


R. parkeri

Figure 3. 1. Actin polymerization of R. parkeri in Vero and ISEG6 cells. A) Rickettsia parkeri (green) polymerizing actin (red) in Vero
cells at 30 mpi and 48 hpi. B) Rickettsia parkeri (green) polymerizing actin (magenta) in ISE6 cells 30 mpi and 48 hpi White scale
bar=3um. Arrows indicate Rickettsia polymerizing actin. Arrows indicate Rickettsia polymerizing actin.
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Figure 3.2. Percent of R. parkeri present in Vero and ISE6 cells with an actin tail at specific times post-infection. Data was collected
over a range of time points post-infection into host cells. Error bars represent the standard error of the mean. Data are representative of
two replicates per experiment and two independent experiments. Ten images taken across all experimental replicates were used in
analysis.
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Figure 3. 3. Actin polymerization profile of R. parkeri compared to R. parkeri sca2::Tn and R. parkeri rickA::Tn in Vero and ISE6
cells at 30mpi. A) Shows Rickettsia (green) actively polymerizing actin (magenta) in Vero (top panel) and ISE6 (bottom panel). This
assay was repeated for R. parkeri (left panel), R. parkeri sca2::Tn (middle panel), and R. parkeri rickA::Tn (right panel). B) and C)
Graphical representation of % of Rickettsia with an actin tail in Vero (B) and ISE6 (C) cells. Data are representative of two replicates
per experiment and two independent experiments. Statistical analysis consisted of a t-test. p<0.05. White scale bar=3um. Arrows
indicate Rickettsia polymerizing actin. Arrows indicate Rickettsia polymerizing actin.
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3.3.3 sca? Deficient R. parkeri infection in Arthropod Cells Results in a Lack of Late Phase

Actin Motility

To further demonstrate that rickettsial ABM in arthropod cells is controlled by two
separate proteins, R. parkeri sca2::Tn was utilized to query the actin dynamics in ISE6 cells
(Reed et al. 2014). Infected ISE6 and Vero cells were collected at 30 mpi and 48 hpi, and
visualized for actin polymerization. Early phase (30 mpi) ABM was noted in ISE6 and Vero cells
(Figure 3.5). Conversely, Sca2-deficient R. parkeri were unable to polymerize actin at 48 hpi
(late phase) in ISE6 and Vero cells (Figure 3.5). As such, late phase ABM in ISE6 cells is
dependent on Sca2 activity. These data recapitulate the model of rickettsial actin polymerization
previously established (Reed et al. 2014). Additionally, replication of R. parkeri sca2::Tn is
similar to that of the wild-type strain in Vero and ISEG6 cell lines (Figure 3.4). Thus, in vitro actin
polymerization in arthropod cells is similarly controlled by two separate proteins corresponding
to times post-infection of host cells.

3.3.4 In vivo Dissemination of R. parkeri in A. maculatum 12 Hours Post-exposure

Analysis of in vitro ABM resulted in the observation of temporal control of
polymerization by two different rickettsial effectors. This led to the hypothesis that Sca2 and
RickA will contribute to the dissemination of R. parkeri within its tick host, Amblyomma
maculatum. Thus, the in vivo function of RickA and Sca2 was investigated by infecting A.
maculatum ticks, the primary host for R. parkeri, was inoculated via a previously published
capillary feeding technique (CFT) to deliver a dose of 5x10™° R. parkeri/ml (Macaluso et al.
2001). Ticks were separated into three groups: R. parkeri, R. parkeri sca2::Tn, or R. parkeri
rickA::Tn. Pre-fed adult, female ticks were allowed to imbibe an infectious dose overnight (=12

hours). Positively labeled ticks were dissected immediately post-exposure to remove midgut,
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Rickettsia parkeri rickA::Tn infection in the midgut was higher than R. parkeri sca2::Tn, though
not significantly. R. parkeri rickA::Tn had the highest infection load in the salivary glands
1.7x10*+6.6x10° (+SEM), followed by successively decreasing for R. parkeri. sca2::Tn and R.
parkeri wild-type (Figure 3.7). A similar pattern of infection was noted in the ovaries where the
highest titer was seen in ticks exposed to R. parkeri rickA::Tn. The load here was
2.3x10%+3.2x10? (+SEM) mean Rickettsia (Figure 3.7). Infection levels for R. parkeri wild-type
and R. parkeri sca2::Tn were 1 log lower than the R. parkeri rickA::Tn. The overall rickettsial
load was, again, lowest in ticks exposed to R. parkeri sca2::Tn (Figure 3.7).

