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Ticks and the pathogens they transmit constitute a growing burden for human and animal health worldwide. In the last years, high-throughput detection and sequencing technologies (HTT) have revealed that individual ticks carry a high diversity of microorganisms, including pathogenic and non-pathogenic bacteria. Despite several studies have contributed to the availability of a catalog of microorganisms associated to different tick species, major limitations and challenges remain ahead HTT studies to acquire further insights on the microbial complexity associated to ticks. Currently, using next generation sequencing (NGS), bacteria genera (or higher taxonomic levels) can be recorded; however, species identification remains problematic which in turn affects pathogen detection using NGS. Microfluidic PCR, a high-throughput detection technology, can detect up to 96 different pathogen species, and its combination with NGS might render interesting insights into pathogenmicrobiota co-occurrence patterns. Microfluidic PCR, however, is also limited because detection of pathogen strains has not been implemented, and therefore, putative associations among bacterial genotypes are currently unknown. Combining NGS and microfluidic PCR data may prove challenging. Here, we review the impact of some HTT applied to tick microbiology research and propose network analysis as an integrative data analysis benchmark to unravel the structure and significance of microbial communities associated to ticks in different ecosystems.

Introduction

Ticks are hematophagous ectoparasites of vertebrates that derive nutrition through blood feeding and are efficient vectors of major pathogens. Feeding habits and the process of blood digestion in ticks greatly differ from that in hematophagous insects (e.g. mosquitoes) and may influence pathogen acquisition and transmission. In ticks, digestion is a slow intracellular process [START_REF] Arthur | Feeding in ectoparasitic Acari, with special reference to ticks[END_REF][START_REF] Balashov | Bloodsucking ticks (Ixodoidea)-Vectors of disease of man and animals (English translation)[END_REF]. Argasidae, or "soft ticks," feed quickly and several times during their lifetime (approximately 40-60 minutes per feeding in most species). In adult soft ticks, full digestion only proceeds once mating occurs. In contrast to soft ticks, Ixodidae, or "hard ticks," feed for longer periods of time. Adult virgin females of Ixodidae Metastriate ticks attach to the host and take only a small quantity of blood before mating [START_REF]Biology of Ticks[END_REF]. Mating induces females to fast feeding, increasing their weight approximately 100 times within few days [START_REF]Biology of Ticks[END_REF]. Thus, feeding times in female hard ticks can last from few days to weeks depending on the stage and the availability of males. After hatching from the eggs, the three following developmental stages (i.e. larvae, nymphs and adults) of Prostriate Ixodes ticks feed on different hosts. Potentially, while feeding on a host, each of these stages can transmit and acquire new pathogens [START_REF] Dantas-Torres | Ticks and tick-borne diseases: A one health perspective[END_REF]. Once acquired, most, if not all, tick-borne pathogens (TBPs) are transmitted transstadially (i.e. the ability of a microorganism to pass from one to the next developmental stage of the vector), and thus, ticks are 'hubs' in pathogen's circulation cycles [START_REF] Cabezas-Cruz | Tick-borne pathogen detection: What's new?[END_REF]. In consequence, a considerable proportion of ticks are found to be coinfected in field surveys [START_REF] Reis | Questing ticks in suburban forest are infected by at least six tick-borne pathogens[END_REF][START_REF] Eshoo | Broad-range survey of tick-borne pathogens in Southern Germany reveals a high prevalence of Babesia microti and a diversity of other tick-borne pathogens[END_REF][START_REF] Prusinski | Prevalence of Borrelia burgdorferi (Spirochaetales: Spirochaetaceae), Anaplasma phagocytophilum (Rickettsiales: Anaplasmataceae), and Babesia microti (Piroplasmida: Babesiidae) in Ixodes scapularis (Acari: Ixodidae) collected from recreational lands in the Hudson Valley Region, New York State[END_REF][START_REF] Moutailler | Co-infection of ticks: The rule rather than the exception[END_REF]. The above characteristics, among others, enable ticks to transmit a great variety of pathogens, including bacteria, viruses, protozoa and helminths, which constitute a growing burden for human and animal health worldwide [START_REF] Dantas-Torres | Ticks and tick-borne diseases: A one health perspective[END_REF][START_REF] De La Fuente | Tick-pathogen interactions and vector competence: Identification of molecular drivers for tick-borne diseases[END_REF]. Among arthropod vectors, ticks transmit the most diverse array of disease agents [START_REF] Wikel | Ticks and tick-borne infections: Complex ecology, agents, and host interactions[END_REF].

Despite tick biology favors the acquisition and transmission of a great diversity of pathogens, most studies on TBPs prevalence in ticks focused in single infections. This was probably influenced by technical limitations to detect multiple pathogens and, possibly, by the fact that initial discoveries on the role of ticks as vectors linked "one-pathogen" to "one-tick-species." After the first demonstration of pathogen transmission by ticks, when Smith and Kilbourne [START_REF] Smith | Investigators into the nature, causation, and prevention of Texas or southern cattle fever[END_REF] demonstrated that Rhipicephalus annulatus transmit Babesia bigemina, several studies established the role of ticks as vectors of several pathogens including Borrelia duttonii transmitted by Ornithodoros moubata [START_REF] Dutton | The nature of tick fever in the eastern part of the Congo Free State, with notes on the distribution and bionomics of the tick[END_REF]; Rickettsia rickettsii transmitted by Dermacentor andersoni [START_REF] Ricketts | Some aspects of Rocky Mountain spotted fever as shown by Handling the Microbial Complexity Associated to Ticks[END_REF]; Rickettsia conorii transmitted by R. sanguineus [START_REF] Brumpt | Longévité du virus de la fièvre boutonneuse (Rickettsia conorii,n. sp.) chez la tique Rhipicephalus sanguineus[END_REF]; and later, in the 1980s, B. burgdorferi s.l. responsible for Lyme borreliosis and transmitted by Ixodes spp. [START_REF] Burgdorfer | Lyme disease-a tick-borne spirochetosis?[END_REF][START_REF] Johnson | Borrelia burgdorferi sp. nov.: Etiological agent of Lyme disease[END_REF]. These initial discoveries may have influenced the conception of a "single-pathogen" epidemiology. Thus, until recently, our experimental and theoretical models of pathogen transmission by ticks were limited because they frequently included single pathogen species [START_REF] Cabezas-Cruz | Tick-borne pathogen detection: What's new?[END_REF]. Discoveries made using novel technologies [START_REF] Michelet | High-throughput screening of tickborne pathogens in Europe[END_REF], however, changed our current understanding of TBPs epidemiology: from the "single-pathogen" view, we are now at the bridge of unraveling the impact of "multiple-pathogen" in TBPs epidemiology. Coinfections, when multiple pathogen species coexist within an individual, are very common in ticks [START_REF] Moutailler | Co-infection of ticks: The rule rather than the exception[END_REF][START_REF] Diuk-Wasser | Coinfection by Ixodes tickborne pathogens: Ecological, epidemiological, and clinical consequences[END_REF][START_REF] Raileanu | Borrelia diversity and co-infections with other tick-borne pathogens in ticks[END_REF] and influence pathogen acquisition [START_REF] Thomas | Coinfection with Borrelia burgdorferi and the agent of human granulocytic ehrlichiosis alters murine immune responses, pathogen burden, and severity of Lyme arthritis[END_REF], transmission [START_REF] Diuk-Wasser | Coinfection by Ixodes tickborne pathogens: Ecological, epidemiological, and clinical consequences[END_REF] as well as host infection risk [START_REF] Telfer | Species interactions in a parasite community drive infection risk in a wildlife population[END_REF]. When pathogens share a reservoir, they can interact directly via pathogen-pathogen interactions [START_REF] Singer | Pathogen-pathogen interaction: A syndemic model of complex biosocial processes in disease[END_REF] and indirectly via host immune-mediation or they can also compete for host resources [START_REF] Johnson | Host and parasite diversity jointly control disease risk in complex communities[END_REF]. Within-host interactions are so strong that the dynamics of one pathogen, within a host and within a host population, cannot be understood without knowledge of other co-occurring pathogens [START_REF] Telfer | Species interactions in a parasite community drive infection risk in a wildlife population[END_REF][START_REF] Cattadori | Parasite co-infection and interaction as drivers of host heterogeneity[END_REF].

