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A B S T R A C T

Blacklegged ticks (Ixodes scapularis) spend the majority of their life cycle off host, typically in woodland habitat,
but require a blood meal at each of three life stages (larva, nymph, adult) to reach maturity and reproduce. Blood
feeding usually lasts for several days each time and as blood is imbibed, a range of known pathogens from the
host may also be acquired. Using next generation sequencing of 16S rRNA gene amplicons, we examined the
influence of host blood meal on the internal bacterial community within nymphal blacklegged ticks across host-
seeking, feeding, blood meal digestion, and after molting into the adult stage. Results demonstrate bacterial
community structuring across host and ticks with 287 taxa found exclusively in ticks, suggesting the field en-
vironment plays a significant role in shaping the internal tick microbiome. A decrease in bacterial diversity was
noted from unfed nymphs through feeding/digestion and after molting into adults, suggesting that bacterial
species are lost during the corresponding physiological changes. The similarity in biochemical pathways across
the different tick categories suggests that the loss of bacterial taxa does not mirror a large change in microbial
function. Ticks likely lose bacterial taxa after feeding, but continual exposure to bacteria from the field en-
vironment counters this loss.

1. Introduction

Blacklegged ticks (Ixodes scapularis) are important disease vectors in
the United States, capable of maintaining and transmitting a number of
human pathogens (Sonenshine and Roe, 2014). In the northeastern and
upper Midwestern US, I. scapularis has a complex two-year life cycle,
spending over 98% of its life off-host (Fish, 1993) in forested settings
(Diuk-Wasser et al., 2006; Diuk-Wasser et al., 2012). These ticks feed
three times (at the larval, nymphal, and adult stages) on vertebrate
blood, obtained from three separate hosts. Although bloodfeeding en-
compasses relatively brief periods (each lasting several days to a week)
compared to time spent off-host, it represents a close association be-
tween the tick and its host as fluids (i.e. host blood and tick salivary
secretions) are transferred between the two (Alarcon-Chaidez, 2014). It
is during each blood meal that infection by tick-borne disease agents
can occur. It seems likely that these blood meals play a role in the in-
ternal bacterial community of blacklegged ticks and vice versa.

Studies have demonstrated varying results of host bloodmeal in-
fluence on tick microbiomes. One study (Hawlena et al., 2013) found

that vertebrate hosts (Peromyscus leucopus and Microtus ochrogaster) did
not appear to affect the composition of the bacterial community within
flea (Ctenophthalmus pseudagyrtes and Orchopeas leucopus) and tick
species (Dermacentor variabilis and I. scapularis). Another study that
examined immature Dermacentor variabilis and I. scapularis ticks col-
lected from rodent hosts at various stages of engorgement found a high
level of bacterial community structuring between tick species and host
blood meal (Rynkiewicz et al., 2015). Zhang et al. (2014) found a si-
milar alpha diversity, but differences in composition, of Ixodes persul-
catus microbiome before and immediately after feeding on a rat host.
Swei and Kwan (2016) reported lower bacterial diversity in Ixodes pa-
cificus ticks after feeding on the western fence lizard, Sceloporus occi-
dentalis, a species known to clear Borrelia burgdorferi infections, com-
pared to tick bacterial diversity after feeding on competent reservoir
mice hosts. Our recent work exploring the bacterial communities across
all blacklegged tick developmental stages found similarities in bacterial
communities in terms of structure and diversity measures for field-
collected larvae, nymphs, and adult males, despite the difference in
number, or lack thereof, of blood meals that each of these life stages
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had taken (Zolnik et al., 2016). This work also uncovered substantial
decreases in bacterial diversity in adult females compared to adult
males (Zolnik et al., 2016), despite the similar number of blood meals
and exposure to environmental sources.

The purpose of this current study was to explore the bacterial
community changes within nymphal I. scapularis ticks after feeding on a
common host, the white-footed mouse (P. leucopus), through engorge-
ment and after molting. Nymphal ticks are in their second year of life,
having spent most of this time in their forested habitat, and having
acquired one previous blood meal during the larval stage. This study
determined the influence of host blood meal, the field environment, and
the transition between life stages (nymphal and adult) on the internal
bacterial community in ticks removed from their natural forested en-
vironment.

2. Materials and methods

2.1. Sample collection

Seven white-footed mice (Peromyscus leucopus Rafinesque, 1818)
were collected from forested settings at Fordham University’s Louis
Calder Center–Biological Field Station in Armonk, NY using Sherman
live traps (22.86×7.62×7.62 cm) in early July 2014. P. leucopus are
common hosts of larval and nymphal blacklegged ticks in northeastern
US forests (Lackey et al., 1985; Piesman and Spielman, 1979) and are
the primary reservoir for the three major human pathogens transmitted
by this tick species: Borrelia burgdorferi sensu stricto Johnson, Schmid,
Hyde, Steigerwalt & Brenner, Babesia microti Franca, and Anaplasma
phagocytophilum Foggie, the causative agents of Lyme disease, human
babesiosis, and human granulocytic anaplasmosis (HGA), respectively
(Anderson, 1988; Donahue et al., 1987; Hersh et al., 2012; Keesing
et al., 2012; Levine et al., 1985; Magnarelli et al., 1997; Mather et al.,
1989; Spielman et al., 1981; Telford et al., 1996; Walls et al., 1997).
White-footed mice were collected from the same site as tick sampling to
replicate normal tick blood meal sources. Blood was obtained from the
retro-orbital sinus of five mice before and after tick feeding (Sikes and
Gannon, 2011). The collection of white-footed mice (P. leucopus) in-
dividuals was approved under Animal Use Protocol No. TD-14-01 by
the Fordham University Institutional Animal Care and Use Committee
(IACUC).

