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Using antisera raised against serotype 2 and 3 fimbrial subunits from Bordetella pertussis,
serologically related polypeptides were detected in Bordetella bronchiseptica, Bordetella
parapertussis and Bordetella avium strains . The two B. pertussis fimbrial subunits, and three of
the serologically related B. bronchiseptica polypeptides, were shown to be very similar in amino
acid composition and N-terminal amino acid sequence . Homology was observed between the
N-termini of these polypeptides, and fimbrial subunits from Escherichia coli, Haemophilus
influenzae and Proteus mirabilis . A synthetic oligonucleotide probe, derived from the N-terminal
sequence of the B. pertussis serotype 2 fimbrial subunit, was used to identify fimbrial genes in
genomic Southern blots . The results suggested the presence of multiple fimbrial subunit genes
in B. pertussis, B. bronchiseptica and B. parapertussis . The DNA probe was used to clone one
of the three tentative fimbrial subunit genes detected in B. pertussis.
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Introduction

All known members of the genus Bordetella are pathogenic microorganisms involved
in infections of the respiratory tract. A first and essential step in the pathogenesis of
these infections is the adherence to host epithelial cells . In many cases studied so far
it has been shown that adherence is mediated by extracellular proteins called fimbriae
or pill (see ref. 1 for a recent review) . In view of their role in the establishment of
disease, it is not surprising that studies, using experimental animal models, have shown
that fimbriae are potentially important vaccine components . 2.3 However, the efficacy
of a fimbrial vaccine is often limited, due to the occurrence of different antigenic types
of fimbriae within a single species . 4 Immunization with a particular fimbrial serotype
does not always confer protective immunity against infection by a strain carrying a
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different fimbrial serotype . Antigenic variation of fimbriae has also been observed in
Bordetella . B. pertussis has been shown to produce two types of fimbriae, previously
designated serotype 2 and 3 agglutinogens . 5 The serotype 2 and 3 fimbriae are
composed of subunits with molecular weights of 22 500 and 22000, respectively .'
Strains of B. pertussis may produce both types of fimbriae, or only a single type . Three
serologically cross-reactive fimbrial subunits, with molecular weights of 21000, 22 000
and 24000, have been described in B. bronchiseptica strains. The occurrence of
multiple fimbriae in Bordete/la species raises a number of questions relevant for the
construction of a vaccine containing fimbriae. First, does the structural heterogeneity
also imply functional heterogeneity, i .e. do different fimbriae recognize different
receptors? Second, is it possible to locate conserved regions within the fimbriae,
preferably the receptor binding domain, that confer protective immunity against strains
with different antigenic types of fimbriae? In a first attempt to answer these questions,
we have studied the structure and relatedness of fimbrial subunits produced by various
Bordetella species. Furthermore, we have isolated one of the fimbrial subunit genes
detected in B. pertussis by molecular cloning .

Results

Serological relatedness of Bordetella fimbrial subunits
Fimbriae produced by related bacterial species may show extensive serological cross-
reactivity.' Thus antisera raised against fimbriae derived from a particular strain can be
used to search for the presence of fimbriae in related strains . We preferred to use
immunoblotting for this screening because this technique gives information on
serological relatedness and molecular weights of individual polypeptides . The molecular
weight of the polypeptides detected is relevant because fimbrial subunits generally
have a molecular weight falling in the range 14000 to 30000 . 1 Sera raised aginst
native fimbriae gave very weak reactions on immunoblots (not shown) . Apparently,
antibodies elicited by native fimbriae are mainly directed against conformational
determinants, not present on SDS-denaturated fimbrial subunits . To circumvent this
problem antisera were raised against SDS-denaturated fimbrial subunits (see' Materials
and methods') .