Pathogen coinfection in ticks can be studied by standard PCR using primers that detect known pathogens suspected to occur in a given tick species of a particular geographic region. This approach is the most frequently used; however, it is strongly biased and makes pathogen detection to be strongly influenced by particular research interests [START_REF] Cabezas-Cruz | Tick-borne pathogen detection: What's new?[END_REF]. This may be the reason why one of the most studied coinfection is that between two of the most prominent TBPs, Anaplasma phagocytophilum, an intracellular bacterium that causes human granulocytic anaplasmosis (HGA), and B. burgdorferi s.l., an extracellular bacterium that produces Lyme borreliosis [START_REF] Reis | Questing ticks in suburban forest are infected by at least six tick-borne pathogens[END_REF][START_REF] Prusinski | Prevalence of Borrelia burgdorferi (Spirochaetales: Spirochaetaceae), Anaplasma phagocytophilum (Rickettsiales: Anaplasmataceae), and Babesia microti (Piroplasmida: Babesiidae) in Ixodes scapularis (Acari: Ixodidae) collected from recreational lands in the Hudson Valley Region, New York State[END_REF][START_REF] Thomas | Coinfection with Borrelia burgdorferi and the agent of human granulocytic ehrlichiosis alters murine immune responses, pathogen burden, and severity of Lyme arthritis[END_REF][START_REF] Levin | Acquisition of coinfection and simultaneous transmission of Borrelia burgdorferi and Ehrlichia phagocytophila by Ixodes scapularis ticks[END_REF][START_REF] Des Vignes | Effect of tick removal on transmission of Borrelia burgdorferi and Ehrlichia phagocytophila by Ixodes scapularis nymphs[END_REF]. The approaches based on high-throughput technologies provided novel combinations of pathogen coinfections in ticks [START_REF] Moutailler | Co-infection of ticks: The rule rather than the exception[END_REF] with potential impact on vector competence. For example, Moutailler and colleagues [START_REF] Moutailler | Co-infection of ticks: The rule rather than the exception[END_REF] found 31 different pathogen confections in Ixodes ricinus ticks (see below and Table A1). The most important realization of the recent research, however, is that most of the tick-associated microorganisms are not pathogens. Likely mirroring the revolution in microbiota research in model organisms [START_REF] Broderick | Gutassociated microbes of Drosophila melanogaster[END_REF][START_REF] Ursell | Defining the human microbiome[END_REF][START_REF] Kroemer | Cancer immunotherapy in 2017: The breakthrough of the microbiota[END_REF], less than 10 years ago, tick researchers started applying next-generation sequencing (NGS) to explore the composition of tick microbiota [START_REF] Narasimhan | Tick microbiome: The force within[END_REF]. The results showed a higher diversity of bacteria genera associated to ticks [START_REF] Nakao | A novel approach, based on BLSOMs (batch learning self-organizing maps), to the microbiome analysis of ticks[END_REF] compared to model organisms like Drosophila melanogaster [START_REF] Broderick | Gutassociated microbes of Drosophila melanogaster[END_REF]. This was surprising because while ticks have a restricted diet, Drosophila feed on a variety of decaying matter which could be the source of a complex microbiota. Possibly, allowing a high bacterial diversity is part of the evolutionary strategy of ticks to cope with their complex life cycle and metabolic deficiencies.

A major challenge of high-throughput data is data analysis, and therefore, integrative analytical tools are needed to improve our current understanding of tickpathogen-microbiota interactions. Network analysis, a branch of graph theory, is a mathematical tool for the analysis of complex systems composed of many components which may interact with each other. Network analysis has been used to unravel complex microbial communities such as those present in soil [START_REF] Barberán | Using network analysis to explore co-occurrence patterns in soil microbial communities[END_REF], water [START_REF] Zancarini | Deciphering biodiversity and interactions between bacteria and microeukaryotes within epilithic biofilms from the Loue River, France[END_REF] and human [START_REF] Faust | Microbial co-occurrence relationships in the human microbiome[END_REF][START_REF] Sung | Global metabolic interaction network of the human gut microbiota for context-specific community scale analysis[END_REF] and tick microbiota [START_REF] Estrada-Peña | High throughput sequencing and network analysis disentangle the microbial communities of ticks and hosts within and between ecosystems[END_REF]. This chapter focuses on the impact of high-throughput technologies in the current understanding of the microbial complexity associated to ticks. In addition, we propose to combine highthroughput data with network analysis to gain new insights into the structure of microbial communities associated to ticks and their impact on pathogen circulation. Throughout this review, we will use the term "microbiota" as "the microbial taxa associated with a given host" and "microbiome" as "the catalog of these microbes and their genes." A distinction can be established between these terms, while the microbiome includes information about the microbiota composition, the latest term does not necessarily includes information about gene composition.

New technologies and the microbial universe of ticks 2.1 Microfluidic PCR

General background on the technology

Frequently, studies on TBPs prevalence in ticks focused mainly on bacteria and parasites and only few species or genera are targeted in each study. Detection assays (e.g. PCR, nested PCR or real-time PCR) are designed to detect a restricted number of pathogens that are known or suspected to be transmitted by particular tick species collected at a particular location. In addition to the "research interest" bias, using standard PCR methods, only few microliters of total DNA are available per sample, which limits the number of pathogens that can be tested in each sample and confirmation by sequencing becomes difficult. Ideally, to better understand the epidemiology of TBPs, researchers should be able to detect in each sample (i.e. individual ticks or tick pools) most of the pathogens that ticks could potentially transmit, regardless of the tick species or the location. For this purpose, Michelet and collaborators [START_REF] Michelet | High-throughput screening of tickborne pathogens in Europe[END_REF] have developed a new high-throughput tool to detect a high number of TBPs in a high number of samples by real-time PCR in a single experiment [START_REF] Michelet | High-throughput screening of tickborne pathogens in Europe[END_REF]. Briefly, they developed a chip (BioMark™ dynamic arrays, Fluidigm Corporation) targeting TBPs (bacteria and parasites) of worldwide distribution. The designed epidemiologic arrays may detect simultaneously 48 pathogens in 48 samples (or potentially 96 pathogens in 96 samples) corresponding to 2304 realtime microfluidic PCRs (or potentially 9216 real-time microfluidic PCRs). Specific primers and TaqMan probes were designed for each pathogen, and their specificity was tested in silico using Blast.

A brief workflow of the microfluidic PCR is provided Figure 1.Firstly,ticks are homogenized in cell culture medium (i.e. D-MEM) completed with 10% of fetal calf serum to preserve viral particles and separated into three aliquots: one dedicated to total DNA extraction, one to total RNA extraction and one conserved at À80°C for back-up. Secondly, RNAs are reverse transcribed into cDNA using random primers (only 1 μL of RNA is used per reaction), and then cDNA and DNA are preamplified with a pool of primers/probe targeting TBPs to increase the signal of TBPs relative to the signal of tick RNA/DNAs. Remarkably, only 1.25 μL per sample are needed to test all the pathogens simultaneously. Two different chips were run in the BioMark™ dynamic array system: one to detect RNA viruses using the preamplified cDNAs and the other to detect DNAs from bacteria/parasites using the preamplified DNAs. In the chip, samples and primers/probes are added into the right and left wells, respectively. Pressure and oil allow the distribution of each sample and primers/probe sets into the microfluidic PCR chambers in the middle of the chip. Each sample will be mixed with all the primers/probes sets and each primers/probe set will be mixed with all samples, allowing 2304 individual real-time PCRs at a final volume of six nanoliters per reaction. For further details, we refer the reader to [START_REF] Michelet | High-throughput screening of tickborne pathogens in Europe[END_REF].

