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ARTICLE INFO ABSTRACT

Keywords: The entomopathogenic fungus Metarhizium anisopliae isolate ICIPE 7 is being developed as an eco-
Tick ) friendly alternative to chemical acaricides in managing natural tick infestation on livestock. Its
Andplasma marginale impact on tick infestation and tick-borne infections in cattle under natural conditions are yet
Theileria parva

Biological control unclear. We conducted a randomized controlled field trial to assess the safety and effects of
Entomonathogenic fungu Tickoff® (a formulation of M. anisopliae isolate ICIPE 7) and the chemical acaricide Triatix® on
P: 8 gus
Cattle tick infestation and incidence of Anaplasma marginale and Theileria parva in extensively grazed
Kenya zebu cattle in coastal Kenya. A total of 217 eligible herds comprising 1459 intent-to-treat zebu
cattle were enrolled from 12 villages. The herds were randomly assigned in a 1:1:1 ratio to
Tickoff®, Triatix®, or Tickoff® excipients. Tick counts, treatment administrations, and adverse
events were registered every two weeks for seven months. The mortality of ticks collected from
treated cattle was monitored in vitro. Infections with A. marginale and T. parva were monitored
every two months. No adverse events were reported in either treatment group. Tickoff® did not
significantly affect tick infestation (p = 0.869) or infection incidence (p > 0.05) compared to
excipients. Triatix® significantly reduced tick infestation (p < 0.001) and incidence of T. parva (p
= 0.042), but not A. marginale (p = 0.509) compared to the reference Tickoff®. In ticks that were
removed from cattle, Tickoff® demonstrated significant pathogenicity in vitro relative to excip-
ients (hazard ratio: 8.50, 95 % CI: 4.67-15.47). Fungus growth and sporulation were also
observed on tick cadavers from Tickoff®, but not from excipients. While Tickoff® did not impact
tick counts, its delayed, but significant effect on tick mortality may hinder onward pathogen
transmission and give rise to indirect (i.e., to untreated animals) epidemiological effects, that
were not picked up with this study design. Additionally, adverse environmental conditions
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resulted in low tick abundance and pathogen circulation towards the end of the study period,
reducing the power of the study. This work re-emphasizes the challenges of randomized
controlled field trials and the complexity of assessing the impact of vector control products on
both direct and indirect impacts on pathogen transmission.

1. Introduction

Ticks (Acari: Ixodidae) are responsible for significant economic losses to the livestock industry. This is the result of direct effects
through reductions in meat and milk yields, damage to teats, skins and hides, blood loss, and even anemia (Jongejan and Uilenberg,
2004). In addition, ticks have indirect effects through their role as vectors of viral, bacterial, and protozoal agents that cause tick-borne
diseases (TBDs) in livestock and humans (Walker et al., 2003). Added to the impact on the livestock industry, ticks and tick-borne
diseases significantly affect the socioeconomic conditions of small-scale, resource-poor households by reducing the contribution of
livestock to food and nutrition security, household income, and poverty alleviation. In vast areas of Kenya, zebu cattle are kept under a
traditional extensive management system which is characterized by a constant high risk of tick infestations and TBD transmission
(Gachohi et al., 2012). In this extensive management system, cattle are grazed extensively on fallow or communal grazing fields in
natural pastures and share watering points. This uncontrolled sharing of grazing land and water points results in the mixing of herds
from different areas. Therefore, sustainable strategies are needed to control tick infestations on cattle and reduce tick-borne pathogen
transmission.

Tick species undergo four developmental life stages i.e., eggs, larvae, nymphs, and adults. Except for eggs, these stages vary
substantially in the duration and host interaction, depending on whether the ticks are one-host, two-host, or three-host species (Walker
et al., 2003). One-host ticks, like those in the Boophilus sub-genus of the Rhipicephalus genus, complete all stages on a single host,
typically within three weeks for feeding and two months for development. Two-host ticks feed as larvae and nymphs on one host, then
drop to the ground to molt into adults, which feed on a different host. In contrast, three-host ticks, such as those in the Amblyomma
genus, feed on a different host at each stage, leading to much longer life cycles, ranging from six months to several years. This
manuscript focuses on the control of all on-host ticks and the pathogens they transmit, especially A. marginale and T. parva.

