
ABSTRACT 

DUNCAN, ASHLEE WALKER. Comparative Epidemiology of Bartonella Infection in 
Dogs and Humans. (Under the direction of Edward B. Breitschwerdt and Maria T. Correa). 
 

The genus Bartonella is composed 20 species or subspecies of vector-transmitted, 

fastidious, gram-negative bacteria, which are classified as emerging pathogens in human 

and veterinary medicine.  Due to their intracellular localization, successful microbiological 

isolation of Bartonella species is difficult to achieve and hinders the attribution of disease 

causation to Bartonella infection.  Research was initiated to develop a pre-enrichment 

medium that would support the isolation of Bartonella species.  The use of this novel 

medium, Bartonella/alpha-Proteobacteria Growth Medium (BAPGM), facilitated 

successful isolation of both single and co-cultures of multiple Bartonella species.  

Subsequently, a prospective study was designed to test the hypothesis that the detection 

and isolation of Bartonella in clinical samples, collected from dogs, are enhanced by pre-

enrichment in liquid BAPGM prior to blood agar plating when compared to traditional 

diagnostic methods.  No isolates were obtained when samples were cultured on a blood 

agar plate; however, refinements to the BAPGM method resulted in the successful 

isolation of single and co-infections with Bartonella species in clinical samples collected 

from sick dogs.  This study resulted in the preliminary validation of a multi-faceted 

approach combining pre-enrichment culture with PCR amplification to identify and isolate 

Bartonella species from the blood of sick dogs.    

 Next, a study was conducted to assess the utility of the BAPGM-PCR 

combinational approach using blood samples collected from immunocompetent human 

patients with arthropod and occupational animal contact.  Similar to results obtained in 



dogs, this multi-faceted method facilitated the detection and subsequent isolation of single 

and co-infections with multiple Bartonella species in the blood of human participants.  To 

our knowledge, this study was the first to demonstrate concurrent infection with two 

Bartonella species or strains in the same individual.   

In the final segment of the research presented, it was hypothesized that the 

development of lymphoma in Golden Retrievers may be associated with chronic infection 

with vector-borne pathogens.  Using a matched, case-control study design and PCR 

analyses and DNA sequencing, single and co-infections with multiple Bartonella species 

were detected in the blood and lymph nodes of Golden Retrievers with lymphoma and in 

healthy Golden Retrievers; no Anaplasma or Ehrlichia DNA was detected in samples from 

any dog.  There were no differences in the molecular prevalence of Bartonella infections 

or in the specific Bartonella species detected in the blood or lymph nodes of dogs with 

lymphoma (5/28 dogs, 17.9%) when compared to the clinically healthy controls (10/56 

dogs, 17.9%).  To our knowledge, this is the first report in which Bartonella DNA was 

detected in the lymph nodes of clinically healthy dogs or in dogs with lymphoma.  

Consistent with earlier reports, a significantly higher proportion of healthy Golden 

Retrievers were receiving monthly acaricide treatments (2.6 times higher), when compared 

to dogs with lymphoma.  In addition, Golden Retrievers that were PCR positive for 

Bartonella species had prior tick exposure (odds ratio = 3.4) and were classified by their 

owners as indoor/outdoor dogs (odds ratio = 3.1), when compared to dogs that were PCR 

negative for Bartonella species.  Based on these data, longitudinal studies should be 

conducted to determine whether Bartonella species can be transmitted by ticks, whether 



lymphatic infection is persistent, or whether these bacteria may contribute to the 

development of lymphoma. 

The utilization of BAPGM for the isolation of Bartonella species from naturally 

infected patients represents an important contribution to worldwide research efforts to 

enhance the isolation and facilitate the microbiological study of these fastidious bacteria.  

Further, it appears that similar Bartonella species induce persistent blood-borne infections 

in humans and dogs.  The current findings highlight the zoonotic potential of this genus 

and further validate Bartonella species as important, emerging pathogens in human and 

veterinary medicine.  
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Introduction

Within the last decade, the number of species that comprise the family 

Bartonellaceae, genus Bartonella (alpha subdivision of the class Proteobacteria) has 

expanded from two species to more than 20 species or subspecies of vector-transmitted, 

fastidious, aerobic, intracellular, gram-negative bacteria that are highly adapted to one or 

more mammalian reservoir hosts (Boulouis et al., 2005; Chomel et al., 2003; Jacomo et al., 

2002).  Bartonella species can be transmitted by an arthropod vector, including biting flies, 

fleas, lice, sand flies, and potentially ticks, or alternatively by animal scratches or bites 

(Boulouis et al., 2005; Breitschwerdt et al., 2000; Chang et al., 2001; Chomel et al., 2004; 

Halos et al., 2004).  Among the 11 species and subspecies known or suspected to be 

pathogenic in humans, eight have been detected in or isolated from pet dogs and/or cats, 

thereby highlighting the zoonotic potential of these bacteria (Boulouis et al., 2005; Chomel 

et al., 2006).  It is this zoonotic potential, coupled with the many vectors involved in 

transmission, and the frequent adaptation to a mammalian reservoir host, that classify 

Bartonella species among the newest and most significant emerging pathogens (Anderson 

et al., 1997; Avidor et al., 2004; Breitschwerdt et al., 2000; Chang et al., 2000; Karem et 

al., 2000). 

In humans, Bartonella species are the causative agent of Carrion’s disease, Oroya 

fever, and verruga peruana (B. bacilliformis) (Birtles et al., 1999), trench fever (B. 

quintana) (Brouqui et al., 1999; Raoult et al., 1994; Relman 1995), endocarditis (B. 

alsatica, B. elizabethae, B. henselae, B. koehlerae, B. quintana, B. vinsonii subspecies 
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arupensis, B. vinsonii subspecies berkhoffii) (Avidor et al., 2004; Daly et al., 1993; 

Fenollar et al., 2005; Hadfield et al., 1993; Raoult et al., 2006; Roux et al., 2000; Spach et 

al., 1993; Welch et al., 1999), bacillary angiomatosis (B. henselae, B. quintana) (Clarridge 

et al., 1995; Koehler et al., 1992; Turgut et al., 2004; Welch et al., 1992), neuroretinitis (B. 

grahamii, B. quintana) (George et al., 2006; Kerkhoff et al., 1999), and cat scratch disease 

(B. clarridgeiae, B. henselae) (Bergmans et al., 1996; Kordick et al., 1997; Regnery et al., 

1992a).   

Bartonella infection was not known to cause disease in dogs until 1993, when the 

first case of canine endocarditis was associated with the novel species, B. vinsonii 

subspecies berkhoffii (Breitschwerdt et al., 1995).  Since then, Bartonella species have 

been implicated in several disease processes in dogs including: B. clarridgeiae and B. 

washoensis in endocarditis (Chomel et al., 2001; Chomel et al., 2003), B. vinsonii 

(berkhoffii) in granulomatous lymphadenitis and rhinitis (Pappalardo et al., 2000b), B. 

henselae and B. clarridgeiae in granulomatous hepatitis and lymphocytic hepatitis 

(Gillespie et al., 2003), B. henselae in peliosis hepatis (Kitchell et al., 2000), and B. 

henselae and B. elizabethae in other various systemic illnesses (Mexas et al., 2002). 

As a cause of disease in human and veterinary medicine, Bartonella are highly 

adapted to their mammalian reservoir hosts.  Bartonella species are the only bacterial 

pathogens known to infect the human red blood cell (Dooley 1980; Seubert et al., 2002).  

In addition, Bartonella are able to invade endothelial cells, triggering proliferation and 

migration of these cells, and resulting in the vasoproliferative lesions of bacillary 

angiomatosis and peliosis hepatis (Dehio 2004).  Further, recent reports have shown that 
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Bartonella may invade erythroblasts, a nucleated cell in the bone marrow from which red 

blood cells develop (Rolain et al., 2003), CD34+ progenitor cells (Mandle et al., 2005), 

and dendritic cells (Vermi et al., 2006) of their hosts, thereby providing a unique strategy 

for bacterial persistence.  This intra-erythrocytic and endothelial localization leads to 

persistent blood-borne infections; further, the infection of progenitor cells, followed by 

non-hemolytic intracellular colonization of erythrocytes, would preserve the organisms for 

efficient vector transmission, protect Bartonella from the host immune response, facilitate 

widespread vascular dispersion, and potentially contribute to reduced antimicrobial 

efficiency (Jacomo et al., 2002; Rolain et al., 2002).  

Until the early 1990s, bartonellosis was a disease confined to certain regions of the 

Andes Mountains in Peru (B. bacilliformis in Carrion’s disease, Oroya fever, verruga 

peruana) or acquired in trench warfare during World Wars I and II (B. quintana in trench 

fever).  The role of Bartonella species as modern-day pathogens was first recognized with 

the onset of the human immunodeficiency virus/acquired immunodeficiency syndrome 

(HIV/AIDS) epidemic.  Initially, 16S rRNA PCR was used to amplify bacterial DNA from 

skin lesions of AIDS patients with bacillary angiomatosis, a syndrome characterized by 

vasoproliferative skin lesions (Relman et al., 1990).  It was concurrently reported that 

“unculturable” Warthin-Starry silver staining bacilli could be detected in patients with 

peliosis hepatis, a rare hepatic lesion found in people with chronic wasting diseases such as 

pulmonary tuberculosis, advanced cancer, or HIV infection (Perkocha et al., 1990).  

Simultaneously, the isolation of a novel, fastidious, gram-negative organism in blood 

cultures from both immunocompetent and immunocompromised patients with fever and  
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bacteremia was reported (Slater et al., 1990).  The organisms described in these three 

manuscripts were all subsequently characterized as Bartonella (Rochalimaea) quintana or 

Bartonella (Rochalimaea) henselae, the latter of which was defined as a new species in 

1992 (Regnery et al., 1992a; Welch et al., 1992).  Since this initial association of 

Bartonella species with diseases in immunocompromised patients, research efforts have 

further elucidated the importance of this genus as highly adapted bacteria and as stealth 

human and veterinary pathogens (Merrell et al., 2004).   

Prior to 1993, Bartonella bacilliformis was the only member of the genus 

Bartonella, classified into the order Rickettsiales in the family Bartonellaceae, which also 

included the genus Grahamella, a group of pathogens that infect small mammals, primarily 

rodents (O’Connor et al., 1991).  Due to their ability to grow on axenic media, Bartonella 

and Grahamella and a third rickettsial species, Rochalimaea quintana, the agent of trench 

fever, were fundamentally different from other rickettsiae.  After review of the 16S rRNA 

sequence data for B. bacilliformis published in 1991, it was determined that B. 

bacilliformis was most closely related to R. quintana with 91.7% homology (O’Connor et 

al., 1991).  When other phylogenetic and microbiological characteristics were reviewed, R. 

quintana was transferred out of the family Rickettsiaceae and into the family 

Bartonellaceae within the order Rickettsiales.  Shortly following the identification and 

characterization of B. henselae in 1992, molecular techniques, such as whole-genome 

DNA-DNA hybridization, 16S rRNA gene sequence comparisons, and G + C content 

analysis, provided researchers the opportunity to determine the genetic relationship 

between Rochalimaea and Bartonella species.  Information acquired from these types of  
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studies prompted Brenner et al. (1993) to propose that the previously designated 

Rochalimaea species be united with the genus Bartonella.  This reclassification also 

resulted in the transfer of these organisms from the family Rickettsiaceae to the family 

Bartonellaceae, which previously included only B. bacilliformis, and removed the family 

Bartonellaceae from the order Rickettsiales.  The unified genus Bartonella included B. 

bacilliformis, B. quintana, B. vinsonii, B. henselae, and B. elizabethae.   

In 1995, Birtles et al. (1995) proposed the unification of the genus Grahamella with 

the genus Bartonella, resulting in five additional Bartonella species: B. talpae, B. 

peromysci, B. grahamii, B. taylorii, and B. doshiae.  Shortly thereafter, B. vinsonii 

subspecies berkhoffii was isolated from dogs and designated as a new subspecies (Kordick 

et al., 1996), and B. clarridgeiae, isolated from a cat, was characterized as a new species 

(Lawson et al., 1996).  More recently, several new Bartonella species have been isolated 

and characterized: B. tribocorum and B. birtlesii in rodents (Bermond et al., 2000; Heller et 

al., 1998), B. alsatica in wild rabbits (Heller et al., 1999), and B. koehlerae and B. weissii 

in domestic cats (Droz et al., 1999; Regnery et al., 2000).  Further, B. washoensis was 

isolated from a human patient with cardiac disease (GenBank Accession No. AF070463 at 

http://www.ncbi.nlm.nih.gov), and B. vinsonii subspecies arupensis was isolated from the 

blood of a cattle rancher; in both cases, a rodent reservoir has been proposed (Kosoy et al., 

2003; Welch et al., 1999).  Originally isolated from cats and named B. weissii, B. bovis has 

been recently reported in beef and dairy cattle in the United States (Breitschwerdt et al., 

2001; Chang et al., 2000), dairy cattle from France (Bermond et al., 2002; Maillard et al., 

2004; Maillard et al., 2006), and isolated from beef cattle in Africa (Raoult et al., 2005).   
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Taken together, these data indicate that many animals including bovine, canine, feline, 

human, and rodent species, may serve as chronically infected reservoir hosts for various 

Bartonella species (Boulouis et al., 2005; Chomel et al., 2003).    

When comparing Bartonella infections in dogs and humans, several parallels in 

clinical manifestations are observed.  Bartonella species can be detected in both dogs and 

humans with lymphadenitis, endocarditis, granulomatous hepatitis, and peliosis hepatis 

(Bass et al., 1997a; Bass et al., 1997b; Chomel et al., 2004; Gillespie et al., 2003; Kitchell 

et al., 2000; MacDonald et al., 2004; Raoult et al., 1996).  Due to the profound similarities 

in pathological lesions associated with infection, it has been suggested that the dog may 

serve as a good natural model for human Bartonella infection.  Considering the growing 

list of Bartonella species that have been isolated and characterized within the last 15 years, 

the wide range of reservoir hosts, the diverse list of clinical manifestations of infection, 

and the striking disease similarities in dogs and humans, Bartonella bacteria have proven 

to be of comparative medical importance.   

 

Bartonella species 

This literature review, encompassing both dogs and humans, will focus primarily 

on the Bartonella species detected while conducting my research: B. bovis, B. elizabethae, 

B. henselae, B. quintana, and B. vinsonii (berkhoffii).  For historical perspective, a brief 

review of B. bacilliformis will be provided.  A summarization of the techniques utilized in 



 8

the detection of Bartonella organisms in dogs and humans will be provided.  Lastly, the 

potential link between bacterial infection and cancer will be reviewed.   

 

Bartonella bacilliformis 

History.  Bartonella bacilliformis is a human pathogenic organism that was the 

only member of the genus prior to the taxonomic changes in 1993.  Although demonstrated 

graphically in pre-Incan ceramics and monoliths, B. bacilliformis was not implicated in 

human disease until the late 19th century (Alexander 1995; Maguiña et al., 2000).  

Between 1869 and 1873, approximately 8,000 of 10,000 railway workers in the Andes 

mountain region of Peru died with acute hemolytic anemia, the acute form of B. 

bacilliformis infection known as Oroya fever (Bass et al., 1997a; Ihler 1996). 

Human bartonellosis, a term traditionally used to describe infection with B. 

bacilliformis, is a biphasic disease; the acute phase includes Oroya fever, a life-threatening 

febrile anemia, which is often followed by the chronic stage of verruga peruana, a disorder 

characterized by vasoproliferative eruptions of the skin.  The infectious association 

between Oroya fever and verruga peruana was not recognized until 1885, when a Peruvian 

medical student, Daniel Carrión, inoculated himself with blood from a verruga skin lesion, 

the chronic disease form.  After 39 days, Carrión developed severe febrile anemia, the 

acute stage of the disease, and subsequently died (Bass et al., 1997a; Maguiña et al., 2000).  

The disease is often referred to as Carrion’s disease to honor his important contribution.  In 

the early 1900s, Dr. Alberto Barton, an Argentinian microbiologist working in Peru, 
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observed intraerythrocytic bacilli in blood smears of patients suffering with Carrion’s 

disease; the causative agent, Bartonella bacilliformis, is named in his honor (Bass et al., 

1997a; Maguiña et al., 2000). 

 

Transmission.  Early entomological studies hypothesized that the sand fly, 

Phlebotomus verracarum, now Lutzomyia verracarum, was the potential vector of B. 

bacilliformis (Townsend 1914).  It was suspected that the limited distribution of this vector 

resulted in the restricted geographic distribution of the disease (Maguiña et al., 2000).  

However, recent outbreaks of Oroya fever in non-endemic regions where L. verracarum is 

not the primary sand fly species suggest other Lutzomyia species or other arthropods can 

serve as potential vectors of B. bacilliformis in non-endemic areas (Alexander 1995; Ellis 

et al., 1999b).  To date, no nonhuman vertebrate reservoir for B. bacilliformis has been 

recognized.   

 

Clinical presentation.  Bartonella bacilliformis infection results in a biphasic 

disease characterized by severe anemia followed by vasoproliferative skin lesions.  Once 

bitten by an infected sand fly, B. bacilliformis organisms invade and multiply in vascular 

endothelial cells; after cell lysis, these organisms can invade other endothelial cells and 

circulating erythrocytes (Maguiña et al., 2000).  After an estimated incubation period 

ranging from 7 to 100 days, the acute phase of the disease, Oroya fever, develops and 

results in gradual, nonspecific symptoms, such as malaise, fever, and headache.  The most 
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common clinical presentation is severe and life-threatening hemolytic anemia, which 

results from erythrocytic invasion and lysis by B. bacilliformis.   

Onset of the chronic disease form, verruga peruana, may vary from weeks to 

months and is characterized by the appearance of nodular lesions of various sizes on the 

skin and mucous membranes (Maguiña et al., 2000).  These eruptions are small, painless, 

colorless or purplish-red, and prone to bleeding, secondary infection, and ulceration; 

clinically, verruga peruana may resemble bacillary angiomatosis, as caused by B. henselae 

and B. quintana, Kaposi’s sarcoma, malignant lymphoma, and hemangioma.  

 

Recent epidemiological data.  Reports in the literature indicate that B. 

bacilliformis infection is found only in regions of Peru, Ecuador, and Colombia.  This 

limited geographic distribution is a direct reflection of the ecologic niche of the primary 

sand fly vector, L. verrucarum.  Children in endemic areas may present with a mild, acute 

form of the disease or be relatively asymptomatic; it is often people not native to the region 

who develop acute, severe forms of the disease (Maguiña et al., 2000).  The fatality rate of 

Oroya fever, estimated at 90% if untreated, is dramatically reduced to less than 10% with 

prompt and appropriate antibiotic therapy. 

Recent data from a population-based, prospective cohort study (n = 690) performed 

in a B. bacilliformis-endemic Peruvian community demonstrated that 0.5% of study 

participants had asymptomatic bacteremia at the start of the study; after two years, the 

incidence of infection was 12.7/100 person-years (Chamberlin et al., 2002).  The study 

noted that the highest infection rates were recorded in children less than five years old, and 
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an inversely proportional relationship was observed between the incidence of infection and 

age.  Further, 70% of cases were clustered in 18% of surveyed households, and age and 

infection in a family member were the best predictors of B. bacilliformis infection. 

 

Bartonella quintana 

History.  Bartonella quintana was a primary and devastating cause of infectious 

morbidity among troops during World War I and was estimated to have affected more than 

one million people (Raoult et al., 1999).  Known as trench fever, the disease is 

characterized by intraerythrocytic bacteremia coupled with a five-day relapsing fever, 

headache, generalized myalgia, and severe bone and joint pain, often resulting in sustained 

disability (Bass et al., 1997a; Rolain et al., 2002).  Outbreaks during warfare were 

attributed to soldiers living together in overcrowded, unhygienic conditions, and clinical 

symptoms generally occurred in the winter.  These observations suggested an arthropod 

vector was involved in transmission.  Research conducted during the World War I era 

demonstrated that the clinical symptoms of trench fever were observed after allowing body 

lice to feed on human patients (Swift 1920).  Further, the organism of trench fever, then 

referred to as a virus, was transmitted to non-infected patients through several routes: by 

escharification of the skin, via injection into subcutaneous tissue with infected louse feces, 

or when dried urine and dried sputum and saliva from infected individuals were rubbed 

into scarified areas of skin of healthy volunteers (Bruce 1921).  Within five days of feeding 

on a person infected with trench fever, the excreta from the body louse also became 
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infectious (Bruce 1921).  This finding has been corroborated with more recent research 

indicating that dry fecal material from B. quintana-infected lice can remain infectious for 

several months, resulting in an important mechanism for disease transmission (Bass et al., 

1997a).  The incidence of trench fever diminished considerably after World War I; 

however, outbreaks were also reported during World War II, and the successful isolation of 

the causative agent of trench fever, B. quintana, was not reported until 1961 (Vinson et al., 

1961).  Nearly forgotten after World War II, a recent re-emergence of B. quintana 

infections, referred to as urban trench fever, have been reported in homeless, poverty-

stricken populations in Europe and the United States (Fournier et al., 2002b; Jackson et al., 

1996a; Jackson et al., 1996b; Koehler et al., 1997; Spach et al., 1998). 

 

Transmission.  Historically, humans were the only known reservoir host for B. 

quintana, and the human body louse (Pediculus humanus) was the only known vector.  

Similar to sand fly transmission of B. bacilliformis, little research regarding louse 

transmission of B. quintana has been published in recent years.  Upon infestation, B. 

quintana organisms proliferate in the vector’s intestine and are transmitted to humans 

when the infected louse excreta enter the skin, typically through scratching.   

It has been hypothesized that the human body louse is not the only vector for B. 

quintana (Foucault et al., 2006).  In the current literature, B. quintana DNA has been found 

in ticks and cat fleas (Chang et al., 2001; Rolain et al., 2003a).  Further, B. quintana was 

isolated from a healthy, captive-bred cynomolgus monkey (Macaca fascicularis) 

(O’Rourke et al., 2005), and B. quintana DNA was amplified from two dogs with 
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endocarditis (Kelly et al., 2006), a cat euthanized for reasons unrelated to infectious 

diseases (La et al., 2005), and from feral farm cats that presumably induced B. quintana 

infection in a woman by bite transmission (Breitschwerdt et al., 2007).  Considering these 

data, it is possible that vectors other than the human body louse can effectively maintain 

infection with B. quintana and are able to transmit the organism; additionally, nonhuman 

primates, dogs, and cats may serve as reservoir hosts.  

 

Clinical presentation.  Bartonella quintana causes a wide range of clinical 

manifestations including trench fever, chronic bacteremia, endocarditis, lymphadenopathy, 

and bacillary angiomatosis.  Trench fever is the acute presentation of B. quintana infection, 

and disease states range from subclinical to severe, life-threatening illness (Foucault et al., 

2004).  Classic trench fever, also known as five-day fever for the periodic nature of febrile 

relapses, is characterized by severe headache, dizziness, and pain in the legs, primarily the 

shinbones.    

Patients infected with B. quintana may also develop a persistent bacteremia.  

Reports from research conducted during World War I demonstrated that approximately 5 

to 10% of trench fever patients remained symptomatic for months to years after the initial 

illness (Swift 1920).  In recent data, chronic bacteremia was detected in 16 of 42 (38.1%) 

asymptomatic patients with positive blood cultures; bacteremia continued for 78 weeks in 

a single patient, for 53 and 17 weeks in two patients, and for up to eight weeks in the other 

13 patients.  Further, four additional patients had inconsistent bacteremia, over periods of 

four to 58 weeks, as indicated by intermittently positive blood cultures (Foucault et al., 
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2002).  It should be noted that patients with protracted bacteremia have been shown to 

produce little to no detectable antibody response to B. quintana when tested using an 

indirect immunofluorescence antibody (IFA) test (Brouqui et al., 1999) or have been 

completely non-seroreactive although blood- or bone marrow-culture positive (Drancourt 

et al., 1996; La Scola et al., 1999).  Conversely, other studies have found that bacteremia 

was significantly associated with B. quintana seroreactivity.  For example, 26 of 40 (65%) 

bacteremic, homeless individuals had reciprocal B. quintana antibody titers of ≥ 100 

compared to only 16 of 82 (19.5%) B. quintana blood-culture negative, homeless persons  

(odds ratio [OR] = 7.66, 95% confidence interval, 3.03 to 19.71); further, bacteremic 

patients (9/40, 22.5%) had higher (≥ 800) IFA titers when compared to controls (2/82, 

2.4%) (OR = 11.61, 95% CI, 2.18 to 113.80) (Foucault et al., 2002). 

Bartonella quintana-associated endocarditis is most often observed in 

immunocompetent homeless people with chronic alcohol abuse and extensive exposure to 

body lice (Drancourt et al., 1995; Fournier et al., 2001).  Unlike the endocarditis caused by 

B. henselae infection, B. quintana-endocarditis patients typically have no previously 

known valvular damage (Fournier et al., 2001).  It should be noted that although not 

definitively linked, Bartonella endocarditis is likely attributed to chronic, persistent 

bacteremia (Fournier et al., 2001).  In general, Bartonella endocarditis is persistently 

blood-culture negative, which often results in delayed diagnoses and a higher mortality rate 

when compared to other forms of bacterial, infective endocarditis.  In a recent study, 28% 

(99/348 cases) of blood-culture negative endocarditis cases were attributed to Bartonella 

bacteria using serological, molecular, or microbiological methods (Houpikian et al., 2005). 
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Similar to humans, Bartonella endocarditis has also been reported in dogs; 

however, unlike humans, bacterial endocarditis is an uncommon, often fatal disease in 

dogs.  In a prospective study of dogs in northern California, Bartonella species bacteria 

were the most common cause of endocarditis and were involved in 28% (5/18 cases) of 

canine endocarditis cases during a two-year period (MacDonald et al., 2004).  Further, four 

of these five cases were blood-culture negative despite the use of Bartonella-specific 

culture methods.  While endocarditis in dogs has been ascribed to other Bartonella species 

(Breitschwerdt et al., 1999; Chomel et al., 2001; Chomel et al., 2003), the first description 

of B. quintana endocarditis in two dogs, as evidenced by molecular techniques, Warthin-

Starry staining, and immunohistochemical analysis, was recently reported (Kelly et al., 

2006).  Other than these two dogs with B. quintana endocarditis, there are no reports of B. 

quintana infection in dogs. 

In humans, B. quintana has been reported as a cause of granulomatous 

lymphadenopathy in two patients, one diagnosed by a positive blood culture, the second 

from a bone marrow biopsy specimen (Drancourt et al., 1996; Raoult et al., 1994).  

Further, B. quintana infection was detected, using molecular techniques, in two patients 

with central nervous system disease, one with a focal granulomatous process involving the 

right thalamus and adjacent structures and the other with encephalopathy; however, 

seroreactivity to B. quintana was not detected in either patient (Parrott et al., 1997).   

Bacillary angiomatosis is often observed in immunocompromised individuals, 

primarily HIV-infected patients, and may be induced by B. quintana or B. henselae 

(Brouqui et al., 2006; Koehler et al., 1997).  Several different organs may be affected, such 
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as the liver, spleen, bone marrow, and lymph nodes; however, bacillary angiomatosis most 

often affects the skin, and the lesions are similar to those of B. bacilliformis-associated 

verruga peruana (Koehler et al., 1997; Maurin et al., 1996).  Bacillary angiomatosis may be 

life threatening in untreated patients (Foucault et al., 2006). 

Altogether, these findings indicate that the immune status of the host, including any 

disruption in the immune response, may strongly influence disease severity, degree of 

clinical manifestation, particular histopathologic response, and diagnostic detection of the 

organism (Breitschwerdt et al., 2000; Kordick et al., 1995).  

 

Recent epidemiological data.  A re-emergence of B. quintana infections have 

been recently reported in homeless populations in Marseille, France, the Netherlands, and 

various countries in Africa (Fournier et al., 2002b), Tokyo, Japan (Sasaki et al., 2002), 

rural Andean communities (Raoult et al., 1999), Moscow, Russia (Rydkina et al., 1999), 

and in the United States in Seattle, Washington (Jackson et al., 1996a) and San Francisco, 

California (Koehler et al., 1997).  The major predisposing factors for these recent 

outbreaks in urban areas include poverty, unhygienic living conditions, and chronic alcohol 

abuse (Spach et al., 1995).   

In an earlier study assessing B. quintana seroreactivity and bacteremia in homeless 

persons presenting to emergency rooms in Marseilles, France, researchers found that 30% 

(21/71 patients) of tested patients had detectable antibody titers to B. quintana and 14% 

(10/71 patients) were bacteremic (Brouqui et al., 1999).  In Seattle, Washington, a similar 

serosurvey was conduced in the homeless population; when B. quintana serological titers 
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were compared to 199 age- and sex-matched local volunteer blood donors, 20% (39/129) 

of clinic patients were seroreactive versus only 2% (4/199) of blood donors (p < 0.001) 

(Jackson et al., 1996b).  Additional data were collected from homeless people with B. 

quintana bacteremia (n = 42) and homeless people with negative blood culture results (n = 

84, used as controls) who presented for ambulatory care at the University Hospital in 

Marseilles, France.  When compared to controls, Bartonella bacteremia was associated (p 

≤ 0.05) with sweats (OR = 5.79, 95% confidence interval, 1.18 to 36.67), evidence of louse 

infestation (2.75, 1.14 to 6.65), and being homeless for less than 3 years (14.17, 2.52 to 

96.06) (Foucault et al., 2002). 

Approximately 20% (68/382 patient) of febrile patients presenting to San Francisco 

Bay-area hospitals demonstrated evidence of Bartonella infection by molecular, 

serological, or microbiological methods; all patients who were culture and/or PCR positive 

for Bartonella were concurrently infected with HIV (Koehler et al., 2003).  In another 

study of San Francisco Bay-area residents, 49 patients with confirmed B. henselae or B. 

quintana infections and clinical lesions consistent with bacillary angiomatosis and 

bacillary peliosis were enrolled in a case-control study; another 96 participants, matched 

by age, sex, race, and HIV-serologic status, served as controls (Koehler et al., 1997).  More 

than half of the enrolled cases (26/49, 53%) were infected with B. henselae, while the 

remaining patients were infected with B. quintana (23/49, 47%).  When comparing these 

two groups, differences were observed in the distribution of the vasoproliferative lesions in 

specific patient tissues; subcutaneous and bone lesions were associated with B. quintana 

infection, while lymph node and hepatosplenic lesions were found exclusively with B. 
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henselae.  When compared to matched controls, cases with B. quintana infections were 

characterized by exposure to body lice (OR undefined, p = 0.03), low annual income (9.8, 

2.0 to 47.3, p = 0.003), and homelessness (8.5, 1.8 to 40.3, p = 0.004).  Additionally, 

epidemiological differences were noted in cases infected with B. henselae; these cases 

were significantly more likely to have owned a cat (OR = 10.8, 2.0 to 56.7, p = 0.004), 

been bitten or scratched by a cat (6.2, 2.0 to 18.8, p = 0.001), owned a cat with fleas (OR 

undefined, p < 0.001), or been bitten by cat fleas (11.9, 3.0 to 49.8, p < 0.001).   

In a case series of 348 blood culture-negative endocarditis patients, 99 (99/348, 

28%) total cases had serological, microbiological, or molecular evidence of infection with 

a Bartonella species; 98 of 99 (98.9%) were diagnosed by IFA serology, 3 of 99 (3.03%) 

were diagnosed by blood culture, and 49 of 99 (49.5%) were diagnosed by culture and/or 

PCR on the affected heart valve (Houpikian et al., 2005).  Of the 49 cases positive by 

culture and/or PCR, 38 were infected with B. quintana, 10 with B. henselae, and one with 

B. vinsonii (berkhoffii).  When serological and molecular data were combined, B. quintana-

associated endocarditis (53 cases) was observed more frequently than B. henselae 

endocarditis (17 cases).   

In dogs, it has been shown that infection with Bartonella species adversely affects 

the clinical outcome of endocarditis (MacDonald et al., 2004; Sykes et al., 2006).  In a 

prospective study, five of 18 dogs (27.7%) were diagnosed with Bartonella-associated 

endocarditis during a two-year period (MacDonald et al., 2004).  All five of the Bartonella 

endocarditis dogs died due to rapid development of congestive heart failure, cardiac 

arrhythmias, or complications from thromboembolism.  When Kaplan-Meier curves were 
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constructed, the median and mean survival times of dogs with endocarditis due to 

Bartonella were three days (95% CI = 0 to 8.4 days) and 45 days (95% CI = 0 to 126 

days), respectively, compared with significantly (p = 0.01) longer median (330 days, 95% 

CI = 0 to 664 days) and mean (375 days, 95% CI = 193 to 557 days) survival times in non-

Bartonella endocarditis cases (MacDonald et al., 2004).  More recently, it has been 

suggested that the previously reported incidence of 28% may be a substantial 

underestimation of the true incidence of Bartonella-associated endocarditis in dogs.  As 

shown in a retrospective case series of canine endocarditis data, seven of 28 (25%) dogs 

diagnosed with endocarditis of unknown cause from 2001 to 2005 were not tested for 

Bartonella (Sykes et al., 2006).  Further, when the clinical features of dogs with 

endocarditis (n = 71) were retrospectively reviewed, dogs with Bartonella-associated 

endocarditis were often afebrile (p = 0.03), more likely to develop congestive heart failure 

(p = 0.004), and had shorter survival times (p = 0.008; hazard ratio = 2.72, 95% CI, 1.57 to 

18.82) when compared to dogs with endocarditis attributed to bacteria other than 

Bartonella (Sykes et al., 2006). 

 

Bartonella henselae 

History.  Although the first clinical description of cat scratch disease (CSD) was 

reported in 1950 (Debré et al., 1950), its bacterial etiology was not established until 1983 

when small, gram-negative bacilli were identified by Warthin-Starry silver stain in lymph 

node biopsies of CSD patients (Wear et al., 1983).  In 1988, the probable etiologic agent 
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was isolated from lymph nodes of patients with CSD, and following characterization, the 

bacterium was named Afipia felis (Brenner et al., 1991; English et al., 1988).  However, 

subsequent serological and molecular research failed to provide a solid causal relationship 

between A. felis and the majority of CSD cases (Amerein et al., 1996; Bergmans et al., 

1995; Patnaik et al., 1995; Szelc-Kelly et al., 1995). 

Only with the onset of the HIV/AIDS epidemic was B. henselae successfully 

identified as the etiologic agent of CSD.  Bacillary angiomatosis, observed in HIV-infected 

individuals, was attributed to a novel gram-negative bacterium that was closely related to 

B. quintana; subsequently, this new bacterium was isolated from a febrile HIV patient and 

was named B. henselae (Regnery et al., 1992a; Relman et al., 1990).  Ultimately, B. 

henselae organisms were discovered in tissues from both CSD and bacillary angiomatosis 

patients (LeBoit et al., 1988; Wear et al., 1983), and serological tests indicated that both 

patient groups had elevated titers to B. henselae (Regnery et al., 1992b).  The etiological 

role in CSD was further supported by molecular analyses used to identify B. henselae in 

CSD skin test antigen preparations (Anderson et al., 1993) and culminated in the 

subsequent isolation of B. henselae from the lymph nodes of patients with CSD (Dolan et 

al., 1993).  Currently, B. henselae is considered to be the most common bacterial, zoonotic 

pathogen acquired from companion animals (Iredell et al., 2003). 

