INFECTION AND IMMUNITY, June 2006, p. 3366–3374
0019-9567/06/$08.00⫹0 doi:10.1128/IAI.01904-05
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Vol. 74, No. 6

Differential Genome Contents of Nontypeable Haemophilus influenzae
Strains from Adults with Chronic Obstructive Pulmonary Disease
Matthew M. Fernaays,1 Alan J. Lesse,2,3,5 Sanjay Sethi,2,5 Xueya Cai,4 and Timothy F. Murphy1,2,5*
Departments of Microbiology,1 Medicine,2 Pharmacology and Toxicology,3 and Biostatistics,4 University at Buffalo,
State University of New York, and VA Western New York Healthcare System,5 Buffalo, New York
Received 21 November 2005/Returned for modification 10 January 2006/Accepted 10 March 2006

ences among strains of H. influenzae contribute to the diverse
presentations of infection in adults with COPD.
One source of diversity among strains of H. influenzae is the
presence or absence of certain genes that tend to increase the
organism’s fitness in a specific niche within the human host
(16). A recently proposed hypothesis posits that as a species,
Haemophilus influenzae possesses a supragenome from which
individual strains obtain a subset of genes that confer optimal
adaptation to a particular environment (46). Associations of
certain genes to virulence are clear, as pathogenicity islands
that are found in meningitis-causing strains of H. influenzae
type b have been identified (5, 9). In addition, genomic comparison of nontypeable strains of H. influenzae from patients
with otitis media and the avirulent sequenced strain, KW20
Rd, have identified several genes associated with otitis media
(18, 33). A similar genomic comparison followed by molecular
epidemiological examination of strains of H. influenzae from
the middle ear and the nasopharynx associated the lipooligosaccharide biosynthesis gene lic2B with otitis media (39). We
hypothesize that, like in otitis media-causing strains of H. influenzae, certain sequences in the genomes of H. influenzae
strains isolated from adults with COPD are associated with the
diverse clinical outcomes of infection with H. influenzae in
these patients.

Haemophilus influenzae is a gram-negative coccobacillus that
has an ecological niche in the human respiratory tract (16).
Nonencapsulated or nontypeable H. influenzae is an important
respiratory pathogen (35). In addition to being a leading cause
of otitis media (34, 35), nontypeable H. influenzae also plays an
important role in the course and pathogenesis of chronic obstructive pulmonary disease (COPD) (2, 3, 35, 37, 44). COPD
is the fourth leading cause of death in the United States (4).
The natural history of the disease is characterized by intermittent exacerbations, or periods of increased sputum production
and dyspnea, which are associated with increased morbidity
and mortality (3, 4, 44). Nontypeable H. influenzae is the most
commonly isolated organism from the lower airways of adults
with COPD and is the most common bacterial cause of exacerbations (37, 44, 53).
Acquisition of a strain of nontypeable H. influenzae by an
adult with COPD can result in a variety of outcomes. Some
episodes of acquisition are associated with symptoms of acute
exacerbation of COPD, while others are associated with no
perceptible worsening of the patient’s clinical condition (43).
On some occasions, strains are quickly cleared from the respiratory tract in 1 month or less, while at other times, persistent
colonization of the respiratory tract is observed for many
months to years (36). An immune response is sometimes associated with acquisition of a new strain, while no such association is seen at other times (45). We hypothesize that differ-

