
Otitis media associated polymorphisms in the hemin receptor 
HemR of nontypeable Haemophilus influenzae

Nathan C. LaCrossa,1, Carl F. Marrsa, and Janet R. Gilsdorfa,b

aDepartment of Epidemiology, University of Michigan School of Public Health, Ann Arbor, 
Michigan 48109, USA

bDepartment of Pediatrics and Communicable Diseases, University of Michigan Medical School, 
Ann Arbor, Michigan 48109, USA

Abstract

Nontypeable Haemophilus influenzae (NTHi) colonize the human pharynx asymptomatically, and 

are also an important cause of otitis media (OM). Previous studies have demonstrated that some 

genes are more prevalent in OM-causing NTHi strains than in commensal strains, suggesting a 

role in virulence. These studies, however, are unable to investigate the possible associations 

between gene polymorphisms and disease. This study examined amino acid polymorphisms and 

sequence diversity in a potential virulence gene, the hemin receptor hemR, from a previously 

characterized NTHi strain collection containing both commensal and OM organisms to identify 

possible associations between the polymorphisms and otitis media. The full open reading frame of 

hemR was sequenced from a total of 146 NTHi isolates, yielding a total of 47 unique HemR amino 

acid sequences. The predicted structure of HemR showed substantial similarity to a class of 

monomeric TonB dependent, ligand-gated channels involved in iron acquisition in other gram 

negative bacteria. Fifteen amino acid polymorphisms were significantly more prevalent at the 90% 

confidence level among commensal compared to OM isolates. Upon controlling for the 

confounding effect of population structure, over half of the polymorphism-otitis media 

relationships lost statistical significance, emphasizing the importance of assessing the effect of 

population structure in association studies. The seven polymorphisms that retained significance 

were dispersed throughout the protein in various functional and structural domains, including the 

signal peptide, N-terminal plug domain, and intra- and extracellular loops. The alternate amino 

acid of only one of these seven polymorphisms was more common among OM isolates, 

demonstrating a strong trend toward the consensus sequence among disease causing NTHi. We 

hypothesize that variability at these positions in HemR may result in a reduced ability to acquire 

iron, rendering NTHi with such versions of the gene less fit for survival in the middle ear 

environment.
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1. Introduction

Nontypeable Haemophilus influenzae (NTHi), which lack a polysaccharide capsule, 

frequently colonize the human nasopharynx, particularly in young children in whom the 

carriage rate is up to 80% (Bou et al., 2000; Farjo et al., 2004; Kilian, 2005; Schumacher et 

al., 2012; St Sauver et al., 2000). Colonization is typically a dynamic process, marked by 

simultaneous colonization with multiple strains and apparent rapid turnover (Dhooge et al., 

2000; LaCross et al., 2008; Murphy et al., 1999). NTHi also has the potential to be 

pathogenic, causing a variety of respiratory infections, including otitis media (OM), 

sinusitis, pneumonia, and chronic bronchitis (Casey et al., 2013; van Wessel et al., 2011; 

Zhang et al., 2012). A number of genes and genetic islands have been associated with OM, 

including those encoding adhesins, pili, lipooligosaccharide biosynthesis enzymes, and the 

histidine biosynthesis operon (Ecevit et al., 2004; Juliao et al., 2007; Pettigrew et al., 2002; 

Xie et al., 2006).

Genes involved in the acquisition of iron and iron containing molecules have also been 

implicated in NTHi virulence. Given the importance of iron for growth in nearly all bacteria, 

and the absolute requirement of heme for Haemophilus influenzae (Hi) aerobic growth, it is 

not surprising that Hi have several partially redundant systems to acquire iron from a variety 

of sources, including heme, hemoglobin, transferrin, hemoglobin:haptoglobin complexes, 

and heme:hemopexin complexes. A study by Morton et al. demonstrated that a mutant NTHi 

strain lacking the hemoglobin binding proteins (hgp's) had significantly reduced virulence in 

an animal model of otitis media compared to the isogenic wild type strain (Morton et al., 

2004). In a later study, Morton and colleagues showed that infant rats infected with a mutant 

H. influenzae type b (Hib) strain lacking the hxuCBA operon (responsible for the utilization 

of heme:hemopexin complexes) had significantly lower bacteremic titers and improved 

survival rates as compared to those infected with the wild type strain (Morton et al., 2007a).

The hemin receptor of NTHi, hemR, has been the focus of considerably less research. 

Thomas et al. found that TdhA of Haemophilus ducreyi, a distant relative of H. influenzae, 

has significant sequence homology to HemR, as well as other heme receptors from gram 

negative bacteria, including HxuC from Hi, HmuR from Yersinia pestis, and ChuA from E. 

coli (Thomas et al., 1998). An E. coli mutant unable to synthesize heme and lacking native 

heme and hemoglobin receptors but expressing H. ducreyi tdhA grew on low levels of heme 

only when an intact H. ducreyi Ton system plasmid was present, demonstrating functional 

TonB dependence. Leduc et al. found no statistically significant difference in pustule 

formation or number of bacteria recovered from the pustules in six human volunteers 

experimentally inoculated with both wild type H. ducreyi and an isogenic tdhA mutant 

(Leduc et al., 2008). These data led the authors to suggest that the HemR homologue TdhA 

is not necessary for virulence in H. ducreyi.
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The presence of hemR in NTHi, however, has been associated with otitis media strains. Xie 

and colleagues, using dot blot hybridization, found hemR to be significantly more common 

among OM NTHi isolates (99.2%) as compared to commensal NTHi isolates (86.9%) 

(prevalence ratio of 1.14, p=0.0002) (Xie et al., 2006). Similarly, hemR was more common 

among invasive Hib isolates (97.4%) than among commensal NTHi isolates (86.9%), with a 

prevalence ratio of 1.15 (p=0.0169). Whitby et al. used microarray and qPCR analyses to 

demonstrate that expression of hemR was increased under iron/heme limiting conditions in 

OM NTHi strain R2866, capsule deficient type d strain Rd, and invasive Hib strain 10810 

(Whitby et al., 2009).

