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To differentiate infectious endocarditis (IE) from other Bartonella infections and to identify infecting
Bartonella bacteria at the species level on a serological basis, we used Western immunoblotting to test sera from
51 patients with Bartonella IE (of which 27 had previously benefited from species identification by molecular
techniques), 11 patients with chronic Bartonella quintana bacteremia, and 10 patients with cat scratch disease.
Patients with IE were Western blot positive in 49 of 51 cases, and significant cross-reactivity with three
heterologous Bartonella antigens was found in 45 of 49 cases. Sera from bacteremic patients did not react with
more than one heterologous antigen, and sera from patients with cat scratch disease gave negative results. Sera
reacted only with B. henselae in four cases of IE, including one with a positive PCR result for valve tissue.
Western blot and cross-adsorption performed on serum samples from patients with IE (the identity of the
causative species having been determined by PCR) were demonstrated to identify efficiently the causative
species in all cases. When applied to patients diagnosed on the basis of serological tests only, this technique
allowed identification of the causative species in 20 of 22 cases. The results were in accordance with epidemi-
ological features. Six reactive bands of B. quintana (of molecular sizes from 10 to 83 kDa) demonstrated
significant association with sera from patients with B. quintana endocarditis. Overall, Western blotting and
cross-adsorption made it possible to identify the causative species in 49 of 51 (96%) IE cases.

Bartonella spp. are gram-negative, short-rod bacteria belong-
ing to the �2 subclass of Proteobacteria. Common features of
Bartonella include transmission by an arthropod vector and
persistence within mammalian reservoir hosts (24). Seven spe-
cies have been implicated in human diseases (15, 24), and four
have been associated with infectious endocarditis (IE) in peo-
ple: Bartonella quintana, B. henselae, B. elizabethae, and B.
vinsonii subsp. berkhoffii. B. quintana, the agent of trench fever,
and B. henselae, the main agent of cat scratch disease, are
responsible for most reported cases of Bartonella IE (29), al-
though they have also been implicated in persistent asymptom-
atic bacteremia and in bacillary angiomatosis (24). There are
only single reports of IE caused by B. elizabethae and B. vin-
sonii subsp. berkhoffii (5, 32). The variety of Bartonella spp. that
can cause IE means that diagnostic tools for the identification
of the agents to the species level are required. Culturing of
these fastidious organisms is difficult, however, especially for
those found in samples from patients already being treated
with antimicrobials (18). Molecular identification by PCR am-
plification and sequencing of the 16S rRNA or the citrate
synthase-encoding genes is best performed on surgically ex-
cised infected valves and is less sensitive when performed on
peripheral blood (24, 28). Serological testing, especially the
indirect immunofluorescent antibody (IFA) assay, remains the
most commonly used diagnostic test and is frequently the only
available means for the laboratory diagnosis of Bartonella en-
docarditis. An immunoglobulin G (IgG) titer of �1:800 for
either B. quintana or B. henselae has been shown to have a

positive predictive value (PPV) of 95.5% for detection of Bar-
tonella etiology in patients with IE (9).

Serological testing avoids many of the problems associated
with other methods, such as lengthy incubation periods, col-
lection of samples by invasive means, or the requirement of
specialized equipment (2). Nevertheless, it is hampered con-
siderably by cross-reactivity among Bartonella species and also
between Bartonella spp. and Chlamydia spp. or Coxiella burnetii
(17, 25). As suggested by Maurin et al. (25), who diagnosed
Bartonella infections in 10 patients incorrectly diagnosed as
having chlamydial endocarditis, cross-adsorption and Western
immunoblotting may be useful in making etiological diagnoses
and overcoming confusing cross-reactivity. Cross-adsorption is
performed by incubating serum from a patient with the bacte-
rium known to cross-react in serological tests. Cross-adsorption
results in the disappearance of homologous and heterologous
antibodies when adsorption is performed with the bacterium
causing the disease. When it is performed with the bacterium
that did not cause the disease but that was responsible for the
cross-reaction, antibodies reactive to this bacterium disappear
but other antibodies, reactive with the bacterium causing the
disease, remain detectable. Antigenic cross-reactivity is con-
firmed by Western immunoblotting after adsorption of sera
with cross-reacting antigens.

