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ABSTRACT

The use of plant growth promoting rhizobacteria offers an alternative to the use of
chemical fertilizers. The quality and efficacy of inoculants is critical to realize the benefits of
inoculation. The objectives of this study were; 1) to test the quality of 3 inoculants (Legumefix,
Biofix for soybean and Biofix for common bean) and evaluate the response of soybean and
common bean to inoculation; 2) to test the effect of soil fertility on inoculation response of
soybean and common bean; 3) to isolate and characterize phosphate solubilizing bacteria from
common bean nodules and; 4) to assess the effect of co-inoculation of rhizobium and phosphate
solubilizing bacteria on growth of common bean in a low phosphorous soil. For objective 1 the
inoculants were tested for the purity and number of viable cells. For the efficacy test, seeds were
inoculated at the recommended rate at planting. At mid podding, nodule number and weight,
shoot and root dry biomass, biologically fixed nitrogen and the symbiotic efficiency of the
rhizobia were determined. For objective 2 the legumes were planted and inoculated with the
rhizobia inoculants using two soils (Andosol and Nitisol) and data taken as described in objective
1. For objective 3, soils were collected from different parts of Nakuru County and used to trap
the nodules and the strains isolated and characterized in the laboratory. For objective 4, common
bean were inoculated with Rhizobium strains singly or in a combination with two PSB to
evaluate their effect on growth. The inoculants showed variable quality in terms of the number of
viable cell and the number of microorganisms. Inoculation of common beans with Biofix led to
significantly higher number of nodules per plant and nodule weight (117 nodules and 2.09 g
respectively) than the control (75 nodules and 0.84 g respectively). Nodulation was higher in
high fertility soil in both legumes. Co-inoculation of IITA-PAU987 + B. megaterium recorded
the highest nodule and shoot dry weight (405.2 mg and 6.84 g respectively) compared to IITA-
PAU987 alone (324.8 mg and 5.32 g respectively). CIAT 899 + B. megaterium recorded a higher
shoot weight (401.2 mg) compared to CIAT 899 alone (337.2 mg) but no significant difference
was observed when co-inoculated with P. polymyxa. The results on quality testing of inoculants
show a need for manufacturing companies to have a quality control system in the production
process. These results indicate that co-inoculation of PSB and rhibozia has a synergistic effect on
growth of common bean. Testing of the plant growth promoting rhizobacteria under field

conditions will further elucidate their effectiveness on grain yield of common bean.
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CHAPTER ONE: INTRODUCTION

1.1Background information

Large areas of sub-Saharan Africa (SSA) are affected by various types of degradation,
including fertility decline. The fertility decline is to continuous cropping without adequate
nutrient replenishment. Consequently, yields are relatively low despite the high potential for
improvement. Increasing number of African farmers mention soil fertility decline as a major
constraint to farming (De Groote et al., 2010; and Tittonel et al., 2010) and hence a threat to food
security for the growing population.

The nutrient is provided to cropping systems in the form of industrially produced
chemical fertilizers. The use of these fertilizers has led to worldwide environmental problems
such as greenhouse gas emissions, and eutrophication of water bodies (Mukhtar et al., 2013). In
addition, these commercial fertilizers are expensive and out of reach of most small-scale farmers
in SSA (Chianu et al., 2011; Chukukwere et al., 2013; Muui et al., 2013). Also, African farmers
may not be in a position to use fertilizers or to use them optimally, because they do not perceive
the benefits, or they cannot afford to buy the fertilizer; or fertilizer may not be physically
available (Druilhe & Barreiro-Hurlé, 2012).

To reduce the production cost with mineral fertilizers and provide protection to the
environment, increased legume production could be achieved through seed inoculation with
beneficial Rhizobium bacteria (Hussain et al., 2011). Therefore, biofertilizers can help solve the
problem of feeding an increasing global population at a time when agriculture is facing various
environmental stresses (Bhardwaj et al., 2014).

Biological nitrogen fixation (BNF) via legume-Rhizobium symbiosis is a potential option
which is an environmentally friendly, economically viable and renewable source of nitrogen (N)
for resource poor farmers (Bekere & Hailemariam, 2012). Biological nitrogen fixation involving
host-specific symbiotic interactions between root nodule bacteria, collectively termed rhizobia,
and legumes has received a lot of research attention because of the central role it plays in the
maintenance of soil fertility. Estimates of total annual biological nitrogen fixation worldwide
range from 130-180x10® metric tons, with about 50% fixed by rhizobia (Havlin et al., 2014).
Soybean N fixation is estimated to range between 44 and 103 kg Nha* (Sanginga et al., 2003).
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Research on the use of Rhizobium inoculants for production of grain legumes shows it is
a cheaper and usually more effective agronomic practice for ensuring adequate N nutrition of
legumes, compared with the application of N fertilizer (Payne et al., 2008). Legume inoculation
is the process of introducing commercially prepared sources of rhizobia to promote nitrogen
fixation. Use of Rhizobia inoculants may reduce reliance on inorganic N that is expensive to
most smallholder farmers in SSA (Cheminingwa et al., 2011). Biological nitrogen fixation and
grain yields of legumes are normally increased when inoculated with effective and efficient
strain of rhizobia.

Because of its current and potential economic importance, the interaction between
rhizobia and leguminous plants has been intensively studied and many commercial products have
been formulated and are available in the market. Many factors contribute to high quality legume
inoculant products. The most important of these include high numbers of efficient rhizobia
capable of nodulation and nitrogen fixation and the formulation. When farmers realize that the
crops do not respond to inoculation, their confidence in the technology goes down and both the
manufacturers and consumers are ultimate losers (Lupwayi et al., 2006). Some study results have
also shown variable quality in the inoculants produced by some suppliers (Sanginga, 2011).
Biofix, for example, a rhizobia inoculant has been shown to increase yield of soybean by 9-10%
in DR Congo. This make the investment in inoculation worthwhile for farmers given the small
costs associated with inoculation (Sanginga et al., 2011). The success of rhizobia inoculation
response in the field is affected by various soil factors such as the cation exchange capacity
(CEC), clay content and phosphorous has been widely reported to influence nodulation and
subsequent BNF of legumes.

Phosphorus is the most important element in the nutrition of plants, next to N. It plays an
important role in virtually all major metabolic processes in plants including photosynthesis,
energy transfer, signal transduction, macromolecular biosynthesis and respiration (Zaidi et al.
2010). Although abundant in soils, in both organic and inorganic forms, its availability is
restricted as it occurs mostly in insoluble forms. Inorganic P occurs in soil, mostly in insoluble
mineral complexes, some of them appearing after frequent application of chemical fertilizers.
Phosphorous stress reduces nitrogen fixation due to decreased nodule formation and reduced

nodule sizes and finally affecting the grain quality and quantity (Sadeghipour & Abbasi, 2012).



Phosphate solubilization is an important plant growth promoting activity. A large proportion of
soluble inorganic P added to soil is fixed to insoluble form soon after its application, thereby
becoming unavailable to plants. Therefore, phosphate solubilizing microorganisms (PSM) have
attracted researchers to exploit their potential to utilize phosphate reserves and to enhance crop
yields (Khan et al., 2006). Phosphate solubilizers are economical, ecofriendly and have greater
agronomic value to compensate the expensive inorganic sources of P fertilizers (Qureshi et al.,
2012).

Deficiency of phosphorous in soils may limit the full potential of rhizobial inoculation
and therefore co-inoculating the soils with phosphate solubilizing bacteria can enhance crop
growth (Weisany et al., 2013). Taking into account that some plant growth promoting
rhizobacteria possess the ability of phosphate solubilization, they could be useful in bean
production improvement by increasing P content in the soil and enhancing nodulation and N
fixation (Hernendez et al., 2009). The inoculation of plants with selected PSB to increase native
population can mobilize P from poorly available sources and therefore improve plant nutrition
(Guifiazu et al., 2010). The use of PSB inoculants remains limited because of the inconsistent
results in different environments, but the potentialities of these resources have not been
effectively explored in terms of bacterial species efficient in mobilizing P with crops of

economic and social significance.

1.2 Statement of the problem

Replenishing soil fertility in SSA is vital in the pursuit of food security. Majority of
Kenyan population live in rural areas and most of them are smallholder farmers. They account
for more than 70% of agricultural and food production in Kenya (Salami et al., 2010). A major
problem facing Kenya’s smallholder farmers is declining soil fertility as a result of continuous
cropping without sufficient replenishment of soil nutrients. This has led to decreasing food
productivity against an increasing population. To reverse this trend and ensure increased yields,
there has been investment in soil fertility improvements through soil amendments and other
agricultural inputs such as bio-fertilizers, bio-pesticides and inorganic fertilizers. As a result,
commercial inoculants are being formulated by manufacturing companies and are made available
to farmers mainly through agrochemical outlets across the country. Each of these products is

accompanied with a description of its composition and how it improves soil fertility, and its
3



overall effects on the yields and performance of the crops. However, these products are of
inconsistent quality and most of them show variable results in terms of efficacy (Mathu et al.,
2012) leaving farmers with no substantial alternative to inorganic fertilizers (N’cho et al., 2014).
The result has been selling and distribution of low/poor quality products to farmers, retailers and
wholesalers. When famers realize that the inoculants sold to them are of poor quality, they tend
to shy away from adopting the use of the inoculation technology. Poor quality inoculants affect
the quality and yield of crops. In addition, low soil phosphorous may limit the full potential of
rhizobia inoculation. Phosphatic fertilizers are also expensive to famers and may also have
negative impact on the soil and environment. Therefore, there is a need to assess the quality of
products and to find alternative effective strains for possible improvement of available
commercial products and thus improve soil fertility and crop productivity. The isolation,
identification and testing of indigenous phosphate solubilizing bacteria is also important to

improve on plant response to inoculation with rhizobia.

1.3 Objectives

1.3.1 General objective
To increase the growth of soybean and common bean through use of quality inoculants and

native plant growth promoting rhizobacteria (PGPR)

1.3.2 Specific objectives
1. To test the quality and effect of commercial inoculants on nodulation, plant biomass and

biological nitrogen fixation of soybean and on common bean varieties

2. To test the effect of soil fertility status to inoculation response of common bean and
soybean.

3. To isolate and characterize native root nodule endogenous plant growth promoting
rhizobacteria from common bean in Nakuru county

4. To determine the co-inoculation effect of rhizobia strains and native phosphate

solubilising bacteria on common bean growth parameters in a low phosphorous soil



1.4 Hypotheses
Ho;
1. Commercial rhizobial inoculants do not meet the quality standards and do not affect the
nodulation, plant biomass and biological nitrogen fixation of common bean and soybean
2. Soil fertility status does not affect the response of common bean and soybean to
inoculation
3. The soils do not contain native plant growth promoting rhizobacteria
4. Co-inoculation of rhizobia strains and phosphorous solubilizing bacteria do not enhance

growth of common bean in the low phosphorous soil.

1.5 Justification

The increasing prices of chemical fertilizer each year makes it unaffordable to small-scale
farmers in sub-Saharan Africa (Yakubu et al., 2010). There is therefore need to introduce BNF
by legumes as a way of increasing soil fertility. Legumes play an important role by fixing
atmospheric N2 through their symbiotic relationship with Rhizobium spp. Rhizobial inoculants
are widely accepted as low cost supplements to chemical fertilizers and have no significant
harmful effects on soil health and environment (Bagyaraj, 2004). Phosphate solubilizing bacteria
provide an environmentally sound and cheap means of improving soil fertility and crop yields.
An apparent problem affecting farmers’ use of these inoculants is their quality. Poor quality
control in the production process negatively affects the viability of the inoculants. Also, most
farmers are not aware of the potential of legume inoculation in improving production. Therefore,
it is important to assess the quality of these commercial products to cushion farmers against the
use of compromised products and to carry out research on the effectiveness of these commercial
products. This research aims at assessing the quality of commercial inoculants and tests their
effectiveness on common bean and soybean growth as compared to native soil microorganisms.
Also the findings and recommendations from this study will be of usefulness to the regulatory
bodies such as Kenya Plant Health Inspectorate Service (KEPHIS) since it will help in
documenting the quality and efficacy of the products found in the market. The recommendation
on effective superior strains will help in improving product formulation by the manufacturers.
Subsequently, farmers will have knowledge on the benefit of inoculation and hence can adopt
this technology which will in turn improve crop productivity and their living standards. In turn,

5



there will be improved soil fertility and thereby enhancing food and nutritional security of the

small holder farmers.

1.6 Limitation of the study

The evaluation of product efficacy in different soil types using different common bean
and soybean varieties was done in a greenhouse environment. The assumption is that the
responses of the inoculants in the greenhouse will reflect their performance in the field with
similar soil characteristics. Another limitation of this thesis is that nodulation, tissue nitrogen and
shoots and root biomass were used to assess the efficacy of the inoculant and bacterial strains. This
limits full comparison of the monetary output accrued from inoculation as compared to the chemical
fertilizers used by farmers (Di-Ammonium Phosphate and Calcium Ammonium Nitrate) which could

have been well explain if yield data was available.

1.7 Thesis layout

This thesis contains five chapters Chapter one describes the general background
information of the research topic. Chapter two explores literature review of the different factors
contributing to understanding the research topic. Chapter three describes the specific objective
one and two, which is laboratory testing of the commercial rhizobial inoculants (biofertilizer) in
the laboratory and subsequent efficacy testing in the greenhouse and testing the effect of soil
fertility status on inoculation response. Chapter four describes specific objective three i.e.
isolation and identification of the plant growth promoting rhizobacteria (PGPR) from root
nodules of common bean. It also describes the effect of selected PGPR exhibiting phosphate
solubilizing abilities when co-inoculated with indigenous and reference rhizobia strains on
common bean and soybean growth in a phosphorous deficient soil. Finally, chapter five
highlights the general conclusions drawn from this study and give recommendations on adoption

and areas for further research.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Economic potential of grain legumes (Soybean and common bean)

Soybean (US) or soya bean (UK) (Glycine max) is a species of legume native to East
Asia, widely grown for its edible bean which has numerous uses. Soybean is an oil crop that can
be grown in Kenya from 0-2200 m altitude and under rainfall regime of 300 to 1200 mm. Kenya
is a very small soybean producer, even within the African context. Soybean production in Kenya
was 2500 Kg/ha in 2011 (FAO, 2012). An experiment carried out by CIAT-Maseno found a
potential yield of up to 3.5 t ha® for most improved varieties and 2.6 t ha® for the variety SB 19
(TGx 1740-2F) (CIAT, 2013). Of all grain legumes, soybean has the highest concentration of
protein. As a legume, soybean improves soil fertility by fixing atmospheric nitrogen into the soils
and this is another strong reason why the adoption of improved varieties of soybean should be
promoted (Katungi et al., 2009).

