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Abstract: It was recently demonstrated that the lone star tick Amblyomma americanum
could harbor filarial nematodes within the genus Acanthocheilonema. In this study, Ixodes
scapularis (deer) ticks collected from Southern Connecticut were evaluated for their
potential to harbor filarial nematodes. Non-engorged nymphal and adult stage Ixodes
scapularis ticks were collected in Southern Connecticut using the standard drag method.
In situ hybridization with filarial nematode specific sequences demonstrated the presence
of filarial nematodes in Ixodes ticks. Filarial nematode specific DNA sequences were
amplified and confirmed by direct sequencing in Ixodes nymphal and adult ticks using
either general filarial nematode or Onchocercidae family specific PCR primers.
Phylogenetic analysis of the 12S rDNA gene sequence indicated that the filarial nematode
infecting Ixodes scapularis ticks 1s most closely related to the species found in Amblyoma
americanum ticks and belongs to the genus of Acanthocheilonema. Our data also
demonstrated that infection rate of these filarial nematode in Ixodes ticks is relatively high
(about 22% and 30% in nymphal and adult Ixodes ticks, respectively). In summary, the
results from our studies demonstrated that filarial nematode infection was found in Ixodes
ticks similar to what has been found in Amblyomma americanum ticks.
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1. Introduction

The tick Ixodes scapularis is the host of variety pathogens with medical and veterinary importance
such as bacterial pathogens belonging to genera Borrelia, Anaplasma, Bartonella, Rickettsia, Francisella
and Coxiella [1-7]. Ixodes ticks can also harbor protozoan parasites; the best known being Babesia spp [8].
In 1984, W. Burgdorfer reported the presence of parasitic worms in Ixodes ticks collected from Shelter
Island, NY. He discovered 30 microfilarial worms (species was not identified) in one adult Ixodes
dammini tick [9]. The presence of microfilarial nematodes has been reported in ticks such as the soft
tick Ornithodoros, the hard tick Rhipicephalus, and recently in Amblyoma americanum (lone star)
ticks [10—12]. The species they identified in those studies were closely related to Acanthocheilonema
(formerly Dipetalonema) filarial nematodes which are known animal parasites. Development and
transmission of Acanthocheilonema species by both soft and hard ticks has also been demonstrated [10,11].

In this study, we further investigated the potential presence of filarial nematodes in the Ixodes
scapularis (deer tick) collected from Southern Connecticut. The goal was to visualize filarial nematode
infections in Ixodes scapularis using filarial nematode DNA specific in sifu hybridization techniques.
Polymerase chain reaction (PCR) combined with direct sequencing methods were used to characterize
the potential genus and species as well as the rate of microfilarial infection in nymphal and adult ticks
collected from Southern Connecticut.

2. Experimental Section
2.1. Tick Collection and DNA Preparation

Non-engorged nymphal- and adult-stage ticks were collected by the standard drag method from
Southern Connecticut (Fairfield County, five different sites) in Spring/Summer 2009-2010 and
transferred to 15 mL polypropylene Falcon tubes with or without 70% alcohol. Ticks were washed
extensively with 70% alcohol to remove any external contaminants and crushed in liquid nitrogen.
Genomic DNA was prepared using the DNeasy Blood and Tissue kit (Qiagen) following the
manufacturer’s instructions. DNA concentration was measured using the Nanodrop 3300 Fluorophore
following the manufacturer’s instructions.

2.2. PCR Protocols

The isolated genomic DNA was used as a template for the various PCR experiments.
To confirm the tick species, each sample was first assessed using Ixodes scapularis-specific
primers targeting the mitochondrial 16S rDNA gene (Ixo-F 5'-TAAACAATTAAAAG-3' and Ixo-R
5'-AATCGCTAAAAACG-3") as described previously [4]. The PCR amplifications were performed
using standard PCR buffer (Promega buffer B), plus 2.5 pL of 25 mM MgCl,, 1 pL dNTPs mix
(10 mM each), 1 pL of each PCR primer (50 pmol/uL) and 0.25 pL of Tag DNA Polymerase
(Promega) in a 25 pL reaction volume. PCR reaction included an initial denaturation at 94 °C for
5 min, 35 cycles of 94 °C for 45 sec, 50 °C for 45 sec, 72 °C for 1 min, and a final extension step at
72 °C for 2 min.
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Initial filarial nematode-specific PCR reactions were carried out using previously described
filarial nematode genus-specific primers FL1 and ITSR (18S and 5.8S rDNA containing an
internal transcribed sequence region) [13], FL1: 5-TTCCGTAGGTGAACCTGC-3"' and ITSR:
5'-ACCCTCAACCAGACGTAC-3"). Cycling conditions consisted of an initial denaturation at 94 °C
for 5 min and 35 subsequent cycles of 45 sec at 94 °C, 45 sec at 54 °C and 1 min at 72 °C.

