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Abstract – Domestic cats are the reservoir of Bartonella henselae, the main causative agent of cat

scratch disease. We compared B. henselae type I infection characteristics in 6 SPF cats infected with a

feline strain (4.8 × 10
7
colony-forming units (CFU)/mL) and in 6 SPF cats infected with the reference

Houston I strain (6.6 × 10
6

CFU/mL to 9.6 × 10
7

/mL). All the cats inoculated with the feline strain,

but none of the cats inoculated with B. henselae Houston I, developed a fever within 2–12 days (mean:

5.8 days) post inoculation (PI), which lasted for 1–2 weeks. However, all 12 cats became bacteremic.

The duration of bacteremia was significantly longer in the cats inoculated with the feline strain

(mean: 237 days) than in the cats inoculated with Houston I strain (mean: 60 days) (p < 0.01). Five

(83%) cats inoculated with the feline strain and none of the six cats inoculated with B. henselae Hous-

ton I had relapsing bacteremia (p = 0.02). IgG antibodies were detected by IFA within 1–2 weeks for

both strains, but peaked later (week 10 versus week 3 PI) for the feline strain. By ELISA, using anti-

gens of each B. henselae strain, all 12 cats developed Bartonella specific IgM and IgG antibodies, but

the cats infected with B. henselae Houston I antigen yielded significantly lower optical density values

(p < 0.05). By SDS-PAGE, PFGE and Western blotting, protein profile differences (84 to 89%

homology) were observed between the two strains. If a feline vaccine is to be developed in order to

prevent human infection, the choice of the vaccine strain will be critical, since major differences were

identified even between strains belonging to the same sero/genotype.
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Résumé – Étude comparative de l’infection expérimentale de chats sans germe pathogène
spécifique avec deux souches différentes de Bartonella henselae type I. Le chat domestique cons-

titue le réservoir de Bartonella henselae, l’agent principal de la maladie des griffes du chat. Les carac-

téristiques de l’infection expérimentale de chats domestiques sans germe pathogène spécifique par

une souche féline de B. henselae type I (6 chats recevant une dose de 4,8 × 10
7

colonies/mL) ou de la

souche de référence Houston I (6 chats recevant entre 6,6 × 10
6

et 9,6 × 10
7

colonies/mL) sont présen-

tées. Les six chats infectés avec la souche féline, mais aucun des six chats infectés avec la souche

Houston I, développèrent de la fièvre 2 à 12 jours après l’inoculation (moyenne : 5,8 jours) et celle-ci

dura entre 1 et 2 semaines. Cependant, les 12 chats devinrent bactériémiques, mais la bactériémie

dura significativement plus longtemps chez les chats infectés par la souche féline (moyenne :

237 jours) que chez les chats infectés par la souche Houston I (moyenne : 60 jours) (p < 0.01). La ma-

jorité (83 %) des chats inoculés avec la souche féline présentèrent des récurrences de bactériémie,

alors qu’aucun des chats inoculés avec la souche Houston I n’en présenta (p < 0.02). Les anticorps

IgG, détectés par immunofluorescence chez tous les chats entre 1 et 2 semaines après l’inoculation,

atteignirent leur acmée plus tardivement pour les chats infectés par la souche féline (10 semaines au

lieu de 3 semaines après infection). En utilisant une technique ELISA, la réponse sérologique en anti-

corps IgM et IgG était significativement moins forte chez les chats infectés par la souche Houston I

que chez les chats infectés par la souche féline (p < 0.05). Par électrophorèses en gel de polyacryla-

mide et en champ pulsé et par Western blot, les profils protéiques présentaient 84 % à 90 % d’homo-

logie. Si un vaccin à usage félin pour prévenir les infections humaines venait à être développé, le

choix de la souche vaccinale serait critique, puisque des différences majeures furent identifiées entre

deux souches appartenant pourtant au même sérotype/génotype.
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1. INTRODUCTION

Bartonella henselae, the main causative

agent of cat scratch disease, is a small

gram-negative, rod-shaped, fastidious bac-

terium. Epidemiological and experimental

studies have demonstrated that domestic

cats represent the main reservoir of B.

henselae [10, 12, 33, 49, 59] and B.

henselae is primarily transmitted among

cats by fleas (Ctenocephalides felis) [14,

22, 32]. Cats are persistently infected with

Bartonella in their bloodstream for a few

months up to several years [1, 35, 38].

