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An outer surface lipoprotein of 22 kDa was identified in the avian pathogen Borrelia anserina Ni-NL by using
antibody preparations reactive with bacterial surface-exposed proteins. Amino acid sequence analysis of the
22-kDa protein demonstrated 90% identity with VmpA of B. turicatae, suggesting that the protein belongs to the
family of 20-kDa outer surface proteins of the genus Borrelia. All of the 60 chicks intramuscularly treated with
antibodies specifically reacting with the 22-kDa protein and infected with strain Ni-NL were completely pro-
tected from infection, since no spirochetemia was detected, and from death. Control chicks were treated with
immune sera raised against apathogenic strain B. anserina Es, which expresses a prominent 20-kDa polypep-
tide that is also a member of the Vmp family but does not cross-react immunologically with the 22-kDa protein
of the Ni-NL strain. These animals, infected with B. anserina Ni-NL, showed a high degree of spirochetemia 10
days after infection, and all died between 14 and 21 days after infection. The results showed that the 22-kDa
surface protein of B. anserina Ni-NL is a determinant of the pathogenic potential of the strain and also con-
firmed that only strain-specific antibodies are protective against B. anserina infection.

Bacteria of the genus Borrelia cause several human and
animal diseases (15). Many studies (3, 20, 23–25) on the patho-
genic mechanisms of these spirochetes have been carried out
since the early 1970s when Kelly (16) achieved the in vitro
cultivation of Borrelia hermsii, and especially since 1982, when
the etiologic agent of Lyme disease, B. burgdorferi, was iden-
tified (5). B. anserina, which is responsible for avian borreliosis
(10), is a worldwide pathogen that is of economic importance
for domestic poultry breeding in defined geographic areas (10).
Several studies have demonstrated both the presence of dif-
ferent antigenic types (18, 26, 28, 29) and the serotype speci-
ficity of the protective immune response (10). Attenuation of
the avian pathogenicity of B. anserina has also been obtained
by serial culture passage in vitro (18) without observation of
morphological differences between virulent and attenuated
spirochetes as detected by electron microscopy (14). The pro-
tein profile of the low- and high-passage cultures of the strain
adapted to grow in vitro showed only one major difference: the
presence of an increasingly abundant and highly represented
20-kDa polypeptide in a high-passage strain (18). However, as
far as we know, specific pathogenicity determinants in B. an-
serina have not yet been identified. On the other hand, the
importance of the outer surface proteins (OSP) of B. burgdor-
feri in the determination of Lyme disease is well known. There-
fore, we analyzed the surface composition of B. anserina Ni-
NL, a strain pathogenic for chickens, in comparison with
B. anserina Es, a strain that has lost its avian pathogenicity, and
focused on the in vivo protective activity of antibodies reactive
with the 22-kDa surface-exposed protein of pathogenic strain
Ni-NL.

Bacterial strains and growth conditions. B. anserina Ni-NL
(14), kindly provided by L. Spanjaard, Amsterdam, The Neth-
erlands, was maintained by intravenous passage of infected
blood in pathogen-free chicks (18), since the strain does not
grow in vitro. Briefly, 2-day-old chicks provided with antibiotic-
free food and water ad libitum were intramuscularly injected in
the leg with 0.1 ml of infected blood containing approximately
2 3 105 to 3 3 105 bacteria. Spirochetemia was evaluated daily
from 3 to 20 days after infection. Spirochetemia reaches a
plateau (mean value, 2.8 3 108/ml) 10 days after infection and
lasts until the death of the animals within 15 to 21 days of
infection. Examination was done by dark-field microscopy of 1
drop of blood collected from the main wing vein as previously
reported (9, 11). Ten days after infection, 40 to 50% of the
animals died, whereas all of the remaining chicks died within
21 days postinfection.

Since B. anserina Es, obtained from Russell C. Johnson,
Minneapolis, Minn., has lost the ability to infect chicks in vivo
(18), it was maintained in BSK II medium (2) by serial weekly
passage. The other Borrelia strains used in this work, B. turi-
catae, B. parkeri, B. coriaceae, B. hermsii, B. afzelii, B. burgdor-
feri sensu stricto, and B. garinii, were similarly grown in BSK II
medium as previously described (22).