Host-seeking, nymphal blacklegged ticks were collected in July
2014 at the same site in Armonk, NY. Blacklegged ticks exist in large
populations in this region (Diuk-Wasser et al., 2006; Diuk-Wasser et al.,
2012). Ticks were collected by dragging a 1-m2 cloth along the forest
floor in randomly selected 20-m transects; all captures were removed
from the cloth after each transect and placed into a glass vial for sto-
rage. Following taxonomic and life stage identification, ticks were sa-
crificed at four incremental stages (Suppl. Fig. S1). First, 10 field-col-
lected, unfed nymphs were immediately sacrificed by freezing and
stored at −80 °C until further processing. In the laboratory, 25 field-
collected, unfed nymphs were placed on each of the seven field-col-
lected white-footed mice and allowed to attach for ∼2 h. Infested hosts
were held in cages over pans of water during tick feeding. White-footed
mice had access to food and water ad libitum. Replete ticks were col-
lected from pans, rinsed in 10% bleach (sodium hypochlorite) solution,
and then rinsed with ddH2O. Once feeding was complete (5–7 days
following tick placement on the host), the rodent hosts were released at
the location of capture. Engorged nymphs were then weighed to the
nearest 0.1 μg using an XP-2U Ultra-Microbalance (Mettler Toledo,
Columbus, OH). A total of 28 engorged nymphs successfully fed to re-
pletion and were collected from the white-footed mice, of which eight
were immediately sacrificed after cleaning and weighing (classified as
‘0 weeks’ post-feeding). The remaining 20 engorged nymphs were
placed individually in sterile plastic 1.7 ml tubes and kept in an in-
cubator at 21°C, 95% relative humidity, and a 12:12 [L:D] h photo-
period. After two weeks, 10 engorged nymphs were sacrificed

(classified as ‘2 weeks’ post-feeding). The final cohort of 10 nymphs was
allowed to molt to the adult stage (∼ one month post feeding), were
identified by sex and was subsequently sacrificed. All ticks were sacri-
ficed by being placed immediately at −80°C until further processing.

2.2. Blacklegged tick sex determination

In order to examine the relationship between the microbiome and
the sex of the ticks during the nymphal stage, we performed sex de-
termination as follows. The sex of blacklegged ticks has been shown to
be correlated with weight of the engorged nymphal tick after feeding on
white laboratory mice (Hu and Rowley, 2000). This is presumably due
to females taking larger bloodmeals than males during the nymphal
stage, and this weight difference can be used to identify sex before
nymphs molt into sexually dimorphic adults. To verify this on a natural
host, the white-footed mouse, all ticks were weighed after engorgement
and a threshold engorgement weight was determined based on the sex
of adult ticks that were derived from the 10 engorged nymphs allowed
to molt to adult (Table S1). A Mann-Whitney U test was conducted in R
v3.3.2 (R Core Team, 2014) to determine if the engorged weights of
nymphs that molted into female or male were significantly different.

2.3. DNA extraction

Prior to DNA extraction, each tick was surface-sterilized in one wash
of 20% bleach, followed by one wash of 90% v/v ethanol and then one
wash of sterile, nuclease-free, deionized water in order to remove any
surface microorganisms that might be present from the field or host
environment. Unfed nymphs and newly molted adults were bisected
and quadrisected, respectively, with a sterile scalpel blade
(Ammazzalorso et al., 2015). Engorged nymphs were physically dis-
rupted using Lysing Matrix S (MP Biomedicals, Solon, OH) on a Bead-
Blaster 24 (Benchmark Scientific, Edison, NJ) for 3min at 4m/s. DNA
extractions were performed using the DNeasy Blood and Tissue kit
(QIAGEN, Valencia, CA) according to the manufacturer’s protocol, with
the addition of an overnight incubation at 56°C in ATL buffer and
proteinase K, and a final elution in 100 μl of ddH2O after a 5-min, room
temperature incubation. All laboratory procedures were performed
under a laminar flow hood (AirClean Systems, Creedmore, NC) to
minimize contamination by microorganisms from the surrounding en-
vironment, and negative controls were used throughout using mock
DNA extractions.

2.4. 16S rRNA gene PCR amplification

For each tick and blood sample in this study, PCR was conducted for
the hypervariable V3 and V4 regions of the bacterial 16S rRNA gene
using primers Bakt_341F and Bakt_805R, which amplifies a 450–550 bp
region. These primers were chosen from Klindworth et al. (2013) as
they target the widest spectrum of bacteria phyla from a comparison of
512 commonly used 16S rRNA gene primer pairs. This primer set was
also recommended by Illumina’s 16S Metagenomic Sequencing Library
Preparation protocol (Illumina, San Diego, CA). Primers were synthe-
sized with Illumina adaptor sequences as tails and the PCRs for each
gDNA extraction and one mock extraction (i.e. negative control) were
performed in triplicate with 25 μl Phusion High-Fidelity PCR Master
Mix (Thermo Scientific, Waltham, MA), 2.5 μl (final concentration of
0.5 mM) for both forward and reverse primers, 10 μl nuclease-free PCR-
grade water, and 10 μl of the DNA extraction template. After optimi-
zation and recommendations from Illumina’s 16S protocol, thermal
cycling conditions consisting of an initial denaturation at 98°C for
3min, followed by 30 cycles of 98°C for 30 s, 55°C for 30 s, and 72°C for
30 s, followed by a final extension for 5min at 72°C on a Techne Prime
Elite Thermal Cycler (Bibby Scientific, Burlington, NJ). The three PCR
product replicates for each sample were combined before running 10 μl
of each combined pooled product on a 1.5% agarose gel at 120 V for
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40min. The ∼460 bp bands were excised from the gel and purified
using QIAquick Gel Extraction Kit (QIAGEN), with elution in 40 μl of
nuclease-free, PCR-grade ddH2O.

