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The gram-negative bacterium Haemophilus influenzae is a human-restricted commensal of the nasopharynx
that can also be associated with disease. The majority of H. influenzae respiratory isolates lack the genes for
capsule production and are nontypeable (NTHI). Whereas encapsulated strains are known to belong to
serotype-specific phylogenetic groups, the structure of the NTHI population has not been previously described.
A total of 656 H. influenzae strains, including 322 NTHI strains, have been typed by multilocus sequence typing
and found to have 359 sequence types (ST). We performed maximum-parsimony analysis of the 359 sequences
and calculated the majority-rule consensus of 4,545 resulting equally most parsimonious trees. Eleven clades
were identified, consisting of six or more ST on a branch that was present in 100% of trees. Two additional
clades were defined by branches present in 91% and 82% of trees, respectively. Of these 13 clades, 8 consisted
predominantly of NTHI strains, three were serotype specific, and 2 contained distinct NTHI-specific and
serotype-specific clusters of strains. Sixty percent of NTHI strains have ST within one of the 13 clades, and
eBURST analysis identified an additional phylogenetic group that contained 20% of NTHI strains. There was
concordant clustering of certain metabolic reactions and putative virulence loci but not of disease source or
geographic origin. We conclude that well-defined phylogenetic groups of NTHI strains exist and that these
groups differ in genetic content. These observations will provide a framework for further study of the effect of

genetic diversity on the interaction of NTHI with the host.

Haemophilus influenzae is a small (1 to 2 pm in length)
gram-negative bacterium that is found only in humans. The
polysaccharide-protein conjugate vaccines against serotype b
H. influenzae have almost eliminated H. influenzae as a cause of
pediatric meningitis in the western world. However, unencap-
sulated (nontypeable) H. influenzae (NTHI) remains an impor-
tant pathogen, particularly in children and the elderly (5, 8,
23). NTHI infections are usually limited to respiratory mucosal
sites such as the middle ear or bronchi but are occasionally
systemic. It is not known whether NTHI isolates associated
with localized or systemic disease are genetically distinct from
each other or distinct from isolates associated with asymptom-
atic colonization of the nasopharynx.

Efforts to understand and control NTHI disease have been
hampered by the diversity of these bacteria. Many of the sur-
face antigens that have been studied display interstrain and
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intrastrain heterogeneity as a result of both sequence diver-
gence and phase variation. It is increasingly recognized that
NTHI isolates also vary in genetic content. We use the term
island to refer to a genetic locus (one or more genes) that
occurs in some but not all strains. As used here, the term does
not imply that the locus is known to be readily transferred
between strains or is thought to have been recently acquired.
Islands whose function is known include the hmw, hia, and hif
adhesin loci; the region flanked by inf4 and ksgA containing
lipopolysaccharide (LPS) biosynthetic loci lic2BC or losAB;
and the three loci required for the biochemical reactions used
in biotyping (18, 27, 30, 34, 52). Several strains have recently
been sequenced, and each contains numerous islands that are
not present in the other sequenced strains (25, 47). Subtractive
hybridization studies have identified other islands (55). Certain
islands appear to be more common in disease isolates than in
isolates from healthy subjects (17, 34, 44), suggesting that the
genetic content of NTHI strains affects their likelihood of
causing symptomatic infection.

Until recently, distinguishing H. influenzae strains from each
other or evaluating their relatedness has been difficult. Epide-
miological studies have commonly analyzed strains by gel elec-
trophoresis of bacterial proteins, restriction fragments, or ran-
domly amplified sequences (1, 39, 43). These methods yield
patterns that vary from lab to lab. Within the last few years,
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two systems for typing H. influenzae have been developed,
based on sequence polymorphisms of either housekeeping
genes (multilocus sequence typing [MLST]) (35) or genes en-
coding 16S rRNA (16S typing) (46). Each of these two systems
has the advantage of yielding unambiguous data, so that a
database can include strains typed in several laboratories. The
MLST system has so far been more widely adapted.

The primary goal of this project was to analyze the phylo-
genetic structure of H. influenzae, with particular focus on
NTHI. Second, we sought to evaluate the extent to which
phylogenetic groups of NTHI strains differ in content of ge-
netic loci that may affect pathogenesis. A collection of clinical
isolates for which we had previously used biotyping and PCR
to detect several genetic islands (11) were typed by MLST in
the present study, and we extended the biotyping and PCR
studies to NTHI strains that were already in the MLST data-
base.

