cases been shown
to be economically attractive under most smallholder situations (Forster et al., 2013; Opala

et al., 2007). This shows the need for high quality OMs as sources of nutrients in acid soils.

2.9.2 Utilization of water hyacinth as a resource in agriculture

The water hyacinth is a free floating aquatic weed originated in the Amazon in South
America (Bolenz et al., 1990) where it was kept under control by natural predators (Lee,
1979). The plant has, through introduction by man, spread throughout the whole tropical
zone (Aweke, 1993). Due to its fast growth and the robustness of its seeds, the water

hyacinth has since then caused major problems in the whole area.
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For example, a reduction of fish has been reported among East African countries particularly
in Kenya (Kateregga and Sterner, 2009). Other reported effects are physical interference
with fishing, obstruction of shipping routes and losses of water in irrigation systems due to
higher evaporation and interference with hydroelectric schemes and increased sedimentation
by trapping silt particles (Villamagna and Murph, 2009). It also restricts the possibilities of
fishing from the shore with baskets or lines and can cause hygienic problems (Aweke, 1993;

Tham and Udén, 2013).

On health aspects, the increased growth rate of the water hyacinths has led to worsened
health conditions for the people living in the affected areas. The floating water hyacinth mats
can serve as a breeding ground for vector organisms carrying malaria, bilharzias and river
blindness (Abdelhamid and Gabr, 1991). At some places precautions against water snakes,
hippos and crocodiles need to be taken. The water hyacinths consume so much oxygen when
decaying that it leads to less oxygen remaining in these waters. The decreased oxygen
content in the water leads to less oxygen for the fish (Gunnarsson and Petersen, 2007). This
combined with fewer algae and other food sources for the fish, cause the meat of the fish to
go bad faster than before. Decreased possibility to store fish leads to lower income and food
security (Gunnarsson and Petersen, 2007). This means that decreasing the amount of water

hyacinths could hopefully improve the health situation.
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Despite the problems associated with the weed, it has been recognized to have significant
effects on sustainability of soil nutrient resources and yield of agricultural produce (Oyetunji
et al., 2003). Composting of water hyacinth readily degrades organic matter in the substrate
and gradually turns it into less increasingly degradable humic material (Epstein, 2011,

Schaub and Leonard, 1996).

However, if the compost product is not mature enough, it may contain metabolites that are
toxic to plants (Gunnarsson and Petersen, 2007). The major nutrients that are important for
the fertilizing qualities of the compost are nitrogen (N), phosphorus (P) and potassium (K).
The oxidation of ammonia form of nitrogen in the compost process ultimately yields nitrate,
which is not normally lost from the compost pile (Edwards, 1980). Since phosphorus and
potassium are physico-chemically less mobile than nitrogen, these compounds remain in the

compost unless lost through leaching

The other option is to use the water hyacinths directly as green manure. Green manuring
involves spreading plant material on the fields and incorporating into the soil (Bending et
al., 2004). The chemical analyses indicate a high nutrient content of the water hyacinth, 20%
crude protein (Lu et al., 2008), but values as low as 7.26% have been reported (Wu and Sun,
2010). However drying the water hyacinths before spreading them on the fields ought to be
done primarily to minimize the risk of bilharzia and secondly to decrease the labour required

for transportation (Gunnarsson and Petersen, 2007).
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The N in water hyacinth leaves and stems is 3.7% and 2.7%, respectively (Gunnarsson and
Petersen, 2007). The water hyacinth would, therefore, have a great potential for increasing
crop yields if incorporated into agricultural practice either as organic compost or green

manure.

2.9 .3 Inorganic nitrogen sources

Inorganic fertilizers have a high concentration of nutrients that are readily available for plant
uptake and they can be formulated to supply the appropriate ratio of nutrients to meet plant
growth requirements. Most farmers are aware that without inorganic fertilizers the
productivity of their crops and pastures will drop and soil nutrient levels will decline rapidly
(Waswa et al., 2007). Currently, there is a wide range of inorganic N fertilizers that are
required to maintain soil fertility and sustainable agricultural systems including urea. Urea is
a nitrogen fertilizer which belongs to amides chemical family. Its molecular formula is
presented as CO (NHy),. Its active ingredient is 46% N (Khan et al., 2007). Nitrogen in it
becomes available for plants uptake when it is converted to ammonium (NH4") and nitrate
(NO3). The fertilizer can be applied as top dressing, starter and broadcast in different field
crops. However, it has high potential to caking if not properly managed in store and easily
volatilized in the specified field conditions; if applied too close to the plants and seed it can
cause crop and seedling damage (Verma et al., 2013). Proper application in annual crops is
in the inter-row space as this allows better access of fertilizer by the roots and avoids contact

with seeds and seedlings.
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However its continuous use may lead to deterioration in soil chemical, physical, and
biological properties, and soil health (Mahajan et al., 2008). In general contued use of
inorganic fertilizers may contribute to eutrophication, which results in explosive growth of
algae resulting in disruptive changes to biological equilibrium (Scheren et al., 2000). The
negative impacts of chemical fertilizers, coupled with escalating prices, have led to growing
interests in the use of organic fertilizers as a source of nutrients (Mahajan et al., 2008;

Satyanarayana et al., 2002).
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study Site

The study was conducted at two sites; in Korando B (0° 05735" S, 0° 34° 41.32""E), Kisumu
county and Masinde Muliro University of Science and Technology (MMUST)
(0°17"25.57" N, 34°45'50.02"), Kakamega county, selected based on agro-climatic
conditions and prevalence of common bean cultivation. MMUST is located at an altitude of
1585 metres above sea level, within a high potential agro-ecological zone and has an annual
rainfall of 1200-2100mm. Korando B is located at an altitude of 1300 meters above sea level

and has an annual relief rainfall of 1200-1300 mm.

Soils at MMUST and Korando B are classified as Nitisols and Arenosols respectively
(Jaetzold et al., 2009). The main crops grown in both areas include beans, maize, sorghum,
finger millet, sweet potatoes, groundnuts and kales. Some of the initial soil properties at the

sites are presented in Table 1.
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Table 1: Initial surface (1-20 cm) soil properties in MMUST and Korando B

Soil property MMUST Kisumu
Value
pH 4.98 6.10
EC dS/m 0.7 0.2
% Nitrogen (N) 0.24 0.11
% Organic Carbon (OC) 2.66 1.32
Potassium (cmol/kg) 0.93 1.39
Sodium (cmol/ kg) 0.7 0.6
Magnesium (cmol/kg) 1.39 1.17
Calcium (cmol/kg) 3.08 3.02
Aluminum (cmol/kg) 2.56 0.62
Zinc (ppm) 7.6 9.8
Copper (ppm) 5.1 1.6
Iron (ppm) 10.1 22
Manganese (ppm) 75.2 38.3
Phosphorus (ppm) 28 35
Bulk density 1.07 1.42
Moisture 35.31 11.32
% Sand 15.68 71.84
% Silt 17.44 10.0
% Clay 66.88 18.16
Texture Clay Sandy Loam
Temperature 20.4°C 22.9°C
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3.2 Soil sampling and analysis

Soil samples were taken from four farms at each site. This consisted of three farms with at
least two seasons of growing common beans and one fallow farm that had never planted
common bean. In Korando B, the sampled farms had beans, maize, maize-bean intercrop or

fallow while in MMUST; soil was taken from maize, beans, napier and fallow land.

Using a 2.5 cm diameter soil probe, 20 soil cores were randomly collected from each farm to
a depth of 15 cm and thoroughly mixed into a composite sample. Each sample was
asceptically collected to avoid cross-contamination between soils from different sampling
points. The soil samples were then divided in two; one part for the determination of rhizobia
population while the other part was used for the chemical and physical analyses. Soil
samples for chemical analysis were air-dried, passed through a 2 mm sieve and analyzed for
pH, soil texture, density, organic carbon (% C), total N (% N), available P, exchangeable
bases and Al using standard procedures at the College of Agriculture & Veterinary Sciences

(CAVS), Upper Kabete Campus (Okalebo et al., 2002).
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3.3 Determination of abundance of Indigenous Rhizobia in Soil

3.3.1 Assembly of the Leonard Jars and Rooting Media

The jars with plastic cups measuring 8 cm in diameter at the top tapered to the bottom
diameter of 4 cm were assembled and used (Maingi et al., 2006). The cup was filled with
vermiculite as the rooting media and inserted into a larger plastic vessel containing the
nutrient solution. The larger vessel was filled with 800 ml of plant nutrient solution. A
sponge connecting the upper and the lower units of the jar irrigated vermiculite with the

nutrient solution.

The whole set up of the Leonard jar was insulated with a brown khaki bag. Vermiculite was
used as the rooting medium in this experiment. The medium was washed thoroughly for
three successive days by changing the water three times per day and stirring frequently and
finally rinsed with distilled water and the pH of the medium adjusted to about 6.8. Water
was drained off and the vermiculite packed into the small plastic cups of the Leonard jar
assemblies and covered with aluminum foil to reduce contamination and entry of water. The

whole set up was steamed twice for one hour in an autoclave to get rid of microorganisms.
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3.3.2 Seed germination and greenhouse rhizobia trapping experiment

Greenhouse experiments were conducted at the department of Plant Science, Kenyatta
University. The bean variety Rose coco was used as the trapping host. The seeds were
purchased from the Kenya Seed Company Limited, Nairobi, Kenya and be pre-tested to
determine the germination period and the information used to stagger pre-germination time
of seeds to ensure synchronized germination among the seeds (Chemining’wa et al., 2012).
Thereafter the seeds were surface sterilized in 3% sodium hypochlorite solution for 3 -5
minutes, then rinsed in 95% alcohol to remove waxy material on the surface and trapped air,
followed by rinsing in at least 6 changes of sterile water. The seeds were then soaked in
water in a refrigerator for four hours to imbibe water then placed in a germination chamber
for pre-germination. After germination, two to three healthy seedlings were planted in every
Leonard jar then inoculated with the diluted soil samples and later thinned to 1 plant per jar

7 days after emergence (Chemining’wa et al., 2012).

Soil inocula was prepared by suspending 10 g of soil sample in 90 ml of sterile water in a
160-ml dilution bottle and shaken for 20 min in a wrist-action shaker at room temperature
(25°C). One ml of each suspension was aseptically pipetted into 9 ml sterile water diluent in
McCartney bottle and shaken for 2 min. The resulting suspension was serially-diluted

tenfold from 10 to 10°® with four replications at each dilution level.
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An aliquot of 1 ml of diluent was then used to inoculate each seedling in the Leonard jars
(Broughton and Dilworth, 1971). The seedlings were irrigated with sterile nitrogen free
plant nutrient solution prepared (Beck et al., 1993). The nutrient consisted of 5 stock
solutions containing in g/L: 0.1 CaCl,, 0.12 MgSO,.7H,0, 0.1 KH,PO, 0.15
Na;HPO,.2H,0, 0.005 Ferric citrate and 1.0 ml of trace elements stock solution. The trace
elements stock solution contained: 2.86 H3BO3, 2.03 MnS0,.7H,0, 0.22 ZnS04.7H,0, 0.08
CuS04.5H,0, and 0.14 NaMo00,.2H2 O in g/L. The pH of the solution was adjusted to 6.8
using NaOH (1.0 M) or HCL (1.0 M). All solutions were sterilized by autoclaving at 121°C

for 15 minutes.

Checking of levels of nitrogen—free nutrient solution was done daily to ensure that the
seedlings were adequately moistened. The plants in the Leonard jars were scored for the
presence or absence of nodules 28 days after inoculation. The presence of a single nodule in
a Leonard jar was considered a positive score. The most probable number technique was

used to determine rhizobia cells per gram of dry soil (Somasegaran and Hoben, 1994).
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3.4 Determination of symbiotic efficiency

3.4.1 Nodule sampling and isolation of rhizobia

Nodule sampling was done during the late flowering and early pod setting stages. A total of
40 representative flowering bean plants were carefully uprooted from farms in Korando B
and MMUST and dug out 7 weeks after of germination. Fresh, red and large nodules were
carefully removed from the roots. The nodules were surface sterilized in 1% NaOCI for 6
min, rinsed in several changes of sterile water, and then crushed with a flame-sterilized
blunt-tipped pair of forceps. A loopful of the crushed nodule was streaked across the surface

of Petri dish containing Yeast Extract Mannitol mineral salts agar (Vincent, 1985).

Single colonies were marked and checked for purity by repeated streaking on YEM agar
medium and verifying a single type of colony morphology, absorption of Congo red
(0.00125 mg kg-1) and a uniform Gram-stain reaction. Colony morphology characteristics
such as color, mucosity, margin, transparency, elevation and acid/ alkaline reaction were
evaluated on YEMA containing bromothymol blue (0.00125 mg kg™) as indicator. The pure
rhizobial isolates were coded as KSMO001, KSM002, KSMO003, KSM004, KSMOO5,
KSMO006, KSM007, KSM008 and MMUSTO001, MMUST002, MMUSTO003, MMUSTO004,
MMUST005, MMUSTO006 to represent Kisumu and Kakamega respectively. All the isolates

were incubated at 28°C and stored at -20 °C in 25% glycerol-YEM broth.
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3.4.2 Authentication of the isolates

Each of the pure isolates (KSM001, KSM002, KSM003, KSM004, KSMO005, KSMO006,
KSM007, KSM008, MMUSTO001, MMUST002, MMUSTO003, MMUST004, MMUST005
and MMUSTO006) was authenticated as root nodulating bacteria by re-inoculating 1 ml on
the host plant grown in a controlled environment using growth pouches filled with sterilized
vermiculite in Leonard jars (Somasegaran and Hoben 1994). The jars were arranged in a
Randomized Complete Block Design (RCBD) with four replications. The plants were
watered with Nitrogen-free nutrient solution. Treatments without inoculation and chemical
nitrogen fertilizer served as negative control (NCTL) while treatments without inoculation
but with nitrogen fertilizer applied at a rate of 70 ug N ml™ as KNOj3 solution (PCTL) were

used as positive control.

The isolates were also compared with commercial rhizobia strain 446 and CIAT 899 as
references strains. After forty five days, plants shoot dry weight (SDW), number of nodules
(NN) and nodules dry weight (NDW) were measured. SDW and NDW were determined
from material dried at 65°C for 24 to 48 hours (Argaw, 2012). Tissue N concentration per
plant was analyzed using the Kjeldahl method (Niste et al., 2013) and the N content per
plant calculated by multiplying the SDW with the tissue N concentration. Symbiotic
efficiency (SE) was determined by comparing each of the native isolates with N applied
control (plant N content in inoculated pots / plant N content in N application) x 100 (Beck et

al., 1993).
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3.5 Genetic characterization by 16S rRNA nucleotide sequencing of Rhizobia

3.5.1 DNA extraction

The rhizobia isolates were cultivated on YEM agar plates at 28°C for 5-7 days. Single
colonies of the isolates were picked and washed in 100 ul Tris-EDTA buffer (TE) at pH 7.5
to obtain pelleted cells (Sally et al, 2010). A volume of 250 ul of Cetyl
Trimethylammonium Bromide (CTAB) buffer was added to the washed pelleted cells;
vortexed for 30 seconds, and incubated at 65°C for 15 minutes and then cooled to room
temperature (Sally et al., 2010). Then 250 ul of 24:1 chloroform: isoamyl alcohol was added
to the samples and vortexed until the solution was homogenous with the suspension
appearing white in colour. The suspension was then centrifuge for 10 minutes at 12000 rpm
using a fixed angle rotor. The aqueous phase was transferred to a new sterile 1.5 ml
microcentrifuge tube and equal amounts of cold isopropanol added and mixed gently (Sally
et al., 2010). The DNA was precipitated at -20°C for 30 minutes and centrifuged for 10
minutes at 12,000 rpm. The DNA was re-suspended in 30 ul TE buffer at pH 7.4 and the
concentration of the extracted DNA assessed at 260 nm using the Nanodrop

Spectrophotometer (Sally et al., 2010).
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3.5.2 Polymerase Chain Reaction (PCR), sequencing and sequence Analysis

PCR amplification was done using the primer pair fD1 (5-AGAGTTTGATCCTGGCTCAG-
3) and rD1 (5-AAGGAGGTGATCCAGCC-3), an approximately 1500 bp product specific
to nearly full length of 16S rRNA gene (Weisburg et al., 1991). The PCR reaction was
performed in a 30 pl volume containing Taq polymerase (pre-mix), 14.4 pul PCR water, 0.3
ul each of the forward and reverse primers and 0.5 pg template of DNA. Amplifications
were carried out as follows: an initial denaturation at 95°C for 3 min followed by 35 cycles
of denaturation at 94°C for 1min, annealing at 55°C for 1 min, extension at 72°C for 2 min

and a final extension at 72°C for 3 min (Gisele et al., 1994; Hassen et al., 2014).

Amplicons were resolved on a 1.5% agarose (1 X TBE, 90mM Tris pH 8.0, 90mM boric
acid, 2mM EDTA) gel, stained with SYBR green, and visualized with UV light. The
amplicons were purified using a QIAquick PCR Purification kit (QIAGEN Inc, CA)
following manufacturer’s instructions, and the purified DNA samples were sequenced in
both orientations using the ABI PRISM 377 DNA Sequencer (Applied Biosystems Inc, CA).
Sequencing of the 16S PCR products was performed at Ingaba Biotech. (Pretoria, South
Africa). The sequences were edited on Bioedit and Chomas Lite programs and aligned using
MAFFT version 6 (http://mafft.cbrc.jp/alignment/server/) online program. After all gaps
were treated by the pair wise deletion method, Neighbor joining (NJ) and Un-weighed Pair
wise Group (UPGMA) phylogenetic trees were constructed using the Jukes Cantor and

Kimura 2 models respectively.
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The resulting sequences data were blast searched on the NCBI data library
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to establish the identity of the isolates. Phylogenetic
analyses by the neighbor-joining method and a consensus tree were generated using
Molecular Evolutionary Genetics Analysis (MEGA) software version 6.0 (Tamura et al.,

2007).

3.6 Effect of organic and inorganic sources of nitrogen on the yield of common bean

The field experiments were carried out for two consecutive seasons: during the short rains in
October to December, 2013 and long rains in April to August, 2014 at Masinde Muliro
University of Science and Technology (MMUST), Kakamega and small holder farm in
Kisumu. The two common bean cultivars used for this experiment were varieties Rose coco
and Yellow bean. Rose coco variety is a commercial cultivar commonly grown along the

Lake Victoria basin while the Yellow bean variety is farmer preferred local cultivar.

Soil samples from the fields were collected and analyzed for pH, organic carbon, total N,
available P and the micronutrients using established procedures (Okalebo et al., 2002),
before planting and at six weeks after planting. There were a total of 16 treatments arranged
in a randomized complete block design (RCBD) with four replications as shown in Table 2.
Triple Superphosphate (TSP) at a rate of 60 kg P ha™ was applied to all treatments with no

compost input to ensure that P was not limiting to bean yield while assessing the N effects.
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Water hyacinth plants were manually harvested; sun dried and chopped into small pieces of
about 5 cm and composted using above ground closed aerobic heap design for fifty days.
Both urea and water hyacinth compost were applied to provide 100 kg N ha™. In addition,
each of the bean cultivars was grown with no P or N application either with or without
inoculation. The commercial Rhizobium strain 446 used was supplied by the MIRCEN
project, University of Nairobi and applied at the rate of 100 g for 15 kg of seeds in the
appropriate treatments. The moist seeds were mixed with the inoculant in the shade, sown
immediately and covered with soil to minimize rhizobia exposure to the sun. All the nutrient
inputs were applied at the time of planting. Two to three seeds were placed in the planting
holes at the recommended inter-plot spacing of 40 cm x 15cm on a 2.4 m x 3 m plots and

managed using recommended agronomic practices (Adama et al., 2008).

Table 2: Experimental Treatments

No. Treatments

1 Rose Coco-Inoculated

2 Rose Coco-Non-inoculated

3 Rose Coco Triple Superphosphate - Inoculated

4 Rose Coco Triple Superphosphate - Noninoculated

5 Rose Coco Triple Superphosphate UREA- Inoculated

6 Rose Coco Triple Superphosphate UREA- Noninoculated
7 Rose Coco Water hyacinth compost - Inoculated

8 Rose Coco Water hyacinth compost — Noninoculated

9 Yellow bean- Inoculated

10 Yellow bean- Non-inoculated

11 Yellow bean Triple Superphosphate - Inoculated

12 Yellow bean Triple Superphosphate - Noninoculated

13 Yellow bean Triple Superphosphate UREA- Inoculated
14 Yellow bean Triple Superphosphate UREA- Noninoculated
15 Yellow bean Water hyacinth compost - Inoculated

16 Yellow bean Water hyacinth compost - Noninoculated
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Four plants were randomly selected from each plot and dug out at 7 weeks after emergence
and separated into shoots and roots. Soil was carefully washed from the roots. The nodules
were picked from the roots and their numbers recorded for each plant for further use in
diversity studies. The plant shoots were oven-dried at 70°C for 48 h for dry weight
determination. At maturity, pods were harvested from each experimental plot, excluding the
outer rows and the outer guard plants in each row, shelled and tagged for yield assessment.

The grains were sun-dried until a constant weight was established. Yield parameters
determined included the number of pods per plant and total grain yield. Seed yield per

hectare was extrapolated from the seed yield per plot.

3.7 Data analysis

All data on root dry weight (RDW), SDW, tissue N concentration content per plant and SE
from greenhouse experiments were subjected to analysis of variance (ANOVA) using
General Linear Models Procedure of SAS software version 9.1. (SAS, 2003) and means
separated using the Least Significance Differences of means (LSD) at p < 0.05. Pearson
correlation coefficients were calculated to establish the associative relations among the

agronomic traits of the test crop.

Molecular data was blast searched on the NCBI data library to establish the identity of the
isolates. Phylogenetic analyses was done by the neighbor-joining method and a consensus
tree of the isolates was generated using Molecular Evolutionary Genetics Analysis (MEGA)

software version 6.0 (Tamura et al., 2007).

71


http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=grain+yield
http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=seed+yield

CHAPTER FOUR

RESULTS

4.1 Characteristics of the soil at the study sites

Initial soil chemical and physical characteristics at the experimental plots in MMUST and
Korando B are presented in Table 1. The soil at MMUST was acidic (4.98) with a clay
texture compared to sandy loamy soil in Korando B. The levels of Al and Cu were lower in
Korando B than MMUST. The sandy loamy soil in Korando B was characterized by low
clay (%), silt (%) and moisture. The clay soil in MMUST had lower sand (%) and bulk
density. Results of the chemical analysis of the water hyacinth compost are shown in Table

3.

Table 3: Mean chemical composition of water hyacinth compost used in this study

Chemical property Value
pH 8.37
% Nitrogen (N) 1.33
% Organic Carbon (OC) 12.23
Potassium (cmol/kg) 25
Sodium (cmol/kg) 2.1
Phosphorus (ppm) 280
Calcium (cmol/kg) 20.65
Magnesium (cmol/kg) 9.33
Zinc (ppm) 2.96
Iron (ppm) 1.29
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4.2 Abundance of rhizobia in different land use systems

The soil fertility parameters varied in land use systems across the two study sites (Table 4).
Farms with beans in MMUST and bean-maize intercrop in Kisumu had lowest soil pH. Total
nitrogen in maize and napier in MMUST was higher than the other farms. Most of the farms
in Kisumu were characterized by low N compared to MMUST. The levels of Aluminum
(Al), Copper (Cu) and organic carbon (OC) in Kisumu were lower than MMUST. Maize
farm in MMUST had higher levels Al compared to bean and fallow farms in Kisumu.
Fallow soil had the least amount of organic carbon in MMUST but the highest in Kisumu.
Potassium levels were generally higher in all the farms at the two study sites. The levels of

available P were higher across all the farms except fallow soil in MMUST.

Maize-bean intercrop in Kisumu recorded the highest available P in all the farms. The
general classification of soil texture in MMUST was clay and sandy loam in Kisumu. All the
soils from Kisumu and MMUST farms had contained bacteria capable of nodulating
common bean. Generally sandy loam soils of farms in Kisumu had higher population of
native bacteria than clay soil in farms at MMUST. Maize farm in Kisumu harboured higher
abundance of bacteria count than similar land use systems in MMUST. Higher N and Al in
clay soils of MMUST farms recorded lower population of bacteria compared to the other
farms. Farms with low OC, Al and Cu in Kisumu contained more bacteria. The effect of
selected soil properties on the population of legume nodulating bacteria (LNB) are presented
in Figure 2 and 3. The population of the bacteria was positively correlated (r=0.78) with soil
P. Soil nitrogen, organic carbon and aluminium negatively correlated (r=-0.54, r=-0.65 and
r=-0.57 respectively) with the bacteria population.
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Table 4: Rhizobia population and soil characteristics in Kisumu and MMUST

Soil Properties /Landuse settings MMUST farms Korando B farms
Maize Fallow Bean Napier Bean Maize Fallow Maize-

Bean

MPN (No. rhizobia in gm™ of soil) 7.8x10" 1.98x10° 4.102x10° 39x10' [1.25x10° 35x10* 32x10" 1.25x10"

pH (1:2.5 soil water ratio) 5.12 5.01 4.98 5.4 6.1 6.06 5.98 5.24

EC (dS/m) 0.3 0.7 0.7 0.4 0.2 0.2 0.4 0.4

Total N (%) 0.35 0.18 0.24 0.31 0.11 0.13 0.15 0.2

Organic Carbon (%) 2.6 1.58 2.66 2.8 1.32 1.15 1.78 1.39

K(cmol/ kg) 1.75 0.75 0.93 1.2 1.39 1.42 1.39 1.42

Na (cmol/ kg) 0.6 0.5 0.7 0.8 0.6 0.7 0.6 0.8

Mg (cmol/ kg) 1.19 1.01 1.39 1.53 1.17 1.4 1.08 1.77

Ca (cmol/ kg) 2.74 2.84 3.08 3.7 3.02 2.66 2.56 531

Al (cmol/ kg ) 2.8 1.9 2.6 2.5 0.6 0.7 0.6 0.9

Zn (ppm) 7.2 4.5 7.6 20 9.8 6 6.2 1.7

Cu (ppm) 5.6 54 5.1 5.6 1.6 1.8 1.4 1.6

Fe (ppm) 16.1 13.3 10.1 24.6 22 12.5 20.4 43.2

Mn (ppm) 724 43.3 75.2 91.1 38.3 48.6 32.3 94.1

P (ppm) 24 6 28 35 35 62 11.8 15

Soil Texture Clay Clay Clay Clay SL SL SL SL

Note: SL-sandy loam
Land use systems: Maize farms, fallow land, bean farm, napier farm, maize bean intercrop farm
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Figure 2: Relationship between Nitrogen and Organic Carbon on abundance of LNB
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4.3 Morphology and cultural characteristics

A total of 328 bacterial isolates were obtained from the roots of common bean grown in
soils from different farms in Kisumu and MMUST. Morphological and cultural
characterization clustered the pure isolates into 12 groups (Table 5). The isolates were gram
negative with entire colony margin and convex elevation. Screening the isolates on YEMA
media containing Congo red dye indicated that the groups either did not absorb the red dye
or absorbed it lightly under incubation in the dark. The isolates further turned YEMA media
substituted with bromothymol blue (BTB) into moderately yellow to deep yellow color and

thus considered to be acid producers and fast growers.

The colonies were categorized as creamy yellow, creamy white and milky white that were
either opaque or translucent. The texture of the 3 categories was either smooth viscous or
firm and dry. As shown in Table 5, all the groups produced extracellular polysaccharide
(EPS) except the milky white colonies and constituted 67.7 % of all the isolates. The colony

shapes were either circular or oval with diameters lying between 1 mm to 5.7 mm.

77



Table 5: Morpho-cultural characteristics of bacterial isolates from Kisumu and MMUST

Characteristics Isolates

KSM 1 KSM 2 KSM3 KSM 4 KSM 5 KSM 006 | KSM7 KSM 8 MMUST 3 | MMUST4 | MMUST5 | MMUST 6
Congo Red v v v v v v v v v v v v
Absorption
BTB v v v v v v v v v v v v
Reaction
Colony cream cream cream milky milky white | cream cream cream white | milky cream milky cream
Colour yellow white white white yellow white white yellow white yellow
Colony
Transparency opaque | translucent | opagque | opaque translucent | translucent | opaque translucent | opaque translucent | opaque opaque
Colony
appearance shiny shiny shiny dull dull shiny Shiny shiny shiny shiny dull dull
EPS v 4 v X X v v v X v X v
Production
Colony firm smooth smooth | firm dry firm dry smooth smooth smooth smooth smooth firm dry firm dry
Texture dry Viscous viscous Viscous Viscous Viscous Viscous Viscous
Colony circular | oval oval circular circular circular Oval oval circular circular circular circular
Shape
Colony convex | convex convex | convex convex convex convex convex convex convex convex convex
Elevation
Colony 3.7 4.7 5.7 3.7 4.0 3.7 5.0 3.3 4.7 3.3 3.0 1.0
Diameter (mm)
Gram Stain v v v v 4 4 v v v v v v
Colony entire entire entire entire entire entire Entire entire entire entire entire entire
Margin

BTB-Bromothymol Blue, EPS- Exopolysaccharides, v -positive reaction, x-negative

Key: KSM 001-Enterobacter hormaechei, KSM 002- Rhizobium tropici, KSM 003- Klebsiella variicola, KSM 004- Rhizobium leguminosarum, KSM 005-
Klebsiella variicola, KSM 006- Rhizobium sp., KSM 007- Bacillus aryabhattai, KSM 008- Klebsiella sp.; MMUST 001- Pantoea dispersa, MMUST 002-
Klebsiella sp., MMUST 003- Rhizobium leguminosarum, MMUST 004- Klebsiella variicola, MMUST 005-Klebsiella variicola, MMUST 006- Rhizobium tropici
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4.4 Authentication and symbiotic efficiency

Of the 14 clustered groups of isolates evaluated in the authentication and symbiotic
efficiency (SE) experiments, 85.7 % initiated nodulation in common bean and were hence
confirmed as root nodule bacteria. Controls with and without nitrogen supplementation did
not however form nodules. The nodules were pink and the leaves of the nodulated plants
were dark-green, while uninoculated and unfertilized control plants turned yellow after 21

days (Figure 4).

In Kisumu all the plants inoculated with native bacterial isolates had higher root dry weight
(RDW) compared to the reference strain CIAT 899. Klebsiell variicola had the highest SDW
among all the isolates (Table 6). The isolates significantly increased the nitrogen (N)
concentration and content compared to the uninoculated control. The symbiotic efficiency
(SE) of the native isolates ranged from 74% to 170 %. The SE values of 50% of the isolates
were equal to or greater than those of N-fertilized plants. The native isolates had higher SE
compared to CIAT 899 while 37.5 % of the isolates recorded SE greater than strain 446.
There were significant differences on the RDW, N concentration, N content and SE of plants
inoculated with native bacterial isolates, reference strains, N fertilized and uninoculated
control. Similarly, in MMUST significant differences were observed on the RDW, N
concentration, N content and SE of the inoculated plants (p < 0.05). CIAT 899 had the
lowest RDW (0.56 g plant™), SDW (1.5 g plant™) and SE (67 %) compared to the native
isolate Klebsiella variicola (MMUST 005), N-fertilized, uninoculated control and strain 446

(Table 7).
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There was positive correlation between RDW and SDW, SDW and N concentration (
p<0.05, r=0.3) and SDW and N content, SDW and SE, nodule number and nodule dry

weight, N concentration and N content, N concentration and SE (p<0.01, r=0.6) (Table 8).

