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Introduction

The whitefly, Bemisia tabaci, is a serious pest of cassava that causes yield loss through physical damage and vectoring of viruses that cause devastating cassava mosaic (CMD) and cassava brown streak (CBSD) diseases. The objective of this study was to evaluate the efficacy of commercially available entomopathogenic fungi biopesticides (EPFs) and cutting dipping in insecticides alone and in combination with spraying EPFs against cassava B. tabaci.





Methods

Laboratory experiments were conducted to test three commercial EPFs against cassava whitefly at IITA Tanzania. Data were recorded for nymph mortality. Field experiments were conducted at three Tanzania Agricultural Research Institute (TARI) stations (Chambezi, Mkuranga, and Ukiruguru) to evaluate the efficacy of two EPFs, and the efficacy of cutting dipping in insecticides combined with spraying EPF against B. tabaci during the period of December 2021 to August 2023. The experimental design for field experiments was a randomized complete block design with four replicates. The data recorded for field experiments were on whitefly and nymph numbers, CMD and CBSD incidence and severity, and root yield.





Results and discussion

Mortality levels caused by EPFs under laboratory conditions were 35%–86% at 14 days after application. In field experiments, EPFs reduced the proportion of healthy nymphs by 64%–75% compared with the control, with no effect on adult whitefly numbers, CBSD, and root yield. For cutting dips in insecticides at Chambezi, MandiPlus, the most effective treatment, reduced adult whiteflies by 85% and nymphs by 88%, CMD incidence by 59%, and CBSD by 46% and increased stem number by 119% and root yield by 50%.





Conclusion

These findings confirm that the application of MandiPlus through cutting dips is effective at reducing whitefly populations on cassava in Tanzania, reducing virus incidence and increasing yield. Application of entomopathogenic fungi under field conditions for control of cassava whitefly does not confer any significant benefits in terms of disease reduction and yield gain. Cutting dipping in insecticides is recommended for adoption as a component in IPM strategy for managing whiteflies and the viruses that they transmit.
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1 Introduction

The whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), is a polyphagous and widely distributed pest on vegetables, field, and ornamental crops. Damage occurs when B. tabaci feeds on the leaves and secretes honeydew. This acts as a medium for sooty mold, which affects plant photosynthesis (Perring et al., 2018). In addition, this hemipteran is a key vector of economically important viruses causing cassava mosaic disease (CMD) and cassava brown streak disease (CBSD) in cassava (Dubern, 1994; Maruthi et al., 2005, 2017). These diseases together can severely reduce cassava productivity in sub-Saharan Africa, causing annual losses of up to US$1 billion to resource poor farmers (Legg et al., 2006, 2011, 2014). Since the outbreak of severe CMD in the 1980s and an expanding epidemic of CBSD from 2004 in Uganda, these diseases have been spreading rapidly. Among the factors responsible for the spread of these diseases was the rapid increase in the abundance of whiteflies (Legg et al., 2014).

Different methods have been used worldwide to control B. tabaci, for example, the use of insecticides and biocontrol using natural enemies such as parasitoids. The principal control method for B. tabaci is the use of broad-spectrum insecticides (Palumbo et al., 2001; Horowitz et al., 2020). The most widely used conventional insecticides are the neonicotinoids, which are utilized in more than 120 countries on 450 crops (Bakker et al., 2020). Neonicotinoids are applied through various application techniques (foliar, seed treatment, soil drench, and stem applications) and are effective in controlling sucking and biting insects such as whiteflies, aphids, thrips, leaf miners, beetles, and lepidopterans (Jeschke et al., 2011). Imidacloprid, the first neonicotinoid introduced in the early 1990s, and thiamethoxam introduced in 1998 are among the most used insecticides in prophylactic seed treatments and foliar application (Bakker et al., 2020; Goulson, 2013; Jeschke et al., 2011; Simon-Delso et al., 2015). Thiamethoxam exhibits exceptional systemic characteristics and is used for broad range control of crop pests such as whiteflies, aphids, jassids, thrips, rice hoppers, beetle, and wireworms, as well as some lepidopteran species. Thiamethoxam is developed both for foliar/soil applications and as a seed treatment for use in most agricultural crops all over the world (Maienfisch et al., 2001).

Conventional synthetic insecticides widely deployed in crop protection are harmful to humans, non-target insects, and aquatic invertebrates and cause environmental degradation and pollution of agroecosystems (Borsuah et al., 2020). Widespread indiscriminate use of these insecticides has triggered insect resistance development, rendering most of the available chemistries ineffective (Horowitz et al., 2020). This scenario has triggered increased damaging effects of pests, caused huge yield losses, increased production costs, and has compelled crop protection companies to invest in finding novel compounds with new modes of action (Sparks and Bryant, 2021; Sparks et al., 2021). There is a need to develop strategies that will include the judicious use of the current effective neonicotinoids, as the emergence of widespread insecticide resistance can pose threats to crop production and food security (Simon-Delso et al., 2015). Insecticide resistance in B. tabaci is widespread, and it has evolved to most of the insecticides used with approximately 650 reported cases detected to more than 60 active ingredients (Horowitz et al., 2020).

With the current stringent insecticide legislation, the exploitation of biocontrol agents and biopesticides has been widely considered as a suitable alternative to the use of chemical pesticides (Chandler et al., 2011; Singh et al., 2019). Mycoinsecticides including entomopathogenic fungi (EPF) play a vital role as an alternative to chemical pesticides in integrated pest management (IPM) and insecticide resistance management (IRM) programs in a more resilient and sustainable manner (Chandler et al., 2011; Li et al., 2024; Sain et al., 2021). Researchers in the past have demonstrated entomopathogenic fungi (EPF) as potential biopesticides. Approximately 700 species of EPF from approximately 90 genera are known to be pathogenic to arthropod pests (Sani et al., 2020). Studies of whitefly management using EPFs have focused on a few such as Beauveria bassiana (Bals-Criv.) Vuill., Cordyceps fumosorosea (Wize) Kepler, B. Shrestha and Spatafora [=Isaria fumosorosea (Wize) or Paecilomyces fumosoroseus (Wize) A.H.S. Brown and G. Smith], Metarhizium anisopliae (Metschn.) Sorok., and Akanthomyces lecanii (Zimm.) Spatafora, Kepler & B. Shrestha [=Lecanicillium lecanii (Zimm.) Zare & W. Gams], Akanthomyces muscarius (Petch) Spatafora, and Kepler & B. Shrestha [=Lecanicillium muscarium (Petch) Zare & W. Gams] (Chandler, 2017; Lacey et al., 2015; Li et al., 2024; Perring et al., 2018; Sain et al., 2021). Several studies have explored the efficiency of different EPF species to manage B. tabaci in both field and glasshouse settings (Aguilera Sammaritano et al., 2016; Garrido-Jurado et al., 2017; Li et al., 2024; Sain et al., 2021; Sani et al., 2020).

Cassava cuttings as seed material permit insecticide application with the soaking of the cuttings. This provides a protection for the initial growth phase. Studies conducted in Tanzania, Brazil, Uganda, and Malawi have shown positive impacts from treating planting materials with formulations of protective systemic compounds before planting (Bayiyana et al., 2023; Caspary et al., 2023; de Oliveira et al., 2020; Issa et al., 2022; Nwokoro et al., 2024; Omongo et al., 2022). The advantages of seed dressings/cutting dips are that they require no action from the farmer and prophylactically protect all parts of the crop for several months following sowing, and they are also regarded as providing better crop targeting than spray applications (Jeschke et al., 2011).

