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Abstract

Bartonella species are gram-negative bacteria that infect erythrocytes, endothelial cells, and macrophages, often leading to persistent blood-borne infections.  Of the 22 identified Bartonella species and subspecies, five are known to be transmitted by lice, fleas, or sandflies.  Bartonella spp. have either been cultured from patients and reservoir hosts or detected by PCR analysis from a variety of arthropod vectors, including numerous tick species.  Research was initiated to further elucidate the role ticks may play in the transmission of Bartonella spp.

In the first study, a molecular epidemiology survey was performed screening Amblyomma americanum, the Lone Star tick, North Carolina (n = 98) and Virginia (n = 466) for the presence of Bartonella DNA.  Amplicons were obtained from two questing A.americanum from Virginia were most closely related to B. tamiae by DNA sequencing (74.48 – 85.22% similarity).  Bartonella tamiae has been isolated from the blood of three

patients from Thailand, but has never been identified within a vector or patient in the United States.  All other ticks examined did not harbor detectable bacteria (prevalence in VA: 0.43%).  Potential transmission of Bartonella spp. by A. americanum should be the focus of future experimental studies.

Next, a study was performed to determine whether Bartonella spp. can infect and replicate with an A. americanum, AAE12, cell line.  We demonstrated successful infection of the AAE12 cell line by 7 different Bartonella isolates and 3 Candidatus Bartonella species by either electron or light microscopy.  With the exception of B. bovis, infection of AAE12 cells with all other examined Bartonella species induced cytopathic effects characterized by heavy cellular vacuolization and eventually cell lysis.  Interestingly, two B. henselae isolates appeared to form morulae-like inclusion bodies, collections of bacteria present within a clearly defined vacuole, which have previously only been identified within tick cells infected with Ehrlichia/Anaplasma species and Midichloria mitochondrii.  Furthermore, using quantitative real time PCR (qPCR), we demonstrated significant amplification of the two B. henselae genotype I isolates in the A. americanum cell line over a 5 day period.  Ultimately, tick-cell derived Bartonella antigens may prove useful for the development of more sensitive

diagnostic reagents and may assist in the development of an effective vaccine to prevent the further spread of disease caused by these organisms.

The remaining studies described within this dissertation were focused on further increasing our knowledge regarding the transmission of B. vinsonii subsp. berkhoffii, a recognized cause of endocarditis in dogs.  Using an in vitro model system, we demonstrated the invasion of canine erythrocytes by a B. vinsonii subsp. berkhoffii isolate.  Dog erythrocytes were infected with B. vinsonii subsp. berkhoffii and then treated with gentamicin at 12, 24, and 48 hour post-infection.  There was a gradual increase in the number of intraerythrocyctic bacteria recovered at each collection time point, with the largest recovery occurring 48 hours post-infection.  These results suggest that canine erythrocytes may serve in the maintenance of B. vinsonii subsp. berkhoffii within an infected host.

Circumstantial evidence suggests that Rhipicephalus sanguineus, the Brown Dog tick, may be responsible for the transmission of B. vinsonii subsp. berkhoffii.  Using capillary tube feeding, we attempted to infect R. sanguineus adult females with a solution containing a B. vinsonii subsp. berkhoffii genotype II isolate.  Of the 40 females that passed the housekeeping PCR, 4 (10%) harbored detectable bacteria.  Furthermore, one pool of males (9 pools total) fed and mated with females on a rabbit host also produced a positive PCR amplicon using Bartonella specific primers.  Though Bartonella was not detected in examined eggs or larvae, our data suggests that B. vinsonii subsp. berkhoffii may be transmitted by R. sanguineus via co-feeding or through sexual transmission.

Chapter 1
Vector transmission of Bartonella species with
emphasis on the potential for tick transmission

Abstract
Bartonella species are gram-negative bacteria that infect erythrocytes, endothelial cells, and macrophages, often leading to persistent blood-borne infections.  Due to the ability of various Bartonella species to reside within erythrocytes of a diverse number of animal hosts, there is substantial opportunity for the potential uptake of these blood-borne bacteria by a variety of arthropod vectors that feed on animals and people.  Five Bartonella species are transmitted by lice, fleas or sandflies.  However, Bartonella DNA has been detected or Bartonella spp. have been cultured from numerous other arthropods.  This review discusses Bartonella transmission by sandflies, lice, and fleas, the potential for transmission by other vectors, and data supporting transmission by ticks.  Polymerase chain reaction (PCR) or culture methods have been used to detect Bartonella in ticks, either questing or host-attached, throughout the world.  Case studies and serological or molecular surveys involving humans, cats, and canines provide indirect evidence supporting transmission of Bartonella species by ticks.  Of potential clinical relevance, many studies have proposed co-transmission of Bartonella with other known tick-borne pathogens.  Currently, critically important experimental transmission studies have not been performed for Bartonella transmission by many potential arthropod vectors, including ticks.
Introduction

Bartonella species are gram-negative bacteria that reside within the alphaproteobacteria class.  These bacteria infect red blood cells and can invade endothelial cells, CD34+ progenitor cells, and dendritic cells of their hosts, leading to persistent blood-borne infections.  Several Bartonella species have been identified as zoonotic or potentially zoonotic agents including: B. henselae Regnery et al., B. clarridgeiae Lawson and Collins, B. alsatica Heller et al., B. koehlerae Droz et al., B. quintana Schmincke, B. elizabethae Daly et al., B. grahamii Birtles et al., B. vinsonii subsp. arupensis Welch et al., B. vinsonii subsp. berkhoffii Kordick et al. , “B. washoensis” Regnery et al., and “B. rochalimae” Eremeeva et al.  As scientists, physicians, and veterinarians learn more about the medical importance of the genus Bartonella, there has been renewed focus on known and suspected arthropod vectors.  Due to the ability of various Bartonella spp. to reside within erythrocytes of a diverse number of mammalian hosts, there is substantial opportunity for the potential uptake of these blood-borne bacteria by a variety of arthropod vectors.  Recently, Bartonella DNA has been detected in blood samples obtained from loggerhead sea turtles (Caretta caretta Linnaeus), suggesting the possibility of persistent blood-borne infection in non-mammalian species.

In regard to arthropods, it must be stipulated, however, that there is an important difference between proven vector competence and vector potential.  Documentation of vector competence is based upon experimental studies that demonstrate reliable transmission between the vector and the host.  In most cases, detection of Bartonella species in an arthropod, as determined by culture and/or polymerase chain reaction (PCR), does not provide definitive proof for vector competence and might merely represent ingestion of Bartonella-infected blood from a bacteremic host.  The vectors (Lutzomyia verrucarum, Pediculus humanus humanus Linnaeus, Ctenocephalides felis, and Ctenophthalmus nobilis nobilis) of five Bartonella species will be reviewed and the potential for other arthropods to transmit these bacteria will be discussed.  In addition, data supporting possible tick-borne transmission of Bartonella spp. will be summarized in this review.  Molecular epidemiological surveys, human and canine Bartonella case reports and serological testing of dogs and people exposed to ticks provide strong evidence for tick-transmission of these organisms.  Experimental vector transmission studies must be performed, however, to validate the suppositions that ticks transmit Bartonella spp. to animals and human beings.
Sandfly transmission of Bartonella bacilliformis

Bartonella bacilliformis Strong et al. was the first described Bartonella species and arthropod transmission was proposed in the early 1900’s.  In 1913, C. H. T. Townsend hypothesized that Lutzomyia verrucarum was the potential vector of Bartonella bacilliformis, the agent of Oroya fever and verruga peruana.  Like other Bartonella species, B. bacilliformis infects erythrocytes; however, this species is somewhat unique in its ability to frequently induce a severe, life-threatening hemolytic anemia.  Initial support for the proposal that B. bacilliformis was vector transmitted was based on the distribution and feeding habits of L. verrucarum relative to the distribution of cases of Oroya fever in the Peruvian Andes.  Further speculation was heightened when a willing British seaman was exposed to wild sandflies.  Initially, clinical symptoms appeared mild and after four months, the individual left for a voyage.  Once upon the ship, however, the seaman developed an intermittent fever and papules, presumably due to verruga peruana.  When the seaman returned to Peru, most of the symptoms had resolved and B. bacilliformis infection could not be confirmed as the cause of illness.

After Townsend’s initial studies in 1913-1914, several researchers focused their efforts on Lutzomyia species (sandflies) and other arthropods as potential vectors of B. bacilliformis.  In 1928, Noguchi et al. published a manuscript detailing inoculation of monkeys (Macaca mulatta) with triturated bodies of Lutzomyia species, ticks, mites, and other arthropods that were collected in known B. bacilliformis endemic areas.  Bartonella bacilliformis was only cultured from the blood of sandfly-inoculated monkeys, but no lesions were apparent in these animals.  In a separate experimental study, sandfly cultured B. bacilliformis did induce nodular formations at intradermal inoculation sites, similar to the lesions reported in human bartonellosis cases.
Battistini (1929, 1931) was the first to establish direct transmission of B. bacilliformis by sandfly feeding.  Twenty-three sandflies were released within an enclosure and allowed to feed on a rhesus monkey.  Within 18 days, blood cultures became positive for B. bacilliformis.  The species of Lutzomyia used in this study are unknown. In another experiment performed by Hertig (1942), wild caught sandflies were permitted to feed on monkeys for several days, after which blood cultures demonstrated the presence of B. bacilliformis in these animals.  The author identified the sandflies as unfed female L. verrucarum.  Immunity experiments were also conducted by intradermal inoculation of several monkeys with cultured B. bacilliformis after the initial L. verrucarum feedings.  No nodules were produced at sites of inoculation, indicating that some immunity was conferred by prior B. bacilliformis infection induced by sandfly transmission.

Insufficient information is available regarding the replication or survival of B. bacilliformis within the sandfly.  When sandflies were fed upon infected patients, B. bacilliformis-like organisms were visible within the mid-gut, adhering to the surface of the intestines, and were also found in sandfly feces.  Furthermore, the proboscis of many of the sandflies contained large quantities of small, rod-like organisms, similar in appearance to B. bacilliformis.  Additional experiments demonstrated the ability to culture B. bacilliformis from the proboscis of two female sandflies, though the majority of the cultures were either negative or contaminated by other bacteria or fungi.  In addition, morphologically similar organisms were also apparent in male sandflies, which do not take blood meals, and also in unfed females.  Based upon these results, it was speculated that transmission of the Bartonella-like organisms among sandflies occurred through commingling of breeding areas, contaminated water supplies, and from various other locations.  The two cultures of B. bacilliformis obtained from the proboscis caused nodule formation at sites of inoculation in a previously uninfected monkey.  Outbreaks continue to occur in B. bacilliformis endemic and L. verrucarum nonendemic  areas, leading to implications that other Lutzomyia sandflies or other arthropods can serve as potential vectors.  Ellis et al. (1999) demonstrated that 1% of 104 wild-caught L. peruensis contained B. bacilliformis by PCR analysis.  Furthermore, DNA from a potentially novel Bartonella sp., resembling B. grahamii (96% similarity), was identified in another L. peruensis in that study.  However, the DNA sequence recovered from the sandfly was never deposited in GenBank and therefore, further comparison to newly characterized Bartonella bacteria has not been performed.  Research should continue to explore potential vectors of B. bacilliformis in non-endemic areas and define improved methods for the control of arthropod vector populations.
Louse transmission of Bartonella quintana

Infection with the agent of trench fever, Bartonella (Rochalimaea) quintana, is common in individuals displaced from their homes due to war, poverty, and drug or alcohol abuse.  Recent outbreaks have been reported in homeless individuals in Marseille, France; the Netherlands; Tokyo, Japan; rural Andean communities; Moscow, Russia; various countries in Africa; and in the USA in Seattle, Washington and the San Francisco Bay area, California.  Infection with B. quintana typically causes a cyclic 5-day fever accompanied by malaise and severe bone and joint pain.  Endocarditis, generalized lymphadenopathy, and bacillary angiomatosis in immunocompromised individuals are other frequent manifestations of B. quintana infection.  Historically, infection with B. quintana was thought to be limited to people with human body louse exposure.  Although the mode of transmission is unknown, B. quintana was isolated from a non-human research primate (Macaca fascicularis Raffles), from dogs with endocarditis and from feral farm cats that had presumably induced B. quintana infection in a woman by bite transmission.
Pediculus humanus humanus has been the identified vector of this Bartonella species for several decades.  Similar to sandfly transmission of B. bacilliformis, little research regarding louse transmission of B. quintana has been published in recent years.  During World War I, however, a great deal of interest was focused on a relapsing fever that affected soldiers fighting in the trenches.  Grätzer (1916), a physician with the Eighty-Fourth Austrian Infantry Regiment, was the first to suggest a possible arthropod vector as a means of transmission.  Clinical symptoms generally occurred in the winter when soldiers were often confined to close quarters, increasing the likelihood of transmission by an insect.  Researchers from Germany, England, and the United States demonstrated that development of trench fever-like symptoms in human patients occurred after being fed upon by infected lice.  Swift (1920) further established that the trench fever organism, then referred to as a virus, could be transmitted to non-infected patients by escharification of the skin or injection into subcutaneous tissue with infected louse feces.  Within five days of feeding on an infected person, louse excreta became infectious.
Though initially described as a virus, small cocci or bacilli, ranging in size from 0.3 to 0.5 by 1.5 microns, were observed in the blood of infected patients and in louse feces.  Scientists, Töpfer, Jungmann and Kuczynski, and da Rocha-Lima, described Rickettsia bodies within the intestinal mucosa and feces of infected lice.  It was not certain at the time, however, if the Rickettsia bodies were the cause of trench fever.  Subsequent experiments also revealed that the trench fever agent was not transmitted transovarially by the offspring of infected lice.  When feces from offspring of infected lice were escarified into the skin of non-infected patients, no clinical symptoms developed.
Scientists additionally performed immunity and challenge experiments on both naturally and experimentally infected human patients and hypothesized that only partial immunity was acquired against a second bout of trench fever.  For example, Bruce (1921) describes experiments, in which, naturally infected patients were later inoculated with infected lice feces.  Patients were inoculated either through escarified skin or subcutaneously, on average of 114 days after their initial bout of trench fever.  Five of the 8 individuals became re-infected.  It was unknown, however, whether these infections constituted a relapse or a second bout of trench fever.  Interestingly, individuals infected 443 days prior to louse feeding were still able to transmit the infection to noninfected lice.
Other researchers subsequently confirmed louse transmission findings reported by scientists during or shortly after World War I.  In 1960, F. Weyer published a comprehensive review discussing the relationship between the louse infestation and B. quintana transmission.  In his review, Weyer states that Bartonella quintana, referred to as Rickettsia quintana at the time, replicates extracellularly within the louse stomach and attaches to luminal epithelial cells.  Based upon earlier research, Weyer also observed that louse longevity is not affected by the intraluminal presence of B. quintana in the stomach.  Following intrarectal inoculation of laboratory-reared lice, Vinson et al. (1969) demonstrated viable B. quintana in the louse gut lumen using a Giemsa-stain.  Furthermore, B. Quintana was also visualized in feces collected from lice feeding on an infected patient for xenodiagnostic purposes.  More recently, Fournier et al. (2001) demonstrated that green fluorescent protein-expressing B. quintana remained within the louse intestinal lumen and were excreted in louse feces throughout the lifespan of an infected human body louse.  Additionally, Fournier et al. (2001) reported that B. quintana is not transmitted transovarially based upon the inability to culture or PCR amplify the 16S-23S intergenic spacer region in eggs and larvae obtained from infected lice. Seki et al. (2007) demonstrated logarithmic growth of bacteria within the louse gut and fecal matter.  Within the midgut, 2 x 103 bacteria/louse were detected on day 3 and an increase in growth occurred until day 17 (maximum of 1.3 x 108 bacteria).  Within the fecal matter, a maximum number of bacteria 1.0 x 107 bacteria were detected on day 15.  Transmission of B. quintana by Pediculus humanus humanus is accomplished when adult lice become infected by way of a blood meal, viable organisms are maintained in the louse intestinal tract, and subsequent transmission to humans occurs by way of contamination of the louse bite site or a wound with contaminated louse feces.

Other louse species have been identified by PCR as potential vectors of various Bartonella species.  Recently, B. quintana has been detected in head lice, P. humanus capitis de Geer, removed from children in Nepal and in homeless individuals residing in San Francisco, California (USA).  Furthermore, two sucking lice, Neohaematopinus sciuri Jancke (one nymph and one adult) and one pool of Hoplopleura sciuricola Ferris, removed from gray squirrels (Sciurus carolinensis Gmelin), harbored bacteria genetically related to Bartonella species found in other rodents.  Interestingly, one pool containing four nymphal N. sciuri contained a Bartonella sp. (99.6%) closely related to B. henselae.  In another study, N. sciuri recovered from S. carolinensis was found to harbor a Bartonella species closely related to a Bartonella detected in an unidentified tick from Peru.  Rodents collected in Egypt, including Rattus rattus and R. norvegicus, harbored two louse species: Polyplax spinulosa and H. pacifica Ewing that contained three Bartonella species known to infect rodents: B. tribocorum Heller et al., “B. phoceensis” Gundi, and “B. rattimassiliensis” Gundi.  However, “B. phoceensis” was detected only in H. pacifica collected from an “B. rattimassiliensis”-infected rat.  From this observation, the authors proposed that “B. phoceensis” might be transmitted by H. pacifica, but not P. spinulosa.  In a 2009 publication, 35 seal lice, Echinophtirius horridus, were collected from seven injured harbor seals (Phoca vitulina Linneaus) admitted to the Seal Rehabilitation and Research Center (SRRC) in Pieterburen, Netherlands.  One of 6 pools of E. horridus contained B. henselae DNA using ITS primers, while primers targeting the rpoB gene detected a Bartonella species closely related to B. grahamii (97% sequence similarity).  Interestingly, the same Bartonella sequences detected in the pool of lice was also detected in the spleen of a male pup, which died of acute interstitial pneumonia.

Flea transmission of Bartonella species

Ctenocephalides felis has been shown experimentally to be a competent vector for transmission of Bartonella henselae, the agent of cat scratch disease.  Fleas were collected from bacteremic cattery cats and placed on five specific-pathogen-free (SPF) kittens.  Laboratory-reared kittens were negative for the presence of Bartonella henselae DNA based upon culture and immunofluorescent assay analysis prior to flea exposure.  Fleas were placed on the kittens and within two weeks, four of the five kittens were found to be bacteremic with B. henselae.  However, no negative controls were utilized within the experiment, therefore, it cannot be definitively ascertained that the kittens had not been exposed to B. henselae prior to flea contact.  In an earlier study, Koehler et al. (1994) detected Bartonella DNA in fleas by PCR and cultured B. henselae from cat fleas collected from bacteremic cats. In another study, Higgins et al. (1996) demonstrated that acquisition of B. henselae occurred within 3 hours after C. felis were fed on infected cat blood covered by a parafilm membrane.  In this study, the bacteria remained in the flea gut for up to nine days.  Qualitative analysis demonstrated that bacterial replication also occurred in the flea gut as the numbers of Bartonella increased by day 9 postfeeding.  Bartonella DNA was detected in flea feces by PCR on day 9 and culture of flea feces generated viable colonies on agar plates.  In 1998, Foil et al. successfully transmitted B. henselae via inoculation of infected flea feces to five cats.  Using a streptomycin-resistant strain of B. henselae, Finkelstein et al. (2002) observed bacterial levels of 1.80 x 103 CFU/mg in flea feces at 2 hours after collection and 3.33 x 102 CFU/mg after 72 hours.  These studies demonstrated that Bartonella organisms remain reproductively viable in flea feces within the environment and that transmission to humans (Cat Scratch Disease) most likely occurs due to inoculation of B. henselae contaminated flea feces into the skin via a scratch by a flea-infested cat.  In a study from Japan, two Ctenocephalides canis (Curtis) removed from dogs harbored B. henselae, while one C. canis collected from La Rioja, Spain also contained Bartonella DNA.

