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Nontypeable (NT) strains of Haemophilus influenzae are an important cause of acute otitis media (OM). The
pathogenic process by which NT H. influenzae strains cause OM is poorly understood. In order to identify
specific virulence factors important for OM pathogenesis, genomic subtraction of the NT H. influenzae middle
ear isolate G622 against H. influenzae strain Rd was conducted and the resulting subtraction products were
used to screen a panel of H. influenzae isolates. Subtraction identified 36 PCR fragments unique to strain G622,
which were used in a preliminary screen of 48 middle ear isolates and 46 nasopharyngeal and throat isolates
to identify genes found more frequently among middle ear isolates. These experiments identified a PCR
fragment with high homology to the lipooligosaccharide biosynthesis gene lic2B (originally identified in an H.
influenzae type b strain) among 52% of the middle ear isolates and 9% of nasopharyngeal and throat isolates.
The lic2B gene cloned from NT H. influenzae strain G622 was 99% identical at the amino acid level to that of
the H. influenzae type b strain RM7004. The lic2B gene was used to screen a larger panel of H. influenzae isolates
including the original 48 middle ear isolates, 40 invasive type b isolates, 90 NT H. influenzae throat isolates
from children attending day care, and 32 NT H. influenzae nasopharyngeal clinical isolates. The lic2B gene was
found 3.7 times more frequently among middle ear isolates than in throat isolates from children attending day

care. These data suggest that a specific NT H. influenzae gene is associated with OM.

Haemophilus influenzae is a gram-negative bacterium that
colonizes the upper respiratory tract of humans. In addition to
asymptomatic colonization, H. influenzae also causes signifi-
cant infection. Encapsulated H. influenzae serotype b strains
cause invasive diseases such as bacteremia, septic arthritis, and
meningitis. Widespread vaccination with type b polysaccharide
conjugate vaccines has greatly reduced the incidence of severe
disease due to H. influenzae type b; these vaccines, however, do
not protect against infection with non-type b encapsulated or
nontypeable (NT) H. influenzae strains.

Although infections with NT H. influenzae are rarely fatal,
these strains cause significant morbidity and are isolated from
up to half of middle ear aspirates from children with otitis
media (OM) (6). OM is an infection of the middle ear resulting
in middle ear effusion, fever, irritability, and inflammation of
the tympanic membrane and is the most common bacterial
infection in infants and young children (17). It is generally
assumed that middle ear infection occurs when bacteria colo-
nizing the nasopharynx enter the middle ear space through the
Eustachian tube (21). Epidemiologic factors known to be as-
sociated with the development of OM include a genetic pre-
disposition, preceding viral respiratory infection, attendance of
day care, lack of breast feeding, and young age (1, 2, 28). While
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these factors have been well studied, the specific bacterial
virulence factors important for the invasion of the middle ear
have not been well defined.

Multiple studies have shown that NT H. influenzae strains
are very diverse (4, 10, 23), and children may be colonized with
multiple strains at one time (26), leading us to question
whether all strains of H. influenzae are capable of causing OM
or if only a particular subset of strains is associated with infec-
tion. Animal models have shown that some NT H. influenzae
strains are more virulent for OM than others and that the
increased virulence may be related to the amount and charac-
ter of lipooligosaccharide (LOS) produced (20). Long et al.
demonstrated that the majority of NT H. influenzae middle ear
isolates belonged to biotype I, compared to isolates from
healthy individuals, which were rarely biotype I (19). Further-
more, multilocus enzyme electrophoresis analysis of 80 NT H.
influenzae isolates provided evidence that the genetic diversity
of OM strains is lower than the overall diversity of strains from
healthy carriers (29).