Because the serotype 2 and 3 fimbriae produced by B. pertussis are well charac-
terized,"' we used antisera against their subunits in our study (Fig . 1 ) . The molecular
weights we observed for the serotype 2 and 3 fimbrial subunits (24500 and 24000
respectively) were somewhat larger than those published by Irons et al.' (22 500 and
22000 respectively) . These differences are probably due to different electrophoresis
conditions. The serotype 2 antiserum gave a strong reaction with the serotype 2
fimbrial subunit, but only a weak reaction with the serotype 3 fimbrial subunit . The
serotype 3 antiserum also reacted with both fimbrial subunits, the reaction with the
serotype 3 subunit being much stronger. In addition to the serotype 2 and 3 fimbrial
subunits, these two antisera recognized a number of other polypeptides in B. pertussis
strains. With the serotype 2 antiserum three additional polypeptides, with molecular
weights of 21 000, 20000 and 14000, were detected . These polypeptides were always
found associated with strains producing serotype 2 fimbrial subunits, and were also
detected in purified serotype 2 fimbrial preparations . The intensity of these bands
increased upon storage of the preparations, suggesting that they represent degradation
products of the serotype 2 fimbrial subunit . In addition to the two B. pertussis fimbrial
subunits, the serotype 3 antiserum recognized a polypeptide with a molecular weight
of 35000. Polypeptides with similar molecular weights were also detected in B .
bronchiseptica strains, but not in B. parapertussis and B. avium strains. Furthermore,
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Fig . 1 . Immunoblots of Bordetella strains, using antisera directed against serotype 2 (st2), and serotype
3 (st3) fimbrial subunits from B. pertussis . Total cell-lysates, containing 1 µg of protein, were applied to
the lanes. The numbers above the lanes, between parentheses, indicate the serotype of fimbriae produced
by the B. pertussis strains as determined by the slide agglutination test . Arrows designate B. bronchiseptica
polypeptides isolated . The numbers to the right of the immunoblot indicate the molecular weights (x 10 -3 )
of marker proteins . B P = B. pertussis; B PP = B. parapertussis; B B = B. bronchiseptica; BA = B. avium ;
Toh = Tohamal .

the polypeptide was not detected in preparations containing purified B. pertussis
fimbriae (not shown) . In view of its high molecular weight it seems unlikely that the
35000 Da polypeptide represents a fimbrial subunit .

The two antisera were also used to determine whether other Bordetella species
produced polypeptides serologically related to B. pertussis fimbrial subunits (Fig . 1) .
Only one cross-reacting polypeptide (M,=24000) was observed in the two B.
parapertussis strains tested. No significant difference was observed between the two
antisera tested with respect to the intensity of the reaction with this polypeptide . With
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Table l Amino acid composition of fimbrial subunits

'Based on the following molecular weights: 24500 for Tohamal serotype
2 (st2) subunit ; 24000 for BP11 serotype 3 (st3) subunit ; 23 500 for the B .
bronchiseptica subunits .
°Assumed value; the preparation contained very high amounts of Gly,

presumably due to contamination with Gly derived from SDS-PAGE elec-
trophoresis buffer, .

`This His peak was obscured by an unidentified impurity.
'Not detected .

the two antisera four to six polypeptides, in the 14400 to 26000 molecular weight
range, were detected in B. bronchiseptica strains (Fig . 1). Although most polypeptides
were detected with both antisera, the intensity of the reaction was generally dependent
on the type of antiserum used . Apparently, some of the B. bronchiseptica polypeptides
are more closely related to serotype 2, whereas others are more closely related to
serotype 3 fimbrial subunits . Using the serotype 2 antiserum three polypeptides, with
molecular weights of 14400, 17000 and 24000 were detected in the two B. avium
strains analyzed . The 14400 Da polypeptide was observed only in the B. avium strain
BA22. The polypeptides were not detected using the serotype 3 antiserum .

Amino acid analyses of B . pertussis and B . bronchiseptica fimbrial subunits
B. pertussis serotype 2 and 3 fimbrial subunits were purified, and their amino acid
composition (Table 1) and N-terminal amino acid sequence (Table 2) was determined .
Furthermore, three of the B. bronchiseptica polypeptides, detected with the serotype
2 and serotype 3 antisera, were also isolated and subjected to total and N-terminal
amino acid analyses (Tables 1 and 2) . The latter polypeptides have been indicated by
arrows in Fig . 1 . The total analyses revealed that all five Bordetella polypeptides have
very similar amino acid compositions . Furthermore, the amino acid composition of the
serotype 2 fimbrial subunit, as determined in this study, is very similar to the
composition published by Zhang et al.' Two to four glucose-amine molecules per
subunit were detected in the preparations containing polypeptides derived from the
B. bronchiseptica strains 131314 and 131316 . It remains to be determined whether these
amino-sugars are covalently attached to the fimbrial subunits, or derived from the cell
envelope .

