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ABSTRACT

Rickettsia felisis a gram-negative bacterium predominantly desdrib the cat flea,
Ctenocephalidesfelis. Since first described in 1990 in a commercialfiea colony in the
United StatesRR felis has been detected in numerous arthropod spec&&sdauntries around
the world. Additionally, as the etiologic agentflafa-borne rickettsiosi®. felis can cause
disease in humans, with patients presenting withicell symptoms typical of rickettsial diseases
including: fever, headache, and myalgia. TransomissfR. felis within flea colonies is
predominantly via vertical (transovarial and traadgl) transmission and mechanisms of
horizontal transmission are undescribed. Studesieeded to describe both arthropod and
vertebrate determinants Bf felis horizontal transmission. Here we describe thesbg@ment of
both arthropod and vertebrate modelfofelis infection and use the tools of molecular biology
to characteriz®. felis infection in both models. We first characterifdelis-infection in a
naturallyR. felis-infected cat flea colony and observed that thegdesce oR. felis-infection
within a cat flea colony is dynamic with an invers&ationship betweeR. felis-infection density
and prevalence @R felis-infection in the colony. Also, over the flea Bfgan,R. felis infection
remains steady with little fluctuation during theset of flea bloodmeal acquisition and
oogenesis. After characteriziRyfelis replication in naturally infected fleas, we deyedd a
biological assay to infect naive fleas. This is finst demonstration of oral acquisition and
persistenR. felis-infection of fleas fed aR. felis-infected bloodmeal. Lastly, we describe the
initial results of a murine model & felis infection. In this modeR. felis efficiently
disseminated in the mouse and is detectable iraevsgsues including the spleen and liver for
up to 14-days post-inoculation. Elucidation oftbatthropod and vertebrate determinant for

R. felis transmission is necessary to understand the ecolidg felisin nature.



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1. General Overview of the Genus iekettsia

Rickettsia (Rickettsiales: Rickettsiaceae) are small (0.3-0.5m in diameter and 0.842m
in length) bacilli-shaped, gram negative, obligateacellular bacteria with no flagella (Raoult
and Roux 1997, Azad and Beard 1998, Perlman 2086). The familyRickettsiaceae includes
two major genera of bacteria responsible for a remolb zoonoserientia (e.g.

O. tsutsugamushi) andRickettsia (e.g.R. rickettsii) (Figure 1.1) (Boone et al. 2001). Species
within the genusickettsia are classically divided into three groups: (1) $petted fever group
(SFG), (2) the typhus group (TG) and (3) the amakgtoup (AG) (Boone et al. 2001).
Placement oRickettsia spp. into various groups was originally based upohrapod vector and
disease clinical presentation. The SFG-rickettpramarily utilize acarine vectors such as ticks
and mites, while the TG primarily utilizes inseetctors such as lice and fleas. Differentiation of
species within these two groups is also based upracellular positions, optimal growth
temperatures, percent G+C DNA contents, clinicalufees, epidemiology, and antigenic
characteristics (Weiss et al. 1984, Raoult and R@97). A list of species from the genus
Rickettsia, along with their associated arthropod vectogsehgraphic distribution, mode of
transmission, and associated disease, are prowideable 1.1.

Recently, a new organization of the geRickettsia was proposed by arranging the
genus into four groups: ancestral group-AG (B.dpellii), typhus group-TGR. typhi),
transitional group-TRG (e.®. felis) and spotted fever group-SFG (eRgrickettsii) (Gillespie
et al. 2007). This newly proposed organizationaKettsial species was heavily based on
comparison of major conserved gene sequence(epd, gltA) within the genus (Figure 2.1).

Diseases caused by species in the gBuksttsia are referred to generally as



Rickettsiales

ORDER I
FAMILY Rickettsiaceae Anaplasmataceae
| |
[—— [ I _ I ]
v v v v v v
GENUS  Rijckettsia Orientia Anaplasma  Ehrlichia  Wolbachia Neorickettsia
l l ] l l l
L\ L\ L\ . 7 V.
SPECIES R.typhi 0. tsutsugamushi  A. povis E. canis W. pipientis N. risticii
R. prowazekii A.marginale E. chaffeensis ~ W.persica N. sennetsu
R.canadensis A.phagocytophilum  E. ewingii W. melophagi N. helminthaeca

R. bellii “A.platys” E. muris

R. australis E. ruminantium
R. akari

R. felis

R. helvetica

R. massiliae

R. montanensis
R.rhipicephali
R. aeschlimannii
R.japonica

R. sibirica

R. parkeri

R. conorii

R. africae

R. rickettsii
R.slovaca

R. honei

Figure 1.1: Taxonomic position of the GenuRickettsia. The order Rickettsiales is divided
into two families:Rickettsiaceae andAnaplasmataceae. Both genera of bacteria within the
family Rickettsiaceae, Rickettsia andOrientia, contain species known to cause human disease.



Table 1.1: Members of the genuRickettsia. A partial list of species of the genidsckettsia,
along with their associated disease, primary apibdovector, geographic distribution, and mode
of transmission.

. Geographic Mode of
Agent Disease Arthropod Vector Distribuition Transmission
R rickettsii Rocky Mountain spotted Dermacentor varlgbllls; D. United States Tick bite
fever andersoni

Rhipicephalus sanguineus,
R. massiliae n/a Rh.turanicus, Rh. muhsamae, Italy Tick bite
Rh. lunulatus, Rh. sulcatus

R. akari Rickettsialpox Liponyssoides sanguineus Worldwide Mite bite
. ) ) . Amblyomma hebraeum, Am. . . .
R. africae African tick-bite fever 4 A u Southern Africa Tick bite
variegatum
R. felis Flea-bourne rickettsiosis Ctenocephalides felis Worldwide not known
Mediterranean spotted
R. conori fevgr; Astrakhan feverl, Rh. sanguineus, Rh. pumilio AS|a,E_urope, Tick bite
Israeli spotted fever; Indian Africa
tick typhus
R. australis Queensland tick typhus  Ixodes holocyclus, I. tasmani Australia Tick bite

. Am. maculatum. Am. . . .
R. parkerii . . South America Tick bite
americanum, Am. triste

Flinders Island spotted Aponomma hydrosauri, Am.

R. honei ) Australia Tick bite
fever cajennense, |. granulatus
Thai tick typhus rickettsia - . . ] .
H tTyf_lulg ! : Thai tick typhus Ixodes or Rhipicephalus spp. Thailand Tick bite
Hyalomma marginatum
R. aeschlimannii n/a marginatum, H. m. rufipes, Rh.  Tunisia, Morocco Tick bite
Appendiculatus
Rickettsia siberica North Asian tick typhus Dermacentor nuttalli Russia Tick bite
. . . . . Xenopsylla cheopis; . .
Rickettsia typhi Murine (endemic) typhus Ctenocephalides felis Worldwide Flea bite
Rickettsia prowazekii P P P
Brill-Zinsser diseas none Recrudescent infection
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Figure 1.2: Reorganization of the genuRickettsia (Gillespie et al. 2007).Depiction of the
reorganization of the genckettsia estimatedrom chromosomal proteins (A) and from the
chromosome and plasmidsRiffelis (B). A=ancestral group; TG= typhus group; TRG=
transitional group; and SFG = spotted fever grokjgure from Gillespie et al. 2007.



“rickettsioses”. As rickettsioses are zoonogasirtgeographic distribution is limited by the
geographic range of their vector species (Schrigffat. 1994a). Factors that may support a
zoonotic and vector-borne relationship may inclydg characteristics of vertebrate reservoirs;
(b) arthropod vectors required for primary mainteseg (¢) human demographics within urban
environment; and, (d) high human population den&tymer et al. 2001). Transmission of
pathogenic bacteria to mammalian hosts/reservétes atilizes blood-feeding arthropod vectors
such as ticks, fleas, and mites (Azad et al. 1992hough a number of bacteria are associated
with blood-feeding arthropods, members of the gdladiettsia are recognized for their unique
relationship with the vector.

Many rickettsial species are maintained in natyredytical (transstadial and
transovarial) transmission within their vector gpec The epidemiology of moBtckettsia spp.,
and other vector-borne bacteria that are primanigyntained by transovarial and transtadial
transmission, is largely determined by the geografamge of their vector species (Burgdorfer
1963, Farhang-Azad et al. 1985). Outbreaks ottisioses are highly focal in nature due to
dependence on the vector. Bacterial species thairamarily maintained vertically within the
vector often employ the vector species as a resdrost as well (Comer et al. 2001). For
exampleR. rickettsii, R. akari, andR. typhi, are maintained by vertical transmission within
Dermacentor andersoni (tick), Liponyssoides sanguineus (mite) andXenopsylla cheopis (flea),
respectively, all arthropods that are competenizbatal transmission vectors as well.

Rickettsioses generally cause acute febrile disgasguently accompanied by rash,
myalgia, and headache; but may also include a nuoflher clinical manifestations specific
to the infecting rickettsial species (Zavala-Velagg et al. 2002). Serologic-based methods have
traditionally been used to diagnose rickettsiosegjever, due to the high degree of antibody

cross-reactivity between rickettsial species, dpediagnosis is not always possible. More
5



recently, molecular diagnostic methods, becauskenf increased specificity and sensitivity, are
being used to diagnose rickettsioses. Specifihatt used to identify rickettsial infections
include: direct or indirect immunofluorescence; wne-linked immunosorbent assays (ELISAS)
with monoclonal or polyclonal antibodies; recovefyagents from vectors by culture in
embryonated eggs or tissue culture cells; expetiah@rfections in laboratory animals;
polymerase chain reaction (PCR) alone or with gtidization; and, restriction fragment-
length polymorphism analysis (RFLP). Of the abawethods involving PCR that employ
specific primers, are the most sensitive and speaifthese assays (Webb et al. 1990).

Because of the non-specific clinical symptoms comnviah rickettsial infections, many
cases are misdiagnosed or go undiagnosed. If as&gin most rickettsial diseases can be
effectively treated with antibiotics including, d@ycline, rifampin, and fluoroquinolones
(Rolain et al. 1998, Rolain et al. 2002). Sucadsskeasures to control and prevent rickettsial
diseases employ strategies to control or limit exjpe to their arthropods vector.
1.2. Initial Characterization of Rickettsia felis

Initially discovered in a colony of cat fleaSténocephalides felis felis) in 1990 by
electron microscop)R. felis was originally named ELB agent after the Elwarthduatory cat
flea colony (EL Laboratory, Soquel, CA) (Adams et1®90). In 1996, the ELB agent was
proposed to be a distinct rickettsial species,tarchame Rickettsia felis’ was proposed
(Higgins et al. 1996). Characterization and madl@canalysis oRickettsia-specific genes (e.g.
gltA, 17-kDa protein gen®mpB etc.) aided in validating. felis as a distinct rickettsial species
(Azad et al. 1992, Radulovic et al. 1995b, Higghsl. 1996, Bouyer et al. 2001). Although
initial attempts to produce a sustained cultureitbfer the ELB or the LSU strains Bf felis
failed (Radulovic et al. 1995b, Bouyer et al. 2Q04der attempts to isolate and propadateelis

from cat fleas maintained by Flea Data, Inc. (FileWY) proved successful (Raoult et al.
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2001). The Flea Data, Inc. isolate was designsit@ih Marseille-URRWXCal(also reported
as strain California 2 (Ogata et al. 2005)) antthéscurrent type strain fd. felis (LaScola et al.
2002).

Unlike the majority of rickettsial species that weharacterized by serologic means,
R. felis was originally characterized and its taxonomicitpms determined by molecular means
(PCR amplification and comparison of genus-spegi@ines) (Azad et al. 1992). The initial
placement oR. felis into the SFG was complicated becauseRhelis 16S rDNA gene
sequence, along with several other gene sequersesnbled SF®ickettsia (Roux and Raoult
1995, Higgins et al. 1996). However, biologicallyd clinically,R. felisresembled TG
Rickettsia including in: choice of vector species; cross-twég with R. typhi sera; cell lysis and
plaque formation; and a clinical presentation nsnailar to murine typhus (Schriefer et al.
1994a). Attempted amplification of the rickettsaaiter membrane protein ArpA) gene, a
gene common to all SFG rickettsial species, fRirfelis was also unsuccessful (Azad et al.
1992). BecausR. felis more closely resembled TRckettsia in many aspects of its biology,
several specific studies were conducted to conftriielis as a separate rickettsial species and
not a strain oR. typhi including: (1) propagation of the organism in aellture to study; (2)
growth parameters; (3) cytopathology; (4) charazation by SDS-PAGE and immunoassays;
and, (5) sequenced gene comparisons to othertscdetpecies (Higgins et al. 1996). Also,
studies utilizing PCR amplification and RFLP anayonfirmed uniqui. felis 17-kDa gene
sequence and digestion patterns compar&U tiwkettsii, R. conorii, andR. typhi (Azad et al.
1992, Schriefer et al. 1994a). Combined, thes#iessuverified thaR. feliswas a distinct
rickettsial species.

Bouyeret al. (2001) sequenced additional genes for phylogeaetalysis oR. felis.

Although results of this molecular characterizatdiseveraR. felis genes placeR. felisin the
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SFG, the inability to cultivat®. felis (strainCtenocephalides felis-LSU") did not satisfy the
requirements for type strain designation (Bouyeale2001). A definitive culture d®. felis was
achieved in 2002 in African green monkey kidneysc@fero) andXenopus tadpole cells (XTC-
2) maintained at 28°C (optimal) and 32°C, &dilis (strain Marseille-URRWFXCal) was
named as the reference strainRofelis (LaScola et al. 2002). Interestingly, the Amenida/pe
Tissue Culture deposit & felis (Marseille-URRWFXCal') is not available at this time
(Macaluso; Personal communication). Recentlycassful isolation oR. felis in arthropod
cells lines has been achieved (Horta et al. 2006)#Aroon et al. 2006).

1.2.1. Phylogenetics

The original classification and phylogenic arrangebof the genuRickettsia was
determined by serological studies. Since the waigbrganization, conserved genera-specific
genes have been sequenced, compared among avRilekatsia species, and used to construct
phylogenies based upon gene differences and tkely kevolution. Unlike most rickettsial
species, the initial description and classificadi. felis was based on molecular evidence
(Azad et al. 1992, Higgins et al. 1996, BouyerleP@01) and was later followed by serologic-
based studies (LaScola et al. 2002). Early prietistbased on certain gene sequences identified
R. felisin the SFG, however the disease it caused andettter it utilized more closely fit
among the TG. Initial molecular-based classifmatfR. feliswas utilized in large part due to
the difficulties in cultivating this organism. Albugh immediate phylogenic classification based
on serologic studies was delayed, a definitiveucaltvas eventually established and serologic
classification by serotyping and antigenic clasatfion were completed also placiRgfelisin
the SFG (Raoult et al. 2001, LaScola et al. 20@agFand Raoult 2003).

1.2.1.a. Serologic-Based Classification

A series of murine monoclonal and polyclonal améissgainsR. felis and other TG and
8



SFG rickettsiae were used to serologically andyenically characterizR. felis (Fang
and Raoult 2003). This study identified the pregseof two predominant heat-resistant proteins:
30-kDa and 60-kDa; and, after reacting mouse séhaamtibodies tdR. felis, five major bands
were produced (120-, 60-, 30-, 17-kDa proteins laP8-like antigen). Of these bands, the 120-,
60-, 30- and 17-kDa bands were sensitive to pragarK digestion. Serotype analysis using
microimmunofluorescence (MIF) assays indicated: Bhéelis clustered with the SFG
Rickettsia; cross-reacted with all SFG species evaluatea{how cross-reactivity observed
with TG species); and based upon specificity defifee values was clustered close to
R. australis, R. akari andR. montanensis. In this study, eighR. felis-specific monoclonal
antibodies were also created, potentially, to baroercially developed to diagnose and
differentiateR. felis infection from other rickettsial infections. Thesults of this study
confirmed placement @R felisin the SFG (Dumler et al. 2001).

1.2.1.b. Molecular-Based Classification

Although molecular-based phylogenies are more &péban serologic-based
phylogenies, caution must be exercised when intéin data based on only a single gene. Two
critical points to consider when constructing andlgzing phylogenies based on gene sequences
are: (1) choice of gene (it is necessary to usklyicpnserved genes to elucidate true
divergences between species); and, (2) the basigenéll organization of species in a genus on
a large number of different genes (Anderson andriaios 1989). As the phylogenic placement
of R. felismay vary depending on the gene being comparedipteugenes should be employed
in taxonomic tree construction to get a true assens ofR. felis phylogenetic placement among
other rickettsial species (Gillespie et al. 2007).

Phylogenetic analysis and taxonomic placemeR ¢dlis has been examined using

several genes, some of which are common to akktisiae and others that are specific to the
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SFG. Examples of genus-specific genes commonttothe SFG and TG include: 135-kDa
outer membrane protein B germnpB); 17-kDa lipoprotein gene; 16S rRNA gene; citrate
synthase genaltA); DNA-directed RNA polymerase geng¢B); S-adenosylmethionine
synthetase genenétK); signal recognition particle-docking protein g€fisY); DNA
polymerase | gengglA); and DNA polymerase Il alpha chain gededE) (Azad et al. 1992,
Roux and Raoult 1995, Stothard and Fuerst 1995xRbal. 1997, Andersson et al. 1999,
Bouyer et al. 2001, Raoult et al. 2001). One exXarmmpa SFG-specific gene asnpA.

Alignment of mosR. felis genes identifieR. felis in or near a clade witR. akari and

R. australis. Following is a brief description of commonly seqced rickettsial genes and the
taxonomic placement &. felis for each gene sequence relative to other rick¢tpiecies.

Citrate synthase genglfA): The citrate synthase gene is one of the most aomgenes

used to differentiat®ickettsia species from other bacterial species. Analysib@titrate
synthase gene groupsfelis nearR. akari andR. australis (Bouyer et al. 2001).

16S rRNA gene:The 16S rRNA gene was initially chosen to helarelterizeR. felis as

a separate rickettsial species because of itdiggads a housekeeping gene which makes it under
less pressure from host immune responses andearkigonmental stresses. Analysis of this
gene identifieR. felisin a clade witlR. akari andR. australis (Higgins et al. 1996).

17-kDa protein geneThe 17-kDa antigen found in all specieRodkettsia is an

immunologically important surface protein and i® af the most characterized loci in any
rickettsial genome (Anderson et al. 1987, Andersios. 1988, Anderson and Tzianabos 1989).
Only bacteria in the genu&ckettsia are known to possess the 17-kDa antigen geneara@ad of
divergence present in this gene between ricketipiaties aided in the formation of the SFG and
TG (Anderson and Tzianabos 1989). The conservéiel of the 17-kDa antigen gene has

been studied between rickettsial species using inmilot analysis and comparison of
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nucleotide alignment; both of which predict highmtmogy betweerkickettsia, especially in
regions involved in controlling gene expressiondArson and Tzianabos 1989). Because the
17-kDa protein gene is genus-specific, it is comiyosed as a diagnostic tool to determine
rickettsial infections, after which other geneg(empB, ompA) or techniques (e.g. RFLP) are
used to determine the specific rickettsial spe@eslerson and Tzianabos 1989). The presence
of this gene has also been used to identify neketisial species; and its presence in the
bacterial species originally designated ELB (rHRvielis) supported placement of bacteria in the
genusRickettsia (Anderson and Tzianabos 1989, Tzianabos et aB)198omparison oR. felis
17-kDa gene sequence with eight other rickettgaties, including members from both the SFG
and TG, identifieRR. felis as different from all other sequenced strainsciviwvas further
supported byR. felis gItA RFLP analysis indicating th& felis was a distinct rickettsial species

in the SFG (Azad et al. 1992).

OmpA protein geneompA): The 190-kDa outer membrane antigen protein gempA)

is the major gene that defines the SFG. The immamnant OmpA protein is believed to have
a critical role in SFG rickettsial pathogenesig(eell adhesion and invasion) (Li and Walker
1998, Crocquet-Valdes et al. 2001). Antigenic aton in the conserved regions of this gene
that flank tandemly repeated sequences, are usdiifferentiatingRickettsia species and

strains within the SFG (Gilmore, Jr. 1993, Zavakstto et al. 2005). InitialhR. felis was
considered to be more closely related to the TGirse experiments testing for the presence of
this gene were negative (Azad et al. 1992). Howdrdeliswas later determined to indeed
contain and transcribe a truncated version ofghaise (Bouyer et al. 2001, Zavala-Castro et al.
2005). Further studies on the trunca®edelis ompA gene characterized it as a split gene that
contained the peptide sequence for insertion imariner membrane, but lacked the peptide

sequence for transport to the outer membrane (Zavastro et al. 2005). Also, because many
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stop codons are encoded within the gene that ugethe reading framempA was

hypothesized to be undergoing a degradation prdaodsscome a pseudogene perhaps as a result
of: long-term laboratory maintenance in fleas whbeeprotein might not require the function
needed in the mammalian host; evolutionary adaptat their environment; or, evolutionary
natural genetic heterogeneity among strains (Za€aktro et al. 2005).

Organization oR. felisinto the SFG has been validated in both serolagccmolecular
studies, however, a reorganizatiorRofelis within the genusickettsia has been proposed,
based on phylogenetic analysis of a number of ceadegenus-specific genes and the presence
of a plasmid a plasmid iR. felis (Figure 1.2) (Gillespie et al. 2007). In this nawangement
rickettsiae are organized into one of four grodps:ancestral group-AG (e B. bellii and
R. canadensis), the typhus group-TG (e.B. typhi andR. prowazekii), the transitional group-
TRG (e.gR. felisandR. akari) or the spotted-fever group-SFG (eRyrickettsii, R. sibirica).
Based on this reorganizatidR, felis would transfer into the TRG as results of seveegluences
analyses places it before the core SFG-rickettaiaeafter the TG-rickettsiae, similar to
R. akari.

1.2.2. Genome

Eleven genomes from species in the gdRigkettsia are currently available: two from
the TG,R. prowazekii (Andersson et al. 1998) amdtyphi (McLeod et al. 2004)seven from the
SFG,R. conorii (Ogata et al. 2001RR. sibirica (Malek et al. 2004)R. rickettsii (GenBank
accession no. AADJ01000001) (Ellison et al. 2088gkari (GenBank accession no.
NC_009881)R. felis (Ogata et al. 2005R. africae (GenBank accession no. AAUY01000001),
andR. massiliae (Blanc et al. 2007); two from the A®, bellii (Ogata et al. 2006) and
R. canadensis (GenBank accession no. NC_009879). To &afelis has the largest genome of

any sequenceHlickettsia sp. withR. bellii being a close second. Based on the currently
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available genomes the following rickettsial speas® contain plasmidf. felis,
R. monacensis, R. helvetica, R. peacockii, R. amblyommii, R. massiliae, andR. hoogstraalii
(Ogata et al. 2005, Baldridge et al. 2008).

Before the entire genome was available, individidélis genes were sequenced and
compared to other rickettsial species. The fRRdtlis gene examined was the 16S rDNA gene
which was sequenced and compared to 16S rDNA seqa@&iR. rickettsii andR. typhi to help
confirm identity and determine its relative phylogeplacement (Schriefer et al. 1994a). The
results of the sequence comparison revealedRHakis was more closely related to the
R. rickettsii than toR. typhi, differing at 9/1,407 and 24/1,407 bases, respelgtiand
examination of 17-kDa protein sequencétoickettsii revealed variation at only 6/80 amino
acids (Azad et al. 1992). Sequencing ofRhéelis genome revealed several unique features not
common to other previously sequenced rickettsinbgees including putative genes for a
conjugative pili (Ogata et al. 2005[R. felis was found to have one circular chromosome
1,485,148-bp long; and two circular plasmids: pRE pRF, 62,829 and 39,263-bp,
respectively. Pornwiroon et al. (2006), was alsahle to detect a second plasmid upon
screening of theiR. felis (strain LSU). Additionally, after re-examinatiand re-annotation of
the putativer. felis plasmid(s), Gillespie et al. (2007) determiriedelis contained only one
plasmid: pRF. However, recent studies have demeatestthat plasmid number differs by
R. felis strain, with some strains having no plasmids ahdrs having two (Fournier et al. 2008).

Variable presence and number of plasmid(s) hawelssn observed among species in
other genera of obligate intracellular bacterig.(Ehlamydiaceae spp.) (Palmer and Falkow
1986, Pickett et al. 2005). Several theories weoposed as to the maintenance of a plasmid in
the genome oR. felis and include: potential function as a conjugatilesp location of

resistance genes; presence of bacteriocins; degatperties; and, encoding of virulence
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factors (Gillespie et al. 2007). Based on the pREmMid annotated gene sequence, the most
likely theory would be that this plasmid servesasrulence plasmid, due to the number of
virulence gene homologs encoded on it (Gillespi&.€2007). Examples of virulence gene
homologs found on the pRF plasmid include: ANK iR protein motif gene; surface antigen
gene; patatin homolog (phospholipase A2 activigmblytic activity), a chitinase (breakdown of
vector exoskeleton), ecotin (protease inhibitany a hyaluronidase gene (spreading factor). An
origin of replication and replication terminatioegrons were also proposed (Gillespie et al.
2007). Acquistion of some of these virulence geoimologs were suggested to be the result of
horizontal gene transfer within tlaeproteobacteria (Gillespie et al. 2007).

R. felis, thus far, has the highest number of gene famiied highest numbers of genes
within most gene families, than any other sequemicééttsial species (Ogata et al. 2005).
These gene families include: surface cell antigetay; global metabolism regulatorsppT);
transposases; and, genes encoding protein-proteraction motifs (e.g. ankyrin (ANK) repeats
and tetratricopeptide repeats (TRP4$})felis contains nine intacs¢al-5, 8, 9, 12, 13) and four
fragmentedgca0, 7, 10, 11) sca genes. Products efa genes are commonly used as major
antigenic and genetic determinants to differentsteveen rickettsial specieR felis contains
14 spoT $poT1-13, 15) paralogs that are classified into two groups etiog to their putative
function(s) in (p)ppGpp (guanosine tetra- and pembaphates) hydrolase and synthetase
activities. Protein-protein interaction motifs diéied in the genome dR. felisinclude genes
encoding 22 ankyrin-repeat-containing proteins ¢tiom in transcription, cell cycle regulation,
and cell-to-cell signaling (Mosavi et al. 2002ndal1l TPR-containing proteins (function in
protein-protein interaction (Blatch and Lassle 1999

Additional unique features &. felis genome include: a putative toxin-antitoxin system

composed of 16 toxin and 14 antitoxin genes; astibresistance gene homologs (including:
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streptomycin; a class lactamase, AmpC; a classfElactamase; penicillin acylase and an
ABC-type multidrug transport-system protein); andiekA homolog (involved in actin-based
motility) (Ogata et al. 2005).

1.2.3. Cultivation

R. felis can be cultivated in a number of cell lines inahgd African green monkey
kidney cells, Vero; murine fibroblast cells, L928nopus tadpole cells, XTC-2Aedes
albopictus derived cells, C6/36Anopheles gambiae cells, Sua5BAedes albopictus cells, Aa23;
and,Ixodes scapularis derived cells, ISE6 (Table 1.2). Below is a dgdgmon of R felis
cultivation in each of the different cell lines Wwispecial attention given to culture conditions.

1.2.3.a. Vero Cells

As the ELB agentR feliswas initially cultivated by Radulovic et al. (1995n Vero
(Cercopithecus aethiops) cells by inoculation of cell monolayers with hogemized suspensions
of R. felis-infectedC. felis, and incubated at 32°C and 35°C. The infectit@ 0d ELB agent in
Vero cells 11 days post-inoculation was 90-95%arkxation of infection-induced morphology
of host cells by ELB agent revealed that infectelilsavere induced to form round cytopathic
foci and plagues at day 11 post-infection and mig$tmacroscopic plaques with a reticular
pattern at day 21 post-infection. This patterinéction-induced host cell morphology changes
along with growth pattern in Vero cells and delapétjue formation was stated to more
strongly resemble TG-rickettsiae then SFG-ricka#siThe results of this study indicated that
ELB agent can successfully adapt from insect ¢ellmammalian cells in terms of entry,
survival and exit as determined by light microscagifferential staining, and indirect
immunofluorescent assays (IFA), however, the oabisolate from this study was
unsustainable.

In 2002, La Scola et al. definitively cultur&dfelisin Vero cells, but demonstrated that
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Table 1.2. Described cell culture systems fdR. felis studies. R. felis can be propagated in a
variety of both vertebrate and invertebrate cakd. Strain (isolate) &. felis and optimal
culture temperature are indicated for each cedl.lin

Cell line Type of host cell Temperature R. felis strain Reference
Vero African green monkey kidney 34°C n.a. Radulovic et al. 1995

% 28-32°C Marseille-URRWFXCal  Raoult et al. 2001
g L929 Murine fibroblast 34°C n.a. Radulovic et al. 1995
§ 34°C LSu Sakamoto et al. 2007

XTC-2 Toad tadpoleXenopus laevis) 28°C Marseille-URRWFXCal Raoult et al. 2001
° ISE6 Tick (xodes scapularis) 32°C LSU Pornwiroon et al. 2006
_g C6/36 Mosquito Aedes albopictus) 25°C Pedreira Horta et al. 2006
‘é’ Aa23 Mosquito Aedes albopictus) RT LSU Sakamoto et al. 2007
= Sua5B MosquitoAnopheles gambiae) RT LSU Sakamoto et al. 2007

RT = room temperature
n.a. = not available
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R. felisis temperature sensitive, growing optimally at@8hoderately at 32°C, and not
growing in temperature32°C (LaScola et al. 2002). Cytoplamsmic foci prajue formation
were observed in Vero cells incubated at the Iademperatures.