Bartonella henselae have been classified in

two predominant serotypes/genotypes,

type I and type II, also designated as Hous-

ton I and BA-TF/Marseille based on 16S

rRNA-DNA sequencing [6, 7, 20, 31, 53,

55]. Major regional variations in the preva-

lence of these variants have been reported

in domestic cat populations. In the United

States, prevalence of B. henselae type I

reached only 18% in cats from the western

United States, whereas it represented about

half (52%) of the isolates from cats from the

eastern United States (Chomel, unpub-

lished data). In most of Europe, B. henselae

type II is the dominant type [5, 7, 18, 30,

53]. On the contrary, in Asia, 70 to 80% of

B. henselae isolates belong to type I [15, 16,

41].

In humans, B. henselae can cause a wide

variety of diseases and syndromes, such as

bacillary angiomatosis, bacillary peliosis,

osteomyelitis, endocarditis, neuroretinitis

as well as cat scratch disease (CSD) [3, 10,

17, 34, 43, 47, 58]. In contrast to human in-

fection with B. henselae, cats naturally or

experimentally infected do not usually ex-

press any major clinical signs [13, 50, 59].

However, some cats experimentally in-

fected with B. henselae had systemic and

local clinical signs. Such signs, occurring

mostly within 2 to 4 weeks after infection,

included fever, erythema at the inoculation
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site, lethargic neurological signs, lympa-

denopathy, and reproductive disorders

[25–28, 35, 44, 45]. The presence or lack of

clinical signs in experimental studies could

be related to the variability of pathogenicity

among Bartonella strains, as previously

suggested [45, 46].

Relapsing bacteremia, characterized by

positive cultures occurring after at least two

successive negative cultures, has been ob-

served in cats infected with B. henselae iso-

lates of feline origin (mainly B. henselae

type II) [35, 44, 59]. Some authors sug-

gested that the occurrence of such relapses

could be related to antigenic variation [37,

42]. On the contrary, experimental infec-

tion of cats with B. henselae Houston I, a

strain of human origin, which has been

sub-cultured numerous times, has never led

to relapsing bacteremia [50, 59]. Differ-

ences among feline Bartonella species are

seen genotypically and phenotypically.

Pulsed field gel electrophoresis (PFGE)

separation of SmaI endonuclease digested

genomic DNA fragments from B. henselae

isolates reveals a wide diversity of profiles

[5, 42, 54], and is a useful tool to differenti-

ate B. henselae strains.

To date, no studies have been conducted

to compare experimental infections of spe-

cific pathogen free (SPF) cats with

B. henselae type I of feline origin and

B. henselae Houston I, and in particular the

presence of clinical signs, duration of

bacteremia and presence of bacteremia re-

lapses, and serological immune response. If

the development of a feline vaccine is a fea-

sible approach to reduce human infection,

selection of the vaccine strains will be of

major importance. Therefore, the objec-

tives of this study were to: (1) determine if

SPF cats, experimentally inoculated with a

B. henselae type I strain of feline origin,

could develop clinical signs after infection;

(2) evaluate the bacteremia time of onset

and duration, as well as the presence of

bacteremia relapses in SPF cats infected

with this feline strain; and (3) characterize

the serological immune response to this

infection. (4) Finally, to compare this infec-

tion in cats inoculated with B. henselae

Houston I (human isolate) as well as the

pheno/genotypic differences of these two

B. henselae strains.

2. MATERIALS AND METHODS

2.1. Animals

Twelve 8–12 month old cats (4 males,

8 females) were obtained from the SPF col-

ony of the Feline Nutrition Laboratory,

School of Veterinary Medicine, University

of California, Davis (courtesy of Drs.

James Morris and Quinton Rogers). Before

experimental infection, all 12 cats were

confirmed to be Bartonella spp. sero-nega-

tive and culture-negative. All cats were ex-

amined clinically every day for the first two

weeks and at least weekly thereafter. The

cats were housed in three groups of respec-

tively 2, 4 and 6 cats, in a controlled envi-

ronment (ectoparasite-free, with restricted

access, including a pre-room with a disin-

fectant footbath). Blood samples (3.0 mL)

were collected weekly for the first month

and every other week thereafter for blood

culture and serological tests. Six cats were

inoculated with B. henselae feline type I,

and six cats with B. henselae Houston I.

2.2. Primary isolation of B. henselae

feline type I

Blood was collected in April 1997 at the

University of California Veterinary Medi-

cal Teaching Hospital from a healthy

11-month old, shorthaired, indoors domes-

tic cat from northern California. The cat

had no clinical signs, including fever. No

ectoparasite infestation was observed at the

time of blood collection.

Blood (1.5 mL) was transferred into a

pediatric lysis-centrifugation tube (Wampole

Laboratories, Cranbury, NJ, USA) and cen-

trifuged, and the pellet was plated onto 5%
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rabbit blood agar, as previously described

[1]. The isolate was confirmed to be a

B. henselae strain by the polymerase chain

reaction (PCR) and determined to belong to

B. henselae type I by 16S rRNA-DNA se-

quencing, as previously published [29].

