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ABSTRACT

Two field experiments were conducted to investigate the effect of soil fertility management practices 

and bio-control agents on the dynamics of nematode communities in Kakamega forest and the 

neiuhboring farmlands. Efficacy of a bio-control agent. Bacillus subtilis was tested alongside 

Rhizobium leguminosamm biovar phaseoli strain USD A 2674 for nodule formation in common bean 

(Phaseolus vulgaris L.var Rosecoco). Three Bacillus subtilis strains (K158, K194 and K263), 

sinuularly or in combination with Rhizobium leguminosamm biovar phaseoli were tested in beans 

and soil fertility management practices which included inorganic N: P: K (75: 26: 46) kgha'1, farm 

yard manure (5 tons ha'1), PRE-PAC (800 kg P ha'1) and (80 kg N ha'1) were investigated in maize. 

The experiments were established on four farms representing age sequences since conversion from 

forest of 1-10. 10-20, 20-40 and >40 years.

Bacillus subtilis strain K.194 in combination with Rhizobium treatment on beans and PRE-PAC on 

maize reduced the populations of root-knot nematodes leading to an increase in bean yields from 150 

to 560 kg ha'1. Diversity index analysis showed that application of PRE-PAC reduced nematode 

numbers compared to farmyard manure and inorganic fertilizers. Inoculating beans with Rhizobium 

Leguminosamm biovar phaseoli strains USD A 2674 enhanced nodulation and biomass production.

Continued land conversion leads to loss of soil fertility and land degradation that ultimately 

results in loss of nematode biodiversity. Use of PRE-PAC resulted in modification of soil fauna 

environment that led to reduction in nematode numbers. For instance, the population of 

Pratylenchus sp. reduced by over 30 %. On the other hand, use of inorganic fertilizers released N 

that promoted multiplication of nematodes as observed in this study where Pratvlenchus sp. 

population increased by over 40 %.
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This study further demonstrated that Bacillus spp. is a viable component of integrated nematode 

management packages. Potential Bacillus subtilis strains as biocontrol agent for root-knot 

nematode. Meloidogyne spp. as well as growth promoting agent in beans was demonstrated in 

the field. Strain K.194 gave very consistent trends over three seasons where the population of 

Meloidogyne sp. was reduced by over 60 %. Success of growing Bacillus sp. and Rhizobia spp. 

in one medium for production of a bio-inoculant was demonstrated and has been packaged.

Suitability of the nematode diversity as bioindicators of land use change/ intensification gradient 

was demonstrated. As nematode populations change during the growth of a crop, it is desirable, 

to standardize sampling on a stage of crop growth, this is often the seedbed or immediately after 

harvest. Nematode populations increased from planting time, peaking at bean flowering then 

reduced at harvesting time.

High nematode populations were observed in the long rains than the short rains in plots planted 

with maize. This information indicates that priority ought to be given to plant parasitic 

nematodes in the long rains when designing pest management programmes in cereals. The 

significant interactions among soil fertility management practices, time of nematodes sampling 

and farm age cluster suggest that the populations of soil nematodes is influenced by fertility 

level, time of sampling and land conversion periods. It is recommended that, soil P and N levels 

be addressed as direct influence on plant parasitic nematodes. Use of organics, where available, 

should be recommended to the farmers.
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CHAPTER ONE

1.0 INTRODUCTION

Nematodes are multicellular, bilaterally symmetrical, non-segmented worm-like organisms with 

well developed reproductive and digestive systems but primitive excretory and nervous systems 

(Coleman and Crosslev, 1996). The respiratory and circulatory systems are absent. They are 

bisexual and undergo four molting stages from egg to adult. Nematodes are present in almost all 

agro-ecosystems where they interact directly and indirectly with plants and other microfauna, 

reeulating decomposition and release of nutrients to the plants (Coleman et al., 1984; Yeates et 

al.. 1993).

Soil inhabiting nematodes are very small (0.3-0.5mm long as adults) wormlike animals which 

are very abundant in million M'2 and diverse greater than 30 taxa in all soils (Yeates, 1979). 

Nematodes are a group of organisms of diverse biology. Their lifespans vary from several days 

to several years. A number of nematode species withstand anaerobic conditions. In polluted soils, 

nematodes are present after the macrofauna has disappeared and they have a relatively rapid 

turnover compared to the macrofauna. The short generation time of some nematode species 

means that the composition of the nematode fauna can react rapidly to disturbances (Lambshead, 

1986). Plant-parasitic nematodes are slender, elongated, fusiform, tapering towards both ends 

and circular in cross section. Meloidogyne arenaria, M. incognita and M. javanica are the most 

encountered species in the tropical regions (Netscher and Sikora, 1990). In almost every soil 

sample, nematodes from five trophic levels namely bacteriovores, fungivores, herbivores, 

predators and omnivores are represented (Yeates, 1999). Due to their biological diversity and 

particularly feeding habits, nematodes are an integral part of the food webs in soil ecosystems 

(Yeates et al., 1993). According to Yeates (1999), nematode diversity is greatest in ecosystems
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experiencing long-term human interference. The changes in nematode community may be a 

reflection of changes in soil and ecological processes. Nutrient enriched soils show a reduced 

biodiversity and under such conditions the populations of short-lived r-strategists increase 

relative to other nematode groups. Soil disturbances, such as tillage or use of chemicals alter the 

structure of the soil ecosystem and discriminate against predatory or omnivorous nematodes, K- 

strateuists, (Ferris and Matute, 2003). The diversity of nematodes in agro-ecosystems and the 

total abundance of members of different trophic levels are largely controlled by the biophysical, 

chemical and hydrological conditions of the soil (Yeates and Bongers, 1999). The soil as a 

habitat for nematodes can therefore be changed through management practices such as 

monoculture, tillage, drainage, application of agrochemicals, irrigation and organic mulch 

(Yeates, 1999).Organic mulch tends to increase soil water holding capacity besides improving 

the soil structure whereas agrochemicals increases soil acidity. Crop yield losses due to root-knot 

nematodes have been on the increase in the tropics and sub-tropics (Netscher and Sikora, 1990). 

This has been attributed to replacement of shifting cultivation with continuous cropping systems 

in almost all subsistence farming, monocropping and narrow rotations in large scale vegetable 

production especially where irrigation is practiced and poor nematode management due to 

perception that nematodes are not important crop pests (Bridge, 1996).

Common bean (Phaseolus vulgaris L.) is the most important legume, second only to maize as a 

food crop in Kenya (Gethi et al., 1997). The crop is grown under a wide range of environmental 

conditions mainly at altitude of between 900-2700 metres above sea level (Acland, 1971). Beans 

are primarily grown by smallhold growers, mainly intercropped with other crops such as maize, 

cottee, bananas, sorghum, millet potatoes and cassava (Wortmann, 1998). Beans are the main
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source of proteins in Africa and Latin America where diets lack adequate amounts of animal 

proteins- Beans not only improve soil fertility through biological nitrogen fixation but they also 

have very high nutritional value due to the low water content. Beans require minimum 

processing for human consumption and are relatively easy to store (Skerman, 1976). Common 

bean is attacked by a wide range of plant parasitic nematodes with Meloidogyne spp. being the 

most important (Kimenju et al., 1999). Apart from causing diseases in plants, plant-parasitic 

nematodes also act as wounding agents and break host resistance to other plant pathogens 

particularly soil-borne (France and Abawi, 1994). Nodulation potential of leguminous plants is 

adversely affected by root-knot nematode infection, thus interfering with biological nitrogen 

fixation (Karanja, 1988). Yield losses of up to 60% have been recorded in beans in fields heavily 

infested with root-knot nematodes (Bridge, 1996).

The last decade has witnessed increased sensitivity to loss of nematode diversity resulting from; 

pollution, agricultural intensification, greenhouse effect, modification of global carbon and 

nitrogen cycles (Asner et al., 1997). The status of belowground biodiversity is however, not 

conclusively documented and little is known of the effects of land use on nematode diversity 

especially in the tropical ecosystems. Various strategies including nematicides, cultural practices, 

organic amendments and resistant varieties have been developed for the management of 

pathogenic nematodes (Sikora, 1992; Bridge, 1996). Their potential has, however, not been fully 

exploited due to limited knowledge (Sikora, 1992). Nematicides for instance are too expensive 

and hence not affordable by small-scale bean producers (Oka et al., 1993). Cultural practices 

such as fallowing and crop rotation are not practical due to scarcity of arable land but their 

effectiveness is also interfered with due to the broad host range nature of plant parasitic

3



nematodes. Organic amendments have successfully been used in the control of nematodes 

(Sikora, 1992). Despite the efficacy of organic amendments in nematode control, widespread use 

of this strategy is limited by the large quantities needed for effective control (Luc et al., 1990; 

Oka et ui, 1993). Inorganic fertilizers containing ammoniacal nitrogen or formulations releasing 

this form of N in the soil are most effective for suppressing nematode populations. Anhydrous 

ammonia has been shown to reduce soil populations of Tylenchorhynchus claytoni, 

Helicotylenchus dihystera, and Heterodera glycines (Rodriguez-Kabana, 1986). The rates 

required to obtain significant suppression of nematode populations are generally in excess of 150 

ke N/ha. Urea also suppresses several nematode species, including Meloidogyne spp., when 

applied at rates above 300 kg N/ha. Additional available carbon must be provided with urea to 

permit soil microorganisms to metabolize excess N and avoid phytotoxic effects. There is a 

direct relation between the amount of "protein" N in organic amendments and their effectiveness 

as nematode population suppressants. Organic soil amendments containing mucopolysaccharides 

(e.g., mycelial wastes, chitinous matter) are also effective nematode suppressants (Rodriguez- 

Kabana, 1986). It is therefore, important to continuously seek alternative control strategies that 

can be used either singly or in combination with nematicides. Biological control is a viable 

alternative strategy in nematode management (Bridge, 1996; Sikora, 1997). Studies on the effect 

of Bacillus spp. on both nodulation and plant parasitic nematodes control have received little 

attention, hence the need to address the possibility of using locally isolated indigenous Bacillus 

spp. which is an economically viable method that would enhance nodulation and to improve 

plant health through nematode control.
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1.1 Study objectives

The broad objective was to determine abundance and diversity of nematodes and identify 

appropriate and sustainable integrated management strategies for plant parasitic nematodes. 

Specific objectives:

1 To characterize soil subjected to different periods of cultivation.

2. To assess the effect o f soil disturbance on nematode diversity.

3. To evaluate the effect of selected soil fertility management practices on dynamics of 

nematodes.

4. To assess the efficacy of Bacillus subtilis strains in controlling root-knot nematodes on 

beans (Phaseoulus vulgaris L.).
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CHAPTER TWO

2.0 literature REVIEW

2 1 jSeniatode ecology

Nematodes are Senerally free_^ving m  marine, freshwater and soil environments, but a large 

umber of species are parasitic on different kinds of plants and animals. The factors that 

influence nematode distributions are; soil, temperatuire, pH, salinity, moisture and vegetation 

(Boag & Yeates 1998). The parasitic species are of considerable agricultural, clinical and 

veterinary importance as pests of plants and parasites of man and livestock, respectively (Mai 

and Lyon. 1975)- Nematodes are found at the bottom of lakes, rivers and at enormous depths in 

the oceans. Some species can withstand temperatures constantly below freezing point while 

others live in hot springs (Moss and Webster, 1970). The soil nematode fauna has affinities to the 

freshwater fauna but differs much from the marine fauna (Sohlenius, 1990). The number of 

coexisting species may vary from 23 in polar areas to about 62 in deciduous forests. Boag & 

Yeates (1998) reported 6-228 species in grassland and Lawton et al. (1996) found 432 

morphospecies in 25 sites in a Cameron rainforest.

2.2 General nematode morphology

Nematode morphology is only visible after special procedures for extraction and fixation, and by 

means of complex instruments of observation. These procedures and instruments completely 

determine the knowledge of nematode morphology, because they impose a strict limit on the 

level of details with which we can study nematodes (Hooper, 1969). These procedures may lead 

to substantial errors through the incorrect interpretation of the artifacts which they can generate 

(Mayr, 1969). Describing the morphology of nematodes requires a great degree of jargon, 

because of their diversity and uniqueness, as well as a great degree of caution and training in 

microscopical observation (Mai and Lyon, 1975). All soil nematodes have a vermiform body 

tapering more or less strongly towards the anterior and posterior ends, and lacking any
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appendages capable of independent movement (Mai and Lyon, 1975). The posterior end is called 

the tail. The anterior end is usually not referred to as the head, as it is often not clearly offset 

from the body and because it does not contain the "brain" of the nematode (Hooper, 1969). The 

anterior end instead, is variously referred to as lip region, cephalic region, or simply anterior end 

(Hooper, 1969; Mai and Lyon. 1975). An elastic, relatively tough and more or less impermeable 

cuticle covers the entire body (Hooper, 1969). The only openings on the cuticle are those of the 

digestive, reproductive and "excretory" systems, as well as those of various sensory and/or 

secretory organs (Mai and Lyon. 1975).

2.2.1 Mode of Reproduction

There are three main methods of reproduction in nematodes; amphimixis, parthenogenesis and 

hermaphroditism (Lee. 2002; Gaugler and Anwar, 2004). Amphimixis is also referred to as 

bisexual reproduction, cross-fertilization or gonochorism (Perry and Wright, 1998). The sexes 

are separate and the females produce oocytes which are fertilized by the sperms from the males. 

Well known examples include, Anguina tritici, some Meloidogyne species and the mycophagous 

species, Aphelenchus avenae (Luc et al., 2005). In amphimixis, the males and females are 

present in equal numbers and copulation is required and females do not produce sperms (Gaugler 

and Anwar, 2004).

Parthenogenesis also referred as autotoky is common where males are very rare, absent or non

functional and are not involved in reproduction (Perry and Wright, 1998). Copulation is optional 

and temales reproduce without sperms. There are two main kinds of parthenogenesis; meiotic 

and mitotic. The two types differ in whether or not a first meiotic division takes place in the 

oocytes. Meiotic parthenogenesis is in Rhabditis, Meloidogyne, Heterodera, some longidoridae
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well as Aphelenchus avenue. Mitotic parthenogenesis occurs in Helicotylenchus and

pratvlenchus (Gaugler and Anwar. 2004).

Hermaphroditism (automixis or self-fertilization) is as in Caenorhabditis elegans (Perry and 

Wriuht. 1998; Luc el al., 2005). in which a single gonad produces both the oocytes and sperms. 

This together with amphimixis is common in rhabditids and is reported in other free-living 

nematodes and plant parasites, including criconematids and in several predatory species. It is 

indicated by the occurrence of hermaphrodite females whose spermathecae contain sperms in the 

absence of males in the population. The hermaphrodite is morphologically female but has a 

svngonic (an ovotestis) usually acting protandrically -sperm produced first (Perry and Wright, 

1998).

2.2.2 Life cycle

The life cycles of most plant parasitic nematodes are in general quite similar in that all have four 

larval stages (Lee, 2002). Eggs may be laid singly or stuck together in masses in a gelatinous 

matrix secreted by the females (Gaugler and Anwar, 2004). In root-knot nematodes, all the eggs 

are laid in an egg sac which may be buried partially within the host-derived root gall which 

Meloidogyne spp. induce during feeding. Egg sacs and cysts serve to protect the eggs from 

desiccation and natural enemies (Luc et al., 2005). The juvenile within the egg develops to adult 

through four moults. The first moult normally occurs within the egg (Gaugler and Anwar, 2004). 

The egg develops into a first stage juvenile (Jl). The juvenile coils several times within the 

eggshell and lies still (Perry and Wright, 1998). The Jl grows in size and undergoes the first 

moult within the egg and then hatches as a J2. The J2 is fully developed except that it lacks 

reproductive organs and is small in size. The J2 undergoes a second moult and becomes a J3 and
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then undergoes a third moult to become a J4. The J4 undergoes a fourth moult and differentiates 

into adult females and males and then matures (Lee, 2002). A life cycle from egg to adult can be 

completed within 3-4 weeks under optimum environmental conditions such as temperature of 

2?°C and pH of 4.0-8.0. In Longidorus spp. the life cycle takes 2 years while in Ditylenchus 

dipsaci it takes 19-23 days (Gaugler and Anwar, 2004). In certain plant nematode species, the 

parasitic life cycle is synchronized closely with that of the host with the aid of environmental and 

host derived stimuli, to maximize the reproductive success of the nematode (Lee, 2002; Gaugler 

and Anwar. 2004). Each egg contains a single juvenile, which hatches by cutting the egg-shell 

with its stylet by striking it with intermittent rhythmic blows or by rupturing the egg-shell with 

its tail tip as in Heterodera iri, or through normal rupture of the egg-shell due to juvenile 

enzymatic secretions and movement (Lee, 2002; Luc et al., 2005). The eggs of the cyst 

nematodes survive in the soil in round (Globodera) or lemon-shaped (Heterodera) cysts each 

containing several hundred eggs. There are small openings at the neck and the vulval ends of the 

cyst through which the hatched juveniles escape (Gaugler and Anwar, 2004). Once hatched the 

J2s of Globodera rostochiensis and G. pallida can survive for < 2 weeks without feeding. 