High profitability has been demonstrated with improved practices and value addition and
industrial demand for soybean products continues to grow. The price of one kilogramme of
soybean at Rotterdam port was Ksh. 50.3 in 2012 which recorded the highest price relative to the
previous years (World Bank, 2013), and locally farmers are selling a kilogram of soybean at a
rate of between Ksh. 37.5 to BIDCO manufacturing company and Ksh. 60 to Kenya Agricultural
and Livestock Research Organization (KALRO) (Collombet, 2013).

However, soybean production in Kenya remains low because of knowledge gaps on
utilization and processing of soybean, unavailability of quality seed at agro retail outlets, lack of
awareness on the right rhizobial inoculants to enhance vyields, limited marketing outlets for
soybean especially in the rural areas, a narrow range of soy products and consumer awareness on
nutritional advantages of soy mainly limited to the educated urban people. Demand for soy
products is therefore low as majority of the rural population rarely consume it. To address these
gaps, KALRO is undertaking breeding for improved varieties adaptable to the local conditions
while the University of Nairobi is working to produce Biofix to inoculate seeds.

Common bean (Phaseolus vulgaris L), also referred to as dry bean, is an annual
leguminous plant that belongs to the genus, Phaseolus, with pinnately compound trifoliate large
leaves. It is grown for its green leaves, green pods, and immature and/or dry seeds. The dry seeds
are the ultimate economic part of the bean plant. Common bean is one of the most important
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grain legumes in human diets in Africa (Katungi et al., 2009). It provides proteins, complex
carbohydrates, and valuable micronutrients for more than 300 million people in the tropics
(Katungi et al., 2009). In many areas, common bean is the second most important source of
calories after maize. Over 200 million people in SSA depend on the crop as a primary staple
(CIAT, 2012). In Kenya common bean is widely grown and consumed particularly by medium
and low-income households who are the majority in the country.

Annual consumption can reach 66 kg per person (CIAT, 2012). In terms of acreage,
Kenya is the leading producer of common bean with an annual total production of 412, 381 tons
in Africa followed by Uganda and then Tanzania (FAO, 2008). Common bean contributes Ksh
13.18 bhillion annually to the national economy and is a source of dietary protein, especially for
the rural and urban poor (ICRISAT, 2013). Common beans consistently get a good price. For
example, the price of 90 kg bag of dry beans was Ksh. 8529, Ksh. 7829, and Ksh. 6824 in
Eldoret, Kisumu and Nairobi respectively in May 2014 (WFP, 2014).

The production of soybean and common bean is constrained by low soil fertility in many
soils of SSA. Farmers therefore need to supplement the soils with inorganic fertilizers especially
nitrogen and phosphatic fertilizers to improve on the crop productivity. Gitonga et al., (2010)
reported that soybeans grown by most Kenyan farmers receive no inoculants and little or no
commercial nitrogen fertilizer. They largely depend on N fixation from natural nodulation by

indigenous Bradyrhizobia populations.

2.2 Nitrogen and Phosphatic fertilizer use for food crops in Kenya

A huge amount of synthetic fertilizers are used to replenish soil N and P, resulting in high
costs and increased environmental pollution (Singh, 2013). Inorganic N fertilizers are frequently
used to supply the needed nitrogen to the farming system in both industrialized and non-
industrialized nations. Kenyan farmers apply several types of fertilizer on their crops. The most
popular type is Di-Ammonium Phosphate (DAP): more than 70 percent of the sample
households use at least some DAP. They also use Calcium Ammonium Nitrate (19-33 percent),
NPK (25-28 percent), and Urea (8-11 percent). Kenyan farmers apply DAP and Urea on cereal
crops such as maize and apply CAN and NPK on cash crops such as tea, coffee, and sugarcane
(Yamano & Arai, 2010).
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In a review by Morris et al. (2007), they found fertilizer use to be unprofitable in many parts of
Africa due to high prices and transportation costs. Like many other African countries, almost all
fertilizer consumed in Kenya is imported (Ministry of Agriculture, 2012). This makes fertilizer
prices particularly susceptible to swings in international commodity prices. Fertilizer prices for
the African farmers are often high and food crop prices low. Agriculture in Kenya is
predominantly small scale; most of the farmers cannot access fertilizers, amongst other inputs,
due to high cost of credit, unavailability of the fertilizer at the right time and most of the farmers
are unaware of the type of fertilizer to use at a certain plant growth stage (Bunde et al., 2014).

Duflo et al. (2010) observed that farmers in Kenya use sub optimal levels of fertilizer and
that higher level of fertilizer use, including the official recommendations of the Ministry of
Agriculture, are unprofitable for the average farmer. Thus, while fertilizer can be very profitable
when used correctly, one reason why farmers may not use fertilizer is that the official
recommendations are not adapted to their specific context (Dulfo et al., 2010).

Since nitrogen is commonly the most limiting plant nutrient in arable farming in the tropics
and also the most expensive element as a mineral fertilizer, biological nitrogen fixation (BNF)
holds great promise for smallholder farmers in sub-Saharan Africa. Legumes have been shown to
biologically fix atmospheric nitrogen into plant usable. Exploiting this crop attribute may be an
alternative to the expensive and unavailable chemical fertilizers especially to small holder

farmers.

2.3 Biological nitrogen fixation in grain legumes

With the world’s population projected to increase to 8.3 billion by 2025, and the
accompanying demand for plant nutrient N, there will continue to be a need to increase the
contribution of biological nitrogen fixation to food production (Paul, 2015). Biological nitrogen
fixation is a process where atmospheric N2 is reduced into NHs" by a group of bacteria called
rhizobia through symbiotic association with legumes. Legumes have traditionally been used in
rotational cropping systems to improve soil fertility. The amount of nitrogen fixed by rhizobia
varies with the yield level; the effectiveness of inoculation; the N obtained from the soil, either
from decomposing organic matter or from residual N or the environmental conditions (Havlin et

al., 2014). The soil factors affecting BNF include excessive soil moisture, drought, soil acidity, P
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deficiency, excess mineral N and deficiency of micronutrients such as molybdenum, cobalt and
boron (Paul, 2015).

Rhizobia infect the roots of the host plant, which then initiate the development of root
nodules where rhizobia fix atmospheric N2 in exchange for photosynthetic C. Other N2-fixing
bacteria, such as Frankia spp., enter into the same type of symbiosis as rhizobia, but only with a
small group of non-leguminous plant species. While there is a wide range of organisms and
microbial-plant associations that are capable of fixing atmospheric N2, the symbiotic relationship
between rhizobia and legumes is responsible for contributing the largest amounts of fixed
nitrogen to agriculture. Grain legumes contribute more than 20 million tons of fixed N to
agriculture each year (Herridge et al., 2008). For example, in Brazil, rates of nitrogen fixation
with soybeans under field conditions can exceed 300 kg of N haZeach year. Similar rates of
nitrogen fixation (260 kg N ha') have been recorded for soybean growing under optimal
conditions in SSA (N2Africa, 2012). Realization of nitrogen fixation and increased crop

production in agriculture is achieved through Rhizobia inoculation.

2.4 Rhizobia inoculation effects on biological nitrogen fixation and yield

Several reports have highlighted low fixation capability of P. vulgaris especially if
symbiotic association is constrained by various factors including inefficient strains capable of
initiating the N-fixation process. This constraint could be eased through seed or soil inoculation
with the proper Rhizobium bacteria before or at planting to facilitate N-fixation. The goal of
inoculation is to introduce a large number of viable host-specific Rhizobia in order to increase
infection rates. Inoculation can provide a strain that competes with native bacteria for infection
sites on the host, thereby increasing biological nitrogen fixation. Thus, the technology of
inoculating legumes is a way to increase the population of the host-specific symbiont in the soil
to exploit the natural biological nitrogen fixation potential of the system (Mabruk & Belhadj,
2012). Benefits from BNF can be increased in several ways, including breeding legumes for
nitrogen fixation, introducing new legumes into cropping systems or using improved rhizobial
strains (Mungai & Karubiu, 2010).

Rhizobial bacteria with billions (10° of cells per gram of soil is the minimum a soil
should have for effective BNF (Woomer et al., 2011). However, Abaidoo et al. (2007) showed
that Bradyrhizobia species populations in many African soils are much lower than this threshold
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and, consequently, unlikely to support the magnitude of BNF required for the enhanced growth
and performance of soybean. This implies the need for soybean inoculation for the SSA farmers
in order to obtain maximum yields as they cannot rely on the responses from the low population
of indigenous rhizobia. Inoculation of legumes is especially critical when effective Rhizobia are
absent in the soil, or when population densities are low (Catroux et al., 2001). In this case, the
addition of an inoculant with the host-specific Rhizobia can increase the BNF of the legume.
Mbugua et al. (2010) did a research on the beans’ ability to fix nitrogen and their
argument was that inoculation of seed beans with appropriate Rhizobia strains for enhanced
nitrogen fixation provides a more economical and sustainable alternative to the application of
nitrogenous fertilizers at Thika, Maragua and Kirinyaga in Kenya. However, a study by Yusuf et
al. (2012) showed that there was no significant difference in nodulation and shoot dry matter
yield between inoculated and uninoculated plants. Instead, the uninoculated plants produced
significantly higher pod (20%) and haulm (28%) yields than the average yield of the inoculated

plants due to competiveness of the indigenous rhizobia strains in the study soil.

2.5 Competition between native and introduced rhizobia strains

The most studied legume-rhizobia relationship is the one involving soybeans. Studies
have shown that soybean has potential for soil fertility improvement through BNF. A study by
Muhammad (2010) showed that inoculation generally increased soybean growth and yields
above those of the control (uninoculated). Herridge et al. (2008) working on ‘promiscuous’
soybeans reported that the inoculation responses on different soils were large, up to 40-fold
increases in nodulation and 87% and 51% increases in shoot dry matter and grain yield,
respectively, in sites which were new to soybean. Inoculation responses were recorded at
ferralsols sites, both of which were on old soybean land. Inoculation increased total N fixed by as
much as 400 % (Herridge et al., 2008). In addition to the good effectiveness of the rhizobial
products, research has shown high competitiveness of such strains of up to 100 % nodule
occupancy by the inoculated strains over the indigenous strains (Thuita et al., 2012). Therefore,
commercial products produced elsewhere can be an important source of effective strains for use
in areas where soybean is being introduced or where low populations of indigenous rhizobia
hinder BNF (Thuita et al., 2012). Chemining’wa et al. (2011) reported that relative to soil
inoculations, inoculation with commercial inoculant improved nodulation for cowpea and shoot
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biomass for both cowpea and common bean and their finding suggests that the commercial
strains are more efficient in fixing N than indigenous rhizobia.

Mungai & Karubiu (2010) reported that rhizobia isolates from Njoro had comparable
symbiotic effectiveness to commercial inoculants and should be tested further using other bean
varieties to assess their potential. They carried out a research on the effectiveness of native
rhizobia from Njoro area and commercial inoculant (BIOFIX) and compared their effectiveness
on the nodulation of common beans. The results from this study confirm that the native rhizobia
can be more effective and infective than commercial or introduced rhizobia. Wasike et al. (2009)
reported nodulation of promiscuous soybean varieties by indigenous rhizobia in Western and
Eastern Kenya. There is potential for the use of indigenous strains as inoculants to replace strain
USDA 110 currently recommended for the inoculation of soybean production in Kenya (Wasike
et al., 2009). Gitonga et al.(2010), also reported that seed yield from inoculated soybeans was
not significantly higher than that from the uninoculated soybeans, showing a degree of
competitiveness among the introduced rhizobia strain and the indigenous rhizobia population.
Musandu & Ogendo (2001) also found out that rhizobia inoculation did not influence any of the
measured variables in the beans variety under study.

The variable responses to inoculation may be attributed to variation in soil characteristics
in terms of population of indigenous rhizobia strains. Some soils have high populations of native
rhizobia specific for the intended legume. Native rhizobia may be in sufficient numbers to
nodulate both native and introduced legumes. If crop N requirement is provided by the native
rhizobia, inoculation may not increase yield. Yahyaabadi, (2008) evaluated the potential of some
rhizobia bacteria for nitrogen fixation and other nutrients uptake and concluded that some strains
of native bacteria are effective. Sufficient native rhizobia occur when the legume crops are
frequently grown on the same fields or with previous legume inoculation. Often, the native
rhizobia are low in numbers, are the wrong species or strain for the introduced legume, or are not
efficient nitrogen fixers. It is, therefore, recommended to artificially inoculate the seeds with an
appropriate strain of rhizobia.

Phosphorous deficiency has been reported to hinder optimum biological nitrogen fixation
by legumes. Sufficient phosphorus levels are required to enhance growth of plant organs and

promote nodulation and early maturity (Kamara et al., 2010). In addition to the P demand of the
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host plant, nodules require higher amounts of P and energy than other plant tissues (Mortimer et
al., 2008). Thus, nodule dry weight is greatly reduced by phosphorus deficiency. The use of
microbial inoculants possessing P-solubilizing activities in agricultural soils is considered as an

environmental-friendly alternative to further applications of chemical based P fertilizers.

2.6 Solubilization of phosphorous by phosphate solubilizing bacteria

The use of plant growth-promoting rhizobacteria (PGPR), to increase soil fertility and
improve growth and yield of crops is a significant alternative to chemical fertilizers in
sustainable agriculture (Olivera et al., 2014). Beneficial rhizobacteria can improve seed
germination, root and shoot growth, nutrient uptake, and plant stress tolerance (Lugtenberg &
Kamilova, 2009). Phosphate solubilizing bacteria (PSB) through various mechanisms are able to
convert insoluble inorganic and organic soil P into plant available forms (Sharma et al., 2013).
PSB can be very effective and have potential for enriching the soil P content and enhancing crop
yield (Singh, 2013).

