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Abstract 

Rhipicephalus sanguineus s.l. (Latreille, 1806), the brown dog tick, is the most widely 

distributed tick species in the world. The two dominant lineages, a temperate group and a 

tropical group, are recognized as important disease vectors for both dogs and humans. This 

research examines the distribution and bacterial composition of the temperate and tropical 

lineages of R. sanguineus s.l. across the state of Arizona, where outbreaks of Rocky Mountain 

spotted fever are linked to the tick species complex. The geographical ranges of the temperate 

and tropical lineages were well delineated, with some overlap in the eastern part of the state and 

evidence of the two lineages in sympatry on the same host. In evaluating the tick’s bacterial 

community, I detected 37 strains of R. sanguineus s.l.’s obligate maternally-inherited bacteria, 

Coxiella-like endosymbionts (CLEs), with two strains accounting for the vast majority of 16S 

rRNA amplicon reads. One strain strongly associated with the tropical lineage of R. sanguineus 

s.l. while the other was found almost exclusively in the temperate lineage, supporting the 

conclusion that CLEs are primarily vertically transmitted. However, occasional mismatches 

between tick lineage and symbiont SV indicate that horizontal symbiont transfer may occur, 

perhaps via co-feeding of ticks from different lineages on the same dog. I used a blocking primer 

to prevent sequencing of Coxiella to enable a closer examination of bacterial community 

structure. While I found many commonalities among bacterial genera found within R. 

sanguineus s.l. ticks across the state, there were no clear patterns in bacterial community 

composition based on lineage, sex, female engorgement level, or collection location. While it is 

unclear to what extent they may differ in their capacity to transmit certain pathogens, this 

research elucidates otherwise unexplored aspects of the ecology and biology of the two lineages, 

which may provide insight into the dynamics of R. sanguineus s.l.-vectored diseases.  
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Chapter 1 – Genetic variation in Rhipicephalus sanguineus s.l. ticks across Arizona 

 

Abstract 

Rhipicephalus sanguineus s.l. (Latreille, 1806), the brown dog tick, is the most widely 

distributed tick species in the world. The two dominant lineages, a temperate group and a 

tropical group, are recognized as important disease vectors for both dogs and humans. The 

temperate and tropical lineages overlap in range in some regions of the world, including the 

southwestern United States, where recent outbreaks of Rocky Mountain spotted fever are linked 

to R. sanguineus s.l. While it is unclear to what extent they may differ in their capacity to 

transmit pathogens, finer-scale resolution of temperate and tropical lineage distribution may 

provide insight into the ecology of these two tick groups and the epidemiology of R. sanguineus 

s.l.-vectored diseases. Using diagnostic polymerase chain reaction assays, I examined the 

geospatial trends in R. sanguineus s.l. lineages throughout Arizona. I found the temperate and 

tropical lineages were well delineated, with some overlap in the eastern part of the state. In one 

county, tropical and temperate ticks were collected on the same dog host, demonstrating that the 

two lineages are living in sympatry in some instances and may co-feed on the same host.   
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Introduction 

Ticks (Acari: Ixodida: Ixodidae) are important vectors of many human and animal diseases, 

especially within North America. Among the most significant of these diseases is Rocky 

Mountain spotted fever (RMSF), a bacterial infection caused by Rickettsia rickettsii, which kills 

more people within North America than any other tickborne disease (McFee 2018). In 2018, the 

Centers for Disease Control and Prevention (CDC) reported 5,544 cases of spotted fever 

rickettsioses, including RMSF reported in the United States, a twelve-fold increase since the year 

2000 (Rosenberg et al. 2018, Centers for Disease Control and Prevention 2019). Most of the 

reported cases occurred in southeastern states, including North Carolina, South Carolina, 

Tennessee, Oklahoma, and Arkansas, where the principal vectors of the disease are Dermacentor 

variabilis and D. andersoni. While the disease is easily treated with antibiotics, it can be fatal if 

left untreated. 

Rhipicephalus sanguineus sensu lato-vectored RMSF has been recognized in Mexico since the 

1930s, though data on estimated incidence is limited (Bustamante and Varela 1943). Since the 

first case of locally transmitted RMSF was identified in Arizona in 2003, there have been nearly 

500 cases and 28 deaths in six American Indian communities, with a case fatality rate almost 15 

times higher than the national rate (Demma et al. 2005, Drexler et al. 2014, Arizona Department 

of Health Services 2021). Delays in seeking health care and the resemblance of symptoms to 

many other diseases further exacerbate the mortality rate of RMSF in these communities 

(Drexler et al. 2014). 

Dogs are the preferred hosts of R. sanguineus s.l., but the ticks will feed on humans as incidental 

hosts and can transmit R. rickettsii at all life stages. The close relationship between domestic 
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dogs and humans enables infestations of R. sanguineus s.l. in and around human homes and 

allows the tick to complete its entire life cycle indoors (Dantas-Torres 2010). Throughout 

Arizona and northern Mexico, the warm climate and peridomestic habitat provide suitable 

conditions for the ticks to remain active year-round (Dantas-Torres and Otranto 2015). Affected 

communities report a high incidence of free-roaming dogs, which can spread infected ticks 

among households (Demma et al. 2005, Dantas-Torres 2010, Drexler et al. 2014). The 

association of R. sanguineus s.l. with RMSF may have important implications for the 

epidemiology and expansion of this disease to other parts of the world and should be explored in 

greater detail.  

R. sanguineus s.l. refers to a complex of 11-17 related species or subspecies with a worldwide 

distribution (Walker et al. 2000, Gray et al. 2013, Dantas-Torres and Otranto 2015). The 

existence of more than one species within this taxon was first recognized by Szabo et al. (2005). 

Historically, a non-specific morphological description and loss of the holotype have led 

systematists to disagree on how to classify the species complex (Chitimia-Dobler et al. 2017, 

Nava et al. 2018). Morphological distinctions among the two main recognized R. sanguineus s.l. 

lineages (a tropical group and a temperate group) and other Rhipicephalus species (specifically 

R. turanicus) are minute, further complicating the taxonomic status. (Dantas-Torres et al. 2013). 

Recently, Nava et al. (2018) designated a neotype and renewed morphological and molecular 

descriptions of the species and identified the previously designated temperate lineage as R. 

sanguineus sensu stricto. The aforementioned tropical lineage within the Americas is currently 

under revision, with specimens from Australia and southern Asia declared a separate species, R. 

linnaei, by Šlapeta et al. (2021). To date, however, there has been no revision that includes the 

tropical lineage as described in North America. Given the current transitionary state of the 
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taxonomical status of the R. sanguineus species complex, ticks will be referred to in terms of 

temperate and tropical lineage throughout this text. 

While it has been suggested that the two main R. sanguineus s.l. lineages occupy distinct 

ecological niches (Eremeeva et al. 2011, Zemtsova et al. 2016, Hornok et al. 2017, Jones et al. 

2017, Villarreal et al. 2018, Sanchez-Montes et al. 2021), various studies have found both the 

temperate and tropical groups living in sympatry in central eastern Arizona (Zemtsova et al. 

2016, Jones et al. 2017, René-Martellet et al. 2017). A recent study by Sanchez-Montes et al. 

(2021) found both lineages present in northern Mexico, with the tropical lineage widespread 

throughout the country and the temperate lineage present in Chihuahua and Sonora states. Both 

lineages may harbor Rickettsia spp. bacteria, but to date, only the tropical lineage has been 

associated with the distribution of RMSF in Mexico (Eremeeva et al. 2011, Solis 2017, Villarreal 

et al. 2018). It is unclear whether R. sanguineus s.l. lineages differ in their capacity to transmit R. 

rickettsii. However, various experimental transmission studies suggest that the temperate and 

tropical lineages differ in their ability to transmit a variety of other pathogens, including 

Ehrlichia canis, Hepatozooan canis, and Anaplasma platys (Inokuma et al. 2003, Sanogo et al. 

2003, Venzal et al. 2007, Demoner Lde et al. 2013, Ramos et al. 2013, Moraes-Filho et al. 2015). 

Understanding the distribution of the two R. sanguineus s.l. species complex ticks within 

Arizona may, therefore, provide insight into the epidemiological distribution of R. sanguineus 

s.l.-vectored diseases across the state in the future. 

Much work has been done to investigate the molecular dissimilarities between divergent 

populations within the R. sanguineus species complex. Given the higher rate of base substitution 

relative to most nuclear genes, mitochondrial DNA sequences are useful phylogenetic markers 

for clades with relatively recent divergence (Dabert 2006). A systematic review of molecular 
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markers for acarological phylogenetics by Cruickshank (2002) references the 12S rRNA gene as 

historically useful to investigate intraspecific relationships within tick species. The mitochondrial 

12S rRNA gene is frequently targeted for molecular identification of R. sanguineus s.l. taxa 

(Szabo et al. 2005, Levin et al. 2012, Jones et al. 2017, René-Martellet et al. 2017), often in 

conjunction with 16S rRNA (Mangold et al. 1998, Burlini et al. 2010, Hekimoğlu et al. 2016, 

Sanches et al. 2016, Zemtsova et al. 2016, Chitimia-Dobler et al. 2017, Hornok et al. 2017, 

René-Martellet et al. 2017, Díaz et al. 2018, Šlapeta et al. 2021). Attempts to verify 

mitochondrial findings with nuclear genes have thus far proven unsatisfactory. Abdullah et al. 

(2016) compared 12S, 16S, CO1, ITS2, and 18S sequences of R. sanguineus s.l. ticks with those 

of Hyalomma dromedarii. The authors determined that while the mitochondrial genes were 

suitable for phylogenetic analyses, neither 18S nor ITS2 were suitable for such purpose in tick 

taxonomy. Indeed, Nava et al. (2018) and Šlapeta et al. (2021) relied upon mitochondrial 

sequences to delineate species within the R. sanguineus complex after finding that nuclear 

markers, specifically ITS2, were insufficiently variable and therefore not informative or robust 

enough to provide resolution on the necessary scale. 

The aim of this work was to determine the spatial distribution of R. sanguineus s.l. lineages 

within Arizona. A diagnostic polymerase chain reaction (PCR) protocol was developed using 

lineage-specific primers to differentiate between the temperate and tropical lineages of R. 

sanguineus s.l. based on the mitochondrial 12S rRNA gene with Sanger sequencing confirmation 

on a subset of samples. Given the current understanding of the global distribution of R. 

sanguineus s.l. ticks, it was hypothesized that the temperate lineage will be more abundant, 

particularly in northern latitudes and higher elevations across Arizona. However, the presence of 
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the tropical lineage in the six regions of the state where historic and ongoing transmission of 

RMSF is occurring was predicted. 

Methods 

Sample Collection 

In 2018 and 2019, R. sanguineus s.l. ticks of all life stages and engorgement levels were solicited 

from animal shelters, tribal vector control agencies, and University of Arizona Cooperative 

Extension offices across Arizona. Most ticks included in this study were collected from dogs at 

animal shelters (Maricopa, Pima, and Pinal Counties) or in collaboration with local stakeholders 

during vector control activities, such as RMSF prevention campaigns and mobile rabies clinics. 