Tick-borne pathogen coinfections revealed by microfluidic PCR

The first application of microfluidic PCR targeted 37 pathogens including Francisella tularensis, Coxiella burnetii, Candidatus Neoehrlichia mikurensis, five species of Anaplasma, three species of Ehrlichia, eight species of Borrelia (seven from the Lyme borreliosis group and one, B. miyamotoi, from the relapsing fever group), two species of Bartonella, four species of Rickettsia, ten species of Babesia and two species of Theileria [START_REF] Michelet | High-throughput screening of tickborne pathogens in Europe[END_REF]. To confirm the morphological characterization of the tick species analyzed and to control the quality of DNA extraction, primers specific to five species of ticks, including three species of Ixodes and two species of Dermacentor, were tested. Sensitivity of primers and probes was tested on a dilution range of reference DNAs of the targeted pathogens on a Lightcycler 480 real-time PCR system. Then, the specificity was tested on the BioMark™ dynamic array system. The resulting chip was further evaluated on field samples corresponding to 47 pools of 25 I. ricinus nymphs each collected in two sites per country in France, The Netherlands and Denmark, 7050 samples in total. Several pathogens were successfully detected, and the prevalence of A. phagocytophilum, Ca. N. mikurensis, Rickettsia helvetica, Bartonella henselae, five different genospecies of B. burgdorferi s. l., B. miyamotoi, B. divergens and B. venatorum was determined [START_REF] Michelet | High-throughput screening of tickborne pathogens in Europe[END_REF]. Positive samples were validated by PCR amplification and sequencing of selected gene fragments [START_REF] Michelet | High-throughput screening of tickborne pathogens in Europe[END_REF]. Notably, this study revealed for the first time the presence of five pathogens previously unreported in Denmark. This work highlighted the potential of unbiased pathogen detection. A similar tool targeting 22 tick-borne viruses (TBVs) has also been developed and evaluated on European ticks (unpublished data). These fast and low-cost tools allow comprehensive testing of TBPs and can be customized to fit regional demands or to accommodate new or emerging pathogens. Indeed, specific sets of primers/probe are continuously designed by our team. These tools represent a major improvement for surveillance and future epidemiological studies.

This new high-throughput technology has been used mainly during epidemiological studies of TBPs in specific countries with different tick species screened as I. ricinus in Ireland [START_REF] Zintl | Ticks and Tick-borne diseases in Ireland[END_REF] and Denmark [START_REF] Jensen | Transmission differentials for multiple pathogens as inferred from their prevalence in larva, nymph and adult of Ixodes ricinus (Acari: Ixodidae)[END_REF], Ornithodoros spp. in France [START_REF] Dupraz | Population structure of the soft tick Ornithodoros maritimus and its associated infectious agents within a colony of its seabird host Larus michahellis[END_REF], Rhipicephalus microplus in Galápagos Islands [START_REF] Gioia | Bovine anaplasmosis and tick-borne pathogens in cattle of the Galapagos 29 Handling the Microbial Complexity Associated to Ticks[END_REF] and TBVs in Hyalomma spp. ticks collected on migratory birds in Sweden [START_REF] Hoffman | Alkhurma hemorrhagic fever virus RNA in Hyalomma rufipes ticks infesting migratory birds, Europe and Asia Minor[END_REF]. Remarkably, this allowed the detection of expected pathogens (i.e. Borrelia species in I. ricinus), rare (i.e. Bartonella species in I. ricinus and Borrelia from the relapsing fever group in Ornithodoros spp.), or unexpected pathogens (i.e. Alkurma virus in Hyalomma spp.) in different regions.

Moreover, these high-throughput screenings of TBPs in individual ticks have highlighted the co-occurrence of several pathogens in one tick, known as tick coinfections. Before the use of this novel technique, tick coinfections were evaluated by classical PCR, nested PCR or real-time PCR, and related publications focused in few pathogens, less than 10 different genera screened per publication [START_REF] Gonçalves | Study on coinfecting vector-borne pathogens in dogs and ticks in Rio Grande do Norte, Brazil[END_REF][START_REF] Tappe | Revisited: Borrelia burgdorferi sensu lato infections in hard ticks (Ixodes ricinus) in the city of Hanover (Germany)[END_REF][START_REF] Asman | Detection of protozoans Babesia microti and Toxoplasma gondii and their coexistence in ticks (Acari: Ixodida) collected in Tarnogorski district (Upper Silesia, Poland)[END_REF][START_REF] Sytykiewicz | Coexistence of Borrelia burgdorferi s.l. genospecies within Ixodes ricinus ticks from central and eastern Poland[END_REF][START_REF] Liu | Study on co-infection of tick-borne pathogens in Ixodes persulcatus in Charles Hilary, Xinjiang Uygur autonomous region[END_REF][START_REF] Svitalkova | Candidatus Neoehrlichia mikurensis in ticks and rodents from urban and natural habitats of South-Western Slovakia[END_REF][START_REF] Xu | Passive surveillance of Ixodes scapularis (Say), their biting activity, and associated pathogens in Massachusetts[END_REF][START_REF] Zhang | Prevalence of severe febrile and thrombocytopenic syndrome virus, Anaplasma spp. and Babesia microti in hard ticks (Acari: Ixodidae) from Jiaodong Peninsula, Shandong Province[END_REF][START_REF] Hamsikova | Borrelia miyamotoi and co-infection with Borrelia afzelii in Ixodes ricinus ticks and rodents from Slovakia[END_REF][START_REF] Dedkov | The burden of tick-borne diseases in the Altai region of Russia[END_REF][START_REF] Paduraru | Zoonotic transmission of pathogens by Ixodes ricinus ticks, Romania[END_REF][START_REF] Zajac | Prevalence of infections and coinfections with 6 pathogens in Dermacentor reticulatus ticks collected in eastern Poland[END_REF][START_REF] Wagemakers | Borrelia miyamotoi in vectors and hosts in The Netherlands[END_REF][START_REF] Palomar | Presence of Borrelia turdi and Borrelia valaisiana (Spirochaetales: Spirochaetaceae) in ticks removed from birds in the North of Spain, 2009-2011[END_REF][START_REF] Koetsveld | Serological and molecular evidence for spotted fever group Rickettsia and Borrelia burgdorferi sensu lato coinfections in The Netherlands[END_REF][START_REF] Raulf | Association of Borrelia and Rickettsia spp. and bacterial loads in Ixodes ricinus ticks[END_REF][START_REF] Kjelland | Tickborne encephalitis virus, Borrelia burgdorferi sensu lato, Borrelia miyamotoi, Anaplasma phagocytophilum and Candidatus Neoehrlichia mikurensis in Ixodes ricinus ticks collected from recreational islands in southern Norway[END_REF]. After the year 2016, two publications have demonstrated the presence of up to five and four different pathogen species in I. ricinus female ticks collected in France and Romania, respectively, using this high-throughput system [START_REF] Moutailler | Co-infection of ticks: The rule rather than the exception[END_REF][START_REF] Raileanu | Borrelia diversity and co-infections with other tick-borne pathogens in ticks[END_REF]. The advantages of microfluidic PCR over classical PCR detection methods (i.e. qualitative PCR, nested PCR, or real-time PCR) can be summarized: (i) small amount of sample is needed for detection of tens of microorganisms, (ii) convenient and easy to implement when thousands of samples are to be tested and (iii) price per sample run is lower. Tick coinfections among bacteria, parasites and/or viruses described in the literature in the last 4 years are listed in Table A1. Not surprisingly, the most commonly found coinfections are those between Borrelia spp. and A. phagocytophilum or Rickettsia spp. as well as between different species of Borrelia included in the Lyme borreliosis group. Nevertheless, this result could reflect the reality or could be a bias resulting from the high quantity of research projects focusing on the above bacteria.

Challenges and perspectives

Unfortunately, only few publications are available regarding coinfection by bacteria and parasites or bacteria and viruses or parasites and viruses in ticks [START_REF] Xu | Passive surveillance of Ixodes scapularis (Say), their biting activity, and associated pathogens in Massachusetts[END_REF][START_REF] Zhang | Prevalence of severe febrile and thrombocytopenic syndrome virus, Anaplasma spp. and Babesia microti in hard ticks (Acari: Ixodidae) from Jiaodong Peninsula, Shandong Province[END_REF][START_REF] Dedkov | The burden of tick-borne diseases in the Altai region of Russia[END_REF][START_REF] Zajac | Prevalence of infections and coinfections with 6 pathogens in Dermacentor reticulatus ticks collected in eastern Poland[END_REF][START_REF] Moutailler | Diversity of viruses in Ixodes ricinus, and characterization of a neurotropic strain of Eyach virus[END_REF]. To solve this gap of information regarding inter-taxa coinfections, a system to detect simultaneously bacteria, parasites and viruses will be, without any doubt, an improvement of available tools. Nevertheless, even if this high-throughput system allows a rapid detection of numerous pathogens present in a high number of samples, confirmation of doubtful results or presence of unexpected pathogens should be confirmed by classical or nested PCR. Knowing the fact that for each pathogen different genotypes/strains could exist, this confirmation step could allow us to sequence different genes per pathogen leading to a better characterization of the epidemiological history of TBPs present in the targeted region/ecosystem.

