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Abstract

Legionella is a Gram-negative bacterium naturally present in freshwater and soil. The
bacteria can enter, colonise and multiply in man-made water systems. Infection through
inhalation of aerosols containing the bacteria can cause Legionnaires' disease (LD) an
atypical, severe pneumonia in individuals with underlying risk factors. Legionella
pneumophila serogroup 1, the most widely studied species, is reported to account for
more than 90 % of all clinical isolates related to LD in England. L. pneumophila is isolated
routinely at Public Health England however Legionella is a slow growing bacterium,
typically taking from three to five days to grow. Additionally, it has been reported that L.
pneumophila is isolated in only 60 % of urinary antigen-positive cases.

Here, the application of metagenomic sequencing was investigated in Legionella positive
clinical and environmental samples, the hypothesis being that metagenomic sequencing
may provide a more time efficient result and may reveal previously undetected
heterogeneity in clinical and environmental cases.

The results demonstrate that L. pneumophila genomes can be captured and sequenced
from patients with LD and from environmental source samples without prior culture
using a targeted capture approach. The data generated also demonstrate that Legionella
diversity within environmental sources as well as a clinical case could be captured.
Importantly, the work has demonstrated the first successful application of in silico 7-loci
sequence-based typing and 50 core gene MLST to Legionella data generated by a
metagenomic method.

Overall, this thesis demonstrates the proof of concept of targeted metagenomic
sequencing of L. pneumophila directly from multiple patients and environmental sources
as well as the ability to capture a variety of sequence types. Furthermore, the challenges
of implementing metagenomic sequencing for routine diagnostic use and future avenues

for technical optimisation of the targeted capture approach are outlined.
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1.1 The Emergence and Identification of Legionella

1.1.1 Discovery of Legionella pneumophila

In July 1976, the Centre for Disease Control (CDC) was alerted to an outbreak of
respiratory illness among attendees of the Pennsylvania American Legion convention
hosted by the Bellevue-Stratford Hotel in Philadelphia, USA. A total of 182 members of
the American Legion developed severe respiratory illness with 29 individuals dying after
returning home from the conference (Fraser et al, 1977). Other suspected cases began to
emerge including individuals residing within one block of the hotel and nearby
pedestrians. An etiologic agent for the illness, which became known as Legionnaires’
Disease (LD), was not identified until 6 months later. First evidence of the causative agent
was recognised when guinea pigs were inoculated with patient lung tissue and a Gram-
negative bacillus was isolated (McDade et al, 1979). Subsequent egg-yolk sac cultures of
the bacillus were used as antigen to examine suspected patient serum specimens by
indirect immunofluorescence. Increases in antibody titre indicated that the newly
isolated bacterium, termed Legionella pneumophila, was the causative agent of the

outbreak (McDade et al,, 1979).

1.1.2 Retrospective Identification of Legionnaires’ Disease Cases and Outbreaks

Subsequent analysis of unsolved cases of respiratory illness from prior decades revealed
that L. pneumophila had in fact been isolated from a pneumonia patient in 1947 with an
identification label of a “rickettsia-like agent” (McDade et al, 1979). In a 1944 study,
Legionella was recovered from guinea pigs infected with clinical material (Tatlock et al,
1944). Furthermore, in a retrospective study of unsolved outbreaks of pneumonia, L.
pneumophila was found to be the causative agent of a number of the outbreaks; including
an outbreak in a meat-packing factory in 1957 (Osterholm et al, 1983), an outbreak
among attendees of a convention taking place in a hotel in Philadelphia (with close
proximity to the Bellevue-Stratford) in 1974 (Terranova et al, 1978) and a hospital
outbreak in 1965 (Thacker et al, 1978). Interestingly, an outbreak of non-pneumonic
respiratory illness was observed in Pontiac, Michigan in 1968 with no fatalities (Glick et
al, 1978). The causative agent was identified ten years later (in 1978) as L. pneumophila
despite the milder clinical symptoms and a reduced incubation period of 36 hours. These

studies led to the recognition that L. pneumophila could cause two clinically distinct
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syndromes and the milder form was therefore termed “Pontiac Fever” (Glick et al,, 1978).
Together, clinical syndromes caused by Legionella infection are referred to as

“legionellosis”.

1.1.3 Identification of Legionella in the Environment

The first environmental identification of L. pneumophila was from non-outbreak-related
freshwater by directimmunofluorescence staining (Fliermans et al, 1979). A larger study
of freshwater sources demonstrated the ubiquity of L. pneumophila in this habitat
(Fliermans et al, 1981). Airborne transmission of the bacterium was first hypothesised
based on epidemiological evidence from a retrospectively identified 1965 LD outbreak
(Thacker et al, 1978). Furthermore, the Pontiac outbreak (Glick et al, 1978) provided
evidence of transmission from water via an air-handling device. In a critical review by
Muder et al,, 1986, a number of modes of transmission based on water aerosolisation and
aspiration were hypothesised based on epidemiological evidence from previous cases
and outbreaks. These modes included transmission by cooling towers and evaporative
condensers, showers, humidifiers as well as respiratory therapeutic devices. The source
of bacterial dispersal during the 1976 Philadelphia outbreak was later identified as the
hotel air-conditioning system (Fraser et al, 1977).

Soon after the Philadelphia outbreak, other Legionella species began to be recognised.
They were isolated in the previous decades during research on rickettsial disease. These
species were retrospectively identified as L. bozemanii and L. micdadei (Hebert et al,

1980).
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1.2 Current Taxonomic Classification and Species

After the discovery of L. pneumophila, a new genus “Legionella” was proposed (Brenner
etal, 1979). The full scientific classification was designated as follows: Domain: Bacteria,
Phylum: Proteobacteria, Class: Gammaproteobacteria, Order: Legionellales, Family:
Legionellaceae, Genus: Legionella (Brenner et al, 1979). In the years since, 65 species of
the Legionella genus have been identified in the environment and/or clinically. In
addition to species, four L. pneumophila subspecies have been described: pneumophila,
fraseri, pasculeii (Brenner et al, 1988) all of which were recognised by DNA hybridisation
experiments and the fourth recently described subspecies raphaeli (Kozak-Muiznieks et
al, 2018). L. pneumophila is divided into 16 serogroups, all of which have a clinical
association. L. pneumophila serogroup 1 is reported to account for 85.6 % of culture
positive cases in Europe (ECDC, 2017). In some countries L. longbeachae has an equal
culture positivity rate to L. pneumophila in clinical cases, with different geographic
distributions within those countries. In 2015, 47 % of LD clinical isolates in Australia
were L. longbeachae (NNDS, 2019), 65 % in New Zealand in 2017 (ESR, 2017) and 50 %
of clinical isolates in Thailand (Phares et al, 2007). Of the total 65 Legionella species

identified to date, 31 have been implicated in clinical disease (Table 1.1).
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Table 1.1 Legionella Species Associated or Not Associated with Clinical Disease

Associated with Clinical Disease

No Known Clinical Association

L. anisa (Gorman et al, 1985, Borstein et al, 1989)

L. birminghamensis (Wilkinson et al, 1987)

L. bozemanii (Brenner et al, 1980, Mitchell et al., 1984, Tang et al,
1984)

L. cardiaca (Pearce et al., 2012)

L. cincinnatiensis (Thacker et al,, 1988)

L. clemsonensis (Palmer et al., 2016)

L. donaldsonii (Hookey et al,, 1996, Han et al,, 2015)

L. dumoffii (Brenner et al, 1980, Joly et al, 1986)

L. erythra (Brenner et al, 1985, von Baum et al, 2008)

L. feeleii (Herwaldt et al, 1984, Thacker et al, 1985, Patluke et al,
1986)

L. gormanii (Morris et al,, 1980, Griffith et al,, 1988)

L. hackeliae (Brenner et al, 1985, Wilkinson et al.,, 1985)

L. jamestowniensis (Brenner et al, 1985, Edelstein et al,, 2017)
L. jordanis (Cherry et al,, 1982, Littrup et al, 1987)

L. lansingensis (Thacker et al,, 1992)

L. londiniensis (Dennis et al,, 1993, Stallworth et al,, 2012)

L. longbeachae (McKinney et al, 1981, Bibb et al, 1981)

L. Iytica (Hookey et al, 1996, Han et al., 2015)

L. maceachernii (Brenner et al, 1985, Wilkinson et al, 1985)
L. micdadei (Myerowitz et al, 1979, Hébert et al,, 1980)

L. nagasakiensis (Yang et al,, 2012)

L. oakridgensis (Orrison et al,, 1983, Tang et al., 1985)

L. parisiensis (Brenner et al,, 1985, Lo Presti et al,, 1997)

L. pittsburghensis (Pasculle et al, 1980)

L. pneumophila (Brenner et al.,, 1979)

L rubrilucens (Brenner et al, 1985, Matsui et al., 2010)

L. sainthelensi (Campbell et al, 1984, Chereshsky et al., 1986, Benson
etal, 1990)

L. steelei (Edelstein et al,, 2012)

L. tucsonensis (Thacker et al., 1989)

L. wadsworthii (Edelstein et al, 1982)

L. waltersii (Konig et al, 2005, Benson et al, 1996)

L. adelaidensis (Benson et al,, 1991)

L. beliardensis (Lo Presti et al, 2001)
L. brunensis (Wilkinson et al,, 1988)
L. busanensis (Park et al,, 2003)

L. cherrii (Brenner et al, 1985)

L. drancourtii (La Scola et al, 2004)

L. dresdenensis (Luck et al,, 2010)

L. drozanskii (Adeleke et al, 2001)

L. fairfieldensis (Thacker et al,, 1991)
L. fallonii (Adeleke et al,, 2001)

L. geestiana (Dennis et al.,, 1993)

L. gemonospecies (Benson et al,, 1996)
L. gratiana (Bornstein et al, 1989)

L. gresilensis (Lo Presti et al, 2001)

L. impletisoli (Kuroki et al, 2007)

L. israelensis (Bercovier et al, 1986)
Candidatus L. jeonii (Park et al, 2004)
L. massiliensis (Campocasso et al., 2012)
L. moravica (Wilkinson et al.,, 1988)

L. nautarum (Dennis et al,, 1993)

L. norrlandica (Rizzardi et al,, 2015)
L. quateirensis (Dennis et al, 1993)

L. quinlivanii (Benson et al.,, 1989)

L. rowbothamii (Adeleke et al,, 2001)
L. santicrucis (Brenner et al, 1985)

L. saoudiensis (Bajrai et al, 2016)

L. shakespearei (Verma et al, 1992)

L. spiritensis (Brenner et al,, 1985)

L. steigerwaltii (Brenner et al, 1985)
L. taurinensis (Lo Presti et al, 1999)
L. thermalis (Ishizaki et al, 2016)

L. tunisiensis (Campocasso et al., 2012)
L. worsleiensis (Dennis et al,, 1993)

L. yabuuchiae (Kuroki et al,, 2007)
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1.3 Legionella Physiology and Ecology

Legionellae are aerobic, Gram-negative, Gammaproteobacteria. They exist as rod-shaped
bacilli or long filamentous cells that do not form spores. Legionella species are ubiquitous
freshwater inhabitants, present in rivers, lakes, ponds, streams, sub-surface waters and
hot springs (Fliersmans et al, 1981, Qin et al, 2013). They are also present in soil,
sediments, potting and compost mixes, from which L. longbeachae and L. pneumophila
species are predominantly associated with infection (Steele et al,, 1990, Casati et al, 2009,
Pravinkumar et al, 2010, Currie et al, 2014, Travis et al,, 2014). They survive in water at
temperatures of between 20 degrees Celsius (°C) and 45 °C although they have been
reported in water above and below this range.

They are acid-tolerant, capable of surviving at a pH ranging from 2.7 to 8.3 and reportedly
as low as 2.0 for short periods of time (Sheehan et al, 2005). Notably, Legionellae display
both an extracellular and intracellular lifestyle. Extracellularly, Legionellae survive in
freshwater, soil or sediment habitats as free-living microorganisms or in biofilm
communities, where they can acquire nutrients from other microbial members (Stewart
etal, 2012). Due to stress, nutrient shortages, temperature, pH fluctuations and oxidative
stress in this environment, Legionella exist in a motile, virulent form (Heuner et al.,, 2008).
A recent study identified a gene, I[pg/659, coding for a predicted membrane protein
(LasM) that is strongly expressed when Legionella is free-living. It is thought that its
expression may aid the long-term extracellular survival and culturability of Legionella in
water (Li and Faucher, 2016). Furthermore, a homolog of [pg/659 was identified in other
free-living bacteria in water (Li and Faucher, 2016).

