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Three gene libraries of BordeteUla avium 197 DNA were prepared in Escherichia coli LE392 by using the
cosmid vectors pCP13 and pYA2329, a derivative of pCP13 specifying spectinomycin resistance. The cosmid
libraries were screened with convalescent-phase anti-B. avium turkey sera and polyclonal rabbit antisera
against B. avium 197 outer membrane proteins. One E. col recombinant clone produced a 56-kDa protein
which reacted with convalescent-phase serum from a turkey infected with B. avium 197. In addition, five E. coli
recombinant clones were identified which produced B. avium outer membrane proteins with molecular masses
of 21, 38, 40, 43, and 48 kDa. At least one of these E. coli clones, which encoded the 21-kDa protein, reacted
with both convalescent-phase turkey sera and antibody against B. avium 197 outer membrane proteins. The
gene for the 21-kDa outer membrane protein was localized by TnSseql mutagenesis, and the nucleotide
sequence was determined by dideoxy sequencing. DNA sequence analysis of the 21-kDa protein revealed an
open reading frame of 582 bases that resulted in a predicted protein of 194 amino acids. Comparison of the
predicted amino acid sequence of the gene encoding the 21-kDa outer membrane protein with protein sequences
in the National Biomedical Research Foundation protein sequence data base indicated significant homology to
the OmpA proteins ofShigeUla dysenteriae, Enterobacter aerogenes, E. coli, and Salmonella typhimurium and to
Neisseria gonorrhoeae outer membrane protein m, Haemophilus influenzae protein P6, and Pseudomonas
aeruginosa porn protein F. The gene (ompA) encoding the B. avium 21-kDa protein hybridized with 4.1-kb
DNA fragments from EcoRI-digested, chromosomal DNA of BordeteUla pertussis and Bordetella bronchiseptica
and with 6.0- and 3.2-kb DNA fragments from EcoRI-digested, chromosomal DNA of B. avium and B.
avium-like DNA, respectively. A 6.75-kb DNA fragment encoding the B. avium 21-kDa protein was subcloned
into the Asd+ vector pYA292, and the construct was introduced into the avirulent &ya &c7p Aasd S. typhiunurium
x3987 for oral immunization of birds. The gene encoding the 21-kDa protein was expressed equivalently in B.
avium 197, Aasd E. cofi X6097, and S. typhimurium X3987 and was localized primarl in the cytoplasmic
membrane and outer membrane. In preliminary studies on oral inoculation of turkey poults with S. typhimurium
X3987 expressing the gene encoding the B. avium 21-kDa protein, it was determined that a single dose of the
recombinant SalnoneUla vaccine failed to elicit senum antibodies against the 21-kDa protein and challenge with
wild-type B. avium 197 resulted in colonization of the trachea and thymus with B. avium 197.

Bordetella avium is the etiological agent of bordetellosis of
turkeys and chickens (7, 40, 44, 65, 66). Bordetellosis in
birds is a localized infection of the upper respiratory tract (7,
40, 61, 66) which closely resembles whooping cough in
humans (46). B. avium initiates infection in birds by attach-
ing to the ciliated epithelial cells which extend from the nasal
cavity to the primary bronchi of the lung (3, 4, 33, 48, 72).
Recently, it has been determined that in addition to the
upper respiratory tract, B. avium colonizes the thymus of
infected birds (17).
Although the roles of flagella and fimbriae in bordetellosis

of birds have been thoroughly investigated (1, 23, 43), the
outer membrane proteins of B. avium, including those re-
sponsible for the structural integrity of the cell and adher-
ence to the ciliated respiratory epithelium, have not been
fully characterized. Previous investigators compared the
adherence of B. avium with that of B. avium-like bacteria
and TnS-generated B. avium mutants in birds in order to
identify potential adhesins (5). The results from these studies
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suggested that a guinea pig hemagglutinin and additional
protein(s) play a role in adherence of B. avium to the
trachea. However, these experiments did not definitively
identify the outer membrane protein(s) responsible for pro-
longed colonization of younger birds, since the in vivo
adherence assays were performed with 22-day-old turkeys
and spanned a limited period of 1 h.
Comparison of the outer membrane protein profiles of B.

avium-like bacteria and B. avium 75-ura (a Tn5-generated B.
avium auxotroph with reduced hemagglutinating activity)
with that of wild-type B. avium indicated that a number of
their outer membrane proteins differed in molecular mass
but failed to identify a specific protein which correlated with
adherence (39). Sera and tracheal washings from B. avium-
infected turkeys contained antibody against outer membrane
proteins with molecular masses of 100, 97, 55, 36, 31, 21, 18,
and 14 kDa (38). Antibody against the 21-kDa outer mem-
brane protein was elicited at a higher level than antibodies
against other B. avium outer membrane proteins over a
3-week convalescent-phase period, suggesting that this pro-
tein could serve as a protective antigen.
The role of several environmentally regulated and nonreg-
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ulated outer membrane proteins in the pathogenicity and
structural integrity of B. avium is unknown. In this study, we
cloned five outer membrane protein genes of B. avium 197 in
an attempt to begin to determine the role of individual outer
membrane proteins in bordetellosis of birds. Our interests
focused primarily on the gene encoding the 21-kDa protein,
since studies in our laboratory and by others (38) indicated
that this protein was immunogenic and might be a vaccine
candidate. The gene encoding the B. avium 21-kDa protein
was cloned, sequenced, and introduced and expressed in an
avirulent Salmonella typhimurium strain in order to con-
struct a bivalent, oral vaccine for immunization of turkeys.
The results of preliminary experiments using the S. typhi-
murium vaccine construct for induction of an immune re-
sponse against the 21-kDa B. avium protein are reported.

MATERIAULS AND METHODS

Bacterial strains, plasmid vectors, and media. The bacterial
strains, cosmid and plasmid vectors, and recombinant clones
constructed in this laboratory are listed in Table 1. Cosmid
pYA2329 was constructed by ligating the 1.8-kb SacII-KpnI-
digested, T4 DNA polymerase-treated DNA fragment con-
ferring spectinomycin resistance from pUCD2 (15) to SalI-
digested, Klenow fragment-treated pCP13 (20).

All Escherichia coli strains, except X6097, were grown in
Luria-Bertani (LB) medium (47) supplemented with (per
milliliter) either 25, 50, or 150 p,g of tetracycline, spectino-
mycin, or ampicillin, respectively, for plasmid maintenance.
E. coli X6097 and S. typhimurium X3730 and X3987 were
grown in LB medium containing 50 p,g of diaminopimelic
acid per ml. For production of bacteriophage P22HT int
lysates, S. typhimurium X3730(pYA2336) was grown in LB
broth supplemented with 0.05% galactose prior to bacterio-
phage infection.

B. avium and B. avium-like strains were grown in modified
Stainer-Scholte medium supplemented with 0.2% 2-ketoglu-
tarate, 0.2% pyruvate, pantothenate (10 p,g/ml), L-phenylal-
anine (20 ,g/ml), and nicotinamide (500 p,g/ml); Bordetella
bronchiseptica and Bordetella pertussis strains were grown
in modified Stainer-Scholte medium as described previously
(28).

Reagents. Restriction enzymes used throughout this study
were obtained from Bethesda Research Laboratories, Gaith-
ersburg, Md. All chemicals were obtained from Sigma
Chemical Company, St. Louis, Mo. Polyclonal rabbit serum
against B. avium 197 outer membrane proteins was produced
as described previously (29). Convalescent-phase turkey
serum was obtained by infection of turkey poults with B.
avium 197. Four-day-old Nicholas turkey poults were con-
tact-infected by exposure to a 30-day-old turkey that had
been infected at 2 days of age with B. avium 197. Forty days
postexposure, the turkey poults were anesthetized by inha-
lation of methoxyflurane (Metafane; Pitman-Moore, Mun-
delein, Ill.) and exsanguinated to obtain convalescent-phase
sera.