Recently, there has been a growing interest in the use of biopesticides as a part of IPM programs to reduce negative impacts of synthetic insecticides to the environment and non-target organisms. This could also mitigate the development of insecticide resistance, hence prolonging the efficacy and use of insecticides (Dimase et al., 2024; Li et al., 2024). Alternative control strategies are urgently needed for B. tabaci that contribute to economic gain through effective pest control and reducing resistance, and which are environmentally friendly. In this study, we evaluated the efficacy of three commercial entomopathogenic fungi (EPF) biopesticides, Lecatech (Akanthomyces lecanii), Mycotal (Akanthomyces muscarius), and Beauvitech (Beauveria bassiana), against cassava B. tabaci under laboratory conditions. The efficacy of the two most lethal EPFs—Mycotal and Lecatech—was then determined through field trials. The efficacy of cutting dipping in insecticides (MandiPlus) in combination with spraying the EPF Lecatech against B. tabaci was also tested in the field. The parameters measured were nymph mortality and emergence for the laboratory experiments, and adult whitefly and nymph numbers, cassava mosaic disease (CMD), and cassava brown streak disease (CBSD) incidence and yield for the field experiments. The overall aim of this study was to identify effective control measures for cassava B. tabaci, which would be of benefit to the millions of cassava seed and root producers in Tanzania, as well as cassava producers elsewhere.




2 Materials and methods



2.1 Study locations

The laboratory experiment of this study was conducted at the International Institute of Tropical Agriculture (IITA), Dar es Salaam, Tanzania (6.7566°S, 39.2350°E, ~19 m.a.s.l). The laboratory temperature range was at 25 ± 1°C and with a relative humidity of 65 ± 5%. The plants used for the laboratory study were partially held in the screen house with temperature of 25°C–35°C and 65%–75% RH. The field experiments to evaluate EPF biopesticides (Lecatech and Mycotal) were conducted in research plots at the Tanzania Agricultural Research Institute (TARI) Chambezi station in Bagamoyo District and the TARI Mkuranga station in Mkuranga District, Coast Region, Tanzania. The field experiments to evaluate cutting dipping in insecticides in combination with spraying Lecatech were conducted in research plots at the TARI Chambezi station and the TARI Ukiriguru station in Misungwi District (Mwanza Region, Tanzania). Chambezi (6.5164°S, 38.9154°E, ~34 m.a.s.l) has an annual average temperature range 26°C–28°C, relative humid 65%–90%, annual rainfall 1,000–1,300 mm, and sandy soils. Mkuranga (7.1180°S, 39.2078°E, ~50 m.a.s.l) has an annual average temperature range 26°C–28°C, relative humid 65%–95%, annual rainfall 800–1,000 mm, and sandy soils. Ukiriguru (2.7167°S, 33.0167°E, ~1,150 m.a.s.l) has an annual average temperature range 22°C–25°C, relative humid 50%–90%, annual rainfall 800–1,200 mm, and sandy loam soils. Chambezi and Mkuranga are hotspots for CMD and CBSD due to the presence of abundant whiteflies and high virus inoculum pressure. Ukiriguru has high whitefly numbers but low CMD and CBSD inoculum pressure.




2.2 Cassava plant materials, whitefly colonies, entomopathogenic fungi biopesticides, and insecticides

Virus-free planting materials of cassava variety ‘Albert’ was used for the EPF studies in the laboratory and research plots, whereas variety ‘Kiroba’ was used for cutting dipping in insecticides combined with spraying Lecatech. Clean stems for Albert were collected from the TARI Ilonga station, Morogoro. Albert is known to be whitefly-susceptible and CBSD-susceptible but tolerant to CMD. Kiroba was collected from TARI Ilonga and TARI Ukiriguru. Kiroba is known to host moderate numbers of whiteflies, is susceptible to CMD, and is tolerant to CBSD. The variety Albert was used in initial experiments in the laboratory and entomopathogenic fungi studies because it is used for research purposes but not widely cultivated by farmers due to its susceptibility to CBSD and susceptibility to whiteflies. In the subsequent experiments on cutting dipping in MandiPlus and application of EPF Lecatech, variety Kiroba was selected because it is one of the mostly widely cultivated improved varieties in Tanzania. The whitefly B. tabaci haplogroup for the laboratory studies was sub-Saharan Africa–East and Southern Africa (SSA-ESA—equivalent to mitotype SSA1-SG3 commonly found in the Coastal region of Tanzania) (Wosula et al., 2017). The whiteflies were collected from cassava plants at Chambezi in Bagamoyo District, Coast Region, Tanzania, in May 2019 and introduced to potted cassava plants placed in a 50 × 50 × 100 cm netted cages. The cassava plants were grown in 7.5-L pots containing a mixture of soil and farmyard manure at a 4:1 ratio, and the whitefly colonies were reared on the cassava plants in the screenhouse at 25°C–30°C and 65%–75% RH. Whiteflies were transferred to fresh 1-month-old cassava plants at intervals of 4–6 weeks to maintain the colonies. Three commercial entomopathogenic fungi (EPF) biopesticides tested were Beauvitech = Beauveria bassiana, Lecatech = Akanthomyces lecanii (Dudutech Ltd., Kenya), and Mycotal® WG = Akanthomyces muscarius (Koppert Biological Systems, Netherlands). These EPF strains are known to be infective to homopteran insects and so were considered suitable candidates for testing against cassava B. tabaci. The ‘MandiPlus’, a formulation prepared by mixing a systemic insecticide Cruiser® 350FS (thiamethoxam 350 g/L) and a systemic fungicide Maxim XL 035FS (fludioxonil 25 g/L and Metalaxyl-M [mefenoxam] 10 g/L) and white vinyl paint, was developed by the Syngenta Foundation for Sustainable Agriculture to boost cassava seed multiplication rate (de Oliveira et al., 2020). A MandiPlus solution was prepared by mixing Cruiser® 350FS and Maxim XL 035FS purchased from Syngenta East Africa Ltd. at the rate of 800 mL Cruiser + 1.6 L Maxim. To this was added 2 L of white vinyl paint in 100 L of water. Imidacloprid (Attakan 350SC, Arysta Life Science Tanzania Ltd) was included as a standard. The vinyl paint was added to act as a sticker.




2.3 Laboratory experiment on efficacy of entomopathogenic fungi biopesticides

Three-week-old plants of the variety Albert were used with five plants (replicates) per treatment. A total of 30 adult whiteflies which had emerged within 4 days from 6- to 8 week-old colonies were introduced to potted cassava plants. These plants had a single leaf (second from the top, all other leaves were removed from the plants 24 h before the experiment), and whiteflies were confined in transparent perforated bread bags covering each test plant. The whiteflies were removed after 48 h and plants were held in the screen house until nymphs developed to the second and third instar stage. The plants were then transferred to the laboratory and the total number of nymphs counted with the aid of a light microscope. The spore suspension for the three commercial EPF biopesticides (Beauvitech, Lecatech, Mycotal) were prepared according to the manufacturer’s recommendations (20 g/20 L of water) and were sprayed uniformly on nymph-bearing leaves just before runoff using a 100-mL finger-tip sprayer. Control (untreated) plants were sprayed with distilled water. The plants were allowed to stand on the bench for 10 min until the leaves dried. The plants were then covered with a misted polythene bag to maintain high humidity for 72 h, after which the polythene bags were removed, and plants were covered with bread bags (to confine emerging whiteflies) and held in the laboratory in an open area that allowed natural light to sustain survival of cassava plants for 2 weeks. The experimental design was a complete randomized design (CRD). Data were recorded at 5, 10, and 14 days for shriveled/dead and emerged nymphs. The experiment was repeated two times giving a total of 15 plants per treatment.




