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The American dog tick, Dermacentor variabilis, is a major pest to humans and animals, serving as a vector to
Rickettsia rickettsii, a bacterium responsible for Rocky Mountain spotted fever, and Francisella tularensis, which is
responsible for tularemia. Although several tactics for management have been deployed, very little is known

iem;lde: about the molecular response following pesticidal treatments in ticks. In this study, we used a combined
epellents PO . . P . . .

Tr:;‘lscriplomi cs approach utilizing transcriptomics and metabolomics to understand the response of the American dog tick to five
Metabolomics common pesticides (amitraz, chlorpyrifos, fipronil, permethrin, and propoxur), and analyzed previous experi-

mental data utilizing DEET repellent. Exposure to different chemicals led to significant differential expression of
a varying number of transcripts, where 42 were downregulated and only one was upregulated across all treat-
ments. A metabolomic analysis identified significant changes in acetate and aspartate levels following exposure
to chlorpyrifos and propoxur, which was attributed to reduced cholinesterase activity. Integrating the metab-
olomics study with RNA-seq analysis, we found the physiological manifestations of the combined metabolic and
transcriptional differences, revealing several novel biomolecular pathways. In particular, we discovered the
downregulation of amino sugar metabolism and methylhistidine metabolism after permethrin exposure, as well
as an upregulation of glutamate metabolism in amitraz treated samples. Understanding these altered biochemical
pathways following pesticide and repellent exposure can help us formulate more effective chemical treatments to
reduce the burden of ticks.

Functional overlap mapping

1. Introduction proper landscaping (Bergmeier et al., 2010; Cerny et al., 2020), organic

land care practices (Stafford, 2004), and management of host animals

Female ticks are obligate arthropod pests that rely on animals as a
source of blood meals for nutrition, development, and reproduction.
Consequently, their blood feeding leads to the spread of disease agents
such as those causing Rocky Mountain spotted fever (vectored by Der-
macentor variabilis and Rhipicephalus sanguineus) and Lyme disease
(vectored by Ixodes spp. ticks) (Bhatia et al., 2018; Choi et al., 2016;
Dantas-Torres, 2007), accounting for at least 50,000 reported cases each
year in the United States (CDC, 2021). Furthermore, ticks are common
agricultural pests that lead to hundreds of millions of US dollars in
economic losses due to the harm to livestock from feeding and pathogen
transmission (Kivaria, 2006). A comprehensive pest management
strategy for reducing the spread of tick-associated diseases requires
multiple tools (Perez de Leon et al., 2014; Stafford et al., 2017) including

(Abbas et al., 2014; Dantas-Torres et al., 2012). Acaricides, or pesticides
targeted towards ticks, can achieve a high degree of efficacy in short
periods. When combined with integrated tick management strategies,
these chemicals can effectively suppress tick populations (Meulbroek,
2002; Perera and Holsomback, 2005). Applying these interventions in
tick hotspots such as woodland edges during the spring and summer
seasons when ticks are most active can reduce the pest population.
Several factors influence the selection of different chemical products
and their success as acaricides in the control of ticks (Dantas-Torres
et al., 2012). Repellents are frequently used for tick bite prevention
whereas liquid and granular forms of acaricides are commonly utilized
for commercial tick control - although ready-to-spray (RTS) products are
also available for homeowner use (Ajith Kumar et al., 2016; Butler et al.,
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2021). Systemic and non-systemic poisons, pyrethroids, organophos-
phates and carbamates are major classes of acaricides used in tick con-
trol (Dryden, 2009; George, 2000), although organophosphates are no
longer used due to their adverse health effects on humans and the
environment (Marrs, 1993). Systemic (e.g. fipronil, imidacloprid) and
non-systemic poisons (e.g. amitraz) are available for public use and
prove effective for controlling ticks, mites, and lice (Elfassy et al., 2001;
Pound et al., 2000). Fipronil functions by blocking GABAA-gated chlo-
ride channels in insect nerve endings, preventing chloride uptake and
prompting excessive stimulation, eventually leading to death (Cole
et al., 1993; Ratra and Casida, 2001). Amitraz primarily functions as an
agonist in the insect’s alpha-adrenergic system, causing overexcitation
and ultimately paralysis or death (Baron et al., 2018; O’Neal et al., 2017;
Prullage et al., 2011). Pesticides such as fipronil and amitraz can be
effective in reducing tick populations, but they also cause harm to the
ecosystem, humans, pets, cattle, and other beneficial arthropods (del
Pino et al., 2015; Proudfoot, 2003). These chemical interventions are
known to wreak havoc on the ecosystem by contaminating surface and
ground water, degrading soil fertility, and harming aquatic life - all of
which threaten the biodiversity of natural systems (Aktar, Sengupta, and
Chowdhury, 2009; Nicolopoulou-Stamati et al., 2016).

Despite the many available control mechanisms, American dog tick
(Dermacentor variabilis) populations have continued to grow and expand
(Minigan et al., 2018). A population that once was limited to certain
areas of the eastern half of the United States has experienced significant
habitat growth, establishing permanent populations in several parts of
southern Canada (Minigan et al., 2018; Sonenshine, 2018). This recent
shift over the last few decades has been attributed to milder winters and
more favorable climates for ticks, which correlates with the observed
habitat expansion of four tick species (Dermacentor variabilis,
Amblyomma americanum, Amblyomma maculatum, and Ixodes scapularis)
into previously unsuitable geographies (Boorgula et al., 2020; Sonen-
shine, 2018). Current climate models predict an up to 50% expansion in
suitable areas for D. variabilis populations within the next several de-
cades (Sonenshine, 2018). This growing population combined with the
widespread use of general insecticides may create a selective pressure,
producing resistant tick populations; this phenomenon has been
observed in several tick species including the brown dog tick (Rhipice-
phalus sanguineus) and the southern cattle tick (Rhipicephalus microplus)
(Chen et al., 2007; Coles and Dryden, 2014; Feyereisen, 1995; Foil et al.,
2004; George et al., 2004; Villatte et al., 2000), therefore making it
increasingly difficult to manage. A critical understanding of the
biomechanics of pesticides and repellant exposure in ticks is crucial for
developing more effective, target-specific solutions in the future.
Although the general modes of action of the five common classes of
pesticides are known (Anadon et al., 1991; Gassner et al., 1997; Jack-
son, 2020; Jager et al., 2007; Kovacic and Somanathan, 2012; Prullage
et al., 2011; Swale et al., 2014), the specific molecular and biochemical
pathways altered by each of these chemical treatments in ticks are not
well documented.