The aim of our study was to compare the serological re-
sponses to B. quintana and B. henselae in patients with IE and
the other diseases caused by these organisms. Also, we at-
tempted to identify species-specific epitopes which would en-
able us to differentiate B. quintana infections from B. henselae
infections in patients with endocarditis. We established our
identification criteria in a series of 27 patients with IE and an
identified Bartonella sp. and applied these criteria to 24 cases
of IE diagnosed by serological tests.
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MATERIALS AND METHODS

Patients and sera. Based on Duke criteria (19), we selected patients with
definite IE. Of these cases, the infecting agents in 27 were identified to the
species level by culture or PCR (8), including those of 22 patients with B.
quintana infections and 5 patients with B. henselae. Twenty-four patients with
definite IE showed serum Bartonella IgG titers of �1:800 as the only etiologic
evidence, as previously reported (9). As negative controls, we selected 11 home-
less patients presenting with chronic B. quintana bacteremia and 10 patients with
cat scratch disease; the members of both groups were free of IE but had high
Bartonella IgG titers (�1:200). A diagnosis of B. quintana bacteremia was made
on the basis of a positive blood culture and transesophageal echocardiography
results showing no signs of IE or valve lesions (4). The diagnosis of cat scratch
disease was confirmed by the molecular detection by a seminested PCR tech-
nique of B. henselae in lymph node biopsy specimens (34). Clinical manifesta-
tions were obtained according to the results of a questionnaire as previously
reported (10). Ten healthy blood donors were also tested.

Antigen preparation. Bacteria of the four Bartonella species that have been
associated with human endocarditis were used as antigens. The reference strains
B. quintana Oklahoma (ATCC VR-51-694) (3), B. henselae Houston-1 (ATCC
49882) (31), B. vinsonii subsp. berkhoffii 93-CO1 (ATCC 51672) (16), and B.
elizabethae F9251 (ATCC 49927) (5) were grown on blood agar (Biomérieux,
Marcy l’Etoile, France) at 37°C in a 5% carbon dioxide incubator. After a 7-day
incubation, bacteria were harvested and suspended in sterile distilled water prior
to being frozen at �20°C. They were unlikely to possess pili.

Serum cross-adsorption. Tested sera (20 ml) were diluted 1:50 with B. quin-
tana and B. henselae antigen suspensions adjusted to contain 2 mg of protein/ml
in a buffered saline solution (TBS; 20 mM Tris-HCl [pH 7.5], 500 mM NaCl,
0.1% merthiolate). The mixtures were shaken for 24 h at 4°C and centrifuged at
10,000 � g for 10 min. B. quintana and B. henselae serological tests were per-
formed on all supernatants. Microimmunofluorescence (MIF) assays were per-
formed with total Ig (Fluoline H; Biomérieux).

Western blot analysis. B. quintana, B. henselae, B. vinsonii subsp. berkhoffii,
and B. elizabethae cells were suspended in sterile distilled water and adjusted to
2 mg of protein/ml spectrophotometrically. A total of 2 volumes of antigen was
mixed with 1 volume of 3� Laemmli solubilizer as previously reported (25), and
the mixture was boiled for 15 min. Twenty microliters of the preparation was
electrophoresed at 100 V for 2 h through 12% polyacrylamide separating gels
with 4% polyacrylamide stacking gels with a Mini-Protean II cell apparatus
(Bio-Rad, Hercules, Calif.). A mixture of prestained molecular mass standards
(Kaleidoscope; Bio-Rad) was used to estimate the molecular masses of the
separated antigens. Resolved antigens were then transferred to a 0.45-�m-pore-
size nitrocellulose membrane (Bio-Rad) for 1 h at 4°C and 100 V. The blots were
blocked overnight at 4°C with 5% nonfat milk powder in TBS buffer and washed
with distilled water. Sera (diluted 1:200 in TBS–3% nonfat milk powder) were
applied to the blots for 1 h at room temperature. After three 10-min washes in
TBS–3% nonfat milk powder, the blots were incubated for 1 h with peroxidase-
conjugated goat anti-human IgG and IgM (Southern Biotechnology Associates
Inc., Birmingham, Ala.) diluted 1:750 in TBS–3% nonfat milk powder. The blots
were washed three times in TBS, and bound conjugate was revealed by incuba-
tion with a solution consisting of 0.015% 4-chloro-1-naphthol (Sigma, St. Louis,

