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ABSTRACT
French bean (Phaseolus vulgaris L.) is an important crop in Kenya that accounts for 33% of total
vegetable export and immensely contributes to the Gross Domestic Product (GDP). Despite the
economic value of French bean, growers still experience low yield and quality due to several biotic
constraints, including the black bean aphid (Aphis fabae). Efforts to manage aphids have resorted to
frequent use of synthetic pesticides, which have negative impact on human health and the environment.
Integrating biopesticides use with cropping systems is a promising alternative. This study objectives
were; to determine the bioactivity of the entomopathogenic fungus Metarhizium anisopliae against black
bean aphid and its interactive effects with border crops on aphid population and damage, growth, yield
and quality of French bean. To determine the bioactivity of M. anisopliae against black bean aphid, a
laboratory experiment arranged in a Completely Randomized Design (CRD) with five replications was
conducted. Different concentrations of Mazao supreme and Metarril wettable powder (WP) formulations
were tested against a commercial biopesticide (Biomagic), a synthetic pesticide (alpha-cypermethrin)
and water as control. Probit analysis was done to determine the median lethal time (LTso) and median
lethal concentration (LCso). To determine the effect of integrating M. anisopliae with border crops on
black bean aphid population and damage, growth, yield and quality of French bean, a field experiment
was conducted using a 4x3 factorial in Randomized Complete Block Design (RCBD) with three
replications. Factor one comprised of four treatments: Metarril (2x108 spores/g) with Biomagic (2x108
spores/ml) and alpha-cypermethrin as positive control and water as negative control. The second factor
had three treatments, two border crops (Wheat and sunflower) planted and control (no border crop). Data
on black bean aphid population, damage severity yield and quality of French bean were recorded. Data
was analyzed using SAS version 9.4 at 5% level. The results on bioactivity showed a time and dose
response on the aphid mortality. Metarril (84.2%), Mazao (80.7%) and Biomagic with lowest aphid
mortality of 68.4%. In the field experiment, a significant reduction was observed in aphid population (P
< 0.0005) and damage severity (P < 0.001) on the plots with border crop. Metarril WP E9 and wheat
border crop reduced aphid population, damage and enhanced growth (collar diameter, number of pods),
yield (pod yield) and quality of French bean. plots. Border cropping caused an increase in marketable
yield (2.7% to 3.1%) compared to control for both seasons, respectively while a sunflower border caused
a 4% and 5.4% decrease in the marketable yield compared to no border. This study demonstrates the
integrated use of M. ansiopliae and wheat border crop as a viable alternative to synthetic insecticides in

the control of black bean aphids for improved yield and quality of French bean.
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CHAPTER ONE
INTRODUCTION
1.1 Background information

Horticultural sector which includes production and sale of flowers, fruits and vegetables,
is one of the most valued subsectors of agriculture in Kenya, contributing 29.3% to the Gross
Domestic Product (GDP) and 80% of national employment (FPEAK, 2020). The domestic value
of horticulture production in 2021 amounted to Kenyan Shillings (KES) 285.4 billion compared
to 269.68 billion KES in 2020, equivalent to 5.8% increase (HCD, 2021). Horticultural exports
earn the country a considerable income, with fresh vegetable exports fetching about 48% of the
foreign exchange. Vegetable production directly offers food and nutritional security, increased
incomes and employment to thousands of small holder farmers (HCD & AFA, 2020).

French bean (Phaseolus Vulgaris L.,) also known as green beans, snap beans, kidney beans,
haricot beans, or string beans (Khondoker et al., 2020) is an exotic vegetable that continues to gain
commercial value due to its huge demand in the export market. Kenya is the second-largest
exporter of French beans in Africa after Morocco, contributing about 52% in value and 61% of the
volume of total vegetable exports (Fulano et al., 2021; Trade Map, 2020). French beans are grown
mainly for their edible pods, which are rich sources of nutrients such as carbohydrates, dietary
fibres, proteins, vitamins and other essential minerals (Didinger & Thompson, 2021; Myers et al.,
2019).

Despite the importance of French beans to the economy, profitable and safe crop
production is still faced with several challenges. The average yield of French bean in Kenya,
estimated to be 5.6- 8.8 tonnes per hectare, falls below the world average yield of 14 tonnes per
hectare. China has an average yield of 26 tonnes per hectare (Mwangi et al., 2019). Since 2016,
Kenya's vegetable sector, inclusive of French bean has suffered a decrease in export volumes from
22% to 16% in 2020 (HCD, 2020). The decline has been attributed to abiotic factors (drought,
temperature, light, soil fertility and relative humidity) and biotic stress, mainly diseases and insect
pests (FAO, 2021). These factors reduce the quality and yield of French bean pods (Kalawa et al.,
2018; Njenga et al., 2021). Black bean aphid (Aphis fabae Scopoli) is among the economically
important insect pests limiting the realisation of maximum yields and quality of French beans in

the country.



Aphis fabae is considered among the most serious insect pests worldwide, capable of
causing 70-80% yield loss in various crops, particularly vegetables (Nordey et al., 2017). The
losses are either due to direct damages caused by sucking plant sap and wounding plant tissues
(Boni et al., 2020) or indirect damage through the transmission of pathogens to healthy plants. The
honeydew secreted by aphids forms sooty mould on plant foliage and subsequently reduces the
photosynthetic capacity of French bean leaves, reducing yield and quality (Wamonje et al., 2020).
French bean growers use different insect pest control strategies such as cultural, mechanical and
chemicals/ pesticides to minimise such losses.

Synthetic pesticides are the most preferred in managing the aphids because they are
considered easy to apply (labour saving), more effective and accessible than most other methods.
However, several drawbacks are associated with frequent and indiscriminate use of insecticides.
These include environmental pollution (bio-magnification), and threat to natural enemies and
pollinators (Bass et al., 2015; Marete et al., 2021). Repeated use of synthetic insecticides often
renders the management approach less effective at suppressing aphid populations. This is could be
partly attributed to increase chance of resistance build-up by the insect pest (Mweke et al., 2020).
In addition, use of synthetic insecticides may lead to the accumulation of pesticide residues in fresh
and processed products (Marete et al., 2020; Sharma et al., 2019).The adverse effects of synthetic
pesticides create an impetus for French bean growers to seek environmentally safe and acceptable
alternative control measures against this important pest.

Natural pest regulation using natural biological agents such as predators, parasitoids, or
entomopathogenic fungi and companion planting as an intercrop or trap crop present safe
alternatives to synthetic pesticides (Colmenarez et al., 2020). Several species of entomopathogenic
fungi (EPF) have been studied for use as an eco-friendly strategy for management of a wide range
of agricultural pests (Kisaakye et al., 2021; Nawaz et al., 2022; Paradza et al., 2022; Shanker et
al., 2023) presenting an opportunity to be used to manage insect pests such as aphids.
Entomopathogenic fungi such as Metarhizium ssp are a beneficial group living in the soil that
infects insects by penetrating insect cuticles and their bodies to eventually kill the pest (Rajula et
al., 2021). According to Bamisile et al. (2021), EPFs are pathogenic to insect pests with broad host
plants and are potential pest management approaches. Farmers in other parts of the world,

including some parts of Asia, North America, Europe and South Africa, have successfully used



EPF products to control a wide range of pests alone or in combination with other pest management
methods.

Companion planting, on the other hand, is a strategy used to manage insect pests and
support a natural enemy population through vegetative diversification (Sarkar et al., 2019).
Companion crops act as either repellent or attractant of pests and can reduce pest effects on the
primary crop. This has proved an effective control strategy for aphids in crops like collards
(Gontijo et al., 2018), hot pepper (Waweru et al., 2021) and sweet pepper (Ben-Issa et al., 2017a),
reducing on the use of high dosages of pesticides (Parker et al., 2013). Furthermore, companion
cropping is a traditional practice among most vegetable farmers used to diversify income sources
for the farmers due to the economic value of the additional crop as well as to preserve the
biodiversity of living organisms within the ecosystem (Ben-Issa et al., 2017a). However, there is
limited empirical research on the integrated pest management (IPM) approach to controlling insect
pests like the black bean aphid in Kenya. Integrating the use of entomopathogenic fungi with
companion cropping presents a potential opportunity to enhance their effectiveness in managing
black bean aphids in French bean production. This will ensure the safety of human health and the
environment and minimize the development of resistance by the pest to the synthetic pesticide.
1.2 Statement of the problem

Increased aphid incidences and severity accentuated by climatic variability and limited
defined and safe strategies to counteract their effects remain a significant constraint to French bean
production in Kenya. Black bean aphids account for 37-90% of yield loss and direct damage to
legume crops annually in Kenya, including French beans. As a result, growers have engaged in
continuous and unregulated pesticide application. Synthetic pesticides are preferred because of
their accessibility, quick pest knock-down effect and ease of application to the target pests
compared to other methods. However, the use of synthetic pesticides has raised concerns about
their threats and adverse effects on humans, and other animals' health, environmental pollution,
build-up of pest resistance and residual accumulation on agricultural produce. Strict guidelines on
quality and maximum residue levels (MRL) in the export market have seen several tonnes of
French beans continuously rejected and listed as unsafe for human consumption. The constant
economic losses and damage caused by black bean aphids significantly threaten growers’ income,

food and nutrition security. Integrated pest management achieved through the combined use of



biopesticides containing Metarhizium anisopliae and companion cropping in French beans has not
been fully researched.
1.3. Objectives
1.3.1 General objective
To contribute to food and nutritional security as well as improve livelihoods through the use
of entomopathogenic fungus and companion cropping to control black bean aphid in French beans.
1.3.2 Specific objectives
I.  To determine the bioactivity of Metarhizium anisopliae entomopathogenic fungi against the
black bean aphid in French beans.
ii. To determine the effects of Metarhizium anisopliae entomopathogenic fungus and
companion cropping on aphid population and damage on French beans
iii. To determine the effects of Metarhizium anisopliae entomopathogenic fungus and
companion cropping on French bean growth, yield and quality.
1.4 Hypotheses of the study
The following hypotheses were tested;
I.  Metarhizium anisopliae entomopathogenic fungus has no significant bioactivity against
black bean aphid in French bean.
ii.  Metarhizium anisopliae entomopathogenic fungus and companion cropping have no
significant effects on the black bean aphid population and damage on French bean.
iii.  Metarhizium anisopliae entomopathogenic fungus and companion cropping have no
significant effects on French bean growth, yield and quality.
1.5 Justification of the study
Kenya's fresh vegetable export sector accounted for 30%, 22% and 24.6% of the total
export volume in 2019, 2020, and 2021, respectively (FPEAK, 2020; HCD, 2021). French beans
are among the fresh export crops that contribute significantly to Kenya's Gross Domestic Product
(GDP) and are a leading export vegetable that accounts for 15.7% of foreign exchange. French
bean production earns substantial income for small-holder farmers in Kenya, especially women
and youth actively involved in its production. An increase in French bean production, yield and
quality would therefore be an important step towards enterprise diversification and improved

living standards among farmers.



French bean production relies on high usage of synthetic pesticides to manage most insect pests,
including the black bean aphid. Increased dosage and repeated applications of these chemicals
have negatively impacted compliance with the maximum residual level requirement in the export
markets. This resulted in the European Union (E.U.) regulation amendment of 669/2009 that has
seen Kenyan fresh beans (French beans and peas) subjected to 10% increased mandatory
inspection for chemical residues and quality checks, leading to frequent rejection of substantial
volumes of the produce. To maintain the economic role of French beans in improving livelihood
amidst the increasing concerns on unacceptable pesticide use and residue levels in the export
market. There is a need for alternative, safer, environmentally friendly pest management strategies
that must be developed, implemented and promoted.

Biopesticide and companion planting provide multiple benefits to the growers. They are
environmentally safe and have lower residues, less resistance build-up, and a lower post-harvest
interval (PHI). Fungi are ubiquitous natural entomopathogens that often cause epizootics in host
insects and possess many desirable traits that favour their development as Microbial control agents.
The difficulties in isolation and characterization of novel strains, negative effects of geographical
location, vegetation type and human disturbance on fungal entomopathogens are among the
numerous setbacks that have been documented (Bamisile et al., 2021; Lacey et al., 2015). More
testing under field conditions is required to identify effects of biotic and abiotic factors on efficacy
and persistence. Lastly, greater attention must be paid to their use within integrated pest
management programs to ensure compatibility and maximize efficacy. There is limited knowledge
of the additive effect of entomopathogenic fungi and companion cropping used in an integrated
pest management (IPM) context to control black bean aphids in French beans. The study's findings
stand to contribute to safer and sustainable production of high-quality French beans amongst
Kenyan producers and SDGs (2, 3, 15 & 17), Kenya's big four agenda and blueprint vision 2030.
The study results also contribute to the existing information with French bean growers (small,
medium and large-scale farmers), other scientists and policy makers on the combined use of EPF
(Metarhizium anisopliae) and companion cropping as an effective integrated pest management
approach against the black bean aphid in French bean production.



CHAPTER TWO
LITERATURE REVIEW

2.1 The Origin, taxonomy and botany of French bean

French bean (Phaseolus Vulgaris L.) is one of the most important and nutritious vegetable
crops and is native to Central and South America (Zeder, 2006) and is grown worldwide for its
immature tender edible pods (Herron et al., 2020). French beans have two distinct gene pools: the
Andean gene pool that originates from the highlands of South America and the Mesoamerica gene
pool from Central America (Arunga et al., 2015; Wallace et al., 2018). Arunga and Oriama (2020)
recorded and reported that about 85% of the French bean genotypes in East Africa are of the
Andean gene pool. French bean does belongs to the Fabaceae family and the genus Phaseolus that
consists of five cultivated species; Phaseolus Vulgaris (common bean/French bean), Phaseolus
lunatus (lima bean), Phaseolus coccineus (runner bean), Phaseolus polyanthus (year bean) and

Phaseolus acutifolius [tepary bean] (Chaurasia, 2020).
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Plate 2. 1: French bean plant (Phaseolus Vulgaris. L) at podding stage

French bean is an annual herbaceous dicotyledonous plant with pods harvested at the
immature, tender and green stage (Arunga et al., 2015; Khondoker et al., 2020). The crop
undergoes epigeal germination with a taproot system of highly branched secondary roots with
nodules. There are two common growth habits, for example: determinate and indeterminate. The
determinate type grows up to 30-60 cm in height and is preferred to the indeterminate type that
grows to more than 3 m high. The plant consists of slender stems and trifoliate leaves with a

hermaphrodite flower forming a raceme of about 12 individual flowers. Most of the flowers



undergo self-pollination, with the chance for cross-pollination depending on the varieties. After
fertilization, each flower will produce slender, cylindrical, single green pods with a diameter (0.6-
2.0) cm and a length (8-20) cm depending on the variety (Infonet Biovision, 2020). Masiga et al.
(2014) observed that a self-fertilization situation lessens the chance of parthenocarpy or apomixis,
which enhances pod uniformity influenced by seed set consistency. For example, where all ovules
are fertilized, the pods grow uniformly, giving the producer the first-grade product.

2.2 Utilization and nutritional value of French bean

The fresh French bean pods are eaten in different forms, such as salads and desserts, or as
a fresh cut, soups, frozen, and canned. The French bean pod constitutes 1.85g of protein, 4.5g of
carbohydrates, 0.1 g fats, 0.16 mg iron, 1.8 g of fibre, 1.76 mg of calcium, and 3.43 mg zinc per
100g and 0.42 mg of potassium per 100g compared to meat (Didinger & Thompson, 2021; Myers
etal., 2019). Myers et al. (2019), in their study on improving the health benefits of snap bean noted
that regular consumption of French beans increased because consumers were aware of the
nutritional components such as soluble fibre, low-fat and cholesterol levels. French bean pod also
contains lower protein and carbohydrate levels due to high water content (90%) than dry bean. It
also possesses pro-vitamins A, carotenoids Bs, C and K, folic acid, thiamine and Omega-3 fatty
acids that are a vital part of human nutrition compared to other leafy vegetables (Chaurasia, 2020;
Myers et al., 2019).

Other nutritional benefits of French bean pods are that they contain polyphenols,
anthocyanin, vitamin C, and carotenoids with polyphenol component being the highest compared
to bush beans and Romano beans (Ci et al., 2017). These bioactive compounds act as an anticancer
and anti-diabetes, aid weight loss due to slow digestibility help reduce food appetite. It is cost-
effective as it requires less energy to cook than any other vegetable. Chaurasia (2020) observed
that consuming quality French bean pods does significantly lowers blood pressure and improves
the digestive system. The antioxidant properties and bioactive molecules like phenols, carotenoids
and flavonoids can lower the damaging effect of cancerous cells, neurological and chronic
diseases. The mineral (folic acid) contained in French bean pods increases fertility among women
due to its ability to promote fetus development and disorder. Despite the importance of French
beans as a vegetable to Kenya's economy, there has been a significant decline in export volume
from 140,000 tonnes in 2012 to 20,000 tonnes in 2018 (FAOSTAT, 2021). Marete et al. (2020)

attributed the decline in the export volume to low-quality produce, insect pest presence, and



chemical residues above the set limits. The presence of residues above the maximum limit causes
a double impact on the consumers' health and the product quality due to rejection in the market
(Omwenga et al., 2021). This is due to the indiscriminative and continuous application of
chemicals and noncompliance to the postharvest quality requirement of the export market by most
small-scale growers of French beans.

2.3 French bean production in Kenya.

Kenya is the leading producer of French beans in East Africa,, with an estimated production
of 40 416 tonnes annually, followed by Tanzania, Uganda, Rwanda, Burundi, and South Sudan,
respectively (FAOSTAT, 2021; Mwangi et al., 2019). French bean production in Kenya
contributed to the 6.1% increase in fresh horticulture export to 322.6 tonnes in 2018. French beans
as an export crop account for 61% of the volume of total vegetable export and 52% of the value
and this translates to growth in the country's GDP (Horticultural Crop Directorate (HCD), 2020;
Kenya National Bureau of Statistic (KNBS), 2019). This led to the creation of 80% of employment
opportunities directly and indirectly for more than a million people in Kenya (Fulano et al., 2021;
Mwangi et al., 2019). According to NSV (2012), the French bean production sector employs over
60,000 people, 60% of whom are women, followed by youth.

In Kenya, French bean cultivation is concentrated around the Central, Eastern, Western,
and Coast provinces due to the favourable conditions for its production (Arunga et al., 2015).
These areas include Meru, Embu, Kirinyaga, Nyeri, Muranga, Maragua and Kiambu. Other areas
include Machakos, Makueni, Naivasha, Bungoma, Vihiga, Trans Nzoia and Kericho (Matere,
2020). Approximately 80% of French bean growers in Kenya do it on a small scale and the
production is highly structured on contract-based farming between small to medium-scale farmers
and a few large-scale growers (Mwangi et al., 2019; Rosch & Ortega, 2019). Dwarf (determinate)
and climbing (indeterminate) are commonly grown French bean types. The determinate varieties
include Samantha, Enclave, Loby, Gloria, Paulista, Amy, Serengeti, Teresa, Belcampo and
Cupvert for fresh markets (Gozaimasu, 2016). Enclave cultivar of French beans is preferred by
most growers for export compared to other cultivars because of its high yielding potential for the
extra fine grade, circular and straight in shape, most pods (12-13 cm in length and 6-8mm in
diameter). It can also mature in 54 days and with medium-dark, green-coloured pods. French bean
is mainly considered a cash crop due to its low consumption rate and demand in the domestic or

local market. This is because most farmers are organized in groups and based on a contract



agreement that restricts sales to the local markets of the agreement (Fulano et al., 2021; Kimno et
al., 2016).
2.4 Climatic and grading requirement for French bean

French bean is a warm-season vegetable crop, sensitive to high and chilling temperatures
at all stages of growth and development (Infonet Biovision, 2020). The optimum temperature for
growth ranges between 20-25 °C but can accommodate temperatures in the range of 14-32°C
depending on the variety (Greenlife Crop protection Africa, 2021). On the contrary, Kakon et al.
(2018) observed that the optimum growth of French beans occurs at a temperature range between
14-25 °C, with a minimum at 10 °C and a maximum at 30 °C where there is no significant growth.
Ideal soil pH range between 5.5.-6.5. The seeds germinate faster in (4-9 days) within 18-24 °C,
but below 15 °C, the process is hindered. Uwiringiyimana (2020) observed that temperature ranges
influence plant height, pod quality, and abscission of flower buds. French beans can grow at an
altitude range of 1000-2100m above sea level and, for optimal growth, require moderate and
sustainable annual rainfall between 900-1200mm (Greenlife Crop protection Africa, 2021; Infonet
Biovision, 2020).

Depending on water availability, soil fertility, variety and other factors, spacing of 30 x
15cm (one seed per hole) for a single row or 60 x 30cm (two seeds per hole) for double rows is
recommended (Greenlife Crop protection Africa, 2021). Diammonium Phosphate (DAP) is
applied at 200 kg /ha by incorporating it into the soil before seeding to enhance the root
development of French beans (Oseko & Dienya, 2015). Calcium Ammonium Nitrate (CAN) at a
rate of 150-kg/ha as a top dressing in two equal split applications, first at three true leaf stages and
second at the onset of flowering to enhance nutrient availability suitable for growth (Oseko &
Dienya, 2015). Most varieties reach maturity and are ready for harvesting between 45-65 days
after planting, depending on growing conditions, but Enclave cultivars mature about 54 days after
planting, depending on the growing conditions. According to UNECE (2017), French beans are
graded into three groups: extra-fine, fine, and bobby grade. Extra fine grade is the finest and the
pods are straight, tender and seedless with no strings and should be less than 6 mm in diameter and
10cm less in length, respectively. Fine grades are short with soft strings, may have small seeds and
are usually (6-9) mm and (12-14) cm of diameter and length, respectively. The bobby grade is
bigger than the fine grade with a more than 9 mm diameter and is reasonably tender with small

seeds (Gozaimasu, 2016). The extra fine grade is considered the highest grade in the export market



and fetches a higher pricing value than the fine grade. On the other hand, bobby grade is for
domestic use or as feeds in the poultry industry and fetches low price per gram sold.
2.5 Production constraints

French bean production and marketing is still constrained by abiotic and biotic factors such
as harsh climatic conditions, poor soil fertility, high temperatures, pests and diseases that cause a
reduction in growth, yield and quality (Matere, 2020). This causes significant crop losses and acts
as a major barrier to achieving global food security and poverty eradication goals (Pretty &
Bharucha, 2015). Globally, insect pests account for 18-35% of average annual yield losses worth
more than US$ 470 billion, which is considerably higher in developing countries (Sharma et al.,
2017). The most common insect pests of French bean causing significant damage include bean
aphids (Aphis fabae Scopoli), bean stem maggot (Ophiomyia spp.), western flower thrips
[Frankliniella occidentalis (Pergande)], red spider mites (Tetranychus spp.), whiteflies
[Bemisiatabaci (Gennadius)] and others (Mwanauta et al., 2015). Bean aphids are among the
economic insect pests causing significant loss in yield and quality of French beans grown in Kenya.