While these studies suggest that a subset of nasopharyngeal
NT H. influenzae strains may cause OM, the specific virulence
genes associated with OM remain unknown. We used a mo-
lecular epidemiologic approach (33) involving genomic sub-
traction followed by a dot blot screen of a panel of H. influen-
zae isolates to identify virulence genes that might play a role in
OM. These experiments were based on the hypothesis that
genes found more frequently among NT H. influenzae mid-
dle ear isolates than among NT H. influenzae throat isolates
from healthy children would be important for OM patho-
genesis.
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MATERIALS AND METHODS

H. influenzae collections. Bacterial strains used in this study included H. influ-
enzae strain Rd (8), 48 middle ear NT H. influenzae isolates, 32 NT H. influenzae
nasopharyngeal isolates from ill children with respiratory symptoms for which H.
influenzae may or may not have been the cause of infection, 90 throat isolates
from children attending day care, and 40 H. influenzae type b invasive strains.
With the exception of H. influenzae strain Rd, the isolates used in this study were
collected from sites in Minnesota (9); Ann Arbor, Mich. (26); Battle Creek,
Mich. (26); and Bardstown, Ky. (18), between 1980 and 2001.

Biotyping of H. influenzae isolates. The biotype of H. influenzae strains was
defined based on the production of indole, urease, and ornithine decarboxylase
as described by Kilian (16).

Differential cloning by subtraction PCR. The H. influenzae middle ear strain
G622 was used as the tester strain for subtractive hybridization experiments. This
strain was chosen from a collection of 17 middle ear strains (18) because of the
large number of bands held in common with other middle ear strains as deter-
mined by pulsed-field gel electrophoresis (data not shown). H. influenzae strain
Rd was used as the driver strain and was chosen for initial subtraction experi-
ments because the genomic sequence of this H. influenzae strain has been fully
determined (8).

Genomic subtraction was conducted by using a commercially available kit from
Clontech (PCR-Select bacterial genome subtraction kit; Palo Alto, Calif.) based
on the suppressive subtractive hybridization method (5, 11). DNA sequences
unique to the middle ear strain G622 were identified by subtraction according to
the manufacturer’s instructions with two modifications. First, plasmid DNA
unique to strain G622 was isolated with a Qiagen miniprep kit and added to the
driver DNA pool. This step was added because the equalization step within the
genomic subtraction is imperfect, and previous subtractions with H. influenzae
have resulted in an overrepresentation of cryptic plasmid sequences among the
subtraction products (data not shown). A small, 3-kb plasmid was identified
within strain G622 and was added to the driver DNA in order to suppress its copy
number in the final pool of tester specific sequences. Second, genomic tester,
G622 plasmid DNA, and H. influenzae Rd driver DNA were digested with the
restriction enzyme Alul from Gibco BRL (Rockville, Md.) instead of Rsal.
Secondary PCR products identified by subtractive hybridization (sSPCR) frag-
ments were cloned into the plasmid TOPO vector pCR2.1 from Invitrogen
(Carlsbad, Calif.). One hundred seventy clones were selected for further analysis.

Determination of tester and driver specificity. The SPCR inserts were ampli-
fied from the 170 clones by using T7 and M13 reverse primers (35 cycles of 94°C
for 30 s, 55°C for 30 s, and 72°C for 2 min) followed by a nested PCR with
primers provided with the subtraction kit (25 cycles of 94°C for 30 s, 68°C for 30s,
and 72°C for 2 min). To confirm tester specificity, nested PCR products were
blotted onto a Hybond N* membrane (Amersham Pharmacia Biotech, Piscat-
away, N.J.) with a Bio-Dot microfiltration apparatus (Bio-Rad Laboratories,
Hercules, Calif.) and probed separately with Alul-digested tester and driver
genomic DNA labeled with the ECF random labeling module (Amersham Phar-
macia Biotech). The hybridization signal was detected by using the fluorescein-
based ECF detection system (Amersham Pharmacia Biotech) and the STORM
860 PhosphorImager from Molecular Dynamics (Sunnyvale, Calif.). DNA se-
quence analysis of the tester-specific SPCR fragments was performed at the
University of Michigan Molecular Biology Core facility on an Applied Biosys-
tems Model 3700 DNA sequencer.

