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Characterisation of Haemophilus influenzae and Haemophilus haemolyticus inChronic

Obstructive Pulmonary Disease (COPD) by Karen Cox

Chronic obstructive pulmonary disease (COPD) accounted for 5.71% of all global mortality
in 2015. Non-typeable Haemophilus influenzae (NTHi) is a genetically diverse opportunistic
pathogen that colonises the respiratory tract and is linked to acute exacerbations in COPD

which eventually lead to a fatal irreversible degradation of lung function.

H. haemolyticus is the closest phylogenetic relative to NTHi and is also found to colonise
the respiratory tract of subjects with COPD. However, H. haemolyticus is not thought to
cause either invasive disease or exacerbations in COPD. The motivation for the work in this
thesis is that there are currently no molecular or culture assays that can unequivocally
differentiate these two species. The genetic diversity of NTHi has been reported. The
objective of this study was to determine whether the genetic variation in atypical strains of
the two species was sufficiently large to result in a genetic continuum that makes their

delineation impossible and therefore questioning the current taxonomic classification.

Whole genome sequencing data generated from 1460 isolates phenotypically identified
as Haemophilus spp. were used to determine the genomic heterogeneity of NTHi and H.
haemolyticus. This included assessing the utility of gene markers for example, fuck, smpB,
iga, sodC, IgtC, hpd, omp2 and omp6, which have previously been shown to enable
differentiation, as well as more extensive comparative genomic analyses. These data
revealed the presence of previously poorly recognised atypical strains of NTHi and H.
haemolyticus. Atypical isolates were initially characterised as those with an unexpected
genotype for NTHi or H. haemolyticus as defined by previously described markers. The use
of further adhesin genes and comparative genomics supported these findings. Comparison
of NTHi and H. haemolyticus demonstrated distinctive clustering based on ANI with <92%
similarity; a value below current taxonomic thresholds for species definition. In conclusion,
despite extensive genomic variation in strains of NTHi they may be routinely separated

from H. haemolyticus using whole genome analysis and multiple gene markers.
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PhiD-CV10 10 serotype pneumococcal vaccine

PCV pneumococcal conjugate vaccine

pilA pilin protein

SLPI Secretory leucoproteaseinhibitor

SNP single nucleotide polymorphism
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smpB ssra binding protein

sodC copper dismutase

spp. Species pluralis (multiple species)

SRST2 Short Read Sequence Typing

ST Sequence type

STGG Medium containing skim milk, tryptone, glucose, and glycerin

UPGMB MEGA 6.0 clustering algorithm based on Unweighted Pair Group Method
with Arithmetic Mean

TB Tuberculosis

Tpf Type IV pilus

VRE vancomycin resistant Enterococcus

WGA Whole genome analysis

WHO World Health Organisation

Genes are denoted in italics, proteins are capitalised and in standard font.
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1 Introduction
1.1 Chronic Obstructive Pulmonary Disease (COPD)

Chronic obstructive pulmonary disease (COPD) is a multi-faceted condition that
progressively and irreversibly damages the pulmonary airways and impedes airflow in
the lungs. This occurs when alveoli are reduced in diameter and obstructed by excessive
bronchial secretion (Chung and Adcock, 2008). Respiratory function is also disrupted by
the failure of elastic recoil caused by inflammatory processes. This results in bronchioles
being broken down into larger air spaces reducing the surface area for gaseous exchange

(Chung and Adcock, 2008).

COPD is a disease that is increasingly gaining recognition due to reported global morbidity
rates. Over 3.1 million deaths representing 5.7% of total deaths in 2015 were due to COPD
making it the third largest cause of death globally, above lung cancer (3.1%) and HIV/AIDS
(2.1%) and below ischaemic heart disease (16%) and cerebrovascular disease (11.3%)
(Collaborators, 2016). In the UK alone COPD was responsible for over 40,000 deaths in
2015, this represented 6.71% of all deaths (Figure 1.1) (Collaborators, 2016). This accrues
an annual financial burden on UK health services in the region of £810 million (NHS, 2012).
COPD patients have been reported to suffer a loss of earnings of around £200,000 per

patient due to forced early retirement because of ill health (Fletcher et al., 2011).

1.1.1 Epidemiology

COPD is a global phenomenon. India and China had the highest percentage of total deaths
attributed to COPD in 2015 with 10.13% and 9.67% respectively as can be seen in Figure
1.1. However, whereas the trend in China shows a reduction in deaths since 1990, COPD
deaths in India are slowly increasing (Figure 1.1). This increasing trend is also visible in the
United States and the United Kingdom with COPD responsible for 3.9% of deaths in 1990 in
the US rising to 5.7% in 2015, and with 5.1% of deaths being attributed to COPD in 1990
rising to 6.7% in 2015 in the UK. Globally, mortality fluctuates between 5.5% and 6.2%
(Figure 1.1). These figures may reflect real increase or an increase in the deaths recognised

as COPD related.
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Figure 1.1 Percentage of deaths reported for COPD in selected countries compared
to global rate from 1990 — 2015.

The global trend is a steady fluctuation between 5.5% and 6.2% however, a decreasing
trend in the total deaths attributed to COPD can be seen in China and an increasing
trend observed in India, the UK and US. (Figure obtained from the Institute for Health
Metrics and Evaluation, http://www.healthdata.org)
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Figure 1.2 Global map indicating deaths per 100,000 of COPD.
(Figure obtained from the Institute for Health Metrics and Evaluation, http://www.healthdata.org)
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1.1.2 Risk Factors

There is not one causal factor identified for the onset or progression of COPD but the
largest risk factor in the developed world is thought to be smoking (Figure 1.3)(Lundback et
al., 2003, Forey et al., 2011, Woodruff et al., 2016, Collaborators, 2016). Of the deaths
caused by COPD reported by the global burden of disease study in 2015, 76% could be
attributed to specific risk factors, the three largest being smoking (44.8%), ambient
particulate matter (27.1%) and household air pollution (20.6%) (Figure 1.1). Alarge
proportion of COPD deaths occurring in both upper — middle income and high income
countries have been attributed to smoking however due to an increase in adults smoking in
developing countries, more specifically male populations, the amount of COPD deaths
attributed to smoking in lower income countries may also soon increase (Thun et al., 2012).
Despite smoking being a significant risk factor in the developed world, the majority of
COPD sufferers (90%) reside in low-middle income countries where smoking is a larger risk
factor for the male population than it is female (Figure 1.3). It is thought that populations
within these countries are also subject to socioeconomic factors such as lower income,
overcrowding, a diet low in anti-oxidants and more frequent exposure to occupational
dust/pollutants, in addition to exposure to biomass cooking methods resulting in

household air pollution (Yin et al., 2011, Lee et al., 2012).

Cooking with biomass, or exposure to wood and charcoal smoke, has been associated with
an increased risk of developing chronic respiratory disease in the female population. As
such, it has been established that ambient particulate matter and household air pollution
are the biggest risk factors for COPD mortality in the female population (Figure 1.3)
(Orozco-Levi et al., 2006, Ramirez-Venegas et al., 2006, Perez-Padilla et al., 1996, Bhandari
and Sharma, 2012). An estimated 2.8 billion people are thought to use biomass as a major
source of fuel for cooking globally including 60% of households in Africa and South East
Asia (Bonjour, 2013). Exposure to biomass smoke has been shown to contribute to COPD
in China and India, where percentages of death from COPD are higher than anywhere else

globally (Fernandes, 2014, Zhou and Chen, 2013, Zhong et al., 2007).

A significantly higher exposure to household air pollution from biomass use in rural Yunyan

(88.1%) compared to urban Liwang (0.7%) correlated with a higher incidence of COPD in

both the whole population and a female sub population of non—smokers (Liu et al., 2007).
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Similarly, in India whereas only 3.6% of the female population were established as
smokers compared to 26.3% of men, 42.5% of diagnosed cases of COPD were in women
(Fernandes, 2014). The majority of these women (97.6%) had regular exposure to biomass

smoke and subsequent household air pollution (Fernandes, 2014).

China accounts for a third of the world’s smokers however there is a disparity in gender
with only 2.4%-8.5% of Chinese women smoking compared to 52.9%-56.7% of men (Zhou
and Chen, 2013, Zhong et al., 2007). It has been reported that 5.1% of the female study
population were diagnosed with COPD compared to 12.4% of the male study population
therefore as stated above, cooking related exposure may account for some of this disparity

(zhou and Chen, 2013, Zhong et al., 2007).
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Figure 1.3 Deaths of COPD attributed to top three risk factors stratified by economic state
of country as according to World Bank.

The highest reported deaths occur in countries with low to middle income with ambient
particulate matter and household air pollution being the largest risk factors contributing to
death by COPD in female deaths, larger than the risk factor of smoking. Smoking is the
largest risk factor in the countries with high incomes. (Figure obtained from the Institute
for Health Metrics and Evaluation, http://www.healthdata.org)
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1.1.3 Infection and COPD

Acute exacerbations in COPD sufferers are periods of worsening symptoms that result in
the deterioration of lung function and are associated with microbial and viral infections. H.
influenzae has most notably been associated with the onset of acute exacerbations.
Although it has been reported that the colonisation dynamics of H. influenzae in COPD
patients does not to have an effect on exacerbation occurrence (Murphy et al., 2007, Bandi
et al., 2003, Murphy et al., 2004, Albert et al., 2011), the presence of viral and bacterial
pathogens has nonetheless been established in severe exacerbations requiring
hospitalisation (Papi et al., 2006). Rhinovirus, influenza virus, respiratory syncytial virus,
coronavirus, parainfluenzae and human metapneumovirus have all been isolated in
exacerbation samples (Papi et al., 2006). Exacerbations have been associated with co-
isolations, specifically with H. influenzae and rhinovirus, and are associated with greater
degradation of lung function resulting compared to infection with lone bacterial or viral

organisms (Wilkinson et al., 2006).

In some cases, it has been reported that COPD also and tuberculosis (TB) appear to display
a reciprocal relationship with prior infection with Mycobacterium tuberculosis found to
increase the risk of developing COPD (Lee et al., 2012, Inghammar et al., 2010). A delay in
treatment in TB has been associated with not only a higher risk of development but also
significantly earlier onset of COPD (Lee et al., 2012). Inversely a three-fold increase in
developing active TB was discovered in COPD patients with patients developing both more

likely to die within a year of COPD diagnosis (Inghammar et al., 2010).

H. influenzae is reported to be the most prevalent bacterial species isolated from the COPD
lung although Streptococcus pneumoniae, Moraxella catarrhalis, Pseudomonas aeruginosa,
Staphylococcus aureus and Enterobacter spp. have also been observed (Papi et al., 2006,
Wilkinson et al., 2006, Sethi et al., 2006). It has been reported that the presence of disease
and inflammation results in reduced diversity in the COPD lung (Erb-Downward et al., 2011)
however, it should be noted that Haemophilus and Pseudomonas spp. have been found to
be present in ‘healthy’ smokers lungs (Erb-Downward et al., 2011). The prevalence of
Pseudomonas, Stenotrophomonas or Haemophilus spp. has been shown to drive the
microbial variation in the COPD lung, however it is thought that presence of Haemophilus

spp. is the most important for this variation (Erb-Downward et al., 2011, Wang et al., 2016).
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NTHi has repeatedly been isolated in the COPD lung and an acquisition of a new strain has
been associated with the onset of acute exacerbation (Garmendia et al., 2014, Bandi et al.,
2003, Murphy et al., 2004, Fernaays et al., 2006b, Leanord and Williams, 2002, Murphyet
al., 2007). NTHi is capable of persistent colonisation in the lower respiratory tract of
patients with COPD by employing such survival strategies as adaptation of outer membrane
proteins between planktonic and biofilm environments and intercellular invasion, therefore
forming a reservoir for infection (Murphy et al., 2004, Bandi et al., 2001, Murphy and
Kirkham, 2002, Salcedo and Cid, 2011). Phagocytosis of NTHi by alveolar but not blood
macrophages is impaired in COPD, possibly also explaining its persistence capabilities

(Berenson et al., 2006a, Berenson et al., 2006b).
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1.2 H.influenzae

H. influenzae is a Gram negative opportunistic pathogen that colonises the respiratory
tract. It is a known causative organism in invasive diseases such as meningitis, pneumonia,
bacteremia and epiglottitis as well as a major cause of otitis media (OM) (McVernon et al.,
2006, Cardines et al., 2007, Cripps, 2010, Monasta et al., 2012). H. influenzae occurs as
both encapsulated and non-encapsulated strains. Non-encapsulated strains are referred
to as non-typeable H. influenzae (NTHi). There are seven encapsulated serotypes
designated a-f which represent the variation in composition of the polysaccharide capsule

(Pittman, 1931, Kilian, 1976b).

In the UK, prior to 1992, 90% of invasive Haemophilus disease was caused by H. influenzae
serotype b (Hib) (Anderson et al., 1995a). Hib was the largest cause of childhood invasive
disease presenting most often as meningitis (50-65%) and resulted in 25.1-35.5 cases per
100,000. This was drastically reduced to 0.06 per 100,000 in 2012 as a direct result of the
introduction of the vaccination and indirectly through associated herd immunity.
(Anderson et al., 1995a, Hargreaves et al., 1996, Booy et al., 1993). Within a year of the
introduction of the vaccination in the UK, cases of Hib invasive disease had fallen to 2 per
100,000 (Hargreaves et al., 1996). In the US cases fell from 37 per 100,000 in 1989 prior to

the introduction of the vaccine to 11 cases per 100,000 in 1991 (Adams et al., 1993).

In 2000 Gavi, the Vaccine Alliance was set up to fund immunisation programmes in lower
income countries. Mostly participating governments funded this with 20% being funded by
private contributions. From the onset of the Gavi programme the Hib vaccination was
offered in the form of the pentavalent vaccination. This provided protection against
diphtheria, tetanus, pertussis, hepatitis B and Hib. Initially, uptake was slow leading to a
USS$37 million Hib vaccination initiative in 2005 (alliance, 2016). By 2014 all 73 Gavi eligible
countries had rolled out the vaccination programme with South Sudan being the last
country to adopt the vaccine in July 2014 (alliance, 2016). The uptake of the pentavalent
vaccine coverage across Gavi supported countries was seen to increase from 1% in 2000 to
68% in 2015 (GAVI, 2016). The overall global uptake of the vaccination has increased from
42% in 2010 to 64% in 2015 (Casey et al., 2016). Invasive Hib disease has since reduced
significantly, although invasive Haemophilus disease still occurs. Although all serotypes

have the potential to cause disease, NTHi has taken over as the major cause of
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Haemophilus invasive disease accounting for 84% of UK cases in 2013 (Ladhani et al., 2010,

PHE, 2014).

In addition to invasive disease NTHi is also a leading cause of an infection of the middle ear,
otitis media (OM). Approximately 709 million cases of acute OM are reported annually
around the world of which NTHi being the predominant causes (Monasta et al., 2012,
Barkai et al., 2009, Kong and Coates, 2009). At around 73%, OM is most extensively
suffered by children of indigenous populations of Australia (Leach et al., 2015). Over half of
the global cases occur in children under the age of 5 with approximately 31 million cases
going onto become chronic OM with associated hearing loss, 21 thousand people dying
from complications arising from OM each year and required treatment resulting in annual
costs of between AUS$100-400 million in Australia and US$2.8 billion in the US (Kong and
Coates, 2009, Taylor et al., 2009, Monasta et al., 2012, Ahmed et al., 2014).

Elsewhere nasopharyngeal carriage of NTHi has been has been reported in 26%-52.4%of
infants under the age of 5 years (Cohen et al., 2012, Angoulvant et al., 2015, Brandileone et
al., 2016). Vaccination for the Gram positive opportunistic pathogen of the respiratory
tract, S. pneumoniae, has been reported to have an effect on the carriage of H. influenzae
(Cohen et al., 2012, Angoulvant et al., 2015, Brandileone et al., 2016). S. pneumoniae is
also a causative organism in disease such as meningitis, pneumonia and OM (middle ear
infection) and is found to co—colonise with NTHi in the nasopharynx (Barkai et al., 2009,

Leach et al., 2016, Kastenbauer and Pfister, 2003, Vu et al., 2011).

S. pneumoniae, is identified by serotype due to variation in polysaccharide capsule. There
are currently at least 94 (Kapatai et al., 2016) S. pneumoniae serotypes and three vaccines
which encompass 10, 13 and 23 of the most virulent serotypes, referred to as PhiD-CV10
Synflorix ™, Prevenar 13™ and Pneumovax 23™ respectively (Habib et al., 2014,
Brandileone et al., 2016, Cohen et al., 2012, Leach et al., 2016). A fourth vaccine Prevenar
7™ was replaced by Prevenar 13™ in April 2010. The PhiD-CV10 Synflorix™ pneumococcal
vaccine targets ten of the most invasive serotypes of S. pneumoniae of which eight are
conjugated to NTHi protein D (Croxtall and Keating, 2009). However, the impact of an
immunogenic response from the protein D conjugate is currently unclear with studies into
the effects on NTHi carriage reporting contradictory findings. In Brazilian infants, the
introduction of the 10-valent PHiD-CV10 vaccine resulted in a significant (p=<0.0001)

increase in nasopharyngeal carriage of NTHi from 26%-43.6% over a three year period
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(Brandileone et al., 2016). Conversely, no effect on NTHi carriage was observed in a Finnish
study of 4117 infants after introduction of the PHiD-CV10 vaccine (Vesikari et al., 2016,
Cohen et al., 2012). Similarly, no variation in NTHi colonisation was observed between 780
children (<2yrs) vaccinated with either PHiD-CV10 or Prevenar 7™ (van den Bergh et al.,
2013). Carriage of both S. pneumoniae and NTHi was seen to significantly decrease in
indigenous Australian children with OM after vaccination with Prevenar 13™ compared to
a group vaccinated with the 10-valent PHiD-CV10 vaccine (Leach et al., 2016). NTHi
carriage in Kenyan infants immunised with PHiD-CV10 was seen to reduce from 54% to
40% (Hammitt et al., 2014). Conversely in France, a significant increase in NTHi carriage
(from 48.2%-52.4%) was observed in a paediatric study group after immunisation with
PCV-13 but this was not the case in a study group vaccinated with PCV-7 (Angoulvant et al.,
2015, Cohen et al., 2012). In summary, the interplay between pneumococcal vaccination

and carriage of NTHi is not fully understood.

1.2.1 NTHi and H. haemolyticus

Phylogenetically, H. haemolyticus is the closest species to NTHi. The two species share
morphology and the growth factor requirements of nicotinamide adenine dinucleotide
(NAD) and haemin (Forbes KJ, 2002, Kilian, 1976b). Historically, H. haemolyticus has been
considered to be a harmless commensal of the nasopharynx previously identified in 11.7%
of children although it has been noted significantly absent in paediatric patients suffering
from otitis media (Fox et al., 2014, Kirkham et al., 2010). Despite its non-pathogenic status
there have been eight cases of H. haemolyticus isolated from invasive disease (Jordan et al.,
2011, Anderson et al., 2012, Morton et al., 2012). In addition to carriage in the upper
respiratory tract H. haemolyticus has also been isolated from the lower respiratory tract of
patients with COPD but no link with the onset of acute exacerbations has been identified
(Murphy et al., 2007). Interestingly H. haemolyticus has been shown to decrease the
attachment of NTHi to epithelial cells suggesting competition between the two species for
colonisation (Pickering et al., 2016). Additionally, NTHI display a varying ability to invade
epithelial cells on binding invariably H. haemolyticus results in cytotoxicity (Pickering et al.,

2016, Singh et al., 2016a).
H. haemolyticus can be distinguished from H. influenzae by the presence of haemolysis

surrounding colonies grown on blood agar (Kilian, 1976a). However, the loss of the

haemolysis phenotype has been shown and results in strains of non haemolytic H.
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haemolyticus (Kilian, 1976a). This finding rendered culture methods employed to
distinguish between the two species unreliable, highlighting the potential for
misidentification of H. haemolyticus as NTHi. This resulted in the need for more robust
molecular methods for differentiation between the two species. Misidentification of H.
haemolyticus as NTHi has been established in several studies that retrospectively
investigated Haemophilus spp. from cases of disease using molecular methods. H.
haemolyticus misidentified as NTHi in clinical isolates were reported at rates of 5.9% and
1.5% in Germany and Australia, respectively (Frickmann et al., 2014, Zhang et al., 2014). An
Australian study identified 11.7% of nasopharyngeal carriage isolates as H. haemolyticus
and a study of isolates from cystic fibrosis patients in Denmark re-classified 0.5% of isolates
(Kirkham et al., 2010, Fenger et al., 2012). An earlier study investigating isolates from the
sputa of COPD lungs and paediatric nasopharyngeal carriage isolates reported a much
higher level of misidentification with 39.5% and 27.3% of isolates respectively re-classified
as H. haemolyticus after molecular investigation (Murphy et al., 2007). H. haemolyticus
were identified in 12 out of 63 Haemophilus spp. isolates from paediatric oropharyngeal
samples but no H. haemolyticus were identified in nasopharyngeal or middle ear fluid

samples from the same study (Chang et al., 2010).

Other biochemical methods, such as hydrogen sulphide production, have been suggested
useful to differentiate between the two species. However, ambiguity may still arise given
this phenotype is variably present found in 70% of H. haemolyticus and 12.5% of NTHi
(McCrea et al., 2008).

NTHi cannot be serotyped due to the absence of a capsule although classification can be
achieved using multi locus sequence typing (MLST). MLST uses partial sequences from
seven housekeeping genes thought to be conserved within H. influenzae; adenylate kinase
(adk), ATP synthase F1 subunit gamma (atpG), fumarate reductase iron-sulfur protein
(frdB), fuculokinase (fucK), malate dehydrogenase (mdh), glucose-6-phosphate isomerase
(pgi) and RecA protein (recA) (Meats et al., 2003). The concatenation of partial sequences
found at these loci allow for a sequence type (ST) to be defined, with new STs being
assigned on the discovery of previously unseen sequences. However, strains in which the
and indeed the entire fuc operon have been reported to be absent (Ridderberg et al.,2010,
Latham et al., 2015). This not only brings into question the accuracy of MLST for NTHi but

also whether MLST accurately reflects the heterogeneity of the population (Ridderberg et
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al., 2010, Binks et al., 2012). MLST does, however, provide a tool to cluster typical strains of

NTHi offering an initial categorisation at a molecular level for related isolates.

1.2.2 Mechanisms for Diversity in NTHi

In comparison to its encapsulated clonal counterparts, NTHi is genomically heterogeneic in
nature and displays variation throughout strains (Power et al., 2012, Meats et al., 2003,
Erwin et al., 2008, De Chiara et al., 2014, McCrea et al., 2008, Musser et al., 1986a, Musser
et al., 1990). It is this heterogeneity of NTHi which makes full understanding of the
virulence mechanisms problematic, in turn hindering the identification of suitable targets
for immunisation (LaCross et al., 2013). It has been hypothesised that NTHi is adaptable to
the surrounding environment drawing upon a subset of genes from the larger pan-genome
within the species (Shen et al., 2005, Fernaays et al., 2006b, Garmendia et al., 2014). This
genetic variability has been attributed to horizontal gene transfer (HGT) between NTHi
most feasibly through transformation (Power et al., 2012, Connor et al., 2012). Natural
transformation is a result of exogenous DNA being taken from the external environment
and incorporated into the bacterial genome (Figure 1.4) (Carruthers et al., 2012, Barany

and Kahn, 1985).

Transformation can result in recombination or insertion mediated integration, depending
on the homology of the exogenous DNA with the existing genome. Recombination events
occur between homologous regions of the transformed DNA and the host chromosome,
whereas insertion can occur in the absence of homology. Both mechanisms have been
reported in NTHi (Mhlanga-Mutangadura et al., 1998, Satola et al., 2008, St Geme et al.,
1998, Connor et al., 2012, de Gier et al., 2015, Kroll et al., 1988, McCrea et al., 2010,
McCrea et al., 2008, Maughan and Redfield, 2009a, Skaare et al., 2010, Witherden et al.,
2014). The ability of NTHi to uptake DNA by recombination has been reported to vary by
1,000 fold between strains offering a potential mechanism and explanation for the extent
of genetic variation (Maughan and Redfield, 2009a). This could be linked to absence of
competence capability within some strains H. influenzae which is required for
transformation (Maughan and Redfield, 2009b). Competence is activated by certain
conditions such as limited availability of nutrients and in H. influenzae has been shown to

occur at the end of exponential growth phase proceeding the stationery growth phase
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(Goodgal and Herriott, 1961). Mutations within the genes responsible for competence
disrupt the ability of the bacteria to uptake DNA and complete transformation (Maughan
and Redfield, 2009b, Maughan and Redfield, 2009a).

Although capsulated strains have been shown to be less genetically diverse than non-
encapsulated versions, the lack of the capsule has been shown not to be the sole cause for
the extent of heterogeneity within NTHi (Kroll et al., 1988, Maughan and Redfield, 2009a).
An investigation into the evolutionary relationship of H. influenzae reported certain strains
of NTHi have clustering with Hib indicating a close phylogenetic relationship (Connor et al.,
2012). This supports the proposed evolution of NTHi from encapsulated strains, specifically
Hib (Musser et al., 1986b, Connor et al., 2012). Recombination disrupting the bexA gene
responsible for transport of capsular polysaccharide has been attributed to the loss of
capsule from Hib strains (Kroll et al., 1988). Insertion elements associated with Hib have

also been located within certain NTHi strains (Satola et al., 2008).

The relationship between non-encapsulated strains and their evolution from Hib is not fully

understood but non-encapsulated strains show larger genetic diversity than encapsulated

strains
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Figure 1.4 Horizontal gene transfer by transformation.

Donor DNA is taken up by pilin proteins and transported across the outer membrane into the
recipient cell. DNA is recombined into the recipient chromosomal DNA and the remainder of
the donor DNA degraded.
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1.2.3 The Genetic Relationship Between H. haemolyticus and NTHi

NTHi displays large genetic variability. Inter species recombination between NTHi and H.
haemolyticus has been described, potentially enabling the blurring of the two species
(McCrea et al., 2008, de Gier et al., 2015, Witherden et al., 2014, Witherden and Tristram,
2013). The need for molecular methods for accurate identification of NTHi and H.
haemolyticus has stemmed from the inability of culture methods to do so. This is observed
in the failure to develop a molecular assay that can unequivocally differentiate between

the two species.

1.2.3.1 Gene Markers

A number of candidate genes for speciation have been suggested and are summarised in
Figure 1.5. Certain genes, such as fuck, IgtC, fucP and iga are present in NTHi and absent
within H. haemolyticus, sodC is typically present in H. haemolyticus but not in NTHi(Figure
1.5) (Fung et al., 2006, McCrea et al., 2010, Latham et al., 2015, Binks et al., 2012, Hinz et
al., 2015, McCrea et al., 2008, Mukundan et al., 2007) An alternative method is to find
conserved sequence variations between the two species in mutually prevalent genes such
as omp6, smpB, and hpd (Figure 1.5) (Reddington et al., 2015, Binks et al., 2012, Mukundan
et al., 2007, Sandstedt et al., 2008, Hare et al., 2012, Wang et al., 2011, Theodore etal.,
2012, Pickering et al., 2014a).
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Figure 1.5 Expected genotypes of published gene markers for NTHi and H. haemolyticus.
PCR assays used to differentiate between NTHi and H. haemolyticus. Genes sat under the
heading of one species are expected to be found present in that species and absent in the
other. The genes sat in between species are those present in both species are assays that
exploit sequence variation between the species (Fung et al., 2006, McCrea et al., 2010,
McCrea et al., 2008, Latham et al., 2015, Binks et al., 2012, Hinz et al., 2015, Mukundan et
al., 2007, Reddington et al., 2015, Price et al., 2015, Sandstedt et al., 2008, Hare et al.,
2012, Wang et al., 2011, Theodore et al., 2012, Pickering et al., 2014a).
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1.2.3.2 Protease (iga and igaB)

NTHi produces a protease that cleaves secretory human immunoglobulin A (IgA) allowing
the bacteria to evade detection by IgA antibodies. Two genes are thought to be responsible
for the expression of IgA protease, iga and igaB (Binks et al., 2012, Fernaays et al., 20063,
Fernaays et al., 2006b, McCrea et al., 2008, Murphy et al., 2011, Vitovski et al., 1999).The
igaB gene in NTHi is homologous to that found in Neisseria meningitidis suggesting

recombination between the two species (Fernaays et al., 2006a).

Strains containing igaB in addition to iga are thought to exhibit an increase in IgA
protease production and are reportedly more associated with strains isolated from the
lungs of patients with COPD (Vitovski et al., 2002). Indeed, invasive N. meningitidis strains
have been shown to produce higher levels of IgA protease compared to strains isolated
from carriage (Vitovski et al., 1999). The iga and igaB genes may also have secondary
roles. IgA protease enables the bacteria to invade host cells whereas the IgaB protease
enables intracellular persistence once host cells have been invaded; both genes together
give an optimal survival factor facilitating internalisation and persistence (Clementi et al.,
2014). Although more often found in NTHi, the iga gene has been identified in small
proportions (7.7%) of H. haemolyticus (Binks et al., 2012). The limited ability for invasion
of H. haemolyticus is potentially explained by the absence of iga (Pickering et al., 2016,
Singhet al., 2016a). However, the absence of iga in some NTHi strains (9%) has been

reported making it an inconclusive target for species differentiation (Binks et al., 2012).

1.2.3.3 Lipoligosacharide and Galactosyltransferase (/gtC)

The lipoligosaccharide (LOS) is an endotoxin found within the membrane of H. influenzae
and associated with virulence (Preston et al., 1996, Kimura and Hansen, 1986).
Galactosyltransferase forms part of the LOS and is expressed by the IgtC gene which has
been found to be fifty-four times more prevalent in NTHi than in H. haemolyticus but was
identified in 2% of H. haemolyticus strains (McCrea et al., 2008). Although /gtC does not
unambiguously identify NTHi it is still very useful in assisting in identification (McCrea et al.,

2008, Fox et al., 2014).
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1.2.3.4 [Cu,Zn]-Superoxide Dismutase Gene (sodC)

The [Cu,Zn]-superoxide dismutase (Sod) protects bacteria from the oxygen free radical,
superoxide produced by the immune system of the host (Vanaporn et al., 2011). The sodC
gene has also been described in encapsulated strains of H. influenzae and a cryptic
Haemophilus genospecies, separate from NTHi and H. haemolyticus, which has been
isolated from urogenital and neonatal infections (Langford et al., 2002). The encapsulated
strains however do not produce the Sod enzyme due to a substitution of a histidine residue
with a tyrosine resulting in a non-functional protein (Kroll et al., 1991). The cryptic
genospecies does express the enzyme but has not been isolated from the respiratory tract
(Langford et al., 2002). Some NTHi strains have been identified as positive for a homologue
of sodC with alleles homologous to those more associated with wither H. haemolyticus or

encapsulated strains, suggestive of recombination at this locus (McCrea et al., 2010).

The sodC gene encoding the Sod enzyme has previously been found to be present in 95% -
100% of H. haemolyticus strains (Fung et al., 2006, McCrea et al., 2010, Latham et al.,
2015). In NTHi, sodC has been reported in 9.2% of isolates (McCrea et al., 2010, Fung et al.,
2006). Despite the presence of sodC in a small proportion of NTHi there is clear merit in

exploring this as a potentially useful marker to identify H. haemolyticus.

1.2.3.5 Outer Membrane Proteins 2 and 6 (omp2,o0mp6)

Outer membrane protein 6 (omp6) is thought to be important connecting the outer
membrane to the cell wall and outer membrane protein 2 (omp2) is shown to make up 50%
of all the outer membrane protein (Murphy et al., 2006). Four separate single nucleotide
polymorphisms (SNPs) within the omp6 are able to speciate between NTHi and H.
haemolyticus in a previously developed PCR assay. However additional sequence variation
within omp6 has been reported in 10% of NTHi (Chang et al., 2010, Binks et al., 2012, Chang
et al., 2011, Mukundan et al., 2007, Murphy et al., 2007). Speciation between NTHi and H.
haemolyticus has also been achieved by determining the presence of omp2 in NTHi and
absence in H. haemolyticus. Strains of NTHi absent for omp2 have been reported, despite
this, omp2 has been found to be a better source of differentiation than omp6 (Binks et al.,

2012, Chang et al., 2010).
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1.2.3.6 The Fucose Members (fucK, fucP)

Presence of the fucK gene, one of the seven housekeeping genes used within MLST to type
H. influenzae, has also been used as a tool to differentiate between H. influenzae and H.
haemolyticus (Norskov-Lauritsen, 2009, Binks et al., 2012, Norskov-Lauritsen et al., 2009).
An assay for another member of the fuc operon, fucP, has been developed which also
exploits its presence in NTHi and absence in H. haemolyticus (Price et al., 2015). However, a
number of strains that would otherwise be identified as NTHi were it not for the absence of
the fuc operon, and therefore both absent for fucK and fucP, have been reported
(Ridderberg et al., 2010). The absence of the fucK gene renders strains non-typeable by

MLST and can potentially lead to misidentification as H. haemolyticus.

1.2.3.7 Protein D (hpd)

The hpd gene encodes for protein D. Although present in both NTHi and H. haemolyticus it
has been found to be absent in some clinical NTHi strains (Smith-Vaughan et al., 2014).
Despite this it displays inter species sequence variation, which has been used to
successfully differentiate NTHi and H. haemolyticus to a high degree of sensitivity (Wang et
al., 2011, Binks et al., 2012, Pickering et al., 2014a).

1.2.3.8 RNA Binding Protein Small Protein B —smpB
A new assay, based on sequence variation between NTHi and H. haemolyticus in the
conserved smpB gene, has been recently described (Reddington et al., 2015). Its’ broader

use has not yet been reported.

In summary, single molecular markers are unable to unequivocally speciate between NTHi
and H. haemolyticus due to atypical strains and the heterogeneity and recombination
displayed by NTHi (Cody et al., 2003, Connor et al., 2012, LaCross et al., 2013, Lacross et al.,
2008).
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1.3 Antimicrobial Resistance

Antibiotic resistance is a global cause for concern and results from horizontal gene transfer
in bacteria or mutation due to selective pressure. The ability of H. haemolyticus and NTHi
to share genes with each other may offer a potential pool of resistance genes in H.
haemolyticus accessible by the more pathogenic NTHi or vice versa. Recombination has
already been accredited to the transfer of the fts/ gene responsible for penicillin resistance
between NTHi and H. haemolyticus (Witherden et al., 2014, Marti et al., 2016). H.
haemolyticus has recently been found to develop resistance to ciprofloxacin (Witherden et

al., 2014, Marti et al., 2016).

1.3.1 Azithromycin and the Macrolides

National guidelines for the management of exacerbation in COPD inform the local strategy
for treatment of NTHi infections in COPD exacerbations with doxycycline or azithromycin at
University Hospital Southampton NHS Trust (Solutions, 2014, NICE, 2010). Further use of
azithromycin as a prophylactic has been proposed to reduce inflammation and in turn
reduce the number of exacerbation events (Albert et al., 2011). This preventative method
has been contested due to the potential for increasing macrolide resistance in respiratory
bacterial species exposed including NTHi, and increased risk of death in people with
cardiovascular disease (Crosbie and Woodhead, 2013, Mammen and Sethi, 2012, Serisier,
2013). Exposure to azithromycin has been shown to be the driving factor for resistance and
long-term usage has shown to increase the number of resistant strains of S. pneumoniae, S.
aureus and H. influenzae (Albert et al., 2011, Malhotra-Kumar et al., 2007, Bergman et al.,
2006, Leach et al., 1997, Hare et al., 2013, Valery et al., 2013, Phaff et al., 2006, Pettigrew
et al., 2016).

Erythromycin A is a 14 ring structured macrolide derived from Streptomyces erythreus and
has been important in fighting infection since 1952 especially in patients that displayed
intolerance to penicillin (Welch et al., 1952, Haight and Finland, 1952, Vannucchi, 1952).
However, in the 1960’s several reports were made of bacterial species such as S.
pneumoniae, Streptococcus pyogenes, S. aureus, Escherichia coli and Bacillus subtilis
developing resistance to erythromycin (Taubman et al., 1963, Taubman et al., 1966,

McGehee et al., 1968, Ravin and lyer, 1961, Ravin et al., 1969, Hall, 1960, Dobrzanski and
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Pulawska, 1960, Wahl and Fouace, 1961b, Wahl and Fouace, 1961a, Weaver and Pattee,
1964, Rychlik and Cerna, 1968). Resistance coupled with the requirement to improve acid
stability to prevent inactivation of erythromycin A in the stomach environment led to
further research and the development of the erythromycin A oxime. This led to a
succession of semi-synthetic derivatives such as clarithromycin, dirithromycin and
roxithromycin that in turn led to the development of the 15 ring structure semi-synthetic
macrolide named azithromycin (Hardy et al., 1988, Fernandes and Hardy, 1988). The 15
ring structure compared to the 14 ring structure of previous macrolides was achieved by
the use of formaldehyde and formic acid to methylate erythromycin A (Lazarevski et al.,
1998, Djokic et al., 1987). Azithromycin proved to be more effective than erythromycin
against bacterial species such as H. influenzae, N. gonorrhoea, M. catarrhalis and many of
the Enterobacteriaceae, Campylobacter and Legionella sp., and with a lower MIC (Retsema

et al., 1987, Hardy et al., 1988, Fernandes and Hardy, 1988).

