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Ticks are hematophagous arthropods which transmit bacterial, viral, and
protozoan pathogens. The interaction of a tick’s innate immune response with transmitted
pathogens is directly linked to its vector competence. The American dog tick,
Dermacentor variabilis vectors the etiologic agents of Rocky Mountain spotted fever
(Rickettsia rickettsii) and tularemia (Francisella tularensis). Previous studies
demonstrated that transcript abundance of two defensins from D. variabilis increases in
response to the model Spotted Fever Group organism Rickettsia montanensis. Based on
this observation we hypothesized that these defensins function against tick-borne
pathogens to limit bacterial load, enabling D. variabilis to serve as vector and reservoir.
This study demonstrates that these phylogenetically distinct peptides are also distinct in
their antimicrobial mechanism of action and specificity for transmitted bacterial species.
Defensin-2 associated with R. montanensis bacteria in vitro and in vivo, inducing
cytoplasmic leakage and reducing host burden. Meanwhile, defensin-1 treatment did not
reduce host burden of R. montanensis but reduced CFUs of the model organism
Francisella novicida in vitro. This reduction in viability correlated with
hyperpolarization, potassium efflux, and ATP reduction in the bacteria, factors important
for maintaining homeostasis. Additionally, lipid A mutants of F. novicida demonstrated

altered susceptibility to and activation of defensin-1 implicating the importance of
bacterial membrane components in a successful tick immune response. Finally, this work
developed a method of using translation occluding Peptide Nucleic Acids (PNA) to
inhibit Rickettsial protein expression. Targeting OmpB and RickA, factors established as
important to infection, reduced expression and bacterial burden of host cells. This
strategy provides a new tool to further examine the tick-pathogen relationship. Taken
together, this work uses a biologically relevant model to examine how the extrinsic
incubation period allows for the perpetuation of tick-borne disease in nature.
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Chapter 1: Introduction and Scope of Dissertation
Ticks as Disease Vectors
Ticks are blood-feeding ectoparasites found on every continent except Antarctica.
They include the families Ixodidae (hard ticks) and Argasidae (soft ticks). Consistent
with the nomenclature, hard ticks possess a sclerotized dorsal body plate (scutum), while
soft ticks possess a leathery cuticle. Ticks transmit a wider array of pathogens than any
other arthropods, inclusive of bacteria, viruses, protozoan, and nematodes (1) and both
groups vector pathogens that may cause severe diseases in humans and animals. These
diseases include babesiosis, Lyme disease, Rocky Mountain spotted fever, CrimeanCongo Hemorrhagic Fever, caused by Babesia, Borrelia, Rickettsia, and Bunyaviridae,
respectively.
The typical Ixodid (hard) tick lifecycle consists of three active developmental
stages: larva, nymph, and adult (Figure 1.1). Following feeding, mated females lay
several thousand eggs, which hatch into larvae. Larvae actively seek a host (quest) and
then feed for several days before dropping off to molt into an unfed nymph. This process
repeats in the nymphal stage, at which point the emerging adult seeks a host to feed and
mate on. Pathogen transmission to or from the tick may occur at any of these three
bloodmeals. The three-host cycle takes 1-3 years to complete and perpetuates pathogen
longevity in nature. Maintenance of acquired pathogens may occur through molting
(transtadial transmission) (Borrelia (2, 3), Francisella (4), Flaviviridae (5)) or oviposition
(transovarial transmission) (Rickettsia (6)) (Figure 1.2). This offers further opportunities
for tick transmission to host to occur.

1

Figure 1.1 Life cycle of a three-host Ixodid tick
(Courtesy of Purdue Entomology, Catherine A. Hill and John F. MacDonald, site authors; and S.
Charlesworth, artist)
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Figure 1.2 Life cycle of tick-borne pathogens
Pathogens are maintained in nature by transovarial or trans-stadial transmission in ticks and
horizontal transmission to uninfected ticks that feed on infected rodents and other animals.
Reprinted with permission from Macmillan Publishers, Ltd: Nature Reviews Microbiology (7)
copyright, 2008.
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To take a bloodmeal, a tick attaches to the host’s skin, tearing the dermis and small
blood vessels, allowing blood to enter the wound site in a manner known as pool feeding.
Salivary glands secrete anticoagulant and immunomodulatory factors to enhance blood
feeding and subvert the host immune response, as well as cement to ensure attachment
for up to several weeks. When imbibed, the blood meal first encounters the tick midgut
lumen. The midgut epithelium internalizes hemoglobin and other proteins through
receptor mediated endocytosis. Intracellular digestion takes place via lysosomal fusion
with endosomes, in a process called heterophagy. As the tick imbibes blood, the salivary
glands extract excess water from the hemolymph and secrete it back into the host. This
reabsorption concentrates the blood meal and enables the tick to consume several
hundred times their unfed weight. (8)
Tick-borne pathogens utilize these aspects of tick physiology to persist, a
consequence of their coevolution with arthropod hosts. An Ixodid tick’s lengthy feeding
time and long life cycle maintains pathogens in nature, making them difficult to control.
Ticks’ intracellular digestion differs from other blood feeding arthropods, which secrete
digestive enzymes directly into the midgut lumen (9). Consequently, the tick midgut’s
neutral pH, concentrated blood proteins, and lack of digestive proteases results in a
hospitable environment for ingested microbes (10). Additionally, factors in tick saliva
modulate nearly all components of the vertebrate host immune system to reduce the local
inflammatory response and avoid impaired feeding. Tick saliva has been found to alter
activity by host neutrophils (11-13), NK cells (14), macrophages (15), dendritic cells (16,
17), B cells (18), and T cells (19, 20). This also aids in the transmission of pathogens to
and from the arthropod host. Tick saliva enhances transmission of tick-borne encephalitis
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virus (21, 22), Borrelia burgdorferi, (23, 24), Francisella tularensis (25), and Powassan
virus (26). Thus, the survival strategies employed by ticks facilitate the survival of the
pathogens they harbor, making them effective vectors of disease.

Tick immunity
Though they successfully allow numerous pathogens to persist, ticks possess
barriers to infection. Tick exposure to a multitude of microbes through blood feeding has
given rise to a robust innate immune system, consisting of humoral and cellular
mechanisms (Figure 1.3). This immune response allows the tick to limit burden levels
and morbidity associated with infection.
Much of what is understood about arthropod immune responses come from
studies of the model insect Drosophila melanogaster (27-33). Since the publishing of the
Ixodes scapularis genome, comparative genomics approaches have illustrated the
existence of Toll, IMD, JAK/STAT and RNAi in ticks (34, 35). Yet, to date, only a few
tick cellular immune processes and immune molecules have been characterized. While
recognition of pathogen associated molecular patterns, such as peptidoglycan is likely
involved, virtually nothing is known about their regulation of the tick immune system
(35, 36).
Tick humoral immunity consists of secreted factors from both endogenous and
host origins. Once imbibed, bacteria enter the midgut, where digestion of host blood
proteins generates antimicrobial factors. (37, 38). Here, too, endogenous secreted
antimicrobial peptides (AMPs) including lysozymes (39, 40) and protease inhibitors
control microbial colonization. As pathogens migrate to tissues, they encounter other
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Figure 1.3 An overview of the tick immune mechanisms and molecules constituting potential barriers
for the pathogen transmission
The pathogen transmission is tightly linked with physiology of blood feeding and tick innate immunity.
Ingested blood meal is accumulated in the midgut content (red arrow; only one caecum shown). Liberated
amino acids and other compounds are transported to the peripheral tissues and ovaries (yellow arrow).
Excessive water is spitted back into the wound by the action of salivary glands (blue arrow). Abbreviations:
GUT, midgut; OVA, Ovary; SG, salivary glands. Reprinted from (10). © 2013 Hajdušek, Šíma, Ayllón,
Jalovecká, Perner, de la Fuente and Kopáček.
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secreted AMPs, impairing persistence in the tick.
In the hemolymph, members of the thioester-containing α2-macroglobulin
superfamily (41-44), and C3-complement components (45) mediate the activity of the
cellular components of the tick immunesystem, enabling hemocytes to phagocytose
invading pathogens. Both classes of hemocytes (plasmatocytes and granulocytes)
demonstrate phagocytic activity (46, 47). However, when Rhipicephalus microplus ticks
are challenged with Saccharomyces cerevesiae, plasmatocytes are the predominant
phagocyte. Additionally, these plasmatocytes produce reactive oxygen species which
enhance phagocytosis following stimulation with Micrococcus luteus (48). Hemocytes
from Dermacentor variabilis have also been observed to form a wall around Escherichia
coli in what is thought to be an effort to clear the infection (49).
Most tick secreted antimicrobial peptides (AMPs) identified to date are of the
defensin class. They are typically positively charged and thought to work by aggregating
at negatively charged bacterial membranes, resulting in the formation of pores and
bacterial lysis. These 4-8 kDa pre-propeptides are expressed in most tick tissues, but are
predominantly located in the midgut. Tick defensins are members of the scorpion toxinlike superfamily and characteristically fold into a cysteine-stabilized αβ motif (50, 51).
Pre-propeptides are cleaved at the furin cleavage motif (RVRR) located at the C-terminus
of the pre-pro region of the peptide that precedes the eventual mature peptide (36). The
C-terminus of the mature peptide contains a conserved γ-core domain consisting of six
cysteine residues that participate in disulfide bonding (52). Defensins isolated from ticks
have demonstrated antimicrobial activity against Gram-positive (53-57), Gram-negative
(54, 57, 58), fungi (59), and parasites (60, 61).
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The immune response elicited by ticks is important to their survival and
subsequent vector competence. On the other hand, pathogens must evade the immune
response for transmission to take place. While the few characterized cellular immune
processes and immune effectors allow extrapolation to the immune systems of model
arthropods, knowledge of tick immunity is not well understood. Thus, further
examination of the tick-pathogen relationship is essential in determining what makes the
tick vector permissive to pathogens.

Dermacentor variabilis immunity
The American dog tick, D. variabilis is a three-host Ixodid tick. It is widely found
east of the Rocky Mountains, and has a limited presence on the Pacific coast. The
pathogens Rickettsia rickettsia and Francisella tularensis, which cause Rocky Mountain
spotted fever (RMSF) and tularemia, respectively are transmitted via this vector. As D.
variabilis is a natural vector for human disease, it is a relevant model for studying tick
immunity and its role in vector competency.
The study of this vector tick has resulted in the identification and subsequent
characterization of numerous immune factors, including increases in lysozyme transcript
abundance following E. coli (39) and Rickettsia montanensis challenges (50). A fivedomain Kunitz-type serine protease inhibitor expressed in the midgut following R.
montanensis infection has anticoagulant and trypsin inhibitory capabilities (43). It also is
observed to associate with R. montanensis and limits host cell invasion by the bacteria
(44). Additionally, two D. variabilis defensins have been identified (50, 62, 63).
Defensin-1 (varisin), primarily expressed by hemocytes, has activity against Bacillus

8

subtilis (50, 62) and Micrococcus luteus (64) but not B. burgdorferi (62). Defensin-2 is
primarily expressed in the midgut. Both defensins’ transcript abundance increases in
response to R. montanensis challenge (50). However, activity of these factors in the
context of infection with vectored bacteria, such as Francisella and Rickettsia, is
unknown.

Tularemia and Francisella microbiology
Francisella tularensis is a Gram-negative cocco-bacillus facultative intracellular
bacterium, which causes the febrile disease tularemia. Transmission occurs through an
arthropod bite (insect or tick), inhalation, ingestion of contaminated food, or contact with
infected animals (65, 66). F. tularensis is highly infectious, requiring as few as 10
bacteria to cause human disease (67). Disease presentation and severity depends on route
of infection and strain, with inhalation presenting as pneumonic tularemia and bites
presenting as ulceroglandular tularemia (68).
There are three subspecies of F. tularensis. Two subspecies, F. tularensis
subspecies tularensis (Type A) and holarctica (Type B), cause human disease, with Type
A often being more severe. (68). F. tularensis subspecies mediasiatica is found in
lagomorphs and ticks in Central Asia (69). Occasionally classified as a subspecies (70),
closely related F. novicida rarely causes disease in healthy humans (71, 72), though it
does cause a tularemia-like disease in mice (73). For these reasons, F. novicida serves as
one model for the study of F. tularensis. An non-FDA approved live vaccine strain (LVS)
developed from multiple passages of Type B also often serves as a model (74).
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Tularemia occurs throughout the Northern Hemisphere, most frequently in the
former Soviet Union, Scandinavia, and North America (69). Maintenance in nature is
most often associated with small mammal populations (rodents and lagomorphs), though
vector-borne transmission to mammalian hosts is important to pathogenesis (65, 75).
Ticks, deer flies, horse flies, and mosquitos have all been associated with human disease.
However, of these, only ticks are considered biological vectors due to their long-term
maintenance of F. tularensis. Insects serve as mechanical vectors, capable of only
transient transmission in nature (75).

Vectors and Francisella
The tick species Dermacentor andersoni, D. variabilis, and Amblyomma
americanum transmit Francisella in North America. Bites from these ticks represent the
bulk of reported cases (65, 75). While biting flies transmit human disease on the West
Coast, most North American cases occur in the south-central United States, especially
Arkansas, Oklahoma, Missouri, and Kentucky (76). These endemic regions correspond to
the habitat of D. variabilis and A. americanum (75). Additionally, peaks in cases occur
during the spring and summer months when ticks actively seek hosts (77). Unlike A.
americanum nymphs, D. variabilis larvae and nymphs preferentially infest small and
medium mammals, implicating them as the primary vector for tularemia (78-82). Tick
collections in Martha’s Vineyard following a 2000 outbreak identified a microfocus of
stably maintained Francisella, confirming the importance of D. variabilis in perpetuating
the agent in nature (83).
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Experimentally, both D. variabilis and A. americanum transmit F. tularensis
subspecies holarctica live vaccine strain (LVS) transtadially but not transovarially
following capillary-tube infections (4, 77). D. variabilis transtadial transmission of Type
A and Type B to nymphs also occurs when larvae fed on infected mice, though
transmission rates from the nymphs to uninfected mice were low as infected nymphs
experience impaired feeding (84). Conversely, adult D. variabilis infected with Type A
and Type B experience minimal loss of fitness or transmission efficiency, while
maintaining bacterial loads of 108-109 CFU (85).
Although facultative, Francisella survive and replicate intracellularly within the
host. In mammals, they infect both phagocytic and non-phagocytic cell types (86). F.
novicida invade non-phagocytic hepatocytes in a cholesterol- and clathrin-dependent
manner (87). However, survival in macrophages is important to their pathogenesis (68,
69). Following phagocytosis by macrophages, Francisella reside in a membrane bound
vacuole resisting lysosomal fusion before escaping to the cytoplasm to replicate (88).
Following replication, Francisella-induced apopotosis release the bacteria (89-91).
Comparatively little is understood about intracellular survival within the
arthropod host. Though not a vector, D. melanogaster serves as an arthropod model.
When F. novicida infects the phagocytic D. melanogaster embryo derived S2 cells, the
bacteria escape into the cytosol in a manner similar to their behavior in macrophages
(92). Additionally, many of the F. novicida mutants defective in growth in S2 cells are
also defective in growth in human macrophage cells, indicating similar intracellular
survival strategies of bacteria in both mammalian and arthropod cells (93). Alternatively,
pooled infections with multiple F. novicida transposon mutants yielded far fewer
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recovered genotypes from D. andersoni than C57/BL/6 mice, indicating greater selective
pressure in the tick than mammals in vivo (94).
While D. melanogaster serves as a model of Francisella arthropod infection, (92,
95, 96), how well this corresponds to tick infection is less clear. Despite eliciting a
humoral response to F. tularensis subspecies holarctica LVS, D. melanogaster flies
succumb to a lethal dose of twelve CFU (96). Conversely, D. variabilis ticks inoculated
with 107 CFU F. tularensis subspecies holarctica LVS demonstrate no ill effects.
Midguts were colonized at day one, with hemolymph and salivary gland colonization
established by day 21 at levels of 103 CFU/tissue type (4). Meanwhile, transmission
feeding further increased the replication of F. novicida in D. andersoni salivary glands,
compared to unfed adults (97). This implies the importance of studying Francisella
infections in vector arthropods, such as ticks, to yield biologically relevant information
about bacterial interaction with arthropod hosts.

Rickettsiae and their classifications
Members of the genus Rickettsia are small, Gram-negative obligate intracellular
bacteria. Their lifecycle includes arthropod and vertebrate hosts (7, 98). Rickettsiae are
further classified into four groups based on their biology, antigenicity and phylogenetics:
typhus group (TG), spotted fever group (SFG), ancestral group (AG), and transitional
group (TRG) (99). Humans acquire these bacteria through either a tick or mite bite or
exposure to infected flea or louse feces (7, 98). The requirement of these bacteria to
reside within a host makes study of their interaction with arthropods essential to
understanding pathogenesis. AG is not known to cause human disease. TG rickettsiae are
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flea or louse transmitted and cause murine typhus (Rickettsia typhi), and epidemic typhus
(Rickettsia prowazekii). TRG are flea or mite transmitted and cause rickettsialpox
(Rickettsia akari), and flea-borne spotted fever (Rickettsia felis). SFG rickettsiae are ticktransmitted organisms that can cause human diseases such as RMSF (Rickettsia
rickettsia), Mediterranean spotted fever (Rickettsia conorii), and African tick bite-fever
(Rickettsia africae). (7). These nonspecific febrile diseases typically present with a rash
or an eschar and can be fatal without antibiotic intervention (100, 101). While these
pathogens exist worldwide, distribution is limited to the range of their vectors (98).