Several phosphate solubilizing microorganisms (PSMs) are now recorded to convert the
insoluble form of phosphorus to soluble form through acidification, secretion of organic acids or
protons (Richardson et al., 2009). Ghanem & Abbas (2009) observed an increase in plant height,
number of branches, number of pods, grain weight, and eventually higher seed and straw yields
in mung bean plants after inoculation of B. megaterium in salt-affected soils. The inoculation of
plants with selected PSB to increase native population can mobilize P from poorly available
sources and therefore improve plant nutrition (Richardson et al., 2009). Fernandez et al. (2007)
reported after field experiments on soybean that PSB significantly increased shoot dry weight,
root nodules and their fresh and dry weight and seed yield. Study by Qureshi et al. (2012) clearly
demonstrated that phosphate solubilising bacteria can play an essential role in growth and yield
of cotton and increased more Nitrogen and P content in plants and enhanced available P in soil.

Verma et al. (2012) also indicated that seed treatment with two strains of PSB
(Pseudomonas fluoresens and Bacillus megaterium) enhanced the root length of chickpea.
Greenhouse and field studies with PGPR strains have demonstrated enhanced nodulation and
nitrogen fixation in common bean (Figueiredo et al., 2008). So, PSB has enormous potential in
biofertilizer formulations to be exploited in increasing crop yields by increasing fixed P in the
soil, as well as by making good use of natural phosphate reserves (Hayat et al., 2012). The
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activities of PSB are affected by different soil parameters including soil fertility, temperature,

moisture, organic matter, and soil physical properties (Salimpour et al., 2010).

2.7 Effect of co-inoculation of rhizobia strains and phosphate solubilizing bacteria

Co-inoculation with N2-fixing and P- solubilizing microbe has been reported to be more
effective approach for providing balanced plant nutrition (Qureshi et al., 2011). Co-inoculation
studies with rhizobia and plant growth promoting bacteria have shown increased plant nodulation
and N fixation (Figueiredo et al., 2008). Co-inoculation of nodulating forming rhizobium with
PSB results in enhanced legume yield (Qureshi et al., 2011; Morel et al., 2012). Root and shoot
biomass production of soybean also seems to be favorably affected by mix culture of inoculums
treatment whether used alone or in combination with phosphorus and responses to Rhizobial
inoculation are often observed (Fatima et al., 2006). Bai et al. (2002) demonstrated that three
bacteria isolated from the surface disinfested from soybean nodules when inoculated together
with rhizobia increased nodulation and plant weight compared to those receiving just rhizobia.
Additionally, combined inoculation of Rhizobium and phosphate-solubilizing bacteria (PSB) in
lentils has been reported to enhance plant growth (Saini & Khana, 2012). Co-inoculation of
phosphate solubilizing bacteria (PSB) Pseudomonas sp. and B. japonicum (TAL 379)
significantly increased nodulation, plant total N, P uptake, seed yield and yield components of
soybean over negative control and chemical fertilizers (Argaw, 2012). Anandaraj and Delapierre
(2010) reported that inoculation of green gram with the composite inoculants of Rhizobium sp.,
Pseudomonas fluorescens and Bacillus megaterium were highly beneficial in enhancing the plant
growth and yield of green gram besides effecting a reduction in the cost of inorganic fertilizers.
Co-inoculation of rhizobia with Bacillus, specifically Bacillus thuringifensis, Bacillus megatrium
and Bacillus cereus significantly promotes nodulation, plant growth and grain yield of soybean
(Mishra et al., 2009).
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CHAPTER THREE: EFFICACY ASSESSMENT OF COMMERCIAL RHIZOBIA
INOCULANTS ON COMMON BEAN AND SOYBEAN GROWTH

3.1 Abstract

The use of inoculants offers an alternative to the use of chemical fertilizers. However, the
quality and efficacy of these inoculants is critical to realize the benefit of inoculation. This study
tested the quality of 3 inoculants (Legumefix - soybean, Biofix-soybean and Biofix — common
bean) available in the Kenyan market and evaluated the response of soybean and common bean
to legume inoculants. Seeds were inoculated at the recommended rate at planting. Plants were
grown under greenhouse conditions in a completely randomized design. Non-inoculated seeds
(control) were also planted and plants grown under the same conditions. At mid podding, nodule
number and fresh weight per plant, above ground biomass and root dry biomass were
determined. Biologically fixed nitrogen was determined using the nitrogen difference method
and the symbiotic efficiency of the rhizobia also determined. The quality assessment results
showed variable quality of the inoculants in terms of the number of viable cell count and the
number of microorganisms in the product. Nodule number and fresh weight per plant were
higher with inoculant application for soybean and common bean relative to the controls.
Biological nitrogen fixation was significantly improved as a result of inoculation. High fertility
soil resulted in higher nodulation in both legumes. In common bean, AFR 708 variety responded
better to inoculation than the GLP 2 and Lyamungu-85 variety while in soybean the early
maturing SB19 variety resulted in higher nodulation and growth. The results on quality testing of
the inoculants suggest that the inoculants in the market are varied in terms of quality and
therefore need for manufacturing companies to have a quality control system in the production
process. The response to inoculation also depends on the variety being grown and the soil
fertility status. Further work under field conditions is recommended to confirm these findings.
Keywords: Biological nitrogen fixation, Biofix, common bean, inoculant, soybean, Legumefix,
Rhizobia.
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3.2 Introduction

A major problem facing Kenya’s smallholder farmers is declining soil fertility as a result
of continuous cropping without sufficient replenishment of soil nutrients. This has led to
decreasing food productivity against an increasing population. Nitrogen is the most commonly
deficient crop nutrient. The demand for nitrogen in a deficient soil is normally achieved by the
use of chemical fertilizers. However, the high cost of mineral nitrogen fertilizers and their un-
availability at the required time are the two major constraints responsible for low fertilizer
nitrogen inputs (Yakubu et al., 2010). Legume improves the soil fertility through its ability to fix
atmospheric nitrogen in association with rhizobia. This emphasizes the importance of developing
alternative means by use of beneficial bacteria that are sustainable, environmentally friendly and
affordable. As such, biofertilizers containing rhizobia are an essential component of an integrated
soil fertility management strategy (Uribe et al., 2012).

Biological nitrogen fixation and grain yields of legumes are normally increased when
inoculated with effective and efficient strains of Rhizobium (Zarei et al., 2012). Rhizobium
inoculation in legumes stimulates growth and increases yields and is an alternative source to the
expensive commercial nitrogen fertilizers (Bambara and Ndakikemi, 2009; Morad et al., 2013).
Lesueur et al. (2012) reported that the utilization of effective good-quality rhizobial inoculants
by farmers has a real potential to improve legume yields in unfertile soils requiring high
applications of mineral fertilizers. They tested effective soybean commercial inoculants in
different locations in Kenya and found out that application of the rhizobial inoculants
significantly increased soybean yields in about 75% of the farms evaluated.

Masso et al. (2014) reported a lack of enough background information to substantiate the
potential benefits of biofertilizers for resource-poor small scale farmers in Sub-Saharan Africa
and therefore the need for continued evaluation (Jefwa et al., 2014). Also, most of the
biofertilizers fail to meet the quality standards acclaimed by the manufacturers (Mathu et al.,
2012; COMPRO-II, 2013a). Otieno et al. (2009) conducted a study to investigate the response
of grain legume to inoculation. Their results indicated an increasing trend of number of nodules
and nodular weight, seed yield and growth parameters with seed inoculation. Studies were
conducted by Giri & Joshi (2010) through application of rhizobium as a biofertilizer on nodule

formation and growth of chickpea and to evaluate the efficiency of seed inoculation for nitrogen
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fixation. They reported a 10.83% and 14.06% increase in total shoot and root length respectively
and 9.0% more germination as compared with control.

However, inoculation of legumes with rhizobial inoculants does not show positive
response to nodulation and crop growth at all instances because of a variety of biotic or abiotic
factors that affect nodulation of plants (Aung et al., 2013). For example, Mungai & Karubiu
(2010) reported unresponsiveness of common bean to inoculation with commercial rhizobial
inoculant (Biofix) in terms of shoot and root dry matter and biological nitrogen fixation. Legume
inoculants can sometimes fail because of poor quality, poor survival during storage and death on
the legume seed after inoculation. Some indigenous isolates have been found to be as good or
superior in nitrogen fixation effectiveness to commercial inoculant strains under greenhouse
conditions (Mungai & Karubiu, 2010). Mweetwa et al. (2014) also noted a lack of commercial
rhizobia inoculation responses in cowpea, soybean and groundnuts.

The uncertain performance of Rhizobium inoculants may explain the limited farmer
adoption despite their potential to reduce the mineral fertilizer requirement, and reduce cost of
production. Smallholders may benefit from good quality products that are correctly applied to the
appropriate crop under appropriate soil and crop management (Jefwa et al., 2014). There is
therefore need to validate the quality and the efficacy of these products under different soil
conditions to add knowledge on profitable technologies for adoption to the farmers. The
objectives of this study were twofold:

I.  To test the quality of three commercial inoculants (Biofix-soybean, Biofix- common bean
and Legumefix-Soybean) through cultural and biochemical characterization
ii. To test the effectiveness of Biofix and Legumefix inoculants on common bean and

soybean growth in two different soil types.

3.3 Materials and Methods
Three commercial products were tested for their quality in the laboratory and efficacy in

greenhouse using two different soil types.

3.3.1 Commercial Rhizobia inoculants
Commercial inoculants Biofix-Soybean, Biofix-Common bean from MEA Limited and

Legumefix- Soybean from United Kingdom were purchased. Biofix is the most available and

commonly used inoculant by farmers in Kenya and although legumefix is not produced locally,
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some early studies have shown Legumefix- soybean performing better than Biofix- soybean in
other part of the country (COMPRO II, 2013b). Three samples of Biofix from three different
batches each were purchased for the characterization purpose for both the Biofix-Soybean and
Biofix-Common bean. The Biofix packets purchased were 50 g pack sizes and the different
batches were used to study the consistency of quality during production of the inoculant. For the
Legumefix, one pack was used for the laboratory quality test to confirm the earlier findings by
Atieno et al. (2012).

3.3.2 Culturing on media and plate counting
The procedures in this work on isolation, characterization, testing for effectiveness of

bacteria was done following the guidelines from Somasegaran & Hoben (1994) and Woomer et
al. (2011a). The rhizobia in the inoculants were cultured on Yeast Extract Mannitol Agar
(YEMA). YEMA is a slightly selective Mannitol-based medium that favours the growth of
rhizobia (Mannitol (10gL™), K2HPO4 (0.5 gL™?), MgS04.7 H20 (0.2 gL™Y), Nacl (0.1 gL™?), Yeast
Extract (1.0 gL™), Agar (15 gL™) and pH adjusted to 6.8 and the YEMA cultures were placed in
an incubator at 28°C.

The 19 samples (nine of Biofix-common bean, nine of Biofix-soybean and one of
Legumefix) were serially diluted by weighing 1 g of the inoculant into 9 ml of sterile
physiological saline (9 g sodium chloride per litter of sterile water) up to 10 and 0.1 ml of each
dilution was poured and evenly spread on the culture media. The plates were incubated at the
optimum temperature of 28°C. Different bacterial colonies that grew on the same plate were
separated and re-cultured by streaking in new YEMA plates and incubated at the optimal
temperature. The isolated colonies were purified three times on YEMA media.

Different types of colonies formed by the bacteria present in the product were counted
separately using a counter and the initial concentration of each calculated. Only the plates with
about 30 to 300 isolated colonies were selected. The counting was done on pure plate culture
after restreaking. The concentration of the bacteria in the initial suspension was calculated as
follows (Olsen et al., 1996):

M =n*V/C
M: concentration of the initial suspension (number of cells per ml)
n: number of isolated colonies counted on the selected plate(s)

C: dilution (sum of dilutions / number of selected plates)
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V: spread volume (0.1 ml * number of selected plates)

3.3.3 Determining gram stain reactions of various bacteria
Thin smears of the various bacterial colonies were made and fixed by heat. Then the

smears were stained with crystal violet for 30 seconds, washed lightly with water and flooded
with iodine solution. After 30 seconds, the iodine solution was drained and the smear decolorized
with 95% ethanol for 10 seconds. Then it was counter stained with safranin 30 seconds. Finally,
it was washed with water, air dried and the preparation observed under an oil immersion. The
Gram stain procedure separates bacteria into two groups: Gram-positive and Gram-negative
organisms. Gram-positive organisms retain the crystal violet stain after treating with iodine and
washing with alcohol, and appear dark violet after staining. Gram-negative organisms lose the
violet stain after treating with iodine and washing with alcohol but retain the red coloration of the

counter-stain, safranin.

3.4 Effectiveness test of commercial products in the greenhouse

3.4.1 Plant material and soil
The test crops used were two soybean varieties; Nyala and TGx1740-2F (SB19) and three

common beans varieties; AFR 708 (Chelalang), Lyamungu-85(Tasha) and GLP 2 (Rosecoco).
Nyala is an early maturing soybean variety with an average on-farm yield of 700 kghalwith
large grain size. It can be intercropped with other crops and nodulates with specific strains of
rhizobia, while SB19 is a medium maturing variety with promiscuous nodulation and has high
grain and biomass yield with an average yield of 900 kgha® (ICRISAT, 2013). AFR 708 and
Lyamungu-85 varieties are newly released common bean varieties by Egerton University with
special attributes of being high yielding, pest and disease resistant. AFR 708 is reported to yield
more than the local checks (Njoka et al., 2009), that is, GLP 2 and Mwezi Moja (GLP 1004).
GLP 2 is a high yielding variety suitable for medium altitudes while Mwezi moja is a medium
yielder and suitable in dry areas (KALRO, 2008). Maize (H614D) was included as a reference
crop for biological nitrogen fixation (BNF) estimation. Nitisol (Chuka- S00°20.472°
E037°41.691°) and Andosol (Njoro- S00°23.723* E037°35.043”) soil were collected from the 0-
20 cm top layer, air-dried, sieved to pass 2 mm and thoroughly homogenized. Moisture content

(MC) at field capacity (FC) was determined to standardize water addition in the pot trials as
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described by Somasegaran & Hoben, (1994). The Andosol FC water content was determined to
be 483 ml while that of the Nitisol was found to be 520 ml.