Azithromycin is classed as bacteriostatic and works by inhibiting nascent proteins from
exiting the protein exit tunnel within the 50s ribosomal subunit. Azithromycin is shown to
bind to a site close to the constriction of the peptide exit tunnel formed by the L4 and L22
proteins (Lovmar et al., 2004, Garza-Ramos et al., 2001). In addition, azithromycin alters
the assembly of the 50s subunit resulting in ribosome degradation (Petropoulos et al.,
2009, Chittum and Champney, 1995). Azithromycin has displayed species specific binding
patterns with two molecules binding to each ribosome in Deinococcus radiodurans, but

only one per ribosome in the case of E. coli (Petropoulos et al., 2009).

Supplementary to its antimicrobial actions, azithromycin has shown anti-inflammatory
therapeutic effects in conditions such as the emphysetamous lung, meibomian gland
disease as well as in vitro studies on COPD sputum cells and bronchial epithelial cells
(Shinkai et al., 2006, Marjanovic et al., 2011, Zhang et al., 2015, Segal et al., 2016).
Prophylactic use of azithromycin in patients with chronic inflammatory conditions, such as
asthma and bronchiectasis in both cystic fibrosis and non-cystic fibrosis cases has been
shown to minimise the risk of exacerbation occurrence (Menzel et al., 2016, Albert et al.,
2011, Hare et al., 2013, Altenburg et al., 2013, Hansen et al., 2009). Additionally,
azithromycin has been shown to decrease the viral load of rhinovirus, linked to the onset of
acute exacerbations in COPD patients (Menzel et al., 2016). The antiviral effect from

azithromycin administration was induced by interferon expression and was observed in
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asthma and COPD bronchial cells but was not replicated in healthy bronchial cells (Menzel

et al., 2016, Gielen et al., 2010).

More pertinent for this study is the prophylactic use of azithromycin in COPD. Previous
cohort studies had varied durations of administration including daily, every 3 days, every 21
days to 12 months of daily oral therapy (Table 1.1). A reduction in acute exacerbation
frequency in those COPD patients receiving macrolide therapy (erythromycin,
clarithromycin or azithromycin) has been observed in the majority of studies (Table 1.1)
(Albert et al., 2011, Banerjee et al., 2005, Suzuki et al., 2001, Yamaya et al., 2008, He et al.,
2010, Blasi et al., 2010, Gomez et al., 2000). The number of patient numbers in each study
varied from 11-495 in the macrolide treatment groups and 11-502 in the control groups
(Table 1.1). The variation of the studies and the uniformity of the outcome revealed that
macrolide therapy may be a good course of prophylactic treatment for reducing the risk of
the onset of exacerbations. Potentially however this could lead to the increase of resistance

to azithromycin.
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Table 1.1. Effects of macrolide treatment on COPD patients.

Macrolide Treatment | Pts Ptsin Significan Significant difference in Other findings? Ref
therapy Period (mac) (placebo) t hospital admissions?
(mths) reduction
of

Clari 3 26 34 No N/A No improvement of health status (Banerjee et al., 2005)
500mg daily No reduction of bacterial content in sputum

sample
Ery 12 55 54 Yes. Yes Significant reduction in common cold in (Suzuki et al., 2001)
200mg-400mg p=0.0007 p=0.0007 treatment group p=0.002
daily
Clari 42.9 45 78 Yes. Yes. Sputum volume associated withexacerbations (Yamaya et al., 2008)
200-1200mg daily | (mean) p=0.01 p=0.04 p=0.007
Ery 6 16 15 Yes. N/A Reduction in neutrophils in treatment group. (He et al., 2010)
125mg 3 x daily p=0.042 p=0.0005.

Delay in time to first AE in treatment group

p=0.032
Azi 3 54 40 Yes. Yes. (Gomez et al., 2000)
500mg 3/21 days
Azi 6 11 11 Yes. Yes. Delay in time to first AE in treatment group (Blasi et al., 2010)
500mg p=0.001 p=0.02 p=<0.001
3/7 days
Azi 12 495 502 Yes. N/A Treatment group less likely to be colonised with (Albert et al., 2011)
250mg daily p=<0.001 pathogenic bacteria but more likely to be

colonised with macrolide resistant strains.

Hearing decrement in treatment group

significantly larger than placebo group.p=0.04
Azi 12 20 N/A Yes. Yes. Reduction of H. influenzae but not S. pneumoniae | (Pomares et al., 2011)
500mg p=<0.001 with long term use of azithromycin.
3/7 days

mac — macrolide treatment group, placebo = placebo treatment group
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1.3.2 Genetic Mechanisms for Resistance to Macrolides

Resistance to azithromycin and macrolides has generally centred around two mechanisms,
disruption to the binding sites within the bacterial 50s ribosomal protein and efflux pumps
that remove the antibiotic before it has a detrimental effect. The L4 and L22 proteins make
up the protein exit tunnel in the 50s ribosome which is blocked by azithromycin in
successful therapeutic use. Mutations within these proteins have been observed as a
resistance mechanism within NTHi (Pettigrew et al., 2016, Clark et al., 2002). Decrease in
susceptibility to azithromycin has been associated with L4 substitutions A2058G and
A2059C in E. coli, T. palladium, S. pneumoniae and H. influenzae (Clark et al., 2002, Pericet
al., 2003, Tait-Kamradt et al., 2000b, Diner and Hayes, 2009, Katz and Klausner, 2008, Van
Damme et al., 2009, Lukehart et al., 2004). Macrolide resistance has also been observed in
E. coli involving multiple different L4 mutations however substitution K90W in E. coli has
been identified as explicit to increased resistance to erythromycin (Diner and Hayes,2009).
Further to those identified in E.coli, L4 mutations in NTHi have been reported as
substitutions K61Q, T64K, A69S, T82l, G65D and an insertion of GT at position 63. In S.
pneumoniae, again in the same region as NTHi, substitution of GTG for TPS at position 69
has been reported along with a 6 amino acid insertion (REKGTG) at position 69 (Tait-
Kamradt et al., 2000b).

L22 mutations associated with resistance to azithromycin in NTHi include deletions at
position 82 of M and MKR, substitutions R88P, A94E and an insertion of 7 amino acids at
position 72 (Clark et al., 2002). Furthermore, mutations within the 23S rRNA have been

associated with increased macrolide resistance in NTHi (Clark et al., 2002).

Acquired macrolide resistance genes (AMRG) have been frequently reported in S.
pneumoniae and include the erm and mef(A/E genes). The erm genes encode for a
methylase that inhibits the 23S rRNA of the 50s ribosome and the mef(A/E) genes encode
for a drug efflux pump (Pankuch et al., 1998, Tait-Kamradt et al., 1997, Del Grosso et al.,
2002). The mef gene has been shown to be transferable between many bacterial species
including S. pneumoniae and H. influenzae which are both found to co-colonise in the
respiratory tract (Luna et al., 2000, Brandileone et al., 2016, Leach et al., 2016). There are
conflicting reports on the presence or absence of the AMRGs in NTHi. One study claimed to

have identified at least one AMRG using PCR assays in 106 NTHI isolates investigated from
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paediatric cystic fibrosis patients all showing intermediate to full resistance. However, an
Australian study was unable to ascertain the presence of any AMRG in 172 clinical isolates,
59 of which were from cystic fibrosis and 98.8% displaying intermediate or full resistance to
azithromycin (Roberts et al., 2011, Clark et al., 2002, Atkinson et al., 2015, Peric et al.,
2003).

The genotype responsible for azithromycin resistance in NTHi has not always been
successfully identified therefore resistance mechanisms in NTHi require further
investigation (Atkinson et al., 2015, Clark et al., 2002). There is no current data on

resistance to azithromycin in H. haemolyticus. (Witherden et al., 2014).

1.3.3 Adhesins of NTHi

For microbial populations to colonise the host they must overcome mucins, penetrate the
epithelial layer, infiltrate defensive protein structures in the extra cellular membrane and
evade the immune system (Goldsby, 2000). NTHi, like many other bacteria, have evolved to

overcome these defences, and adhesin proteins have been shown to play a pivotal role.

Although H. haemolyticus and NTHi are genetically very similar and have shown the ability
to transfer genetic content, there is still a variation in the behaviour of both species
(Pickering et al., 2016). H. haemolyticus are largely non-pathogenic commensals and has
shown cytotoxicity on binding to epithelial cells whereas NTHi are opportunistic pathogens
and have shown adhesion and invasion capabilities (Pickering et al., 2016, Singh et al.,
2016a). Defining the adhesin genotype therefore may deliver a reason for why these
bacterial species act differently and potentially provide further gene markers for

differentiation.

1.3.4 The Trimeric Autotransporters — Hmw, Hia, Hap and Hsf

High molecular weight (Hmw) and H. influenzae adhesion (Hia) along with Haemophilus
adhesion protein (Hap) are trimeric autotransporters observed throughout Gram negative
bacteria that secrete proteins across the periplasm and outer membranes of the cell wall to
be expressed on the cell surface for interaction with host cells (Figure 1.6) (Meng et al.,
2008, Surana et al., 2004, St Geme and Cutter, 2000, Spahich et al., 2014, Spahich et al.,
2012, Grass and St Geme, 2000, Laarmann et al., 2002, Cutter et al., 2002). The
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autotransporters consist of a C-terminal anchor domain which embeds itself into the outer
membrane creating a pore out to the extracellular area enabling the passenger domain to
travel through the membrane emerging at the bacterial cell surface facilitating interaction

with host cells (Figure 1.6)(Linke et al., 2006, Surana et al., 2004).

Hmw proteins 1 and 2 are NTHi adhesins that are capable of binding to a variety of cells
with a high level of adherence and have been shown to outcompete hmw deficient strains
in colonising rhesus macaques (St Geme et al., 1998, Yang et al., 1998, Vuong et al., 2013,
St Geme et al., 1993, Rempe et al., 2016). Conversely though hmw positive strains have
been reported as significantly (p=0.0001 — p=0.004) more predominant in the middle ear
of otitis media than in nasopharyngeal or throat swabs in healthy patients indicating a
potential survival advantage of hmw positive strains in the middle ear or selective pressure
due to environment (Vuong et al., 2013, St Geme et al., 1998, Ecevit et al., 2004, Davis et
al., 2014b, Xie et al., 2006). This has been disputed by the finding in a study of 97 strains
varying in geographical and disease origins which observed no association between

presence of hmw and site of isolation (De Chiara et al., 2014).

Strains of NTHi positive for hia are generally mutually exclusive to hmw strains although
a small number (3.1%-8.3%) containing both hmw and hia genotypes have been
observed (Barenkamp and St Geme, 1996, St Geme et al., 1998, Satola et al., 2008, St
Geme and Cutter, 2000, Ecevit et al., 2004, Cardines et al., 2012). Hia positive strains are
not as numerous as their hmw counterparts with 8.3% -33% of strains found to harbour
hia compared to 45% - 89% positive for hmw genes (St Geme et al., 1998, Ecevit et
al.,2004, Satola et al., 2008, Cardines et al., 2012). Unlike hmw positive strains hia has
not been observed to be more prevalent at any site of collection within the respiratory

tract or within any disease state (Ecevit et al., 2004).
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Figure 1.6 Trimeric auto transporter structure.
The passenger domain travels up through the C-terminal membrane anchor to the bacterial cell surface.
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Hmw, Hia and Hap are associated with highly adherent and invasive strains of NTHi
suggesting that they play an important role in virulence (Vuong et al., 2013, Rodriguez et
al., 2003, St Geme and Cutter, 2000). NTHi positive for hia and hmw have been identified
as causative strains in paediatric meningitis (Cardines et al., 2007). Hib, although a
frequent cause of meningitis and invasive disease, when present in carriage is not known

to contain Hmw, Hia and Hap proteins.

Insertion elements are short DNA sequences that can move from one location on the
genome to another. Insertion elements can cause mutations by relocating inside a
functional gene. Insertion element IS1016 has been identified in 9.6% of NTHi strains, all of
which are hmw negative and 66-95% are hia positive. (Winter and Barenkamp, 2014, St
Geme et al., 1998, Barenkamp and St Geme, 1996, Satola et al., 2008, Singh et al., 2014,
Singh et al., 2015, Ecevit et al., 2004). 1IS1016 also contains a portion of the cap locus but
does not translate into a capsule, suggesting a potential origin of the insertion element

from capsulated strains (Satola et al., 2008).

Haemophilus surface fibril (Hsf) protein is a trimeric autotransporter and homologue of Hia
found within encapsulated strains (Singh et al., 2014, Ecevit et al., 2004, Satola et al., 2008,
Singh et al., 2015, Laarmann et al., 2002). The Hsf protein binds to a glycoprotein called
vitronectin within the extra cellular matrix (ECM)(Singh et al., 2014). This binding
interaction has been shown to increase levels of adherence and internalisation of Hib
strains as well as masking them from the membrane attack complex and therefore evading

phagocytosis (Singh et al., 2014).

Hia has two binding domains homologous to two of the three binding domains present in
Hsf (Cotter et al., 2005, Radin et al., 2009, Laarmann et al., 2002). Although the binding
properties of Hia within the ECM have yet to be determined there is the possibility that Hia
may bind to vitronectin in a similar manner to Hsf (Singh et al., 2014). A single amino acid
change within Hsf has been shown to affect the binding capacity of the acidic binding
pockets in conserved encapsulated strains, hia is however more associated with the
genetically heterogenic population of NTHi and has shown a marked variance across strains
(Radin et al., 2009). Similarly, hmw and hap also display considerable sequence variation
within NTHi (Giufre et al., 2006, Winter and Barenkamp, 2014, Davis et al., 2014b, Cutter et
al., 2002).
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hap has been observed in 96-100% of NTHi and interacts with members of the ECM namely
laminin, collagen IV and is the primary ligand of fibronectin (De Chiara et al., 2014, Vuong
et al., 2013). Additionally, Hap is capable of autoproteolysis and paradoxically, of creating
microcolonies (Meng et al., 2011, Fink et al., 2003, Fink et al., 2001, Hendrixson and St
Geme, 1998, Klemm et al., 2006). Microcolonies form due to bacterial aggregation, in the
case of Hap this is mediated by the secretory leucocyte protease inhibitor (SLPI), an enzyme
found in respiratory secretions that inhibits the autoproteolysis mechanisms resulting in
autogenic binding of Hap serine protease (Haps) (Hendrixson and St Geme, 1998, Klemm et
al., 2006). Once Hapsaccrues to an optimal concentration, autoproteolysis occurs
overcoming the actions of SLPI, Hapsis cleaved from the bacterial cell and released as an
extracellular protein (Hendrixson and St Geme, 1998). The autoproteolytic ability displayed
by Hap is counterintuitive for microcolony formation or adherence but is thought to both
enable disruption of the epithelial environment to mediate colonisation or disperse
individual cells from microcolonies for migration purposes (Hendrixson and St Geme, 1998,

Fink and St Geme, 2003, Kenjale et al., 2009).

NTHi have been observed in biofilms which are thought to play an important role in
pathogenesis and microbial survival within OM and mucosal surfaces (Hall-Stoodley et al.,
2006, Post, 2001, Ehrlich et al., 2002). The prevalence of hmwA positive strains within OM
suggests that Hmw proteins may play some role within these associated biofilms (Hall-
Stoodley et al., 2006, Post, 2001, Ehrlich et al., 2002, Davis et al., 2014b). Microcolony
formation by Hap, is thought to be an important step in biofilm progression however one in
vitro study has reported that this is not the case and there is no observed requirement for
Hap in biofilm formation (Euba et al., 2015, Meng et al., 2011, Hendrixson and St Geme,
1998). Proteins Hmw and Hia have also been associated with biofilm formation in cystic
fibrosis patients with Hia positive strains resulting in denser biofilms than Hmw positive

strains (Cardines et al., 2012).

Both Hmw and Hia proteins are immunogenic, however phase variation has been observed
in both genes resulting in mediated protein expression (Winter and Barenkamp, 2014,
Atack et al., 2015, Cholon et al., 2008). Reduction in Hmw protein expression has been
observed in persistent strains isolated from COPD over time and correlated to an increase
in 7bp repeats (Davis et al., 2014a, Cholon et al., 2008, Giufre et al., 2008). Reduced Hia
expression has been associated with the extension of a polythymidine tract within the

promoter region of hia (Atack et al., 2015).
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Figure 1.7 Known secondary roles and receptor interactions of the NTHi adhesins.

Hif (Hf), Omp1(P1), Omp2(P2), Omp4(4), Omp5(P5), protein E (PE), protein F (PF), Hia, Hmw and Hap. Hif binds to mucins and displays phase
variation. Omp5 also binds to mucins and has ICAM-1 and CEACAM- 1 cell receptors. Omp1 binds to CEACAM-1 only and Protein E binds to ICAM-1,
laminin, plasminogen, vitronectin and fibronectin. Hia shows phase variation and may also have an interaction with vitronectin. Omp4 binds to
vitronectin and fibronectin. Hap also binds to laminin and is able to form microcolonies. Omp2 creates spontaneous point mutations. And differing

pore sizes. Hmw displays phase variation.
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1.3.5 Outer Membrane Proteins 1, 2, 4, 5, 6 and Proteins E and F

The outer membrane proteins vary in their roles for adherence and virulence.
Nasopharyngeal mucins clear bacteria from the respiratory epithelium and inhibit
colonisation however porin protein Omp2 (omp2) and fimbriae protein Omp5 (ompA)are
able attach to nasopharyngeal mucins assisting in colonisation of NTHi (Reddy et al., 1996,

Jiang et al., 1999, Gallaher et al., 2006).

Omp5 encoded for by ompA has been associated with both the epithelial cell receptors
intercellular adhesin molecule 1 (ICAM-1) and carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAM-1) (Hill et al., 2001, Tchoupa et al., 2015). Omp1 is reported
to be the primary ligand for CEACAM-1 with no residual binding to Omp1 mutant strains
observed unlike Omp5 which did display residual binding to CEACAM-1 in Omp5 mutant
strains (Tchoupa et al., 2015, Garmendia et al., 2014, Hill et al., 2001, Euba et al., 2015).
Cell internalisation has also been associated with Omp1 (Tchoupa et al., 2015). Omp5
binding to, and up-regulating ICAM-1 has been observed but differing reports on the actual
adherence capacity of Ompb5 strains leave its overall role not fully understood. No
association has been observed between Omp5 strains and high adherence and no change
in adherence capacity resulted from sequence variation within ompA, the gene that
encodes Omp5 (Avadhanula et al., 2006, Garmendia et al., 2014, Vuong et al., 2013). Omp5
has however been reported to be critical in a significant (p=0.008) increase in adherence
capacity in NTHi when adhering to epithelial cells pre-infected with respiratory syncytial

virus (Jiang et al., 1999).

Contradictory results have again been reported for the role of Omp5 in biofilms with Omp5
being both identified as an important biofilm protein and required for growth but also
conversely to be nonessential for biofilm formation (Euba et al., 2015, Puig et al., 2014,

Murphy and Kirkham, 2002, Wu et al., 2014).

Similar to Omp5, Protein E is also able to up regulate ICAM-1 along with the chemokine IL-8
to self-propagate binding sites with a 50% reduction in adherence observed in a Protein E
mutant strain (Frick et al., 2000, Ronander et al., 2009). Protein E can simultaneously bind
to plasminogen, vitronectin and laminin in the ECM and is thought to be present in 96.9%

of NTHi (Singh et al., 2013, Hallstrom et al., 2011, Singh et al., 2010). Plasminogenis
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activated into the serine protease plasmin once bound to a ligand, which impedes the
complement pathway in multiple ways providing an additional immune evasion
opportunity to that of vitronectin binding (Barthel et al., 2012b, Barthel et al., 2012a, Singh
et al., 2011). Plasmin also degrades the ECM enabling further invasion and bacterial cell

migration (Godier and Hunt, 2013).

Porin protein Omp2 constitutes approximately 50% of the outer membrane and like Omp5
also adheres to nasopharyngeal mucins (Reddy et al., 1996, Burns and Smith, 1987). Omp2
displays sequence variation which results in a change in pore size and a decrease in
antimicrobial susceptibility to broad-spectrum treatments (Sikkema and Murphy, 1992,
Regelink et al., 1999, Hiltke et al., 2002). Spontaneous point mutations in loop 6 of omp2
have been observed in separately isolated strains suggesting that this could be an immune
evasion mechanism (Duim et al., 1994). Omp2 and Omp1 are found in both NTHi and Hib
and have also both been shown to be important for biofilm production (Munson et al.,

1992, Wu et al., 2014).

Omp4 encoded by hel binds to vitronectin, fibronectin and laminin. Complement immune
evasion through vitronectin binding has been observed alongside increased adherence in

Omp4 (Su et al., 2016).

Although also an outer membrane protein Omp6 is not fully expressed on the surface, with
the majority of Omp6 internally positioned into the periplasmic space of the cell and a
smaller portion exposed (Michel et al., 2013). It has an association with peptidoglycan and
is thought to play an important role in cell integrity by joining the cell wall and outer
membrane (Murphy et al., 2006). Omp6 has also been associated with biofilm growth and
has also has the ability to self-regulate its own expression by binding to its own gene
(Murphy and Kirkham, 2002, Gallaher et al., 2006, Webster et al., 2006, Sikkema et al.,
1992).

1.3.6 Type IV pili and H. influenzae fimbria (Hif)

NTHi produces pili in the form of a type IV secretion system encoded by genes pilA-D and
comA-F with pilA being responsible for the major pili protein. The type IV pili have been

associated with high levels of adherence to epithelial cells with ICAM-1 being the main

49



receptor for PilA (Novotny and Bakaletz, 2016). Mutants of all pil and com genes except
comC were observed to significantly (p=<0.5) reduce the ability of NTHi to adhere to
human bronchial epithelial cells (Carruthers et al., 2012). The type IV pili has furthermore
been identified as important for biofilm formation (Jurcisek and Bakaletz, 2007, Gallaher et

al., 2006, Carruthers et al., 2012, Murphy and Kirkham, 2002).

H. influenzae fimbria (Hif) are surface protrusions encoded by hifA-E that are associated
with adherence and prevent the physical removal of the strains via respiratory mucins
(Weber et al., 1991, Kubiet et al., 2000). A 95% reduction in adhesion to mucins has been
observed in non-fimbriated compared to fimbriated strains (Kubiet et al., 2000). Hif has
been identified in Hib and NTHi but is more associated with non-invasive strains of the
latter (Mhlanga-Mutangadura et al., 1998). Mediation of Hif levels are reported to be
facilitated by phase variation of the hifA and hifB genes possibly again to avoid immune
clearance or to enable the chronic colonisation of patients where bronchial secretions are
not cleared such as in the case of cystic fibrosis. (Pichichero et al., 1982, Weber et al., 1991,
van Ham et al., 1993, Kubiet et al., 2000). Adhesion to mucins differs between sample type
with NTHi isolated from sputum more adhesive to mucins than those isolated from blood
samples indicating an environmental response (Kubiet and Ramphal, 1995). Strains
containing hifB and hifC have been more prevalently isolated from the throat of healthy
subjects than those isolated from middle ear effusions samples from OM patients (Ecevit et

al., 2004).

Protein F is thought to be a ubiquitous protein throughout NTHi and interacts with laminin
in the ECM (Jalalvand et al., 2014, Jalalvand et al., 2013). A reduction of 64% in adherence
to bronchial epithelial cells was observed in mutant Protein F strains (Jalalvand et al.,

2013).

1.3.7 Immunogenicity and Potential Vaccine Candidates

As well as their pathogenic properties, interest in adhesins stems from the ability of many
to evoke an immune response and as such, a number of these proteins have been
investigated further for vaccine development purposes. A vaccine composing of epitopes

from both PilA and Ompb5 significantly reduced (p=<0.05) biofilm within the middle ear of
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chinchilla model and has since been granted a US patent (Novotny et al., 2009, Bakaletz,

2014, Novotny et al., 2011).

Hia and Hmw are highly immunogenic and are targets for opsonophagocytic activity
(Winter and Barenkamp, 2014, Yang et al., 1998). hia however, is only observed in 8.3%-
33% of strains and therefore may not be effective as a single target for immunisation
purposes (Ecevit et al., 2004, Satola et al., 2008, St Geme et al., 1998, Cardines et al., 2012).
Phase variation within hia and hmwA moreover mediates immune evasion in both proteins
further reducing the likelihood of Hia being sufficiently prevalent to be useful as a sole
vaccine candidate (Davis et al., 2014a, Atack et al., 2015, Cholon et al., 2008). HmwA and
Hia are mutually exclusive within strains and anti-sera to Hmw was unable to eradicate Hia

positive strains and vice versa (Winter and Barenkamp, 2014).

The outer membrane proteins are prime vaccine candidates due to their exposure on the
cell surface. Immunoprecipitation studies of intranasal immunisation with outer member
vesicles (OMV) from NTHi identified Omp1, Omp2, Omp5 and Omp6 as importantantigenic
proteins (Roier et al., 2012, Roier et al., 2015). Omp2 holds particular interest as it is the
predominant surface protein and has been shown to invoke an immune response in
multiple studies, though a drawback of using omp2 as a vaccine component is the reported
seqguence variation, which has resulted in strain specific immunity (Murphy and Bartos,
1988, Troelstra et al., 1994, Yi and Murphy, 1997, Munson et al., 1992). Using recombinant
Omp2 has resulted in a more cross-reactive response and a further investigation resultedin
epitopes from the external loop structures being identified as potential vaccine candidates
(Ostberg et al., 2009, Neary and Murphy, 2006, Neary et al., 2001). External loop structures
five and six have displayed antigenic capabilities and although point mutations and
resulting amino acid alterations have been reported, a conserved epitope from loop six
found in a third of strains culminated in a multi strain response (Yi and Murphy, 1997,Duim
et al., 1994, Neary and Murphy, 2006, Neary et al., 2001, Regelink et al., 1999). Omp5 and
Omp1 are also heterologous in nature within NTHi therefore suitability for vaccine
candidature has been questioned (Munson et al., 1992, Novotny and Bakaletz, 2003,
Bolduc et al., 2000, Roier et al., 2012, Roier et al.,2014).

Proteins F, Omp4 and Hap are both thought to be ubiquitous within strains of NTHi, with
Protein E present in 98.6% and all have been shown to solicit an immune response (Green

et al., 1991, Hotomi et al., 2005, Roier et al., 2012, Roier et al., 2014, Green et al., 2005,
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Jalalvand et al., 2013, Su et al., 2013, Singh et al., 2011). Omp4 is an enzyme and therefore
mutations to remove the enzymatic ability to ensure suitability for vaccine have been
performed and resulted in successful recombinant candidates (Green et al., 2005).
Recombinant Omp4 when bound to a cholera toxin resulted in clearance of intranasal
carriage of NTHi in mice (Su et al., 2016, Hotomi et al., 2005). Immunisation with Protein

F and Protein E resulted in pulmonary clearance of NTHi in mice (Ronander et al., 2009,
Jalalvand et al., 2014). Haps when attached to a cholera toxin adjuvant (CT-E29H) was
shown to stimulate an enhanced immune response in intranasally administered mice

reducing nasopharyngeal carriage (Cutter et al., 2002).

Due to the ability of Omp6 to elicit bactericidal antibodies there has been a lot of interest
in the potential for Omp6 as a vaccine candidate despite the majority of the protein being
internally positioned and not immunogenic (Michel et al., 2013, Wu et al., 2005, Sabirov et
al., 2004, Sabirov et al., 2009, Pichichero et al., 2010, Hotomi et al., 1996, Hotomi et al.,
2002, Hotomi et al., 1999). The surface exposed section of Omp6 is immunogenic with up
regulation in IL-10, TNF-a and IL-8 documented and only a small percentage of surface
exposed Omp6 found necessary to invoke an efficient immune response (Berenson et al.,
2005). Investigations into intranasal immunisation in murine models with recombinant
Omp6 and cholera toxin or adamantylamide dipeptide as adjuvants revealed clearance of
NTHi from the sinuses, nasopharynx and middle ear intimating a method of protection
against OM, sinusitis and lung infection (Sabirov et al., 2004, Bertot et al., 2004, Hotomiet
al., 1996, Hotomi et al., 2002). Natural maternal antibodies to Omp6 and NTHi have been
shown to reduce the risk of OM in breastfed babies however an increase in protection to
NTHi infection passed onto the offspring in a mouse model has also been reported after
maternal mice were intranasally immunised with Omp6 (Sabirov et al., 2009, Yamauchi et
al., 2006). Evidence has shown that Omp6 also shows sequence variation and is not
conserved in all strains of NTHi with 5.6% (eight from 151 strains) and 4.9% (eight from163
strains) displaying structural changes (Chang et al., 2011, Chang et al., 2010, Karalus and
Murphy, 1999).

In summary, adhesins enable bacteria to adhere to cells within the host, the first crucial
step of colonisation (St Geme et al., 1998, Yang et al., 1998, Vuong et al., 2013, Carruthers
et al., 2012, Barenkamp and St Geme, 1996, Satola et al., 2008, Ronander et al., 2008,
Jalalvand et al., 2013). Despite their ability to invoke immune responses, adhesins are

important tools for colonisation and pathogenesis of NTHi utilising phase variation and
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binding to different glycoproteins within the ECM to avoid immune clearance (Cutter et al.,
2002, Ecevit et al., 2004, Hallstrom et al., 2009, Barthel et al., 2012b, Berenson et al., 2005,
Winter and Barenkamp, 2014, Atack et al., 2015, Cholon et al., 2008, Novotny et al., 2009,
Fink et al., 2002).

The result of these interactions also enables further degradation of the ECM to enable cell
migration and deeper infiltration of the basement membrane (Godier and Hunt, 2013).
Contradictory studies of genotypes responsible for biofilm formation reveal that the
adhesins role in NTHi biofilms is yet to be fully determined however biofilms have been
observed within the middle ear of otitis media and respiratory tract of COPD patients
(Cardines et al., 2012, Carruthers et al., 2012, Gallaher et al., 2006, Murphy and Kirkham,
2002, Euba et al., 2015, Jurcisek and Bakaletz, 2007).

Currently there is limited research into H. haemolyticus and the capabilities and
mechanisms for adherence. It has, however, been reported that H. haemolyticus is unable
to invade epithelial cells and shows different behaviour to NTHi on binding with epithelial
cells (Singh et al., 2016a, Pickering et al., 2016). After 24 h H. haemolyticus displays a
cytotoxic response unlike the invasive action of NTHi (Pickering et al., 2016, Clementi et al.,
2014, Singh et al., 2016b). This could indicate that adhesin genotype may be one area that

may differ substantially between the two species.

1.3.8 Advances in Next Generation Sequencing and Comparative
Genomics

Since the discovery of structural DNA in 1953, methods to investigate genes and genomes
have continually developed and improved. First generation sequencing started with the
development of the Sanger chain termination method in 1977, the first automated systems
were introduced by Applied Biosystems in 1987 and by 2005 the development of the
Genome Analyser™ by Solexa, and the birth of ‘Next Generation Sequencing’(NGS)
enabled massive scale parallel sequencing and increased the resulting read length
significantly. NGS technologies now enable a reasonably priced method for in depth
genomic analyses with sequencing by synthesis currently the most widely adopted method

as illustrated in Figure 1.8.
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Reductions in sequencing costs have seen the technology out compete Moore’s Law
prediction that has seen the cost of a human genome fall from US$340000 in 2008 to
USS$4200 in 2015 (Muir et al., 2016). The advancements and accessibility of sequencing
have yielded much greater insights into bacterial species, enabling outbreak analysis in
both nosocomial infections such as P. aeruginosa, VRE or MRSA or food/water borne
occurrences from bacteria such as C. jejuni (Lahti et al., 2016, Harvala et al., 2016, Revez et
al., 2014a, Revez et al., 2014b). Whole genome sequencing has enabled the monitoring of
evolution and spread of pathogenic strains and antimicrobial resistance (Almofti et al.,
2011, Caro-Quintero et al., 2009, Feil et al., 2004, Morley et al., 2015). Behaviour of
bacterial species in infection and their adaptation can also be traced using whole genome
sequencing (McNally et al., 2013, Darch et al., 2015, Kozitskaya et al., 2004, Morley et al.,
2015). In addition, in silico taxonomy methods enable comparison of whole genomes to
identify species similarity (Richter and Rossello-Mora, 2009, Konstantinidis and Tiedje,

2005b).

The distributed genome hypothesis describes how bacteria employs a strategy of
interchanging genes from a supragenome pool to ensure persistence in chronic diseases
(Ehrlich et al., 2010). The supragenome, alternatively named the pan genome, is not
therefore contained within one particular strain but spread across naturally transformable
strains which are able to utilise a full complement of genes to their advantage resulting ina
genetically divergent species (Ehrlich et al., 2010). Whole genome sequencing enables the
compilation of the pan genome, however it also enables identification of the core genes
that are found in 100% of strains in addition to the accessory genes i.e those that are
interchangeable. For the first time the full extent of the pan genome along with defining
the core and accessory components has been ascertained by accumulation of sequencing
data for a species (Hogg et al., 2007, van Tonder et al., 2014). This will facilitate better
understanding of gene distribution, virulence and disease potential for clonal strains

(Walkowiak et al., 2016, van Vliet, 2016, Liu et al., 2016).
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Figure 1.8 Sequence by synthesis method.

Initially tagmentation involves fragmenting DNA and adding adapters to the ends of the
fragments. The adapters contain indices and regions complimentary to two types of oligo
that are attached in a lawn to a flow cell. The adapters on the fragments attach to the first
oligo (step 2). A polymerase extends a complimentary strand to the original fragment (step
3) which on completion of the complimentary strand, the original is washed away (step 4).
The resulting strands bend and attach to the remaining oligo and polymerases extend the
strand creating a double stranded bridge (step 5), the bridge is denatured resulting in two
strands attached to the flow cell that undergo bridge amplification. This step is carried out
repeatedly resulting in clusters of identical strands through clonal amplification (step 5).
When clonal amplification is complete the reverse strands are cleaved and washed off.
Four of each dNTP tagged each with unique fluorescence are released and competitively
attempt to bind to the strand at the next available position with only the complimentary
base to the strand being successful. A light source excites the unique fluorescent signal on
the successfully attached base informing the sequencer of the nucleotide at that position
(step 7). This continues until the read length is reached (step 7). Once the strands have
been read the process is repeated only this time using the second oligo and reverse
strand. The stronger the signal intensity the higher the base call which is the quality

measurement for the certainty of the base pair noted at that position within the read.
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1.4 Aims, Objectives and Hypotheses
1.4.1 Summary

NTHi has been identified as having a role in exacerbations in COPD and is the main
pathogen isolated from the COPD lung (Bandi et al., 2003, Berenson et al., 2006a, Erb-
Downward et al., 2011, Moghaddam et al., 2011, Murphy et al., 2004, Murphy et al., 2007,
Wang et al., 2016). H. haemolyticus has been isolated from COPD patients as well as
healthy children and those prone to otitis media (Murphy et al., 2007, Kirkham et al.,
2010). Standard culture based microbiology methods are limited in their ability to both
identify and monitor evolution and genetic variation within H. influenzae and H.
haemolyticus. Molecular methods offer a more detailed insight and can generate better
resolution. The two species appear to be too similar to discriminate using any one method,;
this infers a high rate of horizontal gene transfer between the two species potentially
allowing for the spread of resistance and virulence factors (Binks et al., 2012, de Gier et al.,

2015, Ridderberg et al., 2010).

The misidentification of H. haemolyticus as NTHi has implications for treatment as
inappropriate administration of antimicrobials could result in increased resistance in H.
haemolyticus (Marti et al., 2016). This could in turn allow the transfer of resistance
mechanisms through horizontal gene transfer from H. haemolyticus to the pathobiont H.
influenzae (Witherden et al., 2014). In addition, the misidentification of H. haemolyticus as
NTHi may lead to the underestimation of the pathogenic role of H. haemolyticus in disease

(Jordan et al., 2011, Anderson et al., 2012, Morton et al., 2012).

Molecular methods give a more in depth view with MLST allowing for clustering of related
strains (Meats et al., 2003, Maiden, 2006). However, this has been found to be inadequate
in identifying atypical strains of NTHi as strains lacking the fucK gene cannot be typed (de
Gier et al., 2015, Ridderberg et al., 2010). Traditional PCR allows for the presence of target
genes to be detected however in silico PCR allows allele concatenation to inform the

relationship between strains with more resolution.
The relatively recent advances in sequencing technology, with the associated reduction in

costs have enabled the whole genome analysis (WGA) of large sample sets. WGA enables a

complete view of the variation of NTHi within collections of samples. Comparing whole
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genomes of strains will potentially identify more specific regions of interest and further

characterise the relationship between H. haemolyticus and NTHi.
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1.4.2 Hypothesis

Atypical strains of non-typeable H. influenzae (NTHi) isolated from the COPD lungdisplay

genetic diversity resulting in a species continuum between NTHi and H. haemolyticus.

1.4.3 Aims

The overall aim of this study is to investigate the genetic diversity of H. influenzae and H.
haemolyticus isolated from the COPD lung, identifying regions of interest that may assist in
the understanding of virulence, pathogenesis and resistance within these strains and also

potentially inform vaccine development.

1.4.4 Objectives

Specific objectives are as follows:
1 Toascertain whether there is a continual spectrum of genotype between H.
influenzae and H. haemolyticus present in COPD.
2. To identify the role of adhesins from NTHi and H. haemolyticus inCOPD.
3. Toinvestigate the potential genotypes describing antibiotic resistance to
azithromycin within NTHi isolated from COPD.
4. Toidentify the pan-genome of NTHi strains isolated from COPD and the core

genome associated with NTHI and H. haemolyticus
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2 Methods

2.1 Study Details and Sample Section

2.1.1 Isolates - AERIS Study

The isolates to be analysed in this study were generated from the AERIS COPD study (REC
ref: 11/H0502/9) as previously detailed (Bourne et al., 2014). In summary, sputa were
collected monthly and on event of an exacerbation, where possible, from a planned cohort
of 120 patients with moderate to severe COPD. Sputa collected from patients were
processed within a 6 hour window inoculated onto culture media and identified using
standard microbiology methods in the Southampton Public Health England (PHE)
laboratory. A single colony of H. influenzae from the culture media was suspended

into skimmed milk, tryptone, glucose, and glycerin (STGG) (Bio-trading, Mijdrecht, The
Netherlands) and stored at -70°C. Where possible, ten isolated colonies were separately
collected and stored for each sputum sample. These samples were further identified as H.
influenzae using a PCR assay targeting IgtC by GSK before being delivered back to the

University of Southampton for further investigation.