1.2.2.b. L929 Cells

As the ELB agentR feliswas also initially cultivated in L929 (murine fidvlast) cells
by inoculation of cell monolayers with homogenizegpensions dR. felis-infectedC. felis, and
incubated at 32°C and 35°C (Radulovic et al. 1993thje infection rate of ELB agent in L929
cells 11 days post-inoculation was 65-70%, dematiagy thatR. felis grows preferentially better
in Vero cells (Radulovic et al. 1995b). Work by &eola et al. 2002, however could not
reproduce a successful cultureRoffelisin this cell line with the same strainRffelis (LaScola
et al. 2002). RecentlR. felis has been cultured in L929 cells, maintained indato’s
modified Eagle’s medium supplemented with 5% fbtatine serum and grown at 34°C
(Sakamoto and Azad 2007).

1.2.3.c. XTC-2 Cells

XTC-2 (Xenopus laevis) is an amphibian-derived cell line, whéRefelis can be
successfully cultivated at 28°C (Raoult et al. 2QCdScola et al. 2002). This cell line was
chosen because of it lower cultivation temperatas®. felis was demonstrated to be
temperature sensitive. Using tRefelis Marseille-URRWFXCal' strain,R. felis-infected
XTC-2 monolayers required 14 days for initial igada, while subsequent passages required six
days forR. felis to infect 90% of cells. Cytoplasmic foci and pladormation were observed in
XTC-2. R feliswas determined to grow most rapidly at 28°C is tell line and died at
temperatures 32°C, andR. felis infected-XTC-2 cells grown at 28°C had twice thiection rate

of R. felis-infected Vero cells grown at 32°C.

17



1.2.3.d. C6/36 Cells

The first insect-derived cell ling. felis was cultivated in was the C6/3aefes
albopictus) cell line (Horta et al. 2006). In this stud,felis was isolated from naturally
infected cat fleas collected from dogs in BraZleas were externally disinfected, triturated and
inoculated onto a monolayer of C6/36 cells. Afteveral passages, infectionPffelisin C6/36
cells was established. At an incubation tempeeatfi25°C, C6/36 cells become confluently
infected (90-100%) witlR. felis within 15-20 days. Once agaR, felis was found to
preferentially grow at a lower temperature (25°@ew compared with other rickettsial species
that are cultivatedh vitro at 30°C or higher (Weiss et al. 1984). To verifgntity of the
cultivated bacteria, PEamplification of the 17-kDa protein gergitA andompB were
performed with affirmative results f&t. felis.

1.2.3.e. ISEG6 Cells

RecentlyR. felis has been cultivated in dxodes scapularis (ISE6) tick-derived cell line
(Pornwiroon et al. 2006). This cell line was chrobg the researchers because of its permissive
nature in acquirindrickettsia spp. infections.R. felis was successfully cultivated in this cell line
at an incubation temperature of 32°C and 90% d$ eedre infected witlR. felis within 14 days.

R. feliswas found to induce some cytopathic effects inhib&t cells including increased
vacuolization, but minimal cell lysis was observed.

1.2.3.f. Aa23 Cells

With success in culturing other obligate intragkalf bacteria, thédedes albopictus cell
line, Aa23, was examined for its ability to sustRirdelis infection (Sakamoto and Azad 2007).
R. feliswas successfully cultured in Aa23 cells, clos&@@6% infection by seven days, at room
temperature and infected cells were observed toghogether, lyse and release large numbers

of extracellulaR. fdis.
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1.2.3.9. Sua5B Cells

As with Aa23 cells, thénopheles gambiae cell line, Sua5B, has also been used to
culture obligate intracellular bacteria, and thizswexamined for its ability to sustdnfelis
infection (Sakamoto and Azad 2007). Similar to &2 felis-infected Sua5B cells were readily
infected (close to 100% infection by seven daysinped, lysed, and released large numbers of
extracellulaR. felis.

1.3. Ecology and Epidemiology oRickettsia felis

1.3.1 Infection in Arthropods

The cat flea serves as the primary vector andvesef R. felis. Consequently, most of
our current understanding Bf felis infection in arthropods comes from tRefelis-infected cat
flea model. The distribution oR. felis within fleas has been examined using microscopic
(transmission electron microscopy, TEM) and molacatethods (PCR). The initial
characterization dR. felis morphology was accomplished by Adaehsl. 1990 (Adams et al.
1990). Utilizing TEM, flea midgut epithelial celt®ntainedr. felis located in the cytoplasm of
the host cell, with dense cytoplasm, and surrouryeal clear space occasionally containing
intracytoplasmic vacuoles (Bouyer et al. 2001, Ranoon et al. 2006). Inside the vector cell,
rickettsiae were found to be located near the elagdapc reticulum (Pornwiroon et al. 2006).
Additional specific tissues in whidR felis has been identified in adult cat fleas include the
muscle cells, fat body, tracheal matrix, ovarigsthelial sheath of testes, and salivary glands
(Adams et al. 1990, Bouyer et al. 2001, Macalusa.€2008). Within the epithelial cells of the
salivary glandsR. feliswere typically free in the cytoplasm often surroeddby a “halo”
(cleared cytoplasmic contents), consistent witlvipres ultrastructural descriptions Bf felisin
tick-derived cell culture (Pornwiroon et al. 20@6)d in other flea tissues (Adams et al. 1990).

The wide dissemination &. felis within the flea host suggests a close associdtivween fleas
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and the bacteria; however, a correlation betweagketisial distribution in flea tissues and the
distinct transmission route has not been determined

Several gPCR assays have been developed for aséiagnostic tool and to quantify
rickettsiae in samples. In an antibiotic susceltitstudy, replication of multiple isolates of
R. feliswere measured in XTC-2 cells treated with varianbiotics; however, assay details
andR. felis load calculation methods in this study were neackRolain et al. 2002). In another
study that utilized gPCR, a probe-based methockteug a portion of thempB gene was able to
differentiate betweeR. felis andR. typhi infected fleas and had an assay sensitivity aidyfl
(determined using serial dilutions of a plasmidteorng a portion thempB gene) (Henry et al.
2007). Comparison of crude (boiled flea lysatasuse kit-based DNA extraction methods
determined crude-extraction of DNA was insensitegulting in limited detection dRickettsia
(Henry et al. 2007). Additional studies examininglecular interactions betwe&afelis and
the arthropod host will provide valuable informatim decipheR. felis biology and
epidemiology.

The presence @R felisin commercial and institutional flea colonies bagn extensively
studied (Table 1.3). After the initial identifica of R. felisin the Elward Laboratory cat flea
colony, a 1999 survey examining the prevalendg. &dlis-infection in commercial and
institutional colonies demonstrated tiafelis-infection was wide-spread in controlled cat flea
colonies (Higgins et al. 1994). In addition to ftaas,R. felis has been detected molecularly in a
panoply of blood-feeding arthropods worldwide, B1xé@untries spanning five continents (Table
1.4). The use of the cat flea as the prinfarfelis vector is concerning from a public health
perspective because of the cat fleas’ habit osergninate host selection (Azad et al. 1992). In
contrast to other described rickettsial spedRegelisis unique as it may potentially infect both

insect and acarine hosts and has been detectethnicks and mites. The prevalence of
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Table 1.3. Prevalence oR. felis infection in commercial and institutional cat fleacolonies.
R. felis-infection has been documented at a varying precalén several commercial and

institutional cat flea colonies.

Flea Colony Year assesseR. felis prevalence Reference
Ag Research Consultants* 1994 70% Higgins et al. 1994
American Biological 1990 0% Adams et al. 1990
Supply 1992 0% Azad et al. 1992
Elward Labs (EL) 1992 100% Azad et al. 1992
1994 83% Higgins et al. 1994
2007 0% Pornwiroon et al. 2007
Flea Data Inc. 2001 20-100%** Raoult et al. 2001
Heska Corporation 1998 0% Noden et al. 1998
2008 0% Macaluso et al. 2008
Louisiana State Universi 1994 86% Higgins et al. 1994
(LSU)* 200( 65% Wedincamp et al. 20!
2002 65% Wedincamp et al. 2002
2007 94% Pornwiroon et al. 2007
2007 100% Henry et al. 2007
2008 96%, 67%, 35% Reif et al. 2008
Merck and Co. Inc.* 1994 66% Higgins et al. 1994
Nu-Era Research Farms 1994 83% Higgins et al. 1994
Professional Laboratory 1994 50% Higgins et al. 1994
Research Service (PLRS)* 2007 16% Pornwiroon et al. 2007
Texas A&M University** 1994 43% Higgins et al. 1994
University of California 1990 0% Adams et al. 1990
University of Maryland at 1992 0% Azad et al. 1992
Baltimore (UMAB)
USDA, MAVERL** 1994 93% Higgins et al. 1994

*Created from or supplemented with originally infected EL Lab fleas

**potentially contaminated with originally infected EL Lab fleas
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Table 1.4. Geographic distribution ofR. felis in wild-caught arthropods. R. felis has been
detected by molecular methods in numerous speti@stoopods, recovered from mammalian
hosts in several countries around the world. Tleeglence oR. felis-infection in wild-caught
fleas is variable.

Country Surveyed mammghan host(s) with (+) Surveyed vector (+) for R. felis Preva!enpe OfA R. Reference
R. felis vector felis -infection
Algeria Rodents and hedgehogs Archaeopsylla erinacei and C. 100% Bitan et al. 2006
canis
Afghanistan Gerbils rodent fleas 9% Marie et al. 2006
Argentina Dogs C. felis 22.6% Nava et al. 2008
Australia Dogs and cats C. felis and Echidnophaga n.d. Schloderer et al. 2006
gallinacea
Brazil Dogs and cats Ctenocephalides spp. n.d. Oliveira et al. 2002
Dogs C. felis 28-80% Horta et al. 2005
Dogs and horses Ctenocephalides sp. R. n.d. Cardoso et al. 2006
sanguineus and Amblyomma
cajennense
Dogs C. felis and C. canis 36% C. felis, 19.1% Horta et al. 2006
C. canis
Opossums, dogs and cats C. felis and Polygenis atopus 41% (C. felis), 3-8% Horta et al. 2007
(P. atopus)
Dogs and horses Riphicephalus sanguineus and n.d. Oliveira et al. 2008
C. felis
Canada Cats C. felis 18% Kamrani et al. 2008
Chile Cats C. felis 70% Labruna et al. 2007
Croatia Sheep and goats Haemaphysalis sulcata 20-26% Duh et al. 2006
Cyprus Rats C. felis 5.60% Psaroulaki et al. 2006
Democratic Republic of Collected off host P. irritans, E. gallinacea, 10.72% Sackal et al. 2008
Congo Xenopsylla brasiliensis, Tunga
penetrans
Ethiopia n.d. Fleas n.d. Raoult et al. 2001¢
France Cats C. felis 8.10% Rolain et al. 2003
Dogs and cats C. felis, C. canis, Archeopsylla 17% (Cf), 27%(Cc), Gilles et al. 2008b
erinacei 100% (Ae)
Gabon Monkey C. felis n.d. Rolain et al. 2005
Germany Dogs and cats C. felis, Archeopsylla erinacei  100% A. erinacei, Gilles et al. 2008
9% C. felis
Indonesia Rodents and shrews Xenopsylla cheopis n.d. Jiang et al. 2006
Israel Cats C. felis 1-13% Bauer et al. 2006
Japan None (collected by flagging) Ixodes ovatus, Haemaphysalis n.d. Ishikura et al. 2003
flava, H. kitasatoe
Mexico Dogs C. felis n.d. Zavala-Velazquez et al. 2002
New Zealand Dogs and cats C. felis 15% Kelly et al. 2004
Peru Dogs C. felis n.d. Blair et al. 2004
Portugal Rodent and hedgehog Archaeopsylla erinacei and 3.50% de Sousa et al. 2006
Ctenophtalmus sp.
South Korea Wild rodents Chigger mites n.d. Choi et al. 2007
Spain Dog n/a 40% Perez-Arellano et al. 2005
Dogs and cats C. felis n.d. Marquez et al. 2002
Dogs and cats C. felis n.d. Marquez et al. 2006
Dogs and cats C. felis and C. canis 28.40% Blanco et al. 2006
Taiwan Rodents Mesostigmata mite n.d. Tsui et al. 2007
C. felis 18.80% Tsai et al. 2009
Thailand Dogs and ferret-badger C. felis and C. canis 4.40% Parola et al. 2003
United Kingdom Dogs and cats C. felis 6-12% Kenny et al. 2003
Dogs and cats C. felis 9-21% Shaw et al. 2004

(continued on page 23)
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United States Opossums

Opossums
Dog
Opossums

Rodents
Brown pelican
Cats
Mice
Uruguay Dogs and cats

C. felis
C. felis

Pulex irritans
C. felis

Anomiopsyllus nudata
Carios capensis
C. felis
Xenopsylla cheopis
C. felis and C. canis

1.80%
3.70%
n.d.

3.8% in 1993 and
2.1% in 1998
0.80%

1.50%
n.d.
24.80%
41%

Williams et al. 1992
Schriefer et al. 1994
Azad et al. 1997
Boostrom et al. 2002

Stevenson et al. 2005
Reeves et al. 2006
Hawley et al. 2007

Eremeeva et al. 2008
Venzal et al. 2006
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R. felis-infection in surveyed wild-caught arthropods ranfges 0.8% to 100%, depending on
species and geographic location, but typicallgssithan 25%. To assess vector competence,
additional studies will be required to discern th@dgical significance oR. felis infection in
these various arthropod hosts.

1.3.2. Transmission Routes Rifckettsia felis

Global dissemination dE. felisis contributing to the vast distribution Bf felis.
AlthoughR. felis has been identified molecularly in a number dir@od species, the cat flea is
currently the only arthropod associated with biatagjiransmission dR. felis. Maintenance of
R. felisin the environment is most likely a function cdislie vertical transmission, via
transstadial and transovarial transmission withirflea populations (Azad et al. 1992,
Wedincamp, Jr. and Foil 2002). Mechanisms of jibas&. felis transmission routes were
postulated with the discovery Bf felisin flea reproductive tissue (Azad et al. 1992), duse
other rickettsial species had been shown to becadistitransmitted (Farhang-Azad et al. 1985,
Azad and Beard 1998). Initial reports descrildiadelis vertical transmission within flea
populations employed PCR to det&cfeisin freshly deposited cat flea eggs, demonstrating
thatR. felis could be transovarially transmitted, a findingttbarrelated with the high prevalence
(~90%) in the Elward Laboratory flea colony (Azadkt1992). A subsequent study examined
the prevalence AR felisin newly emerged unfed adult cat fleas from eigibwies in the USA
and identifiedR. felis infection in all colonies, with prevalence rangingm 43-93% (Higgins et
al. 1994). The authors attributed highfelis-infection prevalence to efficient vertical and
horizontal transmission. Because newly emergedduaflult fleas were examined, acquisition
of R. felis via vertical transmission is the most reasonabteltision, as horizontal routes of
transmission were never definitively demonstrated.

The most comprehensiw felis vertical transmission study was performed by
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Wedincamp et al. (Wedincamp, Jr. and Foil 2002)ylich the efficiency oR. felis vertical
transmission in cat fleas over twelve generationbout the aid of an infectious bloodmeal or
vertebrate host was described. It was reportedRHatis-infection prevalence waned from 65%
to 2.5% by the twelfth generation in fleas fed Im@vblood using am vitro feeding system
compared to the steady 65% infection prevalencedtfed fleas. Although it is plausible that
in the cat-fed colonfR. felis-infection prevalence was boosted by occasionaétiskmias,
uninfected fleas fed on these same cats did nafigcopfection. R. felis transmission also was
not observed by copulation or direct contact betwiagected and uninfected fleas. With the
exception of vertical transmission among colonizatifleas, biological transmission Rffelis

by other arthropods has not been descriBetjphi andR. felis are the only pathogenic
rickettsial species transovarially transmitteditheopods other than ticks or mites (Azad et al.
1992).

Horizontal transmission of viabR felis during juvenile or adult flea lifecycle stages has
not been demonstrated; however, the potential fazdatal transmission between arthropod and
vertebrate or arthropod and arthropod is likelyos€ved by ultrastructural studies in the
salivary glands of cat fleas (Macaluso et al. 2088)va produced during bloodfeeding may
provide one route dR. felis transmission to a susceptible vertebrate hosidefee for
rickettsiae transmission from flea to host viasaly secretion is supported by PCR
amplification ofR. felis DNA in the blood of laboratory cats exposedrtdelis-infected cat fleas
and their subsequent seroconversion (WedincamandrFoil 2000). Containment of fleas in a
feeding capsule ensured that cat hosts did nombe@xposed to infection during grooming
procedurege.g. ingesting infected fleas or flea feces), ®stjgg horizontal transmission via
flea feeding occured. Although cats were positiveRidelis DNA and antibodies t&. felis,

these methods do not address the viabilitR. délis in this mammalian host. Additional studies
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examining veterinary clinic cats infested wRhfelis-infected fleas were unable to amplify

R. felis DNA, but could detect antibodies Rofelis indicating possible past infection or exposure
(Hawley et al. 2007, Bayliss et al. 2009). Transmissf rickettsiae in saliva during
bloodfeeding has been demonstrated with other tgiléspecies (reviewed in Azad and Beard
1998) and recovery ®&. felis from an infected mammalian host with subsequesetciign of a
competent vector like the cat flea on an infectesk Inave yet to be realized.

Co-feeding betweeR. felis-infected and uninfected fleas or other suscepabieropods
poses another possible routeRofelis horizontal transmission. In this scenario, aredtéd flea
would be able to transmiR. felis in saliva or by regurgitation of rickettsiae tow@amnfected flea
feeding nearby. Pathogen transmission via co-fegldas been described for numerous
arthropods, includingxodes scapularis, in the transmission dorrelia burgdorferi (Patrican
1997) and irCulex species with the transmission of the West Nile viMsGee et al. 2007).
Rickettsial species, includirfg massiliae in Rhipicephalus turanicus andR. rickettsii in
Dermacentor andersoni, have also been documented to employ co-feediagt@msmission
strategy (Philip 1959, Matsumoto et al. 2005).ofre studyRickettsia-free fleas allowed to feed
with R. felis-infected fleas for five days on an artificial féegl system the uninfected fleas did
not acquire infection (Wedincamp, Jr. and Foil 200@wever, the concentration of rickettsiae
in the shared meal and the susceptibility of thefested fleas to infection was not determined.
Although likelihood ofR. felis transmission or maintenance is diminished, addtictudies
examining the potential of co-feeding transmissiomneeded.

Larval feeding also may be another potential avdauR. felis horizontal transmission.
Cat flea larvae feed on adult flea feces as thainreource of nutrition. In addition to their
regular diet, cat flea larvae lead cannibalistresi preying on eggs and other larvae (Lawrence

and Foil 2000, Hsu et al. 2002) all of which can lead greater success during larval and adult
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maturation (Lawrence and Foil 2000). Feedindrofelis-infected feces and/or cannibalism of
R. felis-infected eggs/larvae may facilitaRefelis transmission to uninfected fleas. Initial studies
using uninfected larvae allowed to feed on PCR-p&sR. felis-infected feces, eggs, and earlier
instar larvae were unsuccessful in acquimtadelis; howeverR. felis viability and persistence in
flea feces and infective dose had not been ass@asatincamp, Jr. and Foil 2002).

Transmission of rickettsiae to vertebrates viadgtdd feces is a common transmission
strategy employed by the TRckettsia. The predominant mode Bf typhi transmission is
through fleas feeding on rickettsemic vertebratethrand the subsequent shedding of infectious
R. typhi in their feces for up to ten days (Azad and Bea@B)9 In addition tdR. typhi being
horizontally transmitted to a vertebrate host wiected flea feces, vertical transmission within
flea populations has also been described, althatigHower rate (Farhang-Azad et al. 1985).
The ability of fleas to transmR. typhi both horizontally and vertically suggests similar
mechanisms of transmission fRrfelis. While the ability of fleas to acquife felis during
blood feeding and then shed viaBleelis in their feces has not been fully examinedyitro
studies have demonstrated a infectious extracelitiddie ofR. felis (Sunyakumthorn et al. 2008).
The increased availability of more sensitive detecimethods will allow for detection of low-
level transmission by other postulated transmissiores.

Along with Rickettsia species, numerous bacterial endosymbionts sud¥olmchia sp.
andSpiroplasma sp., have been described in domestic and wild-ddilegs (Gorham et al.
2003, Murrell et al. 2003, Pornwiroon et al. 200aheks et al. 2008). Abundant endosymbionts
in arthropod populations may regulate the abilityRofelis to colonize through either similar
tissue tropism or nutrient competition. Interferephenomenon, the establishment of a one
species oRickettsia inhibiting the transovarial transmission of a setRickettsia species

(Burgdorfer 1988, Macaluso et al. 2002), and niobrapetition have been described.
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Subsequently, an examinationRffelis andR. typhi co-infection prevalence, wheRe felis-
infected cat fleas were fed blood containiidyphi for nine days, demonstrated the ability of cat
fleas to acquire dual infection; however, infectrates were at a lower prevalence than in either
single infection, indicating that cat fleas prestyinfected withR. felis may interfere with the
establishment oR. typhi (Noden et al. 1998). Complete inhibitionRftyphi infection in

R. felis-infected fleas was not observed in all fleas, whdther or noR. felis is able to inhibit
vertical transmission dR. typhi to flea progeny or inhibit transmission to a sysit@e vertebrate
host is not known. During the initial descriptionPffelis (ELB agent) Wolbachia were
described in the ovaries of cat fleas (Adams €130). Since theiolbachia species have
been described in several species of fleas (Gorlhat 2003, Rolain et al. 2003, Dittmar and
Whiting 2004, Luchetti et al. 2004) with possiblésiractions betweeR. felis andWolbachia
species especially interesting as they occupy neétiye same host cells (niches) and likely
compete for similar host resources. In insectsjnfluence of microbial interactions on
Wolbachia abundance has been demonstrated (Bordenstein2€0&l, Goto et al. 2006).
Specifically in fleas, assessment of microbiotéheR. felis-free Elward Laboratory cat flea
colony demonstrated/olbachia to be the predominant bacteria, compared to deededetection
of Wolbachia in the LSU colony with aR. felis prevalence of ~94% (Pornwiroon et al. 2007).
In addition toWolbachia, R. felis-infected arthropods have also been infected witieei
Bartonella clarridgeiae (Rolain et al. 2003 Bartonella henselae (Shaw et al. 2004Bartonella
guintana (Rolain et al. 2003, Marie et al. 2006), dtaemoplasma sp. (Shaw et al. 2004) or
Spiroplasma, Senotrophomonas, andStaphylococcus (Pornwiroon et al. 2007). Occupying the
same cells or organs in the arthropod host mBafesis must be able to contend with other
vertically maintained endosymbionts and microbextguired during feeding (Pornwiroon et al.

2007). For examplepiroplasma, negatively affected the population\@blbachia during co-
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infection of Drosophila melanogaster (Goto et al., 2006). The biological impact of the
interspecific relationship of co-infecting ricke#tisand/or other bacterial species in the flea host
requires further examination.

Bacterial species, such @®lbachia andSpiroplasma, are readily able to manipulate
their host’s biology (e.g. cytoplasmic incompattlyil male-killing, feminization) to facilitate
their transmission (Werren 1997, Dobson et al. 188@et al. 2004, Montenegro et al. 2006,
Duron et al. 2008). The fitness cost associated RiitHlis infection of fleas is not clear and
needs to be examined (Pornwiroon et al. 2007) a ptithogeni&ickettsia, such as
R. rickettsii andR. prowazekii, have been shown to negatively impact the fitnésiseir host
arthropod (Snyder and White 1945, Burgdorfer andtBn 1975, Niebylski et al. 1999). Like
Wolbachia andSpiroplasma, other insect-specifiRickettsia species can negatively impact the
fitness of their arthropod hosts, such as the tisk# species in the two-spotted lady beetle,
Adalia bipunctata which is associated with male embryo mortality (Waret al. 1994, Perlman
et al. 2006). The ability dR. felis to influence the biology of a respective vectoryrdelineate
which arthropod species are competent vectors (Pavowiet al. 2007) Further studies
examiningR. felis interactions with other microbiota in the arthropagctor are needed.

1.3.3. Mammalian Reservoirs

Although there have been multiple reports tryingdafirm the presence & felis in
mammalian reservoirs, a definitive mammalian resieng still undescribed. AR. felisis
distributed worldwide and may utilize several vedpecies, it is likely that maintenance of
R. felisin nature requires a mammalian host, which may\asp geographically. Serologic-
based investigations have tried to define the peexea and incidence & felis-infection in
specific populations of domestic and wild anim&aigveral peri-domestic species associated

with the cat flea vector have been implicated, idirig: cats (Higgins et al. 1996, Boostrom et
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al. 2002, Case et al. 2006, Labruna et al. 20@0s dRichter et al. 2002, Oteo et al. 2006); and,
opossums (Williams et al. 1992, Schriefer et a@419 Boostrom et al. 2002, Bayliss et al.
2009), all of which have been found seropositiveRidelis-infection outside of laboratory
experiments (Table 1.5).

AlthoughR. felis has been detected molecularly in several mammsfianies, alR. felis
recovery attempts from vertebrate hosts have besacgessful. Definitive proof of infection,
“gold standard”, of any pathogen, is direct cultfreem an infected host; however, several
factors such as: low pathogen concentration, presenanly specific tissues, non-optimal
culture conditions, and waxing/waning of infectiandmpede recovery. Because of these
potential issues, indirect methods of diagnosirigdtions have been developed and can employ
both serologic and molecular techniques. Boostbal. (2002) conducted a survey of flea-
infested opossums in a murine typhus endemic asieg serologic (IFA) and molecular (PCR)
assays to dete&t felis infection in both the potential mammalian reserytiie opossum) and
fleas. PCR assays utilized the rickettsial 17-kBdepn gene and positive samples were
processed by RFLFA(u | digestion) to determine the rickettsial speciéstal rickettsial
seroprevalence among opossums was determined @ %# .2 IFA of flea midgut smears
revealed 22% of fleas positive fBr felis infection and 8% positive fdR. typhi infection.

Results of PCR analysis of 17-kDa protein gene fleddhat 2.6% of fleas were infected with a
Rickettsia sp., from which RFLP analysis confirmed that 21% aBébo7of fleas were infected
with R. typhi andR. felis, respectively. These results suggest a rolegossums as mammalian
reservoirs foR. felis.

As the primary species of flea that infests cath@&United States, a study was
conducted to determine the prevalenc®dglis infection in cat fleas recovered from infested

cats (Hawley et al. 2007)Cats exposed tR. felis via naturally infectedR. felis-infected
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Table 1.5. Diagnosis oR. felisinfection in mammals. Several sero-surveys of mammals with
or withoutR. felis-infected fleas have been conducted to identifgpil mammalian reservoirs

of R. felis.
Mammalian host(s) On-host vector (+)
positive forR. felis (% for R. felis- Tissue
Country positive) infection Tested Diagnostic Test Reference
Chile Cat (73%) C. felis Serum IFA Labruna et al. 2007
Germany Dog (n.a.) n/a Serum MIF, Western blot Richted.e2002
Peru Rat (n.a.) n/a Blood n/a Blair et al. 2004
Spain Dog (n.a.) n/a Serum PC&th, ompA, ompB) Oteo et al. 2006
Taiwan Cat C. felis Serum IFA Tsai et al. 2009
USA Opossums (30%) C.felis Serum DFA Williams et al. 1992
Opossums (33%) C.felis Blood PCR (17kDagltA), IFA Schriefer et al. 1994
Cat (8%) n/a Serum n/a Higgins et al. 1996
Cat (81)’ C. felis Serun Serology, PCI Wedincamp et al. 20(
Cat (100) C. felis Serun IFA Wedincamp 20C
Opossums (33% 1993 C.felis Serum IFA Boostrom et al. 2002
and 22% in 1998)
Cat (<15%) n/a Serum IFA Boostrom et al. 2002
Cat (11% n/e Serun IFA Case et al. 20(
Cat (n.a. C. felis Blood PCR gltA, ompB) Hawley 200°
Cat (3.9%) n/a Serum IFA Bayliss et al. 2008

*Infested under experimental conditions
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fleas were examined using both serologic (IFA) antemdar (PCR) assays to det&ffelis
infection. R. feliswas detected in 64% of fleas collected from the,datwever all cats (cat
blood) tested negative f&. felis infection by PCR and IFA. AlthoudR feliswas not detected
in the cat blood tested, cats should not autombtiba ruled out as potential mammalian
reservoirs oR. felis. Other studies have demonstrated the ability tsf iwadevelop &. felis-
seropositive status (Wedincamp, Jr. and Foil 200erefore before ruling out a particular
mammalian species as a potenftalelis-reservoir, multiple factors should first be corseb
including: the duration of exposure to feedRdelis-infected fleas, health status of the animal,
and predilection site d®. felis for the sampled tissue site.