These data demonstrate that disseminated R. parkeri infection is sustained 3 days after exposure
and initial detection. However, infection decreased 1-2 logs at 3 dpe compared with 12 hpe. A
decrease in rickettsial load could likely be a result of clearance within A. maculatum. Overall,
rickettsial infection across all organs and treatment groups varied greatly and lacked
significance. Taken with the previous in vivo data, this demonstrates that Rickettsia invading A.
maculatum are easily able to establish infection, but that rickettsial load decreases as feeding
progresses. This provides valuable insight to how rickettsial infections are established in vivo.
Also, at 3 dpe sca2::tn and rickA::tn do not appear to contribute to enhanced clearance of

Rickettsia.
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Figure 3.7. Dissemination of R. parkeri wild-type, R. parkeri sca2::Tn, and R. parkeri rickA::Tn at 3 dpe. A) Mean rickettsial load as
quantified by gPCR for the midgut (top graph), salivary glands (middle graph), and ovaries (bottom graph). B) Confocal microscopy
of midgut (top panel), salivary glands (middle panel), and ovaries (bottom panel) corresponding to the data presented in A) for R.
parkeri wild-type (left panel), sca2::Tn (center panel), and rickA::Tn (right panel). All tissues were stained for Rickettsia (green) and
actin (magenta). Statistical analysis consisted of a one-way ANOVA with p<0.05 considered significant, denoted by *. Data are
representative of 2 independent experiments. White scale bar=3pum. Arrows indicate rickettsiae.
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3.3.6 In vivo Dissemination of R. parkeri in A. maculatum 7 days post-exposure

To further investigate the dissemination and persistence pattern of wild-type R. parkeri in
relation to sca2::tn and rickA::tn, a third group of exposed ticks that were allowed to feed for
seven days after capillary feeding. This is a critical time point for the feeding tick, as the female
nears engorgement. The tick has consumed large amounts of blood at this point; the ovaries and
salivary glands have enlarged as well. This is ultimately in preparation for conversion of
bloodmeal to progeny.

Infection of A. maculatum at 7 dpe ranged from 0-67% of exposed ticks (Figure 3.8).
Wild-type infection in the midgut decreased approximately 2 logs from its levels at 3 dpe, with a
mean rickettsial load of 6.4x10%+4.7x10? (+SEM) (Figure 3.8). Statistical inferences could not be
made regarding the R. parkeri sca2::Tn and R. parkeri rickA::Tn strains. Mean rickettsial load
for both groups diminished so much so that only 1 tick per treatment was positive for Rickettsia.
The values for both are 1-2 logs lower than when measured at 3 dpe. Despite the lack of
statistical analysis, it is observed Rickettsia persists in the midgut for 7 dpe, albeit at much
decreased levels. Salivary glands across all treatments sustained infection at 7 dpe. The highest
mean rickettsial load was observed in ticks that had been exposed to R. parkeri wild-type at
5.5x107 +2.2x10% (+SEM) (Figure 3.8). This was a full 1 log lower than values detected at 3 dpe.
Mean rickettsial load in the salivary gland of A. maculatum infected with R. parkeri sca2::Tn,
was slightly lower than those exposed to wild-type. Nonetheless, sustained, low level
maintenance of the rickettsiae in the absence of Sca2. A similar level of R. parkeri rickA::Tn was
detected in the 7 dpe salivary glands. However, only 1 tick was Rickettsia-positive. Surprisingly,
no wild-type R. parkeri was present in the ovaries at 7 dpe. R. parkeri infection in the ovaries

decreased consistently at each time point, reaching undetectable levels at 7 dpe. Alternatively,
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detectable R. parkeri sca2::Tn and R. parkeri rickA::Tn, was detected at all time points. The
highest mean rickettsial load was detected in the R. parkeri sca2::Tn-exposed group at 4.1x10°
+3.9x10% (+SEM) (Figure 3.8). These data show that R. parkeri lacking expression of Sca2 and
RickA are still able to achieve and sustain mutli-organ infection in A. maculatum. Though the
overall mean rickettsial load decreases post-CFT, complete clearance does not occur. This data
implies that though Sca2 and RickA play an important role in vitro, their expression by R.

