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The disparity in diversity between unencapsulated (non-typable; NT) and encapsulated,
serotypable Haemophilus influenzae (Hi) has been recognized for some time. It has previously
been suggested that the wider diversity evidenced within NTHi compared with typable lineages
may be due to different rates of recombination within the encapsulated and NT populations. To
examine whether there is evidence for different levels of recombination within typable and NT
lineages of Hi, we performed a statistical genetic analysis of 819 distinct genotypes of Hi to
explore the congruence of serotype with population genetic clustering, and to identify patterns of
recombination within the Hi population. We find that a significantly larger proportion of NT isolates
show evidence of recombination, compared with typable isolates, and also that when admixture is
present, the total amount of recombination per strain is greater within NT isolates, compared with
the typable population. Furthermore, we demonstrate significant heterogeneity in the number of
admixed individuals between NT lineages themselves, while such variation was not observed in
typable lineages. This variability suggests that factors other than the presence of capsule are
important determinants of recombination rate in the Hi population.

INTRODUCTION

Haemophilus influenzae (Hi) is a Gram-negative bacterium
commonly isolated from episodes of asymptomatic naso-
pharyngeal carriage. While the vast majority of Hi exists in
carriage rather than disease states, it remains a globally
significant pathogen, capable of causing both localized
mucosal infections, such as otitis media, and invasive
infections, such as meningitis and septicaemia (Turk,
1984). Hi is thought to cause at least three million cases of
serious illness every year, mostly in young children (WHO,
2005). To date, six distinct serotypes (designated a—f) of Hi
are distinguishable (Pittman, 1930), while a substantial
proportion of the population is unencapsulated and so
remains non-typable (NT). Of the encapsulated popu-
lation, serotype b has historically been the most significant
pathogen, and is responsible for approximately 95 % of all
invasive Hi disease in unvaccinated children (Falla et al.,

Abbreviations: Hi, Haemophilus influenzae; Hib, H. influenzae serotype b;
MLST, multi-locus sequence typing; NT, non-typable; ST, sequence type.

A supplementary figure and five supplementary tables are available with
the online version of this paper.

1993; Peltola, 2000). An effective vaccine against H.
influenzae serotype b (Hib) disease has been available since
the early 1980s (Anderson, 1983; Chu et al., 1983), and its
introduction into childhood immunization programs in
the developed world has all but eliminated Hib disease in
western countries (for example, see Bisgard et al., 1998;
Booy et al., 1997). However, vaccination is rare in many
developing countries, where Hib remains a significant
cause of mortality, causing an estimated 380000 deaths
each year (WHO, 2005).

While Hib disease is controlled by vaccination in the
developed world, Hi possessing the other serotypes, as well
as NTHi, are also reported to be capable of causing inva-
sive disease (St Geme, 1993; Tsang et al., 2007; Waggoner-
Fountain et al, 1995). NTHi is also a leading cause of
economically significant, but rarely fatal, infections such as
otitis media (Klein, 1997; Talbird et al., 2010). Phylogene-
tically, typable Hi have been found to group into lineages
generally concordant with their serotype (Meats et al.,
2003; Musser et al., 1988a, b, 1990), while NTHi is more
phylogenetically diverse (Erwin et al., 2008; Meats et al.,
2003; Quentin et al., 1990).
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Hi is naturally transformable, taking up DNA from its
environment by the recognition of specific Hi uptake
sequences in free DNA (Danner et al., 1980) and integrating
it into its chromosome (Goodgal & Herriott, 1961; Smith
et al., 1981). The precise mechanism of competence in Hi
remains incompletely understood, although many proteins
important for competence have been identified, including
those that make up structures implicated in uptake on
the surface of the cells (ComE, PilA), those that are in the
periplasm/inner membrane (ComF, ComC, Rec-2) and the
cytoplasm (ComA, DprA, ComM) (Gwinn et al., 1998;
Karudapuram et al., 1995; Karudapuram & Barcak, 1997;
Larson & Goodgal, 1991; McCarthy, 1989; Tomb et al.,
1991). Following internalization, the DNA can be inserted
into the chromosome by homologous recombination. While
Hi isolates are competent and can be readily transformed in
the laboratory environment (Alexander & Leidy, 1951), the
contribution of homologous recombination to population
structure in nature is less clear. One phylogenetic study (Feil
et al, 2001) found relatively high congruence between
housekeeping loci, suggesting that homologous recombina-
tion was not frequent enough to scramble phylogenetic
signals. However, later work that specifically compared NT
isolates with encapsulated ones using the same approach
found a lower degree of congruence between housekeeping
loci in NT isolates (Meats et al., 2003). NT strains are more
diverse (both genetically and phenotypically) than their
encapsulated relatives (Erwin et al, 2008; Musser et al.,
1986), and it is not clear whether this reflects differences in
the ability or opportunity for NT and typable strains to take
up DNA (Meats et al., 2003).