The isolate was referred to as B. henselae

feline type I (feline isolate). The level of

bacteremia in this cat was 1.23 ×102 CFU/mL.

IgG antibody titers, determined by the

immunofluorescence antibody assay (IFA),

against B. henselae feline type I and Hous-

ton I were both 1:256.

2.3. Experimental inoculation

Either Bartonella henselae feline type I

or B. henselae Houston-I (ATCC # 49882)

[47] were plated onto 5% rabbit blood agar,

and incubated at 35 oC for 4–5 days. The

harvested colonies were suspended into

sterile saline and 0.5 mL was inoculated

intradermally in 3–5 different sites, as pre-

viously described [1]. For the B. henselae

feline type I infection, all six cats were in-

oculated with 4.8 × 107 colony-forming

units (CFU)/mL. For the B. henselae Hous-

ton-I infection, the inoculum doses were re-

spectively 6.6 × 106 CFU/mL for 4 cats, and

9.6 × 107 CFU/mL for two cats. The feline

type I strain was inoculated in the SPF cats

from an initial subculture of the original

isolate.

2.4. Blood culture

Blood was drawn from the jugular vein

of each cat weekly for the first month and

every other week for the following months,

up to 6 to 14 months after inoculation. Two

milliliters of blood were placed into

ethylenediamine tetraacetate (EDTA) tubes

(Becton Dickinson, Franklin Lakes, NJ,

USA) for culture and 1 mL into serum sepa-

ration tubes for serological tests. The

EDTA tubes were frozen at –70 oC and

plated a few days later onto 5% rabbit blood

agar plates, as previously described [1].

The plates were incubated at 35 oC with 5%

CO2 for four weeks. The plates were exam-

ined 2–3 times a week for any bacterial

growth. The isolated strains were con-

firmed to be B. henselae by PCR/RFLP of

the citrate synthase gene using Hha I and

Taq I endonucleases [15]. The number of

colonies was counted and calculated as

CFU/mL.

2.5. Serology

2.5.1. Immunofluorescent antibody

(IFA) test

IFA antibody titers were determined

against whole organisms of three feline

Bartonella species, as previously described

[12, 13]. The feline serum samples were di-

luted to 1:64 with phosphate-buffered sa-

line containing 5% skim milk (PBS,

pH 7.4) and placed on a 12-well

polytetrafluoroethylene slide sensitized

with either B. henselae feline type I or

Houston I whole cells. The slides were in-

cubated for 30 min at 37 oC and were

washed with PBS for 10 min. Fluorescein

conjugated goat affinity purified antibody

against cat IgG (whole molecule) (Cappel,

Organon Teknika Corp., Durham, NC,

USA) was diluted 1:800 with PBS contain-

ing 5% skim milk and 0.001% Evan blue,

and placed onto the slides. The slides were

incubated for 30 min at 37 oC and washed

with PBS for 10 min. Two readers inde-

pendently and blindly scored the levels of

fluorescence and determined the end-point

dilution (the last dilution with a 50% fluo-

rescence identified by the 2 readers). A titer

of ≥ 1:64 was considered to be sero-posi-

tive [12].

2.5.2 Enzyme immunosorbent assay

(ELISA)

The outer membrane proteins (OMPs)

of two B. henselae strains, feline type I and

Houston I, were prepared as previously

described [57]. Then ELISA testing was
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performed, as previously published [12].

Serum samples were diluted to 1:50 for

IgM and to 1:100 for IgG, and anti-cat-IgM

(heavy and light chain peroxidase-labeled

conjugate) (Kirkegaard and Perry Labora-

tories [KPL], Gaithersburg, MD, USA) or

anti-cat IgG phosphatase-labeled conjugate

(KPL) were diluted at 1: 100 dilution for

IgM and at 1: 2000 for IgG conjugate, re-

spectively. The optical density (O.D.) of

each well was quantified for IgM at 450 nm

with a second wave length at 570 nm as a

reference, and for IgG at 410 nm, using a

Spectra Max 340 (Molecular Devices,

Sunnyvale, CA, USA).

2.6. SDS-PAGE and Western blotting

Each Bartonella type (B. henselae feline

type I and Houston I) was cultured, har-

vested and suspended in 0.5 mL of sterile

PBS [57]. SDS-PAGE sample buffer

(0.5 mL), composed of 125 mM Tris-HCl

(USB, Cleveland, OH, USA) pH 6.8,

20% (v/v) of glycerol, 4% (w/v) of SDS

(BIO-RAD Laboratories, Hercules, CA,

USA), 10% (v/v) of 2-β-mercaptoethanol,

0.004% (w/v) of bromophenol blue with

sterile distilled water, was added to the sus-

pension. Similarly, OMPs of each

Bartonella species were diluted with sam-

ple buffer and adjusted to 1.25 µg protein/µL.