Ticks were identified to species complex using standard taxonomic keys (Walker et al. 2000), 

and the life stage and sex determined.  

DNA Isolation & Sequencing 

Ticks were placed in a 1.5 ml tube, submerged in liquid nitrogen, homogenized with a sterile 

pestle, and treated with 20 mg/ml lysozyme solution (Thermo Fisher Scientific, Waltham, MA). 

DNA was isolated using the Qiagen QiaAmp DNA Mini Kit, with an AE buffer elution volume 

of 50 μL.  

Primer Design, PCR & Sequencing 

Primers were designed using the NCBI Primer Design Tool and sequences published by René-

Martellet et al. (2017) (Accession numbers KU255848-56; Appendix 1). Lineage-specific 

primers for R. sanguineus s.l. were based on two bp differences at the binding sites for both the 

forward and reverse primers and amplifies a sequence of the mitochondrial 12S rRNA 
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approximately 350-360 base pairs in length. The “standard 12S” primer was designed to be 

inclusive of the lineage-specific primer binding sites and amplifies a 400 bp region of the 12S 

rRNA gene that contains significant nucleotide differences between the lineages. 

Positive controls for each lineage were provided by the Centers for Disease Control and 

Prevention Rickettsial Zoonoses Branch. Each sample was prepared using both temperate and 

tropical primer pairs within the same thermocycler session (primer sequences and parameters 

described in Table 1.2). A 4 μL volume of each reaction was visualized by 1% agarose-gel 

electrophoresis stained with SYBR Safe (Thermo Fisher Scientific, Waltham, MA). 

Results were verified on 117 specimens via Sanger sequencing using the “standard 12S” primer 

set. Additional sequencing was performed on a ~425 bp fragment of the 16S rRNA gene to 

verify results for 49 specimens (Mangold et al. 1998, Nava et al. 2018). 12S sequencing was 

performed at the University of Arizona Genetics Core. 16S sequencing was performed at the 

University of Texas Arlington. Sequences were manually corrected by visual analysis of the 

electropherogram. 

Phylogenies were constructed for both the 12S and 16S sequences. Sequences used in this 

analysis are available on the NCBI Sequence Read Archive. Sequences were aligned using 

MAFFT (Katoh and Standley 2013) in Geneious Prime with the default settings. Maximum-

likelihood phylogenetic trees were inferred using RAxML version 8.2.10 (Stamatakis 2014) 

employing the GTR+Gamma model of nucleotide substitution. Node support values were 

calculated using rapid bootstrapping halted at 500 replications. The tree was rooted with the 

outgroup R. turanicus.  
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Geospatial Analysis 

Data on lineage was mapped to county level using ArcGIS Pro (ESRI). Figure 1.3 depicts the 

distribution of temperate and tropical ticks and number of dogs sampled across the eleven 

counties sampled. Presence/absence data were recorded for the two lineages at each sampling 

site. Elevation and latitude data were inferred based on nearest city/town utilizing the ArcGIS 

Data and Maps global databases. 

Results 

A total of 306 R. sanguineus s.l. ticks were included in this study from eleven counties in 

Arizona (Figure 1.1). While most Arizona counties were sampled, many more ticks were 

sampled in the most populous county, Maricopa (Table 1.1). The majority (84.3%) of samples 

were adults. The bias towards adults likely reflects the difficulty in finding nymphal and larval 

ticks on host, given their size.  

Life Stage N (%) 

Larva 4 (1.3) 

Nymph 44 (14.4) 

Adult 258 (84.3) 

    Male 144 (55.8) 

    Female 114 (44.2) 

       Unfed 47 (41.2) 

       Partial 53 (46.5) 

       Fully 14 (12.3) 
Table 1.1. Life stage & sex of R. sanguineus 

 s.l. samples included in genetic analysis. 
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Figure 1.1. Count of R. sanguineus s.l. collected and number of 

dogs sampled by county. 
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PCR & Sequencing 

As expected, positive controls for the temperate and tropical lineages amplify with the 

appropriate lineage-specific primer but not the other. Twenty-eight percent (n=86) of the samples 

amplified using the temperate primers, whereas 72% (n=220) amplified using the tropical 

primers (Figure 1.2). Occasionally, there was low amplification with the second lineage-specific 

primer set, resulting in a faint band the second lane for a sample. This may have been due to non-

specific binding, contamination, or an indication of hybridization and paternal leakage of 

mitochondrial DNA (Mastrantonio et al. 2019). However, I do not have the data to resolve this 

and have assigned all samples in question to their dominant PCR product.  

Sanger sequencing was performed on the 12S PCR amplicon of 117 (38.2%) samples from 

eleven counties in Arizona and compared against lineage-specific diagnostic PCR results. Four 

samples (two larvae and two nymphs) were removed from the analysis due to low DNA 

concentrations and subsequent low-quality Sanger sequencing reads. These samples did amplify 

using the lineage-specific primers but could not be verified with sequencing. For the remaining 

samples, there was 100% consensus between amplification with lineage-specific primers and 

sequencing-based identification. 
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Figure 1.2. Lineage-specific PCR gel electrophoresis. 

Red lines delineate reactions using the temperate (left) and tropical (right) primers for each sample. The 

first sample on the left is a temperate control (source: CDC), with a band from the temperate primer but 

not the tropical. Note the occasional faint band, which may indicate paternal leakage of mtDNA.

250 bp 

1,000 bp 

3,000 bp 

6,000 bp 



20 

 

20 

 

Table 1.2. Standard and diagnostic 12S rRNA PCR protocol to determine R. sanguineus s.l. lineage. 

Primers Thermocycler Steps 

Cycle Time 

Standard 12S Forward: 

AAACTAGGATTAGATACCCTATTA

TTTTAG 

 

Reverse: 

CTATGTAAGCACTTATCTTAATAA

AGAGTG 

Initial denaturation  

30 cycles:            Denaturation 

Annealing  

Extension  

Final extension Holding 

95°C for 30s 

 

95°C for 15s 

50°C for 30s 

68°C for 60s 

68°C for 60s 

10°C 

Temperate 12S Forward: 

TTTTAGAGGTAAACATTGTT 

 

Reverse: 

GCTTAATTCAAATTGACATT 

Initial denaturation  

25 cycles:            Denaturation 

Annealing  

Extension  

Final extension Holding 

95°C for 30s 

 

95°C for 15s 

46°C for 30s 

68°C for 60s 

68°C for 60s 

10°C 

Tropical 12S Forward: 

TTTTAGAGCTTAACATTGTA 

 

Reverse: 

GCTTAATTCAAATTAACATC 

Initial denaturation  

25 cycles:            Denaturation 

Annealing  

Extension  

Final extension Holding 

95°C for 30s 

 

95°C for 15s 

46°C for 30s 

68°C for 60s 

68°C for 60s 

10°C 
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Geospatial Analysis 

The distributions of the two R. sanguineus s.l. lineages were surprisingly well-delineated across 

the state. However, both lineages were found in two counties – Gila and Cochise, indicating 

some overlap in their ranges. On two occasions in Gila County, both tropical and temperate ticks 

were collected on the same dog host, demonstrating that the two lineages are living in sympatry 

and co-feed on hosts. 

In addition to the sites where both lineages were collected, the temperate and tropical ranges 

overlapped in latitude. Specifically, both temperate and tropical R. sanguineus s.l. ticks were 

collected between 31.5° and 34° latitude (Figure1. 4). Interestingly, the temperate lineage was 

present in lower latitudes at higher elevations, leading the combination of these two variables to 

near perfectly predict the presence of that lineage (Table 1.3, Figure 1.4). However, because 

latitude and elevation were highly correlated in this dataset, it was not possible to tease apart the 

effect of the variables within levels of each other without more thorough sampling. 

Phylogenetic Analysis 

Samples identified as temperate and tropical using diagnostic PCR clustered separately on the 

12S rRNA phylogeny with high bootstrap value (100%) (Figure 1.5a). On the 16S rRNA 

phylogeny, all sequences from the tropical lineage formed a distinct clade (Figure 1.5b). 

Temperate sequences were paraphyletic with respect to the tropical sequences to the tropical 

clade but did not form their own monophyletic clade. 
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Figure 1.3. Proportion of R. sanguineus s.l. lineages on dog hosts by county. 

Distribution of temperate and tropical ticks across Arizona. Temperate lineage was exclusively found in 

yellow counties, tropical in dark blue. Both lineages were found in two counties – Gila and Cochise. 

Numbers in white boxes are number dogs sampled / number of ticks sampled. 
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Table 1.3. Distribution of R. sanguineus s.l. lineages across elevation (in feet) of collection sites. 

R. sanguineus s.l. 

Lineage (# sites) 

Mean (Std) Min Max 

Temperate (10) 5,054 (1,450) 2,650 6,888 

Tropical (10) 1,625 (1,316) 141 4,633 

 

 

Figure 1.4. Distribution of R. sanguineus s.l. lineages across latitude and elevation of collection sites. 
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A B 

Figure 1.5. Maximum likelihood 12S rRNA and 16S rRNA phylogenies of R. sanguineus s.l. ticks. 

Maximum likelihood trees based on partial R. sanguineus s.l. 12S (left) and 16S (right) sequences, rooted 

with R. turanicus sequences from NCBI GenBank. Ticks identified by diagnostic PCR as temperate lineage 

in orange, tropical in blue. Numbers at internal nodes represent support values from bootstrap based on 

500 replications. 
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Discussion 

This research explores the distribution of the two recognized lineages of R. sanguineus s.l., 

temperate and tropical, on a county-level scale in Arizona. I was able to sample ticks from eleven 

out of fifteen counties in the state, including regions of the state affected by R. sanguineus s.l.-

transmitted RMSF. The data presented here demonstrates a clear pattern of R. sanguineus s.l. 

lineage distribution across both latitude and elevation within Arizona. I also verify the presence 

of both lineages in two counties in the eastern part of the state. Our findings are somewhat 

limited by convenience sampling and limited access to dog hosts in some counties, as it is 

possible that our dog sample sizes in some areas were insufficient to get a representative sample 

of lineage.  

The spatial analysis of lineage as assigned by a novel diagnostic PCR protocol demonstrates that 

the two lineages overlap in range across Arizona. The results here support published literature on 

the distribution of the temperate lineage (Burlini et al. 2010, Zemtsova et al. 2016). I found 

temperate ticks in the present study in lower latitudes at higher elevations. This matches findings 

from Sanchez-Montes et al. (2021), where the presence of the temperate lineage in northern 

Mexico was at or above 4,000 feet elevation. This also corroborates the interpretation of 

Zemtsova et al. (2016) that the two lineages are climatically restricted within certain temperature 

ranges. Labruna et al. (2017) further elucidated this geospatial relationship by identifying that the 

temperate lineage has a pronounced diapause in winter months suggesting adaptation to colder 

regions, while the tropical lineage, which inhabits warmer regions, lacks a distinct diapause.  