However, many iron acquisition genes are present in the majority of NTHi strains assayed 

and demonstrate only modest prevalence differences between disease-causing and 

commensal isolates, if a significant difference exists at all. Such genes may still play an 

important role in pathogenesis, however, and certain alleles may be able to better provide 

NTHi with iron and heme in normally privileged environments such as the middle ear, thus 

enhancing virulence.

As hemR has been previously shown to have significantly increased prevalence in OM 

isolates, it was chosen to investigate the hypothesis that polymorphisms may also be 

associated with NTHi disease. The full coding sequence for hemR was obtained from 85 OM 

and 61 commensal NTHi isolates. Amino acid polymorphisms that differed in prevalence 

between the OM and commensal isolates were identified from the translated hemR 

nucleotide sequences and related to the theoretical three dimensional structure of the protein. 

Most genetic association studies in bacteria, including those described in the preceding 

paragraphs, do not attempt to control for the potentially confounding effect of bacterial 

population structure, despite numerous studies demonstrating the presence of structure in 

bacterial populations (den Bakker et al., 2008; Erwin et al., 2008; Falush and Bowden, 2006; 

Falush et al., 2003; LaCross et al., 2013; Musser et al., 1986; Musser et al., 1990; Musser et 

al., 1988; Sheppard et al., 2010; Smith et al., 2000).

The research presented in this study identified amino acid polymorphisms in the NTHi 

hemin receptor HemR associated with otitis media while adjusting for the population 

structure of this set of strains as identified previously in our laboratory (LaCross et al., 

2013). In addition, the theoretical three dimensional protein structure of HemR was 

assessed, allowing otitis media-associated HemR amino acid polymorphisms to be mapped 

onto potential functional and structural domains.

2. Materials and Methods

2.1. DNA Amplification and Sequencing

The 170 NTHi previously characterized by phylogenetic clustering as Haemophilus 

influenza and isolated from three distinct geographic regions (Finland, Israel, and the US) 

were utilized in this study; genomic DNA extraction and PCR protocols used to analyze 

hemR were performed as described therein (LaCross et al., 2013). Since some primer pairs 

did not successfully amplify some isolates, alternate primers covering the same region of the 

gene were designed, yielding a total of seven primer pairs covering the entire coding region 
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of hemR (Supplemental Table 1). Sequences for the full coding region of hemR for all 

isolates used in this study are available from GenBank under accession numbers JN229266 

through JN229411.

2.2. Data and Statistical Analysis

SeqMan Pro 8.1.5 (DNASTAR, Madison, WI) was used to align and trim the sequenced 

PCR products into contigs covering the hemR open reading frame. Potential signal peptides 

were identified using the hidden Markov model implemented by the SignalP online server 

(Bendtsen et al., 2004; Nielsen and Krogh, 1998). The predicted three dimensional 

structures of the HemR protein from selected isolates were determined from their amino acid 

sequences by the I-TASSER server (Roy et al., 2010; Zhang, 2007, 2008). Yasara View 

11.6.16 was used to visualize the resulting theoretical protein structures (Krieger et al., 

2002).

All hemR sequences were translated and aligned in CLC Sequence Viewer 6.5.2 (CLC bio, 

Aarhus, Denmark); this amino acid sequence alignment was then examined visually to 

identify amino acid polymorphisms associated with otitis media. Unadjusted prevalence 

ratios (PRs), odds ratios (ORs), and associated confidence intervals (CIs) were calculated to 

describe the association between each potentially significant polymorphism and otitis media 

using OpenEpi 2.3.1 (Dean et al.). All ratios compare OM isolates to commensal isolates. 

For all statistical analyses, isolates with the consensus amino acid at a polymorphic position 

based on the above alignment were coded with a ‘1’, and isolates with any other amino acid 

at that position were coded with a ‘0’. Thus, a PR or OR greater than one for a given 

polymorphism indicates that OM isolates are more likely to have the consensus amino acid 

at that position, while ratios less than one indicate a greater likelihood of having an 

alternative amino acid there.

To adjust the association between each HemR polymorphism and otitis media for the 

presence of population structure, a series of logistic regression models were constructed in R 

version 2.13.0 (R_Development_Core_Team., 2011). Population structure information 

based on multilocus sequence typing (MLST) data from the all isolates dataset (as described 

extensively by LaCross et al. (LaCross et al., 2013)) was used, and the estimated individual 

membership proportions (Q) were coded as eight continuous variables (one for each 

population) with ranges between 0, indicating no ancestry from that population, and 100, 

indicating all ancestry was from that population. To obtain p-values for the ORs adjusted for 

population structure, permutation tests were constructed by randomly rearranging the 

polymorphism data labels and recalculating the OR 10,000 times. The proportion of 

permuted ORs as extreme or more extreme than the observed OR was the p-value for that 

permutation test.