Legionellae can also survive and replicate within host cells. In the environment,
Legionella host cells are primarily protozoa, including amoebae, ciliates and excavates
(Rowbotham, 1986, Abu Kwaik et al, 1998) (Figure 1.1). The protozoa phagocytose
Legionellae, thereby providing them with a nutrient-rich shelter where the bacterial cells
undergo a morphogenetic shift to a metabolically active form for replication and eventual
dissemination. Experimental studies, co-culture and microscopy, have confirmed 3 phyla
as protozoal hosts: the Amoebozoa (Acanthamoebae spp., Hartmanella spp., Echinamoeba
exudans, Dictyostelium discoideum and Balamuthia mandrillaris), the Ciliophora
(Tetrahymena spp., Oxytricha bifaria, Stylonychia mytilus and Paramecium caudatum) and
the Percolozoa (Naegleria spp., Tetramitus jugosus and Willertia magna) (Boamabh et al,

2017). There is good agreement between experimentally confirmed host protozoa and
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protozoa co-isolated with Legionellae from the environment (Boamah et al, 2017). A
number of factors can influence the interaction between Legionella and the protozoal
host including the species of protozoa, the preferences of the protozoal host for feeding
on certain Legionella strains or species, the conditions in the external environment, the
relative abundance of protozoal host versus Legionella and the presence and influence of
other microorganisms (Boamah et al, 2017).

The extracellular lifestyle of Legionella species may promote its ability to survive in harsh
conditions and adapt to new environments (Oliva et al, 2018). On the other hand, the
association of Legionella with protozoa assists the replication and distribution of the
bacterial cells and acts as a mechanism for biocide and chlorine avoidance and protection
from unfavourable thermal conditions. It is hypothesised that both the extracellular and
intracellular environments provide training grounds for the selection and persistence of
Legionella phenotypes that can, in turn, influence their ability to infect human cells

(Molmeret et al, 2005, Oliva et al., 2018).

Figure 1.1 In the environment, Legionella host cells are primarily protozoa, including
amoebae, ciliates and excavates. The protozoa phagocytose Legionellae, providing them
with a nutrient-rich shelter for replication. (a) Electron micrograph depicting an amoeba
as it entraps a Legionella pneumophila bacterium (green) with an extended pseudopod.
Image is in the public domain. Image credit: CDC/Dr Barry S. Fields, PhD. (b) The amoeba
A. castellanii infected with L. pneumophila expressing green fluorescent protein. Scale bar
represents 10 um. Image printed with permission by personal communication with Dr.

Mena Abdel-Nour (Citation: Abdel-Nour et al., 2013).
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1.4 Sources of Infection, Modes of Transmission and Control

The emergence of legionellosis is considered to be due to human adaption of
environments where Legionellae are naturally present. Transmission can occur by
inhalation, aspiration and more rarely by direct contact or ingestion (Muder et al,, 1986)
(Figure 1.2). Risk of exposure to Legionella exists from water systems, plants or
equipment that release an aerosol or mist during operation. In this context, systems of
risk include evaporative cooling towers (Fraser et al, 1977, Garcia-Fulgueiras et al,
2003) which can distribute aerosols containing the bacteria greater than 6 km away
(Nguyen et al, 2006), potable water systems (Tobin et al, 1980, Castellani Pastoris et al.,
1999), hot springs (Sommese et al., 1996), thermal spas (Martinelli et al, 2001), domestic
plumbing systems (Hayes-Philips et al, 2019), evaporative condensers (Breiman et al,
1990), water systems used in health such as dental equipment (Oppenheim et al, 1987),
heated birthing pools (Collins et al, 2016), respiratory devices and nebulisers (Arnow et
al, 1982), humidifiers (Moran-Gilad et al, 2012), fountains and water features
(O'Loughlin et al, 2007), industrial water systems (Allen et al, 1999), wastewater
treatment plants/systems (Kusnetsov et al, 2010), misting devices (Mahoney et al,
1992) and ice machines (Bangsborg et al, 1995).

A number of conditions in man-made water systems increase the risk of microbial growth
to levels that may cause legionellosis. These factors include the maintenance of a water
temperature that encourages Legionella growth (or lack of ability to control water
temperature), low or no water flow or water stagnation (potentially due to dead-legs or
blind-ends), inadequate backflow protection, systems built with inappropriate materials
which promote microbial growth and biofilm formation, lack of a continuous, good
quality potable water supply entering the system, lack of an appropriate disinfection
routine and lack of regular monitoring to ensure risk parameters are being met
(European Technical Guidelines, 2017). Monitoring efforts should include testing biocide
levels, pH, temperature, water turbidity, presence of dissolved solids and a
microbiological and chemical assessment.

Efforts to control Legionella in man-made water systems should include a regular
schedule of treatment with biocides, corrosion inhibitors and scale inhibitors (European
Technical Guidelines, 2017). The presence of protozoa in water systems is deemed a risk
factor for legionellosis. In one study, the quantity of L. pneumophila in biofilms correlated

directly with the biomass of protozoa (Liu et al, 2012). Other identified sources causing
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legionellosis include soils, potting mixtures and compost (Hughes et al, 1994, Koide et
al, 1999, Cramp et al, 2010). The mechanisms of transmission are not fully understood
but are hypothesised to be through inhalation or ingestion of dust particles, not washing
hands after gardening and being close to dripping hanging baskets (O’ Connor et al,
2007). The first case of probable human-to-human transmission of LD was reported in

2016 (Correia et al, 2016).
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Figure 1.2 Route of Legionella dissemination from (1) the natural environment, (2)
distribution to the man-made environment, (3) colonisation of water systems/soil, (4)
amplification, (5) aerosolization, (6) human exposure and (7) infection/no
infection/asymptomatic. Image reprinted with permission from the American Society for

Microbiology Copyright © 2015 (Citation: Mercante et al, 2015).
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1.5 Legionella Pathogenesis

The mode of pathogenesis of human phagocytic cells by Legionella bacteria is similar to
that of protozoa. Legionella are considered an “accidental” human pathogen. The
pathogenic pathway of the L. pneumophila species is the most well-studied. After
inhalation, small aerosols containing the bacteria can enter the lower respiratory tract.
The bacteria can then bind to alveolar macrophages or monocytes via their pili (Stone et
al, 1998) or surface receptors on the host cells (Cianciotto et al,, 1992, Mintz et al., 1992,
Mintz et al, 1995, Harb et al, 1998, Declerck et al, 2005, Declerck et al, 2007). The
bacteria are engulfed by the host cell through one or more reported mechanisms of
phagocytosis (Horowitz et al, 1984, Rittig et al, 1992, Bozue et al, 1996, Kwaik et al,
1998, Khelef et al, 2001, Tachado et al, 2018). The L. pneumophila Dot/Icm Type IV
secretion system (T4SS) (Berger et al, 1993, Isberg et al, 2009) secretes approximately
300 effector/virulence proteins into the host cell. T4SS is present in all studied Legionella
species (Sanchez-Buso et al, 2014, Burnstein et al,, 2016, Joseph et al,, 2016) and a recent
genome-wide study reported the existence of 18,000 effector proteins across the
Legionella genus (Gomez-Valero et al, 2019), with some of the effector proteins being
eukaryotic-like.

Effector proteins enable the “hijacking” of the host phagocyte-lysosome pathway. This
acts as a mechanism for L. pneumophila to control membrane transport in the host cell,
leading to the creation of the “Legionella Containing Vacuole” (LCV). As the LCV does not
fuse with lysosomes (Horwitz et al, 1983, Horwitz et al, 1984) it protects the bacteria
from enzymatic digestion. The efficiency of LCV formation is believed to be dependent on
the infecting Legionella species (Newton et al,, 2010). The LCV intercepts the endoplasmic
reticulum-Golgi vesicle traffic route and recruits small smooth endoplasmic reticulum
vesicles and mitochondria to its membrane (Horwitz et al, 1983, Swanson et al, 1995).
The membrane begins to resemble that of the rough endoplasmic reticulum (RER) in
thickness and protein composition and becomes embedded with ribosomes (Tilney et al,
2001). L. pneumophila replicate very efficiently within the LCV and eventually lyse the
host cell thereby releasing the new replicants. Figure 1.3 gives a graphical overview of

the infection cycle.
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Figure 1.3 Overview of L. pneumophila infection cycle and associated virulence factors.
Five main stages occur in the infection cycle: (1) uptake whereby the bacterium adheres
to the surface of alveolar macrophages or monocytes via their pili or surface receptors on
the host cells and can become engulfed by a number of phagocytic methods. The bacterial
cell harnesses it's Dot/Icm Type IV secretion system to secrete effector proteins into the
host cell. The effector proteins enable the “hijacking” of the host phagocyte-lysosome
pathway leading to (2) LCV formation which protects the bacteria from enzymatic
digestion. The bacteria can now efficiently (3) replicate avoiding a (4) host response and
eventually lyse the host cell to (5) exit. Alongside host cell processes, bacterial factors and
components implicated in those processes are displayed. Image reprinted with
permission from John Wiley and Sons, Cellular Microbiology (License No.

4631370737170) (Citation: Hoffmann et al., 2014).
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1.6 Epidemiology
1.6.1 Clinical Features of Infection

1.6.1.1 Legionnaires’ Disease

LD is considered a rare and sporadic respiratory infection and is classified as an atypical
pneumonia. In many cases the symptoms of infection are non-specific. The incubation
period is typically between 2 and 10 days but can sometimes be up to 14 days (Cunha et
al, 2016), particularly in immunocompromised individuals. Patients may first experience
a prodromal illness (a period between the appearance of initial symptoms and the full
development of symptoms). This is followed by clinical features of infection such as fever
> 38.8 °C (and less often > 40 °C), cough, chills, muscle pain, dyspnoea, chest pain,
headache, confusion, delirium, obtundation, seizures or focal problems, myalgia or
arthralgia, diarrhoea, nausea, vomiting, abdominal pain (Cunha et al, 2016). A dry cough
is reported to occur in approximately 65 % of LD patients (von Baum et al,, 2008). In
those with a productive cough, sputum may be purulent and sometimes blood-streaked
(Cunha et al, 2016). Pulmonary infiltrates are visible in chest radiographs from
approximately the third day of disease onset. At hospital admission, pleural effusion
occurs in 15 to 50 % of patients (Viasus et al, 2013). In immunocompromised patients,
round nodular opacities or abscess can appear (Yu et al, 1997). Overall recovery from LD
can be slow and post-infection complications such as neurological or neuromuscular
disorders, even post-traumatic stress disorder, can occur (Lettinga et al, 2002).

The attack rate of LD is estimated to be 0.1 % to 5 % of individuals in the community and
0.4 % to 14 % of hospitalised individuals (World Health Organisation [WHO], 2007).
Antimicrobial therapy is based on the oral or intravenous administration of macrolides,
fluoroquinolones, cyclin families or a combination of these. Azithromycin and
levofloxacin are typically recommended (Phin et al, 2014). Crucially, beta-lactam
antibiotics, usually used to treat bacterial community-acquired pneumonia cases, are

ineffective in cases of LD.
1.6.1.2 Pontiac Fever

Pontiac fever is a febrile, non-pneumonic illness. Due to its obscurity, there is no defined

definition of the illness. The incubation period is usually from 12 to 48 hours (WHO,
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2007). Symptoms can include fever, shivers, headache, muscle aches, tiredness and dry

cough. Antimicrobial treatment is usually not required.

1.6.1.3 Extra-Pulmonary Syndromes

Extrapulmonary manifestations of Legionella infection are rare and most commonly
occur in immunocompromised patients. A previous study showed that L. pneumophila
could spread from the respiratory system to other parts of the body (Lowry et al,, 1993).
Infection can also occur without pneumonia. Legionella have been implicated in cases of
soft tissue, wound and surgical site infections (Brabender et al, 1983, Lowry et al, 1991,
Qin et al, 2002, Chee et al, 2007, Mentula et al, 2014), abscesses (Arnow et al, 1983,
Anderson et al, 1987, La Scola et al, 1999, Gubler et al, 2001, Charles et al, 2013),
cellulitis (Kilborn et al,, 1992, Waldor et al,, 1993, Loridant et al, 2011), arthritis (Flendrie
etal, 2011), osteomyletis (McClelland et al,, 2004, Sanchez et al,, 2013), ocular (Heriot et
al, 2014) and heart manifestations such as myocarditis, pericarditis, post-
cardiomyotomy syndrome and endocarditis (Guyot et al, 2007, Tanabe et al, 2009,
Samuel et al, 2011, Ishimuro et al, 2012,  Compain et al, 2015). In very rare cases,

Legionella may spread to the nervous system (Shelburne et al, 2004).