The diagnostic PCR protocol described here quickly and reliably distinguishes between 

temperate and tropical lineages of R. sanguineus s.l. ticks without the need for additional 
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sequencing. While not sufficient for phylogenetic analyses, it may prove useful for researchers 

seeking to identify R. sanguineus s.l. ticks to lineage without additional investments in time and 

resources. This protocol may be especially useful in regions where both lineages have been 

found to screen large numbers of ticks and define the distribution of R. sanguineus s.l. with high 

resolution.  

It is well established that vector-borne diseases, including those transmitted by ticks, increase in 

incidence as the global climate warms (Dantas-Torres 2015). The results presented here 

contrasted expectations that the temperate lineage would be dominant in this region based on 

global patterns of distribution (Zemtsova et al. 2016, Labruna et al. 2017). The distribution of the 

tropical lineage across Arizona may represent an ecological range expansion event northward 

(Villarreal et al. 2018), and suggests potential implications of changing global conditions on a 

local disease vector. A better understanding of the specific range-limiting factors of the two R. 

sanguineus s.l. lineages is necessary to assess future risks of tickborne diseases vectored by this 

tick species complex in a warming world. 

Due to lingering taxonomic questions, several hybridization experiments have been conducted 

using geographically isolated, allopatric R. sanguineus s.l. populations. A cross-breeding 

experiment of two temperate R. sanguineus s.l. populations showed reproductive success, and 

also indicated the occurrence of paternal inheritance of mitochondria and mitochondrial 

heteroplasmy (Dantas-Torres et al. 2018). Hybridization between tropical and temperate R. 

sanguineus s.l. lineages has also been observed experimentally, although most of the hybrid 

progeny did not produce viable offspring (Levin et al. 2012; Szabó et al. 2000). However, these 

experiments involved geographically distant tick populations rather than the sympatric tropical 

and temperate ticks observed in this study. While unresolved in this study, the faint double bands 
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using the lineage-specific primer sets may be an indication of hybridization between the two 

lineages with paternal mitochondrial DNA leakage. Future researchers may consider 

investigating the hybridization success of sympatric populations of the temperate and tropical R. 

sanguineus s.l. lineages.  

While R. sanguineus s.l. is the primary vector of RMSF in Arizona, much remains to be 

investigated. The temperate and tropical R. sanguineus s.l. lineages are present in Arizona and 

living in sympatry in some areas. Future research on this topic should focus on the role of genetic 

variation on the vectorial capacity of R. sanguineus s.l. for RMSF. Additionally, a more thorough 

assessment of climatic variables relevant to range limitation and overlap may be helpful to better 

understand the distribution of the temperate and tropical R. sanguineus s.l. ticks in this region of 

the United States. Finally, researchers should seek evidence of hybridization among sympatric 

temperate and tropical R. sanguineus s.l. lineages to further understand the implications of this 

on the epidemiology of RMSF and other tick-borne diseases.   
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Chapter 2 – Tropical and temperate lineages of Rhipicephalus sanguineus s.l. ticks host 

different strains of Coxiella-like endosymbionts 

 

Abstract 

Non-pathogenic bacteria likely play important roles in the biology and vector competence of 

ticks and other arthropods. Coxiella, a gram-negative gammaproteobacterium, is one of the most 

commonly reported maternally inherited endosymbionts in ticks and has been associated with 

over 40 tick species. Species-specific Coxiella-like endosymbionts (CLEs) have been reported in 

the brown dog tick, Rhipicephalus sanguineus sensu lato, throughout the world, while recent 

research suggests low Coxiella diversity among tick species. I investigated CLE diversity among 

R. sanguineus s.l. ticks across Arizona. I detected 37 recurrent sequence variants (SVs) of the 

symbiont, indicating greater diversity in these symbiotic bacteria than previously reported. 

However, two SVs accounted for the vast majority of 16S rRNA amplicon reads. These two 

dominant CLEs were both closely related to Candidatus C. mudrowiae, an identified symbiont of 

R. turanicus ticks. One strain strongly associated with the tropical lineage of R. sanguineus s.l. 

while the other was found almost exclusively in the temperate lineage, supporting the conclusion 

that CLEs are primarily vertically transmitted. However, occasional mismatches between tick 

lineage and symbiont SV indicate that horizontal symbiont transfer may occur, perhaps via co-

feeding of ticks from different lineages on the same dog. This study advances our understanding 

of CLE diversity in Rh. sanguineus s.l. 
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Introduction 

Ticks (Acari: Ixodida: Ixodidae), important disease vectors, often have long-standing 

relationships with maternally inherited bacterial endosymbionts that may function in critical 

roles (Moran et al. 2008, Douglas 2015), including promoting ecological specialization and 

facilitation of hematophagy in their hosts (Akman et al. 2002, Hosokawa et al. 2010, Duron et al. 

2018). While obligate endosymbionts tend to form evolutionarily stable associations with their 

hosts, evolutionary relationships between ticks and vertically transmitted symbionts appear to be 

surprisingly labile among some tick species (Bonnet et al. 2017, Duron et al. 2017), and the 

taxonomic overlap of beneficial symbionts for the tick with pathogens of the vertebrate tick host 

has led to some confusion. Most tick species appear to harbor at least one maternally inherited 

endosymbiont, but the identity of these symbionts varies across species; common bacterial 

genera include Coxiella, Rickettsia, Rickettsiella, Arsenophonus, Francisella, and Midichloria 

(Noda et al. 1997, Jasinskas et al. 2007, Lalzar et al. 2014, Bonnet et al. 2017, Duron et al. 

2017). Further, Duron et al. (2017) found some tick endosymbiont communities lacked a fixed or 

stable community structure, indicating frequent horizontal transfer of bacteria and loss of 

dominant symbiont species. 

One of the most common maternally inherited endosymbionts in ticks is Coxiella, a gram-

negative gammaproteobacterium, which has been found in over 40 tick species (Mantovani and 

Benazzi 1953, Noda et al. 1997, Toledo et al. 2009, Marrie et al. 2015). The genus contains only 

one known species that is pathogenic to vertebrates, C. burnetii. Coxiella-like endosymbionts 

(CLEs) closely related to C. burnetii have been identified as likely obligate beneficial symbionts 

in various tick species, including Rhipicephalus sanguineus s.l. (Jasinskas et al. 2007, Almeida et 

al. 2012, Gottlieb et al. 2015, Raele et al. 2015, Duron et al. 2017, Oskam et al. 2017). CLEs 
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display pronounced tissue tropism in tick hosts, colonizing the Malpighian tubules and female 

oocysts, and play an essential role in nutrition, osmoregulation, and excretion (Machado-Ferreira 

et al. 2011, Lalzar et al. 2014). Tsementzi et al. (2018) found that a CLE of Amblyomma 

americanum has a reduced genome but still contains the metabolic pathways for biosynthesis of 

several vitamins and cofactors including folic acid (vitamin B9), riboflavin (B2), pantothenic 

acid (B5), nicotinamide (B3), pyridoxine (B6), thiamine (B1), biotin (B7), and lipoic acid. They 

hypothesized that the CLE may play a role in host immune system development in addition to 

nutritional supplementation of B vitamins. Experimental antibiotic clearance of CLEs in 

Amblyomma ticks reduced fecundity and pre-oviposition weight, delayed oviposition, and 

decreased larval survival, supporting the hypothesis that the endosymbiont is beneficial for host 

survival and reproduction (Zhong et al. 2007, 2021, Ben-yosef et al. 2020). Research indicates 

that individual tick species host low CLE diversity and no coinfection of multiple CLE strains 

despite having what appears to be frequent potential for horizontal transmission events during 

blood-feeding (Duron et al. 2017). Recently, Coimbra-Dores et al. (2020) reported 

cocladogenesis between Rhipicephalus species and their CLEs, supporting the notion that the 

tick-symbiont relationship has been primarily vertically transmitted over a long evolutionary 

history. 

I investigated CLEs in Rhipicephalus sanguineus s.l., the brown dog tick. This tick has a 

worldwide distribution and is known to vector a number of pathogens to dogs and humans. In 

Arizona (U.S.), Mexico, and Brazil, R. sanguineus s.l. has been found to transmit Rickettsia 

rickettsii, the bacterial pathogen responsible for Rocky Mountain spotted fever (RMSF, also 

known as Brazilian spotted fever) in humans and dogs (Demma et al. 2005, Eremeeva et al. 

2011, Pacheco et al. 2011, Ortega-Morales et al. 2019). R. sanguineus s.l. has historically been 
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considered a complex of related species or subspecies (Walker et al. 2000, Gray, Dantas-Torres, 

Estrada-Peña, et al. 2013, Dantas-Torres 2015). The two main recognized R. sanguineus s.l. 

lineages, a tropical group and a temperate group, are virtually indistinguishable morphologically, 

further complicating the species’ taxonomic status (Dantas-Torres et al. 2013). The temperate 

lineage was recently designated as R. sanguineus sensu stricto and assigned a neotype and 

updated morphological and molecular description, enforcing the idea that the two lineages 

should be delineated as separate species (Nava et al. 2018).  

R. sanguineus s.l. has also been implicated as a vector of C. burnetii, the causal agent of Q fever, 

though its vector status for this pathogen in Arizona is unclear (Dahlgren et al. 2015). 

Additionally, tick species-specific CLEs have been identified for the genus Rhipicephalus 

throughout the world (Lalzar et al. 2014, Raele et al. 2015, Oskam et al. 2017, Ramaiah and 

Dasch 2018). Ramaiah and Dasch (2018) determined that CLE genome sizes varied significantly 

among Rhipicephalus species and were much larger than the two assembled genomes from 

Amblyomma CLEs. This may be suggestive of a shorter or less evolutionarily stable relationship 

between Rhipicephalus species and their CLEs (McCutcheon and Moran 2012). However, 

Oskam et al. (2017) noted that CLE 16S rRNA sequences from R. sanguineus s.l. in Australia 

clustered in a clade with published sequences from other R. sanguineus s.l. and R. turanicus 

populations globally rather than clustering with other tick genera in geographical proximity. This 

suggests a persistent evolutionary relationship between host and endosymbiont. Despite the 

medical and veterinary importance of R. sanguineus s.l., little else is known about the variation 

of CLEs in this tick species. Two studies have reported CLEs in this tick species complex; one 

documented the presence of CLEs in Australian individuals and the other concluded that they are 

likely obligate, maternally inherited symbionts (Lalzar et al. 2014, Oskam et al. 2017). However, 
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different species of ticks are associated with unique CLEs (Duron et al. 2017). I predicted that 

the tropical and temperate haplotypes would have divergent endosymbionts if these symbionts 

are exclusively maternally inherited and aimed to elucidate the relationship between the two 

main lineages of R. sanguineus s.l. and Coxiella-like endosymbionts in Arizona. 