Maintenance of Rickettsia
Maxey described Rocky Mountain spotted fever (RMSF) in 1899, named for its
prevalence the Bitterroot Valley of Montana and characteristic rash and high fever (102).
Despite its name, RMSF occurs in the United States, Canada, and parts of Central and
South America, though tick species responsible for transmitting the bacterium varies
throughout these regions. Amblyomma cajennense and A. aureolatum transmit the disease
in Latin America (103, 104), while D. andersoni and D. variabilis, and occasionally
Rhipicephalus sanguineus transmit in North America (98, 105). The bulk of U.S. reported
cases occur in the summer months in states within the range of D. variabilis (North
Carolina, Tennessee, Oklahoma, Arkansas, and Missouri), implicating it as the primary
North American vector (106). Ticks acquire SFG rickettsiae either horizontally by
feeding on an infected host or vertically through transovarial transmission, while
maintenance of the infection occurs transtadially (107, 108). Vertical transmission
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occurred at rates of 39-100%, despite reports of high mortality for D. andersoni infected
with R. rickettsii in a laboratory setting (107, 109).
Following rickettsiae transmission from an infected tick to a vertebrate host, the
bacteria invade non-phagocytic endothelial cells through receptor-mediated endocytosis,
using the zipper mechanism (110). The rickettsial autotransporter rOmpB interacts with
Ku70 on the host cell surface to induce internalization (111, 112). This process depends
on host Arp 2/3, WAVE complex, and Rho GTPases (Figure 1.4) (113) The bacteria then
escape the phagolysosome, living freely in the cytoplasm. Following replication, they
produce actin tails to move and spread the infection (114-117).
Rickettsial invasion of tick cells is comparatively understudied. Similar to
mammals, WAVE, Rho-GTPases, and Arp2/3 were recently implicated (118, 119). Once
imbibed, Rickettsia actively invade non-phagocytic tick midgut epithelium cells.
Following replication and escape, Rickettsia infect hemocytes and disseminate to other
tissues, with salivary gland infection essential to subsequent transmission (108). Tissue
dissemination depends on vector competency, including the tick’s ability to recognize
and clear invading microbes. For this reason, parsing out the immune system’s interaction
with these bacteria is essential to understanding their pathogenesis.
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Figure 1.4 Model of host pathways activated during Rickettsia invasion
Multiple pathways are likely to be activated during R. parkeri invasion of host cells (113). Reprinted with
permission from John Wiley & Sons, Inc. © 2011 Blackwell Publishing Ltd.
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Rickettsial genetics and tools to study pathogenesis
The obligate intracellular lifestyle of rickettsiae has caused advances in their
genetic manipulation to lag behind those of free-living bacteria. Rachek et al. (1998), first
described successful delivery of DNA via electroporation and subsequent homologous
recombination of R. prowazekii conferring rifampin resistance (120). Electroporation,
homologous recombination, and expression in R. typhi using a GFP marker followed
shortly (121). Transformation using a mariner-based Himar1 transposon system in
rickettsia (122) has allowed for study of virulence mechanisms in R. rickettsii and R.
prowazekii (116, 123, 124). Additionally, identification of native rickettsial plasmids has
allowed the development of shuttle vectors for transformation (125). Despite these
successes, further tool development is needed to better study host:pathogen interactions.
The requirement for purification from host cells, slow growth, and few selectable
markers are hurdles to more efficient techniques. Many techniques require the integration
of foreign DNA into the genome. Slow growth and poor transformation efficiencies cause
the isolation and expansion of recombinants to take weeks (116, 123, 124). During this
time spontaneous mutations may arise (116, 126). In contrast, antisense technologies in
which nucleic acids bind to a complementary target sequence do not require integration
and are therefore not constrained by selection making them an attractive option for use in
Rickettsia.
Peptide nucleic acids (PNA) are nucleic acid mimics with traditional nucleotide
bases and a peptide backbone. They bind complementarily to a desired target DNA or
RNA sequence (127). When designed complementary to bacterial mRNA, they reduce
expression of a target gene by preventing translation (128-130) (Figure 1.5). This
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Figure 1.5 Translation arrest by Peptide Nucleic Acids (PNA)
By targeting mRNA in an antisense manner, PNA prevents ribosomal binding and protein expression.
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complementary binding is specific, as only a handful of mismatched bases reverse the
phenotype (129, 131). Meanwhile, conjugation to a cell-penetrating peptide (CPP),
enhances PNA uptake by bacterial cells (128).
After initial reports that designed PNA complementary to E. coli essential genes
have a bactericidal effect (128), similar antibacterial studies were performed using PNA
in other species: Salmonella enterica serovar Typhimurium (132), MRSA (133)
Pseudomonas aeruginosa (Ghosal, 2012), and Streptococcus pyogenes (134). Studies in
facultative intracellular bacterial species Brucella suis and S. enterica serovar
Typhimurium delivered PNA and generated a phenotype to these bacteria grown in both
pure culture and within murine macrophages (135, 136). PNA designed to the acpP gene,
which participates in fatty acid biosynthesis, was successfully used as a therapeutic in
BALB/c mice, indicating its feasibility for use in animal models (137). The use of PNA
in different bacterial systems and established methods of delivering nucleic acids to
Rickettsia make PNA a candidate for decreased protein expression in these obligate
intracellular bacteria.
Scope of dissertation
Examination of the tick-pathogen relationship is essential in determining what
makes a vector permissive to pathogens. The goal of studying the immune activity of D.
variabilis for bacteria vectored by that tick is to garner insight about how ticks are
susceptible to infection yet permissive to pathogen reproduction. This offers an advantage
over what is currently known by examining a biologically relevant host:pathogen model.
This will inform the goal of understanding how extrinsic incubation period (the time
between pathogen acquisition and transmission feedings) allows for the perpetuation of
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tick-borne disease.
When I began my dissertation research, two D. variabilis defensins had been
identified and were known to increase in transcript abundance in response to R.
montanensis challenge. However, how they functioned in the context of infection with
vectored bacteria was unknown. Because of the coevolution of ticks and their associated
pathogens, we hypothesized that these molecules were important to the vector
competence of D. variabilis, keeping infection levels in check. Additionally, the use of
PNA in a number of pathogenic bacteria suggested it might serve as a mechanism to
study rickettsial:host interactions by producing transient gene inhibition. My work has
produced three major findings: (1) defensin-2 decreases rickettsial load by inducing
cytoplasmic leakiness, (2) defensin-1 reduces Francisella viability through a mechanism
involving potassium efflux, and (3) PNA successfully reduces gene expression in
rickettsiae, introducing it as a tool for future studies.
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Chapter 2: Defending the fort: a role defensin-2 in limiting
Rickettsia montanensis infection of Dermacentor variabilis1
INTRODUCTION
Ticks encounter and harbor many foreign microbes during their lifetime. The tick
innate immune system has probably contributed significantly to their success as hosts and
vectors. The tick immune system is characterized as having both cell-mediated and
humoral defense component (36). Cell-mediated defense involves phagocytosis and
encapsulation of foreign microbes that infiltrate the hemocoel (49, 138). The humoral
arm of the defense response is driven by soluble antimicrobial peptides (AMPs) that are
presumably secreted from the hemocytes and fat body into the hemocoel or from the
midgut epithelium. AMPs can attack invading microbes through opsonization,
agglutination, and/or lysing (36).
The tick midgut is the first point of contact for rickettsiae imbibed with a bloodmeal
from an infected mammal. As the American dog tick, D. variabilis, imbibes a rickettsiainfected blood meal, genes encoding a number of AMPs and bacteriostatic factors are
activated for transcription and translation, including defensin and D. variabilis kunitztype serine protease inhibitor (43, 44, 50). Defensins are a ubiquitous class of AMPs that
are active against Gram-positive and Gram-negative bacteria, fungi, virus, and
protozoans (36, 61, 139, 140). Tick defensins are 4 - 6.5 kDa cationic and anionic
peptides with a secondary structure comprised of α-helical and β-sheet structures that
form a tertiary structure by way of three disulphide bonds (36, 141). Tick defensins also
1

Pelc RS, McClure JC, Sears KT, Chung A, Rahman MS, Ceraul SM. 2014. Defending the fort: a role for
defensin-2 in limiting Rickettsia montanensis infection of Dermacentor variabilis. Insect Mol Biol
23:457-465.
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posses a γ-core within the C-terminus (141). The γ-core is a feature common to defensins
regardless of species and is responsible for their antimicrobial activities (52, 141). The
cationic charge, amphipathicity, and γ-core are shown to mediate attraction, attachment,
and membrane insertion that facilitate the toroidal pore, barrel-stave or carpet
mechanisms of pore-forming action by AMPs such as defensin (52, 141, 142).
Ticks are second only to dipterans in their importance as vectors of disease in humans
and are the number one vector of pathogens of veterinary importance (101). Some of the
most detrimental human tick-borne pathogens are members of the spotted fever group
rickettsiae (SFG). SFG rickettsiae are obligate intracellular bacteria that replicate in the
cytoplasm and nucleus of host cells and are transmitted by ticks. Although experimental
studies suggest that there are some lethal effects associated with infection in D. variabilis
by the etiologic agent of Rocky Mountain spotted fever, Rickettsia rickettsii, it is
successfully acquired, maintained, and transmitted both horizontally and vertically in
nature (109). These observations suggest that even if ticks suffer long-term morbidity as a
result of infection, they can control rickettsial infections long enough to transmit the
pathogens thereby perpetuating the zoonotic cycle.
Previous studies show that challenge of D. variabilis with SFG R. montanensis results
in activation of defensin-1 and -2 and lysozyme (50). We hypothesize that defensin-2 is
functionally active against R. montanensis. Experiments demonstrate that D. variabilis
defensin-2 associates with and causes cytoplasmic leakage of R. montanensis. Our results
suggest that defensin-2 function is one factor that limits R. montanensis infection of the
tick.

21

RESULTS
Defensin-2 limits R. montanensis infection in vitro and in vivo.
Purified R. montanensis (1x107) incubated with recombinant defensin,
thioredoxin, or PBS were placed on L929 cells, allowed to infect, and collected 24 hours
later. Rickettsial burden was assessed with qRT-PCR. There was no statistical difference
between the two control treatments. The average burden in the recombinant defensin-2treated R. montanensis decreased 86-percent when compared to PBS-treated rickettsia
(p<0.017) (Figure 2.1A). To lend biological significance to our in vitro results, a
defensin-2 neutralization experiment was performed. D. variabilis ticks were capillary
fed anti-defensin-2 IgG at increasing concentrations or preimmune IgG at 2 mg/ml,
incubated for 1 hour, and fed 2.4 x 105 total R. montanensis. Whole tissues were
harvested 24 hours post-infection for RNA isolation. Rickettsial burden rose in direct
proportion to the increasing concentrations of anti-defensin-2 IgG. Rickettsial burden in
ticks fed 1.0 mg/ml and 2.0 mg/ml anti-defensin-2 IgG increased significantly above that
observed in the ticks treated with 2 mg/ml preimmune IgG (p=0.004 and p=0.043,
respectively) (Figure 2.1B). Interestingly, the in vivo and in vitro burden assays,
respectively, demonstrate that the growth limiting effects of defensin-2 for R.
montanensis are specific.

Incubation of R. montanensis with defensin-2 causes cytoplasmic leakage
The most recognized function of defensins is pore formation. To address this, an in
vitro lysis assay was performed and the data correlated to the live count data from the
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Figure 2.1 Defensin-2 limits R. montanensis infection in vivo and in vitro
(A) R. montanensis were incubated with recombinant defensin-2, phosphate-buffered saline (PBS)
or recombinant thioredoxin, and then used to infect an L929 monolayer for 24 h. Rickettsial burden
in the infected L929 cells was determined using quantitative reverse transcriptase-PCR (qRT-PCR).
The bar represents the average for each treatment. A total of four separate experiments were
performed in duplicate (two wells per treatment). The number of samples analyzed per treatment
are as follows: untreated, n = 8; thioredoxin, n = 8; defensin-2, n = 7. (B) Part-fed
Dermacentor variabilis ticks were capillary-fed anti-defensin-2 IgG at increasing concentrations
followed by an oral R. montanensis challenge. Whole tissue was dissected and rickettsial burden
determined using qRT-PCR. Each individual tick is represented by a closed circle. The mean for
each treatment is represented by a bar. Values represent the transcript abundance measured in the
total number of ticks collected from at least two separate experiments. P values were determined
using the t-test. Biological replicates are as follows: preimmune, n = 10; 0.5 mg/ml, n = 8; 1 mg/ml,
n = 8; 2 mg/ml, 10. (C) Representative Imperial blue stained lithium dodecyl sulfate (LDS)
polyacrylamide gel electrophoresis of recombinant defensin-2 (Def) and thioredoxin (Trx)
purification. Defensin-2 migrated to ∼28 kDa due to the thioredoxin and histidine fusion tags. M,
molecular weight marker. Arrows indicate purified recombinant defensin-2 and thioredoxin.
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same experiments. An Imperial Blue stained polyacrylamide gel indicated that the
recombinant defensin-2 and thioredoxin proteins were relatively pure (Figure 2.1C).
Purified R. montanensis were incubated with defensin-2 or thioredoxin with agitation and
the mixtures were separated through high-speed centrifugation into pellet and supernatant
fractions. In addition, the lysis assay was performed using a synthetic defensin-2 peptide
in increasing concentrations. The number of rickettsia per mm3 were counted using a
small aliquot from each rickettsia sample incubated with the synthetic peptide. The same
samples were used to blot for cytoplasmic leakage to correlate lysis with a decrease in
live rickettsia and increasing concentrations of synthetic peptide. We theorized that
perforations in the cytoplasmic membrane of R. montanensis as a result of defensin-2
treatment would cause the leakage of a cytoplasmic protein elongation factor-thermo
stable (EF-Ts) into the supernatant.
R. montanensis EF-Ts was first expressed in E. coli to determine the level of crossreactivity of our antiserum generated against Rickettsia typhi cytoplasmic EF-Ts (Figure
2.2A). A higher weight molecular host protein is known to cross-react with our EF-Ts
antiserum. The higher molecular weight band was shown previously to be of host origin
(143). To support these previous observations, a lysate sample from uninfected L929
cells to demonstrate that EF-Ts antiserum cross-reacts with a host protein that migrates
around 40 kDa (Figure 2.2B). Thioredoxin-treated R. montanensis showed a strong EF-Ts
band for the pellet, but not for the supernatant, while recombinant defensin-2-treated R.
montanensis showed an EF-Ts band in both the pellet and supernatant lanes (Figure
2.2C). These results were consistent between the two independent experiments
performed.
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Figure 2.2 Defensin-2 causes cytoplasmic leakage in Rickettsia montanensis
R. montanensis were incubated with recombinant defensin-2 or thioredoxin (Trx) followed by
centrifugation to separate the pellet and supernatant fractions. Alternatively, R. montanensis were treated
with synthetic defensin-2 or diluent buffer (buffer control) followed by centrifugation to separate the pellet
and supernatant fractions. Each fraction was subjected to lithium dodecyl sulfate (LDS) polyacrylamide gel
electrophoresis, blotted to a polyvinylidene difluoride membrane, and probed with anti- elongation factorthermo stable (EF-Ts) serum. (A) Lysate from Escherichia coli expressing recombinant EF-Ts from
R. montanensis was detected by EF-Ts antiserum but not rabbit preimmune serum. Recombinant
R. montanensis EF-Ts migrated to 40 kDa due to the histidine tag. (B) Nonspecific band detected by EF-Ts
antiserum in uninfected L929 lysate. (C) R. montanensis EF-Ts was detected in the pellet from Trx-treated,
as well as in the supernatant and pellet, from defensin-2-treated R. montanensis. EF-Ts was not observed in
supernatant from Trx-treated R. montanensis. The nonspecific L929 and R. montanensis EF-Ts (35–40 kDa)
proteins are indicated. (D) Pellet and supernatant fractions from R. montanensis treated with increasing
concentrations of synthetic defensin-2 peptide or diluent buffer (Buffer CNT). R. montanensis EF-Ts ran
closer to 35 kDa because of an increased running time on the polyacrylamide gels to ensure adequate
separation from the nonspecific L929 protein that cross-reacts with EF-Ts antiserum. (E) Decrease in the
number of live rickettsia/mm3 with increasing concentrations of synthetic defensin-2 peptide. Live counts
were performed on the same samples used to generate the blots demonstrating lysis to correlate lysis with
the decrease in live counts. A t-test was performed to test for statistical differences between the means for
treatment with increasing concentrations of synthetic defensin-2 and the negative control buffer. P values
for each synthetic defensin-2 concentration were 8 µM: P = 0.21; 40 µM: P = 0.027; 200 µM: P = 0.09;
1 mM: P = 0.018. Asterisks indicate significant differences from negative control buffer. M, molecular
weight marker migrating to 40 kDa; R.m., R. montanensis; Def, defensin; sup, supernatant; CNT, control.
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Similar results were documented for synthetic peptide-treated R. montanensis (Figure
2.2D). The samples shown in Figure 2.2D were subjected to longer electrophoretic runs
to attain better separation between the host protein and rickettsial EF-Ts, which accounts
for EF-Ts migration to approximately 35 kDa.
The number of live rickettsia in the samples used to demonstrate lysis post-treatment
with synthetic defensin was estimated using Live/Dead BacLight Viability kit (Life
Technologies, Grand Island, NY, USA). The BacLight assay allows us to estimate the
number of live rickettsia and correlate this number to the appearance of EF-Ts in the
supernatant fractions from the lysis assay (cytoplasmic leakage). The numbers of live R.
montanensis decrease with increasing concentrations of synthetic defensin-2 peptide
tested (Figure 2.2E). We noted that defensin-2 made either as a recombinant or synthetic
peptide showed the same trend. This indicates that our results are not caused by
contaminants in the recombinant defensin-2 preparation or by an artifact of the synthetic
peptide manufacturing process. Collectively, these results demonstrate that defensin-2
treatment causes leakage of cytoplasmic proteins from R. montanensis, which ultimately
leads to bacterial death.

