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Abstract

The Lone Star tick, Amblyomma americanum, transmits several bacterial pathogens includ-
ing species of Anaplasma and Ehrlichia. Amblyomma americanum also hosts a number of
non-pathogenic bacterial endosymbionts. Recent studies of other arthropod and insect vec-
tors have documented that commensal microflora can influence transmission of vector-
borne pathogens; however, little is known about tick microbiomes and their possible influ-
ence on tick-borne diseases. Our objective was to compare bacterial communities associ-
ated with A. americanum, comparing Anaplasma/Ehrlichia -infected and uninfected ticks.
Field-collected questing specimens (n = 50) were used in the analyses, of which 17 were
identified as Anaplasma/Ehrlichia infected based on PCR amplification and sequencing of
groEL genes. Bacterial communities from each specimen were characterized using lllumina
sequencing of 16S rRNA gene amplicon libraries. There was a broad range in diversity
between samples, with inverse Simpson’s Diversity indices ranging from 1.28-89.5. There
were no statistical differences in the overall microbial community structure between PCR
diagnosed Anaplasma/Ehrlichia-positive and negative ticks, but there were differences
based on collection method (P < 0.05), collection site (P < 0.05), and sex (P < 0.1) suggest-
ing that environmental factors may structure A. americanum microbiomes. Interestingly,
there was not always agreement between lllumina sequencing and PCR diagnostics: Ehrli-
chia was identified in 16S rRNA gene libraries from three PCR-negative specimens; con-
versely, Ehrlichia was not found in libraries of six PCR-positive ticks. lllumina sequencing
also helped identify co-infections, for example, one specimen had both Ehrlichia and Ana-
plasma. Other taxa of interest in these specimens included Coxiella, Borrelia, and Rickett-
sia. |dentification of bacterial community differences between specimens of a single tick
species from a single geographical site indicates that intra-species differences in micro-
biomes were not due solely to pathogen presence/absence, but may be also driven by vec-
tor life history factors, including environment, life stage, population structure, and host
choice.
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Introduction

In the southeastern United States, Amblyomma americanum (Lone Star tick) is the most fre-
quently encountered tick species, likely responsible for a majority of tick bites [1,2]. It is the
primary vector and amplifying reservoir of both Anaplasma and Ehrlichia species, which cause
anaplasmosis and ehrlichiosis respectively [3]. Both are acute febrile diseases common in the
U.S., and neither is transmitted transovarially (from female to offspring) in the tick host [4].
Anaplasmosis is commonly diagnosed in ruminants in the central and northeastern U.S. and is
caused by infection with one or more Anaplasma species including A. phagocytophilum, A.
marginale, and A. odocoilei [5]. Ehrlichiosis is primarily associated with canines [6] throughout
the southeastern U.S. [7] and is caused by infection with one of several different bacteria
including E. chaffeensis, E. ewingii, and Panola Mountain Ehrlichia [8-11]. Both are considered
zoonotic diseases as they can be identified in wildlife, domesticated animals, and humans [2-
14]. In Tennessee, Anaplasma and Ehrlichia species were identified in both questing and host-
collected A. americanum [12-16].

While actively feeding, A. americanum ingest compounds from their host (blood, proteins)
and simultaneously inject compounds into the host (anticoagulants, antihistamines, platelet
aggregation inhibitors, histamine binding proteins, immune inhibitory proteins) [17,18]. This
active feeding permits A. americanum to also harbor other pathogens. For example, the bacte-
ria Francisella tularensis, which causes tularemia in humans [19], and the newly discovered
Heartland virus, which thus far is pathogenic only in humans [20]. This tick also hosts non-
pathogenic bacteria such as Candidatus Rickettsia amblyommii [21] and Borrelia lonestari
[22]. Co-infections of multiple pathogens have been reported, but very few accurate rate esti-
mates exist due to the design of standard diagnostic tests [15,23-26]. For example, the groEL
gene is commonly amplified via nested PCR to positively identify both Ehrlichia and Ana-
plasma [27,28]; co-infections of the two are only identified when additional steps such as clon-
ing and sequencing PCR products [29] or reverse line blot hybridization [30] are performed.

Ticks have a complex community of commensal organisms. Amblyomma americanum
microbiome discovery studies have identified Bradyrhizobium, Coxiella, Rickettsia, and Pheny-
lobacterium as dominant endosymbionts [31-34]. Changes in A. americanum bacterial com-
munity structure and diversity also occur following life events such as blood feeding and
molting [33]. Research on other vectors has shown that vector microbiomes can have consider-
able influence on vector competence or the ability of a vector to transmit a pathogen [35,36].
Recently, a combination of microbiome culturing and sequencing studies identified bacteria
that have important interactions with their vector-borne pathogens. For example: (1) Immune
system development and parasite resistance of the tsetse fly were dependent on larvae harbor-
ing its endogenous microbiome during intrauterine development [36,37]. (2) Plasmodium
development can be inhibited by bacteria in mosquito midguts, such that increased copies of
gram-negative bacteria in Anopheles midguts was associated with lower Plasmodium infection
rate and sporogonic-stage development [38-40]. Eliminating the microbiota within An. gam-
biae increased the ability of P. falciparum to colonize and replicate within the vector [39]. (3)
Chikungunya virus influenced the diversity and composition of symbiotic bacteria in colony-
raised Ae. albopictus: Alphaproteobacteria, Bacteroidetes and Planctomycetes abundances
decreased with increased viral infection [41]. These studies provide promising evidence that
symbiotic bacteria may modulate vector competence; however, very little research has focused
on the tick microbiome and its relation to tick-borne diseases.

Pathogenic bacteria must compete with a diverse community of microflora (bacteria, fungi,
protozoans and viruses) for resources and space in the tick vector [42,43]. The objective of this
study was to test the hypothesis that within a single tick species (A. americanum) there would
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be differences in the bacterial communities associated with a pathogen (Anaplasma/Ehrlichia
infected ticks) compared to uninfected ticks collected from the same geographical area (west
Tennessee). Our goal was to identify potentially synergistic (present in positive ticks and absent
in negative ticks) and antagonistic (absent in positive ticks and present in negative ticks) bacte-
ria associated with Anaplasma/Ehrlichia infection and to compare their bacterial communities
within field-collected questing A. americanum. We additionally evaluated the relationships
between microbiomes and factors associated with collection (sex, trapping method, habitat
type, and soil type).

Materials and Methods
Tick Collection

Amblyomma americanum specimens were collected from Ames Plantation (35.115366 N,
-89.216735 W); a University of Tennessee managed research and education facility in western
Tennessee. Previously reported specimens identified as Ehrlichia/ Anaplasma positive or nega-
tive via PCR amplification of the groEL gene using Ehrlichia/Anaplasma-specific primers were
used in this study [15]. Briefly, ticks were collected with a combination of vegetation drags and
carbon dioxide baited traps from 13 different sites during 2012 (May-August). All ticks were
stored in vials containing 80% ethanol, and identified to species, life stage, and sex using mor-
phological keys [44-46]. The latitude and longitude for each collection was recorded which
allowed for the soil type to be identified in ArcGIS 10.0 (ERSI, Redlands, CA) using data
obtained from USDA Geospatial Gateway [47] and classified with county soil records [48,49].