2.4 Field experiment on efficacy of entomopathogenic fungi biopesticides

Two entomopathogenic fungi (EPF) biopesticides—Lecatech and Mycotal—were evaluated against cassava whitefly under field conditions. The experiment was carried out at two locations—Chambezi and Mkuranga in the Coast Region of Tanzania. The cassava plants of variety Albert were established in December 2021 (short rainy season ‘Vuli’) and harvested in August 2022. The experimental design was a randomized complete block design (RCBD) with four replicates/blocks. The cuttings (~20 cm long, ~7–9 nodes) were prepared and planted in a slanted position directly into the ground by inserting approximately two thirds of its length into the soil at a spacing of 1 m × 1 m. A total of 60 cassava plants were planted in each of the four blocks that were divided into subplot of 20 plants each. The three subplots in each block were randomly allocated the Mycotal, Lecatech, and control (untreated). The EPF biopesticides were sprayed at a double rate as per the manufacturer’s recommendations (20 g/20 L of water) once every month (2 weeks prior to data collection) using a standard 20-L Knapsack sprayer. A total of 10 plants from each subplot were randomly selected and tagged for monthly data collection. The data were recorded monthly for 6 months after planting (MAP) for live adult whiteflies (top fully opened five leaves), healthy and dead nymphs (14th leaf from the top or the lowest leaf in young plants), and CMD and CBSD incidence (proportion of symptomatic plants). CMD severity was assessed using the 1–5 scoring scale according to Sseruwagi et al. (2004)—score 1 = cassava plant showing no leaf symptom, 2 = mild distortion and mild chlorosis on the leaves, 3 = significant distortion and chlorosis on one-third of most leaves, 4 = extreme distortion and presence of mosaic patterns on two-third of most leaves and general reduction of leaf size, and 5 = very severe mosaic symptoms on all leaves, appearance of distortion, twisting, mis-shapen, and severe leaf reduction of most leaves accompanied by severe stunting of plants. CBSD severity was assessed using a score of 1–5, where 1 = no apparent symptoms; 2 = slight foliar feathery chlorosis and no stem lesions; 3 = prominent foliar feathery chlorosis, mild stem lesions, and no dieback; 4 = severe foliar feathery chlorosis, severe stem lesions, and no dieback; and 5 = defoliation, severe stem lesions, and die-back (Gondwe et al., 2003). At 10 MAP, the 10 plants from which monthly data were collected per plot, giving total of 40 plants per treatment, were harvested to determine number of roots per plant and root weight. The CBSD root incidence was assessed on all harvested roots from a sampled plant, using the 1–5 scoring scale where 1 = no apparent necrosis, 2 is ≤5% of root necrosis, 3 is 6%–10% of root necrosis, 4 is 11%–25% of root necrosis and mild root constrictions, and 5 is 25% of root necrosis with severe root constriction (Gondwe et al., 2003).




2.5 Field experiment on efficacy of cutting dipping in insecticides combined with spraying entomopathogenic fungi biopesticides

This study was conducted at two locations, TARI Chambezi and TARI Ukiriguru. The cassava plants of variety Kiroba were established in December 2022 (short rainy season ‘Vuli’) and harvested in August 2023. Lecatech was selected because its efficacy under field conditions was not significantly different compared with Mycotal, and it is affordable and available in Tanzania. MandiPlus and imidacloprid were applied by cutting dips. The cuttings (~20 cm long, ~7–9 nodes) were prepared from cassava stems and placed in polythene bags and immersed in MandiPlus and imidacloprid solutions for 1 h. The 1-h duration was selected based on a previous study which recorded higher whitefly mortality compared with shorter durations of 15 and 30 min (Issa et al., 2022). The cuttings were removed and air dried for 20 min. Cuttings were then planted as described previously. Lecatech was applied monthly (2 weeks prior to data collection) for 6 months (six times). The experimental design was a randomized complete block design (RCBD) with four replicates per treatment with 30 plants per plot. Field assessments were conducted at 1MAP, 3MAP, and 6MAP. Data were collected on 12 plants per treatment per replicate to determine cutting sprouting percentage at 1MAP, abundance of adult whiteflies on the top fully opened five leaves and number of nymphs on the 14th leaf or lowest leaf (for young plants) of the tallest stem of each sampled plant, incidence of CMD and CBSD, and severity of CMD and CBSD using the standard 1–5 scoring at 1MAP, 3MAP, and 6MAP, as well as stem number (stems per plant), stem height (base to shoot apex of tallest stem) at 6MAP, and root number and yield at 10MAP. The cost–benefit analysis for MandiPlus use was estimated using yield and sales for the Chambezi location. The yield in kg/plant was used to estimate yield per hectare by multiplying by 10,000 plants and the percentage of sprouting. The total income was estimated by multiplying the yield per hectare by the cost per tonne estimated at 245 USD (IPPMedia, 2024). The cost of cutting treatment with MandiPlus (cost of pesticides and dipping labor) was deducted to determine the net profit. Other costs such as purchase and transport of cassava clean planting material and preparation of cuttings were not included because the comparison was for clean planting material vs. clean planting material + MandiPlus.




2.6 Statistical analysis

The data were subjected to a one-way analysis of variance (ANOVA) using the generalized linear mixed effects models in RStudio version 4.3.2 (R Core Team) with the Quasibinomial distribution for nymph mortality/emergence, the Poisson distribution for whitefly adults and nymph numbers, the Gaussian distribution on log-transformed data for percentage incidence of CMD and CBSD, and percent and Gaussian distribution for yield data. The fixed factor was treatment, and the random factors were block and replication. Treatment effects were considered significant at P = 0.05. The LSMEANS statement was used to obtain least squares means, and the Tukey–Kramer test was used for mean separation. The disease severity scores for CMD and CBSD were subjected to a non-parametric Kruskal–Wallis test, and Dunn’s test with Bonferroni was used for mean separation. Treatment means and standard errors were obtained using the means and standard error statements.





3 Results



3.1 Efficacy of EPF biopesticides on whitefly nymphs under laboratory conditions

Under laboratory conditions, EPF treatments caused moderate to high whitefly nymph mortality (Table 1). Among the EPFs evaluated, Mycotal exhibited the highest efficacy in inducing nymph mortality, with Lecatech demonstrating intermediate effectiveness, whereas Beauvitech displayed the least impact on nymph survival. Five days after application of EPFs, the percentage of dead nymphs was significantly higher (P < 0.0001) for Mycotal (57.5%), Lecatech (30.4%), and Beauvitech (16.5%) compared with the control (0.5%) (Table 1). At 10 days, the percentages of dead nymphs significantly increased (P < 0.0001) by 82.3%, 43.3%, and 31.7% on Mycotal, Lecatech, and Beauvitech, respectively, compared with control (1.1%). At 14 days, the percentages of dead nymphs were greater than at 5 days and differed for each of the treatments (P < 0.0001). Percent mortality was 86.0% for Mycotal, 48.2% for Lecatech, 34.6% for Beauvitech, and 2.0% for the control (Table 1). The nymph emergence was less than 2% and not significantly different at 5 days in treatments and control. At 10 days, Mycotal had the least emerged nymphs (6.0%), followed by Lecatech (24.3%) and Beauvitech (28.5%), which were all significantly different compared with the control (45.5%). At 14 days, Mycotal had the least emerged nymphs (13.7%), followed by Lecatech (49.6%) and Beauvitech (60.6%), which were all significantly different compared with the control (90.7%) (Table 1). All the three EPF treatments decreased survival rates of whitefly nymphs with Mycotal as the most lethal followed by Lecatech and Beauvitech.