East Coast fever (ECF) and bovine anaplasmosis are among the most economically important TBDs of cattle in Kenya (Gachohi
et al., 2012; Moumouni et al., 2015). East Coast fever is caused by the protozoan Theileria parva and transmitted by the three-host tick
Rhipicephalus appendiculatus. The Cape buffalo (Syncerus caffer) is the natural reservoir host for T. parva (Gachohi et al., 2012; Nene
etal., 2016). The disease is endemic in eastern, central, and southern Africa where it causes considerable economic losses, especially to
resource-poor smallholder farmers and pastoralists. Infected cattle can exhibit a mild, moderate, or severe clinical disease, and those
that recover following treatment or spontaneous recovery become long-term asymptomatic carriers and can infect ticks (Baylis et al.,
1992; Kariuki et al., 1995; Olds et al., 2018). On the other hand, bovine anaplasmosis is caused by the intra-erythrocytic bacteria
Anaplasma marginale, and occurs mainly in tropical and subtropical areas, causing high morbidity and mortality in susceptible animals
(Aubry and Geale, 2011). The pathogen is transmitted biologically by approximately 20 different tick species and mechanically by
biting flies or blood-contaminated fomites (Aubry and Geale, 2011). In sub-Saharan Africa, the main tick vectors are Hyalomma rufipes,
Rhipicephalus annulatus, Rhipicephalus decoloratus, Rhipicephalus microplus, Rhipicephalus evertsi, and Rhipicephalus simus (Walker et al.,
2003). The severity of A. marginale infection in cattle is age dependent. The disease is acute and often fatal in adult cattle over two years
of age. Animals between one and two years of age suffer from acute but rarely fatal disease, while animals aged between six to twelve
months usually develop mild disease. Calves are less susceptible to clinical disease and the illness is rare under six months of age
(Aubry and Geale, 2011). Recovered animals remain persistently infected carriers for life and act as a source of infection to ticks (Aubry
and Geale, 2011). The sustained transmission of tick-borne pathogens in a susceptible population is determined by several factors,
including the ratio of ticks to cattle and the number of tick bites per day per animal. These factors affect the basic reproduction number
(Ryp), a metric for transmission efficiency (Hartemink et al., 2008). An Ry greater than one (>1) allows the pathogen to persist in a
population.

Control of the tick population on cattle could potentially reduce the risk of exposure to tick-borne infections and disrupt pathogen
transmission cycles (Hoch et al., 2012; Medley et al., 1993). Control of tick populations on cattle has relied heavily on the use of
chemical acaricides, but the widespread emergence of resistance in ticks threatens its long-term sustainability (Abbas et al., 2014;
Githaka et al., 2022) as well as by contamination of the environment, meat and milk products with toxic residues when withdrawal
periods are not respected (De Meneghi et al., 2016). This highlights the need to develop tick control strategies that are safe and
efficacious and provide sustainable options for controlling tick infestations on livestock. Biological control of ticks with entomopa-
thogenic fungi is a promising alternative to chemical acaricides. In vitro studies have shown that the pathogenic effects of the fungus
Metarhizium anisopliae are not limited to the direct effect on tick mortality, but also continue in female ticks by reducing fecundity, egg
hatchability and engorgement weight, and increasing engorgement duration, pre-oviposition, oviposition and post-oviposition periods
(Camargo et al., 2012; Nana et al., 2015). However, the existing data supporting M. anisopliae efficacy under field conditions are
limited to small-scale and short-term studies, and with inconsistent reports on control levels (Alonso-Diaz et al., 2022; Barbieri et al.,
2023; Correia et al., 1998; Murigu et al., 2016; Samish et al., 2014). Additionally, these studies are often limited by low statistical
power and did not include data on epidemiological outcomes, such as the incidence of tick-borne infections in cattle populations.
Robust large-scale randomized controlled trials that are the gold standard for providing empirical evidence of efficacy are therefore
needed to establish the efficacy of formulations of entomopathogenic fungi under natural field conditions.
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The biopesticide Tickoff® is a product based on the entomopathogenic fungus M. anisopliae ICIPE 7 and which is being developed as
an alternative to chemical acaricides for the control of tick infestation on livestock. The effect of this biopesticide in reducing natural
tick infestation on cattle has not yet been established in a large-scale field trial. Knowledge on the effectiveness of this biopesticide in
reducing the incidence of tickborne infections in cattle is limited. We therefore conducted a randomized controlled field trial to
evaluate the safety and effects of Tickoff® in reducing (1) natural tick infestations and (2) the incidence of A. marginale and T. parva
infections in indigenous zebu cattle (Bos indicus) managed under an extensive grazing system in coastal Kenya. We included the
synthetic acaricide Triatix® as a positive comparator and the excipients of Tickoff® as a placebo control.