Anaplasma and Ehrlichia identification

All A. americanum adult specimens were screened for Anaplasma and Ehrlichia species by
nested PCR amplification of groEL using primers specific to Ehrlichia/Anaplasma [15,27,28]; a
method that amplifies both genera. Adult specimens were used in this study because they had
already taken two blood meals giving them the greatest chance of acquiring one or more patho-
gens, along with potentially synergistic or antagonistic bacteria. Prior to DNA extraction, the
tick was removed from ethanol and held overnight at room temperature in sterile water to
allow any ethanol to diffuse from the tick into the water. Then, half of each specimen was sub-
jected to total DNA extraction using the Fermentas Gene Jet Genomic DNA Purification Kit
and protocol (Thermo-Fisher Scientific, Pittsburgh, PA), which yielded 140-720 ng of genomic
DNA per specimen. Seventeen specimens had positive amplification [15]. Sanger sequencing
of amplicons identified twelve of the seventeen as 97-100% identical to E. ewingii (GenBank
KJ907744); two were 100% identical to Panola Mountain Ehrlichia (GenBank HQ658904); two
were 99% identical to A. odocoilei (GenBank JX876642); and one was 99% homologous to E.
chaffeensis (GenBank KJ907753). For clarity, the seventeen Ehrlichia and Anaplasma positive
specimens identified by this standard PCR diagnostic method are referred to as ‘PCR-positive’
specimens.

Specimen Selection

A total of 51 specimens were used in the analyses, of which 17 were PCR-positive and 34 were
PCR-negative. An attempt was made to use twice as many negative specimens in the analyses
to err on the side of identifying bacteria associated with pathogen infection while controlling
for the different collection and environmental variables. There was no significant difference in
number of PCR-positive specimens by pathogen, sex, trapping method, collection period, habi-
tat type, or soil type (P > 0.05) (Table 1).
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Microbiome Analyses

The composition of the bacterial communities of each specimen was determined using Illu-
mina sequencing of 16S rRNA gene amplicons. Extracted DNA was sent to the Hudson Alpha
Bioinformatics Institute Genomic Services Laboratory (Huntsville, AL USA), where they
amplified the V3-V4 region of the 16S rRNA gene with barcoded primers 341F and 785R [50].
Amplicon libraries were pooled and 250 base pair paired end sequence reads were obtained on
the Illumina MiSeq platform. Reads were processed using the open source bioinformatic soft-
ware package Mothur v 1.33.3 following the MiSeq SOP protocol [51]. Briefly, sequences with
homopolymers longer than eight nucleotides or containing ambiguous bases were removed.
Remaining sequences were aligned to a SILVA reference library and trimmed to 445 bases that
started and ended at the same alignment position. The reads were subjected to the UCHIME
chimera removal algorithm. Reads were classified using the Ribosomal Database Project data-
base using at least 80% similarity to define taxonomy [52] and binned into operational taxo-
nomic unites (OTUs) according to their taxonomic classification at the genus level (phylotype
clustering). Sequences that classified as non-bacterial were removed. After screening, 3,428,296
reads remained, with a mean of 58,503 sequences per specimen. Sequences were deposited in
MG-RAST (Project: TickAA_Ehrlichia; Accession No. 467501.3-467558.3).

Table 1. The 51 Amblyomma americanum specimens used in the study did not differ by sex, trapping
or collection method, collection month, habitat, or soil type (P > 0.05).

Collection Variable PCR-negative PCR-positive Total
Sex (X2 = 1.42; df = 1; P = 0.234)

Male 8 6 24
Female 16 11 27

Total 34 17 51

Trapping Method (X2 = 0.0396; df = 1; P = 0.842)

CO, trap 19 9 28
Drag 15 8 23

Total 34 17 51

Collection Month (X2 =7.29; df = 3; P = 0.063)
(1) 10-16 May 2012 9 5 14
(2) 2-8 June 2012 9 0 9
(3) 27 June—6 July 2012 10 10 20
(4) 26 July—1 August 2012 6 2 8
Total 34 17 51
Habitat (X° = 3.13; df = 3; P = 0.372)
Coniferous 13 4 17
Grasslands 7 3 10
Bottomland deciduous 0 1 1
Upland deciduous 14 9 23
Total 34 17 51
Soil Type (X® = 1.53; df = 4; P = 0.822)

(1) Memphis silt loam 18 11 29
(3) Calloway silt loam 3 1 4
(4) Henry silt loam 8 4 12
(5) Gullied land complex 2 0 2
(7) Grenada-gullied land complex 3 1 4
Total 34 17 51

doi:10.1371/journal.pone.0146651.1001
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Data Analysis and Synthesis

Prior to diversity analysis of the tick microbiome communities, the number of sequences in
each sample was normalized by randomly subsampling the number of sequences present in the
smallest sample (13,508 reads) to eliminate the effect of uneven sampling depth on diversity
estimation. Simpson’s Diversity index and richness were calculated using Mothur on this sub-
sampled dataset. ANOV A was used to compare the mean diversity and richness by collection
factor in R [53]. Libraries that contained operational taxonomic units (OTUs) classified as
either Ehrlichia or Anaplasma were categorized as ‘MiSeq-positive’, those that did not have
these OTUs were ‘MiSeq-negative’. This classification was important as the two methods (PCR
amplification of groEL and Illumina high throughput sequencing) did not always agree. Thus,
we categorized specimens using three different criteria: 1) specimens with Ehrlichia/Anaplasma
based on the diagnostic PCR amplifying groEL (‘PCR-positive’); 2) specimens with Ehrlichia/
Anaplasma in the Illumina libraries (‘MiSeq-positive’); and 3) specimen that were identified as
Ehrlichia/Anaplasma positive using either approach (‘Ehrlichia-positive’).

To compare tick microbiome community structures, operational taxonomic unit (OTU)
abundances were standardized by total OTUs in a sample to yield relative abundance. Relative
abundances were square root transformed to down-weight high abundance OTUs. Spearman’s
rank and Pearson correlation coefficients between individual OT'U abundances and continuous
variables were determined using R. To examine community structure, Bray-Curtis distances
between samples were calculated and visualized with nonmetric multidimensional scaling
using Plymouth Routines In Multivariate Ecological Research (PRIMER) v6 software (Lutton,
UK) [54,55]. Analysis of similarity (ANOSIM) was used to determine if there was significant
multivariate clustering of community structure based on collection factors. Taxa that were dif-
ferentially represented according to collection factors or tick characteristics were identified
using LEFSe [56], which reveals taxa that are significantly different in relative abundance
between samples, and evaluates their contribution to explaining differences in community
structure (effect size). Briefly, taxa that were differentially distributed between factors, as deter-
mined by a Kruskal-Wallis o. > 0.05, were then used to build a linear discriminant analysis
model; taxa that were discriminant between factors with logarithmic LDA scores > 2.0 were
reported as differentially represented.