In Kenya, black bean aphids account for 37-90% of yield loss among legume crops
annually (Ndakidemi et al., 2021). Thus, despite the economic contribution of French beans, many
growers still face low yield and quality of 5.6- 8.8 tonnes per hectare compared to the world
average of 14 tonnes/hectare. Sharma et al. (2017) reported that insect pests are responsible for
about 20% of rejection losses in French beans due to quality issues such as short pod, deformation,
black sooty mould, discolouration and non-uniformity in shape. Sucking insect pests such as
aphids causes injuries and excessive extraction of plant sap that induces stress, hindering
photosynthesis and plant growth rate (Perring et al., 2018). Rapid expansion in trade for fresh
quality horticultural produce for export purposes and changes in production and marketing systems
worldwide call for an urgent need to manage the aphid population to ensure quality products
(Fulano et al., 2021). Aphids directly extract plant sap from the phloem and inject toxic saliva that
disrupts the physiology of the plant, causing stunted growth, curled or deformed leaves, curved
pods, flower abortion and death of young plants (Kinyanjui et al., 2016; Koppert Biological
Systems, 2021). Aphids excrete honeydew on the plant's leaves, stems and petioles, which
encourages the growth of black sooty moulds that hinders photosynthetic efficiency rate, aesthetic

value and reduced quality. Aphids indirectly act as vectors transmitting plant viruses, for example,
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cucumber mosaic virus, bean yellow mosaic virus (BYMV), bean common mosaic necrosis virus
(BCMNV) and many different potyviruses (Wamonje et al., 2020).
2.5.1 Biology and life cycle of black bean aphid (Aphis fabae Scopoli)

Aphis fabae Scopoli (Hemiptera: Aphididae) is a highly polyphagous insect pest and lives
in clusters on plant tender parts like stems, petioles, flowers and pods (Koppert Biological Systems,
2021). Aphids show polyphenism behaviour (ability to have wings or not). They reproduce either
by asexual or sexual reproduction, depending on the ecosystem conditions (Kumar, 2020;
Mehrparvar et al., 2013). The adult female can hatch 40-100 live wingless nymphs in her lifetime.
Adult aphids land on a suitable host plant and deposit numerous live nymphs on tender plant
tissues. The nymphs start to feed on plant sap, moults four times increase in size and become adults
in 7-10 days under favourable conditions. The cycle starts when mature adults deposit eggs or
nymphs on the host plant, depending on the conditions and live for about four weeks before it dies
(Barbercheck, 2014). Due to aphids' faster and short reproductive rate, they can build up resistance
to commonly applied synthetic pesticides with a short duration (Mehrparvar et al., 2013). Winged
aphids are formed in search of new hosts due to limited resources, predation, overcrowded colonies
and stress alarm pheromones release. They have a more developed sensory system beneficial for
locating new habitats, resistant to starvation and sensitive to environmental cues (Mehrparvar et
al., 2013).

“ - -

Plate 2.2: Black bean aphids (Aphis fabae) on the French bean plant (a) reproductive stage, (b)
vegetative stage
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2.6 Aphids control methods
2.6.1 Chemical control

Broad-spectrum chemical pesticides have been developed over time and have contributed
significantly to increased yield and income among farmers. Several systemic and contact pesticides
such as alpha-cypermethrin, Imidacloprid, Dimethoate, Deltamethrin, Lambda-cyhalothrin, Beta-
Cyfluthrin, Abamectin and many others registered in Kenya have shown effectiveness against the
aphid population (PCPB, 2022). Omwenga et al. (2021) reported that generally, in Kenya, the
amounts of pesticides used in vegetable crops are three times higher than in cereal crops. Most
vegetable farmers prefer using synthetic pesticides to control different agricultural pests because
of their quick effectiveness, affordability and accessibility to enhanced productivity to fetch more
income (Bass et al., 2015). However, this has encouraged indiscriminative and increased
application frequency that poses potential severe threats to human health, environmental pollution,
residual accumulation and development of resistance by the pests (Alfaro et al., 2021; Marete et
al., 2021; Sharma et al., 2019). A study by Omwenga et al. (2021) in the urban and peri-urban
areas of Nairobi found that tomatoes (22%) had the highest residues of different pesticides above
the Maximum Residue Limit (MRL) accepted on produce, followed by French beans (21%), Kales
and Spinach respectively. This reduced the quality of vegetables produced and posed severe threats
to consumer health and the environment due to the harmful effects of chemical pesticides
compared to biopesticides.

Alfaro et al. (2021) observed that the pyrethroid lambda-cyhalothrin sub-lethal
concentrations caused severe side effects on natural enemies such as the parasitic wasp Aphidius
colemani used to control peach potato aphid Myzus persicae. This reduced the effectiveness of
controlling cotton aphids with the combined use of chemical pesticides and biocontrol. This affects
the reproduction rate, disorientation and disruption of cues interaction by the parasitoids. Sharma
et al.(2019) reported that the continuous developments of resistance by pests are due to the
repetitive application of some pesticides with the same active ingredient insecticide and have
adverse effects on the environment and human health. A study around lake Naivasha a horticultural
hub, shows most workers (weeders, sprayers and harvesters) had health complications associated
with exposure to synthetic pesticides (Tsimbiri et al., 2015). Marete et al. (2021) report in Kenya
indicated that about 350,0000 cases of pesticide poisoning occur annually. A survey study

conducted in Meru County, the eastern region of Kenya, among the farming households in Buuri,
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Imenti South and Imenti North indicated that 26% of the farmers experienced health effects after
using synthetic pesticides (Marete et al., 2021). There is an increase in health problems associated
with synthetic pesticide use, among most farmer in developed countries with high pesticides use
index (Kim et al., 2020).

As a result, several drawbacks associated with the indiscriminative use of synthetic
pesticides include excess residues in produce, pollution and harm to non-target organisms. Kumar
and Omkar (2018) observed pest resurgence, resistance build-up, pollination, death of non-target
organisms, an outbreak of secondary pests and human health hazards due to repeated use of
synthetic pesticides. This presents an urgent need for an environmentally safe alternative approach
to tackle increased pest infestation. Several findings (Boni et al., 2020; Mweke et al., 2018;
Reingold et al., 2021) recommended using biopesticides as part of an IPM approach for promoting
aphids and implemented over chemical pesticides. This is because using Metarhizium anisopliae
as biopesticide has shown no side effects to the environment and humans, reduced resistance build-
up, low residues and zero pre-harvest intervals, yet still can effectively suppress the aphid pest
population.

2.6.2 Physical and mechanical control

The physical management approach reduces the access of insect pests to crops by either
disrupting their behaviour or causing their direct mortality (Kumar & Omkar, 2018). The use of
warm water treatment, flooding, bagging of fruits, roughing of the infested plant, hand picking,
flooding, light or coloured trap, use of agro-net, repelling and trap crop have been documented in
the control of various insect pests (Thakur et al., 2021). Nawaz et al.'s (2016) study on using
different types of hollow nozzles with tap water to control Mustard aphid (Lipaphis erysimi) in
Brassica juncea. The result found that high-pressured water application using a hollow nozzle
reduced the aphid population by 90.8% compared to the control (no water applied). A study by
Gogo et al. (2014)on the use of agronet covers found a reduction in the populations of Silverleaf
whitefly (Bemisiatabaci Gennadius) and black bean aphids (Aphis fabae Scopoli) in French beans
compared to the control plots. Despite the use and contribution of the physical control approach in
managing insect pests, the costs involved, such as the use of agronet, time and training, are not
cost-effective for smallholder farmers (Kumar & Omkar, 2018). For example, a detasseling
technique to control corn borers is labour intensive, reducing the effectiveness and practicability

of the technique for pest management.
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2.6.2 Cultural control and companion cropping

Several cultural methods, like crop rotation, intercropping, and field sanitation, are
evidenced to increase the productivity of a given crop with timely application. Hendges et al.
(2018) observed that intercropping kale with culinary herbs such as green onion, parsley, cilantro
and coriander effectively reduced the aphid population and their losses. However, intercropping
alone was not adequate to manage pests during kale production and thus need for better compatible
intercropping designs with other methods that could lower aphid populations. Waweru et al. (2021)
also observed a significant reduction in the incidence of aphid-transmitted viral diseases,
particularly Cucumber mosaic virus, Potato virus Y and Pepper veinal mottle virus in the hot
pepper with border crops such as sorghum, maize and sunflower. The border crops did not reduce
the number of aphids on the main crop (hot pepper) and recommended further field trials to monitor
the aphid population at the border plants.

In East Africa, mixed cropping is common among small-scale farmers, particularly in
Kenya (Tesemma et al., 2010). This aims to diversify sources of income, replenish the soil, spread
risk, and manage pests and diseases. Nyasani et al. (2012) observed that intercrops are not only
grown for their market value but have been known for several centuries as a remedy for pest control
and management, for example, in the management of thrips. His research concluded that
intercropping French beans with other crops compromised its yield but reduced damage to the
bean pods, thereby enhancing marketable yield. Ben-Issa et al. (2017a), Sarkar et al.(2018) and
Reddy (2017) observed that intercrops, when used as traps, for example, sunflower and nasturtium
are more attractive to some specific pests and lure them away from the main crop. According to
Kumar (2017), using insecticides on trap crops reduces the application rate to the main crop and
exposure to chemicals. This also lowers the cost and lessens the negative effect that could be
inflicted on the natural enemies with the feasibility of employing IPM. As a result, this also
enhances the quality of the produce like the French bean pods and their shelf life after harvesting.
Mweke et al. (2020) observed that the application of entomopathogenic fungus on maize-cowpea
intercrop successfully controlled Aphis craccivora Koch population without any effects on aphid-
associated natural enemies. Studies have shown the successful wuse of the
sunflower Helianthus annuus. L (Asteraceae) as a trap crop to manage some insect pest
populations that belong to the coleopteran, lepidopteran and hemipteran orders (Sarkar et al., 2018;
Shelton & Badenes-Perez, 2006). Other authors (Bortolotto et al., 2015; Khan et al., 2017; Parker
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et al., 2013; Sharma, et al., 2019) have also documented the successful use of Wheat (Triticum
aestivum. L) as a companion crop for aphid (Rhopalosiphum padi and green peach) to manage
their population below the economic inquiry level. Hansen et al.(2008) observed that intercropping
Field bean (Vicia faba) with spring wheat and spring barley reduced the number of black bean
aphids per plant and the number of infested plants significantly. When intercropped for two years
(2000 and 2002), there was an increase in profits from 42 and 70% in intercrop compared to field
bean as monocrop.

The use of companion cropping approach is an important tool in pest management. It
allows auto conservation, pests regulation, and stability of the ecosystem by modifying habitat to
support and sustain the population of native natural enemies for insect pests like parasitoids and
predators, thus reducing the use of synthetic pesticides (Amala & Shivalingaswamy, 2018; Ben-
Issa et al., 2017). Companion cropping provides shelter and acts as a food bank for beneficial
pollinators, parasitoids and predators (Mwani et al., 2021). Despite the successful use of
companion crop and intercropping approaches in managing some pest populations, combining
their use with other IPM strategies such as biopesticide, multiple trap crops, among others would
enhance their effectiveness in managing the aphid population. When used solely, most cultural
control approaches are less effective in insect pest management (Kumar & Omkar, 2018).
Additionally, there are drawbacks to the use of cultures, such as the cost involved in acquiring an
in-depth understanding of how to synchronize the approach with the pest infestation, which is
time-consuming and labour intensive. There is a need for research on an integrated pest
management approach that could enhance the effectiveness of cultural methods, with other
techniques such as biopesticides.

2.6.4 Biological control

The use of biological control dates back to around 4,000 years ago by ancient Egyptians
(Kwenti, 2017). After world war 11, there was a significant decline in the use of biological control
due to the innovation of synthetic pesticides to increase productivity(Miller &Rebek, 2018; Teresa
et al., 2019). Between the 1960s and 70s, pesticide resistance by pests surfaced. This led to the
conceptualization of the integrated pest management (IPM) approach to tackle the drawback of
synthetic pesticides to non-targeted organisms and environmental pollution documented by
Rachael Carson (1962). This also aims to reduce residual accumulation, resistance, or cross-

resistance of pests and pest resurgence due to synthetic pesticides (Matere, 2020). Biological

15



control strategies like predators, parasitoids and EPF have been used commercially to manage the
aphids population (Sharma et al., 2019).

Metarhizium anisopliae (Metschn) Sorokin (Hypocreales: Clavicipitaceae) is an important
entomopathogenic fungus with a broad host range (Srinivasan et al., 2019; Villamizar et al., 2021).
It is a broad pathogenic fungus to more than 200 species of insects belonging to different orders
like Coleoptera, Lepidoptera, Orthoptera, Hemiptera and Thysanoptera (Akutseet al., 2020; Boni
et al., 2020; Iwanicki et al., 2019). Metarhizium anisopliae is also known as green muscardine
fungus. Metarhizium anisopliae as biopesticides accounts for increased area usage from 43,290
hectares in 2015 to more than 132,980 in 2019 (Akutse et al., 2020). More than 37,600 farmers
use Metarhizium spp products in sub-Saharan Africa, as reported by ICPE (2019). In Kenya,
commercialized EPFs include Lecanicillium lecanii, Metarhizium anisopliae, Beauveria bassiana
and Isaria spp (Mweke et al., 2019). Different products containing Metarhizium anisopliae, in
particular, are available in different brand names like Metarril WP (Koppert Biological System),
Mazao Supreme (Real IPM) and ICIPE62 (Srinivasan et al., 2019). The EPFs have a wide host
range but are more specific; insect pests such as aphids have also been shown to be susceptible to
infections caused by fungi and capable of under natural conditions to regulate their populations.
There is a need to introduce more efficient strains of entomopathogenic fungi than those already
occurring in an area. The EPFs infest pests through physical penetration or enzymatic degradation
of the cuticle, then secrete toxins that kill; hence, the pest is less likely to build resistance and cause
negative effects than the chemical. This presents an alternative pest management approach for
bean aphids and minimizes the use of synthetic pesticides. As the EPFs are rendered safe to
humans, less harmful to the environment, relatively host-specific, reduced resistance build-up, low
residues and zero pre-harvest intervals requirements compared to chemical pesticides (Akutse et
al., 2020; J. Kumar et al., 2021; Mweke et al., 2018).

2.7 Mode of action of Metarhizium anisopliae Entomopathogenic fungi.

The pathogenic fungus can infect the host by directly penetrating the insect cuticle through
physical pressure and cuticle degrading enzymes (Villamizar et al., 2021). Therefore, in contact
with the suitable host cuticle using hydrophobic interaction and adhesion. Fungal conidia or
asexual spores germinate, conidia and develop infective peg. The infective peg penetrates the host
cuticle through the combined use of mechanical pressure from the appressorium. The action of

cuticle-degrading enzymes like trypsin, metalloproteases and aminopeptidases as detailed in
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Figure 2.1. The fungus hyphae penetrate the host haemocoel to obtain nutrientswhile releasing
insecticidal toxin cyclic peptides substance called destruxins that affect host immunity. This
eventually kills the host and infective conidia re-emerge from the mummified host body to infect
a suitable healthy host again (Boni et al., 2020; Brunner-Mendoza et al., 2019). Reingold et
al.(2021) found infective green spores on host cadavers capable of infesting new healthy pest
populations and causing death. This makes microbial insecticides more effective for sucking
insects, particularly aphids, because of the need for only contact with the suitable target host to
cause an effect inform of the disease that suppresses the host population.
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Figure 2. 1:Mode of action of Metarhizium anisopliae.

Mkiga et al. (2021) observed that combining EPF Metarhizium anisopliae ICIPE 69 with
sex hormone effectively suppressed the false codling moth (FCM) population in an orange orchard
and increased the marketability yield. Sajid et al. (2017) observed 83.23% effectiveness of
biopesticide containing Metarhizium anisopliae in the invitro control of mustard aphids on kale
leaves compared to Beauveria bassiana (78.33%) and Bacillus thuringiensis (73%), respectively.
According to Kim et al. (2020) and Srinivasan et al. (2019), microbial pesticide use, in particular,
the entomopathogenic fungi, is safe, cheaper and with a broad host range compared to synthetic
pesticides with increased negative folds on the environment and humans. Fungus production cost

is considered lower compared to synthetic pesticides.
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CHAPTER THREE
BIOACTIVITY OF METARHIZIUM ANISOPLIAE AGAINST BLACK BEAN APHID
(APHIS FABAE) IN FRENCH BEAN

Abstract

A two-step bioassay to evaluate the efficacy of two commercial Metarhizium anisopliae
formulations to control the black bean aphid was conducted in petri dish experiments in the
laboratory at Egerton University using a Complete Randomized Design (CRD) design with five
replications. In step 1; Mazao SUPREME® aqueous formulation was tested at 1x108, 2x108 and
4x108 cfu/ml spore concentration and Metarril WP E9 Wettable powder at 1x108, 2x108 and 4x108
cfu/g. Triton water used as a control. In step 2; Mazao SUPREME® was tested at 2x10° cfu/ml
spore concentration and Metarril WP E9 2x108 cfu/g. Biomagic 1.5 Liquid Formulations (L.F),
Metarhizium anisopliae product registered to control aphids, alpha-cypermethrin synthetic
insecticide and triton water were used as checks. Data (mortality) was analysed using SAS version
9.4, (2021). The results showed concentration and exposure time-dependent increase in efficacy
of both formulations on black bean aphids. Significant effects on median lethal time (LTso,) of
about 4 days for both Metarril WP E9 and Mazao supreme formulations. The median lethal
concentration (LTso) was 0.4x 108 cfu/ml for Mazao Supreme and 0.43 x 10® cfu/g for Metarril
WP E9. Mazao supreme (4x108 spores/ml) and Metarril (4x108 spores/ml) caused the highest
mortality (95.5%), Alpha-cypermethrin caused the highest aphid mortality (99.3%) and the lowest
was Biomagic treatment (68.4%). The study recommended Metarril (2x108 spores/g) for further

open-field evaluation.

3.1 Introduction

Insect pest management is a pre-requisite for enhanced horticultural crop productivity and
subsequent impact because of their significant damage and loss to the crop (Srinivasan et al., 2019;
Zhao et al., 2020). French bean (Phaseolus Vulgaris L.) is a leading among vegetable crop grown
primarily for export in Kenya (Fulano et al., 2021). Besides French bean’s economic and
nutritional importance, its productivity in Kenya is still constrained by many biotic and abiotic
factors such as insect pests, diseases, drought, and soil fertility, which affect the productivity and
profitability of the crop (Bansode et al., 2019; Shaban, 2021; Yang et al., 2023). The most common
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pests of French bean are the sap-sucking insect pests, among them being aphids, thrips, leafhoppers
and spider mites that cause significant losses and quality reduction in the vegetable.

Black bean aphid (Aphis fabae Scopoli) (Hemiptera: Aphididae), is among the most
significant insect pests causing a threat to vegetable productivity (Singh & Singh, 2021). It is
French beans' most destructive phytophagous insect pest, with more than 200 host species globally
(Saruhan, 2018). Black bean aphid causes severe damage and crop loss to French bean, usually
grown for their edible immature pods, purposely for export. The damage to the plant is to all plant
parts, such as leaves, stems, pods and flowers, through sap-sucking, resulting in stunted growth
and reduced yields, besides playing an essential role as a vector for viral diseases (Srinivasan et
al., 2019). Black bean aphid also produce honeydew, a sticky substance that can attract sooty mold
and other fungi, further reducing the crop’s productivity and aesthetic value of the pods. The
destructive nature of aphids is associated with their rapid reproduction and parthenogenesis (Zhao
et al., 2020). To manage the damage caused by aphids, prevention and management approaches
rely more on synthetic insecticides to suppress their population (Zaller, 2020). This results in
indiscriminative and frequent use of insecticide, which negatively impacts the environment and
may lead to the development of resistance by aphids. In addition, several studies (Alfaro-Tapia et
al., 2021; Ara & Haque, 2021; Castellanos et al., 2021; D’Avila et al., 2018; Nayak et al., 2020;
Ochieng et al., 2022; Zaller, 2020) have agreed that many synthetic insecticides used to manage
aphids are not easily degradable. Besides, they persist in soil, leach into groundwater, and
contaminate the environment. These synthetic chemicals have been documented to pose a serious
threat to natural enemies of insect pests and pollinators such as ladybird beetles, parasitoids,
lacewing and hoverflies that can significantly impact food security (Ochieng et al., 2022).
Therefore, alternative approaches to synthetic chemical use in managing insect pests are important
to reduce environmental impact and enhance crop productivity. Biological control is considered
one of the most effective direct green management approaches for many sucking insect pests that
attack French beans with less or no harm to humans and the environment. This is considered the
first line of protection in an integrated pest management (IPM) program (Srinivasan et al., 2019).

There are many practices that can be incorporated into integrated systems directed at the
management of bean aphids in French beans. Among them is the use of biopesticides and
companion cropping to promote natural enemies. Similarly, other studies done so far have reported

that use of biopesticides products such as entomopathogenic fungi (EPF) containing Metarhizium
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anisopliae as comparatively safe for natural enemies and the environment with less residue and no
pre- and post-harvest interval (Akutse et al., 2020; Kumar et al., 2021; Mweke et al., 2018, 2019;
Sain et al.,, 2019; Sajid et al., 2017; Srinivasan et al., 2019). Fungal biopesticides are
biodegradable, more host-specific, and safer for the environment than persistent synthetic
insecticides (Kumar et al., 2021; Warra & Prasad, 2020). These fungal biopesticides are potentially
considered a safer and more sustainable alternative to synthetic chemicals. As a result, the use of
fungal biopesticide to manage insect pests is in line with the International Organization for
Biological and Integrated Control of Noxious Animals, Diseases and Plants (IOBC) principles and
guidelines I and Il that emphasize biological control (Baur et al., 2019). Where their guidelines
are focused on optimizing agroecology use in designing and managing sustainable production
systems, supporting and enhancing biological diversity are naturally preferable and safe
technologies to manage insect pests. As a result, the demand for microbial pesticides is driven
primarily by the need to support high-value export horticultural crops due to the increasingly strict
standards for pesticide residues on produce, especially in the export market. However, there is still
need for empirical research in the laboratory and open field in different ecological zones to
ascertain the effectiveness and efficacy of Metarhizium anisopliae products against black bean
aphids. This process will also lead to more understanding of the product and its effectiveness
against black bean aphids to be used by farmers. Moreover, there is limited information on the
overall efficacy and sustainability of microbial biopesticides containing Metarhizium species as a
management strategy for black bean aphid in sub-Saharan Africa. Because of this, there is a need
to evaluate and test microbial biopesticides containing Metarhizium anisopliae as potential
alternative approach that could minimize residues in produce compared to synthetic chemicals
(Gwynn & Maniania, 2017). This study sought to determine the bioactivity of Metarhizium
anisopliae against black bean aphids.
3.2 Materials and methods
3.2.1 Rearing of aphid colonies

The rearing of the black bean aphid was done on caged potted plants according to Nyaanga
et al. (2012), with slight modifications. The three cages used in this study measured 2.5 m x2 m x
1.5 m in size, with 2 mm thick metal frames covered with insect-proof net mesh size 0.4mm. An
insect-proof net procured from AgroZ® Insect Net Nairobi was used to prevent any prior

parasitism from natural enemies or prevent the entry and exit of aphids and other insect pests into
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the cage (Mkenda et al., 2019; Ochieng et al., 2022). Pots measuring 18cm wide and 15cm deep,
were filled with containing 1.5 kg peat moss media., Peat moss was used as growing media to
provide optimal water absorption, retention rate, good drainage and pathogen free media compared
to soil. Six pots were placed in each cage and planted with two seeds of French bean variety
enclave.The cages were placed inside a greenhouse to protect them from the effect of direct rain
and sunshine

Black bean aphids were collected from infested common bean plants grown within the
Horticulture Research and Demonstration Field at Egerton University. They were collected by
detaching aphid infested leaves from a bean plant and placing them in a plastic container (7.5 x
5.5 x 9.8 cm) with a screened lid. The aphids were transferred to the Microbiology and Ecology
Laboratory Egerton University. The aphid species identity was confirmed under a light compound
microscope and taxonomic aphid keys (Blackman & Eastop, 2000). Twelve (12) adult BBA guided
by research study by Boni et al. (2020), were introduced onto French bean leaf sections inserted
in moist sterile cotton wool placed in several 90mm in diameter Petri dishes. The petri dishes were
placed on a laboratory bench at 25 + 2 °C and aphids to reproduce for 21 days (Boni et al., 2020)
after which they were carefully transferred into the clean potted and caged French bean plants in
the greenhouse using a fine brush grade 00. Aphids were allowed to multiply freely in the
greenhouse cages into a large colony for use in laboratory bioassay. A fresh potted healthy French
bean plants free from aphids were introduced to the aphid-rearing cages once every beginning of
the week (Monday) to replace the deteriorating ones and maintain a continuous supply of aphid
culture Plate 3.1.
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Plate 3.1: A set up of the black bean aphid rearing in green house cages (a) French bean plant
free from black bean aphid, (b) French bean plants inoculated with black bean aphid (c) French
bean plants with pure colonies of black bean aphid

3.2.2 Metarhizium anisopliae Entomopathogenic Fungus Formulation

Three commercial entomopathogenic fungus products containing Metarhizium anisopliae: Mazao
SUPREME® packed in an aqueous formulation was procured from Real IPM Co. Thika, Kenya,
and Metarril WP E9 (wettable powder) from Koppert Biological Systems (K) Ltd, Kenya.
Biomagic 1.5 Liquid Formulation (LF), registered by the Pest Control Product Board (PCPB,
2022) as a bio-control agent for aphids was purchased from Osho Company Ltd. Detailed
information on the different products is shown in Table 3.1.
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Table 3.1: Product description

Trade Active Formula Fungal spore Manufacturer/ %Viabilit
name Ingredient tion concentration Suppliers in y
(a.i) Kenya confirmat
ion (Mean
+ SE)
Mazao Real IPM Company
supreme ® M. anisopliae  Qil 2x108 cfu/ml (K) Ltd 95.6+ 0.63
Metarril WP Koppert Biological
E9 M. anisopliae~ Powder  2x10® cfu/g Systems 96.9+ 1.60
Biomagic Osho Chemical
15LF M. anisopliae  Liquid 2x108 cfu/ml Industries Ltd. 94.5+ 1.00
Alpha 10 Alpha- Osho Chemical
EC cypermethrin Liquid - Industries Ltd. -

WP = Wettable Powder, CFU = Colony Forming Unit, LF= liquid formulation, EC= Emulsifiable

concentrate, ml= milliliters: Source: Products’ label 2022.