1.6.2 Risk Factors, Seasonality and Incidence

Legionnaires disease is more likely to occur in males greater than 50 years of age
(Figure 1.4). Occurrence is also more likely in individuals with a history of smoking,
heavy alcohol use and underlying medical conditions such as immunosuppression, lung
disease, diabetes, heart disease and renal disease (Marston et al,, 1994). Recent travel is
an additional recognised risk factor. While LD is uncommon in children and neonates,
cases have been reported to occur in association with hospital water systems, birthing
pools and respiratory equipment (Shachor-Meyouhas et al., 2010, Yiallouros et al,, 2013.
Phin et al., 2014).

LD cases exhibit a seasonality, with cases primarily occurring from June to October in
Europe (European Centre for Disease Prevention and Control [ECDC], 2017) (Figure 1.5).
During 2017, the notification rate for the European Union/European Economic Area
(EU/EEA) was 1.8 per 100,000 inhabitants overall (ECDC, 2019) (Figure 1.6). In the
United States (US) from 2000 to 2015, the notification rate increased from 0.42 to 1.89
per 100,000 inhabitants (Centre for Disease Control [CDC], 2018). From 30 EU/EEA
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countries, 9,238 cases of LD were reported. A total of 8 % of cases with a known outcome
were reported as fatalities. Overall, ECDC reported a 30 % rise in cases during 2017 when
compared to 2016 (ECDC, 2019). This increase in incidence could be due to improved
diagnostics and surveillance efforts. Additionally, other studies indicate that rising
temperatures, higher than average atmospheric changes and increases in humidity may
be responsible for the proliferation of LD incidence (Fisman et al, 2005, Hicks et al,

2007).
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Figure 1.4 Distribution of Legionnaires’ disease cases per 100,000 inhabitants (EU/EEA)
by age and gender during 2017. Image reprinted with permission from ECDC. (Citation:
European Centre for Disease Prevention and Control. Legionnaires’ disease. In: ECDC.

Annual epidemiological report for 2017. Stockholm: ECDC; 2019.)
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Figure 1.5 Distribution of Legionnaires’ disease cases (EU/EEA) by month from 2013 to
2017. Image reprinted with permission from ECDC. (Citation: European Centre for
Disease Prevention and Control. Legionnaires’ disease. In: ECDC. Annual epidemiological

report for 2017. Stockholm: ECDC; 2019.)
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1.6.3 Community, Nosocomial and Travel-Associated Legionnaires’ Disease

LD has been a notifiable disease in England since 2010 (Department of Health [DH],
2010). It can occur in the community (including care homes), in hospitals/healthcare
settings and in travel settings as single cases, clusters or outbreaks.

A confirmed case of LD is defined by Public Health England (PHE) as a
clinical/radiological diagnosis of pneumonia and laboratory confirmed detection. To
investigate an environmental source of infection, a 10-day exposure history of the case is
collected. For a case to be considered healthcare associated, the individual should have
significant exposure to a hospital/healthcare setting for 2 to 10 days prior to symptom
onset. For a case to be considered travel-associated, the individual should have
stayed/visited accommodation, such as a hotel, cruise ship or campsite, outside the
individual’s area of residence for 2 to 10 days prior to symptom onset. When 2 or more
cases occur in close proximity (up to 6 km for community cases and the same
hospital/accommodation site for healthcare- and travel-associated cases), time (up to 6
months for community cases and up to 2 years for healthcare- and travel-associated
cases), and share an epidemiological link, it is defined as a cluster. If 2 or more cases have
onset of symptoms at a maximum of 28 days apart, share a strong epidemiological link
and microbiological evidence of a common source of infection, it is defined as an outbreak
(PHE, 2019).

From all confirmed LD cases in England and Wales (2014 to 2016), on average 54.4 %
were exposed in the community, 2.4 % in hospital/healthcare settings and 43.2 % during

travel abroad (PHE, 2017[a]) (Figure 1.7).

41



400 H Travel abroad

350

Number of cases
- — ) ) W
o o [=] o =)
(=] (=] o (=] (]

o
(=]

2014

m Nosocomial ® Communityf

2015
Year of onset

2016

*includes travel UK cases
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1.7 Detection, Diagnosis and Epidemiological Typing

1.7.1 Urinary Antigen Test

The first line method for the diagnosis of legionellosis in England is the urinary antigen
test (UAT). The UAT uses monoclonal antibodies against L. pneumophila serogroup 1
lipopolysaccharide antigen (LPS). Tests are commercially available in enzyme
immunoassay (EIA) and immunochromatographic test (ICT) format (Harrison et al,
1998, Dominguez et al, 1999, Helbig et al, 2001, Diederen et al, 2007). Antigen is
detected in urine 2 to 3 days from the initiation of symptoms (Mercante et al, 2015).
Antigen detection may be possible up to months after the initiation of symptoms in some
cases. Commercially available UATs are specific for the detection of antigen from L.
pneumophila serogroup 1 (Lp1) which is the dominant species and serogroup. Currently
a new commercial UAT test (Sofia [Quidel]) for the detection of serogroup 1, 2, 4 and 6 is
available. There is however, reported cross reactivity for the detection of LPS antigen
from L. pneumophila non-sgl serogroups (Olsen et al, 2009). These detections vary
significantly between different tests. Consequently, the extent of cross-reactivity is
unknown (Chen et al, 2015). The UAT is advantageous in that it is rapid, low cost, easy to
implement, urine sample collection is non-invasive and appropriate antibiotic treatment
can be initiated in a timely manner.

It however has disadvantages in that approximately 8 % of legionellosis patients do not
excrete Legionella antigen in their urine (Munoz et al, 2009). Additionally, due to the
specificity of the UAT for Lp1, the test may be creating a selection bias or blind spot in the
diagnosis of LD pneumonia caused by other serogroups and species (Mercante et al,
2015). For example, Australia, New Zealand and Thailand have a greater number of LD
cases where L. longbeachae has been isolated (Phares et al, 2007, The Institute of
Environmental Science and Research Ltd [ESR], 2017, National Notifiable Diseases
Surveillance System [NNDS], 2019).

Surveillance data from Scotland from 2015 - 2016 reported the isolation of L.
pneumophila sgl from 9 cases and other L. pneumophila serogroups and species from 7
cases (Health Protection Scotland [HPS], 2017). Denmark employs a more
comprehensive PCR-based LD surveillance system when compared with other EU
countries. A study of LD cases over more than a decade from 1993 to 2006 revealed that

only 60 % of cases were attributable to L. pneumophila serogroup 1 with the others
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representative of other L. pneumophila serogroups and species (St-Martin et al, 2013). It
is unknown if Denmark is an outlier in terms of Legionella detection profile or if LD cases
caused by other serogroups and Legionella species are escaping the system of detection
in other countries. A recent study from the Raphael et al., 2019, reported extensive
diversity of L. pneumophila strains in Arizona, USA whereby from 236 L. pneumophila

isolates, 28.2 % belonged to serogroup 6 and 8.9 % to serogroup 8.

1.7.2 Serology and Direct Fluorescent Antibody Testing

Serological analysis and direct fluorescent antibody assays (DFA) of tissue and
respiratory specimens are the traditional approaches applied for Legionella detection
(McDade et al, 1977). Serological analysis is based on measuring IgM and IgG levels. It is
not however a timely method for diagnosis for the individual patient or for public health
outbreak investigations since seroconversion confirmation requires the collection of
acute and convalescent sera 4 to 8 weeks apart to show a 4-fold increase in titre
(Edelstein, 1987).

DFA involves the microscopic analysis of an antibody conjugated with a fluorochrome.
The method is rapid, cost effective and applicable up to four days after the initiation of
antibiotic therapy. It is very specific (99.9 %) for the identification of L. pneumophila
however sensitivity is low (between 25 and 70 % for culture positive specimens) (WHO,

2007).

1.7.3 Culture

Isolation of Legionella is the gold standard for LD diagnosis. Culture is carried out on
lower respiratory tract samples, ideally sputum. It can be difficult however for LD
patients to produce sputum due to a dry cough which is reported to occur in 65 % of cases
(von Baum et al, 2008). Culture can therefore also be carried out on bronchial alveolar
lavage fluid (BAL), pleural fluid, bronchial aspirates, lung biopsy or tissue specimens
(including post-mortem specimens). In cases of extrapulmonary infection, culture can be
carried out on blood, fluid from joints and soft tissue (WHO, 2007, Cunha et al, 2016). For
environmental source testing, water, biofilm and soil or sediment samples can be
cultured (including swabs).

Culture is carried out on buffered charcoal yeast extract (BCYE) agar supplemented with

0.1 % alpha-ketoglutarate, L-cysteine and ferrous salts. Incubation is carried out at 35 to
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37 °C in a humidified, 2.5 % CO: atmosphere (Feeley et al, 1979, Edelstein, 1981).
Legionella is considered fastidious and a difficult-to-grow pathogen. Isolates typically
grow in 3 to 5 days but some take longer (Fields, 2005). In England, after 10 days of no
growth, culture is declared negative. Colonies have a grey-white colour and a
characteristic cut/ground glass appearance with a pink, blue or green iridescence. The
rapid growth of contaminating flora (such as Pseudomonas aeruginosa and Candida spp.)
can cause issues on plated specimens, overwhelming the media and growth of Legionella
colonies. Contaminants can be controlled by supplementing the media with antibiotics
(Edelstein et al, 1981, Dournon et al, 1988) or by exposure to acid or heat treatment.
Culture sensitivity is variable (from < 10 % to 80 %) and dependent on laboratory
proficiency as well as sample type and quality. For example, an isolate may be more
difficult to obtain if a specimen was collected after commencement of antibiotic therapy.
In England, a study from 2012 reported that only 64 % of urinary antigen positive
specimens could be cultured (Mentasti et al, 2012). Furthermore, some Legionella cannot
be isolated on culture media. These are termed Legionella-like amoebal pathogens
(LLAPs). Their isolation is only possible by co-culture with particular protozoan species
(Fry et al, 1991). Additionally, seroprevalence studies suggest a human pathogenic role

for a number of other LLAPs (McNally et al, 2000, Marrie et al, 2001).

1.7.4 PCR-based Detection

Polymerase chain reaction-based molecular methods for the detection of Legionella are
rapid, sensitive and specific. When a Legionella UAT positive sample is culture negative,
PCR can improve the sensitivity of detection from 64 % to > 80 % (Mentasti et al, 2012).
There is no general consensus by Legionella reference laboratories regarding PCR targets
or the usage of PCR to confirm detection, however the majority of laboratories in Europe,
including PHE, use the ESGLI qPCR method. The ESGLI method is a 3-plex Legionella qPCR
to specifically detect and identify L. pneumophila by the macrophage infectivity
potentiator gene (mip) and L. pneumophila serogroup 1 strains by the O-antigen ABC
transporter permease (wzm) gene (Mentasti et al, 2012). Conventional PCR assays based
on the mip and 16S rRNA gene can also be applied for Legionella species identification of

Legionella species (Wilson et al, 2003, Wilson et al., 2007).
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1.7.5 Epidemiological Typing

Epidemiological typing of L. pneumophila is necessary to confirm or refute a link between
LD cases and environmental sources. A number of genotypic and phenotypic typing
methods exist such as pulsed field gel electrophoresis (PFGE) (Liick, et al, 1991),
amplified fragment length polymorphism (AFLP) (Valsangiacomo, et al, 1995) and
monoclonal antibody (mAb) typing (Helbig et al, 2002). While these methods or a
combination of the methods are used in some laboratories, they lack sufficient
discriminatory power for L. pneumophila strain identification.

The current gold standard for epidemiological typing of L. pneumophila is a 7-loci
sequence-based typing (SBT) approach developed by the European Study Group for
Legionella Infection (ESGLI) and analogous to multi-locus sequence-based typing (MLST)
(Gaia et al, 2005, Ratzow et al, 2007, Mentasti et al, 2014). Conventional PCR
amplification and Sanger sequencing is carried on DNA extracted from a L. pneumophila
isolate using specially designed primers for the following seven loci: flaA (flagellin gene),
pilE (type IV pilin gene), asd (aspartate-B-semialdehyde dehydrogenase gene), mip
(macrophage infectivity potentiator gene), mompS (major outer membrane precursor
protein gene), proA (zinc metalloprotease gene) and neuA/neuAh (lipopolysaccharide
biosynthesis gene and its homolog). Sequences are then submitted to the L. pneumophila
SBT database (www.hpa-
bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php) where they
undergo a quality control step and are compared to a database of numbered allele
sequences. An allele number is assigned to each locus sequence if there is a 100 % match.
Otherwise, a new allele number is created. Ultimately, a 7-digit combination of allele
numbers (allelic profile) corresponding to a sequence type is assigned to the isolate.

