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Brazilian purpuric fever (BPF) is a recently described pediatric septicemia caused by a strain of Haemophilus
influenzae biogroup aegyptius. The pilus specified by this bacterium may be important in BPF pathogenesis,
enhancing attachment to host tissue. Here, we report the cloning of two haf (for H. influenzae biogroup aegyp-
tius fimbriae) gene clusters from a cosmid library of strain F3031. We sequenced a 6.8-kb segment of the haf1
cluster and identified five genes (hafA to hafE). The predicted protein products, HafA to HafD, are 72, 95, 98,
and 90% similar, respectively, to HifA to HifD of the closely related H. influenzae type b pilus. Strikingly, the
putative pilus adhesion, HifE, shares only 44% identity with HafE, suggesting that the proteins may differ in
receptor specificity. Insertion of a mini-gd transposon in the hafE gene eliminated hemadsorption. The nucleo-
tide sequences of the haf1 and haf2 clusters are more than 99% identical. Using the recently published sequence
of the H. influenzae Rd genome, we determined that the haf1 complex lies at a unique position in the chromo-
some between the pmbA gene and a hypothetical open reading frame, HI1153. The location of the haf2 cluster,
inserted between the purE and pepN genes, is analogous to the hif genes on H. influenzae type b. BPF fimbrial
phase switching appears to involve slip-strand mispairing of repeated dinucleotides in the pilus promoter. The
BPF-associated H. influenzae biogroup aegyptius pilus system generally resembles other H. influenzae, but the
possession of a second fimbrial gene cluster, which appears to have arisen by a recent duplication event, and
the novel sequence of the HafE adhesin may be significant in the unusual pathogenesis of BPF.

Haemophilis influenzae biogroup aegyptius (Hae, formerly
H. aegyptius) is a nontypeable (nonencapsulated) gram-nega-
tive bacterium that is an important cause of contagious puru-
lent conjunctivitis. In 1984, Hae was found to be the etiologic
agent of Brazilian purpuric fever (BPF), a septicemic illness
occurring in young children (3). The disease usually follows
recovery from purulent conjunctivitis and is associated with
acute fever, the development of petechiae, purpura fulminans,
and vascular collapse. Molecular epidemiological studies sug-
gested that a single clone of Hae was responsible for nearly all
BPF cases identified in Brazil (3). This BPF-associated strain
has been distinguished from other Hae strains by its resistance
to killing by human serum (26), toxicity for human endothelial
cells (27, 44), and ability to cause bacteremia in an infant rat
model (30). The bacterium is also capable of invading cells of
a primary human adenoid tissue culture (7). Weyant et al. (43)
reported that BPF-associated clone strains can express an an-
tigenically distinct pilus (fimbrium) that mediates hemaggluti-
nation and is expressed in a phase-variable manner. In contrast
to the pili of closely related H. influenzae type b (Hib), pili of
BPF-associated H. influenzae strains are generally expressed at
the time of isolation from systemic sites (23), suggesting that
the pilus may play a novel role in BPF pathogenesis.
Pilus-mediated adhesion is a well-described mechanism for

bacterial attachment to epithelial surfaces. Pili are surface ap-
pendages of gram-negative bacteria that are usually composed
of repeated major pilin subunits and one or more minor sub-
units. The best-studied example is Pap (pyelonephritis-associ-
ated pilus) of uropathogenic Escherichia coli (16). Major pilus

gene sequences of a number of H. influenzae strains have also
been reported (10, 12, 17, 19, 37). The H. influenzae genes are
each present in a single copy, are very similar to each other (78
to 100% identity at the amino acid level), and show some
resemblance to E. coli type 1 and Pap pili. A pilus gene cluster
comprising five genes has now been characterized in Hib (24,
38, 42). The cluster encodes HifA, a major pilin protein; HifB,
a periplasmic chaperone; HifC, an outer membrane usher; and
two minor subunits, HifD and HifE. Phase variation of pilus
gene expression is mediated by slip-strand mispairing altering
the spacing between the overlapping, divergently oriented210
and235 promoters of hifA and hifB (39). The major pilus gene
of BPF-associated H. influenzae has also been characterized
and shown to encode a pilin with distinctive antigenic features
(34, 45).
In this work, we report on the haf (forH. influenzae biogroup

aegyptius fimbrium) genes of the prototypic BPF-associated
strain F3031. The BPF system differs significantly from that of
Hib because there are two identical, independently phase-
variable copies of the pilus gene cluster and also because the
final gene of the complex encodes a novel version of the pu-
tative pilus adhesin protein.

