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Abstract

Emerging and re-emerging tick-borne diseases threaten public health and the wellbeing of 

domestic animals and wildlife globally. The adoption of an evolutionary ecology framework aimed 

to diminish the impact of tick-borne diseases needs to be part of strategies to protect human and 

animal populations. We present a review of current knowledge on the adaptation of ticks to their 

environment, and the impact that global change could have on their geographic distribution in 

North America. Environmental pressures will affect tick population genetics by selecting 

genotypes able to withstand new and changing environments and by altering the connectivity and 

isolation of several tick populations. Research in these areas is particularly lacking in the southern 

US and most of Mexico with knowledge gaps on the ecology of these diseases, including a void in 

the identity of reservoir hosts for several tick-borne pathogens. Additionally, the way in which 

anthropogenic changes to landscapes may influence tick-borne disease ecology remains to be fully 
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understood. Enhanced knowledge in these areas is needed in order to implement effective and 

sustainable integrated tick management strategies. We propose to refocus ecology studies with 

emphasis on metacommunity-based approaches to enable a holistic perspective addressing whole 

pathogen and host assemblages. Network analyses could be used to develop mechanistic models 

involving multi host-pathogen communities. An increase in our understanding of the ecology of 

tick-borne diseases across their geographic distribution will aid in the design of effective area-

wide tick control strategies aimed to diminish the burden of pathogens transmitted by ticks.
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Introduction

Globally, the threat of arthropod-borne infectious diseases, and in particular tick-borne 

diseases (TBD), on public health and the well being of domestic animals and wildlife has 

increased (World Bank, 2010, 2012; Dantas-Torres et al., 2012; Lemon et al., 2008; Mencke, 

2013; Souza, 2011; Welburn, 2011). In the US, society benefits from the estimated $3 billion 

dollars that the livestock industry saves annually by having the country free of cattle fever 

ticks and bovine babesiosis since 1943, through the efforts of the Cattle Fever Tick 

Eradication Program (Perez de Leon et al., 2010; Perez de Leon et al., 2012). In contrast, 

recent studies suggest that infestation with the southern cattle fever tick, Rhipicephalus 
microplus, costs $3.24 billion dollars annually in losses to the Brazilian livestock industry 

(Grisi et al., 2014), and $573.61 million dollars to producers in Mexico (Rodríguez-Vivas RI 

et al., 2016a). Regarding public health, it has been estimated that in the US, between $712 

million to $1.3 billion dollars are spent annually in direct medical expenses attributed to 

Lyme disease (LD), which is tick-borne and considered to be the most prevalent human 

arthropod-borne disease in the US and Europe (Adrion et al., 2015).

Here, we present a review of current knowledge on the adaptation of ticks to their 

environment, and the impact that global change, including climate variability, could have on 

their geographic distribution in North America, principally the US and Mexico (Arsnoe et 

al., 2015; Bouchard et al., 2015; Dantas-Torres, 2015; de la Fuente et al., 2015a; Esteve-

Gassent et al., 2014; Feria-Arroyo et al., 2014). Environmental changes are a selective 

pressure that induces adaptations in the physiology and behavior of ticks. How these 

adaptations affect tick-host-pathogen interactions remains to be fully understood. Studying 

these interactions is critical to understand the consequences of global change in the 

epidemiology of TBD of relevance to both human and veterinary medicine. However, 

limited information is available regarding the effects that human and animal tick-borne 

pathogens have on the physiological and behavioral adaptation of ticks to the environment, 

and how tick-pathogen interactions might modulate tick behavior and/or susceptibility to 

acaricides, repellents, or other behavior-modifying chemicals. Additionally, few studies have 

evaluated the role of tick microbiomes on the transmission and/or acquisition of pathogenic 

microorganisms.
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This review addresses knowledge gaps on the adaptation of ticks to their environment, and 

how global change impacts the geographic distribution of these economically important 

arthropod vectors. A metacommunity perspective would enable a holistic approach that 

encompasses whole symbiont, pathogen, and host assemblages. This approach would allow 

the study of TBD ecology at different levels, always considering the intersection between 

organismal communities (Donaldson et al., 2016; Gog et al., 2015; Johnson et al., 2015). 

According to this perspective, environmental pressures (biotic and abiotic) will affect tick 

population genetics by selecting genotypes able to withstand new and changing 

environments, and by altering the connectivity and isolation among tick populations. The 

proposed multidisciplinary network analyses could engender mechanistic models involving 

multi host-pathogen communities that advance our understanding of the ecology of TBD 

across their geographic distribution. Practically, this foundational knowledge could facilitate 

the design of effective area-wide control strategies aimed at diminishing the impact of ticks 

and TBD in ways that are more evolutionary and epidemiologically advantageous 

(Hollingsworth et al., 2015).

Effect of climate variability as part of global change on species distribution and modeling

Humans, and wild and domesticated animal populations could be vulnerable to emerging 

and re-emerging TBD (Greer et al., 2008; Perez de Leon et al., 2012) due to climate 

variability among other components of global change. Continued emissions of greenhouse 

gases accelerate the process of climate change with evidence of increased global 

temperatures (Dantas-Torres, 2015; Lafferty, 2009). This climate variability directly 

influences the distribution and survival of ticks and the pathogens they harbor, and as a 

consequence, it is altering the epidemiology of TBD by changing the ecology of tick species 

(Greer et al., 2008).

