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SUMMARY 

Due to the rapid development of tick resistance to synthetic chemical acaricides and the 

potential risk posed by these chemicals to non-target species, efforts are intensifying towards 

the development of entomopathogenic fungi as an environmentally benign alternative tick 

control strategy. The main objective ofthis study is the development of formulations and 

delivery systems for control of ticks with entomopathogenic fungi. 

Screening of entomopathogenic fungal isolates is the first step towards the development of 

mycoacaricides. Twelve isolates of Metarhizium anisopliae (Metschnik.) Sorok. and three 

isolates of Beauveria bassiana (Bals.) Vuill. (Ascomycota: Hypocreales) were evaluated for 

pathogenicity against unfed Rhipicephalus pulchellus Gerstiicker (Acari: Ixodidae) adults 

under laboratory conditions. Out of the 15 isolates screened, 4 isolates were virulent against 

R. pulchellus, inducing significantly (F value= 11.86; DF = 14, 75; P < 0. 0001) higher tick 

mortalities; i.e. ICIPE 78 (76.1±5.9%), ICIPE 69 (62.6 ± 5%), ICIPE 62 (49.8 ± 5.8%) and 

ICIPE 60 (49.6 ± 7.7%), four weeks post-treatment compared to the others. The results of this 

study demonstrate that R. pulchellus ticks were susceptible to some M anisopliae isolates. 

Since the process of strain selection is an important step in the development of insect 

pathogens for biological control, an appropriate bioassay technique for infecting different life 

stages of a host is of paramount importance. Bioassays were conducted in the laboratory to 

evaluate the efficacy of different methods of inoculation using R. pulchellus as a model. In a 

preliminary experiment, an oil-based formulation of M anisopliae titred at 109 conidia mr1 

was applied to R. pulchellus adults using a Burgerjon spray tower or a microapplicator. 

Inoculation by microapplicator yielded poor results (25.0% tick mortality) compared to 

Burgerjon's spray tower (52.3% tick mortality) , although the mean number of fungal conidia 

on R. pulchellus adults was lower (1.5 x 104 ± 1.1 x 103 conidia mr1
) after spraying by 

Burgerjon's spray tower compared to 1 x 106 conidia mr1 obtained with the microapplicator. 

Thus, inoculation by Burgerjon's spray tower was selected for further investigations. 

Different modes of inoculation were tested and included direct spray of inoculum on the tick 

and substrate (SS), direct spray on the substrate and tick followed by transfer of the tick to 

clean uncontaminated Petri dish (SP) or indirect inoculation of ticks through substrate (SW). 

The LCso values following contamination of nymphs (LCso = 1.4 x 107 conidia mr1
) and 

adults (LCso = 6.7 x 107 conidia mr1
) in SS were significantly lower compared to SP; nymphs 
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(LC5o = 5.7 x 108 conidia mr1
) and adults (LC5o = 5.3 x 109 conidia mr1

) and SW; nymphs 

(LC5o = 5 x 108 conidia mr1
) and adults (LC5o > 1010 conidia mr 1

). Although the LC5o value 

in SS was the lowest, it recorded the highest tick mortality among control ticks (24.2% at two 

weeks post-treatment) and (23.3% at three weeks post-treatment) in nymphs and adults 

respectively compared to SP (2.5 and 5.8% respectively) and SW (0.0 and 0.0). Results show 

that among the modes of contamination tested, SP was the most appropriate for 

contaminating R. pulchellus adults. SW and SP were identified as appropriate techniques for 

infecting the R. pulchellus nymphs with conidia formulated in oil. 

The integrated use of semiochemicals and entomopathogenic fungus (hypocreales) may 

optimise the performance of a fungus as a biocontrol agent against ticks. Initially, 

experiments were conducted to evaluate the attraction of the hunter tick Amblyomma 

variegatum Fabriscius (Acari: Ixodidae) to semiochemicals. In one of the experiments, the 

simultaneous release of 1-octen-3-ol and AAAP together with C02 from a trap in simulated 

field plots attracted up to 94 ± 6% of adult ticks from a distance of 6 m, and up to 24.0 ± 

5.1%from8 m. Formulations of M anisopliae (dry powder, oil, and emulsifiable) applied 

within the trap baited with AAAP and 1-octen-3-ol resulted in high levels of contamination of 

the ticks attracted to the traps. However, 48 hr after autoinoculation, 89.1 and 33.3% of 

conidia were lost in dry powder and oil formulations, respectively. Emulsifiable formulation 

lost the lowest number of propagules (17 .1 % ). Samples of ticks attracted to the baited traps 

were transferred to plastic basins containing grass and maintained for 5 weeks. The 

experiment was conducted in the rainy and dry seasons. The emulsifiable formulation gave 

the highest relative reduction in tick numbers in both seasons: 54.7 and 46.5% in the rainy 

and dry seasons, respectively, followed by the oil formulation (32 and 23.8%) and the powder 

formulation (38.0 and 24.4%). 

Following the high attraction and contamination of A. variegatum under semi-field 

conditions, experiments were done to evaluate the efficacy of M anisopliae-treated 

semiochemical-baited traps for control of A. variegatum under field conditions. Unfed A. 

variegatum adults (118) were seeded in each 100-m plot. An emulsifiable formulation of M 

anisopliae (consisting of 49.5% sterile distilled water, fungal conidia, 49.5% com oil [CHEF 

cooking oil, Premier Oil Mills LTD] and 1 % Tween 80) titrated at 109 conidia mr1 was 

applied in a semiochemical-baited traps (900 cm2) which were placed at 5 spots within the 

plot. The control and fungal treatments were repeated after 14 and 28 days soon after rotating 
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the traps clockwise (45°) in order to cover different sections of the plot. In the control plots, 

traps baited with semiochemicals only were used. Six weeks after the initiation of the 

experiments, five semiochemical-baited traps (untreated) were deployed in each plot for 3 

successive days to trap ticks in the treated and control plots. The percentage of ticks 

recovered in the fungus-treated plots were significantly lower (31.1 ± 5.2%) than in the 

control plots (85.6% ± 3%) (P < 0.001), which represented a relative tick reduction of 

63 .7%. Mortality of 93.8 ± 2.3% was observed among the ticks that were recovered from the 

field and maintained in the laboratory for two weeks; while only 3.3 ± 0.9% died from the 

control plots. 

The results of this study open up the possibility of developing an environmentally friendly, 

low cost product to control these economically important ticks. 

x 
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CHAPTER ONE 

General introduction, Background/Literature Review, Hypotheses and 

Objectives 

1.1 General Introduction 

Ticks are haematophagous ectoparasites, capable of transmitting diseases to vertebrates and 

therefore represent a threat to human, domestic and wildlife health (Norval, 1994). Tick and 

tick-borne diseases have impacted negatively on development of the livestock industry in 

Africa (Walker et al. 2003). Ixodid ticks such as Amblyomma variegatum Fabriscius and 

Rhipicephalus appendiculatus Neumann (Acari: Ixodidae) in particular, are among the most 

economically important parasites in the tropics and subtropics (Bram, 1983). Another hard 

tick that is gaining recognition as an important vector of tick-borne pathogens is 

Rhipicephalus pulchellus Gerstacker (Acari: Ixodidae) (Walker et al., 2003). Control of this 

pest largely depends on synthetic acaricides including chlorinated hydrocarbons, pyrethroids, 

organophosphates and formamidines (amitraz) (Davey et al., 1998; Rodriguez-Vivas and 

Dominguez-Alpizar, 1998; George et al., 2004). However, extensive use of these chemicals 

has favoured acaricide resistance in ticks (Baker and Shaw, 1965; Solomon et al., 1979; 

Alonso-Diaz et al., 2006) and led to heightened concerns over health and environmental 

impact (Dipeolu and Ndungu, 1991; Gassner et al., 1997). Furthermore, synthetic acaricides 

are expensive to livestock farmers in Africa who mainly practice subsistence farming. These 

setbacks have motivated the search for alternative tick control strategies that are more 

environmentally benign. These strategies include the use of entomopathogenic fungi and 

nematodes, predators, parasitic hymenoptera, tick vaccines, plant extracts, tick pheromones 

and host kairomones, and integrated use of semiochemicals and acaricides (Mwangi et al., 

1991; Kaaya, 2000a; Samish et al., 2004; Maranga et al., 2006). 

There is particular interest in microbial control agents, especially entomopathogenic fungi 

Isolates of Metarhizium anisopliae (Metschnik.) Sorok. and Beauveria bassiana (Bals.) Vuill. 

(Ascomycota: Hypocreales) are pathogenic against tropical ixodid ticks, Amblyomma 

variegatum, Rhipicephalus appendiculatus, Rhipicephalus sanguineus Latreille, 

Rhipicephalus (Boophilus) microplus Canestrini, Rhipicephalus (Boophilus) decoloratus 

Koch, the deer tick Ixodes scapularis Say (Acari: Ixodidae) and other hard ticks such as 

Amblyomma americanum Linnaeus and Amblyomma maculatum Koch in the laboratory 
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(Kaaya et al., 1996; Frazzon et al., 2000; Onofre et al., 2001; Benjamin et al. 2002; Kirkland 

et al., 2004a: 2004b ). In field experiments, Kaaya (2000b) and Benjamin et al. (2002) 

reduced R. appendiculatus larvae and Ixodes scapularis Say (Acari: Ixodidae) unfed adults, 

in the vegetation by spraying the vegetation with aqueous suspensions of M anisopliae. 

Although these fungi are pathogenic to ticks, different fungal species as well as different 

fungal isolates of the same species show varying degrees of virulence against ticks (Kirkland 

et al., 2004a: 2004b and Samish et al., 2001). Therefore, screening of different fungal isolates 

against different tick species is necessary for the development of an effective biological 

control agent. So far, no literature is available documenting the susceptibility of R. pulchellus 

to entomopathogenic fungi. Rhipicephalus pulchellus is one of the most abundant tick species 

in East Africa (Walker et al., 2003) and evaluation of fungal isolates for pathogenicity against 

this species is essential to the selection of virulent isolates for further investigation. 

The process of strain selection is the first important step in the development of fungal 

pathogens for biological control (Soper and Ward, 1981 ). Diverse modes of inoculation are 

used to evaluate the virulence of mitosporic Hyphomycetes for strain selection. They include 

spraying conidia on the host organisms; exposing arthropods to treated leaves; dipping them 

into titrated conidial suspensions; and exposing ticks to the substrate (Hall and Papierok, 

1982). The most common mode of inoculation of ticks has so far been by dipping them into 

titrated conidial suspensions (Frazzon et al., 2000; Onofre et al., 2001; Samish et al., 2001; 

Kirkland et al., 2004a). Laboratory dipping assays showed Metarhizium anisopliae (Metsch.) 

Sorok. (Ascomycota: Hypocreales) to be an excellent pathogen of members of the genus 

Rhipicephalus (Acari: Ixodidae) (Samish et al., 2001; Gindin et al., 2002). However, this 

method of inoculation is unlikely to occur in reality and can provide misleading data since 

ticks walk on their tarsi or pulvilli, and in situations where fungal suspensions are sprayed on 

the vegetation using ultra low volume application equipment, which produces small droplets. 

In addition, dipping in a conidial suspension can cause blockage of the spiracles of the host, 

resulting in high mortalities (Soares, 1982). Optimization of a technique that replicates 

potential methods of exposure may improve strain selection for tick control in the field. Ultra 

low volume application has been used successfully to apply oil suspensions of Metarhizium 

for control of locusts over wide area of land in Africa (Kooyman et al., 1997). This technique 

may be useful in large-scale application of entomopathogenic fungi against of ticks that quest 

from the vegetation. 
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Inundative and augmentative releases are widely used to introduce entomopathogens into 

ecosystems for control of arthropod pests (Lacey and Geottel, 1995). Despite demonstrated 

reductions in tick populations on cattle and vegetation following spray applications, the use 

of blanket sprays may lead to contamination of non-target species and is expensive (Hajek 

and Geottel, 2000; Ginsberg et al., 2002; Dowd and Vega, 2003; Brownbridge and Glare, 

2007). Furthermore, blanket spray may not be appropriate for Amblyomma ticks that spend 

time crawling on the soil in search of suitable hosts to attach and feed. Alternative application 

strategies such as autoinoculation technology are being investigated. For example, the 

integrated use of semiochemicals, such as attraction-aggregation-attachment pheromones 

(AAAP) and kairomones (C02), and an entomopathogenic fungus in an inoculation device 

(trap), can attract conspecific ticks to a fungus in pheromone-baited trap and reduce the need 

for on-host control of ticks (Maranga et al., 2006). Semiochemicals modulate the behaviour 

of ticks (Sonenshine, 2006). Carbon dioxide increases the attraction of Amblyomma ticks to 

an AAAP source in the field (Maranga et al., 2003). Osterkamp (1999) found that 1-octen-3-

ol produced additive attractive effects on hard ticks to semiochemicals. A combination of two 

or more semiochemicals in an appropriate ratio may optimize attraction of host-seeking A. 

variegatum. The more ticks that are attracted to a semiochemical-baited trap containing a 

virulent entomopathogenic fungal isolate suspended in a suitable formulation, the more 

efficient the control. This PhD study focused on (i) the identification of virulent fungal 

isolates against for use R. pulchellus (ii) optimizing inoculation procedures for the screening 

of mitosporic entomopathogenic fungi, and (iii) the development of autoinnoculation 

technology to infect A. variegatum in the field. 

1.2 Background/Literature Review 

1.2.1 Project conception 

In parts of East Africa, especially in protected areas it is not uncommon to encounter many 

tick species on grass vegetation in open areas frequented by games and livestock. Obviously, 

reducing tick populations in such areas is a difficult task. Environmental benign biological 

control agents such as entomopathogenic fungi might be important in controlling ticks in 

these areas. Fungal pathogens of Acari are also called "acaropathogenic fungi" (Chandler et 

al., 2000). Several methods of application of fungus are being investigated, for examples; 

spraying fungal suspensions on ticks feeding on cattle; spraying of ticks in vegetation; 

treatment of nesting materials with fungal suspension and the use of attractants to attract ticks 

to fungus-treated traps (Kaaya and Hassan, 2000; Hombostel et al., 2005; Maranga et al., 
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2006; Alonzo-Diaz et al., 2007). According to Kaaya and Hassan (2000), spraying vegetation 

has an advantage of killing a far greater number of ticks than spraying on cattle, thus 

reducing the numbers of ticks that would have attached on cattle and hence the frequency of 

acaricide application. Spraying vegetation will also have an advantage over spraying on cattle 

because it will kill ticks before they attach on cattle to suck blood and transmit diseases. 

Ultra low volume application technique produces small droplets and has been used for spray 

application of entomopathogenic fungus on a large-scale (Kooyman et al., 1997). However, 

with ULV technique the carrier agent must be of low volatility, low viscosity, compatible 

with the pesticide (Hill, 1987). Pure oil is compatible with UL V application and lipophilic 

Metarhizium spp conidia. Oil formulation enhances efficacy of the fungus, but, it may also be 

toxic (Polar et al., 2005a). Hydraulic sprayer can be used for spray-application of aqueous 

and emulsifiable fungal formulations. Aqueous formulation is less effective under field 

conditions as a carrier. On the otherhand, oil-water emulsion enhances efficacy under 

laboratory and field conditions (Polar et al., 2005a). Hydraulic sprayer has an advantage; 

spores are released under increased pressure and this may increase penetration of the fungus 

into tick-infested vegetation (Ekesi et al., 1998). However, large volumes of fungal 

suspensions is required if large areas are to be treated, making hydraulic sprayers less cost 

effective than UL V application (Bateman and Alves, 2000). The choice of spray equipment 

to be used for applying fungus in the field would depend on the vastness of the targeted area 

for treatment, application strategy (on-host or off-host) as well as the behaviours of the ticks 

inhabiting the targeted area for tick control. Considering the large areas of grass vegetation 

that may require spray-application of entomopathogen, UL V spray technique might be a 

more suitable technique for spraying certain ticks on vegetation. According to Bateman and 

Alves (2000) the environmental risks associated with biopesticides can be considered to be 

substantially less than conventional chemicals and they should therefore enjoy the benefits of 

efficient application methods using small droplets. Selecting UL V spray technique created 

the need to optimise the inoculation methods for fungal pathogens against ticks that quest on 

vegetation in bioassays. 

Ticks find their hosts in several ways (Walker et al., 2003). Many Jxodes species and argasids 

spend their entire life cycle in their host's nest and attach to their hosts there. This is called 

nidiculous or endophilic behaviour. Other ticks such as the dog tick R. sanguineus, have 

adapted to living in housing built by humans and this behaviour is called domestic behaviour. 
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Some ticks live in open environment and their questing behaviours can be placed into two 

categories; (i) "Ambushers": These are ticks that seek their host by climbing on the 

vegetation waiting for their host to pass by so they can attach. Examples of such ticks include 

some members of the genus Rhipicephalus. (ii) "Hunters": They actively seek their host. 

Members of the genera Amblyomma and Hyalomma are hunter ticks (Sonenshine, 1991; 

Walker et al., 2003). These ticks follow chemical cues to locate their hosts. Controlling this 

tick under field conditions can be difficult, since the nymphs and adults of this tick mostly 

move on the soil or underneath leaf litters and vegetation in search of their hosts. Previously, 

researchers at ICIPE, Kaaya et al. (1996) had identified M anisopliae ICIPE 7 as highly 

pathogenic against Amblyomma variegatum. The fungus was originally isolated from A. 

variegatum. Also, Maranga et al. (2006) had developed a fungus-treated trap baited with 

semiochemicals. This trap was baited with semiochemicals that attracted A. variegatum to the 

fungus and they became contaminated on contact. Despite the demonstrated success of the 

trap in reducing A. variegatum population under field conditions, there were some aspects of 

the trap that needed improvement: the trap was still expensive, considering the large areas of 

land that are expected to be treated, and the distance from which tick can be attracted to the 

trap may be improved if the pheromone is optimised. 

It is based on this background that the current research was developed. The broader goal was 

to develop formulation and delivery systems to simultaneously control both ambusher and 

hunter ticks (for examples, members of the genera Rhipicephalus andAmblyomma 

respectively) that may occur in a game reserve or open grassland. Two important tick species 

A. variegatum and R. pulchellus representing the hunter and ambusher strategies, 

respectively, were selected for this study. 

1.2.2 Tick biology 

1.2.2.1 Tick classification 

Ticks are obligate haematophagous ectoparasites of vertebrates (Mans and Neitz, 2004). They 

belong to the subclass Acari and sub-order Ixodida which comprises three families; 

Argasidae (soft ticks), Ixodidae (hard ticks) and Nutalliellidae (Sonenshine, 1991). Ixodid 

ticks spend several days feeding on the host while argasids feed rapidly with feeding events 

usually lasting less than an hour (Krantz, 1978). Ixodid ticks have only one nymphal stage 

while argasid ticks have at least two nymphal stages (Sonenshine, 1991). Due to the medical 
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and economic importance of ixodid ticks, the focus of this study was on two genera of the 

family Ixodidae; Amblyomma and Rhipicephalus. 

1.2.2.2 Life cycle of ixodid ticks and development patterns 

The life cycle of ixodids consist of four stages: an embryonated egg followed by three active 

stages. The three active stages include the six-legged larva, an eight-legged nymph, and a 

sexually mature eight-legged adult (Sonenshine, 1991). Hard ticks exhibit varied 

developmental patterns during their life cycles and as a result are grouped as one-host, two

host or three-host ticks (Bedford, 1934). Ticks with a one-host life pattern such as R. 

microplus need only one host to complete their life-cycle. All the stages of a one-host tick 

feed on a single host with only the engorged adults dropping off the host. The adult ticks feed 

and mate on the host. Following mating, a female tick imbibes an enormous amount of host 

blood to attain full engorgement and thereafter drops off from the host into vegetation to lay 

eggs. The eggs hatch into host-seeking larvae. In two-host ticks such as Rhipicephalus evertsi 

evertsi (Acari: Ixodidae ), the larvae attach to a host, feed to repletion and moult into nymphs 

while on the host. The unfed nymphs reattach and feed to full engorgement on the same host. 

Having engorged, the nymphs drop off from the host to a sheltered microenvironment and 

moult into a male or female adult tick. The emerged adult ticks quest for a suitable host to 

attach and feed. Three-host ticks such as A. variegatum, need three hosts to complete their 

life cycle (Sonenshine, 1991 ). 

1.2.2.3 Morphology of ixodid ticks and adaptation 

The body of a tick is comprised of two main regions, i.e. the gnathosoma and the idiosoma. 

The gnathosoma includes the basis capituli and the mouthparts. The mouthparts of hard ticks 

consist of a pair of four-segmented palps, a pair of two-segmented chelicerae and a 

hypostome (Walker et al., 2003). Ticks use the chelicerae to penetrate the epidermis of their 

host and insert the hypostome with retrograde teeth into the wound. The retrograde teeth on 

the hypostome, together with cement secreted by the tick' s salivary glands, enhances 

attachment of a tick to its host (Sonenshine, 1991 ). The idiosoma bears the legs, genital pores 

and spiracles. The chitinous scutum in female ticks covers the anterior third of the dorsal side 

of the idiosoma while in males it extends over the entire dorsum of the idiosoma (Krantz, 

1978). 
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Hard ticks have evolved and adapted successfully to a blood-feeding mode of life (Mans & 

Neitz, 2004). In order to maintain the flow of blood during feeding, the salivary glands of 

ticks secrete anticoagulants and vasodilators (Sauer et al. 2000). Tick salivary glands also 

secrete immunomodulators, which can suppress the immune system of the host (Barriga, 

1999). The prolonged feeding duration of hard ticks facilitates transmission of a variety of 

microrganisms to humans and livestock (Sonenshine, 1991). In addition, they imbibe a large 

quantity of blood from their hosts. 

Ticks have highly efficient sensory organs, which consist of chemosensilla, mechanosensilla, 

photosensilla and thermosensilla. The tick's sensory organ, the Baller's organ, is situated on 

the dorsal surface of tarsi of each foreleg and it has both olfactory and gustatory 

chemosensilla (Sonenshine, 1991). Olfactory chemoreceptors or sensilla perceive volatiles 

while gustatory chemoreceptors perceive stimulus on contact (McMahon et al., 2003). 

Carbon dioxide stimulus has been shown to stimulate questing in ticks (Perritt et al. , 1993). 

Also, Carroll (1998) demonstrated that aqueous wipes of the metatarsal gland of white-tailed 

deer elicited an arrestant response in I scapularis. Some ixodid ticks such as Hyalomma 

truncatum (Acari: Ixodidae) possess eyes equipped with photoreceptors and are capable of 

perceiving visual signals (Bergermann & Gothe, 1997). 

1.2.3 Rhipicephalus pulchellus Gerstacker, 1873 (Zebra tick) 

This tick is commonly known as the Zebra tick with a three-host life cycle and can transmit 

the protozoan Trypanosoma theileria to cattle (Burgdorfer et al., 1973). R. pulchellus (Figure 

1.1) is found in savannah, steppe, and desert regions and is the most common tick in North 

East Africa and the Rift Valley (Figure 1.2). It feeds on a wide variety of hosts including 

zebra, black rhinoceros and eland (Walker et al., 2003). 
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Figure 1.1 Adult female (left) and adult male (right) Rhipicephalus pulchellus 

Figure 1.2 Distribution of Rhipicephalus pulchellus in Africa (Walker et al., 2003) 

1.2.4 Ambyomma variegatum Fabricius, 1794 (Bont tick) 

Amblyomma variegatum, commonly known as the tropical bont tick (Figure 1.3) is one of the 

commonest and most widely distributed ticks on livestock in Africa (Figure 1.4). This tick 

occurs in areas with a wide variety of climates, from rainforest, to temperate (highland) 

regions, savanna through to steppe. Amblyomma variegatum is a three-host tick and all stages 

of this tick infest cattle, sheep, goats and other large herbivores such as buffaloes. Adults 

attached on the dewlap, sternum, flanks, ears, around the genitalia, and the udders (Walker et 

al., 2003 ). It transmits Ehlichia ruminantium (Rickettsiales: Anaplasmataceae) a ricket tsia 

that causes heartwater in ruminants, and the bacterium Dermatophilus congolensis van 

Saceghem 1915 (Actinobacteria: Dermatophilaceae), an acute bovine dermatophilosis. 
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Amblyomma variegatum is also a vector of Rickettsia africae (Rickettsiales: 

Rickettsiaceae)(Kelly et al., 1996) sp. nov, the causative agent of African tick-bite fever 

(Morita et al., 2004). Amblyomma variegatum actively search for their hosts and are 

sometimes referred to as the hunter tick. Host seeking behaviour is modulated by 

information-bearing compounds known as semiochemicals (Sonenshine, 2006). 