3.2.3 Spore viability confirmation test

Isolates from the three EPF products were subjected to a spore viability percentage test. Fungal
spores from each isolate were quantified using an improved Neubauer hemocytometer (VWR
International, USA) adjusted to 10° conidia per milliliter by dilution with 0.05% Triton X-100 as
described by Inglis et al. (2012). The improved Neubauer hemocytometer was used with the help
of a light microscope (Microscope X107, Marty Enterprises Ltd, Kenya) at 400x magnification
attached to an HD screen. In a serial dilution, each isolate, one milliliter of each suspension was
removed and diluted to 10° conidia mL™ using 0.05% Triton X-100, then transferred to a universal
bottle containing 9mL of 0.05% Triton X-100 water and vortexed. Each isolate concentration was
adjusted to 106 conidia/ml, and 100 pL of the suspension was spread plated on five individual
petri-dishes as a replicate containing Sabouraud Dextrose Agar (SDA) media. SDA media is the
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most preferred for cultivation and isolation of pathogenic fungi attributed to its ability to provide
high glucose concentration, nitrogen, carbon and vitamin source obtained from the peptone
component in the media that enhances fungal growth and have bacterial growth inhibition ability
compared to potato dextrose agar (PDA) (Sagar, 2022). The plated media was incubated for 16-18
hours (25 + 1 °C). The plates were sealed with parafilm and maintained in the incubator for 16-18
hours. Spore germination was halted by spreading ~1 mL lactophenol blue solution on the SDA
surface in each petri-dish. Under four microscopic observation fields, four sterile glass coverslips
were placed on each petri dish's agar surface. One hundred (100) conidia were selected randomly
under each coverslip mounted on a compound microscope (400xmagnification) and used to
determine the percentage spore viability. Germinated and non-germinated conidia were counted
and recorded as germinated if their germ tubes had twice the conidium's diameter or a longer
propagule diameter (Goettel et al., 2000). The mean values of the replicates were determined and
used to calculate the conidia viability percentage (Table 3.2). The samples (Mazao supreme,
Metarril and Biomagic) were adjusted to a final concentration of 108 conidia mL ™ to be used in the
bioactivity study.

Table 3.2: Percent Spore viability of Mazao supreme Metarril E9 and Biomagic M. anisopliae

formulations.

Metarhizium anisopliae products  Spore concentration Spore viability (%)
Mazao supreme® 2x108 cfu/ml 95.6
Metarril E9 2x108 cfulg 96.9
Biomagic 2x108 cfu/ml 94.5

3.2.4 Metarhizium anisopliae stock solution preparation and dilution

Five hundred (500) pml of triton X-100 (0.05% Tween 80®) measured using a
micropipette was dissolved in 1000ml of distilled water in a clean container to make a triton water
solution. The triton water solution enhanced the proper mixing and homogeneity of the fungal
formulation by reducing the surface and interfacial tension of water. Using a twenty millilitre (20
ml) syringe procured from a registered pharmaceutical shop in Nakuru town, 10 ml of triton water
was measured into a sterile clean universal bottle to reduce the possibility of contamination from
pathogens (Plate 3.2). The stock solution was prepared by separately measuring 10 ml of Mazao

and Biomagic using a micropipette and 10g of Metarril using an analytical balance LINB-A10.
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The measured products were then dissolved in a litre of triton water. In addition, alpha-
cypermethrin stock solution was prepared by adding 0.4ml in one litre of triton water and
dissolving in a litre of triton water. For all M. anisopliae products, serial dilution of the stock
solution (1x10° to 1x10? cfu/ml ) was done and vortexed for 5 min to achieve suspension
homogeneity according to Sayed et al. (2019). The serial dilutions were then used to determine
the concentration (colony forming units, cfu) for the spore viability percentage test.
3.2.5 Experimental design and treatment application

A two-step bioassay to evaluate the efficacy of the two Metarhizium anisopliae
formulations, Mazao supreme ® (aqueous) and Metarril WP E9 (wettable powder) against the
black bean aphid was conducted in a sterile 90 mm plastic Petri dish lined with moist cotton wool
in the laboratory. Step 1 was conducted following procedures described by Glazer and Lewis
(2000) with modifications. A fresh French bean leaflet stalk inserted in a moist cotton wool and
placed in each a petri dish. (Plate 3.2). The leaflet served as a food source for the aphids. Twelve
adult aphids from the greenhouse cage stock culture were carefully transferred onto the fresh and
clean French bean leaf sections in each petri dish using a moistened fine camel hairbrush. The
petri dishes containing aphids on leaf sections were separately sprayed with 10 ml of three different
concentrations (1x108, 2x10% and 4x108 cfu/ml) of Mazao supreme® suspension and 1x108, 2x108
and 4x108 spore/g of Metarril WP E9 suspensions and 10 ml of sterile 0.05% Triton X-100.
Spraying was performed using Alison's hand sprayer held at 0.5 m from the Petri dishes to ensure
uniform delivery of the fungal spores (Erdos et al., 2020). Each treatment was replicated five times.
Petri dishes were sealed with parafilm and maintained in a sterilized chamber at 26 + 2 °C,
photoperiod of 12:12h (light: dark) and relative humidity of 70 - 75% and monitored daily for
aphid mortality for a period seven days. Aphids were considered dead when no movement was
observed after probing with the tip of a camel hairbrush (Macuphe et al., 2021). Dead aphids were
counted and disinfected with 1% sodium hypochlorite and 70% ethanol, then rinsed three times in
sterile distilled water before being transferred to sterile 90 mm Petri dishes lined with a moist
sterile filter paper. The Petri dishes were then sealed with parafilm, incubated (25 + 2 °C) for 7
days, and monitored for mycosis (Mweke et al., 2020).

Step 2 of the bioassay was conducted by applying Metarril WP 90 at 2x108 cfu/g) and
Mazao supreme at 2x108 cfu/ml spore concentration (selected based on their performance in

bioassay 1 above). Biomagic 1.5 LF (2x108 spores/ml), a registered biopesticide for the control of
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aphids (PCPB, 2022) and alpha-cypermethrin, a commercial synthetic insecticide, were used as

controls. The experimental setup was designed and performed as described in step 1 above.

Plate 3.2. Fresh French bean leaflet placed in a 90mm petri dish with the stalk inserted in a moist
cotton wool.

3.3 Data Collection

Aphid mortality data was collected at twenty four (24) hours post-treatment and continued daily
for seven days. The period of seven days is the most preferred for insect mortality as it provides
enough time for the pathogenic fungus to cause death to the host pest (Mweke et al., 2018).
Mortality was assessed by counting the number of dead aphids in each petri-dish and corrected %
mortality for each treatment computed using Abbott’s formula (Abbott, 1925):

number of insects in T after Treatment

Corrected % mortality = (1 ) x 100, ...... equation 1

number of insects in C, after treatment
Where; T= treated and C, =control.
3.3.1 Mycosis test
The mycosis test assessment was done at 24 hours intervals, using microscopic inspection
at x40 magnification (Microscope X107, Marty Enterprises Ltd, Kenya). The presence of green
muscardine fungal outgrowth on the dead aphids, as described by Boni et al. (2020), confirmed
that the death of the aphid was caused by Metarhizium anisopliae treatment. In cases where a dead
aphid showed no fungal outgrowths with similar characteristics in contrast to the green

muscardine, the aphid death was considered to be caused by other factors and discarded.
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3.4 Data analysis

Data on percent corrected aphid mortality using was first checked for normality (using
Shapiro-Wilk test) and homogeneity of variances (using Levene’s test) before analysis was done.
The statistical software SAS version 9.4 (SAS Institute, Cary, NC) was used for data analysis.
Aphid corrected mortality data were then subjected to analysis of variance (ANOVA) using a
generalized linear model assuming a binomial distribution and probit analysis treatments post
application. Medial lethal time (LTso) and median lethal concentration (LCso) for treatments that
caused > 50% mortality of adult aphids was determined. Tukey’s honestly significant difference
test was used to separate treatment means significant at 5%. In both experiments, Statistical model
below:

Yijk=p + ai + Bj *Eijk,
where: Yijk = overall observation on aphid’s mortality, p = overall mean, a;i =effect of the i®"
different treatments and control, Bj=effect of j" period post-treatment application, sij= random error
component which is normally and independently distributed about zero mean with a common
variance c°.

Probit (p) analysis to determine the bioactivity response of the treatment with days post-treatment
application p (Y = %) = $(XTB), where p is the probability and ¢ is the cumulative distribution

function of the standard normal distribution. The parameters 8 are typically estimated

by maximum likelihood.

3.5 Results

3.5.1 Mycosis test

Green muscardine which is a confirmation for fungal growth was observed on the 96 % aphids’
cadavers treated with Mazao supreme and Metarril WP E9 Metarhizium anisopliae formulations.

Green muscardine was, however absent on the aphids sprayed with alpha-cypermethrin (Plate 3.3).
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Water treatment (A) Metarril treatment (C)

Alpha cypermethrin treatment (B)

Plate 3.3: Microscopic mycosis test on the black bean aphid cadavers (a) water and (b) alpha-
cypermethrin treatment without green muscardine growth (c) Metarril WP E9 and (d) Mazao
supreme treatment showing green muscardine growth.
3.5.2 Bioactivity of Metarhizium anisopliae fungi formulations against black bean aphid

The probit analysis showed concentration and exposure time-dependent increase in the
efficacy of Mazao supreme aqueous suspension and Metarril wettable powder M. anisopliae
formulations against black bean aphids in the laboratory. The seven-day exposure time showed a
higher bean aphid mortality at all tested concentrations for Mazao supreme (Fig. 3.4a) and Metarril
WP E9 (Fig. 3.4b). The shorter exposure times of 1, 2, 3 and 4 days for Mazao supreme and 1,
2,3,4 and 5 days for Metarril WP were generally not significantly different at all concentrations
tested.
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Figure 3.1: Dose-response curves over time for (A) Mazao supreme® and (B) Metarril WP
E9

Results showed that the median lethal time (LTso) for Mazao supreme®® and Metarril WP E9
were significantly different (p < 0.00004) at different concentrations (Table 3.3). The Mazao
supreme® (1x108 cfu/ml) and Metarril (1x108 cfu/g) took the longest time (7 days) to kill 50% of
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the bean aphid population, whereas 2x108 cfu/ml of Mazao supreme and 4x108 cfu/g of Metarril

concentration took the shortest time (4) days.

Table 3.3: Median Lethal time (LTso) time it took to cause 50% aphid mortality for Mazao

supreme and Metarril at different concentrations after treatment application

Metarhizium anisopliae Concentration Median lethal time (L Tso)
products
Mazao supreme 1x108 cfu/ml 7.0+0.9a
2x108 cfu/ml 5.0+0.4b
4x108 cfu/ml 4.8+0.3b
Metarril E9 1x108 cfulg 7.0+0.9a
2x108 cfulg 5.0+0.4b
4x108 cfulg 4.0+0.3b

Means followed by the same letter within a column are not significantly different according to
Tukey’s honestly significant test (p < 0.05).

Results for probit regression analysis showe that the LCsg values (median lethal concentrations to
kill 50% of the aphid population), reduced with exposure time (Table 3.4). Metarril WP E9
achieved an LCso of 0.95x108 on day 6 and was reduced to 0.43x108 cfu/mg on 7 days of exposure
time. Mazao supreme did not achieve a mortality of > 50% by the 6™ day of exposure. It however
attained an LCso of 0.40 x10% on day seven (7) but was not significantly different from Metarril
WP E9 formulation with 0.43x108cfu/g.

Table 3.4: LCso values for Mazao Supreme and Metarril WP with exposure time

Product LCso

6 days 7 days
Mazao supreme - 0.40x108
Metarril WP E9 0.95x10° 0.43x10°

Bioassay results showed that two biopesticide products of Mazao supreme and Metarril E9, at
different concentrations, significantly (p < 0.00007) influenced the mortality of black bean aphids
(Figure 3.2). There was a significant difference in black bean aphid mortality between Metarril E9

applied at 2x108 cfu/g and Mazao supreme at 2x108 cfu/ml only at 5- and 6-days exposure time,
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with Metarril E9 causing more black bean aphid mortality compared to Mazao. Also, Metarril E9
applied at 2x108 spores /g caused significant black bean mortality compared to Mazao supreme
2x10% spores/ml at 3, 4- and 5-day exposure time. There was, however, no significant difference
(p > 0.05) in black bean mortality for Metarril WP E9 applied at 4x108 cfu/g and Mazao supreme
applied at 2x108 cfu/ml. Metarril E9 (4x108 cfu/g) caused the highest average mortality (95%) of

black bean aphid and lowest mortality (54%) was obtained at 1x108 spores /ml of Mazao supreme.

= Mazao supreme (1x10"8) = Metarril E9 (1x10"8) @Mazao supreme (2x10"8)
O Metarril E9 (2x1078) = Mazao supreme (4x1078) = Metarril E9 (4x10"8)
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Figure 3.2: Mortality of black bean aphids treated with Mazao supreme and Metarril WP E9 at
different concentrations

A comparison for the efficacy of Mazao supreme (2x108 cfu/ml) and Metarril E9 (2x108 cfu/g)
formulations tested alongside Biomagic Metarhizium anisopliae biopesticide and alpha-
cypermethrin a synthetic commercial insecticide indicated significant differences (p < 0.0005).
The results showed that Metarril WP E9 and Mazao supreme M. anisopliae formulations
significantly affected black bean aphid mortality by 84.2% and 80.7%, respectively, compared to
the negative control (water). Metarril WP E9, Mazao supreme and Biomagic recorded the lowest
(68.4b) aphid percentage mortality (Figure 3.3). Alpha-cypermethrin caused the highest corrected
percentage mortality (99.3% a) of aphids, followed by. However, there were no significant
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differences between Metarril E9 (84.2% ab) and Mazao supreme (80.7% ab) in percentage
mortality caused to black bean aphids. In general, among the biopesticides, Metarril E9 causes the
highest mortality, followed by Mazao supreme and the lowest mortality was recorded for the
treatment of Biomagic. Metarril E9 caused a higher mortality percentage compared to Mazao

supreme post-treatment application as shown in figure 3.3
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Figure 3.3: Percent mortality (mean + S.E.) of Black bean aphids treated with Metarril (2x108
spores/g), Mazao supreme (2x108 spores/ml), biomagic (2x108 spores/ml) and synthetic
pesticide alpha-cypermethrin response over time.

3.6 Discussion

The study demonstrated a positive relationship between the efficacy and biopesticide
concentration in the two formulations. The black bean aphid mortality was lower at 1x108 cfu/ml
for Mazao supreme and 1x10® cfu/mg for Metarril WP E9 concentrations. However, it increased
up to 95% at the highest spore concentration of 4x102 cfu/ml and 4x108 cfu/mg, indicating a dose
dependent response for both biopesticide formulations tested with an LCso value of 0.40 cfu/ml
and 0.43 cfu/mg/ respectively. A study by Latiff et al. (2022) reported and confirmed that aphids
are susceptible to Metarhizium species fungal treatment irrespective of the host plant. The strain,

characteristic and concentrated levels are associated with the virulence rate of the pathogen isolate
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of fungi. Conversely, the concentration of each isolate, as in the number of conidial per gram or
ml, is associated with enhancing the ability of the isolate to cause mortality to the target pest (Igbal
et al., 2021; Qubbaj & Samara, 2022).

Similarly, the two biopesticide formulations indicated an exposure time response in their
efficacy against the black bean aphid. The aphid mortality was lower at increased to more than
90% at 7 days, indicating a time dependent response for formulations tested with an LTso of 4
days. Mweke et al. (2018) conducted a study on different isolates of Metarhizium anisopliae and
reported a mortality of 90% and 45% for ICIPE62 (1x108 spores/ml) on Aphis craccivora and
LTso0 (3.3 to 6.3 days) post-treatment. The findings were associated with the difference in fungal
strains as some strains take longer for the pathogen to contact and cause harm to the target insect
pest. Metarhizium anisopliae isolates ICIPE 62 were reported to produce more conidia on aphid
cadavers, with a high ability and enhanced chances for secondary infection to the host. Srinivasan
et al. (2019) reported a mortality rate (83.23%) caused by Metarhizium anisopliae against aphids
and also attributed the effects to pathogen strain isolated and its ability to cause secondary infection
to target pests or hosts within a given period

The current study further demonstrated that the two Metarhizium anisopliae formulations
are effective against the black bean aphids. Mazao supreme and Metarril WP E9 indicated an
efficacy of up to 84% exposure compared to Biomagic. A registered biopesticide for aphids used
as a standard check indicating 68.4% in the laboratory bioassay. The efficacy for biopesticide
products was, however significantly lower than alpha-cypermethrin with 99.3%. A similar study
by Trinh et al. (2020) reported maximal mortality (85.3%) and lowest (60.0%) at the highest
concentration of Metarhizium anisopliae at eight days post-treatment. Several other studies have
also reported similar results (Akutse et al., 2020; Boni et al., 2020; Mweke et al., 2018, 2019).

Metarril WP E9 (1x108 spores/g) formulation indicated higher aphid mortality compared
to Mazao supreme at 5- and 6-days exposure time. This could be attributed to fungal strain
formulation. Mweke et al. (2019) studied the effects of the different formulations and reported
higher performance on oil than aqueous formulations. This could be attributed to increased contact
and adhesion to the sprayed plant or target insect pest. In addition, Mweke et al. (2018) also found
that Metarhizium anisopliae isolates ICIPE 62 produced more conidia on aphid cadavers,
increasing their virulence after treatment application. The difference in efficacy could also be

associated with the ability of the isolate to produce an immense extent of toxins associated with
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higher mortality or focus more energy on vegetative growth, thus lowering the mortality rate on
the target insect pest (Leger & Wang, 2020). In addition, Metarhizium ansiopliae’ flexibility at the
genetic level, nutritional heterogeneity, host switching and virulence. A study by Erol et al. (2020)
suggested that the difference in the fungal ability to cause mortality depends on the secondary
bioactive metabolites produced by pathogens associated with the initial formulation of the isolate,
affecting the isolate infection rate. Kisaakye et al. (2021) study reported Beauveria
bassiana isolates, ICIPE 648, ICIPE 660 and ICIPE 273 caused over 80% mortality to adult banana
weevil (Cosmopolites sordidus) associated to the highest spores per cadaver. but with no
significant difference.
3.7 Conclusion

Based on this study, Metarhizium anisopliae in different concentrations caused mortality
to black bean aphid and aphid nymphs. Under laboratory conditions, Metarril E9 (2x108 spores/g)
formulation caused the highest mortality rate and with a short median lethal time. The study
recommends Metarril biopesticide for further trials under field conditions to evaluate their

effectiveness with border cropping as part of integrated pest management.
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CHAPTER FOUR
EFFECT OF Metarhizium anisopliae AND COMPANION CROPPING ON APHID
POPULATION AND DAMAGE IN FRENCH BEANS

Abstract

Small-holder farmers, who are the major French bean growers in Kenya, often rely on insecticides
to manage black bean aphids. There is a need for alternative pest management strategies. A field
study to determine the combined effects of integrating Metarhizium anisopliae biopesticide and
border cropping to manage aphid population and damage on French beans was conducted at the
Horticulture Demonstration Field 3 of Egerton University, Njoro. The study was done between
May and December 2022 using a two-factor experiment arranged in a Randomized Complete
Block Design (RCBD) with three replications. The first factor comprised two border crops
(sunflower and wheat) and a control (no border crop). The second factor involved spraying the
French bean crop with Metarril (2x108 cfu/g) E9 Metarhizium anisopliae alongside Biomagic
(2x108cfu/ml), alpha-cypermethrin (8ml/20L) as positive controls and water as a negative control.
Data analysis was done using SAS 9.4 version. Results showed a significant reduction in aphid
population (p < 0.0005) and damage severity (P < 0.0005) on French bean grown in plots with
border crops compared to those grown with no border crop. Plots with no border crop recorded the
highest aphid population (3.18, 2.95) for seasons 1 and 2, respectively. A low aphid population
(2.76, 2.32) was recorded in plots with sunflower as a border crop in both seasons one and two,
respectively. Plots with no border crop showed the highest damage severity of 2.40 and 2.32 in
season 1 and 2. Plots treated Metarril WP E9 had significantly lower aphid populations (2.96, 2.44)
for seasons 1 and 2. The lowest aphid mortality of 1.56 was recorded in plots treated with alpha-
cypermethrin. There were no significant differences in the damage severity between Metarril WP
E9 and Biomagic in both seasons. Metarril and wheat combination reduced aphid population (1.87)
compared to Biomagic (2.20) and water (2.93) at 56 days post-treatment in season two. The lowest
aphid population (1.00) was recorded in the second spray for plots treated with alpha-
cypermethrin. Plots planted with wheat as border crop in combination with Metarril, Biomagic and
water had, more ladybird beetles (7-9) compared to those with sunflower. Alpha-cypermethrin
recorded the lowest ladybird beetle population (<3) across all treatment combinations in both
seasons. Therefore, biopesticide products containing M. anisopliae should be included in the

integrated pest management of black bean aphids in Kenya.
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4.1 Introduction

Crop productivity is often constrained by several biotic constraints, including insect pests
leading to a decline in the quality and yields of most crops in Africa (Ogecha et al., 2019). French
bean (Phaseolus Vulgaris L.), whose production is mostly in the open fields, has faced declining
productivity over time (Mwangi et al., 2019). Under open field conditions, more than 37 insect
pest species are associated with the crop through its production cycle (Mondal et al., 2018). The
most common insect pests include aphids, mites, whiteflies, leaf miners and pod borers. An
increase in the incidence and severity of these pests has been associated with climatic variability
that significantly affects the productivity of most crops (Mondal et al., 2018; Sahoo & Giraddi,
2022).

