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Ticks are one of the main economic threats to the cattle industry worldwide affecting productivity, health and welfare. The need for alternative methods to control tick populations is prompted by the high prevalence of multiresistant tick strains to the main chemical acaricides and their ecological consequences. Biological control using entomopathogenic fungi (EPF) is one of the most promising alternative options. The objective of this paper is to review the use of EPF as an alternative control method against cattle ticks in Mexico. Metarhizium anisopliae sensu lato (s.l.) and Beauveria bassiana s.l. are the most studied EPF for the biological control of ticks in the laboratory and in the field, mainly against Rhipicephalus microplus; however, evaluations against other important cattle ticks such as Amblyomma mixtum and R. annulatus, are needed. A transdisciplinary approach is required to incorporate different types of tools, such as genomics, transcriptomics and proteomics in order to better understand the pathogenicity/virulence mechanism in EPF against ticks. Laboratory tests have demonstrated the EPF efficacy to control susceptible and resistant/multiresistant tick populations; whereas, field tests have shown satisfactory control efficiency of M. anisopliae s.l. against different stages of R. microplus when applied both on pasture and on cattle. Epidemiological aspects of ticks and environmental factors are considered as components that influence the acaricidal behavior of the EPF. Finally, considering all these aspects, some recommendations are proposed for the use of EPF in integrated control schemes for livestock ticks.
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INTRODUCTION

Food security is one of the main concerns worldwide, where cattle play a fundamental role in the supply of milk and meat (Falvey, 2015). Cattle production in Mexico is an activity of social and economic importance that is carried out throughout the national territory, occupying more than 110 million hectares, with 1.1 million registered livestock farms (SIAP (Servicio de Información Agroalimentaria y Pesquera), 2020). This large area of the national territory dedicated to livestock has an impact on the use of natural resources and can affect the quality and preservation of ecosystems (González-Padilla et al., 2019). Bovine livestock in the country has an inventory of 35.2 million cattle heads (SIAP (Servicio de Información Agroalimentaria y Pesquera), 2018), and is based mainly on direct grazing in extensive production systems (Castillo-Gallegos et al., 2005); where one of the main threats are ticks and the pathogens they transmit, affecting productivity, health and well-being. It has been estimated that more than 80% of cattle population worldwide is exposed to tick infestations (Snelson, 1975; Giles et al., 2014), where the cattle tick Rhipicephalus (Boophilus) microplus (Canestrini), R. (B.) annulatus (Say), and Amblyomma mixtum (Koch) are considered the most important livestock ticks in Mexico. Previously, tick control has been based on therapeutic interventions using chemical treatments (acaricides and endectocides). These methodologies have definitely contributed to improving productivity and welfare; however, the intensive and frequent use, and inappropriate use as well, of these chemicals has resulted in the development of acaricidal resistance in ticks (Fernández-Salas et al., 2012a,b,c; Alonso-Díaz et al., 2013a). Tick resistance has been reported for almost all the main chemical acaricides (Alonso-Díaz et al., 2013a; Rodríguez-Vivas et al., 2014a) and this phenomenon, added to an exacerbated chemical control problem, has had other consequences such as environmental and food contamination by secondary chemical metabolites, spread of ticks into free zones, restrictions on cattle export and increase in diseases transmitted by these parasites (De Castro, 1997; Domínguez-García et al., 2016; Rodríguez-Vivas et al., 2017). Results have shown that dependence on these chemical products, as the only form of control, is neither economically nor ecologically sustainable. Sustainable cattle production needs strong changes, such as considering both agroecology-oriented and novel tick-control approaches (Alonso-Díaz et al., 2014). This latter has motivated the exploration of alternative methods for tick control (Samish et al., 2004), such as the use of entomopathogenic fungi (EPF). Biological control by EPF is one of the most promising options for tick control (Polar et al., 2005). The most widely used EPF species against cattle ticks are Metharizium anisopliae s.l., Beauveria bassiana and Akanthomyces lecanii (formerly, Lecanicillium lecanii) (Fernandes et al., 2012; Romo-Martínez et al., 2013). EPF show clear advantages, such as being environmentally safe, can be mass-produced, and have the ability to infect their hosts through the cuticle rather than wait for ingestion in order to cause infection (Rajula et al., 2020). It has also been reported that EPF may affect the entire tick cycle (free-living and parasitic stages) (Fernández-Salas et al., 2017, 2018, 2019), a characteristic that allows broadening the spectrum of use in a tick control strategy. The research requires a transdisciplinary approach in order to be able to integrate the necessary knowledge on the use of EPF in the control of ticks. Through this integration, it will be possible to identify links between the studies carried out, generate research hypotheses to improve biological control and design viable EPF application schemes based on experiences that help guide future studies in the use of these fungi against livestock ticks. The objective of this paper is to review the use of EPF as an alternative control method against cattle ticks in Mexico.


Cattle Ticks

Ticks are obligate blood-feeding ectoparasites that infest 80% of the cattle worldwide (Giles et al., 2014; Grisi et al., 2014). These ectoparasites are one of the most important health problems for the livestock industry and are responsible for high economic losses around the world, putting food safety at risk (Rodríguez-Vivas et al., 2017). In addition to having direct effects on their hosts, ticks are also the most important group of parasitic arthropods as vectors of pathogens that affect domestic animals and wildlife (Pérez de León et al., 2020). Tick-borne pathogens are the main cause of transboundary livestock diseases (e.g., bovine babesiosis, anaplasmosis, theileriosis, and heartwater disease), which are among the diseases listed as notifiable by the World Organization for Animal Health (Esteve-Gasent et al., 2020). Estimated annual global costs associated with ticks and the pathogens transmitted by them range between US$ 13.9 billion and US$ 18.7 billion (De Castro, 1997). Ticks that affect cattle around the world belong to two families: Ixodidae and Argasidae. The first, also known as hard ticks, includes all species from Amblyomma, Dermacentor, Haemophysalis, Hyalomma, Ixodes, and Rhipicephalus; while the second family or soft ticks, includes the Ornithodoros and Otobius ticks (Figure 1).