The p-values were not adjusted for the number of comparisons, as recommended by some 

statisticians (Feise, 2002; Rothman, 1990). Common methods to adjust for multiple 

comparisons attempt to reduce the frequency of type I errors (incorrectly rejecting a true null 

hypothesis), which has the side effect of increasing type II errors (erroneously not rejecting a 

false null hypothesis). In this study, all comparisons are reported, and the effect of multiple 

comparisons was informally assessed by contrasting the expected number of type I errors 
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with the empirically derived number of p-values below the specified significance level 

(α=0.10).

3. Results

3.1. HemR Characteristics

The nucleotide sequences of the full hemR protein coding regions of the 170 NTHi isolates 

were sought using the primers listed in Supplemental Table 1. In ten isolates (one OM and 

nine commensal) no amplification was observed with any of the hemR specific primers; 

these isolates were judged to be missing the gene entirely, which was not an unexpected 

result since a previous study from this laboratory found hemR to be absent by dot blot DNA 

hybridization in 0.8% of NTHi OM isolates and in 13.1% of commensal isolates. The 

increased prevalence of HemR among OM isolates compared to commensal isolates (99.2% 

versus 86.9%, PR = 1.14, p=0.0002) reported in the earlier study (Xie et al., 2006) is 

confirmed in the present study, (98.9% versus 88.0%, PR = 1.12, p=0.0010). Intriguingly, all 

nine hemR negative commensal isolates were also fucK negative, suggesting that divergent 

NTHi strains, such as those that are fucK negative, are less likely to have potential virulence 

loci like hemR. However, the remaining five fucK negative commensal isolates, as well as 

the sole OM fucK negative isolate, were positive for hemR, so the association is by no means 

absolute. A further 14 isolates (nine OM and 5 commensal) had consistently poor or absent 

amplification for at least one of the primer pairs that could not be resolved. As the full open 

reading frame of the gene could not be determined, these isolates were excluded from 

further analyses. The full protein coding sequence of hemR was obtained for a total of 146 

NTHi isolates. A summary of these results appears in Table 1.

The length of the HemR protein was variable between isolates, with an average and median 

of 745 residues, ranging from 724 to 751 residues. The isolate with the shortest HemR at 

724 amino acids (K35LE2.1, a US OM isolate) was an outlier, however, as the next shortest 

HemR contained 740 residues. The majority of the insertions and deletions responsible for 

the variable length occurred in two locations, approximately 510 and 580 residues past the 

N-terminus.

Most bacterial outer membrane proteins contain a short peptide chain, often near the N-

terminus, that assists in directing the transport of the protein through the periplasm. As 

HemR is an outer membrane protein, the presence of such a signal peptide was assessed. 

Based on the HemR alignment, four NTHi isolates (F162-7, F433-3, I207, and C09.2.3) that 

adequately covered the small amount of variation observed near the N-terminus were chosen 

for further analysis. A high probability for the presence a signal peptide, as assessed by the 

SignalP algorithm, was observed in all four isolates (mean ± SD = 96.5% ± 1.8%), with the 

cleavage site between residues 24 and 25 (96.1% ± 1.9%). Similarly high probabilities were 

estimated for the presence of a canonical n-region (a positively charged stretch of amino 

acids), h-region (the hydrophobic core area), and c-region (a polar amino acid stretch that 

includes the cleavage site). A representative plot of the SignalP results is shown in Figure 1.

The overall level of amino acid sequence conservation was quite high, with an average 

identity of 94.5%. However, the level of conservation fluctuated considerably across the 
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length of the protein, with some regions identical in all 146 isolates and others exhibiting 

substantial variation (Figure 2). The N-terminal 250 amino acids, approximately 1/3 of the 

protein, shows considerable conservation, with only one position at lower than 80% identity. 

The picture is different after residue 250, where regions of substantial diversity (40 – 75% 

identity) are interspersed with regions of high conservation. This pattern is directly related to 

the different functional domains and motifs of the protein, which are color coded to match 

the domains elucidated in Figure 3 and discussed further therein.

In all but four cases, multiple isolates with the same MLST genotype also shared identical 

HemR sequences. Isolates of STs 13 and 156 had single non-synonymous SNPs at positions 

171 and 235, respectively. Of the two isolates comprising ST11, one was missing the entire 

gene. Finally, two of the three isolates of ST3 had identical HemR sequences, while the third 

showed only 94.5% sequence identity to the other two. As the residue differences were 

spread throughout the sequence and not concentrated within one PCR amplicon, it seems 

likely that this isolate's HemR sequence is legitimately different from other members of its 

MLST genotype, probably due to a recent recombination event.

Based on amino acid identity, 47 unique HemR protein sequences (differing by at least one 

amino acid, and henceforth referred to as HemR ‘types’) were identified among the 146 

NTHi isolates. While the majority of HemR types consisted of only a single isolate, six 

types were comprised of strains from at least five different STs. The largest, HemR type 4 

(arbitrarily named), contains 19 isolates of 11 different STs and consists of a mix of OM and 

commensal isolates from all three geographic regions, a theme that is repeated amongst most 

of the other multi-ST HemR types. This pattern derived from the HemR types is reminiscent 

of the population structure inferred by the structure program based on MLST data described 

from the all isolates dataset previously by our laboratory (LaCross et al., 2013). 