2.5. Library preparation

Library preparation of the purified 16S rRNA gene PCR products
was performed using Illumina’s Nextera XT Index Kit. This kit provides
unique dual indices for each sample so that all samples can be se-
quenced on the same Illumina MiSeq reagent cartridge and flow cell. A
supplemental quantitative PCR (qPCR) reaction was performed prior to
indexing the purified PCR products for sequencing to determine the
optimal number of cycles for the indexing reaction. A subset of the
purified PCR products for all samples and the one negative were in-
dexed using 25 μl KAPA SYBR FAST qPCR Master Mix (Kapa
Biosystems, Wilmington, MA), 10 μl sdH2O, 5 μl Nextera XT Index 1
Primer, 5 μl Nextera XT Index 2 Primer, and 5 μl purified PCR product.
This subset was run on an ABI 7300 Real-Time PCR System with an
initial denaturation of 95°C for 3min followed by 40 cycles of 95°C for
10 s and 55°C for 30 s and a plate read after each cycle. Optimal cycle
number for each sample was determined based on the number of cycles
needed for the qPCR amplification curve to begin to peak.

Samples were indexed using 25 μl KAPA HiFi HotStart Ready Mix
(Kapa Biosystems), 10 μl sdH2O, 5 μl Nextera XT Index 1 Primer, 5 μl
Nextera XT Index 2 Primer, and 5 μl purified PCR product as suggested
by Illumina’s 16S protocol. The thermal cycling conditions for the in-
dexing PCR consisted of an initial denaturation at 95°C for 3min, fol-
lowed by the optimal number of cycles (8) of 98°C for 30 s, 55°C for
30 s, and 72°C for 30 s on a Techne Prime Elite Thermal Cycler. Indexed
16S rRNA gene amplicons were purified with Agencourt AMPure XP
beads (Beckman Coulter, Brea, CA) following Illumina’s 16S protocol.
The indexed and purified amplicons were quantified using a Qubit 2.0
Fluorometric High Sensitivity dsDNA Assay (Life Technologies,
Norwalk, CT) with 3 μl of gDNA. The size integrity of the amplicons was
validated on a 2100 Bioanalyzer system (Agilent Technologies, Santa
Clara, CA). Equimolar amplicon quantities were pooled, denatured, and
combined with denatured 10% PhiX at a loading concentration of 10
pM. High-throughput amplicon sequencing was conducted on a MiSeq
instrument (Illumina) using the v3 Reagent Kit 600-cycle format and
2× 300-bp paired-end (300PE) reads at the Epigenomics Core Facility
of Weill Cornell Medicine (New York, NY).

2.6. Data analysis

All sample sequences from the Illumina MiSeq were demultiplexed
and converted to fastq files by CASAVA v1.8.2 FASTQ Filter (Illumina).
Reads that did not pass the Illumina chastity filter were removed using
fastq_illumina_filter 0.1 (http://cancan.cshl.edu/labmembers/gordon/
fastq_illumina_filter). PANDAseq was used to merge the filtered reads
using the default threshold of 0.6 (Masella et al., 2012). Merged fastq
files were filtered using USEARCH to remove sequences with>0.5
predicted estimated errors per nucleotide (Emax= 0.5), as well as re-
moving the first 50 nucleotides to trim indices and primer sequences
(Edgar, 2010). Chimeras were removed both de novo and with the
GOLD 16S rRNA gene database (Reddy et al., 2014) using UCHIME
(Edgar et al., 2011) and OTUs (operational taxonomic units) were
clustered de novo using USEARCH v6.1 (Edgar, 2010) with a minimum
pairwise identity threshold of 97% and singletons were removed. The
resulting OTU table was processed in QIIME (MacQIIME v1.9.0)
(Caporaso et al., 2010b; Kuczynski et al., 2012). OTUs were assigned
taxonomy using RDP Classifier (Wang et al., 2007) against the Green-
genes 16S rRNA gene database v13_8 (DeSantis et al., 2006; McDonald
et al., 2012; Werner et al., 2012), and relative abundances of OTUs
were summarized across taxonomic levels from phylum to genus. Re-
presentative sequences were aligned and filtered using PyNAST
(Caporaso et al., 2010a) and a phylogenetic tree was estimated from the

alignment with FastTree v2.0 (Price et al., 2009). The OTU table is
available in BIOM format on FigShare (https://figshare.com) with DOI:
10.6084/m9.figshare.4643899. Nucleotide sequences were accessioned
on the NCBI Sequence Read Archive (SRA) under accession code
SRP130042.

Multiple rarefactions were performed in QIIME, with 100 steps
sampled between the minimum and maximum sequence counts, to
determine if sufficient sequencing depth had been reached. Based on
these results, sequences were rarefied to a depth of 30,000 sequences
for of α-diversity including the number of observed species and
Shannon diversity index. A non-parametric t test with 999 Monte Carlo
permutations was conducted to compare the α-diversity measures (at a
depth of 30,000 sequences) among tick engorgement status and sex
categories with a Bonferroni correction to control for multiple com-
parisons.

β-diversity was calculated in QIIME using unweighted and weighted
UniFrac distance measures at a rarefaction depth of 30,000 sequences
(Lozupone and Knight, 2005). The variation was explained by the fol-
lowing categories: unfed nymphs, engorged nymphs immediately post-
feeding (0 weeks post-feeding), engorged nymphs (2 weeks post-
feeding), and adults (post-molt). Host blood meal was also compared to
tick engorgement status. Permutational multivariate analysis of var-
iance (PerMANOVA) tests using the ‘adonis’ function with 999 per-
mutations were conducted and principle coordinate analyses (PCoA)
were performed based on the UniFrac distance measure using the R
packages phyloseq v1.18, vegan v1.18, and ggplot2 v2.2.