2. Materials and methods
2.1. Study design

We implemented the protocol as outlined in supplementary methods (Appendix A). This randomized controlled trial was conducted
during the dry and rainy seasons, from December 2021 to July 2022, in twelve villages in Kayafungo ward, Kaloleni sub-county in Kilifi
County in coastal Kenya (Fig. 1). The selected villages were easily accessible by vehicle, practiced livestock farming and the region is a
known hotspot for tick-borne diseases (Maloo et al., 2001). Herds composed of local zebu cattle and managed under an extensive
grazing system were enrolled in the study based on evidence of infestation with live attached ticks, generally in good health, and the
owners’ willingness to participate in the study. Qualifying herds were stratified by village, herd size, and tick infestation level and
randomly allocated in a 1:1:1 ratio to either Tickoff® (Real IPM Ltd., Kenya), Triatix® (12.5 % EC amitraz, CKL Africa Ltd., Kenya), and
excipient of Tickoff® (Real IPM Ltd., Kenya). Tickoff® formulation was prepared using M. anisopliae ICIPE 7 (4 x 10° conidia/mL) as
the active ingredient, mixed with canola oil (95 %), 0.05 % Triton X-100 (1.5 %) and Kerosene (3.5 %). The excipient contains the
formulation of Tickoff® without M. anisopliae ICIPE 7. The excipient was chosen as a control treatment to ensure blinding of the
experiment: the smell of the treatment is similar to that of Tickoff®. However, owing to the color of the products, it was not possible to
fully blind the study. Treatment was allocated at the herd level to ensure adequate protection of all cattle in a herd, with measurements
of effectiveness conducted at the individual cattle level. The treatments i.e., Tickoff®, Triatix® and the excipient, were diluted as
recommended by the manufacturer and were topically applied to the skin using a hand rocker sprayer with a cone-type nozzle and a
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Fig. 1. Map of Kayafungo Ward in Kilifi County in coastal Kenya showing the trial sites. The map was prepared using common-license shape files in
QGIS software version 3.10 (QGIS Development Team, 2020).
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pressure of 6 kg/cm. Cattle received treatment on day 0, and thereafter every two weeks until the end of the study. Day 0 was defined
individually as the day an animal received the first treatment. Whole-body tick counts were also done on day 0, and thereafter at two-
week intervals until the end of the study. Blood sampling was done on days 0, 60, 120 and 180 to determine the presence of
A. marginale and T. parva in cattle. The study was conducted in compliance with the study authorizations issued by Kenya’s Veterinary
Medicines Directorate (Approval reference: MOALF/SDL/VMD/TRIALS/VOL1/14), Directorate of Veterinary Services (no objection
ref.: MOALF/SDL/DVS/DS/RES/74), the National Commission for Science, Technology and Innovation (NACOSTI/P/21/6726), and
the Pwani University Ethics Review (approval number ERC/EXT/002/2020). The use of trade, brand, or corporation names in this
publication is for information and convenience of the reader, and should not be misinterpreted as an endorsement, promotion, or
demotion of such products based on their efficacy result.

2.2. Sample size determination

This trial aims to assess the performance of Tickoff® in reducing on-host tick counts compared to an existing synthetic chemical
acaricide. A weekly application of Triatix® acaricide on tick-infested cattle for four weeks caused a reduction in on-host tick counts by
94.9 % (Murigu et al., 2016). In semi-field experiments, the efficacy of oil-based formulations of M. anisopliae (108-10° conidia/ml) on
the reduction of tick counts on cattle ranged between 65 and 92 % depending on the application intervals, study duration, tick species,
and life cycle stage (Kaaya et al., 2011; Kaaya and Hassan, 2000; Kaaya and Hedimbi, 2012; Murigu et al., 2016). Similarly, our
previous pilot study showed that Tickoff® produced an efficacy of 86.1 % in treated cattle compared to untreated cattle (https://
patents.google.com/patent/W02017216752A1/en). Given the expected variation in the efficacy of oil-based formulations of
M. anisopliae against ticks, we considered the minimal worthwhile difference in efficacy between the conventional Triatix® acaricide
and Tickoff® to be 15 %. An efficacy margin of 15 % below which the fungal formulation would not offer a viable alternative to
existing chemical acaricide was considered acceptable given the limited availability of alternatives for tick control and the added
advantages of M. anisopliae in biological control of ticks, i.e., it being selective and virulent against all tick stages (Hedimbi et al., 2011;
Kaaya et al., 2011; Kaaya and Hassan, 2000; Kaaya et al., 1996; Kaaya and Hassan, 2000; Kaaya and Hedimbi, 2012), pathogenic to
acaricide-resistant ticks (Murigu et al., 2016), and it being safe for humans, animals and the environment (Zimmermann, 2007). The
significance level and power of the study were set at 5 % and 80 %, respectively. Assuming a 94.9 % (~95 %) efficacy in the con-
ventional Triatix® acaricide (Murigu et al., 2016), a minimum sample size of 73 zebu cattle per intervention arm was calculated as
follows (Sakpal, 2010):

n=[(Zy+2)"x {(pL (1 -p1)+(®2 (1 -p2))}] /(p1 - p2)°

Where:

n = sample size required in each intervention arm,

pl = protection efficacy of Triatix® = 0.95,

p2 = protection efficacy of Tickoff® = 0.80,

pl - p2 = minimal worthwhile difference = 0.15,

Zy2: for 5 % level of significance = 1.96,

Zg: for 80 % power = 0.84.