Figure 4: Sample nodules formed by isolates from Kisumu (A) and MMUST (B)

80



Table 6: Effect of inoculation on growth and SE of common bean in Kisumu

Isolate  Isolate Identity RDW  SDW N N Content  SE (%)

Code Concentration
KSM001  Enterobacter hormaechei 0.90ab 1.59bc  1.82ab 2.89abc 125.0abc
KSM002  Rhizobium tropici 0.94ab 1.52c 1.50abc 2.31bc 100.0bc
KSMO003  Klebsiella variicola 0.96ab 1.84bc  2.06a 3.94a 170.0a
KSM004  Rhizobium leguminosarum 0.82b  1.64bc  1.22c 2.07bcd 89.0bcd
KSMO005  Klebsiella variicola 1.03ab 2.0l1a 1.45bc 3.0lab 130.0ab
KSMO006  Rhizobium sp. 0.86ab 1.65ab  1.04cd 1.72bcd 74.0bcd
KSMO007  Bacillus aryabhattai 0.86ab 1.65bc  1.31bc 2.17bcd 94.0bcd
KSMO008  Klebsiella sp. 0.90ab 1.88ab  1.0lcd 1.89bcd 81.0bcd
Strain 446 - 1.07a 1.69abc 1.51abc 2.56abc 110.0abc
CIAT 899 - 0.56c  1.50c 1.08c 1.55cd 67.0cd
PCNTL - 1.07a 1.67abc  1.37bc 2.32hc 100.0bc
NCTL - 1.00ab 1.63bc  0.46d 0.75d -
LSD (5%) 0.22 0.36 0.59 1.43 62.0

NCTL-Negative control, PCNTL-Positive control, LSD is the least significant difference of
means; Strain 446 and CIAT 899 are reference commercial inoculants. Means within a
column followed by the same letter (s) are not significantly different at p<0.05.

SE- Symbiotic efficiency
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Table 7: Effect of inoculation on growth and SE of common bean in MMUST

Isolate Isolate Identity RDW  SDW N N SE (%)
Code Concentration Content
MUSTO003 Rhizobium leguminosarum 0.89ab  1.76a  1.32b 2.33b 100.0b
MUSTO004 0.80b  1.78a 1.41b 2.48b 107.0b
MUSTO005 Klebsiella variicola 1.08a 1.85a 2.02a 3.80a 164.0a
MUSTO006 1.07a  1.73a 1.06b 1.80bc  78.0bc
Strain 446  Klebsiella variicola 1.07a 1.69a 1.51ab 2.56b 110.0b
CIAT 899 0.56c  1.50a 1.08b 1.55bc  67.0bc
PCNTL Rhizobium tropici 1.07a 1.68a 1.37b 2.32b 100.0b
NCTL 1.00ab 1.63a 0.46¢ 0.75c -

LSD (5%) 0.24 0.39 0.56 1.13 49.0

NCTL-Negative control, PCNTL-Positive control, LSD is the least significant difference of
means Strain 446 and CIAT 899 are reference commercial inoculants. Means within a
column followed by the same letter (s) are not significantly different at p<0.05.
SE- Symbiotic efficiency
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Table 8: Correlation coefficients of common bean growth parameters with SE

Variables SDW NN NDW N N SE
Concentration Content

Root Dry Weight 0.245° 0.166  -0.018 0.095 0175  0.175
Shoot Dry Weight 0.056 0.096 0.275 0545~  0.546"
Nodule Number 0.703" -0.032 -0.042  -0.043
Nodule Dry Weight -0.106 -0.087 -0.087
Nitrogen Concentration 0.9487  0.948"
Nitrogen Content 1.000”

* ** Correlation is significant at p<0.05, r=0.25; p<0.01, r=0.55 respectively
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4.5 Molecular characterization of bean nodulating bacteria

4.5.1 Polymerase chain reaction and analysis of 16S rRNA genes

The PCR amplification of 16S rRNA genes of the 14 pure bacterial isolates from Kisumu
and MMUST produced a single band of approximately 1500 bp (Appendix 1). The
comparison of the partial 16S rDNA sequences of the isolates with the NCBI database
showed varying sequence lengths ranging from 1254 bp to 1307 bp and 1283 bp to 1324 bp
for Kisumu and MMUST respectively (Table 9 and 10). The sequences were deposited in
the Genbank and assigned accessions numbers KP027678-KP027691 and their identity

available on online on NCBI website (Appendix 6).

In Kisumu, 37.5 % of the isolates were closely related to Rhizobium genus: Rhizobium
tropici, Rhizobium sp. and Rhizobium leguminosarum. Klebsiella genus: Klebsiella sp. and
Klebsiella variicola constituted 25 % of the total isolates. The remaining isolates were
identified as Enterobacter hormaechei and Bacillus aryabhattai. In MMUST BLAST results
confirmed that the isolates were closely related to Pantoea dispersa, Klebsiella sp.,
Rhizobium leguminosarum, Rhizobium tropici and Klebsiella variicola. The two isolates,
Enterobacter hormaechei and Bacillus aryabhattai in Kisumu were not present in MMUST.
Pantoea dispersa was only found in MMUST. The two non nodulating isolates (MMUST
001 and MMUST 002) in this study were confirmed to be Pantoea dispersa, Klebsiella sp.

However in Kisumu Klebsiella sp initiated nodulation.
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Table 9: Genetic relationship between 16S rRNA of Kisumu and Genbank sequences

Isolate Accession No.  Sequence length (bp)  Species identity Similarity (%)
KSM001 KP027682 1295 Enterobacter hormaechei 99

KSM002 KP027680 1254 Rhizobium tropici 99

KSM003 KP027683 1295 Klebsiella variicola 100

KSM004 KP027679 1254 Rhizobium leguminosarum 100

SMO005 KP027685 1295 Klebsiella variicola 99

KSM006 KP027681 1258 Rhizobium sp. 98

KSMO007 KP027678 1307 Bacillus aryabhattai 100

KSM008 KP027684 1295 Klebsiella sp. 99
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Table 10: Genetic relationship between 16S rRNA of MMUST and Genbank sequences

Isolate Accession No. Sequence length (bp)  Species identity Similarity (%)
MMUST 001 KP027686 1324 Pantoea dispersa 100

MMUST 002 KP027689 1324 Klebsiella sp. 99

MMUST 003 KP027691 1283 Rhizobium leguminosarum 100

MMUST 004 KP027687 1324 Klebsiella variicola 100

MMUST 005 KP027688 1324 Klebsiella variicola 99

MMUST 006 KP027690 1283 Rhizobium tropici 99

86



4.5.2 Diversity of the 16S rRNA genes within the bacterial genome

The number of base substitutions per site between bacterial sequences analyzed by Jukes-
Cantor model is shown in Table 11. The analysis involved 14 bacteria nucleotide sequences
and the codon positions included were 1% + 2" + 3 + non-coding. All the gaps and missing
data were eliminated to give a final dataset of 1244 positions. The evolutionary relationship
estimated by calculating the matrix pairwise genetic distances for the 16S rRNA genes
showed that most of the bacterial isolates were closely related. The results showed that
Bacillus aryabhattai had a longer genetic distance of 0.26 compared to Pantoea dispersa
and Enterobacter hormaechei. Further analysis based on the genetic distance indicated that

B. aryabhattai has the least evolutionary relationship with P. dispersa and E. hormaechei.
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Table 11: Evolutionary genetic distance between each of the eleven of LNB populations

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1. P. dispersa MMUST 001
2. E. hormaechei KSM 001 0.02
3. K. variicola MMUST 004 0.03 0.002
4. K. variicola MMUST 005 0.03 0.02 0.00
5. K. variicola KSM 003 0.03 0.02 0.00 0.00
6. K. variicola KSM 005 0.03 0.02 0.00 0.00 0.00
7. Rhizobium sp. KSM 008 0.03 0.02 0.00 0.00 0.00 0.00
8. Klebsiella sp. MMUST 002 0.03 0.02 0.00 0.00 0.00 0.00 0.00
9. R. tropici MMUST 006 022 022 023 023 023 023 0.23 0.23
10. R. leguminosarum MMUST 003 022 023 023 023 023 023 023 0.23 0.02
11. R. leguminosarum KSM 004 022 023 023 023 023 023 023 023 0.02 0.00
12. R. tropici KSM 002 022 022 023 023 023 023 0.23 0.23 0.00 0.02 0.02
13. Rhizobium sp. KSM 006 023 024 024 024 024 024 0.24 024 0.06 0.06 0.06 0.06
14. B. aryabhattai KSM 007 026 026 025 025 025 025 025 025 0.12 0.12 0.12 0.12 0.22
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4.5.3 Evolutionary relationships of native bacterial isolates in MMUST

An optimal tree with the sum of branch length (0.2398) was inferred using the Neighbor-Joining
method to show the evolutionary relationship of the taxa in MMUST. The replicate (%) trees
associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the
branches (Figure 4). The analysis used 6 nucleotide sequences and codon positions including 1°
+ 2" + 3" + non-coding. Gaps and missing data were eliminated to give a total of 1279 positions

in the final dataset.

Phylogenetic tree derived from the bacterial partial sequences of 16S rRNA gene by neighbor-
joining analysis confirmed higher relationship between Rhizobium leguminosarum and
Rhizobium tropici. The Klebsiella strains including the non nodulating Klebsiella sp.
(KP027691) clustered together indicating their genetic relatedness. However the non nodulating
Pantoea dispersa showed the least relationship with the other bacterial isolates. The scale (0.02)

represents the number of nucleotide changes per site.
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41 Klebsiella variicola (KP027688)
100 ¥ Klebsiella variicola (KP027687)
Klebsiella sp. (KP027689)
— Pantoea dispersa (KP027686)
—— Rhizobium tropici (KP027690)
100 — Rhizobium leguminosarum (KP027691)

A

002

Figure 5: Neighbor Joining (NJ) tree of 16S rRNA sequences of isolates from MMUST

4.5.4 Evolutionary relationships of native bactetial isolates in Kisumu

Inference using the neighbor-joining method produced an optimal tree with the sum of branch
length (0.4074) revealing an evolutionary relationship of the taxa (Figure 5). The replicate (%)
trees associated taxa clustered together in the bootstrap test (1000 replicates) are indicated next
to the branches. The analysis used codon positions including 1% + 2" 4 3 4 non-coding and 8

nucleotide sequences. Gaps and missing data were eliminated to give a total of 1253 positions.
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Phylogenetic tree derived from the partial sequences of 16S rRNA gene by neighbor-joining
analysis clustered the isolates into Rhizobium strains, Bacillus aryabhattai, Klebsiella strains and
Enterobacter hormaechei. Rhizobium sp. clustered with Rhizobium leguminosarum and
Rhizobium tropici however R. leguminosarum and R. tropici had a closer genetic closeness
compared to Rhizobium sp. Klebsiella strains were grouped with Enterobacter hormaechei but
with a closer association among the Klebsiella variicola (KP027685), Klebsiella variicola

(KP027683) and Klebsiella sp. (KP027684).

g9 — Rhizobium leguminosarum (KP027679)

100 —— Rhizobium tropici (KP027680)

Rhizobium sp. (KP027681)

Bacillus aryabhattai (KP027678)

— Enterobacter hormaechei (KP027682)
Klebsiella variicola (KP027685)

o Klebsiella sp. (KP027684)
Klebsiella variicola (KP027683)

100

A

0.02

Figure 6: Neighbor Joining (NJ) tree of 16S rRNA sequences of isolates from Kisumu
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The genetic relationship of the sequences and analysis of the isolates from the two sites produced
an overall optimal tree with the sum of branch length (0.4143). The percentage replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next
to the branches (Figure 6). The bootstrap values tested reliability based on evolutionary distances
and base substitutions per site to infer phylogenetic tree. The genetic analysis involved 14
nucleotide sequences including codon positions of 1% + 2" + 3™ + non-coding regions. In total
there were 1244 positions in the final dataset representing both Kisumu and MMUST. Partial
sequences of 16S rRNA gene produced a phylogenetic tree that clustered the isolates into three
major groups. Location of isolation did not affect clustering of different strains in this study. The
first group consisted of Rhizobium tropici, Rhizobium leguminosarum, Rhizobium sp. and

Rhizobium leguminosarum.

The second cluster had Bacillus aryabhattai while the last group clustered Pantoea dispersa,
Klebsiella sp., Enterobacter hormaechei and Klebsiella variicola together. Rhizobium sp. had the
least genetic relationship in the group compared to the closely associated R. tropici and R.
leguminosarum. In the last cluster Pantoea dispersa had the least evolutionary relationship with
Enterobacter hormaechei and Klebsiella sp. E. hormaechei and Klebsiella sp. clustered together

revealing their close genetic association.
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Figure 7: Neighbor Joining (NJ) tree of 16S rRNA sequences of all isolates
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4.6 Effect of water hyacinth compost on soil properties

The results for the effect of water hyacinth compost and mineral fertilizer inputs on soil
properties in the SR and LR at Kisumu are presented in Table 12 and 13. There was pH increase
in water hyacinth compost plots after six weeks in both the SR and LR seasons at the two sites.
The soil N was influenced by the application of water hyacinth compost, although the increase
was not significant in the SR. The amount of Ca and P increased in the LR compared to the SR
in all treatments. Soil Mg, OC and Al were influenced by the application of the fertilizers in the
LR season. There was a general reduction in soil K in all the treatments in both the SR and LR

Seasons.
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Table 12: Mean soil characteristics in the SR season at Kisumu

Treatment pH N oC Ca Mg K Al Mn P

1 Rose Coco-l 5.63b 0.09abc 0.92ab 8.87bc 1.26bc 1.23ab  2.05bcde 39.73bcd  14.17abcd
2 Rose Coco NI 558ab  0.10a 122ab  6.3lbc 1.20bc 0.8lab 158cde  46.59bcd  14.60abcd
3 Rose Coco TSP-I 550b  0.42c 1.3lab  5.38a 1.30bc 1.00ab 113a  5365cd  19.47cd
4 Rose Coco TSP-NI 5750  0.14bc  1.32b 458ab  1.24 1.07ab 1.00ab  47.78bcd  22.85bcd
5 Rose Coco UREA-] 603a 015ab 1452 266bc 1.23bc 1.40a 06de 4257bcd  36.36a
6 Rose Coco UREA-NI 558a  0.11c 1.29ab  6.24ab  1.45a 0.96ab 0.74a 60.33a 15.37d
7 Rose Coco WH-I 6.10ab  0.13a 137ab  5.14c 1.25bc 1.60ab 0.74e  47.90bcd  44.61abc
8 Rose Coco WH-NI 6.13b 0.09bc 1.03ab 7.30ab 1.56ab 0.93ab 197  86.80bc  7.78bcd
9 Yellow bean-| 56lab 013ab 142ab 6.58bc 112bc 054ab  1.20bcde  37.56bc  30.60abcd
10 Yellow bean-NI 555ab  0.11lab 1.34ab 5.18ab 1.2lc 0.7lab  1.3lcde  50.62b  15.98abc
11 Yellow bean TSP-| 5680 0.12ab  133a 53%b  12Ic 0.86b 112bcd  60.60d  32.98abcd
12 Yellow bean TSP-NI 572b 0.12bc 1.3lab  6.51bc 1.14bc 0.80ab 1.04bc  64.25bcd  39.59bcd
13 Yellow bean UREA-| 570ab 0.13ab 134ab 6.6lab  123c 0.94ab  112bcd 6339  40.53abc
14 Yellowbean UREA-NI ge400  012ab  1.32ab 6.12ab 1.23bc 0.84ab  1.20bcde 58.99bcd  30.95abed
15 Yellow bean WH-I

6.12ab  0.13ab 1.32ab 6.13ab 1.18 0.90ab 1.17bcde 62.25b 38.35ab

16 Yellow bean WH-NI 6.17ab 012ab 1.32ab  6.00ab 1.23bc 0.90ab 114bcd  57.86bcd  31.43abcd
LSD (5%) 050 003 042 309 024 091 0.50 21.85 26.08

Means within a column followed by the same letter(s) are not significantly different at p < 0.05; LSD is the Least Significant
Difference of means, I-Rhizobia Inoculation; NI-Non Rhizobia Inoculation, TSP- Triple Superphosphate; WH-Water Hyacinth
Compost
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Table 13: Mean soil characteristics in the LR at Kisumu

Treatments pH N oC Ca Mg K Al Mn P

1 Rose Coco-I 5.70a 0.24d 1.77b  4.47a 1.26abc 1.24abc 2.00c  78.90abcde 44.00abcd

2 Rose Coco NI 5.63ab  0.16d 1.44b 5.65a 1.08a 0.70ab 1.76c  54.15abcde 31.00abcd

3 Rose Coco TSP-I 6.26ab  0.12ab  1.30ab 7.31a 1.29abcd 1.10a 0.99a  64.10abc 65.00bcd

4 Rose Coco TSP-NI 593ab 0.13cd 1.34b 7.60a 1.41bcd 1.19cd 0.96ab 60.30bcde  64.50d

5 Rose Coco UREA-I 6.04ab  0.14a 1.49a 5.88a 1.07abcd 1.02abc 0.99ab 53.65a 98.50bcd

6 Rose Coco UREA-NI 565ab 0.19cd 1.31b 6.8la 1.29bcd 0.99bcd 0.93bc  87.00cde 42.50cd

7 Rose Coco WH-I 6.18ab  0.25cd  2.15b  5.55a 1.24bcd 0.98abc 1.76c  86.05e 52.00a

8 Rose Coco WH-NI 6.12ab  0.16bc  1.48b  4.60a 1.06abc 0.79abc 1.29¢c  55.55a 34.31bcd

9 Yellow bean-I 5.68ab  0.13cd 1.44b  4.44a 1.03d 0.55cd 1.09bc 66.55abc 38.60bcd
10 Yellow bean-NI 563ab 0.13cd 1.37b 4.30a 1.11d 0.89abcd 1.20c  69.00abc 41.85ab
11 Yellow bean TSP-I 5.98ab  0.16d 1.44b  6.58a 1.02cd 0.77d 1.25¢c  78.08abcde 61.22bcd
12 Yellow bean TSP-NI 5.88b 0.13d 1.33b  7.56a 1.02bcd 0.86abcd 1.06bc 78.44abcde 72.34bcd
13 Yellow bean UREA-I 6.00ab  0.13cd 1.36b 7.75a 1.29bcd 1.05bcd 0.98bc 69.20abcd  67.17bcd
14  Yellow bean UREA-NI 5.84ab  0.13d 1.34b 6.12a 1.03bcd 0.69bcd 0.99c  77.19ab 55.60ab
15 Yellow bean WH-I 6.14ab  0.16cd 1.43b 5.6l1a 1.08ab 0.81abc 1.22¢c  77.65abcde 58.20abc
16 Yellow bean WH-NI 6.12ab  0.13d 1.27b  7.05a 1.07cd 0.78cd 0.95c 83.42abcde  72.07bcd
LSD (5%) 0.63 0.06 0.56 4,12 0.26 0.41 0.58 23.72 35.22

Means within a column followed by the same letter(s) are not significantly different at p < 0.05; LSD is the Least Significant
Difference of means, I-Rhizobia Inoculation; NI-Non Rhizobia Inoculation, TSP- Triple Superphosphate; WH-Water Hyacinth
Compost
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In MMUST soil properties in the SR and LR after application of compost are shown in Table 14
and 15 repectively. Application of water hyacinth compost generally reduced soil Al but
increased Ca and K. In the LR, soil Ca and K increased significantly in response to water
hyacinth compost while Al reduced significantly. However the application of the fertilizers did

not significantly influence soil Mg, OC and N in the LR.

97



Table 14: Mean soil characteristics in the SR at MMUST

Treatment pH N oC Ca Mg K Al Mn P

1 Rose Coco-I 5.39bcde 0.26abcd 2.21a  2.87de 1.27ef 1.12a 1.68d 86.90abc  20.00ab
2 Rose Coco NI 5.15bcde 0.21abcd 1.94b  3.16abc 1.19f 1.21a 2.13abcd 55.10bcd 15.96b
3 Rose Coco TSP-I 5.22abcd 0.21a 2.43ab 2.63cde 1.14def 1.26a 1.34bcd  75.30a 23.54ab
4 Rose Coco TSP-NI 5.29bcde 0.20abcd 1.64ab 4.10bcde  1.09ef 1.19a 2.30abcd 56.70bcd 14.67b
5 Rose Coco UREA-I 5.88bcde 0.23abcde 1.97ab 4.36cde 1.36def 1.33a 2.07cd 80.90abc  18.67ab
6 Rose Coco UREAN-I 5.54bcde 0.17abcde 1.91ab 2.86bcde  1.28ef 1.25a 2.16abcd 49.10cd 29.92ab
7 Rose Coco WH-I 5.19a 0.18ab 1.91ab 2.89ab 1.23bcdef 1.24a 1.62abcd 69.30ab 22.58ab
8 Rose Coco WH-NI 5.21ab 0.17abcde 2.27ab 3.16cde 1.18cdef 1.28a 2.29abcd 50.70cd 26.67ab
9 Yellow bean-I 4.88abc  0.21e 2.11ab 4.63bcde  1.80ab 1.20a 2.15abcd 62.11abcd 19.73ab
10  Yellow bean-NI 4.81bcde 0.15cde 1.70ab 3.89% 1.7labcd 1.25a 1.84bcd 60.02d 19.11ab
11 Yellow bean TSP-I 5.42de 0.08abcd 1.89ab 3.07a 1.67a 1.25a 2.05abcd 66.40abcd 22.11ab
12 Yellow bean TSP-NI 5.18e 0.12bcde 2.14ab 2.53abcde 1.61ab 1.34a 1.75abcd 39.33abcd 32.00ab
13 Yellow bean UREA-I 5.25bcde 0.11abc 1.74ab 4.0labcd  1.70ef 1.39a 2.48a 66.30bcd  27.96ab
14 Yellow bean UREA-NI  4.98de 0.21abcde 2.09b  3.73abcde 1.65abcde 1.32a 2.68abcd 51.77bdc  35.54ab
15  Yellow bean WH-I 5.16bcde 0.22de 2.31ab 4.0labcd 1.15ab 1.34a 2.78ab 54.54abcd 26.67ab
16  Yellow bean WH-NI 4.98cde  0.18abcd 1.57ab 3.92abcde 1.47abc 1.30a 2.10abc  58.15cd 28.63a
LSD (5%) 0.52 0.10 0.76 1.42 0.38 052 1.01 28.52 19.11

Means within a column followed by the same letter(s) are not significantly different at p < 0.05; LSD is the Least Significant Difference of means,
I-Rhizobia Inoculation; NI-Non Rhizobia Inoculation, TSP- Triple Superphosphate; WH-Water Hyacinth Compost
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Table 15: Mean soil characteristics in the LR at MMUST

Treatment pH N oC Ca Mg K Al Mn P

1 Rose Coco-l 4.94fg 0.18abc  2.4%h 6.88e  1.52b 1.33abc  1.78abcd 75.98def 21.98a
2 Rose Coco NI 5.31h 0.29abc  2.15fg  7.059  1.85gh  1.42ab  1.80ab  89.00cd  30.00d
3 Rose Coco TSP-I 4.93fg 0.25bc  1.59abc  7.97g  1.62bcd 1.47a 1.49bcde  75.97def 58.97k
4  Rose Coco TSP-NI 4.56ab 0.20abc  2.1lef  7.05g 116a  093cd  145bcde 81.00b  44.00h
5  Rose Coco UREA- 475abc  023abc  2.27abc  7.83b  1.29cde  1.2labc  104efg 78.00a  41.67b
g  Rose Coco UREA-NI 5.20fg 027c 2539  880g 158gh  1.02bcd 1.42bcde 79.66cde  38.00h
7 Rose Coco WH-I 5.29gh 0.22abc  2.47def  9.84ef  1.4defg 1.25abc  0.63gh  98.24cde 48.04e
g  Rose Coco WH-NI 490bcde  0.5abc  1.95ab  6.72cd 1.12bc  1.22abc  0.39h  76.87cde 29.97f
g  Yellow bean-l 5.08bcd  0.35abc  2.26h  5.6lbc  126bcd 1.00cd  1.87ab 7971y  31.1lg
10 Yellow bean-NI 5.25cdef  0.2labc  2.40bcde 10.70de 1.20def 1.09abcd 2.15a  79.00fg  46.00i
11 Yellow bean TSP-| 5.23def  0.23a  172def 9.15h  152fg  0.76d  108efg  69.07cde 33.07h
12 Yellow bean TSP-NI 510bcd  0.24abc 2.34abcd 8.30a  136fgh 1.12abcd 1.26cdef 70.80cde 27.00c
13 Yellow bean UREA-I 5.01a 0.3labc  25lcdef 7.21g 121h  104bcd 1.55bcde 82.02¢fg 39.91g
14 Yellowbean UREA-NI 4 5eqef  023ab  255ef  7.95h  1.13gh  096cd  1.80abc  77.95g  23.95hc
15 Yellow bean WH-I 5.47¢f 0.23ab  2.30ab  7.01fg 106fgh 1.29abc  1.24def 74.36c  34.0le
16  Yellow bean WH-NI 5.06h 0.30abc 2182  5.60e  106gh  092cd  0.73fgh  70.00cde 47.00j
LSD (5%) 0.21 0.15 0.19 073 0.8 0.41 0.54 5.93 1.83

Means within a column followed by the same letter(s) are not significantly different at p < 0.05; LSD is the Least Significant Difference of means,
I-Rhizobia Inoculation; NI-Non Rhizobia Inoculation, TSP- Triple Superphosphate; WH-Water Hyacinth Compost
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4.7 Field experiments

4.7.1 Yield of of common bean

The results of the effect of water hyacinth compost and inorganic fertilizers on the growth and
yield of bean in the SR and LR in Kisumu and MMUST are presented in Table 16 and 17
respectively. Application of compost and inorganic fertilizer significantly (p < 0.05) influenced
the growth parameters of beans in the SR and LR seasons. In Kisumu, high DW was recorded in
Rose Coco TSP-I (17 g plant™) compared to Yellow bean Urea-1 (14 g plant™) in MMUST in the
SR. In Kisumu, inoculated beans grown with urea and compost recorded lower DW than non-
inoculated in SR and LR seasons. In the SR, beans in Kisumu had high DW compared to the LR.
However in MMUST, the DW was higher in LR than in the SR. In the LR, Yellow Bean-NI
(Kisumu) and Yellow Bean-I (MMUST) gave the highest DW (14.2 g plant™ and 18.4 g plant™

respectively).

The highest number of nodules was recorded in Yello Bean WH-I (Kisumu) and Rose Coco
WH-NI (MMUST) in the SR. Inoculation increased the number of nodules in Yellow bean
treated with compost at the two sites. High number of nodules was recorded in MMUST than in
Kisumu between similar treatments. In the LR, high number of nodules was recorded in Yellow
Bean WH-I in Kisumu while Rose coco TSP-I and Yellow Bean WH-I gave higher nodules
compared to other treatments in MMUST. Urea treatments gave the least number of nodules in

both the SR and LR seasons.
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The number of pods was high in Rose Coco WH-I and Rose Coco TSP-I in Kisumu and
MMUST respectively in the SR. In the LR, Yellow Bean-NI in Kisumu had high number of pods
compared to other treatments. Inoculation significantly increased the number of pods in all the
treatments across the two sites except in Rose Coco-I in Kisumu. In MMUST, no significant

effect was observed on the number of pods under different treatments.

Bean yields ranged from 120.7 kg ha™ (Rose Coco TSP-1) to 382 kg ha™ (Yellow Bean Urea-I)
in Kisumu and 152.8 kg ha™ (Yellow Bean TSP-I) to 341.0 kg ha' (Rose Coco Urea-l) in
MMUST in the SR. Bean yields were generally high in MMUST compared to Kisumu between
similar treatments. In Kisumu, yields were higher in none inoculated than inoculated plots
treated with water hyacinth compost. However in MMUST inoculation increased bean yields in
plots treated with compost and urea. In the LR, bean yields ranged from 92.2 kg ha™ (Yellow
Bean-NI) to 530.9kg ha® (Rose Coco WH-1) in Kisumu. In MMUST, the yields ranged from
656.8 kg ha™ (Yellow bean-I) to 1583.4 kg ha™ (Rose Coco WH-NI). Plots with no fertilizer

input recorded the lowest yield in the LR season.
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Table 16: Yield of common bean in the short rains (SR)

KISUMU MMUST

Treatments DW Nodules Pods Yield DW Nodules Pods Yield

(gplant®) perplant perplant  (kgha') | (gplant®) perplant per plant (kg ha®)
1 Rose Coco-I 12.4bc 60ed 13efgh 129.1fg 5.5¢ 87a 14abc 323.5abc
2 Rose Coco NI 7.9efg 14f 15cdefg 266.2b 4.7c 73ab 12bcde 182.5fg
3 Rose Coco TSP-I 17.0a 78ab 13fgh 120.79 6.0bc 61b 16ab 250.4def
4 Rose Coco TSP-NI 11.4bcd 77abc 11h 181.1defg 4.9c 59b 13abcd 269.3bcd
5 Rose Coco UREA-I 6.9fg of 18bc 256.7bc 5.8bc 3c 14abc 341.0a
6 Rose Coco UREA-NI 14.0ab 19f 14defgh 265.0b 4.5¢c 7c 11cde 326.8ab
7 Rose Coco WH-I 5.79 63cde 23a 193.0de 5.5¢ 60b 17a 244.0def
8 Rose Coco WH-NI 10.1cdef 72bcd 16cdef 202.3cd 5.6¢c 92a 9def 238.9def
9  Yellow bean-I 8.3defg 9la 21ab 133.8efg 5.0c 74ab 11bcde 221.4defg
10  Yellow bean-NI 7.5efg 16f 14defgh 195.9cd 7.0bc 11c 9def 235.4def
11  Yellow bean TSP-I 7.1lefg 5% 18bc 143.3defg 8.7b 86a 13abcd 152.8¢
12 Yellow bean TSP-NI 12.0bc 84ab 15cdefg 198.3cd 4.9c 8la 10cdef 254.2cde
13  Yellow bean UREA-I 5.69 6f 16cde 382.0a 14.0a 7c 11cde 290.0abcd
14 Yellow bean UREA-NI  10.3cde 10f 15cdefg 312.1b 4.9c 4c 8ef 287.1abcd
15  Yellow bean WH-I 6.8fg 90a 17cd 184.2def 5.7bc 74ab 14abc 245.8def
16  Yellow bean WH-NI 8.0efg 55e 12gh 202.3cd 4.8c 60b 6f 191.3efg
LSD (5%) 3.4 14.4 3.6 61.7 3.1 19.4 4.7 714
CV (%) 22 17 14 18 30 22 25 17

Means within a column followed by the same letter (s) are not significantly different at p < 0.05; LSD is the Least Significant
Difference of means, CV-Coefficient of Variation; I-Rhizobia Inoculation; NI-Non Rhizobia Inoculation, TSP- Triple

Superphosphate; WH-Water Hyacinth Compost
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Table 17: Yield of common bean in the long rains (LR)

KISUMU MMUST

Treatment DW Nodules Pods Yield DW Nodules Pods Yield

(gplant?) perplant perplant  (kgha®) | (gplant!) perplant per plant (kg ha)
1 Rose Coco-I 6.3defg 13cd 79 95.7h 13.3bcd 19c 1la 1069.6bc
2 Rose Coco NI 6.0fg 4e 9efg 223.4fg 14.8bc 18cd 13a 691.7¢
3 Rose Coco TSP-I 7.8cdef 13cd 13cdefg 251.9efg 16.5ab 37a 13a 1419.1cd
4 Rose Coco TSP-NI 6.2efg 10d 13cdefg 423.4bc 13.9bcd 12de 16a 1006.0b
5 Rose Coco UREA-I 9.3bcdef 3e 16cdef 258.4¢ef 12.0cd 4f 14a 1196.9bc
6 Rose Coco UREA-NI 9.5bcdef 13cd 11defg 486.1ab 13.3bcd 4f 12a 1063.9bc
7 Rose Coco WH-I 9.8bcd 17ab 69 530.9a 15.0abc 16cde 12a 957.6¢cde
8 Rose Coco WH-NI 10.9abc 14bc 8fg 383.6¢cd 15.9ab 28b 13a 1583.4a
9 Yellow bean-I 3.89 3e 18cd 177.79 18.4a 16cde 15a 656.8¢
10  Yellow bean-NI 14.2a 13cd 29a 92.2h 10.9d 10ef 14a 807.2efg
11  Yellow bean TSP-I 12.0ab 12cd 19bcd 188.6fg 14.2bcd 10ef 15a 698.2fg
12 Yellow bean TSP-NI 9.1bcdef 12cd 16cdef 319.1de 14.0bcd 18cd 13a 893.4cde
13  Yellow bean UREA-I 12.4ab 3e 17cde 423.4bc 13.2bcd 5f 15a 695.0g
14 Yellow bean UREA-NI 9.9bc 3e 27ab 426.2bc 14.9abc 5f 13a 796.2¢fg
15  Yellow bean WH-I 8.9bcdef 18a 21abc 470.2ab 16.6ab 30b 14a 879.4def
16  Yellow bean WH-NI 9.6bcde 4e 19bcd 453.2abc 13.3bcd 21c 15a 1191.0b
LSD (5%) 3.6 3.8 9 80.4 3.7 6.4 4.2 182.1
CV (%) 24 24 35 15 15 24 18 11

Means within a column followed by the same letter(s) are not significantly different at p < 0.05; LSD is the Least Significant

Difference of means, CVV-Coefficient of Variation; I1-Rhizobia Inoculation; NI-Non Rhizobia Inoculation, TSP- Triple

Superphosphate; WH-Water Hyacinth Compost
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4.7.2 Correlation of selected soil properties with yield components of common bean

Relationship of the effect of selected soil properties with the growth and yield of beans after
six weeks of compost application in SR and LR are shown in Table 18 and 19. The number
of pods were positively correlated with soil pH (r=0.29) and N (r=0.35) but negatively

correlated with Ca (r=-0.37) and Al (r-0.46).