To better understand the responses of ticks to chemical treatments,
we studied the response of D. variabilis, to five common pesticides
(amitraz, chlorpyrifos, fipronil, permethrin, and propoxur) and DEET as
a repellent. Using RNA-seq, we discovered one common transcript that
was significantly upregulated and 42 transcripts that were down-
regulated following exposure to selected chemicals. Afterwards, these
transcripts were correlated with changes in metabolite levels following
exposure to specific control-based chemicals. In a subsequent experi-
ment, we also analyzed the transcriptional changes over time for
permethrin and compared it to previously published data for DEET
exposure (Koloski et al., 2019), and found the majority of the transcripts
to be differentially expressed during the first few hours following
exposure. Overall, our study identified several novel biochemical path-
ways that were supported by two independent mapping pipelines and
functional metabolomic analyses.
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2. Materials and methods
2.1. Tick rearing and sample preparation

Colonies of female D. variabilis were obtained from the Tick Rearing
Facility at Oklahoma State University (Stillwater, OK, USA). To prevent
dehydration, groups of 20-30 ticks were collected in 50 cm® mesh-
covered vials and reared inside 93% relative humidity (RH) (Winston
and Bates, 1960), 26+1°C and 15hr:9hr light:dark chambers for storage
prior to performing our experimental procedures. The ticks were
randomly chosen from the stored colonies and transferred into 1.5 cm?®
mesh-covered vials. Solutions with varying concentrations of 5 different
pesticide were prepared (45 pM amitraz, 0.5 pM chlorpyrifos, 0.1 pM
fipronil, 0.125 pM permethrin, and 0.075 pM propoxur) by dissolving
each pesticide into pure ethanol and diluting the resulting solution with
DI water to ensure that the ethanol concentration was less than 5%.
These concentrations were set below each pesticide’s minimum lethal
dose to ensure that we captured sub-lethal responses to the pesticides
and not transcriptional changes due to mortality. The sub-lethal doses
were determined by exposing ticks to increasing concentrations of the
five pesticides and assessing survival 24 hr post-exposure. To administer
the pesticide treatment, three replicates of 8-10 female D. variabilis were
fully submerged in a randomly-chosen pesticide solution for 60 s. Con-
trol samples were submerged in <5% ethanol for equal time. Following
exposure to the Adult Immersion Test (AIT), ticks were blotted dry and
allowed to recover for 24 hr before being flash frozen and stored at -80°C
until used for RNA-seq and metabolomic analyses. For
permethrin-treated ticks, samples were also frozen at 2 hr and 6 hr
following exposure to be used in a time-course experiment. These time
points were chosen based on our preliminary experiments where we
observed that differences in behavior appeared around 2 hr
post-exposure. The 6 hr time point was selected as a “midpoint” value
between 2 hr and 24 hr. Ticks were not treated with DEET; however, raw
data from a similar experiment on D. variabilis examining RNA-seq at
0.25 hr, 4 hr, and 24 hr post-exposure to DEET was obtained from
Koloski et al. (2019), where the ticks were placed on paper towels
soaked with DEET for 15 min. The data from the five pesticides and
DEET at 24 hr post-exposure was used for comparison with each other
(denoted as pesticide-series data). The tick responses at the multiple
time points post-exposure to permethrin and DEET were used in a sub-
sequent time-course experiment (denoted as time-series data).

2.2. Transcriptome generation and expression analysis

Tick samples were prepared for analysis by cutting them into four
similar-sized pieces. The fragments were homogenized in 1 ml cooled
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) using BeadBlaster 24
microtube homogenizers (Benchmark Scientific, Edison, NJ, USA). RNA
from the mixture was separated according to the manufacturer’s pro-
tocol. Afterward, DNA impurities were eliminated using DNase I
(Thermo Scientific, Pittsburgh, PA, USA). The RNA was then concen-
trated using the GeneJET RNA Cleanup and Concentration Micro Kit
(Thermo Scientific) and the concentrations were determined and quality
was checked using a Nanodrop (Thermo Fisher Scientific, Waltham, MA,
USA) before sequencing.

The RNA fragments were sequenced, and poly(A) library constructed
by the DNA Sequencing and Genotyping Core at the Cincinnati Chil-
dren’s Hospital Medical Center (CCHMC). Following RNA quantification
using Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and
quality assessment with a 2100 Bioanalyzer (Agilent, Santa Clara, CA),
150-500 ng of total RNA was poly(A) selected and reverse transcribed
using the TruSeq Stranded mRNA Library Preparation Kit (Illumina, San
Diego, CA, USA). Each sample was fitted with one of the 96 adapters
containing a different 8-base molecular barcode for high-level multi-
plexing. We conducted 15 cycles of PCR amplification and sequenced
the libraries using HiSeq 2500 (Illumina) in Rapid Mode, which resulted
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in approximately 30 million high-quality, single-end reads per sample,
with lengths of 75-base pairs. Raw RNA-Seq data were uploaded to the
National Center for Biotechnology Information (NCBI) Sequence Read
Archive: Bio-project PRINA783667.

2.3. Quality assessment and analysis of RNA-seq datasets

The majority of analyses were conducted using the Galaxy platform
(Afgan et al., 2018). Individual FASTQ files were analyzed with the
FastQC tool (Andrews, 2010), to determine the quality of the raw data
and to mitigate the effects of amplification bias. The Kmer test within
FastQC was enabled and set at a length of 7 bp. Following this initial
quality check, raw files were trimmed with Trim Galore using default
settings to remove adapter sequences and biased methylation positions
for the directional and non-directional sequences. Lastly, FastQC was
performed on each trimmed FASTQ file to confirm quality improvement;
approximately <1% raw reads were trimmed during processing (Sup-
plement 1). De novo assembly was conducted according to our previous
developed methods (Davies et al., 2021; Rosendale et al., 2016, 2019)
using Trinity (Grabherr et al., 2011) and CLC Genomics v12 Workbench
(Qiagen). Duplicated contigs were removed with the use of CD-EST-HIT
(Fu et al.,, 2012). The final assembly for the pesticide-series data con-
sisted of 155,220 contigs (Supplement 2), which was evaluated for
completeness based upon BUSCO (Simao et al., 2015), revealing 94.2%
complete and 3.4% fragmented transcripts. Similarly, for the time-series
samples, the final assembly consisted of 149,441 contigs (Supplement
3), revealing 95.1% complete and 4.1% fragmented transcripts.

