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Abstract
The black-legged tick, Ixodes scapularis, is a well-known vector for the Lyme disease-causing pathogen (Borrelia burgdor-
feri) but can also carry other disease-causing pathogens such as Rickettsia, Anaplasma, Bartonella, Ehrlichia, and Theileria. 
Hence, tick screening using highly specific protein signatures for specific pathogens will help assess the prevalence of infected 
ticks and understand the pathogen-tick interactions in a specific geographic area. In this study, we used data-dependent 
acquisition to key pathogen protein signatures in black-legged ticks collected from the Southern Tier New York. Bottom-up 
proteomic analysis of extract from five combined ticks identified 2,052 tick proteins and 41 pathogen proteins with high con-
fidence (≥ 99% C.I.). Results show high peptide spectral match counts for Rickettsia species and Borrelia species and lower 
counts for other rarer pathogens such as Anaplasma phagocytophilum. Parallel reaction monitoring performed on protein 
extracts from individual ticks (n = 10) revealed that 8 out of the 10 screened ticks carried Rickettsia species, 5 carried Bor-
relia species, 3 carried both pathogens, and only 1 tick carried no detectable bacteria. Mass spectrometry-based proteomics 
is a highly specific way to define the expression of different types of pathogen proteins in infected ticks. This might bring 
insights into the tick-pathogen interactions at the molecular level and especially expression pathogen surface proteins in ticks.
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Introduction

Ixodes scapularis, commonly known as the black-legged tick 
or a deer tick, is a vector for several disease-causing patho-
gens that can affect both animals and humans [1]. Lyme 
disease is one of the commonly reported tick-borne ill-
nesses caused by the spirochete Borrelia burgdorferi that is 
transmitted to humans through a tick bite [2]. Its prevalence 

across New York State and the United States (USA) poses 
a serious public health threat as new cases increase annu-
ally [3]. Climate change and global warming encourage 
geographical expansion of ticks throughout the United 
States and will therefore incite more tick-borne diseases in 
the coming years [4]. Although B. burgdorferi is the most 
known tick-borne pathogen to cause Lyme disease, other 
pathogens such as Rickettsia, Babesia, and Anaplasma spe-
cies are also prevalent among tick populations and cause 
other serious diseases such as babesiosis, ehrlichiosis, Rocky 
Mountain spotted fever and anaplasmosis [5–7].

The natural life cycle of the I. scapularis tick and B. burg-
dorferi bacteria involves a complex relationship between 
small animals (i.e., mice, rabbits, squirrels, birds) and larger 
mammals (i.e., dogs, horses, deer) [8]. The natural reservoir 
for B. burgdorferi is the white-footed mouse, which trans-
mits the pathogen to feeding I. scapularis ticks in the larval 
or nymphal stages. It is then transmitted to other larger mam-
mals such as dogs, deer, and humans during the nymphal or 
adult life stages of the tick [9–12].

I. scapularis ticks also carry other bacterial pathogens 
such as Rickettsia, Bartonella, and Anaplasma; protozoan 
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pathogens such as Babesia microti and Theileria species; 
and viruses such as the Powassan virus, Heartland virus, and 
Bourbon virus [13]. Rickettsiae organisms are intracellular 
pathogens that infect endothelial cells in vertebrates and 
include Rickettsia and Ehrlichia species (spp.). Rickettsia 
spp. can cause spotted fevers with a mortality rate of up to 
25% if not treated early and a typhus rash. Ehrlichia spp. can 
cause ehrlichiosis that is like spotted fever [14]. Anaplasma 
phagocytophilum is a gram-negative bacterium that can also 
be carried by the I. scapularis ticks. Anaplasma species is 
genetically similar to Rickettsia species and causes flu-like 
symptoms in early infection stages. If left untreated, it can 
lead to respiratory issues, organ failure, and even death [15]. 
In a genetic study, 97% of female I. scapularis ticks collected 
in Massachusetts tested positive for Rickettsia species and 
10% tested positive for A. phagocytophilum [16]. Because 
of the low A. phagocytophilum infection rate in I. scapula-
ris ticks, there is also a low infection rate of humans with a 
maximum yearly infection rate of 5,762 in 2017 according 
to the CDC [17]. Hence, tick surveillance and screening for 
pathogen species are needed for effective tick control and 
impact on human health. Pathogens carried by ticks can be 
extremely devastating and deadly if not correctly identified 
and quickly treated.

The commonly used method to screen ticks for poten-
tial pathogens is polymerase chain reaction (PCR). A recent 
study utilizing a PCR assay targeting pathogen-specific 
genes successfully screened 459 I. scapularis ticks to deter-
mine the prevalence of infection and co-infection in ticks 
[18]. The results showed prevalence of Borrelia burgdorferi 
(47%), Anaplasma phagocytophilum (6.9%), Babesia microti 
(4.7%), Borrelia miyamotoi (7.3%), and Rickettsial endos-
ymbionts (93.3%) [18]. Although PCR is a highly sensitive 
method for tick surveillance, detection of these pathogens 
at the protein levels might bring insight into the pathogen’s 
antigen expression within a tick and perhaps develop future 
assays to screen for these same antigens in infected humans 
and other mammals.