Construction of B. avium 197 gene libraries in E. coli
LE392. Chromosomal DNA was isolated from B. avium 197
by the method of Hull and coworkers (42). B. avium 197
DNA was partially digested with either Sau3a, HindIll, or
XhoI and size-fractionated by sucrose gradient centrifuga-
tion, and 25- to 27-kb Sau3a-HindIII-, or XhoI-generated
DNA fragments were selected for ligation. The size-fraction-
ated, Sau3a-digested B. avium 197 DNA was ligated to
BamHI-digested cosmid pYA2329 DNA, while the size-
fractionated, Hindlll- and XhoI-digested B. avium 197 DNA

was ligated to HindIII- and XhoI-digested pCP13 DNA,
respectively. The ligated DNA was in vitro packaged into
lambda phage head and tail proteins supplied by the Packa-
gene kit (Promega Biotec, Madison, Wis.) and transfected
into E. coli LE392 (69) by using the manufacturer's instruc-
tions. Recombinant E. coli clones were plated onto LB agar
containing 50 ,ug of either tetracycline or spectinomycin per
ml.

Subcloning of genes encoded by recombinant cosmids and
restriction enzyme mapping were performed according to
established procedures (47).

Immunological screening of B. avium 197 gene libraries.
Recombinant E. coli clones were tested for reactivity with
antibody against B. avium 197 outer membrane proteins and
convalescent-phase sera from B. avium 197-infected turkeys
by the colony immunoblot assay as described previously
(28).
An identical protocol was used to identify E. coli recom-

binant clones which produce B. avium 197 proteins which
react with convalescent-phase turkey serum, except that
convalescent-phase turkey serum was used as the primary
antibody and horseradish peroxidase-labeled goat anti-tur-
key immunoglobulin G antibody (Organon Teknika-Cappel,
West Chester, Pa.) was used as the secondary antibody.
Western immunoblot of B. avium 197 proteins produced by

E. coli recombinant clones. Proteins from E. coli recombinant
clones were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) of boiled whole-cell
proteins, electrotransfer of proteins to nitrocellulose filters,
and Western immunoblot analysis as described previously
(28, 71). The percentage of SDS-polyacrylamide gel varied
from 10 to 12.5% throughout this study to allow optimum
resolution of the protein of interest.
Transposon mutagenesis of the gene encoding the B. avium

21-kDa outer membrane protein. A 6.75-kb BamHI-PstI
DNA fragment from pYA2320 was subcloned into BamHI-
PstI-digested pUC8-1 (35), generating pWDC371. The con-
struct pWDC371 was transformed by standard methods (47)
into E. coli CC118::TnSseql for transposon mutagenesis (41,
54). Briefly, E. coli CC118::TnSseql containing pWDC371
was inoculated into LB broth containing 250 ,g of neomycin
per ml and incubated for 3 days at 37°C. Plasmid DNA was
isolated from the culture and transformed into E. coli HB101
(8), and E. coli cells containing plasmids with transposon
insertions were selected by plating on LB agar containing 50
,g of kanamycin per ml. E. coli transformants containing
TnSseql-mutated pWDC371 were tested for loss of reactiv-
ity with antibody against B. avium 197 outer membrane
proteins by the colony immunoblot assay described above.
Plasmid DNA was purified from E. coli transformants which
lacked reactivity with the antibody by using reagents from
the Qiagen kit (Qiagen, Inc., Studio City, Calif.) or by
alkaline lysis purification and cesium chloride gradient ultra-
centrifugation (47). Restriction enzyme analysis of the plas-
mid DNA was performed according to established proce-
dures (47).
DNA sequence and analysis. Plasmid pWDC371 DNA

containing TnSseql insertions in the ompA gene were sub-
jected to DNA sequence analysis. Sequencing reactions
were performed by the Sanger dideoxy chain termination
method (62) by using the reagents of the Sequenase version
2.0 DNA sequencing kit (United States Biochemical Corp.,
Cleveland, Ohio). The T7 and SP6 sequencing primers were
obtained from Pharmacia LKB Biotechnology, Piscataway,
N.J., and New England Biolabs, Inc., Beverly, Mass.,
respectively. Polyacrylamide sequencing gel solution (Gel-
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TABLE 1. Bacterial strains, vectors, and recombinant clones

Designation (enzyme/vector or DNA frag- . .
ment used for construction; protein encoded) Relevant genotype or phenotype Org or reference

B. avium
197
002 isolate B
27/83-Ti
838
4671
105

Wild type; virulent for turkeys
Virulent for turkeys
Virulent for turkeys
Virulent for turkeys
Virulent for turkeys
Virulent for turkeys

B. avium-like 031

B. bronchiseptica 469

B. pertussis
Tohama I
BB114

Avirulent for turkeys

Virulent for dogs and swine

Y. M. Saif, Ohio
Y. M. Saif, Ohio
H. A. Berkhoff, N.C.
M. S. Hofstad, Iowa
D. G. Simmons, N.C.
J. K. Skeeles, Ark.

Y. M. Saif, Ohio

E. Tuomanen, N.Y.

Virulent for humans
Virulent for humans

W. E. Goldman, Mo.
W. E. Goldman, Mo.

E. coli K-12
LE392

X6097
CC118::TnSseql

HB101

S. typhimunum
X3730

X3761
y,3985
X3987

Bacteriophage P22HTint

Cosmid
pCP13
pYA2329

Plasmid
pYA292

pUC8-1

F- hsdR514 (rK- MK+) supE44 supF58 lacYl or A(lacIZY)6 galK2
galT22 metBl trpR55 X-

F- ara A(pro-lac) rpsL Aasd-4 A[zhf-2::TnlO] thi +80dlacZAM15
araD139 A(ara leu)7697 AlacX74 phoAA20 galE galK thi rpsE
rpoB argE(Am) recA1 TnSseql

F- hsdS20 (rB mB) recA13 ara-14proA2 lacYl galK2 rpsL20
(Smr) xyl-S mtl-1 supE44 A-

leu hsdLTgalE trpD2 rpsL20 AasdAl A[zhf-4::TnlO] metE551
metA22 hsdSA hsdSB ilv

Chicken-passaged strain 30875 (contains 91-kb pStVl plasmid)
pStV1+ Acya-12 Acrp-11 derivative of X3761
pStV1+ Acya-12 Acrp-11 AasdAl

Increased frequency of generalized transduction

Mob' Tra- Tcr KMr, low-copy-number, broad-host-range vector
Derivative of pCP13 Mob' Tra- Spr Kmr

S. typhimurium asd selection marker, Ptrc promoter, multiple
cloning site in lacZ(a), transcription terminators.

Apr, high-copy-number, Plac promoter, multiple cloning site in
lacZ(a).

Recombinant cosmids
pYA2320 (XhoI/pCP13; 21kDa)
pYA2326 (HindIII/pCP13; 40 kDa)
pYA2333 (Sau3a/pYA2329; 56 kDa)
pYA2337 (Sau3a/pYA2329; 38 kDa)
pYA2338 (Sau3a/pYA2329; 43 kDa)
pYA2339 (Sau3a/pYA2329; 48 kDa)
pYA2336 (BamHI-PstI/pYA292;
21kDa)

Recombinant plasmid pWDC371 (6.75-
kb BamHI-PstI DNA fragment
from pYA2320 subcloned into
pUC8-1; 21 kDa)

69

55
41, 54

8

This work

70
19
This work

64

20
This work

27

35

This work
This work
This work
This work
This work
This work
This work

This work
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Mix 8 was obtained from Bethesda Research Laboratories,
and 3 S-deoxyadenosine 5'-[a thio]triphosphate (35S-dATP;
1,000 to 1,500 Ci/mmol) was obtained from New England
Nuclear Corp., Boston, Mass.
DNA sequence analysis was performed with sequence

analysis software programs from the Genetics Computer
Group, Inc., Madison, Wis., and the MacVector sequence
analysis software (International Biotechnologies, Inc., New
Haven, Conn.).