An experimental study involving wild-caught Ctenophthalmus nobilis nobilis suggest that these fleas are competent vectors for transmission of B. grahamii and B. taylorii Birtles et al. to bank voles, Myodes glareolus (Schreber).  Fleas were removed from wild bank voles and placed on laboratory-reared bank voles for four weeks.  PCR analysis demonstrated that twenty-one of the 28 voles became positive for Bartonella spp. using both 16S-23S intergenic spacer region (ITS) and citrate synthase gene (gltA) primers.  DNA sequencing of PCR amplicons demonstrated that 16 voles were infected with B. taylorii and 6 voles were infected with B. grahamii.  It is not known, however, if transmission occurs via inoculation of contaminated feces, ingestion of infected fleas, or following regurgitation of Bartonella organisms while feeding, as occurs with flea transmission of Yersinia pestis Lehmann and Neumann.

Ctenocephalides felis, previously mentioned in the transmission of B. henselae, also appears to be a potential vector for Bartonella clarridgeiae, B. quintana, and B. koehlerae.  Bartonella henselae and/or B. clarridgeiae DNA has been detected in fleas found in the United States, Ontario Canada,  France, Germany, the United Kingdom, Spain, Portugal, New Zealand, Thailand, Japan, Laos, and Hungary.  It is possible that cat fleas (C. felis) can maintain infection with B. quintana, transmit the organism among cats, which can subsequently transmit B. quintana to people via a bite or scratch.

Other flea species might also be important vectors for the transmission of Bartonella spp. among animals.  Gabriel et al. (2009) detected B. vinsonii subsp. berkhoffii and “B. rochalimae,” a newly discovered species known to cause canine endocarditis, in Pulex simulans (Baker) removed from gray foxes, Urocyon cinereoargenteus (Schreber), in northern California (USA).  Furthermore, an extensive survey screened woodrats, Neotoma micropus Baird and N. albigula Hartley, and their fleas for the presence of Bartonella DNA from Sante Fe County, New Mexico (USA).  Using PCR primers specific for the gltA gene, Bartonella DNA was detected in Orchopeas sexdentatus (Baker), O. neotomae (Augustson), Anomipsyllus nudatus, Oropsylla montana (Baker), and Meringis parkeri Jordan removed from these woodrat species.  Durden et al. (2004) examined O. howardi (Baker), a flea species commonly found on gray squirrels, Sciurus carolinensis.  One flea contained a Bartonella that was previously isolated from the same squirrel species (S. carolinensis).  A pool of 3 O. howardi also harbored a Bartonella sp. related to B. quintana.  Orchopeas howardi collected from eastern gray squirrels in a separate study harbored a Bartonella that closely resembled B. birtlesii Bermond et al., a bacterium commonly found in mice (Bermond et al., 2000; Reeves et al., 2005b). In another study, a Bartonella species, closely related to B. birtlesii (96%), was also detected in O. howardi removed from an eastern gray squirrel from a South Carolina zoo (USA).  During an epizootic of plague (Y. pestis) in Colorado, 555 fleas were collected from two sites that contained numerous abandoned prairie dog (Cynomys ludovicianus) burrows and were tested by multiplex PCR for the presence of Bartonella spp., Rickettsia spp., and Y. pestis.  Fleas that were PCR positive for Bartonella species were identified as Oropsylla hirsuta and O. tuberculatus cynomuris.  Sequencing of the PCR products demonstrated that the bacteria were most closely related to “B. washoensis.”  Of the fleas harboring Bartonella, 23 also contained Y. pestis DNA, the agent of bubonic plague.  This observation supports the potential of co-transmission of Bartonella species and Y. pestis to animals or humans in plague endemic regions.

A more extensive study performed by Reeves et al. detected potentially novel Bartonella species from fleas collected from prairie dog burrows in North Dakota, Oklahoma, Texas, and Wyoming (USA).  PCR positive fleas were identified as O. hirsuta, O. tuberculatus cynomus, and Thrassis fotus.  Furthermore, one O. hirsuta from Oklahoma harbored both Bartonella sp. and Rickettsia sp. DNA, though the novel strains were not fully characterized.  Furthermore, Jones et al. (2008) screened flea species, O. hirsuta, collected from three black-tailed prairie dogs, and O. montana (Baker), collected from one rock squirrel (Spermophilus variegatus). 
Bartonella DNA detected in O. hirsuta was closely related to a Bartonella sequence obtained from a Spermophilus squirrel in China and the Bartonella detected in O. montana was relatedto B. washoensis, with the exception of one sequence that was related to the O. hirsuita strains.  Another survey performed by Reeves et al. examined rodent and bat fleas for the presence of Bartonella DNA.  Four of 13 X. cheopis removed from a Norway rat (R. norvegicus), 2 of 2 C. pseudagyrtes Baker removed from a vole (Microtus sp.), 1 of 11 Sternopsylla texanus (Fox) collected from Brazilian free-tailed bats (Tadarida brasiliensis), and 1 of 75 O. howardi removed from southern flying squirrels (Glaucomys volans) all harbored Bartonella DNA.  The Bartonella species detected in the X. cheopis was identified as B. tribocorum, while B. vinsonii subsp. vinsonii Weiss and Dasch DNA was detected within C. pseudagyrtes.  All remaining PCR positives were described as

potentially novel Bartonella species.  Twenty-one Polygenis gwyni (Fox) were collected from 8 cotton rats (Sigmodon hispidus Say and Ord) and 2 Eastern woodrats (Neotoma floridana (Ord)) from Georgia were also shown to harbor Bartonella DNA.  Twenty of 21 fleas produced the anticipated PCR amplicon, while 12 of 16 fleas harbored mixed Bartonella DNA sequences using gltA specific primers.  Sequences obtained were similar to B. vinsonii-like genogroups found in other cotton rat studies and B. clarridgeiae.

Studies from outside the United States have also reported Bartonella in a variety of flea species. Bartonella quintana was detected in Pulex irritans Linnaeus removed from a pet Cercopithecus cephus (Linnaeus) monkey in Africa (Rolain et al., 2005). Furthermore, two of 30 Pulex sp., removed from humans in Peru, were found to contain a novel Bartonella species most closely related to “B. rochalimae” obtained from an ill patient returning from Ecuador (Parola et al., 2002, Eremeeva et al., 2007). One of the Pulex sp. also harbored a Bartonella closely related to B. vinsonii subsp. berkhoffii using ITS primers (Parola et al., 2002). Pulex irritans, removed from carcasses of red foxes (Vulpes vulpes (Linnaeus)), were found to harbor a Bartonella species closely related to Bartonella detected in Xenopsylla cheopis (Rothschild) fleas (Sréter-Lancz et al., 2006). One Nosopsyllus fasciatus (Bosc) removed from a yellow rajah rat, Rattus surifer, in Thailand was also shown to harbor a unique Bartonella spp. Using phylogentic analysis, this Bartonella organism was grouped with B. grahamii (Parola et al., 2003). A rodent survey performed in Kabul, Afghanistan demonstrated infection of rodent fleas with B. quintana, B. elizabethae, B. koehlerae, B. doshiae Birtles, and B. taylorii (Marie et al., 2006). Two Bartonella spp. closely related to B. elizabethae were also described in four fleas, 3 Stenoponia tripectinata (Tiraboschi) and 1 Ornithophaga sp, that were removed from mice and a rat from Portugal (De Sousa et al., 2006). In another recent study, a novel Bartonella species was also identified in several X. cheopis, vector of Y. pestis, and in Leptopsylla segnis (Schönherr) removed from rodents in three cities throughout Egypt (Loftis et al., 2006b). One group of 33 X. cheopis and 5 of 5 groups of C. lushuiensis Gong collected from rodents or rodent burrows in Yunnan, China were shown to harbor Bartonella DNA (Li et al. 2007). The positive X. cheopis sample was identified as B. tribocorum, while one of the C. lushuiensis PCR amplicons was most closely related to B. clarridgeiae. The remaining C. lushuiensis samples were shown to harbor Bartonella DNA closely related to other rodent Bartonella species (Li et al., 2007).

In a more recent study, different flea species from four villages in the Democratic Republic of Congo were shown to harbor Bartonella DNA by PCR analysis.  Bartonella clarridgeiae, B. vinsonii, and “B. rochalimae” DNA was detected in P. irritans and B. clarridgeiae, “B. rochalimae,” and an unidentified Bartonella species were found in Tunga penetrans Linnaeus, the sand flea.  Furthermore, C. felis strongylus (Jordan) were found to harbor B. clarridgeiae and “B. rochalimae” DNA.  Again, it must be emphasized that vector competence of the various fleas described in these recent studies has not been determined.

In 2009, a case report was published detailing a “B. washoensis” infection in a woman who presented at the hospital complaining of fever, chills, headache, nausea, vomiting, sensitivity to light, and abdominal/joint pain.  The patient was admitted for a workup of meningitis and early sepsis.  Despite treatment with antibiotics, the patient had persistent body aches and bone pain at eight weeks after hospitalization.  “Bartonella washoensis” was isolated from the blood of the patient after culture in a BACTEC blood culture system.  A field study was performed to collect ectoparasites at the patient’s home, a rural ten-acre parcel near Browns Valley, California (U.S.A.). A California ground squirrel, Spermophilus beecheyi (Richardson), was captured and fleas were combed off the rodent.  Fleas were also collected from ground squirrel burrows and ticks were removed from vegetation and dogs yielding a total of 122 fleas (118 Oropsylla montana, 3 Hoplopsyllus anomalus, and 1 Pulex simulans) and 21 Ixodes pacificus Cooley and Kohls ticks.  All ectoparasites, excluding O. montana, were negative by PCR analysis for the presence of Bartonella DNA.  The gltA amplicons obtained from 8 of 11 O. montana pools matched “B. washoensis” sequences isolated from a human and a California ground squirrel (Probert et al., 2009). The finding of this case report suggests that O. montana fleas may play a role in the transmission of “B. washoensis.”

Other potential/suspected vectors for Bartonella transmission and miscellaneous

arthropods: Keds/Biting flies/Mites/Miscellaneous arthropods

Until recently, very little research involving mites, keds, and biting flies harboring Bartonella species has been published.  Lipoptena species, or deer keds, generally feed on deer but have also been found on horses, cattle, and humans.  Bequaert (1953) was the first to describe a “Rickettsia melophagus” (potentially “B. melophagus”) present within the midgut of all examined Hippoboscidae, suggesting a potential endosymbiotic relationship.  Since that initial study, Halos et al. (2004) performed a survey involving mites, keds, and biting flies.  Lipoptena cervi (keds), Hippobosca equina (flies), and Melophagus ovinus (flies) were collected from both wild and domestic ruminants in France and Romania.  All three Hippoboscidae species harbored Bartonella DNA: 94% of 48 adult L. cervi, 100% of 12 adult H. equina, and 100% of 20 adult and 10 pupae M. ovinus.  Both adults and pupae were recovered for all three species, however, only M. ovinus demonstrated a 100% infection of larval and adult stages, strengthening the supposition these bacteria may serve as endosymbionts.  Bartonella spp. detected in these fly specimens resembled B. schoenbuchensis Dehio et al., B. chomelii Maillard et al., and an unknown cervid strain. Interestingly, Dehio et al. (2004) demonstrated localization of B. schoenbuchensis in the midgut of L. cervi collected from deer from Germany.  These authors speculated that B. schoenbuchensis might be the cause of deer ked dermatitis in humans.  Using the riboflavin synthase gene, Reeves et al. (2006c) detected a Bartonella spp. closely related to B. schoenbuchensis and B. henselae in Lipoptena mazamae Rondani collected from deer in South Carolina, USA.
A similar study performed by Chung et al. (2004) described Bartonella spp. in biting flies removed from cattle in northern California.  Horn flies (Haematobia sp.), stable flies (Stomoxys sp.), deer flies (Chrysops spp.), and horse flies (Tabanus spp) were examined for the presence of Bartonella DNA.  Using gltA primers, these authors demonstrated that a horn fly pool contained DNA that was identified as B. bovis and a stable fly contained B. henselae (Marseille type) DNA.  Bartonella DNA was not detected in either deer flies or horse flies in this study.

The bat fly, Trichobius major Coquillett, and the Eastern bat bed bug, Cimex adjunctus Barber, are known ectoparasites of bats. One T. major, collected from Florida caverns and one of 14 C. adjunctus, collected from Santee Caves located in South Carolina, were shown to harbor a unique Bartonella species.  The Bartonella species found in T. major genetically resembled a Bartonella described in the eastern gray squirrel.
Four pools of mesostigmatid mites from Korea, removed from rodents, harbored a Bartonella species closely related to B. doshiae.  Recently, Reeves et al. demonstrated that a Steatonyssus species, a mite removed from a bat, harbored a Bartonella sp. (96%) closely related to an unnamed Bartonella found in rodents.  This DNA sequence was also 96% similar to B. grahamii.  Reeves et al. also detected a potentially novel Bartonella species from eight pools of Ornithonyssus bacoti removed from rats, R. rattus, in Egypt.  The Bartonella species was most closely related to a Bartonella species (81%) described in Egyptian fleas using primers specific for the groEL gene.

The presence of Bartonella DNA has also been examined in several non-biting arthropods.  Bartonella species have been described in house dust mites, Dermatophagoides farinae Hughes and D. pteronyssinus Trouessart (Valerio et al. 2005).  These authors speculated that Bartonella infestation of house dust mites contributed to mite allergen endotoxins due to the high abundance of Bartonella lipopolysaccharides.  Honey bees, Apis mellifera capensis Eschscholtz, also harbor a Bartonella species closely related to B. henselae.  These authors hypothesized that the Bartonella organisms present in honey bees were ingested or occurred from contact with the environment.  Bartonella 16S DNA could not be amplified from eggs; therefore the Bartonella does not appear to be an endosymbiont in the honey bee.
Molecular Detection of Bartonella in ticks
Recently, there has been considerable interest in ticks as potential vectors for Bartonella species.  To date, a handful of epidemiology surveys involving diverse tick populations have been performed.  A number of tick species have been shown to be positive for Bartonella spp. based mainly on PCR and very rarely by culture.  In the United States, two studies carried out in California have demonstrated that I. pacificus, Dermacentor occidentalis Marx, and D. variabilis Say might serve as potential vectors for various Bartonella spp.  Twenty-nine of 151 (19.2%) individually tested questing I. pacificus ticks were PCR and sequence positive for the gltA gene.  By DNA sequencing of this gene, the ticks were shown to harbor Bartonella species that were closely related to an unnamed Bartonella of cattle and others that were related to several human pathogenic species: B. henselae, B. quintana, “B. washoensis,” and B. vinsonii subsp. berkhoffii.  Two ticks harbored more than one Bartonella species: one contained B. henselae and B. vinsonii subsp. berkhoffii and the second tick contained B. henselae and a cattle Bartonella strain.  In a second study, 1,119 I. pacificus, 54 D. occidentalis, and 30 D. variabilis questing ticks were pooled into approximately five ticks/pool.  Of the 224 I. pacificus pools, 26 were PCR positive (11.6%) using primers specific for the Bartonella gltA gene (sequencing of amplicons was not performed).  One of the 12 (8.3%) D. occidentalis and 1 of 7 pools (14.3%) of D. variabilis were PCR positive. Bartonella henselae (Houston-1 strain) DNA was also detected in two Rhipicephalus sanguineus Latreille from California using a portion of the riboflavin synthase gene (ribC).  These are the first published reports of the presence of Bartonella DNA in I. pacificus nymphs, Dermacentor spp., and R. sanguineus, though presence of DNA does not confirm infection of ticks.
In a recent study, Billeter et al. (2008) screened 466 questing Amblyomma americanum Linneaus ticks from Carolina County, Virginia (U.S.A) and 98 questing A. americanum ticks from Chatham County, North Carolina for the presence of Bartonella DNA.  Bartonella-like sequences closely related to B. tamiae were obtained from a questing adult male and female A. americanum tick collected in Virginia.  In another study, Matsumoto et al. (2008) tested deer keds (Lipoptena cervi) to determine whether L. cervi from Massachusetts, removed from deer, contained evidence of infection by B. schoenbuchensis.  Five of 6 keds and 4 I. scapularis Mégnin ticks, co-feeding on the deer, were found to contain B. schoenbuchensis DNA.  The authors suggested that the detection of Bartonella DNA in the deer ticks was most likely due to feeding on a bacteremic host.  Tokarz et al. (2009) recently designed a MassTag PCR that was utilized to screen I. scapularis, D. variabilis, and A. americanum for the presence of Anaplasma phagocytophilum Foggie, Borrelia burgdorferi Johnson et al., Borrelia lonestari, B. miyamotoi, B. henselae, Babesia canis, Coxiella burnetti Derrick, Ehrlichia chaffeensis Anderson et al., Francisella tularensis, and Rickettisa rickettsii Wohlbach.  Though Bartonella DNA was not detected in D. variabilis or A. americanum ticks, 2 of 88 (2.3%) I. scapularis from Suffolk Co., New York (USA) were PCR positive for B. henselae.

However, most research has focused on ticks outside of the United States. An unknown species of Bartonella reported to be most closely related to B. bacilliformis was isolated from an I. ricinus Linnaeus collected from Walcz, Poland (Kruszewska et al., 1996). The isolated bacteria were gram-negative and pleomorphic. Biochemical properties and restriction fragment length polymorphism (RFLP)-PCR provided additional support for a B. bacilliformis-like organism (Kruszewska et al., 1996). In 1999, a survey performed in the Netherlands found 73 of 121 I. ricinus removed from 38 roe deer, Capreolus capreolus Linnaeus, were PCR positive for Bartonella DNA using 16S rRNA primers (Schouls et al., 1999). Eight of 103 (7.7%) I. ricinus collected in Poland from roe deer harbored B. capreoli Bermond et al. DNA in 2004, while another study performed by the same researchers found a 5.2% prevalence in ticks collected in this same region using primers specific for the 16S-23S intergenic spacer region (ITS) (Skotarczak & Adamska, 2005a; Skotarczak & Adamska, 2005b). Schabereiter-Gurtner et al. (2003) found a pool of 12 I. ricinus from Austria positive for Bartonella sp. using a denaturing gradient gel electrophoresis based on a 16S rDNA PCR. A recent Polish survey of 102 I. ricinus removed from pet dogs and cats demonstrated an overall prevalence of 4.7% for the presence of Bartonella DNA (Podsiadly et al., 2007). Sequencing of positive amplicons, targeting the gltA gene, demonstrated the presence of B. henselae Houston-1 DNA in these ticks. All PCR positive ticks had been removed from five dogs, however, whole blood collected from 3 of the 5 dogs did not result in positive culture of the organism. Blood was not collected at the time of tick removal (collection occurred approximately a month or more post-tick collection), which may explain the inability to grow Bartonella colonies on chocolate agar plates (Podsiadly et al., 2007). A 2009 study, published by this same research group, detected Bartonella DNA in 9 of 252 I. ricinus and 1 of 205 D. reticulatus (Podsiadly et al., 2009). The PCR positive I. ricinus ticks had been removed from animals (8 from dogs and 1 from a cow), while the D. reticulatus tick was collected from vegetation. Using the gltA gene, 8 of the I. ricinus ticks harbored B. henselae DNA (99-100% homology), while one tick contained Bartonella DNA (95% homology) related to an uncultured Bartonella sp. reported from I. tasmani and I. scapularis. The sequence obtained from the D. reticulatus tick was 84% homologous to B. Quintana.
Bartonella henselae (Houston-1 strain) was found in four of 271 I. ricinus (1.48%) removed from asymptomatic humans in Belluno Province, Italy.  In this study, ticks were tested for Bartonella spp. using primers specific for three separate genes: the 60 kDa heat shock protein gene (groEL), the heme binding protein gene (pap31), and the cell division protein gene, ftsZ.  In another Italian study, Ixodes ricinus (380 ticks) and Haemphysalis punctata Canestrini and Fanzago (162 ticks) were collected from vegetation from Alto Adige and examined for the presence of Bartonella DNA: B. henselae was detected in 2.5% of 40 pools of I. ricinus and 11.1% of 9 pools of H. punctata.  Bartonella henselae DNA was also detected in I. persulcatus Schulze from the Novosibirsk region of Russia.  Fifty questing ticks were collected from vegetation in 2002 and 2003; upon PCR analysis with groEL primers, 22 of 50 (44%) ticks in 2002 and 19 of 50 ticks (38%) in 2003 contained Bartonella DNA.  In a study from western Siberia, Russia, 125 questing I. persulcatus and 84 D. reticulatus Fabricius were tested for the presence of Bartonella DNA of which 37.6% I. persulcatus and 21.4% D. reticulatus were positive using primers targeting the Bartonella groEL gene.  Both tick species appeared to harbor both B. henselae (99% homology) and an organism related to B. quintana (90% homology) based on sequencing analysis.  Using ITS Bartonella primers, an unidentified tick species removed from a sheep in Peru harbored a unique Bartonella species.  Hercik et al. (2007) also detected Bartonella DNA in 4 of 327 unfed I. ricinus ticks collected in various locations in the Czech Republic from 2003-2005.  More recently, a potentially novel Bartonella species, closely related to B. bovis, was detected in the salivary glands and midgut of R. sanguineus ticks removed from dogs in Italy.  Interestingly, a comparison of the 16S-23S ITS amplicons obtained from the ticks were 99.8% similar (458/459 bp) to amplicons obtained from their infested canine hosts.  This data suggests that either ticks were responsible for the transmission of this novel Bartonella species or the bacteria were present in the tick bloodmeal.