Adeloidogyne javanica and Tylenchulus semipenetrans can persist in the field for months (Lee, 

2002; Gaugler and Anwar, 2004).

2.3 Plant-parasitic nematodes affecting beans

2.3.1 Biology and life cycle

All plant-parasitic nematodes have similar life cycles (Agrios, 1988). When the host, temperature 

and surroundinsg are unfavorable, females of Meloidoyne spp. produce a few eggs or may not 

produce at all (Agrios, 1988). Under less favorable conditions, such as extreme temperatures, a
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singie female produces 300- 500 eggs while under optimum temperatures of 27°C it can produce 

more than 2800 eggs (Agrios, 1988). Females lay eggs in sac-like gelatinous matrices. A new 

generation can arise within 25 days but under less favorable conditions, the life cycle may be 

prolonged to 30 or 40 days or development may cease entirely (Agrios, 1988). During this 

dormant stage, each egg takes on a thick outer covering to protect it during the inactive period. 

The first larval stage develops inside the egg and undergoes the first moult within the egg to 

become second-stage larva. The latter emerges from the egg into the soil where it moves until it 

finds a susceptible root. Only the second-stage juveniles are active (Agrios, 1988). The J3 lacks a 

stylet whereas J4 can be distinguished either as male or female while the final moult becomes a 

free-living male nematode or a parasitic adult female. The importance of temperatures in the life 

cycle of root-knot nematodes was demonstrated by Agrios (1988). Plant penetration by second- 

stage juveniles occurs between 10°C and 35°C, with 27°C, being the optimum depending on the 

species.

Many plant-parasitic nematodes have been associated with leguminous crops (Mani et al., 1982). 

Root-knot nematodes (Meloidogyne spp.), lesion nematodes (Pratylenchus spp., Tylenchus spp., 

Criconemella spp., Aphelenchus spp., sheath nematodes (Hemicycliophora spp.), stubby root 

nematodes (Trichodorus spp.) and others are associated with beans (Kimenju et al., 1999). 

Meloidogyne spp. are of considerable importance due to their wide distribution, especially in the 

warm regions of the world coupled with their polyphagus nature (Luc et al., 1990).
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2 3.2 Nematode pathology

Plant parasitic nematodes (PPNs) are biotrophic parasites which obtain nutrients from the 

cytoplasm of living root, stem and leaf cells for development, growth and survival (Gaugler and 

Anwar. 2004; Luc et al.. 2005). Nematodes have evolved diverse parasitic strategies and feeding 

relationships with their host plants (Perry and Wright. 1998). They possess a hollow and a 

protrusible feeding structure, the stylet and a pharynx, which has undergone morphological and 

physiological adaptations to suit the feeding relationships (Lee, 2002; Gaugler and Anwar, 

2004). Depending on the species, they feed from the cytoplasm of unmodified living plant cells 

or have evolved to modify root cells into elaborate feeding cells as in root knot nematodes (Lee, 

2002; Luc et al.. 2005). The nematodes use their stylet to pierce and penetrate the cell wall of a 

plant cell, inject gland secretions through the stylet orifice into the cell and withdraw and ingest 

nutrients from the cytoplasm (Perry and Wright, 1998). Nematodes that enter root tissue also use 

their stylet to cut openings and/or inject secretions to dissolve (intracellular migration) or weaken 

(intercellular migration) the cell w'all or middle lamella (Lee, 2002; Gaugler and Anwar, 2004).

Generally, all PPNs damage plants by direct mechanical injury using the stylet during 

penetration and/or by secretion of enzymes into the plant cells while the nematode is feeding 

(Gaugler and Anwar. 2004). The physical presence of endoparasitic nematodes inside the host 

also affects the functioning of the host. As a result of nematode feeding, the architecture and 

extent of the root system is altered, so that it is less efficient at taking up nutrients and water 

Irom soil (Lee, 2002). The extent of nematode damage depends to a large extent on the inoculum 

density (level of infestation). Low or moderate numbers of nematodes may not cause much 

,nJUry but large numbers severely damage or kill their hosts (Luc et al., 2005).
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Root-knot nematodes belong to the kingdom; Animalia, phylum; Nematoda, class; Nemata, 

subclass; Sercenentea, order; Tylnchida, suborder; Tylenchina, family; Meloidogynidae, and 

nenus; Meloidogyne (Chitwood. 1956). There are 51 species of Meloidogyne (Jepson, 1987), of 

which M.incognita (Chitwood. 1956), M. javanica (Chitwood, 1956), M. arenaria and M. hapla 

(Chitwood, 1956) are of economic importance in bean production across the world (Luc et al., 

1990). Root-knot nematode populations consist of male and female, which are easily 

distinguished morphologically. The males are wormlike and are about 1.20 - 1.50 mm long and 

30 - 60pm in diameter (body width). Mature females are pear shaped and about are 0.40 - 1.30 

mm long by 0.27 - 0.75 mm in diameter. Second-stage juveniles are vermiform in shape while 

third and fourth stage juveniles are sausage shaped and microscopic in size (Agrios, 1988).

2.4.2 Effect of root-knot nematode infection on nodulation of bean roots 

Root knot nematodes establish a feeding site in the vascular bundle inside the nodule and induce 

formation of giant cells that lead to premature senescence of the nodules (Vones et al., 1998). 

Root-knot nematodes also affect nodulation through competition for ecological niches and 

nutrients and suppression of lateral root formation thus reducing sites for nodule formation. This 

leads to early degradation of nodules due to their infection (Taha, 1993). Besides beans, the main 

leguminous crop cultivated in association with maize in Western Kenya, being affected by these 

nematodes, 5. sesban and T. vogelii are also good hosts for Meloidogyne spp. (Faridah and Van

der Maesen, 1997) and heavy root infestations have been observed in the area (Desaeger and Rao

1999).

i 4 Root-knot nematodes (Meloidogyne spp.)

i 4.1 Classification of root-knot nematodes
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2.5 Effect of agricultural intensification on nematodes

Agricultural intensification is frequently associated with increased disturbance of the soil 

through tillage, indiscriminate use o f mineral fertilizers and pesticides, manipulation of organic 

residues and planting of a narrow range of plant genotypes or complete monotypes (Yeates et al., 

1999). These attributes inevitably interfere, in the long run, with the functions of any ecosystem 

(Gillcr et al., 1997). Among other fundamental ecosystems' functions, biological control of pests 

and diseases such as plant-parasitic nematodes is disrupted leading to population build-up. The 

decrease in diversity with increasing intensity of management is attributed to physical 

disturbance, change in quantity and quality of organic matter returned to the soil and increase in 

numbers of specific plant feeding nematodes that are favored by the crops selected (Yeates and 

Bongers, 1999).

2.6 Effect of soil on nematodes

Soil texture and structure, which are directly related to water holding capacity and aeration, 

influence nematode survival, egg hatching and disease severity (Netscher and Sikora, 1990). Soil 

type and soil pH have been found to influence nematodes distribution (Taylor et al., 1982). Most 

Meloidogyne species survive and reproduce at pH levels ranging from 4.0 to 8.0. Soil type 

influences the type of crops grown; this in turn affects nematode distribution, population build

up and crop damage intensity (Prot and Van Gundy, 1981).

2-7 Influence of organic and inorganic fertilizers on nematodes

Free-living nematodes may accelerate the decomposition o f soil organic matter (Abrams and 

Mitchell, 1980). Numbers of free-living nematodes increase rapidly in the soil following the 

addition ot the inorganic fertilizers (Marshall, 1977). Increase in plant-pathogenic nematodes
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t jth increased levels of potassium application has been reported (Badra and Yousif. 1979). It 

| ppears that pest and disease control in amended soil is the product of several mechanisms 

Operating through their effects on soil, host plant and the pathogen (Akhtar and Alam. 1993). The 

echanisms may include increased activity of nematode antagonists, accumulation of deleterious 

decomposition end products and microbial metabolites and increased disease resistance and 

tolerance (Akhtar and Alam. 1993). Man has added organic and inorganic amendments to soil for 

centuries to improve soil fertility and increase crop yield. The nematicidal effect of some of these 

amendments has been recognized for some time, and reviews on the subject have been published 

(Muller and Gooch, 1 L)82).

Other researchers examined different forms of nitrogen to determine their relative effectiveness 

anainst nematodes. Eno et a l ., (1955) demonstrated the effectiveness of anhydrous ammonia in 

field soil infested with species of H oplolaim us. Criconemoides, Trichodorus, and Belonolaimus. 

More recently, Rodrlguez-Kabana et al., (1982) reexamined the nematicidal properties of 

anhydrous ammonia. In greenhouse studies, ammonia reduced soil populations ot 

Tylenchorhynchus claytoni and H elicotylenchus dihystera  when applied at rates of 62 mg N/kg 

soil or higher; root populations of H. dihystera  or of H oplolaim us galeatus were reduced only 

with rates of 125 mg N/kg soil. In three field experiments with soybean (G lycine max), planting 

time applications of anhydrous ammonia at rates of 0-224 kg N/ha were relatively ineffective in 

reducing late-season juvenile population densities of M eloidogyne arenaria  (Neal) Chitwood, 

although significant yield increases were obtained in one experiment in response to the 

treatments. In another field experiment, ammonia at 56 and 112 kg/ha reduced population 

densities ot juveniles of H eterodera glycines in soil samples collected 14 days after planting.
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These field experiments also demonstrated that planting time applications of ethylene dibromide 

(4 7-18.6 liters/ha) together with anhydrous ammonia (56 or 112 kg N/ha) resulted in a soybean 

yield increase and accompanying control of M. arenaria and H. glycines superior to that 

obtained when each chemical was applied singly. Similar results were also obtained with 

combinations of ammonia and 1,3-dichloropropene in other soybean field experiments for 

control of M. arenaria  and M. incognita  Rodrlguez-Kabana el al., (1982). Rodrlguez-Kabana et 

al.. (1981) were in agreement with Vassalo (1968) in attributing the nematicidal properties of 

anhvdrous ammonia principally to its plasmolysing effect in the immediate vicinity of its 

application point in the soil; however, their data on the effectiveness of ammonia against H. 

glycines also suggested other mechanisms were operating. They believed it possible that 

ammonia could exert a selective influence for microbial antagonists of H. glycines, particularly 

fungi (Ownley et a l., 1983). It was reasoned that since NH-+-N is the preferred source of N for 

many soil fungi (Cochrane, 1958), some fungal parasites of H. glycines could have increased in 

numbers following applications of NH3 to soil. Proliferation of such fungal parasites in turn 

could have resulted in the observed reductions in H. glycines juvenile populations. Walker 

(1971), studied organic-peptone, soybean meal, skim milk, urea—and inorganic— KN03, 

(NH4)~S04, (NH4)2C03, N H 40H —nitrogen sources and found that ammoniacal and organic 

nitrogen sources were more detrimental to nematodes than nitrate. Other common fertilizers also 

have been studied, and findings generally indicate that those containing ammoniacal nitrogen are 

more damaging to nematodes than those with nitrate nitrogen (Badra and Khattab, 1980). Since 

ammoniacal nitrogen is detrimental to nematodes, urea has been studied as a nematicide. The 

compound is readily converted to ammonia by urease present in the soil, a necessary conversion 

1 urea is to be effective both as a fertilizer and as a nematicide.
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2.8 Impact of land use change and farming systems on nematodes

Any crop husbandry can result in a rise or fall in nematode population levels in a site (McSorley, 

^OOi). Cropping systems such as continuous monoculture, continuous cropping, various forms of 

fallow, crop rotation, polycultures and mixed cultivars are particularly important because they 

influence microbial communities in the soil. In multiple cropping systems, the individual crops 

may be arranged in time (crop sequences), in space (intercropping), or in various combinations 

of time and space. A good cover crop provides a good niche for nematode antagonistic fauna and 

flora (Caswell et al., 1990). Fallow period with no susceptible plants for a period of about two 

years, can significantly reduce the population size of the plant parasitic nematodes. This is 

because nematodes are not able to grow and reproduce in the absence of host plant (Bridge, 

1996). Plants play both direct and indirect roles in structuring of the nematode communities. This 

is because nematodes are heterotrophs and therefore ultimately depend on autotrophs such as 

higher plants (Yeates, 1999). Consequently, different land use types result in different types of 

plant community structures and ultimately in different decomposition and nutrient cycling 

pathways (Cadish and Giller, 1997). Rhizosphere processes link plants to the soil, and root

feeding nematodes are known to increase the supply of carbon from roots to the soil microbial 

biomass (Yeates, 1999).

2.9 Management strategies for plant-parasitic nematodes

Several methods, such as use of chemicals, resistant plants, physical methods, biological agents, 

use of antagonistic and trap crops and cultural methods are available for the control of plant 

parasitic nematodes (Dropkins, 1988). Their use is limited by; cost, crops, nematode species, 

^able land, market preferences for certain crops and environmental factors.
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2 9 1 C h e m i c a l  c o n t r o l

y se of chemicals is justifiable when other methods fail to sufficiently suppress plant-parasitic 

nefnatode populations (Oka et al., 1987). Nematicides used in control of root-knot nematodes are 

either fumigants or non-tumigants (Ware, 1983). The fumigants are usually in liquid form and 

enter the soil solution in a gas phase while non-fumigants are water soluble granules or liquid 

cornpounds (Bridge, 1996). Environmental toxicity problem associated with nematicide use is 

relatively serious more so the chlorinated and bromated fumigants (Bridge, 1996). Their use is 

rapidly declining, primarily due to their costs, health and environmental considerations.

2.9.2 Plant resistance

Use of resistant varieties is perhaps the best method of controlling root-knot nematodes, (Bridge, 

1996). Resistance to Meloidogyne species may be due to failure of larvae to penetrate plant roots 

or to reproduce after penetration and teeding have taken place (Madumadu, 1979). However, 

these plant varieties are usually resistant to only one or two species of Meloidogyne. This method 

theretore, is limited to situations in which one or perhaps two Meloidogyne species are present. 

Resistance may not provide protection against even one species, since numerous intraspecific 

races and biotypes are known to exist in nature (Omwega et al., 1990). Use of resistant varieties 

is limited by high number of races attacking different plant varieties, unavailability of resistant 

materials to farmers and breakdown ot resistance after a few years of use (Ngundo, 1977). Plant 

parasitic nematodes often interact with other soil pathogens, causing more plant damage than 

either pathogen would cause alone, thus rendering plant resistance ineffective (Bridge, 1996). In 

some cases, resistance is incomplete meaning that the nematode levels will build up if host plants
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are urown but their numbers will increase more slowly than if a susceptible plant is grown 

(Omwega et al., 1990).

2.9.3 Physical control

Root-knot nematodes have been controlled through flooding and also by soil solarisation (Gaur 

and Perry, 1991). Xleloidogyne densities drop significantly when soils are flooded for prolonged 

periods of time such as three months (Stover, 1979). Soil solarisation has been used to raise 

temperatures to lethal levels to control root-knot nematodes and other diseases (Gaur and Perry, 

1991). However, this technique is only viable in regions where sufficient solar energy is 

available for sufficiently long periods. Application of this form of control is limited by such 

factors as terrain, time and availability of water.

2.9.4 Cultural methods

Cultural methods attempt to adopt husbandry practices so as to minimize the effects of 

nematodes (Madumadu, 1979). These include crop rotations, quarantine, fallowing and use of 

organic amendments. Crop rotation systems have been developed to make full use of crops, 

maintain soil fertility and reduce build-up of pests and diseases (Bridge, 1996). The major 

constraints to the use of crop rotation is the broad host-range of many economically important 

nematodes, occurrences of several nematode species in a given field, lack of resistant or tolerant 

cultivars, lack of agronomically adopted cultivars and limitation of land (Bridge, 1996).
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2.9.5 Use of antagonistic and trap  crops

While marigolds (Tagetes species) are typically grown for ornamental purposes as bedding 

plants, studies have found that they can be highly toxic to plant-parasitic nematodes and are 

capable of suppressing a wide range (up to 14 genera) of nematode pests. The nematicidal 

potential varies with the marigold species and cultivar. (Koon-Hui et al., 2007). The marigold 

species most often used for nematode control are Tagetes patula, T. erecta, and T. minuta. The 

key mode by which marigolds suppress plant-parasitic nematodes is through a biochemical 

interaction known as allelopathy. Allelopathy is a phenomenon where a plant releases 

compounds that are toxic to other plants, microorganisms, or other organisms, such as nematodes 

(Hooks et al.. 2006). Marigold plants produce a number of potentially bioactive compounds, 

among which a-therthienyl is recognized as one of the most toxic. This sulfur-containing 

compound is abundant in marigold tissues, including roots. It has nematicidal, insecticidal, 

fungicidal, antiviral, and cytotoxic activities, and it is believed to be the main compound 

responsible for the nematicidal activity of marigold. Thus nematodes may be killed either by 

entering the root system of a marigold plant or contacting soil containing marigold's bioactive 

compounds (Ploeg, 2002). Nematicidal compounds apparently permeate from marigolds' root 

tissues into nematodes attached to the root, but they are also believed to kill nematodes found in 

the rhizosphere, the soil near marigold roots. Thus, marigold is believed to be most effective in 

suppressing plant-parasitic nematodes when actively growing, but it is not as effective when 

incorporated as crop residues or root extracts (Ploeg, 2002). Several other plants with 

nematicidal properties, including sunn hemp (Crotalaria juncea), are believed to release 

nematicidal compounds when incorporated into the soil and thus do not require root penetration 

t0 effectively kill nematodes. Some researchers believe that marigold root exudates prevent the
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nematodes from developing and their eggs from hatching. Another marigold species, T. erecta 

behaves as a trap crop: root knot nematodes are attracted to and enter its roots, but the 

development of their offspring is impeded. In other cases, marigolds may behave as a trap crop 

by allowing penetration of nematodes but inhibiting their subsequent development and 

reproduction (Koon-Hui et al., 2007).