[image: Figure 1]
FIGURE 1. Ticks infesting cattle around the world.




Cattle Ticks in Mexico

In Mexico there are 82 species of ticks that parasitize domestic and wild animals (Higa et al., 2020). The main ticks of domesticated cattle belong to the Ixodidae family. Among these, Rhipicephalus (Boophilus) microplus (Canestrini), R. (B.) annulatus (Say), and A. mixtum (Koch 1844) have been reported with a high prevalence in cattle farms across the country. However, there are other ticks such as Dermacentor albipictus, R. sanguineus, Anocentor nitens and Otobius megnini that also have a considerable livestock impact (Martínez et al., 2019). In Mexico, the economic losses caused only by R. microplus were US$ 573.61 million per year (Rodríguez-Vivas et al., 2017). Although, some other ticks such as Otobius megnini which is present throughout the country, are also very important in livestock inspections for the export market (Martínez et al., 2019).



Cattle Fever Ticks Rhipicephalus microplus and Rhipicephalus annulatus

Cattle fever ticks (CFT) R. microplus and R. annulatus remain endemic in Mexico (Esteve-Gasent et al., 2020). Both ticks have similar biological processes and morphology; however, their geographic distribution is different (Estrada-Peña and Venzal, 2006; SENASICA, 2013). While R. microplus is present in tropical and subtropical regions, R. annulatus is endemic to arid and semiarid regions (Northern Mexico) (SENASICA, 2013) (Figure 2). CFT are present in 65% of the national territory and have the capacity to infest mainly cattle, but they have also been reported to infest equines, deer and other wild animals (CFSPH (The Center For Food Security and Public Health), 2007; Rodríguez-Vivas et al., 2013a). These ticks have the ability to transmit notifiable animal diseases in cattle, such as anaplasmosis and babesiosis (Klafke et al., 2020). For this reason, CFT have special attention and constant vigilance in the border area between Mexico and the United States, in order to prevent their spread in free-tick areas (Lohmeyer et al., 2011), where there has already been an increase in infestations or outbreaks (Pound et al., 2010; Araya-Anchetta et al., 2015). The biological cycle of R. microplus is shown in Figure 3.
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FIGURE 2. Climate zones of Mexico and their relationship with the distribution of the main ticks that affect cattle in Mexico. Imaged edited according to information from SEMARNAT (Secretaría de Medio Ambiente y Recursos Naturales) (2003) and SENASICA-SAGARPA (2015).
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FIGURE 3. Life cycle of R. microplus.




Amblyomma mixtum

A. mixtum has a similar distribution to that of R. microplus in Mexico (Figure 2) (SENASICA, 2013); where, concomitant infestations are common in ~86% of farms (Alonso-Díaz et al., 2013a). Currently, it seems that A. mixtum has a greater distribution, since this species has been able to adapt to various ecological niches, including semi-arid grasslands and subtropical secondary forests (Estrada-Peña et al., 2004); in addition to its great capacity to occupy the ecological niches of other ticks (i.e., R. microplus under high pressure from acaricides) (Alonso-Díaz et al., 2013b). This ectoparasite has a heteroxenous life cycle and is a generalist species that infests livestock, humans and, wildlife in Mexico (Aguilar-Domínguez et al., 2019; Higa et al., 2020). It causes economic losses due to the large amount of blood taken from its hosts and the transmission of infectious diseases to domestic/wild animals (Anaplasma marginale) and humans (Rickettsia ricketsii) (Alonso-Díaz et al., 2013b; Aguilar-Domínguez et al., 2019). Additionally, other potentially zoonotic species such as Rickettsia amblyommatis have been detected in A. mixtum from Mexico (Sánchez-Montes et al., 2016; Merino et al., 2020), making this parasite one of the most important tick species in veterinary medicine and public health in the country (Pérez de León et al., 2020). The biological cycle of A. mixtum is shown in Figure 4.
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FIGURE 4. Life cycle of A. mixtum.


Table 1 shows the temperature, rainfall and relative humidity per climate zone in Mexico to observe the characteristics of each ecological niche where the main ticks are distributed.


Table 1. Annual mean temperature, rainfall and relative humidity per climate zone in Mexico.
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Impact of Climate Change on the Epidemiology of Ticks

Climate change is viewed as a long-term change in average weather patterns that have come to define Earth's local, regional and global climates (NASA-GCC, 2019). Perhaps, some of the most important alterations caused by climate change are warmer temperatures in temperate zones, altered precipitation patterns, increased frequency and severity of extreme weather events (hurricanes or droughts), and sea level rise (Kutz et al., 2009; Polley and Thompson, 2009). These last changes have affected, directly or indirectly, the biology and ecology of a great number of organisms on the planet; therefore, these climate variations have impacted on the habits and biological cycles of ectoparasites (Cumming and Van Vuuren, 2006; Kutz et al., 2009), including ticks (Pérez de León et al., 2012). In this regard, some authors in Mexico have mentioned that R. microplus can present between four to five successful generations per year in tropical and subtropical areas (Rodríguez-Vivas et al., 2005). Ticks have had the ability to evolve, adapt and spread within the changing climatic conditions, which, for the most part, have favored the dynamics and population movement of these arachnids in different geographical areas (Barré and Uilenberg, 2010). This situation has led to the presentation of relatively new infestations in some livestock areas, or the diagnosis of diseases transmitted by these vectors, which were not common for certain latitudes in the past (Estrada-Peña, 2008; Montero et al., 2016). Climate change can also affect domestic or wild hosts (Barré and Uilenberg, 2010; Rodríguez-Vivas et al., 2013a), which influences the geographical distribution of ticks, their infestations and the diseases they transmit in non-endemic areas (Giles et al., 2014). The presence of CFT has been frequently reported in tick-free zones or quarantine zones in the US. The risk of introducing ticks into or outside the quarantine zone is mainly high due to the movement of tick host species, such as the white-tailed deer (Pound et al., 2010; Webb et al., 2010), the nilgai antelope (Cárdenas-Canales et al., 2011), stray cattle and interactions between R. microplus and exotic weeds along the transboundary region with Mexico (Racelis et al., 2012; Esteve-Gassent et al., 2014). Likewise, the red deer (Cervus elaphus) has been reported as a wild host for the R. microplus tick (Rodríguez-Vivas et al., 2013a), helping it to spread within the Mexican territory. Obviously, the movement of these hosts is also closely related to human activities, the temperature increases in some areas, and the scarcity of water. All these characteristics can participate in a possible complex change in the ecology of ticks, since their biological cycles can be affected by these conditions.