High-throughput identification of pathogen strains would be also a significant improvement to current microfluidic PCR protocols. Genetic diversity of bacteria species resulting in novel strains can be associated to changes in pathogenicity, virulence and host specificity. A classic example of this is that different strains of the bacterium Escherichia coli can provide health benefits or produce deadly diseases. In particular, E. coli strain Nissle 1917 is used as a probiotic [START_REF] Scaldaferri | Role and mechanisms of action of Escherichia coli Nissle 1917 in the maintenance of remission in ulcerative colitis patients: An update[END_REF] and E. coli strain O157:H7 has been responsible for a number of deadly food-borne pathogen outbreaks [START_REF] Gally | Microbe profile: Escherichia coli O157:H7-Notorious relative of the microbiologist's workhorse[END_REF]. It has been reported that multiple strains of A. phagocytophilum circulate in Europe, with minimal overlap in their reservoir associations [START_REF] Aardema | Varying influences of selection and demography in host-adapted populations of the tick-transmitted bacterium, Anaplasma phagocytophilum[END_REF]. One of these strains is a generalist infectingawiderangeofmammalianspecies, including livestock and other domestic animals [START_REF] Bown | Delineating Anaplasma phagocytophilum ecotypes in coexisting, discrete enzootic cycles[END_REF][START_REF] Huhn | Analysis of the population structure of Anaplasma phagocytophilum using multilocus Handling the Microbial Complexity Associated to Ticks[END_REF][START_REF] Van Der Giessen | Circulation of four Anaplasma phagocytophilum ecotypes in Europe[END_REF]. A second strain appears to specialize almost exclusively on roe deer [START_REF] Aardema | Varying influences of selection and demography in host-adapted populations of the tick-transmitted bacterium, Anaplasma phagocytophilum[END_REF]. Both of these strains are transmitted by I. ricinus and both could affect humans. A third strain has a host range restricted to rodents and is circulated by I. trianguliceps [START_REF] Bown | Delineating Anaplasma phagocytophilum ecotypes in coexisting, discrete enzootic cycles[END_REF]. Targeting different A. phagocytophilum strains in a high-throughput system may allow studying not only tick vector specificity of this bacterium but also coinfections among and between strains of A. phagocytophilum and other pathogens. Thus, systematic detectionofpathogenstrainsusinghigh-throughput approaches would provide a more comprehensive view of TBPs diversity and may inform on host specificity and the emergence of novel TBPs. By including primers/probe sets targeting pathogen strain-specific markers, current microfluidic PCR protocols can be updated for strains detection and identification.

An additional challenge to high-throughput detection is how to detect novel strains or species. The emergence of novel pathogens is a dynamic process. For example, a novel species of Ehrlichia, E. minasensis [START_REF] Cabezas-Cruz | Ehrlichia minasensis sp. nov., isolated from the tick Rhipicephalus microplus[END_REF], evolved from variable strains of the pathogen E. canis [START_REF] Cabezas-Cruz | The glycoprotein TRP36 of Ehrlichia sp. UFMG-EV and related cattle pathogen Ehrlichia sp. UFMT-BV evolved from a highly variable clade of E. canis under adaptive diversifying selection[END_REF], and it was associated to new invertebrate and vertebrate hosts. While the common tick vector for E. canis is R. sanguineus s.l. [START_REF] Bremer | Transstadial and intrastadial experimental transmission of Ehrlichia canis by male Rhipicephalus sanguineus[END_REF], E. minasensis was isolated from R. microplus hemolymph [START_REF] Cabezas-Cruz | New species of Ehrlichia isolated from Rhipicephalus (Boophilus) microplus shows an ortholog of the E. canis major immunogenic glycoprotein gp36 with a new sequence of tandem repeats[END_REF], and while E. canis is mainly pathogenic for dogs [START_REF] Zweygarth | In vitro culture and structural differences in the major immunoreactive protein gp36 of geographically distant Ehrlichia canis isolates[END_REF], E. minasensis was found to be pathogenic for cattle [START_REF] Cabezas-Cruz | Ehrlichia minasensis sp. nov., isolated from the tick Rhipicephalus microplus[END_REF][START_REF] Aguiar | A novel Ehrlichia genotype strain distinguished by the TRP36 gene naturally infects cattle in Brazil and causes clinical manifestations associated with ehrlichiosis[END_REF]. An alternative for the detection of novel pathogen strains or novel pathogens closely related to recognized pathogen species is the amplification and sequencing of genetic markers followed by phylogenetic analysis to assess strain diversity in samples positive to given pathogens. Emergence of novel strains is frequently associated with genetic variability in surface proteins which can be used as genetic markers to assess strain diversity [START_REF] Cabezas-Cruz | The glycoprotein TRP36 of Ehrlichia sp. UFMG-EV and related cattle pathogen Ehrlichia sp. UFMT-BV evolved from a highly variable clade of E. canis under adaptive diversifying selection[END_REF][START_REF] Zweygarth | In vitro culture and structural differences in the major immunoreactive protein gp36 of geographically distant Ehrlichia canis isolates[END_REF].

Finally, high-throughput quantification of TBPs in tick organs could be a useful approach to assess some components of tick vector competence, for example, vector colonization by pathogens. It is known that the simple detection of pathogen DNA in a tick does not demonstrate the vector competence of this tick species for this pathogen. Vector competence depends effectively on genetic factors determining the ability of a vector to transmit a pathogen and has to be demonstrated under controlled conditions [START_REF] De La Fuente | Tick-pathogen interactions and vector competence: Identification of molecular drivers for tick-borne diseases[END_REF]. A typical TBP colonizes tick midgut and migrates to salivary glands to be transmitted with tick saliva to the host. The detection and quantification of the pathogen in different organs including midgut and salivary glands could be a step forward from pathogen detection to tick vector competence assessment. As an example, Berggoetz et al. [START_REF] Berggoetz | Protozoan and bacterial pathogens in tick salivary glands in wild and domestic animal environments in South Africa[END_REF] detected different pathogens (i.e. Babesia,Theileria, Anaplasma and Ehrlichia) with variable prevalence in the salivary glands of four tick species (Rhipicephalus evertsi evertsi, Rhipicephalus decoloratus, Amblyomma hebraeum and Hyalomma rufipes) collected in ruminants. In addition to describe new vector-pathogen combinations, this approach using tick organs allowed to detect Theileria bicornis,Theileria sp. (giraffe), Theileria sp. (Kudu) and Babesia sp. (sable) for the first time in ticks and more precisely in salivary glands suggesting vector competence of the studied tick species. As another example, Budachetri et al. [START_REF] Budachetri | An insight into the microbiome of the Amblyomma maculatum (Acari: Ixodidae)[END_REF] detected Rickettsia parkeri,knowntocausehuman rickettsiosis, in the midgut, salivary glands and the saliva of questing ticks Amblyomma maculatum. Detection and quantification of TBPs in tick organs can provide new insights into the distribution of pathogens within ticks in different ecological settings. High pathogen levels relative to negative controls and in salivary glands relative to midgut may inform on pathogen replication in tick tissues and thus vector colonization by pathogens. The BioMark™ dynamic array system offers the possibility to achieve this by using a specific chip dedicated to digital PCR. This technology has been used to quantify viruses in food and/or in different organs of mice, and it can be adapted to TBPs detection and quantification in different tick organs [START_REF] Moutailler | Co-infection of ticks: The rule rather than the exception[END_REF][START_REF] Coudray-Meunier | A novel high-throughput method for molecular detection of human pathogenic viruses using a nanofluidic real-time PCR system[END_REF].