Mo.) and 0.015% hydrogen peroxide in TBS–16.7% methanol for 15 min. West-
ern blot analysis was performed both before and after cross-adsorption. The blots
were assessed blindly and were always assessed by the same individual to mini-
mize any variation in the interpretation. For 13 randomly selected serum samples
(8 serum samples from patients with IE, 3 from bacteremic patients, and 2 from
cat scratch disease patients), Western immunoblotting was performed twice on
separate occasions to assess reproducibility.

Statistical analysis. Using an Epi Info program (6), qualitative data were
compared by the Mantel-Haenszel method or the Fisher exact test. To validate
the results from the serological tests, epidemiological features of patients with B.
quintana endocarditis were compared with those of patients with B. henselae
endocarditis. Comparisons were performed separately for the 27 cases diagnosed
by culture and/or PCR analyses of valve biopsy specimens and for the cases
diagnosed by serological tests only. A difference was considered significant when
the P value was �0.05. The reaction profiles obtained by Western blotting with
sera from patients with B. quintana and B. henselae endocarditis were compared
with those obtained with sera from patients with persistent B. quintana bactere-
mia and cat scratch disease to determine specific profiles for IE. Also, the profiles
obtained with sera from B. quintanta endocarditis patients were compared with
those obtained with sera from B. henselae endocarditis patients to identify spe-
cies-specific patterns in patients with IE. For the 51 patients with IE, PPVs for
species-specific bands were calculated as the proportion of patients infected with
a Bartonella species (true positive) whose sera reacted with a specified band (true
and false positive) in Western blots.

RESULTS

Western blot analysis results for two or more proteins.
Unique profiles were found when the results of reactions of the
sera of the 51 Bartonella endocarditis patients with B. quintana,
B. henselae, B. vinsonii subsp. berkhoffii, and B. elizabethae
antigens were examined, apart from those of two serum sam-
ples that were unreactive. Four reacted only with B. henselae
antigens and therefore enabled the diagnosis of B. henselae
endocarditis to be confirmed. One of these was from a patient
diagnosed by DNA amplification of B. henselae from a valve
sample. The other three sera came from patients infected with
an unknown Bartonella sp., and in each case the results indi-
cated four reactive bands with B. henselae. The other 45 sera
reacted with a wide range of antigens of the four Bartonella
spp. used in our study, confirming a high level of antigenic
cross-reactivity between the organisms and preventing us from
using the results to determine the species causing the infection
(Fig. 1A and B). With each antigen tested, the sera recognized
1 to 10 major reactive bands, generally between 5 kDa and 83

FIG. 1. Western immunoblotting of sera from patients with Bartonella endocarditis. Sera were analyzed using B. quintana (lanes 1), B. henselae
(lanes 2), B. vinsonii subsp. berkhoffii (lanes 3), and B. elizabethae (lanes 4) antigens. (A and B) Untreated sera from a patient with B. quintana
endocarditis (A) and a patient with B. henselae endocarditis (B). (C and D) B. quintana-adsorbed sera from a patient with B. quintana endocarditis
(C) and a patient with B. henselae endocarditis (D). (E and F) B. henselae-adsorbed sera from a patient with B. quintana endocarditis (E) and a
patient with B. henselae endocarditis (F). Molecular masses (in kilodaltons) are given to the left of the panels.
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kDa. Reaction patterns were also very variable in the 11 pa-
tients with chronic B. quintana bacteremia; while 1 serum sam-
ple was unreactive, the remaining 10 samples showed 1 to 6
reactive bands with the homologous antigen but no more than
one band with the heterologous antigens (Fig. 2A). Immuno-
blotting of the 10 sera from cat scratch disease patients showed
no reactivity in this study. Negative Western blot results were
also obtained with the control sera from the 10 blood donors.
The Western blot results were found to be reproducible, with
the same profiles being found in the 13 sera that were analyzed
twice on separate occasions.