Both preparations, whole organisms and

OMPs of Bartonella, were then solubilized

for 5 min at 100 oC. Whole organisms and

OMPs were electrophoresed through dis-

continuous SDS-polyacrylamide gel (4%

stacking gel and 12% resolving gel) in a

SE-600 (Hoefer Scientific Instruments, San

Francisco, CA, USA) apparatus at 8.5 mA

for 16 hours. Proteins, stained with

SYPRO orange (BIO-RAD), were visual-

ized under ultra violet (UV) light by a gel

documentation system, Gel Doc 1000

(BIO-RAD). Comparative analysis of these

protein profiles was performed to generate

similarity values by the unweighted-pair

group method with an arithmetic mean

(UPGMA), using Molecular Analyst soft-

ware, Fingerprinting Plus (BIO-RAD).

The Western blotting strips were pre-

pared using SDS-PAGE as above. The

electrophoretically separated proteins were

transferred onto a sheet of nitrocellulose

(0.2 µm pore size, Hoefer Scientific Instru-

ments), using a TE 50X (Hoefer Scientific

Instruments) unit at about 900 mA for

2 hours at 10 oC. The nitrocellulose sheet

was dried and cut into 4.0 × 100 mm strips,

then soaked in a blocking solution (20 mM

Tris-HCl, 500 mM NaCl, 3% gelatin,

pH 7.5). Each serum sample was tested

against its homologous antigen, i.e., cats in-

oculated with B. henselae feline type I were

tested against the same antigen. Serum

samples from cats inoculated with

Bartonella, diluted at 1:100 in a buffer solu-

tion (20 mM Tris-HCl, 500 mM NaCl, 5%

of skim milk, pH 7.5), were added to the

strips and incubated for 1 hour at room tem-

perature. The strips were washed 3 times

for 5 min and peroxidase labeled goat

anti-cat IgG (H + L) conjugate diluted at

1:3000 (KPL) was added and incubated for

1 hour at room temperature. The strips were

rinsed 3 times for 5 min and then, TMB

(3,3’,5,5’-tetramethylbenzidine) membrane

peroxidase substrate (KPL) was added.

2.7. Pulsed-field gel electrophoresis
(PFGE)

The PFGE procedure was performed as

previously described [11, 42, 52] with some

very minor modifications. The two

B. henselae strains were cultured on 5%

rabbit blood agar, scraped, and suspended

in 1.0 mL of sterile PBS. Digestion of the

proteins was performed using proteinase K

solution (10 mM Tris, 150 mM NaCl, 2 mM

EDTA, 1% SDS [BIO-RAD], 0.25% Tri-

ton X-100, 1 mg/mL proteinase K [GIBCO,

BRL, Gaithersburg, MD, USA]) and DNA

from each Bartonella species was digested

with SmaI endonuclease. Cluster analysis

using the Molecular Analyst Software
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(BIO-RAD) was performed and dendrograms

based on the results of the matrix of similarity

valueswerecreatedwithUPGMA clustering.

2.8. Statistical tests

The non-parametric Mann-Whitney

rank sum test was performed with

MINITAB statistical software Release

13.1 (MINITAB Inc., State College, PA,

USA) for the duration of the bacteremia,

and antibody detection by IFA and ELISA

for comparison of the two groups of cats for

each antigen. For the peak level of the

bacteremia, the time to reach the maximum

level of bacteremia, and IFA titers/ELISA

OD values for comparison of the two

groups of cats with homologous antigens,

an equal variance t-test was performed us-

ing MINITAB software. For univariate

analysis, the Fisher exact test was used for

the association between B. henselae strains

and bacteremia relapses (Epi-info version

6.04b, CDC Atlanta, GA, USA).

3. RESULTS

3.1. Clinical observation
and bacteremia characteristics

The only obvious clinical sign observed

in cats inoculated with B. henselae feline

type I was fever. All six cats, inoculated

with B. henselae feline type I, developed fe-

ver (≥ 39.2 oC) within 2–12 days (mean:

5.8 days) after inoculation. The duration of

the fever in cats inoculated with B. henselae

feline type I lasted from 1 to 2 weeks

(mean: 7.8 days). On the contrary, none of

the six cats inoculated with B. henselae

Houston I showed any obvious clinical

signs, including fever. All twelve cats be-

came bacteremic within a week after the ex-

perimental inoculation (Fig. 1). Bacteremia

peaked between 21 and 28 days (mean:

23.3 days) in cats inoculated with

B. henselae feline type I and between 21

and 44 days (mean: 28.3 days) in cats

inoculated with B. henselae Houston I. No

significant differences in time to reach the

bacteremia peak were observed between

the cats infected with B. henselae feline

type I and B. henselae Houston I (p = 0.31).