Figure 1.3 Female (left) and male (right) Amblyomma variegatum 
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Figure 1.4 Distribution of Amblyomma variegatum in Africa (Walker et al., 2003) 
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1.2.5 Economic importance of ticks 

The economic impact of ticks is considerable and it has been estimated that worldwide, the 

cost for both the control of ticks and tick-borne diseases and direct losses occurring as a result 

of their feeding activities and the diseases transmitted by them, was US$13-18 per head of 

cattle at 1996 prices (de Castro, 1997). A review by Norval (1990) on the effects of 

Amblyomma hebraeum Koch (Acari: Ixodidae) and R. appendiculatus on meat and milk 

production in Zimbabwe using computer simulation models indicated that reductions in live 

weight gain caused by each adult female tick completing its feeding was approximately 10 g 

for A. hebraeum and 4 g for R. appendiculatus and losses in milk production amounted to 7 g 

for every female of both species that became engorged. In Australia, losses due to infestation 

by B. microplus were estimated at US$62 million in 1974 (Springell, 1983). Brazil loses 

around US$2 billion per year (Grisi et al., 2002). In a recent study carried out in Tanzania, 

the total annual national loss due to tick-borne diseases was estimated at US$364 million with 

an estimated mortality of 1.3 million cattle (Kivaria, 2006). 

1.2.6 Tick Control 

1.2.6.1 Chemical control 

Currently method of tick control is largely achieved through the use of chemical acaricides 

( organophosphate, amitraz, fipronil) and repellents (DEET and permethrin). Even though 

chemical acaricides are effective (Basu et al., 1986; Rinkanya et al., 1992; Davey et al., 

1998; Davey et al., 2001; Schuele et al., 2009), repeated utilization of these chemicals has led 

to the development of tick resistance (Ducornez et al, 2005; Baxter & Barker 2002). For 

example, the Mexican strain of B. microplus is resistant to many classes of synthetic 

acaricides including chlorinated hydrocarbons ( eg DDT), pyrethroids, organophosphates and 

formamidines (Foil et al., 2004). 

Furthermore, there are risks of environmental pollution by these chemical acaricides (Li et 

al., 2003). For instance, pyrethroids and organotins have shown different degrees of toxicity 

to some cyanobacteria and aquatic algal species (Ma, 2005). Abou-Donia (1996) reported that 

tick repellents nn diethyl-m-toluamide and permethrin were toxic to hens and they suggested 

that humans with low plasma esterase activity could be more susceptible to acaricide toxicity. 
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1.2.6.2 Vaccination 

Ticks produce antigens which facilitate the acquisition of blood from their hosts and these 

antigens can activate the production of antibodies in the hosts against internal organs of ticks 

(da Silva Vaz et al., 1996). Some of these antigens might be useful in the development of 

anti-tick vaccines (Imamura et al., 2008). For example, a glicoprotein of 89 kDa (Bm86), 

linked to the gut of R. microplus, induced the production of antibodies directed against a 

critical protein in the tick gut. This protein has been synthesized using recombinant 

technology and was registered for commercial use in Australia (Willadsen et al., 1995). In a 

related development, Boue et al. (1998) developed a vaccine (Gavac™) in Cuba, which is 

effective against R. microplus but its efficacy against other species of ticks could not be 

guaranteed. According to Willadsen (2005), current vaccines could be improved by inclusion 

of additional tick antigens. For example, immunization of cattle with a cocktail of 

recombinant proteins (RAS-3 and -4) and (RIM36) significantly increased immune protection 

against R. appendiculatus in vaccinated group compared to control group (Imamura et al., 

2008). Research in tick vaccine development is fairly recent and it opens interesting 

opportunities for future research. 

1.2.6.3 Plant extracts 

Plant materials are used traditionally for the treatment of both endo and ectoparasites of 

livestock and humans in parts of Africa and Asia (Lans and brown, 1998; Madge, 1998). 

Research on ethnoveterinary plants has led to the scientific validation of effects of some 

species of plants with repellent and toxic properties (Lwande et al. , 1999; Borges et al. , 2003; 

Kaaya, 2000a). Neem (Azadirachta indica) extracts cause growth inhibition and mortality in 

ticks (Abdel-Shafy and Zayeb, 2002). Stjemberg and Beglund (2000) found a reduction in 

tick bites in individuals who fed on garlic (Allium sativum) compared to those fed on a 

placebo. Currently, herbal products containing essential oils such as citronella oil are 

available as commercial repellents (Fradin and Day, 2002). Pyrethrum obtained from 

Chrysanthemum spp. is a widely used natural pesticide (Hansen, 2005). Limited, 

unpublished information on botanical products indicates some protection from ticks under 

field conditions. Even though plant extracts may be bioactive against ticks in the laboratory, 

their stability and efficacy under field conditions has not been widely demonstrated. 
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1.2.6.4 Entomopathogenic fungi 

1.2.6.4.1 General biology 

The most common fungal pathogens of arthropods widely studied for biological control 

belong to the hyphomycetous fungi (Class Hyphomycetes; Order Moniliales) and include 

species of Beauveria, Metarhizium, Jsaria (= Paecilomyces), Hirsute/la, Lecanicillium 

(formerly Verticillium), Culicinomyces, Tolypocladium and Nomuraea. Recently, Inglis et al. 

(2001) reviewed the use of Hyphomycetes for managing insect pests. Among the 

hyphomycetous fungi, Beauveria, Metarhizium and Isaria genera are considered 

'nonspecialist' pathogens for Acari (Chandler et al., 2000); they are, however, the most 

studied for biological control of ticks. 

1.2.6.4.2 Mode of infection 

Metarhizium anisopliae (Metsch.) Sorok. (Ascomycota: Hypocreales) invades R. microplus 

by a process which involves the adhesion of conidia to the cuticle, conidia germination, 

formation of appressoria and penetration through the cuticle, with penetration occurring 72 h 

post-inoculation (Arruda et al., 2005). Penetration of the cuticle is aided by secretion of the 

chitinolytic enzyme CHIT 30 by M anisopliae (Da Silva et al., 2005). Other enzymes 

implicated in the degradation of the tick cuticle by M anisopliae during the infection process 

include chitinases (endo- and N-acetylglucosaminidases) and proteases (subtilisin and 

trypsin-like proteases) (de Moraes et al., 2003). According to Goettel et al. (1989), 

penetration of the epicuticle primarily occurs by enzymatic degradation, while penetration of 

the procuticle involves both enzymatic degradation and mechanical separation of the lamella. 

Differences in tick cuticular lipids and hydrocarbons can influence tick susceptibility to 

fungal infection, which may account for differential susceptibility of A. maculatum Koch and 

A. americanum to M anisopliae and B. bassiana (Kirkland et al., 2004a). Nymphs of 

appendiculatus are more susceptible than adults (Kaaya, 2000b; Kirkland et al., 2004b ). 

Kershaw et al. (1999) proposed that at least two possible virulence strategies existed among 

their isolates: (i) a ''toxin strategy'' in which the fungus has limited growth in the host 

haemolymph and produces destruxins in sufficient quantity to kill the host (ii) a ''growth 

strategy"in which an isolate exhibits profuse growth in the haemolymph which causes a 

disruption of homeostasis and starvation leading to host death, although these strategies may 

differ among fungal isolates. 
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1.2.6.4.3 Natural infection of ticks by fungal pathogens 

Early studies on natural mycoses in ticks revealed that soil-dwelling stages of ticks are 

susceptible to mitosporic fungi such as M anisopliae and Beauveria bassiana (Bals.) Vuill. 

(Ascomycota: Hypocreales) (Chandler et al., 2000). M anisopliae and B. bassiana have 

been observed infecting soil-dwelling stages of the cattle ticks R. microplus in Brazil 

(Verissimo, 1995). In a comprehensive study of mycoses occurring in natural populations of 

Ixodes ricinus L. (Acari: Ixodidae) in Denmark, fungi appeared to be an important regulator 

of tick populations with engorged females being the most susceptible (Kalsbeek et al., 1995). 

Similarly in Brazil, strains of entomopathogenic fungi ( 49 B. bassiana and 20 M anisopliae) 

occurring naturally on engorged females of B. microplus ticks were isolated (da Costa et al., 

2001) 

1.2.6.4.4 Potential of fungal pathogens for tick control 

The pathogenicity to various fungal species against ticks has already been demonstrated in 

the laboratory. For example, Samish et al. (2001) showed that M anisopliae, B. bassiana, M 

flavoviride and 1 fumosorosea were pathogenic against Rhipicephalus sanguineus L. (Acari: 

Ixodidae). In an in vitro bioassay comparison of the efficacy of M anisopliae, M 

flavoviridae, B. bassiana, 1 fumosorosea and L. lecanii against engorged female B. annulatus 

ticks, Gindin et al. (2001) found that M anisopliae and B. bassiana were the most effective, 

killing 85 to 100 percent of ticks within 7 to 10 d of treatment and preventing egg production 

before death. An isolate of B. bassiana (Bb 28) caused high larval mortality and low hatching 

of the eggs among fungus-treated B. microplus eggs and larvae (Fernandes et al., 2003). 

Investigating the effects of 12 isolates of M anisopliae, infected and non-infected by dsRNA 

viruses, on engorged B. microplus females, Frazzon et al. (2000) observed that the most 

pathogenic isolates caused 100% mortality in engorged females of R. microplus 13 days post

treatment at a test concentration of 107 conidia mr1
• They also found that dsRNA mycovirus

free isolates of M anisopliae were more infective than the ones taken from experimentally 

infected ticks. Isolates of M anisopliae killed laboratory populations of engorged females, 

eggs and larvae of B. microplus and affected their oviposition behaviour (Bittencourt et al., 

1992; Bittencourt et al., 1994a,b ). Fungal suspensions of either B. bassiana or M anisopliae 

at 108 conidia mr1 caused 50-70% mortality in adult 1 scapularis and R. sanguineus, but less 

than 20% mortality in D. variabilis ticks at 28 days post treatment (Kirkland et al., 2004b) 
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The potential of entomopathogenic fungi for tick control has also been demonstrated in the 

field. When ticks were treated with entomopathogenic fungi and maintained in potted grass, 

oil-based formulations of B. bassiana and M anisopliae of 109 conidia mr1 induced 100% 

mortality in R. appendiculatus and A. variegatum, larvae, between 80 andl 00% mortality in 

nymphs and 80 and 90% mortality in adults (Kaaya and Hassan, 2000). In a more recent 

study, post engorgement and egg mass weights were 33 and 55% lower, respectively, in 

females of I scapularis treated with M anisopliae in the field before they were allowed to 

feed on laboratory rabbits (Hombostel et al., 2004). Kaaya (2000b) and Benjamin et al. 

(2002) reduced tick populations of R. appendiculatus larvae and I scapularis unfed adults 

respectively in vegetation by spraying with aqueous suspension of M anisopliae. Benjamin et 

al. (2002) determined the efficacy of the fungal suspension by counting the number of I 

scapularis collected in both the fungus-treated and control treated plots after 4 weeks by the 

drag sampling method. Spray treatments of M anisopliae and B. bassiana to R.(B.) 

decoloratus Koch on cattle induced tick mortality and resulted in a significant reduction in 

egg viability (egg hatchability). In the control group, egg viability was 98% compared with 

30% and 50% in B. bassiana and M anisopliae-treated groups, respectively (Kaaya and 

Hassan, 2000). In another study conducted by Alonso-Diaz et al. (2007) R. microplus 

population on naturally-infested cattle was significantly reduced following multiple 

applications of an aqueous suspension of M anisopliae titred at 108 conidia mr1 compared to 

the control on days 0, 1, 3, 5, 7 and 14 post-treatment. 

1.2.6.4.5 Factors that influence efficacy of fungal pathogens 

1.2.6.4.5.1 Environmental factors 

Several climatic factors may influence the infectivity of entomopathogenic fungi for ticks. 

These factors include solar radiation, especially UV A and UVB, temperature and humidity 

(Ignoffo, 1992). For example, Fargues et al. (1996: 1997) reported that UV-B was the main 

factor causing mortality in I fumosorosea and M anisopliae. A similar observation was 

reported by Moore et al. (1993) with M anisopliae var. acridum (=Metarhiziumjlavoviride) 

conidia in water on glass under laboratory conditions. Biochemically, UV-B causes a direct 

effect on DNA and proteins through sorption by aromatic amino acids (Pourzand and Tyrrell, 

1999). Reactive oxygen species (ROS) generation is associated with modifications of 

aromatic amino acids. According to Miller et al. (2004), another major effect of UV-A and 

UV -B is a reduction in catalase-peroxidases isozyme level. Impaired growth of M anisopliae 

after near-UV exposure may be related to reduce abilities to handle oxidative stress (Miller et 
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al., 2004). Research on the UV protective effects of oil revealed that fungal conidia 

suspended in oil are significantly protected from UVB in controlled-environment studies 

(Moore et al., 1993; Inglis et al., 1995). However, oil alone does not appear to enhance the 

survival of conidia on foliage in the field and this has been attributed in part to the absorption 

of oil into leaf tissues (Inglis et al., 1995). A variety of strategies have been applied to 

increase the persistence of entomopathogenic Hyphomycetes. Incorporation of conidia into 

soils is thought to increase their survival by protecting propagules from solar radiation and 

buffering them from extremes of temperature and moisture (Gaugler et al., 1989). However, 

incorporation of of propagules into soil to enhance persistence will depend not only on 

climatic factors such as ambient temperature but also on other factors such as shading or the 

depth to which propagules are incorporated (Inglis et al., 2001 ). High humidity close to 

saturation favours germination and pathogenicity of entomopathogenic fungi, whereas low 

humidity produces the opposite effect (Lazzarini et al., 2006). Fungal germination and 

growth are affected by temperature with optimum growth ranging between 25°C and 30°C 

and at higher temperatures (beyond 35 °C) growth is slowed (Ekesi et al., 1999; Leemon et 

al., 2008). However, fungal growth varies among fungal isolates and Polar et al. (2005b) 

demonstrated the importance of selecting suitable isolates for tick control on cattle. 

According to Inglis et al. (2001), the thermal characteristics of isolates should be matched 

with the microhabitats in which they will be deployed for optimum performance. 

1.2.6.4.5.2 Effects of culture conditions 

The viability, persistence and virulence of entomopathogenic fungi can be affected by culture 

conditions (Butt and Geottel, 2000; Leland, 2001). For example, when growing in a liquid 

medium for M anisopliae containing limited nitrogen and excess carbon, M anisopliae 

produces sporogenous cells and spores ("submerged conidia") that are morphologically 

indistinguishable from environmentally stable aerial conidia (Jenkins and Prior, 1993) and are 

relatively more stable than the blastospores (Jenkins and Goettel, 1997). In bioassays with 

Galleria mellonella larvae at different relative humidities, conidia with large amount of 

glycerol and erythritol were more virulent than conidia grown on rich nutrient substrates 

(Hallworth and Megan, 1994). Kirkland et al. (2005) demonstrated that presence of oxalic 

acid, which is also secreted by B. bassiana in a medium act as a key factor during 

pathogenesis and can affect fungal virulence and lethality against tick. 
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1.2.6.4.5.3 Host specificity 

There is a strong relationship between the host and the pathogen, which is modulated by 

factors inherent to both the pathogen and the host, as well as to environment (Inglis et al., 

2001 ). This may explain the varied response of different tick species to different fugal 

isolates. Kirkland et al. (2004a) observed differential susceptibilities of A. maculatum and A. 

americanum to the entomopathogenic fungi B. bassiana and M anisopliae. Polar et al. 

(2005c) noted that M anisopliae was more pathogenic against R. microplus than 

Simplicillium lamellicola and I farinosa, producing shorter average survival times for 

engorged adults and larvae, and longer average hatching times. The fungus was also found to 

be pathogenic towards engorged adult R. sanguineus but not against the larvae. In another 

study, Polar et al. (2005b) compared the pathogenic activity of two isolates of M anisopliae 

against R. microplus. Although both isolates reduced the R. microplus population on cattle 

more than the control, one isolate produced a greater reduction in tick numbers than the other. 

The susceptibility of a host to fungal infection also varies according to the developmental 

stage exposed. For instance, the first nymphal instar of the fowl tick, Argas persicargas 

persicus Oken (Acari: Argasidae), is more susceptible to B. bassiana and M anisopliae than 

the second nymphal-instar (Sewify and Habib, 2001). Nymphs of R. sanguineus and 

Dermacentor variabilis (Acari: Ixodidae) are more susceptible than the corresponding adult 

stages to conidia and blastospores of B. bassiana and M anisopliae; while I scapularis 

nymphs are slightly less susceptible than adults to the same fungal species (Kirkland et al., 

2004b ). Pathogens and hosts are intrinsically linked ecologically but their evolutionary 

interests diverge: selection on the pathogen is for greater exploitation of the host and 

selection on the host is for exclusion of the pathogen (Bush et al., 2001 ). In general, hosts can 

resist pathogen infection through immune defense mechanisms, for example the honey bee 

immune system, like other species ofholometabolous insects, depends on two main 

categories of defense reactions against entomopathogenic fungi: the cell-mediated responses 

such as phagocytosis and encapsulation of foreign objects (Glinski and Buczek, 2003) 

There are several reports on the innocuous nature of microbial control agents toward 

beneficial insects and other non-target organisms (Groner, 1990; Lacey and Siegel, 2000; 

Shapiro-Han and Cottrell, 2005). Premature death of the host due to infection is one of the 

main antagonistic interactions between entomopathogens and parasitoids (Brooks, 1993). 

Introduction of a fungal pathogen to an ecosystem may cause significant destabilization and 

have long-term consequences that affect the parasitod complex interaction with its hosts 
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(Furlong and Pell, 2005). However, there is evidence for behavioural and biochemical 

mechanisms that minimize the negative interactions between entomopathogens and insect 

parasitoids (Brooks, 1993; Begon et al., 1999). There is a diverse assemblage of genotypes 

within Metarhizium and Beauveria and individual isolates can have very restricted host 

ranges (Goettel et al., 2000). Physiological susceptibility in the laboratory does not 

necessarily translate into field ecological susceptibility, where the impact of a given fungus 

on a susceptible predator or parasitoid may be minimal (Jaronski et al., 1998). Field studies 

by Baltensweiler and Cerutti (1986) and Parker et al. (1997), revealed that application of B. 

brongniartii (Ascomycotina: Hypocreales) and B. bassiana, respectively to forest 

environments produced low incidence fungal disease in non-target arthropods. Studies by 

Lacey et al. (2003) showed both antagonism and complementary activity between the 

entomopathogenic nematode Steinernema carpocapsae (Rhabditida: Steinernematidae) and 

two ichneumonid idiobiont parasitoids (Hymenoptera: Ichneumonidae) of codling moth 

(Lepidoptera: Tortricidae). This research demonstrated the ability of parasitoid females to 

detect and avoid laying eggs on nematode-infected cocooned codling moth larvae. 

1.2.6.4.5.4 Screening bioassay 

Bioassays are central to the successful development of fungi as microbial control agents. 

According to Butt and Goettel (2000), the ultimate challenge is to develop bioassay that can 

be used to predict field efficacy. Several factors can influence the pathogenicity of 

entomogenous fungi besides culturing conditions in bioassays; rearing conditions; handling 

of insect; insect life cycle; environmental factors such as temperature and humidity; 

inoculation methods; the location where the inoculum lands on the cuticle; dose-mortality 

relationships; control mortality and attenuation of virulence due to successive subculturing on 

artificial (Butt and Goettel, 2000). The most widely used method for inoculation of ticks in 

the laboratory is by immersion (Frazzon et al., 2000; Onofre et al., 2001; Samish et al., 2001; 

Kirkland et al., 2004a). However, contamination of ticks by dipping in a conidial suspension 

can provide misleading data since ticks walk on their tarsi or pulvilli. In addition, dipping in 

conidial suspensions can cause blockage of the spiracles of the host, resulting in high 

mortalities (Soares, 1982). Poor results observed in field experiments can partly be explained 

by the technique used to infect the target host during screening trials in the laboratory, which 

may either underestimate or overestimate the virulence. Adaptation of assays to the specific 

needs of a host, pathogen, and application strategy might provide meaningful results during 

the screening process. It is therefore important to optimize strain selection through the use of 
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appropriate and more predictive methods of inoculation when screening fungal isolates 

against different life stages of ticks. 

1.2.6.4.5.5 Formulations 

Formulation of entomopathogens is a critical step towards their implementation as biocontrol 

agents. Formulation must be devised combination of ingredients to ensure that the active 

component effectively reaches the target pest (Soper and Ward, 1981). The proper 

formulation of a fungal biocontrol agent, therefore, requires an understanding of the life cycle 

of the pathogen, and effects of environmental factors on its biology, combined with 

knowledge of the target host's biology (Feng et al., 1994). Water is a useful formulating 

agent because it is non-toxic, readily available, cheap, and can be dispersed using simple 

hydraulic sprayers (Polar et al., 2005a). On the otherhand oil-based carrier can minimize the 

negative effect of environmental stress on fungal conidia and enhance infection (Prior et al., 

1988; Kaaya et al., 1996; Kaaya and Hassan, 2000; Batta, 2003). It has also been suggested 

that formulation of conidia in oil ensures that conidia are viable for longer periods and have 

higher infectivity (Milner et al., 1997). Pure oil formulations are compatible with ultra low 

volume (UL V) spray technology (Prior et al., 1988). They are non-volatile and can be used to 

obtain very small droplets (50-100 µm mean diameter) required for UL V spraying, which is 

suitable for large-scale field application. This is not possible with water formulations due to 

the high evaporation rate of small water droplets (Bateman and Alves, 2000). Oil-water 

emulsion may provide free water and nutrients to stimulate the germination of the 

Metarhizium spores on the surface of ticks (Leemon and Jonsson, 2008). The use of 

emulsifiable oil adjuvants allows for the conidia and oil droplets to be suspended in a 

continuous, aqueous phase. This imparts some of the beneficial properties of an oil 

formulation in a less costly water based environment (Polar et al., 2005a). Oil-water 

emulsions and aqueous formulations are compatible with hydraulic spray technology, which 

is relatively more costly compared to UL V for large-scale applications (Bateman and Alves, 

2000). The development of formulations that is inexpensive, that minimize the susceptibility 

of fungi to environmental stress, and are compatible with suitable application technologies 

may enhance the efficacy of entomopathogenic fungi as biocontrol agents. 

1.2.6.4.5.6 Application strategies 

Inundative and augmentative releases are the main methods employed for the introduction of 

entomopathogens, including fungi, into the ecosystem (Lacey and Goettel, 1995). For 
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example, Kaaya (2000b) and Benjamin et al. (2002) reported reduction of populations of R. 

appendiculatus and I scapularis, respectively, following spray application of aqueous 

formulation of M anisopliae on the vegetation. Ticks that quest from vegetation could be 

targeted by spraying the vegetation with fungal suspension. Alonso-Diaz et al. (2007) 

obtained a reduction in the number of feeding R. micro plus ticks following spray application 

of aqueous formulation of M anisopliae on naturally infested cattle. Applying fungal 

suspensions on the host may not be practical in situations where livestock and wildlife share 

the same habitats. The use of blanket spray may lead to contamination of non-target species 

(Hajek and Geottel, 2000; Brownbridge and Glare, 2007). In addition, environmental factors 

may reduce fungus efficacy (Luz and Fargues, 1998; Polar et al., 2005b ). Therefore there is 

need for alternative techniques such as autoinoculation. Such a technology would permit the 

dissemination of tick pathogens among target tick population by using devices that attract 

host ticks to come into contact with the pathogen before retreating to the population 

(Maranga et al., 2006). In some instances, this might be the most suitable method for 

example controlling "hunter" ticks such as A. variegatum off-host. Using a fungus-treated 

pheromone-baited trap, Maranga et al. (2006) were able to attract and infect A. variegatum 

under field conditions. Other methods have been tried, for example Hombostel et al. (2005) 

treated nesting material of the white-footed mouse, Peromyscus leucopus, with M anisopliae 

to control larvae of Ixodes scapularis with some positive results. An understanding of the 

behaviour of the target tick species is advantageous in determining the best application 

strategy for a mycoacaricide. 