Table 1 | The percentage of dead nymphs and emerged nymphs at 5, 10, and 14 days after application of EPF biopesticides under laboratory conditions (means ± SEM)Z.
	Nymph status
	Treatment
	Duration in days after treatment


	Day 5 (%)
	Day 10 (%)
	Day 14 (%)



	Dead
	Control
	0.5 ± 0.2a
	1.1 ± 0.3a
	2.0 ± 0.4a


	Beauvitech
	16.5 ± 3.5b
	31.7 ± 4.4b
	34.6 ± 4.3b


	Lecatech
	30.4 ± 6.3c
	43.3 ± 5.3c
	48.2 ± 6.2c


	Mycotal
	57.4 ± 9.5d
	82.3 ± 2.5d
	86.0 ± 1.9d


	P value
	<0.0001
	<0.0001
	<0.0001


	Emerged
	Control
	0.7 ± 0.5a
	45.3 ± 6.4c
	90.7 ± 1.2c


	Beauvitech
	0.7 ± 0.5a
	28.5 ± 4.5b
	60.6 ± 3.6b


	Lecatech
	1.8 ± 0.9a
	24.3 ± 5.3b
	49.6 ± 5.2b


	Mycotal
	0.3 ± 0.2a
	6.0 ± 1.5a
	13.7 ± 1.9a


	P value
	0.9917
	<0.0001
	<0.0001





ZMeans with the same letter within columns for each nymph status are not significantly different (P = 0.05, Tukey–Kramer test).






3.2 Efficacy of EPF biopesticides on whitefly under field conditions



3.2.1 Whitefly abundance

The adult whitefly numbers on the top five leaves counted monthly for up to 6 months after planting were not significantly different in EPF treatments compared with the control except for Mycotal (P = 0.0023) 3 months after planting (3MAP) at Chambezi (Figures 1A, B). At Chambezi, cassava plants treated with Mycotal had 68% fewer (P < 0.05) healthy nymphs compared with the control, whereas for the Lecatech treatment, there were 64% fewer healthy nymphs than in the control (Figure 2A). The average number of dead nymphs on Mycotal-treated (38.9) and Lecatech-treated (39.0) plants were on average 28 times higher during the 6-month duration compared with the control (1.4) (Figure 2B). At Mkuranga, cassava plants treated with Mycotal had 75% fewer (P < 0.05) healthy nymphs compared with the control, whereas for Lecatech, there were 69% fewer healthy nymphs than in the control (Figure 2C). The average number of dead nymphs on Mycotal-treated (43.2) and Lecatech-treated (33.6) plants were on average 47 and 36 times higher, respectively, during the 6-month duration compared with the control (0.9) (Figure 2D).

[image: Two line graphs labeled A and B compare the number of adult whiteflies under three conditions: Control (blue), Lecatech (red), and Mycotal (green). The x-axis represents months after planting (1MAP to 6MAP), and the y-axis shows the number of adult whiteflies, ranging from 0 to 200. In graph A, Lecatech peaks at 2MAP then declines, while in graph B, all three lines show a higher peak at 2MAP before decreasing similarly. Error bars indicate variability.]
Figure 1 | Adult whitefly numbers recorded from the top five leaves for a 6-month period at Chambezi (A) and Mkuranga (B). Field experiments on the application of EPF biopesticides. Treatment means denoted with an asterisk (*) within each MAP are significantly different from the control (P = 0.05, Tukey–Kramer test). MAP, months after planting.

[image: Four line graphs labeled A to D compare the effects of Control, Lecatech, and Mycotal on the number of healthy and dead nymphs on the fourteenth leaf over 1MAP to 6MAP. Graphs A and C show healthy nymphs; graphs B and D show dead nymphs. Control shows consistently higher healthy and lower dead nymph counts. Lecatech and Mycotal results show similar trends with lower healthy and higher dead nymph counts compared to Control. Error bars indicate variability, and asterisks denote significant differences.]
Figure 2 | Whitefly nymph numbers on the 14th leaf for a 6-month period at Chambezi—healthy (A) and dead (B) and at Mkuranga—healthy (C) and dead (D). Field experiments on the application of EPF biopesticides. Treatment means denoted with an asterisk (*) within each MAP are significantly different from the control (P = 0.05, Tukey–Kramer test). MAP, months after planting.




3.2.2 Cassava mosaic disease and cassava brown streak incidence

CMD symptoms were not observed in cassava plants at either Chambezi or Mkuranga during the 6-month data collection period. CBSD incidence at the end of the experimental period in Chambezi was 100% for both EPF treatments as well as the control (Figure 3A). The same situation was recorded at Mkuranga, where all treatments had 100% incidence by the end of the experiment (Figure 3B). CBSD leaf symptom severity was not significantly different in Mycotal and Lecatech treatments compared with the control at either of the two locations for any of the experimental records (1MAP-6MAP) (Table 2).

[image: Two line graphs compare the percentage of CBSD incidence over six months as control (blue), Lecatech (red), and Mycotal (green) treatments. Both graphs, labeled A and B, show similar trends with a rapid increase in incidence peaking around 4 MAP and stabilizing afterwards.]
Figure 3 | The percentage incidence of CBSD (A) at Chambezi and (B) at Mkuranga recorded for a 6-month period. Field experiments on the application of EPF biopesticides. Treatment means were not significantly different from the control (P = 0.05, Tukey–Kramer test). MAP, months after planting.


Table 2 | The disease severity scores of CBSD in cassava plants sprayed with EPF biopesticides (means ± SEM)Z.
	Location
	Month after planting (MAP)
	Control
	Lecatech
	Mycotal
	P value



	Chambezi
	1MAP
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	–


	2MAP
	2.0 ± 0.0
	2.0 ± 0.0
	2.0 ± 0.0
	–


	3MAP
	2.8 ± 0.1a
	2.7 ± 0.1a
	2.7 ± 0.1a
	0.6438


	4MAP
	3.1 ± 0.0a
	3.1 ± 0.0a
	3.1 ± 0.0a
	0.8603


	5MAP
	3.2 ± 0.1a
	3.3 ± 0.1a
	3.2 ± 0.1a
	0.9549


	6MAP
	3.4 ± 0.1a
	3.5 ± 0.0a
	3.4 ± 0.1a
	0.6664


	Mkuranga
	1MAP
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	–


	2MAP
	2.0 ± 0.0
	2.0 ± 0.0
	2.0 ± 0.0
	–


	3MAP
	2.9 ± 0.1a
	3.0 ± 0.0a
	3.0 ± 0.0a
	0.4030


	4MAP
	3.0 ± 0.0
	3.0 ± 0.0
	3.0 ± 0.0
	–


	5MAP
	3.0 ± 0.0
	3.0 ± 0.0
	3.0 ± 0.0
	–


	6MAP
	3.7 ± 0.1a
	3.5 ± 0.1a
	3.5 ± 0.1a
	0.0840





ZMeans with the same letter within rows are not significantly different (P = 0.05 Kruskal–Wallis test/Dunn’s test).






3.2.3 Yield parameters

Root CBSD incidence at Chambezi was not significantly different for Mycotal (93.3%) or Lecatech (92.8%) compared with the control (94.2%) (Table 3). Root CBSD severity values (3.1–3.3) also showed no significant difference between treatments. However, at Mkuranga, root CBSD incidence was significantly lower (P < 0.0001) for Mycotal (71.3%) and Lecatech (73.4%) compared with the control (93.4%). Furthermore, root CBSD severity was significantly lower (P = 0.0058) in Mycotal (2.8) compared with the control (3.3) (Table 3). The root number at Chambezi was not significantly different in treatments compared with the control, whereas at Mkuranga, Lecatech had significantly fewer roots (4.8) compared with the control (6.1). The root yield which ranged from 1.2 to 1.5kg/plant was not significantly different in EPF treatments compared with the control at both locations (Table 3).