In MMUST, the number of pods were positively correlated with soil pH (r=0.34) but
negatively correlated with Al (r=-0.29). Bean yields were found to be negatively associated
with Mg (r=-0.42). In Kisumu during the LR only soil pH (r=0.29) showed a positive
correlation with yield. However negative associations were observed in the number of pods
with Mg (r=-0.33), yield with OC (r=-0.31), K (r=-0.44). The number of pods was positively
associated with soil Ca, Al and P while bean yields had a positive correlation with pH.
However yields at the two study sites were negatively correlated with Al (r=-0.28 and r=-

0.26).
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Table 18: Correlation of soil properties with yield of common bean in SR

Soil properties KISUMU MMUST

Nodules Pods Yield Nodules Pods Yield
pH (1 : 2.5 soil water ratio) -0.08 0.29° 0.07 0.10 0.34" -0.01
N (%) -0.18 0.35° 0.17 0.08 0.22 0.02
Organic carbon (%) 0.01 0.27 0.04 -0.07 0.21 0.18
Ca (cmol/kg) 0.02 -0.37" -0.03 0.06 0.08 -0.27
Mg (cmol/kg) -0.04 -0.02 0.01 0.23 023 -0.427
K (cmol/kg) -0.09 0.12 0.01 -0.04 -0.09 0.09
Al (cmol/kg) 0.08 -0.46™ -0.06 -0.02 029" -0.18
P (ppm) -0.19 0.26 0.17 -0.01 -0.17 0.16

“Correlation is significant at p < 0.05, 0.01, respectively

Table 19: Correlation of soil properties with yield of common bean in LR

Soil properties KISUMU MMUST

Nodules Pods Yield Nodules Pods Yield
pH (1 : 2.5 soil water ratio) 0.03 -0.09 0.29° 0.02 0.11 0.33
N (%) 0.03 0.19 0.18 0.01 -0.04  0.20
Organic carbon (%) -0.17 0.12 -0.31" -0.04 -0.24 0.05
Ca (cmol/kg) -0.08 -0.26 -0.04 -0.05 0317 -0.02
Mg (cmol/kg) -0.01 -0.33 0.23 0.12 0.28 -0.22
K (cmol/kg) -0.07 -0.08 -0.44™ -0.04 0.04 -0.23
Al (cmol/kg) 0.11 0.08 -0.28" 0.24 0.30° -0.26"
P (ppm) 0.11 0.08 0.28 0.24 0.30° 0.23

" Correlation is significant at p < 0.05, 0.01, respectively
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CHAPTER FIVE

DISCUSSION

5.1 Soil properties and abundance of indigenous rhizobia

There was variation in soil fertility properties at the farms and this could be due to different
fertility management practices. Most of the farms in MMUST had low soil pH compared to
Kisumu. Farmers’ fields in Kisumu generally had low soil nitrogen than MMUST indicating
need for external N input to for improved crop production (Okalebo et al., 2002). The soils
in Kisumu also had low organic carbon that could be attributed to warmer temperatures
compared to MMUST and the sandy loam soil texture. This is in agreement with Alvarez et
al. (2008), who reported that organic matter decays more rapidly at higher temperatures and

warmer climates than in cooler regions that contain more organic matter.

Similarly, different authors have reported that warmer temperatures and high moisture levels
result in higher rates of decomposition, faster litter turnover, and less organic matter
accumulation (Alvarez et al., 2008; Moore et al., 2007; Yule and Gomez, 2009). In addition,
common farm management practices such as repetitive tillage or burning of crops remains
and vegetation that are common in Kisumu have been shown to lower soil organic carbon
(Carter et al., 2002; Curry and Good, 1992). On the other hand, fine-textured clay soils
similar to those in MMUST tend to have more organic matter than coarse sandy soils; they

hold nutrients and water better, thus providing good conditions for plant growth.
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Farms at Kisumu and MMUST except those of fallow land had levels of available P above
the critical value of 15 ppm as described by Okalebo et al. (2002). The high levels of
available P in these soils may have resulted from continuous on farm organic amendment or
external P fertilizer input. The abundance of native bacteria population nodulating common
bean in the soils at MMUST and Kisumu ranged from 3.2 x 10" to 3.5 x 10* cells per gram
of soil. These results show presence of native bacteria in soils of western Kenya. High
population levels of native bacteria in some of the farms could be attributed to the
widespread integration of legumes in the cropping system in the region (Katungi et al.,
2009). Similarly, Mathu et al. (2012) and Chemining’wa et al. (2011) reported an increase in

soil native bacteria population when legumes were cultivated in the field.

The lower population of native bacteria observed in farms at MMUST compared to Kisumu
could be due to the low pH that has been shown to adversely affect nodulation in common
bean (Soares et al., 2014). The clay texture of soil in MMUST could have also affected
nodule bacteria population. Several others authors have demonstrated that hand fine clay soil
reduces nodule bacterial population and diversity in different cropping systems (Loureiro et
al., 2007; Mothapo et al., 2013). The light sandy soil in Kisumu could have also promoted

the proliferation and survival of root-nodule bacteria (Martyniuk and Oron, 2008).
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Lower population of LNB in soils at MMUST could further be attributed to the high N
content. This is in agreement with Gage (2004), who reported that elevated levels of N in the
soil delayed symbiotic process through decreased multiplication of free-living rhizobia.

Similarly, many authors have shown that N fertilizers inhibit root hair infection, nodule
initiation, growth and development, nitrogenase activity and promote premature nodule
senescence (Kiers et al., 2006; Liu et al., 2010; Watanabe et al., 2014). Nahed-Toral et al.
(2013) further pointed out that legume nodulation is reduced or eliminated when soils have

high supplies of ammonium and nitrate.

The presence of native bacteria nodulating legume in all soils at the two sites may be due to
soil pH that ranged from 5.2 to 6.1. This pH range is considered optimal for rhizobial growth
(Niste et al., 2013; Soares et al., 2014). Similar studies have shown that fewer root nodule
bacteria grow well at pH less than 5.0 (Soares et al., 2014). However certain strains of root
nodule bacteria are known to tolerate varying range of pH than others and tolerance may
vary within species (Kannaiyan, 2002). Generally low pH increases the solubility of Al, Mn,
and Fe in soil causing toxicity to plants in excess by slowing or stopping the growth of roots
(Morén et al., 2005). The population variation of root nodule bacteria observed among the
different farms has been reported by several authors. Abaidoo et al. (2007) and Woomer et
al. (1997) reported similar population size variations in different soils from Africa including

Kenya.
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The farms in Kisumu were characterized by low Cu, Al and N levels and higher population
of legume nodulating bacteria (LNB) than MMUST. Similarly, Ahmad (2012), Arora (2013)
and Cage (2004), and reported that high levels of soil N, Al and Cu have detrimental effects

on legume nodulation.

High Al levels are extremely toxic and reduce the various enzymatic activities like nitrite
reduction, nitrogenase and hydrogenase uptake during biological nitrogen fixation. Arora
(2013) and Zahran (1999) further pointed out that high Al levels have deleterious effect on
the LNB DNA both in vitro and in vivo conditions. Copper plays a critical role in
physiological processes such as respiration, photosynthesis, nitrogen and cell wall
metabolism, carbohydrate distribution and seed production. However, higher levels inhibit
growth, morphology and activities of various groups of soil microorganisms including LNB

(Ahmad et al., 2012)

In the current study, LNB were isolated from fallow and Napier soils that had no history of
growing legumes. This is in agreement with Anyango et al. (1995) who demonstrated the
occurrence of LNB in soils with no history of growing legumes or deliberate inoculation. A
similar study by Pongslip (2012) showed that the occurrence of LNB in different soils is
independent of the host crop. Most of the farms at both MMUST and Kisumu had P levels
above the critical values described by Okalebo et al. (2002), and this could have favoured

the occurrence of LNB.
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World Bank (2006), reported that soil P is an important nutrient in the process of nodulation
and nitrogen fixation. The population of LNB reported in this study is high compared to
those reported by other authors in different regions of Kenya (Chemining’wa et al., 2011,

Mwenda et al., 2011; Waswa, 2013).

5.2 Morphology and cultural characteristics

Legume nodulating bacteria were isolated from all the sampled farms at MMUST and
Kisumu. These LNB had varying morphological and cultural characteristics that could be an
indication of diversity. Similarly, many authors pointed out that nodule sampling directly
from the fields is the best method for assessing the diversity of rhizobia compared to soil
dilutions under greenhouse conditions (Giongo et al., 2008; Loureiro et al., 2007). Alberton
et al.(2006) reported high diversity of LNB when nodules were sampled from plants

inoculated with soil dilutions.

The general growth appearance of the isolates on yeast extract mannitol agar (YEMA)
media were typical phenotypic characteristics of LNB (Somasegaran and Hoben, 1994). The
LNB were gram negative and further failed to absorb Congo red dye, which are typical
characteristics of nodule based bacteria (Abere et al., 2009). The absorption of Congo red
dye has been used to distinguish Rhizobia from other root nodule bacteria in leguminous

plants that take up Congo red dye.
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The LNB turned YEMA-BTB media into moderately yellow to deep yellow color that is
considered typical colour change for fast growing and acid producers. The colour change
reaction has been used by several authors as a classical phenotypic characteristic of Rhizobia
sp. that is often used when classifying unknown strains (Jida and Assefa, 2011; Wei et al.,

2008; Wolde-meskel et al., 2004).

However the absorption depends on concentration of the dye and other studies have shown
that rhizobia will only absorb the red dye if plates are exposed to light during the incubation
or exposed to light for an hour or more after growth has occurred (Elkoca et al., 2010;
Prévost and Antoun, 2007). The isolation of fast growing LNB in this study is contrary to
the findings of other authors in Kenya who reported the occurrence of both slow and fast
growing bacteria (Mwenda et al., 2011; Odee et al., 1997). The presence of fast growing
LNB in soils at MMUST and Kisumu shows their suitability in developing inocula adapted
to local conditions. Studies have demonstrated that fast growing LNB have a shorter time of
inoculant production and easier establishment in soil (Werner and Newton, 2006). The
diameter of the colonies for all the LNB isolated from the two sites ranged from 1 mm to 5.7
mm with circular margins. This is consistent with Somasegaran and Hoben, (1994), who
described the colony size of LNB to lie between 1 mm and 5 mm for both slow and fast

growing strains except in crowded plates.
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The colonies of the LNB were cream yellow, milky white and cream white colonies that
were either opaque or translucent. Similar typical phenotypic characteristics have been used
to describe LNB (Odee et al., 1997). The production of surface polysaccharides such as
exopolysaccharides and lipopolysaccharides by some of the LNB isolates are features

associated with rhizobia (Nandal et al., 2005).

These features show the ability of the bacteria to withstand environmental stresses and could
be suitable for the development of commercial inoculants. The surface polysaccharides are
adaptive features that provide protection to bacteria against environmental factors like
temperature, salinity and pH fluctuations in the soil (de Carvalho and Fernandes, 2010;
Miranda-Rios et al., 2015). The cultural and phenotypic characteristics have been used to
separate impurities and contaminants from pure LNB (Vincent, 1970). However it is
important to use phenotypic characterization in combination with more informative

techniques for species identification.

5.3 Authentication and symbiotic efficiency

The bacterial isolates from soils in MMUST and Kisumu that initiated nodulation when
inoculated on the host crop grown in sterile vermiculite were considered as LNB. According
to Vincent (1970), nodule formation in a host crop is a confirmatory test for LNB. Similarly,
many authors have demonstrated that no bacterial isolate can be regarded as LNB until its
identity has been confirmed through plant infection test on an appropriate host crop

(Brockwell, 1980; Howieson and Brockwell, 2005; Weir, 2006).
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However, most of the results from authentication experiments have described LNB as the

only soil inhabiting bacteria and excludes non nodulating bacteria.

In the present study, authentication experiment together with morphological and cultural
characteristics was used as a test for LNB. However the results showed that Pantoea dispera
and Klebsiella sp. with typical cultural characteristics of LNB failed to initiate nodulation on
the parent host. This finding is similar to that of Sullivan et al. (1996) who associated
nodulation failure in a host crop to loss of plasmids or lack of genes responsible for
nodulation in the bean variety used. Plasmids play an important role in the development of
nodules and N fixation in legumes (Laranjo et al., 2002; Sullivan et al., 1996). In other
studies, different authors have reported that LNB that lack genes for infecting legumes are
common in rhizosphere of some suitable host legumes (Gage, 2004; Van der Putten et al.,
2007). In China, bacterial isolates from soils in different geographical regions failed
nodulation test but were later confirmed to be LNB (Acton, 2012). This shows that

nodulation test alone should not be used as a confirmatory test for LNB.

In our experiment, control plants grown with and without N supplementation in sterilized
modified Leonard jar assemblies did not form nodules. Lack of nodules in the control plants
is an indication that no external contaminations occurred during experimental set up in the
greenhouse. Hassen et al.(2014) previously described lack of contamination as a requirement

in authentication experiment.
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The method is widely accepted as a standard for testing nodulation and nitrogen fixation

under greenhouse conditions (Beck et al., 1993; Ogiitcii and Algur, 2014).

Inoculated plants produced pink nodules and had dark-green leaves compared to the yellow
leaves of uninoculated and unfertilized control plants. This is consistent with the findings of
Chouhan et al. (2008) who reported the presence of pink nodules and dark green leaves in
inoculated bean plants. The typical colour change is an indication of effective symbiotic
legheamoglobin content in the nodules that is crucial for N fixation in legume root nodules
(Chouhan et al., 2008). Plants inoculated with LNB isolates from soils in Kisumu had high
RDW than CIAT 899 but lower compared to strain 446 while in MMUST a single LNB,
Klebsiella variicola had a higher RDW than strain 446. The increase in RDW could be an
indication that native LNB promoted bean root development than CIAT 899. The LNB
isolates produced exopolysaccharides which could have further contributed to the
development of roots of inoculated plants. According to Hirsch, (1999) and Kelly et al.
(2013), LNB surface exopolysaccharides are required for nodule formation and root
development of legumes but the mechanisms by which they act still remains unknown.
Other LNB are also known to produce plant root growth promoting hormone (Erum and
Bano, 2008; Hirsch, 1999; Kelly et al., 2013). However, these results are in contrast to those
reported by other authors elsewhere. Mungai and Karubiu, (2011) in Kenya and Argaw,

(2012) in Ethiopia demonstrated that inoculation with native LNB did not increase RDW.
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Inoculated plants had SDW that were higher compared to the uninoculated negative controls
and this could be attributed to the effectiveness of the native LNB in biomass accumulation
in the tissue. Peoples et al. (1995) and Somasegaran (1994) and pointed out that SDW is a

good indicator of relative LNB effectiveness.

In a similar study, Argaw ( 2012) explained that the increase in SDW could also be due to
production of plant growth promoting hormone by the LNB in addition to N fixation. The
RDW, N concentration, N content and SE of the inoculated plants were significantly
different. This is in accordance with previous results reported by Graham (2007) in pulse
legumes. Further, Abere et al. (2002) observed significant differences in agronomic growth
of beans inoculated with native LNB under growth room, greenhouse and field conditions.
The results of the SDW of 1.70 g plant™ (MMUST) and 1.68 g plant™ (Kisumu) reported in
this study were higher compared to those reported by other authors (Abere et al., 2009;
Kelly et al., 2013; Laranjo et al., 2002). Ogiitcii and Algur (2014) also observed lower SDW

in high altitudes in Erzurum, Turkey.

In the current study, Enterobacter hormaechei and Klebsiella variicola from soils in Kisumu
and MMUST had a higher SE than CIAT 899 and strain 446. This shows that these bacteria
are well adapted to the local environmental conditions than the commercial inoculant.
Similarly, Anyango et al. (1995) isolated superior native LNB compared to CIAT 899 from

soils with contrasting pH in Kenya.
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These results suggest the presence of native LNB in western Kenya with superior
characteristics in BNF fixation than commercial inoculant strains, CIAT 899 and strain 446
(Anyango et al., 1995). The less competitive native LNB with low SE could be attributed to
the soil dilution during the authentication experiment. Alberton et al. (2006) reported that
dilution of the soil used as a source of LNB inoculum decreases the proportion of the most

competitive strains, enabling the less competitive strains to nodulate.

High proportion of the native LNB were found to be effective N fixers and performed as
good as the N supplemented controls based on differences in SDW. The finding
corroborates results reported by Prasad et al. (2010), who used differences in SDW of

inoculated and nitrogen-fertilized plants as a measure of symbiotic efficiency.

The RDW was positively correlated with SDW and N concentration while SDW was highly
correlated with N content and SE (r=0.25, p< 0.05 and r=0.55, p< 0.01 respectively). The
positive correlation between the legume growth parameters with N content is considered as
one of the most reliable screening parameters for the selection of superior LNB isolates
(Abere et al., 2009; Meghvansi et al., 2010). Abere et al.(2009) demonstrated that N fixation
is a function of photosynthesis and translocation interactions between fixed and soil N.
Further, other authors have shown that the strong association between N content with SDW
justifies the use of N content to measure symbiotic N fixation under field and greenhouse

conditions (Abere et al., 2009; Atici et al., 2005).
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The occurrence of native and superior LNB strains at MMUST and Kisumu is indicative of
the benefits which could be achieved by rigorous screening of large numbers of isolates

from natural environment for inoculum development.

5.4 Polymerase chain reaction and analysis of 16S rRNA genes

There were a total of 14 pure LNB isolates obtained from MMUST and Kisumu. The
amplification of the 16S rRNA gene of the isolates using specific primers generated a single
band of approximately 1500 bp. This is the expected band size for most endophytic bacteria
including LNB as previously described by several other authors (Dilworth, 2008; Hassen et
al., 2014; Rajendhran and Gunasekaran, 2011). The single band size generated in this study
confirms that 16S rRNA is a conserved region within the LNB genome. Yang et al. (2014)
pointed out that the degree of conservation observed in the 16S rRNA is due to its
importance as a critical component of cell function. Several authors have demonstrated that
few other genes are as highly conserved as the 16S rRNA gene (Chakravorty et al., 2007,
Clarridge, 2004; Yang et al., 2014). Although the absolute rate of change in the 16S rRNA
gene sequence still remains unknown, it marks evolutionary distance and relatedness of
organisms (Guindon and Gascuel, 2003; Kimura, 1980; Nayak et al., 2011). This is in
contrast to other genes such as those needed to make enzymes that are frequently affected by
mutations (Clarridge, 2004). Mutations in these genes can usually be tolerated more
frequently since they may affect structures not as unique and essential as rRNA

(Chakravorty et al., 2007).
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The variation in size of the amplified PCR products observed in this study further shows that
16S rRNA gene is considerably different among species (Rajendhran and Gunasekaran,
2011). The size and sequence polymorphisms of 16S rRNA can therefore be used to
distinguish different species. The amplification products of the 16S rRNA region were
sequenced and the resulting nucleotide sequences edited and BLAST searched to reveal the

identity of the LNB.

The BLAST results confirmed the identity of the LNB as similar to Rhizobium tropici,
Rhizobium leguminosarum bv. viciae, Rhizobium sp., Rhizobium leguminosarum, Klebsiella
sp., Klebsiella variicola, Enterobacter hormaechei, Bacillus aryabhattai and Pantoea
dispersa. These results are similar to those previously reported by Anyango et al. (1995) and
Mwenda et al. (2011), who isolated different strains of LNB in other regions of Kenya. The
two LNB, Pantoea dispersa and Klebsiella sp. in MMUST failed to initiate nodulation on
the test crop but in Kisumu Klebsiella sp. initiated nodulation. This failure to initiate
nodulation by Klebsiella sp. at one site could be attributed to loss of viability during

laboratory storage and sub-culturing (Elbanna et al., 2009).

For the first time in western Kenya, the current study has demonstrated the occurrence of N
fixing nonrhizobial bacteria in the root nodules of common bean. These nonrhizobial
bacteria had typical morphological and cultural characteristics similar to those of rhizobia.
Recently, Ghosh et al. (2015) reported the production of ascorbic acid by Enterobacter sp

isolated from root nodules of legumes (Abrus precatorius L.).
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These authors pointed out that ascorbic acid is an antioxidant and plays a significant role to
protect against activated form of O, for N fixation in root nodules of legume plants. This
bacterium plays an important role particularly in facilitating root infection for nodulation, N

fixation and delay nodule senescence (Ghosh et al., 2015).

The other two LNB, Klebsiella sp and Pantoea sp have been reported in the root nodules of
different legumes including soybean (de Meyer et al., 2013; Silva et al., 2012). Silva et al.
(2012) explained that these bacteria promote plant cell growth by fixing N and producing
thiamin, riboflavin, nicotin, indole-3- acetic acid (IAA) and gibberellins. K. variicola is a
novel bacterial species discovered in 2004 with both clinical and plant-associated
characteristics (Rosenblueth et al., 2004). This bacterium has previously been reported to
occur in the roots of monocots such as wheat, banana, rice and corn where it supplies

biologically fixed nitrogen to the host plant (\Vacheron et al., 2014).

5.5 Evolutionary relationship between the LNB

The genetic distance of the 16S rDNA sequences ranged from 0.00 to 0.26, revealing least
and highest differentiation respectively. In MMUST analysis of the sequences clustered the
LNB into three distinct groups consisting of Klebsiella sp., Klebsiella variicola and
Klebsiella variicola with a genetic distance of 0.00. This genetic distance indicates a

common ancestor with minimum recombination rates (Rosenblueth et al., 2004).
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The second group had Pantoea dispersa with a genetic distance of 0.03 compared to the first
cluster showing that two are related but not similar. The third group consisted of R.
leguminosarum and R. tropici with a genetic distance of 0.22, indicating the highest

divergence in relation to Pantoea dispersa.

In Kisumu, the LNB clusters included Rhizobium sp., Bacillus aryabhattai, Enterobacter
hormaechei and Klebsiella sp. This clustering shows a remarkable level of genetic diversity
in the studied population. The high genetic variation observed between Bacillus aryabhattai
and the other LNB in this study could have contributed to its adaptability. High genetic
variation is necessary to allow organisms to adapt to ever changing environments with some
of this variation stemming from introduction of new alleles by the random and natural
process of mutation (Sharma et al., 2015). This is consistent with the findings of several
authors who reported similar genetic relatedness of LNB (Baralna et al., 2014; Rosenblueth
et al., 2004). The bacteria had bootstrap values greater than 69% indicated at the nodes
further confirmed the reliability of the phylogenetic tree by clustering similar strains

together irrespective of the region.

The presence of Bacillus aryabhattai and Enterobacter hormaechei in Kisumu could be
attributed to the low levels of Al, Cu and sandy loam texture of soil. Similarly, clay soil in
MMUST could have favoured P. dispersa. This study further confirms that partial 16S
rRNA sequencing can demonstrate phylogenetic diversity within genera and sometimes give

an indication of species (Mclnroy et al., 1999).
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However clustering of LNB strains together under one group shows that it cannot clearly
discriminate between species (Sprent, 2007; Zahran, 2001). In contrast, other authors have
showed that even full length 16S rRNA sequencing lacks the sensitivity to distinguish

between closely related species (Lindstrom et al., 1998; University, 2009).

Many other genomic regions have also been used to examine the phylogenetic relationships
among bacteria (Clarridge, 2004). Different authors have used whole-genome analysis but
found it quite difficult because gene duplication, gene transfer, gene deletion, gene fusion,
and gene splitting are common (Bansal and Meyer, 2002; Coenye et al., 2005; Yang et al.,
2005). The use of 16S rRNA gene sequence can discriminate far more finely among strains
of bacteria than is possible with phenotypic methods, it can allow a more precise
identification of poorly described, rarely isolated, or phenotypically aberrant strains
(Chakravorty et al., 2007; Clarridge, 2004). However, it has been observed that the
phylogenetic trees based on whole-genomic analysis and the 16S rRNA gene trees are

similar (Didelot et al., 2012; Mothershed and Whitney, 2006).
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5.6 Effect of water hyacinth compost application on soil properties

Application of water hyacinth compost significantly increased soil pH in the SR and LR at
MMUST and Kisumu. Similarly, Mucheru-Muna et al.(2010) and Opala et al.(2012),
reported an increase in soil pH on plots treated with compost. This increase in soil pH
resulting from the added compost could be attributed to increase in the levels of
exchangeable bases like K and Ca in compost treatments. The level of Al significantly
reduced in plots treated with water hyacinth compost in MMUST. This is consistent with the
findings of other authors who observed an increase in soil pH with concomitant decrease in
exchangeable Al during decomposition of organic residues in soils (Naramabuye and

Haynes, 2006; Opala et al., 2012; Wong et al., 1998).

Similarly, Mokolobate and Haynes (2002), pointed out that increase in soil pH results in
precipitation of exchangeable and soluble Al as insoluble Al hydroxides thus reducing
concentration of Al in soil solution. Other intricate mechanisms involved in the reactions of
Al with organic composts have also been described by other authors (Ritchie and Dolling,
1985; Xu et al., 2006). These mechanisms involve complex formation with low-molecular
weight organic acids, such as citric, oxalic, and malic acids and humic material produced
during the decomposition of organic materials and adsorption of Al on to the decomposing

organic residues (Opala et al., 2012; Ritchie and Dolling, 1985; Xu et al., 2006).
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Most soil chemical properties were not influenced after application of compost and this
could be attributed to the long term effect of compost application.Studies have shown that N
mineralization from compost is very limited in the short term and the residual effect
becomes visible after 4 to 5 years of repeated application (Leroy et al., 2007). In this study,
soil properties were analyzed after 6 weeks of compost application for two consecutive
seasons and this may be considered too soon to determine the influence of compost on soil
properties. Similar studies have also pointed out that only a part of the N and P in compost is
readily available for plant uptake and a large part needs to be mineralized (Diacono and
Montemurro, 2011; Miao et al., 2010). Therefore organic compost can only improve soil
nutrients if applied over long periods of time because many nutrients become more available

in less acid soils (Chianu et al., 2012).

5.7 Effect of compost on growth and yield of common bean

Urea and TSP treated plants had high DW compared to the other treatments. This
observation could be attributed to the immediate release of nutrients by inorganic fertilizers
that supported the vegetative growth. A similar study showed pointed out that P significantly
increased dry matter yield in Common Bean (Turuko and Mohammed, 2014). Turuko and
Mohammed (2014) demonstrated that P is required by plants for cell division leading to the
increase of the number of branches per plant and consequently increased the plant dry

weight.
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Several studies have also reported an increase in dry weight of most crops in response to N
application (Henson and Bliss, 1991; Kimura et al., 2004; Otieno et al., 2007). Lack of
significant increase in DW in response to rhizobial inoculation observed in Kisumu is
consistent with those reported by Mungai & Karubiu (2011). These authors showed that
inoculation did not result in significant changes in above ground biomass in cowpeas and

groundnuts.

Water hyacinth compost and TSP treated plants produced more nodules compared to other
treatments. This could be due to the slow mineralization of water hyacinth compost hence
slow release of N. In addition, high number of nodules in TSP treated plants could be
attributed to the positive effects of P on nodulation (Ganeshamurthy and Sammi Reddy,
2000). This is in agreement with a previous study by Ganeshamurthy and Sammi Reddy
(2000), who reported that P and compost improve both the total and active nodules and

nodule dry weight.

Since nodulation being is an energy driven process, availability of soil P provides nutrition
required for the N fixation (Amba et al., 2013). This study showed that inoculation
significantly increased the number of nodules in the LR. This observation is in agreement
with the findings of Otieno et al. (2007), who reported higher number of nodules in response

to rhizobial inoculation.
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Similarly, an increase in the number of nodules per plant after inoculating soy bean plants
with Bradyrhizobium japonicum has been reported (Mweetwa et al., 2014). The least
number of nodules recorded in plants grown under urea treated plots in the SR and LR
seasons could be attributed to the inhibitory effects of N. Similar findings were reported by
Gentili et al.(2006) in different legumes. These authors demonstrated that added N fertilizer
inhibits nodulation and BNF in legume crops such as common beans. Nodule degeneration
has also been observed in different bean varieties after application of N fertilizer (Taylor et
al., 2005). Gentili et al. (2006) further reported that high N levels inhibited early cell

divisions in the cortex of Alnus incana thus inhibiting nodulation.

The application of water hyacinth compost significantly increased the number of pods per
plant. Other authors have also reported that addition of organic compost increases the
number of pods in different crop legumes (Azimzadeh et al., 2014; Benjawan et al., 2007;
Davari et al., 2012). All the treatments did not have any significant effect on the number of
pods per plant in MMUST. This could be due to the fact that the soil had adequate amount

of N above the critical value as described by Okalebo et al. (2002).

In field trials conducted in western Kenya, Amos et al. (2001) found that N fertilizer only
increased seed count per plant but not the number of pods in common bean. The significant
increase in the number of pods observed in plants grown in TSP treated plots shows that P is
an important nutrient in the formation of pods in common bean. The result is similar to those
of Turuku and Mohammed (2014), who reported significant increase in number of pods per
plant due to increased P fertilization.
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Bean plants treated with urea and TSP produced high vyields compared to the other
treatments in the SR. This high yield in the SR could be attributed to nutrients from
inorganic fertilizers being readily available to plants. Rhizobia inoculation increased bean
yields in water hyacinth compost and urea treatments in Kisumu. This is consistent with the
findings of Lanier et al. (2005), who reported increase in yield after inoculation of peanut
and soybean. In addition, similar studies in Kenya have documented significant yield
improvement in legumes by rhizobia inoculation (Chemining’wa et al., 2004; Otieno et al.,

2007).

However in Kisumu, lack of yield increment in response to rhizobia inoculation could be
attributed to several factors. For example, the presence of native ineffective strains of
rhizobia in the soil (Amos et al., 2001; Ham et al., 1971), soil pH (Shamseldin, 2007;
Vinuesa et al., 2003), bean cultivar and strain interaction (Payakapong et al., 2004; Prévost
et al., 2012) limit the effect of introduced rhizobia on yield. According to Amos et al.
(2001), competition between strains of rhizobia in the soil is common as the introduced

inoculum strains compete with indigenous rhizobia for nodule sites.

Further evidence also suggests that common bean cultivars are preferentially nodulated by
different strains of bacteria (Aguilar et al., 2004; Pueppke et al., 1998). In this study, the
Yellow and Rose coco bean cultivars used in the field trials at Kisumu could have been

incompatible with the commercial inoculant used leading to lack of yield response.
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These results are consistent with those of other authors who reported that certain Rhizobia
strains only improve N fixation and yields in specific common bean cultivars (Amarger,
2001; Moawad et al., 1998). The findings in this study therefore indicate that bean cultivars
that select strains, rather than nodulate with competitive and ineffective native rhizobia
could offer a solution to the common lack of response to rhizobia inoculation problem. It is
important to consider host variety and strain of rhizobia compatibility in order to minimize
the frequently observed unsatisfactory responses to inoculation (Biederman and Harpole,

2013).