MATERIALS AND METHODS
Bacterial strains. Strains of nontypeable H. influenzae were isolated from the
sputum of adults with COPD in an ongoing, prospective study of COPD at the
Buffalo VA Medical Center. The Human Studies Subcommittee of the Veteran’s
Affairs Western New York Healthcare System approved the study protocol. All
participants gave written informed consent. Inclusion criteria for study partici-
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Haemophilus influenzae is an important cause of otitis media in children and lower respiratory infection in adults
with chronic obstructive pulmonary disease (COPD). Patients with COPD experience periodic exacerbations that
are associated with acquisition of new bacterial strains. However, not every strain acquisition is associated with
exacerbation. To test the hypothesis that genetic differences among strains account for differences in pathogenic
potential, a microarray consisting of 4,992 random 1.5- to 3-kb genomic fragments of an exacerbation strain was
constructed. Competitive hybridization was performed using six strains associated with exacerbation as well as five
strains associated with asymptomatic colonization. Seven sequences that were absent in all five colonization strains
and present in at least two exacerbation strains were identified. One such sequence was a previously unreported
gene with high homology to the meningococcal immunoglobulin A (IgA) protease gene, which is distinct from the
previously described H. influenzae IgA protease. To assess the distribution of the seven sequences among wellcharacterized strains of H. influenzae, 59 exacerbation strains and 73 asymptomatic colonization strains were
screened by PCR for the presence of these sequences. The presence or absence of any single sequence was not
significantly associated with exacerbations of COPD. However, logistic regression and subgroup analysis identified
combinations of the presence and absence of genes that are associated with exacerbations. These results indicate
that patterns of genes are associated with the ability of strains of H. influenzae to cause exacerbations of COPD,
supporting the concept that differences in pathogenic potential are based in part on genomic differences among
infecting strains, not merely host factors.
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washed with decreasing concentrations of SSC (sodium chloride-sodium citrate)
and SDS, ethanol rinsed, and dried by centrifugation. The slides were scanned
using a GenePix 4200A scanner (Axon, Inc. [now Molecular Devices Corporation], Sunnyvale, CA) to generate high-resolution images for both the Cy3 and
Cy5 channels. The images were analyzed using ImaGene software, version 4.1
(Biodiscovery, El Segundo, CA). Each spot was background corrected for nonspecific probe binding and scored for reliability, as previously described (10). For
all spots that passed quality control, the log2 test/control ratio (Cy5/Cy3) was
calculated. The values were then normalized based on the ratios of 50 fragments
whose values suggested they were present in all strains examined. The replicate
measures were averaged for statistical analysis.
Fragment sequence analysis. For fragments of interest, the insert was amplified by PCR from the original clone and the sequence was determined. The
sequences were aligned using Sequencher (version 4.5; Gene Code Company).
BLASTN analysis was performed for each of the resulting contigs against the
NCBI database. Those sequences that did not have a significant nucleotide
match were subjected to open reading frame (ORF) analysis with MacVector
(version 7.2.2; Accelrys Inc.). All ORFs greater than 25 amino acids in size were
then subjected to BLASTP analysis against the NCBI database.
Screening of strains for homologous sequences. Those sequences that were of
interest were used in a PCR-based screening method. Crude lysates were made
from strains of H. influenzae isolated from the sputum of adults followed in the
COPD study clinic using previously described methods (19, 24, 27, 28). Briefly,
bacteria grown overnight on chocolate agar plates were harvested with a sterile
loop and suspended in 100 l sterile water by vortexing. The bacteria were
incubated at 100°C in a heat block for 5 min, resuspended by vortexing, and
incubated at 100°C for an additional 5 min. The samples were centrifuged for 1
min at 16,000 ⫻ g, and the supernatant was saved for use as the template in PCR.
Internal primers were designed for each sequence of interest based on the
nucleotide sequence of strain 11P6H at each region. PCRs were carried out
under the following conditions: 10 min at 94°C; 30 cycles of 30 seconds at 94°C,
30 seconds at 55°C, and 90 seconds at 72°C; followed by 3 min at 72°C. Samples
were prepared identically for the following strains to be used as positive and
negative controls in the PCR screening experiments: H. influenzae 11P6H (positive control), the sequenced H. influenzae strain KW20 Rd (positive or negative
control, depending on the sequence), and Moraxella catarrhalis strain 43617
(negative control). Water controls were also included in the analysis.
Statistical analysis. Univariate analyses to identify associations between the
presence or absence of each sequence and the classification as an exacerbation
strain or a colonization strain were performed with Fisher’s exact test and
chi-square analysis.
Correlations between sequences were analyzed using SAS (version 9.1; SAS
Institute Inc.). SAS was also used to perform logistic regression analysis on the
entire data set as well as two subsets. This approach disregarded one and then
the other of two sequences in two separate analyses, a procedure employed to
address the problem of multicolinearity in the data set. Bonferroni’s method was
used for type I error adjustment in the successive logistic regression analyses that
disregarded specific sequences.
Cluster analysis was performed with the JMP statistical package (version
5.0.1a; SAS Institute Inc.). The hierarchical cluster was performed using the
average method and two-way clustering without standardizing data. Fisher’s
exact test comparing specific branches of the cluster with the rest of the population was used to identify clades of interest. Differences between two clades of
interest with respect to sequence presence and absence and the association of
specific sequences with exacerbation within the 29-member subset of strains from
these two clades were analyzed using Fisher’s exact test.