Additional studies are necessary to determine if mata are capable of being infected
with R. felis and serving as an infection source for vectorsvelz@ment of animal models of
R. felis-infection would address several of these questoiisallow in-depth examination of the
biology ofR. felisin mammalian hosts, including predilection sitéRdrelis, infection kinetics,
and host immune response. These results couldlatacsaluable information concerning the
prevention and treatment Bf felis infections in human and animals and could be prteded to
the prevention and treatment of other rickettsnal/ar flea-borne diseases.

1.3.4. Human Infection

In nature R. felis was first identified in cat fleas collected fromossums in California
near foci of murine typhus infections (Williamsat 1992). BecaudR. felis overlapped in areas
with R. typhi, a retrospective study was performed in Texas tienga initially diagnosed with
murine typhus to either verify a murine typhus diagjs or identify a misdiagnos&ifelis
infection (Schriefer et al. 1994a). In the Texagly, five patients initially diagnosed with
murine typhus were examined by PCR screening, R&h& southern hybridization f&: felis

infection. Tests confirmed that one of the fivaMned patients was positive farfelis
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infection and this case was recognized as theHustan case dR. felisinfection (Schriefer et
al. 1994a).

Since then, human casesPffelis-infection have been reported in 12 countries
worldwide (Figure 1.3) including: Spain (Perez-Aretiaat al. 2005, Bernabeu-Wittel et al.
2006, Nogueras et al. 2006, Oteo et al. 2006), GerriRichter et al. 2002), France (Raoult et
al. 2001), Brazil (Raoult et al. 2001, Galvao ef&l06), Mexico (Zavala-Velazquez et al. 2000,
Galvao et al. 2006, Zavala-Velazquez et al. 20063jlahd (Parola et al. 2003), Taiwan , South
Korea (Choi et al. 2005), Laos (Phongmany et al620Bgypt (Parker et al. 2007) and Tunisia
(Znazen et al. 2006) (Table6). Interestingly, only in Tunisia and Egypt viasre a human
case oR. felis-infection reported without additional reportshffelis-positive arthropods.
Serosurveys to deteBt felis-infection in humans have also been conductedpkin, serum
samples tested by IFA to survey the past exposungmpopulations of people R felis
reported up to 7.1% of people had antibodieR. ti@lis (Bernabeu-Wittel et al. 2006, Nogueras
et al. 2006). Misdiagnosis & felis-infection as another rickettsial infection, sushnaurine
typhus or Mediterranean spotted fever is also com(8ahriefer et al. 1994a, Raoult et al.
2001), implying a higher prevalenceRffelis infection in areas where multiple rickettsial
species overlap.

The clinical disease caused Ryfelis-infection has been designated several names
including: flea-borne spotted fever, cat flea typhandr. felis rickettsiosis. Clinical
manifestations oR. felis-infection are similar to symptoms caused by otiakettsial organisms
and can range in severity (Table 1.6). Typical ggoms can include fever, rash, headache,
myalgia, and eschar at the bite site (Brouqui.e2@0D7). More severe symptoms can result from
visceral (abdominal pain, nausea, vomiting andrdéa) and neurologic (photophobia and

hearing loss) involvement (Zavala-Velazquez et @@ Galvao et al. 2006). The variable
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Figure 1.3. Reported distribution ofR. felis. R. felis has been detected molecularly and
serologically in several countries around the wotldsome countrieR. felis has been detected
in arthropods only (YELLOW), while in other countriés felis has both been detected in
arthropods and human cased®Rofelis rickettsiosis have been reported (RED). Tunisa and
Egypt are the only countries where a human casedmsreported, biR. felis has not been
reported in arthropods.
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Table 1.6. Human cases and reported clinical marmaétations of flea-borne rickettsiosis.
Several cases & feisrickettsiosis have been reported around the wdRldported clinical
manifestations range from mild (e.g. fever, headaid myaliga) to severe (e.g. visceral and
cerebral involvement).

Country No. Rash Fatigue Fover HeadaAcﬁgtEArthralgia Myalgia Other Reference
Brazil 2 2/2 n.d. 2/2 n.d. n.d. n.d. stupor (2/2), coma)1/ Raoult et al. 2001
thrombocytopenia (1/2), vomiting
(2/2), elevated liver enzymes (1/2)
Egypt 1 n.d. n.d. 1/1 n.d. n.d. n.d. n.d. Parker et al. 2007
France 2 2/2 n.d. 22 n.d. n.d. n.d. n.d. Raoult et al. 2001
Germany 1 11 1/1 11 1/1 n.d. n.d. splenomegaly, elevated Richter et al. 2002
enzymes
Laos 1 n.d. n.d. 11 n.d. n.d. n.d. n.d. Phongmany et 8620
Mexico 3 3/3 3/3 2/3 2/3 1/3 2/3 nuchal pain (1/3), leucopenid)(1 Zavala-Velazquez et al. 2000
leucocytosis (1/3), anemia (1/3),
thrombocytosis (1/3), abdominal
pain (2/3), nausea (1/3) vomiting
(1/3), diarrhea (1/3), photophobia
(2/3), hearing loss (1/3),
conjunctivitis (1/3)
1 0/1 n.d. 1/1 n.d. n.d. n.d. skin lesions, cough, pulmpna Zavala-Velazquez et al. 2006
infiltrates
South 3 n.d. n.d. 3/3 n.d. n.d. n.d. n.d. Choi et al. 2005
Korea
Spain 5 0/5 n.d. 5/5 4/5 4/5 4/5 dry cough (3/5), abdominal pain Perez-Arellano et al. 2005
(1/5), elevated liver enzymes (5/5),
conjunctivitis (1/5)
2 1/2 n.d. 2/2 n.d. 2/2 n.d. malaise (2/2), elevated liver Oteo 2006
enzymes (2/2)
Taiwan 1 0/1 1/1 1/1 1/1 0/1 n.d. chills, pyuria, acuteypeluropathy Tsai et al. 2008
Thailand 1 0/1 n.d. 1/1 1/1 n.d. n.d. chills, hepato-spheegaly, Parola et al. 2003
leukopenia, vomiting
Tunisia 8 8/8 n.d. 8/8 n.d. n.d. n.d. peripheral adenopgl8), Znazen et al. 2006
interstitial pneumopathy (1/8)
USA 1 0/1 n.d. 1/1 n.d. n.d. n.d. n.d. Schriefer et al. 1994
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presentation of clinical disease can make diagriffisult and refinement of the full spectrum
of clinical disease associated wihfelis-infection will expedite accurate diagnoses.
Development of &. felis-disease animal model would allow for examinatioRdElis
pathogenesis, clarifying clinical aspectfofelis-infection.
1.4. Diagnosis oRickettsia felis Infection in Vertebrate and Invertebrate Hosts

Detection ofR. felisinfection can be accomplished by serological otetwlar diagnosis
(Table 1.7). In humans and animals, rickettsitdation is routinely diagnosed using serologic
methods that employ the human or animals’ antilredponse to rickettsial antigens. The most
common methods of serologic diagnosis include: omemunofluorescent assay (MIF), direct
immunofluorescent assay (DFA), indirect immunoflisment assay (IFA), enzyme-linked
immunosorbent assay (ELISA), Western blotting am$s-adsorption assays. Multiple
serologic tests are often required to confirm dasgmthe specific infecting rickettsiae because
cross-reactivity between rickettsial species is comnR. felis has been detected serologically
in humans and domestic animals; however, diagnasighese methods can be a challenge due
to cross-reactivity with other rickettsial specieaiable cut-off titer values, and reagent
availability. Further compounding the issues afuaate diagnosis is the clinical similarity of
many rickettsial diseases. In areas whrerelis-infected arthropods (specifically infected fleas)
were identified, several retrospective studies, eyipf) serological diagnosis, have been
conducted to determiri felis-infection prevalence of among local human and ahim
populations (Bernabeu-Wittel et al. 2006, Noguetad.€2006, Pinter et al. 2008). Ideally
serological results should be verified by molectdsts, although this is not always possible,
especially when looking for evidence of past infecs.

In general, molecular diagnosis of rickettsial atfen offers greater sensitivity and

specificity. Molecular detection usually involvBE€R assays to first determine rickettsial
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Table 1.7. Assays used to diagnose cases of flearlearickettsiosis. Both molecular and
serological assays have been used to identify huases of flea-borne rickettsioses.

Country # Cases Diagnostic Method Tissue Tested Referen
Brazil 2 MIF, nested PCRg(tA) Serum Raoult et al. 2001
1 Diagnostic methods not mentioned n/a Galvao et0dl62
Egypt 1 PCR (17kDa) Blood Parker et al. 2007
France 2 MIF Serum Raoult et al. 2001
Germany 1 MIF, Western blot, nested PCR (PS120 prgfene) Serum Richter et al. 2002
Laos 1 MIF, Western blot, cross-adsorption Serum Phamyret al. 2006
Mexico 3 Skin biopsy, PCR (17kDa), serological test Serlaim s Zavala-Velazquez et al. 2000
1 IFA, PCR (17kDa) Whole blood Zavala-Velazquez e2abD6
2 Diagnostic methods not provided n/a Galvao et @620
Spain 5 MIF, Western blot, cross adsorption Serum Perezl#melet al. 2005
2 PCR gItA, ompA, ompB) Serum Oteo et al. 2006
33 IFA Serum Bernabeu-Wittel et al. 2006
7 IFA Serum Nogueras et al. 2006
South Korea 3 Multiplex-nested PCRo(pB, gltA), sequencing and RFLP Serum Choi et al. 2005
Taiwan gqPCRdroEL , 17kDa, ompB), IFA Whole blood Tsai et al. 2008
Thailand 1 IFA, Western blot, cross adsorption Serum rolBeet al. 2003
Tunisia 8 IFA, Western blot, cross adsorption Serum Z8nget al. 2006
USA 1 PCR (17kDa), RFLP, Southern blot Whole blood Schrief al. 1994
3 ELISA Serum Wiggers et al. 2005
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infection, followed by restriction fragment-lengtblpmorphism (RFLP) analysis, dot-blot
hybridization, or sequencing of rickettsial genegdentify the specific infecting rickettsial
species. Genes commonly used for rickettsial deteatclude theRickettsia genus specific 17-
kDa antigen gene, the 16S rRNA gene, the citrate agatheneg(tA), ompB, andompA (this
gene is truncated iR. felis). Molecular detection is common in arthropod sys/ofR. felis-
infection and assessment of individual arthropadsttelp elucidate the prevalenceRofelisin
specific area. For example, in a survey of fledkected from rodents and a hedgehog in
Portugal R. felis was detected and differentiated fr&rtyphi in A. erinacel andCtenophtalmus
species by amplification and sequencing ofgiid& andompB genes (DeSousa et al. 2006).
Likewise, in Israel, multiple genotypesRffelis were identified in cat fleas by detection and
sequencing of the 17-kDa antiggitA, ompA andompB genes (Bitam et al. 2006), which
demonstrates the specificity of molecular assayhffarentiating not only rickettsial species, but
also in differentiating between strains of rickettspecies.

Molecular detection assays have also been utitizeldscriber. felis infection in
mammals and humans. In a survey of opossums e@dfegthR. felis-infected cat fleas, blood
samples were collected and sequencing of ampliiigdand 17kDa gene products demonstrated
R. felisinfection (Schriefer et al. 1994b). In GermaRyfelis-infection was diagnosed in a
person and their dog by amplification from serummgles and sequencing of tRefelis PS120
protein gene (Richter et al. 2002). More sensithaecular tools have been employed to
identify specific rickettsial infections. Developnieof gPCR assays able to detect as little as
one to ten specific rickettsial gene copies, allowdetection of low-leveR. felis-infections
(Henry et al. 2007). The development of speciesiBp@robes allows for the immediate
differentiation and diagnosis of specific rickettanfection (Rozmajzl et al. 2006, Henry et al.

2007). Although molecular assays may be more seasihd specific, limits in machine and
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reagent availability are common. Molecular assdys only detect current rickettsial infections
whereas serological based assays can diagnose exidkepast infections. Currently, there is no
standard protocol for physicians to diagnBséelis-infection in patients, and despite
circumstantial evidence of infectioR, felis has not been isolated from a human case of
infection.

1.5. Prevention, Control, and Treatment

1.5.1. Prevention and Control

As with most vector-borne pathogens, control of theter species often leads to efficient
control of the pathogen. Because cat fleas areritbesl as the primary vector and reservoir of
R. felis, and a vertebrate reservoir remains unknown, fiedral should be the focus of attention
when considering ways to reduce/eliminate cas&s f&fis rickettsiosis in humans and animals.
Prevention oR. felisinfection is most easily achieved through: avoataaf fleas; prevention of
flea infestations on companion animals; and, avadadf high risk occupations (e.g.
veterinarians, farmers, animal shelter employeBgysons with high risk occupations should
regularly practice good flea control measures, sigctreating pets and routine cleaning.

Flea control can be achieved through both non-ct&nand chemical means. Non-
chemical based flea control may include routineuuacing and cleaning in residences where
flea infestations are a problem. Any bedding othstgg that may be suspected of harboring any
flea lifecycle stage should either be disposedrdhoroughly cleaned with hot, soapy water.

Chemical control of flea infestations is a multilion dollar a year business geared
toward the prevention/reduction of flea infestationspets and domestic animals. Examples of
chemically based flea control products includei-Hea systems such as Frontline™ or
Advantage™ to prevent flea infestation of animalg #®a bombs to control/eliminate heavy

infestations in homes.
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1.5.2. Treatment dRickettsia felis Rickettsiosis

Patients diagnosed witR felisrickettsiosis, can successfully be treated with
doxycycline (200 mg/day) for 10 days (Oteo et aD&0 Pregnant women and children should
not be given doxycycline or fluoroquinolones, andhese cases physicians should consider
macrolide compounds or investigate other altereat{iRolain et al. 2002). Also, not all treated
patients may develop a seropositive state (IgG adi@s) (Oteo et al. 2006).

In one study, plaque and dye-uptake assays aloiggRICR were used to evaluate the
antibiotic susceptibility oR. felis, R. conorii, andR. typhi to: amoxicillin, ciprofloxacin,
doxycycline, erythromycin, gentamicin, levofloxacafloxacin, rifampin, SXT, telithromysin,
and thiamphenicol (Rolain et al. 2002). Immunofeaence staining assays (lves et al. 1997),
were also employed becauReelis has not been shown to cause much cytopathic effectdl
cultures. Results indicated tHatfelis is resistant to gentamicin, amoxicillin, and tribngprim-
sulfamethoxazole; poorly susceptibly to erythromyeind, susceptible to doxycyline,
rifampicin, thiamphenicol, tellthromycin and flu@@inolones (Rolain et al. 2002). Additional
studies have shown thBt felisis resistant to erythromycin, unlike other rickett species, for
which this is a successful drug (Rolain et al. 1995cola et al. 2002, Kenny et al. 2003). The
R. felis resistance to gentamicin, amoxicillin and trimethim-sulfamethoxazole and
susceptibility to doxycyline, rifampicin, thiampheal and fluoroquinolones has been confirmed
in other studies (Radulovic et al. 1995a, LaScokd.€2002, Kenny et al. 2003).

Antibiotic resistance homologs have been identifirethe genome dR. felis including:
streptomycin; a class lactamase, AmpC; a classfElactamase; penicillin acylase and an
ABC-type multidrug transport-system protein (Ogdtale2005).

1.6. Summary

Identification of arthropods and mammals susceptiblstable infection witR. felis can
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serve as a platform for developing methods to sRidglis-host interactionsR. felis-host
interactions can be examined using botkitro andin vivo systems. Several cell culture
systems forn vitro examination oR. felis have been established and provide a valuablgdool
examiningR. felis biology. The development of bioassays employmigrapods and mammals
capable of being infected witR felis are crucial to studR. felis biologyin vivo. Established
cat flea colonies infected wiR felis, such as the LS. felis colony, provide a valuable tool to
studyin vivo the biology (infection kinetics, tissue tropisnc.gof R. felis within its primary
host and vector. Within the flea, host the ispecific relationship oR. felis with other flea
bacterial endosymbionts that may affect the esthafyient or transmissibility d&?. felis, and
vector competence of individual fleas, can alsaddressed. As of yet, movivo mammalian
model ofR. felis-infection has been established. Establishmeahatnimal model will facilitate
a more accurate understandingrofelis, defining pathogenesis in both animals and huraads
delineating the transmission Bf felis from arthropod to animal, and vice versa. |dédtion

of key molecules in both the arthropod and mammadiiast that aid in establishment and
maintenance oR. felisinfection and subsequent transmission could atderdevelopment of
transmission control strategies within vector popaotes.

Despite being transmitted by a cosmopolitan veahar listed as an emerging infectious
disease, our current understandindrofielis biology is incomplete with several issues that
require attention. Towards understandiidelis transmission mechanisms the following areas
need to be addressed: identification of compete¢ht@od vectors and vertebrate reservoirs;
identification of alternat®. felis transmission routes; development of sensitive gediic
detection assays; and, refinement of the definitibclinical disease. Every year there are new
reports of arthropod, animal, and human casés fdis infection occurring in countries.

Determination of the key species involved in trarssioin will allow for the identification of
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relationships and patterns Rffelis-infection and will help pinpoint what and where cohtr
measures should be implemented. Several toolsuarently at our disposal includirig) felis-
infected commercial/institutional flea coloniesll cellture systems capable of supportRdelis
growth, and genome and proteome descriptions, tlitéée research towards delineating the
biology, epidemiology, and ecology Bf felis.

Despite stable vertical transmission in laboragatgings, the occurrence Bffelisin
numerous species of fleas and ticks in nature sigdleat horizontal transmission occurs.
Deciphering the role of horizontal transmissionhia tmaintenance d&. felis anddefining the
determinants oR. felis-infection in vertebrate and invertebrate hostsessential. The broad
hypothesis of this dissertation is that horizotr@hsmission is a necessary maintenance strategy
of R. felisin nature that is influenced by: persistence avactor; the ability of naive vectors to
become infected; and, dissemination and replicatidhe vertebrate host. The specific
objectives of this dissertation were to: (1) exaninéelis-infectiondynamics in the flea vector
at the population and individual flea level; (2}atenine ability of fleas to horizontally acquire
R. felis-infection; and, (3) asse&s felisinfection in a vertebrate model.
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CHAPTER 2
PREVALENCE AND INFECTION LOAD DYNAMICS OF RICKETTSIA FELISIN
ACTIVELY FEEDING FLEAS *

2.1. Introduction

Rickettsia felisis an arthropod-associated intracellular, gramatieg bacterium with a
worldwide distribution (Azad et al. 1997). Moleaulknd serological evidence suggéstieis
is infectious for humans, causing a disease sirtolanurine typhus (Schriefer et al. 1994),
although direct evidence of horizontal transmisgibR. felis from arthropods to humans has not
been demonstrated. Several studies have detlctelds DNA in a diverse range of flea species
of which Ctenocephalides felis, the cat flea, is considered the primary vectaigiiss et al.
1990). Laboratory studies have confirniedelis-infection inC. felis populations is
predominantly maintained by transstadial and treasal transmission (Azad et al. 1992,
Wedincamp, Jr. and Foil 2002). Stable verticatdraission oR. felis has been examined in
colonized fleas and the reported prevalende &dlisin commercial and institution&l. felis
colonies ranged from 43-100% (Azad et al. 1997, Wednp, Jr. and Foil 2000, Wedincamp, Jr.
and Foil 2002, Henry et al. 2007). Within an isetacolony, such as tt felis colony at
Louisiana State University (LSU), prevalenceRofelis is variable with studies reporting a 65%
and 100% prevalence Bf felisin 1999 (Wedincamp, Jr. and Foil 2000) and 200&n(iy et al.
2007), respectively. Vertical transmissionFofelis persists irC. felis for at least 12 generations
without the aid of am. felis-infected bloodmeal; however, over successive geioes
prevalence wanes to low levels (<10%) (Wedincamprid Foil 2002). The specific

mechanisms by whicR. felis prevalence fluctuates withinG felis colony are unknown, but in

! Published as: Reif KE et al. (2008) PLoS ONE
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nature, the prevalence Bf felis in a flea population is likely amplified by fleéseding on
R. felis-infected mammalian hosts (Williams et al. 1992).

Ultrastructural analyses have been used to chaiaee felis within the flea host, as
well as in cell lines (Adams et al. 1990, Pornwira al. 2006, Macaluso et al. 2008). Using
transmission electron microscopy, the presende fdis has been demonstratedGnfelis
midgut epithelial cells, ovaries, salivary glandsd muscle (Adams et al. 1990, Macaluso et al.
2008). Additionally, molecular detection Bf felis has utilized traditional and quantitative real-
time PCR (gPCR), typically targeting a portion loé¢ genus-common 17-kDa antigen gene, for
field sample diagnostics (Rolain et al. 2002, Steea et al. 2005, Henry et al. 2007). While
gPCR has been utilized to assess the replicatiwetiks ofR. felisin vitro (Rolain et al. 2002),
invivo (arthropod and vertebrate) models of infection tfh@ purpose of examining the infection
kinetics ofR. felis, have not been examined. Development of such Inedk further elucidate
the mechanisms for maintenancdRofelis, specifically in the flea populations that serge a
vectors and reservoirs, and broaden our understgradithe ecology oR. felis.

Recent analysis of rickettsial replication iRig@kettsia/tick model Rickettsia
amblyommii/Amblyomma americanum) utilizing gPCR demonstrated a generalized
dissemination of rickettsiae and, notably, a stestdie level of rickettsial infection during
relatively long (7-14 day) tick feeding periods (&dti et al. 2008). While the direct regulators
of rickettsial replication are under investigatiarthe slow-feeding tick host, the kinetics of
rickettsial replication within the flea has not yeten examined. After locating a suitable host,
cat fleas immediately begin feeding. Within 28@hr after initiating bloodfeeding, female cat
fleas begin laying eggs and reach peak egg pramuO to 50 eggs/day) in 4 to 9 days (Dryden

1989, Dryden and Rust 1994, Rust and Dryden 19B&gding adult fleas can live as long as
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100 days, however, fleas that have initiated fegpdimd are removed from the host usually die
within 24 to 48 hr (Rust and Dryden 1997). SimitaotherRickettsia/arthropod relationships,
R. felisis maintained via vertical transmission in the L&ony ofC. felis; however, rickettsial
response (replication) to physiological eventstesldo flea reproduction is unknown. The
hypothesis to be tested in this study is that witlalonized fleas, the intimate relationship
betweerR. felisandC. felis allows for coordination of rickettsial replicati@amd the
metabolically active periods during flea bloodmaedjuisition and oogenesis. In the present
study, the replication kinetics & felisin the cat-fed, LSIL. felis colony were investigated by
developing a gPCR assay to detect and quaRitifglis in actively feeding cat fleas. Likewise,
the influence of flea gender aRtfelis prevalence within the colony on rickettsial loactat
fleas during bloodmeal acquisition was examinedseAsitive and specific method of detection,
gPCR, allowed for accurate detection and quantiGoaof R. felisin C. felis, including samples
with low levels of infection. AssessmentRffelis-infection prevalence and infection density
dynamics will help elucidate the epidemiologyRofielis, an emerging infectious pathogen.
2.2. Materials and Methods

2.2.1. Fleas and Cats

UnfedC. felis were obtained from a colony maintained at LSU ¢B&Rouge, LA). For
the past 20 years, this colony has been persigteféicted at a varying prevalence withfelis
(Foil et al. 1998). At the Louisiana State UnivigrS&chool of Veterinary Medicine (LSU-SVM)
unfed newly-emerged, adullt felis (mixed sex) were allowed to feed on 2 year-ol@yshair,
flea-naive, specific pathogen free cats (Harladidmapolis, IN) as previously described by Foil
et al. (1998). All cats were housed individuallghnw12:12 light:dark cycles at 20-22.2°C and

40-60% relative humidity. Pre-study blood collecteom all cats was negative fBrckettsia by
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PCR. Briefly, fleas were contained in a capsutissd to the shaved lateral thorax of a cat and
were able to feed through the fine mesh of theulapsBefore each trial (Day 0), coloRyfelis-
infection prevalence, infection load, and infectaemnsity of a minimum of nine individual fleas
were assessed. Animal use in this research wakictad in accordance with protocols
approved by the LSU Institutional Animal Care angelCommittee, and an approved protocol
(#08044) is on file in the office of the Divisioth lbaboratory Animal Medicine at LSU-SVM.

2.2.2. Experimental Design

Three separate trials were conducted over the eairsne year. Each trial was initiated
approximately six months from the start of the jpoas trial. All fleas were drawn from the
same colony, therefore, fleas in subsequent twale descendants of the previous trial as the
colony was not supplemented with outside flease dynamidR. felis-infection prevalence in
the LSUC. felis colony did not allow trials to be exact replicaté®ne another.

In each trial, capsules containing ~100, unfed aguited sex) fleas were secured to an
individual cat. Approximately ten fleas were randg selected and removed from the capsule
for nine consecutive days. After collection, &laf samples were immediately frozen at -20°C
until further processing. Every three days, fleamaining in the study were transferred to a new
capsule and returned to the cat.

2.2.3. DNA Isolation

Fleas recovered daily from the cat host were indiglly sexed, assigned sample
numbers, placed in microcentrifuge tubes and homagd with sterile plastic pestles. Genomic
DNA (gDNA) was extracted using either QIAGEN DNedsgsue Kit (Chatsworth, CA)
according to the manufacturer’s instructions andeel in 50ul Buffer AE (Trial 1), or using a

modified version of the HotSHOT DNA extraction pyool (Trials 2 and 3) as described next
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(Truett et al. 2000). Briefly, individual fleas veeplaced in microcentrifuge tubes partially
submerged in liquid nitrogen and pulverized usitagile plastic pestles. Ground samples were
incubated at 95°C for 45 min in 30 alkaline lysis reagent (25 mM NaOH, 0.2 mM disodi
EDTA, pH of 12), cooled to 4°C for 5 min and mixedh 30 ul of neutralizing reagent (40mM
Tris-HCI, pH of 5). All gDNA preparations were stol at -20°C.

2.2.4. Rickettsial Detection and IdentificationP€R and Sequencing

R. felisinfection in flea samples was detected by PCR Hicgtion of a small portion of
theR. felis 17-kDa antigen gene using primeR§1(7.153 5'-
AGGACAGCTTGTCGGAGTAGG-3'andrf17.309 5-ACGCCATTCTACGCTAGTGC-3")
derived from the complete genomepRoffelis available on GenBank (Accession #: CP000053).
A portion of C. felis 18S rDNA, amplified by primerg)f18S 5-TGCTCACCGTTTGACTTGG-
3 andCf18S 5-GTTTCTCAGGCTCCCTCTCC-3) derived from an dable partial sequence
of C. felis 18S rDNA in GenBank (Accession #: AF136859), wasdias a control to check the
integrity of the template DNA. All primers used &tandard PCR and qPCR were synthesized
by Integrated DNA Technologies, Inc. (Coralvilld)l PCR products were amplified using
isolated gDNA (individual flea lysates) or watee@ative control) as template, gene-specific
primers and 2x PCR Master Mix (Promega, Madison). VIAICR conditions were as follows:
initial denaturation at 94°C for 3 min, followed B$ cycles of denaturation at 94°C for 30
seconds (s), annealing at 60°C for 45 s, extersti@2°C for 1 min, and a final extension at
72°C for 7 min. Amplified PCR products were visaatl by electrophoresis on ethidium
bromide stained 2.0% agarose gels. To verify ilenmepresentative PCR products from each
trial were cloned into pCR4-TOPO vectors (Invitrog€arlsbad, CA) and sequenced as

previously described (Pornwiroon et al. 2007).
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2.2.5. Southern Blot Analysis

A Southern blot was conducted to estimateGhfelis 18S rDNA copy number.
Southern blot was performed as previously desciidyedorigane et al. (Horigane et al. 2007).
Briefly, gDNA was extracted frorRickettsia-uninfected, unfed adult cat fleas (Heska
Corporation, Loveland, CO) using Qiagen DNeasy DRi&raction Kit and digested with five
restriction enzymes (g gDNA/enzyme)Eag |, Pst 1, Xba I, Xho | (New England BioLabs,
Ipswich, MA), andEcoR | (Promega, Madison, WI). DNA was separated 0r8&o TAE gel
and transferred to a positively charged nylon memérAmersham Biosciences, Piscataway,
NJ) with 20X SSC, and fixed by UMC. felis 18S rDNA was identified using the prolé&18SP,
that was constructed based on a portion oftHelis 18S rDNA sequence and amplified with
primersCf 185, andCf 18S.,. The probe was labeled with PCR DIG Labeling M®oche,
Indianapolis, IN) according to the manufacturerstpcol. Anti-digoxigenin-AP (Fab fragment,
Roche) and CDP Star (New England Bio Labs) werd fsedetection.