Such differences in recombination rate among different
lineages of the same named species have been document-
ed or hypothesized in other bacteria, including Neisseria
meningitidis (Bart et al, 2001) and the pneumococcus

(Hanage et al., 2009). A history of frequent recombination
within a bacterial lineage has been associated with resistance
to antibiotics (Hanage et al, 2009) and vaccine escape
(Croucher et al., 2011), and a better understanding of the
flow of genetic material between bacterial lineages is hence
important for public health. We assessed evidence for
differences in recombination between serotypable and
NTHi, by analysing molecular epidemiological data, and
also whether there was evidence of differences in recomb-
ination between different NTHi populations.

METHODS

Data. Gene sequences of seven loci from 1624 Hi isolates representing
819 unique genotypes were collected from the Multi Locus Sequence
Typing database. Multi-locus sequence typing (MLST) (Maiden et al.,
1998) is an unambiguous portable typing methodology that has been
widely applied to pathogenic bacterial species. The system works by
using a set of predefined housekeeping loci (usually seven) with
known start and end points. Each locus is sequenced, and the
sequence compared with a central database that stores records of each
unique allele identified. Each unique sequence identified at each locus
is given an allele number, and every unique combination of allele
numbers reported is assigned a sequence type (ST). We used a
complete set of the publicly available STs for Hi from www.mlst.net as
of March 6 2011. Two STs retrieved (STs 71 and 268) were excluded
from the analysis on account of the presence of insertions or deletions
within the allelic sequence. This provided a dataset comprising 819
STs, each characterized by seven sequences. An analysis of earlier Hi
MLST database contents that were more limited in their extent has
been described elsewhere (Meats et al., 2003). The sets of allele
sequences corresponding to each ST in the MLST database were
concatenated for subsequent analysis.

Analysis. To examine the population structure and estimate the
amounts of admixture between population clusters, we utilized the
software package Bayesian Analysis of Population Structure (BAPS)
(Corander & Marttinen, 2006; Corander & Tang, 2007; Corander

Table 1. Distribution of serotypes amongst BAPS clusters

Numbers of admixed STs are shown in parentheses.

BAPS cluster Serotype
a b c d e f NT Unknown

1 - 7 (7) 1(1) - - - 70 (50) 6 (3)

2 - - - - - - 10 (0) 2 (0)

3 - - - - - 1 (0) 51 (27) 4 (1)

4 - 3(3) - - - - 49 (12) 7 (3)

5 - 130 (32) - - . - 6 (1) 2(2)

6 - 4(2) - 2(0) - - 69 (9) 11 (5)
7 10 (1) 29 (7) 6 (0) 6 (0) - 1 (0) 120 (36) 17 (5)

8 1 (0) 2 (1) 1(1) - - - 46 (17) 9 (6)

9 - 1 (0) - - 27 (1) - 8 (7) 1 (0)
10 1 (0) 2 (0) - - - 15 (2) - 6 (0)
11 9 (1) 2 (0) - - - - 36 (9) 4 (1)
12 - - - - - - 3 (1) 1(0)
Total 21 (2) 180 (52) 8 (2) 8 (0) 27 (1) 17 (2) 468 (169) 70 (26)
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Fig. 1. Maximum-likelihood tree produced using RAXML version 7.0.4 from the concatenated sequence for all seven loci (total
length of 3057 bp) with a General Time Reversible model and Gamma-distributed rates amongst sites for the 819 genotypes
examined. Coloured triangles indicate serotype (a) and coloured circles represent BAPS cluster assignment (b).