parkeri is not vital to infection in A. maculatum.
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Figure 3. 8. Rickettsia parkeri wild-type, R. parkeri sca2::tn, and R. parkeri rickA::Tn 7 dpe . A) Mean rickettsial load as quantified
by gPCR for the midgut (top graph), salivary glands (middle graph), and ovaries (bottom graph). B) Confocal microscopy of midgut
(top panel), salivary glands (middle panel), and ovaries (bottom panel) corresponding to the data presented in A) for R. parkeri wild-
type (left panel), sca2::Tn (center panel), and rickA::Tn (right panel). All tissues were stained for Rickettsia (green) and actin
(magenta). Statistical analysis consisted of a one-way ANOVA with p<0.05 considered significant, denoted by *. Data are
representative of 2 independent experiments. White scale bar=3um. Arrows indicate rickettsiae.
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3.4 Discussion

Rickettsia parkeri is an emerging human pathogen primarily transmitted by the Gulf
Coast tick, Amblyomma maculatum. Molecular characterization of such tick-borne rickettsial
diseases (TBRD) is occurring at a rapid pace. However, the intracacies of the tick/R. parkeri
relationship have yet to be fully elucidated. Several pan-rickettsial proteins have been implicated
as key players in cellular infection within mammalian in vitro systems. However, their potential
role within the arthropod host is unknown. Relatively little is known concerning the factors that
contribute to R. parkeri colonization and dissemination of A. maculatum.

The R. parkeri proteins Sca2 and RickA have been implicated in mediating actin
polymerization (Haglund et al. 2010, Reed et al. 2014). This work has contributed to a working
model for how Rickettsia propel themselves intracellularly. This includes RickA mediating early
phase ABM, coordinated with initial invasion of the host cell. Actin tails appear short and curved
in length and structure. Movement at this time is slow and non-directional. This phase of motility
is hypothesized to last approximately 15-30 mpi. Bolstering this model is the fact that anti-RickA
antibodies colocolize to actin tails most intensely during this time. At 2 hours post-infection
(hpt), the majority of rickettsiae observed do not polymerize actin, signifying a shift in the the
rickettsial mediator of ABM. Measurements of Sca2 localization to late actin tails is most intense
at 8 and 48 hpi. Additional aspects of this late phase ABM under the control of Sca2 include,
longer, unbranched tails and increased velocity and directionality of bacterial movement (Reed et
al. 2014). The role of each protein was independently verified in two mutagenized strains of R.
parkeri, each lacking expression of RickA or Sca2. A cell-to-cell spread assay also demonstrated
that the lack of RickA or Sca2 resulted in a significant decrease in the overall number of infected

foci when compared to the wild-type strain (Reed et al. 2014).
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A series of experiments were designed to determine if Sca2 and RickA possessed similar
functionality in arthropod cells as compared to mammalian, and, also, if either Sca2 or RickA
contributed to a specific infection and dissemination profile in A. maculatum. These results
suggest that in a tick embryonic cell line (ISE6), actin polymerization occurs in a similar manner
to that described in mammalian cells. At 30 mpi of R. parkeri to ISE6 cells actin tails were short.
Though some rickettsiae were observed to polymerize long tails as well, categorization based on
tail length was not defined in this study. Small amounts of long tail formation during early phase
infection was noticed previously (Reed et al. 2014). Conversely, at 48 hpi with the wild-type
strain of R. parkeri, actin tails were elongated in congruence with the previous study and the
present observations with infected mammalian cells (Reed et al. 2014). Additionally, bacterial
polymerization was tracked for R. parkeri strains lacking RickA and Sca2 functionality. A lack
of RickA resulted in a loss of actin-based polymerization in both ISE6 and Vero cells at 30mpi.
However, abundant ABM was observed at 48 hpi. Alternatively, cells infected with R. parkeri
sca2::Tn displayed early ABM but no late phase polymerization in both ISE6 and Vero cells.