Herd-level treatments and repeated measurements are likely to enhance the intra-herd clustering of measurements estimated at
individual animal levels. Given the variation that may occur among herds, i.e., the clustering effect, inflating the sample size by two- to
four folds can account for the potentially large variation among clusters (Thrusfield et al., 2018). We, therefore, inflated the sample
size threefold and obtained a total of 219 zebu cattle per intervention arm. A dropout rate of 30 % was included in the calculation to
account for potential dropouts during the trial, bringing the total number of cattle per treatment group to 285 and thus 855 zebu cattle
in total.

2.3. Data analysis

Data analysis was performed using the R software version 4.2.2. The individual cow in each herd was the observational unit,
repeatedly measured over time, and the primary endpoint was the live-attached tick count and incidence of tick-borne infections in
each intervention arm. The secondary endpoints were the number, type, and severity of adverse events in cattle in each intervention
arm. Descriptive statistics were completed for baseline demographic variables of cattle (age, sex, and body weight), herd size, and tick
infestation. P-values <0.05 were considered significant for all statistical tests.

2.4. Tick count analysis

The analysis of the percent reduction in tick infestation was based on the Intention-to-Treat (ITT) population, comprising all cattle
that were randomized to a treatment group and that received at least one dose of either study product. For cattle withdrawn before the
final day of the trial, data up to the time of removal were included in statistical summaries and analyses. The percentage reduction in
tick infestation was calculated for each post-treatment day as the reduction in live-attached tick counts compared to the pre-treatment
counts (recorded on Day 0). Day 0 was defined individually as the day a cow received its first treatment. The percent reduction at each
time point was calculated as follows:
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tick count (day 0) — tick count (post — treatment)

100
tick count (day 0) x

%reduction in tick infestation =

A generalized linear mixed model (GLMM) with a negative binomial distribution (log-link function), fitted with the R-package
glmmTMB, was used to compare live tick counts post-treatment among the treatment groups. The fixed part of the model contained the
linear and quadratic trends of time point per treatment, occurrence of rainfall since previous treatment, cattle age group and number of
days since previous treatment. Rain was included in the model as a covariate since rain may wash off the treatments from cattle skin
and thus reduce treatment persistence and efficacy. Moreover, rain has been associated with increased tick activity and abundance
(Chepkwony et al., 2021). The age group of cattle was included as a covariate in the model because tick counts are expected to differ
among cattle of different age groups, while the age distribution was significantly different among the three treatment arms at baseline.
As some cattle or herds occasionally skipped the biweekly interval spraying and tick counting session, we added time since previous
treatment (i.e., the extra time beyond 14 days) in the model to evaluate if this had a significant association with the outcome measure.
The random part of the model included random effects for village, herd within village, and time points within herd. This part was
included to respect characteristics of the study design: strata (i.e., villages) and experimental units (i.e., herds which were used to
randomize the treatments), and time points per herd. The random part also contained random intercepts and slopes per cattle for the
linear and quadratics terms of time, in order to handle the repeated measurements per cattle over time. Finally, there were data
collector random effects that may capture the observer bias among the tick assessors. Testing was two-sided at the significance level of
o = 0.05.

2.5. Survival analysis of treated ticks

We carried out in vitro experiments using both lab-reared and field-collected ticks to monitor mortality rates in the Tickoff®,
excipients, and untreated treatment groups (Appendix A). Cox Proportional Hazard analysis was used to estimate the hazard ratios
(HR) and their 95 % confidence intervals (CI).

2.6. Epidemiological analysis

To estimate the epidemiological impact of the treatments, we followed a cohort of recruited cattle for six months at bimonthly
intervals, during which their infection status with A. marginale and T. parva were recorded. Interval-censored survival analysis with left
censoring was used to estimate the probability of cattle remaining free of infection. Cox’s proportional hazard regression models were
fitted to identify the significant predictors of infection occurrence. The model included treatment and age as covariates. Frailty terms
for village and herd within the village were included in the model to adjust for clustering within herd and village.