Recently, a survey from Korea tested for the presence of Bartonella in Haemaphysalis longicornis Neumann, H. flava Neumann, I. nipponensis Kitaoka and Saito, I. turdus Nakatsuji, and I. persulcatus populations.  Of the 1,979 ticks, 297 were collected from a rodent host and 1,682 were collected from vegetation. PCR, targeting the 16 rRNA gene, detected Bartonella in 4.4% of 1,173 H. longocornis, 2.7% of 74 H. flava, 5.0% of 20 I. nipponensis, 11.1% of 9 I. turdus, 33.3% of 3 I. persulcatus, and 42.3% of 26 Ixodes spp.  Overall, 13 of 40 tick pools from rodents and 55 of 1,265 tick pools collected from vegetation were PCR positive.  Sequence analysis of an I. turdus tick pool demonstrated 99.2% homology with B. doshiae, while two H. longicornis samples were closely related to “B. rattimassiliensis” and B. tribocorum.  Furthermore, 4 of 19 (21%) pools of I. tasmani Neumann removed from wild koalas (Phascolarctos cinereus (Goldfuss)) in Australia were shown to harbor a Bartonella DNA closely related to Bartonella DNA detected in I. scapularis ticks from Maryland.  
Studies from central Sweden, the United Kingdom, Spain, New Zealand, Egypt, and South Carolina (USA), and Hungary did not identify any Bartonella species in the ticks examined.  One hundred and sixty-seven I. ricinus were collected by flagging areas of vegetation around Stockholm and Uppsala, Sweden.  The majority of ticks collected were larvae and nymphs (8 adults in total), which might account for the lack of Bartonella found in this study.  In New Zealand, 136 adult H. longicornis ticks were collected from slaughtered cattle, deer, and lambs, 6 Amblyomma sphenodonti Dumbleton were collected on Stephens Island and 21 H. longicornis were obtained from a tick collection at Massey University, Palmerston North.  All ticks were negative by PCR for the presence of Bartonella DNA.  Monks et al. (2006) attempted to identify the putative organism responsible for avian tick-related syndrome and also attempted to characterize other tickborne pathogens of birds in the United Kingdom.  One hundred sixty-one ticks removed from birds, predominantly Ixodes spp., 1 Hyalomma marginatum Koch, and 14 unidentified non- Ixodes species, were examined by PCR analysis for bacterial DNA.  Bartonella spp., Ehrlichia spp., Babesia spp., or Borrelia burgdorferi sensu lato DNA was not found in these ticks.  In a study from central Spain, eight tick species (1,038 questing and 442 host attached) were screened for the presence of several tick transmitted agents and Bartonella spp.: H. lusitanicum Koch, H. marginatum, I. ricinus, D. marginatus (Sulzer), R. sanguineus, R. pusillus Gil Collado, R. bursa Canestrini and Fanzago, and H. hispanica Gil Collado.  Though Bartonella spp. were not detected, Rickettsia spp., A. phagocytophilum, B. burgdorferi, and F. tularensis DNA were detected in ticks at percentages of 19.0%, 2.2%, 1.7%, and 0.5%, respectively.  Carios capensis Neumann, argasid ticks known to parasitize brown pelicans (Pelecanus occidentalis Linnaeus), were tested for Bartonella, Borrelia, Coxiella, and Rickettsia spp.  Ticks removed from nests of these birds were not PCR positive for Bartonella spp.  Recently, Loftis et al. (2006a) examined ticks collected from domestic and wild animals from twelve sites in Egypt.  A total of 1,019 ticks examined by PCR were negative for Bartonella species.  However, these ticks were found to harbor Anaplasma spp., Coxiella burnetii Derrick, Rickettsia spp., and Ehrlichia spp. .  Bartonella DNA was also not detected in 658 ticks removed from red fox carcasses in Hungary.  
Evidence supporting tick co-infection with Bartonella species

It appears that ticks might carry Bartonella spp. in conjunction with other ticktransmitted organisms.  A 2004 study conducted in New Jersey demonstrated Borrelia burgdorferi, Babesia microti, A. phagocytophilum, and Bartonella spp. DNA in questing I. scapularis using PCR analysis (Adelson et al., 2004).  A large percentage (34.5% of 107) of ticks in this study tested positive for DNA of Bartonella spp.; of which 8.4% also contained B. burgdorferi DNA, 0.9% B. microti DNA, 0.9% A. phagocytophilum DNA, 0.9% contained B. burgdorferi and A. phagocytophilum DNA, and 0.9% also contained B. microti and A. phagocytophilum DNA.  Of 92 I. ricinus ticks collected in France in 2002, 9.8% were Bartonella PCR positive.  Furthermore, 4% of these ticks were coinfected with Bartonella and Babesia, 1% with Bartonella and B. burgdorferi and one tick harbored all three organisms.  Sequencing of the gltA product obtained from one adult tick yielded a B. schoenbuschensis-like sequence (96% homology).  Eleven of 168 I. pacificus ticks from Santa Cruz County, CA USA were PCR positive for B. henselae Houston-I.  Of the Bartonella positive ticks, 1.19% also harbored B. burgdorferi DNA and 2.98% harbored A. phagocytophilum DNA.  In a 2003 and 2004 study, Carios kelleyi Cooley and Kohls, an argasid tick found on bats, was found to harbor both Bartonella and a Rickettsia spp.  Upon further investigation, the Bartonella spp. in the argasid tick resembled B. henselae, based upon sequencing of the ITS region.  In a 2008 publication, Sun et al. examined H. longicornis and I. sinensis Teng from China for the presence of Borrelia, Bartonella, Anaplasma, and Erhlichia spp.  Of adult and nymphal H. longicornis collected in the cities of Benxi and Liaoyang, 36% of 150 groups (60 host associated adults, 30 pools of 2 questing adults, and 60 pools of 5 nymphs) harbored detectable Bartonella DNA.  Furthermore, 16.3% of 86 individual I. sinensis (all host associated adults) from the cities of Tiantai, Jindong, and Jiangshan also contained Bartonella DNA.  Interestingly, one tick contained all four bacteria (Borrelia, Bartonella, Anaplasma, and Ehrlichia spp. DNA) and a second group was PCR positive for Borrelia, Bartonella, and Ehrlichia DNA.
Clinical studies supporting tick transmission of Bartonella species in humans

Lucey et al. (1992) published the first human case reports suggestive of B. henselae infection associated with a tick bite.  Two male patients complained of recurring fever, myalgia, arthralgias, headache, and sensitivity to light within weeks after tick attachment.  Bacteria were recovered from the blood of both patients using culture methods and PCR analysis demonstrated B. henselae infection.  One of the patients did not recall any cat scratches or bites prior to the onset of clinical symptoms, while cat contact was not mentioned for the second patient.  Though the authors could only speculate that transmission occurred via tick bite, it is quite interesting that the B. henselae infections transpired within such a short time after tick attachment.  In a clinical survey performed in Connecticut, patients diagnosed with Cat Scratch Disease (CSD) were matched with control cases to demonstrate the likely risk factors associated with CSD.  Patients were matched with individuals who were approximately the same age and each participant had to own or have exposure to cats.  Questionnaire answers suggested that patients were more likely to have owned a kitten, had contact with a kitten with fleas, and to have been bitten or scratched by a kitten than control cases.  However, patients were also more likely to have been bitten by a tick than controls, though additional risk factors for tick contact may have been involved.  Of patients (n = 56), 21 had been bitten by at least one tick versus 5 individuals in the control group.  It is clearly evident that being bitten or scratched by a kitten increases the likelihood of contracting B. henselae, however, this study suggests that contact with ticks cannot be ruled out as a viable mode of transmission.  Subsequent cases indicate that co-infections of B. burgdorferi, the agent of Lyme disease, and B. henselae may have occurred in humans both in the USA and Europe.  In one case series, three of the four patients from New Jersey, USA had chronic Lyme disease and two had a history of tick bites.  No improvement in symptoms occurred despite treatment with Borrelia specific antibiotics.  Bartonella henselae, as assessed by PCR, was found in the blood of three patients and was also amplified from several I. scapularis ticks collected at the homes of two patients.  Although B. henselae can be transmitted by cat scratch or bite, three of the four patients reported very limited contact with cats. In Poland, Podsiadly et al. (2003) described two patients hospitalized with clinical symptoms of neuroborreliosis suggestive of co-infection with B. burgdorferi and B. henselae. Patient one was B. burgdorferi seroreactive and B. henselae DNA was detected in cerebrospinal fluid.  Patient two was seroreactive to both B. henselae and B. burgdorferi antigens at a titer of 1:32.  The authors of the manuscript proposed that the exposure to B. henselae occurred via tick bite, however, contact with other arthropod vectors must be considered.  On another interesting note (published in an English abstract of a Russian text), a molecular survey was performed using blood samples obtained from patients sustaining tick bites in the summers of 2003 and 2004 in the Novosibirsk region of Russia.  A nested PCR targeting the groEL gene detected Bartonella DNA closely related to B. henselae and B. quintana in patient blood samples.  In another European study, Slovenian children were assessed by serology for exposure to multiple-tick-borne infections, within six weeks after a tick bite.  Of the 86 children tested, 5 were B. henselae seroreactive and 4 were B. quintana seroreactive.  Another child, diagnosed with Lyme borreliosis, was B. henselae and B. quintana seroreactive.  Unfortunately, a non-tick bite control population was not concurrently tested and preexposure samples were not available.  A more recent study, performed by Breitschwerdt et al. (2007), screened immunocompetent individuals for the presence of Bartonella species with prior animal and arthropod contact.  Of 14 people tested, B. henselae and/or B. vinsonii subsp. berkhoffii DNA was detected either in blood, pre-enrichment culture, or from a blood agar plate.  All patients had occupational animal contact for greater than ten years and all had sustained previous arthropod exposure from fleas, ticks, biting flies, mosquitoes, lice, mites, or chiggers.  Studies of this type strengthen evolving evidence suggesting Bartonella species are being transmitted by currently unidentified arthropod vectors, such as ticks.
Clinical studies/serosurveys in cats, dogs and coyotes

Research involving tick transmission of Bartonella spp. in cats is very limited.  A serological study performed in the United Kingdom found B. henselae seroreactivity in 40.6% of 69 pet cats and 41.8% of 79 feral cats.  There was no correlation between B. henselae antibodies and Leptospira antibodies, however, there was a correlation between B. henselae and B. burgdorferi seropositivity.  This data only indicates that felines infected with Bartonella henselae are at a higher risk for tick exposure, without showing casuality for ticks being vectors of Bartonella species.
Dogs can be infected with B. henselae, B. vinsonii subsp. berkhoffii, B. clarridgeiae, “B. washoensis,” B. elizabethae, B. quintana, and an unnamed Bartonella species closely related to but different from B. clarridgeiae.  Bartonella henselae has been associated with granulomatous hepatitis, peliosis hepatitis, and epistaxis in dogs, while B. clarridgeiae can cause endocarditis and potentially lymphocytic hepatitis.  Co-infection with B. henselae and B. vinsonii subsp. berkhoffii has been reported in a dog, possibly exacerbating clinical manifestations.  A serosurvey from the southeastern United States demonstrate that approximately 27.2% of sick dogs were B. henselae seroreactive, while only 1% and 10.1% of healthy dogs were seroreactive to B. vinsonii subsp. berkhoffii and B. henselae, respectivel.  In California, 2.99% of 3,417 sick dogs visiting the University of California, Davis School of Veterinary Medicine were seropositive for one or more Bartonella species.  Of the seroreactors, 35.3% were only B. henselae seroreactive, 33.3% were only B. clarridgeiae seroreactive, and 2% were only B. vinsonii subsp. berkhoffii seroreactive, whereas 30 dogs (29.4%) were seroreactive to a combination of Bartonella antigens.  Bartonella washoensis and B. quintana can cause endocarditis in dogs, and DNA of both organisms has been detected in Ixodes species. This data again indirectly supports the possibility of tick transmission of Bartonella organisms to dogs.

Bartonella infection is a common cause of endocarditis in dogs and several case reports suggest the possibility of tick transmission.  Two separate case reports documented at University of California, Davis Veterinary Medical Teaching Hospital describe dogs with aortic valve endocarditis due to B. clarridgeiae and mitral valve endocarditis caused by B. washoensis.  Though fleas are the suspected vector of B. clarridgeiae, this dog also had A. phagocytophilum antibodies, indicating exposure to a known tick-borne organism.  The dog infected with B. washoensis had a weak Immunofluorescence Assay (IFA) titer to Coxiella burnetii (agent of Q fever) antigens, another bacterium known to be tick transmitted.  Though these observations are interesting, they do not definitively implicate ticks in the transmission of Bartonella to dogs.

Bartonella vinsonii subsp. berkhoffii, first isolated from a dog with endocarditis, has been identified as a cause of canine endocarditis and has also been associated with cardiac arrhythmias, myocarditis, granulomatous lymphadenitis, and granulomatous rhinitis.  In January 1996, a 4-year-old spayed Greyhound was referred to the NCSU Veterinary Teaching Hospital because of progressive submandibular swelling on the left side of the head. Seven days prior to the onset of clinical signs the owners had found an engorged tick in the left ear.  The dog was seroreactive to B. vinsonii subsp. berkhoffii antigens, silver-staining organisms were visualized in a biopsy and Bartonella DNA was amplified from the left granulomatous submandibular lymphadenitis lesion.  Another dog examined at the NCSU Veterinary Teaching Hospital because of collapsing episodes (syncope) of one year duration, was B. vinsonii subsp. berkhoffii seroreactive.  Despite clinical and hematological improvement following treatment with antibiotics, thrombocytopenia persisted.  Based upon blood smear and PCR results, the dog was later found to be co-infected with Babesia canis vogeli Reichenow.  All clinical and hematological abnormalities resolved after specific anti-Babesia treatment.  Rhipicephalus sanguineus is a known vector for B. canis and is a suspected vector for B. vinsonii subsp. berkhoffii.  Co-infection in this dog indirectly supports the potential of tick transmission of B. vinsonii subsp. berkhoffii and B. canis.

Though seropositivity to B. vinsonii subsp. berkhoffii antigens appears to be low among dogs from the southeastern United States (3.6% of sick dogs tested in North Carolina and Virginia were seroreactive), there was a high correlation between heavy tick burden and B. vinsonii subsp. berkhoffii seroreactivity.   Of E. canis Donatien and Lestoquard seroreactors from this region, 36% were also seroreactive to B. vinsonii subsp. berkhoffii antigens.  Subsequently, Breitschwerdt et al. (1998) demonstrated that 42% of 12 dogs diagnosed with ehrlichiosis at the NCSU Veterinary Teaching Hospital, were B. vinsonii subsp. berkhoffii seroreactive.  In another study, 8.7% of 1,875 U.S. military working dogs were B. vinsonii subsp. berkhoffii seroreactive.  In that study, 43% (13 out of 30) of E. canis tested dogs were B. vinsonii subsp. berkhoffii seroreactive.  Again, these studies are suggestive of possible transmission of B. vinsonii subsp. berkhoffii by R. sanguineus, the known vector for E. canis infection in dogs.  Working or outdoor dogs, however, are exposed to other arthropods, which must also be considered as potential vectors of Bartonella species.

A kennel outbreak study performed on ill Walker Hounds and their owners in North Carolina also suggested the possibility of Bartonella transmission by ticks.  Of the 18 Bartonella PCR positive dogs, seventeen were coinfected with at least one other tick-borne organism: E. canis, E. chaffeensis, E. ewingii Anderson et al., A. phagocytophilum, Rickettsia spp., or Babesia canis.  In this study, 25 of 27 (93%) dogs were B. vinsonii subsp. berkhoffii seroreactive, of which all but one dog was E. canis seroreactive.  On three visits to the kennel, R. sanguineus ticks were repeatedly removed from dogs.  Of 23 people tested in association with this investigation, 8 were B. henselae seroreactive, 1 E. chaffeensis seroreactive, and 1 R. rickettsii seroreactive, although none reported illness at the time of testing.  Considering the presence of R. sanguineus ticks in the local kennel environment and the documentation of co-infection with E. canis and B. canis, which are vectored by R. sanguineus, there was strong circumstantial evidence supporting tick transmission of B. vinsonii subsp. berkhoffii.  As dogs were concurrently infested with C. felis at the time of the initial blood collections, fleas cannot be ruled out as potential vectors of B. vinsonii subsp. berkhoffii.

Similar results have been reported from studies performed outside of the United States.  In Israel, forty dogs with prior tick exposure and clinical signs of anorexia, lethargy, and fever were examined using serology for exposure to several tick-borne organisms.  Only 10% of dogs were B. vinsonii subsp. berkhoffii seroreactive, however, 73% were seroreactive to at least three or more tick-borne organisms including B. gibsoni, B. canis, R. conorii Brumpt Moroccan and Israeli strains, and B. burgdorferi.  Forty-nine sick dogs from Thailand were examined using both serology and PCR analysis for exposure to multiple tick-borne organisms.  Thirty-eight percent of the dogs were seroreactive to B. vinsonii subsp. berkhoffii antigens, one of the highest prevalences reported in dogs outside the United States, but no dog was PCR positive.  Another survey performed in Morocco established an overall B. vinsonii subsp. berkhoffii seroprevalence of 38% in 147 dogs tested.  Furthermore, this study found a much higher seroprevalence in stray dogs (47% of 101 from Khenifra and 38% of 22 from Rabat) as compared to pet dogs (4% of 24 from Rabat).  Information regarding ectoparasite infestation was not collected in this study; therefore no correlations can be made regarding the higher B. vinsonii subsp. berkhoffii prevalence’s in strays compared to pet dogs.  In contrast to the Thailand and Moroccan studies, only one dog examined from Greece was seroreactive to B. vinsonii subsp. berkhoffii antigens, although, all dogs were E. canis seroreactive and 13 of 19 were E. canis PCR positive.  A survey performed on the Reunion Island, located in the Indian Ocean, demonstrated that 26% of 165 dogs tested were E. canis seroreactive, while only 8.85% were B. vinsonii subsp. berkhoffii seroreactive (5% harbored antibodies to both organisms) .  A more recent survey established a low serological and molecular prevalence of both B. henselae and B. vinsonii subsp. berkhoffii within a population of sick dogs from Brazil.  Four of 197 (2%) dogs were seroreactive to B. henselae, while only 3 of 197 (1.5%) harbored B. vinsonii subsp. berkhoffii antibodies.  Of the 197 dogs examined, B. henselae and E. canis DNA was amplified from one dog, while another dog contained B. henselae, B. vinsonii subsp. berkhoffii, and E. canis DNA based upon PCR analysis.

Coyotes (Canis latrans Say) appear to be important reservoirs for B. vinsonii subsp. berkhoffii in the United States.  Coyotes also have extensive environmental exposure to and infestations with ticks, more so than most domestic dogs.  Of 869 blood specimens collected from California, 35% of the coyotes were seropositive by enzyme-linked immunoabsorbant assay for B. vinsonii subsp. berkhoffii antibodies.  Another study carried out by Chang et al. (2000) determined that 28% of 109 coyotes from central coastal California were B. vinsonii subsp. berkhoffii bacteremic and 76% of these coyotes were B. vinsonii subsp. berkhoffii seroreactive.  Samples were collected in highly endemic tick areas, thereby, conceivably explaining the large number of antibody and culture positive coyotes found in this study.  As a wildlife reservoir, coyotes could serve as a potential source of B. vinsonii subsp. berkhoffii infection for pet dogs or people.

