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ARTICLE INFO ABSTRACT

Keywords: French bean growers, rely mainly on pesticides for pest management. The acceptable tolerance
Border cropping for pesticides residue in French beans is a major concern and has led to several tonnes of the crop
Metarhizium

continuously rejected and listed as unsafe for human consumption. There is growing demand for

VMVE?;?I alternative approaches and products that are effective at managing pests without the side-effects
Sunflower associated with reliance on pesticides. A field study to determine the combined effects of Meta-

rhizium anisopliae, (Metarril WP E9 and Biomagic) biopesticides and border crops (Sunflower
and wheat) on aphid population, damage severity, growth, yield and quality of French bean. A
two-factor experiment was conducted at the Egerton University, Kenya. First factor included two
border crops (sunflower and wheat) and no border crop (control). Second factor included
spraying Metarril WPE9 (2 x 108 cfu/g), Biomagic (2 x 108 cfu/ml) biopesticides, alpha-
cypermethrin (synthetic insecticide) and water. Data on growth, yield and quality parameters
were collected and analyzed using the SAS version 9.4M8. Results showed that M. anisopliae and
border crop significantly (p < 0.0005) enhanced growth, yield and quality of French bean in both
seasons. French bean grown with wheat or sunflower borders showed a significant reduction in
aphid population (p < 0.0001) and damage severity (p < 0.0001) when sprayed with various
treatments compared to the control. Plots with wheat border caused an increase in collar diameter
of French bean. The plots (Metarril and wheat border) caused a 4 % and 5 % increase in
marketable yield, a 2 % and 12 % reduction in non-marketable yield. To exploit the benefits of
biopesticides, the study recommends their integration with and border crops. Thus, French bean
growers could benefit more from fungal-based biopesticides in aphid-IPM approach, as it reduces
pre-harvest intervals and residues compared to synthetic insecticides.

1. Introduction

French bean (Phaseolus vulgaris L.) also known as green beans, snap beans, kidney beans, haricot beans, or string beans [1] is an
exotic vegetable that continues to gain commercial value due to its huge demand in the export market. The immature pods are eaten
fresh as salads and desserts, cooked as soups or frozen and canned. French beans play an important dietary role across continents,
serving as a rich source of essential minerals, vitamins, proteins, fats and carbohydrates [2]. It is also a potential income earner for
stallholder farmers in Kenya and several other countries across the world [3,4]. Despite the French bean economic and nutritional
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importance, its productivity and profitability is still constrained by many biotic and abiotic factors including insect pests, diseases,
drought and soil fertility [5,6]. More than 37 insect pest species have been associated with the crop throughout its growth cycle in
several countries [7]. The most common pests of French bean are the sap-sucking insect, among them are aphids, thrips, leathoppers
and spider mites [8].

Black bean aphid (Aphis fabae Scopoli) is ranked high among the major insect pests limiting the realisation of maximum yields and
quality of French beans worldwide. There has been a recorded decline in productivity of french bean [9], raising concerns about
sustaining production while maintaining growth, yield, and quality. The black bean aphids is capable of causing yield losses of up to
30-70 % [10,11]. The losses are due to direct damages caused by sucking plant sap and wounding plant tissues or indirect damage
through the transmission of various viruses [12-14]. The sugary and sticky honeydew secreted by aphids attracts sooty mould and
other fungi on leaves and immature pods which reduces photosynthetic capacity and final quality [15]. Efforts to control the black
bean aphids has forced farmers to over-rely synthetic pesticides which are readily available and often effective. Synthetic pesticides are
associated environmental effects and human health. The acceptable tolerance for pesticides residue in French beans is a major concern
to the consumers. Strict guidelines on quality and maximum residue levels (MRL) in the export market have seen several huge con-
signments of French beans continuously rejected and listed as unsafe for human consumption. The concerns over the adverse effects of
synthetic pesticides create an impetus for French bean growers to seek for alternative approaches and products that are not only
effective in managing insect pests but are also safe and acceptable to consumers.

Natural pest regulation using biological agents such as predators, parasitoids, or entomopathogenic fungi and companion planting
as an intercrop or border crop present safe alternatives to synthetic pesticides [16]. 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 [17-20] presenting an
opportunity to be used to manage insect pests such as aphids. Entomopathogenic fungi are a beneficial group living in the soil that
infects insects by penetrating insect cuticles and their bodies to eventually kill the pest [21]. According to Bamisile et al. [22], 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.

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
such as aphids [23]. However, the effectiveness of some EPFs, particularly Metarhizium anisopliae, has been reported as more influ-
enced by several factors such as weather, the presence of ultra-violet light, temperatures, crops and its associated cropping system.
Zhang et al. [24] highlighted the importance of integrating cropping systems and microbial biopesticides for additional benefits
beyond the main crop’s yield. Integrating border crops with biopesticides could enhance insect pest management and offer a safer
option to synthetic chemicals in managing crop pests. Border 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 [25-28]. A field
experiment by Waweru et al. [29] 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. Border crops
act as either repellent or attractant of pests and can reduce pest effects on the primary crop. Its effectiveness in controlling aphids in
collards [30], hot pepper [29] and sweet pepper [31], significantly reducing on the use of pesticides [32]. The current study sought to
investigate the effects of integrating border cropping systems with Metarhizium anisopliae, an entomopathogenic fungus biopesticide in
controlling black bean aphids and increase growth, yield and quality of French bean. The study hypothesised that use of Metarhizium
anisopliae, an and border cropping reduced the black bean aphid population and subsequent damage, as well increase yield and quality
of French bean.