Southern hybridization of Bordetella chromosomal DNA
with the gene encoding the 21-kDa outer membrane protein.
Chromosomal DNA was isolated from B. avium 002 isolates
B, 27/83-Tl, 838, 4671, and 105, B. avium-like 031, B.
pertussis Tohama I and BB114, and B. bronchiseptica 469 by
using the method of Hull and coworkers (42).
The DNA probe used for hybridization was a polymerase

chain reaction (PCR)-generated internal fragment of the gene
encoding the 21-kDa outer membrane protein which spanned
nucleotides 223 to 710 (see Fig. 4) and consisted of 487 bp.
The primers used for PCR synthesis of the probe were
5'-AACAAACCCTCCAAATTCGCTCTGGCGCTTGCCTT
CGC-3' and 5'-TTGCCTTCCGTGTAGCTGCAGTTCGGA
TCGATGCCCTTGC-3'. The 487-bp DNA fragment was
synthesized with the DNA Thermal Cycler machine (Perkin-
Elmer Cetus, Norwalk, Conn.) by using reagents and in-
structions in the Gene Amp DNA Amplification Reagent kit
(Perkin-Elmer Cetus). Formamide (Fluka Chemie AG,
Buchs, Switzerland) was included at a final concentration of
10% in the PCR to increase specificity (63). Following PCR
synthesis, the 487-bp DNA fragment was purified by agarose
gel electrophoresis and subsequent elution by using reagents
from the GENECLEAN kit (BIO 101, La Jolla, Calif.). The
487-bp DNA fragment was radiolabelled by Lofstrand Lab-
oratories Ltd., Gaithersburg, Md., by incorporation of 32p_
dATP by the random primer labeling reaction.
Chromosomal DNA from the Bordetella strains listed

above was digested with EcoRI, electrophoresed through a
0.6% agarose gel, and transferred to GeneScreen Plus hy-
bridization membrane (New England Nuclear Corp.) accord-
ing to the manufacturer's instructions. The membrane was
prehybridized for 1 h at 55°C in 1% SDS-6x SSC (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate)-5x Denhardt's
solution-300-,ug/ml denatured salmon sperm DNA (Sigma
Chemical Co.). The 32P-labeled, DNA probe was added
directly to the prehybridization solution at a concentration of
2.86 x 105 cpm/ml and incubated overnight at 55°C. The
membrane was washed according to the manufacturer's
instructions at 65°C. The membranes were exposed to
X-Omat AR film (Eastman Kodak Co., Rochester, N.Y.)
with two intensifying screens for 24 h at -70°C and devel-
oped with a Kodak M35A X-Omat processor.

Construction of an S. typhimurium bivalent vaccine strain
expressing the gene encoding the 21-kDa B. avium outer
membrane protein. S. typhimurium X3987 was the bacterial
host used to construct a bivalent vaccine for oral immuniza-
tion of turkeys with the 21-kDa outer membrane protein of
B. avium. The S. typhimunum X3987 parent strain, X3761,
was an equine isolate which was passaged through chickens
and reisolated from the spleens of infected birds (Table 1).
Deletion mutations in the cya and crp genes were introduced
via classical genetic methods (18) into S. typhimurium X3761
to yield x3985. S. typhimurium x3985 is avirulent in day-old
chicks and has been shown to protect immunized chickens
from colonization with the wild-type X3761 (19, 36). In
addition, a deletion was introduced into the asd gene of the
avirulent Acya Acrp S. typhimunium x3985 (55) (generating

strain x3987) to allow stable maintenance of the Asd+
plasmid pYA292. The B. avium gene for the 21-kDa protein
was introduced into S. typhimurium X3987 via a restriction-
deficient, modification-proficient strain, S. typhimurium
x3730. A 6.75-kb BamHI-PstI B. avium DNA fragment from
the recombinant cosmid pYA2320 was ligated to BamHI-
PstI-digested pYA292 (27) and transformed into Aasd E. coli
X6097 (55). The resulting plasmid, designated pYA2336,
encoded the gene encoding the 21-kDa protein and was
transformed into S. typhimurium X3730 by standard methods
(47). Bacteriophage P22HTint (64) was propagated on log-
phase S. typhimurium X3730(pYA2336) as previously de-
scribed (21), and the bacteriophage lysate was used to
transduce pYA2336 into S. typhimurium x3987. Transduc-
tants were selected on LB agar, and the presence of plasmid
pYA2336 DNA was verified by DNA isolation and restric-
tion enzyme analysis. Expression of the B. avium 21-kDa
protein gene in E. coli X6097 and S. typhimurium X3987 was
confirmed by Western blot analysis using antibodies against
B. avium outer membrane proteins as described above.

Localization of the B. avium 21-kDa outer membrane pro-
tein in S. typhimurium X3987(pYA2336). S. typhimunium
X3987(pYA292) and S. typhimurium X3987(pYA2336) cells
were lysed and fractionated into inner membrane, outer
membrane, and soluble fractions according to the method of
Tanji and coworkers (68).
Crude cell lysates and inner membrane, outer membrane,

and soluble fractions were mixed with an equal volume of
sample buffer, boiled for 5 min, and subjected to SDS-PAGE
through 4 to 20% polyacrylamide gradient gels (Schleicher &
Schuell, Inc., Keene, N.H.). Proteins were transferred to
nitrocellulose filters (Schleicher & Schuell, Inc.) and reacted
with antibody against B. avium 197 outer membrane proteins
as described above.
Immunization of turkeys with S. typhimurium X3987

(pYA2336) and challenge with B. avium 197. Bacterial cul-
tures for oral inoculation of turkeys were prepared as
described previously (18). Three groups of 15 1-day-old
Nicholas turkey poults (Western Turkey Eggs, Temple,
Tex.) were orally inoculated with a 100-pl inoculum of either
1.5 x 109 CFU of S. typhimurium X3987(pYA2336) or 2.9 x
109 CFU of S. typhimunium X3987(pYA292) or buffered
saline gelatin (18). Nine days later, all three groups of birds
were challenged intranasally and ocularly with 1.2 x 108 and
6 x 107 CFU of B. avium 197, respectively. At 4, 7, 10, and
18 days postchallenge, three birds from each group were
necropsied. Blood was collected from all birds at the time of
necropsy, and serum was collected and stored at -70°C.
Birds were euthanized by CO2 asphyxiation or by cardiac
embolism. At the initiation of the bird immunization exper-
iments, several birds in each group died as the result of a
nonrelated, osteomyelitis-like illness. Since this reduced the
number of birds per group, three birds were necropsied at
each time point until no birds remained.
For assay of the humoral immune response of immunized

birds, either whole B. avium 197 or S. typhimunium
X3987(pYA2336) cells were boiled for 10 min in sample
buffer, applied to an SDS-12.5% polyacrylamide gel with a
continuous well, and electrophoresed to attain separation of
the proteins. The separated proteins were transferred to
nitrocellulose filters as described above. The filters were
assembled into a Mini-PROTEAN II Multiscreen apparatus
(Bio-Rad Laboratories, Richmond, Calif.) for simultaneous
screening of the individual serum samples obtained from the
birds. The serum samples from birds immunized with either
S. typhimurium X3987(pYA292) or S. typhimurium X3987
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(pYA2336) and challenged with B. avium 197 were diluted
1:100 in NET buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 5
mM EDTA, 0.25% gelatin, 0.05% Triton X-100) and applied
to the individual channels of the Multiscreen apparatus.
Serum samples from nonimmunized, nonchallenged birds
and sera from nonimmunized, B. avium 197-challenged birds
were diluted 1:100 in NET buffer and served as negative
control sera. Rabbit antibody against B. avium 197 outer
membrane proteins (described above) served as a positive
control and was diluted 1:1,000 in NET buffer and applied to
a channel of the apparatus. The primary antibody was
incubated with the filters for 24 h at room temperature. After
the channels were washed with NET buffer, horseradish
peroxidase-labeled goat anti-turkey immunoglobulin G (di-
luted 1:500 in NET buffer) (Organon Teknika-Cappel) and
horseradish peroxidase-labeled goat anti-rabbit immuno-
globulin G (diluted 1:800 in NET buffer) (ICN Biomedicals)
were added to the channels exposed to turkey primary
antibody and rabbit primary antibody, respectively. Follow-
ing incubation, the nitrocellulose filters were washed with 10
mM Tris, pH 7.5, and developed with 4-chloro-1-naphthol.