In French bean farming, the black bean aphid (Aphis fabae) is considered a major biotic
constraint causing significant yield losses and reduced crop quality and profitability. The preferred
synthetic chemical insecticides used to control aphids have been associated with environmental
pollution and develop resistance, besides being a health hazard. Therefore, there is a need to
explore alternative, sustainable, integrated approaches to managing pests. Integrating border crops
with biopesticides could enhance insect pest management and offer a safer option to synthetic
chemicals in managing crop pests. Moreover, using border or companion crops has been reported
to enhance the efficient use of available plant growth resources as well as reduce the population of
insects such as aphids, white flies and many other pests (Afrin et al., 2017; Hendges et al., 2018;
Huss et al., 2022; Lithourgidis et al., 2011). A field experiment by Waweru et al. (2021) reported
that the use of maize (Zea Mays L.), sorghum (Sorghum bicolor L.) and sunflower (Helianthus
annuus) as either a border or companion crop managed to reduce viral disease incidences spread
by aphids in Hot pepper.

Furthermore, adding biopesticides to the border cropping approach to manage sap-sucking
insect pests could be enhanced through more research on the interactive effects between border
crops and biopesticides. Biopesticides containing entomopathogenic fungi (EPF) strains
like Beauveria, Metarhizium, Isaria, Hirsutella and Lecanicillium have also been reported as safer
for the environment and humans and can be a better addition to other methods used to manage
insect pests (Sain et al., 2019). However, the effectiveness of some EPFs, particularly Metarhizium
anisopliae, has been reported as more influenced by several factors such as weather, the presence

of ultra-violet light, temperatures, crops and its associated cropping system. A cropping system

36



that explores wheat and sunflower can offer the advantages of a push and pull strategy (Huss et
al., 2022; Waweru et al., 2021). In addition, wheat is alternatively attacked by a different aphid
species compared to French bean, particularly the Russian wheat aphid (Diuraphis noxia).

On the contrary, research by Varenhorst et al. (2021) described sunflower as a crop that is a
suitable host for various aphid species, inclusive of bean aphids for bean plants, however,
preference of aphids for sunflower compared to bean species has not been fully studied. Therefore,
the sunflower crop could provide an alternative host for bean aphids, thus a potential option that
could be used as a border crop for French bean grown plants and offer an additional purpose for
integrated management of aphids by attacking them. Border crops like wheat attract generalist
natural enemies of aphids such as lacewings, ladybird beetles, hoverflies, and other parasitoids that
can prey on back bean aphids. This study aimed to investigate the effects of integrating border
cropping systems of wheat and sunflower to enhance the efficiency of Metarhizium anisopliae in
controlling black bean aphid infestations and subsequent damage to French bean plants.

4.2 Materials and methods
4.2.1 Experimental site description

The study was conducted at the Horticulture Research and Demonstration Field, Egerton
University, Njoro-Kenya, as shown in Figure 4.1. The field lies at latitude 0.23°S and longitude
35.35°E in the Lower Highland I11 Agroecological Zone (LH3) at about 2238 m above sea level.
The site receives an annual average rainfall of 1180-1400mm with an annual daily temperature
range of 16-22°C. The soil types are predominately Mollic Andosols, well-drained, friable,
moderate in fertility containing medium levels of organic carbon, low levels of phosphorus and a
pH range of 6.0 to 6.5 (Jaetzold et al., 2012). The rainfall pattern and distribution during the study
period are shown in Table 4.1.
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Figure 4.1 Map showing the experimental location.

Table 4.1: Mean monthly rainfall, relative humidity and temperature data at the site during season

one (April to July 2022) and season two (September to December 2022).

Temperature (°C) Rainfall Relative Humidity

Month Max (°C) Min (°C) Month (mm) Day (mm) (%)

January 25.53 10.92 43.21 5.02 65.37
February 27.04 11.6 35.98 6.46 62.29
March 27.03 12.69 107.05 12.82 65.62
April 25.39 12.16 147.53 23.71 75.13
May 25.48 12.89 149.93 25.26 74.34
June 24.05 12.5 132.06 25.45 80.06
July 24.05 11.26 73.86 13.69 75.82
August 24.04 11.56 182.86 27.38 80.96
September 25.33 13.17 201.36 23.33 78.37
October 24.3 12.29 172.43 25.54 83.93
November 23.85 11.11 137.62 23.61 83.97
December 23.29 10.75 147.73 26.13 83.86

Source: Egerton University Engineering Meteorological Station.
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4.2.2 Planting materials

French bean cultivar 'Enclave’, a determinate cultivar that is highly susceptible to black
bean aphids, was used in this study. It is among the commonly grown cultivars in many of Kenya's
French bean growing regions. Enclave cultivar produces more extra fine-grade quality pods, is
high yielding, and is adaptable to wide agroecological zones compared to other cultivars. French
bean seeds were procured from Hygrotech East Africa Ltd, Naivasha, Kenya. Sunflower
(Helianthus annuus L.) ‘Kenya Fedha' and wheat (Triticum aestivum L.) 'Njoro bread wheat 2’
were procured from Kenya Agricultural and Livestock Research Organization (KALRO) Njoro,
Kenya. The wheat variety is highly preferred by aphids, with a dwarf growth habit that could
reduce shade effects. It is the most commonly grown commercial variety and most adopted by
farmers within the agroecological zones of Nakuru County. On the other hand, the sunflower
cultivar used in this study is an open-pollinated variety with uniform maturity, well suited to
medium and high altitudes, and the most preferred in the region where this study was conducted.
4.2.3. Experimental design and treatments

A 3x 4 factorial experiment arranged in a Randomized Completely Block Design (RCBD)
with three replications was conducted in the open field. A biopesticide product; Metarril (2x108
cfu/g) E9, was chosen based on its superior performance during the laboratory bioassay experiment
in chapter 3 above. The first factor under study was companion cropping at three levels; (i)
sunflower as a border crop, (ii) wheat as border crops and (iii) no border crop as a control. The
second factor was foliar spray application at four levels; (i) Metarril WP (2x108 cfu/g) E9, (ii)
Biomagic (2x108cfu/ml) 15 Liquid Formulation commercial biopesticide (iii) alpha-cypermethrin
(8ml /20L) a commercialised synthetic insecticide as positive controls and (iv) water as the

negative control. The treatment combinations used are as shown in Table 4.2.
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Table 4.2: Description of the treatment combinations

Border crops

Sunflower (S) Wheat (W) No border crop (N)
Metarril (M) MxS MxW MxN
Biomagic (B) BxS BxW BxN
Alpha-cypermethrin (A) AxS AxW AxN
Water (W) WxS WxW WxN

4.2.4 Field preparation, layout and crop management.

The experimental field was ploughed and harrowed using a tractor before planting to obtain
a moderate tilth suitable for planting French beans and the border crops. Experimental plots
measuring 4.2m by 3m each were laid out, as shown in Figure 4.1. Sunflower was planted along
the border of the designated plots at a spacing of 30 cm x 75 cm with two (2) seeds placed in each
hill and later thinned to one seedling per hill two weeks after germination of the seeds. At the same
time, two (2) wheat seeds were planted at 30 cm x 30cm in the designated plots and were later
thinned two weeks after the plant's emergency to ensure that a healthy plant per hole was allowed
to continue growing for further data collection. The distance between border crops and the first
row of French bean crop was 60 cm. French bean was planted three weeks (3 weeks) after
sunflower and wheat border crops were planted. This allowed the border crops time to establish at
least 2-3 leaves before planting the French bean, enabling the companion crops to establish well
before the primary crop (French bean) was planted. French bean was planted at a spacing of 30 x
by 15cm, with two (2) seeds planted per hole and later thinned to one plant per hole (Fulano, 2016).
Diammonium phosphate (DAP) fertilizer was applied during planting at the rate of 200 kg/ ha
(Greenlife Crop Protection Africa, 2021). Calcium Ammonium Nitrate (CAN) at a rate of 150
kg/ha was applied as a top dress in two equal split applications at three (3) true leaves and at the
onset of flowering as the growth stages recommended for application of CAN fertilizer to French
bean plants to enhance essential nutrient availability (Oseko & Dienya, 2015). Weeding was done
manually three weeks after emergence. The experiment was rain-fed with supplemental irrigation
provided using a drip irrigation system at an equal rate in all experimental units during dry spells.

Details of the experiment's field layout are shown in Figures 4.2, 4.3 and plate 4.1.

40



47 m

MN AS AN WN || M2W || BN AW WW | | BW BS MS WN

B

4m

Im
A

BN BS WW || M5 AS AW BW «WN M2N WN AW MW

B,

14.6m
2m

WN MW BN WW || AW MN AS BW MW W5 BS AN

B;

Figure 4.2: Field experimental layout showing different treatment combinations and

randomisation

4} A Im >, < B 3Im >,
o O o e o O o 0 o] L] o}
o 60¢ o 60 dm
o c ° ° ) 30 60 cm o
o S ¢ O .m o . 0
Lo}
® L ® @ o 0 ° o L ] e @& 0 o
o]
o ®® o o e e = e e 0o o o 42m
o ®® e e s o o e o 0 0 o
o *e ® o o * ° Scm. ® 0 0 & 0
® 9o ¢ 0o * 0o o ® 9o o o * 0
éo cm® ® ® & @ @ e o & @& o @ °
O Eﬂcm © ko cm
O o ov 0 @ 0 00O i 0 o) 0 ol!
® Tagged French bean plants
® Tagged French bean plants
®  French bean plants
®  French bean plants o  Border crop (sunflower plants)
O  Border crop (wheat plants)
e Tagged wheat plants (border plants) @ Tagged sunflower plants (border plants)

Figure 4.3: Field layout showing the spacing and layout of the different crops

41




3 o

French Beans (C)

Sunflower (A) & Wheat (B)

Plate 4.1: Field layout showing border crops (A), sunflower (B) wheat crop and (C) French bean

crop.
4.2.5 Black bean aphid introduction to the field experiment

Black bean aphids were collected from the greenhouse cultures (described in chapter three).
The aphids were introduced into the field by placing six infested French bean leaves with ten (10)
aphids per leaf at the center of each experimental unit to allow the aphids equal chance to spread
to other parts of the plots. This was done 14 days after emergence of French bean and would allow
the aphids equal chance to spread to other parts of the plots.
4.2.6 Treatment application

Treatment application started 21 days after the emergence of the French bean. Spraying
was repeated four times at every 14 days interval, targeting mainly the vegetative growth stage of
French bean plants when insect pests cause severe damage by attacking auxiliary buds and tender
growing points as Sayed et al. (2019) described. The a 14-day spray interval was adopted and
based on a previous study by Boni et al. (2020) as the most effective range for insect pest mortality
in open field experiments using entomopathogenic fungi to cause death as a result of both primary
and secondary infection. Metarril wettable powder E9 (2x102 spore/g), Biomagic 1.5 LF (2x108
spores /ml), and alpha-cypermethrin were thoroughly mixed in water containing 0.05% Integra
(3ml per 20I) for 5 minutes prior to application to ensure a homogenous solution before being
applied to each experimental unit. The 0.05% integra acts as a surfactant to reduce the surface
tension of the treatment spray solution for even and uniform spreading on the plant's surface,
improving the absorption and retention rate. To minimize the likelihood of contamination, four
different knapsack sprayers (Kenplastic Knapsack sprayer, 20L) but with similar calibration to
discharge 350L/acre and nozzle pressure of 2.88 kgf m-2 were used. Each of the four knapsack
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sprayers was used to apply only one product, that is, Metarril (2x108 spores/g) E9, Biomagic
(2x108spores/ml), alpha-cypermethrin (8mI/20L) or water. Treatment application was done early
in the morning, between 06:00 and 08:00 hours East Africa Time (EAT), to minimize treatment
drift caused by wind.
4.3 Data collection

After the first spray was initiated, data on aphid population, damage severity score and lady
bird population (number per sampled 6 plants) of the border crop were collected at 14 days
intervals thereafter up to a period of the 75™ day after the emergence of the French beans
4.3.1 Black bean aphid population

Data on aphid population were collected from six tagged plants in the inner row of each
experimental unit just before each spraying. The use of visual observation and scoring of aphid
population using 6 points scale as described by Aken et al. (2013) and Mkenda et al. (2015) was
adopted as shown in table 4.1. The 6 point scale used to assess aphid population was; 1 = no aphids;
2 = a few scattered aphids; 3 = a few small colonies; 4 = several small colonies; 5 = large isolated
colonies; and 6 = large continuous colonies and data obtained were used to compute the average
number of aphids per plant (no. of aphids/plant). Data collection was done in the early morning

hours between 07:00- 08:00 hours when most aphids were inactive on the leaves.

Table 4.3 Aphid population score scale

Number Aphid population Visual expression
1 No aphid infestation and damage
2 A few scattered aphid
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3 A few isolated colonies

4 Several isolated aphid colonies
5 Large isolated colonies
6 Large continues colonies

Sources: (Aken et al., 2013; Mkenda et al., 2015)
4.3.2 Black bean aphid damage

The aphid damage score was also determined by visually observing and scoring the level
of aphid damage on six randomly selected plants using a 5-point scale, according to Mkenda et al.
(2015), where: 1 = no infestation or damage, 2 = light damage and infestation (< 25%) of plant
parts damaged, 3 = average damage and infestation (26 - 50%) of plant parts damaged, 4 = high
infestation and damage (51 - 75%) of plant parts and 5 = severe infestation damage (>75%) of
plants or a dead plant (Table 4.2). The data obtained were later used to compute the average
damage caused on each French bean plant.

44



Table 4.4 Damage severity score scale

Scale Description of damage

1. No infestation or damage
2. Showing light damage or an infestation of less than
25%

3. Showing damage or infestation 26%-50%

4. Showing light infestation and damage 51 -75%

5. Severe infestation and damage leading to death

greater than 75%

Sources: Mkenda et al. (2015).

4.3.3 Ladybird beetle population at the border crop.

This study also recorded the population of ladybird beetles at the border crop. Visual count
on ladybird beetles was done on the top three leaves on six randomly sampled plants as border
crops (wheat and sunflower). The data obtained were later used to compute the average number of
ladybird beetles per plant at the border crops.
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4.3.4. Data analysis

Data were subjected to a normality test using the Shapiro-Wilk test and Levene’s tests for
homogeneity of variances at p=0.05 using the SAS 9.4M8 version (SAS Institute, 2023) before
analysis. Data on aphid population and damage did not meet the assumption of normality and equal
variance and were first subjected to arcsine transformation before analysis of variance (ANOVA)
was done. The analysis procedure followed a statistical model:

Yijk = p+ ai + B+ (aB)ij + blockk + &ijk.

Where; Yijik the response from k™ experimental unit receiving the i type of spray and j®"
type of border crop, p is the overall mean, ag effect due to the i'" type of spray, Rj effect due to
the j™ type of the border crop, ((B)j is the interaction effect of the it" type of spray with the j™" type
of border crop, block  effects due to k™ block, sijis the random error associated with the response
from the k™ experimental unit receiving the i" type of spray combined with the j™ level of border
crop. Mean separation for significant treatments at F-test was done using Tukey's honestly
significant difference (HSD) at p < 0.05. The results obtained have been presented and discussed
in the subsequent sections of this chapter.

4.4 Results
4.4.2: Effects of border crop on aphid population and damage severity

The use of border crops had significant (p < 0.0005) effects on the population of aphids
and damage severity in both seasons (Table 4.5). Plots with no border crop recorded the highest
aphid population (3.18, 2.95) for season 1 and 2, respectively. A low aphid population (2.76, 2.32)
was recorded in plots with sunflower as border crop in both seasons one and two, respectively.
This was, however, not significantly different from plots with wheat as border crops. A similar
trend was observed for damage severity with plots with no border crop the highest damage severity
was 2.40 and 2.32 in seasons one and two, respectively. There were no significant differences in
the damage severity between wheat and sunflower border crops in both seasons. Generally, season

one had a higher aphid population and damage severity compared to season two
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Table 4.5: Mean aphid abundance and damage severity with border crops in season 1 and 2

Border crop Season one Season two

Aphid population Damage severity | Aphid population Damage severity

No border crop  3.18a* 2.40a* 2.95a* 2.32a*
Wheat 2.80b 2.18b 2.39b 2.08b
Sunflower 2.76b 2.13b 2.32b 1.97b

*Means in a column followed by the same letter are not significantly different using Tukey's test
atp <0.05

4.4.3: Effects of Metarhizium anisopliae on aphid population on French bean plants

Results showed that plots treated with M. anisopliae biopesticide (Metarril WP E9) had
significantly lower aphid populations (2.96, 2.44) for season 1 and 2, respectively (Table 4.6). This
was, however not significantly different in plots treated with Biomagic (3.18) in season 1. The
lowest aphid mortality of 1.56 was recorded in plots treated with alpha-cypermethrin A similar
trend was observed for damage severity with the negative control (water) showing the highest
damage severity of 2.64 and 2.40 in seasons one and two, respectively. There were no significant
differences in the damage severity between Metarril WP E9 and Biomagic in both seasons.
Generally, season one had a higher aphid population and damage severity compared to season two

Table 4.6: Effect of Metarhizium anisopliae on bean aphid abundance and damage severity score
in season 1 and 2

Biopesticide Season one Season two

Aphid population Damage severity | Aphid population Damage severity

Water 3.54a* 2.64a* 3.20a* 2.40a*
Biomagic 3.18b 2.46ab 3.04a 2.22a
Metarril 2.96b 2.36b 2.44b 2.19a
Alpha cyper 1.56¢ 1.49¢ 1.56¢ 1.59b

*Means in a column followed by the same letters are not significantly different using Tukey’s
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4.4.4: Combined effects of M. anisopliae and border crops on aphid population on French
bean plants

The results showed that all interaction effects between border crop and M. anisopliae
biopesticide application on the aphid population were significant (p < 0.05) in season two (Table
4.7). The highest aphid population (4.76) was recorded at 14 days for plots with no border and
treated with water. The lowest aphid population (1.00) was recorded in the second spray for plots
with no border and treated with alpha-cypermethrin.

The interaction between Metarril biopesticide and wheat as a border crop significantly (p
<0.0005) influenced aphid population. Reduction in aphid population was observed in plots with
wheat as a border crop and treated with Metarril (1.87) or alpha-cypermethrin (1.17) compared to
plots treated with Biomagic (2.20) or water (2.93) at 56 days post-treatment in season two
compared to sunflower. The highest aphid population (4.66) was recorded at 14 days for the first
spray for plots with no border and treated with water. The lowest aphid population (1.00) was

recorded in the second spray for plots treated with alpha-cypermethrin.

Table 4.7: Effects of Metarhizium anisopliae and border crop on aphid population in season one
(April to July 2022) and season two (September to December 2022).

Aphid population (no./plant)

Treatment * Days after spraying (DAS)
Pre-spray 14 DAS 28 DAS 42 DAS 56 DAS
Season one
WN 3.60** 3.96** 4.13a*** 4.14a*** 4.07a***
BN 3.50 3.70 3.06ab 3.50ab 4.06a
MN 3.50 3.50 2.66bc 3.40ab 2.73b
AN 3.26 2.40 2.00bc 1.78cd 1.36¢cd
ww 3.50 3.86 2.80bc 3.40ab 3.26ab
BW 3.46 3.16 2.53bc 3.06b 3.20ab
MW 3.60 2.56 2.56bc 2.40bc 2.76b
AW 3.36 2.16 2.00bc 1.33d 1.16d
WS 3.56 3.13 2.93abc 3.60ab 3.26ab
BS 3.30 2.73 2.43bc 3.50ab 3.16ab
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MS 3.63 2.70 2.23bc 2.43bc 2.10bc

AS 3.43 2.30 1.77c 1.30d 1.00d
Season two
WN 3.17** 3.73a*** 4.67a*** 4.06a*** 3.46a***
BN 3.10 3.60a 4.40ab 3.87a 2.76ab
MN 3.03 2.40bc 3.26b 3.20ab 2.16bc
AN 3.03 1.67cd 1.43cd 1.10d 1.00d
WwWw 3.13 3.33ab 3.87ab 2.87ab 2.93ab
BW 3.10 3.00ab 3.00b 2.17bc 2.20bc
MW 3.10 2.00cd 2.13c 1.60cd 1.87bc
AW 3.00 1.00d 1.43cd 1.00d 1.17cd
WS 3.16 2.33bc 2.90b 2.43bc 3.13a
BS 3.16 2.20cd 2.87b 2.20bc 2.20bc
MS 3.10 2.00cd 2.50bc 1.60cd 2.10bc
AS 3.23 1.33d 1.00d 1.00d 1.00d

*WN (water and no border), BN (Biomagic and no border), MN (Metarril WP E9 and no border),
AN (alpha-cypermethrin and no border), WW (water and wheat), BW (Biomagic and wheat), MW
(Metarril WP E9 and wheat), AW (alpha-cypermethrin and wheat), WS (water and sunflower), BS
(Biomagic and sunflower), MS (Metarril WP E9 and Sunflower), AS (alpha-cypermethrin and
sunflower). ““Means not followed by a letter within a column in each season are not significantly

*kk

different according to Tukey’s HSD test (p <0.05). ~ "Means followed by the same letter within a
column are not significantly different according to Tukey’s HSD test (p < 0.05).
4.4.5 Combined effects of Metarhizium anisopliae and border crops on aphid damage severity
on French bean

Results showed that there were significant differences in damage severity amongst the
different treatment combinations and dates in season one (Table 4.8). In season two, however,
significant differences in damage severity were observed. Plots without border crops had higher
damage severity across the treatment combinations and dates compared to plots planted with
border crop. The lowest damage severity (<1.22) was recorded in plots sprayed alpha cypermethrin
at all treatment combinations. Plots sprayed with Metarril and Biomagic sunflower combinations

had no significant difference in damage severity except 28 days after spraying in season two. Plots
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sprayed with Metarril and Biomagic significantly differed in damage severity at 14, 28 and 42 days
after spraying in season two. Generally, plots with Metarril with wheat combination had a

significantly lower damage severity compared to sunflower.

Table 4.8: Effect of Metarhizium anisopliae and border crop on damage severity in season one
(April to July 2022) and in season two (September to December 2022)

Damage severity (no. /plant)

Treatment* Days after spray (DAS)
Pre-spray 14 DAS 28 DAS 42 DAS 56 DAS
Season one
WN 2.33** 3.33** 2.33** 3.33** 3.40**
BN 2.66 3.00 2.00 3.00 2.80
MN 2.00 2.67 2.33 2.67 2.33
AN 2.66 2.00 1.33 1.28 1.28
ww 2.00 3.33 2.33 3.00 3.00
BW 2.33 2.66 2.00 1.67 2.00
MW 2.33 3.33 2.00 1.33 2.66
AW 2.00 2.00 1.33 1.26 1.22
WS 2.00 3.00 2.00 2.33 2.00
BS 2.00 2.33 2.00 2.33 2.67
MS 2.66 2.33 1.67 2.33 2.00
AS 2.33 2.00 1.33 1.30 1.22
Season two

WN 3.26** 3.60a*** 4.76a*** 4.06a*** 2.76ab***
BN 3.10 2.4bc 3.20b 3.20ab 2.16bc
MN 3.03 3.73a 4.40a 3.86a 3.46a
AN 3.06 1.66de 1.43dc 1.10d 1.00d
ww 3.48 3.0ab 3.86ab 2.86ab 2.93ab
BW 3.13 2.00cd 2.13c 1.60cd 1.86bc
MW 3.10 3.3ab 3.00b 2.16bc 2.20bc
AW 3.00 1.66de 1.43cd 1.00d 1.16cd

50



WS 3.16 2.33bc 2.80bc 2.43b 3.13a

BS 3.16 2.10cd 2.50bc 1.93bc 2.10bc
MS 3.16 2.20bc 2.90bc 2.20bc 2.83ab
AS 3.23 1.33e 1.00d 1.00d 1.00d

*WN (water and no border), BN (Biomagic and no border), MN (Metarril WP E9 and no border),
AN (alpha-cypermethrin and no border), WW (water and wheat), BW (Biomagic and wheat), MW
(Metarril WP E9 and wheat), AW (alpha-cypermethrin and wheat), WS (water and sunflower), BS
(Biomagic and sunflower), MS (Metarril WP E9 and Sunflower), AS (alpha-cypermethrin and
sunflower). ““Means not followed by a letter within a column within a season are not significantly

*k*k

different according to Tukey’s HSD test (p < 0.05). = Means followed by the same letter within a

column in each season are not significantly different according to Tukey’s HSD test (p < 0.05).