Tick Control

Tick control is mainly based on the use of chemical acaricides, which in recent decades have played a crucial role in the sustainability of the livestock production. However, since the development of the first broad-spectrum parasiticides, they have been used extensively by farmers in order to control or eliminate parasites. When ectoparasiticides are administered correctly (dosed and targeted), they are effective and have wide safety margins for both the animals and the people who apply them. However, there are factors such as resistant or multiresistant parasites and/or incorrect ways of applying the medications, which decrease their effectiveness (Alonso-Díaz et al., 2014). Currently, global results reveal that parasite control schemes based on a rigorous and exclusive use of chemical applications are not sustainable. The continuing propagation of these serious problems on a large scale involves many people in the pharmaceutical industries, professionals, farmers and in public health. It should be noted that chemical acaricides are and will be the fundamental basis of tick control, that is why they should be considered as a precious resource for cattle farming, since the cost of having an acaricide on the market implies expenses of more than 250 million dollars and between 8 and 12 years of research (De Alva, 1995; Omkar, 2016).



Acaricide Resistance of Livestock Ticks in Mexico

One of the biggest concerns that has arisen on cattle farms across the country is the ability of ticks to resist the deadly effects of the chemicals used for their control. Tick resistance to acaricides is defined as “the specific heritable trait or traits in a tick population, selected as a result of the population's contact with an acaricide. This translates into a significant increase in the percentage of the population that survives after exposure to a certain concentration of this acaricide” (Rodriguez-Vivas et al., 2018). In Mexico, several investigations have been conducted to identify and monitor populations of resistant and multiresistant ticks to acaricides, and to know the risk factors associated with the presence of this growing problem (Fernández-Salas et al., 2012a,b,c; Alonso-Díaz et al., 2013a; Higa et al., 2020). Figure 5 shows the first cases of ticks resistant to acaricides in Mexico. Table 2 shows a summary of the epidemiological studies of resistant or multiresistant ticks by state over time in the country, highlighting R. microplus, which has developed resistance to all the main types of acaricides. Multiple acaricide resistance is an alarming phenomenon in Mexico, considering that there are no new synthetic compounds on the market with a novel mode of action to control multidrug resistant ticks (Esteve-Gasent et al., 2020).
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FIGURE 5. First reports of R. microplus tick populations resistant to acaricides in Mexico (Ortiz et al., 1995; Soberanes et al., 2002; Perez-Cogollo et al., 2010a; Miller et al., 2013).



Table 2. Main reports of resistance of R. microplus to acaricides by state in Mexico.
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This type of resistance has been reported in different regions of Mexico and the most common in R. microplus are: coumaphos, flumethrin, and amitraz; chlorfenvinphos, flumethrin, and amitraz; diazinon, deltamethrin, and amitraz (Rodriguez-Vivas et al., 2007); permethrin, coumaphos, and fipronil; permethrin, coumaphos, fipronil, and amitraz (Miller et al., 2013); amitraz, cypermethrin, and ivermectin (Fernández-Salas et al., 2012a,b); and coumaphos, cypermethrin, amitraz, ivermectin and fipronil (Rodríguez-Vivas et al., 2014a). Although less studied, multiresistant strains of A. mixtum to acaricides have also been detected (Table 3). As for R. annulatus, there is insufficient evidence to know the resistance degree of this tick to chemical acaricides in Mexico; however, some studies suggest that it may be underdiagnosed as in some other countries (Klafke et al., 2020). Recently, the first evidence of permethrin resistance in R. annulatus strains was reported near the US-Mexico border, in Maverick County, Texas (Klafke et al., 2020). It is important to consider that populations of R. annulatus resistant to pyrethroids (Ziapour et al., 2017; Aboelhadid et al., 2018) and ivermectin have already been reported in other countries.


Table 3. Reports of A. mixtum resistant to acaricides in Mexico.
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Since acaricides will continue to be the basis of tick control, their lifespan and effectiveness need to be extended. To achieve this, it is suggested to know, evaluate and adopt other alternative control strategies in order to design an adequate integrated control scheme for ticks. It has been mentioned that the best way to control ticks in cattle farms is to combat them simultaneously in different ways (Alonso-Díaz et al., 2014; Pérez de León et al., 2020). By doing this, the parasites have less ability to defend themselves and develop resistance.