 

Clinical presentation.  Cat scratch disease is the most widely recognized 

manifestation of B. henselae infection, and although reported in patients of all ages, CSD is 

most commonly observed in persons less than 20 years of age and in persons who own a 
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flea-infested kitten (Chomel et al., 2006).  In stark contrast to immunocompromised 

patients with bacteremia, recurrent fever, or vasoproliferative disorders, classic CSD, as 

caused by B. henselae, is often a self-limiting infection in a healthy host and is 

characterized by a benign regional lymphadenopathy.  Atypical manifestations of B. 

henselae infection have been reported to occur in 5 to 15% of cases and include Parinaud’s 

oculoglandular syndrome, encephalopathy, endocarditis, and osteolytic lesions (Chomel et 

al., 2004; Houpikian et al., 2005; Maurin et al., 1997; Noah et al., 1995).  Bartonella 

henselae has recently been associated with prolonged fever or fever of unknown origin 

(CDC 2002; Jacobs et al., 1998; Tsujino et al., 2004; Tsukahara et al., 2000) and Henoch-

Schonlein purpura (Ayoub et al., 2002; Robinson et al., 2005) primarily in children, along 

with various types of ocular lesions such as uveitis and neuroretinitis (Cunningham et al., 

2000; Drancourt et al., 2004; Mason 2004; Ormerod et al., 1999).   

Bartonella henselae infection in immunocompetent humans has also been shown to 

mimic lymphoma (Ghez et al., 2001; Wong et al., 1996) or breast cancer (Chess et al., 

1990; Dawson et al., 1987; Fortune et al., 2000; Godet et al., 2004; Lefkowitz et al., 1989; 

Markaki et al., 2003).  Atypical cat scratch disease cases have been shown to present with 

abdominal symptoms and imaging findings that are indistinguishable from lymphoma.  In 

one case, masses in the liver and spleen were observed upon ultrasound and contrast-

enhanced computed tomography, however, the presence of painful and tender lymph nodes 

suggested an infectious etiology, as tenderness is rarely observed in lymphadenopathy 

related to lymphoma (Wong et al., 1996).  Multiple biopsy specimens indicated no 

evidence of lymphoma, and subsequently, a B. henselae reciprocal antibody titer of 11,395 
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and a positive PCR result lead to the diagnosis of cat scratch disease (Wong et al., 1996).  

A second case of B. henselae infection mimicking lymphoma was reported in a patient 

with enlarged abdominal lymph nodes and heterogeneous splenomegaly, as demonstrated 

by ultrasound evaluation (Ghez et al., 2001).  Bartonella henselae infection was confirmed 

by IFA serological analyses; following 2 weeks of antibiotic therapy, a computed 

tomography scan of the abdomen demonstrated complete resolution of the splenic lesions 

and a generalized reduction in lymphadenopathy (Ghez et al., 2001).   Atypical B. henselae 

infections presenting as a solitary mass in the breast, have been mistaken for breast 

carcinomas.  In a recent case series, three women, each with a palpable breast mass and 

enlarged axillary lymph nodes, had biopsies performed on the small intraparenchymal 

breast lesions (Markaki et al., 2003).  Microscopic examination of these samples indicated 

a granulomatous reaction in the breast tissue and the lymph nodes, and Warthin-Starry 

staining bacteria were present in the areas of central necrosis and in macrophages (Markaki 

et al., 2003).  Lastly, molecular analysis was used to diagnose B. henselae infection in 

another case of a breast mass, suggestive of adenoma, and presenting with inflammatory 

lymphadenopathy (Godet et al., 2004).  When serological testing was negative, PCR 

detected B. henselae in a lymph node aspirate, and antibiotic treatment successfully 

resolved all clinical signs (Godet et al., 2004).  

In immunocompromised patients with B. henselae infection, vasoproliferative 

lesions are most often observed within the lymph nodes or as peliosis hepatis, a rare 

hepatic lesion, and risk factors for infection include exposure to cats and cat fleas (Koehler 

et al., 1997; Perkocha et al., 1990; Reed et al., 1992; Slater et al., 1992).  Although more 
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commonly observed in an HIV-infected host, a few reports of bacillary angiomatosis in 

immunocompetent patients have been reported (Cockerell et al., 1990; Karakas et al., 

2000; Paul et al., 1994; Tappero et al., 1993a; Turgut et al., 2004).  It should be noted that 

peliosis hepatis has also been observed in a dog with B. henselae infection, as documented 

by PCR analysis of the affected liver tissue (Kitchell et al., 2000).  

Endocarditis may represent the most prevalent, newly recognized disease process 

associated with Bartonella infection in immunocompetent humans and in dogs.  In 1993, 

three separate reports of Bartonella-induced endocarditis in human patients were reported, 

one case each ascribed to B. quintana, B. elizabethae, and B. henselae (Daly et al., 1993; 

Hadfield et al., 1993; Spach et al., 1993).  Although the 1993 report of B. elizabethae 

endocarditis represents the only known case, B. quintana and B. henselae have been 

detected by molecular or microbiological methods in 49 of 348 (14.1%) blood culture-

negative endocarditis patients surveyed in Europe (Houpikian et al., 2005).  Importantly, it 

was recently reported that the development of endocarditis was much more likely in 

elderly patients (≥ 60 years old) with CSD when compared to younger CSD patients (< 60 

years old) (OR = 61.6, 95% CI, 12.4 to 305.1) (Ben-Ami et al., 2005).  Due to the 

fastidious nature of the organism and the difficulties associated with the culture of 

Bartonella, serological analyses, such as IFAs, have been utilized successfully in the 

diagnosis of Bartonella endocarditis; further, high titers have been positively predictive of 

Bartonella endocarditis in humans (Fournier et al., 2002a; Raoult et al., 1996; Wesslen et 

al., 2001), and data suggest a similar relationship in dogs (Breitschwerdt et al., 1999; 

MacDonald et al., 2004; Pesavento et al., 2005). 
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Although historically relegated to cats and humans, several case reports of B. 

henselae infections in dogs have been documented.  Recently, B. henselae DNA has been 

amplified and confirmed by DNA sequencing in the liver of a dog with peliosis hepatis 

(Kitchell et al., 2000) and a dog with granulomatous hepatitis (Gillespie et al., 2003), from 

the blood of three dogs with various, nonspecific clinical abnormalities including fever, 

protracted lethargy, anorexia, thrombocytopenia, or neurologic dysfunction (Mexas et al., 

2002), and from the blood of a dog with epistaxis (Breitschwerdt et al., 2005).  Lastly, two 

dogs with pyogranulomatous lymphadenitis and diverse clinical syndromes were shown to 

have molecular evidence of B. henselae infection within the affected lymph nodes and 

peripheral blood (Morales et al., 2007). 

 

Transmission.  The domestic cat has been shown to be the primary reservoir for 

B. henselae, and in natural and experimental infections, the cat flea (Ctenocephalides felis) 

has been shown to act as the principal vector (Chomel et al., 1995).  However, as the 

primary reservoir host, it is hypothesized that cats infected with B. henselae, although 

chronically bacteremic, may lack clinical signs of illness (Bass et al., 1997b; Bergmans et 

al., 1997; Chomel et al., 1995; Jameson et al., 1995). 

In humans, CSD patients were more likely than healthy, age-matched cat owners to 

have a kitten, been scratched or bitten by a kitten, or to have a kitten infested with fleas 

(Zangwill et al., 1993).  Additionally, fleas collected from bacteremic cats owned by B. 

henselae-bacillary angiomatosis patients were positive for B. henselae by PCR and culture 

(Koehler et al., 1994).  In an experimental study, Chomel et al. (1996) definitively 
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established the role of C. felis in the transmission of B. henselae by demonstrating that B. 

henselae could be successfully transmitted to specific pathogen free cats using fleas 

collected from bacteremic cats.  Additional studies have demonstrated that Bartonella 

organisms remain reproductively viable in flea feces.  For example, B. henselae has been 

detected in cat fleas as early as three hours after feeding on infected cat blood, has been 

shown to replicate in the flea midgut, and was continuously excreted in flea feces up to 

nine days post-feeding (Higgins et al., 1996); further, infected flea feces have been used 

successfully to transmit B. henselae to cats (Foil et al., 1998).  Considering these data, 

transmission of B. henselae to humans may occur through direct inoculation from a flea 

bite, but more likely occurs by inoculation of B. henselae-contaminated flea feces into the 

skin by way of a bite or scratch from a flea-infested cat (Finkelstein et al., 2002).   

Bartonella henselae has been reported in several new vectors including ticks 

(Adelson et al., 2004; Chang et al., 2001; Eskow et al., 2001; Holden et al., 2006; 

Morozova et al., 2004; Sanogo et al., 2003) and biting flies (Chung et al., 2004; Reeves et 

al., 2006), thereby providing alternate means of transmission.  Early epidemiological 

evidence indicated that tick exposure may be a risk factor for B. henselae infection (Lucey 

et al., 1992), a hypothesis further supported by a case-control study indicating that CSD 

patients were approximately six times more likely to be exposed to ticks when compared to 

healthy cat owners (Zangwill et al., 1993).  Using PCR with confirmation by DNA 

sequencing, questing Ixodes pacificus ticks in California were shown to harbor B. 

henselae, B. quintana, and B. vinsonii (berkhoffii); in addition, a single tick was co-

infected with B. henselae and B. vinsonii (berkhoffii) (Chang et al., 2001). 
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Recent epidemiological data.  A massive amount of literature, including case 

reports, case series, and other patient compilations, has been published pertaining to B. 

henselae infection in humans; these data have been collected from both 

immunocompromised and immunocompetent individuals, from patients of all ages and 

socio-economic backgrounds, with and without the CSD-associated lymphadenopathy, and 

various other clinical conditions.  This brief review will focus on several, larger case 

series, not discussed elsewhere within this chapter°, with a concentration on research-

related interests.   

In a recent study designed to define the frequency of B. henselae in French CSD 

patients, 245 of 786 (31.2%) lymph node biopsy samples were PCR positive for B. 

henselae DNA, while only one successful B. henselae isolation was reported (Rolain et al., 

2006).  Additionally, the presence of B. henselae in the lymph nodes of CSD patients was 

confirmed using direct immunofluorescence detection coupled with monoclonal antibodies 

directed to B. henselae (Rolain et al., 2003b); this technique was used on 216 lymph node 

smears collected from Bartonella-positive patients, and 166 (166/216, 76.9%) were 

positive for B. henselae (Rolain et al., 2006).  Further, 13 of 245 CSD patients (5.3%) had 

a concurrent lymph node disease, 10 with mycobacteriosis and three with neoplasia, 

thereby suggesting that CSD diagnosis does not preclude a concurrent diagnosis of 

mycobacteriosis or neoplasia. 

A study of 454 patients with lymphadenopathy of the head and neck of unknown 

etiology demonstrated that 156 (34.4%) patients had infectious disease diagnoses, 75 
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(16.5%) had benign disorders, and 52 (11.5%) had malignant neoplasms, while 171 

(37.7%) remained undiagnosed (Ridder et al., 2002).  Sixty-one of 454 (13.4%) patients 

were diagnosed serologically with B. henselae-associated CSD.  In nearly 40% of these 

patients (23/61 patients), lower reciprocal IgG titers (< 512) were detected at the time of 

initial examination, while higher titers (up to 8,192) were observed two to 16 weeks after 

the onset of illness.  Bartonella henselae infection was confirmed by PCR in 10/21 (48%) 

lymph node samples, including needle aspirates or excised tissue, collected from 21 of 61 

CSD patients.  Further, nine of 10 lymph node samples were PCR positive up to six weeks 

after the onset of illness.  Microbiological isolation of B. henselae from lymph node tissue 

and bacterial observation using Warthin-Starry silver staining were unsuccessful in these 

CSD patients.  When tested against B. henselae antigens, nearly one-third of the patients 

without CSD were seroreactive to B. henselae (111/393, 28.2%); however, Bartonella 

DNA was not detected in the 11 lymph node specimens available for PCR from these non-

CSD patients. 

Several important findings resulted from the Ridder et al. (2002) research: (1) in 

the early stages of CSD, antibody titers (IgG and IgM) may be lower than expected and an 

appropriate CSD diagnosis can only be confirmed with increasing serological titers 

(typically a 4-fold increase) in a convalescent sample; (2) should serological results fail to 

confirm the CSD diagnosis, other diagnostic procedures including PCR analyses of the 

lymph node tissue, are suggested; and (3) PCR results may depend greatly on the duration 

of illness, as evidenced by B. henselae amplification only in lymph nodes obtained during 

the first six weeks of disease.  The authors stated that similar PCR results were confirmed 
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in an animal model of CSD; however, these results were not provided.  Also of note, four 

patients with malignant tumors, as determined by histopathological analyses of the lymph 

node tissues, had high antibody titers against B. henselae (≥ 512).  Although patient 

histories and clinical findings were not suggestive of CSD, the authors attribute these four 

cases to concurrent B. henselae infection and malignant neoplasia. 

In an Israeli surveillance study, less than 3% (24/841 patients) of CSD cases 

developed the atypical disease manifestation of severe and disabling arthropathy (arthritis, 

arthralgia, or both) (Giladi et al., 2005).  When these 24 patients were compared to 817 

CSD patients without articular disease, multivariate analyses identified three variables 

significantly (p < 0.05) associated with arthropathy: female sex (relative risk [RR] = 2.5; 

95% CI, 1.01 to 6.32), age older than 20 years (4.9, 1.96 to 12.4), and erythema nodosum 

(7.9, 2.34 to 26.41).  Although the majority of patients (19/24, 79.2%) recovered after six 

weeks (range, 1 to 24 weeks), five patients (20.8%) developed chronic disease persisting 

16 to 53 months (median, 30 months).  

Perhaps the single most recognized and certainly the most frequently reported 

human vector-associated disease in the United States is Lyme disease, caused by the bite of 

a Borrelia burgdorferi-infected Ixodid tick.  Like Bartonella infections, a long and diverse 

list of clinical signs are often observed in Lyme disease and may include acute symptoms 

such as fever, headache, fatigue, and more chronic disease manifestations of arthritis and a 

nervous system disorder termed neuroborreliosis.  In a case series from the Lyme-endemic 

region of New Jersey, four patients with clinical signs and symptoms related to chronic 

Lyme disease were evaluated for Bartonella co-infection (Eskow et al., 2001).  All four 
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patients had been treated previously and extensively with Borrelia-specific antibiotics with 

no resolution in clinical signs or symptoms.  Despite the lack of clinical CSD 

manifestations, all patients were seroreactive to B. henselae, and B. henselae DNA was 

amplified from the peripheral blood in these patients.  Additionally, PCR analyses of the 

cerebrospinal fluid were positive for both B. henselae and Borrelia burgdorferi.   

In the last decade, Bartonella species were detected predominantly in patients with 

immune impairments, in CSD patients, or in patients with endocarditis.  However, recent 

reports indicating that Bartonella may be involved in the sudden, unexpected, cardiac 

deaths of 16 seemingly healthy, Swedish orienteers have greatly changed the scope of 

Bartonella infections in clinically healthy individuals.  Orienteering is a physically 

demanding, competitive sport in which an accurate, detailed map and a compass are used 

to find points in the landscape.  During a period from 1979 to 1992, a 10- to 100-fold 

increase in the incidence of sudden, unexpected, cardiac death was observed in Swedish 

male orienteers who were 35 years of age and competing at the elite level (Larsson et al., 

1999; Wesslen et al., 1996).  When these athletes were examined at autopsy, 

morphological changes were consistent with myocarditis in the majority of cases (Wesslen 

et al., 1996).  Based on the association of Bartonella and endocarditis, myocarditis, and 

cardiac arrhythmias in both dogs and humans, researchers began investigating whether 

Bartonella organisms may be involved in these sudden deaths.  While serological analyses 

demonstrated the highest seroreactivity to B. elizabethae, a rodent-borne Bartonella 

species, PCR of autopsy tissues from five deceased orienteers demonstrated B. henselae or 

B. quintana DNA in four of five heart tissues and one lung tissue tested (McGill et al., 
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2001; Wesslen et al., 2001).  No serologic or molecular evidence of Bartonella infection 

was detected in the heart tissue of six males who died of trauma and served as controls.  

The authors suggest that infection with Bartonella induced silent, subacute myocarditis, 

eventually resulting in electric instability and the increased sudden, unexpected, cardiac 

death rate among the Swedish orienteers. 

Much of the recent literature for B. henselae in dogs is focused on serosurveys and 

the risk factors and clinical signs associated with seroreactivity.  A Hawaiian serosurvey 

reported two of 31 (6.5%) dogs surveyed were seroreactive to B. henselae, both with very 

low IFA reciprocal titers of 64 and 128; however, blood cultures were negative and no 

PCR analyses were performed (Demers et al., 1995).  In Japan, four of 52 (7.7%) dogs 

surveyed were B. henselae seroreactive, and B. henselae DNA was amplified by PCR in 

blood, nail clippings, and oral swabs collected from 15% of the dogs studied (Tsukahara et 

al., 1998).  Only 3% (3/100 dogs) of the dogs in the United Kingdom were B. henselae 

seroreactive (Barnes et al., 2000).  In a serosurvey of dogs from the southeastern United 

States, 27.2% (82/301 dogs) of sick dogs and 10.1% (10/99 dogs) of healthy dogs were 

seroreactive to B. henselae antigens (Solano-Gallego et al., 2004).  A Californian 

serosurvey of 3,417 sick dogs demonstrated that only 1.1% (36/3,417 dogs) of dogs were 

B. henselae seroreactive (Henn et al., 2005); conversely, the seroprevalence of antibodies 

against B. henselae in clinically healthy dogs was 14% (32/228 dogs) in Zimbabwe (Kelly 

et al., 2004). 

In a case-control study to evaluate B. henselae seroreactivity in dogs, no significant 

differences were noted in clinical and clinicopathologic findings in 40 dogs seroreactive to 
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B. henselae when compared to 45 non-seroreactive dogs (Goodman et al., 2005).  It is 

important to note, however, that B. henselae seroreactivity was detected in two of four 

dogs with granulomatous meningoencephalitis, three of four dogs with immune-mediated 

hemolytic anemia, three of four dogs with infective endocarditis, two of three dogs with 

lymphoid neoplasia, five of 10 dogs with polyarthritis, 18 of 34 dogs with 

thrombocytopenia, and 14 of 27 dogs with neutrophilia.  

In a case-control study conducted as a component of a B. vinsonii (berkhoffii) 

serosurvey, dogs that were seroreactive to B. henselae, B. vinsonii (berkhoffii), and/or B. 

clarridgeiae antigens were compared to 203 non-seroreactive dogs matched by age and 

date of evaluation; statistical models were developed to assess risk factors and clinical 

signs associated with Bartonella seroreactivity (Henn et al., 2005).  In a conditional 

logistic regression model, herding-type dogs were more likely to be Bartonella 

seroreactive when compared to sporting-breed dogs (OR = 2.23; 95% CI, 1.11 to 4.48), 

and toy breeds were less likely to be seroreactive (0.26, 0.08 to 0.80); further, female dogs 

were more likely to be Bartonella seroreactive when compared to males (1.68, 1.02 to 

2.76).  Various clinical signs were observed in the 102 seroreactors including 

lymphadenopathy, vomiting, and neoplasia; however, upon statistical evaluation using a 

multivariate conditional logistic regression model, Bartonella seroreactive dogs were more 

likely to present with lameness (2.23, 1.00 to 4.97), arthritis-related lameness (2.72, 1.07 to 

6.90), nasal discharge or epistaxis (10.10, 1.12 to 91.0), and/or splenomegaly (4.27, 1.05 to 

17.5). 
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Bartonella elizabethae 

History.  In 1993, a fastidious gram-negative bacterium was isolated from blood 

cultures of an immunocompetent human patient with valvular endocarditis; DNA 

homology and 16S rRNA sequence comparisons demonstrated similarity to other 

Bartonella species, and the new strain was designated B. elizabethae (Daly et al., 1993).  

This 1993 description constitutes the only reported isolation of B. elizabethae, although 

other serological and molecular evidence of infection exists. 

 

Clinical presentation.  Bartonella elizabethae is known to induce human 

endocarditis (Daly et al., 1993), and B. elizabethae antibodies have been detected in 

several Swedish orienteers with myocarditis followed by sudden, unexpected, cardiac 

death (McGill et al., 2001).  Seroreactivity to B. elizabethae was also reported in patients 

with neuroretinitis and myocarditis; however, these findings could not be confirmed using 

culture or molecular techniques (Holmberg et al., 1999; O’Halloran et al., 1998).  Lastly, 

B. elizabethae has been reported as a potential canine pathogen on the basis of molecular 

detection in a dog with a history of lethargy, decreased appetite, weight loss, and several 

hematological and biochemical abnormalities (Mexas et al., 2002). 

 

Transmission.  Rats (Rattus norvegicus) represent the primary reservoir of B. 

elizabethae (Birtles et al., 1999; Ellis et al., 1999a).  Little information is available 

pertaining to possible vectors involved in the transmission of B. elizabethae; a rodent 
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survey performed in Kabul, Afghanistan demonstrated infection of rodent fleas with B. 

elizabethae (Marie et al., 2006), and two Bartonella species closely related to B. 

elizabethae were described in four fleas that were removed from mice and a rat from 

Portugal (De Sousa et al., 2006). 

 

Recent epidemiological data.  Bartonella elizabethae seroprevalence in 

intravenous drug users in the United States and Sweden has been reported to range 

between 33 and 46% (Comer et al., 1996; Comer et al., 2001; McGill et al., 2003), and in 

homeless, clinic patients in downtown Los Angeles, the seroprevalence of B. elizabethae 

was 12.5% (25/200 patients) (Smith et al., 2002).  Several factors may give rise to the 

increased B. elizabethae seroprevalence detected in homeless populations and intravenous 

drug users including: increased exposure to the rodent reservoir that is a common 

inhabitant of many metropolitan cities; engaging in unsafe behaviors such as sharing of 

needles or other drug injection equipment; living and/or foraging in rodent-infested areas; 

or being concurrently infected with other diseases often associated with homelessness or 

intravenous drug use (e.g., hepatitis B/C or HIV) (Smith et al., 2002).   

As mentioned in the discussion of B. henselae, a recent dramatic increase in the 

incidence of sudden, unexpected, cardiac death observed in Swedish male orienteers 

caused researchers to evaluate whether Bartonella may act as a contributing factor 

(Larsson et al., 1999; Wesslen et al., 1996).  Although PCR analyses of autopsy tissues 

detected B. quintana and B. henselae, IFA tests demonstrated overall seroreactivity to B. 

elizabethae, B. henselae, and B. quintana at 31%, 3%, and 1.4%, respectively, in 1,136 



 34

samples tested from elite orienteers (McGill et al., 2001).  The overall seroprevalence in 

the orienteers (31%) was significantly (p < 0.001) higher than in 322 time-matched, 

healthy, Swedish blood donors, of whom 22 (6.8%) were seroreactive to B. elizabethae.  

The high seroreactivity to B. elizabethae in orienteers likely skewed the overall Bartonella 

seroprevalence, as the seroreactivity to B. henselae and B. quintana was only slightly 

higher in orienteers (3.0%, 1.4%, respectively) than in the healthy blood donors (1.6%, 

0.3%, respectively).   

In Denmark, a similar case-control study was performed to investigate the 

seroprevalence of Bartonella species in Danish elite orienteers (Schiellerup et al., 2004).  

With 265 individuals enrolled in the study (43 elite orienteers, 63 elite indoor sportsmen, 

and 159 blood donors), Bartonella antibodies were detected in sera from five persons.  

Bartonella henselae was detected in one elite orienteer, one handball player, and one blood 

donor, while B. elizabethae was detected in one handball player and one basketball player.  

The authors suggested that contrasting seroprevalences in the Danish and Swedish studies 

may reflect differences in the serological methods used for testing in the two studies.   

 

Bartonella vinsonii subspecies berkhoffii.   

History.  Originally isolated in the 1940s from Canadian voles (Microtus 

pennsylvanicus), B. vinsonii subspecies vinsonii has not yet been isolated or shown to be 

pathogenic in any other host (Baker 1946; Weiss et al., 1978; Weiss et al., 1982).  No 

additional B. vinsonii isolates had been described until 1995 when Breitschwerdt et al. 
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(1995) reported a similar, fastidious, gram-negative organism in a dog with valvular 

endocarditis.  Subsequent genotypic characterization of the vole and canine isolates 

resulted in a taxonomic division of the B. vinsonii species into subspecies; the vole and 

canine isolates were designated B. vinsonii subspecies vinsonii and B. vinsonii subspecies 

berkhoffii, respectively (Kordick et al., 1996).  Recently, four different types of B. vinsonii 

(berkhoffii) (Types I to IV) have been described (Maggi et al., 2006). 

 

Clinical presentation.  Since its description, B. vinsonii (berkhoffii) has been 

associated with a wide variety of clinical manifestations in dogs including polyarthritis, 

cutaneous vasculitis, cardiac arrhythmias, myocarditis, granulomatous lymphadenitis, 

granulomatous rhinitis, and epistaxis (Breitschwerdt et al., 1999; Breitschwerdt et al., 

2004; Breitschwerdt et al., 2005; Pappalardo et al., 2000b).  Further, B. vinsonii 

(berkhoffii) has been isolated from clinically healthy dogs with no associated disease 

manifestations (Kordick et al., 1996; Kordick et al., 1998).  Bartonella vinsonii (berkhoffii) 

was detected by PCR in a single case of human endocarditis and was therefore added to a 

growing list of zoonotic Bartonella species (Roux et al., 2000). 

Eleven of 12 dogs presenting with cardiac arrhythmias, endocarditis, or myocarditis 

were seroreactive to B. vinsonii (berkhoffii) antigens, and B. vinsonii (berkhoffii) was 

detected by PCR in the blood or heart valve of three of these dogs (Breitschwerdt et al., 

1999).  PCR analysis of the blood or tissues of an additional seven dogs demonstrated 

evidence of a closely related, general alpha-proteobacterial infection, suggesting that one 

or more alpha-Proteobacteria may be inducing disease in these dogs.  Recent data have 
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indicated that although blood-culture negative, three of five dogs with Bartonella-

associated endocarditis were B. vinsonii (berkhoffii) positive when PCR was performed 

using the affected heart valve (MacDonald et al., 2004). 

In experimental models, inoculation of specific pathogen free dogs with culture-

grown B. vinsonii (berkhoffii) resulted in chronic infection and alterations, both 

quantitative and functional, in CD4+, CD8+, and B lymphocytes (Pappalardo et al., 2000a; 

Pappalardo et al., 2001).  Numerous defects were observed in B. vinsonii (berkhoffii) 

experimentally infected dogs including: cyclic CD8+ lymphopenia, sustained suppression 

of CD8+ lymphocytes accompanied by an altered cell surface phenotype, an increase in 

CD4+ lymphocytes in the peripheral lymph nodes, defects in monocytic phagocytosis, and 

impaired antigen presentation.  Changes such as these may potentially predispose B. 

vinsonii (berkhoffii)-infected dogs to develop autoimmune or immune-mediated disease 

manifestations. 

Bartonella vinsonii (berkhoffii) has been associated with granulomatous disease, 

uveitis, epistaxis, and endocarditis.  Utilizing serological, histopathological, and molecular 

techniques, B. vinsonii (berkhoffii) was associated with granulomatous lymphadenitis and 

granulomatous rhinitis in two dogs (Pappalardo et al., 2000b);  additionally, both B. 

henselae and B. vinsonii (berkhoffii) were detected by PCR in a dog with systemic 

granulomatous disease and sialometaplasia (Saunders et al., 2006).  Bartonella vinsonii 

(berkhoffii), as indicated by serological testing, was believed to induce anterior uveitis and 

choroiditis in a dog (Michau et al., 2003).  Further, B. vinsonii (berkhoffii) seroreactivity 

has been demonstrated in several dogs with epistaxis (Breitschwerdt et al., 1995; 
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Breitschwerdt et al., 1999; Breitschwerdt et al., 2005; Smarick et al., 2004), and recently, 

B. vinsonii (berkhoffii) Type II was successfully isolated from a dog with epistaxis 

(Breitschwerdt et al., 2005).  Lastly, in a retrospective case series, the review of medical 

records for 24 B. vinsonii (berkhoffii)-seroreactive dogs revealed various clinical 

manifestations and clinicopathological abnormalities that may be attributed to B. vinsonii 

(berkhoffii) infection including: fever/joint/muscle pain, cutaneous vasculitis, seizures, 

ataxia, uveitis and ocular hemorrhage, immune-mediated hemolytic anemia, neutrophilic or 

granulomatous meningoencephalitis, and neutrophilic polyarthritis (Breitschwerdt et al., 

2004). 

 

Transmission.  Despite reports of low seroprevalence (Henn et al., 2005; 

Pappalardo et al., 1997; Solano-Gallego et al., 2004), domestic dogs are believed to be the 

primary reservoir of B. vinsonii (berkhoffii).  In several Californian studies, coyotes (Canis 

latrans) appear to serve as important wildlife reservoirs for B. vinsonii (berkhoffii), as 

demonstrated by seroprevalence rates ranging from 28 to 76% and PCR evidence of 

infection in 28% of animals sampled (Beldomenico et al., 2005; Chang et al., 1999; Chang 

et al., 2000; Hoar et al., 2003).  It should be noted that these samples were collected in 

highly endemic tick areas, perhaps explaining the large number of seroreactive and 

bacteremic coyotes observed in these studies.  Evidence of B. vinsonii (berkhoffii) infection 

in gray foxes (Urocyon cinereoargenteus) captured in California has also been recently 

described and may represent an additional wildlife reservoir for the organism (Maggi et al., 

2006).  Based on ITS and Pap31 typing, gray foxes are typically infected with a different 
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strain of B. vinsonii (berkhoffii) Type III, as compared to dogs and coyotes.  Recently, type 

III has been isolated from the blood and heart valve of a military working dog that died of 

endocarditis (EB Breitschwerdt, unpublished data).  

Although not definitely established, several reports, including serological, 

molecular, and descriptive data, support the potential for tick transmission of B. vinsonii 

(berkhoffii) both in the United States and worldwide (Baneth et al., 1998; Breitschwerdt et 

al., 1998; Chang et al., 2001; Honadel et al., 2001; Kordick et al., 1999; Muller et al., 

2004; Mylonakis et al., 2004; Pappalardo et al., 1997; Pappalardo et al., 2000b; Tuttle et 

al., 2003).  To further support a tick vector in the transmission of B. vinsonii (berkhoffii), 

serosurveys indicate that seroprevalence, although low in many dog populations, may vary 

with tick exposure.  In a serosurvey of sick dogs from North Carolina and Virginia that 

were admitted to the veterinary teaching hospital, B. vinsonii (berkhoffii) seroprevalence 

was 3.6% (69/1,920 samples) (Pappalardo et al., 1997).  The seroprevalence of B. vinsonii 

(berkhoffii) in Israeli dogs with prior tick exposure was reported as 10% (4/40 samples) 

(Baneth et al., 1998), while 8.7% (162/1,872 samples) of clinically healthy, military 

working dogs, with known tick exposure, were B. vinsonii (berkhoffii) seroreactive 

(Honadel et al., 2001).  Conversely, in a flea- and tick-infested kennel of sick Walker 

hounds, nearly all (25/27 samples, 93%) of the dogs were seroreactive B. vinsonii 

(berkhoffii) and many were concurrently co-infected with other tick-borne organisms such 

as Ehrlichia canis, Ehrlichia chaffeensis, Ehrlichia ewingii, Ehrlichia equi (now 

Anaplasma phagocytophilum), Rickettsia species, and Babesia canis; these results were 

also confirmed through PCR analyses (Kordick et al., 1999). 
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Recent epidemiological data.  Similar to B. henselae, much of the literature for 

B. vinsonii (berkhoffii) is focused on serosurveys in dogs or coyotes and the risk factors 

associated with seroreactivity.   

Despite a low seroprevalence (3.6%, 69/1,920 dogs) to B. vinsonii (berkhoffii) in 

sick dogs from North Carolina and Virginia, B. vinsonii (berkhoffii) seroreactive dogs were 

more likely to be outdoor dogs (OR = 8.5, 95% CI, 3.39 to 21.71), living in rural 

environments (7.1, 2.13 to 25.00), and were allowed to roam freely (4.8, 2.39 to 9.79) 

(Pappalardo et al., 1997).  Perhaps the most important finding of this case-control study 

was that B. vinsonii (berkhoffii) seroreactive dogs were 14.2 times (95% CI, 4.63 to 45.38) 

more likely to have a history of heavy tick exposure.  To further assess the correlation with 

tick exposure and B. vinsonii (berkhoffii) seroreactivity, serum samples collected from 

dogs with known tick exposure, such as those seroreactive to E. canis and B. canis, were 

tested for reactivity to B. vinsonii (berkhoffii) antigens using an IFA test.  In these 

analyses, 54/151 (36%) E. canis seroreactors and 4/7 (57%) B. canis seroreactors were also 

concurrently seroreactive to B. vinsonii (berkhoffii), suggesting that Rhipicephalus 

sanguineus, the tick vector for E. canis and B. canis, may be involved in B. vinsonii 

(berkhoffii) transmission in dogs.  Since this initial report, other data have been published 

in support of tick transmission for B. vinsonii (berkhoffii) as assessed by concurrent 

seroreactivity to several other known tick-transmitted pathogens, such as E. canis, B. canis, 

or Borrelia burgdorferi (Breitschwerdt et al., 1998; Hinrichsen et al., 2001; Honadel et al., 

2001; Kordick et al., 1999). 
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A serosurvey of sick and healthy dogs in the southeastern United States reported a 

B. vinsonii (berkhoffii) seroprevalence of 4.7% (14/295 dogs) in sick dogs versus 1% (1/99 

dogs) in healthy dogs (Solano-Gallego et al., 2004).  Other B. vinsonii (berkhoffii) 

serosurveys have been performed outside of the United States, for example: four of 40 

(10%) Israeli dogs with previous tick exposure were B. vinsonii (berkhoffii) seroreactive 

(Baneth et al., 1998); nearly 40% of sick dogs from Thailand (19/49, 38%) were 

seroreactive to B. vinsonii (berkhoffii) antigens, but no dog was PCR positive (Suksawat et 

al., 2001); overall, 56 of 147 (38%) dogs tested in Morocco were B. vinsonii (berkhoffii) 

seroreactive, and a much of the overall seroprevalence was attributed to stray dogs (38 to 

47% depending on the region surveyed) as opposed to a much lower seroprevalence in pet 

dogs (1/24 dogs, 4%) (Henn et al., 2006); lastly, B. vinsonii (berkhoffii) seroreactivity was 

reported as 1.1% in 466 dogs surveyed in three different regions in northeastern Spain 

(Solano-Gallego et al., 2006). 

As previously described, B. vinsonii (berkhoffii) was detected by PCR in three of 

five dogs with endocarditis during a prospective study in California (MacDonald et al., 

2004).  All dogs with Bartonella endocarditis had vegetative lesions on the aortic valve 

only.  This finding may have contributed to the reduced overall survival time (p = 0.002) 

of this group when compared to dogs with endocarditis due to non-Bartonella bacteria,  

which most frequently involves the mitral valve.  This study also reported that a high 

serological titer (> 1:512) to Bartonella antigens was a valuable ante-mortem diagnostic 

tool for Bartonella-associated endocarditis in dogs.   
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In an elaborate study to evaluate Bartonella seroprevalence in a population of sick 

dogs from northern California and to identify potential risk factors and clinical signs 

associated with seroreactivity, 102 of the total 3,417 (2.9%) dogs were seroreactive to B. 

henselae, B. clarridgeiae, and/or B. vinsonii (berkhoffii) via an enzyme linked 

immunosorbent assay (ELISA) technique (Henn et al., 2005).  When considering only the 

102 seroreactors, 36 (35.3%), 34 (33.3%), 2 (2.0%) reacted to B. henselae only, B. 

clarridgeiae only, and B. vinsonii (berkhoffii) only, respectively.  A case-control study was 

conducted as part of the serosurvey and utilized 305 dogs (102 dogs seroreactive to B. 

henselae, B. vinsonii (berkhoffii) and/or B. clarridgeiae and 203 seronegative dogs).  As 

mentioned in the B. henselae discussion, seroreactivity to Bartonella test antigens was 

significantly associated with breed, sex, lameness, arthritis-related lameness, 

splenomegaly, and nasal discharge/epistaxis. 