2.2.6. Construction of Internal-Control Plasmid @@uantitative Real-Time PCR

To quantify copies oR. felisandC. felis genes in flea samples, serial dilutions of a
plasmid containing single-copy portions of both Bhéelis 17-kDa antigen gene ai@ felis 18S
rDNA were used to generate a standard curve. Tasend was constructed by PCR
amplification of a 157-base pair (bp) fragmenRofelis 17-kDa antigen gene and a 179-bp
fragment ofC. felis 18S rDNA withRf17.153,-Rf17.309., andCf18S,-Cf18S,, primers,
respectively. Each amplicon was cloned into t€&#-TOPO vector and sequenced to confirm
identity as previously described (Pornwiroon e2807). Both amplicons were PCR amplified
using a gene-specific primer and either a M13-foedyxa M13-reverse primer, digested with

EcoR | and ligated together. The ligation product wasplified by PCR with primer pair
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Rf17.153%, andCf18Se,, cloned and sequenced. The resulting plasmid 4p0BRPO-
Rf17kDa+Cf18SrDNA, served as a standard template. The mmimhetection limit for pCR4-
TOPORf17kDa+Cf18SrDNA was 10 copies.

2.2.7. Quantitative Real-Time PCR

For each gene, gPCR components and template thatied 2x iTaq SYBR Green
Supermix (BioRad, Hercules, CA); 100 nM of eachrai; DNase/RNase-free water; andl ®f
gDNA template (samples), water (negative conta)serial 10-fold dilutions (1x£Go 10
copies) of pCR4-TOP®17kDa+Cf18SrDNA were pre-mixed in 3@ volumes in 96-well
plates and aliquoted in triplicate fiDreactions on 384-well plates. The qPCR was peréal
with an ABI 7900HT unit (Applied Biosystems, Fos€@ity, CA) using conditions previously
described (Zanetti et al. 2008). Results wereyaeal with ABI 7900HT sequence detection
system (SDS v2.3) software. The specificity of dlseay was verified and the expected single
peak for the internal-control plasmid and posig@&NA samples, but not in the water (negative
control) samples, was identified in the dissocratarve. Additionally, representative gPCR
products from each trial were verified by gel as@yto confirm the specificity of the reaction
and cloned and sequenced to confirm identity (datashown). TriaR. felis-infection
prevalence in th€. felis colony was quantified as the percent of fleastp@sfor R. felis
infection out of the total number examined pertria felis-infection load was quantified as the
copy number oRf17kDa per individual flea lysateR. felis-infection density was quantified as
the ratio of log transformei@f17kDa and log transformecf18S rDNA copy humbers
(Rf17kDalCcf18S) per individual flea.

2.2.8. Statistical Analysis

Rickettsial load in fleas and the ratioRffL7kDalCf18S were assessed after the
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logarithmic transformation of the quantity of thengs of interesRf17kDa andCf18S).

Analysis of variance, (SAS statistical package,su®r 9.1.3, GLM procedure ANOVA, Cary,
NC) was performed to examine potential differerfoetsveen rickettsial load in fleas and ratio of
Rf17kDalCf18S copy number over the study period; when ovsigitiificance was found,
Tukey’s honestly significant difference (HSD) pbst test was used to examine pairwise
differences of means of main effects. Pairvisests of least square means were performed to
determine any interaction effects between triahdge, and experimental day for rickettsial
infection load and ratio dkf17kDalCf18S. AnF-test was used for general comparisons of
grouped means. For all comparisonB;\@alue of < 0.05 was considered significantly diffat.
2.3. Results

2.3.1. Prevalence & felisin LSUC. felis Colony

The specificity ofR. felis-infection ofC. felis (LSU colony) was confirmed by
sequencing a portion of the 17-kDa antigen genma faaepresentative subset of fleas positive
for Rickettsia spp. infection. Obtained sequences were compareabetin GenBank and all
samples sequenced demonstrated a 100% identRyfébs (accession number CP000053).

The prevalence dR. felis-infection in individualC. felis lysates was assessed by qPCR
using primers that amplified a portion of the 17akéntigen gene. Trial prevalence and the daily
prevalence range for each trial are listed in Table R. felis-infection prevalence was greatest
during Trial 1 and decreased 23% and 61% in T8aad 3, respectively. When prevalence was
assessed separately for male and female feddjs infection was gender-independent.

2.3.2. Quantification oRf17kDa andCf18S Gene Copies During Flea Feeding

To determineR. felis-infection load, fleas were individually titrateddathe total number

of R. felis (17-kDa copy number) in each individual flea saenphs determined by gPCR.
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Table 2.1. Trial R. felis-infection prevalence and daily range of cat fleagositive for R. felis-
infection. In this study each trial was conducted ~6 mofrihrs the previous trial, therefore
allowing R. felis-infection prevalence to be assessed over time.

Daily range of cat fleas
positive for R. felis

Trial Trial prevalence infection
1 96% 89-100%
2 73% 40-90%
3 35% 10-60%
Mean of Trials 68% 46-83%
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Serial dilutions of pCR4-TOP®$17kDa+Cf18SrDNA were used to generate a standard curve
and extrapolat®. felis quantities per individual flea lysate (Table 2.2&he range of detected
Rf17kDa was 3.1xI0to 3.74x16 copies per reaction, corresponding to a 1.3%4@.6x10

total Rfl7kDa load per flea lysate. The mean quantitidR ¢dlis at each time point for
individual flea samples in each trial are presemeggure 2.1. Among all trials, fleas had
significantly differentR. felis-infection loads; increasing 4.75-fold during theise of the study
between fleas in Trial 1 and Trial 3. Trial 3 Bdaad the greateBt felis-infection loads (mean
load + SEM across all time points was 7.88%4.43x10) followed by Trial 2 (2.54x10+
1.40%x10) and Trial 1 (1.66x10+ 1.62x168). Combining data from all trials, when flea gende
was considered, female fleas had significantly tgre@earR. felis-infection loads than males.
However, at individual time points within a trial across trials there were few significant
differences irR. felis-infection loads between male and female fleas.

When the mean dailR. felis-infection loads for each trial, and for all trimlsmbined, were
compared, significant variability iR. felis-infection load was observed by day compared to the
starting point at Day 0 within Trials 1 and 2 (Fig2.1). No significant variability in daily

R. felis-infection load was observed in Trial 3, when conegao the Day 0 infection load.
Analyses of the mean daiB felis infection load combining all Trials demonstratbdttthere
was no single day wheR felis-infection load was consistently greater within sedy period.
Likewise, although variability iRR. felis-infection load was observed in some trials, tiveas no
consistent pattern of increased or decreased tst#kinfection across all trials. Therefore, a
consistenR. felis-infection load during flea feeding was observethase was no significant
correlation betweeR. felis replication and flea feeding or oviposition events

To estimate flegample sizeR. felis-infected and -uninfecte@. felis were individually
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Table 2.2a. Copy number 8f17kDa in individual flea lysates

Exp. T‘(’;z' nslfgrig-e;?;;ggﬁd Rf 17kDa counts in individual flea lysate samples Daily mean +SEM R. felis-
day : Lminfected) : infection load
1 2 3 4 5 6 7 8 9 10
0 9 (8/1) 4.79E+05 5.85E+06 2.47TE+06 9.20E+06 1.97E+06 1.60E+06 1.45E+06 - 5.20E+06 3.53E+06 + 1.05E+06
1 10 (10/0) 2.41E+06 3.86E+06 7.11E+05 1.88E+06 9.93E+05 4.69E+06 4.76E+06 2.94E+05 2.08E+06 7.97E+05 2.25E+06 + 5.26E+05
2 10 (10/0) 3.21E+06 2.40E+06 1.28E+06 1.62E+06 7.01E+05 8.42E+05 4.40E+06 1.52E+06 2.61E+06 1.69E+06 2.03E+06 + 3.62E+05
3 10 (9/1) 9.58E+05 1.73E+06 4.94E+05 1.81E+05 1.79E+06 2.11E+06 1.07E+06 7.33E+05 - 7.61E+05 1.09E+06 + 2.17E+05
4 10 (9/1) 3.65E+05 1.84E+06 1.82E+06 6.10E+05 - 8.20E+05 1.82E+06 1.34E+06 1.31E+06 1.54E+06 1.27E+06 + 1.85E+05
Trial 1 5 10 (9/1) 4.75E+05 6.05E+05 1.05E+06 - 3.31E+05 8.55E+05 8.10E+05 2.51E+05 6.86E+04 1.32E+05 5.08E+06 + 1.14E+05
6 10 (10/0) 1.49E+05 1.77E+05 1.07E+05 9.49E+05 1.97E+06 1.11E+06 1.31E+06 1.52E+06 7.00E+05 4.04E+03 7.99E+05 + 2.16E+05
7 10 (10/0) 2.15E+06 7.82E+05 1.04E+06 3.10E+05 2.05E+06 2.28E+06 4.94E+03 1.06E+06 3.01E+06 3.79E+06 1.65E+06 + 3.83E+05
8 10 (10/0) 3.26E+05 5.83E+04 1.93E+06 1.28E+06 1.77E+04 6.12E+05 1.67E+05 1.40E+06 2.19E+06 1.10E+06 9.08E+05 + 2.49E+05
9 10 (10/0) 7.19E+05 1.58E+06 4.56E+05 1.79E+06 2.94E+06 5.08E+06 6.11E+06 1.76E+06 3.94E+06 1.12E+06 2.55E+06 + 6.06E+05
Mean R. felis -Infection Load 1.66E+06 + 1.62E+05
2.29E+06 2.35E+06 2.76E+06 2.25E+06 1.16E+06 2.45E+06 2.53E+06 2.74E+06 1.45E+06 3.48E+06
0 40 (35/5) 2.34E+06 2.59E+06 1.42E+06 1.58E+06 2.18E+06 1.28E+06 3.02E+06 - 3.13E+06 2.25E+06 2.98E+06 + 3.33E+05
- 3.00E+06 1.84E+06 2.79E+06 2.90E+06 1.33E+06 3.17E+06 - 2.24E+06 3.62E+06
3.35E+06 8.67E+06 5.59E+06 2.90E+06 6.08E+06 - 1.30E+03 - 6.62E+06 6.99E+06
1 10 (8/2) 2.58E+06 1.36E+06 1.78E+06 2.90E+06 2.79E+06 3.38E+06 2.27E+06 - 2.37E+06 - 2.43E+06 + 2.26E+05
2 10 (6/4) 2.97E+06 - 3.01E+06 1.64E+06 2.99E+06 2.83E+06 - 3.15E+06 - - 2.76E+06 + 2.29E+05
) 3 12 (10/2) - 2.28E+06 1.38E+06 1.39E+06 2.01E+06 1.98E+06 - 2.67E+06 4.67E+06 2.60E+06 2.43E+06 + 2.95E+05
Trial 2 252E+06  2.79E+06
4 10 (6/4) 1.59E+06 3.64E+06 - 2.81E+06 1.70E+06 4.40E+06 3.45E+06 - - - 2.93E+06 + 4.57E+05
5 10 (9/1) 2.21E+06 2.58E+06 3.40E+06 2.82E+06 3.24E+06 - 2.52E+06 8.78E+05 3.43E+06 2.61E+06 2.63E+06 + 2.61E+05
6 10 (6/4) 4.67E+06 - 2.34E+06 - 9.58E+05 - 1.23E+06 2.60E+06 - 1.03E+06 2.14E+06 + 5.80E+05
7 10 (5/5) - 2.01E+06 2.80E+06 - - - 1.36E+06 2.38E+06 - 3.67E+06 2.44E+06 + 3.86E+05
8 10 (8/2) 1.93E+06 4.33E+06 - 5.27E+06 2.33E+06 4.55E+06 1.94E+06 - 1.35E+06 3.60E+06 3.16E+06 +5.16E+05
9 10 (4/6) 2.59E+06 - 2.97E+06 - - - - 3.14E+05 - 2.32E+03 1.47E+06 + 7.64E+05
Mean R. felis -Infection Load 2.54E+06 + 1.40E+05
- - - - - - - 1.03E+07 1.10E+07 1.44E+07
0 27 (9/18) - - 1.23E+07 - - 1.05E+07 1.03E+07 - - - 9.43E+06 + 1.12E+06
- - - 4.23E+06 5.21E+06 6.61E+06 -
1 10 (5/5) 6.72E+06 - 9.19E+06 5.86E+06 - 8.94E+06 - 5.86E+06 - - 7.31E+06 + 7.33E+05
2 10 (5/5) 5.53E+06 - 5.14E+06 5.32E+06 - - - - 8.19E+06 7.72E+06 6.38E+06 + 6.51E+05
3 10 (1/9) 3.68E+06 - - - - - - - - - 3.68E+06
Trial 3 4 10 (6/4) 3.65E+06 4.32E+06 9.11E+06 6.33E+06 6.22E+06 6.44E+06 - - - - 6.01E+06 + 7.81E+05
5 10 (4/6) - - 1.01E+07 1.11E+07 - - - - 2.57E+06 4.55E+06 7.09E+06 + 4.17E+06
6 10 (2/8) - - 1.33E+07 - - 1.29E+07 - - - - 1.31E+07 + 2.18E+05
7 10 (4/6) - - - - 8.36E+06 1.57E+07 - 1.46E+07 5.28E+06 - 1.10E+07 + 2.50E+06
8 10 (3/7) - - - - 4.64E+06 - - - 2.69E+06 6.32E+06 4.55E+06 + 1.05E+06
9 10 (2/8) - 1.23E+07 - 8.16E+06 - - - - - - 1.02E+07 + 2.08E+06
Mean R. felis -Infection Load 7.88E+06 + 5.43E+05
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Table 2.2b. Copy number @ff18S in individual flea lysates (shaded boxes repremfected fleas)

Total no. of fleas surveyed

Daily mean +SEM Cf 18S

Exp. (no. R.felis-infected/no. €188 count for individual flea lysate samples count for R. felis -infected Daily mean +SEM Cf 185
Day uninfected) fleas count for uninfected fleas
1 2 3 4 5 6 7 8 9 10
0 9(8/1) 5.28E+07 221E+08  2.90E+08  3.98E+08  2.65E+08  3.34E+08 1.53E+08 1.41E+08 1.36E+08 2.31E+08 + 4.01E+07 1.41E+08
1 10 (10/0) 5.52E+08  2.72E+08 1.16E+08  6.87E+07 9.97E+07 6.45E408  8.39E+08  7.71E+07  4.25E+08 1.59E+08 3.25E+08 + 2.75E+07 n/a
2 10 (10/0) 8.56E+08 _ 4.07E+08 _ 4.80E+08  2.82E+08 _ 3.78E+08 1.24E+08 1.25E+08  2.79E+08  3.80E+08  5.97E+08 3.91E+08 + 2.19E+07 n/a
3 10 (9/1) 3.60E+08  2.03E+08 1.12E+08  2.50E+07 1.73E+08  8.68E+08  0.31E+08  161E+08  4.80E+08  4.16E+08 3.61E+08 + 1.09E+08 4.80E+08
4 10 (9/1) 2.17E+08  3.65E+08  6.40E+08  4.24E+08  3.01E+08  8.80E+08  5.64E+08  8.76E+07 1.38E+08 1.37E+08 3.84E+08 + 8.99E+07 3.01E+08
Trial 1 5 10 (9/1) 8.55E+08  1.93E+08 1.94E+08 2.56E+07 3.87E+07 2.05E+08  3.08E+08  2.80E+08  2.26E+07  6.93E+07 2.41E+08 + 8.39E+07 2.56E+07
6 10 (10/0) 2.72E+07 101E+08  521E+07  2.72E+08  4.83E+08 1.06E+08 _ 2.82E+08 __ 1.99E+08 1.21E+08  2.14E+08 1.86E+08 + 4.30E+07 n/a
7 10 (10/0) 3.33E+408  9.23E+07 5.60E+07 _ 5.34E+07 156E+08  2.71E+08  2.11E+08  3.08E408  5.26E+08  8.91E+08 2.90E+08 + 8.12E+07 n/a
8 10 (10/0) 7.59E+07 257E+08 _ 2.59E+08 __ 2.34E+08 1.22E+08 1.07E+08 __ 2.12E+07____ 4.65E+07 2.84E+08 1.90E+08 1.60E+08 + 3.06E+07 n/a
9 10 (10/0) 1.01E+08 _ 146E+08 1.02E+08  2.07E+08  2.16E+08  3.61E+08  7.33E+08  3.73E+08  4.26E+08 1.31E+08 2.80E+08 * 6.28E+07 n/a
Mean Cf 18S Count 2.85E+08 + 2.35E+07 2.37E+08 + 9.89E+07
225E+08  1.10E+08  2.27E+08  2.40E+08  9.02E+07 1.97E+08  2.56E+08  4.41E+08  1.16E+08  4.44E+08
0 40 (35/5) 6.49E+07 2.00E+08 1.03E+08 1.42E+08  7.82E+07 1.22E+08  2.37E+08  3.70E+08 3.01E+08 1.80E+08 3.04E408 4 8.46E+07 5.03E408 + 2.52E08
8.39E+07 250E+08  6.42E+07  3.09E+08  3.90E+08  9.02E+07  5.02E+08 1.13E+08 2.33E+08  3.40E+08
1.98E+08  1.76E+09 1.22E+09  7.32E+08  2.54E+09  4.81E+08 _ 4.04E+08 1.47E+09 5.28E408  4.40E+08
1 10 (8/2) 1.71E+08  6.92E+07 1.13E+08  2.13E+08  2.72E+08  2.31E+08 1.92E+08 1.38E+08 1.82E+08 1.88E+08 2.90E+08 + 8.12E+07 1.63E+08 +2.49E+07
2 10 (6/4) 1.78E+08 1.96E+08 1.20E+08  2.68E+08  4.65E+08  3.88E+08 1.70E+08 261E+08 _ 257E+08 _ 3.41E+08 2.90E+08 + 8.12E+07 2.41E+08 + 3.79E+08
3 12 (1012) 1.39E+08 2.47E+08 1.30E+08 1.15E+08  2.34E+08 1.38E+08  4.11E+08 3.35E+08  6.08E+08 1.84E+08 2.01E408 4 5.76E+407 2.75E408 + 1.36E408
Trial 2 6.04E+08 _ 3.17E+08
4 10 (6/4) 3.84E+08  4.12E+08 1.67E+08  5.13E+08  2.50E+08  3.94E+08  4.77E+08  3.29E+08 3.56E+08  4.22E+08 4.5E+08 + 3.72E+07 3.18E+08 + 5.42E+07
5 10 (9/1) 6.94E+08  4.27E+08  2.92E+08  3.81E+08  2.33E+08  2.05E+08  3.50E+08  1.14E+08  3.64E+08  3.33E+08 3.55E+08 + 5.25E+07 2.05E+08
6 10 (6/4) 4.40E+08  4.18E+08 1.48E+08 1.71E+08 1.83E+08 1.69E+08 1.35E+08  2.79E+08 1.49E+08 1.81E+08 2.28E+08 + 4.72E+07 2.27E+08 + 6.39E+07
7 10 (5/5) 3.22E+08 3.81E+08  5.31E+08 1.47E+08 1.87E+08 2.16E+08 1.77E+08  3.20E+08  7.82E+08  4.41E+08 3.70E+08 + 5.95E+07 3.31E+08 + 1.16E+08
8 10 (8/2) 3.77E+08  5.68E+08 2.33E+08  3.57E+08 1.66E+08  2.57E+08  3.21E+08  6.60E+07 1.12E+08 1.20E+08 2.85E+08 + 5.46E+07 1.50E+08 + 8.37E+07
9 10 (4/6) 1.96E+08  2.65E+07 2.36E+08  4.52E+08 2.05E+08 2.40E+08 2.01E+08 142E+08  3.25E+08  2.01E+08 1.94E+08 + 1.94E+07 2.42E+08 £ 5.79E+07
Mean Cf 18S Count 2.98E+08 + 3.29E+07 2.65E+08 + 4.18E+07
1.12E+09 7.00E+08 7.14E+08  8.28E+08 1.04E+09 9.31E+08 5.17E+08 851E+08  5.57E+08 1.16E+09
0 27 (9/18) 8.78E+08 1.29E+09 6.74E+08 8.22E+08 1.11E+09 5.71E+08 6.96E+08 1.22E+09 6.31E+08 4.40E+08 6.57E+08 £ 9.01E+07 7.66E+08 £ 7.29E+07
3.52E408  4.19E+08 3.99E+08  3.96E+08  5.24E+08  4.78E+08  3.73E+08
1 10 (5/5) 4.61E+08  8.47E+08 469E+08  3.83E+08  4.78E+08 2.85E+08 2.38E+08 1.56E+08  4.08E+08 2.15E+08 3.51E+08 + 5.90E+07 4.37E+08 + 1.14E+08
2 10 (5/5) 5.22E+08 1.30E+09 3.24E+08 __ 4.21E+08 __ 7.77E+08 5.54E+08 _ 9.64E+08 2.64E+08 __ A4.73E+08 __ 6.77E+08 4.83E+08 + 5.84E+07 7.71E+08 + 1.76E+08
3 10 (1/9) 5.21E+08  6.00E+08 8.31E+08  8.59E+08 3.52E+08 3.08E+08 _ 3.99E+08 9.06E+08 5.96E+08  4.75E+08 5.21E+08 5.92E+08 + 7.60E+07
Trial 3 4 10 (6/4) 8.55E+08  5.67E+08  7.56E+08  7.29E+08  8.96E+08  7.80E+08 6.07E+08 5.76E+08 6.19E+08 6.72E+08 7.64E+08 + 4.70E+07 6.19E+8 + 1.99E+07
5 10 (4/6) 2.28E+09 1.33E+09 2.91E+09 1.27E+09 1.88E+09 1.20E+09 _ 5.07E+08 2.42E+08 2.30E+08  3.55E+08 1.19E+09 + 6.17E+08 1.26E+09 + 3.18E+08
6 10 (2/8) 261E+09  4.03E+08 1.36E+09 1.88E+09 1.23E+09 9.19E+08 1.11E+09 9.36E+08 7.15E+08 6.50E+08 1.14E+09 + 2.21E+08 1.10E+09 + 2.57E+08
7 10 (4/6) 7.49E+08 1.37E+09 7.63E+08 6.92E+08 7.42E+08 1.22E+09 1.53E+09 1.15E+09 2.81E+08 6.63E+08 8.48E+08 + 2.16E+08 9.61E+08 + 1.68E+08
8 10 (3/7) 5.60E+08 9.10E+08 1.21E+09 7.41E+08 9.34E+08 1.28E+09 5.52E+08 3.23E+08 3.73E+08  8.32E+08 7.13E+08 + 1.72E+08 7.96E+08 + 1.41E+08
9 10 (2/8) 1.63E+09 1.07E+09 1.44E+09 1.28E+09 1.15E+09 1.52E+09  2.00E+09  4.78E+08 8.50E+08  4.15E+08 1.18E+09 + 1.05E+08 1.19E+09 + 2.00E+08

Mean Cf 18S Count

7.85E+08 + 7.34E+07

8.58E+08 + 5.64E+07
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Figure 2.1. R. felis-infection load in individual C. felis lysates. For nine consecutive days, 10
fleas were randomly selected and removed fromehbdifg capsule situated on a cat host. In
Rickettsia positive fleas, gPCR was used to quantify the nfeBEM)R. felis-infection load.
Results are presented as the mean @aifglis-infection load (17-kDa antigen gene copy
number) of individual, whole flea lysates duringdlbloodmeal acquisition. Within each trial
significant differences from Day 0 (unfed fleasd ararked with an asterisKIn Trial 3, Day 3
only one flea was positive fét. felis infection.
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titrated and th€f18S rDNA copy number within a single flea was deteed by gPCR. Serial
dilutions of pCR4-TOPORf17kDa+Cf18SrDNA were used to generate a standard curve and
extrapolateCf18S rDNA copy number per individu@l felis lysate (Table 2.2b). Within
individual trials, mearCf18S copy numbers did significantly vary during theding period on
some days, however there was no single day wbEr@S copy numbers were consistently
different. For botlR. felis-infected and -uninfected fleas, the m&ih8S copy numbers
increased with each subsequent Trial, with a sicamt 2.6-fold increase in me&il18S copy
numbers between Trials 2 and 3. When data frorhie trials were combined, significantly
greaterCf18S copy numbers were observed in fen@alielis compared to mal€. felis.
Likewise, uninfectedC. felis had significantly greater me#&i18S copy numbers compared to
R. felis-infectedC. felis.

2.3.3.R. felis-Infection Load inC. felis Expressed as a Ratio RfL7kDalCf18S

R. felis-infection of C. felis was further assessed as a rati®delis andC. felis genes.
Examination of the published genome demonstratettiieR. felis 17-kDa antigen gene is a
single-copy gene (Ogata et al. 2005). In this\gttlte copy number d. felis 18S rDNA was
estimated by Southern blot analys(s. felis gDNA was digested with 5 restriction enzymes all
resulting in the presence of a single band of Wéeigize (dependent on enzyme used) (Figure
2.2). Although each enzyme produced a single lradidating that theC. felis 18S rDNA gene
may be single-copy, a tandem arrangement of malgphe copies may not be discernable using
Southern blot analysis alone.

For individual flea lysates positive f& felis, R. felis-infection density was examined.
Assessed by gPCR, copiesRif 7kDa andCf18S were determined relative to their positions in

the standard curve and extrapolated to the indalitlea lysate. To determiri felis-infection
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Eag| EcoR | Pstl* Xbal Xhol Uncut (+)

Figure 2.2. Estimation ofC. felis 18S rDNA copy number using southern blot.C. felis
genomic DNA (6ug/enzyme) was digested wiltag I, EcoR [, Pst I, Xba | andXho I. Uncut
gDNA served as a negative control and PCR produgtportion ofC. felis 18S rDNA served as
a positive control. Genomic DNA was hybridizedm@f18S, a 179-bp probe, to estimate the
number of 18S rDNA gene copies@nfelis. Digestion with each enzyme results in a single
digestion product. (*DNA was not completely digabbyPst I. Top band is uncut DNA.)
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densityRf17kDalCf18S ratios for individual flea samples were caltadaafter the logarithmic
transformation of the quantity of the genes ofriese Rf17kDa andCf18S). The mean daily
Rf17kDalf18S ratios for each trial are presented in FiguBe 2

The mean (£ SEM) tridRf17kDalCf18S ratio increased significantly between subsequen
trials from 0.72 £ 0.0064 to 0.75 £ 0.0059 to 0+/@.0032, in Trials 1-3, respectively. When
flea gender was considered, female fleas in TAaad 3 had significantly greater
Rf17kDalCf18S ratios than female fleas in Trial 1, but wesesignificantly different from one
another. Male fleas in Trials 1 and 2 did not hsigmificantly differentRf17kDaf18S ratios
from one another, but both had significantly lowagros than male fleas in Trial 3. Comparing
female and male fleas within trials, males hadificantly greateiRf17kDalCf18S ratios in Trial
1 than females, but in Trial 2 females had sigatiiity greateRf17kDa/Cf18S ratios than males.
Due to the limited occurrence Bf felis infection in male fleas in Trial 3, gender-basatior
differences could not be statistically assessed.

In individual trials, significant differences Rf17kDalf18S ratios were observed on
multiple days, however, among all trials no sindgg was consistently significantly different
from Day 0. The mean daiRf17kDalCf18S ratios for all trials were combined and comg@are
independent of flea gender, and no significantaklity in Rf17kDa/lf18S ratio was observed
by day compared to the starting point at Day Oalpses of the mean daiBf17kDalf18S ratio
for female fleas, combining and comparing all gjadlentified a significantly lower ratio on Day
6 compared to Day 0, a trend similar to that obsgfeor females in Trial 1, but not females in
Trials 2 and 3. No significant differences in melany Rf17kDa/Cf18S ratios for all trials
combined were observed for male fleas on any deypaned. Additionally, a correlation

between the ratio dkf17kDalCf18S and flea bloodmeal acquisition was not observexd
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Figure 2.3. R. felis-Infection Load in C. felis Expressed as a Ratio dR. felisand C. felis
Genes. For nine consecutive days 10 fleas were randeeigcted and removed from the
feeding capsule situated on a cat hostRitkettsia positive fleasR. felis infection was
determined by quantifying tHe felis 17-kDa copy number. F@&. felis-infected fleasC. felis
18S rDNA copy number was quantified to serve agmaparison point foR. felis infection.