Next-generation sequencing

General background on the technology

During the past decade, NGS technologies have provided new insights into microbial community dynamics and ecology. These tools allow high-throughput analysis of complex and diverse microbial communities in multiple ecosystems such as soils and aquatic systems or in the microbiota of host organisms such as plant, animals and humans. With the development of these new sequencing approaches, it has definitively become faster and more economical to comprehensively evaluate the complexity of microbial species and strains in various ecosystems. Three main sequencing strategies are commonly used to study microbial communities: (i) marker gene approaches (i.e. SSU rRNA genes) with amplicon sequencing to identify microbiota composition (the 16S rRNA gene being the most used), (ii) shotgun metagenomics to characterize the functional potential of the microbiome and (iii) shotgun metatranscriptomics to determine actively expressed genes [START_REF] Dhariwal | Microbiome analyst: A web-based tool for comprehensive statistical, visual and meta-analysis of microbiome data[END_REF]. For further details on these different sequencing approaches, the reader is referred to [START_REF] Boughner | Microbial ecology: Where are we now?[END_REF][START_REF] Greay | Recent insights into the tick microbiome gained through next-generation sequencing[END_REF].

Tick microbial communities revealed by NGS

While ticks are known to be one of the main vectors of various pathogenic agents [4, 9, 10, 20, 73, 79, 80], it is now recognized that TBPs in ticks coexist with microorganisms considered non-pathogenic for humans. Studies using NGS have shown that specific TBPs are frequently found together with other pathogens, symbionts and commensals [START_REF] Bonnet | The tick microbiome: Why non-pathogenic microorganisms matter in tick biology and pathogen transmission[END_REF]. This tick microbial complex, recently named "pathobiome" [START_REF] Vayssier-Taussat | Shifting the paradigm from pathogens to pathobiome: New concepts in the light of meta-omics[END_REF][START_REF] Vayssier-Taussat | Emerging horizons for tickborne pathogens: From the one pathogen-one disease vision to the pathobiome paradigm[END_REF], is influenced by the environment, and the interactions between its different components might influence pathogen acquisition by ticks and transmission to the host. In this context, the identification and characterization of tick microbiota has become essential to understand tick-pathogen interactions [START_REF] Narasimhan | Gut microbiota of the tick vector Ixodes scapularis modulate colonization of the Lyme disease spirochete[END_REF][START_REF] Abraham | Pathogenmediated manipulation of arthropod microbiota to promote infection[END_REF]. While at the beginning of the twenty-first century, some studies started to characterize microbial communities associated to ticks using fingerprinting approaches (e.g. [START_REF] Moreno | Molecular analysis of microbial communities identified in different developmental stages of Ixodes scapularis ticks from Westchester and Dutchess Counties, New York[END_REF][START_REF] Van Overbeek | Diversity of Ixodes ricinus tickassociated bacterial communities from different forests[END_REF]), the development of NGS technologies allowed higher resolution in the identification of tick microbiota bacteria and revealed an unexpected microbial diversity in these arthropods [START_REF] Carpi | Metagenomic profile of the bacterial communities associated with Ixodes ricinus ticks[END_REF][START_REF] Lalzar | Composition and seasonal variation of Rhipicephalus turanicus and Rhipicephalus sanguineus bacterial Handling the Microbial Complexity Associated to Ticks[END_REF][START_REF] Zolnik | Microbiome changes through ontogeny of a tick pathogen vector[END_REF]. The general workflow commonly used to study tick microbiota using NGS is presented in Figure 1.

Since the first study using NGS to describe the bacterial diversity in the cattle tick R. microplus [START_REF] Andreotti | Assessment of bacterial diversity in the cattle tick Rhipicephalus (Boophilus) microplus through tagencoded pyrosequencing[END_REF], different NGS technologies have been applied to identify the microbiota of various tick species. In consequence, the microbiota of several tick species of the genera Ixodes, Dermacentor, Haemaphysalis, Rhipicephalus and Amblyomma has been studied, and its composition in different locations was reported. A review of studies using these tools and describing tick microbial community composition at the genera level is presented in Table A2. Focusing on metagenomics approaches, both Illumina MiSeq and 454 pyrosequencing represented the most used sequencing techniques, even though the Illumina chemistry is now the most used due to the higher number of sequences generated by this approach. Most of our knowledge about tick microbial diversity and composition comes from sequencing the 16S rRNA gene based on DNA extracts (Table A2). Interestingly, the diversity of genus-specific microorganisms detected in ticks varies among the main tick genera (Figure 2). While a large number of bacterial genera are exclusively associated with Ixodes, not a single bacteria genus was found yet to be exclusively associated to Dermacentor (Figure 2). Whether this is related with the fact that more studies are available on Ixodes spp. (i.e. [START_REF] Johnson | Borrelia burgdorferi sp. nov.: Etiological agent of Lyme disease[END_REF]) than on Dermacentor (i.e. [START_REF] Prusinski | Prevalence of Borrelia burgdorferi (Spirochaetales: Spirochaetaceae), Anaplasma phagocytophilum (Rickettsiales: Anaplasmataceae), and Babesia microti (Piroplasmida: Babesiidae) in Ixodes scapularis (Acari: Ixodidae) collected from recreational lands in the Hudson Valley Region, New York State[END_REF]), microbiota is unknown; however, this finding warrants further research. Not only Ixodes has the highest number of genus-specific microorganisms (Figure 2), but it can also accommodate most of the bacteria found in other tick genera (Figure 3). Despite clear differences in the microbial communities of different tick genera (Figures 2 and3), several bacteria genera were shared by all tick genera including Rickettsia, Pseudomonas, Acinetobacter, Coxiella and Flavobacterium. These findings should be approached under the hypothesis that these bacteria have a deep influence on the physiological processes of the tick or they would be not tightly associated to such diverging tick genera [START_REF] Bonnet | The tick microbiome: Why non-pathogenic microorganisms matter in tick biology and pathogen transmission[END_REF].

Challenges and perspectives

NGS methods have improved increasing in sequencing depth (i.e. a higher number of sequences obtained per sample) and thus a better estimation of the microbial diversity. However, the read length of the most widely used sequencing platforms today is very short (few hundreds base pairs) and requires the researchers to choose a region of the 16S rRNA gene to sequence. For NGS purposes, the 16S rRNA gene is divided into nine regions (i.e. V1-V9). Most of the previous studies that used the 454 pyrosequencing approach amplified the V1-V3 region (Table A2). Studies that used the MiSeq approach mainly amplify the second part of the 16S rRNA gene with the V3-V4/V3-V5 or V5-V6 regions (Table A2). In this context, many bacteria genera may share the same amplified region, and the taxonomic resolution of profiling is inherently limited with incomplete information on tick microbial composition at the species level. There is a need for a simple 16S rRNA gene-based profiling approach that avoid the short read length to provide a much larger coverage of the gene to obtain higher taxonomic resolution in tick microbiota identification. The limitation of 16S rRNA gene sequencing (DNAbased) for microbial community analyses is the inability to differentiate between active and non-active cells. In comparison, 16S rRNA sequencing (RNA-based) can target metabolically active cells which produce rRNA. It is thus essential to include RNA and metatranscriptomic approaches to characterize the tick microbiota [START_REF] Vayssier-Taussat | Next generation sequencing uncovers unexpected bacterial pathogens in ticks in Western Europe[END_REF][START_REF] Sui | On the core bacterial flora of Ixodes persulcatus (Taiga tick)[END_REF][START_REF] Hernández-Jarguín | Integrated metatranscriptomics and metaproteomics for the characterization of bacterial microbiota in unfed Ixodes ricinus[END_REF]. In addition, limitations linked to the 16S rRNA gene sequencing include polymerase chain reaction (PCR) bias, resulting, as previously mentioned, in low taxonomic resolution (typically genus-level) and limited functional insight into the microorganisms. These limitations hamper our ability to investigate how the nonpathogenic members of the tick microbiota interact with the pathogens and influence their presence and transmission. One way to avoid these biases is to use whole genome sequencing (WGS) to sequence thousands of genes from hundreds of microorganisms in a given sample. By gaining access and annotating the whole genome, it would become possible to reconstruct the putative metabolism of individual microbial species and gain insight into their potential role in tick-borne pathogens and diseases.