 

Bartonella bovis 

History.  Bartonella weissii was provisionally described by Regnery and 

colleagues at the Centers for Disease Control (R. Regnery, N. Marano, P. Jameson, E. 

Marston, D. Jones, S. Handley, C. Goldsmith, and C. Greene, 15th Meeting of the 

American Society of Rickettsiology, abstrast 4, 2000).  Using partial citrate synthase gene 

sequence analysis on 33 cat blood isolates, at least two distinct Bartonella species were 

present.  Although the majority of these isolates were identical to B. henselae, isolates 

from two domestic cats from Utah and Illinois demonstrated a novel citrate synthase 
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genotype.  Further characterization using 16S rDNA and groEL gene sequences revealed 

differences in the DNA profiles when compared to the other study isolates, and electron 

microscopy of this novel feline isolate demonstrated a flagellated bacteria.  The novel 

genotype was designated B. weissii, and although sequence data exist (GenBank Accession 

Nos. AF071190 and AF199502), the type strain is not available.  Based on subsequent 

findings in cattle, the organism originally described as Bartonella weissii was renamed B. 

bovis (Bermond et al., 2002). 

 

Clinical presentation.  To date, little to no information is provided in the 

published literature pertaining to the clinical manifestations of B. bovis infection, and no 

clinical information has been reported for the animals from which B. bovis isolation was 

successful.  In a study of North Carolina beef cattle infected with B. bovis, fescue toxicity, 

characterized by severe lameness and loss of the tail switch, was observed in 

approximately one-third of the entire herd; however, it is uncertain if this finding was 

related to B. bovis infection in a genetically susceptible breed with concurrent exposure to 

toxin-containing fescue (Breitschwerdt et al., 2001).  In a second report, although nearly 

93% of heifers surveyed were B. bovis bacteremic, a study of 448 French dairy cattle failed 

to correlate chronic B. bovis infection with ongoing reproductive problems within the herd 

(Maillard et al., 2006).  Recently B. bovis DNA was detected in two cases of bovine 

endocarditis (Maillard et al., Submitted for publication at Emerging Infectious Diseases), 

along with a report of B. bovis involvement in a case of human bacillary angiomatosis 

(García-Esteban et al., 2005). 
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Transmission.  Little to no information is published in the literature pertaining to 

possible means of transmission for B. bovis.  Biting flies and/or ticks have been suggested 

as possible vectors for B. bovis (Chomel et al., 2004).  Tick infestation is a common 

finding in cattle, thereby providing a possible source of infection; in contrast, fleas are 

rarely observed on cattle (Chang et al., 2000).  Bartonella bovis was recently amplified 

from ticks (Ixodes and Rhipicephalus species) collected in the pastures grazed by French 

dairy cattle (Maillard et al., 2006).  Bartonella bovis was detected by PCR in a pooled 

sample of horn flies (Haematobia species) removed from cattle in northern California 

(Chung et al., 2004).  Further, recent studies of Hippoboscidae species have shown a very 

high prevalence of Bartonella DNA in these biting flies, suggesting that bloodsucking 

insects may be an important vector of Bartonella in ruminants (Dehio et al., 2004; Halos et 

al., 2004). 

 

Recent epidemiological data.  Bartonella bovis has been detected in free-

ranging wild and domestic ruminants in the United States.  In a study designed to 

determine the prevalence of Bartonella infection, close similarity was found between all 

isolates from dairy and beef cattle, mule deer, and elk, and also between these isolates and 

B. bovis (Chang et al., 2000). 
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A study in North Carolina beef cattle reported seroreactivity to B. bovis antigens in 

36 of 38 animals and microbiological isolation of B. bovis, confirmed by DNA sequencing, 

from three of six randomly selected whole blood samples (Breitschwerdt et al., 2001). 

In 2002, it was reported that a novel Bartonella species was isolated from a cow in 

Europe; this isolate demonstrated 100% sequence similarity to the original cat B. weissii 

(now bovis) isolate when analyzed by 16S rRNA and gltA gene sequences.  The cow 

isolate, named B. bovis Bermond et al. sp. nov (Bermond et al., 2002), has been detected in 

53% of French dairy cattle (H.-J. Boulouis, R. Heller, F. Barrat, B. Van Laere, D. Thibault, 

F. Claro, S. Chastant, E. Plouzeau, A. Lecu, F. Ollivet, J. Rigoulet, X. Legendre, P. 

Moisson, M. Leclerc-Cassan, B. B. Chomel, and Y. Piemont, 2nd International Conference 

of Emerging Zoonoses, abstract 61, 1998) and is closely related to the Bartonella species 

detected in 49% of cattle from California and Oklahoma (Chang et al., 2000).  Considering 

that this Bartonella species is widely distributed among cattle in France, among cattle and 

wild ruminants in the United States, and has been recently isolated from cattle in Africa 

(Bermond et al., 2002; Breitschwerdt et al., 2001; Chang et al., 2000; Maillard et al., 2004; 

Maillard et al., 2006; Raoult et al., 2005), Bartonella weissii was appropriately renamed B. 

bovis. 

Chronic B. bovis infection was recently demonstrated in a herd of 448 French dairy 

cows and heifers; in this survey, nearly 60% (236/400 samples) of the cattle were culture 

positive for B. bovis, with the highest prevalence in heifers (62/67, 92.5%) (Maillard et al., 

2006). 
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Recently, molecular and serological evidence of B. bovis infection, likely resulting 

in endocarditis in cattle, has been reported (Maillard et al., Submitted for publication at 

Emerging Infectious Diseases).  Two of 22 (9.1%) cases of bovine endocarditis were PCR 

positive for B. bovis; moreover, these cases were seroreactive to B. bovis antigens, with 

high reciprocal titers of 640 and 5,120, further suggesting that B. bovis is the causative 

agent of these two endocarditis cases.  As many of the Bartonella species that induce 

endocarditis are zoonotic, such as B. quintana and B. henselae, these current findings 

suggest a possible role for B. bovis as a potential agent of human endocarditis or infection. 

To date, no additional isolates of B. bovis in cats have been reported in the 

literature, and it has been suggested that the original B. bovis isolates may have resulted 

from a transfer from a bovine to a feline population.  Due to the possibility of human 

infection during the slaughter and evisceration of deer, elk, and cattle, B. bovis could be a 

potential zoonotic pathogen (Bermond et al., 2002). 

 

Summary 

Since the initial association of Bartonella species with diseases in immunocompromised 

patients, members of this genus have emerged as highly adapted bacteria and as important, 

emerging pathogens in human and veterinary medicine.  From the data presented, many 

animals including bovine, canine, feline, human, and rodent species, may serve as 

chronically infected reservoir hosts for various Bartonella species.  Considering the 

growing list of Bartonella species that have been isolated and characterized within the last 
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15 years, the wide range of reservoir hosts, the diverse list of clinical manifestations of 

infection, and the striking disease similarities in dogs and humans, Bartonella bacteria 

have proven to be of comparative medical importance.   

 

Comparative epidemiological considerations: The dog as a 

model 

Introduction 

Humans typically represent incidental hosts for Bartonella species, as the 

organisms are generally found in their respective reservoir hosts, including companion 

animals, such as cats and dogs that live in daily contact with people.  Pet-associated 

diseases are currently being recognized with greater frequency, a finding that may be 

attributed to several factors: American households have more dogs (estimated at 70 

million) and cats (estimated at 100 million) than ever before, 75% of the recently 

discovered emerging infectious diseases are zoonotic in nature (Cleaveland et al., 2001; 

Taylor et al., 2001), and intimate contact between pets and their owners is much greater 

than in previous generations.  Recent reports indicate that zoonotic diseases were twice as 

likely to be associated with emerging or newly discovered infections when compared to 

non-zoonotic pathogens (Taylor et al., 2001).  These findings highlight the pressing need 

for a collaborative relationship between human medicine, veterinary medicine, and the 

public health and animal health infrastructures.  A fundamental element of this cooperative 
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association is comparative medicine, the study of the anatomic, physiologic, and 

pathogenesis of human and animal disease through the use of animal models or 

comparative investigation of naturally occurring animal and human diseases (Kahn 2006).  

Animal populations with naturally occurring disease provide a comparative medical 

resource that is largely unused to date.  Importantly, the clinical manifestations of naturally 

occurring animal infectious diseases often display striking similarities to the disease 

pathogenesis in human beings.   

The domestic dog, Canis familiaris, has more naturally occurring, inherited 

disorders than any other species, with the exception of human beings (Ostrander et al., 

2000; Patterson 2000).  Additionally, dogs share a common environment with humans, 

thereby facilitating the investigation of complex, multi-factorial interactions and risk 

factors of many human diseases.  These findings, coupled with the similarities in 

physiology, clinical disease presentation, and therapeutic response to treatment as 

demonstrated between dogs and humans, make the dog an excellent candidate for a model 

of human disease.  Further, the domestic dog represents a more natural population when 

compared to inbred laboratory rodents typically utilized to investigate human disease.  

With more similarities to humans, in anatomy, physiology, and enzyme systems and 

kinetics, dogs naturally develop diseases that share many characteristics with human 

disease.  Further, when narrowing the focus to vector-borne pathogens, dogs experience 

substantially greater exposure to vector-borne organisms and thus can serve as important 

natural reservoirs for human infection or as important environmental sentinels for human 

disease (Chomel et al., 2006; Duncan et al., 2004; Eng et al., 1988; Guerra et al., 2001). 
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With the recent publication of the canine genome sequence (Lindblad-Toh et al., 

2005), comparative genomic analyses have demonstrated substantial sequence similarity 

between the canine and human genomes (Kirkness et al., 2003).  Currently, dogs are being 

used as comparative models for inherited and sporadic human oncogenesis and in 

preclinical drug studies to evaluate the efficacy and toxicity of new therapeutic agents 

(Khanna et al., 2006; Knapp et al., 1997; Mack 2005; Starkey et al., 2005).  Although 

certainly a benefit to veterinary medicine, the use of dogs as a comparative model for 

various human diseases has the potential to provide a substantial advantage to human 

medicine as well.   

 

Common diseases related to Bartonella infection in dogs and humans 

The spectrum of disease manifestations attributable to Bartonella-associated 

infections is particularly broad, ranging from vasoproliferative lesions to granulomatous 

inflammation, and the type and extent of disease varies significantly with the immune 

status of the host.  Importantly, all Bartonella species known to cause disease in dogs have 

also been shown to be pathogenic in humans; further, of comparative medical interest, 

similar clinical symptoms of Bartonella species infections occur in humans and dogs.  It 

has been recently suggested that dogs may serve as sentinels for Bartonella infection in the 

human population and represent an important comparative model (Chomel et al., 2006).  

As detailed in the following paragraphs, Bartonella infections have been associated with 

several clinical conditions observed in both dogs and humans, including peliosis hepatis, 
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endocarditis, myocarditis, granulomatous lymphadenitis, granulomatous hepatitis, and 

encephalitis.   

 

Endocarditis.  In recent years, endocarditis may represent the most prevalent 

disease process associated with Bartonella infection in immunocompetent humans, as 

demonstrated by the expanding list of Bartonella species linked to endocarditis, including 

B. alsatica (Raoult et al., 2006), B. elizabethae (Daly et al., 1993), B. henselae (Fournier et 

al., 2001; Hadfield et al., 1993; Holmes et al., 1995), B. koehlerae (Avidor et al., 2004), B. 

quintana (Fournier et al., 2001; Spach et al., 1993), B. vinsonii subspecies arupensis 

(Fenollar et al., 2005; Welch et al., 1999), and B. vinsonii subspecies berkhoffii (Roux et 

al., 2000).    

 Three Bartonella species, B. quintana, B. elizabethae, and B. henselae, were each 

attributed to independent cases of human endocarditis in 1993 (Spach et al., 1993; Daly et 

al., 1993; Hadfield et al., 1993).  Although the 1993 report of B. elizabethae endocarditis 

represents the only known case, other Bartonella species, particularly B. quintana and B. 

henselae, have been detected in numerous endocarditis patients.  In fact, these two species 

may account for up to 30% of human endocarditis cases as demonstrated by a recent case 

series of 348 blood culture-negative endocarditis patients (Houpikian et al., 2005).  In this 

study, 99 (99/348, 28%) cases had serological, microbiological, and/or molecular evidence 

of infection with a Bartonella species.  Of 49/99 cases positive by culture and/or PCR on 

the affected heart valve, 38 were infected with B. quintana, 10 with B. henselae, and one 

with B. vinsonii (berkhoffii) (Houpikian et al., 2005).  In light of the difficulties associated 
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with the microbiological isolation of Bartonella species, serological analyses have been 

utilized successfully in the diagnosis of Bartonella endocarditis, and high titers have been 

positively predictive of Bartonella endocarditis in humans (Fournier et al., 2002a; Raoult 

et al., 1996; Wesslen et al., 2001).   

In general, Bartonella endocarditis is likely attributed to chronic, persistent 

bacteremia (Fournier et al., 2001).  In the majority of Bartonella endocarditis cases, the 

vegetative lesions are preferentially located on the aortic valve (Raoult et al., 1996), and 

high IFA antibody titers (reciprocal titers of ≥ 800) are observed in most patients (Fournier 

et al., 2002a).  Bartonella endocarditis is persistently blood-culture negative, which often 

results in delayed diagnoses and a higher mortality rate when compared to other forms of 

bacterial endocarditis.  Although often negative in bacteriologic culture, many samples are 

positive when evaluated by PCR for Bartonella DNA (Fournier et al., 2001).  Bartonella 

henselae-associated endocarditis is observed most frequently in persons with pre-existing 

valvular lesions, while B. quintana endocarditis is often not associated with previous 

valvulopathy (Fournier et al., 2001). 

Soon after the 1993 reports of Bartonella species involvement in human 

endocarditis, the first case of canine endocarditis, associated with B. vinsonii (berkhoffii), 

was reported (Breitschwerdt et al., 1995).  Subsequently, other Bartonella species, 

including B. clarridgeiae, B. quintana, and B. washoensis, have all been successfully 

isolated from dogs with endocarditis (Chomel et al., 2001; Chomel et al., 2003; Kelly et 

al., 2006).  In a recent, prospective study of dogs in northern California, Bartonella species 

were the most common cause of endocarditis and were involved in nearly one-third (5/18 
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cases, 27.7%) of canine endocarditis cases during a two-year period (MacDonald et al., 

2004).  Although, four of these five cases were blood-culture negative despite the use of 

Bartonella-specific culture methods, B. vinsonii (berkhoffii) was detected by PCR analyses 

of the affected heart valve in three of five dogs (MacDonald et al., 2004).  In a more recent 

evaluation of data from the same veterinary teaching hospital, it has been suggested that 

the previously reported incidence of 28% may be a substantial underestimation of the true 

incidence of Bartonella-associated endocarditis in dogs.  As shown in a retrospective case 

series, seven of 28 (25%) dogs diagnosed with endocarditis of unknown cause from 2001 

to 2005 were not tested for Bartonella (Sykes et al., 2006).   

 Of comparative medical interest, many of the clinical signs present at diagnosis of 

Bartonella-associated endocarditis are similar between dogs and humans.  Dogs with 

Bartonella endocarditis have massive vegetative lesions on the aortic valve only, and a 

high serological titer (> 1:512) to Bartonella antigens has been shown provide a valuable 

ante-mortem diagnosis (Breitschwerdt et al., 1999; MacDonald et al., 2004; Pesavento et 

al., 2005).  Also similar to humans, fever of unknown origin can precede the diagnosis of 

endocarditis in dogs for many months (Breitschwerdt et al., 2000; Foucault et al., 2002; 

MacDonald et al., 2004), although more recent research has indicated that dogs with 

Bartonella-related endocarditis are often afebrile upon presentation when compared to 

dogs with endocarditis attributed to bacteria other than Bartonella (Sykes et al., 2006).   

 

Peliosis hepatis.  In HIV-infected patients, an angiogenic, vasoproliferative, 

tumor-like lesion, known as peliosis hepatis, has been attributed to B. henselae infection.  
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The association between the clinical condition and B. henselae was demonstrated by the 

presence of the organism in infected tissue, by histopathological analyses, and by partial 

16S rRNA gene sequence data from the organism in situ and from culture (Perkocha et al., 

1990; Relman et al., 1990; Slater et al., 1990; Slater et al., 1992; Welch et al., 1992).  

Much of this early research was reported in case reports or case series, often with fewer 

than 10 to 15 cases presented.  Larger case series, some with as many as 50 patients, along 

with several case-control studies have been reported in subsequent years, primarily in 

immunocompromised, HIV-infected populations (Koehler et al., 1993; Koehler et al., 

1997; Koehler 1995; Mohle-Boetani et al., 1996; Tappero et al., 1993b).  In a molecular 

epidemiology study, peliosis hepatis was associated exclusively with B. henselae 

infections in 49 HIV-infected patients (Koehler et al., 1997). 

 Soon thereafter, B. henselae DNA was amplified and sequenced on two 

independent occasions from several cystic hepatic lesions in a dog diagnosed with peliosis 

hepatis (Kitchell et al., 2000), a disorder previously demonstrated to be attributed to B. 

henselae infection in human patients (Koehler et al., 1997).  This dog presented with 

hepatomegaly and elevated alkaline phosphatase activity, both of which have been shown 

in case-control studies to be significantly (p ≤ 0.05) associated with peliosis hepatis in 

humans (Mohle-Boetani et al., 1996).   

 

Myocarditis.  Bartonella infections have also been associated with myocardial 

inflammation in dogs and humans.  Myocarditis, along with endocarditis, was attributed to 

infection with B. henselae as detected by serological, histopathological, and molecular 
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analyses in an immunocompetent patient (Holmes et al., 1995).  Further, Bartonella 

quintana infection was detected in the myocardial tissues of a 60-year-old Swedish male 

who died suddenly during a running competition (Holmberg et al., 1999).  In addition, the 

Swedish sport of orienteering was marked by a dramatic increase in sudden, unexpected, 

cardiac-related deaths (n = 16) in young, clinically healthy, elite competitors over a 13-

year period (Larsson et al., 1999; Wesslen et al., 1996).  At autopsy, morphological 

changes were consistent with myocarditis in the majority of these cases (Wesslen et al., 

1996), and B. henselae and B. quintana were detected in heart (4/5 tissues tested) and lung 

(1/5 tissues tested) tissue by PCR amplification (McGill et al., 2001; Wesslen et al., 2001).  

Researchers suggested that Bartonella infection induced silent, subacute myocarditis, 

resulting in electric instability and the untimely death of these elite Swedish orienteers.  

Another case of Bartonella infection and chronic active myocarditis was documented as an 

atypical manifestation of cat scratch disease attributed to B. henselae (Meininger et al., 

2001).  Lastly, a single case of myocarditis attributed to B. washoensis, an infection 

hypothetically contracted from ground squirrels, has been reported (Kosoy et al., 2003). 

Dogs presenting with multifocal areas of severe myocardial inflammation have 

demonstrated seroreactivity to Bartonella antigens, and several Bartonella species have 

been detected by PCR in the blood or heart valves (Breitschwerdt et al., 1999; MacDonald 

et al., 2004).  A prospective study determining the prevalence of Bartonella infection in 

dogs with arrhythmias or biopsy-confirmed myocarditis has not been performed.  
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Select granulomatous diseases.  In traditional cat scratch disease, 

granulomatous, suppurative lesions are often attributable to B. henselae (Bass et al., 

1997b).  In an immunocompetent host, cat scratch disease typically involves a prolonged 

regional lymphadenopathy, often in proximity to the inoculation papule (cat scratch or 

bite); however, more serious complications are well documented and may occur in 5 to 

15% of infected humans (Chomel et al., 2004).  For example, B. henselae infection has 

been attributed to several granulomatous syndromes in humans, including granulomatous 

lymphadenitis, granulomatous hepatosplenitis, granulomatous osteitis, and orbital 

granulomas (Daybell et al., 2004; Dondey et al., 1997; Hansmann et al., 2005; Liston et al., 

1996).  In a few case reports, B. henselae infection in humans has been associated with 

neurological manifestations including fatal granulomatous meningitis and encephalitis 

(Gerber et al., 2002; Marra 1995).  Atypical manifestations of cat scratch disease, 

characterized by granulomatous reaction in the breast tissue and the lymph nodes, were 

attributed to B. henselae infection in four women (Godet et al., 2004; Markaki et al., 2003).  

Systemic symptoms of atypical cat scratch disease, characterized by fever of unknown 

origin and multiple lesions of the liver and spleen, diagnosed as granulomatous hepatitis, 

were described in a case report of two children; infection with B. henselae was 

demonstrated by high antibody titers or detection of B. henselae DNA in the liver biopsy 

(Dangman et al., 1995).   In a case review of 41 patients with presumed hepatic or splenic 

disease attributed to Bartonella infection, granulomatous infection of the liver and/or 

spleen was reported in 21 cases (51%) (Liston et al., 1996).  Bartonella henselae was 

associated with a case of granulomatous hepatitis in an HIV-infected individual with an 
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elevated antibody titer to B. henselae (Estrella et al., 2002).  In a few liver transplant 

patients, rare pathological lesions, such as disseminated granulomatous hepatitis, have 

been attributed to B. henselae infection through serological or molecular methods (Bonatti 

et al., 2006; Humar et al., 1999).  By microbiological isolation or molecular detection, B. 

quintana has been reported as a cause of granulomatous mediastinal lymphadenopathy in 

two case reports, and B. quintana-associated granulomas have been observed in thalamic 

lesions of a patient with central nervous system disease (Drancourt et al., 1996; Parrott et 

al., 1997; Raoult et al., 1994).   

In dogs, a seroreactive IFA titer was used to link B. vinsonii (berkhoffii) with a case 

of severe granulomatous lymphadenitis (Pappalardo et al., 2000b).  Warthin Starry-staining 

bacteria were observed within the lymph node, and Bartonella DNA was detected by PCR 

and Southern blot hybridization, although the specific Bartonella species was not 

determined using molecular techniques (Pappalardo et al., 2000b).  Interestingly, the 

source of Bartonella infection was believed to be an engorged tick that was removed from 

the left ear seven days prior to the onset of illness.  Although the sources of infection 

differed, the historical course and clinicopathologic findings for this dog were comparable 

to those of cat scratch disease lymphadenitis observed in human patients (Pappalardo et al., 

2000b).   Bartonella vinsonii (berkhoffii) was also implicated in a case of granulomatous 

rhinitis, as demonstrated by serological analyses and PCR amplification with restriction 

fragment length polymorphism in a nasal biopsy tissue (Pappalardo et al., 2000b).  

Bartonella henselae DNA has been detected in hepatic tissues collected from a dog with 

granulomatous hepatitis, while B. clarridgeiae DNA was detected in the liver of a dog with 
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lymphocytic hepatitis (Gillespie et al., 2003).  In retrospective seroprevalence studies to 

identify clinicopathological abnormalities, both B. henselae and B. vinsonii (berkhoffii) 

seroreactivity was associated with a few cases of granulomatous meningoencephalitis in 

dogs (Breitschwerdt et al., 2004; Goodman et al., 2005).  More recently, both B. henselae 

and B. vinsonii (berkhoffii) were detected by PCR in a dog with systemic granulomatous 

disease and sialometaplasia (Saunders et al., 2006).  Further, B. henselae has been 

suggested as the cause or a co-factor for the development of pyogranulomatous 

lymphadenitis in dogs, as demonstrated by Western immunoblot and IFA serological 

analyses and molecular evidence of B. henselae within the affected lymph nodes and 

peripheral blood (Morales et al., 2007). 

 

Data evaluation and summary  

When reviewing disease manifestations associated with Bartonella infection in 

dogs and humans, remarkable parallels are observed both within the similar spectrum of 

pathological lesions that have been reported, and in several instances, the clinical signs that 

occur prior to diagnosis of a Bartonella-associated disease.  In the context of comparative 

medicine, examining the pathological consequences of Bartonella infection in dogs may 

provide important insights for human medicine and vice versa.  

As is obvious from the preceding paragraphs, the majority of the studies relative to 

Bartonella infection in canine and human medicine can be categorized as descriptive 

epidemiological studies.  Case reports, case series, and surveys provide interesting 
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information on unique, novel, and perhaps rare, clinical conditions, and their value lies in 

formulating questions and developing hypotheses that can be tested experimentally or in a 

prospective, population-based study, thereby allowing more rigorous interpretation of the 

results.  However, few population-based studies have been conducted with respect to 

Bartonella infection.   

When considering blood culture-negative endocarditis as potentially attributed to 

Bartonella infections in human patients, larger case series have been recently published, 

with one report describing 348 patients collected over a period of nearly 20 years 

(Houpikian et al., 2005).  Aside from human endocarditis data, unfortunately, no larger 

integrative studies have combined the information, derived from other case reports or case 

series, within a particular framework to provide a summary of findings or 

recommendations.   

In human and veterinary literature, other factors complicate the association between 

Bartonella species and disease, including: (1) studies that attribute disease manifestations 

to Bartonella infection based on serological data only, thereby linking causality with a 

measurement of exposure and immune response only; (2) the frequent lack of control 

patients or control samples (e.g., serum, blood, tissues) in case reports and case series; and 

(3) the uncertainty surrounding the prevalence of asymptomatic Bartonella infections in 

clinically healthy populations.   

Because Bartonella species are recently discovered, because serological, 

microbiological, and molecular diagnostic testing have not provided sensitive or consistent 

results, and because this genus induces insidious and often non-specific disease 
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manifestations, large-scale funding to support well-designed, prospective, epidemiological 

studies has been limited or not available.   

Theoretically, improved microbiological methods to enhance the detection and 

isolation of clinically important Bartonella species from humans and dogs would assist in 

the correlation of Bartonella species and disease causation.  Additionally, the ability to 

successfully isolate Bartonella species will facilitate comparative microbiological studies.  

To this end, research was initiated to characterize a culture medium to support the growth 

and maintenance of several Bartonella species. 

 

Detection of Bartonella species in clinical samples 

Because Bartonella species frequently induce persistent intravascular infections, it 

has been difficult to directly attribute disease causation to Bartonella infection, a dilemma 

which is further compounded by the few, and some times very subtle, clinical 

abnormalities that can occur during the course of infection.  The observation of chronic 

Bartonella bacteremia without overt signs of disease contradicts Koch’s postulate that the 

blood of healthy humans and animals is free of bacteria (Jacomo et al., 2002).  

Nevertheless, an increasingly diverse spectrum of Bartonella-associated diseases have 

been recognized due to the development of improved serologic and molecular diagnostic 

tests, and many of these novel isolation or molecular detection techniques have shown to 

be more sensitive than conventional culture methods (Chenoweth et al., 2004; Cunningham 
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et al., 2000; Johnson et al., 2003; Koehler et al., 1992; La Scola et al., 1999; Pitulle et al., 

2002; Raoult et al., 2003; Schwartzman et al., 1993; Wong et al., 1995). 

 

Conventional microbiological methods 

Traditionally, Bartonella organisms are cultivated at 37ºC in an atmosphere 

containing 5% carbon dioxide; in contrast, B. bacilliformis has an optimal growth 

temperature ranging from 25 to 28ºC and without supplemental carbon dioxide (Anderson 

et al., 1997).  Due to their hemin-dependency, Bartonella species must be grown on agar 

enriched with 5 to 10% blood.  Rabbit blood or horse blood is more effective than sheep 

blood for isolation (Maurin et al., 1997).  It has been reported that optimal growth of B. 

quintana requires chocolate agar plates (Koehler et al., 1997); however, a larger scale 

study did not corroborate this observation, rather finding no evident superiority with a 

specific blood agar, but that the best growth was obtained when the blood agar was freshly 

prepared (La Scola et al., 1999).  Visible colony formation may occur within 5 to 15 days 

or up to 45 days during primary culture; due to this slow growth, identification by standard 

biochemical methods may not be applicable (Boulouis et al., 2005).  Bartonella may also 

be cultivated in broth with fetal bovine serum and in tissue culture (La Scola et al., 1999).  

As Bartonella are intraerythrocytic bacteria (Dehio 2004), many isolation methods utilize 

lysis-centrifugation tubes or freeze-thaw techniques to increase the efficiency of isolation 

from blood (Brenner et al., 1997; Regnery et al., 1992a; Welch et al., 1992). 
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For Bartonella, the primary difficulty associated with traditional microbiological 

methods is the extended period of time (average = 21 days) for primary isolation on blood 

agar plates, the standard method for diagnosis of Bartonella infection.  However, isolation 

of Bartonella species on a blood agar plate is rarely successful, unless the patient or animal 

is infected with a retrovirus, such as HIV, is receiving immunosuppressive drug therapy, or 

the animal is a reservoir host for the given Bartonella species.  Difficulties in detecting 

Bartonella infection in the blood of non-reservoir sick animals are most likely a reflection 

of extremely low numbers of circulating Bartonella organisms (Breitschwerdt et al., 2000; 

Gouriet et al., 2005; Gundi et al., 2004; Rolain et al., 2001; Rolain et al., 2002).  To date, 

alternative methods of isolation have proven to be of little diagnostic utility; further, no 

appropriate liquid medium to support the growth of several clinically important Bartonella 

species had been characterized.  Previous reports have described the growth of one or a few 

Bartonella species from relatively well-defined, human diagnostic specimens and isolation 

of Bartonella species from experimentally infected cats (Chenoweth et al., 2004; Fournier 

et al., 2002c; La Scola et al., 1999). 

 

Alternative microbiological methods 

Historically, our research group has often failed to isolate Bartonella species from 

the blood of sick dogs with serological, pathological, or molecular evidence of active 

infection (Breitschwerdt et al., 1999; Pappalardo et al., 2000b).  As part of a veterinary 

diagnostic service, our laboratory routinely used traditional, commercially available blood 
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agar plates (trypticase soy agar with 5% rabbit blood) to isolate Bartonella organisms from 

the blood of dogs, cats, horses, and other animals.  A review of diagnostic results and 

medical records indicated that the conventional method used for Bartonella isolation was 

quite inefficient with respect to the culture of Bartonella species from dog blood.  From 

June 1997 to December 2004, more than 200 cultures were performed to assist in the 

diagnosis of Bartonella infection in dogs; of these isolation attempts, only three resulted in 

the successful isolation of Bartonella species (3/210 total cultures or 1.4%).  Of the 119 

cultures completed during the same time period using cat blood, seven culture attempts 

(7/119 total cultures or 5.9%) successfully isolated Bartonella species.  Following the 

review of these data and our previous case experiences, we hypothesized that the detection 

and isolation of Bartonella in clinical samples, collected from dogs, could be enhanced by 

pre-enrichment in liquid BAPGM prior to blood agar plating when compared to traditional 

diagnostic methods.   

After careful review of the literature for growth requirements, biochemical 

constituents, and amino acid supplements for bacteria in general and Bartonella 

specifically, various commercially available, insect and mammalian cell culture medias, 

such as Hink’s, Grace’s, DS2®, RPMI, and IPL41, were evaluated in an attempt to provide 

the optimal and most efficient growth medium for several clinically relevant Bartonella 

species.  Various combinations and much iteration culminated in the development and 

characterization of a novel, chemically modified, insect-based liquid culture medium that 

supported the growth of at least seven Bartonella species and several co-cultures with 

combinations of two different Bartonella species (Maggi et al., 2005a).  Further, this 
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liquid, pre-enrichment media, referred to as Bartonella/alpha-Proteobacteria Growth 

Medium (BAPGM), facilitated the primary isolation of B. henselae from blood and 

aqueous fluids of naturally infected cats in half the time generally required when using a 

conventional isolation media (e.g., sheep blood agar plate or chocolate agar plate) (Maggi 

et al., 2005a).  It is important to note that isolates were not obtained from these two clinical 

samples by direct inoculation of a blood agar plate, which is consistent with the limited 

sensitivity of conventional isolation approaches for the detection of B. henselae and other 

Bartonella species.   

Although BAPGM aided in agar plate isolation of B. henselae from cats, the 

successful use of BAPGM for the isolation of Bartonella organisms from dog blood was 

much more difficult to achieve.  Additional optimization of the liquid media, including 

changes in the insect cell-culture base media and amino acid supplementation, along with 

different incubation conditions were required to successfully isolate Bartonella from 

clinical samples collected from dogs.  The incorporation of minor modifications to our 

previously reported BAPGM pre-enrichment medium facilitated the molecular detection 

and isolation of single and co-infections of Bartonella species in blood samples obtained 

from sick dogs (Duncan et al., 2007).  Ultimately, the optimized approach for the detection 

and isolation of Bartonella species required the combination of pre-enrichment culture 

followed by molecular detection (Duncan et al., 2007, Maggi et al., 2005b).  Using this 

approach, Bartonella species were detected in 19 of 148 blood samples (12.8%) from sick 

dogs tested; further, we detected three co-infections with B. henselae and B. vinsonii 

(berkhoffii), and for the first time, two dogs were found to be infected with B. bovis.  Also, 
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Bartonella isolates were obtained from six dogs using this combined approach of pre-

enrichment culture and sub-inoculation onto agar plates (Duncan et al., 2007). 

Summary 

Hypothesizing that traditional microbiological methods were not adequate to successfully 

isolate Bartonella species from clinical samples from dogs, a pre-enrichment medium, 

based on a formulation that promotes the growth of insect cells in culture, was developed 

and characterized.  This novel media, referred to as Bartonella/alpha-Proteobacteria 

Growth Medium (BAPGM), supported the isolation and growth of at least seven individual 

Bartonella species and co-cultures of more than one Bartonella species.  The utility of 

BAPGM and its remarkable improvement in the detection and isolation of Bartonella 

species from naturally infected populations represents a significant contribution to the 

worldwide research efforts to enhance the growth, molecular detection, and maintenance of 

these fastidious bacteria.  The improved isolation methods should assist in the  

understanding of the diversity, adaptation, and epidemiology of Bartonella species, and 

also provide substantial aid in evaluating the causal link between the presence of 

Bartonella and disease manifestations.   

Potential link between chronic bacterial infection and cancer 

Introduction 

Oncogenesis is a multistep process which results in an overall disturbance in the 

regulation of cell growth and subsequently forces the progressive transformation of normal 
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cells into malignant derivatives (Hanahan et al., 2000).  Briefly, initiation involves 

mutations in proto-oncogenes, tumor suppressor genes, and/or other genes that are 

important in the regulation of cell growth and apoptosis.  After transformation to a 

neoplastic phenotype, proliferation and invasion must occur.  Many genetic and 

environmental factors contribute to oncogenesis; environmental factors such as toxins or 

radiation can cause DNA damage, which results in malignant transformation and cancer.  

During the past decade, researchers have provided an expanding body of evidence to 

support a potential role for infectious agents such as viruses, mycoplasma, bacteria, and 

protozoa, as cofactors in the development of cancer in humans (Lax et al., 2002).  In fact, 

the World Health Organization recently estimated that one-fifth (20%) of all cancers 

worldwide are caused by chronic infection with a virus, bacteria, or protozoa (WHO 2006).   