On the 19t July 2019, the SBT database hosted 12,935 sample records composed 2,791
sequence types. Of these entries 33 % were from an environmental source and 66 % from
clinical sources. The sample entries currently represent 2,738 unique L. pneumophila
sequence types.

When culture is negative, a nested PCR-based SBT (Ginevra et al,, 2009) approach can be
carried out on DNA extracted directly from the clinical specimen or environmental
sample itself (Scaturro et al, 2011, Mentasti et al, 2016, Quero et al, 2019). PHE relies on
the 7-loci SBT for investigations of clusters and outbreaks of LD. In North West Europe,

sequence types from clinical specimens submitted to the SBT database are
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disproportionately represented by ST1, ST23, ST37, ST47 and ST62 (Borchardt et al,
2008, Harrison et al,, 2009, Mentasti et al, 2012, David et al, 2016(a)). Owing to this, it is
often difficult and sometimes impossible to distinguish to between clusters and confirm
an environmental reservoir of infection and LD investigations can remain unresolved.
Presently, epidemiological typing schemes are moving towards the analysis of whole
genome data from isolates. Whole genome sequencing (WGS) of bacteria isolates has
moved from the proof-of-concept stage to implementation as a routine methodology in
public health reference laboratories. PHE has to date established a WGS service for a
number of pathogens including Mycobacteria, Escherichia coli, Staphylococcus aureus,
Salmonella, Listeria, Shigella, Streptococcus pneumoniae and Campylobacter (PHE, 2018).
The move to WGS of pathogens is advantageous in that it provides heightened resolution
over traditional genotyping tests which analyse partial genome information.

A pilot study from 2013 demonstrated the utility of WGS of L. pneumophila for the
investigation of LD isolates during outbreaks (Reuter et al, 2013). Subsequent studies
have proven the utility of whole genome sequences during LD investigations (McAdam et
al, 2014, Raphael et al, 2016, David et al,, 2017[a], Schjorring et al,, 2017, Buultjens et al,
2018, Timms et al, 2018).

Recently, core genome MLST schemes have been developed for whole genome data from
L. pneumophila isolates. In one study a scheme based on the analysis of 1,521 core genes
was described (Moran-Gilad et al, 2015). Furthermore, David et al, 2016(b) validated a
MLST scheme based on 50 core genes (that can be extended to 100, 500, 1,000 and 1,455

gene schemes) with very high overall discriminatory power.

1.8 Legionella Genomics

Legionella pneumophila genomes range in size from 3.3 to 3.5 megabases. They have on
average 3,000 protein coding genes and a G+C content of 38 % (Cazalet et al,, 2004, Chien
et al, 2004). Early genomic studies reported the presence of multiple genes encoding
eukaryotic-like proteins, a mechanism through which the microorganism exploits host
cell functions (Cazalet et al, 2004, de Felipe et al, 2005, Gomez-Valero et al, 2019).
Legionella genomes display high plasticity and diversity even within the same species and
serogroup with approximately 10 % of the whole genome not represented by the core
genome of the species (Cazalet et al, 2004). A 2011 study of L. pneumophila sg1 genomes

first reported that recombination between strains from eukaryotes and other bacteria to
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L. pneumophila play a role in the diversification of the species. These mechanisms also
play a role in the relatively rapid replacement of strains over time within defined niches
(Gomez-Valero et al, 2011). Furthermore, a study by David et al,, 2017(b) reported that
recombination within the species has played a major role in the population structure and
evolution of L. pneumophila and David et al. also hypothesised that recombination of
multiple regions from a single donor may occur within a single recombination event.

Homologous recombination refers to the importation of DNA from another source, which
is generally closely related, to replace a homologous segment of the original DNA. Non-
homologous recombination refers to the importation of DNA composed of entirely new
genes. Conjugation, transduction and transformation, which are mechanisms of
recombination, have all been described for L. pneumophila (Dreyfus et al, 1985, Mintz et
al, 1987, Stone et al,, 1999). Interestingly, contradictory to the recombination dynamics
in studied L. pneumophila sequence types, a study of ST47 isolates demonstrated high
clonality and no recombination (David et al, 2016[a]). The authors discussed that this
may be related to the recent emergence of the sequence type or the adaption of the

sequence type to a niche with limited opportunities for recombination.

1.9 Mixed Infection by L. pneumophila and Other Legionella Species

Two key genomic studies of L. pneumophila isolates from LD outbreaks in Spain (Coscolla
et al, 2014) and Scotland (McAdam et al, 2014) reported the involvement of multiple
genotypes of specific sequence types of L. pneumophila in clinical cases. This was
postulated to be due to the the recombination of L. pneumophila and accumulation of
mutations over time within environmental populations before dispersal to humans.
Other prior studies have reported the presence of mixed L. pneumophila serogroups,
species and sequence types isolated from LD cases. A summary of cases of mixed
infection reported to date in the published literature are detailed in Table 1.2.
Contrastingly, a study by David et al, 2018 reported low genomic diversity of L.
pneumophila within clinical specimens. The study involved the analysis of ten L.

pneumophila isolates from ten epidemiologically unrelated individuals.
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Table 1.2 Mixed Infection by Legionella pneumophila and other Legionella species

Clinical Exposure
Mixed Infection Country/Year Reference
Specimen Category
L. pneumophila (two
Sputum Nosocomial USA/Not stated Meyer et al, 1980
different serogroups)
L. pneumophila sg1 Tracheal
Not defined USA/Not stated | Dowling et al, 1983
L. micdadei aspirate
L. pneumophila [taly/Not
Not defined Not defined Fumarola et al,, 1984
L. micdadei stated
L. pneumophila Berlin/Not
Lung tissue Not defined Horbach et al, 1988
(multiple serogroups) stated
L. pneumophila Germany/Not Buchbinder et al,
Lung biopsy Not defined
L. gormanii stated 2004
L. pneumophila Japan/Not
Sputum Community Matsui et al, 2010
L. rubrilucens stated
L. pneumophila sg 1 Tracheal
Nosocomial Cyprus/2008 | Yiallouros etal, 2013
L. pneumophila sg 3 secretions
L. pneumophila sg 1
Blood Nosocomial Austria/2010 Wewalka et al, 2014
L. pneumophila sg 3
L. pneumophila sg 3 Tracheal
Community Denmark/2002 | Wewalka etal, 2014
L. bozemanaii aspirate
L. pneumophila sg1 Tracheal
Travel Denmark/2004 | Wewalka etal, 2014
(two different STs) aspirate
Tracheal
L. pneumophila sg3
aspirate Nosocomial Denmark/2007 | Wewalka etal, 2014
L. pneumophila sg6
Sputum
L. pneumophila sg6 Tracheal
Community Denmark/2011 | Wewalka etal, 2014
L. bozemanaii aspirate
L. pneumophila sg1
Sputum Travel Denmark/2012 | Wewalka etal, 2014
(two different STs)
L. pneumophila sg1 Pericardial
Nosocomial Germany/2008 | Wewalka et al, 2014
L. dumofii fluid
L. pneumophila sg1
BAL* Nosocomial Germany/2009 | Wewalka et al, 2014
(two different STs)
L. pneumophila sg1 Respiratory
Nosocomial Germany/2010 | Wewalka et al, 2014
(two different STs) tract samples
L. pneumophila sg1 Respiratory
Community Germany/2011 | Wewalka et al, 2014
(two different STs) tract samples
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L. pneumophila sg11
BAL* Nosocomial UK/1997 Wewalka et al, 2014
L. longbeachae sgl
L. pneumophila sg1
BAL* Nosocomial UK/2004 Wewalka et al, 2014
L. pneumophila sg6
L. pneumophila sg1 Lung tissue
Community UK/2006 Wewalka et al, 2014
L. pneumophila sg6 specimen
L. pneumophila
BAL* Nosocomial UK/2009 Wewalka et al, 2014
L. bozemanii
L. pneumophila variants Sputum Community Spain/2008 Coscolla etal, 2014
L.pneumophila sg 1
Respiratory
ST191 subtypes and Community Scotland/2012 | McAdametal, 2014
secretions
different STs

* BAL = bronchoalveolar lavage fluid

1.10 Metagenomic Sequencing

Metagenomic sequencing is the sequencing of all genetic material (microbial
communities and host DNA) as it exists in a sample of interest. It is therefore unbiased in
representing the genetic composition of the sample when compared, for example, to
targeted 16S rRNA approaches which only examine the bacterial community. For
metagenomic sequencing to be carried out, an adequate quantity of the sample of interest
is collected, nucleic acid is extracted, library preparation and sequencing is carried out
and the data undergoes quality control and analysis. To date, metagenomic sequencing
has been applied in the investigation of natural environments (freshwater [Oh et al,
2011], marine [Biller et al,, 2018], soil [Kroeger et al, 2018], glaciers [Kayanietal, 2018]),
wastewater (Gupta et al, 2018), disease vectors (Greay et al, 2018), human and animal
biomes (Lloyd-Price et al, 2016, Stewart et al, 2018), food (Leonard et al, 2015, De
Filippis et al,, 2016), clean rooms (Bashir et al,, 2016), forensic cases (Hampton-Marcell
etal, 2017) and ancient remains (Chan et al, 2013).

Metagenomes can be interrogated for their functional capabilities, signatures of
antibiotic resistance, associations with disease and health states, development of
therapeutics as well as the investigation of microbes of clinical and public health

importance.
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1.10.1 Sequencing Technologies

The first breakthrough DNA sequencing technology was Sanger dideoxy chain terminator
sequencing (Sanger et al, 1977). Sanger sequencing is based on the priming of the DNA
strands to provide a start point for the initiation of DNA synthesis, the polymerisation of
dNTPs onto the strand and strand extension through the incorporation of chain-
terminating dideoxy nucleotides. The application of Sanger sequencing prevailed for
decades and is still in use today due to the methodology having low sequence error rates.
Few reads however are actually produced by the method. The second-generation
sequencing platforms (454, [llumina, Ion Torrent, SOLID) addressed the read limitation
by scaling read throughput. Sequencing is massively parallelisable on these platforms and
millions of short reads (50 to 600 base pairs) with low error rates are produced.

The company Illumina currently dominates the second-generation sequencing market
with its multiple sequencing platforms (iSeq, MiniSeq, MiSeq, NextSeq, HiSeq and
NovaSeq). The Illumina sequencing technology is based on sequencing-by-synthesis
whereby millions of clusters of reads are generated by bridge amplification (Kawashima
et al, 2005) and clusters are sequenced simultaneously using fluorescent ‘reversible
terminator’ dNTPs. Despite the advantages in throughput generated by sequencing-by-
synthesis platforms, third generation sequencing technology, like PacBio (recently
acquired by Illumina), produce very long reads albeit with higher sequencing errors and
lower throughput. The third-generation sequencing technology is based on single cell
real-time sequencing by a zero-mode waveguide (ZMW) (Levene et al, 2003). Nanopore
sequencers are the fourth-generation sequencing technology, the most well-known being
Oxford Nanopore Technologies (ONT) (whose platforms include the MinION, GridION,
PromethION) (Jain et al, 2015). ONT technology involves the transit of single-stranded
DNA molecules through protein pores embedded in a membrane. The nucleotides are
read by the effect they individually generate on an electrical current, producing an optical
signal. ONT sequencers can sequence very long DNA strands. In addition, the real-time
base-calling and portability of the devices have shown efficacy in public health
microbiology for outbreak investigations (Quick et al, 2016, Faria et al, 2017).

A major advantage of the use of both second- and third or fourth generation technologies
is that a hybrid de novo genome assembly approach can be applied to combine the

advantages of low error rates and long reads. In recent years, this technique has aided
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the scaffolding and closure of many bacterial genomes to high accuracy (Wick et al,

2017[a]).

1.10.2 Metagenomics in Clinical and Outbreak Investigations

The development and evolution of sequencing technologies has enabled the rapid
investigation of infectious disease cases and outbreaks by metagenomic sequencing
without prior isolation. The first reported case to demonstrate the utility of metagenomic
sequencing in a clinical setting was the diagnosis of leptospirosis in a case of
meningoencephalitis. The diagnosis enabled rapid clinical action (Wilson et al, 2014).
One benchmark study investigated metagenomic sequencing of Shiga Toxigenic
Escherichia coli (STEC) 0104:H4 duringa 2011 outbreak in Germany (Loman et al, 2014).
In the study, near complete STEC genomes were assembled from a number of the
investigated faecal specimens. Whilst the study demonstrated the feasibility of
metagenomic sequencing it must be acknowledged that faecal material contains an
abundance of microbes or may be defined as high microbial biomass. The colon
reportedly contains 1011 microbial genome copies per millilitre (Whitman et al, 1998).
The detection of pathogens from respiratory samples generates additional challenges.