RESULTS
Competitive genomic hybridization. To identify sequences
associated with exacerbations of COPD, a microarray of 4,992
1.5- to 3-kb fragments was constructed from the genomic DNA
of strain 11P6H of H. influenzae that caused an exacerbation of
COPD. This microarray was used in a series of competitive
hybridization experiments in which genomic DNA from the
microarray strain was labeled with one fluorescent marker and
genomic DNA from 1 of 10 other strains (5 exacerbation
strains and 5 colonization strains) was labeled with another
marker. For each experiment, normalized log2 ratios were obtained for all microarray fragments. These ratios indicate the
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pants were presence of chronic bronchitis, the absence of asthma or bronchiectasis, an ability to comply with a schedule of monthly clinical visits, and the
absence of immunosuppressive or other life-threatening disorders (43).
Patients were seen monthly and at the time of suspected exacerbation. A
clinical evaluation was performed to determine whether the patient was experiencing an exacerbation or was clinically stable, as previously described (43). The
patients were questioned about the status of their chronic respiratory symptoms
(dyspnea, cough, sputum production, viscosity, and purulence), and the responses were graded as 1 (at the usual level), 2 (somewhat worse than usual), or
3 (much worse than usual). A minor worsening of two or more symptoms or a
major worsening of one or more symptoms prompted a clinical assessment of the
cause. If the patient had fever, appeared ill, or had signs of consolidation on
examination of the lungs, a chest X-ray was obtained to rule out pneumonia. If
other causes of the worsening of the symptoms, such as pneumonia, upper
respiratory tract infection, and congestive heart failure, were ruled out, the
patient was considered to be having an exacerbation of COPD. The determination of whether the patient had stable disease or an exacerbation was made
before the results of sputum cultures were available.
Sputum samples obtained during these visits were subjected to semiquantitative culture. Strains of H. influenzae were identified by standard methods. When
H. influenzae was present in the sample, 10 colonies were isolated and subjected
to typing by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE). A strain was considered newly acquired if the unique SDS-PAGE
profile was not previously seen in any strains isolated from that patient. Exacerbation strains were defined as newly acquired strains that were initially isolated
at the time of an exacerbation of COPD. Colonization strains were defined as
those strains that were not associated with symptoms of exacerbation upon initial
acquisition of the strain.
The strain used in microarray construction and sequencing was 11P6H. This
strain was initially isolated during an acute exacerbation of COPD in a study
patient. The patient developed an immune response to surface antigens of the
homologous infecting strain as detected in whole-cell enzyme-linked immunosorbent assay and bactericidal assay (45). Whole-cell radioimmunoprecipitation
determined that this response was in part directed toward the P2 outer membrane protein (55). This strain was not isolated from sputum in subsequent clinic
visits, indicating that the strain was cleared from the patient’s respiratory tract.
Microarray construction. Genomic DNA was purified from 11P6H using the
Wizard genomic DNA purification kit (Promega, Madison, WI). Following
shearing by sonication, 1.5- to 3-kb fragments were isolated by excision from an
agarose gel. DNA was recovered using the QIAGEN gel extraction kit. The