2.1.2 Reference Isolates

Reference isolates were purchased from the PHE National Culture of Type Cultures (NCTC)

and used throughout assays (Table 2.1).

Table 2.1 Details of NCTC reference strains used throughout study

NCTC Number Species Details of isolation

4842 H. influenzae Isolated from respiratory tract, 1935.
Biotype llI

7279 H. influenzae Meningitis, 1947. Biotype I.

8467 H. influenzae Cerebrospinal fluid, meningitis, 1944.
Biotype I.

10659 H. haemolyticus Sputum, chest infection, 1969.

10839 H. haemolyticus Infant nasopharynx. 1972.
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2.2 Phenotypic and Culture Based Methods for Differentiating NTHi
from H. haemolyticus

2.2.1 Initial Identification of NTHi

Identification of NTHi was achieved by colony morphology on chocolate agar (Oxoid,
Basingstoke, UK) and requirement of X+V factors (Oxoid, Basingstoke, UK) on blood base
agar (Oxoid, Basingstoke, UK). Samples were inoculated onto chocolate agar and incubated
at 37°Cin 5% COz. Colonies that were morphologically identified as potential NTHi were
further inoculated onto blood base agar for identification of growth factor requirements as
detailed below. Positive isolates for X+V factors only were suspended into STGG
(BioTrading, Mijdrecht, The Netherlands) and stored at -80°C. For all AERIS isolates culture
identification was initially carried out in the Public Health England laboratories at University

Hospital Southampton NHS Foundation Trust.

2.2.2 X+V Growth Factors

All isolates in STGG were defrosted at room temperature and then streaked onto a
chocolate agar plate (5% haemolysed blood agar, Oxoid, Basingstoke, UK) using a 10ul
sterile loop. After overnight incubation at 37°C at 5% CO: duplicate colonies were picked
from the chocolate agar plate using a 1l sterile loop and inoculated onto the middle of
blood base agar plate (Oxoid, Basingstoke, UK). A sterile cotton wool swab was dipped into
distilled water and used to spread the bacteria over the plate. Three discs containing X+V, X
and V growth factors (Oxoid, Basingstoke, UK) were positioned in a triangular formation
with sufficient room between them to ensure no merging of the growth factors occurred.
The plates were incubated at 37°C at 5% CO2overnight. An isolate was determined as
positive for X+V growth factor requirement if the only growth on the plate occurred around
the disc containing both X+V factors. If growth was observed around the other discs the

isolate was discarded from the study.

2.2.3 Haemolysis

Haemolysis was determined by growth on blood agar. Isolates were first defrosted at room
temperature. A 10yl sterile loop was then used to inoculate Columbia blood agar (5% horse

blood, non-haemolysed, Oxoid, Basingstoke, UK). The plates were incubated at 37°Cin5%
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CO20vernight and checked for distinguishable haemolysis around colonies. The plates

were re-incubated and checked again at 48 h and 72 h.

2.2.4 Hydrogen Sulphide Production

The presence of hydrogen sulphide was ascertained by the inclusion of a lead acetate strip
(Sigma-Aldrich, Shaftesbury, UK) in the lid of a chocolate agar plate. A 1pl loop was used to
inoculate the plate from the STGG containing the isolate. This, along with the lead acetate
strip was incubated overnight at 37°C at 5% COz. After incubation, the lead acetate strip
was checked for blackening indicating the isolate positive for production of hydrogen

sulphide. All plates were re-incubated and re-investigated after 48 h.

2.2.5 Antibiotic Susceptibility

Isolates were removed from frozen storage and allowed to defrost at room temperature.
Samples were inoculated onto chocolate agar (Oxoid, Basingstoke, UK) and incubated at
37°C at 5% COz overnight. Resulting growth was resuspended into Mueller-Hinton broth
(Oxoid, Basingstoke, UK) at a density of MacFarland standard 0.5. This was used to
inoculate Haemophilus test media (HTM) plates (BD, Oxford, UK) in a thorough lawn
pattern. Plates were left to dry for no longer than 10 minutes. Etests® (Biomerieux,
Basingstoke, UK) for azithromycin were placed on the centre of the plate. The HTM plates
were incubated at 37°C at 5% CO2 overnight. The minimum inhibitory concentration (MIC)
of each isolate was read as the point on the gradient where the bottom of the ellipse of

growth made contact with the Etest®.
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2.3 Next Generation Sequencing of Haemophilus spp. isolates.

2.3.1 Extraction of Genomic DNA

H. influenzae isolates stored in STGG were removed from frozen storage at -70°C and
allowed to defrost at room temperature. Using a 10pl sterile loop in a class Il hood the
samples were inoculated onto chocolate agar (Oxoid, Basingstoke, UK) in a streaking
formation. The agar was incubated at 37°C in 5% CO2overnight. Ten colonies from the
resulting growth were suspended in 180l of ATL buffer supplied within the QiaAmp mini
DNA extraction kit (QiaGen, Manchester, UK). To each suspension, 20ul of proteinase K
(QiaGen, Manchester, UK) was added and these were then placed into a water bath at 56°C
for 2 h. DNA extraction was then performed using the QiaAmp mini kit (QiaGen,

Manchester, UK) as per the manufacturer’s instructions.

2.3.2 DNA Quantification

DNA quantification was performed using a Qubit® fluorimeter (Life Technologies,Paisley,

UK) according to the manufacturer’s instructions.

2.3.3 Short Read Sequencing - MiSeq™

Extractions were diluted to 0.2ng ul using the following equation to calculate the required

amount of DNAse/RNAse free water (Gibco, Paisley, UK):

(sample concentration) 1
0.2

De novo sequencing was performed in batches of 24 extractions using a MiSeq™ benchtop
sequencer (Illumina®, Saffron Walden, UK). DNA library preparation was completed using
the Nextera® XT DNA Prep Kit (Illumina, Saffron Walden, UK) following the manufacturer’s
instructions. Indices from the Nextera® XT DNA Prep Kit were added to tag each sample (
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Table 2.2, Table 2.3). Amplification steps were carried out on the Veriti™ Thermocycler
(Applied Biosystems®, Paisley, UK) starting with a hold temperature of 72°C for 3 min
followed by 12 cycles of 95 °C for 40s and 55°C for 30 s, then 5 min at 72°C and a hold
temperature of 10°C. PCR purification was carried out using AMPure® XP beads (Beckman
Coulter, High Wycombe, UK) according to manufacturer’s instructions. Following washing
in ethanol, beads were resuspended in 50l of resuspension buffer to elute the DNA.
Eluted DNA was then transferred to PCR strip tubes. Library normalisation and preparation
was carried out using the Nextera® XT DNA prep kit (Illumina,Saffron Walden, UK). The
samples were loaded onto the MiSeq™ cartridge, which was placed on the MiSeq™ for
sequencing. This resulted in fastq files containing the resulting paired end short read
(2x250bp) sequences. Successful run thresholds were cluster densities of

~1000K/mm? and quality scores of >80% reads at Q30.
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Table 2.2. Indices used to identify sequences from sample on Illumina MiSegq.

Index 1 Primer set | Sequence Index 2 primer set | Sequence
N701 TAAGGGCGA N502 CTCTCTCTAT
N702 CGTACTAG N503 TATCCTCT
N703 AGGCAGAA N504 AGAGTAGA
N704 TCCTGAGC N505 GTAAGGAG
N705 GGACTCCT N506 ACTGCATA
N706 TAGGCATG N507 AAGGAGTA
N707 CTCTCTAC N508 CTAAGCCT
N708 CAGAGAGG

N709 GCTACGCT

N710 CGAGGCTG

N711 AAGAGGCA

N712 GTAGAGGA

Table 2.3. Example of sample sheet indicating index 1 and 2 primers in a mix specific to

each sample.

Indices N502 N503 N504 N505
N701 Sample 1 Sample 2 Sample 3 Sample 4
N702 Sample 5 Sample 6 Sample 7 Sample 8
N703 Sample 9 Sample 10 Sample 11 Sample 12
N704 Sample 13 Sample 14 Sample 15 Sample 16
N705 Sample 17 Sample 18 Sample 19 Sample 20
N706 Sample 21 Sample 22 Sample 23 Sample 24

64




2.3.4 Sequencing Statistics

Quality analysis was performed using fastQC (Andrews, 2012). Depth or coverage was

ascertained by using the following equation:

C=LN/G

Where L is the average read length, G is the expected genome size, in this case 1,830,138bp
defined by the first whole H. influenzae genome sequenced (KW20 RD) and N equals the

number of reads (Fleischmann et al., 1995).

2.3.5 Assigning Sequence Type to Isolates Through Multi Locus
Sequence Typing

Paired end read analysis was performed using the Haemophilus MLST database using SRST2
on short read sequence data (Inouye et al., 2012). Sequence type was determined and
recorded using the seven housekeeping genes used for sequence typing H. influenzae

(adk, atpG, frdB, fucK, mdh, pgi and recA) (Meats et al., 2003). MLST data was visualised
and compared to public database of MLST data using eBurst (Feil et al., 2004). Phyloviz was
used to generate a visualisation of neighbour joining tree of MLST data (Francisco et al.,

2012).

2.3.6 Assembling Genomes and Assessing Quality

Trimmomatic was used to trim adapter sequences from Fastq raw reads (Bolger et al.,
2014). Following trimming, de novo assembly was done using MaSuRCA (Zimin et al., 2013).
A script was written to enable batch assemblies with MaSuRCA. The script enabled the
preparation of folder structures for assembly, addition of required file and extraction and
renaming of final assembled genome files (Appendix 1). Assemblies were then assessed for

quality.
All assemblies were passed through the assemblathon perl script to calculate statistics

related to the success of the assembly (Earl et al., 2011). The metrics that were used are as

follows:
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* Number of contigs — a contig is a continuous sequence that has been assembled
from the shorter reads in the sequencing data. Ideally a whole genome would sitin
one contig however this is currently unachievable from short read sequence data.
Therefore, the larger the number of contigs the more fragmented the assembly.
Ideally, when taken into account with the other two statistics, fewer contigs means
a less fragmented and more successful the assembly. Assemblies were re-
investigated where an assembly returned more than 300 contigs, size of assembly,
N50 and fastQC results were consulted and a decision made for a need for re-
sequencing the isolate.

* N50-This figure is the length at which all contigs of this length and larger contain
at least half of the size of all lengths of the assembly. The N50 offers a rough
median average compared to the resulting assembly size. The larger the N50
length the less fragmented the assembly. This is used in context with the othertwo
statistics however a minimum of 30,000 is preferable (Earl et al.,2011).

* NG50 - This figure is similar to the N50 but offers greater accuracy as it is
compared to the expected genome size rather than the assembly size (Earl et al.,
2011).

* Size of the assembly — This should be around the known size for the H. influenzae
genome. Severe deviations from the 1,830,138 base pairs of the initial H.
influenzae KW20 Rd genome assembled should be re-investigated (Fleischmannet

al., 1995).

2.3.7 Reporting Genotypes

PROKKA was used to annotate assembled genomes using default settings resulting in

annotated files (Seemann, 2014).

Mapping of paired-end reads using specifically chosen GenBank references (Table 2.4)was
done using SRST2 (Inouye et al., 2014, Benson et al., 2016). CD-HITS was used to prepare
the GenBank reference for use with SRST2 (Appendix 1) (Inouye et al., 2014, Benson et
al., 2016, Fu et al., 2012). Minimum coverage was set to 60. Maximum divergence set to
40. Resulting fasta files contained mapped consensus allele for each isolate for each

target gene if present.
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The in silico PCR experiment simulation system (IPCRESS) tool allows multiple primers to be
applied to sequencing data simultaneously. IPCRESS mimics traditional PCR with sequences
complementary to the primers being identified within the assembled genome data and
resulting in sequences between the primers (Table 2.5). It is part of the Exonerate package
developed and supplied by the European Bioinformatics Institute (EBI), which results in a
putative sequence (Slater and Birney, 2005). IPCRESS was used to ascertain gene presence
or absence where stated and was used in the command line (Appendix 1). Mismatching of

primers was set to three base pairs.

For antibiotic resistance genotyping published primers (Table 2.5) for resistance genes
erm(A/B/C/F) and mef(A/E) along with L4 and L22 were applied using IPCRESS with
mismatch set to a maximum of 3 base pairs. Primers were tested against positive control

sequences shown in Table 2.6.

Confirmation of gene presence was also obtained by searching for gene names within
annotations using exonerate to default settings and the grep function (Slater and Birney,

2005).

Confirmation of allele identification was carried out when required by comparing the
mapping result to the BLAST database online using the megablast algorithm

(https://blast.ncbi.nlm.nih.gov/Blast.cgi)(Figure 2.1)(Altschul et al., 1990).

Multiple small sequences were aligned using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/) and pairwise protein sequence alignments
were carried out using EMBOSS NEEDLE
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/) to default settings (Sievers et al., 2011,
Rice et al., 2000).
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Align all isolates and construct tree. MEGA 6.0
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!
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!
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Figure 2.1 Identifying presence and absence of gene markers in sequence data.
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Table 2.4 GenBank reference sequences used for mapping

Gene GenBank Accession Ref

fucK CP009610.1 (287354..28876) Mell et al., 2013, (unpublished)

fucP CP000057.2 (823471...824757) (Harrison et al., 2005)

hap U11024.1 (St Geme et al., 1994)

hia U38617.2 (Barenkamp and St Geme, 1996)

hmwA AY601283.1 (Ecevit et al., 2005)

hmw2A U08875 (352...4785) (Barenkamp and St Geme, 1994)

hif U19730.1 Green,B.A. and Olmsted,S.B. 1995
(unpublished)

hpd CP002277.1 (1826771...1827865) | VanWagoner et al., Strain R2866 ,
2004 (unpublished)

hsf U41852.2 (St Geme et al., 1996)

iga M87492 (4124...4978) (Sandstedt et al., 2008)

(conserved

beta core)

IgtC CP002277.1 (315813...316835) VanWagoner et al., Strain R2846 ,
2004 (unpublished)

omp1l CP000057.2 (491079...492455) (Harrison et al., 2005)

omp2 (P2) | CPO00057.2 (216249...217846) (Harrison et al., 2005)

omp4 (hel) | M68502.1 (Green et al., 1991)

omp5 (P5) | L20309.1 (Munson et al., 1993)

omp6 (P6) | M1939.1 (Nelson et al., 1988)

pilA CP000057.2 (396415...396864) (Harrison et al., 2005)

protein E CP002276.1 (463373...463855) VanWagoner et al., Strain R2866,
2004 (unpublished)

smpB NC_000907.1 (Fleischmann et al., 1995)

(1038488...1038973)
sodC AFQQ01000001.1 (Jordan et al., 2011)

(155446...156018)
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Table 2.5 In silico PCR primers used for ascertaining presence/absence of gene markers and antibiotic resistance alleles within Haemophilus spp.

Gene Forward Reverse Ref

iga (B core) TGAATAACGAGGGGCAATATAAC TCACCGCACTTAATCACTGAAT (Sandstedt et al., 2008)
hpd CAAAGTGTTGAAAAAATATGGCTATGA GTTGCACCTGATTTATTCAATAATGC (Pickering et al., 2014a)
fuckK ACCACTTTCGGCGTGGATGG AAGATTTCCCAGGTGCCAGA (Meats et al., 2003)
fucP GCCGCTTCTGAGGCTGG AACGACATTACCAATCCGATGG (Price et al., 2015)

IgtC CGGACTGTCAGTCAGACAATG CTCAAAATGATCATACCAAGATG (McCrea et al., 2008)
omp2 GGTGAAGTAAAACTTGGTC GCGCCTAATACTAAACCATC (Hiltke et al., 2002)
omp6 ATGAACAAATTTGTTAAATCA TTAGTACGCTAACACTGC (Murphy et al., 2007)
smpB ATTAAATGTTGCATCAACG GACTTTTGCCCACGCAC (Reddington et al., 2015)
sodC GTGCGGTATGTTCAGTTG AGGCCATAGTTAGATTCAGTAAT (Latham et al., 2015)
ermA ACAAGACAACGTAATAGAAATCG CTTTTATATTCTCAGAGGGGTTTAC (Atkinson et al., 2015)
ermB TCATCCTAAACCAAAAGTAAACAG TTAGTAAACAGTTGACGATATTCTC (Atkinson et al., 2015)
ermC AGTACAGATATAATACGCAAAATTG ATGCCAATGAGCGTTTTG (Atkinson et al., 2015)
ermF TTGAAACTTGTCTATGAGGTAGG CTCTAACAGACAGGAAATAAATGC (Atkinson et al., 2015)
mefA GGATCGTCATGATAGGAAGAAG CAGGTAGCTCCATATAGAATGC (Atkinson et al., 2015)
mefE CCTAAGCTGGGTAATCAAGTG CTAAGAGTAATAAGGCAAACAATCC (Atkinson et al., 2015)
L4 TTAAGCCGGCAGTTAAAGC CACTTAGCAAACGTTCTTG (Peric et al., 2003)

L22 CGGCAGATAAGAAAGCTAAG TGGATGTACTTTTTGACCC (Peric et al., 2003)

23S LN831035.1(270311-273445) Unpublished. Wellcome Trust Sanger GenBank

GenBank reference used in SRST2 for gene
mapping.

Institute, March 2015
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Table 2.6 GenBank reference sequences used as positive controls for primers forantibiotic

resistance.

Primers for gene

GenBank reference

Ref

ermA
ermB
ermC
ermF
mefA
mefE

X03216.1
M11180.2
NC_001395.1
AF21923.1
U70055.1
U83667.1
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2.3.8 Phylogenetic Analysis of Consensus Alleles from Gene Markers

Consensus alleles were collated into one fasta file and aligned in MEGA 6.0 using MUSCLE
UPGMB clustering method on default settings (Tamura et al., 2013, Edgar, 2004).

Neighbour joining or maximum likelihood trees were created using MUSCLE with bootstrap
reiterations set to 500 resulting in Newick files (Edgar, 2004). Newick files were used to
create radial trees in FigTree 1.4.2 or used alongside metadata files in microreact

(http://www.microreact.org) (Rambaut).

Core alignments from ROARY were used to create maximum likelihood trees constructed in
RAXML using the GTRCAT model for heterogeneity on CIPRES (https://www.phylo.org/ ) on
default settings (Stamatakis, 2014, Miller et al., 2015).

2.3.9 Pan Genome and Gene Association

ROARY was used to calculate the pan genome from annotated genomes using default

settings (Page et al., 2015).

Scoary is a python script for developed to calculate association of genes present with a
phenotypic trait from a metadata file and ROARY output gene_presence_absence.csv.
Metadata files were created in text files containing information on chosen isolates and
the relevant trait alongside the gene_presence_absence.csv ROARY output containing a
presence/absence matrix of annotated genes in all the isolates (Page et al., 2015,
Brynildsrud et al., 2016). Scoary was used with all default parameters except the standard

number set to -12.

2.3.10 Visual Representation

R studio was used for graphical representation for graphs, barcharts and dotplots using
ggplots2 (http://ggplot2.org/) (Team, 2015).

Pan genome visualisations of heatmaps for distribution and plots were created

using create_pan_genome_plots.R (https://github.com/sanger-
pathogens/Roary/blob/master/bin/create_pan_genome_plots.R) and python script

roary_plots.py in the command line (https://github.com/sanger-
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pathogens/Roary/blob/master/contrib/roary plots/roary plots.py) in R studio

(https://www.rstudio.com/) (Team, 2015)

2.4 Whole genome taxonomy
2.4.1 Speciation using MetaPhlAn

MetaPhlAn enables species identification from metagenomic sequencing data by
comparison of the sample data to identified marker genes held within the MetaPhlAn
database (Segata et al., 2012). MetaPhlAn returns the percentage similarity of the samples
to the genus and species as far as possible. MetaPhlAn was used to ascertain whether there
was any part of the unassembled sequences that belonged to a different genus other than
Haemophilus or a different species than H. influenzae (Segata et al., 2012). In addition,
MetaPhlAn establishes the genetic similarity of an isolate to the MetaPhlAn held reference

H. influenzae.

2.4.2 Average Nucleotide Identity

Average nucleotide identity (ANI) is an in silico method that randomly fragments
genomes into small sequences that are compared against each other. ANI was calculated
using the MUMmer alignment algorithm using the python module pyani
(https://github.com/widdowquinn/pyani) (Altschul et al., 1990, Kurtz et al., 2004). The
recommended threshold to identify strains from the same species is >95%. (Goris et al.,

2007, Konstantinidis and Tiedje, 2007, Konstantinidis and Tiedje, 2005a).

2.5 Statistical Analysis
Chi squared analysis or Fisher’s exact test where appropriate were carried out in SPSSv 23

(IBM, New York, USA). P values <0.05 were considered significant. Duplicates from isolates
were removed for use in SPSS using parameters patient ID, date, ST and presence or
absence of adhesin genes investigated to ascertain relationship between adhesin genes

and onset of exacerbation events.
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3 Differentiating between H. haemolyticus and NTHi
genotypes

3.1 Introduction

At a phenotypic level, NTHi and H. haemolyticus can only be differentiated by the
haemolytic capability of the latter on blood agar. However, this phenotype can be lost
thereby rendering culture an imperfect technique for differentiating between these two
morphologically similar species. This has led to the misidentification of H. haemolyticus as

NTHi with an error rate of 0.5%- 39.5% as discussed in the Introduction (section1.2.1).

The importance of differentiating between both species arises from the potential for
ineffective or inappropriate administration of antibiotics, affecting antimicrobial
stewardship, which in turn could impact on increasing resistance levels. There is also arisk
of potentially missing invasive cases of H. haemolyticus (Anderson et al., 2012, Mortonet

al., 2012).

To overcome the issue of phenotypic misidentification, PCR assays to differentiate between
the two species have been developed. However, due to the genetic heterogeneity of NTHi,
no single assay has been able to unambiguously define the species and thereby
unequivocally differentiate from H. haemolyticus (Binks et al., 2012, Pickering et al., 2014a,
McCrea et al., 2008, Sandstedt et al., 2008). Multi-locus sequence typing (MLST) has been
used to characterise the H. influenzae species, including NTHi. Seven housekeeping gene
fragments are used, yet one of the schema, fuck, is reportedly absent in some strains of
NTHi. Since NTHi is known to be heterogeneous, MLST has been questioned for its
usefulness in characterising NTHi that do not return a typical genotype. Despite these
reservations, it is hypothesised here that the use of multiple genes and MLST should enable
differentiation between NTHi and H. haemolyticus and therefore ascertain the amount of

H. haemolyticus within the Haemophilus spp. isolated within this study.
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3.2 Hypothesis

Multiple genetic markers will be sufficient to differentiate NTHi from H. haemolyticus.

3.3 Aims

In this chapter, the rate of misidentification of H. haemolyticus as NTHi was retrospectively
determined in a longitudinal study of NTHi isolated from sputa collected from COPD
patients. The prevalence and variance in atypical NTHi was investigated by characterising
isolates that display an atypical genotype in speciating PCR targets. In this chapter, the aims
are:
e toidentify atypical NTHi and potential H. haemolyticus using culture methods
measuring haemolysis and hydrogen sulphide production.
* to establish sequence types for all isolates using the H. influenzae MLSTschema,
and
* to determine the genetic conservation of previously reported marker genes for

the species.

75



3.4 Results

3.4.1 Multi Locus Sequence Typing

In this study, MLST was carried out on whole genome sequence data from 1460 isolates
(Materials and Methods, section 2.3.5). These represented all isolates from sputa from 24
COPD patients over two years either at routine monthly appointments or during an acute
exacerbation event (Materials and Methods, section 2.1). The subgroup of 24 patients
were selected by a group of experts made up of GSK, University of Southampton and NHS
professionals. This was based on the presence of bacteria isolated in the first six months of
the study. Approximately ten colonies of Haemophilus spp. were picked from each culture

plate.

Previous studies have used MLST to characterise the population structure of H.influenzae
and reported the diversity of non-encapsulated strains compared to the more conserved
lineages of capsulated H. influenzae (De Chiara et al., 2014, Kaur et al., 2011, Erwin et al.,
2008). One of seven loci used in the MLST schema, fucK, has been shown to be absent in
some strains of NTHi, an example of the heterogeneity within non-encapsulated strains of
H. influenzae and rendering MLST useless to categorise these strains (de Gier et al., 2015,

Ridderberg et al., 2010).

From the MLST data, 28 sequence types (ST) were identified that had been previously
documented in the MLST database, and a further nine STs were novel to this study. Eight of
the nine were curated to the MLST database as STs 154, 353, 356, 357, 1314, 1441, 1442

and 1664 (http://www.pubmist.org). The ninth novel group that did not return a known ST

were fucK negative isolates. The MLST schema includes fuck within the seven
housekeeping genes and all seven are required to enable the allocation of an ST. A large
number of isolates (n=146) were negative for the fuck gene and these isolates fell into two
further groups. One group of 54 isolates returned identical known ST sequences in the
remaining six loci of the MLST schema that were isolated from the same patient. The other
92isolates returned no previously documented sequence for any of the remaining six loci.
The group of 54 isolates was characterised as fucK negative atypical NTHi and the second
group of 92 as potential H. haemolyticus. A breakdown of all ST data can be found in

Appendix2.

The relationship of the STs from this study to all STs held within the MLST database was
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carried out and displayed in an eBurst diagram (http://www.mlst.net) in Figure 3.1

(Materials and Methods, section 2.3.5). The spread of the STs throughout the full database

shows the diversity of the isolates. A clonal group is classed as those STs sharing

documented sequences at six out of the seven loci from the MLST schema (Feil et al.,

2004).
Figure 3.2 shows the limited clonal group relationship between the STs found in this study.
Only eleven STs from this study were related to each other by clonal group, four groups of
two STs from a clonal group and one group of three STs. For five STs from the study there is
no ST within the MLST database with six out of seven shared loci and these are referred to
as singletons. This limited sharing of alleles between isolates may imply that the majority of

the isolates and their associated STs are unrelated.

NTHi displayed diversity throughout patients with only six STs being isolated in more than
one patient and only one ST in more than two patients (Kaur et al., 2011)(Figure 3.3). ST 57
was isolated in five patients. A previous study identified ST 57 as the predominant ST in 170
commensal and otitis media derived isolates from three different geographical locations
(LaCross et al., 2013). Potential H. haemolyticus as defined by fucK negative status and with
no previously identified MLST alleles as described above was isolated from eleven patients

(Figure 3.3).
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Figure 3.1 eBurst diagram displaying the distribution of STs from this study throughout the full MLST database for H. influenzae.

Each ST from this study is marked with either a pink or green circle. STs novel to the study are marked with a green circle and annotated with the
ST number. Pink circles represent those STs found in the MLST database also found in the study. The diversity of the isolates can be seen by the
wide distribution of the STs throughout the diagram. The clonal founders are marked in blue, to give perspective the central clonal group consists
predominantly of encapsulated Hib STs demonstrating the conservative nature of the capsulated strains.
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Figure 3.2 STs from MLST analysis showing distribution in clonal groups (STs sharing six out of seven MLST loci).

Only 11 STs were found to be related by clonal group. The maximum number of STs from one clonal group was three with ST 57 as clonal founder
and STs 1441 and 1442 wthat were both novel to this study. The remaining STs were not related by clonal group. Thirteen STs were clonal
founders of groups indicating a predominant ST in the Hi population. Five were singletons and not related to any other documented ST by clonal
group and two STs were from groups without an identified clonal founder. The lack of clonal group relationships between STs from this study

demonstrates the diversity of the NTHi isolated within this study.
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Figure 3.3 ST distribution by patient. Neighbour joining tree created in Phyloviz from
MLST allele data downloaded from http://www.pubmlst.org (Materials and Methods,
section 2.3.5).

ST is indicated by the number in each circle, each patient is represented by a different
colour. STs 109, 201, 409, 203, 1034 and 57 were isolated in more than one patient. The
novel ST’s to this study are indicated with black lettering. Potential H. haemolyticus was
observed in 11 patients, the Hh circle indicates the number of patients only and does not
imply the diversity within the potential H. haemolyticus isolates.
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3.4.2 Culture Based Testing for Haemolysis and Measures of
Hydrogen Sulphide Production to Identify H. haemolyticus
Isolates

The ability of culture based identification to differentiate between NTHi and H.
haemolyticus has been questioned due to the morphological similarity, the dependence for
both species on the growth factors nicotinamide adenine dinucleotide and haemin, and
more importantly, the loss of haemolysis from strains of H. haemolyticus after passaging
(Murphy et al., 2007, Fenger et al., 2012, Frickmann et al., 2014, Zhang et al., 2014).
Previously however even haemolytic isolates of H. haemolyticus have been misidentified as

NTHi (Murphy et al., 2007).

In order to identify any haemolytic samples in the present study, a culture based
haemolysis assay was carried out on all 1460 isolates (Materials and Methods, section
2.2.3). The haemolysis assay involved inoculating each isolate onto a blood agar plate and
incubating for up to 72 h. Plates were checked every 24 h for signs of haemolysis classified
as clear zones in the agar around colonies. Twelve isolates were identified as having
haemolytic capability and therefore discounted as NTHi. Only nine of the twelve haemolytic
isolates displayed haemolysis after 24 h. Three isolates did not exhibit haemolysis until 48
h. No further isolates developed haemolysis between the 48 and 72 h indicating a potential
optimum 48 h incubation time for three H. haemolyticus that display delayed haemolysis.

All twelve isolates were part of the potential H. haemolyticus group identified by MLST.

Another phenotype that has been previously reported to differentiate between the two
species is the ability for most H. haemolyticus to produce hydrogen sulphide (H2S) although
this phenotype has also been reported in a small proportion of NTHi (McCrea et al., 2008,
Kilian, 1976b, Pittman, 1953). The production of H.S can be confirmed by the result of a
darkened lead acetate strip on the lid of a chocolate agar plate inoculated with the isolate
after a 24 h incubation (Materials and Methods, section 2.2.4). This assay was carried out
on a smaller subset of 111 isolates that represented each ST type from MLST analysis and
all potential H. haemolyticus as identified from MLST analysis above. These isolates were
taken from a sub cohort of 16 patients from the first six months of the study (Appendix 2).
This resulted in a subset of 111 isolates of which 43 were potential H. haemolyticus. From
the 43 potential H. haemolyticus 39 (90.7%) were able to produce hydrogen sulphide and
from the 68 NTHi, 33 (48.5%) were positive for H.S production.
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Table 3.1 Results of haemolysis, hydrogen sulphide production and MLST analysis from
111 Haemophilus spp. isolates representing all STs or strains without an ST isolated from

16 different patients over 6 months.

n=111 Haemolysis H.S status ST (MLST) Species
status status
12 + + - H. haemolyticus
35 - - + NTHi
33 - + + Atypical
27 - + - Atypical
4 - - - Atypical

As discussed in the introduction and above, typical NTHi are defined as having a recognised
ST by MLST analysis, no visible haemolysis on blood agar and no HzS production capability.
For H. haemolyticus it is the opposite. From the 43 potential H. haemolyticus, 12 isolates
were typical for the expected results. Four of the remaining 31 were negative for MLST,
haemolysis and H2S and the remaining 27 were negative for haemolysis and MLST but
positive for Ha2S production. Thirty-five of the 68 NTHi were typical for the expected NTHi
result. The remaining 33 were negative for haemolysis but positive for MLST and H2S
production. MLST identification and haemolysis were found to be significantly inversely
associated (p=0.001, Chi’test). MLST identification and production of H2S were also found

to be significantly inversely associated (p=<0.001) (Appendix 3).

3.4.3 Molecular Markers for Speciation — Confirming
Presence/Absence Status

Due to the inability of culture methods to identify between NTHi and H. haemolyticus, gene
markers have been identified against which to develop PCR assays to differentiate between
NTHi and H. haemolyticus. However as previously mentioned NTHi displays a large amount
of genetic heterogeneity and therefore singular assays are not able to unequivocally
discriminate between them from H. haemolyticus (Chang et al., 2010, Chang et al., 2011,

Cardines et al., 2007, Connor et al., 2012). Molecular markers omp2, ompé, IgtC, iga, sodC,
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fuck, fucP, hpd and smpB previously selected for this purpose, were assessed for their
presence and absence in the 1460 isolates from this study (Binks et al., 2012, McCrea et al.,
2008, Reddington et al., 2015, Price et al., 2015, Meats et al., 2003, Latham et al., 2015,
Zhang et al., 2014, Murphy et al., 2007, Pickering et al., 2014a, Wang et al., 2011, de Gier et
al., 2016). This was done by using reference nucleotide sequences obtained from GenBank

(https:// www.ncbi.nlm.nih.gov/genbank/) for each gene to map against sequencing data

for each isolate (Materials and Methods, section 2.3.7). In silico PCR was also done using
previously published primers on draft assembled genomes of all 1460 isolates as a
comparable method for presence or absence of the genes within the isolates (Materials
and Methods, section 2.3.7). From this data, genotypes for the isolates were defined

depending on the presence and absence status of all the marker genes.

3.1.1.1 The Fucose Genes — Molecular Markers for NTHi

fucP and fucK are genes from the fucose operon; these are not found in H. haemolyticus
but are found in typical strains of NTHi (Price et al., 2015, Binks et al., 2012). The MLST
schema also uses fucK as one of the seven housekeeping genes to characterise H.

influenzae (Meats et al., 2003).

Mapping was carried out on the isolates using reference sequence CP009610: 287354-
288766 from GenBank for fuck (Materials and Methods, Table 2.4)and in silico PCRwas
carried out using primers from the MLST schema first described by Meats et al. (2003)
(Meats et al., 2003) (Materials and Methods, section 2.3.7). There were no discrepancies
between the mapping and in silico PCR results. All 92 potential H. haemolyticus and
54/1368 (3.9%) NTHi were found to be negative for fuck. Mapping to fucP was carried out
using GenBank reference CP00057.2: 823471-824757 (Materials and Methods, Table

2 .4) and primers from Price et al. (2015) were used for in silico PCR (Materials and

Methods, section 2.3.7). The group of 54 fucK negative isolates were also negative for fucP.

In addition, four isolates were negative for the presence of fucP using in silico PCR but
positive for fucP when using mapping. To confirm the presence of the fucP gene, the
mapped sequences from the in silico PCR negative isolates were aligned with mapped
sequences taken from the positive in silico PCR isolates (Materials and Methods, section

2.3.7). The position of the four in silico PCR negative isolates within a resulting phylogenetic
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tree of the alignment shows them cluster with other NTHi positive for both mapping and in
silico PCR (Figure 3.4). It is likely that the negative PCR result was returned due to contig
breaks in the assembled genome occurring within the complimentary sequence for the PCR

in silico primers. The 54 isolates negative for both fuck and fucP mapping and in silico PCR

were also identified as fuck negative through MLST analysis.
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Figure 3.4 Alignment of fucP in silico PCR negative isolates.

fucP sequences resulting from mapping of four in silico PCR negative aligned against
representative positive in silico PCR sequences in MUSCLE. A neighbour-joining tree was
constructed in MEGA 6.0 and visualised in FigTree v1.4.2 from resulting alignment. All four
isolates clustered within other NTHi sequences for fucP.
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3.4.3.1 IgtC, iga beta core and omp2 — Molecular Markers for NTHi

These three genes are not typically shown to be found in H. haemolyticus and have
historically been used as a method of identifying NTHi in PCR assays (Binks et al., 2012,
Sandstedt et al., 2008). Mapping for IgtC was carried out using GenBank reference
sequence CP002277: 315813-316835 (Materials and Methods, Table 2.4) and primers were
taken from McCrea et al. (2008)(McCrea et al., 2008) (Materials and methods, section
2.3.7).

All of the potential H. haemolyticus isolates were negative for IgtC in both mapping and in
silico PCR. From the mapping 1301 (95.1%) NTHi returned a sequence for IgtC. Only
140/1368 (10.2%) NTHi isolates were positive for the IgtC in silico PCR. Alignments of all
mapped sequences confirmed the correct identification in the 1301 isolates. On further
investigation, the initial 231 base pairs of /gtC consists of tetrameric repeats (Figure 3.5).As
the assembled genomes used in this study are not closed but draft genomes, and there
may be issues with assembly of repetitive regions such as these then this could result in a

negative in silico PCR result.
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CLUSTAL 0(1.2.2) multiple sequence alignment
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Figure 3.5 Tetrameric repeats observed in IgtC sequence.

