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Abstract

Nontypeable Haemophilus influenzae (NTHI) frequently colonize the human pharynx
asymptomatically, and are an important cause of otitis media in children. Past studies have
identified typeable H. influenzae as being clonal, but the population structure of NTHi has not
been extensively characterized. The research presented here investigated the diversity and
population structure in a well-characterized collection of NTHi isolated from the middle ears of
children with otitis media or the pharynges of healthy children in three disparate geographic
regions. Multilocus sequence typing identified 109 unique sequence types among 170 commensal
and otitis media-associated NTHi isolates from Finland, Israel, and the US. The largest clonal
complex contained only five sequence types, indicating a high level of genetic diversity. The
eBURST v3, ClonalFrame 1.1, and structure 2.3.3 programs were used to further characterize
diversity and population structure from the sequence typing data. Little clustering was apparent by
either disease state (otitis media or commensalism) or geography in the ClonalFrame phylogeny.
Population structure was clearly evident, with support for eight populations when all 170 isolates
were analyzed. Interestingly, one population contained only commensal isolates, while two others
consisted solely of otitis media isolates, suggesting associations between population structure and
disease.
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1. Introduction

Haemophilus influenzae (Hi) are small, nonmotile, gram negative coccobacilli whose only
natural hosts are humans (Kilian, 2005). The species can be divided into two major groups
differentiated by the presence or absence of a polysaccharide capsule. Non-encapsulated
(nontypeable, or NTHi) strains are frequent asymptomatic colonizers of the human pharynx,
particularly in children, but can also cause a variety of respiratory infections, including otitis
media, sinusitis, bronchitis, and pneumonia. The carriage rate of NTHi among healthy
children varies between 25-81%; this wide distribution may be due to a number of factors,
including proximity to other children (i.e. daycare centers), amount of antibiotic use, and
exposure to secondhand smoke (Bou et al., 2000; Farjo et al., 2004; St Sauver et al., 2000).
Furthermore, NTHi colonization is an active, dynamic process. A number of studies have
shown that carriage is often marked by apparent rapid turnover of strains as well as
simultaneous colonization with multiple NTHI strains (Dhooge et al., 2000; Murphy et al.,
1999; Trottier et al., 1989). Previous data gathered in our laboratory support these findings
(Farjo et al., 2004; LaCross et al., 2008; St Sauver et al., 2000).

While the population structure of H. influenzae has been investigated in previous studies,
most of the literature dates back several decades and principally used typeable strains. In
1985, Musser and colleagues characterized 177 type b H. influenzae (Hib) isolates recovered
from children with invasive disease by multilocus enzyme electrophoresis (MLEE) and
determined that the sample exhibited significant clonality and major differences in the
genetic structure of populations from the United States (US) and the Netherlands (Musser et
al., 1985). Similarly, a study of over 2,200 typeable isolates from 30 countries was
characterized by MLEE and, again, found that the population structure overall was clonal
with strong patterns of geographic variation and a limited number of evolutionary lineages
that largely corresponded to serotype (Musser et al., 1990; Musser et al., 1988a). For
example, Hib isolates of electrophoretic type 100 comprised 4.5% of their Canadian sample,
but this genotype was not found among isolates from the US. However, like many studies of
clinically significant microorganisms, the vast majority of isolates were collected from cases
of disease; of the 2,209 isolates in the study, nearly 90% were serotype b, and less than 5%
of these were obtained from healthy carriers.

Interestingly, the population structure of H. influenzae appears to differ between typeable
and non-typeable strains. In a 1985 study of 242 Hi disease isolates (65 nontypeable and 177
type b), Musser et al. found that each nontypeable (NTHi) isolate was of a unique
electrophoretic type and that none of these were shared with a Hib isolate, indicating that the
population of NTHi is extremely heterogeneous and distinct from that of typeable strains
(Musser et al., 1986). Porras et al. used MLEE to characterize 135 Hi isolates from Sweden
and the US, of which 81 were nontypeable. Seventy electrophoretic types were identified
among the 81 NTHi isolates, and no electrophoretic type was shared between the geographic
regions (Porras et al., 1986). While five electrophoretic types were found in both
nontypeable and type b isolates, their version of MLEE assayed only six enzymes compared
to the 15 used by Musser et al. (Musser et al., 1986), drastically reducing the discriminatory
power of their method. More recently, Erwin et al. examined the population structure of all
656 Hi isolates in the MLST database circa 2006, including 322 NTHi isolates, based on a
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maximum-parsimony analysis (Erwin et al., 2008). However, as the authors noted, there
may have been sampling bias, as nearly 90% of the NTHi in the MLST database were
isolated from patients with symptomatic infections. Furthermore, NTHi submitted to the
MLST database come from many different researchers and do not conform to any specific
sampling scheme. Nevertheless, they were able to identify well defined phylogenetic groups
of NTHi that differed in genetic content, though there was little apparent clustering by
geography or clinical site of isolation.