DNA was subjected to an end repair reaction, followed by dephosphorylation,
phenol-chloroform extraction, and ethanol precipitation. The DNA was then
ligated into the pCR4-Blunt TOPO vector (Invitrogen, Carlsbad, CA) following
the manufacturer’s instructions, and TOP 10 Escherichia coli cells were transformed with the resulting constructs by electroporation. Approximately 10,000
transformants were screened by PCR with universal primers that amplified the
plasmid insert. Agarose gel electrophoresis was used to identify clones with 1.5to 3-kb inserts in the vector. A total of 4,992 clones with 1.5- to 3-kb inserts were
verified and individually archived.
Plasmid DNA was isolated from each clone using an Autogen 740 automated
DNA isolation system. The inserts were amplified from the plasmid DNA by
PCR, verified for proper amplification by agarose gel electrophoresis, precipitated with ethanol, dehydrated, and resuspended in 20% dimethyl sulfoxide. The
DNA fragments were then spotted on glass slides (type A; Schott Glas) by using
a MicrogridII TAS arrayer and MicroSpot 2500 split pins (Apogent Discoveries,
Hudson, NH) in triplicate on three different regions of the slide. Irrelevant and
unique genes from Moraxella catarrhalis were also spotted as negative controls.
Quality control was performed on the slides by visual and microscopic inspection
followed by test hybridization with reference strain DNA.
Microarray hybridization. Genomic DNA was isolated from the microarray
strain, 11P6H, as well as five exacerbation strains and five colonization strains
with a Wizard genomic DNA purification kit (Promega). DNA from each of the
10 experimental strains was then competitively hybridized with 11P6H DNA to
the microarray in 10 separate experiments at the Roswell Park Cancer Institute
Microarray and Genomics Center as previously described (10). Briefly, 1 g
11P6H DNA was random prime labeled with the fluorescent nucleotide analogue
Cy3 dUTP, while 1 g of each DNA preparation from the competing strains was
labeled individually with Cy5 dUTP. The labeled DNA probes were then ethanol
precipitated and resuspended in 110 l SlideHyb buffer 3 (Ambion, Inc., Austin,
TX) with 80 g salmon sperm DNA (Invitrogen). The probe solution was heated
to 95°C for 5 min, cooled on ice, and then loaded on the microarray slide.
Hybridization was allowed to proceed for 16 h at 55°C in a GeneTAC hybridization station (Genomics Solutions, Ann Arbor, MI), after which the slide was
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level of hybridization of the experimental strain and the reference strain to each fragment. That is, for a log2 ratio of 0, both
strains hybridized to the fragment on the slide with equal
efficiency. Thus, the sequence is expected to be found in both
strains. As the ratio decreases from zero, this indicates that
DNA from the experimental strain hybridizes less efficiently,
indicating that there is lower homology for that sequence of
DNA in the experimental strain, or, if the ratio is low enough,
that the sequence is absent. The ratios should not rise significantly above zero, because the fragments on the slide came
from the reference strain; thus, the sequences are all present
and identical in labeled genomic DNA from this strain.
A control hybridization in which two aliquots of 11P6H
DNA were labeled with different fluorescent markers was performed to define cutoff values for significance of the experimental hybridization ratios. In this experiment, the log2 ratios
clustered tightly about the mean value of 0.003894 with a
standard deviation of 0.10351. Nearly all values for the 4,992