 

Viral agents and oncogenesis 

It is well established that viruses cause malignant transformation of DNA that can 

result in the development of neoplasia.  Epstein-Barr virus (EBV), discovered in 1964 in a 

Burkitt’s lymphoma biopsy, was the first virus to be directly linked with human cancer.  

Since its discovery, EBV has been associated, either as the principal etiologic agent or as a 

necessary or contributing co-factor, with several malignancies including Burkitt’s 

lymphoma (a childhood tumor common in sub-Saharan Africa), Hodgkin’s disease (a 

lymphoproliferative disorder of B-lymphocytes), lymphomas and other 

lymphoproliferative diseases in immunocompromised patients, and nasopharyngeal and 
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gastric carcinoma.  As a ubiquitous human herpesvirus, serosurvey results indicate that at 

least 90% of adults worldwide are exposed to and actively infected with EBV; however, 

the cancers associated with herpes viral infection are relatively rare (Hsu et al., 2000).  

Hypothetically, EBV has evolved to exploit the process of B-cell development, and this 

exploitation allows EBV to maintain a chronic, but asymptomatic, infection.  Neoplastic 

events associated with EBV infection typically occur after many years of viral dormancy 

and are accompanied or prompted by reactivation of the virus (Pagano 1999). 

Other viral agents have been implicated in oncogenesis.  In numerous 

epidemiological studies, chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) 

infections have been associated with hepatocellular carcinoma.  A meta-analysis of 32 

studies published between 1993 and 1997 reported summary odds ratios of 13.7 (95% 

confidence interval = 12.2 to 15.4) and 11.5 (95% confidence interval = 9.9 to 13.3) for the 

development of hepatocellular carcinoma among people chronically infected with HBV 

and HCV, respectively (Donato et al., 1998).  For HBV, hepatocellular carcinoma typically 

emerges after 30 years of chronic infection, during which time, liver cells undergo 

progressive changes as a consequence of ongoing viral replication.  After many 

recombination events, HBV DNA becomes integrated into the DNA of the host.  It is 

hypothesized that these integrated viral DNA sequences contribute to development of 

cancer.  In contrast, HCV is an RNA virus, and therefore, does not integrate into host cell 

DNA; the mechanisms by which HCV causes liver cancer have not been elucidated (NTP 

2005).  
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Some human papillomaviruses (HPVs) have also been strongly implicated as a 

cause of cancer, specifically cervical cancer.  In an extensive study of more than 1,000 

invasive cervical cancer tissue samples collected from women in 22 different countries, 

HPV was detected in 99.7% of all cervical carcinomas; this value represents the highest, 

worldwide attributable fraction reported to date for a specific cause of a major human 

cancer and is suggestive that HPV infection may be necessary for the development of 

cervical cancer (Walboomers et al., 1999).  More than 100 types of HPV have been 

identified.  Papillomaviruses can cause cutaneous infection (skin warts) or genital-mucosal 

infection; those causing genital-mucosal infection may be classified as low-risk or high-

risk genotypes.  Low-risk types are non-oncogenic and are associated with anogenital 

warts or low-grade cervical dysplasia.  High-risk, oncogenic types have been associated 

with cervical cancer and low- and high-grade dysplasias.  During the progression to a 

neoplastic phenotype, viral DNA is thought to integrate into the host genome, although the 

pathways for HPV in oncogenesis are not fully understood (NTP 2005).  

Also implicated in oncogenesis, human retroviruses are known to target cells of the 

immune system, particularly mature CD4+ T cells.  This type of selection results in either 

impairment of cell function and abnormal growth, as shown by human T-cell leukemia 

virus (HTLV), or cell death, as demonstrated in human immunodeficiency virus (HIV). 

Human T-cell leukemia virus type 1 (HTLV-1) is a member of the Deltaretrovirus 

family and is the etiologic agent of adult T-cell leukemia, an aggressive malignancy of 

mature CD4+ T cells.  Approximately 10 to 20 million HTLV-1 carriers exist worldwide, 

and HTLV-1 is endemic in Japan and in parts of central Africa, the Caribbean, and South 
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America (Edlich et al., 2000).  Despite this global endemnicity, only approximately 5% of 

HTLV-1 carriers develop adult T-cell leukemia, indicating that most carriers remain 

asymptomatic over their lifetime, as indicated in both prospective cohort and longitudinal 

studies (Arisawa et al., 2000; Arisawa et al., 2003; Arisawa et al., 2006).  

HTLV-1 is a highly cell-associated virus and efficient transmission requires 

transfer of infected cells and cell-to-cell contact (Matsuoka 2005).  The major route of 

transmission is from mother to infant via infected breast milk, however, sexual 

transmission (primarily male to female) and parenteral transmission (through transfusion 

of infected blood products or intravenous drug use) may also occur (Jarrett 2006; 

Matsuoka 2005). 

Similar to other retroviruses, following infection of a cell with HTLV-1, the RNA 

genome is transcribed into DNA and integrates into the host’s chromosomal DNA (Goff 

2001).  Upon integration, cellular infection is interminable, and the viral genome is passed 

to daughter cells.  Mitotic division of infected cells appears to be the primary expansion 

route of HTLV-1, as viral transmission is relatively inefficient (Jarrett 2006). 

The HTLV-1 provirus has a similar structure to other retroviruses and also has an 

important region that encodes for several accessory genes; among these, the tax gene plays 

key roles in viral gene transcription, viral replication, and the clonal proliferation of 

HTLV-1-infected cells (Matsuoka 2005).  Further, this multifunctional protein interacts 

with transcription factors and molecules involved in signal transduction pathways, 

resulting in dysregulation of viral and cellular genes involved in cell cycle control, 
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apoptosis, and DNA repair (Franchini et al., 2003; Gatza et al., 2005; Jeang et al., 2004; 

Kawakami et al., 2005). 

The ability of HTLV-1 to stimulate T-cell proliferation and the pleiotropic 

properties of the Tax protein suggest an obvious mechanism by which this retrovirus 

causes T-cell leukemia; however, a contradiction becomes readily apparent, considering 

the majority of adult T-cell leukemia cases demonstrate no evidence of Tax expression 

(Matsuoka 2005).  The inactivation of Tax expression results from mutations, insertions, or 

deletions of the tax gene, DNA methylation of the 5′ long terminal redundancy (LTR) 

sequences, and/or epigenetic deletion of the 5′ LTR (Takeda et al., 2004; Tamiya et al., 

1996).  Therefore, the current model of adult T-cell leukemia pathogenesis includes initial 

infection by HTLV-1, which results in Tax expression and polyclonal expansion of 

infected CD4+ cells.  At this stage, proliferation is controlled by the cytotoxic T-

lymphocyte response, a response which is targeted to the Tax protein (Jarrett 2006; 

Matsuoka 2005).  Over a latency period of approximately 60 years, proliferation and Tax 

expression lead to accumulating genetic and epigenetic alterations of the host genome, 

which subsequently transform the HTLV-1-infected cells into adult T-cell leukemia cells, 

and also enable adult T-cell leukemia cells to proliferate in the absence of Tax expression, 

culminating in the onset of adult T-cell leukemia (Jarrett 2006; Matsuoka 2005).   

The human immunodeficiency virus (HIV) is a lentivirus of the retrovirus family 

and replicates using a DNA intermediate which integrates into host cell chromosomal 

DNA (Goff 2001).  Infection is characterized by a specific deficiency in CD4+ cells, 

coupled with the persistent stimulation of B cells.  When compared to the general 
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population, HIV patients are at a significantly increased risk for the development of many 

types of cancer, particularly at the later stages of infection, including the progression to 

AIDS.  Since the onset of the HIV/AIDS epidemic, several AIDS-defining cancers have 

been defined and include malignancies such as Kaposi’s sarcoma, a rare neoplasm, and 

non-Hodgkin’s lymphoma (CDC 1993).   

Kaposi’s sarcoma, a vasculoproliferative disorder triggered by human herpesvirus 

8, is one of the most frequently observed neoplasms in HIV-infected patients.  Despite a 

substantial decline in incidence with the routine administration of highly active 

antiretroviral therapy, AIDS-related Kaposi’s sarcoma persists in the immunocompromised 

population (Ledergerber et al., 1999; Rabkin 2001; Von Roenn 2003).  An 

angioproliferative hyperplasia that utilizes both autocrine and paracrine growth loops to 

stimulate progression to a highly angiogenic sarcoma, the disease is often multifocal in 

distribution and has been reported in skin, mucoses, lymph nodes, and nearly all organs 

(Jacobson et al., 1995; Miles 1994; Nasti et al., 1997).  Histologically, Kaposi’s sarcoma 

presents as an angioproliferative disease characterized by neoangiogenesis, infiltration of 

lymphocytes, plasma cells, and macrophages, and proliferating spindle-shaped cells, the 

hallmark of the tumor (Ensoli et al., 1998). 

The uniquely high incidence of Kaposi’s sarcoma in HIV-infected patients suggests 

a more active role for the HIV virus itself in the etiological process of tumorigenesis.  The 

Tat protein is a HIV-1 regulatory protein, which is released by infected cells and shares 

several functional characteristics of the previously described HTLV-1 tax as a 

transactivating factor (Blattner 1999).  The Tat protein directly modulates the growth and 
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phenotypic characteristics of the tumorigenic endothelial cells involved in Kaposi’s 

sarcoma (Gallo 1998; Gallo 1999).  Further, Tat allows Kaposi’s sarcoma cells to evade 

apoptosis (Deregibus et al., 2002) and stimulates the growth of the characteristic spindle 

cells by way of inflammatory cytokines (Barillari et al., 2002). 

Non-Hodgkin’s lymphoma is a second commonly observed neoplasm in HIV-

infected patients.  Evidence from epidemiological studies indicates that HIV infection 

dramatically increases the risk of non-Hodgkin’s lymphoma, and risk estimates range from 

14 (low-grade non-Hodgkin’s lymphoma) to 350 (high-grade non-Hodgkin’s lymphoma) 

times the risk rate found in the general population (Franceschi et al., 1999; Grulich et al., 

1999).  Similar to the reduction in incident cases of Kaposi’s sarcoma with the advent of 

highly active antiretroviral therapy, a meta-analysis of 23 cohort studies demonstrated a 

decline in HIV-related, non-Hodgkin’s lymphoma from 1992-1996 (0.62% per year) to 

1997-1999 (0.36% per year) (International Collaboration on HIV and Cancer 2000).  As 

lymphoma generally occurs late in the course of HIV infection, several pathogenic 

mechanisms are hypothesized to be important in its development, such as persistent 

antigenic stimulation, genetic abnormalities, and severe, HIV-induced immunosuppression 

(Gates et al., 2003).  

Immunocompromised patients, particularly those infected with HIV, are 

predisposed to develop opportunistic, vasoproliferative, tumor-like lesions, known as 

bacillary angiomatosis, a syndrome characterized by skin lesions, and peliosis hepatis, a 

rare hepatic lesion (Slater et al., 1992).  In the early 1990s, these types of lesions catapulted 

the significance of Bartonella infections in immunocompromised individuals when PCR 
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was used to amplify Bartonella DNA from bacillary angiomatosis lesions (Relman et al., 

1990) and Warthin-Starry staining bacteria were detected in patients with peliosis hepatis 

(Perkocha et al., 1990).   

Bacillary angiomatosis may be induced by B. quintana and B. henselae infections 

(Brouqui et al., 2006; Clarridge et al., 1995; Koehler et al., 1992; Koehler et al., 1997; 

Turgut et al., 2004).  Various organs may be affected, including the liver, spleen, bone 

marrow, and lymph nodes; however, bacillary angiomatosis most often affects the skin and 

may be attributed to the preference of B. henselae and B. quintana for endothelial cells 

(Dehio 2004; Koehler et al., 1997; Maurin et al., 1996; Meghari et al., 2006).  The 

cutaneous lesions of bacillary angiomatosis are distinct in their morphology and may occur 

as solitary or multiple papules, warts, subcutaneous nodules, or hyperkeratotic plaques.   

In immunocompromised patients with B. henselae infection, vasoproliferative 

lesions may also be observed in visceral parenchyma organs, and this condition is known 

as bacillary peliosis hepatis, splenic peliosis, or systemic bacillary angiomatosis (Koehler 

et al., 1997; Perkocha et al., 1990; Reed et al., 1992).  Bacillary peliosis is characterized by 

vascular proliferation primarily in the liver and spleen, resulting in the formation of blood-

filled cysts (Slater et al., 1992; Tappero et al., 1993b).  Analogous to bacillary 

angiomatosis, bacillary peliosis is found in association with proliferating endothelial cells 

(Manders 1996).   

Similar morphological and histopathological features are observed between 

bacillary angiomatosis and bacillary peliosis.  These lesions contain proliferating 

endothelial cells, Bartonella bacteria, and inflammatory infiltrates.  Histologically, features 
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include a tumor-like growth pattern, lobular proliferations of capillaries, and endothelial 

cells in the lining and interstitium (Dehio 2004; Webster et al., 1992).  The molecular 

mechanisms of Bartonella-induced neoangiogenesis, as observed in bacillary angiomatosis 

and bacillary peliosis, remain unclear.  It is hypothesized that host-derived 

vasoproliferative factors, such as vascular endothelial growth factor (VEGF), are important 

contributors to the pathogenesis of angiomatosis, where the proliferation of endothelial 

cells is a consequence of Bartonella infection (Dehio 2001; Dehio 2004; Welch et al., 

1992). 

 

Bacterial agents and oncogenesis 

Similar to viral agents, several bacterial toxins interfere with cellular signaling 

pathways linked to apoptosis which alters the regulation of cell growth, and thus could 

provide a paradigm for bacterial involvement in oncogenesis (Lax et al., 2002).  However, 

unlike viruses which use direct mechanisms, such as DNA integration and oncogene 

expression to promote neoplasia, the pathways for bacterial involvement in oncogenesis 

are not well defined.   

Bartonella species infection has been reported in human patients with cancer 

(Liston et al., 1996).  A Bartonella-like infection was hypothesized as the etiologic agent 

of Hodgkin’s disease in a recent case report, during which a lymphoid tumor in the lung of 

a patient with Hodgkin’s disease resolved completely following prolonged antibiotic 
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treatment; the patient was in complete remission after a 2-year, follow-up period (Sauter et 

al., 2003; Sauter 1995).  

 

Helicobacter pylori and cancer.  A role for bacteria in carcinogenesis was first 

discovered when chronic infection with Helicobacter pylori, a bacterium identified in the 

stomach lining of patients with chronic gastritis and peptic ulcers, was associated with an 

increased risk of gastric adenocarcinoma and a specific type of B-cell lymphoma called 

mucosa-associated lymphoid tissue (MALT) lymphoma (Parsonnet et al., 1991; 

Wotherspoon et al., 1991).  Case-control studies have determined that infection with H. 

pylori is associated with the development of gastric adenocarcinoma (Siman et al., 1997; 

Uemura et al., 2001).  Chronic Helicobacter infection is involved in the activation of 

several signal transduction pathways linked to carcinogenesis, and Helicobacter species 

have also been shown to dysregulate cell cycle control, inhibit apoptosis, and produce 

several pro-inflammatory cytokines and reactive oxygen species that may contribute to 

oncogenesis (Jüttner et al., 2003; Naito et al., 2002).  Although the molecular mechanisms 

for H. pylori carcinogenesis have not been fully elucidated, chronic inflammation, 

accompanied by release of oxygen free radicals, resulting in DNA damage and 

transformation of gastric epithelial cells to a neoplastic phenotype has been proposed.  

Various antibiotic regimens are available that eradicate H. pylori infection in 80 to 90% of 

patients, and in its early stages, MALT lymphoma is an antibiotic-responsive neoplastic 

process that is completely reversible in some patients following therapeutic elimination of 
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the H. pylori infection (Bayerdorffer et al., 1995; Chen et al., 2005; Isaacson et al., 2004; 

Morgner et al., 2001).  

Though not as well characterized as H. pylori infection, other links between chronic 

bacterial infections and oncogenesis have been described, such as Salmonella typhi and 

hepatobiliary carcinoma, Campylobacter jejuni and MALT lymphoma, and Chlamydia 

psittaci and ocular lymphoma (Caygill et al., 1995; Ferreri et al., 2004; Lecuit et al., 2004).  

Despite the uncertainty of the precise molecular mechanisms involved, there is increasing 

evidence that chronic infection with H. pylori and other bacterial organisms may contribute 

to various processes that initiate neoplastic transformation (Lax et al., 2002). 

 

Bartonella species and angiogenic tumorigenesis.  In addition to causing 

DNA damage secondary to inflammation, bacterial pathogens may initiate or contribute to 

tumorigenesis by modulating specific cellular pathways to ensure their survival.  

Mechanisms include inducing cellular proliferation and angiogenesis, inhibiting apoptosis, 

or altering expression of cell-adhesion molecules that may enhance metastasis (Lax et al., 

2002; Simiantonaki et al., 2002).  As angiogenesis is an important component of both 

tumor cell proliferation and metastasis, abnormal endothelial cell growth provides a 

rational link between bacterial infection and the development of neoplasia (Kempf et al., 

2002; Lax et al., 2002; Wong et al., 2001).  Angiogenesis is the process of capillary or 

blood vessel formation by sprouting of pre-existing vasculature; although a normal process 

in growth and development, angiogenesis is also a fundamental step in the progressive 

transformation of tumors to a malignant state.  Recently, researchers have focused on the 
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vasoproliferative or immunomodulatory properties of three human pathogenic Bartonella 

species, B. bacilliformis, B. quintana, and B. henselae, as potential contributors to an 

antibiotic-responsive, reversible, oncogenic process.  Based on a plausible molecular 

pathogenesis of endothelial cell proliferation and angiogenesis, several Bartonella species 

are considered to be bacterial pathogens capable of causing or contributing to 

carcinogenesis (Kempf et al., 2002; Lax et al., 2002).    

Currently, Bartonella species are one of only a few (e.g., Rickettsia rickettsii) 

bacterial pathogens that are able to invade endothelial cells.  Bartonella species 

subsequently colonize vascular tissues, resulting in the induction of angiogenic 

tumorigenesis.  Early observations of similarities between the vasoproliferative lesions 

induced by cancer and those attributed to Bartonella species have been reported; these 

descriptions focused primarily on the endothelial proliferative tumors, bacillary 

angiomatosis, bacillary peliosis, and peliosis hepatis, which were initially considered to be 

malignancies associated with HIV infection, but are now known to be the result of 

Bartonella infection.  However, very little is known regarding the mechanisms by which 

Bartonella species are able to cause vascular endothelial cell proliferation.  Theoretically, 

Bartonella species can drive angioproliferation by at least two independent, but additive, 

mechanisms: (1) directly, by initiating proliferation and inhibiting apoptosis of endothelial 

cells, and (2) indirectly, by inducing an angiogenic paracrine loop of vasculoproliferative 

factors, such as interleukin (IL)-8 and vascular endothelial growth factor (VEGF), which 

are released from infected host cells (Dehio 2003; Dehio 2004; Kempf et al., 2002).   
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Direct mechanisms of angioproliferation.  In experimental models, B. 

bacilliformis and B. henselae have been shown to directly induce angiogenesis and 

endothelial cell proliferation in vitro; further, in these studies, the absolute numbers of 

Bartonella organisms increased, suggesting an overall survival advantage within this 

environment (Garcia et al., 1990; Kempf et al., 2001).  Bartonella bacilliformis was shown 

to induce the formation of new blood vessels in an in vivo model of angiogenesis (Garcia 

et al., 1990).  Co-culture of B. henselae or B. quintana with endothelial cells resulted in 

increased rates of endothelial cell proliferation (Conley et al., 1994).  In natural infections, 

vasoproliferative disorders are recognized in humans infected with Bartonella bacteria: B. 

bacilliformis and verruga peruana, B. henselae and B. quintana and bacillary angiomatosis 

and bacillary peliosis, and B. henselae and peliosis hepatis.  Of comparative medical 

importance, there is also a case report of peliosis hepatis in a dog infected with B. henselae 

(Kitchell et al., 2000).    

Programmed cell death, or apoptosis, is a crucial pathway used to destroy 

malignantly transformed cells, thereby not allowing proliferation and progression to a 

tumorigenic state (Lax et al., 2002).  Chronic, intracellular bacteria, such as Bartonella, are 

often able to disrupt this apoptotic process, providing a unique means for pathogen 

survival within the host cell.  Modulation of normal host cell signaling pathways is 

fundamental to the development or inhibition of tumorigenesis.  In vitro, Bartonella 

species, specifically B. henselae and B. quintana, have been shown to inhibit apoptosis of 

endothelial cells when compared to uninfected endothelial cells used as controls (Kirby et 

al., 2002).  An approximate two-fold increase in viability was observed in Bartonella-
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treated endothelial cells, and this increase was attributed to the anti-apoptotic activity of 

Bartonella.  Additionally, three non-angiogenic species, B. vinsonii (vinsonii), B. vinsonii 

(arupensis), and B. elizabethae, did not inhibit apoptosis (Kirby et al., 2002).  This anti-

apoptotic effect, shown to be specific for endothelial cells, may be interceded to some 

extent by VEGF, an important signaling protein involved in angiogenesis, which is also 

known to protect cells from apoptosis (Greub et al., 2002).  Overall, organism-induced, 

anti-apoptotic activity allows for the evasion of a non-specific host defense mechanism and 

facilitates enhanced survival of endothelial cells, thereby protecting the endothelial cells 

for the maintenance and proliferation of Bartonella.  Inhibition of apoptosis is likely a 

contributing factor to the development of Bartonella-induced angioproliferative lesions.   

 

Indirect mechanisms of angioproliferation 

Vascular endothelial growth factor.  As similar pathologic changes, including 

endothelial cell proliferation, are frequently observed between neoplasia and infection, 

increased levels of VEGF may act a common mediator.  As a highly specific and effective 

mitogen, VEGF is important for normal endothelial cell physiology; it is secreted directly 

by neoplastic cells and by macrophages activated by infection or inflammation (Carmeliet 

et al., 2000; Ferrara et al., 2001; Konig et al., 1999).  Excessive production of VEGF has 

proven to be an important link between bacterial proteins and abnormal endothelial growth 

and also between Bartonella and oncogenesis (Kempf et al., 2002; Lax et al., 2002; Wong 

et al., 2001).  Bartonella-induced VEGF production, resulting in endothelial cell 
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proliferation, has been demonstrated in vitro (Kempf et al., 2001; Maeno et al., 1999; 

Verma et al., 2001).  In one study, anti-VEGF monoclonal antibodies reduced Bartonella-

activated endothelial cell proliferation by 50% (Kempf et al., 2001).  Other in vitro models 

of endothelial cell angiogenesis have demonstrated increased VEGF production within 24 

hours of exposure to Bartonella (Resto-Ruiz et al., 2002; Resto-Ruiz et al., 2003).  Further, 

B. henselae-stimulated macrophages were shown to induce endothelial cell proliferation 

(McCord et al., 2005).  In a mouse melanoma model, increased VEGF levels were 

associated with hepatic lesions, characterized by severe sinusoidal dilation and endothelial 

cell proliferation and apoptosis, which were histologically similar to those observed in 

human patients with B. henselae infection and peliosis hepatis (Wong et al., 2001).  In 

vivo, increased levels of VEGF expression have been detected in vasoproliferative lesions 

of HIV patients who were PCR positive for B. henselae DNA; these increased levels of 

expression were observed when compared to vasculoproliferative Kaposi’s sarcoma 

stained with a VEGF-specific antibody (A-20) as a positive control and with an irrelevant 

antibody (anti-Y. enterocolitica, polyclonal) as a negative control (Kempf et al., 2001). 

 

Paracrine loop model.  Bartonella share a close evolutionary homology with the 

genus Agrobacterium, an important genus of plant pathogens.  Of particular interest are the 

tumorigenic similarities between crown gall tumors in injured plants and bacillary 

angiomatosis in immunocompromised people, as well as the comparative pathogenic 

mechanisms of B. henselae and A. tumefaciens.  The tumor mechanism of A. tumefaciens 

in plants is mediated by the “opine concept”.  Upon injury, plant cells produce certain 
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phenolic substances, such as acetosyringone, that act as signaling molecules, triggering a 

type IV secretion system known as VirB-D4.  Sensing these “injury signals”, A. 

tumefaciens attaches itself to the plant cell and utilizes the VirB-D4 system to transfer part 

of its tumor-inducing plasmid into the plant cell nucleus, a fundamental step in crown gall 

tumor initiation.  When influenced by the products of the vir genes, the bacterial cell 

produces a single-stranded linear DNA molecule (transfer DNA), which is first transferred 

to the plant cell nucleus, is nonspecifically inserted into one of the chromosomes, and 

becomes stably integrated into the plant genome.  Subsequently, expression of the genes 

encoded by the transfer DNA results in the proliferation of plant hormones; the plant cells 

proliferate without restraint and crown gall tumors form.  Crown gall tumors produce 

tumor-specific compounds, called opines.  These substances serve as sources of carbon and 

nitrogen for Agrobacterium species, but are not readily metabolized by other soil 

microorganisms.  This complex, multi-faceted process uses genetic modification of the 

host plant cells to create a favorable environment for an invading bacterium, A. 

tumefaciens, to persist and reproduce (Chen et al., 2002; Cho et al., 2005; Chumakov et al., 

2002; Hooykaas et al., 1994; Kempf et al., 2002). 

Based on the striking similarities between A. tumefaciens-induced crown gall 

tumors and the induction of vasoproliferative tumors by B. henselae, a model similar to the 

“opine concept” has been proposed for B. henselae, and has been described as a paracrine 

angiogenic loop model (Dehio 2003; Dehio 2004; Kempf et al., 2002; Resto-Ruiz et al., 

2002).  Similar to A. tumefaciens, it is known that B. henselae is able to adhere to and 

invade host cells, particularly endothelial cells and macrophages (Dehio 2004).  Further, 
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after infection, both organisms activate the production of host cell-derived growth 

hormones; A. tumefaciens stimulates auxins and cytokinins, while B. henselae triggers 

VEGF and IL-8.  Bacterial-induced, hormone release results in the proliferation of the 

preferred cellular niche, plant cells and endothelial cells, for A. tumefaciens and B. 

henselae, respectively.  The resultant uninhibited, tumorigenic cell growth causes the 

characteristic lesions associated with B. henselae infection, bacillary angiomatosis and 

bacillary peliosis, and the crown gall tumors found in plants infected with A. tumefaciens.  

Lastly and perhaps most intriguing, both tumors types are able to promote bacterial 

replication through cellular proliferation (endothelial cells or plant cells); this mechanism 

induces tumor growth, which facilitates the perpetuation of their respective species.  

Crown gall tumors produce opines as a source of nutrition for the tumor and for the 

bacteria, thereby supporting the replication of A. tumefaciens.  Although the specific 

mechanisms utilized by B. henselae to promote growth are currently unknown, the close 

evolutionary relationship of A. tumefaciens and B. henselae suggests that these two 

pathogens may share a common survival strategy in injured plants or immunocompromised 

human beings (Kempf et al., 2002). 

In the paracrine loop model of Bartonella-induced vasoproliferation, macrophages 

represent a second, and perhaps more important, target effector cell for B. henselae 

adhesion and invasion.  Activated macrophages are able to produce and release potent 

angiogenic factors, such as VEGF and IL-8, which contribute in a paracrine manner to 

drive endothelial cell proliferation.  Bartonella henselae may further enhance endothelial 

cell proliferation by stimulating IL-8, thereby activating chemotactic migration of 
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additional macrophages (Dehio 2004; Kempf et al., 2001; McCord et al., 2005; Resto-Ruiz 

et al., 2002; Resto-Ruiz et al., 2003).  When a human macrophage cell line was 

experimentally infected with B. henselae, both VEGF and IL-1β, a potentiator of VEGF, 

were released (Resto-Ruiz et al., 2002).  Bartonella henselae has also been shown, in vitro,  

to upregulate a chemokine released from endothelial cells, monocyte-macrophage 

chemoattractant-1; this release mediates monocyte and macrophage infiltration to the site 

of infection and promotes angiogenesis through active recruitment of effector cells 

(McCord et al., 2005).  Lastly, when compared to activated inflammatory cells, such as 

macrophages, endothelial cells are typically considered poor producers of VEGF, and no 

evidence of B. henselae stimulating an autocrine loop of VEGF-mediated endothelial 

proliferation has been reported (Dehio 2004; Kempf et al., 2001; Maeno et al., 1999; 

Resto-Ruiz et al., 2002).   

 

Bartonella Type IV secretion systems 

Many of the pathogenic mechanisms associated with Bartonella infections are 

mediated by a type IV secretion system.  Utilized by many bacterial pathogens, type IV 

secretion systems are molecular transport machineries that are involved in the translocation 

and delivery of bacterial effector molecules, primarily virulence factors, during the 

interaction with host cells (Cascales et al., 2003; Dehio 2004; Schroder et al., 2005).  

Agrobacterium tumefaciens utilizes a type IV secretion system, the VirB-D4 system, to 

form a pilus and pore complex spanning both bacterial membranes and most likely the host 
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cell membrane as well.  This complex acts as a needle and syringe to “inject” a 

nucleoprotein complex (i.e., the tumor-inducing plasmid) from the bacterial cytoplasm into 

the plant cell cytoplasm (Dehio 2004; Schroder et al., 2005).  Another human pathogen, 

Helicobacter pylori uses a type IV secretion system, the Cag system, to transport proteins 

into the gastric epithelial cells; this transfer results in morphological changes in the host 

cell through the modulation of several important signal transduction pathways (Cascales et 

al., 2003; Dehio 2004; Nagai et al., 2003; Schroder et al., 2005).   

Mediating the transfer of virulence factors into host cells, Bartonella species 

encode two different type IV secretion systems, VirB-VirD4 and Trw; both systems are 

necessary for infection, cell entry, and host cell interactions that are associated with 

different stages or different routes of infection.  Further, a set of seven VirB-D4-

translocated substrates, known as Bartonella-translocated effector proteins, have been 

recently identified, making the VirB-D4 system part of a Bartonella-specific pathogenicity 

island (Dehio 2004; Schroder et al., 2005; Schulein et al., 2002; Schulein et al., 2005; 

Seubert et al., 2003).   

Based on in vitro studies and rodent models of Bartonella infection, the 

colonization and activation of endothelial cells by Bartonella is mediated by the VirB-D4 

type IV secretion system, as indicted by several VirB-dependent changes, including: (1) 

massive actin cytoskeletal rearrangement resulting in the aggregation and uptake of the 

bacteria by a unique host-cellular structure, known as the invasome; (2) induction and 

modulation of a pro-inflammatory response; (3) increased cell survival through the 

inhibition of apoptosis; and (4) cytostatic or cytotoxic effects on endothelial cells at high 
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infection doses (Dehio 2003; Dehio 2004; Schmid et al., 2004; Schroder et al., 2005; 

Schulein et al., 2002).   

Translocated by the VirB-D4 type IV secretion system, the set of Bartonella-

translocated effector proteins are required for invasion, pro-inflammatory activation, and 

anti-apoptotic protection of endothelial cells (Schulein et al., 2005).  Deletion of the genes 

encoding all effectors resulted in the loss of the VirB-D4 phenotypes described in the 

previous paragraph (Schulein et al., 2005).  Therefore, it is hypothesized that these seven 

proteins are the molecular effectors that mediate the VirB-D4-dependent responses in 

Bartonella-infected endothelial cells, thereby enabling Bartonella to colonize the 

endothelium (Schroder et al., 2005).  It should be noted that the VirB-Bartonella effector 

proteins that comprise the pathogenicity island have been identified in both B. henselae 

and B. quintana genomes, but not in any other published genome sequence (Schulein et al., 

2005).  

The second type IV secretion system discovered in Bartonella, Trw, is also an 

essential virulence factor, although the function of this system is not fully defined.  In a 

rodent model, the Trw system was required for intraerythrocytic Bartonella infection, and 

deletion of the required trw gene resulted in a short-term infection with rapid clearance of 

Bartonella from the blood (Seubert et al., 2003).  Based on these findings, the Trw system 

may not be necessary for the initial infection of endothelial cells, but may be required for 

erythrocyte colonization and/or for intraerythrocytic replication (Schroder et al., 2005).  

Although the Trw system encodes all components needed for the pilus and pore complex, 

it lacks the VirD4 homolog, a coupling protein required for the secretion of dedicated type 
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IV secretion system substrates (Cascales et al., 2003; Dehio 2004).  In contrast to the VirB-

Bartonella effector proteins complex, currently, no substrates are known to be translocated 

by the Trw system.  Due to the inability of Trw to translocate substances into host cells, 

researchers have surmised that the primary role of Bartonella’s Trw type IV secretion 

system is to produce variable bacterial surface structures, known as pili, that allow 

Bartonella bacteria to adhere to erythrocytes (Dehio 2004; Schroder et al., 2005).  Further 

clarification of the precise function of the Trw type IV secretion system is needed.   

 

Antibiotic therapy and the resolution of vasoproliferative or lymphoid 

tumors in Bartonella-infected individuals  

Due to their chronic and intracellular course, Bartonella infections present a unique 

therapeutic challenge.  Disease manifestations associated with infection are dependent on 

the specific Bartonella species and the immune status of the host.  Because of the marked 

variations in clinical presentation, a single treatment for Bartonella infection has not been 

identified, and often the treatment course is adapted to each species and clinical situation 

(Jacomo et al., 2002).  

In patients with Bartonella-associated infections, the minimal inhibitory 

concentration (MIC) levels of antibiotic compounds do not often correlate with the 

observed in vivo, clinical efficacy (Maurin et al., 1995).  Hypothetically, these 

discrepancies and the general lack of several antibiotics to produce a bactericidal effect 

may be attributed to the various cellular niches, such as erythrocytes and endothelial cells, 
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that Bartonella species occupy within the human host (Rolain et al., 2004).  Drug treatment 

of vasoproliferative tumors induced by Bartonella infection, specifically bacillary 

angiomatosis and peliosis hepatis, has not been studied systematically to date; the 

treatment course is often based on demonstrated successful therapy in case reports or case 

series with a few patients.  Importantly, however, Bartonella-induced vascular proliferative 

diseases often completely resolve upon therapeutic elimination of the infecting Bartonella 

bacteria (Knobler et al., 1988; Koehler et al., 1988; LeBoit et al., 1988; Liston et al., 1996; 

Rudikoff et al., 1989; Stoler et al., 1983; Webster et al., 1992).  Successful treatment of 

Bartonella infection is often achieved through the use of an antibiotic or combination of 

antibiotics with excellent in vivo activity against Bartonella, coupled with an extended 

duration of administration (i.e., at least 3 months) to prevent relapse (Rolain et al., 2004).  

Erythromycin is the antibiotic used most often to effectively treat vasoproliferative lesions 

associated with Bartonella infection (Koehler et al., 1993; Rolain et al., 2004; Stoler et al., 

1983; Tappero et al., 1993b).  Interestingly, it was recently reported that the remarkable 

efficiency of erythromycin to treat bacillary angiomatosis may be attributed to its 

inhibition of endothelial cell proliferation, or antiangiogenic effect, rather its antimicrobial 

effect (Meghari et al., 2006).    

 

Summary 

Oncogenesis is a multistep process which results in an overall disturbance in the 

regulation of cell growth and progression to a malignant phenotype.  An expanding body 
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of evidence has developed over the last decade to support a potential role for infectious 

agents such as viruses, mycoplasma, bacteria, and protozoa, as cofactors in the 

development of cancer in humans.  It well established that viruses cause malignant 

transformation of DNA that can result in the development of neoplasia.  Similar to viral 

agents, several bacterial toxins interfere with cell growth and regulation, thereby 

potentially contributing to the development of cancer, although the pathways for bacterial 

involvement in oncogenesis are not well defined.   