We performed both profile-based and sequence-based anal-
yses of the MLST database. Profile-based analyses tally the
shared and differing alleles for each pair of sequence types
(ST) without consideration of the actual sequences of the dif-
fering alleles. Acquisition of a new allele by genetic exchange
(potentially altering several bases) has the same effect on the
outcome of profile-based analyses as a single-point mutation.
In contrast, for sequence-based analyses, alteration of an allele
at several bases affects the outcome of the analysis to a greater
extent than alteration at a single base. Because H. influenzae
strains are known to undergo genetic exchange, it was not
certain whether a sequence-based analysis would identify dis-
tinct phylogenetic groups, particularly within the nontypeable
strains. We performed a rigorous analysis of the MLST se-
quences using a maximum-parsimony method and identified 13
distinct clades within the H. influenzae population. All except
two of the clades corresponded closely to groups identified
using eBURST, a profile-based analysis (16). Ninety-eight per-
cent of encapsulated strains and 65 percent of the NTHI
strains in the MLST database could be assigned to one of the
13 clades, while 21 percent of NTHI strains were members of
a single e BURST group that did not correspond to any clade.
We found that each of these phylogenetic groups had a differ-
ent distribution of the genetic islands that we examined. These
observations suggest that horizontal exchange has not com-
pletely blurred evidence of ancestral relationships among H.
influenzae strains.

MATERIALS AND METHODS

Phylogenetic analysis. (i) MLST. MLST typing was performed by amplifying
and sequencing regions of the housekeeping genes adk, atpG, frdB, fucK, mdh,
pgi, and recA as described previously (35). The complete H. influenzae database
(322 NTHI strains, 244 type b strains, 84 encapsulated strains of other serotypes,
and 5 strains of unknown serotype) was downloaded from the Haemophilus
MLST website (http:/haemophilus.mlst.net) on 18 September 2006. For se-
quence-based phylogenetic analyses, the seven sequences for each ST were
concatenated into a single 3,057-bp sequence.

The program TNT (P. A. Goloboff, J. S. Farris, and K. Nixon, TNT: tree
analysis using new technology, program and documentation, 2003 [available
at http://www.zmuc.dk/public/phylogeny/tnt]) was utilized to conduct maxi-
mum-parsimony analyses of the concatenated sequences, using both con-
strained and random sectorial searches with search parameters optimized
every 10 hits. The new technology tree drifting and tree fusing algorithms
were used (21). The program was run until 4,545 equally most parsimonious
trees were collected and the strict consensus tree stabilized. The majority-rule
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FIG. 1. Maximum-parsimony majority-rule consensus tree for 359
ST, plotted with ST65 as the outgroup. Colored regions of the tree
numbered 1 through 13 indicate branches (clades) that were found in
100% of trees, with the exception of clades 9 and 11, which were found
in 92% and 81% of trees, respectively. The tree is aligned with a plot
showing the serotype and the eBURST group for each ST. Each ST
corresponded either to a single serotype or to one or more NTHI
strains. H. influenzae biogroup aegyptius (H. ae.) strains are plotted
separately from other NTHI strains. The ST for 15 sequenced strains
are indicated on the tree. Table S1 in the supplemental material lists
the position of each ST on the tree as well as its e BURST group and
the serotype of associated strains.

consensus of the resulting equally most parsimonious trees was calculated in
TNT. The resulting majority-rule tree, plotted using ST65 as the outgroup, is
shown in Fig. 1. Table S1 in the supplemental material lists the position of
each ST on the tree. Frequency jackknife support values were also calculated
with TNT (22), using 1,000 replications and a probability of removal for each
character of 36%.

The MLST profiles (i.e., the set of seven allele numbers for each ST) were
analyzed using e BURST v3 (16), available at http://eburst.mlst.net/default.asp.
The database was also analyzed using both sequence-based and profile-based
lineage assignment algorithms in the START? suite of sequence typing software
(29) available at http://pubmlst.org/software/analysis/start2/.

(i) 16S rRNA typing. The 16S rRNA genes were amplified using external
primers, and the 1,595-bp products were sequenced as described previously (46).
Maximum-parsimony analysis was performed on the complete set of 16S se-
quences, as described above for MLST sequences, yielding 2,230 equally most
parsimonious trees.



VoL. 190, 2008

GENETIC ANALYSIS OF H. INFLUENZAE BY MLST 1475

TABLE 1. Primers used for PCR detection of genetic islands

Primer sequence”

Locus
Forward Reverse
hia 5'-CCGAAAGCACAATGGATATGGACG-3’ 5'-CAGATAAATCCTGACCTCGCTCTC-3’
hmwl 5'-CAAAGCCATCAGGTTGTTGTGC-3' 5'-CCTATTTGGTCTTGCTACGAGTGG-3'
hmw?2 5"-CCGCACTTTCTTCTCGTTCTTCT-3' 5'-GCTATTCGGTTAGGTAATGCAGATCC-3’
ahpC (tsaA) 5'-CAGGGTTTACCGATCCTTGTGA-3' 5'-AGATAGCCATCTAGCCAGTCAGTG-3'
Haell 5"-CATCCTTGGTTCTTATGGACAGCG-3’ 5'-CTCTAATGGATCATCTCCGCTACG-3’

R2846.1179-80
R2866.503-507
R2866.1857-58

5'-CGGATCCACTCAATCTACTGCAAG-3’
5'-CTGCGACGCATTTATTACAGGG-3'
5'-CTGGAGCTTCATCTACCAATACGC-3'

5'-GAGTATCCCAACAAGATCTCAGCG-3’
5'-GTGGAATGCAAGGCTTAATGGG-3'
5'-CAAGCAGAAACCCGTGAAATTATCG-3'

“ The primers shown for hia, hmwl, and hmw2 bind to sequences flanking the respective loci and were used to confirm the results of PCR using the internal primers
described previously for these loci (11). The loci R2846.1179-80, R2866.503-507, and R2866.1857-58 encode putative restriction-modification systems of types II, I and

111, respectively.