fragments fell within three standard deviations of the mean.
Based on this experiment, a fragment was considered likely
present in the experimental strain if the competitive hybridization ratio was within three standard deviations of this mean or
had a ratio above ⫺0.306636. Further, a sequence was considered likely absent in the strain if the hybridization ratio was
below eight standard deviations from the mean, or below
⫺0.824186. This low value was chosen to avoid fragments
whose ratios were below that seen in the control experiment
because of decreased homology in a sequence that was present
in the experimental strains. This stringent criterion could miss
single gene differences in a fragment that spans multiple genes.
This effect was minimized by constructing a microarray of 4,992
fragments, a number estimated to include a fivefold coverage of
the genome. This approach, combined with the use of variable
fragment sizes, increased the likelihood that single gene differences would be detected.
To identify fragments that were present in exacerbation

TABLE 1. Sequences identified in microarray experiments and used as targets in screening with PCR, with known
homologies after NCBI database search
Sequence name and
GenBank accession no.

G⫹C
content
(%)

HI0568, DQ423213

41.7

HI0696, DQ423215

38.3

HI0698, DQ423215

39.8

HC, DQ423214

33.8

igaB, DQ423203

42.4

183UM, DQ423205

29.7

553UM, DQ423212

30.6

707UM, DQ423216

34.8

1069-1070UM, DQ423219

31.8

89-90UM, DQ423204

32.1

e value (GenBank accession no. for match)
Gene content and homology
BLASTn

Known H. influenzae gene; transcription
accessory protein (tex)
Known H. influenzae gene; “conserved
hypothetical protein”
Known H. influenzae gene; “conserved
hypothetical protein”
Known H. influenzae gene; hypothetical
protein
IgA protease; high homology to
N. meningitidis
10 ORFs with ⬎25 amino acids (aa); none
with homology
227-aa ORF; hypothetical H. influenzae
protein
⬎364-aa ORF; conserved hypothetical
protein, many organisms, highest is
Oceanicola batsensis
294-aa ORF; Streptococcus mitis phage
SM1 gp111
⬎120-aa ORF; conserved hypothetical
N. meningitidis protein

BLASTp

Size of gene
or sequence
(bp)

0.0 (L42023)

2,313

0.0 (L42023)

3,937

0.0 (L42023)

1,752

0.0 (AY599455)
0.0 (AF012206)

759
0.0 (YP_207437)

5,664
785

⫺125

10

(ZP_00349643)

1,027

9 ⫻ 10⫺40 (ZP_01000803)

1,485

10⫺8 (AAP81893)

1,556

3 ⫻ 10⫺32 (AAF41647)

574
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FIG. 1. Diagram of the locus containing the novel IgA protease gene, igaB, in H. influenzae strain 11P6H. On either end of the region are known
genes HI0164, HI0166, HI0184, and HI0185, identified in strain KW20 Rd. Empty boxes depict the amplicons used to screen multiple strains.
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strains and absent in colonization strains, fragments that had
ratios that were below the absence cutoff in all five colonization
strains but above the presence cutoff in at least one of the five
exacerbation strains were identified. These criteria would identify fragments in at least two exacerbation strains, as the strain
used to construct the microarray (11P6H) is an exacerbation
strain as well. This approach proved necessary because the
diversity of the exacerbation strains resulted in no strains meeting the absence criterion in all colonization strains and the
presence criterion in all exacerbation strains. A total of 110 of
4,992 fragments met these inclusion criteria of being absent in
five of five colonization strains and present in at least two of six
exacerbation strains.
These fragments were amplified by PCR from the strain
11P6H library, and their sequences were determined. The sequences were aligned into 24 contigs. The sequences for these
contigs are available in the GenBank database under accession
numbers DQ423203 to DQ423226. BLASTN searches were
performed, comparing the sequences to known genes in the
NCBI database. There were 57 genes represented on the contigs either in part or in whole (as defined by homology to
known H. influenzae genes in the NCBI database). Additionally, of note was the identification of a gene, previously unreported in H. influenzae, with ⬎90% nucleotide identity to the
secreted portion of the IgA protease (iga) gene in Neisseria
meningitidis. This gene is distinct from previously described
IgA proteases in H. influenzae (40) and is not associated with
H. influenzae in the NCBI database. Preliminary experiments
have shown that this gene is present in addition to the previously identified IgA protease (called iga or iga1) known in H.
influenzae (7). Figure 1 displays the layout of the locus of the
novel iga protease gene, in relation to known H. influenzae
genes. We propose the name igaB for this novel IgA protease
gene.
Further, five sequences of at least 574 bp with no significant nucleotide database match were identified. These were
subjected to ORF analysis using the MacVector program.
ORFs that were greater than 25 amino acids in length were
subjected to BLASTP analysis. Four sequences (89-90UM,
553UM, 707UM, and 1069-1070UM) showed homology to
known translated nucleotide sequences, while one (183UM)
did not (Table 1).
The G⫹C content of these unmatched sequences was also
determined (Table 1). The G⫹C content of the sequenced
strains of H. influenzae (http://www.ncbi.nlm.nih.gov/) ranges
from 38.0% to 38.2% (14, 15, 18). The G⫹C contents of most
of the sequences identified in this study range from 29.7% to
34.8%. The exception is the igaB gene, whose G⫹C content is
42.4%. The G⫹C content of a sequenced Neisseria meningitidis
strain is 51.6%, and the content of the iga gene of this strain is
46.8% (52).
Selection of genes for screening. Twenty of 63 sequences
identified in the previously described sequence analysis were
chosen for further study because a majority of the gene sequence was found on the 24 contigs (Fig. 2). Forty-three sequences were not studied further because a large proportion of
their expected sequences was not on the contigs identified in
the microarray analysis. That is, only a small portion of each of
these genes was included on the fragments that met the inclusion criteria (Fig. 3). The 20 sequences chosen for further study
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FIG. 2. Flow diagram outlining the process of selection of sequences for screening of 132 strains of H. influenzae from adults with
COPD.