MATERIALS AND METHODS

Bacteria. BPF case strains from Brazil, F1946, F2052, F3031, F3034, F3049,
F3114, F3224 (3) and G1097, and strain 34b, a piliated phase variant of F3049,
were provided kindly by the Meningitis and Special Pathogens Branch, Centers
for Disease Control and Prevention, Atlanta, Ga. Hib strain 1007 has been
described previously (6). Hae and Hib strains were grown at 378C on chocolate
agar supplemented with IsoVitaleX and hemoglobin in a 4% CO2 atmosphere or
in brain heart infusion broth supplemented with Fildes enrichment (5%, vol/vol)
(Becton Dickinson, Cockeysville, Md.).
E. coliHB101 (2) and XL-1 Blue MRA (Stratagene Cloning Systems, La Jolla,

Calif.) were grown in Luria broth or on Luria agar plates (Becton Dickinson).
Ampicillin was added to a final concentration of 50 mg/ml when necessary for
selection.
Cloning and sequencing the Haf pilus gene clusters. A segment of the haf1
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gene cluster was originally cloned in plasmid pAW30 (45). We determined that
BPF-associated strain F3031 carried two haf pilus gene clusters when BglII
chromosomal digests probed with a fragment of the major pilus gene demon-
strated two hybridizing bands of approximately 12 and 25 kb. In order to isolate
the individual haf clusters, a cosmid library of F3031 was then prepared. BamHI-
digested pHC74 cosmid DNA (4) was ligated with a partial Sau3A1 digest of
F3031 chromosomal DNA, packaged with the GigaPak Gold II extract (Strat-
agene), and used to transfect XL-1 Blue MCR cells. pMF1 and pMF6, two
recombinant plasmids that hybridized with a major pilus gene probe, were shown
by restriction enzyme mapping to contain different regions of the H. influenzae
chromosome. pMF1 carries the haf1 genes, and pMF6 carries haf2.
Sequencing of pAW30 and the pMF1 and pMF6 cosmids was accomplished by

a combination of the dideoxy chain termination method of Sanger et al. (32) and
double-stranded DNA Cycle sequencing (Bethesda Research Laboratories), us-
ing the Sequenase 2.0 enzyme (U.S. Biochemicals, Cleveland, Ohio). A set of
primers was synthesized to allow both strands of the DNA to be sequenced. DNA
sequence analysis was performed with Geneworks software (IntelliGenetics,
Mountain View, Calif.). Nucleotide and amino acid alignments were computed
by a method based on that of Smith and Waterman (33).
Hemadsorption assays. Strains were evaluated for the ability to adsorb type

O-positive human erythrocytes in a 5% suspension by using a nitrocellulose
overlay technique described previously (5, 6).
Determination of hemagglutination titer. The hemagglutination proficiency of

H. influenzae strains was determined by a procedure based on that of St. Geme
et al. (35). Bacteria were picked as single colonies from stock plates and spread
on chocolate agar plates. After overnight incubation, cells were resuspended in
phosphate-buffered saline (PBS) (31) and standardized to an A600 of 1.0. Serial
twofold dilutions of the suspension with PBS were made in a Costar 96-well
V-bottom microtiter plate. An equal volume (50 ml) of heparinized human
O-positive erythrocytes, resuspended to 1.0% (vol/vol) in PBS, was added to each
well. After incubating the plate for 60 min at room temperature, the highest
dilutions of bacteria giving visible hemagglutination were scored. Each experi-
ment was repeated at least three times.
DNA extractions. H. influenzae chromosomal DNA was prepared by the

method of Moxon et al. (25). Cosmid DNA was isolated using protocols and
reagents of Qiagen (Chatsworth, Calif.). Restriction enzymes were purchased
from New England Biolabs, Inc., Beverly, Mass., and Bethesda Research Labo-
ratories, Inc., Gaithersburg, Md.
PCR. Oligonucleotide DNA primers were synthesized by the Emory Univer-