MIAFs. Mouse immune ascitic fluids (MIAFs) to B. anserina
Es and Ni-NL were obtained by the method previously re-
ported (9), i.e., by intraperitoneal immunization of BALB/c
mice with whole sonicated bacterial cells. Briefly, 0.8-ml vol-
umes of immunogen (0.05 mg of protein) emulsified 1:9 (vol/
vol) with complete Freund’s adjuvant were injected intraperi-
toneally into 8 to 12-week-old mice on days 0, 7, 14, and 21. On
day 6, 0.5 ml of pristane (2,6,10,14-tetramethylpentadecane;
Sigma, St. Louis, Mo.) was injected intraperitoneally. Ascitic
fluid was collected on day 30 by peritoneal paracentesis.

Ab-SEE. The MIAFs were used to select antibodies reactive
with surface-exposed epitopes (Ab-SEE) on living spirochetes
as previously reported (21). B. anserina Es in the logarithmic
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growth phase with no more than 0.5% damaged organisms
were used. The preparations of Ab-SEE used were obtained by
incubating 4 ml of a B. anserina Es culture (108 cells/ml) with
1 ml (diluted 1:5) of B. anserina Es MIAF for 45 min at 37°C.
The bacterial suspension was then pelleted and washed twice
with 0.15 M phosphate-buffered saline (PBS). Antibodies bound
to the spirochete surface were then recovered by resuspending
the bacteria with 0.1 ml of 0.2 M glycine-HCl (pH 2.2) and then
incubating them for 10 min at 25°C. The pH of the suspen-
sion was then brought to neutrality by adding 120 ml of 3.75
M Tris-HCl (pH 8.8) and the suspension was centrifuged at
13,000 3 g for 15 min at 25°C. Ab-SEE of B. anserina Es
were then purified by affinity chromatography by using a
HiTrap protein A column (Pharmacia-LKB, Uppsala, Sweden)
and then concentrated with Centricon 30 tubes (Amicon, Bev-
erly, Mass.). Individual preparations were pooled before any
further use, and protein concentrations were determined with
the Bradford reagent (Bio-Rad, Richmond, Calif.). The selec-
tion of Ab-SEE for strain Ni-NL was done by using infected
blood as follows. When chick spirochetemia, evaluated by tak-
ing 1 drop of blood from the main wing vein, reached at least
200 microrganisms/field (3400) and spirochete viability was
over 99%, the animals were sacrificed by cardiac puncture and
blood was collected in vials containing heparin. Afterwards,
the homologous MIAF was diluted 1:5 (vol/vol) in heparinized
blood, incubated for 1 h at 37°C, and then centrifuged at 500 3
g for 10 min to separate erythrocytes from antibody-coated
bacteria. Spirochetes were then washed with PBS, and anti-
bodies bound to surface antigens were removed and purified as
described above.

Gel electrophoresis, [3H]palmitate labeling, and immuno-
blotting. Single-dimension sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed by us-
ing the buffers of Laemmli (17) as previously described (8).
The presence of fatty acid moieties linked to the polypeptides
of borrelias was determined by incubating the spirochetes in
the presence of [3H]palmitate (22); the radiolabeled proteo-
lipids were then detected by autoradiography as previously de-
scribed (22). Immunoblot analysis of bacterial proteins separat-
ed by SDS-PAGE and transferred to nitrocellulose membrane
(Schleicher & Schuell, Dassel, Germany) was performed by the
method of Towbin et al. (27) as described elsewhere (21).

Amino acid sequencing. The 22- and 24-kDa proteins of strains
Ni-NL and Es, respectively, were separated by SDS-PAGE
and then transferred to polyvinylidene difluoride membranes
(Schleicher & Schuell) by using 10 mM CAPS (3-[cyclohexyl-
amino]-1-propanesulfonic acid; Sigma) buffer (pH 11) contain-
ing 10% methanol. Blotted proteins were stained for 1 min
with 0.025% Coomassie R-250 (Sigma) in 40% methanol–60%
H2O and immediately destained in 50% methanol in H2O. The
22- and 24-kDa bands were then excised and in situ digested
with trypsin as reported by Blanco and coworkers (4). The re-
sulting peptides were then separated on a capillary high-pres-
sure liquid chromatography system (173A; Perkin-Elmer ABI).
Chemical sequencing of peptides was done with a Perkin-
Elmer ABI 476A automated sequencer by Suzanne Perry-Rie-
hms at the NAPS Protein Service Laboratory, University of
British Columbia, Vancouver, British Columbia, Canada. Each
sequence obtained was analyzed by BLASTP 1.4.11 (1) soft-
ware to perform homology searches with known protein se-
quences.