1.2.6.5 Tick pheromones and host kairomones 

Tick behaviour is mostly regulated by pheromones and kairomones, chemical compounds 

that enhance intraspecies communication. There are three known types of pheromones in 

ticks: sex pheromones (improves chances of mating), assembly pheromones (help safeguard 

the survival of the individuals by bringing conspecifics together) and aggregation-attachment 

pheromones (help ensure that ticks attach preferentially to a host on which they are more 

likely to feed) (Hamilton, 1992). The sensory organ of ticks responsible for picking up 

chemical stimuli is the Haller's organ (Sonenshine, 1991). In members of the genus 

Dermacentor, genital sex pheromones produced by females are perceived by the sensilla on 

the chelicerae of male ticks. Members of the genus Amblyomma actively respond to the 

attraction-aggregation-attachment-pheromones secreted by successfully feeding male ticks 

and to kairomones (for example C02) exhaled by their hosts (Norval et al., 1987). The large 
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amount of pheromones produced by feeding males of the tropical bont tick (A. variegatum) 

(Diehl et al., 1991, Pavis and Barre, 1993 and Price et al., 1994) coupled with carbon dioxide 

from their large ungulate host, attracted unfed males and females from longer distances upto 

to 10 m (Norval et al., 1991 ). The chemical 1-octen-3-ol, which occurs naturally in adult A. 

variegatum and is a minor constituent of cattle breath, attracts A. variegatum adults in the 

laboratory (McMahon et al., 2001). According to Schoni et al. (1984), the best-known 

example of such a phenomenon is the AAAP (attraction-aggregation-attachment pheromone) 

of the tropical bont tick, which is comprised of a mixture of two substituted phenols, methyl 

salicylate and o-nitrophenol, and a fatty acid, nonanoic acid. In a recent study conducted by 

Donze et al. (2004 ), A. variegatum and I ricinus adults were attracted to the odour of rumen 

fluid collected from freshly-slaughtered cattle and the olfactory receptor cells of both ticks 

were stimulated by the same fraction of rumen metabolites (butanoic and isobutanoic acid). 

1.2.6.5.1 Optimization of pheromone attraction of A. variegatum 

It has been shown that C02 increased attraction of Amblyomma ticks to an AAAP source in 

the field (Maranga et al., 2003). A blend of host odours such as C02 with l---0cten-3-ol and 

AAAP significantly increased attraction of A. variegatum compared to AAAP only (Toure, 

2005). Osterkamp (1999) found that 1-octen-3-ol produces an additive attractive effect of 

hard ticks to semiochemicals. Optimization of AAAP traps with host kairomones (rumen 

fluid odour, carbon dioxide, 1-octen-3-ol, ammonia and rumen metabolites, which elicit 

attraction of A. variegatum) in appropriate concentrations may improve the attraction and 

orientation of A. variegatum towards the trap. 

1.2.6.5.2 Potential of semiochemicals in integrated tick control 

Integrated tick control is a multifaceted approach to tick control. The goal is to control ticks 

in a sustainable manner by making use of different methods of control while minimizing the 

negative impact of acaricides on the environment. Different tick control methods such as 

traditional hand picking of ticks, use of indigenous tick resistant cattle and ethnoveterinary 

plants) can be combined with chemical, biological, immunological and ecological controls 

(e.g. rotational grazing, proper fencing of game reserves) and semiochemical methods in 

order to achieve increased tick control efficacy. According to de Castro (1997), reliance on 

any one method of controlling ticks often fails to provide efficient, sustainable and long-term 

control. Carroll et al. (1995:1996) and Allan et al. (1998) have previously demonstrated the 

potential of kairomones released by the host and tick pheromones in integrated tick control. 
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Tick behaviour can be exploited for on-host or off-host pheromone-assisted tick control 

technology with satisfactory results (Sonenshine, 2006). A sex pheromone (2,6-

dichlorophenol)-acaricide impregnated decoy attracted and killed mate-seeking males of 

Dermacentor variabilis on rabbits (Hamilton and Sonenshine, 1989). Allan et al. (2001) 

developed a technology that kills 1 scapularis in vegetation, by incorporating components of 

arrestment pheromones (elicit adult assembly) and permethrin into oil droplets. In another 

study, plastic tail tags impregnated with AAA pheromone and flumethrin or cyfluthrin 

coupled with the C02 produced by the cattle was effective for the control of the tropical adult 

bont tick A. hebraeum (Norval et al., 1996). Similarly, Maranga et al. (2006) used this 

concept to attract adults of A. variegatum from the vegetation to a C02 and pheromones

baited traps to infect them with an entomopathogen. The combination of mycoacaricides 

with pheromones may also enhance efficacy by attracting ticks to the pathogen, in a species

targeted control method, concurrently reducing potential environmental contamination. 

Although some work has been done in this regard, no commercial products combining tick 

semiochemicals with an acaricide or biological control agent are available in the market. This 

may be partially attributed to the lack of adequate information on tick responses at a species 

level to subtle changes in the concentrations of single pheromones or constituents of 

pheromone blends, and the absence of suitable application techniques for a mycoacaricide. 

The aim of this thesis was to address the different aspects that could play a role in developing 

effective products by integrating the different aspects discussed above. 
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1.3 Hypothesis 

• Entomopathogenic fungi cause mortality in R. pulchellus and A. variegatum 

• Ticks are effectively attracted to pheromones and kairomones, which could result in 

the development of a contamination trap in the field. 

• A combination of tick pheromones with host kairomones with conidia of 

entomopathogenic fungi in a trap will attract more ticks and infect them before they 

return to the environment. 

1.4 Overall aim of study 

To develop formulations and delivery systems for microbial control of ticks. 

1.4.1 

(i) 

(ii) 

(iii) 

Specific objectives 

To identify fungal isolates which are pathogenic against R. pulchellus in vitro. 

To identify the most appropriate techniques for laboratory inoculation of nymphal 

and adult stages of Rhipicephalus ticks with fungal conidia. 

To optimize attraction of A. variegatum adults by combining AAAP (pheromone) 

with 1-octen 3-ol and butyric acid (kairomones) 

(iv) To evaluate the effects of formulations on the efficacy of a fungus-treated 

semiochemical-baited trap for control of A. variegatum population under field 

conditions. 

(iv) To evaluate the performance of a M anisopliae-treated semiochemical-baited trap 

to control Amblyomma variegatum in the field. 
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CHAPTER TWO 

Laboratory screening of entomopathogenic fungi against Rhipicephalus 

pulchellus Gerstacker (Acari: Ixodidae) 

2.1 Introduction 

The Zebra tick R. pulchellus is one of the most widely distributed tick species in Kenya, 

Northern Somalia and Eastern Ethiopia (Pegram et al., 1971 ; Pegram, 1976; Walker et al, 

2003). It is closely associated with wildlife and recent studies carried out in Haller Park along 

the coastline of Kenya indicated that R. pulchellus was the most abundant tick species 

(W anzala and Okanga, 2006). It transmits Crimean Congo haemorrhagic fever virus and 

Rickettsia conorii Brumpt (Rickettsiales: Rickettsiaceae ), which causes Mediterranean 

spotted fever and Kenyan tick typhus in humans and Nairobi sheep fever virus in livestock 

(Walker et al., 2003). The immature stages of the tick readily bite humans (Walker et al., 

2003). 

Ticks are mostly controlled by chemical acaricides (Mekonnen et al., 2002). However, 

extensive use of these chemicals has favoured development of acaricide resistance in ticks 

(Baker and Shaw, 1965; Solomon et al., 1979; Alonso-Diaz et al., 2006) and has led to 

heightened concerns over human health and environmental impacts (Dipeolu and Ndungu, 

1991). This has encouraged the search for alternative tick control strategies that are 

environmentally benign. Several biocontrol agents such as nematodes, predators, parasitic 

hymenoptera, are currently being considered for use against ticks (Chandler et al., 2000; 

Samish et al., 2004). Entomopathogenic fungi have shown potential for the management of 

Ixodid ticks (Samish et al. , 2004). Despite many studies on the susceptibility of members of 

the genus Rhipicephalus to M anisopliae and B. bassiana, no previous report were found in 

the literature on the pathogenicity of these fungi against R. pulchellus. The objective of the 

current chapter is to identify isolates of M anisopliae and B. bassiana possessing good 

virulence against unfed R. pulchellus adults in the laboratory. 

23 



2.2 Materials and methods 

2.2.1 Ticks 

Unfed adult ticks were collected from vegetation in the Mwea Game Reserve and were used 

to establishment of a tick colony. Ticks were reared in the International Centre of Insect 

Physiology and Ecology (icipe) insect rearing unit, and F1 individuals were used in our study. 

Larvae, nymphs, and females were fed on New Zealand white rabbits and incubated in 

Perspex chambers at 26°C ± 1and85% RH at 12:12 L:D photoperiod. Three to four-week 

old unfed adult ticks were used. 

2.2.2 Fungi 

Fifteen isolates of arthropod-pathogenic fungi (12 isolates of M anisopliae and 3 isolates of 

B. bassiana) were screened. Their origin is presented in Table 2.1. All the isolates were 

obtained from the icipe 's Arthropod Germplasm Centre. The fungal isolates were stored 

under mineral oil. They were cultured on SDA plates at 26± 2 ° C. Conidia were harvested by 

scraping 3-4 week-old cultures and suspended in 20-ml universal bottles containing 0.05% 

Triton X 100 or com oil (Chef cooking oil). Approximately 10 sterile glass beads (3 mm in 

diameter) were introduced into the conidial suspension and the suspension was mixed 

vigorously on a vortex shaker for 5 minutes to ensure separation of spores. Viability of 

conidia was determined using the technique described by Goettel and Inglis (1997). Viability 

of the conidia was determined before each bioassay by spread-plating 0.1 ml of conidial 

suspension titrated at 1x106 conidia mr1 on SDA plates and examined under a light 

microscope 18 hours later. Conidial germination was determined from l 00-spore counts with 

four replicates. Over 90 % of conidia germination was regularly obtained. Conidial 

germination > 90% was obtained and was considered suitable for the experiment. 

2.2.3 Bioassays 

A batch of 20 unfed adult ticks were individually inoculated topically with 1 µl of aqueous or 

oil suspension containing 1 x l 09 conidia mr1 using a microapplicator (Arnold Hand 

Microapplicator Burkard Manufacturing Co Ltd. Rickmansworth England). Inoculation was 

done around the anterior region on the joint between the idiosoma and basis capitulum of the 

tick (Figure 2.1). In the control treatment, ticks were treated with 1 µl of the carriers (0.05% 

Triton X 100 or com oil) only. Ticks were handled using sterilized pairs of soft forceps. 

Twenty ticks were then placed in a 9-cm diameter Petri dish and incubated at 85 ± 5% RH, 
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26 ± 1 °C and 12: 12 L:D photoperiod. Each treatment was replicated 6 times for each fungal 

isolate and for the control and there were 20 ticks per replication. Tick mortality was 

recorded after 4 weeks. Ticks that were immobile were assessed to confirm if they were dead 

or not. The ticks were breathed upon to stimulate them with C02, and any that remained 

immobile were then physically pressed on their underside with a pair of forceps. If the legs 

extended and then retracted tightly or moved back and forth independently, the tick was 

considered alive. If the legs did not retract fully, the tick was considered dead. Most of the 

dead ticks appeared wasted and dehydrated. Dead ticks were surface sterilized by dipping 

successively in 2.5% sodium hypochlorite, 70% ethanol for one minute and then rinsed twice 

in sterile distilled water. The ticks were then placed in Petri dishes lined with moistened filter 

paper to promote fungal outgrowth and conidiation. Mortality due to mycoses was confirmed 

by microscopic examination ofhyphae and conidia developing on the surface of the cadaver. 

Point of application 
(microapplication) 

Figure 2.1 The point of inoculation of R. pulchellus with fungal conidia using a 

microapplicator (Walker, 1960) 
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Table 2.1 Origins of M anisopliae and B. bassiana isolates that were assayed against R. 

pulchellus 

Isolates Locality Host species/origin Year of 
isolation 

B. bassiana 
ICIPE 50 Rusinga island, Homa Bay Rhipicephalus 1996 

Kenya appendiculatus 
Bb Mbita ICIPE field station, Mbita, Soil 2004 

Kenya 
Bb Kericho Kericho, Kenya Soil 2005 
(ICIPE 279) 
M. anisopliae 
ICIPE 30 Kendu Bay, Kenya Busseola fuse a 1989 

ICIPE 49 Mt. Kenya, Nyeri, Kenya Soil 2005 

ICIPE 20 Migori, Isbania, Kenya Soil 1989 
ICIPE 41 Migori, Isbania, Kenya Soil 2005 
ICIPE 55 Embu, Kenya Soil 1990 

ICIPE 60 Kakelo, Kisumu, Kenya Soil 1996 

RIRA/MA Rusinga island Homabay Amblyomma variegatum 1996 
(ICIPE 7) 
ICIPE 62 Kinshasa, Democratic Soil 1990 

Republic of Congo (DRC) 
ICIPE 69 Matete, Kinshasa, DRC Soil 1990 

ICIPE 78 Ungoy, Mbita Kenya T nigroplagiatae 1990 

ICIPE 31 Madagascar Locusta migrotoria capita 2003 

ICIPE 51 Embu,Kenya Soil 2005 

2.2.4 Data analyses 

Tick mortality was adjusted using Abbott (1925) formula. ANOV A was performed on arcsin

squareroot-transformed percentage mortality data and means separated by Tukey's (HSD) 

test at P = 0.05 significance level. All analyses were performed with the SAS (2001) package. 
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2.3 Results 

Figure 2.2 Mycosed Rhipicephalus pulchellus cadaver following infection by Metarhizium 

anisopliae in the laboratory 

No mortality was recorded among ticks in the controls at four weeks post-treatment. 

Ticks were susceptible to fungi formulated in oil, however, four M anisopliae isolates 

(ICIPE 78, ICIPE 69, ICIPE 62 and ICIPE 60) out of the 15 assayed were virulent against R. 

pulchellus. These were; ICIPE 78 (76.1±5.9%), ICIPE 69 (62.6 ± 5%), ICIPE 62 (49.8 ± 

5.8%) and ICIPE 60 (49.6 ± 7.7%) (Table 2.2). Only ICIPE 78, ICIPE 69 induced 

significantly higher (F value= 11.86; DF = 14, 75; P < 0.0001) tick mortalities compared to 

the other 11 less virulent fungal isolates that were assayed. Fungal conidiation was observed 

on tick cadavers held under conditions of high humidity (Figure 2.2). Similarly, no mortality 

was recorded for ticks treated with aqueous suspensions of M anisopliae and B. bassiana. 

27 



Table 2.2 Percentage mortality (mean± SE) of R. pulchellus adults induced by conidia of 

fungal isolates formulated in oil at 1 x 109 conidia ml -I 4 weeks post-treatment. 

Fungi isolates Percentage mortality (mean± SE) 

ICIPE 50 21.0 ± 12.0 be 

Bb Mbita 15.9 ± 7.3.0 be 

ICIPE 279 15.9 ± 2.6 be 

ICIPE 30 17.5±7.3c 

ICIPE 49 16.0 ± 5.5 c 

ICIPE 20 15.9 ± 5.2 be 

ICIPE 41 2.6 ± 2.6 be 

ICIPE 55 1.6 ± 1.6 c 

ICIPE 60 49.6 ± 7.0 ab 

ICIPE 7 5.8 ± 3.2 c 

ICIPE 62 49.8 ± 5.8 ab 

ICIPE 69 62.6 ± 5.0 a 

ICIPE 78 76.l ± 5.9 a 

ICIPE 31 18.9 ± 3.9 be 

ICIPE 51 16.1±4.6 be 

Means with same lowercase letter within column are not significantly different at 0.05 level 

following Tukey' s test. 
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2.4 Discussion 

The result obtained in this study is in agreement with previous results that demonstrated the 

susceptibility of Rhipicephalus ticks to M anisopliae isolates under laboratory conditions 

(Mwangi et al. 1995; Kaaya et al., 1996; Barbosa et al., 1997; Monteiro et al., 1998a: 1998b). 

The results showed that Metarhizium isolates were relatively more virulent than Beauveria 

isolates; the most effective isolate was M anisopliae ICIPE 78. Gindin et al. (2002), showed 

that M anisopliae isolates were more virulent than fungi species from other genera; i.e., 

Beauveria, Paecilomyces and Verticillium. In the current study, M anisopliae-ICIPE 7 

induced low mortality (5%) in R. pulchellus adults whereas high mortality levels (65%) were 

obtained with the same isolate against R. appendiculatus adults in vegetation (Kaaya and 

Hassan, 2000). The origin, stability and culture history of individual isolates of 

entomopathogenic fungi may lead to significant variability in their virulence and host 

specificity (Cherrya et al., 2005). 

In the present study, ticks were killed when conidia were formulated in oil but no infection 

occurred after treatment with aqueous suspensions, indicating that oil formulation enhances 

virulence (Prior et al., 1988; Kaaya and Hassan, 2000). Oils are reasonably effective in 

sticking spores to the hydrophobic cuticle of arthropod (Inglis et al., 2002). The presence of a 

waterproof chitinous cuticle (Walker et al., 2003), which is also hydrophobic may prevent 

adhesion of conidia or penetration of an aqueous treatment to susceptible regions of the 

cuticle. 

This study demonstrated the susceptibility of R. pulchellus to some isolates of M anisopliae 

Optimization of laboratory assay techniques is essential to provide predictive data on the 

entomopathogenic fungi. In the next chapter, development of procedures to optimize tick 

infection with the selected fungal strains will be presented. 
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CHAPTER THREE 

Optimizing modes of inoculation of Rhipicephalus ticks (Acari: Ixodidae) 

with a mitosporic entomopathogenic fungus in the laboratory 

3.1 Introduction 

Strain selection is the primary step in the development of fungal pathogens for biological 

control (Soper and Ward, 1981). Several modes of inoculation have been used to evaluate the 

virulence of mitosporic Hyphomycetes. These include spraying conidia directly onto the 

target; exposing arthropods to treated leaves; dipping arthropods into titrated conidial 

suspensions; and treating the substrate (Hall and Papierok, 1982). Another technique was 

developed for screening fungal pathogens against locust consists of applying inoculum on the 

pronotum of the insect (Prior et al., 1995). The most common method used to inoculation 

ticks has been by immersing them into titrated conidial suspensions (Frazzon et al., 2000; 

Onofre et al., 2001; Samish et al., 2001; Kirkland et al., 2004a). Dipping assays have shown 

that M anisopliae is a virulent pathogen of members of the genus Rhipicephalus (Acari: 

Ixodidae) (Samish et al., 2001; Gindin et al., 2002). However, inoculation of ticks by dipping 

optimizes exposure to a pathogen and may not allow the most virulent strains to be readily 

differentiated from the less virulent ones. Dipping in conidial suspension can cause blockage 

of the spiracles of the host, resulting in high mortalities (Soares, 1982). Furthermore, dipping 

of the ticks in conidial suspension does not closely "mimic" UL V spraying technique, which 

might be suitable for application of fungal suspensions over large area of grass vegetation 

infested with host seeking ticks ("ambusher"). In reality, these ticks will acquire the conidia 

directly or indirectly from the foliage when crawling over the contaminated substrate in a 

UL V spray application without being immersed in the suspension. Three-host ticks spend 

most of their life in soil and vegetation, thus development of safe and effective methods for 

controlling free-living ticks is warranted (Benjamin et al., 2002). 

The development of oil-based formulations for entomopathogenic fungi has improved the 

control of many arthropod pests (Lomer et al. 2001; Kaaya and Hassan, 2000; Shi et al., 

2008). Pure oils are compatible with the established UL V spray technique that is suitable for 

large-scale field application (Prior et al., 2005a). Considering that large areas, may require 

treatments, as well as the costs involved with spore production and labour, pure oil 

formulation may be more effective compared to 10% water-oil emulsion; since it is 
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compatible with UL V application technique. Most workers investigating the biological 

control of ticks using Metarhizium have only reported using aqueous formulations (Mwangi 

et al., 1995; Monteiro et al., 1998a,b; Correia et al., 1998). Others have evaluated 

pathogenicity of entomopathogenic fungal isolates suspended in oil-water emulsions (Kaaya 

and Hassan, 2000; Leemon and Johnson, 2008). To my knowledge only Polar et al. (2005a) 

have investigated pathogenicity of M anisopliae suspended in pure oils against ticks. 

Optimizing inoculation procedure for infecting ticks with conidia formulated in pure oil may 

facilitate strain selection in the context of UL V application of mycoacaricide for tick control. 

Here, different methods of applying M anisopliae onto nymphs and adults of the hard tick R. 

pulchellus were evaluated in laboratory in order to define superior methods to screen for the 

most effective fungal isolates. 
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3.2 Materials and methods 

3.2.1 Tick 

Ticks were obtained from the Animal and Quarantine Rearing Unit at icipe. The initial 

colony was established from adult ticks collected from the vegetation in Mwea Game Park 

reserve, Kenya, in 2006. Larvae, nymphs, and females were fed on New Zealand white 

rabbits and incubated in clear Perspex chambers at 26°C ± 1 and 85% ± 5 RH for 12:12 L:D 

photoperiod. Three to four week-old unfed adult ticks and 2-3 week old unfed nymphs were 

used for this study. 

3.2.2 Fungus 

Metarhizium anisopliae (ICIPE 60) used in this study was obtained from the icipe 's 

Arthropod Germplasm Centre. The strain was originally isolated from soil in Kakelo Kisumu, 

Kenya in 1996 and was previously reported to be infective against R. pulchellus (see Chapter 

2). The fungus was cultured on SDA plates at 26 ± 2°C. The virulence of the fungal strain 

was maintained by regular passage through the R. pulchellus (Schaerffenberg, 1964). Two to 

three week-old aerial conidia of M anisopliae were harvested by scraping and suspended into 

com oil (CHEF cooking oil, Premier Oil Mills Ltd) in a universal bottle containing glass 

beads. The suspension was then mixed in a vortex shaker for more than 5 minutes to 

homogenize the suspension. Conidial concentration was determined using an improved 

Neubauer haemocytometer and different test concentrations (106
, 107

, 108
, 109 and 1010 

conidia mr1
) were obtained by serial dilutions in com oil. Viability of the conidia was 

determined before each bioassay by spread-plating 0.1 ml of conidial suspension titrated at 1 

x 106 conidia mr1 onto SDA plates which were examined under a light microscope 18 hours 

later. Conidial germination was determined from 100-spore counts with four replicates. 

Germination rates of>90 % were regularly obtained. Attempts to include petroleum oils 

(kerosene and diesel) as carriers or in a mixture with com oil in the current study was 

abandoned because thick swirling cloud of droplets was produced following spray by 

Burgerjon's spray tower, which may contaminate the laboratory. 

3.2.3 Inoculation procedures 

Two inoculation methods were initially tested: (i) via a Burgerjon spray tower (Burgerjon, 

1956); (ii) using a microapplicator. In preliminary experiment, oil-based formulation of M 

anisopliae (ICIPE 60) titred to 109 conidia mr1 was applied to R. pulchellus adults using both 
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application methods. Since comparatively lower infection rates were obtained following 

treatment by microapplicator, all further treatments were delivered via Burgerjon's sprayer. 

In order to estimate the number of propagules on each tick 1 unfed male tick (size of tick was 

approximately 4 mm long including mouth parts) and 1 nymph were placed into separate 10-

ml vial containing 0.05% Triton X-100 respectively. Vials were subjected to vigorous 

shaking by a vortex shaker for 5 minutes to dislodge conidia from the tick surface. The 

number of conidia mr1 was determined using an improved Neubauer haemocytometer. The 

treatment consisted of 25 replicates per inoculation procedure. This method was not sensitive 

enough to detect the number of propagules on ticks at lower concentrations of conidial 

suspensions, especially for the nymphal stage. 