It can be concluded that RickA and Sca2 display conserved functionality in arthropod
cells. However, models of arthropod infection in vitro don’t include the multitude of arthrpod
host factors, nor do they mimic changes within the tick during bloodfeeding. Tick-derived cell
lines are developed from embryonic tick cells and often contain multiple cell types. Ultimately,
the in vitro observations will be strengthened by modeling infection in vivo. Thus, making their
contribution to infection of R. parkeri in A. maculatum an appropriate objective.

This study utilized an established capillary feeding technique to infect A. maculatum with
three strains of R. parkeri to produce an infection in the tick which could be tracked temporally

(Macaluso et al. 2001). Ticks were allowed to imbibe a dose of R. parkeri that has been
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previously shown to produce infection within A. maculatum (see Chapter 2). Post-inoculation,
ticks were split into three groups: 1) 12 hpe, 2) 3 dep, or 3) 7 dpe. All groups excepting the 12
hpe were returned to host and allowed to continue bloodfeeding post-exposure.

At 12 hpe, R. parkeri was detected in all organs across all treatment groups. Though this
observation was unexpected it highlights a possibly important aspect of tick acquisition of
Rickettsia. Previous stuides have discussed the contributing role of the tracheal system, which
extends throughout nearly all aspects of the tick body (Baldridge et al. 2007). Significantly
higher levels of wild-type R. parkeri were present in the ovaries, compared to both mutant
strains. At 3 dpe, all ticks had detectable levels of Rickettsia present in all organs. Howwever,
rickettsial load had decreased from the first that detected at 12 hpe. The highest rickettsial load
was observed in ticks exposed to wild-type R. parkeri. At 7 dpe, levels of Rickettsia were the
lowest of all the time points. Number of infected ticks was also the lowest compared to 12 hpe
and 7 dpe. The wild-type strain retained the highest infection load in the midgut and the salivary
glands. Surprisingly, clearance of wild-type R. parkeri was observed in the ovaries at 7 dpe. The
R. parkeri Asca2 strain had the highest infection load compared to R. parkeri rickA::Tn. The
mechanism for persistence of these two strains, and clearance of the wild-type is not clear. Tick
immune molecules may have led to clearance of the wild-type, which displays no defect in
motility. A similar hypothesis has been proposed for R. peacockii (Mattila et al. 2007). This
rickettsial species lacks expression of RickA, which was originally thought to impart persistence
in the ovary of its tick host, D. andersoni (Mattila et al. 2007). However, genome sequencing has
also shown that R. peacockii possesses deletions in genes leading to the disruption of ompA, and
Scal, among other candidate genes (Felsheim et al. 2009). Thus, the reason for R. peacockii’s

persistence in tick ovaries is unexplored at the molecular level.
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An additional model of Rickettsia infection within ticks has assessed multi-organ
distribution of the bacterium post-capillary feeding. However, observations were made 7 dpe,
upon which large but non-quantified amounts of Rickettsia were observed in midguts only of
adult A. americanum and D. variabilis (Baldridge et al. 2007). These ticks were not pre-fed and
did not receive a bloodmeal post-exposure, thus these conditions are slightly different from the
present study.

The current study creates a model for assessing rickettsial factors that have the potential
to contribute to the infection dynamics of Rickettsia within an actively feeding tick host. The
data show that R. parkeri RickA and Sca2 do not inhibit infection and persistence of Rickettsia in
the tick host. Both mutant strains were diminished at each time point similar to that observed in
the wild-type strain. Both mutant strains were able to maintain infection even a week after
capillary feeding, whereas the wild-type was noticeably cleared from all exposed A. maculatum.
The mechanims contributing to this result is unknown but warrants further study. Importantly,
though all observed tissues were stained to visualize actin in tick organs, no evidence of
rickettsial ABM was recorded. This is in contrast with te in vitro data. Though there are many
differences between the in vitro and in vivo systems, the lack of ABM is currently unexplained. It
can be concluded, however, that R. parkeri Sca2 and RickA are vital to mammalian infection and
dissemination, but not do not overwhelmingly contribute to tick infection.
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CHAPTER 4
DISCUSSION OF RESULTS AND FUTURE DIRECTIONS