Species distributions are influenced by a multitude of factors such as biotic (species 

interactions, described in the next section), abiotic (climate), historical (speciation process), 

dispersal capabilities and/or anthropogenic factors (Soberón and Peterson, 2005). However, 

climate is a prominent factor used to predict the potential distribution of arthropod vectors 

harboring important pathogens because its direct effect on their survival (Bouchard et al., 

2015; Dantas-Torres, 2015; Feria-Arroyo et al., 2014; Gilbert et al., 2014; Monaghan et al., 

2015; Williams et al., 2015). To understand and predict the distribution of arthropod vectors, 

research studies o R, Machado H and others. 1999. Integrated control of acaricidehic 

Information Systems (GIS). (GIS). These methodologies use complex algorithms that 

consider climatic variables associated to geographical distribution data (longitude and 

latitude) as well as climate change scenarios proposed by the Intergovernmental Panel on 

Climate Change (IPCC). Depending on the specific SDM, the model provides a prediction 

of how climatic variability is expected to affect a species’ suitable habitat (Figure 1). For 

instance, these changes in a species’ suitable habitat can provide evidence for potential shifts 

in distribution. It is important to note that experimental work is needed to confirm models’ 

predictions. For example, in recent years, a higher prevalence of tick-borne encephalitis has 

been associated with a shift in the distribution of Ixodes ricinus due to climate change in 

Europe (Gray et al., 2009). Predictions constructed using climate change scenarios, as 

indicated above, support the above-mentioned association because the models show that I. 
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ricinus and Dermacentor reticulatus, also an important vector of tick-borne encephalitis, are 

expected to shift their distribution to northern European latitudes and longitudes that were 

previously unsuitable for these tick vectors (Gray et al., 2009; Porretta et al., 2013).

In North America, recent studies (Bouchard et al., 2015; Ogden et al., 2006) have also 

modeled the potential distribution of Ixodes scapularis, a known LD vector, under climate 

change scenarios, for eastern states where most cases of LD are reported. The models 

indicated an expansion in the distribution of I. scapularis to northern areas in the United 

States and Canada that were thought to encompass unsuitable habitat for this tick species. 

The predicted expansion in Canada could be explained by warmer winters that allow tick 

survival. Additionally, models based on simulations showing how population size is 

expected to change under climate change indicate that tick populations might double by 

2020, pointing the influence of higher temperatures on the reproductive ability of tick 

populations. The distribution of I. scapularis was modeled using a maximum entropy 

approach in the southern extreme of its known distribution range in the US (Feria-Arroyo et 

al., 2014). Models built under climate change scenarios suggest that this LD vector would 

expand to northern latitudes, and western and eastern longitudes in North America (Eisen et 

al., 2016), which is consistent with previous studies (Ogden et al., 2006). Importantly, the 

models also showed that I. scapularis populations can persist in the Texas-Mexico border, an 

area thought to have the lowest suitable habitat for this tick species (Figure 2). SDM have 

also been used to predict the distribution of cattle fever ticks, R. microplus and R. annulatus, 
in this trans-boundary region in Southern US and Northern Mexico. Previously thought as 

contained to quarantine zones along the border, models predict an increase in the distribution 

of these species mainly as a result of climate variability. These results are alarming since 

cattle fever ticks can have detrimental effect in the US economy (George, 2008; Giles et al., 

2014).

SDM have been useful to predict future suitable habitat and geographical distribution of tick 

vectors (Estrada-Pena and Venzal, 2007). However, the accuracy of current models in 

predicting vector distribution through time remains to be enhanced. Importantly, validation 

methods to improve time extrapolation are being developed to increase accuracy of models 

(Acheson and Kerr, 2015). In addition to modeling vector’s distribution, SDM and GIS are 

useful to predict the impact of climate variability on other important aspects in the 

epidemiology of vector-borne diseases. For instance, models built under climate change 

scenarios have been used to predict the efficacy of white-tailed deer vaccination (Estrada-

Pena et al., 2014) to understand the onset week of LD (Monaghan et al., 2015), and to assess 

how temperature affects the basic reproductive number (R0) (Levi et al., 2015; Ogden et al., 

2014). In this last case, authors formulated a model based on several complex equations that 

simulated the long-term effect of climatic variability on the basic reproductive number (R0) 

of I. scapularis. They determined that climate change is expected to increase the R0 of I. 
scapularis, and as a consequence, this could indicate a higher risk for LD in Northeastern 

states.

Climate change is expected to alter the epidemiology of TBD principally by changing vector 

distribution or their suitable habitat. Although climate is a primary factor altering the 

epidemiology of TBD, models could be refined by considering other biotic factors such as 
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the diversity of microbes infecting ticks, co-infection in ticks, and host use (Dantas-Torres, 

2015). The identification and inclusion of relevant abiotic and biotic factors will enhance the 

predictability of models, which will allow pertinent organizations to develop more efficient 

tick control programs.

Effects of abiotic and biotic factors on tick behavior and physiology

Increasing evidence suggests that changes in spatial distribution and abundance of ticks, and 

associated tick-borne pathogen transmission are strongly influenced by climate variability 

and surges in tick host population density (Brownstein et al., 2003; Dantas-Torres, 2015; 

Means and White, 1997; Pepin et al., 2012). However, an aspect that remains to be fully 

understood is how predicted climate change could alter several critical features of host-tick 

interactions (Estrada-Pena, 2008; Estrada-Pena et al., 2012). Temperature-based simulation 

models were developed to predict the density of I. scapularis in eastern US (Diuk-Wasser et 

al., 2010) as well as its range expansion in Canada (Ogden et al., 2006; Ogden et al., 2013; 

Ogden et al., 2014). Environmental factors are thought to play important roles in driving 

population increases of I. scapularis in the US (Khatchikian et al., 2012). Nevertheless, more 

studies to determine how biotic and abiotic environmental factors can potentially induce 

changes in tick-pathogen-host interactions that shape the epidemiology of LD, and other 

tick-borne diseases are needed. This is important because environmental factors underlie 

adaptive behavioral and physiological changes in ticks.