PCR analysis. The flagellin gene sequence of B. anserina
(flaB gene, GenBank accession no. X75201) was compared
with those of B. turicatae (D82862), B. parkeri (D82863), B. co-
riaceae (D82864), B. hermsii (M86838 and M33839), B. afzelii
(X75202), B. burgdorferi sensu stricto (X15661 and X14841),

and B. garinii (L29236) to identify a species-specific region to
be used as a target of the amplification process. All of the
sequences studied were obtained from GenBank, and the ac-
cession numbers are in parentheses. The target sequence spe-
cific for B. anserina was identified between nucleotides 581 and
1053. The primers used to perform the PCR assay were Bafla1
(59TAA TAC ACC AGC ATC ACT AT39 from nucleotide 581
to nucleotide 600) and Bafla3 (59TTG CGG ATT GTG TAA
AAA TA39, complementary to the sequence from nucleotide
1053 to nucleotide 1034). The amplification product was a
sequence of 473 bp. As controls for the species specificity of
the PCR experiment, target DNAs extracted as previously de-
scribed (12) from B. turicatae, B. parkeri M3001, B. coriaceae
Co53, B. hermsii HS1 B. afzelii isolate VS461, B. burgdorferi
IRS sensu stricto, and B. garinii P/Bi were used. The amplifi-
cation was performed by using a Perkin-Elmer DNA Thermal
Cycler apparatus for 30 cycles, each one consisting of 45 s at
94°C, 45 s at 62°C, and 45 s at 72°C. The reaction mixture and
the detection of the amplification products were as previously
reported (12).

Infectivity neutralization assay. To evaluate the ability of
the antibodies to neutralize the infectivity of B. anserina Ni-NL
in vitro, 0.1 ml of MIAF to whole bacterial cells and prepara-
tions of Ab-SEE were incubated with heparinized infected
blood (approximately 2 3 105 to 3 3 105 bacteria) for 60 min
at 37°C and then injected into animals as described above.
Each experiment was repeated six times and performed with 10
animals for each antibody preparation. MIAF and prepara-
tions of Ab-SEE raised against B. anserina Es were also tested
in a similar way. In addition, MIAF raised against whole ele-
mentary bodies of Chlamydia trachomatis (9) was used as a
control in one experiment. The outcome of the infection was
then evaluated over a period of 3 weeks, and the number of
surviving chicks was recorded.

Animal protection test. The protection of antibodies reactive
either with whole B. anserina Ni-NL cells (MIAF) or with B. an-
serina Ni-NL surface antigens (Ab-SEE) was evaluated in chicks
as follows. Chicks were given 0.1-ml doses of different antibody
preparations previously adjusted to contain the same titer of
immunoglobulins (8). The animals were then challenged within
1 h by intramuscular injection into the opposite leg of an in-
oculum of approximately 2 3 105 to 3 3 105 borrelias in 0.1 ml
of infected blood. Each experiment was performed with 10 ani-
mals for each antibody preparation and repeated six times over
a period of 180 days. The protective activity of MIAF and
preparations of Ab-SEE raised against B. anserina Es was also
tested in a similar way by challenging animals with B. anserina
Ni-NL. In addition, two groups of chicks treated with MIAF to
strains Ni-NL and Es were challenged with blood freshly ob-
tained from uninfected animals to ensure that no mortality was
due to this procedure. Spirochetemia was evaluated by dark-
field microscopic examination of six different 10-ml samples at
a magnification of 3400. Examination of the samples was per-
formed blindly to prevent identification of the samples. To en-
sure the absence of living spirochetes, a new inoculum of each
blood specimen scored as negative for spirochetemia was done
by injecting 0.1 ml intramuscularly into a new animal. After 20
additional days, each chick was bled and tested as described
above.