3.2.3.1 Microapplication 

Adult individual ticks were inoculated with 1 µl of conidial suspension titred at 109 conidia 

mr1 formulated in oil applied around the anterior region on the joint between the idiosoma 

and basis capitulum using a 1 ml-syringe fixed to a microapplicator (Arnold Hand 

Microapplicator Burkard Manufacturing Co Ltd. Rickmansworth England) (Figure 3.1). In 

the control, ticks were treated with oil without conidia. Test-ticks were transferred to 9cm

diameter Petri dish after treatment and maintained at 25 ± 1 ° C and 85 ± 5% RH. Mortality 

was recorded weekly for four weeks. Mortality caused by fungus was confirmed by 

microscopic examination ofhyphae and spores on the body of dead ticks following 

incubation under high humid condition for 4-5 days. There were 20 ticks per replicates and 6 

replicates in total per treatment group. 
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Figure 3.1 Inoculating tick with fungus using a microapplicator in the laboratory 

3.2.3.2 Burgerjon's spray tower 

The tower was fitted with an air-atomising nozzle connected to a regulator valve providing a 

constant airflow under 4 bar pressure, resulting to a deposit of approximately 3.8 x 106 

conidia cm2 (Figure 3.2). In the preliminary bioassays, 10 ml of conidial suspension titred at 

1x109 conidia mr1 was sprayed directly on ticks placed on a Petri dish (9 cm in diameter) 

lined with filter paper and ticks immediately transferred to clean Petri dishes (9 cm in 

diameter). The ticks were placed with the dorsal side uppermost while spraying. In the 

subsequent bioassays, three methods were used to infect ticks with the inoculum. The 

inoculation methods were designed to "mimic" the possible routes of inoculation (i.e. 

directly, indirectly or a combination of both direct and indirect routes) of ticks with fungus in 

an oil suspension following UL V spray-application under field conditions. The criteria for 

selecting the most appropriate method for assaying fungal isolates suspended in pure oil was 

based on mortality in both the control and fungus treated ticks. 

(i) Direct spray of ticks and the substrate (filter paper lined at the bottom of a Petri 

dish) on which ticks were placed. Ticks were maintained in the treated Petri dish 

for 12 hours before being transfer to clean Petri dishes (SS). 

(ii) Direct spray of ticks and substrate as above but ticks were transferred to clean 

dishes immediately (between 0-5 minutes) contamination was completed (SP). 

(iii) Contamination of the substrate (filter paper). Petri dish lined at the bottom with a 

filter paper was sprayed and were then placed in an upside down position to allow 

ticks to climb up to the contaminated substrate naturally. Ticks were then 
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introduced into contaminated dishes where they were held for 12 h before removal 

to clean dishes (SW). 

In all cases ticks were maintained at 25 ± 1 ° C and 85 ± 5% RH for 2 weeks (nymphs) and 3 

weeks (adults). In the control treatments, ticks were treated with oil only. Treatments were 

block randomized and consisted of 20 ticks per replicate and the experiment was replicated 6 

times. 

Figure 3.2 Burgerjon' s spray tower used for infecting Rhipicephalus pulchellus in the 

laboratory 

3.2.4 Data analyses 

Tick mortality was adjusted using Abbott (1925) formula. ANOVA was performed on arcsin

squareroot-transformed Abbott percentage mortality data, log base 10 (x) transformations of 

number of spores on tick and means separated by Tukey' s (HSD) test. Comparison for 

significance was at P = 0.05 significance level. LC5o was determined using probit analysis 

and their 95% Confidence intervals (IC) were used to evaluate significant difference of LCso 

between different modes of inoculation. The analyses were performed using the SAS (2001) 

package. 
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3.3 Results 
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Figure 3.3 Mortality (%) of adult R. pulchellus following inoculation with oil suspension of 

M anisopliae titred at 1 x 109 conidia mr1 applied by Burgerjon's spray tower, or using a 

microapplicator at 4 weeks post-treatment. 
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Table 3.1 Percentage mortality (mean± SE) of R. pulchellus nymphs to varying 

concentrations of oil-based formulation of M anisopliae following different methods of 

exposure to conidia, 14 days post-treatment. (SS = direct spray of the inoculum on the tick 

and substrate, SP = direct pray on substrate and tick then transferred to a clean Petri dish and 

SW= exposure of ticks to contaminated substrate). 

Concentration of Mean ± SE number of spores on ticks 

conidia mr1 

before spraying Mode of ex:gosure 

on ticks SS SW SP 

Control 24.2 ± 1.5 0.0 ± 0.0 2.5 ± 1.1 

lOt> 29.3 ± 10.4 bA 0.0 ± 0 cB 25.7 ± 5.8 Ba 

107 28.3 ± 8.9 bA 2.5 ± 2.5 cA 26.8 ± 15 Ba 

108 100.0 ± 0 aA 14.2 ± 2.4 bC 57.6 ± 16.1 abB 

10~ 100.0 ± 0 aA 96.7 ± 2.1 aA 66.1±14.7 abB 

101u 100.0 ± 0 aA 100.0± 0 aA 100.0 ± 0 Aa 

LC so 1.4 x 10' conidia mr1 5 x 1011 conidia mr1 5.7 x 1011 conidia mr1 

(CI) (1.2 x 107 
- 1.6 x (4.7 x 108- 5.3 x (5.2 x 108 - 6.3 x 108 

107 conidia mr1
) 108 conidia-mr1

) conidia mr1
) 

Means with same lowercase letter in each column and uppercase letter in each row are not 

significantly different at P = 0. 05 following analysis with Tukey' s test. CI signifies 

confidence interval. 

37 



Table 3.2 Number of M anisopliae spores (mean± SE) on nymphs and adults of R. 

pu/chel/us after application of oil suspension of 1010 conidia mr1 by different modes of 

exposure to conidia. (SS = direct spray of the inoculum on the tick and substrate, SP = direct 

pray on substrate and tick, tick then transferred to a clean Petri dish; and SW= exposure of 

ticks to contaminated substrate) 

Life stage Number of spores on ticks (mean± SE) 

of tick Mode of ex:gosure 

SS SW SP 

Nymph 1.5x104 ±0.9x lOj A 4.4 x 10j ± 3.9 x lOLC 9.9x lOj± 6x lOLB 

Adult 1.3 x 1 O:i ± 1.1 x 104 A 2.3 x 104 ± 1.3 x 103 c 9.2 x 104 ± 4.5 x 103 B 

Mean with same lowercase letter in each row is not significantly different at 0.05 level of 

significance following analysis with Tukey's test. 
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Table 3.3 Percentage mortality (mean ± SE) of R. pulchellus adults to varying concentrations 

of oil-based formulation of M anisopliae following different methods of exposure to conidia, 

21 days post-treatment. (SS= direct spray of the inoculum on the tick and substrate, SP= 

direct pray on substrate and tick, tick then transferred to a clean Petri dish; and SW= 

exposure of ticks to contaminated substrate). 

Concentration Mean ± SE number of spores on ticks 

of conidia mr1 Mode of ex2osure 

before spraying SS SW SP 

on ticks 

Control 23.3 ± 2.7 0.0± 0.0 12.5 ± 2.5 

IO' 25.4 ± 4.9cA 0.0± ObB 17.0 ± 5.9cA 

10!! 72.0 ± 7.4bA 0.0 ± ObC 31.8 ± 7.9bcB 

10~ 100.0± OaA 0.0± ObC 53.0 ± 1 l.7abB 

101u 100.0 ± OaA 15.0 ± 3.2aC 70.9 ± 5.8aB 

LC so 6.7 x 107 conidia mr1 > 1 x 1 otu conidia mr1 5.3 x IO'J conidia mr 

(CI) (6.3 x 107 
- 7.2 x I 

107 conidia mr1
) (4.9 x 109- 5.8 x 

109 conidia mr1
) 

Means with same lowercase letter in each column and uppercase letter in each row are not 

significantly different at 0.05 level of significance following analysis with Tukey' s test. CI 

signifies confidence interval. 

3.3.1 Preliminary experiment comparing different application methods 

Control mortality in preliminary experiment was 4.2 and 7.5% when the control treatment 

was applied by microapplicator and Burgerjon's spray tower, respectively. Mortality from the 

fungal treatments was 25.0 and 52.3 % following application by microapplicator and spray 

tower, respectively at 4 weeks post treatment (Figure 3.3). The estimated mean number of 

fungal propagules on R. pulchellus adults was 1.5 x 104 ± 1.1 x 103 conidia mr1 after spraying 

by Burgerjon's spray tower compared to 1 x 106 conidia mr1 obtained with the 

microapplicator. 
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3.3.2 Nymph assays 

Mortality of nymphs that were directly exposed to a fungal spray (SS) was 24.2% in the 

control but ranged from 29.3% (lowest concentration) to 100% (highest concentration), 2 

weeks after fungus treatment (Table 3.1). Mortality of nymphs that were sprayed and 

transferred into clean Petri dishes (SP) was 2.5% in the control and ranged from 25.7% 

(lowest concentration) to 100% (highest concentration) in the fungus-treatment, 2 weeks 

post-treatment (Table 3.1). Mortality of nymphs that were exposed indirectly (SW) was 0.0% 

in the control and ranged from 0.0% (lowest concentration) and 100% (highest concentration) 

in the fungus treatment, 2 weeks post-treatment (Table 3.1). Mortality of R. pulchellus 

nymphs increased significantly (df= 4, 25; P < 0.001) with increasing concentrations of 

conidia irrespective of the method of exposure (SS, SW and SP). The fungus was most 

effective when application was by direct exposure (SS) (LC50 = 1.4 x 107 conidia mr 1 and CI 

= 1.2 x 107 
- 1.6 x 107 conidia mr1

) followed by SP (LC50 = 5.7 x 108 conidia mr1 and CI= 

5.2 x 108 
- 6.3 x 108 conidia mr1

) and SW (LC50 = 5 x 108 conidia mr1 and CI= 4.7 x 108 
-

5.3 x 108 conidia mr1
), 14 days post-treatment. However, there was a significantly higher (df 

= 2, 74; P < 0.0001) mean number of fungal propagules on ticks after spraying 1010 conidia 

mr1 by SS (1.5 x 104 ± 0.9 x 103 conidia mr1
) compared to SP (9.9 x 103 ± 6 x 102 conidia 

mr1
) and SW (4.4 x 103 ± 3.9 x 102 conidia mr1

) (Table 3.2). 

3.3.3 Adult assays 

Mortality of adults that were directly exposed to fungal sprays (SS) was 23.3% in the control 

and ranged from 25.4% (lowest concentration) to 100% (highest concentration) in the fungus 

treatments, 3 weeks after spraying (Table 3.3). Mortality of adults that were directly exposed 

to fungal spray and then transferred into clean plates (SP) was 5.8% in the control and ranged 

from 17.0% (lowest concentration) to 70.9% (highest concentration) in the fungus-treated 

lots, 3 weeks post-treatment (Table 3.3). Mortality of adults that were exposed to treated 

substrate (SW), and ranged from 0.0% (lowest concentration) to 15.0% (highest 

concentration) in the fungus-treated lots, 3 weeks after treatment (Table 3.3). Mortality 

increased significantly (df= 3, 20; P < 0.001) with increasing concentrations in all the three 

techniques (SS, SW and SP) three weeks post-treatment (Tables 3.3). The fungus was most 

effective when application was by direct exposure (SS) (LC50 = 6.7 x 107 conidia mr1 and CI 

= 6.3 x 107 
- 7.2 x 107 conidia mr1

) followed by SP (LC50 = 5.3 x 109 conidia mr1 and CI= 

4.9 x 109 
- 5.8 x 109 conidia ml-1

) and (LCso > 1010 conidia mr1
), 21 days post-treatment. The 
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mean number of fungal propagules on ticks following direct spray (SS) (1.3 x 105 ± 1.1 x 104 

conidia mr1
) of 10 ml of fungal suspensions titred at 1010 conidia mr1 was significantly 

higher (df= 2, 72; P < 0.0001) compared to SP (9.2 x 104 ± 4.5 x 103 conidia mr1
) and SW 

(2.3 x 104 ± 1.3 x 103 conidia mr1
) (Table 3.2). 
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3.4 Discussion 

Scant information on the optimization of assay techniques for Rhipicephalus ticks 

("ambusher") and the use of pure oils as formulation agents for assaying entomogenous fungi 

against ticks was found in literature, prompting the current series of experiments. In the 

preliminary experiment, application of fungi via a Burgerjon's spray tower resulted in higher 

mortality than inoculation with a microapplicator. The former technique was therefore 

selected for further studies. High mortality levels were recorded in the control treatments 

when nymph and adult ticks were exposed to sprays and maintained in the same Petri dish 

(SS). This may be explained by the toxic effect of oil to arthropods (Goettel and Inglis, 1997; 

Moslim et al., 2004) and the prolonged exposure time compared to the other treatments. 

Previously, Polar et al. (2005a) reported that pure coconut oil caused high mortality in 

control-treated R. microplus. They suggested that high mortality caused by the pure coconut 

oil might have contributed to tick mortality induced by M anisopliae formulated in coconut 

oil. Although mortality in the control-treated ticks can be accounted statistically, bioassay 

results may become meaningless if control mortalities are too high (Butt and Goettel, 2000). 

Significant differences in tick mortality following treatment with fungi were observed among 

the different methods of inoculation used, implying that the way the pathogen is applied can 

influence host mortality. For example, tick mortality recorded following exposure to spray 

via Burgerjon's spray tower was higher than in microapplicator, although the actual number 

of fungal propagules on tick was higher in the later. Samish et al. (2001) suggested that 

differences in techniques of contamination (immersing adults in a conidial suspension or 

placing the preimaginal stages on paper soaked with conidial) may induce different levels of 

infection in the various stages. According to F emandez et al. (2001 ), distribution of conidia 

on the host is likely to differ according to the method of exposure, and successful infection is 

more likely via some parts of the cuticle than others. For example, penetrations of the cuticle 

at the many leg joints, mouthparts, spiracles or setae is easier than other parts of the tick 

cuticle and were more likely to be contaminated by droplets applied by the spray tower than 

the microapplicator. These parts could present easy points for germinating tubes and their 

exposure to spray droplets by Burgerjon's spray tower might have resulted in the higher tick 

mortality than the microapplicator where the conidial suspension was applied on one joint, 

i.e. between the idiosoma and basis capitulum. In ticks, it has been observed that the setae 

and cuticular ridge are easily penetrable by the fungus (Leemon and Jonsson, 2008). 
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Scanning electron microgragh analysis of infected ticks showed that M anisopliae conidia 

preferred attachment sites at certain junctions, like those present in the tick legs (Arruda et 

al., 2005). According to Sonenshine (1991), the cuticle is thinner in these areas. Cuticular 

folds in arthropods exoskeletons may also be sites of high moisture (Inglis et al., 2001). Other 

workers such as Kirkland et al. (2004a) observed conidial germination varied by body region. 

The calculated LC5o values showed that higher infection levels were obtained when nymphs 

and adults of R. pulchellus were sprayed directly and maintained on treated substrate for 12 

hours (SS) compared to when sprayed directly and transferred to clean dishes (SP) or 

indirectly treated by exposure to contaminated substrate (SW). The higher dose of the 

acquired inocula in SS could be responsible for the higher mortality recorded since mortality 

was dose-dependent. Tick mortality increases with conidial concentrations (Zhioua et al., 

1997; Frazzon et al., 2000). Increased in conidia concentrations could have led to 

corresponding increases in the actual number of conidia deposited on the tick, thus inducing 

higher infection levels. Eventhough nymphs acquired lower dose of fungal propagules than 

the adults, they were relatively more susceptible compared to the adults is the three 

inoculation methods. The relatively smaller size of nymph and the lack of thick cuticle 

compared to adult tick could have favoured the high levels of infection. It appears that the 

number of spores on the cuticle must reach a certain threshold to induced high levels of tick 

mortality. Previously, Zhioua et al. (1997) recorded sharp increase in mortality of R. 

microplus engorged larvae and females at concentrations above 106 conidia mr1 and minimal 

mortality below the concentration. It is thus important researchers obtain estimates of the 

number of propagules on tick during bioassay to minimize variation in results obtained in 

different laboratories with the same fungal isolates. 

Based on the behaviour of Rhipicephalus ticks ("ambushers"), all the inoculation methods 

were appropriate for screening of entomopathogenic fungal isolates in the pure oil carrier 

against adults and nymphs. However, while conidia can be applied by direct spraying and 

ticks retained within the assay arena (SS), the unacceptable high levels of control mortality 

obtained ruled this method out for routine work. Direct spray treatment followed by removal 

of ticks to a clean container (SP) is thus a more suitable method for screening 

entomopathogenic fungi in an oil carrier against adult and nymph and indirect exposure to 

treated substrate (SW) is suitable for immature stages. The main setback with the indirect 

inoculation method (SS) is the difficulty to ensure presentation of a precise dose, which will 
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reduce variability in the number of propagules picked by the individual tick (Butt and 

Goettel, 2000). However, free living immature stages of R. pulchellus prefer questing from 

on grass in nature and instinctively climbed up to the fungus-treated surfaces few minutes 

after treatment in this study. Furthermore, the lowest tick mortalities in control treatments 

were recorded following indirect spray (SW). 

Having established the most suitable procedures for infecting ticks ("ambushers"), different 

fungal formulations, and delivery systems could then be evaluated with a goal of identifying 

ways of minimizing environmental contamination and increasing efficacy against "hunter" 

ticks. The next chapter addresses the potential of combining fungus and semiochemicals in 

baited trap for reduction of A. variegatum tick population under semifield conditions. 
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CHAPTER FOUR 

The use of a semiochemical bait to enhance exposure of Amblyomma 

variegatum (Acari: Ixodidae) to Metarhizium anisopliae (Ascomycota: 

Hypocreales) 

4.1 Introduction 

Amblyomma variegatum Fabricius 1794 (Acari: Ixodidae) or the tropical bont tick is the most 

widely distributed tick species across the African continent (Walker et al., 2003) and was 

recently introduced into the Caribbean (Barre et al., 1995). It transmits Ehrlichia 

ruminantium (Rickettsiales: Anaplasmataceae) a rickettsia that causes heartwater in 

ruminants, and the bacterium Dermatophilus congolensis van Saceghem 1915 

(Actinobacteria: Dermatophilaceae), an acute bovine dermatophilosis. Amblyomma 

variegatum is also a vector of Rickettsia africae Kelly et al. (1996) sp. nov. (Rickettsiales: 

Rickettsiaceae), the causative agent of African tick-bite fever (Morita et al., 2004). Although 

endemic to sub-Saharan Africa (Kelly et al., 1996), the disease is spreading rapidly and is 

regarded as the most widely distributed of all the rickettsial spotted fevers known to be 

pathogenic to humans (Raoult and Roux, 1997). Infestation by ticks can also cause 

considerable losses to the livestock industry in Africa and the Caribbean (Uilenberg et al., 

1984; Kvaria, 2006). 

Current methods of tick control rely heavily on conventional chemical acaricides and 

repellents. There are many problems associated with their widespread use including 

development of resistance to these synthetic chemicals, and negative impacts on human 

health and the environmental (Mukhebi and Perry, 1992; George, 2000; Jonsson et al., 2000; 

Tingle et al., 2000). This has prompted the search for alternative methods of tick control that 

can be used within integrated tick management programmes. 

Controlling Ambyomma ticks off-host might be difficult because they are "hunters"and do not 

climb up the vegetation in search of their host. Hence, an alternative strategy for fungus 

application off-host would be to lure the ticks from the vegetation into contact with fungus in 

traps baited with semiochemicals. Amblyomma ticks respond to a number of semiochemicals 

including the attraction-aggregation-attachment-pheromone (AAAP) emitted by feeding 

males and carbon dioxide (kairomone) exhaled from their hosts (Sonenshine, 2006). An 
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infection device designated to deliver entomopathogenic fungi to Amblyomma ticks in the field 

was first described by Maranga et al. (2006). However, the device is costly to fabricate and 

difficult to use, which reduces its potential for widespread implementation. There is need to 

develop a simple low-cost contamination device or modify the existing one. Bryson et al. 

(2000) developed a simple device for tick monitoring. The device, which uses solvent extracts 

of fed male ticks as baits could be adopted. Tue attraction of ticks to the trap could be 

increased by optimization of the pheromone AAAP (attraction-aggregation-attachment 

pheromone) and carbon dioxide. The chemical 1-octen-3-ol, which occurs naturally in adult 

A. variegatum, is a minor constituent of cattle breath, attracts A. variegatum adults in the 

laboratory (McMahon et al., 2001). Butyric acid, a constituent of rumen metabolites of 

vertebrates also elicits response in ticks under laboratory conditions (Donze et al., 2004). 

The objectives of the present chapter were (i) to see if 1-octen 3-ol and butyric acid would 

augment the AAAP pheromone in the attraction of A. variegatum adults; (ii) to test the 

performance of the trap described by Bryson et al. (2000) baited with a synthetic combination 

of effective semiochemicals; and (iii) to compare the performance of fungal formulations that 

could be used with a semiochemical-baited trap for effective control of A. variegatum in the 

field 
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4.2 Materials and Methods 

4.2.1 Ticks 

Engorged A. variegatum females collected from cattle originating from the Marsabit area of 

Kenya in 2006 were used to start a fresh tick colony. Ticks were reared at the Animal 

Rearing and Quarantine Unit, International Centre oflnsect Physiology and Ecology (icipe). 

All life stages of the tick were fed on New Zealand white rabbits. The different instars were 

maintained in perspex chambers at 26°C ± 1and85 ± 5 % RH under a 12:12 L: D 

photoperiod. Three to four-week old unfed adults were used, in all the experiments. 

4.2.2 Fungus 

The M anisopliae isolate (RI/RA) used in this study was obtained from the icipe Arthropod 

Germplasm Centre. The strain was originally isolated from an engorged A. variegatum 

female collected from Rusinga Island, Kenya in 1996 and has previously been reported to be 

virulent against A. variegatum (Kaaya et al., 1996). It was maintained under mineral oil. The 

virulence of the isolated fungus was restored by passage through adult A. variegatum. 

Conidia were produced on long rice as substrate (Milner R.J., unpublished data). Viability of 

conidia was determined using the technique described by Goettel and Inglis (1997) before 

they were used in the field trials. Conidial germination > 90% was obtained and was 

considered acceptable for field application. 

4.2.3 Source of semiochemical candidates 

The synthetic components of the attraction-aggregation-attachment pheromone ( ortho

nitrophenol, methyl salicylate and nonanioc acid), dicloromethane (DCM), butyric acid and 

1-octen-3-ol were obtained from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. Dry 

ice used as a source of C02 was obtained from Carbacid, Kenya. 

4.2.4 Optimization of semiochemical blend 

A two-choice T-tube olfactometer bioassay method was used to assess relative tick attraction 

to two odour sources. The olfactometer consisted of two square tubular glass arms (1x1x10 

cm) and a stem (1x1x5 cm) connected tightly to the glass arms (Figure 4.1). The extreme 

end of each of the arms and stem was connected to a square glass chamber (3 x 3 x 3 cm). 

The chamber of the stem served as the release point for the tick. Air entered each arm of the 
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olfactometer and after flowing over the respective odour source [filter paper (2 x 2 cm)+ 

pheromone and/or kairomones or control] held in the chamber, at a flow rate of 5 ml/s. The 

doses of semiochemicals in DCM solvent on the test filter paper that were evaluated for 

attraction are presented in Table 4.1. Control filter paper had DCM only. One tick was in the 

release chamber at a time and had to move upwind as in nature. At the T-junction ticks 

choose between the control and treatment arms. Each tick was allowed a minimum of 0.5 

seconds and a maximum of 5 minutes to move. Ticks failing to respond after 5 minutes were 

removed. One randomly selected tick representing one replicate was bioassayed separately. 

Twenty ticks (10 males and 10 females) were successfully assayed for each test dose. The 

olfactometer was rinsed with DCM and air dried at 40 °C for 10 minutes after each 

determination. The position of the treatment and control chambers at the end of the arms were 

changed for each assay, by alternating placement of the control and test filter papers. The 

olfactometer was placed horizontally during the experiment to "mimic" the natural questing 

behaviour of A. variegatum. Each tick was used only once. The experiment was conducted at 

26 ± 1 °C and 70 ± 5% RH. 

Table 4.1 Doses of semiochemicals that were evaluated in T-tube olfactometer 

Semiochemicals Dose 

AAAP 1 1100 µg 44 µg 22 µg 14.7 µg 

Butyric acid 0.010 µg 0.001 µg 0.0005 µg -

l-Octen-3-ol 0.032 µg 0.016 µg 0.008 µg -

Table 4.1 Doses of semiochemicals that were evaluated in T-tube olfactometer 

1AAAP = 0-nitrophenol, methyl salicylate and nonanoic acid in the ratio 2:1:8 
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F.igure 4.1 Two-choice olfactometer. (Air is passed over the left and right chambers 

containing the source of volatiles by sucking air out of the front central chamber 

containing the ticks) 

4.2.5 Attraction of ticks to semiochemical-baited traps in experimental field plots 

A modification of the trap described by Bryson et al. (2000) was used in this study. It 

consisted of a 900 cm2 area made of four 10 cm-wooden pegs hammered to the ground. A 2-

cm2 rubber sponge impregnated with 0.016 µg of 1-octen-3-ol and 22 µg of AAAP was fixed 

onto the top of each of the four wooden pegs per trap (Figure 4.2). These doses were selected 

based on the results obtained in the T-tube olfactometer bioassays. Blocks of dry ice (approx. 