Defensin-2 associates with R. montanensis in vitro and in vivo
R. montanensis (1x107) were incubated with recombinant defensin-2 for 30 minutes
and then affixed to nickel grids. Rickettsiae were incubated with rabbit defensin-2
antiserum followed by incubation with 10 nm gold particle-conjugated anti-rabbit IgG.
Grids were visualized with TEM to determine if defensin-2 associates with the rickettsia
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(Figure 2.3). The immunogold staining observed in the defensin-2 treated, preimmune
probed (Figure 2.3A) control is random and unorganized. Surface adhesion of the gold
particles suggests that defensin-2 associates with the outer membrane of R montanensis in
vitro (Figure 2.3B).
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Figure 2.3 Defensin-2 associates with Rickettsia montanensis in vitro
Purified R. montanensis were incubated with recombinant defensin-2 and processed for negative staining
electron microscopy. Rickettsia specimens incubated with preimmune serum (A) or defensin antiserum (B)
Bars equal 1 µm.
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In vivo staining for defensin-2 and R. montanensis was performed to determine if
staining colocalizes to the same area in an attempt to lend biological significance to our
in vitro findings. Infected D. variabilis midguts were sectioned on a cryo-microtome and
incubated with rabbit defensin-2 and mouse R. montanensis antisera followed by
incubations with Alexa Fluor 488 (defensin) anti-rabbit and Alexa Fluor 594 (rickettsia)
anti-mouse sera. Sections were treated with SYTOX Blue nucleic acid stain and
visualized on a Zeiss LSM 510 confocal microscope. In order for defensin-2 to be
functional it needs to associate with the rickettsia. Defensin-2 staining appears to be
localized with R. montanensis signal (Figure 2.4A). We observe diffuse staining in
sections from R. montanensis-infected tick midguts probed with normal rabbit and mouse
control sera (Figure 2.4B). R. montanensis staining in control sera probed sections is
absent (Figure 2.4B).
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Figure 2.4 Defensin-2 associates with Rickettsia montanensis in vivo
(A) R. montanensis-infected tick midgut incubated with immune sera. (B) R. montanensis-infected tick
midgut incubated with control sera. R. montanensis-infected Dermacentor variabilis midguts 48 h postinfection were probed with rabbit defensin and mouse R. montanensis antisera or rabbit and mouse
preimmune serum. Rabbit and mouse antibodies were detected with anti-rabbit Alexa-488 (defensin) or
anti-mouse Alexa-594 (rickettsia), respectively. SYTOX Blue was used to visualize the nucleus. DIC,
differential interference contrast. Bars represent 5 µm.
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DISCUSSION
Tick defensins belong to a class known as ancient invertebrate-type defensins
(AITDs) that are found in insects, arachnids, bivalvia and fungi (141). Defensins from
several genera possess antimicrobial activity for Gram-positive and Gram-negative
bacteria, protozoa and fungi (54, 60, 141, 144). In the present study, we showed that
defensin-2 associates with R. montanensis, causing cytoplasmic leakage. We speculated
that these antimicrobial properties of defensin-2 were responsible, in part, for the
antimicrobial effect observed in vitro and in vivo.
Although cationic charge is one property that mediates the association between the
bacterium and defensin (142, 145), defensin-2, a weak anionic peptide (pI = 5.14;
http://web.expasy.org/cgi-bin/compute_pi/pi_tool) associates with rickettsia. The present
study does not explore the mechanism underlying defensin-2 association with rickettsia.
Our findings present the possibility that defensin-2 interacts with ligands alternative to
lipopolysaccharide (LPS) or that the LPS structure of R. montanensis is different from
reported Gram-negative bacteria with respect to charge and facilitates the interaction with
a weak anionic protein; however, charge does not appear to be the sole factor dictating
the functional capacity of AMPs. Both cationic and anionic derivatives of dermcidinderived peptides from eccrine sweat glands in humans possess broad range antimicrobial
activity (146). Interestingly, Steffen, H et al (2006) demonstrate that the dermcidin
derivative, DCL-1 (pI = 5.07) requires 2 h before E. coli viability decreases 100%
compared to the positive control peptide LL-37, which attains 100% killing in minutes. In
designing experiments for this study, the effects that extended extracellular periods of
time have on the viability of an obligate intracellular bacterium were considered;
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however, it is feasible that anionic peptides function at slower rates and that greater loss
in rickettsial viability will be attained when exposed to defensin-2 for a time period
exceeding 30 min.
After the initial attraction and attachment, AMPs are theorized to assume their folded
secondary structure (147-150). A transmembrane pore is thought to form through three
mechanisms and appears to be peptide concentration dependent. All mechanisms are
initiated with a parallel arrangement of the AMP at the surface of the phospholipid
membrane. The barrel-stave model dictates that high peptide:lipid ratios encourage
insertion of AMP into the membrane (142). It is thought that the carpet mechanism works
through peptide-mediated formation of micelles and that the torodial pore model is a
function of peptide-induced membrane bending followed by pore formation (142). Clues
about the mechanism driving pore formation by defensin-2 (anionic) may come from data
for the anionic peptide DCL-1 (net charge of -2). Recent data proposes that DCL-1 folds
into an α-helical structure in the presence of bacterial membranes, self associates in a
time-dependent manner, and may form pores through the toroidal pore mechanism (151).
This series of events is also documented for a defensin-like peptide, Longicin from the
hard tick, Haemaphysalis longicornis. Similar to DCL-1, longicin remains unstructured
in aqueous solution but assumes a secondary structure in membrane mimetic conditions
(150).
Our in vitro and in vivo antimicrobial assays lend support to the biological
significance of defensin-2 as a rickettsiastatic or rickettsiacidal protein. We do not
address defensin-2 function beyond its ability to limit rickettsial infection; however, the
findings have implications for the role of defensin-2 in maintaining homeostatic
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commensal microflora populations. In Drosophila, antimicrobial bacterio-static /-cidal
peptides play critical roles in maintaining homeostasis with microflora as well as fighting
microbes that may harm the individual (152). Endosymbionts and commensal microflora
may be maintained at low levels in specific tissues to avoid detrimental physiological
effects to the host (153, 154).
It is unknown if activation of the midgut (local response) translates to a systemic
response in the hemocoel or how this may impact colonization of hemocoelic tissues such
as the salivary glands and ovaries. In Drosophila, peptidoglycan recognition protein-LB
(PGRP-LB), is responsible for controlling midgut immune activation and participates in
activation of the systemic response after an oral challenge with the Gram-negative
bacterium Erwinia carotovora carotovar-15 (154). Considering this, midgut infection
with rickettsia may prime hemocoelic immune effectors for an impending rickettsial
invasion. In doing so, AMPs such as defensin-2 will limit transmigration of rickettsiae to
the hemocoel, ovaries and salivary glands resulting in less infection, which could have
implications for transovarial or horizontal maintenance.
While this study does not address the physiochemical mechanism of pore
formation for defensin-2, we have correlated loss of rickettsial viability with defensin-2
induced membrane damage that results in the leakage of cytoplasmic contents. Future
experiments will address biochemical properties of defensin-2 as it relates to its
antimicrobial function.
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MATERIALS AND METHODS
Rickettsia and host cells
Mouse fibroblast cells (L929, ATCC® CCL-1) were cultured in DMEM
supplemented with 10% FBS at 5% CO2 at 34oC. Host cells were inoculated with R.
montanensis at 80% confluency. Infected host cells were grown for 5-6 days. R.
montanensis were purified from host cells and enumerated as described (43).

Synthetic defensin-2 peptide
Six milligrams of synthetic defensin-2 (GenBank accession number:
AAO18363.1) peptide was synthesized by Peptide 2.0, Inc. (Chantilly, VA, USA) at >
96% purity. The signal sequence was identified using Signal P
(http://www.cbs.dtu.dk/services/SignalP/) and excluded from synthesis. The final peptide
sequence is NH2-TGERSEERSEEARASGCKADACKSYCKSLGSGG
GYCDQGTWCVCN-COOH. The peptide was resuspended to 5 mM in acetonitrile:water
(1:3) with 1% dimethylformamide (DMF) and 1% dimethylsulfoxide (DMSO). Rabbit
anti-defensin-2 polyclonal serum was generated against a synthetic peptide with the
sequence NH2-EEARASGCKADACK-OH by Biosynthesis, Inc. (Lewisville, TX, USA).
Biosynthesis, Inc. also provided the rabbit preimmune serum used in these experiments.

Expression and purification of recombinant defensin-2
The open reading frame for tick defensin-2 (AAO18363) was amplified as
previously described (50) using primers AZ3519 (5’CTTTGCATCTGCCTTGTCTTTCTC-3’) and AZ3518 (5’-
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AATTCCTGTAGCAGGTGCAGG-3’) and Hi-Fidelity Polymerase (Life Technologies,
Grand Island, NY, USA), ligated to pET32a+ (Novagen Darmstadt, Germany) and
transformed into either Origami or RosettaGami (both Novagen) E. coli strains. pET32+a
was also transformed for expression of thioredoxin as a control protein. Thioredoxin was
expressed and purified simultaneously with defensin-2. All procedures were performed
according to the respective manufacturers’ protocols. Expression of recombinant
defensin-2 was induced using either IPTG or auto-induction medium composed of ZY
broth supplemented with NPS (20 mM PO4, 1.25 mM SO4, 2.5 mM NH4, 20 mM Na, and
2.5 mM K), 5052 (0.5 g glycerol, 0.5 g glucose, and 0.2 g lactose) and 100 mg/ml
ampicillin. Overnight cultures of transformed E. coli were diluted 50-fold in LuriaBertani (LB) broth supplemented with 100 µg/ml ampicillin, grown to an optical density
(OD)600nm of 0.5 and either supplemented with 1 mM IPTG or diluted five-fold into autoinduction medium. E. coli induced with IPTG was grown at 37oC for three-four hours,
centrifuged at top speed for 10 min at 4oC and the pellet stored at -80oC until lysed for
purification. E. coli diluted in auto-induction medium was grown at 28-30oC overnight
and the pellets collected and stored as described above. E. coli pellets were resuspended
in 10 ml of NPI-10 (50 mM NaH2PO4•H2O, 300 mM NaCl, 10 mM imidazole) and lysed
by pressure using a French press (ThermoFisher Scientific, Waltham, MA, USA) or LV1
low volume microfluidizer (Microfluidics, Newton, MA, USA). Recombinant defensin-2
was purified using Ni-NTA agarose magnetic beads or Superflow columns according to
the manufacturer’s protocol (Qiagen, Valencia, CA, USA). Each sample was
electrophoresed on a 4-20% Bis-Tris gel (Life Technologies) and stained with Imperial
Blue (ThermoFisher Scientific) to assess purity of each sample.
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Antibacterial assay
Separate aliquots of R. montanensis (1x 107) designated for the lysis and
antibacterial assays respectively were incubated with 5 µg of recombinant defensin-2 or
thioredoxin in a 30 µl volume of PBS for 30 min at 30oC with shaking. R. montanensis
was pelleted by centrifugation at top speed for 5 min. Thioredoxin and recombinant
defensin-2-treated R. montanensis were washed with PBS (1X) and placed onto L929
host cells and allowed to incubate at 37°C/5% CO2 for 24 h. Infected cells were washed
with PBS 3 times and processed for RNA isolation. Rickettsial burden was determined
using qRT-PCR by normalizing rickettsial 16s rRNA to host cell gapdh transcript (43).
16s rRNA is amplified using AZ4915 (5’-GTTCGGAATTACTGGGCGTA-3’) and
AZ4916 (5’-AATTAAACCGCATGCTCCAC-3’). gapdh was amplified using AZ3674
(5’-TCAACGACCCCTTCATTGAC-3’) and AZ3675 (5’ATGCAGGGATGATGTTCTGG-3’).

Lysis Assay
Separate aliquots of R. montanensis (1x 107) were prepared as described for the
antibacterial assay above. Alternatively, R. montanensis was treated with 8 mM-1 mM
synthetic defensin-2 or 0.9% NaCl buffer supplemented with the same volume of
synthetic defensin diluent buffer (acetonitrile (1:3 ACN:water):1% DMF:1%DMSO) as a
negative control buffer. The concentrations (8 µM-1 mM) were obtained using serial
dilution. The negative control buffer was diluted equivalently to the highest peptide
concentration of 1 mM. R. montanensis was incubated with defensin or the negative
control buffer for 30 min at room temperature. R. montanensis were pelleted by
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centrifugation at 16,000 x g for 5 min. The R. montanensis pellet was separated from the
supernatant and both were resuspended in lithium dodecyl sulfate (LDS) (1X) sample
buffer with reducing agent (1X). Samples were heated to 70oC for 10 min and separated
on a 4-20% Bis-Tris gel (Life Technologies) and transferred to a polyvinylidene
difluoride (PVDF) membrane using an iBlot semi-dry transfer apparatus (Life
Technologies). Membranes were probed with preimmune or immune sera directed to R.
typhi cytolasmic protein EF-Ts generated by Primm Biotechnologies (Cambridge, MA,
USA). To determine if the R. typhi anti-EF-Ts serum recognized EF-Ts from R.
montanensis, the ORF for EF-Ts from R. montanensis was cloned into pET101D (Life
Technologies) and expressed from BL-21 Star E. coli (Life Technologies) using IPTG
induction. Pellets from 2-4 h cultures were resuspended in LDS buffer, heated to 70°C for
10 min and separated on 4-20% Bis-Tris gels and transferred to PVDF membranes. Blots
were probed with EF-Ts anti-serum to confirm serum cross-reactivity.

Live Counts
A 10 µl aliquot was removed from rickettsia incubated with 8 µM-1 mM synthetic
defensin-2. Rickettsia were centrifuged at 16,000 x g for 5 min at 4°C, the supernatant
removed and the pellet resuspended in 100 µl of 0.9% NaCl. A 200-fold dilution was
performed in 0.9% NaCl and the sample was counted on an iN CYTO C-Chip Improved
Neubauer hemocytometer (Chungcheongnam-do, Korea) using a Nikon Eclipse E600
(Melville, NY, USA). Each experiment was performed in duplicate and a total of four
experiments were completed. Values are reported as the mean ± (SD) values. Statistical
analysis was performed as described below.
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Defensin-2-R. montanensis association assay negative staining electron microscopy
of defensin-2 on rickettsia
Purified R. montanensis (1 x 107) were washed twice with PBS, resuspended in
PBS and 5-10 µg of recombinant defensin-2 or thioredoxin, and incubated at 30°C for 30
minutes with shaking. After incubation, R. montanensis were washed with PBS and fixed
with 4F1G fixative (4% formaldehyde, 1% gluteraldehyde in 0.5 M NaH2 PO4 Buffer-pH
7.2). After 1 h fixation on ice, cells were washed and resuspended in HEPES buffer.
Following resuspension, 10 µl of R. montanensis were spotted on nickel grids and
allowed to air dry before an additional 10 µl were spotted onto each grid. A total of 1 x
107 rickettsia were spotted onto each grid. Grids were blocked with 5% bovine serum
albumin + 0.1% Cold Water Fish Skin gelatin for 15 min at room temperature and
incubated with the rabbit anti-defensin-2 primary antibody at room temperature (1:20)
overnight. Rabbit preimmune serum was used to probe select samples previously
incubated with defensin-2 to demonstrate specificity of primary antibody binding. To
demonstrate the specificity of defensin-2 association with R. montanensis, rabbit antidefensin-2 antibody was used to probe rickettsia that were incubated with thioredoxin
control protein. Grids were washed three times with HEPES, and then incubated with the
10 nm gold particle-labeled anti-rabbit secondary antibody. Grids were fixed with 1%
paraformaldehyde, washed with distilled water, and incubated with 1% ammonium
molybdate prior to viewing. Samples were viewed on a JEOL 5700 Transmission
Electron Microscope (Jeol USA, Inc. Peabody, MA, USA).
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In vivo neutralization of defensin-2
IgG was purified from rabbit anti-defensin-2 or preimmune serum using MelonG
IgG purification kit (ThermoFisher Scientific) and the concentration estimated using
bicinchoninic acid protein assay (ThermoFisher Scientific) or Fluoroprofile protein
quantitation kit (Sigma, St. Louis, MO, USA). Five microliters of IgG was provided to 4day part-fed D. variabilis in capillaries at concentrations of 0.5, 1 or 2 mg/ml. Preimmune
IgG was provided at a 2 mg/ml concentration. To monitor evaporation of fluid from the
capillaries, we place a capillary containing 5 µl of solution (evaporation control) on a
petri dish. The capillary was not attached to the mouthparts of a tick. The fluid in
capillaries attached to the ticks’ mouthparts emptied before the fluid in the “evaporation
control” capillary. One hour after the IgG was imbibed, ticks were capillary-fed 8 µl of R.
montanensis (30,000 bacteria/µl) suspended whole sheep’s blood diluted 125-fold with
0.9% NaCl (2.4 x 105 total). The ticks were incubated overnight at 25°C and 90-100%
humidity. Whole tissues were collected for total RNA extraction (Qiagen, Valencia, CA,
USA). After extraction, burden was estimated using qRT-PCR. Rickettsial gltA transcript
was normalized with host actin transcript (44). We were unable to use the 16s rRNA
primers to estimate burden in vivo because of nonspecific amplification of symbiotic
bacteria transcript.