Table 3 | Yield parameters and CBSD root incidence and severity of cassava plants sprayed with EPF biopesticides Mycotal and Lecatech (means ± SEM)Z.
	Location
	Parameter
	Control
	Mycotal
	Lecatech
	P value



	Chambezi
	Root number
	5.4 ± 0.2a
	5.1± 0.2a
	5.3 ± 0.2a
	0.8506


	Root yield (kg)
	1.4 ± 0.2a
	1.6 ± 0.2a
	1.5 ± 0.2a
	0.7443


	Root CBSD incidence (%)
	94.2 ± 2.5a
	93.3 ± 2.2a
	92.8 ± 2.2a
	0.8022


	Root CBSD severity
	3.1 ± 0.1a
	3.1 ± 0.1a
	3.3 ± 0.1a
	0.3784


	Mkuranga
	Root number
	6.1 ± 0.1b
	5.4 ± 0.2ab
	4.8 ± 0.2a
	0.0392


	Root yield (kg/plant)
	1.2 ± 0.1a
	1.2 ± 0.2a
	1.3 ± 0.2a
	0.6791


	Root CBSD incidence (%)
	93.4 ± 2.6b
	71.3 ± 5.1a
	73.4 ± 4.6a
	<0.0001


	Root CBSD severity
	3.29 ± 0.11a
	2.80 ± 0.11b
	2.95 ± 0.12ab
	0.0058





ZMeans with the same letter within rows for root number, root yield, and CBSD incidence are not significantly different (P = 0.05, Tukey–Kramer test). Means with the same letter within rows for root CBSD severity are not significantly different (P = 0.05, Kruskal–Wallis test/Dunn’s test).







3.3 Efficacy of cutting dipping in insecticides and application of EPF biopesticides on whitefly under field conditions



3.3.1 Whitefly abundance

This experiment combined dipping cuttings in insecticides once before planting and thereafter spraying of a commercial EPF (Lecatech) monthly for a duration of 6 months. At Chambezi, the average number of adult whiteflies on the top five leaves at 1MAP was significantly fewer than the control (P <0.0001) for all treatments, although all treatments including insecticides had fewer whitefly adults than Lecatech. At 3MAP, when whitefly numbers peaked, MandiPlus and MandiPlus + Lecatech had significantly fewer (P < 0.0001) adult whiteflies compared with the control. Imidacloprid and imidacloprid + Lecatech and Lecatech similarly had fewer whiteflies compared with the control. At 6MAP, MandiPlus and MandiPlus + Lecatech had significantly fewer whiteflies compared with other treatments, although the numbers were generally very low (Table 4). Nymphs were not present on the plants at 1MAP. At 3MAP MandiPlus, MandiPlus + Lecatech, imidacloprid, imidacloprid + Lecatech, and Lecatech had significantly fewer (P < 0.0001) nymphs compared with the control, although nymph numbers in all treatments that included insecticides were significantly less than those in the Lecatech only treatment. At 6MAP, all treatments had significantly fewer nymphs than the control, although reductions in nymph numbers were again greatest for the MandiPlus and MandiPlus + Lecatech treatments (Table 4). The percentage reduction of adult whiteflies in treatments at 3MAP was as follows: imidacloprid (57.4%), imidacloprid + Lecatech (65.4%), MandiPlus (83.3%), MandiPlus + Lecatech (79.6%), and Lecatech (35.8%) compared with the control. The percentage reduction of nymphs in treatments at 3MAP was as follows: imidacloprid (72.0%), imidacloprid + Lecatech (76.3%), MandiPlus (91.1%), MandiPlus + Lecatech (85.8%), and Lecatech (53.8%) compared with the control. At Ukiriguru, the average number of adult whiteflies on the top five leaves at 1MAP was significantly fewer in the imidacloprid, imidacloprid + Lecatech, MandiPlus, MandiPlus + Lecatech, and Lecatech treatments compared with the control, although all treatments with insecticides had fewer adult whiteflies than the Lecatech treatment (Table 5). At 3MAP, the percentage reduction in adult whitefly numbers for each of the treatments was as follows: imidacloprid (82.8%), imidacloprid + Lecatech (85.1%), MandiPlus (86.0%), MandiPlus + Lecatech (90.6%), and Lecatech (22.7%) compared with the control. At 6MAP, whitefly numbers were very low averaging less than one in treatments and the control (Table 5). There were no nymphs recorded in any of the treatments at 1MAP. At 3MAP, the percentage reduction in nymph numbers was as follows: imidacloprid (83.0%), imidacloprid + Lecatech (88.0%), MandiPlus (89.2%), MandiPlus + Lecatech (92.0%), and Lecatech (55.2%) compared with the control. At 6MAP, nymph numbers were very low averaging less than two in treatments and the control.


Table 4 | Whitefly adult and nymph numbers, and CMD and CBSD incidence and severity at Chambezi for cutting dipping in insecticides and application of EPF Lecatech (means ± SEM)Z.
	Parameter
	Treatment
	1 MAP
	3 MAP
	6 MAP