4.4.3 Effects of Metarhizium anisopliae and border crops on ladybird beetle population

The results of the study indicated that the different treatments and treatment combinations
significantly (p < 0.0005) influenced ladybird beetle population on border crops (Table 4.9). In
both seasons, for plots planted with wheat as border crop had, more ladybird beetles of between 7
and 9 in all the treatment combinations Metarril, Biomagic and water compared to plots planted
with sunflower in both season one and two. Plots sprayed with alpha-cypermethrin recorded the
lowest ladybird beetle population (<3) across all treatment combinations in both seasons. An
increase in ladybird beetle population was observed up to 42 DAS followed by a decrease in at 56

DAS in all treatment combinations and both seasons.

Table 4.9: Effects of Metarhizium anisopliae and border crop on ladybird beetle population in

season one (April to July 2 022) and season two (September to December 2022)

Ladybird beetle population (no. per plant)

Days after spray (DAS)
Treatments  Pre-spray 14DAS 28 DAS 42DAS 56 DAS
Season one
ww 1.33* 8.67a** 14.67a** 14.00a** 9.00a**
BW 1.67 4.67ab 9.67ab 13.33a 7.33ab
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MW 1.67 6.67ab 10.00ab 13.33a 7.00ab

AW 1.67 1.33e 1.33dc 1.67b 3.33b
WS 1.67 4.00b 9.33ab 10.67ab 7.33ab
BS 1.67 4.00b 5.67bc 7.67ab 7.33ab
MS 1.13 3.00cd 7.00bc 9.00ab 4.70ab
AS 1.33 2.33d 1.00d 1.03c 1.00c
Season two
ww 1.33** 4.67b*** 10.00ab***  14.00a*** 7.33ab***
BW 1.67 8.67a 9.66ab 13.33a 9.00a
MW 1.67 6.67ab 14.67a 13.33a 7.00ab
AW 1.67 1.33d 1.33d 1.67c 1.33c
WS 1.33 4.00b 9.33ab 10.67ab 7.00ab
BS 1.67 4.00b 5.67bc 7.67b 7.33ab
MS 1.13 3.00bc 7.00b 9.00ab 6.00ab
AS 1.33 2.33c 1.00d 1.33c 1.23c

*WN (water and no border), BN (Biomagic and no border), MN (Metarril WP E9 and no border),
AN (alpha-cypermethrin and no border), WW (water and wheat), BW (Biomagic and wheat), MW
(Metarril WP E9 and wheat), AW (alpha-cypermethrin and wheat), WS (water and sunflower), BS
(Biomagic and sunflower), MS (Metarril WP E9 and Sunflower), AS (alpha-cypermethrin and
sunflower). *Means not followed by a letter within a column in each season are not significantly
different according to Tukey’s HSD test (p < 0.05). **Means followed by the same letter within a
column in each season are not significantly different according to Tukey’s HSD test (p < 0.05).
4.5 Discussion

Metarril WP E9 Metarhizium anisopliae formulation tested in this study is a potentially
efficient biopesticide for black bean aphids and would contribute significantly to the
implementation of IPM of this pest French on beans. A greenhouse sstudy by Bayissa et al.'s
(2017) attributed Metarhizium anisopliae to be responsible for about 73-98% mortality cabbage
aphids, cotton aphids and turnip aphids on kale and okra, seven days after inoculation. Mweke et
al. (2018) also reported that Metarhizium anisopliae under laboratory test was less pathogenic
against aphid predator Cheilomenes lunata, but had high conidial production responsible for 34.5-
90% mortality rate on Aphis craccivora. Murerwa et al. (2014) observed higher virulence of
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Metarhizium anisopliae compared to Beauveria bassiana against Rhopalosiphum padi and
Metopolophium dirhodum aphids.

Based on the current study, the aphid population were significantly reduced in plots where
wheat or sunflower border crop was used compared to plots with no border crops. This current
study showed that border cropping reduced aphid population and damage severity but increased
ladybird populations and could translate to increased yields of French bean in open field
production systems, Offers extra shelter and diet for aphid predators and other natural enemies
(Amala & Shivalingaswamy, 2018; Daryanto et al., 2020; Mweka et al. 2020. The study also
showed a positive interaction between the effect of biopesticides and border crops on aphid
abundance and damage severity, demonstrating the potential of integrating biopesticides and
border crop systems in open fields. This is consistent with other studies that have reported that the
integration of biopesticides and border cropping has been shown to effectively suppress insect pest
populations and the subsequent damage caused to plants (Afrin et al., 2017; Farhat et al., 2014;
Huss et al., 2022; Mwani et al., 2021; Waweru et al., 2021).

Increasing crop biodiversity at the border offers not only an alternate habitat (s) but also
provides alternate food or intermediate hosts for predators and parasitoids population build-up,
thus increasing natural enemies in the border cropping system (Mwani et al., 2021; Nyaanga et al.,
2006; Ochieng et al., 2022). Border cropping has also been shown to significantly reduce aphid
population by distracting pests to other crops and attracting their natural enemies, reducing the
target pest population and economic loss impact on the crop and enhancing biological control
(Ndakidemi et al., 2022; Sarkar et al., 2018).More than 60% of angiosperm plants emit floral scent
in the form of volatile compounds (limonene, (E)-ocimene, myrcene, linalool, a-pinene,
aldehydes, alcohols, esters, terpenoids and benzaldehyde) when these plants are used as border
crop or companion plants thereby attract not only pollinators but also natural enemies that will
contribute significantly in pest management (Sanchez-Sanchez et al., 2017; Thomas et al., 2023).
Thus, higher plants such as sunflower or wheat have been shown to contain some secondary plant
compounds which are considered vital components of the plant defense system against
phytophagous insects or released volatile organic compounds that attract natural enemies (Nalam
et al., 2019; Yeshi et al., 2022; Zhu, 2016). Additionally, plant trichomes on plant surfaces like
wheat and sunflower have been shown to provide a physical barrier to insect pest movement (Singh

et al., 2021). At the border crop based on this study, ladybird beetle and aphid populations
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increased for treatment combination where wheat or sunflower was used as a border crop compared
to where there was no border crop. In both seasons, the ladybird population under plots where
wheat was used as a border crop accounted for 21.3% and 19.9% more ladybird beetle in season
one and two, respectively, compared to plots where sunflower was used as a border crop. The
aphid population at the border was also higher under plots where wheat was used as a border crop,
thus accounting for 0.7% and 9.8% compared to plots under sunflower. Higher plants used as
border crops have been shown to release secondary compounds such as (E) B-farnesene (aphid
alarm pheromone), which promotes ‘dispersal behavior’ in aphids or may act through exhibiting
attractancy, oviposition deterrence or attract natural enemies, thus masking effect from the mix
and/or luring pests away from the main crop (Sanchez-Sanchez et al., 2017; War et al., 2012).
Such diverse effects of border cropping on insect pests could have worked in the current study
either in a synergistic or additive manner that led to lower aphid population on French bean and
an increased ladybird beetle population at the border of plots with wheat or sunflower.

As a result, natural enemies at the border preyed on pests that avoided insecticide sprayed
or recolonized the main crop, thus reducing pest resurgence (Serée et al., 2022). Border crops also
act as a physical barrier or trap or repellent for various sucking pests such as aphids and whiteflies,
thereby delaying outbreaks on vegetables, population build-up and subsequent damage impact to
the main crop (Ben-Issa et al., 2017; Chopkar et al., 2020; Mutisya et al., 2016). Border crop
structure and arrays of color have often been known to cause camouflage of odor and appearance,
thus interrupting with insect pest search, identification and migration to suitable hosts (Thomas et
al., 2023).

Also, the current study observed black bean aphid species at the border crop, particularly
on sunflower plants, thus enhancing border crop use in pest management as they attract aphids and
obstruct them from migrating to the main crop. Also, other aphid species, such as the Russian
wheat aphid (Diuraphis noxia) were observed on wheat at the border, which acts as a harbor for
generalist natural enemies that could contribute to and enhance the effectiveness of border crop
use in managing aphids (Alarcon-Segura et al., 2022). Other authors have documented similar
findings (Khan et al., 2017; Omkar & Pervez, 2016; Srinivasan et al., 2019) where the use of
border crops increased the population of natural enemies such as ladybird beetles, hoverflies,
parasitoids throughout the crop growth stage compared to sunflowers, which mainly obstruct and

interrupt the movement of flying insect pests such as aphids. This could be partly attributed to the
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continuous production of tillers by wheat, which provides habitat and releases a volatile chemical
that attracts more generalist natural enemies of aphids like ladybird beetle to the border crop.

Mwani et al. (2021) study finding reported that the maize-dolichos intercrop system had a
24.6% lower bean aphid population compared to mono-crop with a significantly higher infestation
of 51.6%. A similar finding was reported by Chopkar et al. (2020), where aphid population was
significantly reduced in Lablab bean (Lablab purpureus) plots with border crops, where sweet corn
as a border crop had the least mean aphid population, followed by marigold, safflower, cowpea,
mustard, coriander, sunflower, and sesame, respectively. Based on the current study, border crop
plant structures, such as sunflower could have provided a barrier by interfering with the movement
and access of the inset pest to the intended host plant, thereby enhancing main crop performance
and reducing pest effects. Mansion-Vaquié et al. (2020) studied an intercrop of Triticum
aestivum L. with Pisum sativum L., or Trifolium repens L. and concluded that intercropping
wheat with clover significantly reduced cereal aphid densities and thus less damage caused. The
study attributed this response to chemical and physical responses that interfered with host location,
slower female development, decreased fecundity and increased mortality. Most plants elicit
compounds that may exhibit chemical repellency, attractancy, oviposition deterrence, insecticidal
effects, or luring pests away from the main crop, leading to decreased pest pressure (Alarcon-
Segura et al., 2022; Huss et al., 2022).

Management of sap-sucking insects like aphids relies on broad-spectrum insecticides
known to cause high mortality on natural enemies (Alfaro-Tapia et al., 2021; Barros et al., 2018).
Based on the current study, the synthetic chemical alpha-cypermethrin was the most effective
insecticide in reducing aphid infestation and subsequent damage of French bean. A similar result
was reported by Aljassani et al. (2020), where their findings documented the effectiveness of
alpha-cypermethrin in managing black bean aphids and Green aphids in peas. Indiscriminative use
of synthetic insecticides in French production has been considered dangerous because of the need
to observe post-harvest intervals (PHI) and maximum residual limits (MRL) export market
requirements for French beans that are harvested frequently (Barros et al., 2018; Marete et al.,
2020). However, continuous and indiscriminative use of synthetic chemicals poses a higher risk
of excess residue above the maximum residue limit requirement in the export market, promotes
insect pest resistance development, causes health hazards to growers and harms the environment

negatively, reducing biodiversity reduction. Resistance development by bean aphids and toxicity
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of synthetic insecticides to natural enemies has been documented by several authors (Bass et al.,
2015; Liu et al., 2021; Ullah et al., 2023).

Biopesticides are considered safer for the environment and humans, with no residual
accumulation on the produce, but they have shown variability in their efficacy rate under natural
conditions. The variability by biopesticides could be partly attributed to the sensitivity of the spores
to higher temperatures, Ultra-Violet light and unfavorable conditions (very dry) for the pathogen
to colonize and infest the host pest (Igbal et al., 2021; Mweke et al., 2020). Use of intercrop or
border cropping has been documented to enhance the efficacy of entomopathogenic fungi against
insect pests under open field conditions (Boni et al., 2020; Mweke et al., 2020; Peng et al., 2021).
Therefore, integrating biopesticides with a border cropping system provides a suitable alternative
because they are less likely to develop resistance and are less harmful to most natural enemies;
thus, they offer a better comparative advantage to alpha-cypermethrin based on its impact to the
ecosystem.

4.6 Conclusion

Based on the results of this study under open field conditions, the combined use of
Metarhizium anisopliae and border planting managed aphid population, reduced damage severity
on French bean. Our results recommend integrating biopesticides with wheat as border crops in
managing black bean aphids in the open field. The results also present this approach as a viable,
environmentally friendly insect pest management strategy that, apart from being easy to use for
small-to-medium scale farmers. A well as provide an option for reducing the indiscriminate
application of synthetic insecticides that not only increase the cost of production but also harmful

to humans and the environment.
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CHAPTER FIVE
EFFECTS OF Metarhizium anisopliae AND BORDER CROPPING ON GROWTH,
YIELD AND QUALITY OF FRENCH BEAN

Abstract

Despite the economic value of French bean, growers still experience low yield and quality due to
several biotic and abiotic constraints. The study aimed to determine the effects of Metarhizium
anisopliae, an entomopathogenic fungus (EPF) and border cropping on French bean growth, yield
and quality in an open field production system. A factorial experiment was conducted in a
Randomized Complete Block Design (RCBD) with three replications for two growing seasons at
the Horticulture Demonstration Field of Egerton University- Njoro, Kenya, between May and
December 2022. The first factor comprised border crops at three levels (a sunflower, wheat, and
no border crop). The second factor involved spraying the French bean plants with Metarril (2x108
spores/g) E9 containing Metarhizium anisopliae as a biopesticide alongside Biomagic (2x108
spores/ml) and alpha-cypermethrin (8mI/20L) as positive controls and water as negative control.
Data on growth (collar diameter, plant height, number of leaves and branches), pod vyield
(tonnes/hectare) and quality (pod grade) variables of French bean were collected. Data obtained
were analyzed using the SAS 9.4M8 version (2023). Results showed that the use of Metarhizium
anisopliae (p < 0.0005) and border cropping (p < 0.0005) significantly enhanced growth (collar,
plant height and branching) as well as yield and quality compared to negative control treatment in
both seasons. Among the biopesticide treatments, an increase in marketable pod yield (4-5%) and
a decrease in non-marketable pod yield (4-5%) was recorded in plots sprayed with Metarril
compared to those sprayed with Biomagic in both seasons. Plants under plots with a wheat border
crop yielded the highest total pod yield (14.95 tonnes /ha). Sunflower border crop recorded the
tallest plants and caused a decrease in the total harvested yield of French beans compared to a
wheat border or no border crop. A wheat border or sunflower border caused a 7.9% and 7.1%
increase in marketable yield, respectively, compared to plants in plots with no border crop. The
highest total pod yield (18.96 tonnes/ha) was obtained from plots sprayed with alpha-cypermethrin
and with a wheat border crop. French bean plants sprayed with Metarril with a wheat border
recorded more total yield and marketable yield than Biomagic sprayed plots with a wheat border
crop. Therefore, Metarhizium anisopliae and border cropping influenced the growth, yield and

quality of French beans and thus could be considered and promoted among growers.
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5. Introduction

French bean (Phaseolus Vulgaris L.) is an exotic and economical vegetable grown for its
rich source of nutrients, essential minerals and is primarily targeted for the export market (Didinger
& Thompson, 2021; Myers et al., 2019). French bean production has contributed significantly to
the horticultural sector of Kenya, creating about 80% of employment opportunities for more than
a million people, both skilled and unskilled labour (Fulano et al., 2021; Mwangi et al., 2019). A
constant reduction in crop productivity has, however, been recorded, thereby causing increasing
emphasis and concern on how to sustain crop production without compromising yield and quality.
As a result, the integration of traditional cultural practices such as intercropping in production has
received attention (Zhang et al., 2020) because of the added advantages that come with such
systems besides the main crop yield, such as improved crop quality and the environment offered
by such diversified and integrated approaches of crop production.

Intercropping is a traditional agronomic measure to improve crop yield and diversify
income, which involves combining two or more crops grown simultaneously with the association
of time and space. Several studies have documented the advantages of appropriate intercropping
as a companion crop to include efficient resource utilization, increased crop productivity in terms
of yield and quality, conservation or attraction of natural enemies, obstruction, trapping, repelling
or suppressing pest population as well as increased economic benefits for the growers (Afrin et al.,
2017; Daryanto et al., 2020; Huss et al., 2022; Xu et al., 2020). A study by Bao-jie et al. (2021)
on intercropping reported a boost in the total yield, increased plant diversity with more significant
and stable crop productivity, increased economic benefit and also reduced occurrence of pests and
diseases as a result of altered micro-climate, ecological structure and environmental conditions to
favor natural enemies growth and development in the fields (Chi et al., 2021). Companion
cropping strategy as an intercrop within rows or as a border crop has been documented to reduce
the competition for arable land between French bean and other crops of economic importance
(Singh et al., 2021; Zhang et al., 2021). Other studies (Ben-Issa et al., 2017b; Gontijo et al., 2018;
Saldanha et al., 2019; Waweru et al., 2021) have documented the use of companion crops either
as border or intercrop crops without compromising the yield within the crop production process as
one of the strategies being promoted to achieve sustainable integrated crop management in

horticultural crops. Thus, using companion crops and/or with biopesticides such as
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entomopathogenic fungi could comply partly with safe production requirements by international
export market criteria on consumer protection at the crop production level.

Studies (Abdollahdokht et al., 2022; Fenibo et al., 2021; Lengai & Muthomi, 2018) have
also shown that biopesticides derived from entomopathogenic fungus (EPF) have the advantage of
being compatible with integrated pest management (IPM) strategies although, their low efficacy
under field conditions slows down their widespread use (Mweka et al., 2020). EPF-based
biopesticides containing Metarhizium anisopliae have been recommended as safe in crop
production. They are cheap, environment-friendly, specific in their mode of action, sustainable, do
not leave residues and are not associated with the release of greenhouse gases (Ayilara et al., 2023;
Kumar et al., 2021; Srinivasan et al., 2019). Combining the use of Metarhizium anisopliae with
other practices, such as cropping systems using border crops, can enhance their performance.
However, limited or no previous studies have been carried out with the focus on assessing the
effects of applying biopesticide products containing Metarhizium anisopliae to plots of French
beans with sunflower or wheat as border crops for their subsequent impact on growth, yield and
quality of the French bean crop. Therefore, the current study aimed to determine the effects of
Metarhizium anisopliae entomopathogenic fungus application and companion cropping using
wheat or sunflower as a border crop on French bean growth, yield and quality under open field
conditions.

5.1 Materials and method
5.1.1 Experimental site description

The study was conducted at the Horticulture Research and Demonstration Field, Egerton
University, Njoro-Kenya. The field lies at latitude 0.23°S and longitude 35.35 °E in the Lower
Highland 111 Agroecological Zone (LH3) at approximately 2238 m above sea level (ASL). The site
receives an annual average rainfall of 1180-1400mm with an annual daily temperature range of
16-22 ° C. The soil types at the experimental site are predominately Mollic Andosols, well-drained,
friable, moderate in fertility, containing medium levels of organic carbon, low levels of
phosphorus, and a pH range of 6.0 to 6.5 (Jaetzold et al.., 2012). The rainfall pattern and
distribution during this study were recorded as shown in chapter four, section 4.2.1.

5.1.2 Planting materials
French bean cultivar 'Enclave’, a determinate cultivar and among the commonly grown

cultivars in Kenya's French bean growing regions, such as Naivasha, was used in this study. The

59



Enclave cultivar produces more extra fine-grade quality grade pods, is high yielding, and adaptable
to wide agroecological zones compared to other cultivars. French bean seeds used in the study
were procured from Hygrotech (EA) Ltd- Naivasha. Sunflower (Helianthus annuus L.) variety
‘Kenya Fedha' and wheat (Triticum aestivum L.) variety 'Njoro bread wheat two’ were procured
from Kenya Agricultural and Livestock Research Organization (KALRO) Njoro, Kenya. The
wheat variety is highly preferred by insect pests, with a dwarf growth habit that could reduce shade
effects. It is the most commonly grown commercial variety and most adopted by farmers within
the agroecological zones of Nakuru County. On the other hand, the sunflower used in this study is
an open-pollinated variety with uniform maturity, well suited to medium and high altitudes, and
the most preferred in the agricultural region where this study was conducted.

5.1.3. Experimental design and treatments

The study was a 4 x 3 factorial experiment arranged in a Randomized Completely Block Design
(RCBD) with three replications. The first factor under study was foliar spray application at four
levels: (i) Metarril Wettable powder (2x108 spores/g) (M1), chosen based on its superior
performance during the laboratory bioassay experiment, (ii) Bio-magic 15 LF as commercialised
biopesticide product, (iii) alpha-cypermethrin (8ml/20L) as a commercialised synthetic insecticide
as positive control and (iv) water as the negative control. The second factor was companion
cropping at three levels: (i) sunflower as a border crop, (ii) wheat as border crops and (iii) no
border crop as a control. Twelve (12) treatment combinations were therefore studied namely,
Metarril (2x108 spores /g) + sunflower as border crop (MS), Metarril (2x108 spores /g) + wheat as
border crop (MW), Metarril (2x10® spores /g) + no border crop (MN), Biomagic (2x10® spores
/ml) + sunflower as a border crop (BN), Biomagic (1x10® spores /ml) + wheat as border crop
(BW), Biomagic (2x108 spores /ml) + no border crop (BN), water (20L) + wheat as border crop
(WW), water (20L) + sunflower as border crop (WS), water (20L) + no border crop (WN); alpha-
cypermethrin (8ml/20L) +wheat as border crop (AW), alpha-cypermethrin (8mI/20L) + sunflower
as border crop (AS) and alpha-cypermethrin (8ml /20L) + no border crop (AN).