In vivo immunofluorescence assay of infected tick midgut
Four-day part-fed D. variabilis ticks were capillary-fed R. montanensis and
incubated for 48 h as described (50). Following incubation, midgut tissues from timematched uninfected and R. montanensis-infected ticks was dissected and flash frozen in
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Tissue-Tek, optimal cutting temperature medium (Miles Inc., Elkhart, IN). Samples were
stored at -80°C until used for cryosectioning. Five-micron sections were cryosectioned
and air-dried onto glass slides. After fixation, samples were blocked with PBS
supplemented with 10% FBS and washed twice with PBS. Samples were then incubated
with rabbit anti-defensin-2 serum (1:400) and mouse anti-R. montanensis serum (1:100)
for 1 h. A separate slide was incubated with normal rabbit and normal mouse control sera
as a control. Following incubation with the primary antibodies, sections were washed
three times with PBS for 5 min each. A 1:500 dilution of anti-rabbit Alexa Fluor 488 and
anti-mouse Alexa Fluor 594 secondary antibodies were applied for 30 min. Sections were
washed three more times and counterstained with 1 µM SYTOX Blue nucleic acid stain
in 10 mM Tris-HCl, 1 mM EDTA, pH 7.5 for 10 min at room temperature. Sections were
mounted using Vectashield (Vector Laboratories, Inc., Burlingame, CA, USA) and a
coverslip. Slides were visualized and images captured at 400 X total magnification on a
Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Thornwood, NY, USA) and
analyzed using LSMIX software package (Zeiss LSM Image Examiner Version 3.2.0.70).

Statistical Analysis
Each experiment was repeated at least twice. Individual ticks were designated as
biological replicates. Each treatment was represented by at least seven individual
biological replicates collected from all experiments performed. An interquartile range
outlier test was performed to exclude outlier data points from statistical analyses. Data
from each treatment group was subjected to the Shapiro-Wilk test and log transformed if
lacking normality. An F-Test was performed to assess equality of variances between
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groups. A one-tailed t-Test was performed to compare each treatment with a control. All
statistical analyses were performed using Microsoft Excel.
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Chapter 3: Defensin-1 from Dermacentor variabilis elicits
antimicrobial activity for Francisella novicida
INTRODUCTION
When ticks imbibe a bloodmeal from a vertebrate host, they may acquire viruses,
bacteria, or parasites. Through subsequent bloodmeals ticks can transmit these microbes
to humans or other mammals, which can result in severe disease. To limit their own
morbidity following exposure to these microbes, ticks possess robust immune
mechanisms limiting. The tick immune system consists of both humoral and cellular
innate immune responses. At the cellular level, tick hemocytes phagocytize invading
pathogens (46) and form walls around masses of Escherichia coli, in a process similar to
nodulation (49).Cationic anti-microbial peptides (AMPs), such as defensins
predominantly compose the humoral arm. These factors control infection of the tick by
the multitude of pathogens encountered through their hematophagous lifestyle.
Defensins are broad-spectrum 4-8 kDa, positively charged, cysteine-rich AMPs
with conserved α-helical and β-sheet structures. They are typically described as
aggregating at negatively charged bacterial membranes, resulting in the formation of
pores and bacterial lysis. However, studies describing oyster defensins inhibiting
peptidoglycan biosynthesis (155) and insect defensins forming potassium efflux channels
(156) suggest invertebrate defensins display a variety of mechanisms of action.
Translated as prepropeptides, most tick defensins contain a conserved furin
cleavage motif (RVRR). The mature peptide includes a G-X-C motif containing γ-core
domain within the C-terminus, which is conserved across the phylogenetic spectrum (52).
The γ-core consists of conserved cysteines that participate in disulfide bonding. The γ-
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core from longicin, a tick defensin from Haemaphysalis longicornis has antimicrobial
activity equivalent to the mature peptide (60). The reported antimicrobial activity of the
few tick defensins includes Gram-positive bacteria (53-55), Gram-negative bacteria (54,
57, 58), fungi (59), and parasites (60, 61)
The American dog tick Dermacentor variabilis transmits Rickettsia rickettsii and
Francisella tularensis, the causative agents of Rocky Mountain Spotted Fever and
tularemia, respectively. Two D. variabilis defensins (1 and 2) have been identified (50,
62, 63). Transcript abundance of both D. variabilis defensins 1 and 2 increases in
response to challenge by Rickettsia montantensis, a non-pathogenic species closely
related to R. rickettsii (50). As predicted, defensin-2 also associates with the membranes
of R. montanensis inducing cytoplasmic leakage. Treatment of R. montanensis with
recombinant defensin-2 reduces infection of mammalian host cells and IgG-mediated
neutralization of defensin-2 in D. variabilis midguts results in increased infection of
ticks. (58). Defensin-1 exhibits antimicrobial activity against Gram-positive Bacillus
subtilis (62) and Micrococcus luteus (64), but not Ixodes scapularis-vectored, double
membraned Borrelia burgdorferi (62). However, the antimicrobial mechanism of action
elicited by defensin-1 remains unknown.
Changes in membrane potential indicate bacterial injury, such as those arising
from defensin interactions (157, 158). Metabolically active bacteria have a more
negatively charged interior when compared to the exterior, utilizing ion channels and
pumps to maintain homeostatic membrane potential. This, along with pH, determines the
proton motive force (PMF), which is essential for ATP production. Because of the
importance of ATP to cellular processes and homeostatic conditions, measurement of
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changes in these vital signs are indicative of bacterial health (159).
Changes in membrane potential can result from the cell becoming more positive
or negative relative to the environment. Hyperpolarization occurs when the intracellular
environment becomes even more negative relative to the extracellular environment, while
depolarization occurs when the cell becomes more positive. Hyperpolarization often
follows an increase in potassium release or a change in intracellular pH toward alkaline
(160). This change in potential can dissipate PMF resulting in reduced ATP synthesis
(161). Thus, hyperpolarization of a bacterial cell leads to a disruption of homeostasis and
cell death. These effects can be seen by the activity of antimicrobial plant extracts on
Vibrio cholera (160), and human skin fatty acid cis-6-hexadecenoic acid (C6H) on
Staphylococcus aureus (162). Thus, these effects might be seen following treatment with
other naturally occurring antimicrobials, such as defensins.
In this study, we aim to characterize the manner in which defensin-1 from D.
variabilis elicits an antimicrobial effect, using tick-borne Francisella novicida as a
model. We demonstrate that defensin-1 and its γ-core alone reduce viability of F.
novicida. Meanwhile, using fluorescent dyes, we show treatment of F. novicida with
defensin-1 induces hyperpolarization of the bacteria, potassium efflux, and a slight
reduction in intracellular pH (pHin). Luminescent assays demonstrate a reduction of F.
novicida cellular ATP upon defensin-1 treatment. We thus hypothesize that defensin-1
functions by increasing permeability for potassium ions resulting in hyperpolarization
and a decrease in available ATP.
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RESULTS
Defensin-1 and its γ-core reduce F. novicida viability
Synthetic defensin-1 and defensin-1 γ-core peptides were tested for their bactericidal
effects on F. novicida. Following exposure to defensin-1 synthetic peptide, CFUs
decrease in a dose-dependent manner (Figure 3.1A) when compared to the PBS control,
with a 60% reduction at 100 µg/ml, and a 98% reduction at 1 mg/ml. Meanwhile, the
predicted γ-core treated reduces bacterial CFUs by 77%, relative to the PBS control
(Figure 3.1B).
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Figure 3.1 Defensin-1 reduces F. novicida viability
CFUs following a 2-hour treatment of F. novicida with increasing concentrations of either A) full length
defensin-1 or B) defensin-1 γ-core compared to a PBS control. Graphs are from a single representative
experiment performed in triplicate. Experiments were performed at least 3X.
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Defensin-1 and its γ-core cause hyperpolarization of F. novicida
Metabolically active bacterial cells with intact cytoplasmic membranes have a net
internal negative charge with respect to their exterior. Antimicrobial peptide interaction
with bacterial membranes change the potential (163). Membrane potential was evaluated
using negatively charged potential-sensitive probe DiBAC(4)3 (164). F. novicida
equilibrated with the probe were treated with defensin-1, the predicted defensin-1 γ-core
domain, or PBS for 2 hours at 37°C. Following plate reading, a decrease in fluorescence
takes place in both peptide treatments following normalization to the PBS control (Figure
3.2). This reduction in fluorescence is evidence of hyperpolarization of the bacterium.

47

Figure 3.2 Effect of defensin-1 on F. novicida membrane potential
Relative fluorescence indicating the difference F. novicida membrane potential following a 2-hour
treatment with defensin-1 and its γ-core normalized to a mock-treated control. Negative values signal
hyperpolarization. Values are the average of three experiments run in triplicate.
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Effects of defensin-1 on intracellular pH (pHin)
Changes in pH are another potential cause for changes in membrane potential
(159). The change in pHin of F. novicida following defensin-1 treatment was measured
using CFDA-SE (160). Increased fluorescence corresponds to a more basic pH. A
decrease in fluorescence following bacterial treatment with defensin-1 compared with the
mock control occurs with decreasing concentrations of defensin-1 (Figure 3.3A). These
differences in fluorescence correspond to decreases in pH of 0.05-0.18 units at 10
minutes post-treatment compared to the control (Figure 3.3B). The pH values were
determined by comparing fluorescence values to a standard curve (Figure A.1).
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Figure 3.3 Effect of defensin-1 on F. novicida intracellular pH
A) Relative fluorescence of CFDA-SE stained F. novicida potassium demonstrating pH change following
the addition of defensin-1 at different concentrations and B) Intracellular pH values at 10 minutes post
defensin-1 treatment. Experiments were performed at least 3X in triplicate.
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F. novicida potassium release results from defensin-1 treatment
The induced change in F. novicida membrane potential by defensin-1 indicates
ion movement across the bacterial membrane. Efflux of potassium was assessed using the
cell impermeant potassium-sensitive fluorescent dye PBFI. Increased fluorescence
corresponds to an increase in extracellular potassium. Fluorescence of PBFI stained F.
novicida were measured prior to treatment to establish a baseline. Immediately following
defensin-1 treatment, a dose dependent increase in fluorescence occurs (Figure 3.4A),
indicating potassium release. This same trend is seen following γ-core treatment (Figure
3.4B), indicating that the γ-core region is sufficient for inducing potassium efflux. This
potassium release is maintained for an hour post-treatment (data not shown).
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Figure 3.4 Effect of defensin-1 on F. novicida potassium efflux
Relative fluorescence of membrane impermeable potassium sensitive dye PBFI after F. novicida treatment
with A) defensin-1 and B) defensin-1 γ-core. Increased fluorescence indicates potassium release by the
bacteria. Graphs are from a single representative experiment performed in triplicate. Experiments were
performed at least 3X in triplicate.
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Defensin-1 reduces internal ATP levels
Due to its fundamental role in cellular energetics, ATP levels are an indicator of
cell viability. F. novicida were treated with defensin-1 and its γ-core for 1 minute and
then ATP levels quantified using a luminescent ATP determination kit. ATP values were
determined by comparing luminescence to a standard curve (Figure A.2, Table A.1).
Substantial loss of intracellular ATP is seen following these treatments when compared to
the mock control (Figure 3.5A). Defensin-1 full length reduces ATP by 98.9% (p<0.05)
and γ-core reduces ATP by 97% (p<0.05). To see whether these drops were sustained
over time, the bacteria were treated with the peptides for 2 hours prior to quantifying
ATP levels. After 2 hours, a precipitous reduction in ATP concentration continues
(Figure 3.5B), with full length treatment reducing ATP by 96.5% (p<0.05) and γ-core
treatment reducing ATP by 98.7% (p<0.05).
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Figure 3.5 Effect of defensin-1 on F. novicida ATP concentration
Cellular ATP levels of F. novicida following mock, defensin-1, and defensin-1 γ-core treatments at A) 1
minute post-treatment and B) 2 hours post-treatment.
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DISCUSSION
Ticks’ hemaphatagous lifestyle results in their potential exposure to a wide
variety of viral, bacterial, and eukaryotic pathogens. Ticks possess an innate immune
system with effectors well evolved to control microbial exposures (53-55, 57-61). The
goal of this study was to functionally characterize the antimicrobial activity of defensin-1
from D. variabilis. We demonstrate that defensin-1 reduces the viability of tick-borne F.
novicida in vitro. In evaluating the antimicrobial mechanism of defensin-1, we
determined that it causes hyperpolarization, potassium efflux, and a reduction in cellular
ATP concentrations of the bacteria, while having little effect on cytoplasmic pH.
Hyperpolarization occurs when the intracellular environment becomes more
negatively charged with respect to the external environment, suggesting a release of
positive ions or an influx of negative ions following defensin treatment, most likely due
to a release of potassium or a shift to a more alkaline pH (160). Increased fluorescence by
DiBAC4(3) occurs when the dye crosses the membrane due to depolarization, while
decreased fluorescence indicates hyperpolarization. The oxonol dye bears a negative
charge which excludes it from the negatively charged cytoplasm, progressively so with
an increase in the magnitude of membrane potential (158). Following treatment with
defensin-1, DiBAC4(3) stained F. novicida decrease fluorescence, indicating
hyperpolarization. This hyperpolarization activity mirrors similar reports following
treatment with other antimicrobials: V. cholera with plant extracts (160), S. aureus with
human skin fatty acid cis-6-hexadecenoic acid (C6H) (162), and Escherichia coli with
hBD-2 (165).
Using the dye cFDA-SE, we tested whether defensin-1 induced a change in pHin.
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We expected to see an increase in pH indicative of achange to basic, through the loss of
hydrogen ions. While the data suggests a dose dependent change in fluorescence (Figure
3.3A), this corresponds to minimal differences in actual pHin (Figure 3.3B). Additionally,
the bacteria become more acidic rather than basic, indicative of gained hydrogen ions,
and thus likely not reflective of hyperpolarization. However, when S. aureus was treated
with C6H, a rapid decrease in pH of only 0.1 unit was observed, thought to contribute to
the bactericidal effect seen (162). Thus, the small changes observed in F. novicida
cytoplasmic pH might be a biologically significant attempt to regain homeostatic
membrane potential. However, further studies need to be conducted before claims that the
pH change reduces viability can be made.
Potassium is a major cation found in bacterial cells. Changes in potassium
concentrations affect the PMF (166). Additionally, potassium uptake is required for F.
tularensis virulence in mice (167). We used potassium sensitive dye PBFI to determine if
defensin-1-induced hyperpolarization was due to a loss of intracellular potassium.
Potassium efflux by antimicrobials has been reported for other systems such as:
daptomycin and S. aureus (168), Enterocin P and Enterococcus faecalis (169), and
bacitracin and Micrococcus luteus (170). We see a dose dependent release of potassium
immediately following treatment of F. novicida with defensin-1 and its γ-core (Fig 4).
This loss of positive ions is likely responsible for the hyperpolarization we observe (171).
Tick defensins are members of the scorpion toxin-like superfamily, which are
folded into a cysteine-stabilized αβ tertiary structure (50, 51). Many scorpion toxins have
been described as interacting with ion channels, including some specific for potassium
channels (172). Likewise, crude scorpion venoms are reported as being antimicrobial
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(173, 174). A similarly disulphide stabilized insect defensin A from P. terranovae caused
efflux of potassium in M. luteus through the formation of channels (156). Because of the
structural similarity, defensin-1 could be behaving similarly to scorpion neurotoxins or
defensin A, by either directly interacting with ion channels or forming them.
Our study has shown that there is a significant decrease in cellular ATP of F.
novicida following defensin-1 and γ-core treatments. This could either be due to a
reduced rate of ATP synthesis or increased ATP hydrolysis (161). ATP synthesis requires
an intact PMF. Thus, disruption of PMF due to the change in membrane potential could
be halting ATP synthesis (159, 166). Likewise, ATP depletion could be the result of ATP
usage in an effort to stabilize the change in membrane potential through active ion
transport (166, 167, 175). Nonetheless, a reduction in cellular ATP signals a loss of cell
viability because of its fundamental role in cellular energetics.
In these studies, the predicted defensin-1 γ-core domain behaved comparably to
the mature peptide with respect to reducing viability, hyperpolarization, potassium efflux,
and cellular ATP concentrations. This conserved C-terminal domain contains cysteines
essential for disulfide bonding (52). The γ-core domain is found in defensins across tick
species, indicating its importance for function (141). The common behavior between the
mature peptide and γ-core domains is similarly seen with tick defensin longicin (61), and
suggests that the γ-core is sufficient for the antimicrobial activity of defensin-1.
We conclude that defensin-1 from D. variabilis reduces viability of F. novicida. It
exerts physiological changes that disrupt homeostasis of the bacteria, leading to cell
death. These changes include hyperpolarization, potassium efflux, and the reduction in
available ATP. While other antimicrobial agents have been previously reported to elicit
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similar activity, this is the first such report of a tick defensin functioning in this manner.

MATERIALS AND METHODS
Bacterial strain and growth conditions
F. novicida U112 was kindly provided by Robert K. Ernst, PhD (University of
Maryland School of Dentistry, Baltimore, Maryland). Bacteria were grown in tryptic soy
broth or agar supplemented with 0.1% cysteine. Liquid cultures were grown in a 37°C
shaking incubator while growth on solid medium was performed at 37°C. One milliliter
of log-phase bacteria was resuspended in 1X PBS, measured at OD600 and diluted
accordingly with PBS to the appropriate bacterial concentration for experiments.