In order to examine the bacterial community’s functional cap-
abilities, the functional gene content was predicted using the 16S rRNA
gene OTU taxonomy table and PICRUSt v1.1 (Langille et al., 2013) as
implemented on the Galaxy web application (https://huttenhower.sph.
harvard.edu/galaxy). Data were corrected for the predicted 16S rRNA
gene copy number and the Nearest Sequenced Taxon Index (NSTI) was
calculated to determine the availability of closely related reference
genomes. We used the KEGG gene orthology reference (Kyoto En-
cyclopedia of Genes and Genomes; http://www.genome.jp/kegg) for
gene family predictions and STAMP (Statistical Analysis of Metage-
nomic Profiles) v2.1.3 (Parks et al., 2014) to analyze the inferred gene
function abundances. The differences in gene predictions across sample
types were examined with an ANOVA, and the pathways that were
differentially abundant between the groups were identified using a
Tukey-Kramer post-hoc test. When two groups of categories were
compared, a Welch’s t test was used. All tests with multiple groups were
corrected with the Benjamini-Hochberg false discovery rate (FDR)
procedure (Benjamini and Hochberg, 1995).

3. Results

3.1. Blacklegged tick sex determination

The sex of the nymphal blacklegged ticks influences the amount of
bloodmeal imbedded and we determined the weight of replete nymphs
that fed on white-footed mice and verified their sex when they molted
into adults (n= 10). Female blacklegged ticks weighed>4mg when
engorged as nymphs, compared to males, which weighed< 2.5mg
when fully engorged as nymphs (Suppl. Fig. S2). These results are
supported by an earlier study conducted with white laboratory mice
that found that female blacklegged ticks were> 3.8mg and males
were<3.2mg when engorged as nymphs, thus setting a threshold of
3.5 mg for sex determination (Hu and Rowley, 2000). For the purposes
of this study, we set the same threshold for engorged nymphs, regard-
less of whether they were allowed to molt into adults (Suppl. Table S1).

3.2. Sequence reads

The 38 ticks and 10 white-footed mouse blood samples generated
17,237,555 raw reads (including each pair) on one Illumina MiSeq flow
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cell (Suppl. Fig. S1). Of these, 4,735,020 merged sequences passed fil-
tering and were assigned taxonomy, resulting in 33,828–436,211
(mean=100,745, sd= 60,574 high-quality, merged sequences per
sample (Suppl. Table S2)). The negative control yielded no sequences
after quality filtering. Rarefaction curves from a depth of 1000 to the
median number of sequences (92,000) demonstrated that we suffi-
ciently sampled to characterize the majority of these communities, as
indicated by the curve reaching a plateau (Suppl. Fig. S3). To include all
samples in downstream diversity analyses we rarefied at a depth of
30,000.

3.3. OTU abundance and α-diversity

In all, 3588 distinct operational taxonomic units (OTUs) were
clustered across all samples of mouse blood and ticks. Comparisons of
α-diversity were significant for bacterial species richness for all cate-
gories (host blood and tick engorgement status), with the exception of
between mouse blood and engorged nymphs (both 0 and 2 weeks post
engorgement) and between engorged tick categories only (Table 1).
Unfed nymphs displayed the highest richness, which steadily and sig-
nificantly decreased after engorgement; adults displayed the lowest
diversity for the observed number of species (Table 1). None of the
pairwise comparisons were significant for the Shannon diversity index
(P > 0.05).

A total of 3275 OTUs were clustered across the 38 tick samples and
920 OTUs were clustered across the 10 mouse blood samples, re-
presented by 444 and 171 bacterial taxa, respectively. Pairwise com-
parisons between the tick engorgement categories (separated by sex)
for species richness were significant between unfed nymphs compared
to engorged females (0 and 2 weeks) and adults (females and males),
but were not significant for any comparison after engorgement for ei-
ther observed number of OTUs (Fig. 1, Table 2) or the Shannon di-
versity index (not shown, P > 0.05). With respect to the host blood
taken before and after tick feeding, α-diversity measures did not sta-
tistically differ for either measure.

3.4. Taxonomic summary

Proteobacteria was the most abundant phylum found in both blood
and tick samples, with an average relative abundance of 94.3 and
91.2%, respectively. At the genus level, Rickettsia was the most abun-
dant taxon across most tick samples, accounting for an average relative
abundance of 61.4%. Four bacterial taxa, Rickettsia, Phyllobacterium,
Pseudomonas, and the family Enterobacteriaceae, were shared by all tick
samples. A total of 21 genera (and three families) were present with a
relative abundance of 5% or greater in at least one tick sample.
Although Rickettsia was the predominant taxon in most tick samples,
there was a degree of heterogeneity between individual samples, with
some exhibiting a lower relative abundance of Rickettsia (Fig. 2).

Twelve taxa (Citrobacter, Sphingomonas, Pseudomonas, Borrelia, Methy-
lobacterium, Erwinia, Stenotrophomonas, Staphylococcus, Dechloromonas,
Rickettsiella, and Acinetobacter, and the family Enterobacteriaceae), had
relative abundances> 10% in samples with a corresponding lower re-
lative abundance of Rickettsia, however there was no apparent con-
sistency across these samples.

The most abundant genus observed in host blood samples was
Bartonella (mean=41.5%), and 14 bacterial taxa were shared by all
rodent blood samples: Bartonella, Ochrobactrum, Phyllobacterium,
Agrobacterium, Rickettsia, Sphingomonas, Burkholderia, Variovorax, and
Stenotrophomonas, and the families Planococcaceae, Bartonellaceae,
Comamonadaceae, Enterobacteriaceae, and Xanthomonadaceae that
did not match to a specific genus. Although all blood samples contained
Rickettsia, presumably acquired through tick feeding, the relative
abundance of Rickettsia in all blood samples was very low (< 0.5%).
Conversely, Bartonella was present in most of the tick samples (89.5%
or 34/38), but at a very low relative abundance (< 1%).