Colonization and persistence of Acya Acrp Aasd S. typhi-
murium with either pYA292 or pYA2336 were determined at
13, 16, 19, and 27 days after oral S. typhimurium inoculation
by enumerating the bacteria in representative samples of the
spleen, bursa, thymus, and contents and wall of the small
intestine. A sample of spleen weighing less than 0.5 g was
removed from each bird and placed in a preweighed poly-
propylene tube (17 by 100 mm). The exact weight of the
tissue sample was determined, 9 volumes of chilled buffered
saline gelatin was added, and the sample was placed on ice.
Representative samples of the bursa of Fabricius, small
intestine wall, and small intestine contents were taken and
treated as described above to enumerate CFU per gram of
sample.

Tracheal titers of B. avium 197 were obtained by removing
a 3-cm section of trachea from each turkey, placing the
section in a preweighed polypropylene tube, determining the
weight of the tissue, adding 9 volumes of chilled buffered
saline gelatin, and placing the samples on ice. Recovery ofB.
avium 197 from the thymus was determined by removing a
sample of less than 0.5 g and treating the tissue as described
above. All tissue samples were homogenized with a Brink-
man (Westbury, N.Y.) homogenizer as described previously
(28) and placed on ice. The homogenizer probe was decon-
taminated between samples by running the probe for 30 s in
a 0.25% Amphyl (National Laboratories, Montvale, N.J.)
solution and then for 30 s in 70% ethanol and then rinsing in
deionized water. Undiluted samples (100 ,ul) and appropriate
dilutions of the tracheal and thymus homogenates were
plated on Penassay agar containing 12.5 ,ug of tetracycline
per ml, while undiluted samples (100 ,ul) and appropriate
dilutions of the spleen and bursa and the small intestine and
its contents were plated on MacConkey agar supplemented
with maltose (final concentration, 1.0%) and 50 p.g of diami-
nopimelic acid per ml.

Nucleotide sequence accession number. The GenBank ac-
cession number for the gene encoding the 21-kDa outer
membrane protein is M96550.

RESULTS

Recombinant E. coli clones expressing genes encoding B.
avium 197 outer membrane proteins. Three recombinant
libraries were constructed in E. coli LE392 with B. avium
197 chromosomal DNA which was partially digested with

1 2 3 4 5 6 7 89

-1 80

-11 6

- 84

- 58

- 48.5

36.5

26.6

FIG. 1. Western blot of proteins produced by E. coli recombi-
nant clones expressing genes encoding B. avium outer membrane
proteins. Proteins from whole cells were separated by SDS-PAGE
(10% polyacrylamide), transferred to a nitrocellulose filter, and
reacted with antibody against B. avium 197 outer membrane pro-
teins. Lanes: 1 and 9, molecular weight standards; 2, B. avium 197
whole cells; 3, E. coli LE392(pYA2320); 4, E. coli LE392(pYA2337);
5, E. coli LE392(pYA2338); 6, E. coli LE392(pYA2339); 7, E. coli
LE392(pYA2326); 8, E. coli LE392(pYA2329). Asterisks indicate
relevant protein bands.

either Sau3a, HindIII, or XhoI. Five recombinant E. coli
clones which expressed genes encoding B. avium 197 outer
membrane protein were identified by reactivity with anti-
body against B. avium 197 outer membrane proteins (Fig. 1).
One E. coli clone isolated from the XhoI-generated cosmid
library produced a 21-kDa protein, and the recombinant
cosmid was designated pYA2320. E. coli LE392(pYA2326)
was isolated from the HindIII-generated cosmid library and
specified a 40-kDa protein. Three recombinant clones, con-
taining cosmids pYA2337, pYA2338, and pYA2339, were
isolated from the Sau3a-generated cosmid library and en-
coded the genes for 38-, 43-, and 48-kDa proteins, respec-
tively. E. coli LE392(pYA2320) reacted with both antibody
against B. avium 197 outer membrane proteins and turkey
convalescent-phase sera (Fig. 2).
One E. coli recombinant clone from the Sau3a-generated

library was identified by reactivity with convalescent-phase
turkey sera. This recombinant E. coli produced a 56-kDa
protein and contained the recombinant cosmid pYA2333
(data not shown).

Localization and DNA sequence analysis of the gene encod-
ing the 21-kDa outer membrane protein. A series of TnSseql
insertions which inactivated the gene encoding the 21-kDa
outer membrane protein were obtained by transposon muta-
genesis of pWDC371. Restriction enzyme analysis of
TnSseql-mutagenized pWDC371 localized the gene encod-
ing the 21-kDa protein within a 2.49-kb BamHI-NruI DNA
fragment. The DNA sequence of the B. avium 21-kDa outer
membrane protein gene was determined by bidirectional
sequencing with T7 and SP6 primers complementary to the
ends of TnSseql. A partial restriction map and the sequenc-
ing strategy are shown in Fig. 3. Translation of the DNA
sequence between nucleotides 220 and 804 resulted in an
open reading frame for a protein of 194 amino acids with a
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FIG. 2. Reactivity of the E. coli clone expressing the gene

encoding the B. avium 21-kDa protein with both turkey convales-
cent-phase sera and rabbit antibody against B. avium 197 outer
membrane proteins in the Western blot assay. Lanes: 1, B. avium
197 whole cells; 2, E. coli LE392(pYA2320); 3, E. coli LE392
(pYA2329); 4, B. avium 197 whole cells; 5, E. coli LE392(pYA2320);
6, E. coli LE392(pYA2329). Proteins were electrophoresed through
an SDS-10% polyacrylamide gel prior to transfer to nitrocellulose
ifiters. Lanes 1 to 3 were reacted with turkey convalescent-phase
sera, while lanes 4 to 6 were reacted with rabbit antibody against B.
avium 197 outer membrane proteins. Asterisks designate the 21-kDa
protein.

deduced molecular weight of 21,113 and a calculated pI of
9.5 (Fig. 4). The 21-kDa protein contains a signal peptide
with probable cleavage sites after amino acid 22 or 24, which
follow the "(-3, -1) rule" for signal peptidase cleavage
(73). Processing of the protein at either site would result in a

mature protein with a molecular weight of either 18,966 or

18,808. The putative signal peptide of the 21-kDa protein is
composed of a region of uncharged amino acids followed by
a core of hydrophobic residues with alternating neutral
residues (Fig. 4) and corresponds to signal peptides of
exported bacterial proteins (57).
A putative promoter region spans nucleotides 117 to 122

(TTGAAC) and 139 to 144 (TATACT) and closely conforms
to the consensus sequences of promoters recognized by E.
coli sigma 32 RNA polymerases (Fig. 4) (60). There are 16

=oNo
Nla3

Bgll Pvu2
Ddel Clal

Ava2 Mae2 Kpnl
Msel Ava2 Nla3 Msel

Msel Ddel Hlnd3 2

.1IrXmnl I [BgllD rclea rDdel lAcl~~~~~~~I1
* ^-~~~~-
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FIG. 3. Restriction map and strategy for sequencing the gene

encoding the B. avium 21-kDa protein. Arrows indicate the positions
of the TnSseql insertions used for sequencing and the areas of the
gene which were sequenced. The units of the ruler below the
restriction map indicate base pairs of DNA.