3. Results
3.1. Cattle demographics
The ITT population comprised 1459 zebu cattle from 217 herds that were randomized to either Tickoff® (n = 541, 37.1 %),

Triatix® (n = 473, 32.4 %) or excipient (n = 445, 30.5 %) groups and received at least one dose of either treatment (Table 1). Most of
the cattle were adults (n = 896, 61.4 %) followed by juveniles (n = 410, 28.1 %) and calves (n = 153, 10.5 %). There were 900 (61.7 %)

Table 1
Demographics and baseline characteristics of recruited and treated cattle that were (ITT population).
Demographics Mazao Tickoff® (n = 541, Triatix® (n = 473, Excipient (n = 445, Homogeneity
37.1 %) 32.4 %) 30.5 %)
Age
Calf (6 months-1 year) 45 (8.3 %) 50 (10.6 %) 58 (13.0 %) ¥? = 9.521, df = 4, p = 0.049
Juvenile (1-2 years) 141 (26.1 %) 136 (28.8 %) 133 (29.9 %)
Adult (above 2 years) 355 (65.6 %) 287 (60.7 %) 254 (57.1 %)
Sex
Male 199 (36.8 %) 196 (41.4 %) 164 (36.9 %) X2 =5.080, df = 2, p = 0.279
Female 342 (63.2 %) 277 (58.6 %) 281 (63.1 %)
Body weight (kg)
Arithmetic mean + SD 153.7 + 54.4 149.3 +£53.1 151.8 + 55.6 2 of a Kruskal-Wallis test = 2.764, df = 2, p
Range 28-375 36-370 26-257 =0.251
Herd size
1-10 60 60 59 %% of a Wald test = 1.431, df = 2, p = 0.489
11-20 12 10 10
21-25 3 2 1
Day 0 tick count (live attached)
Median (1st and 3rd 10 (4-21) 10 (3-26) 9 (3-18) X2 of a Wald test = 0.814, df = 2, p = 0.666
quartiles)

Abbreviations: Df Degree of freedom, SD standard deviation, ITT Intention-to-Treat population.
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female and 559 (38.3 %) male cattle. All treatment groups from the ITT population showed reasonable homogeneity for sex, body
weight, herd size, and median tick counts at baseline. However, there were small yet significant differences in the baseline distribution
of age groups among the treatment groups (Table 1).

3.2. Tick infestation, relative reductions in tick counts, and safety of treatments

A total of 91,741 ticks were observed from the 12,222 cattle inspections (Fig. 2, Supplementary Table 1). Compared to baseline, the
averages of mean percent reductions in tick counts across all post-day 0 assessments were 72.5 % (range 40.3-93.9 %) in the Tickoff®
group, 87.4 % (76.1-94.5 %) in the Triatix® group and 72.7 % (range 28.9-92.7 %) in the excipient group. The animals were healthy
throughout the trial period and no physical, behavioral, or physiological change that could be interpreted as an adverse reaction to
experimental treatments was observed.

During the entire trial (December 2021 to July 2022), some animals did not have any post-treatment evaluation data (Supple-
mentary Table 1) due to several reasons including loss of contact with the farmer, migration of herds due to prolonged drought, loss of
ear-tags, cattle disappearance from home or lost in the forest, withdrawal of consent by the farmer, cattle sold, and death of the animal
(because of prolonged drought). In addition, some cattle or herds occasionally skipped treatment sessions and sampling and therefore
did not have tick count and epidemiological data generated. Animals received an average of 7.8 treatments out of the 13 treatment
rounds.

3.3. Multivariable analysis

We fitted a GLMM to the infestation counts (Fig. 2) and found that, even though substantial reductions in tick infestations were
observed, there was no significant difference in tick infestation in cattle treated with Tickoff® compared to the animals in the excipient
group (Supplementary Table 2a). When comparing the excipient group to the reference Tickoff® group, the mean tick count (at log
scale) at the average time point did not differ (p = 0.427), and the change in counts between the two groups over enrolled time was also
not significant (interaction term time point linear p = 0.932, and interaction term time point quadratic p = 0.869). On the other hand,
the Triatix® group did have a significantly lower mean tick count (at log scale) at the average time point compared to the reference
Tickoff® group (p < 0.001). Additionally, the change in tick counts between the Triatix® and the reference Tickoff® groups over the
enrolled time was (close to) significantly different, as indicated by the interaction term time point linear (p = 0.055) and the inter-
action term time point quadratic (p < 0.001). Younger animals (calf and juvenile) had significantly lower tick infestation when
compared to adult cattle (Supplementary Table 2a). Calves have tick counts estimated to be 0.5 times (exp(—0.682)) the values for
adults, while juveniles 0.8 times (exp(—0.263)) the values for adults. The effect of rain on tick counts was non-significant (p = 0.144).
The Wald tests for the main effects and interactions of treatments and post-treatment time points are presented in Supplementary
Table 2b. Comparing mean tick counts at biweekly time points, there were no significant differences among the treatment groups at the
start of the study (days 0 and 14). However, as the study progressed, the tick count was significantly lower for the Triatix® group from
days 28 to 154. By the end of the study, when tick counts were very low, these differences were no longer significant. The Tickoff® and
excipient groups showed no significant differences at any point during the study (Supplementary Table 3).