Advances in mass spectrometry and proteomic methods 
have started shedding light on tick-borne pathogens, their 
molecular signatures, and their host-dependent protein 
expression [19–21]. Matrix-assisted laser desorption-time of 
flight mass spectrometry (MLADI-TOF–MS) was success-
fully used to detect pathogens in ticks based on pathogen-
specific polypeptide signatures [19]. Although the technique 
is rapid, further characterization and sequencing of the path-
ogen’s polypeptide might be more informative and might 
bring insights into types of pathogen protein expressed in 
infected ticks.

Single tick screening for potential pathogens in a given 
geographic area is highly important to human and animal 
health within that area. It would also aid in understanding 
the life cycle of tick-borne pathogens and their interaction 

with the tick vector, and eventually aid in developing 
direct diagnostic biomarkers for different pathogens and 
treatment decision-making based on the presence of spe-
cific pathogen antigens in bodily fluids of acutely infected 
patients [22]. In this study, we focused on surveying tick-
borne pathogens in I. scapularis ticks collected from 
Chenango Valley State Park located in Broome County, 
New York, an area where Lyme disease is highly prevalent 
and remains challenging to diagnose and properly treat. 
Subsequently, we developed a parallel reaction monitoring 
method to screen single ticks and determine their pathogen 
load status. This might raise awareness about tick-borne 
disease among the community in the area and broader sci-
entific community.

Materials and methods

Tick collection and processing

Ixodes scapularis ticks were collected at Chenango Valley 
State Park in the spring and summer of 2018 and 2019. A 
1-m-squared corduroy drag was used on commonly travelled 
nature paths in the park to collect questing ticks. Latched 
ticks were carefully picked using tweezers and individually 
transferred into 1.5-mL Eppendorf tubes containing 1 mL of 
methanol. Storage in alcohol was reported to maintain the 
integrity of the tick for a long period if stored refrigerated for 
subsequent pathogen screening using PCR methods which is 
more vulnerable to degradation than proteins [23–25]. Only 
female, adult I. scapularis ticks were used for analysis as 
they are larger and more abundant during dragging durations 
and have the probability of carrying more diseases due to an 
additional blood meal compared to larval and nymphal ticks.

For tick processing and protein extraction, excess metha-
nol was removed from each tube followed by a very brief 
drying at 95 °C (< 1 min) on a heat block to evaporate 
residual methanol and facilitate tick cuticula crushing. 
Individual ticks were grinded using a handheld mortar and 
pestle, and 3 × 70µL of ice-cold radioimmunoprecipitation 
assay (RIPA) buffer with protease inhibitor cocktail (Halt 
Protease Inhibitor Cocktail, Thermo Fisher Scientific) was 
added to collect the tick dust. The lysed tick samples were 
transferred into a clean Eppendorf and placed on ice for 
15 min with occasional vortexing before being sonicated for 
another 2 min. Samples were then centrifuged at 16,000 × g 
for 30 s and supernatants were collected and transferred into 
clean 1.5-mL Eppendorf tubes and placed on ice. Protein 
concentration in each sample was determined using bicin-
choninic acid (BCA) assay (Thermo Fisher Scientific). Pro-
tein extracts were then flash frozen in liquid nitrogen and 
stored at − 80 °C until further use.
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Sample processing for mass spectrometry analysis

For global proteome profiling and pathogen identification, 
extracts from 5 ticks were pooled together and a sample ali-
quot containing 100 µg total protein was transferred to a 
clean Eppendorf tube. 5 µL of 1% SDS was added to the 
sample followed by 5 µL of 200 mM dithiothreitol (DTT) to 
reduce any disulfide bonds and denature the proteins. Then, 
5 µL of lithium dodecyl sulfate (LDS) sample buffer was 
added and the sample was vortexed and placed on a heat-
ing block at 95 °C for 5 min. The sample was loaded onto 
a 3–8% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and separation was performed at 
150 V until the samples ran to the bottom of the gel (between 
41 and 86 min, depending on the gel type). The gel was then 
washed with water and stained for 4 to 24 h using G250 
Coomassie stain (Bio-Rad), and then de-stained in water for 
4 to 24 h before being imaged. The gel lane containing frac-
tionated proteins was sliced into 2- to 3-mm gel slices using 
a razor blade and a glass marked guide with 4 mm lengths 
to ensure correct band cut sizes. Each slice was placed in a 
clean Eppendorf tube; cysteine residues were reduced and 
alkylated before in-gel digestion and processed for in-gel 
digestion using an established protocol for Gel-LC–MS/
MS-based method [26]. A 50-µL trypsin solution (Promega, 
Madi-son, WI) was added to each gel slice at a concentra-
tion of 12.5 ng/µL in 50 mM ammonium bicarbonate and 
incubated at 37 °C overnight. The resulting peptides were 
extracted, dried by vacuum centrifugation, and analyzed by 
LC–MS/MS as described below.