Using NGS techniques, many studies described tick microbial community composition and diversity and reported lists of microorganisms associated to several tick species. However, as underlined by Shade [START_REF] Shade | Diversity is the question, not the answer[END_REF], diversity and composition without context provide limited insights into the mechanisms underpinning community patterns. Measurement of microbial diversity should be the starting point for further inquiry of ecological mechanisms rather than the "answer" to community outcomes [START_REF] Shade | Diversity is the question, not the answer[END_REF]. Studying microbial communities associated to ticks needs thus contextual data, and it appears crucial to know the dynamics in space and time of these communities and the influence of environmental factors on their dynamics. In addition to factors associated with tick biology, the composition of tick microbial communities can be highly variable due to environmental factors such as biogeography, temperature, light-dark cycles, hygrometry, and vegetation [87-89, 96, 97]. Future studies on tick microbiota will have to consider these different variables and define more deeply their role in the dynamics of microbial communities associated to ticks. Biotic interactions are also important drivers of diversity, and the nature and strength of interactions can result in complex multimember interactions. Considering the pathobiome concept, one additional challenge for the understanding and control of tick-borne diseases is to increase the measurements of microbial diversity and calls for identifying potential associations/interactions between pathogens and other tick microbes. Finally, after identifying the tick microbiota including symbionts, it becomes crucial to determine the relationships between ticks and these bacteria. Ticks are strict hematophagous arthropods, and this specific diet is limited in B vitamins. Duron et al. [START_REF] Duron | Tickbacteria mutualism depends on B vitamin synthesis pathways[END_REF] have recently demonstrated that the exploit of this unbalanced diet is possible because an intracellular bacterial symbiont of the genus Francisella supplies missing nutrients and that this nutritional symbiont is essential for tick development and survival to adulthood.

Similar studies have to be carried out in the future to better understand the complex roles of these symbionts in tick ecology.

Network analysis 3.1 General background on network analysis methodology

Networks are formed by components, known as nodes, and the relationships between these components are named links (Figure 4). The network may be undirected (there is not directionality in the link) or directed (there is directionality in the link). In microbial networks, each node represents a species and each link, representing co-occurring bacteria, resulting in undirected networks. Directed networks would be those resulting from, for example, parasites "on" vectors or microbes "in" a reservoir. The complete set of records can be then weighted according to the number of times one node is linked to another node (Figure 4). Several indices can be used to measure network properties from which the relationships among the co-occurring bacteria are derived. The degree centrality (DC, i.e. number of links connecting a given node to other nodes) is the most basic measure of a network and is calculated after weighting the total number of records containing this interaction. The DC provides an estimation of the strength of the association but does not evaluate the importance of each node in the context of the network. The node betweenness centrality (NBC) indicates how often a node is found on the shortest path between two nodes in the network [START_REF] Vázquez | Asymmetric specialization: A pervasive feature of plant-pollinator interactions[END_REF]100]. The implicit meaning of the NBC in microbial networks is the importance of a node in the flow of other components of the network and is considered a basic index defining the relative importance of a node in an ecological network. The PageRank 

A schematic explanation of the construction of networks for co-occurring bacteria in the microbiome. (A) A network is composed of nodes (circles) and links (lines). Each pair of bacteria that co-occur is connected by a link. The absence of a link means that a given pair of bacteria was not found to co-occur in any carrier. (B) The relative importance of each bacterial taxa and the importance of the links between co-occurring bacteria can be measured with indexes of centrality. In the schematic representation, larger circles mean higher centrality and wider links mean frequently detected co-occurring bacteria. Then, clustering algorithms (C) can detect communities of co-occurring bacteria (randomly colored in the figure). Once the complete network is built (D), results can be translated to a phylogenetic tree of the detected taxa to obtain important indexes of phylogenetic diversity and tracking the phylogenetic signal of the quantitative traits of the network (E).

(PR) is an index of centrality that assigns a universal rank to nodes based on the importance of the other nodes to which it is linked. Therefore, the NBC and PR are complementary measures for capturing the importance of each node in the linkage of other nodes throughout the network. These three indexes capture the ecological relationships between the interacting partners.

Real-world networks have been shown to separate into logical clusters in which nodes are tightly connected to each other but only loosely connected to nodes outside of their module [START_REF] Bastolla | The architecture of mutualistic networks minimizes competition and increases biodiversity[END_REF]. They thus represent sets of organisms that interact more among them than with the others. This modularity separates the complete network into compartments that can be observed as naturally segregated niches in which a subset of taxa has a statistically higher affinity among them than with other species in the network.

Network analysis to disentangle the microbial complexity associated with ticks

The important value of the tick microbiota is the ecological interpretation of the associations or co-occurrence rates of the microorganisms detected in a collection of ticks. Whether these ticks were collected in different ecosystems, or associated to different hosts, or surveyed at different time intervals, the most important purpose is capturing the ecological meaning of these associations among the detected bacteria. Therefore, it is necessary to determine the relationships among the microorganisms, identify 'dominant' taxa in the microbiota and to study how they interact.

It is logical to assume that microorganisms that co-occur in the network are those that "overlap in the habitat" provided by the carrier of a given microbiota. This high co-occurrence likely ensures cohesiveness and persistence of the network improving the circulation of the microorganisms. Most important, a phylogenetic tree of the detected bacteria can be built, and the indexes of centrality can be tracked over the branches of the resulting tree (Figure 4). This is commonly known as "tracking the phylogenetic signal of quantitative traits" [START_REF] Keck | Phylosignal: An R package to measure, test, and explore the phylogenetic signal[END_REF]. A common empirical observation for organisms is that continuous traits (i.e. morphological features, or the occupancy of ranges of the variables shaping its environmental niche) of closely related species in a phylogeny are often similar, meaning that these traits are under selection pressure. The link between phylogeny and continuous trait values is commonly referred in the literature as the phylogenetic signal. Therefore, it is possible to test the phylogenetic signal of the network indexes, which are actually quantitative traits, over the branches of the tree. Several indexes and dedicated computer packages are available to measure the phylogenetic signal [START_REF] Keck | Phylosignal: An R package to measure, test, and explore the phylogenetic signal[END_REF]. Tracking these indexes on the phylogenetic tree explains the relative importance of the taxa of the microbiota and how it is organized in a population of ticks. The phylogenetic distance of the microorganisms detected in ticks can be calculated. This could be used to evaluate the phylogenetic diversity carried by ticks according to the habitat, the season of the year or the environmental conditions driving the tick phenology and survival. It is necessary to stress that an index of phylogenetic distance, together with the centrality indexes of the realized network, provides ecological or possibly physiological information of the microbiota composition. This cannot be achieved by listing bacterial taxa.

Most of the guidelines expressed above have been addressed in a recent study on the microbiota of Ixodes ricinus ticks and one of its main hosts, the vole Myodes glareolus [START_REF] Estrada-Peña | High throughput sequencing and network analysis disentangle the microbial communities of ticks and hosts within and between ecosystems[END_REF]. In this study, NGS was combined with network analysis to measure the impact of the ecosystem in the composition of tick and vole microbiota. One of the main conclusions of the study is that the similarity of the microbiota between ticks and hosts is low, with a clear impact on the type of ecosystem in which ticks were collected on the resulting microbiota. These findings could be a consequence of the different range of hosts available for the tick in two different ecosystems. Regardless of the causes of these findings, the study demonstrated that the tick microbiota seems to be optimized for the co-occurrence of bacteria with low phylogenetic similarities. This could be interpreted in two ways: (i) the high phylogenetic diversity of bacteria in ticks evolved to decrease the competition for the 'tick niche' of closely related taxa, since it is expected that largely divergent taxa would have very different requirements in the tick and (ii) the microbiome is organized to provide the tick with a large number of bacterial metabolic routes that benefit the physiological processes of the tick; therefore, a high diversity of taxa in a tick would ensure a high diversity of these 'physiological complementarity' supporting the physiology of the tick in many different ways. The lack of empirical data in this field warrants further research, either from field studies or from laboratory controlled studies.

The current impossibility to obtain germ-free ticks is a gap in this field of study. Colonization of ticks with single species of bacteria could help to understand the contribution of individual bacteria to tick physiology. However, accumulating evidence demonstrated that most of these bacteria are fundamental for tick physiological processes and survival in the environment. Therefore, the information about the ecological and physiological relationships between the tick and the microbiome must be obtained from field surveys and subjected to big data analysis as proposed before. We firmly believe that the next step forward in the field of tick microbiome must be a change of paradigm from 'taxonomical listing' to the functional characterization of tick microbiome in the environment. Classic statistics can be of little help in such task.