2. Materials and methods
2.1. Experimental site description and planting materials

The study was conducted at the Horticulture Research and Demonstration Field at Egerton University, Njoro- Kenya. The field lies
at latitude 3.0° S and longitude 36-39.0° E in the Lower Highland III Agro-ecological Zone (LH3) at about 2238 m above sea level. The
site receives an annual average rainfall of 1180-1400 mm and an annual daily temperature range of 16-22 °C. The soil types are
predominately Mollic Andosols, well-drained, moderate in fertility, containing medium levels of organic carbon, low levels of phos-
phorus and recorded a pH range of 6.0-6.5 [33].

2.2. Planting materials

French bean variety “Enclave”, was used in this study. It is a determinate variety commonly grown in Keny and highly susceptible to
black bean aphids. The variety Enclave produces more extra fine-grade quality pods, is high yielding and is adaptable to wide ag-
roecological zones compared to other varieties cultivars. The French bean seeds were procured from Hygrotech (EA) Ltd- Naivasha.
Sunflower (Helianthus annuus L.) variety “Kenya Fedha” and wheat (Triticum aestivum L.) variety “Njoro bread wheat two” used as
border crop were procured from Kenya Agricultural and Livestock Research Organization (KALRO) Njoro, Kenya. These two border
crops were chosen because of their relevance in the agro-ecological zone. The wheat variety is highly preferred by insect pests, with a
dwarf growth habit that could reduce and less shade effects. 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
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conducted area showed is Table 1 and the experimental site location as shown in Fig. 1.
2.3. Experimental design and treatments

A 4 x 3 factorial experiment conducted in Randomized Completely Block Design (RCBD) and replicated three times in the open
field. Metarril Wettable powder (2 x 10® cfu/ml), was chosen based on its superior performance during the laboratory bioassay
experiment, (ii) Bio-magic 15 LF as commercialised biopesticide product and (iii) alpha-cypermethrin (8 ml/20 L) as a commercialised
synthetic insecticide as positive control while (iv) water as the negative control. Border cropping at three levels: (i) sunflower as a
border crop, (ii) wheat as border crops and (iii) no border crop as a control. Treatment combinations is as shown in Table 1.

2.4. Field preparation, layout and crop management

Experimental plots measuring 4.2 m by 3 m each were laid out at the site location wihin the Horticulture Research and Demon-
stration Field at Egerton University (Fig. 1). The experimental plots were then were ploughed and harrowed to obtain a moderate tilth
suitable for planting French beans and the border crops. Sunflower border crop was planted at a spacing of 30 cm x 75 cm with two (2)
seeds later thinned to one plant per hill, two weeks after germination. Wheat seeds were thinly drilled at a spacing of 30 cm. The
distance between border crops and the first row of French bean crop was 60 cm (Fig. 2). French bean was planted three weeks (3 weeks)
after wheat at spacing (Fig. 2A) and with a sunflower border crop at spacing of 75 cm (Fig. 2B). This allowed the border crops time to
establish to at least 2-3 leaves. French bean was planted at a spacing of 30 x by 15 cm, with two (2) seeds later thinned to one plant per
hill (Fulano, 2016). 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. Diammonium phosphate (DAE) fertilizer was applied to French bean plots
during planting at the rate of 200 kg/ha [34]. 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 at the onset of flowering as the growth stages recommended for application in French
bean plants to enhance essential nutrient availability [35]. Weeding was done manually three weeks after germination. The experi-
ment was rain-fed with supplemental irrigation provided using a drip irrigation system only during prolonged dry spells. Unlike crop
management, Fig. 2, shows a detailed description of the experimental unit measurement, border crop (sunflower and wheat) and
primary crop (French bean), spacing and plant population. The visual and illustration showing the spatial arrangement of French bean
with Fig. 3A (French beans as sole crop) and Fig. 3 B (wheat or sunflower and French beans as sole crop) is as shown in Fig. 3.

2.5. Treatment application

Black bean aphids were collected from the greenhouse cultures. 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. This allowed the aphids equal chance to spread
to other parts of the plots.

The foliar applied treatment application Spraying of the foliar treatments began or started at 21 days after the French bean emerged
from the soil. The spraying was repeated four times at every 14 days interval for a total of four time targeting mainly the susceptible
vegetative growth stage of French bean plants. A growth stage or timing period was chosen because it targets a stage of plant growth
when insect pests cause severe damage by attacking auxiliary buds and tender growing points, as described Sayed et al. [36]. The
decision to spray every 14 days spray interval was guided and adopted based on a previous study by Boni et al. [12] as the most
effective range for insect pest mortality in open field experiments using entomopathogenic fungi, as this period duration provides
enough time for the pathogenic fungi such as M. anisopliae to cause insect death as a result of both primary and secondary infection
and in open field experiment. Before application, Metarril wettable powder E9 (2 x 10 8 cfu/g), Biomagic 1.5 LF (2 x 10 8 cfu/ml), and
alpha-Cypermethrin. The treatments were separately and thoroughly mixed in water containing 0.05 % integra (3 ml per 20L) for 5
min to ensure a homogenous solution. Integra is a surfactant that helps the spray solution spread evenly on the plants surface. To
minimize the likelihood of contamination, or prevent contamination, four different knapsack sprayers (Kenplastic Knapsack sprayer,
20 L) but with similar calibration to discharge 350L/acre and nozzle pressure of 2.88 kgf m —2 were used. Each sprayer was used
exclusively for one treatment; Metarril (2 x 10 8 cfu/g) E9, Biomagic (2 x 10 8 cfu/ml), alpha-cypermethrin (8 ml/20 L) or water.
Spraying was done early in the morning, between 06:00 and 08:00 h East Africa Time (EAT), to minimize treatment drift caused by
wind.