Abiotic components of climate are known to affect the activity of ticks during off-host 

periods (Needham and Teel, 1991). The locomotive patterns of field collected I. scapularis 
were affected by diurnal light and temperature cycles under laboratory conditions where 

adult ticks collected from the field in the fall exhibited a bimodal pattern of activity, with 

peaks observed shortly after the lights were on and shortly after the lights were off. 

However, adult ticks collected in the winter and early spring exhibited a unimodal pattern of 

activity in the laboratory peaking shortly after the lights were off (Madden and Madden, 

2005). Ticks apparently use environmental cues, including temperature and light cycle, to 

synchronize questing behavior with host animal activity to increase the chances of finding a 

suitable host and attaching to it for blood feeding. Additionally, immature I. scapularis ticks 

exhibited a diurnal detachment pattern when fed on nocturnal hosts (Mather and Spielman, 

1986). Most engorged larvae (>90%) and nymphs (>80%) detached from hamsters between 

12:00–20:00 h, when the 14-h photophase began at 06:00 h. The synchronous diurnal 

detachment is believed to allow ticks to remain in the nests of their nocturnal rodent hosts, 

thereby enhancing pathogen transmission.

Temperature and humidity influence the questing behavior of I. scapularis (Berger et al., 

2014a; Schulze and Jordan, 2003; Schulze et al., 2001; Vail and Smith, 2002; Vail and 

Smith, 1998). Adult I. scapularis were found to quest earlier and later in the day when 

temperatures were lower and relative humidity higher, whereas adults of the lone star tick 

Amblyomma americanum were collected with greater frequency in late morning and early 

afternoon during periods of higher temperatures and lower humidity (Schulze et al., 2001). 

Ambient temperature was the best general predictor of adult questing behavior in the 

American dog tick, Dermacentor variabilis, among several micro-environmental parameters 
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analyzed that also included moisture, wind, and solar radiation (Harlan and Foster, 1990). 

Ambient temperature was also found to affect competence of I. scapularis as hosts for LD 

spirochetes. Extrinsic incubation of I. scapularis nymphs infected with LD spirochetes at a 

temperature >27°C for 2 weeks or longer had a curative affect, making the nymphs virtually 

non-infective (Shih et al., 1995).

Humidity has a strong effect on the survival of ticks in the non-parasitic stages. More than 

85% relative humidity (RH) is required for I. ricinus to survive in the environment (Daniel et 

al., 2009). Exposure to suboptimal atmospheric moisture was found to reduce the survival of 

I. scapularis nymphs (Rodgers et al., 2007). The abundance of I. scapularis was negatively 

correlated with <82% RH for over 8h in the northeast US. Thus, adverse moisture events 

could be used as a good indicator to predict the seasonal abundance of I. scapularis (Berger 

et al., 2014b).

The full effects of pesticides, repellents, and other behavior-modifying chemicals on tick 

behavior and physiology remain to be determined. Unfed adult A. americanum ticks treated 

with a sub-lethal dose of permethrin increased tick gas exchange frequency and also caused 

increased water loss during CO2 release (Zheng et al., 2013). From the comparative 

arthropod vector biology standpoint, it is relevant to investigate if temperature and humidity 

affect the efficacy of tick repellents as it was shown with mosquitoes and N,N-Diethyl-meta-

toluamide (DEET) (Gupta and Rutledge, 1989; Rutledge and Gupta, 1999).

Biotic factors, including pathogen infection, may also affect host-seeking behavior in ticks 

or their response to repellents and other behavior-modifying chemicals. The infection of I. 
scapularis with Anaplasma phagocytophilum induces the expression of an antifreeze 

glycoprotein that enhances tick survival in the cold (Neelakanta et al., 2010). Infection with 

Borrelia burgdorferi s.l., the causative agent of LD, was found to increase survival of I. 
ricinus under desiccating conditions (Herrmann and Gern, 2010). The taiga tick, I. 
persulcatus infected with tick-borne encephalitis virus (TBEV) quested higher than 

uninfected ticks (Alekseev, 1996). Borrelia-infected adult I. ricinus were found to be 

significantly more tolerant of lower humidity and higher air and soil temperature and ticks of 

the same species infected with Borrelia quested at higher locations, which requires ticks to 

move down vegetation to rehydrate more often (Perret et al., 2000). It was hypothesized that 

the increased tolerance to dehydration in infected ticks may be due to higher fat reserves 

(Herrmann et al., 2013).

The infection of I. scapularis with B. burgdorferi had more pronounced effects on behavior 

in adults than in nymphs (Lefcort and Durden, 1996). Compared to uninfected adult ticks, 

infected adults were less able to overcome physical obstacles, less active, and quested at 

lower heights. However, nymphs infected with B. burgdorferi exhibited an increased 

phototaxis and attraction to vertical surfaces. By comparison, the locomotor activity of 

Borrelia-infected adults of I. persulcatus was found to be significantly reduced when 

compared with uninfected ticks (Alekseev et al., 2000). Infection with Rickettsia increased 

the locomotive speed of D. variabilis but did not have significant effect on I. scapularis 
(Kagemann and Clay, 2013). In contrast, Arsenophonus infection decreased locomotive 

speed of A. americanum and D. variabilis. Pathogen infection of ticks was found to have a 
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significant effect on both the questing behavior, sensory responses to repellent and attractant 

compound, as well as odorant-evoked neuronal activities in the synganglion of I. persulcatus 
(Romashchenko et al., 2012).