Supplemental Table 2 sorts the HemR types, and the isolates they contain, by the individual 

membership proportion (Q) for each isolate (i.e. the proportion of an isolate's ancestry from 

a given population). It is apparent that for the most part, when HemR types include isolates 

of multiple STs, those isolates belong to the same structure population. For example, HemR 

type 15 in population 5 and HemR type 2 in population 6 are composed of five and nine 

STs, respectively, but belong to single structure populations.

3.2. Otitis Media Associated HemR Polymorphisms

Visual assessment of the HemR alignment identified 14 amino acid polymorphisms 

significantly associated with otitis media at the 95% confidence level, with a further four 

polymorphisms significant at the 90% confidence level (Table 2). The name of each 

polymorphism references its position within the HemR multiple sequence alignment. Four 

of these polymorphisms (I659V, N663Y, F664L, and A666V) always co-occurred and are 

treated as a single entity for the statistical analyses, leaving a total of 15 polymorphisms 

significant at the 90% confidence level. If all null hypotheses are true (i.e. no polymorphism 

is truly associated with otitis media), we would expect 10% of these comparisons to yield p-

values below the confidence level by chance.

While prevalence ratios are perhaps the most intuitive and straightforward measure of the 

crude association between otitis media and these polymorphisms, the equivalent ORs are 
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also reported in Table 2 for comparison purposes, as later analyses rely on logistic 

regression models that output ORs, and there is unfortunately no straightforward comparison 

between the two measures of association in most situations. Consequently, it is important to 

note the difference in interpretation between PRs and ORs, given the large differences in 

value for the same relationship. As an example, consider the first polymorphism in Table 2, 

L4I/F. The PR is 1.15, indicating that the prevalence of the consensus amino acid leucine at 

position four of HemR is 1.15 times (or 15%) greater among OM isolates than among 

commensal isolates. The OR for that same relationship is much greater at 3.52, and indicates 

that the odds of an OM isolate having a leucine at position four are 3.52 times higher than 

the odds for a commensal isolate. When the outcome (a unique polymorphism, in this study) 

is rare, the OR will usually approximate the PR, but this is clearly not the case here. Both the 

regular p-value and a p-value calculated by a permutation test are reported for the ORs, 

again for comparison purposes. The permutation tests were performed by randomly 

rearranging the polymorphism data labels and recalculating the OR 10,000 times. The p-

values were calculated as the proportion of permuted ORs as extreme or more extreme than 

the observed OR.

All of the significant PRs presented in Table 2 are modest in magnitude, with largest at 1.41 

for the P589I polymorphism. This is not unexpected, as both truly commensal NTHi and 

NTHi capable of causing disease are found in the naso- and oropharynges, which can have a 

diluting effect on ratio measures of association. Of the 15 identified polymorphisms, 13 have 

PRs greater than the null value of one, signifying that OM isolates are significantly more 

likely to have the consensus amino acid at those positions within HemR. This suggests a 

constraint on the diversity among these isolates, consistent with the idea that NTHi isolates 

able to cause otitis media differ from those in the pharynx that typically do not. It is possible 

that alterations at certain loci like HemR can modify the virulence potential of an isolate, 

and that most alterations either provide no benefit or are deleterious.

3.3. HemR Protein Structure

To assist in identifying the potential functional effects of these polymorphisms, the three 

dimensional tertiary structure of the full HemR protein was predicted using the I-TASSER 

protein structure and function server (Roy et al., 2010; Zhang, 2007, 2008). The confidence 

score, or C-score, is a statistic calculated by I-TASSER for estimating the quality of the 

predicted models. It typically has a range of -5 to 2, such that a higher value signifies a 

model with high confidence. Yasara View 11.6.16 was used to visualize the resulting 

theoretical protein structures (Krieger et al., 2002).

Figure 3 shows the predicted structure for HemR from an NTHi isolate in panels A – C. The 

C-score for this model was 0.74, indicating high confidence for its quality. Predicted models 

for other HemR types had similarly high C-scores (not shown). Panels D – F show the 

experimentally derived (via X-ray diffraction) structures of three iron acquisition receptors 

from other gram negative species. There is marked similarity between the predicted 

structures for NTHi HemR and the known structures from other bacteria, despite very low 

amino acid sequence identity (approximately 18%, 15%, and 22% between HemR and 

FecA, FepA, and HasR, respectively).
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Knowing the theoretical three dimensional structure of HemR allows a more detailed 

assessment of the variable amino acid conservation observed in this sample. Panels A-C of 

Figure 3 show a structural model of HemR with various domains color coded as in Figure 2, 

including extra- and intracellular loops and the N-terminal plug domain. By mapping these 

structural domains onto the alignment of all 146 NTHi HemR sequences, it becomes readily 

apparent that much of the variation in sequence conservation corresponds to these different 

domains (Figure 2). The majority of the most variable regions map to extracellular loops, as 

one would expect for an outer membrane protein exposed to the immune system. 

Interestingly, four of the extracellular loops appear to be quite conserved; they may be 

shielded from the immune system and thus under little selective pressure to vary, or they 

may be involved in ligand binding and be functionally constrained. Likewise, most of the 

intracellular loops are fairly conserved, but several show relatively high levels of variation.