bases between the -35 and -10 regions of the putative
promoter, and such spacing is optimal for expression of the
gene in E. coli (60). A putative Shine-Dalgarno sequence
(GAGG) is located 6 bases upstream of the ATG translation
initiation codon. The Shine-Dalgarno sequence and the
location upstream from the ATG codon agree with the
preferred spacing and nucleotide sequence of ribosomal
binding sites in E. coli genes (31). A stem-loop structure
which consists of a 13-base stem separated by a 3-base loop
is located 22 bases downstream from the TAA stop transla-
tion codon and probably serves as a rho factor-independent
transcription terminator (60). The calculated free energy for
the stem-loop structure is -18.5 kcal/mol, a value which
corresponds to rho factor-independent transcriptional termi-
nators of bacterial genes (67).
The overall G + C content of the coding region of the

21-kDa protein is 60.9%, a value which agrees with the
reported G + C content of 61.6 to 62.6% for the B. avium
genome (44). However, there are regions of higher G + C
frequency within the gene encoding the 21-kDa protein; for
example, between nucleotides 377 and 399 the G + C
content is 86.9%.
Comparison of the deduced amino acid sequence of the

21-kDa protein gene with those of other proteins. The amino
acid sequence of the B. avium 21-kDa protein was compared
with those of proteins deduced from DNA data bases and
with the amino acid sequences in protein data bases. As
shown in Fig. 5, the 21-kDa protein has extensive homology
to the carboxy termini of outer membrane proteins of enteric
and nonenteric bacteria. The homologous proteins and their
percentages of identity with the B. avium 21-kDa protein are
as follows: Neisseria gonorrhoeae outer membrane protein
P III precursor, 33.3 (32); Enterobacter aerogenes OmpA
precursor, 39.4 (10); S. typhimurium OmpA precursor, 39.8
(24); E. coli peptidoglycan-associated lipoprotein (pal) pre-
cursor, 34 (13); E. coli OmpA precursor, 39 (6, 14, 52);
Shigella dysenteriae OmpA precursor, 39 (9); Haemophilus
influenzae outer membrane protein P6 precursor, 36.1 (56);
Pseudomonas aeruginosa porin protein F precursor, 38.8
(22); and Serratia marcescens OmpA precursor, 35.6 (11).
Homology of the B. avium ompA gene to DNA sequences in

other BordeteUla species. The B. avium ompA gene was
hybridized with EcoRI-digested, chromosomal DNA from B.
avium and B. avium-like bacteria and B. pertussis and B.
bronchiseptica in order to determine whether other Borde-
tella species contain homologous DNA sequences. A DNA
fragment internal to the B. avium ompA gene hybridized
with 6.0- and 3.2-kb DNA fragments from B. avium and B.
avium-like chromosomal DNA, respectively (Fig. 6). B.
pertussis and B. bronchiseptica chromosomal DNA con-
tained 4.1-kb fragments which hybridized with the B. avium
ompA gene under stringent hybridization conditions.

Production of the B. avum 21-kDa outer membrane protein
(OmpA) in E. coli and S. typhimurium. The gene encoding the
21-kDa outer membrane protein of B. avium 197 was intro-
duced into E. coli X6097 and S. typhimurium X3987 in order
to construct a live avirulent vaccine for oral immunization to
protect birds against B. avium. Since transcription of E. coli
ompA is normally stimulated by cyclic AMP and E. coli cya
and crp mutants express ompA at a reduced level compared
with that of wild-type E. coli (30, 51), it was possible that B.
avium ompA might be similarly regulated. Examination of
the upstream region of B. avium ompA (Fig. 4) indicated that
the promoter region of B. avium ompA lacks the cyclic AMP
receptor protein-binding sequence (TCACACTl) common
to E. coli ompA (16). Therefore, it was expected that

J. BACTERIOL.
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20 40 60

CTGCATAGGGGACCAAATGC TCATATCCTTGGGCCACGGG CCGGCTTAAGAGGAGCCAAA
GACGTATCCCCTGGTTTACG AGTATAGGAACCCGGTGCCC GGCCGAATTCTCCTCGGTTT

80 100 120
* *** * * * * * * * -3

GGTTCCCAAATGCCTTAAGA TTGTTTCCAGCACGCAGGAG ACCCAGTGGTGGCCCT!G
CCAAGGGTTTACGGAATTCT AACAAAGGTCGTGCGTCCTC TGGGTCACCACCGGGAAACT

140 160 180

-*10 *

ACCTGTTCGGAGCGTTGCZLZT&GGCCCCGTTTTCCTGA TATGCGGCGGGGGTTCGCTG
TGGACAAGCCTCGCAACGAT ATGACCGGGGCAAAAGGACT ATACGCCGCCCCCAAGCGAC

200 220 240
****** *** * * * *

CGAGTCACTTATCCAGCTTC AAGCTCAACCAGGAGAAACA TGAACAAACCCTCCAAATTC
GCTCAGTGAATAGGTCGAAG TTCGAGTTGCTCCTCTTTGT ACTTGTTTGGGAGGTTTAAG

MftAsnLysProSerLysPhe
1

260 280 300
* * * * * * * * * * * *

GCTCTGGCGCTTGCCTTCGC CGCCGTTACGGCCTCTGGTG TTGCCTCGGCTCAGACCGTG
CGAGACCGCGAACGGAAGCG GCGGCAATGCCGGAGACCAC AACGGAGCCGAGTCTGGCAC
AlaLeuA1aLeuAlaPh.&la AlaValThzAlaS.zGly ValAlaS*rAlaglnThrVal

10 20

320 340 360

GACAACTGGCGCAATCCGTA TGGCAACGTCTGGAAGAACG GCACGAATGAATTGTGCTGG
CTGTTGACCGCGTTAGGCAT ACCGTTGCAGACCTTCTTGC CGTGCTTACTTAACACGACC
AspAsnTrpArgAanProTyr rlyAanValTrpLysAsn QlyThrAsnGluL*uCysTrp

30 40

560 580 600
**** * * * ** * * *

GCGCAGCAAGCTCGCGCGAT CGATCTCGAAACCATCATCG CCGTCGGTAACACCGACTCG
CGCGTCGTTCGAGCGCGCTA GCTAGAGCTTTGGTAGTAGC GGCAGCCATTGTGGCTGAGC
AlGlnGlnAlaargAlaIl-o AmpL*uGluThrIleIle AlaValGlyAsnThrAspSer

110 120

620 640

ATCGGTACCGAAGCCTACAA CATGAAGCTTTCCGAGCGCC
TAGCCATGGCTTCGGATGTT GTACTTCGAAAGGCTCGCGG
IlGlyThrGluAlaTyrAsn M*tLysLwuS*rGluArg A

130 140

660

GCGCCGCTTCGGTCAAGGCT
CGCGGCGAAGCCAGTTCCGA

680 700 720

TACCTGGTGAGCAAGGGCAT CGATCCGAACCGTATCTACA CGGAAGGCAAGGGCAAGCTG
ATGGACCACTCGTTCCCGTA GCTAGGCTTGGCATAGATGT GCCTTCCGTTCCCGTTCGAC
TyrL.uValS.rLysGlyIle AspProAsnArqIlTyr ThrQluGlyLysGlyLysLeu

150 160

740 760 780
*** * * * * * * * *

AACCCGATCGCCTCCAACAA GACCGCCGAAGGCCGCGCCC GTAACCGTCGCGTGGAAATC
TTGGGCTAGCGGAGGTTGTT CTGGCGGCTTCCGGCGCGGG CATTGGCAGCGCACCTTTAG
AsnProIllAaSarAunLys ThrAlaGluGlyArgAla ArgAsnArgArgValGluIle