Bacterial strains. The MLST database includes 322 NTHI isolates, of which
296 were included in our phylogenetic analyses. (When more than one strain with
the same ST was obtained from the same subject, we excluded all except one
isolate.) Of the 296 independently isolated strains, 206 were available for labo-
ratory studies. These included 52 pediatric isolates of diverse sources used in an
earlier study (11), 25 of the 27 otitis isolates from Finland that were used to
develop the H. influenzae MLST scheme and have been used in several other
studies (2, 7, 28, 35), 88 isolates submitted to the Active Bacterial Core Surveil-
lance program at the Centers for Disease Control and Prevention that had been
used to develop the 16S typing system (46), and several isolates for which partial
genome sequences have recently been reported. All strains were confirmed to be
H. influenzae based on the requirement for 3-NAD* and hemin and were judged
not to be H. haemolyticus based on recently described criteria (37). Serotyping
was performed by PCR as described previously (13). bexA primers yielded a PCR
product from control strains of each serotype and failed to amplify a product
from any of the NTHI strains.

Genetic and phenotypic heterogeneity. (i) Biotyping. Biotypes were assigned
according to Kilian’s system (30), using API 20E strips to detect biochemical
reactions as previously described (11).

(ii) PCR of genetic islands. The hic, hif, hia, hmw, lic2BC, and losAB loci
were detected by PCR as described previously (11). For these loci, PCR was
initially carried out using flanking primers, and positive results were con-
firmed by partial sequencing of the PCR product or by amplification with
combinations of internal and external primers, as described previously (11).
To confirm the presence of the hia and hmw loci, PCR was performed using
flanking primers (Table 1) as well as the internal primers described previously
(11). For hmw, a multiplex PCR with primers flanking both the hmwl and
hmw?2 loci was performed. The two products were not clearly resolved by gel
electrophoresis, so the lack of one smw locus would not have been detected.
Both imw and hia are known to differ in sequence from strain to strain (4,
33). We did not attempt to assess the sequence heterogeneity of these loci;
rather the internal primers that we used were selected to hybridize with
conserved regions of the hia and hmwA sequences.

Primers flanking the ahpC locus (tsa4; NTHI0212) and Haell locus
(NTHI1786 and NTHI1787) were designed based on the published sequences of
these regions in strain 86-028NP (25). A search of the genome sequences of
strains R2846 and R2866, available as contigs through the NCBI microbial
genome database (http:/www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd
=Retrieve&dopt=Overview&list_uids=9621) identified three novel putative re-
striction-modification systems; the presence of these loci was evaluated by PCR
using primers listed in Table 1. All primers were synthesized by Integrated DNA
Technologies (Coralville, IA).

Statistics. Frequency data were evaluated by Fisher’s exact probability test,
calculated online at the VassarStats website for statistical computation (http:
//faculty.vassar.edu/lowry/VassarStats.html). The resulting P values were sub-
jected to the Bonferroni adjustment for multiple comparisons on a set of data
(42).

Nucleotide sequence accession numbers. The sequences of the novel restric-
tion-modification loci have been submitted to GenBank and assigned accession
numbers EU285588 (R2846.1179-80, putative type II restriction system),
EU296480 (R2866.503-507, probable type I restriction system), and EU296479
(R2866.1857-58, probable type III restriction system).

RESULTS

Division of the H. influenzae population into clades. In order
to generate phylogenetic trees in which branches have a high
probability of reflecting ancestral relationships among strains,
we performed a maximum-parsimony analysis. To allow detec-
tion of NTHI clusters that are closely related to encapsulated
strains, this analysis was carried out using the complete H.
influenzae MLST database (359 ST) rather than only the 195
ST that are associated with NTHI strains. Maximum-parsi-
mony analysis of the 359 concatenated sequences yielded 4,545
equally parsimonious trees of length 4,761. The tree shown in
Fig. 1 is a majority-rule consensus tree, showing only branches
that were found in over 50% of the equally most parsimonious
trees. The shaded regions numbered 1 through 8 and 10, 12, or
13 indicate branches of six or more ST that were found in
100% of trees. Branches 9 and 11 were found in 92% and 81%
of trees, respectively. Together these 13 branches (referred to
below as clades) contain 77.7% of ST, representing 79% of the
H. influenzae strains in the MLST database. Three of the clades
are serotype specific, consisting entirely or almost entirely of
type b strains (clades 3 and 5) or type d strains (clade 7).
Clades 2 and 6 each include serotype-specific clusters as well as
clusters containing only NTHI, while in the remaining eight
clades almost all strains are NTHI. The position of each ST on
the tree is listed in Table S1 in the supplemental material.