A more recent study performed by Beldomenico et al. (2005) established a strong statistical correlation between A. phagocytophilum and B. vinsonii subsp. berkhoffii seropositivity, as B. vinsonii subsp. berkhoffii seropositive coyotes were more likely to be A. phagocytophilum seroreactive than B. vinsonii subsp. berkhoffii seronegative coyotes.  Bartonella vinsonii subsp. berkhoffii seroreactive coyotes were also more likely to be infected with Dirofilaria immitis (Leidy), a mosquito transmitted pathogen.  Similar results were obtained from a prospective study of sick dogs brought to the University of California, Davis School of Veterinary Medicine and diagnosed with infective endocarditis.  Of the 18 endocarditis cases, 28% were culture or PCR positive for Bartonella infection; including B. vinsonii subsp. berkhoffii in three dogs, B. clarridgeiae in one dog and a B. clarridgeiae-like organism in another dog.  In this study, all Bartonella seroreactive dogs were concurrently A. phagocytophilum seroreactive, an organism transmitted by I. pacificus.  Furthermore, Foley et al. (2007) surveyed 97 dogs from 8 villages in northern California for the presence of B. burgdorferi, A. phagocytophilum, and B. vinsonii subsp. berkhoffii by immunofluorescence and PCR analysis.  Though all dogs were negative for the presence of bacterial organisms, 17.5% were seroreactive for A. phagocytophilum, 12% for B. vinsonii subsp. berkhoffii, and 4% for B. burgdorferi antigens.  Prior use of acaricide as a preventive and dogs’ sleeping outdoors were not associated with pathogen exposure, however, coexposure to both A. phagocytophilum and B. vinsonii subsp. berkhoffii was statistically significant.  Seroepidemiological evidence derived from coyotes and dogs with in California indirectly supports transmission of Bartonella spp. and A. phagocytophilum by Ixodes pacificus.

Several Bartonella species have been implicated as cause of myocarditis, endocarditis, granulomatous lymphadenitis, granulomatous hepatitis, peliosis hepatis, lymphocytic hepatitis, and other clinical manifestations in dogs and in people suggesting that pet dogs might serve as useful sentinels for human Bartonella infections.  In regard to modes of transmission, clinical studies involving both humans and dogs have suggested potential co-transmission of Bartonella spp. with other tick-borne pathogens.  Co-infection with a Bartonella spp. and a known tick borne pathogen could complicate diagnosis, treatment and patient management decisions. Increasingly, both physicians and veterinarians need to be aware of the potential of Bartonella spp. transmission by ticks.
Future Work

Recently, Cotté et al. (2008) published a report detailing the potential infection of B. henselae by I. ricinus ticks.  Using an artificial feeding set-up made from rabbit skin, the authors were able to successfully infect ticks with B. henselae based upon PCR screening of moulted ticks previously fed on infected blood.  These ticks were then placed onto rabbit skins and fed on non-infected blood.  Bartonella henselae was either cultured or detected by PCR analysis within 72 hours from aliquots taken of the non-infected blood, suggesting that transstadial transmission may be possible.  Sufficient numbers of B. henselae bacteria were also present within the ticks to cause bacteremia in felines when inoculated with salivary glands from the moulted ticks.  Like other arthropod-borne transmission of Bartonella species, it does not appear that B. henselae is transovarially transmitted, however, as larvae hatched from PCR positive egg clutches did not harbour detectable Bartonella DNA.  There appears to be a growing spectrum of arthropods that might serve as potential vectors for Bartonella species.  In particular, clinical and serological results derived from human and canine cases, in conjunction with molecular surveys of tick populations strongly suggest that these arthropods should be considered as potential vectors of Bartonella.  With a single exception in which a Bartonella species was isolated, all of the reports of Bartonella spp. in ticks are based on amplification of organism specific DNA sequences from extracted whole ticks.  There is little evidence that Bartonella species are able to replicate within ticks and there is still no definitive evidence of transmission by a tick to a vertebrate host.  Proof of vector competency will require experimental transmission studies with known infected ticks.  Seemingly the vector competence of numerous other arthropods should also be investigated.  The location of Bartonella replication within arthropods, documentation of other potential reservoirs, and establishing whether transovarial transmission occurs in various arthropod species are important questions to be answered.

Chapter 2
Diagnosis of Bartonella infection: Current methods of detection and why

tick cell lines infected with Bartonella species may prove to be valuable as diagnostic antigen

INTRODUCTION

Bartonella species are gram negative bacteria that infect a wide variety of mammalian hosts, including canines, felines, and humans.  Over 20 different Bartonella species and subspecies have been identified to date and over half of those are known to be zoonotic.  Bartonella spp. infect erythrocytes and endothelial cells of the host leading to a variety of clinical manifestations.  In immunocompromised hosts, infection with B. henselae, the agent of Cat Scratch Disease, is generally characterized by regional lymphadenopathy and with a papule/pustule at site of cat scratch or bite.  Patients may complain of fever, malaise, headaches, and other flu-like symptoms. In more serious cases, infection with Bartonella species can lead to myalgia, arthralgias, endocarditis, myocarditis, bacillary angiomatosis, hepatic peliosis, granulomatous lymphadenitis, thrombocytopenia, hemolytic anemia, pleural effusion, and neurological/neurocognitive abnormalities including ataxia, seizures, memory loss, and meningoencephalitis.
Treatment of Bartonella species has often proven difficult.  In vitro, Bartonella species appear to be susceptible to β-lactams, rifampicin, erythromycin, doxycycline, telithromycin, and azithromycin.  There is some discordance, however, with in vivo antibiotic treatment results.  Interestingly, treatment with azithromycin in humans appears to have initial benefits as demonstrated by a single placebo-controlled trial, but may not be as useful for long-term treatment of Bartonella spp.  Similar results have been demonstrated in the treatment of Bartonella bacteremic felines.  Multiple antibiotics have been utilized to treat felines including doxycycline, amoxicillin, and erythromycin.  However, bacteremia was not eliminated in all cats during these studies.  In a review by Brunt et al. (2006), the authors state that there is no consensus opinion in an appropriate treatment regimen to clear Bartonella infection in felines.  Furthermore, a study performed in our laboratory found that if canines failed an initial course of azithromycin they should be treated with a fluoroquinolone or a combination of azithromycin and rifampin for more than one month.  Interestingly, there appeared to be a resolution of disease and negative post-treatment blood culture in these dogs.  Conflicting data in the appropriate treatment of Bartonella spp. remains one of the biggest issues for medical practitioners and veterinarians when dealing with this group of pathogens.

To make matters worse, it is often difficult to accurately diagnose an individual’s infection with Bartonella species.  In this review, the current means of diagnosis, pros and cons of using these different techniques, and why utilization of tick cells lines infected with Bartonella species may prove useful as a source of diagnostic antigens will be discussed.
CURRENT METHODS OF DETECTION

Direct blood smear

For those laboratories that may be lacking serological or molecular methods for diagnosis of Bartonella infection, detection of bacteria within the blood using various staining methods, such as Giemsa, Gimenez, or Warthin-Starry silver stain, have been utilized.  Blood smears, however, are extremely difficult to use as a method of detection because few bacteria actually circulate within the blood of most mammalian hosts (i.e. non-reservoirs).
Serology

Screening of serum samples for the presence of Bartonella antibodies has been suggested as the best means, or “gold standard,” for identification of current or prior infection with this genus.  Commonly used serologic diagnostic tests to measure an antibody response to Bartonella include indirect immunofluorescence assay (IFA), enzyme-linked immunosorbent assay (ELISA), indirect hemagglutination test, and immunoblot detection. 
Immunofluorescence assays (IFA) are the most commonly used serological test to screen for the presence of anti-Bartonella antibodies.  The first IFA test was developed at the Centers for Disease Control and Prevention (CDC) in Atlanta, GA.  Bartonella henselae organisms were grown in Vero E6 cells (African green monkey kidney cells) as a means to prevent autoagglutination of the bacteria.  According to the CDC, a B. henselae positive titer of 1:64 is indicative of either current or prior infection with the agent of Cat Scratch Disease (CSD) and sensitivity, using this type of test, ranges from 30 to almost 100% when screening for anti-B. henselae IgG antibodies in patients likely infected with CSD.  Maurin et al. (2002) published a study comparing in-house vs. commercial slides, obtained from Focus Technologies (FT), for detection of B. henselae and B. quintana immunoglobulin G (IgG) and IgM from patients either with culture or PCR confirmed B. henselae and B. quintana infection.  For in-house slides, Maurin et al. (2001) utilized B. henselae strain Houston-1 or B. quintana strain Oklahoma grown in the human endothelial cell line, ECV 304, as antigens for IFA.  Focus Technologies uses the same strain of Bartonella spp. grown in Vero cells for the detection of IgG and bacteria grown on blood agar before being harvested and diluted in yolk sac fluid as antigens for IgM detection.  Interestingly, the authors found a large discrepancy between anti-B. henselae IgG antibody sensitivity using a cutoff titer of 1:64 from in-house and commercially available slides (52.9% and 91.2%, respectively) when screening individuals infected with CSD.  Using the in-house antigen slides, cross-reactivity with B. quintana was also detected in 35 of 36 serum samples screened.
Anderson and Neuman (1997) suggest that individuals infected with B. henselae have already mounted both an IgG and IgM antibody responses by the time they present themselves to a hospital due to clinical symptoms.  According to Florin et al. (2008), a positive IgM enzyme immunosorbent assay (EIA) is indicative of an acute infection, generally with a duration of detection of less than 3 months following infection.  Furthermore, because there is such a short duration of IgM antibody production, a negative serological result does not indicate a lack of active infection.  In a study performed by Metzkor-Cotter et al. (2003), the authors determined that 25% of 98 individuals infected with B. henselae remained IgG seropositive for up to one year following the onset of clinical disease.  Because antibodies against Bartonella persist for such a long length of time, it is often difficult to determine whether the individual has an acute versus chronic infection.  There also appears to be some cross reactivity between Bartonella species making it difficult to clearly identify which organism may be responsible for disease manifestations.  Despite certain disadvantages of using serology, it does appear to be valuable in that it avoids problems associated with other methods of detection, such as lengthy incubation periods seen with attempted isolation of bacteria, collection of samples by invasive means (lymph node excision or aspiration), or the use of specialized equipment or techniques (polymerase chain reaction, or PCR, DNA sequencing, etc).
Molecular methods

Most laboratories utilize PCR, either conventional, nested, or real time, as a molecular method to detect Bartonella DNA in blood and various host tissues.  PCR primers are designed to detect different genes of Bartonella species: the 16S rRNA gene, the 16S-23S rRNA intergenic transcribed spacer (ITS) region, the citrate synthase gene (gltA), the riboflavin synthase gene (ribC), 60-kDa heat shock protein gene (groEL), cell division gene (ftsZ), or the RNA polymerase beta subunit gene (rpoB).  Within our laboratory, primers targeting the ITS region, followed by nucleotide sequencing, is utilized to differentiate between the various Bartonella species.  The PCR protocol can detect as few as 10 copies of the ITS region, or 5 bacteria, per PCR reaction.  This data suggests that PCR is both extremely specific and sensitive, and if designed correctly often can be used to detect the presence of Bartonella DNA without prior culture methods.  Furthermore, results are obtained much more quickly than other molecular diagnostic methods, often within 1-2 days after collection of the sample.
There are a few drawbacks, however, when attempting to diagnose infection of Bartonella species by use of PCR analysis.  As detailed in the review by Brunt et al. (2006), PCR analysis is expensive to perform and requires specialized skills and laboratory facilities to decrease the potential of cross-over contamination between samples.  Most protocols are not standardized between different diagnostic laboratories, which may result in PCR protocols lacking specificity and sensitivity.  Furthermore, PCR is used to detect DNA and does not demonstrate viability of the organism.  Often, false-negative PCR results may result because of low level bacteremia, prior antibiotic treatment, and the presence of inhibitory substances in the sample.
Culture of Bartonella species

Research scientists use a variety of methods in attempts to culture Bartonella species from clinical or diagnostic samples.  Isolation of these agents has proven useful in increasing our knowledge of phenotypic/genotypic characteristics, our ability to produce diagnostic reagents, and to screen for antibiotic resistance and susceptibility.  As described by Duncan et al. (2007), direct plating of blood, lymph nodes, and other tissues, lysis centrifugation, and freeze-thaw techniques followed by inoculation onto blood and chocolate agar plates have been utilized to isolate Bartonella species.  Bartonella species, however, have specific growth requirements (generally agar plates must be maintained at 35-37°C in a 5% CO2 atmosphere) and it may take upwards of six weeks to isolate bacterial colonies after direct plating.  Because few bacteria may circulate within the blood of a nonreservoir host, it may be difficult to isolate colonies without further pre-enrichment or a means to concentrate infected erythrocytes.  Mammalian cell lines, shell vial assays, and liquid medium have also been used to isolate Bartonella species.  Vero E6 and L-929 (mouse fibroblasts) mammalian cell lines, for example, have been successfully utilized to culture Bartonella species.  Shell-vial cell culture assays have also been used to obtain isolates of Bartonella spp., such as B. henselae, B. quintana, B. clarridgeiae, and B. koehlerae, from blood, cardiac valve, lymph node, skin biopsy, lung biopsy, and bone marrow samples.
Liquid medium has been utilized by numerous research groups in the attempt to isolate Bartonella species.  Chenoweth et al. (2004) demonstrated significant growth of B. henselae and B. quintana strains using a Brucella broth medium containing HEPES and hematin conjugated to histidine.  This broth was successfully used to isolate B. henselae from experimentally infected felines, as well.  Our laboratory has developed an insect based liquid culture medium, Bartonella-Alphaproteobacteria growth medium (BAPGM), that has proven invaluable in the isolation of Bartonella species from a multitude of sources including blood, bone marrow, serum, cerebrospinal fluid, joint fluids, mitral and aortic valves, lymph node aspirate, urine, spinal mass, spleen, aqueous fluid, and pleural fluid.  Within our laboratory, the protocol for isolation of bacterial colonies includes an initial inoculation of EDTA-anticoagulated blood into BAPGM followed by incubation for up to 10 days at 35°C under an atmosphere of 5% CO2.  Following the 10 day incubation period, BAPGM aliquots are subcultured onto trypticase soy agar plates, containing 5-10% sheep blood for upwards of 6 weeks.  Additionally, Reiss et al. (2008) modified another insect cell culture medium, using Schneider’s drosophila powder medium, to quantify the growth of B. henselae, B. quintana, and B. vinsonii subsp. berkhoffii over a 9 day period.  The authors noted a significant growth of these three Bartonella species, however to our knowledge, the Schneider’s medium has not been utilized to isolate these bacteria from clinical samples.
Utilization of tick cell lines

Tick cell lines have been used to isolate and propagate bacteria, viruses, and protozoans, to study the interaction between arthropod transmitted organisms and arthropod vectors in vitro, and as potential antigens for diagnostic reagents and/or vaccine development (as reviewed extensively by Bell-Sakyi et al., 2007).  Most tick cell lines consist of mixed cell types obtained from embryonic cells, moulting nymphs after removal of the digestive and excretory system tissues, or whole moulting larval explants.  Tick cell lines are generally maintained at temperatures between 28°C and 34°C, and can survive for several years with medium changes and subculture passages.  There are over 40 tick cell lines currently available.

For several decades, tick cell lines have proven useful in the isolation and propagation of bacteria, viruses, protozoans, and previously “unculturable” organisms, such as Borrelia lonestari, the putative agent of Southern Tick-Associated Rash Illness (STARI).  Previous research has demonstrated the ability of tick transmitted agents to invade and propagate within non-vector transmitted cell lines, suggesting the permissive qualities of these cell lines.  Furthermore, tick cell lines have also been utilized to culture non-tick transmitted agents, as in the case of Rickettsia felis, a bacterium transmitted by the cat flea, Ctenocephalides felis.  (The majority of research involving tick cell lines, however, have focused on Anaplasma and Ehrlichia spp. and Anaplasma spp. will be discussed extensively throughout this summary.)

Tick cell lines may prove useful in the development of diagnostic reagents, as well.  In 1998, Saliki et al. published a manuscript detailing the use of Anaplasma marginale grown in the Ixodes scapularis tick cell line, IDE8, in the development of a competitive-ELISA.  At the time, the complement-fixation test (CFT) and a card agglutination test were used to diagnosis anaplasmosis.  The authors compared antibody responses to the c-ELISA, containing the tick cell derived antigen, to the CFT, which utilizes erythrocyte-derived A. marginale.  By screening with cattle serum, it was determined that the C-ELISA was twice as sensitive as the CFT (24.9% vs. 9.4%).  For example, the C-ELISA was able to detect antibodies present in vaccinated and carrier cattle (parasitemia is low in these cows), while CFT produced negative results.  In a more recent publication, Woldehiwet and Horrocks (2005) were interested in determining whether two stains of A. phagocytophilum, Old

Sourhope and Feral Goat strain, grown in a tick cell line, IDE8, could be used as antigen for the development of an ELISA and/or IFA.  Antibody responses to A. phagocytophilum in tick cells and ovine granulocytes isolated from experimentally infected sheep, in both serological tests, were compared using serum samples obtained from the same sheep used during this study.  These serum samples failed to react to A. phagocytophilum grown in tick cells by IFA analysis; however, there were no statistical differences in antibody response to A.phagocytophilum grown in tick cells or from ovine granulocytes by ELISA.  Though IFA analysis remained negative despite screening with various ovine serum samples, the ELISA results appeared promising.  As stated by the authors, ELISA tests are often preferred to IFA analysis because of its automated use and standardization, which allows screening of a large number of samples at one time.  Future research is needed to elucidate why tick-cell derived A. phagocytophilum were not recognized by IFA analysis, while there was no difference between ELISA results using either tick cell derived or A. phagocytophilum infected erythrocytes.

To study the potential use of tick cell derived A. marginale in vaccine development, Barbet et al. (1999) performed a study comparing the surface proteins (major surface proteins, MSP) of A. marginale grown in tick cell culture (I. scapularis cell line IDE8) tick salivary glands, and bovine erythrocytes.  Interestingly, A. marginale grown within IDE8 cells presented the same surface antigens as those present within the erythrocyte-stages of A. marginale using immunoblot analysis.  In another study, calves were inoculated with inactivated (mechanically disrupted, frozen at -70°C, and then inactivated with β-propiolactone) A. marginale grown within the IDE8 cell line and were subsequently challenged with A. marginale-infected blood from a carrier cow.  Though calves did develop clinical symptoms characteristic of anaplasmosis following challenge, the average peak parasitemia for immunized calves was 11.6% compared to 32% for the controls.  Furthermore, the average percentage reduction in packed cell volume, or PCV, was 47.5% for immunized calves and 62% for control calves.  This data suggests that A. marginale grown within tick cell lines remains infectious and prior inoculation with tick cell derived antigen did decrease clinical symptoms following challenge with blood derived from an infected host.
de la Fuente et al. (2002) performed a similar study to determine whether vaccination with tick-cell derived A. marginale would decrease clinical symptoms after challenge with A. marginale infected ticks.  In this study, three cattle were immunized with cell culture derived A. marginale (inactivated as previously described), three cattle were immunized with erythrocyte derived A. marginale, and three served as non-immunized controls.  Cattle were immunized at weeks 1, 4, and 6 and on week 8 Dermacentor variabilis males, previously fed on infected A. marginale blood, were then placed on the cattle and allowed to feed.  Those cattle immunized prior to challenge by ticks, both cell culture and erythrocyte derived A. marginale, had lower percent infected erythrocytes (PPE) and PCV than control cattle.  Again, this data suggests that tick cell derived A. marginale may serve as successful antigen for vaccine development.
Summary

As described in this chapter, infection with Bartonella species may be extremely difficult to diagnose for a variety of reasons.  The “gold standard” diagnostic method, IFA analysis, cannot differentiate between active or prior infection and cross-reactivity between different Bartonella species does occur.  If designed correctly, PCR analysis can be both specific and sensitive and results can be obtained within a relatively short time as compared to other molecular and culture methods.  Low level bacteremia, antibiotic treatment, and inhibitors present within the PCR reaction can often produce false-negative results, however.   Furthermore, PCR detects DNA and does not demonstrate viability of the organism of interest.  Culture methods allow for the isolation of bacteria from blood, bodily fluids, and different host tissues, but it may take upwards of six weeks to culture Bartonella species.  Because few bacteria actually circulate within the blood of a non-reservoir host, it may be difficult to isolate colonies without further pre-enrichment or a means to concentrate infected erythrocytes.  Both PCR and culture methods require appropriate laboratory facilities and equipment and can be extremely expensive.