Mass spectrometry analysis

Data‑dependent acquisition and protein identification

The dried peptide samples were resuspended in 10 µL of 
0.1% formic acid, and 7µL of this peptide solution was 
injected onto a Dionex UltiMate 3000 RS UPLC system con-
nected to a Q Exactive™ HF-X Hybrid Quadrupole-Orbit-
rap™ Mass Spectrometer. Because of the complexity of the 
tick proteome and the low abundance of the pathogens, a 
165-min gradient was used to survey for proteins belonging 
to a potential pathogen. The mobile phase A consisted of 
0.1% formic acid in water, and a mobile phase B consisted of 
0.1% formic acid in 80% acetonitrile. An EASY-Spray™ LC 
Column (75 µm diameter, 50 cm length, pore size 100 Å, 
particle size 2 μm; Thermo Scientific) column was first 
equilibrated with 98% mobile phase A and 2% mobile phase 
B for 8 min, then 5–30% gradient of mobile phase B for 
87 min, 30–100% B for 5 min, 100% B for 5 min, 100–2% 
B for 5 mi, and 2% B for 10 min. Data-dependent acquisition 
(DDA) was performed at 120,000 resolution for a scan mass 
range of 375–1600 m/z, with one full MS scan followed by 

20 MS/MS scans. DDA was done at 27 eV collision energy, 
300 V ion spray, and 35 °C column temperature. Blanks 
consisting of 0.1% formic acid were run in the beginning 
and between each sample analysis.

Raw mass spectrometry data files were collected and 
processed with a specific workflow designed in Proteome 
Discoverer 2.2 (Thermo Fisher Scientific). Searches were 
performed against the following FASTA databases (Homo 
sapiens_SwissProt TaxID = 9606, Ixodes scapularis_Black-
legged tick_Deer tick, Borreliella group_64895, spotted 
fever group_114277, Anaplasma phagocytophilum strain 
HZ, Ehrlichia muris, Ehrlichia chaffeensis, Theileria annu-
lata UP000001950, Theileria parva UP000001949, Bar-
tonella henselae, Bartonella schoenbuchensis, and Babesia 
microti UP000002899) downloaded from www.​unipr​ot.​org 
using Sequest HT (Thermo Fisher Scientific) with precursor 
and fragment mass tolerance set at ± 10 ppm and ± 0.05 Da 
respectively, partial trypsin digestion, and the following 
dynamic modifications: carbamidomethyl on cysteine, acetyl 
on protein N terminus, and oxidation of the methionine resi-
due. A complete Proteome Discoverer workflow and param-
eter settings are provided under supplemental material S1.

Parallel reaction monitoring

Single ticks were processed for total protein extraction the 
same as above, except for total protein loaded into the SDS-
PAGE which depended on the size of the tick. On average, 
single ticks yielded total protein extracts ranging from 15 to 
50 µg. A total of 8 bands, where the targeted pathogen’s pro-
teins are expected to migrate, were excised from SDS-PAGE 
of protein extract from a single tick and in-gel digested for 
LC–MS/MS as described above. Then, 3 µL of each tryptic 
peptide sample was analyzed in PRM mode using the same 
collision energy and resolution as used in the DDA analysis. 
The specific charge, m/z, and retention time window for each 
peptide were used to build the method (Supplemental mate-
rial S2). Peptides were targeted with an isolation window 
of ± 1.2 m/z and a retention time window of ± 5 min. Data-
base search was performed as described above and peptides 
of interest were targeted and confirmed using Skyline data 
analysis on the raw MS/MS data files to ensure confidence in 
selected transition ions and peptide identification. All detect-
able transition ions for each targeted peptide were used to 
add confidence in peptide identification.

Western blot analysis of Borrelia burgdorferi’s outer 
surface protein A

To confirm the presence of B. burgdorferi’s outer surface 
protein A (OspA) in potentially infected ticks and confirm 
its approximate molecular mass on the SDS-PAGE gel, 
total protein extract (about 50 µg per tick) from single ticks 
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(n = 17) was separated by SDPS-PAGE as described above. 
Gel separated proteins were then transferred to Novex™ 
nitrocellulose membrane overnight using NuPAGE™ trans-
fer buffer at 0.17Amp for 18 h. The membrane was then 
incubated overnight with polyclonal rabbit antibody against 
Borrelia OspA (ab106081, Abcam, MA, USA) at 1:10,000 
dilution. The membrane was washed three times for 10 min 
with phosphate buffer saline + tween (PBST) and incubated 
for 10 min in blocking buffer (PBST + 5% nonfat milk) 
before incubation with the donkey monoclonal anti-rabbit 
secondary antibody at 1:4000 dilution for 30 min. Processed 
membranes were then washed 3 times for 10 min with PBST 
and imaging was performed using enhanced chemilumines-
cence (ECL) reagent.