Residues per subunit'
B. pertussis B. bronchiseptica

Amino acid Tohamal(st2) BP11 (st3) BB14 BB16 BB20

Asx 25 25 22 22 20
Thr 25 15 17 17 12
Ser 14 18 14 14 17
Glx 18 22 18 19 24
Pro 12 9 8 8 9
Gly 19 31 26 26 (26)b
Ala 19 27 24 24 23
Val 15 10 16 15 12
Met 3 1 1 2 1
lie 11 7 8 8 8
Leu 10 12 17 16 18
Tyr 8 6 7 7 4
Phe 5 2 8 8 7
His 4 4 -C -C 4
Lys 14 18 9 9 9
Arg 8 3 9 9 10

glucose-amine NDd ND" 2-4 2-4 NDd
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Table 3 Bacterial strains

Strains'

B. pertussis (2, 3)
B. pertussis (2)
B. pertussis (2)
B. pertussis (2+/-, 3)
B. pertussis (2, 3)
B. pertussis (3)
B. pertussis (3)
B. pertussis (2)
B. pertussis (2)
B. bronchiseptica
B. bronchiseptica
B. bronchiseptica
B. bronchiseptica
B. bronchiseptica
B. bronchiseptica
B. avium
B. avium
B. parapertussis
B. parapertussis

Strain
designation

	

Source/Reference

Wellcome 28

	

(3)
Tohamal

	

(20)
BP356b

	

(21)
BP5

	

(22)
BP6

	

(23)
BP1 1

	

clinical isolate (human)
BP12

	

clinical isolate (human)
BP17

	

clinical isolate (human)
BP18

	

clinical isolate (human)
BB14

	

clinical isolate (pig)
BB15

	

clinical isolate (pig)
BB16

	

clinical isolate (pig)
BB19

	

clinical isolate (dog)
BB20

	

clinical isolate (dog)
BB26

	

clinical isolate (dog)
BA21

	

(17)
BA22

	

(17)
BPP24

	

clinical isolate (human)
BPP25

	

clinical isolate (human)

'Numbers between parentheses designate serotype as determined by
slide agglutination .

'Derived from Tohamal, contains a Tn5 insertion in the pertussis toxin
genes.

N-terminal amino acid sequence analyses revealed only five differences in the first
20 residues of the serotype 2 and 3 fimbrial subunits (Table 2) . Only one difference
(at position 15) was detected in the sequence of the three B . bronchiseptica
polypeptides analyzed . A large degree of homology was also observed between the B.
pertussis and B. bronchiseptica polypeptides, especially within the first 20 amino acid
residues. These results clearly indicate that the three isolated B. bronchiseptica
polypeptides represent fimbrial subunits, and substantiate our assumption that the
serotype 2 and 3 antiserum can be used to identify fimbrial subunits in different
Bordetella species .

For comparison, the N-terminal amino acid sequences of fimbrial subunits derived
from Escherichia coil, Haemophilus influenzae and Proteus mirabilis are included in
Table 3. These fimbrial subunits all showed some resemblance in primary structure
with the Bordetella subunits. An unidentified residue was observed at position 16 in
all Bordete/la fimbrial subunits . For several reasons we presume that this residue
represent a cysteine . First, a cysteine is generally found at this position in other fimbrial
subunits (Table 2) . 1 Second, DNA sequence analyses have confirmed the presence of
a cysteine at position 16 in the serotype 2 fimbrial subunit (I . Livey, unpublished
data) .