Screening of H. influenzae isolates. The presence or absence of each sPCR
fragment within an H. influenzae isolate was determined by dot blot hybridization
as previously described (34) with the exception that H. influenzae strains were
grown in 800 pl of brain heart infusion broth supplemented with NAD and
hemin. Each blot was hybridized with unique, tester-specific, SPCR fragments
labeled as described above. Images were analyzed with ImageQuaNT version 5.0
(Molecular Dynamics), and the signal was expressed as a percentage of the signal
obtained for strain G622 (positive control) after correcting for the background.
All isolates were screened independently with each sPCR probe at least twice,
and discrepancies were resolved by Southern blot hybridization (22).

Cloning and sequencing of lic genes. The lic24 gene was amplified from strain
G622 with the primers lic2AF, 5" ATG AGT GCT ATT GAA AAT ATT GTC
ATT 3', and lic2AR, 5" CTA CAT AAA ACG AAC AAT TTC TTT ACC TTG
C 3" (35 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min). The complete
lic2B gene was amplified with the primers lic2BF, 5’ T AAG TAT GAT CCT
CAA ATG CAT 3, and lic2BR, 5" CCA TTA ACA ATA TCA AGA AGA TAT
C 3’, and the PCR conditions outlined above. The lic2A-lic2B intergenic region
was amplified with lic2AF and 1lic2BF primers and the PCR conditions outlined
above, with the exception that the extension time was increased to 4 min.
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TABLE 1. Biotypes of H. influenzae isolates

Biotype*
b

C""(e;)“"“ I il I Y VI VIl VI
n % n % n % n % n % n % n %

Healthy (89 7 8 39 44 15 17 11 12 0 0 12 13 5 6
Clinical (32) 6 19 13 41 516 516 2 6 0 01 3
Middle ear (48) 11 23 23 48 12 25 1 2 0 0 1 2 0 O
Type b (40) 358 513 0 00 000 0 00 0

Total (209) 59 28 110 53 32 15 17 14 2 1 13 6 6 3

“ No biotype IV strains were found in our collection.

b Collections represent NT H. influenzae isolates unless they are specifically
designated as type b.

¢ One isolate from healthy carriers was lost.

Sequencing was conducted at the University of Michigan Molecular Biology
Core facility as described above.

Statistical analyses. Prevalence ratios were calculated as the ratio of the
proportion of isolates with the gene in the collection of interest to the proportion
with the gene in the healthy carriers (referent group). Differences in the pro-
portions among each collection were calculated by the x? test. Statistical calcu-
lations were done in SAS (SAS Institute, Cary, N.C.).

Nucleotide sequence accession number. The sequence determined in this work
was deposited in the GenBank database under accession no. AY091470.

RESULTS

Biotype results. In order to test the association of biotype of
H. influenzae strains with OM virulence, we biotyped our H.
influenzae collection (Table 1). The distribution of biotypes
among NT H. influenzae OM strains differed from that of the
NT H. influenzae strains from healthy children in day care
(Fisher’s exact test, P value of 0.0031). The prevalence of NT
H.influenzae biotype I strains among middle ear strains was 2.9
times higher (11 out of 48 strains compared to 7 out of 89
strains) than that among NT H. influenzae strains from healthy
children in day care (P value, 0.013).