The first 121 base pairs ofthe IgtC gene consist mainly of tetrameric repeats. In silico PCR
was applied to draftassembled genomes. Tetrameric repeats may have been troublesome
to assemble in some cases, or may have span contig boundaries making the detection of
the sequence for the primers inaccessible. NC-4842 is a reference isolate for NTHi. 100
and 1000 are representative isolates from PCR and mapping positive isolates.
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The iga region is also known to be variable so a conserved iga beta core region was used
both for mapping (GenBank reference M87492:4124-4978, Materials and Methods, Table
2.4) and a target for in silico PCR using previously published primers from Sandstedt et al.
(2008) (Poulsen et al., 1992, Vitovski et al., 2002, Sandstedt et al., 2008) (Materials and
Methods, section 2.3.7). All 1368 NTHi were positive for a sequence from mapping and six
were negative for in silico PCR, these were deemed positive by alignment to the other
positive mapping isolates as shown in Figure 3.6. A sequence for iga was observed in
twelve H. haemolyticus isolates, these were also aligned with the positive NTHi and found
to cluster as a separate clade as can be seen in Figure 3.6. Sequences returned from H.
haemolyticus were much smaller on average than NTHi sequences with a mean average
length of 581bp (524-720bp) compared to a mean average of 841bp (748-865bp) in NTHi.
Twelve H. haemolyticus containing the truncated iga sequence were isolated from seven
different patients with one patient displaying an isolate with a truncated iga sequence

over two time points.
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Figure 3.6 iga sequences from NTHi and H. haemolyticus.

Neighbour joining tree constructed in MEGA 6.06. Bootstrapping was set to 500.Red tips
indicate mapping sequences from iga in silico PCR negative isolates which cluster with
other iga mapping sequences from PCR positive isolates on branches indicating
homology of iga sequence with other NTHi. The twelve H. haemolyticus marked “_Hh”

clustered as a separate clade indicating a sequence variation from the NTHi. Scalebar at
0.007 substitutions per 100 base pairs.
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Two GenBank reference sequences (GenBank reference CP00057: 216249-217346

and M93269.1, Materials and Methods, Table 2.4) were used to map the isolates to the
omp2 gene (Materials and Methods, section 2.3.7). In silico PCR was carried out using
primers from Hiltke et al. (Hiltke et al., 2002) (Materials and Methods, section 2.3.7). No
potential H. haemolyticus returned a sequence for either mapping attempt or in silico PCR.
From the NTHi group 1250/1368 (91.4%) were positive from the initial mapping and a
further fourteen isolates returned a sequence for the second mapping attempt which
resulted in positive mapping sequences for 1264/1368 (92.4%), these were aligned to
ensure homology between the sequences (Figure 3.7). Ninety-two of the 104 negative for
mapping were also negative for in silico PCR. Fifteen isolates that were positive for in silico
PCR but negative for mapping were deemed as negative. Interestingly among the negatives
were all isolates of ST 353 (n=2), ST 356 (n=51) and ST 1314 (n=23), which were all novel
STs identified in this study, as well as ST 819 (n=14) identified by MLST analysis.
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Figure 3.7 omp2 sequences from two different GenBank reference sequences.

Neighbour joining tree was created in MEGA 6.06 bootstrapping set to 500. Red indicates
sequences for omp2 from mapping using CP000057.1 reference sequence only and
negative for M93269 mapping. Isolates in blue depict sequences resulting from mapping
using reference sequence M93269. The clustering of the sequences within the same clade
despite resulting from different reference sequences displays the homology between the
resulting sequences from the isolates. Neighbour joining tree of representative isolates
from initial mapping of fastqgs of 1460 isolates to GenBank reference M93269 alongside
sequences from secondary mapping to CP00057.1. CP00057.1 isolates were negative for
initial mapping. A sequence for omp6 was used to root tree. Alignments were carried out
using MUSCLE. Scale bar at 0.04 substitutions per 100 bp.
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3.1.1.2 sodC - Molecular Marker for H. haemolyticus

The presence of sodC has been observed in 100% of H. haemolyticus however it has also
been reported in NTHi but at 85% identity to sodC of H. haemolyticus (Fung et al., 2006,
Latham et al., 2015, McCrea et al., 2010). GenBank reference AFQQ01000001.1: 155446-
156018 was used for mapping and PCR primers from Latham et al. (2015) were used for in
silico PCR (Latham et al., 2015)(Materials and Methods, section 2.3.7). All potential H.
haemolyticus were positive for mapping and one was negative for in silico PCR but on
alignment of returned mapping sequences was confirmed as positive (Figure 3.8). All 1368
NTHi were negative for in silico PCR but two NTHi isolates returned a sequence for
mapping. These were aligned with all the positive sodC sequences from H. haemolyticus
and were seen to cluster within the positive H. haemolyticus isolates. To ascertain %
identity NEEDLE was used to align the sequences with a representative H. haemolyticus
isolate (number 894) (Materials and Methods, section 2.3.7). Isolate numbered 1423 (NTHi
PCR negative, mapping positive) shown on Figure 3.8 returned a 61.8% identity to the
sequence for isolate 1422 (H. haemolyticus - mapping and PCR positive for sodC shown to
cluster on branch with isolate 1423) and 60% for isolate 894 (H. haemolyticus mapping and
PCR positive representing main cluster of H. haemolyticus). NTHi isolate numbered 1273
(NTHi positive and PCR negative for sodC) on Figure 3.8 returned an 86% identity to the

sodC sequence for isolate number 894.
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Figure 3.8 Sequences from mapping of 1460 isolates to sodC.

Three isolates were in silico PCR negative as highlighted in red. Isolate 1225 is H.
haemolyticus and clusters within the other main H. haemolyticus clade. Isolates 1423 and
1273 are NTHi and returned STs 11 and 1442 respectively in MLST analysis. Isolate 1273
can be seen to be a variant of the main clade of H. haemolyticus and on further
investigation is 86% identity to positive isolate 894. Isolate 1423 sits with two isolates
outside the main branch but is 61% of the sequence to isolate 1422. Therefore, the two
NTHi sequences are different truncated versions of sodC. Neighbour joining tree
constructed in MEGA 6.06 from alignment carried out in MUSCLE. Boot strapping set at
500. Scale bar shows substitutions at 0.0030 per 100 base pairs.
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3.4.4 omp6, smpB and hpd — the Allelic Variation Markers

The genes omp6, hpd and smpB are thought to be present in both species but have
conserved sequences that enable differentiation between NTHi and H. haemolyticus.
Reference sequences (GenBank CP002277.1: 1826771-1827865 — hpd, GenBank
NC_000907.1:1038488-1038973 — smpB, GenBank M19391.1 — omp6, Materials and
Methods, Table 2.4) were used to carry out mapping of the 1460 isolates and in silico PCR
was performed using previously published primers from Pickering et al. (2014) for hpd,
Reddington et al. (2015) for smpB and Murphy et al. (2007) for omp6 (Pickering et al.,
2014a, Reddington et al., 2015, Murphy et al., 2007) (Materials and Methods, section
2.3.7).

All 1368 NTHi and 92 potential H. haemolyticus isolates returned a mapped consensus for
ompé6 and all 1368 NTHi isolates and all except one potential H. haemolyticus isolate were
in silico PCR positive. The mapped consensus for the one isolate was compared to the

online Blast database and returned 96% identity to ompé6 (Altschul et al., 1990)(Materials

and Methods, section 2.3.7).

All 1368 NTHi isolates returned a sequence for smpB and 90/92 potential H. haemolyticus
returned a sequence for mapping. The two isolates negative for mapping were investigated
further by annotating the assembled genomes and searching for the ‘Ssra binding protein’,
the protein expressed by smpB, within the annotation. This was found in both isolates and
the associated sequence compared using BlastN with the megablast algorithm, both
returned 86% identity to smpB (Altschul et al., 1990). Seven isolates were negative for in
silico PCR for smpB but when all mapping sequences were aligned these were seen to
cluster with other positive isolates within the clades containing the same species (Figure

3.9).

The hpd analysis demonstrated the presence of the gene in 1348/1368 (98.5%) of NTHi and
all 92 potential H. haemolyticus returning a sequence. In silico PCR resulted in 1335/1368
positive results for hpd. From these 33 negatives, 20 were also negative for mapping and
constituted all ST 925 (n=7) and ST 819 (n=14) isolates. The remaining thirteen isolates
positive for mapping were aligned with all positive mapping sequences also positive for in
silico PCR. All were seen to cluster with the other hpd positive NTHi sequences confirming

the presence of the gene within the in silico negative isolates (Figure 3.10).
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Figure 3.9 smpB mapping sequences for in silico PCR negative isolates.

Maximum likelihood tree constructed in MEGA 6.06 from MUSCLE alignment.

In silico PCR negative isolates for smpB and sequences from representative both positive
for mapping and in silico PCR were aligned. Homology of smpB sequence with other
isolates displayed by in silico PCR negative isolates clustering on the same branch as other
positive isolates. All PCR negative isolates cluster with sequences for NTHi and H.
haemolyticus. Hh= H. haemolyticus. Scale bar shows substitutions at 0.005 bp per 100.
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Figure 3.10 hpd mapping sequences for in silico PCR negative isolates.

Neighbour joining tree constructed in MEGA 6.06 from MUSCLE alignment using hpd
sequences derived from in silico PCR negative isolates and isolates that were both positive
for mapping and in silico PCR. Homology of hpd sequence with other isolates displayed by
in silico PCR negative isolates clustering on the same branch as other positive isolates. Hh=
H. haemolyticus.Scale bar shows substitutions at 0.003 bp per 100.
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3.4.5 Summary of Molecular Markers Reveals Different Genotypes
within NTHi and H. haemolyticus

To summarise the atypical traits observed, omp2 negative isolates consisted of all isolates
from the study that were of STs 353, 1314, 356 and 819. Fourteen other omp2 negative
isolates from other STs were observed but these were isolates from time points where
omp2 positive isolates were observed also. There were NTHi 20 isolates negative for hpd,
these were all either from ST 925 or ST 819. All fucK and fucP negative isolates were from
the same patient at all five sampling time points. Two potential H. haemolyticus isolates
displayed a truncated version of smpB and two NTHi isolates were positive for truncated
versions of sodC. There were 67 isolates negative for IgtC and twelve potential H.
haemolyticus which were found to harbour a truncated iga sequence. There were no
atypical results for ompé6. Interestingly, the atypical isolates also predominantly group into

ST types.

The collation of the presence and absence of the molecular markers identifies ten
genotypes incorporating atypical isolates of NTHi and two of H. haemolyticus, see Table
3.2. The ten resulting atypical genotypes for NTHi involve six with more than one atypical
trait. The omp2 negative isolates can be seen to span five genotypes. Only three genotypes
were returned for H. haemolyticus however both species were similar in proportions of
atypical isolates with NTHi displaying atypical traits for the molecular markers in 226/1368
(16.5%) of isolates and H. haemolyticus displaying atypical traits in 14/92 (15.2%). However
due to the discrepancy in numbers between the two groups this is an observation that
would require further investigation in a larger set of H. haemolyticus. Hypothetically

though this could indicate a similar level of heterogeneity in H. haemolyticus.
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Table 3.2 Presence/absence genotypes returned from mapping of reference sequences for molecular markers hpd, omp2, ompé, IgtC, iga, smpB,
sodC, fucP and fucK to 1460 culture identified Haemophilus spp.

G=genotype. Blue highlights those genes displaying atypical results from the expected or typical genotype. G1 is typical genotype for NTHi. Genotype

Hh_G1 is typical genotype for H. haemolyticus.

smpB IgtC iga fucP P2 P6 sodC hpd fuck T(c;f?l
NTHi G1 + + + + + + - + + 1142 (83)
NTHI G2 + + + + - + - + + 84 (6.1)
NTHi G3 + - + + + + - + + 60 (4.4)
NTHi G4 + - + + - + - + + 5(0.4)
NTHi G5 + + + + + + - 5 + 8(0.6)
NTHi G6 + + + + - + - - + 12 (0.9)
NTHi G7 + - + + - + - - + 1(0.1)
NTHi G8 + + + X + - X 53 (3.9)
NTHi G9 + s + s + - - 1(0.1)
NTHi G10 + + - + Truncated + 1(0.1)
NTHi G11 + + + + + + Truncated + + 1(0.1)
Totals/1368 1368 1301 1368 1314 1264 1368 2 1347 1314
Hh_G1 + - - - - + + + - 78 (84.8)
Hh_G2 86% ID - - - - + + + - 2(2.2)
Hh_G3 + - Truncated - + + + + - 12 (13.0)
Totals /92 20 0 1 0 1 91 92 92 0
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3.4.6 Allelic variations in hpd, smpB and ompé6 differentiatebetween
the two species

The hpd, smpB and omp6 genes are expected in both NTHi and H. haemolyticus but varied
enough as to enable species differentiation (Binks et al., 2012, Reddington et al., 2015,
Pickering et al., 2014a). PCR assays and high resolution melt curve analysis have been
designed to exploit this phenomenon however hpd has been reported as absent in some
strains and the utility of omp6 has been questioned due to the level of variation displayed
(Janson et al., 1993, Pickering et al., 2014a, Smith-Vaughan et al., 2014, Wang et al., 2011,
Chang et al., 2010, Chang et al., 2011, Nelson et al., 1991, Binks et al., 2012).

Mapped consensus sequences for each of the three genes were aligned to visualise the
allelic variation between the two species (Materials and Methods, section 2.3.8). The
alignments were used to construct phylogenetic trees with H. haemolyticus being marked.
As can be seen in Figure 3.11 - Figure 3.13 the potential H. haemolyticus group was seen to
cluster separately from NTHi in all three cases. The NTHi showed heterogeneity in all 3
cases with the sequences from all NTHi isolates separating out into different clades
whereas the sequences for each gene from the potential H. haemolyticus were observed to
cluster together in one clade, this observation suggests a much higher level of sequence
heterogeneity for hpd, smpB and ompé6 in NTHi than in H. haemolyticus. This could also

however be a result of the smaller number of H. haemolyticus available for analysis.

In both smpB and hpd a subset of isolates clustered separately from the remaining NTHi
(Figure 3.11,Figure 3.12). This group were all omp2 negative and were allocated either ST
1314, 353 or 356, and these STs were all novel to this study. There were no other

occurrences of these STs from this group.
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S$T1314, ST356, ST353

H. haemolyticus

Figure 3.11 hpd - showing the diversity in NTHi from H. haemolyticus in sequence.
Neighbour joining tree created in MEGA 6.06 bootstrapping set to 500The H. haemolyticus
are represented in red, the NTHi in black. Both species cluster into separate clades showing
variation between species. ST 1314, ST 353 and ST 356 cluster together, these are novel to
this study and have shown to be omp2 negative, a trait which is more associated with H.
haemolyticus. NC-4842 is a reference strain for NTHi from Public Health England. Both NC-
10659 and NC-10839 which are reference strains for H. haemolyticus clustered within the
H. haemolyticus clade. Alignment carried out using MUSCLE.
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ST1314,
ST 353,
" ST 356

H. haemolyticus

Figure 3.12 smpB sequences displaying the independent clustering of NTHi (black) from
H.haemolyticus (red).

Neighbour joining tree created in MEGA 6.06 bootstrapping set to 500. A visibly divergent
branch from the NTHI clade consists of STs 356, 353 and 1314 all of which were negative
for omp2, a trait more associated with H. haemolyticus, and novel to this study (green).
Other isolates displaying atypical NTHi genotype traits cluster with the expected NTHi
genotype. Isolates displaying both hpd negative traits and hpd and omp2 negative traits are
not found to cluster separately but sit within the larger section of the tree amongst other
typical isolates. The isolates that were fucP and fucK negative also sit amongst other typical
NTHi isolates. Position of reference sequence is shown for NC-4842 reference strain (NTHi).
Both H. haemolyticus reference strains NC-10659 and NC-10839 were present within the H.
haemolyticus cluster. Alignments carried out in MUSCLE.
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Figure 3.13 The sequences from mapping for omp6 shown with the corresponding ST.

A neighbour joining tree was constructed in MEGA 6.06 from a MUSCLE alignment and
bootstrapping was set at 500. The Newick file and metadata were investigated using
microreact. This phylogeny can be further investigated dynamically using microreact using
the link (https://microreact.org/project/ryTBYIEHx) Potential H. haemolyticus are labelled
in light yellow in the right hand clade the remaining clades are NTHi. The coloured inner
circle represents different STs and the outer circle of colours represents patients. Clades
containing NTHi display different STs within them showing the heterogeneity of the omp6
sequences found within NTHi. H. haemolyticus clusters into a clade on its own showing a
more conserved sequence within the species.

101


https://microreact.org/project/ryTBYIEHx

3.5 Discussion

Here the analysis of 1460 Haemophilus spp. isolates from the AERIS study is presented, a
longitudinal cohort of 24 COPD patients (Bourne et al., 2014). Initially the isolates were
examined and classified based on haemolysis. A 48 h haemolytic assay on blood agar
identified 12 (0.8%) haemolytic isolates. Three of which were identified after the currently
recommended 24 h incubation period for haemolysis assays on blood agar for
identification of haemolytic activity (PHE, 2015). No isolate showed further haemolysis at
72 h therefore we have shown that delayed haemolysis may occur in some H. haemolyticus
and an optimum 48 h period may ensure all haemolytic isolates are identified (Murphy et

al., 2007).

The visible beta haemolysis of H. haemolyticus on blood agar, which has historically been
the phenotype used to differentiate between the two species, can be lost (Kilian, 1976a).
Routine diagnostics to determine the correct causative organism in cases of infection, and
in turn the appropriate prescription of antimicrobial treatment, are therefore affected by
the inability to differentiate successfully between NTHi and H. haemolyticus. Therefore,
although the haemolysis assay data shows that some strains may show delay in haemolysis,
haemolysis itself is not a reliable identifier of H. haemolyticus. However, this basic culture
assay could help discard haemolytic samples from further investigation. Obviously though
this does not rectify the misidentification of non—haemolytic H. haemolyticus which has led
to the development of molecular assays due to the need for a better differentiation
method. Due to the heterogeneity of NTHi, the development of an unambiguous PCR assay
has been found to be challenging (Latham et al., 2015, Binks et al., 2012, McCrea et al.,
2008, Sandstedt et al., 2008, Reddington et al., 2015, Price et al., 2015). Absences of the
hpd, IgtC, omp2, iga and the genes of the fucose operon have been reported and the ability
of the omp6 gene disputed due variation (Chang et al., 2010, Chang et al., 2011). Similarly,
recombination between NTHi and H. haemolyticus has been highlighted in 16S rRNA
analysis (de Gier et al., 2015). Jointly these molecular assays enable an informed way to
distinguish between the two species however additional methods result in a burden on

time and resources.

MLST was used to attempt to accurately classify isolates into NTHi and H. haemolyticus

(Table 3.1). MLST uses sequences from seven housekeeping genes, the resulting sequence

fragment at each of the seven loci defining the sequence type. There were eight new STs
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novel to this study, seven of which (STs 353, 356, 357, 1314, 1441, 1442, 1664) have been
curated to the MLST database. However, one set of isolates that were defined as a new ST
were those negative for a fuck sequence but positive for known sequences at the
remaining six loci of the MLST schema. Due to the absence of this loci within these isolates
it cannot be defined as an official ST but was classified as fuck negative NTHi. Theseisolates
were also negative for the fucP gene. This concurs with previous studies reporting the
absence of the fucK gene and the complete fucose operon that has led to the use of MLST
being questioned for its ability to fully categorise NTHi (Meats et al., 2003, de Gier et al.,
2015, Ridderberg et al.,2010).

The fucK gene is not expected to be present within the H. haemolyticus genome. In
addition to the 54 isolates from the fuck negative ST, ninety two isolates were fuck
negative but also returned no identifiable sequence from the other six loci (adk, atpG,frdB,
mdh, pgi, recA) and were therefore identified as potential H. haemolyticus (Table 3.2).
These isolates also included the only twelve haemolytic isolates from the study, a
phenotype associated with H. haemolyticus (Kilian, 1976a). When further investigated
using molecular markers this group could be classified as H. haemolyticus with twelve
haemolytic and 80 non-haemolytic isolates. This classification was confirmed due to the
presence of sodC in all of the isolates and the absence of omp2, IgtC, fucK and fucP in
addition to the clustering of the H. haemolyticus into separate clades from the NTHi in

the phylogeny of the hpd, smpB and omp6 genes (Figure 3.11, Figure 3.12Figure 3.13).
Atypically, twelve isolates returned truncated iga sequences and two isolates returned
sequences for 86% smpB however the remaining genotype for these isolates enabled the
classification of H. haemolyticus (Figure 3.6). MLST was also able to identify this group from
NTHi with H. haemolyticus sequence fragments being sufficiently variable from those
known for NTHi (Figure 3.3). Therefore, despite the existence of fuck negative strains of
NTHi, MLST could still be used as a tool to differentiate between morphologically similar

Haemophilus spp. once growth factor requirements had been observed.

Genomic heterogeneity has been repeatedly demonstrated with missing NTHi-specific
genes reported such as hpd, fucK, iga, IgtC, omp2, omp6 and positive results for the H.
haemolyticus marker sodC (Price et al., 2015, Reddington et al., 2015, Wang et al., 2011,
Binks et al., 2012, Latham et al., 2015, McCrea et al., 2008). The molecular markers fucP
and smpB are relatively new assays and literature is limited, however the fucP gene is
part of the fucose operon which is absent in some strains of NTHi (de Gier et al., 2015).
As
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expected the majority (n=1142, 83%) of NTHi returned the typical NTHi genotype of iga,
IgtC, fucK, fucP and omp2 positive and sodC negative (Table 3.2). In addition, all isolates
clustered with other NTHi sequences in hpd, smpB and omp6 with H. haemolyticus
clustering into a separate clade as discussed previously (Figure 3.11, 3.12, Figure 3.13).
The phylogenetic tree resulting from the omp6 sequences from all isolates showed alsothe
diversity of sequences of this gene throughout the isolates by comparison with distribution
of ST (Figure 3.13). H. haemolyticus clustered together relatively closely compared to that
of NTHi which formed different clades all containing isolates from many different STs
(Figure 3.13). All clades contained >3 STs displaying the diversity of omp6 sequences
throughout STs indicating that variation in genes within NTHi is not reflected by the MLST
gene sequence variation, recombination may have a role to play in the distribution of the

variation omp6 throughout the STs.

A number of atypical NTHi genotypes were also observed. There were 234 isolates of NTHi
in which one or more of the expected molecular markers were absent, and in two cases
where sodC was present, a gene expected within H. haemolyticus but not NTHi (Figure
3.8,Table 3.2). These atypical isolates could be considered as NTHi based on the consistent
phylogeny on examination of omp6 and smpB in addition to the presence of the remainder

of the genotypic markers (Figure 3.12, Figure 3.13).

From the 104 isolates that were negative for omp2, a group of 76 were seen to repeatedly
cluster separately from the other NTHi isolates when the allelic variation in hpd and smpB
was taken into account (Figure 3.11, Figure 3.12). This group consisted of all isolates of
ST353 (n=2), ST356 (n=51) and ST1314 (n=23) which were novel to this study (Figure 3.1).
These were not the only isolates observed to have an atypical genotype but no other group
of atypical isolates were seen to cluster separately within phylogenetic analysis (Figure
3.11, 3.12 and Figure 3.13). This could indicate a potential group of atypical isolates that

may share other genomic characteristics.

All isolates of ST 819 (n=14) were also omp2 negative and were also negative for hpd. ST
925 (n=7) were hpd negative only. STs 925 and 819 both clustered with other NTHi omp6
and smpB sequences. Other atypical isolates were singletons from time points that
contained isolates that displayed the typical NTHi genotype (Table 3.2). These may
represent an artefact within the sequencing analysis rather than a true negative due to the

difference being so varied from the other NTHi isolated at the same time point with the
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same ST. However, ST types were isolated within the same time point, furthermore
isolates with a recognised ST and isolates of H. haemolyticus were also observed
simultaneously in a time point therefore it is feasible that these single isolates displaying
atypical traits may indeed be true negatives and indicate intra ST variation within a time
point. (Appendix 2). Simultaneous isolation of different STs have been reported previously

(Murphy et al., 1999).

NTHi isolates devoid of the genes fucK, fucP, IgtC, hpd and omp2 and positive for sodC were
observed, these are atypical traits for NTHi and in the case of absent markers may
demonstrate potential molecular redundancy of these genes in the NTHi genome. The IgtC
gene is one of many genes that encodes for and contributes to the heterogeneity of the
lipooligosaccharide (LOS) of NTHi, an important virulence factor (Rahman et al., 1999,
Morey et al., 2013). The galactosyltransferase expressed by IgtC results in an epitope of the
LOS important for serum resistance by inhibiting C4b deposition within the classical
complement pathway (Erwin et al., 2006a, Ho et al., 2007). However, effects of other genes
such as losA, lex2A, lex2B and lic3A, on the LOS structure, in addition to mechanisms such
as sialic acid production and binding to members of the extra cellular matrix, may also
result in increased serum resistance (Griffin et al., 2005, Erwin et al., 2006a, Erwin et al.,
2006b, Deadman et al., 2009, Barthel et al., 2012b, Hallstrom et al., 2009, Su et al., 2016,
Hood et al., 2001). Likewise, omp2 shares the ability for mucin binding with ompP5 and pilA
(Reddy et al., 1996, Kubiet et al., 2000). Additionally, Protein D, encoded for by hpd has
been found non-essential for survival of NTHi but is thought to play a major role in
pathogenesis with mutant isolates requiring 100x more colony forming units to cause

infection in a mouse model (Forsgren et al., 2008).

An important marker for NTHi used frequently as a PCR target for identification and also as
part of the MLST schema is fucK. This is part of the fucose operon, both fucK and the full
fucose operon have been reported absent from some strains of NTHi (de Gier et al., 2015,
Ridderberg et al., 2010, LaCross et al., 2013). The fucose operon consists of fucU, fucR
which encode for the fucose operon protein, L-fucose operon activator and fucA, fuck, fucP
and fucl, which encode for enzymes L-fucose phosphate aldolase, L-fucose kinase, L-fucose
permease and L-fucose isomerase (Ridderberg et al., 2010). Fucose is used in the O-
glycosylation process in mucin production within the respiratory tract and has been shown
to be metabolised by gut bacteria and used for adherence (Rose and Voynow, 2006,

Dwivedi et al., 2016, Muraoka and Zhang, 2011, Stahl et al., 2011). However, the deletion
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of both fucP and fucK in 54 of the isolates from this study and the previously reported
deletion of the whole operon points to alternative sources for these mechanisms for NTHi

within the respiratory tract.

For identification purposes the use of any of these molecular markers as single PCR assays
would have resulted in inaccurate speciation. All H. haemolyticus were positive for sodC
however two NTHi were also positive for sodC sequences. All NTHi samples returned a
sequence for iga and omp6 but both genes have been reported absent from strains in
previous research and twelve H. haemolyticus displayed truncated iga sequences (Binks
et al., 2012). The largest gene absence was that of omp2 with 104 strains. Recently,
duplex PCR assays have been presented as an option for differentiating between NTHi
and H. haemolyticus. Hu et al. (2016) have developed an assay using purT and hpd, De
Gier et al. (2016) suggest hpd and fucP (de Gier et al., 2016, Hu et al., 2016). With the
heterogeneity of NTHi leading to previous reported occurrences of absence of hpd and
fucose genes the use of even two molecular markers may be questionable (Smith-
Vaughan et al., 2014, de Gier et al., 2015, Ridderberg et al., 2010). The genotypes

returned by this study identified isolates absent for more than one molecular marker.

From the original 1460 Haemophilus spp. only 92 (6.3%) were identified as H. haemolyticus
(Table 3.1, Table 3.2). Twelve (13%) of these would have been discarded with the
observation of haemolysis and the addition of a culture assay which would reduce the
number to 80/1460 (5.5%) Murphy et al. (2007) reported a misidentification rate of 39.5%
(102/258) in COPD sputa samples and 27.3% (12/44) in paediatric nasopharyngeal samples.
Although this represents a significant misidentification rate, other studies have reported a
much lower amount. In a study of respiratory samples taken from cystic fibrosis patients
misidentification numbers were much smaller at 0.5% (Fenger et al., 2012). An Australian
study into 447 clinical NTHi isolated across the country over seven years discovered only
1.5% (7/447) of the isolates to be H. haemolyticus and interestingly were all from cystic
fibrosis patients (Zhang et al., 2014). A study into otitis media reported an isolation rate of
11.7% of H. haemolyticus however it has also been reported that children suffering from
recurrent otitis media are more likely to carry H. haemolyticus in their nasopharynx
(Kirkham et al., 2010). A Danish study returned 2/480 (0.4%) clinically relevant NTHi
isolates as misidentified non-haemolytic H. haemolyticus (Norskov-Lauritsen, 2009,

Kirkham et al., 2010). Therefore, the amount of H. haemolyticus identified within this study
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is far less than the initially reported 39.5% from Murphy et al. (2007) and is more

comparable with more recent research (Murphy et al., 2007).
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3.6 Conclusions and Future Work

From this study it can be concluded that only 92/1460 isolates of the Haemophilus spp.
initially identified by culture methods and growth requirements were re-classified as H.
haemolyticus. Therefore, it has been shown that the potential for misidentification of H.
haemolyticus as NTHi within sputa collected from individuals with COPD is much less than

the initially reported 39.5% (Murphy et al., 2007).

The optimum incubation time for haemolysis to become evident in H. haemolyticus was 48
h which was visible in 13% of the 92/1460 H. haemolyticus. All H. haemolyticus were
negative for fuck and returned unrecognisable sequences for the remaining six MLST loci
therefore MLST was able to distinguish H. haemolyticus from NTHi, even those NTHi that
were fuck negative. MLST was not able to identify isolates with atypical genotypes or

genetic variation within the molecular markers.

No single PCR assay for presence or absence of gene was able to speciate fully. Absences
were observed in omp2, fucK, fucP and IgtC. Unexpected truncated sequences for iga beta
core were observed in NTHi and two isolates were positive for sodC. omp6 was the only
single PCR assay based on allelic variation that returned a sequence for all isolates from
mapping and was able to speciate. Absences in hpd and variations in two isolates for smpB

were observed.

Methods of differentiating H. haemolyticus from NTHi have differed between studies.
Single gene targets cannot be relied upon due to the heterogeneity of NTHi and 16S rRNA
analysis is also not able to accurately distinguish between the two species due to
recombination therefore the ability to examine the relationships between strains using
multiple gene targets and phylogeny resulting from sequencing data may provide a more
accurate method of species differentiation and enable identification of atypical strains (de
Gier et al., 2015). However, bioinformatic analysis requires the functional assays and
proteomic investigations to substantiate the absence/presence of genes and products from
findings such as truncated iga sequences observed in H. haemolyticus for example. To
ascertain the true negative nature of singletons of NTHi negative for an expected gene in
amongst multiple other isolates from the same time point would require phenotypic assays

to confirm the negative nature for the phenotype associated with the gene.
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Genotyping using molecular markers was able to delve deeper and identify atypical isolates
but with such a limited number of genes used this really only scratches the surface of the
potential variance within the NTHi strains. Whole genome analysis of the strains would
enable a further depth to the investigation into the relationship between atypical NTHi and
H. haemolyticus and also ascertain any interspecies recombination events that may also
explain the variation shown within STs for omp6 (Figure 3.13). Whole genome analysis will

be addressed in Chapter 6.
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4 Adhesin Genotypes Present in NTHi and H.
haemolyticus

4.1 Introduction

The difference in capabilities for attachment and invasion between NTHi and H.
haemolyticus has recently been observed (Pickering et al., 2016, Singh et al., 2016a). NTHi
has been shown to display a greater attachment and capacity to invade in vitro
nasopharyngeal and bronchoalveolar epithelial cells in vitro than H. haemolyticus (Pickering

et al., 2016, Singh et al., 2016a).

Adhesins enable bacteria to colonise the human host, the first step to infection. In the case
of NTHi and H. haemolyticus, colonisation occurs initially in the upper respiratory tract via
adhesins that invoke attachment of bacteria to epithelial cells within the nasopharynx
(Tenenbaum et al., 2012). NTHi and H. haemolyticus exhibit phenotypic and

genotypic differences including a divergence in their capacity for causing disease, which
NTHi achieves by using a number of virulence factors that includes adhesins (Rodriguez et
al., 2003, Cardines et al., 2007, Avadhanula et al., 2006, Barthel et al., 2012b, Ecevit et al.,
2004, Euba et al., 2015). In addition to colonisation, most adhesins have secondary
mechanisms that enable NTHi to internalise and migrate, form biofilms and evade immune
clearance by integration with the extra cellular matrix (ECM) or by phase variable
expression (Atack et al., 2015, Davis et al., 2014b, Hallstrom et al., 2009, Su et al., 2016,
Singh et al., 2014). Adhesins therefore are far more than just adherence proteins they form
an assorted arsenal of tools for pathogenesis. It is therefore suggested that these
phenotypic differences between NTHi and H. haemolyticus may in part be reflected in their

respective adhesin genotypes.

4.2 Hypothesis

The adhesin genotype for NTHi and H. haemolyticus will vary with those adhesin genes

associated with virulence being more associated with NTHi.
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4.3 Aims

To characterise and compare the adhesin genotypes observed within NTHi and H.
haemolyticus. The adhesin genes investigated are detailed in Table 4.1. Whole genome
sequences will be analysed for presence and absence of adhesin genes and phylogenetic
relationships of shared genes between the species will also be investigated. Association
between the onset of acute exacerbation and the prevalence of adhesin genes within the

study isolates of NTHi will also be reported.
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Table 4.1 Adhesin genes investigated in study.

Details of thirteen adhesin genes with secondary functions within NTHi. GenBank reference refers to sequences downloaded from the GenBank

database (https://www.ncbi.nlm.nih.gov/genbank/) and used for mapping against to identify gene of interest.

Gene name | Protein name Function GenBank reference |
hmwA High weight High adherence capacity. Mediates protein expression by phase variation. AY601283.1
molecule Associated with Otitis media.(Cholon et al., 2008, Davis et al., 2014b, Giufre et
al., 2008, Vuong et al., 2013)
hmw2A High weight High adherence capacity mediates protein expression by phase variation. U08875.1:352-4785
molecule Associated with Otitis media. (Cholon et al., 2008, Davis et al., 2014b, Giufre et
al., 2008, Vuong et al., 2013)
hia H. influenzae Associated with invasive disease. Small numbers of positive strains reported. AY078090.1
adhesin Binding capabilities to ECM unknown. Homologue of hsf (Cardines et al., 2007, U38617.2 (poly T tract)
Rodriguez et al., 2003, Ecevit et al., 2004, Cotter et al., 2005)
hsf Haemophilus Encapsulated adhesin only. Binds to vitronectin for immune evasion. Homologue | U41852.2
surface fibril of hia (Hallstrom et al., 2006, Satola et al., 2008, Cotter et al., 2005)
hap Haemophilus Binds to Fibronectin, laminin and collagen IV for immune evasion and adherence | (U11024.1,
adhesin protein with ECM. Forms microcolonies before auto proteolysis. Aids in invasion and CP002277.1:326101330315 and
migration. (Fink et al., 2003, Fink et al., 2002) LN831035.1: 815431-819606
ompl Outer membrane Binds to CEACAM-1(Tchoupa et al., 2015) CP000057.2: 491079-492455
protein 1
omp2 Outer membrane Binds to mucins, immune evasion through spontaneous point mutations (Reddy CP00057: 216249-217346
protein 2 etal., 1996, Duim et al., 1994) M93269.1
hel Outer membrane Binds to vitronectin, fibronectin for immune evasion and vitronectin and laminin | M68502.1
protein 4 for increased adherence(Su et al., 2016)
ompA Outer membrane CEACAM-1 and ICAM-1 ligand. Also binds to mucins. (Hill et al., 2001, Bookwalter | L20309.1
protein 5 et al., 2008, Avadhanula et al., 2006, Reddy et al., 1996)
omp6 Outer membrane M19391.1
protein 6
hif H. influenzae Phase variation mediates expression. Binds to mucins. (Kubiet et al., 2000, van U19730.1
fimbriae Ham et al., 1993)
pilA Type IV pilus Binds to adhesion molecule ICAM-1. Used in competence for CP000057.2:396415-396864
recombination.(Novotny and Bakaletz, 2016, Carruthers et al., 2012)
pE protein E Binds to adhesion molecule ICAM-1. Also binds to plasminogen, vitronectin and CP002276.1:463373-463855.

laminin in the ECM enabling immune evasion. (Barthel et al., 2012b, Hallstrom et
al., 2009, Hallstrom et al., 2011)
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4.4 Results

In Chapter 3, 1460 Haemophilus spp. isolated from sputa of COPD patients were speciated

into NTHi and H. haemolyticus by genotyping sequence data (Chapter 3, Table 3.2). This

resulted in 1368 NTHi and 92 H. haemolyticus. The NTHi were further grouped into typical

NTHi, a group of fucK negative NTHi (n=52) and a group of atypical isolates that were omp2

negative and grouped separately from the other NTHi in phylogenetic analysis of molecular

markers hpd and smpB (n=76) (Chapter 3, section 3.4.6). This atypical group was made u

p

of the full complement of STs 353, 356 and 1314 from MLST analysis and will be referred to

as the atypical NTHi group in this chapter.

In order to ascertain the adhesin genotype sequence data for each isolate was mapped
against GenBank sequences for each adhesin listed in Table 4.1 to identify
presence/absence status and return a consensus nucleotide sequence (Materials and
Methods, section 2.3.7). Sequencing data was also assembled into draft genomes,
annotated and annotations searched for adhesin gene alleles (Materials and Methods,
section 2.3.7). In the case of omp5, hel, pilA, pE and omp6, which were observed in both
species, sequences were aligned and phylogenetic analysis carried out to investigate the
relationship between the sequences from both species where available (Materials and

Methods, section 2.3.8)
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Figure 4.1 Heatmap showing presence and absence distribution of adhesin genes
throughout the 1460 isolates split into four groups.