Results
Microbiome structure of Amblyomma americanum

Of the 51 specimens submitted for analyses, 50 had libraries with sufficient coverage (99.7-
99.9% coverage) for analysis. In total, 622 unique OTUs (classified to genus level) were identi-
fied across all libraries. Number of OTUs per library ranged from 80-288. There was a broad
range in diversity between samples, with inverse Simpson’s Diversity indices ranging from
1.28-89.5 (Fig 1). OTUs belonging to phylum Proteobacteria (mean 49.3 + 17.4% relative
abundance) and Bacteroidetes (34.5 + 14.0%) dominated the A. americanum microbiome (Fig
1). Other phyla in the microbiomes included Firmicutes (4.25 + 13.4%), Actinobacteria

(3.32 £ 2.68%), Planctomycetes (2.53 + 2.44%), Acidobacteria (1.45 £ 1.26%), Verrucomicrobia
(1.00 £ 1.2%). 1.6% of the reads were unclassifiable at 80% confidence to the RDP database.
The remaining 2% were a variety of phyla comprising < 1% relative abundance. The most
dominant OTUs were highly variable between specimens, but the most abundant (>1.00% rel-
ative abundance) across all specimens were Flavobacterium (24.4 + 13.3%), an unclassified
Gammaproteobacteria (2.22 + 12.4%), Rickettsia (9.1 + 14.5%), Sphingomonas (4.6 + 3.6%),
Singulisphaera (1.91 + 1.81%), Hymenobacter (1.95 £ 3.00%), and Bacillus (1.86 + 11.7%).
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Fig 1. Bacterial biodiversity in PCR-positive and negative Amblyomma americanum. Relative abundance of taxa in the microbiome of 50 individual
Amblyomma americanum collected in western Tennessee at the phylum (A) and genus (B) level. Specimens on the left were PCR-negative, those in the
middle were PCR-positive. The final column is the mean relative abundances for all specimens (n = 50).

doi:10.1371/journal.pone.0146651.g001

Diagnostics

Of the 50 specimens, nested PCR of groEL genes using Ehrlichia-specific primers identified 17
specimens with Ehrlichia or Anaplasma (from here on these specimens are referred to as ‘PCR-
positive’). Twelve of the 50 specimens contained OTUs classified as Ehrlichia or Anaplasma in
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their Illumina sequenced 16S rRNA gene libraries (from here on referred to as ‘MiSeq- posi-
tive’). Twenty specimens were identified as positive according to either PCR or 16S library
sequencing (from here on referred to as ‘Ehrlichia-positive’). Six PCR-positive specimens were
MiSeq-negative, while three PCR-negative specimens were MiSeq-positive. Therefore, combin-
ing the two approaches revealed a total of 20 specimens that were Ehrlichia/Anaplasma-posi-
tive. groEL PCR had a higher discovery rate (17 PCR positives / 20 total positives = 85%) than
16S rRNA gene libraries (14 OTU matches / 20 total positives = 70%); however, 16S rRNA
gene sequencing additionally identified one specimen co-infected with both Anaplasma and
Ehrlichia. This co-infection was not revealed by amplification and sequencing of groEL. The
relative abundance of each OTU in that co-infected specimen was 0.36% for Ehrlichia and
0.01% for Anaplasma, highlighting the ability of this approach to identify bacteria at very low
abundances.

Microbiome differences between positive and negative ticks

There were no significant differences in richness, diversity, or community structure between
PCR-negative and positive ticks (Fig 2, Table 2). In terms of phylum distribution, differences
were not significant (T test P > 0.1). Despite no significant differences in phylum composition
or community structure, there were significant differences between PCR positive and negative
ticks in terms of differentially represented OTUs. A LEFSe discriminant analysis revealed that
PCR positive and negative tick microbiome communities could be distinguished based on dif-
ferences in the relative abundance of a few taxa. As expected, PCR positive ticks were character-
ized by significantly increased relative abundances of the Alphaproteobacteria Ehrlichia
(OTU052) and Anaplasma (OTU126) in their microbiomes (Fig 3). OTU052 was detected in 9
of the 17 PCR-positive ticks with a mean relative abundance of 6.54 + 11.8%. OTU126 was
detected in 3 of the 17 PCR-positive ticks with a mean relative abundance of 2.79 + 7.89%; in
the two specimens that were identified via Sanger sequencing as infected with Anaplasma odo-
coilei, OTU126 made up 23.0% and 24.4% relative abundance. PCR-negative tick microbiomes
had overrepresentation of several OTUs, belonging to phyla Proteobacteria, Actinobacteria,
Bacteroidetes, and TM7 (Fig 3).

The relative abundance of OTU052 (Ehrlichia) was not correlated to community richness
(rs =0.051, p = 0.723) or diversity (Simpson’s diversity index, r, = 0.029, p = 0.842). It was also
not correlated to the collection factors such as collection month (rs =-0.114, p = 0.431). The
only collection factor that was significantly associated with Ehrlichia abundance was sex;
females carried a higher relative abundance of Ehrlichia than males (Fig 4). There was no sig-
nificant difference in abundance between any of the other collection factors.

Microbiome differences based on tick collection metadata

There was no significant difference in richness or diversity based on collection factors
(Table 2); however, there was a significant difference in community structure based on several
collection factors as determined by an ANOSIM analysis. Community structure was different
between male and female ticks (Table 2); differentially represented taxa included Ehrlichia
(mean relative abundance of 10.9% in females and 0.08% in males) (Fig 4) and Coxiella (1.99%
in females and 0.09% in males). Interestingly, Ehrlichia and Coxiella were significantly and pos-
itively correlated across all specimens (r = 0.424, P = 0.002). Taxa overrepresented in male tick
microbiomes were diverse, and included several Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria (Fig 5A).

Tick microbiomes also differed slightly between those specimens collected questing to a
CO, trap and those specimens questing on vegetation to a drag (Table 2). Significantly and
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2D Stress: 0.17

Fig 2. Bacterial community structure of PCR-positive and negative microbiomes. Nonmetric multidimensional scaling (NMDS) of Bray-Curtis distances
shows no significant difference in microbiomes of PCR-positive (green and blue circles) and PCR-negative ticks (red squares). PCR positive ticks were
previously identified with Sanger sequencing as having Ehrlichia ewingii (light green), E. chaffeensis (dark green), Panola Mountain Ehrlichia (dark blue),

Anaplasma odocoilei (light blue).

doi:10.1371/journal.pone.0146651.9g002

differentially represented taxa from specimens collected in traps included several Betaproteo-
bacteria (Burkholderiales, Neisseriales and Rhodocyclales), Gammaproteobacteria, and a Spiro-
chaete (Borrelia). Those specimens collected with a drag cloth had significantly greater
abundances of Bacillales (Firmicutes) and Rhizobiales (Alphaproteobacteria) (Fig 5B).

We also noted a significant community structure based on soil type classification of collec-
tion sites (Table 2). Ticks collected from sites with soil type 4, characterized as a deep well
drained to moderately well drained, medium texture soils in bottomland deciduous habitat
(e.g. Henry silt loam), had a significantly different microbiome structure compared to those
from upland areas with well-drained soil types (e.g. silty soil on upland flats, sandy soils, Callo-
way silt loam, Guillied land complex, Memphis silt loam) [15,48-49]. According to a LEFSe
LDA no single taxa had a large enough effect size to explain the differences between soil type 4
and the other soils types; instead the differences are driven by a high variability in the tick
microbial community structures from soil type 4 compared to the other locations (data not
shown).
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Table 2. ANOVA of tick microbiome richness (humber of OTUs) and diversity (Simpson Index) indicated no significant differences by life history
or collection factors ANOSIM comparison of community structure revealed significant differences (bolded) by sex, collection method, and soil

type.