Cross-adsorption studies. We adsorbed the 45 serum sam-
ples of endocarditis patients with cross-reactive antibodies; the
results for all of these samples were negative after adsorption
when tested by MIF with any antigen. Cross-adsorption was
evaluated first in those patients whose infective agents had
been identified to the species level. Of the 22 samples from
patients with B. quintana IE, all exhibited reactions against B.
quintana after B. henselae adsorption but no B. henselae reac-
tion after B. quintana adsorption. The samples from the four
patients with B. henselae exhibited reactions to B. henselae
after B. quintana adsorption, and none exhibited reactions
after B. henselae adsorption. After these results showed that
this test could be considered efficient, cross-adsorption was
applied to 24 IE cases without previous diagnosis of the infec-
tive species and enabled us to determine that 15 patients were
infected with B. quintana and 4 patients were infected with B.
henselae. Finally, 5 of the 51 sera from patients with Bartonella
endocarditis did not react with either B. quintana or B. henselae
after being adsorbed against either organism, 2 returning neg-
ative results before adsorption and 3 reacting only with B.
henselae (Fig. 3). Furthermore, the epidemiological features of
the patients we identified by cross-adsorption and Western
immunoblotting with B. quintana and B. henselae endocarditis
were similar to those found in other studies. Homelessness,
contact with body lice, and chronic alcoholism were signifi-
cantly more frequent for patients with B. quintana infections
than for B. henselae-infected patients. Contact with cats, cat
fleas, and previous valve disease was significantly more fre-
quent for patients with B. henselae endocarditis (8) (Table 1).
In total, by testing one serum sample from each patient we
diagnosed 37 IE cases due to B. quintana and 12 due to B.
henselae (Table 1).

FIG. 2. Western immunoblotting of serum from a patient with
chronic B. quintana bacteremia. The serum was analyzed using B.
quintana (lanes 1), B. henselae (lanes 2), B. vinsonii subsp. berkhoffii
(lanes 3), and B. elizabethae (lanes 4) antigens. Experiments were
performed with untreated serum (A), serum adsorbed with B. quintana
(B), and serum adsorbed with B. henselae (C). Molecular masses (in
kilodaltons) are given to the left of the panels.

FIG. 3. Results for the 51 tested sera of patients with IE.
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For 8 of the 11 sera from patients with B. quintana bactere-
mia, Western immunoblotting was negative when performed
with the sera adsorbed with B. quintana (Fig. 2B) but 1 to 6
bands were seen with B. quintana antigen after the sera were
adsorbed with B. henselae (Fig. 2C). Three sera from bactere-
mic patients were unreactive after adsorption with either B.
quintana or B. henselae. Sera from cat scratch disease patients
were unreactive in Western immunoblots.