Infection rates with TBEV in I. persulcatus and I. ricinus were higher in ticks removed from 

humans and animals than unfed ticks collected from the environment, and behavioral 

analyses indicated TBEV infection influenced tick behavior, which resulted in increased 

questing activity (Belova et al., 2012; Mel’nikova et al., 1997). Infection with TBEV is 

known to cause increased motor activity and negative geotaxis in I. persulcatus (Alekseev et 

al., 1988). Behavioral changes in infected ticks apparently resulted in increased attachment 

to human and animal hosts (Belova et al., 2012; Mel’nikova et al., 1997). Infection of adult 

I. ricinus ticks with B. burgdorferi s.l. increased their ability to find a host under natural 

conditions (Faulde and Robbins, 2008). Infection of I. ricinus with TBEV reduced their 

sensitivity to DEET, which is the most commonly used compound in commercial repellent 

formulations (Belova et al., 2012). Although the physiological mechanisms underlying tick 

behavioral changes due to pathogen infection remain to be fully understood, future tick 

repellent evaluations should include infected ticks to fully assess their utility in preventing 

the transmission of TBD. Further research is also needed to determine whether Borrelia-

induced tick behavior changes result in greater questing and host seeking activity in I. 
scapularis, which can lead to increased tick bite frequency and human exposure to 

pathogens.

Pathogen infection may not only change behavior but also affect the susceptibility of ticks to 

pesticides. Studies on virus-pesticide interactions in I. persulcatus and A. hebraeum 
demonstrated that treatment with a sub-lethal dose of the organophosphate acaricide 

chlorpyrifos reduced the survival of the TBEV-infected ticks, while increased the survival of 

non-infected ticks (Alekseev et al., 1997). The higher activity of TBEV-infected ticks 

depleted their energy reserves, weakened them, and thus became more susceptible to the 

acaricide.

Physiological and behavioral differences between populations of the same tick species 

across geographic regions may influence the epidemiology of TBD (Sakamoto et al., 2014). 

While I. scapularis populations in the US are found along the eastern seaboard from Maine 

to Florida, as well as west toward Texas and the northern Midwest, the incidence of LD does 

not occur uniformly over this distribution. Rather, LD in the US is concentrated in the 

northeast, and in the northern Midwest states of Minnesota and Wisconsin. Recent studies 

reporting questing differences between southern and northern I. scapularis populations 

showed that tick from the southern group tended to quest at lower height than ticks from the 

northeastern US, and to remain on the vegetation litter, which could reduce their opportunity 

for contact with humans (Arsnoe et al., 2015; Ginsberg et al., 2014). Molecular studies 

attempting to demonstrate genetic variation between southern and northern tick populations 

of I. scapularis documented different haplotypes, but the marker used (mitochondrial 16S 

rRNA) did not reveal evidence for population genetic structuring (Kelly et al., 2014). 

Genomics research that integrates physiological aspects is needed to understand the 

molecular basis of behavioral adaptations by ticks to environmental changes and their 
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interactions with pathogens that impact the epidemiology of TBD (Coates et al., 2015; 

Poelchau et al., 2016).

Tick Population genetics and its impact on the distribution of ticks and TBD

Several population genetic studies assessed the geographic partition of genetic variation 

among vector tick populations in different regions of the world (Burlini et al., 2010; Cangi et 

al., 2013; Dietrich et al., 2014; Dinnis et al., 2014; Kain et al., 1997; Kelly et al., 2014; 

Kovalev and Mukhacheva, 2012; Mechai et al., 2013). Fewer studies assessed host-

associated differentiation of tick vectors (Dietrich et al., 2014; Kempf et al., 2011; McCoy et 

al., 2003). Host-associated differentiation refers to the formation of genetically distinct 

population of parasites when associated with different host species (Abrahamson et al., 

2001; Booth et al., 2015; Feder et al., 1988; Kempf et al., 2011; Medina, 2012). Genetically 

distinct vector tick populations may differ in traits relevant to their control (Cangi et al., 

2013) as well as in vector competence (Dietrich et al., 2013; Reichard and Kocan, 2006). 

Thus, understanding the way genetic variation of vector-ticks is partitioned is crucial in the 

design of sustainable and effective control strategies. For example, genetically distinct tick 

populations may vary in their potential to host pathogenic agents (Johnson and Thieltges, 

2010; Moraes et al., 2015; Scoles et al., 2006), in their questing behavior and preferences 

(Arsnoe et al., 2015; Ginsberg et al., 2014; Goddard et al., 2015), and in their affinity to 

humans (Kelly et al., 2014; Rodríguez-Vivas et al., 2016b).

Genetically distinct tick populations of the same species may differentially respond to 

distinct control strategies (e.g., by differing in acaricide resistance, in host preference, in 

probability of encountering human or animal hosts, etc.). Thus, it is important to map tick 

distinct genotypes to increase the effectiveness of area-wide tick management efforts. In 

addition, genetically distinct tick populations may differ in the time of the year at which 

their abundances peak. As commented above, these differences in phenology may correlate 

to abiotic (e.g., temperature, humidity, etc.) or to biotic (e.g., presence of specific hosts) 

factors. The interaction of ecological, behavioral and environmental variables may all play a 

role in population genetics of tick vectors and the effect of all these variables combined may 

determine when, where, and for how long a control strategy will work.