2.9.6 Biological control of nematodes

Biological control may be defined as the reduction of inoculum or disease producing capacity of 

a pathogen accomplished through one or more organisms other than man (Baker and Cook, 

1974). Control of soil borne pathogens especially nematodes has been achieved by use of their 

natural enemies residing in the soil which act through such mechanisms as parasitism, predation, 

competition and antibiosis (Sikora, 1992). Several fungi, bacteria and nematophagus nematodes 

have been used in the control of plant-parasitic nematodes (Mankau, 1995). Plant health 

promoting rhizobacteria (PHPR) that reduce plant infection and stimulate plant growth have been 

widely investigated for practical use (Kloepper and Schroth. 1981). The ability of rhizobacteria, 

especially Bacillus spp. and fluorescent Pseudomonas spp. to improve plant growth and/or health 

has been demonstrated (Becker et al., 1988; Weller, 1988; Oostendorp and Sikora, 1990). This 

leads to improved nutrient uptake, enhanced atmospheric nitrogen fixation, induced disease 

resistance, competition for nutrients and/or niches, parasitism or alteration of chemical 

components of root exudates (Sikora, 1992; Sikora and Hoffmann-Hergarten, 1992). Bacillus 

SPP■ was reported to improve nodulation in leguminous plants (Srinivasan et al., 1996). Their use 

In nematode control would be an added advantage as this would lead to increased nodulation. 

Rhizobacteria are particularly desirable biocontrol agents because they are able to colonize plant 

ro°ts and can be applied as seed treatment making them cost effective (Sikora. 1995). Many
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natural enemies attack plant parasitic nematodes in the soil and reduce their populations. They 

include bacteria, fungi, protozoa, tardigrades, mites, and insects (Brown and Kerry, 1987; 

fickle. 1991). It is important to determine the nature and extent o f such attacks on nematode 

multiplication in order to establish whether these enemies can be exploited to reduce damage and 

increase crop yield (Nickle. 1991). Two types of biological control are (i) induced, where the 

biological control agents are applied by man. and (ii) natural, where indigenous agents suppress 

nematode multiplication without being specifically introduced (Sikora. 1992).

2.9.6.1 Success stories on use of biological controls

Biological controls do not have negative impacts on biodiversity (Corry and Myres, 2000). 

Biological control is now being considered for an increasing number of crops and managed 

ecosystems as the primary method of pest control. One reason for its growing popularity is its 

record of safety during the past 100 years considered as the era of modem biological control 

(Waage and Greathead. 1988). No microorganism or beneficial insect deliberately introduced or 

manipulated for biological control purposes has, itself, become a pest so far as can be 

determined. There is no evidence so far of measurable or even negligible negative effects of 

biocontrol agents on the environment (Cook and Chairman, 1987). Another reason for 

considering biological control over other methods is untapped potential. Biological control is 

underused, underexploited, underestimated and often untried and therefore unproven. There are 

two commercial bionematicidal agents based on Bacillus species. Through a PGPR research 

Program of the ARS (Agriculture Research Service, USA), a commercial transplant mix (Bio 

YieldTM, Gustafson LLC) containing Paenobacillus macerans and Bacillus amyloliquefaciens 

been developed to control plant-parasitic nematodes on tomato, bell pepper and strawberry
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(Meyer. 2003). Another product, used in Israel, is BioNem. which contains 3% lyophilized 

Bacillus firm  us spores and 07% nontoxic additives (plant and animal extracts) to control root- 

knot nematodes as well as other nematodes (Giannakou &. Prophetou-Athanasiadou, 2004).

2.9.6.2 Positive aspects of Bacillus subtilis

Microbial growth and survival in an ecosystem are dependent on abiotic factors such as pH, 

water potential, nutrient availability (Stotzky and Burns. 1082) and biotic factors such as 

predation, bacteriostasis (Rissler. 1084). Bacillus subtilis is known to inhibit penetration of 

nematodes into plant roots thus reducing root galling (Rao. et a/.. 2000). Reduction of infection 

and suppression of development by plant parasitic nematodes in the plants by several Bacillus sp. 

is due to production of toxic or inhibitory metabolites (Mankau. 1995). Oosterndorp and Sikora 

(1990) reported that presence of Bacillus spp. in the rhizosphere caused modification of root 

exudates thus affecting nematode attraction or recognition of the host. Several biocontrol strains 

are known to produce multiple antibiotics that can suppress one or more pathogens. For example. 

Bacillus cereus strain UW85 is known to produce both zwittermycin (Silo-Suh et al., 1994) and 

kanosamine (Milner et a l., 1996). The ability to produce multiple classes of antibiotics, that 

ditterentially inhibit different pathogens, is likely to enhance biological control.

2.9.6.3 Mode of action of B acillus subtilis

The major modes of action include alteration of root exudates, production of toxic metabolites 

and reducing the activity of egg hatching factors (Sikora and Hoffmann-Hergarten, 1993). Some 

acteria (e.g. Bacillus spp., F luorescent Pseudom onas and Telluria chitinolytica) have been 

shown to inhibit penetration of nematodes into the roots thereby reducing root galling
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(Oostendorp and Sikora, 1990). These bacteria may interfere with host identification through 

receptor blockage on the roots or by modifying root exudates of the host plant. This hinders the 

attraction, hatching or penetration behaviour of nematodes (Oostendorp and Sikora, 1990). 

Metabolites produced by Bacillus thuringiensis Berliner and Bacillus subtilis E rnberg  are known 

to be toxic to M eloidogyne spp. (Oostendorp and Sikora, 1990). The metabolites produced by 

Bacillus spp. include bactracin. circulins, polymyxins, tyrocidins and surfactin (Brandbury, 

1986). Presence of Bacillus spp in the rhizosphere is known to modify root exudates affecting 

nematode attraction to or recognition of the host (Oostemdorp and Sikora, 1990). Aerobic 

endospore-forming bacteria (AEFB) (mainly Bacillus spp.) and Pseudom onas spp. are among the 

dominant populations in the rhizosphere that are able to antagonize nematodes (Krebs el a l., 

1998). Numerous Bacillus strains can suppress pests and pathogens of plants and promote plant 

growth. Some species are pathogens of nematodes (Li et al., 2005). The most thoroughly studied 

is probably Bacillus subtilis (Siddiqui, 2002). In addition, a number of studies have reported 

direct antagonism by other Bacillus spp. towards plant-parasitic nematode species belonging to 

the genera; M eloidogyne, H eterodera  and Rotylenchulus (Meyer, 2003).

The rhizobacteria usually comprise a complex assemblage of species with many different modes 

of action in the soil (Siddiqui, 2002). Rhizobacteria reduce nematode populations mainly by 

regulating nematode behaviour (Sikora & Hoffmann-Hergarten, 1993), and/or interfering with 

plant-nematode recognition (Oostendorp & Sikora, 1990). Similarly by competing for essential 

nutrients (Oostendorp and Sikora, 1990). Also by promoting plant growth (El-Nagdi & Youssef, 

2004) or inducing systemic resistance (Hasky-G"unther et a l., 1998) or directly antagonizing by 

means of the production of toxins, enzymes and other metabolic products (Siddiqui, 2002). Most 

rhizobacteria act against plant-parasitic nematodes by means of metabolic by-products, enzymes
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and toxins The fleets of these toxins include the suppression of nematode reproduction, egg 

hatching and ju v e n ile  survival, as well as direct killing of nematodes (Siddiqui, 2002).

”> 9 6 4 Adhesives and carriers used in Bacillus spp. formulations

Rhizobacteria (e .^ -  Bacillus spp.) have unique advantage of biocontrol agents since they can be 

pelleted onto s e e d ,  applied through drip irrigation systems or directly applied to transplants 

(Sikora and Hoffrnann-Hergarten. 1992). Several materials such as sucrose, polyvinyl alcohol 

and methylcellulose have been used for bacteria adhesion onto seed (Racke and Sikora, 1992). 

Gum Arabica w a s  found to be the best protector of cell against biotic stress hence increasing 

survival of bacterial cells on the seed (Rodriguez-Navorro et al.. 1991). Direct application of a 

biocontrol agent to  seeds or other plant parts gives it competitive advantage over the pathogen 

(Oostendorp and Sikora. 1989), by reducing production cost and simplifying formulation and 

application (S ikora. 1997). Soil amendments such as peat, cotton seed cake, bacto peptone 

clandosan. polym er gel have been used but with varying effects as carriers for rhizobacteria on 

nematode control (Oka et al. 1993). Peat was found to considerably increase bacteria population 

on seed than those in granular formation (Xi k Stephens and Verma. 1996).

T9.6.5 Limitations of biocontrols

The etficacy ot biological control agents is influenced by the environment (Brown and Kerry, 

1987). Each agent has its own optimum conditions particularly of pH, temperature and moisture. 

The biological control is influenced by the multiplication rate of the nematode and by the time 

nernatode is exposed to the antagonist (Stirling, 1991). Endoparasitic nematodes are relatively 

harder to control by biological means as they spend a great part of their lives inside the roots
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(Gaugler and Anwar, 2004). The major restriction on the development o f effective biological 

control of nematodes is the large bulk of soil that must be treated to ensure contact between host 

and agent (Brown and Kerry. 1987). Efforts to acquire sustained biological control in the field 

have been limited by the fact that soil is a powerful buffer (Kerry, 1987).
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Experimental site

The study was conducted in farmers' fields in Kakamega district within a radius of 0-5 km from 

the forest in Lurambi division. Soils were sampled from farms having varying history of 

cultivation. The farms were grouped into four clusters:

1 Farm in Lusero village had been cultivated for 5 years

2 Farm in Mutsami area had been cultivated for 15 years

3 Musisi area had a farm that had been cultivated for 30 years

4 The farms in Ivakale had been under cultivation for 55 years

The area lies between latitude: 0° 10’ N and 0° 2T N longitude: 34° 47’ E and 34° 58' E. The 

altitude ranges between 1500 m and 1600 m above sea level. Mean annual temperature ranges 

between 18-27°C with an annual precipitation of 2080 mm (Kenya Soil survey 2004). The area 

has a bimodal rainfall pattern, with peaks in April (long rains) and November (short rains). The 

soils are predominantly Luvisols and Lixisols (FAO-UNESCO, 1992). Geologically, the soils are 

associated with Kavirondian sediments (mudstones) and granite. The soils are moderately acidic 

(pH 5.0-5.9) with predominantly clay texture (Siderius, 1976).

3.2 Experiment 1: Effects of selected soil fertility management practices on nem atodes’ 

dynamics

Selected sampling points in the croplands were used for soil sampling. Sampling was done on 

farms of different periods of cultivation ranging from 0 - 1 0 0  years which were clustered in four 

^  follows: 0 - 1 0  years Lusero, 1 0 - 2 0  years Mutsami, 20 -  40years Musisi and over 40 years
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[vakale. The bestbet technologies were chosen after the macrofauna survey. These were picked 

based on what local farmers use.The four on farm fertility improvement treatments were; Farm 

Yard Manure at 5 t ha'1. PRE-PAC at 800 Kg ha' 1 rock phosphate plus 80 Kg ha' 1 urea and N: P: 

K to supply 75 Kg N ha'1, 26 Kg P ha' 1 and 46 K Kg ha '1. Untreated plots acted as controls. Plots 

were 5 m x 5 m in size with lm guard rows. The test crop was Maize Western variety, which was 

spaced at 75 cm x 25 cm giving a population of 53,334 plants ha '1. Cultivation and pest control 

were done according to the local practice.

3.2.1 Experimental design

A randomized complete block design was used replicated four-times. The soil fertility 

management practices treatments formed the main plots with the location (farms of different 

periods of cultivation) making the subplots.

3.2.2 Soil sampling

Soil samples for nematode extraction were taken at; prior to planting, six weeks after 

germination, milk stage and harvesting following the technique described by Hooper (1990). In 

each plot, a soil auger (5 cm diameter) was used to collect sample from five evenly distributed 

sites in each plot from a 5-30 cm depth. The five cores were mixed to form a composite sample. 

The samples were placed in paper bags, sealed and stored in an insulated box for transportation 

t0 the laboratory where they were stored at 4°C awaiting nematode extraction. Nematodes were 

extracted using the floatation and sieving methods described by Flegg and Hooper (1990), at the 

hematology Laboratory, University of Nairobi. Nematodes were identified to the genus level 

Using an identification key and descriptions by Mai and Lyon (1975). The abundance of
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nematodes was expressed as number of individuals per 100cm3 of soil.

3 3 Experiment 2: Efficacy of Bacillus sub tilis  as a biocontrol of M elo idogyne  spp. on bean 

roots and dynamics of nematodes in the treated soils

Parallel experiments were set up in the farms. Three Bacillus subtilis  strains namely; K 158, 

£194 and K.263 were used singly or in combination with Rhizobium  Legum inosarum  biovar 

phaseoli strain US DA 2674. The Rose Coco beans were inoculated with the bacteria strains 

following the procedure for applying Rhizobia inoculants developed by the MIRCEN 

Programme. University of Nairobi. Each isolate was applied aseptically using 70% alcohol to 

avoid mixing. Serial dilutions of Bacillus isolates and Bacillus + Rhizobium  were made and 30ml 

of 10*6cfm r‘ dilutions inoculated onto 15g of sterilized Ondiri peat that was then used to dress 

the bean seeds using gum arabica as a sticker before the seeds were planted in each plot (Oka et 

a/., 1993). Control plots were included.

3.3.1 Experimental design

Plots measuring 2 m x 2 m and separated by 1 m wide paths were established in a randomized 

complete block design, replicated four-times. The bean seeds were spaced at 20 cm x 20 cm 

giving a plant population of 100 plants per plot. The treatments were;

1. Bacillus subtilis strain K194 (K194)

2. Bacillus subtilis strain K158 (K158)

3. Bacillus subtilis strain K263 (K263)

4. Rhizobium Legum inosarum  biovar phaseo li strain USDA 2674 (USDA 2674)
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5. Bacillus subtilis strain K 1 94 + Rhizobium  Legum inosarum  biovar phaseo li strain USDA 

2674 (K194 + USDA 2674)

6. Bacillus subtilis strain K 158 + Rhizobium Legum inosarum  biovar phaseo li strain USDA 

2674 (K158 + USDA 2674)

7. Bacillus subtilis strain K263 + Rhizobium Legum inosarum  biovar phaseo li strain USDA 

2674 (K263 +USDA 2674)

8. Control (no Bacillus subtilis isolate)

3.3.2 Soil sampling for nematodes

Soil sampling for nematode determination was done prior to planting, six weeks after 

germination, at 60-75% flowering and during harvesting of beans using the technique described 

by Hooper (1990). Nematode counts and identification were done as described in section 3.2.2.

3.3.3 Nodule num ber and dry m atter determ ination

Three plants were randomly selected from each plot and carefully dug out at 70% flowering stage, 

45 days after emergence. The plants were separated into shoots and roots. The roots were dipped in 

bucket of water to remove the soil. The roots with undisturbed nodules were placed in labeled plastic 

bags and then taken to the laboratory. Nodules were manually removed from the roots and their 

numbers recorded for each plant. The shoots and roots, which were placed separate paper bags, were 

oven-dried at 70°C for 48 hours for dry weight determination.



3.3.4 Yield and yield components assessment

At pod maturity, ten plants were randomly selected from each plot and tagged. Pods were harvested 

and placed in paper bags. The harvested pods from the sampled plants were shelled and seeds 

counted for each plant. The average numbers of seeds per plant/plot were obtained. The final grain 

yield was determined by weighing all the seeds from the sampled plants and converting the yield 

into kg ha'1.

3.3.5 Enumeration of B acillus subtilis  and Rhizobia  populations from soil

Bacillus subtilis were enumerated using Most Probable Number (MPN) and Plate counts 

following the procedure described by Zuberer (1994). Enumeration of Bacillus subtilis at levels 

ranging from 104 to 10(1 cells g' 1 of soil was done. Microbial cultures from each dilution were 

spread onto YEM broth. Plates were incubated at 30°C for 4 days before enumeration.