70 g) in a plastic beaker were placed in the centre of the trap served as a source of C02. Traps 

were placed upwind of the release ticks on the chosen sites to allow ticks to move upwind. 

Traps were located in open areas (225 m2) with approximately 5 cm high grass. Test and 

control traps were placed 2 m from each other. Ticks were placed 1, 2, 3, 4, 5, 6, 7 and 8 

meters from the traps at an angle of 90° and midway between the test and control traps. 

Unfortunately, it was not possible to measure the wind speed at the time of testing, but it was 

a light breeze. Ten ticks (5 males and 5 females) were used for each distance. Each tick was 

marked with a distinct colour spot (Rowney Georgian oil colour, made in England, London 

HA 35 RH) applied topically and ventrally depending on their distance from the trap. The 

experiment was carried out from 13 to 30 October 2006 within icipe's Nairobi Headquarters 

premises and was allowed to run for 90 minutes in mornings between 0800 and 0930 h. Ticks 

were active in the morning. The experiment was replicated five times. The temperature above 

ground during the experimental period ranged from 25 to 29 °C (under the sun) and the 

relative humidity was between 50 and 70%. 
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4.2.6 Relative efficacy of different fungal formulations on tick reduction under field 

conditions 

Three formulations of fungal spores were evaluated in the semiochemical-baited trap 

described above: 

(i) Dry spore powder (approx. 50 g) spread on the grass within the trap by hand. 

(ii) High volume emulsifiable formulation (HV) titrated at 109 conidia mr1 (consisting of 

49.5% sterile distilled water, 49.5% corn oil [CHEF cooking oil, Premier Oil Mills LTD] and 

1 % Tween 80). Two hundred and fifty millilitres was sprayed within the trap using a 

pressurized hand-held sprayer (C 1.5 model) at an estimated output of 1501 per ha. 

(iii) An ultra-low volume (ULV) oil formulation at 1 x 109 conidia mr1
• One hundred 

millilitres was sprayed using a Micron-UL V sprayer (Micron Sprayers, Bromyard, UK) at the 

output of 1 1 per hectare (Figure 4.3). 

(iv) Control treatments consisted of the same formulations without the fungus, except in the 

case of treatment (i), where grass served as the control. 

After the traps were prepared, atleast 24 ticks were placed 4 m away from the traps. Ticks 

were attracted to the pheromone-baited trap where they were contaminated with the fungus. 

Ticks were then transferred from the trap to plastic basins ( 41 cm top diameter x 29 cm 

bottom diameter x 24 cm height) previously planted with Pennisetum clandestinum (kikuyu 

grass). The height of the grass was approximately 12 cm. The top of the basin was covered 

with mosquito net (supplied by Amiran Kenya) held tightly in place with bands which 

prevented the ticks from escaping (Figure 4.4). The experiment was allowed to run for 5 

weeks after which surviving were recovered and counted. These ticks were then transferred to 

9-cm diameter Petri dishes and brought to the laboratory where they were maintained at 26 ± 

1 °C, 85 ± 5 % RH and a 12:12 h L:D photoperiod for 2 weeks, after which mortality was 

recorded. Dead ticks were surface-sterilized with 2.5% sodium hypochlorite and 70% 

alcohol, rinsed twice in sterile distilled water and were then placed into 9-cm diameter Petri 

dishes lined with moistened filter paper to promote growth and confirm death due to mycosis 

on the surface of the cadaver. Petri dishes were sealed with paraffin and maintained at room 

temperature (25 ± 2 °C). Five plastic basins were used for each treatment, which represented 

5 replicates. The entire experiment was repeated twice: from September to October 2007 and 

from December 2007 to January 2008, which corresponded with the rainy and dry seasons, 

respectively. The average daytime temperatures and relative humidity within buckets during 
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the 1st trial ranged from 24.8 ± 0.7 °C to 29.3 ± 0.5 °C and 86.3 ± 2.4% to 89 ± 1.8% 

respectively. The average daytime temperature and relative humidity ranged from 25.0 ± 0.3 

°C to 27.4± 0.2 °C and 53.5 ± 3.4% to 66.4 ± 3.4% respectively for the 2nd trial. The grass 

was watered from below with 11 of water after 2 weeks into the experiment. 

Figure 4.2 A fungus-treated semiochemical-baited trap. Note the high volume pressurized 

(HV) sprayer located to the left of the trap. 

Figure 4.3 UL V micron applicator 
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Figure 4.4 Plastic basins containing planted Pennisetum clandestinum grass into which 

fungus or control-treated ticks were transferred. The nets prevent ticks from escaping. 

4.2. 7 Effect of fungal formulation on tick infection 

The objective was to estimate the number of conidia that a single tick picked up while 

visiting the semiochemical-baited trap immediately after treatment and 48 h later following 

transfer to the plastic basins. Four ticks per replicate and per treatment were selected at 

random and each was transferred into individual I 0-ml vials and brought to the laboratory. 

Five millilitres of 0.05% Triton X-100 was added to each vial which was then shaken 

vigorous on a vortex shaker for 5 minutes to dislodge conidia from the tick cuticle. The 

number of conidia mr1 was determined using an improved Neubauer haemocytometer. 

Counts were taken from 5 replicates of 4 ticks from each treatment. The percentage of 

conidia that germinated, 0 and 48 hours post-treatment was determined in the 2nd trial only. 

The treatment consisted of 5 replicates of 4 ticks each and the experiment was repeated twice. 

4.2.8 Data analysis 

The percentage attraction in the T-tube assays was determined using the following formula: 

(number of ticks attracted to kairomone/pheromone - number of ticks in control)/(number of 

ticks in control+ attracted to kairomone/pheromone) x 100. The significance of the 

difference in the proportion of ticks (males and females pooled) attracted to the test and 

control treatments amongst different concentrations of each pheromone/kairomone was 

determined with Fisher's exact method at P = 0.05 (Robertson, 1960). A one-way ANOV A 

was performed on arcsin-square root transformed tick control efficacy (%) data, arcsin square 
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root transformation of percentage attraction of A. variegatum in the field, arcsin square root 

transformation of tick mortality(%) in the laboratory and log base 10 (x) transformations of 

number of spores on ticks and number of germinating conidia. Means were separated by 

Tukey (HSD) test using the SAS (2001) package at P = 0.05. The relative tick reduction(%) 

in traps baited with semiochemicals and the three fungal formulations was calculated using 

the formula [(number of alive ticks in control- number of alive ticks in test)/number of alive 

ticks in control] X 100 (European Medicines Agency, 2004). 
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4.3 Results 

Table 4.2 Percentage relative attraction of A. variegatum adults (pooled data for males and 

females) to semiochemicals in a two-choice olfactometer 

Semiochemical % Relative attraction 

Pooled Males and Females 

AAAP 

1100 µg -50* 

44 µg 20 

22 µg 50 

14.7 µg 30 

Butyric acid 

0.010 µg -20 

0.001 µg -20 

0.0005 µg -10 

1-octen-3-ol 

0.032 µg -30 

0.016 µg 50 

0.008 µg 20 

* Denotes attractive response was significantly different compared to the other concentrations 

for each semiochemical within the column at P < 0. 05. No significant difference in attraction 

was observed between males and female, hence data was pooled. 
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Table 4.3 Relative attraction of adult Amblyomma variegatum to a trap baited with a blend of 

AAA pheromone at dose of22 µg, 1-octen-3-ol at dose of 0.016 µg and C02 under field 

conditions when placed at different distances from the trap. 

Distance ( m) Percentage (Mean ± SE) tick attraction 

1 IOO±Oa 

2 IOO±Oa 

3 96 ± 2.5 a 

4 100 ± 0 a 

5 96 ± 2.5 a 

6 94±6a 

7 66 ± 5.1 b 

8 24 ± 5.1 c 

Mean tick attraction between distances (F= 36.4; df = 7,32; P < 0.0001). Means within a 

column bearing the same letter are not significantly different at the 0.05 level as determined 

with Tukey's test. 

Table 4.4 Percent relative tick reduction (mean ± SE) following exposure to grass treated 

with different formulations of Metarhizium anisopliae applied in pheromone-baited areas 

against Amblyomma variegatum during the first and second trials over the controls 

Formulation (%) Relative tick reduction (mean± SE) 

1st trial 2"0 trial 

Powder 38.0± 6.2 ab 24.4 ± 3.9 b 

High volume (HV 54.7 ±4.2 a 46.5 ± 5.5 a 

emulsifiable) 

ULVoil 32.0 ± 5.1 b 23 .8 ± 3.3 b 

Mean relative tick reduction during the 1st trial (F= 4.94; df = 2,1 2; P = 0.02) and 2"d trials (F 

= 8.47; df= 2,12; P = 0.005). Means bearing the same letter within column a are not 

significantly different at the 0.05 level as determined with Tukey's test. 
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Table 4.5 Mean± SE number of spores carried on ticks immediately post-contamination (day 

0) in the pheromone-baited trap and two days post-contamination (day 2). Data of two 

experiments were pooled. 

Formulation mean± SE mean± SE Spore loss 

(day 0) (day 2) (%) 

Powder 6.7 x 10() ± 8.4 x 10' aA 7.3 x 10' ± 6.5 x 104 aB 89.l 

High volume 4.6 x 10' ± 5.7 x 104 bA 3.7x 10'±4.2x l04 bA 17.1 

(HV 

emulsifiable) 

ULV oil 2.3 x 10' ± 2.3 x 104 cA 1.5 x 10' ± 3.0 x 104 cB 33.3 

Mean number of spores picked up by individual ticks at day 0 and day 2 in areas treated with 

spore powder (F = 106.6; df=l, 78; P < 0.0001), oil (F = 14.49; df=l, 78; P < 0.0003) and 

emulsifiable (F = 0.35; df=l, 78; P = 0.55) formulations. Means bearing the same lowercase 

letter within column and uppercase letter within rows are not significantly different at the 

0.05 level as determined using Turkey's test. 

Table 4.6 Percentage of spore germination (mean± SE) recorded on ticks, 2 days post

contamination (day 2) in pheromone trap in the 2nd trial. 

Formulation Percentage of spore 

germination (day 2) 

Mean± SE 

Powder 0.11 ± 0.059 b 

High volume (HV emulsifiable) 27.78 ± 4.5 a 

ULVoil 0.98 ± 0.56 b 

Means bearing the same lowercase letter within column is not significantly different at the 

0.05 level as determined with Turkey's test. 
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4.3.1 Optimization of semiochemical blend 

In olfactometer bioassays, AAAP at the doses of 14.7 µg, 22 µg and 44 µg, and 1-octen- 3-ol 

at a dose of 0.016 µg attracted both sexes of A. variegatum. However, ticks significantly (P < 

0. 05) avoided AAAP at a concentration of 1.1 mg in the olfactometer assay (Table 4.2). 

Butyric acid repelled unfed A. variegatum ticks (Table 4.2). 

Optimum attraction was observed at doses 22 µg and 0.016 µg of AAAP and l-octen-3-ol, 

respectively' and both doses were selected for field trials. 

4.3.2 Attraction of adult A. variegatum to semiochemical-baited traps in field plots 

No single tick moved to the control trap (No AAAP, carbon dioxide or 1-octen-3-ol) in the 

field. Ticks were attracted from up to a distance of 8 m (Table 4.3). No significant difference 

was observed in the attraction of groups of ticks released between 1 and 6 m away from the 

trap. However, fewer ticks were attracted to the semiochemical-baited trap beyond 6 m (F = 

36.4; df= 7, 32; P < 0.0001). There was no significant difference (P > 0.05) in the attraction 

between males and females to the blend. Some ticks were observed spending several seconds 

within the trap before leaving, whilst others displayed arrestant behaviour. Most of the ticks 

were attracted to the trap in less than 90 minutes and this could enhance efficacy of an 

entomopathogenic fungus applied to a limited field area. 

4.3.3 Relative efficacy of different fungal formulation on tick reduction under field 

conditions 

Emulsifiable conidial formulation caused significant (F= 4.94; df= 2,12; P = 0.02) tick 

reduction (54.7%) compared to the powder formulation (38.0%) and the ULV oil formulation 

(32.0%) during the first trial carried out in the rainy season. However no significant 

difference in tick reduction was obtained between powder and emulsifiable formulation in the 

first trial. In the second trial in the dry season, emulsifiable formulation (46.5%) also caused 

significant (F= 8.47, df = 2,12 and P = 0.005) tick reduction compared to powder (24.4%) 

and ULV oil (23.8%) formulations (Table 4.4). Ticks that survived infection in the field 

succumbed to fungal infection two weeks after they were moved to the laboratory: 46.8 and 

53 .0% mortality in emulsifiable formulation treatments, 1st and 2nd trial, respectively; 39.0% 

and 34.4% in oil formulation, 1st and 2nd trial, respectively; 4.2 and 6.8% from powder 
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formulation, 1st and 2nd trial, respectively. Mortality was significantly higher in emulsifiable 

and oil formulations in both trials (F= 24.93; df= 2,12; P < 0.0001) for the trial in the rainy 

season) and (F = 29.88; df = 2,12; P < 0.0001) for the trial in the dry season) than the powder 

formulation. Fungus-treated semiochemical-biated trap significantly reduced tick population 

in buckets compared to the control treated traps. 

4.3.4 Effect of fungal formulation in contaminating ticks 

No significant differences (P > 0.05) were observed between the treatments in the first and 

second trials, thus the data were pooled. The number of conidia picked up by individual ticks 

immediately after the exposure was significantly higher (F = 170.66; df = 2,117; P < 0.0001) 

in the powder formulation (6.7 x 106 ± 8.4 x 105 conidia), followed by the emulsifiable 

formulation (4.6 x 105 ± 5.7 x 104 conidia) and oil formulation (2.3 x 105 ± 2.3 x 104 conidia) 

(Table 4.5). However, 48 h postinfection, ticks exposed to the powder formulation had a 

significant (F = 106.6; df=l, 78; P < 0.0001) loss of89.1% compared to 17.1% and 33.3% 

with the emulsifiable (F = 0.35; df=l, 78; P > 0.55) and oil (F = 14.49; df=l , 78; P < 

0.0003) formulations, respectively (Table 4.5). A significantly (F = 78.4; df= 2, 57; P< 

0. 0001 ) higher percentage of spores that were dislodged from ticks treated with fungus in the 

emulsifiable formulation (27.78 ± 4.5%) had germinated 48 h post-treatment compared to the 

UL V oil (0.98 ± 0.56%) and spore powder formulation (0.11 ± 0.059%) in the 2nd trial (Table 

4.6). No spore had germinated at 0 day post-treatment in the 2nd trial. 
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4.4 Discussion 

AAAP attracted unfed adults of A. variegatum in laboratory assays as previously reported 

(Schoni et al., 1984; Toure, 2005). Schoni et al. ( 1984 ), found the activity threshold of the 

synthetic AAAP pheromone in laboratory assays to correspond to an equivalent of 1 % of the 

pheromones produced by a fed male. One fed adult A. variegatum male produces 2 µg o

nitrophenol, 1 µg methyl salicylate and 8 µg nonanoic acid. In this study, the olfactometer 

was placed horizontally, which is consistent with the natural hunter behavior of host seeking 

A. variegatum and optimum attraction was recorded at 22 µg of AAAP (Table 4.2). Higher 

doses of AAAP appeared to repel the ticks. Previously, Toure (2005) reported attraction at a 

higher dose (1100 µg) in a T-tube olfactometer placed vertically. Response to an attractant 

varies with its ambient concentration gradients; for example, A. variegatum ticks were 

reported to be insensitive to high levels of 1-octen-3-ol but were attracted to lower levels 

(McMahon and Guerin, 2000). 

Of the two additional candidate semiochemicals evaluated in the laboratory in this study, 

butyric acid appeared to be repellent to unfed A. variegatum ticks at the three concentrations 

tested and was therefore not included in the field experiments. The attraction responses of A. 

variegatum adults to 1-octen-3-ol observed in this study is in agreement with the findings of 

McMahon et al. (2001) and Toure (2005). In field plots, Toure (2005) also showed enhanced 

attraction of A. variegatum to a combination of 1-octen-3-ol and AAAP. In the present study, 

the combination attracted A. variegatum adults from up to 8 m away (24.0% ofticks 

attracted), which is further than those reported in previous studies, where ticks were attracted 

to a maximum distance of 5 or 6 m and with a lower efficiency (Barre et al., 1997; Maranga 

et al., 2003). Maranga et al. (2003) used 6600 µg/trap of AAAP to elicit the optimum 

attraction of A. variegatum without 1-octen-3-ol in the field. This dose of AAAP far exceeded 

the dose of 88 µg/trap (equivalent to 8 fed-male ticks per trap) that was used in the current 

study in field plots. The fact that adults of A. variegatum were lured from 8 m and 

congregated within the baited-trap in our study, demonstrates the superior efficacy of a 

combination of AAAP and 1-octen-3-ol (22 µg x 4 = 88 µg and 0.016 µg x 4 = 0.064 µg, 

respectively). 1-0cten-3-ol is a significant constituent of cattle odour (Osterkamp et al., 

1999). Thus, the enhanced attraction of A. variegatum adults to a combined treatment 

comprised of AAAP and 1-octen-3-ol is not surprising. 
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Although ticks that were attracted to traps treated with M anisopliae powder initially picked 

up the highest number of spores (6.7 x 106 ± 8.4 x 105 conidia) compared to oil and 

emulsifiable formulations of the fungus (2.3 x 105 ± 2.3 x 10 and 4.6 x 105 ± 5.7 x 104 

conidia respectively), the ticks also lost the highest numbers of spores (89. l %) 48h post

treatment. Fungal formulations that are electrostatically charged or have lipophylic 

characteristics may enhance adherence of conidia to the cuticle of the tick, and thereby 

resulting in better control. Emulsifiable formulation showed the least spore loss (17.1 %) in 

the current study. This could be explained by the higher percentage spore germination 

recorded in emulsifiable formulation compared to spore powder and UL V oil formulations 

(Table 4.6). The germinated spores might have adhered more to the cuticle of the ticks. 

Germination and formation of appressorium occur within 11 h of inoculation (Leemon and 

Jonsson, 2008). The availability of free water in the emulsifiable formulation could have 

favoured the relatively higher percentage spore germination than the 100% oil formulation in 

the dry season. However, Samson et al. (1988) noted that although free moisture is required 

to initiate germination, continuation of the process is dependent upon the availability of 

suitable exogenous nutrients. This requires further research. In the present study, the 

emulsifiable formulation caused greater reduction in tick numbers (54. 7 and 46.5% in the 

rainy and dry season, respectively) than the others. Maranga et al. (2006) recovered 33.77% 

of A. variegatum ticks released in plots that had semiochemical-baited trap with a mixture of 

B. bassiana and M anisopliae spores in an oil-based formulation compared to 76.33-84.08% 

in control plots. The high tick mortality obtained under laboratory conditions in the present 

study demonstrated the virulence of the M anisopliae strain used. 

Oil is known to enhance adhesion between conidia and the hydrophobic cuticle of insect and 

it seems logical to assume that oil formulation promote adhesion to tick cuticle (Prior et al., 

1988). The difference in the relative tick reduction between emulsifiable and oil formulations 

in this study could partially be explained by the fact that spray droplets released under 

pressure from a HV application had better penetration into the grass than a UL V oil 

formulation. Ekesi et al. (1998) reported similar results with M anisopliae against the flower, 

Megalurothrips sjostedti (Trybom) and attributed it to better penetration by the infective 

propagules as a result of the large sray volumes applied to the plant. Thus ticks were more 

likely to encounter infective conidia on the foliage as they move from one plant to the other. 

Also, infective inocula may easily come into contact with the easily penetrable parts of the 
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cuticle, such as leg joints, setae and spiracles as the ticks forced their way through the 

vegetation. 

In summation, the present study demonstrates the potential of semiochemical-baited trap for 

delivery of entomopathogenic fungi for control of Amblyomma spp. This strategy could be 

valuable for reducing Amblyomma population around water points, camping sites and 

paddock facilities. Further studies are required to validate these results in large-scale field 

experiments and are discussed in the next chapter. 
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CHAPTER FIVE 

Performance of Metarhizium anisopliae-treated semiochemical-baited trap 

in reducing Amblyomma variegatum populations in the field 

5.1 Introduction 

Inundative and augmentative releases are widely used methods for the introduction of 

entomopathogens into an ecosystem for control of arthropod pests including ticks (Lacey and 

Geottel, 1995). For example, Kaaya (2000b) and Benjamin et al. (2002) were able to reduce 

populations of R. appendiculatus and I scapularis, respectively, following spray application 

of aqueous formulations of M anisopliae onto the vegetation. Alonso-Diaz et al. (2007) 

reduced in the number of feeding R. microplus ticks after spraying naturally-infested cattle 

with an aqueous formulation of M anisopliae. However, there are challenges to the direct 

application ofbiopesticides to control ticks on cattle; temperature and host secretions (eg 

sweat), may affect the virulence of entomopathogenic fungi (Polar et al., 2005b ). Blanket 

sprays of the vegetation may also affect non-target organisms (Hajek and Geottel, 2000; 

Brownbridge and Glare, 2007) and are expensive requiring significant quantities of materials 

to treat a large area. Furthermore species of ticks such as members of the genus Amblyomma 

that actively seek their hosts by crawling on the soil below the vegetation may not come into 

contact with an entomopathogen in blanket spray. Alternative, target methods of applying 

fungal pathogens to the environment to control ticks are needed. There are opportunities to 

use autodissemination device to deliver pathogens to ticks (Maranga et al., 2006). Such 

devices uses visual cues, pheromones and kairomones to attract host pests to a pathogen 

source (Vega et al., 2007). Using a fungus-treated pheromone-baited trap, Maranga et al. 

(2006) was able to attract and infect A. variegatum under field conditions. 

In the previous chapter the performance of the trap described by Bryson et al. (2000) baited 

with the attraction-aggregation-attachment pheromone (AAAP) and treated with the fungus M 

anisopliae in semi-field experiment was evaluated Ticks attracted to the trap were infected 

and killed by the fungus, with a subsequent reduction in the tick population. Here, trials to 

evaluate the performance of the fungus-treated trap baited with both the pheromone and 

kairomone blends against adult of A. variegatum populations in the field are described. 
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5.2 Materials and Methods 

5.2.1 Field site 

The experiment was carried out at the National Veterinary Research Centre, Muguga-Kenya 

Agriculture Research Institute: Latitude 1° 13' S, Longitude 36° 18' E, Altitude 2070 m (Obiri 

et al., 1994). The climate is a modified equatorial type with a mean monthly temperature of 

18 °C. Mean annual rainfall is 1005 mm distributed bi-modally with peaks in April and 

October (Obiri et al., 1994). 

The study area was a 2-acre paddock and the vegetation was predominantly red oat grass, 

Themeda triandra (Liliopsida: Poaceae ). The height of the grass was maintained between 5 

and 10 cm. The experiment was done during the rainy season, from April to May of 2008. The 

climatic conditions were as follows: mean maximum temperature, 22.75°C; mean minimum 

temperature, 13.84 °C; 86.5% RH at 6 AM; 57.3% RH at noon; and 177.2 mm rainfall 

(Department of Meteorology, Kenya). Prior to the start of the experiment, semiochemical

baited traps were placed in the paddock to trap ticks and ensure that the area was free of A. 

variegatum. No A. variegatum tick was found in the plot; however a few R. appendiculatus 

were attracted to the traps. The field was divided into 6 plots of 100 m2 (10 m x 10 m) each, 

of which three served as controls and three were assigned to fungal treatments. Plots were 

allocated to both treatments randomly. Plots were separated from each other by a 40 m buffer 

zone. 

5.2.2 Ticks 

Engorged A. variegatum females collected from infested cattle from the Marsabit area of 

Kenya in 2006 were used to established tick colony. Ticks were reared at the Animal 

Rearing and Quarantine Unit, icipe. All life stages of the tick were fed on New Zealand white 

rabbits. The different instars were maintained in Perspex chambers at 26 °C ± 1 and 85 ± 5% 

RH under 12:12 L: D photoperiod. Three to four-week old unfed adults were used, in the 

trials. 