Methods 

Sample Collection 

R. sanguineus s.l. ticks were collected from dogs in collaboration with local stakeholders during 

RMSF prevention campaigns, rabies clinics, and from animal shelters in communities throughout 

Arizona. Samples were identified to life stage, sex, engorgement level, and species using 

standard taxonomic keys (Walker et al. 2000; Table 2.1). 

DNA Isolation & Sequencing 

Ticks were surface sterilized through one-minute successive baths of 8% bleach, sterile PBS 

buffer, and 100% ethanol. Then they were transferred to a 1.5 mL tube, submerged in liquid 

nitrogen, treated with 20 mg/mL lysozyme solution, and mechanically homogenized using a 

disposable pestle. DNA was isolated using the Qiagen QiaAmp DNA Mini Kit. The R. 

sanguineus s.l. lineage was determined for all specimens via Sanger sequencing of a 400 bp 

fragment of the 12S rRNA mitochondrial gene performed at the University of Arizona Genetics 

Core (primers: forward 5’-AAA CTA GGA TTA GAT ACC CTA TTA TTT TAG-3’; reverse 

5’-CTA TGT AAG CAC TTA TCT TAA TAA AGA GTG-3’). Cycling parameters included an 

initial denaturation step at 95°C for 30 seconds, followed by 30 cycles for 15 s at 95°C, 30 s for 

primer annealing at 50°C and 60 s for primer extension at 68°C. Sequences were manually 

corrected by visual analysis of the electropherogram, aligned using Geneious Prime 2021.2.2. 
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Microbial Sequencing 

Bacterial DNA was amplified with the 341f/785r primer set described in Klindworth et al. 

(2013), which amplifies a 464 bp fragment of the V3-V4 hypervariable regions of the 16S rRNA. 

The PCR protocol used a 20 µL volume per reaction with an initial denaturation step at 98°C for 

30s, 30 cycles of denaturation at 98°C for 10s, annealing at 55°C for 20s, and extension at 72°C 

for 20s followed by final extension at 72°C for 120s. Bacterial amplicons were cleaned with 

Serapure magnetic bead solution (Rohland and Reich 2011) and indexed with unique forward 

and reverse primer sets in a 20 µL volume per reaction with an initial denaturation step at 95°C 

for 3m, 8 cycles of denaturation at 95°C for 30s, annealing at 50°C for 30s, and extension at 

68°C for 50s followed by final extension at 68°C for 10m. Samples were then quantified, 

normalized, pooled, and sequenced on the Illumina MiSeq platform at the University of Arizona 

Functional Genomics Core. 

Data Cleaning and Processing 

Illumina primers and indexing primer sites were removed using CutAdapt software (Martin 

2011). Reads were truncated at the first instance of a quality score less than or equal to 2, and 

reads that contained any unassigned bases (Ns) or had an overall expected error score higher than 

2 were discarded. Inference of bacterial SVs was performed using the DADA2 algorithm, which 

employs quality scores, the run-specific error rate, and the number of times each sequence was 

observed to infer the true biological sequences that were present, allowing fine-grained analysis 

at the level of bacterial strains rather than species (Callahan et al. 2016). Taxonomic identity was 

assigned using RDP and Silva database version 132 (Wang et al. 2007, Yilmaz et al. 2014). Data 

management, analysis, and visualization were performed in R (R Team 2014) with the phyloseq 

package (McMurdie and Holmes 2013). Sequences were filtered by read length, retaining all 
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reads between 400 and 431 base pairs. Contaminants were identified and removed using the 

decontam package with a prevalence probability cutoff in two no-DNA negative PCR controls of 

5% (Davis et al. 2018). Differential abundance testing was performed on unrarefied data using 

the DESeq2 package as adapted for microbiome data (Anders and Huber 2010, McMurdie and 

Holmes 2014).  

Phylogenetic Analysis 

I constructed a phylogeny of the 37 Coxiella SVs that were present in more than one tick, adding 

published Coxiella 16S rRNA sequences from NCBI’s GenBank. Coxiella-like endosymbiont 

sequences from ticks within the genus Rhipicephalus and other tick genera were randomly 

selected in addition to a sequence for C. burnetii. Our representative Coxiella sequences are 

available in Table S3 and raw Illumina sequences are available on the NCBI Sequence Read 

Archive (accession number PRJNA801881). Coxiella 16S rRNA sequences were aligned using 

MAFFT (Katoh and Standley 2013) with the default settings. Maximum-likelihood phylogenetic 

trees were inferred using RAxML version 8.2.10 (Stamatakis 2014) in Geneious Prime 

employing the GTR+Gamma model of nucleotide substitution. Node support values were 

calculated using rapid bootstrapping halted at 500 replicates. GenBank sequences varied from 

618 to 1,730 bp in length after trimming to the region shared by at least two sequences. The tree 

was rooted with the outgroup Rickettsiella grylli. 

To validate the bacterial 16S rRNA results, additional sequencing of a 496 bp fragment of the 

Coxiella 23S rRNA (primers and thermocycler conditions from Duron et al. (2015)) was 

conducted on a subset of 23 samples and phylogenetic analysis was duplicated using the 

methodology described above. GenBank sequences varied from 400 to 985 bp in length after 
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trimming to the region shared by at least two sequences. The tree was rooted with the outgroup 

Rickettsiella grylli. 

Results 

Coxiella-like endosymbionts (CLE) from a total of 99 R. sanguineus s.l. were evaluated from ten 

Arizona counties (Table 2.1). The majority of ticks (70.7%) were determined to belong to the 

tropical lineage. The tropical and temperate lineages co-occurred in two counties (Cochise and 

Gila). In Gila County, two individual dogs were found to be infested with both tick lineages.  

Coxiella was detected in 95 of the ticks sampled, with a mean relative abundance of 48% of 

reads per tick (standard deviation = 38%). Females had significantly higher relative abundance of 

Coxiella reads compared to males (72.1% vs. 51.3%; DESeq2, W=3.7, FDR-adjusted p=0.024) 

and Coxiella was present at higher relative abundance in adult ticks than in juveniles (59.6% vs 

16.9%; DESeq2, W=10.1, FDR-adjusted p<0.001). There was no significant difference in 

relative abundance of Coxiella reads between R. sanguineus s.l. lineages (45.8% in tropical vs. 

53.2% in temperate; DESeq2, W=2.1, FDR-adjusted p=0.26).  

While 164 sequence variants (SVs) of Coxiella were found within the dataset, only 37 SVs were 

detected in more than one tick. Since the remaining 127 SVs were only ever detected in a single 

tick, they were excluded from further analyses. There were two overwhelmingly dominant SVs 

observed, here designated SV001 and SV002. These SVs were closely related, with 425/429 

shared base pairs (99.07% sequence similarity) for the bacterial 16S rRNA amplicon. 

Sequencing of Coxiella 23S rRNA verified these results.  

There was a clear delineation of the two dominant Illumina SVs between the tick lineages: 

SV001 was strongly associated with the tropical lineage and SV002 was associated with the 
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temperate lineage (DESeq2, SV001: W= 7.8, p<0.001; SV002: W= 9.5, p<0.001; Figure 2.1). 

This delineation was very pronounced; only two tropical ticks hosted any SV002, and only one 

of these, sample Mar16E, appeared to be mono-associated with SV002 according to bacterial 

16S rRNA sequencing. However, the 23S rRNA analysis indicated that Mar16E hosted a tropical 

(SV001) CLE. This sample yielded only 750 Illumina reads after quality filtering; the low read 

depth suggests that the sample failed to sequence well on the Illumina run, and suggests that the 

23S rRNA result may be more reliable. 

Coinfection with both dominant Coxiella SVs occurred in five ticks (Figure 2.1). Of these, one 

tick was tropical, found in Maricopa County (Mar29A). Two were temperate and collected at the 

same time off the same dog in Cochise County (Cochise1G and Cochise1I). The remaining two 

were temperate ticks collected from different dogs on the same day in Gila County within five 

miles of one another (Gila6E and Gila8D).  

In the phylogenetic reconstruction, the 16S rRNA Coxiella SVs identified in this study clustered 

with Coxiella sequences primarily from Rhipicephalus spp. ticks as well as with a single 

sequence from Hyalomma marginatum (Figure 2.2). Both dominant SVs appear to be closely 

related to an identified CLE, Candidatus Coxiella mudrowiae, a symbiont detected in 

Rhipicephalus spp. ticks and named by Gottlieb et al. (2015). NCBI BLAST search results 

similarly assign 100% and 99.07% identity match between Candidatus C. mudrowiae and the 

dominant SVs (SV001=100% match, SV002=99.07% match). In the 23S rRNA phylogenetic 

analysis, all CLE sequences from the temperate lineage formed a distinct clade (Figure 2.3). I 

was unable to resolve relationships of CLEs from tropical ticks with available data, but all fell 

outside of the temperate ticks’ CLE clade (Figure 3).  
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County Dogs Sampled 
N (%) 

Temperate  
N (%) 

Tropical 
N (%) 

Total  
N (%) 

Apache 1 (2.5) 1 (100) 0 (0) 1 (1.1) 

Cochise 2 (5.0) 9 (90) 1 (10) 10 (10.1) 

Gila 8 (20) 2 (100) 0 (0) 11 (11.1) 

Graham 1 (2.5) 3 (100) 0 (0) 3 (3) 

Maricopa 15 (37.5) 0 (0) 38 (100) 38 (38.4) 

Navajo 3 (7.5) 6 (100) 0 (0) 6 (6.1) 

Pima 2 (5.0) 0 (0) 9 (100) 9 (9.1) 

Pinal 6 (15.0) 0 (0) 17 (100) 17 (17.2) 

Yavapai 1 (2.5) 1 (100) 0 (0) 1 (1.1) 

Yuma 1 (2.5) 0 (0) 3 (100) 3 (3) 

Total 40 (100) 29 (29.3) 70 (70.7) 99 (100) 
Table 2.1. Distribution of Rhipicephalus sanguineus s.l. lineages by county included for high-throughput 

sequencing. 
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  Figure 2.1. Dominant Coxiella sequence variants by R. sanguineus s.l. lineage. 

Illumina sequences were subset to Coxiella sequence variants 1 and 2 and then rarefied to 500 reads per tick. Individual ticks are sorted along X axis by lineage, 

then by county, then by individual dog that ticks were collected from. The x-axis labels indicate county (first set of letters), the dog the tick was sampled from 

(number), and the individual tick identifier (final letter). Asterisks indicate ticks in which both sequence variants were detected. (Note that Illumina 16S rRNA 

and Sanger 23S rRNA sequencing results disagreed on the CLE lineage of tick Mar16E.) 
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Figure 2.2. Phylogenetic placement of Coxiella-like endosymbionts of Rhipicephalus sanguineus s.l. using 

16S rRNA. 