Table 1

Description of treatment combinations.
Treatment combinations Sunflower Wheat No border crop
Metarril MS MW MN
Biomagic BS BW BN
Alpha-cypermethrin AS AW AN

Water WS ww WN
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Fig. 3. Plot with no border crop (a) and Plots with border crop of either wheat or sunflower (b).

2.6. Data collection

Data on aphid population were collected from six tagged plants in the inner row of each experimental unit just before the treatment
spray (pre-spray). A 14,28,42 and 45 days after spraying (DAS). Visual observation and scoring of the aphid population using 6-point
scale described by Mkenda et al. [37] was adopted. Where 1 = no aphids; 2 = a few scattered aphids (1-100); 3 = a few small colonies
(101-300); 4 = several small colonies (301-600); 5 = large isolated colonies (601-1000); and 6 = large continuous colonies (>1000)
and data obtained were used to compute the average number of aphids per plant (no. of aphids/plant). Data was collected in the early
morning hours between 07:00 and 08:00 h when most aphids were inactive on the leaves. The aphid damage score was collected using
5-point scale universally accepted scoring literature adopted from Mkenda et al. [37], where 1 = no infestation or damage, 2 = light
damage and infestation, <25 % plant parts damaged or infested, 3 = average damage and infestation, 26%-50 % plant parts damaged,
4 = high infestation and damage, 51%-75 % plants parts damaged showing yellowing of lower leaves and 5 = severe infestation, >75
% damage resulting to plants with high infestation levels with yellow and severely curled leaves or dead plant. The data obtained were
later used to compute the average damage caused on each French bean plant.

Data collection on growth variables or parameters (plant height, collar diameter and the number of branches) started two weeks
(14) days after the emergency (DAE) of the French bean when the crop had two 2-6 true leaves. The parameters used in this was sought
and believed could provide valuable insights into plant growth and development, enabling comparison between different treatment
combinations. Data collection on leaf, index, shoot dry weight and root dry weight were not collected. Plant height was measured in
centimeters (cm) at two weeks intervals using a meter ruler from the ground level to the highest tip of the plant began two weeks (14
days) after the emergency of French bean. The number of branches was also counted and recorded on each tagged plant (no. of
branches/plant). Stem collar diameter was measured at ~ 4 cm from the ground level using a digital vernier caliper (Model 599-577-1/
USA). Data obtained were used to compute the average stem collar diameter (mm) for the different treatments.

Data on yield and quality parameters variables data (pod numbers, average pod weight, and total fresh pod weight). Pods were
harvested from the six tagged plants twice per week for four weeks by removing pods that had attained the horticultural maturity stage
(about 56 DAE) of French bean. According to Abebe et al. [38], firm and fleshy pods with small green immature seeds are considered
physiologically matured and ideal for harvest, thus meeting the export grade requirement. The number was recorded and later used to
compute the average number of pods per plant (no./plant) and total pod weight in kilo gram per treatment combination. The pods 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. At each harvest, French bean pods harvested
from each experimental unit were sorted into three grades. These grades include (i) extra-fine grade (4-6 mm in width as the diameter
of the pod cross section and 8-10 cm in length), (ii) fine grade (6-9 mm width and 10-17 cm length) and (iii) bobby pods (more than 9
mm width and with small seeds that were not too large) and considered as marketable yield [39,40]. The three grades in the export
market can also be classified as extra class, class I and class II. Therefore, pods that do not meet the latter grading are considered
unmarketable yield. A vernier caliper was used to measure the pod diameter and a ruler was used to measure the pod length. The
weight of each grade was recorded weekly, summed up as total weight per grade (g/grade) and converted to yield in to tonnes per
hectare. Unlike marketable yield, harvested pods that did not meet the 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. 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 result multiplied by 100 to convert to percentages shown in equation below.

@

Total weight (%) — (Total sum of grade welght) 100

Total yield

2.7. Data analysis

Data were subjected to Shapiro-Wilk and Levene’s tests for homogeneity of variances at a probability level of 0.05 for normality
tests using the Proc univariate procedure of SAS 9.4M8 version (January 2023, SAS Institute, Cary, NC) before analysis. Data were then
subjected to ANOVA 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. Y = p + ag) + 65 +

5
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(aB)ij + blocky + ei. Where; Yy the response from kth experimental unit receiving the ith types of treatment and control sprayed and
jth type of border crop and control used, i is the overall mean, a;) effect due to the ith type treatments and control sprayed, B; effect due
to the jth type of the border crops and control used, (g);; an interaction effect of the ith type of treatment and control sprayed with the
jth type of border crop and control used, blocky is effects due to kth block, &;jx is the random error associated with the response from the
kth experimental unit receiving the ith type treatment and control sprayed combined with the jth level of border crop.

3. Results
3.1. Aphid population and damage severity

The results from this study showed found that treatment and combinations significantly (p < 0.0005) influenced the aphid pop-
ulation on French bean plants in both seasons. Results showed That plots treated with M. anisopliae biopesticide (Metarril WP E9) had
significantly lower aphid population (2.96, 2.44) for season 1 and 2, respectively (Table 2). The highest aphid population (3.96, 2.93)
in season 1 and (3.65,2.63) in season 2 was recorded no border and treated with water during season 1. The interaction between
Metarril biopesticide and border crops significantly (p < 0.0005) influenced aphid population. 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 season 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.
Although, among biopesticides, Metarril sprayed plants with wheat combination had the lowest aphid population. The study found
significant differences in damage severity on French bean plants across different treatments in both seasons. The lowest damage
severity was observed on plants sprayed with alpha-cypermethrin, followed by plants in plots sprayed with Metarril E9 and Biomagic.
Water-sprayed plots had the highest damage severity. Biopesticide (Metarril) sprayed plots also reduced damage severity by 3.1 % and
3.4 %, respectively. However, alpha-cypermethrin reduced aphid populations by 12.8 % and 9.6 %. Plants with a sunflower or wheat
border crop had lower aphid population and damage severity scores (Table 3) and 4 show the mean aphid abundance and damage
severity with border crops in season 1 and 2 based on single factor of border or biopesticide treatments.