Prediction of the three dimensional structure of HemR also allows more informative 

hypotheses of the potential functional effect of the otitis media-associated polymorphisms. 

Figure 4A highlights the A70V, R131K, K157R, Q164K, N303H/R, and T324I/E 

polymorphisms, while Figure 4B depicts the Y405F, D578N, P598I, and I718V 

polymorphisms, as well as the I659V, N663Y, F664L, and A666V quartet of 

polymorphisms that are treated as a single entity. All figures are modeled on the HemR 

structure from Finland OM isolate F199-3 of ST57 and population 7. The HemR sequences 

from the ST57 isolates are useful models in that they have the OM-associated amino acid at 

all the polymorphic positions identified in Table 2 (i.e. if the PR > 1 they have the consensus 

amino acid, and if the PR < 1 the alternate amino acid is present).

It should be noted that the N-terminal 24 residue signal peptide identified in Figure 1 has 

been removed in Figure 4. This region contains the first four polymorphisms (L4I/F, R8H, 

L15F, and V16I) in Table 2. It is unknown what effect, if any, alteration in this region may 

produce. Studies of human membrane and secreted proteins have identified mutations within 

signal peptide regions that are implicated in various diseases, including Wolman disease, 

aspartylglucosaminuria, and Bernard–Soulier syndrome (Jarjanazi et al., 2008). It is thought 

that alterations within signal peptide domains impair the proper translocation and/or 

secretion of the proteins associated with these outcomes. The polymorphisms identified 

within the HemR signal peptide domain may also have a similar adverse effect on the proper 

localization of the protein.

It is apparent from Figure 4 that the amino acid polymorphisms listed in Table 2 occupy a 

variety of structural, and potentially functional, domains. Aside from the four 

polymorphisms within the signal peptide region listed above, four further polymorphisms, 

A70V, R131K, K157R, and Q164K, are located in the plug domain that occludes the interior 

channel (Figures 4A). In other, more widely studied TonB dependent receptors (primarily in 

E. coli), the plug domain is thought to either undergo a conformational change or exit the 

protein channel entirely upon interaction with TonB, thus allowing transit of the ligand 

(Krewulak and Vogel, 2011). The four HemR polymorphisms identified within its plug 

domain could potentially alter these functions. Furthermore, in at least some TonB 

dependent receptors, regions on the extracellular side of the plug domain are involved in 

ligand recognition and binding (Krewulak and Vogel, 2008). The A70V polymorphism is in 
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close proximity to the extracellular apex of the plug domain, and could influence ligand 

interaction.

Four other HemR polymorphisms, N303H/R and T324I/E (Figures 4A) and I718V and the 

quartet of polymorphisms beginning at I659V (Figure 4B), are located within β-strands that 

form the transmembrane domain. All but T324I/E are on the periplasmic side of the protein 

close to, but not within, intracellular loops. Interestingly, the I659V quartet surrounds one of 

the intracellular loops and includes both residues immediately adjacent, while the loop itself 

(consisting of three residues) is identical in all 146 NTHi isolates examined. The final three 

polymorphisms, Y405F, D578N, and P589I (Figure 4B), are all positioned within 

extracellular loops, with D578N and P589I located within the same loop. The size of this 

loop is variable due to several small insertions and deletions, and D578N and P589I are 

separated by seven to ten amino acids. In E. coli and other bacteria, the extracellular loops of 

TonB dependent receptors are involved in ligand recognition and binding (Braun and 

Endriss, 2007; Buchanan et al., 1999; Chakraborty et al., 2003; Krewulak and Vogel, 2008, 

2011; Pawelek et al., 2006; Tong and Guo, 2009). The extracellular loops of HemR in NTHi 

likely have a similar role, and alterations within them could affect this function.

3.4. Adjustment for Population Structure

To adjust for the possible confounding effect of population structure on the association 

between HemR polymorphisms and otitis media, multiple logistic regression models were 

constructed in R version 2.13.0 (R_Development_Core_Team., 2011) with the individual 

membership proportions for each population coded as continuous variables (eight in total). 

This population structure was previously inferred by structure based on MLST data 

(LaCross et al., 2013), and an individual membership proportion is the fraction of an 

isolate's ancestry from a given population. A separate set of models was run for each 

polymorphism, and permutation tests were used to calculate p-values. In addition to the 

crude (i.e. unadjusted) models, models controlling for all eight populations simultaneously 

as well as models adjusting for those populations that minimized the Akaike information 

criterion (AIC) values were created. The AIC is a measure of the relative goodness of fit of a 

statistical model, and offers a measure of the information lost when a given model is used to 

describe reality. Additionally, it includes a penalty that increases with the number of 

estimated parameters, thus discouraging overfitting. For a set of candidate models, the 

model with the minimum AIC value is preferred. Typically, models with AIC values within 

one or two of the minimum have substantial support, models with values within four to 

seven of the minimum have considerably less support, and models with values greater than 

ten above the minimum have essentially no support (Burnham and Anderson, 2002).