For further PCR characterization, Onchocerciadea family-specific primers were designed for
conserved mitochondrial 12S rDNA regions (5'-TGACTGACTTTAGATTTTTCTTTGG-3" and
5-AATTACTTTCTTTTCCAATTTCACA-3"). Cycling conditions consisted of an initial denaturation
at 94 °C for 5 min and 40 subsequent cycles of 45 sec at 94 °C, 45 sec at 56 °C and 1 min at 72 °C,
followed by a final extension step at 72 °C for 2 min.

All primers were custom made using Eurofins MWG Operon oligonucleotide service. All PCR
reactions included a negative control using water in the place of template DNA. PCR products were
evaluated by standard 2% agarose gel electrophoresis.

2.3. Sequencing and Sequence Analyses

PCR products were extracted from the agarose gel using QIAquick Gel Extraction kit (Qiagen)
according to the manufacturer’s instructions. The eluates from each sample were sequenced in both
directions using the primers that generated the products. Sequencing reactions were performed by
Keck Sequencing Laboratory at Yale University (New Haven, CT, USA). Obtained sequences were
compared by searching the GenBank database (National Center for Biotechnology Information) using
the Basic Local Alignment Tool (BLAST). Sequence alignment (Clustel W) and neighbor-joining
phylogenetic analyses were conducted using MEGA version 5 [14]. Tree support was evaluated by
bootstrapping with 500 replications.

2.4. Nucleotide Sequence Accession Numbers

Nucleotide sequences for the 18S/5.8S internal transcribed spacer sequence (ITS) and for the 12S
rDNA loci have been deposited in GenBank (http://www.ncbi.nlm.nih.gov) with the following
accession numbers: JX117890 and JF701608 through JF701611 respectively.

2.5. In Situ Hybridization

In situ hybridization was used to confirm the presence of filarial nematodes in ticks. Adult ticks
were dissected under a dissecting microscope. The live ticks were first fixed in wax on the slides and
dissected starting from the thoracic region to downward to the anus region and then the slides were
reversed to continue dissecting from anus region to thoracic region on the other side. The mouthpart
region was dissected carefully to remove the dorsal side of the hard body. A drop of double distilled
sterile water was put on the dissected tick and whole gut region along with the salivary glands were
separated. The whole gut was transferred to another clean slide. They were separated and fixed with
freshly made paraformaldehyde (4%, w/v) and in alcohol:formaline:aldehyde solution (1:2:1, v/v/v) for
24 hours at 4 °C.
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A 27-base long oligonucleotide probe was designed to the 18S/5.8S rDNA internal transcribed
sequence (5'-GAAACATTCAATTACCTCAAACTTGGG-3') based on the sequence obtained for
the filarial-specific PCR reaction (see above). As a negative control, a 27-base long random
oligonucleotide probe (5-GCATAGACATGAGATATACTGTACTAG-3") was also designed. Both
probes were synthesized and labeled with FITC at 5° end by Eurofins MWG Operon oligonuclotide
services. For the in situ experiments, 100 ng of labeled probe was mixed first with 2.5 pg of salmon
sperm DNA (Sigma) and precipitated at —20 °C for 30 min with 0.1 volume of 3 M sodium acetate and
two volumes of ice-cold ethanol. The mixture was then centrifuged at 22,000 x g for 20 min. The
resultant pellet was resuspended in 1XTE buffer pH 8.0. The probe was incubated at 95 °C for
10 min, immediately placed on ice for 5 min and then incubated at 37 °C for 15 min. The prefixed
whole gut tissue sections first were treated with 1 mg/mL Proteinase K in Proteinase K Buffer at 56 °C
for 5 min and then denatured in denaturating solution (70% v/v formamide, 2x SSC, 0.1 mM EDTA
pH 7) at 95 °C before hybridization. The sections were hybridized with the probe mixture 56 °C
overnight. They were then washed thrice in 2x SSC for 3 min each at room temperature followed by
two 20 min washes in 0.1x SSC at 42 °C and a final wash in 0.1x SSC at room temperature. Sections
were then washed with freshly made blocking solution (3% w/v BSA in 4x SSC, Triton X-100) for
3 min and wash solution (4% SSC, 0.05% v/v Triton X-100) for 3 min. To visualize the structures of
the tick tissue, all tissue samples were counterstained with 300 ng/mL. DAPI for 90 seconds in dark
and washed with 1x PBS pH 7.4 (phosphate buffer saline) once and mounted with Permafluor
mounting medium (Thermo Scientific). All steps were repeated with several controls such as:
(1) 100 ng negative control, random oligonucleotide, (2) 200 ng of a competing oligonucleotide
present during the hybridization step (5'-CCCAAGTTTGAGGTAATTGAATGTTTC-3"), (3) RNase
treatment of the sections before the hybridization step (20 pg/mL for 30 min at 37 °C) and (4) no DNA
probe control. Images were acquired using a Leica DM2500 biomedical microscope equipped with
dark field, differential interference contrast (DIC) and epifluorescent illumination.