 Helicobacter pylori was the first bacteria shown to cause cancer, specifically 

gastric adenocarcinoma and MALT lymphoma, in infected individuals.  Subsequently, 

Bartonella species have been shown to modulate important cellular pathways that are 

involved in tumorigenesis, including mechanisms to induce cellular proliferation and 

angiogenesis, as well as inhibiting apoptosis.  Based on a plausible molecular pathogenesis 

of endothelial cell proliferation and angiogenesis, several Bartonella species are 

considered to be bacterial pathogens capable of causing or contributing to carcinogenesis.  

Knowledge, gained through enhanced understanding of the mechanisms by which H. 

pylori and Bartonella species contribute to antibiotic-responsive MALT lymphoma and 

angioproliferative lesions such as bacillary angiomatosis and peliosis hepatis, respectively, 

may have far-reaching implications for the future treatment and prevention of cancer in 

animal and human patients.  

Theoretically, Bartonella species can drive angioproliferation by at least two 

independent, but additive, mechanisms: (1) directly, by initiating proliferation and 

inhibiting apoptosis of endothelial cells, and (2) indirectly, by inducing an angiogenic 
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paracrine loop of vasculoproliferative factors, such as IL-8 and VEGF, which are released 

from Bartonella-infected host cells. 

Bartonella share a close evolutionary homology with the genus Agrobacterium, an 

important genus of plant pathogens; further, several similarities, both mechanistically and 

phenotypically, are recognized between crown gall tumors in injured plants and bacillary 

angiomatosis in immunocompromised humans. A paracrine loop model, similar to the 

“opine concept” of A. tumefaciens-induced crown gall tumors, has been proposed for the 

vasoproliferative tumors observed with B. henselae infection.     

Also similar to A. tumefaciens, Bartonella species utilize a type IV secretion 

system, VirB-VirD4, to mediate the transfer of virulence factors into host cells.  An 

additional type IV secretion system, Trw, is also required for Bartonella infection, 

although the function of this second system is not fully elucidated.  Further, a set of  seven 

VirB-D4-translocated substrates, known as Bartonella-translocated effector proteins, have 

been recently identified, making the VirB-D4 system part of a Bartonella-specific 

pathogenicity island. 

Due to their intracellular localization and chronic course, no single treatment for 

Bartonella infection has been identified, and often the treatment course is adapted to each 

species and clinical situation.  Successful elimination of the Bartonella species often 

requires an extended course of antibiotic therapy to prevent relapse.  It is important to note, 

however, that Bartonella-induced vascular proliferative diseases often completely resolve 

upon therapeutic elimination of the infecting Bartonella bacteria. 
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Abstract 

Bacteria of the genus Bartonella, a member of the alpha Proteobacteria group, are 

fastidious, gram-negative, aerobic bacilli that comprise numerous species, subspecies, and 

subtypes.  In human and veterinary medicine, species isolation remains a vital component 

of the diagnostic and therapeutic management of Bartonella infection.  We describe a 

novel, chemically modified, insect-based liquid culture medium that supports the growth of 

at least seven Bartonella species.  This medium will also support co-cultures, consisting of 

different Bartonella species, and facilitated the primary isolation of Bartonella henselae 

from blood and aqueous fluid of naturally infected cats.  This liquid growth medium may 

provide an advantage over conventional direct blood agar plating for the diagnostic 

confirmation of bartonellosis.   

 

Introduction 

Due to their zoonotic potential and vector transmission, which includes sandflies, lice, 

fleas, and ticks, and their frequent adaptation to a mammalian reservoir host, Bartonella 

species are considered among the newest and most significant emerging 

pathogens.2,3,8,12,27,29,45  These bacteria are highly adapted to a mammalian reservoir host; 

further, these organisms have been shown to cause a long-lasting intraerythrocytic 

bacteremia both in humans and animals.11,14,22,24,25,37 Bartonella species are also the 

causative agent of Carrion’s disease (Oroya fever and verruga peruana) (B. bacilliformis),6 

trench fever (B. quintana),11,40, 43 endocarditis (B. elizabethae, B. henselae, B. vinsonii 
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subspecies berkhoffii, B. washoensis, B. clarridgeae),3,7,9,16,17,21,40,44 bacillary angiomatosis 

in immunocompromised patients (B. quintana, B. henselae),14,30,48  neuroretinitis (B. 

grahamii),28 and cat scratch disease (B. henselae, B. clarridgeiae).5,31,42  

 

Because Bartonella species frequently induce persistent intravascular infections, it has 

been difficult to attribute chronic disease causation to infection in humans and companion 

animals; much of this difficulty may be related to the few and often very subtle clinical 

abnormalities that are reported by a patient or observed in a sick animal.  Confirming 

disease causation is especially difficult in retrospective or prospective animal studies in 

which Bartonella bacteremia can be detected in overtly healthy, natural reservoir hosts—a 

paradigm to Koch’s postulates for disease causation.12,23  Nevertheless, an increasingly 

diverse spectrum of Bartonella-associated infections have been recognized in people and 

in dogs due to the development of new approaches to improving serologic and molecular 

diagnostic testing methods, which prove to be, in most instances, more sensitive than 

conventional culture methods for the isolation of Bartonella species.13,15,26,30,33,38,41,46,49  

Primary isolation of Bartonella species following lysis centrifugation or freezing of a 

blood sample followed by application to a blood agar plate is the most widely used method 

for the microbiological diagnosis of bartonellosis.  Isolation of Bartonella species on a 

blood agar plate generally requires a prolonged incubation period (an average of 21 days) 

and is rarely successful, unless the patient or animal is infected with a retrovirus, is 

receiving immunosuppressive drug therapy, or the animal is a reservoir host for the given 

Bartonella species.  To date, alternative methods of isolation have not proven to be of 
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significant diagnostic utility and no suitable liquid medium that will support the growth of 

all or most medically important Bartonella species has been described.  Previous reports 

have described the growth of only one or a few Bartonella species, or have isolated 

Bartonella species only from experimentally infected animals. 13,18,33 

 

In this report, we describe a novel, liquid culture medium that will support the growth of at 

least seven Bartonella species.  This medium will also support co-cultures of different 

Bartonella species, and may also facilitate the primary isolation of B. henselae from the 

blood and aqueous fluid of naturally infected cats.   

 

Materials and methods 

Bacterial strains, growth conditions, and chemicals.  Bartonella clarridgeiae 

(ATCC700095), B. doshiae (ATCC700133), B. elizabethae (ATCC49927), B. grahamii 

(ATCC700132), B. henselae Houston-1 (ATCC 49882), B. quintana Fuller (ATCC VR-

358), and B. vinsonii (berkhoffii) (ATCC 51672) were used for media development and 

characterization.  Liquid and solid cultures of Bartonella species were performed at 35°C 

in a 5% CO2, water-saturated atmosphere.  Liquid cultures were maintained with a constant 

shaking motion for seven to twelve days.  Colony forming unit counts (CFU) in liquid 

cultures were determined at 24-hours intervals after platting 100 µl aliquots onto 

commercialized blood agar plates.  Blood agar plates were then incubated at 35°C in a 5% 
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CO2, water-saturated atmosphere for seven days before CFU enumeration.  All chemicals 

and reagents were purchased from Sigma Chemicals (St. Louis, MO) unless stated 

otherwise. 

 

Growth medium.  The liquid growing media described in this work (hereafter referred 

to as Bartonella-Alpha Proteobacteria Growth Media, BAPGM) was formulated based 

upon the biochemical composition of the insect growth media DS2® from Mediatech® 

(Herndon, VA).  BAPGM was formulated to create an efficient growth medium for all of 

the Bartonella species described above.  BAPGM was prepared by supplementing 900 ml 

of DS2® media as follows: 0.1 mg of NAD, 1.25 mg of NADP, 2 mg of ATP, 2 mg of 

sodium pyruvate, and 2 g of yeast extract.  Amino acid supplementation was accomplished 

by adding: 63.2 mg of L-arginine.HCl, 15.6 mg of L-cystine.HCl, 20.95 mg of L-histidine, 

26.25 mg of each L-isoleucine and L-leucine, 36.25 mg of L-lysine, 7.5 mg L-methionine, 

16.25 mg of L-phenylalanine, 23.8 mg of L-threonine, 5 mg of L-tryptophan, 21.6 mg of 

L-tyrosine.2Na.2H2O, and 23.4 mg of L-valine.  The pH of the BAPGM was adjusted to 

7.4 with the addition of 50 ml of 0.1 M phosphate buffer and was subsequently sterilized 

by filtration through a 0.2-μm pore-size filter (Corning®, Corning, NY).  After filtration, 

BAPGM was supplemented with 50 ml of defibrinated sheep blood (to a final 5% v/v). 

 

Growth experiments: Single and multiple Bartonella species.  In order to 

establish the growth promoting characteristics of the medium, single as well as 
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polymicrobial (two different species) Bartonella species were inoculated into BAPGM, 

after which the cultures were maintained at 35°C in a 5% CO2, water-saturated 

atmosphere.  Single Bartonella species colonies were swabbed from the surface of 5- to 7-

day-old blood agar plate subcultures and were resuspended in sucrose-phosphate-glutamate 

(SPG) buffer.  A SPG suspension aliquot of 100 µl of B. henselae and B. quintana (for 

quantitative growth characterization), and of B. clarridgeiae, B. elizabethae, B. grahamii, 

B. vinsonii (berkhoffii), and B. doshiae (for qualitative growth characterization) was 

inoculated into individual flasks containing 10 ml of BAPGM and cultured at 35°C.  The 

growth of each liquid culture group was monitored for seven to twelve days by inoculating 

100 µl onto blood agar plates every 24 hours for colonies quantification and by 

conventional polymerase chain reaction (PCR). 

 

Co-culture experiments were conducted by inoculating approximately 2 to 3 x 104 CFU 

(inoculum was subsequently determined by blood agar plate colony counts) of B. henselae 

and B. quintana, B. henselae and B. vinsonii (berkhoffii), and B. quintana and B. vinsonii 

(berkhoffii) into 10 ml of BAPGM.  The growth of each liquid co-culture was monitored 

by PCR testing at 3, 5, and 7 days following inoculation. 

 

Naturally infected cat samples.  Blood and/or aqueous fluid were submitted for 

diagnostic evaluation from two different cats (cat A and cat B).  A 300-µl aliquot of 

EDTA-anticoagulated blood was submitted from cat A, which had a <1:16 antibody titer to 

B. henselae by indirect immunofluorescent antibody (IFA) testing conducted in our 
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laboratory.  Cat A was tested because the cat resides in the same household as a dog that 

was real-time PCR positive for B. henselae DNA and had consistently elevated B. henselae 

IFA titers (1:64 and 1:128) over a 6-month period.  Additionally, 300 µl of EDTA-blood 

and 100 µl of aqueous fluid from cat B were submitted because of severe uveitis; cat B had 

a B. henselae antibody titer of 1:256 and B. henselae DNA was detected in both the blood 

and aqueous fluid by conventional and real-time PCR.  An aliquot of 150 µl of each of the 

two EDTA-blood samples and 300 µl of a 1:5 dilution in SPG buffer of the aqueous fluid 

sample from cat B were inoculated into 5 ml of BAPGM and cultured as described above 

for seven days.  Growth and colony formation in liquid cultures were determined by 

platting 100 µl aliquots onto commercialized blood agar plates and incubated at 35°C in a 

5% CO2, water-saturated atmosphere for seven days. Colonies observed on the blood agar 

plates were subsequently isolated for characterization by species-specific conventional 

PCR.  The remaining150 µl aliquots of each of the two EDTA-blood samples and the 200 

µl of the 1:5 dilution of cat B aqueous fluid sample were inoculated onto commercialized 

blood agar plates and incubated at 35°C in a 5% CO2, water-saturated atmosphere for five 

weeks. 

 

DNA extraction and PCR screening of bacteria cultures.  Screening of each 

Bartonella species in liquid and solid media from single organism cultures, co-cultures, 

and from isolates of the two naturally infected cats was performed by conventional PCR.  

DNA was prepared from 200 µl of each liquid culture, or from a resuspension (in Tris-

EDTA buffer) of several colonies from the blood agar plate isolates using the QIAamp® 
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DNA Mini Kit (QIAGEN Inc., Valencia, CA).  After extraction, DNA concentration and 

purity were measured using an absorbance ratio between 260/280 nm.   

 

Conventional PCR analysis.  PCR species screening was performed using primers 

designed to amplify a consensus sequence in the Bartonella intergenic transcribed 

sequence (ITS) region.  Amplicon size of this region is species dependent, with sizes 

ranging from 453 bp for B. bovis to 717 bp for B. elizabethae.34  Oligonucleotides 321s: 5′ 

AGA TGA TGA TCC CAA GCC TTC TGG 3′ and 983as: 5′ TGT TCT YAC AAC AAT 

GAT GAT G 3′ were used as forward and reverse primers, respectively.  Amplification of 

the ITS region was performed in a 25-µl final volume reaction containing 16.5 µl of 

molecular grade water (Epicentre®), 0.5 µl of 10 mM dNTP mixture, 2.5 µl of 10x PCR 

reaction buffer, 2.5 µl of 25mM MgCl2, and 0.7 units of Amplitaq® Gold DNA 

polymerase; all reagents were purchased from PE Applied Biosystems® (Foster City, CA) 

unless otherwise stated.  The reaction mixture was completed by adding 0.25 µl of 30 µM 

of each forward and reverse primer (IDT® DNA Technology) and 2 µl of DNA from each 

Bartonella species tested.  PCR negative controls consisted of 2 µl of dH2O (when testing 

isolates from plates) or 2 µl of DNA extracted from uninoculated BAPGM (when testing 

BAPGM cultures).  Conventional PCR conditions were as follows: a single hot-start cycle 

at 95°C for 5 minutes followed by 45 cycles of denaturing at 94°C for 45 seconds, 

annealing at 54°C for 45 seconds, and extension at 72°C for 45 seconds.  Amplification 

was completed by an additional cycle at 72°C for 10 minutes, and products were analyzed 
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by 2% agarose gel electrophoresis and detection using ethidium bromide under ultraviolet 

light.  

 

Real-time PCR analysis.  Scorpion 321 fluorescent probe 5′ FAM-CCG CGT TTT 

TCA AAG CCC ACG CGG-QUE-HEG-AGA TGA TGA TCC CAA GCC TTC TGG 3′ 

and primer 425as 5′ GGA TRA AYY RGW AAA CCT TYM YCG G 3′ were used for 

PCR genus screening of the Bartonella ITS region.  Bartonella henselae species 

identification was performed by real-time PCR using Taqman® fluorescent probe Cy5 - 

CCA CCG TGG GCT TTG AAA AAC GCT - DBHQ3, and oligonucleotides 321s 5′ 

AGA TGA TGA TCC CAA GCC TTC TGG CG 3′ and 421as 5′ GGA TRA AYY RGW 

AAA CCT TYM YCG G 3′ as forward and reverse primers (IDT® DNA Technology), 

respectively.  Real-time reactions were performed using a SmartCycler II System 

(Cepheid®, Sunnyvale, CA) in 25-µl final volume reactions containing 14.5 µl of 

molecular grade water (Epicentre®), 5 µl Takara® PCR Master Mix, and 2 µl of 25 mM 

MgCl2; all reagents were purchased from Fisher Scientific (Pittsburgh, PA) unless 

otherwise stated.  As above, 2 µl of DNA from each sample were used for real-time PCR 

analysis.  Reactions were completed by adding 1 µl of 10 µM of Scorpion 321 fluorescent 

probe and 0.25 µl of 30 µM of primer 425as (for genus diagnostic), or 1 µl of 10 µM of 

Taqman® probe and 0.25 µl of 30 µM of each 321s and 425as primer (for species 

identification).  Real-time PCR conditions were as follows: a single hot-start cycle at 95°C 

for 30 seconds followed by 45 cycles of denaturing at 94°C for 10 seconds, 6 seconds of 

annealing temperature at 58°C (for Bartonella genus diagnostic) or 54°C (for B. henselae 
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diagnostic), and final extension at 72°C for 10 seconds.  Positive amplicons were detected 

by fluorescence reading at the appropriate wavelength. 

 

Results 

Growth of Bartonella cultures.  The changes in colony forming units following 

culture of B. henselae and B. quintana in BAPGM for seven days resulted in growth curves 

with the typical three phases of bacterial cell growth: the lag phase, the logarithmic growth 

phase, and the stationary or death phase.  The growth of B. henselae (Figure 1) in BAPGM 

was characterized by a 72-hour lag phase, with initial colony counts of approximately 5 x 

104 CFU/ml (standard deviation = 1 x 104), followed by a reduction to 1.6 x 104 CFU/ml 

(SD = 5 x 103) 24 hours later.  After a 96-hour incubation in BAPGM a logarithmic growth 

was observed with a maximum CFU/ml of 5.4 x 107 (SD = 8 x 106) at 272 hours.  The 

growth rate under these culture conditions revealed a 24-hour division time for B. 

henselae.  After reaching the maximum growth at 272 hours, a rapid decrease in the B. 

henselae CFU/ml was observed, with no apparent steady-state stationary phase.  

 

Pure cultures of B. quintana had a lag phase of 24 to 48 hours (Figure 2), with an initial 

CFU/ml of approximately 3.3 x 106 (SD = 3 x 105).  This phase was followed by a 

logarithmic growth phase that reached a maximum of 5.2 x 108 CFU/ml (SD = 2 x 107) at 

120 hours post inoculation.  The growth rate under these culture conditions revealed a 24-
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hour division time.  Similar to B. henselae, a rapid decrease in CFU/ml was observed in B. 

quintana, with no plateau observed during stationary phase.   

 

Likewise, the maximum onset of bacterial growth in BAPGM for B. clarridgeiae, B. 

elizabethae, B. grahamii, B. vinsonii (berkhoffii), and B. doshiae cultures (as observed by 

blood agar plating) averaged seven to ten days post inoculation (results not shown).  As 

with B. henselae and B. quintana, PCR screening for Bartonella ITS region on all BAPGM 

cultures at seven days after inoculation resulted in bands of the appropriate size (i.e., 

matching each cultured species) by gel electrophoresis (Figure 3).  

 

Co-culture of Bartonella species.  In all co-culture experiments, BAPGM supported 

the growth of each species and their respective identity was confirmed by conventional 

PCR screening of the ITS region.  Initial PCR screening of 24-hour co-culture samples 

showed slight bands corresponding to each Bartonella species’ ITS amplicon size (results 

not shown).  PCR results obtained from co-culture samples at 5 days post-inoculation 

(Figure 3) showed stronger PCR bands matching each species inoculated into the 

respective culture: a band at 648 bp and at 564 bp for co-culture of B. henselae and B. 

quintana, respectively (Figure 3, Lane 13); a band at 648 bp and at 706 bp for co-culture of 

B. henselae and B. vinsonii (berkhoffii), respectively (Figure 3, Lane 14); and a band at 706 

bp and at 564 bp for co-culture of B. vinsonii (berkhoffii) and B. quintana, respectively 

(Figure 3, Lane 15).  Band intensities for each species inoculated as co-cultures at 5 days 

post-inoculation matched the bands for each single species that was inoculated and 
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examined under the same culture conditions (Figure 3, Lanes 10 to 12).  However, at seven 

days post-inoculation, the B. vinsonii (berkhoffii) band disappeared from both the B. 

henselae-B. vinsonii (berkhoffii)  and B. quintana-B. vinsonii (berkhoffii)  co-cultures, but 

not from the liquid cultures containing B. vinsonii (berkhoffii) as a single culture species 

(results not shown).  No such effect was observed in the B. henselae and B. quintana co-

culture, in which the 648 bp and 564 bp bands remained clearly visible for up to 10 days.  

 

Isolation B. henselae from naturally infected cats.  No growth was observed 

from the two blood samples or from the aqueous fluid sample after direct inoculation onto 

a blood agar plate and following the cultures visually for five weeks.  Culture of the blood 

sample from cat A and the aqueous fluid from cat B into BAPGM for seven days followed 

by subculturing onto a blood agar plate produced colonies that were clearly visible on the 

blood agar plate after seven days.  Three colonies were obtained from the cat A blood 

sample and several colonies were obtained from the aqueous fluid sample (cat B).  Each 

colony was subcultured on blood agar plates for species identification.  Samples obtained 

directly from BAPGM after three and seven days, as well as from each blood agar plate 

isolate were screened by conventional PCR.  For all the samples, PCR followed by gel 

electrophoresis resulted in a 648 bp single band amplicon that corresponds to the ITS 

region amplicon of B. henselae.  Further, this finding was confirmed by real-time PCR 

using a B. henselae-specific Taqman® fluorescent probe.  Although no colony formation 

was observed following subculture of the cat B blood sample, real-time PCR analyses 

using DNA extracted from whole blood and from BAPGM blood culture were both 
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positive using Bartonella genera- and B. henselae-specific probes.  It is interesting to note 

that B. henselae in the blood and aqueous fluid samples from cat B by real-time PCR 

showed a much lower DNA copy number in the blood and in the blood-BAPGM culture as 

compared to the aqueous fluid and the aqueous fluid-BAPGM culture (results not shown).  

Successful isolation of B. henselae from the aqueous fluid from cat B may have resulted 

due to the larger number of bacteria present in this sample, when compared with the 

number of organisms present in blood. 

Discussion 

As is true for many fastidious pathogens, difficulties associated with Bartonella isolation 

have compromised efforts to define the role of these organisms in disease causation.  

Isolation of the infecting bacteria aids in the evaluation of more sensitive and improved 

diagnostic assays, and advances the understanding of the diversity, adaptation, and 

epidemiology of this genera.33  It is the opinion of the authors that chronic infection with 

Bartonella species can contribute to very subtle clinical abnormalities or vague symptoms 

in companion animals or in human patients, respectively.  Despite advances in PCR, 

improved culture methods are needed for the isolation of Bartonella species.  Culture 

media used for Bartonella species isolation in clinical laboratories have questionable 

sensitivity and many laboratories continue to rely on standard blood agar plate cultures 

(5% rabbit blood heart infusion-trypticase agar or chocolate agar).10,13,33 
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Several laboratories have participated in research efforts, with a goal of creating an 

isolation medium that will enhance the growth and maintenance of Bartonella species.  

Despite these efforts, the isolation of Bartonella species from non-immunocompromised 

individuals remains a highly insensitive diagnostic method.  This finding suggests that 

additional optimization of the biochemical constituents of a liquid media is required to 

attain isolates from patients.  To date, no liquid or solid phase media has proven to be 

reliable for the isolation of single or multiple Bartonella species from naturally infected 

animals or humans.3,13 Although some blood-free media have shown good potential for the 

growth of B. henselae or B. quintana, 13,49 supplementation of blood, erythrocyte 

membranes, or an erythrocyte membrane component seems to be required for the initial 

growth and to achieve the full growth-promoting effect of the culture medium.33,46 In 

addition, the use of hemin as a blood or erythrocyte substitute represents a real challenge, 

which could compromise the use of these media when the infecting Bartonella species is 

not known or when polymicrobial Bartonella infection is present in the patient.  Research 

has shown that optimal hemin concentration differs among Bartonella species.46 

Bartonella quintana required a hemin concentration of 40 μg/ml for growth, while B. 

henselae required approximately 250 μg/ml of hemin for ideal growth.  In fact, hemin 

concentrations in excess of these established for optimal growth became toxic to each 

Bartonella species tested, resulting in decreased growth (i.e., ideal hemin concentrations 

for the growth of B. henselae are toxic to B. quintana).46  It should be noted that only B. 

henselae (from culture and clinical samples) and B. quintana (from culture samples) have 

been evaluated in order to establish the isolation and growth support/enhancement 
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potential role of blood-free media.13,46,49  Also, the development of optimal culture 

techniques and improvements in isolation media may have been hampered somewhat as 

only a few (primarily B. henselae and B. quintana) of the 17 Bartonella species described 

to date have been biochemically characterized. 

 

In this study, we describe the development of a novel, liquid isolation medium, which is 

based on a formulation that promotes the growth of insect cells in culture.  This medium 

supports the isolation and growth of at least seven Bartonella species and may facilitate the 

isolation of two or more Bartonella species from the same patient.  Co-infection, as 

indicated by serology and/or PCR, with more than one Bartonella species has been 

frequently reported in dogs and cats,19,20,36,47 and has been suggested to occur in 

rodents.32,50  It is the opinion of the authors that the occurrence of co-infection with 

multiple Bartonella species is likely underestimated in both animals and humans due to the 

limitations associated with the culture and isolation of the infecting agent and the 

limitations associated with other diagnostic methologies currently in use (e.g., PCR and 

serology). It is not clear if the disappearance of the 706 bp band of B. vinsonii (berkhoffii) 

during co-culture conditions with B. henselae or B. quintana was a consequence of the 

death of this species as a result of competition, the production of toxic metabolite(s) by B. 

henselae and B. quintana, or a deleterious effect of phage induction.1,4,13,35  If these in vitro 

data are applicable to in vivo competition among Bartonella species within animals or 

human beings, it would suggest that one Bartonella species could substantially suppress 

another Bartonella species making detection by culture or PCR very difficult.  In the 



 136

current study, BAPGM supported the primary isolation of B. henselae from two clinical 

samples (blood and aqueous fluid) in half the time generally required when using a 

conventional isolation media (e.g., sheep blood agar plate or chocolate agar plate).  Isolates 

were not obtained from these two clinical samples by direct inoculation onto a blood agar 

plate, which is consistent with the limited sensitivity of the conventional isolation approach 

for the detection of B. henselae and other Bartonella species.  Recently, we have used the 

isolation approach described in this study to obtain Bartonella spp. isolates from dogs and 

human beings with chronic illnesses.   

 

The results of this study suggest that the use of BAPGM for the detection and isolation of 

Bartonella species may provide an improved or alternative method to isolate these 

fastidious microorganisms from patient samples.  In the future, BAPGM may represent an 

important culture option for the clinical microbiology laboratory.  In an effort to optimize 

the utility of this medium, we are currently evaluating the effectiveness of different amino 

acid combinations in BAPGM.  Amino acid supplementation appears to be one of the key 

components required to improve and enhance Bartonella species growth.13  In addition, we 

are further evaluating the diagnostic utility of BAPGM for the improved isolation of 

Bartonella species from sick animals and humans. 



 137

References 
 

1. Anderson, B. E., C. Goldsmith, A. Johnson, I. Padmalayam, and B. Baumstark.  

1994.  Bacteriophage-like particles of Rochalimaea henselae. Mol. Microbiol.  13:67-

73. 

2. Anderson, B. and M. A. Neuman. 1997. Bartonella spp. as emerging human 

pathogens. Clin. Microbiol. Rev. 10:203-219.  

3. Avidor, B.  2004.  Bartonella koehlera, a new human pathogen causing culture-

negative endocarditis. The 4th International Conference on Bartonella as Emerging 

Pathogens, Uppsala, Sweden. 

4. Barksdale, L. and S. B. Arden.  1974. Persisting bacteriophage infections, lysogeny, 

and phage conversions. Rev. Microbiol. 28:265-299. 

5. Bergmans, A. M. C., J. F. P. Schellekens, J. D. A. Van Embden, and L. M. 

Schouls. 1996. Predominance of two Bartonella variants among cat scratch disease 

patients in The Netherlands. J. Clin. Microbiol. 34:254-260. 

6. Birtles, R. J., J. Canales, P. Ventosilla, E. Alvarez, H. Guerra, A. Llanos-Cuentas, 

D. Raoult, N. Doshi, and T. G. Harrison. 1999. Survey of Bartonella species 

infecting intradomicillary animals in the Huayllacallan Valley, Ancash, Peru, a region 

endemic for human bartonellosis. Am. J. Trop. Med. Hyg. 60:799-805. 

7. Breitschwerdt, E. B., C. E. Atkins, T. T. Brown, D. L. Kordick, and P. S. Snyder. 

1999. Bartonella vinsonii subsp. berkhoffi and related members of the alpha 



 138

subdivision of the Proteobacteria in dogs with cardiac arrhythmias, endocarditis, or 

myocarditis. J. Clin. Microbiol. 37:3618-3626. 

8. Breitschwerdt, E. B. and D. L. Kordick. 2000. Bartonella infection in animals: 

carriership, reservoir potential, pathogenicity, and zoonotic potential for human 

infection. Clin. Microbiol. Rev. 13:428-438.  

9. Breitschwerdt, E. B., D. L. Kordick, and D. E. Malarkey. 1995. Endocarditis in a 

dog due to infection with a novel Bartonella subspecies. J. Clin. Microbiol. 33:154-

160. 

10. Brenner, S. A., J. A. Rooney, P. Manzewitsch, and R. L. Regnery. 1997. Isolation 

of Bartonella (Rochalimaea) henselae: effects of methods of blood collection and 

handling. J. Clin. Microbiol. 35:544-547. 

11. Brouqui, P., B. La Scola, V. Roux, and D. Raoult. 1999. Chronic Bartonella quintana 

bacteremia in homeless patients. N. Engl. J. Med. 340:184-189. 

12. Chang, C. C., B. B. Chomel, R. W. Kasten, R. Heller, K. M. Kocan, H. Ueno, K. 

Yamamoto, V. C. Bleich, B. M. Pierce, B. J. Gonzales, P. K. Swift, W. M. Boyce, S. 

S. Jang, H. J. Boulouis, and Y. Piémont.  2000. Bartonella spp. isolated from wild 

and domestic ruminants in North America. Emerg. Infect. Dis. 6:306-311. 

13. Chenoweth, M. R., G. A. Somerville, D. C. Krause, K. L. O’Reilly, and F. C. 

Gherardini.   2004. Growth characteristics of Bartonella henselae in a novel liquid 

medium: primary isolation, growth-phase dependent phage induction, and metabolic 

studies.  App. Env. Microbiol.  70:656-663. 



 139

14. Clarridge, J. E., T. J. Raich, D. Pirwani, B. Simon, L. Tsai, M. C. Rodriguez-

Barradas, R. L. Regnery, A. Zollo, D. C. Jones, and C. Rambo. 1995. Strategy to 

detect and identify Bartonella species in routine laboratory yields Bartonella henselae 

from human immunodeficiency virus-positive patient and unique Bartonella strain 

from his cat. J. Clin. Microbiol. 33:2107-2113. 

15. Cunningham, E. T. and J. E. Koehler.  2000. Ocular Bartonellosis.  Am. J. 

Ophthalmol. 130:340-349. 

16. Daly, J. S., M. G. Worthington, D. J. Brenner, C. W. Moss, D. G. Hollis, and R. S. 

Weyant.  1993. Rochalimaea elizabethae sp. nov. isolated from a patient with 

endocarditis. J. Clin. Microbiol. 31:872-881. 

17. Drancourt, M., R. Birtles, G. Chaumentin, F. Vandenesch, J. Etienne, and D. 

Raoult.  1996. New serotype of Bartonella henselae in endocarditis and cat-scratch 

disease. Lancet. 347:441-443. 

18. Fournier, P. E., J. Robson, Z. Zeaiter, R. McDougall, S. Byrne, and D. Raoult.  

2002.  Improved culture from lymph nodes of patients with cat scratch disease and 

genotypic characterization of Bartonella henselae isolates in Australia. J. Clin. 

Microbiol. 40:3620-3624. 

19. Gurfield, A. N., H. J. Boulouis, B. B. Chomel, R. Heller, R. W. Kasten, K. 

Yamamoto, and Y. Piemont. 1997. Coinfection with Bartonella clarridgeiae and 

Bartonella henselae and with different Bartonella henselae strains in domestic cats. J. 

Clin. Microbiol. 35:2120-2123.  



 140

20. Gurfield, A. N., H. J. Boulouis, B. B. Chomel, R. W. Kasten, R. Heller, C. Bouillin, 

C. Gandoin, D. Thibault, C. C. Chang, F. Barrat, and Y. Piemont.  2001. 

Epidemiology of Bartonella infection in domestic cats in France. Vet. Microbiol. 

80:185-198. 

21. Hadfield, T. L., R. Warren, M. Kass, E. Brun, and C. Levy.  1993. Endocarditis 

caused by Rochalimaea henselae. Hum. Pathol. 24:1140-1141. 

22. Houpikian, P., and D. Raoult.  2001. 16S/23S rRNA intergenic spacer regions for 

phylogenetic analysis, identification, and subtyping of Bartonella species.  J. Clin. 

Microbiol.  39:2768-2778. 

23. Jacomo, V., P. J. Kelly, and D. Raoult.  2002. Natural history of Bartonella 

infections (an exception to Koch’s postulate). Clin. Diagn. Lab. Immunol. 9:8-18. 

24. Jensen, W. A., M. Z. Fall, J. Rooney, D. L. Kordick, and E. B. Breitschwerdt.  

2000. Rapid identification and differentiation of Bartonella species using a single-step 

PCR assay.  J. Clin. Microbiol. 38:1717-1722. 

25. Joblet, C., V. Roux, M. Drancourt, J. Gouvernet, and D. Raoult.  1995.  

Identification of Bartonella (Rochalimaea) species among fastidious gram-negative 

bacteria on the basis of the partial sequence of the citrate-synthase gene. J. Clin. 

Microbiol. 33:1879-1883. 

26. Johnson, G., M. Ayers, S. C. McClure, S. E. Richardson, and R. Tellier.  2003. 

Detection and identification of Bartonella species pathogenic for humans by PCR 

amplification targeting the riboflavin synthase gene (ribC).  J. Clin. Microbiol. 

41:1069-1072. 



 141

27. Karem, K. L., C. D. Paddock, and R. L. Regnery.  2000. Bartonella henselae, B. 

quintana, and B. bacilliformis:  Historical pathogens of emerging significance. 

Microbes. Infect. 2:1193-1205. 

28. Kerkhoff, F. T., A. M. Bergmans, A. van Der Zee, and A. Rothova.  1999.  

Demonstration of Bartonella grahamii DNA in ocular fluids of a patient with 

neuroretinitis.  J. Clin. Microbiol.  37:4034-4038. 

29. Koehler, J. E. Clinical manifestation of Bartonella infections.  2004.  The 4th 

International Conference on Bartonella as Emerging Pathogens, Uppsala, Sweden.  

30. Koehler, J. E., F. D. Quinn, T. G. Berger, P. E. LeBoit, and J. W. Tappero.  1992. 

Isolation of Rochalimaea species from cutaneous and osseous lesions of bacillary 

angiomatosis.  N. Engl. J. Med. 327:1625-1631. 

31. Kordick, D. L., E. J. Hilyard, T. L. Hadfield, K. H. Wilson, A. G. Steigerwalt, D. 

J. Brenner, and E. B. Breitschwerdt.  1997. Bartonella clarridgeiae, a newly 

recognized zoonotic pathogen causing inoculation papules, fever, and 

lymphadenopathy (Cat Scratch Disease). J. Clin. Microbiol. 35:1813-1818. 

32. Kosoy, M. Y., R. L. Regnery, T. Tzianabos, E. L. Marston, D. C. Jones, D. Green, 

G. O. Maupin, J. G. Olson, and J. E. Childs. 1997. Distribution, diversity, and host 

specificity of Bartonella in rodents from the Southeastern United States.  Am. J. Trop. 

Med. Hyg. 57:578-588.  

33. LaScola, B. and D. Raoult.  1999. Culture of Bartonella quintana and Bartonella 

henselae from human samples: a 5-year experience (1993-1998).  J. Clin. Microbiol. 

37:1899-1905. 