Several tick species have shown distinct patterns of genetic differentiation both at the 

geographic as well as at the host-association level (Araya-Anchetta et al., 2015). Molecular, 

behavioral and ecological studies revealed cryptic species within what was thought to be just 

one species (Beati et al., 2013). In other instances, panmictic ticks have been identified over 

vast geographic extensions (Delaye et al., 1997). Variation in findings may have been due in 

part to the different kind of molecular markers used. Most of the published studies have used 

microsatellites, partial sequences of mitochondrial and nuclear genes and in recent years 

multilocus sequence typing (MLST). More recently, single nucleotide polymorphisms 

(SNPs) have proven to be ideal markers to assess variation at several levels, from population 

to species genetic differentiation (Araya-Anchetta et al., 2015). Also, SNPs are sensitive 

markers, able to find population genetic structure and selective sweep signals in populations 

in which several other markers have failed to detect variation (Benestan et al., 2015; Neafsey 

et al., 2010; Stolting et al., 2013). SNPs could become the marker of choice for vector tick 
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studies (Araya-Anchetta et al., 2015). Armed with a new generation of more sensitive 

molecular markers, our knowledge of the population genetics of vector ticks is likely to 

increase. However, it is important to sample ticks from their entire geographic distribution 

and on their whole suite of hosts to have a realistic picture of their population genetic 

landscape.

Population genetic studies of generalist tick vectors tend to include sampling of ticks from a 

small portion of their potential host range. This incomplete sampling provides only a partial 

picture of the way genetic variation may be partitioned in tick populations. Similarly, partial 

covering of their geographic range also impairs our understanding of their genetic diversity. 

In order to fully capture the population genetic landscape of tick vectors, it is important to 

assess their population genetic structure in as many hosts and in as many different 

geographic locations as possible. Variation in relative host abundance at different locations 

may affect tick population genetic structure. For example, it is possible to find ticks showing 

host-associated population only in portions of their geographic distribution. This has been 

observed in plant parasites (Barman et al., 2012). Thus, it is reasonable to postulate that ticks 

may show similar patterns.

Another issue of importance is to assess the population genetics of pathogens harbored by 

ticks. Studies have assessed the geographic partitioning of genetic variation in pathogenic 

agents vectored by ticks (Baranton et al., 2001; Humphrey et al., 2010; Margos et al., 2011). 

Fewer studies have explored the partition of genetic variation in pathogens vectored by ticks 

among different tick host species (Jacquot et al., 2014). Understanding how pathogens are 

genetically distinct on ticks associated with different hosts and on the hosts themselves is 

crucial to fully understand the ecology of TBD. Genetically distinct pathogen populations 

may differ in virulence (Humphrey et al., 2010) as well as in their ability to associate with 

genetically distinct vectors and their hosts (Derdakova and Lencakova, 2005; Eisen et al., 

2003; Giery and Ostfeld, 2007; LoGiudice et al., 2003; Nieto and Foley, 2008; Salkeld and 

Lane, 2010). Host-associated differentiation has been shown to cascade up trophic levels in 

herbivorous insects (Forbes et al., 2009; Stireman et al., 2006). Thus, it can be argued that 

host-associated differentiation would also cascade down to the microscopic level. The 

implications of this sort of differentiation have not been explored. Thus, the partition of 

genetic variation of all players involved in these disease systems (i.e., ticks, pathogens, and 

hosts) may all affect the ecology and epidemiology of TBD.

Another research area that offers exciting discovery opportunities is the study of symbiotic 

bacteria and their role in the population structure and in the ecological interactions between 

tick vectors and their hosts (Kelly et al., 2014). In other arthropods, individual symbiotic 

bacteria provide their hosts with ecological advantages such as heat tolerance, use of novel 

hosts, resistance to predators, parasites, disease, nutritional benefits and even insecticide 

tolerance (Douglas, 1998; Hosokawa et al., 2007; Kikuchi et al., 2012; Medina et al., 2011; 

Oliver et al., 2010; Scarborough et al., 2005; Tsuchida et al., 2009; Xie et al., 2011). Similar 

roles for tick endosymbionts remain to be fully documented. As shown in other arthropods, 

tick specific endosymbionts or the combined effect of several of them (i.e., the tick 

microbiome) may modulate vector competence, resistance to abiotic stress, to parasites, to 

pathogens as well as host affinity. Considering the increasing role attributed to the 
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microbiome harbored by several multicellular organisms in their biology, ecology, and 

evolution, this issue is far from trivial and will likely experience considerable development 

in the near future. The study of tick microbiomes and the identification of specific bacterial 

symbionts may provide novel targets for vector tick control.

A paradigm shift for an integrative tick community ecology approach

Historically, the study of infectious disease has been dominated by studies focusing on a 

single pathogen, parasite or host (Wolfe et al., 2007). Pathogen emergence or disease 

outbreaks have had very focused responses that derive in the isolation, study, and 

management efforts toward controlling the causing agent. Like in the case of some viral 

diseases (e.g., Variola virus, Poliovirus) these focused strategies have had a great success 

and have been controlled with vaccination strategies (Nelson and Williams, 2014). However, 

the recent increase in the prevalence of other pathogens, especially those vectored by 

arthropods, has made evident the limitations of this approach to manage “all” infectious 

agents. This current growth of Emergent Infectious Diseases (EID) is largely dominated by 

pathogens of zoonotic origin (Jones et al., 2008), which in many cases are agents that are 

closely intertwined in very complex ecological relationships with several reservoir hosts, 

vectors, or a combination of both. One of such examples is the case for B. burgdorferi, the 

pathogen responsible for LD (Ostfeld, 2011; Stanek et al., 2012). Moreover, anthropogenic 

activities are likely affecting these ecological relationships, such that human disturbances are 

becoming the drivers behind these increased outbreaks (Jones et al., 2008; Patz et al., 2004; 

Suzan et al., 2015). Thus, there has been a growing interest in addressing the study and 

management of pathogens and parasites with an integrated approach that considers (i) the 

environment where they occur, (ii) their ecological context, and (iii) their evolutionary 

relationships (Buckee et al., 2007; Johnson et al., 2015; Karesh et al., 2012; LoGiudice et al., 

2003; Poulin, 2010). This integrated view is not only important for public health reasons but 

it is likely that pathogens play a strong role in shaping the distribution of life on earth 

(Ricklefs, 2011).