Factor

Ehrlichia (PCR
diagnostic)

Ehrlichia (MiSeq
OTUs)

Ehrlichia (PCR or
MiSeq)

Sex
Collection Method
Habitat
Soil Type

*P<0.1
**P < 0.05
***p < 0.01

doi:10.1371/journal.pone.0146651.t002

Levels Richness Diversity Structure
#0TUs (Simpson) ANOSIM
F (P) F (P) Global R (P)
Positive, Negative 1.084 (0.303) 2.144 (0.150) 0.035 (0.264)
Positive, Negative 0.126 (0.725) 1.067 (0.307) -0.071 (0.808)
Positive, Negative 0.519 (0.672) 0.802 (0.499) -0.01 (0.523)
Male, Female 3.707 (0.06) 1.739 (0.194) 0.042 (0.054*)
CO,, Drag 0.109 (0.743) 0.745 (0.392) 0.07 (0.014* *)
Coniferous, Deciduous, Grassland 1.932 (0.156) 0.736 (0.484) 0.046 (0.146)
(1)Memphis silt loam (3)Calloway silt loam (4)Henry silt loam (5)Gullied 3.279 (0.076) 0.228 (0.635) 0.291
land complex (7)Grenada-gullied land complex (0.001***)

Genera of potential pathogenic importance

Other bacterial genera of potential public health importance were identified in the 16S rRNA
gene libraries (Fig 6). Known tick-associated bacteria were identified in many specimens,
including Borrelia (n = 5), Coxiella (n = 39), and Rickettsia (n = 39) (Table 3). Other bacteria of
potential interest identified in the libraries included Bacillus, Burkholderia, Legionella, Pseudo-
monas, Schlegelella, Staphylococcus, and Streptococcus. Pseudomonas and Streptococcus were
identified in all 50 samples at comparatively high relative abundances (> 5.9%); Bacillus, Bur-
kholderia, and Staphylococcus were identified in more than 80% of the specimens.

Co-infection

Co-infections were identified in 15 of the ticks (Fig 6). 16S rRNA gene libraries revealed ten
specimens infected with both Ehrlichia and Rickettsia. All five specimens that contained Borre-
lia also had Rickettsia, but none of those five specimens were infected with Ehrlichia or Ana-
plasma. Another specimen was infected with a Rickettsia and Anaplasma. Two ticks contained
three genera of interest; one had Rickettsia, Ehrlichia, and Borrelia; and a second had Rickettsia,
Ehrlichia, and Anaplasma.

Discussion

The most commonly identified bacteria within A. americanum belonged to the phyla Proteo-
bacteria (e.g. Rickettsia, Sphingomonas), Bacteroidetes (e.g. Flavobacteria and Hymenobacter),
and Firmicutes (e.g. Bacillus). Contrary to our hypothesis, there was no significant difference
in the overall microbiome bacterial community structure between negative and positive ticks;
however, positive ticks were characterized by increased relative abundances of Ehrlichia and
Anaplasma in their microbiomes, corroborating the results from the nested PCR assay. Several
bacteria were identified with significantly higher relative abundance in PCR-negative ticks,
including Rhizobacter, Xanthomonas, Schlegelella, Phenylobacterium, Conexibacter and
Kocuria (Fig 3). It was also noted that Borrelia was only present in PCR-negative specimens
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Fig 3. Significantly differentially represented bacterial taxa in Ehrlichia-infected ticks. Linear discriminant analysis (LDA) shows PCR-positive ticks
had significant over-representation of Ehrlichia and Anaplasma (green) and PCR-negative ticks had an over-representation of a variety of taxa belonging to
phyla Proteobacteria, Actinobacteria, Bacteroidetes and TM7 (red). Analysis was done using LEFSe, and phylogenetic relationship (A) and LDA scores (B)

are shown.

doi:10.1371/journal.pone.0146651.g003

(n = 5). These bacterial taxa may be potentially antagonistic with Ehrlichia or Anaplasma; how-
ever, experimental validation is needed to reveal microbial interactions between these
organisms.

Coxiella and Ehrlichia were identified in significantly higher relative abundances in female
ticks compared to males. Coxiella has been found in all tick tissues with large abundances in
tick ovaries [57]; elevated Coxiella abundances in females has also been identified in the tick
Rhipicephalus microplus [58]. In addition, the relative abundance of Ehrlichia was significantly
and positively correlated to Coxiella across all specimens. We do not know the mechanism
behind this association. Both Coxiella and Ehrlichia are Gammaproteobacteria, which are often
considered medically and ecologically important bacteria. Coxiella has been previously identi-
fied in A. americanum and speculated to be an obligate endosymbiont because it was found at
100% frequency in a number of A. americanum studies from different locations [32], has a
reduced genome [32], is vertically transmitted [18], and was amplified from all A. americanum

1

I Female
I Male

o
RN
!
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0.001 ~

OTUO052 (Ehrlichia)
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0.0001 .
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Ehrlichia groEL PCR

Fig 4. Female ticks had significantly higher relative abundance of Ehrlichia compared to males. The
relative abundance of Ehrlichia (OTU052) in the 16S rRNA gene libraries was significantly higher in females
compared to males (ANOVA F = 3.587, P = 0.064).

doi:10.1371/journal.pone.0146651.g004
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Fig 5. Bacteria genera associated with tick sex and collection methods. Taxa with significant effect sizes
were identified for female and male ticks (A) and for collection methods (B) using linear discriminant analysis
(LDA) in LEFSe. Females had significantly more Coxiella (pink) than males (blue), and CO, trap collected
ticks (yellow) had a different microbial composition than drag-collected ticks (green).

doi:10.1371/journal.pone.0146651.g005

life stages [32,33]. Nonpathogenic members of vector microbiomes are of considerable interest
in terms of modulating pathogens, through competition, gene transfer, or other mechanisms.
For example, A. americanum can harbor Coxiella spp. endosymbionts, which are closely related
to the highly pathogenic C. burnetii, the causative agent for Q fever. It has been demonstrated
that C. burnetii originated from a nonpathogenic Coxiella endosymbiont via horizontal gene
transfer and convergence [59]. In our study, it is possible that the Coxiella identified in the
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Fig 6. Anaplasma, Borrelia, Coxiella, Ehrlichia, and Rickettsia were identified in Amblyomma
americanum. Heat map shows relative abundance of OTUs of public health importance. It also reveals co-
infections in 15 of the specimens, as well as additional Ehrlichia and Anaplasma infections missed by PCR
amplification of groEL genes. Specimen = tick identification number; PCR = red are negative and green are
positive via PCR amplification of groEL with Ehrlichia-specific primers. Sanger sequencing of groEL
amplicons provided taxonomic information: AO = Anaplasma odoicoili, EC = Ehrlichia chaffeensis, EE = E.
ewingii, PM = Panola Mountain Ehrlichia). Sex = pink are female and blue are males.

doi:10.1371/journal.pone.0146651.g006

libraries is an obligate endosymbiont, but it is interesting to note that it was only identified in
74% of our A. americanum specimens. This suggests that even if Coxiella is dependent on the
tick host, the tick host may not be dependent on Coxiella (i.e. it is not an obligate endosymbi-
ont). The history of both convergence and horizontal gene transfer in the evolution of C. burne-
tii [59] indicates the importance of discovering the microbial community within vectors.