Given the known genetic diversity of H. influenzae (Erwin et al., 2005; Erwin et al., 2008;
LaCross et al., 2008; Musser et al., 1986), this study sought to explore the phylogenetic
relationships and population structure of nontypeable strains. While phylogenies are used to
infer evolutionary history, assessing population structure can reveal systematic differences
in allele frequencies between subpopulations (which can be due to differences in ancestry).
Furthermore, geography and disease status (i.e. commensal or otitis media-associated) were
investigated as potential factors involved in the formation of population structure. A diverse
collection of 170 commensal and otitis media-associated isolates from three disparate
geographic regions were genotyped by MLST. Genetic diversity and phylogenetic
relationships between the isolates were assessed using eBURST and the ClonalFrame
program, while population structure was characterized using structure.

2. Materials and Methods

2.1. Bacterial Isolates

An initial set of 199 putative NTHi isolates was selected from existing collections
representing three distinct geographic regions (Finland, Israel, and the US). Within each
geographic region, half of the isolates had been collected from the middle ears of children
with acute otitis media (hereafter designated ‘OM isolates’) and the remaining half had been
collected from the throats or nasopharynges of healthy children (commensal isolates). This
yielded six subgroups of isolates, the majority of which have been previously described in
the literature: Finland OM (Kilpi et al., 2001); Finland commensal (Ukkonen et al., 2000);
Israel OM (Leibovitz et al., 2003); Israel commensal (Greenberg et al., 2004); US OM
(Krasan et al., 1999), as well as unpublished isolates from Dr. Stan Block and Dr. Alejandro
Hoberman; and US commensal (Farjo et al., 2004; St Sauver et al., 2000). One hundred and
twenty total isolates from Finland and Israel and 79 isolates from the US were randomly
selected from within each subgroup for inclusion in the study. Only a single isolate was
selected from each child, and all isolates were collected within an eight year period (1994 —
2002) from children under seven years of age (Table 1). The isolates were frozen in sterile
skim milk at —80° C for storage.

2.2. Preparation of Genomic DNA

The stored isolates were grown overnight on chocolate agar plates (BD Diagnostics, Sparks,
MD) at 37°C with 5% CO, in a humid environment. Genomic DNA was isolated using the
Wizard genomic DNA purification kit (Promega, Madison, WI.) according to the
manufacturer’s instructions and resuspended in 1x Tris-EDTA buffer (10 mM Tris-HCL and
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1mM EDTA at pH 8). The majority of the DNA was kept at —20°C for storage, with a small
aliquot stored at 4°C for use.

2.3. Isolate Speciation and Exclusion Criteria

Isolates were excluded from the final dataset if they met any of the following criteria:
presence of the capsule locus genes, identification as non-Hi by phylogenetic clustering, or
persistent and unresolvable contamination (e.g. superimposed peaks in the sequence
chromatograms not resolvable by multiple re-isolations of genomic DNA from single
colonies).

Typeable isolates were identified by the presence of a PCR amplification product reflecting
the highly conserved bexA and bexB genes, which are required for transport of capsule
components across the outer membrane, following the protocol of Davis et al. (Giebink,
1999). Among bexA and/or bexB positive isolates, the capsule type was identified by PCR of
the type specific regions of the cap locus using the method of Falla et al. (Falla et al., 1994).

To identify isolates misidentified in the original collection as non-Hi, a phylogeny based on
six of the seven MLST loci (excluding fucK) was created in ClonalFrame using the
conditions described below, with the exception that 200,000 total iterations (100,000 burnin
iterations and 100,000 sampling iterations) were performed. Three non-Hi strains from the
Pasteurellaceae family were included: H. haemolyticus strain HK386 (Norskov-Lauritsen et
al., 2005), H. parainfluenzae strain T3T1 (GenBank 1D FQ312002.1), and Pasteurella
multocida strain Pm70 (May et al., 2001). Isolates that clustered with the non-Hi strains
were excluded from further analysis.

In general, strains closely related to, but not strictly, Hi are negative for the MLST locus
fucK, and this difference has been exploited to distinguish between the two groups
(Norskov-Lauritsen, 2009; Norskov-Lauritsen et al., 2009). However, a recent paper by
Ridderberg et al. has described at least one apparent H. influenzae strain in which the entire
six gene fucose operon (containing fucK) is missing by PCR analysis, indicating that this
absence is not a reliable indicator of species identity (Ridderberg et al., 2010). In the present
study, the procedure described by Ridderberg was used to determine the presence or absence
of the fucose operon in every isolate in which reliable amplification of fucK could not be
achieved. Briefly, PCR was conducted with primers flanking the fucose operon using
LongAmp Tag DNA polymerase (NEB, Ipswitch, MA), and the products were visualized by
agarose gel electrophoresis stained with ethidium bromide. Isolates containing the operon
yielded amplicons of approximately 10 kb, while isolates lacking the operon had amplicons
of approximately 2 kb.

A total of 29 isolates met the exclusionary criteria, leaving 170 NTHi isolates in the final
dataset.