Parasites, and symbionts in general, do not occur as isolated entities but, as mentioned 

above, form part of potentially complex microbiomes within hosts, and vectors, with 

increasing evidence that these microbial communities can have substantial roles in pathogen 

prevalence and transmission (Narasimhan and Fikrig, 2015). However, pathogen persistence 

does not depend uniquely on interactions at this level. The presence, density, survival, and 

dispersion (i.e., transmission) of pathogens are tied to ecological processes that act at a 

variety of spatial and temporal scales, in the same way these processes act to determine 

patterns for any free living organism (Levin, 1992). Moreover, since pathogens are 

intimately tied to the ecology of wildlife reservoirs and vectors, the processes that regulate 

their arthropod and vertebrate hosts will have implications for pathogen occurrence from 

landscape to biome scales (Ostfeld and Keesing, 2000; Ricklefs, 2011). Throughout the 

range of scales from microbiomes to whole biomes, community ecology can provide 

analytical and conceptual approaches to understand and manage disease dynamics (Johnson 

et al., 2015) given that one of the main goals of community ecology is to ascertain the 

factors that determine the assembly, structure and dynamics of ecological communities 

(Weiher and Keddy, 2001).
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The notion that individual communities are connected by dispersal of individuals among 

them, thus creating metacommunities (Figure 3), is one of the evolving concepts within 

community ecology that has a lot of potential application within disease ecology for both 

microbiome (Mihaljevic, 2012) and landscape level processes (Suzan et al., 2015). Specific 

applications can be vast within tick borne pathogen dynamics and analytical tools are 

already available (Godfrey, 2013; Poulin, 2010; Presley et al., 2010). The main goal of 

metacommunity theory is to ascertain patterns and mechanisms determining species 

diversity among sites, thereby connecting processes at focal scales to larger scales (Holyoak 

et al., 2005). This theoretical framework can be applied independent of spatial scale and 

could serve to analyze a myriad of situations within disease ecology that go from variation 

of symbiont component species between tissues of individuals, variation of symbionts 

between individuals in a population, or among different species, all the way to variation of 

hosts among sites in different landscapes (Mihaljevic, 2012; Suzan et al., 2015). Since 

multiple scenarios and potential questions that need to be addressed using this 

metacommunity context can be envisioned, a schematic example (Figure 3) of tick-borne 

diseases can be helpful to portray some possibilities: Two or more communities, connected 

by dispersal, can have contrasting patterns of vertebrate host diversity and composition, 

which in turn can sustain distinct tick communities. Mechanisms that regulate the 

differences and connection between communities will have a direct effect on the type and 

prevalence of the pathogens vectored by these tick species (see Figure 3 for details).

One of the current limitations to apply this framework to tick borne pathogen systems is data 

availability. At the level of individual ticks, microbiome assessments have found different 

microbial components among different tissues (e.g., salivary glands, midgut, ovaries, 

malpighian tubes) but microbiome studies that address these differences are fewer 

(Narasimhan and Fikrig, 2015). These microbiome comparisons among tick tissues have 

only been attained for R. microplus (Andreotti et al., 2011), A. maculatum (Budachetri et al., 

2014), I. scapularis (Narasimhan et al., 2014), and Haemaphysalis flava (Qiu et al., 2014). 

Most of these studies are limited to describing microbiome bacterial components. 

Nevertheless, a functional link was established between the gut microbiome in I. scapularis 
and its colonization by B. burgdorferi (Narasimhan et al., 2014), thus evincing the relevance 

of these tick gut symbionts. Moreover, there is variation in tick microbiomes among species, 

developmental stages, environmental factors (wild vs. laboratory reared), geographical 

locations, feeding status, and seasons (Narasimhan et al., 2014). Characterizing and 

understanding the factors that create these differences in bacterial taxa, as well as the 

functional consequences for pathogen transmission, is paramount to develop a new paradigm 

for the management of tick-borne diseases using a community ecology approach.

Besides the multiple potential applications of using a community paradigm at the 

microbiome level (Mihaljevic, 2012) this framework can be used at the other end of the 

spatial scale spectrum to address vertebrate hosts and arthropod vectors from landscape to 

biome levels (Johnson et al., 2015; Suzan et al., 2015). A direct example of the importance 

of considering the ecological setting and the presence of alternative hosts for tick 

management is evident in the efforts to control cattle fever tick (R. microplus) along the US-

Mexico border. Failure to consider potential wildlife hosts in an integrated management 

effort can lead to its failure (Perez de Leon et al., 2012). Within tick-borne diseases, another 
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well documented example of the epidemiological implications of host community structure 

and composition for pathogen spread is the case of LD (Ostfeld, 2011). The number of B. 
burgdorferi infected I. scapularis ticks increases, and thus the human infection risk, when 

biodiversity decreases at a given locale (Ostfeld and Keesing, 2000). Anthropogenic 

modifications of landscapes create predictable changes in biodiversity that include the 

reduction of mesopredators, increased abundance of white-tailed deer, and a reduction of 

alternative hosts for I. scapularis. These community level modifications have consequences 

on the total and infected number of ticks through several processes: (i) lack of 

mesopredators increases the abundance of the white-footed mouse Peromyscus leucopus, a 

main reservoir of B. burgdorferi; (ii) increased deer abundance sustains the reproduction of 

I. scapularis, and (iii) disappearance of alternative tick hosts increase the number of infected 

ticks (LoGiudice et al., 2003; Ostfeld, 2011; Ostfeld and Keesing, 2000). For this last 

process, a mechanistic model has been proposed that show a predictable decrease in the 

number of infected nymphs, a key risk factor, as community composition changes and low 

or non-competent reservoirs are added. This response has been named as the “dilution 

effect” (Civitello et al., 2015; LoGiudice et al., 2003; Lou et al., 2014; Turney et al., 2014). 