The four groups consist of atypical NTHi group (n=76), fucK negative NTHI (n=52), H.
haemolyticus (n=92) and the remaining NTHi. With the exception of the absence of hap and
hif from H. haemolyticus, the atypical NTHi group displays more homogeneity in adhesion
genotype to H. haemolyticus than to NTHi or the group of fucK negative NTHi isolate
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44.1 The Outer Membrane Proteins —omp1, omp2, hel, ompA,omp6
and pE

The presence of omp2 and ompé6 status for all isolates was established in Chapter 3. From
the 1368 NTHi, 104 isolates were negative for omp2, including 76 categorised into the
atypical NTHi group. All H. haemolyticus were negative for omp2. Omp6 was identified in all

isolates of both NTHi and H. haemolyticus.

Outer membrane protein 1 has been identified as the main ligand for CEACAM-1, a human
cell adhesion molecule (Tchoupa et al., 2015). Mapping to a reference sequence found
omplin 1291/1368 (94.4%) of the NTHi isolates (Table 4.1). No H. haemolyticus isolate
returned a sequence for omp1. From the 77 isolates negative for omp1 all 77 were also
negative for omp2 and were consisted predominantly of the atypical NTHi isolates (n=76).

The one exception was an isolate of ST 513 (Figure 4.1)

Outer membrane protein 4, expressed by the hel gene, has been reported to bind to
vitronectin and fibronectin which shields the bacteria from avoidance of clearance by
complement (Su et al., 2016). All 1368 NTHi returned a sequence for hel from mapping to
the reference sequence (Table 4.1,Figure 4.1) Two H. haemolyticus isolates were
negative for mapping. In order to confirm the status of these two isolates the genomes
were assembled from the sequencing data and annotated and the reference sequence
was searched for within the annotations (Materials and Methods, section 2.3.7). Both
isolates were found to harbour a sequence for hel. These sequences were submitted to
BlastN using the megablast algorithm and returned 82% identity to GenBank sequence

LN831035.1:346077-346901 for hel (Materials and Methods, section 2.3.7).

ompA, which codes the outer membrane protein 5, has been associated with CEACAM-1
binding and is also thought to play an important role in attachment to mucins (Hill et al.,
2001, Reddy et al., 1996). Mapping to the GenBank reference (Table 4.1) returned
sequences for ompA in all 1368 NTHi (Figure 4.1). Sequences were discovered in 74 of 92 H.
haemolyticus isolates through mapping. Sequences for the eighteen mapping negative
isolates were obtained by investigating the annotated assembled genomes (Materials and
Methods, section 2.3.7). These annotated sequences were compared to those of mapping
positive isolates to confirm relationship, all eighteen were deemed positive for ompA

(Figure 4.2).
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Figure 4.2 ompA sequences extracted from all H. haemolyticus annotations.

Neighbour joining tree created in MEGA 6.06 from MUSCLE alignment with bootstrapping
set to 500. Sequences from annotations for the mapping negative isolates (red) were
compared to sequences from annotations from mapping positive isolates (black) to
confirm relationship of ompA sequences. All annotated sequences from mapping negative
isolates mapped closely to other sequences confirming the presence of ompA within these
isolates. Sequence 10659 (green) is taken from the annotation of NCTC reference isolate
10659. Scale bar shows 0.009 substitutions per 100 bp.
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Protein E is a surface protein that has displayed the capability to bind to vitronectin and
plasminogen to enable avoidance of immune clearance, in addition to binding to ICAM-1
and laminin (Barthel et al., 2012a, Barthel et al., 2012b, Hallstrom et al., 2011, Ronander et
al., 2009). All NTHi isolates returned a sequence for pE (Table 4.1). Two H. haemolyticus did
not return a sequence through mapping but were identified as positive by extracting a
sequence from an annotated assembly (Materials and Methods, section 2.3.7). The
resulting sequences were submitted to BLAST and returned 82% identity to adhesin protein

E (GenBank reference CP002277.1:414179-414662) (Materials and Methods, section 2.3.7).

44.2 The Autotransporters — hmwA, hmw2A, hsf, hia and hap

Two loci, hmwA and hmw2A, are responsible for the high molecule weight proteins Hmw1
and Hmw?2 (Barenkamp and St Geme, 1994, Winter and Barenkamp, 2014, Rempe et al.,
2016). The autotransporter adhesin genes hmwA, hmw2A, hia and hap have been reported
to be more associated with disease such as otitis media and meningitis (Ecevit et al., 2004,
Cardines et al., 2007, Rodriguez et al., 2003, Davis et al., 2014b). Mapping to the reference
sequence resulted in 1005/1368 (73.5%) of NTHi returning an hmwA sequence and 1070
(78.2%) returning an hmw?2A sequence (Table 4.1, Figure 4.1). All isolates positive for
hmwA were also positive for hmw2A leaving 65 isolates positive for hmw2A only. All 92 H.

haemolyticus isolates were negative for both hmwA and hmw2A mapping (Figure 4.1).

hsf is predominantly found in capsulated strains only and not generally observed in NTHi,
this was reflected in the results from mapping with all 1460 isolates of both species

negative for the presence of hsf (Cotter et al., 2005, St Geme et al., 1996).

The H. influenzae adhesin, Hia, has also been associated with invasive disease and is
predominantly observed in strains that do not contain the hmw genes (St Geme et al.,
1998, Cardines et al., 2007, Satola et al., 2008, Rodriguez et al., 2003). hia is historically
reported in low amounts within strains with phase variation in the form of a long poly
thymidine tract (poly T tract) mediating protein expression. Mapping for hia was carried
out against two GenBank reference sequences where one contained an example of the
Poly T tract and one did not (Table 4.1). No H. haemolyticus were positive for either hia

mapping sequence and only 50/1368 (3.7%) of NTHi were positive (Figure 4.1).

117



The Haemophilus adhesin protein (hap) is thought to be ubiquitous throughout NTHi
however the expression of the Hap protein has also been associated with invasive disease
alongside the presence of Hia in encapsulated strains (Rodriguez et al., 2003). Three
reference sequences from GenBank were used after initial mapping analysis to U11024.1
resulted in only 733/1368 NTHi returning a sequence (Table 4.1). From the further
mapping using all three sequences all NTHi isolates returned a hap sequence, and 628
mapped to all three sequences. All H. haemolyticus were negative for the hap mapping

(Figure 4.1).

44.3 Protusions - hif and pilA

PilA is the gene responsible for the major pilus of the type IV secretion system and is
thought to bind to cell adhesion molecule ICAM-1 (Novotny and Bakaletz, 2016). Mapping
to the reference from GenBank returned sequences for 1365/1368 NTHi and 4/92 H.
haemolyticus (Table 4.1,Figure 4.1). Further investigation was carried out into the three
negative NTHi isolates. Genomes were assembled and annotated and pilA searched for in
the annotations using the reference sequence (Materials and Methods, section 2.3.7). All
three NTHi isolates negative for mapping were found to harbour a sequence for pilA. These
were aligned with a representative sequence from a positive mapping isolate to confirm
pilA presence. All four sequences shared 100% identity (Figure 4.3). All annotated genomes
for H. haemolyticus were further investigated for pilA which resulted in a similar sequence
to the NTHi pilA sequence being identified in all H. haemolyticus. Representative sequences
from NTHi and were translated into protein sequences and when compared were seen to

show protein homology of 97.3% (Figure 4.4) (Materials and Methods, section 2.3.7).
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CLUSTAL 0¢{1.2.2) multiple sequesce alignment

PROSIA_00777
PROKEA_01742
FROSKXA_01748
PROXXA_01857

PROKEA 00777
PRCKYA_01742
PROKEA_01748
PROKSA 01857

PROKXA_00777
PROKKA_01742
PROKFA_01748
PROKEA_O01857

PROKEA_00777
FROSIA 01742
PROKEA_03748
PROKXA_01857

PROKEA_00777
PROKEA_01742
FROKSA_ 01748
FROKIA_01857

PROKEA_00777
PROKEA_01742
PROKEA_01748
PROKKA 01857

FROSEA_00777
PROKEA_ 01742
FROKIA_01748
PROSXA_01857

PROKEA_00777
FROSKA 01742
PROSYA_01748
PROKEA_01857

Figure 4.3 pilA alignment of mapping negative isolates alongside mapping positive

representative.

Alignment carried out using Clustal Omega. PROKKA_0077 is the annotated sequence

ATCANAC TANCAACACAGCAAACCT INNN TTTACATINATAGAGCTAATOATT
ATCAMLE TARCAAC AT ACCAAACCTTEARANA TTTACATTA GCTAATGATT
ATCAMC TANCAACACACCAMCCTTCARAMACC TTTTACATIAATACACC TAATCATT
ATCARMC TAMCAACACAGCAACCTTGAMAANGG TITTACATTAATAGAGCTAATGATT

B L T T T T

GTOATTGCAATTATTGCTATTTTAGC CACTATOGCAATTCCCTCTTATCAAMITTATACT
CICATICCAATTATTCCTAT I I TACC CACTATOCCAATTCOCTCTTATCAMM I TATACT
AT TG AN T TA T GCTAT T TTAGC CACTATOGE AATTCCOTCTTATCAARMA TTATACT
CTUATTUCAATTATIOCTATTTT CACTATOUCAATTCCCTCTTATCAMATTATACT

AMAMACCTCOGCTATCCOM T TACTCCAACCTTC TCCTCOTTATAMI TCAGATCTOUAA
AAAAAGE TCOGGTATCCGATTACTGCAMGC TTC TCCTCCTTATAM TCAGATGTGGAA
AANACCTCCCCTATCCOA T TACTCCAMCCTTC TCCTCCTTATAMTCACATCTCCAN
ARAAAGCTCOGGTATCCRAA TTACTECAACC TIC TECTCCTTATAMG TCAGA TGTGHAA

EELT T B

TTATGOGTTTATAGCACAGGC AAMC CTTCTAC TTGC TCASGAGGAAGC AATOIAATTGCA
TTATCOGTTINIAGCACACGCAMCCTTICTACTTUCTCAJGACCAACGCAA TOUAATTOCA
TTATGOGTTIATAGCACAGGCAAMCCTTCTACTTGOC ATGEAATTOCA
TTATCCCTTTATAGCACACCCAMMCC TTCTACTTCCTCASCACCANGCAATCCAATTOCA

)

CCTCATATTACANCACCAMMACCCTATCIANMATCACTCACANMCAAVCCARCCS TOCANTA
GETGATATTACAACAGCAARAGCOCTATETAAAMTCAGTGACARCAAGC AACGS TGO AATA
OCTUATATTACAAC AMICAMAUGC TATUTAMA TCALTOACANCANICAACOITUCANTA
GCTEATATTACAACMICAARACCCTATCTAAANTCAGTUACARCAASCANCGI TCCAATA

B T

AL AATGETACATTAGE ACALCCTCACAGCTGAAGGCGAT
ACACTACACCCTAATCOTACATTACS TOCAATCAC TTACACCCTCACACCTCAACCCCAT
ACACTAGACGGTAATGETACATTAGG TEEAATGAG TTACACGCTCACAGE TGAAGGOGAT
MCAGTAGAGGGTAATGGTACATT MK TGGAA TGAG TTACACGCTCACAGC TGAAGGCGAT

Casssvanen T anee

AGTCCAMACGC CTTACATCCAAMAL CACCTUTCCCACACCANTUOCCATATTTIOCCT
MGTCCAAMACGCGTTACATGGAANAL CACC TETGGCACAALGAMTGCCGATATTTTCCCT
M TCCAMAGICETTACATOCAAMI CACC TOTOGCACMOCAATECCOATATTTTCCCT
AGTCCAAMACGCCTTACATGEAAMAL CACCTETGGCACAACCAATGOCCATATTTTOCCT

R RN AR AR AN AR AR RN A RN R R AR RN R A RN RN RN RN R AR R aas

GCTCGATTCTETTOAARATGA
OCTCCATTCTUTTCAAAATAA
GCTGGATTCTUTTCAAAATGA
GCTCGATTCTATTCAMATGA

FEREESARRTAAT TR R AR,

extracted from a representative isolate positive for mapping for pilA. PROKKA_01742,01748
and 01857 are pilA sequences extracted from the annotated assemblies of three isolates
negative for mapping. There is 100% identity between the four sequences confirming the

pilA positive status of the three isolates negative for mapping.
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CLUSTAL 0(1.2.2) multiple sequence alignment

HH_427 MELTTQTTLEEKGFTLIELMIVIAIIAILATIAIPSYORYTRKAAVSELLOQASAPYKSDVE

NTHi_201 MELTTOOTLEKGFTLIELMIVIAIIAILATIAIPSYORYTKKAAVSELLQASAPYKSDVE
LR B B b J AR ER R AR EREA R AR A A RARREARARRARAARA AR AR R AR AR TN R A AR A e

HH 427 LCVYSTGKPSSCSGGSNGIAADITTAKCYVESVTITSNGAITVTIGNGTLDGMSYTLTAEGD

NTHi_201 LCVYSTGKPSTCSGGSNGIAADITTAKGYVESVTITSNGAITVEGNGTLGGMSYTLTAEGD
"l'i"'ti":"k't"t’"".‘"h-'i't'tt't"ti"‘ khhkhw kbbb hew

HH_427 SAKGVTRKTTCGTTNADIFPAGFCSK

NTHi 201 SAKGVTWKTTCGTTNADIFPAGFCSK

LAl A R R R R R R R R R

Figure 4.4 Protein comparison of translated nucleotide pilA sequences from representative
isolates 201 (NTHi) and 427 (H. haemolyticus).

Clustal omega alignment. 142/146 amino acids resulted in protein homology between NTHi and H.
haemolyticus of 97.3% between the sequences.
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Hif is a fimbriae protein known to bind to respiratory mucins and is isolated more
predominantly in throats of healthy people rather than that of the middle ear of otitis
media patients (Ecevit et al., 2004, Kubiet et al., 2000). From the mapping to the reference
strain, sequences were returned for 102 (7.5%) isolates and no sequence was observed in
any of the 92 H. haemolyticus isolates (Figure 4.1). The 102 hif positive isolates included the
atypical group (n=76) and isolates from ST 154 and ST 156. All isolates of ST 154 (n=20)
were hif positive plus an additional six isolates from ST 156. ST was previously identified in
Chapter 3 from MLST analysis (Chapter 3, section 3.4.1). All hif positive isolates were

designated STs novel to this study except the six isolates from ST 156.

444 Summary of Presence and Absence of Adhesins

All H. haemolyticus were negative for omp1, hmwA, hmw2A, hif, omp2, hia and hap. Only
hap resulted in a sequence for all 1368 NTHi from these markers (Figure 4.1). For the NTHi
isolates 1266/1368 (92.5%) were positive for omp1, 1005 (73.5%) hmwA, 1070(78.2%)
hmw2A, 102 (7.5%) hif, 1264 (92.4%) ompP and 50 (3.7%) hia. The atypical NTHi group of
isolates were all omp2, hmwA, hmw?2A, hia and omp1 negative but also made up 74.5%
(76/102) of the group that were hif positive (Figure 4.1). All isolates from both species
were positive for ompé6, pilA, pE, hel and ompA (Figure 4.1). These adhesins were therefore
chosen for further analysis for allelic variation of the sequences to determine the

relationship between the species at each loci.
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44.5 Allelic Variation of ompA, ompé, pilA, hel and pE

Isolates for both NTHi and H. haemolyticus returned results for ompA, ompé6, pilA, hel and
pE and were further investigated to determine the relationship of the alleles found within
these adhesins between the two species. Sequences returned from either mapping or
annotations were aligned for each gene and phylogenetic analysis carried out to visualise
how the isolates clustered together (Figure 4.5-Figure 4.9). H. haemolyticus isolates
clustered within their own clade for ompA, ompé6, pilA and hel demonstrating sufficient
sequence variation between the two species to separate them into identifiable clades. In
the case of pE however this is not as clear with a branch of NTHi sitting in amongst the
clustering of the H. haemolyticus, this NTHi branch is made up of all NTHi isolates from STs
513, 311, 1163 and 704. The group of atypical NTHi isolates clustered independently on
branches within phylogenetic trees for ompA, hel and pE but not in pilA or omp6 (Figure
4.5-Figure 4.9). ST 503 clustered with the atypical NTHi isolates in ompA but showed
expected genotype for all adhesins indicating a relationship between ST 503 and the

atypical NTHi isolates at the ompA sequence (Figure 4.8).
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0.02
Figure 4.5 Relationship of pilA sequences extracted from annotations.

Neighbour joining tree, bootstrapping set at 500. H. haemolyticus in red and NTHi in black.
H. haemolyticus can be seen to cluster away from NTHi displaying the variation between
the two species within pilA. These sequences when translated however show protein
homology at 97.3%. Sequences from atypical NTHi isolate did not cluster separately from
other NTHi. Substitutions at 0.02 per 100 bp.
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Figure 4.6 Distribution of sequences for omp6 alongside ST’s.

Neighbour joining tree with bootstrapping set to 500. ST’s are represented by colours in
the inner circle, patients are depicted by outer circle. H. haemolyticus are coloured light
yellow and cluster separately to the right of the tree. This is a still of the interactive tree
available for more in depth investigation created in microreact

(https://microreact.org/project/ryTBYIEHx) The NTHi are distributed in different branches
however the branches do not cluster into STs and isolates from the same ST are found in

different branches.
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Figure 4.7 Sequences for hel resulting from mapping.

Neighbour joining tree bootstrapping set to 500. NTHi represented by black clades, red
represents H. haemolyticus and green atypical isolates from ST 1314, ST 353 and ST 356.
The atypical isolates clustered in the same clade as H. haemolyticus away from the other
NTHi illustrating a relationship between the atypical NTHi isolates and H. haemolyticus
within the hel sequences.
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H. haemolyticus

ST356,
ST503

ST1314, ST353

Figure 4.8 Sequences for ompA.

Neighbour joining tree bootstrapping at 500. The H. haemolyticus cluster in their own
clade. The atypical NTHi isolates sit within the same clade (green) however all isolates with
ST 503 are also present, indicating a relationship between the atypical NTHi isolates and ST
503 isolates at the ompA sequence.
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Figure 4.9 Protein E sequences.

Neighbour joining tree of protein E sequences, bootstrapping set to 500. A subset of NTHi
branching from within the H. haemolyticus (red) clade composed of atypical isolates (green)
from ST 1314, ST 356, ST 353. A branch of NTHi can be seen in amongst the H. haemolyticus
illustrating a closer phylogenetic relationship within the protein E sequences between H.
haemolyticus and these NTHi isolates from STs 513, 311, 1163 and 704 identified in MLST
analysis Chapter 3.
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446 Adhesin Genotypes Are Not Associated With the Onset of Acute
Exacerbations

The isolates from this study were collected from patients either on a scheduled monthly
appointment at stable periods or on the event of acute exacerbation. Hia, hmwA, hmw2A,
hap and hif adhesin genes have been associated with disease. To determine whether the
adhesins were more associated with acute exacerbation events in COPD the genotyping
data was statistically investigated however this was not found to be the case. Chi square
analysis was carried out on an adjusted sample set to remove duplicates. Presence or
absence of an adhesin was not found to be significantly associated with the onset of acute

exacerbation in patients (Materials and Methods, section 2.5)(Appendix 2, Appendix 3.2).

447 hia - Intrapatient Variation

Hia has been shown to be highly immunogenic but has a survival strategy in the form of
phase variation (Atack et al., 2015). This is achieved by reducing Hia protein expression due
to the extension of a polythymine (T) tract downstream from the promoter region. Despite
this phase variation however a surprisingly low number of hia positive NTHi were isolated
50/1368 (3.7%) from this study (Figure 4.1). From the 50 positive isolates hia positive
strains were only observed in two patients, patient 29 and patient 32, at more than one
time point (Appendix 2). These were further broken down into sequences containing the
poly T tract and sequences where it was absent. The poly T tract was found, on average
(n=25/50), in half of all the hia sequences from each time point (Table 4.2). All adhesin
genotypes were inspected for these two patients at each time point (Figure 4.10). In
patient 32 hia was the only adhesin present in the first two time points and was not
present after this. In the remaining time points where NTHi was isolated hap and hif, and
hmw and hap positive isolates were the adhesins present, at each change of adhesin the ST
also changed (Figure 4.10). NTHi isolated from patient 29 however maintained the same ST
311 throughout all time points, hia was observed in the first three time points
simultaneously with hap but gave way to hap positive isolates only in the remaining time

points (Figure 4.10).
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Table 4.2 hia positive strains and the distribution of poly T tract indicative of phase
variation.

Patient Time point No of hia positive | Poly -t tract
isolates observed

29 1 14 7

29 2 8 4

29 3 (exacerbation) 10 5

32 1 9 3

32 2 9 6

Patient 32

& & @ : 7 7 @ L hia @
¢ & o & ¢ & o @ @ @ hif ®
I | ] | |l T Ve B | [ hap @
mw.

I a0 Ty i

513 513 1314 1314 1314 34 34 34 154 154 34 ST

Patient 29

Figure 4.10 Distribution of poly T tract in hia positive isolates.

hia positive isolates were observed in more than one time point in two patients. However,
hia was not seen again after these initial time points and replaced by other adhesin
genotypes. Change in adhesin genotype also equated to a change in ST type within patient
32, however patient 29 ST 311 was the continual single ST throughout all time points
despite a change in adhesin genotype.
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4.5 Discussion

Here it has been demonstrated that H. haemolyticus and NTHi isolated from sputa from
the COPD lung do indeed have distinct adhesin genotypes between the two species (Figure
4.1). Adhesins that have been previously reported to be more present in disease such as
hmwA and hmw2A, hia, hif and hap are absent from in H. haemolyticus along with outer
membrane protein genes omp2 and omp1 (Figure 4.1). Genes shared between them,
ompA, hel, pilA and omp6, display allelic variation sufficient for speciation (Figure

4.5-Figure 4.9).

Adhesins are vital for bacteria to achieve colonization (Avadhanula et al., 2006, Barenkamp
and St Geme, 1996, Gilsdorf et al., 1997, Hendrixson and St Geme, 1998, Davis et al.,
2014a, Rempe et al., 2016). These adhesins also offer secondary mechanisms to provide
methods of immune evasion, cellular internalisation and tissue destruction, facilitating
pathogenicity (Fink et al., 2003, Atack et al., 2015, Davis et al., 2014a, Fink et al., 2002,
Hallstrom et al., 2011, Spahich et al., 2014, Su et al., 2016, Barthel et al., 2012b, Hallstrom
et al., 2009).

H. haemolyticus and NTHi are genetically very similar however despite this NTHi is a known
causative organism of both non-invasive and invasive disease whereas H. haemolyticus is
not classified as a pathobiont. There have been eight incidences of H. haemolyticus isolated
from invasive disease but these are far from the norm (Hotomi et al., 2010, Murphy et al.,
2007, Anderson et al., 2012, Morton et al., 2012, Jordan et al., 2011). NTHi uses its arsenal
of adhesins to aid in causing disease therefore a difference in these adhesins associated
with pathogenicity between NTHi and H. haemolyticus may begin to answer the contrast in

disease causing ability between them.

1368 NTHi and 92 H. haemolyticus isolates were investigated for the presence of thirteen
adhesin genes. All isolates were negative for the adhesion most associated with
encapsulated H. influenzae, hsf, and all H. haemolyticus were negative for hmwA, hmw2A
and hia, hap, hif, omp2 and omp1 (Figure 4.1). Both hmwA and hmw2A were observed in
73.5% of the NTHi isolates from this study with another 4.8% positive for hmw2A only, this
concedes with other studies reporting hmw positive rates of 37.7%-79.6% (St Geme et al.,
1998, Satola et al., 2008, Ecevit et al., 2004, Erwin et al., 2005, Erwin et al., 2008, Davis et
al., 2014b, Shahini Shams Abadi et al., 2016). Hmw proteins are thought to play an
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important role both in colonisation and pathogenesis in otitis media, they are reportedly
immunogenic but have shown to avoid immune clearance by mediation of protein
expression using phase variation in the form of 7bp repeats (Davis et al., 2014a, Cholon et
al., 2008, Giufre et al., 2008, Winter and Barenkamp, 2014, Rempe et al., 2016, St Geme et
al., 1993, Davis et al., 2014b, Ecevit et al., 2004).

Although a small number of isolates have been reported to harbor both hmw and hia this is
not usually the case and this was also reflected in our results shown in Figure 4.1
(Barenkamp and St Geme, 1996, St Geme et al., 1998, Satola et al., 2008, Erwin et al., 2005,
Ecevit et al., 2004, Erwin et al., 2008). From the 50/1368 hia positive isolates all were
negative for hmw genes. This equated to 3.7% of all isolates being positive for hia which is
relatively low in comparison to the 9-54.7% previously reported (Erwin et al., 2008, Ecevit
et al., 2004, Erwin et al., 2005, Satola et al., 2008). Hia has been shown to be an
immunogenic protein that is cleared by opsonophagocytic mechanisms however as
mentioned previously, hia is also able to mediate protein expression by phase variation
enabling an immune avoidance mechanism, but this can still result in low levels of protein
being produced (Atack et al., 2015). Phase variation in Hia comes in the form of a poly T
tract that diminishes protein expression with extension of the tract (Atack et al., 2015,
Surana et al., 2004). From the 50 isolates which were positive for hia 50% also had a poly T

tract present indicating that Hia expression was being reduced (Table 4.2).

Haemophilus surface fibril (Hsf) is a conserved homologue of hia found ubiquitously
throughout encapsulated H. influenzae (Cotter et al., 2005, St Geme et al., 1996, Radin et
al., 2009). Hsf is able to bind to vitronectin, a glycoprotein within the extra cellular matrix,
which enables avoidance of the complement system (Singh et al., 2014, Hallstrom et al.,
2006, Laarmann et al., 2002, Cotter et al., 2005). Hsf and hia display homology in two
binding pockets therefore the binding capability of hia to vitronectin would be a
worthwhile investigation to understand how Hia works within the ECM. However, the
potential for hia to bind to vitronectin does not explain the disappearance of hia positive
strains or indeed the relatively small percentages reported within studies, quite the
opposite. C-reactive protein (CRP) is an acute phase reactant and inflammatory marker
shown to predict mortality in COPD and coronary artery disease (Yaghoubi et al., 2015).
The reduction of vitronectin in the presence of C-Reactive protein that has been reported

in bacterial pneumonia could point to a case of competitive binding between CRP and hia
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for vitronectin (Kawahira, 1990). Hia may therefore also have more of a role in initial

colonisation or instigating pathogenesis than in persistence in NTHi.

The atypical NTHi group contributed to 76/77 omp1 negative isolates and 76/102 omp2
negative. No omp1 or omp2 sequence was returned for any H. haemolyticus isolate.
Currently there is limited literature with regards to distribution and prevalence of omp1
throughout NTHi isolates although. It has however been identified as a potential vaccine
candidate and therefore the absence of omp1 in three STs (the atypical NTHi group) is an
important consideration (Bolduc et al., 2000, Roier et al., 2012). Similarly, omp2 has been
identified as an important potential for vaccine efficacy, however previous studies have
reported absence of omp2 from NTHi isolates (Neary and Murphy, 2006, Yi and Murphy,
1997, Roier et al., 2012, Binks et al., 2012). omp2 has also shown a high level of genetic
variation in NTHi explaining the necessity to use more than one reference sequence when
mapping (Forbes et al., 1992, Duim et al., 1994, Hiltke et al., 2002, Regelink et al., 1999,

Troelstra et al., 1994).

Sequences for hel, omp6, pilA, pE and hel were identified in all NTHi and H. haemolyticus.
All have been indicated in vaccine development however it has been revealed that co-
colonisation of H. haemolyticus may have a detrimental effect on NTHi infection due to
competitive binding to epithelial cells, therefore a vaccine candidate that targets a protein
found within both species may have an unexpected deleterious effect on preventing NTHi
infection (Hotomi et al., 2005, Esmaily et al., 2006, Badr et al., 1999, Berenson et al., 2005,
Bertot et al., 2004, DeMaria et al., 1996, Hotomi et al., 1998, Hotomi et al., 2002, Hua et al.,
2016, Pichichero et al., 2010, Novotny et al., 2009, Green et al., 2005, Green et al., 1991,
Pickering et al., 2016). Further phylogenic analysis of the returned sequences
demonstrated that allelic variance between the species were able to differentiate NTHi
from H. haemolyticus except in the case of pE which contained an NTHi branch in amongst
H. haemolyticus (Figure 4.9). Separate clustering between the two species for pilA, hel,
ompA and ompé6 indicated a sufficiently conserved sequence structure within each species
to enable speciation between them (Figure 4.5-Figure 4.8). Despite the difference in
nucleotide sequence protein translation of returned sequences for pilA exhibited 97.3%

homology between NTHi and H. haemolyticus (Figure 4.4).
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pE and omp6 have been reported as ubiquitous throughout NTHi although omp6 has
demonstrated a high level of sequence variation (Chang et al., 2010, Chang et al., 2011,
Singh et al., 2010).

A sequence for hap was present in all of the NTHi isolates but not H. haemolyticus. This
supports previous studies that report the ubiquitous nature of hap throughout the NTHi
population (Fink et al., 2002, De Chiara et al., 2014). Hap is able to form microcolonies by
adhering to itself. At an optimum concentration Hap overcomes secretory leucocyte
protease inhibitor (SLPI) and is able to initiate autoproteolysis (Meng et al., 2011, Finket
al., 2003, Fink and St Geme, 2003, Hendrixson and St Geme, 1998, DALYs et al., 2015).
Sequence variation in hap has also been reported and this has been reflected in our
isolates with three reference sequences being required to ascertain sequences within all

NTHi isolates (Cutter et al., 2002).

The presence of hif was observed in the 76 atypical isolates (ST 1314, ST 353 and ST 356)
and also the full complement of ST 154 and ST 156 of which only ST 156 was not novel to
this study (Figure 4.1, Chapter 3). No H. haemolyticus isolates contained a hif sequence.
The presence of the hif cluster of genes is reportedly more prevalent in Hib isolates (64%)
than in NTHi (18%-28%) however our study reports an even lower rate of 7.5% (Figure 4.1).
There is limited literature into the prevalence of the hif cluster in NTHi isolated from COPD
and hif cluster positive isolates have been shown to be more prevalent in NTHi isolated
from the nasopharynx of healthy carriers than otitis media, therefore our relativelylow
figure may reflect selective pressures on NTHi from the COPD lung environment (Geluk et

al., 1998, Ecevit et al., 2004, Nakamura et al., 2006).

4.6 Conclusions and Future Work

In this chapter, five genes have been identified (omp6, pilA, hel, pE and ompA) that are
shared between NTHi and H. haemolyticus, four (ompé6, pilA, hel, and ompA) of which could
be used to develop assays for identification between NTHi and H. haemolyticus due to
allelic variation. H. haemolyticus isolates were negative for hia, hmw, hmw2A and hap
which are observed in disease in addition to absences of omp1 and omp2. In NTHi, hap was
observed in all isolates however omp1, omp2, hia, hmwA, hmw2A and hif were not

ubiquitous in NTHi. This has therefore illustrated that H. haemolyticus does not possess the
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same adhesin genotype as NTHi which may in turn propose an explanation for the
difference in pathogenic capability between NTHi and H. haemolyticus but also highlights
the genetic diversity of adhesin genotype throughout NTHi. It may be concluded that
omp6, pilA, hel and ompA have limited roles in virulence due to the ubiquitous nature of

the genes in both NTHi and H. haemolyticus.

The atypical NTHi isolates identified in Chapter 3 continue to show atypical traits within
adhesin genotypes (Figure 4.1). The adhesin genotype for the atypical NTHi group was
unusual for NTHi and more homologous to that of H. haemolyticus (negative for hmwaA,
hmw2A, omp2, omp1 and hia) except for the presence of hap and hif within the atypical
NTHi isolates which were not observed in H. haemolyticus. Gene markers do not enable full
investigation of the isolates therefore full genome analysis would be important to
determine whether these are examples of the hypothesised strains that bridge the gap

between NTHi and H. haemolyticus (Binks et al., 2012). This will be addressed in Chapter 6.

Protein analysis and adherence assays of mutant strains to fully understand the differences
between the two species would result in phenotypic confirmation of the genotypes
reported in this study to give a better understanding of how the two species differ in their
adhesion capability and how this aids pathogenesis in NTHi.

Investigating the mechanisms of Hia and its interactions with proteins vitronectin and CRP
may assist in the understanding of the pathogenesis of the strains more associated with
invasive disease such as paediatric meningitis and discover if the COPD lung environment
subjects strains of NTHi positive for Hia production to selective pressures (Cardines et al.,

2007, Satola et al., 2008).
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5 Associating Genetic Mechanisms of Phenotypic
Azithromycin Resistance within NTHi and H.
haemolyticus Isolated from COPD Using Genomic
Data

5.1 Introduction

Azithromycin is a macrolide used in the prophylactic treatment of patients with cystic
fibrosis, bronchiestasis, supporative chronic lung disease, asthma, malaria and COPD.
Adoption of long-term macrolide treatment has been questioned due to the potential for
the accumulation of resistance to antibiotic treatment (Serisier, 2013, Serisier et al., 2013,
Albert et al., 2011, Hare et al., 2015, Samson et al., 2016, Anderson et al., 1995b, Stokholm
et al., 2016, Hansen et al., 2009, Kuschner et al., 1994, Davies and Wilson, 2004, Anwaret
al., 2008). Resistance to azithromycin and treatment failure has been observed in many
different bacterial species including S. pneumoniae, S. aureus, Campylobacter spp.,

Salmonella enterica, Treponema palladium, Neisseria gonorrhoea and N. meningitidis.

Whilst information on macrolide resistance in NTHi is limited what is available is
contradictory and the observations differ by study (Chisholm et al., 2009, Chisholm et al.,
2010, Hoge et al., 1998, Katz et al., 2012, Katz and Klausner, 2008, Van Damme et al., 2009,
Lukehart et al., 2004, Galarza et al., 2010, Molloy et al., 2010, Zarantonelli et al., 2001, Luna
et al., 2000, Phaff et al., 2006). Increased amounts of Haemophilus spp. isolated from cystic
fibrosis were observed to harbour resistance to macrolides however this was not the case
in an alternative study into NTHi isolated from cystic fibrosis patients on long term
azithromycin treatment over a four year period whereby all isolates were susceptible to
azithromycin (Phaff et al., 2006, Hansen et al., 2009). In a study into resistance of NTHi
isolated from COPD, all 267 isolates from 77 patients were found to be susceptible at first
isolation with resistance developing after exposure to treatment in five out of 27 strains
further investigated (Pettigrew et al., 2016). However, studies have shown that there is a
decrease in number of positive cultures after treatment with azithromycin inclusive of

Haemophilus spp. (Hare et al., 2015, Davies and Wilson, 2004, Anwar et al.,2008).
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There is very limited data available on the antimicrobial resistance levels of H.
haemolyticus, which is known to be a commensal of the nasopharynx, especially in
children, and is also isolated from the sputa collected from COPD patients (Murphy et al.,
2007, Kirkham et al., 2010). The first incidence of resistance to ciprofloxacin within H.
haemolyticus was recently reported but no information is available on the susceptibility of
H. haemolyticus to macrolide treatment, more specifically azithromycin, in COPD (Marti et
al., 2016). The capability for NTHi and H. haemolyticus to co-colonise the COPD lung,
combined with the reported incidences of recombination between the two species may
suggest a reciprocal potential for gene transfer associated with virulence or resistance as
has been reported between Shigella and enteroinvasive E. coli (Murphy et al., 2007, de Gier

et al., 2015, van den Beld and Reubsaet, 2012).

Macrolide resistance has been associated with the presence of a group of genes referred to
as the acquired macrolide resistance genes (AMRG). These genes such as the erm operon
and mef(A), mef(E), mel, acrAB, mtr(R) and msr(A) are responsible for efflux pumps or
ribosomal modifications (Zarantonelli et al., 2001, Tait-Kamradt et al., 2000a, Weisblum,
1995b, Weisblum, 19953, Peric et al., 2003, Sanchez et al., 1997, Seyama et al., 2016,
Schroeder and Stephens, 2016, Grad et al., 2016). The mel gene in S. pneumoniae is also
known as the mrs(D) homologue of msr(A) present within S. aureus (Schroeder and
Stephens, 2016). The genetic mechanism for resistance in NTHi to macrolides however has
been disputed. Roberts et al. (2011) reported a 100% positivity rate for at least one AMRG
in 106 NTHi isolated from paediatric cystic fibrosis patients whereas Atkinson et a/.(2015)
were unable to identify any AMRGs in a study of 172 NTHi isolated from cystic fibrosis, non
cystic fibrosis bronchiestasis and other clinical samples (Roberts et al., 2011, Atkinson et al.,
2015). This suggests perhaps that AMRG is not widespread amongst NTHi and therefore
other mechanisms of macrolide resistance may be prevalent. For example, modifications of
the L4 and L22 ribosomal proteins which form a bottle neck of the peptide exit tunnel, as
well as mutations of the domain V of the 23s rRNA have been associated with macrolide
resistance (Diner and Hayes, 2009, Tait-Kamradt et al., 2000b, Clark et al., 2002, Peric et al.,
2003). Modifications of L4 and L22 have been shown to affect the functionality of the large
ribosome and result in resistance to macrolide treatment (Lovmar et al., 2004, Garza-
Ramos et al., 2001). In addition azithromycin alters the assembly of the 50s subunit

resulting in ribosome degradation (Petropoulos et al., 2009, Chittum and Champney, 1995).
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In order to understand the prevalence and mechanisms of azithromycin resistance within
our study, 104 isolates including 21 H. haemolyticus isolated from COPD were tested for
susceptibility to azithromycin. This subset was chosen to represent all occurrences of H.
haemolyticus and one example of each ST from each time point isolated from each patient
isolated within the first six months. In addition, whole genome sequencing data was used
to examine the presence and variation of genes and mutations previously reported to be
associated with azithromycin resistance. Primarily the genes demonstrating resistance in
NTHi have been reported as presence of the erm and mef genes or L4, L22 or 23srRNA

mutations (Roberts et al., 2011, Peric et al., 2003).
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5.2 Hypothesis

H. haemolyticus and NTHi will have similar susceptibility patterns when isolated from

the same environment due to previously reported genetic mechanisms present.