underwent a small pilot screen with six exacerbation strains
and five colonization strains from the COPD study clinic (those
used in the microarray analysis) as well as the sequenced strain,
KW20 Rd, to preliminarily identify genes that are present in
some strains but not in others. Ten of these sequences were
present in all 12 strains and were thus not studied further. The
10 sequences that were present in some strains but not others
were selected to undergo a large-scale screen of strains of
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H. influenzae from adults with COPD. These sequences are
listed in Table 1.
Screening of strains from adults with COPD. A total of 132
consecutive well-characterized isolates of H. influenzae collected from the COPD study clinic from 1994 to 2003 were
screened for the presence or absence of 10 selected genes or
sequences using PCR. Ten sets of internal primers were designed for the selected sequences. Each assay contained control amplification reactions using template DNA from strain
11P6H (positive), the sequenced strain KW20 Rd (positive or
negative, depending on the sequence in question), Moraxella
catarrhalis sequence strain 43617 (negative), and water (negative). The screen was performed in duplicate on separate days,
with all strains scored for the presence or absence of amplification of the predicted size fragments detected by agarose gel
electrophoresis. When replicates of a strain-primer combination did not agree (less than 2% of all reactions), additional
reactions were carried out with either purified genomic DNA
or a second lysate preparation. The final determination was
made based on these repeated reactions. In this screen, three
sequences were present in all strains tested. The rest of the
sequences were variably present in the population of strains
used in the screen (Table 2).
To increase the sensitivity of the assay for these targets, an
additional set of primers from different regions of each se-

quence was designed for the remaining seven target sequences.
The screen was performed again in duplicate with these additional primers. For those sequences that were studied with two
primer sets, a strain was considered positive if there was amplification with either primer set and negative if both primer
sets resulted in no amplification.

TABLE 2. Results of screen of 132 strains of H. influenzae from
COPD patients for selected genes
Gene or
sequence
name

Amplicon
size(s) (bp)

igaBa
183UMa
553UMa
HCa
707UMa
1069-1070UMa
89-90UMa
HI0568
HI0696
HI0698

1,650, 1,011
723, 521
807, 657
686, 489
934, 1,045
799, 455
351, 266
981
948
852

% Positive
No. of
positive
All
Exacerbation Colonization
strains
strains
strains
strains
(n ⫽ 132) tested
59
56
45
87
46
36
52
132
132
132