170 180

800 820 840

GAAATCGTCGGTAGCCGCAA GTAATTGCTGCACGAGTCGG TACAATM&&r9Q=CT
CTTTAGCAGCCATCGGCGTT CATTAACGACGTGCTCAGCC ATGTTATTTTCCCGGAGCGA
QluIleValGlySerArgLys End

190

380 400 420

CGCGATGCCTTCTGGACCCC GGCCACCGGCATCCCCGGCT GCGACGGCGTCCCGGTTGCT
GCGCTACGGAAGACCTGGGG CCGGTGGCCGTAGGGGCCGA CGCTGCCGCAGGGCCAACGA
ArgAspAlaPhTrpThzrPro AlaThrGlyIlPzoOly CyaApGlyValProValAla

50 60

440 460 480

CAGCAACCGAAGGAAAAGCC CGCCCCGATGGCCGCCAAGG TGGTCTTCAACGCTGACACC
GTCGTTGGCTTCCTTTTCGG GCGGGGCTACCGGCGGTTCC ACCAGAAGTTGCGACTGTGG
GlnGlnPzoLyaGluLysPzo AlyaPzoMtAlaAlaLys ValValPh.&snAlaAspThz

70 80

500 520 540
* * * * * * * * * * * *

TTCTTCGACTTCGACAAGTC CACGCTGAAGCCCGAAGGCC GTCAGCTGCTGGATCAAGTC
AAGAAGCTGAAGCTGTTCAG GTGCGACTTCGGGCTTCCGG CAGTCGACGACCTAGTTCAG
Ph.Ph.AapPhh pLyuS.z !hzrL.LysPzroluGly ArgzVGL.uLeaiAplaVal

90 100

860

TAW ~TTTCGT
ATCGCTCCGGGAAAAAAGCA

880 900

CCGCCCACCTCGCCGCCTAT GACTACTGCTAACTCTGCCT
GGCGGGTGGAGCGGCGGATA CTGATGACGATTGAGACGGA

920 940

CTCGCCCCAACATTAACGTA GACCAGGCCGAACTGGACAA GTTCAGCGCCCT
GAGCGGGGTTGTAATTGCAT CTGGTCCGGCTTGACCTGTT CAAGTCGCGGGA

FIG. 4. Nucleotide sequence of the gene encoding the B. avium 21-kDa protein and the deduced amimo acid sequence of the protein. A
putative promoter sequence (-35 and -1J regions) is shown. A potential ribosome-binding site is in boldface print. Arrows designate possible
cleavage sites for signal peptidase. A stem-loop region which probably serves as a rho factor-independent transcription terminator is in
boldface and is underlined.

expression of B. avium 197 ompA would not be affected by
the lack of cya or crp in the vaccine strains. E. coli
X6097(pYA2336) and S. typhimurium X3987(pYA2336) were
examined to determine whether these constructs produced
an adequate level of the 21-kDa outer membrane protein for
use as an immunogen. Western blot analysis of the proteins
produced by E. coli LE392(pYA2320), E. coli X6097
(pYA2336), and S. typhimurium X3987(pYA2336) revealed
that the B. avium OmpA protein is produced at approxi-
mately equivalent levels in B. avium 197, E. coli LE392, E.
coli X6097, and S. typhimurium X3987 (Fig. 7). However,
while there was one immunoreactive protein band which
corresponded to the 21-kDa protein in B. avium 197 cell
lysates, there were four immunoreactive protein bands pro-

duced by E. coli LE392 and five immunoreactive protein
bands in E. coli X6097 and S. typhimuium X3987 cell lysates.
Similar immunoreactive band patterns have been reported in
cell lysates of E. coli which produce N. gonorrhoeae OmpA
(32) or overproduce E. coli OmpA (26). At least for E. coli
OmpA, the immunoreactive protein bands have been iden-
tified as (i) OmpA, which contains the signal peptide and is
located in the cytoplasm or is associated with the cytoplas-
mic membrane (pro-OmpA); (ii) immature, processed OmpA
without the signal peptide, which is found in the periplasm or
attached to the inner face of the outer membrane (imp-
OmpA); and (iii) mature OmpA (26). An additional protein
band, which is thought to be a nascent intermediate protein
which arises because of translational pausing and truncation
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FIG. 5. Comparison of the primary structure of the B. avium 21-kDa protein (OmpA) with those of OmpA proteins from enteric and
nonenteric bacteria. The top line indicates the amino acid sequence of B. avium OmpA. The amino acids of the B. avium OmpA protein are
numbered from the N terminus of the precursor (unprocessed) protein. The regions of amino acid homology between the B. avium OmpA and
other OmpA proteins are listed in parentheses next to the respective bacteria. Amino acids of the B. avium OmpA precursor protein identical
to those of other OmpA precursor proteins are designated in boldface. Dashes indicate nonmatches between the amino acid sequences. The
bottom line indicates amino acids of B. avium OmpA identical to those of two or more OmpA proteins from other bacteria.

of OmpA, has been seen in pulse-chase experiments with E.
coli cells expressing ompA.

Localization of the B. avium 21-kDa outer membrane pro-
tein in S. typhimurium X3987(pYA2336). Since the B. avium
21-kDa outer membrane protein was homologous to a num-
ber of outer membrane proteins from other bacteria and
since the gene encoding the 21-kDa protein was expressed at
a high level in S. typhimurium X3987(pYA2336), we pro-

ceeded to determine whether the 21-kDa B. avium protein
remained in the cytoplasm, periplasm, or inner membrane or
was exported to the outer membrane of S. typhimurium X3987
(pYA2336). Fractionation of S. typhimuinum X3987(pYA2336)
and Western blot analysis of the fractions revealed that the
21-kDa protein was localized in the inner and outer mem-
branes of S. typhimunium X3987(pYA2336), while a negligible
amount of the protein was present in the soluble fractions,
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FIG. 6. Southern hybridization of B. avium ompA to Bordetella
chromosomal DNA. EcoRI-digested chromosomal DNA was hy-
bridized with a 487-bp DNA fragment internal to the B. avium ompA
gene. Lanes: 2, B. avium 4671; 3, B. avium 838; 4, B. avium
27/83-Ti; 5, B. avium-like 031; 6, B. avium 002 isolate B; 7, B.
bronchiseptica 469, 8; B. pertussis BB114; 9, B. pertussis Tohama I;
10, B. avium 105; 11, B. avium 197; 1 and 12, lambda phage DNA
molecular weight markers.

which consisted of the periplasmic and cytoplasmic contents
(Fig. 8). The outer membrane fraction contained two immu-
noreactive protein bands which may represent the 21-kDa
protein and nascent, truncated 21-kDa protein, while the
inner membrane fraction contained five immunoreactive pro-
tein bands. Although the amino acid sequence of the 21-kDa
B. avium protein was highly homologous to the C-terminal
amino acids of S. typhimurium OmpA, the polyclonal rabbit
sera against B. avium 197 outer membrane proteins failed to
react with S. typhimurinum X3987 proteins (Fig. 8A, lanes 5
through 8).

Bird protection studies. Since turkeys naturally become
resistant to colonization with B. avium 197 at approximately
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FIG. 7. Western blot comparing the expression of the B. avium
ompA gene in B. avium 197 with expression in E. coli LE392, E. coli
X6097, and S. typhimuinum x3987. Lanes: 1, B. avium 197; 2, E. coli
LE392(pYA2320); 3, E. coli X6097(pYA2336); 4, S. typhimurium
X3987(pYA2336); 5, E. coli X6097(pYA292); 6, S. typhimurinum
X3987(pYA292). Proteins were separated by electrophoresis through
an SDS-10% polyacrylamide gel, transferred to a nitrocellulose
ffite, and reacted with antibody against B. aviun 197 outer mem-
brane proteins.