Conclusions

High-throughput technologies have improved our current understanding of the microbial complexity associated to ticks. These technologies allowed us to move from the "one-tick-one-pathogen" paradigm to the "one-tick-manymicroorganisms" paradigm. This new concept can be summarized: ticks are associated with complex microbial communities, including pathogenic and nonpathogenic microorganisms, which interact between them and with the vector and are together under the influence of the environment. Future developments may be related with the characterization of tick microbiome at the species level and with inclusion of strain diversity analysis in high-throughput pathogen detection. Finally, high-throughput data analysis could benefit from tools assessing the relevance and contribution of individual nodes of the microbial network. Network analysis can be used to calculate co-occurrence patterns and centrality indexes that may assist in the identification of highly important members of tick microbiota. 
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 1 Figure 1.General workflows of high-throughput screening of ticks using the real-time microfluidic PCR system and NGS.

Figure 2 .

 2 Figure 2.Bacteria genera found across tick genera. The figure is a cladogram displaying the phylogenetic relation among major tick genera. Information on bacteria genera specific to each tick genus was collected from published data available in TableA2. The cladogram is based on a maximum parsimony phylogenetic tree of subolesin nucleotide sequences that were aligned using MAFFT followed by codon alignment. The final alignment contained 576 total sites of which 329 were gap-free. Bootstrap values (500 replicates) are shown next to the branches. Branches were collapsed at the genus level. Sequences were collected from GenBank and transcriptome projects, and accession numbers are as follow: Ixodes scapularis (AY652654), I. persulcatus (KM888876), I.ricinus (JX193817), I. ariadnae (KM455971), I. hexagonus (JX193818), Rhipicephalus evertsi (JX193846), R. appendiculatus (DQ159967), R. microplus (EU301808), R. sanguineus (JX193845), R. haemaphysaloides (KP677498), R. annulatus (JX193844), R. decoloratus (JX193843), R. zambeziensis (GFPF01005851), R. bursa (GFZJ01017781), R. pulchellus (GACK01006228), Dermacentor silvarum (JX856138), D. sinicus (KM115649), D. marginatus (KU973622), D. variabilis (AY652657), D. reticulatus (JX193847), Amblyomma variegatum (JX193824), A. hebraeum (EU262598), A. cajennense (JX193823), A. americanum (JX193819), A. maculatum (JX193825), A. aureolatum (GFAC01005925), A. triste (GBBM01002796), A. sculptum (GFAA01000261), Hyalomma anatolicum (KT981976), H. rufipes (JX193849, H. marginatum (DQ159971), H. excavatum (GEFH01000904), Haemaphysalis longicornis (EU289292), Hae. elliptica (JX193850), Hae. qinghaiensis (EU326281), Hae. flava (KJ829652), Hae. punctata (DQ159972), Ornithodoros moubata (JX193852), O. savignyi (JX193851), O. turicata (GDIE01114362), O. erraticus (HM622148), and O. rostratus (GCJJ01005500).
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 3 Figure 3. Bacteria genera shared by major tick genera. Information on bacteria genera shared by more than one tick genera was collected from published data available in Table A2. For figure display reasons, the bacteria genera shared by Ixodes, Rhipicephalus and Amblyomma are not shown. These three tick genera share bacteria of the genera Corynebacterium and Propionibacterium.

Figure 4 .

 4 Figure 4.A schematic explanation of the construction of networks for co-occurring bacteria in the microbiome. (A) A network is composed of nodes (circles) and links (lines). Each pair of bacteria that co-occur is connected by a link. The absence of a link means that a given pair of bacteria was not found to co-occur in any carrier. (B) The relative importance of each bacterial taxa and the importance of the links between co-occurring bacteria can be measured with indexes of centrality. In the schematic representation, larger circles mean higher centrality and wider links mean frequently detected co-occurring bacteria. Then, clustering algorithms (C) can detect communities of co-occurring bacteria (randomly colored in the figure). Once the complete network is built (D),results can be translated to a phylogenetic tree of the detected taxa to obtain important indexes of phylogenetic diversity and tracking the phylogenetic signal of the quantitative traits of the network (E).

Table A1 .

 A1 Coinfections reported in the literature in the last 4 years.

	Handling the Microbial Complexity Associated to Ticks			
	DOI: http://dx.doi.org/10.5772/intechopen.80511			
	Tick species Tick species	Tick Tick	Bacteria detected Bacteria detected	Technique of Technique of	Country References Country References
		stage stage		detection detection		
	I. ricinus	Adults Adults	Rickettsiella, Rickettsia, Rickettsia, Wolbachia,	Ion torrent [16S	Australia [104]
			Midichloria, Paenibacillus, Sphingomonas,	[V1-V2])		
			Borrelia, Lactococcus, Ralstonia Methylobacterium, Pseudomonas			
		Nymphs Borrelia, Escherichia, Rickettsia, Nymphs Rickettsia, Acidovorax,	454 454	Italy America [84] [88]
		Adults	Candidatus Neoehrlichia, Wolbachia, Methylobacterium, Novosphingobium, Aquabacterium	pyrosequencing [16S (V6)] pyrosequencing [16S (V2)]		
		Mycobacterium, Nymphs Acinetobacter, Rickettsia, Phyllobacterium, Sphingomonas, Hymenobacter, Pseudomonas, Staphylococcus, Enterococcus, Williamsia Lysinibacillus, Corynebacterium, Adults	MiSeq [16S (V4)]	America [85]
		Adults	Borrelia, Escherichia, Rickettsia, Delftia			
	I. affinis	Adults	Candidatus Neoehrlichia, Hymenobacter, Pseudomonas, Phyllobacterium, Sphingomonas, Mycobacterium, Methylobacterium, Borrelia Methylobacterium, Rickettsia (>70%),	V4)] [16S (V1-V3; pyrosequencing MiSeq-454	America [97]
	I. holocyclus	Adults	Williamsia Wolbachia, Sphingobacterium,	Ion Torrent [16S	Australia [104]
		Nymphs Anaplasma, Coxiella, Ehrlichia, Francisella Adults Paenibacillus, Clostridium Borrelia, Rickettsia, Bartonella, Nocardioides, Streptomyces, Hymenobacter, Friedmaniella,	Hiseq (bacteria) France [V1-V2])	[92]
		Adults Nymphs Propionibacterium, Borrelia, Ehrlichia, Ca midichloria, Spiroplasma, Ca. Midichloria, Ralstonia Anaplasma, NeoEhrlichia Staphylococcus, Streptococcus, Corynebacterium,	RNA seq (bacteria) (V1-V2)] MiSeq [16S	Czech Republic	[94] [105]
		Adults Adults	Borrelia, Lactobacillus, Streptococcus, Ureaplasma, Grimontia, Bacillus, Luteimonas, Vibrio, Rickettsia Propionibacterium, Mycobacterium, Corynebacterium, Streptococcus, Ca. Midichloria, Ralstonia	454 pyrosequencing (Bacteria and Archaea)	Japan	[32]
	I. persulcatus I. ovatus	Adults Adults	Proteus, Acinetobacter, Rickettsia, Pseudomonas Ehrlichia, Rickettsia, Spiroplasma, Coxiella,	MiSeq [16S pyrosequencing (V4)] 454	China Japan	[50] [106]
		Adults	Rickettsia, Spiroplasma, Leptotrichia	454 [16S (V1-V3)]	Japan	[106]
		Adults	Coxiella Mycoplasma, Clostridium, Rickettsia, Ureaplasma,	pyrosequencing pyrosequencing [16S (V1-V3)] 454	Japan	[32]
		Adults	Pseudomonas, Sphingomonas, Ehrlichia, Helicobacter,	MiSeq [16S (V3-(Bacteria and	Russia	[107]
			Acidovorax Francisella, Borrelia	V5)] Archaea)		
	I. pacificus	Adults Nymphs Rickettsia, Methylobacterium, Pseudomonas, Enterobacter,	Hiseq (bacteria) China MiSeq (16S) America [110] [93]
			Serratia, Stenotrophomonas, Flavobacterium, Sphingomonas			
		Adults	Achromobacter Rickettsia, Methylobacterium			
	I. pavlovskyi	Adults Adults	Chlamydophila, Ureaplasma, Streptococcus, Helicobacter, Campylobacter, Prochlorococcus, Borrelia, Janthinobacterium Chryseobacterium, Escherichia, Acinetobacter, Rickettsia,	454 Archaea) (Bacteria and V5)] pyrosequencing MiSeq [16S (V3-	Japan Russia	[32] [107]
	Amblyoma	Mycoplasma, Clostridium Nymphs Rickettsia, Coxiella, Borrelia,	454	America [111]
	I. scapularis americanum	Adults	Rickettsia, Brevibacillus Wolbachia, Midichloria, Ehrlichia, Pseudomonas	454 pyrosequencing pyrosequencing [16S (V1-V3)]	America [108]
		Adults	Rickettsia, Coxiella, Borrelia,	[16S (V1-V3)]		
		Adults	Rickettsia, Francisella Wolbachia, Midichloria, Ehrlichia, Pseudomonas	454 pyrosequencing	America [109]
		Nymphs Rickettsia, Coxiella	[16S (V1-V3)]		[112]
		Nymphs Rickettsia, Sphingomonas,	MiSeq [16S (V3-	America [90]
			Rhizobium	V4)]		
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 A2 Ticks and Tick-Borne Pathogens Handling the Microbial Complexity Associated to Ticks DOI: http://dx.doi.org/10.5772/intechopen.80511 NGS studies and tick microbiota composition reported in the literature. 25 Handling the Microbial Complexity Associated to Ticks DOI: http://dx.doi.org/10.5772/intechopen.80511 Research and Postdoctoral Affairs. 2016; 4:3-17. DOI: 10.14304/SURYA.JPR. V4N11.2