2.4. MLST and eBURST

MLST was used to genotype the NTHi isolates following the protocol of Meats et al. (Meats
et al., 2003). The eBURST v3 program was used to determine the relationships of the MLST
sequences from the final dataset as described previously (Feil et al., 2004).
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2.5. Phylogenetic Analysis

ClonalFrame 1.1 (Didelot and Falush, 2007) was used to construct phylogenies based on
MLST gene sequences. Two independent ClonalFrame runs of 400,000 iterations each were
performed on the final dataset of 170 isolates, using default values for all options. All seven
MLST loci were used, with fuck negative isolates treated as having a gap at that locus. The
first 200,000 iterations were considered the burnin period and were discarded, and the
remaining iterations were sampled every 100 generations to produce 2,000 topologies in the
posterior sample. Convergence of the Markov Chain Monte Carlo (MCMC) was assessed by
the Gelman-Rubin test (Gelman and Rubin, 1992) as implemented by ClonalFrame. A
Gelman-Rubin statistic above 1.2 indicates poor convergence (Didelot and Falush, 2008);
the statistics for all parameters were below this value when convergence was compared
between the two runs. An unrooted majority consensus tree was constructed from the
posterior sample using SplitsTree 4.11.3 (Huson and Bryant, 2006).

2.6. Population Structure

The structure 2.3.3 program was used to identify the presence of population structure based
on MLST gene sequences (Pritchard et al., 2000). Two datasets were used: the first
contained all isolates, while the second consisted of only one example of each unique ST
found in the sample. As some isolates were missing the fucK locus, only the remaining six
MLST loci were used in both datasets. Twenty replicate runs of 100,000 burnin iterations
and 100,000 sampling iterations were performed for each value of the number of
populations K; all were based on the admixture model with correlated allele frequencies and
independent values of the Dirichlet parameter a for each assumed population K.
Convergence was assessed by visually examining the parameter traces. The number of
assumed populations was increased until adding a population became uninformative (i.e. the
individual membership proportions (Q) for the added population were very low and/or few
individuals had a large portion of their ancestry from that population). The Greedy algorithm
implemented in CLUMPP 1.1.2 (Jakobsson and Rosenberg, 2007) was used to identify
potential distinct modes among the 20 replicate runs for each K value. To be within the same
mode, two replicate runs at a given K must have had a symmetric similarity coefficient
(SSC) = 0.9. The estimated individual membership proportions were then averaged among
all runs within the same mode for a given value of K. Plots of structure results were
produced using distruct 1.1 (Rosenberg, 2004). This method of analysis is similar to those
described in earlier studies (Kopelman et al., 2009; Verdu et al., 2009; Wang et al., 2007).

3. Results

3.1. Isolate Characteristics

Eight bexA and bexB positive isolates (one type a, two type e, and five type f) were
identified and removed from the final dataset. The advantage of using both bexA and bexB
over traditional slide agglutination techniques using type-specific antisera or methods
detecting bexA alone is that bexB PCR will detect rare strains that are bexA negative but
bexB positive, which renders them phenotypically nontypeable but genetically far closer to
typeable strains. A positive result for either gene indicates the presence of the cap locus and
thus that the isolate is at least genetically typeable. Additionally, four isolates with
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unresolvable superimposed peaks in the MLST loci sequence chromatograms and six
isolates identified as non-Hi in our laboratory (McCrea et al., 2008) were excluded from
further analysis.

ClonalFrame 1.1 (Didelot and Falush, 2007) analysis using six of the seven MLST loci
(excluding fucK) from the remaining 181 isolates expressed as an unrooted majority
consensus tree is shown in Figure 1. Eleven of the 181 isolates clustered with H.
haemolyticus strain HK386 and were excluded from further analyses, leaving a final dataset
of 170 NTHi isolates In total, 29 of the original 199 isolates (three OM, 26 commensal)
were either typeable, non-H. influenzae, or persistently contaminated and were excluded
from further analysis (Table 1).

The 170 NTHi isolates in the final dataset genotyped by MLST, yielded a total of 109 STs,
45 of which were found only in OM isolates, 51 only in commensal isolates, and 13 in both
OM and commensal isolates. Of 53 STs previously undescribed in the MLST database, 20
were found only in OM isolates and 33 only in commensal isolates. The majority of STs (81
of 109) were found only once, and only ten of the remaining STs were found three or more
times. Thirteen STs were comprised of both commensal and OM isolates. Fifteen isolates
could not be amplified with the fucK primers, and were found to be missing the entire fucose
operon after following the protocol of Ridderberg et al. (Ridderberg et al., 2010). Because
the MLST database is currently unable to assign a sequence type to isolates missing one of
the seven loci, all isolates missing fucK have been assigned placeholder STs starting at
10,000. General characteristics of the MLST genotyping are detailed in Table 2, and the
specific ST assigned to each isolate is listed in Table S1.

3.3. eBURST Analysis

The MLST data from the final dataset of 170 NTHi isolates was analyzed with eBURST v3
(Figure 2A). Most STs are not closely enough related to another ST in the sample to form a
complex and are thus unconnected, and little clustering is evident by disease (OM/
commensal). The largest clonal complex consists of only five STs, and contains both OM
and commensal STs. Only ten STs contain three or more isolates, and in eight of these STs
the isolates are from at least two of the geographic regions. By far the most common ST is
ST57, which represents 18 of the 170 NTHi isolates in the final dataset, and 28 of all the
NTHi isolates in the MLST database. Intriguingly, all 18 ST57 isolates in the final dataset
were collected from the middle ears of children with otitis media, and were similarly
distributed among the three geographic regions (five, six, and seven isolates from Finland,
Israel, and the US, respectively).