Furthermore, lack of rhizobia inoculation response on yield observed in urea treated plants
could be due to the added N. Kiers et al. (2006) and Liu et al. (2010), showed that N
fertilizers inhibit rhizobia root hair infection, nodule initiation, growth, multiplication,

nitrogenase activity and promote premature nodule senescence.

In similar studies, different authors reported that legume root nodulation is reduced or
eliminated when soils have high supplies of ammonium and nitrate (Nahed-Toral et al.,
2013; Watanabe et al., 2014). The soil pH at the field trial sites was generally acidic and this
could have further affected the activity of the introduced rhizobia through inoculation. Soil
acidity interferes with early steps in the infection of process including exchange of
molecular signals between symbiotic partners and attachment to the roots (Hungria and

Vargas, 2000).
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Bean yields were higher in water hyacinth compost treated plants compared to urea in the
LR than in the SR. The LR season is usually characterized by heavy rainfall and the low
yield in urea treated plants could be attributed to the rapid solubility leading to N loss
through leaching and runoff. Similar studies have been reported that long-term use of
mineral fertilisers does not increase crop yields but just sustain them (Bationo et al., 2004;
Fatokun et al., 2002; Powell and Africa, 1994). High yields in compost treated plants could
be due to the provision of additional benefits besides N by the organic compost to the soil
chemical and physical properties that in turn influenced plant growth (Mutegi et al., 2012).
Mucheru-Muna et al. (2007) stated that organic compost supplies essential plant nutrients by
alleviating Al toxicity or by producing organic acids which complex with Al, thereby

increasing nutrient availability and crop yield.

Organic composts contain high amount of organic matter which increases the moisture
retention of soil and improves dissolution of nutrients such as N and P (Olupot et al., 2004;
Otieno et al., 2007). In contrast, insufficient soil moisture has been reported to limit the
response of crops to nutrients (Jama et al., 1997). Organic compost improves soil structure
and in turn soil porosity allowing better root growth and hence better nutrient uptake

(Tisserat et al., 2012).
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In addition, application of readily decomposed organic matter such as water hyacinth
compost used in this study has been shown to improve crop tolerance to root rots and hence
crop yield (Hillocks et al., 2006; Mutitu et al., 1989; Otsyula et al., 1988). The positive
response of legumes to organic composts has also been attributed to the quantity of soil N
already available for the plants, amount of N that becomes available after mineralization
during the season, release and availability of P,K and microelements (Bationo et al., 2006;
Bocchi and Tano, 1994). High yield in the LR season can further be attributed to the fact
that the nutrients in the water hyacinth compost were released gradually over prolonged

periods of time (Bationo et al., 2004).

Other studies have also indicated that organic composts may act as chelates that help in the
absorption of iron and other micro-nutrients (Altomare et al., 1999; Hiilsebusch, 2007). In
addition to the water hyacinth compost, sufficient and even distribution of rainfall in the LR
compared to the low and unevenly distributed precipitation in SR season could have
contributed to high yields. Sufficient and evenly distributed rainfall, more than soil fertility
has been shown to be the most important yield-limiting factor (Clay et al., 2014; Clay, 2008;
Munodawafa, 2012). Low yields in plots with no fertilizer input in the LR season could be
attributed to plants continuously using the available nutrients without external nutrient

replenishment.
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In the SR, no significant correlations were observed after compost application between
selected soil properties with the yield. However soil pH was positively correlated with yield
while Al negatively correlated with yield. This shows that acidity and high Al in soils pose a
challenge for legumes symbiotic as bacteria are sensitive to acidity. Aluminum (Al) toxicity
is widespread in acidic soils where the common bean is produced and it is a limiting factor
for crop production and symbiotic nitrogen fixation (Mendoza-Soto et al., 2015). Several
studies have demonstrated reduced growth of different symbiotic bacteria in acidic and
aluminium soils, both in the laboratory and field conditions (Ferreira et al., 2012; Mendoza-

Soto et al., 2015).
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The study has demonstrated the occurrence of varying population levels of fast growing
symbiotic bacteria in soils of western Kenya. The population levels were also influenced
by some soil factors.

High genetic diversity of indigenous bacteria nodulating common bean was observed in
this study. The result indicates the high promiscuity of common bean in its symbiotic
relationship with different strains of soil bacteria.

Phenotypic identification of symbiotic bacteria should be carried out in combination
with other more informative techniques. In this study, some of the LNB with typical
morphological and cultural characteristics similar to those of rhizobia were later
confirmed to be non rhizobial bacteria. This illustrates that phenotypic characteristics
only provide primary basis for classification.

In the current study, all the native symbiotic bacteria were highly effective in nitrogen
fixation compared to the commercial inoculant, CIAT 899. The results demonstrate that
Enterobacter hormaechei and Klebsiella variicola are potentially superior to the two
commercial inoculants, CIAT 899 and strain 446.

Bean yields in the SR were higher in Urea treated plants compared to water hyacinth
compost. However in the LR water hyacinth compost recorded the highest yield
increment than Urea. In addition water hyacinth compost promoted nodulation in both

the SR and LR seasons.
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6.2 Recommendations

The knowledge on the abundance and characteristics of native symbiotic bacteria in soils
of western Kenya should be exploited to develop strategies that will improve the BNF
for increasing the yield of common bean.

The results in this study emphasize the need to use a number of trap host species with
varying symbiotic bacteria affinities in order to capture the full composition and
diversity of indigenous populations.

The current study has demonstrated the need to employ a combination of both
phenotypic and molecular techniques for a proper identification of symbiotic bacteria.
The native symbiotic bacteria isolated in this study with superior SE compared to the
commercial inoculants should be subjected to further greenhouse and field trials to
ascertain their potential and stability in N fixation. More emphasis is required to
popularize this cheap and eco-friendly technology to be adopted by majority of
smallholder farmers in western Kenya.

The study has also shown the potential of water hyacinth compost in improving yield of
beans and therefore local smallholder farmers should be encouraged to adopt its use as
an alternative to the expensive inorganic N sources. Further research should focus on the
evaluating the effect of combining the compost with mineral fertilizers on the yield of

common bean.

132



REFERENCES

Abaidoo, R., Keyser, H., Singleton, P., Dashiell, K., Sanginga, N., 2007, Population size,
distribution, and symbiotic characteristics of indigenous Bradyrhizobium spp. that
nodulate TGx soybean genotypes in Africa. Applied Soil Ecology 35, 57-67.

Abbott, L.K., Murphy, D.V., 2007, Soil Biological Fertility: A Key to Sustainable Land Use
in Agriculture. Springer.

Abdelhamid, A.M., Gabr, A.A., 1991, Evaluation of water hyacinth asfeed for ruminants.
Archives of Animal Nutrition (Archiv fuerTiererna“hrung) 41, 745-756.

Abdelmoumen, H., Filali-Maltouf, A., Neyra, M., Belabed, A., El Idrissi, M.M., 1999,
Effect of high salts concentrations on the growth of rhizobia and responses to added
osmotica. Journal of Applied Microbiology 86, 889-898.

Abere, M., Heluf, G., Fassil, A., 2009, Symbiotic Effectiveness and Characterization of
Rhizobium Strains of Faba Bean (Vicia Faba L.) Collected from Eastern and
Western Hararghe Highlands of Ethiopia. Ethiopian Journal of Natural Resources 11
223-244

Acinas, S.G., Marcelino, L.A., Klepac-Ceraj, V., Polz, M.F., 2004, Divergence and
redundancy of 16S rRNA sequences in genomes with multiple rrn operons. Journal
of bacteriology 186, 2629-2635.

Acton, Q.A., 2012, Amino Acids—Advances in Research and Application: 2012 Edition.
ScholarlyEditions.

Adama, D., Tahir, A.D., Mamadou, G., 2008, Nodulation in Situ of Common Bean
(Phaseolus vulgaris L.) And Field Outcome of an Elite Symbiotic Association in
Senegal. Research Journal of Agriculture and Biological Sciences 4, 810-818.

Adiguzel, A., Ogutcu, H., Baris, O., Karadayi, M., Gulluce, M., Sahin, F., 2010, Isolation
and characterization of Rhizobium strains from wild vetch collected from high
altitudes in Erzurum-Turkey. Rom Biotechnol Lett 15, 5017-5024.

Aguilar, O.M., Riva, O., Peltzer, E., 2004, Analysis of Rhizobium etli and of its symbiosis
with wild Phaseolus vulgaris supports coevolution in centers of host diversification.
Proceedings of the National Academy of Sciences of the United States of America
101, 13548-13553.

Ahemad, M., Kibret, M., 2014, Mechanisms and applications of plant growth promoting
rhizobacteria: Current perspective. Journal of King Saud University - Science 26, 1-
20.

Ahmad, E., Zaidi, A., Khan, M., Oves, M., 2012, Heavy Metal Toxicity to Symbiotic
Nitrogen-Fixing Microorganism and Host Legumes, In: Zaidi, A., Wani, P.A.,
Khan, M.S. (Eds.) Toxicity of Heavy Metals to Legumes and Bioremediation.
Springer Vienna, pp. 29-44.

133



Akter, Z., Pageni, B.B., Lupwayi, N.Z., Balasubramanian, P.M., 2013, Biological nitrogen
fixation and nifH gene expression in dry beans (Phaseolus vulgaris L.). Canadian
Journal of Plant Science 94, 203-212.

Alberton, O., Kaschuk, G., Hungria, M., 2006, Sampling effects on the assessment of
genetic diversity of rhizobia associated with soybean and common bean. Soil
Biology and Biochemistry 38, 1298-1307.

Altomare, C., Norvell, W.A., Bjorkman, T., Harman, G.E., 1999, Solubilization of
Phosphates and Micronutrients by the Plant-Growth-Promoting and Biocontrol
Fungus Trichoderma harzianum Rifai 1295-22. Applied and Environmental
Microbiology 65, 2926-2933.

Alvarez, E., Marcos, M.L.F., Torrado, V., Sanjurjo, M.J.F., 2008, Dynamics of
macronutrients during the first stages of litter decomposition from forest species in a
temperate area (Galicia, NW Spain). Nutr Cycl Agroecosyst 80, 243-256.

Amarger, N., 2001, Rhizobia in the field. Advances in Agronomy 73, 109-168.

Amba, A.A., Agbo, E.B., Garba, A., 2013, Effect of nitrogen and phosphorus fertilizers on
nodulation of some selected grain legumes at Bauchi, Northern Guinea Savanna of
Nigeria. International Journal of Biosciences 3, 1-7.

Amitava, R., Sarkar, N.C., Debashish, S., 2008, Influence of organic manures on
productivity of two varieties of rice. J. Cent. Eur. Agric. 9, 629-634.

Amos, A., Ogendo, M., Joshua, O., 2001, Response of Common bean to Rhizobium
inoculation and fertilizers.

Anyango, B., Wilson, K.J., Beynon, J.L., Giller, K.E., 1995, Diversity of Rhizobia
Nodulating Phaseolus vulgaris L. in Two Kenyan Soils with Contrasting pHs.
Applied and Environmental Microbiology 61, 4016-4021.

Appunu, C., Dhar, B., 2006, Symbiotic effectiveness of acid-tolerant Bradyrhizobium strains
with soybean in low pH soil. African Journal of Biotechnology 5, 842-845.

Aranjuelo, 1., Arrese-lgor, C., Molero, G., 2014, Nodule performance within a changing
environmental context. Journal of Plant Physiology 171, 1076-1090.

Argaw, A., 2012, Characterization of Symbiotic Effectiveness of Rhizobia Nodulating Faba
bean (Vicia faba L.) Isolated from Central Ethiopia. Research Journal of
Microbiology 7, 280.

Arora, N.K., 2013, Plant Microbe Symbiosis: Fundamentals and Advances. Springer (India)
Private Limited.

Aserse, A.A., 2013, Diversity and Phylogeny of Root Nodule Bacteria Isolated fromTree,
Shrub and Food Legumes of Ethiopia.

Aserse, A.A., Rasanen, L.A., Assefa, F., Hailemariam, A., Lindstrom, K., 2012, Phylogeny
and genetic diversity of native rhizobia nodulating common bean (Phaseolus vulgaris
L.) in Ethiopia. Systematic and applied microbiology 35, 120-131.

134



Atici, O., Ogutcu, H., Algur, O.F., 2005, Effect of putrescence on inducing symbiosis in
chickpea and vetch inoculated with commercial or indigenous strains of Rhizobium.
Symbiosis 38, 163-174.

Attewell, J., Bliss, F.A., 1985, Host Plant Characteristics of Common Bean Lines Selected
Using Indirect Measures of N2 Fixation, In: Evans, H.J., Bottomley, P.J., Newton,
W.E. (Eds.) Nitrogen fixation research progress: Proceedings of the 6th international
symposium on Nitrogen Fixation, Corvallis, OR 97331, August 4-10, 1985. Springer
Netherlands, Dordrecht, pp. 3-9.

Auch, A.F., von Jan, M., Klenk, H.P., Goker, M., 2010, Digital DNA-DNA hybridization
for microbial species delineation by means of genome-to-genome sequence
comparison. Standards in genomic sciences 2, 117-134.

Aweke, G., 1993, The water hyacinth (Eichhornia crassipes) in Ethiopia. Bulletin des
se’ances. Acade 'mie royale des Sciences d’outre-mer, Brussels 39, 399-404.
Azimzadeh, Y., Shirvani, M., Shariatmadari, H., 2014, Green Manure and Overlapped
Rhizosphere Effects on Pb Chemical Forms in Soil and Plant Uptake in
Maize/Canola Intercrop Systems: A Rhizobox Study. Soil and Sediment

Contamination: An International Journal 23, 677-690.

Bacanamwo, M., Purcell, L.C., 1999, Soybean dry matter and N accumulation responses to
flooding stress, N sources and hypoxia. Journal of Experimental Botany 50, 689-696.

Bala, A., Giller, K., 2007, Relationships between rhizobial diversity and host legume
nodulation and nitrogen fixation in tropical ecosystems, In: Bationo, A., Waswa, B.,
Kihara, J., Kimetu, J. (Eds.) Advances in Integrated Soil Fertility Management in
sub-Saharan Africa: Challenges and Opportunities. Springer Netherlands, pp. 691-
702.

Bala, A., Osunde, A.O., Odofin, A.J., 2011, Organic Matter Utilisation and the Determinants
of Organic Manure Use by Farmers in the Guinea Savanna Zone of Nigeria, In:
Bationo, A., Waswa, B., Okeyo, J.M., Maina, F., Kihara, J.M. (Eds.) Innovations as
Key to the Green Revolution in Africa. Springer Netherlands, pp. 965-974.

Baldani, J.1., Reis, V.M., Videira, S.S., Boddey, L.H., Baldani, V.L.D., 2014, The art of
isolating nitrogen-fixing bacteria from non-leguminous plants using N-free semi-
solid media: a practical guide for microbiologists. Plant Soil, 1-19.

Bansal, A.K., Meyer, T.E., 2002, Evolutionary analysis by whole-genome comparisons.
Journal of bacteriology 184, 2260-2272.

Barauna, A.C., Silva, K.d., Pereira, G.M.D., Kaminski, P.E., Perin, L., Zilli, J.E., 2014,
Diversity and nitrogen fixation efficiency of rhizobia isolated from nodules of
Centrolobium paraense. Pesquisa Agropecuaria Brasileira 49, 296-305.

Bargaz, A., Drevon, J.-J., Oufdou, K., Mandri, B., Faghire, M., Ghoulam, C., 2011, Nodule
phosphorus requirement and O2 uptake in common bean genotypes under
phosphorus deficiency. Acta Agriculturae Scandinavica, Section B-Soil & Plant
Science 61, 602-611.

135



Barret, M., Morrissey, J., O’Gara, F., 2011, Functional genomics analysis of plant growth-
promoting rhizobacterial traits involved in rhizosphere competence. Biol Fertil Soils
47, 729-743.

Bationo, A., 2004, Managing Nutrient Cycles to Sustain Soil Fertility in Sub-Saharan
Africa. Academy Science Publishers.

Bationo, A., 2007, Advances in Integrated Soil Fertility Management in sub-Saharan Africa:
Challenges and Opportunities: Challenges and Opportunities. Springer.

Bationo, A., Kihara, J., Vanlauwe, B., Kimetu, J., Waswa, B.S., Sahrawat, K.L., 2008,
Integrated nutrient management: Concepts and experience from Sub-Saharan Africa.
In Integrated Nutrient Management for Sustainable Crop Production, eds. M.S.
Aulakh and C.A. Gran. The Haworth Press, Taylor and Francis Group, New York,
467-521.

Bationo, A., Kihara, J., Vanlauwe, B., Waswa, B., Kimetu, J., 2007, Soil organic carbon
dynamics, functions and management in West African agro-ecosystems. Agricultural
Systems 94, 13-25.

Bationo, A., Nandwa, S.M., Kimetu, J.M., Kinyangi, J.M., Bado, B.V., Lompo, F., Kimani,
S., Kihanda, F., Koala, S., 2004, Sustainable intensification of crop-livestock
systems through manure management in eastern and western Africa: Lessons learned
and emerging research opportunities. Sustainable crop—livestock production in West
Africa, 173-198.

Bationo, A., Waswa, B., Kihara, J., Kimetu, J., 2006, Advances in integrated soil fertility
management in sub Saharan Africa: challenges and opportunities. Nutr Cycl
Agroecosyst, 1-2.

Beck, D.P., Materon, L.A., Afandi, F., 1993, Practical Rhizobium legume technology
manual, Technical Manual International Center for Agricultural Research in the Dry
Areas (ICARDA), Aleppo, Syria 19, 1-54.

Beebe, S., Gonzalez, A.V., Rengifo, J., 2000, Research on trace minerals in the common
bean. Food Nutr. Bulletin 21, 387-391.

Ben Rebah, F., Prévost, D., Yezza, A., Tyagi, R., 2007, Agro-industrial waste materials and
wastewater sludge for rhizobial inoculant production: a review. Bioresource
technology 98, 3535-3546.

Ben Romdhane, S., Aouani, M., Trabelsi, M., De Lajudie, P., Mhamdi, R., 2008, Selection
of High Nitrogen-Fixing Rhizobia Nodulating Chickpea (Cicer arietinum) for
Semi-Arid Tunisia. Journal of Agronomy and Crop Science 194, 413-420.

Bending, G.D., Turner, M.K., Rayns, F., Marx, M.-C., Wood, M., 2004, Microbial and
biochemical soil quality indicators and their potential for differentiating areas under
contrasting agricultural management regimes. Soil Biology and Biochemistry 36,
1785-1792.

136



Benjawan, C., Chutichudet, P., Kaewsit, S., 2007, Effects of green manures on growth, yield
and quality of green okra (Abelmoschus esculentus L.) Har Lium Cultivar. Pakistan
journal of biological sciences: PJBS 10, 1028-1035.

Bensch, S., Akesson, M., 2005, Ten years of AFLP in ecology and evolution: why so few
animals? Molecular Ecology 14, 2899-2914.

Biederman, L.A., Harpole, W.S., 2013, Biochar and its effects on plant productivity and
nutrient cycling: a meta-analysis. GCB bioenergy 5, 202-214.

Bocchi, S., Tano, F., 1994, Effects of cattle manure and components of pig slurry on maize
growth and production. European Journal of Agronomy 3, 235-241.

Bolenz, S., Omran, H., Gierschner, K., 1990, Treatments of water hyacinth tissue to obtain
useful products. Biological Wastes 33, 263-274.

Bordeleau, L.M., Prevost, D., 1994, Nodulation and nitrogen fixation in extreme
environments. Plant Soil 161, 115-124.

Bouchet, V., Huot, H., Goldstein, R., 2008, Molecular genetic basis of ribotyping. Clinical
microbiology reviews 21, 262-273.

Boudon, S., Manceau, C., Nottéghem, J.-L., 2005, Structure and origin of Xanthomonas
arboricola pv. pruni populations causing bacterial spot of stone fruit trees in Western
Europe. Phytopathology 95, 1081-1088.

Bouhmouch, 1., Souad-Mouhsine, B., Brhada, F., Aurag, J., 2005, Influence of host cultivars
and Rhizobium species on the growth and symbiotic performance of Phaseolus
vulgaris under salt stress. Journal of plant physiology 162, 1103-1113.

Branddo, A.D., Sodek, L., 2009, Nitrate uptake and metabolism by roots of soybean plants
under oxygen deficiency. Brazilian Journal of Plant Physiology 21, 13-23.

Brockwell, J., 1980, Experiments with crop and pasture legumes-principles and practice. In
F.J. Bergersen (ed.) Methods for Evaluating Biological Nitrogen Fixation. John
Wiley and Sons, New York. 417-488.

Brockwell, J., Bottomley, P.J., 1995, Recent advances in inoculant technology and prospects
for the future. Soil Biology and Biochemistry 27, 683-697.

Broughton, W.J., Dilworth, M.J., 1971, Control of leghaemoglobin syntheisis in snake
beans. Biochemistry Journal 125, 1075-1080.

Broughton, W.J., Hernandez, G., Blair, M.W., Beebe, S.E., Gepts. P, Vanderleyden, J.,
2003, Beans (Phaseolus spp.) — Model Food Legumes. Plant and Soil 252, 55-128.

Brumfield, R.T., Beerli, P., Nickerson, D.A., Edwards, S.V., 2003, The utility of single
nucleotide polymorphisms in inferences of population history. Trends in Ecology &
Evolution 18, 249-256.

Burgers, A., 2012, Soil Biology. Elsevier Science.

Buruchara, r., Chirwa, r., Sperling, L., Mukankusi, C., Rubyogo, J.C., Muthoni, R., 2011,
Development and delivery of bean varieties in Africa: the pan- Africa bean research
alliance (pabra) model. African Crop Science Journal 19, 227 - 245.

137



Cabeza, R.A., Liese, R., Lingner, A., von Stieglitz, I., Neumann, J., Salinas-Riester, G.,
Pommerenke, C., Dittert, K., Schulze, J., 2014, RNA-seq transcriptome profiling
reveals that Medicago truncatula nodules acclimate N(2) fixation before emerging P
deficiency reaches the nodules. Journal of Experimental Botany 65, 6035-6048.

Campo, R.J., Wood, M., 2001, Residual effects of successive exposure of soybean
Bradyrhizobium strains to aluminium on solid defined medium. Pesquisa
Agropecuaria Brasileira 36, 1399-1407.

Carranca, C., Castro, I., Figueiredo, N., Redondo, R., Rodrigues, A., Saraiva, |., Maricato,
R., Madeira, M., 2015, Influence of tree canopy on N 2 fixation by pasture legumes
and soil rhizobial abundance in Mediterranean oak woodlands. Science of The Total
Environment 506, 86-94.

Carter, M.C., Dean, T.J., Zhou, M., Messina, M.G., Wang, Z., 2002, Short-term changes in
soil C, N, and biota following harvesting and regeneration of loblolly pine (Pinus
taeda L.). Forest Ecology and Management 164, 67-88.

Catroux, G., Hartmann, A., Revellin, C., 2001, Trends in rhizobial inoculant production and
use. Plant and Soil 230, 21-30.

Center, T.D., Hill, M.P., Cordo, H., Julien, M.H., 2002, Water hyacinth. In VVan Driesche, R.
(ed.) Biological control of invasive plants in the eastern United States. USDA Forest
Service Publication FHTET 2, 41 - 46.

Chaia, E.E., Wall, L.G., Huss-Danell, K., 2010, Life in soil by the actinorhizal root nodule
endophyte Frankia. A review. Symbiosis 51, 201-226.

Chakravorty, S., Helb, D., Burday, M., Connell, N., Alland, D., 2007, A detailed analysis of
16S ribosomal RNA gene segments for the diagnosis of pathogenic bacteria. Journal
of microbiological methods 69, 330-339.

Chemining’wa, G.N., Muthomi, J.W., Obudho, E.O., 2004, Effect of rhizobia inoculation
and urea application on nodulation and dry matter accumulation of green manure
legume at Katumani and Kabete sites of Kenya. Legume Resesrch Network Project
Newsletter 11, 13-17.

Chemining’wa, G.N., Theuri, S.M., Muthomi, J.W., 2011, The abundance of indigenous
rhizobia nodulating cowpea and common bean in central Kenyan soils. African
Journal of Horticultural Science 5, 92-97.

Chemining’wa, N., Ngeno, J., Muthomi, J., Shibairo, S., 2012, Effectiveness of indigenous
pea rhizobia (Rhizobium leguminosarum bv. viciae) in cultivated soils of central
Kenya. Journal of Applied Biosciences 57, 4177-4185.

Cheng, F., Cao, G., Wang, X., Zhao, J., Yan, X., Liao, H., 2009, Isolation and application of
effective nitrogen fixation rhizobial strains on low-phosphorus acid soils in South
China. Chin. Sci. Bull. 54, 412-420.

Cheng, Q., 2008, Perspectives in Biological Nitrogen Fixation Research. Journal of
Integrative Plant Biology 50, 786—798.

138



Chianu, J.N., Chianu, J.N., Mairura, F., 2012, Mineral fertilizers in the farming systems of
sub-Saharan Africa. A review. Agronomy for sustainable development 32, 545-566.

Chouhan, S., Chauhan, K., Kataria, S., Guruprasad, K., 2008, Enhancement in
leghemoglobin content of root nodules by exclusion of solar UV-A and UV-B
radiation in soybean. Journal of Plant Biology 51, 132-138.

Chukwuka, K., Omotayo, O., 2009, Soil fertility restoration potentials of Tithonia green
manure and water hyacinth compost on a nutrient depleted soil in South Western
Nigeria using Zea mays L. as test crop. Research journal of soil biology 1, 20-30.

CIAT, 1989, Bean production problems in the tropicsCali, Colombia.

Clark, A.G., Hubisz, M.J., Bustamante, C.D., Williamson, S.H., Nielsen, R., 2005,
Ascertainment bias in studies of human genome-wide polymorphism. Genome
research 15, 1496-1502.

Clarridge, J.E., 2004, Impact of 16S rRNA gene sequence analysis for identification of
bacteria on clinical microbiology and infectious diseases. Clinical microbiology
reviews 17, 840-862.

Clay, D.E., Clay, S.A., Reitsma, K.D., Dunn, B.H., Smart, A.J., Carlson, G.G., Horvath, D.,
Stone, J.J., 2014, Does the conversion of grasslands to row crop production in semi-
arid areas threaten global food supplies? Global Food Security 3, 22-30.

Clay, E., 2008, The UN and global food security. Development Policy Review 26, 245-248.

Clerc, A., Manceau, C., Nesme, X., 1998, Comparison of Randomly Amplified Polymorphic
DNA with Amplified Fragment Length Polymorphism To Assess Genetic Diversity
and Genetic Relatedness within Genospecies 111 ofPseudomonas syringae. Applied
and Environmental Microbiology 64, 1180-1187.

Coenye, T., Gevers, D., Van de Peer, Y., Vandamme, P., Swings, J., 2005, Towards a
prokaryotic genomic taxonomy. FEMS microbiology reviews 29, 147-167.

Cohan, F.M., 2001, Bacterial species and speciation. Systematic biology 50, 513-524.

Costechareyre, D., Rhouma, A., Lavire, C., Portier, P., Chapulliot, D., Bertolla, F.,
Boubaker, A., Dessaux, Y., Nesme, X., 2010, Rapid and efficient identification of
Agrobacterium species by recA allele analysis. Microbial Ecology 60, 862-872.

Cregan, P., Keyser, H., 1986, Host restriction of nodulation by Bradyrhizobium japonicum
strain USDA 123 in soybean. Crop Science 26, 911-916.

Cristina, L., Maria, G., Pedro, R., Jorge, D., 2012, Short-term effects of organic and
inorganic fertilizers on soil microbial community structure and function. Biol Fertil
Soils, 1-11.

Curry, J.P., Good, J.A., 1992, Soil Faunal Degradation and Restoration, In: Lal, R., Stewart,
B.A. (Eds.) Soil Restoration. Springer New York, pp. 171-215.

Davari, M., Sharma, S.N., Mirzakhani, M., 2012, Residual influence of organic materials,
crop residues, and biofertilizers on performance of succeeding mung bean in an
organic rice-based cropping system. International Journal Of Recycling of Organic
Waste in Agriculture 1, 14.

139



de Carvalho, C.C.C.R., Fernandes, P., 2010, Production of Metabolites as Bacterial
Responses to the Marine Environment. Marine Drugs 8, 705-727.

de Carvalho, T., Ferreira, P., Hemerly, A., 2011, Sugarcane Genetic Controls Involved in the
Association with Beneficial Endophytic Nitrogen Fixing Bacteria. Tropical Plant
Biol. 4, 31-41.

de Meyer, S.E., Cnockaert, M., Ardley, J.K., Maker, G., Yates, R., Howieson, J.G.,
Vandamme, P., 2013, sp. nov., isolated from Lebeckia ambigua root nodules.
International Journal of Systematic and Evolutionary Microbiology 63, 3950-3957.

Degefu, T., Wolde-meskel, E., Liu, B., Cleenwerck, ., Willems, A., Frostegard, A., 2013,
Mesorhizobium shonense sp. nov., Mesorhizobium hawassense sp. nov. and
Mesorhizobium abyssinicae sp. nov., isolated from root nodules of different
agroforestry legume trees. International journal of systematic and evolutionary
microbiology 63, 1746-1753.

DeLong, E.F., Preston, C.M., Mincer, T., Rich, V., Hallam, S.J., Frigaard, N.-U., Martinez,
A., Sullivan, M.B., Edwards, R., Brito, B.R., 2006, Community genomics among
stratified microbial assemblages in the ocean's interior. Science 311, 496-503.

Dereeper, A., Nicolas, S., Le Cunff, L., Bacilieri, R., Doligez, A., Peros, J.-P., Ruiz, M.,
This, P., 2011, SNiPlay: a web-based tool for detection, management and analysis of
SNPs. Application to grapevine diversity projects. BMC bioinformatics 12, 1.

Deschamps, S., Campbell, M.A., 2010, Utilization of next-generation sequencing platforms
in plant genomics and genetic variant discovery. Molecular breeding 25, 553-570.

Diacono, M., Montemurro, F., 2011, Long-Term Effects of Organic Amendments on Soil
Fertility, In: Lichtfouse, E., Hamelin, M., Navarrete, M., Debaeke, P. (Eds.)
Sustainable Agriculture Volume 2. Springer Netherlands, pp. 761-786.

Didelot, X., Bowden, R., Wilson, D.J., Peto, T.E., Crook, D.W., 2012, Transforming clinical
microbiology with bacterial genome sequencing. Nature Reviews Genetics 13, 601-
612.

Dilworth, J., 2008, Nitrogen-fixing Leguminous Symbioses. Springer.

Dlodlo, O., 2012. Rhizobia Diversity and Their Effect on the Distribution of Indigenous
Legumes in the Cape Floristic Region. University of Cape Town,

Dommergues, Y.R., 2012, Interactions Between Non-Pathogenic Soil Microorganisms And
Plants. Elsevier Science.

Driouech, N., 2010. Annual self-reseeding legumes and their application into Mediterranean
Organic cropping systems. In: International Horticultural Congress on Science and
Horticulture for People (IHC2010): International Symposium on 933, pp. 329-336.

Edwards, P., 1980, A review of recycling organic wastes into fish, with emphasis on the
Tropics. Aquaculture 21, 261-279.

Elbanna, K., Elbadry, M., Gamal-Eldin, H., 2009, Genotypic and phenotypic
characterization of rhizobia that nodulate snap bean (Phaseolus vulgaris L.) in
Egyptian soils. Systematic and Applied Microbiology 32, 522-530.

140



Elkoca, E., Turan, M., Donmez, M.F., 2010, Effects of single, dual and triple inoculations
with Bacillus subtilis, Bacillus megaterium and Rhizobium leguminosarum bv.
Phaseoli on nodulation, nutrient uptake, yield and yield parameters of common bean
(Phaseolus vulgaris 1. cv.‘elkoca-05’). Journal of Plant Nutrition 33, 2104-21109.

Elsheikh, E.A.E., Wood, M., 1990, Salt effects on survival and multiplication of chickpea
and soybean rhizobia. Soil Biology and Biochemistry 22, 343-347.

Epstein, E., 2011, Industrial Composting: Environmental Engineering and Facilities
Management. Taylor & Francis.