In this study, the goal was to examine microbial differences between infected and uninfected
ticks. In order to ensure any identified differences were due to associations with or without the
pathogenic bacteria and to minimize potentially inherent differences, specimens were selected
that were as similar as possible in terms of collection metadata (sex, habitat) and sampling
scheme (site, collection method). To our surprise, we observed that the microbiome commu-
nity structure varied depending on how and where each specimen was collected. We were also
surprised to find that habitat (P = 0.146) did not matter nearly as much as soil type (possibly
due to contamination, P = 0.001) and collection method (P = 0.014). To our knowledge, this is
one of the first studies to demonstrate microbial differences based on collection method. This
is important as it indicates that specimen selection and documentation of ecological metadata
is critical for future microbial studies. It is known that ticks spend a majority of their life in leaf
litter off their host, providing opportunity for the environment to structure the microbiome,
either indirectly (via changes in abiotic parameters) or directly (via incorporation of microbes).
In our study, ticks were stored in ethanol and then given a water bath, but the exoskeleton or
outer surface of the tick was not additionally sterilized prior to DNA extraction, so the relation-
ship to soil type may be partially due to soil contamination on the outside of the tick. We also
revealed different microbiome structures between ticks collected by CO, trap and those col-
lected by dragging. This also supports the idea that environment is structuring the microbiome:
a tick questing towards a trap in the vegetation (i.e. to a resting host) is exposed to a different
environment than a tick questing on or above the vegetation (i.e. to an active host). An alterna-
tive explanation for the differences between trapping methods is that there are members of the
microbiome that influence questing behavior [60,61]. Previous studies have shown that the

Table 3. lllumnia sequencing of the 16S rRNA gene V3-V4 region amplified two potential pathogenic tick bacteria and three known tick-associated
bacteria. Means and standard errors (SEM) are presented.

OTU #

126
052

100
090
003

Genus

Anaplasma
Ehrlichia

Borrelia
Coxiella
Rickettsia

Relative abundance (all Prevalence (% of specimens) Mean Relative Abundance in MiSeqg-Positive Ticks (+*SEM)
specimens)

Range

0.01%—24.4%
0.01%—36.3%

0.01%—22.0%
0.01%-8.6%
0.01%-51.2%

doi:10.1371/journal.pone.0146651.1003

Mean (+SEM)

Potential Bacterial Pathogens

0.9% (+0.66%) 3 (6%) 15.8% (£7.91%)

2.0% (£ 0.99%) 12 (24%) 8.3% (+3.65%)
Tick-Associated Bacteria

0.7% (£ 0.52%) 5 (10%) 7.2% (+4.58%)

1.1% (£ 0.27%) 39 (78%) 1.4% (£0.32%)

9.1% (+ 2.05%) 39 (78%) 11.7% (+2.49%)
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microbiome of arthropod vectors was more influenced by by the type of vector (fleas vs ticks)
than by host or environment [62], and that bacterial communities are highly structured by host
species [63]. It has also been shown that blood feeding and molting result in significant micro-
biome changes in A. americanum [33]. Here, we provide some early evidence that the environ-
ment may structure vector microbiomes. Additional research should focus on identifying the
time points in the tick life cycle when microbial communities are established, with a particular
focus on those stages where exogenous microbes are most likely to be introduced (i.e. molting
and feeding stages). These different tick life events likely influence the tick’s microbiome, and
therefore may play a role in modulating pathogen establishment and/or transmission.

An unexpected outcome of this study was that the two approaches used (traditional PCR-
based diagnostics and Illumina 16S rRNA gene library sequencing) did not always yield the
same taxa identification. Sensitivity comparisons between the two assays indicated that nested
PCR of groEL was slightly better at identifying Ehrlichia/Anaplasma in these specimens. How-
ever, 168 library sequencing was able to identify co-infections and additional bacteria of inter-
est that cannot be identified with traditional gene PCR and targeted sequencing. Therefore, 16S
sequencing in conjunction with traditional PCR assays could improve diagnostic results. The
major limitation of Illumnia 16S sequencing was the short reads (ca. 400bp), which make it dif-
ficult to classify at the species or strain level. For example, Sanger sequencing of groEL genes
differentiated several Ehrlichia and an Anaplasma species (4 genotypes), whereas Illumnia
sequencing only differentiated specimens in terms of Ehrlichia or Anaplasma genera (2 geno-
types). These diagnostic discrepancies add to our questions regarding pathogen transmission.
Combining Illumina 16S sequencing with quantitative PCR may help determine minimum
infection rates of an infected tick. Multiple approaches are needed to ultimately reveal the eco-
logical interactions between pathogenic bacteria and the other members of the tick
microbiome.

While vector microbiome work is still beginning, the questions are continuously evolving.
In our attempts to identify antagonistic or synergistic bacteria associated with the presence or
absence of a pathogen we unveiled new findings of the importance of sampling and specimen
selection. The specimens examined in this study were similar to other studies in regards to
microbiome composition, frequency, and coinfections [34]; however, our study design addi-
tionally allowed us to delve deeper into influences of life history and environment. These unex-
pected discoveries add to our outstanding questions regarding tick microbial ecology and the
role the microbiome has in tick life histories and pathogen transmission. Can we, or will we,
define specific tick endosymbionts that correlate directly or inversely with infection and trans-
mission of specific pathogens, e.g. [64]? Will a bacteria be identified that can be used for future
tick or tick pathogen management options such as employing paratransgeneis for tick control,
e.g. [65]? Additionally, these methods will also be useful for the discoveries surrounding the
other members of the tick microbiome, e.g. viruses [66]. The identification of bacterial commu-
nity differences between specimens of a single tick species from a single geographical site leads
us to hypothesize that the intra-species difference in microbiome structure may not be due
solely to pathogen presence/absence, but are also likely driven by tick life history factors,
including environment, life stage, population structure, and host choice.

Acknowledgments

We would like to acknowledge Brian Hendricks for tick collections and initial pathogen screen-
ing, and both Sarah Mays and Kelly Cobaugh for sample preparation, and Dave Paulsen, David
Theuret, Cassie Urquhart, and Sarah Mays for manuscript reviews. We thank Allan Houston,
Rick Carlisle, Larry Teague, and James Moore and all of the people associated with the Ames

PLOS ONE | DOI:10.1371/journal.pone.0146651 January 11,2016 15/19



@’PLOS ‘ ONE

Microbiome of Ehrlichia-Infected Ticks

Plantation Research and Education Center and Ames Foundation for assistance, site access,
and facility use during collections.

Author Contributions

Conceived and designed the experiments: RTTF JMD. Performed the experiments: RTTF
JMD. Analyzed the data: RTTF JMD. Contributed reagents/materials/analysis tools: RTTF
JMD. Wrote the paper: RTTF JMD.