Jackknife resampling using frequency differences (22) indi-
cated low support (<50%) for most of the clades identified in
the majority-rule consensus tree. Notable exceptions include
clades 1, 5, and 8, with jackknife values of 66%, 72%, and 87%,
respectively. While resampling support was low for most of the
tree, many of the clades identified using the MLST housekeep-
ing genes also correlate with other characteristics, including
serotype, biochemical traits, and other genetic traits (see be-
low), indicating that the clades have biological relevance. In
addition, the bootstrap and jackknife resampling methods are
considered conservative, erring toward low confidence values
(15, 48).

We also utilized eBURST, an alternative method of analyz-
ing MLST data, to define groups in which each ST is identical
at five or more of the seven sequenced loci to at least one other
ST in the group. Ten such groups contained five or more ST.
Each eBURST group mapped to a single region of the major-
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ity-rule tree, in most cases corresponding closely to a clade or
to a serotype-specific cluster within a clade (Fig. 1; see Table
S1 in the supplemental material). In contrast, the 40 ST in
eBURST group 2 are not in any of the clades identified by the
parsimony analysis.

These data provide the first evidence that the NTHI popu-
lation contains several distinct genetic groups: of 296 indepen-
dently isolated NTHI strains in the MLST database, 80% have
ST in one of 10 clades (192 strains) or in e BURST group 2 (67
strains).

Clustering of encapsulated strains within serotype-specific
clusters. The clustering of encapsulated strains on the tree
shown in Fig. 1 is consistent with that observed in previous
studies. A large multilocus enzyme electrophoretic study by
Musser et al. (40) and a subsequent smaller MLST study by
Meats et al. (35) each identified two major clusters of type b
strains, with much smaller numbers of type b strains elsewhere
on the phylogenetic tree. Each study also found type a strains
to be clustered in three sites on the tree and a single cluster
each for types c, d, e, and £. Since publication of the original H.
influenzae MLST database, 194 type b strains have been added,
with 96 new ST. We found that the vast majority of these new
ST fall into the same two type b-specific clusters described
previously but that 12 type b strains are outside of the clusters.
The presence of type b capsular genes was confirmed by PCR
for the two of those strains that were available to us. Twenty-
nine strains of types a, ¢, d, e, and f have been added to the
MLST database, and with the exception of two type d strains
(confirmed by PCR), all fall into the previously described clus-
ters. It was proposed previously that strains of types e and f
and certain type a strains have a common ancestor (35). This
was confirmed in the present study, in which these strains
were all in clade 2. Nine NTHI strains have ST outside of
the main NTHI clusters. The lack of capsular biosynthetic
genes in each of these strains was confirmed by PCR. These
strains may have lost capsule biosynthesis genes relatively
recently, as seven of these NTHI strains are within the large
type b group (clade 3), and the other two are most closely
related to type e strains.

Opverall, the addition of 525 strains to the MLST database
since its original publication has not significantly altered our
understanding of the genetic relationships among encapsu-
lated H. influenzae strains. In contrast, the NTHI-specific re-
gions of the MLST tree are now sufficiently developed that
distinct groups can be defined.

Genetic and phenotypic comparison of NTHI clades. We
sought evidence for common features among NTHI strains
within a phylogenetic group (i.e., within one of the 13 clades or
in e BURST group 2). NTHI strains are known to be hetero-
geneous in the presence and structure of adhesins and other
outer membrane proteins, in LPS structure, and in metabo-
lism. Of 296 independently isolated NTHI strains in the MLST
database, 206 were available to us for laboratory study. This
collection, which includes 52 strains studied previously (11),
was evaluated by biotyping and by performing PCR to detect
the ~imw adhesin loci and the LPS biosynthetic loci flanked by
infA and ksgA. PCR results were confirmed using a second set
of primers and in some cases by partial sequencing of the
product. For each of these traits, we found significant differ-
ences in distribution across the phylogenetic groups (Fig. 2;
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Table 2). For example, 7 strains of clade 1 were all biotype III;
of 12 clade 2 strains studied, seven were biotype I; clade 8
strains (n = 7) were all biotype II; and clade 11 strains (n = 15)
were all biotype V. Of 49 strains in eBURST group 2, all except
5 were biotype II. Each of these phylogenetic groups was
equally uniform with regard to the Amw loci (Fig. 2; Table 2)
and nearly so for the content of the inf4-ksgA locus (Table 2).
These data suggest that there may be biological differences
among clades, resulting in biochemical differences as well as in
the presence of genes affecting the structure of bacterial sur-
face components, including both outer membrane proteins
and LPS.

These observations were extended by evaluating additional
loci in a subset of strains. We used PCR to seek evidence of
loci encoding surface structures (hia, lav, hif, and hic) or other
putative virulence determinants (ahpC/tsaA, encoding a peroxi-
redoxin). In addition, we evaluated the presence of the Haell
locus (25) and of three novel restriction-modification systems
identified in the genome sequence of strain R2846 or R2866 by
PCR using primers flanking each locus. Each of these loci
was evaluated in 80 strains and was found to be distributed
nonrandomly across the phylogenetic groups (Table 3). For
the restriction systems and for ahpC, strains were scored
positive if the primers amplified an appropriately sized
product. We would not have detected the locus at a different
site, and we did not evaluate sequence heterogeneity in the
PCR products. However, the results are striking. For exam-
ple, approximately one-third of the strains examined (23 of
67 strains) yielded a product consistent with Haell. All
except one of these strains were in eBURST group 2 (13 of
13 strains examined; P = 2 X 1077), clade 11 (5 of 7 strains),
or clade 1 (2 of 2 strains). This suggests that restriction
barriers between phylogenetic groups may help to maintain
their differences in genetic content.