sity Microchemical Facility, Atlanta, Ga. Reagents were purchased from Perkin-
Elmer Cetus Corporation (Norwalk, Conn.). PCR reactions were performed for
30 cycles consisting of a 1-min denaturation step at 948C followed by 1 min of
annealing at 558C and a 1-min extension at 728C.
Mini-gd transposon mutagenesis of the haf2 gene cluster. An 11-kb BglII

fragment of pMF6 containing the haf2 gene cluster was inserted into the BglII
polylinker site of the kanamycin resistance vector pOK12 (40), producing plas-
mid pMF20. The 11-kb haf2 fragment was excised from the polylinker of pMF20
by XhoI and BamHI digestion and ligated to BamHI and SalI-digested ampicillin
resistance vector pNEB193 (New England Biolabs), creating pMF21. Random
mini-gd mutagenesis of pMF21 was performed by the method of Berg et al. (1).
Kanamycin-resistant hemadsorption-deficient transposon mutants of pMF21
were identified by the protocol outlined earlier (see Materials and Methods).
The positions of the mini-gd insertions were determined by restriction digestion
of the plasmids and sequencing with the mgd-1 and mgd-2 primers (1).

Nucleotide sequence accession numbers. The GenBank accession number of
the sequence of the haf1 genes is U54780. The hafE2 gene has also been de-
posited as U58657.

RESULTS

Nucleotide sequence of the Haf pilus gene clusters. A cos-
mid library from BPF-associated strain F3031 was screened for
sequences that hybridized to a probe from the pilus major
subunit gene cloned in plasmid pAW30 (see Materials and
Methods) (45). We sequenced both strands of a 6,457-bp seg-
ment from one cosmid, pMF1, containing a pilus gene cluster
(designated haf1) homologous to that encoding the LKP pilus
of Hib (38). Five putative genes, hafA to hafE, were identified
by their similarity to the hif genes (Fig. 1). We found that
another cosmid, pMF6, carried a second set of pilus genes
(haf2), based on differences in the restriction pattern of the
chromosomal region flanking the cluster. Three haf2 open read-
ing frames (ORFs) were sequenced (hafA, hafD, and hafE) and
found to be more than 99% similar to the corresponding haf1
DNA. There were only two disparities between the haf clus-
ters. First, there were 10 TA dinucleotide repeats between
the overlapping 210 and 235 consensus sequences of the haf2
promoter but only 9 such repeats between the consensus se-
quences of the haf1 promoters (Fig. 2). Also, nucleotides 1225
and 1226 of hafE are T and C on haf2 rather than C and A as
in haf1, with the consequence that residue 409 of HafE of haf1
was a serine rather than a glutamine.
The general organization of the haf complex is similar to

that of the hif genes (Fig. 1). The first gene, hafA, encodes a
protein with a molecular mass of 20.5 kDa that has been shown
to be the major subunit of the pilus produced by BPF-associ-
ated strains (34, 45). Within the 463-bp intergenic region be-
tween the hafA and hafB ORFs are two sets of overlapping,
divergently aligned 210 and 235 consensus promoter se-
quences separated by a string of TA dinucleotide repeats (Fig.
2). van Ham et al. (39) showed in the Hif system that similarly
arranged promoters are responsible for transcription of hifA
and the hifBCDE operon. Upstream of the translational start
of hafB there are two imperfect direct repeats of a 44-bp
sequence (marked REP in Fig. 2) composed partly of a 23-bp
sequence element (59GTA GGG TGG GCG TYY GCC CAC
MT) found several times on both strands of H. influenzae pilus
clusters and also found at intergenic positions within the

FIG. 1. Map of the haf1 and haf2 genes of strain F3031. Genes flanking the clusters are shown as black rectangles. pA/B is the predicted bidirectional promoter.
The complete nucleotide sequence of the hafB and hafC genes on haf2 has not been determined. The percent identity of each gene with its counterpart in the hif cluster
(38) is shown at the top; the figure in parentheses following each identity percentage is the similarity of each predicted amino acid sequence. The closed circle represents
mini-gd transposon insertion D6 in the hafE gene of the haf2 cluster; the open circle represents insertion F5. The stippled lines at the bottom of the figure depict the
extent of the haf2 cluster sequenced.
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H. influenzae Rd chromosome (8, 27a). In comparison, at the
same position in the hif cluster, the 44-bp sequence is repeated
directly 10 times (38).
The next four ORFs are on the DNA strand opposite hafA