3. Results and Discussion
3.1. PCR

To demonstrate the presence of filarial nematodes in Ixodes scapularis ticks, genomic DNA from
20 nymphal ticks collected from Southern Connecticut was then tested for the presence of filarial
nematode DNA using a universal filarial nematode-specific PCR technique. Previously published [13]
filarial nematode primers FIL and ITSR were then used to amplify the 18S and 5.8S rDNA regions for
all species in the phylum Filaria. The expected bands of 400 bp were successfully amplified in 3 tick
samples (data not shown) and positive DNA fragments were isolated for direct sequencing.
A representative sequence was deposited into NCBI Genbank (JX117890). The sequences were further
analyzed by the BLAST sequence analysis program (NCBI). The resulting sequences revealed
that the amplified products had the highest similarity with various genera of the Onchocercidae
family in Filarial phylum showing greatest similarities to Omnchocerca, Dirofilarie, Brugia,
Mansonella and Acanthocheilonema genera. Total scores were used to identify the greatest similarity.
Onchocerca/Dirofilarie genera had the maximum query coverage ranging from 60% to 86% and 60%
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to 63% respectively. Sequences had maximum identity of 71%-81% for Onchocerca species and
78%—79% for Dirofilarie species. However, based on these similarity scores, assignment of the
sequence found in Ixodes ticks to a specific genus was not possible.

3.2. In Situ Confirmation

To further provide evidence for the presence of filarial nematodes in Ixodes ticks, in situ
hybridization was performed with an Onchocercidae family specific oligonucleotide derived from the
sequences identified above. The probe was labeled with an FITC fluorescent dye and hybridized on
tick gut sections of Ixodes scapularis (Figure 1). DIC microscopy and DAPI counterstain were used to
visualize the structure and the nuclei of the tissue (Figure 1, Panel A and F respectively). The in situ
staining revealed that filarial nematode-like structures could be observed in tick guts using
Onchocercidae family DNA specific probes (Figure 1B). As controls; an FITC labeled random probe
sequence, a competing oligonucleotide and RNAase treated samples were utilized in consecutive
sections as described in the experimental section (Panel C—E respectively). No positive staining was
seen on sections with an FITC labeled random sequence probe, or with the experiment with competing
oligonucleotide (Figure 1, Panel C and D). Significant signals were observed even when the sections
were RNAse treated demonstrating DNA staining on the section (Panel E). Also, in the “no DNA
control” experiments, there were no detectable fluorescent signals on the slides (data not shown).

Figure 1. Representative image of an in situ hybridization experiment using Onchocercidae
family filarial nematode specific probe (18S/5.8S internal transcribed spacer sequence) on
whole mount tick consecutive sections. Panel A and Panel F show the structure and the
nuclei of the tissue using differential interphase microscopy (DIC) and DAPI staining (blue
staining) respectively. Panel B show the filarial specific probe staining (bright green staining)
while Panels C—E show different control experiments: Panel C = random probe, Panel D =
competing oligonucleotide and Panel D = RNase treated sections). 400x magnification.