3.4 Diversity determ ination

The Shannon-Wiener index (Yeates, 2003) was used to assess nematode diversity. The indices were

calculated as follows: 

s
diversity / / '=  - £  Pt log P, ............................................................... (Equation 1)

i=l

dominance Z P 2\ ........................ -................................................ (Equation 2)

diversity H2 = -logeA............................................................................(Equation 3)

evenness J '=  H? where H' max = loges .................................. (Equation 4)
H' max

richness SR = S-l ............................................................................ (Equation 5)
l0geN

Where; N, the number of individuals identified, (abundance),
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5 the number of taxa identified, i.e. genera, 

p the proportion of individuals in the /th taxon,

\\ estimates the probability of correctly predicting the species of an individual randomly drawn 

trom the population. H confounds the number of species and the evenness.

3.5 Data analysis

The nematode counts. Bacillus subtilis counts, bean nodules and crop yield data were entered 

into a Microsoft excel spread sheet and then subjected to analysis of variance (ANOVA) using 

the PROC ANOVA procedure of Genstat (Lawes Agricultural Trust Rothamsted Experimental 

Station. 1998. version 8). The differences among the treatment means were compared using 

Fisher's Protected LSD test at 5% probability level. Data collected for soil characteristics were 

entered into an excel spreadsheet and subjected to multivariate analysis of an unbalanced design 

using GenStat regression and GLM SAS version 8.0. (2005).

31



CHAPTER FOUR

4.0 RESULTS

4.1 Soil characteristics as influenced by length of disturbance

The soil pH, exchangeable calcium, magnesium, potassium, carbon, nitrogen and carbon: 

nitrogen ratio of the soils are shown in table 1 and were significantly (P<0.05) different among 

the land use conversion periods. The soil pH tended to acidity with land use conversion period as 

p content declined before increasing in the 20-40 year farm (Table 1). All parameters except P 

showed signilicant differences with the length of disturbance. Exchangeable magnesium was 

lowest in the >40 years farm as exchangeable Ca and pH showed no clear trend, while there were 

consistent decreases in total C and total N along the chronosequence. The C: N ratio increased 

from forest to farms 20 years where a decrease is experienced before an increment in farms 

cultivated for 20 years and over. Two groups are definite in all elements, forest to 20 years old 

and >20 years old farms where soil fertility decline eminently.

Table 1. Properties of soil under varying land coversion periods.

LUS/Age
cluster

PH ExCa ExMg ExK ExP C N C:N

Nf 6.8a 13.07a 2. 11° 0.34abc 3.76a 3.77a 0.39a 9.68c
Sf 6.3ab 8.39b 3.29a 0.3 lbc 3.12a 3.39a 0.32a 10.40c
1-10 yrs 5.9bc 10.53ab 2.22b 0.39ab 2.02a 3.77a 0.32a 12.31b
10-20 yrs 5.3C 11,00ab 1.52bc 0.48a 3.55a 3.58a 0.34a 10.56c
20-40 yrs 5.7bc 5.30c 0.80c 0.19C 6.66a 1.73b 0.13b 13.66a
>40 yrs 
P
^D(p«oo5)
cv%

5.7bc 4.50c 0.74c 0.23bc J .j j 1.51b 0.1 l b 13.79a
0.0353 <.0001 <.0001 0.0005 0.4878 <.0001 <. 0001 <.0001
0.837 2.674 1.014 0.164 4.216 0.939 0.804 1.243
14.53 30.12 56.80 47.37 103.06 26.79 27.90 10.50

‘v'<uls with the same letter in column are not significantly different

Land use system, Sf -  Secondary forest, N f -  Natural forest
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4.2 Effect of selected soil fertility management practices on dynamics of nematodes

4.2.1. Moisture content in soils treated with various soil fertility management practices

Soil moisture content was significantly (P<0.05) influenced by the treatments (Table 2). Addition 

of manure increase moisture content more than other interventions while PRE-PAC influenced 

the amount of moisture in soil during the long rains. In both seasons, the trend for moisture 

content was in the order: farm yard manure>nitrogen fertilizer >control>PRE-PAC.

Table 2. Percent moisture content during the short rains of 2005 and long rains of 2006
p r io r  io p ia « i» »• s- 
Soil Fertility 
Management Practices Short rains Long rains

Control 8.1t)b 13.43d

FYM 8.60a 13.87a

Nitrogen 8.23b 13.76ab
PRE-PAC 7.88h 12.91c

LSD,p=o 05) 0.36 0.42
C.V (%) 12.41 9.01
Means with the same letter in column are not significantly different

4.2.2 Div ersity of nematodes

Addition of nitrogenous fertilizer resulted in higher number of nematode abundance whereas 

PRE-PAC had least numbers of nematode genera and abundance in both seasons (Table 3). The 

Shannon-Wiener diversity index- //? was highest in PRE-PAC (2.55) and in the nitrogen 

fertilizer (5.56) while being lowest in the control (2.42) and farm yard manure (2.40) treatments 

in two seasons. Species richness (SR) was highest in PRE-PAC and lowest in the nitrogenous 

fertilizer treatments in both seasons.



Table 3. Comparison of nematode abundance (number/lOOcm3) and diversity under
various soil fertility management practices.___________________________________________
Soil Fertility
Management
Practices

N S SR i J

SR LR SR LR SR LR SR LR SR LR
Control 307 300 24 24 4.02 4.03 2.49 2.42 0.78 0.76

Nitrogen 407 500 24 24 c© 3.70 2.48 2.56 0.78 0.81

FYM 351 388 23 24 3.75 3.86 2.40 2.46 0.77 0.77

PRE-PAC 251 252 24 24 4.16 4.16 2.55 2.46 0.80 0.77

H: the Shannon-W einer index (Yeates 2003)
Where N=Nematode abundance S = number of genera SR= Species richness 

//j=Diversity J=Species evenness
FYM  = Farmyard manure
PRE-PACK= rock phosphate and Urea applied at a rate of 800 kg ha’1 and 80 kg ha’1 
respectively.

4.2.3. N em atode communities and their distribution

Nematode communities and their distribution shown in table 4 had more free-living than plant- 

parasitic nematodes during the two seasons. Higher nematode abundance and diversity was 

recorded during the long rains than in the short rains. Majority of the nematodes belonged to the 

plant feeding trophic group and family hoplolaimidae was predominant. The most common C-P 

rating w as  3, sourced from Bongers (1990). The most dominant genera were; M eloidogyne, 

Tylenchus, Pratylenchus, Achromadora, Teratocephalus, D iscolaim inae  and A crobeles.The N 

and P released led to higher populations of these nematode genera.
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Table 4. Nematode diversity and abundance (number/lOOcm1) under different soil fertility management practices.
Family Genus C-P

rating
Trophic
group

Soil Fertility' M anagement Practices
Control FYM Nitrogen PRE-PAC

SR LR SR LR SR LR SR LR
Pratylenchidae Prcitylenchus 3 PF 51 55 68 74 73 76 34 41
Tylenchidae Tylenchus 2 PF 21 22 31 26 28 41 18 19
Meloidogynidae M eloidogyne 3 PF 13 11 18 14 18 21 8 9
Hoplolaimidae H elicotylenchus 3 PF 17 10 10 15 13 18 7 7
Tylenchidae D itylenchus 2 PF/FF 7 5 6 7 8 13 8 5
Dolichodoridac D olichodorus 3 PF 1 3 6 4 5 7 3 3
Hoplolaimidae Scutellonem a 3 PF 3 2 2 4 3 4 3 3
Hoplolaimidae Rotylenchulus 3 PF 5 2 5 5 7 7 2 2
Paratylenchidae Paratylenchus 3 PF 13 8 9 14 12 19 7 7
Hemicycliophoridae H em icycliophora 3 PF 1 2 1 2 2 2 2 1
Creconematidae H em icriconem oides 3 PF 1 2 2 2 4 3 2 1
Heteroderidae H eterodera 3 PF 1 1 0 2 1 2 1 2
Aphelenchoididae A phelenchoides 2 FF 4 2 3 3 3 4 2 2
Tylenchulidae Tylenchulus 2 PF 2 2 1 7 5 10 3 2
Tylenchidae A nguina 2 PF 1 2 6 2 2 2 2 3
I Ioplolaimidae Aorola im us 3 PF 1 1 1 4 2 2 1 2
Pratylenchidae / lirschm anniella 3 PF 1 1 1 2 2 2 2 1
Cephalobidae Acrobeles 2 BF 26 26 0 34 31 43 22 28
Dorvlaimidae D iscolaim inae 4 Pre 23 22 26 29 29 38 17 20
Creconematidae C riconem ella 3 FF 22 21 24 28 30 37 20 18
Dorvlaimidae D orylaim inae 4 OM 23 26 25 29 32 35 20 19
Cyatholaimidae Achrom adora 3 BF 25 26 27 27 32 40 23 20
Ironidae C ryptonchus 4 FF 25 25 27 26 32 38 24 21
Teratocephalidae Ter otocephalus 3 BF 26 25 26 29 34 39 23 23
C-P Values taken from Bongers (1990)
Where; C-P = consister-persister index BF = Bacterial Feeding PF = Plant Feeding FF = Fungal (Hyphal) Feeding

Pre = Predation on protozoan and soil animals OM = Omnivores SR=Short rains LR=Long rains



The populations of plant parasitic nematodes increased with maize growth period up to the milk 

staue and then declined at harvesting time. There were significant plant parasitic nematode 

population differences (P<0.05) in the four nematode sampling times in both seasons as indicated in 

tables 5 and 6. The interactions among soil fertility management practices, time of nematode 

sampling and period of cultivation were significant (P<0.05) for plant parasitic nematodes 

populations in both seasons.

There was an increase in population of plant parasitic nematodes where nitrogenous fertilizer and 

farm yard manure were applied but a decline was observed in the PRE-PAC in the long rains (Tables 

5 and 6). PRE-PAC significantly reduced PPN populations. Increment in plant parasitic nematode 

populations was observed with farm conversion period in both seasons. There were significant plant 

parasitic nematode population differences (PO .05) in the farm age clusters in both the short and 

long rains seasons.

4.2.4. Plant-parasitic nematode populations (number/lOOcm3) in soils treated with various

soil fertility management practices
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Table 5. Plant parasitic nematode populations (number/100cmJ) in soil treated with
different fertility management practices in the short rains of 2005. ________________
Farm conversion 
period (years)

Sampling
Time Control FYM

Treatments
Nitrogen PRE-PAC

0-10 Po 54 93 46 58
Pi 70 204 66 98
P2 110 234 164 123
P3 91 155 88 109

10-20 Po 143 79 113 48
Pi 168 139 144 79
P2 186 260 260 151
P3 184 180 185 89

20-40 P() 86 109 120 64
Pi 118 144 174 108
P2 271 284 368 153
P3 126 173 239 86

>40 Po 66 70 173 69
Pi 89 114 228 100
P2 290 294 378 179
P3 146 144 261 135

Farm conversion period
LSD(P=o.05)

5
Sampling time 5
T reatment 5
Farm conversion period x sampling time 10
Farm conversion period x treatment 10
Sampling time x treatment 10
Farm conversion period x sampling x treatment 20
C.V (%) 9.7

Where
Po = initial population 
P1 = population at 6 weeks after planting 
P2 = population at the milky stage 
P3 = population at maize harvesting
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T a b l e  6 . Plant parasitic nematode populations (number/l()0cmJ) in soil treated with
different fertility management practices in the long rains of 2006.____________
Farm conversion Sampling Treatments
Period (years) Time Control FYM Nitrogen PRE-PAC

0-10 Po 54 141 85 39
P, 113 166 129 95
P: 156 196 240 134
Pj 81 191 226 108

10-20 Pi, 75 114 170 35
P i 155 170 221 69
P: 160 258 284 156
Pj 120 184 209 64

20-40 Po 78 158 164 84
Pi 115 218 209 110
P̂ 229 259 354 160
P3 86 173 179 128

>40 Po 96 98 244 76
Pi 163 201 288 148
P: 244 274 414 175
P;, 153 179 300 91

LSD(P=o 05)
Farm conversion period 4
Sampling time 4
Treatment 4
Farm conversion period x sampling time 8
Farm conversion period x treatment 8
Sampling time x treatment 8
Farm conversion period x sampling x treatment 17
C.V (%) 7.4

Where
Po = initial population 
P| = population at 6 weeks after planting 
P2 = population a t the milky stage 
P3 = population a t maize harvesting
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4.2.5. Effect of soil fertility management on root lesion nematodes

There was an increase in Pratylencus spp. populations with farm conversion periods in both seasons 

(Tables 7 and 8). There were significant differences o f Pratylencus spp. population (P<0.05) among 

all the farm conversion periods in both seasons. There was an increase in population of Pratylencus 

spp. in both seasons where nitrogenous fertilizer and farm yard manure were applied but a decline 

vvas observed in PRE-PAC treatment. Significant Pratylencus spp. population differences (P<0.05) 

among all the treatments were reported in both seasons.

An increment was observed in Pratylencus spp. populations from maize planting to the milky stage 

but a decline was noticed at harvesting time in both seasons. Significant Pratylencus spp. population 

differences (P<0.05) in the four nematode sampling times were observed in both rains seasons.

The interactions among soil fertility management practices, time of nematode sampling and period 

of cultivation were highly significant (P<0.05) for Pratylenchus sp. population in the short and long 

seasons (Tables 7 and 8).

/
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Tabic 7. Population of Pratylenclius spp. (number/lOOcm3) in soil treated »ith  different
fertility management practices in the short rains season of 2005. _____________________
Farm conversion 
period (years)

0-10

10-20

20-40

>40

Sampling _________ Treatments
lime Control FYM Nitrogen__ PRE-PAC

P„ 20 L/i 13 21

Pi 26 70 25 30

P, 44 85 54 41

P; 36 78 29 34

Pu 40 45 45 14

Pi 58 61 63 26

p, 81 106 90 48

P;, 60 65 70 28

P„ 30 30 60 28

P, 43 43 83 38

P-. 85 121 111 59

P;, 49 41 95 43

P0 40 44 83 16

Pi 55 61 98 29

P> 96 128 144 59

P, 51 61 109 30

Farm conversion period 
Sampling time 
Treatment
Farm conversion period x sampling time 
Farm conversion period x treatment 
Sampling time x treatment 
Farm conversion period x sampling x treatment 
C.V (%)

Where
Po = initial population
P| = population at 6 weeks after p lan ting  
p2 ~~ Population at the milky stage 
3 * population at maize harvesting

LSD(P=oo5)
2
2
2
5
5
5

10
12.3
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Table 8. Pratylenclius spp. populations (number/lOOcm3) in soil treated with different
fertility management practices in the long rains season of 2006.__________________________
Farm conversion Sampling _______________ Treatments
period (years) Time Control FYM Nitrogen PRE-PAC
0-10 Po 21 51 24 18

Pi 38 64 31 29
P2 79 96 63 63
P3 35 81 35 35

10-20 Po 28 39 48 14
Pi 75 61 74 25
P2 88 111 121 63
P3 40 68 69 26

20-40 Po 20 53 46 36
Pi 34 88 88 50
P2 91 113 131 73
P3 34 78 63 64

>40 Po 44 39 74 16
P| 66 58 111 40
P2 120 121 148 80
P3 71 64 88 24

LSD(p=005)
Farm conversion period 2
Sampling time 2
Treatment 2
Farm conversion period  x sampling time 5
Farm conversion period x treatment 5
Sampling time x treatm ent 5
Farm conversion period  x sampling x treatment 9
C.V (%) 10.9

Where
Po = initial population 
P1 = population a t  6 weeks after planting 
P2 = population a t  the milky stage 
P3 = population a t  maize harvesting
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t 2 () D iversity of free-living nematodes in soils treated with various fertility management 

practices

A decline in the population of free-living nematodes in all the soil fertility management practices 

were observed in both seasons (Tables 9 and 10). Differences in number of free-living nematodes 

were significant (P<0.05) among the soil fertility treatments tested in the two seasons. A decline in 

free-living nematode populations was observed with conversion period ol the tarms in both seasons.

>40 years farm conversion period had significantly higher populations (P<0.05) than tarm 

conversion periods in both rains seasons.