Fourteen bacteria taxa (12 genera, one family-level, and one order-
level) were found exclusively in the mouse blood samples (not in tick
samples), but none of these were shared by all white-footed mouse
samples. All 14 taxa exhibited a low relative abundance (< 1%) in the
blood samples. In contrast, 287 taxa (identified from the phylum to the
genus level) were present exclusively in tick samples (found in at least
one tick sample but in none of the mouse blood samples). A total of 79
taxa were found in at least one individual sample among all five sample
types (Fig. 3a).

Across tick samples, irrespective of mouse blood samples, 444 taxa
were found in at least one tick. Unfed nymphs collected in the field had

Table 1
Pairwise comparisons of α-diversity between P. leucopus blood samples and I. scapularis engorgement status. Number of observed species at a depth of 30,000 sequences, averaged over 10
iterations. Significant Bonferroni-corrected nonparametric t test P values with 999 Monte Carlo simulations are shown in bold.

Group 1 Group 2 Group 1 Group 2

Mean (sd) Mean (sd) t P

Mouse Blood Nymphs (unfed) 140.51 (41.24) 543.63 (188.99) 6.2519 0.01
Mouse Blood Nymphs engorged (0 weeks) 140.51 (41.24) 174.20 (43.66) 1.5818 1.00
Mouse Blood Nymphs engorged (2 weeks) 140.51 (41.24) 121.09 (46.12) −0.9417 1.00
Mouse Blood Adults 140.51 (41.24) 56.98 (24.67) −5.2144 0.01
Nymphs (unfed) Nymphs engorged (0 weeks) 543.63 (188.99) 174.20 (43.66) −5.1048 0.01
Nymphs (unfed) Nymphs engorged (2 weeks) 543.63 (188.99) 121.09 (46.12) 6.5160 0.01
Nymphs (unfed) Adults 543.63 (188.99) 56.98 (24.67) −7.6599 0.01
Nymphs engorged (0 weeks) Nymphs engorged (2 weeks) 174.20 (43.66) 121.09 (46.12) 2.3434 0.29
Nymphs engorged (0 weeks) Adults 174.20 (43.66) 56.98 (24.67) −6.7664 0.01
Nymphs engorged (2 weeks) Adults 121.09 (46.12) 56.98 (24.67) −3.6770 0.02

Fig. 1. Measures of α-diversity for tick engorgement status accounting for sex of the ticks.
A non-parametric t test with 999 Monte Carlo permutations revealed significant differ-
ences between unfed nymphs and engorged female nymphs (0 and 2 weeks post en-
gorgement) as well as adults (females and males). Different letters indicate significant
comparisons at P < 0.05. See Table 2 for results of non-parametric t tests with 999 Monte
Carlo permutations for each comparison.
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the highest number of taxa found exclusively (in at least one sample) in
that sample type (n=142) compared to nymphs engorged at the ‘0
weeks’ (n= 25) and ‘2 weeks’ (n= 37) time points, or as adults
(n= 11) (Fig. 3b).

Bacterial genera known to contain human pathogenic species
transmitted by blacklegged ticks include Borrelia and Anaplasma.
Borrelia species were found in 31 of the 38 tick samples, and the number

of Borrelia-infected ticks was highest post-feeding with 50% (5/10)
unfed nymphs containing Borrelia sequences, compared to 100% (8/8),
80% (8/10), and 90% (9/10) of the freshly engorged nymphs (0 weeks),
nymphs engorged for two weeks, and adult ticks, respectively. Overall,
only five of the 38 ticks were positive for Anaplasma (two unfed nymph
and three nymphs engorged for two weeks). Likewise, two of ten mouse
blood samples were positive for Anaplasma and eight of ten were

Table 2
Pairwise comparisons of α-diversity between and within sex categories for each tick engorgement status. Number of observed species at a depth of 30,000 sequences, averaged over 10
iterations. Significant Bonferroni-corrected nonparametric t test P values with 999 Monte Carlo simulations are shown in bold.

Group 1 Group 2 Group 1 Group 2

Mean (sd) Mean (sd) t P

Nymphs engorged (0 weeks) − Female Nymphs (unfed) 155.90 (45.36) 544.04 (187.81) −4.2406 0.021
Nymphs (unfed) Nymphs engorged (2 weeks) − Female 544.04 (187.81) 123.33 (21.51) 4.1370 0.042
Nymphs (unfed) Adults − Male 544.04 (187.81) 50.02 (12.51) 5.4695 0.042
Adults − Female Nymphs (unfed) 65.70 (31.56) 544.04 (187.81) −5.2647 0.042
Nymphs engorged (2 weeks) − Male Nymphs (unfed) 119.40 (58.79) 544.04 (187.81) −5.0347 0.063
Adults − Male Nymphs engorged (2 weeks) − Female 50.02 (12.51) 123.33 (21.51) −5.6337 0.126
Nymphs engorged (0 weeks) − Female Adults − Male 155.90 (45.36) 50.02 (12.51) 4.5002 0.210
Adults − Male Nymphs engorged (0 weeks) − Male 50.02 (12.51) 204.37 (13.60) −14.1547 0.231
Adults − Female Nymphs engorged (0 weeks) − Female 65.70 (31.56) 155.90 (45.36) −3.2645 0.273
Adults − Female Nymphs engorged (0 weeks) − Male 65.70 (31.56) 204.37 (13.60) −6.2515 0.294
Nymphs (unfed) Nymphs engorged (0 weeks) − Male 544.04 (187.81) 204.37 (13.60) 2.8793 0.420
Nymphs engorged (2 weeks) − Male Nymphs engorged (0 weeks) − Male 119.40 (58.79) 204.37 (13.60) −2.1789 0.756
Adults − Female Nymphs engorged (2 weeks) − Female 65.70 (31.56) 123.33 (21.51) −2.7498 0.756
Nymphs engorged (2 weeks) − Female Nymphs engorged (0 weeks) − Male 123.33 (21.51) 204.37 (13.60) −4.8378 0.945
Nymphs engorged (0 weeks) − Female Nymphs engorged (0 weeks) − Male 155.90 (45.36) 204.37 (13.60) −1.5612 1.000
Nymphs engorged (2 weeks) − Male Nymphs engorged (0 weeks) − Female 119.40 (58.79) 155.90 (45.36) −1.0267 1.000
Nymphs engorged (0 weeks) − Female Nymphs engorged (2 weeks) − Female 155.90 (45.36) 123.33 (21.51) 1.1661 1.000
Nymphs engorged (2 weeks) − Male Nymphs engorged (2 weeks) − Female 119.40 (58.79) 123.33 (21.51) −0.1144 1.000
Nymphs engorged (2 weeks) − Male Adults − Male 119.40 (58.79) 50.02 (12.51) 2.3432 1.000
Nymphs engorged (2 weeks) − Male Adults − Female 119.40 (58.79) 65.70 (31.56) 1.6591 1.000
Adults − Female Adults − Male 65.70 (31.56) 50.02 (12.51) 0.9237 1.000