(Fig. 1). The putative hafB gene encodes a protein of 232
amino acids that is homologous to the HifB periplasmic chap-
erone. The putative HafB protein contains all 13 invariant and
23 highly conserved residues of the consensus sequence for the
PapD family of chaperones (48). There is only one possible
translational start site for the HafB protein, whereas there are
two for HifB, separated by three codons. However, the pre-
dicted signal peptidase cleavage sites, calculated by the algo-
rithm of von Heijne (41), are identical for both proteins, giving
HafB a 19-amino-acid signal sequence. After a 177-bp inter-
genic region, the next ORF is hafC, the first codon of which is
for valine (GTG). The putative HafC protein has 98% identity
with the H. influenzae pilus outer membrane usher, HifC (42).
The next predicted protein, HafD (23.3 kDa), like the corre-
sponding minor pilus subunit protein HifD, has a TASC motif
for lipoprotein-specific protease between residues 17 and 20
(38). Although more than 90% identical, the putative HafD
has an insertion of the amino acid sequence SNYSS between
residues 22 and 23 of HifD.
Surprisingly, given the similarity of the first four genes to

their counterparts in the Hib pilus cluster, hafE is markedly
different from hifE. There is only 44% amino acid identity
when the predicted proteins are aligned (Fig. 3). Much of the
similarity is at the C termini of the proteins, a region where
PapD-like chaperones are proposed to bind to pilus structural
components (18, 47). Although the N terminus of HafE (48.1
kDa) is particularly divergent from HifE, computation of the
preferred signal peptidase cleavage site by the von Heijne
algorithm suggests that both proteins have signal peptides of
about 30 amino acids (Fig. 3). Neither the hafE gene nor the
predicted protein encoded by it have strong sequence similarity
to sequences in the GenBank database (excludingH. influenzae
pilus clusters).
Chromosomal location of the pilus gene clusters. The hif

gene cluster is inserted in the intergenic region between H. in-
fluenzae chromosomal genes homologous to purE (36) and
pepN (9) of E. coli (38, 42). In order to determine the location
of the haf genes, we compared the sequence of about 500 bp of

DNA flanking each cluster to the recently published nucleotide
sequence of the H. influenzae Rd genome (8) by using the
GRASTA search program, which has been made available
on-line by The Institute for Genomic Research. The search
showed that the haf1 genes have been inserted at a novel site
in the H. influenzae genome, between a gene 78% similar to
pmbA of E. coli (29), which encodes a product believed to be
involved in maturation of microcin B17, and a hypothetical
ORF, HI1153 (Fig. 1). There are 32-bp direct repeats of
genomic coordinates 1220363 to 1220394 flanking the haf1
cluster. The haf2 gene complex is flanked by DNA with greater
than 95% similarity to the intergenic region between purE and
pepN on the chromosome, with direct 59-bp repeats, corre-
sponding to coordinates 1682304 to 1682362, downstream of
hafA and hafE. Because of its location and association with
identical direct repeats, the haf2 cluster of BPF-associated H.
influenzae appears to be the homolog of the hif complex in Hib.
Phase variation of pilus gene expression. We noted earlier

in Results that the overlapping hafA and hafBCDE promoters
are separated by a string of TA dinucleotide repeats (Fig. 2). A
similar arrangement of the promoters is responsible for revers-
ible phase variation in expression of the Hib LKP pilus (39).
Alterations in the number of TA units, mediated by slip-strand
mispairing, change the spacing between the 210 and 235 se-
quences and affect the efficiency of bidirectional-transcription
initiation. With 9 TA units, little or no pilus production results,
but a spacing of 10 units allows fimbrial expression. Expression
of the cloned haf clusters in E. coli, with hemadsorption being
used as a marker for pilus production, appears to follow the
same rule. We evaluated pilus expression in cosmids pMF1 and
pMF6 in an E. coli HB101 background by using colony hemad-
sorption. In a control experiment, colonies of HB101 carrying
the vector pHC74 did not adsorb human O-positive erythro-
cytes (HA2 phenotype). pMF1, carrying the haf1 cluster, has 9
TA units between the divergent 210 and 235 sequences and
conferred an HA2 phenotype, whereas pMF6, carrying the
haf2 genes, has 10 TA units and conferred hemadsorption
proficiency.
In an investigation of phase-variable Haf pilus expression in