Identification of fimbrial genes in Bordetella species
In order to isolate B. pertussis fimbrial genes by molecular cloning, a DNA probe was
derived from the first ten amino-terminal residues of the serotype 2 fimbrial subunit
(Fig . 2) . Since most of these residues are conserved in the five Bordetella fimbrial
subunits analyzed, we expected that the probe could be used to identify fimbrial
subunit genes in several Bordete/la species. To test this assumption, the probe was
hybridized to genomic blots of Sail digested chromosomal DNA from B. pertussis, B .
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Fig . 2 . Synthetic oligonucleotide probe derived from the N-terminal amino acid sequence of the B .
pertussis serotype 2 fimbrial subunit . The probe consists of a pool of four different oligonucleotides
harboring either a T or a C at the wobble position of the first and second codon . The nucleotides at the
remaining wobble positions were chosen on the basis of codon-usage in the pertussis toxin genes ."," The
corresponding amino acid sequence of the serotype 2 fimbrial subunit is shown in the single-letter code .
Amino acid residues, conserved in all Bordetella fimbrial subunits analyzed, have been blocked .

I 2 3 4 5 6

Fig. 3 . Southern blots of Sa/I-digested DNA with the synthetic serotype 2 oligonucleotide probe . DNA
was digested with Sa/l, separated on a 0 .8% agarose gel and subsequently transferred to a Gene-Screen-
Plus membrane. The membrane was incubated with the 32 P-labelled probe for 16 h at 51 °C. The membrane
was washed for 15 min at 51 °C, and 10 min at 65°C . Autoradiography was for three days with an intensifier
screen. The numbers on the left and right indicate the sizes (in kbp) of Sail fragments detected in B .
pertussis, and of marker DNA fragments, respectively . Lane 1,,RIP13 (see text) ; the remaining lanes contain
chromosomal DNA derived from Bordetella strains: lane 2, B. pertussis (Tohamal); lane 3, B. pertussis
(Wellcome 28); lane 4, B. parapertussis (BPP24); lane 5, B. bronchiseptica (BB26) ; lane 6, B. bronchiseptica
(BB16) .

bronchiseptica and B. parapertussis (Fig . 3) . B . avium DNA was not analyzed, because
it appeared to be refractory to cleavage by Sall . The probe hybridized to three Sall
fragments (3 .9, 1 .7 and 0.9 kilobase pairs; kbp) in the two B . pertussis strains tested,
suggesting the presence of three fimbrial subunit genes . The two smaller Sall fragments
hybridized more efficiently with the probe than the large fragment, suggesting a larger
degree of homology with the N-terminus of the serotype 2 gene .
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Five to six Sall fragments were detected in digests of DNA derived from B .
bronchiseptica and B. parapertussis (Fig. 3) . The Sall fragments detected in these two
species of Bordetella were very similar or identical in size . In fact the pattern of bands
observed with the B. bronchiseptica strain BB16 and the B. parapertussis strain was
identical, except for the absence of a 1 .9 kbp Sall fragment in B. parapertussis. A
small difference was also observed between the two B. bronchiseptica strains, in that
one 3.9 kbp Sall fragment was detected in strain 131326, whereas two Sall fragments
of similar size were detected in strain 131316 .

To be able to include B. avium in our comparison, genomic blots were also made
using the restriction enzyme BssHII, which cleaves DNA from all four Bordetella
species well . The results (not shown) confirmed our experiments with Sall digested
chromosomal DNA. Furthermore, no hybridization was observed with B. avium DNA,
under the conditions mentioned in the legend to Fig . 3 .

Molecular cloning of B . pertussis fimbrial subunit genes
A genomic bank of the B. pertussis strain Tohamal was constructed by cloning partially
Sau3A digested chromosomal DNA in the lambda vector EMBL3 . 16 The synthetic
oligonucleotide derived from the serotype 2 fimbrial subunit (Fig . 2) was used to
screen the bank, and amongst the 20000 plaques analyzed, 30 positive clones were
found, nine of which were selected for further study . Purified DNA from the clones
was digested with Sall, and analyzed by means of Southern blotting using the synthetic
probe. Five clones contained an identical 1 .7 kbp Sall fragment which hybridized to
the probe . A representative of one of these clones, ).RIP13, is included in Fig . 3 . It
appeared that the 1 .7 kbp Sall fragment was identical in size to one of the Sall
fragments detected in genomic blots of B. pertussis . This indicates that the five clones
contain an intact copy of this chromosomal DNA fragment . The remaining clones
contained smaller Sall fragments, none of which corresponded to one of the Sall
fragments detected in genomic blots (not shown) . Thus these clones contain an
incomplete copy of one of the chromosomal Sall fragments .