R. felis-infection density was determined by logarithmigatbinsforming and taking the ratio of
R. felis 17-kDa andC. felis 18S rDNA Rf17kDalf18S) copy numbers and the mean (x SEM)
daily Rf17kDalCf18S ratios for each trial were calculated. Witkach trial significant
differences from Day 0 (unfed fleas) are markedhait asterisk.’In Trial 3, Day 3 only one
flea was positive foR. felis infection. All trials have significantly higheatios than the
previous trial, indicating that rickettsial burdearg increasing in the LSO. felis colony.
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female fleas, during the time of peak ovipositibay 6) there was a decreasdril 7kDa/lCf18S
ratio. No distinct relationship was observed bemi felis-infection load andC. felis 18S copy
number. A consistent infection rateRffelis, with minimal significant increases or decreases i
infection load is maintained during flea metabdlicactive periods.
2.4. Discussion

Both traditional and real-time PCR have been usddrther characterize rickettsial
infection in fleas. Amplification of a portion tfhe gene encoding the rickettsial-common 17-
kDa antigen allowed for identification and subseyqudfferentiation by restriction fragment
length polymorphism of botRickettsia typhi andR. felisin C. felis (Noden et al. 1998). In this
study, the presence Bf felis as the rickettsial species infecting the LSUelis flea colony was
confirmed by traditional PCR and gene sequenceysisal Real-time PCR has also been used for
guantitative assessmentRffelis replication and as a diagnostic tool to assesdis infection
in arthropod hosts. Replication of four isolaté®Rofelis, including the LSU strain, was
measured in XTC-2 cells treated with antibiotiaswiver, the techniques for establishing
rickettsial gene copy numbers were not providedtaedjPCR assay utilized is not clear (Rolain
et al. 2002). More recently, a probe-based gRaEgrting rickettsiabmpB for detection and
differentiation ofR. felis andR. typhi in colonized and wild-caugl@. felis was described (Henry
et al. 2007). It was demonstrated that crude etitna (boiled flea lysate) of DNA was an
insensitive procedure, compared to kit-based DN#aetion, resulting in limited detection of
Rickettsia. In the present report, gPCR was utilized to y®athe rickettsial load in individual
C. felisduring flea feeding and oviposition. Differencassensitivity between kit-based and
HotSHOT DNA recovery techniques utilized in theremt study were undetectable. Also,

Henryet al (Henry et al. 2007) utilized serial dilutions opkasmid containing a portion of the
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ompB target sequence and determined the sensitivitiyeodssay to be 1 copy/ 10 times

greater sensitivity than the 17-kDa antigen gengetassequence and SYBR Green assay in the
current study. Although there is increased senitin the probe-based assay compared to the
SYBR Green assay used in the current study, tige lackettsial load in LSU fleas does not
require detection of low numbersRffelis. Examining gene copy numbers by gPCR is limited
in differentiating between live/dead organisms; boer, DNA analysis can still provide a
reasonable assessment of infection load in hoatsatlk naturally infected and/or utilized in the
vertical transmission of the organism. This stpdyvides the first application of gPCR to
examine the kinetics d. felis infection within its anautogenous vector and priynmaservoir,

the cat flea.

Wide dissemination of vertically maintained baaas common in arthropods (Dobson
et al. 1999, Cheng et al. 2000). Within the fR&glis infects many types of tissues, including
the salivary glands (Adams et al. 1990, Macalusa.€1008); in this studyR. felis infection load
was examined at the whole individual flea levein@ng theR. felis-infected fleas, a mean of
3.9x10 rickettsiae during feeding was identified. Albts were significantly different in their
meanR. felisinfection load, with Trial 1 fleas and Trial 3 dle having the lowest and highest
individual flea rickettsial loads, respectivelyedrirdless of whether infection load was
guantified as total load per flea or as a ratiRdElis andC. felis genes, rickettsial load was not
definitively affected by flea bloodmeal acquisitionoogenesis, nor was there a consistent
R. felisreplication pattern observed across all trialee $ignificant decrease in the mean trial
Rf17kDalf18S ratio on Day 6 is skewed by the results oflTrjan which more fleas were
positive forR. felis-infection. A gPCR was utilized to examine spofieeker group rickettsiae

within the tickA. americanum and, similar to this study, a steady leveRoamblyommii load
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associated with bloodmeal acquisition was iderdifihen infection was assessed on an
individual tissue basis (Zanetti et al. 2008). rEfere, in the two models examined, there
appears to be a balance between rickettsial loddhast size in actively feeding arthropods.
Future studies examinirfg felis infection within its flea vector and determinatiohinfection
density within specific tissues.§. salivary glands and ovaries) will further elucelgte
biological interactions between rickettsiae and thests.

In addition toC. felis, R. felis has been molecularly identified in numerous spzecfe
wild-caught fleas, includin@. canis (Parola et al. 2003)Xenopsylla cheopis (Jiang et al. 2006),
Archaeopsylla erinacel (Bitam et al. 2006)Spilopsyllus cuniculi (Schloderer et al. 2006),
Echidnophaga gallinacean (Schloderer et al. 2006nomiopsylla nudata (Stevenson et al.
2005); and, while it is likely that the prevalerafeR. felisin a flea population is amplified by an
infectious bloodmeal, the acquisition mechanisntsstability of transmission are not known.
The prevalence @R. felisin wild-caught fleas has been reported to be 1,20Pfch is typically
lower than that observed in colonized fleas (orraye >50%) (Azad et al. 1997, Boostrom et al.
2002, Zavala-Velazquez et al. 2002, Rolain et@D3? Bauer et al. 2006). The efficient
replication and vertical transmissionkffelis within fleas may minimize the necessity of
frequent mammalian infections to maint&rfelisin nature; however, experimental evidence
indicates the transmission cycleRffelisis more complex. In laboratory reared flea catsni
such as the LSIC. felis colony, the presence and dynamic prevalende fdis make it a
valuable tool to examiniickettsia/flea interactions (Boostrom et al. 2002, Pornwir@b al.
2007). Wedincamp and Foil (2002) investigateddtfieiency ofR. felis vertical transmission in
C. felis without the aid of an infectious bloodmeal and dastrated fluctuating, but decreasing

prevalence through twelve generations. Durinddlel5 years, several independent studies
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have identified the variable prevalenceRofelis, ranging from 43-100% (Higgins et al. 1994,
Noden et al. 1998, Henry et al. 2007, Pornwirooal €2007). The LSIC. felis colony is
maintained solely on cat hosts, but the role ohcats as a source of infectious bloodmeal is
unclear. Cats continuously fed onRyfelis-infected fleas seroconvert two to four months post
exposure (Wedincamp, Jr. and Foil 200B) felis DNA has been detected in cat blood
(Wedincamp, Jr. and Foil 2000); however, recovér. delis from these cats has been
unsuccessful thus far [K. R. Macaluso, unpublisti&id]. Each trial utilized a flea-naive cat
host, minimizing the possibility of cat-derived,imine-mediated rickettsial clearance in feeding
fleas. Interestingly, even when fleas are fed amyive hosts, there is varianceRnfelis
prevalence between generations as demonstrathd outrent study that utilized subsequent
generations of fleas for each trial. After a sahsal population loss followed by a population
expansion in the LS@. felis colony, the prevalence & felisin the flea population neared
100% (Pornwiroon et al. 2007). In individual fle@s1x106 to 3.74x10 of Rf17kDa copies per
reaction were observed by gPCR, with only fourdlbaving detectablgfl7kDa copy numbers
(in total lysate) under 1.0x40 Although not proven in this study, the dramabatrast of
Rf17kDa copy numbers of these four fleas in compariedhe remainin®. felis-infected fleas
may suggest a role for low-level horizontal acdiosi of R. felis in these few fleas from feeding
on a shared host or larval cannibalism. Underritiooy conditions with either natural or
artificial hosts, the mechanisms of prevalenceiafettion load fluctuations are intriguing and
require further study to assess if carriag®dglisis beneficial tcC. felis.

Alternatively, there may be microbial-dependentuehce orR. felis prevalence, as
intracellularWolbachia spp. in the fleas have been identified (Pornwirebal. 2007).

Wolbachia spp. infect many arthropods and are readily ablednipulate their arthropod host
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(e.g. feminization, cytoplasmic incompatibility) withpotential to impact host fitness (Fry et al.
2004, Werren 1997, Dobson et al. 1999). WHitdbachia spp. have been identified in fleas,
their impact on flea fitness and relationship vather flea microbiota, such &felis, have not
been examined (Pornwiroon et al. 2007, Gorham. &0813). Not only can microbiota compete
with one another for host resources, they can aftanipulate their environment affecting
arthropod-host fitness (Werren 1997, Fry et al.00~or example, vertical transmission of the
tick-borne human rickettsial pathogeRsyickettsii, R. parkeri, andR. conorii, are associated
with decreased arthropod-host fithess, whereagaemaintenance of oth&ickettsia spp. do
not impact tick fitness (Macaluso et al. 2001, Masa et al. 2002, Zanetti et al. 2008).
Interaction and possible competition of verticatgnsmitted microbiota and their potential
impact on host fitness is likely complex and netedse scrutinized. Utilization of gPCR and
laboratory models dR. felis transmission will further elucidate mechanismsafsmission in
nature.

Although no clear replication pattern was obsefweakctively bloodfeeding and
ovipositing fleas, there was an inverse correlabietween colonyR. felis-infection prevalence
andR. felis-infection load in individual fleas. Specificallgs the prevalence 8 felis
decreased in our flea colony from 96% in Trial B%% in Trial 3, the meaR. felis-infection
load in individual fleas increased 4.75-fold (Fig&.4). Quantification of increasim) felis-
infection was demonstrated at the whole flea I€s@lintingRf17kDa copy numbers) and
verified again when assessing infection as a wHtiickettsia and flea genesC. felis 18S rDNA
copies also increased in bd®hfelis-infected and uninfected fleas across all tridllee ratio of
R. felisandC. felis genes increases significantly from Trial 1 to TBademonstrating that the

larger fleas (greateZfl8S quantities) in Trial 3 have an unproportionatggkateiR. felis burden
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Prevalence of R. felis in Cf18S copies and
flea colony rickettsial load

Triall Trial 2 Trial3

Figure 2.4. Experimental model depicting the relaonship betweenR. felisand C. felis.
Supported by the results of this stuByfelis prevalence and individual flea infection loadhie t
LSU C. felis colony are inversely correlated. The ratidRtif7kDaCf18SrDNA also increased
significantly between Trial 1 and Trial 3 indicajifieas are infected at a greater density. Trials
are situated within the model according to theilividual results. As a population, fleas in Trial
1 had the highest prevalenceRffelis infection and the lowest mean individiRlfelis-infection
load. Conversely, fleas in Trial 3 had the lowsstvalence oR. felis-infection and the greatest
mean individuaR. felis-infection load. Trial 2 fleas represent a mediamonstrating the
progression of decreasing colony prevalence aneasing infection load from Trial 1 to Trial

3. The ratio oR. felisandC. felis genes increases significantly from Trial 1 to T8a
demonstrating that fleas in Trial 3 have a greBtdelis burden (higheRf17kDa/Cf18S ratio)

than fleas in Trial 1. These results indicate #tahcreased infection loadg, felis may

influence flea fitness to facilitate their own sassful transmission to the next generation of fleas
or to a susceptible mammalian host.
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than the smaller fleas in Trial 1. These resudtsfy theR. felis-infection load per individual

flea lysate findings, supporting that infectiondda increasing beyond the expected proportional

increase relative t@. felis 18S rDNA copy number. Whether or not larger, naeasely

infected fleas are more competent vectordEdelis will be interesting to explore further.
Variable prevalence and infection densityOrfelis may represent B. felis ecological

maintenance strategy, in which waning prevalengeats, by an unknown mechanism, increased

infection burdens in individual fleas potentialbcflitating more efficient transmission to

progeny (vertical transmission) or a reservoir l{bstizontal transmission) in order to persist in

the flea population. This report is the first gli@tive assessment & felis infection in fleas.

The data also suggests that the previously unrépedjmorizontal transmission Bf felis occurs

among fleas and that prevalencedrofelis in the population is correlated to individual flea

rickettsial load. The results of this study widllp elucidate the epidemiology Bf felis, an

emerging infectious pathogen, by demonstratinglgimamic prevalence and infection density

changes that occur within a flea population.
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CHAPTER 3
BLOODMEAL ACQUISITION OF RICKETTSIA FELISBY CAT FLEAS

3.1. Introduction

Rickettsia felisis a gram-negative, obligate intracellular bact@rpredominately
described in the cat fle€tenocephalidesfelis. Rickettsia traditionally have been divided into
two major groups: spotted fever group (SFG) andypbus group (TG). As with early reports,
the placement dR. felis into either rickettsial group remains controvdraiad currentyR. felis
is included in the newly formed Transitional GrdljisR) (Gillespie et al. 2007). Similar to
SFGRickettsia, R. felis has been identified in the salivary glands oaithiropod vector
suggesting a role for transmission via salivaryegans; however, unlike most SHRbckettsia,

R. felis utilizes an insect rather than an acarine vediwmects are used as vectors for TG
Rickettsia and transmit rickettsiae vertebrates primarilyfdgal contamination with subsequent
transmission to insects feeding on an infectioutebeate bloodmeal.

Since the first description as the ELB agent im@mercial cat flea colony in 1990
(Adams et al. 1990R. felis has been detected in numerous arthropod speciédwiae
(reviewed in Chapter 1). Within cat fled felis causes a disseminated infection, described in
the midgut epithelial cells, muscle cells, fat bottgcheal matrix, ovaries, epithelial sheath of
testes and salivary glands of cat fleas (Adams& @980, Macaluso et al. 2008). As specific
identification of disseminated infection in otheth@opod species has not been examined, the
only currently recognized biological vectorRffelisis the cat flea.

R. felis-infection of vertebrates has also been documentetiumansR. felis is the
etiologic agent of flea-borne rickettsiosis. PuatisewithR. felis rickettsiosis present with
symptoms similar to other rickettsial infectionsigthinclude: fever, headache and fatigue

(Schriefer et al. 1994a, Zavala-Velazquez et @d02®Raoult et al. 2001, Znazen et al. 2006).
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Peridomestic mammals that commonly serve as hostkeas including: dogs, cats, and
opossums, have also been surveyedRfdelis infection to examine the prevalencebffelis-
infection in a population (Schriefer et al. 199&ichter et al. 2002, Labruna et al. 2007).
Frequently, these surveys are in direct respongketuification human cases Bf felis infection
or in areas wherR. felis has been detected in arthropods. Although seimtogthods (e.g. IFA,
Western blot) have traditionally been used to ddRetelis infection in arthropods and
vertebrates, development of several molecular a§gag. quantitative real-time PCR — gPCR)
offer greater detection sensitivity and specifigitienry et al. 2007, Reif et al. 2008).

Laboratory and commercial cat flea colonies areettily utilized to study the
transmission ecology and biologyRffelis. Utilizing these colonieR. feliswas observed to be
predominantly maintained within cat flea cohorts vertical (transovarial and transstadial)
transmission as fleas reportedly remained infeotent 12 generations without the aid of an
infectious bloodmeal (Wedincamp, Jr. and Foil 2002pwever, as generations of fleas
developed a downward trend Rffelis-infection prevalence was observed, indicating a
necessary role for horizontal transmission in nzanmhgR. felis in the flea colony population.

Additional evidence for horizont&. felis transmission has come from both detection of
R. felisin other blood-feeding arthropods and caseR. édlis-infection in vertebrates.
Assessment of systemit felis-infection in the majority oR. felis-positive arthropod species
has not been done; and detectioiRdielis as the result of a receRt felis-infected (not
necessarily infectious to the arthropod) bloodneatore plausible thaR. felis being able to
infect a panoply of arthropod specid?.felis DNA has also been amplified from cats used as a
bloodmeal source fdR. felis-infected cat fleas (Wedincamp, Jr. and Foil 2000).

AlthoughR. felis DNA has been detected in the blood of infected dmsrand animals,

isolation ofR. felis from a vertebrate has not been accomplished. , Allsspite being described
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in a multitude of potential arthropod vectors aedtebrate hosts, the specific acquisition of

R. felis by a susceptible arthropod vector from an infetieddmeal has not demonstrated.
Because cat fleas are one natural vector, the hgpist being tested in this study is that cat fleas
feeding on amR. felis-infected bloodmeal will be able to acquire thetbaa and develop a
persistent infection. Using an artificial flea deeg system the ability of fleas to horizontally
acquireR. felis infection via an infected bloodmeal was examin¥értical transmission of

R. felis has been demonstrated to berafelis maintenance strategy in flea colonies; therefore
the potential of horizontally (bloodmeal) infectiéeh to transmiR. felis transovarially to their
offspring with subsequent transstadial transmissidtea progeny was also examined. A major
hindrance to control and prevention strategiestrdmesmission ecology &. felisin nature still
remains unknown. Before the ecologyRofelis can be fully understood, questions concerning
the basic transmission mechanisms need to be aedwénr the current studiR felis acquisition
and persistent infection in previously uninfectedl fteas after exposure to Bnfelis-infected
bloodmeal is described.

3.2. Materialsand Methods

3.2.1. Source of Fleas

Newly emerged, unfed cat fleaSténocephalides felis Bouche) were purchased from
Elward Il (EL) (Soquel, CA). Cat fleas from EL Latatory have been previously reported to be
free ofR. felis-infection (Pornwiroon et al. 2007). Fleas werdantaned using an artificial dog
(Wade and Georgi 1988) from FleaData® (Farminghdyy) and fed defibrinated bovine blood
(Rockland Immunochemicals, Inc, Gilbertsville, Péddne, the same blood heat-inactivated,
doped withR. felis, or a combination of the above. Eggs, not sepdriom feces, were reared
to adults on sand with artificial diet (Lawrencealdfil 2002) in a 70% humidity incubator and

examined for presence Bf felis.
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3.2.2.Rickettsia

Rickettsia felis (LSU), originally isolated from the Louisiana Sta#niversity cat flea
colony (Pornwiroon et al. 2006) was culturedxades scapularis-derived ISEG6 cells. Cells
were maintained in L15B growth medium supplememtgd 10% heat-inactivated fetal bovine
serum (HyClone, Logan, UT) and 10% tryptose phospheoth (Sigma, St. Louis, MO) at pH
6.8 to 7.0 in a humidified 5% GQncubator at 32°C as previously described (Sunydkaorn et
al. 2008). Both short-form and long-folRafelis (Sunyakumthorn et al. 2008) were examined
for their ability to infect fleas fed aR. felis-infected bloodmeal.

3.2.3. Artificial Bloodmeal Infection

For flea infection, half of a confluent T-75 flaskISE6 cells >90% infected witR. felis
was resuspended. In Trials 1 and 2, differentgmagpns oR. felis in bloodmeals were
examined for their ability to infect fleas expogedR. felis via an infected bloodmeal and
included: (i)R. felisin intact ISEG6 cells; (iiR. felis from lysed ISE6 cellsR. felis-infected ISE6
cells passed ten times through 23 %2 gauge neealld)(iii) long-formR. felis (both intracellular
and extracellular forms) (Sunyakumthorn et al. 2008s a control, an additional group of fleas
were fed uninfected, intact ISEG6 cells. In Triatt&ee groups of approximately 125 mixed sex
fleas were exposed to identical bloodmeal prepamatofR. felis (approximately 5x1
R. felis’lbloodmeal preparation) in intact ISE6 cells. Aisdrial 3, a fourth group of 125 mixed-
sex fleas were fed ISEG6 cells to serve as a conErposure bloodmeals for fleas were prepared
by centrifuging 1 ml of resuspendBdfelis-infected ISE6 cultures (~5x1®. felis) or ISE6
culture alone (control) for 10 min at 13xg speed microcentrifuge at 4°C. Culture medium
was removed and tte felis-infected or uninfected ISE6 cell pellet was resuged in 60Qu of
heat-inactivated (incubated at 56°C for 30 minjilatimated bovine/calf blood. Fleas were

allowed to freely feed on tHe felis-infected or uninfected bloodmeal for 24 h. Afiee
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“exposure meal,” fleas were maintained on defidedaéovine blood (not heat-inactivated)
which was replaced every 1 to 3 days for the domatif the experiment.

3.2.4. DNA lIsolation

Fleas, sampled at designated time-points, wer@iththlly sexed, assigned sample
numbers, placed in 0.5 ml microcentrifuge tubes, ulverized with sterile plastic pestles in a
liquid nitrogen bath. Genomic DNA (gDNA) was exdied using a modified version of the
HotSHOT DNA extraction protocol (Truett et al. 200®riefly, individual, flea lysates were
incubated at 95°C for 45 min in 20alkaline lysis reagent (25 mM NaOH, 0.2 mM disadi
EDTA, pH of 12), cooled to 4°C for 5 min and mixedh 20 ul of neutralizing reagent (40 mM
Tris-HCI, pH of 5). All gDNA preparations were stol at -20°C. For flea feces, at designated
time-points, approximately 50 mg of egg-free fleads was collected and diluted in 20@f
1X PBS. Extraction of gDNA from feces was accomsipiid using the QIAGEN DNeasy Tissue
Kit (Chatsworth, CA) according to the manufactusenistructions for extraction of DNA from
blood samples and eluted in gOBuffer AE.

3.2.5. Rickettsial Detection and Quantification@uyantitative Real-Time PCR

Individual fleas were assessed Rifelis infection by gPCR amplification of a 157-bp
portion of theR. felis 17-kDa antigen gene as previously described (&eaif. 2008) and or the
rickettsial outer membrane protein &rpB) (Blair et al. 2004). Briefly, gPCR componentslan
template that included 2x iTaq SYBR Green Super(igRad, Hercules, CA); 100 nM of each
primer; DNase/RNase-free water; andl®f gDNA template (samples), water (negative
control), or serial 10-fold dilutions (1x1@ 1 copy) of pCR4-TOP®f17kDa+Cf18SrDNA
were pre-mixed in 3l volumes in 96-well plates and aliquoted in tigalie 10ul reactions on
384-well plates. The gPCR was performed with ant A8)OHT unit (Applied Biosystems,

Foster City, CA) at LSU-SVM using conditions prewsty described (Reif et al. 2008). Results
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were analyzed with ABI 7900HT sequence detectictesy (SDS v2.3) software. The
specificity of the assay was verified and the exgesingle peak for the internal control plasmid
and positive gDNA samples, but not in the wategétiee control) samples, was identified in
the dissociation curve. Additionally, represemaiPCR products from each trail were verified
by gel analysis to confirm the specificity of theaction and cloned and sequenced to confirm
that fleas were infected wifR felis. ForR. felis-positive flea samples a second assay was
performed to determinR. felis infection density in individual fleas where boltieR. felis 17-

kDa and cat flea 18S rRNA genes were amplifiedgurahtified by extrapolating the individual
gene Ct values from serial dilutions of plasmid gERFOPORf17kDa+Cf18SrDNA, which
contained single-copy portions of both genes agiqusly described (Reif et al. 2008R. felis-
infection density was quantified as the ratio @f ttansformedif17kDa andCf18S rDNA copy-
numbers Rf17kDaLf18S) per individual flea.

3.2.6. Horizontal Transmission Bf felis Via Infectious Bloodmeal

Fleas exposed for 24 h to Rnfeis-infected or uninfected bloodmeals were examined at
weekly intervals, starting at 7-days post-expogdpe) for acquisition and persistence of
R. felis-infection. At each collection point, ten fleasr&/eandomly selected and assessed for
R. felisinfection. Genomic DNA (gDNA) was extracted frandividual fleas andr. felis
infection was determined by gPCR amplificationlad tickettsial 17-kDa gene. As a quality
control measure and to verify gDNA extraction wascessfulC. felis 18S rDNA was also
amplified from all samples and any sample negdov€. felis 18S rDNA was removed from
the data set and not analyzed. Rofelis-positive fleas, an additional gPCR comparing Hter
of the rickettsial 17-kDa an@. felis 18S rDNA genes was performed to calculate thectidie
density ofR. felisin individually infected fleas. In Trials 1 angdthe success ®&. felis infection

was compared between different preparations oRtilieis-infected bloodmeal. In Trial 3,
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variations in acquisition dR. felis infection were compared between three groupseaifthat
were fed identicaR. felis-infected bloodmeals.

3.2.7. Vertical Transmission & felisto Flea Progeny

In Trial 1, eggs of fleas exposed toRfelis-infected bloodmeals were collected every 2
to 7 days (every time the feeding cage was chargmdlyeared to adults. Once reared to adult
stage, gDNA from approximately 400 F1 progeny,axikd over the duration of the trials, were
examined for vertical transmissionRffelis-infection from parental fleas infected via an
infectious bloodmeal to their progeny by qPCR afigaltion of the rickettsial 17-kDa gene.

3.2.8. Detection oR. felisin Cat Flea Feces

Flea feces were collected every 2 to 7 days aftgal exposure to aR. felis-infected or
uninfected bloodmeal in Trials 2 and 3. Fecal damwere examined for the presence or
absence oR. felis gDNA by gPCR amplification of the rickettsial 1 D& gene. In Trial 3, the
weight of each fecal sample was standardized tooappately 50-mg to determine the amount
of R. felis being shed in the feces. The viabilityPffelis in flea feces, determined by the
presence oR. felis 17-kDa transcripts, was also examined in Trial 3-a21- and 28-dpe.
Extraction of total RNA from flea feces was accoisipéd using Qiagen’s RNeasy Mini Kit
(Chatsworth, CA) according to the manufacturer&gnnctions for total RNA isolation from cells
with the following modifications: approximately 50¢ of feces disrupted and homogenized
with two stainless steel 4.77-mm bbs in 200 pl off& RLT using a TissuelLyser (Qiagen,
Chatsworth, CA), for 1 min at 30 Hz. Samples weashed as directed with an extra wash in
500ul Buffer RPE and eluted in 3 RNase-free water. RNA samples were DNasel tdeate
(Promega, Madison, WI) according to the manufacsirastructions. From DNasel-treated
RNA samplesR. felis 17-kDa gene-specific (same primers as above) ciMdé synthesized

using SuperScript® First-Strand Synthesis Systewit(bgen, Carlsbad, CA). For all samples
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no-RT controls were included to verify the abseoicBNA contamination.R. felis viability was
determined by qPCR amplification (as described apo¥R. felis 17-kDa from prepared cDNA
samples.

3.2.9. Statistical Analysis

Rickettsial load in fleas and the ratioRffL 7kDa/Cf18S were assessed after the
logarithmic transformation of the quantity of thengs of interesRf17kDa andCf18S).
Analysis of variance, (SAS statistical package,su®r 9.1.3, GLM procedure ANOVA, Cary,
NC) was performed to examine potential differerfoetsveen rickettsial load in fleas and ratio of
Rf17kDalCf18S copy number over the study period; when ovsigtiificance was found,
Tukey’s honestly significant difference (HSD) pbst test was used to examine pairwise
differences of means of main effects. Pairvigests of least square means were performed to
determine any interaction effects between triahdge, and experimental day for rickettsial
infection load and ratio dkf17kDalCf18S. AnF-test was used for general comparisons of
grouped means. For all comparisonB;\@alue of < 0.05 was considered significantly diffat.
3.3. Results

3.3.1. Confirmation oR. felis Absence in EL Laborator§. felis Colony

Previous studies have reported the EL cat fleangolo beR. felis-free (Pornwiroon et al.
2007). To verify absence 8X felis-infection in this colony, total gDNA was extractedm 20
newly-emerged unfed EL fleas (10 female and 10 raald assessed f& felis-infection by
gPCR amplification of the rickettsial 17-kDa antigend outer membrane protein @rpB)
genes. PCR amplification of the 17-kDa @mapB genes fronR. felis maintained in cell culture
and distilled water served as controls and yielthedexpected positive and negative results,
respectively. No rickettsial products were amptiffrom any flea sample, confirming previous

reports (Pornwiroon et al. 2007) of the absend®. &dlis in the ELC. felis colony.
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3.3.2. Detection of Horizontally Transmittédfelis Infection in Fleas Fed &R felis-Infected
Bloodmeal

In three trials, groups of fleas were fedRarielis-infected or -uninfected bloodmeal for
24 h. After the ‘exposure meal’, in each triah teeas from every group were collected weekly
for as long as fleas were alive in a group or ufv@®weeks, and individually assessed for
R. felisinfection. The gDNA was extracted from individdigas andr. felis infection was
determined by gPCR amplification of a portion df tickettsial 17-kDa antigen gene. The
specificity ofR. felis-infection in fleas was confirmed by sequencing#dipn of the rickettsial
17-kDa gene from a representative subset of fleagipe forR. felis infection. All sequenced
samples had a 100% identityRofelis URRWXCal2, complete genome (GenBank accession
number CP000053).

The incidence oR. felis infection in previously uninfected fleas was exaed between
the differentR. felis bloodmeal preparationR felisin intact ISE6 cellsR. felis from lysed ISE6
cells; and, long-fornR. felis. In two separate trials, &l felis-infected bloodmeal preparations
were capable of resulting R felis-infection in fleas, (Table 3.1). Fleas fRdfelis-infected
ISE6 cells (intact cell prep) were observed to tive longest and acquir®l felis-infection at a
47% average incidence at individual collection pmirR. felis gDNA was never detected in any
fleas fed bloodmeals with uninfected ISEG6 cells.