FILARIAL PROBE RANDOM PROBE

COMPETING OLIGO RNase TREATED DAPI
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3.3. Additional PCR and Sequencing Analyses

In order to further narrow down the potential species for this microfilaria discovered in Ixodes tick
samples, the Onchocercidae family was targeted using Onchocercidae tamily-specific mitochondrial
12S rDNA PCR primers in the 20 individual nymphal tick samples. PCR experiments with previously
published 12S rDNA primer sets did not produce the predicted PCR target [13,15,16], therefore a
novel 12S rDNA primer set was designed and used in Ixodes nymphal tick samples. Figure 2 shows a
representative PCR experiment with five individual nymphal tick samples showing the successful
amplification of a 218 bp fragment of an Onchocercidae family specific 12 rDNA (Figure 2, lanes 2-5).
As positive controls, the same tick DNA samples were also analyzed for Ixodes scapularis specific
16S rDNA sequence and found to be positive (Figure 2, lanes 2—5). As a negative control no tick DNA
added to lane 6 samples, which showed no amplifications for either the Onchocercidae family specific
filarial or Ixodes scapularis specific PCR experiments. BLAST analyses identified three types of
isolates with 99% identity (1 or 2 nucleotide differences in the 218 bp sequence). Representative
sequences were submitted to the NCBI National Genome Database (Accession numbers: JE701608-11).
Sequence alignment (ClustelW) and neighbor-joining phylogenetic analysis were conducted on a 200 bp
alignment of the three types of 12S rDNA sequences obtained and compared to corresponding
genomic segments of the 12S rDNA gene sequences from different genera of Onchocercidae tamily
using MEGA 5 Evolutionary Genetics Analysis program [14]. Tree support was evaluated by
bootstrapping with 500 replications. Figure 3 shows that the result of the phylogenetic analysis
indicated that the filarial nematode infecting Ixodes scapularis ticks were most closely related to
filarial nematodes in the genus Acanthocheilonema.

Figure 2. Polymerase chain reaction (PCR) performed using Onchocercidae family
specific primers for mitochondrial 12S rDNA gene (upper panel) and for Ixodes scapularis
specific 16S rDNA (lower panel). DNA isolated from five individual nymphal tick DNA
samples (lanes 1-5). Lane 6 shows the negative control (no DNA) for both PCR reactions.

Lane M is a 50 bp molecular weight ladder from Fisher Scientific.

M 1 2 3 4 5 6

218 bp> <Onchocercidae family

specific 12S rDNA

200 bp> <Ixodes scapularis
specific 16S rDNA

M 1 2 3 4 5 6
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Figure 3. A neighbor-joining phylogenetic analysis of a 200 bp alignment of the
mitochondrial 12S rDNA gene of the three microfilarial nematode isolates obtained from
our study (JF70108-11) compared to other species in Onchocercidae family using MEGA
5 Evolutionary Genetics Analysis program. Alphanumeric codes represent GenBank
(NCBI) ID numbers. Numbers at nodes indicate bootstrap support values (500 replicates).

52 GU365879 Onchocerca lupi
69 —L AM779812 Onchocerca suzukii
—— DQ523747 Onchocerca flexuosa
T AJ544841 Foleyella furcata
AY462913 Onchocerca gibsoni
AJ544843 Brugia malayi

82 AM779802 Mansonella perforata

EU182327 Dirofilaria immitis

AM779815 Onchocerca dewittei japonica
GQ292761 Dirofilariarepens
AM779793 Cercopithifilaria japonica
AJ544845 Loa loa
59 _{ AJ544850 Litomosoides brasiliensis
51 AM779801 Setaria digitata
o AJ544853 Acanthocheilonema reconditum
L AJ544852 Acanthocheilonema viteae
58 JF732757 Amblyomma americanum nematode
% JF701609 Ixodes scapularis nematode 2
499&7 JF701608 Ixodes scapularis nematode 1

JF701611 Ixodes scapulars nematode 3

0.02

The closest potential filarial species to what was found in Ixodes ticks were the filarial species
found in Amblyoma ticks (92% identity). Comparing filarial species to known Acanthocheilonema
species such as Acanthocheilonema vita, and Acanthocheilonema reconditum we have found 85 and
84% identity in the 200 bp region of 12S rDNA gene respectively. We attempted to further identify the
species found in Ixodes ticks using additional published primer sets targeting Onchocerciadea genus
specific genes such as loci for mitochondrial nicotinamide adenine dehydrogenase (NADH) and
cytochrome oxidase I (COI) major sperm protein 1 and 2 (OVMSP1 and OVMSP2) [15-18], with no
successful amplification (data not shown).