FIG. 8. Localization of the B. avium 21-kDa protein in S. typhi-
murinum X3987 cells expressing B. avium ompA. (A) Western blot of
fractionated proteins reacted with antibody against B. avium 197
outer membrane proteins. (B) SDS-PAGE (4 to 20% polyacrylamide
gel) and Coomassie blue staining of fractionated proteins. Lanes: 1
and 5, outer membrane fractions of S. typhimunium X3987(pYA2336)
and X3987(pYA292), respectively; 2 and 6, inner membrane frac-
tions of S. typhimurium X3987(pYA2336) and X3987(pYA292),
respectively; 3 and 7, soluble fractions of S. typhimurium
X3987(pYA2336) and X3987(pYA292), respectively; 4 and 8, crude
cell lysates of S. typhimuium pYA2336 and pYA292, respectively.

11 to 14 days of age, the immunization protocol consisted of
a single dose of the S. typhimurium vaccine strain at 1 day of
age followed by challenge with B. avium 197 at 9 days
postimmunization. Antibodies against the B. avium 21-kDa
protein were not detectable by Western immunoblot assay in
sera from birds immunized with either S. typhimurium
X3987(pYA2336) or S. typhimurium X3987(pYA292) and
challenged with B. avium 197 (Fig. 9). At days 7, 10, and 18
postchallenge, sera from B. avium-challenged birds (Fig. 9A)
contained antibodies against other B. avium 197 proteins
rather than the 21-kDa protein. There was considerable
variation in the serum antibody response against S. typhi-
murium vaccine constructs in individual birds (Fig. 9B);
however, antibodies against S. typhimurium proteins were
present in all immunized birds by day 19 postimmunization.
Turkeys orally inoculated with S. typhimurium X3987

containing either pYA292 or pYA2336 were found to contain
less than 1 x 102 CFU of S. typhimurium in the small
intestine (both wall and contents) at day 13 postimmuniza-
tion (data not shown). The average titers of S. typhimurium
X3987(pYA292) in the bursa and spleen were 2.8 x 104 and
1.9 x 103 CFU, respectively, at day 13 postimmunization,
which slowly declined to less than 1 x 102 CFU by day 27
postimmunization (Fig. 10). In contrast, the average titers of
S. typhimunium X3987(pYA2336) in the bursa and spleen
were 1.6 x 103 and 6.8 x 104 CFU, respectively, at day 13
postimmunization, which quickly declined to less than 1 x
102 CFU by day 16 postimmunization (Fig. 10). Replica
plating of X3987(pYA292) and X3987(pYA2336) CFU recov-
ered from various organs at later time points to MacConkey
agar containing 1% maltose without diaminopimelic acid
revealed that all CFU still contained the plasmids.
Enumeration of B. avium 197 in the trachea at day 4

postchallenge (equivalent to day 13 postimmunization) indi-
cated an average level of approximately 3.3 x 107 CFU/g of
trachea in nonimmunized turkeys, while turkeys immunized
with either S. typhimurium X3987(pYA292) or S. tphimu-
rium 3987(pYA2336) were colonized with 3.2 x 10 and 1.1
x 10 CFU of B. avium 197, respectively, per g of trachea.
The quantity of B. avium 197 in the trachea remained at
approximately the same level throughout the experiment and

1 2 3 4 5 6 7 8 9101112
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FIG. 9. Western immunoblots of B. avium 197 and S. typhimurium X3987(pYA2336) proteins reacted with sera from turkeys immunized
at 1 day of age with Salmonella vaccine strains and challenged with B. avium 197 9 days postimmunization. Each lane in the Western blot
indicates the reactivity of serum from a single bird with either B. avium 197 (A) or S. typhimurium X3987(pYA2336) (B) proteins. Section 1
shows three lanes which were reacted with sera from nonimmunized, nonchallenged birds. Sections 2, 3, and 4 each show three lanes which
were reacted with sera from birds necropsied at 4 days postchallenge which were nonimmunized, immunized with S. typhimurium
X3987(pYA292), and immunized with S. typhimurium X3987(pYA2336), respectively. Sections 5, 6, and 7 each show three lanes which were
reacted with sera from birds necropsied at 7 days postchallenge which were nonimmunized, immunized with S. typhimunum X3987(pYA292),
and immunized with S. typhimurium X3987(pYA2336), respectively. Sections 8, 9, and 10 show three lanes which were reacted with sera from
birds necropsied at 10 days postchallenge which were nonimmunized, immunized with S. typhimurium x3987(pYA292), and immunized with
S. typhimurium X3987(pYA2336), respectively. Sections 11 and 12 show two lanes which were reacted with sera from birds necropsied at 18
days postchallenge which were nonimmunized and immunized with S. typhimurium X3987(pYA292), respectively. Lane 13 was reacted with
serum from one bird necropsied at 18 days postchallenge which was immunized with S. typhimurium X3987(pYA2336). Lanes 14a and 14b were
reacted with rabbit antibody against B. avium 197 outer membrane proteins. Lane 15 shows prestained molecular weight standards.

did not differ significantly between the immunized and nized with S. typhimurium X3987(pYA292) or S. typhimu-
nonimmunized birds. num x3987(pYA2336), except that one bird which had been
The titer of B. avium 197 in the thymus at days 4 and 7 inoculated with S. typhimurium x3987(pYA2336) had a titer

postchallenge was less than 1 x 102 CFU/g for birds immu- of 3.7 x 105 B. avium 197 CFU/g of thymus. Nonimmunized

s n.

L4-Logl0
Total 3-
CFU

2-

1-

0 =

a If

13 16 19 27

Days Postimmunization with S. typhimurium

FIG. 10. Recovery of S. typhimurium X3987(pYA292) from the bursa (O) or spleen (-) and recovery of S. typhimurium X3987(pYA2336)
from the bursa (U) or spleen (O) at specified times after peroral inoculation of 2.9 x 109 CFU of X3987(pYA292) or 1.5 x 10 CFU of
X3987(pYA2336). Each bar represents log1o CFU recovered from an individual bird.
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FIG. 11. Recovery ofB. avium 197 at the specified times from the thymuses of birds orally inoculated with S. typhimurium X3987(pYA292)

(El), S. typhimurium X3987(pYA2336) (U), or buffered saline gelatin (0) and challenged with B. avium 197. Each bar represents log1o CFU
recovered from an individual bird.

turkeys were found to contain an average of 3.9 x 104 CFU
of B. avium 197 per g of thymus at day 4 postchallenge, and
B. avium 197 was present in the thymus throughout the
experiment (Fig. 11).

DISCUSSION

The structural and functional roles of individual outer
membrane proteins of B. avium are largely unknown. There-
fore, the purpose of this study was to initiate genetic
characterization of the outer membrane proteins ofB. avium
and to obtain information on their roles in the structural
integrity of the bacterial cell and in disease. A gene library of
B. avium DNA was constructed in E. coli to allow isolation
of B. avium genes encoding outer membrane proteins. Five
E. coli clones were identified which contained recombinant
cosmids encoding B. avium outer membrane proteins with
molecular masses of 21, 38, 40, 43, and 48 kDa. Since
previous studies indicated that sera and tracheal washings
from B. avium-infected turkeys showed the greatest increase
in antibodies against a 21-kDa outer membrane protein of B.
avium over the course of infection (38) and since the E. coli
clone encoding the 21-kDa outer membrane protein reacted
with turkey convalescent-phase sera, we focused our studies
on the gene encoding the 21-kDa protein.