	Number of adult whiteflies
	Control
	1.2 ± 0.2b
	16.2 ± 2.3d
	1.3 ± 0.3c


	Lecatech
	1.0 ± 0.2b
	10.4 ± 1.5c
	0.3 ± 0.1b


	Imidacloprid
	0.3 ± 0.1a
	6.9 ± 1.2b
	0.6 ± 0.2ab


	MandiPlus
	0.2 ± 0.1a
	2.7 ± 0.1a
	0.1 ± 0.0a


	Imidacloprid + Lecatech
	0.3 ± 0.1a
	5.6 ± 0.6b
	0.4 ± 0.4ab


	MandiPlus + Lecatech
	0.4 ± 0.1b
	3.3 ± 0.6a
	0.0 ± 0.0a


	P value
	<0.0001
	<0.0001
	<0.0001


	Number of nymphs
	Control
	0.0 ± 0.0
	32.5 ± 5.1e
	17.6 ± 3.1d


	Lecatech
	0.0 ± 0.0
	15.0 ± 3.0d
	9.4 ± 2.5c


	Imidacloprid
	0.0 ± 0.0
	9.1 ± 2.0c
	4.6 ± 1.4b


	MandiPlus
	0.0 ± 0.0
	2.9 ± 1.1a
	4.0 ± 1.2b


	Imidacloprid + Lecatech
	0.0 ± 0.0
	7.7 ± 1.7c
	4.5 ± 1.7b


	MandiPlus + Lecatech
	0.0 ± 0.0
	4.6 ± 1.4b
	2.8 ± 1.1a


	P value
	–
	<0.0001
	<0.0001


	CMD incidence (%)
	Control
	0.0 ± 0.0
	27.1 ± 6.5b
	68.8 ± 6.8b


	Lecatech
	0.0 ± 0.0
	18.8 ± 5.7ab
	77.1 ± 6.1b


	Imidacloprid
	0.0 ± 0.0
	6.3 ± 3.5ab
	37.5 ± 7.1b


	MandiPlus
	0.0 ± 0.0
	0.0 ± 0.0a
	10.4 ± 4.5a


	Imidacloprid + Lecatech
	0.0 ± 0.0
	6.3 ± 3.5ab
	41.7 ± 7.2b


	MandiPlus + Lecatech
	0.0 ± 0.0
	4.2 ± 2.9ab
	10.4 ± 4.5a


	P value
	–
	<0.0001
	<0.0001


	CBSD incidence (%)
	Control
	0.0 ± 0.0
	14.6 ± 5.1c
	95.8 ± 2.9c


	Lecatech
	0.0 ± 0.0
	4.2 ± 2.9b
	85.4 ± 5.1bc


	Imidacloprid
	0.0 ± 0.0
	4.2 ± 2.9b
	60.4 ± 7.1ab


	MandiPlus
	0.0 ± 0.0
	0.0 ± 0.0a
	50.0 ± 7.3a


	Imidacloprid + Lecatech
	0.0 ± 0.0
	4.2 ± 2.9b
	58.3 ± 7.2a


	MandiPlus + Lecatech
	0.0 ± 0.0
	4.2 ± 2.9b
	58.3 ± 7.2a


	P value
	–
	<0.0001
	<0.0001


	CMD severity
	Control
	0.0 ± 0.0
	3.2 ± 0.2a
	3.3 ± 0.1a


	Lecatech
	0.0 ± 0.0
	3.1 ± 0.2a
	3.2 ± 0.7a


	Imidacloprid
	0.0 ± 0.0
	3.0 ± 0.0a
	3.1 ± 0.1a


	MandiPlus
	0.0 ± 0.0
	0.0 ± 0.0a
	3.0 ± 0.0a


	Imidacloprid + Lecatech
	0.0 ± 0.0
	3.3 ± 0.3a
	3.3 ± 0.2a


	MandiPlus + Lecatech
	0.0 ± 0.0
	3.0 ± 0.0a
	3.0 ± 0.0a


	P value
	–
	0.9205
	0.4611


	CBSD severity
	Control
	0.0 ± 0.0
	2.9 ± 0.3a
	2.9 ± 0.05b


	Lecatech
	0.0 ± 0.0
	3.0 ± 0.0a
	2.9 ± 0.1b


	Imidacloprid
	0.0 ± 0.0
	2.0 ± 0.0a
	2.83 ± 0.1ab


	MandiPlus
	0.0 ± 0.0
	0.0 ± 0.0a
	2.54 ± 0.1a


	Imidacloprid + Lecatech
	0.0 ± 0.0
	2.0 ± 0.0a
	2.93 ± 0.1b


	MandiPlus + Lecatech
	0.0 ± 0.0
	2.0 ± 0.0a
	2.64 ± 0.1b


	P value
	–
	0.0916
	0.0037





ZMeans with the same letter within columns for whiteflies, nymphs, and CMD and CBSD incidence are not significantly different (P = 0.05, Tukey–Kramer test). Means with the same letter within columns for CMD and CBSD severity are not significantly different (P = 0.05 Kruskal–Wallis test/Dunn’s test).




Table 5 | Whitefly adult and nymph numbers at Ukiriguru for cutting dipping in insecticides and application for EPF Lecatech (means ± SEM)Z.
	Parameter
	Treatment
	1 MAP
	3 MAP
	6 MAP



	Number of adult whiteflies
	Control
	2.9 ± 0.7c
	12.8 ± 2.3d
	0.6 ± 0.2b


	Lecatech
	1.1 ± 0.2b
	9.9 ± 2.5c
	0.4 ± 0.2 ab


	Imidacloprid
	0.2 ± 0.1a
	2.2 ± 0.5b
	0.2 ± 0.1ab


	MandiPlus
	0.2 ± 0.1a
	1.8 ± 0.4ab
	0.2 ± 0.1a


	Imidacloprid + Lecatech
	0.2 ± 0.1a
	1.9 ± 0.4b
	0.5 ± 0.3ab


	MandiPlus + Lecatech
	0.1 ± 0.1a
	1.2 ± 0.3a
	0.3 ± 0.1ab


	P value
	<0.0001
	<0.0001
	<0.0001


	Number of nymphs
	Control
	0.0 ± 0.0
	40.0 ± 6.0d
	1.9 ± 0.7c


	Lecatech
	0.0 ± 0.0
	17.9 ± 3.5c
	0.8 ± 0.4b


	Imidacloprid
	0.0 ± 0.0
	6.8 ± 1.8b
	1.1 ± 0.5b


	MandiPlus
	0.0 ± 0.0
	4.3 ± 1.3ab
	0.2 ± 0.1a


	Imidacloprid + Lecatech
	0.0 ± 0.0
	4.8 ± 1.4ab
	0.9 ± 0.3b


	MandiPlus + Lecatech
	0.0 ± 0.0
	3.2 ± 1.1a
	0.2 ± 0.2a


	P value
	–
	<0.0001
	<0.0001





ZMeans with the same letter within columns for each parameter are not significantly different (P = 0.05, Tukey–Kramer test).






3.3.2 Cassava mosaic and cassava brown streak incidence

At Chambezi, CMD symptoms were not observed in plants at 1MAP. At 3MAP, no symptoms were observed in the MandiPlus treatment. MandiPlus + Lecatech, imidacloprid, and imidacloprid + Lecatech had lower CMD incidence 4.2%–6.3% compared with Lecatech (18.8%) and the control (27.1%), although these differences were not significant. At 6MAP, MandiPlus and MandiPlus + Lecatech had 10.4% CMD incidence, which was significantly lower than the 68.8% in the control. Imidacloprid, imidacloprid + Lecatech, and Lecatech had incidences of 37.5%, 41.7%, and 77.1%, respectively, which were not significantly different from the control (Table 4). CMD severity was not significantly different in treatments compared with the control with a score of ≥3 at 6MAP (Table 4). CBSD symptoms were not observed in plants at 1MAP. At 3MAP, no symptoms were observed in the MandiPlus treatment. MandiPlus + Lecatech, imidacloprid, imidacloprid + Lecatech, and Lecatech had low incidences of 4.2%, which were significantly less (P < 0.0001) than the control (14.6%). At 6MAP, MandiPlus and MandiPlus + Lecatech, imidacloprid, and imidacloprid + Lecatech had CBSD incidences ranging from 50.0% to 60.4%, which was significantly lower than the 95.8% in the control. Lecatech had an incidence of 85.4%, which was not significantly different compared with the control (Table 4). CBSD severity at 3MAP was not significantly different in treatments compared with the control, but at 6MAP, the score of 2.5 in MandiPlus was significantly lower (P = 0.0037) than the severity in all other treatments apart from that of imidacloprid (Table 4). At Ukiriguru, CMD symptoms were only observed in Lecatech <2%, whereas CBSD symptoms were not observed in any of the treatments or the control.




3.3.3 Yield parameters

At Chambezi, the sprouting percentage of cuttings at 1MAP (70.2–78.5%) in treatments was not significantly different compared with the control (73.2%) (Table 6). The number of stems in the MandiPlus treatment (4.6) was significantly higher (P = 0.0037) and more than twice the number of that in the control (2.1). Other treatments had 2.7 to 3.8 stems per cutting—values which were not significantly different from the control. The stem height for treatments ranged from 199 to 224 cm, with MandiPlus and MandiPlus + Lecatech having significantly longer (P < 0.0001) stems compared with control whereas other treatments were not significant (Table 6). The number of roots per plant was significantly higher (P = 0.0007) (41%–43%) in the imidacloprid + Lecatech, MandiPlus, and MandiPlus + Lecatech treatments compared with control, whereas other treatments did not differ from the control. Root yield was significantly higher (P < 0.0001) (45%–63%) in the imidacloprid + Lecatech, MandiPlus, and MandiPlus + Lecatech treatments compared with the control. Root yields for the imidacloprid and Lecatech treatments were not significantly different to the control. CBSD symptoms were not observed in harvested roots. At Ukiriguru, the sprouting percentage of cuttings at 1MAP (70.8%–75.5%) in treatments was not significantly different compared with the control (73.0%) (Table 6). Similarly, the number of stems per cutting in treatments (2.2–2.6) was not significantly different to the control (1.9). Stem height in treatments (105–139 cm) was significantly higher ((P < 0.0001)) for MandiPlus (34%) and MandiPlus + Lecatech (22%) compared with the control (104 cm). The number of roots was not significantly different in treatments compared with the control. Root yield was significantly higher (P < 0.0001) (82%) in the MandiPlus and MandiPlus + Lecatech treatments compared with the control. The yield in the imidacloprid + Lecatech treatment was also significantly greater (36%) than that of the control. Yields of the remaining treatments did not differ significantly from the control. CBSD symptoms were not observed in harvested roots for treatments and control.