Consensus maximum-likelihood phylogeny of the Coxiella 16S sequence variants detected in at least 2 

ticks in this study (names starting “sv”) plus selected strains from GenBank. Sequence variants from this 

study ranged from 404 to 429 base pairs in length. GenBank sequences varied from 618 to 1411 bp in 

length after trimming to the region shared by at least two sequences. 
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Figure 2.3. Phylogenetic placement of the Coxiella-like endosymbiont of Rhipicephalus sanguineus s.l. 

using 23S rRNA. 

Maximum likelihood phylogeny of 23S rRNA sequences from two dominant Coxiella strains in this study 

plus selected strains from GenBank. Coxiella strains from the tropical lineage R. sanguineus s.l. ticks are 

in blue, while those from the temperate lineage ticks are in orange, and Genbank sequences are in black. 

The tree was rooted with the outgroup Rickettsiella grylli. Nodes with less than 50% support have been 

collapsed.  
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Discussion 

I characterized Coxiella-like symbionts in 99 ticks belonging to the R. sanguineus s.l. species 

complex collected off of dogs in Arizona. Rhipicephalus sanguineus s.l. is the vector of R. 

rickettsii in this region, and is of special interest because in Arizona, the tropical and temperate 

lineages overlap in their geographic range. I found that Coxiella accounted for a higher 

proportion of bacterial sequences in female ticks than male ticks and also comprised more of the 

reads in adults compared to juveniles. Although I detected 37 recurrent Illumina amplicon 

sequence variants which were shared between at least two individual ticks, two variants, SV001 

and SV002, accounted for the vast majority of CLEs detected. Ticks from both the tropical and 

temperate lineages were sampled from across the state, and co-occurred in some counties. I 

predicted that the two lineages would host different CLEs, and our hypothesis was largely 

supported: SV001 was almost always found in temperate lineage ticks while SV002 was almost 

exclusively found in the tropical lineage. However, five cases of coinfection with both variants 

suggest a role for horizontal transfer as well. 

Consistent with our hypothesis, I observed strong association of two dominant Coxiella-like 

endosymbiont sequence variants with tropical and temperate lineages, respectively, of R. 

sanguineus s.l. within Arizona. The strong association between the dominant SVs and their 

respective tick lineages is consistent with the conclusion that Coxiella depends on vertical 

transmission from mother to offspring. However, I did observe occasional mismatches between 

tick lineages and their associated SVs, specifically, a few ticks were coinfected with both SVs. 

Four temperate ticks were primarily colonized by SV002 as expected, but secondarily infected 

by the tropical associate, SV001, at low levels. Conversely, one tropical individual was 

predominantly infected with SV001, but also hosted a low level of SV002. (Illumina data 
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suggested that a second tropical individual was infected with SV002, but 23S rRNA Sanger 

sequencing data disagreed.) All of the ticks in which I observed mismatches were collected from 

counties in which both tick lineages co-occurred (Cochise and Gila). These mismatches suggest 

that horizontal symbiont transfer occasionally occurs between ticks of different lineages. Co-

feeding is a likely route of transfer: when two ticks of different lineage happen to feed on the 

same dog, a symbiont might be able to travel via the dog’s blood from one tick into the other. 

This finding supports the notion that, while maternal inheritance is the predominant route of CLE 

transmission, horizontal transfer events during blood-feeding may still be biologically important 

and could potentially disrupt an otherwise stable host-endosymbiont relationship (Rahal et al. 

2020). The recently acquired CLE variant may eventually out-compete the expected associated 

variant within a given tick, thereby obscuring evolutionary signal. Rahal et al. (2020) similarly 

suggested that CLEs and other symbionts may also be transmitted from one tick to another via 

the mammalian host. Alternatively, apparent double infections may be ephemeral, with both SVs 

signaling the native CLE in the germline and the SV associated with the other tick lineage in the 

gut after a bloodmeal. With present data, I am unable to confirm true infection of both CLEs 

within the ticks tested 

In our phylogenetic analysis, I found that all 37 CLE SVs which were detected in more than one 

tick clustered with other reported CLEs of R. sanguineus s.l., as well as a single CLE reported 

from Hyalomma marginatum. Since Hyalomma and Rhipicephalus fall within the same tribe 

within Rhipicephalinae, these results hint at evolutionary conservation of CLE-tick relationships 

within closely related tick clades; similar results were reported by Duron et al. (2017). Many of 

the CLEs reported here, including the two dominant SVs, were closely related to Candidatus C. 

mudrowiae. This CLE is reported to be currently undergoing genome reduction, which is 
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evidence of increasingly obligate host association over evolutionary time, usually facilitated by 

vertical transmission from mother to offspring (Gottlieb et al. 2015). Our findings support that 

CLEs detected in R. sanguineus s.l. are also vertically transmitted symbionts that are largely or 

entirely dependent on their tick host for survival. The presence of at least 35 additional low-

abundance SVs indicates high diversity of rare CLEs within this species and the potential for 

other R. sanguineus s.l.  populations to host distinct sequence variants from those described here. 

Endosymbionts, with documented prevalence and crucial roles in host survival, such as CLEs, 

warrant additional research to determine the feasibility of targeting the bacteria as a means of 

non-chemical control of tick populations. Zhong et al. (2007) proposed that targeted antibiotic 

use could potentially be added as a tool in integrated tick management strategies. An approach 

utilizing both antibiotic and chemical pesticide treatments may be plausible on a case-by-case 

basis, considering that it is harder to evolve resistance to multiple stressors at once, with the 

caveat that there would be regulatory hurdles. Assuming that CLEs are important for tick fitness, 

as previous studies suggest, our findings support this call for additional research. I confirm CLE 

prevalence in R. sanguineus s.l. ticks in Arizona, where they are documented disease vectors and 

hypothesized to be resistant to first-line acaricides (Eiden et al. 2015, Klafke et al. 2017). 

Furthermore, various studies suggest that nonpathogenic bacteria may play an important role in 

mediating tick-borne disease transmission (Narasimhan and Fikrig 2015, Gall et al. 2016, Bonnet 

et al. 2017, de la Fuente et al. 2017). Endosymbionts closely related to pathogenic bacteria may 

serve as a barrier to infection and transmission of related pathogens by insects and other 

arthropods, perhaps through competition for resources (Noda et al. 1997, Macaluso et al. 2002, 

Mira and Moran 2002, de la Fuente et al. 2003, Heise et al. 2010, Gall et al. 2016). While no 

studies to date have confirmed the presence of C. burnetii in R. sanguineus s.l. ticks in Arizona, 
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human infection with the pathogen has been reported in the state. Future research should address 

whether CLEs can inhibit infection with the pathogen.  

This study evaluated CLEs in the two distinct lineages of R. sanguineus s.l. ticks via high 

throughput sequencing. The high prevalence of CLEs in 16S rRNA data supports an obligate role 

of for endosymbiont. The overwhelming dominance of two divergent CLE SVs between the two 

tick lineages demonstrates that transmission primarily occurs vertically, while coinfection with 

the two dominant SVs in a handful of ticks in regions where both lineages have been 

documented suggests that horizontal transfer may influence endosymbiont composition in ticks.  
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Chapter 3 – Bacterial microbiome composition of R. sanguineus s.l. ticks 

 

Abstract 

Rhipicephalus sanguineus s.l. is a species complex of ticks that are important vectors of many 

diseases to humans and other animals. In Arizona, the ranges of the two primary lineages – the 

temperate and the tropical lineages – overlap. The temperate and tropical lineages of R. 

sanguineus s.l. have divergent strains of the obligate Coxiella-like endosymbiont, however, it is 

unknown whether the microbiome of the temperate and tropical lineages are otherwise different. 

There is growing evidence that non-pathogenic bacteria may be important components of vector-

borne disease dynamics, even at low abundance. I used a blocking primer to prevent sequencing 

of Coxiella to enable a closer examination of bacterial community structure of R. sanguineus s.l. 

ticks in Arizona. I found many commonalities among bacterial genera found within R. 

sanguineus s.l. ticks across the state, but there were no clear distinctions in bacterial community 

composition based on lineage, sex, female engorgement level, or collection location.  
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Introduction 

Hematophagous arthropods often have complex relationships with a multitude of bacteria. Ticks 

are vectors of a broad array of pathogenic microorganisms, transmitting dozens of harmful 

bacterial agents to humans and other animals (Andreotti et al. 2011, Carpi et al. 2011, Williams-

Newkirk et al. 2014, Duron et al. 2015, 2017). Ticks often have obligate bacteria that are 

essential to their survival. In ticks, as in many other blood-feeders, these bacteria may play 

pivotal roles such as facilitating diet specialization by supplementing bloodmeals with vitamins 

and cofactors, or by mediating pathogen infection and transmission (Moran et al. 2008, Guizzo et 

al. 2017, Duron and Gottlieb 2020). Whether beneficial, pathogenic, or commensal, the members 

of the tick microbiome may have the capacity to influence their host and, indeed, other bacteria. 

Therefore, it is critically important to more broadly understand the tick bacterial community 

structure and diversity to gain better insight into their capacity for transmitting diseases to 

humans and other animals. 

While microbiome composition tends to differ across ixodid (hard) tick species, there several 

genera of non-pathogenic commensal bacteria that are frequent among species, including 

Pseudomonas, Sphingobacterium, Acinetobacter, Enterobacter, and Stenotrophomonas 

(Budachetri et al. 2014, Narasimhan and Fikrig 2015). The overall composition of these 

microbial communities, however, is highly variable. Ticks encounter and subsequently acquire 

these bacteria throughout their life stages via several routes. Transovarial transmission is a 

primary means of obligate mutualist and pathogen acquisition, but other bacteria can also take 

advantage of this method (Bonnet et al. 2017). Ticks may also be exposed to various vertebrate-

associated bacteria via their host during feeding, although to what extent this alters the 

microbiome is still poorly understood. Some studies have found little correlation between tick 
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microbiomes and their host’s skin or blood flora, suggesting that host bloodmeal may not 

influence tick microbiome composition (Hawlena et al. 2012, Rynkiewicz et al. 2015, Zolnik et 

al. 2016). Other researchers, however, have found the inverse. Chicana et al. (2019) determined 

that there is increased bacterial diversity in generalist ticks that feed on diverse hosts compared 

to nidicolous or one-host ticks. Furthermore, bacterial diversity in fed adult female Ixodes 

scapularis ticks is greater than that in wild-caught questing females, suggesting that recent 

bloodmeal acquisition may play a role in shaping the tick microbiome in all life stages (Thapa et 

al. 2019).  

Ticks may also obtain new bacterial passengers through interaction with the environment and 

other factors (Narasimhan et al. 2021). Bacteria commonly associated with soil have frequently 

been identified in tick microbiome profiles (Zimmer et al. 2013, René-Martellet et al. 2017, 

Rojas-Jaimes et al. 2021). Hawlena et al. (2012), Chicana et al. (2019), and Thapa et al. (2019) 

all found that spatial scale and geography can be important in structuring tick bacterial 

communities. Other factors including season, temperature, light/dark cycles, host availability, 

and vegetation may all influence microbiome composition by imposing stressors on the tick host 

(Overbeek et al. 2008, Carpi et al. 2011, Lalzar et al. 2012, Williams-Newkirk et al. 2014). 