The maximum level of bacteremia reached

5.20 × 104 – 1.58 × 105 (mean: 1.01 × 105)

in cats inoculated with B. henselae feline

type I and 1.90 × 103 – 4.48 × 105 CFU/mL

(mean: 2.41 × 105 CFU/mL) in cats inocu-

lated with B. henselae Houston I, a differ-

ence not statistically significant (p = 0.94).

The duration of bacteremia in cats inocu-

lated with B. henselae feline type I lasted

from 98 to 357 days (mean: 237 days). It

was much shorter in cats inoculated with B.

henselae Houston I, since it lasted 37 to

77 days (mean: 60 days) (p < 0.01).

Bacteremia relapses, as defined above, oc-

curred in 83% (n = 5/6) of the cats inocu-

lated with B. henselae feline type I, whereas

none of the 6 cats inoculated with B.

henselae Houston I had a relapse, a differ-

ence which was statistically significant (p =

0.02).

3.2. Serology

3.2.1. IFA

IgG antibodies were detected by IFA in

all 12 cats within 1–2 weeks post-infection

(PI). Using homologous antigens, IgG anti-

body titers peaked between 3 to 4 weeks PI

in the cats inoculated with B. henselae

Houston I, whereas it peaked at week 10 PI

in the cats inoculated with B. henselae fe-

line type I (Tab. I). Furthermore, the IFA

titers in the cats inoculated with B. henselae

feline type I were significantly higher after

week 8 until week 24 PI than those in cats

inoculated with B. henselae Houston I (p

< 0.05). The IgG antibody response to-

wards B. henselae Houston I antigen was

stronger in the B. henselae feline type I in-

oculated cats than in the B. henselae Hous-

ton I inoculated cats. That difference,
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however, was not statistically significant

(Tab. I).

3.2.2. ELISA

Bartonella specific IgM and IgG anti-

bodies against OMP antigens from either B.

henselae feline type I or B. henselae

Houston I were detected in all 12 cats. IgM

antibodies were detected and peaked by

week 1 PI in the cats inoculated with either

B. henselae feline type I or Houston I. In the

two cat groups, the IgM antibody response

was significantly (p < 0.05) stronger towards

Infection of cats with Bartonella henselae 675

1

2

3

4

5

6

7

0 10 20 30 40 50 60

Weeks after inoculation

L
ev

el
o

f
b

ac
te

re
m

ia
(C

F
U

/m
ll

o
g

10
)

B. henselae feline type I

B. henselae Houston I

Figure 1. Mean bacteremia level in specific-pathogen-free (SPF) cats experimentally inoculated with

B. henselae feline type I (n = 6) and Houston I (n = 6). The results are expressed as mean and standard

deviations (±SDs).

Table I. Mean IgG antibody response to homologous and heterologous antigens by indirect fluorescent

antibody (IFA) in specific-pathogen free experimentally inoculated with B. henselae feline type I (n = 6)

or Houston I (n = 6).

Inoculation

Antigen tested

Weeks PI

B. henselae feline type I B. henselae Houston I

B. h. feline I

mode (range)

B. h. Houston I

mode (range)

B. h. feline I

mode (range)

B. h. Houston I

mode (range)
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the feline strain antigen than towards the

Houston I antigen (Tab. II); even though the

baseline values were quite high for the fe-

line I inoculated cats with the homologous

antigen. The IgM OD values returned to the

baseline value for most of the cats.

IgG antibody response to B. henselae

OMP antigens (both B. henselae feline

type I and B. henselae Houston I) started to

rise within 1 to 2 weeks PI in both groups

and peaked by week 8 PI, as shown in Ta-

ble III, for both groups. As with the IgM an-

tibody response, IgG antibody OD values

against B. henselae feline type I antigen

were significantly higher than those against

B. henselae Houston I in both groups (p

< 0.05).

3.3. SDS-PAGE analysis

The SDS-PAGE analysis of whole or-

ganisms and OMPs for the two Bartonella

strains feline type I and Houston I showed

almost identical protein profiles (Figs. 2

and 3). At least 25 prominent protein bands

were identified between 14 kDa and

200 kDa for both B. henselae feline type I

and B. henselae Houston I whole organism

lysates, with estimated molecular weights

of 14, 22, 26, 30, 33, 37, 39, 46, 49, 56, 65,

78, and 93 kDa. For OMPs, at least 12 pro-

tein bands were identified between 20 kDa

and 200 kDa, with prominent bands at ap-

proximately, 30, 33, 37, 65, 73, and 85 kDa.