	Ticks and Tick-Borne Pathogens			
	Tick species Tick species Tick species	Tick Tick Tick	Bacteria detected Bacteria detected Bacteria detected	Technique of Technique of Technique of	Country References Country References Country References
		stage stage stage		detection detection detection		
	D. silvarum H. wellingtoni	Adults Adults Nymphs Coxiella, Rickettsia, Bacillus, Rickettsia, Midichloria, Pseudomonas, Coxiella,	454 Ion Torrent	China Malaysia [122] [121]
		Adults	Coxiella, Ehrlichia, Sphingomonas Rickettsia, Acinetobacter Mycobacterium, Sphingomonas, Pseudomonas	pyrosequencing [16S (V3-V4)] [16S (V6)]		
	D. variabilis R. annulatus	Adults Adults Adults	Coxiella, Brevibacterium, Francisella, Brevibacillus, Flavobacterium, Curvibacter,	MiSeq [16S(V3-454 454	[113] America [108] Turkey [119]
			Rickettsia, Staphylococcus Arsenophonus, Acidovorax, Stenotrophomonas,	V4)] pyrosequencing pyrosequencing		
	R. microplus	Adults Adults	Hymenobacter, Flavobacterium, Rickettsia, Methylobacterium, Stenotrophomonas, Shigella, Variovorax Mycobacterium, Rickettsia Achromobacter, Staphylococcus,	MiSeq [16S(V1-V4)] [16S (V1-V3)] [16S (V1-V3)] 454	[114] America [91]
		Adults	Ehrlichia, Burkholderia, Francisella, Arsenophonus Corynebacterium, Pseudomonas,	454 pyrosequencing	America [109]
			Anaplasma Bacillus, Coxiella	pyrosequencing [16S (V1-V3)]		
	R. sanguineus	Adults Nymphs Rickettsia Coxiella, Rickettsia,	?? [16S (V1-V9)] [16S (V1-V3)] MiSeq [16S	France	[96] [123]
	A. longirostre; A. nodosum, Haemaphysalis bancrofti	Arsenophonus, Pseudomonas, Acinetobacter Lactococcus, Raoultella, Wolbachia, Francisella, Nymphs Flavobacterium, Pedobacter, Adults Propionibacterium, Rickettsia, Adults Rickettsia, Coxiella, Bacillus, Acinetobacter Francisella, Pseudomonas, Stenotrophomonas Adults Coxiella, Bacillus	454 pyrosequencing MiSeq [16S (V1-(V5-V6)] V2)]	Australia [105] America [115]
	A. maculatum,	Adults Adults	Propionibacterium, Ewingella, Francisella, Pseudomonas, Coxiella, Bacillus	[16S (V1-V3)]	Russia	
	H. juxtakochi A. maculatum R. turanicus	Adults Adults	Elizabethkingia, Rickettsia, Massilia, Methylobacterium. Francisella, Propionibacterium, Rickettsia, Pseudomonas, Corynebacterium, Escherichia, Mycobacterium Propionibacterium, Kineococcusi Stenotrophomonas, Delfia, Flavobacterium, Pedobacter, Pseudomonas Sphingomonas, Agrobacterium, Ralstonia, Serratia, Ralstonia, Rickettsia, Propionibacter, Bacteroides,	454 [16S (V1-V3)] pyrosequencing [16S (V4-V6)] pyrosequencing 454	America [74] Israel [89]
	A. testudinarium H. bispinosa	Nymphs Pseudoalteromonas, Rickettsia, Synechococcus, Wigglesworthia, Clostridium, Orientia, Bordetella, Bacillus Nymphs Coxiella, Rickettsia, Bacillus, Adults Mycobacterium, Sphingomonas, Pseudomonas Adults	454 Ion Torrent [16S pyrosequencing (Bacteria and Archaea) [V6])	Japan Malaysia [122] [32]
	A. triguttatum H. flava	Adults Adults	Francisella, Rickettsia, Flavobacterium, Pedobacter, Ralstonia, Mycobacterium Coxiella	MiSeq [16S (V1-[16S (V1-V3)] V2)] pyrosequencing 454	Australia [105] Japan [106]
	A. tuberculatum H. formosensis	Adults Nymphs Chlamydophila, Streptococcus, Rickettsia, Francisella, Dietzia, Arthrobacter, Acinetobacter Campylobacter, Bacillus, Chlamydia, Helicobacter, Prochlorococcus, Adults	454 pyrosequencing Archaea) [16S (V1-V3)] 454 pyrosequencing (Bacteria and	Japan America [116] [32]
	D. andersoni	Adults	Francisella, Rickettsia, Clostridium, Borrelia	Pacific	America [117]
	H. hystricis	Arsenophonus Nymphs Coxiella, Rickettsia, Bacillus, Mycobacterium, Sphingomonas, Pseudomonas Adults	Bioscience Ion Torrent [16S (PacBio, Menlo Park, USA) [16S (V1-V9)] [V6])	Malaysia [122]
	H. longicornis	Adults Nymphs Mycobacterium, Arsenophonus, Acinetobacter, Francisella, Rickettsia Staphylococcus, Steptococcus, Flavobacterium, Pedobacter, Propionibacterium,	454 [16S (V4)] pyrosequencing (V1-V2)] MiSeq [16S	America [118] Australia [105]
	D. marginatus	Adults	Flavobacterium, Rickettsia, Agrobacterium, Rasltonia,	454	Turkey	[119]
			Curvibacter, Acidovorax, Delfia, Coxiella, Pseudomonas,	pyrosequencing		
			Shigella Francisella, Stenotrophomonas	[16S (V1-V3)]		
	D. occidentalis	Adults Adults	Rickettsia, Francisella, Mycobacterium,	MiSeq [16S	America [120]
			Sphingomonas, Flavobacterium, Coxiella,	(V4)]		
			Methylobacterium Francisella			
		Hymenobacter Nymphs Lactobacillus, Salmonella,	454	Japan	[32]
	D. reticulatus	Adults Adults	Francisella, Rickettsia, Acinetobacter, Acidovoraxi Grimontia, Providencia, Coxiella, Cyanothece,	MiSeq [16S (V3-V5)] pyrosequencing (Bacteria and	Russia	[107]
			Chryseobacterium Streptococcus, Staphylococcus,	Archaea)		
			Bacillus, Acinetobacter,			
			Mycoplasma			
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