Erum, S., Bano, S., 2008, Variation in Phytohormone Production in Rhizobium Strains at
Different Altitudes of Northern Areas of Pakistan. Internatioal Journal of Agriculture
and Biology 10, 536-540.

Ewens, W.J., 1972, The sampling theory of selectively neutral alleles. Theoretical
Population Biology 3, 87-112.

Fagg, C.W., Stewart, J.L., 1994, The value of Acacia and Prosopis in arid and semi-arid
environments. Journal of Arid Environments 27, 3-25.

Fatokun, C.A., Agriculture, 1.1.0.T., Tarawali, S.A., Singh, B.B., Kormawa, P.M., Tamo, M.,
2002, Challenges and opportunities for enhancing sustainable cowpea production:
proceedings of the World Cowpea Conference 111 held at 1ITA, 4-8 September 2000.
International Institute of Tropical Agriculture.

Fening, J., Danso, S., 2002, Variation in symbiotic effectiveness of cowpea bradyrhizobia
indigenous to Ghanaian soils. Applied Soil Ecology 21, 23-29.

Ferguson, B.J., Mathesius, U., 2003, Signaling interactions during nodule development.
Journal of Plant Growth Regulation 22, 47-72.

Ferner, E., Rennenberg, H., Kreuzwieser, J., 2012, Effect of flooding on C metabolism of
flood-tolerant (Quercus robur) and non-tolerant (Fagus sylvatica) tree species. Tree
physiology 32, 135-145.

Ferreira, P.A.A., Bomfeti, C.A., Soares, B.L., de Souza Moreira, F.M., 2012, Efficient
nitrogen-fixing Rhizobium strains isolated from amazonian soils are highly tolerant
to acidity and aluminium. World Journal of Microbiology and Biotechnology 28,
1947-1959.

Figueira, E., 2009, Pea cultivation in saline soils: influence of nitrogen nutrition, In:
Microbial Strategies for Crop Improvement. Springer, pp. 267-286.

Forde, B.G., 2000, Nitrate transporters in plants: structure, function and regulation.
Biochimica et Biophysica Acta (BBA) - Biomembranes 1465, 219-235.

Forster, D., Andres, C., Verma, R., Zundel, C., Messmer, M.M., Mé&der, P., 2013, Yield and
Economic Performance of Organic and Conventional Cotton-Based Farming
Systems — Results from a Field Trial in India. PLoS ONE 8, e81039.

Franche, C., Lindstrom, K., Elmerich, C., 2009, Nitrogen-fixing bacteria associated with
leguminous and non-leguminous plants. Plant Soil 321, 35-59.

141



Gage, D.J., 2004, Infection and invasion of roots by symbiotic, nitrogen-fixing rhizobia
during nodulation of temperate legumes. Microbiology and Molecular Biology
Reviews 68, 280-300.

Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer, E.W., Howarth, R.W., Seitzinger, S.P.,
Asner, G.P., Cleveland, C., Green, P., Holland, E., 2004, Nitrogen cycles: past,
present, and future. Biogeochemistry 70, 153-226.

Ganeshamurthy, A., Sammi Reddy, K., 2000, Effect of Integrated Use of Farmyard Manure
and Sulphur in a Soybean and Wheat Cropping System on Nodulation, Dry Matter
Production and Chlorophyll Content of Soybean on Swell-Shrink Soils in Central
India. Journal of Agronomy and crop science 185, 91-97.

Garg, N., Singla, R., 2004, Growth, photosynthesis, nodule nitrogen and carbon fixation in
the chickpea cultivars under salt stress. Brazilian Journal of Plant Physiology 16,
137-146.

Garrison, T., 2006, Essentials of Oceanography. Thomson-Brooks/Cole.

Gathumbi, S., Cadisch, G., Giller, K., 2002, 15 N natural abundance as a tool for assessing
N 2-fixation of herbaceous, shrub and tree legumes in improved fallows. Soil
Biology and Biochemistry 34, 1059-1071.

Gentili, F., Wall, L.G., Huss-Danell, K., 2006, Effects of phosphorus and nitrogen on
nodulation are seen already at the stage of early cortical cell divisions in Alnus
incana. Annals of botany 98, 309-315.

George, T., Singleton, P., 1992, Nitrogen assimilation traits and dinitrogen fixation in
soybean and common bean. Agronomy Journal 84, 1020-1028.

Ghosh, P.K., Sen, S.K., Maiti, T.K., 2015, Production and metabolism of IAA by
Enterobacter spp.(Gammaproteobacteria) isolated from root nodules of a legume
Abrus precatorius L. Biocatalysis and Agricultural Biotechnology 4, 296-303.

Gibson, K.E., Kobayashi, H., Walker, G.C., 2008, Molecular determinants of a symbiotic
chronic infection. Annual review of genetics 42, 413.

Gichangi, A., Maobe, S., Karanja, D., Getabu, A., Macharia, C., Ogecha, J., Nyang’au, M.,
Basweti, E., Kitonga, L., 2012, Assessment of Production and Marketing of
Climbing Beans by Smallholder Farmers in Nyanza Region, Kenya. World Journal
of Agricultural Sciences 8, 293-302.

Gil-Quintana, E., Larrainzar, E., Arrese-lgor, C., Gonzéalez, E.M., 2012, Is N-feedback
involved in the inhibition of nitrogen fixation in drought-stressed Medicago
truncatula? Journal of experimental botany, ers334.

Giller, K.E., 2001, Nitrogen fixation in tropical cropping systems. Cabi.

Giller, K.E., Cadisch, G., 1995, Future benefits from biological nitrogen fixation: An
ecological approach to agriculture. Plant Soil 174, 255-277.

142



Giongo, A., Ambrosini, A., Vargas, L., Freire, J., Bodanese-Zanettini, M., Passaglia, L.,
2008, Evaluation of genetic diversity of bradyrhizobia strains nodulating soybean
[Glycine max (L.) Merrill] isolated from South Brazilian fields. Applied soil ecology
38, 261-269.

Giraud, E., Moulin, L., Vallenet, D., Barbe, V., Cytryn, E., Avarre, J.C., Jaubert, M., Simon,
D., Cartieaux, F., Prin, Y., Bena, G., Hannibal, L., Fardoux, J., Kojadinovic, M.,
Vuillet, L., Lajus, A., Cruveiller, S., Rouy, Z., Mangenot, S., Segurens, B., Dossat,
C., Franck, W.L., Chang, W.S., Saunders, E., Bruce, D., Richardson, P., Normand,
P., Dreyfus, B., Pignol, D., Stacey, G., Emerich, D., Vermeglio, A., Medigue, C.,
Sadowsky, M., 2007, Legumes symbioses: absence of Nod genes in photosynthetic
bradyrhizobia. Science (New York, N.Y.) 316, 1307-1312.

Giri, B., Kapoor, R., Mukerji, K.G., 2007, Improved Tolerance of Acacia nilotica to Salt
Stress by Arbuscular Mycorrhiza, Glomus fasciculatum may be Partly Related to
Elevated K/Na Ratios in Root and Shoot Tissues. Microbial Ecology 54, 753-760.

Girvan, M.S., Bullimore, J., Pretty, J.N., Osborn, A.M., Ball, A.S., 2003, Soil type is the
primary determinant of the composition of the total and active bacterial communities
in arable soils. Applied and Environmental Microbiology 69, 1800-1809.

Giséle, L., Marie-Reine, A., Francoise, R., Noelle, A., 1994, Rapid Identification of
Rhizobia by Restriction Fragment Length Polymorphism Analysis of PCR-
Amplified 16S rRNA Genes. Applied Environmental Microbiology 60, 56-63.

Gnanamanickam, S.S., 2007, Plant-Associated Bacteria. Springer.

GOK, 2006, Statistical Abstract. Government of Kenya, Nairobi, Kenya.

Gowariker, V., Krishnamurthy, V.N., Gowariker, S., Dhanorkar, M., Paranjape, K., Borlaug,
N., 2009, The Fertilizer Encyclopedia. Wiley.

Graham, P., 2007, Ecology of the root-nodule bacteria of legumes, In:  Nitrogen-fixing
leguminous symbioses. Springer, pp. 23-58.

Graham, P., Temple, S., 1984, Selection for improved nitrogen fixation inGlycine max (L.)
Merr. andPhaseolus vulgaris L. Plant and Soil 82, 315-327.

Graham, P.H., Parker, C.A., 1964, Diagnostic features in the characterisation of the root-
nodule bacteria of legumes. Plant Soil 20, 383-396.

Grange, L., Hungria, M., Graham, P.H., Martinez-Romero, E., 2007, New insights into the
origins and evolution of rhizobia that nodulate common bean Phaseolus vulgaris in
Brazil. Soil Biology and Biochemistry 39, 867-876.

Gray, E.J., Smith, D.L., 2005, Intracellular and extracellular PGPR: commonalities and
distinctions in the plant-bacterium signaling processes. Soil Biology and
Biochemistry 37, 395-412.

Gueye, F., Moulin, L., Sylla, S., Ndoye, I., Béna, G., 2009, Genetic diversity and
distribution of Bradyrhizobium and Azorhizobium strains associated with the herb
legume Zornia glochidiata sampled from across Senegal. Systematic and applied
microbiology 32, 387-399.

143



Guindon, S., Gascuel, O., 2003, A simple, fast, and accurate algorithm to estimate large
phylogenies by maximum likelihood. Systematic biology 52, 696-704.

Gundale, M.J., Nilsson, M., Bansal, S., Jaderlund, A., 2012, The interactive effects of
temperature and light on biological nitrogen fixation in boreal forests. The New
phytologist 194, 453-463.

Gunnarsson, C.C., Petersen, C.M., 2007, Water hyacinths as a resource in agriculture and
energy production: A literature review. Waste Management 27, 117-129.

Guo, H., Sun, Y., Li, Y., Liu, X,, Ren, Q., Zhu-Salzman, K., Ge, F., 2013, Elevated CO2
Modifies N Acquisition of Medicago truncatula by Enhancing N Fixation and
Reducing Nitrate Uptake from Soil. PloS one 8.

Gupta, P., Rustgi, S., Mir, R., 2008, Array-based high-throughput DNA markers for crop
improvement. Heredity 101, 5-18.

Halima, B., Abdellah, F., Mouhcine, F., Kawtar, F.B., 2013, Anti-bacterial activity of
Coriaria myrtifolia against Agrobacterium tumefaciens: Plant pathogen responsible
for crown gall. African Journal of Microbiology Research 7, 5529-5532.

Ham, G., Cardwell, V., Johnson, H., 1971, Evaluation of Rhizobium japonicum inoculants
in soils containing naturalized populations of rhizobia. Agronomy journal 63, 301-
303.

Handelsman, J., 2004, Metagenomics: application of genomics to uncultured
microorganisms. Microbiology and molecular biology reviews 68, 669-685.

Hardarson, G., 1993, Methods for enhancing symbiotic nitrogen fixation. Plant and Soil 152,
1-17.

Hardarson, G.G., Broughton, W.J., Food, Nations, A.O.0.t.U., Agency, L.A.E., 2003,
Maximising the Use of Biological Nitrogen Fixation in Agriculture. Springer.

Harris, K.A., Hartley, J.C., 2003, Development of broad-range 16S rDNA PCR for use in
the routine diagnostic clinical microbiology service. Journal of medical microbiology
52, 685-691.

Hassen, A.l., Bopape, F.L., Trytsman, M., 2014, Nodulation Study and Characterization of
Rhizobial Microsymbionts of Forage and Pasture Legumes in South Africa. World
Journal of Agricultural Research 2, 93-100.

Hauser, L., Baird, M., Hilborn, R., Seeb, L.W., Seeb, J.E., 2011, An empirical comparison
of SNPs and microsatellites for parentage and kinship assignment in a wild sockeye
salmon (Oncorhynchus nerka) population. Molecular ecology resources 11, 150-161.

Hayat, R., Ali, S., Amara, U., Khalid, R., Ahmed, 1., 2010, Soil beneficial bacteria and their
role in plant growth promotion: a review. Annals of Microbiology 60, 579-598.

Haynes, R.J., Mokolobate, M.S., 2001, Amelioration of Al toxicity and P deficiency in acid
soils by additions of organic residues: a critical review of the phenomenon and the
mechanisms involved. Nutrient Cycling in Agroecosystems 59, 47-63.

Henson, R.A., Bliss, F.A., 1991, Effects of N fertilizer application timing on common bean
production. Fertilizer Research 29, 133-138.

144



Herridge, D., Rose, 1., 2000, Breeding for enhanced nitrogen fixation in crop legumes. Field
Crops Research 65, 229-248.

Hill, G.B., Lalander, C., Baldwin, S.A., 2013, The effectiveness and safety of vermi-versus
conventional composting of human feces with ascaris suum ova as model helminthic
parasites. Journal of Sustainable Development 6, p1.

Hillocks, R., Madata, C.S., Chirwa, R., Minja, E.M., Msolla, S., 2006, Phaseolus bean
improvement in Tanzania, 1959-2005. Euphytica 150, 215-231.

Hirsch, A.M., 1999, Role of lectins (and rhizobial exopolysaccharides) in legume
nodulation. Current opinion in plant biology 2, 320-326.

Howieson, J.G., Brockwell, J., 2005, “Nomenclature of legume root nodule bacteria in 2005
and implications for collection of strains from the field.” In J. Brockwell, editor,
“14th Australian nitrogen fixation conference,”. The Australian Society for Nitrogen
Fixation, Katoomba, Australia., 17-23.

Hulsebusch, C., 2007, Organic Agriculture in the Tropics and Subtropics: Current Status and
Perspectives. Kassel University Press.

Hungria, M., Andrade, D.d.S., Chueire, L.M.d.O., Probanza, A., Guttierrez-Mafiero, F.J.,
Megias, M., 2000, Isolation and characterization of new efficient and competitive
bean (Phaseolus vulgaris L.) rhizobia from Brazil. Soil Biology and Biochemistry
32, 1515-1528.

Hungria, M., Vargas, M.A., 2000, Environmental factors affecting N2 fixation in grain
legumes in the tropics, with an emphasis on Brazil. Field Crops Research 65, 151-
164.

Huson, D.H., Auch, A.F., Qi, J., Schuster, S.C., 2007, MEGAN analysis of metagenomic
data. Genome research 17, 377-386.

Ibekwe, A.M., Angle, J.S., Chaney, R.L., Vonberkum, P., 1997, Enumeration and nitrogen
fixation potential of Rhizobium leguminosarum biovar trifolii grown in soil with
varying pH values and heavy metal concentrations. Agric. Ecosyst. Environ. 61, 103-
111.

llyas, N., Bano, A., Igbal, S., Raja, N.I., 2012, Physiological, biochemical and molecular
characterization of Azospirillum spp. isolated from maize under water stress. Pak J
Bot 44, 71-80.

Irigoyen, J.J., Goicoechea, N., Antolin, M.C., Pascual, I., Sanchez-Diaz, M., Aguirreolea, J.,
Morales, F., 2014, Growth, photosynthetic acclimation and yield quality in legumes
under climate change simulations: an updated survey. Plant science : an international
journal of experimental plant biology 226, 22-29.

Israel, D.W., 1993, Symbiotic dinitrogen fixation and host-plant growth during development
of and recovery from phosphorus deficiency. Physiologia Plantarum 88, 294-300.

Jaetzold, R., Schmidt, H., Hornetz, R., Shisanya, C., 2009, Farm Management Handbook of
Kenya. Ministry of Agriculture, Nairobi, Kenya II.

145



Jama, B., Pizarro, G., 2008, Agriculture in Africa: Strategies to improve and sustain
smallholder production systems. Annals of the New York Academy of Sciences
1136, 218-232.

Jama, B., Swinkels, R.A., Buresh, R.J., 1997, Agronomic and Economic Evaluation of
Organic and Inorganic Sources of Phosphorus in Western Kenya. Agronomy Journal
89, 597-604.

Jarecki, W., Bobrecka-Jamro, D., 2012, Effect of inoculation of seeds with nitragina on
development and vyield of blue lupine (Lupinus angustifolius L.). Acta Scientiarum
Polonorum. Agricultura 11.

Jenkins, M.B., 2003, Rhizobial and bradyrhizobial symbionts of mesquite from the Sonoran
Desert: salt tolerance, facultative halophily and nitrate respiration. Soil biology and
biochemistry 35, 1675-1682.

Jida, M., Assefa, F., 2011, Phenotypic and plant growth promoting characteristics of
Rhizobium leguminosarum bv. viciae from lentil growing areas of Ethiopia. African
Journal of Microbiology Research 5, 4133-4142.

Jong-Tag, Y., Kyujung, V., Jae-Eun, L., Wook-Han, K., Hong-Tae, Y., Young-Up, K,
Yong-Hwan, R., Suk-Ha, L., 2008, Waterlogging Effects on Nitrogen Accumulation
and N2 Fixation of Supernodulating Soybean Mutants. Journal of Crop Science and
Biotechnology 11, 111-118.

Jorge, R.A., Arruda, P., 1997, Aluminum-induced organic acids exudation by roots of an
aluminum-tolerant tropical maize. Phytochemistry 45, 675-681.

Kang, Y., Han, Y., Torres-Jerez, I., Wang, M., Tang, Y., Monteros, M., Udvardi, M., 2011,
System responses to long-term drought and re-watering of two contrasting alfalfa
varieties. The Plant Journal 68, 871-889.

Kannaiyan, S., 2002, Biotechnology of Biofertilizers. Springer.

Karanja, N.K., Kimenju, W.J., Macharia, 1., Muiru, D.M., 2002, Plant parasitic nematodes
associated with common bean Phaseolus vulgaris L.) and integrated management
approaches. International Technical Workshop on Biological Management of Soil
Ecosystems for Sustainable Agriculture

1-9.

Kateregga, E., Sterner, T., 2009, Lake Victoria Fish Stocks and Effects of Water Hyacinths
on the Catchability of Fish. The Journal of Environment & Development 18, 62-78.

Katerji, N., Van Hoorn, J., Hamdy, A., Mastrorilli, M., 2003, Salinity effect on crop
development and yield, analysis of salt tolerance according to several classification
methods. Agricultural water management 62, 37-66.

Katungi, E., Farrow, A., Chianu, J., Sperling, L., Beebe, S., 2009, Common bean in Eastern
and Southern Africa: a situation and outlook analysis. International Centre for
Tropical Agriculture.

Kayum, M.A., Asaduzzaman, M., Haque, M.Z., 2008, Effects of Indigenous Mulches on
Growth and Yield of Tomato. J. Agric. Rural. Dev. 6, 1-6.

146



Kekeunou, S., Weise, S., Messi, J., Tamo, M., 2006, Farmers' perception on the importance
of variegated grasshopper (Zonocerus variegatus (L.)) in the agricultural production
systems of the humid forest zone of Southern Cameroon. Journal of Ethnobiology
and Ethnomedicine 2, 17-17.

Kelly, S.J., Muszynski, A., Kawaharada, Y., Hubber, A.M., Sullivan, J.T., Sandal, N.,
Carlson, R.W., Stougaard, J., Ronson, C.W., 2013, Conditional requirement for
exopolysaccharide in the Mesorhizobium-Lotus symbiosis. Molecular plant-microbe
interactions : MPMI 26, 319-329.

Khan, A.G., 2005, Role of soil microbes in the rhizospheres of plants growing on trace
metal contaminated soils in phytoremediation. Journal of trace elements in medicine
and biology : organ of the Society for Minerals and Trace Elements (GMS) 18, 355-
364.

Khan, S., Mulvaney, R., Ellsworth, T., Boast, C., 2007, The myth of nitrogen fertilization
for soil carbon sequestration. Journal of Environmental Quality 36, 1821-1832.
Khatoon, A., Rehman, S., Salavati, A., Komatsu, S., 2012, A comparative proteomics
analysis in roots of soybean to compatible symbiotic bacteria under flooding stress.

Amino acids 43, 2513-2525.

Kiers, E.T., Rousseau, R.A., Denison, R.F., 2006, Measured sanctions: legume hosts detect
quantitative variation in rhizobium cooperation and punish accordingly. Evolutionary
Ecology Research 8, 1077-1086.

Kimura, M., 1980, A simple method for estimating evolutionary rates of base substitutions
through comparative studies of nucleotide sequences. Journal of molecular evolution
16, 111-120.

Kimura, S.D., Schmidtke, K., Tajima, R., Yoshida, K., Nakashima, H., Rauber, R., 2004,
Seasonal N uptake and N2fixation by common and adzuki bean at various spacings.
Plant Soil 258, 91-101.

Kisinyo, P., Opala, P., Gudu, S., Othieno, C., Okalebo, J., Palapala, V., Otinga, A., 2014,
Recent advances towards understanding and managing Kenyan acid soils for
improved crop production.

Kokalis-Burelle, N., Kloepper, J., Reddy, M., 2006, Plant growth-promoting rhizobacteria as
transplant amendments and their effects on indigenous rhizosphere microorganisms.
Applied Soil Ecology 31, 91-100.

Kouas, S., Labidi, N., Debez, A., Abdelly, C., 2005, Effect of P on nodule formation and N
fixation in bean. Agron. Sustain. Dev. 25, 389.

Krieg, N.R., 1988, Bacterial classification: an overview. Canadian journal of microbiology
34, 536-540.

Ladha, J.K., Pareek, R.P., Becker, M., 1992, Stem-Nodulating Legume-Rhizobium
Symbiosis and Its Agronomic Use in Lowland Rice, In: Stewart, B.A. (Ed.)
Advances in Soil Science. Springer New York, pp. 147-192.

147



Lafay, B., Burdon, J.J., 2007, Molecular Diversity of Legume Root-Nodule Bacteria in
Kakadu National Park, Northern Territory, Australia. PLoS ONE 2, e277.

Laguerre, G., Nour, S.M., Macheret, V., Sanjuan, J., Drouin, P., Amarger, N., 2001,
Classification of rhizobia based on nodC and nifH gene analysis reveals a close
phylogenetic relationship among Phaseolus vulgaris symbionts. Microbiology 147,
981-993.

Lal, R., 2009, Soils and food sufficiency. A review. Agronomy for Sustainable
Development.

Lal, R., Stewart, B.A., 2013, Principles of Sustainable Soil Management in Agroecosystems.
Taylor & Francis.

Lange, R.T., 1961, Nodule bacteria associated with the indigenous leguminosae of South-
Western Australia Journal of General Microbiology 26, 351-359.

Laranjo, M., Branco, C., Soares, R., Alho, L., Carvalho, M.D.E., Oliveira, S., 2002,
Comparison of chickpea rhizobia isolates from diverse Portuguese natural
populations based on symbiotic effectiveness and DNA fingerprint. Journal of
Applied Microbiology 92, 1043-1050.

Larnier, J.E., Jordan, D.L., Speras, F.J., Wells, R., Johnson, P.D., 2005, Peanut response to
inoculation and nitrogen fertilizer. Agronomy Journal 97, 79-84.

Lee, B., 1979, Insects for controlling water weeds. Rural-Research 105, 25-29

Lee, J.-Y., Song, S.-H., 2007, Evaluation of groundwater quality in coastal areas:
implications for sustainable agriculture. Environ Geol 52, 1231-1242.

Leroy, B.L., Bommele, L., Reheul, D., Moens, M., De Neve, S., 2007, The application of
vegetable, fruit and garden waste (VFG) compost in addition to cattle slurry in a
silage maize monoculture: Effects on soil fauna and yield. European Journal of Soil
Biology 43, 91-100.

Li, L., Sinkko, H., Montonen, L., Wei, G., Lindstrom, K., Ré&sénen, L.A., 2012,
Biogeography of symbiotic and other endophytic bacteria isolated from medicinal
Glycyrrhiza species in China. FEMS microbiology ecology 79, 46-68.

Lichtfouse, E., Hamelin, M., Debaeke, P., Navarrete, M., 2011, Sustainable Agriculture
Volume 2: Volume 2. Springer.

Lindstrém, K., Laguerre, G., Normand, P., Rasmussen, U., Heulin, T., Jarvis, B.D.W., de
Lajudie, P., Martinez-Romero, E., Chen, W.X., 1998, Taxonomy and Phylogeny of
Diazotrophs, In: Elmerich, C., Kondorosi, A., Newton, W.E. (Eds.) Biological
Nitrogen Fixation for the 21st Century. Springer Netherlands, pp. 559-570.

Liu, Y., Wu, L., Baddeley, J.A., Watson, C.A., 2010, Models of biological nitrogen fixation
of legumes. A review. Agron. Sustain. Dev.

Loureiro, M.d.F., Kaschuk, G., Alberton, O., Hungria, M., 2007, Soybean [Glycine max (L.)
Merrill] rhizobial diversity in Brazilian oxisols under various soil, cropping, and
inoculation managements. Biol Fertil Soils 43, 665-674.

148



Lu, J., Fu, Z.,, Yin, Z., 2008, Performance of a water hyacinth (Eichhornia crassipes) system
in the treatment of wastewater from a duck farm and the effects of using water
hyacinth as duck feed. Journal of Environmental Sciences 20, 513-519.

Lucy, M., Reed, E., Glick, B.R., 2004, Applications of free living plant growth-promoting
rhizobacteria. Antonie van Leeuwenhoek 86, 1-25.

Maatallah, J., Berraho, E.B., Munoz, S., Sanjuan, J., Lluch, C., 2002, Phenotypic and
molecular characterization of chickpea rhizobia isolated from different areas of
Morocco. J Appl Microbiol 93, 531-540.

Mahajan, A., Bhagat, R.M., Gupta, R.D., 2008, Integrated Nutrient Management in
Sustainable Rice-Wheat Crop- ping System for Food Security in India. Journal of
Agriculture 6, 29-32.

Maheshwari, D.K., 2008, Potential Microorganisms For Sustainable Agriculture: A Techno-
Commercial Perspective. I.K. International Publishing House Pvt. Limited.

Maheshwari, D.K., 2010, Plant Growth and Health Promoting Bacteria. Springer.

Maingi, J.M., Gitonga, N.M., Shisanya, C.A., Hornetz, B., Muluvi, G.M., 2006, Population
Levels of Indigenous Bradyrhizobia Nodulating Promiscuous Soybean in two
Kenyan Soils of the Semi-arid and Semi-humid Agroecological Zones. Journal of
Agriculture and Rural Development in the Tropics and Subtropics 107, 149-1509.

Makarova, L.E., Vadim, N.N., 2005, Temperature impact on the deformation of roots hairs
with rhizobium - inoculated pea (pisum sativum 1.) seedlings. Academic Open
Internet Journal 15.

Manchanda, G., Garg, N., 2008, Salinity and its effects on the functional biology of
legumes. Acta Physiol Plant 30, 595-618.

Mancuso, S., Shabala, S., 2010, Waterlogging Signalling and Tolerance in Plants. Springer
Berlin Heidelberg.

Marino, D., Gonzéalez, E.M., Arrese-Igor, C., 2006, Drought effects on carbon and nitrogen
metabolism of pea nodules can be mimicked by paraquat: evidence for the
occurrence of two regulation pathways under oxidative stresses. Journal of
Experimental Botany 57, 665-673.

Martinez-Romero, E., 2006, Dinitrogen-fixing prokaryotes, In: The prokaryotes. Springer,
pp. 793-817.

Martinez-Romero, E., 2003, Diversity of Rhizobium-Phaseolus vulgaris symbiosis:
overview and perspectives. Plant Soil 252, 11-23.

Martyniuk, S., Oron, J., 2008, Population of rhizobia in some Polish soils not planted with
legumes. Ekologija 54, 165-168.

Mathu, S., Herrmann, L., Pypers, P., Matiru, V., Mwirichia, R., Lesueur, D., 2012, Potential
of indigenous bradyrhizobia versus commercial inoculants to improve cowpea
(Vigna unguiculata L. walp.) and green gram (Vigna radiata L. wilczek.) yields in
Kenya. Soil Science and Plant Nutrition 58, 750-763.

149



Mclnroy, S.G., Campbell, C.D., Haukka, K.E., Odee, D.W., Sprent, J.I., Wang, W.J.,
Young, J.P., Sutherland, J.M., 1999, Characterisation of rhizobia from African
acacias and other tropical woody legumes using Biolog and partial 16S rRNA
sequencing. FEMS Microbiol Lett 170, 111-117.

Meghvansi, M.K., Prasad, K., Mahna, S.K., 2010, Symbiotic potential, competitiveness and
compatibility of indigenous Bradyrhizobium japonicum isolates to three soybean
genotypes of two distinct agro-climatic regions of Rajasthan, India. Saudi Journal of
Biological Sciences 17, 303-310.

Mendoza-Soto, A.B., Naya, L., Leija, A., Hernandez, G., 2015, Responses of symbiotic
nitrogen-fixing common bean to aluminum toxicity and delineation of nodule
responsive microRNAs. Frontiers in Plant Science 6, 587.

Miao, Y., Stewart, B.A., Zhang, F., 2010, Long-term experiments for sustainable nutrient
management in China. A review. Agronomy for Sustainable Development.

Minchin, F.R., James, E.K., Becana, M., 2008, Oxygen Diffusion, Production Of Reactive
Oxygen And Nitrogen Species, And Antioxidants In Legume Nodules, In: Dilworth,
M., James, E., Sprent, J., Newton, W. (Eds.) Nitrogen-fixing Leguminous
Symbioses. Springer Netherlands, pp. 321-362.

Ministry of National Planning and Development, 2002, The National Development Plan
2002-2008.

Miranda-Rios, J.A., Ramirez-Trujillo, J.A., Nova-Franco, B., Beltran, L.F.L.-A., Iturriaga,
G., Suérez-Rodriguez, R., 2015, Draft genome sequence of Arthrobacter
chlorophenolicus strain Mor30. 16, isolated from the bean rhizosphere. Genome
announcements 3, e00360-00315.

Miriti, J.M., Esilaba, A.O., Bationo, A., Cheruiyot, H., Kihumba, J., Thuranira, E.G., 2007,
Tied-ridging and integrated nutrient management options for sustainable crop
production in semi-arid eastern Kenya, In: Bationo, A., Waswa, B., Kihara, J.,
Kimetu, J. (Eds.) Advances in Integrated Soil Fertility Management in sub-Saharan
Africa: Challenges and Opportunities. Springer Netherlands, pp. 435-442.

MoA, 2005, Distribution of common bean acreage and amount in Kenya. Ministry of
Agriculture published data.

Moawad, H., EI-Din, S.B., Abdel-Aziz, R., 1998, Improvement of biological nitrogen
fixation in Egyptian winter legumes through better management of Rhizobium. Plant
Soil 204, 95-106.

Mokolobate, M., Haynes, R., 2002, Comparative liming effect of four organic residues
applied to an acid soil. Biology and Fertility of Soils 35, 79-85.

Monda, E., Munene, S., Ndegua, A., 2003. French beans production constraints in Kenya.
In: African Crop Science Conference Proceedings, pp. 683-687.

Moore, L., Moore, E., Murray, R., Stackebrandt, E., Starr, M., 1987, Report of the ad hoc
committee on reconciliation of approaches to bacterial systematics. Int J Syst
Bacteriol 37, 463-464.

150



Moore, T.R., Bubier, J.L., Bledzki, L., 2007, Litter decomposition in temperate peatland
ecosystems: the effect of substrate and site. Ecosystems 10, 949-963.

Moradi, A., Tahmourespour, A., Hoodaji, M., Khorsandi, F., 2011, Effect of salinity on free
living—diazotroph and total bacterial populations of two saline soils. African Journal
of Microbiology Research 5, 144-148.

Mor6n, B., Soria-Diaz, M.E., Ault, J., Verroios, G., Noreen, S., Rodriguez-Navarro, D.N.,
Gil-Serrano, A., Thomas-Oates, J., Megias, M., Sousa, C., 2005, Low pH Changes
the Profile of Nodulation Factors Produced by Rhizobium tropici CIAT899.
Chemistry & Biology 12, 1029-1040.

Mothapo, N., Grossman, J., Maul, J., Shi, W., Isleib, T., 2013, Genetic diversity of resident
soil rhizobia isolated from nodules of distinct hairy vetch (Vicia villosa Roth)
genotypes. Applied soil ecology 64, 201-213.