However, the intensity of the protein bands,

especially at 33 kDa, was much stronger for

B. henselae feline type I than for B.

henselae Houston I.

A pairwise comparison of the protein

profiles between B. henselae feline type I

and B. henselae Houston I showed that for

whole organisms, B. henselae feline type I

had an 89.1% similarity with B. henselae

Houston I. Similarly, protein profile com-

parisons for OMPs showed that B. henselae

feline type I had an 84.2% similarity with B.

henselae Houston I.

3.4. Western blotting

Serum samples from the twelve cats

inoculated with either B. henselae feline
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Table II. Mean IgM antibody response to homologous and heterologous antigens by ELISA in spe-

cific-pathogen free experimentally inoculated with B. henselae feline type I (n = 6) or Houston I (n = 6).

Inoculation

Antigen tested

Weeks PI

B. henselae feline type I B. Henselae Houston I

B. h. feline I

Mean (±SD)

B. h. Houston I

(Mean (±SD)

B. h. feline I

Mean (±SD)

B. h. Houston I

(Mean (±SD)

0

1

2

4

6

8

10

12

14

16

18

20

22

24

26

0.246 (0.087)

0.400 (0.021)

0.333 (0.029)

0.316 (0.044)

0.277 (0.079)

0.260 (0.073)

0.220 (0.061)

0.259 (0.041)

0.273 (0.065)

0.260 (0.066)

0.242 (0.073)

0.239 (0.068)

0.244 (0.068)

0.253 (0.048)

0.259 (0.086)

0.036 (0.016)

0.201 (0.004)

0.154 (0.014)

0.119 (0.034)

0.070 (0.031)

0.053 (0.032)

0.058 (0.028)

0.080 (0.041)

0.074 (0.041)

0.077 (0.031)

0.076 (0.035)

0.060 (0.018)

0.061 (0.024)

0.073 (0.025)

0.069 (0.025)

0.127 (0.039)

0.486 (0.021)

0.450 (0.029)

0.330 (0.010)

0.281 (0.030)

0.219 (0.023)

0.210 (0.037)

0.198 (0.040)

0.192 (0.030)

0.196 (0.023)

0.179 (0.016)

0.178 (0.016)

0.214 (0.066)

0.184 (0.027)

0.172 (0.042)

0.042 (0.011)

0.147 (0.031)

0.107 (0.041)

0.068 (0.021)

0.051 (0.017)

0.044 (0.010)

0.052 (0.014)

0.038 (0.009)

0.050 (0.025)

0.043 (0.011)

0.036 (0.015)

0.038 (0.013)

0.045 (0.014)

0.041 (0.014)

0.047 (0.014)



type I (n = 6) or Houston I (n = 6), were ex-

amined by Western blotting to identify spe-

cific IgG seroreactivity patterns against

OMP antigens. Similar Western blotting

profiles for each group were identified, but

they differed from group to group. At least

20 seroreactive bands were identified be-

tween 14 and 180 kDa (Figs. 4 and 5). Spe-

cific IgG seroreactivity was first detected

between week 1 to week 2 PI in both

groups. Prominent specific bands against

the homologous antigen were observed

within 1 to 5 weeks PI for the cats inocu-

lated with B. henselae feline type I at ap-

proximately 24, 28, 33, 35, 37, 38, 44, 65,

73, 78, 83 and 85 kDa and for B. henselae

Houston I at approximately 33, 35, 44, 65,

73, 78, and 85 kDa, and persisted until the

end of the experiment. The following bands

at 37, 38, 65, 73, 78 kDa for B. henselae fe-

line type I and at 44, 48, 65, 78 kDa for

B. henselae Houston I were all detected by

week 2 PI.

Protein bands against B. henselae Hous-

ton I OMP antigens in cats inoculated with

B. henselae feline type I were detected ap-

proximately at 35, 37, 38, 65, 73 and

78 kDa by week 2 PI (data not shown).

Whereas protein bands in cats inoculated

with B. henselae Houston I against B. henselae

feline type I appeared approximately at 33,
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Figure 2. Comparison of protein profiles from

whole organism lysates of two Bartonella

strains separated in a 12% gel by SDS-PAGE:

Lane 1, molecular weight standard; lane 2, B.

henselae (feline type I strain); lane 3, B.

henselae (Houston I strain, ATCC 49882).
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Figure 3. Comparison of outer membrane pro-

tein (OMP) profiles from Bartonella henselae

strains separated in a 12% gel by SDS-PAGE:

Lane 1, molecular weight standard; lane 2, B.

henselae (feline type I strain); lane 3, B.

henselae (Houston I strain, ATCC 49882).
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Table III. Mean IgG antibody response to homologous and heterologous antigens by ELISA in spe-

cific-pathogen free experimentally inoculated with B. henselae feline type I (n = 6) or Houston I (n = 6).