Tickoff Triatix Excipient
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Fig. 2. Observed and predicted tick counts during the trial period based on the fitted model. The continuous lines represent the predicted tick

counts (with 95 % CI), while the triangle point-up symbol represents the observed median tick count (with interquartile range) for each treat-
ment group.
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3.4. Survival analysis and mycosis

Ticks collected after treatment from Tickoff®-treated cattle in the field and maintained in the laboratory had a median survival
time of 13 days (95 % CI: 12-14 days), which was shorter than that of the ticks collected from the excipient group (>21 days) (Fig. 3).
The Cox regression model showed that Tickoff® treatment was associated with a significantly higher mortality rate compared to the
excipient treatment (HR = 8.50, 95 % CI: 4.67-15.47, p < 0.001). Ticks collected from cattle treated with Triatix® and transported to
the lab were either dead on arrival, or could not exhibit leg movement or response to external stimuli (e.g. touching with a pen or
exhaling air on a tick) and hence were considered dead.

3.5. Monitoring of mycosis development on dead ticks

Fungal growth was observed in over 90 % of ticks that were collected from cattle at three to six hours after Tickoff® application
(Fig. 4). No mycosis developed on tick cadavers from excipient and Triatix® treatments.

3.6. Epidemiological impact (survival times to infection)

Blood samples were taken from the cohort of 1488 zebu cattle at 2-month intervals for a duration of six months and tested for the
presence of A. marginale and T. parva infections. Of these, 6.2 % (n = 92/1488) and 4.8 % (n = 71/1488) had A. marginale and T. parva
infections at baseline, respectively, and were excluded from the analysis as no new infection could be observed. However, cattle
positive for A. marginale were included in the T. parva analysis and vice-versa. During the six months, a total of 69 (4.9 %) new cases of
A. marginale infection and 51 (3.6 %) new cases of T. parva infection were detected in cattle (Fig. 5). We did not detect a significant
association between the incidence of A. marginale infections in cattle and treatment and the age group. However, Triatix® significantly
reduced the incidence of T. parva (HR = 0.44, 95 % CI: 0.20-0.97, p = 0.042) (Supplementary Table 4).

4. Discussion

We conducted a large-scale randomized controlled trial and coupled it with laboratory experiments to evaluate the safety and
effects of Tickoff® biopesticide on tick infestation, tick mortality, and incidence of two tick-borne pathogens in zebu cattle managed
under an extensive system. Overall, tick counts in all treatment groups dramatically decreased. The reduction in the Tickoff® group did
not, however, differ significantly from that of excipient-treated cattle. The Triatix® group did show a significantly greater reduction in
tick counts compared to Tickoff® and excipient. Ticks exposed to Tickoff® biopesticide collected from animals treated with Tickoff®
had a significantly shorter survival time compared to ticks exposed to excipient. This increased mortality did not result in a significant
effect on the incidence of tick-borne pathogens in cattle in this setting. This was contrary to the effects of the Triatix® acaricide, which
was associated with significant reductions in incidence of T. parva infection in cattle but not A. marginale infection.

Excipient =f= Tickoff

1.004 —_—
20751
3
[]
8
[
& 0,50 f———t—t—tmed e L | N .
Y |
2 !
& Log-rank i
0.254 .
p < 0.0001 !
1
1
1
0.001 ' I
0 2 4 6 8 10 12 14 16 18 20

Time in days

Fig. 3. Kaplan-Meier survival curves for Rhipicephalus appendiculatus ticks collected from cattle treated with Tickoff® and excipient.
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Fig. 4. Fungal growth on ticks collected from cattle treated with Tickoff® and maintained in the humidity chamber (26 & 1 °C and 80 + 5 % RH) in
the laboratory.
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Fig. 5. Estimated probabilities of ‘escaping’ infection with Anaplasma marginale and Theileria parva in cattle in different treatment groups.