4.1 Discussion of Results and Future Directions

There are over 25 recognized species within the spotted fever group (SFG) of Rickettsia
(Macaluso and Paddock 2014). All share an intimate relationship with their tick reservoir and
vector host. Contributing to the complexity of tick/Rickettsia relationship is the observation that
sustained rickettsial maintenance in the tick is not successful for all invading rickettsiae.
Investigations assessing these relationships are limited in both, the rickettsial and tick species
evaluated (Burgdorfer and Brinton 1975, Niebylski et al. 1999, Macaluso et al. 2001, Wright et
al. 2015, Schumacher et al. 2016). This includes emerging Rickettsia whose eco-epidemiology
and capacity for vector competence is impartially characterized. Moreover, rickettsial
mechanisms leading to successful colonization and dissemination into multiple tick organs are
unknown. The unprecedented rise in human cases of SFG rickettsioses, along with the
recognition of novel tick vectors for Rickettsia, allows these studies to provide insight into the
incidence of tick-borne rickettsial diseases (TBRD) (Demma et al. 2005, Drexler et al. 2016).
The hypothesis for this work is that if primary tick/Rickettsia pairings do not exist then rickettsial
determinants account for primary vector/pathogen relationships. To test the above hypothesis,
and thereby contribute to the understanding of TBRD, two objectives were designed to identify,
1) vertical transmission and fitness of ticks infected with Rickettsia; and 2) significance of
rickettsial proteins mediating actin-based motility in arthropod models of infection in vitro and in
Vivo.

In nature, SFG Rickettsia are maintained via vertical transmission, either transovarially

(infected female to offspring) or transstadially (infected life stage to the next) within tick

populations. Amblyomma maculatum was selected for this study because of its role as an

120



emerging vector of human disease causing agents, including R. parkeri (Paddock et al. 2004).
Likewise, D. variabilis is an important vector in the contemporary ecology of TBRD, including
R. rickettsii, the causative agent of Rocky Mountain spotted fever (RMSF). Additional SFG
Rickettsia have been detected in both tick species. However, tick vector competence concerning
additional species is unknown. To define the parameters of vertical transmission, female ticks
were exposed independently to five rickettsial species: 1) R. rickettsii, 2) R. parkeri, 3) R.
amblyommii, 4) R. montanensis, or 5) R. felis. Post-engorgement four biological indices were
recorded: 1) engorgement weight, 2) nutrient index, 3) egg production index, and 4) percent egg
hatching. Each was designed to characterize utilization of bloodmeal resources to produce
progeny post-rickettsial exposure. Molting rates for immature life stages (i.e. larval and
nymphal) were recorded to determine if vertically maintained infection impacted the overall tick
population.

Transovarial transmission rates within D. variabilis ranged from 17-25%. Only R.
amblyommii, R. felis, R. montanensis, and R. parkeri were detected in eggs. Fitness of exposed
ticks was not affected by rickettsial infection; except for the egg production of R. montanensis-
exposed ticks, which was negatively impacted. Sustained transtadial maintenance for F; larvae
and nymphs was documented for only R. amblyommii and R. parkeri. Detectable infection
ranged between 20-50% of the tested subpopulation. Adults resulting from these cohorts were
negative for rickettsial infection. Interestingly, all resultant infected F; life stages hatched (egQg)
or molted (larval and nymphal) at levels similar to media controls. These data suggest that D.
variabilis is susceptible to infection by a wide-range of Rickettsia. However, its ability to

maintain infection vertically is not sustainable. Furthermore, maintenance of Rickettsia does not
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negatively impact host fitness. These results suggest amplifying vertebrate hosts are likely
necessary for continued maintenance of Rickettsia in populations of tick species.