5.3 Aims

* Toidentify levels of susceptibility to azithromycin in H. haemolyticus and NTHi

isolated from COPD.

* To determine the genetic mechanisms of resistance in H. haemolyticus and NTHiby
mapping genome sequence data to reference sequences of macrolide resistance
genes as well as investigating mutations in ribosomal proteins L4 and L22 and 23s

rRNA.
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5.4 Results

5.4.1 Study Isolates

In Chapter 3 1460 Haemophilus spp. isolated from sputa collected from patients on the
AERIS COPD study were differentiated into NTHi and H. haemolyticus (Bourne et al., 2014).
The NTHi were also sequence typed using MLST on sequencing data (Chapter 3)(Meats et
al., 2003). A subset of 104 isolates representing one NTHi isolate from each ST (n=83) and
all H. haemolyticus that were isolated from the 16 patients over a six month period
(defined in chapter 3) were chosen for Etest® and genetic analysis of sequencing data
(Chapter 3, Appendix 2). Minimum inhibitory concentrations (MIC) using Etests® and

EUCAST breakpoints were determined for these isolates (Testing., Version 6.0, 2016.).

5.4.2 Azithromycin Susceptibility by MIC

Etest® strips were placed on spread Haemophilus test agar plates of separate isolates and
incubated over night (Materials and Methods, section 2.2.5) The MICs were identified from
the Etest® at the relevant point and noted (Materials and Methods, section 2.2.5).
Breakpoints for resistance were ascertained from EUCAST and were noted as azithromycin

susceptibility at £ 0.125mg/L resistance at > 4mg/L (Testing., Version 6.0, 2016.).

MICs above 4 mg/L (6-24mg/L) were classified as resistant isolates and this was observed in
53/104 (51%) isolates. These consisted of 44/83 (53%) of NTHi and 9/21 (43%) of H.
haemolyticus. No isolate was susceptible to azithromycin and the remaining 39/83 (47%)
NTHi and 12/21 (57%) H. haemolyticus displayed intermediate resistance to azithromycin
with MICs from 1-4mg/L (Figure 5.1).

Twelve patients had intermediate and resistant isolates. Haemophilus spp. with MIC’s all

deemed intermediate resistance were isolated from three patients and isolates with MIC's

of > 12mg/L were observed in Haemophilus spp. isolated from seven patients.
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Figure 5.1 MIC of Azithromycin in NTHi and H. haemolyticus.

Fifty-three of 104 isolates with MIC’s over 4mg/L were classed as resistant to azithromycin using EUCAST breakpoints. Of those 53 isolates, 44
(83%) were NTHi and 9 (17%) were H. haemolyticus. This equated to 42.9% of all H. haemolyticus and 53% of all NTHi isolates within the study.
No isolate was susceptible for azithromycin (£0.125mg/L). The remaining 39/83 (47%) of NTHi and 57.1% of H. haemolyticus isolates were
classed as having intermediate resistance with MICs of over 0.125mg/L and up to and including 4mg/L.
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5.4.3 Genetic Mechanisms

In silico PCR was used to extract sequences for genes L4 and L22 from the sequence data of
the 104 isolates used for this analysis. This was done using primers that had previously
been published from Peric et al. (2003). Primers from Atkinson et al. (2015) were used to
ascertain presence of macrolide resistance genes erm(a), erm(b), erm(c), erm(F) and mef(a)
(Atkinson et al., 2015, Peric et al., 2003). No macrolide resistant gene was found within any
isolate as has been previously reported in H. influenzae, primers were tested against
positive controls (Materials and Methods, section 2.3.7). The majority of isolates returned

a gene sequence for L22 (102/104, 98.1%) and L4 (102/104, 98.1%) (Peric et al., 2003).

It has been reported that a deletion of amino acids MKR (methionine, lysine and arginine)
at position 82 in the L22 protein sequence is associated with the increased resistance to
macrolides. Macrolides bind to a site close to the constriction of the peptide exit tunnel
formed by the L4 and L22 proteins and inhibit protein synthesis on binding. The deletion of
the MKR amino acids is thought to result in a widening of the peptide exit tunnel allowing
the entry of nascent proteins despite the presence of bound macrolides (Clark et al., 2002,

Tu et al., 2005, Gabashvili et al., 2001, Davydova et al., 2002).

L22 sequences were collated from annotated genomes (Material and Methods, section
2.3.7). The resulting sequences were translated into protein sequences using EMBOSS
and then aligned in Clustal Omega (Materials and Methods, section 2.3.7). Three isolates
did not return a sequence, 98 were 100% identical with one isolate truncated with 14
amino acids removed from the end of the sequence but identical to the remaining

otherwise. All protein translations contained the MKR protein sequence.

No substitution was observed at position 54 from EVSG to EVSA and no mutations were
observed in the conserved L4 sequence KPWRQKGTGRARA associated with macrolide
resistance as previously reported in H. influenzae and as previously observed in S.

pneumoniae (Tait-Kamradt et al., 2000b, Clark et al., 2002).

Protein translations from annotated sequences for L4 were also carried out. One isolate

returned a truncated sequence with the first 50 amino acids absent. Compared to NTHi

sequences, all H. haemolyticus isolates displayed an isoleucine instead of a threonine at
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position 82 indicating a species based substitution rather than a resistance associated
mutation (figure 5.5). At amino acid position 116, three H. haemolyticus displayed an
aspartic acid rather than a glycine represented by isolate 552 in figure 5.5, and in seven H.
haemolyticus an isoleucine was observed instead of a valine at position 149 (isolate 549 in
figure 5.5). Two further isolates of NTHi exhibited novel protein sequences with one
showing an aspartic acid to glycine at position 139 (isolate 188, Figure 5.5) and the other a
valine instead of an isoleucine in position 189 (isolate 368, Figure 5.5). None of the

aforementioned substitutions were associated with an increased MIC to azithromycin.

METIAKHRYARTSAQKARLVADLIRGKKVAQALEILTFTNKKAAALVKKVLESATIANAEH
NDGADIDDLKVAKIFVDEGPSMKRVMPRAKGRADRILKRTSHITVVVSDR*
Figure 5.4 Protein Translation of L22 Nucleotide Sequences.

All isolates positive for L22 showed 100% homology except one isolate missing the final 14
amino acids. The MKR deletion reportedly responsible for the increased resistance to
macrolides was not observed in any of the isolates.

142



CLUSTAL 0(1.2.3) multiple sequence alignment
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Figure 5.5 Protein alignment showing substitutions in L4.

Representative isolate 601 (MIC=16mg/L) for NTHi and representative isolate 54
(MIC=2mg/L) for H. haemolyticus display the common protein sequence observed in both
species which are identical apart from a substitution of isoleucine instead of a threonine at
position 82. Isolate 552 (MIC=2mg/L) is a H. haemolyticus containing a substitution of
aspartic acid rather than glycine at position 116. Isolate 549 (MIC =4 mg/L) is a H.
haemolyticus that contains a substitution of an isoleucine instead of valine at position 149.
Two NTHi isolates contained substitutions not shared anywhere else, these were isolates
188 (MIC=3mg/L) and 368 (MIC= 3mg/L) with substitutions of aspartic acid to glycerine and
valine instead of isoleucine at positions 139 and 189 respectively. Again no substitution
was associated with a change in MIC to azithromycin.
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Observations of substitutions of arginine for glycerine at positions 2058 and 2059 and
cysteine to threonine at position 2116 of the 23s rRNA domain V have been associated with
macrolide resistance in H. influenzae, Neisseria gonorrhoeae and Mycoplasma pneumoniae
(Clark et al., 2002, Chisholm et al., 2010, Morozumi et al., 2005) GenBank sequence
LN831035.1 (270311-273445) from NTHi NCTC 8134 was used to map against the
sequencing data for the 104 isolates. A sequence for the 23s rRNA gene was present in all
isolates which were then aligned and investigated for the previously reported substitutions
associated with resistance in the 23s rRNA gene. On further investigation of the alignments
no substitutions were observed at position #2058, #2059 or #2611, all isolates were
positive for adenine at positions #2058 and #2059 and a cytosine at #2611 as previously
reported (E. coli numbering) (Almofti et al., 2011, Alonso et al., 2005, Bartkus et al., 2003,
Begovic et al., 2009, Chan et al., 2007, Chisholm et al., 2010). Alignment of the resulting
sequences were used to construct a phylogenetic maximum likelihood tree in RAXML using
the GTRCAT model for heterogeneity on CIPRES (https://www.phylo.org/ )(Materials and
Methods, section 2.3.8) and visualised in microreact as shown in figure 5.6 (viewable

at https://microreact.org/project/HyC5cj8xe) . Similarly to L4 and L22 there was no

correlation between resistance and allele variation of the 23s rRNA gene. Instead the
isolates were seen to fall into clades specific to their ST. Variation in MIC between isolates

with the same ST were seen despite being in the same clade.

Further phylogenetic investigation into the L4 and L22 sequence variation was carried out
to determine whether variation in sequences were associated with MIC levels for

resistance levels within the isolates.

L22 variation separates NTHi from H. haemolyticus rather than clustering those of both
species with the same level of resistance this can be seen from the maximum likelihood
tree based on the alignment of L22 sequences (Figure 5.2). Isolates were labelled as
intermediate or resistant depending on their MIC and nodes coloured by ST. For the NTHi
isolates no ST was found in more than one cluster. Of the isolates in the largest cluster of
NTHi approximately half (53.5%) of 43 isolates displayed MIC levels (>4mg/L) that are
indicative of resistance to azithromycin despite the high degree of sequence identity of the
L22 sequence (Figure 5.2). Five isolates that displayed high levels of resistance all clustered
together on the same branch and were all designated ST 176 in Chapter 3. These were
however all from the same patient and therefore could be a consistently carried strain

rather than a characteristic linked to a novel mechanism of L22 mediated resistance.
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The clade containing isolates of ST 353, 356 and 1314; the atypical NTHi group identified in
chapter 3, was predominantly found to be of intermediate resistance to azithromycin. This
was in addition to ST 513 and one isolate of ST 201. This clade was phylogenetically closer
to H. haemolyticus sequences than the majority of the remaining NTHi. Branch lengths
indicate more variation within NTHi than in H. haemolyticus although this could be
attributed to smaller sample size for the latter species (Figure 5.2 ). The H. haemolyticus
isolates cluster into group by patient which also gives the appearance of clustering by
resistance levels. However, it is more likely that the isolates are clustering together
because they are the same strain of H. haemolyticus from the same patient rather than due
to an L22 resistance mediated mutation. The visualisation of this phylogeny can be

accessed and further interrogated online at https://microreact.org/project/rlvwRWkee.

L4 sequences from 102 isolates and 2 references (NTHi NCTC 4842 and H. haemolyticus
NCTC 10659) were aligned and a maximum likelihood tree constructed using RAXML with
the GTRCAT model for heterogeneity on CIPRES (https://www.phylo.org/ )(Materials and
Methods, section 2.3.8). Similar to the observations made for the aligned L22 sequences,
the isolates clustered by ST rather than MIC. Similarly, no ST was seen in more than one
branch. Isolates from different patients appeared in different branches indicating that
sequence variation in L4 is more related to ST type than resistance level or MIC (Figure5.3).
The visualisation of this phylogeny can be accessed and further interrogated online

at https://microreact.org/project/rJatxlbex

In conclusion no variation in L4, L22 or 23s rRNA genes were observed to be associated

with level of MIC within this study.
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Figure 5.2 Phylogeny of L22 sequences compared to ST, MIC to azithromycin, and patient of
origin.

Maximum likelihood tree created in RAXML and visualised in microreact.
(https://microreact.org/project/rilvwRWkee) from alignments of 102 NTHi and Hh isolates
and two NCTC references. The coloured nodes depict ST (along with label). The orange and
red refer to the intermediate (MIC 0.125 mg/L — 4mg /L) and resistant (MIC >4mg /L) levels
of MIC identified by E-test, respectively. The final metadata column is that of patient of
origin - each colour depicts a different patient. No ST appears in more than one branch of
L22 variation. Resistance levels within these isolates do not group unequivocally by L22
variation. Clustering of resistance in small incidences may be likely to same patient of
origin. References included were NTHi NCTC 4842 and H. haemolyticus NCTC 10659.
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Figure 5.3 Phylogeny of L4 variations compared to ST, MIC to Azithromycin and patient.

Maximum likelihood tree created in RAXML and visualised in microreact.
(https://microreact.org/project/rlatxlbex ) from alignments of 102 study isolates and two
NCTC references. The coloured nodes depict ST (along with label). The orange and red in
the bar refer to the intermediate (MIC 0.125 mg/L 4 mg/L) and resistant (MIC >4mg/L)
levels of MIC identified by E-test, respectively. The patient bar shows each patient of origin
as a different colour. The light yellow nodes at the top of the tree are H. haemolyticus, the
green nodes are NCTC 10659 and NC-4842 reference strains clustered with H. haemolyticus
and NTHi respectively. The L4 sequences for the isolates do not cluster by resistance but do
cluster within groups of the same STs. No ST appears on more than one branch.
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Figure 5.6 Allele variation of 23s rRNA Gene for 104 isolates compared to azithromycin MIC, patient and ST.

Maximum likelihood tree created in RAXML from MUSCLE alignment. Scale is 0.0033 substitution per bp. (Tree can be viewed here
https://microreact.org/project/HyC5cj8xe along with metadata for each variable). Node colours are attributed to the different ST types, the light
yellow nodes are H. haemolyticus. Resistance (MIC >4mg/L) is indicated by red and intermediate (MIC 0.125 mg/L - 4 mg/L) resistance indicated by
orange. The different colours on the outer metdata bar depict different patients. Predominantly the isolates tend to cluster within ST/patient of
origin rather than resistance status. Isolates with different STs but same resistance status are found in the same patient. Occurrences of the same
ST having different resistance levels and isolated from different patients are also apparent. References for NTHi (NCTC 4842) and H. haemolyticus
(NCTC 10659) were also include
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5.4.4 Identification of Genes Associated with Resistance to
Azithromycin

No gene previously associated with resistance to macrolide therapy was found to be
associated with resistance in the isolates from this study. Consequently, further

investigation was carried out to identify other loci that may be associated.

Annotated genomes for the isolates were assembled into two pan genomes for ten NTHi
and ten H. haemolyticus isolates using ROARY (Materials and Methods, section 2.3.9). For
each species, the ten isolates were made up from the five isolates with the highest MICand
the five isolates with the lowest MIC to enable an optimum comparison from the isolates
available. The isolates were assigned into one of two trait groups, low MIC (NTHi 2mg/L, Hh
1-3mg/L) and high MIC (NTHi 16-24 mg/L, Hh 8-12mg/L) and a metadata csv file created
consisting of trait type and isolate number. Where possible isolates were chosen from
different patients at different time points (Appendix X). The resulting pan genomes were
run through Scoary to ascertain statistical significance of genes annotated within the pan
genome to the MIC trait defined within the metadata file. (Materials and Methods, section
2.3.9). For NTHi there were 1344 genes that were identified as statistically significantly
associated with the MIC trait (p< 0.005). ForH. haemolyticus there were 87 genes identified
as statistically significantly associated with MIC trait. Twenty seven genes were found to
be present in both. From this list seven genes were identified in both species with high
specificity and sensitivity, a measure of the potential predictive power of the significant

genes in identifying isolates with high MICs (Table 5.1).

Two of the seven genes, purl and purH, encode for phosphoribosylformyl-glycineamide
synthetase and phosphoribosylaminoimidazolecarboxamide formyltransferase proteins
that are involved in the de novo synthesis of purine. The gene rluA encodes for
pseudouridine synthase A within the large ribosomal subunit. The genes galk, mazG, focA
encode the proteins galactokinase and nucleoside triphosphate pyrophosphohydrolase and
formate transporter respectively. A putative metallo-hydrolase was also identified in both

species associated with high MIC level.

Genes rImM and rimC with 100% sensitivity and 80% specificity both encode for 23s rRNA

methyltransferases, these proteins are responsible for methylation of antibiotic binding
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sites and associated with resistance (Vester, 2000). Other significant genes have also been
previously associated with resistance, the dam gene encodes for DNA adenine methylase
that has been reported to have a role in virulence but also regulating the expression of
other genes, including multi efflux pumps associated with resistance (Heithoff et al., 1999,
Adam et al., 2008). A resistance mechanism to mupirocin is associated with isoleucyl-tRNA
synthetase encoded by gene ileS furthermore emrA encodes for an efflux pump which
increases antibiotic resistance on overexpression due to mutation within its negative
regulator ermR (Lomovskaya et al., 1995, Serafini et al., 2011). Glycerol phosphate encoded
for by g/pG has been shown to increase resistance due to mutations (Clemmer et al., 2006).
Currently dsb_D2, the gene that encodes for the thiol disulphide interchange protein
involved in the folding of secreted proteins in the periplasmic space, is being investigated
for a possible link to resistance in N. meningitidis and P. aeruginosa

http://gtr.rcuk.ac.uk/projects?ref=MR%2FM009505%2F1 ) (Nagy, 2013).
(http://g /proj ) (Nagy, )

No remaining significant gene from Table 5.1 has an association with resistance reported,
dnal is a heat shock protein and msbA is also involved in maintaining viability of bacteria
with temperature change (Caplan et al., 1993, Polissi and Georgopoulos, 1996). bamA
encodes for a protein that assists in the assemblage of ABC transporter proteins within the
outer membrane, furthermore pot_A gene encodes for PotA protein which enables energy
dependent spermidine uptake in intact cells necessary for growth (Kashiwagi et al., 1995).
Additionally, ung encodes for uracil-N- glycosylase which is involved in DNA repair (leva and
Bernstein, 2009, Kashiwagi et al., 1995, Johnson et al., 2007) and cpdA encodes cAMP
phosphodiesterase which catalyses the cAMP to AMP conversion. (Kim et al., 2009a). tabA
is associated with a toxin-antitoxin biofilm protein that reduces biofilm production on
deletion of five other toxin-antitoxin systems and guaA encodes for a GMP synthase which
is involved in purine salvaging pathways (Jewett et al., 2009, Kim et al., 2009b). g/nS
Encodes for glutamine —tRNA ligase which is involved with amino acid biosynthesis and
transportation (Hoben et al., 1982, Yamao et al., 1982). metC is also involved with

biosynthesis of amino acid methionine from cysteine (Ferla and Patrick, 2014).
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Table 5.1 Genes significantly (p< 0.005) associated with high resistance found in both NTHi
and H. haemolyticus. Genes highlighted in blue have both high sensitivity/specificity in

both species.

Gene name Hh Hh NTHi NTHi
sensitivity | specificity | sensitivity | specificity
ribonuclease | 100 80 0 0
bamA 100 80 0 20
metC 100 80 0 0
rimC 100 80 0 0
ssb_1 100 80 0 0
dsbD_2 100 80 0 0
rimm 100 80 0 0
mazG 100 80 80 100
guaA 100 80 0 0
glnS 100 80 0 0
potA_1 100 80 0 20
ileS 100 80 0 0
emrA 100 80 0 0
purl 100 80 100 100
rluA_1 100 80 100 100
dnal 100 80 0 0
galk 100 80 80 100
ung 100 80 0 0
putative metallo-hydrolase 100 80 100 100
dam 100 80 0 0
murein-L putative 100 80 0 0
focA 100 80 100 100
purH 100 80 100 100
msbA 100 80 0 0
glpG 0 20 80 100
CpdA 0 20 80 100
tabA 0 20 80 100
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5.5 Discussion

To the authors best knowledge this is the first study into azithromycin resistance in both H.
haemolyticus and NTHi isolated from the COPD lung. No isolate was found to be
susceptible for azithromycin from the 104 tested (Figure 5.1). More than half of the NTHi
(53%) were found to have intermediate resistance with MICs 1-4 mg/L and the remaining
isolates displaying MICs of 6-24mg/L (Figure 5.1). This is high in comparison to Pettigrew et
al. (2015) whereby all newly acquired strains of NTHi isolated from sputa from COPD
patients were found to be susceptible to azithromycin. Although five of 27 susceptible
strains they identified were seen to develop resistance after exposure to azithromycin
(Pettigrew et al., 2016). The H. haemolyticus isolates from our study also displayed high

levels of resistance at 43% with an MIC of above 4mg/L (Figure 5.1).

Previous studies have highlighted a number of resistance mechanisms including the
presence of the erm and mef genes. However, no acquired macrolide resistance genes
were identified in any of the isolates tested here. This finding is in agreement with the
findings of Atkinson et al. (2015) and Clark et al. (2002) but contrasts that of Roberts et al.
(2011) who were able to identify an AMRG in all isolates by PCR (Atkinson et al., 2015, Clark
et al., 2002, Roberts et al., 2011). Variations in L4, L22 and 23s rRNA genes were all
investigated for previously reported mutations, however these too were absent in the
isolates from this study (Figures 5.4 and 5.5). Furthermore, when phylogenetically analysed
it was observed that the variations in sequence for these genes did not correlate with MIC
indicating an absence of effect of these genes on the azithromycin resistance observedand
a non-clonal phenotype of resistance, demonstrated by MIC not clustering by ST (Figures

5.2,5.3, 5.6,5.7).

In silico analysis of the genome of ten isolates from both species returned seven genes
that were statistically significantly (p<0.005) associated with MIC trait and which had high
specificity and sensitivity in both species. Five isolates were chosen with the highest MIC's
within the subset of isolates for each species and five with the lowest MIC. Where possible
these were taken from different time points and patients. These genes could potentially
identify those isolates with high resistance levels to azithromycin. Two of these seven
genes, purl and purH are important for de novo purine synthesis which has interestingly
been indicated in resistance to rifampicin in S. aureus (Yee et al., 2015). There is also an

association with vancomycin resistance in S. aureus however this has since been
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guestioned (Mongodin et al., 2003, Fox et al., 2007). Another gene of significance, rluA is
responsible for pseudouridine synthase A important for post transcriptional modification in
the 23s rRNA, the target for macrolide intervention (Hamma and Ferre-D'Amare, 2006,
Tait-Kamradt et al., 2000a). The remaining genes galK, mazG and focA which express
galactokinase, nucleoside triphosphate pyrophosphohydrolase and a formate transporter
have no immediate associations with potential mechanisms or previous associations with
antibiotic resistance (Wang et al., 2009, Debouck et al., 1985, Zhang and Inouye, 2002).
One last gene putative for a metallo-hydrolase in both species was identified which have
been previously reported to have a role as beta lactamases and resistance to penicillin
(Daiyasu et al., 2001). The absence of L4 and L22 genes from this analysis also supports the

phylogenetic analysis of these isolates.

Interest in antimicrobial resistance in H. haemolyticus has historically been low,
presumably due to its limited pathogenic capability. Recently however the first strains of H.
haemolyticus resistant to ciprofloxacin have been reported (Marti et al.,2016).
Recombination between H. haemolyticus and NTHi involving genes responsible for
resistance has been observed previously therefore there is hypothetically a potential for
this mechanism to pass on azithromycin resistance and for H. haemolyticus to act as a pool
of resistance genes to aid the capacity for antimicrobial resistance in the more pathogenic
NTHi (Witherden et al., 2014). The identification of genes statistically significant to the MIC
of the isolates shared between the two species may indicate a strong starting point for
further investigation into the resistance levels to azithromycin, especially those who have
been previously indicated in mechanisms for resistance in other bacteria or to other
antibiotics, or those that effect 23s rRNA which houses the macrolide binding site. As of
yet, however, the resistance mechanism for the isolates from this study cannot be

identified.
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5.6 Conclusions and Future Work

The levels of resistance observed within the isolates were unexpectedly high compared
with prior limited research into macrolide resistance within NTHi and H. haemolyticus.
These isolates represent 16 patients only and further investigation into treatment regimes
may uncover a history of azithromycin therapy resulting in accrued levels of exposure as
previous studies have displayed that exposure to azithromycin is the driving factor for
acquisition of resistance. The treatment regimes for the patients were not accessible for

the purposes of this PhD (Bergman et al., 2006, Phaff et al., 2006).

Although this is an in silico investigation based on statistical analysis it does identify genes
that could potentially be associated with the MIC trait and form a good starting point for
further investigation into resistance within these isolates. The next step would be to
employ methods that are able to link phenotype with genotype. Transposon mutagenesis
sequencing methods such as TraDIS or HITS have been historically used to identify
virulence factors in bacteria and would facilitate the requirement to link genotype with
the observed resistance phenotype (Mei et al., 1997, Langridge et al., 2009, Barquist et al.,
2016, Autret et al., 2001, Gawronski et al., 2009).
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6 Whole Genome Analysis for Speciation Between

NTHi and H. haemolyticus

6.1 Introduction

Due to the failure of molecular markers to unambiguously differentiate between NTHi and
H. haemolyticus it has been hypothesised that the two species may share sufficient genetic
content to represent a genomic continuum rather than distinct species separation (Binks
et al., 2012). Despite the reported close genetic relationship between the two species H.
haemolyticus nevertheless lacks pathogenic behaviour and is able to cause a cytotoxic
response in epithelial cells in comparison to the invasive nature of NTHi (Pickering et al.,
2016). Similarly, E.coli and Shigella are different in pathogenic ability and are closely
genetically related. These two can be clearly differentiated using biochemical and
physiological tests however the differentiation can be clouded by disease causing
intermediate strains of enteroinvasive E.coli (EIEC). The ability to differentiate between
EIEC and E.coli comes with the PCR assay for marker gene ipaH present in all Shigella and
EIEC strains but absent from non dysentery causing E.coli (van den Beld and Reubsa et,
2012). In chapters 3 and 4 heterogeneity in NTHi and atypical NTHi was demonstrated by
using limited molecular marker data. The numbers of molecular markers used were few in
comparison to the number of genes present in the NTHi genome and therefore in this
chapter we explore the comparison of the whole genomes and turn to methods of

taxonomy.

6.2 Hypothesis

We hypothesise that whole genome analysis will enable clear speciation between NTHi and

H. haemolyticus despite the atypical genotypes of some isolates.

6.3 Aims

The aim of this chapter was to use whole genome sequencing data to investigate the
genetic relatedness of H. haemolyticus and NTHi. This will:-
* Establish speciation boundaries between NTHi, H. haemolyticus and atypical
isolates using average nucleotide identity (ANI) analysis

e Determine the extent of the shared core and pan genome between the twospecies
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6.4 Results
In Chapter 3, 1460 isolates were categorised into NTHi (n=1241), atypical NTHi (n=76), fuck

negative NTHi (n=51) and H. haemolyticus (n=92). These were isolated from sputa collected
from COPD patients on monthly appointments or on an occurrence of acute exacerbation
in a two-year longitudinal study (Bourne et al., 2014). The classification of the isolates into
these four groups was based on gene marker information including MLST analysis as

detailed in Chapter 3.

Whole genome sequence (WGS) data from the isolates was assembled and interrogated by
MetaPhlAn (Materials and Methods, section 2.4.1). Five out of 1460 isolates were not
identified to species level but were denoted as 97.28%-99.92% similar to Pasteurellaceae.
The remaining 1455 returned varying levels of percentage identity to the MetaPhlAn
reference H. influenzae marker genes (70.94%-100%) with the remaining percentage of the
genome being identified as Haemophilus genus but unable to specify to species level. Only
68 of the study isolates were 100% identical to the 260 taxonomic marker genes of H.
influenzae within the MetaPhlAn reference database. The H. haemolyticus isolates
returned an overall lower percentage identity for these marker genes, ranging from
70.94%-82.09% (Figure 6.1). The atypical NTHi isolates were situated in between H.
haemolyticus and NTHi with identity matches ranging from 82.94%-89.97%. NTHi isolates
and fucK negative NTHi ranged from 90.21%-100% and did not cluster separately, with the
exception of one isolate of ST 513 with an identity of 86.5% (Figure 6.1). Both the atypical

and H. haemolyticus groups show clear separation (Figure 6.1).
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Figure 6.1 Dot plot showing percentage identity of assembled genomes of 1460 study
Haemophilus isolates against 260 H. influenzae marker genes using MetaPhlAn.

NTHi and fucK negative isolates returned 90.21%-100% identity except one isolate of ST
513 that returned 86.5%. H. haemolyticus isolates returned 70.94%-82.09% identity. The
atypical isolates were observed to fall centrally with a range of 82.94%-89.97%.
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6.4.1 Taxonomy Threshold Identification Using Average Nucleotide
Identity

Initially ANI was calculated for H. haemolyticus and a subset of NTHi composed of a
representative isolate from each ST (Materials and Methods, section 2.4.2). Reference
genomes for H. influenzae NCTC 4842, 7279, 8467 and H. haemolyticus NCTC 10659 and
NCTC 10839 were also included. An all-by-all comparison was done and the ANI was
calculated for each pair of isolates. The H. haemolyticus reference strains were <92%
similar to the reference NTHi and all >97% similar to each other. The NTHi references

were also >97% similar to each other. ANI was calculated for all isolates (n=1460).

6.4.2 H. haemolyticus

Two H. haemolyticus reference isolates (NCTC 10839 and NCTC 10659) and 90 study
isolates were >95%-100% genetically similar. The lowest identity between two H.
haemolyticus isolates was 94.6%. This was seen in two isolates only and the remainder

were >95% (Figure 6.2).

6.4.3 NTHi ST Representatives and H. haemolyticus

An isolate from each ST was selected for ANI comparison. The range of ANI calculations
between the NTHi were 94.8%-100%. This included representatives of the fucK negative
and atypical isolates. A representative of H. haemolyticus was also included andobserved
to be 91.5%-91.9% similar to the NTHi isolates. The representatives for the atypical group
ST356, ST353 and ST1314 were the least identical to the other ST representatives andwere
just below 95% identity to other typical and fuck neg NTHi isolates (Figure 6.3). The fuck
negative isolate displayed a large identity match to the larger group of NTHi (Figure 6.3).
Representative isolates for ST 311, ST 704 and ST 513 clustered together and were seento

be of a lower percentage identity to the majority of the isolates.
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6.4.4 ANI of Complete Study Isolates

The ANI calculations for all 1460 Haemophilus spp. shown in Figure 6.4 supports the
findings of the ANI calculations for the subset representing each ST from the NTHi group
and one representative H. haemolyticus as shown in Figure 6.3. The STs that make up the
atypical group of isolates, namely ST 353, 356 and 1314 were the group that had the lowest
identity to the remaining NTHi. The H. haemolyticus were all classified as below threshold
for inclusion as a same species to the NTHi and can be seen highlighted in blue in Figure

6.4.

6.4.5 Phylogenetic Analyses of Core Genome

The resulting core genome alignment from ROARY was used to create a maximum
likelihood tree in RAXML using GTRCAT method on CIPRES (https://www.phylo.org/)
(Materials and Methods, section 2.3.8). A metadata file was created linking ST with patient
and isolate number. Both metadata file and Newick tree files were submitted to
microreact for analysis (Materials and Methods, section 2.3.8). The H. haemolyticus in the
resulting tree clearly cluster separately from the NTHi supporting the ANI findings. The
atypical isolates can be seen to cluster separately at the edge of the NTHi clade also as
marked in Figure 6.5. The fucK negative isolates cluster within the other NTHi supporting
findings in the previous chapters that the fuck negative status of these isolates does not
represent a large variation from typical NTHi (Figure 6.5). The visualisation of this
phylogeny can be accessed and further interrogated online

athttps://microreact.org/project/rIV586A5e.
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Figure 6.2 Heatmap of ANI calculations for 92 H. haemolyticus isolates.

H. influenzae NCTC strains marked in lilac, H. haemolyticus reference strains marked in
green and two atypical smpB negative strains highlighted with blue. All H. haemolyticus
were 94.6%-99.9% identical.
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Figure 6.3 Heatmap of ANI calculations for representative isolate of H. haemolyticus and
representative isolates of each ST from MLST analysis of NTHi.

All NTHi isolates were<94% identity. The percentage identity for H. haemolyticus compared
to the representative NTHi isolates was <92% (shown in blue).
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Figure 6.4 Heatmap of ANI calculations of 1460 Haemophilus spp.
The H. haemolyticus compared to the NTHi has percentage identity which is <92% and

therefore shown in blue. Despite the heterogeneity displayed within the NTHi isolates, they
are all observed to be classified as the same species (in red) using ANI.
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Figure 6.5 Core genome phylogeny between NTHi and H. haemolyticus.

Maximum likelihood phylogeny created using subset of 91 H. haemolyticus and 297 NTHi
representing 37 STS at 134 time points from 24 patients. As per the ANI analysis the H.
haemolyticus (light yellow nodes) can be seen to cluster separately from the NTHi (remaining
coloured node, colours are representative of ST). The colours on the external bar are representative
of the patient of isolation. Atypical, H. haemolyticus and location of fucK negative isolates are
highlighted.
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6.4.6 Shared Core Genome between NTHi and H. haemolyticus

A pan genome was generated including annotated genomes from H. haemolyticus using
ROARY (Materials and Methods, section 2.3.9). In summary, a total of 7479 different genes
were identified, 1064 of those were detected in 95-100% of all the isolates and defined as
core genes giving a core/genome ratio of 14.2% (Figure 6.6). The distributions of the genes

across isolates are shown in Figure 6.7.

Using NTHi isolates only, a total of 13869 genes were identified, of which only 573
designated as shared core summary core genes in 95-100% of the isolates resulting in

a core/genome ratio of 4.13% (Figure 6.6, Figure 6.7).

The genomes from 91 H. haemolyticus and 297 NTHi were used to generate a joint pan
genome for both species. The NTHi were selected by choosing two isolates from every time
point of each patient. Where there was evidence of more than one ST in a time point, as
determined by the MLST analysis in chapter 3, two isolates were taken for each ST for that
time point where available. From a total of 19301 genes identified 324 were found to be
shared as core genes in 95-100% isolates giving a core/genome ratio of 1.67% (Figure 6.6).

Distribution of genes can be seen in Figure 6.7.

The summary core genes were further split into core, those shared in 99-100% of isolates,

and soft core, those shared in 95-99% of isolates (Figure 6.6).
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Figure 6.6 Composition of pan genomes of 91 H. haemolyticus, 297 NTHi and a subsetof
both species.

Stacked bars represent the percentage of genes designated as core (detected in 99-100%
of isolates -blue) soft core (95-99% - red) and accessory (15-95%- green)genes and
accessory and cloud genes (<15% - purple).
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(91 strains)

Figure 6.7 Heatmap visualising the distribution of the pan genome of 91 H. haemolyticus isolates visualising distribution of shared genes

throughout isolates.
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Solid dark blue vertical areas show the extent of the core (shared) genes.
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Figure 6.8 Heatmap visualising the distribution of the pan genome of 297 NTHi visualising distribution of shared genes throughout isolates.
Solid dark blue vertical areas show the extent of the core (shared) genes.
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Figure 6.9 Heatmap visualising the distribution of the pan genome of 297 NTHi and 91 H. haemolyticus throughout sample set.
Solid dark blue vertical areas show the extent of the core (shared) genes. The H. haemolyticus isolates are highlighted in light blue
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The accumulation of total genes relative to isolates included in the analysis can be seen in
Figures 6.10, 6.11 and 6.12. This shows an accumulative pan genome that does not achieve
an asymptote. This indicates that this is an open pan genome with scope for further

increase with the inclusion of additional strains.

Figures 6.13, 6.14 and 6.15 show the accumulation of unique genes into the pan genome.
The plots show how many new genes have been found for each genome examined. The
unique plot represents the cumulative number of new genes on first occurrence and is a

sum of all new genes found in all genomes.
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Figure 6.10 Accumulation curves showing 19301 total (dotted line) and 324
conserved genes (solid line) in the pan genome derived from 91 H. haemolyticus and
297 NTHi isolates.
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Figure 6.11 Accumulation curves showing 7479 total (dotted line) and 1064 conserved
(solid line) genes in the pan genome derived from 91 H. haemolyticus isolates.
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Figure 6.12 Accumulation curves showing 13869 total (dotted line) and 373 conserved
genes (solid line) in the pan genome derived from 297 NTHi isolates.
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Figure 6.13 Accumulation of genes on initial identification into pan genome for 297NTHi
and 91 H. haemolyticus.
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Figure 6.14 Accumulation of genes on initial identification into pan genome for 91 H.
haemolyticus.
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Figure 6.15 Accumulation of genes on initial identification into pan genome for 297 NTHi.
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6.4.7 Gene Markers for Differentiation

Using the output from ROARY, Scoary was used to identify genes in both species that were
statistically significantly associated with either NTHi or H. haemolyticus, isolate datashown

in (Materials and Methods, 2.3.9). Results are shown in Table 6.1.

The genes with higher sensitivity were those that had a greater measure of predictive
power in identifying NTHi from H. haemolyticus. Those with a high specificity were those
that were able to more reliably identify NTHi in their absence and were therefore present
in H. haemolyticus. From the 19301 genes identified from the isolates, 33 were found tobe
100% sensitive and 100% specificity and suitable for differentiating between the two
species within this isolate set. However, none of the previous gene markers published and
discussed in Chapter 3 were identified. Seven genes were unidentifiable by annotation and

reported as hypothetical proteins (Table 6.1).
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Table 6.1 Genes with 100% specificity and 100% sensitivity associated with identifying

NTHi from H. haemolyticus.

