


The evolutionary relationship between the representative COI gene sequence of ticks from this
study were further compared amongst each other (Fig. 5A) as well as from other ticks’ COI gene

from the GenBank database (Fig. 5B to 5E)

21



E 100 —— MK749744.1 Rhipicephalus microplus isolate NIVEDI

3 ——— JQ737067.1 Hyalomma anatolicum anatolicum isolate Gansu
9 MG459961.1 Rhipicephalus microplus isolate BD1
KP792588.1 Rhipicephalus microplus isolate 3 cytochrome oxidase subunit |
1241 | KP792577.1 Hyalomma anatolicum anatolicum isolate 3old
- 100 MK462197.1 Hyalomma anatolicum isolate PAKS
KY373260.1 Rhipicephalus microplus
KX228541.1 Rhipicephalus microplus cytochrome c oxidase subunit 1
55_ KT920180.1 Hyalomma anatolicum anatolicum
<] R. microplus ***
H. anatolicum anatolicum ***
22{ r KU130581.1 Hyalomma anatolicum isolate Hanat3 mitochondrial
10 L KU130593.1 Hyalomma excavatum isolate Hexca2 mitochondrial
NR 036794.1 Klebsiella pneumoniae 16S RNA

030 020 010 000

Figure 5: Phylogenetic analysis of amplified COI sequences with tick species from this study
5A) and Ix. scapularis 5B), A. americanum 5C), A. maculatum 5D), and Hyalomma anatolicum,
and Rhipicephalus microplus 5E) with other arthropod's COI genes from GenBank. Phylogenetic
trees were evaluated using the UPGMA method and a bootstrap consensus of 1000 replicates.
Wolbachia Prevalence

The prevalence of Wolbachia species identified from the tick species was estimated to be
very low. Overall, out of 305 ticks tested, three were found positive for Wolbachia species. All
the North American ticks tested, Am. americanum, Am. maculatum, and Ix. Scapularis, were all
negative for Wolbachia whereas three of the exotic ticks, H. anatolicum anatolicum and R.
microplus, were positive for Wolbachia (Fig. 6A and B). Based on these results, it can be

concluded that all laboratory-reared ticks were Wolbachia uninfected. The few ticks positive for

Wolbachia were wild ticks. Evolutionary relationship between the identified Wolbachia
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sequences and sequences from public databases was compared and phylogenetic trees were

made. (Fig 7A and B).
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Figure 6: PCR analysis of Wolbachia species A) 438bp 16S ribosomal RNA and B), 800bp heat
shock GroEL genes. Lanes 1-3 on both gels represent the DNA ladder, negative control and
positive control, respectively. Lanes 4-6 of Figure A correspond to tick DNA positive for 16S
rRNA gene, whereas lanes 6 and 7 of B show positive band for GroEL gene of Wolbachia.
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Figure 7: Genetic relationship of identified Wolbachia A), 16S rRNA and B), GroEL genes
compared with selected sequences from GenBank. The 438bp and 800bp sequences of the 16S
rRNA and GroEL genes respectively, were analyzed using Neighbor Joining method
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The tree shown in Fig. 7 suggests the heat shock GroEl gene identified in the sample of

H. anatolicum is closely related to the GroEl gene of a Wolbachia pipientis strain wAIbB-FL2016
and a Wolbachia endosymbiont of Aedes albopictus (Fig. 7B), whereas the 16S ribosomal RNA
gene from R. microplus showed distinct similarity to a Wolbachia endosymbiont of Kleidocerys
resedae and Chrysoma megacephala (Fig. 7A).
Microbiome Composition
Summary

Analysis of the demultiplexed paired-end-reads generated 2902862 reads, which ranged from
17,063 to 123,731 with an average of 65,609 reads. Sequences from samples of Wolbachia
uninfected ticks generated the most reads of 1,594,076 while sequences from Wolbachia infected
ticks generated 1,308,786 reads. Taxonomic classification using the SILVA reference base
identified 30 and 85 OTUs generated from Wolbachia uninfected and infected ticks.
Bacteria Species Abundance