Differences between bacterial composition observed in laboratory-reared versus wild-caught 

ticks highlight the role of environmental constraints as key drivers of bacterial community 

structure and richness(Narasimhan et al. 2021).  

Even within controlled settings, microbial profiles may shift dramatically depending on tick 

characteristics such as sex (René-Martellet et al. 2017, Thapa et al. 2019), life stage (Moreno et 

al. 2006, Clay et al. 2008, Williams-Newkirk et al. 2014, Zolnik et al. 2016), and feeding status 

(Heise et al. 2010, Menchaca et al. 2013, Zhang et al. 2014, Thapa et al. 2019). Heise et al. 
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(2010) observed that, upon feeding, proportions of Coxiella spp. decreased, Rickettsia spp. 

increased, and genera such as Pseudomonas that were not detectable before feeding increased in 

Amblyomma americanum females. This highly variable and flexible nature may represent a 

biologically relevant and, indeed, potentially important characteristic of microbial communities 

in ticks. Bonnet and Pollet (2020) suggested that the inherent lability of the tick microbiome may 

help ticks adapt to environmental stresses, such as pathogen presence.  

The presence of tick-borne pathogens may also, in turn, influence bacterial community structure 

(Steiner et al. 2008, Abraham et al. 2017). Abraham et al. (2017) established that Anaplasma 

phagocytophilum has a large impact on the gut microbiome of Ixodes scapularis ticks, thereby 

partially blocking the development of bacterial biofilm, and compromising the integrity of the 

peritrophic matrix and increasing the tick’s susceptibility to infection. Conversely, pathogen 

infection can serve as a barrier for infection of other, closely related bacteria (Macaluso et al. 

2002, de la Fuente et al. 2003, Gall et al. 2016).  

Evidence suggests that non-pathogenic bacteria may directly interfere with pathogen 

establishment and replication through direct competition for limited resources (nutrients, tissue) 

or stimulation of the same immune system function. Alternatively, non-pathogens may improve 

conditions for pathogen establishment by suppressing the tick’s immune system (Bonnet and 

Pollet 2020). One example of such complex exchanges was observed by Narasimham et al. 

(2014), who observed that the gut microbiota in Ixodes scapularis ticks was critical in 

maintaining the peritrophic matrix’s integrity during feeding. When treated with antibiotics and 

cleared of their gut flora, Borrelia burgdorferi, the causative agent of Lyme disease, was unable 

to colonize, as the pathogen is dependent on the peritrophic matrix for replication.  
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While summarizing a labile system poses significant challenges, establishing a baseline 

understanding of microbial richness and composition within ticks can prove an important effort. 

Zhang et al. (2014) surveyed the microbiome of Ixodes persulcatus ticks and their rat host’s 

blood before and after feeding and found that several bacterial genera identified as members of 

Ixodes persulcatus ticks’ microbiome were also present in the host’s blood after the tick bite, 

potentially indicating transmission of non-pathogenic bacteria between ticks and mammalian 

hosts. It is also true that many pathogenic bacteria present in ticks have close non-pathogenic 

relatives, suggesting a spectrum of intermediate or transitional states between pathogen, 

commensal, or symbiont (Duron et al. 2015, Bonnet et al. 2017). Examples of this are found in 

the obligate endosymbiotic bacteria frequently identified across tick species – Rickettsia, 

Francisella, and Coxiella – all of which have closely related pathogenic agents (Duron et al. 

2015). In fact, observations that some bacterial species could be a mutualist in one host species 

yet pathogenic in another, leading to a shift in the traditional paradigm of assigning strict 

“mutualist” or “pathogen” classifications to bacteria (Brownlie and Johnson 2009, Mushegian 

and Ebert 2015, Zug and Hammerstein 2015). In light of public health preparedness, researchers 

must be aware of pathogens’ frequent evolutionary shifts and transmission to tick hosts, which 

offer ample opportunity for the emergence of novel infectious diseases (Bonnet et al. 2017). 

The Rhipicephalus sanguineus s.l. species complex refers to 11-17 related species or subspecies 

with a worldwide distribution (Walker et al. 2000, Gray, Dantas-Torres, Estrada-Pena, et al. 

2013, Dantas-Torres and Otranto 2015). The two dominant lineages, herein referred to as the 

temperate and tropical lineages, are the most abundant ticks within Arizona. While previously 

considered sub-taxa of the same species, these closely related but genetically distinct groups 

exhibit differences in morphology, climactic range limits, and symbiont association (as noted in 
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chapter two), further validating the separation of the two lineages into distinct species (Dantas-

Torres et al. 2013, Nava et al. 2018). The ranges of the temperate and tropical lineages overlap in 

at least two counties in Arizona, where latitude and elevation converge to create suitable climatic 

conditions for both lineages.  

Recent investigations have compared the microbiome composition of R. sanguineus s.l. ticks 

across broad geographic regions (René-Martellet et al. 2017), within Nigeria (Agwunobi et al. 

2021), and between females and embryonic cell cultures of both lineages (de Cassia Luzzi et al. 

2021). Rene-Martellet et al. (2017) found significant differences in the microbiota homogeneity 

and composition between the temperate and tropical lineages, but this finding is confounded by 

the continental geographic scale over which samples were collected. Similarly, de Cassia Luzzi 

(2021) also associated significant differences in bacterial diversity to lineage, though the 

temperate and tropical ticks were collected approximately one thousand miles apart in Brazil. 

The previous chapter of this dissertation identified that the temperate and tropical lineages of R. 

sanguineus s.l. ticks in Arizona harbor divergent strains of Coxiella-like endosymbionts (CLEs), 

with the likely capacity to horizontally acquire the dominant CLE of the opposite lineage in 

regions of range overlap.  

This study aims to investigate potential similarities and differences in microbial composition and 

richness among R. sanguineus s.l. ticks in Arizona, where both lineages are present and can exist 

in sympatry with one another. To gain better insight into the R. sanguineus s.l. microbiome, I 

developed a blocking primer to exclude CLEs from amplifying, thus improving the ability to 

identify patterns in less common bacteria (Vestheim et al. 2011, Gofton et al. 2015). I 

hypothesize that there will be significant differences between bacterial community structure 

between the two tick lineages and collection locations. 
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Methods 

Sample Collection 

R. sanguineus s.l. ticks were collected from dogs in collaboration with local stakeholders during 

vector control activities, and in animal shelters in communities throughout Arizona. Samples 

were identified to species using standard taxonomic keys (i.e. Walker et al. 2000) and life stage, 

sex, and engorgement level were assessed as well (Table 3.1). 

DNA Isolation & Sequencing 

Ticks were surface-sterilized through one-minute successive baths of 8% bleach, sterile PBS 

buffer, and 100% ethanol. Then they were transferred to a 1.5 mL tube with a sterile pestle and 

submerged in liquid nitrogen to enable homogenization and treated with 20 mg/mL lysozyme 

solution. DNA was isolated using the Qiagen QiaAmp DNA Mini Kit. R. sanguineus s.l. lineage 

was determined on all specimens via Sanger sequencing of a 400 bp fragment of the 12S rRNA 

mitochondrial gene performed at the University of Arizona Genetics Core (primers: forward 5’-

AAA CTA GGA TTA GAT ACC CTA TTA TTT TAG-3’; reverse 5’-CTA TGT AAG CAC 

TTA TCT TAA TAA AGA GTG-3’). Cycling parameters included an initial denaturation step at 

95°C for 30 seconds, followed by 30 cycles for 15 s at 95°C, 30 s for primer annealing at 50°C 

and 60 s for primer extension at 68°C. Sequences were manually corrected by visual analysis of 

the electropherogram, aligned using Geneious Prime 2021.2.2, and automatically assigned to 

lineage using R (Team 2014) based on haplotype nucleotide differences described in René-

Martellet et al. (2017) (Accession numbers KU255848-56).  
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Blocking Primer 

A CLE-specific blocking primer was designed using an alignment of the most common 200 

bacterial sequence variants (SVs) from the high-throughput sequencing library created in chapter 

two of this dissertation using Geneious Prime. First, the primer design tool was used to identify 

several candidates that bound to the CLE’s 16S rDNA with favorable annealing temperatures. 

These candidate primers were then compared with the remaining top 200 common bacterial 

sequence variants detected in the ticks, and those predicted to match other bacterial genera were 

discarded. The top candidate was a 25 bp blocking primer (5’-CAG TGG GGA AGA AAT TCT 

CAA GGC T-3’) that binds to Coxiella rDNA 83 bp downstream of the universal primer binding 

site. Using Primer BLAST, this blocking primer was compared against the top 5,000 matching 

NCBI GenBank sequences to ensure it would not bind to any other common bacteria. 

Microbial Sequencing 

Bacterial DNA was amplified in a two-step protocol. First, 16S rDNA was amplified with the 

341f/785r primer set described in Klindworth et al. (2013), which amplifies a 464 bp fragment of 

the V3-V4 hypervariable regions of the 16S rRNA. These primers included an overhang adapter 

to enable downstream addition of indices for sample differentiation. Amplification of CLE 16S 

rDNA was inhibited with the blocking primer. The PCR protocol used a 20 µL volume per 

reaction containing 2 μL forward primer (5 μmol/L), 2 μL reverse primer (5 μmol/L), 2 μL CLE 

blocking primer (10 μmol/L), 10 μL Q5 2x master mix (New England Biolabs), 3 μL PCR water 

and 1 μL DNA. Thermocycler conditions were an initial denaturation step at 98°C for 60s, 35 

cycles of: denaturation at 98°C for 10s, blocking primer annealing at 64 C for 10s, universal 

bacterial primer annealing at 58°C for 20s, and extension at 72°C for 30s followed by final 
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extension at 72°C for 120s. Bacterial amplicons were cleaned with Serapure magnetic bead 

solution (Rohland and Reich 2011) and indexed with unique forward and reverse primer sets in a 

20 µL volume per reaction. The recipe was the same as above except I omitted the CLE blocking 

primer and replaced the step 1 universal bacterial primers with indexing primers, assigning a 

unique pair of forward and reverse indices to each sample. Thermocycler conditions were an 

initial denaturation step at 95°C for 3m, followed by 8 cycles of denaturation at 95°C for 30s, 

annealing at 50°C for 30s, and extension at 68°C for 50s, and final extension at 68°C for 10m. 

Samples were then quantified, normalized, pooled, and sequenced on the Illumina MiSeq 

platform at the University of Texas Arlington. 

Data Cleaning and Processing 

Illumina primers and indexing primer sites were removed using CutAdapt software (Martin 

2011). Inference of bacterial SVs was performed using the DADA2 algorithm, which employs 

quality scores, the run-specific error rate, and the number of times each sequence was observed 

to infer the true biological sequences that were present, allowing fine-grained analysis at the 

level of bacterial strains rather than species (Callahan et al. 2016). Taxonomy of bacterial reads 

was assigned using the RDP and Silva database version 132 (Wang et al. 2007, Yilmaz et al. 