Fig. 2. Relative abundance of bacterial taxa occurring in ticks. Bacterial taxa with a relative abundance of≥5% in at least one sample are shown as separate genera or families.
Remaining taxa were grouped as “other”. Rickettsia represents the most abundant genus for most samples, however taxonomic heterogeneity was observed.
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positive for Borrelia. Two engorged male nymphs, each from a different
time point post blood meal, harbored a high number of Borrelia miya-
motoi sequences and were concurrently infected with B. burgdorferi.
Specifically, they contained ∼4 and ∼133 times, respectively, more
sequences attributed to B. miyamotoi than to B. burgdorferi. Samples
from other categories exhibited only 1-3 B. miyamotoi sequences, but in
the spirit of caution we hesitate to designate them as B. miyamotoi-
positive. No female nymph or adult tick yielded B. miyamotoi sequences.

3.5. Bacterial community comparison

No significant difference in the bacterial communities was found
between mouse blood samples collected before and after tick feeding
for unweighted UniFrac measures (F= 1.08, R2= 0.12, P=0.25) or
weighted UniFrac (F= 1.21, R2= 0.13, P=0.33) as determined by a
PerMANOVA (permutational multiple analysis of variance). Bacterial
communities of tick samples across the four categories (unfed nymph,
engorged nymphs at 0 and at 2 weeks, and adults) were significantly
different for unweighted UniFrac (F=5.37, R2= 0.32, P < 0.001)
and approaching significance for weighted UniFrac (F= 1.57,
R2= 0.12, P < 0.054), as determined by a PerMANOVA.

When mouse blood was included in the comparison with tick en-
gorgement status, significant differences in bacterial communities were
observed (PerMANOVA: F=7.25, R2= 0.40, P < 0.001) with the
unweighted UniFrac PCoA explained 29.5% and 10.7% of the variation
(PC1 and PC2, respectively) with adults and unfed nymphs producing
the most distinct clustering pattern (Fig. 4a). When taxonomic abun-
dances were considered with the weighted UniFrac measure, bacterial
communities were also significant (PerMANOVA: F=8.2, R2= 0.43,
P < 0.001) and explained 66.1% and 10.6% of the variation (PC1 and
PC2, respectively (Fig. 4b)).

3.6. Gene function inference

The average Nearest Sequenced Taxon Index (NSTI) was 0.0164
(sd= 0.0146) across all samples, indicating that predictions are of high
quality due to the availability of reference genomes closely related to
abundant microorganisms in this study (scores< 0.06 indicate high-
quality predictions) (Langille et al., 2013). There were 106 KEGG
pathways that significantly differed across sample types (all tick and
host blood samples). However, when blood was removed from the
analysis, only the “glycosphingolipid biosynthesis – lacto and neolacto”
series was significantly different across the four tick categories, with
field-collected (unfed) nymphs harboring a higher abundance of genes
from this pathway (P=0.043; Suppl. Fig. S4. When ticks were grouped
together and compared to blood, there were 128 significant features
(Suppl. Fig. S5)).

4. Discussion

This study assessed the bacterial community composition of black-
legged ticks in relation to the field environment, the host blood meal,
and the physiological changes that occur during digestion and molting.
All samples, ticks and mouse hosts, were collected from the field en-
vironment in order to replicate conditions in which both are naturally
found, as closely as possible. In general, both mouse blood and tick
samples were dominated by Proteobacteria, as noted in previous studies
(Hawlena et al., 2013; Narasimhan et al., 2014; Rynkiewicz et al., 2015;
Yuan, 2010; Zolnik et al., 2016). This high relative abundance of Pro-
teobacteria was driven primarily by the high average relative abun-
dance of Rickettsia spp. (61.4%) in ticks and Bartonella (41.5%) in
mouse blood. Rickettsia has been found previously in high abundance in
blacklegged ticks (Hawlena et al., 2013; Moreno et al., 2006;
Rynkiewicz et al., 2015; Yuan, 2010; Zolnik et al., 2016). Bartonella
spp. have been identified in field-collected white-footed mice in the
Midwest and southeastern United States (Hofmeister et al., 1998; Kosoy
et al., 1997; Rynkiewicz et al., 2015). Despite the cross-over of these
two bacterial genera between ticks and hosts, suggesting possible
transmission, the relative abundance of Bartonella in ticks and of
Rickettsia in host blood was quite low. A previous study by Rynkiewicz
et al. (2015) also found Bartonella in I. scapularis larvae and nymphs
collected directly from rodent hosts, supporting the transmission from
host blood to ticks. Furthermore, studies have identified Bartonella spp.
in Ixodes ricinus (castor-bean or sheep ticks) in the Netherlands, Italy,
and Poland (Carpi et al., 2011; Kruszewska and Tylewska-
Wierzbanowska, 1995; Schouls et al., 1999), in Amblyomma americanum
(lone star ticks) in Virginia (Billeter et al., 2008), and in 34% of host-
seeking I. scapularis ticks in New Jersey (Adelson et al., 2004), although
the transmission of Bartonella spp. by ticks has not been experimentally
established (Telford and Wormser, 2010). Our results support the
transfer of Bartonella and Rickettsia between host and vector, although
long-term maintenance of either is unknown.