Table 3 presents the OR, permutation test p-value, and AIC value for all three sets of models 

run for each polymorphism. The unadjusted results are repeated from Table 2 for 

comparison purposes. The mean AIC for the unadjusted models was 197.13, with a high of 

199.26 for D578N and a low of 191.17 for A70V. Upon adjustment for all eight populations 

identified previously (LaCross et al., 2013), the majority (ten of fifteen) of the HemR 

polymorphism – otitis media associations lost statistical significance. Four of those 

remaining (R8H, A70V, Y405F and the I659V quartet) retained significance at the 95% 
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confidence level, and D578N was significant at the 90% confidence level. The average AIC 

for these models was considerably lower (188.78) than the AIC values for the unadjusted 

models, indicating that the models adjusted for all populations were a better fit. Every 

polymorphism – disease association adjusted for all populations had a lower AIC than its 

unadjusted counterpart, albeit only slightly so for A70V.

Models with various combinations of populations as covariates were run until the model 

with the minimum AIC was found. With only a single exception, adjusting for populations 

2, 7, and 8 resulted in the lowest AIC value. For A70V, the model that minimized the AIC 

was adjusted for populations 2 and 8. The strong collinearity between that polymorphism 

and population 7 may explain the difference (18 of 20 isolates with a valine at position 70 

have greater than 99% of their ancestry from population 7, and one further claims a third of 

its ancestry from population 7). The five polymorphisms that were statistically significant at 

the 90% confidence level remained so after adjusting for all populations, and a further two 

(L15F and V16I) joined their ranks. If all null hypotheses are true (i.e. no polymorphism is 

truly associated with otitis media), we would expect 10% of all comparisons (or 1.5) to yield 

p-values below the α=0.10 level by chance, considerably fewer than the number empirically 

determined. The average AIC for this set of models was 182.30, which was 6.48 lower than 

the mean AIC when adjusting for all populations and 14.83 lower than the mean unadjusted 

AIC. This suggests that controlling for all eight populations resulted in moderate overfitting, 

and that the lowest amount of information loss and the best fit was typically obtained by 

adjusting only for populations 2, 7, and 8.

The seven polymorphisms that remained statistically significant after adjustment for those 

populations that minimized the AIC were not limited to particular structural or functional 

domains. R8H, L15F, and V16I are all located within the putative signal peptide, the A70V 

polymorphism is situated near the extracellular side of the plug domain, Y405F and D578N 

are positioned within different extracellular loops, and the four polymorphisms beginning 

with I659V are immediately adjacent to a conserved intracellular loop. These results 

demonstrate the importance of assessing and controlling for the confounding effects of 

population structure in association studies, as well as again implicating HemR, and various 

alleles thereof, in NTHi virulence.

4. Discussion

Iron is an essential element for life in virtually all organisms, including H. influenzae. Hi has 

the additional absolute requirement of heme for aerobic growth, as it is unable to synthesize 

the heme precursor protoporphyrin IX (White and Granick, 1963). However, due to the 

instability of ferrous iron (the biologically relevant form) in aerobic environments and to 

protect against infection by iron-dependent pathogenic pathogens, nearly all iron in the 

human body is sequestered by high affinity iron binding proteins, such as transferrin, 

lactoferrin, and haptoglobin, or by incorporation within molecules such as heme (Krewulak 

and Vogel, 2008, 2011; Tong and Guo, 2009). In response, bacteria have developed 

numerous, often redundant mechanisms for acquiring iron that has been sequestered by their 

human hosts.
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Nontypeable H. influenzae are no exception, and have a variable number of systems to 

scavenge iron and heme from many different host sources, including transferrin, 

hemoglobin, heme, heme:hemopexin, heme:albumin, hemoglobin:haptoglobin complexes, 

and siderophores produced by other microorganisms (Morton et al., 2010; Whitby et al., 

2009). A number of these systems have been implicated in Hi virulence. Using a chinchilla 

model of otitis media and 5-and 30-day-old rat models of bacteremia, isogenic strains 

lacking certain iron acquisition genes have lower pathogenicity. These studies have found 

significant differences in virulence using the hemoglobin:haptoglobin binding proteins 

(hgpA-C) (Morton et al., 2004), the heme binding lipoprotein (hbpA) (Morton et al., 2009), 

lipoprotein e (P4) (hel) (Morton et al., 2007b), and the heme:hemopexin utilization proteins 

(hxuCBA). Some iron acquisition systems have also been found at different frequencies in 

OM and commensal NTHi isolates. In a 2006 study, Xie et al. found by dot blot 

hybridization that hgpB was 1.36 times more prevalent among OM NTHi isolates than 

among commensal NTHi isolates (Xie et al., 2006). Together, these data present a 

convincing argument that the presence of genes for the acquisition of iron and heme from a 

variety of sources is important not just for growth in H. influenzae, but pathogenesis as well.

HemR in NTHi appears to be a member of a common class of TonB dependent, ligand-gated 

channels formed by a monomeric, 22 strand, anti-parallel beta-barrel. Many highly specific, 

high affinity outer membrane receptors fall into this category, including many iron 

acquisition proteins such as the heme:hemopexin binding protein C (HxuC) and the 

transferrin binding protein 1 (Tbp1) in Hi (predicted structures; data not shown). Typically, 

the N-terminal 150 – 200 residues form a plug domain in the periplasmic end of the beta-

barrel, blocking diffusion through the receptor. Ligand bound to the plug's extracellular 

domains combined with TonB bound to the periplasmic side induces a conformational 

alteration of the channel, allowing passage of the ligand. Given the predicted similarity 

between the structures of HemR and known TonB dependent receptors, it is likely that 

HemR functions in the same manner.