Separation of strains into phylogenetic groups allows detec-
tion of patterns that were not previously apparent. For exam-
ple, we previously noted that in a cluster of biotype V strains
(now identified as clade 11), the autotransporter gene lav was
more frequently present than in the remaining strains in the
study (11). At that time we could not identify any common
feature among lav-containing strains that were not biotype V.
It is now evident that nearly all of the lav-containing strains not
in clade 11 are in eBURST group 2 (P = 0.00012). We previ-
ously noted an association between Amw and the hif-contigu-
ous locus hicAB. Consistent with that observation, the Aic locus
is common in eBURST group 2, in which nearly all strains
contain himw. However, hic is also common in clade 13, which
contains both ~imw-positive and hmw-negative strains. The Aif
fimbrial locus was found in only 15% of strains examined. It
was absent from the largest group of strains, e BURST group 2,
and was found at increased frequency in clade 13.

In contrast, there was no apparent correlation between phy-
logeny and the clinical or geographic source of strains, with the
exception of H. influenzae biogroup aegyptius. H. influenzae
biogroup aegyptius strains from the Brazilian purpuric fever
clone are all ST65 (not in any of the 13 clades), while epide-
miologically unrelated conjunctivitis strains are ST70 to -77,
clustered in or near clade 4. Of the remaining NTHI strains in
the MLST database, the clinical source is known for all except
17. Isolates cultured from middle ear aspirates (n = 52) or
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FIG. 2. Characterization of NTHI strains and correlation of biotype
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and hmw locus with clustering on the majority-rule consensus tree. The

tree differs from that in Fig. 1 in that each ST found in more than one NTHI strain was expanded to allow plotting of data for each strain, while
serotype-specific clusters were collapsed (indicated by triangles). The tree is aligned with a plot showing clade (as in Fig. 1), biotype, the presence
of the hmw loci (determined by PCR), and the type of specimen from which the strain was cultured. Commensal, strains cultured from
oropharyngeal or nasopharyngeal swabs from healthy children; otitis, strains from middle ear aspirates from children with otitis media; eye, strains
from children with conjunctivitis; mucosal, strains from other mucosal samples, primarily sputum or endotracheal aspirates; invasive, strains from
blood or cerebrospinal fluid. The biotype and PCR data, including the results of PCR of the LPS biosynthetic locus flanked by infA4 and ksgA, are

summarized in Table 1.

from systemic infections in children (n = 57) or adults (n
100) were all broadly distributed across the phylogenetic tree
(Fig. 2). Consistent with a previous report that commensal
strains are less likely than otitis isolates to contain ~mw (10),
we noted that clade 2 isolates, which are uniformly zmw neg-
ative, were more frequently commensal than other isolates.
Correspondingly, strains of eBURST group 2, 90% of which
are hmw positive, are less likely to be commensal. These dif-
ferences are not statistically significant. Moreover, as the
database contains relatively small numbers of nasopharyngeal
isolates from healthy children (n = 35) or from sputum or
other nonconjunctival mucosal sites (n 17), it would be
premature to draw any firm conclusions about phylogenetic
differences between commensal isolates and those from dis-
ease.

Comparison of maximum-parsimony analysis with rapid
MLST analyses. As a practical matter, the maximum-parsi-
mony analysis used to generate the majority-rule tree required
hundreds of hours of computer time, so it is unlikely to be
repeated routinely as new ST are added to the database. We
sought to determine whether any of the readily available tools

for analyzing MLST data would cluster strains in a way that
approximates the results of the maximum-parsimony analysis.
A comparison between eBURST and maximum parsimony is
shown in Fig. 1. As noted above, while several eBURST groups
correspond closely to one of the 13 clades, the two sets of
groups are not equivalent. eBURST group 2 contains a set of
36 ST that are not in any of the 13 clades. Conversely, clades
4,6, 9, and 13 do not contain eBURST groups larger than five
ST. The NTHI-specific cluster within clade 2 is also not in an
eBURST group. Thus, while analysis of the MLST database by
eBURST will identify several clusters of closely related strains,
it will not identify all such clusters.