Ticks infected with Wolbachia had a very high abundance of the bacteria Candidatus
Midichloria mitochondrii (CMM, 24%), Francisella-like endosymbiont (FLE, 10%), and
Propionibacterium acnes (9%). The microbiome of Wolbachia uninfected ticks was dominated
by Bacillus pumilus (19%), Staphylococcus sciuri (11%), and Empedobacter falsenii (12%).
Bacteria species found to be commonly shared amongst the two groups were Staphylococcus

sciuri, Propionibacterium acnes, and Corynebacterium species (Fig. 8A).
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Figure 8: Relative abundances of bacteria at the species taxonomic differences.

Diversity Analysis

Estimation of the number of operational taxonomic units (OUT), which is an estimation of
bacteria richness, was done by plotting rarefied curves of Wolbachia infected and uninfected
ticks (Fig 9A). This clearly shows that bacteria richness was much higher in the Wolbachia
uninfected ticks compared to the infected ticks. Subsequently, species diversity was compared
between the infected and uninfected tick groups. This also shows that Wolbachia infected ticks

have a less diverse microbiome compare to the uninfected ticks (Fig 9B and C).
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Figure 9: Rarefaction analysis of Wolbachia infected and uninfected ticks 9A. Each curve was
rarefied to a depth of 650. Diversity analysis using A), Faith_phylogenetic (Kruskal-Wallis,
p=0.007) distance and B), Shannon Index (Kruskal-Wallis, p=0.05) were both used as metrics to
measure alpha diversity.
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Chapter V: Discussion and Conclusion

The aim of this study was to identify and characterize the o-Proteobacteria
endosymbiont, Wolbachia, in six different species of ticks. In addition to characterization of
Wolbachia, this study set out to investigate differences between the microbiomes of ticks
infected with Wolbachia and those that were negative for the endosymbiont. This study included
three tick species prevalent in the United States of America and two tick species prevalent in
Pakistan. Based on microbiome analysis, this study supports my hypothesis that the native
microbiome will be altered by the presence of Wolbachia.

PCR and gel analysis, as well as sequencing results, revealed that ticks do harbor the
Wolbachia endosymbiont, but at a very low prevalence. All Ambylomma and Ixodes ticks (0/140)
were negative for Wolbachia whereas Hyalomma and Rhipicephalus ticks (3/165) tested positive
for Wolbachia. All three of those samples of tick DNA were found to be positive for the 16S
rRNA gene and heat shock GroEl gene, which are both characteristic genes found in all
Wolbachia strains. Analysis of genetic relationship revealed that the Wolbachia sequences
isolated from the samples of tick DNA have a close relationship with the Wolbachia pipientis
strain wAIbB-FL2016. The sequences were also found to be closely related to Wolbachia
symbionts found in Ae. aegypti, Ae. albopictus, and Chrysoma (C.) megacephala. How the
presence of the Wolbachia endosymbiont affects C. megacephala in terms of reproduction and
microbiome is relatively unknown. Much of the current research that exists on Wolbachia
involves how it affects mosquito species and their microbiome and feeding. As previously
mentioned, Wolbachia has been proven to cause cytoplasmic incompatibility in mosquitos,
which can ultimately lead to a decrease in mosquito populations (Stouthamer et al., 1999). It has

also been shown to block the replication of other pathogens and viruses in the mosquito, such as
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DENV (Audsley et al., 2016). Since the Wolbachia strains isolated in ticks by this study were
closely related to the Wolbachia strains present in mosquitos, it raises the question as to if
Wolbachia would behave similarly in ticks as it does in mosquitos. More research is required to
determine whether Wolbachia is capable of rendering male ticks sterile through cytoplasmic
incompatibility or even affecting the replication and growth of other pathogens in ticks. If this is
the case, Wolbachia could possibly become the next step when it comes to biocontrol of tick
populations.