Gene name Annotation

ampD 1,6-anhydro-N-acetylmuramyl-L-alanine amidase AmpD

gseC Sensor protein QseC

ftsL Cell division protein FtsL

ureR Urease operon transcriptional activator

vqgF Putative Holliday junction resolvase

ddpD putative D,D-dipeptide transport ATP-binding protein DdpD

glmS Glutamine--fructose-6-phosphate aminotransferase [isomerizing]

fur Ferric uptake regulation protein

ruvB Holliday junction ATP-dependent DNA helicase RuvB

rsmE Ribosomal RNA small subunit methyltransferase E

murE UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--2,6-diaminopimelate
ligase

IptF Lipopolysaccharide export system permease protein LptF

IptC Lipopolysaccharide export system protein LptC

mraZ Protein MraZ

rnfE Electron transport complex protein RnfE

ptsN Nitrogen regulatory protein

argR Arginine repressor

ligA 1 DNA ligase

dsbB Disulfide bond formation protein B

trpG_2 Anthranilate synthase component 2

murG UDP-N-acetylglucosamine--N-acetylmuramyl-(pentapeptide)

group_12981
group_11942
group_10792
group_10040
group_7712
group_6435
group_7562
group_11914
group_9044
group_10875
group_11723
group_10039

pyrophosphoryl-undecaprenol N-acetylglucosamine transferase
EamA-like transporter family protein

Isoprenylcysteine carboxyl methyltransferase (ICMT) family protein
Sulfite exporter TaukE/SafE

transcriptional regulator BolA

Competence Protein A

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein
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6.5 Discussion

The objective of this chapter was to ascertain whether H. haemolyticus was genetically
related to NTHi to such a degree that species boundaries were blurred or whether the two
could continue to be classified as separate species. NTHI exhibits great genetic diversity yet
H. haemolyticus displays a large genetic similarity to NTHi. However, using taxonomic
methods and whole genomes it has been shown that NTHi and H. haemolyticus are indeed

two separate species.

The MetaPhlAn analysis displayed the variation between the four different groups
identified in Chapter 3; typical, atypical, fuck negative and H. haemolyticus. The atypical
group was observed to have less genetic similarity to the reference marker genes with a
range of 80.53%-89.97%. The typical and fucK negative groups displayed a percentage
identity match of 86.46%-100% and 93.9% -100% and the H. haemolyticus ranged from
70.95%-82.09% with means of 85.95%, 96.25%, 96.82% and 75.34% respectively (Figure
6.1). The 260 genes used for this classification is a small percentage of those available in
the NTHi genome but much broader than the gene markers used initially for classification
(Chapter 3). Despite the increase in genes for comparison the H. haemolyticus andatypical
isolates were seen to cluster in their groups whereas the fuck negative and NTHi didnot

(Figure 6.1).

No previously reported gene marker was found to be statistically significant for the
differentiation 100% sensitivity or 100% specificity. This could however be a reflection of
the isolates within this study. As NTHi is such a heterogeneous species, attempting to
establish a single gene marker to use for identification appears to be redundant.
Therefore, the use of whole genome analysis is more suitable when investigating the

differences between NTHi and H. haemolyticus.

When applying ANI to whole genome data, the atypical isolate group and the fuck negative
group were greater in similarity to the typical NTHi than that of H. haemolyticus. The
atypical group were shown to be more diverse from the majority of the other NTHiisolates
but a greater similarity to NTHi rather than H. haemolyticus was observed. The majorityof
NTHi were 94-96% identical to the atypical group whereas the H. haemolyticus isolates
were <92% match to all NTHi (Figure 6.4). The similarity between the two species islarge

with an average of 91% identity match between NTHi and H. haemolyticus (Figure 6.4)and
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this is reflected in the results of previous chapters and historical research into gene

markers.

The thresholds for speciating isolates by ANI has been recommended as 95%, anything
below is thought to be indicative of isolates from a different species although certain
species with high levels of heterogeneity such as the E.coli - Shigella group have been
shown to have an ANI <95% (Konstantinidis and Tiedje, 2005a, Richter and Rossello-Mora,
2009, Kim et al., 2014). The H. haemolyticus isolates can clearly be seen to sit in their own
clade in Figure 6.5 and all have <92% identity to NTHi (Figure 6.4), including the atypical
isolates, therefore in the case of NTHi and H. haemolyticus a threshold of 94% similarity
would be more descriptive for the intra species relationship for both NTHi and H.
haemolyticus. The speciation can be seen in the phylogeny of the isolates in Figure 6.5

which supports the clear definition between the isolates into NTHi and H. haemolyticus.

Phylogeny of the 297 NTHi and 91 H. haemolyticus isolates support the findings of ANIwith
H. haemolyticus clustering separately to NTHi. The atypical isolates are also seen tocluster

but closer to the NTHi than the H. haemolyticus (Figure 6.1).

The resulting number of shared core genes was found to be low between the species. From
an identified 19301 genes, only 153 genes were detected in 99-100% of the isolates and
171 genes detected in between 95-99% of the isolates (Figure 6.6). A similar study has
reported a larger number of core genes between NTHi isolates, this may be indicative of
the number of isolates used in analysis or representative of the variation within theisolates
it also may reflect the unclosed status of the pan genome described in this study (De Chiara
et al., 2014). The pan genome for H. influenzae has been estimated as 4452-6052 genes in
size however this was from 13 strains only (Hogg et al., 2007). Here we have used 22 times
that number of isolates and this has resulted in a pan genome of 13689, 2.26x larger than
the estimated pan genome from the smaller study. The resulting pan genome shows the
diversity within NTHi and to a lesser extent H. haemolyticus but it also questions the
number of strains to be used for pan genome analysis in species that exhibit such diversity.
A pan genome is declared a closed pan genome at the point where there is no more
accumulation of genes despite the addition of further strains. The minimal number of
isolates required to characterise a closed pan genome is thought to depend on the
heterogeneity of the species in question (Rouli et al., 2015). A species such as E.coli that

exhibits a great deal of heterogeneity is thought to be infinite by definition whereasa
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reasonably conserved species such as Yersinia pestis may require few strains to close the
pan genome (Rouli et al., 2015). The heterogeneity of H. influenzae has been reported and
this is supported by the results from this chapter with the open pan genome resultingfrom
297 NTHi isolates (Figure 6.12). Similarly, the 91 isolates used for the H. haemolyticus pan
genome were not sufficient to close the pan genome inferring that H. haemolyticus also

displays genetic diversity throughout the species (Figure 6.11).

6.6 Conclusion and Future Work

The pan genome of both species requires further investigation. The resulting coregenomes
of the isolates from this study are very small in comparison to the limited studies intothe
pan genome of H. influenzae (Rouli et al., 2015, Hogg et al., 2007). Species diversity would
explain a small core genome which when analysing both species together would be
expected however the core genomes are still much lower than previously reported (Rouli
et al., 2015, Hogg et al., 2007). Recombination analysis may result in a smaller core genome
also so applying a tool that initiates a recombination filter such as GUBBINS may be

beneficial (Croucher et al., 2015).

MetaPhlAn, ANI and phylogeny all resulted in clear separation of H. haemolyticus isolates
from NTHi, including the atypical isolates. The fucK negative isolates were not found to be
diverse enough to separate themselves from the remaining typical NTHi. ANI calculations
define H. haemolyticus as <92% similar to NTHi however atypical isolates can be <95% to
typical NTHi. These isolates however were only just below at 94% similarity and show more
similarity to typical NTHi than H. haemolyticus. It can be concluded that there issufficient
genetic diversity between NTHi and H. haemolyticus to enable the separate speciation of

both species.
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7 Final Discussion

NTHi is an opportunistic pathogen that colonises the respiratory tract and can cause both invasive
and non invasive disease (Collins et al., 2015, Cardines et al., 2007, Erwin et al., 2005, Angoulvant et
al., 2015, Barkai et al., 2009, Cody et al., 2003, Leach et al., 2016, Leach et al., 2015). It is also
associated with the onset of acute exacerbations in COPD, the third largest cause of global mortality
which is reported by the WHO to affect approximately 65 million people worldwide (WHO, 2017).
Both NTHi and its closest phylogenetic relative, H. haemolyticus can be isolated from the COPD lung
(Murphy et al., 2007). Atypical results from PCR assays developed for identification purposes led to a
suggestion that the two may form a genetic continuum and not two separate species (Binks et al.,

2012), however the relationship between the two species had not been thoroughly investigated.

The primary aim of this thesis therefore was to characterise the relationship between NTHi and H.
haemolyticus isolated from the COPD lung and to ascertain whether or not the genetic similarity
reported warranted the reclassification of the two species as a single species. This required
differentiating the isolates as accurately as possible into typical NTHi and H. haemolyticus isolates
and identifying any outside these classifications using both culture techniques and molecular
markers (Chapter 3). Following this, adhesin genotypes and azithromycin resistance were
investigated (Chapters 4 and 5) to identify respectively potential explanations for variation in
carriage prevalence or virulence. Finally to fully appreciate the shared genetic content of the isolates

whole genome analysis and in silico taxonomy methods (e.g ANI) were employed (Chapter 6).

This thesis reveals, for the first time, the extent of the genomic heterogeneity of NTHi longitudinally
recovered from COPD patients. The delineation of NTHi and H. haemolyticus as separate species
has been firmly established. Based on the analysis of singular molecular markers for differentiation
between the species this thesis proposes that only whole genome analysis is adequate to

differentiate between NTHi and H. haemolyticus.

In spite of this clear species delineation, similar high-level resistance to azithromycin, unexpected in
the context of previous reports, was observed in both species. However, the genetic mechanism
underlying this resistance could not be determined. Finally, this thesis also used results from the

comparative genomic analyses as a starting point into understanding why NTHi and H. haemolyticus
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interact differently with epithelial cells through the examination of adhesin genotypes (Pickering et

al., 2016, Binks et al., 2012).

7.1 Identification

How important it is to differentiate between the two species is open for debate. Initially the need to
differentiate between the two species arose to ensure correct treatment prescription, accurate
epidemiology data and to monitor potentially pathogenic cases of H. haemolyticus. However, since
the initial description of a 39.5% misclassification of H. haemolyticus misidentified as NTHi by
Murphy et al. 2007 other studies have retrospectively looked at collected NTHi isolates and
discovered much smaller numbers of cases of misidentification. The second largest number of H.
haemolyticus (11%) reported was discovered within Haemophilus spp. isolated from Aboriginal
children but this particular indigenous group has previously been shown to carry unexplainably high
levels of Haemophilus spp. (Kirkham et al., 2010, Pickering et al., 2014b). Levels of misidentification
in clinical samples have been very low, 1.5% in an Australian study of varied clinical samples, 0.5% in
cystic fibrosis isolates and 0.4% in Danish clinical isolates (Zhang et al., 2014, Fenger et al., 2012,
Norskov-Lauritsen, 2009). Given this low level of misidentification it raises the question as to
whether the extra expense and manpower to carry out assays to differentiate between the speciesis
worthwhile, particularly when simple overnight culture assays for growth factors and haemolysis can
ensure timely treatment for invasive, potentially life threatening Haemophilus disease. Singular
molecular markers such as hpd and fucK would result in certain strains of NTHi being incorrectly
classified as H. haemolyticus and therefore risk delaying the treatment of the patient. Ideally
multiple markers would be used, or metagenomics applied to the sample to identify all potential
pathogens present but currently this would be too expensive and lengthy for clinical usage. Currently
the extra cost and manpower do not seem appropriate for the reported cases of clinical

misidentification of H. haemolyticus asNTHi.

The only phenotype used to differentiate H. haemolyticus from NTHi in culture-based methods is
haemolysis on blood agar. However, H. haemolyticus is known to lose its haemolytic ability when
cultured on blood agar (Kilian, 1976a). Both species require NAD and Hemin growth factors to grow
in vitro and both are morphologically similar, nonetheless in a large study it has been shown that
occasionally haemolytic isolates go unnoticed when identification and isolate collection is taken
from an original sample plate. This could be due to overcrowding or isolation from a haemolysed

agar plate (Murphy et al., 2007). The isolates identified as Haemophilus spp. due to morphology and
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growth factors initially were put through an extra step of innoculation of a single isolate on blood
agar to check for haemolysis. This simple step identified twelve isolates that could have been

disregarded as H. haemolyticus when looking for clinically relevant NTHi (Chapter 3).

As previously stated Murphy et al. identified close to 40% of Haemophilus spp. isolated from sputa
collected from the COPD lung retrospectively as H. haemolyticus using molecular methods. Of this
resulting group, 50% of these isolates were also revealed to be haemolytic (Murphy et al., 2007). The
present study also revealed haemolytic H. haemolyticus within the Haemophilus spp. indicating that
a small culture test to eliminate haemolytic isolates would be beneficial (Chapter 3). An optimum
time frame of 48 hours to identify all haemolytic samples was observed in this thesis, previously the

standard has been overnight culture (Chapter 3)(PHE, 2015).

Previous studies comparing the sensitivity and specificity rates of single molecular markers for
differentiating NTHi from H. haemolyticus have concluded that no single marker is capable of
unambiguously identifying NTHi from H. haemolyticus, this was also confirmed in Chapter 3 (Binks et
al., 2012, Chang et al., 2010, de Gier et al., 2015, Hu et al., 2016). The use of single molecular
markers to differentiate between NTHi and H. haemolyticus has been widely unsuccessful due to the
heterogeneity of NTHi and the similarity to H. haemolyticus with no single molecular marker
displaying 100% sensitivity and specificity repeatedly (Binks et al., 2012, McCrea et al., 2008,
Sandstedt et al., 2008).

The use of MLST is to characterise NTHi has been questioned after the discovery of fucK negative
strains, one of the MLST (de Gier et al., 2015, Meats et al., 2003, Ridderberg et al., 2010). Indeed,
strains of NTHi have been identified for which the entire fucose operon is absent, as is the norm in
H. haemolyticus. Whole genome analysis has been employed to determine single molecular markers
that are considered suitable for identification purposes however the results described in Chapter 3
do not reflect the findings of these studies (Price et al., 2015, Hu et al., 2016). When identifying a
gene more statistically associated with identification of NTHi, the origin and limitations of the actual
isolates themselves must be taken into account. The isolates used in the present study were taken
from a cohort of COPD patient from Hampshire, UK, suffering from moderate to severe COPD
(Bourne et al., 2014). As this thesis specifically describes isolates from the associated clinical study,
with its geographical limitations and specific patient inclusion criteria, the findings cannot be

generalised broadly for NTHi and H. haemolyticus.
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Initial characterisation of the isolates by identification of genotype using molecular markers and
MLST enabled the classification of the isolates into four groups; typical NTHi, atypical NTHi, H.
haemolyticus and fuck negative NTHi (Chapter 3). The discovery of the fucK negative strains has
been previously reported, however this group did not cluster separately in phylogenetic analysis of
marker or adhesin genes and was not seen to separate from typical NTHi when compared using
MetaPhlAn or whole genome analysis (Chapter 6) (de Gier et al., 2015, Ridderberg et al., 2010). This
suggests that the absence of the fucK gene does not necessarily correspond to a divergent strain. A
sequence for all seven housekeeping genes of the MLST schema is required for inclusion; therefore,
currently there is no mechanism to type fuck negative strains (Meats et al., 2003). As these are
frequently reported the schema falls short of suitably characterising NTHi (de Gier et al., 2015,
Ridderberg et al., 2010).

7.2 Adhesin Genotypes

The difference in pathogenesis between NTHi and H. haemolyticus could be related, in part, to the
recent findings of the different way in which they interact with epithelial cells (Pickering et al., 2016,
Singh et al., 2016a).

Primarily H. haemolyticus has been classified as non pathogenic and has been shown to interact with
epithelial cells very differently from NTHi, resulting in cytosis rather than cell invasion (Pickering et
al., 2016). Adhesin genes were investigated to ascertain a possible mechanism for this difference in
behaviour between the two species (Chapter 4). This thesis is the first study into the adhesin
genotype of H. haemolyticus and showed some clear differences in adhesin genotype between the
two species (Chapter 4). Certain genes (hia, hmwA and hmw?2A) that have been more associated
with strains of NTHi isolated from invasive disease were found present in a portion of the NTHi but
none were identified in H. haemolyticus (Chapter 4) (Vuong et al., 2013, Rodriguez et al., 2003, St
Geme et al., 1998). The fucK negative group of NTHi did not show any difference in adhesin
genotype from the typical NTHi. Despite the absence of the fuck gene from NTHi being the focus for
atypical strains in previous research the fuck negative NTHi from this study appears not to reflect a
large genetic diversity from typical NTHi and therefore hypothetically they should display the same
mechanism of adherence. Currently it is not possible to determine this relationship for the atypical
group of NTHi where an alternative complement of adhesins may reflect mechanisms more

associated with H. haemolyticus.

185



7.3 Azithromycin Resistance

There is a recent trend of prophylactic use of azithromycin in inflammatory respiratory disease such
as asthma, cystic fibrosis and COPD (Albert et al., 2011, Altenburg et al., 2013, Anwar et al., 2008).
Although previously for NTHi attention has been focussed on amoxillicin resistance and beta
lactamases (Hotomi et al., 2006, Mendelman et al., 1987), this use of azithromycin has raised the
issue of the potential for increased resistance to this antibiotic treatment. We also hypothesised that
the exposure of H. haemolyticus to azithromycin due to misidentification as NTHi, or given that it
was demonstrated that the two species can be co-carried (Chapter 3), might result in increased
resistance in this species as well. This thesis presents the first study that looks into the resistance of
both NTHi and H. haemolyticus in the COPD lung. NTHi and H. haemolyticus displayed surprisingly
high levels of resistance and intermediate resistance to azithromycin when compared to previous

studies (Chapter 5).

The azithromycin resistant phenotype has been associated with AMRG in S. pneumoniae and
NTHi, and mutations in the L4 and L22 and 23s rRNA genes (Chen et al., 2013, Chisholm et al.,
2010, Galarza et al., 2010, Roberts et al., 2011). Bioinformatic analysis of all isolates found no
AMRG and no variation within the L4, L22 or 23s rRNA genes, associated with resistance levels

(Chapter 5).

Furthermore, no previously reported mutations associated with L4, L22 or the 23s rRNA gene were
identifiable in the isolates tested. These previous studies have failed to follow up investigations to
ascertain the protein expression of these isolates and the interaction with azithromycin, and are
further compromised by small sample sizes. Due to the lack of obvious genetic mechanism for the
resistance levels statistical analysis was carried out to identify any gene within the isolates that were
more associated with the resistance phenotype. This thesis provides a list of genes associated with
high levels of resistance in both NTHi and H. haemolyticus as a starting point for further investigation

into resistance mechanisms in Haemophilus spp.

7.4 Taxonomy and Whole Genome Analysis

This thesis for the first time reveals the level of genomic similarity between NTHi and H.
haemolyticus. Whilst the accumulation of separate gene markers helps build a picture of the genetic
characteristics of the Haemophilus spp., comparing the whole genome data resulted in a more
comprehensive comparison. MetaPhlAn analysis using 260 marker genes demonstrated no clear

variation between the typical NTHi and the fucK negative isolates. Furthermore, the H.haemolyticus
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isolates were shown to exhibit a lower percentage of similarity to the gene markers used and the
atypical group were seen to fit between the NTHi and H. haemolyticus groups. Average nucleotide
identity showed that NTHi were over 94% similarity to each other and <92% similar to the H.
haemolyticus isolates. This method therefore defines the two groups as separate species. This is in
spite of the substantial heterogeneity within the NTHi as shown throughout this thesis. H.
haemolyticus and NTHi were seen to share 91% of their genomes supporting the close genetic
relationship previously reported (Chapter 6) (Binks et al., 2012, Hinz et al., 2015). No gene was
found to be associated with differentiation of NTHi and H. haemolyticus to 100% sensitivity
however, 11 genes were found to have sensitivity levels of >99%. No previously published markers,

as used in Chapter 3, were identified in this analysis.
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7.5 Future Work

In silico analysis is putative and therefore requires biological validation. Although the isolate set
presented here enabled robust comparative genomic analyses, topics such as adhesins and antibiotic
resistance require corroboration from more traditional, laboratory-based analysis. The expansion of
the adhesin genotype investigation into determining the associated phenotypes e.g. performing
adherence assays for the isolates, would allow for further understanding as to the differences in
pathogenicity between NTHi and H. haemolyticus. This would also aid in supporting and
understanding the recent research revelation into their different mannerisms in interacting with

epithelial cells (Pickering et al., 2016, Singh et al., 2016b).

The requirement for extensive understanding of antibiotic resistance is now more important than
ever due to the emergence of azithromycin resistant strains of NTHi and H. haemolyticus in the
COPD lung (Chapter 5). It would be beneficial to expand this to investigate NTHi and H. haemolyticus
from different disease states and sites of isolation as well as carriage. This would ascertain whether
the high levels of resistance observed in Chapter 5 are widespread within the species or are specific
to the COPD lung or the locality of the study. The mechanism for the observed resistance could not
be identified. In this study a gene-based statistical analysis was undertaken using the program
Scoary to try to identify loci associated with this phenotype. This relies on the presence or absence
of genes derived from core-genome annotations alone, neither accounting for variability across
these gene sets nor the variability within the accessory genome. As such a more powerful approach
would be to adopt a kmer searching strategy such as implemented in SEER (Lees et al., 2016). Here
the association between kmers and phenotype can indicate loci within whole genomes, not justcore
alignments that are associated with the phenotype in question. Once identified these loci can be

further interrogated using laboratory-based methods for the identification of function.

Lastly it would then be necessary to compare the mechanisms used by NTHi and H. haemolyticus to
determine whether it is orthologous and if so is this due to recombination between the two species.
In understanding these mechanisms tests can be developed for the genes in question so treatment
can be targeted to improve patient outcomes. Furthermore, this information could assist the
development of vaccines or alternative treatment options such as replacement colonisation in

response to these antibiotic resistant strains.
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7.6 Conclusions

NTHi is a heterogeneous bacterial species with a large pan genome and an ability to evolve through
mutations and recombination. The study size took into account 1460 Haemophilus spp. of which
1368 were defined as NTHi, including the atypical and fucK negative groups. However, the sputa
samples from which the bacteria were isolated were extracted from a limited number of patients
from the same geographical area (Hampshire, UK). This is a limitation of this study since only the
genetic content of a limited population of NTHi was examined. Based on a previous COPD study
which reported 39.5% misidentification rate of H. haemolyticus as NTHi, the level of H. haemolyticus
misidentified within this thesis was a lot lower at (Murphy et al., 2007). Therefore, a certain amount
of bias is recognised due to the high numbers of NTHi compared to H. haemolyticus but also due to
using all H. haemolyticus regardless of time point or patient in subsets. The limited number of H.
haemolyticus may also explain the limited variability of H. haemolyticus compared to that of NTHi.
Expanding this investigation to incorporate different geographical locations, disease sources,
carriage isolates and site locations would be beneficial to get a wider range of NTHi and H.

haemolyticus and therefore a more accurate genomic picture.

This thesis was heavily reliant on the in silico analysis of a large quantity of sequencing data and with
such a large dataset comes its own set of problems. Some bioinformatic tools cannot handle the
volume of isolates within the study, some could not handle the variation between the two species to

enable comparison and some took a long timeframe to complete.

Bioinformatics is a rapidly growing field and tools are currently being developed to investigate the
ever-increasing size of the datasets. These tools are not generally built as a part of a business model
as software would be required to for commercial purposes but as a response to a need for data
analysis developed for a research purpose within a study group (Seeman, 2014, Alikhan et al., 2011,
Seemann, 2014, Treangen et al., 2014, Page et al., 2015, Stamatakis et al., 2012, Inouye et al., 2014).
This results in software tools that are on going projects with bugs and fixes often requiring
troubleshooting and further development. Some are not sufficiently user friendly to understand
errors, or limitations in the capability of the tool. However, the science community is a friendly one
and the exchange of emails has enabled me to use many of these tools on my data where my first

attempt has failed.

This thesis would further benefit from protein expression analyses for biological confirmation of

putative results. Genome wide association studies to identify loci linked with antibiotic resistance
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could lead to targeted gene knock-out and functional assessments of their role in this phenotype.
Where phenotypes have been found to be important, such as the binding affinity of the various
outer membrane adhesins to different cellular receptors, then screening the range of genotypes
observed against these known associations would shed further light on the interplay between
microbe and host for these two species. The isolates as previously mentioned are from a limited
isolate set all from the same geographical location and disease state. It does, however provide an in
depth bioinformatics investigation into NTHi and H. haemolyticus from a large longitudinal study

resulting in a large, clearly speciated sample set.

7.7 Concluding Remarks

This thesis characterised and described 1460 Haemophilus spp. isolated from COPD and confirmed
once and for all that NTHi and H. haemolyticus are indeed two separate species. Although the two
species are separate by taxonomy standards they do share a large percentage of genetic identity and
there is evidence of an atypical subset of NTHi that exhibits a genotype containing characteristics
that are more associated with H. haemolyticus. This thesis has furthermore shown differences
between the two species in an important virulence genotype and highlighted worrying levels of

resistance in both NTHi and H. haemolyticus isolated from the COPD lung.

In conclusion, NTHi and H. haemolyticus although genetically similar, show marked differences in
adhesin genotype, which may explain their different reported interactions with epithelial cells
(Pickering et al., 2016). Further investigation into adherence may indicate a survival advantage and
assist in developing replacement therapies for H. haemolyticus to replace NTHi in carriage. Both
species however, display a worrying level of resistance to azithromycin in the COPD lung of which
the mechanism could to be determined. This would benefit further investigation as this may affect

prophylactic treatment regimes to manage exacerbations in COPD patients with azithromycin.
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Appendices

Appendix 1: Bioinformatics scripts and usage

/path/= path leading to required file

Renaming files

The MiSeq assigns an ‘S number’ naming convention from S1 — S24 which identifies it within the
run. To enable ease of batching files for later analysis the S number is renamed to S24 (the number
is arbitrary, the filename requires an s number but it does not matter which). When performing

these tasks on single files changing the S number is not required.

foriin???? _S* L001_R?_001.fastq.gz

do
x=S(sed -E 's/(_S[0-91{1,2} )/ _S24 /' <<<"Si")
echo "S$i renames to: $x"
mv Si Sx

done
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Trimming adapters off sequence data

Illumina adds adapters to sequence data, before assembling these are removed as they are

not part of the genome and not required for analysis.

To run a single set of paired end fastq files through trimmomatic

java -jar /local/software/trimmomatic/0.32/trimmomatic-0.32.jarPE
0076_S2_L0O01_R1_001.fastg.gz 0076_S2_L0O01_R2_001.fastq.gz 76-paired_1.fastq.gz 76-
unpaired_1.fastq.gz 77-paired_2.fastq.gz 76-unpaired_2.fastq.gz SLIDINGWINDOW:10:20
MINLEN:50 ILLUMINACLIP:nextera.fa:1:40:15

This results in 4 files:-

isolateNumber-paired_1.fastq.gz

isolateNumber-unpaired_1.fastq.gz

isolateNumber-paired_2.fastq.gz

isolateNumber-unpaired_2.fastq.gz

To run multiple trims.

Run_trimmomatic.pbs is a batch script that runs a loop through a set of numbers passed to
the script through the gsub command on Iridis high performance cluster.

gsub —t x-y run_trimmomatic.pbs

where x is first isolate number in the sequence and and y is the last number.
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Run_trimmomatic.pbs

1/bin/bash

PBS -l nodes=1:ppn=1
PBS -l walltime=01:00:00
Change to directory from which job was submitted
cd SPBS_O_WORKDIR
load software module
module load jdk/1.7.0
adapter_file="nextera.fa"
fastq_file=" 0"SPBS_ARRAYID"_S24 L001_R1_001.fastg.gz"
R2fastq_file=" 0"$PBS_ARRAYID" S24 L0O01_R2_001.fastq.gz"
if [ -f Sfastq_file ]
then
if file exist - run script
java -jar /local/software/trimmomatic/0.32/trimmomatic-0.32.jar PE S$fastq_file
SR2fastq_file SPBS_ARRAYID-paired_1.fastq.gzSPBS_ARRAYID-unpaired_1.fastq.gz
SPBS_ARRAYID-paired_2.fastg.gz PBS_ARRAYID-unpaired_2.fastq.gz
SLIDINGWINDOW:10:20 MINLEN:50 ILLUMINACLIP:nextera.fa:1:40:15
else
if file not found - print error message and exit
echo 'File 'Sfastqg_file' not found, quit'
exit

fi
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Check Quality Data for Sequencing

The fastQC programme returns statistics on the raw sequencing data.

fastqc seqfilel.fastq.gz seqfile2.fast.gz > seqfileoutput

Running MLST Analysis using SRST2

Dependencies - MLST db —requires downloading
Module load srst2

getmlst.py - -species "Haemophilus influenzae"

The genome numbers for the trimmed sequence read files needs to be passed through to

the PBS_ARRAY. (x-y)

gsub —t x-y srst2.pbs
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SRST2.pbs

1/bin/bash

PBS -l nodes=1:ppn=1
PBS -l walltime=00:30:00
cd SPBS_O_WORKDIR
module load srst2
fastq_file=SPBS_ARRAYID"-paired_1.fastq.gz"
R2fastq_file=SPBS_ARRAYID"-paired_2.fastq.gz"
if [ -f Sfastq_file ]
then
if file exist - run script
srst2 —-input_pe Sfastq_file SR2fastg_file --output SPBS_ARRAYID --log --mlst_db
Haemophilus_influenzae.fasta --mlst_definitions haemophilus.txt
else
echo 'File 'Sfastqg_file' not found, quit'
exit

fi
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Once SRST2 is complete the following will enable all results to be collated into one text file
and converted into a spreadsheet for further analysis.
foriin ? mlst Haemophilus_influenzae results.txt
do
LineToAppend=S$(sed -n -e '2p' Si)
echo SLineToAppend >> collated_mlst_results.txt

done

196



Gene mapping using SRST2 for establishing gene sequences

SRST2_gene.pbs

I/bin/bash

PBS -l nodes=1:ppn=1
PBS -l walltime=00:30:00
cd SPBS_O_WORKDIR
module load srst2
fastq_file=SPBS_ARRAYID"-paired_1.fastq.gz"
R2fastq_file=SPBS_ARRAYID"-paired_2.fastq.gz"
if [ -f Sfastq_file ]
then
if file exist - run script
srst2 —-input_pe Sfastq_file SR2fastqg_file --output SPBS_ARRAYID --log --gene_db
GenBank_seq.fasta --min_coverage 60 --max_divergence 40--report_all_consensus
else
echo 'File 'Sfastqg_file' not found, quit'

exit
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Assembling Genomes De Novo with MaSuRCA

The following script creates the necessary directory, moves the paired fastqgs into this
directory along with the required configuration file and amends the configuration file ready
for assembly.

foriin ABC-???-paired_1.fastq.gz

do

x=$(sed -E 's/(ABC-)//' <<< "Si")

y=$(sed -E 's/-paired_1.fastq.gz//' <<<"$x")
mkdir -p "Sy"

cp ABC-"Sy"-paired_1.fastqg.gz Sy

cp ABC-"Sy"-paired_2.fastq.gz Sy

cp sr_config_example.txt Sy

sed -i 's/filename1/'ABC-"Sy"-paired_1.fastq.gz'/g' Sy/sr_config_example.txt
sed -i 's/filename2/'ABC-"Sy"-paired_2.fastq.gz'/g' Sy/sr_config_example.txt

done
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MaSuRCA example configuration file

DATA is specified as type {PE,JUMP,OTHER} and 5 fields:

1)two_letter_prefix 2)mean 3)stdev 4)fastq(.gz) fwd_reads

5)fastq(.gz) rev_reads. The PE reads are always assumed to be

innies, i.e. --->.<---, and JUMP are assumed to be outties

<---.--->_ If there are any jump libraries that are innies, such as

longjump, specify them as JUMP and specify NEGATIVE mean. Reverse reads

are optional for PE libraries and mandatory for JUMP libraries. Any

OTHER sequence data (454, Sanger, lon torrent, etc) must be first

converted into Celera Assembler compatible .frg files (see
http://wgs-assembler.sourceforge.com)

DATA

PE= pe 251 38 filenamel filename2

END

PARAMETERS

this is k-mer size for deBruijn graph values between 25 and 101 are supported, auto will
compute the optimal size based on the read data and GC content
GRAPH_KMER_SIZE=auto

set this to 1 for lllumina-only assemblies and to 0 if you have 1x or more long (Sanger, 454)
reads, you can also set this to 0 for large data sets with high jumping clone coverage, e.g.
>50x

USE_LINKING_MATES=1

this parameter is useful if you have too many jumping library mates. Typically set it to 60
for bacteria and something large (300) for mammals

LIMIT_JUMP_COVERAGE = 60

these are the additional parameters to Celera Assembler. do not worry about
performance, number or processors or batch sizes -- these are computed automatically. for
mammals do not set cgwErrorRate above 0.15!!!

CA_PARAMETERS = ovIMerSize=30 cgwErrorRate=0.25 oviIMemory=4GB

minimum count k-mers used in error correction 1 means all k-mers are used. onecan
increase to 2 if coverage >100

KMER_COUNT_THRESHOLD =1

auto-detected number of cpus to use

NUM_THREADS= SNUM_THREADS
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NUM_THREADS= 16

this is mandatory jellyfish hash size

JF_SIZE=100000000

this specifies if we do (1) or do not (0) want to trim long runs of homopolymers (e.g.
GGGGGGGG) from 3' read ends, use it for high GC genomes
DO_HOMOPOLYMER_TRIM=0

END
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To run one assembly from inside the folder containing the relevant paired readfiles.
Module load masurca
masurca configuration.txt
.Jassemble.sh

To run multiple assemblies via a batch script

gsub masurca_oneloop.pbs
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masurca_oneloop.pbs

1/bin/bash

PBS -l nodes=1:ppn=16
PBS -l walltime=03:00:00
module load masurca
Change to directory
cd $PBS_O_WORKDIR
foriin {genome_numbers};
do

cd Si

masurca sr_config_example.txt

.Jassemble.sh

cd /path/

done
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The genome assembly files can be found in CA/10-gapclose and are calledgenome.ctg.fasta

and genome.scf.fasta. The following script renames the assemblies to include identifiers

and collates all the genomes into one folder.
foriin {genome_numbers};

do

cd Si/CA/10-gapclose

pwd

mv genome.ctg.fasta Si-genome.ctg.fasta

mv genome.scf.fasta Si-genome.scf.fasta

cp Si-genome.ctg.fasta /path/assemblies/.

cp Si-genome.scf.fasta /path/assemblies/.

cd /path/

done
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Assembly metrics

Running assemblathon.pl on each assembly will return a text file with relevant statistics on
the assembly. This study uses the N50 contig number, NG50 contig number, number of
contigs and size of assembly as benchmarks for quality.

To run a single file

perl assemblathon_stats.pl NNN-genome.scf.fasta > Stats_Si

To run multiple files passing genome size through to calculate NG50.
foriin {genome_numbers};
do
perl assemblathon_stats.pl Si-genome.scf.fasta > Stats_Si —genome_size=1800000

done

The following collates the results for the N50 contig, NG50, number of contigs and size of
assembly to one text file for importing to excel

foriin {genome_numbers};

do
fileName="Stats_"Si;
echo $fileName;
NoOfContigs=S$(sed -n -e '15p' SfileName);
N50ContigLength=5(sed -n -e '28p' SfileName);
NG50=5(sed -n -e '30p' SfileName);
TotalSizeofContigs=S(sed -n -e '18p' SfileName);
echo Si SNoOfContigs SN50ContiglLength SNG50ContigLength STotalSizeofContigs
>> Name_of_File.txt;
done

Once assembly work is complete remove all the surplus folder structure:-
foriin {genome_numbers};
do

rm -r Si
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cd /path/; done
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MetaPhlAn

Metaphlan.py and Bowtie.db are required.
Module load numpy and bowtie2
To run multiple MetaPhlAn requests

foriin ABC-???-paired_1.fastq.gz;

do
x=$(sed -E 's/(ABC-)//' <<< "Si");
y=$(sed -E 's/-paired_1.fastqg.gz//' <<< "Sx") ; gunzip -c Si | metaphlan.py --
input_type multifastq --bowtie2db /path/bowtie2db/mpa --nproc 12 --bowtie2out
"Sy".bt.out.txt > "Sy" meta.txt; echo "Sy";

done

The returning text files can be collated into one text file to be converted into an easily
manageable spreadsheet in excel.

foriin ???_meta.txt;

do

LineToAppend=S(sed -n -e '7p' $i);

secondLineToAppend=S$(sed -n -e '8p' Si);

echo Si SLineToAppend SsecondLineToAppend >> MetaPhlan_results.txt;
done
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IPCRESS - in silico PCR

Requires a .ipcress or .txt file containing primer sequences. Text file should be laid out in 5

columns in tab-delimited format.