Preparation of synthetic tick defensins
Mature, full length, defensin-1 (Accession number AAO24323.1) and predicted
defensin-1 γ-core peptides were synthesized by Peptide 2.0 (Chantilly, VA). Purification
by reversed-phase high-performance liquid chromatography and MS analyses were
performed by the vendor. According to the data provided by the vendor, synthetic
defensin-1 (GFGCPLNQGACHNHCRSIRRRGGYCSGIIKQTCTCYRN) was 95.64%
pure, while synthetic defensin-1 γ-core (SIRRRGGYCSGIIKQTCTCYR) was 95.13%
pure. The products were supplied as lyophilized trifluoroacetate salt. Peptides were
reconstituted in molecular biology grade water to a final concentration of 5.1 mg/ml and
stored at -80°C.
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Antimicrobial assay
F. novicida U112 were diluted to 2x106 with 1X PBS. Serial dilutions of
defensin-1 and defensin-1 γ-core synthetic peptides were done in a 96-well plate in a
volume of 25 µL 1X PBS. Twenty-five microliters (5x104 CFU) of F. novicida were
added to each experimental well. The plate was incubated at 37°C for 2 hours, then
samples were serially diluted, plated, and incubated overnight at 37°C for enumeration of
CFUs.

Bacterial membrane potential assay
F. novicida U112 were diluted to 2x106 CFU/ml with 1X PBS in a 1 mL volume.
Bacteria were incubated for 30 minutes at room temperature with 5 µM of the membrane
potential-sensitive probe bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4[3];
Life Technologies, Grand Island, NY). Briefly, serial dilutions of defensin-1 or defensin1 γ-core synthetic peptides were done in a black 96-well plate in a volume of 50 µL 1X
PBS. Bacteria were resuspended in 10 µM DiBAC4(3) and 50 µL added to peptide
dilutions, bringing the final dye concentration to 5 µM. The plate was incubated in the
dark at room temperature for 2 hours. Fluorescence measurements were done at
excitation and emission wavelengths of 485 and 520 nm, respectively, using a FLUOstar
Omega (BMG LABTECH, Inc., Cary, NC). Results were corrected to the background
fluorescence generated by 1X PBS-treated F. novicida.
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Determination of pHin
Log-phase F. novicida were washed twice, resuspended with 10 mL HEPES,
EDTA, pH 8.0 with 1µL of fluorescent probe carboxyfluorescein diacetate succinimidyl
ester (CFDA-SE, Life Technologies) and incubated for 10 minutes at 37°C. Bacteria
were then washed 1X and resuspended in 50 mM potassium phosphate buffer with 10
mM MgCl2, pH 7.0. Ten millimolar glucose was added and samples were incubated 30
minutes at 37°C. Cells were next washed 2X with 50 mM potassium phosphate buffer,
pH 7.0 and put on ice. Bacteria (1x109) were added to a black 96-well plate. Full-length
defensin-1 or defensin-1 γ-core synthetic peptides were serially diluted and added to
bacteria for a final volume of 300 µL. Water treated F. novicida served as a negative
control for peptide treated F. novicida. Fluorescence intensities were measured every
minute for 2 hours at an excitation wavelength of 485 nm, and an emission wavelength of
520 nm using a FLUOstar Omega (BMG LABTECH, Inc.).
Calibration curves were determined for CFDA-SE loaded F. novicida at buffers of
various pH. Controls included citrate-phosphate buffer (pH 4.2, 5.0, 6.2, 7.0) and TrisHCl (pH 7.2, 8.2, 9.0). The fluorescence intensity was measured at room temperature
after equilibrating the pHin and pHout by adding 1 µM valinomycin (Sigma-Alidrich, St.
Louis, MO) and 1 µM nigericin (Sigma-Aldrich).

Potassium efflux
Potassium efflux was measured using the cell impermeant potassium-sensitive
fluorescent dye 1,3-benzenedicarboxylic acid, 4,4′-(1,4,10,13-tetraoxa-7,16diazacyclooctadecane-7,16-diylbis(5-methoxy-6,2-benzofurandiyl))bis-1,3-
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benzenedicarboxylic acid (PBFI, Life Technologies). F. novicida were washed 3X with
assay buffer (50 mM HEPES, 5 mM glucose, pH 7.2). Washed cells were resuspended in
assay buffer containing PBFI at a final concentration of 1 µM. Bacteria (1x103) were
added to UV-transparent microtiter plates in 100 µL aliquots. To achieve baseline, plates
were read every minute for 5 minutes (FLOUstar Omega, BMG LABTECH, Inc) at an
excitation wavelength of 340 nm and emission wavelength of 520 nm. Defensin peptides
were added and measurements continued every minute for 12 minutes.

ATP determination
F. novicida (1 x 107) were incubated with 1 mg/ml defensin-1 or defensin-1 γcore peptide in PBS or a mock control in a volume of 50 µL for either 1 minute or 2
hours at 37°C. ATP extraction was done as previously described (176). Briefly, treated
bacterial samples were spun down and resuspended with 50 µL boiling deionized water.
Samples were then vortexed and centrifuged at 12000x g for 5 minutes at 4°C.
To quantify the ATP of supernatants, a bioluminescent ATP Determination Kit
(Life Technologies) was used. Ten microliters of supernatant and 90 µL of the kit’s
standard reaction solution were added to 96-well white opaque plates. Meanwhile a
standard curve was prepared per the manufacturer’s instructions and the plate’s
luminescence measured (FLOUstar Omega, BMG LABTECH, Inc). Luminescence of the
samples was compared to that of the known standards to determine ATP concentration.
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Statistical analyses
Experiments were repeated at least three times, with three replicates per
experiment. ATP data were analyzed using a non-parametric Kruskal-Wallis test
followed by a Dunnett’s procedure at the 0.05 level to compare each treatment to the
control.
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Chapter 4: Defensin specificity and contributions of lipid A
composition
INTRODUCTION
Despite defensins being considered broad spectrum antimicrobials, no single
AMP has emerged as effective against all microbes. This is likely due to the diversity of
both peptide sequences and bacterial membranes, influencing their electrostatic
interactions (177). Previous work demonstrated that tick defensins are broad-spectrum,
yet specific in their antimicrobial activity. Defensin A from Ornithodoros moubata and
defensins 1 and 2 from Ixodes ricinius are active against a range of Gram-positive
bacteria, but not Gram-negative species (53, 54). Meanwhile longicin from Hemaphysalis
longicornis displays fungicidal, parasiticidal, Gram-negative and Gram-positive
bactericidal activity (60, 61, 178). Hemolymph from non-vector D. variabilis effectively
kills Borrelia burgdorferi spirochetes. However, the same is not true for hemolymph
from the vector tick Ixodes scapularis (179). The correlation between functional
specificity of tick defensin and the susceptibility of the pathogens they transmit may have
played a role in determining the stability of these symbiotic relationships. The above
studies demonstrate that D. variabilis defensin-2 displays antimicrobial activity for R.
montanensis (Chapter 2, (58)) and defensin-1 displays antimicrobial activity for
Francisella novicida (Chapter 3) This study addresses how these tick defensins behave
against different vectored bacteria, and whether bacterial lipid A structure might play a
role in determining D. variabilis defensin specificity and activation.
Three major innate signaling pathways regulate the transcriptional activation of
defensins in arthropods: Toll, Immune Deficiency (IMD), and JAK-STAT. Toll activates
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in response to Gram-positive bacteria and fungus (33, 180). IMD activates in response to
Gram-negative bacteria (181-185). Recognition of these pathogens occurs via
peptidoglycan recognition proteins (PGRPs) detecting their cell wall components. JAKSTAT, first described as a cytokine signaling pathway, plays a role in bacterial and
protozoan defense. Orthologs in the I. scapularis genome confirm the presence of these
pathways in hard ticks (Figure 4.1) (35). While JAK-STAT signaling controls Anaplasma
phagocytophilum infection of the vector tick I. scapularis (186), the role of these
pathways in tick immunity is largely undefined.
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Figure 4.1 Schematic representation of I. scapularis immune-related genes potentially representing
three major signaling pathways that lead to anti-microbial responses.
While annotated tick genes from each pathway are shown in black font, the apparently missing genes are
indicated in blue. Reprinted from (35). © 2014 Smith and Pal.
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Francisella circumvent immune responses of mammals. Lipid A comprises the
hydrophobic anchor of LPS in the outer membrane of Gram-negative bacteria.
Recognition of lipid A by the innate immune receptor TLR4 triggers inflammation in
mammalian hosts (187). Francisella has a unique tetra-acylated lipid A structure with
side chains of 16 and 18 carbons in length has a single phosphate at position 1 (Figure
4.2) (188-190). Francisella’s lipid A does not stimulate TLR4 or TLR2, activate
macrophages, or induce inflammation in a manner comparable to lipids A from other
Gram-negative species, which are often hexa-acylated with chains of 12 to 14 carbon
lengths (Figure 4.2) (190-192).
F. novicida mutants ΔLpxF (a 4’ phosphatase) and ΔLpxD1 (an ester-linked
acyltransferase) lack enzymes involved in lipid A synthesis causing altered composition.
These membrane changes result in increased sensitivity to the pore forming cationic
antimicrobial peptide, polymyxin (a cyclic peptide with a long hydrophobic tail)
compared to the wild type (193, 194). The ΔLpxF mutant lacks a 4’phosphatase and
subsequently the lipid A structure retains the one phosphate group and a 3′-hydroxyacyl
chain (Figure 4.2C) (193). The ΔLpxD1 mutant lipid A has shorter acyl chains attached
at the 2 and 2′ positions (Figure 4.2D) (194). These modifications result in a greater
negative charge and increased permeability, respectively, and is believed to underpin
their increased susceptibility to cationic antimicrobial peptides. Both mutants are
attenuated in mice, yet like the wild type neither mutant stimulates inflammation through
TLR4. Thus, attenuation in mammals is through a mechanism other than enhanced TLR4
recognition (193-195).
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Figure 4.2 Structures of lipid A molecules synthesized by E. coli and F. novicida
Modified from (193) © 2007 by The National Academy of Sciences of the USA and courtesy of Alison J.
Scott, Ph.D.
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F. novicida and LVS elicit a humoral response in D. melanogaster and are more
virulent in Relish mutant flies (95, 96). ΔLpxF is attenuated in D. melanogaster, but not
Relish deficient flies, and it has increased susceptibility to Drosophila antimicrobial
peptides (95). This indicates the importance of IMD activation and antimicrobial peptides
in an arthropod infection. In contrast to mammalian TLR4, activation of the Drosophila
IMD pathway relies on recognition of peptidoglycan, not lipid A (185). Activation of the
Drosophila IMD pathway occurs following recognition of Gram-negative DAP-type
peptidoglycan by PGRP-LE and PGRP-LC (181-185). While this PGRP-dependent
pattern recognition is thought common to arthropods, immune activation mechanisms and
signaling in ticks are not yet elucidated (35).
The susceptibility of ΔLpxD1 or its immune activation in arthropods is unknown.
However, the lipid A profile of wild-type F. novicida grown at 18°C (194) is that of the
ΔLpxD1. Hence, this lipid A profile is likely the predominant structure ticks encounter
during diapause and therefore significant to maintenance in nature. Additionally, Yersinia
pestis lipid A mutants with enhanced susceptibility to AMPs are unable to outcompete
the wild type in the vector flea, presenting the importance of lipid A structure to a
successful vector:pathogen relationship (196).
Earlier chapters demonstrate the ability of defensin-2 to limit host cell burden by
R. montanensis through cytoplasmic leakage and defensin-1 to reduce viability of and
induce potassium efflux in F. novicida. However, it is unclear whether both defensins
have activity for both vectored bacteria. This study addresses the specificity of defensin-1
for R. montanensis and defensin-2 for F. novicida, and assesses the role of Francisella
lipid A in susceptibility to and immune activation of defensin-1.
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RESULTS
Defensin-1 does not decrease rickettsial burden
Purified R. montanensis (5 × 106) incubated with synthetic defensin-1 or PBS
were placed on L929 cells, incubated, collected at 24 hours. Rickettsial burden was
assessed with quantitative reverse transcriptase-PCR (qRT-PCR). There was no
significant difference between the two treatments (Figure 4.3).
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Figure 4.3 Defensin-1 does not decrease rickettsial burden in vitro
R. montanensis were incubated with full-length defensin-1 or PBS prior to infecting L929 cells for 24
hours. Rickettsial burden in the infected L929 cells was determined using quantitative reverse
transcriptase-PCR (qRT-PCR). A total of three separate experiments were performed in triplicate.
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Defensin-2 but not its γ-core has antimicrobial activity for F. novicida
Synthetic defensin-2 and defensin-2 γ-core peptides were tested for their
bactericidal effects on F. novicida. 5x104 CFUs of log-phase bacteria were incubated
with increasing concentrations of peptide or PBS for 2 hours at 37°C. These reactions
were then serially diluted, plated, and enumerated for remaining CFUs. Following
exposure to defensin-2 synthetic peptide, CFUs decrease in a dose-dependent manner
(Figure 4.4A) when compared to the PBS control, with a 94.6% reduction at 1 mg/ml.
Meanwhile, the predicted γ-core yielded no reduction in CFUs relative to the PBS control
(Figure 4.4B)

71

a

250000

CFUs

200000

150000

100000

50000

0

1 mg/ml

b

100 μg/ml
Full Length Treatment

PBS

35000
30000

CFUs

25000
20000
15000
10000
5000
0

1 mg/ml

100 μg/ml
10 μg/ml
γ Core Treatment

PBS

Figure 4.4 Defensin-2 but not its γ-core has antimicrobial activity for F. novicida.
CFUs following a 2-hour treatment of F. novicida with increasing concentrations of either A) fulllength defensin-2 or B) defensin-2 γ-core compared to a PBS control. Graphs are from a single
representative experiment performed in triplicate. Experiments were performed at least 3X.