PCR screening for Rickettsia 
peptidoglycan‑associated protein gene and B. 
burgdorferi ospA gene in crude lysate from single 
ticks

Total DNA was extracted from four leftover single tick 
lysates above using the Qiagen DNeasy Blood & Tissue Kit 
according to the instructions provided in the manufacturer’s 
Supplementary Protocol for purification of total DNA from 
crude lysates (Qiagen, Hilden, Germany). PCR amplification 
was performed using forward (GCA​TTA​TGT​GTG​CTT​GCA​
GGGTG) and reverse (GTG​GTG​TAC​AAC​TGT​TAC​AGC​
TCT​ACG) primers targeting the gene coding for Rickettsia 
peptidoglycan-associated protein and forward (GGA​TCT​
GGA​GTA​CTT​GAA​GGCG) and reverse (CAA​CTG​CTG​
ACC​CCT​CTA​ATT​TGG​TG) primers targeting the gene 
coding for B. burgdorferi OspA protein. The PCR reaction 
consisted of 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.4 µM 
forward and reverse primers, and 2 units Platinum™ Taq 
DNA polymerase (Thermofisher Scientific). The cycling 
parameters consisted of an initial 2-min denaturation at 
95 °C followed by 40 cycles of denaturation at 95 °C for 
30 s, annealing at 55 °C for 30 s, and extension at 72 °C 
for 15 s, with a final 2-min extension at 72 °C. The pres-
ence of PCR product was assessed by gel electrophoresis, 

and amplicon identity was confirmed by Sanger sequenc-
ing as follows: PCR products were purified using the 
MultiScreen®PCRμ96 filter plate (Millipore Corporation, 
Billerica, MA), and were sequenced in both directions with 
the BigDye Terminator Kit v3.1 on an ABI 3730xl 96-capil-
lary DNA Analyzer (Applied Biosystems, Foster City, CA). 
Sequence bases were called, and their quality was checked 
using Sequencing Analysis v5.1 software (Applied Biosys-
tems, Foster City, CA).

Results

Data‑dependent acquisition on combined tick 
samples

Five samples consisting of protein extract from five pooled 
ticks in each sample were used to survey tick-borne patho-
gens. The 5 ticks in each sample were selected randomly 
from the total collected ticks. Figure 1 shows pie charts 
visualizing the number of identified proteins in pooled 
tick extracts. Of the total identified proteins, 2052 proteins 
belonged to I. scapularis tick, and 41 proteins belonged to 
tick-borne pathogens. These proteins were identified by at 
least two peptides or more and with high confidence (≥ 99% 
C.I.), except for few pathogen proteins of interest that were 
identified with one single peptide but with high confidence 
XCorr score, and specificity based on blast search was 
retained. The list of all identified proteins including tick 
and pathogen proteins are listed in supplemental Table S1 
with their Uniprot accession number, number of peptides 
per proteins, peptide sequence, change state, and XCorr 
scores. The identified proteins for each specific pathogen, 
along with their identified peptide sequences, m/z values, 
DeltaM (ppm), and Xcorr scores, are listed under separate 
Excel sheets in the same supplemental Table S1. Each of 
these identified pathogen peptide sequences was manually 
checked for specificity using blast search against the entire 
Uniprot knowledge database (UniProtKB). Figure 1 shows 
a pie chart distribution of the number of tick and pathogen 

Ixodes scapularis
2052 (98%)

Pathogens, 41 (2%) Rickettsia spp.
33 (81%)

Borrelia spp.
5 (12%)

Anaplasma phagocytophilum
3 (7%)

Fig. 1   Observed total tick and pathogen proteome. I. scapularis spe-
cific proteins consisted of 2,052 proteins and pathogens’ specific pro-
teins consisted of 41 unique proteins out of total identified proteins of 

2,093. This is cumulative data from 5 replicate experiments analyzing 
pooled extract from 5 ticks in each experiment. Number denotes num-
ber of proteins identified for each detected pathogen
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identified proteins. The most abundant pathogen found in 
the black-legged tick was Rickettsia spp. (33 unique pro-
teins) followed by B. burgdorferi (5 unique proteins), and 
A. phagocytophilum (3 proteins).

Although some of the detected pathogens, such as Rick-
ettsia spp., were represented by several proteins (e.g., 33 pro-
teins), in this study, we will only focus on membrane and 
outer surface proteins owing to their potential involvement 
in host cell adhesion and immunogenicity. Table 1 lists key 
pathogen surface proteins that were identified by unique pep-
tide sequences along with peptide counts, sequence coverage, 
and detection frequency across the 5 analyzed sample pools. 
Each peptide sequence was manually checked for specificity 
using Blast search against the entire Uniprot database.

Rickettsia spp. were consistently identified by multi-
ple surface proteins across all 5 analyzed samples. These 
included the putative adhesin (Pa) identified by 9 unique 
peptides covering 53% of the protein sequence, the pepti-
doglycan-associated lipoprotein (Pal) that was identified by 
4 unique peptides covering 35% of the protein sequence, 
and the 120-kDa outer membrane protein (OmpB) that was 
identified by 5 unique peptides covering 5% of the protein 
sequence. As shown in sequence alignments (Supplemen-
tal material S3), of the nine peptide sequences identified 
for Pa, the peptide with the sequence [AELAYSWIYDGR] 
mapped with 100% sequence homology the Pa tryptic pep-
tide belonging to four Rickettsia species (e.g., R. endosymbi-
ont, R. buchneri, R. monacensis, and R. akari). Furthermore, 
the specificity of the peptide sequences [IDAGAAMFNK] 
and [NVIYQGTSVPTGGMR] eliminated R. akari and 
kept R. endosymbiont, R. buchneri, and R. monacensis. 
The 120-kDa OmpB was identified by 5 unique peptides 
that mapped to several Rickettsia species but the peptide 
with the sequence [SSDENYKETSTTVANK] narrowed the 
mapping to OmpB belonging to R. endosymbiont and R. 
buchneri. Similarly, POps was identified by 4 unique peptide 
sequences belonging to the Rickettsia spp. and the peptide 
with the sequence [LNAGGMIFDK] was unique to POsp 
that belongs to R. buchneri. The 4 unique Pal peptides on 

the other hand although specific to Rickettsia mapped to Pal 
protein belonging to several Rickettsia spp. Overall, these 
data point to R. buchneri as the likely Rickettsia species car-
ried by the black-legged tick collected from the Southern 
Tier of New York State.