 142

34. Maggi, R. G. and E. B. Breitschwerdt.  2004. Bartonella 16S-23S rRNA intergenic 

region: The whole ITS region is not suitable for Bartonella detection and subtyping.  J. 

Clin. Microbiol. Second Review. 

35. Maggi, R. G. and E. B. Breitschwerdt.  2004. Bacteriophage in Bartonella vinsonii 

berkhoffii and characterization of its Pap 31 Gene.  The 4th International Conference on 

Bartonella as Emerging Pathogens, Uppsala, Sweden. 

36. Maruyama, S., T. Sakai, Y. Morita, S. Tanaka, H. Kabeya, S. Boonmar, A. 

Poapolathep, T. Chalarmchaikit, C. C. Chang, R. W. Kasten, B. B. Chomel, and 

Y. Katsube.  2001. Prevalence of Bartonella species and 16s rRNA gene types of 

Bartonella henselae from domestic cats in Thailand.  Am. J. Trop. Med. Hyg. 65:783-

787. 

37. Maurin, M., R. Birtles, and D. Raoult.  1997. Current knowledge of Bartonella 

species. Eur. J. Clin. Microbiol. Infect. Dis. 16:487-506. 

38. Pitulle, C., C. Strehse, J. W. Brown, and E. B. Breitschwerdt.  2002. Investigation 

of the phylogenetic relationships within the genus Bartonella based on comparative 

sequence analysis of the rnpB gene, 16S rDNA, and 23S rDNA.  Intern. J. Syst. Evol. 

Microbiol. 52:2075-2080.  

39. Raoult, D.  1995. Bartonella (Rochalimaea) quintana endocarditis in three homeless 

men.  N. Engl. J. Med. 332:419-423. 

40. Raoult, D., M. Drancourt, A. Carta, and J. A. Gastaut.  1994. Bartonella 

(Rochalimaea) quintana isolation in a patient with chronic adenopathy, lymphopenia, 

and a cat.  Lancet.  343:977. 



 143

41. Raoult, D., G. Greub, P. E. Fournier, and Z. Zeaiter.  2003. Diagnosis of Bartonella 

endocarditis by Real-Time Nested PCR assay using serum.  J. Clin. Microbiol. 41:919-

925. 

42. Regnery, R. L., B. E. Anderson, J. E. Clarridge III, M. Rodriguez-Barradas, D. C. 

Jones, and J. H. Carr. 1992. Characterization of a novel Rochalimaea species, R. 

henselae sp. nov., isolated from blood of a febrile human immunodeficiency virus-

positive patient.  J. Clin. Microbiol. 30:265-274. 

43. Relman, D. A.  1995. Has Trench Fever Returned?  N. Engl. J. Med. 332:463-464. 

44. Schattner, A., O. Zimhony, B. Avidor, and M. Giladi.  2003. Asking the right 

question.  Lancet.  361:1786. 

45. Schwartzman, W.  1996. Bartonella (Rochalimaea) infections: beyond cat scratch.  

Annu. Rev. Med. 47:355-364. 

46. Schwartzman, W. A., C. A. Nesbit, and E. J. Baron.  1993. Development and 

evaluation of a blood-free medium for determining growth curves and optimizing 

growth of Rochalimaea henselae. J. Clin. Microbiol. 31:1882-1885.  

47. Solano-Gallego, L., J. Bradley, B. Hegarty, B. Sigmon, and E. Breitschwerdt.  

2004. Bartonella henselae IgG antibodies are prevalent in dogs from southeastern 

USA. Vet Res. 35:585-595. 

48. Welch, D. F., D. A. Pickett., L. N. Slater, A. G. Steigerwalt, and D. J. Brenner.  

1992. Rochalimaea henselae sp. nov., a cause of septicemia, bacillary angiomatosis, 

and parenchymal bacillary peliosis.  J. Clin. Microbiol. 30:275-280.  



 144

49. Wong, M. T., M. J. Dolan, C. P. Lattuada, R. L. Regenry, M. L. Garcia, and E. C. 

Mokulis.  1995. Neuroretinitis, aseptic meningitis, and lymphadenitis associated with 

Bartonella henselae infection in immunocompetent patients and patients infected with 

human immunodeficiency virus type I.  Clin. Infect. Dis. 21:352-360. 

50. Ying, B., M. Y. Kosoy, G. O. Maupin, K. R. Tsuchiya, and K. L. Gage.  2002. 

Genetic and ecologic characteristics of Bartonella communities in rodents in southern 

China.  Am. J. Trop. Med. Hyg. 66:622-627. 



 145

 

1.00E+04

1.00E+05

1.00E+06

1.00E+07

1.00E+08

0 50 100 150 200 250 300 350

Time (hrs)

C
FU

/m
l (

av
er

ag
e)

 

Figure 1.  Growth curve of B. henselae in BAPGM. Viable cell counts (reported as 

CFU/ml) in BAPGM liquid medium were determined at 24-hour intervals after plating 

individual culture aliquots onto commercial blood agar plates.  Colony counts were 

performed after a 7-day incubation period on blood agar plates that were maintained at 

35°C and 5% CO2 in a water-saturated atmosphere. 
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Figure 2.  Growth curve of B. quintana in BAPGM.  Viable cell counts (reported as 

CFU/ml) in liquid BAPGM were determined at 24-hour intervals after plating of individual 

culture aliquots onto commercial blood agar plates.  Colony counts were performed after a 

7-day incubation period on blood agar plates that were maintained at 35°C and 5% CO2 in 

a water-saturated atmosphere. 
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Figure 3.  Two percent agarose gel eletrophoresis of an intergenic spacer region PCR 

amplification (primers 321s and 983as) of Bartonella cultures in BAPGM (lanes 2 to 9, at 

7 days postinoculation; lanes 10 to 16, 5 days postinoculation). Lane 1, 1-kbp DNA ladder; 

lane 2, B. elizabethae (717 bp); lane 3, B. grahamii (658 bp); lane 4, B. quintana Fuller 

(564 bp); lanes 5 and 12, B. vinsonii (berkhoffii) (706 bp); lane 6, B. henselae Houston-1 

(648 bp); lane 7, B. clarridgeiae (636 bp); lane 8, B. doshiae (550 bp); lanes 9 and 16, 

BAPGM as a negative control; lane 10, B. henselae; lane 11, B. quintana; lane 13, B. 

henselae and B. quintana co-culture; lane 14, B. henselae and B. vinsonii (berkhoffii) co-

culture; lane 15, B. quintana and B. vinsonii (berkhoffii) co-culture. 
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Summary 

Historically, direct plating, lysis centrifugation, or freeze-thaw approaches have proven to 

be highly insensitive methods for confirming Bartonella species infection in dogs.  A 

prospective study was designed to compare diagnostic methods for the detection of 

Bartonella using samples submitted to the Vector-Borne Disease Diagnostic Laboratory at 

North Carolina State University.  Methods included indirect immunofluorescence assay, 

PCR, direct inoculation of a blood agar plate (trypticase soy agar with 5% rabbit blood), 

and inoculation into a novel pre-enrichment liquid medium, Bartonella/ alpha-

Proteobacteria growth medium (BAPGM).  Sequential research efforts resulted in the 

development of a combinational approach consisting of pre-enrichment culture of 

Bartonella species in BAPGM, sub-inoculation of the liquid culture onto agar plates, 

followed by DNA amplification using PCR.  The multi-faceted approach resulted in 

substantial improvement in the microbiological detection and isolation of Bartonella when 

compared to direct inoculation of a blood agar plate.  Importantly, this approach facilitated 

the detection and subsequent isolation of both single and co-infections with two Bartonella 

species in the blood of naturally infected dogs.  The use of a combinational approach of 

pre-enrichment culture and PCR may assist in the diagnostic confirmation of bartonellosis 

in dogs and other animals. 
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Introduction 

Bacteria of the genus Bartonella (alpha subdivision of the class Proteobacteria) are 

fastidious, gram-negative, aerobic bacilli with more than 20 described species or 

subspecies (Boulouis et al., 2005; Chomel et al., 2003; Chomel et al., 2004; Chomel et al., 

2006; Clarridge et al., 1995; Houpikian and Raoult, 2001; Joblet et al., 1995; Maurin et al., 

1997).  As a cause of disease in veterinary and human medicine, Bartonella are highly 

adapted to mammalian reservoir hosts, and within these reservoir hosts, the bacteria 

usually cause long-lasting intraerythrocytic bacteremia (Dehio 2001; Jacomo et al., 2002; 

Kordick and Breitschwerdt, 1995; Breitschwerdt and Kordick, 2000).  Several Bartonella 

species, including B. clarridgeiae, B. elizabethae, B. henselae, B. vinsonii subspecies 

berkhoffii, and B. washoensis, infect dogs and may contribute to the pathogenesis of a wide 

spectrum of disease manifestations, including polyarthritis, cutaneous vasculitis, 

endocarditis, myocarditis, epistaxis, peliosis hepatis, and granulomatous inflammatory 

disease (Breitschwerdt et al., 1995; Breitschwerdt et al., 1999; Chomel et al., 2001; 

Gillespie et al., 2003; Kitchell et al., 2000; Kordick et al., 1997; MacDonald et al., 2004; 

Mexas et al., 2002; Pappalardo et al., 2000a; Pappalardo et al., 2000b; Pappalardo et al., 

2001; Breitschwerdt et al., 2004; Breitschwerdt et al., 2005; Henn et al., 2005; Kordick et 

al., 1996). 

 

Historically, Bartonella have been cultured using direct plating or lysis-centrifugation and 

freeze-thaw techniques followed by the inoculation of a blood or chocolate agar plate 
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(Regnery et al., 1992; Welch et al., 1992).  Isolation of most Bartonella species on a blood 

agar plate typically requires an extended incubation period (average = 21 days) and is 

rarely successful in an immunocompetent, non-reservoir host, perhaps due to an extremely 

low number of circulating Bartonella organisms (Gouriet et al., 2005; Rolain et al., 2001; 

Rolain et al., 2002).  To date, alternative methods of isolation have proven to be of limited 

diagnostic utility; further, no liquid medium that will support the growth of several 

clinically important Bartonella species has been characterized using clinical samples 

(Chenoweth et al., 2004; Fournier et al., 2002; La Scola et al., 1999). 

 

Recently, our laboratory developed a novel, chemically modified, insect-based liquid 

culture medium (Bartonella/alpha-Proteobacteria growth media, BAPGM) that supports 

the growth of at least seven Bartonella species; this medium also supported co-cultures 

consisting of different Bartonella species and facilitated isolation of B. henselae from the 

blood and aqueous fluid of naturally infected cats (Maggi et al., 2005a).  Similar to 

traditional culture methods, BAPGM aided in agar plate isolation of B. henselae from cats; 

however, the successful use of this new liquid medium for the isolation of Bartonella from 

the blood of sick dogs was much more difficult to achieve.  In the present study, we 

describe an improved combinational approach, incorporating minor modifications to our 

previously reported pre-enrichment medium (Maggi et al., 2005a), which facilitated the 

molecular detection and isolation of Bartonella in blood samples obtained from sick dogs.  

The purpose of this prospective study was to compare and improve the methods used for 

the microbiological diagnosis of bartonellosis in the North Carolina State University, 
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College of Veterinary Medicine, Vector-Borne Disease Diagnostic Laboratory (NCSU-

CVM-VBDDL). 

 

Materials and methods  

Study design.  The NCSU-CVM-VBDDL uses indirect immunofluorescence assays to 

detect exposure to Bartonella species, specifically B. henselae and B. vinsonii (berkhoffii).  

Further, conventional and real-time PCR and microbiological techniques are utilized to 

detect active infection with Bartonella species.  In the current work, these methods were 

evaluated during three distinct and sequential study phases (Figure 1).  Sick dogs, meeting 

the entry criteria, were prospectively entered into each separate phase.   

 

Serological analyses.  Indirect immunofluorescence assays (IFA) for B. henselae and 

B. vinsonii (berkhoffii) were performed as previously described (Solano-Gallego et al., 

2004).  

 

DNA extraction and PCR analyses.  DNA extraction and PCR screening for 

Bartonella species from EDTA-anticoagulated blood samples, pre-enriched blood cultures 

at 7 or 10 days, and from blood agar plate isolates were performed as previously described 

(Maggi et al., 2005a, Maggi et al., 2005b).   
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Real-time PCR analysis.  Screening for Bartonella genus bacteria and the use of 

multiplex, species-specific, Taqman® fluorescent probes were performed as described 

previously (Maggi et al., 2005b), although the B. clarridgeiae probe was not used during 

this study.  Reaction master mix components and cycling conditions have been described 

elsewhere (Maggi et al., 2005a, Maggi et al., 2005b).  Fifteen (15) microliters of sample 

template DNA was used for real-time PCR analyses.  DNA was extracted from EDTA-

anticoagulated blood samples of a clinically healthy dog for use as negative controls; 

similar DNA aliquots were prepared as previously described for positive controls (Maggi 

et al., 2005b).   

 

Conventional PCR analysis.  
 

a) ITS region: PCR analyses of Bartonella intergenic transcribed spacer (ITS) region 

were performed as described previously (Maggi et al., 2005b).  Master mix 

components and cycling conditions have been described elsewhere (Maggi et al., 

2005a, Maggi et al., 2005b).  Five (5) microliters of sample template DNA was used 

in the current work.  Negative controls were prepared as described above for real-

time PCR and elsewhere (Maggi et al., 2005a).    

 

b) Pap31 amplification:  Amplification of the Pap31 gene was performed as 

described above for the ITS region and as described elsewhere (Maggi et al., 2005b).   
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Cloning and sequencing of ITS and Pap31 amplicons.  Representative samples 

were cloned and sequenced to confirm species identification and to establish strain 

classification, as described previously (Maggi et al., 2005b).   

 

Pre-enrichment culture.  Blood samples were cultured using modifications to the 

previously characterized BAPGM, such as a reduction in pH from 7.4 to 6.2 (Maggi et al., 

2005a).  Additional, minor modifications were integrated into phase 3, such as a shorter 

pre-enrichment incubation period and an increase in the final volume of defibrinated sheep 

blood. 

Samples for culture:  

Convenience samples of clinical submissions of dog blood and serum, submitted to the 

NCSU-CVM-VBDDL for IFA serological analysis for B. henselae and B. vinsonii 

(berkhoffii) antibodies, were prospectively assessed in phases 1 and 2.  To allow for PCR 

and culture, at least 1 mL of EDTA-anticoagulated blood must have been simultaneously 

submitted with the request for Bartonella serologies.   

 

The entire sample population (n = 148) included 66 females (58 spayed, 8 intact) and 74 

males (59 neutered, 15 intact); signalment was not provided for the remaining 8 dogs.  The 

age was known for 143 dogs with a mean ± standard deviation of 6.5 ± 3.0 years (range: 6 

months to 14 years).  Various breeds were represented and 24 dogs were mixed breed.  No 

differences were noted between the populations enrolled in each phase.  Although clinical 
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and historical abnormalities are not consistently reported with sample submissions, most 

dogs would be tested for exposure to tick-borne pathogens because of one or more of the 

following clinical abnormalities: unexplained fever, weight loss, lameness, neurological 

signs, anemia, thrombocytopenia, hyperproteinemia, and/or protein-losing nephropathy. 

 

Following direct inoculation or sub-inoculation, agar plates were placed in polyethylene 

plastic bags, were maintained at 35°C, 5% CO2 in a water-saturated environment, and were 

examined weekly for colony formation.  Colonies, if present, were scraped from plates and 

resuspended in phosphate buffered saline (PBS) for identification by PCR.  For each set of 

samples, an un-inoculated control liquid culture, as appropriate, and an un-inoculated 

blood agar plate were processed at the same time and in an identical manner.  

 

Phase 1 

Samples (n = 50) were collected from April 23, 2004 to June 3, 2004.  After sample 

receipt, blood samples were frozen (-80ºC) in 800 µL aliquots; samples remained frozen 

until prepared for direct inoculation onto a plate containing Trypticase™ soy agar with 5% 

rabbit blood (BD, Franklin Lakes, NJ) (Breitschwerdt et al., 1995) .  All culture media 

were allowed to equilibrate to room temperature prior to use.  Frozen blood aliquots were 

quick thawed in a water bath at 37°C.  Dulbecco’s Modified Eagle’s Medium (DMEM) 

(MediaTech, Inc. Herndon, VA) was supplemented with 10% fetal bovine serum, 1% L-

glutamine, 1% sodium pyruvate, and 21% sodium bicarbonate, and was sterilized by 
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filtration through a 0.2-µm-pore-size filter (Corning, Corning, NY) (Dr. Bruno Chomel and 

Dr. Jane Koehler, personal communication).  Blood aliquots (800 µL) were mixed with 

300 µL of supplemented DMEM by vortexing and subsequently transferred to the blood 

agar plate, which was maintained for 6 weeks.   

 

Phase 2  

Samples (n = 50) were collected from May 24, 2004 to June 30, 2004.  Following sample 

receipt, blood was frozen to -80ºC, prior to the inoculation of modified BAPGM.  The 

liquid medium (5 mL) was aliquoted to a closed system, 25cm2 cell culture flask with a 

plug seal cap (Corning®, Corning, NY) and supplemented with defibrinated sheep blood 

(HemoStat Laboratories, Dixon, CA) to a 5% final volume (Maggi et al., 2005a).  Five 

hundred microliters (500 µL) of the dog blood sample was added to each flask.  Liquid 

cultures were maintained as described elsewhere (Maggi et al., 2005a).  After 10 days, a 

200-µL aliquot of the liquid medium was removed for DNA extraction and PCR, and an 

800-µL aliquot was sub-inoculated onto a blood agar plate, which was maintained for 6 

weeks.   

 

Phase 3  

Based on previous results, phase 3 included minor refinements to the methods and to the 

BAPGM as follows: blood samples were stored at 4ºC, rather than frozen, for up to 1 week 

prior to inoculation of the liquid medium; the final volume of defibrinated sheep blood was 
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increased from 5% to 10%; liquid cultures were maintained for 7 days, rather than 10, prior 

to plating; and the cap on the cell-culture flasks was changed from a plug-seal to a vented 

cap to allow for increased gas exchange. 

 

Samples (n = 48) were collected from May 3, 2004 to February 8, 2006.  These samples 

were prospectively assessed and comprised a somewhat more defined, convenience sample 

of clinical submissions received by NCSU-CVM-VBDDL for diagnostic testing.  To be 

included in phase 3, sufficient sample volumes of serum (1 mL) for conducting Bartonella 

IFA analyses and EDTA-anticoagulated blood (1.2 mL) for PCR analysis and inoculation 

of the liquid medium must have been submitted.  For a subset of these cases, the pre-

enrichment culture was recommended to the referring veterinarian by the laboratory 

director as a potentially more sensitive diagnostic service for the detection of Bartonella 

bacteria in dog blood. 

 

During phase 3, a 1-mL aliquot of dog blood was added to each cell-culture flask and 

cultures were maintained as described previously (Maggi et al., 2005a).  After 7 days, a 

200-µL aliquot of the liquid medium was removed for DNA extraction and PCR; 

additionally, a 1-mL aliquot was sub-inoculated onto a blood agar plate, which was 

maintained for 3 weeks.   

 



 159

Results 

Phase 1: Serology  

Serum B. henselae IgG antibodies were detected in 32% (16/50) of the dogs surveyed; the 

majority had low reciprocal titers of 64 (10/16) or 128 (5/16), with a single B. henselae 

seroreactor at 512.  All remaining dogs (34/50) were not seroreactive by B. henselae IgG 

antibodies (titers <1:16).  Conversely, serum B. vinsonii (berkhoffii) IgG antibodies were 

detected in only 1 dog (1/50, 2%) at a titer of 1:64.  All remaining dogs (49/50) were non-

seroreactive (titers ≤1:32) to B. vinsonii (berkhoffii) antigens. 

 

Phase 1: PCR following direct extraction of blood 

Using a Bartonella genus real-time PCR probe, 4 of 50 (8%) blood samples tested by PCR 

without pre-enrichment were positive for Bartonella DNA (Table 1).  When these 4 

samples were separately analyzed using different Taqman® fluorescent, real-time probes 

that are designed to detect a specific Bartonella species (i.e., B. henselae, B. vinsonii 

(berkhoffii), or B. quintana), 2 samples were PCR positive for B. vinsonii (berkhoffii).  One 

of these 2 dogs was co-infected with 2 Bartonella species as determined by conventional 

PCR using ITS primers, which detected B. henselae, and Pap31 primers, which detected B. 

vinsonii (berkhoffii); DNA sequencing confirmed B. henselae Houston 1 (GenBank: 

BX897699) and B. vinsonii (berkhoffii) Type I (GenBank: AY663045).  Speciation was 

not possible for the remaining 2 Bartonella genus-positive samples using real-time or 
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conventional PCR.  Bartonella DNA was not amplified from the other 46 blood samples or 

in the negative controls. 

 

Phase 1: Direct inoculation of blood agar plates 

Direct inoculation of blood from these 50 dogs yielded no Bartonella colony formation on 

the agar plates over the 6-week incubation period.  Further, all control, un-inoculated plates 

were negative for bacterial growth over the examination period. 

 

Phase 2: Serology 

In contrast to phase 1, serum B. henselae IgG antibodies were detected in only 10% (5/50) 

of the phase 2 dogs, all with low reciprocal titers of 64 (3/5) or 128 (2/5).  Remaining dogs 

(45/50) were not seroreactive to B. henselae antigens (titers <1:32).  Serum B. vinsonii 

(berkhoffii) IgG antibodies were detected in 2 dogs (2/50, 4%), with titers of 1:64 or 1:128.  

All remaining dogs (48/50) were not seroreactive by B. vinsonii (berkhoffii) IgG antibodies 

(titers <1:16). 

 

Phase 2: PCR following direct extraction of blood 

During phase 2, Bartonella DNA was not amplified from any of the 50 blood samples or 

from any negative control.   
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Phase 2: Subculturing of liquid pre-enrichment medium onto blood agar 

plates 

After 10 days of pre-enrichment, 4 of 50 liquid culture aliquots (8%) were positive using 

our Bartonella genus real-time PCR probe; however, the Taqman® species-specific probes 

did not detect Bartonella DNA (Table 2).  Using conventional PCR, B. vinsonii 

(berkhoffii) was detected in 2 of these liquid culture extracts; DNA sequencing confirmed 

B. vinsonii (berkhoffii) Type I by ITS (GenBank: AF167988) and Pap31 (GenBank: 

AY663045) in one sample and B. vinsonii (berkhoffii) Type II by ITS (GenBank: 

DQ059763) in the second sample.  Further, B. bovis was amplified and sequenced using 

ITS primers (GenBank: AY116638) in the liquid culture aliquots from 2 dogs; these 

samples are currently undergoing further genetic analysis and review of the case histories. 

 

Sub-inoculation of the pre-enriched culture samples from these 50 dogs to blood agar 

plates yielded no Bartonella colony formation over the 6-week incubation period; no 

bacterial growth was observed in any negative control.  

 

Phase 3: Serology 

Serum B. henselae IgG antibodies were detected in 27% (13/48) of the dogs surveyed; the 

majority had low reciprocal titers of 64 (6/13) or 128 (3/13), although two dogs each were 

seroreactive at 512 or 1024.  All remaining dogs (35/48) were not seroreactive to B. 
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henselae IgG antigens (titers ≤1:32).  Serum B. vinsonii (berkhoffii) IgG antibodies were 

detected in 4 dogs, one each at reciprocal titers of 64, 256, 512, and 8192.  All 44 

remaining dogs were not seroreactive (≤1:16) to B. vinsonii (berkhoffii) antigens. 

 

Phase 3: PCR following direct extraction of blood 

Following direct blood extraction, Bartonella DNA was amplified from 3 of 48 (6.3%) 

samples (Table 3).  Two of 3 samples contained B. henselae when analyzed by our 

Taqman® fluorescent species-specific, real-time PCR probe; the remaining sample, 

analyzed by conventional PCR and DNA sequencing, contained B. henselae Houston I 

(GenBank: BX897699) using both ITS and Pap31 primer sets.  Bartonella DNA was not 

amplified from the remaining 45 blood samples or the negative controls. 

 

Phase 3: PCR following liquid pre-enrichment culture 

Eight of 48 (16.7%) liquid culture extracts contained Bartonella DNA after 7 days of 

modified BAPGM pre-enrichment (Table 3).  Using the Taqman® species-specific probes, 

B. vinsonii (berkhoffii) and B. henselae were detected in 2 and 5 samples, respectively.  

Three of the 5 B. henselae samples, analyzed by conventional PCR using ITS primers, 

were subsequently sequenced and identified as B. henselae San Antonio 2 strain 

(GenBank: AF369529).  Speciation, using the different Taqman® real-time probes, was 

not successful for 1 sample; however, conventional PCR using ITS primers, followed by 
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DNA sequencing, indicated the presence of B. henselae Houston I strain (GenBank: 

BX897699).  The remaining 40 blood inoculated, liquid culture aliquots were negative for 

Bartonella DNA, as were the negative controls.  

 

Phase 3: Subculturing onto blood agar plates 

Within 7 to 14 days, Bartonella colony formation was observed in 6 samples after sub-

inoculation of the liquid media onto blood agar plates (Table 3).  Bartonella henselae DNA 

was amplified from all 6 plate isolates using ITS primers, and 2 of these dogs were co-

infected with B. henselae and B. vinsonii (berkhoffii).  DNA sequencing of the isolates 

confirmed 2 B. henselae Houston I isolates (GenBank: BX897699), 2 B. henselae San 

Antonio 2 isolates (GenBank: AF369529), and 2 co-infections with B. henselae San 

Antonio 2 and B. vinsonii (berkhoffii) Type II (GenBank: AF369529 and DQ059763, 

respectively).  Only 2 of the 6 B. henselae isolates remained viable following a second 

passage to a blood agar plate; both of these isolates were identified as B. henselae Houston 

I (GenBank: BX897699) by DNA sequencing of the ITS region.  No colony formation was 

observed on blood agar plates serving as negative controls. 

 

Discussion  

Historically, our research group has often failed to isolate Bartonella species from the 

blood of sick dogs with serological, pathological, or molecular evidence of active infection 
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(Breitschwerdt et al., 1999; Pappalardo et al., 2000b).  Using a newly refined, multi-

faceted approach that combines a pre-enrichment liquid culture with PCR amplification, 

single Bartonella species infections were identified in the blood of 19 of 148 sick dogs 

(12.8%), co-infections with B. henselae and B. vinsonii (berkhoffii) were detected in 3 of 

148 dogs (2.0%), and 2 B. bovis infections were identified.  To our knowledge, this study 

is the first to report B. bovis infection in dogs.  Additionally and perhaps more importantly 

for comparative microbiological studies, the described approach allowed for the successful 

agar plate isolation of a single Bartonella species in 4 of 148 sick dogs (2.7%) and 

concurrent agar plate isolation of B. henselae and B. vinsonii (berkhoffii) in 2 dogs. 

 

Using a reciprocal IFA titer of 64 or greater as an indication of prior or current Bartonella 

infection, the overall seroprevalence in this study was 25% (37/148 dogs).  However, in 

many instances, serology did not correlate with positive PCR amplification followed by 

DNA sequencing or with the successful isolation of Bartonella organisms.  Conversely, 

among the 148 dogs surveyed, 26 B. henselae seroreactors and 5 B. vinsonii (berkhoffii) 

seroreactors, with reciprocal titers ranging from 64 to 1024 and 64 to 8192, respectively, 

were PCR negative; these findings were observed despite pre-enrichment culture in 13 of 

these 26 B. henselae seroreactors and in 4 of 5 B. vinsonii (berkhoffii) seroreactors.  

Treatment histories were not provided, prior antibiotic treatment may have negatively 

influenced PCR detection of DNA in Bartonella seroreactive dogs. 
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It has been previously shown that antigenic variability among B. henselae test strains can 

result in false negative B. henselae IFA results in human patients with suspected cat 

scratch disease (Drancourt et al., 1996).  In the current study, both B. henselae and B. 

vinsonii (berkhoffii) DNA were detected on multiple occasions in dogs that were not 

seroreactive to the respective Bartonella species test antigen.  In humans, several reports of 

the detection and/or isolation of Bartonella in seronegative patients have been described 

(Brouqui et al., 1999; Drancourt et al., 1996; Ehrenborg et al., 2000; Raoult et al., 1994).  

Despite an overall Bartonella seroprevalence of 57% in a series of immunocompetent 

human patients with arthropod and occupational animal contact, IFA analyses did not 

correlate with PCR amplification or isolation of B. vinsonii (berkhoffii) and B. henselae 

(Breitschwerdt et al., 2007).  Considering these data, the results from the current study 

suggest that the discrepancy between the serological identification of Bartonella antibodies 

and the molecular detection of DNA or bacterial isolation may be a more common 

occurrence than is currently recognized in both dogs and people. 

 

Despite advances in PCR, improved culture methods are still needed to facilitate the 

isolation or enhanced detection of Bartonella species in patient blood samples.  In the 

current study, Bartonella DNA was detected in only 7 of 148 DNA samples (4.7%) 

following direct extraction of whole blood.  Following culture pre-enrichment, Bartonella 

DNA detection increased to 12/148 samples (8.1%), with 5 of 12 samples generating 

Bartonella subculture isolates.  During phase 3, Bartonella DNA was detected in 3 of 48 

blood samples following direct extraction, but these samples were PCR negative following 
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pre-enrichment culture.  This finding indicates that PCR following direct extraction of 

blood should remain a component of the proposed diagnostic approach.  Further, the lack 

of a positive Bartonella PCR result following pre-enrichment culture may have indicated 

the amplification of non-viable bacteria from the blood sample or may represent a “dilution 

effect” and failure of the bacteria to proliferate in the liquid media.  As Bartonella species 

can reside within endothelial cells, as well as erythrocytes and monocytes, and prior 

antibiotic treatment could result in the release of non-viable organisms into the systemic 

circulation.  Although treatment status was not routinely provided for the study population, 

consultations with attending veterinarians by the laboratory director frequently indicated 

that prior or concurrent administration of one or more antibiotics was being used to treat 

the dogs in this study at the time of sample collection.  As best illustrated by the data 

summarized during phase 3 of the study, pre-enrichment facilitated PCR documentation of 

Bartonella infection, but subculture to an agar plate to obtain a stable isolate was not 

successful.  This observation is an ongoing limitation of the described approach.   

 

Culture or molecular evidence of co-infection with more than one Bartonella species has 

been frequently reported in cats (Gurfield et al., 1997; Gurfield et al., 2001; Maruyama et 

al., 2001), occasionally reported in dogs based upon serology (Solano-Gallego et al., 

2004), and commonly occurs in some rodent species (Kosoy et al., 1997; Ying et al., 

2002).  The results of this study provide molecular evidence supporting co-infection with 

more than one Bartonella species in 3 dogs.  Using the pre-enrichment approach, co-

infection with B. henselae and B. vinsonii (berkhoffii) has now been documented in dogs 
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from both North America and South America and in immunocompetent people with 

occupational animal contact and arthropod exposure (Breitschwerdt et al., 2007; Diniz et 

al., 2007).  Based upon the relative insensitivity of the historical methods used to diagnose 

Bartonella infection in companion animals, it is likely that concurrent infection with more 

than one Bartonella species is critically underestimated. 

 

An ideal study of this design would utilize blood from the same 50 dogs in each phase, 

thereby using the same sample to directly compare the various techniques.  Our 

convenience-sampling design, in conjunction with ongoing efforts to improve detection 

sensitivity, caused us to use sample types that NCSU-CVM-VBDDL receives as part of the 

veterinary diagnostic service; therefore, submitted sample volumes were not sufficient to 

test a single sample using all three methods of direct blood agar plating, pre-enrichment for 

10 days, and refined pre-enrichment culture for 7 days.  Additionally, because medical 

history, clinical signs, and prior antibiotic or immunosuppressive drug treatments are often 

not reported for test submissions, we are unable to make any conclusions pertaining to 

predisposing clinical conditions or signs that may be associated with the detection or 

isolation of Bartonella bacteria in these dogs. 

 

It is important to note that several of the cases in phase 3 were specifically chosen for 

study inclusion, and therefore, a sampling bias does exist and may have resulted in the 

perceived improvement in the methods utilized during this phase of the project.  Research 

is ongoing to continue to improve this multi-faceted, combinational approach so as to 
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increase the likelihood of Bartonella isolation from patient samples.  Current work 

includes the evaluation of different CO2 concentrations and different temperatures during 

the incubation period, along with modifications to the solid media used for sub-

inoculation, including the utility of BAPGM in a solid matrix. 

 

This combined approach, using liquid pre-enrichment to increase bacterial numbers 

coupled with highly sensitive, molecular-based diagnostic detection, provides a substantial 

improvement in microbiological documentation of Bartonella infection when compared to 

traditional inoculation of blood agar plates.  This method clearly facilitates the detection 

and subsequent isolation of single and co-infections with B. henselae and B. vinsonii 

(berkhoffii) in the blood of naturally infected dogs.  The use of a combinational approach 

of pre-enrichment culture and PCR should assist in the diagnostic confirmation of 

bartonellosis in dogs.   
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Figure 1.  Study design schematic indicating the three distinct phases of the current work.  Bartonella exposure was assessed using 

indirect immunofluorescence assays, while Bartonella DNA, if present, was detected by PCR.  Microbiological techniques 

included direct inoculation of a 5% rabbit blood agar plate or use of a novel, liquid media (Bartonella/alpha-Proteobacteria growth 

media, BAPGM) for pre-enrichment prior to sub-inoculation of a blood agar plate.
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Table 1.  Results for Bartonella PCR-positive dogs from phase 1.  Immunofluorescence assay (IFA) reciprocal titers, real-time PCR 

using genus- and species-specific probes targeting the intergenic transcribed spacer (ITS) sequence of Bartonella, and conventional 

PCR results targeting the ITS and phage-associated protein (Pap31) sequence are shown.  DNA extracted from EDTA-anticoagulated 

blood was analyzed by PCR.  Whole blood was also directly applied to a blood agar plate and no colony growth was observed. 

No. Breed, Sex, Age 
(yr) 

B. henselae 
IFA titer 

B. vinsonii 
(berkhoffii) 
IFA titer 

Bartonella genus 
by real-time PCR 

Bartonella species 
by real-time PCR1 

Conventional PCR and DNA 
sequencing 

1 Terrier mix, FS, 3 64 <16 (+) B. vinsonii 
(berkhoffii) (–) by conventional PCR 

2 Golden retriever, 
FS, 10 64 <16 (+) B. vinsonii 

(berkhoffii) 

B. vinsonii (berkhoffii) Type I by 
Pap31, B. henselae Houston I by 

ITS 

3 German shepherd, 
MN, 1 64 <16 (+) (–) (–) by conventional PCR 

4 American bulldog, 
M, 5 <16 <16 (+) (–) (–) by conventional PCR 

 
FS: Female spayed, MN: male neutered 
Reciprocal IFA of ≥64 are considered to be seroreactive.   
(+) = PCR positive     (–) = PCR negative 
1 Using a Taqman® fluorescent, real-time PCR probe designed to specifically detect B. henselae, B. vinsonii (berkhoffii), or B. 
quintana.  
GenBank accession numbers:  Bartonella vinsonii (berkhoffii) Type I by Pap31 primers (AY663045), B. henselae Houston I 
(BX897699) 
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Table 2.  Results for Bartonella PCR-positive dogs from phase 2.  Immunofluorescence assay (IFA) reciprocal titers, real-time PCR 

using genus- and species-specific probes targeting the intergenic transcribed spacer (ITS) sequence of Bartonella, and conventional 

PCR results targeting the ITS and phage-associated protein (Pap31) sequence are shown.  DNA extracted from EDTA-anticoagulated 

blood was analyzed by PCR.  Liquid culture pre-enrichment medium was inoculated with whole blood and maintained in a 5% CO2, 

water-saturated atmosphere for 10 days prior to sub-inoculation of a blood agar plate.  No colony growth was observed. 