We quantified transcript abundance using two mapping pipelines:
Salmon and Kallisto (Bray et al., 2016; Patro et al., 2017;Srivastava
et al., 2019). By utilizing two mapping tools, differentially expressed
contigs were identified with a higher degree of certainty by considering
only those contigs that were determined to be significant through both
mapping methods. The default settings were conserved for both map-
ping tools, using a Kmer length of 31 bp for Salmon and 200 bp for
Kallisto.

TPM values obtained from DESeq2 (Love et al., 2014) were used as a
proxy to establish differential transcript levels between control and
pesticide-treated groups using Salmon and Kallisto output indepen-
dently. The transcript-level counts were quantified using the TPM
(transcripts per million). The significant expression differences were
estimated using an adjusted p-value cutoff of less than 0.05 with a false
discovery rate (FDR, Benjamini and Hochberg, 1995) and a log, (fold
change) > |2|. For each treatment, unique module(s) of transcripts were
differentially expressed and the significant modules were matched
against the reference genome protein database (available at Vectorbase
or NCBI; Gulia-Nuss et al., 2016; Jia et al., 2020) of L scapularis, Der-
macentor silvarum, and Drosophila melanogaster using BLASTx (Attardo
et al., 2019; Finch et al., 2020; Rosendale et al., 2019), with an expec-
tation value (e-value) of < 0.001. The highest scoring matches for each
contig were used to assign a gene ID, allowing a 70% match to our
D. variabilis contigs. Gene ontology (GO) terms were obtained for contigs
with positive BLAST hits using two GO tools, g:Profiler (Finch et al,,
2020; Raudvere et al., 2019) and PANTHER (Mi et al., 2021; Mi and
Thomas, 2009). GO annotations for enriched categories were analyzed
with REVIGO (Supek et al., 2011) for visualization of representative
functional categories associated with each treatment. A similar set of
processes were conducted for the experimental groups differentiated by
time-after-exposure to either permethrin or DEET.

Beyond this first analysis, these transcript sets underwent a weighted
correlation network analysis (WGCNA) for visualizing the correlation
patterns and identifying clusters (modules) of highly correlated tran-
scripts across all treatment samples based on our previous studies
(Benoit et al., 2020; Finch et al., 2020; Langfelder and Horvath, 2008).
Transcripts with similar expression patterns were categorized into
modules to identify groups of significant transcripts that are associated
with a specific treatment sample. Prior to WGCNA, the transcript data
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was filtered for transcripts of zero variance. The minimum module size
was set at 30 and the soft power was kept at 12. Following WGCNA,
modules found to be significant (p < 0.05) were analyzed to understand
the functions of their associated transcripts. We used CLC Genomics
Workbench v12 to blast the contigs as well as the significant modules
and performed GO category enrichment analyses through g:Profiler to
interpret the data, as previously described (Davies et al., 2021; Rose-
ndale et al., 2016, 2019).

2.4. Metabolic analysis of pesticide exposure

Metabolome changes in ticks were compared following exposure to
different pesticides based on methods previously developed to target
ticks and other blood feeding systems (Hagan et al., 2018; Rosendale
et al., 2016). The polar metabolites were extracted through a modified
Bligh and Dyer extraction protocol (Bligh and Dyer, 1959). Each
pesticide-treated sample contained 5 ticks and was analyzed at the
NMR-based Metabolomics Core at CCHMC. Dry mass for ticks was
determined gravimetrically based on previous methods (Yoder et al,,
2011) Dry tick samples were weighed in 2 mL standard tubes and were
homogenized 3 times using 2.8 mm metal beads (Bertin Corp., Rockville,
MD, USA) for 30 s each at 4000 rpm in a solution of water and cold
methanol using a Minilys homogenizer (Bertin Corp.). The sample so-
lution was diluted in a tube containing chloroform and water, resulting
in a 2:2:1.8 ratio of methanol:chloroform:water. After vortexing and
incubating in chilled ice for 10 min, the solution was centrifuged at 2000
g for 5 min. The polar phase was separated in a 2 ml tube and dried using
a vacuum centrifuge for 2-3 hrs at room temperature. Finally, 0.6 ml of
NMR buffer containing 100 mmol 1-1 phosphate buffer (pH 7.3), 1
mmol 1-1 TMSP (3-trimethylsilyl-2,2,3,3-d4 propionate), and 1 mg
ml—1 sodium azide (prepared in deuterium oxide) was added into the
tubes containing the dry samples. A 550 pL aliquot was transferred into a
5 mm NMR tube for one-dimensional ‘*H-Nuclear Overhauser Effect
Spectroscopy (NOSEY). The NMR analysis was conducted on a 600 MHz
INOVA NMR spectrometer (Agilent Technologies, Santa Clara, CA,
USA). In addition, we also assembled two-dimensional 14.13C hetero-
nuclear single quantum correlations (HSQC) and 111.H total correlation
spectroscopy (TOCSY) using the samples. TopSpin 3.1 (Bruker, Billerica,
MA, USA) was utilized to correct and align the spectral data to the in-
ternal reference standard peak, and the metabolite identities were
assigned using Chenomx NMR Suite 7.8 (Chenomx Inc., Edmonton, AB,
Canada), two-dimensional NMR experiments, and reference spectra
including those available at Human Metabolome Database (Wishart
et al., 2007), the Madison Metabolomics Consortium Database (Cui
et al., 2008), and the Biological Magnetic Resonance Data Bank (Ulrich
et al., 2008)).

The metabolite masses were normalized by dividing each metabolite
mass by the tick’s dry mass. Data were analyzed using both univariate
and multivariate statistical analysis approaches using Metaboanalyst
(version 5.0). The average mass of each metabolite was compared using
two-way ANOVA tests. The identity of each metabolite was assigned
with a biomarker analysis module under Metaboanalyst. We used auto-
scaling to mean-center the data and divided it by the standard deviation
of each variable. Differentially expressed metabolite levels were
considered if the p-value was < 0.05. The differential expression of
metabolites were analyzed with Metaboanalyst’s Enrichment Analysis
tool (MSEA) to see the fold-change of metabolites after a particular
pesticide treatment. Using Enrichment Analysis’s default settings, a list
of metabolic pathways associated with each of the metabolites was
generated. Analysis of variance (ANOVA) was performed to determine
the pesticidal effect on each metabolite and to compare the absolute
value of change between the treatment and control group means.
Enrichment ratio was computed by calculating Hits / Expected (where
hits = observed hits and expected = expected hits). Classical univariate
receiver operating characteristic (ROC) curves, t-statistics, and log, (fold
change) were generated using the Biomarker Analysis tool (Xia et al.,
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2013) within Metaboanalyst. For the overlap between metabolomics
and transcriptomics results, the list of metabolites and metabolic path-
ways were manually compared with the list of differentially expressed
transcripts and expressional pathways.