The results showed that Metarhizium anisopliae biopesticide application on the aphid population and damage severity were sig-
nificant (p < 0.05) in season two (Table 3). Results showed a significant reduction in aphid population (2.96) and (2.44) in season I and
2 in plot treated with Metarril WP E9 compared to the control with 3.28 and 3.04. There was however no significant reduction in aphid
population between Metarril and Biomagic in season one. The lowest aphid population (<1.56) was recorded in all treatment com-
binations with alpha-cypermethrin is a synthetic insecticide. The lowest damage severity (<1.42) was recorded in plots sprayed alpha
cypermethrin at all treatment combinations in both seasons. Metarril WP E9 showed a significant reduction of about 2.00 damage
severity score in season 2.

The use of border crops had significant (p < 0.0005) effects on the population of aphids and damage severity in both seasons
(Table 4). 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 season one and two, respectively. This was
however not significantly different with plots with wheat as border crops. A similar trend was observed for damage severity with plots
with no border crop the highest damage severity of 2.40 and 2.32 in season one and two, respectively. Results further showed that plots
without border crops had higher damage severity across the treatment combinations and dates compared to plots planted with border
crops.

Growth variables; different treatments combinations significantly (p < 0.0001) influenced growth variables measured in both

Table 2
Effect of Metarhizium anisopliae and border crop on aphid population and damage severity in both season one (April to July 2022) and season two
(September to December 2022).

Aphid population (no./plant) Damage severity (no./plant)
Border crop Border crop
Treatment No border Wheat Sunflower Spray Means No border Wheat Sunflower Spray Means

Season one

Water 3.96a* 3.39ab* 3.27ab* 3.54ab* 2.93a* 2.73a* 2.2.6abc* 2.64a*
Biomagic 3.55ab 3.00b 2.99b 3.18ab 2.80a 2.33abc 2.26abc 2.46a
Metarril 3.18ab 2.81bcd 2.89bc 2.96b 2.47a 2.20abc 2.47a 2.36ab
Alpha-cypermethrin 2.04cde 2.06de 1.90e 1.98e 1.53bc 1.46¢ 1.47c 1.49¢
Border crop 3.18ab 2.80bed 2.76bed 2.40a 2.18abc 2.13abc

Season two

Water 3.65ab* 3.16abc* 2.79abed* 3.20abc* 2.63a* 2.37ab* 2.37ab* 2.40ab*
Biomagic 3.70a 2.76bcd 2.66dc 3.04abc 2.60ab 2.01abc 2.19abc 2.22abc
Metarril 2.83abced 2.14de 2.34de 2.44de 2.51ab 1.94bc 2.01abc 2.19abc
Alpha-cypermethrin 1.65e 1.52e 1.51e 1.56e 1.68c 1.54c 1.54c 1.59¢
Border crop 2.96abcd 2.39de 2.33de 2.32ab 1.97bc 2.01abc

*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).
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Table 3
Effects of Metarhizium anisopliae on mean aphid abundance and damage severity 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 cypermethrin 1.56¢ 1.49¢ 1.56¢ 1.59b

*Means in a column followed by the same letters are not significantly different using Tukey’s.

Table 4
Effects of border cropping on the mean aphid abundance and damage severity 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 at p < 0.05.

seasons. 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 only variable plant height (p < 0.0001) was observed in season one. Border crops also significantly
impacted plant height (p < 0.0005), collar diameter (p < 0.0001) and number of branches (p < 0.0001) in season two. Interaction
effect between the type of spray applied and border crop used was significant for plant height (p < 0.0001), collar diameter (p <
0.0001) and number of branches (p < 0.0001) in season two while plant height (p < 0.0001) in season one.

Significant differences in plant height among different treatments in both seasons (Table 3). During both seasons, French bean
plants grown in plots with border crops (wheat or sunflower) had significant differences in plant height compared to plants grown in
plots which had no border crop (Table 5). Although, the highest plant heights were observed for plants grown in plots with a sunflower
border crop compared to a wheat border crop or with no border crop. Plots with sunflower or wheat as a border crop and sprayed with
different treatments were generally taller than those without a border crop. The study found that collar diameters were larger in plots
with wheat border crops during both growing seasons (Table 5). Significant differences were observed in collar diameters for plants
sprayed with different treatments and border crop types. Plants in plots sprayed with alpha-cypermethrin recorded the largest collar
diameter, followed by plants sprayed with Metarril E9, Biomagic compared to plants sprayed with water in both seasons. The largest
diameter was recorded in plots with alpha-cypermethrin and wheat border crops, while the thinnest was in water and no border crop.
Amongst M. anisopliae treatments, plants sprayed with Metarril E9 and Biomagic with either border type crops differed significantly in
the collar diameter size in season one compared control.

Table 5
Effect of Metarhizium anisopliae and border crop on aphid population and damage severity in both season one (April to July 2022) and season two
(September to December 2022).