TonB dependent receptors also have two relatively conserved domains, one at the N-

terminus and the other at the C-terminus. The N-terminal domain, known as the TonB box, 

is involved in the interaction with TonB. PROSITE (http://prosite.expasy.org) lists the TonB 

box pattern as <x(10,115)-[DENF]- [ST]- [LIVMF]- [LIVSTEQ]-V-[AGPN]- [AGP]-

[STANEQPK]; a key feature appears to be the invariant valine in the midst of the domain 

(PROSITE accession number PS00430). There is a short sequence in HemR beginning 37 

residues from the N-terminus (LPIIVNTN) that is a partial match with the TonB box pattern 

(five of eight residues, including the invariant valine). This may be the equivalent domain 

for this protein in NTHi. The C-terminus domain (PROSITE accession number PS01156) is 

marked by two invariant residues; the HemR sequence in this region matches this pattern 

exactly.

A total of 47 unique HemR amino acid sequences (or ‘types’) were identified among the 146 

NTHi isolates used in the study. Most isolates with identical STs also had identical HemR 

sequences (89.5%), and the majority of STs that shared a HemR sequence had a large 

proportion of their ancestry from the same population, based on population structure 

analyses of MLST sequences. This is suggestive of two scenarios. In the simplest, the 
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isolates within a population are more related and thus are more likely to have identical 

sequences at other loci. However, this fails to explain why isolates within HemR type 4, for 

example, have a wide range of ancestry proportions from population 2, from over 99% to 

just 50% (Supplemental Table 2). Some of these isolates are, in fact, not very closely related 

(on an intraspecific scale, at any rate) despite having identical HemR sequences. 

Furthermore, five isolates of two STs that share HemR type 4 have the majority of their 

ancestry from another population altogether. Similar patterns are also evident in HemR type 

8 of population 3, HemR type 12 of population 5, and HemR type 1 of population 8.

In the other scenario, there are a number of HemR sequences present within the NTHi 

populations, and recombination could lead to both the admixture observed in the population 

structure as well as different STs sharing the same HemR type. Recombination may be more 

frequent among members of the same population, so most STs that share a HemR type have 

the majority of their ancestry from the same population. This hypothesis would also explain 

why multiple isolates of the same ST occasionally have different HemR types. Further 

support for this hypothesis can be found in those STs that have a different primary 

population from the other STs with that HemR type (shaded in brown in Supplemental Table 

2). With only a single exception, these STs acquired the second highest proportion of their 

ancestry from the most common primary population for that HemR type. For example, in 

HemR type 4 the majority of isolates have the highest membership proportion in population 

2. There are five isolates in that same HemR type whose primary population is 5, but they 

also have significant membership in population 2. This could be the result of one or more 

recombination events that brought in sizeable amounts of genetic material from population 

2, including hemR. The truth, most likely, is a combination of the two hypotheses presented 

above.

The predicted structure of the NTHi HemR protein was remarkably similar to the 

experimentally derived structures of TonB dependent receptors involved in iron acquisition 

from other gram negative bacteria, despite low amino acid sequence identity. A beta-barrel 

consisting of 22 anti-parallel β-strands composes a transmembrane channel that is occluded 

by an approximately 150 residue N-terminal plug domain, preventing the free diffusion of 

small molecules through the channel. In other systems, TonB interacts preferentially with 

ligand-bound receptors, inducing conformational changes in the plug domain that allow 

passage of the ligand through the receptor channel and into the periplasm. Even in these well 

studied systems, exactly how the interaction between TonB and ligand-bound receptors 

results in translocation of the ligand across the outer membrane is unclear (Krewulak and 

Vogel, 2011). It is likely that NTHi HemR operates in a similar fashion, with TonB 

harnessing the proton motive force of the cytoplasmic membrane to provide the energy 

necessary for hemin translocation.

Prior to adjusting for population structure, 18 amino acid polymorphisms were found to 

have statistically significant prevalence differences between the OM and commensal 

isolates. Four of these polymorphisms (I659V, N663Y, F664L, and A666V) were in close 

proximity to each other and always co-occurred. As such, they were treated as a single 

entity, leaving a total of 15 polymorphisms significant at the 90% confidence level. Most 

methods of adjusting for multiple comparisons reduce the frequency of type I errors 
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(incorrectly rejecting a true null hypothesis) at the expense of increasing the risk of type II 

errors (erroneously not rejecting a false null hypothesis). Rather than adjust for the number 

of comparisons, their effect was assessed by reporting all comparisons and contrasting the 

expected number of type I errors with the experimentally derived number of p-values below 

the α=0.10 level. If all null hypotheses are true (i.e. no polymorphisms are truly associated 

with otitis media), 10% of all comparisons would be expected to yield p-values below the 

α=0.10 level by chance alone (i.e., 10% of all comparisons would result in type I errors). As 

this was an exploratory and descriptive study, it was felt that identifying potential 

associations between polymorphisms and disease was more important than minimizing the 

potential for type I errors.

The HemR polymorphisms were not limited to a particular structural or functional domain, 

but were instead dispersed throughout the HemR sequence in the putative signal peptide, the 

N-terminal plug domain, transmembrane β-strands, and extracellular loops. After the 

confounding effect of population structure was adjusted for, over half of the HemR 

polymorphism – otitis media associations identified during the crude analysis lost statistical 

significance. This is clear evidence that the assessment and control of population structure is 

just as important for association studies in bacteria as it is in human studies.