Entomopathogenic Fungi

EPF are a species of fungal pathogens for arthropods (Rajula et al., 2020). They are considered cosmopolitan saprophytic organisms that live in diverse ecosystems and climates (e.g., tropical, temperate, arid and artic), where they interact with arthropods in many terrestrial and aquatic habitats (Skinner et al., 2014). It is estimated that there are between 750 and 1,000 EPF placed in more than 100 genera (Mantzoukas and Eliopoulos, 2020; Rajula et al., 2020), which play an important role in the dynamics of arthropod populations in natural ecosystems (Maina et al., 2018). EPF comprise a wide range of genera and species with high morphological, phylogenetic and ecological diversity (Araújo and Hughes, 2016), and their interactions with arthropods are of great interest for environmental microbiology, determination of the balance of ecosystems, biodiversity, evolution of eukaryotic organisms and insect pest control (Semenova et al., 2020). These fungi have the ability to evolve to be more successful in their biological cycle, and they are also capable of colonizing and using arthropods as a substrate for their reproduction (Humber, 2008). Among the arthropods to which they have adapted throughout this evolutionary transition are ticks, which is why they have been studied as a biological control for these pest arachnids. Biological control using EPF represents one of the most promising approaches for sustainable tick control schemes and can therefore be included as a component in an integrated pest management strategy for tick control. In addition, EPF have some advantages over conventional acaricides, such as: cost-benefit ratio, absence of harmful or secondary effects to non-target organisms, reduction of chemical residues in the environment and foods of animal origin, and short time between fungal generations (high production) (Porfirio and Schwentesius, 2016). On the other hand, EPF can protect biodiversity in the natural ecosystem and can be used in combination with synthetic chemical products, since their residues have no known adverse effects on the environment, and are self-perpetuating under ideal environmental conditions (Maina et al., 2018). For example, Webster et al. (2105) reported that the combination of M. anisopliae with commercial acaricides (cypermethrin and chlorpyriphos) enhance the tick control against R. microplus (97.9% of efficacy). EPF have also been shown to play additional roles in nature, including endophytism, antagonism of plant diseases, promoting plant growth, and rhizosphere colonization (Jaber and Ownley, 2018). The most studied EPF worldwide as biological control for ticks are Metarhizium anisopliae s.l., B. bassiana and A. lecanii (formerly, Lecanicillium lecanii) (Fernandes et al., 2012; Romo-Martínez et al., 2013). This is consistent with the reports that exist in Mexico (Ojeda-Chi et al., 2011; Fernández-Salas et al., 2018); however, some other EPF have been reported in the country, such as Isaria (Paecilomyces) fumosorosea (fumosoroseus), which has also stood out for its effectiveness (Ángel-Sahagún et al., 2010).

Currently, the taxonomic identification and reporting of M. anisopliae and B. bassiana strains are based on the studies proposed by Bischoff et al. (2009) and Rehner et al. (2011), respectively. These proposals are supported by various studies of molecular phylogeny of multiple loci and taxonomic classification, where various monophyletic lineages have been identified concluding that both species of fungi actually comprise a complex of species, which, in many cases, they are difficult to delimit without molecular tools and analysis. After these studies, where the taxonomy of the species is clarified, the strains of these EPF that have not been reidentified according to this current taxonomy should be reported as sensu lato (s.l.), and those that have been reidentified and delimited with the taxonomic techniques and proposed molecular phylogenetic studies will be reported as sensu stricto (s. str). The EPF strains used in Mexico for the control of cattle ticks have been identified through morphological analysis of their reproductive structures, and some through molecular analysis. However, in the case of M. anisopliae and B. bassiana, some of the molecular identification techniques used were not sufficient for the delimitation of the monophyletic lineages and, for other strains, the information from the molecular analyzes is not available. Therefore, in the present review, the strains of these fungi used in Mexico will be considered as M. anisopliae sensu lato (s.l.) and B. bassiana sensu lato (s.l.) as well.



Infection Mechanism of EPF

The basic advantages related to the infection mode of EPF, compared to commercial acaricides, correspond to their ability to use different mechanisms to colonize and kill ticks. Fungi use enzymatic, toxicological and mechanical invasion systems, which suggest a difficulty for ticks to develop resistance to EPF. Furthermore, it is known that they can target almost all stages of the arthropod life cycle, which means another great advantage as a member of pest control schemes (Srinivasan et al., 2019). According to Beys-da-Silva et al. (2020), the infection mode of EPF in ticks occurs as follows: (1) recognition of the susceptible host; (2) adhesion of conidia and germination on host cuticle; (3) development of specific structures (germ tube and appressorium); (4) penetration through the host's cuticle; (5) intense fungal growth and death of the host; and (6) production of conidia after hyphae emergence through the host cuticle. Figure 6 schematizes the infection mode of EPF in ticks.
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FIGURE 6. General infection process of entomopathogenic fungi in ticks and their biological mechanisms.




Recognition of Susceptible Host, Adhesion of Conidia and Germination on the Host Cuticle

Aerial fungal conidia adhere to the host's cuticle through hydrophobic mechanisms (Ortiz-Urquiza and Keyhani, 2013), which are mainly mediated by proteins on the surface of the conidia named hydrophobins (St. Leger et al., 1992; Skinner et al., 2014) and adhesins (i.e., Mad1 and Mad2 identified in M. anisopliae) (Wang and St Leger, 2007; Valero-Jiménez et al., 2016). It is important to mention that homologous proteins of these adhesins have been reported in B. bassiana (Gao et al., 2020), but it has been suggested that some genes that encode these proteins between the two main EPF (M. anisopliae and B. bassiana) could be different (Chen et al., 2018). Beys da Silva et al. (2010a) reported that lipolytic activity due to the action of enzymes such as lipase and esterase in ticks, could also contribute to the recognition and adhesion of conidia during the infection of R. microplus by M. anisopliae.



Penetration Through the Host's Cuticle

Once the conidia are attached, they will germinate under optimal humidity and temperature conditions, producing a germination tube followed by a peg or appressorium for penetration into the host's cuticle (Skinner et al., 2014; Brunner-Mendoza et al., 2019). The penetration process begins and is aided by the production of several hydrolytic cuticular enzymes such as lipases, proteases and chitinases, and the mechanical pressure exerted by the appressorium (Brunner-Mendoza et al., 2019). Lipolytic enzymes including lipases, act primarily on the epicuticle, followed by proteases and chitinases, according to the presence of polymeric substrates in the different portions of the cuticle (Beys da Silva et al., 2010a,b). Among the proteases that can act at this level are subtilisins, trypsins, chymotrypsins, metallopeptidases, aspartyl peptidases, and exopeptidases (Semenova et al., 2020); where their expression from fungi such as M. anisopliae will depend specifically on the composition of the cuticle and hemolymph (Freimoser et al., 2005). EPF such as M. anisopliae and B. bassiana can express up to 11 different subtilisins, one of the most important being the Pr1 subtilisin-like peptidases, which intervene in the arthropod pathogenesis, causing hydrolysis of the cuticle and providing nutrients to the fungus (Gao et al., 2020; Semenova et al., 2020). To our knowledge, there are few reports elucidating the participation of these proteases during the infection process of cattle ticks (R. microplus, R. annulatus and A. mixtum) by EPF. In this regard, Golo et al. (2015) reported that spores of M. anisopliae s.l. expressed the Pr1 gene and that there was an increase in the specific activity of Pr1, when the fungus was cultured in R. microplus larvae; however, these authors concluded that increased Pr1 activity in conidia and its expression levels were not associated with significant changes (up or down) in larval mortality. It was recently reported that five of the 11 members of the Pr1 family are essential for the maintenance of the total extracellular activity of Pr1, which is necessary for the degradation of the host cuticle during hyphal invasion of EPF (such as B. bassiana), providing capacity for a broadest host spectrum (Gao et al., 2020). We suggest that it is necessary to continue evaluating the participation of subtilisins produced by EPF during the infection process against cattle ticks. A full understanding of the pathogenicity and/or virulence mechanism is essential for the development of an effective biological control scheme.