This high level of diversity remains consistent when all 537 NTHi STs (836 isolates) in the
MLST database (accessed March 315, 2011), as well as the 12 fucK negative STs (15
isolates), were analyzed (Figure 2B). The 537 STs include all 97 fucK positive STs
identified in this study. Again, little clustering is evident, and the few complexes are
relatively small (the largest being composed of 19 STs). This suggests that the high diversity
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observed in the collection of 170 isolates from three geographic areas is not merely an
artifact of incomplete sampling, but may instead represent the true diversity of NTHi.

The high diversity of NTHi strains can be contrasted with that of typeable strains (see the
eBURST plot of all typeable STs in the MLST database accessed June 28, 2011, Figure
2C). Nearly half (126, or 45%) of the 281 STs among typeable strains comprises a single
clonal complex, with many of the rest forming smaller groups. Type b STs predominate,
making up 2/3 of all typeable STs in the database (187 of 281). This includes the central
clonal complex observed in Figure 2C, in which all 126 STs are type b.

3.4. Phylogenetic analysis

ClonalFrame was used to infer the phylogenic relationships between the 170 NTHi isolates
in the final dataset. Figure 3A shows this tree color coded by disease status (OM/
commensal), while Figure 3B show the same tree color coded by geographic region
(Finland/lsrael/US). Only limited clustering is apparent by disease status, as in the eBURST
analyses, and geographic region appears to play a similarly small role. The majority of
clades are composed of both OM and commensal isolates from multiple geographic regions,
suggesting that neither of these factors impose an overwhelming constraint on the
phylogenic relationships of the isolates in this sample.

One exception to this lack of clustering are the 14 commensal fucK negative isolates circled
in black in Figure 3, which form a distinct cluster that is fairly distant from the majority of
the tree, in contrast to the OM fucK negative isolate (circled in brown), which falls in the
midst of other NTHi isolates in the core of the tree. This group can also be seen in Figure 1B
circled in black, where the isolates occupy a position between H. haemolyticus and the rest
of the NTHi.

ClonalFrame was also used to investigate the relative rates and contributions of
recombination and mutation in the sample in the form of two ratios: p/6 and r/m. p/6 is the
ratio of the recombination rate to the mutation rate, and is therefore a measure of how often
recombination events occur relative to mutations. However, as a single recombination event
could potentially introduce many more nucleotide changes than a mutation, the ratio of
probabilities that a given site is altered via recombination or mutation, r/m, is perhaps more
informative. In essence, it is a direct measure of the importance of recombination relative to
mutation in the diversification of the sample. These measures for this sample, as well as §
(the average tract length of a recombination event), are reported in Table 3.

The ratio of the rates of recombination and mutation (p/6) is one, indicating that the two
processes occur at approximately the same rate. However, the ratio of the probabilities that a
given nucleotide is changed by recombination or mutation (r/m) is 5.05. This indicates that
despite both processes occurring at the same rate, recombination introduces over five times
more nucleotide substitutions than do point mutations. The higher rate and impact of
recombination than mutation in this sample of NTHi is consistent with data reported
previously (Cody et al., 2003; LaCross et al., 2008; Perez-Losada et al., 2006; Vos and
Didelot, 2009).
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3.5. Population Structure

The structure 2.3.3 program, a model-based clustering method that has been extensively
used to infer population structure in humans (Jakobsson et al., 2008; Kopelman et al., 2009;
Verdu et al., 2009; Wang et al., 2007), animals (Riehle et al., 2011; Rosenberg et al., 2001),
plants (Caniato et al., 2011; Jacobs et al., 2011), and bacteria (den Bakker et al., 2008;
Falush et al., 2003b; Sheppard et al., 2010; Sheppard et al., 2008), was used to assess
population structure in the sample. Two datasets were utilized, one including only a single
example of each of the 109 unique STs found previously (unique STs dataset), and the other
including all 170 NTHi isolates (all isolates dataset). For both datasets, 20 independent runs
were performed, and the CLUMPP program was used to assess multimodality among the
runs. This is an essential step during the analysis and interpretation of structure results, as
the algorithm it implements can identify non-symmetric modes (or clustering solutions with
high posterior probabilities), particularly in complex datasets with large values of K (i.e.
large numbers of populations). The current implementation of structure typically does not
cross between these modes, which can lead to different runs producing very different
answers (Pritchard et al., 2010). Within each distinct mode for a given K, the estimated
InP(D) (log probability of observing the data) and Q (individual membership proportions)
were averaged.