In a study of respiratory samples from patients with confirmed bacterial pneumonia, only
1 % of sequenced reads were microbial, with the remaining 99 % constituting human
DNA reads (Pendleton et al, 2017). Additionally, in a study examining the direct
metagenomic sequencing of culture and smear positive TB samples, Mycobacterium
tuberculosis reads were detected in the sample however with very low genome coverage.
The sample sequences were composed of approximately 99 % human reads (Doughty et

al, 2014).

1.10.3 Challenges of Metagenomic Sequencing and Bioinformatic Analysis

Sequencing pathogens from low microbial biomass samples, such as specimens from the
lung or freshwater which contain a significantly lower microbial biomass, poses a
challenge for a number of reasons. There is less initial starting template and the pathogen
frequently constitutes an extremely low proportion of the original specimen. Ideally large
quantities of the specimen of interest should be sampled however there are technical

constraints to achieving this. Furthermore, the complex background community of host
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DNA or DNA from other microorganisms can inhibit detection of the pathogenic
organism. Metagenomes from certain sites of the human body may indeed be
overwhelmed by human DNA reads (Figure 1.8) (National Institute of Health [NIH],
2009, Marotz et al,, 2018).
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Figure 1.8 Percentage of shotgun metagenome sequencing reads aligning to the human
genome varies by samples type. Data for stool, skin, vaginal, nasal cavity, inner cheek,
tongue and gums from the NIH Human Microbiome Project (NIH, 2009) of healthy
individuals. Saliva data collected by Marotz et al, 2018. Figure reprinted with permission

from Marotz et al,, 2018.

The challenge of overwhelming human DNA may be addressed by ultra-deep sequencing
of the sample although ultra-deep sequencing is currently too expensive to be
implemented as a routine method for pathogen detection. A targeted approach can be
carried out using RNA baits (as will be discussed in Chapter 5) or a tiling PCR-based
method. This firstly requires knowledge of the presence of the microorganism. Due to the
levels of host background, untargeted approaches applied to low microbial biomass

clinical samples first require the depletion of human DNA. A number of human DNA
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depletion methods have been developed (summarised in Table 1.3) Analysis of a number

of these methods have however reported variable results (Marotz et al, 2018) (Figure

1.9).

Table 1.3 Human DNA Depletion Methods and Kits

Human DNA Depletion .
Method /Kit Principle Reference
NEBNext Microbiome DNA Immunomagnetic
Enrichment Kit (New England separation targeting
Biolabs) methylated human DNA Feehery et al, 2013
Differential human cell
MolYsis Basic5 Kit (Molzyme) lysis followed by DNase NA
treatment
. . : Differential human cell
QlAamp Dl(\I(?i;V[Lcri‘)o biome Kit lysis followed by DNase NA
& treatment

Immunoprecipitation of DNA with inactive methyl-specific
restriction endonucleases

Barnes etal, 2014

Immunoprecipitation of DNA with inactive methyl-specific
restriction endonucleases

Liuetal, 2016

Osmotic lysis followed by propium monoazide (PMA)
treatment

Marotz et al, 2018

Saponin-based lysis followed by DNase treatment

Hasan etal, 2016

Hypotonic lysis and endonuclease digestion with benzonase2

Nelson et al., 2019

Saponin-based lysis followed by HL-SAN treatment

Charalampous et al, 2019
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Figure 1.9 Percentage of shotgun metagenome sequencing reads aligning to the human
genome before and after human DNA depletion from saliva, a low microbial biomass
specimen. The figure demonstrates the effectiveness, ineffectiveness as well as the
variability of different methods for human DNA depletion from saliva. PMA = Propium
Monoazide treatment. For a description of the methods see Table 1.3. Figure reprinted

with permission from Marotz et al, 2018.

Human cell depletion by lysis-based methods can lead to the elimination of bacteria
without cell walls such as Mycoplasma pneumoniae or removal of cell-free nucleic acid
from bacteria that have lysed during antibiotic treatment or during sample processing.
Furthermore, Charalampous et al, 2019 reported autolysis of S. pneumoniae using their
method.

In addition to the burden of host DNA in samples, contaminants often make up a larger
proportion of the microbial community than that of high microbial biomass specimens
(Salter et al, 2014). These can be introduced at any stage during sample processing and
sequencing including during treatment to remove human DNA.

Another significant challenge is related to the bioinformatic analysis of metagenomic

data. A number of programmes address various steps in metagenomic analysis such as
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assembly, binning, taxonomic classification and functional evaluation. There is however
no gold standard approach or pipeline for end-to-end metagenomic analysis as it is not
trivial and introduces both computational and conceptual challenges. Metagenome
assembly refers to the overlap and merging of reads into longer genomic contigs. Since
metagenomes contain numerous species of unknown abundance, it may not however be
possible to de novo assemble low abundance species particularly when multiple low
abundance species are present. Furthermore, a significant challenge of metagenome
assembly lies in the deconvolution of closely related species and particularly strains of
the same species (Teeling and Gléckner, 2012). The incorporation of reads from closely
related species and strains may result in chimeric contigs. This is particularly problematic
when closely related species/strains in a metagenome are present at extremes of high
and low abundance. Despite a number of assembly tools being developed to address
strain-level assembly such as metaSPAdes (Nurk et al, 2017), MetaVelvet (Namiki et al,
2011) and Meta-IDBA (Peng et al, 2011), the challenges still exist.

The taxonomic classification of metagenomes is based on the alignment or k-mer
mapping of metagenomic reads or contigs to a database of microbial whole genomes or
marker genes by a classifier. The classifier then assigns a taxon to each read/contig. This
is a useful mechanism for binning and assembly of genomes from metagenomic data if
closely related genomes are available in the database. Examples of taxonomic classifiers
for metagenomic data include Centrifuge (Kim et al, 2016), Kraken (Wood et al, 2014)
which are based on whole genome data and MetaPhlan (Segata et al, 2012) which is
based on marker gene data. A disadvantage of taxonomic classification is the reliance on
the composition of the databases which often do not contain representatives for the
entire diversity of the metagenome. Contig binning can also be carried out by
unsupervised approaches, based on compositional characteristics of the sequence data
such as coverage and nucleotides (Johannes et al,, 2014, Kangetal, 2015, Wuetal, 2016).
Functional analysis or annotation of metagenomes brings additional challenges as a large
proportion of genes are of unknown function. It has been proposed that for the functional
study of metagenomes, the clustering and analysis of open reading frames (ORFs) should
be carried out. This idea runs adjacent to how operational taxonomic units (OTUs) are
clustered and analysed in biodiversity studies (Teeling and Glockner, 2012).

Despite the caveats, the application of metagenomic sequencing can provide a sequence

agnostic method for the investigation of pathogens of clinical and public health relevance.
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It has the potential to remove timely culture steps, allowing the rapid discovery of
pathogens and initiation of antimicrobial treatment without ambiguity. Furthermore, it
can provide evidence of mixed infections, detection of cell-free nucleic acid and non-
culturable or difficult-to-culture pathogens, therefore eliminating gaps in

epidemiological knowledge created by current diagnostic selection bias.
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1.11 Hypothesis and Aims

The hypothesis of this thesis was that the development of methods for the metagenomic
sequencing of Legionella from clinical and environmental specimens may provide a more
timely approach for the detection and identification of Legionella, reduce diagnostic
selection bias and provide insights into potential mixtures of L. pneumophila subtypes,
sequence types and Legionella species in samples which might aid investigations.

This was investigated in four parts by:

1. Validation of a metagenomic sequencing and analysis approach for the
investigation of Legionella:
The sequencing accuracy of mock communities containing Legionella species, the
sensitivity /limit of detection of L. pneumophila in mock samples, the investigation
of a method to determine mixed L pneumophila strains in mock samples and the

contribution of host contamination in clinical samples were investigated.

2. Method development for the depletion of human DNA:
A number of approaches targeting repetitive regions of human DNA were
investigated including the use of biotinylated Cot-1 DNA probes, Alu DNA probes,

Alu RNA probes and an Alu PCR to incorporate biotin into Alu elements.

3. Apilot study for the targeted capture of L. pneumophila:
An Agilent SureSelect™ approach based on the application of biotinylated RNA
baits for the capture of L. pneumophila was carried out on clinical and

environmental specimens.

4. Theinvestigation of Legionnaires’ Disease outbreaks by metagenomic sequencing:
Two Legionnaires’ Disease outbreaks in England were investigated using Agilent
SureSelect™ capture of L. pneumophila and direct nanopore sequencing of clinical

specimens.
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Chapter 2.
Materials and Methods
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2.1 Overview

This chapter provides a detailed description of:

- The clinical, environmental, and isolate specimens as well as the mock community
material studied in this thesis.

- Nucleic acid extraction from the specimens by the phenol-chloroform method.

- General laboratory methods including DNA quantification, DNA purification, DNA
size selection and DNA fragment size analysis.

- Methods for hybridisation.

- The methodology for [llumina metagenomic sequencing.

- The methodology for target capture sequencing and associated database design
for RNA bait generation.

- Illumina metagenomic data pre-processing/cleaning and the bioinformatic tools

used.

- The methodology for Oxford Nanopore metagenomic library preparation,

sequencing and data processing.

- The methodology for 16S rRNA gene sequencing and data analysis.
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2.2 General Purpose Laboratory Equipment and Consumables

Table 2.1 details the laboratory equipment items and consumables used (and referenced

to) for the experiments conducted in this thesis:

Table 2.1. Laboratory Equipment and Consumables

Item

Application

Manufacturer

Heraeus Pico 21

Centrifugation at room

Thermo Fisher Scientific

Microcentrifuge temperature Inc; MA, USA
Mikro 220R Centrifugation at 4 °C Hettich; Tuttlingen,
microcentrifuge Germany

Rotanta 460 Centrifuge

Centrifugation of 96-well
plates at room
temperature

Hettich; Tuttlingen,
Germany

ViiA™ 7 Real-Time PCR
System

Quantitative PCR

Thermo Fisher Scientific
Inc; MA, USA

DNA Engine Tetrad 2
Peltier Thermal Cycler

Quantitative PCR

Bio-Rad; CA, USA

Microcentrifuge Tubes
(1.5ml)

Multiple applications

Eppendorf; Stevenage, UK

Nucleic acid-free PCR
grade water

Multiple applications

Qiagen; Hilden, Germany

MiliQ® Type 1 Ultrapure

Multiple applications

Millipore Corporation; MA,

water USA
0/ -
Ethanol (EtOH) > 99.8 % Purification washes Fisher Scientific; MA, USA
Absolute grade

MicroAMP™ Fast 96-well
Reaction Plate (0.1 ml)

gPCR

Applied Biosystems; CA,
USA

MicroAMP™ Optical
Adhesive Film

gPCR

Applied Biosystems; CA,
USA

Dynal® Magnetic bead
separation stand

DNA/Library purification

Invitrogen; CA, USA

Magnetic Stand-96

DNA/Library purification

Invitrogen; CA, USA
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2.3 Clinical and Environmental Specimens

Ethical approval was granted from the Research Ethics Committee (REC reference
number 16/NS/0014) through the Integrated Research Application System (IRAS project
ID: 195410) on the 25t January 2016 to allow selection of clinical specimens, both
positive and negative for Legionella species, from the sample archive of the Respiratory
and Vaccine-Preventable Bacteria Reference Unit (RVPBRU), Public Health England
(PHE). Environmental specimens were provided by the Food, Water and Environmental
Laboratory, PHE. Upon receipt at PHE, samples had been processed according to
established in-house protocols within the UKAS accredited laboratory (personal

communication Dr. Victoria Chalker).

2.4 Material for Mock Communities

Bacterial type strains and human DNA were used in the preparation of mock communities
and series dilution tests. The specific composition of each one is discussed in the relevant
chapters.

Legionella species type strains were provided by RVPBRU, Public Health England (PHE).
Strains for other bacterial species (S. pneumoniae, Haemophilus influenzae, Veillonella
dispar) and one L. longbeachae strain (Long Beach 4) were purchased from the Leibniz
Institute DSMZ (Deutsche Sammlung von Mikroorganismen und Zellulturen GmbH). The
identities of the Legionella strains were confirmed by 16S rRNA and the macrophage
infectivity potentiator (mip) gene sequencing, a gene that enables speciation of Legionella
(Ratcliff et al, 1998). The identities of the other bacterial strains were confirmed by 16S
rRNA gene sequencing by the Genomic Medicine Section team at the National Heart and
Lung Institute (NHLI), Imperial College London. Information for all bacterial strains used
is described in Table 2.2.