Genomic subtraction. Forty sPCR clones ranging in size
between 248 and 825 bp were shown to be tester specific and
underwent DNA sequence analysis. Of these, four were dupli-
cates of the same sPCR fragment, leaving 36 distinct sSPCR
clones. A search of the GenBank database was conducted for
each of the clones, one of which provided no match to cur-
rently known sequenced genes or proteins (Table 2). Seven-
teen of the sPCR clones showed similarity to phage-associated
proteins. These included open reading frames from known H.
influenzae bacteriophage HP-1 (7) and HP-2. Two sPCR frag-
ments with high similarity to LOS-encoding genes were also
identified, one isolated from Haemophilus ducreyi (24) and the
other from the H. influenzae type b strain RM7004 (14). We
also identified sPCR fragments with 96% similarity at the
amino acid level to the high-molecular-weight C protein
(HMWC) and 61% amino acid identity to the high-molecular-
weight A protein (HMWA) (30). HMWA is thought to medi-
ate adherence to respiratory epithelial cells, and HMWC is
thought to help localize the adhesin to the outer membrane.
The sPCR fragments with similarity to HmwA and HmwC
genes were not analyzed further in this study. Others have
shown that these adhesins are present in up to 80% of NT H.
influenzae strains (18, 25, 30).
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TABLE 2. Dot blot hybridization results for 48 middle ear isolates and 46 nasopharyngeal or throat isolates
probed with 34 unique sPCR fragments
No. (%) of type®
sPCR probe _ % Amino acid identity and potential function
ME NP
Phage-related proteins
A602 3(6) 4(9) 26; putative bacteriophage protein of Salmonella enterica
A608 18 (38) 16 (35)  41; CS methylase MarMP of Mycoplasma arthritidis bacteriophage MA
A6025 4(8) 6 (13)  37; putative bacteriophage protein of Salmonella enterica
A6026 4(8) 6 (13)  39; replication O protein of phage lambda
A6N38 8(17) 9(20)  23; putative bacteriophage protein of Salmonella enterica
A6N42 3(6) 4(9) 37; Fels-1 prophage transcriptional regulator of Salmonella enterica serovar Typhimurium
A6042 3(6) 4(9) 33; replication O protein of phage H19B
A6043 8(17) 9(20)  33; Orf82 of Pseudomonas phage D3
A6N44 1(2) 2(4) 43; putative phage-related protein of Yersinia pestis
A6N60 7 (15) 7(15)  50; putative bacteriophage late gene regulator of Salmonella enterica
A6062 15 (31) 18 (39)  46; replication initiation gene A protein of H. influenzae phage HP-1
A6070 22 (46) 22 (48)  84; putative methylase of bacteriophage Tuc2009
AGNS1 —b -t 47; regulatory phage antirepressor of phage 434
A6083 8(17) 12 (26)  46; phage-related protein XF2294 of Xylella fastidiosa
A60111 13(27) 21 (46)  84; Orf32 of H. influenzae phage HP-2
A60120 15 (31) 13 (28)  40; CP4-57 integrase-like protein of H. influenzae
A60129 23 (48)  27(59)  40; phage-related protein of Bacillus halodurans
Known Haemophilus genes
A6N17 11 (23) 7(15)  51; HINDVIP methyltransferase of H. influenzae Rd
A6022 19 (40) 16 (35)  50; LOS biosynthesis enzyme LBGB of H. ducreyi
A6N36 25(52) 4(9) 95; lipopolysaccharide biosynthesis lic2B-encoded protein of H. influenzae
Other
A6018 4(8) 3(7) 31; hypothetical protein of E. coli O157:H7
A6024 15 (31) 14 (30)  25; vasopressin-activated calcium-mobilizing receptor of Homo sapien
A6028 22 (46) 17 (37)  31; conserved protein of Streptococcus coelicolor
A6N29 5(10) 7 (15)  27; transmembrane protein of Methanothermobacter thermautotrophic
A6N40 6 (15) 7 (15)  33; conserved hypothetical protein of Xylella fastidiosa XF0161
A6055 2(4) 1(2) 48; hypothetical proteins of Listeria innocua
A6073 5(10) 6 (13)  35; sodium potassium pump of Drosophila melanogaster
A6N95 4(8) 6(13)  No match
A6095 4(8) 6 (13)  33; glucan endo-1,3-B-D-glucosidase of Tritium aestivium
A6098 4(8) 5(11)  27; hypothetical protein of Mesorhizobium loti
A60127 10 (21) 12 (26)  25; dual-specificity phosphatase of Arabidopsis thaliane
A60132 7 (15) 2(4) 37; DNA repair MMS21 of Saccharomyces cerevisiae
A60139 8 (17) 9(20)  54; hypothetical 9.8-kDa protein of E. coli K-12
A60143 3(6) 1(2) 56; conserved hypothetical protein of Ureaplasma urealyticum

“ ME, middle ear; NP, nasopharyngeal or throat.

® This probe exhibited high levels of nonspecific binding, perhaps due to the presence of similar sequences among the H. influenzae strains.