5.2.3 Fungus 

The Metarhizium anisopliae isolate (Rl/RA) used in this study was obtained from the icipe's 

Arthropod Germplasm Centre. The strain was isolated from an engorged female A. 

variegatum collected from Rusinga Island, Kenya in 1996 and was previously reported to be 
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virulent against A. variegatum (Kaaya et al., 1996). Conidia were mass produced using long 

rice as a substrate (Milner R.J., unpubl.). Blastospores were cultured in liquid medium 

containing glucose (30 g/l), peptone (10 g/l) and yeast extract (30 g/l) in a 250 ml Erlenmeyer 

flask maintained in a shaker at 100 rpm and 26 ± 2° C for 3 days. Glucose, peptone and yeast 

extract were obtained from Sigma. The contents of the flask were autoclaved for 30 minutes 

at 121°C and allowed to cool before inoculation with the conidia. Two kilograms of rice per 

plastic bag was autoclaved for 1 hat 121°C, transferred to polyethylene autoclavable bags 

and inoculated with the 3-day old culture ofblastospores (50 ml). The blastospores 

suspension was thoroughly mixed with the rice to distribute the inoculum throughout the 

substrate and incubated between 26 and 30°C and 60-75% R.H. for 21 days. The 

polyethylene bag was then opened and the culture was allowed to dry for 5 days at room 

temperature to approximately 10 - 15% moisture content. Conidia were harvested by sifting 

the substrate through a sieve (295 µm mesh size) and approximately 200 g of spores was 

produced per bag. Dry conidia were stored in a refrigerator ( 4-6°C) prior to use. The viability 

of conidia was determined using the technique described by Goettel and Inglis (1997) before 

before being used in the field trials. Germination rates > 90% after 24 h on Sabouraud 

dextrose agar was considered adequate for use in the field trials. One litre of emulsifiable 

conidial suspension containing 1 x 109 conidia mr1 was prepared for the trials (consisting of 

49.5% sterile distilled water, fungal conidia, 49.5% com oil [CHEF cooking oil, Premier Oil 

Mills LTD] and 1 % Tween 80). One litre of a control solution was also prepared in a similar 

manner without the fungus for use in the control plots. 

5.2.4 Semiochemicals and traps 

The synthetic components of the attraction-aggregation-attachment pheromone ( ortho

nitrophenol, methyl salicylate and nonanioc acid), dicloromethane (DCM) and 1-octen-3-ol 

were obtained from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. Dry ice, which was 

used as a source of C02 was obtained from Carbacid Kenya. The semiochemical-baited trap 

used in this study was similar to the one described in Chapter 4. Briefly, the trap consisted of 

a 900 cm2 area demarked by four 10 cm-wooden pegs hammered into the ground. A 2 x 2 x 2 

cm3 rubber sponge impregnated with 16 ng of 1-octen-3-ol and 0.022 mg of AAAP was 

attached on the top of each of the four wooden pegs per trap with dry ice dispenser (plastic 

cup) of C02 placed in the centre. 
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5.2.5 Treatments 

Three days before application of the treatments, 118 laboratory-reared adult A. variegatum 

(59 males and 59 females) were seeded in the vegetation in each plot and allowed to 

acclimatize. Five semiochemical-baited traps were placed at different positions within each 

plot (1 central trap and 4 diagonal opposed traps). The positions of the diagonally opposed 

traps were moved to new positions by rotating clockwise ( 45°) while the centrally placed trap 

was shifted 1 m to the north after 14 days. The positions of the 4 diagonally opposed traps 

were moved again after 4 weeks, moving them 1 m (towards the centre) and clockwise 

direction by 45°; the central trap was moved 2 m to the south. The area within the confines of 

each trap in the fungal test plots were treated with 250 ml of emulsifiable conidial suspension 

using a high volume HV applicator (1.5 1 Model) at a rate of approximately 150 I/hectare 

prior to the attachment of the sponges and impreganation of the sponges with the synthetic 

semiochemicals. In the control plots, traps were treated with the emulsifiable carrier only. All 

treatments were applied again to previously untreated foliage after 14 and 28 days 

immediately after rotating the trap as described above. The experiment lasted for 6 weeks. 

5.2.6 Evaluation of the efficacy of treatments 

At 6 weeks post-treatment, 5 semiochemical-baited traps were deployed in each plot in the 

morning hours (9.00-1 2.00 am) in order to attract surviving ticks from the vegetation within 

the plots. The positions of the traps were also changed daily and collections were made over 

three consecutive mornings. Ticks collected in each plot were transferred to labelled 9 cm 

diameter plastic Petri dishes (atmost 10 ticks per dish) and brought to the laboratory where 

they were maintained at 26 ± 1 °C, 85 ± 5 % RH and 12:12 h L:D photoperiod for two weeks. 

Mortality was recorded after two weeks. Dead ticks were surface-sterilized with 2.5% sodium 

hypochlorite and 70% alcohol, rinsed twice in sterile distilled water, and then placed into 9-

cm diameter Petri dishes lined with moistened filter paper to promote outgrowth of fungi 

from cadaver to confirm death due to mycosis. 

5.2. 7 Fungal Persistence 

The persistence of inoculum on the treated foliage was also investigated during the trial. One 

uppermost flag leaf of grass that was directly exposed to sunlight was cut within each fungus

treated trap immediately and two weeks after treatment using a pair of sterile scissors. Grass 

samples were kept separately in 9 cm diameter Petri dishes before being transferred to 
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universal bottles containing 10 ml of 0.05% Triton X-100. The samples were shakened 

vigorously on a vortex shaker for 5 minutes to dislodged conidia from the treated foliage. The 

concentration of the fungal suspensions was determined using an improved Neubauer 

haemocytometer and was diluted to a concentration of 1.0 x 106 conidia mr1
; 100 µl of the 

suspension was spread over a SDA plate and a sterile microscope cover slip placed on each 

plate. Plates were incubated at 25 ± 2 °C, and germination was determined after 24 h, by 

counting 100 conidia/plate (Goettel and Inglis, 1997). No M anisopliae conidia were 

recovered from flag leaf collected from control traps, hence the uninoculated control 

treatment were excluded from the analyses of conidia persistence. Five replicates 

representing 5 traps in each plot were used. 

5.2.8 Data analysis 

A student's t-test was used to compare the following arcsin square root-transformed data at P 

= 0.05 significance level: (i) percentage of ticks recovered from control and fungus-treated 

plots; (ii) percentage tick mortality in the laboratory of ticks recovered from control and 

fungus-treated plots; and (iii) percentage germination of conidia recovered from treated 

foliage, 0 and 14 days post-spray. All analyses were performed using the SAS (2001) 

package. The relative (%) reduction of tick populations in fungus-treated plots was calculated 

using the formula [(number of surviving ticks recovered from control plots - number of 

surviving ticks recovered from fungus-treated plots)/number of surviving ticks recovered 

from control plots] X 100 (European Medicines Agency, 2004). 
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5.3 Results 

Table 5.1 The number of Amblyomma variegatum ticks recovered from plots containing 

control and fungus-treated traps, 6 weeks post-treatment and mortality of recovered ticks 

from control and fungus-treated plots that were maintained under laboratory conditions for 2 

weeks. 

Treatments Replicates Number of ticks Number of recovered 

recovered from plots ticks that died 2 weeks 

after 6 weeks post- later under laboratory 

treatment conditions 

Control Plot 1 98 5 

Plot 2 108 3 
Plot 3 97 2 

Test Plot 1 39 35 

Plot 2 46 44 
Plot 3 25 24 
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Figure 5.1 Mean percentage of ticks recovered from fungus-treated traps and control plots, 6 

weeks after spraying 
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Figure 5.2 Percent mean tick mortality of ticks recovered ticks from control and fungus

treated plots. Collected ticks were maintained in the laboratory, for two weeks to ascertain 

mortality levels. 
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Figure 5.3 Percentage germination of M anisopliae conidia applied to foliage in emulsifiable 

formulation immediately after application (day 0) and 14 days later (day 14). 
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Figure 5.4 Metarhizium anisopliae conidia developing on Amblyomma variegatum cadaver; 

viewed from the dorsal (left) and ventral (right) sides. Symptoms developed when ticks were 

held under high conditions of humidity after collection from the field. 

More ticks were recovered in the control plots compared to the fungus-treated plots at 6 post

treatment (Table 5 .1 ). The mean percentage of ticks recovered after 6-weeks in the fungus

treated plots (31.1±5.2%) was significantly lower (F = 66.48; df= 1,4; P = 0.01231) than 

the proportion recovered as a result of fungal activity from the control plots (85.6 ± 3%) 

(Figure 5 .1 ), representing a relative reduction of 63. 7%. Mortality of ticks that were collected 

from the field plots after 6 weeks was significantly higher (F= 586.32; df= 1,4; P < 0.0001) 

among those collected from fungus-treated plots than the controls (Table 5.1). Ninety-four 

(94%) per cent of the ticks recovered from the fungus-treated plots succumbed to infection 

compared to 3% in the controls (Figure 5.2). The germination of conidia washed from treated 

foliage was 96.1±0.41 % immediately after spraying but had decreased to 69.2 ± 1.9% after 

14 days, representing a reduction of28% (Figure 5.3). All dead ticks among those recovered 

from fungus-treated plots were covered with conidia but no fungal growth was observed on 

dead ticks collected from control plots (Figure 5.4). 
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5.4 Discussion 

The high number of ticks recovered from the control plots (85.6%) compared to the fungus 

treated plots (31.1 % ) demonstrates the efficacy of the semiochemical-baited trap. Maranga et 

al. (2006) reported similar results using a pheromone-baited trap and kairomone; 76-84% of 

A. variegatum ticks were recovered in the control plots compared to 33.8% in B. bassiana and 

M anisopliae-treated plots. While the semiochemical blend used in the present study were 

attractive to A. variegatum, it may not represent the full complement of tick and host odour 

constituents that A. variegatum requires to locate its preferred hosts. Further studies might 

reveal additional components, the use of which might enhance the performance of fungus

baited traps. A major advantage of using semiochemicals to attract ticks is that they might 

facilitate rapid contamination of Amblyomma ticks with the fungus used. Most of the ticks 

that survived infection in the field and were brought to the laboratory succumbed to fungal 

infection, indicating that further mortality may occur beyond the 6 weeks experimental period 

The viability of conidia decreased by 28% at two weeks post-treatment in the present study. 

A variety of environmental factors may influence the viability of entomopathogenic fungi 

(Ignoffo, 1992). However, it has been demonstrated that an oil-based carrier can minimize the 

negative effects of environmental stress on fungal conidia compared to aqueous carriers 

(Inglis et al., 1995). Addition of potential sunscreens and antioxidants to formulations could 

further increase persistence (Moore et al., 1993), although sunscreens do not appear to 

promote persistence by a significant amount and the extra cost does not seem to justify their 

inclusion (Hunt et al., 1994). 

In conclusion, this study demonstrates that fungus-treated semiochemical-baited traps can 

control A. variegatum under field conditions. Such traps could also be used to control other 

Amblyomma species and other tick species. However, further studies are required for 

operational strategies to be developed, and to improve trap efficacy. For example, 

refinements to the formulation may promote conidial persistence, and optimization of 

attractant components may enhance field performance. 
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CHAPTER SIX 

General Discussion, Conclusion and Recommendations 

6.1 General Discussion 

For entomopathogenic fungi to become viable biological control agents for ticks, 

considerable research is required to promote product development. This includes 

appropriate assay to ensure selection of the most effective fungal strain, and development 

of suitable formulations and delivery systems. The current study was initiated to address 

these aspects and to generate information relevant to the practical use of fungi in tick 

management strategies. The primary objectives of the study were; 

(i) To identify fungal isolates which are pathogenic against R. pulchellus in vitro. 

(ii) To identify the most appropriate techniques for laboratory inoculation of nymphal 

and adult stages of Rhipicephalus ticks with fungal conidia. 

(iii) To optimize attraction-aggregation-attachment pheromone (AAAP) by combining 

with 1-octen 3-ol and butyric acid for attraction of A. variegatum adults. 

(iv) To evaluate the effects of formulations on the efficacy of fungus-treated 

semiochemical-baited traps for control of A. variegatum under field conditions. 

(v) To evaluate the performance of M anisopliae-treated semiochemical-baited traps 

to control Amblyomma variegatum in the field. 

In the present study, out of twelve M anisopliae and three B. bassiana isolates assayed, only 

four M anisopliae isolates (ICIPE 60, ICIPE 69, ICIPE 78 and ICIPE 62) were pathogenic to 

unfed R. pulchellus adults. Considerable variation in pathogenicity among isolates for a 

specific tick species has been demonstrated (Kirkland et al., 2004a: 2004b and Samish et al., 

2001). The current study also demonstrated that inoculation method directly affects tick 

mortality. Inoculation by spray using a Burgerjon's spray tower caused higher infection 

levels than inoculation by microapplicator although more conidia were deposited on ticks by 

microapplication than spraying by Burgerjon's spray tower. The different inoculation 

methods could have influenced the spatial distributions of propagules on the tick cuticle. 

Localization of propagules on the intergument can affect the success of an entomopathogen, 

for example, the median lethal dose of B. bassiana conidia applied in oil to grasshopper 

abdomens is much lower than when conidia are applied beneath the pronotal shield (Inglis et 

al., 2002). Scanning electron microgragh analysis of infected ticks showed that M 
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anisopliae conidia preferred attachment sites at certain junctions, like those present in the tick 

legs (Arruda et al., 2005). 

It was also demonstrated in the current study that the method of application of conidia 

influence tick mortality by variation in the actual number of fungal propagules deposited onto 

the tick. Calculated LC50 values showed that higher infection levels of nymphs and adults 

were obtained when fungus was sprayed directly on ticks and substrate and incubated for 12 

h (SS) compared to when fungus was directly sprayed on ticks and substrate and ticks were 

immediately transferred to clean Petri dishes (SP) and indirect exposure (SW). However, a 

significantly higher number of fungal conidia were found on ticks when fungus was sprayed 

directly on the ticks and substrate and incubated for 12 h (SS) compared to when fungus was 

directly sprayed on ticks and substrate and ticks were immediately transferred to clean Petri 

dish (SP) and indirect contamination (SW) although the spore concentrations were the same 

before spraying. Future research should consider determination of the actual number of 

fungal conidia on the tick after inoculation in bioassays. 

Delivery of oil formulated conidia via a spray tower (SP) was the best method for treating 

adults and nymphs of Rhipicephalus spp., but exposure of immature stages to contaminated 

surface (SW) also provided an appropriate assay technique with minimal control mortality. 

To my knowledge, only one study (Polar et al., 2005a) had evaluated pathogenicity of fungal 

conidia suspended in pure oils against tick. The current study also highlights the need to 

develop assays that "mimic" spray application of fungus under field conditions and looks at 

the possibility of developing bioassays that simulate application of fungal conidia in an oil 

carrier using a UL V spray technique. 

According to Osterfield et al. (2006) the efficacy of M anisopliae and B. bassiana as tick 

control agents has been sufficiently well established to warrant aggressive pursuit of efficient 

and safe delivery systems. Technologies such as UL V and hydraulic sprayers have been used 

for field application of fungus against insects (Wraight and Carruthers, 1999). These 

technologies might be applied for inundative applications against tick species that spend most 

of their life (three-host ticks) questing from vegetation. Research on developing efficient 

technologies for application of fungus against hunter ticks is still in its infancy. Thus, one of 

the objectives of the current study was to evaluate the possibility of a baited-trap with an 

optimized combination of AAAP (attraction-aggregation-attachment pheromone), 1-octen-3-
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ol and carbon dioxide, treated with M anisopliae isolate (ICIPE 7) for suppression of A. 

variegatum under field conditions. The proportion of the test population recovered in the M 

anisopliae-treated plots (31.1 % ) was significantly lower than that recovered in the control 

plots (85 .6%) after 6 weeks. This represented a relative tick reduction of 63. 7% by the 

fungus-treated traps compared to the control traps. Using a fungus-treated pheromone-baited 

trap, Maranga et al. (2006) were able to attract and infect A. variegatum under field 

conditions. The fungus-treated semiochemical-baited trap used in the current study is less 

costly and the trap was more efficient in attracting adults of A. variegatum. Ticks were 

attracted from 8 m compared to 5 m achieved by Maranga et al. (2003) under field 

conditions. This trap can be used against A. variegatum, around water points and near salt 

licks. The traps may also be useful against other tick species with some modifications. 

Results obtained in the present study also demonstrated that fungal conidia suspended in an 

emulsifiable formulation induced higher mortality compared with powder and oil 

formulations under field conditions. According to Leemon and Jonsson (2008), 10% 

emulsion can yield similar results to those obtained using a 100% oil formulation of 

Metarhizium conidia. Previous research has demonstrated that emulsifiable formulations of 

conidia can enhance fungi activity against arthropods (Kaaya and Hassan, 2000). 

Other field studies addressing the use of fungi in tick control have focused on the inundative 

application by spraying vegetation (Kaaya, 2000b; Benjamin et al., 2002; Hombostel et al., 

2004) and on ticks attached to the host (Alonso-Diaz et al., 2007). However the most 

recognised concern is the risk of infection posed to non-target species. Experiments have 

shown M anisopliae and B. bassiana isolates to be non-pathogenic to natural enemies and 

beneficial soil insect (Jaronski et al., 1998; Thungrabeab and Tongma, 2007). There is no 

documented case where a fungal pathogen introduced for classical biological control of an 

insect pest caused substantial mortality to non-target species or had caused negative effect on 

human and animal health, or any significant impact on the environment (Hajek et al., 2003). 

However, native pathogen present in natural pest population can be augmented by inoculation 

or inundation to establish epizootics (Shah and Pell, 2003). Information on physiological host 

range, and, hopefully, ecological host range might be required before introduction of native 

or exotic fungal strain in an area for tick control. 
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An important constraint to blanket-spraying vegetation is cost. It costs US$17 ( 1997 price) to 

produce of 100 g of spores of Green Muscle (a commercial biopesticide based on M 

anisopliae var. acridum.) sufficient to treat one hectare for locust control (de Groote, 1997). 

In comparison, an estimated 20 g of M anisopliae spores per hectare would be needed if 

traps such as those used in this study were used in tick control programme. Even, considering 

the additional cost of the pheromone and other attractants, a fungus-treated semiochemical

baited trap is a cheaper method of treatment and, cost-wise competes favourably with an 

inundative spray. Use of semiochemical-baited traps has an added advantage in that it may 

increase the rate of contamination of A. variegatum, thus the efficacy of the control strategy 

is increased. Under favourable field conditions (during morning periods when there is 

reduced sunlight and a gentle breeze), ticks closer to the traps start moving upwind towards 

the trap in less than 2 minutes and the semiochemicals remained active for 90 minutes under 

field conditions. 

Despite the promising results obtained, there are additional hurdles that need to be overcome. 

For example, many traps were needed to cover a relatively small area; there are difficulties in 

obtaining storing and transportation of C02 in the form of dry ice, which would limit their 

widespread use. The limited persistence of conidia under field conditions also means that 

areas may have to be treated over the course of a season. I also recognise that the fungus

treated semiochemical-baited trap may be species-specific and not all tick species are 

"hunters". This technology may not be suitable for control of some tick species 

("ambushers") in vegetation. Inundative spray such as UL V might be more suitable for 

entomopathogen application over large areas. According to Shah and Pell (2003), the use of 

inundative mycopesticides may not be as sustainable as non-inundative strategies but they are 

more likely to be commercially successful, depending on the value of the target market. It 

seems many application strategies are required for simultaneous control of different tick 

species occurring in an area. I have addressed some challenges in the recommendation that 

follows. 
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6.2 Conclusion 

This study demonstrated the susceptibility of the zebra tick, R. pulchellus, to the 

entomopathogenic fungus M anisopliae for the first time and also identified appropriate 

bioassays for screening entomopathogenic fungal isolates against adults and nymphs of this 

species. Furthermore, this study has demonstrated the efficacy of a simple semiochemical

baited trap that is inexpensive and efficiently delivers entomopathogenic fungi for the control 

of Amblyomma spp. With further development, this provides a valuable control tool for ticks 

in Africa, which hosts several Ambyomma spp. 

6.3 Recommendations 

• The results obtained in this study clearly demonstrate the potential value of fungal 

pathogens for tick control and the need for more research to select virulent isolates. 

Screening of naturally occurring fungal isolates from a particular locality or 

ecosystem where tick control is envisaged may minimized potential risks posed by 

exotic strains. 

• Because appropriate in vitro bioassays as well as field trials are imperative for 

selection of virulent and effective fungal isolates, there is need to optimise the 

infection techniques for different life stages of ticks to facilitate comparative analyses 

of efficacy and susceptibility. 

• Since many species of hard ticks can be found on vegetation at any given time, it is 

important to determine tick populations, behaviours of the different tick species, 

biology and ecology of different tick species occurring in a targeted locality and adapt 

the control strategy to target these species. 

• As immature life stages of ticks are generally more susceptible to fungi than adult 

stage, targeting immature stages could improve on efficacy of a control strategy 

incorporating entomopathogens and reduce the need for multiple species and/or 

isolates ( entomopathogenic fungi), since host specificity may be less of a limiting 

factor when targeting these stages. 

• The use of semiochemicals (tick pheromones and host kairomones) and 

entomopathogenic fungi in a trap has demonstrated potential for tick control off-host. 

This has the additional advantage in that it reduces the risks of transmission of tick

bome diseases by killing ticks before they become attached to a host. Furthermore, 
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this technology would minimize the area treated with a mycoacaricide. However, the 

limiting factor with this technology is that it could be species-specific or less efficient 

for some species, and different semiochemicals may be needed to control different 

tick species in vegetation. Research to identify the full range of kairomones produced 

by the hosts that are attractive against different target tick species is important. 

• Use of an emulsifiable formulation enhances the efficacy of a fungal treatment under 

conditions of low humidity and its compatible with lipophylic conidia. There is need 

to develop technologies for practical application of small droplets of conidia in oil

water emulsion. This may reduce the cost involved with hydraulic technologies that 

are compatible with oil-water emulsion. 

• The viability of applied conidia declined over two weeks under natural field 

conditions (Chapter Five). Inclusion of additives in the formulation, e.g., sunscreens 

and antioxidants may prolong conidial persistence. 

• For some tick genera, including Rhipicephalus and Ixodes, larval stages of these ticks 

feed on small mammals such as mice. The use of wood nest boxes attached to tree 

trunks at a height of 1.5 m as a platform has been used to deliver fungi (Hornbostel et 

al., 2005). This may be a component of an integrated tick management strategy, 

particularly to control of some Rhipicephalus ticks, which wait on grass 

("ambushers") for suitable hosts. UL V application technology could be used for 

delivery of fungal conidia suspended in pure oil for control of some Rhipicephalus 

ticks ("ambushers"). 

In order to achieve sustainable control of ticks in the future, it is important to apply suitable 

and practical control technologies and to assess the economics of all possible tactics. 

Technologies that are inexpensive, user-friendly, and environmentally benign and have 

proven tick control efficacy would provide a solid base for a sustainable management 

strategy for livestock farmers. 

76 



REFERENCES 

Abbot, W.S. 1925. A method of computing the effectiveness of an insecticide, Journal of 

Economic Entomology 18: 265-267. 

Abdel-Shafy, S. and Zayeb, A.A. 2002. In vitro acaricidal effect of plant extract of neem seed 

oil (Azadirachta indica) on egg, immature and adult stages of Hyalomma anatolicaum 

excavatum (Ixodidoidea; Ixodidae ). Veterinary Parasitology 106: 89-96. 

Abou-Donia, M. 1996. Neurotoxicity resulting from coexposure to pyridostigmine bromine, 

deet, and permethrin: Implication of gulf war chemical exposures. Journal of 

Toxicology and Environmental Health 48: 35-56. 

Allan, S.A., Barre, N., Sonenshine, D. and Burridge, M.J. 1998. Medical and Veterinary 

Entomology 12: 141 -150. 

Allan, S.A., Sonenshine, D.E. and Burridge, M.J. 2001. Tick pheromones and uses thereof. 

US Patent No. 6331297. 

Alonso-Diaz, M.A. Garcia, L., Galindo-Velasco, E., Lezama-Gutierrez, C.A., Angel

Sahaglin, C.A., Rodriguez-Vivas and Fragoso-Sanchez, H. 2007. Evaluation of 

Metarhizium anisopliae (Hyphomycetes) for control of Boophilus microplus (Acari: 

Ixodidae) on naturally infested cattle in the Mexican tropics. Veterinary Parasitology 

147: 336-340. 