No. Breed, Sex, 
Age (yr) 

B. 
henselae 
IFA titer 

B. vinsonii 
(berkhoffii) 
IFA titer 

Bartonella 
genus real-

time PCR on 
blood 

Bartonella genus 
real-time PCR on 

10-day liquid 
culture aliquot 

Bartonella species 
real-time PCR on 

10-day liquid 
culture aliquot1 

Conventional PCR 
and DNA sequencing 

1 Pekingese, 
F, 7 <16 <16 (–) (+) (–) 

B. vinsonii (berkhoffii) 
Type I by ITS and 

Pap31 

2 
Australian 
shepherd, 

FS, 12 
<16 <16 (–) (+) (–) B. vinsonii (berkhoffii) 

Type II by ITS 

3 

West 
highland 

terrier, MN, 
11 

64 <16 (–) (+) (–) B. bovis by ITS 

4 Greyhound, 
MN, 6 <16 <16 (–) (+) (–) B. bovis by ITS 

 
FS: Female spayed, MN: male neutered 
Reciprocal IFA of ≥64 are considered to be seroreactive.   
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Table 2. (continued).  
 
(+) = PCR positive     (–) = PCR negative 
1 Using a Taqman® fluorescent, real-time PCR probe designed to specifically detect B. henselae, B. vinsonii (berkhoffii), or B. 
quintana.  
GenBank accession numbers:  Bartonella vinsonii (berkhoffii) Type I by ITS (AF167988) and Pap31 (AY663045) primers, B. vinsonii 
(berkhoffii) Type II by ITS primers (DQ059763), and B. bovis by ITS primers (AY116638) 
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Table 3.  Results for selected Bartonella seroreactive and PCR-positive dogs from phase 3.  Immunofluorescence assay (IFA) 

reciprocal titers, real-time PCR using genus- and species-specific probes targeting the intergenic transcribed spacer (ITS) sequence of 

Bartonella, and conventional PCR results targeting the ITS and phage-associated protein (Pap31) sequence are shown.  PCR analysis 

was performed using: (1) direct extraction from EDTA-anticoagulated blood, (2) an aliquot of the pre-enrichment liquid culture after a 

7-day incubation period, and (3) from colonies, scraped and resuspended in phosphate-buffered saline, grown on blood agar plates.  

No. Breed, Sex, Age 
(yr) 

B. henselae 
IFA titer 

B. vinsonii 
(berkhoffii) 
IFA titer 

PCR on 
blood 

PCR on 7-
day liquid 

culture 
aliquot 

Bartonella 
colonies on 
subcultured 
blood agar 

plate 

PCR on colony 
resuspension 

1 English Springer 
spaniel, MN, 7 128 64 (–) B. vinsonii 

(berkhoffii) Yes B. henselae2 

2 Boston terrier, 
MN, 5 <16 <16 (–) B. henselae2 Yes B. henselae2 

3 Belgian malinois, 
MN, 7 1024 256 (–) B. henselae Yes 

B. henselae & B. 
vinsonii 

(berkhoffii)4 

4 Weimaraner, FS, 
4 <16 <16 B. henselae (–) No Not tested 

5 German shepherd, 
MN, 8 <16 <16 (–) B. henselae3 Yes B. henselae3 

6 Golden retriever, 
FS, 4 64 <16 (–) B. henselae3 No Not tested 
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Table 3 (continued).  
 

No. Breed, Sex, Age 
(yr) 

B. henselae 
IFA titer 

B. vinsonii 
(berkhoffii) 
IFA titer 

PCR on 
blood 

PCR on 7-
day liquid 

culture 
aliquot 

Bartonella 
colonies on 
subcultured 
blood agar 

plate 

PCR on colony 
resuspension 

7 Komondor, M, 8 <16 <16 (–) B. henselae3 Yes 
B. henselae & B. 

vinsonii 
(berkhoffii)4 

8 Italian greyhound, 
FS, 2 <16 <16 B. henselae (–) No Not tested 

9 Golden retriever, 
FS, 8 64 <16 B. henselae1 (–) No Not tested 

10 Golden retriever, 
MN, 9 <16 <16 (–) B. vinsonii 

(berkhoffii)  No Not tested 

11 Golden retriever, 
MN, 9 <16 <16 (–) B. henselae No Not tested 

12 Belgian tervuren, 
M, 6 <16 <16 (–) (–) Yes B. henselae3 

13 Lab mix, MN, 11 512 8192 (–) (–) No Not tested 

14 Golden retriever, 
FS, 2 512 <16 (–) (–) No Not tested 
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Table 3 (continued). 
 

No. Breed, Sex, Age 
(yr) 

B. henselae 
IFA titer 

B. vinsonii 
(berkhoffii) 
IFA titer 

PCR on 
blood 

PCR on 7-
day liquid 

culture 
aliquot 

Bartonella 
colonies on 
subcultured 
blood agar 

plate 

PCR on colony 
resuspension 

15 Schipperke, FS, 6 1024 <16 (–) (–) No Not tested 

16 American 
bulldog, MN, 7 128 512 (–) (–) No Not tested 

 
FS: Female spayed, MN: male neutered 
Serological titers of ≥1:64 are considered to be seroreactive.   
1 Real-time PCR positive for Bartonella genus only.  Species-specific, Taqman® real-time PCR probes did not detect B. henselae, B. 
vinsonii (berkhoffii), or B. quintana.  However, conventional PCR and DNA sequencing indicated B. henselae Houston I by ITS and 
Pap31 primer sets. 
2 Real-time PCR positive for Bartonella genus only.  Species-specific, Taqman® real-time PCR probes did not detect B. henselae, B. 
vinsonii (berkhoffii), or B. quintana.  However, conventional PCR and DNA sequencing indicated B. henselae Houston I by ITS 
primers. 
3 DNA sequencing indicated B. henselae San Antonio 2 by ITS primers. 
4 DNA sequencing indicated co-infection with B. henselae San Antonio 2 and B. vinsonii (berkhoffii) Type II by ITS primers. 
GenBank accession numbers:  Bartonella henselae Houston I (BX897699), B. henselae San Antonio 2 by ITS primers (AF369529),  
B. vinsonii (berkhoffii) Type II by ITS primers (DQ059763).
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Chapter 4.   Bartonella henselae and B. vinsonii subspecies 

berkhoffii in blood of immunocompetent persons with arthropod 

and animal contact 
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Abstract 

Using PCR in conjunction with pre-enrichment culture, we detected Bartonella henselae 

and B. vinsonii subspecies berkhoffii in the blood of 14 immunocompetent persons with 

frequent animal contact and arthropod exposure. 

 

Introduction 

Attempts to isolate Bartonella sp. from immunocompetent persons with serologic, 

pathologic, or molecular evidence of infection are often unsuccessful, and several 

investigators have indicated that Bartonella isolation methods need to be improved (1–4).  

By combining PCR and pre-enrichment culture, B. henselae and B. vinsonii subspecies 

berkhoffii infection was detected in the blood of immunocompetent persons with arthropod 

and occupational animal exposure. 

 

The study 

From November 2004 through June 2005, blood and serum samples from 42 

persons were tested, and 14 completed a questionnaire, approved by the North Carolina 

State Universtiy Institutional Review Board.  Age, sex, animal contact, history of bites, 

environment, outdoor activity, arthropod contact, travel, and medical history were 

surveyed.  Bacterial isolation, PCR amplification, and cloning were performed by using 

previously described methods (5–7).  Each blood sample was tested by PCR after direct 



 188

DNA extraction, pre-enrichment culture for at least 7 days, and subculture onto a blood 

agar plate (Figure 1).  An uninoculated, pre-enrichment culture was processed 

simultaneously as a control.  Methods used for DNA extraction and conventional and real-

time PCR targeting of the Bartonella 16S-23S intergenic spacer region (ITS) and heme 

binding protein (Pap31) gene have been described (7,8).  Conventional PCR amplicons 

were cloned with the pGEM-T Easy Vector System (Promega, Madison, WI, USA); 

sequencing was performed by Davis Sequencing, Inc. (Davis, CA, USA).  Sequences were 

aligned and compared with GenBank sequences with AlignX software (Vector NTI Suite 

6.0, InforMax, Inc.) (7,8).  B. vinsonii subsp. berkhoffii, B. henselae, and B. quintana 

antibodies were determined by using a modification of a previously described 

immunofluorescence antibody assay (IFA) procedure (9).   

Study participants included 12 women and 2 men, ranging in age from 30 to 53 

years; all of them reported occupational animal contact for >10 years (Table 1).  Most had 

daily contact with cats (13 persons) and dogs (12 persons).  All participants reported 

animal bites or scratches (primarily from cats) and arthropod exposure, including fleas, 

ticks, biting flies, mosquitoes, lice, mites, or chiggers.  All participants reported 

intermittent or chronic clinical symptoms, including fatigue, arthralgia, myalgia, headache, 

memory loss, ataxia, and paresthesia (Table 2).  Illness was most frequently mild to 

moderate in severity, with a waxing and waning course, and all but 2 persons could 

perform occupational activities.  Of the 14 participants, 9 had been evaluated by a 

cardiologist, 8 each by an infectious disease physician or a neurologist, and 5 each by an 

internist or a rheumatologist.  Eleven participants had received antimicrobial drugs.  
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Using reciprocal titers of >64, 8 persons were seroreactive to Bartonella antigens 

(Table 3).  B. henselae or B. vinsonii subsp. berkhoffii was detected or isolated from all 14 

participants.  At the time of initial testing, Bartonella DNA was amplified directly from 3 

blood samples, from 7 pre-enrichment liquid cultures, and from 4 subculture isolates 

(Table 3).  For 5 persons, results of PCR and culture of initial samples were negative.  

Overall, Bartonella DNA was amplified from 11 (28%) of 40 extracted blood samples, 13 

(33%) of 40 pre-enrichment cultures, and 5 isolates.  For 7 persons, B. henselae DNA was 

amplified at multiple time points.  Bartonella DNA was never amplified from any PCR 

control or uninoculated culture control.   

Using the ITS target region, two distinct B. henselae strains were sequenced, B. 

henselae Houston I (HI) (GenBank NC-005956) and B. henselae San Antonio 2 (SA2) 

(GenBank AF369529).  Within the noncoding ITS region, B. henselae SA2 strains have a 

30-bp insertion (ATT GCT TCT AAA AAG ATT GCT TCT AAA AAG) located 518 

bases downstream from the 16S gene.  Pap31 sequences (545 bases) do not differ between 

the 2 strains.  Only B. vinsonii subsp. berkhoffii types I and II were detected (8).   

Persistent human infection with B. bacilliformis and B. quintana has been 

previously documented, whereas infection with B. henselae (cat-scratch disease [CSD]) is 

generally considered self-limiting (1,2,10).  Recently, B. henselae DNA was amplified 

from the blood of a child 4 months after CSD diagnosis (11).  Our study indicates that B. 

henselae and B. vinsonii subsp. berkhoffii can induce occult infection in immunocompetent 

persons and that detection can be enhanced by combining PCR with pre-enrichment 

culture.  Considering only the results from initial blood samples, PCR detected Bartonella 
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DNA in 3 samples, all of which were subsequently PCR positive by subculture or 

enrichment culture. In samples from 5 persons, pre-enrichment was necessary, and in 5 

other persons, sequential sampling was necessary to detect Bartonella infection.  

Intermittent bacteremia, as occurs in B. henselae–infected cats (12), antimicrobial drug 

administration, low bacterial copy numbers, and low inoculum volume (1 mL) may have 

contributed to intermittent detection or inability to isolate Bartonella spp. from some 

participant samples.  Although an improvement over historical isolation approaches, our 

results emphasize ongoing limitations associated with the detection of Bartonella infection.  

Obtaining stable Bartonella subcultures (n = 5 in this study) has proven problematic for 

other specialized laboratories that routinely culture for Bartonella spp. (3,4).  To our 

knowledge, the B. vinsonii subsp. berkhoffii type II isolate described in our study is the 

only type II human isolate reported to date (8).  Various combinations of B. henselae and 

B. vinsonii subsp. berkhoffii strain types were detected in the same blood sample or 

sequential blood samples.  The coexistence of B. henselae genetic variants has been 

described among primary patient isolates, which suggests that multiple genotypes may 

emerge within the same person (13).  

Overall, 57% of persons tested were seroreactive to 1 or all 3 Bartonella test 

antigens.  Previous reports from the United States identified a B. henselae seroprevalence 

of 3% in healthy blood donors and a cumulative seroprevalence of 7.1% to both B. 

henselae and B. quintana antigens in veterinary professionals (1).  In this and other studies, 

serologic test results did not correlate with PCR amplification or isolation results.  

Antigenic variability among B. henselae test strains can cause false-negative IFA results in 
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persons with suspected CSD.  Also B. henselae, B. quintana, or B. elizabethae antibodies 

were not detected in some persons with DNA evidence of active infection (1,3,4).   

Animal contact, often to a wide spectrum of domestic and wild animal species, is 

an obvious consequence of the daily activities of the study population, which is biased by 

veterinary occupational exposure and by self-selection (volunteer bias).  Cats are 

considered the primary reservoir host for B. henselae, whereas coyotes and foxes are 

considered reservoir hosts for B. vinsonii subsp. berkhoffii (1,2,8).  Detection of B. vinsonii 

subsp. berkhoffii in 4 of 5 Californian participants could be related to the high prevalence 

of bacteremic coyotes in this region as well as to the potential transmission by a tick vector 

(1,2).  All 14 participants reported frequent arthropod exposure.  Although Bartonella 

transmission by ticks has not been proven, several recent studies have identified Bartonella 

DNA in questing ticks, ticks attached to animals, and ticks attached to humans (1,2,14).   

Despite reporting chronic or episodic illness, most participants continued to 

effectively maintain daily professional and personal activities.  The symptoms described in 

the study patients are very similar to those described in a community and hospital-based 

surveillance study of CSD patients, in whom CSD-associated arthropathy was an 

uncommon chronic syndrome affecting mostly young and middle-age women (15).  Our 

study was initiated to investigate the feasibility of combining PCR with pre-enrichment 

culture.  Prospective studies, with appropriate controls, are needed to characterize the 

prevalence and clinical relevance of persistent Bartonella infection in immunocompetent 

persons. 
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Table 1.  Selected demographic and epidemiological information and the Bartonella species sequenced from 14 non-

immunocompromised individuals with a history of arthropod and animal contact.   

Number Sex Age 
(Yrs) 

State of 
residence 

Occupational 
animal exposure 

Daily contact 
with 

dogs/cats1 

Contact with 
fleas/ticks2 Self health assessment3 

1 Female 51 NC Veterinarian Y/Y 2/1 Chronically ill 

2 Female 30 NC Veterinary 
assistant Y/N 3/3 Chronically ill 

3 Female 48 NC Animal health 
researcher N/Y 4/4 Infrequently ill 

4 Female 44 CO Veterinarian Y/Y 4/4 Infrequently ill 

5 Female 53 VA Veterinarian Y/Y 3/3 Infrequently ill 

6 Female 50 CA Veterinarian Y/Y 2/3 Chronically ill 

7 Male 32 NC Cattle rancher Y/Y 3/3 Chronically ill 

8 Female 33 VA Veterinary 
assistant Y/Y 2/2 Chronically ill 

9 Female 48 CA Veterinary 
assistant Y/Y 4/4 Chronically ill 
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Table 1 (continued). 
 

Number Sex Age 
(Yrs) 

State of 
residence 

Occupational 
animal exposure 

Daily contact 
with 

dogs/cats1 

Contact with 
fleas/ticks2 Self health assessment3 

10 Female 53 CA Veterinary 
assistant Y/Y 2/4 Infrequently ill 

11 Female 52 CA Veterinary 
assistant Y/Y 3/1 Chronically ill 

12 Female 39 CA Veterinarian Y/Y 3/2 Chronically ill 
13 Male 52 VA Wildlife biologist N/Y No answer/3 Infrequently ill 

14 Female 44 MN Wildlife biologist Y/Y 4/3 Chronically ill 

 
1 Reported as Y = yes, N = no with respect to the study participant’s daily contact with dogs/cats. 
2 Reported as frequencies and defined as follows: 1 = daily, 2 = frequently (weekly), 3 = occasionally (monthly), 4 = almost never 
(yearly). 
3 Self-health assessment: As part of the questionnaire, study participants were asked to rate their own health status: healthy, 
infrequently ill, or chronically ill.  
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Table 2. Symptoms reported by 14 immunocompetent individuals infected with Bartonella henselae or Bartonella vinsonii subsp. 

berkhoffii using a survey questionnaire.  

Study participant number 
Symptoms 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total 
(n=14) 

Fatigue + + – + + + + + + + + + + + 13 

Joint pain + + – +  + + + – + + + + U 10 

Difficulty sleeping 
(insomnia) + + – – + – + + + + + + – – 9 

Muscle pain + + – –  U + + – + U + + + 8 

Difficulty 
remembering + + – – + – + + + + + – – U 8 

Loss of sensation 
or numbness + + + –  + – + –  + + – U 7 

Balance problems +  – – + + + + –  + + – – 7 

Headache + + – –  + + +   – + + U 7 

Tremors  +  – –  – + + – + + + – – 6 

Irritability +  – –  – + + +  + – – + 6 

Bowel or bladder 
dysfunction +  – +  + – + –  + – + – 6 
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Table 2 (continued). 
 

Study participant number 
Symptoms 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total 
(n=14) 

Eye pain +  – +  + + + –  – – – – 5 

Blurred vision +  – –  – + + – + + – – – 5 

Sleepiness +  – –  – + – – + + – – + 5 

Syncope or 
fainting episodes + + + – + + – – –  – – – – 5 

Shortness of breath +  – +  – + + –  + – – U 5 

Muscle weakness +  – –   +  – + + + – U 5 

 
+ = yes, – = No, Blank = No answer reported, U= unknown 
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Table 3.  Serological and PCR results from blood collected at multiple time points from 14 individuals with frequent animal and 

arthropod contact.  PCR results represent DNA extracted from the following samples: (1) directly from EDTA-anticoagulated blood 

and/or serum, (2) pre-enrichment liquid culture media following 7-day incubation, and (3) from bacterial isolates obtained from blood 

agar plates following sub-inoculation.  

 Bartonella PCR test result Bartonella IFA reciprocal titers 

Day sample 
collected 

(1) Direct extraction 
from blood/serum 

(2) Following 7-day pre-
enrichment culture 

(3) Blood agar plate 
isolate 

B. 
vinsonii 

berkhoffii 

B. 
henselae 

B. 
quintana 

Participant 1 
0 Neg1 Neg B. henselae HI-like*b N/A N/A N/A 

50 B. henselae HI-like2*b Neg Neg 32 <32 <32 
67 Neg Neg Neg 128 32 64 

165 Neg B. henselae s Neg <32 <32 <32 
239 Neg Neg Neg N/A N/A N/A 
299 Neg Neg Neg <32 <32 <32 
351 Neg Neg Neg 256 64 <32 

Participant 2 
0 Neg Neg Neg <32 <32 <32 

72 Neg Neg Neg <32 <32 <32 
89 B. henselae SA2-like2*b Neg Neg <32 <32 <32 

106 Neg B. henselae SA2-like*b Neg 128 64 64 
Participant 3 

0 Neg B. henselae SA2-like* b Neg 512 128 128 
44 Neg Neg Neg 1024 256 256 

105 Neg B. henselae SA2-like*b Neg 512 256 256 
319 Neg Neg Neg 512 256 256 
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Table 3 (continued). 
 

 Bartonella PCR test result Bartonella IFA reciprocal titers 

Day sample 
collected 

(1) Direct extraction 
from blood/serum 

(2) Following 7-day pre-
enrichment culture 

(3) Blood agar plate 
isolate 

B. 
vinsonii 

berkhoffii 

B. 
henselae 

B. 
quintana 

Participant 4 
0 Neg B. henselae SA2-like*b Neg 64 <32 64 

33 Neg Neg Neg N/A N/A N/A 
Participant 5 

0 B. vinsonii subsp. 
Berkhoffii (Type II)*b Neg B. vinsonii subsp. 

berkhoffii (Type II)*b <32 <32 <32 

26 Bh (SA2-like)3*s Neg Neg <32 <32 <32 
Participant 6 

0 Neg Neg Neg <32 <32 <32 
35 B. henselae3 B. henselae SA2-like*b B. henselae SA2-like*s <32 <32 <32 

147 B. henselae SA2-like*s Neg Neg <32 <32 <32 
Participant 7 

0 Neg 
B. henselae SA2-like*b, 

B. vinsonii subsp. 
berkhoffii (Type II)*b 

Neg 32 <32 <32 

31 Neg Neg Neg 128 <32 <32 
Participant 8 

0 Neg B. henselae3 B. henselae SA2-like*s <32 <32 <32 
25 Neg Neg Neg <32 <32 <32 

183 Neg B. henselae HI-like*s Neg <32 <32 <32 
215 Neg Neg Neg 32 <32 <32 
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Table 3 (continued). 
 

 Bartonella PCR test result Bartonella IFA reciprocal titers 

Day sample 
collected 

(1) Direct extraction 
from blood/serum 

(2) Following 7-day pre-
enrichment culture 

(3) Blood agar plate 
isolate 

B. 
vinsonii 

berkhoffii 

B. 
henselae 

B. 
quintana 

Participant 9 

0 B. vinsonii subsp. 
berkhoffii (Type I)*b 

B. vinsonii subsp.  
berkhoffii (Type I)*b, B. 

henselaeb 
Neg N/A N/A N/A 

82 Neg Neg Neg 256 128 128 
Participant 10 

0 B. vinsonii subsp. 
berkhoffii (Type I)*s Neg B. henselae SA2-like*s 128 64 128 

92 B. vinsonii subsp. 
berkhoffii (Type II)3*b Neg Neg 128 64 128 

Participant 11 
0 Neg Neg Neg 32 <32 32 

103 B. vinsonii subsp. 
berkhoffii (Type II)*b Neg Neg <32 32 32 

Participant 12 
0 Neg Neg Neg 64 32 32 

193 Neg B. vinsonii subsp. 
berkhoffii (Type II)*b Neg 256 128 128 

Participant 13 

0 Neg B. vinsonii subsp. 
berkhoffii (Type II)*s Neg <32 <32 <32 
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Table 3 (continued). 
 

 Bartonella PCR test result Bartonella IFA reciprocal titers 

Day sample 
collected 

(1) Direct extraction 
from blood/serum 

(2) Following 7-day pre-
enrichment culture 

(3) Blood agar plate 
isolate 

B. 
vinsonii 

berkhoffii 

B. 
henselae 

B. 
quintana 

Participant 14 
0 Neg Neg Neg <32 <32 <32 

62 B. henselae SA2-like*b&s B. henselaeb Neg <32 <32 <32 
146 Neg Neg Neg <32 <32 <32 

 
1 Neg = Negative for Bartonella spp. by PCR 
2 Bartonella henselae Houston I-like (HI-like) or Bartonella henselae San Antonio-2 like (SA2-like). 
3 Independent PCR from blood and serum identified a Bartonella spp. 
* Identified by DNA sequencing. 
b = blood source for PCR or sequencing result. 
s = serum source for PCR or sequencing result. 
N/A Serum not available for testing.
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Figure 1.  Schematic diagram that depicts sample processing and testing. 
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Chapter 5.   Bartonella DNA in the blood and lymph nodes of 

Golden Retrievers with lymphoma and in healthy controls  
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Abstract 

Lymphoma is a life-threatening hematopoietic cancer that results from the malignant 

transformation of lymphocytes, and it is the most common neoplastic process reported in 

dogs.  Although the precise etiology of lymphoma is unknown, several breeds, including 

Golden Retrievers, are more likely to develop lymphoma, suggesting a strong breed 

predisposition.  However, other factors, including environment, immunity, infection, and 

exposure to toxins, are also considered to be likely contributors to the evolution of the 

oncogenic process.  In the current study, we hypothesized that the development of 

lymphoma in Golden Retrievers may be associated with chronic infection with one or more 

vector-borne pathogens, specifically Bartonella, Anaplasma, or Ehrlichia species.  We 



 206

performed a matched, case-control study to determine the association of lymphoma and the 

presence of these vector-borne organisms in serum, blood, and lymph node aspirate 

samples.  In addition, we determined the association of several purported risk factors for 

Bartonella infection and the presence of these vector-borne organisms.  Using PCR 

analyses and DNA sequencing, single and co-infections with B. henselae, B. elizabethae, 

B. quintana, and/or B. vinsonii (berkhoffii) were detected in the blood and lymph nodes of 

Golden Retrievers with lymphoma and in healthy Golden Retrievers; no Anaplasma or 

Ehrlichia DNA was detected in samples from any dog.  There were no differences in the 

molecular prevalence of Bartonella infections or in the specific Bartonella species detected 

in the blood or lymph nodes of dogs with lymphoma (5/28 dogs, 17.9%) when compared to 

the clinically healthy controls (10/56 dogs, 17.9%).  To our knowledge, this is the first 

report in which Bartonella DNA was detected in the lymph nodes of clinically healthy 

dogs or in dogs with lymphoma.  Consistent with earlier reports, a significantly higher 

proportion of healthy Golden Retrievers were receiving monthly acaricide treatments (2.6 

times higher), when compared to dogs with lymphoma.  In addition, Golden Retrievers that 

were PCR positive for Bartonella species had prior tick exposure (odds ratio = 3.4) and 

were classified by their owners as indoor/outdoor dogs (odds ratio = 3.1), when compared 

to dogs that were PCR negative for Bartonella species.  Based on these data, longitudinal 

studies should be conducted to determine whether Bartonella species can be transmitted by 

ticks, whether lymphatic infection is persistent, or whether these bacteria may contribute to 

the development of lymphoma. 
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Introduction 

Lymphoma is a common, life-threatening hematopoietic cancer of dogs, which 

results from the malignant transformation of lymphocytes.  Canine lymphoma has been 

estimated to affect between 1.3 and 3.3% of dogs each year (Teske 1994) and accounts for 

up to 25% of canine neoplasia reported by some veterinary institutions (Hansen et al., 

2004; Vail et al., 2001).  As with other forms of cancer, the etiology of lymphoma is 

thought to be multi-factorial.  Although the precise etiology of canine lymphoma is 

unknown, it is hypothesized that various genetic, environmental, immunological, toxic, and 

infectious factors may all play important roles in etiopathogenesis (Fan et al., 2005; Lurie 

et al., 2004).  

Several environmental risk factors have been associated with canine lymphoma, 

such as exposure to phenoxy-acetic acid herbicides (Hayes et al., 1995), organic solvents 

(Gavazza et al., 2001), and magnetic fields (Reif et al., 1995).  Recent studies have focused 

on the identification of possible predisposing genetic factors that may contribute to the 

development of cancer.  When compared to the general hospital population treated for 

lymphoma at Tufts University School of Veterinary Medicine, Golden Retrievers were 

shown to be at an increased risk for the development of lymphoma (relative risk = 2.8, 

95% confidence interval = 1.8 to 4.2, p = 0.0003) (Moore et al., 2001).  Breed-specific 

research has demonstrated that Golden Retrievers develop significantly (p < 0.001) more 

B-cell and T-cell lymphoma when compared to other dog breeds (Modiano et al., 2005).  

Further, unique cytogenetic abnormalities (i.e., chromosomal gains and losses) have been 
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identified in Golden Retrievers with lymphoma, changes that were recognized significantly 

(p < 0.001) less frequently or not at all in other dog breeds with lymphoma (Modiano et al., 

2005).  Additionally, Golden Retrievers have an earlier (1 year earlier, p < 0.001) age of 

onset for lymphoma, along with a smaller standard deviation of the mean age at onset, 

when compared to other breed groups (Modiano et al., 2007).  While genetics is certainly a 

prominent factor contributing to lymphoma in Golden Retrievers, it is hypothesized that 

other interactions between environmental and immunological factors are likely 

contributors to the oncogenic process.   

The 1998 Golden Retriever Club of America-National Health Survey demonstrated 

a statistically significant (p ≤ 0.05) decrease in the frequency of lymphoma among dogs 

that had been treated with flea and tick prevention products (Glickman et al., 2000).  

However, to date, no studies have been conducted to determine whether chronic infection 

with a vector-borne organism might contribute to the development of lymphoma in dogs.  

On rare occasions, E. canis infection has been associated with the development of clonally 

expanded T-cell populations in dogs without overt lymphoid malignancies; however, the 

significance of these lymphocyte populations is currently unknown, and whether these 

dogs were co-infected with a Bartonella species was not established (Avery et al., 2004; 

Burnett et al., 2003; Codner et al., 1986; Vernau et al., 1999).   

During the past decade, researchers have provided an expanding body of evidence 

to support a potential role for infectious agents such as viruses, mycoplasma, bacteria, and 

protozoa, as cofactors in the development of cancer in humans (Lax et al., 2002).  In fact, 

the World Health Organization recently estimated that one-fifth (20%) of all cancers 
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worldwide are caused by chronic infection with a virus, bacteria, or protozoa (WHO 2006).  

It is well established that viruses and retroviruses cause malignant transformation of DNA 

that can result in the development of neoplasia; examples include the association of 

Epstein-Barr virus with Burkitt’s lymphoma, Hodgkin’s disease, lymphomas, and other 

lymphoproliferative diseases in humans (Serraino et al., 2005), as well as malignancies 

associated with human immunodeficiency viral infection including Kaposi’s sarcoma and 

non-Hodgkin’s lymphoma (CDC 1993).  Similar findings have been observed in cats 

infected with feline leukemia virus that develop lymphoma (Ettinger 2003) and dogs 

infected with Spirocerca lupi that may subsequently develop esophageal sarcomas (Ranen 

et al., 2004).  A role for bacteria in human carcinogenesis was discovered when chronic 

infection with Helicobacter pylori was associated with an increased risk of gastric 

adenocarcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma (Parsonnet et 

al., 1991; Wotherspoon et al., 1991).  Additionally, other links between chronic bacterial 

infections and oncogenesis have been described, such as Salmonella typhi and 

hepatobiliary carcinoma, Campylobacter jejuni and MALT lymphoma, and Chlamydia 

psittaci and ocular lymphoma (Caygill et al., 1995; Ferreri et al., 2004; Lecuit et al., 2004).  

Based on a plausible molecular pathogenesis of endothelial cell proliferation and 

angiogenesis, several Bartonella species, such as B. quintana and B. henselae, are 

considered to be bacterial pathogens capable of causing or contributing to carcinogenesis 

(Kempf et al., 2002; Lax et al., 2002).    

Bacteria of the genus Bartonella are fastidious, pleomorphic, gram-negative, 

vector-borne (fleas, lice, sandflies, biting flies, and potentially ticks) aerobic bacilli with 
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more than 20 described species or subspecies (Boulouis et al., 2005; Breitschwerdt et al., 

2000; Chomel et al., 2003; Chomel et al., 2004; Chomel et al., 2006; Chomel 2000; Dehio 

2004; Foucault et al., 2006).  Bartonella are highly adapted bacteria that maintain 

persistent intracellular infections in a wide variety of cell types in humans and animals 

(Breitschwerdt et al., 2000; Brouqui et al., 1999; Dehio 2001; Kordick et al., 1995; Maurin 

et al., 1997; Dehio 2003; Dehio 2004; Kempf et al., 2002; Lax et al., 2002; Kempf et al., 

2005; Kyme et al., 2005; Resto-Ruiz et al., 2002; Seubert et al., 2002; Vermi et al., 2006).  

Recognized as important emerging pathogens in human and veterinary medicine, 

Bartonella species have been implicated in several disease processes in dogs, such as 

endocarditis, granulomatous lymphadenitis, peliosis hepatis, and granulomatous hepatitis 

(Breitschwerdt et al., 1995; Gillespie et al., 2003; Kitchell et al., 2000; Morales et al., 

2007; Pappalardo et al., 2000).  

In the current study, we hypothesized that the development of lymphoma in Golden 

Retrievers may be associated with chronic infection with one or more vector-borne 

pathogens, specifically Bartonella, Anaplasma, or Ehrlichia species.  We performed a 

matched, case-control study to determine the association of lymphoma with the presence of 

these vector-borne organisms in serum, blood, and lymph node aspirate samples.  In 

addition, we determined the association of several purported risk factors for Bartonella 

infection and the presence of these organisms.    
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Materials and methods 

Study participants.  Study participants were identified by veterinarians across 

the United States, and samples were collected between November 2004 and December 

2006.  To be included in the study, a complete sample set was required, including a serum 

sample for indirect immunofluorescent antibody assays (IFA) and enzyme-linked 

immunosorbent assays (ELISA), along with an EDTA-anticoagulated whole blood sample 

and at least one lymph node aspirate for DNA extraction and PCR analysis.  Participation 

required informed consent from each owner indicating he/she understood the goals and 

procedures for this study.  Protocols and procedures were reviewed and approved by the 

NCSU-Institutional Animal Care and Use Committee (protocol number 05-048-B).  

Testing was conducted by personnel at the Intracellular Pathogens Research Laboratory at 

North Carolina State University (IPRL-NCSU), unless otherwise noted.   

Case dogs.  Golden Retrievers, diagnosed with lymphoma by a board-certified 

pathologist using cytological or histopathological methods, were evaluated as case dogs.  

Our minimum entry criteria for a case included no prior diagnosis or treatment for 

lymphoma, no antibiotic administration within 14 days prior to sample collection (or 30 

days for azithromycin), and no treatment with corticosteroids or other immunosuppressive 

drugs within 14 days of sample collection. 

Control dogs.  For each Golden Retriever with lymphoma, two healthy Golden 

Retrievers were sampled in a similar manner and served as unaffected controls.  All 

controls were matched by geographic region (resided within a 100-mile radius of the 
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respective case dog), age (± 24 months), and when possible, by gender.  Controls were 

clinically healthy and lacked evidence of lymphadenopathy, as determined by a physical 

assessment by their veterinarian.  Control dogs had not received any immunosuppressive 

drugs or antibiotics within 14 days prior to sample collection (or 30 days for 

azithromycin).   

Sample collection.  Serum, EDTA-anticoagulated whole blood, and lymph node 

aspirate(s) were submitted to the IPRL-NCSU.  The protocol for obtaining lymph node 

aspirates was as follows: (1) before obtaining the aspirate, 1 mL of sterile saline was 

injected into a sterile, unopened Vacutainer™ red-topped tube, (2) the lymph node was 

aspirated using an 18- to 20-gauge needle and 12cc syringe for adequate suction, (3) using 

the same needle and syringe, the saline was drawn from the tube into the syringe 

containing the aspirate and rinsed three to five times to wash the lymphoid cells from the 

needle into the collection tube; and (4) the aspiration process was repeated as needed using 

a new needle and tube for each additional lymph node.  We requested that multiple lymph 

nodes be sampled due to the difficulty associated with aspirating a lymph node from a dog 

without lymphadenopathy; collection of multiple samples increased the opportunity of 

having at least one sample with measurable DNA for PCR analyses.  

Questionnaire.  Owners of case and control dogs completed a self-administered 

questionnaire addressing various conditions that were considered potential risk factors for 

Bartonella, Anaplasma, and Ehrlichia infection, such as rural/suburban/urban residence 

and flea/tick/cat exposure.  Housing conditions were subjectively assessed by the owners 
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based on three categories: indoor only, outdoor only, or indoor/outdoor.  Owners were also 

queried about the use and regularity of acaricide application, along with the dog’s travel 

history.  A copy of the questionnaire is available by request through the corresponding 

author.   