Fungal Growth and Death of the Host

After penetration and once inside the host, the EPF develop hyphal bodies and blastopores that multiply and disseminate through the hemolymph to invade different tissues (Maina et al., 2018; Beys-da-Silva et al., 2020) using circulation as a vehicle for colonization and for nutrient absorption (Valero-Jiménez et al., 2016; Brunner-Mendoza et al., 2019). During this event, different virulence factors act on host colonization in order to spread inside the arthropod's body, causing its death. Among the most important factors are mycotoxins such as Beauvericin, Beauverolides, Bassiannolide (by B. bassiana, V. lecanii, and Paecilomyces spp.) and Dextruxins A, B, C, D, E, F (by M. anisopliae), which act as poisons for the host (Maina et al., 2018). These fungal toxins might cause flaccid paralysis, cellular alterations and inhibit the normal functioning of muscle tissues, the middle intestine and the Malpighian tubes (Mora et al., 2017). After the dead of the host and when the nutrients within it are depleted, the fungus open the integument, forms aerial mycelia and carries out sporulation on the corpse, initiating the dispersal of its conidia (Valero-Jiménez et al., 2016). As we can see, EPF can have a wide variety of toxins that could affect the biology of livestock ticks. Although the general mechanisms of infection have been described for most of the useful EPF against arthropods, including ticks, the scientific community needs to understand the complexity of the molecular mechanisms in each infection phase, which is not completely elucidated. A transdisciplinary approach is required to incorporate different tools, such as genomics, transcriptomics, proteomics and metabolomics in order to better comprehend the mechanism of pathogenicity in EPF against ticks. It is important to note that not all EPF populations have the same capacity to produce all the enzymes or toxins reported in the scientific literature (Schrank and Vainstein, 2010), neither in variety nor in quantity. For example, in R. microplus, the immersion or inoculation of dextruxin A from M. anisopliae on engorged ticks neither affected their biological parameters nor caused paralysis (Golo et al., 2011); but other study reported an acaricidal effect of distinct destruxins from Beauveria feline against R. microplus (Morais-Urano et al., 2012). In addition, different environmental and nutritional factors have been identified as the main triggers of the genetic expression of these components (Campos et al., 2005; Fang et al., 2005). The production capacity of these toxins and enzymes is reflected in the time of death of the tick, which varies according to the EPF strain, the type of fungus (genus and species), the treated tick genus, the method of application and the number of infectious spores (Fernández-Salas et al., 2017; Mantzoukas and Eliopoulos, 2020). Pathogenicity or virulence factors give EPF the ability to be specific to one or other pest arthropod, a characteristic that helps control them, without affecting other organisms beneficial to nature (Kirkland et al., 2004). It should be noted that EPF are considered “non-specialized” mite pathogens, and it has not been conclusively demonstrated that they develop specificity against ticks to the extent of causing epizootics (Fernandes et al., 2012), as has happened with some insects such as Lymantria dispar (Lepidoptera: Erebidae), Diprion pini (Hymenoptera: Diprionidae), Dendrolimus pini (Lepidoptera: Lasiocampidae), D. punctatus (Lepidoptera: Lasiocampidae), Malacosoma disstria (Lepidoptera: Lasiocampidae), Fiorinia externa (Hemiptera: Diaspididae) (Augustyniuk-Kram and Kram, 2012). However, several authors have mentioned the high capacity of these organisms to become specialists for certain arthropods, without losing their ability to be general pathogens (Beys-da-Silva et al., 2020). In this regard, a recent study has found an increase in mortality caused by Mexican strains of M. anisopliae s.l. on R. microplus and A. mixtum, after submitting them to four passages using these ticks as substrate (Romero-Pérez, 2020). Furthermore, Adames et al. (2011) reported in Mexico that four to seven passages of M. anisopliae s.l. on R. microplus increase its virulence against this tick. Although more studies are needed in this regard (e.g., what are the molecular or metabolic mechanisms that are triggered to increase this virulence?), the mortality behavior that these EPF develop in their evaluation against ticks is interesting. This possibility shows a promising outlook to maintain or improve virulence in those Mexican EPF strains that show favorable characteristics such as high sporulation, resistance or tolerance to UV rays, thermotolerance and/or probable specificity against ticks.




ENTOMOPATHOGENIC FUNGI AS LIVESTOCK TICK PATHOGENS


Laboratory Tests

The evaluations of in vitro studies regarding the acaricidal effect of EPF against livestock ticks (including resistant populations) and their reproduction in Mexico are shown in Tables 4–6. Most laboratory studies have demonstrated the effectiveness of EPF and, in some cases, their potential to control susceptible and resistant/multiresistant ticks; however, the following details can also be observed and summarized.