3. Results
3.1. Survival analysis of D. variabilis following pesticide exposure

We determined the non-lethal doses of each pesticide for D. variabilis
after exposing them to varying concentrations. The maximum non-lethal
concentrations where 100% of ticks survived following exposure to
amitraz, chlorpyrifos, fipronil, propoxur, and permethrin were 45uM,
0.5pM, 0.1pM, 0.075pM, and 0.125pM, respectively (Fig. 1). These
concentrations were used to prepare the samples for the RNA-seq ex-
periments and metabolomic studies.

3.2. Synopsis of differentially expressed transcripts following pesticide
exposure

The Salmon-based pipeline yielded 38,544 significantly differen-
tially expressed transcripts (p < 0.05; logz (fold change) > |2[), while
the Kallisto-based pipeline yielded 22,039 transcripts (Fig. 2A). Out of
the complete set of 45,577 sequences identified as differentially
expressed either from the pipelines, 15,006 (32.9%) overlapped be-
tween the two mapping pipelines (Fig. 2A). Comparing the transcripts-
per-million (TPM) logz (fold-change) values from the Salmon versus
the Kallisto pipelines for each transcript, a Pearson correlation coeffi-
cient of 0.807 was generated, indicating a strong correlation at the
significance cut-off (two-fold difference, and a correction-based P-val-
ue < 0.05) (Fig. 2A) even though only 32.9% of the transcripts with
statistically different expressions overlapped. Between 25% and 54% of
the raw RNA sequence reads were mapped to transcripts (Supplement
1), which was expected based upon previous studies (Davies et al., 2021;
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Rosendale et al., 2016, 2019).

For the time-series data, the Salmon-based pipeline yielded 115,041
significantly differentially expressed transcripts (p < 0.05; logy (fold
change) > |2|) and the Kallisto-based pipeline yielded 105,061 tran-
scripts. From the 146,691 differentially expressed unique sequences
identified from either Salmon or Kallisto, 73,411 were found to overlap
between the two mapping pipelines, representing 50% (Fig. 2B). A 0.817
Pearson correlation coefficient indicated a strong positive correlation
between the TPM logy (fold-change) values determined by the two
mapping pipelines for the overlapping transcripts at the significance cut-
off (two-fold difference and a correction-based P-value < 0.05)
(Fig. 2B). Between 31% and 58% of the raw RNA-seq dataset mapped to
the transcripts (Supplement 1). As our mapping methods of raw reads
showed great similarity in both mapping pipelines (Fig. 2), we pro-
ceeded with the Kallisto-based data for our remaining analyses (Sup-
plements 2-3).

3.3. Specific transcriptomic changes in D. variabilis following different
chemical treatments

Principal component analysis (PCA) based on transcriptional
changes from the pesticide-series data were indicative of the general
modes of action of each treatment (Fig. 3A). DEET and permethrin
clustered independently and appeared to be most divergent from the
other pesticides and control group (Fig. 3A). For WGCNA, distinct
clusters of co-expressed genes were identified (Fig. 3B). Of importance,
no overlapping modules were observed between any of the six treat-
ments, signifying that the unique sets of transcripts are representative of
the changes associated with different chemical treatments (Fig. 3C).
However, many unique modules for each treatment were found to be
significant. Following GO term analysis, the greatest number of unique
pathways were found with DEET-treated samples which included
pathways such as protein methylation, ion binding, ATP binding, and
intracellular transport (Supplement 5). Transcript-level changes in
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Fig. 1. Dermacentor variabilis survival after 24 hours post-exposure to varying concentrations of chemicals. Non-lethal treatment doses were determined using dose-
dependent mortality curves for use on the experimental groups to ensure that the transcriptional changes were not due to mortality. For each treatment, 5-7 replicates

were run, with 8 ticks per replicate.
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Fig. 2. Comparative analysis between two independent pipelines for RNA-seq analyses of American dog ticks (Dermacentor variabilis) following chemical exposure.
(A) Transcripts enriched post-exposure to six chemical treatments using Salmon and Kallisto (left) and scatterplot comparing the two mapping tools, with a Pearson
test (p = 0.807) (right), (B) Transcripts enriched at varied times post-exposure to Permethrin and DEET using Salmon and Kallisto (left) and scatterplot comparing the
two mapping tools, with a Pearson test (p = 0.817) (right). The linear regression lines also indicate a positive correlation. The comparison revealed notable simi-
larities between the two mapping methods. Figures were produced using Python 3.7.

propoxur included pseudouridine synthase activity, tRNA modification,
RNA methylation, and ncRNA processing, while cytoplasmic translation,
ribosomal large subunit biogenesis, and actin cytoskeleton were
observed in permethrin-treated samples (Supplement 5). For chlorpyr-
ifos, only hydrolase activity, acting on ester bonds, was found (Supple-
ment 5). No unique GO terms were found for amitraz or fipronil-treated
samples.

The logs (fold change) values for each transcript were analyzed for
all treatments to determine the significantly up-and-downregulated
transcripts (see “Materials and Methods Section 2.3"). A comparison
of differentially expressed transcripts for each pesticide found 82 com-
mon hits associated with the downregulated transcripts and one hit for
upregulated transcripts (Fig. 4). The upregulated transcripts for each
treatment, compared to the control, produced five enriched GO cate-
gories. Three major enriched categories include DNA metabolism, DNA
biosynthetic process, and iron-binding activity (Fig. 4A). The down-
regulated transcripts had 8 unique GO categories associated with the
enriched modules; the major categories include cell signaling, transport,
and binding, negative regulation of the biological process, and DNA
integration (Fig. 4B). After blasting the transcripts from each module,

we found several biological, molecular, and cellular processes including
molecular adapter and transducer activity, structural and cellular
anatomical entity, immune system process, and interspecies interaction
between organisms to be highly expressed for the DEET-treated tick
groups (Supplement 4). For permethrin-treated samples, we found an
increase in oxidoreductase activity, among other pathways (Supplement
5). Overall, we identified several overlapping GO categories across the
different chemical treatments (Fig. 4); however, unique categories were
also found following exposure to specific pesticides and repellents
(Supplement 5).