An increase in the abundance and types of low competence reservoirs creates a higher 

number of “wasted transmission events” as fewer I. scapularis tick larvae will bite highly 

competent B. burgdorferi reservoirs. A growing body of knowledge on the ecological 

interactions that are responsible for the risk of LD in humans indicates the importance of the 

community ecology context for the maintenance and spread of this pathogen (Buckee et al., 

2007; Johnson et al., 2015; Keesing et al., 2010). Furthermore, these relationships are not 

limited to this pathogen as numerous examples where the importance of the ecological 

context for other zoonotic pathogens, with human, livestock, and wildlife health 

implications, are being uncovered (Johnson et al., 2015). Then, a new challenge for the 

management of infectious zoonotic diseases is to generate and integrate this knowledge to 

consider pathogens within an integrated community ecology approach, a challenge that will 

required an ever-growing participation of ecologists (Figure 3).

Integrated tick management

Attempts to manage the problem of diseases caused by tick-borne pathogens affecting 

humans, livestock, and wildlife have focused on strategies to control or eradicate tick 

populations (Pegram et al., 2000; Walker, 2011). Chemicals have been used widely to 

control or eradicate ticks (Graf et al., 2004; Guerrero et al., 2014). However, the 

indiscriminate use of acaricides has become a strong selective pressure for tick populations 

to become resistant to chemical treatments (Eiden et al., 2015; Rodríguez-Vivas et al., 

2014b). Solutions to manage acaricide resistant tick populations and societal expectations 

for more environmentally friendly methods are driving the research and development of 

technologies that can be used together for the sustainable management of ticks and TBD 

(Ghosh and Nagar, 2014; Kiss et al., 2012; Moyer, 2015). This situation provides the 

opportunity to apply interdisciplinary approaches that unify current ecological, 

physiological, biochemical, and molecular knowledge to adapt integrated tick management 

strategies (Jamison et al., 2015; Pérez de León et al., 2014; Rodríguez-Vivas et al., 2014c).
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Integrated management programs generally involve strategies to kill ticks infesting hosts, 

applying genetic selection to decrease the susceptibility of hosts to tick infestation, and 

making the environment less permissible, through treatment or modification, for the build up 

of tick populations. Different tools can be used together to mitigate the burden of ticks and 

TBD. Most control technologies are used to treat animal infestations, and some have been 

adapted for personal protection as a way to prevent ticks from biting humans (Banks et al., 

2014; Childs, 2009; Cisak et al., 2012; Jordan et al., 2012). Because the majority of 

emerging and re-emerging TBD are zoonotic, treatment of companion animals and wildlife 

in domestic, peridomestic, and suburban environments against infestation can mitigate the 

risk of disease transmission by infected ticks that also bite humans (Fish and Childs, 2009; 

Jamison et al., 2015).

Progress is being made in the development and commercialization of alternative 

technologies that can be used together to address the challenge of acaricide resistance 

(Borges et al., 2011; de la Fuente and Contreras, 2015; Lonc et al., 2014), which is a 

situation that has been aggravated by the emergence of multiple resistance among 

populations of economically important tick species like R. microplus (Miller et al., 2012; 

Miller et al., 2013; Reck et al., 2014; Rodríguez-Vivas et al., 2014a). Combining registered 

acaricides with different modes of action is a way to overcome resistance to certain classes 

of commonly used acaricides like pyrethroids (Rodríguez-Vivas et al., 2013), but acaricides 

mixtures must be used rationally. The discovery and development of safer synthetic 

acaricides with new modes of action is another way to address that problem, but the research 

and development process is costly and risky for commercial entities (Graf et al., 2004; 

Guerrero et al., 2014). However, safer synthetic acaricides with new modes of action are 

being developed to treat tick infestations in domestic animals (Asahi et al., 2015). Genomic 

approaches are facilitating this process through the identification of targets for selective 

disruption of biological processes exclusive to ticks, and the creation of mechanism-based 

assays for high-throughput screening of chemicals for acaricidal properties (Gross et al., 

2015; Swale et al., 2013; Yang et al., 2015).

The utility of combining vaccination against ticks with other technologies has been 

documented in livestock operations. An integrated system employing vaccination of cattle 

with Gavac®, a Bm86-based vaccine, and with amidine treatments under field conditions, 

achieved nearly 100 % control of R. microplus populations resistant to pyrethroid and 

organophosphate acaricides (Redondo et al., 1999; Valle et al., 2004). In addition to 

controlling infestations, where tick burden decreased from 100 to 20 adult ticks per animal, a 

substantial reduction of acaricide treatments has been achieved (from 24 to 7–8 per year) 

following similar protocols in several geographic locations (de la Fuente et al., 2007). A 

vaccine with a high degree of efficacy could be part of an integrated program to eradicate 

ticks affecting livestock (Miller et al., 2012; Perez de Leon et al., 2012). The precision and 

sustainability of control or eradication programs could be enhanced once formulations of 

acaropathogenic fungi, alone or in combination with acaricides, become commercially 

available to treat cattle. This strategy could also be applied together with vaccination against 

ticks (Webster et al., 2015).
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As compared to ticks that affect livestock only, eradication of ticks that also bite humans and 

are vectors of zoonotic diseases from a large geographic area is not considered a viable 

option (Barnard et al., 1988; Bloemer et al., 1990; Esteve-Gassent et al., 2014; Jonsson, 

2004). Community-based programs to control ticks that bite humans in the US have been 

developed against A. americanum, I. scapularis, and R. sanguineus as a way to prevent the 

transmission of TBD (Barnard et al., 1988; Drexler et al., 2014; Fish and Childs, 2009). 