Alonso-Diaz, M.A., Rodriguez-Vivas, R.I., Fragoso-Sanchez, H. Rosario-Cruz, R. 2006. 

Resistencia de la garrapata Boophilus microplus a los ixodicidas. Archivos de 

Medicina. Veterinaria. 68 (2): 105-113. 

Arruda, W. , Lubeck, I., Schrank, A., Vainstein, M.A. 2005. Morphological alterations of 

Metarhizium anisopliae during penetration of Boophilus microplus. Experimental and 

Applied Acarology 37: 231-244. 

Baker, J.A.F. and Shaw, R.D. 1965. Toxaphene and lindane resistance in Rhipicaphalus 

appendiculatus, the brown ear tick of equatorial Africa and South Africa. Journal of 

the South African Veterinary Medical Association 36: 321-330. 

Baltensweiler, W. and Cerutti, F. 1986. Bericht uber die Nebenwirkungen einer Bekampfung 

des Maikafers (Melolontha melolontha L.) mit dem Pil Beauveria brongnairtii (Sacc.) 

Petch auf die Arthropodenfauna des Waldrandes. Miteilungen der Schweizerischen 

Entomologischen Gesellschaft 59: 267-274. 

Barbosa, J.V., Daemon, E., Bittencourt, V.R.E.P. and Faccini, J.L.H. 1997. Effect of two 

isolates of Beauveria bassiana fungus to hatching of larvae to nymphs of 

77 



Rhipicephalus sanguineus (Latreille, 1806) (Acari:Ixodidae). Revista Brasileira de 

Parasitologia Veterinaria 6: 53-56. 

Barre, N., Garris, G., Camus E. 1995. Propagation of the tickAmbyomma variegatum in the 

Caribbean. Rev. - Off. Int. Epizoot. 14: 841-855. 

Barre, N., Garris, G.I., Lorvelac, 0., 1997. Field sampling of the tickAmblyomma variegatum 

(Acari: Ixodidae) on pastures in Guadeloupe: attraction of C02 and/or tick 

pheromones and conditions of use. Experimental and Applied Acarology 21: 95-108. 

Barriga, 0.0. 1999. Evidence and mechanism of immunosuppression in tick infestations. 

Genetic analysis: Biomolecular Engineering 15: 139-142. 

Basu, A.K., Haldar, D.P. and Banerjee, K.N. 1986. Sevin as an effective acaricide of 

livestock. In: Channabasavanna, G.P. and Viraktamath, C.A. (eds.) Progress in 

Parasitology. Volume 2. Papers presented at the VII International Congress of 

Acarology held during August 3-9, 1986 at Bangalore. pp 407-410 

Bateman, RP. and Alves, RT. 2000. Delivery systems for mycopesticides using oil-based 

formulations. Aspects of Applied Biology 57: 163-170. 

Batta, Y.A. 2003. Production and testing of novel formulations of the entomopathogenic 

fungus Metarhizium anisopliae (Metschinkoft) Sorokin (Deuteromycotina: 

Hyphomycetes) Crop Protection 22: 415-422. 

Baxter, G.D. and Barker, S. 2002. Analysis of the sequence and expression of a second 

putative acetylcholinesterase cDNA from organophosphate-susceptible and 

organophosphate-resistant cattle ticks. Insect Biochemistry and Molecular Biology 

32: 815-820. 

Bedford, G.A.H. 1934. South African ticks. Part one. Onderstepoort Journal of Veterinary 

Science and Animal Industry 11: 49-60. 

Begon, M., Sait, S.M., Thompson, D.J. 1999. Host-pathogen-parasitoid systems. In BA 

Hawkins, HV Cornell (eds). Theoretical approaches to biological control. Cambridge, 

UK: Cambridge Univ, pp. 327-48. 

Benjamin, M.A. Zhioua, E. and Ostfeld, RS. 2002. Laboratory and field evaluation of the 

entomopathogenic fungus Metarhizium anisopliae (Deuteromycetes) for controlling 

questing adult Ixodes scapularis (Acari: Ixodidae). Journal of Medical Entomology 

39: 723-728. 

Bergermann, S. and Gothe, R. 1997. On the visual perception of eyes in adult Hyalomma 

truncatum ticks (Acari: Ixodidae). Experimental and Applied Acarology 21: 307-315. 

78 



Bittencourt, V.R.E.P., Massard, C.L. and De Lima, A.F. 1992. Use of the fungus 

Metarhizium anisopliae (Metschnikoff, 1879) Sorokin, 1883, in the control of the tick 

Boophilus microplus (Canestrini, 19 Arquivos da Universitade Federal Rural do Rio 

de Janeiro 15: 197-202. 

Bittencourt, V.R.E.P., Massard, C.L. and De Lima, A.F. 1994a. Action of the fungus 

Metarhizium anisopliae on eggs and larvae of the tick Boophilus microplus. Revista 

Universidade Rural. Serie ciencias da vida 16: 41-47. 

Bittencourt, V.R.E.P., Massard, C.L. and De Lima, A.F. 1994b. Action of the fungus 

Metarhizium anisopliae on the free-living phase of the life cycle of Boophilus 

microplus. Revista Universidade Rio, Serie ciencias da vida 16: 49-55 (in 

Portuguese). 

Borges, L.M.F., Ferri, P.H., Silva, W.J., Silva, W.C. and Silva, J.G. 2003. In vitro efficacy of 

extracts against the tick Boophilus microplus. Medical and Veterinary Entomology 

17: 228-231. 

Born~, 0., Redondo, M., Montero, C., Rodriguez, M. and de la Fuente, J. 1998. Reproductive 

and safety assessment of vaccination with Gavac TM against cattle tick (Boophilus 

microplus). Theriogenology 51: 1547-1554. 

Bram, 1983. Tick-borne livestock diseases and their vectors: The global problem. In: ticks 

and tick-borne diseases, F AO animal production and health. Food and Agriculture 

Organization, Rome, pp. 7-11. 

Brooks. W.M. 1993. Host-parasitoid-pathogen interactions. In: Beckage, N.E., Thompson, 

S.N. and Federici, BA (eds). Parasites and pathogens of insects. Vol. 2: Pathogens. 

Academic, San Diego, pp. 231-72. 

Brownbridge, M. and Glare, T. 2007. Impact of entomopathogenic fungus on soil-dwelling 

invertebrates. In: Ekesi, S. and Maniania, N.K. (Eds). Use of entomopathogenic fungi 

in biological pest management. Research Signpost, Kerela, India pp 295-392. 

Bryson, N.R., Horak, l.G., Venter, E.H. and Yunker, C.E. 2000. Collections of free-living 

nymphs and adults of Amblyomma hebraeum (Acari: Ixodidae) with 

pheromones/carbon dioxide traps at 5 different ecological sites in heartwater endermic 

regions of South Africa. Experimental and Applied Acarology 24: 971-982. 

Burgdorfer, W., Scmidth, M.L. and Hoogstral, H. 1973. Detection of Trypanosoma theileria 

in Ethiopian cattle. Acta Tropica 30: 340-346. 

79 



Burgerjon, B. 1956. Pulverisation et poudrage au laboratoire par des preparations pathogenes 

insecticides. Ann. Epiphyties 4: 675-684. 

Bush, A.O, Fernandez, J.C., Esch, G.W., Seed, J.R. (eds) 2001. Parasitism: The diversity and 

ecology of animal parasites. Cambridge, UK: Cambridge Univ. Press 

Butt, T.M. and Goettel, M.S. 2000. Bioassays of entomogenous fungi. In: Navon, A. and 

Ascher, K.R.S. (eds.). Entomopathogenic microbes and nematodes. CABI Publishing, 

pp. 141-191. 

Carroll, J. F. 1998. Kairomonal activity of White-tailed deer metatarsal gland substances: A 

more sensitive behavioral bioassay using Ixodes scapularis (Acari: Ixodidae ). Journal 

of Medical Entomology 35: 90- 93. 

Carroll, J.F., Klun, J.A. and Schmidtmann, E.T. 1995. Evidence for kairomonal influence on 

selection of host-ambushing sites by adult Ixodes scapularis (Acari: Ixodidae). 

Journal of Medical Entomological 32: 119-125. 

Carroll, J.F., Mills, G.D, Jr. and Schmidtmann, E.T. 1996. Field and laboratory responses of 

adultlxodes scapularis (Acari: Ixodidae) to kairomones produced by White-Tailed 

deer. Journal of Medical Entomology 33: 640-644. 

Chandler, G.D., Pell, J.K., Ball, B.V., Shaw, K. and Sunderland, K.D. 2000. Fungal 

biocontrol. Biocontrol Science and Technology 10: 357-384. 

Cherrya, A.J., Abalob, P. and Rella, K. 2005. A laboratory assessment of the potential of 

different strains of the entomopathogenic fungi Beauveria bassiana (Balsamo), 

Vuillemin and Metarhizium anisopliae (Metschnikoff) to control Callosobruchus 

maculatus (F.) ( Coleoptera: Bruchidae) in stored cowpea. Journal of Stored Products 

Research 41: 295-309. 

Correia, A.D.B., Fiorin, A.C., Monteiro, A.C., Verissimo, G.J. 1998. Effects of Boophilus 

microplus on the tick Boophilus microplus (Acarina: Ixodidae) in stabled cattle. Journal 

oflnvertebrate Pathology 71 : 189-191. 

Da Costa, G.L., Sarquis, M.I.M., de Moraes, A.M.L. and Bittencourt, V.R.E.P. 2001. 

Isolation of Beauveria bassiana and Metarhizium anisopliae var. anisopliae from 

Boophilus microplus tick (Canestrini, 1887), in Rio de Janeiro State, Brazil. 

Mycopathologia 154: 207-209. 

Da Silva, M.V., Santi, L., Staats, C.C., da Costa, A.M., Colodel, E.M., Driemelier, D., 

Vainstein, M. H. and Shrank, A. 2005 . Cuticle-induced endo/exoacting chitinase 

80 



CHIT 30 from Metarhizium anisopliae is coded by an ortholog of the chi 3 gene. 

Research in Microbiology 156: 382-392. 

da Silva Vaz, R.H.M., Martinez, A.T.D., Oliveira, A., Heck, C., Logullo, J.C., Gonzales, H. 

D. and Masuda, A. 1996. Functional bovine immunoglobulins in Boophilus microplus 

hemolymph. Veterinary Parasitolology 62: 155-160. 

Davey, R.B. Ahrens, E.H., George, J.E., Hunter, J.S. 3rd and Jeannin, P. 1998. Therapeutic 

and persistent efficacy of fipronil against Boophilus microplus (Acari: Ixodidae) on 

cattle. Veterinary Parasitology 74: 261 -276. 

Davey R.B., George, J.E. and Snyder, D.E. 2001. Efficacy of a single whole-body spray 

treatment of spinosad, against Boophilus microplus (Acari: Ixodidae) on cattle. 

Veterinary Parasitology 99: 41-52. 

de Castro, J.J. 1997. Sustainable tick and tickbome disease control in livestock improvement 

in developing countries. Veterinary Parasitology 71 : 77-97. De Groote, H. 1997. 

Potential for mycopesticide use in Africa: socioeconomic analysis. LUBILOSA 

Socioeconomic Working Paper Series No. 98/5 . 

de Moraes, C.K , Schrank, A. and Vainstein, M. H. 2003. Regulation of Extracellular 

Chitinases and Proteases in the Entomopathogen and Acaricide Metarhizium 

anisopliae. Current Microbiology 46: 205-210. 

Diehl, P, Guerin, PM, Vlimant, M. and Steullet, P. 1991. Biosynthesis, production site and 

emission rates of aggregation-attraction pheromone in males of two Amblyomma 

ticks. Journal of Chemical Ecology 17: 833-847. 

Dipeolu, 0.0. and Ndungu, J.N. 1991. Acaricidal activity of "Kupetaba" a ground mixiture 

of natural products against Rhipicephalus appendiculatus. Veterinary Parasitology 38: 

327-338. 

Donze, G., McMahon, C. and Guerin, P.M., 2004. Rumen metabolites serve ticks to exploit 

large mammals. The Journal of Experimental Biology 207: 4283-4289. 

Dowd, P.F. and Vega, F.E. 2003 . Autodissemination of Beauveria bassiana by Sap beetles 

(Coleoptera: Nitidulidae) to overwintering sites. Biocontrol Science and Technology 

13: 65-75. 

Ducomez, S. , Barre, N., Miller, R.J. and Garine-Wichatitsky, M. 2005 . Diagnosis of amitraz 

resistance in Boophilus microplus in New Caledonia with the modified, larval packet 

test. Veterinary Parasitology 130: 285-292. 

81 



Ekesi, S., Maniania, N. K. and Ampong-Nyarko K. 1999. Growth and Virulence of 

Metarhizium anisopliae and Beauveria bassiana on Megalurothrips sjostedti. 

Biocontrol Science and Technology 9: 177-185 

Ekesi, S., Maniania, N.K., Ampong-Nyarko, K. and Onu, I. 1998. Potential of the 

entomopathogenic fungus, Metarhizium anisopliae (Metsch.) Sorokin for control of 

the legume flower thrips, Megalurothrips sjostedti (Trybom) on cowpea in Kenya. 

Crop Protection 17: 661-668. 

European Medicines Agency, 2004. Guideline on specific efficacy requirements for 

ectoparasiticides in cattle. EMEA/CVMP/625/03/Final. London. United Kingdom. 

Fargues, J., Goettel, M.S., Smits, N., Ouedraogo, A., Vidal, C., Lacey, L.A., Lomer, C.J., and 

Rougier, M. 1996. Variability in susceptibility to simulated sunlight of conidia among 

isolates of entomopathogenic Hyphomycetes. Mycopathologia 135: 171-181. 

Fargues, J., Rougier, M., Goujet, R., Smits, N., Coustere, C., and Itier, B. 1997. Inactivation 

of conidia of Paecilomycesfumosoroseus by near-ultraviolet (UV-Band UV-A) and 

visible radiation. Journal of Invertebrate Pathology 69: 70-78. 

Feng, M.G., Poprawski, T.J., and Khachatourians, G.G. 1994. Production, formulation and 

application of the entomopathogenic fungus Beauveria bassiana for insect control: 

current status. Biocontrol Science and Technology 4: 2-34. 

Fernandes, E.K.K., Da Costa, G.L., De Souza, E.J., De Moraes, A.M.L. and Bittencourt, 

V.R.E.P. 2003. Beauveria bassiana isolated from engorged females and tested against 

eggs and larvae of Boophilus microplus (Acari: Ixodidae ). Journal of Basic 

Microbiology 43: 393-398. 

Fernandez, S. Groden, E., Vandenberg, J.D. and Furlong, M.J. 2001. The effect of mode of 

exposure to Beauvaria bassiana on conidia acquisition and host mortality of the 

Colorado potato beetle, Leptinotarsa decemlineata. Journal oflnvertebrate Pathology 

77: 217-226. 

Foil, L.D., Coleman, P., Eisler, M., Fragoso-Sanchez, H., Garcia-Vazquez, Z., Guerrero, 

F.D., Jonsson, N.N., Langstaff, l.G., Li, A.Y., Machill, N., Miller, R.J., Morton, J., 

Pruett, J.H. and Torr, S. 2004. Factors that influence the prevalence of acaricide 

resistance and tick-borne diseases. Veterinary Parasitology 125: 163-181. 

Fradin, M.S. and Day, J.F. 2002. Comparative efficacy of insect repellents against mosquito 

bites. New England Journal of Medicine 347: 13-18. 

82 



Frazzon, A.P.G., da Silva Vaz Junior, I., Masuda, A. , Schrank, A. and Vainstein, M.H. 2000. 

In vitro assessment of Metarhizium anisopliae isolates to control the cattle tick 

Boophilus microplus. Veterinary Parasitology 94: 117-125. 

Furlong, M.J. and Pell, J.K. 2005. Interactions between entomopathogenic fungi and 

arthropod natural enermies. In: Vega, F.E., Blackwell, M. (eds). Insect-fungal 

associations: Ecology and evolution. Oxford University Press, New York, pp 51-73. 

Gaugler, R. , Costa, S.D. and Lashomb, J. 1989. Stability and efficacy of Beauveria bassiana 

soil inoculations. Environmental Entomology 18: 412-417. 

Gassner, B., Wuthrich A., Lis, J., Scholtysik G and Solioz, M. 1997. Topical application of 

synthetic pyrethroids to cattle as a source of persistent environmental contamination. 

Journal of Environmental Science and Health, B 32: 729-739. 

George, J.E., 2000. Present and future technologies for tick control. Annals of the New York 

Academy of Sciences. 916: 583-588. 

George, J.E., Pound, J.M. and Davey, R.B. 2004. Chemical control of ticks on cattle and the 

resistance of these parasites to acaricides. Parasitology 129: 353- 366. 

Gindin, G., Samish, M., Alekseev, E. and Glazer, I. 2001. The susceptibility of Boophilus 

annulatus (Ixodidae) ticks to entomopathogenic fungi. Biocontrol Science and 

Technology 11: 111-118. 

Gindin, G., Samish, M., Zangi, G. Mishoutchenko, A. and Glazer, I. 2002. The susceptibility 

of different species and stages of ticks to entomopathogenic fungi. Experimental and 

Applied Acarology 28: 283-288. 

Ginsberg, H.S., Lebrun, R.A., Heyer K. and Zhioua, E. 2002. Potential non-target effects of 

Metarhizium anisopliae (Deuteromycetes) used for biological control of ticks (Acari: 

1xodidae ). Environmental Entomology 31: 1191-1196. 

Goettel, M.S. and Inglis, G.D. 1997. Fungi: hyphomycetes. In: Lacey, L.A. Editor, Manual of 

techniques in insect pathology. Academic Press, San Diego, pp. 211-249. 

Goettel, M.S. , St. Leger, R.J. , Rizzo, N.W., Staples, R.C. Roberts, W. 1989. Ultrastructural 

localization of a cuticle-degrading protease produced by the etomopathogenic fungus 

Metarhizium anisopliae during penetration of the host (Mandura Sexta) cuticle. 

Journal of General Microbiology 135: 2233-2239. 

Goettel, M.S., Inglis, G.D. and Wraight, S.P. 2000. Fungi. In: Lacey, L.A. and Kaya, K . 

(eds). Field manual of techniques in invetebrate pathology. Kluwer Academic, 

Dordrecht, pp. 255-282. 

83 



Glinski, Zand Buczek, K. 2003. Response of the Apoidea to fungal infections. APIACTA 

38: 183-189. 

Grisi, L., Massard, C.L., Moya, B.G.E. and Pereira, J.B. 2002. Impacto economico <las 

principais ectoparasitoses em bovinos no Brasil. A Hora Veterinaria 21: 8-10 

Groner, A. 1990. Safety to non-target invertebrates ofbaculoviruses. In: Laird, M. Lacey, 

L.A., Davidson, E.W. (eds). Safety of microbial insecticides. CRC Press, Boca Raton, 

FL, pp. 135-47. 

Hall, R.A. and B. Papierok. 1982. Fungi as biological agents of arthropods of agricultural and 

medical importance. Parasitology 84: 205-240. 

Hallworth, J.E. and Magan, N. 1994. Improved biological control by changing 

polyols/trehalose in conidia of entomopathogens. British Crop Protection Conference -

Pests and Diseases 1994, 8D, pp. 1091-1096. 

Hajek, A.E. and Geottel, M.S. 2000. Guidelines for evaluating effects of entomopathogens on 

non-target organisms. In Lacey, L.A. and Kaya, H.K. (eds). Field Manual of 

techniques in invertebrate pathology. Kluwer, Dordrecht, pp. 847-868. 

Hajek, A.E., Delalibera, I. and Butler, L., 2003. Entomopathogenic fungi as classical 

biological control agents. In: Hokkanen, H,M.T. and Hajek, A.E. (eds). 

Environmental impacts of microbial insecticides. Kluwer, Academic Publishers. 

Nerthelands, pp. 14-34. 

Hamilton, J.G.C. 1992. The role of pheromones in tick biology. Parasitology Today 8: 130-

133. 

Hamilton, J.G.C. and Sonenshine, D.E. 1989. Methods and apparatus for controlling 

arthropod populations. United States of America Patent No. 4884361.Hansen, S.R. 

2005. Pyrethrins: Pyrethroids. In: Peterson, M.E. and Talcott, P.A. (eds). Small 

animal toxicology 2"d edition. Elsevier Saunders, pp. 1002-1009. 

Hill, D. S. 1987. Agricultural insect pests of temperate regions and their control. Cambridge 

University Press, Cambridge, pp. 119-136. 

Hombostel, V.L., Ostfeld, R.S., Zhioua, E., Benjamin, M.A., 2004. Sublethal effects of 

Metarhizium anisopliae (Deuteromycetes) on engorged larval, nymphal, and adult 

Ixodes scapularis (Acari: Ixodidae ). Journal of Medical Entomology 41: 922-929. 

Hombostel, V.L., Ostfeld, R.S., Zhioua, E., Benjamin, M.A., 2005. Effectiveness of 

Metarhizium anisopliae (Deuteromycetes) against Ixodes scapularis (Acari: Ixodidae) 

engorging on Peromyscus leucopus. Journal of Vector Ecology 30: 91-101. 

84 



Hunt, T. R., Moore, D., Higgins, P. M. and Prior, C. 1994. Effect of sunscreens, irradiance 

and resting periods on the germination of Metarhizium flavoviride conidia. 

Entomophaga 39: 313-322. 

lgnoffo, C.M. 1992. Environmental factors affecting persistence of entomopathogens. Florida 

Entomologist 75: 516-525. 

Imamura, S., Konnai, S., Nakajima, C., Yamada, S., Ito, Y., Ohashi, K. and Onuma, M. 2008. 

Development of an anti-tick vaccine to protect cattle against tick-borne transmission of 

Theileria parva. Veterinary Immunology and Immunopathology 128: 278-279. 

Inglis, D.G., Goettel, M.S. and Johnson, D.L. 1995. Influence of ultraviolet light protectants 

on persistence of the entomopathogenic fungus, Beauveria bassiana. Biological 

Control 5: 581-590. 

Inglis, G.D., Goettel, M.S., Tariq, M.B., Strasser, H., 2001. Use ofhyphomycetous fungi for 

managing insect pest. In: Butt, T.M., Jackson, C.W., Magan, N. (eds.), Fungi as 

Biological Control Agents. CAB International, Wallingford, pp. 23-69. 

Inglis, D.G., Jaronski, S.T. and Wraight, S.P. 2002. Use of spray oils with entomopathogens. 

Spray oil beyond 2000: sustainable pest and disease management. In: Beattie, A., 

Watson, D., Stevens, M., Rae, D. and Spooner-Hart, R. (eds.). University of Western 

Australia, pp. 302-312. 

Jaronski, S.T., Lord, J., Rosinska, J., Bradley, C., Hoelmer, K., Simmons, G., Osterlind, R., 

Brown, C. and Staten, R. 1998. Effect of a Beauveria bassiana-based mycoinsecticide 

on beneficial insects under field conditions. Proceedings of the 1998 Brighton 

Conference - Pests and Diseases 2: 651-657. 

Jenkins, N.E. and Geottel, M.S. 1997. Methods for mass-production of microbial control 

agents of grasshoppers and locusts. Memoirs of the Entomological Society of Canada 

171: 37-48. 

Jenkins, N.E. and Prior, C. 1993. Growth and formation of true conidia by Metarhizium 

flavoviride in a simple liquid medium. Mycological Research 97: 1489-1494. 

Jongejan, F. 1998. Integrated control ofticks and tick-borne diseases (ICTTD). Parasitology 

Today 14: 173-176. 

Jonsson, N.N., Mayer, D.G., Green, P.E., 2000. Possible risk factors on Queensland dairy 

farms for acaricide resistance in cattle ticks. Veterinary Parasitology 88: 79-92. 

Kaaya, G. P. 2000a. The potential for anti tick plants as components of an integrated tick 

control strategy Annals of the New York Academy of Sciences 915: 576-582. 

85 



Kaaya, G. P. 2000b. Laboratory and field evaluation of entomogenous fungi for tick control. 

Annals of the New York Academy of Sciences 916: 559-564. 

Kaaya, G.P. and Hassan, S. 2000. Entomogenous fungi as promising biopesticide for tick 

control. Experimental and Applied Acarology 24: 913-926. 

Kaaya, G.P., Mwangi, E.N. and Ouna, E.A. 1996. Prospects for biological control of 

livestock ticks, Rhipicephalus appendiculatus and Amblyomma variegatum, using the 

entomogenous fungi Beauveria bassiana and Metarhizium anisopliae. Journal of 

Invertebrate Pathology 67: 15-20. 