Soil samples (20 cm depth) were collected at the beginning of the study from the two
sites for characterization of initial soil chemical properties. The soils were air-dried, prepared
and analysed using standard procedures as described by Okalebo et al. (2002). Soil pH was
determined using a glass electrode pH meter at 1:2.5 soil/water ratio. Available P was extracted
using the Mehlich-3 and determined using the ammonium vanadate method and amount
determined using a spectrophotometer. Organic carbon was determined by Walkley and Black
sulfuric acid— dichromate digestion followed by back titration with ferrous ammonium sulfate
whereas nitrogen was determined using the Kjeldahl method.

The common bean experiment consisted of three treatment; T1= Biofix, T2= Di-
ammonium phosphate (DAP) and T3= Control (No fertilizer, no inoculation), while the soybean
consisted of four treatments; Biofix, Legumefix, DAP and Control (No fertilizer, no inoculation).
Detailed treatment structure is shown in Table 3.1 and 3.2. The experiment was laid out in a
completely randomized design (CRD) with three replicates in the greenhouse and the pots were
rotated regularly on the benches to minimize the effect of shading.

Table 3.1: Treatment structure for testing commercial products in common bean

Factor treatment Description of treatment
Variety 3 AFR 708, Lyamungu-85 and Rosecocco
Soil type 2 Vitric Andosol and Rhodic Nitisol
_ Biofix, 1 negative(no inoculation, no Nitrogen) + 1
Inoculation 3 . ) ) )
positive control (no inoculation, + nitrogen source)
Reps 3

No. of pots 3x2x3x3=54
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Table 3.2: Treatment structure for testing commercial products in soybean

Factor treatments  Description of treatments
Variety 2 Nyala and SB 19
Soil type 2 Vitric Andosol and Rhodic Nitisol

Biofix, Legumefix, 1 negative (no inoculation, no
Inoculation 4 nitrogen) + 1 positive control (No inoculation, +
Nitrogen source)
Reps 3
No. of pots 2%x2x4x3=48

Maize for BNF estimation (2 soils x 1 variety x 3 replicates) = 6 pots

Total number of pots 48 + 6 = 54 pots

3.4.2 Soil preparation and product application
Pot volume used was 5.3 L (15.0 cm inner diameter and 30 cm length), and contained

different heights of soil for Njoro and Chuka soil respectively. Each pot was filled with 4 kg of
soil. The soils have different bulk densities and accounted for the different heights of soil-filled
tubes and this was done by putting the same amount of soil (4 kg) of the two soils but packing
them to different heights to ensure a similar bulk density. PVC tubes were closed at the bottom
using a nylon mesh, and placed on plastic plates.

Four grams of agricultural lime was applied to the pots containing the Nitisol one week
before planting which is equivalent to 2t ha lime required to raise the pH of such soil (Kisinyo
et al., 2014) in order to increase the efficiency of inoculation. Biofix and Legumefix were
applied based on manufacturer’s recommendations of 50 g of the inoculant to 15 kg of soybean
and 10 kg for common bean with large sized seeds. For the greenhouse experiment, 100 g of
soybean was coated with 0.3 g of the inoculant while 0.5 g of the inoculant was used to coat 100
g of the common bean. Immediately after coating, the seeds were spread on paper and allowed to
dry in a shady place. For the positive control, common beans received 12.2 kg Nha* (DAP at
67.5 kg ha!) to simulate farmers’ practices (Mungai & Karibiu, 2010) with each pot receiving
0.135 g while soybean received 22.5 kg N ha' (DAP at 125 kg ha®) recommended rate
(KALRO, 2006) at 0.25g per pot.
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3.4.3 Planting, nutrient addition, thinning and water addition
Seeds were surface-sterilized by soaking in 3.5% NaOCI solution for 5 minutes and then

thoroughly washed with distilled water. Three healthy seeds of uniform size were then planted
per pot, and thinned to one plant per pot of comparable height and vigour at 7 d after planting.
Uninoculated pots were planted before those with inoculated soybeans to avoid contamination
during planting. Basal nutrients were applied as minus-N solutions (750 mg K, 270 mg Ca, 165
mg Mg, 60 mg S, 36 mg Mn, 1.5 mg Zn, 0.6 mg Cu, 0.9 mg B, 0.15 mg Mo and 0.15 mg Co pot
1) (Somasegaran & Hoben, 1994). Stock solutions were diluted in 20 L of distilled water and 10
ml added to plants every two days. The pots were watered regularly to maintain the soil at field
capacity. The watering was done by taking three representative pots from each of the two soils
and weighing to determine the amount of water (average of the three) to bring the soil water
content back to FC.

3.5 Data collection

3.5.1 Determination of nodule number and nodule weight
At mid podding, plants were carefully uprooted from the pots and placed on sieves to

avoid loss of nodules during cleaning. The soil was then gently washed off the roots under a
stream of running tap water. The nodules were then carefully removed from the roots, counted

and weighed.

3.5.2 Determination of biomass yield, biologically fixed nitrogen and symbiotic efficiency
The above ground and root biomass were determined at mid-podding after drying to a

constant weight at 65 °C. Total nitrogen fixed was determined using the Nitrogen Difference
Method as described by Unkovich et al. (2008). In this method, legumes in all the treatments
were grown under greenhouse conditions alongside the non N fixing reference crop, maize
(Abdul-Latif, 2013). At mid podding, percent tissue N was determined in all plants using the
Kjeldahl method (Bremner & Mulvaney, 1982). The percent nitrogen fixed was then determined
by calculating the difference between the N in the legumes and that in the reference crop. The
symbiotic efficiency of the inoculation treatments was obtained by comparing the nitrogen
concentration in the inoculant treatment with the nitrogen content in the mineral N application

treatment.
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3.6 Data Analyses
Data were analysed using SAS Statistical Package Version 9.3 (SAS 2010). To determine
the effects due to inoculation, analysis of variance at 95% confidence limit was done and means
separated using the least significance difference (LSD) test.
Statistical model:
Yijki = p + ai + Bj + T« +Ri + afij + atik + o Prijk + Zijk
M = overall mean
ai = Effect due to the i variety
Bj = effect due to the j™" soil type
1k = Effect due to the k" treatment
Ri = Effect due to the 1" replicate
apij = Effect due to the i variety in the j™ soil
atik = Effect due to the i variety in the k™ treatment
aprijk = Effect due to the i variety with the k™ treatment in the j*" soil

Yijk = Random experimental error

Symbiotic efficiency was calculated using the following formula (Beck et al., 1993);
S.E. (%) = A/B %100
Where, S.E. = symbiotic effectiveness, A = the amount of nitrogen in the plant inoculated, B =

the amount of nitrogen in the nitrogen applied control (DAP).

3.7 Results

3.7.1 Plate culturing and colony counting
Legumefix showed one type of colony forming unit: rod shaped colonies and gram

negative. For Biofix (Soybean), all the three batches cultured showed one type of colony
morphology when plated on YEMA and YEMA/CR: opaque, rod shaped and gram negative.
Biofix for common beans presented a mixture of bacterial strains with some of the colonies
absorbing the Congo Red while other colonies were opaque which is characteristic of Rhizobia
strains (Figure 3.1). The results showed a variation in the colony forming unit (CFU)/g in the
products from batch to batch (Table 3.3).
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Table 3.3: Laboratory quality control of commercial plant growth promoting rhizobacteria

Product

Batch No

Package

Plate counting (Colony
forming unit) per g of
product) x 10°

Number

organisms

of

Biofix —

Soybean

22071302S

9.8

11

8.8

14011402S

8.3

7.1

9.3

01081302S

7.5

8.4

7.8

Biofx-

Common bean

08081302B

5.1

6.9

7.2

14011402B

6.2

6.8

5.8

27011402B

8.0

7.8
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Three different
colony
morphologies

Figure 3.1: Plate cultures of the products - A: Legumefix (107°), B: Biofix for soybean (10®) - C:
Biofix for common bean (10-%) showing three different colony morphologies, D:
Legumefix and E: gram stain reaction for Biofix-soybean.

3.6.2 Chemical properties of the study soils
The study soils varied in terms of pH with the soils from Chuka having a pH of 5.01

(moderately acidic) and Njoro soil having a pH value of 6.32 (slightly acidic). The Chuka soil
had low level of extractable P while the Njoro soils had sufficient amount of P. The total
nitrogen and organic carbon were moderate for the two soils (Okalebo et al., 2002; Mungai et al.,
2009) (Table 3.4). Chuka soil is characterized as a Rhodic Nitisol, while the Njoro soil is
characterized as Vitric Andosol (Jaetzold, 2005).

Table 3.4: Chemical properties of the study soils

Soil Depth pH (H20) Extractable P (mg Organic Carbon  Total

(cm) kg (%) Nitrogen (%)
Nitisol 0-20 5.01 14.0 2.46 0.16
Andosol 0-20 6.32 43.6 3.62 0.21

3.6.3 Effect of rhizobial inoculation on number of nodules of common bean
The nodule number per plant of common bean was significantly affected by the soil type

and the inoculation. There was no significant effect due to the varieties (Appendix I).
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However there was significant interaction among the soil, treatment and the varieties (Appendix
). In terms of soil type, Andosol recorded a significantly higher nodule number (112) than the
Nitisol (20) (Figure 3.2). Inoculation of the common bean varieties with Biofix also led to a
significant increase in the number of nodules (117 nodules) compared to the uninoculated control
(75 nodules) and the di-ammonium phosphate application (6 nodules).

In the soil by variety by inoculation interaction, Biofix had a significant effect on
nodulation of common bean varieties in the Andosol with AFR 708 and GLP 2 variety having
significantly higher nodule numbers than Lyamungu-85. Also, in Andosol inoculation of
Lyamungu-85 variety with Biofix did not increase the nodule number compared to the control.
However, in Nitisol, inoculation of Lyamungu-85 variety with Biofix led to significantly higher

nodule numbers than the control (Figure 3.2).
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Figure 3.2: Interactive effect of soil*variety* inoculation on the number of nodules per plant in
common bean. Error bars represent standard error of the means; DAP- Di-
Ammonium Phosphate

3.6.4 Effect of rhizobial inoculation on nodule fresh weight of common bean
The nodule weight of common bean was significantly affected by the soil, variety and

inoculation. Also significant interactions effects of soil*inoculation, variety*inoculation and
soil*variety*inoculation were observed (Appendix I). Andosols recorded a higher nodule weight

(1.46 g) than the Nitisol (0.54 g per plant) in beans. Inoculation of common beans with Biofix
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led to significantly higher nodule weight (2.09 g) than the uninoculated control (0.84 g). Di-
ammonium phosphate application recorded the least nodule weight. The varieties also responded
differently with AFR 708 recording the highest nodule weight (1.29 g) that was significantly
different from the Lyamungu-85 variety (0.58 g), but not from GLP 2 (1.14 g). In the Andosol,
GLP 2 variety recorded the highest nodule fresh weight and was significantly different from the
Lyamungu-85 variety (Figure 3). In the Nitisol however, AFR 708 variety recorded the highest
nodule fresh weight following inoculation compared to GLP 2 and Lyamungu-85 varieties
(Figure 3.3).

In the three-way interaction, Biofix had a significant effect on the nodule weight of the
common bean varieties in Andosols with AFR 708 and GLP 2 variety having significantly higher
nodule weight compared to the Lyamungu-85 variety. Also, in Andosols inoculation of
Lyamungu-85 variety with Biofix did not increase the nodule weight compared to the control.
However, in the Nitisol, inoculation of Lyamungu-85 variety with Biofix led to significantly

higher nodule weight over the control (Figure 3.3).
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Figure 3.3: Interactive effect of soil, variety and inoculation on nodule weight of common bean.

Error bars represent standard error of the means; DAP- Di-Ammonium Phosphate

3.6.5 Effect of rhizobial inoculation on shoot dry weights of common bean
For the common bean, there was significant effect due to the soil type, inoculation,

soil*variety and soil*inoculation interaction. However, there was no significant difference
among the varieties, variety*inoculation interaction and soil*variety*inoculation interactions

(Appendix 1). The Andosol recorded a significantly higher shoot dry weight (13.37 g) than the
35



Nitisol (8.33 g). In terms of the inoculation effect, DAP application recorded the highest shoot
weight (14.08 g) that was significantly higher than the Biofix inoculation and the uninoculated
control. Additionally, inoculation with Biofix (11.94 g) significantly increased the shoot dry
biomass compared to the uninoculated control (6.53 g).

In the soil by variety interaction, the three common bean varieties had a higher shoot dry
weight in the Andosol compared to the Nitisol. In the Andosol, AFR 708 variety performed
better than Lyamungu-85 variety but no significant difference was noted between AFR 708 and
GLP 2 variety. However, in the Nitisol, GLP 2 and Lyamungu-85 varieties performed better than
AFR 708 variety (Figure 3.4 A). In terms of the soil by treatment interaction, Biofix inoculation
led to a significantly higher shoot dry weight in the Andosol compared to the Nitisol. The
increase in shoot dry weight due to Biofix inoculation over the control was more pronounced in
the Nitisol (330.1%) compared to the Andosol (19.6%). Di-Ammonium Phosphate application
recorded the highest shoot dry weight in both soils types (Figure 3.4 B).

A B Andosol & Nitisol B B Andosol & Nitisol
£ 200 =%
2 5 =
S 150 515 2
(=2}
= 100 Elo
® 50 3
=
0.0 =5
©
S 0
D = Lo
_ & n Biofix Control  DAP
Variety Inoculation

Figure 3.4: Interactive effect of soil*variety (A) and soil*inoculation (B) on the shoot dry
weight (SDW) of common bean. Error bars represent standard error of the means;
DAP- Di-Ammonium Phosphate

3.6.6 Effect of rhizobial inoculation on root dry weights of common bean
For the common bean, the root dry weight was significantly affected by the soil type and

the treatment. However, there was no significant effect due to the variety and the interactions of
the variety and the inoculation (Appendix 1). In the Andosol, DAP application recorded a

significantly higher root dry weight (7.6 g) than the Biofix inoculation and the control. However,
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the inoculation of the bean with Biofix led to a significantly higher root dry weight (5.6 g) than
the control (4.0 g) (Figure 3.5). In the Nitisol Biofix inoculation of common bean with Biofix
significantly increased the root dry weight compared to the uninoculated control. However there
was no significant difference between the Biofix inoculation and the DAP application (Figure
3.5).