Mothapo, N.V., 2011, Nodulation and Rhizobia Diversity Associated with Distinct Hairy
Vetch Genotypes. PhD thesis at North Carolina State University (NCSU), 24.
Mothershed, E.A., Whitney, A.M., 2006, Nucleic acid-based methods for the detection of
bacterial pathogens: present and future considerations for the clinical laboratory.

Clinica Chimica Acta 363, 206-220.

Moulin, L., Béna, G., Boivin-Masson, C., Stepkowski, T., 2004, Phylogenetic analyses of
symbiotic nodulation genes support vertical and lateral gene co-transfer within the
Bradyrhizobium genus. Molecular phylogenetics and evolution 30, 720-732.

Mourice, S.K., Tryphone, G.M., 2012, Evaluation of Common Bean (Phaseolus vulgaris L.)
Genotypes for Adaptation to Low Phosphorus. ISRN Agronomy 2012, 9.

Mpepereki, S., Wollum, A.G., 11, 1991, Diversity of indigenous Bradyrhizobium japonicum
in North Carolina soils. Biol Fertil Soils 11, 121-127.

Mucheru-Muna, M., Pypers, P., Mugendi, D., Kung’u, J., Mugwe, J., Merckx, R.,
Vanlauwe, B., 2010, A staggered maize—legume intercrop arrangement robustly
increases crop yields and economic returns in the highlands of Central Kenya. Field
Crops Research 115, 132-139.

Mukuralinda, A., Tenywa, J.S., Verchot, L., Obua, J., Nabahungu, N.L., Chianu, J.N., 2010,
Phosphorus uptake and maize response to organic and inorganic fertilizer inputs in
Rubona, Southern Province of Rwanda. Agroforest Syst 80, 211-221.

Mungai, N., Karubiu, N., 2011, Effectiveness of rhizobia isolates from Njoro soils (Kenya)
and commercial inoculants in nodulation of common beans (Phaseolus vulgaris).
Journal of Agriculture, Science and Technology 12.

Munodawafa, A., 2012, The Effect of Rainfall Characteristics and Tillage on Sheet Erosion
and Maize Grain Yield in Semiarid Conditions and Granitic Sandy Soils of
Zimbabwe. Applied and Environmental Soil Science 2012, 8.

Mutegi, E.M., Kung'u, J.B., Pieter, P., Mugendi, D.N., 2012, Complementary Effects of
Organic and Mineral Fertilizers on Maize Production in the Smallholder Farms of
Meru South District, Kenya. Agricultural Sciences 3, 221-229.

151



Mutitu, E., Mukunya, D., Keya, S., 1989, Effect of organic amendments on fusarium
yellows disease on the bean host. Discovery and Innovation 1, 67-70.

Mweetwa, A.M., Mulenga, M., Mulilo, X., Ngulube, M., Banda, J.S., Kapulu, N., N'gandu,
S.H., 2014, Response of Cowpea, Soya Beans and Groundnuts to Non-Indigenous
Legume Inoculants. Sustainable Agriculture Research 3, 84.

Mwenda, G.M., Karanja, N.K., Bogaa, H., Kahindi, J.H.P., Muigai, A., Odee, D., 2011,
Abundance and diversity of legume nodulating rhizobia in soils of Embu district,
Kenya. Tropical and Subtropical Agroecosystems 13, 1 - 10.

Nahed-Toral, J., Valdivieso-Pérez, A., Aguilar-Jiménez, R., Camara-Cordova, J., Grande-
Cano, D., 2013, Silvopastoral systems with traditional management in southeastern
Mexico: a prototype of livestock agroforestry for cleaner production. Journal of
Cleaner Production 57, 266-279.

Nandal, K., Sehrawat, A.R., Yadav, A.S., Vashishat, R.K., Boora, K.S., 2005, High
temperature-induced changes in exopolysaccharides, lipopolysaccharides and protein
profile of heat-resistant mutants of Rhizobium sp. (Cajanus). Microbiological
Research 160, 367-373.

Naramabuye, F., Haynes, R.J., 2006, Effect of organic amendments on soil pH and Al
solubility and use of laboratory indices to predict their liming effect. Soil science
171, 754-763.

Narasimhan, R., Wang, G., Li, M., Roth, M., Welti, R., Wang, X., 2013, Differential
changes in galactolipid and phospholipid species in soybean leaves and roots under
nitrogen deficiency and after nodulation. Phytochemistry 96, 81-91.

Nayak, B.S., Badgley, B., Harwood, V.J., 2011, Comparison of Genotypic and Phylogenetic
Relationships of Environmental Enterococcus Isolates by BOX-PCR Typing and 16S
rRNA Gene Sequencing. Applied and Environmental Microbiology 77, 5050-5055.

Nicolas-Chanoine, M.-H., Blanco, J., Leflon-Guibout, V., Demarty, R., Alonso, M.P.,
Canica, M.M., Park, Y.-J., Lavigne, J.-P., Pitout, J., Johnson, J.R., 2008,
Intercontinental emergence of Escherichia coli clone O25: H4-ST131 producing
CTX-M-15. Journal of Antimicrobial Chemotherapy 61, 273-281.

Niste, M., Roxana, V., Rodica, P., loan, R., 2013, Stress Factors Affecting Symbiosis
Activity and Nitrogen Fixation by Rhizobium Cultured in vitro. ProEnvironment 6,
42 - 45,

Nogales, J., Campos, R., BenAbdelkhalek, H., Olivares, J., Lluch, C., Sanjuan, J., 2002,
Rhizobium tropici genes involved in free-living salt tolerance are required for the
establishment of efficient nitrogen-fixing symbiosis with Phaseolus vulgaris.
Molecular plant-microbe interactions 15, 225-232.

Nutman, P.S., 1984, Improving nitrogen fixation in legumes by plant breeding; the relevance
of host selection experiments in red clover (Trifolium pratense L.) and subterranean
clover (T. subterraneum L.). Plant and Soil 82, 285-301.

152



Nyambati, R.O., Opala, P.A., 2014, An Agronomic and Economic Evaluation of Integrated
use of Calliandra callothyrsus and Maize Stover with Urea in Western Kenya.
American Journal of Experimental Agriculture 4, 80-89.

Nziguheba, G., 2007, Overcoming phosphorus deficiency in soils of Eastern Africa: recent
advances and challenges, In: Bationo, A., Waswa, B., Kihara, J., Kimetu, J. (Eds.)
Advances in Integrated Soil Fertility Management in sub-Saharan Africa: Challenges
and Opportunities. Springer Netherlands, pp. 149-160.

Odee, D.W., Sutherland, J.M., Makatiani, E.T., Mclnroy, S.G., Sprent, J.I., 1997,
Phenotypic characteristics and composition of rhizobia associated with woody
legumes growing in diverse Kenyan conditions. Plant Soil 188, 65-75.

Odhong’, C., Wahome, R.G., Vaarst, M., Kiggundu, M., Nalubwama, S., Halberg, N.,
Githigia, S., 2014, Challenges of conversion to organic dairy production and
prospects of future development in integrated smallholder farms in Kenya. Livestock
Research for Rural Development 26.

Ogiitcii, H., Algur, O.F., 2014, Isolation of Rhizobium Spp. Bacteria which as Used
Microbial Fertilizer from Wild Leguminosarum Plants. Turkish Journal of
Agriculture-Food Science and Technology 2.

Okalebo, J.R., Gathua, K.W., Woomer, P.L., 2002, Laboratory methods of soil analysis: A
working manual, second edition. TSBR-CIAT and SACRED Africa, Nairobi, Kenya.

Olupot, G., Etiang, J., Ssali, H., Nahasirye, M., 2004, Sorghum yield response to Kraal
manure combined with mineral fertilizers in Eastern Uganda. Muarik Bulletin 7, 30-
37.

Opala, P., Jama, B., Othieno, C., Okalebo, J., 2007, Effect of phosphate fertilizer application
methods and nitrogen sources on maize in western Kenya: an agronomic and
economic evaluation. Experimental Agriculture 43, 477-487.

Opala, P.A., 2011, Management of organic inputs in East Africa: A review of current
knowledge and future challenges. Archives of Applied Science Research 3, 65-76.

Opala, P.A., Okalebo, J.R., Othieno, C.O., 2012, Effects of Organic and Inorganic Materials
on Soil Acidity and Phosphorus Availability in a Soil Incubation Study. ISRN
Agronomy 2012, 10.

Opala, P.A., Okalebo, J.R., Othieno, C.O., Kisinyo, P., 2010a, Effect of organic and
inorganic phosphorus sources on maize yields in an acid soil in western Kenya. Nutr
Cycl Agroecosyst 86, 317-329.

Opala, P.A., Othieno, C.0O., Okalebo, J.R., Kisinyo, P.O., 2010b, Effects of combining
organic materials with inorganic phosphorus sources on maize yield and financial
benefits in western Kenya. Experimental Agriculture 46, 23-34.

Otieno, P., Muthomi, J., Cheminingwa, G., Nderitu, J., 2007, Effect of rhizobia inoculation,
farm yard manure and nitrogen fertilizer on nodulation and yield of food grain
legumes. Journal of Biological Sciences 9, 326-332.

153



Otsyula, R., Ajanga, S., Buruchara, R., Wortmann, C., 1988, Development of an integrated
bean root rot control strategy for western Kenya. African Crop Science Journal 6, 61-
67.

Otsyula, R.M., Ajang, S.1., 1995, Control strategy for bean root rot in western Kenya.

Oyetunji, O.l., Ekanakaye, 1.J., Osonubi, O., 2003, Influence of arbuscular mycorrhizae
fungus, mulch and fertilizer application on yield of-yams in an agroforestry system
in South Western Nigeria. Maurik Bulletin 6, 75-82.

Park, S., Buttery, B., 1988, Nodulation mutants of white bean (Phaseolus vulgaris L.)
induced by ethyl-methane sulphonate. Canadian Journal of Plant Science 68, 199-
202.

Payakapong, W., Tittabutr, P., Teaumroong, N., Boonkerd, N., 2004, Soybean cultivars
affect nodulation competition of Bradyrhizobium japonicum strains. World J
Microbiol Biotechnol 20, 311-315.

Peoples, M.B., Herridge, D.F., Ladha, J.K., 1995, Biological nitrogen fixation: An efficient
source of nitrogen for sustainable agricultural production? Plant Soil 174, 3-28.

Perotto, S., Baluska, F., 2011, Signaling and Communication in Plant Symbiosis. Springer.

Perret, X., Staehelin, C., Broughton, W.J., 2000, Molecular Basis of Symbiotic Promiscuity.
Microbiology and Molecular Biology Reviews 64, 180-201.

Polcyn, W., Garnczarska, M., 2009, Short-term effect of nitrate or water stress on nitrate
reduction and malate fermentation pathways in yellow lupine (Lupinus luteus)
nodules. Acta Physiol Plant 31, 1249-1254.

Pongslip, N., 2012, Phenotypic and Genotypic Diversity of Rhizobia. Bentham Science
Publishers.

Pontes, D.S., Lima-Bittencourt, C.l., Chartone-Souza, E., Amaral Nascimento, A.M., 2007,
Molecular approaches: advantages and artifacts in assessing bacterial diversity.
Journal of industrial microbiology & biotechnology 34, 463-473.

Poubom, C., Awah, E., Tchuanyo, M., Tengoua, F., 2005, Farmers' perceptions of cassava
pests and indigenous control methods in Cameroon. International Journal of Pest
Management 51, 157-164.

Powell, J.M., Africa, I.L.C.f., 1994, Livestock and Sustainable Nutrient Cycling in Mixed
Farming Systems of Sub-Saharan Africa: Technical papers. ILCA.

Prévost, D., Antoun, H., 2007, Root nodule bacteria and symbiotic nitrogen fixation.

Prévost, D., Gauvin-Trudel, C., Juge, C., 2012, Diversity of Bradyrhizobium populations
associated to soybean—maize rotations in Québec, Eastern Canada, and their potential
to improve growth of both plant species. Applied soil ecology 59, 29-38.

Provorov, N.A., Chuklina, J., Vorobyov, N.I., Onishchuk, O.P., Simarov, B.V., 2013, Factor
analysis of interactions between alfalfa nodule bacteria (Sinorhizobium meliloti)
genes that regulate symbiotic nitrogen fixation. Russ J Genet 49, 388-393.

154



Puangbut, D., Jogloy, S., Toomsan, B., Vorasoot, N., Akkasaeng, C., Kesmala, T.,
Rachaputi, R., Wright, G., Patanothai, A., 2010, Drought Stress: Physiological Basis
for Genotypic Variation in Tolerance to and Recovery from Pre-flowering Drought
in Peanut. Journal of Agronomy and Crop Science 196, 358-367.

Pueppke, S.G., Bolafos-Vasquez, M.C., Werner, D., Bec-Fert¢, M.-P., Promé, J.-C.,
Krishnan, H.B., 1998, Release of Flavonoids by the Soybean Cultivars McCall and
Peking and Their Perception as Signals by the Nitrogen-Fixing
SymbiontSinorhizobium fredii. Plant Physiology 117, 599-606.

Puppo, A., Groten, K., Bastian, F., Carzaniga, R., Soussi, M., Lucas, M.M., De Felipe, M.R.,
Harrison, J., Vanacker, H., Foyer, C.H., 2005, Legume nodule senescence: roles for
redox and hormone signalling in the orchestration of the natural aging process. New
Phytologist 165, 683-701.

Rajendhran, J., Gunasekaran, P., 2011, Microbial phylogeny and diversity: Small subunit
ribosomal RNA sequence analysis and beyond. Microbiological Research 166, 99-
110.

Ramos, M.L.G., Parsons, R., Sprent, J.l., James, E.K., 2003, Effect of water stress on
nitrogen fixation and nodule structure of common bean. Pesquisa Agropecuaria
Brasileira 38, 339-347.

Rascio, N., Rocca, N.L., 2008, Biological nitrogen fixation. Encyclopedia of ecology:
University of Padua, Padua, Italy, 412-419.

Rey, T., Schornack, S., 2013, Interactions of beneficial and detrimental root-colonizing
filamentous microbes with plant hosts. Genome Biology 14, 121-121.

Ritchie, G., Dolling, P., 1985, The role of organic matter in soil acidification. Soil Research
23, 569-576.

Robson, A., O'hara, G., Abbott, L., 1981, Involvement of phosphorus in nitrogen fixation by
subterranean clover (Trifolium subterraneum L.). Functional Plant Biology 8, 427-
436.

Rosenblueth, M., Martinez, L., Silva, J., Martinez-Romero, E., 2004, Klebsiella variicola, a
novel species with clinical and plant-associated isolates. Systematic and Applied
Microbiology 27, 27-35.

Rossell6-Mora, R., 2006, DNA-DNA reassociation methods applied to microbial taxonomy
and their critical evaluation, In: Molecular identification, systematics, and
population structure of prokaryotes. Springer, pp. 23-50.

Rufini, M., Pereira da Silva, M., Avelar Ferreira, P., de Souza Cassetari, A., Lima Soares,
B., Bastos de Andrade, M., de Souza Moreira, F., 2014, Symbiotic efficiency and
identification of rhizobia that nodulate cowpea in a Rhodic Eutrudox. Biol Fertil
Soils 50, 115-122,

Rupela, O.P., Toomsan, B., Mittal, S., Dart, P.J., Thompson, J.A., 1987, Chickpea
rhizobium populations: Survey of influence of season, soil depth and cropping
pattern. Soil Biology and Biochemistry 19, 247-252.

155



Saha, H., Muli, M., 2000, Effects of combing green manure legumes, farmyard manure and
inorganic nitrogen on maize yield in coastal kenya. Proceedings of the second
Scientific Conference of the Soil Management and Legume Research Network
Projects, June 2000, Mombasa, Kenya.

Sally, A.M., Melanie, L.I., Xiulan, X., Sawsan, E., Laura, H., 2010, Plant Disease and
Nematode Diagnosis: A Laboratory Manual. The Ohio State University, Department
of Plant Pathology.

Salvagiotti, F., Cassman, K.G., Specht, J.E., Walters, D.T., Weiss, A., Dobermann, A.,
2008, Nitrogen uptake, fixation and response to fertilizer N in soybeans: A review.
Field Crops Research 108, 1-13.

Sénchez-Juanes, F., Ferreira, L., Alonso de la Vega, P., Valverde, A., Barrios, M.L., Rivas,
R., Mateos, P.F., Martinez-Molina, E., Gonzalez-Buitrago, J.M., Trujillo, M.E.,
Velazquez, E., 2013, MALDI-TOF mass spectrometry as a tool for differentiation of
Bradyrhizobium species: Application to the identification of Lupinus nodulating
strains. Systematic and Applied Microbiology 36, 565-571.

Sanchez, C., Gates, A.J., Meakin, G.E., Uchiumi, T., Girard, L., Richardson, D.J., Bedmar,
E.J., Delgado, M.J., 2010, Production of nitric oxide and nitrosylleghemoglobin
complexes in soybean nodules in response to flooding. Molecular plant-microbe
interactions 23, 702-711.

Sanchez, C., Tortosa, G., Granados, A., Delgado, A., Bedmar, E.J., Delgado, M.J., 2011,
Involvement of Bradyrhizobium japonicum denitrification in symbiotic nitrogen
fixation by soybean plants subjected to flooding. Soil Biology and Biochemistry 43,
212-217.

Sanchez, P.A., Shepherd, K.D., Soule, M.J., Place, F.M., Buresh, R.J., Izac, A.-M.N., 1997,
Soil Fertility replenishment in Africa. An investment in Natural Rosource Capital.
SSSA Spec. Publ, Madison, WL.

Sanni, K., Adesina, J., 2012, Response of water hyacinth manure on growth attributes and
yield of Celosia argentea L (Lagos Spinach). Journal of Agricultural Technology 8,
1109-1118.

Sannigrahi, A.K., Chakrabortty, B., Borah, B.C., 2002, Large scale utilization of water
hyacinth (Eichhornia crassipes) as raw material for vermi composting and surface
mulching in vegetable cultivation. Ecology Environment Conservation 8, 269 - 271.

SAS, 2003, SAS/Stat user’s guide: Version 9.1.3. SAS Inst., Cary, NC.

Sato, S., Comerford, N.B., 2005, Influence of soil pH on inorganic phosphorus sorption and
desorption in a humid brazilian Ultisol. Revista Brasileira de Ciéncia do Solo 29,
685-694.

Satyanarayana, V., Prasad, P.V., Murthy, v.r.k., Boote, K.J., 2002, Influence of Integrated
Use of Farmyard Manure and Inorganic Fertilizers on Yield and Yield Components
of Irrigated Lowland Rice. Journal of Plant Nutrition, 25, 2081-2090.

156



Schaub, S.M., Leonard, J.J., 1996, Composting: An alternative waste management option
for food processing industries. Trends in Food Science & Technology 7, 263-268.

Scheren, P.A.G.M., Zanting, H.A., Lemmens, A.M.C., 2000, Estimation of water pollution
sources in Lake Victoria, East Africa: Application and elaboration of the rapid
assessment methodology. Journal of Environmental Management 58, 235-248.

Schleper, C., Jurgens, G., Jonuscheit, M., 2005, Genomic studies of uncultivated archaea.
Nature Reviews Microbiology 3, 479-488.

Schmidt, J.S., Harper, J.E., Hoffman, T.K., Bent, A.F., 1999, Regulation of Soybean
Nodulation Independent of Ethylene Signaling. Plant Physiology 119, 951-960.

Seck, P.A., Touré, A.A., Coulibaly, J.Y., Diagne, A., Wopereis, M.C., 2013, Africa’s rice
economy before and after the 2008 rice crisis. Realizing Africa’s Rice Promise,
Oxfordshire and Boston: CAB International, 24-34.

Shamseldin, A., 2007, Use of DNA marker to select well-adapted Phaseolus-symbionts
strains under acid conditions and high temperature. Biotechnology letters 29, 37-44.

Sharma, R., Kishore, A., Mukesh, M., Ahlawat, S., Maitra, A., Pandey, A.K., Tantia, M.S.,
2015, Genetic diversity and relationship of Indian cattle inferred from microsatellite
and mitochondrial DNA markers. BMC Genetics 16, 73.

Shen, C., Yue, R,, Yang, Y., Zhang, L., Sun, T., Xu, L., Tie, S., Wang, H., 2014, Genome-
wide identification and expression profiling analysis of the Aux/IAA gene family in
Medicago truncatula during the early phase of Sinorhizobium meliloti infection. PloS
one 9, e107495.

Shvaleva, A., Coba de la Pefia, T., Rincén, A., Morcillo, C., Garcia de la Torre, V., Lucas,
M.M., Pueyo, J.,, 2010, Flavodoxin overexpression reduces cadmium-induced
damage in alfalfa root nodules. Plant Soil 326, 109-121.

Silva, F.V., Sim@es-Arauljo, J.L., Silva Junior, J.P., Xavier, G.R., Rumjanek, N.G., 2012,
Genetic diversity of Rhizobia isolates from Amazon soils using cowpea (Vigna
unguiculata) as trap plant. Brazilian Journal of Microbiology 43, 682-691.

Simms, E.L., Taylor, D.L., 2002, Partner choice in nitrogen-fixation mutualisms of legumes
and rhizobia. Integrative and Comparative Biology 42, 369-380.

Sinclair, T.R., Purcell, L.C., King, C.A., Sneller, C.H., Chen, P., Vadez, V., 2007, Drought
tolerance and vyield increase of soybean resulting from improved symbiotic N2
fixation. Field Crops Research 101, 68-71.

Singh, S., Schwartz, H., 2010, Review: Breeding common bean for resistance to insect pests
and nematodes. Canadian Journal of Plant Science 91, 239-250.

Soares, B.L., Ferreira, P.A.A., Oliveira-Longatti, S.M.d., Marra, L.M., Rufini, M., Andrade,
M.J.B.d., Moreira, F.M.d.S., 2014, Cowpea symbiotic efficiency, pH and aluminum
tolerance in nitrogen-fixing bacteria. Scientia Agricola 71, 171-180.

Somasegaran, P., Hoben, H.J., 1994, Handbook for Rhizobia: Methods in Legume-
Rhizobium Technology. Springer, New York.

157



Soren, K., Padaria, J.C., Singh, A., 2013, Mesorhizobium ciceri in chickpea. Journal of
Environmental Biology 34, 797.

Spaink, H.P., 2000, Root nodulation and infection factors produced by rhizobial bacteria.
Annual review of microbiology 54, 257-288.

Sparks, D.L., 2002, Advances in Agronomy. Elsevier Science.

Sparks, D.L., 2012, Advances in agronomy, Vol 118. Academic Press.

Sprent, J.l., 2007, Evolving ideas of legume evolution and diversity: a taxonomic
perspective on the occurrence of nodulation. New Phytologist 174, 11-25.

Spriggs, A., Dakora, F., 2009, Assessing the suitability of antibiotic resistance markers and
the indirect ELISA technique for studying the competitive ability of selected
Cyclopia Vent. rhizobia under glasshouse and field conditions in South Africa. BMC
Microbiology 9, 142.

Stacey, G., Libault, M., Brechenmacher, L., Wan, J., May, G.D., 2006, Genetics and
functional genomics of legume nodulation. Current opinion in plant biology 9, 110-
121.

Stackebrandt, E., Goebel, B., 1994, Taxonomic note: a place for DNA-DNA reassociation
and 16S rRNA sequence analysis in the present species definition in bacteriology.
International Journal of Systematic Bacteriology 44, 846-849.

Sullivan, J.T., Eardly, B.D., Van Berkum, P., Ronson, C.W., 1996, Four unnamed species of
nonsymbiotic rhizobia isolated from the rhizosphere of Lotus corniculatus. Applied
and Environmental Microbiology 62, 2818-2825.

Swaraj, K., Bishnoi, N.R., 1999, Effect of salt stress on nodulation and nitrogen fixation in
legumes. Indian journal of experimental biology 37, 843-848.

Swarnam, T., Murugan, A.V., 2014, Evaluation of Coconut Wastes as an Amendment to
Acidic Soils in Low-Input Agricultural System. Communications in Soil Science and
Plant Analysis 45, 1071-1082.

Tamura, K., Dudley, J.,, Nei, M., Kumar, S., 2007, MEGA4: Molecular Evolutionary
Genetics Analysis (MEGA) software version 4.0. Molecular biology and evolution
24, 1596-1599.

Taylor, R.S., Weaver, D.B., Wood, C.W., van Santen, E., 2005, Nitrogen Application
Increases Yield and Early Dry Matter Accumulation in Late-Planted Soybean. Crop
Sci. 45, 854-858.

Teaumroong, N., Boonkerd, N., 1998, Detection of Bradyrhizobium spp. and B. japonicum
in Thailand by primer-based technology and direct DNA extraction. Plant Soil 204,
127-134.

Terefework, Z., Kaijalainen, S., Lindstrom, K., 2001, AFLP fingerprinting as a tool to study
the genetic diversity of Rhizobium galegae isolated from Galega orientalis and
Galega officinalis. Journal of Biotechnology 91, 169-180.

158



Tham, H.T., Udén, P., 2013, Effect of Water Hyacinth (Eichhornia Crassipes) Silage on
Intake and Nutrient Digestibility in Cattle Fed Rice Straw and Cottonseed Cake.
Asian-Australasian Journal of Animal Sciences 26, 646-653.

The, C., Calba, H., Zonkeng, C., Ngonkeu, E.L.M., Adetimirin, V.O., Mafouasson, H.A.,
Meka, S.S., Horst, W.J., 2006, Responses of maize grain yield to changes in acid soil
characteristics after soil amendments. Plant Soil 284, 45-57.

Thies, J., Woomer, P., Singleton, P., 1995, Enrichment of Bradyrhizobium spp populations
in soil due to cropping of the homologous host legume. Soil Biology and
Biochemistry 27, 633-636.

Thies, J.E., Singleton, P.W., Bohlool, B.B., 1991, Influence of the size of indigenous
rhizobial populations on establishment and symbiotic performance of introduced
rhizobia on field-grown legumes. Applied and Environmental Microbiology 57, 19-
28.

Thomas, A., Guerreiro, S., Sodek, L., 2005, Aerenchyma formation and recovery from
hypoxia of the flooded root system of nodulated soybean. Annals of Botany 96,
1191-1198.

Thomas, A.L., Sodek, L., 2005, Development of the nodulated soybean plant after flooding
of the root system with different sources of nitrogen. Brazilian Journal of Plant
Physiology 17, 291-297.

Thrall, P.H., Laine, A.-L., Broadhurst, L.M., Bagnall, D.J., Brockwell, J., 2011, Symbiotic
effectiveness of rhizobial mutualists varies in interactions with native Australian
legume genera. PloS one 6, 23545.

Tilman, D., 1999, Global environmental impacts of agricultural expansion: The need for
sustainable and efficient practices. Proceedings of the National Academy of Sciences
96, 5995-6000.

Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R., Polasky, S., 2002, Agricultural
sustainability and intensive production practices. Nature 418, 671-677.

Tindall, B.J., Rossello-Mora, R., Busse, H.J., Ludwig, W., Kampfer, P., 2010, Notes on the
characterization of prokaryote strains for taxonomic purposes. Int J Syst Evol
Microbiol 60, 249-266.

Tisserat, B., O’kuru, R.H., Cermak, S.C., Evangelista, R.L., Doll, K.M., 2012, Potential uses
for cuphea oil processing byproducts and processed oils. Industrial crops and
products 35, 111-120.

Tobisa, M., Shimojo, M., Masuda, Y., 2014, Root Distribution and Nitrogen Fixation
Activity of Tropical Forage Legume American Jointvetch (Aeschynomene
americana L.) cv. Glenn under Waterlogging Conditions. International Journal of
Agronomy 2014, 10.

159



Tow, P.G., Lazenby, A., 2001, Competition and Succession in Pastures. CABI Pub.

Tu, C., Ristaino, J.B., Hu, S., 2006, Soil microbial biomass and activity in organic tomato
farming systems: Effects of organic inputs and straw mulching. Soil Biology and
Biochemistry 38, 247-255.

Turuko, M., Mohammed, A., 2014, Effect of different phosphorus fertilizer rates on growth,
dry matter yield and yield components of common bean (Phaseolus vulgaris L.).
World Journal of Agricultural Research 2, 88-92.

University, C.J.S.Y., 2009, The New Foundations of Evolution : On the Tree of Life: On the
Tree of Life. Oxford University Press, USA.

Vacheron, J., Desbrosses, G., Bouffaud, M.-L., Touraine, B., 2014, Plant growth-promoting
rhizobacteria and root system functioning. Ecophysiology of root systems-
environment interaction, 166.

Van Berkum, P., Elia, P., Song, Q., Eardly, B.D., 2012, Development and application of a
multilocus sequence analysis method for the identification of genotypes within genus
Bradyrhizobium and for establishing nodule occupancy of soybean (Glycine max L.
Merr). Molecular Plant-Microbe Interactions 25, 321-330.

Van der Putten, W.H., Klironomos, J.N., Wardle, D.A., 2007, Microbial ecology of
biological invasions. The ISME Journal 1, 28-37.

van Spanning, R.J.M., Richardson, D.J., Ferguson, S.J., 2007, Chapter 1 - Introduction to the
Biochemistry and Molecular Biology of Denitrification, In:  Newton, H.B.J.F.E.
(Ed.) Biology of the Nitrogen Cycle. Elsevier, Amsterdam, pp. 3-I1.

Vance, C.P., 2001, Symbiotic Nitrogen Fixation and Phosphorus Acquisition. Plant
Nutrition in a World of Declining Renewable Resources. Plant Physiology 127, 390-
397.

Velazquez, E., Rodriguez-Barrueco, C., 2007, First International Meeting on Microbial
Phosphate Solubilization. Springer.

Verma, P., Verma, P., Sagar, R., 2013, Variations in N mineralization and herbaceous
species diversity due to sites, seasons, and N treatments in a seasonally dry tropical
environment of India. Forest Ecology and Management 297, 15-26.

Vessey, J.K., Pawlowski, K., Bergman, B., 2005, Root-based N2-fixing symbioses:
Legumes, actinorhizal plants, Parasponia sp. and cycads. Journal of Crop Science
and Biotechnology 274, 51-78.

Villamagna, A.M., Murph, B.R., 2009, Ecological and socio-economic impacts of invasive
water hyacinth (Eichhornia crassipes): a review. Fresh Water Biology 55, 282-298.

Vincent, J., 1985, A manual for the practical study of root-nodule bacteria.

Vincent, J.M., 1970, A manual for the practical study of the root-nodule bacteria,
International Biological Programme Handbook 15.

160



Vinuesa, P., Neumann-Silkow, F., Pacios-Bras, C., Spaink, H.P., Martinez-Romero, E.,
Werner, D., 2003, Genetic analysis of a pH-regulated operon from Rhizobium tropici
CIAT899 involved in acid tolerance and nodulation competitiveness. Molecular
plant-microbe interactions 16, 159-168.

Vistoso, E.M., Alfaro, M., Mora, M., 2012, Role of molybdenum on yield, quality, and
photosynthetic efficiency of white clover as a result of the interaction with liming
and different phosphorus rates in Andisols. Communications in soil science and plant
analysis 43, 2342-2357.

Vos, P., Hogers, R., Bleeker, M., Reijans, M., Van de Lee, T., Hornes, M., Friters, A., Pot,
J., Paleman, J., Kuiper, M., 1995, AFLP: a new technique for DNA fingerprinting.
Nucleic acids research 23, 4407-4414.

Walley, F.L., Clayton, G.W., Miller, P.R., Carrd, p., Lafond, G.P., 2007, Nitrogen Economy
of Pulse Crop Production in the Northern Great Plains. Journal of Agronomy 1999,
1710-1718.

Waswa, B.S., Mugendi, D.N., Vanlauwe, B., Kung’u, J., 2007, Changes in Soil Organic
Matter as Influenced by Organic Residue Management Regimes in Selected
Experiments in Kenya, In: Bationo, A., Waswa, B., Kihara, J., Kimetu, J. (Eds.)
Advances in Integrated Soil Fertility Management in sub-Saharan Africa: Challenges
and Opportunities. Springer Netherlands, pp. 457-470.