Plant height (cm) Collar diameter (mm)

Border crop

Treatment No border Wheat Sunflower Spray Means No border Wheat Sunflower Spray Means
Season one

Water 14.54e** 18.52bcde** 17.55cde** 16.88c** 0.39e** 050b** 0.44c¢** 0.46¢**
Biomagic 15.26de 21.18bc 22.33bc 19.80b 0.44c 0.51ab 0.49b 0.47c¢
Metarril 17.23cde 20.48bcd 22.40bc 20.04b 0.48b 0.54ab 0.54ab 0.51ab
Alpha-cypermethrin 21.16bc 23.72a 28.62a 24.51a 0.53ab 0.57a 0.55a 0.55a
Border crop 18.68b 19.51b 22.73a 0.47b 0.53ab 0.51ab

Season two

Water 38.24d** 40.28bcd** 43.93ab** 41.95* 0.66* 0.72* 0.67* 0.67*
Biomagic 38.43dec 40.98bcd 39.55bed 41.50 0.68 0.73 0.68 0.70
Metarril 42.55abc 41.01bed 42.17abc 41.03 0.69 0.75 0.70 0.71
Alpha-cypermethrin 39.83bcd 43.51ab 46.24a 40.40 0.71 0.76 0.71 0.72
Border crop 40.16b 40.54b 42.97a 0.70 0.71 0.69

Plots sprayed with alpha-cypermethrin and Biomagic (positive control), plots sprayed with water (negative control) and plots with no border crop
(control).

*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).
Both data plant height and collar diameter were square root transformation before analysis, but the values presented are original means.
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Plants in plots sprayed with water recorded the highest number of branches, followed by plants sprayed with Biomagic and Metarril
E9 compared to plots sprayed with alpha cypermethrin in season two. Although plants from plots with border crops (wheat or sun-
flower) recorded significant differences in the number of branches compared to plants in plots with no border crop for season two only
(Table 6). The highest number of branches per plant were in plots sprayed with water in both seasons. Plants from plots with no border
crop had the highest number of branches per plant and the lowest number of branches per plant was recorded in plots with a sunflower
border crop. Amongst M. anisopliae treatments, plant plots sprayed with Biomagic and had no border crop recorded the highest number
of branches per plant compared to plots that received the Metarril and had wheat or sunflower border crops in both seasons.

Yield and yield variables results showed that different treatments influenced the number of pods (p < 0.031), (p < 0.0001),
average pod weight (p <0.005), (p > 0.040) and total pod yield (p < 0.008), (p < 0.0012) of French bean in season one and two,
respectively. Spray treatment applied influenced the number of pods (p < 0.0001) (p < 0.0021), average pod weight (p <0.0004) (p >
0.271), total pod yield (p < 0.0003) (p < 0.0004) in season one and two respectively. Similarly, use of border crops influenced the
number of pods (p < 0.039) and total pod yield (p > 0.329) in season two only. The interaction effect was significant for the total yield
of French bean plants in both seasons.

The study found that number of pods per plant were significantly different amongst treatment combinations in seasons two only
(Table 7). Plants sprayed with alpha-cypermethrin had the highest number of pods per plant (437.78), followed by plants sprayed with
Metarril E9 and Biomagic. French bean plants grown with border crops (wheat or sunflower) had significant differences in pod number
compared to plots no border crop. The highest number of pods were recorded for plants with a wheat border while the lowest were
recorded for plants with no border crop. Amongst biopesticide treatments, plants in plots sprayed with Metarril E9 and had a wheat
border crop recorded the highest number of pods per plant (557.33) while the lowest number of pods (158.66) was recorded for plants
in plots sprayed with Biomagic and had a no border crop. Different treatments sprayed on French bean plants impacted the average pod
weight significantly (Table 7). The average pod weights of plants were lowest for plants in plots sprayed with water as a control and the
highest average pod weight was recorded for plants in plots sprayed with alpha-cypermethrin in both seasons. Plants in plots with a
wheat border crop had the highest average pod weight, followed by no border crop compared to sunflower border plots with the lowest
average pod weight.

The study found that different treatment combination significantly impacted the total pod yield of French bean in both growing
seasons (Table 8). Alpha-cypermethrin sprayed plants yielding the highest (11.82) t/ha, followed by Metarril E9, Biomagic and water
treated plots recorded the lowest in both seasons. Plants from plots sprayed with Metarril E9 and Biomagic were not statistically
different in the total pod yield both seasons. Border cropping (wheat or sunflower) treatments had significant differences in total pod
yield compared to control (Table 8). Plots with a wheat border crop had the highest total pod yield while plots without a border crop
had the lowest. Although the highest total pod yield (18.43 t/ha) was recorded in plots sprayed with alpha-cypermethrin and wheat
border crop while the lowest yield (2.93 t/ha) in water-sprayed plots and no border. Among the biopesticide treatment combinations,
French bean plants sprayed with Metarril and wheat border crop had the highest total yield (17.48 t/ha) while Biomagic and no border
crop had the lowest yield (12.69 t/ha) in season two. The study found that French bean grown under M. anisopliae significantly
impacted export yield in both seasons. Alpha-cypermethrin and wheat border crops were the most effective for enhancing export yield,
followed by Metarril E9 and Biomagic. Wheat bordered plots had the highest export yield followed by sunflower and no border the
least. However, water and no border crop had no significant impact on export yield.

Use of M. anisopliae significantly influenced the different quality of pods based on pod maturation rate of the different pod grades in
both seasons as shown in Fig. 4; with 4a representing season one and 4b for season two. Border crops did significantly affect non-
marketable French bean), however, more extra fine than fine grade pods were obtained in plots sprayed with the different treat-
ments and had a wheat or sunflower border crop compared to the control plots. The study also found that different spray treatments
and border crop types affected pod maturation rate. Plants with wheat or sunflower border crops had more extra fine and fine pods

Table 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

Border crop

Season one

Water 4.73% 4.80% 4.53% 4.91*
Biomagic 5.00 4.80 4.60 4.91
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 4.97 ab
Metarril 4.93¢ 4.80dc 4.20dc 4.64bc
Alpha-cypermethrin 4.47dc 4.33dc 4.13d 4.31c
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.
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Table 7
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).