B Control BBiofix EDAP

9.0
8.0 .
7.0

6.0 i}
5.0
4.0 —F— \
3.0
2.0
1.0
0.0

-

.

Andosol Nitisol
Soil type

Root dry weight (g/plant)

Figure 3.5: Effect of soil type and inoculation on the root dry weight of common bean. Error

bars represent standard error of the means.

3.6.7 The effect of inoculation on plant tissue N, biological nitrogen fixation and symbiotic
effectiveness of common bean
The plant tissue N content and the BNF were significantly affected by inoculation. The variety,

soil and the interactions were however not significant (Appendix I). Inoculation of common bean
with Biofix significantly increased the tissue nitrogen compared to the control. DAP application
recorded the highest plant tissue nitrogen. In terms of BNF, Biofix inoculation significantly fixed
more nitrogen compared to the uninoculated control. However, the symbiotic efficiency of
Biofix inoculation was less than 100% (Table 3.5).
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Table 3.5: Effect of inoculation on plant nitrogen content, biological nitrogen fixation (BNF)

and symbiotic efficiency (SE) of common bean

Treatment Plant Nitrogen BNF Symbiotic Efficiency
(mg/g) (kg/ha) (%)

Biofix 36.9b 29.3a 79

Control 27.8¢c 17.9b -

DAP 46.5a - -

LSD a=0.05 7.1 7.1 -

Means followed by the same letter within a column are not significantly different at a = 0.05

3.6.8 Effect of rhizobial inoculation on number of nodules of soybean
The number of nodules of soybean were significantly affected by the variety, treatment

and variety*inoculation interaction. The soil type had no significant effect on the nodulation of
soybean (Appendix I1). The SB19 variety recorded a significantly higher number of nodules per
plant (20 nodules) than the Nyala variety. Legumefix recorded significantly higher nodules (29
nodules) than Biofix (22 nodules), the uninoculated control (16 nodules) and the DAP
application. Biofix also recorded significantly higher nodules than the uninoculated control. In
the variety by treatment interaction SB 19 variety recorded significantly higher nodule numbers

than the Nyala variety when inoculated with Legumefix and Biofix (Figure 3.6).
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Figure 3.6: Interactive effect of variety*inoculation on the number of nodules plant of soybean.

Error bars represent standard error of the means; DAP- Di-Ammonium Phosphate
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3.6.9 Effect of rhizobial inoculation on nodule weight of soybean
The nodule weight of soybean was significantly affected by the soil and inoculation but

the variety did not have a significant effect on the nodule weight (Appendix Il). Soybean
recorded a significantly higher nodule weight (122.1 mg) in Andosols compared to Nitisols (62.4
mg). Legumefix inoculation recorded the highest nodule weight (189.1 mg) compared to the
uninoculated control (77.9 mg) and the DAP application (2.08 mg). There was significant
difference in nodule weight for soybean inoculated with Legumefix and Biofix in both the soil
tpes Application of DAP suppressed the nodule fresh weight in both soils and varieties tested in
both the Andosol and the nitisol (Figure 3.7).
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Figure 3.7: Effect of soil type and inoculation on the nodule fresh weight of soybean. Mean
followed by the same letter for each section are not significantly different at 0=0.05.

DAP- Di-Ammonium Phosphate

3.6.10 Effect of rhizobial inoculation on shoot dry weights of soybean
In soybean, there was a significant difference in shoot dry weight between the soil type,

variety and among the inoculation. There was also a significant soil*variety interaction on the
shoot dry weight (Appendix II). In the Andosol, inoculation with Legumefix recorded a
significantly higher shoot dry weight than the control. However, there was no significant
difference between the Biofx application and the control (Figure 3.8A). In the Nitisol,

inoculation of the soybean with Legumefix and Biofix led to significantly higher shoot dry
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weight than the control (Figure 3.8A). In terms of variety, SB19 recorded a significantly higher
shoot dry weight (7.52 g) than the Nyala variety (4.34). In the soil*variety interaction, SB 19
variety recorded significantly higher shoot dry weight in both the Andosol and the Nitisol
compared to the Nyala variety in both the soil types (Figure 3.8B).
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Figure 3.8: Effect of soil*inoculation (A) and the soil*variety interaction (B) on the shoot dry
weight of soybean. Mean followed by the same letter are not significantly different

at a=0.05. Error bars represent standard error of the means

3.6.11 Effect of rhizobial inoculation on root dry weights of soybean
The root dry weight of soybean was significantly affected by the soil type, variety,

treatment and soil*variety interaction (Appendix Il). Similarly, in soybean; the Andosol recorded
a significantly higher root dry weight (3.25 g) compared to the Nitisol (0.89 g). The SB19 variety
recorded a significantly higher root dry weight than the Nyala variety. Inoculation of soybean
with Legumefix and Biofix did not increase the root dry weight compared to the uninoculated
control (Figure 3.9A). The highest root dry weight was recorded due to the addition of DAP
across the varieties and soils. In the soil*variety interaction, SB 19 variety recorded significantly

higher root dry weight in both the soils compared to the Nyala variety (Figure 3.9B).

40



é\ 3.5 a B o Andosol & Nitisol
E 3 m =g
=S 25 ab kS
2 9 ab £ 5
= b 2 -
> 15 £ 4 e
5 05 > SR
S 0 S 2 - o
¢l s o ¢ o & b L

" & ° QQ&' 0 :':3:3@ SN

N
Nyala SB19
Inoculation Variety

Figure 3.9: Effect of inoculation (A) and the soil*variety interaction (B) on the root dry weight
of soybean. Mean followed by the same letter are not significantly different at

a=0.05. Error bars represent standard error of the means

3.6.12 Effect of inoculation on plant tissue N, biological nitrogen fixation and symbiotic
effectiveness of soybean
For the soybean, the plant tissue N and the BNF were significantly affected by the

treatment. The variety, soil and the interactions were however not significant (Appendix II).
Inoculation increased the tissue nitrogen compared to the control. Legumefix inoculation
recorded a significantly higher nitrogen level compared to the uninoculated control. However, no
significant difference was noted when compared to the Mineral N application and Biofix
inoculation. Additionally, inoculation of soybean with Legumefix fixed a significantly higher
nitrogen level compared to the uninoculated control and recorded a symbiotic efficiency of
105.6% that was higher than 100% compared to Biofix inoculation that recorded a symbiotic
efficiency of 88.1% (Table 3.6).
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Table 3.6: Effect of inoculation on plant nitrogen content, Biological nitrogen fixation (BNF)

and symbiotic efficiency (SE) of soybean

Treatment Plant Nitrogen BNF Symbiotic Efficiency
(mg/g) (kg/ha) (%)

Biofix 46ab 40.5ab 88

Legumefix 55a 51.9a 105

Control 38b 31.1b -

Mineral N 52ab - -

LSD a=0.05 14 14 -

Means followed by the same letter within a column are not significantly different at a = 0.05

3.7 Discussion

3.7.1 Quality of inoculants
The three products showed variation in their quality especially Biofix for common bean

which had more than one type of microorganism. The company producing the inoculants tested
in this study did not give information on the exact composition of the products and thus the
strains were not obviously ‘contaminants’ (Herrmann et al., 2010). Mathu et al. (2012) reported
more than one strain of microorganism in the product tested (Biofix for cowpea). Also, Biofix
704 and 2447 for green gram revealed that the product did not contain Bradyrhizobia strains. In
addition, Biofix inoculants have been shown to carry additional contaminating microbes, which
may interfere with the survival of rhizobia and subsequent root nodulation (Balume, 2013). The
presence of multiple strains, some of which may not be rhizobia raises concern about the quality
(Mathu et al., 2012). Study by Hassen et al. (2014) on the viability and shelf life of commercial
inoculants also indicated that the inoculant products available on the market are sub-standard
soybean inoculants products and this may have led to nodulation failure. The study by Hassen et
al. (2014) also showed that a wide variety of soybean inoculants with strains of Bradyrhizobium
other than the recommended WB74 strain are being manufactured and/or imported by different
companies to be sold to the South African farmers. The two products analyzed in this study
showed higher values than the minimum number (CFU/g) that is required for inoculants in most

parts of the world of 10° microorganisms per gram of a product (Woomer et al., 2011b). This
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may be an indication of good quality inoculants with high cell numbers (Atieno et al., 2012; KEBS,
2015).

3.7.2 Inoculation effect on nodulation of common bean and soybean
In the present investigation rhizobium inoculation of common beans and soybean

significantly increased the nodule number per plant compared to the uninoculated control. This
may be due to the presence of adequate rhizobia strains in the root rhizosphere which initiated
the formation of the nodules. The result of this study was in accordance with earlier finding by
Tahir et al. (2009) who reported increase in soybean nodule numbers and nodule dry weight
from 73 to 125 and 1.36 g to 1.53 g respectively by inoculation alone.

There was a variation in nodulation of soybean following inoculation with Legumefix
and Biofix with Legumefix recording higher nodulation than Biofix inoculation. Results of
nodulation among the inoculants indicate that the strains in Legumefix could be of higher quality
in terms of efficiency and effectiveness than in Biofix. A study by Aliyu et al. (2013) showed
that some of the rhizobia strains used in the trials did not show significant difference from
control while others recorded even lower nodulation. The Common bean and soybean had
nodules even without inoculation in Andosol. This indicates that the soil contains native rhizobia
that nodulated the legumes (Chemining’wa et al., 2004). Nodulation observed in control plots
indicates that native common bean and soybean rhizobia in the soils are compatible with
varieties tested.

This study found that N fertilizer application significantly reduced the number of nodules
and nodule fresh weight per plant. This indicates the preference of host plant to utilize available
N added to the soil which requires less energy than fixing N from the atmosphere. Muhammad
(2010) and Van der Bom (2012) also reported that application of nitrogenous fertilizer resulted in
reduction of nodules number and rate of nitrogen fixation in soybean. Inhibitory effect of added
nitrogen fertilizer to nodulation had been reported by Otieno et al. (2009), Bekunda et al. (2010)
and Thuita et al. (2012).

3.7.3 Effect of inoculation on shoots and root dry weights of common bean and soybean
It has also been reported that nodule number, dry weight and soybean shoot yield

increased when seeds inoculated with Rhizobium (Javaid & Mahmood, 2010; Musyoki et al.,
2011). Otieno et al. (2009) also reported similar results that rhizobial inoculation significantly

increases nodule number and dry weight in studied legume species compared to application of
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farmyard manure and N-fertilizer. Lamptey et al. (2014) reported that soybean seeds inoculated
with commercial Rhizobium inoculants (Legumefix) established better grew more vegetatively,
produced higher shoot biomass and nodulated more vigorously.

The results from this study also indicated that the rhizobial inoculants did not
significantly increase the shoot and root dry weight compared to the control. This is explained by
the fact that enhanced growth of the legumes is mainly due to nitrogen fixed by rhizobia
(Mweetwa et al., 2014). Another factor that may have resulted in no inoculation response is the
quality of inoculants used. Similarly, other authors have reported inability of inoculation with
Biofix and other rhizobial inoculant to result in significant increase in shoot dry biomass in
common bean, soybean, cowpea and greengram over the control (Mungai & Karubiu, 2010;
Mathu et al., 2012 and Gitonga et al., 2010).

3.7.4 Effect of soil fertility status on inoculation
The present study also revealed different inoculation effect depending on the type of soil

with the Nitisol being more responsive to inoculation than the Andosol. Success of rhizobia
inoculation is highly site specific and depends on a number of interactions including
environmental, soil and biological factors (Argaw, 2012). Soil factors that influence plant and
rhizobial growth include acidity, temperature, moisture, fertility influence infection and
nodulation of legumes (Cooper & Schere, 2012). This may be as a result of high N level in the
Andosol compared to the Nitisol and this may have hindered the legumes in responding to
rhizobia inoculation as much as the Nitisol. When the soil N levels are high the legume will use
the readily available N rather than fix nitrogen through the BNF process. Soil pH has been
widely reported to influence nodulation because it can induce deficiency in some essential
nutrients (Giller, 2001) such as P. Aliyu et al. (2013) reported a difference in inoculation effect
of soybean in an Ultisol and Inceptisol. This study shows that soils varying in fertility status will
respond differently to rhizobial inoculation. There is therefore need to supplement the soil with
other nutrients such as P and starter nitrogen and also need of liming acidic soils to reduce

deficiency of other plant nutrients.

3.7.5 Effect of common bean and soybean varieties on the response to inoculation
The common bean and soybean varieties tested showed a variation in their response to

inoculation. This may be attributed to the genetic makeup of the varieties. Cultivar variation

affects levels of nitrogen fixation in many legume crop species, and in some crops particular
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combinations of strain and cultivar have been shown to be especially efficient at fixing nitrogen.
There are varying reports on the interaction between variety and strain in soybean (Solomon et
al., 2012; Mhango, 2015). SB19 responded well to inoculation compared to Nyala variety and
this may be due to the SB19 being a promiscuous variety and Nyala being a specific nodulating
soybean variety and SB19 could have been nodulated by other rhizobium species in the soil.
Thuita et al. (2012) and Atieno et al. (2012) working with the two varieties in soils from Central
and Coast province of Kenya also reported similar results with SB19 responding to inoculation
more than Nyala variety.

In the common beans varieties uninoculated Lyamungu-85 variety was able to form more
nodules than those that had been inoculated with Biofix in the Andosol while in GLP 2 and AFR
708 variety the inoculated had more nodules than uninoculated in the same soil. These results
suggested that different varieties of beans had preference for certain rhizobia and indigenous
rhizobia strain were better than inoculant strains for the Lyamungu-85 variety in the Andosol.
This is in line with what was reported by Gicharu et al. (2013) working on three climbing bean
cultivars who showed variation in nodulation of the cultivars in response to inoculation with

rhizobial strains.