Frequency of lic2b in H. influenzae strains. Thirty-four of the
sPCR probes that were shown to be both unique and tester
specific were used to screen a collection of 48 NT H. influenzae
middle ear isolates and 46 NT H. influenzae strains isolated
from either the throat or the nasopharynx. One of the clones,
number A6N36, hybridized more frequently with middle ear
isolates (25 out of 48 isolates) than with NT H. influenzae
throat or nasopharyngeal isolates (4 out of 46 isolates) (Fig. 1).
Probe A6N36 is a 357-bp fragment with 96% similarity at the
nucleotide level to a lipopolysaccharide biosynthesis gene,
lic2B, originally described for the H. influenzae type b strain
RM7004 (13, 14). Because of the apparent link of sSPCR probe
AG6N36 with middle ear isolates, additional H. influenzae iso-
lates were screened to confirm the association. Additional H.
influenzae isolates from 90 healthy children in day care, 32 NT
H. influenzae clinical isolates, and 40 H. influenzae type b
strains were screened. Probe A6N36 hybridized more fre-
quently with H. influenzae type b strains, NT H. influenzae

middle ear isolates, and NT H. influenzae clinical isolates than
with isolates from healthy carriers (Table 3).

Cloning of the lic24-lic2B cluster. Because the lic2B gene
was originally described for a type b strain as part of a gene
cluster, we attempted to determine whether the gene within
our NT tester strain was present in a similar gene cluster. PCR
with the lic2AF primer and the lic2BF primer amplified a
3.7-kb PCR fragment that was subsequently cloned into the
TOPO vector pCR2.1, and DNA sequence was obtained. The
lic2B gene, identified in NT H. influenzae strain G622, encodes
a protein that is 99% identical at the amino acid level to that
found in the type b strain. The sequence and arrangement of
the lic2A-lic2B gene cluster are virtually identical to those
found in the type b strain (14) The middle ear isolate G622
contains proteins that are 94, 93, and 96% identical to the
lic2A-, orf 3-, and ksgA-encoded proteins from the type b strain
RM7004, respectively (14). Like the majority of H. influenzae
isolates surveyed, the lic2A gene from our middle ear strain
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FIG. 1. Dot blot hybridization of SPCR fragment A6N36 with 48 H. influenzae middle ear and 46 throat or nasopharyngeal isolates. Dot Al is
blank, dot A5 represents the tester strain G622, and dot E5 represents the driver strain Rd. The top half of the blot represents middle ear isolates
(except dots D1, D2, and D3, which are throat isolates), and the bottom half of the blot represents nasopharyngeal and throat isolates with the

exception of dots F6, G8, G10, and HS, which are middle ear strains.

contains 19 CAAT repeats (14), indicating that it can undergo
phase variation. The complete lic24 gene was amplified from
strain G622 and used to probe our collection of H. influenzae
isolates. The majority of H. influenzae strains contain the lic2ZA
gene (Table 3). The lic2B gene was present only in strains that
also contained the lic24 gene.

DISCUSSION

We hypothesized that some NT H. influenzae strains have
virulence characteristics that enhance their ability to cause
OM. This paper provides evidence that a specific gene, lic2B, is
found significantly more frequently among NT H. influenzae
strains that cause OM than among those found in the throats
of healthy children. This suggests not only that OM is a disease
of opportunity but that special characteristics may be required
for throat isolates to invade the middle ear. A potentially
analogous model is urinary tract infections caused by Esche-
richia coli. Urinary tract isolates may originate in the bowel
flora, but only a subset of gastrointestinal isolates is found
among those causing urinary tract infections (15).

Long et al. previously showed that 67% of NT H. influenzae
strains isolated from children with OM were biotype 1 (19);

however, only 14 NT H. influenzae strains were examined in
this study. Almost half (48%) of the middle ear isolates be-
longed to biotype II, but, the higher prevalence of biotype I
strains among our middle ear isolates than among isolates
from healthy children in day care further supports our hypoth-
esis.