Kalsbeek, V., Frandsen, F. and Steenberg, T. 1995. Entomopathogenic fungi associated with 

Ixodes ricinus ticks. Experimental and Applied Acarology 19: 45-49. 

Kivaria, F.M. 2006. Estimated direct economic costs associated with tick-borne diseases on 

cattle in Tanzania. Tropical Animal Health and Production 38: 291-299. 

Kelly, P.J., Beati, L., Mason, P.R., Matthewman, L.A., Roux, V., Raoult, D.1996. Rickettsia 

africae sp. nov., the etiological agent of African tick bite fever. International Journal 

of Systematic Bacteriology 46: 611-614. 

Kershaw, M.E., Moorhouse, E.R., Bateman, R., Reynolds, S.E., Chamley, A.K., 1999. The 

role of destruxins in the pathogenicity of Metarhizium anisopliae for three species of 

insect. Journal oflnvertebrate Pathology 74: 213-223. 

Kirkland, B.H., Cho, E.-M. and Keyhani, N.O. 2004a. Differential susceptibility of 

Amblyomma maculatum and Amblyomma americanum (Acari: Ixodidea) to the 

entomopathogenic fungi Beauvaria bassiana and Metarhizium anisopliae. Biological 

Control 31: 414-421. 

Kirkland, B. H., Eisa, A. and Keyhani, N. 0. 2005. Oxalic acid as a fungal acaricidal virulent 

factor. Journal of Medical Entomology 42: 346-351. 

Kirkland, B., Westwood, G.S. and Keyhani, N. 0. 2004b. Pathogenicity of entomopathogenic 

fungi Beauvaria bassiana and Metharizium anisopliae to Ixodidae tick species 

Dermacentor variabilis, Rhipicephalus sanguineus and Ixodes scapularis. Journal of 

Medical Entomology 41: 705-711. 

Kooyman, C., Bateman, R.P. Langewald, J., Lomer, C.J., Ouambama, Z. and Thomas, M.B. 

1997. Operational-scale application of entomopathogenic fungi for control of sahelian 

grasshoppers. Proc. R.Soc.Lond. B. 264: 541-546. 

Krantz, G.W. 1978. A manual of Acarology. Second edition. Corvallis: Oregon State 

University Book Stores, Incorporated, pp. 213. 

86 



Lacey, L.A., and Goettel, M.S. 1995. Current developments in microbial control of insect 

pests and prospects for the early 21st century. Entomophaga 40: 3-27. 

Lacey, L.A., Unruh, T.R. and Headrick, H.L. 2003. Interactions of two idiobiont parasitoids 

(Hymenoptera: Ichneumonidae) of codling moth (Lepidoptera: Tortricidae) with the 

entomopathogenic nematode Steinernema carpocapsae (Rhabditida: 

Steinemematidae) . Journal oflnvertebrate Pathology 83: 230-39. 

Lacey, L.A., Siegel, J.P. 2000. Safety and ecotoxicology of entomopathogenic bacteria. In: 

Charles, J.F., Delecluse, A. and Nielsen-LeRoux, C. (eds). Entomopathogenic 

bacteria: From laboratory to field application. Kluwer Acad., Dordrecht, pp. 253-73. 

Lans, C. and Brown, G. 1998. Ethnoveterinary medicines used for ruminants in Trinidad and 

Tobago. Preventive Veterinary Medicine 35: 149-163. 

Lazzarini, G.M.J., Rocha, L.F.N. and Luz, C. 2006. Impact of moisture on in vitro 

germination of Metarhizium anisopliae and Beauveria bassiana and their activity on 

Triatoma infestans. Mycological Research 110: 485-492. 

Leemon, D.M. and Jonsson, N.N. 2008. Laboratory studies on Australian isolates of 

Metarhizium anisopliae as a biopesticide for the cattle tick Boophilus microplus. 

Journal oflnvertebrate Pathology 97: 40-49. 

Leland, J.E. 2001. Environmental-stress tolerant formulations of Metarhizium anisop/iae var. 

acridum for control of African desert locust (Schistocerca gregaria). Dissertation 

submitted to the Faculty of Virginia Polytechnique Institutes and State University in 

partial fulfillment of the requirement for the degree of PhD in Entomology pp. 1-100. 

Li, A.Y., Davey, R.B., Miller, R.J. and George, J.E. 2003. Resistance to Coumaphos and 

Diazinon in Boophilus microplus (Acari: Ixodidae) and evidence for the involvement 

of an oxidative detoxication mechanism. Journal of Medical Entomology 40: 482-490. 

Lomer, C.J., Bateman, R.P., Johnson, D.L., Langewald, J. and Thomas, M. 2001. Biological 

control oflocusts and grasshoppers. AnnualReview of Entomology 46: 667-702. 

Luz, C. and Fargues, J. 1998. Factors affecting conidial production of Beauveria bassiana 

from fungus-killed cadavers of Rhodnius prolixus. Journal oflnvertebrate Pathology 

72: 97-103. 

Lwande, W., Ndakala, A.J., Hassanali, A., Moreka, L., Nyandat, E., Ndungu, M., Amiani, H., 

Gitu, P.M., Malonza, M.M. and Punyua, D.K. 1999. Gynandropsis gynandra essential 

oil and its constituents as tick (Rhipicephalus appendiculatus) repellents. 

Phytochemistry 50: 401-405. 

87 



Ma, J. 2005. Deferential toxicity of three cyanobacterial and five green algal species to 

organotins and pyrethroids pesticides. Science of Total Environment 341: 109-117. 

Madge, C. 1998. Therapeutic landscapes of the Jola, the Gambia, West Africa. Health and 

Place 4: 293-311. 

Mans, B.J. and Neitz, A.W.H. 2004. Adaptation of ticks to a blood-feeding environment: 

evolution from a functional perspective. Mini review. Insect Biochemistry and 

Molecular Biology 34: 1-17. 

Maranga, R.O., Hassanali, A., Kaaya, G.P., Mueke, J.M., 2003. Attraction of Amblyomma 

variegatum (ticks) to the attraction-aggregation-attachment-pheromone with or 

without carbon dioxide. Experimental and Applied Acarology 29: 121-130. 

Maranga, R.O., Hassanali, A., Kaaya, G.P., Mueke, J.M., 2006. Performance of a prototype 

baited trap in attracting and infecting the tick Amblyomma variegatum (Acari: 

Ixodidae) in field experiments. Experimental and Applied Acarology 38: 211-218. 

McMahon, C. and Guerin, P.M. 2000. Responses of the tropical bont tick, Amblyomma 

variegatum (Fabriscius), to its aggregation-attachment pheromone presented in an air 

stream on a servosphere. Journal of Comparative Physiology A. 186, 95-103. 

McMahon, C., Guerin, P.M., Syed, Z., 2001. 1-octen- 3- ol isolated from bont ticks attracts 

Amblyomma variegatum. Journal of Chemical Ecology 27: 471-486. 

McMahon, C., Krober T. and Guerin, P.M. 2003. In vitro assays for repellents and deterrents 

for ticks: differing effects of products when tested with attractant or arresment stimuli. 

Medical and Veterinary Entomomlogy 17: 370-378. 

Mekonnen, S., Bryson, N.R., Fourie, L.J., Spickett, A.M., Taylor, R.J., Strydom, T. and 

Horak, LG. 2002. Acaricide resistance profiles of single- and multi-host ticks from 

communal and commercial farming areas in the Eastern Cape and North-West 

provinces of South Africa. Onderstepoort Journal of Veterinary Research 69: 99-105. 

Miller, C.D., Rangel, D., Braga, G.U.L., Flint, S., Kwon, S.-II., Messias, C.L., Roberts, D.W. 

and Anderson, A.J. 2004. Enzyme activities associated with oxidative stress in 

Metarhizium anisopliae during germination, mycelial growth, and conidiation and in 

response to near-UV irradiation. Canadian Journal of Microbiology 50: 41-49. 

Milner, R.J., Baker, G.L., Hooper, G.H. and Prior, C. 1997. Development of a 

mycoinsecticide for the Australian plague locust. In: Krall, S., Paveling, R., Ba Diallo, 

D. Birkhauser (eds). New strategies in locust control. Verlag, Basel, Switzerland pp. 

177-183 

88 



Monteiro, S.G.M., Bittencourt, V.RE.P., Daemon, E. and Faccini, H. 1998a. Effect of the 

entomopathogenic fungi Metarhizium anisopliae and Beauveria bassiana on eggs of 

Rhipicephalus sanguineus (Acari: Ixodidae). Cienca Rural, Santa Maria, 28: 461-466. 

Monteiro, S.G.M., Bittencourt, V.RE.P., Daemon, E. and Faccini, H. 1998b. Pathogenicity 

under laboratory conditions of the fungi Beauveria bassiana and Metharizium 

anisopliae on the larvae of the tick Rhipicephalus sanguineus (Acari: Ixodidae ). 

Revista Brasileira de Parasitologia Veterinaria 7:113-116. 

Moore, D., Bridge, P.D., Higgins, P.M., Bateman, RP., and Prior, C. 1993. Ultra-violet 

radiation damage Metarhizium flavoviride conidia and the protection given by 

vegetable and mineral oils and chemical sunscreens. Annals of Applied Biology 122: 

605-616. 

Morita, C., El Hussein, A.RM., Matsuda, E., Abdel Gabbar, K.M.A, Muramatsu, Abdel 

Rahman, M.B., Eleragi, A.M.H., Hassan, S.M. Chitambo, A.M. and Ueno, H. 2004. 

Spotted fever group ricketsiae from ticks captured in Sudan. Japanese Journal of 

Infectious Diseases 57: 107-109. 

Moslim, R., Wahid, M. B., Ali, S.RA. and Kamarudin, N. 2004. The effects of oils on 

germination of Beauveria bassiana (Balsamo) Vuillemin and its infection against the 

oil palm bagworm, Metisa plana (Walker). Journal of oil Palm Research 16: 78-87 

Mukhebi, A.W., Perry, B.D., 1992. In Kategile, J.A. and Mubi, S. (eds). Economic 

implications of the control of East Coast fever in eastern, central and southern Africa. 

Proceedings of the workshop held at Kadoma hotel, Zimbabwe 20-23 July 1992. 

ILCA (International Livestock Centre for Africa), Addis Ababa, Ethiopia. 

http://www.fao .org/Wairdocs/ILRI/x5485E/x5485e0h.htm visited 03/12/2007. 

Mwangi, E.N., Dipeolu, 0.0., Newson, RM., Kaaya, G.P., and Hassan, S.M. 1991. 

Predators, parasitoids and pathogens of ticks: a review. Biocontrol Science and 

Technology 1: 147-156. 

Mwangi, E.N., Kaaya, G.P. and Essuman, S. 1995. Experimental infections of the tick 

Rhipicephalus appendiculatus with entomopathogenic fungi, Beauvaria bassiana and 

Metharizium anisopliae, and natural infection of some ticks with bacteria and fungi. 

Journal of African Zoology 109: 151-160. 

Norval, RA.I. 1990. The impact of pure infestations of Rhipicephalus appendiculatus and 

Amblyomma hebraeum on the productivity of cattle and implications for tick control 

strategies in Africa. Parasitologia 32: 155-164. 

89 



Norval, R.A.I. 1994. Vectors: In: Coetzer, J.A.W. Thomson, G.R. and Tustin, R.C. (eds). 

Infectious diseases of livestock with special reference to souther Africa, Volume 1. 

Oxford University Press, Cape Town pp. 3-24. 

Norval, R.A.I., Peter T, Yunker CE, Sonenshine DE, Burridge MJ. 1991. Responses of the 

ticks Amblyomma hebraeum and A. variegatum to known or potential components of 

the aggregation-attachment pheromone. 1. Long-range attraction. Experimental and 

Applied Acarology13:11-18. 

Norval, R.A.I., Peter, T., Yunker, C.E., Sonenshine, D.E. and Burridge, M.J., 1996. Efficacy 

of pheromones-acaricides-impregnated tail-tag decoys for controlling the bont tick 

Amblyomma hebraeum (Acari:Ixodidae) on cattle in Zimbabwe. Experimental and 

Applied Acarology 20: 31 -46. 

Norval, R.A.I., Yunker, C.E. and Butler, J.F. 1987. Field sampling of unfed adults of 

Amblyomma hebraeum (Koch). Experimental and Applied Acarology 3: 213-217 

Obiri, J.A.F., Giathi, G. and Massawe, A. 1994. The effect of cypress aphid on Cupressus 

lusitanica orchards in Kenya and Tanzania. East African Agricultural and Forestry 

Journal 59: 227-234. 

Onofre, S.B., Miniuk, C. M, de Barros, N. M., and Azevedo, J.L. 2001. Pathogenicity of four 

strains of entomopathogenic fungi against the bovine tick Boophilus microplus. 

American Journal of Veterinary Research 62: 1478-1480. 

Osterkamp, J. Wahl, U., Schmalfuss, G., Haas, W., 1999. Host-odour recognition in two tick 

species is coded in a blend of volatiles. Journal of Comperative Physiology A. 185: 

59-67. 

Ostfeld, R.S., Price, A., Hombostel, V.L., Benjamin, M.A. and Keesing, F. 2006. Controlling 

ticks and tick-borne zoonoses with biological and chemical agents. Biosciences 56: 

383-394. 

Pavis, C, Barre, N. 1993. Kinetics of male pheromone production by Amblyomma variegatum 

(Acari: Ixodidae). Journal of Medical Entomology 30: 961-965. 

Parker, B.L., Skinner, M., Gouli, V., Brownbridge, M. 1997. Impact of soil applications of 

Beauveria bassiana and Mariannaea sp. On non-target forest arthropods. Biological 

control 8: 203-206. 

Pegram, R.G. 1976. Ticks (Acarina, Ixodidea) of the northern regions of the Somali 

Democratic Republic. Bulletin of Entomological Research 66: 345-363 

90 



Pegram, R.G., Hoogstraal, H. and Wassef, H.Y. 1971. Ticks (Acari: Ixodidae) of Ethiopia. I, 

Distribution, ecology and host relationships of species infesting livestock, Bulletin of 

Entomological Research 71: 339-359. 

Perritt, D.W., Couger, G. and Barker, R.W. 1993. Computer-Controlled olfactometer system 

for studying behavioral responses of ticks to carbon dioxide. Entomology Society of 

America 30: 275-311. 

Polar, P., de Muro, M.A., Kairo, M.T., Moore, D., Pegram, R., John, S.A., and Roach-Ben, C. 

2005b. Thermal characteristics of Metarhizium anisopliae isolates important for the 

development of biological pesticides for the control of cattle ticks. Veterinary 

Parasitology 134: 159-167. 

Polar, P., Kairo, M.T.K., Moore, D., Pegram, R. and John, S.A., 2005a. Comarison of water, 

oils and emulsion adjuvant oils as formulating agents for Metarhizium anisopliae for 

use in control of Boophilus microplus. Mycopathologia 160: 151-157 

Polar, P., Kairo, M.T., Peterkin, D., Moore, D., Pegram, R., and John, S.A. 2005c. 

Assessment of fungal isolates for development of a myco-acaricide for cattle tick 

control. Vector Borne Zoonotic Diseases 5: 276-84. 

Pourzand, C. , and Tyrrell, R.M. 1999. Apoptosis, the role of oxidative stress and the example 

of solar UV radiation. Photochemistry and Photobiology 70: 380-390. 

Price, T., Sonenshine, D.E., Norval, RA.I., Yunker, C.E. and Burridge, M.J. 1994. 

Pheromonal composition of two species of African Amblyomma ticks: similarities, 

differences and possible species specific components. Experimental and Applied 

Acarology 18:37-50. 

Prior, C., Carey, M., Abraham, Y.J., Moore, D. and Bateman, R.P. 1995. Development of a 

bioassay method for the selection of entomopathogenic fungi virulent to the desert 

locust, Schistocerca gregaria (Forskfil). Journal of Applied Entomology 119: 567-

573. 

Prior, C., Jollands, P. and Le Patourel, G. 1988 Infectivity of oil and water formulations of 

Beauveria Bassiana (Deuteromycotina; Hyphomycetes) to cocoa weevil pest 

Pantorhytes plutus. Journal oflnvertebrate Pathology 52: 66-72. 

Raoult D., Roux V., 1997. Rickettsioses as paradigms of new or emerging infectious 

diseases. Clinical Microbiology Review 10: 694-719. 

Robertson, W.H. 1960. Programming Fisher's exact method of comparing two percentages. 

Technometrics 2:103-107. 

91 



Rinkanya, F.G.R., Kiniiya, H.S.N. and Muraguri, S.N. 1992. Evaluation of the efficacy of 

ectopor pour-on against ticks infesting camels in Kenya. Tropical Pest Management 38: 

96-97. 

Rodriguez-Vivas, R.I., Dominguez-Alpizar, J.L., 1998. Grupos entomol6gicos de 

importancia veterinaria en Yucatan. Mex. Rev.Biomed. 9: 26-37. 

Samish, M. Gindin, G., Alekseev, E. and Itamar, G. 2001. Pathogenicity of 

entomopathogenic fungi to different developmental stages Rhipicephalus sanguineus 

(Acari: Ixodidae). Journal of Parasitology 87: 1355-1359. 

Samish, M., Ginsberg, H. and Glazer, I. 2004. Biological control of ticks. Parasitology 129: 

389-403. 

Samish, M. and Rehacek J. 1999. Pathogens and predators of ticks and their potential in 

biological control. Annual Review of Entomology 44: 159-182. 

Samson, R.A., Evans, H.C. and Latge ', J.-P., 1988. Atlas ofEntomopathogenic 

Fungi. Springer-Verlag, Berlin, pp. 187 

SAS Institute, 2001. SAS/STAT User's Guide: Version 6, 4th edition, Vol. 1, SAS Institute, 

Cary, NC, USA. 

Sauer, J.R. , Essenberg, R.C. and Bowman, A.S. (eds) 2000. Salivary gland in Ixodid ticks: 

control and mechanism of secretion. Mini Review. Journal of Insect Physiology 46: 

1069-1078. 

Schaerffenberg, B. 1964. Biological and environmental conditions for the development of 

mycoses caused by Beaveria bassiana and Metarhizium. Journal of Insect Pathology 

6: 8-20. 

Schoni, R., Hess, E., Blum, W. and Ramstein, K. 1984. The aggregation-attachment 

pheromone of the tropical bont tickAmblyomma variegatum Fabricius (Acari: 

Ixodidae): isolation, identification and action of its components. Journal of Insect 

Physiology 30: 613-68. 

Schuele G. Barnett, S., Luempert, L.G., Everett, W.R., Young, D.R. and Junquera, P. 2009. 

The efficacy of pyriprole topical solution against infestations of the adult ticks (lxodes 

scapularis, Amblyomma americanum and Dermacentor variabilis on dogs. The 

International Journal of Applied Research in Veterinary Medicine 7: 50-56 

Shah, P.A. and Pell, J.K. 2003. Entomopathogenic fungi as biological control agents. Applied 

Microbiology and Biotechnology 61: 413-423. 

92 



Shi, W.B, Zhang L.L., and Feng M.G. 2008. Field trials of four formulations of Beauveria 

bassiana and Metarhizium anisopliae for control of cotton spider mites (Acari: 

Tetranychidae) in the Tarim Basin of China. Biological Control 45: 48-55. 

Sewify, G.H. and Habib, S.M. 2001. Biological control of the tick fowl Argas persicargas 

persicus by the entomopathogenic fungi Beauveria bassiana and Metarhizium 

anisopliae. Anzeiger-fur-Schadlingskunde 74: 121-123. 

Shapiro-Han, D.I. and Cottrell, T.E. 2005. Susceptibility oflady beetles (Coleoptera: 

Coccinellidae) to entomopathogenic nematodes. Journal oflnvertebrate Pathology 89: 

150-56 

Soares Jr, G. G. 1982. Pathogenesis of infection by the hyphomycetous fungus, 

Tolypocladium cylindrosporum inAedes sierrensis and Culex tarsalis [Dip.: 

Culicidae]. Biological Control 27: 283-299. 

Solomon, K.P., Baker, M.K., Heyne, H. and Van Kleef, J. 1979. The use of frequent 

diagrams in the survey of resistance to pesticide in ticks in southern Africa. 

Onderstepoort Journal of Veterinary Research 46: 1 71-177. 

Sonenshine, D.E. 1991. Biology of ticks. Volume 1. Published by Oxford University Press, 

New York, pp. 13-111. 

Sonenshine, D.E., 2006. Tick pheromones and their use in tick control. Annual Review of 

Entomology 51: 557-580. 

Soper, R.S. and Ward, M.G. 1981. Production, formulation and application of fungi for insect 

control. In: Papavizas, G.C. (ed). Biological Control in Crop Production, BARC 

Symposium No. 5Allanheld, Osmum, Totowa, pp. 161 -180. 

Springell, P.H. 1983 . The cattle tick in relation to animal production in Australia. Wild 

Animal Review (FAO). 36: 1-5. 

Stjemberg, L. and Berglund, J. 2000. Garlic as an insect repellent. Journal of American 

Medical Association 284: 1-3. 

Thungrabeab, M. and Tongma. S 2007. Effect of entomopathogenic fungi, Beaveria bassiana 

(Balsam) and Metarhizium anisopliea (Metsch) on non-target insects. KMITL Sci. 

Tech.J. 7: 8-12. 

Tingle, C.C.D., Rother, C.F., Dewhurst, S., Lauer, S., King, W.J. 2000. Health and 

environmental effects from fipronil. Briefing paper. Pesticide Action Network UK. 

Briefing All . http://www.pan-uk.org/Publications/Briefing/fipronil.pdf, accessed 20 

April 2008. 

93 



Toure, A., 2005. An assessment of the use of botanical extracts and pheromones for the off

and on-host control of Amblyomma variegatum. A thesis submitted in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy in Veterinary 

Entomology in the school of pure and applied sciences of Kenyatta University, 

Kenya. 

Uilenberg, G., Barre, N., Camus, E., Burridge, M.J. and Garris, G.I., 1984. Heartwater in the 

Caribbean. Preventive Veterinary Medicine 2: 255-267. 

Vega, F.E., Dowd, P.F., Lacey, L.A., Pell, J.K., Jackson, D.M., and Klein, M.G. 2000. 

Dissemination of beneficial microbial agents by insects - Field manual of technique in 

invertebrate pathology, L.A. Lacey, and H.K. Kaya (eds), Kluwer Academic 

Publishers, pp. 153-177. 

Verissimo, C.J. 1995. Natural enemies of the cattle tick. Agropecuaria Catarinense 8: 35-37 

(in Portuguese). 

Walker, J.B. 1960. Notes on the common tick species of East Africa. Cooper, McDougall, C. 

and Robertson (E.A.) Ltd, Nairobi. 

Walker, A.R., Bouattour, A., Camicas, J.-L., Estrada-Pefia, Horak, LG., Latif, A.A., Pegram, 

R.G. and Preston, P.M. 2003. Ticks of domestic animals in Africa: a guide to 

identification of species. Bioscience Reports Edingburgh, pp. 44-221. 

Wanzala, W. and Okanga, S. 2006. Ticks (Acari: Ixodidae) associated with wildlife and 

vegetation of Haller park along Kenya coastline. Journal of Medical Entomology 43: 

789-794. 

Willadsen, P. 2005. Vaccination against ticks and the control ofticks and tick-borne diseases. 

In: Makkar, H. P.S. and Viljoen, G.J. (eds). Applications of Gene-based technologies 

for improving animal production and health in developing countries. Springer 

Netherlands, pp. 313-321. 

Willadsen, P., Bird, P., Cobon, G.S. and Hungerford, J. 1995. Commercialization of a 

recombinant vaccine against Boophilus microplus. Parasitology 110: 43-50. 

Wraight, SP and Carruthers, R.I. 1999. Production, delivery, and use of mycoinsecticides for 

control of insect pests of field crops. In: Hall, F.R. and Menn, J.J. (eds.). Methods in 

Biotechnology: Biopesticides: Use and Delivery vol. 5. Humana Press, Totowa, pp. 

233-270 

Zhioua, E., Browning, M., Johnson, P.W., Ginsberg, H.S. and Lebrun, R.A. 1997. 

Pathogenicity of the entomopathogenic fungus Metarhizium anisopliae 

94 



(Deauteromycetes) to Ixodes scapularis (Acari: Ixodidae). Journal of Parasitology 83: 

815-818. 

95 