et al., 2008). BAPS is freely available online, and implements a number
of models to cluster individuals based on shared polymorphisms
using a non-reversible stochastic optimization algorithm, and returns
as results the number of populations that best fit the model and the
genotypes associated with each population. As a result of this, each
polymorphic site can be associated with a specific population
retrieved as a result of the analysis, and genotypes containing
polymorphisms that are characteristic of more than one population
can be identified as cases of likely recombination (admixture). BAPS
can then be used to identify cases of individuals containing
polymorphisms typical of populations other than the one to which
they are assigned, such cases possibly being the result of recombina-
tion. To examine differential levels of admixture within the NT and
typable populations, we combined serotype information from the
MLST database with the BAPS outputs indicating the cluster assign-
ments for the STs, and the cases with significant patterns of
polymorphisms from more than one population. These results
enabled us to examine the extent to which the presence of admixture
is associated with particular clusters, and the extent to which the
presence of admixture is associated with the possession of a serotype.
The sequence data were used to construct a phylogeny using RAXML
version 7.0.4 for HPC environments, onto which the results of these
analyses were superimposed.

RESULTS

Concordance of populations with serotypes

Our analysis subdivided the MLST dataset into 12 clusters.
We then matched the serotype reported for each isolate
held by the MLST databases to the STs used in the analysis,
to identify the distribution of serotypes amongst the
clusters (Table 1). In most cases (729 of 738 STs), all of the
isolates associated with an ST were reported as having
the same serotype (see Table S1, available with the online
version of this paper, for exceptions). The clustering results
demonstrate broad concordance between cluster and
serotype as reported earlier (Erwin et al, 2008; Meats
et al., 2003; Musser et al, 1988b, 1990). The greater
diversity in the NT population compared with the typable
population is evidenced by the wide dispersal of NT STs
over the phylogenetic tree (Fig. 1) and the fact that typables
form a majority of isolates in only three clusters, 5, 9 and
10, which are associated with serotypes b, e and f,
respectively. Other than clusters 7 and 11, where typables
make up 27 and 22 % of the clusters, NT STs make up
more than 90 % of the individuals in all of the remaining
clusters. The BAPS clusters correlate well with the classical
subdivisions of the Hi population (Fig. S1) (Meats et al.,
2003; Musser et al., 1986, 1988a, b), despite the addition of
considerable diversity in the NT strains. The addition of
extra diversity does have an effect on the groupings observed
by Erwin et al. (2008): three of the clusters reported in that
study fall within the same BaPs group; however, the

remaining clusters are now broken up both in terms of
BAPS clustering and phylogenetic grouping, assessed both by
maximum-likelihood methods and by maximum-par-
simony methods, such as those used originally by Erwin
and co-workers. We suggest that the limited concordance
with the Erwin et al. (2008) clusters is due to the effects of
recombination on the production of the phylogenies used to
determine their clusters. Recombination is known to
adversely effect phylogenetic reconstruction (Schierup &
Hein, 2000).

Variance of admixture amounts within the
population

BAPS was also used to perform an admixture analysis on the
dataset, and we asked whether STs associated with NT
isolates were significantly more likely to show evidence of
admixture. We found a significant difference between the
typable and NT populations (3> P value 0.00013) in the
numbers of STs showing admixture. We also asked whether
the amount of admixture, in terms of the numbers of
polymorphisms apparently acquired from other popula-
tions, was greater in NT isolates. For each ST the BAPS
admixture analysis estimates the amount of sequence
that is characteristic of a different cluster (Fig. 2). We found
a significant difference in the extent of admixture per ST
present in the typable and NT populations when com-
paring the populations using a Kolmogorov—Smirnov test
(Chakravarti et al, 1967), to test the variance in admixture
between the populations (P value 8 x 10™°), and a Mann—
Whitney U test (Wilcoxon, 1946), to test the overall dif-
ference in the numbers of individuals that show admixture in
the populations (P value 9.9 x 10~°). Therefore, the STs in
the NT population appear to be significantly more likely
to show evidence of admixture, and that admixture is found
to affect a higher proportion of sites than is the case for
typable STs. With the exception of cluster 2 (which contains
only 10 genotypes), all of the other clusters contain STs
exhibiting some polymorphisms inferred to be significantly
characteristic of other clusters (Table 1). Clusters that
harbour a majority of NT STs show a marked heterogeneity
in their degree of admixture; for example, cluster 1 contains a
high proportion (>0.7) of STs with evidence of recombina-
tion, in contrast to a low proportion (<<0.25) in cluster 4.
This is reflected by the fact that the number of admixed/
unadmixed NT samples varies significantly between NT
clusters (> P value 2.9x10™"). In contrasting, the
proportion of STs with evidence of a history of admixture
among clusters associated with encapsulated strains ranges
between 12 and 26 % (see Table S2 for proportions), with
no significant differences evident between these clusters (x>
P value 0.34).
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Fig. 2. Distribution of estimated levels of admixture between NT (dark-grey bars) and typable (light-grey bars) populations.