Multimodality was indeed apparent within the two datasets for many values of K, from a
high of 12 distinct modes found among the 20 runs at K=6 in the all isolates dataset to a low
of a single mode at K=2 in the unique STs dataset. A summary of this information is
presented in Table S2. The mode that maximized the InP(D) at each value of K was chosen
for further analysis. The number of assumed populations was increased and those data
assessed until adding another population became uninformative, identified by the individual
membership proportions Q for that population being on average very low and few
individuals having a large portion of their ancestry from that population. For the unique STs
dataset, this occurred at K = 7, where the average Q was 4.5% and only two STs had greater
than 65% of their ancestry from that population. In the all isolates dataset, up to eight
populations were well supported; if K was increased to nine, the average Q for the added
population was 2.3% and only two isolates had more than 65% of their ancestry from that
population. The individual membership proportions Q from the eight well-supported
populations for all 170 isolates are given in Table S1.

Figure 4A illustrates the clustering solutions inferred by structure from the unique STs
dataset that maximize InP(D) for each value of K from 2 to 7. Commensal STs were those
STs containing only isolates collected from healthy children in this sample (n = 51), while
OM STs contained at least one isolate collected from a case of otitis media (n = 58). The
lack of support for adding a population past K = 6 can be seen in the bottom panel, in which
almost none of the of the STs trace their ancestry back to the added population (seen in
white) and the clustering solution is otherwise nearly identical to that at K = 6. Figure 4B
displays the same information for the all isolates dataset, with K ranging from 2 to 9. Once
again, the lack of support for additional populations past K = 8 can be seen in the bottom
panel, in which extremely few isolates of the sample have membership in the K=9
population (seen in white). The clustering solution at K = 9 differs from the K = 8 solution in
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that far fewer of the isolates have significant membership in the K = 8 population (colored
green). However, the lack of significant ancestry in the K = 9 population, combined with a
plateau in the InP(D) at K =8 and K =9 (-10,127.2 and —10,083.9, respectively, while K =7
is —10,846.6), indicates that K = 8 is the best choice for this sample. These choices are
reinforced by the considerable amount of information gained at K = 6 for the unique STs
dataset and at K = 8 for the all isolates dataset, where the added populations (orange in
Figure 4A, green in Figure 4B) comprise a significant portion of the sample’s ancestry.

With two exceptions (populations 7 and 8 from the all isolates dataset), the structure
analyses inferred the same populations for both datasets. When considering those
individuals (whether STs or isolates) with a large proportion of their ancestry from one
population, they are clustered together in both analyses, though they are not necessarily
inferred in the same order. This trend holds for the vast majority of STs and isolates with a
large percentage of their ancestry from one population. Some differences are seen in
assignment of STs and isolates with a more admixed heritage, but overall the similarity of
clustering between the two analyses is very high. Henceforth, the populations inferred by
structure will be referred to by the labels presented in Figure 4. Both figures are color coded
identically, so the red colored population 2 (for example) refers to the same genetic cluster
in both datasets.

One major difference between the analysis in Figure 4A and 4B is that analysis of the all
isolates dataset Figure 4B identified two additional populations, labeled population 7
(brown) and population 8 (pink). Population 7 is comprised of 18 OM isolates of ST57,
while population 8 consists of five OM isolates of ST34. This may be a situation similar to
those mentioned by the authors of structure, in which having multiple family members (or in
this case, multiple isolates with the same ST) can lead to an overestimation of K, though
there tends to be little effect of the assignment of individuals to populations for a given K
(Falush et al., 2003a; Pritchard et al., 2010). Indeed, as mentioned above, with the exception
of populations 7 and 8, the overall clustering solutions between the two analyses are nearly
identical. However, these two clusters, though perhaps not true populations in the usual
sense, are of interest as they represent large groups of identical genotypes associated solely
with otitis media, despite being found in different times, places, and people.

The complexity of the structure plots in Figures 4A and 4B at the chosen levels of K (six
and eight, respectively) make discerning trends in population structure by either geographic
area or disease difficult. The most readily apparent features are isolates and STs with a very
high proportion of their ancestry from population 2 (in red), which seem to be found
exclusively among commensal STs in Figure 4A, and with two exceptions only among US
commensal isolates in Figure 4B. Population 2 corresponds exactly to the 14 fucK negative
isolates (11 STs) identified during MLST genotyping. As fucK sequences were not used for
the analysis of population structure, identification of fucK negative strains as a distinct
cluster is not biased due to their deletion at that locus. The phylogenetic analysis presented
in Figure 3, which placed these isolates in a distinct clade apart from the remaining NTHi,
reinforces this clustering solution.
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Rearrangement of the population structure plots presents a clearer picture, as shown in
Figure 5. Panel A presents the K = 6 plot from Figure 4A while panel B presents the K = 8
plot from Figure 4B; both plots have been sorted by individual membership proportion in
each K. From this figure, the clustering of population 2 (in red) only among commensal STs
and isolates is even more obvious. However, most other populations are fairly evenly
distributed between disease states and geographic areas. One exception may be population 6
(in orange), which appears to be larger among OM STs in this sample. In terms of STs with
a high proportion of their ancestry from that population, both commensal and OM groups
have five STs with a Q greater than 75%, but the OM group has an additional eight STs with
a Q greater than 60% compared to only two from the commensal group. Panel B offers a
more nuanced picture, showing that the greater abundance of population 6 STs in the OM
group can be traced to the Finland OM group, which has seven isolates with a Q greater than
75%. The groups with the next highest number of isolates with a population 6 Q greater than
75%, the Finland commensal and US OM collections, have only three apiece.