Tick cell lines, however, are relatively easy to maintain and their permissive qualities allow for the propagation of a variety of tick and non-tick transmitted bacteria, viruses, and protozoans.  Two studies, described in this chapter, also discuss the potential usage of tick cell derived Anaplasma spp. in the development of diagnostic reagents.  Results appear promising, but further research must be performed to fully characterize the potential of tick cells as antigens.  Several studies have also demonstrated that certain major surface proteins, MSPs, of A. marginale are maintained within bovine erythrocytes and tick cell lines, which may serve as targets for vaccine development.

Our initial interest was to determine whether Bartonella species can invade and replicate within a tick cell line (see Chapter 4).  For the past two years, our laboratory has utilized B. henselae, grown within the A. americanum cell line, AAE12, as antigen for IFA analysis.  Prior to this, B. henselae were grown in Vero cells.  A study was performed to compare the antibody response to B. henselae grown in tick cells vs. those grown in Vero cells.  There did not appear to be a significant difference in detectable antibody using canine and feline serum samples with known B. henselae antibody titers.  Future research will compare the epitope expression between B. henselae grown in tick cell lines and those grown on culture plates to determine whether B. henselae maintains its virulence factors following growth within the AAE12 cell line.  This information may provide the key for the successful development of a B. henselae vaccine.

Chapter 3
Molecular epidemiology of Bartonella species in Amblyomma americanum

Abstract
Four hundred and sixty-six questing Amblyomma americanum (Linneaus) (Acari: Ixodidae) from Carolina County, Virginia and 98 questing A. americanum from Chatham County, North Carolina were screened by polymerase chain reaction (PCR) for the Bartonella 16S-23S intergenic spacer region.  Two amplicons, approximately 270-280 bp in size, were detected in two ticks from Virginia.  Based upon PCR and sequencing, an adult male and adult female tick harbored DNA sequences closely related to B. tamiae (DQ395180).  Bartonella DNA was not detected in A. americanum from North Carolina.  Potential transmission of Bartonella spp. by A. americanum should be the focus of future experimental studies.
Transmission of Bartonella species to vertebrate hosts has been documented to occur via scratches or bites, or via flea, louse, or sandfly vectors.  The potential of ticks serving as vectors of Bartonella species was first suggested in 1992.  One male patient from Arkansas (USA) and another from Oklahoma (USA) were found to be infected with B. henselae, the agent of Cat Scratch disease, within 2 to 3 weeks following a tick bite.  One of these patients could not recall either a cat scratch or bite, which is accepted as the most probable mode of B. henselae transmission to humans.  Eskow et al. (2001) also described co-infection of B. henselae and Borrelia burgdorferi, transmitted by Ixodes scapularis (Mégnin), in four patients with neuroborreliosis.  Three of these patients recalled no prior exposure to cats.  An I. scapularis tick removed from the home of one patient harbored both B. henselae and B. burgdorferi DNA.
Results supporting potential tick transmission of Bartonella species have also been described in dogs.  Twenty-seven Walker hounds from a single kennel in North Carolina (USA) were tested by serology and PCR analysis for the presence of Bartonella species along with other known tick transmitted organisms.  Nineteen of these dogs had weight loss and a smaller percentage had signs of lethargy, anorexia, coughing, difficulty standing, in conjunction with other less commonly reported abnormalities.  Seventeen of eighteen dogs positive for Bartonella species by PCR analysis were also coinfected with at least one Ehrlichia, Rickettsia, or Babesia species.  Tuttle et al. (2003) also described a dog with persistent thrombocytopenia that was concurrently infected with Bartonella vinsonii subspecies berkhoffii and Babesia canis, which is transmitted by Rhipicephalus sanguineus.  These case reports and other serological surveys suggest an association between infection with Bartonella species and infection with other known tick-transmitted agents in both human and veterinary medicine.
Molecular surveys have been performed to determine the prevalence of Bartonella DNA in a variety of tick species.  Within the United States, Bartonella DNA has been detected in I. scapularis, I. pacificus (Cooley and Kohls), Dermacentor variabilis (Say), D. occidentalis (Marx), Rhipicephalus sanguineus, and Carios species.  The lone star tick, Amblyomma americanum (Linnaeus) (Acari: Ixodidae), is present throughout the southeast, mid-Atlantic, and portions of the northeastern United States.  These ticks are aggressive feeders and will attach to a wide variety of hosts, including humans.  Amblyomma americanum are demonstrated vectors of Ehrlichia chaffeensis, the agent of human monocytic ehrlichiosis, E. ewingii, and Rickettsia parkeri; all known human pathogens.  Furthermore, A. americanum may be potential vectors of Borrelia lonestari, the putative agent of Southern Tick Associated Rash Illness, “Rickettsia amblyommii,” Coxiella burnetii, and Francisella tularensis.  This tick species is an important vector for disease transmission to both animals and humans and may also be potential vectors of Bartonella species.  To our knowledge, this is the first investigation to screen for the presence of Bartonella DNA in A. americanum ticks.

Materials and Methods

Four hundred and sixty-six questing A. americanum ticks were collected using CO2 traps in Carolina County, VA during 2002 and 2004.  After identification, ticks were cut laterally using a sterile scalpel and placed in 500 μL of buffer ATL (tissue lysis buffer). One hundred and eighty microliters of the buffer ATL was removed from the original vial and used for DNA extraction following the Qiagen DNeasy tissue kit protocol (Valencia, CA).  DNA was extracted, in another author’s laboratory (M. M.), and examined by other investigators prior to shipment to our laboratory. Only a small quantity of DNA was provided and additional extracted DNA was not available for further analysis.

Amblyomma americanum ticks from Chatham County, North Carolina were collected in the summer of 2005 using a dragging cloth.  DNA from 99 of the ticks, 51 nymphs and 48 adults, was extracted in our laboratory using a bead beater protocol described by Halos et al (2004).  A “housekeeping” PCR, as described by Halos et al. (2004), specific for tick 16S mitochondrial rRNA, was utilized to detect PCR inhibitors and DNA degradation.  If tick DNA could not be amplified using this reaction, that tick was excluded from the study.

Polymerase chain reaction, PCR, was utilized in the detection of Bartonella DNA.  Primers 325s (5’-CTT CAG ATG ATG ATC CCA AGC CTT TTG GCG-3’) and 1100as (5’-GAA CCG ACG ACC CCC TGC TTG CAA AGC-3’) were designed to amplify a portion of the 16S-23S intergenic spacer region.  Each PCR reaction contained 14.25 μL of nuclease free water, 10x PCR buffer, 3 mM MgCl2, 15 pmol of each primer, 0.2 mM dNTPs, 1.25 U of Qiagen HotStar Taq polymerase (Valencia, CA), and 5 μL of template.  PCR was performed using a Strategene Robocycler (La Jolla, CA); 94ºC for 15 minutes followed by 55 cycles of 94ºC for 30 seconds, 66ºC for 1 minute, 72ºC for 1 minute and one cycle of 72ºC for 5 minutes.

PCR products were separated using 2% agarose gel containing ethidium bromide and visualized under UV light. Positive controls consisted of B. henselae Houston-1 spiked in tick DNA and water was used as a negative control.
Results

Of the 466 ticks tested, two amplicons, of approximately 270 - 280 bp, were obtained from a questing adult male (Hill-02-28) and adult female (Hill-02-66) A. americanum from Virginia in 2002.  PCR products were purified using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA) and sent for sequencing (Davis Sequencing, Davis, California).  A GenBank search using blastn found that the two sequences aligned most closely with B. tamiae (DQ395180, EF605283, EF605284) over a 64-100% (Hill-02-28) and 63-80% (Hill-02-66) query coverage.  Further blast-n searches of our sequences using the environmental database did produce identities of 100% with samples from environmental sludge (AATO01011035.1).  However, this sequence was only identical to our sequences over a 36-38% query coverage (82 bp identical) and it was, therefore, discounted as a likely match.  The DNA sequences from the two Virginia ticks were submitted to GenBank: GenBank # EF559315 (Hill-02-28) and GenBank # EF559314 (Hill-02-66).
One nymphal tick from Chatham County, North Carolina was excluded from the study as it failed the “housekeeping” PCR.  All remaining ticks were negative for the presence of Bartonella DNA.

Discussion

The Bartonella-like sequences obtained from two A. americanum ticks, collected in Virginia, have not been previously deposited in the GenBank data base.  One questing adult male and one questing adult female A. americanum harbored DNA sequences that were most closely related to B. tamiae, based upon the 16S-23S intergenic spacer region.  Bartonella tamiae was isolated from a febrile patient from Thailand and has not been previously described within the United States.  There are several deletions within the sequences obtained from the Virginia A. americanum ticks that differ from B. tamiae.  Furthermore, single nucleotide polymorphisms exist between the two tick sequences.  We were unable, however, to analyze the tick samples for more conserved Bartonella genes due to insufficient template DNA and therefore, cannot state with certainty whether our two tick samples harbored a novel Bartonella species.

Bartonella DNA was not detected in a limited number of A. americanum ticks from North Carolina. Following PCR, only 2 of 466 ticks (prevalence 0.43%) from Virginia produced amplicons closely related to a known Bartonella species.  There are several possible reasons for the low molecular prevalence of Bartonella DNA found in this study.  Amblyomma americanum may not be vector competent for the transmission of some or all Bartonella spp.  Questing ticks collected for this study may not have ingested a blood meal from a Bartonella-infected host.  Another possible explanation for a low prevalence may be that the collection locations are not representative of the overall prevalence of Bartonella positive ticks throughout North Carolina and Virginia.  Furthermore, unrecognized factors may have interfered with PCR amplification of Bartonella DNA.

Other molecular surveys conducted within the United States suggest that other tick species are more likely to serve as vectors for the transmission of Bartonella spp.  Questing Ixodes pacificus ticks from California were shown to harbor B. henselae, B. quintana, B. washoensis, B. vinsonii subsp. berkhoffii, and a Bartonella cattle strain.  Subsequently in 2002, the same research group demonstrated Bartonella DNA in I. pacificus nymphs, D. occidentalis, and D. variabilis ticks.  A high percentage (34.5% of 107) of I. scapularis ticks from New Jersey harbored Bartonella spp. and 9 ticks were co-infected with Borrelia burgdorferi and Bartonella, 1 with Anaplasma phagocytophilum and Bartonella, and 1 with Babesia microti and Bartonella DNA.  Two ticks harbored Bartonella DNA in conjunction with two other tick transmitted agents, B. burgdorferi, B. microti, or A. phagocytophilum.  Bartonella henselae DNA was also detected in two Rhipicephalus sanguineus, the brown dog tick, from California and one Carios kelleyi, a bat-associated tick, from Iowa.
These studies suggest that ticks may serve as potential vectors of Bartonella species.  Future studies should examine A. americanum ticks from different locations within the United States for the presence of Bartonella DNA.  More importantly, experimental transmission studies need to be carried out to answer whether any tick species is vector competent for the transmission of Bartonella species.

Chapter 4
Infection and replication of Bartonella species within a tick cell line

ABSTRACT
Bartonella species are fastidious, gram negative bacteria, some of which are transmitted by different arthropod vectors, including fleas, sandflies, and lice.  There is very little information currently available regarding the interaction and/or transmission capabilities of Bartonella species by ticks.  In the present study, we demonstrate successful infection of the Amblyomma americanum cell line, AAE12, by 7 different Bartonella isolates and 3 Candidatus Bartonella species by either electron or light microscopy.  With the exception of B. bovis, infection with all other examined Bartonella species induced cytopathic effects characterized by heavy cellular vacuolization and eventually cell lysis.  Furthermore, using quantitative real time PCR (qPCR), we demonstrated significant amplification of two B. henselae genotype I isolates in the A. americanum cell line over a 5 day period.  Ultimately, tick cell-derived Bartonella antigens may prove useful for the development of more sensitive diagnostic reagents and may assist in the development of an effective vaccine to prevent the further spread of disease caused by these organisms.

INTRODUCTION
Tick cell lines have been used for the propagation of various bacteria, viruses, and protozoans and have proved crucial in isolating several previously “unculturable” organisms, such as Borrelia lonestari.  Morphologically, Anaplasma marginale grown within an Ixodes scapularis tick cell line (IDE8) appears similar to bacterial clusters visible within infected tick tissues, suggesting that tick cell lines may provide an in vitro means to study the biology of tick transmitted pathogens.  Because of their permissive quality, non-tick transmitted organisms have been cultured in tick cell lines, as well.  Pornwiroon et al. (2006) isolated Rickettsia felis, bacteria transmitted by the cat flea, Ctenocephalides felis, within an Ixodes scapularis tick cell line (ISE6) directly from laboratory reared adult fleas.  Besides study of the interaction of an organism with an arthropod host in vitro, tick cell lines have also proved crucial for the development of diagnostic reagents and appear promising as a source of potential antigens for vaccine development.

Bartonella species are fastidious, hemotropic, gram-negative bacteria associated with several recently recognized or re-emerging diseases.  These organisms are able to infect a wide variety of mammalian hosts including humans, canines, felines, and livestock and appear to be transmitted by a diverse spectrum of arthropod vectors, including fleas, sandflies, lice, and potentially ticks and biting flies, as well as by direct transmission via bite/scratch from an infected host.  Recently, Tate et al. (2005) cultured a Bartonella sp., closely related to B. schoenbuchensis, within the Ixodes scapularis cell line (ISE6) obtained from infected deer blood, however, the authors did not establish whether the bacteria grew intracellularly, extracellularly, or in both locations.  As Bartonella DNA could not be detected by PCR in deer blood samples prior to the inoculation of these samples into tick cells, either biological components within the media or active replication within tick cells appears to be responsible for the authors’ results.  We were interested in examining whether a tick cell line could serve in the maintenance and propagation of Bartonella species.  Since 1992, it has been suggested that ticks may serve in the maintenance of Bartonella species.  Case studies and molecular/serological epidemiology surveys in humans and canines and the detection of Bartonella DNA in a variety of tick species throughout the world suggest ticks may be competent vectors of Bartonella species.  Within the current study, we demonstrate the ability of several different Bartonella species to infect an Amblyomma americanum, AAE12, cell line.  Furthermore, by using quantitative qPCR, we observed significant growth of two B. henselae, the agent of Cat Scratch Disease, isolates in the presence of tick cells and in conditioned medium.  To our knowledge, this is the first report describing the infection and replication of Bartonella species within a tick cell line.
MATERIALS AND METHODS
Tick cell culture
Amblyomma americanum (AAE12), Ixodes scapularis (ISE6), and Rhipicephalus sanguineus (RSE8) embryonic cell lines were utilized to study the potential infection and growth of Bartonella species within tick cells.  Uninfected and infected AAE12 and ISE6 were maintained at 34ºC in sealed 25-cm2 flasks (Greiner Bio-One Inc., Longwood, FL) or in 24 well plates (Becton Dickinson, Franklin Lakes, NJ) with L-15B300 medium (L-15 medium diluted by ¼ volume with cell culture water) and supplemented with 10% heatinactivated fetal bovine serum (FBS) (HyClone, Logan, UT), 5% tryptose phosphate broth (TPB) (Difco Laboratories, Detroit, MI), and 0.1% bovine lipoprotein concentrate (BLC) (MP Biomedicals, Irvine, CA). Uninfected and infected RSE8 cells were maintained at 31ºC.  The RSE8 cell line does not require the addition of cell culture water to the L-15B medium, however, the concentration of supplemental reagents, FBS, TPB, and BLC, remained the same, and the pH of all media was adjusted to 7.5 – 7.6 with 10 N NaOH.
Bacterial strains and growth conditions
All isolates were grown at 35ºC in a 5% CO2 atmosphere on trypticase soy agar (TSA) with 5% sheep blood (Becton Dickinson) for approximately 4 – 6 days prior to infection of the cell lines.  Two B. henselae genotype I isolates, which will be referred to as B. henselae isolates A and B, were utilized for the growth kinetic studies within the AAE12 tick cell line.  There are differences within the 16S-23S intergenic spacer region (ITS) between B. henselae isolate A (identical to GenBank # AJ441256) and B. henselae isolate B (identical to GenBank # BX897699.1), however, sequencing of the citrate synthase (gltA) and riboflavin synthase (ribC) genes revealed 100% homology between the two isolates. Isolate B has a 16S-23S ITS sequence that is identical to the Houston-1 isolate (ATCC 49882).

In order to compare the growth rates of transformed and non-transformed bacteria within a tick cell line, B. henselae isolates were transformed with a green fluorescent protein (GFP) plasmid (Fournier et al. 1999).  The bacteria were transformed with the pJMB-GFP plasmid, a pBBR1-MCS2 with a 970-bp HindIII fragment containing the B. bacilliformis flagellin promoter (fla-pro) upstream of gfpmut3a, following the same conditions described by Fournier et al. (1999).  The B. henselae strains expressing the green fluorescent protein

will be referred to as B. henselae isolate A-GFP and B. henselae isolate B-GFP.  The transformed bacteria were selected using agar plates made with Bartonella alpha-Proteobacteria growth medium (BAPGM) containing 10% defribinated sheep (HemoStat Laboratories, Dixon, CA) or rabbit (Becton Dickinson) blood with 40 μg/ml of kanamycin sulfate (MP Biomedicals) (Maggi et al. 2005).  BAPGM-kanamycin plates were also placed at 35ºC in a 5% CO2 atmosphere and bacteria were allowed to grow for 4 – 6 days prior to infection of tick cells.
Bartonella henselae growth kinetic studies
Twenty-four hours prior to infection, approximately 1.9 - 2.5 x 105 AAE12 cells per well (assessed by direct hemacytometer count) were seeded in 1 ml of L-15B300 growth medium into 15 wells of 24-well plates.  Six 24-well plates were used per infection study.  Each plate contained triplicate wells of non-infected cells and triplicate wells infected with parent strains of B. henselae A and B and B. henselae isolate A-GFP, and B. henselae isolate B-GFP.  Each growth kinetic study was performed in duplicate.

On the day of infection, medium was replaced in all wells with fresh L-15B300 medium or L-15B300 containing 40 μg/ml kanamycin sulfate.  The non-transformed and GFP expressing B. henselae isolates were collected from agar plates using a sterile loop and resuspended in 3-5 ml of L-15B300 medium.  Tick cells were inoculated with 50 μl from each of the bacterial resuspensions into designated triplicate wells (5.8 x 107 – 2.9 x 108 CFU/ml).  To determine the viable cell count (colony forming units/ml) on the day of infection for each isolate, serial dilutions of the bacterial resuspensions were performed and 100 μl of the inoculum was added onto either TSA or BAPGM-kanamycin plates.

Bacteria were allowed to infect tick cells for approximately 24 hours based on the observation of Mehock et al. (1998) who observed that 24 hours was sufficient time for erythrocyte invasion by B. henselae.  Twenty-four hours post-infection, two separate washes were performed to remove non-adherent bacteria.  Medium from each well was replaced with 1 ml fresh medium and plates were rocked back and forth by hand for several minutes at room temperature to dislodge loosely adherent or non-adherent bacteria.  Medium was removed and cells were washed a second time in the same manner.  Upon completion of the washes, 1 ml L-15B300 medium was added to all wells containing parent strains.  Forty μg/ml of kanamycin sulfate was again added to those wells containing B. henselae isolate AGFP and B. henselae isolate B-GFP.  The 24 hour period following initial washes was considered day 0 post-wash.  From day 0 post-wash until the completion of each study (day 5 post-wash), the entire contents of the wells (cells and supernatant) from an individual plate were collected daily and stored at -80ºC until further analysis to quantify total growth for intra- and extra-cellular bacteria. Six plates were used per study; each plate represented a single post-wash day.