vivo, we determined the haf1 and haf2 promoter sequences of
nine BPF-associated isolates (see Materials and Methods).
These nine strains are indistinguishable by serological, multilo-

FIG. 2. PCR primer map of the hafA-hafB region. The PCR oligonucleotides used in this study are depicted as thick arrows underneath their approximate positions
of binding in the hafA-hafB region. The arrows indicate the direction of DNA elongation from each primer. The primer PUR is specific for sequences downstream of
haf2; PMB and PMC are specific for DNA flanking the haf1 cluster. The nucleotide sequences of the primers are as follows: HA1, 59 GGT AAG GTT GTT GAG AAT
ACT TG; HA2, 59 GCT AAA GCC AAC CTA CGG; HA3, 59 GCT TTA GCC TCC ACG TGG TTA C; HA4, 59 CAC TCT GGT GCC AGT GAT AAT C; PMB,
59 GGG CGA ATT GCA AGA TAT GTT G; PMC, 59 GCG CAA GAA GAC AAA AAT CAC C; and PUR, 59 CGT GGC GTA GAA TAG CAT AG. The sequence
and 210 and 235 consensus sites of the bidirectional hafA-hafB promoter of haf1 are also shown. There are 9 iterated TA repeats in the haf1 cluster of F3031 and
10 on the haf2 cluster. The position of the two imperfect 44-bp direct repeats is depicted by the short bar (REP).
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cus enzyme mobility, and sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis typing (3). DNA fragments specific for
either the haf1 or haf2 promoter region were amplified from
each strain by selecting primer sets with one oligonucleotide
complementary to chromosomal sequences downstream of
hafA specific for each gene cluster and one oligonucleotide on
the hafB-proximal side of the promoter. Primers PMC and
HA4 were used to amplify haf1; PUR and HA3 were used for
haf2 (Fig. 2). The DNA sequence of the promoter on the PCR
fragments was then determined by cycle sequencing with the
primer HA2. The number of TA repeats on each cluster is
shown in Table 1. Our results support the model of van Ham
for H. influenzae pilus phase variation; all of the HA1 strains
tested have at least one haf promoter with 10 TA repeats, while
F3049 and F1946, which are HA2 have 9 TA units in both
clusters. Moreover, our data indicate that either haf cluster in
the phase “on” mode can support pilus synthesis. In the case of
strains 34b, F2052, and F3224, the haf1 promoter has 10 TA
repeats and is therefore predicted to express pili, whereas haf2
has 9 TA repeats. For F3031 and F3114, only the haf2 genes
would express detectable pili, supporting the results of the
earlier hemadsorption experiment with the pMF1 and pMF6
clusters.
Transposon insertion in hafE eliminates hemadsorption. To

demonstrate that the predicted hafE gene sequence specified a
protein necessary for pilus function, we constructed a
hafE::mini-gd insertion in the E. coli high-copy-number plas-
mid pNEB193 containing the haf2 cluster and found it to
confer an HA2 phenotype in HB101. In order to verify that the
HA2 phenotype was a result of the hafE transposon insertion

and not due to a switch to phase “off” pilus expression, we
compared phase shifting of two HA2 mini-gd mutants in
HB101. Insertion D6 is located in the hafE gene at position
1247 (out of 1289 nucleotides), while insertion F5 is situated
outside of the pilus cluster, downstream of the hafA coding

FIG. 3. Comparison of the HifE and HafE (haf1-encoded) amino acid sequences. The predicted signal peptidase site for each protein is indicated with an arrow,
and the resulting signal peptides are shown in lowercase letters. The four conserved cysteine residues are shown in boldface type. Dots in the consensus sequence
indicate nonidentity; dashes are gaps inserted by the alignment program.