Table 4. Laboratory evaluations of the EPF effectiveness (dosage: 1 × 108 conidia/ml) against engorged female of R. microplus (including resistant populations) in Mexico.
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Table 5. Laboratory evaluations of the EPF effectiveness (dosage: 1 × 108 conidia/ml) against larvae of R. microplus and A. mixtum (including resistant populations) in Mexico.
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Table 6. Effect of EPF at laboratory level (dosage 1 × 108 conidia/ml) on the reproductive parameters of R. microplus in Mexico.
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Most Studies Have Been Using R. microplus as a Model

There is only one report on the acaricidal effect of EPF against A. mixtum larvae and to our knowledge, there are not reports on the acaricidal effect on R. annulatus in Mexico. R. microplus, R. annulatus and A. mixtum are the most prevalent ticks on cattle farms across the country, causing great economic losses. Therefore, it is important to evaluate the acaricidal effect of fungi on a higher diversity of ticks in order to identify strains that have a wide or reduced action spectrum, since this information could help design tick control schemes in the field (i.e., 86% of cattle farms have cohabiting R. microplus and A. mixtum in Mexico), explore the EPF infection mechanisms in each tick genus, and elucidate some biological aspects of the fungal-host immune system interaction. In recent studies, several strains of M. anisopliae s.l. were highly effective against larvae of R. microplus, but not against A. mixtum larvae (Jiménez-Ruíz, 2015; Fernández-Salas et al., 2017). In other countries, a high variability in the virulence of EPF against different genera of ticks and different tick populations of the same genus has been reported (Fernandes et al., 2012; Perinotto et al., 2012). Webster et al. (2017) also reported that field populations of R. microplus show high variation in their susceptibility to M. anisopliae. It is necessary to understand the factors that are involved in this differentiated response, and especially to be able to find a strain of EPF with a broad acaricidal effect against different genera of ticks and different field populations.



Acaricidal Activity of EPF Against Resistant and Multiresistant Populations of R. microplus

An essential goal of implementing EPF in tick control programs is the mitigation of the economic and sanitary impact of the resistance that these arthropods have developed. When a tick population is resistant to chemical acaricides, it is inappropriate to neglect the possible interference of tick resistance mechanisms in the EPF performance (Perinotto et al., 2012). In Mexico, several strains of M. anisopliae s.l. induced a mortality of 90–100% in populations of R. microplus multiresistant to acaricides (OP, SP, Am) and ivermectin (Fernández-Salas et al., 2017, 2018, 2019). In fact, some studies reported a higher susceptibility to the EPF effect in R. microplus resistant to OP and SP than in susceptible strains (Adames et al., 2011). Fernández-Ruvalcaba et al. (2005) reported a similar mortality caused by M. anisopliae s.l. in R. microplus populations susceptible and resistant to OP. In general, M. anisopliae strains showed high acaricidal effects against resistant or acaricide-susceptible R. microplus and no differences in effects were observed between tick populations (Table 4). This is important because the resistance mechanism used by ticks in order to avoid the toxic effects of chemical acaricides did not affect the action mechanism of the EPF strains. This supports the opinion of some authors, who state that resistance to biological agents as EPF is less likely to occur compared to resistance to chemical acaricides (Polar et al., 2005).



Most Studies Have Been Targeting on a Single Stage of the Tick Life Cycle

A great advantage of EPF, compared to chemical acaricides, is that they can attack almost all stages of the arthropod life cycle, making them a unique component in integrated pest management approaches (Rajula et al., 2020). The few reports that exist on A. mixtum in Mexico were made in larvae, but the effect of EPF on adult ticks remains unknown. Regarding R. microplus, only a few EPF strains have been evaluated in engorged adult ticks and in larvae. A greater susceptibility of tick larvae to the lethal effect of EPF has been reported compared to engorged females (Fernandes and Bittencourt, 2008; Fernandes et al., 2012); however, it seems that in the bioassays carried out in Mexico there is a possible tendency of susceptibility in engorged adult ticks than in the larval stage. It would be interesting to evaluate the factors that could intervene within this possible tendency with Mexican EPF strains, considering different factors such as the nutritional, genetic, origin and biological conditions of both fungi and ticks. Regarding tick reproduction, EPF have shown a significant inhibition of oviposition (most strains cause more than 50% effectiveness in a short time) (Table 6). However, the fungal effect on egg hatching inhibition percentages is not reported or has not been evaluated. This could be different in the field, since in the laboratory, the egg mass is generally removed from the engorged female between 10 to 15 days from the beginning of oviposition in order to evaluate hatching, which avoids future contact of these eggs with the spores produced on the surface of teleogin corpses, a situation that would not occur in the field. Therefore, it is recommended to include in the evaluations the direct application of EPF in the egg mass to determine its effect on its viability. In addition, it is also advisable to carry out simultaneous studies that include all stages of the tick life cycle.



Most Studies Have Been Based in the Use of M. anisopliae s.l. and B. bassiana s.l. Strains

Most of the studies carried out in Mexico have used M. anisopliae s.l. as the main EPF against ticks and, to a lesser extent, B. bassiana s.l. and I. fumosorosea. However, according to genetic diversity studies, other fungi have been identified that could cause high mortality effects in ticks, such as Purpureocillium lilacinum (Fernández-Salas et al., 2019). Therefore, it is highly recommended to continue research that identifies and evaluates the effect of different genera and species of EPF against ticks in livestock. Also, it is important to highlight that the main states where these fungi have been isolated and evaluated are located in the tropical and subtropical areas of Mexico, which stand out for their extensive livestock activity and reports of tick resistance to conventional chemical acaricides. On the other hand, these studies have allowed not only to have different EPF strains effective against ticks, but also to isolate strains from different sources and the standardization of techniques through various bioassays in distinct laboratories in the country. Taking all these aspects into account for future research, it will help to improve the EPF's effect against ticks, and include them as an important tool in tick control programs. It should be noted that the main EPF used in the studies have been isolated from different orders of insects, ticks and culture soils. In recent studies, EPF isolates have been made directly from grassland soils (Bautista-Gálvez et al., 2017; Fernandez-Salas et al., 2020), investigating whether this native characteristic may influence the tickcide effect. So far, the results have been promising (Fernández-Salas et al., 2017, 2019), attributing them to coexistence with ticks and the evolutionary adaptation of EPF to various nutritional substrates. In Mexico, studies in which EPF are isolated directly from tick corpses are scarce, although it would be interesting to carry out investigations in search of naturally colonized ticks to determine their virulence and effectiveness under controlled conditions.




Field Tests

Field studies evaluating the acaricidal effect of EPF against livestock ticks in Mexico are presented in Table 7. These studies have shown satisfactory control efficiency of M. anisopliae s.l. against different stages of R. microplus when applied both in pastures as in cattle; however, the following details can also be observed and summarized.