Differentiation of IE from other B. quintana and B. henselae
infections. A pattern of Western blot reactivity (consisting of at
least one reactive band with B. quintana and at least two
reactive bands with any of the other Bartonella spp.) was ob-
served with 36 of 37 (97%) of the sera from patients with B.
quintana IE but with only 1 of 11 (9%) of the sera from
bacteremic patients (P � 0.000005). While none of the sera
from patients with B. henselae IE were unreactive in Western

blotting, all the sera from cat scratch disease patients were
unreactive (P � 0.000005). In Western blotting tests with B.
quintana, six protein bands (Bq83, Bq65, Bq45, Bq30, Bq20,
and Bq10) were significantly associated with sera from patients
with IE (Table 2). Similarly, the Bh65, Bh45, Bh35, and Bh23
antigens of B. henselae were significantly associated with sera
from patients with B. henselae IE (Table 3). Two heterologous
antigens, a 33-kDa antigen of B. vinsonii subsp. berkhoffii and
a 30-kDa antigen of B. elizabethae, were reactive with 15 of 37
(41%) and 18 of 37 (49%) of the sera from B. quintana endo-
carditis patients (Fig. 1A, lanes 3 and 4), respectively. They
were not, however, detected with sera from bacteremic pa-
tients (P � 0.01).

Differentiation of Bartonella species causing IE. Of the 37
sera from patients with B. quintana IE, 24 (65%) gave seven or
more bands with B. quintana. Such reactivity was not found

TABLE 1. Comparison of the epidemiological characteristics of patients with B. quintana endocarditis and of those with
B. henselae endocarditisa

Epidemiological
characteristic(s)

Value for group with species-level diagnosis on the basis of:

Culture and/or PCR results Serological testing

B. quintana
endocarditis

(n � 22)

B. henselae
endocarditis

(n � 5)
P

B. quintana
endocarditis

(n � 15)

B. henselae
endocarditis

(n � 7)
P

Mean age (yr) 46 56 NSb 57 53 NS
Male 18 3 NS 13 5 NS
Homelessness and/or

chronic alcoholism and/or
contact with body lice

17 0 �0.005 9/14c 0/6c �0.05

Contact with cats and/or cat
fleas and previous
valvular disease

3 5 �0.001 3/14c 4/5c �0.05

a Comparisons among the 27 patients with culture- and/or PCR-proven endocarditis were performed separately from those performed among the 22 patients with
serology-based etiologic diagnoses. Except where otherwise indicated, all non-P values are numbers of patients.

b NS, not significant.
c Value is the number of patients with the characteristic(s)/total number of patients tested.

TABLE 2. Frequency of recognition of proteins from B. quintana Fuller

Protein banda

% Sera with Western blot reactivity to protein bandb P value (Fisher’s exact test)

B. quintana
endocarditis

(n � 37)

B. quintana
bacteremia
(n � 11)

B. henselae
endocarditis

(n � 12)

B. quintana endocarditis vs
B. quintana bacteremia

B. quintana endocarditis
vs B. henselae
endocarditis

Bq130 3 NSc NS
Bq83 78 �0.000005 �0.000005
Bq65 100 27 8 �0.0000005 �0.005
Bq50 9 NS NS
Bq45 95 27 67 �0.00005 �0.05
Bq40 22 18 8 NS NS
Bq34 86 64 25 NS �0.0005
Bq33 19 NS NS
Bq30 49 9 8 �0.05 �0.05
Bq28 16 18 NS NS
Bq25 57 18 42 NS NS
Bq23 8 NS NS
Bq20 78 36 25 �0.05 �0.005
Bq15 14 NS NS
Bq10 65 17 �0.001 �0.05
Bq5 11 18 NS NS

a Bands with boldface designations demonstrated significant association with B. quintana endocarditis compared to that with B. quintana bacteremia and B. henselae
endocarditis (P � 0.05). The number in each protein band designation represents the apparent molecular mass in kilodaltons.