Borrelia spp., the second frequently detected pathogens 
in black-legged ticks used in this study, were identified by 
three unique surface proteins: the OspA that was identified 
by 7 unique peptides covering 33% of the protein sequence, 
flagellin (FlaB) that was identified by 3 unique peptides cov-
ering up to 22% of the sequence coverage, and Bmp domain-
containing protein (Bmp) that was identified by one pep-
tide. OspA was detected in all 5 analyzed sample pools and 
was represented by 7 tryptic peptide sequences with 100% 
sequence homology to OspA belonging to B. burgdorferi 
(see sequence alignment in supplemental material S2). FlaB 
was detected in 1 out of the 5 samples analyzed and was 
represented by 3 tryptic peptides whose sequences mapped 
to FlaB protein belonging to several Borrelia spp. Simi-
larly, Bmp was detected in 2 out of the 5 samples analyzed 
and was represented by 1 tryptic peptide [KIEEVSEKGIK] 
whose sequence was unique to Bmp protein belonging to 
Borrelia bissettiae.

Additional pathogens detected by mass spectrometry 
proteome profiling in pooled tick extracts included rarer 
pathogens such as Babesia microti, Bartonella henselae, 
Bartonella schoenbuchensis and multiple Theileria spp. and 
A. phagocytophilum. These were represented by only few 
proteins and most of them were not specific when manually 
checked using blast search except for A. phagocytophilum 
that was represented by one surface protein, the p44-14 
outer membrane protein (p44-14) which was identified by 
one unique peptide [VELEIGYER] but good MS/MS prob-
ability score.

All these outer surface pathogen proteins were detected in 
gel bands corresponding to their expected molecular weight, 
except for the 120 kDa OmpB which was detected as a frag-
ment of the C-terminal part of the protein (Fig. 2). Repre-
sentative MS/MS spectra of peptides belonging to OspA, 

Table 1   List of pathogen’s 
specific proteins detected in 
pooled tick extract experiments. 
This data is cumulative of 5 
replicate experiments each 
containing extract of 5 pooled 
ticks

PSMs, peptide mass spectrum matches; Pal, peptidoglycan-associated lipoprotein; Pa, putative adhesin; 
ompB, 120-kDa outer membrane protein OmpB; POsp, putative outer surface protein; OspA, outer surface 
protein A; FlaB, flagellin; Bmp, Bmp domain-containing protein; p44-14, p44-14 outer membrane protein

Species Identified proteins Frequency Peptide counts 
(sequence coverage)

PSMs

Rickettsia spp. Pa
Pal
OmpB
POsp

5 out 5
5 out of 5
5 out of 5
4 out 5

9 (53%)
4 (35%)
5 (5%)
4 (24%)

72
103
31
18

Borrelia spp. OspA
FlaB
Bmp

5 out of 5
1 out of 5
1 out of 5

7 (33%)
5 (22%)
1 (3%)

61
7
2

A. Phagocytophilum p44-14 1 out of 5 1 (2%) 1

3795A single tick screening for infectious pathogens using targeted mass spectrometry
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FlaB, and Pal are shown in Fig. 3 with good signal to noise 
ratios for the “y” and “b” ion series.

Western blot analysis confirmed the presence of OspA 
around its expected molecular weight of 30 kDa, in an inde-
pendent set of ticks (Fig. 4). Eight out of seventeen ana-
lyzed ticks were positive. The presence of Rickettsia pal 
gene in ticks was confirmed by PCR analysis of leftover 
crude extracts from single ticks used in the PRM assay 
below (Fig. 5).

Pathogens survey in a single tick using PRM

Pathogen peptides that were easily detected by LC–MS/MS 
for Rickettsia spp. and B. burgdorferi and for rarer infec-
tious pathogen such as A. phagocytophilum were selected 
to create an inclusion list for targeted mass spectrometry 
analysis using PRM on extracts from individual ticks. Addi-
tional peptides belonging to tick proteins were added to the 
list as internal reference. The full inclusion list including 
peptide sequences, m/z, and retention time are provided in 
supplemental Table S2. PRM analysis was performed on 
protein extracts from 10 individual ticks. Eight gel bands 
corresponding to the protein of interest were excised and 
processed for targeted mass spectrometry based on the pep-
tide m/z and retention time determined from DDA analysis 
above.