Table 7. Field evaluations (on cattle and pastures) of the EPF effectiveness against various biological stages of R. microplus ticks in Mexico.
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Some Field Studies Have Demonstrated the Effectiveness of M. anisopliae on R. microplus Free-Living Stage (Larvae)

Worldwide, tick control has been based on therapeutic treatments mainly directed at parasitic stages of R. microplus. However, this tick spends between 80 and 90% of its life cycle outside the host in pastures (Needham and Teel, 1991); therefore, a good strategy to reduce the negative effects of tick infestations on cattle is to reduce free-living populations. M. anisopliae conidia can be applied to livestock farm pastures (as in crops) to control free-living stages. In Mexico, the aerial dispersal of M. anisopliae conidia in pastures reduced the number of R. microplus larvae from 40 to 100% (Ángel-Sahagún et al., 2010; Ojeda-Chi et al., 2010). However, it is necessary to investigate the acaricidal effect using another genus of EPF (e.g., B. bassiana, I. fumosorosea or P. lilacinum). Recently, our research group evaluated the acaricidal activity of about 60 EPF strains isolated from paddocks against R. microplus in the Mexican tropics (Fernández-Salas et al., 2017, 2018). EPF adapted both to the regional environmental conditions in which they were used, as well to the ticks that served as substrate for fungi development. Therefore, these EPF strains could also be useful in the implementation of biological control programs against ticks. In addition, several isolates showed thermotolerance and resistance to UV-R, which makes them possible candidates for field evaluation. Likewise, it is necessary to evaluate the fungal strains with high efficiency against other genera of ticks (A. mixtum and R. annulatus) present in pastures of cattle farms in Mexico.



Most in vivo Studies Have Demonstrated the Efficacy of M. anisopliae s.l. Applied to Naturally Infested Cattle

Most of the field studies carried out in Mexico showed that when EPF conidia were sprayed on cattle, high control percentages against parasitic stages of R. microplus were observed (Table 7). However, it is known that EPF could decrease its acaricidal efficacy against ticks under field conditions due to biotic and abiotic factors that affect its virulence and pathogenicity. Fungal growth, conidia production, survival, germination, pathogenicity, virulence and the production of bioactive compounds can be strongly influenced by exposure to ultraviolet solar radiation (Wong et al., 2019).

Therefore, it is recommended that when using EPF for tick control in the field, strategies to counteract the negative effects of these factors need to be considered in order to improve the tickcide effect. Among the main strategies are the use of protectors and dispersers of conidia from highly virulent and pathogenic isolates, the selection of isolates adapted to the climatic conditions where they will be used (i.e., native isolates with a greater natural tolerance to UV-R) and proper application of EPF in order to avoid high temperatures and UV-R.



No Adverse Effects Were Reported in Animals and/or Operators

An important point that should be taken into account when using EPF is the safety in their use. None of the field studies conducted has reported adverse reactions in cattle or operators. This is consistent with Zimmermann (2007), who mentioned that EPF do not pose risks to animals, humans or the environment, concluding that this control method is a safe and sustainable alternative. On the contrary, the use of chemical acaricides can be highly harmful to beneficial species or non-target organisms, humans, animals and the environment (Fernández-Salas et al., 2012a). Therefore, having an alternative control will help reduce the use of these chemicals and keep these situations at a low risk of presentation, based on the premise that EPF with affinity for a target organism are less capable of causing harm to non-target organisms (Goettel and Johnson, 1992). However, in Mexico, it is recommended to complement field studies with evaluations of the beneficial or negative impact of EPF on the ecosystems of livestock farms.




Integrated Pest Management of Livestock Ticks

Through many years of experience in treating ticks, studies have concluded that applying a single treatment will not maintain efficient and sustainable control in the long term. Invariably, the product used will exhibit inefficiencies in killing ticks due to their ability to become resistant. In Mexico, it has been mentioned that none of the previous strategies (chemical and non-chemical) by themselves have been sufficient to sustainably control ticks, such as R. microplus (Romo-Martínez et al., 2013; Fernández-Salas et al., 2019). Therefore, it is necessary to integrate two or more methodologies in order to be able to attack ticks on several fronts and take care, among themselves, of the effectiveness of the products or techniques used. Integrated pest management is defined as the systematic application of two or more technologies that are compatible with each other, with the environment and that are profitable to control populations of arthropod pests that negatively affect livestock (Bram, 1994). EPF are compatible with various tick control products, including chemical acaricides, without losing their acaricidal capacity (Sousa et al., 2011; Kiss et al., 2012; Romo-Martínez et al., 2013). Therefore, the integration of EPF in a tick control scheme is totally feasible.



Proposals for Integrated Tick Control in Mexico

Research evaluating integrated pest management schemes, including the EPF for tick control in Mexico, is scarce. There is a very important gap that requires more research, since it has been mentioned that integrated tick control is the best way to establish sustainable and successful livestock in order to increase the productive capacity of the animals (Rodríguez-Vivas et al., 2014b).

Proposals for the use of EPF within an integrated tick pest management should be designed according to several factors, listed below.


The Climatological Characteristics of the Region Where the Control Will Be Implemented

The population dynamics of ticks depends mainly on the conditions of temperature, relative humidity and rainfall. Therefore, the distribution of ticks throughout the year can be predicted since climatic factors are responsible for this characteristic.



The Ticks Present in the Control Area

Different tick genera may show differences in the biological cycles, so their presence in the bovine body and in the pastures is distinct throughout the year (e.g., R. microplus and A. mixtum, which coexist in the Mexican tropics).



The Toxicological Response/Behavior of Ticks

It is necessary to know the susceptibility status of the ticks to be treated, since, as mentioned above, chemical acaricides are and will be the basis of tick control programs, including those of integral management and the success of the establishment of these protocols will depend on their proper use.



The Availability and Compatibility of Various Methods for Tick Control

It is important to consider all available and proven alternatives for tick treatment and use them in combination with each other and with chemical acaricides.