Significant differences (P<0.05) in free-living populations were recorded during the growth stages 

with milk stage giving significantly higher numbers than the rest in both seasons. There were 

significant (P<0.05) differences in the interactions between soil fertility management practices, stage 

of growth and farm conversion period for free-living nematodes in the short and long rains seasons 

(Tables 9 and 10).
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Table 9. Free-living nematode populations (number/lOOcm3) in soils subjected to different
soil fertility' management practices in the short rains season of 2005._____________
Farm conversion Sampling ______________1 reatments-----------------L
period (years) Time Control FYM Nitrogen PRE-PAC

0-10 Po 171 115 149 85
Pi 251 170 195 108
P̂ 300 325 403 300
P3 215 195 249 108

10-20 Po 106 140 158 101
Pi 144 188 193 138
P2 295 251 344 214
P3 131 188 269 179

20-40 Po 95 90 198 94
P. 118 124 238 115
P: 184 240 313 196
P3 181 159 293 149

>40 Po 114 126 93 108
P. 121 211 100 130
P2 150 236 205 146
P3 141 179 118 195

LSD(p=:0.05)

Farm conversion period 3
. Sampling time 3
Treatment 3
Farm conversion period x sampling time 7
Farm conversion period x treatment 7
Sampling time x treatment 7
Farm conversion period x sampling x treatment 14
C.V(%) 5.5

Where
Po = initial population 
Pi * population at 6 weeks after planting 
P2 = population at the milky stage 
P3 = population at maize harvesting
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Tabic 10. Free-living nematode populations (number/100cm*1) in soils subjected to ditlerent
soil fertility management practices in the long rains season of 2006.____________
Farm conversion Sampling ______________ freatments
period (years) Time Control FYM Nitrogen PRE-PAC

0-10 Po 100 118 174 93
Pi 193 269 234 158
P̂ 254 293 403 223
P3 195 249 344 149

10-20 Po 139 136 256 114
Pi 188 169 298 148
P, 251 271 348 221
P3 175 171 296 136

20-40 Po 118 151 150 95
P. 150 185 213 138
P, 228 270 325 205
P 3 159 215 295 143

>40 Po 115 149 196 94
Pi 140 185 214 133
P2 174 204 300 195
P3 145 190 241 128

Farm conversion period
L S D ( p=o.05)

2
Sampling time 2
Treatment 2
Farm conversion period x sampling time 5
Farm conversion period x treatment 5
Sampling time x treatment 5
Farm conversion period x sampling x treatment 9
C.V (%) 3.4

Where
Po = initial population 
Pi = population at 6 weeks after planting 
n  = population at the milky stage 
P3 = population at maize harvesting
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4.3. Effect of selected B acillus sub tilis  strains on nematodes

4.3.1. Nematode abundance (number/100cnr*) as influenced by B acillus sub tilis

Generally control plots had higher nematode abundance compared to where Bacillus subtilis strain 

K194 and Rhizobium. Leguminosarum biovar phaseoli strain USDA 2674 were applied in both 

seasons (Table 11). Plots treated bi-inoculants had high nematode species richness (SR) and 

diversity index -/f>. Species evenness was highest in soils treated with Rhizobium leguminosarum 

biovar phaseoli strain USDA 2674 and lowest in the control plots.

Table 11. Comparison of nematode abundance (number/lOOcm1) and diversity as 
influenced by biocontrol agents in the short rains of 2005 and long rains of 2006.__________

Bio-inoculants N S SR h 2i J
Sr Lr Sr Lr Sr Lr Sr Lr Sr Lr

Control 355 379 34 34 5.62 5.56 2.26 2.34 0.64 0.66

K158 305 339 34 34 5.77 5.66 2.13 2.41 0.60 0.68

K158 + USDA 314 347 34 34 5.74 5.64 2.42 2.61 0.65 0.74

K194 291 348 34 34 5.82 5.64 2.71 2.61 0.69 0.74

K194 + USDA 267 307 34 34 5.91 5.76 2.71 2.59 0.69 0.73

K263 318 343 34 34 5.73 5.65 2.63 2.49 0.64 0.71

K263 + USDA 315 334 34 34 5.74 5.68 2.49 2.50 0.75 0.71

USDA 276 326 34 34 5.89 5.73 2.71 2.65 0.77 0.75

bl: the Shannon-Weiner index (Yeates 2003)
Where N=Nematode abundance S = number of genera SR= Species richness

//?=Diversity J=Species evenness Sr = Short rains
Lr = Long rains
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4.3.2. Nematode communities and their d is tribu tion  in soil treated with different bio- 

inoculants

There were higher populations of free-living nematodes compared to the parasitic ones in both 

seasons (Table 12). There was an increment in nematode populations trom the short to the long 

rains seasons. Marked reduction of nematodes (Meloidogyne sp.) population was observed in 

plots treated with Bacillus subtilis strain K.194 and Rhizobium  strain IJSDA2674 whereas control 

and Bacillus subtilis strains K 158 and K263 had alm ost constant nematode populations in both 

seasons. The population of plant parasitic nematodes reduced in the long rains season but the 

converse was true for the free-living nematodes in the short rains season.

The most common C-P rating was 3 while the  most prominent nematode family was 

Hoploimidae. There were less predacious nem atodes than the bacteriavores. A few genera 

exhibited omnivorous feeding habits. A few others w ere fungivores. The dominant genera were; 

Meloidogyne, Tylenchus, Acrobeles, Discolaiminae, Thelastoma, Achromadora, in both seasons.



T a b l e  12. [ \ e m a t o i l e  c o m m u n i t i e s  a n d  t h e i r  d i s t r i b u t i o n  in soil t r e a t e d  w i t h  d i f f e r e n t  b i o - c o n t r o l s .

family G e n u s C-
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D A

SR LR SR LR SR LR SR LR SR LR SR LR SR LR SR
Meloidogynidae M eloidogyne 3 PF 62 99 43 82 63 69 24 51 28 55 49 77 56. 72 27
lylenchidae Tylenchus 2 PF 81 29 52 16 44 18 24 10 29 8 40 14 44 15 28
1 ratylenchidae Pratylenchus 3 PF 13 10 15 7 10 9 12 5 12 4 16 7 15 7 1 1
1 toplolaimidac H elicotylenchus 3 PF 8 7 8 9 10 9 10 3 8 5 12 6 10 6 9
lylenchidae D itylenchus 2 PF/FF 7 6 10 4 7 5 7 3 8 3 1 1 5 9 5 7
Lolichodoridae D olichodorus 3 Pf 4 5 3 3 5 4 4 2 3 3 7 3 5 4 3
liopiolaimidae Sculellonem a 3 PF 3 10 2 6 3 7 4 4 3 5 2 6 1 7 3
bacobbidae Rolylenchulus 2 PF 6 3 5 4 5 2 3 1 4 1 7 2 2 2 3
laratylenchidae Paratylenchus 3 PF 14 5 11 4 10 5 8 2 5 3 1 1 5 11 5 7
liemicyclophoridae H enucycliphora 3 PF 1 2 1 2 2 1 0 1 2 2 2 2 1 3 l
Creconematidae H em icreconem oides 3 PF 5 4 1 2 2 3 1 2 2 3 2 4 1 4 2
fieteroderidae Heterodera 3 PF 2 2 1 3 1 4 1 2 1 2 2 2 4 2 i
Aphelenchoididae Aphelenchoides 2 FF 1 3 2 2 1 2 0 2 1 2 2 2 1 1 i
Ivlenchulidae Tylenchulus 2 PF 5 4 4 3 3 3 2 2 1 5 1 3 2 4 2
f ratylenchidae Radopholus 3 PF 1 2 1 3 1 1 1 1 0 2 0 1 0 1 1
Lorylaimidae D orylainunae 4 OM 17 5 18 5 17 3 24 4 18 4 17 6 19 5 18
lylenchidae A nguina 2 PF 2 3 1 1 1 2 1 2 0 1 1 2 1 1 1
lbplolaimidae Rotylenchoides 3 PF 2 3 2 2 1 2 1 i 0 1 0 2 1 1 1
fratylenchidae H irschm anniella 3 PF 2 1 1 1 1 2 1 i 1 1 2 2 1 2 0
Aphelenchidae A phelenchus 2 FF 0 6 0 5 0 5 0 4 0 5 0 6 0 6 0
I v l e n c h u l i d a e Sphaeronem a 3 PF 0 3 0 2 0 2 0 2 0 1 0 1 0 2 0
Irichodoridae Trichodorus 3 OM 0 5 0 2 0 2 0 1 0 1 0 4 0 2 0
lieteroderidae C ryphodera 3 PF 0 3 0 2 0 3 0 1 0 1 0 2 0 2 0
I ongidoridae Xiphinem a 5 PF 0 3 0 2 0 2 0 2 0 1 0 3 0 2 0
Cephalobidae Aerobe les 2 BF 26 22 24 24 26 20 30 32 27 27 26 27 24 26 28
Lorylaimidae D iscolaim inae 4 Pre 19 15 21 18 20 18 25 26 22 23 19 19 22 19 21
Creconematidae C riconem ella 3 PF 11 17 11 18 13 19 16 28 12 22 14 19 n 18 18
Ihelastomatidae Thelastoma 3 BF 17 15 16 16 13 18 18 27 17 20 13 19 15 17 17
Ironidae C ryptonchus 4 Bf 0 14 0 14 0 17 0 25 0 20 0 15 0 13 0
Cyatholaimidae Achrom adora 3 OM 14 14 14 14 17 18 17 24 16 19 15 14 14 14 16
lylenchidae N eotylenchinae 2 PF 10 17 14 17 12 20 18 24 15 18 16 17 16 18 16
Felondiridae Belondira 1 PF 12 15 12 17 12 19 20 21 14 16 15 17 14 17 15
leratocephalidae Teratocephalus 3 BF 0 16 0 16 0 20 0 20 0 16 0 18 0 19 0
lobrilidae Tobrilus 3 BF 0 17 0 17 0 20 0 20 0 12 0 18 0 20 0
Mononchidae M ylonchus 4 Pre 12 0 12 0 15 0 19 0 14 0 15 0 14 0 16
Ebplolaimidae Rotylenchus 3 PF 6 0 5 0 5 0 3 0 4 0 7 0 2 0 3
lbplolaimidae Aorolaim us 3 PF 1 0 1 0 1 0 1 0 0 0 1 0 1 0 1

C-P Values taken from Bongers (1990) Where; C-P = consister-persister index, BF = Bacterial Feeding, PF = Plant Feeding, FF = Fungal
(Hyphal) Feeding, Pre = Predation on protozoan and soil animals, OM = Omnivores
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An increment in the population of plant-parasitic nematodes in all the biocontrol treatments 

including the control was observed in both rain seasons flables 13 and 14). Significant PPNs 

population differences (P<0.05) were recorded in the selected biocontrol agents in both seasons with 

Bacillus subtilis strain K158 being the least effective in controlling of nematodes and gave counts as 

high as those by the control. Strain K194 and Rhizobium strain USDA2674 showed significantly 

lower counts, thus, effectively controlling nematodes.

An increase in plant-parasitic nematode populations was observed with period ot cultivation in both 

seasons. There were significant plant-parasitic nematodes population differences (P<0.05) in the 

farm age clusters in both seasons. The >40 years giving significantly higher populations while the 0- 

10 years showed significantly lower populations.

An increase in the population of plant-parasitic nematodes was recorded from bean planting up 

to the flowering stage with a decline at harvesting time in both seasons. There were significant 

plant-parasitic nematodes population differences (P<0.05) among the four nematode sampling 

times in both seasons. The interactions among biocontrols, time of nematode sampling and 

period of bean cultivation were highly significant (P<0.05) for plant-parasitic nematodes 

populations in both seasons. The percentage changes in nematode populations were higher in the 

control and Bacillus isolates K158 and K263 but lower in K194 and Rhizobium leguminosarum  

biovar phaseoli strain USD A 2674 in both seasons, implying the effectiveness of strain K194 

plus Rhizobium.

4.3.3. Plant-parasitic nematodes (number/lOOcm1) under selected bio-inoculants
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Table 13. Plant parasitic nematode populations (number/lOOcm3) in soil treated with
different bio-inoculants in the short rains season of 2005.
Farm
conversion
period
(Years)

Sampling
Time

Bio-noculants*

Control K158

K158
+

USDA K194

K194
+

USDA K263

K263
+

USDA
USDA
2674

0-10 Po 103(40) 85(38) 71(44) 54(40) 39(48) 73(54) 60(55) 60(25)
Pi 161 100 93 79 53 145 79 74
P: 171 138 128 90 75 159 133 80
P; 143 1 13 81 75 49 131 108 79

10-20 Po 109(47) 75(47) 81(41) 58(47) 61(48) 66(60) 79(45) 54(39)
Pi 149 93 106 75 88 94 99 69
P: 206 143 138 109 118 166 143 89
?> 159 90 105 74 71 88 106 65

20-40 Po 1 10(52) 78(58) 74(50) 59(46) 74(40) 84(50) 85(44) 84(25)
Pi 131 114 103 83 109 110 120 101
P2 228 183 146 109 123 168 153 1 11
P3 141 120 104 80 89 123 98 91

>40 Po 131(44) 125(39) 96(42) 65(42) 81(45) 88(54) 93(52) 79(35)
Pi 168 166 118 73 101 126 113 81
P2 235 205 165 1 13 148 193 193 121
P3 163 159 110 91 96 110 110 89

* Bacillus subtilis isolates; K158, K194, K.263 and Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

LSD(p=o.05)
Farm conversion period 3
Sampling time 3
Treatment 4
Farm conversion period x sampling time 5
Farm conversion period x treatment 7
Sampling time x treatment 7
Farm conversion period x sampling x treatment 15
C.V (%) 9.9
Where
Po = initial population
Pi = population at 6 weeks after planting
P2 = population at 75% flowering *
P3 = population at bean harvesting
N/B: Values in brackets are the percentage changes from P0 to P2
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Table 14. Plant parasitic nematode populations (number/lOOcm3) in soil treated with
different bio-inoeulants in the long rains season of 2006.

"Farm
conversion
period
(Years)

Sampling
Time

Bio-inoculants*

Control K158
K158 + 
USDA K194

KI94 + 
USDA K263

K263 + 
USDA

USDA
2674

IffiT" Po 130(50) 121(46) 85(56) 56(51) 63(60) 99(51) 76(61) 96(38)
P, 203 180 163 98 113 153 148 149
P2 263 223 193 115 158 200 198 155
P3 180 165 131 83 96 125 114 1 15

10-20 Po 154(43) 108(52) 104(51) 63(52) 70(57) 96(56) 100(51) 94(46)
p, 230 159 164 128 105 145 153 110
p2 273 226 214 131 161 218 204 176
Pj 231 143 128 103 90 123 116 83

20-40 Po 160(44) 104(55) 111(50) 76(57) 74(57) 116(50) 89(59) 100(44)
p, 215 179 176 115 91 156 155 141
p2 288 233 223 178 171 233 219 180
P.1 210 141 140 114 108 156 159 128

>40 Po 184(40) 114(56) 141(43) 64(660 89(53) 138(46) 123(51) 103(46)
p. 228 168 186 63 141 199 184 130
p2 308 256 246 186 189 254 249 191
P3 213 153 165 84 126 170 160 125

*Bacillus subtilis isolates; K158, K194, K263 & Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

L S D ( p=oo5)
Farm conversion period 3
Sampling time 3
Treatment 4
Farm conversion period x sampling time 6
Farm conversion period x treatment 8
Sampling time x treatm ent 8
Farm conversion period x sampling x treatment 16
C .V  ( % )  7 .6

Where
Po = initial population
P| = population at 6 w eeks after planting
P2 = population at 75%  flowering
P3 = population at bean  harvesting '
N/B: Values in brackets are the percentage changes from Po to P2
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There was an increase in the population of Meloidogyne spp in all the treatments in tjie |oni? 

rain seasons (Tables 15 and 16). There were significant Meloidogyne spp. population differences 

(P<0.05) in the selected biocontrol agents in both seasons with control showing signifiqmjy higher 

population whereas Bacillus subtilis strain K194 and Rhizobium strain USDA2674 s i n g l y  an(j m 

combination giving significantly lower populations.

Similarly an increment in Meloidogyne spp. populations was observed with period of jvatjon • 

both seasons. There were significant Meloidogyne sp. population differences (P<0.05)jn t^e parm 

age clusters in the tw'o rain seasons with the >40 years age clusters giving signifiqntjv higher 

populations while the 0-10 recording the lowest populations in both rain seasons.

There was an increment in the population of Meloidogyne spp. from bean planting to floverjng stage 

followed by a drop at harvesting time. There were significant Meloidogyne spp population 

differences (P<0.05) at the four nematode sampling times in both rain seasons. Theinteractions 

among biocontrols, time of nematode sampling and period of bean cultivation wer« significant 

(P<0.05) for Meloidogyne spp population in the short and long rain seasons. G^era|jy t^e 

percentage change in Meloidogyne spp. populations was greater in the control and Baq[us isoiates 

K158 and K263 but less in the isolate K194 and Rhizobium leguminosarum biovar ph$eon  strain 

USDA 2674.