Inoculation

Antign tested

Weeks PI

B. henselae feline type I B. henselae Houston I

B. h. feline I

Mean (±SD)

B. h. Houston I

(Mean (±SD)

B. h. feline I

Mean (±SD)

B. h. Houston I

(Mean (±SD)

0

1

2

4

6

8

10

12

14

16

18

20

22

24

26

0.097 (0.032)

0.458 (0.081)

0.895 (0.104)

1.245 (0.219)

1.347 (0.211)

1.410 (0.203)

1.286 (0.275)

1.380 (0.290)

1.404 (0.309)

1.309 (0.233)

1.323 (0.306)

1.333 (0.299)

1.386 (0.287)

1.451 (0.295)

1.444 (0.314)

0.032 (0.042)

0.052 (0.050)

0.133 (0.059)

0.214 (0.084)

0.275 (0.087)

0.305 (0.074)

0.346 (0.137)

0.278 (0.037)

0.307 (0.067)

0.418 (0.114)

0.385 (0.236)

0.355 (0.114)

0.312 (0.078)

0.359 (0.088)

0.317 (0.058)

0.143 (0.071)

0.198 (0.058)

0.525 (0.112)

0.822 (0.049)

0.912 (0.082)

1.000 (0.110)

1.014 (0.073)

0.971 (0.091)

0.986 (0.055)

0.966 (0.117)

0.973 (0.184)

0.963 (0.075)

0.746 (0.142)

0.965 (0.073)

1.056 (0.120)

0.054 (0.050)

0.057 (0.047)

0.152 (0.048)

0.284 (0.078)

0.322 (0.115)

0.372 (0.143)

0.386 (0.162)

0.362 (0.153)

0.364 (0.157)

0.354 (0.153)

0.364 (0.222)

0.372 (0.193)

0.321 (0.160)

0.339 (0.165)

0.380 (0.144)
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Figure 4. Western blotting results from the analysis of OMP antigen specific seroreactivity against B.

henselae feline type I in a cat inoculated with B. henselae feline type I.



35, 44, 46, 65, 73, 78, and 85 (data not

shown).

3.5. PFGE

The PFGE profiles of B. henselae feline

type I and Houston I showed a range of

fragment sizes between 19 Kb to 230 Kb

(Fig. 6). The genome size of the two B.

henselae strains was estimated to be ap-

proximately 1.4 Mbp. The Bartonella

henselae feline type I and B. henselae

Houston I showed a wide range of bands (at

least 14 bands) with quite similar, but not

identical profiles. Using UPGMA, we

found a similarity of 84.2% between the

profiles of restriction fragments from these

two B. henselae strains.

4. DISCUSSION

We report the first study comparing the

infection of SPF cats with a feline B.

henselae type I and the reference strain, B.

henselae Houston I. This reference strain,

which is also a type I strain based on its 16S

rRNA gene sequence [6, 20], was isolated

from the blood of an HIV positive patient

[48]. The feline strain of B. henselae type I

caused a different type of infection in cats

than the reference B. henselae Houston I

strain, by inducing fever, longer bacteremia

and bacteremia relapses.

Clinical signs, such as fever, lethargy an-

orexia and lymphadenopathy have been ob-

served in cats experimentally inoculated

mainly with B. henselae type II strains [26,
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Figure 5. Western blotting results from the analysis of OMP antigen specific seroreactivity against

B. henselae Houston I strain in a cat inoculated with B. henselae Houston I strain.
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27, 35, 36, 45]. Cats inoculated by the

intradermal route with a pathogenic strain

of B. henselae type II (LSU16) developed

fever after 6 to 16 days PI, which lasted for

1 to 8 days [45]. Our present data were in

contrast to all our previous results, using a

B. henselae type II strain, that did not cause

any fever or clinical signs [1, 59]. These

clinical observations may support strain de-

pendent differences in the pathogenicity of

B. henselae, as previously suggested [45,

51]. Although fever genesis is not clear in

cats as well as in humans, fever could be

caused by the release of endogenous pyro-

gens, including cytokines, such as

interleukin (IL)-1β, IL-6, IL-8 and tumor

necrosis factor α , as previously reported [2,

19]. Similarly, lipopolysaccharides (LPS),

which can induce these pyrogenous cytokines,

are known components of gram-negative

bacteria, including Bartonella [9, 21].