The populations inferred by structure can also be mapped onto the phylogeny estimated by
ClonalFrame, as shown in Figure 6. Seven of the eight populations identified in the all
isolates dataset correspond to monophyletic groups, indicating that both programs arrived at
similar conclusions regarding the ancestry of those isolates. However, population 5 (in
purple) is polyphyletic and mapped onto portions of three separate clades. This could denote
a greater uncertainty or difficulty in estimating the ancestry of these isolates. Alternatively,
it could simply be an illustration of differing results from using the different methods
implemented by the two programs.

4. Discussion

Advances in molecular biology and bioinformatics have greatly aided the investigation of
bacterial population structure. Falush et al. were able to infer ancestral populations of H.
pylori whose spread could be mapped to historical human migrations (Falush et al., 2003b).
Recently, Sheppard and colleagues expanded on their work characterizing the convergence
of Campylobacter jejuni and C. coli (Sheppard et al., 2008) and found that despite the high
diversity of the two species, strong structuring of the populations by host source was
apparent, which was stronger than the structuring by geography (Sheppard et al., 2010).
Budroni et al. investigated 20 full genome sequences for N. meningitidis and found evidence
for a population structured into phylogenetic clades, despite high rates of detectable
recombination throughout the bacterial genome (Budroni et al., 2011). Intriguingly, they
identified 22 restriction modification systems whose distribution coincided with the clades,
suggesting that the observed population structure may in part be due to a differential barrier
to gene flow generated by the restriction systems.

The population structure of nontypeable H. influenzae has been less well characterized.
Much of the research in this field relied upon MLEE and concentrated on serotypeable
isolates, including only a nominal collection of NTHi at best. However, these investigators
observed that while the population of typeable Hi, and type b in particular, is clonal, the
population of NTHi is large, heterogeneous, and distinct from that of type b isolates (Musser
et al., 1986; Musser et al., 1985; Musser et al., 1990; Musser et al., 1988a, b; Porras et al.,

Infect Genet Evol. Author manuscript; available in PMC 2014 June 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

LaCross et al.

Page 11

1986). More recently, PFGE has been used to again find a clonal population structure in Hib
isolates from Australian Aborigines and non-Aborigines (Moor et al., 1999) and to identify a
lack of change in the population of Hib genotypes causing vaccine failures in the United
Kingdom as compared to genotypes found in the pre-vaccine era (Aracil et al., 2006). Erwin
and colleagues used existing MLST data to identify well defined phylogenetic groups of
NTHi that differed in genetic content but not geographic or clinical site of isolation (Erwin
et al., 2008).

The research presented here investigated the diversity and population structure of a
collection of both commensal and otitis media-associated putative NTHi. One striking
aspect from Table 1 is that all but one of the isolates identified as non-H. influenzae were in
the commensal groups, with the overwhelming majority (14 of 16) in the US commensal
subgroup. This is likely due to differences in study design and research priorities.
Commensal isolates from Finland (Ukkonen et al., 2000) and Israel (Greenberg et al., 2004)
were both collected in health care settings (e.g. hospitals, primary clinics, etc.) with a limited
number of isolates obtained from a given child. In general, the investigators conducting
these studies were more interested in whether any NTHi was present in the sample, rather
than its potential diversity. In contrast, commensal isolates from the US (Farjo et al., 2004;
St Sauver et al., 2000) were obtained from healthy children at a number of daycare centers
in Michigan, and up to 30 isolates per child were collected. Investigating the diversity of the
NTHi present among those children was one of the goals of the studies. Thus, the US
commensal subgroup of isolates may represent a more complete picture of the flora
inhabiting the naso- and oropharynges of a healthy child, including examples of what we are
now able to distinguish as something closely related to, but separate from, nontypeable H.
influenzae sensu stricto.

MLST was used to genotype 170 NTHi isolates from Finland, Israel, and the US, identifying
109 unique STs, of which 53 were previously undescribed. Like the study by Musser et al.
(Musser et al., 1986) using MLEE to compare NTHi to Hib isolates (and unlike the similar
study by Porras et al. (Porras et al., 1986)), no ST found among the NTHi isolates was
shared by any of the eight typeable isolates identified in this study. This discrepancy has
several potential causes, such as a lack of discriminatory power caused by Porras’ use of
only a small number of MLEE loci (six versus the 15 used by Musser) or their potential
misidentification of typeable strains as nontypeable, including capsule deficient strains with
a typeable genetic background (Giebink, 1999). In the present study, nearly three quarters of
the STs (81 of 109) were identified only once, and thirteen STs were comprised of both
commensal and OM isolates, which is not unexpected. The naso- and oropharynges are the
reservoir of NTHi, from which emerge strains able to travel up the Eustachian tubes to the
middle ear spaces and initiate otitis media. Thus, one would anticipate isolating genotypes
otherwise implicated in disease from the naso- and oropharynges of currently healthy
children.