4.1. Entomological impact

Tickoff® biopesticide showed no significant reduction in tick infestation on cattle when compared to the excipient group. Addi-
tionally, the effect of Tickoff® did not change through time as revealed by the non-significant effect of the interaction of time with the
treatment. Our findings corroborate earlier studies which also reported a lack of significant effect of fungal formulations (vs. controls)
on tick infestation (Correia et al., 1998; Samish et al., 2014). This is, however, in contrast with other studies that reported a significant
effect of fungal formulations on the reduction of tick infestation when compared to the respective control groups (Alonso-Diaz et al.,
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2022; Murigu et al., 2016). Whereas no significant effect of Tickoff® on tick reduction was observed in our field trial, in vitro ex-
periments using both lab-exposed and field-collected ticks showed a clear pathogenic effect of Tickoff® biopesticide on the tick
population when compared to the excipient group. In addition, fungus growth and sporulation were observed in all lab-exposed ticks
and over 90 % of ticks that were collected from cattle at three to six hours after fungal application. This indicates that Tickoff® could
induce elevated mortality in ticks, albeit delayed as compared to Triatix® acaracide. This delayed mortality effect is expected to result
in death after the ticks have detached from their treated host animal. This could explain the limited effect on tick infestation of treated
cattle. Additionally, the ability of M. anisopliae to reduce tick fecundity and egg hatchability as reported in other studies (Camargo
etal., 2012; Nana et al., 2015; Rot et al., 2013) may result in a reduction in the next progeny of ticks. Combined, these effects could still
contribute to tick control provided a high enough coverage among tick host animals is achieved.

Cattle in the Triatix® group had significantly lower tick infestation than cattle in the Tickoff® group throughout the study period.
This significantly higher impact of Triatix® on tick infestation is consistent with earlier studies reporting the efficacy of amitraz-based
acaricides when applied as a spray or dip for the control of ticks on cattle (George et al., 1998; Murigu et al., 2016). This effect may be
due to their combined lethal and sublethal effects, such as rapid detachment or clearance of attached ticks within 6-30 h after
application, and immobilization and killing of detached ticks before they have the chance to lay eggs or molt (Barry Haigh and
Gichang, 1980; Davey et al., 1984; Kagaruki, 1996). Despite its effectiveness in this study, this synthetic acaricide should be used with
caution for tick management due to its toxicity to humans, its potential to increase contamination of the environment, as well as milk
and meat products (De Meneghi et al., 2016), and development of tick resistance (Githaka et al., 2022).

Survival analysis on experiments in the laboratory showed that the excipient treatment, which contains canola oil (95 %), 0.05 %
Triton X-100 (1.5 %) and Kerosene (3.5 %) and without the M. anisopliae ICIPE 7 (active ingredient of Tickoff®), produced mortality
effects on ticks when compared to the untreated control (Appendix C). Such toxic effects of kerosene have been reported before in ticks
(George et al., 2004), sand fleas (Enwemiwe et al., 2020) and immature stages of mosquitoes (Djouaka et al., 2007; Ojianwuna and
Enwemiwe, 2022). It is believed that kerosene interferes with the physiology of arthropods, by penetrating tissues, causing inflam-
mation and hypoxia, interfering with breathing, suppressing the insect immune system, and causing imbalances in hormones and
enzymes (Maiyoh et al., 2015). This could play a role in the observed reductions in tick infestation in cattle in the excipient group.
However, in the absence of water as a control treatment, we could not disentangle to what extent these reductions in tick infestation
were due to the excipient or were reflective of natural, drought-induced, fluctuations. Additional research is required to determine the
extent of tick repellency achieved with low concentrations of kerosene.

In this study, younger animals (calves and juveniles) had significantly lower tick infestation when compared to adult cattle. Similar
findings have previously been reported elsewhere, including in Egypt (Asmaa et al., 2014), Pakistan (Rehman et al., 2017), Nigeria
(Lorusso et al., 2013), South Africa (Marufu et al., 2011), Colombia (Rocha et al., 2019), among others. The lower tick burdens
recorded in calves could be due to a combination of factors, including the frequent grooming of calves, especially head, ears, and neck
regions, by their dams and the smaller surface area of younger animals as compared to adults (Mooring et al., 2000).

4.2. Epidemiological impact

There was no significant effect of Tickoff® treatment on the incidence of both A. marginale and T. parva infections in cattle, relative
to excipient treatment. Cattle treated with Triatix® did show significantly lower incidence of T. parva infection, but not A. marginale.
This is in line with earlier studies, for instance using Spot-on® (a 10 % deltamethrin pour-on) (Muraguri et al., 2003). Other studies
using Vectoid® (an emulsifiable deltamethrin concentrate) failed to show a significant effect on incidence of T. parva (Muhanguzi
et al., 2014). The attack rates for A. marginale and T. parva infections were 4.9 % and 3.6 %, respectively, indicating that both
pathogens circulated at lower levels. This was likely due to the prolonged drought experienced during the study period and the
consequential drop in tick counts. Consequently, we had limited statistical power to detect the epidemiological effects of the treat-
ments on either pathogen.