All 12 cats became bacteremic within

one week PI and bacteremia peaked within

3 to 4 weeks PI at levels (103 to

106 CFU/mL) similar to previous observa-

tions in cats inoculated with either B.

henselae or B. clarridgeiae [1, 22, 25-27,

38, 46, 50, 59]. However, the duration of

bacteremia in cats inoculated with B.

henselae feline type I was significantly lon-

ger than in cats inoculated with B. henselae

Houston I, but in the same range as in cats

infected with either feline B. henselae

type II strains or B. clarridgeiae [35, 59].

None of the six cats infected with B. henselae

Houston I showed relapsing bacteremia, as

previously reported [50]. On the contrary,

most of the cats infected with B. henselae

feline type I did relapse, as did these cats

that were naturally and experimentally in-

fected with B. clarridgeiae or various

strains of B. henselae type II [35, 44, 59].

The IgG antibody response against B.

henselae feline type I in cats inoculated

with that strain was higher than for cats in-

oculated with B. henselae Houston I and the

IgG antibody response towards B. henselae

Houston I antigen was stronger in the B.

henselae feline type I inoculated cats. The

IgG titers were similar for both antigens in

the cats inoculated with B. henselae Hous-

ton I. A specific IgM antibody response was

detected by ELISA in all cats within 1 to

2 weeks PI and declined rapidly, as previ-

ously reported [26, 44, 45]. The B. henselae

feline type I strain appeared to induce a

stronger antibody response in cats infected

to B. henselae feline type I than in cats in-

fected with B. henselae Houston I.

The feline B. henselae type I inoculum

used in this experimentation was obtained

from the first subculture of the original iso-

late. For B. henselae Houston I, it is not

known exactly how many passages this

strain has been submitted to, but according

to an ATCC source, it was passed at least

five times to make the initial culture stock

680 K. Yamamoto et al.
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Figure 6. Pulsed field gel electrophoresis

(PFGE) analysis of SmaI-digested genomic

DNA from Bartonella henselae feline type I

and Houston I: Lane 1, molecular size marker

(48.5 to 970 kbp); Lane 2, B. henselae genomic

DNA (Houston I strain, ATCC 49882); Lane 3,

B. henselae genomic DNA (feline type I strain).



(Jane Tang, personal communication). Se-

rial passages of Bartonella strains on blood

agar, even in limited numbers, could lead to

the attenuation of the strains and induce a

lower antigenic response when compared

to freshly isolated strains from cat blood [1,

26, 27, 44, 45]. Isolates with very limited

passages on blood agar could harbor anti-

genic components that are not present or

present in smaller amounts in strains that

have been submitted to more passages [4,

8]. Multiple passages of B. henselae leads

to a loss of pilus expression by the bacteria,

which is associated with a reduced adhe-

sion to and entry into epithelial cells [8]. It

will be useful to verify such a hypothesis by

experimentally infecting cats with the same

strain directly from blood isolation and af-

ter a few serial passages on blood agar.

Finally, the selection of B. henselae type I

strains used as diagnostic antigens in hu-

mans and in domestic animals needs to be

carefully assessed, as previously reported

for the detection of B. henselae IFA anti-

bodies [56].

Differences of protein profiles among

Bartonella species, especially for proteins

smaller than 54 kDa, has been shown by

SDS-PAGE analysis [38–40, 53]. In this

study, the pairwise comparison of protein

profiles revealed 84 to 89% similarity be-

tween the two B. henselae strains. Simi-

larly, Western blotting results also showed

differences in reactive OMP protein pro-

files, especially at low (< 30 kDa) and high

(> 80 kDa) molecular weights. All reactive

bands appeared within 1 to 5 weeks after in-

fection, as previously reported [23]. As re-

cently reported for B. henselae Houston I,

B. henselae OMPs could play a pathogenic

role by inducing NF-κB activation and ad-

hesion molecule expression [24]. There-

fore, differences in OMPs between these

two strains could explain the differences in

pathogenicity. Genotypic differences be-

tween the two strains were observed by

PFGE (only 84% similarity). However, no

study has been performed as yet to compare

the various B. henselae strains in relation to

the OMPs composition and their pathoge-

nicity.

Little is known about the pathogenic de-

terminants of Bartonella infection in hu-

mans and in cats. Two sero/genotypes of B.

henselae were described and have been

used for epidemiological and microbiologi-

cal investigations [6, 20, 30, 31, 42, 53-55,

59]. Recently, Arvand et al. [4] demon-

strated virulence differences between the B.

henselae Berlin I strain and B. henselae

Houston I, which both belong to the same

genotype, despite the fact that they were in-

distinguishable by PFGE and 16S rRNA

typing. We were also able to document clin-

ical differences within the same genotype I,

also suggesting strain variations. If a feline

vaccine were to be developed in order to

prevent human infection, the choice of the

vaccine strain will be critical, since major

differences were identified even between

the strains belonging to the same sero/ge-

notype.
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