5.1.4 Field preparation, layout and crop management

The experimental field was ploughed and harrowed using a tractor before planting to obtain a
moderate tilth suitable for planting French beans and the border crops. Experimental plots
measuring 4.2m by 3m each were laid out as shown in Figure 4.1 in chapter four. Sunflower was

planted along the border of the designated plots at a spacing of 30 cm x 75 cm with two (2) seeds
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per hole and later thinned to one healthy and strong seedling per hill two weeks after emergence
of the seedlings. At the same time, wheat was also planted at a spacing of 30 cm x 30cm in the
designated plots. The distance between the border crops and the first French bean row was 60 cm
in all plots. French bean seeds were planted three weeks (3 weeks) after planting the sunflower
and wheat to allow the border crops time to establish at least 2-3 leaves before planting the French
bean so that the companion crops could provide a habitat for natural enemies and other
invertebrates by the time the primary crop (French bean) was planted. French bean was planted at
a spacing of 60 x by 30cm with two (2) seeds planted per hole. Diammonium phosphate (DAP)
fertilizer was applied to French bean plots during planting at 200 kg/ ha rate (Greenlife Crop
Protection Africa, 2021). Calcium Ammonium Nitrate (CAN) at a 150 kg/ha rate was applied as a
top dress in two equal split applications at three (3) true leaves and at the onset of flowering as the
growth stages recommended for application in French bean production to enhance essential
nutrient availability (Oseko & Dienya, 2015). Weeding was done manually three weeks after
germination. The experiment was rain-fed with supplemental irrigation provided using a drip
irrigation system during extended periods of a dry spell.
5.1.5. Treatment spraying

Spraying of the experimental plots started 21 days after the emergence (DAE) of the French
bean. Spraying was repeated every 14 days, with four sprays targeting mainly the vegetative
growth stage of French bean plants when insect pests cause severe damage by attacking auxiliary
buds and tender growing points, as described by Sayed et al. (2019). The selection of a 14-day
spray interval was guided and adopted based on a previous study by Boni et al. (2020) as the most
effective range for insect pest mortality in open field experiments using entomopathogenic fungi,
as this period provides enough time for the pathogenic fungi such as Metarhizium anisopliae to
cause death as a result of both primary and secondary infection. Metarril wettable powder E9
(2x108 spore /g), Biomagic 1.5 LF (2x108 spores /ml), and alpha-cypermethrin were thoroughly
mixed in water containing 0.05% Integra (3ml per 201) for 5 minutes prior to application to ensure
a homogenous solution of each before being applied to each experimental unit. Integra product
acts as a surfactant to reduce the surface tension of the treatment spray solution for even and
uniform spreading on the plant's surface, improving the absorption and retention rate. To minimize
the likelihood of contamination, four different knapsack sprayers (Kenplastic Knapsack sprayer,

20L) but with similar calibration to discharge 350L/acre and nozzle pressure of 2.88 kgf m2were
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used. Each of the four knapsack sprayers was used to apply only one product, that is, Metarril
(2x108 spores/g) E9, Biomagic (2x10% spores/ml), alpha-cypermethrin (8ml/20L) or water.
Treatment application was done early in the morning, between 06:00 and 08:00 hours to minimize
treatment drift caused by wind.
5.2 Data collection

Six (6) plants from inner rows of each experimental unit were randomly selected at the start
of data collection and tagged for data collection on French bean growth, yield and quality.
5.2.1 French bean growth variables

Data collection on growth variables started at 21 days after emergence (DAE) of French
bean, when the crop had on average three (3) true leaves and thereafter continued at a two-weeks
interval for ten (10) weeks. The growth variables of interest in this study were plant height, collar
diameter and number of branches. These latter growth variables were chosen to provide valuable
insights on combined effects of border cropping and Metarhizium anisopliae on plant growth and
development. However, shoot dry weight, root dry weight and leaf area index were not collected
due to resource limitations.
(@) Plant height and number of branches
The height of the tagged plants in each experimental unit was measured in centimeters (cm) using
a meter ruler from the ground level to the highest point tip of the plant, beginning at 21 DAP and
continuing to the first harvest. The number of branches on each tagged plant was counted and
recorded during each data collection date as the number of branches per plant (no./plant).
(b) Collar diameter
The stem collar diameter of each tagged plant was measured in millimeters (mm) using a digital
vernier caliper (Model 599-577-1/USA) at = 4 cm from the ground level. Measurement of collar
diameter began 21 DAP to the first harvest. Data obtained were used to compute the average stem
collar diameter for the different treatments.
5.2.2. French bean yield variables
Pod numbers and fresh pod weights were used as the yield variables in this study.
(@ Pod numbers and fresh pod weight
Harvesting was started at 77 DAP and was done twice per week for four weeks by removing pods
that had attained the horticultural maturity stage. The pods harvested from the six tagged plants

from each experimental unit were counted separately at each harvest and the number was recorded
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and later used to compute the average number of pods per plant (no./plant). The pods from each
experimental unit were then weighed in grams (g) using a weighing balance (Advanced
Technocracy Inc. Ambala) weights obtained were recorded in grams per experimental unit and
later converted to tonnes per hectare (t/ha) of the total weight.
(b) French bean pod grading and quality

At each harvest, after the average number of pods per plant was computed, French bean pods
harvested from each experimental unit were sorted, graded and eventually separated into three
grades. These grades were (i) extra-fine/extra class grade for pods with a measurement of 4 - 6
mm in width as the diameter of the pod cross section and 8 -10 cm in length, (ii) fine grade/class |
(6 - 9 mm width and 10 - 17 cm length) and (iii) bobby pods/ class 1l (more than 9 mm width and
with small seeds that were not too large) and considered as marketable yield. The grading criteria
was based on an internationally accepted guide used by AAA Growers Limited, Kenya, a leading
grower and exporter of French beans from Kenya to the European market (Fulano et al., 2021;
United Nations Economic Commission for Europe, 2017). Pods that did not meet the latter grading
specifications were considered as unmarketable yield. A vernier caliper and a ruler were used to
measure the pod diameter and length. Thereafter, the weight of each grade was measured using a
weighing balance (Advanced Technocracy Inc. Ambala) and recorded as weight in grams (gms)
per grade. The weight of each grade obtained during each harvest was summed up per week and
recorded as the total yield weight (gm) and later converted to tonnes per hectare. Thereafter,
different grades (extra fine, fine and bobby) were re-summed up in marketable and then converted
to tonnes per hectare (t/ha). Harvested pods that did not meet the marketable grading scale
(overgrown pods, off-type, blemished pods due to insect pests, sooty mould or injured and those
with physical or physiological defects) were classified as non-marketable. Thereafter, the weight
of the extra fine, fine and bobby pods per treatment for each week was computed and expressed as
a percentage exportable yield. The total grade weight (sum of extra-fine, fine and bobby)
percentage per treatment combination was computed by dividing the weight per grade by the total

sum of grade weight multiplied by 100 to convert to percentages as shown in equation 3;

Total grade weight

Percent total weight (%) = ( ) X100........cooiiint. equation 3

Total weight
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5.3 Data analyses

Data were subjected to normality tests based on the Shapiro-Wilk test and Levene’s tests
for homogeneity of variances (P= 0.05) using the Proc univariate procedure of SAS 9.4M8 version
(January 2023, SAS Institute, Cary, NC) before Analysis of Variance (ANOVA) was done. Data
on growth and yield variables did not meet the ANOVA normality and equal variance assumptions.
As a result, square root transformation and arcsine transformation were used, respectively, to fix
the problem for growth and yield variables data, before ANOVA was done. ANOVA was then
done using the GLM procedure of SAS at p < 0.05. Means for significant treatments at the F test
were separated using Tukey’s Honestly Significant Difference (THSD) test at P <0.05. The RCBD
model fitted for the experiment was. Yijk = p + agy + Bj + (aB)ij + blockk + &ijx. Where Yijik the
response from k™" experimental unit receiving the i type of sprayed and j™ type of border crop, p
is the overall mean, ag) effect due to the i*" type spray, Rj effect due to the j™ type of the border
crop, (aB)ij an interaction effect of the i type spray and the j™ type of border crop, block is effect
due to kth block, sij is the random error associated with the response from the k™ experimental unit
receiving the i type spray and the j™" level of border crop.
5.4 Results
5.4.1 Effects of Metarhizium anisopliae and border crop on the growth of French bean

The results indicated that different treatments significantly (p < 0.0001) influenced growth
variables measured in both seasons (Table 5.3). The main effects of spray type significantly
influenced plant height (p < 0.002), collar diameter (p < 0.0001) and number of branches (p <
0.0001) in season two while in season one, significant differences were observed in the variable
plant height (p < 0.0001) only. The main effect of border crops was also highly significant for
plant height (p < 0.0005), collar diameter (p < 0.0001) and number of branches (p < 0.0001) in
season two with significant differences amongst the different border crops recorded only for the
variable plant height (p < 0.001) in season one. Similarly, the interaction effect between the type
of spray applied and border crop grown at the different data collection dates was significant for
plant height (p < 0.0001), collar diameter (p < 0.0001) and number of branches (p < 0.0001) in
season two and only for plant height (p < 0.0001) in season one.

(a) Plant height
Analysis of data during the different data collection dates showed insignificant differences

in plant height amongst the different treatments during the early data collection days at 14, 28 and
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42 DAP, but the difference in plant height was significant amongst the different treatment
combinations at 56 and 70 DAP in both seasons (Table 5.1). Over the two seasons, plants were
generally tallest under the sunflower border treatment, followed by plants in plots with a wheat
border and shortest in plots with no border crop during most data collection dates. Amongst all the
treatment combinations, Alpha-cypermethrin sprayed plots with sunflower or wheat as a border
crop had the tallest plants, followed by plants in Metarril sprayed plots with sunflower or wheat as
a border crop, then plants in Biomagic sprayed plots with sunflower or wheat as a border crop,
then plants in plants in water sprayed plots with sunflower or wheat as a border crop compared to
plants in grown under similar spray treatments but with no border crop during most data collection
dates in both seasons. Amongst Metarhizium anisopliae treatments, plants sprayed with Metarril
and Biomagic were not significantly different in plant heights during most data collection days
except at 56 and 70 DAS in both seasons.

Table 5.1: Effects of Metarhizium anisopliae and border crop on plant height (cm) in both season

one (April to July 2022) and season two (September to December 2022).

Treatment* 14 DAP 28 DAP 42 DAP 56 DAP 70 DAP
Season one
WN 10.73** 14.00** 16.43** 16.39b*** 14.16b***
BN 11.91 14.55 15.26 21.50ab 18.53b
MN 13.03 16.12 18.81 21.61ab 20.27b
AN 14.84 17.68 22.36 30.38ab 33.33ab
WWwW 12.59 16.53 21.59 17.23ab 16.72b
BW 12.53 18.22 24.11 23.83ab 26.78ab
MW 14.26 17.66 19.90 27.44ab 26.78ab
AW 11.64 16.11 18.83 27.55ab 31.69ab
WS 13.59 15.19 18.75 20.05b 20.17b
BS 12.47 18.08 22.93 25.83ab 32.67ab
MS 13.83 19.19 23.50 26.20ab 30.30ab
AS 15.24 19.08 26.45 39.61a 42.83a
Season two
WN 18.23 23.37 40.36 49.10b 50.17b
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BN 17.30 29.53 41.83 56.07ab 58.70ab

MN 16.93 28.93 43.33 57.83ab 64.07a
AN 15.30 27.56 44.60 62.37a 58.40ab
WWwW 14.50 20.70 43.33 52.20ab 54.43ab
BW 16.86 27.13 43.83 53.57ab 58.73ab
MW 16.93 28.93 4413 56.73ab 59.23ab
AW 17.30 25.90 42.33 62.13a 63.90a
WS 18.90 29.23 44.60 55.06ab 55.13ab
BS 18.30 31.63 47.27 55.83ab 57.83ab
MS 17.06 28.47 48.88 60.67ab 64.73a
AS 18.63 31.13 53.43 63.26a 65.93a

“WN (water and no border), BN (Biomagic and no border), MN (Metarril E9 and no border), AN
(alpha-cypermethrin and no border), WW (water and wheat), BW (Biomagic and wheat), MW
(Metarril and wheat), AW (alpha-cypermethrin and wheat), WS (water and sunflower), BS
(Biomagic and sunflower), MS (Metarril and Sunflower), AS (alpha-cypermethrin and sunflower)
“Means not followed by a letter within a column are not significantly different according to
Tukey’s HSD test (P< 0.05).
significantly different according to Tukey’s HSD test (P< 0.05). Days after planting (DAP).

*kk

Means followed by the same letter within a column are not

Averaged over the growing season, the main effect of spraying French bean with Metarhizium
anisopliae on the height of French bean plants from the different treatments was significant in both
seasons (Table 5.2). In season one, significant differences in plant height were observed in plants
amongst all plots that received the different treatments with plants in plots sprayed with alpha-
cypermethrin recording the highest plant height (24.52 cm), followed by plants in plots sprayed
with Metarril E9 (20.04 cm) and Biomagic (19.80 cm) compared to plots sprayed with water (16.88
cm). Generally, plants were shortest in plots sprayed with water in both seasons. Plants from plots
sprayed with Metarril E9 and Biomagic were not statistically different in plant height. Similar
trend was observed in season two, although the difference in height of plants recorded for the
different treatments was not statistically significant during all data collection dates.

During both seasons, French bean plants grown in plots with border crops (wheat or sunflower)
were significantly taller than grown in plots which had no border crop (Table 5.2). In season one,
French bean plants were tallest in plots with a sunflower border crop compared to those grown in
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plots with a wheat border crop or with no border crop. Although French bean plants grown with a
wheat border generally tended to be taller than those grown with no border crop, the difference in
the height of plants from the two treatments was not significant in both seasons. During both
growing seasons, therefore, the tallest plants were obtained in plots with a sunflower border crop
while the shortest plants were obtained in plots that had no border crop. French bean plants in plots
with sunflower or wheat as a border crop and applied with the different spray types were generally
taller than plants in plots sprayed with the respective spray types but with no border crop in both
seasons. Plants in plots sprayed with Metarril E9 and Biomagic were not significantly different in
plant height, although plants in plots sprayed with Metarril recorded higher plant height than those
in plots sprayed with Biomagic in both seasons. On overall, the highest plant height was recorded
for French bean plants grown in plots sprayed with alpha-cypermethrin and had a sunflower border
crop (46.24 cm) while the shortest plant height was recorded for plants grown in plots sprayed

with water and had no border crop (14.54 cm) during the study as shown in table 5.2.

Table 5.2: Effects of Metarhizium anisopliae and border crop on plant height (cm) in both season
one (April to July 2022) and season two (September to December 2022)

Spay type No border Wheat Sunflower Spray Means
Season one
Water 14.54e** 18.52bcde** 17.55cde** 16.88c**
Biomagic 15.26de 21.18bc 22.33bc 19.80b
Metarril 17.23cde 20.48bcd 22.40bc 20.04b
Alpha-cypermethrin 21.16bc 23.72a 28.62a 24.51a
Border crop means 18.68b 19.51b 22.73a
Season two
Water 38.24d** 40.28bcd** 43.93ab** 40.40*
Biomagic 38.43dec 40.98bcd 39.55bcd 41.50
Metarril 42.55abc 41.01bcd 42.17abc 41.03
Alpha-cypermethrin 39.83bcd 43.51ab 46.24a 41.95
Border crop means 40.16b 40.54b 42.97a

*Means not followed by the same letter within a column and within a season are not significantly

different according to Tukey’s HSD test (p< 0.05). **Means followed by the same letter within a column
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and within a season are not significantly different according to Tukey’s HSD test (P< 0.05). Data were
subjected to square root transformation before analysis, but the values presented are original means.
(b) Collar diameter

Analysis of data during the different data collection dates showed no significant differences in
collar diameter among the different treatments during the early data collection days at 14 DAP but
the difference in plant collar diameter was significant amongst the different treatment
combinations from 28 DAP all the way to 70 DAP in season one. Although a similar trend on
treatment effect could be picked in season two, the difference in collar diameter amongst the
different treatment combinations was not significant throughout the entire season (Table 5.3).
During the two seasons, plants that generally had larger collar diameters were grown with a wheat
border crop, followed by plants grown in plots with a sunflower border crop, which were thinnest
in plots with no border crop during most data collection dates. Amongst all treatment
combinations, alpha-cypermethrin sprayed plots with a sunflower or wheat border crop had the
largest collar diameter, followed by plants in Metarril sprayed plots with sunflower or wheat as a
border crop, plants in Biomagic with sunflower or wheat as a border crop, then plants in plots in
water sprayed plots with sunflower or wheat as a border crop compared to plants grown under
similar spray treatments but with no border crop during most data collection dates in both seasons.
Amongst Metarhizium anisopliae treatments, plants sprayed with Metarril and Biomagic
significantly differed in collar diameter size during most data collection days in season one except
at 14 DAP, with Metarril sprayed plants being thicker than Biomagic sprayed plants. During
season two, plants sprayed with the different treatment combinations did not differ significantly in

collar diameter in all data collection dates (Table 5.3).
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Table 5.3: Effects of Metarhizium anisopliae and border crop on collar diameter (cm) in both
season one (April to July 2022) and season two (September to December 2022).

Treatment 14 DAP 28 DAP 42 DAP 56 DAP 70 DAP
Season one
WN 0.31** 0.35p*** 0.39h*** 0.43d*** 0.48c***
BN 0.32 0.37b 0.45ab 0.51dc 0.56bc
MN 0.33 0.40ab 0.45ab 0.52bcd 0.72ab
AN 0.34 0.42ab 0.53ab 0.53bcd 0.76a
ww 0.33 0.38ab 0.46ab 0.63abc 0.68ab
BW 0.31 0.42ab 0.53a 0.59abc 0.72ab
MW 0.35 0.42ab 0.56a 0.65abc 0.76a
AW 0.32 0.47a 0.54a 0.69a 0.82a
WS 0.32 0.36b 0.45ab 0.51dc 0.57bc
BS 0.32 0.38ab 0.49ab 0.58abc 0.69ab
MS 0.35 0.43ab 0.55a 0.63abc 0.70ab
AS 0.34 0.43ab 0.53a 0.66ab 0.78a
Season two
WN 0.28** 0.44** 0.67** 0.63** 1.16**
BN 0.29 0.48 0.67 0.79 1.43
MN 0.28 0.48 0.69 0.80 1.38
AN 0.30 0.51 0.78 0.70 1.40
ww 0.25 0.40 0.54 0.78 1.02
BW 0.20 0.48 0.66 0.91 1.16
MW 0.20 0.45 0.62 1.02 1.46
AW 0.29 0.44 0.74 1.14 1.13
WS 0.27 0.47 0.65 0.75 1.16
BS 0.32 0.49 0.65 0.75 1.13
MS 0.30 0.48 0.74 0.86 1.30
AS 0.29 0.53 0.75 0.78 1.30
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“WN (water and no border), BN (Biomagic and no border), MN (Metarril E9 and no border), AN
(alpha-cypermethrin and no border), WW (water and wheat), BW (Biomagic and wheat), MW
(Metarril and wheat), AW (alpha-cypermethrin and wheat), WS (water and sunflower), BS
(Biomagic and sunflower), MS (Metarril and Sunflower), AS (alpha-cypermethrin and sunflower)
“Means not followed by a letter within a column are not significantly different according to
Tukey’s HSD test (P< 0.05). ***Means followed by the same letter within a column are not
significantly different according to Tukey’s HSD test (P< 0.05).

Averaged over a growing season, the main effect of spraying French bean with Metarhizium
anisopliae resulted in significant differences in collar diameter amongst the different spray types
in season one only (Table 5.4). During season two, no significant differences in plant collar
diameter were observed amongst plants that received the different spray types. Generally, French
bean plants in plots sprayed with alpha-cypermethrin recorded the largest collar diameter, followed
by plants in plots sprayed with Metarril E9, then those sprayed with Biomagic compared to plants
in plots sprayed with water in both seasons. Although plants in alpha-cypermethrin treated plots
tended to be thicker than those in Metarril treated plots in season one, the difference in collar
diameter of plants from these treatments was not statistically significant. Plants in plots sprayed
with Biomagic and water were not statistically different in collar diameter in both seasons. Overall,
French bean plants were thinnest in plots sprayed with water and thickest in plots sprayed with
alpha-cypermethrin. Amongst Metarhizium anisopliae sprayed plots, plants in plots sprayed with
Metarril E9 tended to be thicker than plants sprayed with Biomagic, but this difference was
significant in season one not in season two.

During season one, French bean plants grown in plots with a border crop of wheat or sunflower
had significantly higher collar diameters compared to plants grown in plots with no border crop
(Table 5.4). A similar trend was established in season two although the difference in collar
diameter of plants from a wheat, sunflower and no border crop treatments were not significantly
different. The collar diameter of plants grown in plots with a wheat border crop significantly
differed from that of plants grown in plots with a sunflower border crop in both seasons. Overall,
the largest mean collar diameter (0.72 cm) was obtained in plots with wheat border crop while the
thinnest collar diameter (0.39 cm) was obtained in plots with no border crop. A significant
difference was observed in the collar diameter for plants in plots sprayed with different treatments

and had a sunflower or wheat border or no border combination. Amongst all the treatment
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combinations, the largest collar diameter of 0.57 cm and 0.76 cm and were recorded under plots
sprayed with alpha-cypermethrin and a wheat border and the thinnest collar diameter of 0.39 cm
and 0.47 cm were recorded for plants in plots sprayed with water and no border crop in season one
and two, respectively. Amongst Metarhizium anisopliae treatments, plants sprayed with Metarril
E9 had significantly higher collar diameter than plants sprayed with Biomagic with either of the
border type crops in season one compared to plants in plots with similar treatment with no border
crop.

Table 5.4: Effects of Metarhizium anisopliae and border crop on the average mean of collar
diameter (cm) in both season one (April to July 2022) and season two (September to December
2022).

Spay type* No border Wheat Sunflower Spray Means
Season one
Water 0.39e** 050b** 0.44c** 0.46¢c**
Biomagic 0.44c 0.51ab 0.49b 0.47c
Metarril 0.48b 0.54ab 0.54ab 0.51ab
Alpha-cypermethrin 0.53ab 0.57a 0.55a 0.55a
Border crop means 0.47b 0.53ab 0.51ab
Season two
Water 0.66* 0.72* 0.67* 0.67*
Biomagic 0.68 0.73 0.68 0.70
Metarril 0.69 0.75 0.70 0.71
Alpha-cypermethrin 0.71 0.76 0.71 0.72
Border crop means 0.70 0.71 0.69

“Means not followed by a letter within a column and a season are not significantly different
according to Tukey’s HSD test (p< 0.05). ““Means followed by the same letter within a column
and within a season are not significantly different according to Tukey’s HSD test (P< 0.05). Data
were subjected to square root transformation before analysis, but the values presented are original

means.
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(c) Number of branches

Analysis of data during the different data collection dates showed significant differences in the
number of branches among the different treatment combinations during the data collection days at
28, 42, 56 and 77 DAP in season two only (Table 5.5). Although the trend in treatment effects on
number of branches in season one was similar to that depicted in season two, the differences in
treatment effects were not significant during this season. Over the two seasons, the highest number
of branches were generally observed in plots with wheat as a border crop or no border crop
compared to plots with sunflower as a border crop. Amongst all the treatment combinations, water
sprayed plots with a no border crop or wheat border had the highest number of branches per plant,
followed by plants in Biomagic sprayed plots with no border crop or a wheat border crop.
Table 5.5: Effects of Metarhizium anisopliae and border crop on the number of branches (no. per

plant) in both season one (April to July 2022) and season two (September to December 2022).

Table 5.5: Effects of Metarhizium anisopliae and border crop on number of branches of French
bean in both season one (April to July 2022) and season two (September to December 2022).

Treatments* 14 DAP 28 DAP 42 DAP 56 DAP 70 DAP
Season one
WN 1.00** 3.33** 6.00** 7.00** 8.33**
BN 1.00 3.66 4.67 6.33 8.33
MN 2.00 3.66 5.33 6.67 8.33
AN 1.20 3.33 4.67 6.67 7.66
ww 1.30 3.00 4.67 6.33 7.33
BW 1.02 3.66 4.67 6.33 7.66
MW 1.52 3.67 4.67 6.67 7.66
AW 1.33 3.67 4.67 6.67 8.33
WS 2.03 3.33 4.67 6.67 7.66
BS 1.55 3.66 5.00 6.00 8.33
MS 2.02 3.33 5.00 7.33 8.33
AS 1.43 4.00 5.33 6.67 8.33
Season two
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WN 1.00** 4.33a*** 7.00a*** 9.67a*** 11.00a***

BN 1.00 4.33a 6.00a 8.33ab 9.00ab
MN 1.00 4.00ab 5.00bc 7.00bc 7.67b
AN 1.67 3.00abc 4.67bc 6.33bc 7.33b
Ww 1.33 2.67bc 4.33c 6.00c 7.67b
BW 1.33 3.67ab 4.67bc 6.33bc 7.67b
MW 1.33 3.33abc 4.00c 7.33bc 8.00b
AW 2.00 2.67bc 4.33c 6.67bc 7.67b
WS 1.33 3.00abc 4.33c 6.33bc 7.33b
BS 1.33 3.33abc 4.00c 6.00c 7.67b
MS 1.22 2.67bc 4.00c 6.67bc 7.00b
AS 1.33 2.00c 3.67c 6.00c 7.67b

“WN (water and no border), BN (Biomagic and no border), MN (Metarril E9 and no border), AN
(alpha-cypermethrin and no border), WW (water and wheat), BW (Biomagic and wheat), MW
(Metarril and wheat), AW (alpha-cypermethrin and wheat), WS (water and sunflower), BS
(Biomagic and sunflower), MS (Metarril and Sunflower), AS (alpha-cypermethrin and sunflower)
“Means not followed by a letter within a column and within a season are not significantly different
according to Tukey’s HSD test (P< 0.05).

*kk

Means followed by the same letter within a column
and within a season are not significantly different according to Tukey’s HSD test (P< 0.05). DAS-
days after planting.