3.7.6 Effect of inoculation on biological nitrogen fixation and symbiotic efficiency of the

inoculants

Plant tissue analysis from this study also revealed that inoculation of common bean and
Soybean with Biofix did not significantly increase shoot nitrogen over the control. Previous
studies assessing the response of several legumes to inoculation with Biofix revealed that there
was generally no significant increase in the amount of total nitrogen accumulated with
inoculation (Mungai & Karubiu, 2010; Khafa, 2013 and Mweetwa et al., 2014) on inoculation of
bean genotypes. Others studies also found indigenous Rhizobium strains to be highly effective

symbiotic N fixers than introduced commercial inoculants (Evans, 2005; Yadav et al., 2011).

In soybean, variation in tissue N and biologically fixed N was observed between the
Legumefix (soybean) and Biofix (soybean) inoculation. The symbiotic efficiency of Legumefix
inoculant was greater than that of Biofix inoculation. This indicates the presence of strains with a
high potential in the Legumefix compared to the Biofix showing that some inoculant strains are
of higher quality than others. Rhizobia strains of different origin vary in their symbiotic
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efficiency (Zaman-Allah, 2007). Additionally, the biologically fixed N was significantly higher
than the control though the response depended on the legume (COMPRO II, 2013c). The
approach of using effective or superior exotic rhizobia strains as inoculants has failed in various
environments due to various reasons including the use of ineffective and non-competitive
rhizobia strains as inoculants (Slattery et al., 2004). The total nitrogen accumulated by legumes
has previously been shown to reduce with Biofix inoculation. For example, a 4.13% reduction
was observed in groundnuts (COMPRO 11, 2013c).

3.8 Conclusions

The products tested contained adequate number of viable microorganisms. However, for
Biofix (Common bean) there is need to specify the different microorganisms found in the
product since it has positive effect on plant and can coexist with the rhizobia strain.

Rhizobia inoculation of common bean seeds resulted in enhanced nodule numbers and
weight in genotypes tested across the soil types except for Lyamungu-85 variety in Andosols.
This indicates importance of testing genotypes in various locations to improve selection of
genotypes for the required trait they have been tested for. In this study, Legumefix performed
better than Biofix in enhancing soybean nodulation.

For the greenhouse evaluation, the results of the study indicated that the products
generally had positive influence on the measured parameters compared to control and thus
inoculation would be beneficial in improving productivity of common bean and soybean as
assessed using nodulation and shoot and root biomass. Additionally, field testing is required to

determine whether improvement to growth would result in yield increase.
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CHAPTER FOUR: IDENTIFICATION OF NODULE ENDOPHYTIC PHOSPHATE
SOLUBILIZING BACTERIA AND CO-INOCULATION OF RHIZOBIA STRAINS
AND PHOSPHATE SOLUBILIZING BACTERIA FOR COMMON BEAN
PRODUCTION IN LOW PHOSPHORUS SOIL

4.1 Abstract

Nitrogen (N) fixation by legume-rhizobium symbiosis is important to agricultural
productivity and is therefore of great economic interest. Growing evidence indicates that other
soil beneficial bacteria can positively affect symbiotic performance of rhizobia. The effect of co-
inoculation of rhizobium and phosphate solubilizing bacteria (PSB), on nodulation and growth of
common bean (Phaseolus vulgaris L.) was investigated using a low phosphorous soil under
greenhouse conditions. PSB strains Paenibacillus polymyxa and Bacillus megaterium were
isolated from common bean nodules from Nakuru County in central Rift Valley in Kenya. The
PSB strains, two rhizobia strains (IITA-PAU987 and IITA-PAU983) and one reference rhizobia
strain (CIAT 899) were used in this study. Two common bean varieties were inoculated with
Rhizobium strains singly or in a combination with PSB to evaluate the effect on nodulation and
growth parameters. The experiment was laid out as a completely randomized design with three
replicates. Co-inoculation of ITA-PAU987 + B. megaterium recorded the highest nodule weight
(405.2 mg) compared to IITA-PAU987 alone (324.8 mg), while CIAT 899 + B. megaterium
(401.2 mg) compared to CIAT 899 alone (337.2 mg). CIAT 899 + B. megaterium recorded a
significantly higher shoot dry weight (7.23 g) compared to CIAT 899 alone (5.80 g). However,
there was no significant difference between CIAT 899 + P. polymyxa and CIAT 899 alone.
Combination of ITA-PAU987 and B. megaterium led to significantly higher shoot dry weight
(6.84 g) compared to IITA-PAU987 alone (5.32 g) but no significant difference was observed
when co-inoculated with P. polymyxa. 1HTA-PAU983 in combination with P. polymyxa led to
significantly higher shoot dry weight (7.15 g) compared to 1ITA-PAU983 alone (5.14 g). There
was a significant contrast between the co-inoculation with rhizobia strains and PSB compared to
single rhizobia inoculation on the root dry weight. These results indicate that co-inoculation of
PSB and rhibozia has a synergistic effect on the growth and they can be used in improving

biofertilizers formulation for common bean production. Testing of the plant growth promoting
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rhizobacteria under field conditions will further elucidate their effectiveness on grain yield of
common bean.

Keywords: Phaseolus vulgaris L., plant growth promoting rhizobacteria, phosphate solubilizing
bacteria, rhizobia

4.2 Introduction

Nitrogen (N) and phosphorus (P) are the most limiting nutrients for plant growth.
Phosphorus is generally deficient in most of the soils due to its ready fixation (Collavino et al.,
2010). Inadequate P restricts root growth, photosynthesis, translocation of sugars, and other such
functions, which directly or indirectly influence nitrogen fixation by legume plants (Olivera et
al., 2004).

The replenishment of N and P nutrients is mostly done through application of inorganic
fertilizers to the soil. However, prices of nitrogen and phosphatic fertilizers have increased in
many third world countries. Therefore, it is very challenging for farmers to supplement N and P
fertilizers in the soil to avoid the nutrient deficiencies. Given the negative environmental impacts
of chemical fertilizers and increasing costs, utilization of phosphate solubilizing bacteria (PSB)
is advantageous for sustainable agricultural practices. Thus, one area of increasing interest is the
use of microorganisms with the ability to solubilize mineral and organic P (Shiri-Janagard et al.,
2012). The association between PSB and plant roots plays a key role in P nutrition in many
agroecosystems, particularly in P-deficient soils (Goldstein, 2007; Jorquera et al., 2008). The use
of microbial inoculants possessing P-solubilizing activities in agricultural soils is considered as
an environmental-friendly alternative to further applications of chemical based P fertilizers.

Symbiotic and non-symbiotic bacteria have been isolated from the root nodules of a wide
range of legumes (Zakhia et al. 2006; Kan et al. 2007; Li et al. 2008 and Pandya et al., 2015).
Bacillus is attractive as a potential inoculant in agriculture, as it produces very hardy spores that
can survive for prolonged periods in soil and in storage containers (Araujo, 2008). The
inoculation of plants with selected PSB to increase native population can mobilize P from poorly
available sources and therefore improve plant nutrition (Guifiazu et al., 2010). Increased growth
and P uptake have been reported for Paenibacillus polymyxa and B. megaterium in tomato (ElI-
Yazeid & Abou-Aly, 2011).
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Growth and yield of legumes have been shown to increase with inoculation with rhizobia.
This can be further enhanced by inoculating them with co-cultures of rhizobia and the PSB
especially in P deficient soil conditions. Co-inoculation with P-solubilizing bacteria and
Rhizobium stimulated plant growth more than their separate inoculations (Walpola & Yoon,
2013). Bai-YuMing et al. (2003) reported that co-inoculation of Bacillus strains in soybean
plants with Bradyrhizobium japonicum provided the largest increases in nodule number, nodule
weight, shoot weight, root weight, total biomass, total nitrogen and grain yield. Results by Tariq
et al. (2012) showed that non-rhizobial plant growth promoting bacteria improve nodulation and
grain yield of the legumes upon co-inoculation with crop specific rhizobia. Remans et al. (2007)
also reported an increased ability of Rhizobium isolates nodulation on bean plants as the result of
phosphate solubilizing bacteria co-application. Silva et al. (2007), found specific nodulation
stimulus and increase in root dry matter in Vigna unguiculata co-inoculated with
Bradyrhizobium sp. and Paenibacillus polymyxa (Loutit (L) and Bacillus sp. (LBF-410).
Similarly, endophytic plant-growth promoting bacteria and nitrogen-fixing Rhizobium species
have been found to work in synergy to promote nitrogen fixation efficiency in lentils (Veena &
Poonam, 2011).

The PSB which increases the efficiency of the Rhizobium species in one legume does not
necessarily do the same in other legumes. For example, the strain Bacillus sp. CECT 450
increased nodulation in common bean when co-inoculated with Rhizobium tropici CIAT 899, but
it reduced nodulation in soybean when co-inoculated with USDA 110 strain (Camacho et al.,
2001). Similarly, in a study by Elkoca et al. (2012) it was noted that except for OSU-142 + M-3,
inoculation with dual and triple mixtures with Rhizobium, OSU-142, and M-3 had no significant
effect on common bean yield compared with single inoculations of these bacteria. The variable
responses to co-inoculation underscores the need to find appropriate rhizobia strain and
phosphate solubilizing bacteria which will enhance growth of common bean and soybean under
low phosphorus levels.

In Kenya, much emphasis in bio-fertilization of legumes has been put on rhizobia
inoculation. Although the role of phosphorus fertilizers in nodulation, nitrogen fixation and
growth of soybean has been reported information is scanty regarding the role of phosphate-

solubilizing bacteria in phosphorus bioavailability, growth promotion and also their interaction
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with No-fixing bacteria. The isolation of native root endogenous PSB has not been reported in
Kenya and their influence on growth promotion of common bean have not been documented.
The present study was therefore designed to (1): isolate and identify PSB from common bean
root nodules and (2): evaluate the effect of co-inoculation of Bacillus sp and Rhizobium sp for

improving growth and nodulation of common beans in a low P soil.

4.3 Materials and methods

4.3.1 Isolation and identification of PSB
The experiment was conducted in pots in the greenhouse using soils from different

locations of Nakuru County to trap bacteria from the soil using common bean (Lyamungu-85
variety) as a trap crop. Five soils (from Rongai, Bahati, Ngata, Egerton and Lare regions in
Nakuru County) of medium fertility were used. Soils were obtained from fields in which
common bean had recently been cultivated. Top soil was sampled from different points in the
farm and mixed to obtain a composite sample. The soils were air dried and sieved through 2 mm
sieve. Two kilograms of each soil were weighed into white, perforated plastic pots (volume = 2.5
L), and placed on plastic plates. New common bean variety Lyamungu-85 was used as the trap
crop. The pot trials were laid out following a completely randomized design with 3 replicates (5

soils x 3 replicates = 15 pots).

4.3.2 Seed sterilization, planting and thinning
Seeds were surface-sterilized by soaking in 3.5% NaOCI solution for 5 minutes, then

thoroughly washed with sterile, distilled water. Three pre-selected healthy seeds of uniform size
were then planted per pot, and thinned to one plant per pot of comparable height and vigor
between 1 — 2 weeks after planting. Plants were watered daily using distilled water, and twice
daily (when necessary) during later growth stages to avoid water stress to maintain the soil at
field capacity.
4.2.3 Basal nutrient addition

Macronutrients P, K, Mg, Ca, and S, and micronutrients Mn, Zn, Cu, B, Mo, and Co were
added at optimal rates (750 mg K, 270 mg Ca, 165 mgMg, 60 mg S, 36 mg Mn, 1.5 mg Zn, 0.6
mg Cu, 0.9 mg B, 0.15 mg Mo and 0.15 mg Co pot™?) to allow conditions for the rhizobia to

demonstrate their maximal capacity to enhance N nutrition. The standard nutrient solution was
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prepared as described by Broughton & Dillworth (1971) and 10ml added at planting and 10 ml

three weeks after planting in each pot.

4.3.4 Harvesting
Crops were grown under greenhouse conditions until flowering stage of growth (7-8

weeks). At harvest, shoots were cut using a clean, sharp knife at 1 cm above the soil surface.
Thereafter, the pots were emptied on a 2 mm sieve and soil was washed away gently to isolate
the roots. Nodulation and fresh total root weight were assessed. Nodule samples were taken for

laboratory analysis.

4.3.5 Laboratory isolation of nodule endophytes strains
The nodule endophyte strains were isolated from crushed nodules stored at —20° C in

glycerol by streaking onto yeast mannitol agar (YMA) plates (Vincent, 1970). Purity of colonies
was checked for by repeated streaking on YMA plates and by microscopic examination of living
cells. Microscopic observations were performed to investigate some characteristics of the isolates
such as shape and gram reaction. Catalase test was also carried out where bacterial cultures (24
h) were used. Single bacterial colony was placed on glass slide and a drop of 30% hydrogen
peroxide (H202) was added. Appearance of gas bubbles indicated the presence of catalase

enzymes in the bacteria.

4.3.6 DNA extraction
DNA was extracted from seven isolates that showed positive results for the PSB as

described by Wilson (1987). Liquid culture from the isolation step (1.2 ml) was centrifuged for 5
min at 13000 rpm at room temperature. The supernatant was poured out and the pellet suspended
by adding 500 ul of TE 1 X. The suspension was then centrifuged for 5 min at 13000 rpm at
room temperature and the supernatant poured out. The pellet was re-suspended in 540 ul of TE 5
X and incubated for 15 min at 70°C. Two microliters of proteinase K, 30 ul of 10% SDS (w/v)
were added and incubated for 15 min at 70°C. Six hundred microliters of phenol:
chloroform:isoamylalcohol 25:24:1 (v/v/v) was added and centrifuged at 13000 rpm for 5 min at
room temperature. The supernatant was transferred to a clean tube and extracted with an equal
volume of choloroform: isoamylalcohol 24:1 (v/v) to remove residual phenol. It was centrifuge
for 5 min at 13000 rpm at room temperature, and the supernatant transferred into another clean
Eppendorf tube and the volume noted. The DNA was precipitated by the addition of 100 ul of
ice-cold isopropanol and incubated overnight at -20°C. The precipitated DNA was centrifuged
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for 5 min at 13000 rpm at 4°C, the supernatant poured out the pellet cleaned with 500 ul of 70%
Ethanol. It was then centrifuge for 10 min at 13000 rpm at 4°C and the supernatant poured out.
The pellet was air dried and then dissolved in 50 ul double distilled water and stored at -20°C for
further analysis (COMPRO-I11, 2014).