One of the main advantages that is present in Mexico for the design of tick control protocols through integrated management is that climatic characteristics of the country have well-defined patterns (Estrada-Peña et al., 2006). However, there are few studies where the population dynamics of ticks of livestock importance have been determined in Mexico through the seasons of the year and in different states (Estrada-Peña et al., 2006; Alonso-Díaz et al., 2007; González-Cerón et al., 2009; Almazán et al., 2016). For this reason, adequate proposal designs for integrated tick management for all ecological regions of the country are limited.





CONCLUSIONS

EPF have been shown to have good acaricidal effectiveness against ticks of livestock importance and their different biological stages, both in the laboratory and in the field. However, the vast majority of studies have focused on the R. microplus tick. In accordance with the economic and sanitary importance of other ticks such as A. mixtum and R. annulatus in Mexico, it is also recommended to test the efficacy of these fungi against these ticks. Furthermore, the EPF used have been shown to be biologically safe when applied to animals and pastures, including the safety operators. The lack of information on the mechanisms (molecular, genetic, immunological and physiological interactions) involved in the virulence of EPF in ticks was also identified. Most of the information has been obtained on insects, which are taxonomically different from ticks, so these mechanisms may be different. According to the results of the acaricidal efficacy shown by EPF against ticks, they could be considered within an integrated management of these pests. However, it is highly recommended that more studies be carried out on the population dynamics of ticks in the different agroecological regions of the country, more evaluations of tick susceptibility to all available chemical acaricides, and the probable synergy or antagonism of EPF with other alternative control methods, since a paucity of information on these characteristics of ticks and EPF has also been identified.
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M. anisopliae Mat4 Larvae on pastures 58.3-94.2 (14-28) Angel-Sahagtn et al., 2010
Mat4+Ma34 Larvae on pastures 40.3-100 (28-35) Ojeda-Chi et al., 2010
Ma379 Larvae on cattle 995 (14) Romo-Martinez et al., 2013
Ma379 Nymphs on cattle 99.7 (14) Romo-Martinez et al., 2013
Mat4+Ma34 Larvae and nymphs on 36,5-72 (until from 4 treatment) (42) Rodriguez-Alcocer et al., 2014
cattle
Ma34 Adults on cattle 45.7 - 91.2 (until from 4 treatment) (42) Alonso-Diaz et al., 2007
Ma198 Al stages on cattle 835(7) Rivera-Cervantes et al., 2017
Ma379 Adults and teleogins on 95.4-98.17 (14) Romo-Martinez et al., 2013
cattle
MMO1 Adus on cattle 47.7 (10)37.7 (44.5) Bautista-Gévez et ., 2017
Mat4+Ma34 Aduits on cattle 60.6-84.0 (until from 4 treatment) (42) Rodriguez-Alcocer et al., 2014
B. bassiana B. bassiana Aduts on cattle 76.6(37.9) Bautista-Galvez et l., 2017
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EPF Strain Ticks Mortality References
%(evaluation days)
M. anisopliae 33 strains R. microplus 2-100 (NS) Angel-Sahagun et al., 2010
Mat4 R. microplus 45-62 (20) Ojedia-Chi et l., 2010
Mag4 R. microplus 34-57 (20) Ojeda-Chi et al., 2010
Matd+Ma34 R. microplus 90 (20) Ojeda-Chi et al., 2010
5 strains. R. microplus 64.6-100 (16) Cruz-Avalos et al., 2015
3 strains R. microplus 69.2-78.5(4) Diaz et al., 2014
54 strains R. microplus 1.7-100 (20)* Ferndndez-Salas et al., 2019
B. bassiana 4strains R. microplus 25-42.9(16) Cruz-Avalos et al., 2015
6 strains. R. microplus 3.2-53.2 (20)" Fernéndez-Salas et al., 2019
I. fumosorosea 20 strains R. microplus 5-94(NS) Angel-Sahagun et al., 2010
122 R. microplus 286(16) Cruz-Avalos et al., 2015
R lilacinum PV R. microplus 92.3-94.9 (20" Fernandez-Salas et al., 2019
M. anisopliae 23 strains A. mixtum 0-32.7 (20) Jiménez-Ruiz, 2015
B. bassiana 2 strains A. mixtum 0-1.920) Jiménez-Ruiz, 2015

*Including populations resistant to OP, SB. Am and Iv; NS, Not specified.
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EPF Strain Mortality References
%(evaluation days)

M. anisopliae ESC1 100 (20)* Fernéandez-Ruvalcaba et al.,
2005
M379 37.78-5333(15)"  Adamesetal., 2011
Mat4 100 (20) Ojeda-Chi et al., 2010
Ma34 100 (20) Ojeda-Chi et al,, 2010
Mal4-+Ma34 100 (20) Ojeda-Chi et al,, 2010
5 strains 87-100 (20) Alcalé-Gémez et ., 2017
55 strains 33-100(20  Feméndez-Salas et al.,
2017
B.bassiana 3 strains 84-100 (20) Alcals-Gomez et al., 2017
6 strains 3.3-86.7(20/  Femandez-Salas etal.,
2018

“Including populations resistant to OP (organophosphates); *“including populations
resistant to OP and SP (synthetic pyrethroids); **'including populations resistant to O
SP. Am (amidines) and Iv (ivermectin).
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Veracruz  OP Diazinon, Coumaphos,
Chiorpyrifos
Am Amitraz

OP organophosphates; Am, amidines.
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Alonso-Diaz et al.,
2013a
Alonso-Diaz et al.
2013a; Higa et al.,
2020
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Min-Max
Tropical wet 2226 2000-4000 50.0-100
Tiopical wet and dry 22-26 (>26 n some areas) 1000-2000 400-91.4
Cold 10-15 500-850 25.7-77.7
Arid (desert) 18-22 100-300 25.0-82.0
Semi-arid 18-26 300-600 25.7-77.7
Humid subtropical 18-22 2000-4000 40.0-91.4
Temperate with dry winters 10-22 600-1000 20.0-80.0

Information obtaining from Prieto (2005) and Morillén et al. (2018),
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