3.4. Rate of Infection

To determine the rate of infection, a total of 100 nymphal and 100 adults tick samples were tested
individually to evaluate the percentage of deer ticks (/xodes scapularis) infected with filarial nematodes
using the same Onchocercidae family specific primers for mitochondrial 12S rDNA gene. Our results
found that 22% of the Ixodes scapularis nymphal ticks and 30% of the adults tick samples were
positive for this filarial gene.
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In this paper, we identified an Acanthocheilonema spp filarial infection in Ixodes scapularis ticks
collected in Southern Connecticut. Our PCR results showed that filarial nematode DNA sequence
could be amplified from Ixodes nymphal and adult ticks using either filarial nematode or Onchocercidae
family specific PCR primers. Direct sequencing of the resulting sequences further confirmed
Onchocercidae family specific sequences. In situ hybridization with an Onchocercidae specific DNA
probe also demonstrated the presence of filarial nematodes in tick tissue sections. Phylogenetic
analysis of the 12S mitochondrial rDNA gene sequence indicated that the filarial nematodes infecting
Ixodes scapularis ticks were most closely related to the species found in Amblyoma americanum ticks
and in the genus Acanthocheilonema. Comparing the 12S rDNA filarial sequences found in Ixodes
ticks to well characterized species in the genus Acanthocheilonema, we have the most similarity to
Acanthocheilonema reconditum (formerly Dipetalonema reconditum) and Acanthocheilonema vitae
(formerly Dipetalonema viteae).

Acanthocheilonema reconditum is a known parasite found in dogs while Acanthocheilonema viteae
is a rodent parasite [19,20]. The latter is used as a model system for human filarial infections because it
shares antigenic homology with the human filarial worm Onchocerca volvulus [20]. Based on this
information, one can speculate that the species found in Ixodes tick is most likely an animal parasite.
Interestingly, an Acanthocheilonema reconditum infection was also found in human subjects [21,22],
therefore further investigation is necessary to identify the potential host(s) of the filarial species found
in Ixodes ticks.

In this study, we attempted to further identify the filarial nematode species found in Ixodes ticks
using published PCR primer sets targeting Onchocerciadea specific genes other than those targeting
ribosomal DNA genetic segments, with no success, suggesting that filarial nematodes found in Ixodes
ticks have unique sequences for those targets. In future projects, we will use a second-generation
whole genome sequencing approach to more specifically identify this potential species.

We have visualized the filarial nematodes with in situ hybridization. In the literature, the filarial
nematodes are usually found to be in the hindgut portion of the arthropod’s body after a blood
meal [21,22]. They either remain in the hindgut and accessory glands or they migrate to the salivary
glands for manifestation of the disease to the human host. Our in situ staining results with whole
mount tick sections of nymphal Ixodes scapularis ticks showed the hindgut regions of the ticks were
the primary location of these filarial nematodes. Stage specific development of Acanthocheilonema
filarial nematodes was already found in nymphal brown dog ticks (Rhipicephalus sanguineus) [11].
Our sequencing data shows that filarial nematodes found in Amblyomma and Ixodes ticks are closely
related. This data combined with our in situ data further suggest it is likely that hard ticks can support
the stage specific development of these filarial nematodes.

Our 12S rDNA Onchocercidae specific PCR results further revealed that 22% nymphal and 30%
adult ticks, collected from the Southern Connecticut area were infected with filarial nematodes.
Comparing to the filarial infection rate found in Amblyomma ticks collected in Maryland (~3.5%),
this rate is significantly higher, however it is comparable to a recent report where ~29% of another
haematophagous arthropod, Culicidae mosquities, were found to be positive for Setaria and
unidentified filarial nematodes in Germany [23].
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4. Conclusions

Our study concludes that Ixodes scapularis tick can indeed be a potential vector for filarial
nematodes. Based on our in situ and additional data from the literature, it is probable that Ixodes ticks
can support the different developmental stages of this filarial nematode as well as its transmission to
animals or even humans in the endemic area where ticks are prevalent. Our study warrants further
investigation regarding the potential transmission of this type of infection to different hosts.
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