The ability of B. henselae isolates to invade and replicate within the I. scapularis (ISE6) and R. sanguineus (RSE8) cell lines was also examined, but growth kinetic studies were not performed.  Replication and invasion of the bacteria within the cells were assessed visually and by cytospin analysis of infected supernatant using light microscopy.
Bartonella henselae growth in conditioned media
To analyze whether B. henselae can grow without the presence of tick cells, conditioned L-15B300 medium from 1 day old seeded cells was collected and then filtered through a 5 μm filter syringe (Pall Corporation, East Hills, NY) to remove cellular debris.  One millilitre of conditioned medium was aliquoted into 9 wells of a 24 well plate (5 plates total). Each plate contained triplicate wells for non-infected medium and medium infected with B. henselae isolate A and B. henselae isolate B.  Non-transformed B. henselae isolates were grown for 5 days on TSA plates, resuspended in 5 ml of fresh L-15B300 medium (1.5 – 2.9 x 108 CFU/ml) after which wells were inoculated with 50 μl from each of the bacterial resuspensions into designated triplicate wells.  Contents from all wells were collected daily for 5 days (day 1 – 5 post-infection) and frozen at -80ºC until further analysis.
DNA extraction of supernatant from each well and qPCR
Total DNA was extracted from each B. henselae growth study sample (well) using a Qiagen BioRobot M48 workstation (Qiagen Inc., Valencia, CA).  Samples were thawed at room temperature, vortexed, and 200 μl of inoculum was used for DNA extraction. For the BioRobot M48 workstation, a Qiagen MagAttract DNA Blood Mini M48 kit was utilized and template DNA was resuspended in 100 μl of RNase-free water. DNA was extracted from each well only once.

A quantitative real-time PCR (qPCR) specific for the genus Bartonella as described by Duncan et al. (2008) was used to amplify a 120 bp fragment of the Bartonella 16S-23S intergenic spacer region (ITS).  Briefly, 50 μl reaction volumes contained 19 μl of water, 25 μl of 2x SYBR Green Master Mix (Applied Biosystems, Foster City, CA), 15 pmol of each primer (321s: 5’ AGA TGA ATG ATC CCA AGC CTT CTG G 3’ and 425as: 5’ GAT AAA CCG GAA AAC CTT CCC 3’), and 5 μl of template DNA.  Cycling conditions consisted of 95ºC for 5 mins., 45 cycles of 95ºC for 30 secs., 56ºC for 30 secs., 72ºC for 30 secs., and a final extension of 72ºC for 5 mins.  To quantify the approximate number of organisms present per PCR reaction, ten fold serial dilutions of a known concentration of the 16S-23S ITS insert plasmid (109 – 0.1 plasmid copies) was resuspended in molecular grade water. Each plasmid dilution and each well supernatant extract was run in triplicate qPCR reactions.
Electron microscopy of Bartonella henselae
Twenty-four hours prior to infection with B. henselae isolates A and B, approximately 1.92 x 106 tick cells/flask were passaged into sealed 25-cm2 flasks.  Tick cells were inoculated with 500 μl of the bacterial resuspension containing approximately 8.0 x 105 – 3.0 x 107 CFU/ml.  Supernatant, not including attached cells, was collected at 24 hour intervals up to day 4 post-infection and centrifuged to pellet cells and associated bacteria at 3500 rpms for 5 mins using a Marathon 16 km benchtop centrifuge (Fisher Scientific, Pittsburgh, PA). Pellets were fixed with McDowell and Trump’s solution (4% formaldehyde and 1% glutaraldehyde in phosphate buffer) and processed according to standard techniques for transmission electron microscopy (Dykstra, 1985).  Non-infected cells passaged the same day were used as negative controls.
Infection of tick cells with different Bartonella species assessed by light microscopy
To assess the ability of different Bartonella species to infect AAE12 tick cells, Diff-Quik (Dade Behring, Aguando, PR) staining was used to visualize bacteria within infected cells.  Twenty-four hours prior to infection, 1.8 x 106 – 2.1 x 106 cells/flask were passaged into sealed 25-cm2 flasks.  Isolates of B. bovis, Candidatus B. durdenii, B. elizabethae, Candidatus B. monaxi, B. vinsonii subsp. berkhoffii genotypes I – III, and Candidatus B. volans were used to determine whether a spectrum of host-adapted Bartonella spp. could invade AAE12 cells.  Tick cells were inoculated with 500 μl of each bacterial resuspension  containing approximately 1.3 x 108-9 CFU/ml on day of infection.  On days 1 – 4 postinfection, 200 μl of supernatant, not including attached cells, was collected from each infected flask and bacterial cultures were used for light microscopy studies.  Non-infected cell flasks, passaged the same day, were used as negative controls.
PCR amplification of bacterial cultures used for cytospin infection studies
Screening of Bartonella species used for the cytospin studies was performed using conventional PCR from individual colonies grown on agar plates on the day of inoculation.  Conventional PCR targeting the Bartonella species 16S-23S intergenic spacer region was performed as described in Billeter et al. (2008b).  Each PCR reaction contained 14.25 μl of nuclease free water, 10X PCR buffer, 3 mM MgCl2, 15 pmol of each primer (325s: 5’ CTT CAG ATG ATG ATC CCA AGC CTT TTG GCG 3’ and 1100as: 5’ GAA CCG ACG ACC CCC TGC TTG CAA AGC 3’), 0.2 mM dNTPs, and 1.25 U of HotStar Taq polymerase (Qiagen, Inc.).  Colonies were removed using a sterile pipet tip and resuspended in the reaction buffer.  PCR conditions consisted of an initial cycle at 94ºC for 15 mins followed by 55 cycles of 94ºC for 30 s, 66 ºC for 1 min, 72 ºC for 1 min, and a final cycle of 72 ºC for 5 min.  PCR products were separated using 2% agarose gel containing ethidium bromide and visualized under UV light.  The positive control consisted of B. henselae Houston-1 in AAE12 tick cell DNA and water as a negative control. 
Statistical analysis
Bartonella DNA quantification was performed by comparing the threshold cycle (Ct value) of each qPCR reaction with the Ct value obtained from serial dilutions of quantified plasmid DNA.  Since each whole Bartonella genome has two copies of the ITS region, quantifications were calculated by bacteria (genome equivalents) per qPCR reaction.  Averages of three organism quantifications per replicate (well) were used for statistical analysis.  For parametric analysis, data was transformed by logarithm with base 10.  Data normality and homogeneity of variance were tested by Kolmogorov-Smirnov and Levene tests, respectively.  Statistical differences between days of culture were assessed for parametric data using the one-way repeated measures ANOVA.  Bonferroni t-test was used for multiple comparisons, in which days 1 to 5 post-wash were compared versus day 0 postwash (control).  The level of significance was set at p ≤ 0.05. Statistical analysis was performed with the aid of a statistical software package (SigmaStat for Windows, v.3.5.1, Chicago, IL).

RESULTS
Growth of Bartonella henselae in tick cells and conditioned media
To assess the ability of B. henselae isolates A and B to grow within AAE12 tick cells, bacteria from frozen stocks were thawed and allowed to grow on agar plates for 4 - 7 days.  Twenty-four hours prior to infection, tick cells were passaged into 15 wells of a 24 well plate.  Triplicate wells were utilized for the culture negative “non-infected” controls and for each B. henselae isolate used to infect tick cells.  Twenty-four hours post-infection, medium was removed and all cells were washed to remove non-adherent bacteria.  Cells and supernatant were collected daily until day 5 post-wash and were examined by quantitative qPCR to approximate the number of bacteria present per reaction.  The parent isolates grew more efficiently than the GFP expressing isolates with a significant increase in growth for both parent strains on either day 2 (Fig. II-1, study 1 p = 0.014) or 3 (Fig. II-2, study 2 p =0.005) post-wash.  Differences in growth remained significant, as compared to the day 0 control, for the remainder of each study. T here was no significant difference in growth, however, on day 0 post-wash and the remaining collection days of study 1 for either of the GFP transformed B. henselae isolates.  There was a decrease in growth for B. henselae isolate A-GFP between day 0 and day 1 post-wash (p = 0.046), though, no other differences could be found between later collection days.

After several days of infection, the non-transformed, or non-GFP expressing, B. henselae isolates were highly cytopathic to the tick cells; cell death began to occur within 2-3 days post-infection.  By the end of both studies, most AAE12 cells were either lysed or heavily vacuolated, representative of a cell heavily infected with B. henselae.  By day 3 postinfection, an overwhelming load of bacteria was present in cells and within the media.  A similar tick cell cytopathic effect was not associated with B. henselae isolate A-GFP and B. henselae isolate B-GFP potentially because the GFP expressing bacteria did not replicate or did not replicate to the same level as the parent strains.

To determine if the non-transformed bacterial isolates could grow in conditioned media, triplicate wells containing medium from one day old cell cultures were infected with B. henselae isolate A and B. henselae isolate B.  There was a significant increase in growth over the five day study period for both isolates.  Using the Bonferroni t-test, there was increased growth between day 1 (control) and day 5 post-infection for B. henselae isolate B (p = 0.016) and between days 1 and 2 and day 1 and 5 post-infection for B. henselae isolate A (p= 0.008 and p= 0.002, respectively).

Both B. henselae isolates were also able to invade and replicate within the ISE6 and RSE8 cell lines.  Both isolates were cytopathic to the host cells several days following infection.  Furthermore, we have been able to subculture B. henselae through 9 passages in the AAE12 cell line and 3-4 passages in the other tick cell lines (further passage attempts have not been made) over several months time using previously infected tick cells as our inoculum.
Electron microscopic analysis
Infected tick cells harbored pleomorphic rod shaped bacteria, ranging in size from 0.8 - 1.2 μm in length to 0.3 – 0.6 μm in width, surrounded by a thin outer membrane.  There were a few morphological differences in the localization of intracellular bacteria between the two different B. henselae isolates.  B. henselae isolate A bacteria were unevenly distributed throughout the cell and bacteria were not as tightly compacted within the tick cell as when the tick cells were infected with B. henselae isolate B.  Furthermore, B. henselae isolate A bacteria appeared either loosely dispersed throughout the cytosol of the cell or more tightly clustered in morulae-like vacuoles.  Bacteria of B. henselae isolate B were more evenly distributed throughout the cell and bacteria were either present in clusters throughout the cytoplasm or in morulae-like inclusions.
Light microscopic analysis
To demonstrate internalization of Bartonella species within the AAE12 tick cells, cytospins from infected cultures, stained with Diff-Quik, were visualized using light microscopy.  Dark blue inclusions present within the cytosol of infected cells were characteristic for internalized bacteria.  The rod-shaped organisms present within the supernatant represented extra-cellular Bartonella.  Cytospin analysis demonstrated the ability of all examined Bartonella species to invade AAE12 tick cells, however, cytopathic effect on the host cells varied between the isolates.  The B. bovis isolate produced inclusion bodies within the cytoplasm of the tick cells, however, this isolate did not appear to inhibit cell survival.  The foamy appearance of the B. vinsonii subsp. berkhoffii genotype III infected cells was representative of heavily infected tick cells and was characteristic of infection by all Bartonella species examined, with the exception of B. bovis.  Based upon the size of the PCR amplicon produced, the species of Bartonella used for each infection study was confirmed.

DISCUSSION

The A. americanum cell line, AAE12, was utilized to establish the ability of various Bartonella species to infect and replicate within a tick cell line.  Using qPCR analysis, the growth of B. henselae within tick cells and within conditioned media could be determined over time.  The B. henselae parent strains appeared to follow the expected bacterial growth curve (lag, log, and stationary phases) in the presence of tick cells, though this same growth trend was not evident within the conditioned media.  Because different plates were utilized for each day of collection, it is possible that the decrease in detectable B. henselae isolate B between days 0 and 1 post-wash, for example, could be explained by between-plate variation in bacterial replication rate.  Utilization of 24 well plates allowed experiments to be performed on a more manageable scale than would have been possible if experiments had been performed using the 25-cm2 flasks.  There was also variability in detectable bacterial numbers for the parent strains of B. henselae grown in conditioned media.  Interestingly, B. henselae isolate A and B did not appear to grow within non-conditioned media during preliminary studies when measured by qPCR analysis suggesting that while Bartonella are not intracellular obligate organisms, a biological component either secreted or associated with tick cells may be necessary for growth of B. henselae.  The survivability of the bacteria in non-conditioned media over several days, however, was not simultaneously measured during these preliminary studies.

Both B. henselae - GFP strains grew very little, if at all, during the course of the studies.  Reduced growth of other GFP expressing bacteria, compared to parent strains, have been observed in prior studies.  Oscar et al. (2006) observed a 40-50% reduction in growth between a GFP expressing Escherichia coli K-12 and the parent strain at three different temperatures.  The GFP plasmid used to infect E. coli K-12 is a high copy plasmid that replicates extrachromosomally, and is similar to the GFP plasmid used in this study.  The authors proposed that reduced growth of E. coli may not be related to the expression of the GFP protein, but instead due to bacterial transformation with the plasmid resulting in slower cellular division. Rang et al. (2003) suggested, however, that other factors not currently known should be considered.  Because the detectable numbers of bacteria for both B. henselae isolates expressing GFP remained relatively stable, it appears the GFP constructs will be valuable for use in future studies.

By examining thin sections of infected tick cell culture by electron microscopy, we observed very few morphological differences in the localization of intracellular bacteria for two different isolates of B. henselae.  Both B. henselae isolates A and B often appeared to form morulae-like inclusion bodies, collections of bacteria present within a clearly defined vacuole, which have previously only been identified within tick cells infected with Ehrlichia/Anaplasma species and Midichloria mitochondrii, a recently characterized bacterial endosymbiont of several tick.  To our knowledge, this is the first description of morulae-like inclusions within a host cell that were induced by infection with a Bartonella species.  Intracellular bacteria of B. henselae isolate B were often found tightly clustered within the cytoplasm or in the morulaelike inclusions, while bacteria of B. henselae isolate A were more loosely dispersed throughout the tick cell.  Reasons for the few morphologic differences between the two B. henselae isolates within the tick cells are unclear, but may be due to currently unidentified genetic differences that influence the pattern of intracellular growth.  Furthermore, tick cell lines are composed of mixed populations of cell types, which may explain the apparent morphological differences between the two B. henselae isolates.  Recently, Cotté et al. (2008) demonstrated the potential transmission of B. henselae Houston-1 by I. ricinus ticks via feeding through an artificial membrane.  Future research should address morphological comparisons between Bartonella henselae strains isolated from mammals and strains isolated from ticks when grown within tick cells.

Seven different Bartonella isolates and 3 Candidatus Bartonella species, maintained by different reservoir hosts and potentially transmitted by arthropod vectors other than ticks, were also able to infect and replicate within the AAE12 cell line as examined by Diff-Quik staining of infected culture.  Depending upon the Bartonella species used, we observed different cytopathic effects within the AAE12 cells.  Bartonella bovis, thought to be transmitted by biting flies, produced inclusions within the cytosol and appeared to have minimal effect on host cell survival.  With the exception of B. bovis, all Bartonella species induced vacuolization of tick cells eventually leading to individual cell lysis.  Cell lysis was invariably associated with a heavy bacterial load within the cells.

Others have found differences in cytopathic effect to tick cells depending upon the infectious agent studied.  Recently, using Diff-Quik staining, Pornwiroon et al (2006) reported similar vacuolization in ISE6 cells infected with Rickettsia felis, bacteria transmitted by the cat flea, Ctenocephalides felis.  In contrast to most Bartonella spp. examined in this study, R. felis did not induce cell lysis, though cells did contain a heavy burden of rickettisae.  By decreasing bacterial inoculum size in preliminary studies, we observed an increase in the length of cell survival, however, infection by most Bartonella species did eventually lead to cell death.  It remains unclear at this point whether Bartonella species utilized in this study actually invade the cells, or whether the bacteria were actively taken up by the cells themselves.  It has been shown previously that some tick cell lines are naturally phagocytic.  To determine whether Bartonella species can invade tick cells independently, further studies should be performed to compare the number of intracellular organisms present within tick cells after 24 hours using live bacteria and dead, morphologically intact Bartonella.  If Bartonella species are actively invading the tick cells, there should be an increase in live, intracellular bacteria over the 24 hour period.

Isolation and propagation of Bartonella species has often proved difficult.  Currently, a cell-free insect based medium, Bartonella alpha-Proteobacteria growth medium (BAPGM), is utilized within our laboratory for the isolation and growth of Bartonella specie.  Use of insect cell culture-based media for the growth of Bartonella spp. was further validated by Riess et al. (2008).  Direct inoculation of infected blood onto agar plates, use of shell vials, other liquid medium, and mammalian cell lines have also been used with variable success to isolate Bartonella species.  This is the first report, to our knowledge, detailing the infection and growth of Bartonella species within an arthropod cell line.  Based upon the results of this study, the use of tick cell lines may further enhance the isolation and propagation of Bartonella species from clinical samples and may also facilitate studies that will increase our knowledge regarding Bartonella behavior within the arthropod vector.  We are currently in the process of comparing the protein expression of B. henselae grown on plates to that of B. henselae grown within tick cells in order to identify potential differences in virulence factors.  In 2007, Werner et al. performed experimental transmission studies using felines to determine whether B. henselae genotype I loses its virulence capabilities after 20 to 40 plate passages in vitro.  Interestingly, there did not appear to be a difference in the induction time of bacteremia and no differences in the humoral immune responses between the cats examined.  Tick-cell derived Bartonella antigens may prove useful for the development of more sensitive diagnostic reagents as current antibody tests appear to be relatively problematic and may assist in the development of an effective vaccine to prevent the further spread of disease caused by these organisms.

Chapter 5
Invasion of canine erythrocytes by
Bartonella vinsonii subspecies berkhoffii
Abstract
Bartonella vinsonii subspecies berkhoffii is a recognized cause of endocarditis and has been associated with cardiac arrhythmias, myocarditis, granulomatous lymphadenitis, and granulomatous rhinitis in dogs. Little is known regarding the mode of transmission or cellular localization following infection (i.e. cells involved) within the canine host. In this study, invasion of canine erythrocytes by a B. vinsonii subsp. berkhoffii genotype III strain is demonstrated using an in vitro model system. Dog erythrocytes were infected with B. vinsonii subsp. berkhoffii and then treated with gentamicin at 12, 24, and 48 hour postinfection.  There was a gradual increase in the number of intra-erythrocyctic bacteria recovered, as assessed by colony forming units per mL, at each collection time point, with the largest recovery occurring 48 hours post-infection. These results suggest that canine erythrocytes may serve in the maintenance of B. vinsonii subsp. berkhoffii within an infected host.