The lineage assignment algorithms in the START?2 suite of
sequence typing software (29) allow rapid generation of four
trees from MLST data: neighbor-joining trees and unweighted-
pair group method using average linkages trees based on either
concatenated sequences or profiles (i.e., the set of seven allele
numbers for each ST). We used the START2 algorithms to
analyze the complete MLST database. Of the four resulting
trees, the sequenced-based neighbor-joining tree was the one
in which clustering of ST was most similar to the tree gener-
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TABLE 3. Further comparison of phylogenetic groups

No. of strains positive/no. examined (% positive), P value”

Genetic island”

Ailtggl?l Clade 2 Clade 9 Clade 11 Clade 13 eBURST group 2 No group
Islands potentially affecting
pathogenesis
ahpC 63/78 (80.8)  4/4 (100) 3/5 (60) 7/7 (100) 6/14 (42.8),0.003  19/19 (100), 0.096 16/19 (84.2)
hia 30/80 (37.5)  5/5(100),0.036  1/5 (20) 9/9 (100), 0.00036  4/15 (26.7) 0/19, 0.00036 9/19 (47.4)
hic 49/77 (63.6)  1/4 (25) 2/5 (40) 4/7 (57.1) 13/14 (92.9),0.078  17/19 (89.5), 0.072 8/19 (42.1)
hif 12/79 (15.2)  1/5(20) 1/5 (20) 2/7 (28.6) 5/15 (33.3) 0/19, 0.06 2/19 (10.5)
lav 23/78 (29.5)  2/5 (40) 0/5 5/7(71.4) 0/15,0.072 13/18 (72.2), 0.00012 1/19 (5.3), 0.048
Islands potentially encoding
restriction systems
Haell 23/68 (33.8)  0/4 0/5 5/7(71.4) 0/14, 0.018 13/13 (100),2.2 X 1077 2/18 (11.1)
R2846.1179-80 10/75 (13.3)  0/4 4/5 (80), 0.0048 4/12 (33.3) 0/18 2/19 (10.5)
R2866.503-07 61/74 (82.4)  0/4,0.0036 4/5 (80) 7/7 (100) 11/14 (78.6) 16/16 (100) 17/18 (94.4)
R2866.1857-58 13/73 (17.8)  0/3 0/5 5/6 (83.3), 0.003 1/14 (7.1) 0/17 4/19 (21.0)

“ The presence of the islands in NTHI strains was evaluated by PCR as described in the text. Included are previously reported data on the hia, hic, hif, and lav loci
for 52 strains (11). Additional strains included in this table were 18 Finnish isolates, the recently sequenced strains 3224A and 86-028NP, and 8 additional clinical

isolates.

® Phylogenetic groups are included if more than two NTHI strains in the group were examined for the indicated loci. “All NTHI strains” includes strains of clades
1,3, 6, 8, 10, and 12, for which one or two strains per clade were analyzed. No group, strains with ST that are not in any of the 13 clades and not in eBURST group
2. For each of the six phylogenetic groups for which five or more strains were studied, the frequency of the genotype (or biotype) among strains in each group was
compared to the frequency in the remaining population using the Fisher exact test (two tailed). The resulting P value was multiplied by six to apply the Bonferroni
adjustment for multiple hypotheses on a set of data (42). P values of <0.10 are reported.

ated by maximum-parsimony analysis (Fig. 3). The main dif-
ferences between the two were that the neighbor-joining anal-
ysis divided clade 3 (the large type b cluster) into three regions
of the tree and clade 13 (NTHI) into two clusters. This method
should allow tentative assignment of a newly typed strain to a
cluster of strains that are likely to have a similar set of genetic
islands.

Comparison with 16S rRNA typing. The phylogenetic
clusters identified by maximum-parsimony analysis were
also compared to the results of 16S typing. Forty-five NTHI
strains were typed by 16S rRNA sequencing, resulting in the
identification of 21 new ST. Maximum-parsimony analysis
was used to compare these sequences with the 65 16S se-
quences obtained previously for 91 NTHI and 239 encapsu-
lated strains (46) and to generate a majority-rule consensus
tree (Fig. 4). As seen previously, strains were clustered on
the tree by serotype, and NTHI strains were found in several
regions on the tree. There was less diversity of 16S type than
of MLST type. For example, 40 strains in eBURST group 2,
of 22 different MLST types, were found to have only 9
different 16S types. Of these, 12 strains were 16S type 3 and
11 were 16S type 29. Certain clusters were very similar in
both the 16S and MLST analyses. For example, 17 strains
from MLST clade 2 (5 type e, 9 type f, and 2 NTHI) were all
in a single 16S cluster that was found in 100% of trees. Clade
11 strains (n = 14) were in a monophyletic 16S cluster found
in 100% of trees; the cluster also contained clade 5 (the
small type b cluster), clade 7 (type d), and five type a strains.
Taken as a whole, the 16S tree was not inconsistent with
MLST analysis. However, most branches of the tree had
very little support. As previously concluded (46), 16S typing
can be useful for tracking both NTHI strains and serotype-
able H. influenzae strains. Our current data suggest that it is
less useful than MLST for inferring phylogenetic relation-
ships of NTHI strains.