TABLE 1. Phase variation of pilus gene expression in BPF strains

Strain

Data for pilus gene phase variationa:
Hemaggluti-
nationbhaf1 haf2

TA units Expression TA units Expression

34b 10 On 9 Off 1
F1946 9 Off 9 Off 2
F2052 10 On 9 Off 1
F3031 9 Off 10 On 1
F3034 10 On 10 On 1
F3049 9 Off 9 Off 2
F3114 9 Off 10 On 1
F3224 10 On 9 Off 1
G1097 11 On 10 On 1

a Shown are the number of TA repeats between the overlapping promoters of
each gene cluster in each strain and the pilus expression predicted by the phase
variation model of van Ham et al. (39).
b Hemagglutination-positive strains, standardized to an A600 of 1.0 after over-

night growth, produced visible hemagglutination of human O-positive erythro-
cytes in a microplate assay at dilutions of 1:16 or greater. The end-point dilutions
for each strain were as follows: 34b, 1:32; F1946, ,1:1; F2052, 1:64; F3031, 1:16;
F3034, 1:64; F3049, ,1:1; F3114, 1:32; F3224, 1:32; and G1097, 1:128. Results
represent the average of data from at least two experiments. 1, positive for
hemagglutination; 2, hemagglutination negative.
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sequence (Fig. 1). In two independent experiments, single
HA2 colonies of each mutant were diluted and grown on Luria
agar plates with selection for ampicillin resistance. The num-
ber of HA1 colonies was determined by hemadsorption. Of the
F5 colonies, 650 out of 17,200 were HA1 (frequency, 0.038),
but there were no HA1 revertants in 18,000 colonies with the
D6 insertion. These data indicate that the hafE mutant is
defective in pilus-mediated hemagglutination.

DISCUSSION

Because of the potential importance of pili in the pathogen-
esis of BPF, we have cloned and sequenced two fimbrial gene
clusters from BPF-associated Hae strain F3031. We have iden-
tified five putative ORFs (hafA to hafE) on the nearly identical
haf1 and haf2 gene clusters. The presence of a second fimbrial
gene cluster and the novel sequence of the putative adhesin,
HafE, distinguish the BPF-associated pilus system from those
previously described for Hib. Examination of nine wild-type
BPF-associated strains suggested that both Hae fimbrial gene
clusters undergo independent phase variation in vivo by a
mechanism similar to that of the H. influenzae LKP pilus (39).
Elimination of hemadsorption by transposon insertion within
the haf cluster suggested that the putative ORFs encode func-
tional pilus determinants and that HafE is essential to eryth-
rocyte adherence.
The pilus genes of Hae appear to share a close evolutionary

relationship to the genes specifying pili of Hib (Fig. 1) (24, 38,
42). Presumably, biogenesis of the BPF-associated pilus is sim-
ilar to the LKP pilus model proposed by van Ham et al. (38).
The putative HafB protein, which is 95% identical to HifB,
also has 34 and 45% similarity to chaperones from the E. coli
Pap and Bordetella pertussis pilus clusters, respectively (16, 38,
46). The HafC usher is homologous to PapC and FimC (26 and
24% similarity). HafA, HafD, and HafE have conserved C
termini with a glycine and a tyrosine 1 and 13 residues, respec-
tively, from the final amino acid, typical of structural subunits
of type 1 pili (10, 13, 21, 24). HafE is approximately twice the
size of the other pilin proteins, a characteristic of pilus ad-
hesins, such as PapG, F-17G, and MrkD, of gram-negative
organisms. Another shared characteristic of adhesins is the
presence of two pairs of conserved cysteine residues (Fig. 3),
which give the pilin a two-domain structure (11, 20, 21). Inser-
tion of the mini-gd element in the 39 end of the hafE gene (Fig.
1) encoding the conserved C terminus might have interfered
with chaperone binding, with resultant inactivation of HafE.
The fact that pilus-mediated hemagglutination is eliminated by
this mutation indicates that HafE is required either for pilus
assembly or for adhesion, or for both functions.
The most conspicuous difference between the H. influenzae