References
1. Goddard J, Varela-Stokes AS. Role of the lone star tick, Amblyomma americanum (L.), in human and
animal diseases. Vet Parasitol. 2009; 160: 1—12. doi: 10.1016/j.vetpar.2008.10.089 PMID: 19054615
2. Stromdahl EY, Hickling GJ. Beyond lyme: Aetiology of tick-borne human diseases with emphasis on
the south-eastern united states. Zoonoses Public Health. 2012; 59: 48—64. doi: 10.1111/].1863-2378.
2012.01475.x PMID: 22958250
3. Anderson BE, Sims KG, Olson JG, Childs JE, Piesman JF, Happ CM, et al. Amblyomma americanum:
a potential vector of human ehrlichiosis. Am J Trop Med Hyg. 1993; 49: 239-244. PMID: 8357086
4. Parola P, Paddock CD, Raoult D. Tick-borne rickettsioses around the world: emerging diseases chal-
lenging old concepts. Clin Microbiol Rev. 2005; 18: 719-56. PMID: 16223955
5. Kuttler AKL. Anaplasma infections in wild and domestic ruminants: a review. J Wildl Dis. 1983; 20: 12—
20.
6. Woody BJ, Hoskins JD. Ehrlichial diseases of dogs. Vet Clin North Am Small Anim Pract. Elsevier;
1991; 21:75-98. PMID: 2014630
7. Childs JE, Paddock CD. The asscendancy of Amblyomma americanum as a vector of pathogens
affecting humans in the United States. Annu Rev Entomol. 2003; 48: 307-37. PMID: 12414740
8. Holland CJ, Ristic M, Huxsoll DL, Cole Al, Rapmund G. Adaptation of Ehrlichia sennetsu to canine
blood monocytes: preliminary structural and serological studies with cell culture-derived Ehrlichia sen-
netsu. Infect Immun. 1985; 48: 366—71. PMID: 2985504
9. Ewing SA, Dawson JE, Kocan AA, Barker RW, Warner CK, Panciera RJ, et al. Experimental transmis-
sion of Ehrlichia chaffeensis (Rickettsiales: Ehrlichieae) among white-tailed deer by Amblyomma ameri-
canum (Acari: Ixodidae). J Med Entomol. 1995; 32: 368—-74. PMID: 7616529
10. Buller RS, Arens M, Hmiel SP, Paddock CD, Sumner JW, Rikihisa Y, et al. Ehrlichia ewingii, a newly
recognized agent of human ehrlichiosis. N Engl J Med. 1999; 341: 148-55. PMID: 10403852
11. Loftis AD, Mixson TR, Stromdahl EY, Yabsley MJ, Garrison LE, Williamson PC, et al. Geographic distri-
bution and genetic diversity of the Ehrlichia sp. from Panola Mountain in Amblyomma americanum.
BMC Infect Dis. 2008; 8: 54. doi: 10.1186/1471-2334-8-54 PMID: 18433500
12. Standaert SM, Dawson JE, Schaffner W, Childs JE, Biggie KL, Singleton J, et al. Ehrlichiosis in a golf-
oriented retirement community. N Engl J Med. 1995; 333: 420-5. PMID: 7616991
13. Cohen SB, Yabsley MJ, Freye JD, Dunlap BG, Rowland ME, Huang J, et al. Prevalence of Ehrlichia
chaffeensis and Ehrlichia ewingii in ticks from Tennessee. Vector Borne Zoonotic Dis. 2010; 10: 435—
40. doi: 10.1089/vbz.2009.0058 PMID: 19877819
14. Harmon JR, Scott MC, Baker EM, Jones CJ, Hickling GJ. Molecular identification of Ehrlichia species
and host bloodmeal source in Amblyomma americanum L. from two locations in Tennessee, United
States. Ticks Tick Borne Dis. 2015; 6: 246—252. doi: 10.1016/j.ttbdis.2015.01.004 PMID: 25682494
15. Hendricks B. Identification and characterization of peak activity, environmental variables, and bacterial
pathogens in Amblyomma americanum L. at Ames Plantation, West Tennessee. University of Tennes-
see; 2013. Available: http://trace.tennessee.edu/utk_gradthes/2422.
16. Pompo K, Mays S, Wesselman C, Paulsen DJ, Trout Fryxell RT. Survey of ticks collected from Tennes-
see cattle and their pastures for Anaplasma and Ehrlichia species. J Parasitol. 2015 in press.
17. Sauerd., Essenberg R., Bowman A. Salivary glands in ixodid ticks: control and mechanism of secre-
tion. J Insect Physiol. 2000; 46: 1069-78. PMID: 10817833
18. Munderloh UG, Jauron SD, Kurtti TJ. The tick: a different kind of host for human pathogens. Tick-borne
Dis humans. ASM Press Washington, DC. 2005; 37-64.
19. Hopla CE. The multiplication of tularemia organisms in the lone star tick. Am J Epidemiol. 1955; 61:

871-80.

PLOS ONE | DOI:10.1371/journal.pone.0146651

January 11,2016 16/19


http://dx.doi.org/10.1016/j.vetpar.2008.10.089
http://www.ncbi.nlm.nih.gov/pubmed/19054615
http://dx.doi.org/10.1111/j.1863-2378.2012.01475.x
http://dx.doi.org/10.1111/j.1863-2378.2012.01475.x
http://www.ncbi.nlm.nih.gov/pubmed/22958250
http://www.ncbi.nlm.nih.gov/pubmed/8357086
http://www.ncbi.nlm.nih.gov/pubmed/16223955
http://www.ncbi.nlm.nih.gov/pubmed/2014630
http://www.ncbi.nlm.nih.gov/pubmed/12414740
http://www.ncbi.nlm.nih.gov/pubmed/2985504
http://www.ncbi.nlm.nih.gov/pubmed/7616529
http://www.ncbi.nlm.nih.gov/pubmed/10403852
http://dx.doi.org/10.1186/1471-2334-8-54
http://www.ncbi.nlm.nih.gov/pubmed/18433500
http://www.ncbi.nlm.nih.gov/pubmed/7616991
http://dx.doi.org/10.1089/vbz.2009.0058
http://www.ncbi.nlm.nih.gov/pubmed/19877819
http://dx.doi.org/10.1016/j.ttbdis.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25682494
http://trace.tennessee.edu/utk_gradthes/2422
http://www.ncbi.nlm.nih.gov/pubmed/10817833

@’PLOS ‘ ONE

Microbiome of Ehrlichia-Infected Ticks

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Savage HM, Godsey MS, Amy L, Panella NA, Burkhalter KL, Harmon JR, et al. First detection of heart-
land virus (bunyaviridae: Phlebovirus) from field collected arthropods. Am J Trop Med Hyg. 2013; 89:
445-52. doi: 10.4269/ajtmh.13-0209 PMID: 23878186

Goddard J, Norment BR. Spotted fever group rickettsiae in the lone star tick, Amblyomma americanum
(Acari: Ixodidae). J Med Entomol. 1986; 23: 465-72. PMID: 3772952

Burkot TR, Mullen GR, Anderson R, Schneider BS, Happ CM, Zeidner NS. Borrelia lonestari DNA in
adult Amblyomma americanum ticks, Alabama. Emerg Infect Dis. 2001; 7(3): 471-3. PMID: 11384533

Mixson TR, Campbell SR, Gill JS, Ginsberg HS, Reichard M V, Schulze TL, et al. Prevalence of Ehrli-
chia, Borrelia, and Rickettsial agents in Amblyomma americanum (Acari: Ixodidae) collected from nine
states. J Med Entomol. 2006; 43: 1261-8. PMID: 17162962

Carmichael JR, Fuerst PA. Molecular Detection of Rickettsia bellii, Rickettsia montanensis, and Rickett-
sia rickettsii in a Dermacentor variabilis tick from nature. Vector-Borne Zoonotic Dis. 2009; 10: 111-5.