Out of all the ticks tested for the presence of Wolbachia, only three were found to be
positive for the endosymbiont. All three of those positive samples were from Hyalomma and
Rhipicepihalus tick species. A study conducted by Gal and colleagues (2017) compared the
microbiomes of lab-reared and field populations of Dermacentor andersoni ticks over the course
of three generations. The study found significant differences between the microbiome of
laboratory-reared ticks and microbiome of field ticks (Gall et al., 2017). They also found that the
laboratory setting stabilized the tick microbiome. In comparison, the microbiome of the field tick
populations was influenced by the environment from which they were collected (Gall et al.,
2017). In my studies, all the North American ticks were raised under laboratory conditions,
whereas the Pakistani ticks were collected from the field. This could possible explain the absence
of Wolbachia from the North American ticks. Based on the evidence presented by Gall and
colleagues (2017), a possible theory for why Wolbachia was only isolated from field ticks could
be related to the idea of the bacterial microbiomes of field ticks being influenced by their
environment. Wolbachia could have been acquired from the environment the field ticks were

collected from, which would explain why it was not present in the laboratory-reared ticks.
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One possible explanation for all Amblyomma and Ixodes tick samples testing negative for
Wolbachia may be related to a relationship between Wolbachia and Rickettsial endosymbionts.
Both Amblyomma and Ixodes ticks are often colonized by members of the Rickettsia genus,
which is closely related to the Wolbachia genus (Parola et al., 2013). The Rickettsia genus
includes many pathogens known to cause harmful human diseases (Parola et al., 2013). In recent
years, several studies have suggested members of the Rickettsia genus to be capable of
interfering with the reproduction of arthropods, similarly as is done by Wolbachia (Perlman et
al., 2006). This raises questions as to if the existence of two reproductive manipulators places a
heavy burden on the host. Though Amblyomma and Ixodes ticks are known to be colonized by
members of the Rickettsia genus, the presence of Wolbachia could be too much for the host’s
system to handle. This could be a possible reason as to why all Amblyomma and Ixodes ticks
were found to be negative for Wolbachia.

Other studies have identified Wolbachia in certain species of ticks and have provided
some insight as to whether Wolbachia is a natural inhabitant of the tick microbiome or if it’s a
consequence of another infection. Multiple studies have reported naturally Wolbachia infected
populations in Ae. aegypti, however many efforts of biocontrol in Ae. aegypti populations have
involved introducing Wolbachia isolated from Drosophila melanogaster to these populations
(Ross et al., 2020; Moreira et al., 2009). Wolbachia is found in the cytoplasm of cells and is
passed from mother to offspring through vertical transmission (Jiggin et al., 2017). The idea that
Wolbachia exists in the cytoplasm of cells suggests why it cannot be transferred from male to
offspring, for there is little cytoplasm found in sperm compared to oocyte (Stouthamer, 2009). It
has also been documented that Wolbachia can be passed to an un-infected organism through the

ingestion of an infected one. In this case, Wolbachia was capable of passing the intestinal lining
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and infecting the reproductive organs (Le Clec’h et al., 2013). Incidences where Wolbachia was
introduced into an organism though parasitism has been seen in multiple species, including ticks.
A study conducted by Plantard and colleagues (2012) set out to determine if there was a link
between Wolbachia detection and the presence of the endoparasitoid Ixodiphagus hookeri in the
tick species Ixodes ricinus. The study detected the presence of Wolbachia when Ix. hookeri was
present in ticks but noticed no Wolbachia was present when the parasite was absent. This study
suggests that the parasite harbors Wolbachia and introduced it to the tick through their
association (Plantard et al., 2012). Moreover, the ticks used in that study were collected from the
environment and were already parasitized. Therefore, no lab-reared ticks were used. The work by
Plantard et al. (2012) could support our hypothesis as to why North American ticks, or lab-reared
ticks, were found to be negative for Wolbachia, while a few of our exotic ticks, or field ticks,
were positive for the endosymbiont. Although the North American ticks were hatched and reared
in a lab, the exotic ticks were collected from the environment. As the study by Plantard and
colleagues (2012) suggested, Wolbachia could be introduced to ticks through other organisms
the ticks comes in contact within their environment. Similarly, the presence of Wolbachia in
mosquitos infected with Dirofilaria immitis, the nematode responsible for canine heartworm
disease in dogs in the United States (Bowman and Atkins, 2009), has been associated with
Wolbachia infecting the nematode (Bandi et al., 2001).