Preliminary PCR typing experiments confirmed that the
two strains we were working with were indeed two B. anserina
strains, despite their substantial difference in pathogenic po-
tential for chicks. In fact, these strains were the only two of the
several Borrelia strains used to be amplified by primers spe-
cific for B. anserina (Fig. 1). As expected, SDS-PAGE analysis
showed similar protein profiles of the two B. anserina strains
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(Fig. 2) with a major difference in the 20 to 24-kDa region and
with other, minor differences, notably, in the 46- to 66-kDa
region. The identification of the OSP of B. anserina Ni-NL and
Es performed by using preparations of Ab-SEE indicated the
presence of two major OSP of 22 and 24 kDa in Ni-NL and Es,

respectively, which were the proteins exclusively recognized by
a homologous antibody preparation (Fig. 3). The fluorographs
obtained after intrinsic [3H]palmitate labeling of the borrelias
showed that the only positive bands were of 22 and 24 kDa for
strains Ni-NL and Es (data not shown), respectively. This ob-
servation confirmed the previously reported presence of a ma-
jor lipoprotein of 24 kDa in B. anserina Es (22).

A preliminary amino acid sequence analysis of the major
OSP of B. anserina strains was undertaken in an attempt to
identify the NH2-terminal sequences of both the 22- and 24-
kDa proteins. As expected, the sequencing failed, confirming
the previous lipidation results suggesting that the polypeptides
were N terminally blocked. Consequently, using the tryptic
digestion and peptide mapping technique, several different
peptides were generated and subjected to amino acid sequenc-
ing. In particular, a BLAST-P analysis (1) of 11-base peptide E
(IGANGLEADAG) obtained by digestion of the 22-kDa pro-
tein of strain Ni-NL revealed the highest homology (identity
90%) with the VmpA protein of B. turicatae (accession no.
U85413) and the second highest homology score (identity
72%) with OspC of B. afzelii (accession no. AB000348). On the
other hand, the analysis of two different and nonoverlapping
peptides of the 24-kDa protein of B. anserina Es showed that
peptide 6 (15 amino acid residues: IQNSDTLATEANHHG)
has 73 and 60% identity with the OspC sequences of B. japo-
nica (accession no. AB000358) and B. burgdorferi (accession
no. L42890), respectively. The second peptide derived from the
24-kDa protein (peptide 3 [22 bases: VLMGSVSTLLEEAINE
LTTPAP]) demonstrated 45% identity with the VmpA se-

FIG. 1. Agarose gel electrophoresis analysis of the amplification products
obtained by B. anserina flaB gene PCR assay. Lanes: 2 and 3, B. anserina Es and
Ni-NL, respectively; 4 to 10, B. afzelii VS461, B. garinii PBi, B. burgdorferi IRS,
B. hermsii HS-1, B. parkeri M3001, B. turicatae, and B. coriaceae Co-53, respec-
tively. Lane 1 contained molecular size markers. On the left, molecular sizes are
indicated in base pairs.

FIG. 2. SDS-PAGE analysis of B. anserina strains. Lanes: 1, pathogenic
strain Ni-NL; 2, strain Es. The empty arrowhead indicates the 22-kDa protein,
and the full arrowhead indicates the 24-kDa protein. Molecular sizes (kilodal-
tons) are shown on the right.

FIG. 3. Western blot analysis of B. anserina strains. Lanes: a, c, e, and g,
strain Es; b, d, f, and h, pathogenic strain Ni-NL. Lanes were probed as follows:
a and b with MIAF to Es, c and d with Ab-SEE to Es, e and f with MIAF to
Ni-NL, and g and h with Ab-SEE to Ni-NL. Molecular sizes (kilodaltons) are
shown on the right.
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quence of B. turicatae (accession no. U85413). The tryptic pep-
tide analysis of these proteins, in particular, the pairwise com-
parison of peptide E from the 22-kDa antigen that was 90%
identical to VmpA of B. turicatae and the very high (73 to 60%)
identity of the 24-kDa protein of strain Es with the OspC
sequence of B. japonica and B. burgdorferi, strongly suggested
that these major OSP of the B. anserina isolates used in this
study belong to the family of 20-kDa exposed OSP described
by Carter et al. (7) in the genus Borrelia.