Heise SR, Elshahed MS, Little SE. Bacterial diversity in Amblyomma americanum (Acari: Ixodidae)
with a focus on members of the genus Rickettsia. J Med Entomol. 2010; 47: 258—68. PMID: 20380308

Stromdahl EY, Jiang J, Vince M, Richards AL. Infrequency of Rickettsia rickettsii in Dermacentor varia-
bilis removed from humans, with comments on the role of other human-biting ticks associated with
Spotted Fever group Rickettsiae in the United States. Vector-Borne Zoonotic Dis. 2011; 11: 969-77.
doi: 10.1089/vbz.2010.0099 PMID: 21142953

Tabara K, Arai S, Kawabuchi T, Itagaki A, Ishihara C, Satoh H, et al. Molecular survey of Babesia
microti, Ehrlichia species and Candidatus neoehrlichia mikurensis in wild rodents from Shimane Pre-
fecture, Japan. Microbiol Immunol. 2007; 51: 359—-67. PMID: 17446675

Takano A, Ando S, Kishimoto T, Fujita H, Kadosaka T, Nitta Y, et al. Presence of a novel Ehrlichia sp. in
Ixodes granulatus found in Okinawa, Japan. Microbiol Immunol. 2009; 53: 101-6. doi: 10.1111/j.1348-
0421.2008.00093.x PMID: 19291093

Sun J, Liu Q, Lu L, Ding G, Guo J, Fu G, et al. Coinfection with four genera of bacteria (Borrelia, Barto-
nella, Anaplasma, and Ehrlichia) in Haemaphysalis longicornis and Ixodes sinensis ticks from China.
Vector Borne Zoonotic Dis. 2008; 8: 791-5. doi: 10.1089/vbz.2008.0005 PMID: 18637722

Christova |, Van De Pol J, Yazar S, Velo E, Schouls L. Identification of Borrelia burgdorferi sensu lato,
Anaplasma and Ehrlichia species, and spotted fever group Rickettsiae in ticks from southeastern
Europe. Eur J Clin Microbiol Infect Dis. 2003; 22: 535-42. PMID: 12938010

Clay K, Ph D, Fuqua C. The tick microbiome: diversity, distribution and influence of the internal micro-
bial community for a blood-feeding disease vector “Critical Needs and Gaps in Understanding Preven-
tion, Amelioration, and Resolution of Lyme and Other Tick-Borne Diseases: The Short-Term and Long-
Term Outcomes” Washington, D. C., October 11—12, 2010. Washington, DC; 2010.

Jasinskas A, Zhong J, Barbour AG. Highly prevalent Coxiella sp. bacterium in the tick vector
Amblyomma americanum. Appl Environ Microbiol. 2007; 73: 334—6. PMID: 17085709

Menchaca AC, Visi DK, Strey OF, Teel PD, Kalinowski K, Allen MS, et al. Preliminary assessment of
microbiome changes following blood-feeding and survivorship in the Amblyomma americanum nymph-
to-adult transition using semiconductor sequencing. PLoS One. 2013; 8: e67129. doi: 10.1371/journal.
pone.0067129 PMID: 23826210

Ponnusamy L, Gonzalez A, Van Treuren W, Weiss S, Parobek CM, Juliano JJ, et al. Diversity of rickett-
siales in the microbiome of the lone star tick, Amblyomma americanum. Appl Environ Microbiol. 2014;
80: 354-9. doi: 10.1128/AEM.02987-13 PMID: 24162580

Aksoy S. Molecular analysis of the endosymbionts of tsetse flies: 16S rDNA locus and over-expression
of a chaperonin. Insect Mol Biol. 1995; 4: 23-9. PMID: 7538012

Weiss B, Aksoy S. Microbiome influences on insect host vector competence. Trends Parasitol. 2011;
27:514-22. doi: 10.1016/}.pt.2011.05.001 PMID: 21697014

Weiss BL, Maltz M, Aksoy S. Obligate symbionts activate immune system development in the tsetse
fly. J Immunol. 2012; 188: 3395-403. doi: 10.4049/jimmunol.1103691 PMID: 22368278

Pumpuni CB, Beier MS, Nataro JP, Guers LD, Davis JR. Plasmodium falciparum: inhibition of sporo-
gonic development in Anopheles stephensi by gram-negative bacteria. Exp Parasitol. 1993; 77: 195-9.
PMID: 8375488

Dong Y, Manfredini F, Dimopoulos G. Implication of the mosquito midgut microbiota in the defense
against malaria parasites. PLoS Pathog. 2009; 5: €1000423. doi: 10.1371/journal.ppat.1000423 PMID:
19424427

Cirimotich CM, Ramirez JL, Dimopoulos G. Native microbiota shape insect vector comptence for
human pathogens. Cell Host Microbe. 2011; 10: 307-10. doi: 10.1016/j.chom.2011.09.006 PMID:
22018231

PLOS ONE | DOI:10.1371/journal.pone.0146651

January 11,2016 17/19


http://dx.doi.org/10.4269/ajtmh.13-0209
http://www.ncbi.nlm.nih.gov/pubmed/23878186
http://www.ncbi.nlm.nih.gov/pubmed/3772952
http://www.ncbi.nlm.nih.gov/pubmed/11384533
http://www.ncbi.nlm.nih.gov/pubmed/17162962
http://www.ncbi.nlm.nih.gov/pubmed/20380308
http://dx.doi.org/10.1089/vbz.2010.0099
http://www.ncbi.nlm.nih.gov/pubmed/21142953
http://www.ncbi.nlm.nih.gov/pubmed/17446675
http://dx.doi.org/10.1111/j.1348-0421.2008.00093.x
http://dx.doi.org/10.1111/j.1348-0421.2008.00093.x
http://www.ncbi.nlm.nih.gov/pubmed/19291093
http://dx.doi.org/10.1089/vbz.2008.0005
http://www.ncbi.nlm.nih.gov/pubmed/18637722
http://www.ncbi.nlm.nih.gov/pubmed/12938010
http://www.ncbi.nlm.nih.gov/pubmed/17085709
http://dx.doi.org/10.1371/journal.pone.0067129
http://dx.doi.org/10.1371/journal.pone.0067129
http://www.ncbi.nlm.nih.gov/pubmed/23826210
http://dx.doi.org/10.1128/AEM.02987-13
http://www.ncbi.nlm.nih.gov/pubmed/24162580
http://www.ncbi.nlm.nih.gov/pubmed/7538012
http://dx.doi.org/10.1016/j.pt.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21697014
http://dx.doi.org/10.4049/jimmunol.1103691
http://www.ncbi.nlm.nih.gov/pubmed/22368278
http://www.ncbi.nlm.nih.gov/pubmed/8375488
http://dx.doi.org/10.1371/journal.ppat.1000423
http://www.ncbi.nlm.nih.gov/pubmed/19424427
http://dx.doi.org/10.1016/j.chom.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22018231

@’PLOS ‘ ONE

Microbiome of Ehrlichia-Infected Ticks

41.

42,

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

Zouache K, Michelland RJ, Failloux A- B, Grundmann GL, Mavingui P. Chikungunya virus impacts the
diversity of symbiotic bacteria in mosquito vector. Mol Ecol. 2012; 21: 2297-309. doi: 10.1111/j.1365-
294X.2012.05526.x PMID: 22433115

Trout RT. Population genetics and pathogen surveillance of ticks collected from Arkansas canines and
white-tailed deer. PhD Dissertation. University of Arkansas; 2010. Available: http://proxy.lib.utk.edu:90/
login?url=http://search.proquest.com/docview/305185577?accountid=14766.