Averaged over the growing season, the main effect of spraying had significant effects on the
number of branches on French bean plants in season two (Table 5.6). Although a similar trend in
spray type effects on the number of French bean plants was depicted in season one, the difference
in the number of branches amongst the different spray types was not significantly different during
all data collection dates of this season. In season two, significant differences in the number of
branches were observed in plants amongst all plots that received the different treatments, with
plants in plots sprayed with water recording the highest number of branches, followed by plants in
plots sprayed with Biomagic and Metarril E9 compared to plots sprayed with alpha-cypermethrin.
Plants from plots with border crops (wheat or sunflower) recorded lower number of branches from

plots with no border crop for season two only (Table 5.6). A similar trend was observed in season
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one, although the difference in the number of branches per plant recorded for the different
treatments was not statistically significant during all data collection dates.

During season one, French bean plants grown in plots with different border types were not
statistically different in the number of branches per plant. During season two, however, French
bean plants grown in plots with wheat or sunflower border crops had significantly lower number
of branches per plant compared the plants grown in plots with no border crop (Table 5.6). In both
seasons, plants from plots with no border crop had the highest number of branches per plant,
followed by plants in plots with a wheat border crop with the lowest number of branches per plant
recorded in plots with a sunflower border crop. French bean plants in plots that received the
different spray treatments with no border crop had the highest number of branches per plant,
followed by those with a wheat border crop compared to those that had a sunflower border crop in
both seasons. Over the two seasons, the highest number of branches was recorded under plots
sprayed with water and no border crop and the lowest number of branches per plant was recorded
in plots sprayed with alpha-cypermethrin and had a sunflower border crop. Although a similar
trend in spray type effects on the number of French bean plants was depicted in season one that
had no border crop recorded a higher number of branches per plant compared to plants in plots
that received Metarril spray and had a wheat or sunflower border crop in both seasons.

Table 5.6: Effects of Metarhizium anisopliae and border crop on number of branches of French

bean in both season one (April to July 2022) and season two (September to December 2022).

Spray type No border Wheat Sunflower Spray Means
Season one
Water 4.73* 4.80* 4.53* 4.91*
Biomagic 5.00 4.80 4.60 491
Metarril 5.00 4.80 4.66 4.73
Alpha-cypermethrin 5.13 4.86 4.63 4.71
Border crop means 4.88 4.88 4.68
Season two
Water 6.80a** 4.60dc** 4.47dc** 5.28a**
Biomagic 5.80b 4.73dc 4.40dc 4.97ab
Metarril 4.93c 4.80dc 4.20dc 4.64bc
Alpha-cypermethrin 4.47dc 4.33dc 4.13d 4.31c
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Border crop means 5.50a 4.62b 4.30c

“Means not followed by a letter within a column and within a season are not significantly different
according to Tukey’s HSD test (P< 0.05). ““Means followed by the same letter within a column and
within a season are not significantly different according to Tukey’s HSD test (P< 0.05). Data were

subjected to square root transformation before analysis, but the values presented are original means.

5.4.2 Effects of Metarhizium anisopliae and border cropping on the yield of French bean
The results showed that different treatments significantly influenced the number of pods per
plant (p <0.0319), (p <0.0001), average pod weight (p <0.0057), (p > 0.0405) and total pod weight
(p < 0.0086), (p < 0.0012) of French bean in season one and two, respectively (Appendix B).
Application of Metarhizium anisopliae significantly influenced number of pods (p < 0.0001) (p <
0.0021), average pod weight (p <0.0004) (p > 0.2713), total pod weight (p < 0.0003) (p < 0.0004)
in season one and two respectively, except for average pod weight only in season two. Similarly,
use of border crops influenced the number of pods (p < 0.0390) and total pod yield (p > 0.3295)
significantly for season two only. The interaction effect between border crops and Metarhizium
anisopliae application was insignificant for the number of pods and average pod weight except for

the total yield of French bean plants in both seasons.

(d) Number of pods

Averaged over the growing season, the main effect of French bean plants with Metarhizium
anisopliae resulted in a significant difference in the number of pods per plant of French bean
amongst the different treatment combinations in both seasons (Table 5.7). However, a similar trend
in spray type effects on the number of French bean pods was depicted in season one, with plants
in plots sprayed with alpha-cypermethrin recording the highest number of pods per plant (437.78),
followed by plants in plots sprayed with Metarril E9 (280.44) and Biomagic (239.78) compared to
plots sprayed with water (192.55). Plants from plots sprayed with Metarril E9 and Biomagic were
statistically different in the number of pods per plant in both seasons. A similar trend was observed
in season two, although more pods were recorded for plants in plots sprayed with Metarril E9
compared to the Biomagic sprayed plot. However, the number of branches for French bean plants
grown in plots sprayed with Biomagic and water treatments was not statistically different in season

one. During season two, French bean plants grown in plots with different border crop types had
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significant differences in the number of pods compared to plants in plots that had no border crop
(Table 5.7). The number of pods per plant of plants grown in plots with a wheat border crop
significantly differed from plants grown in plots with a sunflower border crop. During both
seasons, the highest number of pods per plant was recorded for plants grown in plots with a wheat
border compared to plots with a sunflower border, which recorded the lowest number of pods in
all border crop types. Over the two seasons, the highest number of pods (648.33) were recorded
for plants in plots sprayed with alpha-cypermethrin and had a wheat border crop and the lowest
number of pods per plant (117.00) was recorded in plots sprayed with water and had a no border
crop treatment combination (Table 5.7). Amongst biopesticide treatments, plants in plots sprayed
with Metarril E9 and had a wheat border crop recorded the highest number of pods per plant
(557.33b) while the lowest number of pods (158.66) was recorded for plants in plots sprayed with
Biomagic and had a no border crop.

Table 5.7: Effects of Metarhizium anisopliae and border crop on the number of pods (no. of pods

Iplant) in both season one (April to July 2022) and season two (September to December 2022).

Border crop

Treatment No border Wheat Sunflower Treatment

Means

Season one
Water 117.00* 288.33* 172.33* 192.55b**
Biomagic 158.66 345.67 225.67 239.78b
Metarril 197.33 345.00 298.33 280.44ab
Alpha-cypermethrin 475.33 447.00 361.00 437.78a
Border crop Means 289.67 293.33 279.91
Season two

Water 313.00c** 349.00c** 338.67¢c** 333.56¢**
Biomagic 406.33bc 433.33bc 351.33c 451.00b
Metarril 444.33bc 557.33b 448.00bc 429.33bc
Alpha-cypermethrin 602.33a 648.33a 515.67b 558.78b
Border crop Means 447.91bc 497.08b 407.00bc
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“Means not followed by a letter within a column and a season are not significantly different
according to Tukey’s HSD test (P< 0.05). “‘Means followed by the same letter within a column
and a season are not significantly different according to Tukey’s HSD test (P< 0.05). Data were
subjected to square root transformation before analysis, but the values presented are original
means.

(d) Average pod weight

Averaged over the growing season, the main effect of French bean plants with Metarhizium
anisopliae resulted in a significant difference in the average pod weight of French bean amongst
the different treatment combinations in both seasons (Table 5.8). During both seasons, significant
differences in average pod weight were observed amongst all plots in season one with plants in
plots sprayed with alpha-cypermethrin recording the highest average pod weight (2.87g), followed
by plants in plots sprayed with Biomagic (2.30g) and Metarril E9 (2.08g) compared to plants in
plots sprayed with water (1.82g). The average pod weights for plants in plots sprayed with
Biomagic and Metarril E9 were not statistically different in both seasons, although the highest
average pod weights were recorded for plants in plots sprayed with Biomagic compared to the
average pod weight of plants in plots sprayed with Metarril E9 in both seasons. During both
seasons, French bean plants grown in plots with different types of border crops did not differ
statistically on the average pod weight (Table 5.8). Furthermore, plants in plots with a wheat border
crop recorded the highest average pod weight, followed by plants in plots with a no border crop
compared to plants in plots with a sunflower border crop that recorded the lowest average pod
weight. The highest average pod weights were recorded for plants in plots sprayed with alpha-
cypermethrin and had a wheat border crop. The lowest average pod weights were recorded in plots
sprayed with water and had a no border crop for both seasons (Table 5.8). Amongst biopesticide
treatments, plants in plots sprayed with Biomagic and had a wheat border crop recorded the highest
average pod weight per plant (3.92g). The lowest average pod weight (1.81g) was recorded for
plants in plots sprayed with Metarril E9 and had a no border crop in season two. During season
one, plants in plots sprayed with Biomagic and had a wheat border crop recorded the highest
average pod weight per plant (2.63g) while the lowest average pod weight (2.06g) was recorded

for plants in plots sprayed with Biomagic and had a no border crop or a sunflower border.
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Table 5.8: Effects of Metarhizium anisopliae and border crop on average pod weight yield (g) in
both season one (April to July 2022) and season two (September to December 2022).

Border crop

Treatment No border Wheat Sunflower Treatment

Means

Season one
Water 1.40* 2.00* 2.06* 1.82b**
Biomagic 2.06 2.63 2.06 2.30b
Metarril 2.10 2.13 2.10 2.08b
Alpha-cypermethrin 2.86 3.13 2.73 2.87a
Border crop means 2.25 2.34 2.25
Season two

Water 1.74* 2.40* 1.89* 2.15*
Biomagic 2.64 3.92 3.68 3.10
Metarril 1.81 2.97 2.31 2.56
Alpha-cypermethrin 3.35 3.99 2.99 3.42
Border crop means 2.60 3.30 2.53

“Means not followed by a letter within a column and within a season are not significantly different
according to Tukey’s HSD test (P< 0.05). “"Means followed by the same letter within a column
and within a season are not significantly different according to Tukey’s HSD test (P< 0.05). Data
were subjected to square root transformation before analysis, but the values presented are original
means.

(e)Total pod weight.

Averaged over the growing season, the main effect of French bean plants with Metarhizium
anisopliae resulted in significant difference in the total pod weight of French beans amongst the
different treatment combinations in both seasons (Table 5.9). In season one, significant differences
in total pod yield were observed amongst all plots that received the different treatments with plants
in plots sprayed with alpha-cypermethrin recording the highest total pod weight (11.82 t/ha),
followed by plants in plots sprayed with Metarril E9 (6.20 t/ha), Biomagic (5.26 t/ha) compared
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to the total pod yield of plants in plots sprayed with water (4.63 t/ha). Generally, the highest total
pod weight was recorded for plants sprayed with alpha-cypermethrin, and the lowest pod weight
was recorded for plants in plots sprayed with water during both seasons. Plants from plots sprayed
with Metarril E9 (5.26 t/ha) and Biomagic (6.20 t/ha) were not statistically different in the total
pod weight in season one. A similar trend was observed in season two, although among the
biopesticides, the difference in total pod weight of plants recorded was not statistically different.
French bean plants grown in plots under different border crop (wheat or sunflower) treatments had
significant differences in total pod weight compared to plants grown in plots that had no border
crop for season two only (Table 5.9).

Significant differences in total pod weights were observed for plants grown in plots with a
sunflower border crop compared to the total pod weight of plants grown in plots with a wheat
border crop or with no border crop in season two. During both seasons, the highest total pod weight
was obtained in plots with a wheat border crop while the lowest was obtained in plots that had no
border crop. In season two, plots with a wheat border crop had the highest total pod weight (14.95
t/ha), followed by the total pod weight (13.43 t/ha) of plants in plots with no border compared to
plots with a sunflower border crop which recorded the lowest total pod weight (11.49 t/ha). Over
the two seasons, the highest total pod weight (18.43 t/ha) was recorded under plots sprayed with
alpha-cypermethrin and had a wheat border crop while the lowest total weight (2.93 t/ha) of French
bean plants in plots sprayed with water and had a no border crop treatment combination. Among
the biopesticides, French bean plants in plots sprayed with Metarril and had a wheat border crop
recorded the highest total weight (17.48 t/ha) while the lowest total weight (12.69 t/ha) of French
bean plants was recorded in plots sprayed with Biomagic and had no border crop in season two

and the similar trend was observed in season one (Table 5.9).

Table 5.9: Effects of Metarhizium anisopliae and border crop on total pod weight (tonnes/ha) in

both season one (April to July 2022) and season two (September to December 2022).

Border crop

Treatment No border Wheat Sunflower Spray means
Season one

Water 2.93c* 7.86abc* 3.10c* 4.63b*

Biomagic 3.33bc 7.43abc 5.00abc 5.26b
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Metarril 3.87bc 7.03abc 7.70abc 6.20b

Alpha-cypermethrin 12.70ab 13.63a 9.13abc 11.82a
Border crop means 6.94a 7.35a 6.63a

Season two
Water 8.17b 10.26ab 11.32ab 9.92b
Biomagic 12.69ab 13.60ab 10.92ab 12.07b
Metarril 10.72ab 17.48ab 11.89ab 13.70ab
Alpha-cypermethrin 18.43a 18.96a 14.97ab 17.45a
Border crop means 13.43ab 14.95a 11.49b

“Means followed by the same letter within a column are not significantly different according to
Tukey’s Honestly Significant Difference at (p < 0.05). Data were subjected to square root

transformation before analysis values presented are original means.

5.4.3 Effect Metarhizium anisopliae and border cropping quality of French bean.

The use of Metarhizium anisopliae significantly influenced pod grade and marketable yield
except for non-marketable French bean pods in both seasons. On the other hand, the use of border
crops did not significantly influence pod grade and marketable yield except for non-marketable
French bean in both seasons. Comparing the interaction effect between border crops and
Metarhizium anisopliae sprayed significantly affected pod grade in both seasons except for the
marketable yield of French bean, which differed significantly only in season one.

(@) Pod grade

Pod grades, (extra-fine, fine and bobby grades), were used in this study. The study results
showed that growing French bean plants under different spray treatments and border crop types
had some effects on the pod maturation rate, as judged by the pod shape, diameter, and length
under the different pod grades in both seasons (Figure 5.1). In both seasons, more extra fine than
fine grade pods were obtained for plants under plots sprayed with the different treatments and had
a wheat or sunflower border crop compared to plants in plots sprayed with the different treatments
and had no border crop in the total yield of the different grades. Among different treatment
combinations, the highest amount of extra-fine grade pod was obtained under the alpha-
cypermethrin and had a wheat border crop while plants in plots sprayed with water and had no

border crop registered the lowest quantity of extra-fine grade pods in both seasons of the total
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harvest of pod grade. A similar trend was recorded for fine grade yield in both seasons. On the
other hand, more bobby grade pods were obtained under plots sprayed with water and had no
border crop in both seasons. Among the biopesticides, more extra fine than fine grade pods were
obtained for plants under plots sprayed with Metarril and had a wheat or sunflower border crop,

followed by plants in plots sprayed with Biomagic and had wheat or sunflower border crop.
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Figure 5.2: Percent mean pod weight per plant and quality grades.

Key: WN (water and no border), BN (Biomagic and no border), MN (Metarril E9 and no border),
AN (alpha-cypermethrin and no border), WW (water and wheat), BW (Biomagic and wheat), MW
(Metarril and wheat), AW (alpha-cypermethrin and wheat), WS (water and sunflower), BS
(Biomagic and sunflower), MS (Metarril and Sunflower), AS (alpha-cypermethrin and sunflower).

81



Growing French bean plants under the different treatments sprayed and border crop type
covers improved the pod quality (extra fine, fine and bobby grades) compared to no border crop
in both seasons (Table 5.10). During both seasons, French bean plants grown under plots sprayed
with alpha-cypermethrin recorded the highest marketable pod weights, followed by plants in plots
spayed with Metarril, Biomagic compared to the marketable pod weight of plants in plots sprayed
with water. Similarly, French bean plants grown under plots with a wheat border also produced
higher marketable pod weights, followed by plants in plots with a sunflower border compared to
plants grown in plots with no border. Among Metarhizium anisopliae treated plots in both seasons,
more marketable pod yield was obtained from plants sprayed with Metarril than plants sprayed
with Biomagic. Furthermore, marketable French bean yield recorded a substantial increase for
plants in plots with a wheat border (7.9% increase) or a sunflower border (7.1% increase)
compared to plants in plots with no border. A similar trend was observed in season one; however,
there was no statistical difference, although plants in plots with a wheat border recorded slightly
higher marketable yield, followed by plants with a sunflower border compared to marketable yield
for plants that had no border crop. The study found that French bean plants grown under alpha-
cypermethrin and a wheat border had the highest marketable yield, while those sprayed with water
and no border crop had the lowest yield. On the other hand, pants in plots sprayed with alpha-
cypermethrin recorded the lowest percentage of non-marketable yield, followed by plants in plots
sprayed with Metarril E9, Biomagic while the highest marketable yield percentage was recorded
for plants in plots sprayed with water (Table 5.10). French bean plants in plots sprayed with
Metarril E9 and Biomagic, Biomagic and water treatment combinations were statistically different
in both seasons. However, French bean plants in plots sprayed with water recorded the highest
non-marketable yield. Different border crop types had no statistical difference, although French
bean plants in plots with no border crop recorded slightly higher non-marketable yield percent
compared to yield from plants in plots with either a sunflower or wheat border (Table 5.10). During
the two seasons, the highest percentage of non-marketable yield was recorded for French bean
plant plots sprayed with water and no border crop. In both seasons, the lowest non-marketable
yield percentage was recorded for French bean plants grown under plots sprayed with alpha-

cypermethrin with a wheat border crop.
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Table 5.9: percent (%) marketable and non-marketable yield in both season one (April to July 2022) and season two (September to
December 2022).

Border crop

Non-marketable yield Marketable yield
Treatment (Trt)  No border Wheat Sunflower  Spray No border Wheat Sunflower Spray
Means Means
Season one
Water 59.31a**  41.97ab** 37.47abcd**  46.25a** 67.41* 71.42* 68.19* 69.01c**
Biomagic 40.31abc  27.88abcd 26.20abcd 31.46ab 79.97 71.21 69.83 73.67bc
Metarril 30.65abcd  26.92abcd 25.12bcd 27.56b 76.99 77.62 81.32 78.64ab
Cypermethrin 16.55bcd  12.74d 14.49dc 14.59c 85.55 86.42 82.41 84.79a
Border means  35.77a 25.81a 28.31a 75.44 77.48 76.67
Season two
Water 32.58a* 28.58ab* 31.80a* 30.99a 40.68d** 58.02c** 62.53bc** 53.74c**
Biomagic 20.02bc  28.79ab 30.17a 26.33ab 59.69bc 69.35hbc 73.79b 68.53bc
Metarril 23.0lab  22.38hc 18.67bc 21.35bc 73.08b 72.12b 74.88abc 72.43b
Cypermethrin 18.67bc 14.59c¢ 17.59bc 15.21c 83.45a 87.25a 85.51a 85.40a
Border means  24.55a 22.52a 23.33a 70.32b 78.19a 77.43a

*Means not followed by a letter within a column within a season are not significantly different according to Tukey’s Honestly Significant
Difference at (p < 0.05). **Percent means followed by the same letter within a column within a season are not significantly different
according to Tukey’s Honestly Significant Difference at (p < 0.05). Data were subjected to square root transformation before analysis,

but values presented are original means.
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5.5 Discussion

This study showed that growing French bean plants with border crops and application of
biopesticides significantly influenced growth, yield and quality variables. Plots of French beans
bordered with wheat or sunflower had significantly higher plant height, collar diameter, number
of branches, number of pods, export grade pod yield, quality and marketable pod yield compared
to the control plots with no border crop. The result of this study could be associated with findings
reported by Nelson et al. (2021), where use of border cropping enhanced plant growth (plant
height, collar diameter and branching) and was also able to increase yield (number of pods and
marketable pod yield) by 11.4% and 34.2% for Faba bean intercropped with wheat compared to
sole cropping. Other authors (Wang et al., 2017; Wei et al., 2022; Xu et al., 2019; Youn et al.,
2021) also reported enhanced growth and productivity on the primary crop as a result of
intercropping approach, findings that partly support for the high yield and enhanced growth
obtained in the current study for French bean grown with a border crop. The current study results
showed that French bean plants sprayed with biopesticides and with a sunflower border crop
recorded taller plants, thinner collar diameter, fewer branches and low pod yield compared to
French bean plants grown with either wheat as a border crop or no border crop. The use of taller
border crops as reported by Wei et al. (2022), causes shading effects that lead to rapid stem
elongation, thereby increasing the plant height of the primary crop. Similar observations were
made in the current study, where taller French bean plants were obtained in plots with a sunflower
border as compared to those with either a wheat border or no border crop. Similar results were
reported by Kabir et al. (2020), where shading resulted in taller plants with thinner leaves, thus
decreasing photosynthetically active radiation (PAR), which is a spectral range of sunlight that
plants use to undergo photosynthesis (umol m?2 s1), resulting in low bell paper (Capsicum
annuum) yield. This is because thinner leaves have less ability to capture and utilize PAR for
photosynthesis narrower capacity for storing water compared to thicker leaves.

Although companion crops, such as intercrop or border crops, can potentially improve net
yields, they can also negatively influence plant growth, thus causing yield reduction, specifically
when taller border crops are used. These effects are associated with a reduction in the red and far-
red light ratio due to the shading effect as a result of shade avoidance syndrome activation, thus
promoting internode elongation, reduced branching and decreased yield per plant as reported by

Dhale et al. (2022) and Green-Tracewicz et al. (2011). Similar research by Kalaitzoglou et al.
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(2019) and Demotes-Mainard et al. (2016) reported that low-red to far-red light was associated
with shade effects due to whole plant morphology promoting stem length, internodes, petiole, leaf
length, reduced chlorophyll content, apical dominance, and reduced basal branching with
increased assimilate partitioning toward the stem. Border crops with taller plant morphology can
also increase the competition for resources required by the plant, light interception, and cause
shade effect responsible for the etiolation process in plants due to variations in hormonal activities
(Demotes-Mainard et al., 2016). Shade avoidance syndrome causes the plants to adapt to shade or
enhance apical growth. Low branching is primarily a shade effect response (Rameau et al., 2015).
Also, excessive shade increases plant height and lodging rate, affecting leaf orientation, hindering
the transportation of nutrients, water, and photosynthetic products and ultimately causing
considerable losses in yield through interspecific competition (Feng et al., 2019; Gao et al., 2014).
The current study showed the combined use of a wheat border and spraying the French bean plants
with Metarhizium anisopliae positively affected growth and yield of French bean plants and this
could be attributed to diverse effects that lead to either additive, synergistic, or antagonistic
responses (Huss et al., 2022) such as increased relative humidity and minimized ultra-violet light
penetration into the lower canopy crop that can outcompete or enhance pathogenic fungi (Mweke
et al., 2020). In French bean plants grown with a companion border crop could have enhanced the
efficacy and performance of the biopesticide used in the current study. Raai et al. (2020)
demonstrated that shading regimes (heavy (60%), moderate (30%) and control (0% shade)),
negatively interferes with morphological features (plant height, reduced branching ability and
thinner stems), photosynthetic, gas exchange and growth characteristics of the plant of wing beans.
Similar to these observations, the current study recorded higher branching ability on French bean
plants in plots with a wheat border crop or no border crop compared to those grown with a
sunflower border, which is attributable to the higher shading effect observed in plots grown with
sunflower border than with a wheat border crop. A study by Wang et al. (2017) reported that wheat
or maize used as a border crop positively influences the plant plasticity and structure of the main
crop. Higher branching ability recorded in French beans grown with a wheat border or no border
crop in the current study could be attributed to the optimal light intensity absorbed by French bean
in these treatments compared to the amount absorbed by French bean plants grown with a

sunflower border crop with a higher shade effect (Babec et al., 2020). The current study's findings
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support results from previous studies in Arabidopsis where shade effects promoted low-red or far-
red light, which reduced branching ability of the plant (Rameau et al., 2015; Youn et al., 2021).
Based on this study, sunflower as a border crop caused a reduction in yield compared to
plots with wheat as a border which was not significantly different from the control in terms of
yields. According to Damicone et al. (2017), a yield reduction of up to 50% was recorded in
soybean with sorghum as a border crop which compromised on light inception lowered the
photosynthetic rate while primarily prioritizing the partition and distribution of assimilates for
vegetative growth over reproductive activities. Also, the current study results showed that
treatment combination with wheat as a border crop increased marketable yield by 2-8%, export
grade yield by 2-5% and lowered non-marketable yield by 2-10% in both seasons compared to
control (no border). In addition, also research by Kabaale et al. (2022) recorded higher marketable
yield gain exceeding 22% and a cost-benefit ratio greater than 2.8 (BCR~3) when plots were
sprayed with biopesticide products containing Metarhizium anisopliae. Based on the current study,
farmers who want to grow French bean crop as sole and use environmentally safer management
practices could integrate biopesticide and wheat border crop as the best and most productive
system. A study by Mollaei et al. (2021) on intercropping of canola and faba beans, field peas, or
garlic reported improved canola crop yield due to reduced insect pest density. The latter results
were attributed to better resource use efficiency, such as physical barrier, increased biodiversity
(Mohd et al., 2022), repelling pests and attracting natural enemies (Lian et al., 2019), and impeding
weed growth (Elsalahy et al., 2019). Nawar et al. (2020) attributed the increase in yield quality of
soybean and sunflower intercrop with less shade effect to reduced canopy layers, increased light
interception efficiency and reduced interplant competition between sunflower and soybean. Based
on this study, plots spayed with Metarril and had a wheat border crop recorded more extra fine and
fine grade pods. Similar to our results, cypermethrin sprayed plots and wheat border recorded an
increase in yield of French beans; however, continuous and indiscriminative use of alpha-
cypermethrin as non-selective could cause to non-target organisms and with a great possibility of
resistance development of insect pest (Fenibo et al., 2021; Srinivasan et al., 2019; Zekeya et al.,
2022). As a result, use of biopesticide products containing Metarhizium anisopliae compared to
synthetic insecticides offers a comparative added advantage such as less residues on produce since
synthetic products have been documented as toxic to insect pests, humans and the environment
(Sammama et al., 2021; Zhu et al., 2015). Putnoky-Csicso et al. (2020) compared alpha-
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cypermethrin to Metrahizium. anisopliae and their results showed a significantly lower number of
survived Melolontha melolontha larvae for a-cypermethrin treatment than Metarhizium ansopliae
treatment and control. Research by Zekeya et al. (2022) to evaluate the use of biopesticide
Metarhizium anisopliae, pheromone traps and chemical pesticides to manage Phthorimaea
absoluta in field conditions reported a significant increase in marketable yield of Faba bean.
Metarhizium anisopliae could have benefited from favorable moisture conditions facilitating its
growth in the rhizosphere and uptake by plant roots, thus increasing the plant performance, growth
and productivity in support the recorded increase in yield. The quality of French bean plant pods
in the current study was also enhanced by the combined use of border crops and biopesticides
containing Metarhizium anisopliae compared to the control in the open field. These results could
provide support to studies (Kumar et al., 2021; Munywoki et al., 2019; Wan et al., 2018) that
reported enhanced quality through integrated crop management through a significant reduction in
insect pest population. Besides the general advantages associated with use of border cropping and
biopesticides approach rely on combined ability to conserve or attract of natural enemies, obstruct,
trap, repel or suppress insect pest populations and in turn enhance the quality of the crop produce
for the growers (Afrin et al., 2017; Daryanto et al., 2020; Huss et al., 2022; Xu et al., 2020).