Table 6 | Yield parameters and CBSD root incidence for cutting dipping in insecticides and application of EPF Lecatech (means ± SEM)Z.
	Location
	Treatment
	Sprouting (%)
	Stem number per plant
	Stem height (cm)
	Root number per plant
	Root weight (kg/plant)



	Chambezi
	Control
	73.3 ± 6.5a
	2.1 ± 0.2a
	203.0 ± 3.1a
	5.4 ± 0.4a
	4.0 ± 0.3a


	Lecatech
	75.5 ± 2.6a
	3.6 ± 0.5ab
	200.0 ± 6.0a
	6.1 ± 0.4ab
	4.1 ± 0.3a


	Imidacloprid
	78.5 ± 2.1a
	2.9 ± 0.5ab
	199.0 ± 3.7a
	6.7 ± 0.4ab
	4.7 ± 0.4ab


	MandiPlus
	71.0 ± 2.9a
	4.6 ± 0.6b
	224.0 ± 3.4b
	7.6 ± 0.5b
	6.0 ± 0.4bc


	Imidacloprid + Lecatech
	70.2 ± 4.5a
	2.7 ± 0.6ab
	209.0 ± 6.4ab
	7.6 ± 0.6b
	5.8 ± 0.6bc


	MandiPlus + Lecatech
	72.2 ± 4.7a
	3.8 ± 0.5ab
	218.0 ± 3.8b
	7.7 ± 0.5b
	6.5 ± 0.5c


	P value
	0.7350
	0.0037
	<0.0001
	0.0007
	<0.0001


	Ukiriguru
	Control
	73.0 ± 1.8a
	1.9 ± 0.2a
	104.0 ± 2.3a
	4.3 ± 0.3a
	1.1 ± 0.1a


	Lecatech
	70.8 ± 3.9a
	2.3 ± 0.2a
	105.0 ± 2.5a
	4.4 ± 0.4a
	1.4 ± 0.1ab


	Imidacloprid
	75.2 ± 5.7a
	2.3 ± 0.3a
	118.0 ± 2.5ab
	4.2 ± 0.3a
	1.4 ± 0.1ab


	MandiPlus
	75.5 ± 1.9a
	2.6 ± 0.3a
	139.0 ± 4.9c
	4.7 ± 0.3a
	2.0 ± 0.1c


	Imidacloprid + Lecatech
	70.8 ± 4.8a
	2.2 ± 0.2a
	116.0 ± 3.7ab
	4.3 ± 0.3a
	1.5 ± 0.1b


	MandiPlus + Lecatech
	71.5 ± 1.2a
	2.4 ± 0.2a
	127.0 ± 4.1bc
	4.7 ± 0.3a
	2.0 ± 0.1c


	P value
	0.8700
	0.3729
	<0.0001
	0.8471
	<0.0001





ZMeans with the same letter within columns for each location are not significantly different (P = 0.05, Tukey–Kramer test).








4 Discussion

The current study sought to evaluate the effectiveness of EPFs in the control of B. tabaci, which is an important pest and vector of viruses of cassava. In addition, the study aimed to understand the effectiveness against cassava whiteflies of the MandiPlus insecticide/fungicide formulation when applied through cutting dips. The findings from this study reveal that EPF treatments caused medium to high mortality of whitefly nymph, with Mycotal being the most lethal under laboratory conditions. However, under field conditions, the efficacies of Mycotal and Lecatech were similar and both were relatively low, resulting in no significant yield benefits. Cutting dipping in MandiPlus was effective at reducing adult whitefly and nymph numbers, as well as incidence of cassava mosaic (CMD) and cassava brown streak (CBSD) diseases, and gave rise to significant yield increases. The application of Lecatech in combination with cutting dipping in MandiPlus did not confer any significant gains in terms of reduction of whitefly numbers, CMD and CBSD incidence, and increase in yield when compared with MandiPlus only.

Several studies have tested the efficacy of entomopathogenic biopesticides from the genus Beauveria and Akanthomyces against B. tabaci under laboratory, screen house, and field conditions. The whitefly mortality under laboratory conditions and field conditions for EPFs in this study is comparable with other studies that have shown that EPFs in the genera Beauveria and Akanthomyces spp. cause significant mortality in B. tabaci at all stages under laboratory, screen house, and field conditions (Assadi et al., 2021; Chouikhi et al., 2022; Ghongade and Sangha, 2021; Keerio et al., 2020; Sain et al., 2021; Wichienchote et al., 2024). In our study, however, application of EPFs under field conditions had no significant effect on CBSD incidence (leaf and root) and root yield. The high incidence of CBSD (100%) at 4MAP in treatments and control could be attributed to the susceptibility of variety Albert and the presence of inoculum from surrounding plots, combined with high whitefly abundances that averaged >100 per top five leaves at 2MAP in both locations. Other studies have reported similar findings, where the application of B. bassiana reduced whitefly numbers but had no effect on CMD incidence and cassava root yield (Wichienchote et al., 2024).

The combination of cutting dipping in MandiPlus and spraying of the EPF Lecatech shows that MandiPlus alone was very effective in reducing adult whitely numbers and CMD, as it substantially reduced CBSD and significantly increased stem and root yield. Lecatech applied in combination with MandiPlus did not yield significantly better results compared with MandiPlus alone, indicating that EPFs are less effective in controlling whitefly-transmitted viruses and increasing yield under field conditions. Cutting dips in imidacloprid produced greater yield benefits than EPFs although less than MandiPlus. Lecatech applied in combination with MandiPlus did not yield significantly better results compared with MandiPlus alone, indicating that Lecatech was not effective in controlling whitefly-transmitted viruses and increasing yield under the field conditions of this study. The low incidence of CMD in the MandiPlus treatment is notable considering that the variety Kiroba used in this study is known to be CMD-susceptible—readily expressing foliar symptoms (Shirima et al., 2019), although it is tolerant to CBSD in the sense that CBSD-infected plants rarely show symptoms of root necrosis in tuberous roots. In our field experiments, CBSD symptoms were observed in roots at harvest, and in the EPF treatment, the susceptible variety Albert had 93% CBSD root incidence. The very low incidence of CMD <2% only in Lecatech and no CBSD at Ukiriguru despite the presence of high whitefly populations could be attributed to a lack of virus inoculum in the surrounds of the experiment. Other studies have reported significant reduction in whiteflies, virus incidence, and increase in yield through cutting dipping in insecticides. An evaluation of MandiPlus in Malawi reported a significant reduction in adult whitefly numbers (87%), nymphs (70%), and CMD incidence (17% higher in untreated) but no significant effect on CBSD, and an increase of ~50% in stem and root yield (Nwokoro et al., 2024). A previous field study with cutting dipping in flupyradifurone reported reductions of 71% in adult whiteflies, 85% in nymphs, a 45% reduction in CMD, but no effect on CBSD which reached 100% in the susceptible variety Albert (Issa et al., 2022). In variety Mkuranga1, there was a reduction of 50% in adult whiteflies, 87% in nymphs, and 10% in CBSD. A farmer participatory field trial testing cutting dipping in flupyradifurone (variety Kiroba) demonstrated reductions of 41% in adult whiteflies, 65% in nymphs, and 14% in CMD, no effect on CBSD, an increased stem height of 46%, and root yield increases of 49% (Caspary et al., 2023). This 49% root yield increase, also recorded from the coastal district of Mkuranga, is closely comparable with the 50% increase derived from the MandiPlus treatment in our study at Chambezi. Root yields increased by 82% at Ukiriguru through the MandiPlus treatment, but the general yield was very low compared with Chambezi. This difference could be attributed to drought that had a general depressing effect on yields recorded at Ukiriguru. Imidacloprid, an insecticide that is readily available and affordable on the Tanzanian market, had significant effects in reducing whiteflies as well as incidences of CMD and CBSD, but there were no significant increases in root yield. A previous study on cassava tested combining cutting dipping and spraying of imidacloprid and reported reduced whitefly numbers and CMD and CBSD incidence and a yield gain of approximately 50% in treated compared with control plots (Omongo et al., 2022). In another study with research plots at multiple locations and several varieties, cutting dipping in imidacloprid alone with no subsequent spraying increased root yield by ca. 31% compared with the control (Bayiyana et al., 2023). The differences in performance of varieties emphasize the need to combine cutting dipping technology with clean planting materials of cassava varieties tolerant to CMD and CBSD.