pilus complexes is in the primary sequences of HafE and HifE.
The proteins show sequence divergence predominantly over
their N-terminal two-thirds. The same region of the PapG
adhesin is involved in binding mammalian cell receptors (14,
15). Therefore, the Hib and BPF-associated Hae pili, although
similar in structure and assembly, may have different tissue
specificities for attachment, owing to their distinctive putative
adhesins. For example, fimbriae might be important for BPF-
associated clones to adhere to and damage endothelial cells in
the later stages of disease, following the initial epithelial cell
attachment and invasion. Whether HafE receptor specificity is
important in the pathogenesis of BPF-associated Hae is a sub-
ject for further investigation.
In comparing the pilus proteins, it is notable that the amino

acid sequences of the Hae pilus structural proteins are signif-
icantly more diverged from their Hib counterparts than the

chaperone and usher proteins dedicated to assembly (Fig. 1).
The difference in the rate of evolutionary change between the
primary sequences may reflect their function. The mechanism
of pilus assembly involves specific interactions between pilus
proteins and the inner and outer membranes; therefore, alter-
ations in HafB and HafC may prove deleterious. In contrast,
mutations that change surface-exposed components of the pi-
lus structure can be selectively neutral or even result in bene-
ficial change in adherence specificity. Further, the novel pilus
structure might help Haemophilus cells to evade the host im-
mune response, enhancing survival of the organism.
The carriage of two pilus gene clusters by the BPF-associ-

ated clone strain is a significant deviation from Hib. One rea-
son for a pathogenic bacterium to maintain two or more pilus
complexes is that the fimbriae could conceivably interact with
different mammalian cell receptors, thereby broadening the
range of attachment of the microorganism. Examples of this
strategy are found in strains of uropathogenic E. coli, such as
J96, which carry the pap and prs genes (22). These pilus clus-
ters, apparently arising from an ancestral duplication, encode
structurally similar fimbriae that bind to distinct classes of
carbohydrate receptors. The carriage of two or more different
phase-switching pilus complexes could also permit antigenic
variation that circumvents the host immune response. In Neis-
seria gonorrhoeae, homologous recombination between pro-
moterless silent copies of pilin genes and the pilus expression
locus may result in phase variation as well as antigenic varia-
tion (28). However, the finding that the sequences of the genes
encoding the pilin subunits of haf1 and haf2 were more than
99% conserved and hence produce structurally identical pili
with identical adhesins discounts these explanations. An alter-
native explanation is that H. influenzae strains containing two
independently phase-variable clusters will more likely express
pili than strains with only one cluster. This is because only one
cluster in phase “on” is required for pilus expression whereas
both sets of genes have to be in phase “off” to give a nonpili-
ated phenotype. Perhaps the finding of two phase-variable
pilus complexes in strain F3031 explains why BPF-associated
Hae isolates from blood are mostly piliated while Hib strains
are generally nonpiliated (23). Additionally, strains with two
functional sets of pilus genes may produce significantly greater
amounts of fimbriae on their cell surface. In the pathogenesis
of BPF, abundant piliation could improve the efficiency of
mucosal colonization or perhaps contribute to pathogenesis
after systemic invasion.
Making use of the recently published sequence of the entire

H. influenzae Rd genome (8), we showed that the haf1 pilus
cluster lies between a gene homologous to pmbA of E. coli and
a hypothetical ORF (HI1153). This is the first time pilus genes
of H. influenzae have been identified at this location, and it
illustrates the value of whole-genome sequences of pathogenic
bacteria. The extremely close nucleotide similarity between
haf1 and haf2 ORFs suggests that duplication of the clusters
occurred by a recent intragenic recombination event rather
than acquisition of DNA from another strain through natural
transformation.
The pilus gene clusters of BPF-associated Hae represent a

variation on the Hib pilus complexes characterized previously.
The presence of two nearly identical copies of pilus genes and
differences in the primary sequences of the putative adhesins
may all contribute to the virulence of Hae. Future studies are
needed to determine any relationship between Haf pilus ex-
pression and features of BPF pathogenesis, such as endothelial
cytotoxicity, resistance to serum bactericidal activity, and hu-
man epithelial cell invasion.
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