Candidatus Midichloria mitochondrii (CMM), Francisella-like endosymbiont (FLE) and
Propionibacterium acnes were detected in relatively higher abundances in Wolbachia infected
ticks. CMM and FLE are known obligate, vertically maintained in the phylum Proteobacteria
endosymbiont of hard ticks with previous studies reporting them in ticks (Budachetri et al., 2018;

Williams-Newkirk et al., 2012; lvanov et al., 2011). Both CMM and FLE have been reported to
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support the ticks’ nutritional requirement as well as prevent pathogen colonization within the tick
(Budachetri et al., 2018; Ahantarig et al., 2013). The presence of these symbionts in Wolbachia
infected ticks could support a possible synergism where different bacteria coexist together
without interfering with the one another. Also, this could further be explained by the fact that all
three of them are all in the same phylum Proteobacteria.

Uninfected ticks have a different bacterial composition within their microbiome. Bacillus
pumilus (B.), Staphylococcus (S.) sciuri, and Empedobacter falsenii (F.) were all present in
relatively high abundances in uninfected ticks. S. sciuri are part of normal flora of various
livestock and wild animals. Previous report also detected these bacteria in the microbiome of
Rhipicephalus microplus collected from cattle (Andreotti et al., 2011). Numerous bacteria in the
genus Bacillus have also been reported in the microbiome of ticks. Lee and colleagues (2019)
reported the presence of B. pumilus and B. chungangensis in Amblyomma gemma ticks. Bacillus
thuringiensis, which is known for its entomopathogenic Bt toxin, have also been tested as a
possible biological control measure in Ixodes ricinus ticks (Szczepanska et al., 2018).

An overall difference in the species richness was also observed when the diversity was
compared between the two groups. Wolbachia infected ticks have a least diverse and species rich
microbiome composition in contrast to uninfected ticks. | observed a difference in the individual
abundances of bacteria such as Corynebacterium, Bacillus carboniphilus, and Acinetobacter
indicus, which were relatively higher in uninfected ticks when compared to infected ticks. My
observation was also supported by a similar study in Aedes aegypti mosquitos (Audsley et al
2017). The study revealed that the presence of Wolbachia reduces the relative abundances of
several bacterial taxa in adult mosquitos. This observation was associated to the pathogen

blocking effect that has been previously reported for Wolbachia.
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Though this study does answer questions as to how the microbiome of Wolbachia
infected and un-infected ticks differ, more research is required to offer up further comparisons.
This study was unable to analyze the microbiome of the blood from which the ticks were fed, as
well examine the microbiome of the tick in different tissues or life stages. Though these are
common and popular approaches in microbiome research, technical challenges did not allow for
this to be possible in this study. Limitations in this study have raised more questions and left the
need for more research, as well. For example, a small sample size was used when identifying
Wolbachia in tick species, which suggests our results are not completely representative of larger
tick populations. These limitations have left questions open for future research.

Though many questions remain, this study did show that Wolbachia is present in tick
species and has an influence over the microbiome of the tick. The strains identified in these ticks
were closely related to the strains seen in mosquito species, where Wolbachia is already utilized
as a method of biocontrol. The hope is that the conversation remains open as to the host-
endosymbiont relationship between Wolbachia and ticks, as well the possibility of Wolbachia’s

use as a weapon for control of ticks and tick-borne diseases.
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