72

F. novicida ΔLpx mutants have different susceptibilities for defensin-1 and its γ-core
Following incubation of 5x104 CFUs F. novicida ΔLpxF with serially diluted full
length and γ-core defensin-1 synthetic peptides, a reduction of CFUs is noted when
compared with the PBS control (Figure 4.5A-B). Reduction at 1 mg/ml is 67% and 52%
for full length and γ-core, respectively. Incubation of 5x104 CFUs F. novicida ΔLpxD1
with serially diluted full length results in a 55% reduction in CFUs at 1 mg/ml (Figure
4.5C) However, no such reduction is observed following treatment of that mutant with γcore peptide (Figure 4.5D)
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Figure 4.5 Defensin-1 has different activity for F. novicida ΔLpx mutants
CFUs following a 2-hour treatment of F. novicida ΔLpx mutants to defensin-1. A) ΔLpxF following fulllength defensin-1 treatment. B) ΔLpx following defensin-1 γ-core treatment. C) ΔLpxD1 following fulllength defensin-1 treatment. C) ΔLpxD1 following defensin-1 γ-core treatment. Each is compared to a PBS
control. Graphs are from a single representative experiment performed in triplicate. Experiments were
performed at least 3X.
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Immune activation of defensin-1
Unfed adult D. variabilis were injected with PBS, ΔLpxF, ΔLpxD1, or wild type F.
novicida. RNA was extracted from tick tissues RT-PCR for defensin-1 transcript was
performed and amplicons run on an agarose gel. Differential expression of the immune
gene occurs. PBS injected ticks elicited a strong defensin-1 response, while ΔLpxD1
elicited a lesser response. D. variablis defensin-1 is not activated in response to ΔLpxF or
wild type challenge (Figure 4.6).
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Figure 4.6 Defensin-1 transcription responds differentially to F. novicida ΔLpx mutants in vivo
RT-PCR reaction run of defensin-1 in D. variabilis adults following hemocoelic injection with PBS,
ΔLpxF, ΔLpxD1, and wild type F. novicida
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DISCUSSION
This study demonstrates a range of specificities by D. variabilis defensins for R.
montanensis and F. novicida. Chapter 2 demonstrated defensin-2 induced cytoplasmic
leakage of R. montanensis and this study shows that it also kills F. novicida, though its γcore is ineffective. While Chapter 3 illustrates the ability of defensin-1 to induce
potassium efflux and reduced viability of F. novicida, this study shows that it does not
have the same effect on R. montanensis, as burden is not reduced following treatment.
Finally, this study begins to establish the role of bacterial lipid A in a tick vector
infection.
Defensins 1 and 2 from D. variabilis differ from one another. Defensin-1 is
predominantly present in hemolymph, while defensin-2 is in the midgut (50, 63).
Additionally, defensin-2’s primary structure and phylogenetic placement appears unique
with respect to other tick defensins. It lacks a furin cleavage motif (RVRR), which is
prevalent amongst tick defensins (50). Unlike most defensins, defensin-2 is weakly
anionic with a predicted isoelectric point (pI) of 5.14 (Chapter 1, (58)), while defensin-1
is cationic, with a predicted pI of 9.43 (http://web.expasy.org/compute_pi/). The
predicted γ-core pI’s are 9.8 and 3.18 for defensin-1 and defensin-2, respectively. These
differences in expression patterns and physical characteristics may account for their
differences in activity for a particular bacterial species.
R. montanensis live an obligate intracellular lifestyle, initially infecting the tick
midgut epithelium. Meanwhile, Francisella are known to invade phagocytic cells,
infecting Drosophila (96) and D. variabilis hemolymph at high numbers (197). Rickettsia
move inter- and intracellularly by polymerizing host cell actin, while Francisella escape
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host cells by inducing apoptosis. Differences in colonization patterns and lifestyle likely
determine the immune effectors and regulators each species encounters in vivo, as
defensins have different tissue expression patterns (50). This would subsequently effect
the selective pressures between acquired bacteria and the immune system and could
explain why defensin-1 is active against F. novicida (Chapter 3) but not R. montanensis
(Figure 4.3), while defensin-2 is active against both (Chapter 2, Figure 4.4).
Previous reports indicate increased susceptibility of ΔLpxF and ΔLpxD1 to
antimicrobial peptides due to their differences in lipid A composition compared with the
wild type. This is thought to be due to ΔLpxF having a more net negative charge and
ΔLpxD1 having a more permeable membrane (95, 193, 194). This study shows that while
these mutants are susceptible to defensin-1 (Figure 4.5), percent reduction of CFUs is
comparable to what is seen with wild type (Chapter 3). This suggests that the interaction
of defensin-1 with the bacterial surface might be less dependent on charge and
permeability, consistent with the hypothesis that the peptide functions through
interactions with ion channels (Chapter 3). Interestingly, ΔLpxD1 does not respond to the
defensin-1 γ-core treatment, where ΔLpxF (Figure 4.5) and wild type do (Chapter 3).
The γ-core motif is believed to be essential to the interaction of defensins with
bacterial surfaces, as it is conserved throughout the phylogenetic spectrum. It also may
serve a scaffolding role (52, 198). In some instances, such as tick defensin longicin, this
C-terminal region is sufficient for antimicrobial activity (60). However, when assayed for
antimicrobial activity, the γ-cores of three I. ricinus defensins were not comparable to the
full length. Yet, these same γ-cores did display enhanced antifungal activity when
compared to the full length (199). Thus, tick defensins are multifunctional and the N-
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terminal end of defensins might be required for activity depending on the target microbe.
This could account for the lack of activity by defensin-1’s γ-core against ΔLpxD1 and
defensin-2’s γ-core against wild-type F. novicida, compared to the full-length peptides.
Much of what is understood about arthropod immunity stems from studies using
Drosophila. Francisella infects D. melanogaster and is susceptible to Drosophila
antimicrobial peptides. Drosophila resistance is dependent on activation of the IMD
pathway and antimicrobial peptide expression (95, 96). Because the pathway is
evolutionarily conserved, we presume similar peptidoglycan pattern recognition and
downstream signaling occur in the tick. While putative PGRP’s have been annotated in
the I. scapularis genome, they have not been functionally characterized in a tick.
ΔLpxF and wild type F. novicida infection do not elicit transcription of defensin-1
in D. variabilis, while ΔLpxD1 and the PBS control do (Figure 4.6). The act of injection
likely induces an immune response, accounting for upregulation in the PBS control.
However, we would expect to see the same basal level of transcription present in all
treatments. ΔLpxD1 stimulates defensin-1, but to a lesser degree than the PBS control.
This suggests that comparable to mammalian infections, Francisella employ immune
evasion and dampening strategies in the tick vector. However, because lipid A itself is
likely not a PAMP within the arthropod host, its composition might determine the
accessibility of peptidoglycan to PGRPs, and subsequent activation of immune pathways.
Staphylococcus aureus alters wall teichoic acids linked to peptidoglycan to inhibit
activation of Drosophila PGRP-SA and AMPs (200-202). Francisella might employ a
similar strategy to evade tick PGRPs.
Alternatively, defensin-1’s activity might activate earlier than the 24-hour time
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point assayed. When challenged with B. burgdorferi, D. variabilis upregulated defensin-1
in the hemolymph 1-hour post infection but this subsides by 6-hours post infection (203).
However, its activation in response to R. montanensis peaks at 48-hours post infection
(50). Hence, questions regarding defensin-1’s in vivo role during a Francisella infection
remain. Additionally, this study did not address defensin-2’s in vivo role during a
Francisella infection. Potentially, these defensins are working in concert over time to
protect the tick an overwhelming infection. A time course of both effectors’ transcripts
following Francisella infection could test this hypothesis.
Activation of defensin-1 by ΔLpxD1 might be a bacterially evolved advantage to
maintaining homeostatic conditions during the tick’s diapause. Temperature studies
demonstrate that the lipid A profile of ΔLpxD1 is predominant in the wild type grown at
18°C (194). Diapause is a form of dormancy that serves to synch the life-cycle to
favorable conditions and offer resistance to unfavorable conditions (204). While
Francisella grow more slowly at 18°C and ticks have an altered physiological state
during diapause, mechanisms need to be in place to prevent the tick from being
overwhelmed by infection. Thus, activation of defensin-1 by ΔLpxD1 might allow basal
levels of bacteria to persist when the tick is not on a mammalian host. This would allow
for survival of the tick and subsequently the bacteria until the next blood meal.
This study addresses the specificity of defensin-1 for R. montanensis and
defensin-2 for F. novicida, and assesses the role of Francisella lipid A in susceptibility to
and immune activation of defensin-1. It demonstrates that defensin-1 does not decrease R.
montanensis burden of host cells and that defensin-2, but not its γ-core reduce F. novicida
viability. Meanwhile, ΔLpxD1 and ΔLpxF mutants are susceptible to defensin-1, but
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differ in their activation of the peptide in vivo, establishing a role for lipid A composition
in tick vector competency.

MATERIALS AND METHODS
Rickettsial Burden
R. montanensis were purified using 20% OptiPrep density gradient medium (SigmaAldrich, St. Louis, MO) as previously described (Chapter 2, (58, 205)), and quantified
using the BacLight Live/Dead assay (Life Technologies, Grand Island, NY). 5x106 R.
montanensis were centrifuged and resuspended with 30 µl of either PBS or 1 mg/ml
defensin-1 for 30 min at room temperature. Bacteria were then added to L929 cells at an
MOI of 10 and incubated overnight. Infected cells were washed 3x with PBS and 500 µl
of Trizol (ThermoFisher Scientific Waltham, MA) added to the wells. Wells were
scraped and contents moved to 1.5 ml tubes. Samples were stored at -80°C until nucleic
acid isolation. RNA was extracted using the Direct-zol RNA kit (Zymo Research, Irvine,
CA). Rickettsial burden was determined using qRT-PCR by normalizing rickettsial glta
to host cell actin transcript. Amplification was done using gltA forward primer 5’CAGTCCGAATTGCCAGCTCA-3’ and reverse primer 5’CGGGCCAAAGTGAGGCAATACCCG-3’ and actin forward primer 5’TGAAATAAGTGGTTACAGGAAGTC-3’ and revers primer 5’GCAGTACATAATTTACACAGAAGC-3’.
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Antibacterial Assay:
F. novicida U112, ΔLpxF, and ΔLpxD1 were kindly provided by Robert K. Ernst, PhD
(University of Maryland School of Dentistry, Baltimore, Maryland). Bacterial growth,
defensins 1 and 2 peptide preparation, and CFU assays were performed as previously
described (Chapter 3).

Immune activation of defensin-1.
F. novicida U112, ΔLpxF, and ΔLpxD1 (10,000-30,000 CFU) and PBS were injected
into the emargination cavity of unfed adult D. variabilis using pulled glass capillaries
attached to a Nanoject II pump (Drummond Scientific, Broomall, PA). Ticks incubated
overnight at 23°C with 95% humidity then were washed with 3% hydrogen peroxide,
sterile water, and 70% ethanol in succession, dried and placed in sterile 5 ml conical
tubes on ice. Each tick was placed in a drop PBS on a specimen slide, cut in two halves
using a sterile razor blade, and tissues removed. Tissues were disrupted using a pestle
then transferred to a 2 ml tube. Trizol reagent (200 µl) (ThermoFisher Scientific) was
added to the tubes and put at -80°C until use for RNA isolation. RNA was extracted using
the Direct-zol RNA kit (Zymo Research) and defensin-1 amplified by RT-PCR using
forward primer 5’-CTTTGCATCTGCCTTGTCTTTCTC-3’ and reverse primer 5’AATTCCTGTAGCAGGTGCAGG-3’.
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Statistical analysis
Experiments were repeated at least three times, with three replicates per
experiment. qRT-PCR data were analyzed using a non-parametric Wilcoxon Rank Sum
Test.
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Chapter 5: Disrupting protein expression with Peptide Nucleic
Acids reduces infection by obligate intracellular Rickettsia2
INTRODUCTION
Organisms in the genus Rickettsia are vector-borne Gram-negative αproteobacteria that cause severe febrile disease in humans. The genus is grouped into
Typhus Group (TG) and Spotted Fever Group (SFG) based on antigenicity of outer
membrane proteins and the different diseases caused. The obligate intracellular lifestyle
of Rickettsia species substantially limits the ability of researchers to genetically
manipulate them in the laboratory, thus impeding progress in understanding their unique
lifestyles and virulence. The use of homologous recombination in R. typhi (121) and
transposon mutagenesis in R. monacensis and R. prowazekii (122, 206, 207) to express
GFP indicate that the barriers to genetic manipulation are not insurmountable. Likewise,
the use of the mariner-based Himar1 transposon system enabled researchers to inhibit
actin-based motility of R. rickettsii through disruption of the autotransporter Sca2 and
restore a nonlytic plaque phenotype to R. rickettsii spoT mutants (116, 124). However,
these tools are underdeveloped when compared to those available to free-living bacterial
systems and present challenges of their own. For instance, screening rickettsial
transformants, is constrained by the number of resistance markers available due to the
clinical importance of many antibiotics, and by the potential for spontaneous mutants
arising following numerous passages (120). In addition, the process of selecting mutants
can take weeks due to poor transformation efficiencies and slow bacterial growth (116,
2

Pelc RS, McClure JC, Kaur SJ, Sears KT, Rahman MS, Ceraul SM. 2015. Disrupting protein expression
with Peptide Nucleic Acids reduces infection by obligate intracellular Rickettsia. PLoS One
10:e0119283.
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124). The need for better developed strategies for suppressing protein synthesis in
obligate intracellular systems, such as Rickettsia, remains in order for improved
molecular dissection of host-microbe interactions.
Antisense technologies offer temporary reduction of protein expression through
sequence-specific recognition of mRNA. Peptide Nucleic Acids (PNAs) are DNA mimics
possessing a pseudopeptide backbone with conventional purine and pyrimidine bases
(127). Antisense PNA molecules complementary to the Shine-Dalgarno or start codon
region of mRNA effectively reduce translation (129, 130). PNAs designed
complementary to essential components such as ribosomal RNA demonstrate their use as
effective antimicrobials in a concentration dependent manner (129), while offering the
possibility of using PNA to study essential protein function where a true knockout would
preclude recovery of viable mutants. The ability of PNA to limit growth of facultative
intracellular bacterium Brucella suis (135), implies the feasibility of using this strategy
for reducing protein expression in obligate intracellular Rickettsia sp.
With this report we aim to provide a proof of principle for the utility of PNAantisense technology to study Rickettsia spp. Based on the efficiency of protein inhibition
demonstrated for bacteria from other genera, we hypothesize that PNA will reduce
protein expression of RickA and rOmpB resulting in decreased infection of host cells. We
targeted rickA from non-pathogenic R. montanensis (SFG) and rOmpB from endemic
typhus-causing R. typhi (TG) because of the defined phenotypes associated with their
functions. Studies targeting the R. rickettsii Arp2/3 activator RickA demonstrate its
essential role during actin tail polymerization and intercellular spread (114). Meanwhile,
surface expressed rOmpB of R. conorii is sufficient for bacterial invasion of non-
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phagocytic mammalian cells (110, 112). Hence, disruption of either RickA or rOmpB
expression should limit bacterial load due to their respective roles in establishing
infection. Using in vitro translation and PNA-RNA hybridization assays, we show that
the PNAs hybridize to the complementary upstream region for each target gene. When
targeting PNA to either rickA in R. montanensis or rOmpB in R. typhi prior to in vitro
infection, subsequent burden of infected L929 or Vero cells decreased 88% and 56%,
respectively when compared to non-targeting controls at 24 hours. An 80% drop in R.
montanensis burden persisted at 48 hours post-infection. Despite this, we measured no
change in adherence to host cells following either rOmpB or rickA PNA treatments. We
detected a 90% reduction in burden in vivo following injection of Dermacenter variabilis
ticks with rickA PNA-treated R. montanensis. Taken together, these data point toward
PNA as a viable methodology for studying genes of obligate intracellular species by
successfully decreasing protein expression to elicit a phenotype.

RESULTS
rickA PNA binds the complementary target in vitro
PNA complementary to the putative Shine-Dalgarno region of the wellcharacterized rickettsial gene, rickA, was tested for its ability to bind its target and
suppress protein production using an in vitro translation system. We cloned the gene
region starting 100 base pairs upstream of the rickA start codon through 600 base pairs
downstream to include the sequence complementary to our PNA (Figure 5.1A). An E.
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Figure 5.1 PNA is specific for designed target
A) rickA PNA target with putative Shine Dalgarno region in red and start codon in bold B) Western blot of
in vitro translation assay supplemented with PNA complementary to the cloned region of rickA, no PNA, or
non-targeting control-1 PNA. In vitro translation reactions contained vectors coding both truncated RickA
and the control CALML3, or CALML3 alone. C) rOmpB PNA target with start codon in bold D) Dot blot
confirming biotinylation of rOmpB and non-targeting-2 PNA. E) Nylon membrane probed to detect
biotinylated PNA-ssRNA pairs following rOmpB PNA target RNA denaturation and hybridization to
biotinylated PNA, incubated with increasing ratios of unlabeled PNA for competitive binding assay.
Incubations with either no PNA or biotinylated non-targeting-2 PNA serve as a control.
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coli derived in vitro transcription/translation assay was then performed with the reactions
treated with either no PNA, non-targeting control-1 PNA, or rickA PNA. The control
vector coding for human calmodulin-like 3 (CALML3) was added to each reaction to
serve as an internal loading control. A separate reaction containing the control vector
alone was also performed. The entire volumes of each reaction were processed for
Western Blotting to ensure equal loading. Reduced rickA production was observed when
the in vitro translation reaction was supplemented with PNA specific to the gene, as
compared with no PNA or non-targeting treatments (Figure 5.1B). No change in
CALML3 protein level was seen between the treatment groups demonstrating the
specifity of the PNA for the rickA target sequence and equal loading. However, slightly
increased CALML3 expression was seen in the CALML3-only reaction compared with
those also including the rickA containing vector. This difference is likely due to equal
concentrations of reagents being used for the translation of a single protein from a single
vector versus the translation of two proteins from two vectors. A ghosted band appears at
25 kDa in all reactions, which may be an artifact of sample preparation, as its presence in
the CALML3-only reaction indicates it is not associated with RickA expression. Thus,
decreased expression of RickA following treatment with target PNA demonstrates its
complementarity to and ability to bind the appropriate nucleotide sequence.

rOmpB PNA is complementary to its target sequence
Attempts to perform PNA treated in vitro translation of rOmpB were unsuccessful due to
difficulty in cloning the appropriate rOmpB region. We chose instead to perform a
hybridization assay to demonstrate the complementary binding ability of rOmpB PNA
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(Table 5.1) to the desired nucleotide sequence (Figure 5.1C). To establish rOmpB-PNA
pairs with the desired sequence, we biotinylated the PNA and hybridized it to a target
rOmpB ssRNA molecule inclusive of the start codon. Biotinylation of PNA was
confirmed via dot blot (Figure 5.1D). Equal concentrations of rOmpB amplicon were
mixed with biotinylated rOmpB PNA or non-targeting control-2 PNA, or different ratios
of labeled to unlabeled rOmpB PNA. This would enable competitive binding to
demonstrate specificity. Samples were heated to allow for denaturation then incubated at
room temperature to anneal. No PNA hybridization occurred when the reaction was
supplemented with biotinylated non-targeting control-2 PNA or when the reaction
contained no PNA (Figure 5.1E). However, hybridization occurred when the amplicon
was mixed with biotinylated rOmpB PNA complementary to the target (Figure 5.1E). We
saw decreased hybridization of biotinylated PNA following competitive inhibition with
increasing concentrations of unlabeled rOmpB PNA. This formation of a ssRNA-PNA
pairing establishes the ability of our rOmpB PNA to bind the desired nucleotide target
sequence.
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Target
Gene
rOmpB