The effects of the in vitro reaction of Ni-NL spirochetes with
different antibody preparations on the infectivity for chicks are
reported in Table 1. All of the animals that received borrelias
pretreated with either MIAF or Ab-SEE raised to B. anserina
Ni-NL showed no spirochetemia during the follow-up period,
and all of them survived after 3 weeks. On the contrary, chicks
infected with spirochetes pretreated with antibody prepara-
tions to strain Es were found to be spirochetemic 5 days postin-
fection with a mean number of 2.75 3 108 organisms/ml at 10
days postinfection. Similar values were obtained with control
chicks pretreated both with PBS and with antibodies to C. tra-
chomatis. The mortality rate in these groups of animals reached
100% 3 weeks after infection (Table 1). The results obtained
by infectivity neutralization in vitro were confirmed when an-
imal protection tests were performed in vivo by treating chicks
with anti-Ni-NL antibodies before infection. The results are

reported in Table 2. Two groups of animals treated with anti-
bodies (either MIAF or Ab-SEE) to pathogenic strain Ni-NL
were completely protected from infection; all of the chicks
were alive 3 weeks after infection and showed no spirochet-
emia during this period (Fig. 4A). On the contrary, animals
treated with MIAF and Ab-SEE to nonpathogenic strain Es
were not protected, and all died by 3 weeks after infection, with
a high level of spirochetemia starting 3 and 5 days postinfec-
tion, respectively (Fig. 4B).

Animals injected with uninfected blood from pathogen-free
chicks and treated with MIAF to Ni-NL and Es showed 100%
survival, and no spirochetes were detected in their blood sam-
ples at the end of the follow-up period of 3 weeks.

In conclusion, the results of the present study confirm the
lack of protective cross-immunity between different isolates of
B. anserina and demonstrate that the principal difference in
the polypeptide profile between pathogenic strain Ni-NL and
apathogenic, culture-adapted strain Es is due to the presence
of two immunogenic, surface-exposed proteins of the family of
20-kDa OSP of Borrelia, of 22 and 24 kDa, respectively, for
strains Ni-NL and Es.

The outstanding role of the family of 20-kDa exposed
OSP as immunodominant antigens in Borrelia infections has
emerged from results of in vivo studies with both gerbils (19)

FIG. 4. Dark-field (3400) photomicrographs of blood samples from chicks. (A) Blood from a chick protected with Ab-SEE to Ni-NL and infected with pathogenic
strain Ni-NL (no spirochetemia). (B) Blood from a chick protected with Ab-SEE to Es and inoculated with pathogenic strain Ni-NL (high spirochetemia).

TABLE 1. Results of in vitro B. anserina Ni-NL infectivity
neutralization assay using specific antibodies

reacting with B. anserina Ni-NL or Es

Antibody prepn
Mean spirochetemia

after 10 days
(108 organisms/ml)

No. of surviving
chicks after 3 weeks/
no. of chicks injected

MIAF to Ni-NL 0 60/60
Ab-SEE to Ni-NL 0 60/60
MIAF to Es 2.7 0/60
Ab-SEE to Es 2.8 0/60
MIAF to C. trachomatis LGV2 3.0 0/60
None (PBS) 2.8 0/60

TABLE 2. Results of in vivo experiments testing protection of
chicks from B. anserina Ni-NL challenge by use of specific

antibodies reacting with B. anserina Ni-NL or Es

B. anserina
strain used

for challenge

Antibody
prepn

Mean spirochetemia
after 10 days

(108 organisms/ml)

No. of surviving
chicks after 3 weeks/
no. of chicks injected

Ni-NL MIAF to Ni-NL 0 60/60
Ni-NL Ab-SEE to Ni-NL 0 60/60
Ni-NL MIAF to Es 2.9 0/60
Ni-NL Ab-SEE to Es 3.1 0/60
Nonea MIAF to Ni-NL 0 60/60
Nonea MIAF to Es 0 60/60

a Uninfected blood.
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and mice (13) for Lyme disease and with mice (6) for relapsing
fever infection with B. turicatae. The results reported here add
consistency to these data by suggesting that the 22-kDa OSP is
a determinant of the pathogenic potential of B. anserina Ni-NL
and demonstrating the protective role of strain-specific anti-
bodies in a chick infection model.
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