Number of pods (no. of pod/plant) Average pod weight yield (g)
Border crop Border crop
Treatment No border Wheat Sunflower Spray Means No border Wheat Sunflower Spray Means

Season one

Water 117.00* 288.33* 172.33* 192.55b** 1.40* 2.00* 2.06* 1.82b**
Biomagic 158.66 345.67 225.67 239.78b 2.06 2.63 2.06 2.30b
Metarril 197.33 345.00 298.33 280.44 ab 2.10 2.13 2.10 2.08b
Alpha-cypermethrin 475.33 447.00 361.00 437.78a 2.86 3.13 2.73 2.87a
Border crop 289.67 293.33 279.91 2.25 2.34 2.25

Season two

Water 313.00c** 349.00c** 338.67c** 333.56¢** 1.74% 2.40% 1.89% 2.15%
Biomagic 406.33bc 433.33bc 351.33c 451.00b 2.64 3.92 3.68 3.10
Metarril 444.33bc 557.33b 448.00bc 429.33bc 1.81 2.97 2.31 2.56
Alpha-cypermethrin 602.33a 648.33a 515.67b 558.78b 3.35 3.99 2.99 3.42
Border crop 447.91bc 497.08b 407.00bc 2.60 3.30 2.53

*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). Both data
of number of pods and average pod weight were subjected to square root transformation before analysis, but the values presented are original means.

Table 8
Effects of Metarhizium anisopliae and border crop on total pod yield (tonnes/ha) and extra fine yield (t/ha) in both season one (April to July 2022) and
season two (September to December 2022).

Total pod yield (t/ha) Export yield (t/ha)
Border crop Border crop
Treatment No border Wheat Sunflower Spray Means No border Wheat Sunflower Spray Means

Season one

Water 2.93c* 7.86abc* 3.10c* 4.63b* 0.63d* 2.18bcd* 1.58dc* 1.47b
Biomagic 3.33bc 7.43abc 5.00abc 5.26b 1.27dc 3.71abed 2.35bed 2.52b
Metarril 3.87bc 7.03abc 7.70abc 6.20b 2.12bed 3.94abcd 4.68abcd 3.51b
Alpha-cypermethrin 12.70 ab 13.63a 9.13abc 11.82a 8.80 ab 9.95a 7.36abc 8.71a
Border crop means 6.94a 7.35a 6.63a 3.59a 4.64a 3.91a

Season two

Water 8.17b 10.26 ab 11.32 ab 9.92b 2.19¢ 2.62¢ 2.20c 2.33c
Biomagic 12.69 ab 13.60 ab 10.92 ab 12.07b 3.28c 6.02abc 3.37c 4.55bc
Metarril 10.72 ab 17.48 ab 11.89 ab 13.70 ab 4.27bc 6.56abc 4.62bc 4.82b
Alpha-cypermethrin 18.43a 18.96a 14.97 ab 17.45a 8.98 ab 9.65a 7.34abc 8.66a
Border crop means 13.43 ab 14.95a 11.49b 4.85a 6.05a 4.38a

*Means not followed by the same letter within a column are not significantly different according to Tukey’s Honestly Significant Difference at (p <
0.05). *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 on total yield were subjected to square root transformation before analysis values presented are original means.

than those without borders. The highest amount of extra-fine pods was obtained under alpha-cypermethrin and wheat border crop.
Among the biopesticides, Metarril and had a wheat or sunflower border crop had more extra fine than fine grade pods, followed by
Biomagic and wheat or sunflower border crop.

French bean plants grown with alpha-cypermethrin, Metarril, and Biomagic showed higher marketable pod yields in both seasons,
respectively. Wheat and sunflower bordered plots produced the highest marketable yield. A substantial increase in marketable yield in
plots with (7.9 % increase) or a sunflower border (7.1 % increase) compared to the control plots. Plants sprayed with Metarril E9 and
had a wheat border crop had more marketable yields, but water-sprayed plants recorded the highest non-marketable yield as shown in
Table 9. Moreover, the study recorded a strong correlation between aphid population and yield variables as shown in Table 10.

4. Discussion

Based on the current study, aphid population and damage severity were significantly reduced in plots where wheat or sunflower
border crop was used compared to plots with no border crop in both seasons. Unlike the high aphid population and damage severity on
French beans that were recorded in plots with no border crop. Wheat and sunflower used as border crops reduced aphid population and
damage severity to French bean plants significantly. The results demonstrate that increasing crop biodiversity at the border offers an
alternate habitat (s), food resource or intermediate hosts for predators and parasitoids population build-up, thus increasing natural
enemies in the border cropping system [41,42]. Finding similar to this current study have showed that border crop integrated with
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Fig. 4. Effects of Metarhizium anisopliae and border crop on average percent pod weight per plant of the extra fine, fine and bobby French bean pods
during French bean production in both season one (Fig. 4a) and two (Fig. 4b). 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-cyper-
methrin and sunflower). Means followed by the same letter within a column within bar and within a season are not significantly different according
to Tukey’s Honestly Significant.