DISCUSSION

Homologous recombination is capable of confounding
phylogenetic reconstruction, blurring the boundaries of a
species, and disseminating virulence and resistance deter-
minants into different genomic backgrounds. The amount
of homologous recombination has been observed to differ
between bacterial species to a marked degree. Some, such
as Mycobacterium tuberculosis, are considered to be nearly
clonal, whereas others, such as Helicobacter pylori, are
almost panmictic. It is beginning to become clear that the
amount of recombination that a strain has experienced
may not be consistent across a species, with some lineages
exhibiting a significantly greater history of admixture than
others. In some cases this has been associated with the
acquisition of drug resistance. Hence, it is important to
identify any lineages in the community that contribute and
take up genetic material at a high rate, as they are potential
risk populations in the response of pathogens to medical
intervention.

While it has long been known that Hi can take up DNA in
the laboratory, unlike other naturally competent bacteria
such as the pneumococcus or meningococcus this ability
had not removed phylogenetic signals, and good concord-
ance of lineages with serogroups was observed. The issue of
NTHi has been more confused, with some evidence
suggesting a higher rate of recombination in this population
(Meats et al., 2003), but based on relatively few (27) isolates.
Our results indicate that the population structure of NTHi
does indeed exhibit a significantly larger contribution of
recombination, but that different NTHi lineages vary
significantly in the degree to which recombination has
occurred over their history. While the greater genetic
diversity of NTHi has been speculated to result from

increased recombination (Meats et al, 2003), these results
suggest that absence of capsule is not a sufficient cause, and
other factors are important in facilitating transformation
(Maughan & Redfield, 2009).

In agreement with the previously reported concordance of
phylogeny with serogroups, BAPS clusters appear to provide
an effective method for the subdivision of the Hi population
into groupings consistent with the classical subdivisions of
the species. Typable Hi appear in a relatively small number
of clusters, separated into lineages that are grouped together
and remain distinct from NT STs, by BAPS and eBURST.
However, the notable exception to this is the presence of
serogroup b STs in three lineages dominated by NT STs. The
globally distributed nature of the clusters (Table S3) suggests
that on a population level, genetic interplay between these
lineages continues, irrespective of the presence of Hib
vaccination in the developed world.

The presence of admixed STs within the population
expressing a serotype implies that typable STs have no
mechanistic limitation preventing them from taking up
DNA; however, in the case of serotypes such as serotype e,
where only one ST shows admixture, it is possible that the
admixed typable STs are actually NT STs that have recently
gained a serotype, rather than recombinogenic STs from a
‘typable’ lineage. This would be an explanation for the
serotype b STs found in NT lineages. Another potential
explanation is laboratory errors. However, it should be
noted that 19 of the 60 serotype b’s outside the main
serotype b cluster were serotyped using molecular methods,
which should be less open to ambiguity than classical
serotyping. Moreover, in six cases the STs in question have
been found on multiple occasions (Table S4), which allows
us to ask whether they have repeatedly been found with
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serotype b capsules, which is hard to explain as repeated
laboratory errors. In five of the six STs with multiple
samples, all isolates were serotype b. In the case of ST12 the
records are mixed and on other occasions it has been
reported as NTHi. We interpret this as evidence that while
serotyping errors can generate this signal, and may well
have done so in the case of ST12, typable isolates are indeed
found sporadically in NT clusters. The difference in
admixture between the two populations may be explained
by some unknown difference in the fine-scale niches of the
typable and N'THI, such that one of them rarely encounters
DNA in the environment or enters a competent state, or it
may also be due to the absence of a capsule, which in some
way facilitates the uptake of DNA in NTHi. This could
affect the operation of the cellular competence machinery
itself, or possibly the action of other mechanisms such as
phage-mediated exchange of DNA and conjugation. The
wide range of admixture levels identified within the NT
population also suggests that the reasons for admixture
may vary from cluster to cluster. The cause, be it due to
mechanistic or genetic factors (or, indeed, a combination
of the two), is not a question which it is possible to answer
using the MLST data alone, but it is our hope that the
causes — and full extent — of the differences in levels of
admixture within NTHi and between NTHi and typable Hi
will be revealed in future analyses using genomic data.
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