Comparatively, A. maculatum transovarial transmission was only successful for R.
amblyommii and R. parkeri at rates of 29 and 38%, respectively. Both species were maintained in
F1 larvae and nymphs at rates of 20-50%. However, rickettsial infection was not detectable in F;
adult cohorts. Ticks exposed to R. amblyommii, R. montanensis, and R. parkeri displayed
significant decreases in engorgement weight, nutrient index, and egg production. R. felis-exposed
A. maculatum were negatively impacted in their ability to reach full engorgement weight but
maintained comparable nutrient and egg production indices. Eggs resulting from exposed
females had reduced levels of hatching to the larval stage, however, molting to nymphal and
adult stages returned to nearly 100%. Overall, the fitness of A. maculatum was significantly
impacted by exposure to R. amblyommii, R. montanensis, R. parkeri, and R. felis; but not R.
rickettsii. Together, this data suggests that A. maculatum can harbor a more narrow range of
Rickettsia than D. variabilis. In this case, assault by invading Rickettsia significantly reduces the
fitness of the female tick, so amplifying vertebrate hosts must be necessary to maintain rickettsial
infection within tick populations. Consistent with observations made for Rickettsia-infected D.
variabilis, vertical transmission of Rickettsia in A. maculatum is not alone sustainable.

Seminal studies have demonstrated that vertical maintenance of Rickettsia in ticks does
not extend to 100% of the tick’s progeny (Ricketts 1907, Price 1954). Additionally, strain
variation between rickettsial isolates also dictates maintenance in ticks (Price 1954). This
concept was expanded to suggest that the fitness of ticks infected with pathogenic Rickettsia was
negatively impacted (Burgdorfer and Brinton 1975, Niebylski et al. 1999). Furthermore,

immature life stages are possibly more susceptible to rickettsial infection (Niebylski et al. 1999).

122



Niebylski noticed that upon infecting adult ticks, rickettsial infection transovarially was not
successful (Niebylski et al. 1999). However, attempts to infect immature stages yielded infection
that was maintained transstadially and transovarially. Studies have yet to compare the immune
system of immature ticks in relation to their adult counterparts. Adult ticks may have enhanced
ability to clear infection, whereas larval or nymphal ticks may be susceptible to thorough
colonization of multiple organs. Established infection may effectively facilitate maintenance
over multiple generations. Previous studies have shown that tick genes in adult D. variabilis are
differentially expressed in an organ-specific manner, suggesting that the tick response to
rickettsial infection is species-specific (Sunyakumthorn et al. 2013). Ultimately, the ability of the
tick to respond to invading rickettsiae controls competent tick/Rickettsia relationships. The lack
of transovarial transmission presented in Chapter 2 could likely be due to repeated passages in
cell culture, strain variation (human isolates versus animal isolates), tick life stage infected, the
use of laboratory tick colonies, and tick infection route (capillary feeding versus infection
acquired on a rickettsemic host). Future studies should include the susceptibility of immature
ticks to establishment of infection. Recent studies have also given more importance to utilizing
rickettsial and tick strains from similar geographies (Schumacher et al. 2016). Haplotypes
variation in ticks is related to origin of geographical isolation, which could be a defining factor in
tick vector competence (Krakowetz et al. 2010, Schumacher et al. 2016).

Furthermore, the required number of Rickettsia sufficient to infect a tick host is unknown
within the context of SFG Rickettsia. Ticks naturally infected with rickettsial concentrations
ranging from 10°-10" copies within a single tick have been observed (Zanettii et al. 2008, Monje
et al. 2014). Whether the tick was initially infected with a higher or lower concentration to

produce infection is also ill-defined. The work presented in Chapter 2 utilized a fixed
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concentration of Rickettsia across five species. However, the concentration of Rickettsia required
to produce sustainable infection in the tick may differ by rickettsial species. Future work should
include determination of the rickettsial concentration necessary to establish infection within the
tick by utilizing multiple rickettsial concentrations. Burgdorfer and Brinton hypothesized that a
key factor to tick transovarial infection was heavy infection of the ovaries (Burgdorfer and
Brinton 1975). Additionally, whether a tick would encounter a host so highly infected as to
deliver 107 rickettsial organisms has not been demonstrated. Defining animal reservoir hosts for
Rickettsia have been difficult. For example, no animal reservoir for R. parkeri has been
identified, despite intensive studies in geographies were infected ticks are common (Edwards et
al. 2011, Moraru et al. 2013). This suggests that the tick is the reservoir and vector, or,
alternatively, mechanisms such as co-feeding are involved (Schumacher et al. 2016). The work
presented in Chapter 2 did not investigate horizontal transmission; however, future work should
investigate this mechanism.