4.1. Bacterial communities of ticks across engorgement

When the relative abundance of bacterial genera was investigated
for each individual sample, we observed a degree of taxonomic het-
erogeneity across tick samples (Fig. 2). Of the samples with more di-
verse communities, genera varied across samples, suggesting that these
differences may be stochastic.

In our previous study we observed a steady increase in α-diversity as
developmental stage of field-collected ticks progressed, with the ex-
ception of adult females that had a much lower α-diversity than any
other life stage (Zolnik et al., 2016). This difference in α-diversity
corresponded to the average relative abundance of 97% of Rickettsia in
adult females, compared to the 66% in adult males in our previous

Fig. 3. Venn diagram of bacterial taxa found in at least one
sample within each sample type. (A) Taxa found in mouse blood
samples and tick samples across each development category
(unfed nymphs, nymphs immediately post engorgement (0
weeks), two weeks after engorgement, and adults immediately
post molt); (B) Tick samples only.
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study. An increase in α-diversity across developmental stages (nymph
to adult) was not observed in this study, nor was the clear divergence in
bacterial richness between the adult males and females (Fig. 1). The
process of blood digestion, both during and after engorgement, occurs
in the midgut (Sonenshine and Anderson, 2014). Most pathogenic mi-
croorganisms employ various methods to avoid the tick’s immune re-
sponse, such as colonizing the surface of the midgut’s lumen or pro-
liferating in the digestive cells before dispersing to other tissues
(Sonenshine and Anderson, 2014). Bacteria that have not developed
these modes of infection are potentially removed by the immune system
or during excretion. It is possible that bacteria lost during digestion and
molting are reacquired from the environment after each molt, rather
than being transferred transstadially like obligate intracellular bacteria,
such as Rickettsia, or as seen in the case of tick-borne pathogens B.
burgdorferi and A. phagocytophilum. As adults in this study were im-
mediately sacrificed after molting in a laboratory setting, the lack of
exposure to the field environment is likely responsible for the decreased
bacterial diversity observed in this developmental stage. In another
study (Menchaca et al., 2013) Amblyomma americanum nymphs were
feed on chickens, and the bacterial community was characterized for
newly engorged nymphs, newly molted adults and aged molted adults
exposed to both incubator and outdoor conditions. They found α-di-
versity to be elevated in the oldest ticks (> 48 days) held in outdoor
conditions compared to older ticks held in incubators, potentially due
to increased exposure to environmental bacteria. However, their lowest
taxonomic classification was at the family level, preventing exploration
of bacterial communities at a finer taxonomic scale. That study did not
examine separately adult females and males, thus obscuring sex-related
differences.

The composition of the tick internal bacteria was predicted by the
engorgement status of the tick (unfed nymphs, engorged nymphs at 0
and 2 weeks, and adults). The community structuring observed between
unfed nymphs, engorged nymphs, and molted adults demonstrate the
changing bacterial communities as these ticks proceed through feeding,
digestion, and molting (Fig. 2).

4.2. Overlap of bacterial communities between ticks and mouse blood

We hypothesized that exposure to the host blood meal was a likely
source of bacteria for ticks due to the intimate nature of bloodfeeding
and the time requirements needed to complete a blood meal. Although
79 taxa were shared between at least one blood and one tick sample, an
additional 14 were found only in blood and 287 were found only in
ticks (Fig. 3). No significant differences in α or β-diversity measures
between mouse blood taken before and after tick feeding were found.
This may suggest that there is little influence of tick bacterial com-
munities on the mouse blood, despite the transfer of tick salivary se-
cretions into the host blood (Alarcon-Chaidez, 2014). However, given
that the white-footed mice in this study were field-collected, it is pos-
sible we are detecting the microbial communities from prior, recent tick
burdens. Additionally, we may be detecting the native bacterial com-
munity of mice that had tick burdens that were not that recent and thus
the microbiome had returned to its original, pre-tick burden state.

The number of bacterial species decreased in nymphs after they fed,
compared to unfed nymphs, suggesting a loss in bacteria post feeding,
rather than a gain from the blood meal source (Fig. 1). However, blood
samples were more similar in taxonomic composition to engorged
nymphs, compared to unfed nymphs or adults, indicating that the blood
retains its bacterial community during the blood meal from the rodent
into the tick (Fig. 4).