Description

PNA Sequence

Encodes an outer membrane protein
sufficient for adherence and invasion
of non-phagocytic cells by rickettsiae
rickA
Encodes a human WASP-like protein
with the capacity to activate Arp 2/3
of host cells for intercellular spread
Non-target-1 Scrambled control
Non-target-2 Off-target control, encodes rifampin
resistance
Table 5.1 PNA Sequences
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H-(KFF)3K-TTT TTG AGC CAT AAT
TT-NH2
H-(KFF)3K-ACC TAC TAT AAA TNH2
H-(KFF)3K-TCT TAG TAT GTA TCT
TA-NH2
H-(KFF)3K-TAC CAT ATG AAA-NH2

rOmpB and RickA expression decrease in rickettsiae following PNA treatment
Knowing that PNA is specific for its target gene, we evaluated its ability to
suppress protein expression in rickettsiae. R. typhi and R. montanensis were purified and
electroporated with non-targeting control-2 and either rOmpB or rickA PNA. Following
recovery, bacteria were serially diluted, lysed, and protein extracts run on a denaturing
gel then transferred to PVDF. The goal of probing a dilution series was to overcome the
saturation effect of highly expressed proteins like rOmpB and RickA. Given that PNAmediated reduction likely affects only a percentage of the whole target protein
population, we reasoned that a loss of protein could be measured by a loss of signal at
higher dilutions as compared to non-targeting controls. Membranes were probed with
antiserum for either rOmpB or RickA and translation elongation factor Ef-Ts, to
demonstrate equal loading. We observed a loss of signal earlier in the dilution series in
those bacteria treated with PNA specific for rickA or rOmpB compared with those treated
with a non-targeting control-2 (Figure 5.2A, Figure 5.3A). Meanwhile, undiluted Ef-Ts
bands were equivalent. The higher band seen when probing with anti-Ef-Ts serum is a
previously documented host protein that cross reacts with our anti-Ef-Ts serum (58, 143).
We performed quantitative densitometry graphing the signal of each dilution as a percent
of the signal from the undiluted sample. The loss of signal earlier in the dilution series
indicates the presence of less rOmpB or RickA, which we interpret as successful PNA
knockdown of each protein’s expression respectively.
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Figure 5.2 PNA decreases protein production and in vitro and in vivo infection by SFG R.
montanensis
A) Western blot of Opti-prep purified, serially diluted R. montanensis treated with rickA PNA and
quantitative densitometry of the RickA expression as a percent of undiluted RickA. B) Adherence
percentages and C) Infection percentages of L929 cells by R. montanensis treated with PNA designed to
rickA at 24 and 48 hours. Infection by rickA PNA-treated R. montanensis is reduced 88% (p=0.00006) at 24
hours and 80% (p=0.005) at 48-hours post-infection. There is no statistically significant change in
adherence with PNA treatment. In vitro experiments were repeated twice and performed in duplicate. Error
bars represent standard deviation. D) Unfed D. variabilis adult ticks were injected with rickA PNA-treated
(n=11) or non-targeting control PNA-2-treated (n=10) rickettsia. Rickettsial burden was measured using
qPCR. Genomic copies for gltA were normalized to genomic copies for actin. Closed circles represent
individual ticks and the closed horizontal bars represent the mean. Rickettsial burden in ticks infected with
rickA PNA-treated R. montanensis is reduced 90% compared to the control (p=0.004). In vivo experiments
were repeated twice with 10 biological replicates per treatment.
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Figure 5.3 PNA decreases rOmpB protein production and in vitro infection by TG R. typhi
A) Western blot of Opti-prep purified, serially diluted rOmpB PNA-treated R. typhi and quantitative
densitometry of the rOmpB expression as a percent of undiluted rOmpB. B) Adherence percentages of
Vero cells by rOmpB or non-targeting control PNA-treated R. typhi. No statistical significance found
between treatment groups. C) Infection percentages of Vero cells by rOmpB or non-targeting control
PNA-treated R. typhi. Infection by rOmpB PNA treated R. typhi is reduced 56% (p=0.02) compared to
non-targeting control PNA. In vitro experiments were repeated twice and performed in duplicate. Error
bars represent standard deviation.
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Inhibition of Rickettsial entry but not association in vitro
RickA and rOmpB are well characterized for their role in intercellular spread and
host cell invasion respectively (111, 114, 208, 209). Hence, interruption of these proteins’
expression should reduce rickettsial infection. Purified R. montanensis were
electroporated with either rickA or non-targeting-1 PNA, electroporated in the absence
PNA, or left untreated. Following recovery, they were incubated with L929 mouse
fibroblast cells for 24 or 48 hours. At the respective time points, cells were washed, fixed
and stained differentially for internal and external bacteria to allow visual determination
of infected or bacterially associated host cells by microscopy as described previously
(44). Bacterial electroporation alone caused a loss of infection compared to no treatment,
indicating a loss of viability as a result of the procedure. However, an 88% and 80% drop
in infection for rickA PNA treated bacteria occurred at 24 and 48 hours respectively,
when compared with those electroporated only or treated with non-targeting control-1
PNA (Figure 5.2C). Likewise, when we infected Vero cells with R. typhi treated with
either rOmpB or non-targeting-1 PNA, we observed a 56% decrease in infection at 24
hours when the bacteria were treated with rOmpB PNA versus the non-targeting control
(Figure 5.3C). Taken together, these data illustrate the capability of using PNA to reduce
a particular protein’s expression to in turn impair rickettsiae infection of host cells.
To verify that the loss of host cell infection by R. typhi and R. montanensis seen
following rOmpB and rickA PNA treatments was not due to an inability to associate with
host cells following PNA treatment, we next measured the ability of bacteria to associate
with host cells. We used the aforementioned strategy of differentially staining rickettsiae.
Host cells with associated (extracellular) bacteria were counted as a percentage of 100
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total host cells. No significant difference in host cell association was seen when R.
montanensis was treated with rickA PNA (Figure 5.2B) or when R. typhi was treated with
rOmpB PNA (Figure 5.3B).

R. montanensis burden decreases in vivo following rickA PNA treatment
To evaluate the feasibility of PNA as a strategy for inhibiting protein synthesis in
vivo, we injected D. variabilis ticks with R. montanensis treated with either rickA or nontargeting control-2 PNA. Following purification, PNA treatment, and recovery, R.
montanensis were injected into the hemocel via the emargination cavity of unfed male
and female ticks. Ticks were incubated overnight, dissected, and burden assessed using
qPCR comparing relative numbers of rickettsial and tick housekeeping genes. Rickettsial
burden in the ticks decreased 90% following infection by rickA PNA-treated R.
montanensis as compared to non-targeting control-2-treated rickettsia (Figure 5.2D). This
decrease in bacterial load complements the in vitro infection data and establishes PNA as
an approach for successful inhibition of rickettsial protein expression leading to an in
vivo phenotype.

DISCUSSION
The use of PNA to reduce protein expression and subsequently impair bacterial
growth has been investigated for both Gram-negative and Gram-positive bacteria (129,
131). PNA designed complementary to the ribosomal binding sites or inclusive of the
start codon of rickA and rOmpB demonstrated the ability of this anti-sense technology to
inhibit gene function essential to infection by rickettsiae. Subsequently, an overall
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decrease in the amount of RickA or rOmpB, as determined by immunoblotting serially
diluted bacteria, is seen in PNA-treated R. montanensis or R. typhi, respectively. When
treated with PNA specific to rOmpB, R. typhi infection of Vero cells decreased, and when
treated with PNA complementary to rickA, R. montanensis infection of L929 cells
decreases. Yet, no decrease in the percentage of bacterially associated cells took place
with either rickA or rOmpB PNA treatments compared to controls, suggesting a role for
other adhesion factors in the rickettsial adherence to host cells. Reduction in bacterial
burden also occurred in the tick vector D. variabilis following infection with rickA PNAtreated R. montanensis.
Traditionally, delivery of PNA occurs by linking the oligo to a basic stretch of
amino acids, which increases uptake by free-living bacteria, and adding it to broth
culture. While all our PNAs, experimental and non-targeting controls, were conjugated to
the cell penetrating peptide (CPP), KFFKFFKFFK, (128) concern regarding the viability
of rickettsiae if left extracellular for an extended period of time and the efficacy of
getting PNA through both host and bacterial membranes led us to examine
electroporation of purified Rickettsia as a delivery method. Electroporation is a tested
method of delivering nucleic acids to rickettsial species (122, 206, 207). Additionally,
electroporation of Salmonella typhimurium infected macrophages with CPP-PNA
targeting rpoD reduced the bacterial load more than those infected macrophages
receiving no electroporation, implying it is a feasible method of PNA delivery (136).
While electroporation of purified Rickettsia to deliver PNA did cause a loss of bacterial
viability (Figure 4.2C), the remaining bacteria established productive infection in our
control samples, demonstrating the utility of electroporation as a PNA delivery method.
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We argue that the limitation of infection in vitro and in vivo is due specifically to the
PNA and not the CPP as both our non-targeting controls and experimental PNAs contain
the CPP with no deleterious effects. Furthermore, previous work reports that adding CPPPNA to host cell macrophages causes no detectable toxicity of the cell (135), suggesting
that any drop in bacterial load is not due to PNA-induced host cell toxicity.
The reduction in infection seen following PNA treatment echos previous studies
investigating the function of rickA and rOmpB from other rickettsial species. R. rickettsii
Iowa stain, which is defective at cleaving rOmpB, displayed reduced virulence and
plaque formation (209). Likewise, inhibiting Ku70, the mammalian receptor of rOmpB,
by antibody blocking or siRNA treatment reduced invasion by R. conorii, with no effect
on bacterial adherence to host cells (111). Though well characterized for its
polymerization of host actin (114, 208), recent reports further implicate RickA in
invasion. Fewer infected A549 cells per infectious focus were calculated for rickA:tn
mutant when compared with wild type R. parkeri 24-hours post-infection (117).
Additionally, R. bellii overexpressing rickA from R. monacensis, adhere to Vero cells in
greater numbers at early time points (2-4 hours-post-infection), implying that rickA may
have a role in the establishment of early infection, as adherence is required for invasion
by the bacteria (210). At 24-hours post-infection we saw less infection but not adherence
by R. montanensis treated with rickA PNA, an identical phenotype to what we see when
R. typhi is treated with rOmpB PNA. The trend continued with rickA PNA treatments at
48-hours post infection. We opted to not take rOmpB PNA-treated R. typhi samples at 48hours because of the characterization of rOmpB as an invasion factor, presuming that a
phenotype associated with reduced rOmpB would be best measured at earlier time points.
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Conversely, RickA is primarily known as an actin nucleator, which could be important at
later time points for intercellular spread. Yet, when D. variabilis tissues are treated with
an Arp2/3 inhibitor prior to R. montanensis infection, burden is reduced, implying a role
for actin polymerization in host cell invasion (118). In addition, our observation that
PNA-mediated suppression of RickA expression reduced the ability of R. montanensis to
infect host cells and ticks argues that RickA plays a role during invasion. Consistent with
this, our comparable infection and adherence data between R. typhi treated with rOmpB
PNA and R. montanensis treated with rickA PNA further suggests that RickA, like
rOmpB, may be involved in the host cell invasion process in addition to its well
documented role in actin polymerization.
Off target effects are a concern when working with antisense oligos to interrupt
gene function. In E. coli, two base mutations of the target site reduced PNA-mediated
inhibition, while six base mutations virtually eliminated it (129). Six base pair
mismatches in either PNA or its target sequence ablated PNA inhibition in
Staphylococcus aureus (131), further demonstrating the high specificity of PNA for its
target sequence. When designing PNA oligos, we blasted the PNA sequences to ensure
they aligned with only our target sequences, with our rickA PNA designed
complementary to the putative Shine-Dalgarno region and the rOmpB PNA designed to
include the start codon (Figures 4.1A, 4.1C). Our rickA PNA inhibits RickA production
but not CALML3 in an in vitro translation reaction. Additionally, we use two different
non-targeting controls (Table 4.1) in our experiments. Non-targeting-1 was used for in
vitro translation as well as cell culture infections, while Non-targeting-2 was used for
ssRNA hybridization, in vivo protein suppression and tick infections. Non-targeting-1 is a
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scrambled control while Non-targeting-2 is designed for a rifampin resistance gene that
our bacteria do not possess. Experimental PNAs, rOmpB and rickA, produced equivalent
expression interruption results regardless of the control being used for comparison. Taken
together these data point to the specificity of the technology for a target.
Our treatment of rickettsiae with 2 µM PNA to inhibit protein production is
comparable to concentrations used in other systems. GFP expression from GFPexpressing S. aureus is reduced 30% following treatment with 2 µM PNA (131).
Interestingly, reduction in LacZ expression by E. coli is recorded following treatment
with PNA at nanomolar concentrations (128). Moreover, a positive correlation between
PNA treatment and protein reduction exists in each system (128, 131). These
observations suggest that further optimization is needed to establish the PNA dose
requirements for the suppression of less ubiquitous targets and to determine the growth
inhibitory concentrations for each system studied.
Our ability to recapitulate phenotypes reported by previous studies using PNA,
illustrates its potential as a genetic tool in rickettsiae. While advances in the use of
transposon delivery (116, 123, 124) and shuttle vectors (125) have increased the breadth
of questions that can be asked about rickettsiae, tools to study obligate intracellular
bacteria lag behind those available to study free-living bacteria. The field needs
additional tools of genetic manipulation to better scrutinize the lifestyle and virulence of
obligate intracellular bacteria, and allow molecular Koch’s postulates to be fulfilled. Our
ability to inhibit protein expression in non-pathogenic Spotted Fever Group (SFG) R.
montanensis and pathogenic Typhus Group (TG) R. typhi indicates the broad spectrum of
uses for this technology. We propose that PNA could be utilized by a multitude of
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intracellular systems as a method for determining essential functions of genes to be
targeted in the development of drugs and vaccines. PNA offers an advantage in that
protein expression reduction is achieved in one day, no antibiotic selection is required,
and partial reduction can be achieved allowing study of essential genes, where
investigations of a phenotype imposed by a true knockout would be impossible due to
low bacterial viability. For instance, PNA-mediated inhibition of essential genes involved
with DNA replication, fatty acid synthesis, and RNA synthesis was successful in
facultative intracellular B. suis(135). These data also open the possibility of developing
other anti-sense methods, such as transforming bacteria with vectors coding for an antisense transcript or supplementing host cell culture media with PNA molecules for
delivery.
Current methods of delivery to free-living bacteria involve suplementation of
culture media with PNA. Electroporation allows synchronization of PNA delivery to the
entire bacterial population, increasing the effectiveness of PNA. Furthermore, studies that
target proteins with transient expression can be conducted with greater accuracy and
precision due to the synchronized method of PNA delivery. It was recently reported that
electroporation enhances the availability of CPP-PNA to S. typhimurium, following
electroporation of infected macrophages compared to CPP-PNA added without
electroporation (136). Given these findings, it is possible that electroporation can reduce
the costs of PNA synthesis for use in antisense studies by requiring no CPP and allowing
lower concentrations to be used for experiments, but further optimization is required.
Many obligate intracellular bacteria cause serious morbidity and mortality in
humans and lack effective vaccines. By targeting rickettsial genes of interest for the
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suppression of protein synthesis resulting in a gene specific phenotype, PNA offers
promise as an additional tool for studying virulence and the intracellular lifestyle of these
bacteria. Expanded use of this methodology to temporarily knock down protein
expression for genes of interest may also allow the study of essential gene function in
obligate intracellular bacteria.

MATERIALS AND METHODS
Rickettsiae, host cell culture, and ticks
L929 (Mouse fibroblast, ATCC® CCL-1) or Vero76 (African green monkey
kidney ATCC® CRL-1587) cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 5% FBS at 34oC and 5% CO2. Host cells were inoculated
with either R. montanensis strain M5/6 or R. typhi strain Wilmington (ATCC® VR-144)
at 80% confluency. Infected host cells were grown for 5 to 6 days. Rickettsiae were
harvested by scraping infected cells into the media and sonicating on ice using a Sonic
Dismembranator (Thermo Fisher Scientific Inc., Waltham, MA) for 5 cycles of 7 seconds
on with 10 second rests in between. The lysates were centrifuged at 1000x g for 10
minutes to remove large host cell material. The rickettsial suspension was placed over an
equal volume of 20% OptiPrep Density Gradient medium (Sigma-Aldrich, St. Louis,
MO) in water or SPG buffer (218 mM sucrose, 3.76 mM KH2PO4, 7.1 mM K2HPO4, 4.9
mM potassium glutamate) and centrifuged at 10,000x g for 10 minutes. The pellets were
washed with 250 mM sucrose, centrifuged at 14,000x g; and MOI 10 determined using
the BacLight Live/Dead assay (Life Technologies, Grand Island, NY) or previous
estimates. Unfed male and female D. variabilis ticks were provided by Daniel
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Sonenshine (Department of Biological Sciences, Old Dominion University). Maintenance
of the tick colony was carried out according to protocols approved by the Institutional
Animal Care and Use Committee at Old Dominion University.

PNA Synthesis, labeling, and electroporation
Custom PNA oligomers (Table 5.1) were synthesized by Bio Synthesis
(Lewisville, TX). Oligomers were designed complementary to the predicted Shine
Dalgarno region or inclusive of the start codon. A BLASTn analysis was performed for
each PNA sequence against the full genomes of each respective bacterium to confirm
specificity for the sequence of interest. PNA oligomers were biotinylated using EZ-Link
Sulfo-NHS-Biotin, (Thermo Fisher Scientific Inc., Waltham, MA). Labeled PNA was
purified using Pierce® C18 Spin Columns (Thermo Fisher Scientific Inc.) Biotin-labeled
PNA was used to confirm rOmpB PNA binds to the targeted region. Dot blots were used
to confirm the successful biotinylation of oligomers. To deliver, 2 µM PNA was mixed
with 1 x 107 purified rickettsia in a total volume of 100 µl of 250 mM sucrose in a 0.2 cm
gap sterile cuvette on ice. Rickettsiae were then electroporated using a Gene Pulser Xcell
Microbial System (Bio-Rad, Hercules, CA) by applying a 5 ms pulse (2500 V, 25 µF,
200 Ω). The PNA-rickettsiae suspension were transferred to a microcentrifuge tube and
400 µl of complete DMEM (5% FBS) medium was added to the electroporated rickettsia
for recovery at room temperature for one hour.
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In vitro translation
The region starting 100 base pairs upstream of the start codon through 600 base
pairs downstream of the rickA gene was amplified using rickA forward primer 5’ATTCGTTCATCTATCTTTTTTTTATTTATC-3’ and reverse primer 5’TTTTTGTATTTCTTTAAGTTCTTTGACATTAG-3’ and cloned into pEXP5-CT (Life
Technologies, Grand Island, NY). Translation was performed using the Expressway CellFree E. coli Expression System (Life Technologies). PNA targeted to rickA was added to
the reaction to demonstrate PNA specificity for its target sequence as measured by
impaired protein production. The CALML3 control vector was included in each reaction
to serve as a loading control and to demonstrate PNA specificity. The total volume of
each sample was resuspended in LDS loading buffer (Life Technologies) with reducing
agent, heated for 10 minutes at 70°C and run on NuPAGE 4–12% Bis-Tris gels. Gels
were transferred to PVDF membranes using an iBlot gel transfer device (Life
Technologies). Membranes were probed using an anti-His antibody (1:3000) (Thermo
Fisher Scientific, Waltham, MA) and developed using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.).