4.3.7 Molecular characterization of strains
The 16S-23S rDNA intergenic region was amplified through PCR. Primers used for

amplification were 27F (5’AGAGTTTGATCCTGGCTCAG3”) and 1492R
(5’TACGGCTACCTTGTTACGACTT 3’) (Lane 1991). The PCR mix for one sample included:
PCR master 12.5 pl, Forward primer 27F 1 pl, Reverse primer 1 pl, sterile distilled water 7.5 pl
and 3 ul DNA template. Amplification was performed in a Bio-Rad PCR system thermal cycler
adjusted to the following program: initial denaturation for 5 min at 94 °C, 35 cycles of
denaturation for 30 sec at 94 °C, annealing for 30 sec at 58 ‘C, extension for 30 sec at 72 "C and
final extension for 7 min at 72 °C. The PCR products were visualized by electrophoresis of 3 pl
of the amplified DNA on 1% (w/v) horizontal agarose gel (SIGMA®) in TBE buffer (1.1 w/iv
Tris-HCL; 0.1% w/v Na;EDTA 2H,0; 0.55% w/v Boric acid), pre-stained with 3.5 ul of
ethidium bromide. The gel was photographed under UV illumination with Gel Doc (BIO-RAD)

Software (USA). Products with a single band were selected as suitable for purification.

4.3.8 Purification of PCR product and sequencing
GeneJET PCR Purification Kit was used to purify the DNA. This kit includes binding

buffer, washing buffer and elution buffer. PCR product was mixed well with binding buffer in a
ratio of 1:1, centrifuged for 30 sec at 13000rpm and flow through was discarded. Then, 700 pul of
washing buffer were added each to the mixture and centrifuged for 30 sec at 13000 rpm and
flow-through was discarded. Then the PCR product was centrifuged for 30 sec at 13000 rpm to
get rid of all the ethanol. Finally, 50 pl of elution buffer was added, centrifuged for 1min at
13000rpm and purified PCR products were collected. The purified PCR product was submitted

for sequencing.

4.4 Co-inoculation effect of the PSB with rhizobia strains on growth of common bean

4.4.1 Plant material and pot volume
The test crop used was common beans; AFR 708 (AFR 708) and GLP 2 (GLP 2)

varieties. AFR 708 is a newly released common bean variety by Egerton University with special
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attributes of being high yielding, and pest and disease resistant (Njoka et al., 2009). GLP 2 is a
high yielding variety suitable for medium altitudes (KALRO, 2008). Soils from Chuka were
collected from the 0-20 cm top layer, air-dried, sieved to pass 2 mm and thoroughly
homogenized. Pot volume was 5.3 L (15.0 cm inner diameter and 30 cm length), and contained 4
kg of soil from Chuka. PVC tubes were closed at the bottom using a nylon mesh, and placed on

plastic plates.

4.4.2 Bacterial strains and treatment structure
The Paenibacillus polymyxa and Bacilllus megaterium used were isolated from Nakuru

area, while the rhizobial strains IITA-PAU987 and IITA-PAU983 are from work done on
indigenous rhizobia from Ethiopia. The reference strain CIAT 899 (Rhizobium tropici) was
obtained from the University of Nairobi soil microbiology laboratory. The experiment was laid
out in a completely randomized design (CRD) with three replicates in the greenhouse and the
pots were rotated regularly on the benches to reduce the effect of sunlight intensity at the
different times of the day. A detailed treatment structure is represented in Table 4.1. The soil
characteristics are similar with the one used in Chapter 3 for the Nitisol (Table 3.4).

Table 4.1: Treatment structure for testing PGPR

Factor number  Description
Variety 2 AFR 708, GLP 2
Soil type 1 Nitisol

[ITA-PAU983, IITA-PAU987, CIAT 899, P. polymyxa + IITA-
PAU983, B. megaterium +lITA-PAU983, P. polymyxa + IITA-
PAU987, B. megaterium + IITA-PAU987, P. polymyxa + CIAT

Inoculation 11 _ - ) )
899, B. megaterium + CIAT 899, positive control (no inoculation
+ N-fertilizer), Negative control (no inoculation, no N-fertilizer)

Reps 3

No. of pots 2x1%11x3=66
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4.4.3 Nutrient addition

Nutrient rates were based on common bean plant requirements. Macronutrients P, K, Mg,
Ca, and S, and micronutrients Mn, Zn, Cu, B, Mo, and Co was added at optimal rates (750 mg K,
270 mg Ca, 165 mg Mg, 60 mg S, 36 mg Mn, 1.5 mg Zn, 0.6 mg Cu, 0.9 mg B, 0.15 mg Mo and
0.15 mg Co pot™) as a basal application . For N-control, 100 kg N hawas applied as 384 kg ha
Calcium Ammonium Nitrate (CAN = 0.64 g pot™®). A quarter (25%) of N (0.16 g) was applied at
planting and the remaining 75% (0.48 g) after three weeks (Woomer et al., 2011). Stock
solutions were prepared separately and mixed at the required application rate when required for
fertilization following procedure described by Broughton and Dillworth (1971) and 10ml of the

nutrient was added at planting and 10 ml three weeks after planting.

4.4.4 Inoculum preparation
For the inoculation study rhizobia strains were grown in yeast mannitol broth (YMB), in

flasks and shaken at 28°C at 200 rpm in a rotary shaker for 5-7 days until (turbid) when
logarithmic phase is attained (approximately 1 x 10%ells ml*) (Woomer et al., 2011). Bacillus
and Paenibacillus strains were cultured in nutrient broth medium in 250 ml flasks and shaken at
200 rpm at 37°C for 24 h. The 5 day old culture of Rhizobia strains and 24 h old cultures of the

other strains were used as inoculants (Atieno et al., 2012).

4.4.5 Planting, thinning and water addition
Seeds were surface-sterilized by soaking in 3.5% NaOCI solution for 5 minutes and then

thoroughly washed with distilled water. Two healthy seeds of uniform size were then planted per
pot, and thinned to one plant per pot of comparable height and vigour at 7 days after planting.

The pots were watered regularly to maintain the soil at field capacity.

4.4.6 Inoculation
One ml of log phase bacterial culture was inoculated in the treatment pot seven days after

planting. For the co-inoculation treatments, a cocktail consisting of the two strains was prepared
in the ratio of 1:1 and 1 ml of the mixture inoculated to the crop seven days after planting
(Wasike et al., 2009).

4.5 Data collection
The data collected included nodulation and shoot and root dry weights of the crops. At
mid podding after planting, plants were carefully uprooted from the pots and placed on sieves to
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avoid loss of nodules during cleaning. The soil was then gently washed off the roots under a
stream of running tap water. Roots were inspected for nodulation using a 0 to 5 scoring system
(Howeison & Dilworth, 2016) where 0 = no nodules, 1 = 1 to 5 nodules (rare), 2 = 6 to 10
nodules (few), 3 = 10 to 20 nodules (moderate), 4 = 20 to 50 nodules (abundant) and 5 = >50
nodules (extra abundant). The nodules were then carefully removed from the roots, counted and
weighed. The above ground biomass and root dry weight was taken after drying to a constant
weight at 65 °C.

4.6 Data analyses

Data were collected in replicates of three and analysed using SAS Statistical Package
Version 9.3. To determine the effects due to inoculation, analysis of variance at 95% confidence
limit was done and means were separated using Duncan Multiple Range Test (DMRT) at a =
0.05. Orthogonal contrast was also done to test for significance between the single and co-

inoculation and between inoculation and the controls.

Statistical model

Yijk = + ai + Bj +Rk + afij + Zijk

Yijki = Observation

p= overall mean

ai= effect due to the i variety

Bi = Effect due to the j" treatment

Rk = effect due to the k™" replication

apij = effect due to the i variety in the j treatment

Yijk = Random experimental error

4.7 Results

4.7.1 Morphological and biochemical characteristics of the isolated bacterial strains
Out of the 19 morph types obtained, seven of the colonies showed positive results for

gram staining and catalase test. The isolates were found to be first growers (1-2 days). All the
isolates produced round shaped and raised colonies having smooth shiny surface with smooth
margin. All the isolates were rod shaped (Bacilli) and Gram positive in reaction (Table 4.2).

Table 4.2: Morphological and biochemical properties of the bacteria isolates
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S.No Isolate Colony Colour Elevation Size catalase Cell Gram

shape Shape  stain

1 HK1  Circular White  Raised Small + Rod +

2 HK2 Circular  Creamy Raised Medium  + Rod +
white

3 HK3  Circular White  Raised Medium + Rod +

4 HK4  Circular White  Raised Small + Rod +

5 HK5  Circular Creamy Raised Small + Rod +
white

6 HK6  Circular White  Raised Small + Rod +

7 HK7  Circular White  Raised Medium  + Rod +

4.7.2 Amplification of 16S rRNA by PCR
PCR amplification of 16S rRNA gene yielded DNA fragments of single bands for each

isolates (Figure 4.1).

Figure 4.1: PCR product from DNA samples submitted to the SegoliP unit of BeCA-ILRI Hub
for sequencing. L- ladder (1000bp)

4.7.3 Partial Sequencing of 16S rRNA Gene and Sequence Analysis
Seven bacterial isolates were successfully isolated from the nodules of common bean.

They were characterized by 16S rDNA partial gene sequencing. There was no dominant species
within 7 isolates of Bacillus sp. based on bioinformatics analysis using BLASTN program.
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Maximum identities for each isolate were 98-99% with E-value 0. The distributions were
genetically diverse on several species of Bacillus sp., such as B. megaterium, B. subtilis, B.
aryabhattai and P. polymyxa (Table 4.3).

Table 4.3: Molecular identification of common bean nodule endophytes by 16S rDNA

sequencing
Sequence ID Query length  Blast-related sequence Accession E- value Identity
HK1 1447 Paenibacillus polymyxa NC_014483.1 0.0 98%
HK 2 1492 Bacillus megaterium strain  KF658192.1 0.0 98%
HK3 1457 Bacillus aryabhattai strain  KJ009477.1 0.0 98%
HK4 1400 Bacillus megaterium JF496300.1 0.0 99%
HK5 1437 Bacillus subtilis KJ496376.1 0.0 99%
HK6 1441 Bacillus megaterium KC441754.1 0.0 99%
HK7 1427 Bacillus sp AB508884.1 0.0 98%

4.7.4 Effect of the treatments on the common bean growth parameters
The nodule numbers, nodule weight, and shoot and root dry weight were significantly

affected by inoculation. However, there was no significant variety effect on all the parameters

tested. There was no significant variety*treatment interactions (Appendix I11).

4.7.5 Effect of rhizobia-PSB co-inoculation on the nodulation of common bean
Inoculation of common beans with rhizobial strains significantly increased the number of

nodules of common bean over the control (Figure 4.2 and Table 4.4). Co-inoculation of the
rhizobia strains with the phosphate solubilizing bacteria (PSB) furthur enhanced the nodulation
compared to single rhizobial inoculation except for ITA-PAU987 and CIAT 899. Application of
mineral nitrogen recorded the least number of nodules (Figure 4.2 and Table 4.4).
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Figure 4.2: Effect of co-inoculation on the number of nodules of common bean. PP-
Paenibacillus polymyxa, BB- Bacillus megaterium. Means followed by the same
letter are not significantly different at o = 0.05

Table 4.4: Effect of rhizobia-PSB co-inoculation on the nodulation of common beans

Nodule
Treatment number Score Nodulation
IITA-PAU987 + B. megaterium 53 5 Extra abundant
CIAT 899 + B. megaterium 52 5 Extra abundant
IITA-PAU983 + B. megaterium 46 4 Abundant
IITA-PAU983 + P. polymyxa 44 4 Abundant
CIAT 899 44 4 Abundant
SAYO + P. polymyxa 43 4 Abundant
CIAT 899 + P. polymyxa 43 4 Abundant
IITA-PAU987 41 4 Abundant
IITA-PAU983 36 4 Abundant
Control 14 3 Moderate
Mineral N 8 2 Few

2 =6 to 10 nodules, 3 = 10 to 20 nodules, 4 = 20 to 50 nodules and 5 = >50 nodules (extra
abundant) - (Howeison & Dilworth, 2016)
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4.7.6 Effect of rhizobia-PSB co-inoculation on the nodule weight, shoot and root dry weight
of common bean
Common bean showed varied responses to co-inoculation of rhizobia strains with the PSB on the

nodule weight as compared to single rhizobia inoculation. Co-inoculation of 1ITA-PAU987 + B.
megaterium recorded the highest nodule weight (405.2 mg) compared to ITA-PAU987 alone
(324.8 mgq), followed by CIAT 899 + B. megaterium (401.2 mg) compared to CIAT 899 alone
(337.2 mg). However, CIAT 899 alone recorded a higher nodule weight as compared to CIAT
899 + P. polymyxa (Table 4.5). Inoculation with rhizobia in combination with the PSB recorded
significantly higher nodule fresh weight compared to the mineral fertilizer application and
control. Rhizobia inoculation resulted in a higher nodule fresh weight compared to the control
and the mineral nitrogen application (Table 4.5).

Co-inoculation of rhizobia strains and PSB had varied effect on shoot dry weight compared to
single rhizobia inoculation and was dependent on the specific rhizobium-PSB combination. For
instance CIAT 899 + B. megaterium recorded a significantly a higher shoot dry weight
percentage over the control (124.7 %) compared to CIAT 899 alone (81 %). However, there was
no significant difference between CIAT 899 + P. polymyxa (84.5 %) and CIAT 899 alone (81 %)
increase over the control. Similarly, combination of 1ITA-PAU987 and B. megaterium led to
significantly higher shoot dry weight over the control compared to IITA-PAU987 alone (112.6
5% and 65.2% respectively) but no significant difference was observed when co-inoculated with
P. polymyxa(Table 4.5). However IITA-PAU983 in combination with P. polymyxa led to
significantly higher shoot dry weight (7.1 g) compared to IITA-PAU983 alone (5.1 g) and IITA-
PAU983 + B. megaterium (5.7 g) (Table 4.5). There was no significant difference among the
three rhizobia strains under study on the shoot dry weight of the common bean. However, the
three rhizobia strains led to a significant increase in shoot dry weight over the negative control
(65.2 % and 59.1 % increases). Mineral nitrogen application recorded the highest shoot dry
weight while the control recorded the least (Table 4.5).