Table 2 shows peptides detected for specific pathogen 
proteins by PRM assay. Out of the ten individually screened 

ticks, eight tested positive for Rickettsia spp. based on the 
detection of the putative adhesin tryptic peptide [ADLTL-
GTIIGGK]; four tested positive for B. Burgdorferi based 
on the detection of three OspA tryptic peptides [LEG-
SAVEITK], [GYVLEGTLTAEK], and [LTISDDLGQT-
TLEVFKEDGK]; and one tick tested negative for all tar-
geted pathogens. None of the single screened ticks tested 
positive for other rare pathogens (e.g., A. phagocytophilum, 
T. parva, B. microti, and Bartonella spp.) detected in pooled 
samples above. Interestingly, three out of the 10 screened 
ticks were co-infected with both Rickettsia spp. and B. burg-
dorferi. The transition ions of these PRM targeted pathogen 
peptides were further verified using Skyline software for 
consistency (Supplemental material S4). The intensity of 
transition ions of each targeted peptides matched very well 
to the theoretical transition ion intensities based on the dot-
product correlation (Dotp) scores that was above 0.8 (Sup-
plemental material S4).

To confirm the presence of Rickettsia pal gene and bor-
relia ospA gene, a PCR assay was performed on 4 leftover 
single tick sample extracts (18, 24, 25, and 26) analyzed by 
PRM above. Figure 5 shows the pal gene PCR product that 
was detected in 4 out of 6 screened samples. PCR and PRM 
data for Pal agree for single tick extracts 18, 25, and 26. In 
the case of tick extract 24, while PCR and sequencing con-
firmed the presence of pal gene, the PRM assay for the Pal 
protein was negative. The pal gene was found to be 100% 
homologous to the pal gene belonging to spotted fever group 

A0A7U3YBW8_Outer surface protein A OS=Borreliella burgdorferi (34% sequence coverage): 
MKKYLLGIGLILALIACKQNVSSLDEKNSVSVDLPGEMNVLVSKEKNKDGKYDLIATVDK
LELKGTSDKNNGSGVLEGVKADKSKVKLTISDDLGQTTLEVFKEDGKTLVSKKVTSKDK
SSTEEKFNEKGEVSEKIITRADGTRLEYTEIKSDGSGKAKEVLKGYVLEGTLTAEKTTLVV
KEGTVTLSKNISKSGEVSVELNDTDSSAATKKTAAWNSGTSTLTITVNSKKTKDLVFTKEN
TITVQQYDSNGTKLEGSAVEITKLDEIKNALQ 

A0A7I6GVN5_Flagellin OS=Borrelia bavariensis (15% sequence coverage)
MIINHNTSAINASRNNSINAANLSKTQEKLSSGYRINRASDDAAGMGVSGKINAQIRGLSQA
SRNTSKAINFIQTTEGNLNEVEKVLVRMKELAVQSGNGTYSDADRGSIQIEIEQLTDEINRI
ADQAQYNQMHMLSNKSASQNVRTAEELGMQPAKINTPASLSGSQASWTLRVHVGANQD
EAIAVNIYAANVANLFSGEGSQAAQTAPVQEGAQQEGAQQPAPATAPSQGGVNSPVNVTT
TVDANTSLAKIENAIRMISDQRANLGAFQNRLESIKDSTEYAIENLKASYAQIKDATMTDE
VVASTTNSILTQSAMAMIAQANQVPQYVLSLLR

Peptidoglycan-associated protein OS=Rickettsia endosymbiont (35% sequence coverage)
MKTKITLAFLALFVLAGCNTTKRAPQFDGNMNQGEETSLMKDFEKHAGNAVWFAFDSS
ALSPKAKEELERQACWLSKHPEVKATIEGHCDERGTREYNLGLGERRAAVAKKFLANK
GIDHNRLNTISYGKDRPAMMGNTEEAFAYNRRAVTVVHH

A0A0B7J122_Putative adhesin OS=Rickettsia monacensis (53% sequence coverage) 
MKKLLLIAASATILYSSVSFAEGMDNEWYLRIDAGAAMFNKEKDKATGVKLKSNTTVPV
DLGIGYYISENFRADLTLGTIIGGKLKKSGAATNAPFTGTNVSASHKPTITRLLINGYVDLT
NFDMFDVFAGAGVGPALVKEKITYNGITGLSSNTKNRTNISYKLTLGTSAQIADGVKAEL
AYSWIYDGRTKSKNVIYQGTSVPTGGMRYQSHNLTAGIRFDI

B1NAN5_120 kDa outer membrane protein OmpB (Fragment) OS=Rickettsia endosymbiont (5% 
sequence coverage
___________________EPAAVAAGDKAVDNVAYGIWTKSFYTDVHQSKKGGLAGYKAKTTG
VVIGLDTLANDNLMIGAAIGITKTDIKHQDYKKGDKTNVNGFSFSLYGAQQLVENFFAQG
SAIFSLNQVKNKSQRYFFDANGNMSKQIAAGNYDNMTFGGNLTVGYDYNAMQGVLVTP
MAGLSYLKSSDENYKETSTTVANKQVNSKFSDRTDLIVGAKVAGGTMNITDLAVYPEAH
AFVVHKVNGRLSKTQSVLDGQVTPFISQPDRTAKTSYNLGLSASIRPDAKMEYGIGYDAQI
ASKYTAHQGTLK.