Labeled PNA hybridization
Following biotinylation, PNA labeling was confirmed via dot blot. Briefly, 1
volume 20X SSC buffer was added to biotinylated PNA. Hybond-N+ nylon membrane
(GE Healthcare Life Sciences, Pittsburgh, PA) was wet with 10X SSC buffer and spotted
with 2 µl of sample and dried. Membranes were wet with denaturing solution (1.5 M
NaCl, 0.5 M NaOH) for 5 minutes and transferred to filter paper soaked in neutralizing
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solution (1.5 M NaCl, 0.5 M Tris HCl, 0.001 M EDTA) for 1 minute. The membrane was
dried, UV fixed and developed using Chemiluminescent Nucleic Acid Detection Module
(Thermo Fisher Scientific Inc., Waltham, MA) The target rOmpB ssRNA molecule 5’GAAAAAAUUAUGGCUCAAAAACCAAA-3’ was synthesized by Integrated DNA
Technologies, Inc (Coralville, IA). Next, 2.0 µl (120 ng) of ssRNA was mixed with either
235 ng of specific or non-targeting control-2 biotinylated PNA, or ratios of unlabeled to
labeled rOmpB specific PNA. One microliter of RNase Inhibitor (Clontech Laboratories,
Inc. Mountain View, CA) and 250 mM Tris (pH 7.2) were added and the total volume
was brought to 15 µl using molecular biology grade water. The samples were incubated at
95o C for 10 minutes and left at room temperature to anneal for 30 minutes to 1 hour. The
samples were diluted with loading dye supplemented with 0.1% SDS to give the
hybridized PNA-RNA an overall negative charge allowing it to run toward the cathode.
The samples were run n a 2% TBE agarose gel and transferred to a nylon membrane
using an iBlot semi-dry transfer apparatus (Life Technologies, Grand Island, NY).
Membranes were crosslinked with UV light and developed using Chemiluminescent
Nucleic Acid Detection Module (Thermo Fisher Scientific Inc., Waltham, MA).

RickA and OmpB protein reduction by titered Western blot
Rickettsiae were purified from L929 cells over an Optiprep cushion as described
above. Approximately 5 x 106 of purified R. montanensis or equal volumes of purified R.
typhi were resuspended in 100 µl of 250 mM sucrose containing 2 µM of PNA targeting
rickA or rOmpB, or non-targeting control-2. The rickettsia-PNA suspension was placed
into a pre-chilled 0.2 cm cuvette and electroporated as described above. The rickettsiae

104

were transferred to a microcentrifuge tube and 400 µl of complete DMEM (5% FBS)
medium was added to the electroporated rickettsia for recovery at room temperature for
one hour. Rickettsia were centrifuged at 17,000x g for 10 minutes, the pellet resuspended
in 39.5 µl of water, and two-fold serial dilutions were performed using water as the
diluent. LDS sample buffer containing reducing agent was added to each tube containing
a dilution for a total volume of 60 µl. The total volume of each sample was boiled for 10
minutes at 90oC, allowed to cool, and separated on a 4-12% Bis-Tris Bolt polyacrylamide
gel (Life Technologies). The proteins were transferred to PVDF as described above and
probed with anti-Ef-Ts (1:1000, load normalizer) and probed with either anti-RickA
(1:2000) or anti-rOmpB (1:250) antibodies overnight at 4o C. Primary antibodies were
detected with HRP-labeled donkey anti-rabbit IgG (BioLegend, San Diego, CA) at
1:3000 for 30-45 minutes. Blots were developed with WestPico Chemiluminescent
detection substrate (Thermo Fisher Scientific Inc., Waltham, MA). Band densitometry
was quantified using GeneTools image analysis software (Syngene USA, Frederick,
MD).

Host cell infection with PNA treated rickettsiae
Following purification, PNA treatment and recovery (described above), R. typhi
and R. montanensis were added to 1 x 104 L929 or Vero cells in 8-well chamber (LabTek) slides at an MOI of 10. Bacteria were incubated on cells for 24 or 48 hours then
washed with 1X PBS to remove nonadherent bacteria and fixed with freshly prepared
3.5% PFA. Extra- and intracellular rickettsiae were stained as previously described (44).
Briefly, extracellular bacteria were probed with either a mouse-anti-R. montanensis
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(1:200) or rat-anti-R. typhi serum (1:500), followed by either a goat-anti-mouse Alexa
Fluor 594 or goat-anti-rat Alexa Fluor 594 secondary antibody (1:1000) (Life
Technologies, Grand Island, NY). Host cells were permeabilized with 0.1% Triton-X 100
in PBS for 5 minutes at room temperature. Intracellular bacteria were probed as described
above using the same primary antibodies but Alexa Fluor 488 secondary antibodies.
Samples were mounted under Vectashield with DAPI (Vector Labs, Burlingame, CA)
and visualized under oil at a total magnification of 1000x on a Nikon Eclipse E600
microscope. The slides were analyzed using QCapture Pro 5.1 imaging and analysis
software. Intracellular rickettsia fluoresced as only green. Percent infection was
determined by dividing the number of infected host cells by the total number rickettsiaeassociated of cells. Percent association was determined by dividing the number of
rickettsiae-associated cells by the total number of counted host cells. Host cells with one
or more attached extracellular rickettsiae were considered “rickettsiae-associated.”

Tick infection with PNA-treated R. montanensis
Unfed male and female D. variabilis ticks were injected with 5000-15,000 rickA
PNA-treated R. montanensis using pulled glass capillaries attached to a Nanoject II pump
(Drummond Scientific, Broomall, PA). Ticks injected with non-targeting control-2 PNAtreated R. montanensis served as a control. Ticks were injected through the emargination
cavity and incubated for 18 hours at 23oC with 95% humidity. Ticks were washed with
3% hydrogen peroxide, sterile water, 70% ethanol in succession, dried and placed in
sterile 5 ml conical tubes on ice. Each tick was placed in a drop of AL buffer (DNeasy
Blood and Tissue Kit, Qiagen, Valencia, CA) on a specimen slide and cut in two halves
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using a sterile razor blade. Each tick half and the dissecting buffer was removed to 180 µl
of AL buffer. Tick samples were homogenized using a Tissuelyzer (Thermo Fisher
Scientific Inc., Waltham, MA) and gDNA isolated according to the manufacturer’s
instructions. Equal amounts of gDNA were placed into a qPCR reaction and the
rickettsial housekeeping gene, gltA, and tick actin amplified using Quanta BioSciences
SYBR Green I qPCR kit (Gaithersburg, MD) or Stratagene Brilliant SYBR Green QPCR
Mastermix (Cedar Creek, TX). Amplification was done using glta forward primer 5’CAGTCCGAATTGCCAGCTCA-3’ and reverse primer 5’CGGGCCAAAGTGAGGCAATACCCG-3’ and actin forward primer 5’GGAAGGACCTGTACGCCAACAC-3’ and reverse primer 5’CGCCGATCTTTCATGGTGGAAGG-3’. Rickettsial burden was estimated by
normalizing copies of gltA to copies of actin. Genomic copies were estimated using
standard curves for each gene. Briefly, each gene was amplified with gene specific
primers, the amplicon extracted from an agarose gel, and serial dilutions of the DNA
performed to cover 103-1010 copies. Each dilution was amplified using qPCR. A standard
curve plotting cycle thresholds versus Log10 gene copies was generated for the purpose of
estimating bacterial load per tick.

Statistical analyses
Experiments were repeated at least twice, with individual ticks considered
biological replicates. Each treatment was represented by at least ten individual biological
replicates collected from all experiments performed. To exclude outlier data points from
statistical analyses, interquartile range outlier tests were performed. Data from each
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treatment group were subjected to the Shapiro–Wilk test and log transformed if lacking
normality. An F-test was used to assess equality of variances between groups.
Comparison of each treatment with a control was done via a one-tailed t-test. All
statistical analyses were performed using Microsoft Excel.
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Chapter 6: Concluding Remarks
Ticks serve as important vectors of disease. Examination of the tick:pathogen
relationship is essential to determining what renders a tick permissive to human
pathogens, yet many of these interactions remain unresolved. Previous studies
demonstrated that defensins 1 and 2 transcripts were both upregulated in Dermacentor
variabilis in response to Rickettsia montanensis challenge (50). The present studies aimed
to characterize these two immune effectors from D. variabilis and their potential role in
the vector-borne disease cycle, as well as establish peptide nucleic acid (PNA) use in
Rickettsia to better study tick:pathogen interactions in the future.
In looking at the activity of defensin-2, this work demonstrates that treatment of
R. montanensis with the peptide decreased bacterial burden of host cells in vitro.
Additionally, antibody neutralization of defensin-2 resulted in an increase of D. variabilis
burden in vivo. Typically, defensins display a net positive charge, allowing for interaction
with negatively charged bacterial membranes. Although anionic (50), defensin-2
successfully associates with and induces cytoplasmic leakage of R. montanensis. This
association occurred both in vitro and within the D. variabilis midgut, demonstrating the
importance of defensin-2 during infection. Defensin-2 also reduced viability of F.
novicida, though the mechanism or role in vivo was not investigated.
In contrast, R. montanensis burden of host cells did not decrease following
defensin-1 treatment, but F. novicida viability decreased in vitro. Reduced F. novicida
viability correlated with bacterial hyperpolarization, potassium efflux, and reduced
cellular ATP following defensin-1 treatment. These data implicate defensin-1 in the
formation or dysregulation of bacterial ion channels. While not the canonical membrane
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disruption associated with defensins, this mechanism of action has been ascribed to insect
defensin A (156). Further investigations utilizing electrophysiology techniques could
parse out defensin-1’s participation in ion transport in Francisella.
Though both tick-borne, Francisella and Rickettsia differ in their lifestyles and
characteristics. This might account for their differences in immune activation and
susceptibility to defensins 1 and 2. Rickettsia are obligate-intracellular, while Francisella
are facultative. Rickettsia actively invade non-phagocytic cells, while Francisella
infection of and replication in macrophages is essential to its pathogenesis in mammals.
Following replication, SFG Rickettsia move between cells via polymerization of host cell
actin (114, 117), while Francisella induce host cell apoptosis to escape (89-91).
Francisella lipid A thwarts innate immune activation in mammals by failing to stimulate
TLR4 due to its long 18 carbon acyl chains (190, 191). Meanwhile, Rickettisia typhi lipid
A resembles enterobacterial lipids A with acyl chains of 14 and 16 carbons (211) and
Rickettsia akari and Rickettsia conorii stimulate TLR4. This activation renders mice
more resistant to rickettsial infection (212-214). These fundamental differences between
Rickettsia and Francisella could account for their varied tick immune activation and
defensin susceptibilities. The specificity of the tick immune system and its interaction
with bacteria in vivo requires further study.
The lack of defensin-1 transcript upregulation in D. variabilis following F.
novicida challenge makes it unclear whether defensin-1’s activity is important to
combatting Francisella infection in vivo. Francisella’s immune evasion is well
documented in mammalian infections (190, 191). Human beta-defensin (hBD) 3 exerts
strong antimicrobial activity on Francisella in vitro, though its transcript is not activated
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in infected A549 cells. On the other hand, hBD1 and hBD2 mRNA expression levels
increase with infection but these peptides display little to no bactericidal activity. This
suggests that the bacteria avoid activating the most potent AMP in lung epithelial cells
(215). A similar bacterial evasion strategy may be occurring in the tick, with membrane
remodeling rendering Francisella unrecognizable to PGRPs to prevent defensin-1
activation. This evasion strategy is employed by Listeria monocytogenes which remodels
peptidoglycan to evade TLR2 signaling (216) and S. aureus which inhibits the activation
of Drosophila PGRP-SA and AMPs through teichoic acid alterations (200-202).
On the other hand, there is an increase in defensin-1 transcript abundance a in
response to R. montanensis challenge of D. variabilis (50), though it did not limit burden
of host cells (Figure 4.1). R. rickettsii activate NF-κB in mammalian endothelial cells,
which subsequently inhibits apoptosis. This survival strategy enables replication of the
slow growing obligate intracellular bacteria (217). Similarly, obligate intracellular
Anaplasma phagocytophilum upregulates the Ixodes scapularis JAK-STAT pathway,
decreasing apoptosis in midguts (218). Thus, upregulation of defensin-1 following
infection D. variabilis with R. montanensis might be a consequence of NF-κB activation
to enhance bacterial survival through inhibited apoptosis, though the signaling cascade
that activates transcription of D. variabilis defensins is not elucidated.
Defensins 1 and 2 both contain six conserved cysteines typical of invertebrate
defensins. However, they are unique from one another in terms of tissue localization,
primary structure, and charge (50). This work suggests that they also diverge in their
antimicrobial mechanism and specificities for particular bacterial species, with defensin-1
inducing potassium efflux and defensin-2 causing cytoplasmic leakage. These
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observations support the hypothesis that the tick immune system has coevolved with
bacterial species harbored by the tick, honing specificities, and aiding vector competency.
How defensins 1 and 2 interact with target membranes requires further study.
Cationic defensin-1 may work either by oligomerizing at the bacterial membrane to form
ion channels or by interacting with existing bacterial channels to induce potassium efflux.
Defensin-2 is predicted to be anionic, raising questions about how it attracts negatively
charged bacterial membranes. Defensins from Ixodes ricinus (199) and Amblyomma
hebraeum (219) are also anionic, though their mechanisms of action are unknown.
The failure of defensin-2’s γ-core to reduce F. novicida viability (Figure 4.2)
indicates the importance of structure to its antimicrobial activity, as the N-terminus was
required for function. Conversely, the C-terminal γ-core of defensin-1 was sufficient for
antimicrobial activity against F. novicida (Chapter 3). Other studies indicate the
importance of N-terminus to function. By engineering a non-pore forming ancient
invertebrate-type defensin with an n-loop from a pore forming classical insect-type
defensin the peptide obtained the ability to form pores (220). Likewise, deletion of the nloop from a parasitoid wasp defensin converted it to a potassium channel blocker (221).
Thus, how these D. variabilis defensins’ differences in structure and physical properties
relate to their different mechanisms of action and specificity warrants investigation.
Imbibed microbes initially encounter the tick midgut, where defensin-2 is
secreted. From there, these pathogens infect the hemocoel, where defensin-1 is expressed.
Therefore, the antimicrobial effect of defensins 1 and 2 might occur sequentially acting as
redundant mechanisms to limit colonization of salivary glands. Additionally, these two
defensins are part of a larger system in vivo. When paired with lysozyme, defensin-1 kills

112

Borrelia burgdorferi more effectively than alone (203). Thus, the interaction of the
overall immune system might be vital to the activity of the defensins beyond the
functions observed in vitro. However, current knowledge of tick innate immunity lags
behind that of model invertebrate organisms making defensins’ role within a larger
system difficult to discern.
Finally, to determine the feasibility of using PNA for the inhibition of protein
expression in Rickettsia, PNA molecules were designed to target genes of known
function, rOmpB and rickA. The products of these genes are well established as being
important in the rickettsial infectious cycle, as rOmpB acts as an invasion factor (112)
and RickA nucleates host cell actin for bacterial motility (114, 117). As predicted,
targeting these genes with PNA not only resulted in decreased protein expression, but
also decreased bacterial infection of host cells in culture. Additionally, targeting rickA
prior to infection decreased rickettsial burden of D. variabilis ticks compared with a nontargeting control treatment. These successful reductions of protein levels and infection
support the use of this methodology to study rickettsial gene function moving forward, a
useful tool for further studies of the Rickettsia:host relationship. PNA offers an advantage
over current technologies in that protein reduction takes place over the course of a couple
hours, without a screening requirement. Additionally, it could be used to study essential
genes, the mutation of which would be lethal. This new ability to produce transient
inhibition of rickettsial proteins can help to identify factors important for infection of
both ticks and mammals.
We lack a complete understanding of the molecular factors that make ticks
effective disease vectors. The interplay of the ticks’ immune response, and the pathogens’
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subsequent well-evolved strategies for establishing infection are likely contributors.
Taken together, the results illustrated here contribute to the understanding of the tick
immune system’s role in the vector-borne disease cycle. However, more investigation is
needed to elucidate how the interactions of invading pathogens with the tick immune
system contribute to the persistence of tick-borne disease in nature.
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APPENDIX

Figure A.1 Standard curve of F. novicida pHin
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Figure A.2 Standard curve of ATP concentration
Graph is representative of a single experiment. New standard curves were generated with each experiment.
R2 Value

Standard Curve Equation
y = 0.8732x + 4.4417

0.97767

y = 0.9278x + 4.9494

0.9892

y = 0.7899x + 4.9352

0.98326

y = 0.8658x + 4.9014

0.97904

y = 1.1888x + 5.1022

0.97314
2

Table A.1 ATP standard curve equations and R values
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