Strategies to control infestations in keystone wildlife hosts of tick vectors of zoonotic 

diseases can decrease the human risk of exposure to tick-borne pathogens (Hoen et al., 

2009). A similar effect on the risk of Rocky Mountain Spotted Fever (RMSF) transmission 

was observed when intervention was focused on treating companion animals infested with 

R. sanguineus in an area with high RMSF case fatality rate (Drexler et al., 2014). A 

promising opportunity to synergize these interventions is the integration of immunization 

protocols to protect companion animals and wildlife against tick infestation (Carreon et al., 

2012; de la Fuente et al., 2015b). An added value of immunoprotection against tick 

infestation is that this approach may also mitigate the risk of pathogen transmission to 

susceptible hosts (Merino et al., 2013).

Advances in tick chemical ecology also offer the opportunity to translate research findings 

into technologies that could be used as part of integrated management programs. R. 
sanguineus was shown to discriminate substances from dogs to differentiate susceptible 

English Cocker Spaniels from resistant Beagles (Louly et al., 2010). Benzaldehyde and 2-

hexanone were identified in Beagle odor extracts and, when used in combination, repelled R. 
sanguineus in vitro (Borges et al., 2015). A repellent formulation of these compounds could 

be used as part of the repertoire for integrated R. sanguineus management strategies. 

Repellents can also be used effectively for personal protection to prevent ticks bites (Pages 

et al., 2014).

Conclusions

The challenge to deal with ticks and TBD that affect human and animal populations in 

several parts of the world is recognized. Reliance on acaricides has been a principal 

component of programs to manage ticks as a means to mitigate the burden of TBD. Hence, 

attention is increasing on the integration of other technologies like anti-tick vaccines, 

botanicals, and biocontrol agents, into more sustainable tick and TBD control strategies. 

However, the impact of global change and the exquisite adaptive ability of ticks to changing 

biotic and abiotic factors requires continued interdisciplinary research to understand the 

ecological, physiological, and genetic mechanisms that allow ticks and associated pathogens 

to persist in changing environments. Research by others and the work by our group reviewed 

here shows how a holistic approach by teams involving community, evolutionary and disease 

ecologists, molecular biologists, entomologists, and veterinarians can advance our 

knowledge of the relationship between genetically distinct tick populations, the pathogens 

they transmit, and the host upon which they feed. Specifically, the concept of 

metacommunities applied to study the ecology of TBD systems provides a framework to 

develop tools to analyze and model the dynamics of tick-borne pathogens, which could 

enable new integrated tick management strategies that are evolutionarily sustainable and 

epidemiologically effective in North America and possibly other parts of the world.
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Figure 1. 
General flowchart on the steps followed to create Species Distribution Models (SDMs) to 

predict the future distribution of tick vectors. After selecting a target tick species (e.g. Ixodes 
scapularis), geographical data (i.e. longitude and latitudes) are collected during field-work or 

during searches in the primary literature and databases. Importantly, geographical data 

should be analyzed for sampling bias, and if possible, data are corrected. Additionally, a set 

of climatic variables are initially selected; however, autocorrelated variables are eliminated 

from the study. Also, climatic variables can be selected by taking into account tick 

physiology. Then, a SDM (e.g. MaxEnt) for the species’ present distribution is created and 

evaluated using corrected geographical data and predictor variables. This SDM is the basis 

to create SDMs that predict future distribution (FD), using climatic general circulation 

models (GCMs) and climate change scenarios proposed by the Intergovernmental Panel on 

Climate Change (IPCC). Finally, the SDMs for FD are visualized on software (e.g. 

Geographical Information Systems) and evaluated. As a result, these SDMs are used to 

calculate changes in distribution for future years.
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Figure 2. 
Two contrasting habitats for Lyme disease integrative tick research currently conducted in 

Texas (A) Edwards Plateau and (B) South Central Plains
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Figure 3. 
Interactions between vertebrate hosts (geometric shapes: square, triangle, pentagon, stars), 

tick vectors and pathogens can be viewed from multiple scales. At the level of individual 

hosts the pathogens occur in infra-communities (group of pathogens, and symbonts, 

coinfecting an individual and represented by the black, white or gray dots). For schematic 

purposes this diagram depicts a single pathogen for each tick species but these 

microparasites also occur in diverse symbiont and pathogen infra-communities. Thus, 

patterns of diversity, distribution and abundance of pathogens will be tied to both the 

vertebrate host and tick vectors by a series of ecological processes (dispersal, competition, 

etc.) and environmental variation across each scale. Changes in symbiont infra-communities, 
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vertebrate host, and vector diversity among sites of a metacommunity could prevent or 

facilitate the presence of a given pathogen across landscapes. Figure modified after 

Seabloom et al., 2015.

Esteve-Gassent et al. Page 29

Arch Insect Biochem Physiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Multiple wildlife species are potential reservoir hosts for vector borne infectious diseases. 

(A) Neotoma spp. specimen collected in the state of Texas showing immature ticks on neck 

(photo courtesy of Matt Milholland). (B) Researcher inspecting a Mongoose (Herpstes 
auropunctatus) for ticks in Puerto Rico. (C) Team of researchers evaluating tick load on 

small mammals collected in the state of Texas.
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