DISCUSSION

In an earlier study we identified a cluster of closely related
NTHI strains that appeared to be similar in genetic content
(11). It is now apparent that this cluster was only one of
approximately 10 distinct phylogenetic groups within the
NTHI population. Comparative genomic studies have sug-
gested that H. influenzae, like several other pathogens, may
have a species-wide “pan-genome” or “supra-genome” that is
substantially larger than the genome of any single isolate (20).
It has been further suggested that recombination occurs fre-
quently, particularly in biofilms, so that each strain has a dif-
ferent combination of genetic islands (47). Our data do not
contradict this suggestion, but they indicate that the distribu-
tion of genetic islands across the NTHI population is far from
random. The relative uniformity of NTHI strains within each
phylogenetic group with regard to these islands was unex-
pected. Humans are colonized with a series of NTHI strains
throughout life, often carrying more than one strain at a time
(12, 14, 36, 38). This would appear to provide ample opportu-
nity for transfer of genes between strains, as H. influenzae is
known to be naturally transformable. Indeed, horizontal ge-
netic exchange between strains has been demonstrated in pa-
tients (26). Recent comparative genomic studies using genome
sequencing and subtractive hybridization have revealed many
more genetic islands than were previously known (25, 47, 55).
Determination of the distribution of some of these islands
across the H. influenzae phylogenetic tree is in progress (A. L.
Erwin et al., unpublished data) and will add to our understand-
ing of the differences between genetic groups. While in this
study we have scored genetic islands simply as present or ab-
sent, we recognize that there is substantial sequence heteroge-
neity for many islands and for several other genes encoding
outer membrane proteins (3, 6, 19, 24). Our goal in studying
these islands was not to characterize differences between
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FIG. 3. Comparison between different analyses of the complete
MLST database. The dendrogram was generated from MLST se-
quences by the neighbor-joining method, using software in the
START?2 suite of MLST analytic tools. In alignment with each ST on
the tree is plotted the serotype of associated strains, and the assign-
ment of the ST to clade and eBURST group as previously described is
indicated. Table S1 in the supplemental material lists the position of
each ST on this tree and on three other trees generated using other
programs in START2.

clades in detail but rather was to evaluate the hypothesis that
clades differ in genetic content.

The finding that there are several distinct genetic groups
within the NTHI population raises the question of how these
groups are maintained. There is no obvious effect of geogra-
phy, as most clades have members that were isolated in more
than one European country as well as in several regions of
North America. The finding that Amw-containing strains are
clustered in certain clades suggests that clades may differ in
their interaction with epithelial cells. It is known that many
strains lacking Amw contain the gene for a different adhesin,
Hia (10, 11, 51, 52). HMW adhesins bind sialylated glycopro-
teins, while the ligand(s) of Hia has not been identified. It is

J. BACTERIOL.

known that ~Amw-containing strains differ from Amw-negative
strains in the specificity of binding to several epithelial cell
lines (54). It is thus conceivable that strains in different clades
occupy different niches within the nasopharynx. Finally, there
may be restriction barriers between clades. Several restriction
endonucleases in H. influenzae strains are known (45, 49), and
the recently sequenced genomes revealed the existence of ad-
ditional restriction-modification systems. For example, the 86-
028NP genome contains three restriction systems not found in
the Rd KW20 genome sequence, including the Haell system
(25). PCR analysis in the present study suggested that the
Haell locus and three novel restriction-modification loci are
each limited to strains in a small number of phylogenetic clus-
ters. Such heterogeneity in restriction systems may limit ge-
netic exchange between randomly chosen strains.

We analyzed the MLST database using two methods that
differ in their assumptions. TNT is a parsimony method that
assumes descent with modification (50), uses full sequences
(which makes it more sensitive to recombination), and quickly
explores tree space to find the most parsimonious trees (41).
eBURST additionally assumes evolution by clonal complex
formation (16), uses allelic profiles (which makes it more sen-
sitive to stochastic error [9]), and forms groups based on single-
locus variants in alleles, with founders dependent on the num-
ber of single-locus variants. e BURST does not link ST that
differ by more than two alleles, whereas TNT will construct
their entire evolutionary history. Despite the differences be-
tween these methods in assumptions about the evolutionary
process, in the data used, and in their sensitivity to recombi-
nation and stochastic errors, the results were surprisingly sim-
ilar (Fig. 1). As expected, the eBURST analysis focused on the
recently diverged tips of the tree. Most of the differences be-
tween the analyses were that TNT linked some strains that
eBURST did not link. This most likely occurred where there
were small differences between more than two alleles.

Comparison of the results of eBURST and TNT maximum-
parsimony analyses provides some evidence for the relative
importance of recombination and mutation in different parts of
the H. influenzae population. Turner et al. recently described
the outcome of eBURST analysis in three simulated popula-
tions differing in rates of mutation and recombination (53). For
a clonal complex in which recombination is rare or is only
moderately frequent, a plot of eBURST relationships yields a
radial pattern (53). In the H. influenzae MLST database, the
ST in eBURST group 1 form this type of pattern (see Fig. 7 in
reference 53), suggesting descent from the founder, ST6. The
fact that essentially the same strain cluster (clade 3) (Fig. 1)
was identified by the sequence-based TNT analysis is consis-
tent with relatively rare recombination among this group of
type b strains.