Introduction

Bartonella vinsonii subspecies berkhoffii (B. vinsonii subsp. berkhoffii) was first isolated from a dog with aortic valve endocarditis in 1993 and has since been detected in coyotes, gray foxes, and humans (Kordick et al., 1996; Maggi et al., 2006). Bartonella vinsonii subsp. berkhoffii has been identified as a potential cause of cardiac arrhythmias, myocarditis, granulomatous lymphadenitis, uveitis, chorioditis, and sialometaplasia in dogs (Breitschwerdt et al., 1999; Pappalardo et al., 2000; Michau et al., 2003; Saunders and Monroe, 2006). Bartonella vinsonii subsp. berkhoffii DNA was also detected in valvular tissues from an afebrile human patient with endocarditis (Roux et al., 2000), from immunocompetent humans with substantial arthropod exposure and animal contact (Breitschwerdt et al., 2007), and in an individual with neurological signs, who was coinfected with B. henselae (Breitschwerdt et al., 2008). Several studies within the United States have found a low B. vinsonii subsp. berkhoffii seroprevalence in pet dog populations; 3.6% of 1,920 sick dogs examined in North Carolina and Virginia and 0.7% of 3,417 dogs tested in California were seroreactive to B. vinsonii subsp. berkhoffii antigens (Pappalardo et al., 1997; Henn et al., 2005). All of 288 canine samples examined from southern Ontario and Quebec were B. vinsonii subsp. berkhoffii seronegative by indirect fluorescent antibody (IFA) tests (Gary et al., 2006), and only 1.5% of 229 and 1.5% of 197 dogs from Spain and Brazil were seroreactive to B. v. berkhoffii antigen, respectively (Solano-Gallego et al., 2006; Diniz et al., 2007). Higher seroprevalence rates have been described in thrombocytopenic dogs surveyed in Thailand (10% of 40 dogs examined) (Suksawat et al., 2001), dogs suspected of tick-borne infection in Israel (10% of 40 dogs) (Baneth et al., 1998), dogs examined from Morocco (38% of 147 dogs) (Henn et al., 2006), Rhipicephalus sanguineus infested dogs from Grenada (8.2% of 73 dogs) (Yabsley et al., 2008), as well as stray and owned dogs on the Island of Reunion (8.8% of 113 dogs) (Müller et al., 2004).
In 2006, Maggi et al. described the first strain genotyping scheme for B. vinsonii subsp. berkhoffii (I-IV), based upon sequence differences within the 16S-23S intergenic spacer region (ITS) and bacteriophage associated heme-binding protein gene (Pap31).  Bartonella vinsonii subsp. berkhoffii genotypes I and II have been detected in dogs, coyotes and humans, B. vinsonii subsp. berkhoffii genotype III has been described in gray foxes in the United States, a human with endocarditis from Europe and a dog with endocarditis that originated in Germany (Roux et al., 2000; Maggi et al., 2006; Cadenas et al., 2008). As of yet, no isolates of B. v. berkhoffii type IV have been acquired, however, postmortem DNA sequences from an aortic valve of a dog with endocarditis were distinctly unique, warranting the designation of a different strain type. There appears to be differences in geographic distribution of the four genotypes, as well: B. vinsonii subsp. berkhoffii types I – III have been identified within the United States, B. vinsonii subsp. berkhoffii type III in Europe, and type IV has been detected only in Canada (Maggi et al., 2006; Cadenas et al., 2008). It remains unclear, however, whether the genotype variations correlate with differences in modes of transmission, reservoir hosts, geographic distribution, or other unknown factors.  Bartonella species infect erythrocytes and can invade endothelial cells, epithelial cells, CD34+ progenitor cells, and dendritic cells of the host (Batterman et al., 1995; Dehio, 2004; Boulouis et al., 2005; Mändle et al., 2005; Vermi et al., 2006). Although B. vinsonii subsp. berkhoffii appears to be responsible for a wide variety of disease manifestations within an infected host, the predominant cells that remain infected within the body of persistently bacteremic individuals are unknown. Within the current study, a B. vinsonii subsp. berkhoffii type III isolate, obtained from the blood of a military working dog with endocarditis (Cadenas et al., 2008), was used to examine erythrocyte invasion in an in vitro model. We demonstrate for the first time the ability of B. vinsonii subsp. berkhoffii to invade canine erythrocytes using a gentamicin selection assay.
Materials and Methods

A protocol similar to one described by Mehock et al. (1998), and following the modifications detailed by Mändle et al. (2005), was performed to demonstrate invasion of canine erythrocytes by B. vinsonii subsp. berkhoffii genotype III. Each gentamicin selection assay was performed in duplicate.
Erythrocytes were collected in acid-citrate-dextrose blood tubes (Becton-Dickinson Diagnostics, Franklin Lakes, NJ) from a laboratory maintained specific pathogen-free dog, that was frequently non-seroreactive when tested against Bartonella henselae and B. vinsonii subsp. berkhoffii antigens and had no prior exposure to ectoparasites.  Blood was stored in the refrigerator for 48 hours prior to infection with B. vinsonii subsp. berkhoffii.  Whole blood was centrifuged at 900 rpms for 10 minutes to pellet the red blood cells (RBCs).  Plasma and the buffy coat were removed and the pellets were again centrifuged and washed three times in 1x Hanks Balanced Salt solution (HBSS) without bicarbonate, calcium, and magnesium.  The pellets were resuspended in 1x HBSS at a concentration of 2.9 x 106 - 1.3 x 107 RBCs/mL.

The B. vinsonii subsp. berkhoffii genotype III isolate utilized within this study was first cultured from the blood of a military working dog that originated from Germany and developed endocarditis while stationed in Texas.  The isolate was subsequently subpassaged through an Amblyomma americanum, AAE12, embryonic stem cell line (<5 passages).  Either frozen stock of tick cell derived B. vinsonii subsp. berkhoffii genotype III (study 1) or direct inoculation of viable bacteria in supernatant from infected tick cells (study 2) were aliquoted onto trypticase soy agar (TSA) plates containing 5% sheep blood (Becton-Dickinson Diagnostics).  Bacteria were grown at 35ºC under an atmosphere of 5% CO2 for five days prior to use in the infection study.  Bacteria were aseptically removed from the plate and resuspended in 10 mL of a modified RPMI 1640 medium (Sigma-Aldrich), without bicarbonate, supplemented with L-glutamine, HEPES buffer, sodium pyruvate, nonessential-amino-acid solution, and 2 mg of hemin/mL, as described by Mehock et al.  To determine the CFU/mL for each study, bacterial resuspensions were serially diluted in the RPMI 1640 medium and plated onto TSA plates containing 5% sheep blood plates.  Again, plates were placed at 35ºC in a 5% CO2 atmosphere and colonies were counted after 1-2 week incubation (approximately 1.44 – 2.27 x 107 CFU/mL).

For each invasion assay, 800 μL of the canine RBCs and 100 μL of bacterial resuspension was added to sterile 1.5 mL cryovials.  Each study utilized triplicate non-treated and gentamicin treated tubes.  Tubes were incubated as described and sampled at three different time points: 12, 24, and 48 hours.  An invasion control was incubated at 4ºC for 48 hrs.  To demonstrate invasion and to kill extracellular bacteria, 100 μg/mL of gentamicin was added to each tube designated for treatment and incubated at 35ºC, 5% CO2 for 3 hrs.  Cells were then centrifuged at 1000 rpms for 3 mins. and the supernatant was drawn off of both gentamicin treated and non-treated controls.  Cells were then washed 3 times with 1x phosphate buffered saline (PBS) (MP Biomedicals, Solon, OH) to remove any residual antibiotic.  After the final wash, RBCs were lysed by the addition of 900 μL of sterile distilled water for 5 mins., following which 100 μL of PBS was added.  To determine viable cell counts (CFU/mL), serially dilutions were again performed and an aliquot was inoculated onto TSA, 5% sheep blood plates.
For negative controls and to confirm sterility, the red blood cell suspension and RPMI 1640 modified medium, lacking bacteria, were directly inoculated onto TSA plates on the day of infection.  Plates were incubated at 35ºC, 5% CO2 for 1- 2 weeks.

Results

There was an increase in the number of invading bacteria over the course of the 48 hr. infection period.  At various time points, variability in the number of recovered organisms occurred, among triplicate tubes.  Due to large number of washing steps, some bacteria or infected erythrocytes may be lost during this process, which may explain the variability in recovered bacteria.  When maintained at 4 ºC, B. vinsonii subsp. berkhoffii genotype III was unable to infect dog erythrocytes confirming that invasion is temperature dependent.  The same results were first observed by Mehock et al. (1998) when attempts were made to infect feline erythrocytes with B. henselae at 4ºC.  All non-infected controls remained culture negative during the course of both studies.

Discussion

The ability of Bartonella species to invade erythrocytes has been demonstrated previously with B. henselae, B. bacilliformis, and B. quintana.  It remains unclear whether the erythrocyte is the primary niche for the bacteria, however, data suggests that CD34+ hematopoietic progenitor cells (HPC) may serve that role instead.  Mändle et al. (2005) demonstrated that B. henselae, the agent of Cat Scratch Disease, was unable to adhere to or invade human erythrocytes within a 48 hour incubation period using a similar gentamicin selection assay as described in this study.  Interestingly, bacteria that invaded HPCs did not interfere with the cells ability to differentiate into erythrocytes, potentially explaining a mechanism for intraerythrocytic infection by Bartonella species.   Bartonella quintana, the agent of Trench Fever, has also been detected within bone marrow erythropoietic precursors or within a bone marrow smear from homeless individuals using confocal microscopy.

The ability of Bartonella species to invade other cell types has also been demonstrated both clinically and in vitro. Vermi et al. (2006) described B. henselae invasion of immature dendritic cells derived from the lymph nodes of ill patients.  Infection of dendritic cells with B. henselae lead to dendritic cell maturation, increased cell surface antigen expression, and secretion of chemokines such as TNFα, IL-6, IL-10, that attract other immunological cells that are critical for both cell mediated and humoral immune responses.  Interestingly, the authors noted an increase in the CXCL13 secretion by infected dendritic cells, which is a powerful chemoattract of B cells, and thereby could possibly explain the mechanism by which B. henselae infected patients develop B-cell-rich granulomas.  Bartonella spp. are also able to aggregate around and within endothelial cells causing uncontrollable proliferation of endothelial cells, and invasion of macrophages/monocytes and polymorphonuclear neutrophils into the site often leading to vasoproliferative lesions.  Skin lesions of this type, referred to as verruga peruana or bacillary angiomatosis, are associated with infection with B. bacilliformis or B. quintana and B. henselae, respectively.  Bacillary peliosis, caused by B. henselae, are endothelial-lined, cyst-like structures formed in internal organs, such as the liver or spleen.  Resto-Ruiz et al. (2002) demonstrated the uptake of B. henselae by human THP-1 macrophages and human microvascular endothelial cells, HMEC-1, in vitro leading to the induction of growth factors and cytokines associated with the development of these vasoproliferative lesions.  Batterman et al. (1995) also established the ability of B. henselae and B. quintana to invade human epithelial cells, or HEp-2 cells.  Most recently, Kaiser et al. (2008) demonstrated that B. henselae has a stronger binding affinity to human umbilical vein endothelial cells, HUVECs, than to epithelial cells, or HeLa 229 cells, potentially explaining the endothelial tropism of B. henselae.

There is limited information known regarding the host’s immunologic response to infection with B. vinsonii subsp. berkhoffii.  Experimental studies, performed by Pappalardo et al. (2001), did establish that infection of dogs with B. vinsonii subsp. berkhoffii lead to immunosuppression.  It remains unclear what host cells serve as a niche for B. vinsonii subsp. berkhoffii infection, however, we have established that a B. vinsonii subsp. berkhoffii genotype III isolate is able to invade canine erythrocytes as demonstrated using this gentamicin selection assay.  Future research should focus attention on the ability of B. vinsonii subsp. berkhoffii to invade other cell types, which may play an important role in the cytopathicity of B. vinsonii subsp. berkhoffii infection.

Chapter 6
Experimental infection of Rhipicephalus sanguineus with
Bartonella vinsonii subsp. berkhoffii via capillary tube feeding

ABSTRACT

Of the 22 species and subspecies of Bartonella characterized to date, five have been demonstrated experimentally to be transmitted by an arthropod host (sandfly, fleas, or body lice).  Since 1992, it has been speculated that tick species may also serve as vectors of Bartonella spp. with circumstantial evidence suggesting that B. vinsonii subsp. berkhoffii may be transmitted by Rhipicephalus sanguineus, the brown dog tick.  In the present study, R. sanguineus adult males and females were placed on rabbits to initiate mating.  After several days, females were removed from the host and either fed non-infected rabbit blood or rabbit blood containing B. vinsonii subsp. berkhoffii via a capillary tube.  Twenty-four hours later, female ticks were placed back onto the rabbits to complete engorgement.  Female ticks were then allowed to oviposit.  Bartonella vinsonii subsp. berkhoffii DNA was detected in 4 of 40 (10%) females fed infected blood and one pool of male ticks (11.1% of 9 pools) that fed and mated with infected females.  Though Bartonella was not detected in examined eggs or larvae, our data would suggest that B. vinsonii subsp. berkhoffii may be transmitted by R. sanguineus via co-feeding or through sexual transmission.
There are currently more than 20 Bartonella species and subspecies that have been identified to date.  Of those, five are known to be vector transmitted: B. bacilliformis, the cause of Oroya fever and verruga peruana, is transmitted by a sandfly, Lutzomyia verrucarum; B. quintana, the agent of trench fever, is transmitted by the human body louse, Pediculus humanus humanus; B. henselae, the agent of Cat Scratch Disease, is transmitted by the cat flea, Ctenocephalides felis; and B. grahamii and B. taylorii are both transmitted by another flea species, Ctenophthalmus nobilis nobilis.  Bartonella DNA has also been detected in a variety of arthropods, including fleas, lice, ticks, and biting flies, however, experimental studies have not been performed, in most cases, to verify the transmission capabilities of these potential vectors.

It was first suggested that ticks may serve as potential vectors of Bartonella species in 1992.  Two male patients went to the hospital complaining of recurring fever, myalgia, arthralgias, headache, and sensitivity to light within weeks after tick attachment.  Bartonella henselae DNA was detected by PCR analysis and was recovered from the blood of both patients. Bartonella henselae is generally transmitted to humans via cat scratch or bite or inoculation of infected flea feces. One patient could not recall being bitten or scratched by a cat prior to the onset of clinical symptoms, however.  Since this time, Bartonella DNA has been detected in various tick species throughout the world and several case reports and seroepidemiological studies in humans and canines suggest that ticks may be involved in the transmission of Bartonella species.  Recently, Cotté et al. demonstrated the potential transstadial transmission (infection maintained from one life stage to another) of B. henselae by Ixodes ricinus ticks via feeding through an artificial membrane.

Bartonella vinsonii subsp. berkhoffii, first isolated in a canine with aortic valve endocarditis in 1993, has been identified as a potential cause of cardiac arrhythmias, myocarditis, granulomatous lymphadenitis, uveitis, chorioditis, and sialometaplasia in domestic dogs.  Bartonella vinsonii subsp. berkhoffii has also been detected in gray foxes, coyotes, and humans and coyotes are believed to be the reservoirs of infection in California.  To date, there are four B. vinsonii subsp. berkhoffii genotypes that have been characterized based upon sequence differences within the 16S-23S intergenic spacer region (ITS) and bacteriophage associated heme-binding protein gene (Pap31): B. vinsonii subsp. berkhoffii genotype I and II have been detected in dogs, coyotes, and humans, B. vinsonii subsp. berkhoffii genotype III has also been described in gray foxes in the United States, a human with endocarditis from Europe, and a dog with endocarditis that originated in Germany.  Bartonella vinsonii subsp. berkhoffii genotype IV, which has yet to be isolated, was detected from an aortic valve of a dog postmortem.

As with most Bartonella species, it remains unclear if a vector is responsible for the transmission of B. vinsonii subsp. berkhoffii.  It has been speculated, however, that the brown dog tick, Rhipicephalus sanguineus, may play a role in the transmission of B. vinsonii berkhoffii.  In 1999, Kordick et al. published a study detailing tick-borne diseases outbreak in ill Walker Hounds and their owners in North Carolina.  Of 27 dogs screened, 25 were B. vinsonii subsp. berkhoffii seroreactive and all but one dog was E. canis, a bacterium transmitted by R. sanguineus, seroreactive.  Furthermore, R. sanguineus ticks were removed from dogs on three separate kennel visits.  In 12 dogs diagnosed with ehrlichiosis, a known tick transmitted infection, at the North Carolina State University Veterinary Teaching Hospital, 42% were shown to harbor B. vinsonii subsp. berkhoffii antibodies.  In another study, 8.7% of 1,875 U.S. military working dogs were B. vinsonii subsp. berkhoffii seroreactive and of those, 43% (13 out of 30) of E. canis tested dogs were B. vinsonii subsp. berkhoffii seroreactive, as well.  Dogs from Reunion Island, located in the Indian Ocean, were also screened for the presence of B. vinsonii subsp. berkhoffii and E. canis antibodies: 26% of 165 dogs were E. canis seroreactive, 8.85% were B. vinsonii subsp. berkhoffii seroreactive, and 5% harbored antibodies to both organisms.  Though contact with other vectors in these studies was likely, the data does provide circumstantial evidence that R. sanguineus may be involved in the transmission of B. vinsonii subsp. berkhoffii.

Two canine case studies have also been published suggesting that R. sanguineus may be a competent vector of B. vinsonii subsp. berkhoffii.  In 2003, a dog was brought into the NCSU Veterinary Teaching Hospital due to collapsing episodes (syncope) of one year duration and it was determined that the dog harbored B. vinsonii subsp. berkhoffii antibodies.  Despite clinical and hematological improvement following treatment with antibiotics, thrombocytopenia persisted.  Based upon blood smear and PCR results, the dog was later found to be co-infected with Babesia canis vogeli, a protozoan transmitted by R. sanguineus.  In another case study, a Labrador retriever was referred to the NCSU Veterinary Teaching Hospital due to lethargy, intermittent inappetance, and possible polyarthritis.  Two weeks after being seen at the Veterinary School, the dog developed a grand mal seizure, accompanied by spontaneous urination.  Episodes of listlessness and epistaxis occurred in subsequent months and the dog was ultimately diagnosed with vegetative valvular endocarditis.  The dog was seroreactive to E. canis antibodies both by an immunofluorescence assay and Western immunoblot analysis.  Furthermore, B. vinsonii subsp. berkhoffii genotype I was isolated from the blood of this dog, suggesting that the dog was co-infected with B. vinsonii subsp. berkhoffii and E. canis.  Again, these case reports are suggestive of possible transmission of B. vinsonii subsp. berkhoffii by R. sanguineus, the known vector of E. canis and B. canis infections in dogs.

The purpose of this study was to determine whether Rhipicephalus sanguineus adults can be infected with a B. vinsonii subsp. berkhoffii genotype II isolate via capillary tube feeding and whether the infection can then be transmitted from adult females to their eggs via transovarial transmission.

MATERIALS AND METHODS
Bacteria

A first passage isolate of B. vinsonii subsp. berkhoffii genotype II, initially obtained from a bactermic coyote, was grown on trypticase soy agar (TSA) plates containing 5% sheep blood (Becton-Dickinson Diagnostics, Franklin Lakes, NJ) at 35°C, 5% CO2.  After 7-9 days, bacteria were collected using a sterile loop and resuspended in defibrinated rabbit blood (HemoStat Laboratories, Dixon, CA) prior to use during capillary tube feeding experiments.  To determine the viable cell count (colony forming units/ml) on the day of each feeding, serial dilutions of the bacterial resuspensions were performed and 100 μl of the inoculum was aliquoted onto TSA plates (1.6 x 107CFU/mL).

Ticks and Rabbits

R. sanguineus ticks, obtained from a laboratory reared colony, were maintained in a dessicator at a relative humidity of 80-90% at 22°C before placement on a rabbit host.  New Zealand white rabbits (Oryctolagus cuniculus) infested with ticks were maintained as described by Troughton and Levin.  Ticks were placed on rabbits (2 rabbits total: one for non-infected controls and one for ticks fed B. vinsonii subsp. berkhoffii) 3-6 days prior to capillary tube feeding to allow for sufficient time for adult males and females to mate, increasing the likelihood that females would feed sufficiently through a capillary tube.  Non-engorged or partially engorged adult females were removed from rabbits using fine tipped forceps.  After feeding via capillary tube, females were placed back on rabbits and checked daily to ensure ticks re-attached and engorged.  Those ticks that had not re-attached to the rabbit were removed and placed in an incubator to oviposit.  All remaining females were collected after completion of engorgement.  Males were also collected to examine for the potential of co-feeding transmission.

Capillary Tube Feeding B. vinsonii subsp. berkhoffii to Ticks

To feed ticks using a capillary tube, the protocol described by Broadwater et al. was utilized with minimal modifications.  Briefly, double sided sticky tape was used to tape down ticks, dorsal side down.  For further immobilization and to prevent ticks from removing capillary tubes with their legs, single sided autoclave tape (Fisher Scientific, Pittsburgh, PA) was criss-crossed over the ventral surfaces of the ticks.  A 5 - 25 μL capillary glass tube (Wheaton Science Products, Millville, NJ) was placed over the entire mouthparts of each tick.  Ticks were allowed to feed two separate times: generally, the first feeding took place over 2-3 hrs. in the afternoon, the capillary tube was removed and a fresh capillary tube was again placed over the mouthparts.  Ticks were allowed to feed during the seconding feeding for approximately 18 hrs.  After the second feeding, capillary tubes were removed and ticks were placed back onto the rabbit to complete engorgement.

Non-infected controls, 19 females total, were fed defibrinated rabbit blood, while 53 females (fed in two separate batches: 29 and 24 ticks, respectively) were fed defibrinated rabbit blood infected with B. vinsonii subsp. berkhoffii.

DNA Extraction and Bacterial Detection in Ticks and Egg Clutches

Of those females that oviposited, eggs from 8 females utilized as non-infected controls and 19 females fed B. vinsonii subsp. berkhoffii infected blood were examined for the presence of Bartonella DNA.  The remaining egg clutches, laid by 4 non-infected females and 27 females fed infected blood, were placed in an insectory (28°C with a relative humidity of 75-80%) until larvae hatched.