Stocks of human DNA from controls for a previous Wellcome Trust study undertaken by
Professor Miriam Moffatt and Professor William Cookson were used. The blood was taken
from healthy individuals who gave informed consent. Ethics for blood collection was
approved under REC Reference 01/5/006 NRES Committee East of England, Cambridge
South.
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Table 2.2 Bacterial Species and Strain Material used in Mock Sample Preparations

Species Strain Designation Collection No. Source
PHE Bacterial Culture
Legionella pneumophila Philadelphia-1 NCTC 11192
Collection, UK
PHE Bacterial Culture
Legionella pneumophila France 5811 NCTC 12007
Collection, UK
PHE Bacterial Culture
Legionella pneumophila OLDA NCTC 12008
Collection, UK
PHE Bacterial Culture
Legionella longbeachae NSW150 Unknown
Collection, UK
Leibniz Institute
Legionella longbeachae Long Beach 4 DSM 10572
DSMZ, Germany
PHE Bacterial Culture
Legionella anisa WA-316-C3 NCTC 11974
Collection, UK
PHE Bacterial Culture
Legionella cherrii ORW NCTC 11976
Collection, UK
PHE Bacterial Culture
Legionella feelei WO0-4CC NCTC 12022
Collection, UK
PHE Bacterial Culture
Legionella hackeliae Lansing-2 NCTC 11979
Collection, UK
PHE Bacterial Culture
Legionella micdadei PPA NCTC 11372
Collection, UK
Streptococcus Leibniz Institute
Svi DSM 20566
pneumoniae DSMZ, Germany
Leibniz Institute
Haemophilus influenzae 680 Biotype II DSM 4690
DSMZ, Germany
Leibniz Institute
Veillonella dispar ERN DSM 20735

DSMZ, Germany
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2.4.1 Whole Genome Amplification (WGA)

Due to insufficient DNA (both quantity and concentration), whole genome amplification
(WGA) was carried out on the Legionella pneumophila and Legionella longbeachae strains
using the [llustra™ Ready-To-Go™ GenomiPhi™ HY DNA Amplification Kit (GE Healthcare;
[llinois, USA). A 25 pl total of 2x Denaturation buffer was added to 2.5 pl (10 ng total) of
DNA template after which 22.5 pl PCR-grade water was added to make a final volume of
50 pl. The DNA template was denatured by heating the sample mix to 95 °C for 3 minutes
and then cooling to 4 °C on ice. The Ready-To-Go GenomiPhi HY cake was reconstituted
in 50 pl of the cooled, denatured DNA template. The wells were sealed with domed caps
and the reaction was kept on ice prior to incubation at 30 °C for 4 hours during which the
DNA amplification occurred. After 4 hours, the Phi29 DNA polymerase enzyme was
inactivated by heating the samples to 65 °C for 10 minutes followed by cooling to 4 °C.
Post-WGA, DNA concentrations were measured by the PicoGreen® dsDNA Quantitation
as described in Section 2.6.1 below. The amplified samples were stored in a freezer at -

20°C until required.

2.5 Phenol-Chloroform DNA Extraction

Clinical, environmental and isolate material was extracted by the phenol-chloroform
liquid-liquid DNA extraction method. This method is based on the phase separation of
DNA from proteins and other cell lysate material. When phenol-chloroform is added to a
biological specimen in lysis buffer, two phases form: an aqueous phase and a phenol
phase. When the phases are mixed, phenol is forced into the water phase allowing an
emulsion of droplets to form. The proteins present in the water phase are denatured and
compartmentalise into the phenol while the DNA remains in the water. Once the phases
are separated by centrifugation, the water phase containing the DNA is removed. Itis then
added to a Polyethylene Glycol (PEG) buffer and allowed to precipitate overnight. The
resulting pellet is purified by repeat washes with 70 % ethanol (DeAngelis et al., 2009).
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2.5.1 Buffer Preparation

2.5.1.1 CTAB Extraction Buffer

A solution of 1M Na(l, sodium chloride (Sigma, Gillingham, UK) was prepared by adding
58.44 g NaCl to 1 litre of MiliQ Type 1 Ultrapure H20. Once the NaCl crystals had dissolved,
a CTAB (hexadecytrimethylammonium bromide) 10 % w/v solution was prepared by
adding 50 g of CTAB (Sigma) to 500 ml of the 1M NaCl. A 1M NaH;PO4 (monobasic
phosphate) solution was prepared by adding 11.998 g of monobasic phosphate (Sigma)
to 100 ml 1M NaCl. A 1M Na;HPO4 (dibasic phosphate) was prepared by adding 70.98 g
of dibasic phosphate (Sigma) to 500 ml 1M NaCl. The monobasic phosphate (15.9 ml)
solution was added to the dibasic phosphate (284.1 ml) solution and made up to 600 ml
with 1M NaCl. The phosphate buffer and CTAB solution were combined 1:1. The
completed CTAB extraction buffer solution was sterilised by autoclaving (2100 Classic

Portable Sterilizer, Prestige Medical; Blackburn, UK).

2.5.1.2. PEG/NaCl Precipitation Solution

A 500 ml 1.6M NaCl solution was prepared by adding 46.752 g NaCl to 500 ml MiliQ H20.
A 30 % (w/v) solution of PEG was prepared by adding 150 g PEG (Sigma) to 500 ml of

1.6M NaCl. The solution was sterilised by autoclaving.

2.5.2 Sample Preparation
2.5.2.1 Sputum Samples

A total of 300 pl of sputasol-treated sputum (1:1) was transferred to a Lysing Matrix E
(LME) tube (MP Biomedicals; CA, USA) containing 500 ul of CTAB buffer. Tubes were

stored at -20 °C until the extraction protocol was carried out.
2.5.2.2 Environmental Samples

Environmental water samples (1 ml) were centrifuged for 30 minutes at top speed
(21,000 x g). A total of 700 ul was removed, and the pellet was resuspended in the
remaining 300 pl of water. The 300 ul resuspension was added to a LME tube containing
500 pl of CTAB buffer. Tubes were stored at -20 °C until the extraction protocol was

carried out.
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2.5.2.3 Bacterial Isolates

A L. pneumophila colony was picked from a BCYE (buffered charcoal yeast extract) agar
plate at RVPBRU, PHE and suspended in 300ul of MilliQ H20 (work carried out by Dr.
Victoria Chalker). The bacterial suspension was transferred to a LME tube containing 500
pl of CTAB buffer. Tubes were stored at -20°C until the extraction protocol was carried

out.

2.5.3 Extraction

Samples in LME tubes were removed from the freezer and allowed to defrost. A 50 ul
aliquot of filtered 0.1M Aluminium ammonium sulphate (AINH4(S04)2.12H20) (Sigma)
was added to each LME tube. A total of 500 pul of Phenol:Chloroform:Isoamyl alcohol
25:24:1 pH 8.0 (Sigma) was carefully and immediately added to each tube. LME lids were
securely fastened and tubes were transferred to a bead-beater (FastPrep-24™ 5G
Instrument; MP Biomedicals) and beat using the settings: Speed: 5.5m/sec, Adapter:
Quickprep, Time: 60 seconds, Lysing Matrix: E, Quantity: 1 ml, Cycles: 1, Pause time: 300
seconds. Tubes were centrifuged at 16,000 x g for 5 minutes at 4 °C. All liquid was
transferred to pre-spun heavy phase lock gel tube (VWR; PA, USA) and the tubes were
kept on ice. Each phase lock tube was centrifuged at 16,000 x g for 5 minutes at 4 °C as
the gel forms a barrier between the aqueous and Chloroform:Isoamyl alcohol phases. One
volume of Chloroform:Isoamyl alcohol 24:1 (Sigma) was added to each phase lock tube
and shaken briefly to mix. Tubes were then centrifuged at 16,000 x g for 5 minutes at 4
°C until the gel formed a barrier. For the second extraction, 500 pl of CTAB, 50 ul of
aluminium ammonium sulphate and 500 pl of Phenol:Chloroform Isoamyl alcohol were

added to each bead beating tube and the process was repeated.

2.5.4 Precipitation and Purification

The aqueous phase from each tube was transferred to 1.5 ml microcentrifuge tubes
containing 1 ul of Linear Polyacrylamide, GenElute-LPA (Sigma) as a DNA carrier. Two
volumes of the PEG/NaCl solution were added to each tube and mixed well. Tubes were
left overnight at 4 °C to precipitate. All tubes were centrifuged at 16,000 x g for 20
minutes at 4 °C. The PEG/NaCl solutions were carefully aspirated from the pellets. Pellets

were washed with 500 pl of ice-cold 70 % EtOH to remove any precipitated salts and then
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centrifuged at 16,000 x g for 5 minutes. The wash was repeated an additional two times
with 200 pl of 70 % EtOH. The pellet was air-dried for 5 minutes and resuspended in 30
ul of low EDTA TE (10 mM Tris, pH 8.0 and 0.1 mM EDTA, Invitrogen; CA, USA). Extracts
were stored in tethered O-ring sterile tubes (Starlab; Milton Keynes, UK) at -20°C in a

protected space until required.

2.6 dsDNA Quantification

2.6.1 PicoGreen dsDNA Quantification

The PicoGreen ® dsDNA Quantitation assay kit was used for the quantification of dSDNA
in solution. PicoGreen is a dye that intercalates with double stranded DNA and this results
in the release of a fluorescent signal. The fluorescein emission wavelength is read by a
microplate spectrofluorometer reader and a concentration is calculated against a linear
standard curve. A Lambda bacteriophage DNA standard (100 ng/ul) was equilibrated to
room temperature. Eight 1.5 ml microcentrifuge tubes were labelled 1-8, and 1X Tris
Borate EDTA Buffer (TE - freshly prepared) was transferred into them as follows:- Tube
1: 594 pl, Tubes 2-8: 300 pl. A total of 6 pl of DNA standard was added to Tube 1 (100x
dilution: 1 ng/ul) and a dilution series was made by transferring 300 pl from one tube
into the next and vortexing for 10 seconds, up to and including Tube 7. Tube 8 constituted
the “no DNA control”. To the wells of column 11 and 12 of a 96-well black fluorometer
plate, 100 pl of each DNA standard dilution was transferred for duplicate measurements.
Atotal of 99 pl of 1x TE was added to the remaining wells of the 96-well black fluorometer
plates. A 1 pl total of each DNA sample was added to the appropriate well of the
fluorometer plates and upon addition, mixed by pipetting up and down 4 times. A 1:200
dilution of Quant-iT™ PicoGreen® dsDNA was prepared in a falcon tube and protected
from light by wrapping with aluminium foil. A total of 100 pl diluted Quant-iT™
PicoGreen® dsDNA was added to each well and pipetted up and down carefully 4 times
to mix. The final volume in each well was 200 pl. The sample fluorescence was measured
using a microplate reader (TECAN Infinite M Plex) capable of excitation at 480 nm and
reading emission at 520 nm. A standard curve was plotted and only accepted if the R?
value of the curve was verified as > 0.998. DNA concentrations were determined using

the standard curve.
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2.6.2 Qubit® dsDNA BR Assay

A working solution was prepared by diluting the dsDNA BR Reagent 1:200 in dsDNA BR
Buffer for two standards and the required number of samples. In each 0.5 ml Qubit assay
tube for standard 1 and standard 2, 190 pl of working solution was added to each tube
and 10 pl of standard 1 to tube 1 and standard 2 to tube 2. For each sample, 199 pl of
working solution and 1 pl of sample was added to a 0.5 ml Qubit assay tube, as required.
The tubes were vortexed for 2 to 3 seconds and incubated at room temperature for 2
minutes. A Qubit ® 3.0 Fluorometer was calibrated for dsDNA Broad Range assay by
inserting the standards sequentially into the sample chamber and initiating the reader.

Samples were read immediately after calibration in the same manner.

2.7 DNA Purification and Size Selection

2.7.1 AMPure XP DNA Purification

Agencourt ® AMPure ® XP (Beckman Coulter, High Wycombe, UK) beads were used for
the purification of amplicon, library and genomic DNA. AMPure DNA purification is based
on the binding of DNA molecules greater than 100 base pairs in size to solid-phase
paramagnetic beads. Wash steps are carried out to remove impurities such as salts and
enzymes and oligos or DNA fragments less than 100 base pairs. Purified DNA is then
eluted from the beads in the desired volume of TE buffer.