 Serology.  Serum samples were analyzed for IgG antibodies to B. henselae and B. 

vinsonii (berkhoffii) antigens using an IFA procedure as previously described (Solano-

Gallego et al., 2004).  Serum samples were also analyzed for E. canis IgG antibodies using 

an IFA procedure that has been described elsewhere (Solano-Gallego et al., 2004; 

Suksawat et al., 2000).  Reciprocal titers greater than or equal to 64 were considered 

seroreactive. 

 Serum samples were screened for the presence of Dirofilaria immitis antigens, 

antibodies to E. canis, antibodies to Anaplasma phagocytophilum, and antibodies to 

Borrelia burgdorferi using a commercial assay kit (Canine SNAP® 4Dx™ Test; IDEXX 

Laboratories, Westbrook, ME). 

Preparation of DNA.  Total DNA was isolated from blood samples and lymph 

node aspirates using the QIAamp DNA Blood Mini-Kit (QIAGEN Inc., Valencia, CA, 

USA) according to the manufacturer’s instructions.  After extraction, DNA concentration 

and quality were quantified by spectrophotometry (NanoDropTM Technologies, 

Wilmington, DE). 

PCR controls.  In order to prevent PCR amplicon contamination, DNA 

extraction, reaction setup, PCR amplification, and amplicon detection were all performed 
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in separate areas.  Positive and negative controls were used in all processing steps, 

including the DNA extraction.  Amplification of a fragment of the glyceraldehyde-3-

phosphodehydrogenase (GAPDH) pseudogene was performed as previously described to 

demonstrate integrity of the DNA and the absence of PCR inhibitors (Birkenheuer et al., 

2003).  All samples had to be GAPDH-PCR positive to be included in the subsequent PCR 

analyses for Bartonella, Anaplasma, or Ehrlichia species.  

Screening of samples for Bartonella DNA.  All blood and lymph node 

aspirate samples were screened for the presence of Bartonella species using two separate 

PCR assays.  The first screening level included a real-time PCR method with minor 

modifications to a previously described technique (Maggi et al., 2005a; Maggi et al., 

2005b); this PCR amplified an approximate 120-base pair fragment of the 16S-23S 

intergenic transcribed spacer (ITS) region, and primers are shown in Table 1.  PCR 

conditions were optimized using a 50-µL reaction volume containing 25 µL of 2X SYBR 

GREEN® Master Mix (Applied Biosystems, Foster City, CA), 15 pmol of each primer 

(Table 1), 19 µL of molecular grade water, and 1 to 5 μL of DNA template, according to 

the DNA concentration determined for each sample (5 to 100 ng of DNA/reaction).  Real-

time reactions were performed using a BioRad iCycler® iQ Real-Time PCR System 

(Hercules, CA) and thermal cycling conditions of 95°C for 5 min, followed by 45 cycles of 

95°C for 30 s, 56°C for 30 s, 72°C for 30 s, and a final extension of 72°C for 5 min.  In 

addition to melt-curve analysis, PCR products were visualized using 2.5% agarose gel 

electrophoresis containing 0.2 µg of ethidium bromide/mL under transilluminating 

ultraviolet light.   
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Negative controls were prepared using DNA extracted from EDTA-anticoagulated 

whole blood samples obtained from a Bartonella-negative Golden Retriever.  Real-time 

PCR positive controls were prepared using the same DNA extracts (as the negative 

control) spiked with plasmids containing a partial ITS sequence of B. henselae San 

Antonio 2 strain (GenBank Accession number: AF369529), B. quintana Fuller strain 

(M11927), or B. vinsonii (berkhoffii) Type I (AF167988).  The limit of detection for the 

ITS assay was determined to be five copies of target-containing plasmid per reaction. 

The second PCR screen for Bartonella DNA utilized a conventional PCR targeting 

the Bartonella Pap31 gene as described elsewhere (Maggi et al., 2005b), with minor 

modifications.  Master mixes were prepared in 50 µL-reaction volumes as follows: 25 μL 

of 2X TaKaRa Premix Ex Taq (Fisher Scientific), 15 pmol of each primer, 19 μL of 

molecular grade water, and 1 to 5 μL of DNA template, according to the DNA 

concentration determined for each sample (5 to 100 ng of DNA/reaction).  Amplification 

was performed in an Eppendorf® MasterCycler® ep gradient (Westbury, NY).  Negative 

and positive controls were prepared as described for the ITS PCR; however, plasmids used 

for positive controls contained a partial Pap31 sequence for B. henselae San Antonio 2 

strain (GenBank Accession number: DQ529248).  The limit of detection for the 

conventional Pap31 method is two copies of target-containing plasmid per reaction. 

Species-specific real-time PCR reactions.  Samples that were positive for 

Bartonella DNA using either of the PCR screening assays were further analyzed using 

real-time PCR primers designed to detect co-infections with more than one Bartonella 
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species in the same DNA sample.  These primers are shown in Table 1.  Both ITS and 

Pap31 gene targets were utilized.  In an attempt to elucidate co-infections with more than 

one Bartonella species, the first species-specific ITS primer was designed to detect B. 

henselae specifically, while the second ITS primer was designed to detect Bartonella 

species other than B. henselae.  Reaction master mixes, cycling conditions, methods of 

amplicon detection, and negative and positive controls were the same as those used for the 

genus-specific amplification.  The limits of detection for these species-specific assays were 

determined to be five copies of target-containing plasmid per reaction.   

Conventional PCR for Anaplasma and Ehrlichia.  All blood and lymph 

node aspirate samples were tested for the presence of Anaplasma and Ehrlichia DNA using 

16S rRNA as a gene target.  As shown in Table 2, Anaplasma and Ehrlichia genus-level 

screening primers targeted a region of the 16s rRNA gene.  Reaction master mixes were 

prepared in 25 µL-reaction volumes with 1 to 5 μL of DNA template as described above 

for Bartonella PCR.  Using an Eppendorf® MasterCycler® epS gradient, cycling 

conditions were 95°C for 10 s, followed by 55 cycles of 94°C for 15 s, 63.8°C for 15 s, 

72°C for 18 s, and a final extension of 72°C for 2 min.  PCR products were visualized 

using 2% agarose gel electrophoresis containing 0.2 µg of ethidium bromide/mL under 

transilluminating ultraviolet light. 

DNA extracted from the whole blood of a purpose-bred, specific-pathogen-free dog 

that was consistently Anaplasma/Ehrlichia PCR-negative was used as a negative control.  

Plasmid clones of a partial sequence of E. canis 16S rRNA (GenBank Accession number: 

CP000107), resuspended in Anaplasma/Ehrlichia-negative canine DNA, were used as a 
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positive control, and the limit of detection is five copies of the target-containing plasmid 

per reaction.    

Sequencing of amplicons.  All amplicons were sequenced directly (Davis 

Sequencing, Davis, CA) to identify species; in most instances, the amplicons were 

sequenced in both forward and reverse directions.  Sequence analysis and alignment with 

GenBank sequences were performed using AlignX software (Vector NTI Suite 6.0, 

InforMax, Inc., Frederick, MD, USA).  Based on the Bartonella PCR primers utilized, 

amplicons were typed to the genus and species level only.  Strain differentiation was not 

possible due to the small amplicon size generated by real-time PCR for the ITS region.  

Further, strain differentiation cannot be established by Pap31 gene sequence, as no 

sequence differences are found in the two B. henselae strains most commonly detected in 

dogs (Houston 1 and San Antonio 2). 

Statistical analyses.  In several instances, multiple lymph node aspirates, 

collected at a single sampling point, were submitted.  All samples were analyzed for 

Bartonella DNA.  If any aspirate and/or blood sample contained Bartonella DNA, the dog 

was included as a positive.  If all aspirates and blood samples submitted for a dog were 

negative for Bartonella DNA, a negative result was recorded.   

Descriptive statistics were obtained for the following variables: exposure to ticks 

coded as no/yes; exposure to fleas and exposure to cats coded as no/yes; regular acaricide 

use also coded as no/yes; indoor/outdoor status versus indoor only; and urban/suburban 

residence as opposed to rural residence.  Putative risk factors were evaluated using two 
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different statistical models: one model assessed the differences between dogs with 

lymphoma compared to healthy controls, while the second model considered the 

differences between dogs with a PCR-positive result for Bartonella, Anaplasma, and/or 

Ehrlichia compared to PCR-negative dogs.  The second outcome variable, Bartonella, 

Anaplasma, and/or Ehrlichia-PCR status was defined as negative or positive and was 

created by combining the results of blood and lymph node aspirate PCR analyses.  Dogs 

were considered to be positive for Bartonella, Anaplasma, and/or Ehrlichia if either the 

blood and/or lymph node aspirate sample was PCR positive for Bartonella, Anaplasma, 

and/or Ehrlichia species DNA.   

We developed a conditional logistic regression main-effects only model (Egret®, 

Cytel Inc., Cambridge, MA) and utilized a hierarchical backward elimination algorithm to 

determine the association between (1) lymphoma status and the previously described 

variables and (2) the association between Bartonella, Anaplasma, and/or Ehrlichia PCR-

status and the previously described variables.  As an alternative statistical analysis, we 

evaluated the data using the Mantel-Haenszel method for multiple matched controls to test 

whether the proportions of dogs with lymphoma and healthy control dogs differed with 

respect to the previously described risk factors; this method analyzes the proportions for 

only one variable at a time (Fleiss 1981).  Matching, as described previously, was 

performed by geographic region, age, and gender.  Statistical significance was considered 

at a p-value of ≤ 0.05. 
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Results 

 Study participants.  Complete sample sets were submitted for 28 Golden 

Retrievers with lymphoma and their 56 age-, gender-, and geographically matched, 

healthy, Golden Retriever controls.  Samples were submitted from veterinarians across the 

United States: seven cases from North Carolina; four cases from Virginia; three cases each 

from Connecticut and Florida; two cases each from New York and Texas, and one case 

each from California, Illinois, New Jersey, Ohio, Oregon, Pennsylvania, and Washington.   

 Of the 28 dogs with lymphoma, 12 were female (10 spayed, 1 intact, 1 unspecified) 

and 16 were male (14 neutered, 2 intact); median age was 7.5 years (standard deviation, 

2.3 years; range, 3 to 12 years).  Of the 56 control dogs, 26 were female (17 spayed, 9 

intact) and 30 were male (26 neutered, 4 intact); median age was 6.8 years (standard 

deviation, 2.7 years; range, 2 to 13 years).  No differences were observed between the dogs 

with lymphoma and the healthy controls when evaluating age, gender, or spay/neuter 

status; further, no differences in travel history were noted.   

 Serology.  Of the 84 Golden Retrievers surveyed, four (4.8%) were seroreactive 

to B. henselae antigens, and two (2.4%) were seroreactive to B. vinsonii (berkhoffii) 

antigens.  Only one of 28 dogs with lymphoma (3.6%) was seroreactive to both B. 

henselae and B. vinsonii (berkhoffii) with reciprocal IFA titers of 2,048 and 64, 

respectively.  For the healthy controls, three of 56 (5.4%) dogs were seroreactive to B. 

henselae antigens with reciprocal titers of 64 or 128, and one healthy dog (1.8%) was also 
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seroreactive to B. vinsonii (berkhoffii) at a reciprocal titer of 128.  The remaining 80 dogs 

were not seroreactive to B. henselae and B. vinsonii (berkhoffii) antigens.   

 Of the 82 dogs surveyed for which there was sufficient serum for ELISA testing, 

three dogs with lymphoma (3/27, 11.1%) and six control dogs (6/55, 10.9%) were 

seroreactive to Borrelia burgdorferi; all dogs had either resided in or regularly traveled to 

northeastern Lyme-endemic states, including Connecticut, Delaware, or New York.  One 

dog with lymphoma (1/27, 3.7%) and four healthy dogs (4/55, 7.3%) were seroreactive to 

A. phagocytophilum antigens, and all five currently reside or have previously resided in 

Connecticut, an A. phagocytophilum-endemic state.  Dirofilaria immitis antigens were not 

found in any of the 82 dogs.  Antibodies to Ehrlichia canis were not detected by IFA (n = 

84) or by ELISA (n = 82) in any serum sample collected from dogs with lymphoma or in 

the healthy control dogs.   

 Based on the results obtained, there was no association between the evidence of 

vector-borne infection as determined by serologic testing and lymphoma. 

 Bartonella PCR analyses.  Five of 28 dogs with lymphoma (17.9%) and 10 of 

56 healthy control dogs (17.9%) were positive for Bartonella using PCR analyses.  

Detailed results of all Bartonella PCR assays from positive dogs are presented in Table 3.   

Regardless of case/control status, Bartonella species were detected more frequently in 

lymph node aspirates than in blood samples.  Bartonella DNA was detected in two blood 

samples from dogs with lymphoma and in two blood samples from the healthy Golden 

Retrievers; in contrast, Bartonella DNA was detected in five and eight lymph node 

aspirates from dogs with lymphoma and healthy Golden Retrievers, respectively. 
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 PCR controls.  Amplicon contamination was not detected in any of the negative 

control samples at any stage of processing or at any time during the study.  As determined 

by the amplification of GAPDH, no PCR inhibitors were present in any of the DNA 

samples that were negative by PCR testing.   

 Anaplasma and Ehrlichia PCR analyses.  All blood and lymph node 

aspirate samples screened for Anaplasma and Ehrlichia DNA were negative.  Additionally, 

amplicon contamination was not detected in any of the negative controls at any time, and 

no PCR inhibitors were present as determined by the successful amplification of GAPDH 

in all samples.   

Questionnaire.  Due to the distribution of the data, we were unable to develop a 

conditional logistic regression model to evaluate the association between lymphoma status 

and the proposed risk variables.  Using the Mantel-Haenszel method for multiple matched 

controls, no differences were observed in the proportions of dogs with lymphoma and 

previous tick exposure; however, when considering the monthly use of acaricide as 

reported by the owners, the proportion of healthy control dogs receiving acaricide was 

approximately 2.6 times higher (p < 0.05) than dogs with lymphoma.  Further, the 

proportion of healthy dogs classified by their owners as indoor/outdoor dogs was 

approximately 2.3 times higher (p < 0.05) than dogs with lymphoma. 

In the second statistical model, which evaluated Bartonella-PCR positive status as 

the factor of interest, different variables were significant.  Similar to previous research, 

which defined putative risk factors for B. vinsonii (berkhoffii) seroreactivity (Pappalardo et 
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al., 1997), tick exposure and owner’s classification of indoor/outdoor status were also risk 

factors for the presence of detectable Bartonella DNA in the current study.  When 

compared to dogs that were negative for Bartonella DNA, the results of conditional 

regression model suggest that dogs that were PCR positive for Bartonella DNA were more 

likely to have previous tick exposure (odds ratio: 3.4; 95% confidence interval for the odds 

ratio: 0.7 to 17.1) and were classified by their owners as indoor/outdoor dogs (odds ratio: 

3.1; 95% confidence interval for the odds ratio: 0.9 to 10.3).   Although statistically 

significant in the model, it should be noted that the lower side of the 95% confidence 

intervals for both of the odds ratio estimates were marginal in value and is likely associated 

with the small sample size and large variability in the data.    

 

Discussion  

Using PCR and DNA sequencing, we detected four different Bartonella species in 

blood and lymph node aspirates of the Golden Retrievers surveyed: B. henselae, B. 

elizabethae, B. quintana, and B. vinsonii (berkhoffii).  Although there were no differences 

in the molecular prevalence of Bartonella species between Golden Retrievers with 

lymphoma (17.9%) when compared to age-, gender-, and geographically matched, healthy 

Golden Retrievers (17.9%), the high molecular prevalence found in these dogs was 

unexpected.  In addition, similar Bartonella species were sequenced from dogs with 

lymphoma and from healthy Golden Retrievers.  In contrast to the high molecular 

prevalence of Bartonella species, no Anaplasma or Ehrlichia species DNA was detected in 
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blood or lymph node aspirate samples from the Golden Retrievers surveyed.  Further, 

seroreactivity to A. phagocytophilum and Borrelia burgdorferi was detected only in dogs 

that had previously resided in or regularly traveled to Lyme-endemic regions of the 

northeastern United States, suggesting that these regionally defined pathogens would be 

less likely candidates if vector-borne organisms contribute to the development of 

lymphoma.  There was also no difference in seroreactivity to A. phagocytophilum and 

Borrelia burgdorferi among dogs with lymphoma and healthy dogs. 

No differences were observed in the proportions of dogs with lymphoma and 

Bartonella DNA or between dogs with lymphoma and previous tick exposure.  As 

executed, this study had a power (1 - β = 0.80) to detect a 20% difference in the presence 

of Bartonella DNA in dogs with lymphoma and healthy control dogs; the fact that we did 

not detect a difference between the proportions of Bartonella DNA in the two groups 

would suggest that Bartonella infection is not a major co-factor in the development of 

lymphoma in Golden Retrievers.  However, when considering the monthly use of acaricide 

as reported by the owners, the proportion of healthy control dogs receiving acaricide was 

approximately 2.6 times higher (p < 0.05) than acaricide use reported in dogs with 

lymphoma.  This finding is similar to observations in the 1998 Golden Retriever Club of 

America-National Health Survey, which indicated a decrease (p ≤ 0.05) in the frequency of 

lymphoma among dogs treated with flea and tick prevention products (Glickman et al., 

2000).  These results suggest that another tick-associated factor may be involved in the 

development of lymphoma within this breed.  
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Prior to the development of PCR, diagnosis of Bartonella, Anaplasma, or Ehrlichia 

infection was dependent on microbiological isolation, blood smear examination, or 

serological analysis using ELISA, IFA, or western immunoblotting.  However, these 

methods of diagnosis can be relatively insensitive when compared to molecular-based 

assays, and in certain instances only confirm prior exposure (serology) as compared to 

active infection (DNA detection by PCR).  In the present study, seroreactivity by IFA did 

not correlate with the presence or absence of Bartonella, as detected by PCR amplification 

and DNA sequencing.  Possible explanations include: (1) recent infection with inadequate 

time to develop an IgG antibody response, (2) impaired ability of Golden Retrievers to 

develop an appropriate antibody response, (3) efficient evasion or lack of immune 

recognition of Bartonella species in some individuals, (4) inappropriate Bartonella strain 

used as antigen in serological analyses, or (5) lack of sensitivity of the IFA assay.  The lack 

of correlation between serology and PCR and/or blood-culture positive patients has been 

demonstrated in humans infected with B. henselae, B. quintana, and B. vinsonii (berkhoffii) 

(Brouqui et al., 1999; Drancourt et al., 1996; La Scola et al., 1999, Breitschwerdt et al. 

2007) and in rodents infected with Bartonella species (Kosoy et al., 1997; Kosoy et al., 

2004).  Based on recent publications from our laboratory, additional studies will be 

necessary to define discrepancies between Bartonella serology and PCR or isolation in 

dogs and in human beings infected with Bartonella species (Breitschwerdt et al., 2007; 

Diniz et al., 2007; Duncan et al., 2007).   

Although other breed-associated serological and molecular epidemiological surveys 

are clearly needed, the relatively frequent detection of Bartonella DNA in blood samples 
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and lymph node aspirates from clinically healthy Golden Retrievers in this study suggests 

that previous case reports describing the detection of Bartonella DNA in the tissues of 

diseased dogs should be interpreted with caution.  The association of B. henselae with 

peliosis hepatis (Kitchell et al., 2000), granulomatous lymphadenitis (Morales et al., 2007; 

Pappalardo et al., 2000), and granulomatous hepatitis (Gillespie et al., 2003) is logical 

based on the association of this bacterial species with peliosis hepatis and a granulomatous 

inflammatory response in humans (Koehler et al., 1997; Liston et al., 1996).  However, the 

current study emphasizes the need for appropriate controls for each pathological lesion in 

which Bartonella infection is thought to be a causative agent or co-factor.   

To our knowledge, this is the first report in which Bartonella DNA was detected in 

the lymph nodes of healthy dogs or dogs with lymphoma.  Further, Bartonella species 

were detected more frequently in lymph node aspirates than in whole blood samples.  It is 

possible that following intra-dermal inoculation of a Bartonella species by an arthropod 

vector or a scratch, the organisms enter dendritic cells, traffic to regional lymph nodes, and 

induce a chronic infection within the lymphatic system (Vermi et al., 2006).  Research is 

currently underway to determine the precise location of Bartonella within lymph nodes 

using immunohistochemistry, in situ hybridization, flow cytometry, and confocal 

microscopy.  In the context of disease causation, it is important to note that this study did 

not incorporate a longitudinal design, and therefore, the authors are unaware of whether the 

healthy control dogs seroconverted, subsequently developed Bartonella-related disease 

manifestations, were treated by their veterinarians, or progressed to lymphoma.  Based on 

these data, longitudinal studies should be conducted to determine whether Bartonella 
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species can be transmitted by ticks, whether lymphatic infection is persistent, or whether 

these bacteria may contribute to the development of lymphoma. 
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Table 1.  Bartonella genus- and species-specific sequences for ITS and Pap31 primers. 

Primer name Primer sequence 

Bartonella genus ITS forward primer  5' - AGATGATGATCCCAAGCCTTCTGG - 3'

Bartonella genus and species ITS reverse 
primer  5' - GATAAACCGGAAAACCTTCCC - 3' 

B. henselae-specific ITS forward primer       5' - CAAGCCTTCTGGCGATCTAG - 3' 

General Bartonella species ITS forward primer 
(designed to exclude B. henselae amplification) 5' - CAAGCCTTCGGGCGATCTCT - 3' 

B. henselae-specific Pap31 forward primer  5' - TGGGCTGACAGAGAAGACG - 3' 

Bartonella genus Pap31 reverse primer  5' - CACCACCAGCAACATAAGGC - 3' 

 

Table 2.  Anaplasma and Ehrlichia genus-specific sequences for 16S rRNA primers. 

Primer name Primer sequence 

Ehrlichia and Anaplasma genus forward 
primer 5′ - GCAAGCYTAACACATGCAAGTCGA - 3′ 

Ehrlichia and Anaplasma genus reverse 
primer  5′- TATAGGTACCGTCATTATCTTCCCTATTG - 3′  
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Table 3.  Data for all 15 PCR-positive Golden Retrievers (5 dogs with lymphoma and 10 healthy controls) enrolled in the study.  

Blood and lymph node aspirate samples were screened for Bartonella bacteria by targeting a fragment of the 16S-23S intergenic 

transcribed spacer (ITS) region and the Pap31 gene.  Bartonella species were confirmed by DNA sequencing.   

No. Sex Age (yr) City, ST Sample type Bart ITS Bh Pap31 Pap31 

Dogs with lymphoma 

Blood 
B. henselae,      
B. vinsonii 
(berkhoffii) 

B. henselae B. henselae 
1 M-N 8 Fairfield, NJ 

LNA B. henselae B. henselae B. henselae 

Blood B. henselae B. henselae B. henselae 
2 M-I  4  Dallas, TX 

LNA B. henselae,      
B. elizabethae B. henselae B. henselae 

Blood Negative Negative Negative 
3 M-N 9 Raleigh, NC 

LNA Negative B. henselae B. henselae 

Blood Negative Negative Negative 
4 F-S 9 Chatham, VA 

LNA B. henselae Negative Negative 

Blood Negative Negative Negative 
5 F-S 8 Raleigh, NC 

LNA B. quintana Negative Negative 
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Table 3 (continued). 
 

No. Sex Age (yr) City, ST Sample type Bart ITS Bh Pap31 Pap31 

Healthy control dogs 

Blood Negative Negative Negative 
1 M-N 4.5 Medina, OH 

LNA B. quintana Negative QNS 

Blood B. henselae B. henselae B. henselae 
2 M-N 6 Akron, OH 

LNA Negative Negative Negative 

Blood B. henselae Negative Negative 
3 F-S 3 Castro Valley, 

CA LNA Negative Negative Negative 

Blood Negative Negative Negative 
4 M-N 5 Rochester, NY 

LNA B. henselae,      
B. quintana B. henselae QNS 

Blood Negative Negative Negative 
5 F-I 7 Prince George, 

VA LNA B. henselae B. henselae Negative 

Blood Negative Negative Negative 
6 M-N 2 Richmond, VA 

LNA B. quintana Negative QNS 

Blood Negative Negative Negative 
7 M-N 10 Waterford, CT 

LNA B. henselae B. henselae B. henselae 
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Table 3 (continued). 
 

Study ID No. Sex Age (yr) City, ST Sample type Bart ITS Bh Pap31 Pap31 

Healthy control dogs 

Blood Negative Negative Negative 
8 M-N 10 Lyme, CT 

LNA B. henselae,      
B. quintana B. henselae B. henselae 

Blood Negative Negative Negative 
9 F-S 7 Clayton, NC 

LNA B. henselae Negative Negative 

Blood Negative Negative Negative 
10 M-N 2 Greenwich, CT 

LNA B. henselae B. henselae Negative 
 
LNA: lymph node aspirate  
M: male, F: female, I: intact, N: neutered, S: spayed 
QNS: quantity not sufficient for testing  
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Chapter 6.   Summary and conclusions  
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Within the last 25 years, Bartonella species have become important vector-borne 

organisms that are associated with several emerging infectious diseases in both human and 

veterinary medicine.  Bartonella species are one of only a few (e.g., Rickettsia rickettsii) 

bacterial pathogens that are able to invade endothelial cells and are unique in their ability 

to invade endothelial cells, erythroblasts, CD34+ progenitor cells, and dendritic cells of 

their hosts (Dehio 2004; Jacomo et al., 2002; Mandle et al., 2005; Rolain et al., 2003; 

Seubert et al., 2002; Vermi et al., 2006).  This intracellular infection provides a potentially 

complex strategy, which facilitates bacterial persistence, evasion of the host immune 

response, and contributes to a reduction in antimicrobial efficiency.  These adaptive 

features, a large and diverse animal reservoir, an expanding list of vectors involved in 

transmission, and their significant zoonotic potential, make Bartonella species important 

modern-day pathogens.   

 Because Bartonella species frequently induce persistent intravascular infections, it 

has been difficult to directly attribute disease causation to Bartonella infection, primarily 

due to the fastidious nature of the organism.  Complexities associated with successful 

isolation have hampered the development and subsequent evaluation of more sensitive 

diagnostic techniques and have potentially hindered the understanding of the diversity, 

adaptation, and epidemiology of Bartonella species (La Scola et al., 1999).  Despite efforts 

from several research laboratories, sensitive microbiological methods to enhance the 

isolation of several clinically important Bartonella species from immunocompetent 

humans and dogs have remained elusive.    
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 Considering these factors, research was initiated to characterize and develop a 

novel, pre-enrichment medium, based on a formulation that promotes the growth of insect 

cells in culture.  During the initial validation, this media, referred to as Bartonella/alpha-

Proteobacteria Growth Medium (BAPGM), supported the isolation and growth of at least 

seven individual Bartonella species and co-cultures of more than one Bartonella species.  

When evaluating BAPGM for use with clinical samples collected from naturally infected 

cats, B. henselae isolates were obtained in a fraction of the time typically required when 

using the traditional isolation approach on solid blood or chocolate agar plates.  Altogether, 

the utility of BAPGM as a pre-enrichment, liquid media provided a substantial 

improvement in the detection and isolation of Bartonella species.     

 Equipped with a more sensitive method to grow and maintain Bartonella species, a 

prospective study was performed to evaluate the methods used to diagnose Bartonella 

infection in dog samples submitted to the Vector Borne Disease Diagnostic Laboratory 

(VBDDL) at North Carolina State University-College of Veterinary Medicine.  

Modification and refinement of the original BAPGM formulation and minor alterations of 

the incubation conditions resulted in a multi-faceted approach combining pre-enrichment, 

liquid BAPGM culture with PCR amplification to identify single Bartonella infections and 

co-infections with B. henselae and B. vinsonii (berkhoffii) in dog samples submitted to the 

VBDDL.  Additionally and perhaps more importantly for comparative microbiological 

studies, this improved approach facilitated the successful agar plate isolation of single 

Bartonella species and concurrent agar plate isolation of B. henselae and B. vinsonii 

(berkhoffii) from dog samples.  In the dogs surveyed, results of Bartonella serological 
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analyses did not correlate with the identification of Bartonella by PCR and sequencing or 

with successful isolation of Bartonella organisms.  Both B. henselae and B. vinsonii 

(berkhoffii) DNA was detected on multiple occasions in dogs that were not seroreactive to 

the respective Bartonella species test antigen.  In contrast, dogs that were seroreactive to 

either B. henselae or B. vinsonii (berkhoffii) antigens were often PCR negative, despite the 

use of the pre-enrichment media.    

 Strikingly similar observations were observed when this multi-faceted 

methodology was utilized in a self-selected population of human patients.  The study was 

conducted to assess the feasibility of the combinational approach using blood samples 

collected from immunocompetent human patients with arthropod and occupational animal 

contact.  Single and co-infections with Bartonella species were detected by PCR and 

confirmed by sequencing and were also successfully isolated from these study participants.  

To our knowledge, this study is the first to demonstrate concurrent infection with two 

Bartonella species or strains in the same individual.  Similar to the results in dogs, 

serological analyses did not correlate with PCR amplification or isolation of B. vinsonii 

(berkhoffii) and B. henselae in the human study participants.   

Therefore, in clinical dog samples submitted to the VBDDL and in a group of 

immunocompetent human patients, this combined approach, using liquid, BAPGM pre-

enrichment to increase bacterial numbers, coupled with molecular-based detection, 

provided a substantial advantage in microbiological documentation of Bartonella infection, 

when compared to traditional inoculation of blood agar plates.  This multi-faceted method 

facilitated the detection and subsequent isolation of single and co-infections with B. 
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henselae and B. vinsonii (berkhoffii) in the blood of naturally infected dogs and in the 

human patients that volunteered for study inclusion.  Research is currently underway to 

enhance the BAPGM, liquid, pre-enrichment media to improve its utility to obtain stable 

isolates following subculture to a solid agar media.  Overall, the utility of BAPGM and its 

remarkable improvement in the detection and isolation of Bartonella species from 

naturally infected populations represents a significant contribution to the worldwide 

research efforts to enhance the growth, molecular detection, and maintenance of these 

fastidious bacteria.  

In the final segment of the research presented, a matched, case-control study was 

performed to evaluate the serological and molecular prevalence of vector-borne pathogens, 

specifically Bartonella, Anaplasma, or Ehrlichia species, in samples collected from 

Golden Retrievers with lymphoma and their geographically and breed-matched, healthy 

controls.  No differences were observed in the molecular prevalence of Bartonella 

infections in the blood or lymph nodes of 28 Golden Retrievers with lymphoma (17.9%) 

when compared to 56 age-, gender-, and geographically matched, healthy Golden 

Retrievers (17.9%).  No differences were noted in the Bartonella species detected in dogs 

with lymphoma versus healthy dogs or between the evidence of infection, as demonstrated 

by serological analyses, with these vector-borne organisms and lymphoma.   

Similar to the results of the previous dog and human studies, serological testing 

results did not correlate with the presence or absence of Bartonella DNA, as detected by 

PCR and sequencing.  Also consistent with the two previous studies, both single 

Bartonella species and co-infections with more than one Bartonella were detected in 
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Golden Retrievers with lymphoma and in clinically healthy, control Golden Retrievers.  

Regardless of case/control status, Bartonella species were detected more frequently in 

lymph node aspirates than in blood samples.  To our knowledge, this is the first report in 

which Bartonella DNA was detected in the lymph nodes of clinically healthy dogs or in 

dogs with lymphoma.  Consistent with earlier reports, a significantly higher proportion of 

healthy Golden Retrievers were receiving monthly acaricide treatments (2.6 times higher), 

when compared to dogs with lymphoma.  In addition, Golden Retrievers that were PCR 

positive for Bartonella species had prior tick exposure (odds ratio = 3.4) and were 

classified by their owners as indoor/outdoor dogs (odds ratio = 3.1), when compared to 

dogs that were PCR negative for Bartonella species.  Lastly, although several dogs were 

seroreactive to A. phagocytophilum, no Anaplasma or Ehrlichia DNA was detected by 

PCR.   

Several similarities are observed throughout the work presented within this 

dissertation.  When evaluated using equivalent methodologies, similar Bartonella species, 

particularly B. henselae and B. vinsonii (berkhoffii), were detected by PCR and 

successfully isolated from dogs with a suspected tick-borne illness and from humans with 

occupational animal contact and arthropod exposure.  Bartonella henselae and B. vinsonii 

(berkhoffii) are the two most commonly detected species in dogs.  Based on the relative 

insensitivity of conventional methods used to diagnose Bartonella infection in animals and 

humans, it is likely that concurrent infection with more than one Bartonella species is 

critically underestimated.  As diagnostic microbiological and molecular methods evolve 
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and improve, future research should be conducted to elucidate the prevalence and clinical 

importance of co-infection with more than one Bartonella species.   

In dogs with suspected tick-borne illness, in humans with animal contact and 

arthropod exposure, and in the Golden Retriever dogs participating in the case-control 

study, serological analyses for B. henselae and B. vinsonii (berkhoffii) did not correlate 

with molecular detection by PCR followed by DNA sequencing or with microbiological 

isolation.  Considering the inconsistencies in the serological data, several potential 

explanations exist and include: (1) recent infection with inadequate time to develop an IgG 

antibody response, (2) low antibody concentrations attributable to previous antimicrobial 

treatment, (3) efficient evasion or lack of immune recognition of Bartonella species 

resulting in a state of immunogenic anergy, (4) sequestration of Bartonella species antigen 

in intracellular compartments, (5) inappropriate Bartonella strain used as antigen in 

serological analyses, and/or (6) lack of sensitivity of the serological assay.  This lack of 

correlation between serology and PCR and/or blood-culture positive patients has been 

demonstrated in humans infected with B. quintana (Brouqui et al., 1999; Drancourt et al., 

1996; La Scola et al., 1999) and in rodents infected with Bartonella species (Kosoy et al., 

1997; Kosoy et al., 2004).  Although serology, PCR, and culture are measuring different 

endpoints (i.e., serology evaluates exposure to Bartonella through quantification of an 

antibody response, PCR tests for detectable Bartonella DNA, and culture assesses the 

viability of Bartonella species), the large discrepancy between the serological 

identification of Bartonella antibodies and the molecular detection of DNA or bacterial 

isolation certainly deserves future study.   
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Based on the results of the case-control study, current research endeavors include 

the determination of the precise location of Bartonella within lymph nodes using 

immunohistochemistry, in situ hybridization, flow cytometry, and confocal microscopy.  

Based on these data, longitudinal studies should be conducted to determine whether 

Bartonella species can be transmitted by ticks, whether lymphatic infection is persistent, or 

whether these bacteria may contribute to the development of lymphoma. 

In conclusion, Bartonella species cause chronic infection, often characterized by 

few and very subtle clinical abnormalities or vague symptoms, in companion animals and 

human patients.  The evolution of this genus to evade the host immune response and to 

efficiently adapt to mammalian reservoir hosts likely results in a lack of detectable 

antibodies in many infected individuals.  To ensure widespread environmental distribution, 

Bartonella species are transmitted by a wide range of arthropod vectors or can be 

transmitted through the scratch or bite of an infected animal.  The features of evolutionary 

adaptation, transmission by a diverse array of vectors, and the remarkable zoonotic 

potential of this genus, rank Bartonella species among the newest and most significant 

emerging pathogens in human and veterinary medicine. 
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