4.3.4 Meloidogyne spp. populations (number/lOOcm') under selected bio-inoculants
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Table 15. Meloidogyne spp. populations (number/lOOcm3) in soil treated with different bio-
inoculants in the short rains season of 2005. ____________________________

Farm
;0I1version
period
(Years)

Sampling
Time

Bio-inoculants*

Control K158
K158 + 
USDA K194

K194 + 
USDA K.263

K263 + 
USDA

USDA
2674

o d T Po 36(44) 25(53) 21(68) 13(57) 13(62) 15(63) 18(67) 11(57)
P. 60 29 53 18 23 31 44 20
P2 65 54 66 29 33 40 54 36
P) 56 28 35 21 23 25 39 18

10-20 Po 38(49) 24(61) 28(67) 13(60) 13(62) 30(58) 33(56) 19(52)
Pi 43 29 35 23 18 65 69 28
p2 74 61 84 31 33 65 74 39
p3 36 29 50 19 21 63 71 26

20-40 Po 34(56) 34(51) 46(51) 20(54) 23(52) 34(52) 31(58) 19(52)
Pi 55 61 70 30 29 50 43 26
p2 76 69 95 44 48 70 75 39
p3 56 66 65 30 30 53 53 25

>40 Po 59(46) 38(53) 58(51) 25(51) 25(53) 34(62) 48(51) 25(44)
Pi 89 45 76 31 36 38 66 35
p2 1 10 81 118 51 54 89 98 45
P3 89 50 93 28 39 43 64 31

* B a c illu s  su b ti l is  isolates; K158, K194, K263 & R h iz o b iu m  le g u m in o s a r u m  b io v a r  p h a s e o li  
strain USDA 2674

L S D ( p=o.05)
Farm conversion period 2
Sampling time 2
Treatment 3
Farm conversion period x sampling time 4
Farm conversion period x treatment 6
Sampling time x treatment 6
Farm conversion period x sampling x treatment 11
C-v (%) 18.1 
Where
Po= initial population 
P| ~ population at 6 weeks after planting 
P2 * population at 75% flowering 
3 58 population at bean harvesting
'B ; Values in brackets are percentage change from P0 to P2
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tar 1̂

Meloidogyne spp. populations (number/lOOcm3) in soil treated with different bio-
in the long rains season of 2006.__________________________ _____________________

conversion Sampling Bio-inoculants*

period 
(Yeâ l
Hao~

Time
Control K 158

K 158 + 
USDA K194

K194 + 
USDA K263

K263 + 
USDA

USDA
2674

Po 55(58) 43(63) 20(78) 11(70) 11(84) 25(75) 26(71) 21(75)
P i 106 84 51 16 34 66 45 50
P 2 133 116 93 38 70 99 91 84
P 3 78 73 36 23 28 48 48 46

Po 48(66) 56(55) 20(81) 33(55) 10(87) 33(73) 43(63) 26(70)
Pi 128 108 38 68 38 80 74 50
P 2 139 126 106 73 78 119 115 88
P 3 83 88 40 56 43 76 65 29

Po 58(63) 51(64) 34(74) 43(53) 25(76) 43(69) 38(70) 25(61)
P . 110 63 68 90 58 81 81 40
P 2 156 141 128 90 103 138 126 90
P 3 88 54 63 78 61 73 68 48

Po 61(64) 65(57) 53(75) 51(57) 28(77) 48(65) 48(62 38(63)
p. 121 83 105 76 91 79 88 83
P 2 171 153 168 119 120 138 128 100
P 3 69 68 76 43 75 81 78 73

10-20

20-40

>40

* Bacillus subtilis isolates; K158, K.194, K263 & Rhizobium leguminosarum biovar phaseoli strain
USDA 2674

Farm conversion period
L S D ( p=o.05)

2
Sampling time 2
Treatment 3
Farm conversion period x sampling time 4
Farm conversion period x treatment 5
Sampling time x treatment 5
Farm conversion period x sampling x treatment 10
C.V (%) 10.3
Where
Po -  initial population
h = population at 6 weeks after planting 
P?= population at 75% flowering 
P3 - population at bean harvesting

^ lu e s  in brackets are percentage change from Po to P2
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There was an increase in the population o f tree-living nematodes in all the biocontrol treatments 

including the control in both seasons (Tables 17 and 18). Both seasons showed significant free-living 

nematodes population differences (P<0.05) in the selected biocontrol agents with Bacillus subtilis 

strain K194 and Rhizobium strain USDA2674 giving significantly higher populations while Bacillus 

subtilis strain K 158 and control recorded the lowest populations.

Free-living nematode populations declined with period of cultivation in both seasons. There were 

significant free-living nematodes population differences (P<0.05) in the farm age clusters with the 0- 

10 years age cluster showing significantly higher populations whereas the >40 years recorded the 

lowest counts in the both rain seasons.

There was an increase in the population of free-living nematodes from bean planting to flowering 

stage with a decrease at harvesting time in both seasons. There were significant free-living 

nematodes population differences (P<0.05) at the four nematode sampling times in both seasons 

with bean flowering stage yielding significantly higher populations while the prior to planting 

time recorded the lowest populations. The interactions among biocontrols, sampling time and 

period of bean cultivation were highly significant (P<0.05) for free-living nematodes populations 

in (Tables 19 and 20). Bacilli isolate K194 and Rhizobium leguminosarum biovar phaseoli strain 

USDA 2674 showed greater percentage change in populations of free-living nematodes than the control 

and isolates K158 and K.263 in the two seasons.

4.3.5. Free-living nematodes (number/lOOcm') under selected bio-inoculants
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4.3.5. Free-living nematodes (number/lOOcm5) under selected bio-inoculants

There was an increase in the population of free-living nematodes in all the biocontrol treatments 

including the control in both seasons (Tables 17 and 18). Both seasons showed significant free-living 

nematodes population differences (P<0.05) in the selected biocontrol agents with Bacillus subtilis 

strain K194 and Rhizobium strain USDA2674 giving significantly higher populations while Bacillus 

subtilis strain K 158 and control recorded the lowest populations.

Free-living nematode populations declined with period of cultivation in both seasons. There were 

significant free-living nematodes population differences (P<0.05) in the farm age clusters with the 0- 

10 years age cluster showing significantly higher populations whereas the >40 years recorded the 

lowest counts in the both rain seasons.

There was an increase in the population of free-living nematodes from bean planting to flowering 

stage with a decrease at harvesting time in both seasons. There were significant free-living 

nematodes population differences (P<0.05) at the four nematode sampling times in both seasons 

with bean flowering stage yielding significantly higher populations while the prior to planting 

time recorded the lowest populations. The interactions among biocontrols, sampling time and 

period of bean cultivation were highly significant (P<0.05) for free-living nematodes populations 

in (Tables 19 and 20). Bacilli isolate K194 and Rhizobium leguminosarum biovar phaseoli strain 

USDA 2674 showed greater percentage change in populations of free-living nematodes than the control 

and isolates K158 and K263 in the two seasons.
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Table 17. Free-living nematode populations (number/lOOcm3) in soil treated with different
bio-inoculants in the short rains season of 2005._____________________________ __________

l‘arm „ .. Bio-inoculants*
conversion Sam pling-------------
period
(Years)

Time

Control K158
K158 + 
USDA K194

K194 + 
USDA K.263

K.263 + 
USDA

USDA
2674

0-10 Po 98(49) 90(56) 103(50) 159(45) 116(42) 129(46) 114(53) 130(47)
Pi 136 145 139 203 144 164 151 205
P2 191 203 204 291 200 239 239 245
P3 115 114 124 183 135 136 133 200

10-20 Po 113(40) 116(41) 108(47) 128(53) 109(46) 110(47) 103(50) 98(53)
Pi 139 145 139 163 168 194 146 145
P2 189 198 201 269 201 209 204 206
P3 123 125 116 169 141 159 131 148

20-40 Po 90(52) 90(54) 106(46) 124(50) 96(54) 105(44) 100(51) 100(51)
Pi 146 148 154 180 146 148 143 139
P2 186 195 198 248 210 189 204 204
P3 143 121 153 203 128 134 133 115

>40 Po 94(46) 91(53) 109(39) 114(43) 93(59) 73(51) 94(53) 118(42)
Pi 140 138 135 160 194 119 151 159
P2 175 194 179 201 245 149 199 203
P 3 119 118 125 189 118 110 134 129

* Bacillus subtilis isolates; K158, K194, K263 & Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

L S D ( p=o.05)
Farm conversion period 2
Sampling time 2
Treatment 3
Farm conversion period x sampling time 4

• Farm conversion period x treatment 6
Sampling time x treatment 6
Farm conversion period x sampling x treatment 11
C.V (%) 5.2
Where
Po = initial population 
Pi = population at 6 weeks after planting 
P2 = population at 75% flowering 
P3 = population at bean harvesting
N/B: Values in brackets are percentage change from Pq to P2
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Table 18. Free living nematode populations (number/lOOcm3) in soil treated with different
bio-inoeulants in the long rains season of 2006._______________________________ _________

Farm
Sampling
Time

Bio-inoculants*conversion
period
(Years)

K158 + K194 + K263 + USD
Control K 158 USDA K194 USDA K263 USDA 267

0-10 Po 128(51) 139(45) 154(41) 221(29) 158(38) 155(42) 149(42) 161(3'
Pi 166 184 203 266 180 191 196 199
P2 259 250 263 314 254 269 258 255
P 3 158 171 180 246 186 179 190 185

10-20 Po 119(49) 143(42) 141(46) 190(36) 141(41) 118(52) 120(53) 145(4!
Pi 189 194 204 255 210 183 188 198
P2 235 248 261 299 239 248 254 248
P 3 150 166 155 233 168 145 148 185

20-40 Po 109(52) 138(40) 130(47) 211(28) 133(43) 129(47) 123(52) 130(4(
Pi 141 198 195 251 180 190 185 168
P2 225 228 244 293 234 244 254 240
P 3 133 140 148 256 184 153 161 171

>40 Po 103(48) 93(48) 119(44) 165(38) 146(37) 118(51) 96(59) 138(41
Pi 154 144 194 224 205 195 179 201
P 2 196 176 229 266 231 241 234 238
P 3 130 121 169 206 191 150 145 166

* Bacillus subtilis isolates; K158, K194, K263 & Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

L S D (p=o.05)
Farm conversion period 3
Sampling time 3
Treatment 4
Farm conversion period x sampling time 5
Farm conversion period x treatment 7
Sampling time x treatment 7
Farm conversion period x sampling x treatment 15
C.V(%) 5.7
Where
Po = initial population 
P i = population at 6 weeks after planting 
P2 = population at 75% flowering 
P3 = population at bean harvesting
N/B: Values in brackets are percentage change from Po to P2
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4.3.6. Change in population of Bacillus subtilis in soil

There was no increase in the total Bacillus subtilis counts in all the treatme[lts 'n seasons

(Tables 19 and 20). Significant Bacillus subtilis count differences (P<0.05) in the se êcte<^ biocontrol 

agents in both seasons were recorded with Bacillus subtilis strain K.194 ^  Rhizobium  strain 

USDA2674 giving significantly higher counts while Bacillus subtilis strait ^158 and K26j> 

showing significantly lower counts. A decrease in Bacillus subtilis count wasl̂ serve<  ̂ Pe r i ° d

of cultivation in both seasons. There were significant Bacillus subtilis counts difierences (P<0.05) in  

the farm age clusters in both seasons with the 1-10 years cluster showing signihcant^  h ig h e r counts 

and the >40 years cluster recording significantly lower counts.

There was an increase in the Bacillus subtilis counts from bean planting to h^vesting lim e- In 

both seasons, significant Bacillus subtilis counts differences (P<0.05) were ob5erveci at the lvvo 

Bacillus subtilis sampling times with the prior to planting time showing si£ni*lcantly lovver 

counts than at the harvesting time. The interactions among biocontrols, time o* Bacillus subtilis 

sampling and period of bean cultivation were highly significant (P<0.05) for Bacillus subtilis 

counts in both seasons.
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Table 19. Mean Bacillus subtilis counts under selected bio-inoculants in soil under bean in
the short rains season.

onrT "
^version
eriod
vears)

Sampling
Time

Bio-inoculants’*'

Control K 158
K158+
USDA K194

K.194+
USDA K263

K263+
USDA

USDA
2674

i-lO Po 3.73x10° 3.68x10 s 7.20x105 9.15x106 6.25xl06 8.20x10s 4.18.x 10° 8.23x10°

P. 3.80x106 4.68x 105 7.73.x 105 9.75xl06 6.65x106 8.73x10s 4.75x106 8.75x 10°

0-20 Po 2.73xl06 2.13x10s 5.25x10s 8.68x10° 4.65xl06 6.25x10s 3.18x10° 4.23xl06

Pi 3.05xl0b 2.48.x 105 5.73xl05 9.25.x 106 5.18xl06 6.73x10s 3.60.x 106 4.75.x 10b

:o-40 Po 1.25x10° 6.15xl04 4.65x10s 2.68x10° 3.15x10° 9.15x104 3.18x10° 2.23x10°

P. 1.40x10° 6.65xl04 4.78x10 s 5.38x10° 3.65xl06 9.58x104 2.40x10° 2.73x10°

‘40 Po 1.23x10° 3.73x104 1.18x10s 2.70x106 2.64x10° 7.20x104 1.23x10° 2.20x10°

Pi 1.65x106 4.15x104 1.65x10s 3.38x10° 3.08xl06 7.65x104 1.75x10° 2.73x10°
* Bacillus subtilis isolates; IC158, K.194, K263 & Rhizobium leguminosarum biovar phaseoli
strain USDA 2674

L S D (p=o.05)
Farm conversion period 47359.1
Sampling time 33488.0
Treatment 66975.9
Farm conversion period x sampling time 66975.9
Farm conversion period x treatment 133951.9
Sampling time x treatment 94718.3
Farm conversion period x sampling x treatment 189436.5
C.V(%) 5.0

Where
Po = initial population
Pi = population at bean harvesting planting



Table 20. Mean Bacillus subtilis counts under selected bio-inoculants in soil under bean in
the long rains s e a s o n . _______________________________________ ________________

m
version Sampling Bio-inoculants*
iod Time K158+ K194+ K263+ USDA
:ars) Control K 158 USDA K194 USDA K263 USDA 2674

10 Po 3.88xl06 9.25x10s 8.15x 105 9.65xl06 7.65xl06 6.65x10s 4.73X106 7.75x10'’
Pi

3.93x106 9.6 xlO5 8.65xl05 9.75xl06 8.05xl06 7.20x10s 5.73xl06 8.75x10'

i-20
Po

n
3.58x106 5.23x10s 5.15x10s 9.43x106 7.55xl06 4.23x10s 4.40x106 6.20x10'

Pi
3.65x106 5.75x 105 5.68x10s 9.73xl06 8.55xl06 4.65x105 4.68xl06 6.75x10'

)-40
Po

n
1.75x106 2.68x105 4.75x10s 7.70x106 5.68xl06 7.73x10J 3.75xl06 5.73x10'

Pi
2.23x 106 3.68x105 6.15x10s 8.95x106 6.68x106 9.23x104 4.75X106 6.73x10'

40 Po 1.60x106 6.73x104 2.73x10s 4.18 x 106 3.20xl06 7.68xlOJ 2.25xl06 2.73x10'

p. 1.70xl06 6.80x10J 3.73x10s 5.18x106 3.65x 106 8.68xl04 4.25x106 3.60x10'
* Bacillus subtilis isolates; K158, K194, K263 & Rhizobium leguminosarum biovar phaseoli
strain USDA 2674

LSD(P=o.
Farm conversion period 61711.0
Sampling time 43636.2
Treatment 87272.5
Farm conversion period x sampling time 87272.5
Farm conversion period x treatment 174545.0
Sampling time x treatment 123421.9
Farm conversion period x sampling x treatment 246843.8
C.V (%) 4.9
Po = initial population
Pi = population at bean harvesting planting

4.4 The efficacy of Bacillus subtilis strains on root-knot damage to P. vulgaris

4.4 .1 Bean nodule counts under selected bio-controls

There was an increment in the bean nodule counts in all the treatments in the two seasons (Tables 21 

and 22). Both seasons recorded significant bean nodule count differences (P<0.05) in the selected
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biocontrol agents with Bacillus subtilis strain K.194 and Rhizobium strain USDA2674 giving 

significant higher counts, being most effective. Hence reduced root damage by nematodes. Strain 

K 158 showed significantly lower counts almost equal to control.

A decline in bean nodule counts was observed with period of cultivation in both seasons. There 

were significant bean nodule count differences (P<0.05) in the farm age clusters in both seasons 

with the 0-10 years cluster recording significantly higher nodule counts and the >40 years cluster 

giving lower nodule counts. The interactions between biocontrols and period of bean cultivation 

were highly significant (P<0.05) for bean nodule counts in both seasons. *

Table 21. Mean bean nodule numbers under different bio-inoculants in the short rains. 

Season.

Bio-inoculants*
Conversion
period

(years) Control K.158
K158+
USDA K194

K194+
USDA K263

K263+
USDA

USDA
2674

0-10 14 33 37 115 122 26 36 129

10-20 13 23 33 74 99 24 33 88

20-40 11 18 21 62 92 18 24 87

>40 11 17 18 50 34 16 20 75
*Bacillus subtilis isolates; K158, K194, K263 and Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

L S D ( p=o.05)
Farm conversion period 3
Treatment 4
Farm conversion period x treatment 9
CV(%) 13.7
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Table 22. Mean bean nodule numbers under different bio-inoculants in the long rains.
Season. ________________________________ __________________
Farm
conversion
period
(years)

Bio-inoculants*

Control K 158
K158+
USDA K194

K194+
USDA K263

K263+
USDA

USDA
2674

0-10 16 39 50 128 123 34 50 148

10-20 15 27 40 84 116 32 42 131

20-40 13 24 28 81 110 24 29 126

>40 11 21 25 59 38 20 24 92
*Bacillus subtilis isolates; K 158, K194, K263 & Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

L S D ( p=0.05)

Farm conversion period 3
Treatment 4
Farm conversion period x treatment 9
CV(%) 13

4.4.2. Bean haulm dry weights under selected bio-inoculants

Bean haulm dry weights increased in all the treatments in both seasons (Tables 23 and 24). There 

were significant differences (P<0.05) between treatments with Bacillus subtilis strain K194 and 

Rhizobium strain USDA2674 giving higher weights compared to the control.