Fig. 2   Sequence coverages of pathogen proteins identified by mass 
spectrometry in I. scapularis extract. Left panel shows SDS-PAGE of 
two pooled tick extracts and localization of the identified pathogen in 

the gel. Right panel shows sequence coverage for representative outer 
surface proteins
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Fig. 3   Fragmentation spectra of signature tryptic peptides from pro-
teins of tick-borne pathogens MS/MS data of representative tryptic 
peptides belonging to specific proteins from the tick-borne pathogens. 
Top panel, MS/MS of a specific peptide of OspA from B. burgdorferi 

pathogen; middle panel, MS/MS of a specific peptide from flagellin 
from B. burgdorferi; and bottom panel, MS/MS of a specific peptide 
to Pal from R. parkeri. Identified peptides for these three targeted pro-
teins are shown in Fig. 2

Fig. 4   Western blot confirm-
ing the presence of OspA in 
protein extracts from single 
ticks. Individual protein extracts 
from 17 ticks were separated by 
SDS-PAGE and processed for 
western blot analysis to reveal 
OspA protein from B. burg-
dorferi pathogen. OspA was 
detected around its expected 
molecular weight of 30 kDa in 8 
out of the 17 analyzed ticks

1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17

Tick ID

9

OspA
~30 kDa
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R. endosymbiont and R. buchneri (Fig. 5), in agreement with 
the proteomic data above. Phylogenetic tree supports the 
close identity of the pal gene and peptide sequences to R. 
buchneri and the R. endosymbiont group (Supplemental 
material 5). The partial ospA PCR product was 100% spe-
cific to ospA gene belonging to B. Burgdorferi.

Discussion

Proteome profiling to screen for tick-borne pathogens in the 
Ixodes scapularis population collected from the Chenango 
Valley State Park of the Broome County in NY revealed 
high positivity for Rickettsia spp. and B. burgdorferi. These 
two pathogens were readily identified by several proteins 
in both combined tick extracts and in individually screened 
ticks. Other rarer pathogens such as A. phagocytophilum, 
Theileria annulata, and Babesia microti were detected only 
in one or two pooled tick extracts and not in the individually 

screened ticks. Accordingly, the focus in this study is on the 
most prevalent pathogens detected in I. scapularis from the 
Southern Tier region of New York State (Rickettsia spp. and 
B. burgdorferi).

Rickettsia spp., spotted fever rickettsiosis causing patho-
gens [27, 28], were consistently detected by several pro-
teins across all pooled tick extracts, as well as in single tick 
extracts screened by PRM assay. Of the 10 screened ticks, 8 
tested positive for Rickettsia spp. and 5 tested positive to B. 
burgdorferi, in agreement with previous study conducted by 
PCR assay on I. scapularis ticks submitted by residents to 
the Connecticut agricultural experiment station tick testing 
laboratory [18].

Rickettsia was identified by 33 unique proteins in the 
five pooled tick extracts with several proteins consistently 
detected across all samples. Peptide sequences of these Rick-
ettsia proteins mapped to several Rickettsia species. How-
ever, tree analysis of identified peptide sequences in combi-
nation with sequenced PCR product narrowed the species to 

Fig. 5   PCR assay targeting 
Rickettsia pal gene and Borrelia 
ospA gene in crude extracts 
from single ticks. Top panel 
shows the gel of PCR products 
and their migration pattern. Bot-
tom panel shows the sequencing 
of the PCR products and the 
identified genes. Forward and 
reverse primers are indicated in 
red in each identified sequence

Table 2   Single tick screening for bacterial proteins by PRM

OspA, outer surface protein A; Pa, putative adhesin; Pal, peptidoglycan-associated lipoprotein. Positive ticks are marked by “ + ” for a targeted 
peptide. *Indicates co-infected ticks. °Indicates negative ticks

Pathogen Detected protein Detected target peptides Tick IDs

B. burgdorferi OspA 18* 19* 20* 21 22 23° 24 25* 26 27
LEGSAVEITK  +   +   +   + 
GYVLEGTLTAEK  +   +   +   +   + 
LTISDDLGQTTLEVFKEDGK  +   +   +   + 

Rickettsia spp. Pa ADLTLGTIIGGK  +   +   +   +   +   +   +   + 
Pal HAGNAVWFAFDSSALSPK  +   + 
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the spotted fever group R. endosymbiont and R. bucheneri. 
Perhaps one of the most important classes of these patho-
gen proteins are outer surface proteins owing to their poten-
tial role in Rickettsia pathogenicity and immunogenicity. 
These included Pal, putative adhesin, and OmpB. OmpB 
is a surface protein that was demonstrated to play a role in 
the adherence of the bacteria to host cells [29]. Although it 
was not included in PRM screening of single tick extracts, 
due to its low abundance, OmpB was identified by 5 unique 
peptides in pooled tick extracts. Pal is an outer membrane 
protein that is part of the Tol-Pal system and is associated 
with the peptidoglycans in gram-negative bacteria. Pal is 
important for outer membrane integrity and is believed to be 
involved in the pathogenesis of certain gram-negative bac-
teria including B. burgdorferi [30]. While we did not detect 
Pal in B. burgdorferi in this study, it was readily detected 
in tick extracts that were positive for Rickettsia spp. Pal was 
confirmed by PCR assay and sequencing and was found to 
be conserved among the Rickettsia spp. A complete sequenc-
ing of the PCR product showed 100% identity to the pal 
gene belonging to R. endosymbiont and R. buchneri. Pal was 
recently identified by others from cultured R. acari using 
shotgun and gel-based proteomics approach and was found 
to be immunogenic after probing it with serum from clini-
cally infected patients [31]. Putative adhesin was one of the 
most abundant outer surface proteins in infected ticks since 
it was detected by PRM in 8 out of 10 screened ticks. This 
same protein was also identified using a proteomic approach 
in cultured R. acari but was not found to be immunogenic 
[31]. R. buchneri is an obligate endosymbiont that estab-
lished a symbiotic relationship with the tick. Although R. 
buchneri species is closely related to the pathogenic rick-
ettsiae, it is only transmitted transversally from tick to tick 
[32]. Furthermore, a recent study has shown that R. buchneri 
inhibits growth of other pathogenic bacteria in tick cells [33] 
which could explain the low number of co-infected ticks in 
this and other studies.