2014). Data management, analysis, and visualization were performed in R (R Team 2014) with 

the phyloseq package (McMurdie and Holmes 2013). Sequences were filtered by read length, 

retaining reads between 398 and 428 base pairs, inclusive, and Coxiella sequences were 

identified and removed. I used PERMANOVA (the adonis test in the R package “vegan”; 

Oksanen et al. 2017) to test for dissimilarity in community composition between lineages, sexes, 

and female engorgement levels. Differential abundance testing was performed on unrarefied data 
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using the DESeq2 package as adapted for microbiome data (Anders and Huber 2010, McMurdie 

and Holmes 2013). 

To assess whether geographic location impacted bacterial community structure, I assigned 

coordinates for each sample based on nearest city or town to the collection location and 

calculated the Bray-Curtis dissimilarity distance between R. sanguineus s.l. samples as a function 

of geographical distance using the geosphere package in R. 

Results 

Thirty-nine R. sanguineus s.l. ticks were sequenced. The primer designed to block Coxiella was 

largely successful; only five individual tick samples had a high percentage of Coxiella reads after 

amplification. Temperate lineage ticks tended to have more Coxiella after amplification, 

suggesting that the primer was less efficient in blocking that strain of the bacteria. After 

excluding the remaining Coxiella from the dataset and rarefying read depths, two samples were 

removed due to insufficient data. The final dataset included 39 ticks; 18 (46%) temperate lineage 

and 21 (54%) tropical lineage R. sanguineus s.l. ticks from ten Arizona counties (Figure 3.1). 

With the exception of two nymphal samples, all were adults. There was a nearly even split 

between sexes – 18 (51.4%) were female and 17 (48.6%) were male. Read depths ranged from 

approximately 5,000 to 108,000 reads per sample. After rarefying the data to 5,000 reads, there 

were 2,229 bacterial genera among the 39 ticks included in the analysis.  
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 Life Stage N (%) 

Nymph 2 (5.4) 

Adult 35 (94.6) 

    Male 17 (55.8) 

    Female 18 (44.2) 

       Unfed 10 (55.6) 

       Partial 7 (38.9) 

       Fully 1 (5.6) 
Table 3.1. Life stage & sex of R. sanguineus s.l.  

included in high-throughput sequencing  

using Coxiella blocking primer. 

 

The top ten bacterial genera present were: Staphylococcus, Cutibacterium, Rickettsia, 

Methylobacterium-Methylorubrum, Bacillus (three separate sequence variants), Meiothermus, 

Lawsonella, Exiguobacterium, Brevibacillus, and Pseudomonas. (Table 3.2, Figure 3.2). These 

genera accounted for 39% of all reads. Each remaining genus accounted for ≤1% of reads. 

Bacterial community composition did not differ according to R. sanguineus s.l. lineages, sex, or 

female engorgement levels (PERMANOVA; statistics shown in Table 3.3, Figure 3.3). While 

overall beta diversity was not significantly associated with tick lineage, temperate and tropical 

ticks differed in the relative abundance of 29 bacterial genera (DeSeq2; statistics shown in Figure 

3.4). These genera were: Enterobacter, Ralstonia, Rickettsia, Pelomonas, Burkholderia-

Caballeronia-Paraburkholderia, Deinococcus, Flaviaesturariibacter, Craurococcus-Caldovatus, 

Galbitalea, Enterococcus, Flavisolibacter, Sporosarcina, Rhodoferax, Solirubrobacter, 

Brachybacterium, Anaerobacillus, Porphyromonas, Rubrobacter, Actinoplanes, 

Enteractinococcus, UCG-005, and eight other genera that are unnamed. Contrary to our 

hypothesis, there was no significant association between geographic distance and bacterial 

community dissimilarity (Mantel test, r=0.0082, p=0.387, Figure 3.5A). When calculated within 
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Figure 3.1. County of collection for R. sanguineus s.l. included 

in high-throughput sequencing using Coxiella blocking primer. 
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lineage, there were still no significant differences in community structure by distance (r=0.0623, 

p+0.184 for temperate lineage, r=0.0563, p=0.25 for tropical lineage). 

Seven Rickettsia sequence variants were present within the dataset. A single Rickettsia SV was 

found at high abundance in three samples, all temperate lineage ticks. An NCBI Nucleotide 

BLAST query could not distinguish the sequence on a level finer than genus. The other 

Rickettsia SVs were present in low abundance in single samples. Since only three samples had 

high abundance Rickettsia, it is not possible to make any conclusions about the bacterium’s 

effect on bacterial community structure. 
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Class Order Family Genus Total 

Reads 

Number 

of 

Samples 

(%) 

Percent 

of 

Reads 

Bacilli Staphylococcales Staphylococcaceae Staphylococcus 15,473 39 (100) 8% 

Actinobacteria Propionibacteriales Propionibacteriaceae Cutibacterium 14,992 39 (100) 8% 

Alphaproteobacteria Rickettsiales Rickettsiaceae Rickettsia 8,830 3 (8) 5% 

Alphaproteobacteria Rhizobiales Beijerinckiaceae Methylobacterium-

Methylorubrum 

8,812 23 (59) 5% 

Bacilli Bacillales Bacillaceae Bacillus 7,268 20 (51) 4% 

Deinococci Thermales Thermaceae Meiothermus 5,546 14 (36) 3% 

Bacilli Bacillales Bacillaceae Bacillus 5,058 25 (64) 3% 

Actinobacteria Corynebacteriales Corynebacteriaceae Lawsonella 4,157 25 (64) 2% 

Bacilli Bacillales Bacillaceae Bacillus 3,446 16 (41) 2% 

Bacilli Exiguobacterales Exiguobacteraceae Exiguobacterium 3,139 19 (49) 2% 
Table 3.2. Top ten most abundant bacterial genera among R. sanguineus s.l. ticks. Numbers are reported after rarefaction to 5,000 reads per 

sample.

Top genera are ordered by number of reads. Two genera, Cutibacterium and Staphylococcus were present in all 37 ticks sampled.   
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Temperate Lineage Tropical Lineage 

Figure 3.2. Abundances of bacterial genera in R. sanguineus s.l. ticks. 

Abundance of top ten bacterial genera present in R. sanguineus s.l. ticks from Arizona. The x-axis labels indicate county (first set of letters), the dog the tick was 

sampled from (number), and the individual tick identifier (final letter). Each bar represents sequences derived from a tick after rarefaction to 5,000 reads, with 

the genus indicated by color. Genera that did not reach a relative abundance of 2.5% across all samples are labelled “Other.” 
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Variable D.F. Sum of 

Squares 

F R2 P-value 

Lineage 

Residuals 

1 

37 

0.423 

13.376 

1.170 0.031 0.198 

Sex 

Residuals 

2 

36 

0.857 

12.942 

1.192 0.062 

0.938 

0.144 

Engorgement 

Residuals 

1 

18 

1.060 

5.533 

0.958 0.161 

0.839 

0.549 

County 

Residuals 

9 

29 

3.480 

10.319 

1.087 0.252 

0.748 

0.167 

Multivariate Analysis 

Lineage 

County 

1 

9 

0.423 

3.472 

1.195 

1.090 

0.031 

0.252 

0.165 

0.175 
Table 3.3. PERMANOVA results based on Bray-Curtis dissimilarities in bacterial community structure by R. sanguineus s.l. lineage, sex, 

engorgement, and county. 

Bacterial community structure is not significantly associated with any of these factors 
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A. Lineage R
2
= 0.04 (P=0.148) R

2
= 0.27 (P=0.136) B. County C. Sex R

2
= 0.04 (P=0.087) 

Figure 3.3. Ordinations of bacterial community composition using nonmetric multi-dimensional scaling (NDMS) plots of the Bray-Curtis dissimilarities between 

lineage, county of collection, and sex. 

Bacterial community structure is not significantly associated with any of these factors. 
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Figure 3.4. Boxplots showing differentially abundant bacterial genera by R. sanguineus s.l. lineage. 

The temperate (left side of box plots) and tropical (right side of box plots) lineages significantly differed in abundance of 29 bacterial genera, 26 of which are 

shown. (A) Enterobacter, (B) Ralstonia, (C) Rickettsia, (D) unnamed, (E) Pelmonas, (F) unnamed, (G) Burkholderia-Caballeronia-Paraburkholderia, (H) 

Deinococcus, (I) Flaviaesturariibacter, (J) Craurococcus-Caldovatus, (K) Galbitalea, (L) Enterococcus, (M) Flavisolibacter, (N) unnamed, (O) unnamed, (P) 

unnamed, (Q) Sporosarcina, (R) unnamed, (S) Rhodoferax, (T) Solirubrobacter, (U) Brachybacterium, (V) Anaerobacillus, (W) unnamed, (X) Porphyromonas, 

(Y) Rubrobacter, (Z) unnamed. 
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Figure 3.4. Plot of the Bray-Curtis distance between R. sanguineus s.l.  ticks as a function of geographical distance. 

Bray-Curtis dissimilarity distance as a function of geographical distance calculated between coordinates for each sample based on nearest city or town to 

the collection location. (A) All samples, (B) temperate lineage, (C) tropical lineage. 

A B C 
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Discussion 

This research compared the bacterial community structure of temperate and tropical R. 

sanguineus s.l. ticks in Arizona. The utilization of a blocking primer to inhibit the amplification 

of the dominant CLEs allowed for better insight into the rich bacterial microbiome of R. 

sanguineus s.l. ticks. I found many commonalities among bacterial genera found within R. 

sanguineus s.l. ticks in Arizona. The majority of samples had Staphylococcus, Cutibacterium, 

Rickettsia, Methylobacterium-Methylorubrum, Bacillus (three separate sequence variants), 

Meiothermus, Lawsonella, Exiguobacterium, Brevibacillus, and Pseudomonas. In spite of a very 

diverse community in which approximately 60% of bacterial genera each represent <1% of total 

reads, there were no clear distinctions in bacterial community composition based on lineage, sex, 

female engorgement level, or county of collection.  

Our findings are in line with other research, which suggests that when the primary symbiont is 

excluded from analysis, the tick microbiome is subject to influence from an assortment of factors 

(Lalzar et al. 2012, Ross et al. 2018, Binetruy et al. 2020). Some research on the R. sanguineus 

s.l. microbiome has indicated trends by lineage; however, such findings may be confounded by 

sampling the two lineages in distinct geographic areas (René-Martellet et al. 2017, de Cassia 

Luzzi et al. 2021). While some bacterial community members in our study appeared to be 

present in significantly different abundance between temperate and tropical ticks, these results 

must be interpreted with caution, as high abundance of a given bacterium in just a few samples 

could result in significant statistical findings.  