Waswa, M., 2013. Identifying elite rhizobia for commercial soybean (glycine max)
inoculants. University of Nairobi, Kenya (MSc. Thesis),

Watanabe, S., Matsumoto, M., Hakomori, Y., Takagi, H., Shimada, H., Sakamoto, A., 2014,
The purine metabolite allantoin enhances abiotic stress tolerance through synergistic
activation of abscisic acid metabolism. Plant, cell & environment 37, 1022-1036.

Wei, G.H., Zhang, Z.X., Chen, C., Chen, W.M., Ju, W.T., 2008, Phenotypic and genetic
diversity of rhizobia isolated from nodules of the legume genera Astragalus,
Lespedeza and Hedysarum in northwestern China. Microbiological Research 163,
651-662.

Weir, B., 2006, Systematics, Specificity, and Ecology of New Zealand Rhizobia. Thesis
submitted in fulfilment of the requirements for the degree of Doctor of Philosophy.
The University of Auckland New Zealand.

Weisburg, W.G., Barns, S.M., Pelletier, D.A., Lane, D.J., 1991, 16S ribosomal DNA
amplification for phylogenetic study. Journal of bacteriology 173, 697-703.

Werner, D., Newton, W.E., 2006, Nitrogen Fixation in Agriculture, Forestry, Ecology, and
the Environment. Springer.

White, J., Prell, J., James, E.K., Poole, P., 2007, Nutrient Sharing between Symbionts. Plant
Physiology 144, 604-614.

Woese, C.R., 1987, Bacterial evolution. Microbiological reviews 51, 221.

161



Woese, C.R., Kandler, O., Wheelis, M.L., 1990, Towards a natural system of organisms:
proposal for the domains Archaea, Bacteria, and Eucarya. Proceedings of the
National Academy of Sciences of the United States of America 87, 4576-4579.

Wolde-meskel, E., Berg, T., Kent Peters, N., Frostegard, A., 2004, Nodulation status of
native woody legumes and phenotypic characteristics of associated rhizobia in soils
of southern Ethiopia. Biol Fertil Soils 40, 55-66.

Wong, M., Nortcliff, S., Swift, R., 1998, Method for determining the acid ameliorating
capacity of plant residue compost, urban waste compost, farmyard manure, and peat
applied to tropical soils. Communications in Soil Science & Plant Analysis 29, 2927-
2937.

Woomer, P., 1997, FORUM-Managing waterhyacinth invasion through integrated control
and utilisation: perspectives for Lake Victoria. African Crop Science Journal 5, 309-
324,

Woomer, P.L., Muzira, R., Bwamiki, D., Mutetikka, D., Amoding, A., Bekunda, M.A.,
2000, Biological Management of Water Hyacinth Waste in Uganda. Biological
Agriculture & Horticulture 17, 181-196.

World Bank, 2006, Sustainable land management: Challenge, opportunities and trade-offs.
37.

Wu, W., Sun, Y., 2010, Dietary safety evaluation of water hyacinth leaf protein concentrate.
Human & experimental toxicology, 0960327110392085.

Xu, J., Tang, C., Chen, Z.L., 2006, The role of plant residues in pH change of acid soils
differing in initial pH. Soil Biology and Biochemistry 38, 709-7109.

Yadvinder-Singh, B.S., Ladha, J.K., Khind, C.S., Gupta, R.K., Meelu, O.P., Pasuquin, E.,
2004, Long-term effects of organic inputs on yield and soil fertility in the rice-wheat
rotation. Soil Science Society of America Journal 68, 845-853.

Yamauchi, T., Shimamura, S., Nakazono, M., Mochizuki, T., 2013, Aerenchyma formation
in crop species: a review. Field Crops Research 152, 8-16.

Yan, Y., Ping, S., Peng, J., Han, Y., Li, L., Yang, J., Dou, Y., Li, Y., Fan, H., Fan, Y., Li,
D., Zhan, Y., Chen, M., Lu, W., Zhang, W., Cheng, Q., Jin, Q., Lin, M., 2010,
Global transcriptional analysis of nitrogen fixation and ammonium repression in
root-associated Pseudomonas stutzeri A1501. BMC Genomics 11, 11.

Yang, L., Tan, Z., Wang, D., Xue, L., Guan, M.-x., Huang, T., Li, R., 2014, Species
identification through mitochondrial rRNA genetic analysis. Sci. Rep. 4.

Yang, S., Doolittle, R.F., Bourne, P.E., 2005, Phylogeny determined by protein domain
content. Proceedings of the National Academy of Sciences of the United States of
America 102, 373-378.

Yule, C.M., Gomez, L.N., 2009, Leaf litter decomposition in a tropical peat swamp forest in
Peninsular Malaysia. Wetlands Ecology and Management 17, 231-241.

Zackrisson, O., DelLuca, T.H., Nilsson, M.-C., Sellstedt, A., Berglund, L., 2004, Nitrogen
fixation increases with successional age in boreal forests. Ecology 85, 3327-3334.

162



Zahran, H., 1991, Conditions for successful Rhizobium-legume symbiosis in saline
environments. Biol Fertil Soils 12, 73-80.

Zahran, H.H., 1999, Rhizobium-Legume Symbiosis and Nitrogen Fixation under Severe
Conditions and in an Arid Climate. Microbiology and Molecular Biology Reviews
63, 968-989.

Zahran, H.H., 2001, Rhizobia from wild legumes: diversity, taxonomy, ecology, nitrogen
fixation and biotechnology. Journal of Biotechnology 91, 143-153.

Zaidi, A., Wani, P.A., Khan, M.S., 2012, Toxicity of Heavy Metals to Legumes and
Bioremediation. Springer.

Zapata, F., Hera, C., 1996, FAO/IAEA International networking in soil/plant nitrogen
research, In: Nitrogen Economy in Tropical Soils. Springer, pp. 415-425.

Zeigler, D.R., 2003, Gene sequences useful for predicting relatedness of whole genomes in
bacteria. International journal of systematic and evolutionary microbiology 53, 1893-
1900.

Zhang, X.X., Guo, H.J., Wang, R., Sui, X.H., Zhang, Y.M., Wang, E.T., Tian, C.F., Chen,
W.X., 2014, Genetic Divergence of Bradyrhizobium Strains Nodulating Soybeans as
Revealed by Multilocus Sequence Analysis of Genes Inside and Outside the
Symbiosis Island. Applied and environmental microbiology 80, 3181-3190.

163



APPENDICES

Appendix 1: Gel photo of amplified 16S PCR products pure rhizobia isolates

M1 2 3 4 5§ 6 7 8 910 1112 1314 1 2

1500bp =

500bp—>

100bp=—=b

Key: M-100bp Marker
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Appendix 2: Consensus sequences for the Kisumu isolates

>Bacillus aryabhattai (KP027678)
CTATGACGTTAGCGGCGGACGGGTGAGTAACACGTGGGCAACCTGCCTGTAAG
ACTGGGATAACTTCGGGAAACCGAAGCTAATACCGGATAGGATCTTCTCCTTCA
TGGGAGATGATTGAAAGATGGTTTCGGCTATCACTTACAGATGGGCCCGCGGTG
CATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCATAGCCGACC
TGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGG
AGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCC
GCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAA
GTACGAGAGTAACTGCTCGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTA
ACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTA
TTGGGCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCACGG
CTCAACCGTGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGAAAA
GCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGT
GGCGAAGGCGGCTTTTTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGG
AGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAA
GTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCC
TGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGACGGGGGCCCGCAC
AAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTC
TTGACATCCTCTGACAACTCTAGAGATAGAGCGTTCCCCTTCGGGGGACAGAGT
GACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTC
CCGCAACGAGCGCAACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTA
AGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCA
TGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGATGGTACAAAGGGCTG
CAAGACCGCGAGGTCAAGCCAATCCCATAAAACCATTCTCAGTTCGGATTGTAG
GCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGC
CGCGGTGAATACGTTCCCG

>Rhizobium leguminosarum (KP027679)

CCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACT
ACGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAA
GATTTATCGGTCAAGGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAG
GCCTACCAAGGCGACGATCCATAGCTGGTCTGAGAGGATGATCAGCCACATTGG
GACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGAC
AATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGG
TTGTAAAGCTCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCC
GGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGTTCGG
AATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGGGTGAAATC
CCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGA
GGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACA
CCAGTGGCGAAGGCGGCTCACTGGTCCATTACTGACGCTGAGGTGCGAAAGCGT
GGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG
TTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCC
GCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCG
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CACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAG
CCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGGTTCCCTTCGGGGACCGGG
ACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT
CCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCT
AAGGGGACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCT
CATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGGC
AGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCA
CTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATG
CCGCGGTGAATACGTTCCCG

>Rhizobium tropici (KP027680)

CCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCTTTTGCT
ACGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAA
GATTTATCGGCAAGAGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAG
GCCTACCAAGGCGACGATCCATAGCTGGTCTGAGAGGATGATCAGCCACATTGG
GACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGAC
AATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGG
TTGTAAAGCTCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCC
GGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGTTCGG
AATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGGGTGAAATC
CCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGA
GGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACA
CCAGTGGCGAAGGCGGCTCACTGGTCCATTACTGACGCTGAGGTGCGAAAGCGT
GGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATG
TTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCC
GCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCG
CACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAG
CCCTTGACATCCTGTGTTACCTCTAGAGATAGGGGGTCCACTTCGGTGGCGCAG
AGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT
CCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCT
AAGGGGACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCT
CATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGGC
AGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCA
CTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATG
CCGCGGTGAATACGTTCCCG
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>Rhizobium sp. (KP027681)
CCGCAAGGGGAGTGGCAGACGGGTGAGTAACGCGTGGGAACATACCCTTTCCT
GCGGAATAGCTCCGGGAAACTGGAATTAATACCGCATACGCCCTACGGGGGAA
AGATTTATCGGGGAAGGATTGGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAA
GGCCTACCAAGGCGACGATCCATAGCTGGTCTGAGAGGATGATCAGCCACATTG
GGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGA
CAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCTTAGG
GTTGTAAAGCTCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCC
CGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGTTCG
GAATTACTGGGCGTAAAGCGCACGTAGGCGGATATTTAAGTCAGGGGTGAAAT
CCCAGAGCTCAACTCTGGAACTGCCTTTGATACTGGGTATCTTGAGTATGGAAG
AGGTAAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAAC
ACCAGTGGCGAAGGCGGCTTACTGGTCCATTACTGACGCTGAGGTGCGAAAGCG
TGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAAT
GTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTC
CGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCC
GCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCA
GCTCTTGACATTCGGGGTATGGGCATTGGAGACGATGTCCTTCAGTTAGGCTGG
CCCCAGAACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGT
TAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTTAGTTGGGC
ACTCTAAGGGGACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAA
GTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAG
TGGGCAGCGAGACAGCGATGTCGAGCTAATCTCCAAAAGCCATCTCAGTTCGGA
TTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCA
GCATGCTGCGGTGAATACGTTCCCG

>Enterobacter hormaechei (KP027682)
TTTGCTGACGAGTGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAG
GGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAA
GAGGGGGACCTTCGGGCCTCTTGCCATCGGATGTGCCCAGATGGGATTAGCTAG
TAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATG
ACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGT
GGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGA
AGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGGAAGGCGATAAGGTT
AATAACCTTGTCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGC
CAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGT
AAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCT
GGGAACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATT
CCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGG
CGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTTGGAGGTTGTG
CCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTA
CGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGG
AGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCC
AGAGAACTTACCAGAGATGGTTTGGTGCCTTCGGGAACTCTGAGACAGGTGCTG
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CATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGC
GCAACCCTTATCCTTTGTTGCCAGCGGTTAGGCCGGGAACTCAAAGGAGACTGC
CAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTAC
GAGTAGGGCTACACACGTGCTACAATGGCGCATACAAAGAGAAGCGACCTCGC
GAGAGCAAGCGGACCTCATAAAGTGCGTCGTAGTCCGGATTGGAGTCTGCAACT
CGACTCCATGAAGTCGGAATCGCTAGTAATCGTGGATCAGAATGCCACGGTGAA
TACGTTCCCG

>Klebsiella variicola (KP027685)
TCGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGA
GGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAA
AGTGGGGGACCTTCGGGCCTCATGCCATCAGATGTGCCCAGATGGGATTAGCTG
GTAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGAT
GACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAG
TGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGA
AGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGGGGAGGAAGGCGGTGAGGTT
AATAACCTCATCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGC
CAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGT
AAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCT
GGGAACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATT
CCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGG
CGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTG
CCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTA
CGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGG
AGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCC
ACAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTGTGAGACAGGTGCTG
CATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGC
GCAACCCTTATCCTTTGTTGCCAGCGGTTAGGCCGGGAACTCAAAGGAGACTGC
CAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTAC
GACCAGGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGC
GAGAGCAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACT
CGACTCCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAA
TACGTTCCCG

>Klebsiella sp. (KP027684)
TCGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGA
GGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAA
AGTGGGGGACCTTCGGGCCTCATGCCATCAGATGTGCCCAGATGGGATTAGCTG
GTAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGAT
GACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAG
TGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGA
AGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGGGGAGGAAGGCGGTGAGGTT
AATAACCTCATCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGC
CAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGT
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AAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCT
GGGAACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATT
CCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGG
CGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTG
CCCTTGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACG
GCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAG
CATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCCAC
AGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTGTGAGACAGGTGCTGCA
TGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGC
AACCCTTATCCTTTGTTGCCAGCGGTTAGGCCGGGAACTCAAAGGAGACTGCCA
GTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGA
CCAGGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGCGA
GAGCAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACTCG
ACTCCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATA
CGTTCCCG

>Klebsiella variicola (KP027683)
TCGGGTGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGA
GGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAA
AGTGGGGGACCTTCGGGCCTCATGCCATCAGATGTGCCCAGATGGGATTAGCTG
GTAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGAT
GACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAG
TGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGA
AGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGGGGAGGAAGGCGGTGAGGTT
AATAACCTCATCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGC
CAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGT
AAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCT
GGGAACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATT
CCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGG
CGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTG
CCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTA
CGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGG
AGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCC
ACAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTGTGAGACAGGTGCTG
CATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGC
GCAACCCTTATCCTTTGTTGCCAGCGGTTAGGCCGGGAACTCAAAGGAGACTGC
CAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTAC
GACCAGGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGC
GAGAGCAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACT
CGACTCCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAA
TACGTTCCCG
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Appendix 3: Consensus sequences for the MMUST isolates

>Pantoea dispersa (KP027686)
TGGCGAGTGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCCGATGGAGGGGG
ATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGTGG
GGGACCTTCGGGCCTCACACCATCGGATGTGCCCAGATGGGATTAGCTAGTAGG
TGGGGTAATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCA
GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGG
AATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGAAGAA
GGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGGAAGGCGGTGAGGTTAATAA
CCTTGCCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCA
GCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGC
GCACGCAGGCGGTCTGTTAAGTCAGATGTGAAATCCCCGGGCTTAACCTGGGAA
CTGCATTTGAAACTGGCAGGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGT
GTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCC
CCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTA
GATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTTGGAGGTTGTGCCCTTG
AGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGCCG
CAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATG
TGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGCCTTGACATCCAGAGAA
CTTAGCAGAGATGCTTTGGTGCCTTCGGGAACTCTGAGACAGGTGCTGCATGGC
TGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
CTTATCCTTTGTTGCCAGCGGTTCGGCCGGGAACTCAAAGGAGACTGCCGGTGA
TAAACCGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGGCCAG
GGCTACACACGTGCTACAATGGCGCATACAAAGAGAAGCGACCTCGCGAGAGC
AAGCGGACCTCATAAAGTGCGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTC
CATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATACGTT
CCCGGGCCTTGTACACACCGCCGGTCACACCATGGGAG

>Klebsiella variicola (KP027688)
TGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGGGGG
ATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGTGG
GGGACCTTCGGGCCTCATGCCATCAGATGTGCCCAGATGGGATTAGCTGGTAGG
TGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCA
GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGG
AATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAA
GGCCTTCGGGTTGTAAAGCACTTTCAGCGGGGAGGAAGGCGGTGAGGTTAATA
ACCTCATCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGC
AGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAG
CGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCTGGGA
ACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGG
TGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCC
CCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATT
AGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTGCCCTT
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GAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCC
GCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCAT
GTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCCACAGA
ACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTGTGAGACAGGTGCTGCATGG
CTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTTATCCTTTGTTGCCAGCGGTTAGGCCGGGAACTCAAAGGAGACTGCCAGTG
ATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGACCA
GGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGCGAGAG
CAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACTCGACT
CCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATACGT
TCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAG

>Klebsiella variicola (KP027687)
TGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGGGGG
ATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGTGG
GGGACCTTCGGGCCTCATGCCATCAGATGTGCCCAGATGGGATTAGCTGGTAGG
TGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCA
GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGG
AATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAA
GGCCTTCGGGTTGTAAAGCACTTTCAGCGGGGAGGAAGGCGGTGAGGTTAATA
ACCTCATCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGC
AGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAG
CGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCTGGGA
ACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGG
TGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCC
CCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATT
AGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTGCCCTT
GAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCC
GCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCAT
GTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCCACAGA
ACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTGTGAGACAGGTGCTGCATGG
CTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTTATCCTTTGTTGCCAGCGGTTAGGCCGGGAACTCAAAGGAGACTGCCAGTG
ATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGACCA
GGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGCGAGAG
CAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACTCGACT
CCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATACGT
TCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAG
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>Klebsiella sp. (KP027689)
TGACGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGGGGG
ATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGTGG
GGGACCTTCGGGCCTCATGCCATCAGATGTGCCCAGATGGGATTAGCTGGTAGG
TGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCA
GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGG
AATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAA
GGCCTTCGGGTTGTAAAGCACTTTCAGCGGGGAGGAAGGCGGTGAGGTTAATA
ACCTNATCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGC
AGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAG
CGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAATCCCCGGGCTCAACCTGGGA
ACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGG
TGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCC
CCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATT
AGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTGCCCTT
GAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCC
GCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCAT
GTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCCACAGA
ACTTNCCAGAGATGCATTGGTGCCTTCGGGAACTGTGAGACAGGTGCTGCATGG
CTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTTATCCTTTGTTGCCAGCGGTNNGGCCGGGAACTCAAAGGAGACTGCCAGTG
ATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGACCA
GGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGCGAGAG
CAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACTCGACT
CCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAATACGT
TCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAG

>Rhizobium tropici (KP027690)

AGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTTTCTACGGA
ATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTT
ATCGGGAAAGGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCT
ACCAAGGCGACGATCCATAGCTGGTCTGAGAGGATGATCAGCCACATTGGGACT
GAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATG
GGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTA
AAGCTCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCT
AACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGAATT
ACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGGGTGAAATCCCAG
GGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTG
AGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGT
GGCGAAGGCGGCTCACTGGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGG
AGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGTTAGC
CGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCCTG
GGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAA
GCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTT
GACATCCTGTGTTACCACTAGAGATAGTGGGTCCACTTCGGTGGCGCAGAGACA
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GGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGC
AACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTTAGTTGGGCACTCTAAGGG
GACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGG
CCCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGGCAGCGA
GCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTG
CAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCG
GTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAG

>Rhizobium leguminosarum (KP027691)
AGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTACGGA
ATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTT
ATCGGTCAAGGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTA
CCAAGGCGACGATCCATAGCTGGTCTGAGAGGATGATCAGCCACATTGGGACTG
AGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGG
GCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAA
AGCTCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTA
ACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGTTCGGAATTA
CTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGGGTGAAATCCCAGG
GCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGA
GTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTG
GCGAAGGCGGCTCACTGGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGA
GCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGTTAGCC
GTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCCTGG
GGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAG
CGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTG
ACATGCCCGGCTACTTGCAGAGATGCAAGGTTCCCTTCGGGGACCGGGACACAG
GTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCA
ACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTTAGTTGGGCACTCTAAGGGG
ACTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGC
CCTTACGGGCTGGGCTACACACGTGCTACAATGGTGGTGACAGTGGGCAGCGAG
CACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGATTGCACTCTGC
AACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGG
TGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAG
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Appendix 4: Authentication and SE experiments
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Appendix 5: Field trials
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Appendix 6: NCBI released flat files for Kisumu and MMUST symbiotic bacteria

1. LOCUS KP027678 1307 bp DNA linear BCT 26-FEB-2015
DEFINITION Bacillus aryabhattai strain KSM-007 16S ribosomal RNA gene, partial
sequence.

ACCESSION KP027678
VERSION KP027678
KEYWORDS .
SOURCE  Bacillus aryabhattai
ORGANISM Bacillus aryabhattai
Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus.
REFERENCE 1 (bases 1 to 1307)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1307)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1307
/organism="Bacillus aryabhattai"
/mol_type="genomic DNA"
/strain="KSM-007"
/db_xref="taxon:412384"
/country="Kenya"
rRNA <1..>1307
/product="16S ribosomal RNA"
ORIGIN
1 ctatgacgtt agcggcggac gggtgagtaa cacgtgggca acctgcctgt aagactggga
61 taacttcggg aaaccgaagc taataccgga taggatcttc tccttcatgg gagatgattg
121 aaagatggtt tcggctatca cttacagatg ggcccgeggt geattagcta gttggtgagg
181 taacggctca ccaaggcaac gatgcatagc cgacctgaga gggtgatcgg ccacactggg
241 actgagacac ggcccagact cctacgggag gcagcagtag ggaatcttcc gcaatggacg
301 aaagtctgac ggagcaacgc cgegtgagtg atgaaggctt tcgggtcgta aaactctgtt
361 gttagggaag aacaagtacg agagtaactg ctcgtacctt gacggtacct aaccagaaag
421 ccacggctaa ctacgtgcca gcagecgegg taatacgtag gtggcaagceg ttatccggaa
481 ttattgggcg taaagcgcgce gcaggeggtt tettaagtct gatgtgaaag cccacggcetc
541 aaccgtggag ggtcattgga aactggggaa cttgagtgca gaagagaaaa gcggaattce
601 acgtgtagcg gtgaaatgcg tagagatgtg gaggaacacc agtggcgaag geggcttttt
661 ggtctgtaac tgacgctgag gcgcgaaage gtggggagcea aacaggatta gataccctgg
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721 tagtccacgc cgtaaacgat gagtgctaag tgttagaggg tttccgecct ttagtgctge
781 agctaacgca ttaagcactc cgcctgggga gtacggtcge aagactgaaa ctcaaaggaa
841 ttgacggggg cccgcacaag cggtggagcea tgtggtttaa ttcgaagcaa cgcgaagaac
901 cttaccaggt cttgacatcc tctgacaact ctagagatag agcgttccec ttcgggggac
961 agagtgacag gtggtgcatg gttgtcgtca getcgtgtcg tgagatgttg ggttaagtcc
1021 cgcaacgagc gcaacccttg atcttagttg ccagcattca gttgggcact ctaaggtgac
1081 tgccggtgac aaaccggagg aaggtgggga tgacgtcaaa tcatcatgece ccttatgacc
1141 tgggctacac acgtgctaca atggatggta caaagggctg caagaccgeg aggtcaagcec
1201 aatcccataa aaccattctc agttcggatt gtaggctgca actcgcectac atgaagctgg
1261 aatcgctagt aatcgcggat cagcatgccg cggtgaatac gttcccg

I

2. LOCUS KP027679 1254 bp DNA linear BCT 26-FEB-2015
DEFINITION Rhizobium leguminosarum strain KSM-004 16S ribosomal RNA gene,
partial sequence.
ACCESSION KP027679
VERSION KP027679
KEYWORDS .
SOURCE  Rhizobium leguminosarum
ORGANISM Rhizobium leguminosarum
Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales;
Rhizobiaceae; Rhizobium/Agrobacterium group; Rhizobium.
REFERENCE 1 (bases 1 to 1254)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1254)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1254
/organism="Rhizobium leguminosarum"
/mol_type="genomic DNA"
/strain="KSM-004"
/db_xref="taxon:384"
/country="Kenya"
rRNA <1..>1254
/product="16S ribosomal RNA"
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ORIGIN

1 ccgcaagggg agcggcagac gggtgagtaa cgegtgggaa tctacecttg actacggaat

61 aacgcaggga aacttgtgct aataccgtat gtgtccttcg ggagaaagat ttatcggtca
121 aggatgagcc cgcegttggat tagctagttg gtggggtaaa ggcctaccaa ggcgacgatc
181 catagctggt ctgagaggat gatcagccac attgggactg agacacggcc caaactccta
241 cgggaggcag cagtggggaa tattggacaa tgggcgcaag cctgatccag ccatgecgeg
301 tgagtgatga aggccctagg gttgtaaagc tctttcaccg gagaagataa tgacggtatc
361 cggagaagaa gccccggcta acttcgtgee agcagecgeg gtaatacgaa gggggcetage
421 gttgttcgga attactgggc gtaaagcgca cgtaggcgga tcgatcagtc aggggtgaaa
481 tcccagggct caaccctgga actgcectttg atactgtcga tctggagtat ggaagaggtg
541 agtggaattc cgagtgtaga ggtgaaattc gtagatattc ggaggaacac cagtggcgaa
601 ggcggctcac tggtccatta ctgacgctga ggtgcgaaag cgtggggagce aaacaggatt
661 agataccctg gtagtccacg ccgtaaacga tgaatgttag ccgtcgggca gtatactgtt
721 cggtggcgca gcetaacgeat taaacattcc gectggggag tacggtcgcea agattaaaac
781 tcaaaggaat tgacgggggc ccgcacaagce ggtggagceat gtggtttaat tcgaagcaac
841 gcgcagaacc ttaccagccc ttgacatgcc cggctacttg cagagatgca aggttcectt
901 cggggaccgg gacacaggtg ctgcatggct gtcgtcagct cgtgtcgtga gatgttgggt
961 taagtcccgce aacgagcgca accctegecc ttagttgeca geattcagtt gggcactcta
1021 aggggactgc cggtgataag ccgagaggaa ggtggggatg acgtcaagtc ctcatggecc
1081 ttacgggctg ggctacacac gtgctacaat ggtggtgaca gtgggcageg agcacgegag
1141 tgtgagctaa tctccaaaag ccatctcagt tcggattgea ctctgcaact cgagtgceatg
1201 aagttggaat cgctagtaat cgcggatcag catgccgegg tgaatacgtt cccg

I

3.LOCUS  KP027680 1254 bp DNA linear BCT 26-FEB-2015
DEFINITION Rhizobium tropici strain KSM-002 16S ribosomal RNA gene, partial
sequence.

ACCESSION KP027680
VERSION KP027680
KEYWORDS .
SOURCE  Rhizobium tropici
ORGANISM Rhizobium tropici
Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales;
Rhizobiaceae; Rhizobium/Agrobacterium group; Rhizobium.
REFERENCE 1 (bases 1 to 1254)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1254)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
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TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1254
/organism="Rhizobium tropici"
/mol_type="genomic DNA"
/strain="KSM-002"
/db_xref="taxon:398"
/country="Kenya"
rRNA <1..>1254
/product="16S ribosomal RNA"
ORIGIN
1 ccgcaagggg agcggcagac gggtgagtaa cgegtgggaa tetacctttt gctacggaat
61 aacgcaggga aacttgtgct aataccgtat gtgtccttcg ggagaaagat ttatcggcaa
121 gagatgagcc cgcgttggat tagctagttg gtggggtaaa ggcectaccaa ggcgacgatc
181 catagctggt ctgagaggat gatcagccac attgggactg agacacggcc caaactccta
241 cgggaggcag cagtggggaa tattggacaa tgggcgcaag cctgatccag ccatgeecgeg
301 tgagtgatga aggccctagg gttgtaaagc tctttcaccg gagaagataa tgacggtatc
361 cggagaagaa gccceggcta acttcgtgee agcagecgeg gtaatacgaa gggggcetage
421 gttgttcgga attactgggc gtaaagcgca cgtaggcgga tcgatcagtc aggggtgaaa
481 tcccagggct caaccctgga actgcectttg atactgtcga tctggagtat ggaagaggtg
541 agtggaattc cgagtgtaga ggtgaaattc gtagatattc ggaggaacac cagtggcgaa
601 ggcggctcac tggtccatta ctgacgctga ggtgcgaaag cgtggggagce aaacaggatt
661 agataccctg gtagtccacg ccgtaaacga tgaatgttag ccgtcgggca gtatactgtt
721 cggtggcgca gcetaacgeat taaacattcc gectggggag tacggtcgcea agattaaaac
781 tcaaaggaat tgacgggggc ccgcacaagce ggtggagceat gtggtttaat tcgaagcaac
841 gcgcagaacc ttaccagccc ttgacatcct gtgttacctc tagagatagg gggtccactt
901 cggtggcgcea gagacaggtg ctgcatggct gtcgtcagct cgtgtcgtga gatgttgggt
961 taagtcccgce aacgagcgca accetcgecc ttagttgeca geattcagtt gggceactcta
1021 aggggactgc cggtgataag ccgagaggaa ggtggggatg acgtcaagtc ctcatggcecc
1081 ttacgggctg ggctacacac gtgctacaat ggtggtgaca gtgggcageg agcacgegag
1141 tgtgagctaa tctccaaaag ccatctcagt tcggattgea ctetgcaact cgagtgeatg
1201 aagttggaat cgctagtaat cgcggatcag catgccgegg tgaatacgtt cccg
1

4.LOCUS  KP027681 1258 bp DNA linear BCT 26-FEB-2015
DEFINITION Rhizobium sp. KSM-006 16S ribosomal RNA gene, partial sequence.
ACCESSION KP027681
VERSION KP027681
KEYWORDS
SOURCE  Rhizobium sp. KSM-006

ORGANISM Rhizobium sp. KSM-006

Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales;
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Rhizobiaceae; Rhizobium/Agrobacterium group; Rhizobium.