b Proportion of sera recognizing each band. Results equal to zeros are omitted to improve clarity.
c NS, not significant.
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with any of the sera from patients with B. henselae endocarditis
or chronic B. quintana bacteremia (P � 0.001, PPV � 1.0).
Western blots with sera from 16 of 37 (43%) patients with B.
quintana endocarditis, including 10 of the 24 sera producing
seven or more bands with B. quintana, showed a significantly
higher number of bands (i.e., a difference of at least two bands)
with B. quintana than with B. henselae. This result was not
found with any sera from patients with B. henselae endocarditis
(P � 0.005, PPV � 1.0). Conversely, immunoblots with sera
from 5 of 12 (42%) of the patients with B. henselae endocar-
ditis had a significantly higher number of bands with B.
henselae than with B. quintana. This was not found with sera
from any of the other patients (P � 0.0005, PPV � 1.0).
Proteins Bq83, Bq65, Bq45, Bq30, Bq20, and Bq10 of B. quin-
tana were more frequently recognized by sera from patients
with B. quintana endocarditis than by sera from B. henselae
endocarditis patients (Table 2). Only 1 of 12 (P � 0.05) sera
from B. henselae endocarditis patients reacted with the 33-kDa
antigen of B. vinsonii subsp. berkhoffii, while none (P � 0.005)
of the sera reacted with the 30-kDa antigen of B. elizabethae. In
Western blotting tests with B. henselae as antigen, there were
no bands that were significantly associated with sera from B.
henselae endocarditis patients but not with sera from B. quin-
tana endocarditis patients (Table 3).

DISCUSSION

Over the last decade, the spectrum of clinical conditions
caused by the human pathogens in the genus Bartonella has
expanded dramatically (14, 24). In particular, since the first
definite case of Bartonella IE was described (33), a further 71
cases have now been reported in the international literature.
These have mostly been cases due to B. quintana or B. henselae,
but single cases of IE due to B. elizabethae and B. vinsonii
subsp. berkhoffii have also been previously described (8). It has
been shown that Bartonella spp. may cause 3% of all cases of
IE (29). Endocarditis is a life-threatening disease, and it is

important that rapid etiological diagnoses be made as early as
possible. Isolation of Bartonella is rarely attempted for diag-
nosis of infections, as specialized culture methods and facilities
are required. Furthermore, as specimens are often collected
after antimicrobial treatment has been implemented, the suc-
cess rate for isolation of Bartonella spp. remains low (17, 18).
Molecular methods, although they are rapid and specific, are
presently restricted to large laboratories and require specific
equipment and expertise. Another limitation of PCR is the
need to collect samples, usually cardiac valve tissue, by invasive
means (2). Serological testing, by MIF in particular but also by
enzyme-linked immunosorbent assays (12), has become the
most practical means of confirming present or prior infection
with Bartonella spp., although the technique has limitations.
High IgG titers (�1:800) are associated with chronic Bartonella
infections but do not differentiate between IE and persistent
bacteremia or even cat scratch disease with visceral involve-
ment (4, 29, 30). Serological cross-reactivity between Bar-
tonella spp. when using MIF precludes identification of the
species causing the infection. On the other hand, Western
immunoblotting may help to overcome some of these limita-
tions in situations where sera are the only available samples.
Our study shows that the technique is satisfactorily reproduc-
ible and may be used to differentiate endocarditis from other
Bartonella infections such as chronic bacteremia and cat
scratch disease. Also, infections with the two species princi-
pally responsible for endocarditis may be differentiated, based
on the number and type of reactive bands of B. quintana and B.
henselae and also on the reaction patterns obtained after cross-
adsorption of sera.

Means for differentiating two B. quintana infections,
chronic bacteremia and endocarditis, are of critical impor-
tance, as the latter should be treated immediately and for at
least 6 weeks with a combination of antimicrobials (7, 29).
The optimal management of chronic bacteremia is not yet
clear but might require substantially shorter treatment (4,
33). As reported by Spach et al. (33), persistent bacteremia

TABLE 3. Frequency of recognition of proteins from B. henselae Houston-1

Protein banda

% Sera with Western blot reactivity to protein bandb P value (Fisher’s exact test)

B. henselae
endocarditis

(n � 12)

Cat scratch
disease

(n � 10)

B. quintana
endocarditis

(n � 37)