3.4. Temporal transcript changes after pesticide and repellent exposure

Each treatment (DEET: 0.25hr, 4hr, 24hr; permethrin: 2hr, 6hr, 24hr;
control: 24hr) clustered together and separately from the other treat-
ment groups (Fig. 5A). There were no significant differences in the
clustering patterns between different times for the same treatment
(Fig. 5A). WGCNA revealed specific clusters of genes with similar
expression patterns (Fig. 5B). Specifically, the early time treated samples
for both permethrin and DEET shared identical significant modules
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Fig. 3. Transcriptome comparison of the American dog tick, Dermacentor variabilis, following exposure to different chemicals (A) A principle component analysis (PCA)
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based on WGCNA (Fig. 5C), which suggests similarity in the expression
profiles of these groups (Supplement 6). We observed overlap between
the early time groups within each chemical, but no overlap between the
two chemical treatments (Fig. 5C). Using REVIGO, we summarized the
GO terms from each module; 17 major categories were identified
including oxidoreductase activity and glycerophospholipid metabolic
process for early time point samples after treatment with DEET (Sup-
plement 6). For permethrin, there were 11 major categories which
included cytosol, magnesium ion binding, and rRNA binding (Supple-
ment 6). Both permethrin and DEET were generally observed to affect a
distinct cluster of transcripts (Fig. 5C). Furthermore, the largest changes
in gene regulation patterns were observed during the early times
(0.25hr, 2hr, 4hr, and 6hr) for both DEET and permethrin-treated
samples (Supplement 6). The prominent alterations for both treat-
ments included RNA modification, ion activity, cell cycle process, hy-
drolase activity and oxidoreductase activity (Supplement 6).

A logs (fold change) enrichment analysis for each treatment-time
combination identified specific up-and-downregulated transcripts,
which were blasted to visualize the GO categories. We quantified the
common blast hits between permethrin and DEET-treated samples for
both the early and late time points after exposure (Fig. 6). Twenty
enriched GO categories were associated with the upregulated transcripts
at early times after exposure (permethrin: 2hr, 6hr; DEET: 0.25hr, 4hr),
with the major categories being RNA processing and RNA binding
(Fig. 6A). For the upregulated transcripts at the late time point
(permethrin: 24hr; DEET: 24hr), the major GO categories included
intracellular organelle lumen and ribonucleoprotein complex (Fig. 6B).
Likewise, 33 unique GO categories were found for the downregulated
transcripts at early time points, with RNA-dependent DNA biosynthetic

process, ribosome, phosphotransferase activity, and alcohol group
serving as acceptors, being the major categories (Fig. 6C). Meanwhile,
there were 30 GO categories at the late time point, with cytosolic
ribosome, RNA-dependent DNA biosynthetic process, and intracellular
anatomical structure being the major categories (Fig. 6D). Several of the
GO categories were observed to overlap across the different time-
treatment groups (Fig. 6), but unique categories were also discovered
for each chemical exposure (Supplement 7).

3.5. Transcriptome similarities between treatment groups

Out of the 15,006 significantly differentially expressed transcripts
(Fig. 2A), we filtered out 3,441 false positives (e < 0.001); from the
remaining, 260, 2,867, 64, 6,239, and 12 transcripts were unique to non-
systemic pesticide (amitraz), repellent (DEET), systemic pesticide
(fipronil), pyrethroid (permethrin), and nerve poisons (chlorpyrifos,
propoxur), respectively (Fig. 7A). From those significantly differentially
expressed transcripts, 43 were identified as common across all pesticides
(Fig. 7A), with one being upregulated and 42 being downregulated.
These transcripts were blasted (Fig. 4A) to reveal the specific
biochemical pathways common in all of the treatment groups. In the
time-series data, from the 28,356 transcripts differentially expressed
during the early and late time points, 5,835 were unique to DEET
exposure while 17,047 were unique to permethrin-treated samples
(Fig. 7B). There were 2,466 unique common differentially expressed
transcripts, whether upregulated or downregulated, present in both
early and late time points of either pesticide (Fig. 7B). Moreover, core
transcripts (shared or unique) were blasted against three reference
protein databases (Ixodes scapularis RefSeq database, Drosophila
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Fig. 4. Specific genes and gene ontologies (GO) of interest in pesticide and repellent-treated ticks, and their relevant molecular functions, cellular components, and
biological processes visualized using treemaps. (A) Number of blast hits associated with upregulated transcripts after pesticide or repellent treatment, compared to
control (left) and GO (right), (B) number of blast hits associated with downregulated transcripts after treatment, compared to control (left) and GO (right). The boxes
in the treemaps represent the unique functional categories while the colors represent the major GO groups. Venn diagrams and treemaps were generated using
Bioinformatics & Evolutionary Genomics (http://bioinformatics.psb.ugent.be/webtools/Venn/) and REVIGO.

melanogaster SwissProt database, and Dermacentor silvarum RefSeq
database) and functional annotations were made, which will be helpful
for developing new acaricides and repellents in future (Supplements 8-
9).

3.6. Metabolome quantification and analysis

Eight metabolites were significantly altered in ticks exposed to pes-
ticides (p < 0.05) from the 57 total metabolites analyzed, with confir-
mation from Tukey’s Honestly Significant Difference (HSD) post-hoc test
(Supplement 10). The metabolites found at varying concentrations
following treatment were acetate, aspartate, glucose, guanosine, ino-
sine, lactate, mannose, and ribose (Supplement 10). Both principal
component analysis (PCA) and partial least squares discriminant anal-
ysis (PLS-DA) were performed on the 57 metabolites and indicated that
45% and 16.3% of the variance was cumulatively accounted for by the
first two PCs respectively (Fig. 8A) (for PCA: 48.9% and 16.4%; Supp
11). A scores plot analysis using the first two PCs indicated that two
distinct clusters were discriminated at the 95% confidence level, sug-
gesting that the metabolic profiles of these different pesticide groups
differed significantly (Supplement 11). To compare the absolute value of
changes between the control and the pesticide exposures, we performed
a fold-change analysis individually for all the pesticides. Fold-changes

were calculated as the ratios between the treatment and control group
means. The significant metabolites (up-and-down regulated) were
plotted using a logy (fold change) threshold and p-values (p < 0.05)
(Fig. 8B). The greatest number of downregulated metabolites were
found associated with amitraz (20 metabolites), followed by chlorpyri-
fos (14 metabolites) (Fig. 8B). Amitraz also resulted in the greatest
number of upregulated metabolites (5 metabolites), followed by
permethrin and fipronil (4 metabolites each) (Fig. 8B). Of particular
interest in chlorpyrifos-treated samples, betaine concentrations were
detected at significantly higher levels.