In a third trial, three groups of fleas were fedritcalR. felis-infected bloodmeals of
intact,R. felis-infected ISE6 cells (~5x2@R. felis’/bloodmeal preparation) and assessed for
variations inR. felis acquisition and infection. Although some variatiorthe incidence of
R. felis-infection was observed between experimental groupsndividual group was
significantly different from another and the meaaidence oR. felis-infection steadily

increased from ~50% to 90% over four we@kigure 3.). No significant difference was
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observed in the survival of control verdrdelis-infected fleas; however, there were always
more fleas remaining in tHe felis-exposed groups than in the control groups.

3.3.3. Determination dR. felis-Infection Density in Fleas Infected Via &afdlis-Infected
Bloodmeal

As R. feliswas detected in fleas up to five weeks grdElis bloodmeal in Trials 1 and
2, R. felis-infection density in individual fleas was assesse@rial 3 to determine if fleas were
gradually recovering from infection overtime, oratherR. felis was establishing a persistent or
increasing infection. In Trial 3 fdRickettsia positive fleasR. felis infection was first
determined by quantifying tHe felis copy-number in individual fleas. VariationsRnfelis 17-
kDa copy-number were compared between groupstatdogarithmic transformation of the
mean number dR. felis 17-kDa copies per group at individual collectianrpts. Between
replicate experimental grouds, felis 17-kDa copy-number did not significantly differtiveen
groups at individual time points. Whe&afelis 17-kDa copy-number was compared by
collection time, a significant increaseRnfelis 17-kDa copy-number was observed at 14-, 21-,
and 28-dpe, compared to 7-dpe. To serve as a cmopaoint, inR. felis-infected fleas, the cat
flea 18S rDNA gene also was amplified and quartifaa individual flea samples. Variations in
C. felis 18S rDNA copy-number were compared between grattps the logarithmic
transformation of the mean numberffelis 18S rDNA copies per group at individual
collection points. Between groups there was noitgnt difference irC. felis 18S copy-
number at any time point. Compari@gfelis 18S copy-number at individual collection points,
C. felis 18S copy-number was significantly increased at 24- and 28-dpe, compared to 7-dpe;
and was also significantly increased at 21- andf@8-compared to 14-dpe. The density of
R. felisinfection in individual fleas was determined bkitey the ratio of the logarithmically

transformedR. felis 17-kDa andC. felis 18S rDNA copy-numbers and compared after takieg th
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Table3.1. Comparison of R. felis-infected bloodmeal preparations on success of R. felis-
infection in fleas. Groups of fleas were fed various preparatiorn®. &dlis-infected bloodmeals
in order to determine the impact of infectious ldowal preparation on flea acquisition of

R. felisinfection. R. felis-infected bloodmeals were prepared by resusperathiiy felis/ISE6
pellet (ISE6 pellet for controls) in 600 pl of haaéctivated bovine blood. Groups of fleas were
allowed to feed for 24 h on the felis-infected bloodmeal and were subsequently maintiaome
defibrinated bovine blood (not heat-inactivateBxtracted gDNA from individual fleas (10
fleas/group) was assessedRofelis infection, on a weekly basis for up to five wegkst-
exposure bloodmeal, by gPCR amplification of iaéelis 17-kDa gene. For quality control
purposesC. felis 18S also was amplified from all samples and anypsa where we were not
able to amplifyC. felis 18S was removed from analysis. On average, #gpssed to intact

R. felis survived the longest and had a 47% average inc&defiR. felis-infection. (n.a. not
available — all fleas in group dead)

Incidence of R. falis infection

Group 7-dpe  13-dpe 21-dpe 28-dpe 35-dpe
Control 0% 0% n.a. n.a. n.a.
Intact cell prep 1 55% 45% 50% 58% 86%
Trial 1 Lysedcell prepl  18% 0% n.a. n.a. n.a.
Intact cell prep2  60% 27% 20% 27% n.a.
Lysed cell prep 2  30% 29% n.a. n.a. n.a.
Long-form 30% n.a. n.a. n.a. n.a.
Control 0% 0% 0% 0% n.a.
Intact cell prep 3  50% 10% 60% 50% 67%
Trial 2 Lysed cell prep 3 50% 30% 63% n.a. n.a.
Intact cell prep 4  40% 50% 44% n.a. n.a.
Lysed cell prep4  50% 0% 20% n.a. n.a.
Long-form 0% 0% 38% 50% n.a.
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Figure 3.1. Incidence of R. felisinfection in fleasfed an R. felis-infected bloodmeal.
Acquisition ofR. felis-infection in fleas was examined in three groupfess fed identical
bloodmeals artificially infected with intad®. felis-infected ISE6 cells and a control group fed a
bloodmeal containing uninfected ISE6 cells onljheTncidence oR. felis infection was
assessed 7-, 14-, 21- and 28-dpe by randomly sagnelh fleas from each group. The gDNA
was extracted from individual fleas and presend®. &dlis gDNA was determined by gPCR
amplification of theR. felis 17-kDa gene. Although the incidenceRoffelis infection varied
between experimental groups, group variation aviddal time points was not significantly
different. After 14-dpe a mean increase in thédieicce ofR. felis-infection was observed at
each subsequent collection point. RickettsiaNgDwvas never amplified from fleas in the
control group.
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mean (zSEMRf17kDalCf18S ratio for each collection point. Between gotipere was no
significant difference in thBf17kDa/Cf18S ratio at any individual collection point. Timean
logRf17kDa/logCf18S ratio was 0.50. ComparifRgfelis infection density between collection
points, a significant increase in tREL7kDa/Cf18S ratio was observed between 7- and 14-dpe
followed by a slight, but not significant, decreas®1- and 28-dpe (Figure 3.2).

3.3.4. Detection oR. felisin Flea Feces

Total gDNA was extracted from samples of egg-flea feces from each group in Trials
2 and assessed every 2 to 7 days (every time fgedye was cleaned) fBr felis by gPCR
amplification of the rickettsial 17-kDa gene. Moty wasR. felis gDNA detected in the feces of
fleas exposed to &R felis-infected bloodmeal 2-dpe as expected, but fecaptes were
positive forR. felis gDNA up to 25-dpe (Table 3.2). DetectionRoffelis gDNA in flea groups
administered different preparationsRffelis-infectedbloodmeals was possible in all groups.
The shedding pattern of individual fleas was ngeased in this study, only the presence or
absence of detectable levelsRoffelis gDNA in flea feces was examined. Feces fromatitiol
flea groups and environmental controls were coasibkt negative foR. felis DNA.

3.3.5. Quantification oR. felisin Flea Feces

In Trial 3, approximately 50-mg of egg-free fecemsveollected from each of three
replicate groups every 2 to 7 days and examineR.ftalis gDNA by gPCR for up to 28-dpe.
The quantity oR. felisin fecal samples was determined by extrapolatidh®R. felis 17-kDa
copy-number against a standard curve. Variatiomsean (xSDR. felis 17-kDa copy-number
was compared after taking the natural log of thal ®. felis 17-kDa copy-number per sample.
Over the course of the study, the presend &dlis gDNA in flea feces varied; howevdRr, felis
gDNA was detectable in feces up to 28-dpe. Alefefor control group fleas as well as

environmental controls were negative RifelisgDNA. When fecal samples were standardized
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Figure 3.2. Assessment of R. felis-infection density in fleasfed an R. felis-infected

bloodmeal based on ratio of Rf17kDa/Cf18S. In Rickettsia positive fleasR. felisinfection was
determined by quantifying tHe felis 17-kDa copy number in individual fleas. To assess

R. felis-infection density in fleas, th@. felis 18S rDNA copy nhumber was quantified to serve as
a comparison point. The densityRffelis infection in fleas was determined by taking thiora

of the logarithmically transformefd. felis 17-kDa andC. felis 18S rDNA copy numbers in
individual flea samples and taking the mean (£SIR)’kDa/Cf18S ratio for each collection
point. Although there was some variatiorRrfelis-infection density between groups, all groups
were similar to one another at individual collentfmoints. Between 7-dpe and 14-dpe the

R. felis-infection density in fleas significantly increasetlowed by a slight decrease at 21- and
28-dpe in meaR. felis-infection density. (*indicates significant diffarce)
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Table3.2. Detection of R. felisgDNA in feces of fleasfed different R. felis-infected
bloodmeal preparations. Variations in the presence Rffelis gDNA in feces of fleas fed
differentR. felis-infected bloodmeal preparations was examined [iyRjBmplification of the

R. felis 17-kDa gene from gDNA extracts of flea fecal saaspR. felis gDNA was detected in
all groups fleas fe®. felis-infected bloodmeals, independent of preparatiygpically up to 21-
dpe. R. felisgDNA was detected in feces of fleas fedelis-intact cell prep 3 for up to 25-dpe.
R. felis gDNA was never detected in feces from any cormgroup fleas. (n.a. = fecal samples
not available)

Detection (+/-) oR. felis gDNA in flea feces
1 3 5 7 9 12 14 17 21 25 28 35
Control - - - - - - - - - - - n.a.

Intact cell prep3 + + + + + + + + + + na. na
Lysed cell prep 3 + + + + + + + - + na na na
Intact cell prep 4+ + + + - + + + + na na na.
Lysed cell prep 4 + + + + + + + - + na na na
Long-form + + + + + + + + + - n.a. n.a.
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by weight, the quantity dR. felis gDNA did not vary significantly among replicateogps at any
collection point (Figure 3.3). Significant varatis inR. felis 17-kDa copy-number in feces
across collection time points were assessed by aongpthe logarithmically transformed mean
R. felis 17-kDa copy-number at individual collection poinBBue to the limited amount of flea
feces at 21- and 28-dpe, flea fecal samples waske@detween groups and therefore could not
be statistically analyzed at these time pointstedn initial significant decline iR. felis 17-

kDa copies in flea feces between 2- and 4-dpeRiiieis 17-kDa copy-number in samples
increases overtime and is significantly greaté&8tipe compared to 4-dpe (Figure 3.3).

The viability ofR. felisin flea feces was determined by amplificatiorRofelis 17-kDa
from cDNA synthesized of flea feces total RNA egtsa Rickettsial transcription was detected
only in flea feces at 16-dpe. As with detectiorRofelis gDNA in flea feces, the contribution of
individual fleas to the presenceRiffelis gDNA or RNA in flea fecal samples was not assessed
in this study. All no-RT samples were negativegdogsence oR. felis gene products.

3.3.6. Detection oR. felisin Progeny

F1 progeny were collected over the course of adidlirials and reared to adults.
Approximately 400 individual F1 progeny from Trihwere examined by qPCR amplification of
the rickettsial 17-kDa gene for vertically trangmitR. felis infections, however, no Fl fleas
were positive foR. felis-infection.

3.4. Discussion

The horizontal transmission strategies employeR.bglis are not fully understood.
Outside of the persistent transovarial and tradsst&ransmission observed in colonies of cat
fleas, direct evidence for additiorfalfelis transmission strategies have only been speculated
based on the detection Rffelis infection in vertebrates and the anatomical laedion of

R. felisin the flea. Specific transmission with subsequmfiection ofR. felis from arthropod to
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Figure 3.3. Determination of R. felis 17-kDa copy-number in flea fecal samples. Total

gDNA was extracted from 50-mg egg-free fecal saspte?, 4, 7, 9, 11, 14, 16, 18, 21- and 28-
dpe from each of three replicate groups and asségsgPCR for presence Bf felis Rf17kDa.
TheRf17kDa copy-number was determined in samples bypalating the gene quantity against
a standard curve and calculating the tBfdl7kDa gene copies in 50-mg of sample. Variations in
mean (xSDR. felis 17-kDa copy number was compared over 28-dpe &ikéng the natural log

of the totalR. felis copy-number per sample. On 4- and 14-dpe, fecaptes from only one
group were positive foR. felisgDNA. On 21- and 28-dpe fecal samples were pobé&tdeen
groups due to a limited quantity of available feaegshe number of fleas in each group
decreased. The great&stfelis 17-kDa copy-number was observed in flea fecesdiieas
expected after fleas had fed Bnfelis-infected bloodmeals. Between 2- and 4-Bptelis 17-

kDa copy-number significantly decreased likely assult of fleas feeding on uninfected
bloodmeals. Between 4- and 28-dpdelis 17-kDa copy-number had significantly increased,
likely released fronfickettsia-infected midgut cells. (*indicates significantfdrence)
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vertebrate, vertebrate to arthropod, or arthrapaatthropod (outside of vertical transmission),
has not been demonstrated. The absence of alukdRrifelis arthropod-vertebrate
transmission cycle has raised doubts as to whetheot arthropods are even able to acquire
R. felisinfection from an infected vertebrate (Weineraet2009), suggesting that the only
transmission route in the maintenancdRofielis in nature is vertical transmission between fleas.
The present study definitively demonstrates forfitst time horizontal acquisition, with a
resulting persistent infection, 8% felis by an arthropod feeding on an infectious bloodmeal
Previous studies have examined potential mecharasithsoutes oR. felis horizontal
transmission. In one study, all progeny of preslguninfected fleas fed artificiallR. felis-
infected blood for 2 to 3 days were negativeRofelis-infection (Wedincamp, Jr. and Foil
2002). In the current studR, felisinfection in fleas was detected for up to five keafter
feeding on only a singlB. felis-infected bloodmeal. Detection Bf felisin fleas for five weeks
indicates that fleas were not only able to acgRirkelis from an infected bloodmeal but were
able to develop a sustained infection likely fax tkmainder of their lives. Also in the current
study several preparationsRffelis-infected bloodmeals were compared. Each prejparati
resulted in flea acquisition &. felis infection; however, fleas fed preparations of ¢tytR. felis-
infected ISEG6 cells lived the longest and had tighdst average incidence of subsequreriélis-
infection at individual collection points. In Ttid, R. felisinfection was quantified by counting
the number oR. felis 17-kDa copies per individual flea aRdfelis infection density was further
examined by comparing the ratioRffelis 17-kDa toC. felis 18S rDNA gene copies. Although
significantly moreR. felis 17-kDa copies were observed at 14-, 21- and 28:dp®ared to 7-
dpe, a significant increase i felis infection density Rf17kDalf18S) was only observed
between 7- and 14-dpe. Fleas can be maintainea antificial feeding system for a maximum

of six weeks, however the majority of fleas dievistn three and four weeks; thus, limiting the
96



duration of our studies and reducing sample numdnettse later collection points. The limited
number of male fleas at later collection pointsmd allow for comparisoR. felis acquisition
between gender, and potential differences in geRdketis-infection incidence need to be
examined in the future.

In the current study the incidenceRffelis-infected fleas increased over the course of
the trial. The observed increaseRrfelis-infected fleas may be due to several factors dhnlyt
concentration oR. felis-infected fleas as a result of: death of uninfedkea; acquisition of new
infections via co-feeding or direct contact; orted#ion ofR. felisinfection in fleas with
previously undetectablR. felis levels. Many rickettsial species have an unknétess cost to
their arthropod host (e.& bellii); however, others are associated with a negaitivess cost
(e.g.R rickettsii) to their arthropod host (Burgdorfer and Brint®@v%, Niebylski et al. 1999).
For exampleRickettsia-infectedAcyrthosiphon pisum (pea-aphid) have a smaller fresh body
weight and lower total number of offspring thaRiekettsia-free strain (Sakurai et al. 2005).
Additional studies have described that the degfeegative fitness effects causedRigkettsia
is also influenced by environmental factors (Geltlet al. 2006). In a study Bickettsia
infection in white flies, the observed concentmatad Rickettsia in the gut was hypothesized to
indicate some nutritional dependenceRickettsia by the white fly (Gottlieb et al. 2006). Not
reported as frequently as other bacterial speeigsWolbachia spp.), some rickettsial species
have also be documented to influence reproductighair arthropod host (Hagimori et al.
2006). No fitness effect or reproductive manipolahas previously been observediirfelis-
infected fleas (Wedincamp, Jr. and Foil 2002);a@lth, it is interesting that in the present study
R. felis-infected fleas were more prevalent than uninfefltsss at the later collection time
points.

The increase iR. felisincidence observed in this current study, mayhleerésult of
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infection via co-feeding dR. felis-infected and uninfected fleas on the same bloadsou
Transmission of pathogens between arthropods vfaeding has been previously documented
in the transmission of several pathogens includdogtelia burgdorferi in Ixodes scapularis

ticks (Patrican 1997); West Nile virus Qulex species (McGee et al. 200Rickettsia massiliae

in Rhipicephalus turanicus (Matsumoto et al. 2005); anBlickettsia rickettsii in Dermacentor
andersoni (Philip 1959). Future studies examining the cépaxf R. felis-infected fleas to
transmitR. felis infection to uninfected fleas via co-feeding aeeded. Horizontal transmission
of R. felis via direct contact and/or sexual transmissiongragiously been examined where
uninfected andr. felis-infected fleas were placed together and matedghiewy no transmission
of R. felis by contact or copulation was detected (Wedincammnd Foil 2002). Also, progeny
of uninfected females mated to infected males wegative folR. felis (Wedincamp, Jr. and
Foil 2002), indicating that vertical transmissidnRofelis is maternally inherited.

Finally, the increased incidenceRffelis in our study may be the result of detection of
R. felis-infection in fleas with previously undetectabledés. Although our gPCR assay is
sensitive enough to detect one-copy of the ricl@tl¥-kDa gene, detection BX felis infection
in fleas with only a few rickettsiae is difficulAs fleas were allowed to feed freely on the
R. fdis-infected bloodmeal, the exact number of rickeét¢kaat each flea ingests is unknown and
likely varies between fleas. Future studies examgithe minimum number @R felis that need
to be ingested for fleas to acquRefelis-infection are needed.

Although in the current study the modelRffelis acquisition utilizes an artificial system,
support for horizontal acquisition & felis via an infected bloodmeal may come from the
plethora of arthropod species from whRHelis has been detected. Most likely, detection of
R. felisin some arthropods, especially those collecte@wifinals, may be the result of detection

of anR. felis-positive bloodmeal in the guts of these arthropaoaiher than a truly infected
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arthropod. A definitive description & felis infection in an arthropod resulting from an
infected vertebrate bloodmeal has not been denaiadtr Previous studies that have attempted
to demonstrat®. felis acquisition by an arthropod from an infected anihraale not been
successful. In one study, uninfected fleas wedeofeR. felis sero-positive cats however, all
fleas and their progeny were negativeRofelis infection (Wedincamp, Jr. and Foil 2002). A
seropositive status of the cats in that study do¢smply that these animals had an active
infection, and perhaps at the time of flea feedin@ctiveR. felis infection in the cats had
already concluded. However, in another experimarthe vertical transmissioR, felis
prevalence waned (63% to 2.5% over 12 generatiarf®as artificially fed uninfected
bloodmeals, versus fleas fed on a cat host thaithed a 65%R. felis infection prevalence
(Wedincamp, Jr. and Foil 2002), supporting theliiia@d of flea acquisition oR. felisvia a
bloodmeal.

Transmission oR. felis from an infected vertebrate to a susceptible apibd vector
likely requires a minimum threshold infection irethertebrate (e.g. during periods of
bacterimia) for a feeding arthropod to ingest disight amount of bacteria to become infected.
The number of ingested bacteria necessary to riesaithropod infection can also vary between
bacterial species and strains. For exanfléphi can only be acquired by feeding fleas during
periods of rickettsemia (days 3-20 post-inoculgtigiarhang-Azad et al. 1983). The efficiency
of R. typhi transmission requires only the ingestion of a fekettsiae for the rat flea to become
infected and subsequently able to trand®ntiphi to another vertebrate (Vaughan and Azad
1990). The high transmission efficiencyRftyphi to feeding fleas was attributed to several
factors including the small size of the rickettsiaek of peritrophic membrane formation; rapid
breakdown of blood cells; and rhythmic contraci@on expansion of the midgut circulating the

bloodmeal and increasing the likelihood of rickettepithelial cell contact (Vaughan and Azad
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1990). Because fleas are able to acquire a seslRi felis-infection from an infected
bloodmeal (the current study), further studiesaitiy anin vivo model animal model of
arthropod acquisition dR. felis from infected bloodmeals will be useful in defigiadditional
parameters of bloodmeRl felis transmission.

The predominant route of transmission for mostathsmnsmittedRickettsia (e.g.
R. typhi andR. prowazekii) is via fecal transmission (Azad 1990). As theflem serves as the
only known biological vector and hostRffelis, the potential of horizontal transmission via
fecal transmission has previously been examiriedelis DNA was detected in the feces of fleas
that fed on bovine blood containifgfelis-infected flea homogenates, but not human blood
containingR. felis from culture six days po®-felis meal (Wedincamp, Jr. and Foil 2002).
Acquisition ofR. felis infection by flea larvae feeding on feces, fleg@nd younger instar
larvae positive foR. felis gDNA was also examined, but all resulting adulesewnegative for
R. felis infection (Wedincamp, Jr. and Foil 2002).

In the current study, potential fecal transmissi@s also examined arf felis gDNA
was detected in feces not only directly afteRafelis-infected bloodmeal, but also up to 28-days
post-exposure. The exact numbeRofelis shed by an individual flea could not be determined
by the assay used as feces was samples from gobélpas, not individual fleas, which could
contribute to the variable presenceRofelis DNA observed over time in any one group. The
high Rf17kDa copy-number at 2-dpe likely reflects the éaegposure dose & felis (~5x1F
R. feligexposure meal) in the infected bloodmeals, folldwg the significant decrease observed
at 4-dpe as fleas continued to feed on uninfeckeab R. felis has been documented to infect
the midgut epithelium of fleas (Adams et al. 199Bgrefore, lysis of a heavily infected cells
would result inR. felis being released into the gut and shed with thesfed@ée continued

presence oR. felis gDNA in flea feces at later time points indicafiess are successfully
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infected withR. felis, and the increase R felis 17-kDa copy-number starting at 14-dpe
indicates thaR. felis has successfully infected, replicated, and lysedgleased by some other
mechanism) gut cells. However, detectiofRofelis gDNA in flea feces does not imply viability
of R felisin feces. To address the viabilityRffelisin flea feces, amplification of rickettsial
RNA from a portion of feces was attempted. Altho&yfelis RNA was only detected at 21-
dpe, the presence of any viaBlefelis in flea feces may indicate an additional transimrssoute
and further studies on the viability and infectywif R. felisin flea feces are needed. Fecal
transmission of other rickettsial species tradaibntransmitted by saliva during arthropod
feeding, have also been studied. Under experirheatalitionsR. rickettsii andR. conorii, both
tick-transmitted rickettsial species, have be@amidied in louse feces by IFA and PCR
amplification of the rickettsiadmpA gene (Houhamdi and Raoult 2006). As wRthrickettsii
andR. conorii being detected in lice feces, the viability an@atiousness dR. felisin flea feces
is unknown and additional studies will be neededdtermine if any of these rickettsial species,
in this medium, are infectious to either arthropodsertebrates.

Arthropods are the primary host of all rickettspkecies and many rickettsial species are
inherited and maintained via transovarial and statial transmission within arthropods
(Sakurai et al. 2005). Vertical transmissiorRofelis has been described in detail and is the
primary transmission strategy in the LSU cat flebbny (Wedincamp, Jr. and Foil 2002).
AlthoughR. felis acquisition and sustained infection in fleas wasidnstrated in the current
study, all F1 progeny examined for vertically tnamsed R. felis-infection were negative. As
vertical transmission has been described to berdg@ominant maintenance strategyRofelis,
the lack of transmission to F1 progeny in this gtisdnteresting. Several factors may influence
successful vertical transmissionRffelis to progeny of horizontally infected parents inchgd

meeting a minimum threshold infection density; dioraor number of exposures to Bnfelis-
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infected bloodmeal; dissemination to reproductissues; and, competing resident microbiota.

In a previous study wher felis infection density in fleas was examined the rafio
rickettsial 17-kDa and cat flea 18S rDNA gene capynbers were greater (mean
logRf17kDa/logCf18S = 0.75) than the levels of infection densitgerved inR. felis-infected
fleas in this study (ldgf17kDa/logCf18S = 0.50) (Reif et al. 2008). In the currentgiiR. felis
infection density increased over the course of tiwigereas in the previous studR felis
infection density remained constant over time. ®hserved difference between the two studies
is likely due to the fact that fleas in the earBardy were vertically infected witR. felis versus
fleas in this study that horizontally acquif@dfelis via an infected bloodmeal. The absence of
R. felis infection in progeny in this study may be dueléa$ not reaching a threshold level of
infection necessary for vertical transmission. ureitstudies examining the relationship between
infection density and successful vertical transmrsare needed.

The absence @R felisin F1 progeny via vertical transmission in thigdst may be the
result of incomplete disseminationRffelisin the flea. As previously reporteld, felisis a
disseminated infection in naturally infected cati and has been identified in the midgut
epithelium, ovaries, salivary glands, etc. (Adamalel1990, Macaluso et al. 2008). In the
current study, the persistent detectiorRofelis gDNA in flea feces and an absence of infected
progeny may suggest thRatfelis infection is concentrated in flea gut tissues isnbt
disseminating to other tissues in the flea sudh@seproductive tissues. Future studies
examining the dissemination Bf felisin fleas horizontally infected by feeding on afented
bloodmeal are needed.

One reason for restriction & felis to specific tissues may be the presence of otbar f
microbiota. In the EL Laboratory cat flea coloreweral other bacterial species have been

identified includingWolbachia spp. andaphylococcus spp. (Pornwiroon et al. 2007).
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Wolbachia are also vertically maintained bacteria and maymete with a newly introduced
R. felisinfection in tissues such as the ovaries, prengmi felis from also being vertically
transmitted. Competition for vertical transmisskas been previously reported between
rickettsial species and also betwé@okettsia and other bacterial species. Among rickettsial
species an interference phenomenon has been dasueritere establishment of one rickettsial
species inhibits the transovarial transmission lobazontally acquired second rickettsial species
(Burgdorfer 1988, Macaluso et al. 2002). AdditibyaRickettsia species may be able to
overcome competition pressures by other microbguah as in the pea aphid, whe&rekettsia
was observed to significantly suppress the poparadi the essenti@uchnera symbiont
(Sakurai et al. 2005).

In conclusion this study definitively demonstraties ability of cat fleas to acquire
R. felisinfection with subsequent development of a pexsisnfection, likely for their lifespan,
after a singleR. felis-infected bloodmeal. Acquisition & felis by this route results in infection
densities similar to fleas vertically infected wihfelis. Further studies are needed to examine
the dissemination of horizontally acquirBdfelisin cat fleas and any interactions with other flea
microbiota that could influence vertical transmissto progeny. Also, additional studies
examining the viability and infectiousnessPofielis in flea feces are neededRdelis gDNA
can be detected in flea feces almost one monthiafextion. This model confirms that fleas are
indeed able to acquiiR felis infection from arR. felis-infected bloodmeal and should serve as a
platform to developn vivo models oRR. felis infection and horizontal transmission between
arthropods and vertebrates. Knowledg&delis transmission strategies is essential for

developing a better understandingrofelis ecology.
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CHAPTER 4
DEVELOPING A MURINE MODEL OF RICKETTSIA FELISINFECTION

4.1. Introduction

The agent of flea-borne rickettsiodi®ckettsia felisis currently classified as an emerging
pathogen (Parola et al. 2005). The first humae céR. felis infection occurred in Texas in
1994 (Schriefer et al. 1994); since then humanscabk#ea-borne rickettsiosis have been
reported in 12 countries around the world includmgSpain (Perez-Arellano et al. 2005,
Bernabeu-Wittel et al. 2006, Nogueras et al. 2@6p et al. 2006), Germany (Richter et al.
2002), France (Raoult et al. 2001), Brazil (Raetil. 2001, Galvao et al. 2006), Mexico
(Zavala-Velazquez et al. 2000, Galvao et al. 2@&ala-Velazquez et al. 2006), Thailand
(Parola et al. 2003), Taiwan , South Korea (Chaile2005), Laos (Phongmany et al. 2006),
Tunisia (Znazen et al. 2006), and Egypt (Parkat.e2007). In addition to flea-borne
rickettsiosis, the disease associated Witfelis infection has also been referred to as: cat flea
rickettsiosis (Eremeeva et al. 2008), cat flea iygp(Azad et al. 1997), flea-borne spotted-fever
(Parola et al. 2005).