Table 9
Effects of Metarhizium anisopliae and border crop on 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 No border Wheat Sunflower Spray Means No border Wheat Sunflower Spray Means
Season one

Water 59.31a** 41.97 ab** 37.47abed** 46.25a** 67.41* 71.42% 68.19* 69.01c**
Biomagic 40.31abc 27.88abed 26.20abed 31.46 ab 79.97 71.21 69.83 73.67bc
Metarril 30.65abed 26.92abcd 25.12bed 27.56b 76.99 77.62 81.32 78.64 ab
Alpha- cypermethrin 16.55bcd 12.74d 14.49dc 14.59¢ 85.55 86.42 82.41 84.79a
Border crop 35.77a 25.81a 28.31a 75.44 77.48 76.67

Season two

Water 32.58a* 28.58 ab* 31.80a* 30.99a 40.68d** 58.02c** 62.53bc** 53.74c**
Biomagic 20.02bc 28.79 ab 30.17a 26.33 ab 59.69bc 69.35bc 73.79b 68.53bc
Metarril 23.01 ab 22.38bc 18.67bc 21.35bc 73.08b 72.12b 74.88abc 72.43b
Alpha-cypermethrin 18.67bc 14.59¢ 17.59bc 15.21c 83.45a 87.25a 85.51a 85.40a
Border crop 24.55a 22.52a 23.33a 70.32b 78.19a 77.43a

*Percent means not followed by a letter within a column within a season are not significantly different according to Tukey’s HSD test 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 HSD test at (p <
0.05). Data were subjected to square root transformation before analysis, but values presented are original means.

other management system can effectively suppressed insect pest population and the subsequent damage effect on plants [27,29].
Border cropping approach is thought to effectively reduce aphid population by distracting pests to other crops not primary and
attracting their natural enemies, reducing the target pest population and economic loss impact on the crop while enhancing biological
control [43]. Unlike, the extra shelter and floral resources for insect pests and/or predators boosting ecosystem services functionality at
the border crop system. Border crop integration has been documented to enhance the efficacy of entomopathogenic fungi in managing
aphid population under open field conditions [41,44]. Mwani et al. [41] study on maize-dolichos intercrop system reported a 24.6 %
reduction in bean aphid population compared to mono-crop which recorded a significantly higher infestation of 51.6 %. Similar
finding was reported by Chopkar et al. [45], where aphid population was significantly reduced in Lablab bean plots with border crops
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Table 10
Pearson correlation table between yield variable, aphid population and damage severity.

Pearson Correlation Coefficients, N = 180: Prob > |r| under HO: Rho = 0

Number of pods Total yield Total average weight Aphid population Damage severity
Number of pods 1.00000 0.97604 0.33293 —0.22279 —0.22373
<0.0001 <0.0001 0.0026 0.0025
Total yield - 1.00000 0.38574 —0.30324 —0.29412
<0.0001 <0.0001 <0.0001
Total average weight - - 1.00000 —0.15447 —0.16696
<0.0001 0.0251
Aphid population - - - 1.00000 0.56655
<0.0001
Damage severity - - - - 1.00000

with sweet corn as a border crop recorded the least aphid population mean, followed by marigold, safflower, cowpea, mustard,
coriander, sunflower, and sesame, respectively. The current study based on Pearson correlation analysis showed a strong negative
correlation between aphid population and yield variables. Mansion-Vaquié et al. [46] observed a similar observation, showing that
yield decreased when bug populations increased and vice versa. In regard to the current study, border crop plant structure for crops
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. [46] study on intercrop of wheat (Triticum aestivum
L.) with common peas (Pisum sativum L.) or White Clover (Trifolium repens L.) concluded that intercropping wheat with clover
significantly reduced cereal aphid densities and thus less damage caused and more yield. 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 [27,47] The study explores the potential of integrating biopesticides
and border crop systems in open fields to enhance agro-ecological sustainable management of black bean aphids. Therefore, such
approach is potential alternative as aphids are less likely to develop resistance. In addition to the less harm impact on most natural
enemies; thus, they offer a better comparative advantage to alpha-cypermethrin in comparison for their impact to the ecosystem.

The study also found that growing French beans with border crops significantly influenced growth and yield variables. Plant height,
collar diameter, and number of branches were positively influenced in plots bordered with border crops compared to control (no
border crop). Previous study as report by Nelson et al. [48], where border cropping use enhanced plant growth (plant height, collar
diameter and branching) for Faba bean intercropped with wheat compared to sole cropping align with the current study results. Other
authors [49-51] also recorded enhanced growth and productivity through intercropping. However, use of sunflower border crops had
negative effect has caused etiolation with thinner collar diameter and few branches compared to wheat or no border. Wei et al. [50]
also reported that use of taller border crop caused shading effects to the primary crop thus led to rapid stem elongation thus etiolated
plants thus affects growth through promoting lodging of plants. Excessive shade effects caused an increases plant height and lodging
rate affecting leaf orientation, hindering the transportation of nutrients, water, and photosynthetic products and ultimately causing
considerable losses in growth through interspecific competition [52]. Shade avoidance syndrome affects plants by increase the
competition for resources required by the plant, promote apical growth leading to etiolation process which result from variations in
hormonal activities [53]. The current study observed higher branching ability on French bean plants in plots bordered with wheat as a
border crop or no border crop compared to plots with sunflower border. This could be attributed to the optimal light intensity absorbed
by French bean compared to those bordered by sunflower which had a higher shade effect [54]. Increased shade is associated with
decreased light incidents that promote low-red or far-red light that affects branching ability and similar research was reported on
Arabidopsis plant on effects of shade [55].

Research by Kabir et al. [56] also proved that shows that taller border crops can cause shading effects leading to taller plants with
thinner leaves and decreased photosynthetically active radiation (pmol m 2 s 1) affecting the growth a primary crop. The research
suggests that the shade effect in border crops is due to the morphology of the plant, which can either promote or reduce chlorophyll
content similar to the research findings by Dhale et al. [57]. A study by Raai et al. [58] on wing beans for the effects of different shading
regimes, heavy (60 %), moderate (30 %) and control (0 % shade), reported that shade effect negatively interferes with plant
morphological features, photosynthetic, gas exchange and growth characteristics.