Cassava whiteflies negatively impact cassava production through direct feeding damage and transmission of viruses that cause CMD and CBSD. The yield loss resulting from combined damage of whiteflies, CMD, and CBSD threaten the livelihoods of over 500 million people in sub-Saharan Africa. Breeding and phytosanitary strategies have focused more on CMD and CBSD with insignificant regard to the whitefly vector. The continued presence and abundance of these whiteflies threatens the sustainability of virus-resistant varieties as sustained virus pressure coupled with abundant whitefly vector populations could hasten resistance breakdown. Furthermore, efforts to implement sustainable cassava seed systems which include maximum allowable levels of virus infection (Legg et al., 2022) are also threatened by unmanaged whitefly populations. Results from the current study demonstrating significant reductions in virus incidence following single cutting dip treatments with MandiPlus show clearly that combining clean planting material and management of whiteflies through insecticide cutting dips could make it easier for both seed and root producers to achieve expected productivity targets. Based on the results from Chambezi, a farmer who plants clean cuttings treated with MandiPlus could harvest 43 t/ha compared with 29 t/ha obtained with clean planting material without MandiPlus treatment, and a cassava clean seed producer who uses MandiPlus treated cuttings could harvest 65,300 stems/ha compared with 30,800 stems/ha for untreated cuttings. An economic benefit analysis for cutting dipping in MandiPlus based on the farmgate cassava fresh root price in Tanzania of 245 USD/t (IPPMedia, 2024) shows that the yield/ha value for cassava of variety Kiroba produced with MandiPlus-treated cuttings (USD 10,535) is USD 3,430 greater than that for the yield produced by untreated cuttings (USD 7,105). The cost of MandiPlus (insecticide, fungicides, water, and dipping labor) was estimated at 600 USD/Ha. A farmer using MandiPlus will therefore make 2,830 USD more per hectare compared with one who plants only clean seed.

These findings show the importance of combining host plant resistance, clean planting material, and control of whiteflies to increase cassava production (Caspary et al., 2023; Issa et al., 2022; Shirima et al., 2020; Wamani et al., 2024; Yabeja et al., 2025). The impact of whiteflies is most significant during the early months of cassava crop production, when plants are most suitable for rapid population growth and rapid virus spread occurs (Caspary et al., 2023; Issa et al., 2022; Shirima et al., 2019; Yabeja et al., 2025). Cutting dipping using systemic insecticides has been shown to be highly effective in reducing whitefly numbers and transmission of viruses during the critical first 6 months of cassava crop growth (Caspary et al., 2023; this study). For this reason, coupled with the clear economic benefits that can be achieved, there is a strong justification to encourage cassava stem and root producers to adopt cutting dipping using MandiPlus. This strategy will be most effective in regions associated with abundant whiteflies. In this study, whiteflies occurred in high numbers in all the study field locations, although surveys of whitefly abundance have demonstrated variations between regions and agro-ecological zones (Jeremiah et al., 2015). A recent survey in western Kenya recorded super-abundant whitefly populations (>100 adults/5 top leaves) in two counties, and a positive relationship between whitefly numbers and the proportion of CMD attributed to whitefly transmission (Wosula et al., 2024). Although MandiPlus contains a neonicotinoid, laboratory studies in Tanzania (unpublished data) have shown that at 6MAP, cassava leaves of plants obtained from cuttings dipped in MandiPlus had thiamethoxam residues of 0.0036 mg/kg, whereas for imidacloprid, the residue level was 0.0023 mg/kg. These were both significantly below the recommended maximum residue level of 0.01 mg/kg in cassava leaves. These levels would probably drop further by the time of harvesting cassava at 12MAP, meaning that these products used as cutting dips in cassava represent an insignificant risk to human health. In addition, cassava rarely flowers, and typically toward the end of its cropping cycle, meaning that deleterious effects of neonicotinoids on bees reported elsewhere are likely to be minimal. The availability of new products, such as butenolides (flupyradifurone) (Nauen et al., 2014), promises to further improve both the efficacy and safety of cutting dips as a means of increasing cassava productivity in regions where yields are currently far below the potential as well as the global average. There is a need for availability and testing of diverse insecticides that would allow for alternation in application to mitigate whitefly resistance development. The environmental and health risk of cutting dipping in insecticides is the same as risks that are associated with the handling and application of insecticides. All insecticides must be used according to the manufacturer’s instructions on safe use and handling. The cutting dipping in insecticides based on leaf analysis 6 months after planting shows that the residual levels of thiamethoxam (0.0036 mg/kg) and imidacloprid (0.0023 mg/kg) are well below the recommended maximum residue limit of 0.01 mg/kg. Considering cassava roots are harvested starting at 9 months after planting, the level of the active ingredient would most likely drop even lower. This single-dip application only at the time of planting is more judicious compared with spray applications that could be more frequent and directly applied to plant foliage, hence posing a greater risk to human health, non-target organisms, pollution of the environment, and exposure to high residue levels if sprays are applied shortly before harvesting. The cutting dipping technology for management of whiteflies therefore has potential for scaling to cassava-growing regions where whiteflies are similarly abundant to those reported from both sites of the current study. Many countries in the East and Central African region have been affected by high whitefly populations and associated rapid spread of CMD and CBSD (Legg et al., 2006; 2014), meaning that this whitefly control approach is likely to be relevant in many of these countries, which represent some of the most important cassava-growing regions in the continent.




5 Conclusion

This study shows that treating cassava cuttings with the MandiPlus product, which includes the systemic insecticide thiamethoxam, effectively reduced whiteflies by 85%, CMD by 59%, CBSD by 46%, and increased stem number by 119% and root yield by 50% in coastal Tanzania. Although these benefits were replicated in north-western Tanzania, drought negatively impacted yield, making the results less clearcut. The application of EPFs under field conditions caused significant whitefly mortality but did not confer any significant benefits in terms of CMD and CBSD reduction or yield gain. The high degree of effectiveness of the MandiPlus product offers cassava farmers an option to manage whiteflies effectively through judicious application of insecticides through cutting dipping. This mode of application is recommended as it is less harmful to non-target organisms in cassava farms.
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