Interestingly, 15 isolates comprising 12 STs were found to have a deletion of the entire
fucose operon, which includes the MLST locus fucK. This phenomenon has been previously
described in two isolates by Ridderberg et al., who found that one isolate clustered with
confirmed Hi in their phylogenetic tree, while the other isolate occupied a more
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intermediary position between Hi strains and ‘variant’ strains (including non-hemolytic H.
haemolyticus) (Ridderberg et al., 2010). The phylogeny constructed in ClonalFrame (Figure
3) presents a similar picture, with the single OM fucK negative isolate falling in the core of
the tree and the remaining 14 commensal fucK negative isolates forming a more distant
clade. In Figure 1B, this group (circled in black), while still among the NTHi portion of the
tree, occupies an intermediate position between NTHi and H. haemolyticus. This supports
the position that distinct divisions between closely related bacterial species frequently offer
an inadequate summation of the true relationships among the bacteria (Smith et al., 2000).
This group seems, however, to deserve classification as NTHi because, apart from the
phylogenies presented here, six of the 14 isolates have been tested for the presence of the iga
and IgtC loci by microarray, and all six were positive (data not shown). Reactivity against
probes for these genes has been shown to be a robust discriminatory marker for
distinguishing H. influenzae from H. haemolyticus (McCrea et al., 2008), and is part of our
laboratory’s criteria for true NTHi.

Analysis with the eBURST revealed that few STs were related closely enough to form
clonal complexes, with no significant clustering by either disease or geographic area. To be
a member of a clonal complex, a ST had to be identical to at least one other ST in the
complex at a minimum of six of the seven MLST loci. The largest group consisted of only
five STs, and contained both commensal and OM isolates from multiple geographic areas.
Analysis of all 537 NTHi STs in the MLST database confirmed this high level of diversity,
with the largest group composed of only 19 STs. These findings are similar to those reported
previously (LaCross et al., 2008), and show that the considerable expansion of the database
in the years since that analysis and those presented by Erwin et al. (Erwin et al., 2008) have
not provided reason to alter our understanding of NTHi as a very diverse organism. Further
credence is provided by the more consistent sampling scheme employed in this study
compared to the MLST database as a whole. While the 170 isolates came from multiple
studies with various original goals, care was taken to match the isolates, in an approximate
manner, on time, geography, and age of the host children, and only one isolate was selected
per child. This last criterion is an important point, as it means that while multiple isolates
with the same MLST genotype were identified, they do not constitute clones in the
traditional molecular biologic sense, as they were collected from different individuals at
different times, and often from very different parts of the world.

The phylogenetic analysis performed in ClonalFrame further demonstrates the high diversity
of NTHi. Some distinct clades were identified, but similar to the results reported by Erwin et
al. (Erwin et al., 2008) and those apparent from the eBURST analyses, the clustering does
not seem to be predicated on either site of isolation or geographic location. With the
exception of the commensal fucK negative isolates, the clades are composed of both
commensal and OM isolates from multiple geographic regions.

ClonalFrame was also used to estimate the relative rates and contributions of recombination
and mutation. While the relative rates of recombination and mutation were approximately
equal, recombination was estimated to introduce over five times more nucleotide
substitutions than mutation (r/m = 5.05), higher than that found by Vos and Didelot using
the same method (r/m = 3.7) (Vos and Didelot, 2009). However, the authors combined both
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typeable and nontypeable isolates in their analysis. Perez-Losada et al. found that NTHi
have higher rates of recombination at four of the seven MLST loci than do typeable isolates
(Perez-Losada et al., 2006), which may account for the lower r/m ratio found by Vos and
Didelot. Perez-Losada et al. also reported a measure of recombination relative to mutation
(the per allele ratio of recombination to mutation I'/T'ys = 2.51), but as they utilized a
completely different analytic technique, comparing values between the studies is difficult.
The higher influence of recombination on the evolution NTHi relative to mutation supports
the theory that recombination predominates in the evolution of the species.

Despite the high genetic diversity of NTHi, significant population structure was apparent in
this sample. As can be seen in Figures 4 and 5, numerous isolates and STs trace the majority
of their ancestry to a single population, in spite of the presence of admixed genotypes with
significant ancestry from multiple populations. However, in concordance with the eBURST
and ClonalFrame analyses, there is no large scale structuring by either site of isolation or
geography. Most populations are present in roughly equal proportions in all disease and
geographic region subgroups.

Population 2 (in red), comprised of the commensal fucK negative isolates, is an exception,
with all but two isolates and STs coming from the US. This cluster may represent a
divergent population of NTHi with a significantly reduced ability to cause otitis media.
While the majority of this population was collected from a single geographic region, it is
possible that broader sampling techniques such as those used to collect the US commensal
isolates (Farjo et al., 2004; St Sauver et al., 2000) would reveal additional members of this
population in other regions. Population 6 (in orange) is another cluster that appears to be
differentially distributed, such that isolates with a high percentage of their ancestry from
population 6 are more common among the OM isolates, particularly so among the Finland
OM subgroup. This may represent a case of combined geographic and disease population
structuring, and would be an interesting target for further study.