B. burgdorferi, a well-known Lyme disease-causing 
pathogen [34], was identified mainly by OspA which was 
confirmed by PCR assay and sequencing. OspA protein was 
relatively abundant compared to other Borrelia proteins in 
the positive ticks. It was represented by a maximum of 7 
unique peptides and up to 61 PSMs in pooled tick extracts 
and was detected by three peptides in PRM screening of 
extracts from single ticks. This agrees with a previous study 
demonstrating that OspA and not OspC is overexpressed 
by B. burgdorferi when present in the tick [35]. The switch 
between OspA and OspC expression is believed to be 
involved in the Borrelia life cycle and OspA is downregu-
lated when the pathogen is transmitted from the tick to the 
mammals. This switch might be important for Borrelia sur-
vival at different temperatures and different pH’s [36, 37]. 
Indeed, temperature and pH are different in an unfed tick’s 

midgut compared to mammalian blood and this might dictate 
which outer surface proteins are expressed depending on the 
environment [37]. Other studies reported that OspA might 
be involved in the interaction of the bacteria with ligands in 
the tick’s midgut [38]. However, further study comparing 
proteome profiles of Borrelia isolated from ticks to that of 
Borrelia isolated from mammals are needed to gain insight 
into Borrelia life cycle and pathogenesis.

This data could further be developed to identify changes 
between pathogen protein expressions within unfed, adult 
ticks compared to nymphal ticks, and fed ticks as well as 
pathogens within hosts such as dogs, horses, and humans. 
These subsequent experiments could bring insights into tick-
pathogen interactions, at what stage ticks are more likely to 
encounter certain pathogens, and changes in protein expres-
sion that might occur during different tick life stages and 
between different hosts.

Interestingly, among the 10 individually screened ticks in 
this study, two were found to be positive for both Rickettsia 
spp. and B. burgdorferi in agreement with previous stud-
ies in which an increasing amount of co-infection rates has 
been detected in the past 20 years [39]. This further suggests 
that these two pathogens can be simultaneously transmit-
ted to humans by co-infected ticks. However, the exact titer 
of R. parkeri relative to B. burgdorferi in co-infected ticks 
could only be estimated from peptide intensities and might 
not be accurate. Further studies using stable isotope-labeled 
peptides might be needed to determine the relative titer of 
pathogens in single ticks.

Some limitations in this study included the screening of a 
small number of ticks collected from one geographical area 
in Broome County, NY. Further screening of individual ticks 
might be required to ensure a true representation of I. scapu-
laris populations and rate of positivity to tick-borne pathogens 
in Broome County as well as other surrounding areas. Fur-
thermore, seasonal and annual testing could be performed to 
analyze the percentage of ticks carrying these pathogens to see 
how it changes in function of the seasons. In addition, a second 
method, such as PCR and DNA sequencing performed on half 
of the tick, might prove useful as a validation or confirma-
tion of the data. The analysis time to screen a single tick was 
extremely long compared to the PCR method, as it required 
analysis of 8 gel bands per sample and a 90-min LC–MS/MS 
run per gel band, thus totaling 720 min for a single tick screen-
ing. The intent of this single tick screening was not to use 
rapid testing of ticks by any means but rather for understanding 
the pathogen content in single ticks and the type of pathogen 
proteins expressed or co-expressed in a tick, especially outer 
surface proteins that might play a role in pathogenicity and 
immunogenicity. Understanding the relationship between dif-
ferent microorganisms (pathogenic versus nonpathogenic) and 
their co-existence in the same tick might provide a way to 
control transmission of pathogen causing disease from ticks to 
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mammals and humans. Indeed, recent network analysis study 
conducted on northern and southern ticks predicted an antago-
nistic interaction between R. buchneri and B. burgdorferi [40].

Conclusions

Mass spectrometry-based proteome profiling and parallel reac-
tion monitoring are powerful methods to identify and screen 
for tick-borne pathogens for surveillance and awareness about 
tick-borne diseases in specific geographical areas. This might 
bring insight into tick-borne pathogens life cycles and their 
protein expression changes depending on the vector and might 
also help develop biomarkers for direct diagnosis and distin-
guishing between different tick-borne diseases, for which treat-
ment remains empirical and often administered as prophylaxis.
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