Crotti E, Balloi A, Hamdi C, Sansonno L, Marzorati M, Gonella E, et al. Microbial symbionts: a resource
for the management of insect-related problems. Microb Biotechnol. 2012; 5: 307—17. doi: 10.1111/j.
1751-7915.2011.00312.x PMID: 22103294

Cooley RA, Kohls GM. The genus Ixodes in North America National Institutes of Health Bulletin 184.
1945.

Keirans JE, Litwak TR. Pictorial key to the adults of hard ticks, Family Ixodidae (Ixodida: Ixodoidea),
east of the Mississippi River. J Med Entomol [Internet]. 1989 Sep 1; 26(5):435-48.

Keirans JE, Durden LA. lllustrated key to nymphs of the tick genus Amblyomma (Acari: Ixodidae) found
in the United States. J Med Entomol. 1998; 35: 489-95. PMID: 9701933

USDA. United States Department of Agriculutre Geospatial Gateway. Available: datagateway.nrcs.
usad.gov/. Accessed 2012 Jan 1.

Flowers RL. Soil Survey, Fayette County Tennessee. US Department of Agriculture, Soil Conservation
Service; 1964.

Thomas DW. Soils survey of Hardeman County, Tennessee. Soil Conserv Serv. 1987; 15-74.

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evaluation of general 16S ribo-
somal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies.
Nucleic Acides Res. 2013; 41: ef.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur: open-
source, platform-independent, community-supported software for describing and comparing microbial
communities. Appl Environ Microbiol. 2009; 75: 7537—41. doi: 10.1128/AEM.01541-09 PMID:
19801464

Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal Database Project: data and
tools for high throughput rRNA analysis. Nucleic Acids Res [Internet]. 2014; 42: D633—42.

Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria, 2012. ISBN 3-900051-07-0; 2014.

Clarke, KR, Gorley R. Getting started with v6. 2001.

Clarke KR, Somerfield PJ, Airoldi L, Warwick RM. Exploring interactions by second-stage community
analyses. J Exp Mar Bio Ecol. 2006; 338: 179-92.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic biomarker dis-
covery and explanation. Genome Biol. 2011; 12: R60. doi: 10.1186/gb-2011-12-6-r60 PMID:
21702898

Klyachko O, Stein BD, Grindle N, Clay K, Fuqua C. Localization and visualization of a Coxiella -Type
Symbiont within the lone star tick, Amblyomma americanum. Appl Environ Microbiol. 2007; 73: 6584—
94. PMID: 17720830

Andreotti R, Pérez de Ledn AA, Dowd SE, Guerrero FD, Bendele KG, Scoles GA. Assessment of bac-
terial diversity in the cattle tick Rhipicephalus (Boophilus) microplus through tag-encoded pyrosequen-
cing. BMC Microbiol. 2011; 11: 6. doi: 10.1186/1471-2180-11-6 PMID: 21211038

Duron O, Noél V, McCoy KD, Bonazzi M, Sidi-Boumedine K, Morel O, et al. The recent evolution of a
maternally-inherited endosymbiont of ticks led to the emergence of the Q fever pathogen, Coxiella bur-
netii. PLoS Pathog. 2015; 11: e1004892. doi: 10.1371/journal.ppat.1004892 PMID: 25978383

Lefcort H, Durden LA. The effect of infection with Lyme disease spirochetes (Borrelia burgdorferi) on
the phototaxis, activity, and questing height of the tick vector Ixodes scapularis. Parasitology. 1996;
113: 97-103. PMID: 8760310

Kagemann J, Clay K. Effects of infection by Arsenophonus and Rickettsia bacteria on the locomotive
ability of the ticks Amblyomma americanum, Dermacentor variabilis, and Ixodes scapularis. J Med Ento-
mol. 2013; 50: 155-62. PMID: 23427665

Hawlena H, Rynkiewicz E, Toh E, Alfred A, Durden LA, Hastriter MW, et al. The arthropod, but not the
vertebrate host or its environment, dictates bacterial community composition of fleas and ticks. Nature
Publishing Group; 2012; 7: 221-3.

Rynkiewicz EC, Hemmerich C, Rusch DB, Fuqua C, Clay K. Concordance of bacterial communities of
two tick species and blood of their shared rodent host. Mol Ecol. 2015; 24: 2566—79. doi: 10.1111/mec.
13187 PMID: 25847197

PLOS ONE | DOI:10.1371/journal.pone.0146651

January 11,2016 18/19


http://dx.doi.org/10.1111/j.1365-294X.2012.05526.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05526.x
http://www.ncbi.nlm.nih.gov/pubmed/22433115
http://proxy.lib.utk.edu:90/login?url=http://search.proquest.com/docview/305185577?accountid=14766
http://proxy.lib.utk.edu:90/login?url=http://search.proquest.com/docview/305185577?accountid=14766
http://dx.doi.org/10.1111/j.1751-7915.2011.00312.x
http://dx.doi.org/10.1111/j.1751-7915.2011.00312.x
http://www.ncbi.nlm.nih.gov/pubmed/22103294
http://www.ncbi.nlm.nih.gov/pubmed/9701933
http://datagateway.nrcs.usad.gov/
http://datagateway.nrcs.usad.gov/
http://dx.doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
http://www.ncbi.nlm.nih.gov/pubmed/17720830
http://dx.doi.org/10.1186/1471-2180-11-6
http://www.ncbi.nlm.nih.gov/pubmed/21211038
http://dx.doi.org/10.1371/journal.ppat.1004892
http://www.ncbi.nlm.nih.gov/pubmed/25978383
http://www.ncbi.nlm.nih.gov/pubmed/8760310
http://www.ncbi.nlm.nih.gov/pubmed/23427665
http://dx.doi.org/10.1111/mec.13187
http://dx.doi.org/10.1111/mec.13187
http://www.ncbi.nlm.nih.gov/pubmed/25847197

el e
@ ' PLOS ‘ ONE Microbiome of Ehrlichia-Infected Ticks

64. Narasimhan S, Fikrig E. Tick microbiome: the force within. Trends Parasitol. 2015; 31: 315-23. doi: 10.
1016/}.pt.2015.03.010 PMID: 25936226

65. Pérezde Ledn AA, Teel PD, Li A, Ponnusamy L, Roe RM. Advancing integrated tick managment to mit-
igate burden of tick-borne diseases. Outlooks Pest Manag. 2014; 382-9.

66. Tokarz R, Williams SH, Sameroff S, Sanchez Leon M, Jain K, Lipkin WI. Virome analysis of
Amblyomma americanum, Dermacentor variabilis, and Ixodes scapularis ticks reveals novel highly
divergent vertebrate and invertebrate viruses. J Virol. 2014; 88: 11480-92. doi: 10.1128/JVI.01858-14
PMID: 25056893

PLOS ONE | DOI:10.1371/journal.pone.0146651 January 11,2016 19/19


http://dx.doi.org/10.1016/j.pt.2015.03.010
http://dx.doi.org/10.1016/j.pt.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25936226
http://dx.doi.org/10.1128/JVI.01858-14
http://www.ncbi.nlm.nih.gov/pubmed/25056893