A second type of eBURST pattern has no clear founder and
is described as “straggly.” This occurs when eBURST groups
strains that differ at only a single MLST locus even though they
are not descended from a recent common ancestor. This pat-
tern occurs in populations with frequent recombination (53).
eBURST group 2, which contains approximately 23% of the
NTHI strains in the database, has a straggly pattern (not
shown). The interpretation that these strains do not form a
radial clonal complex is consistent with their not forming a
single monophyletic branch in the TNT analysis. Interestingly,
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100
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FIG. 4. Comparison between 16S typing and MLST. The dendrogram is a majority-rule tree derived from maximum-parsimony analysis of 84
16S sequences. Each branch is labeled with a red numeral representing the percentage of trees contributing to the majority-rule consensus tree
for that branch. Branches representing encapsulated strains are shaded in color and labeled by serotype. For each branch, the MLST phylogenetic
group (clade or e BURST group 2) for the same strains is indicated by a colored arc. Strains with 16S ST 3, 4, 5, 31, and 80 (indicated by red circles)

each belonged to more than one MLST phylogenetic group.

we found that strains in eBURST group 2 are as similar in
genetic content as strains within the TNT-defined phylogenetic
groups (clades). The strains in this group may be closely re-
lated but undergo frequent intragroup recombination. More
research on the effects of sampling on eBURST patterns will
help determine if straggly groups in poorly sampled databases
are indeed the result of recombination. Alternatively, the
eBURST group can be explained as a large monophyletic
group beginning at the top strain in eBURST group 2 and
ending at the bottom strain in parsimony clade 2. The ancestral
strains are included in eBURST group 2, but as lineages di-
verged, they may have accumulated mutations in more than
two genes so that they could no longer be grouped by
eBURST.

The third eBURST pattern described by Turner et al. (53)
occurs in highly divergent populations, where each eBURST
group contains only a very small number of ST. In H. influen-
zae, clade 13 does not correspond to an eBURST group; in
other words, it is rare for strains in this group to share more
than four MLST alleles with any other strain. However, the ST
in clade 13 were shown by TNT analysis to be closely related,
as they were clustered together in 100% of equally parsimoni-
ous trees. One interpretation is that in clade 13, mutation is
frequent relative to recombination, resulting in large numbers
of differences at the allele level, caused by a relatively few
differences at the sequence level. These conclusions are limited
by the potential differences between the simulations (53) and
the actual content of the MLST database. The MLST database
contains strains sampled with no consistent plan. It is highly
likely that many intermediates connecting the MLST strains
have not been sampled, which may affect e BURST patterns.

Our data have implications for the study of H. influenzae
pathogenesis. The role of a genetic locus in disease is assessed
in part by evaluating its distribution among strains from dif-
ferent clinical sources (10, 32, 44, 55). Recognition that many
loci characteristically occur in certain phylogenetic clusters
adds a different dimension to the distribution data. For exam-
ple, the observation that ~imw is more frequent in otitis media
isolates than in isolates from healthy children was previously
interpreted as indicating that the HMW adhesins have a spe-
cific role in pathogenesis of otitis media (10). The recognition
that ~Amw-positive strains are clustered in certain phylogenetic
groups may lead to identification of other loci that are common
in those groups and are also candidates for virulence factors in
otitis media. Otitis media strains in phylogenetic groups that
are predominantly ~mw negative may have a different set of
virulence factors. Discovery of genes affecting complex pheno-
types such as serum resistance will be aided by comparing
strains within phylogenetic groups rather than by seeking genes
common to all strains with a given phenotype. In some cases,
such as evaluation of a vaccine candidate, it is desirable to
study strains that are known to be genetically diverse. The
phylogenetic tree thus provides a framework for design and
interpretation of studies of H. influenzae biology.

An obvious question is whether clades differ in the frequency
of association with disease or in its clinical presentation. For
the NTHI strains currently in the database, we did not observe
any correlation between clinical source and phylogenetic clus-
tering. However, a limitation of this study is its sampling bias.
Although asymptomatic colonization with NTHI is far more
common than symptomatic infection, nearly 90% of the NTHI
strains in the MLST database were isolated from patients with
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symptomatic infections. Although most NTHI infections are
limited to the respiratory tract, strains from these mucosal
infections are underrepresented in the database. Sixty percent
of the NTHI strains in the database were cultured from nor-
mally sterile sites and typed as part of bacteremia surveillance
studies carried out by public health laboratories in the United
States and Scotland. While there have been epidemiologic
studies characterizing NTHI strains from subjects who were
not experiencing acute infections (10, 14, 17), few of those
strains have been typed by MLST. Addition of these and other
clinically diverse strains to the MLST database may result in
development of new branches of the tree. We do not propose
that the phylogenetic groups we describe should constitute an
NTHI typing system. The majority-rule tree shown in Fig. 1 is
our current best estimate of ancestral relationships among H.
influenzae strains, but it is unlikely that this tree is complete.

In summary, a rigorous phylogenetic analysis of the MLST
database showed for the first time that most NTHI strains are
members of phylogenetic groups that are as distinct from each
other as the six capsular serotypes. The clades that we identi-
fied are unexpectedly uniform in possession of genetic islands
affecting metabolism, outer membrane protein composition,
and LPS structure.
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