Each of the pesticide groups were checked against control groups to
classify the metabolites according to the direction of fold change. In
general, we observed more down than up-regulated metabolic pathways
based on MSEA (Xia and Wishart, 2010). We used over-representation
analysis by providing a one-column metabolite list. Compound ID
standardization was performed to map the well-annotated compounds.
Overall, we discovered 17 enriched metabolic pathways across the
pesticides (at p-value < 0.05) excluding DEET - for which no metabolite
data was available (Fig. 9A). Amitraz was observed to yield the greatest
number of enriched pathways (10 pathways) associated with upregu-
lated metabolites, while permethrin yielded the largest number (10
pathways) associated with downregulated metabolites (Fig. 9A).

Overlap between the metabolic and transcriptomic data was
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Fig. 5. Overall comparison between permethrin and DEET treated American dog tick, Dermacentor variabilis, at different time points of exposure. (A) A principle
component analysis (PCA) scores plot of the control, permethrin, and DEET-treated ticks at various time points after exposure, (B) Linkage dendrogram representing
average hierarchical clustering of the transcripts using WGCNA (Langfelder and Horvath, 2008). Modules, designated by color code, are branches of the clustering
tree, (C) Correlation of module eigengenes to permethrin and DEET-treated tick samples from WGCNA, * represents values with a significant positive correlation with

treatment (P < 0.05)

examined to determine if the changes in the metabolome could be linked
to transcriptional shifts. Overall, we identified 13 enriched metabolic
pathways which appeared to have functions relevant to at least one of
the transcripts that were significantly changed (Fig. 9B). Some of these
overlapping pathways found through our multi-“omies” approach
combining transcriptomic and metabolomic data included glutamate
metabolism, aspartate metabolism, ammonia recycling, and glucose-
alanine metabolism in ticks treated with amitraz. For permethrin,
upregulation of purine metabolism and downregulation of malate-
aspartate shuttle, amino-sugar metabolism, methylhistidine meta-
bolism and betaine metabolism were discovered. For the fipronil-treated
group, only glutamate metabolism was observed to be downregulated.
These results from our multi- “omics” study are corroborated by our
previous analysis (Fig. 4, 6), although several novel biochemical path-
ways were also uncovered during this step (Fig. 9B).

4. Discussion

Although the general modes of action of pesticides and repellents
commonly used to control ticks are understood based on comparison to
other invertebrate systems, little is known about the effects of these
chemical treatments on transcriptional and metabolic pathways in
American dog ticks. In this study, we identified several molecular targets
including zinc ion channel, oxidoreductase, and betaine production in
American dog ticks which are affected by chemical exposure through a
combined multi-omics approach. This is summarized in Fig. 10.
Furthermore, our study analyzed the effect of two chemicals, DEET and
permethrin, at different time points, and suggested that they have the

greatest effect on American dog ticks during the first six hours following
exposure. We highlight the distinct pathways targeted by permethrin
and DEET and show DEET to affect twice as many biochemical pathways
as permethrin. This study also used metabolic expression profiles to
support our findings from the transcriptional results by comparing
overlaps between the two “omics” pipelines. With the collective find-
ings, our study provides a foundation to determine the molecular targets
for pesticide treatments and may prove useful when developing tick-
specific chemical control methods.

Survival analyses were conducted to identify non-lethal doses of
pesticides which we used for our experiments to ensure that the mo-
lecular responses we observed are potential contributors to tick pesticide
resistance. A closer look at the differentially expressed transcripts at
these dosage levels revealed DEET and permethrin to increase expres-
sion of several GO categories that align with previous observations on
these chemicals (Bissinger and Roe, 2010; Koloski et al., 2019). Specif-
ically, DEET has been reported to block or alter ion channels (DeGen-
naro, 2015; Pellegrino et al., 2011; Swale et al., 2014); our RNA-seq
analysis revealed ion binding activity to be increased after DEET expo-
sure. This increased expression is likely a cellular response attempting to
compensate for the ion channel blockage. Likewise, past studies indicate
that permethrin is a potent inhibitor of mitochondrial complex I - an
enzyme also known as NADH oxidoreductase (Gassner et al., 1997;
Knowles, 1997; Van Leeuwen et al., 2010). Our analysis has revealed
that permethrin exposure leads to increased oxidoreductase activity,
which is also likely a response to the pesticide’s inhibition of complex I,
as increasing this complex’s activity would help counter the effects of
the pesticide. For the nerve poisons chlorpyrifos and propoxur, these
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Fig. 6. Specific genes and gene ontologies (GO) of interest in permethrin and DEET exposed ticks at multiple time points, and their relevant molecular functions,
cellular components, and biological processes visualized using treemaps. (A) Quantities of blast hits associated with upregulated transcripts after treatment,
compared to control (left) and visualized gene ontology (GO) (right) at early times after exposure (0-6 hours), (B) upregulated blasted transeript quantities (left) and
visualized gene ontology (GO) (right) at late times after exposure (24 hours or longer), (C) quantities of blasted transcripts downregulated after treatment, compared
to control (left) and visualized gene ontology (GO) (right) at early times after exposure, (D) downregulated transcript quantities (left) and visualized gene ontology
(GO) (right) at late times after exposure. The boxes in the treemaps represent the unique functional categories while the colors represent the major GO groups. Venn
diagrams and treemaps were generated using Bioinformatics & Evolutionary Genomics (http://bioinformatics.psb.ugent.be/webtools/Venn/) and REVIGO.
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Fig. 7. Enriched transcript quantities in American dog ticks exposed to different chemical treatments. (A) Quantities of transcripts having significant differential
expression in tick samples collected (A) after exposure to five treatment classes, (B) at varying time points following permethrin or DEET treatment. Venn diagrams
generated using Bioinformatics & Evolutionary Genomics, (C) highly enriched sequences (> 1000 unique reads and > 6-fold difference) conserved for the common
transcripts following permethrin and DEET exposure at multiple time points. The circles represent highly enriched gene ontology (GO) terms; especially notable

categories are labeled.