In humans, clinical presentation of flea-borne eitgiosis is not well defined.
Commonly reported symptoms/signs are typical oéotitkettsial infections and include fever,
rash, headache, myalgia and eschar at the bitevisitgpotential progression to neurological and
visceral involvement. The non-specificity of reaapd symptoms and lack of a specific case
definition have likely resulted in misdiagnosislack of diagnosis of human cases.
Traditionally, diagnosis of rickettsial diseasesdnaeen accomplished using serological tests;
however, the high cross-reactivity between rickalttspecies often makes an exact diagnosis not
possible. Recently, more sensitive molecular asbaye been developed that are able to

specifically identifyR. felis infection (Henry et al. 2007).
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Frequently, in areas where human cases of fleaghackettsiosis have been reported,
surveys oR. felis-infection in local arthropods and peridomestiaaals have also been
conducted. In every country where a human cafleaborne rickettsiosis has been reported
except Tunisia and Egy, felis has been successfully detected in local arthrap®te
arthropod specieR. felis has been most commonly detected from is the $leegifically the cat
flea (Ctenocephalidesfelis). The cat flea is currently the only describealdgical vector of
R. felis (Wedincamp, Jr. and Foil 2002). Surveys of Igeaidomestic animals have also been
conducted an®. felis has been detected by both molecular and serohegans in opossums
(Boostrom et al. 2002) and dogs (Richter et al.2200

Despite numerous reports Rffelis infections in fleas and mammals, the transmission
mechanisms between invertebrate and vertebrate tsoghdefined. AlthougR. felis has been
identified molecularly in both arthropods and vbrgges, the direct transmission from an
infected arthropod to susceptible vertebrate withsequent vertebrate infection has not been
described. Similar to other pathogeRickettsia species, flea acquisition Bf felis likely
requires a persistent infection within the vertéblaost. Before studies can examine the
transmission mechanisms between arthropod andovatéehosts, a basic understanding of
R. felis infection in both an arthropod host and vertebhaigt, independent of each other is
needed. Therefore, development of a murine maddel f&lis infection was attempted.

Animal models of infection are useful tools in stund) disease etiology. Previous
vertebrate models of rickettsial infection havevded invaluable insight to understanding
infection and transmission parameters, and theceged disease pathology (Perez-Gallardo and
Fox 1946, Feng et al. 1993, Walker et al. 1994)rréhtly there is no vertebrate model of
R. felisinfection. Despite numerous reportsofelisinfections in fleas and mammals, the

transmission mechanisms between invertebrate amebvate hosts is undefined. Characterizing
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the infectivity ofR. felisin vertebrate hosts is critical to deciphering tita@smission cycle of
R. felisin nature. Prior to flea/host transmission studiesuitable animal dR. felis infection
must be identified. The hypothesis of this stuglthat inoculation of a vertebrate host with
R. felis will result in a disseminated infection and suhsey disease.

Towards understandirfg felis infection parameters, including pathogenesis and
transmission dynamics the specific objectives of study are to determine an appropriate
mouse strain for studying. felis infection; develop a quantitative real-time PCRQR) assay
to detect and quantifi. felisinfection in a mouse model; examine multiple tessto determine
anyR. felistissue trophism; and, compare resulting infectrom two differentR. felis doses.
4.2. Materials and Methods

4.2.1.Rickettsia and Preparation of Inoculums

Rickettsia felis (LSU), present in naturally infected cat flea egtlonaintained at LSU for
the past 25 years, was subsequently isolated dnaexliin a tick-derived cell line (ISE6)
(Pornwiroon et al. 2006). For mouse inoculatidddglis (LSU), passage 4, was partially
purified from ISEG6 cells and inoculation doses wauantified as previously described
(Sunyakumthorn et al. 2008). Briefly, felis was released from host cells via passage through
as 27 Y2 g needle ten times and then filtered thr@guM syringe filter. Rickettsial viability
and enumeration for inoculation doses were accaingd using 8acLight Live/Dead staining
kit (Molecular Probes, Eugene, OR), and rickettsvaee counted in a Petroff-Hausser bacteria
counting chamber using a Leica microscope as pusiyalescribed (Sunyakumthorn et al.
2008).

4.2.2. Mice
Five-to-six week-old male C3H/HeN mice (Harlan Su@aDawley, Indianapolis, IN)

were housed in groups of five and were allowed sst@ food and wated libidum. Mice were
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intravenously inoculated in the lateral tail venrdasacrificed at pre-determined time-points by
initial anesthetization with isofluorine followed lcardiac centesis and cervical dislocation.
Blood and various tissues were collected and asddes presence d. felis gDNA as described
below. All animal work was conducted in accordawah protocols approved by the LSU
Institutional Animal Care and Use Committee, andpproved protocol (#07031) is on file in
the office of the Division of Laboratory Animal Methe at LSU-SVM.

4.2.3. Experimental Design

Sixty five-to-six week old male mice were randordlyided into three groups and
intravenously inoculated witR. felisin 100ul of culture medium or culture medium alone in the
lateral tail vain. The three groups were identifass: (1) high-dose group (n=24); (2) low-dose
group (n=24); (3) control group (n=12). For eveojlection time point, six mice for both the
high- and low-dose groups and four mice for thetrmmroup were sacrificed and assessed for
R. felisinfection (Table 4.1). Mice in the high-dose gsomere inoculated with 1x2@R. felis
and sacrificed at 1-, 3-, 6-, 14-days post-inocoraf{dpi). Mice in the low-dose group were
inoculated with 1x19R. felis and sacrificed at 3-, 8-, 14- and 19-dpi. Micéhia control group
were inoculated with ISE6 cell lysate and sacrdie¢ 6-, 14-, and 19-dpi. At each collection
point, spleen, liver, kidney, heart, lung, testickin, cerebrum and cerebellum were collected
and divided into three portions for subsequent Dé¥&action, RNA extraction, or histological
preparation. Samples for DNA and RNA extractiomanenmediately snap-frozen in liquid
nitrogen upon collection; and, samples for histglagre stored in 10% neutral buffered
formalin. During cardiac centesis, blood was aiéd into tubes with EDTA and reserved for
subsequent DNA extraction.

4.2.4. DNA Isolation

Extraction of gDNA from tissue samples was accosty@d using QIAGEN DNeasy
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Table 4.1. Experimental timeline. Timeline for collection of tissue samples froncmin
high-dose, low-dose, and control groups. At easlection point, blood and the following
tissues were collected: heart, lung, liver, splé@mey, skin, cerebrum, cerebellum, and testicle.
Portions of each tissue for DNA and RNA extracticgre immediately frozen in liquid nitrogen
and stored at -80°C, and portions of tissue faology processing were preserved in 10%
neutral buffered formalin.

day(s) post-inoculation (dpi)

Group 123456 7 8 9 101112 13 14 15 16 17 18 19
High-dose (1x16) X X X X
Low-lose (1x10) X X X X
Control (ISE6 lysate X X X X
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Tissue Kit according to the manufacturer’s instiuts. Briefly, 25-mg samples of tissue
(except for spleen, ~10-mg) were manually homogehize00ul Buffer ATL and 20ul
Proteinase K and incubated for at least 6 hr aE568kin samples were initially finely ground in
a liquid nitrogen bath and then processed as ther gamples. Further sample lysis and wash
steps were performed as directed with an additis@al wash with Buffer AW2 to help reduce
protein contamination. All samples were elute80nul Buffer AE and stored at -20°C.
Extraction of gDNA from blood was accomplished gsine QIAGEN DNeasy Tissue Kit
(Chatsworth, CA) according to the manufacturer&nmctions and eluted in 40 Buffer AE.

4.2.5. RNA Isolation and cDNA Synthesis

Extraction of total RNA from ~25 mg mouse tissue pbas was accomplished using
Qiagen’s RNeasy Mini Kit (Chatsworth, CA) accordtaghe manufacturer’s instructions for
total RNA isolation from tissues. Briefly, tissdesruption and homogenization was performed
by combining the tissue samples and two stainliesd 4.77-mm bbs in a 2-ml microcentrifuge
tube containing 200 ul of Buffer RLT and shakingiiiissueLyser (Qiagen, Chatsworth, CA),
for (2x) 3 min at 30 Hz. Further sample lysis arabsivsteps were performed as directed and
samples were eluted in 30RNase-free water. RNA samples were DNase |l¢te@Promega,
Madison, WI) according to the manufacturer’s instiens. From DNase I-treated RNA samples
R. felis 17-kDa gene-specific (same primers as above) ciMd# synthesized using
SuperScript® First-Strand Synthesis System (Inggrg Carlsbad, CA). For all samples, no-RT
controls were included to verify the absence of Dddtamination.R. felis viability was
determined by qPCR amplification (as described apo¥R. felis 17-kDa from prepared cDNA
samples.

4.2.6. Detection of Rickettsial gDNA and cDNA by &itative Real-time PCR (qPCR)

Individual tissues were assessedRofelis infection by gPCR amplification of a 157-bp
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portion of theR. felis 17-kDa antigen gene as previously described (&eaf. 2008) or the
rickettsial outer membrane protein &rpB) (Blair et al. 2004). Briefly, gPCR componentslan
template that included 2x iTaq SYBR Green Super(igRad, Hercules, CA); 100 nM of each
primer; DNase/RNase-free water; andl®f gDNA/cDNA template (samples), water (negative
control), or serial 10-fold dilutions (1x1@o 1 copy) of pPCR4-TOP®f17kDa were pre-mixed
in 35ul volumes in 96-well plates and aliquoted in trgalie 10ul reactions on 384-well plates.
The qPCR was performed with an ABI 7900HT unit (Agg Biosystems, Foster City, CA) at
LSU-SVM using conditions previously described; 8dmpter 2. Results were analyzed with
ABI 7900HT sequence detection system (SDS v2.3)veoé. The specificity of the assay was
verified and the expected single peak for the mdkcontrol plasmid and positive gDNA
samples, but not in the water (negative contraf)as, was identified in the dissociation curve.
Additionally, representative qPCR products fromretail were verified by gel analysis to
confirm the specificity of the reaction and cloree® sequenced to confirm that mice were
infected withR. felis. ForR. felis-positive liver and spleen samples a second asaay w
performed to determinR. felis infection density in 100 ng of tissue where b¢taR. felis 17-
kDa (Reif et al. 2008) and the murine adipsin (ctement factor D¢fd) gene (Cfd1461 5'-
CAGTTTCTTGCTGGCTATTGG-3', Cfd1570 5-CCACGTAACCACACTTCG-3’) were
amplified and quantified by extrapolating the indival gene Ct values from serial dilutions of
plasmid pCR4-TOP@Rf17kDa+MmCfd, which contained single-copy portions of bo#mgs as
previously described (Reif et al. 2008. felis-infection density was quantified as the ratio of
log transformedrfl7kDa andVimCfd copy-numbersRf17kDa/MmCfd) per tissue sample.

4.2.7. Histology

Portions of mouse spleen, liver, kidney, heartg|uasticle, skin, cerebrum, and

cerebellum were preserved in 10% neutral buffeoechélin, infiltrated with paraffin, sectioned
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at 5 uM, stained by hematoxylin and eosin, and éxednby light microscopy. Spleen samples
were scored for percentage of white pulp, extrart@dunematopoiesis (EMH) and splenitis.
Also for each spleen sample three periarteriolarply sheaths (PALS) were measured and the
means compared between samples. Liver samplessamired for cellular infiltrates,
inflammation, vacuolization, and sinus neutrophilideart samples were assessed for
mitochondrial mineralization, myocardial degenenatiand myocardial necrosis. Mouse lung,
kidney, testicle, brain and skin samples were ofegkfor any signs of pathology. Samples were
blinded and histopathology was scored by a boattified veterinary pathologist.

4.2.8. Statistical Analysis

Results from blinded histology scores were ranketianalyzed as metric data (SAS
statistical package, Version 9.1.3, GLM proced@ary, NC). High-dose and control group
spleen, liver, and heart samples were examinepdtantial differences between groups and
over the study period; when overall significancesicund, Tukey’s honestly significant
difference (HSD) post hoc test was used to exapansvise differences of means of main
effects. Pairwisé-tests of least square means were performed tondieke any interaction
effects between group and experimental day. Faoahparisons, &-value of < 0.05 was
considered significantly different.

4.3. Results

4.3.1. Course of Disease

No mice inoculated with either 1x3,0x10 R. felis or control mice died or developed
overt disease. Typical signs of rickettsial iniectincluding ruffled fur, lethargy, and hunched
posture were not observed in any group.

4.3.2. Detection oR. felis DNA in Mouse Blood and Tissues

For every mouse in the high-dose and control grgDNA was extracted from portions
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of spleen, liver, kidney, heart, lung, testiclenskerebrum, and cerebellum. For low-dose
group mice gDNA was extracted from only liver, ggieand heart sampleR. felis infection of
these tissues was determined by qPCR amplificatiohe rickettsial 17-kDa antigen gene from
100 ng of total gDNA. All spleen and liver samplesand 3-dpi were positive fét. felisgDNA
(Table 4.2). On 6- and 14-dpi, the prevalencB.délisin the spleen and liver had decreased to
50% or less. In the high-dose gro®ofelis gDNA was also detected in heart, lung, brain
(cerebrum and cerebellum), kidney, testicle, and samples, although not in as high a
frequency as in the liver and spleen (Table 4l8)he low-dose grou. feliswas only

detected in the spleen of one mouse 8-dpi andeiméart of 1 mouse also at 8-dpi. Because
R. felis gDNA was only detected in two tissue samples élthw-dose group, gDNA was only
extracted from spleen, liver, and heart sampledditfonally, due to the infrequent detection of
R. felisin these tissue, additional gDNA extraction andmaation of the corresponding lung,
brain, kidney, testicle, and skin samples was paotgeted.R. felis gDNA was never detected
in gDNA extracted from mouse blood in any grougd! céntrol group mouse tissues were
always negative foR. felis.

4.3.3. Determination dR. felis Quantity in High-Dose Group Mice Liver and Spleemfles

BecauseR. felis gDNA was most frequently detected in liver ancespl samples of high-
dose group mice an additional gPCR was performekktermine the quantity &. felis present
in these tissues. All tissue gDNA samples weredstedized to 100 ng. EstimationRffelis
guantity was determined using qPCR to quantifyRhielis 17-kDa copy-number against a
standard curve (1 to 1x36opies). To serve as a comparison point the rauiimgle-copy
adipsin ¢fd) gene (Min and Spiegelman 1986) quantity was détermined against the standard
curve. In the liver, the range Bf felis infection was determined to be dRefelis for every 100-

1100 host cells, with a mean infection of dhédelis per 500 host cells. In the spleen, the range
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Table 4.2. Detection oR. felisgDNA in mouse tissues.Samples of spleen, liver, heart, lung,
brain, kidney, testicle, and skin were collectamiirall mice. Extracted gDNA from tissue
samples was examined by qPCR for the presenBefdiis 17-kDa gene. A) Percentage of
high-dose group mice positive fBr felis gDNA in tissue samples at 1-, 3-, 6-, and 14-dpi(

per collection point). B) Percentage of low-dosaugp mice positive foR. felisgDNA in tissue
samples at 3-, 8-, 14-, and 19-dpi (n=6 per cabbagboint). BecausR. felis was rarely detected
in low-dose group mice liver, spleen, and heartasmexamination of the remaining tissues for
R. felisgDNA was not done. Mice in the control group weegative foR. felis gDNA at all
collection points.

A) High-dose group mice
% of mice positive forR. felis

Tissue

1-dpi 3-dpi 6-dpi 14-dpi
Spleen 100 67 33 33
Liver 100 67 50 33
Heart 33 0 17 0
Lung 33 0 17 33
Brain 17 0 0 17
Kidney 17 17 0 0
Testicle 17 0 17 17
Skin 0 0 17 0

B) Low-dose group mice
% of mice positive forR. felis

Tissue

3-dpi 8-dpi 14-dpi 19-dpi

Spleen 0 17 0 0

Liver 0 0 0 0
Heart 0 17 n.d. n.d.
Lung n.d. n.d. n.d. n.d.
Brain n.d. n.d. n.d. n.d.
Kidney n.d. n.d. n.d. n.d.
Testicle n.d. n.d. n.d. n.d.
Skin n.d. n.d. n.d. n.d.

n.d. = not determined
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of R. felis-infection was determined to be oRefelis for every 200-9000 host cells, with a mean
infection of oneR. felis per 5500 host cells.

4.3.4. Detection oR. felis RNA in Mouse Tissues

Total RNA was extracted from portions of liver aspleen from high-dose and control
group mice. cDNA was synthesized from RNA sampkiag 17-kDa gene specific primers and
examined by gPCR for presenceRofelis 17-kDa. R. felis 17-kDa cDNA was not detectable in
either high-dose or control group liver and splsamples.

4.3.5. Histopathology

As R. felis could only be detected in tissues from the higkedgroup, comparisons of
histopathology were only conducted between therobahd high-dose group. For spleen
samples, the following characters were scored:gmnhite pulp, EMH, and spleenitis (Table
4.3a). Also the mean PALS diameter was calculateticompared. No significant differences
were observed between any of the above paramedevedén the control and high-dose groups.
Interestingly, the spleens for both groups wergeguaactive, with a significant degree of EMH
and a high percentage of white pulp. Also, milddexate spleenitis was noted for both groups.
In one high-dose group, spleen samples collectéi,3suspicious bacteria were present inside
macrophages and surrounded by a high percentdgastfcells. For liver samples, cellular
infiltration, inflammation, vacuolization, and ssuaeutrophilia were scored (Table 3B). No
significant differences in any of these parametese observed between control and high-dose
groups. In both groups, occasional focal accunariatof macrophages and increased
vacuolization were observed. For heart samplescarglial mineralization, myocardial
necrosis, and myocardial degeneration were assassiecbmpared between control and high-
dose groups (Table 4.3C). No significant diffeles any of the examined parameters were

observed between groups. In one mouse in thedogk-group, the heart sample contained
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Table 4.3. Histology results for high-dose and control group gleen, liver, and heart
samples. (A) Histology results for spleen samples includedhparing mean PALS (£SEM,
measured at 20X) and scores for percent white [N and splenitis between the high-dose
and control groups. (B) Histology results for liaamples included comparing scores for
cellular infiltration, inflammation, vacuolizatioand sinus neutrophila between high-dose and
control groups. (C) Histology results for hearngdes included comparing the percentage of
high-dose and control mice positive for mitochoatimineralization (including location),
myocardial degeneration, and myocardial necrosis.

A) Spleer
Group dpi PAL dzigg\j)r (20%) % White pulp EMH Splenitis
6 5.8 (x0.82) 2 2 moderate diffuse
Control 14 8.5 (+2.38) 25 2 mild diffuse
19 7.3 (x0.00) 2 2 none-moderate diffuse
1 8.4 (+0.38) 2.3 15 mild diffuse/multifocal
High-dose 6.6 (+0.46) 2.2 1.6 mild diffuse
6 7.0 (x0.38) 2.3 2 mild diffuse
14 7.1 (+0.63) 3 2.6 none-mild diffuse

Percent white pulp scores=0-25%; 2=25-50%; 3=50-75%; 4=75-100%
EMH score:1=mild; 2=moderate; 3=marked; 4=severe

B) Liver
Group dpi Cellular infiltration Inflammation  Vacuolization Sinus neutrophilia

6 1 0 0 0

Control 14 1 0 0.5 0
19 0 0 2 0

1 0.33 0 0 0

. 3 0.5 0 1 0
High-dose 6 0 0 0 0
14 0.5 0 1 0

Cellular infiltration and vacuolization score scabecbackground level; 1=mild; 2=moderate; 3=markkcsevere

C) Heart
. Mitochondrial Myocardial Myocardial
Group dpi . o - .
mineralization degeneration necrosis
6 0% 0% 0%
Control 14 100% (IVS, LVF) 0% 0%
19 50% (LVF) 0% 0%
1 50% (LVF) 0% 0%
_ 3 17% (IVS) 0% 0%
High-dose ¢ 50% (LVF, LVS) 0% 0%
14 83% (LVF, LVS, IVS) 17% 17%

Mitochondrial mineralization% of mice with mitochondrial mineralization and &ion
(IVS=interventricular septum; LVS=left ventriculseptum; LVF=right ventricular free-
Myocardial degeneration and necro$isof mice positive
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areas with swollen degenerated myocytes and nadatfimyocardial degeneration and necrosis.
In another high-dose group mouse, an enlarged vightricle was noted in the heart sample. In
both control and high-dose groups, mitochondrialeralization in heart samples was observed
especially in 14-dpi samples.

4.4. Discussion

Vertebrate models of rickettsial infection haverbessential in defining rickettsial
pathogenesis and elucidating transmission mecharssich as withR. conorii (Walker et al.

1994) andR. typhi (Vaughan and Azad 1990). CharacterizingRhtelis infectivity in a
vertebrate hosts is a critical step in deciphetivggtransmission cycle & felisin nature. One
challenge in developing a vertebrate moddRdElis infection is choice of vertebrate species for
a model. The vertebrate model should, when inewiith R. felis, elicit the same disease
response as in humans. The lack of identificatioa natural vertebrate reservoir host makes
choice of a vertebrate model more difficult. Alfloe lack of a human or vertebrérefelis

isolate is another challenge in trying to develogediebrate model d®. felis infection because

no information is known about the degree of ved&bpathogenesis from strains isolated from
an arthropod host. Development of a vertebrateainwdl be a critical tool not only in defining
R. felis pathogenesis, but also in decipheritdelis transmission strategies between arthropod
and vertebrate hosts. This study represents iti@ steps toward developing a vertebrate model
of R. felis-infection.

Common clinical symptoms of both SFG and TG rickattdiseases include fever,
headache and myalgia. Although a specific clinpeldure is not yet available for the TRG
Rickettsia, the non-specific symptoms listed above are alsical. In addition to the wide
geographic range of human cases of flea-bornettgiksis, the range of reported clinical

symptoms/signs is also great. Likely cases oflileae spotted fever are underreported or are
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misdiagnosed as another rickettsial infection sagmurine typhus or Mediterranean spotted
fever as several rickettsial species have oventpgeographic distributions (Schriefer et al.
1994, Raoult et al. 2001). Development of a vedtsRR. felis-infection model will help refine
the clinical picture of flea-borne rickettsiosisdamelp expedite accurate diagnosis.

Several successful murine models of rickettsiaatibn have been previously developed
including forR. conorii, R. australis andR. typhi. In R. conorii infected C3H/HeN mice,
rickettsial disease was characterized by a dissgedrendothelial infection with death observed
in high-dose inoculated mice as the result of viasanjury-based meningoencephalitis and
interstitial pneumonia 5 to 6 dpi (Walker et al923. InR. australis infected Balb/c mice,
rickettsial disease was characterized by progrebssevere vasculitis, interstitial pneumonia
and multifocal hepatic necrosis (Feng et al. 19%3hally, inR. typhi infected C3H/HeN mice,
rickettsial disease was characterized by a dissgedrendothelial infection with vascular-based
lesions in the brain, lungs, heart, and kidneysléfaet al. 2000).

In this study no overt disease or death resuli@oh inoculation of mice with either dose
of R. felis. Mice appeared healthy with no indications afeds such as ruffled fur, lethargy, or
hunched posture; all common signs of rickettsigdation in mice (Walker et al. 1994). Despite
the absence of clinical sign/symptoms of disdadelis gDNA was detected in several mouse
tissues. Most frequentlfr. felis gDNA was detected in the liver and spleen; howeRelelis
gDNA was also detected in the heart, lung, kidhesticle, brain, and skin of sorRefelis-
inoculated mice. Detection & felis gDNA in the skin is especially important from a
transmission study standpoint as the skin is tbation where cat fleas, the major arthropod
vector ofR. felis, feed. Identification oR. felis gDNA in the testicle is also interesting as some
rickettsial species including. rickettsii andR. conorii induce a severe scrotal reaction (deBrito

et al. 1973, Walker et al. 1994RR. felis gDNA was not detected in any blood samples, iroliga
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that a period of rickettsemia did not occur or wasbrief to be detected on the intervals
assessed. The presence of rickettsial transanipt®use tissues was also assessed; however, no
rickettsial 17-kDa transcripts were amplified fremher the examined spleen or liver samples.
Lack of rickettsial transcript detection may be dodéow (undetectable) rickettsial infection,
masked infection as the result of an overwhelmimguant of mouse RNA/DNA, non-viable

R. felisnot viable. Further studies utilizing additionalsés, strains d®. felis, and strains of

mice are needed to further elucidRdelis tissue localization and pathogenesis.

Histopathologic examination of tissue samples diidemonstrate any pathological
changes that could be specifically associated mgitettsial infection. Reactive spleens were
observed in both the control and high-dose groliley as a result of the inoculation medium
or an underlying sub-acute infection as spleens fiace in control group were still reactive 14-
dpi. The liver is a frequent location of ricke#tisinfection, but no anomalous lesions were
observed, except for a few areas of cellular nafiion. The absence of more histological lesions
specific to rickettsial infections in this studyinates that a productir felis infection did not
occur. Although no vertebrake felis-infection models currently exist, expected patgglbad
included infection and lesions in the vascular ¢heltum, as a disseminated vascular disease is
the hallmark of all rickettsial species (Walkea&t1994).

The lack of overt disease and pathology observédercurrent study may be due to
insufficient infectious dose, pathogenicity of tiekettsial strain used, susceptibility of mouse
strain used, or development of a non-symptomatexction (no rickettsemia, no apparent
disease). In the current study, mice were inoedlatith one of two different doses Rfféelis.

The inoculums chosen for this study were basedfaffoculums from previously developed
models ofR. conorii andR. australis infection (Feng et al. 1993, Walker et al. 1994Ik¢r et

al. 2000). Lack of ovelR. felisinfection in mice from both the high-dose and ldase groups
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may have resulted from an insufficient inoculattwse ofR. felis. In the future, studies
examining additional inoculums & felis (LSU) on the development & felis infection, along
with establishing an LE, are needed.

When developing animal models of human diseasesahusolates of the infectious
agent or isolates that result in similar diseasaifestations in the animal model are commonly
used. Differences in strain pathogenicity havenli@eviously described fdrickettsia. For
example infection withR. rickettsii Sheila Smith or Norgard strains are highly viralethere as
infection withR. rickettsii Morgan, Simpson, or HLP strains results in no dd misease
(Anacker et al. 1986, Anacker et al. 1984). I thrrent study, thR. felis (LSU) strain,
originally isolated from a naturally infected coloof fleas maintained at Louisiana State
University, was utilized. The pathogencityRffelis (LSU) is unknown as it has continuously
been cycled through the LSU cat flea colony wittnieted access to bloodmeal sources. The
LSU cat flea colony is maintained on cats, andaaltfin the cats used for colony maintenance
seroconvert, no overt disease resembling rickéitdiection has been seen. Differences in
R. felis pathogenicity and transmissibility likely vary bet@n strains/isolates; however, due to
the limited strains oR. felis available, strain comparisons have not been cdaduc

The susceptibility of mouse strains to rickettgidé¢ction also varies and may have
impacted the results of the current study. Incimeent study, C3H/HeN mice which have
previously been used to model other rickettsiadatibns such aR. conorii andR. typhi (Walker
et al. 1994, Walker et al. 2000) were chosen toehBdfelis infection. Additional susceptible
mouse strains that have been employed in develorigbrate models of rickettsial infection
are Balb/c R. australis) (Feng et al. 1993) and C3H/Hdl ¢onorii) (Jordan et al. 2008), while
C57BL/6 mice were shown to normally be resistarR.ttyphi (Billings et al. 2001). Additional

vertebrate species, including guinea pigs (Anaekail. 1984) and rats (Shirai et al. 1967), have
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also been used to model rickettsial infection. ideration of non-mouse species in identifying
a suitable vertebrate species to mdeldtlis infection in may be necessary. One example of a
non-mouse vertebrate species that been repeateaityirred forR. felis infection due to its
common association with cats fleas are cats. sureey of cats from veterinary clinics with

R. felis-infected cat fleasR. felis DNA could not be amplified from cat blood samplelawley

et al. 2007). However, in another study, all edgerimentally infested witR. felis-infected

fleas seroconverted by four months and most weséipe for R. felis by PCR amplification of
DNA isolated from blood samples (Wedincamp, Jr. Badl 2000). Examination of additional
mouse strains or alternate vertebrate models, asigjuinea pigs or opossums, is needed to
determine the most appropriate vertebrate model fdis infection.

None of the mice in the current study were disddynll. Although in this case, the lack
of disease is most likely the result of a non-pdihe infection other studies of rickettsial
vertebrate infections have demonstrated that asymgtic but transmissible infections are
possible. For example, rabbits injected with eitReconorii or R. rickettsii remained
asymptomatic throughout the experiment, althougly g#eroconverted and were able to transmit
both rickettsial species to feeding arthropods (iéoadi and Raoult 2006). Vertebrate species
that are able to acquire asymptomatic but transbiessckettsial infections would make ideal
reservoir hosts and additional surveys of likelgdaidates such as cats, dogs and opossums (all
common cat flea hosts) are needed. Until the splaf(vertebrate reservoirs in the transmission
of R. felis are defined, an understanding of ba&itelis ecology is not possible.

In the current study, the clinical signs and symm@®f human flea-borne spotted fever,
as reported in the literature, were not reproducede present mouse modelRffelis infection.
Although overt disease was not obsenrdglis was still identified in a variety of mouse

tissues, similar to the disseminated infection abtaristic of other rickettsial species, including
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the spleen, liver, heart, lung, and skin. Befteedcology oR. felis can be truly appreciated,
basic questions concerning the transmission arf|agy ofR. felisin a vertebrate model must
be answered. Future studies examining alternatesenstrains, alternate animal models,
additional strains oR. felis need to be conducted to produce a suitable vatibrodel of

R. felisinfection. Once a suitable model is establislaeldjtional studies examining
transmission oR. felis from an infected animal to a susceptible arthropector can be
conducted as well as studies concerning the vatelonmune response R felis and the
impact of the immune response can impact diseasé&ramsmission.