Gene Name Forward primer | Reverse Primer | Minimum Maximum

Product Length | product length

IPCRESS is part of the European Bioinformatics Institute’s exonerate package.
Module load exonerate
For each genome assembly the .ipcress file containing the primers is run resulting in atext
file (Sy) containing any results .
foriin {genome_numbers};
do
y=$i_GeneName.fasta";
ipcress geneName.ipcress -s Si-genome.ctg.fasta -p F-P T -m 3 >"Sy";

done

Files =<30kb were identified as being empty of any results and so were negative results.
The following records the size of the file for each genome assembly into a text file which
can be opened in excel.

foriin {genome_numbers};

do

filenamelPCRESS=Si"_ ipcress_results_GeneName.fasta";

echo SfilenamelPCRESS;

SizeOfFile=S(stat -c %s SfilenamelPCRESS);

echo $filenamelPCRESS $SizeOfFile >> Size_Of_File_to_excel.txt;
done

Moving output files into one folder

foriin {genome_numbers};
do
mv "Si"_ipcressGeneName.fasta /path/output_files_Name/.

done
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To delete the first line of the ipcress file to enable recognition for aligning:
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foriin {genome_numbers};

do
File=Si" _ipcress_GeneName.fasta";
newFile=Si"_ipcress_GeneName_new.fasta";
echo SFile;
echo SnewfFile;
echo -e "S(sed '1d' SFile)\n" > SnewfFile

done

Add the isolate number to the sequence to identify (replaces first line with isolate number

and gene name — needs to be hardcoded)

foriin {genome_numbers};

do
FirstFile=Si"_ipcress_GeneName_new.fasta";
GeneName=S$i"_iga";
echo -e "S(sed '1c\ > 'SGeneName" SFirstFile)\n" >SFirstFile
done

Concatenate the sequences to be aligned.

cat * new.fasta >> GeneName_subset_sequences.fasta

Manipulating fasta files to copy certain alleles to separate txt file.
foriin ???-genome.ctg.fasta.txt
do

x=S$(sed -E 's/-genome.ctg.fasta //' <<< "Si")

sed —n’17,31’p Si > Sx.txt;

done

PROKKA - annotations of assembled genomes.

foriin {sequence of isolate numbers}; do
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mkdir Si ;
cp /path/Si_contigs.fasta Si/.;

done

210



211



prokka.pbs

I/bin/bash

PBS -l nodes=1:ppn=16
PBS -l walltime=00:30:00
Change to directory from which job was submitted
cd $PBS_O_WORKDIR
load software module
module load prokka
echo SPBS_ARRAYID
fasta_file=SPBS_ARRAYID"-genome.ctg.fasta"
echo "processing files Sfasta_file "
if [ -f /path/Sfasta_file ]
then
if file exist - run script
prokka --outdir /path/SPBS_ARRAYID --prefix SPBS_ARRAYID Sfasta_file;
prokka --outdir SPBS_ARRAYID --prefix SPBS_ARRAYID --cpus 16/path/Sfasta_file;

else

if file no found - print error message and exit
echo 'File 'Sfastg_file' not found, quit'
exit

fi

Identifying genes within annotations

module load exonerate

exonerate — bestn 1 GenBankSeg.fasta isolateNumber/isolateNumber.faa
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Average Nucleotide Identity

Assembled genomes are located in the ani_input_files directory.

I/bin/bash

PBS -l nodes=1:ppn=1
PBS -l walltime=60:00:00
cd $PBS_O_WORKDIR

load software module

module load pyani

average_nucleotide_identity.py -i ani_input_files -o ani_output_directory -m ANIm-g

Pan and core genome — ROARY

module load roary/3.4.1

module load mafft

roary -e --mafft -p 8 *.gff

Scoary

scoary -g gene_presence_absence.csv -t traits.csv -s 12
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Appendix 2: Patient, date, MLST and subset data
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Isolate
number

17
18
19
21
26
30
47
48
50
54
56
58
59
60
61
62
63
64
65
66
67
68
69
70
71
73
74
75
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

Patient
Number

O O O U1 L1 L1 L1 11 N

R OR R R R R R R R R R R R R RB R RB R R RBRRBRBRBRRRRBRRRB R WW
N N N NNSNSNSNSNSNSNSNSNSNPRPRPRRPRRRRPRRPBRRRPRRRRPRRPRRBRDDSLDS

Activity Collection Date

Exac
Exac
Exac
Exac
Exac
Exac
NonExac
NonExac
NonExac
Exac
Exac
Exac
Exac
NonExac
Exac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac

16-Nov-11
16-Nov-11
16-Nov-11
16-Nov-11
16-Nov-11
16-Nov-11
23-Aug-11
23-Aug-11
23-Aug-11
12-Dec-11
12-Dec-11
16-Jan-12
16-Jan-12
30-Jan-12
16-Jan-12
16-Jan-12
30-Jan-12
30-Jan-12
30-Jan-12
30-Jan-12
30-Jan-12
30-Jan-12
30-Jan-12
30-Jan-12
16-Jan-12
16-Jan-12
16-Jan-12
16-Jan-12
16-Jan-12
05-Dec-11
23-Aug-11
05-Dec-11
23-Aug-11
05-Dec-11
05-Dec-11
05-Dec-11
05-Dec-11
14-Nov-11
14-Nov-11
23-Aug-11
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38
38
38
38
38
38
42
42
42
42
42
42
42

NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac

29-Mar-12
29-Mar-12
29-Mar-12
29-Mar-12
01-Dec-11
01-Dec-11
01-Dec-11
08-Feb-12
08-Feb-12
08-Feb-12
01-Dec-11
01-Dec-11
08-Feb-12
08-Feb-12
08-Feb-12
01-Dec-11
01-Dec-11
01-Dec-11
04-Jan-12
01-Dec-11
13-Dec-11
13-Dec-11
13-Dec-11
13-Dec-11
13-Dec-11
13-Dec-11
13-Dec-11
07-Mar-12
07-Mar-12
07-Mar-12
01-May-12
07-Mar-12
07-Mar-12
07-Mar-12
17-Apr-12
16-Nov-11
01-May-12
21-May-12
27-Apr-12
04-Jan-12
26-Mar-12
17-Apr-12
17-Apr-12
26-Apr-12
03-Jan-12
21-Feb-12

Hh
Hh
Hh
Hh
356
356
356
356
356
356
356
356
356
356
356
356
356
356
356
356
12
12
12
12
12
12
12
836
836
836
34
836
836
836
357
176
34
196
409
356
fuckN
357
357
11
176
357

556
557
558
559
560

564

570

576

592

595

597

598

601

556
557
558
559
560

563

574

576

587

591

596
597
598

600



603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648

g W W

32
17
30
25

25
30
32
17

11
29
32
21

33
11

17
29
32
30
21
32
11
33

Exac
Exac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac

21-Mar-12
21-Mar-12
21-Feb-12
03-Jan-12
26-Apr-12
15-Dec-11
24-May-12
14-Dec-11
04-Apr-12
09-May-12
29-Dec-11
29-Dec-11
09-May-12
04-Apr-12
01-May-12
14-Dec-11
15-Dec-11
16-May-12
05-Dec-11
18-Jan-12
27-Mar-12
21-Mar-12
20-Apr-12
24-Feb-12
15-Dec-11
14-Dec-11
05-Dec-11
24-May-12
04-Apr-12
26-Apr-12
18-Jan-12
24-Feb-12
20-Apr-12
21-Mar-12
17-Apr-12
03-Jan-12
26-Apr-12
17-Apr-12
21-Mar-12
27-Mar-12
18-Jan-12
24-Feb-12
20-Apr-12
21-Mar-12
21-Feb-12
24-Feb-12

836

836

357 605
176

11 607
176

34 609
1163

142

57

409

409

57

142

34

1163

176

Hh

311

1314

1034

357

196
fuckN

176

1163

311 629
34

142

11

1314 633
fuckN

196

357

357

176

11

357

357 641
1034

1314
fuckN

196

836

357
fuckN

607
608
609
610
611
612
613

615

620
621

625
626

629
630

633

635



649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac

20-Apr-12
21-Feb-12
20-Apr-12
21-Mar-12
09-May-12
29-Dec-11
04-Apr-12
18-Jan-12
24-Feb-12
20-Apr-12
27-Apr-12
21-Mar-12
27-Mar-12
17-Apr-12
21-Feb-12
24-Feb-12
20-Apr-12
21-Mar-12
26-Apr-12
17-Apr-12
26-Apr-12
17-Apr-12
18-Jan-12
24-Feb-12
20-Apr-12
21-Mar-12
27-Mar-12
01-May-12
21-May-12
29-Dec-11
04-Jan-12
15-Dec-11
14-Dec-11
26-Apr-12
17-Apr-12
21-Feb-12
13-Dec-11
21-Mar-12
26-Apr-12
17-Apr-12
26-Mar-12
01-May-12
21-May-12
04-Jan-12
27-Apr-12
16-Nov-11

196
357
196
836
57
409
142
1314
fuckN
196
409
357
1034
357
357
fuckN
196
836
11
357
11
357
1314
fuckN
196
357
1034
34
196
409
356
176
1163
11
357
357
12
836
11
357
fuckN
34
196
356
409
176

651

653
654

663

693



696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741

32
33
38
17

11

32
11
33

21

33
32

11
21
32
25
30

17
32
33
38

11

21

32

11
33

32
25
32

17

11

NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac

01-May-12
21-May-12
04-Jan-12
14-Dec-11
27-Apr-12
26-Mar-12
16-Nov-11
18-Jan-12
24-Feb-12
20-Apr-12
27-Apr-12
21-Mar-12
27-Mar-12
27-Apr-12
21-May-12
18-Jan-12
21-Mar-12
26-Mar-12
27-Mar-12
01-May-12
09-May-12
04-Apr-12
29-Dec-11
15-Dec-11
14-Dec-11
01-May-12
21-May-12
04-Jan-12
27-Apr-12
16-Nov-11
26-Mar-12
27-Mar-12
29-Dec-11
18-Jan-12
24-Feb-12
20-Apr-12
21-Mar-12
07-Mar-12
28-Mar-12
09-May-12
24-May-12
29-Dec-11
15-Dec-11
14-Dec-11
20-Jan-12
24-Feb-12

34
196
356
1163
409
fuckN
176
1314
fuckN
196
409
357
1034
409
196
1314
357
fuckN
1034
34
57
142
409
176
1163
34
196
356
409
176
fuckN
1034
409
1314
fuckN
196
357
836
34
57
34
409
176
1163
57
fuckN

698
699

718

730

736

740



742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787

32

11

32

11

32

11

32

32

32

11

32

11

32

32

11

32

11

32

11

32

11

32

25
30

Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac

29-Feb-12
01-May-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
07-Mar-12
28-Mar-12
07-Mar-12
28-Mar-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
07-Mar-12
28-Mar-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
20-Jan-12
24-Feb-12
29-Feb-12
28-Mar-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
20-Jan-12
24-Feb-12
29-Feb-12
01-May-12
09-May-12
04-Apr-12

357
34
57 744
fuckN
357
34
57
fuckN
357
34
57
fuckN
357
34
836
34
836
34
57
fuckN
357
34
57
fuckN
357
34
836
34
57
fuckN
357
34
57
fuckN
357
34
57
fuckN
357
34
57
fuckN
357
34
57
142



788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
823
824
825
826
827
828
829
830
831
832
833
834

11
29
32
25

17
30
11
32

17
27
27
30
30
30
30
30
30
30
30
30
30
33
33
33
33
33
33
33
33
33
33
29
21
21
21
21
21
21
21
21
21
21
21

Exac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac

Exac
NonExac

Exac
NonExac
NonExac
NonExac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac
NonExac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

Exac

16-May-12
05-Dec-11
01-May-12
09-May-12
29-Dec-11
15-Dec-11
14-Dec-11
04-Apr-12
16-May-12
24-May-12
15-Dec-11
14-Dec-11
06-Oct-11
06-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
13-Oct-11
29-Sep-11
29-Sep-11
29-Sep-11
29-Sep-11
29-Sep-11
29-Sep-11
29-Sep-11
29-Sep-11
29-Sep-11
29-Sep-11
13-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11

Hh
311
34
57
409
176
1163
142
Hh
34
176
1163
103
103
142
142
142
142
142
142
142
142
142
142
1034
1034
1034
1034
1034
353
353
1034
1034
1034
311
1034
1034
1034
1034
1034
1034
1034
1034
1034
1034
1034

796

800

802

816
817

823

788

796

800
801
802
803

812
813

817
818



835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
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Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac

Exac
NonExac

Exac
NonExac
NonExac

Exac

Exac

Exac
NonExac
NonExac

Exac
NonExac

Exac

Exac

Exac
NonExac

Exac
NonExac
NonExac
NonExac
NonExac

14-Sep-11
03-Nov-11
03-Nov-11
03-Nov-11
03-Nov-11
03-Nov-11
03-Nov-11
03-Nov-11
03-Nov-11
03-Nov-11
03-Nov-11
22-Sep-11
22-Sep-11
22-Sep-11
22-Sep-11
22-Sep-11
22-Sep-11
22-Sep-11
22-Sep-11
22-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
05-Dec-11
07-Sep-11
03-Jan-12
07-Sep-11
03-Jan-12
07-Sep-11
07-Sep-11
03-Jan-12
03-Jan-12
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11
07-Sep-11

1034
356
356
356
356
356
356
356
356
356
356
409
409
409
409
409
409
409
409
409
196
925

1163
311
925
176
196
176
196
925
176
176

1163
925
196

1163
925

1163

1163

1163
196

1163
925
196
925
196

836

846

855

868

836
837

846
847

856
857

871

875

878



881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926

33
33
33
33
33
33
33
33
33
33

21
11
27
11
32
29
25
32
29
11
32
29
11
32
29
11
11
32
29
25
32
29
30
32
33
38
11
29
21
32
33
32
29
25
25

NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
NonExac
NonExac

23-Sep-11
23-Sep-11
23-Sep-11
23-Sep-11
23-Sep-11
23-Sep-11
23-Sep-11
23-Sep-11
23-Sep-11
23-Sep-11
03-Jan-12
26-Apr-12
16-May-12
06-Jan-12
16-May-12
24-May-12
05-Dec-11
09-May-12
24-May-12
05-Dec-11
26-Mar-12
24-May-12
05-Dec-11
26-Mar-12
24-May-12
05-Dec-11
26-Mar-12
16-May-12
24-May-12
05-Dec-11
09-May-12
24-May-12
05-Dec-11
04-Apr-12
01-May-12
21-May-12
04-Jan-12
26-Mar-12
18-Jun-12
21-Aug-12
25-Sep-12
21-Sep-12
24-Jul-12
13-Apr-12
06-Sep-12
30-May-12

1034
1034
1034
1034
1034
1034
1034
1034
1034
1034
176
11
Hh
Hh
Hh
34
311
57
34
311
fuckN
34
311
fuckN
34
311
fuckN
Hh
34
311
57
34
311
142
34
196
356
fuckN
311
1034
154
196
34
311
57
57

882

893
894

881
882

893
894
895

908

919
920
921
922
923
924
925
926



927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972

33

11
29
32
11
32
29

33
25

11
32
25
29
29
32
25
33
21
29
32

33

25

25
29
11

32
32
42
29
21
32
11

32
29
33
29

NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
Exac
NonExac

29-May-12
23-Aug-12
06-Feb-12
30-Jul-12
20-Jul-12
18-May-12
23-Aug-12
20-Jul-12
23-Aug-12
18-May-12
29-May-12
24-Jul-12
30-May-12
30-Jul-12
20-Jul-12
23-Aug-12
27-Aug-12
18-May-12
13-Apr-12
24-Jul-12
06-Sep-12
21-Sep-12
21-Aug-12
18-Sep-12
25-Sep-12
18-May-12
23-Aug-12
06-Feb-12
30-May-12
29-May-12
27-Aug-12
18-May-12
20-Jul-12
30-Jul-12
24-Jul-12
28-Mar-12
06-Dec-11
18-Jun-12
21-Aug-12
25-Sep-12
20-Jul-12
30-Jul-12
23-Aug-12
18-May-12
21-Sep-12
18-May-12

409
196
57
409
1020
311
154
1020
154
311
409
196
57
409
1020
154
57
311
311
34
57
196
1034
311
154
357
196
57
57
409
57
311
1020
409
34
34
12
311
1034
154
1020
409
154
311
196
311

927
928
929
930
931
932
933
934
935
936
937
938
939
940

943
945
946
947
948
949
950
951
952
953
954
957

963
964



973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018

11
32
25
29
21
32

25
33

29
25

33
25

33
25
33

29
21
21
29
32
25
29
33

24
42
21
32
29
32
11
29

25

25
33

NonExac
Exac
Exac
Exac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac
Exac

NonExac

NonExac

NonExac

NonExac

NonExac
Exac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

NonExac

30-Jul-12
20-Jul-12
24-Jul-12
27-Aug-12
18-Jun-12
21-Aug-12
25-Sep-12
29-May-12
30-May-12
23-Aug-12
06-Feb-12
13-Apr-12
30-May-12
06-Feb-12
23-Aug-12
30-May-12
29-May-12
23-Aug-12
06-Sep-12
23-Aug-12
06-Feb-12
18-May-12
18-Sep-12
21-Aug-12
21-Aug-12
18-Jun-12
25-Sep-12
30-May-12
13-Apr-12
23-Aug-12
06-Feb-12
18-Nov-11
06-Dec-11
21-Aug-12
25-Sep-12
18-Jun-12
23-Aug-12
20-Jul-12
18-May-12
29-May-12
30-May-12
06-Feb-12
06-Feb-12
29-May-12
30-May-12
23-Aug-12

409
1020
34
57
311
1034
154
409
57
196
57
311
57
57
196
57
409
196
57
196
57
357
311
1034
1034
311
154
57
311
196
57
196
12
1034
154
311
154
1020
311
409
57
57
57
409
57
196

994
995

1004
1005



1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1064
1065

32
42
32
42
33
25
32
11

29
29
33

25

29
25
33

29
33

25
29
11
32
25
29
32
33
33
32

25
29
32
11

29
25
25
33
29
25
33

NonExac
NonExac
NonExac
NonExac
Exac
Exac
Exac
Exac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
Exac
Exac
NonExac
NonExac
Exac
Exac
Exac
Exac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
Exac

28-Mar-12
06-Dec-11
28-Mar-12
06-Dec-11
21-Sep-12
27-Aug-12
24-Jul-12
20-Jul-12
30-Jul-12
18-May-12
13-Apr-12
21-Sep-12
06-Feb-12
06-Sep-12
06-Feb-12
13-Apr-12
30-May-12
23-Aug-12
29-Jun-12
19-Jun-12
17-Jul-12
21-Sep-12
30-Jul-12
27-Aug-12
13-Apr-12
20-Jul-12
24-Jul-12
06-Sep-12
13-Apr-12
24-Jul-12
21-Sep-12
21-Sep-12
24-Jul-12
30-Jul-12
06-Sep-12
13-Apr-12
24-Jul-12
20-Jul-12
30-Jul-12
18-May-12
27-Aug-12
06-Sep-12
21-Sep-12
13-Apr-12
06-Sep-12
21-Sep-12

34
12
34
12
196
57
34
1020
409
311
311
196
57
57
57
311
57
196
409
357
311
196
409
57
311
1020
34
57
311
34
196
196
34
409
57
311
34
1020
409
311
57
57
196
311
57
196

1037
1038
1039



1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111

32
29

42
29

29

29

29
42
42
32
29
29

42
29
32
24

29
32
21

29
29

42
29
29
42
29
42
11
29
42
29
32
29
42
29
42
29

Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

24-Jul-12
17-Jul-12
19-Jun-12
06-Dec-11
17-Jul-12
19-Jun-12
17-Jul-12
19-Jun-12
17-Jul-12
29-Jun-12
19-Jun-12
17-Jul-12
06-Dec-11
06-Dec-11
23-Aug-12
18-May-12
17-Jul-12
29-Jun-12
06-Dec-11
18-Jun-12
23-Aug-12
18-Nov-11
19-Jun-12
17-Jul-12
25-Sep-12
21-Aug-12
29-Jun-12
18-Sep-12
18-Sep-12
29-Jun-12
13-Jan-12
08-Mar-12
12-Jan-12
13-Jan-12
12-Jan-12
13-Jan-12
27-Jul-11
08-Mar-12
13-Jan-12
07-Feb-12
23-Aug-12
18-Jun-12
13-Jan-12
12-Jan-12
13-Jan-12
12-Jan-12

34
311
357

12
311
357
311
357
311
409
357
311

12

12
154
311
311
409

12
311
154
196
357
311
154

1034
409
311
311
409

12
311
311

12
311

12

Hh
311

12
311
154
311

12
311

12
311

1067
1068

1075

1087

1096
1097
1098
1099
1100

1102
1103

1105



1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1151
1152
1153
1154
1155
1156
1157
1159

32
42
33

33
32
21
32
29
32
29
29
42
33

32
29
29

33
29

29
42
32
21
29
42
32
42
42
29

29

33
29
21
21
21
21
21
21
33

NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

28-Mar-12
06-Dec-11
24-Jul-12
06-Jun-12
29-May-12
24-Jul-12
25-Sep-12
21-Aug-12
23-Aug-12
18-Jun-12
25-Sep-12
18-Jun-12
12-Jan-12
13-Jan-12
24-)ul-12
06-Jun-12
23-Aug-12
18-Jun-12
17-Jul-12
19-Jun-12
29-May-12
24-Jul-12
18-Sep-12
18-May-12
12-Jan-12
13-Jan-12
25-Sep-12
21-Aug-12
12-Jan-12
13-Jan-12
28-Mar-12
06-Dec-11
13-Jan-12
12-Jan-12
19-Jun-12
17-Jul-12
29-May-12
24-Jul-12
18-Sep-12
28-May-12
28-May-12
28-May-12
28-May-12
28-May-12
28-May-12
24-Jul-12

34
12
196
836
409
196
154
1034
154
311
154
311
311
12
196
Hh
154
311
311
357
409
196
311
357
311
12
154
11
311
12
34
12
12
311
357
311
409
196
311
143
143
143
143
143
143
196

1114

1127

1139

1152
1153



1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1206

21

29
27
21
29

42
21

33

29
21

33
29
29

29

33
21
29

21
29
29
29
21
29
29
21
29
29

29

29
27
29

20

NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac

28-Jun-12
29-Jun-12
06-Jun-12
07-Feb-12
07-Feb-12
28-Jun-12
07-Feb-12
19-Jun-12
27-Jan-12
28-Jun-12
29-Jun-12
24-Jul-12
29-Jun-12
08-Mar-12
28-Jun-12
06-Jun-12
24-Jul-12
08-Mar-12
18-Sep-12
30-Jul-12
07-Feb-12
06-Jun-12
24-Jul-12
28-Jun-12
08-Mar-12
19-Jun-12
28-Jun-12
08-Mar-12
07-Feb-12
08-Mar-12
26-Apr-12
08-Mar-12
07-Feb-12
28-Jun-12
07-Feb-12
08-Mar-12
06-Jun-12
07-Feb-12
29-Jun-12
06-Jun-12
07-Feb-12
07-Feb-12
08-Mar-12
06-Jun-12
05-Apr-12
25-Aug-11

1034
409
Hh
311
819
1034
311
357
12
1034
409
196
409
311
1034
836
196
311
311
409
311
836
196
1034
311
357
1034
311
311
311
11
311
311
1034
311
311
836
311
409
836
311
819
311
836
203
Hh

1160

1162
1163
1164
1165

1168

1175

1181

1201

1204
1206



1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1245
1246
1247
1248
1249
1250
1251
1252
1253

86
73
73
35
86
73

35
73

86
35
73
124
75

20
73
35
18
86

35
73
86
73

86
86
73

73
20
86

73
86
86
20
73

73
35

86
86

Exac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac

Exac

Exac

Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac

Exac

Exac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac

Exac

Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac

Exac

17-Oct-12
16-Mar-12
16-May-12
26-Sep-12
18-Dec-12
16-Apr-12
09-Jul-12
30-Mar-12
16-Apr-12
09-Jul-12
18-Dec-12
26-Sep-12
16-May-12
17-Dec-12
14-Nov-12
05-Apr-12
25-Aug-11
17-Feb-12
21-Nov-11
23-Nov-11
11-Apr-12
09-Jul-12
30-Mar-12
16-Apr-12
18-Dec-12
16-Apr-12
09-Jul-12
18-Dec-12
18-Dec-12
16-Apr-12
09-Jul-12
16-Mar-12
25-Aug-11
17-Oct-12
17-Apr-12
16-Apr-12
18-Dec-12
17-Oct-12
25-Nov-11
16-Mar-12
17-Apr-12
16-Mar-12
30-Mar-12
17-Apr-12
18-Dec-12
18-Dec-12

155
57
1441
Hh
155
203
Hh
Hh
57
203
155
Hh
1441
409
Hh
203
Hh
1442
Hh
156
436
203
Hh
57
155
1441
203
155
155
57
203
57
Hh
155
203
57
155
155
Hh
57
203
57
Hh
203
155
155

1207
1208
1209
1210
1211
1212
1213
1214

1216
1217
1218
1219
1220
1221
1222
1223

1225
1226
1227
1228
1229

1232

1236

1238

1239

1240

1241

1242

1246

1248

1250



1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1282
1283
1284
1285
1286
1287
1288
1289
1291
1292
1293
1294
1296
1298
1299
1301
1302
1303
1304

20
73

73
35
20
86
35
18
73
75

73
86

20
86
18
35
73

86
20
73

20

73
86

73
35
20
73
86
20
73

73
18
20
86
73
73

NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

25-Nov-11
16-Mar-12
17-Apr-12
16-May-12
26-Sep-12
25-Aug-11
11-Apr-12
21-Nov-11
23-Nov-11
17-Feb-12
14-Nov-12
05-Apr-12
16-Apr-12
18-Dec-12
09-Jul-12
25-Aug-11
11-Apr-12
23-Nov-11
21-Nov-11
17-Feb-12
05-Apr-12
17-Oct-12
25-Nov-11
16-Mar-12
17-Apr-12
25-Nov-11
17-Apr-12
16-Mar-12
18-Dec-12
05-Apr-12
16-May-12
26-Sep-12
25-Aug-11
16-Mar-12
17-Oct-12
25-Aug-11
16-Mar-12
17-Apr-12
16-Apr-12
23-Nov-11
25-Aug-11
11-Apr-12
17-Feb-12
16-Apr-12
09-Jul-12
17-Apr-12

Hh
57
203
1441
Hh
Hh
436
Hh
156
57
Hh
203
203
155
57
Hh
436
156
Hh
1442
203
155
Hh
57
203
Hh
203
57
155
203
1441
Hh
Hh
1442
155
57
203
Hh
57
156
Hh
436
Hh
1441
203
203

1254

1258
1259
1260
1261
1262

1264

1266

1268

1269

1272

1276

1279

1286
1287
1288

1291
1292
1293
1294

1298

1301
1302



1305
1306
1307
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1325
1326
1327
1329
1330
1331
1332
1333
1334
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354

86
20
73
73
35
18
20
86
75
73
35
18
20

86
73

b

86
20
18
35
73
20
35
75
18
124
86
73

18
20
35

86
73
75
86
20
18
35
73

Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac
NonExac

Exac

Exac

Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac
NonExac

Exac

Exac
NonExac

Exac
NonExac
NonExac
NonExac

Exac
NonExac
NonExac

Exac
NonExac
NonExac
NonExac
NonExac
NonExac

Exac

17-Oct-12
25-Aug-11
16-Mar-12
17-Feb-12
21-Nov-11
23-Nov-11
25-Aug-11
11-Apr-12
14-Nov-12
17-Feb-12
21-Nov-11
23-Nov-11
25-Aug-11
05-Apr-12
11-Apr-12
16-Apr-12
09-Jul-12

05-Apr-12
05-Apr-12
05-Apr-12
11-Apr-12
25-Aug-11
23-Nov-11
21-Nov-11
17-Feb-12
25-Aug-11
21-Nov-11
14-Nov-12
23-Nov-11
17-Dec-12
17-Oct-12
17-Feb-12
05-Apr-12
23-Nov-11
25-Aug-11
21-Nov-11
05-Apr-12
11-Apr-12
17-Feb-12
14-Nov-12
11-Apr-12
25-Aug-11
23-Nov-11
21-Nov-11
17-Feb-12
05-Apr-12

155
Hh
1442
57
Hh
156
Hh
436
Hh
57
Hh
156
Hh
203
436
57
203
203
203
203
436
Hh
156
Hh
1442
Hh
Hh
Hh
156
409
155
1442
203
156
Hh
Hh
203
436
57
Hh
436
Hh
156
Hh
57
203

1306
1307

1310

1312

1314

1316

1318

1329

1331

1332

1333

1334

1336

1338

1340

1343
1344

1347

1348

1350

1352
1353



1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1394
1395
1396
1397
1398
1399
1400
1401

17
21
17
21
17
29
29

34
34
24
24
24
24
24
24
24
24
32
32

32

11
32
11
32

11
17
21
32
29
11

32
11

11

Exac
Exac
Exac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
Exac
Exac
NonExac
NonExac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
Exac
Exac
Exac
NonExac
NonExac
Exac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
NonExac

05-Apr-12
05-Apr-12
05-Apr-12
14-Sep-11
25-Oct-11
14-Sep-11
25-Oct-11
14-Sep-11
13-Oct-11
13-Oct-11
03-Oct-11
03-Oct-11
27-Sep-11
27-Sep-11
28-Oct-11
28-Oct-11
28-Oct-11
28-Oct-11
28-Oct-11
28-Oct-11
28-Oct-11
28-Oct-11
26-Oct-11
26-Oct-11
20-Oct-11
26-Oct-11
20-Oct-11
24-Oct-11
26-Oct-11
24-Oct-11
26-Oct-11
20-Oct-11
20-Oct-11
24-Oct-11
28-Oct-11
25-Oct-11
26-Oct-11
13-Oct-11
24-Oct-11
20-Oct-11
26-Oct-11
24-Oct-11
20-Oct-11
24-Oct-11
20-Oct-11
20-Oct-11

203
203
203
1163
11
1163
11
1163
311
311
176
176
Hh
Hh
196
196
196
196
196
196
196
196
513
513
409
513
409
704
513
704
513
409
409
704
1163
11
513
311
704
409
513
704
409
704
409
409

1358
1359
1360
1361

1365
1367
1368

1369
1370

1377

1379

1381
1382



1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1445
1446
1447
1448

11
17
11
11
34
17
34
17
17
34
34
17
17
34
34
17
34
17
21
17
34
21
34
21
17
17
21
21
17
21
17
17
17
17
17
29
73

73
73
73
73
73
73
73
73

Exac
Exac
Exac
Exac
NonExac
Exac
NonExac
Exac
Exac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
Exac
NonExac
Exac
NonExac
NonExac
Exac
Exac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac

24-Oct-11
28-Oct-11
24-Oct-11
24-Oct-11
26-Oct-11
28-Oct-11
26-Oct-11
28-Oct-11
28-Oct-11
26-Oct-11
26-Oct-11
28-Oct-11
14-Sep-11
26-Oct-11
26-Oct-11
14-Sep-11
26-Oct-11
14-Sep-11
25-Oct-11
14-Sep-11
26-Oct-11
25-Oct-11
26-Oct-11
25-Oct-11
14-Sep-11
14-Sep-11
25-Oct-11
25-Oct-11
14-Sep-11
25-Oct-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
14-Sep-11
13-Oct-11
13-Jul-12
17-May-12
13-Jul-12
13-Jul-12
15-Jun-12
16-May-12
15-Jun-12
16-May-12
15-Jun-12
17-Sep-12

704
1163
704
704
Hh
1163
Hh
1163
1163
Hh
Hh
1163
1163
Hh
Hh
1163
Hh
1163
11
1163
Hh
11
Hh
11
1163
1163
11
11
1163
11
1163
1163
1163
1163
1163
311
1441
203
1441
1441
1441
1441
1441
1441
1441
Hh

1403
1404

1406

1407
1408

1411
1412

1415

1416

1418

1422

1424

1438
1439
1440
1442

1445

1448



1449
1450
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495

73
73
73

73
73
73
73
73
73

73

73
73
73
73
73
73

73
73
73

73

73

73
73

73
73
73
73
73
73
73
73
73
73
73
73
73
73

NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac

13-Jul-12
15-Jun-12
17-Dec-12
17-May-12
17-Dec-12
15-Jun-12
15-Jun-12
16-May-12
15-Jun-12
16-May-12
17-May-12
17-Sep-12
17-May-12
13-Jul-12
17-Dec-12
17-Oct-12
21-Jan-13
15-Jun-12
17-Sep-12
17-May-12
13-Jul-12
16-May-12
15-Jun-12
17-May-12
15-Jun-12
17-May-12
17-May-12
17-Oct-12
17-May-12
17-Oct-12
13-Jul-12
17-May-12
17-Dec-12
17-Oct-12
21-Jan-13
17-Sep-12
21-Jan-13
21-Jan-13
21-Jan-13
17-Oct-12
13-Jul-12
21-Jan-13
21-Jan-13
17-Dec-12
17-Oct-12
17-Dec-12

1441
1441
1441
203
1441
1441
1441
1441
1441
1441
203
1441
203
1441
1441
1441
1441
1441
Hh
203
1441
1441
1441
203
1441
203
203
1441
203
1441
1441
203
1441
1441
1441
Hh
1441
1441
1441
1441
1441
1441
1441
1441
1441
1441

1452
1453
1454

1461

1465
1466

1468

1477

1484
1485



1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532

73
73
73
73
73
73
73
73
73
73
73
73
73
73
73
73
73
73
73
34

17
21
11
29
24
32
73
73
73
17
17
17
73
73
73
73

NonExac
Exac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
NonExac
Exac
NonExac
NonExac
Exac
Exac
Exac
NonExac
NonExac
Exac
Exac
Exac
NonExac
Exac
NonExac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac
Exac

21-Jan-13
17-Sep-12
13-Jul-12

17-Dec-12
17-Dec-12
13-Jul-12

17-Dec-12
17-Dec-12
21-Jan-13
17-Sep-12
17-Oct-12
17-Oct-12
17-Oct-12
17-Sep-12
21-Jan-13
17-Oct-12
17-Sep-12
17-Sep-12
18-Feb-13
27-Sep-11
20-Oct-11
28-Oct-11
25-Oct-11
24-Oct-11
13-Oct-12
28-Oct-11
26-Oct-11
18-Feb-13
18-Feb-13
18-Feb-13
28-Oct-11
28-Oct-11
28-Oct-11
18-Feb-13
18-Feb-13
18-Feb-13
18-Feb-13

1441
1441
1664
1441
1441
1441
1441
1441
1441
1441
1441
1441
1441
Hh
1441
1441
Hh
1441
1441
Hh
409
1163
1034
704
311
196
513
1441
1441
1441
1163
1163
1163
1441
1441
1441
1441

1497
1498

1509

1512

1514

1515

1518

1523



Appendix 3: Contingency tables for Chi?

Appendix 3.1: Chapter 3. Haemolysis, H2S and MLST

Contingency table for Chi square analysis of established ST from MLST analysis
determined on recognized variations on sequences from seven housekeeping
genes versus hydrogen sulphide production and haemolysis

ST
Yes No
45.8% (33) 54.2% (39)
Yes
95% Cl (39.14, 52.46) 95% Cl (47.54, 60.86)
H:S positive 89.7% (35) 10.3% (4)
No 95% Cl (85.64, 93.76) 95% Cl (6.24, 14.36)
p-value p=<0.001
0% (0) 100% (12)
Yes
Haemolysis 69.7% (69) 30.3% (30)
No 95% Cl (63.56, 75.84) 95% Cl (24.16, 36.44)
p-value p=0.001
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Appendix 3.2: Chapter 4: Adhesin genes and

Exacerbation

Contingency table for Pearson Chi square analysis of adhesion genes present or absent in
NTHi isolated from exacerbation events using Fisher’s exact 2-sided test where counts <5

(noted *).
Gene present in NTHi isolated from exacerbation.
Absent Present
Yes 4.5% (3) 95.5% (63)
95% Cl (1.73, 7.27) 95% Cl (92.73, 98.27)
omp2 No 10.7% (16) 89.3% (133)
95% Cl (6.57, 14.83) 95% Cl (85.17, 93.43)
p-value p=0.140
Yes 97% (64) 3% (2)
95% Cl (94.72, 99.28) 95% Cl (0.72, 5.28)
hia No 96.6% (144) 3.4% (5)
95% Cl (94.18, 99.02) 95% Cl (0.98, 5.82)
p-value p=0.901
Yes 28.8% (19) 71.2% (47)
95% CI (22.75, 34.85) 95% CI (65.15, 77.25)
hmwA No 34.9% (52) 65.1% (97)
95% ClI (28.53, 41.27) 95% Cl (58.73, 71.47)
p-value p=0.379
Yes 15.2% (10) 84.8% (56)
95% Cl (10.4, 20) 95% Cl (80, 80.96)
hmw2A No 20.1% (30) 79.9% (119)
95% Cl (14.74, 25.46) 95% Cl (74.54, 85.26)
p-value p=0.387
Yes 12.1% (8) 87.9% (58)
95% Cl (7.74, 16.46) 95% Cl (83.54, 92.26)
hap No 12.8% (19) 87.2% (130)
95% Cl (8.33,17.27) 95% Cl (82.73, 91.67)
p-value p=0.898
Yes 97% (64) 3% (2)
95% Cl (94.72, 99.28) 95% Cl (0.72, 5.28)
hif No 91.3% (136) 8.7% (13)
95% Cl (87.53, 95.07) 95% Cl (4.93, 12.47)
p-value p=0.157 *
Yes 3% (2) 97% (64)
95% Cl (0.72, 5.28) 95% Cl 94.72, 99.28)
ompl No 6.7% (10) 93.3% (139)
95% Cl (3.36, 10.04) 95% Cl (89.96, 96.64)
p-value p=0.352 *

212




Appendix 3.3: Chapter 5: Isolates chosen

for ROARY analysis.

Isolates from both species were chosen for high or low MIC and split into two trait groups.

Isolate Number Species MiIC Trait
557 Hh 1 0
552 Hh 2 0
54 Hh 2 0
427 Hh 3 0
559 Hh 3 0
426 Hh 8 1
553 Hh 8 1
488 Hh 12 1
494 Hh 12 1
497 Hh 12 1
421 NTHi 2 0
560 NTHi 2 0
836 NTHi 2 0
529 NTHi 2 0
531 NTHi 2 0
597 NTHi 24 1
592 NTHi 24 1
352 NTHi 16 1
598 NTHi 16 1
298 NTHi 16 1
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