A reduction in bean haulm dry weights was observed with age of farms in both seasons. Whereas 

farms that were 1-10 years had significantly higher weights, those that were >40 years cluster 

showed significantly lower weights. The interactions between biocontrols and period of bean 

cultivation were highly significant (P<0.05) bean haulm dry weights in the short rains season but 

not significant in the long rains season (Tables 23 and 24).
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conversion Bio-inoculants* _________________________

Table 23. Mean bean haulm dry weights (kg h a 1) under different bio-inoculants in the
short rains season.______________________________________________________________
Farm

period
(years) Control K158

K158+
USDA K194

K194+
USDA K.263

K263+
USDA

USDA
2674

0-10 83.3 265.3 211.0 292.5 269.3 202.8 238.8 249.8

10-20 67.0 206.3 127.0 244.8 226.3 163.3 168.0 220.5

20-40 46.5 57.3 74.5 226.8 202.3 128.3 142.8 189.5

>40 43.0 33.3 41,0 178.3 187.3 92.5 97.0 131.0
*Bacillus subtilis isolates; K158, K194, K263 & Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

LSD(p=o.05)
Farm conversion period 6
Treatment 9
Farm conversion period x treatment 17 
CV(%) 19.4

Table 24. Mean bean haulm dry weights (kg h a '1) under different bio-inoculants in the long 
rains season. ________________
Farm Bio-inoculants*
conversion
period
(years) Control K158

K158+
USDA K194

K194+
USDA K263

K263+
USDA

USDA
2674

0-10 148.3 261.8 241.0 310.0 352.0 225.3 272.8 282.8

10-20 122.5 257.0 191.0 301.5 257.5 182.0 247.3 220.3

20-40 96.5 191.3 185.3 206.8 175.3 159.3 162.8 193.8

>40 63.8 156.5 162.0 172.0 161.5 114.0 126.8 180.8
*Bacillus subtilis isolates; K158, K194, K263 & Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

LSD,
Farm conversion period 11
Treatment 16
Farm conversion period x treatment 31
CV (%) 28.0
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There was an increment in the bean grain dry weights in all the treatments in both seasons (Tables 

25 and 26). Significant bean grain dry weight differences (P<0.05) in the selected biocontrol agents 

were observed in both seasons with Bacillus subtilis strain K194 and Rhizobium strain USDA2674 

giving significantly higher weights while the control and Bacillus subtilis strain K158 showed 

significantly lower weights.

4.4.3. Effect of selected bio-inoculants on bean grain yield

Bean grain dry weights declined with period of cultivation in both seasons. There were 

significant bean grain dry weight differences (P<0.05) in the four farm age clusters with 0-10 

years recording higher weights and >40 years cluster showing lower weights in the short and 

long rain seasons. The interactions between biocontrols and period of bean cultivation were not 

significant for bean grain dry weights in both seasons (Tables 25 and 26).

Table 25. Mean bean grain yield (kg h a '1) in the short rains season.

Farm
conversion
period
(years)

Bio-inoculants*

Control K158
K158+
USDA K194

K194+
USDA K263

K263+
USDA

USDA
2674

0-10 400.0 660.0 587.6 1493.6 1231.6 776.6 905.0 1059.0

10-20 337.6 588.6 252.0 1119.0 921.2 575.6 670.6 878.6

20-40 274.6 495.0 207.0 983.0 709.6 507.6 575.6 708.0

>40 198.0 401.0 158.8 800.6 676.6 438.0 407.0 519.6
* Bacillus subtilis isolates; K158, K194, K263 and Rhizobium leguminosarum biovar phaseoli 
strain USDA 2674

L S D (p=0.05)

Farm conversion period 16
Treatment 22
Farm conversion period x treatm ent 44
CV (%) 23.8
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Table 26. Mean bean grain yield (kg ha'1) in the long rains season.
Farm
Conversion

— ------n-

Bio-inoculants*
period
(years) Control K158

K158+
USDA K194

K.194+
USDA K263

K263+
USDA

USDA
2674

0-10 461.0 913.6 765.6 1579.6 1105.6 632.6 1087.6 1235.6

10-20 390.0 726.6 649.0 1171.0 989.0 520.0 852.0 840.0

20-40 311.6 628.0 514.6 906.6 972.6 499.0 655.0 701.0

>40 225.6 526.0 474.0 838.6 738.0 216.0 609.6 609.6
* Bacillus subtilis isolates; K158, K194, K263 and Rhizobium leguminosantm biovarphaseoli
strain USDA 2674

LSD,
Farm conversion period 20
Treatment 28
Farm conversion period x treatment 57
CV (%) 27.8
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CHAPTER FIVE

5.0 DISCUSSIONS

5.1 Soil quality as affected by cultivation period

Results of this study generally show that continued land cultivation may lead to decline in soil 

pH. exchangeable; calcium, magnesium, potassium and phosphorus as well as total carbon and 

nitrogen. However the C: N increases with land conversion time. Phosphorus uptake by plants is 

greatly influenced by soil moisture, being largely controlled by diffusion rates, and P depletion in 

the rhizosphere (Gahoonia. Raza and Nielsen, 1994). Soil moisture influence N availability from 

organic N materials differently depending on source of N. Soil moisture and temperature are the 

major environmental factors affecting N availability from organic N sources. Because urea is 

readily soluble in water, urea hydrolysis is largely dependent on diffusion of dissolved urea in 

soil (Agehara and Warncke, 2005). The initial decline in total soil C and N can probably be 

attributed to the C and N being distributed more evenly through the plough layer after the initial 

farm cultivation after forest (Saggar et al., 2001). As N is taken up by plants, C increases leading 

to higher C:N ratio. After cultivation, bases are used up by plants as well as leached resulting in 

lower pH.

5.2 Effect of soil properties on nematodes

The host plant plays a major role in the structure of nematode communities. This role can be 

direct through quantity and quality of the substrate or indirect through changes in soil properties 

(Kandji et al., 2001). In cropped systems; soil texture, soil moisture and availability of substrate 

are critical in determining the diversity of nematode. In this study, higher nematode populations 

were recorded in the long rains than in the short rains. The nematode diversity was composed of
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both the native species that had survived agricultural management systems and species that could 

have been introduced through different dispersion agents. Long-term cycles of land use 

influenced the proportion of various nematode taxa at particular times (Yeates, 1999) and 

agroecosystem may contain in excess of 50 nematode taxa in varying proportions, which is the 

case in this study where over 30 genera of nematodes were found in the bean plots and this 

agrees with (Yeates and Bongers, 1999).

Nematode populations increased with maize and bean physiological changes as the highest 

numbers were recorded at milk stage which agrees with the findings ol Bloemers and Hodda 

(1995). This study, assessment of the effect of soil disturbance on nematode diversity, supports 

the findings that the populations of free-living nematodes reduce from younger conversions (age 

of the farm) to older ones and vice verse for plant parasitic ones (Geraert, 1965). The decline 

may be due to a combination of the use of pesticides, loss of organic inputs because of the use of 

herbicides and lower organic matter inputs generally by the conversion from forest to maize 

cropping (Saggar et al., 2001; Yeates et al., 1998). The increase in the population of plant 

parasitic nematodes could be attributed to predation on other soil organisms, continued planting 

of host crops and creation of good niches through cultivation (Saggar et al., 2001). An intensive 

New Zealand study showed the greater importance of the soil rather than month and/or year ot 

management practices in determining the composition of the nematode fauna, i.e. diversity and 

richness were all greatest in the young, mostly textually heterogeneous soil. Soil texture is 

important in affecting the movement, feeding and reproduction of all nematodes; however it is 

uncertain whether the soil mineralogy has a direct effect on the nematode fauna (Yeates and 

Mongers, 1999).
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The variability in nematode abundance and diversity observed in the cropping systems of 

Kakamega in Western Kenya is an indication that land management has a significant impact on 

nematode communities. The treatments in this study represented a range of soil fertility 

management improvement practices and crops that are likely to influence the he heterogeneity of 

the below-ground soil food webs including the nematode community. The more than 30 

nematode taxa observed in this study; (Table 3) was less than in a Swedish arable cropping 

system of 50 (Sohlenius et al., 1987).

Nematodes in the genera Meloidogyne, Pratylenchus, Scutellonema, and Helicotylenchus were 

widely distributed in maize/bean fields in Kenya which agrees with those reported by (Karanja et 

al., 2006). Warm and wet conditions prevailing in the district (Jaetzold and Schmidt, 1983), 

coupled with long-term continuous growing of Phaseolus vulgaris (bean) and maize have 

influenced the build-up of the plant parasitic nematode population.

Increased nematode built-up following inorganic fertilizer application could be related to the 

important production of root biomass that triggers increased biological activity in the soil 

(Wasilewska, 1989; Lavelle, 1994). Similarly, Arancon et al., (2004) reported that soils from all 

of the vermicompost-treated plots contained smaller populations of plant parasitic nematodes 

than soil from inorganic fertilizer-treated plots. Application of organic farm yard manure 

recorded lower nematode populations confirming findings by Miano (1999) who observed 

remarkable reduction in activity and/or mobility when second stage Meloidogyne juveniles were 

treated with extracts from organic amendments suggesting that substances released by 

decomposing amendments had nematostatic effects. According to Sikora (1992), organic

5.3 Effect of selected soil fertility management practices on dynamics of nematodes
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amendments have been used in the control of nematodes and specifically on root knot nematode 

densities (Mojumder et al., 2000; Jonathan et a l 2000; Leon et al., 2000). According to 

Rodriguez-Kabana (1986) and Sayre and Starr (1988) presence of high organic matter stimulates 

the activity of indigenous soil microorganisms some of which are antagonistic to nematodes and 

their decomposition results in accumulation of compounds with nematicidal effects. Soils rich in 

organic matter have high quantities of available carbon and nitrogen which are key elements for 

the growth and multiplication of the actinomycete isolates (Porter, 1971). Actinomycetes 

produce antibiotics that are inhibitory to the growth of plant pathogen tested invitro (Muiru, 

2000). Antibiotics production could be a survival mechanism that protects the actinomycetes 

from faster growing bacteria and fungi and nematodes in the soil ecosystem (Muiru, 2000; 

Porter, 1971).

Nematode populations in PRE-PAC treatment which is primarily a phosphate fertilizer were the 

lowest compared to the control. This is consistent with findings by Sinha and Neog (2003) who 

observed maximum nematode reduction in the soil (69.8%) and root (38.2%) in treatment with 

240 g P and 200 g K/plant. According to Yeates and Bongers (1999), there are positive 

correlations between total nematodes and pH and phosphorus. Ammonia phosphate has been 

widely reported to adversely affect survival or germination o f certain soil-borne fungi and 

nematodes (Rodriguez-Kabana, 1986; Muiru, 2000).

Increasing the intensity o f  cropland m anagem ent, which is use o f  agrochem icals, is usually 

intended to increase plant production. This implies not only a greater plant resource for plant 

feeding nem atodes but also larger populations o f bacteria feeding nem atodes, which contribute to



m
nutrient cycling and larger populations of predacious nematodes to teed on. In croplands there 

are clear relationships between the diversity of nematodes and soil texture, plant species, 

fertilizers and management practices (Yeates and Bongers, 1999). This relates well \vhh the 

results of this study which show higher nematode populations in soils treated with N than the 

other treatments at maize harvesting stage.

5.4 Efficacy of' B acillus sub tilis  in controlling plant-parasitic nematodes

Bacillus subtilis strain K.194 and Rhizobium, Leguminosarum biovar phaseoli strain USD/\ 2674 

suppressed nematode populations and this was in agreement with findings by others (Macharia, 

2002; Kimenju el a/.. 1998; Karanja et a l 2006). The ability of these strains to Suppress 

nematodes as observed in this study could be due to Bacillus subtilis production of toxic 

metabolites which kill nematodes (Mankau, 1995; Sikora and Hoffman-Hergarten, 1992). 

According to Oostenderp and Sikora (1989), penetration o f Heterodera schachtii in sugar beet 

was inhibited through modification of root exudates after inoculation with Bacillus subtilis. 

Other mechanisms include induced systemic resistance and improved plant nutrition (Hallman et 

al., 1998; Nagana-Parmar and Dadarwal, 1997). The presence o f symbiotic microorganisms ancj 

their interaction with plants could also have led to nematode suppression through competition 

and/or antibiosis (Sikora, 1992). Likewise, Karanja et al., (2006) reported lowest Juvenile 

numbers in non-sterile soil treated with Bacillus isolate K194. Results of this study show that 

bacillus subtilis counts increased with soil moisture content (long rains) and period of bean 

growth (harvesting time) but reduced with farm cultivation period (farm age clusters)

^ean plants treated with K194 yielded more biomass and grain than those treated with other Bacillus 

Subtilis isolates (Tables 38 & 40). Growth promotion cin plants treated with rhizobacteriaeSpecjaiiy
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Bacillus and Pseudomonas spp. has also been reported by Pal et al., (1999) and. Growth promotion 

has been associated with improved nutrient uptake, enhanced atmospheric nitrogen supply or 

induced disease resistance (Tuzun and Ku, 1991; Sikora, 1992). According to Sikora (1992), 

increased root hair formation provided increased surfaces for nutrient uptake. With respect to yield, 

the results show that the strategic use of biocontrols in Meloidogyne spp is inevitable.

The increased nodulation when some Bacillus isolates were applied together with rhizobium 

strains is consistent with earlier reports by Araujo et al., (1999), El-Sayed (1999) and Pal et al., 

(1999) in different crops. Bacillus isolates K194 and K273 consistently promoted bean 

nodulation and growth (Macharia. 2000). Other studies have also demonstrated that Bacillus and 

other organisms in the rhizosphere enhance nodule formation in leguminous plants (Srinivasan 

and Holl. 1996; Grimes and Mount, 1980). Increased nodulation could be attributed to increased 

root hair formation, production of phytohormones especially auxin and increased nitrogenase 

activity, (Holl et al., 1988; Srinivasan et al., 1996). The increased plant growth was observed in 

plants that had higher numbers of nodules and is consistent with findings by Srinivasan et al., 

(1997), Araujo et al., (1999) and El-Sayed, (1999). Nodulation is affected by microorganisms 

which alter the composition and activity of microflora in the rhizosphere (Schroth and Ole 

Becker, 1990). Several of the microbes referred to as nodulation promoting rhizobacteria (NPR) 

have been identified (Meyer, 2003; Li et al., 2005). They belong to the genera; Azospillum 

(Schmidt et al., 1988), Pseudomonas (Bolton et al., 1990), Streptomyces (Li and Alexander, 

1990) and Bacillus (Halverson and Handelsman, 1990).
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5.4.1 Effect of combining B acillus  strains with R hizob ium  bean strains on root-knot 

nematodes

The reduced plant damage by root-knot nematodes associated with dual inoculations ot bean 

plants with Bacillus subtilis K194 and Rhizobia, Leguminosarum biovar phaseoli (strain USDA 

2674) is consistent with earlier reports by Siddiqui (2002) which showed that use of Bacillus 

subtilis and Bradyrhizobia japonica, reduced nematode multiplication and wilting index. In this 

study, Bacillus subtilis strain K194 and Rhizobium, Leguminosarum biovar phaseoli strain 

USDA 2674 inoculation improved nodulation of the beans (Table 36). Srinivasan et al., (1996) 

demonstrated that co-inoculation of Rhizobium etli 182 with Bacillus spp. induced root hair 

proliferation on Phaseolus vulgaris and enhanced nodulation due to production of indole-acetic 

acid (IAA) from Bacillus spp. In another study Srinivasan et al., (1997), showed that co

inoculation of Rhizobium etli TAL 182 with Bacillus megaterium 549 resulted in early 

nodulation of Phaseolus vulgaris compared to single inoculation with Rhizobium etli. Formation 

provided increased surfaces for nutrient uptake.

The habitat surrounding crops play an important role in supporting and sustaining important 

natural enemies of plant parasitic nematodes (Maredia et al., 1992; Landis et al., 2000). 

Leguminous plants are known to form nodules on their roots resulting from symbiotic 

association with Bradyrhizobium. This process involves a sequential exchange of chemical 

signals between bacteria and the host plants (Fisher and Long, 1992; Relic et al., 1994; Fellay, et 

al., 1995). The insignificant interactions among biocotrols, time of nematode sampling and farm 

age cluster indicate that the efficacy of biocontrol is not inhibited by other factors in as so far as 

management of plant parasitic nematodes in beans is concerned.
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CHAPTER SIX

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

Use of inorganic fertilizers release N and P that promotes multiplication of nematodes as 

observed in this study. Addition of soil organic amendments like farm yard manure reduced 

populations of nematodes due to production of toxic substances with nematocidal tendencies.