Nucleotide sequence analysis of the 21-kDa protein gene
indicated that it encodes 194 amino acids which result in a
protein with a molecular mass of 21,113 Da. The 21-kDa
protein contains extensive homology to OmpA proteins from
numerous bacteria, and on the basis of this homology, we
propose the designation of ompA for the gene encoding the
B. avium 21-kDa protein. The OmpA protein of E. coli has
several functions, including (i) maintenance of cell structure
and integrity, (ii) bacteriophage receptor, (iii) involvement in
colicin uptake, and (iv) mediator in F-dependent conjugation
(for a review, see reference 45). The functional domains of
E. coli OmpA have been well-characterized and a model for
the arrangement of OmpA in the outer membrane has been
constructed (12, 14, 25, 50). E. coli OmpA is composed of a
transmembrane portion from amino acid residues 1 to 177
(12, 14), an Ala-Pro repeat region from residues 201 to 208,
and a periplasmic portion from residue 209 to the end of the
protein. Regions around amino acid residues 25, 70, 110, and
154 are exposed on the cell surface (50) and therefore are
necessarily involved in colicin uptake, bacteriophage infec-
tion, and conjugation. B. avium OmpA lacks homology to
the amino terminus of E. coli OmpA; therefore, it is difficult

to assign similar functions to the amino terminus of B. avium
OmpA. B. avium OmpA also lacks an Ala-Pro repeat but
contains a proline-rich region from residues 54 to 76 (in the
B. avium OmpA precursor) which corresponds to the Ala-
Pro repeat region of E. coli OmpA. The region of homology
between the B. avium OmpA and the OmpA proteins from
other bacteria is limited to the carboxy terminus of the
protein, a region which encompasses amino acids 86 to 194
of the B. avium OmpA precursor. If the proline-rich region
of B. avium OmpA serves to separate the periplasmic and
transmembrane portions of the protein, as occurs in E. coli
OmpA, then a very limited area of approximately 30 to 40
amino acids of the B. avium OmpA is transmembrane and/or
surface located. However, examination of surface probabil-
ity and antigenic-index plots of B. avium OmpA (data not
shown) suggests that the N-terminal amino acids are ex-
posed on the surface of B. avium. Additional experiments
are necessary to confirm whether there is a topological
analogy between B. avium OmpA and E. coli OmpA trans-
membrane and the periplasmic moieties of the protein.
The B. avium OmpA protein lacks RGD (Arg-Gly-Asp)

sequences, amino acid sequences which are commonly
involved in adhesion to mammalian cells (58). However,
since the titer of antibody to a 21-kDa outer membrane
protein increased during infection (38), the possibility of B.
avium OmpA as an immunogen against bordetellosis in birds
needs to be explored further. Outer membrane proteins
which are homologous to the B. avium OmpA protein have
been implicated as important immunogens against human
diseases. P. aeruginosa porin protein F and H. influenzae
protein P6 are protective in the burned-mouse and infant-rat
models, respectively, and both proteins are currently being
considered as vaccine candidates (34, 49, 53). In contrast, N.
gonorrhoeae protein P III induces both protective bacteri-
cidal antibodies and harmful blocking antibodies which
interfere with the complement-activated killing of the gono-
cocci by human immune sera (2, 59). By analogy, the B.
avium OmpA protein may be a potential vaccine candidate
or may induce blocking antibodies and exacerbate disease.
Alternatively, B. avium OmpA may simply be a structural
protein which protects the integrity of the bacterium but
plays no role in disease.
To determine whether B. avium OmpA could induce

protective immunity when delivered to the immune systems
of birds via an oral vaccine delivery system, avirulent S.
typhimunium strains were constructed which expressed B.
avium ompA. The B. avium ompA gene was subcloned into
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the Asd+ vector pYA292, and the construct was introduced
into an avirulent Acya Acrp Aasd S. typhimurium X3987 and
used to orally immunize the birds. The results of these
immunization experiments must be viewed with caution
since these studies were performed once with a limited
number of birds. In these preliminary studies, the S. typhi-
murium vaccine strain was present in the bursa and spleen at
13 days postimmunization but was recovered at negligible
levels from the small intestine. The S. typhimurium strain
expressing the gene encoding the B. avium 21-kDa outer
membrane protein survived for a shorter period of time in
vivo than the S. typhimurium strain containing the plasmid
vector alone, suggesting that expression of the B. avium
21-kDa outer membrane protein might be deleterious to
prolonged survival of S. typhimurium X3987 in vivo.

Challenge of nonimmunized turkeys and turkeys immu-
nized with S. typhimurium expressing the gene encoding the
B. avium 21-kDa outer membrane protein with wild-type B.
avium 197 resulted in colonization of the trachea and the
thymus by B. avium. Tracheal colonization by B. avium 197
was not surprising, since serum antibody against the 21-kDa
protein was not induced by the immunization protocol and
therefore could not transudate from the systemic circulation
and block adherence of the bacterium. In this study, only
serum antibody was tested for antibody against the 21-kDa
protein and the birds were not examined for a mucosal
immune response, so it is difficult to assess whether or not
the immunization protocol stimulated a mucosal immune
response against the 21-kDa protein.
There are several possible explanations for the lack of a

serum immune response against the 21-kDa protein in birds
immunized with S. typhimurium expressing the gene encod-
ing the B. avium protein. First, the gene encoding the 21-kDa
protein may be unstable in vivo, and consequently, the
21-kDa protein may not be available as an immunogen in
vivo. Second, the 21-kDa B. avium 197 outer membrane
protein may not be immunogenic when delivered via the S.
typhimurium oral vaccine system. Although it was not tested
in this study, parenteral injection of purified B. avium OmpA
into birds might induce serum antibodies and protect birds
from challenge with B. avium. This possibility will be
addressed in future studies. Third, the high immunizing dose
of the S. typhimurium vaccine strain and the young age of
the birds may result in lymphocyte depletion and/or suppres-
sion of the immune response. It has been speculated (36) and
recently demonstrated that wild-type S. typhimurium can
cause lymphocyte depletion and suppression of the immune
response in 3- and 7-day-old chickens (37). Although the S.
typhimurium x3985 vaccine strain does not induce this
immune suppression in young chicks, high doses of the
vaccine strain in 1-day-old young turkeys may be responsi-
ble for the lack of serum antibodies against the B. avium
21-kDa protein. Fourth, a single immunizing dose of the
vaccine may not be adequate for induction of a protective
immune response. Recent studies have indicated that a
single immunizing dose of S. typhimunium X3985 reduces
fecal excretion of wild-type S. typhimurium in chickens but
a double immunization is required to protect chickens from
cecal colonization by wild-type S. typhimurium (36). As
mentioned previously, the early age of infection with B.
avium precludes the use of booster immunizations to prevent
B. avium colonization. Fifth, the period of time between oral
inoculation with the S. typhimurium vaccine strain and
challenge with B. avium may not be adequate for induction
of an immune response against the 21-kDa protein because
of the immaturity of the bird immune system. The latter two

hypotheses seem plausible, since antibodies against S. typhi-
munum were not consistently present in serum at a detect-
able level until day 19 postimmunization. Since B. avium
infection is initiated early in the life of birds, an alternative
immunization strategy might include oral immunization, in
two or more doses, of layer hens. Passive immunity by
maternal antibody would serve to protect chicks until 3 or 4
weeks of age, when their immune systems have fully devel-
oped.

Inoculation of birds with S. typhimurium X3987(pYA292)
or S. typhimurium X3987(pYA2336) resulted in reduced
colonization of the thymus by B. avium 197. Furthermore, B.
avium 197 colonized the turkey tracheas regardless of
whether or not the bacterium was present in the thymus.
One explanation for this result is that immunization with S.
typhimurium X3987 may stimulate a nonspecific T-cell re-
sponse which limits B. avium colonization in the thymus but
has no effect on tracheal colonization.
The absence of serum antibody against the 21-kDa protein

in immunized birds makes it difficult to determine whether
the 21-kDa protein is an antigen protective against borde-
tellosis. Further bird infectivity studies utilizing B. avium
mutants lacking the 21-kDa protein and studies on parenteral
immunization with the purified protein will need to be
performed to determine the role of the 21-kDa protein in
bordetellosis.
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