In terms of root dry weight, co-inoculation of rhizobia strains with the PSB did not significantly
increase the root dry weight compared to single rhizobial inoculation. Apart from IITA-PAU983
and 1ITA-PAU987 + P. polymyxa, all the other inoculation treatments performed at par with the

mineral nitrogen application (Table 4.5). Co-inoculation of the rhizobia strains and PSB
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significantly increased the root dry weight compared to the control apart from CIAT 899 + P.

polymyxa and ITA-PAU987 + P. polymyxa (Table 4.5).

4.7.7 Orthogonal contrast of the factors affecting common bean growth parameters
The results showed a significant contrast between inoculation versus mineral N

application, inoculation versus control and control versus the others in terms of the nodule

number and nodule fresh weight (Table 4.6). However there was no significant difference

between the single and dual inoculation. In terms of shoot dry weight and root dry weight of

common beans, all the other contrasts were significant except for the inoculation versus mineral

N application. In soybean all the contrasts were significant except for the root dry weight in the

single versus dual inoculation and inoculation versus mineral N application (Table 4.6).

Table 4.5: Effect of co-inoculation on the nodule fresh weight, shoot and root dry weight of

common bean

NFW SDW % Increase RDW % Increase
Treatment (mg) (9) over control  (g) over control
CIAT 899 337.2ab 5.8cde 81.0 0.9ab 115.7
CIAT 899 + B. megaterium 401.2a 7.2b 124.7 1.0ab 127.3
CIAT 899 + P. polymyxa 331.3ab 5.8cde 845 0.8abc 97.1
IITA-PAU9B7 324.8ab 5.3e 65.2 0.8abc 70.2
IITA-PAU987 + B. megaterium  405.2a  6.8bcd 112.6 1.0ab 123.5
IITA-PAU987 + P. polymyxa 340.0ab 5.9bcde 85.5 0.9ab 108.3
IITA-PAU983 268.6b  5.le 59.8 0.7bc 43.8
IITA-PAU983 + B. megaterium  354.8ab  5.7de 80.0 0.9ab 97.1
IITA-PAU983 + P. polymyxa 336.7ab 7.2bc  77.1 0.9ab 120.1
Control 137.3c 3.2f 0.0 0.5c 0.0
Mineral N 47.2¢c 9.3a 188.6 1.2a 168.3

Means followed by the same letter within a column are not significantly different at a = 0.05.

NFW- nodule fresh weight, SDW- Shoot dry weight, RDW- root dry weight
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Table 4.6: Mean square table of orthogonal contrast of the treatments on the growth parameters

of common bean

Contrast NN NFW SDW RDW

Single vs Dual 126.8™ 24390.1™ 110.5™ 1.7
Inoculation vs +N 6183.5""  341562.7"" 5.0™ 0.01"
Inoculation vs control ~ 11646.0™"  652998.7"" 0.3 0.1°
Control vs others 1561.7" 53798.1"" 756 157

NN- number of nodules, NFW- Nodule fresh weight, SDW- shoot dry weight, RDW- Root dry
weight, +N- mineral nitrogen treatment. *- significant at 0.05 level, ***- significant at 0.001

level, ns- not significant

4.8 Discussion

4.8.1 Diversity of nodule endophytic phosphate solubilizing bacteria
Endophytic non rhizobial root endophytes were isolated from root nodules of common

bean. An increasing number of o,  and y_Proteobacteria have been isolated from root nodules
of a wide range of legumes and are reported as nodule associated bacteria or nodule endophytes
(Zakhia et al., 2006; Kan et al., 2007). Such nodule associated bacteria may be endophytic or
free living rhizobacteria and may establish neutral or beneficial interactions with plants (Pandya
et al., 2015; Li et al., 2008; Muresu et al., 2008 and Stajkovic, 2009). Results from this study are
in line with the studies by Rajendran et al. (2008) who reported the presence of high proportion
of gram positive endophytes within the root nodules of pigeon pea.

Root nodules also accommodate various non-nodulating bacteria having definite influence on
the survival, nodulation and grain yield of crop and their densities are reported to be very high
(Mishra et al. 2009; Tarig et al., 2014). Hung et al. (2007) reported that the isolation of
Paenibacillus polymyxa HKA-15, a Gram-positive bacterium from root nodules of soybean. A
total of 75 endophytic bacteria roots and nodules of field pea (Narula et al., 2013) and 88 from
roots and nodules of chickpea showed that 50% in roots and 93.4% in nodules were Gram
positive. Diep et al. (2016) also reported the presence of endophytic bacteria in soybean root

nodules.
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4.8.2 Effect of co-inoculation of rhizobia and PSB on nodulation, shoot and root dry weight
of common bean
In this study, inoculations either singly or combined resulted in increased growth of

common bean. All plant factors measured were positively affected by inoculation with rhizobial
strains 1ITA-PAU983, IITA-PAU987 and CIAT 899. Rhizobial strains were able to increase
nodule number and weight, shoot dry weight, and root dry weight over uninoculated control
plants. Gicharu et al. (2013) also reported a significant increase in nodulation when three
climbing bean cultivars were inoculated with CIAT 899 rhizobia strains compared to the control
treatments. Similar results were reported by Majid et al. (2009) and Salih et al. (2015) on
inoculation of legumes with appropriate rhizobia strains. On-field inoculation of P. vulgaris with
strains 8a3 and 4H41 showed that nodule number and shoot dry weight of common bean were
increased significantly compared to the control plants (Trabelsi et al., 2011). Mehrpouyan (2011)
also reported significant increase in nodule number and dry weight in common bean cultivars
when inoculated with Rhizobium leguminosarum strain Rb117. Javaid & Mahmood (2010)
reported that inoculation of soybean with specific Bradyrhizobium strains improved the plant dry
matter, nitrogen concentration, nitrogen accumulation, and grain yield.

Co-inoculation, frequently, increase growth and yield, compared to single inoculation,
provided the plants with more balanced nutrition, and improved absorption of nitrogen,
phosphorus, and mineral nutrients (Araujo et al., 2009). In this study, co-inoculation of
Rhizobium and B. megaterium and P. polymyxa enhanced nodulation, shoot and root dry weight
as compared to the control. This may be due to direct and indirect enhancement of plant growth
by a variety of mechanisms such as production of growth promoting substance and solubilization
of minerals such as P (Verma et al., 2012). Phosphorous availability increases the number and
size of nodules, the amount of nitrogen assimilated per unit weight of nodules, the percent and
total amount of nitrogen in the harvested portion of the host legume and improving the density of
Rhizobia bacteria in the soil surrounding the root (Bashir et al., 2011). Phosphorous deficiency
has been shown to affect symbiosis by decreasing the supply of photosynthates to the nodule,
which reduces the rate of bacterial growth and the total population of legume-nodulating
microorganisms (Moreira et al., 2010). The positive effect of combined inoculation of some
endophytic bacteria with Rhizobium spp. can be attributed to an early nodulation, an increase in
the number of nodules, or a general improvement in root development (Sa et al., 2012)
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The results from this study showed increased number of nodules and nodule weight due to
co-inoculation with P. polymyxa and B. megaterium in compared to the inoculation with
Rhizobium alone in both common bean varieties. Similarly, Stajkovic et al. (2011) reported that
co-inoculation of bean with Bacillus strains SNji and Bx was found to positively influence
nodule number (106.67 and 76.67 nodule number plant?, respectively) compared to inoculation
with Rhizobium alone (54 nodule number plant™). Enhancement in nodule number, nodular mass
due to combined inoculation might be the expansion in root length and mass, thus more number
of active sites for nodulation by the rhizobial strains.

In this study, co-inoculation of common bean with Rhizobium and the PSB, significantly
increased shoot and root dry weights of plants in respect to Rhizobium inoculation alone and the
uninoculated control showing the potential of these strains to improve dry matter accumulation
over Rhizobium alone. Similarly, Figueiredo et al. (2008) recorded a higher shoot and root dry
weight when CIAT 899 rhizobia strains were coinoculated with Paenibacillus polymyxa strain
DSM 36 than single inoculation with CIAT 899 strain in common bean. Additionally, Elkoca et
al. (2012) reported an increased shoot dry weight as a result of co-inoculation of common bean
with Bacillus megaterium (M-3) strain and Rhizobium strain.

In studies with other legumes, synergism between Bacillus and Bradyrhizobium in the
rhizosphere has been shown to increase nodulation and plant biomass (Medeot et al., 2010;
Tsigie et al., 2012). In soybean, pot experiments were conducted by Fatima et al. (2006) to
evaluate the effects of Rhizobium leguminosarum strain alone and in combination with PSB
(Bacillus and Pseudomonas). The plants grown with combination showed increased root and
shoot weight suggesting a promising way for enhancing the growth of legume crops. The results
from field and greenhouse chickpea experiments by Verma et al. (2012) showed significant
results with the combination of Mesorhizobium sp. BHURCO02 with B. megaterium, to be

superior over uninoculated control.

4.9 Conclusion
The results from this experiment showed that rhizobia inoculation and co-inoculation
with PSB enhances nodulation of both common bean over the control treatment (185.7% and
235.7% respectively). It also showed that co-inoculation of the rhizobial strains with the tested
phosphate solubilizing bacteria further enhances the growth of common bean in a phosphorous
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deficient soil. Therefore P.polymyxa and B. megaterium strains can be used together with the
tested indigenous rhizobia strains and Bradyrhizobia japonicum to improve growth of common
beans and soybean respectively in soils that are low in phosphorous. B. megaterium and P.
polymyxa strains can be used in further investigations as potential agents of new biofertilizer for
improved common bean and soybean production. Also further studies will be needed to validate

promoting effects of inoculation under field conditions.
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CHAPTER FIVE: GENERAL CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSIONS

1. The inoculant tested had variable quality with Biofix (common bean) containing more
than one microorganism.

2. The inoculant showed positive results in nodulation and plant biomass relative to control.
However this was dependent on soil type and legume variety.

3. Common bean nodules contained endopytic bacteria other than rhizobia in the nodules
showing a degree of coexistence of rhizobia and other beneficial bacteria which could be
involved in promoting plant growth

4. Rhizobia strains and reference strain (CIAT 899) strain enhanced the growth of common
bean relative to uninoculated control. Co-inoculation of the rhizobia strains with
Paenibacillus polymyxa and Bacillus megaterium further enhanced the growth of
common bean compared to single inoculation with rhizobia strains. However, this was

dependent on the specific Rhizobia-PSB combination.

5.2 RECOMMENDATIONS
1. There is need for the manufacturing companies to give full details of their product on the
labels including the minimum number of viable microorganisms and the different types

of microorganism present in their products

2. Recommendation for common bean and soybean inoculation should be variety and soil
type specific. For example, farmers in Chuka (Nitisol) can plant the new Lyamungu-85
bean variety and inoculate with Biofix to replace GLP 2 variety.

3. There is need for further research to identify indigenous rhizobia strains from the study
area that can elicit more nodulation and promote better plant growth than the commercial

available inoculants.
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6.0 APPENDICES

Appendix I: Mean square for the factors affecting common bean growth parameters

ANOVA Mean square values

Source of variation df NN NFW  SDW RDW N BNF

Sail 1 447 11.2™ 347277 207.67 249.1" 174.5™
Variety 2 0.3™ 257 5.9™ 3.7M 10.5™ 10.5™
Inoculation 2 8.87" 184" 2740™ 232"  1568.0"" 1568.0""
Soil*variety 2 0.3" 2.1 22.9° 0.7™ 72.8™ 72.8™
Soil*inoculation 2 057 27" 55577 5.7" 31.9" 31.9"
Variety*treatment 4 0.1 2.4 2.3m 1.1m 54.8" 54.8"
Soil*variety*inoculation 4 0.5™ 2.4 3.9m 4.6" 41.4" 41.4"
C.V (%) 36.4 82.4 23.0 32.8 24 39.3
Mean 67 1.0 10.9 4.1 37.1 23.5

NN- number of nodules, NFW- Nodule fresh weight, SDW- shoot dry weight, RDW- Root dry
weight.
*- significant at 0.05 level, **- significant at 0.01 level, ***- significant at 0.001 level, ns- not

significant
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Appendix I1: Mean square table for the factors affecting soybean growth parameters

ANOVA Mean square values

Source of variation df NN NFW SDW RDW N BNF

Soil 1 18.8™  42781.0° 230.6°" 66.87" 144.5™ 1445™
Variety 1 363.0™" 28372.7" 120.9"" 19.9™ 24.5™ 24.5™
inoculation 1 1845.4™ 71078.77" 1158 46" 7109 710.9™
Soil*variety 3 1.3™ 540.0™ 3367 19.17 680.0" 680.0"
Soil*inoculation 3 181.8™ 6619.5™ 3.1 05™ 370.6™ 370.6™
Variety*inoculation 3 83.4" 4708.5™ 7.4 34" 387" 387"
Soil*variety*inoculation 3 22.4™ 2097.1™ 1.0 27" 668.3" 668.3"
C.V (%) 28.0 91.6 27.1 52.2 26.5 36.9

Mean 17.0 92.2 5.9 5.9 47.7 32.4

NN- number of nodules, NFW- Nodule fresh weight, SDW- shoot dry weight, RDW- Root dry
weight, *- significant at 0.05 level, **- significant at 0.01 level, ***- significant at 0.001 level,

ns- not significant.
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Appendix I11: Mean square table of the factors affecting common bean growth

ANOVA Mean Square values

Source of variation  df NN NFW SDW RDW
Variety 1 45.8" 2400.0™ 0.02"s Q™
Inoculation 10 1263.2"" 729422 14.0™ 0.3"

Variety*inoculation 10 89.2M 5622.0™  2.0™ 0.1™

C.V (%) 27.9 27.8 171 37

Mean 38.5 298.6 6.1 0.9

NN- number of nodules, NFW- Nodule fresh weight, SDW- shoot dry weight, RDW- Root dry
weight.
*- significant at 0.05 level, ***- significant at 0.001 level, ns- not significant
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Appendix IV: THESIS OUTPUT
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