The identification of Anaplasma and Borrelia sequences in both
white-footed mouse blood and blacklegged tick samples was expected.
These species represent the primary reservoir and vector of the tick-
borne pathogens B. burgdorferi and A. phagocytophilum, which are en-
demic in the geographic sample region. However, Borrelia sequences
were found in 50% of unfed nymphs, which is much higher than the B.
burgdorferi prevalence rates in ticks previously reported for this region
(Prusinski et al., 2014; Schulze et al., 2013; Zolnik et al., 2015). As we
are reporting genus level taxonomy, it is possible that these sequences
may represent only a single Borrelia species or more than one different
species. Blacklegged ticks were discovered to transmit Borrelia miya-
motoi, a relapsing fever-like spirochete in 2001 (Scoles et al., 2001), and
Borrelia mayonii, a member of the Borrelia burgdorferi sensu lato com-
plex in 2016 (Pritt et al., 2016). The presence of a Borrelia species that
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Fig. 4. Principal coordinate analysis of unweighted and weighted UniFrac β-diversity measures for P. leucopus blood samples and all tick engorgement statuses. A sequence depth of
30,000 was used. (A) Unweighted UniFrac measures – unfed nymphs clustered separately from all other sample types and mouse blood samples and nymphs post engorgement (0 and 2
weeks) overlapped. Additionally, adult ticks clustered separately from blood and engorged tick samples, indicating distinct bacterial communities. Clustering differences were significant
(PerMANOVA, F= 7.25, R2= 0.40, P < 0.001). Statistical ellipses represent 95% confidence; (B) Weighted UniFrac measures – blood samples clustered separately from all tick samples.
Clustering differences were significant (PerMANOVA F=8.2, R2=0.43, P < 0.001).
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remained undetected in an organism extensively studied for Borrelia
spirochetes (Pritt et al., 2016; Scoles et al., 2001) emphasizes the lack of
understanding of the range of potential microorganisms harbored by
this tick. Here, we report two engorged male nymphal ticks sampled at
different time points with a preponderance of B. miyamotoi sequences
during a concurrent infection with B. burgdorferi. Although, to the ex-
tent of our ability to identify the sex of blacklegged ticks and the spe-
cies-level information content of the sequenced gene region, we did not
observe any female tick infected with B. miyamotoi, this finding does
not allow for inference of B. miyamotoi biogeographic trends in the
Northeast or an understanding of heterospecific coinfection, i.e. si-
multaneous infection, and superinfection, i.e. subsequent infection,
with B. burgdorferi. The concurrent detection of those two Borrelia
species has been reported before in this region (Tokarz et al., 2010). It is
unlikely that yet unidentified B. miyamotoi or B. mayonii spirochetes are
driving the high questing nymphal infection rate in this study due to the
relatively low prevalence of the former in natural populations of this
tick (Tokarz et al., 2010), and the Midwestern U.S. range of the latter
(Pritt et al., 2016). A study examining the various Borrelia species using
a more informative marker, as the 16S rRNA locus displays limited
variability at the subgeneric level, would help resolve the identity of the
Borrelia species found in this tick. Our finding that B. burgdorferi is
preponderant in all Borrelia positive samples, but two exceptions en-
hances the value of high-throughput sequencing (HTS) compared to
traditional pathogen detection techniques, e.g. PCR coupled with
Sanger sequencing, qPCR (Prusinski et al., 2014; Schulze et al., 2013;
Zolnik et al., 2015). The average relative abundance of Borrelia sp.
sequences in the five positive questing nymphs was 0.13%. A compar-
ison study for pathogen detection methods would be helpful to identify
thresholds detected and benchmark the most appropriate method for
identifying B. burgdorferi and the simultaneous presence of congeners B.
miyamotoi and B. mayonii in ticks.

4.3. Gene function inference

The differences we found in predicted biochemical pathways be-
tween rodent blood and ticks were expected due to the marked differ-
ences in the nature of the samples. The similarity in predicted pathways
across the different tick categories, despite the significant difference in
the number of bacterial taxa (Table 1), and the significant differences in
community composition, demonstrate that the loss of bacterial taxa
after bloodfeeding and molt do not entail a significant change in mi-
crobial function. The only significant difference that emerged when
bacteria from host blood were removed from the comparison was the
increased representation of genes involved in the glycosphingolipid
biosynthesis pathway and specifically the lacto/neolacto series in the
field-collected, unfed tick nymphs. In general, sphingolipids play a rich
repertoire of roles in the regulation of disease causation – both in-
fectious and non-communicable – stress response, cell signaling,
apoptosis (Heung et al., 2006). Overall, they are seen as important
modulators of host-parasite interactions. Since few bacterial taxa are
known to synthesize sphingolipids (e.g. Sphingomonas), one hypothesis
would be that unfed tick nymphs acquired glycosphingolipid-synthe-
sizing bacteria from the environment between the previous year’s larval
stage and the nymphal stage, and subsequently lost them through di-
gestion and/or through innate-type immune response once they are in
contact again with host blood (Kinjo et al., 2005; Mattner et al., 2005).
This hypothesis is supported by the higher relative abundance of
Sphingomonas in unfed nymphs (6% average relative abundance),
compared to engorged nymphs and adults (< 1% average relative
abundance). Validation and exploration of these results warrant further
examination using shotgun metagenome and transcriptome sequencing.

5. Conclusion

The present results demonstrate bacterial community differences

between host blood meal source and ticks. These results are in agree-
ment with previous studies that found distinct composition among
bacterial communities collected from feeding I. scapularis ticks and host
blood samples (Hawlena et al., 2013; Rynkiewicz et al., 2015). The
presence of 287 taxa found exclusively in the ticks demonstrates the
role that environmentally acquired bacteria play in these ticks. Ad-
ditionally, the internal bacterial communities of blacklegged ticks kept
in sterile conditions were found to vary post engorgement, with α-di-
versity decreasing after feeding regardless of sex, a trend not found in
our previous study of field-collected ticks (Zolnik et al., 2016). This
supports our conclusion that bacterial taxa are lost during engorge-
ment, digestion, and molting. There are a number of potential routes
through which environmental bacteria can enter the tick, including the
mouthparts, where ticks secrete a hyperosmotic solution in order to
absorb water vapor and maintain water balance (Alarcon-Chaidez,
2014). Moreover, nymphal and adult blacklegged ticks have two
spiracular plates (i.e. respiratory openings) that provide direct routes to
the airway systems and constitute another potential route for acquisi-
tion of microorganisms (Hynes, 2014). It is likely that many internal
bacteria of field-collected ticks are transient, and are acquired from
continued exposure to the off-host environment, in which the tick
spends the majority of its life cycle (Fish, 1993). Despite this, the lack of
differences in predicted biochemical pathways across tick sample types
suggests that microbial function is not altered, as bacteria are lost. This
work uncovered the rare, concurrent presence of B. burgdorferi and
relapsing fever-like B. miyamotoi in two male engorged nymphs. Further
studies should examine the role that this transient environmentally
acquired microbial community plays in the tick itself and its capacity to
serve as a competent vector for multiple microbial pathogens con-
currently.
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