Discussion and conclusions

In this study we have used a number of approaches to investigate the fimbriae of the
genus Bordetella . In a first approach, antisera raised against the serotype 2 and 3
fimbrial subunits from B. pertussis were used to identify serological related polypeptides
in different Bordetella species (Fig . 1) . Since nearly all fimbrial subunits analyzed to
date have molecular weights between 14000 and 30000,' we were especially
interested in polypeptides in this molecular weight range . Cross-reacting polypeptides
falling into this category were observed in all four Bordetella species investigated. In
B. bronchiseptica strains four to six cross-reacting polypeptides were observed,
suggesting that these strains produce a large number of different fimbrial subunits .
This is also suggested by the work of Lee et al .,' which has revealed the presence of
three different fimbrial subunits in B. bronchiseptica strains. Furthermore, these authors
have also observed that B. bronchiseptica and B. pertussis fimbrial subunits are
serologically related . It is noteworthy that the degree of serological relatedness between
the two B. pertussis fimbrial subunits is smaller than between the B. pertussis
and some B. bronchiseptica subunits. In B. parapertussis strains, one polypeptide
serologically related to B. pertussis fimbriae was detected, whereas two to three of
these polypeptides were found in B. avium strains. To our knowledge this is the first
evidence for the occurrence of fimbriae in these species .

Our serological studies suggest that the four Bordetella species produce a group of



Fimbrial subunits from Bordetella

	

481

related fimbrial subunits . Additional evidence for the relatedness between Bordetella
fimbrial subunits was obtained from amino acid analyses and Southern blotting
experiments. The two B. pertussis fimbrial subunits, and three serologically related B .
bronchiseptica polypeptides were purified and their amino acid composition and N-
terminal amino acid sequence was determined . It appeared that these polypeptides
were very similar in amino acid composition (Table 1) . Furthermore, extensive
homology was observed in their N-terminal amino acid sequences (Table 2) . Homology
was also observed with fimbrial subunits from E. coli, H. influenzae and P. mirabi/is .
The highest degree of homology was observed with the E. coli K99 and P. mirab/lis
fimbrial subunits; 50 and 40% homology, respectively, with the first 20 amino acid
residues of the B. pertussis serotype 2 fimbrial subunit. No significant homology was
observed with fimbrial subunits from Neisseria strains (not shown) .

In another approach to study the fimbriae of the genus Bordetella, we used a
synthetic oligonucleotide probe (Fig . 2) to identify fimbrial genes in genomic blots
(Fig . 3) . Since the probe was derived from a region of the B. pertussis serotype 2
fimbrial subunit, which is well conserved in both B. pertussis and B. bronchiseptica,
we expected that the probe could be used to identify fimbrial genes in different
Bordetella species. The probe hybridized to B. pertussis, B. bronchiseptica and B.
parapertussis DNA (Fig. 3), but not to B. avium DNA (not shown) . In genomic blots
of Sa/l digested DNA from B. pertussis, B. bronchiseptica and B. parapertussis three
to five DNA fragments were detected, with very similar or identical molecular weights .
These findings are consistent with taxonomic studies, 17,'8 which have shown that B.
pertussis, B. bronchiseptica and B. parapertussis are very closely related and can be
classified as a single species, whereas B. avium strains are genetically divergent
enough to warrant specific status . Especially the genomic blots of B. bronchiseptica
and B. parapertussis were very similar, confirming the close genetic relationship
between some B. bronchiseptica strains and B. parapertussis . 1 S Interestingly, no
difference was observed in the genomic blots of the B. pertussis strains Wellcome 28
and Tohamal, although the Wellcome 28 strain produces both the serotype 2 and 3
fimbrial subunits, 3 while the Tohamal strain expresses the serotype 2 fimbrial subunit
only (Fig. 1) . This suggests that a silent copy of the serotype 3 fimbrial subunit gene
is present in the Tohamal strain .