4.5. Reference List

Anacker, R. L., R. H. List, R. E. Mann, and D. L. Wedbrauk 1986.Antigenic heterogeneity
in high- and low-virulence strains Bickettsia rickettsii revealed by monoclonal antibodies.
Infect. Immun. 51:653-660.

Anacker, R. L., R. N. Philip, J. C. Williams, R. H.List, and R. E. Mann 1984 Biochemical
and immunochemical analysis [ifckettsia rickettsii strains of various degrees of virulence.
Infect. Immun. 44:559-564.

Azad, A. F., S. Radulovic, J. A. Higgins, B. H. Nagh, and J. M. Troyer 1997 Flea-borne
rickettsioses: ecologic considerations. Emerg.dinfis. 3:319-327.

Bernabeu-Wittel, M., T. Del, M. M. Nogueras, M. A.Muniain, N. Cardenosa, F. J.
Marquez, F. Segura, and J. Pachon 200&eroepidemiological study &ickettsia felis,
Rickettsia typhi, andRickettsia conorii infection among the population of southern Spau. J.
Clin. Microbiol. Infect. Dis. 25:375-381.

Billings, A. N., H. M. Feng, J. P. Olano, and D. HWalker 2001. Rickettsial infection in
murine models activates an early anti-rickettsida mediated by NK cells and associated with
production of gamma interferon. Am. J. Trop. MeggH65:52-56.

Blair, P. J., J. Jiang, G. B. Schoeler, C. Moron, EAnaya, M. Cespedes, C. Cruz, V. Felices,
C. Guevara, L. Mendoza, P. Villaseca, J. W. SumneA. L. Richards, and J. G. Olson 2004.
Characterization of spotted fever group rickettsmfea and tick specimens from northern Peru.
J. Clin. Microbiol. 42:4961-4967.

Boostrom, A., M. S. Beier, J. A. Macaluso, K. R. Mealuso, D. Sprenger, J. Hayes, S.

Radulovic, and A. F. Azad 2002Geographic association Bickettsia felis-infected opossums
with human murine typhus, Texas. Emerg. Infect. BiS49-554.

124



Choi, Y. J., W. J. Jang, J. S. Ryu, S. H. Lee, K. HPark, H. S. Paik, Y. S. Koh, M. S. Chai,
and I. S. Kim 2005.Spotted fever group and typhus group rickettsiasésimans, South Korea.
Emerg. Infect. Dis. 11:237-244.

deBrito, T., S. Hoshino-Shimizu, M. O. Pereira, andN. Rigolon 1973.The pathogenesis of
the vascular lesions in experimental rickettsiakdse of the guinea pig (Rocky Mountain
Spotted fever group). A light, immunofluorescend &hectron microscopic study. Virchows
Arch. A Pathol. Pathol. Anat. 358:205-214.

Eremeeva, M. E., W. R. Warashina, M. M. Sturgeon, AE. Buchholz, G. K. Olmsted, S. Y.
Park, P. V. Effler, and S. E. Karpathy 2008 Rickettsia typhi andR. felisin rat fleas
(Xenopsylla cheopis), Oahu, Hawaii. Emerg. Infect. Dis. 14:1613-1615.

Feng, H. M., J. Wen, and D. H. Walker 1993Rickettsia australis infection: a murine model of
a highly invasive vasculopathic rickettsiosis. AmPathol. 142:1471-1482.

Galvao, M. A,, J. E. Zavala-Velazquez, J. E. Zaval€astro, C. L. Mafra, S. B. Calic, and
D. H. Walker 2006.Rickettsia felis in the Americas. Ann. N. Y. Acad. Sci. 1078:15815

Hawley, J. R., S. E. Shaw, and M. R. Lappin 200Prevalence oRickettsia felis DNA in the
blood of cats and their fleas in the United Stale&eline. Med. Surg. 9:258-262.

Henry, K. M., J. Jiang, P. J. Rozmajzl, A. F. AzadK. R. Macaluso, and A. L. Richards
2007.Development of quantitative real-time PCR assaydeteciRickettsia typhi andRickettsia
felis, the causative agents of murine typhus and fleadospotted fever. Mol. Cell Probes 21:17-
23.

Houhamdi, L., and D. Raoult 2006 Experimentally infected human body lideediculus
humanus humanus) as vectors oRickettsia rickettsii andRickettsia conorii in a rabbit model.
Am. J. Trop. Med. Hyg. 74:521-525.

Jordan, J. M., M. E. Woods, J. Olano, and D. H. Wa&ler 2008.The absence of Toll-like
receptor 4 signaling in C3H/HeJ mice predisposemtto overwhelming rickettsial infection
and decreased protective Thl responses. Infectutmid6:3717-3724.

Min, H. Y., and B. M. Spiegelman 1986Adipsin, the adipocyte serine protease: gene tstreic
and control of expression by tumor necrosis fadtiorcleic Acids Res. 14:8879-8892.

Nogueras, M. M., N. Cardenosa, I. Sanfeliu, T. Murm B. Font, and F. Segura 2006.
Serological evidence of infection wiRickettsia typhi andRickettsia felisamong the human
population of Catalonia, in the northeast of SpAm. J. Trop. Med. Hyg. 74:123-126.

Oteo, J. A, A. Portillo, S. Santibanez, J. R. Blato, L. Perez-Martinez, and V. Ibarra 2006.
Cluster of cases of humaickettsia felis infection from Southern Europe (Spain) diagnosgd b
PCR. J. Clin. Microbiol. 44:2669-2671.

Parker, T. M., C. K. Murray, A. L. Richards, A. Samir, T. Ismail, M. A. Fadeel, J. Jiang,
W. O. Wasfy, and G. Pimentel 2007Concurrent infections in acute febrile illnessi@ats in
Egypt. Am. J. Trop. Med. Hyg. 77:390-392.

125



Parola, P., B. Davoust, and D. Raoult 2005.ick- and flea-borne rickettsial emerging
zoonoses. Vet. Res. 36:469-492.

Parola, P., R. S. Miller, P. McDaniel, S. R. Telfad, Ill, J. M. Rolain, C. Wongsrichanalai,
and D. Raoult 2003 Emerging rickettsioses of the Thai-Myanmar boré@gnerg. Infect. Dis.
9:592-595.

Perez-Arellano, J. L., F. Fenollar, A. ngel-MorenoM. Bolanos, M. Hernandez, E. Santana,
M. Hemmersbach-Miller, A. M. Martin, and D. Raoult 2005.HumanRickettsia felis
infection, Canary Islands, Spain. Emerg. Infect.Dil:1961-1964.

Perez-Gallardo, F., and J. P. Fox 1946nfection of guinea pigs with massive doses of
rickettsiae of epidemic and murine typhus. J. Imaiud0:455-463.

Phongmany, S., J. M. Rolain, R. Phetsouvanh, S. Blacksell, V. Soukkhaseum, B.
Rasachack, K. Phiasakha, S. Soukkhaseum, K. Fricliavong, V. Chu, V. Keolouangkhot,
B. Martinez-Aussel, K. Chang, C. Darasavath, O. Réanavong, S. Sisouphone, M. Mayxay,
S. Vidamaly, P. Parola, C. Thammavong, M. Heuangvagsy, B. Syhavong, D. Raoult, N. J.
White, and P. N. Newton 2006Rickettsial infections and fever, Vientiane, LaBmerg. Infect.
Dis. 12:256-262.

Pornwiroon, W., S. S. Pourciau, L. D. Foil, and KR. Macaluso 2006Rickettsia felis from
cat fleas: isolation and culture in a tick-derivagdl line. Appl. Environ. Microbiol. 72:5589-
5595.

Raoult, D., S. B. La, M. Enea, P. E. Fournier, V. Bux, F. Fenollar, M. A. Galvao, and L.
de, X 2001 A flea-associate®ickettsia pathogenic for humans. Emerg. Infect. Dis. 7:73-81.

Reif, K. E., R. W. Stout, G. C. Henry, L. D. Foiland K. R. Macaluso 2008Prevalence and
infection load dynamics dRickettsia felisin actively feeding cat fleas. PLoS. ONE. 3:e2805.

Richter, J., P. E. Fournier, J. Petridou, D. Haussiger, and D. Raoult 2002Rickettsia felis
infection acquired in Europe and documented bymehase chain reaction. Emerg. Infect. Dis.
8:207-208.

Schriefer, M. E., J. B. Sacci, Jr., J. S. Dumler, MG. Bullen, and A. F. Azad 1994.
Identification of a novel rickettsial infection apatient diagnosed with murine typhus. J. Clin.
Microbiol. 32:949-954.

Shirai, A., F. M. Bozeman, J. W. Humphries, B. L. lisberg, and J. E. Faber 1967.
Experimental infection of the cotton r@ggmodon hispidus with Rickettsia rickettsii. J. Bacteriol.
94:1334-13309.

Sunyakumthorn, P., A. Bourchookarn, W. Pornwiroon,C. David, S. A. Barker, and K. R.
Macaluso 2008 Characterization and growth of polymorpRickettsia felisin a tick cell line.
Appl. Environ. Microbiol. 74:3151-3158.

Vaughan, J. A., and A. F. Azad 1990Acquisition of murine typhus rickettsiae by fleasin.
N. Y. Acad. Sci. 590:70-75.

126



Walker, D. H., V. L. Popov, and H. M. Feng 2000Establishment of a novel endothelial target
mouse model of a typhus group rickettsiosis: ewigdor critical roles for gamma interferon and
CD8 T lymphocytes. Lab Invest 80:1361-1372.

Walker, D. H., V. L. Popov, J. Wen, and H. M. Fend 994.Rickettsia conorii infection of
C3H/HeN mice. A model of endothelial-target rickeisis. Lab Invest 70:358-368.

Wedincamp, J., Jr., and L. D. Foil 2000Infection and seroconversion of cats exposedtto ca
fleas Ctenocephalides felis Bouche) infected witlRickettsia felis. J. Vector. Ecol. 25:123-126.

Wedincamp, J., Jr., and L. D. Foil 2002Vertical transmission drickettsia felisin the cat flea
(Ctenocephalides felis Bouche). J. Vector. Ecol. 27:96-101.

Zavala-Velazquez, J., H. Laviada-Molina, J. Zavalacastro, C. Perez-Osorio, G. Becerra-
Carmona, J. A. Ruiz-Sosa, D. H. Bouyer, and D. H. WAker 2006.Rickettsia felis, the agent
of an emerging infectious disease: Report of a c&se in Mexico. Arch. Med. Res. 37:419-422.

Zavala-Velazquez, J. E., J. A. Ruiz-Sosa, R. A. Samez-Elias, G. Becerra-Carmona, and D.
H. Walker 2000. Rickettsia felis rickettsiosis in Yucatan. Lancet 356:1079-1080.

Znazen, A., J. M. Rolain, A. Hammami, M. B. Jemaaand D. Raoult 2006 Rickettsia felis
infection, Tunisia. Emerg. Infect. Dis. 12:138-140.

127



CHAPTER 5
DISCUSSION OF RESULTSAND FUTURE DIRECTIONS

5.1. Discussion of Results and Future Directions

Initially described almost 20 years ago (Adamale1990), several basic questions
concerning the ecology and epidemiologyRofkettsia felis remain unanswered. Identified in
numerous arthropods species in 28 countries arthendorld, the only currently defined
biological vector and host &. felis is the cat fleaCtenocephalides felis (Wedincamp, Jr. and
Foil 2002). Within cat fleag}. felisis widely disseminated (Adams et al. 1990), howgeve
R. felisinfection kinetics and biology within in the fleeeaundescribed. Outside of persistent
vertical transmission observed in infected cat 8eknies (Wedincamp, Jr. and Foil 2002)
additional mechanisms of transmission are uncl@&ae role of vertebrates as reservoirs of
R. felis and their impact on the maintenancdRofelis in nature are also unknown. Likely
vertebrate reservoirs candidatesRofelis include common hosts of cat fleas such as cags,do
and opossums.

Listed as an emerging pathogen (Parola et al. 2@@%)etiologic agent of flea-borne
rickettsiosis, several cases of hunfarfelis infection have been documented around the world.
Due to cross-reactivity of commonly employed segaldestsR. felis infection has been
misdiagnosed as other rickettsial infections (egrine typhus or Mediteranean spotted-fever)
(Schriefer et al. 1994, Raoult et al. 2001). Asquais with flea-borne rickettsiosis present with a
wide range of symptoms, no clear clinical defimtif this disease has been described.
Currently, no vertebratR. felis-infection models are available to studyfelis pathogenesis.
Despite being detected molecularly and serologicalh multitude of arthropods and
vertebrates, direct transmission between arthropadsvertebrates has not been observed. It has

recently been suggested that all vertebrate imfestare incidental, and that arthropods are not
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Despite stable vertical transmission in laboragettings, the occurrence Bffelisin
numerous species of fleas and ticks in nature siggleat horizontal transmission occurs.
Deciphering the role of horizontal transmissionhia maintenance d&. felis anddefining the
determinants oR. felis-infection in vertebrate and invertebrate hostsessential. The broad
hypothesis of this dissertation research is thazbotal transmission is a necessary maintenance
strategy oR. felisin nature that is influenced by: persistence enwactor; the ability of naive
vectors to become infected; and, disseminationraplication in the vertebrate host. To address
this hypothesis the following were examin&lfelis-infectiondynamics in the flea vector; the
ability of fleas to horizontally acquit. felis-infection; andR. felisinfection in a vertebrate
model. BeforeR. felis control and prevention measures can be develapgdthglemented,
basic questions concerning the ecologRdElis need to be answered. The studies conducted
in this document address some of these basic qunestoncerning. felis biology and ecology
by developing novel assays and model systenis fafis infection.

Recognizing thaR. felis is maintained in flea cohorts predominantly viatical
transmissionR. felis replication kinetics in fleas during metabolicadigtive periods was
examined. Because cat fleas are anautogenoustithate relationship betwed felis and
C. feliswas hypothesized to allow for coordination of attkial replication and the
metabolically active periods associated with flesotdmeal acquisition and oogenesis. By
developing a gPCR assByfdis infection load (counting. felis 17-kDa copy-numbers/flea)
and density (ratio dR. felis 17-kDa toC. felis 18S rDNA copy-numbers) was examined in
individual fleas. In this study, three independeials were conducted over the course of one
year and assessed for: prevalencB.délis infection in the colony; meaR. felis infection load,;
and mearR. felis infection density.

ColonyR. felis-infection prevalence was observed to decline subsequent trials, with
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a 61% decrease (range 35-96%) observed betwedinsthend last trial. Interestingly, as colony
R. felis-infection prevalence decreased, meafelis-infection load significantly increased.

C. felis 18S rDNA copy-number was also observed to increasabsequent trials. To verify
that the observed increaseRnfelis-infection load was not an artifact of more avdisttea cells
to infect, examination dR. felis infection as a function dR. felis-infection density was essential.
As R. fdlis-infection density was also observed to signifibaimtcrease over subsequent trials,
we were able to confidently conclude that fleathmlast trial were significantly more infected
than fleas in the first two trials.

Flea bloodmeal acquisition and oogenesis are betalmwlically active periods that could
serve as signals for vertically maintained bacterigeplicate and be transmitted to host progeny.
WhenR. felis infection was assessed during these metaboliaatlye periods no significant
variation inR. felis-infection load was observed across trials. Basethe results of this study a
model ofR. felis infection for the LSU cat flea colony was constaatcthat depicts an inverse
relationship between colom felis-infection prevalence and individual fl&afelis-infection
load. From this model arguments could be madeRhatis infection is regulated at the
population level and that whéh felis-infection prevalence in the population decreasdsction
loads in individual fleas are increased, perhaflsencing flea fitness to facilitate rickettsial
transmission to the next generation of fleas @ swoisceptible vertebrate host.

The results of this study will serve as a platfdamseveral additional experiments. In
the future, studies are needed to assess thedsrdf. felis infection in flea immature and
inactive lifecycle stages. As fleas are able twise for up to 155 days as adults in their pupal
cases (Rust and Dryden 1997), examinatioR. &lis kinetics during periods of inactivity would
help elucidatdR. felis maintenance strategies in nature and possiblett®il virulence

determinants. Also in the current stuRyfelis infection load and infection density were
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examined at the ‘whole’ flea level. Although sificant differences were not observed in either
R. felis-infection load or density at the whole flea levagnificant differences at the tissue level
(e.g. reproductive tissues, salivary glands) maync As more densely infected fleas were
observed in the last trial, when coloRyfelis-infection prevalence was lowest, studies
examining the ability of fleas with high& felis-infectiondensities to more efficiently transmit
R. felisare needed. In this study, because gender wadways equally represented, detailed
information concerning. felis-infection gender differences in the flea were alotays possible
and needs to be examined further. Future assessierfelis-infection in the LSU cat flea
colony, or in comparisons to othRrfelis-infected flea colonies, would be interesting tamne
whether the trends in colo felis-infection prevalence and individual fl@afelis-infection
loads/density observed in this study are supported.

The great variation observed in flea colddyelis-infection prevalence is also interesting
as surveys of fleas in nature tend to have a Ipr@ralence oR. felis-infection versus the high
R. felis-infection prevalence commonly observed in insoigl and commercial flea colonies.
WhetherR. felis-infection prevalence fluctuates nature to the deghat was observed in this
study is unknown. Examination of factors that comfluenceR. felis-infection prevalence and
infection load in fleas such as competing micrabiot flea host bloodmeal choice may
illuminate additional variables that influenRefelis transmission and maintenance in nature. As
the only currently defined biological vector, exaation ofR. felis infection kinetics has only
been conducted in cat fleas; however, assessmé&afeais kinetics in other flea or arthropod
species could elucidate additional arthropod vectotastly, the influence &. felis-infection
on flea fitness also needs to be examined. Vdstiozintained bacteria, such @lbachia
spp., commonly manipulate their arthropod hosatalitate their own transmission (Werren

1997). The ability oR. felis to influence flea fithess; manipulate the fledudher its own
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transmission; or, whether fleas feel selectionguress to either retain or remoRefelis-
infection from the general population are unknowd aeed to be examined.

As previously mentioned, vertical transmission fbibansovarial and transstadial) has
been well-described fdR. felis; howeverR. felis horizontal transmission strategies were unclear.
Evidence supporting a role for horizontal transiois®f R. felis included identification of
R. felisinfection in vertebrates and humans and detectiét felisin a wide range of arthropod
species. Despite evidence for horizoRdlis transmission in nature, lack of known
definitive horizontal transmission mechanism hadktb speculation that although accidental
transmission to vertebrates and other arthropoaiesmes occur, the ability of fleas to acquire
R. felis from an infected bloodmeal is unlikely (Weineraét2009). Studies demonstrating
whether vertebrate-arthropd&t felis transmission cycles occur are necessary b&idiis
maintenance strategies based on horizontal traggmisechanisms are ruled out.

In the second set of experiments, the ability @a$l can acquir. felis from an
infectious bloodmeal addressed. Also assessed Wagelis infection acquired by this route
was transient or persistent. Subsequently, fleggmy were examined to determine whether
fleas infected horizontally via an infected bloodinwere able to vertically transni felis.
Lastly, the presence and viability Bffelisin flea feces, a transmission strategy employed by
other insect-transmitted pathogenic rickettsiacgge was examined. To answer these
guestions an artificial flea feeding system wasluseexpose fleas . felis-infected
bloodmeals. Several preparationgrofelis-infected bloodmeals were compared &atklis
infection in both individual fleas and flea feceasaquantified using the previously developed
gPCR assay.

Using this model oR. felis exposure, previously uninfected fleas were sudalgs

demonstrated to acquike felis infection after feeding for only one day on arectfous
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bloodmeal. AlR. felis-infectious bloodmeal preparations (cell-free amtiost cell) were
capable of resulting in infection, but fleas thed bnR. felis-infected intact host cells lived the
longest and had the highest average incidencdeftion. The acquireR. felis-infections were
persistent and could be detected up to 35 daysegxpstsure (dpe), or until the end of their lives.
The mean incidence of infection also increased twe from about ~50% at 7-dpe to ~90% by
28-dpe. TheR. felis-infection density of fleas in this study (meanRit/kDa/logCf18S ratio =
0.5) were lower than that observed in the natuiafigcted fleas in the previous study (mean
logRf17kDa/logCf18S ratio = 0.75). This difference in infectiomdgy could help explain why
we did not observe vertical transmissiorRofelis to progeny in the horizontally infected fleas
as a threshold level of infection may be neceskaryransmission to occur. Future studies
examining the relationship between infection dgnaitd successful vertical transmission are
needed.

Interestingly,R. felis gDNA was detecteth flea feces for up to 28-dp&. felisgDNA
was successfully recovered independent of infesttdaodmeal preparation. Examination of
R. felis 17-kDa copy-number in fecal samples standardizeddight revealed an expected
significant decrease between 2- and 4-dpe aftas fted finished digesting/excreting the
infectious bloodmeals and were switched to feedrinfected blood. At all collection points
after 4-dpe a general trend of increadtdelis 17-kda copy-number in flea feces was observed
and all subsequent collection points after 4-dpeevgegnificantly higher than the. felis 17-kDa
copy-number observed at 4-dpR. felis viability in feces was also examined and rickattsi
transcripts in flea feces at 16-dpe were detectessessment of vertic&. felis transmission to
offspring of horizontally infected fleas was alswestigated and, curiously, after examination of
approximately 400 F1 progeny from the first trigd were unable to deteRt felis infection in

any progeny. Although the me&nfelis-infection density was lower in this study compared
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the first, some individual fleas that were horiadiytinfected reached simil&. felis-infection
density levels as fleas vertically infected. Desmdividual horizontally infected fleas reaching
vertically infected fledR. felis-infection densities, no vertical transmission togeny was
observed, indicating that there may be other imfturey factors.

Although this study is the first to definitively sh@nstrate flea acquisition and persistent
R. felis infection after feeding on an infectious bloodmealeral questions still need to be
addressed. Examination of tissue disseminatioenpest of horizontally acquiref. felis are
needed to determine. felis infection is being restricted to the flea gut drather infection is
disseminating to other tissues (e.g. reproducisgie or salivary glands). K felisis not being
disseminated then examination of factors possitigceng or restricting dissemination need to
be explored along with any impact on subsequensinagssion. Competition for resources and
vertical transmission have previously been desdrdraong rickettsial species (Burgdorfer 1988,
Macaluso et al. 2002) and between other bactgmabsnts (Sakurai et al. 2005). As the fleas
utilized in this study had other non-rickettsiairgyoints (Pornwiroon et al. 2007), their impact
onR. felisinfection, dissemination and transmission migtglax the inability ofR. felis
infection to be transmitted to flea progeny andldqarove an interesting avenue of research.
Additionally, an increasing incidence Bf felis-infection was observed over the experimental
period in this study. Future studies examining ma@isms that could influené® felis-infection
prevalence such as death of uninfected fleas §tiedfect) and co-feeding/direct contact with
infected fleas are needed.

Detection ofR. felis gDNA and transcripts in flea feces also offersraaresting area of
future research. As insect-transmitted ricketig&hogens (e.dr. typhi, R. prowazekii) are
transmitted in insect feces, the previously unrecgp potential oR. felis fecal transmission

needs to be examined. Further investigation é&ktisial viability, persistence, and
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infectiousness are needed to determine whethertfaosmission is a viablR. felis
maintenance strategy. B felisis determined to be both viable and infectiouiea feces,
acquisition ofR. felis infection by larval fleas ingesting infected adidt feces will need to be
examined.

In terms of transmission via oral acquisition, ifiectious dose dR. felis for flea
infection needs to be determined. Along with idgirtg the infectious dose, the following
variables need to be considered when determiRirigis transmission efficiency: quantity of
R. felis circulating in host; period of time host bloodngectious; the mean number Rffelis
ingested per bloodmeal; the mean number of fledifigesvents per day; and, the average
lifespan of the flea on host. Detailed studieshanhigh transmission efficiency Bickettsia
typhi, another flea-transmitted rickettsial pathogewehavealed that fleas are only able to
acquireR. typhi from a rat host during periods of rickettsemia esglire ingestion of only a few
organisms to acquire infection and subsequenthstrat R. typhi to a new host (Farhang-Azad
et al. 1983, Vaughan and Azad 1990).

In the last series of preliminary experiments, stepre taken to develop a vertebrate
R. felis-infection model. Previous vertebrate models cheattsial infection have provided
valuable insight towards understanding rickettgathogenesis and infection/transmission
parameters (Feng et al. 1993, Walker et al. 199k#Y et al. 2000). With questions
surrounding the occurrence of a definitRefelis vertebrate reservoir and the wide spectrum of
clinical symptoms reported in human cases of flea® rickettsiosis, development of a
vertebrateR. felisinfection model will serve as an invaluable tambktudyR. felis pathogenesis
and transmission. C3H/HeN mice were intravenouggcted with one of two differermR. felis
inoculums with the objective of developing a vertgb model oR. felis infection. R. felis

infection in mice was assessed over 19 days. Mbeakh was monitored daily and at specific
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collection points a variety of mouse tissues weseased foR. felis presence using gPCR.
Tissues were also prepared for histologic exanmonatfR. felis pathology.

In this study, no overt disease or death was obsidrvmice inoculated with either dose
of R felis. R. felisgDNA was detected in mouse heart, lung, kidneyides brain and skin
samples, although at a lower frequency compardiddnand spleen samples. When tissue
samples were examined for presence of ricketisiaktripts, no rickettsial products were able to
be amplifed. Histological examination of liver asjgleen samples from high-dose and control
group mice did not reveal any pathology that cdaddpecifically attributed tB. felis infection.
Spleen reactivity was observed in both exposedcanttol groups and likely the result of the
inoculation medium or an underlying sub-acute itifec As this study represents the initial
steps in developing a vertebr&efelis-infection model, several directions are indicdtad
future studies. Because no overt clinical disgegbblogy or death was observed in either
experimental group, examination of different in@tidn dosages and determination of thed.D
are needed. Lack of rickettsial transcript detectn mouse tissues is likely the result of a low
infection rate, or a rapid resolution of infectioy the mouse. Additional mouse strains and/or
vertebrate species should also be investigateddditermining the most appropriate vertebrate
model ofR. felisinfection. Variables, such as difference®irielis strain pathogenesis and
vertebrate host susceptibility, also need to beesde®d. Most vertebrate models of rickettsial
infection utilize human isolates; however, no huroamertebratd. felis isolates are currently
available. Future work defining a clinical diseasel associated pathology and host immune
response will require a vertebrate model that nsrRidelis disease as observed in nature.
Studies orR. felis transmission between arthropods and vertebratéthair implications on
R. felis maintenance in nature are also needed beforecttegy ofR. felis can be fully

appreciated.
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Like all vector-borne diseases, the parametersfetiion are multifocal. The research
described in this dissertation sought to understaacdcology oR. felis transmission by
examining the pathogen, vector, and the vertellrase Within a flea cohoR. felis-infection
prevalence is dynamic and appears to be inversetglated with individual fle®. felis
infection load/density. This study definitely demstrates that fleas are able to acquire a
persistenR. felis infection after feeding on an infectious bloodmekinally, studies towards
developing a vertebrate modelRffelis infection were initiated. Before appropri®efelis
control and prevention measures developed, quastiamcerning the basic ecologyhffelis
first need to be answered. The results of thestest will serve as a platform for future work as
several areas of research still remain concermadiology and ecology &. felis.
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APPENDIX
COMMONLY USED ABBREVIATIONS

ANOVA — Analysis of variance

cDNA — Complementary DNA

Cf18S — Portion o€. felis 18S rRNA gene
cfd — Murine complement factor D

Ct — Critical threshold

DFA — Direct immunofluorescent assay
DNA — Deoxyribonucleic acid

dpe — Days post-exposure

dpi — Days post-inoculation

EL — Elward Il Laboratories

ELB — Original name oRickettsia felis
ELISA — Enzyme-linked immunosorbent assay
EMH — Extramedullary hematopoiesis
gDNA — Genomic DNA

oltA — Rickettsial citrate synthase gene

h — Hour(s)

HotSHOT — Hot sodium hydroxide and tris
HSD — Honestly significant difference

IFA — Indirect immunofluorescent assay
ISE6 —Ixodes scapularis cell line

LD50 — Lethal dose 50 (dose which causes 50% nitgtal

LSU — Louisiana State University
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m — Minute

m — Minute(s)

MIF — Microimmunofluorescent assay

ompA — Rickettsial outer membrane protein A
ompB — Rickettsial outer membrane protein B
PALS — Periarteriolar lymph sheath

PCR — Polymerase chain reaction

gPCR — Quantitative Real-time PCR

rDNA — Ribosomal DNA

Rf17kDa — Portion oR. felis 17-kDa antigen gene
RFLP — Restriction fragement-length polymorphism
RNA — Ribonucleic acid

rRNA — Ribosomal RNA

RT-PCR — Reverse transcription PCR

s — Second(s)

SD — Standard deviation

SEM — Standard error of the mean

SFG — Spotted-fever group

TEM — Transmission electron microscopy

TG — Typhus group

TRG — Transitional group
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