44.7
42.4
34.1
65.9
34.8
27.3
39.4
100
100
100

45.8
49.2
28.8
62.7
27.1
27.1
35.6
100
100
100

43.8
37.0
38.4
68.5
41.1
27.4
42.5
100
100
100

a
A second set of primers was designed, and the screen was repeated for these
sequences. The two resulting amplicon sizes are reported.
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FIG. 3. Diagram outlining the process of identifying hypothetical sequences for further study.
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FIG. 4. Cluster alignment showing 132 strains of H. influenzae
grouped according to patterns of sequence presence and absence.
Numbers along the left represent the 132 strains. The sequences are
noted at the bottom. Dark rectangles indicate a sequence is present,
and light rectangles indicate a sequence is absent. Arrows denote two
clades in boxes. The upper box is associated with colonization. The
lower box is associated with exacerbation.
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Analysis of screening results. Results of PCR screening for
each gene or sequence were compared to clinical data to determine if there was an association between the presence or
absence of individual genes and exacerbations of COPD. Using
Fisher’s exact test and chi-square analysis, no significant association of the presence or absence of any of these seven sequences individually with exacerbation was observed, although
a trend toward association of the absence of 707UM with
exacerbation was observed (P ⫽ 0.094).
Linkage between sequences was analyzed using Spearman
correlation coefficients (from SAS, version 9.1). There were multiple significant correlations in the data set. The most significant
was between igaB and 183UM, with a coefficient of 0.893 (95%
confidence interval, 0.815 to 0.970). In 94.7% of strains, these
sequences were either both present or both absent.
Logistic regression analysis conducted on the data set indicated no significant associations between individual sequences
and exacerbation. This result was likely due to the high degree
of multicolinearity between many of the genes in the data set.
The analysis was repeated twice, disregarding first igaB and
then 183UM, the most highly correlated sequences in the data
set. The first of these showed significant association of 183UM
with exacerbation (P ⫽ 0.0177) and a trend toward significance
between the absence of 707UM and exacerbation (P ⫽
0.0601). The second analysis showed an association between
the absence of 707UM and exacerbation (P ⫽ 0.0461). Following type I error adjustment using Bonferroni’s method, it was
concluded that 183UM is associated with exacerbation (P ⫽
0.035), and the absence of 707UM shows a trend toward significant association with exacerbation (P ⫽ 0.092).
To further investigate whether patterns of genes were associated with exacerbations, data from the seven sequences were
subjected to a cluster analysis using the JMP software package.
This application arranged each of the strains into trees based
on the relatedness of patterns of sequence presence or absence
(Fig. 4). Within this cluster, one clade (n ⫽ 20) had a predominance of exacerbation strains (P ⫽ 0.05), while another (n ⫽
9) was predominantly composed of colonization strains (P ⫽
0.04). These subgroups were statistically compared to each
other to determine if there were differences between the two
with respect to sequence presence. The exacerbation clade was
associated with the presence of igaB (P ⫽ 0.001) and 183UM
(P ⬍ 0.001), while the colonization clade was associated with
the presence of 707UM (P ⬍ 0.001). The two-way clustering
component of this analysis confirmed the previously discussed
correlation between 183UM and igaB. Further, when these 29
strains were analyzed separately, 183UM was associated
with exacerbation (P ⫽ 0.014) and the absence of 707UM
was associated with exacerbation (P ⫽ 0.005) with Fisher’s
exact test.
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cause of exacerbation in patients with COPD. Viral infection
as well as environmental insults can also trigger a worsening of
disease symptoms and, thus, may have confounded the results
of this study to some extent by allowing for the designation of
a strain of H. influenzae that was concomitantly acquired as an
exacerbation strain when, on its own, it may have merely colonized the host. In spite of these confounders, inherent in
studies of COPD, statistically significant differences in patterns
of gene content in exacerbation and colonization strains were
observed.
An interesting component of these data is the observation
that the absence of some sequences as part of a combination of
genes was associated with exacerbation, despite the acceptance
criteria in analysis of microarray data that were designed to
identify sequences positively associated with exacerbation. This
result was likely due to the small sample size of strains studied
in the microarray experiments (n ⫽ 11) and the fact that
accepted fragments needed to be present in only two exacerbation strains, for reasons previously outlined. We speculate
that these gene products may be associated with enhanced
immune responses resulting in clearance of strains with these
genes. Alternatively or additionally, those sequences may encode products that cause interference with other virulence
factors or may contain control elements that negatively regulate other genes. Analysis of the functions of these novel sequences in future work will test these hypotheses.
An interesting observation was the association of 183UM
with exacerbation, despite the absence of ORFs greater than
41 amino acids in size on this fragment. This fragment may
contain genes that encode small peptides that contribute to
pathogenesis. This sequence could also contain promoter regions or control elements that affect transcription of other
genes. We propose an alternate hypothesis that this sequence
serves as a marker for the acquisition of the novel IgA protease