The observed differences in levels of protection of Triatix® against T. parva and A. marginale infection could be related to the
transmission dynamics of these pathogens. For instance, while T. parva is transmitted by R. appendiculatus ticks only, A. marginale can
be transmitted biologically by several tick species in the Rhipicephalus and Hyalomma genera, but also mechanically by hematophagous
arthropods or blood-contaminated fomites if they are not properly sterilized (Aubry and Geale, 2011). The latter transmission routes
are not affected by tick control treatments and could therefore result in a smaller potential treatment effect. Indeed, hematophagous
arthropods such as the stable flies (Stomoxys calcitrans) as well as biological vectors namely, H. rufipes, R. decoloratus, R. microplus and
R. evertsi are present in the region (Oundo et al., 2024). Besides, livestock farmers often used disposable needles on more than one
animal, while livestock vaccination drives conducted by county government often used the same set of injection guns on all the animals
presented for the vaccination.

4.3. Safety of Tickoff®

In this study, no physical or behavioral abnormalities were observed in the Tickoff®-treated cattle at any time during the trial.
These results are in agreement with previous studies that reported no adverse reactions in cattle sprayed with fungal formulations of
M. anisopliae (Alonso-Diaz et al., 2022; Kaaya et al., 2011). This is further exemplified by reports indicating that M. anisopliae poses
minimal risk to mammals, humans, and non-target organisms (Fischhoff et al., 2017; Zimmermann, 2007).
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4.4. Challenges during the study

During the second half of the trial period, a prolonged dry season occurred. This may have contributed to a natural decline in the
tick population in the environment and thus resulting in a low infestation abundance. Indeed, such climatic conditions have been
associated with decreased survival, development, and questing activity of ticks in the environment (Brown et al., 2014; Jones and
Kitron, 2000). The low tick population might have resulted in low circulation of tick-borne pathogens, reducing the power to detect a
difference between the treatment groups.

Fungal conidia are sensitive to unfavorable environmental factors such as high temperatures, low relative humidity, and direct
ultraviolet (UV) radiation which reduce the germination, viability, and persistence of conidial spores (Fernandes et al., 2012). With the
effect of drought, we suspect that these environmental factors might have adversely affected the germination of conidial spores thus
affecting the treatment effect of Tickoff®.

4.5. Direct versus indirect effects of Tickoff® biopesticide

Tick control products have varying active ingredients with different modes of action. Depending on the mode(s) of action, these tick
control products may produce a range of direct and indirect effects on transmission of tick-borne pathogens. Direct effects are those
that protect the treated animal by killing the ticks before feeding thereby preventing pathogen transmission from ticks to tick-infested
animals. In contrast, indirect effects protect both treated and untreated animals by killing the ticks after feeding thereby preventing
onward transmission to other animals (treated or untreated). Metarhizium anisopliae isolate ICIPE 7 (the active ingredient of Tickoff®)
kills ticks after feeding and thus may mostly provide community protection and limited direct individual protection. Additionally,
M. anisopliae ICIPE 7 reduces the reproduction potential of ticks by reducing the tick fecundity and increasing the preoviposition,
oviposition, and post-oviposition periods (Maranga et al., 2006; Nana et al., 2015; Nchu et al., 2010). Combined these indirect effects
cannot directly protect treated cattle from getting infected by an already attached infectious tick but could result in a reduction in the
next generation of ticks which would otherwise become infected and infectious. M. anisopliae ICIPE 7 will also kill the newly infected
ticks before they molt and become infectious. Such reductions in tick population may reduce the risk of pathogen transmission and
thereby reduce the incidence of tick-borne infections in the cattle population, including cattle that were not treated. The impact of
these indirect effects will depend on the coverage level in the cattle population, the frequency and duration of treatment application,
abundance of alternative hosts for ticks and pathogens that would not be reached by the treatment program, cattle mobility, and
alternative pathogen transmission routes other than by an infectious tick bite. All these factors intertwine and make it complex to
understand and study indirect effects of this biological control agent. Models can help to improve our understanding of how indirect
effects of M. anisopliae ICIPE 7 formulation can protect the overall cattle population from tick-borne infections, including those that
may not directly receive treatment.

5. Conclusion

Our study demonstrated the significant pathogenic effects of Tickoff® biopesticide on ticks removed from treated cattle and fol-
lowed up for survival. While delayed mortality may be less effective at conferring direct protection of treated cattle, such effects may
disrupt the life cycle of ticks and prevent onward pathogen transmission and reduced tick population sizes. The observed pathogenic
effect is promising but was insufficient to result in significant effects of Tickoff® on tick infestation levels or incidence of infection with
two tick-borne pathogens. This study was not designed to detect indirect treatment effects and had limited power due to a prolonged
drought that occurred during the study period. Before subsequent trials will be rolled out, further efforts on the optimization of the
Tickoff® formulation are needed, exploring suitable UV protectants to protect the conidia from damage by UV radiation, and continue
with searching for thermo-tolerant strains of the fungi. Thereby, this work presents a next step towards the development of envi-
ronmentally friendly tick and tick-borne disease control tools.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.parepi.2024.e00384.
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