The current study where plots bordered with wheat or sunflower significantly increased number of pods, export grade pod yield,
quality and marketable pod yield of French bean compared to the control plots. These results agreed with findings reported by Nelson
et al. [48], where border cropping use increased yield by 11.4 % and 34.2 % for Faba bean intercropped with wheat compared to sole
cropping. However, when integrating with microbial, their performance is often affected by relative humidity and Ultra-violet light
content. Therefore, improving relative humidity and reducing fungal spore degradation due to light interception by use of border crop
plot could have enhanced the efficacy of biopesticides [59]. Combined use of a wheat border and sprayed with M. anisopliae effects on
growth and yield of French bean plants could be partly attributed to diverse effects that lead to either additive, synergistic, or
antagonistic [27]. Such as increased relative humidity and minimize ultra-violet light penetration into the lower canopy crop that can
outcompete or enhanced the pathogenic fungi [60]. A study by Wang et al. [49] reported that when wheat or maize was used as a
border crop thus, they positively influence the plant plasticity and structure of the main crop. Sunflower as a border crop however,
caused a reduction in yield compared to plots with wheat as a border. The latter research also reported a 50 % yield reduction in
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soybean with sorghum border, affecting light inception, photosynthetic rate, and prioritizing vegetative growth over reproductive
activities. Different treatment combination with wheat as a border crop based on the current reported an increase in 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. These
findings were consistent with results reported by Kefelegn et al. [61] that increased yield and marketable yield per hectare from
intercropping. Kabaale et al. [62] also 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 and were intercropped.

Based on this current study, a wheat border crop recorded the highest significant total pod yield (14.95 tonnes/ha) and marketable
yield (78.19 tonnes/ha) while the lowest was in a sunflower border. Highest total pod yield per hectare (18.96 tonnes/ha) and export
yield (9.95 tonnes/ha) were obtained from alpha-cypermethrin and wheat, followed by Metarril and a wheat border. Mollaei et al.’s
[63] study on intercropping canola and Faba beans, field peas, or garlic showed improved canola crop yield due to reduced insect pest
density, improved resource use efficiency, and increased biodiversity. The results were attributed to better resource use efficiency,
physical barrier, increased biodiversity, repelling pests and attracting natural enemies and impeding weed growth. Nawar et al. [64]
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. Increase in yield trend though
cautions on continuous heavy use of alpha-cypermethrin as non-selective with negative impact on non-target organisms and with a
great possibility of resistance development [65]. Unlike synthetic insecticides, studies [66-68] have also shown that biopesticides
derived from entomopathogenic fungus (EPF) are compatible with integrated pest management (IPM) strategies and has wide host
range. Although their low efficacy under field conditions slows down their widespread use (Mweka et al., 2020). EPF-based bio-
pesticides containing Metarhizium anisopliae (Hypocreales: Clavicipitaceae) have widely been integrated into managing most agri-
cultural pests since they are recommended as safe for crop production. Metarhizium anisopliae biopesticides are considered cheaper,
environment-friendly, specific in their mode of action, sustainable, do not leave residues and are not associated with the release of
greenhouse gases [13,69,70]. Combined with other practices, such as cropping systems using border crops, can enhance performance
Metarhizium anisopliae derived biopesticide. Also, the use of biopesticide products compared to synthetic insecticides offers a
comparative added advantage such as less residues on produce since synthetic products have been documented as very toxic to insect
pests, humans and the environment [13,71]. Putnoky-Csicsé et al. [72] compared the effect of M. anisopliae with soil insecticide
alpha-cypermethrin and reported significantly lower number of survived Melolontha melolontha larvae with a-cypermethrin treatment
than M. anisopliae treatment and control. Research by Zekeya et al. [71] to evaluate the use of biopesticide use of M. anisopliae,
pheromone traps and chemical pesticides to manage Phthorimaea absoluta in field conditions reported significant increase in
marketable yield. The finding attributed that M. 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. Although based
on this current study alpha-cypermethrin significantly recorded an increase in growth, yield and quality of French bean compared to all
other treatments. Its use needs to be considered with caution due to its broad effects on non-target organisms and the environment
[65]. A research study by Bao-jie et al. [73] on intercropping reported a boost in growth parameters, increased plant diversity,
compatibility with other measure thus offer more economic benefits, reduced pests and disease infestation. Border cropping creates a
micro-climate and ecological structure conditions in favor of natural enemies in the open field environment [73]. Research by Var-
enhorst et al. [74] described sunflower as a crop that is also suitable host for various aphid species, inclusive of bean aphids for bean
plants, however, the 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. Wheat crop attract
generalist natural enemies of aphids such as lacewings, ladybird beetle, hoverflies and other parasitoids that can prey on back bean
aphids. Border crops could be a sustainable and integrated strategy for horticultural crop production, meeting international export
market requirements for safe production. This study did not do cost benefits analysis, field evaluations in different ecological niches
and may not captured the long-term effects of the integrated strategy used and external factor impacting the biopesticide that could be
the major limitation to this study.

5. Conclusion

Based on the findings of this study, it can be concluded that; (i) Use of border crops and Metarhizium anisopliae influences aphid
population, damage severity, growth of French bean with spraying of Metarril and a wheat border crop contributing significantly to
reduced aphid population and damage. (ii) Use of border crops and Metarhizium anisopliae also influences growth and yield of French
bean with spraying of Metarril and a wheat border crop resulting in the highest total pod weight per hectare. (iii) Use of border crops
and Metarhizium anisopliae did also influence quality of French bean pod with spraying of Metarril and a wheat border crop resulting in
the highest weight per hectare of extra-fine and fine grade yield. The study recommended the incorporation of wheat as a border crop
and biopesticides, particularly Metarril (2 x 108 cfu/g) in the French production system. More field evaluation needs to evaluated at
different ecological niches to validate and optimize the proposed strategies for wider applicability.
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