The five to six Sail fragments detected in genomic blots of B. bronchiseptica
corresponded well to the number of cross-reacting polypeptides (four to six) found in
these strains with immunoblotting . Such a correlation was not observed for the B.
parapertussis and B. pertussis strains analyzed . In B. parapertussis five Sall fragments
were detected with the probe, while only one polypeptide was observed in immuno-
blots. In B. pertussis three Sall fragments hybridized to the DNA probe, while only
two types of fimbriae have been described in this species . The latter discrepancy
is especially significant, because the fimbriae of B. pertussis have been studied
intensively . 5.5 .8 The discrepancy between the genomic blots and immunoblots might
be due to the fact that some fimbrial subunits are not recognized by the antisera used .
It is also possible that some genes are not expressed, or only at a very low level . In
this context it should be noted that several fimbriae have been shown to be
heteropolymers consisting of a major subunit and one or more minor subunits ."19 The
minor fimbrial subunits have generally eluded biochemical and serological detection,
and evidence for their existence was first based on genetic grounds. In some cases
these minor components have been shown to contain the receptor-binding domain ."
It is tempting to speculate that the tentative third fimbrial subunit gene detected in B .
pertussis codes for such a minor subunit.

The presence of multiple fimbrial genes in Bordete/la strains might be explained in
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several ways . It is possible that these genes code for antigenic variants which allow
the pathogen to escape from immune surveillance . Another possibility is that these
genes code for subunits which differ not only in structure but also in function . As a
first step to address these questions, we have started to isolate the three B. pertussis
fimbrial genes by molecular cloning . The DNA probe derived from the serotype 2
fimbrial subunit was used to identify fimbrial genes in a genomic bank of the B .
pertussis strain Tohamal . A number of clones were identified which contain a 1 .7 kbp
Sall fragment also observed in genomic blots (Fig . 3) . A similar DNA fragment has
been cloned from the B. pertussis strain Wellcome 28, and DNA sequence analyses
has revealed that this fragment contains the serotype 2 fimbrial subunit gene (I . Livey,
unpublished data) . We are currently characterizing the remaining two B. pertussis
fimbrial genes .

Materials and methods

Strains and culture conditions . The Bordetella strains used in this study are listed in Table 1 .
Strains were maintained in milk containing 30% glycerol at -70°C, and reconstituted by growth
on Bordet-Gengou agar plates ." Haemolytic colonies from the Bordet-Gengou agar plates
were used to inoculate a modified Cohen-Wheeler medium, designated Verwey medium ."
Growth was carried out with shaking at 35 to 37°C, for 2 to 3 days . Strain BP356 was grown
in the presence of 25 yg/ml kanamycin .

Isolation of fimbriae . For the isolation of fimbriae, B. bronchiseptica strains were grown in
Brain Heart Infusion (Difco Laboratories, Detroit, Mich), whereas B. pertussis strains were
grown in Verwey medium . Haemolytic colonies from Bordet-Gengou plates were used to
inoculate 400 ml of liquid medium . After growth for one or two days at 35 to 37°C, this culture
was used to inoculate 4 I of liquid medium and growth was continued until the culture reached
an absorbance at 650 nm of 2 .0. Subsequently, cells were harvested and suspended in PBS
(0.01 M sodium phosphate, pH 7 .4, 0.155 M NaCl), supplemented with 4 M urea, to an
absorbance at 650 nm of 60 . Fimbriae were detached from the cells by heating this suspension
at 60°C for 30 min . Unless otherwise stated, all subsequent steps were carried out at 0 to 4°C .
Cells were pelleted by centrifugation for 20 min at 20 000 g . Membrane fragments were removed
from the supernatant in a second centrifugation step (90 min at 175000 g) . Fimbriae were
precipitated from the supernatant with 0 .5 M NaCl and 4% (wt/vol) polyethyleneglycol 6000 .
After incubating for 16 h at 4°C, fimbriae were collected by centrifugation (60 min at 20000
g), the pellet was dissolved in 0 .05 M Tris HCI pH 7 with 4 M urea, and dialyzed against the same
buffer . At this stage, the presence of fimbriae was verified by means of electron microscopy .
Undissolved protein was removed by centrifugation (20 min at 20000 g), and the fimbriae
suspension was stored at -20°C . For some preparations it was necessary to include an additional
purification step . Fimbriae were suspended in 0 .05 M Tris HCI pH 8 with 4 M urea and 0 .1%
SDS, and this suspension was heated at 60°C for 20 min. Under these conditions most
contaminants dissociate into smaller subunits, whereas the fimbriae maintain their macro-
molecular structure. Fimbriae were collected by centrifugation (8 h at 175000 g and 8°C),
suspended in 0 .05 M Tris HCI pH 8 with 4 M urea, and stored at -20°C . At this stage, B .
bronchiseptica preparations still contained a number of different polypeptide species, presumably
representing different fimbrial subunits . Therefore, in a final purification step, a single polypeptide
species was isolated by means of preparative SDS-polyacrylamide gel electrophoresis followed
by electroelution from the gel .