The major differences between the structure analyses of the two datasets lie in populations 7
and 8 (brown and pink, respectively). Both populations are composed of multiple isolates of
the same MLST genotype, 18 ST57 strains among population 7 and 5 ST34 strains among
population 8. The identification of these groups of identical genotypes as populations by
structure may be an artifact that reflects a violation of a model assumption, but has
apparently had little detrimental effect on the proper clustering of other isolates and proved
helpful in distinguishing these STs as being of interest. The sole sequence type in population
7, ST57, was by far the most commonly identified genotype in this sample, occurring over
three times more frequently than the next most common ST (ST34, containing five isolates).
Additionally, every isolate of both ST57 and ST34 was recovered from the middle ear of a
child with otitis media, and was found in roughly equal proportions among the three
geographic regions. Given that each of the ST57 isolates was also collected from a different
child, this suggests a strong association between that particular genotype and otitis media,
with little association with geography. A similar trend for ST34 is seen, but the smaller
number of isolates precludes firm hypotheses. When analyzed as part of the unique STs
dataset, both ST57 and ST34 were significantly admixed, tracing approximately 60% of
their ancestry to population 4 and 30% to population 5, which precludes a recombination
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defect, at least one distant in evolution, as an explanation for conservation of the MLST
alleles that form the basis for the structure analysis. As it was not found among any of the
commensal isolates, despite the naso- and oropharynges being the reservoir for NTHi, ST57
may represent a rare genotype with increased virulence for disease in the middle ear (thus,
the OM collections would be ‘enriched’ for this virulent genotype). This genotype, along
with ST34, has the potential to be a useful target for research into the mechanisms of NTHi
virulence.
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H. haemolyticus

P. multocida Pm70

% €—— H influenzae and H. haemolyticus

Figure 1.

Ur?rooted majority consensus tree of 181 Haemophilus isolates. H. haemolyticus strain
HK386 (Norskov-Lauritsen et al., 2005), H. parainfluenzae strain T3T1 (GenBank 1D
FQ312002.1), and Pasteurella multocida strain Pm70 (May et al., 2001) were included as
outgroups. A. Zoomed out view showing the relative positions of the four species. B.
Zoomed in view illustrating the 11 isolates (circled in red) that cluster with H. haemolyticus
HK386 compared with the remaining 170 NTHi isolates (circled in blue), as well as 14 fucK
negative commensal isolates positioned between the two groups (circled in black).
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Figure 2.
eBURST analyses of H. influenzae isolates. The most conservative definition of a clonal

complex was used, by which STs are included in the group only if they share alleles at a
minimum of six of the seven loci with at least one other ST in that group. The size of the
circles is proportional to the abundance of the corresponding STs in the data set, and the
relative placement of unconnected STs is random. The key at the bottom identifies aspects
of the STs identified in this study. The thick black arrows point to ST57. A. Analysis of the
109 STs found in the 170 NTHi isolates of the final dataset. B. Analysis of all 537 NTHi
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STs found in the MLST database (accessed 03-31-11) and the 12 fucK negative STs from
part A. The largest clonal complex consists of 19 STs. C. eBURST analysis of all 281
typeable STs in the MLST database (accessed 06-28-11). The central clonal complex
consists of 126 type b STs.
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Figure 3.
Unrooted majority rule consensus tree constructed from the MLST data from 170 NTHi

isolates. Commensal fucK negative isolates are circled in black, while the OM fucK isolate is
circled in brown. A. Branches connecting only to OM isolates are colored red, while
branches connecting only to commensal isolates are colored blue. B. Branches connecting
only to Finland isolates are colored green, branches connecting only to Israel isolates are
colored orange, and branches connecting only to US isolates are colored purple.
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Figure 4.
Population structure inferred by structure for A: the 109 unique commensal and OM NTHi

sequence types; and B: all 170 commensal and OM NTHi isolates. The number of
predefined populations (K) is indicated to the left of each plot. Each isolate is represented by
a vertical line partitioned into K colored components according to the estimated individual
membership proportion in each population (Q). The average of all replicate runs within the
mode with the highest likelihood at each K is shown. Population color coding is consistent
throughout the figure. Kipax + 1 refers to the first K that is no longer informative (i.e. A: K=7
and B: K=9).
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Commensal STs (n=51) OM STs (n=58)

Commensal Isolates (n=75) OM Isolates (n=95)
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Figure 5.
Inferred population structure from Figures 4A and 4B sorted by individual membership

proportion. The number of predefined populations (K) is indicated to the left of each plot.
Color coding is consistent with Figure 4. A. Unique STs dataset. B. All isolates dataset.
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Figure 6.
Consensus tree from Figure 3 with populations inferred by structure circled. Isolates with a

high proportion of their ancestry from a given population were considered to be members of
that population and thus included in that circle. Population colors are coded as in Figures 4
and 5.
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Table 3

Ratios of the rate and effect of recombination versus mutation inferred by ClonalFrame

pl/e2 r/imb 8¢
1 5.05 493.43

067-1.449 362-693d 333.05-633.164

a_ . A .
Ratio of the rates of recombination versus mutation.
b_ . A .
Ratio of the effects of recombination versus mutation.
c -
Average tract length of a recombination event.

d95% credibility regions.
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