Despite the near ubiquity of some bacterial genera across our samples, the notion that many 

members of R. sanguineus s.l.’s microbiome may be transient and highly variable cannot be 
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discounted. Arthropods that have obligate, vertically transmitted symbionts often lack other 

stable, obligate microbiota (Hammer et al. 2017, 2019, Ross et al. 2018). Many of the most 

abundant genera identified in the majority of samples are generalist bacteria that are often found 

in the environmental space that ticks occupy. Most tick species rely on a single maternally 

inherited endosymbiont for synthesis of B vitamins and cofactors lacking in their diet (Gottlieb et 

al. 2015, Smith et al. 2015, Ramaiah et al. 2017, Ben-yosef et al. 2020, Duron and Gottlieb 

2020). In the presence of such a vital specialist such as R. sanguineus s.l.’s Coxiella-like 

endosymbiont, it is unsurprising that the other members of the tick’s microbiome are generalist 

bacteria and may not play as important roles in host fitness. 

Parsing out which bacteria may be contaminants and which are true representatives of the 

microbiome would be no easy task. Off-host ticks spend a significant amount of their time at 

ground-level, for example, and may acquire soil-associated bacteria, which could look like a 

contaminant to the untrained eye (Zimmer et al. 2013, Narasimhan et al. 2021, Rojas-Jaimes et 

al. 2021). The genus Cutibacterium is often removed from high-throughput sequencing analysis 

because of its close association with human skin, but is also a dominant member of the canine 

skin and ear microbiomes (Tang et al. 2020). The ticks could plausibly have acquired this 

bacterium during feeding, which would be consistent with its presence in high abundance in this 

analysis.  

This study adds insight to the presently sparse literature regarding R. sanguineus s.l. bacterial 

community composition. I found generalist and environment-associated bacteria accounted for 

the majority of the ticks’ bacterial community, with no systematic structural patterns between the 

temperate and tropical tick lineages or geography. The results presented here suggest that ticks 

within a comparatively small region such as Arizona tend to acquire similar environmental 
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bacteria. It is therefore unlikely that these secondary members of the R. sanguineus s.l. 

microbiome meaningfully influence vector competence for R. rickettsii of either of the two 

lineages in Arizona. Future research on should focus on R. sanguineus s.l.’s obligate, maternally-

inherited symbionts, CLEs, and whether they may play a role in the tick’s ability to acquire and 

transmit pathogens such as R. rickettsii. 
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Appendix 1.1. Primer binding sites and haplotype nucleotide differences from René-Martellet et al. 2017. 

 

Standard Primer Site      Lineage Primer Site 

Temperate-Haplotype 1 KU25548.1  AAACTAGGATTAGATACCCTATTATTTTAGAGGTAAACATTGTTAGTAAATAAAAATTAC   60 

Temperate-Haplotype 2 KU255849.1 AAACTAGGATTAGATACCCTATTATTTTAGAGGTAAATATTGTTAGTAAATAAAAATTAC   60 

Temperate-Haplotype 3 KU255850.1 AAACTAGGATTAGATACCCTATTATTTTAGAGGTAAACATTGTTAGTAAATAAAAATTAC   60 

Temperate-Haplotype 4 KU255851.1 AAACTAGGATTAGATACCCTATTATTTTAGAGGTAAATATTGTTAGTAAATAAAAATTAC   60 

Temperate-Haplotype 5 KU255852.1 AAACTAGGATTAGATACCCTATTATTTTAGAGGTAAACATTGTTAGTAAATAGAAATTAC   60 

Tropical-Haplotype 6 KU255856.1  AAACTAGGATTAGATACCCTATTATTTTAGAGCTTAACATTGTAAGTAAATAATAATTAT   60 

Tropical-Haplotype 7 KU255855.1  AAACTAGGATTAGATACCCTATTATTTTAGAGCTTAACATTGTAAGTAAATAATAATTAT   60 

Tropical Haplotype 8 KU255856.1  AAACTAGGATTAGATACCCTATTATTTTAGAGCTTAACATTGTAAGTAAATAATAATTAT   60 

 

Temperate-Haplotype 1 KU25548.1  GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

Temperate-Haplotype 2 KU255849.1 GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

Temperate-Haplotype 3 KU255850.1 GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

Temperate-Haplotype 4 KU255851.1 GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

Temperate-Haplotype 5 KU255852.1 GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

Tropical-Haplotype 6 KU255856.1  GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

Tropical-Haplotype 7 KU255855.1  GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

Tropical Haplotype 8 KU255856.1  GAAAGCAAAAAATTATGGCGGTATTTTAAGCTTTTCAGAGGAATTTGCTCTTTAATGGAT  120 

 

Temperate-Haplotype 1 KU25548.1  AAAACACCTAAATCTTACTTAAATTTGTTAATTCAATTTGTATACCACTATAAAAACAAT  180 

Temperate-Haplotype 2 KU255849.1 AAAACACCTGAATCTTACTTAAATTTGTTAATTCAATTTGTATACCACTATAAAAACAAT  180 

Temperate-Haplotype 3 KU255850.1 AAAACACCTAAATCTTACTTAAATTTGTAAATTCAATTTGTATACCACTATAAAAACAAT  180 

Temperate-Haplotype 4 KU255851.1 AAAACACCTAAATCTTACTTAAATTTGTTAATTCAATTTGTATACCACTATAAAAACAAT  180 

Temperate-Haplotype 5 KU255852.1 AAAACACCTAAATCTTACTTAAATTTGTAAATTCAATTTGTATACCACTATAAAAACAAT  180 

Tropical-Haplotype 6 KU255856.1  AAAACACCAAAATCTTACTTAGATTTGTGATTTCAATTTGTATACCACTATTAAAACAAT  180 

Tropical-Haplotype 7 KU255855.1  AAAACACCAAAATCTTACTTAGATTTGTGATTTCAATTTGTATACCACTATTAAAACAAT  180 

Tropical Haplotype 8 KU255856.1  AAAACACCAAAATCTTACTTAGATTTGTGATTTCAATTTGTATACCACTATTAAAACAAT  180 
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Temperate-Haplotype 1 KU25548.1  TAATAACTTCAATTGTTAAAATTTATTAAATTAAGTTATATTAAGTCAAGGTGCAGTAAA  240 

Temperate-Haplotype 2 KU255849.1 TAATAACTTTAATTGTTTAAACTTATTAAATTAAATTATATTAAGTCAAGGTGCAGTAAA  240 

Temperate-Haplotype 3 KU255850.1 TAATAACTTCAATTGTTAAAATTTATTAAATTAAGTTATATTAAGTCAAGGTGCAGTAAA  240 

Temperate-Haplotype 4 KU255851.1 TAATAACTTTAATTGTTTAAACTTATTAAATTAAATTATATTAAGTCAAGGTGCAGTAAA  240 

Temperate-Haplotype 5 KU255852.1 TAATAACTTCAATTGTTAAAATTTATTAAATTAAGTTATATTAAGTCAAGGTGCAGTAAA  240 

Tropical-Haplotype 6 KU255856.1  TTATAACTTTAATTGTTTAAATTTACAAAACTAAAATATATTAAGTCAAGGTGCAGTAAA  240 

Tropical-Haplotype 7 KU255855.1  TTATAACTTTAATTGTTTAAATTTACAAAACTAAAATATATTAAGTCAAGGTGCAGTAAA  240 

Tropical Haplotype 8 KU255856.1  TTATAACTTTAATTGTTTAAATTTATAAAACTAAAATATATTAAGTCAAGGTGCAGTAAA  240 

 

Temperate-Haplotype 1 KU25548.1  AATTTAAGAATGAAGTGAATTACATTTCTTTTTAGAGAGAGAAATTTA-AATAACATTTA  299 

Temperate-Haplotype 2 KU255849.1 AATTTAAGAATGAAGTGAATTACATTTCTTTTTAGAGAAAGAAATTTA-AATAACATTTA  299 

Temperate-Haplotype 3 KU255850.1 AATTTAAGAATGAAGTGAATTACATTTCTTTTTAGAGAGAGAAATTTA-AATAACATTTA  299 

Temperate-Haplotype 4 KU255851.1 AATTTAAGAATGAAGTGAATTACATTTCTTTTTAGAGAAAGAAATTTA-AATAACATTTA  299 

Temperate-Haplotype 5 KU255852.1 AATTTAAGAATGAAGTGAATTACATTTCTTTTTAGAGAGAGAAATTTA-AATAACATTTA  299 

Tropical-Haplotype 6 KU255856.1  AATTTAAGGATGAAGTGAATTACATTACTTTTTAGTGAGATAAGTTTATAACAATATTTA  300 

Tropical-Haplotype 7 KU255855.1  AATTTAAGGATGAAGTGAATTACATTACTTTTTAGTGAGATAAATTTATAACAATATTTA  300 

Tropical Haplotype 8 KU255856.1  AATTTAAGGATGAAGTGAATTACATTACTTTTTAGTGAGATAAATTTATAACAATATTTA  300 

 

                  Lineage Primer Site  

Temperate-Haplotype 1 KU25548.1  GGATTTGAAAGTAAAATTGAAATAGAATGTCAATTTGAATTAAGCTCTAAAATATGTACA  359 

Temperate-Haplotype 2 KU255849.1 GGATTTGAAAGTAAAATTGAAATAGAATGTCAATTTGAATTAAGCTCTAAAATATGTACA  359 

Temperate-Haplotype 3 KU255850.1 GGATTTGAAAGTAAAATTGAAATAGAATGTCAATTTGAATTAAGCTCTAAAATATGTACA  359 

Temperate-Haplotype 4 KU255851.1 GGATTTGAAAGTAAAATTGAAATAGAATGTCAATTTGAATTAAGCTCTAAAATATGTACA  359 

Temperate-Haplotype 5 KU255852.1 GGATTTGAAAGTAAAATTGAAATAGAATGTCAATTTGAATTAAGCTCTAAAATATGTACA  359 

Tropical-Haplotype 6 KU255856.1  GGATTTGAAAGTAAAATTAAAATAGGATGTTAATTTGAATTAAGCTCTAAAATATGTACA  360 

Tropical-Haplotype 7 KU255855.1  GGATTTGAAAGTAAAATTAAAATAGGATGTTAATTTGAATTAAGCTCTAAAATATGTACA  360 

Tropical Haplotype 8 KU255856.1  GGATTTGAAAGTAAAATTAAAATAGGATGTTAATTTGAATTAAGCTCTAAAATATGTACA  360 
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Standard Primer Site       

Temperate-Haplotype 1 KU25548.1  TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      399 

Temperate-Haplotype 2 KU255849.1 TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      399 

Temperate-Haplotype 3 KU255850.1 TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      399 

Temperate-Haplotype 4 KU255851.1 TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      399 

Temperate-Haplotype 5 KU255852.1 TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      399 

Tropical-Haplotype 6 KU255856.1  TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      400 

Tropical-Haplotype 7 KU255855.1  TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      400 

Tropical Haplotype 8 KU255856.1  TATCGCCCGTCACTCTTTATTAAGATAAGTCGTTACATAG                      400 
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