If Rickettsia are maintained among tick populations, this would require both vertical and
horizontal (co-feeding) transmission routes. Horizontal transmission seems to favor maintenance
of pathogenic rickettsial species within tick populations (Werren 1997). Alternatively, vertical
transmission selects non-pathogen associations (Werren 1997). Multiple studies have shown that
pathogenic Rickettsia are able to be maintained transovarially without horizontal transmission
(Burgdorfer and Brinton 1975, Niebylski et al. 1999). An interesting addition to these
observations is that repeated vertical transmission of Rickettsia within the tick host leads to
attenuation (Yamamura 1993, Mather and Ginsberg 1994, Paddock et al. 2015). Indeed, R.
rickettsii exhibits strain variation and complete attenuation of pathogenicity (Price 1954 ,

Burgdorfer and Brinton 1975, Niebylski et al. 1999). Sequencing of virulent and avirulent strains
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of R. rickettsii has identified differences in rickettsial outer membrane proteins (Omps) (Clark et
al. 2015). This suggests that changes in evolutionary pressure results in changes between the
Rickettsia/tick host biochemical interface. The roles of rickettsial proteins during infection of the
tick host remain ill-defined, and warrant intensive study.

To elucidate rickettsial factors that contribute to arthropod infection, the role of R.
parkeri Surface cell antigen 2 (Sca2) and RickA was determined. Both proteins have been
implicated in intracellular motility of Rickettsia through ABM (Reed et al. 2014). Importantly,
ABM has only been examined in mammalian cells in vitro, so these studies are the first to
explore the contribution of Sca2 and RickA to tick infection (Reed et al. 2014). In order to
investigate the profile of rickettsial movement in the arthropod host, an embryonic tick cell line
derived from Ixodes scapularis (ISE6) was utilized. Tandem experiments in Vero cells acted as a
positive control for previously established mammalian infection patterns (Reed et al. 2014).
Results from Chapter 3 demonstrate that R. parkeri actin polymerization in tick cells are similar
to mammalian cells. Infection of ISE6 cells with R. parkeri rickA::Tn demonstrated that ABM
was abolished at 30 mpi but returned at 48 hpi. Alternatively, cells infected with R. parkeri
sca2::Tn, resulted in a loss of ABM at 48 hpi, but was similar to wild-type at 30 mpi. This bi-
modal approach to ABM in arthropod cells is identical to that previously shown in the
mammalian system, thus, suggesting conserved functionality (Reed et al. 2014).

Results gathered from in vitro experiments suggest that ABM of R. parkeri would play a
key role in its dissemination within A. maculatum. To query the in vivo role of actin
polymerization in the arthropod host, ticks were capillary fed doses of R. parkeri wild-type, R.
parkeri rickA::Tn, or R. parkeri sca2::Tn. Ticks were sampled at 12 hours, 3 days, and 7 days

post-exposure (hpe or dpe), individual organs (midgut, salivary glands, and ovaries) were
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dissected, and the rickettsial load quantified. All strains disseminated to the midgut, salivary
glands, and ovaries at 12 hpe, demonstrating that Sca2 and RickA do not contribute to initial
rickettsial colonization in vivo. The highest mean rickettsial concentration for all treatment
groups was detected at 12 hpe, and decreased serially at 3 and 7 dpe. Salivary gland infection
was statistically similar across all treatment groups at 12 hpe, 3 and 7 dpe. Rickettsial load in
midgut tissues was similar across all treatment groups at 12 hpe and 3 dpe. However, identifying
differences at later time points will require additional experimentation. Ovarian rickettsial
infection at 12 hpe was significantly higher in wild-type-exposed A. maculatum compared with
sca2::Tn and rickA::Tn treatment groups. Rickettsial loads were similar across treatment groups
at 3 dpe, but were not comparable at 7 dpe because infection was not detectable in the wild-type-
exposed ticks. Confocal microscopy of tissues collected at all time points recorded no evidence
of ABM. In summary, this portion of the data suggests that Sca2 and RickA are not vital to
maintenance of rickettsial infection in the midgut and salivary glands. However, ovarian
clearance of the wild-type strain while persistence of sca2::Tn and rickA::Tn may suggest a role
for these proteins in rickettsial persistence.