Potential Bacillus subtilis strains as biocontrol agent of root-knot nematode, Meloidogyne spp. 

as well as growth promoting agent in beans was demonstrated in the field. The strain K194 gave 

very consistent trends over three seasons.

The success of growing Bacillus sp. and Rhizobia spp. in one medium for production of a bi- 

inoculant was demonstrated and has been packaged.

Suitability of the nematode diversity as bioindicators of land use change/ intensification gradient 

was demonstrated.

High nematode populations were observed in the long rains than the short rains in plots planted 

with maize. This information indicates that priority may be given to plant parasitic nematodes in 

the long rains when designing pest management programmes in cereals. The significant 

interactions among soil fertility management practices, time of nematodes sampling and farm 

age cluster suggest that the populations of soil nematodes is influenced by fertility level, time of 

sampling and land conversion periods
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6.2 RECOMMENDATIONS

1. Soil P and N levels need to be addressed as direct influence on plant parasitic nematodes. 

More research to be conducted in different climatic conditions to evaluate their effect on 

nematodes.

2. Use of farm yard manure need to be encouraged to the farmers as a way of managing 

soils sustainably through reduction of effects of pathogenic nematodes.

3. Bacillus subtilis strains K194 may be used to control nematodes, though research is 

required on efficacy and interaction with field abiotic and biotic conditions- 

soil/climate/cropping.
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APPENDICES

Appendix 1: ANOVA for the soil pH measured across different land use types in selected 
age-clusters___________ ______________________________________________________________
Source DF Type III SS Mean Square F Value Pr > F
Age Cluster 5 10.25228918 2.05045784 2.75 0.0353
Rep 10 4.23939888 0.42393989 0.57 0.8262

Appendix 2: ANOVA for the soil ExCa measured across different land use ty pes in selected 
age-clusters__________________________________________________________________________
Source DF Type III SS Mean Square F Value Pr > F
Age Cluster 5 522.1512656 104.4302531 17.00 <.0001
Rep 10 89.7218211 8.9721821 1.46 0.1997

Appendix 3: ANOVA 
selected age-clusters

for the soil ExMg measured across different land use types in

Source DF Type III SS Mean Square F Value Pr > F
Age Cluster 5 
Rep 10

44.41148874
10.82843319

8.88229775
1.08284332

9.37
1.14

<.0001
0.3638

Appendix 4: ANOVA for the soil ExK measured across different land use types in selected
age-clusters
Source DF Type III SS Mean Square F Value Pr > F
Age Cluster 5 0.62249484 0.12449897 5.97 0.0005
Rep 10 0.40999130 0.04099913 1.97 0.0718

Appendix 5: ANOVA for soil ExP measured across different land use types
Source DF Type III SS Mean Square F Value Pr > F
Age Cluster 5 76.3968887 15.2793777 0.91 0.4878
Rep 10 173.4522170 17.3452217 1.03 0.4404

Appendix 6: ANOVA for soil C measured across different land use types
Source DF Type III SS Mean Square F Value Pr > F
Age Cluster 5 55.30714291 11.06142858 19.91 <.0001
Rep 10 17.55154518 1.75515452 3.16 0.0064

Appendix 7: ANOVA for the soil N measured across different land use types in selected
age-clusters
Source DF Type III SS Mean Square F Value Pr > F
Age Cluster 5 0.63247388 0.12649478 26.09 <.0001
Rep 10 0.10356387 0.01035639 2.14 0.0506
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Appendix 8: ANOVA for the soil CN measured across different land use types in selected
age-ciusiers
Source DF Type III SS Mean Square F Value Pr > F

Age Cluster 
Rep

5
10

125.8982638 
1 1.5355703

25.1796528
1.1535570

16.02
0.73

<.0001
0.6877

Appendix 9: ANOVA for the percent soil moisture content in soil under maize treated with 
various soil fertility7 management practices in the short rains of 2005______________________
Source DF Anova SS Mean Square F Value Pr > F
Treatment 3 16.6333578 5.5444526 5.32 0.0014
Rep 3 0.0707141 0.0235714 0.02 0.9954
Location 3 42.6593516 14.2197839 13.65 <.0001
Time *> 422.0979641 140.6993214 135.09 <.0001

Appendix 10: ANOVA for the percent soil moisture content in soil under maize treated 
with various soil fertility7 management practices in the long rains of 2006__________________
Source DF Anova SS Mean Square F Value Pr > F

Treatment 3 35.55454 11.85151 8.01 <.0001
Rep 3 0.00132 0.00044 0.00 1.0000
Location 3 76.01223 25.33741 17.13 <.0001
Time *>j 55059.58745 18353.19582 12405.00 <.0001

Appendix 11: ANOVA for the plant-parasitic nematode populations in soils treated with
various soil fertility management practices in the short rains of 2005

Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 915.1 305.0 1.47
Location 3 116454.2 38818.1 187.56 <.001
Time 3 712653.4 237551.1 1147.79 <.001
Treatment 3 262037.8 87345.9 422.04 <.001
Location.Time 9 43190.7 4799.0 23.19 <.001
Location.T reatment 9 255712.6 28412.5 137.28 <.001
Time.Treatment 9 55235.3 6137.3 29.65 <.001
Location.Time.Treatment 27 53497.2 1981.4 9.57 <.001
Residual 189 39116.1 207.0
Total 255 1538812.4
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Appendix 12: ANOVA for the plant-parasitic nematodes population in soils treated with
various soil fertility management practices in the long rains of 2006_____________________
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 391.0 130.3 0.89
Location 3 107070.7 35690.2 243.44 <.001
Time 3 500689.5 166896.5 1138.38 <.001
Treatment 3 630452.0 210150.7 1433.41 <.001
Location.Time 9 20630.1 2292.2 15.64 <.001
Location.Treatment 9 128739.5 14304.4 97.57 <.001
Time.Treatment 9 26658.2 2962.0 20.20 <.001
Location.Time.T reatment 27 61022.3 2260.1 15.42 <.001
Residual 189 27709.0 146.6
Total 255 1503362.1

Appendix 13: ANOVA for the Pratylenchus spp. population 
fertility management practices in the short rains of 2005

in soils treated with various soil

Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 319.53 106.51 2.20
Location *>J 25177.34 8392.45 173.72 <.001
Time 3 77855.47 25951.82 537.20 <.001
Treatment 61571.88 20523.96 424.84 <.001
Location.Time 9 6790.62 754.51 15.62 <.001
Location.Treatment 9 40074.22 4452.69 92.17 <.001
Time.Treatment 9 7077.34 786.37 16.28 <.001
Location.Time.T reatment 27 4639.06 171.82 3.56 <.001
Residual 189 9130.47 48.31
Total 255 232635.94

Appendix 14: ANOVA for the Pratylenchus spp. population in soils treated with various soil 
fertility management practices in the long rains of 2006
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 164.06 54.69 1.23
Location 3 14011.72 4670.57 105.11 <.001
Time 3 129527.34 43175.78 971.64 <.001
Treatment 3 52600.78 17533.59 394.58 <.001
Location.Time 9 1939.06 215.45 4.85 <.001
Location.T reatment 9 40790.62 4532.29 102.00 <.001
Time.Treatment 9 3784.38 420.49 9.46 <.001
Location.Time.Treatment 27 10777.34 399.16 8.98 <.001
Residual 189 8398.44 44.44
Total 255 261993.75
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Appendix 15: ANOVA for the plant non-parasitic nematodes population in soils treated
wun various sou ieriuuy
Source of variation

manageii
d.f.

l e m  p i  i t u i t t s

s.s.
i n  m e  a u u i  i

m.s.
l I  <11113 U I  A U U J

v.r. F pr.
Rep stratum 3 341.41 113.80 1.17
Location 3 24421.88 8140.62 83.47 <.001

Time 3 622954.69 207651.56 2129.06 <.001
Treatment 3 174028.91 58009.64 594.77 <.001
Location.Time 9 16317.19 1813.02 18.59 <.001
Location.Treatment 9 337583.59 37509.29 384.58 <.001
Time.Treatment 9 28660.16 3184.46 32.65 <.001
Location.Time.T reatment 27 106202.34 3933.42 40.33 <.001
Residual 189 18433.59 97.53
Total 255 1328943.75

Appendix 16: ANOVA for the plant non-parasitic nematodes population in soils treated
with various soil fertility management practices in the long rains of 2006
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 189.36 63.12 1.44
Location 3 37055.76 12351.92 282.39 <.001
Time 3 479569.82 159856.61 3654.69 <.001
Treatment 3 521960.45 173986.82 3977.73 <.001
Location.Time 9 59285.25 6587.25 150.60 <.001
Location.Treatment 9 54472.75 6052.53 138.37 <.001
Time.Treatment 9 32096.19 3566.24 81.53 <.001
Location.Time.Treatment 27 43147.17 1598.04 36.53 <.001
Residual 189 8266.89 43.74
Total 255 1236043.65

A ppendix 17: ANOVA for the plant-parasitic nematodes populations in soils under beans 
treated  with biocontrols in the short rains of 2005
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 120.8 40.3 0.35
Location 3 40225.1 13408.4 117.04 <.001
Time 3 277293.1 92431.0 806.83 <.001
Treatment 7 294785.5 42112.2 367.60 <001
Location.Time 9 3773.9 419.3 3.66 <.001
Location.T reatment 21 70747.9 3368.9 29.41 <001
Time.Treatment 21 29933.1 1425.4 12.44 <.001
Location.Time.Treatment 63 31176.5 494.9 4.32 <.001
Residual 381 43647.9 114.6
Total 511 791703.9
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Appendix 18: ANOVA for the plant-parasitic nematodes populations in soils under beans
treated with biocontrols in the long rains of 2006______________________________________
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 815.2 271.7 2.08
Location 3 37009.0 12336.3 94.34 <.001
Time 3 742092.6 247364.2 1891.64 <.001
Treatment 7 563039.8 80434.3 615.10 <.001
Location.Time 9 5879.7 653.3 5.00 <.001
Location.T reatment 21 83948.0 3997.5 30.57 <.001
Time.Treatment 21 17686.3 842.2 6.44 <.001
Location.Time.Treatment 63 23294.5 369.8 2.83 <.001
Residual 381 49822.3 130.8
Total 511 1523587.5

Appendix 19: ANOVA for the Meloidogyne spp. populations (number/lOOcm3) in soils 
under beans treated with biocontrols in the short rains of 2005
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 1308.40 436.13 6.88
Location 3 21692.38 7230.79 114.12 <001
Time 3 75283.40 25094.47 396.04 <.001
Treatment 7 113434.96 16204.99 255.75 <.001
Location.Time 9 1502.15 166.91 2.63 0.006
Location.T reatment 21 49231.84 2344.37 37.00 <.001
Time.Treatment 21 8968.95 427.09 6.74 <.001
Location.Time.Treatment 63 5445.51 86.44 1.36 0.043
Residual 381 24141.60 63.36
Total 511 301009.18

Appendix 20: ANOVA for the Meloidogyne spp. populations (number/lOOcm3) in soils 
under beans treated with biocontrols in the long rains of 2006
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 1706.84 568.95 10.93
Location 3 39673.63 13224.54 254.08 <.001
Time 3 422697.85 140899.28 2707.05 <.001
Treatment 7 117720.90 16817.27 323.10 <.001
Location.Time 9 2314.26 257.14 4.94 <.001
Location.Treatment 21 78108.40 3719.45 71.46 <.001
Time. Treatment 21 23499.80 1119.04 21.50 <.001
Location.Time.Treatment 63 19197.46 304.72 5.85 <.001
Residual 381 19830.66 52.05
Total 511 724749.80
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Appendix 21: ANOVA for the plant non-parasitic nematodes populations in soils under
beans treated with biocontrols in the short rains of 2005________________________________
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 353.32 117.77 1.85
Location 3 15118.95 5039.65 79.15 <.001
Time 3 660994.73 220331.58 3460.39 <.001
Treatment 7 108516.99 15502.43 243.47 <.001
Location.Time 9 3975.20 441.69 6.94 <.001
Location.Treatment 21 94784.18 4513.53 70.89 <001
Time.Treatment 21 20961.52 998.17 15.68 <.001
Location.Time.T reatment 63 36481.05 579.06 9.09 <.001
Residual 381 24259.18 63.67
Total 511 965445.12

Appendix 22: ANOVA for the plant non-parasitic nematode populations in soils under 
beans treated with biocontrols in the long rains of 2006__________________________________
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 251.8 83.9 0.72
Location 3 41696.3 13898.8 119.95 <.001
Time 3 772725.2 257575.1 2222.88 <.001
Treatment 7 266732.6 38104.7 328.84 <.001
Location.Time 9 8967.4 996.4 8.60 <.001
Location.T reatment 21 55170.9 2627.2 22.67 <.001
Time.Treatment 21 17770.1 846.2 7.30 <.001
Location.Time.Treatment 63 21068.6 334.4 2.89 <001
Residual 381 44148.2 115.9
Total 511 1228531.1

Appendix 23: ANOVA for B acillus sub tilis  counts in soil under beans treated  with selected 
biocontrols in the short rains of 2005
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 3.692E+10 1.231E+10 0.67

Location 3 9.953E+13 3.318E+13 1798.73 <001
Time 1 7.010E+12 7.010E+12 380.06 <.001
Treatment 7 1.188E+15 1.697E+14 9202.11 <.001
Location.Time J 1.900E+11 6.333E+10 3.43 0.018
Location.T reatment 21 4.936E+14 2.350E+13 1274.21 <.001
Time.Treatment 7 8.033E+12 1.148E+12 62.22 <.001
Location.Time.Treatment 21 9.015E+12 4.293E+11 23.27 <001
Residual 189 3.486E+12 1.845E+10
Total 255 1.809E+15
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Appendix 24: ANOVA for B acillus subtilis  counts in soil under beans treated with selected 
biocontrols in the long rains of 2006____________________________________________________
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 3.036E+10 1.012E+10 0.32
Location 3 1.234E+14 4.114E+13 1313.53 <.001
Time 1 1.324E+13 1.324E+13 422.67 <.001
Treatment 7 2.064E+15 2.948E+14 9413.12 <.001
Location.Time 3 4.023E+11 1.341E+11 4.28 0.006
Location.Treatment 21 2.791E+14 1.329E+13 424.29 <.001
Time.Treatment 7 9.667E+12 1.381E+12 44.10 <.001
Location.Time.Treatment 21 5.626E+12 2.679E+11 8.55 <.001
Residual 189 5.919E+12 3.132E+10
Total 255 2.501E+15

Appendix 25: ANOVA for the bean nodule counts under selected biocontrols in the short 
rains of 2005 _________
Source of variation d.f. s.s. m.s. v.r. F pr.

REP stratum 3 167.31 55.77 1.42
LOCATION 3 15369.81 5123.27 130.03 <001

TREATMENT 7 125751.75 17964.54 455.95 <001
LOCATION.TREATMENT 21 20389.81 970.94 24.64 <.001
Residual 93 3664.19 39.40
Total 127 165342.88

Appendix 26: ANOVA for bean nodule counts under selected biocontrols in the long rains
of 2006
Source of variation d.f. s.s. m.s. v.r. F pr.
REP stratum 3 59.15 19.72 0.29
LOCATION 3 18371.46 6123.82 91.43 <.001

TREATMENT 7 184990.30 26427.19 394.56 <.001
LOCATION.TREATMENT 21 21572.73 1027.27 15.34 <.001
Residual 93 6229.10 66.98
Total 127 231222.74
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Appendix 27: ANOVA for bean hauim dry weights under selected biocontrols in the short 
rains of 2005 ____________________________________________________
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 3008.7 1002.9 6.52
Location 3 46112.4 15370.8 99.99 <.001

Treatment 7 60473.1 8639.0 56.20 <.001
Location.T reatment 21 12359.9 588.6 3.83 <.001
Residual 93 14296.8 153.7
Total 127 136251.0

Appendix 28: ANOVA for bean haulm dry weights under selected biocontrols in the long 
rains of 2006
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 4291.3 1430.4 2.86
Location 3 41260.5 13753.5 27.49 <.001
Treatment 7 35094.3 5013.5 10.02 <001
Location.Treatment 21 9498.3 452.3 0.90 0.586
Residual 93 46524.3 500.3
Total 127 136668.6

Appendix 29: ANOVA for bean grain yields under selected biocontrols in the short rains of
2005
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 40551.7 13517.2 13.70
Location 3 122275.9 40758.6 41.32 <.001

Treatment 7 289440.2 41348.6 41.92 <.001
Location.T reatment 21 22288.2 1061.3 1.08 0.387
Residual 93 91738.7 986.4
Total 127 566294.7

Appendix 30: ANOVA for bean grain yields under selected biocontrols in the long rains of 
2006
Source of variation d.f. s.s. m.s. v.r. F pr.
Rep stratum 3 50325.1 16775.0 10.24
Location 3 136089.8 45363.3 27.70 <.001

Treatment 7 275712.5 39387.5 24.05 <.001
Location.T reatment 21 27408.8 1305.2 0.80 0.717
Residual 93 152306.6 1637.7
Total 127 641842.8
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