As mentioned previously, four of the polymorphisms (I659V, N663Y, F664L, and A666V) 

are very closely spaced and always co-occur. While this may be the result of a common 

lineage between the isolates that contain the polymorphisms, these isolates derive a wide 

range of their ancestry (from greater than 90% to less than 50%) from at least five of the 

eight identified populations, suggesting little commonality among them. It seems more 

likely that this group of polymorphisms has spread via recombination (alternatively, the 

consensus amino acids could be the relative newcomers that have proliferated). It is also 

possible that the co-occurrence of these polymorphisms is required for the proper folding or 

function of HemR (i.e. if one changes, all must change for the receptor to operate 

adequately). If this is the case, it is conceivable that isolates with only a subset of the four 

polymorphisms have a low or nonfunctioning HemR and are more likely to lose the gene 

entirely as the cost of producing the protein would not be offset by a beneficial gain in 

hemin acquisition. This could leave primarily isolates with either all four polymorphisms or 

none of them, as was observed in this study.

There is only one polymorphism in which the alternate amino acid is more common among 

OM isolates than among commensal isolates, A70V, exposing a strong trend toward the 

consensus amino acids among NTHi isolates associated with otitis media. Interestingly, this 

polymorphism seems to be associated with population 7, which is composed solely of OM 

isolates of ST57. Twenty isolates have a valine at position 70, of which 18 are the ST57 

isolates and one further has a third of its ancestry from population 7. It is possible that the 

statistical significance of the association between otitis media and this polymorphism is the 

result of having multiple genotypically identical isolates within the study, analogous to the 

identification of the ST57 isolates as a distinct subpopulation by LaCross et al. (LaCross et 

al., 2013). Even if that is the case, however, the A70V polymorphism may still be involved 

in virulence. All 18 ST57 isolates were collected from the middle ears of children with otitis 

media from all three geographic regions in roughly equal proportions. Despite being by far 
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the most commonly identified ST among the 170 NTHi isolates, it was completely 

unrepresented in the commensal isolates. This would appear to be strong evidence for 

heightened virulence in this genotype, and it is possible that the A70V HemR polymorphism 

plays a role, possibly by leading to enhanced acquisition of heme by the bacteria while in the 

middle ear.

While a number of HemR amino acid polymorphisms were found to be significantly 

associated with otitis media after adjusting for population structure, no host or 

environmental factors were considered in the analyses, an important limitation of this study. 

A number of host and environmental factors have been implicated in NTHi pathogenesis, 

including Eustachian tube dysfunction, preceding viral respiratory infection, allergies, 

exposure to cigarette smoke, and attending a daycare center (Berman, 1995; Bhetwal and 

McConaghy, 2007; Hardy et al., 2003). These factors, and others as yet undescribed, could 

influence the way bacterial virulence factors such as HemR affect pathogenesis. Most 

association studies on bacterial virulence factors do not consider host or environmental 

factors, frequently because such information is simply not available, as is the case here. The 

bacterial strains utilized in such analyses are often originally isolated for other purposes and 

host and environment data are not collected. In other cases, privacy concerns or the cost 

associated with collecting such information can be significant barriers. Nevertheless, 

association studies linking bacterial factors to disease have yielded a great deal of invaluable 

knowledge, and provide an effective starting point for future studies to incorporate the 

effects of bacterial, host, and environmental factors into a cohesive whole.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Signal peptide probabilities estimated by SignalP. HemR from isolate F433-3 was used, and 

position zero is the N-terminus. The n-, h-, and c-regions are canonical in most signal 

peptides and are a stretch of positively charged amino acids, a hydrophobic area, and a polar 

region, respectively.
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Figure 2. 
HemR amino acid sequence conservation by structural domain. A. Alignment of the 146 

NTHi HemR amino acid sequences. Identical residues are coded with a dot. Structural 

domains match those in Figure 3 and are colored as follows: gray – signal peptide; purple – 

putative TonB box; green – N-terminal plug domain; dark blue – transmembrane β-strands; 

red – extracellular loops; light blue – intracellular loops. B. Plot of the percent identity by 

amino acid position.
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Figure 3. 
A-C: Predicted structure of HemR from Finnish OM isolate F433-3 (C-score = 0.74). 

Structural domains are colored as follows: gray – signal peptide; purple – putative TonB 

box; green – N-terminal plug domain; dark blue – transmembrane β-strands; red – 

extracellular loops; light blue – intracellular loops. A. Side view. B. Extracellular side. C. 

Periplasmic side. D-F: Experimentally derived structures for three iron acquisition receptors 

in other gram negative species, with PDB IDs in parentheses. D. E. coli ferric citrate uptake 

transporter FecA. E. E. coli ferric enterobactin receptor FepA. F. S. marcescens hemophore 

receptor HasR.
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Figure 4. 
A. Side view of the predicted structure of HemR from ST57 isolate F199-3 showing the 

locations of polymorphisms Y405F through I718V. The N-terminal signal peptide has been 

removed in this figure. The six polymorphisms have been depicted using a space-filling 

model for visibility. B. Side view of the predicted structure of HemR from ST57 isolate 

F199-3 showing the locations of polymorphisms Y405F through I718V. The N-terminal 

signal peptide has been removed in this figure. The five polymorphisms have been depicted 

using a space-filling model for visibility.
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