B. henselae
endocarditis vs cat

scratch disease

B. henselae endocarditis
vs B. quintana
endocarditis

Bh200 8 NSc NS
Bh160 8 NS NS
Bh140 8 3 NS NS
Bh65 100 100 �0.000005 NS
Bh60 25 NS NS
Bh45 75 84 �0.0005 NS
Bh40 25 19 NS NS
Bh34 58 59 �0.005 NS
Bh33 16 NS NS
Bh30 17 24 NS NS
Bh28 8 11 NS NS
Bh25 17 11 NS NS
Bh23 42 30 �0.05 NS
Bh20 33 65 NS NS
Bh10 33 65 NS NS

a Bands with boldface designations demonstrated significant association with B. henselae endocarditis compared to that with cat scratch disease (P � 0.05).
b Proportion of sera recognizing each band. Results equal to zero were omitted to improve clarity.
c NS, not significant.
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can result in subacute endocarditis in about 20% of cases.
The only method for distinguishing between these two dis-
eases to date has been echocardiography, but this method is
limited by the fact that B. quintana endocarditis frequently
occurs in the absence of preexisting valvulopathy and valve
lesions may be difficult to detect in early stages of the dis-
ease (8, 29). IFA results showed that more-extensive cross-
reactivity occurs with sera from patients with B. quintana IE
than with sera from bacteremic patients (4, 29). Serological
tools, then, may be useful for following up patients with
chronic bacteremia and in the detection of IE. Indeed, our
Western immunoblotting results confirm that the level of
cross-reactivity is significantly higher in sera from patients
with IE than in sera from patients with bacteremia. For the
diagnosis of B. quintana IE, the demonstration of one B.
quintana protein band of either 83 or 10 kDa has a sensi-
tivity and specificity of 100% (Table 4). Similarly, immuno-
blot studies with sera to B. bacilliformis have demonstrated
different reactivity patterns with sera collected from the
septicemic and tissue forms of the disease (23). In patients
with IE, the presence of close interactions between Bar-
tonella and human tissues may explain the intense immuno-
genic stimulation. With B. henselae infections, Western im-
munoblotting enabled the differentiation of endocarditis
and cat scratch disease patients, with a lack of reactivity
characterizing the latter. Previous studies have identified
antigens recognized by sera from patients with cat scratch
disease (1, 22, 27), and our failure to confirm these findings
may be a result of the concentration of antigens we used in
our blots or the relatively high (1:200) dilution of the sera
we used. However, we were able to detect reactive antigens
in the Western blot analyses we performed on sera from
patients with other Bartonella infections.

It was not possible to determine by MIF the Bartonella

species causing endocarditis, because of extensive cross-reac-
tivity and the removal of all detectable antibodies by cross-
adsorption (17). Western immunoblotting confirmed the ex-
tent of serological cross-reactivity among the four Bartonella
species studied and the high variability of the immune re-
sponses that individuals may exhibit (7, 27). Most of the
cross-reactions were with antigens of molecular sizes rang-
ing from 5 to 83 kDa, a range similar to that reported by
Maurin et al. for a patient with bacillary angiomatosis (26)
and by Liang and Raoult in experimental studies using mu-
rine polyclonal antisera (20). The most prominent cross-
reactivity occurred with a 60-kDa antigen, which may be a
heat shock protein. These proteins are broadly conserved
across many bacterial genera and species and were identi-
fied as antigens cross-reacting between Bartonella and Chla-
mydia species (25). As proposed for Lyme disease (13),
interpretation of Western blots can be facilitated using stan-
dardized criteria. Western blots showing seven or more
bands with B. quintana or a significantly higher number of
bands (at least two bands more) with B. quintana than with
B. henselae have a PPV of 100% and a sensitivity of 81% for
B. quintana endocarditis (Table 4). Conversely, Western
blots with significantly more bands with B. henselae than
with B. quintana have a PPV of 100% and a sensitivity of
41.7% for B. henselae endocarditis (Table 5). Furthermore,
the presence of protein bands Bq83, Bq65, Bq45, Bq30,
Bq20, and Bq10 was recognized as possibly being diagnostic
for B. quintana endocarditis (Table 2) and the presence of
only Bq83 or Bq10 had a PPV of 94.9% for the disease
(Table 4). Combining the above three criteria, we were able
to determine retrospectively the Bartonella species causing
endocarditis in 42 of 51 (82%) patients. Interpretation was
easier, however, when Western immunoblotting was per-
formed with adsorbed sera. In this way, differentiation be-