The in vitro data put forth demonstrates that, like mammalian models, Sca2 and RickA
contribute to a pattern of rickettsial ABM. Early infection into host cells is affected by RickA.
Conversely, late cellular infection is guided by Sca2. While this distinction is able to be teased
apart in vitro, the impact of these two proteins is not easily noted in vivo. No implications for
early versus late movement of Rickettsia in vivo could be discerned in the present study.
Interestingly, clearance of the wild-type R. parkeri was observed 7 dpe, while both mutant
strains were still detectable. One hypothesis is that due to defect in movement from cell-to-cell,

imparted by the lack of Sca2 and RickA, the Rickettsia was able to escape immune molecules
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present in the ovaries. Overall, the data suggest that whilst ABM driven by Sca2 and RickA may
be important in in vitro models of rickettsial infection, no evidence put forth by the current
experiments supports the role of ABM in in vivo infection of the tick host. Thus, alternative
methods/factors may contribute to rickettsial dissemination in vivo. The in vitro data gathered
suggests that less than 20% of Rickettsia polymerize actin at any one time post-infection.
Therefore, it is possible that the microscopy employed within the current study failed to capture
rickettsial ABM events.

Previous data has shown that actin polymerization is the primary mode of rickettsial
movement intracellularly. However, in this study no evidence of this method of dissemination
was observed in vivo. Thus, the contribution to intracellular movement by actin polymerization
may not be a mechanism utilized in vivo. A potential reason for the disparate findings may be
because in vitro infection models are artificial in nature. Arthropod cell cultures are often derived
from tick embryos, which do not mimic conditions present in the actively feeding tick, such as
active digestion and onslaught of immune molecules. Importantly, these systems do not require
the bacterium to invade and infect multiple cell types as is seen in the midgut, salivary glands,
and ovaries. Perhaps a better in vitro model would consist of primary cultures derived from
individual tick organs. This is often troublesome due to bacterial contamination. However, such a
model would aid in identification of organs that could act as barriers to infection in the tick host.
The in vivo system of infection used in this study is highly relevant because it avoids the
artificiality and limitations of in vitro models.

The data gathered in these studies demonstrate the complex nature of the tick/pathogen
interaction. The knowledge gained will move the field of Rickettsiology further by increasing the

understanding of novel tick/Rickettsia relationships. This will help in detection and diagnosis of

127



TBRDs. Also, the model for identifying rickettsial factors important for persistence within the
tick host can be utilized beyond this study. This is increasingly important as genetic
manipulation of Rickettsia becomes more common.
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APPENDIX A: COMMONLY USED ABBREVIATIONS
ABM-actin-based motility
Arp 2/3-actin related proteins 2/3
AG-ancestral group
AT-autotransporter domain
BSA-bovine serum albumin
CFT-capillary feeding technique
Dpe-days post-exposure
F-actin-filamentous actin
FAK-focal adhesion kinase
FH1-formin homology 1
FH2-formin homology 2
G-actin-globular actin
HPE-hours post-exposure
HPI-hours post-inoculation
JMY -junction-mediating and regulatory protein
MPI-minutes post-inoculation
NPF-nucleation promoting factor
OMP-outer membrane protein
PBS-1x phosphate buffered saline
PLAZ2-phospholipase A2
PLD-phospholipase D

SS-signal sequence
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SFG-spotted fever group

Sca-surface cell antigen

TBRD-tick-borne rickettsial diseases
TRG-transitional group

TG-typhus group

WASP-Wiscott-Aldrich syndrome family protein
WH2-WASP homology 2

WHAM-WASP-homologue associated protein with actin, membranes and microtubules
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