chemicals evoked downstream effects on nucleotidyl-transferase
enzyme activity and catalytic activity in ion channels, which may be
due to the rapid excitatory or inhibitory synaptic transmission of neu-
rotransmitters in the voltage-gated ion channels of the tick nervous
system (Fukuto, 1990; Kovacic and Somanathan, 2012; Meijer et al.,
2014). Nerve poisons inhibit acetylcholinesterase (Baxter et al., 1999;
Janadaree Bandara and Parakrama Karunaratne, 2017), which might
lead to an upregulation in kinase activity, as found in our propoxur
treated tick samples. Serine-type peptidase activity was downregulated
significantly after amitraz exposure, which interfered with cellular

10

communication and ultimately disrupted cellular anatomical systems
(Bravo et al., 2008; Fragoso-Sa et al., 2011; Neelu et al., 2016; Santos
et al.,, 2012). Amitraz produces cytotoxic effects in ticks by producing
ultrastructural changes through the inhibition of octopamine regulators
(Kanapadinchareveetil et al., 2019) and resistance is associated with
increased expression profiles to preserve synaptic transmission during
exposure to amitraz (Baron et al., 2018). In addition to these
pesticide-specific changes, we also found many other GO categories;
however, these terms were found in multiple pesticide exposure profiles
and are therefore unlikely to represent the unique activities of any single
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Fig. 9. Enriched metabolic pathway analysis and comparison with transcriptomes. (A) Dot-plot of seventeen enriched metabolic pathways following treatment with
five pesticides. The upregulated metabolic pathways are represented in the top, and the downregulated metabolic pathways are represented in the bottom. (B)
Related biomolecular pathways found in both metabolic and transcriptomic data are visualized, representing the overlap between the two analyses. Figures generated
using Metaboanalyst (Xia et al. 2013); (Xia and Wishart 2010) and Python 3.7 (scripts uploaded to GitHub).

pesticide. These GO terms include broad functions such as DNA poly-
merase activity, ribosome activity, and mRNA processing. However, of
interest is one pathway common across all treatments: neurotransmitter
receptor transport. Irregular expression of this pathway likely alters the
number of receptors on the cell surface, which may hinder the cell
response to neurotransmitters in the extracellular matrix. Most of the
pesticides used in this study shared similarities with peripheral neu-
ropathy (Keifer and Mahurin, 1997), which is indicated by the
down-regulation of this biological process (GO:BP) following treatment,
as observed in our experiment.

In addition to transcript-level changes, we also observed alterations
in the tick metabolome following exposure to the different pesticides. An
enrichment analysis of these metabolites revealed several metabolic
pathways to be affected. For ticks exposed to chlorpyrifos, betaine

metabolism was found at significantly higher levels. Betaine is a
metabolite which plays a role in decreasing and detoxifying homocys-
teine - a harmful compound (Craig, 2004). Previous studies have
discovered that homocysteine levels are elevated in
chlorpyrifos-exposed cells (Olsvik, et al., 2015). Thus, it is likely that
chlorpyrifos exposure in ticks, which may result in increased homo-
cysteine levels, might be triggering a biochemical response leading to
increases in betaine production to counter the harmful effects of the
higher levels of homocysteine. Although betaine concentrations were
not detected at higher levels in our study, it may be due to a steady-state
process where betaine is being used as it is being produced. Betaine,
along with glycerol, underlie cross-tolerance to dehydration and cold
hardening in the seabird tick, Ixodes uriae (Davies et al., 2021), and cold
tolerance in the American dog tick (Rosendale et al., 2022). Because
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Fig. 10. Summary of experimental pipeline of Dermacentor variabilis RNA-seq analysis following pesticide or repellent treatment. The general workflow used for
chemical treatment, sample preparation, quantification of transcriptomic and metabolic changes, biomolecule quantification, and experimental data analysis. The
greatest number of transcripts were enriched following DEET and permethrin exposure, as well as during early time points. Eight different metabolites from a
collection of 53, were significantly altered after the treatments. The impact of two independent pipelines to identify novel biochemical pathways are highlighted

based on experimental evidence from this study.

these molecules are critical to hardening genes, they may also be rele-
vant in genes related to pesticide resistance in D. variabilis. The enrich-
ment analysis on permethrin-treated ticks revealed purine metabolism
to be upregulated. Previous studies on Drosophila melanogaster shared
similar results, where exposure to permethrin reportedly leads to in-
creases in purine metabolism (Brinzer et al., 2015). In addition to these
metabolic changes, we also found decreased levels of maltose, mannose,
lactate, and glucose in ticks that were treated with amitraz (Fig. 8B).
Decreases in glucose can likely be attributed to the suppression of

glucose-alanine cycle and galactose metabolism (Fig. 9A), as found in
study. We confirmed a significant number of overlaps using our
multi-omics approach in our amitraz and permethrin-treated samples,
although overlap was also found in fipronil-treated ticks (Fig. 9B). In
addition to these findings, we uncovered novel altered pathways such as
amino sugar metabolism, which was downregulated following
permethrin treatment. These overlapping pathways are likely prime
targets for future pesticide development.