5.6 Conclusion
Based on the findings of this study,
i.  Use of border crops and Metarhizium anisopliae influences growth, yield and quality of
French bean with plots sprayed with Metarril and a wheat border crop recording the highest

collar diameter, total pod weight and weight per hectare of extra-fine and fine grade yield
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CHAPTER SIX
GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

6.1 General discussion

In sub-Saharan Africa, farming is mostly by conventional agriculture laden with high-
input, synthetic chemical fertilizers, fungicides, insecticides, and herbicides (Sheahan et al., 2017,
Sheahan & Barrett, 2017). Most farmers therefore, prefer synthetic insecticides because of their
significant role in managing major insect pests with less consideration of their impact on beneficial
arthropods, such as parasitoids and predators (Ochieng et al., 2022). However, indiscriminative
use of synthetic chemicals has irreversible consequences on the environment and people (Alarcon-
Segura et al., 2022; Sanchez-Bayo, 2021). Alternative pest management approaches that employ
Integrated pest management (IPM) programs have been considered safer as they involve using
different control methods to manage insect pest populations and reduce the impact on beneficial
arthropods, farmers and the environment (Baker et al., 2020). Adopting such approaches, for
example the use of border cropping, offers an optimal ecosystem services with diverse beneficial
organisms (predator and parasitoids), therefore promoting synergies and compatibilities to natural
enemies (Amala & Shivalingaswamy, 2018; Daryanto et al., 2020). Conservation biological
control strategies are also considered the pillar of IPM; thus, to enhance the effectiveness and
success of the integrated conversation pest control strategy, repeated and indiscriminate use of
synthetic pesticides must be minimised and reduced. Studies have reported that the
entomopathogenic fungus Metarhizium ansiopliae has the ability to produce a wide range of
secondary metabolites that are toxic to insect pests, such as destruxins, which disrupt insect cell
membranes and cause cell death to the target pest (Sharaini et al., 2016). In addition, natural
enemies’ populations have shown more sensitivity to synthetic insecticides, thus making
conservation biological control impractical with the integration of prohibited synthetic insecticides
(Ndakidemi et al., 2016; Sanchez-Bayo, 2021).

In this study, although Metarril E9 and Mazao supreme did not differ statistically, at the
same concentration, Metarril caused a slightly higher percentage mortality of a 3.5% of black bean
aphids under in vitro conditions. Some research has associated the different bioactivity of
Metarhizium anisopliae with the ability of some isolates to be highly specific, cause significant

reduction in the egg-laying capacity of female insects, cause secondary infection to offspring and
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others infect a wide host range as reported by Domingues et al. (2020). Therefore, this latter
finding by Domingues et al. (2020) could possibly offers some degree of support for the success
of Metarril compared to Mazao Supreme in the current study. Similarly, the Latiff et al. (2022),
highlighted that the difference in pathogenicity and virulence of five Metarhizium anisopliae
against Aphis gossypii reared on Capsicum annum (chilli) and Solanum melongena (brinjal) were
also attributed to isolate initial concentration the insect received, fungal strain and ability of the
isolate to produce an immense extent of toxins or focus more energy on vegetative growth than
the target pest. In addition, a study report by Erol et al. (2020) highlighted the difference in fungal
pathogenicity associated with secondary bioactive metabolites, including Destruxins produced by
the pathogen that could be responsible for the difference in the mortality against aphids.

The current study recorded a significant reduction in the aphid population and the damage
severity caused on French bean plants when wheat or sunflower were used as border crop
compared to where no border crop was used. These findings are similar to those of a study by
Khanal et al. (2023), which reported a reduction in the number of Mustard aphids (Lipaphis
erysimi) in plots sprayed with Metarhizium anisopliae treatments. The latter treatment was found
to be efficient in reducing the subsequent damage severity due to high aphid infestation. Other
studies also confirm the mortality of wheat aphids (Diuraphis noxia) (Hafiz et al.,(2020), cowpeas
aphids (Aphis craccivora) (Mweke et al., 2018), and whitefly (Bemisia tabaci) (Singh & Kaur,
2020) as a result of Metarhizium anisopliae treatment. Such findings offer support to the findings
of the current study. In addition, controlled and uncontrolled condition studies have demonstrated
the potential pathogenicity of biopesticides containing Metarhizium anisopliae against aphids.
Conversely, border crop diversity correlates to harboring more diverse generalist natural enemies
(Tavares et al., 2019) hence able to reduce the population of insect pest and their effects on the
primary crop

The use of border crops significantly reduced aphid population and their damage severity
and enhanced the growth, yield, and quality of French bean plants compared to the control plot in
the current study. A wheat border performed better, particularly in the growth, yield and quality of
French beans than sunflower. Use of wheat as a border crop accounted for 4.3-7.4% while
sunflower resulted in to a 4.8%- 8.2% reduction in aphid population and 3.3%-4.9% reduction in
damage severity in compared to the no border control treatment Waweru et al. (2021) reported

the use of higher plants such as sorghum, maize, and wheat as border crops to reduce aphid
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infestation in the primary crop. In addition, a similar study by Mansion-Vaquiée et al. (2019)
highlighted that aphids show clear preferences or are attracted to some wheat varieties with specific
semio-chemicals released as well as some predators, specifically ladybird beetle. The results of the
interactive effects, either addictive or syngenetic, could be attributed partly to the high population
of aphids recorded at the border crop of the current study. Emery et al. (2021) and Mweka et al.’s
(2020) reported a reduction in insect pest population with intercropping and biopesticide treatment
combination. Non-host pest plants used as a border crop (wheat and sunflower) in the current study
lowered aphid population and damage effects on French bean plants probably because of their
ability to obstruct, act as host, or repellent of insect pests lure or repel natural enemies and pest.
The combined use of Metarhizium ansiopliae and border crops leads to either additive,
synergistic, or antagonistic relationships. A study by Behie and Bidochka (2014) reported a
symbiotic relationship by which plants and Beauveria bassiana but not Lecanicillium lecanii
showed the ability to reacquire lost nitrogen through the transfer of nitrogen to plants, an important
role in the ecological cycling of nutrients that lead to increased overall plant productivity. On the
other hand, some species of border crops when used, is reported to offer antagonistic or synergistic
effect for better resource use efficiency, such as physical barrier, increased biodiversity (Mohd et
al., 2022), repelling pests and attracting natural enemies (Lian et al., 2019), and impeding weed
growth (Elsalahy et al., 2019). Mutual relation associated with improved acquisition of nutrients,
accelerated growth, resilience against pathogens, activation of signals that trigger immune system
response and improved resistance against abiotic stress have been reported in plant and pathogens
relation (Rodriguez et al., 2019) which could support the better performance of realized with
combined use of Metarhizium anisopliae and border cropping compared to the control treatment.
Although intercrops or border crops have the potential to improving net yields, they can
also negatively influence plant growth, thus resulting in yield reduction, specifically when taller
border crops are used. Research showed that using taller plants as border crops, such as sunflowers,
as used in the current study, could lead to slightly higher shade effects than where shorter border
crops such as wheat or no border crop is used, thus affecting final productivity. Similar results
have been reported by Kabir et al. (2020), where shading effects resulted in taller plants with larger
but thinner leaves thus decreased photosynthetically active radiation (PAR, umol m?st) which is a
spectral range of sunlight that plants use to undergo photosynthesis, resulting in low bell paper

(Capsicum annuum) yield. Reduction in the red and far-red light ratio as a result of shading effect
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activates shade avoidance syndrome situation in plants, thus promoting internode elongation,
reduced branching and decreased yield per plant as reported by Dhale et al. (2022) and Green-
Tracewicz et al. (2011). Similarly research by Kalaitzoglou et al. (2019) and Demotes-Mainard et
al. (2016) highlighted that low-red to far-red light due to shading effects caused by the whole
border crop structure, mainly taller and shady plant promotes stem length elongation, internodes
length, petiole, and leaf length, reduced chlorophyll content, apical dominance, and reduced basal
branching with increased assimilate partitioning toward the stem. Use of taller border crop with
plant structure that causes about 50% shading effects or more interferes with light intensity and
interception and leads to etiolation of the shaded crop which could also offer an explanation for
better growth, yield, and quality.

For the current study, combined use of border crops and biopesticides in the open field led
to significant increase in marketable yield, quality and lowered aphid population on French bean
compared to the control treatment where there was no border crop. A study by Mansion-Vaquié et
al. (2020) attributed such effects of non-host plants to the reduced ability of insect pests to locate
the host and thus deter colonisation process of the host plants by the pest through chemical and
physical interference, reducing damage impact. The presence of a border crop could also increase
predator abundance, thus decreasing the abundance of pests and over dependence on insecticides
resulting in increased grain yield and economic profits (Wan et al., 2018). In addition, border crop
use in IPM approach has enhanced the performance of entomopathogenic fungi containing
Metarhizium anisopliae and compatibility with natural enemies such as predators and parasitoids
(Lietal.., 2021).

6.2 Conclusions
Based on the current study,
i.  Metarhizium anisopliae, entomopathogenic fungi, caused mortality to black bean aphid in
the laboratory.
ii.  Under open field condition, combined use of Metarhizium anisopliae and border cropping
significantly reduced aphid population and damage severity.
iii.  The integrated use of Metarhizium anisopliae spray and border cropping influenced French
beans' growth, yield and quality.
6.3 Recommendations

Based on the results of this study, the following recommendations were made.
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I. The bioactivity of Metarhizium anisopliae based on the current study resulted in mortality
of black bean aphids particularly Metarril E9 at a concentration of 2x10® spores/g,
should be recommended and included in the integrated management of black bean
aphids in French bean production.

ii. Metarhizium anisopliae, an entomopathogenic fungus and border cropping, could be used
to manage and reduce aphid population and damage on field grown French beans.

iii. The study recommends using wheat as a border crop integrated with Metarhizium
anisopliae for the field grown French beans to enhance growth, yield and quality
without compromising pod quality in regions with relatively similar conditions as the
study area. The approach is considered safer products with less or no environmental
harm compared to synthetic chemicals; thus, this current study recommends their
incorporation in French bean production.

6.4 Areas for further studies
The following areas for further research are highlighted in the current study:

I.  Isolation of new M. anisopliae native to Kenya as they would be more adapted to natural
conditions and evaluation of their efficacy against black bean aphid to identify more
pathogenic isolate.

ii.  There is need for multi-location research to evaluate different entomopathogenic fungi
isolate other than the one considered in this study against black bean aphids.

iii.  Further research on the long-term sustainability and cost-effectiveness of Metarhizium

anisopliae and different border crop types could be done in the open field for its efficacy

against black bean aphids
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ABSTRACT

Black bean aphid (BBA) is a serious insect pest that severely significantly impacts French bean production. Over-reliance on synthetic
chemicals to reduce economic losses caused by aphids poses serious environmental and human health threats. Biopesticides
containing entomopathogenic fungi (EPF) have potential as viable alternatives that can be incorporated into integrated to manage
such insect pests. The efficacy of Metarhizium anisopliae against BBA was assessed in the laboratory under a complete randomized
design (CRD) design with five replicates. Data was analysed using SAS 9.4 (2021). In part one, Metarhizium anisopliae products
caused bean aphid mortality etween 60.1% and 95.5%. Mazao supreme (4x10° spores/ml) and Metarril (4x 10® spores/ml) caused the
highest mortality (95.5%) and the lowest concentration of irrespective product caused the lowest mortality (60.1%) after treatment
application. In part two, alpha-cypermethrin caused the highest aphid mortality (99.3%), followed by Metarril (84.2%), Mazao
(80.7%) and biomagic had the lowest (68.4%) mortality after treatment application. Alpha-cypermethrin had the lowest lethatl time
(LTsu), causing 50% aphid mortality, followed by Metarril, Mazao supreme, and biomagic. Differents treatments had varying effects
on nymph numbers. Alpha-cypermethrin caused 50% aphid mortality, followed by Metarril, Mazao supreme, and biomagic, with
varying effects on nymph numbers. The study recommends incorporating Metarhizium anisopliae-based biopesticides, particularly
Metarril by small holder farmers to offer a cost-effective integrated pest management approach for managing BBA (adults and
nymphs) in French bean production while reducing reliance on synthetic chemicals.
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Article history Abstract: Entomopathogenic  Fungi  (EPF)  blopesticides  are  more
R"“-‘“’ﬁf‘f 06-12-2023 environmentally friendly and are an alternative to toxic synthetic chemicals,
Revissd: 23-04-2024 Due to EPF's pathogenic nature to various arthropod pests, it is thus
Accepted: DE-05-2024 s ' . '

considered a primary candidate for an integrated biological approach due to

Corresponding Author: its numerous invaluable effects. However, an uwrgent need is to develop an
Anthony Emaru environmentally safer, more sustainable, and practical approach to managing
Department of Crop, insect pests. Incorporating fungal biopesticide in an Integrated Pesi
Horticulture and Soil (CHS), Management (IPM) approach offers an opportunity to reduce the unselective

Faculty of Agriculture, Egerton and continuous use of synthetic chemicals to manage insect pests. There are
EEI':;::"“-"" Njoco Nalkury, limited reviews on biopesticides in developing countries concerning research
Bl v ORI sl gt . e questions. The review aimed to provide an understanding of the use
of entomopathogenic fungal biopesticides to manage insect pests, majorly
aphids in horticultural crops such as French beans” The study uses an
inclusive search approach, identifying 1046 articles and reports from 2010
2022 from relevant sources like Web of Science, dimension, Google Scholar,
and Google. Out of these, 85 original papers and grey literature were selected
and were related to fungal biopesticide use in Kenya and almed at improving
comprehensive knowledge on the benefits and use of EPF biopesticide
against insect pests, their action, and how they kill the target pest. The current
review presents information on the use of EPF, Metarhizium anisopliae, and
Beauveria bassiana as blopesticldes that are dominantly used in Kenya and
atiributed to their pathogenicity, regisiry, accessibility, and secondary
metabolites produced, thus, increased demand with more than 132980
hectares in 2019 in Kenya under biopesticides. However, their use in
biocontrol processes is still underestimated due to a lack of knowledge. Thus,
this study review recommends (ntegrating EPF with other measures for
enhanced fungal biopesticide formulation, pathogenicity, and increased
shelf-life,
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Appendix D: The normality test analysis sample for different variables data before being
subjected for ANOVA test.
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>0.1500
>0.2500
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Appendix E: Analysis of variance for Metarril and Mazao supreme different concnetration on

Aphis fabae mortality under laboratory bioassay

Source of variation DF Chisq P value
Product 1 1.6268 0.2021
Concentation 2 0.00842 0.000209***
Product*Conc 4 3.6637 0.4552

Error 24 8.0494

Appendix F: Analysis of variance for Metarril and Mazao supreme different concnetration on

0Aphis fabae median lethal time (LTso) bioassay

Source of variation DF Sum of Mean F- value P value
square square

Product 1 0.408 0.4084 1.820 0.18158

Expt 2 4.303 2.1514 9.587 0.0000204***

Concentation 2 5.935 2.9676 13.223 0.0000128***

Product*Conc 4 0.252 0.1262 0.562 0.5723

Product*Expt 2 1.362 0.6811 13.223 0.8293

Expt*Product*Conc 4 0.201 0.0501 0.223 0.9245

Error 72 16.158 0.2244

Appendix G: Analysis of variance for different products on Aphis fabae mortality under

laborotory bioassay

Source of variation DF Chisqg P value
Expt 2 5.5894 0.06113
Product 3 12.882 0.00489**
Expt*Product 6 9.5825 0.143371
Error 24

The difefrenet products were; metarril, mazao, Biomagic, alpha-cypermethrin and water
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Appendix H:Analysis of variance for different products on Aphis fabae LTsg

Source of variation DF Chisq P value
Expt 2 4.472 0.1069
Product 3 51.261 4.305eM™
Expt*Product 6 9.157 0.1649
Error 24

Appendix I:Mean sepearation effect of different products on aphid mortality and LTso

Product Mortality Number Sd Se
Biomagic 68.4b 15 30.5 7.88
Mazao 80.7ab 15 315 8.14
Metarril 84.2ab 15 24.9 6.43
Alpha-cypermethrin 99.3 15 2.8 0.72
LT50 Number Sd Se
Biomagic 4.3a 10 1.5 0.5
Mazao 3.9a 12 1.5 0.4
Metarril 3.8a 14 1.6 0.4
Alpha-cypermethrin 1.0b 15 0.2 0.1

Standard deviation (Sd), Standard error and median lethal time (LTso)

Appendix J: Analysis of variance for the aphid population and damage severity

Source of variation Df | Aphid population S1 | Aphid population | Damage S1 | Damage S2
S2

Model 13 | 5.27*** 7.40%** 3.26*** 1.88***

Block 2 0.04Ns 1.29Ns 0.01Ns 0.18Ns

Biopesticides 3 20.04*** 24.74%** 11.89*** | 553***

Border crop 2 3.20%** 7.19%** 1.21Ns 2.26%**

Biopesticide*Border | 6 1.58* 2.13* 0.70Ns 1.50**

crop

Error 166 | 0.52 0.59 0.48 0.30

Cv - 24.17 28.43 29.08 25.93

*, *Fx Rk treatments significant at (p < 0.05), (p <0.005), (p < 0.0005), respectively;
CV=Coefficient of variation; d.f= degree of freedom, Ns- not significant, S1- season one and S2

— season two.
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Appendix K: Analysis of variance for the growth parameters

Season one Season two

Collar Number of Plant height [Collar Number of
Source of variation DF Plant height |diameter branches diameter branches
Model 61 140.64** 0.35*** 17.92*** 837.92*** 0.06*** 19.49%**
Block 2 49.40 0.10 0.47 70.87 0.00 0.01
Border 2 548.89***  10.03 0.80 149.50**  |0.05*** 23.21***
Pesticide 3 445.44*** 10.02 0.54 19.98 0.07*** 8.00***
Day After Planting (DAP) |4 10775.00%** 4,95*** 268.63*** 12182.9*** |0.73*** 256.04***
Border*Pesticide 6 113.46*** 0.01 0.36 140.28*** |0.02*** 4.43***
Border*DAP 8 35.45 0.08*** 0.22 17.78 0.01** 1.32%*
Pesticide*DAP 12 88.37*** 0.03 0.23 11.51 0.01*** 0.63
Border*Pesticide*DAP 24 10.92 0.02 0.32 32.37* 0.004** 0.57
Error 118 |20.66 0.01 0.39 17.14 0.002 0.40
Cv - 22.38 18.16 12.92 10.04 8.59 13.17

*Means are significantly difference at p<0.05, ** means are significantly different at p<0.005 and *** means are

significantly different at p<0.0005, Cv- Coefficient of variation, DF- degree of freedom,
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Appendix L: Analysis for number of pods, average pod weight and total pod weight yield

Season one Season two

Source of variation | df Number of | Average pod | Total Number of | Average Total pod

pods weight pod yield | pods pod weight | yield
Model 13 36507.05* 0.68** 32.71** | 38716.65*** | 3.270ns 43.71**
Block 2 7441.36 0.05 0.40 5414.25 4.99 25.15
Border 2 577.03 0.04 1.59 24413.08* 4.30 36.05*
Pesticide spray 3 305324.75** | 1.81*** 97.61*** | 99734.74*** | 3.98 90.84***
Border*pesticide 6 153230.17 0.33 21.40* 7834.36 1.99 8.88*
Error 22 15000.31 0.19 10.38 6468.61 2.36 10.06
cv 23.58 19.40 26.17 17.84 12.17 23.87

*Means are significantly difference at p<0.05, ** means are significantly different at p<0.005 and *** means are

significantly different at p<0.0005, Cv- Coefficient of variation, DF- degree of freedom.
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Appendix M: Analysis of variance for pod grade, quality, non-marketable and marketable yield

Season one Season two
Source of Extra |Fine [Bobby Non- IExport Marketable Non- IEXj
Variation  Df| Fine grade (grade [Marketable Extra F [Fine BobyMarkable
Model 13]9.27*** 3.83** 1.26* |380.59%* [P4.43%**¥450 68*** |5.92%** 3 72%* 1750 |1.51 18.
Block 2 [1.21 0.79 0.05 |48.37 2.14 64.17 3.58 1.67 32.01/0.31 3.1
Border |2 |2.19 0.34 0.15 [274.29 3.46 226.08 1.94 2.74 6.32 |1.24 .8
Pesticide |3 |33.44%%* [[4.87**% 2.76%* | 1474.40%%* 02 92***1556.97*** 20.26***|11.43***4 22 11.80 62.
Border* (6 [12.23* 0.48%* 1.27 192.94 14.59* 140.75* 15.86* [8.87* |1.88 [1.85 13.
Pesticide
Error 2211.84 1.17 044 |1.17 5.11 75.30 1.07 0.96 421 (0.88 3.1

*Means are significantly difference at p<0.05, ** means are significantly different at p<0.005 and *** means are

significantly different at p<0.0005, Cv- Coefficient of variation, DF- degree of freedom.
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