Approximately 100 eggs/female and 20 larvae (100 larvae total/female) were pooled and DNA was extracted prior to PCR analysis.  Furthermore, males that co-fed and mated with both non-infected control females and females that fed infected B. vinsonii subsp. berkhoffii blood were also pooled (2-5 ticks/pool) and examined for the presence of Bartonella DNA.  Ticks and egg clutches were surface sterilized using two separate washes in 70% ethanol, followed by a final wash in sterile distilled H2O.  To extract DNA from egg clutches, larvae, and non-engorged ticks, samples were crushed using the bead beater protocol described by Halos et al., followed by DNA extraction using a Qiagen DNeasy tissue protocol (QIAGEN, Valencia, CA).

Initial extractions of engorged ticks using this same protocol failed housekeeping PCR (7 ticks fed non-infected blood, 4 fed infected blood), therefore, subsequent extractions were performed using the Qiagen FlexiGene DNA kit.  Engorged ticks were triturated using a bead beater and resuspended in 400 μl of sterile H2O.  Tubes, containing ticks were resuspended in water, were incubated at 95°C for 10 mins followed by a centrifugation at 14,000 rpms for 1 min.  The top aqueous layer was removed and mixed with 1 ml of Buffer FG1 by inverting tubes 5 times.  Again, tubes were centrifuged at 14,000 rpms for 30 secs. and supernatant was removed.  Tubes were inverted on clean, absorbent paper for 2 mins.  Two hundred microliters of Buffer FG2, mixed with 2 μl QIAGEN Protease, were aliquoted into each tube, contents were mixed by vortexing, and tubes were then incubated at 65°C for 5 mins.  Upon completion of the incubation period, 200 μl of 100% isopropanol were added, mixed by inversion, and tubes were centrifuged at 14,000 rpms for 8 mins.  Supernatant was removed without disturbing the pellet and tubes were inverted onto clean paper for several minutes.  Pellets were then washed with 70% ethanol and centrifuged for 3 mins. at 14,000 rpms.  Again, supernatant was removed, without disturbing the pellet, and tubes were left inverted overnight.  The following day, DNA was resuspended in 100 μl Buffer FG3 and placed at 65°C for 10 minutes to resuspend the DNA.  DNA was stored at 4°C until further analysis.

Housekeeping PCR, targeting the tick mitochondrial 16S rRNA gene, was performed as described by Halos et al. to detect for PCR inhibitors or DNA degradation.  Ticks and egg clutches that failed the housekeeping PCR were not included in the study.  To screen for the presence of Bartonella DNA, a PCR protocol targeting Bartonella 16S-23S intergenic spacer region (ITS) was performed (2).  PCR products were separated using 2% agarose gel containing ethidium bromide and visualized under UV light.  Positive controls consisted of DNA from B. henselae cultured in an Amblyomma americanum cell line, AAE12, and sterile distilled water was used as a negative control.

RESULTS
Ticks including egg clutches and hatched larvae

Excluding 4 ticks (2 females fed non-infected blood and 2 females fed infected blood), the remaining females successfully oviposited whether they reattached to the rabbit or not (Figure 1).  Over the three day feeding period, 1 tick from the non-infected controls and 2 ticks fed B. vinsonii subsp. berkhoffii infected blood died while feeding or during removal from the capillary tube feeding apparatus.  Furthermore, 3 non-infected ticks died overnight after being placed back on the rabbit and were excluded from the study.  Overall, a total of 6 non-infected controls and 40 ticks fed B. vinsonii subsp. berkhoffii were included in the study and examined for the presence of Bartonella DNA.

All 14 females utilized as non-infected controls reattached after capillary tube feeding, engorged, and spontaneously dropped from the host.  However, two did not oviposit.  Of the 12 females that laid eggs, eggs from 8 (100 eggs/female) and larvae from 4 (5 pools of 20 larvae) females were examined by housekeeping PCR.  From the first group of B. vinsonii subsp. berkhoffii fed females that survived capillary tube feeding (n = 28), 12 (42%) did not reattach within 24 hrs. after being placed back on the rabbit.  It is unknown how many females fed infected bood from the second batch (n = 20) reattached to the rabbit as ticks were not examined for 48 hrs. post-capillary tube feeding.  Furthermore, two females fed infected blood did not oviposit.  Egg clutches from 19 and larvae from 27 (5 pools of 20 larvae) females were also examined by housekeeping PCR.  Four larvae pools, laid by Bartonella fed females, failed housekeeping and were excluded from the study.

Two pools of males (3-4 ticks/pool; 7 ticks total), fed and mated with non-infected control females, and 9 pools of males (2-5 ticks/pool; 35 ticks total), fed and mated with females fed infected blood, were also examined by housekeeping PCR.  All pools passed the housekeeping PCR.

Infection of R. sanguineus adults with B. vinsonii subsp. berkhoffii via capillary tube

feeding or co-feeding

Of the 40 females fed B. vinsonii subsp. berkhoffii infected rabbit blood and passed housekeeping, four (10%) produced amplicons of the anticipated size using 16S-23S ITS primers targeting Bartonella spp.  One female that tested PCR positive did not oviposit.  Furthermore, 1 of 9 (11.1%) pools of males (2-5 ticks/pool; 35 ticks total) that fed and mated with B. vinsonii subsp. berkhoffii also was positive for the presence of Bartonella DNA. PCR products were purified using the Qiagen QIAquick PCR purification kit and sent for sequencing (McLab Sequencing, San Francisco, CA or MWG Sequencing, High Point, NC).  All PCR products shared 100% homology with the 16S-23S intergenic spacer region gene of B. vinsonii subsp. berkhoffii genotype II (GenBank accession #: DQ059763).  Noninfected controls, including males (2 pools of 7 ticks total) and females (6 total), did not harbor detectable Bartonella DNA.

Transovarial transmission of B. vinsonii subsp. berkhoffii by R. sanguineus ticks

All egg clutches (27 egg clutches) and pools of larvae (151 pools) were negative by PCR analysis for the presence of B. vinsonii subsp. berkhoffii DNA.

DISCUSSION

For several decades, researchers have hypothesized that ticks may be involved in the transmission of Bartonella spp.  The detection of Bartonella DNA in a variety of tick populations and human and canine case reports and serological surveys suggest that ticks may be vectors of Bartonella.  Recently, a study was published detailing the potential transstadial transmission, though not transovarial transmission, of B. henselae Houston-1 by I. ricinus ticks.  During the study, ticks were fed B. henselae infected blood through rabbit skin.  Adult ticks, fed infected blood as nymphs, were again placed onto rabbit skin and fed non-infected blood.  Within 72 hrs. post attachment, B. henselae DNA was detected and bacterial colonies were isolated from sampled aliquots of the blood.  Furthermore, salivary glands, dissected from nymphs and adults (infected in prior life stages) and fed noninfected blood for 84 hrs., were able to induce bacteremia in inoculated felines.  These results would suggest that B. henselae may be transmitted through the salivary glands, or bite, of I. ricinus ticks.

In the present study, we attempted to infect R. sanguineus adult females with a B. vinsonii subsp. berkhoffii genotype II isolate via capillary tube feeding.  We also sought to determine whether B. vinsonii subsp. berkhoffii can be transovarially transmitted by R. sanguineus.  Bartonella vinsonii subsp. berkhoffii was detected in only a small percentage of females (10% of 40 female ticks examined) and of those positive, one female did not oviposit.  Bartonella DNA was not detected in the eggs or larvae from the remaining PCR positive females.  Because of the low prevalence of Bartonella in examined ticks, we cannot state with certainty whether B. vinsonii subsp. berkhoffii is transmitted transovarially or not by R. sanguineus.  However, one pool of male ticks (11.1%), fed and mated with females fed infected blood, harbored B. vinsonii subsp. berkhoffii DNA.  This finding would suggest that at least one female tick did reattach to the rabbit and males became infected either through co-feeding or sexual transmission.

Capillary tube feeding has been successfully utilized in other studies to infect ticks with different tick transmitted agents.  The ticks used in this study did not appear to feed well using the capillary tube, though the approximate amount of B. vinsonii subsp. berkhoffii solution ingested was not determined.  Capillary tubes were placed over the entire mouthparts of each tick and may have prevented most females from successfully feeding.  Unlike Amblyomma or Ixodes species, R. sanguineus ticks have extremely short mouthparts, making it very difficult to place capillary tubes over the hypostome only.  In one study, Matsumoto et al. used three different experimental models to infect R. sanguineus with Rickettsia conorii: infection of both adults and nymphs by placement on bacteremic rabbits (artificially infected), capillary tube feeding of adult females, or immersion of engorged nymphs in a solution containing R. conorii after “one leg-cut,” “two leg-cut,” or “cuticle cut.”  Similar to our study, adult females were placed on rabbits for several days, removed, capillary tube fed over a 24 hr. period, and then placed back on the rabbit to commence engorgement.  Unlike the present study, however, capillary tubes were placed over the hypostome and not the entire mouthparts of each tick.  The authors noted the inability of most females to reattach to the rabbit after capillary tube feeding: 5 of 10 (50%) in one study and 6 of 7 (85.7%) in a second study.  It was suggested by the authors that the lack of reattachment was due to injury of the mouthparts, potentially caused by the forceful removal from the rabbit or damage to the hypostome by capillary tube feeding.  Our results would suggest that capillary tube feeding may not be an ideal method in which to artificially infect R. sanguineus ticks with Bartonella spp.

One aspect of this study that was not necessarily anticipated was the high percentage of engorged ticks that failed the housekeeping PCR following DNA extraction using the Qiagen DNeasy tissue kit.  This problem has not been encountered before, though most ticks analyzed in the laboratory are not engorged.  It appears that either heme or another substance present in the bloodmeal was not fully removed as a green eluant was obtained from each tick following the DNA extraction protocol.  Heme, hemoglobin, and lactoferrin in the blood are known to inhibit PCR analysis (Promega, Profiles in DNA: An introduction to PCR inhibitors).  In an attempt to optimize DNA purification, we utilized the Qiagen FlexiGene DNA kit to extract DNA from engorged females and did not experience similar levels of inhibition of our housekeeping PCR (9.8% of the remaining 51 ticks did not harbor detectable tick mitochondrial 16S rRNA).

Further investigations are still needed to confirm whether R. sanguineus may serve as vectors of B. vinsonii subsp. berkhoffii.  A future study will examine the ability of R. sanguineus ticks to transmit B. vinsonii subsp. berkhoffii via transstadial transmission using the “one-leg” or “two-leg” cut protocol described by Matsumoto et al.  Furthermore, though not reported, fecal material collected from ticks fed infected blood during this study harbored B. vinsonii subsp. berkhoffii DNA.  The feces will be used as an inoculum to determine whether canines can become infected with B. vinsonii subsp. berkhoffii through infectious fecal material.  Previous studies have demonstrated that B. henselae and B. quintana organisms remain viable in their respective arthropod hosts’ feces and are likely transmitted due to inoculation of contaminated feces into the skin.

Chapter 7.

Future Work and Conclusions

FUTURE WORK
In the future, we will examine whether Bartonella vinsonii subsp. berkhoffii can be transstadially transmitted (from one life stage to another) by Rhipicephalus sanguineus.  Nymphal ticks will be fed to completion on New Zealand White rabbits and collected once ticks have dropped off the host.  Following a protocol described by Matsumoto et al. (2005), one or two legs of each tick will be cut and ticks will then be immersed in a solution containing viable B. vinsonii subsp. berkhoffii for one hour at 37°C.  Nymphs will then be

placed in an incubator and allowed to moult to adults.  To determine infectivity of adults, DNA will be extracted from each tick and examined for the presence of Barotnella DNA.  Although it does appear that B. vinsonii subsp. berkhoffii is not transovarially transmitted, we will further investigate if R. sanguineus is a competent vector of B. vinsonii subsp. berkhoffii and can maintain infection via transstadial transmission.
In the case of B. henselae and B. quintana, it has been demonstrated experimentally that the bacteria remains viable in the arthropods’ fecal material.   Through escharification, the feces can then be utilized as a means to infect the mammalian host.  During the transovarial transmission study, feces were collected on separate days from both the infected (days 1 and 3 or 4 post-attachment) and non-infected ticks (days 1, 2, 3, and 6 post-attachment), resuspended in sterile PBS, and frozen at -20°C.  Samples were thawed upon shipment to the laboratory and split into three separate aliquots.  A portion of the fecal material was examined by PCR analysis for the presence of Bartonella DNA and attempts were also made to culture B. vinsonii subsp. berkhoffii by inoculation into BAPGM for one week followed by inoculation onto trypticase soy agar plates containing 5% sheep blood.  Fungal and/or bacterial contamination was present on all plates 24 hours after inoculation and PCR analysis of the BAPGM medium, following the one week incubation period, did not yield amplicons when screened using primers targeting the Bartonella 16S-23S intergenic spacer region.  Bartonella vinsonii subsp. berkhoffii DNA was detected by examining the feces directly and was confirmed by sequencing the obtained amplicons, suggesting that B. vinsonii subsp. berkhoffii may possibly be transmitted through infected tick feces.  To confirm this hypothesis, intradermal inoculations of tick feces (the third aliquot) into dogs will be performed in Dr. Bruno Chomel’s laboratory at the University of California, Davis.  Blood will be collected from these dogs and screened by culture, PCR, and immunofluorescence assays to determine whether dogs became infected with this organism.
CONCLUSIONS
In 1992, Lucey et al. first suggested that ticks may serve as competent vectors of Bartonella species.  Two male patients developed clinical symptoms of bartonellosis within weeks of being bitten by a tick.  Bartonella henselae, the agent of Cat Scratch Disease, DNA was detected by PCR analysis and was recovered from the blood of both patients.  Since this time, Bartonella DNA has also been detected in a variety of tick species throughout the world and human and canine case reports and epidemiological surveys further incriminate ticks as vectors of Bartonella species.  In 2008, Cotté et al. demonstrated the potential transstadial transmission, though not transovarial transmission, of B. henselae by Ixodes ricinus ticks via feeding through an artificial membrane.

The purpose of this research was to further elucidate the role ticks may play in the transmission of Bartonella. This was to be achieved by three main goals: screen questing Amblyomma americanum, the Lone Star tick, from North Carolina and Virginia for the presence of Bartonella DNA, demonstrate the infection and replication of Bartonella spp. within an A. americanum cell line (AAE12), and to determine whether Rhipicephalus sanguineus, the Brown Dog tick, is involved in the transmission of Bartonella vinsonii subsp.

berkhoffii.  Within the United States, there are four genera of tick that are of medical and veterinary importance: Amblyomma, Dermacentor, Ixodes, and Rhipicephalus.  Amblyomma americanum are aggressive feeders and will attack a variety of mammals, including humans.  Furthermore, this tick species is responsible for the transmission of Ehrlichia chaffeensis, E. ewingii, and Rickettsia parkeri, which are all known human pathogens.  Amblyomma americanum have also been suspected as vectors in the transmission of Borrelia lonestari, the putative agent of Southern Tick Rash Associated Illness, and R. amblyommi.  Bartonella spp. have been recovered from the blood of hosts that are frequently fed upon by A. americanum, suggesting that this tick species may also be involved in the transmission of Bartonella.  Because of this, we conducted a molecular epidemiology survey to screen ticks from North Carolina (n = 98) and Virginia (n = 466) for the presence of Bartonella DNA.  Interestingly, amplicons related to B. tamiae were detected in two questing A. americanum from Carolina County, Virginia using PCR primers targeting the 16S-23S intergenic spacer region.  Bartonella tamiae has been isolated from the blood of three patients in Thailand, but has not been detected in the United States.  Bartonella-like DNA was not detected in the remaining samples.  There are several potential explanations that exist for the lack of detectable Bartonella DNA in these ticks: 1) Amblyomma americanum may not be vector competent for the transmission of some or all Bartonella spp., 2) questing ticks collected for this study may not have ingested a blood meal from a Bartonella-infected host, 3) collection locations are not representative of the overall prevalence of Bartonella positive ticks throughout North Carolina and Virginia, and/or 4) unrecognized factors may have interfered with PCR amplification of Bartonella DNA.  Future studies should examine A. americanum ticks from different locations within the United States for the presence of Bartonella DNA.

Tick cell lines have often proven useful in the propagation of bacteria, viruses, and protozoans, and have been utilized to study the interaction between tick transmitted agents and their vectors.  Tick cell lines have also proved crucial for the development of diagnostic reagents and appear promising as a source of potential antigens for vaccine development.  Our initial interests were to demonstrate the infection and replication capabilities of Bartonella spp. within four tick cell lines: A. americanum (AAE12), D. variabilis (DVE1), Ixodes scapularis (ISE6), and Rhipicephalus sanguineus (RSE8).  Maintenance of these cell lines was initially quite difficult and we, therefore, focused our attention on the AAE12 cell line.  Using 7 Bartonella isolates and 3 Candidatus Bartonella spp., we demonstrated the infection of the AAE12 cells with all Bartonella isolates using either electron and/or light microscopy.  Two B. henselae genotype I isolates appeared to form morulae-like inclusions, cluster of bacteria in a vacuole, within tick cells.  This bacterial morphology has not been described previously with cells infected in vitro with Bartonella spp., to our knowledge.  Quantitative real time PCR analysis demonstrated significant growth of these B. henselae isolates in the presence of tick cells and conditioned media.  Since our initial studies, the Vector Borne Diagnostic Disease Laboratory has utilized B. henselae grown within the AAE12 cell line as diagnostic antigen.  Future research will compare the epitope expression between Bartonella spp., specifically B. henselae and B. vinsonii subsp. berkhoffii, grown in tick cell lines and those grown on culture plates to determine whether Bartonella bacteria maintain their virulence for vertebrate hosts following growth within the AAE12 cell line.  This information may be useful in development of a Bartonella vaccine.

Despite the identification of B. vinsonii subsp. berkhoffii in 1993 as a cause of canine endocarditis, no studies have identified the site of replication of B. vinsonii subsp. berkhoffii within the canine host.  Because of this, we analyzed the capability of B. vinsonii subsp. berkhoffii in invade canine red blood cells.  Dog erythrocytes were infected with B. vinsonii subsp. berkhoffii and then treated with gentamicin at 12, 24, and 48 hour post-infection.  There was a gradual increase in the number of intra-erythrocyctic bacteria recovered, as assessed by colony forming units per mL, at each collection time point, with the largest recovery occurring 48 hours post-infection.

The ability of Bartonella species to invade erythrocytes has been demonstrated previously with B. henselae, B. bacilliformis, and B. quintana.  It remains unclear what host cells serve as a niche for B. vinsonii subsp. berkhoffii infection, however, we have established that a B. vinsonii subsp. berkhoffii genotype III isolate is able to invade canine erythrocytes as demonstrated using a gentamicin selection assay.  Future research should focus attention on the ability of B. vinsonii subsp. berkhoffii to invade other cell types, which may play an important role in the cytopathicity of B. vinsonii subsp. berkhoffii infection.

In the final section of this investigation, we examined whether R. sanguineus could serve as vectors of B. vinsonii subsp. berkhoffii via transovarial transmission (adult female to their offspring).  Rhipicephalus sanguineus adult females, initially placed on rabbits for several days to initiate mating, were removed and fed infected rabbit blood via capillary tube feeding.  Females were then placed back onto rabbits to complete engorgement. Eggs and hatched larvae were then examined for the presence of Bartonella DNA by PCR analysis; however, B. vinsonii subsp. berkhoffii was not detected in any samples.  This was not surprising as a previous study demonstrated the lack of transovarial transmission of B. quintana from human body lice, Pediculus humanus humanus, to their offspring.  A future study will examine the ability of R. sanguineus to transmit B. vinsonii subsp. berkhoffii via transstadial transmission (from one life stage to another).

In conclusion, there appears to be a growing number of studies suggesting that ticks might serve as potential vectors of Bartonella species.  There is no evidence, however, that Bartonella species are able to replicate within ticks and there is still no definitive evidence of transmission by a tick to a vertebrate host.  Proof of vector competency will require experimental transmission studies with known infected ticks. The location of Bartonella replication within a tick and establishing whether transovarial and/or transstadial transmission occurs in ticks are important questions that have yet to be answered.