The required volume of AMPure XP beads was added to the DNA sample for purification
in a 1.5 ml microcentrifuge tube. The tube containing the sample-bead mix was shaken
for 2 minutes at room temperature. This was followed by a further incubation for 5
minutes at room temperature without shaking. The mix was placed on a Dynal ®
magnetic stand for 2 minutes until the liquid cleared. The supernatant was carefully
removed and discarded using a pipette. The beads were washed twice with 200 ul 70 %
EtOH and, after the final wash, any residual 70 % EtOH was removed by pipetting. Beads
were left to air-dry on the magnetic stand for approximately 10 to 15 minutes. The tube
was then removed from the magnetic stand and the required volume of Low TE buffer
(Invitrogen) was added. The sample was shaken for 2 minutes at room temperature. The
tube was then incubated at room temperature for a further 2 minutes without shaking.
The tube was placed on the magnetic stand for 2 minutes after which the required volume
of the clear supernatant was transferred to a new tube. Purified DNA was stored at -20 °C

until further use.
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2.7.2 Qiagen QIAquick PCR Purification Kit

A total of 5 volumes of Buffer PB (Qiagen) was added to 1 volume of sample for
purification and mixed. A QIAquick spin column (Qiagen) was placed in a 2 ml collection
tube. To bind the DNA, the sample was applied to the column and centrifuged for 1 minute
at 16,000 x g. The flow-through was discarded and the column was placed back into the
same tube. A total of 750 pl of wash Buffer PE (Qiagen) was added to the column and
centrifuged for 1 minute as before. The flow-through was discarded and the column
placed back into the same tube and centrifuged for an additional 1 minute. The column
was placed in a clean 1.5 ml Eppendorf DNA LoBind tube. To elute the DNA, the required
quantity of Qiagen supplied 1 x Low TE buffer was added to the centre of the column. The
column was allowed to incubate for 1 minute at room temperature and was then
centrifuged for 1 minute to elute the purified DNA. This was then stored at -20 °C until

further use.

2.7.3 NEB Monarch PCR Purification Kit

The sample to be purified was diluted with DNA Cleanup Binding Buffer (NEB) by adding
a 2:1 ratio of binding buffer to sample. A column was inserted into a collection tube and
the binding buffer-sample solution was loaded onto the column. The column was
centrifuged for 1 minutes at 16,000 x g and the flow-through was discarded. The column
was re-inserted into the collection tube. A total of 200 pul of DNA Wash Buffer (NEB) was
added and the column was centrifuged for 1 minute as before. The wash step was
repeated. The column was transferred to a clean 1.5 ml Eppendorf DNA LoBind tube,
taking care to ensure that the tip of the column did not come into contact with the flow-
through. The required volume of supplied 1 X Low TE buffer was added to the centre of
the column matrix. After a 1 minute incubation at room temperature, the column was

centrifuged for 1 minute to elute the DNA. This was then stored at -20 °C until further use.

2.7.4 Pippin Prep DNA Size Selection and Purification

A total of 1 pg of the Cot-1 DNA was made up to 30 pl with 1 X Low TE buffer. The 30 pl
DNA sample was combined with 10 pl of loading solution (Sage Science). A total of 30 pl
of marker mix (Sage Science) was combined with 10 pul of loading solution. Samples were
mixed thoroughly by vortexing and centrifuged briefly to collect. A 2 % Pippin Gel

Cassette with ethidium bromide (Sage Science) for selecting fragments between 100 and
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600 base pairs was removed from its foil packaging and the levels of buffer in the buffer
reservoirs were inspected. Gel columns were inspected for breakages and the bottom of
the cassette was inspected for bubbles. If no imperfections were observed, the cassette
was placed into the Pippin Prep optical nest and adhesive strips were removed from the
cassette. Buffer was removed from the elution modules and replaced with 40 pl of fresh
electrophoresis buffer. The elution wells were sealed with the adhesive tape strips. A
continuity test was performed to measure the current in each separation and elution
channel to determine whether they were within the expected values for a successful run.
Next, samples were loaded by removing 40 pl of buffer from the sample well and loading
40 pl of sample (or marker), taking care not to pierce the agarose with the pipette tip. A
broad range protocol was carried to remove fragments less than 100 base pairs. After run
completion, the adhesive strips were removed from the elution wells and 40 pl of size-
selected eluate was removed by pipetting and this was transferred into a clean Eppendorf

LoBind tube for storage at -20 °C before use.

2.8 DNA Fragment Size Analysis

2.8.1 Agilent High Sensitivity DNA Chip Assay

A High Sensitivity DNA chip assay (Agilent Technologies; CA, USA) was carried out on an
Agilent 2100 Bioanalyzer machine to determine DNA fragment size.

All reagents were allowed to equilibrate to room temperature for 30 minutes before use.
A High Sensitivity DNA chip was placed on the chip priming station. A total of 9 pl of gel-
dye mix was added to the marked G well. The plunger was positioned at 1 ml and the chip
priming station was closed. The plunger was pressed down and after 60 seconds, the
plunger was released. After 5 seconds, the plunger was slowly lifted back to the 1 ml
position. The chip priming station was opened and 9 pl of the gel-dye matrix was added
to the other G wells. A total of 5 pl of High Sensitivity DNA marker was added to each
sample well and the ladder well. In each sample well, 1 pl of sample was added and 1 pl
of ladder DNA was added to the ladder well. A total of 6 pul of High Sensitivity DNA marker
was added to any unused wells. The chip was vortexed for 60 seconds at 2,400 rpm. The

chip was placed in the Bioanalyzer machine and run using Agilent 2100 software.
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2.8.2 Agarose Gel Electrophoresis

The required quantity of agarose powder (Bioline, London, UK) was weighed and added
to 100 ml of 1 X TBE buffer (Sigma) in a microwaveable glass flask. The solution was
mixed gently and microwaved for approximately 3 minutes, with occasional stirring, until
the agarose completely dissolved. The agarose solution was allowed to cool to
approximately 50 °C. A 3 pl volume of GelRed (Biotium, CA, USA) was added and the
solution was stirred gently to distribute the dye. The agarose solution was poured slowly
into a gel tray with a well comb in place. The poured gel was left at room temperature for
20 to 30 minutes until it solidified completely. Once solidified the gel was placed into the
electrophoresis tank (Alpha Laboratories, Eastleigh, UK) and 1 X TBE was added to the
tank until the entire gel was covered. GelPilot ® 5X loading dye (Qiagen) was added to
each DNA sample at a ratio of 1 volume of dye to 5 volumes of sample. A molecular weight
ladder (1 kb ladder [NEB]) was loaded into the first lane of the gel and samples were
carefully loaded into the other wells of the gel (one sample per well). The gel underwent
electrophoresis at the required voltage using the BIO-RAD power pack 3000 for the
required time. To visualise DNA fragments, the gel was placed in a BioDoc-IT2® Imager
(UVP), the UV light applied and the gel image captured using VisionWorks ® touch

software.

2.9 Methods for Hybridisation Experiments

2.9.1 DNA Digestion by EcoRI

Genomic DNA was digested using EcoRI enzyme (NEB) to generate shorter fragments for
hybridisation experiments. For every 1 pg of human genomic DNA, 5 pl of EcoRI Buffer, 8
ul of EcoRI Enzyme and nuclease-free water to 50 pl were added. The reaction was
incubated at 37 °C for 1 hour in a thermal cycler. The reaction was purified using the NEB
Monarch PCR purification kit as described in Section 2.7.3.

2.9.2 Preparation of Hybridisation Buffers

The following hybridisation buffers and stocks were prepared or purchased: SSPE buffer
(20X) (sodium chloride-sodium phosphate-EDTA) was prepared by dissolving 175.3 g of
NaCl (Sigma), 27.6 g of NaH2P04¢H20 (Sigma) and 7.4 g of EDTA (Fisher Bioreagents) in
800 ml of MiliQ H20. The pH was adjusted to 7.4 with NaOH (Sigma). The volume was

adjusted to 1 litre with MiliQ H20. The buffer was sterilised by autoclaving (Autoclave
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Prestige Medical). A 10 % SDS stock solution was prepared by dissolving 10 g of SDS
(BDH) in 80 ml of MiliQ H20. The volume was adjusted to 100 ml with MiliQ Hz0. The
stock was sterilised by autoclaving. SSC buffer (20X) (Saline sodium citrate) was

purchased from Sigma.

2.9.3 Preparing Streptavidin-Coated Magnetic Beads for DNA Capture

Binding and Washing Buffer (2X) containing 10 mM Tris-HCI (Fluka), 1 mM EDTA (Fisher
Bioreagents) and 2 M NaCl (Sigma) was prepared and autoclaved (Autoclave Prestige
Medical). In a separate autoclaved glass container, the 2X Binding and Washing buffer
was diluted to 1X concentration and 0.05 % Tween-20 detergent (Sigma) was added. The
buffer was mixed thoroughly. Dynabeads™ M-280 Streptavidin (Invitrogen) were
resuspended in their vial by vortexing for 30 seconds. M-280 Streptavidin beads are
uniform, superparamagnetic beads, 2.8 pm in diameter with a streptavidin monolayer
covalently coupled to the surface. The required volume of streptavidin beads was
pipetted into a 2 ml Eppendorf DNA LoBind tube. A total of 1 ml of the 1 X Binding and
Washing Buffer was added to the beads and the mixture was vortexed for 5 seconds. The
tube was placed on a magnetic bead separation stand for 1 minute until the solution was
clear and the supernatant was discarded by pipetting. The tube was removed from the
magnetic stand and the previous step was repeated after which the washed beads were

resuspended in 2X Binding and Washing Buffer at twice the original volume.

2.9.4 Preparing Streptavidin-Coat Magnetic Beads for RNA Capture

For each reaction, 60 pl of Dynabeads M-280 were washed as described in Section 2.9.3.
Two additional washing solutions were prepared: Solution A containing Diethyl
pyrocarbonate (DEPC)-treated 0.1 M NaOH (Sigma) and DEPC-treated 0.05 M NaCl
(Sigma) and Solution B containing DEPC-treated 0.1 M NaCl (Sigma). DEPC was sourced
from Sigma. Both solutions were autoclaved (Autoclave Prestige Medical). After the initial
washing steps, the beads were washed twice in Solution A for 2 minutes using the same
volume as the initial volume of beads taken from the vial. Next beads were washed once
with Solution B using the same initial volume. Beads were then resuspended in Solution

B using the same volume as initial volume.
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2.9.5 Hybridisation Approach for Alu RNA: DNA

A drop of mineral oil (Sigma) was added over reactions to prevent evaporation.
Denaturation was carried out in a heat block (Grant) at 95 °C for 5 minutes. After
denaturation, the tubes were quickly transferred to a heat block at 65 °C. A total of 5 pl of
20 X SSC warmed to 65 °C was added to the reaction and a hybridisation temperature of

65 °C was sustained for 1 hour.

2.9.6 Bead Capture Approach for Alu RNA: DNA

Each completed hybridisation reaction was made up to 60 pl with nuclease-free water
and added to 60 pl of washed beads. The hyb-bead mixture was incubated (Whirlmixer®)
for 30 minutes at room temperature. The tubes were centrifuged briefly (1,500 g for 3
seconds) and then incubated on a magnetic stand for 15 minutes. The “microbial”
supernatant was harvested and stored. Beads were washed with twice with 200 pl of 1 X
Low TE and the supernatant discarded. The beads were resuspended in 15 pl of nuclease-
free water and denatured at 95 °C for 5 minutes. After denaturation the tube was
incubated on a magnetic stand for 5 minutes. The “human” supernatant was harvested
and stored. A purification step for the “human” supernatant was not performed. The
“microbial” supernatant was purified using the NEB Monarch PCR purification kit as
described in Section 2.7.3 and eluted in 15 pl of nuclease-free water. The purified
“microbial” supernatant and “human” supernatant were run on a 1.2 % agarose gel at 120

V for 1 hour and visualised as described in Section 2.8.2.

2.9.7 Quantitative PCR for Bacterial and Human DNA

To quantify bacterial and human DNA, SYBR Green qPCR was carried out. Bacterial 16S
rRNA gene standards were diluted from a previously prepared stock of Vibrio natregens
full length 16S rRNA clones. Standards were prepared for 108, 107, 106, 105, 104 and 103
copies. Human GAPDH gene standards were prepared by diluting human genomic DNA.
Standards were prepared for 105, 104, 103, 102 and 10 copies. Reactions were prepared
for bacterial and human qPCR using 2X SYBR Fast qPCR Master Mix (KAPA BioSystems)

as follows:-
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SYBR FAST gPCR Reaction - components for one reaction

Component Volume pl (X1 reaction)
SYBR FAST qPCR Master Mix (2X) 7.5

Forward Primer (10 pM) 0.3

Reverse Primer (10 pM) 0.3

Nuclease-free water 1.9

Template DNA 5

A no template control was included for each run. qPCR was carried out using a ViiA7 Real-
Time PCR System with ViiA7 Software Base v1.1. Cycling conditions were as follows:- 95
°C for 5 minutes followed by 40 cycles of 95 °C for 20 seconds, 50 °C for 30 seconds and
72 °Cfor 30 seconds. Melt conditions were carried out using standard default parameters.
Forward and reverse primer sequences for the 16S rRNA gene were 520F (5'-
AYTGGGYDTAAAGNG -3") and 802R (5'- TACNVGGGTATCTAATCC -3") (Kozich et al, 2013).
Forward and reverse primer sequences for the GAPDH human gene were GAPDH-F (5’-
TACTAGCGGTTTTACGGGCG -3’) and GAPDH-R (5’- CGAACAGGAGGAGCAGAGAG -3’)
(primers designed in-house by members of the Genomic Medicine Section team). Primers

were sourced from Eurofins (London, United Kingdom).