Preparation of antisera against fimbrial subunits . Serotype 2 and 3 fimbriae were isolated
from the B . pertussis strains Tohamal and BP1 3, respectively, as described above . Subsequently,
approximately 1 mg of fimbrial protein was electrophorized in a 14% SDS-polyacrylamide gel .
The fimbrial subunit band was detected by staining in Coomassie blue in water, cut from the
gel and emulsified in PBS (0.01 M sodium phosphate pH 7.4 and 0.155 M NaCl) . Before
immunization, the emulsion was mixed 1 :1 with Freund's complete or incomplete adjuvant .
Rabbits were immunized subcutaneously with 0 .25 mg of fimbrial protein in Freund's complete
adjuvant . After 21 and 28 days, boosters were given subcutaneously consisting of 0.25 mg of
fimbrial protein in Freund's incomplete adjuvant . At day 38 the rabbits were bled .
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SDS-polyacrylamide gel electrophoresis . SDS-polyacrylamide gel electrophoresis was per-
formed in 12 or 14% acrylamide containing gels, essentially as described by Laemli . 26

Immunoblotting . Immunoblotting was basically done as described by van Embden et a1. 27

Protein determination . Protein concentration was determined with a BioRad Protein Assay
kit (Bio-Rad, Richmond, California) .

DNA techniques . Chromosomal DNA was prepared as described by van Embden et a!. 27
Southern blotting was performed as previously described . 28 Prehybridization and hybridization
was performed in 5x SSPE (1x SSPE=0.01 M sodium phosphate pH 7 .0, 0.18 m NaCl, and
0.001 M EDTA) containing 1% SDS, 5x Denhardt's solution, 29 and 50 µg/ml Herring sperm
DNA . Washings were performed in 5x SSPE containing 0 .1% SDS .
A genomic bank of the B . pertussis strain Tohamal was constructed as follows . Tohamal

DNA was parially cleaved with Sau3A, and fragments having sizes between 10 and 20 kilobase
pairs (kbp) were isolated by preparative gel electrophoresis in 0 .8% agarose. The fragments
were ligated with BamHI cleaved EMBL3 DNA, 16 and after in vitro packaging and transduction
into the E. coil K12 strain LE392, 16 about 120000 independent clones were obtained . The
genomic bank was screened for fimbrial genes with an oligonucleotide probe using Gene-
Screen-Plus (Du Pont, Boston, Massachusetts), according to the instructions provided by the
manufacturer. Manipulation of lambda recombinants was performed following the protocols of
Maniatis et al."

Amino acid analyses. Amino acid analyses were performed on a Waters HPLC equipment,
with post-column derivatization by o-phthaldialdehyde. Glucose-amine appears as a broad peak
after phenylalanine. Hydrolysis was performed in 6 M HCI at 108°C for 20 hrs . Amino acid
sequences were determined on a gas-phase sequencer (model 470 A, Applied Biosystems)
using program 0 2 N RUN . PTH-amino acid derivatives generated by the sequence were
analyzed by HPLC (Waters) at 254 and 313 nm on a 4 .6x125 mm Spherisorb S5-ODS column .

We are indebted to Tineke Olij for secretarial assistance, Anja Hamers for preparing B.
bronchiseptica chromosomal DNA, Bert Verhey and Diana Ruyzendaal for synthesizing the
oligonucleotide probe, and to Dick van Brenk, Wim Sandman and Jaap Valkenburg for
serotyping .
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