REFERENCE 1 (bases 1to 1258)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1to 1258)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1258
/organism="Rhizobium sp. KSM-006"
/mol_type="genomic DNA"
/strain="KSM-006"
/db_xref="taxon:1616816"
/country="Kenya"
rRNA <1..>1258
/product="16S ribosomal RNA"
ORIGIN
1 ccgcaagggg agtggcagac gggtgagtaa cgcgtgggaa catacccttt cctgcggaat
61 agctccggga aactggaatt aataccgceat acgecctacg ggggaaagat ttatcgggga
121 aggattggcc cgegttggat tagctagttg gtggggtaaa ggcctaccaa ggcgacgatc
181 catagctggt ctgagaggat gatcagccac attgggactg agacacggcec caaactccta
241 cgggaggcag cagtggggaa tattggacaa tgggcgcaag cctgatccag ccatgecgeg
301 tgagtgatga aggccttagg gttgtaaagc tctttcaccg gagaagataa tgacggtatc
361 cggagaagaa gccecggcta acttcgtgec agcagecgeg gtaatacgaa gggggctage
421 gttgttcgga attactgggc gtaaagcgca cgtaggcgga tatttaagtc aggggtgaaa
481 tcccagagct caactctgga actgectttg atactgggta tcttgagtat ggaagaggta
541 agtggaattc cgagtgtaga ggtgaaattc gtagatattc ggaggaacac cagtggcgaa
601 ggcggcttac tggtccatta ctgacgctga ggtgcgaaag cgtggggage aaacaggatt
661 agataccctg gtagtccacg ccgtaaacga tgaatgttag ccgtcgggcea gtatactgtt
721 cggtggcgca getaacgeat taaacattce gectggggag tacggtcgea agattaaaac
781 tcaaaggaat tgacgggggc ccgcacaagce ggtggagceat gtggtttaat tcgaagcaac
841 gcgcagaacc ttaccagctc ttgacattcg gggtatgggc attggagacg atgtccttca
901 gttaggctgg ccccagaaca ggtgetgeat ggetgtegte agetcgtgte gtgagatgtt
961 gggttaagtc ccgcaacgag cgcaaccctc geecttagtt gccagcattt agttgggeac
1021 tctaagggga ctgcecggtga taagecgaga ggaaggtggg gatgacgtca agtcctcatg
1081 gcccttacgg getgggcetac acacgtgcta caatggtggt gacagtggge agcgagacag
1141 cgatgtcgag ctaatctcca aaagccatct cagttcggat tgcactctge aactcgagtg
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1201 catgaagttg gaatcgctag taatcgcaga tcageatgct geggtgaata cgttcecg

5.LOCUS  KP027682 1295 bp DNA linear BCT 26-FEB-2015
DEFINITION Enterobacter hormaechei strain KSM-001 16S ribosomal RNA gene,
partial sequence.
ACCESSION KP027682
VERSION KP027682
KEYWORDS .
SOURCE  Enterobacter hormaechei
ORGANISM Enterobacter hormaechei
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Enterobacter; Enterobacter cloacae complex.
REFERENCE 1 (bases 1to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1295
/organism="Enterobacter hormaechei"
/mol_type="genomic DNA"
/strain="KSM-001"
/db_xref="taxon:158836"
/country="Kenya"
rRNA <1..>1295
/product="16S ribosomal RNA"
ORIGIN
1 tttgctgacg agtggcggac gggtgagtaa tgtctgggaa actgectgat ggagggggat
61 aactactgga aacggtagct aataccgcat aacgtcgcaa gaccaaagag ggggaccttc
121 gggcctcttg ccatcggatg tgcccagatg ggattageta gtaggtgggg taacggctcea
181 cctaggcgac gatcectagce tggtctgaga ggatgaccag ccacactgga actgagacac
241 ggtccagact cctacgggag gcagceagtgg ggaatattge acaatgggeg caagectgat
301 gcagccatge cgegtgtatg aagaaggcect tcgggttgta aagtactttc agcggggagg
361 aaggcgataa ggttaataac cttgtcgatt gacgttaccc gcagaagaag caccggctaa
421 ctcegtgeca geageegegg taatacggag ggtgcaagceg ttaatcggaa ttactgggeg
481 taaagcgcac gcaggeggte tgtcaagtcg gatgtgaaat cccegggetce aacctgggaa
541 ctgcattcga aactggcagg ctagagtctt gtagaggggg gtagaattcc aggtgtageg
601 gtgaaatgcg tagagatctg gaggaatacc ggtggcgaag gecggecccct ggacaaagac
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661 tgacgctcag gtgcgaaagc gtggggagcea aacaggatta gataccctgg tagtccacge
721 cgtaaacgat gtcgacttgg aggttgtgcc cttgaggcegt ggcettccgga getaacgegt
781 taagtcgacc gcctggggag tacggecgca aggttaaaac tcaaatgaat tgacgggggce
841 ccgcacaagc ggtggagcat gtggtttaat tcgatgcaac gcgaagaacc ttacctactc
901 ttgacatcca gagaacttac cagagatggt ttggtgcctt cgggaactct gagacaggtg
961 ctgcatggct gtcgtcagct cgtgttgtga aatgttgggt taagtccecge aacgagegcea
1021 acccttatcc tttgttgcca gcggttagge cgggaactca aaggagactg ccagtgataa
1081 actggaggaa ggtggggatg acgtcaagtc atcatggcecc ttacgagtag ggctacacac
1141 gtgctacaat ggcgcataca aagagaagcg acctcgcgag agcaagcgga cctcataaag
1201 tgcgtcgtag tccggattgg agtctgcaac tcgactccat gaagtcggaa tcgetagtaa
1261 tcgtggatca gaatgccacg gtgaatacgt tcccg

1l
6. LOCUS  KP027683 1295 bp DNA linear BCT 26-FEB-2015
DEFINITION Kiebsiella variicola strain KSM-005 16S ribosomal RNA gene, partial

sequence.
ACCESSION KP027683
VERSION KP027683
KEYWORDS .
SOURCE Kilebsiella variicola
ORGANISM Kilebsiella variicola
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Klebsiella.
REFERENCE 1 (bases 1 to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1295
/organism="Klebsiella variicola"
/mol_type="genomic DNA"
/strain="KSM-005"
/db_xref="taxon:244366"
/country="Kenya"
rRNA <1..>1295
/product="16S ribosomal RNA"
ORIGIN
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1 tcgggtgacg agcggcggac gggtgagtaa tgtctgggaa actgectgat ggagggggat

61 aactactgga aacggtagct aataccgcat aacgtcgcaa gaccaaagtg ggggaccttc
121 gggcctcatg ccatcagatg tgcccagatg ggattagetg gtaggtgggg taacggctca
181 cctaggcgac gatccctagc tggtctgaga ggatgaccag ccacactgga actgagacac
241 ggtccagact cctacgggag gcagcagtgg ggaatattgc acaatgggcg caagcctgat
301 gcagccatge cgegtgtgtg aagaaggcct tcgggttgta aagcactttc agcggggagg
361 aaggcggtga ggttaataac ctcatcgatt gacgttaccc gcagaagaag caccggctaa
421 ctcegtgeca gecagecgegg taatacggag ggtgcaagcg ttaatcggaa ttactgggeg
481 taaagcgcac gcaggceggtc tgtcaagtcg gatgtgaaat ccccgggctc aacctgggaa
541 ctgcattcga aactggcagg ctagagtctt gtagaggggg gtagaattcc aggtgtageg
601 gtgaaatgcg tagagatctg gaggaatacc ggtggcgaag gcggecccct ggacaaagac
661 tgacgctcag gtgcgaaagc gtggggagcea aacaggatta gataccctgg tagtccacge
721 tgtaaacgat gtcgatttgg aggttgtgec cttgaggcegt ggcttccgga getaacgegt
781 taaatcgacc gcctggggag tacggecgcea aggttaaaac tcaaatgaat tgacggggge
841 ccgcacaagc ggtggagcat gtggtttaat tcgatgcaac gcgaagaacc ttacctggtc
901 ttgacatcca cagaactttc cagagatgga ttggtgcctt cgggaactgt gagacaggtg
961 ctgcatggct gtcgtcagct cgtgttgtga aatgttgggt taagtccecge aacgagegea
1021 acccttatcc tttgttgcca geggttagge cgggaactca aaggagactg ccagtgataa
1081 actggaggaa ggtggggatg acgtcaagtc atcatggcecc ttacgaccag ggctacacac
1141 gtgctacaat ggcatataca aagagaagcg acctcgcgag agcaagcgga cctcataaag
1201 tatgtcgtag tccggattgg agtctgcaac tcgactccat gaagtcggaa tcgetagtaa
1261 tcgtagatca gaatgctacg gtgaatacgt tcccg

I

7.LOCUS  KP027684 1295 bp DNA linear BCT 26-FEB-2015
DEFINITION Kilebsiella sp. KSM-008 16S ribosomal RNA gene, partial sequence.
ACCESSION KP027684
VERSION KP027684
KEYWORDS
SOURCE Kilebsiella sp. KSM-008
ORGANISM Kilebsiella sp. KSM-008
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Klebsiella.
REFERENCE 1 (bases 1 to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
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FEATURES Location/Qualifiers
source 1..1295
/organism="Klebsiella sp. KSM-008"
/mol_type="genomic DNA"
/strain="KSM-008"
/db_xref="taxon:1616814"
/country="Kenya"
rRNA <1..>1295
/product="16S ribosomal RNA"
ORIGIN
1 tcgggtgacg agcggcggac gggtgagtaa tgtctgggaa actgectgat ggagggggat
61 aactactgga aacggtagct aataccgcat aacgtcgcaa gaccaaagtg ggggaccttc
121 gggcctcatg ccatcagatg tgcccagatg ggattagetg gtaggtgggg taacggctca
181 cctaggcgac gatccctagc tggtctgaga ggatgaccag ccacactgga actgagacac
241 ggtccagact cctacgggag gcagcagtgg ggaatattgc acaatgggceg caagcectgat
301 gcagccatge cgegtgtgtg aagaaggcct tcgggttgta aagcactttc agcggggagg
361 aaggcggtga ggttaataac ctcatcgatt gacgttaccc gcagaagaag caccggctaa
421 ctcegtgeca gecagecgegg taatacggag ggtgcaageg ttaatcggaa ttactgggeg
481 taaagcgcac gcaggceggtc tgtcaagtcg gatgtgaaat ccccgggctc aacctgggaa
541 ctgcattcga aactggcagg ctagagtctt gtagaggggg gtagaattcc aggtgtageg
601 gtgaaatgcg tagagatctg gaggaatacc ggtggcgaag gcggecccct ggacaaagac
661 tgacgctcag gtgcgaaagc gtggggagcea aacaggatta gataccctgg tagtccacge
721 tgtaaacgat gtcgatttgg aggttgtgec cttgaggegt ggcttccgga getaacgegt
781 taaatcgacc gcctggggag tacggecgcea aggttaaaac tcaaatgaat tgacgggggc
841 ccgcacaagc ggtggagcat gtggtttaat tcgatgcaac gcgaagaacc ttacctggtc
901 ttgacatcca cagaactttc cagagatgga ttggtgcctt cgggaactgt gagacaggtg
961 ctgcatggct gtcgtcagct cgtgttgtga aatgttgggt taagtccecge aacgagegea
1021 acccttatcc tttgttgcca geggttagge cgggaactca aaggagactg ccagtgataa
1081 actggaggaa ggtggggatg acgtcaagtc atcatggcecc ttacgaccag ggctacacac
1141 gtgctacaat ggcatataca aagagaagcg acctcgcgag agcaagcgga cctcataaag
1201 tatgtcgtag tccggattgg agtctgcaac tcgactccat gaagtcggaa tcgctagtaa
1261 tcgtagatca gaatgctacg gtgaatacgt tcccg
1

8. LOCUS  KP027685 1295 bp DNA linear BCT 26-FEB-2015
DEFINITION Kiebsiella variicola strain KSM-003 16S ribosomal RNA gene, partial
sequence.

ACCESSION KP027685
VERSION KP027685
KEYWORDS .
SOURCE Klebsiella variicola
ORGANISM Kilebsiella variicola
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Klebsiella.
REFERENCE 1 (bases 1 to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
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Muoma,J.O.

TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus

vulgaris L.) in Soils of Western Kenya

JOURNAL Unpublished
REFERENCE 2 (bases 1to 1295)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and

Muoma,J.O.

TITLE Direct Submission
JOURNAL Submitted (23-OCT-2014) Pure and Applied, Technical University of

Mombasa, Tom Mboya, Mombasa +254, Kenya

FEATURES Location/Quialifiers

source 1..1295
/organism="Klebsiella variicola"
/mol_type="genomic DNA"
/strain="KSM-003"
/db_xref="taxon:244366"
/country="Kenya"

rRNA <1..>1295
/product="16S ribosomal RNA"

ORIGIN

I

1 tcgggtgacg agcggcggac gggtgagtaa tgtctgggaa actgectgat ggagggggat

61 aactactgga aacggtagct aataccgcat aacgtcgcaa gaccaaagtg ggggaccttc
121 gggcctcatg ccatcagatg tgcccagatg ggattagetg gtaggtgggg taacggctca
181 cctaggcgac gatccctagc tggtctgaga ggatgaccag ccacactgga actgagacac
241 ggtccagact cctacgggag gcagcagtgg ggaatattgc acaatgggceg caagcctgat
301 gcagccatge cgegtgtgtg aagaaggcct tcgggttgta aagcactttc agcggggagg
361 aaggcggtga ggttaataac ctcatcgatt gacgttaccc gcagaagaag caccggctaa
421 ctcegtgeca gecagecgegg taatacggag ggtgcaagcg ttaatcggaa ttactgggeg
481 taaagcgcac gcaggceggtc tgtcaagtcg gatgtgaaat ccccgggctce aacctgggaa
541 ctgcattcga aactggcagg ctagagtctt gtagaggggg gtagaattcc aggtgtageg
601 gtgaaatgcg tagagatctg gaggaatacc ggtggcgaag gcggecccct ggacaaagac
661 tgacgctcag gtgcgaaagc gtggggagcea aacaggatta gataccctgg tagtccacge
721 tgtaaacgat gtcgatttgg aggttgtgec cttgaggcegt ggcttccgga getaacgegt
781 taaatcgacc gcctggggag tacggecgcea aggttaaaac tcaaatgaat tgacgggggce
841 ccgcacaagc ggtggagcat gtggtttaat tcgatgcaac gcgaagaacc ttacctggtc
901 ttgacatcca cagaactttc cagagatgga ttggtgcctt cgggaactgt gagacaggtg
961 ctgcatggct gtcgtcagct cgtgttgtga aatgttgggt taagtccecge aacgagegea
1021 acccttatcc tttgttgcca geggttagge cgggaactca aaggagactg ccagtgataa
1081 actggaggaa ggtggggatg acgtcaagtc atcatggccc ttacgaccag ggctacacac
1141 gtgctacaat ggcatataca aagagaagcg acctcgcgag agcaagcgga cctcataaag
1201 tatgtcgtag tccggattgg agtctgcaac tcgactccat gaagtcggaa tcgctagtaa
1261 tcgtagatca gaatgctacg gtgaatacgt tcccg

9.LOCUS  KP027686 1324 bp DNA linear BCT 26-FEB-2015
DEFINITION Pantoea dispersa strain MMUST-001 16S ribosomal RNA gene, partial
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sequence.
ACCESSION KP027686
VERSION KP027686
KEYWORDS .
SOURCE  Pantoea dispersa
ORGANISM Pantoea dispersa
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Pantoea.
REFERENCE 1 (bases 1 to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (24-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1324
/organism="Pantoea dispersa"
/mol_type="genomic DNA"
/strain="MMUST-001"
/db_xref="taxon:59814"
/country="Kenya"
rRNA <1..>1324
/product="16S ribosomal RNA"
ORIGIN
1 tggcgagtgg cggacgggtg agtaatgtct gggaaactge ccgatggagg gggataacta
61 ctggaaacgg tagctaatac cgcataacgt cgcaagacca aagtggggga ccttcgggec
121 tcacaccatc ggatgtgccc agatgggatt agctagtagg tggggtaatg getcacctag
181 gcgacgatcc ctagetggtc tgagaggatg accagcecaca ctggaactga gacacggtcc
241 agactcctac gggaggcagc agtggggaat attgcacaat gggcgcaagc ctgatgcage
301 catgcegcegt gtatgaagaa ggcecttcggg ttgtaaagta ctttcagcgg ggaggaaggce
361 ggtgaggtta ataaccttgc cgattgacgt tacccgcaga agaagcaccg gctaactceg
421 tgccagceage cgeggtaata cggagggtge aagegttaat cggaattact gggegtaaag
481 cgcacgcagg cggtctgtta agtcagatgt gaaatccccg ggcttaacct gggaactgca
541 tttgaaactg gcaggcttga gtctcgtaga ggggggtaga attccaggtg tagcggtgaa
601 atgcgtagag atctggagga ataccggtgg cgaaggcegge ccecctggacg aagactgacy
661 ctcaggtgcg aaagcgtggg gagcaaacag gattagatac cctggtagtc cacgecgtaa
721 acgatgtcga cttggaggtt gtgcccttga ggegtggctt ccggagctaa cgegttaagt
781 cgaccgcectg gggagtacgg ccgcaaggtt aaaactcaaa tgaattgacg ggggeccgea
841 caagcggtgg agcatgtggt ttaattcgat gcaacgcgaa gaaccttacc tggcecttgac
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901 atccagagaa cttagcagag atgctttggt gccttcggga actctgagac aggtgctgcea
961 tggctgtcgt cagctcgtgt tgtgaaatgt tgggttaagt cccgcaacga gegeaaccct
1021 tatcctttgt tgccagcggt tcggecggga actcaaagga gactgecggt gataaaccgg
1081 aggaaggtgg ggatgacgtc aagtcatcat ggcccttacg gccagggcta cacacgtgct
1141 acaatggcgc atacaaagag aagcgacctc gcgagagcaa gcggacctca taaagtgegt
1201 cgtagtccgg attggagtct gcaactcgac tccatgaagt cggaatcgct agtaatcgta
1261 gatcagaatg ctacggtgaa tacgttcccg ggccttgtac acaccgecgg tcacaccatg
1321 ggag
I
10. LOCUS  KPO027687 1324 bp DNA linear BCT 26-FEB-2015
DEFINITION Kiebsiella variicola strain MMUST-005 16S ribosomal RNA gene,
partial sequence.
ACCESSION KP027687
VERSION KP027687
KEYWORDS .
SOURCE Kilebsiella variicola
ORGANISM Kilebsiella variicola
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Klebsiella.
REFERENCE 1 (bases 1to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (24-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Quialifiers
source 1..1324
/organism="Klebsiella variicola"
/mol_type="genomic DNA"
/strain="MMUST-005"
/db_xref="taxon:244366"
/country="Kenya"
rRNA <1.>1324
/product="16S ribosomal RNA"
ORIGIN
1 tgacgagcgg cggacgggtg agtaatgtct gggaaactgce ctgatggagg gggataacta
61 ctggaaacgg tagctaatac cgcataacgt cgcaagacca aagtggggga ccttcgggec
121 tcatgccatc agatgtgccc agatgggatt agctggtagg tggggtaacg getcacctag
181 gcgacgatcc ctagctggtc tgagaggatg accagccaca ctggaactga gacacggtcc
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241 agactcctac gggaggcagc agtggggaat attgcacaat gggcgcaagc ctgatgcage
301 catgccgcegt gtgtgaagaa ggccttcggg ttgtaaagca ctttcagegg ggaggaaggc
361 ggtgaggtta ataacctcat cgattgacgt tacccgcaga agaagcaccg gctaactccg
421 tgccagcagce cgeggtaata cggagggtge aagegttaat cggaattact gggcgtaaag
481 cgcacgcagg cggtctgtca agtcggatgt gaaatcceccg ggcetcaacct gggaactgea
541 ttcgaaactg gcaggctaga gtcttgtaga ggggggtaga attccaggtg tagcggtgaa
601 atgcgtagag atctggagga ataccggtgg cgaaggcggce cccctggaca aagactgacg
661 ctcaggtgcg aaagcgtggg gagcaaacag gattagatac cctggtagtc cacgetgtaa
721 acgatgtcga tttggaggtt gtgcccttga ggegtggctt ccggagetaa cgegttaaat
781 cgaccgcctg gggagtacgg ccgcaaggtt aaaactcaaa tgaattgacg ggggeccgea
841 caagcggtgg agcatgtggt ttaattcgat gcaacgcgaa gaaccttacc tggtcttgac
901 atccacagaa ctttccagag atggattggt gccttcggga actgtgagac aggtgetgcea
961 tggctgtcgt cagctegtgt tgtgaaatgt tgggttaagt cccgcaacga gegeaaccct
1021 tatcctttgt tgccageggt taggccggga actcaaagga gactgccagt gataaactgg
1081 aggaaggtgg ggatgacgtc aagtcatcat ggcccttacg accagggcta cacacgtgct
1141 acaatggcat atacaaagag aagcgacctc gcgagagcaa gcggacctca taaagtatgt
1201 cgtagtccgg attggagtct gcaactcgac tccatgaagt cggaatcgct agtaatcgta
1261 gatcagaatg ctacggtgaa tacgttcccg ggccttgtac acaccgcccg tcacaccatg
1321 ggag
1
11. LOCUS  KP027688 1324 bp DNA linear BCT 26-FEB-2015
DEFINITION Kilebsiella variicola strain MMUST-004 16S ribosomal RNA gene,
partial sequence.
ACCESSION KP027688
VERSION KP027688
KEYWORDS .
SOURCE Kilebsiella variicola
ORGANISM Kilebsiella variicola
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Klebsiella.
REFERENCE 1 (bases 1 to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (24-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Quialifiers
source 1..1324
/organism="Klebsiella variicola"
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/mol_type="genomic DNA"
/strain="MMUST-004"
/db_xref="taxon:244366"
/country="Kenya"
rRNA <1.>1324
/product="16S ribosomal RNA"
ORIGIN
1 tgacgagcgg cggacgggtg agtaatgtct gggaaactge ctgatggagg gggataacta
61 ctggaaacgg tagctaatac cgcataacgt cgcaagacca aagtggggga ccttcgggec
121 tcatgccatc agatgtgccc agatgggatt agctggtagg tggggtaacg getcacctag
181 gcgacgatcc ctagctggtc tgagaggatg accagccaca ctggaactga gacacggtcc
241 agactcctac gggaggcagc agtggggaat attgcacaat gggcgcaagc ctgatgcage
301 catgccgcegt gtgtgaagaa ggcecttcggg ttgtaaagca ctttcagcgg ggaggaaggc
361 ggtgaggtta ataacctcat cgattgacgt tacccgcaga agaagcaccg gctaactccg
421 tgccagcagc cgeggtaata cggagggtge aagegttaat cggaattact gggegtaaag
481 cgcacgcagg cggtctgtca agtcggatgt gaaatcccecg ggcetcaacct gggaactgea
541 ttcgaaactg gcaggctaga gtcttgtaga ggggggtaga attccaggtg tagcggtgaa
601 atgcgtagag atctggagga ataccggtgg cgaaggcggc cccctggaca aagactgacg
661 ctcaggtgcg aaagcgtggg gagcaaacag gattagatac cctggtagtc cacgctgtaa
721 acgatgtcga tttggaggtt gtgcccttga ggegtggctt ccggagctaa cgegttaaat
781 cgaccgcectg gggagtacgg ccgcaaggtt aaaactcaaa tgaattgacg ggggeccgca
841 caagcggtgg agcatgtggt ttaattcgat gcaacgcgaa gaaccttacc tggtcttgac
901 atccacagaa ctttccagag atggattggt gccttcggga actgtgagac aggtgctgea
961 tggctgtcgt cagctcgtgt tgtgaaatgt tgggttaagt cccgcaacga gegeaaccct
1021 tatcctttgt tgccagcggt taggccggga actcaaagga gactgccagt gataaactgg
1081 aggaaggtgg ggatgacgtc aagtcatcat ggcccttacg accagggcta cacacgtgct
1141 acaatggcat atacaaagag aagcgacctc gcgagagcaa gcggacctca taaagtatgt
1201 cgtagtccgg attggagtct gcaactcgac tccatgaagt cggaatcgct agtaatcgta
1261 gatcagaatg ctacggtgaa tacgttcccg ggccttgtac acaccgcececg tcacaccatg
1321 ggag
1
12. LOCUS  KP027689 1324 bp DNA linear BCT 26-FEB-2015
DEFINITION Kiebsiella sp. MMUST-002 16S ribosomal RNA gene, partial sequence.
ACCESSION KP027689
VERSION KP027689
KEYWORDS .
SOURCE Klebsiella sp. MMUST-002
ORGANISM Kilebsiella sp. MMUST-002
Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales;
Enterobacteriaceae; Klebsiella.
REFERENCE 1 (bases 1to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
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JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1324)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and

Muoma,J.O.

TITLE Direct Submission
JOURNAL Submitted (24-OCT-2014) Pure and Applied, Technical University of

Mombasa, Tom Mboya, Mombasa +254, Kenya

FEATURES Location/Qualifiers

source 1..1324
/organism="Klebsiella sp. MMUST-002"
/mol_type="genomic DNA"
/strain="MMUST-002"
/db_xref="taxon:1616815"
/country="Kenya"

rRNA <1.>1324
/product="16S ribosomal RNA"

ORIGIN

I

1 tgacgagcgyg cggacgggtg agtaatgtct gggaaactge ctgatggagg gggataacta
61 ctggaaacgg tagctaatac cgcataacgt cgcaagacca aagtggggga ccttcgggec

121 tcatgccatc agatgtgecc agatgggatt agctggtagg tggggtaacg gcetcacctag
181 gcgacgatcc ctagctggtc tgagaggatg accagccaca ctggaactga gacacggtcc
241 agactcctac gggaggcagc agtggggaat attgcacaat gggcgcaagc ctgatgcage
301 catgccgcegt gtgtgaagaa ggccttcggg ttgtaaagca ctttcagcgg ggaggaaggce
361 ggtgaggtta ataacctnat cgattgacgt tacccgcaga agaagcaccg gctaactccg
421 tgccagcagc cgeggtaata cggagggtge aagcegttaat cggaattact gggegtaaag
481 cgcacgcagg cggtctgtca agtcggatgt gaaatcccecg ggcetcaacct gggaactgea
541 ttcgaaactg gcaggctaga gtcttgtaga ggggggtaga attccaggtg tagcggtgaa
601 atgcgtagag atctggagga ataccggtgg cgaaggcggc cccctggaca aagactgacg
661 ctcaggtgcg aaagcgtggg gagcaaacag gattagatac cctggtagtc cacgctgtaa
721 acgatgtcga tttggaggtt gtgcccttga ggegtggcett ccggagctaa cgegttaaat
781 cgaccgcectg gggagtacgg ccgcaaggtt aaaactcaaa tgaattgacg ggggeccgca
841 caagcggtgg agcatgtggt ttaattcgat gcaacgcgaa gaaccttacc tggtcttgac
901 atccacagaa cttnccagag atgcattggt gccttcggga actgtgagac aggtgctgea
961 tggctgtcgt cagctcgtgt tgtgaaatgt tgggttaagt cccgcaacga gegeaaccct
1021 tatcctttgt tgccagcggt nnggccggga actcaaagga gactgccagt gataaactgg
1081 aggaaggtgg ggatgacgtc aagtcatcat ggcccttacg accagggcta cacacgtgct
1141 acaatggcat atacaaagag aagcgacctc gcgagagcaa gcggacctca taaagtatgt
1201 cgtagtccgg attggagtct gcaactcgac tccatgaagt cggaatcgct agtaatcgta
1261 gatcagaatg ctacggtgaa tacgttcccg ggccttgtac acaccgcececg tcacaccatg
1321 ggag

13. LOCUS  KP027690 1283 bp DNA linear BCT 26-FEB-2015
DEFINITION Rhizobium tropici strain MMUST-006 16S ribosomal RNA gene, partial

sequence.

ACCESSION KP027690
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VERSION KP027690
KEYWORDS .
SOURCE  Rhizobium tropici
ORGANISM Rhizobium tropici
Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales;
Rhizobiaceae; Rhizobium/Agrobacterium group; Rhizobium.
REFERENCE 1 (bases 1to 1283)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1to 1283)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (24-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1283
/organism="Rhizobium tropici"
/mol_type="genomic DNA"
/strain="MMUST-006"
/db_xref="taxon:398"
/country="Kenya"
rRNA <1..>1283
/product="16S ribosomal RNA"
ORIGIN
1 aggggagcgg cagacgggtg agtaacgegt gggaatctac ccttttctac ggaataacge
61 agggaaactt gtgctaatac cgtatgtgtc cttcgggaga aagatttatc gggaaaggat
121 gagcccgcegt tggattaget agttggtggg gtaaaggcect accaaggcga cgatccatag
181 ctggtctgag aggatgatca gccacattgg gactgagaca cggeccaaac tcctacggga
241 ggcagcagtg gggaatattg gacaatgggc gcaagcctga tccagcecatg ccgegtgagt
301 gatgaaggcc ctagggttgt aaagctcttt caccggagaa gataatgacg gtatccggag
361 aagaagcccc ggctaacttc gtgccageag ccgeggtaat acgaaggggg ctagegttgt
421 tcggaattac tgggcgtaaa gcgeacgtag gecggatcgat cagtcagggg tgaaatceca
481 gggctcaacc ctggaactgc ctttgatact gtcgatctgg agtatggaag aggtgagtgg
541 aattccgagt gtagaggtga aattcgtaga tattcggagg aacaccagtg gcgaaggegg
601 ctcactggtc cattactgac gctgaggtgc gaaagcgtgg ggagcaaaca ggattagata
661 ccctggtagt ccacgcecgta aacgatgaat gttagecgtc gggeagtata ctgttcggtg
721 gcgcagctaa cgcattaaac attccgectg gggagtacgg tcgcaagatt aaaactcaaa
781 ggaattgacg ggggcccgea caageggtgg ageatgtggt ttaattcgaa gcaacgegea
841 gaaccttacc agcccttgac atcctgtgtt accactagag atagtgggtc cacttcggtg
901 gcgcagagac aggtgctgca tggctgtegt cagetcgtgt cgtgagatgt tgggttaagt
961 cccgcaacga gcgeaaccct cgeccttagt tgccagceatt tagttgggcea ctctaagggg
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1021 actgccggtg ataagccgag aggaaggtgg ggatgacgtc aagtcctcat ggececttacg
1081 ggctgggcta cacacgtgct acaatggtgg tgacagtggg cagcgagcac gcgagtgtga
1141 gctaatctcc aaaagccatc tcagttcgga ttgcactctg caactcgagt gcatgaagtt
1201 ggaatcgcta gtaatcgegg atcagcatgc cgcggtgaat acgttcccgg gecttgtaca
1261 caccgcccgt cacaccatgg gag
14.LOCUS  KP027691 1283 bp DNA linear BCT 26-FEB-2015
DEFINITION Rhizobium leguminosarum bv. viciae strain MMUST-003 16S ribosomal
RNA gene, partial sequence.
ACCESSION KP027691
VERSION KP027691
KEYWORDS
SOURCE  Rhizobium leguminosarum bv. viciae
ORGANISM Rhizobium leguminosarum bv. viciae
Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales;
Rhizobiaceae; Rhizobium/Agrobacterium group; Rhizobium.
REFERENCE 1 (bases 1 to 1283)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Diversity of Native Rhizobia Nodulating Common Bean (Phaseolus
vulgaris L.) in Soils of Western Kenya
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 1283)
AUTHORS Kawaka,J.F., Dida,M.M., Opala,P.A., Ombori,O., Maingi,J. and
Muoma,J.O.
TITLE Direct Submission
JOURNAL Submitted (24-OCT-2014) Pure and Applied, Technical University of
Mombasa, Tom Mboya, Mombasa +254, Kenya
FEATURES Location/Qualifiers
source 1..1283
/organism="Rhizobium leguminosarum bv. viciae"
/mol_type="genomic DNA"
/strain="MMUST-003"
/db_xref="taxon:387"
/country="Kenya"
/note="biovar: viciae"
rRNA <1..>1283
/product="16S ribosomal RNA"
ORIGIN
1 aggggagcgg cagacgggtg agtaacgcgt gggaatctac ccttgactac ggaataacgc
61 agggaaactt gtgctaatac cgtatgtgtc cttcgggaga aagatttatc ggtcaaggat
121 gagcccgcegt tggattaget agttggtggg gtaaaggcect accaaggcga cgatccatag
181 ctggtctgag aggatgatca gccacattgg gactgagaca cggeccaaac tcctacggga
241 ggcagcagtg gggaatattg gacaatgggc gcaagcctga tccagcecatg ccgegtgagt
301 gatgaaggcc ctagggttgt aaagctcttt caccggagaa gataatgacg gtatccggag
361 aagaagcccc ggctaacttc gtgccageag ccgeggtaat acgaaggggg ctagegttgt
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421 tcggaattac tgggcgtaaa gcgcacgtag gcggatcgat cagtcagggg tgaaatccca
481 gggctcaacc ctggaactgc ctttgatact gtcgatctgg agtatggaag aggtgagtgg
541 aattccgagt gtagaggtga aattcgtaga tattcggagg aacaccagtg gcgaaggcgg
601 ctcactggtc cattactgac gctgaggtgc gaaagcgtgg ggagcaaaca ggattagata
661 ccctggtagt ccacgcecgta aacgatgaat gttagccgtc gggcagtata ctgttcggtg
721 gcgcagctaa cgcattaaac attccgectg gggagtacgg tcgcaagatt aaaactcaaa
781 ggaattgacg ggggcccgcea caageggtgg ageatgtggt ttaattcgaa gcaacgegca
841 gaaccttacc agcccttgac atgcccggcet acttgcagag atgcaaggtt cccttcgggg
901 accgggacac aggtgctgca tggctgtcgt cagctcgtgt cgtgagatgt tgggttaagt
961 cccgcaacga gcgcaaccct cgeccttagt tgccagcatt tagttgggcea ctctaagggg
1021 actgccggtg ataagccgag aggaaggtgg ggatgacgtc aagtcctcat ggeccttacg
1081 ggctgggcta cacacgtgct acaatggtgg tgacagtggg cagcgagcac gcgagtgtga
1141 gctaatctcc aaaagccatc tcagttcgga ttgcactctg caactcgagt gcatgaagtt
1201 ggaatcgcta gtaatcgecgg atcagcatgc cgcggtgaat acgttccecgg gecttgtaca
1261 caccgcccgt cacaccatgg gag
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