When analyzing the effect of permethrin and DEET at multiple times,
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we report transcript expression to be markedly different in the early (<6
hr) versus later (24 hr) hours. In particular, we noticed significantly
decreased transcriptomic responses during later time points in both
permethrin and DEET-treated samples (Fig. 7B). Earlier studies with rats
discovered that permethrin is metabolized and excreted relatively early
and the greatest toxicity symptoms are observed between 3 to 6 hours
after treatment (Anadon et al., 1991). As a result, during the later time
points, the effects of permethrin become less significant, with the
intracellular calcium concentrations and Na'/K' ATPase activity
reverting back to their normal state (Anadon et al., 1991). A different
study on American dog ticks exposed to DEET yielded similar results;
ticks undergo a gradual homeostatic recovery over a 24 hr time course
following exposure (Koloski et al., 2019). These studies correspond with
our findings that the greatest transcriptional differences were observed
during the early time points (Fig. 7B). In addition to time-course dif-
ferences, our experiment highlights the differences in the molecular
targets of permethrin and DEET in American dog ticks. One of the major
pathways affected by permethrin during early time points is magnesium
ion binding. In DEET-treated samples, we found glycophospholipid
metabolic processes, intracellular transport, and regulation of mitotic
cell cycle to be significantly altered (Supplement 6). These findings are
similar to previous research where it has been shown that permethrin
inhibits calcium magnesium-ATPase, ultimately leading to excess
neurotransmitter release (Linnett, 2008). The distinct expression pro-
files of permethrin and DEET-exposed ticks underscore previously re-
ported differences in the modes of action between the two chemicals
(Gassner et al., 1997; Swale et al., 2014). In particular, permethrin is
known to interfere with sodium channels in arthropods, altering neural
transmission and causing paralysis or death (USEP, 2008; Thomas et al.,
2020; Tomlin, 1997), while DEET reduces transcripts encoding cyto-
chrome P450 and acetylcholinesterase, causing muscle spasms (Koloski
et al., 2019). Altogether, our results highlight the fundamental differ-
ences between the modes of action of the two distinct classes of chemical
treatments and quantify the differences in their actions over time.

The transcriptional profiles determined in this study may represent
aspects that are key in pesticide-resistant tick populations (Adelman
et al.,, 2011; Zhu et al., 2013). For example, cytochrome P450 plays a
role in metabolic detoxification of acaricides, leading to pesticide
resistance among cattle ticks (Le Gall et al., 2018). Extensive research
has previously been conducted on bedbugs, wherein it was discovered
that strains resistant to pyrethroids contain increased expression of
certain genes (Zhu et al., 2013). Another study conducted by Mamidala
et al. (2012) compared the transcriptomes of pesticide-resistant (PR)
and pesticide-susceptible (PS) strains of the bed bug, Cimex lectularius,
and found a significant number of the upregulated transcripts in PR bed
bugs to be related to defense genes that help confer resistance (Mami-
dala et al., 2012). In our experiment, those transcripts we identified as
highly upregulated following exposure to pesticides may likewise be
associated with defense genes that play a role in resistance. These mo-
lecular defense mechanisms can be further studied to devise future
treatments that limit the defensive response ticks exhibited when
exposed to DEET repellent and other pesticides. For example, designing
new chemicals or nanoparticles that block nerve transmission in ticks for
longer periods of time could prove effective for managing the pest by
controlling the sensory pathways. This approach may be even more
effective if targeted towards the Haller’s organ - the tick’s main sensory
organ. A recent study reports that Haller’s organ is capable of detecting
volatile compounds including DEET; if the organ is dysfunctional, it can
lead to the suppression of detoxification, lipid metabolism, and immu-
nity responses in the tick, thus increasing its vulnerability to the repel-
lent (Koloski and Cassone, 2021). A deeper understanding of the
neurobiology behind the Haller’s organ will be helpful for formulating
new chemicals that can specifically target this organ, rather than relying
on general repellents or poisons.

Applying chemicals is a proven method for preventing tick popula-
tion growth outdoors. However, a recent expansion of tick habitats due
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to climate change and reports of pesticide-resistant tick populations call
for the development of more-effective control options and strategies for
applying treatments in a more efficient, timely manner. This study
provides an in-depth overview of American dog ticks’ system biology
including its expressional and metabolomic alterations following expo-
sure to six chemical treatments. Our cross-disciplinary approach
revealed that different treatments induce unique molecular changes in
the tick system, underscoring the different modes of action of each
chemical intervention. These studies lay the groundwork for future
projects examining tick-pesticide dynamics at the molecular and
biochemical level.

Supplementary Material 1: Percent of raw reads of Dermacentor
variabilis mapped to Ixodes scapularis genome and number of reads an-
notated per sample. Results of each RNA-seq treatment following
chemical exposure of Dermacentor variabilis mapped to predicted genes
from reference gene set. RNA-seq datasets are available under the
following NCBI Bioprojects: PRINA783667

Supplementary Material 2: RNA-seq results for Dermacentor variabilis
gene set following treatments. Expression values are in transcripts per
million (TPM). RNA-seq datasets are available under the following NCBI
Bioprojects: PRINA783667

Supplementary Material 3: RNA-seq results for Dermacentor variabilis
gene set following different times after identical treatments. Expression
values are in transcripts per million (TPM). RNA-seq datasets are
available under the following NCBI Bioprojects: PRINA783667

Supplementary Material 4: Representative categories for the gene
ontologies of significantly enriched WGCNA modules for six chemical-
treated Dermacentor variabilis samples. Frequency denotes the percent
of the GO term in the protein annotation database, where higher GO
term frequencies imply more general terms while lower frequencies
imply more specific ones.

Supplementary Material 5: Pathways enriched in Dermacentor vari-
abilis following chemical treatment. The GO categories are grouped
based on biological process, cellular component, or molecular function.

Supplementary Material 6: Representative categories for the gene
ontologies of significantly enriched WGCNA modules for permethrin
and DEET treated Dermacentor variabilis samples at multiple time points.
Frequency denotes the percent of the GO term in the protein annotation
database, where higher GO term frequencies imply more general terms
while lower frequencies imply more specific ones.

Supplementary Material 7: Pathways enriched in Dermacentor vari-
abilis at varied time points following permethrin and DEET treatment.
The GO categories are grouped based on biological process, cellular
component, or molecular function.

Supplementary Material 8: Functional annotation of core transcripts
after different chemical treatments. The core transcripts following
exposure to several treatments were blasted against three databases:
Ixodes scapularis RefSeq database, Drosophila melanogaster SwissProt
database, and Dermacentor variabilis RefSeq database.

Supplementary Material 9: Functional annotation of core transcripts
following permethrin and DEET treatment at varied time points. The
core transcripts after permethrin and DEET exposure at multiple time
points were blasted against three databases: Ixodes scapularis RefSeq
database, Drosophila melanogaster SwissProt database, and Dermacentor
variabilis RefSeq database.

Supplementary Material 10: Quantification of significantly altered
metabolites after pesticidal exposure. One-way analysis of variance
(ANOVA) reveals eight metabolites to be significantly changed (left),
and concentrations of those eight metabolites in the Dermacentor varia-
bilis following pesticide exposure.

Supplementary Material 11: Principal component analysis (PCA)
scores plot of control and pesticide-treated tick samples. Both the prin-
cipal components PC1 and PC2 clustered separately. These PCs explain
65.3% of the observed variance.
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