The results from our genomic subtraction experiments iden-
tified the /ic2B gene as potentially important for OM patho-
genesis. The lic2B gene was originally identified in the type b
strain RM7004. While the precise function of this gene is not
known, lic2B is 58.9% identical at the nucleotide level to lic2A
(12). The lic2A gene is thought to encode a galactosyltrans-
ferase that adds the terminal galactose on Galal-4Gal struc-
tures of LOS. H. influenzae LOS is composed of a lipid A
portion which is anchored into the membrane, linked by a
single 2-keto-3-deoxyoctulosonic acid and three molecules of
heptose and an outer core of glucose and galactose.

The structure of H. influenzae LOS has been implicated in
virulence. Expression of phosphorylcholine through the phase-
variable licl locus has been shown previously to enhance na-
sopharyngeal colonization and the development of OM in the
chinchilla model of OM (27). Transformation of a virulence-
deficient LOS mutant of H. influenzae type b with plasmids

TABLE 3. Distribution of lic24 and lic2B genes by H. influenzae collection”

lic2A lic2B
Collection” (n)
n % PR P n % PR P
Healthy (90) 69 77 Referent 13 14 Referent
Clinical (32) 32 100 1.30 0.002 13 39 2.93 28 %1073
Middle ear (48) 47 98 1.27 0.001 25 52 3.71 2.6 X107
Type b (40) 40 100 1.30 8.8 x107* 35 88 6.29 <1x1077

@ The prevalence ratios (PR) and x> P values of the lic24 and lic2B genes relative to their presence in throat isolates from healthy children (referent) are shown.
b Collections represent NT H. influenzae isolates unless they are specifically designated as type b.
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from an H. influenzae type b genomic library resulted in trans-
formants with structurally altered LOS molecules that exhib-
ited increased virulence in an animal model for invasive H.
influenzae type b disease (3). Observed intrastrain variations in
pathogenicity of an NT H. influenzae strain have been postu-
lated to be due to changes in LOS (20).

Several of the surface-exposed epitopes of H. influenzae
strains undergo high-frequency phase variation, thought to be
important for survival in different microenvironments within
the host (31). The liclA, lic2A, and lic3A genes each contain
multiple copies of the tetrameric repeat 5'-CAAT-3" within the
5" end of the coding sequence. The number of copies of the
repeat can vary due to slipped-strand mispairing, which places
the initiation codons in or out of frame with respect to the
open reading frame, resulting in important LOS variations.

A mechanism for the influence of lic24 on virulence has also
been proposed (32). Galal-4Gal is found on the surface of
human glycolipids, and it has been suggested that the decora-
tion of the bacterial cell surface may allow these cells to evade
antibody-mediated killing (32). Furthermore, Gala1-4Gal may
not be expressed during carriage but may be important in
pneumonia (32). The lic2A gene was expressed in five of five
isolates from patients with pneumonia and was not expressed
in four of five isolates from individuals without pneumonia.

Unlike the lic2A4 gene, lic2B does not contain a repeat region
and does not undergo phase variation. The lic2A gene was
present in the vast majority of H. influenzae strains, and the
lic2B gene was present in 14 to 88% of H. influenzae strains,
depending on the collection surveyed. lic2B was never found in
an H. influenzae strain where lic24 was absent. While the lic2A4
gene is present in the vast majority of H. influenzae strains, the
lic2b gene provides a stronger marker (prevalence ratio, 3.79)
for differentiating between middle ear strains and those strains
obtained from healthy children. This gene is also found more
frequently among NT H. influenzae clinical isolates from sick
children (prevalence ratio, 2.93) than among isolates from
healthy children. This difference in prevalence is also striking
considering the relatively even distribution of other genomic
subtraction products among the middle ear and throat isolates.

In summary, lic2B, originally identified in H. influenzae type
b strain RM7004 (13, 14), was present in more than half of NT
H. influenzae middle ear isolates and only 14% of isolates from
children attending day care. lic2B was also present in the ma-
jority of type b isolates screened (88%). Although lic2B may be
important for the pathogenesis of OM, we cannot rule out the
possibility that lic2B is a marker for other virulence determi-
nants. Future mechanistic studies should shed light on this
question.
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