gene. Examination of the genomic milieu of the IgA protease
gene reveals that it is located between genes designated
HI0164 and HI0184. In the sequenced strain KW20 Rd, these
two genes are located more than 17 kb from each other and
transcribed in opposite directions. By contrast, in strain
11P6H, the genes are less than 7 kb apart and transcribed in
the same direction. It is likely that the integration of this gene
was associated with a large genomic inversion event that left
HI0183 in another part of the genome with a 750-bp novel
DNA segment adjacent to it. This hypothesis is supported by
the observation that 183UM and the novel IgA protease gene
were either both present or both absent in most strains.
The present study used PCR to screen 132 strains of H.
influenzae for the presence or absence of sequences, a method
that has been effective in multiple species of bacteria (12, 13,
20–23, 25–27, 29, 38, 42). Potential limitations of this methodology should be considered, including lack of sensitivity due to
single nucleotide polymorphisms causing a lower affinity of
primer binding, as well as the potential for small amounts of
DNA to contaminate reactions, resulting in lowered specificity.
To maximize specificity, duplicate reactions were performed
on different days and controls with irrelevant DNA and with
water in place of template were included with each assay. Also,
for sequences of interest, a duplicate set of primers was designed and the screen was repeated to minimize the impact of
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This study utilized competitive hybridization microarrays
followed by PCR screening to identify several genes and sequences that were variably present in strains of H. influenzae
from adults with COPD. Some of these sequences showed a
high degree of homology to previously identified H. influenzae
genes, including what is referred to in this study as HC (homologous to GenBank AY599455, 99% nucleotide identity)
and 553UM (homologous to GenBank ZP_00349643, 94%
amino acid identity and 96% similarity). Both of these entries
are classified hypothetical proteins. Four additional sequences
identified in this study are not present in the four strains of H.
influenzae whose genomes have been sequenced, including
183UM, 89-90UM, 707UM, and 1069-1070UM. All but the
first contain ORFs that show amino acid homology to known
conserved hypothetical genes. These sequences have lower
G⫹C content than the sequenced H. influenzae strains, suggesting that they may be associated with horizontal transfer
events. Finally, this study identified a novel IgA protease gene
that has not been described in H. influenzae. This gene, which
is present in addition to the known IgA protease of this organism, shows a high degree of homology, particularly in the
secreted protease domain, with the iga gene of Neisseria meningitidis. Further, the G⫹C contents of these genes indicate
that horizontal transfer from Neisseria to H. influenzae is likely.
Transfer from Haemophilus to Neisseria has been described in
previous studies (11, 31), but transfer in the opposite direction
has not been described previously.
No statistically significant association between individual
genes and exacerbation of COPD was observed in the univariate analysis. However, logistic regression as well as cluster and
subgroup analyses indicated that the specific combination of
presence of 183UM, presence of igaB, and absence of 707UM
was associated with exacerbation of COPD.
These findings are not surprising, given the degree of redundancy in H. influenzae and other bacterial systems. For example, H. influenzae expresses a number of adhesins, including
pilus, Hia, Hap, HMW1, HMW2 (41, 48–50), and P5 fimbrin
(32), as well as other molecules that promote adhesion to host
tissue surfaces (41, 48–50). Each of these products recognizes
different host factors and can be variably present among
strains. Yet, all of these factors contribute to the vital role of
adherence in pathogenesis. The results of the present study
resemble this model in that while single genes were not associated with clinical outcomes, groups of genes were associated.
That there were no univariate associations between genes
and exacerbation is not an unexpected result, as there are,
undoubtedly, more genes involved in exacerbation that were
not accounted for in this analysis. Furthermore, several other
factors are known to be important determinants of clinical
exacerbation and thus are potential confounding variables in
the present study, blunting differences between exacerbation
and colonization strains. For example, several host factors are
associated with exacerbation, including underlying lung function (8, 30, 47), lymphocyte responsiveness (1), levels of cytokines, including interleukin-6 and interleukin-8 (6), and levels
of a variety of host proteins, including mannose binding lectin
2 (54), secretory leukocyte protease inhibitor (17), and salivary
lysozyme (51). Acquisition of a bacterial strain is only one
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primer site single nucleotide polymorphisms on the sensitivity
of the screen.
In summary, this study used competitive hybridization of
genomic DNA with a microarray and PCR screening of wellcharacterized strains of H. influenzae to identify genes associated with exacerbations of COPD. The approach was based on
the hypothesis that isolates of H. influenzae differ in their
ability to cause infections in the airways of adults with COPD.
The results showed that patterns of sequences are associated
with the ability of strains to cause exacerbations, supporting
the hypothesis that differences in pathogenic potential are
based on genetic differences among strains. Future studies will
be directed toward characterizing the expression patterns of
these genes and identifying the mechanisms by which these
gene products participate in the pathogenesis of infection.
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