TABLE 4. Evaluation of Western blot interpretation criteria for B. quintana endocarditisa

Criterion(s) (bands required)
B. quintana infectionb Bartonella sp. endocarditisc

Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%) PPV (%)

�1 of any B. quintana band and �2 of any B. henselae bands 97.0 90.9 97.0 33.3 81.8

�7 of any B. quintana bands or no. of B. quintana bands �
no. of B. henselae bands � 2

81.1 100.0 81.1 100.0 100.0

�1 of Bq83 and/or Bq10 100.0 100.0 100.0 83.3 94.9
�3 of Bq83, Bq45, Bq35, Bq30, and/or Bq20 97.3 90.9 97.3 83.3 94.7

a Recommended criteria are in boldface.
b Sensitivity and specificity of the various criteria were determined for all tested sera from patients with B. quintana infection (n � 48).
c Sensitivity, specificity, and PPV of the various criteria were determined for all tested sera from patients with Bartonella endocarditis (n � 49).

TABLE 5. Evaluation of Western blot interpretation criteria for B. henselae endocarditisa

Criterion(s) (bands required)
B. henselae infectionb Bartonella sp. endocarditisc

Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%) PPV (%)

No. of B. henselae bands � no. of B. quintana band(s) � 2 41.7 100.0 41.7 100.0 100.0
�2 of Bh65, Bh45, and/or Bh35 100.0 100.0 100.0 10.8 26.7

a Recommended criteria are in boldface.
b Sensitivity and specificity of the various criteria were determined for all sera tested from patients with B. henselae infection (n � 22).
c Sensitivity, specificity, and PPV of the various criteria were determined for all sera tested from patients with Bartonella endocarditis (n � 49).
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tween B. quintana and B. henselae endocarditis was possible
in all five patients with cross-reactive antibodies. The West-
ern blots for these 45 patients were unequivocal and easy to
interpret (Fig. 1C to F) and were consistent with etiological
data based on culture and PCR amplification. They were
also consistent with the existing data on the epidemiology of
the infections, with B. quintana endocarditis occurring more
frequently (76% of cases) than B. henselae endocarditis (Ta-
ble 1) (8). When combined, Western immunoblotting and
cross-adsorption provide a highly sensitive (96%) diagnostic
test. Interestingly, sera adsorbed against B. quintana and B.
henselae gave completely negative results in IFAs while they
still reacted with protein bands of B. henselae and B. quin-
tana, respectively, in Western immunoblots. This suggests
that immunogenic proteins separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis were masked in
vitro while they were expressed in vivo. As adsorption of the
sera completely removed cross-reacting antibodies for other
Bartonella spp., these proteins might contain species-specific
epitopes. In particular, a 34-kDa protein band was recog-
nized by about 60% of sera from B. quintana-infected pa-
tients, even after cross-adsorption. Several monoclonal an-
tibodies have recently been produced against one of these B.
quintana-specific epitopes located on a 34-kDa protein (21).

In conclusion, our study has shown that serum and cross-
adsorption and Western blot analysis are powerful tools not
only for establishing an etiological diagnosis of Bartonella en-
docarditis to the species level in the absence of tissue samples
but also for identifying genus-, species-, and even disease-
specific immunodominant antigens recognized by the human
immune system in Bartonella infection. These antigens are
good candidates for species-specific diagnostic tests, and we
are attempting to produce them as recombinant proteins to be
used in simple enzyme-linked immunosorbent assays for the
diagnosis of IE. Also, the generation and use of multiple poly-
clonal and monoclonal antibodies against these antigens would
aid in our understanding the pathogenesis of Bartonella infec-
tions (11).
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