2.10 Metagenomic Sequencing

2.10.1 Metagenomic Library Preparation

Library preparation was carried out using the Nextera ® XT DNA Library Preparation Kit
(Ilumina®, CA, USA). The kit is optimised for 1 ng of input DNA. DNA was first
fragmented and adaptor sequences added onto the DNA template by tagmentation. A
total of 10 pl of Tagment DNA buffer was added to 5 pl (1 ng) of normalised genomic DNA
(0.2 ng/ul) and mixed by pipetting. Next 5 pul amplicon Tagment Mix was added and mixed
by pipetting. The plate was centrifuged at 280 x g at 20 °C for 1 minute. The reaction was
placed on the thermal cycler and the tagmentation program was run as follows:- one cycle

of 55 °C for 5 minutes followed by a hold step at 10 °C. After tagmentation, neutralise
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tagment buffer (5 pl) was added to the tagmented sample and mixed by pipetting. The
plate was centrifuged at 280 x g at 20 °C for 1 minute after which the reaction was
incubated at room temperature for 5 minutes. Library amplification was then carried out
by adding 5 pl each of Index 1 (i7) and Index 2 (i5) adapters to the tagmented samples
followed by 15 pl of Nextera PCR master mix with thorough mixing by pipette. The plate
was centrifuged at 280 x g at 20 °C for 1 minute. The plate was then placed on the thermal
cycler and the following program run: 72 °C for 3 minutes, 95 °C for 30 seconds followed
by 12 cycles of 95 °C for 10 seconds, 55 °C for 30 seconds and 72 °C for 5 minutes followed
by a hold step at 10 °C.

2.10.2 Purification of Metagenomic Libraries

Libraries were purified using AMPure XP beads. A total of 30 pl of AMPure XP beads were
added to each library. The plate was then shaken at 1,800 rpm for 2 minutes at room
temperature followed by a further incubation for 5 minutes at room temperature without
shaking. The plate was placed on a magnetic plate stand for 2 minutes until the liquid
cleared. The supernatant was carefully removed by pipetting and discarded. The beads
were then washed twice with 200 pl 80 % ethanol and, after the final wash, any residual
80 % ethanol was removed by pipetting. Beads were left to air-dry on the magnetic stand
for 15 minutes after which the plate was removed from the stand and 52.5 pl of re-
suspension buffer (RSB) was added to each library. The plate was shaken at 1,800 rpm
for 2 minutes and incubated at room temperature for a further 2 minutes without
shaking. The plate was once more placed on a magnetic plate stand for 2 minutes after

which 50 pl of the clear supernatant was transferred into a new plate.

2.10.3 Fragment Size Analysis of Metagenomic Libraries

On an Agilent Technology 2100 Bioanalyzer, 1 pul of each library was run using a High

Sensitivity DNA chip to measure the dsDNA fragment sizes as described in Section 2.8.1.

2.10.4 Quantification of Metagenomic Libraries

Libraries were quantified by the PicoGreen dsDNA assay as described in Section 2.6.1.
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2.10.5 Pooling and Quantification of Pooled Libraries by qPCR

After quantification, a total of 20 ng of each library was pooled into a single 1.5 ml
microcentrifuge tube. Two different assay kits for the quantification of pooled libraries
by qPCR were used in this thesis. The assay kit used is referenced accordingly in each

relevant chapter.

2.10.5.1 KAPA SYBR® FAST ¢qPCR Library Quantification Kit

Quantitative PCR was carried out on the pooled library sample using the KAPA SYBR ®
FAST gPCR Library Quantification Kit (KAPA BioSystems Limited, London, UK) for
[llumina platforms. The pooled library sample was diluted in PCR-grade water to 1/1,000
and additionally to 1/2,000, 1/4,000 and 1/8,000. To each required well of a MicroAMP
Fast 96-well Reaction Plate (0.1 ml), the following was added: 12 pl KAPA SYBR® FAST
qPCR Master Mix, 4 ul of PCR-grade Water, 4 pl of Standard (X6)/Non-Template Control/
Sample. The plate was sealed with MicroAmp Optical Adhesive Film (Thermo Fisher
Scientific). The reaction was run on an Applied Biosytems Viia 7 under the following
cycling conditions: one cycle of 90 °C for 3 minutes followed by 35 cycles of 95 °C for 20
seconds, 55 °C for 30 seconds and 72 °C for 30 seconds, followed by one cycle of 72 °C for
30 minutes and a melt curve step. Data acquisition was carried out at the 72 °C extension

step.

2.10.5.2 JetSeq ™ Library Quantification Lo-ROX Kit

Quantitative PCR was carried out on the pooled library sample using the JetSeq ™ Library
Quantification Lo-ROX Kit (Bioline). The pooled library sample was diluted in JetSeq
Dilution Buffer to 1/50 by adding 1 p1 of pooled library to 49 pl of water. The 1/50 sample
was then diluted to 1/5,000 in JetSeq Dilution Buffer and additionally to 1/10,000,
1/20,000, 1/40,000 and 1/80,000. To each required well of a MicroAMP Fast 96-well
Reaction Plate (0.1 ml), the following was added: 10 pl JetSeq FAST Lo-Rox Mix, 5 ul of
JetSeq Primer Mix and 5 p 1 of Standard (x6)/Non-Template Control/Sample. The plate
was sealed with a MicroAmp Optical Adhesive Film (Thermo Fisher Scientific). The

reaction was run on an Applied Biosystems Viia7 under the following conditions: one
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cycle of 952C for 2 minutes followed by 35 cycles of 95 °C for 5 seconds and 60 °C for 45
seconds and finally a melt curve step. Data acquisition was carried out at the 60 °C

extension step.

2.10.6 Quality and Size of Pooled Libraries

On an Agilent Technology 2100 Bioanalyzer, 1 pl of undiluted pooled library was run
using a High Sensitivity DNA chip to check library integrity and measure dsDNA fragment

sizes as described in Section 2.8.1.

2.10.7 Sequencing of Metagenomic Libraries

A MiSeq v3 Reagent Cartridge (Illumina) containing MiSeq reagents was removed from -
20 °C storage and allowed to thaw for approximately 60 to 90 minutes in a water bath at
25 °C. Once the reagents had reached room temperature, the cartridge was removed from
the water bath and dried. Reagent positions were inspected to ensure no precipitates

were present. The cartridge was tapped gently to remove any air bubbles.

A MiSeq flow cell (Illumina) was carefully removed from the storage buffer container. The
flow cell was thoroughly washed with MiliQ H20 to remove any salt crystals. The flow cell
was dried using a lint-free lens cleaning tissue (Fisher Scientific). The flow cell was then
cleaned with an ethanol tissue (Bollé Safety; Villeurbanne, France) to make sure the glass
was free of fingerprints and smudges. Excess ethanol remaining on the flow cell was
removed with a lens cleaning tissue. The flow cell was then placed on the flow cell stage
of the MiSeq instrument (Illumina).

Dilution and denaturation of the sample and control was carried out as a final step before
initiating the MiSeq run. The pooled libraries sample and a PhiX v3 control ([llumina)
were denatured and diluted to an 8 pM input concentration. The sequencing reaction was
carried out using MiSeq v3 Reagent Kit (Illumina). The PhiX control was prepared by
adding 2 pl of PhiX (10M) to 3 ul EBT buffer after which 5 pl of 0.2 N NaOH (Sigma) was
added. The mixture was vortexed and centrifuged briefly then incubated at room
temperature for exactly 5 minutes. To the solution, 990 pl of ice cold HT1 buffer was
added resulting in a 20 pM stock. A 8 pM solution of PhiX was made by adding 600 pl of
ice cold HT1 buffer to 400 pl of the 20 pM PhiX. To denature the pooled libraries sample,
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10 pl of 0.2N NaOH was added to 10 pl of the library at room temperature. The liquid was
vortexed and centrifuged briefly and then incubated at room temperature for 5 minutes.
A total of 980 pl of ice cold HT1 buffer was then added. To dilute the pooled libraries
samples further to 8 pM, 101 pl of denatured library was added to 898 pl of ice cold HT1
buffer. Finally, to spike in 5% PhiX, 50 pl of the 8 pM prepared PhiX control was added to
950 pl of 8 pM library. A total of 600 pl of the resulting PhiX spiked library was added to
the reagent cartridge sample well. The reagent cartridge was loaded onto the MiSeq
platform (Illumina) and the sequencing run was carried out as per the manufacturer’s

guidelines.

2.11 Target Capture for Legionella pneumophila

Target capture for the enrichment of L. pneumophila species was carried out directly on

clinical and environmental DNA extracts.

2.11.1 Database Preparation

A database of L. pneumophila genomes was prepared. The database included completed
L. pneumophila genomes deposited in the NCBI RefSeq ftp server
(ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/) and L. pneumophila PacBio genomes from the
Sanger NCTC 3000 project (sanger.ac.uk/resources/downloads/bacteria/nctc/). Two
unassembled L. pneumophila genomes deposited in the Sanger 3000 server were de novo
assembled using the BugBuilder program (Version 1.0.3b1l) (Abbott, 2017).
BugBuilder is a computational pipeline that assembles and annotates raw sequencing
files produced from a number of sequencing platforms as well a hybrid of platform
outputs.

Firstly, the PacBio bas.h5 files were converted to FASTQ format using pbh5tools
(Version 0.8.0) (PacificBiosciences, 2014). The bash5tools python script from
pbh5tools was called to extract read sequences and quality values from the raw bas.h5
files and create FASTQ files. The output FASTQ was then assembled using BugBuilder.
See Appendix Section 9.1.1 for the full code. Plasmid sequences were removed from all
assemblies in the database. The full list of L. pneumophila genomes used for bait design is

outlined in Appendix Section 9.2.
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2.11.2 Bait Design

Biotinylated RNA oligonucleotide baits were designed by Dr. Sunando Roy at the
Pathogen Genome Unit, UCL based on the created Legionella pneumophila genome
database (Section 2.11.1). Baits were designed with a 2x tiling density. This signifies that
baits overlap by 50% or two baits cover each base at each interval. The baits were

designed with a length of 120 nucleotides as default.

2.11.3 Library Preparation
The SureSelect*T Low Input Target Enrichment System (Agilent) was used for the
preparation of target-enriched Illumina paired-end sequencing libraries. The protocol

was carried out by the Pathogen Genome Unit team at UCL using an automated system.

2.11.4 Pooling and Sequencing

Library pooling, quantification by qPCR and sequencing was carried out by me at the
Genomic Medicine Section, NHLI, Imperial College London. Libraries were pooled for
multiplexed sequencing by adding 20 ng total of each library to a 1.5 ml microcentrifuge
tube. The pooled libraries were quantified by the JetSeq qPCR assay (Bioline) as
described in Section 2.10.5.2. The DNA fragment size of the pooled libraries was then
assessed using an Agilent High Sensitivity DNA chip on an Agilent 2100 Bioanalyzer as
described in Section 2.8.1. Libraries were diluted and denatured and spiked with 5 %
PhiX and Illumina paired-end sequencing was carried out on an Illumina MiSeq as

described in Section 2.10.7.

2.12 Metagenomic Data Quality Control and Pre-Processing Pipeline

2.12.1 De-multiplex Paired-End Data Files

Barcode reads from the MiSeq sample sheet were joined together for each sample. The
barcodes were then appended to the reads and the reads were processed using the FASTX
barcode splitter tool from the FASTX-Toolkit (Version 0.0.14) (Gordon, 2009) to split
the libraries. Once libraries were de-multiplexed, the appended barcodes were removed
using the BBDuk script from the BBTools suite (Bushnell, 2014) implementing the ft1

(“force trim left”) option. See Appendix Section 9.1.2 for the full code.
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2.12.2 Data Quality Control

Once paired-end data was de-multiplexed, the FastQC program (Version 0.3.11)
(www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to assess the quality of
the sequenced data and to ascertain if the data may be problematic for downstream
analyses. FastQC modules report basic statistics, sequence length distribution, per base
sequence quality and per tile sequence quality via a phred quality score. A phred score is
a number assigned to a nucleotide giving the probability that the base call is erroneous
on a logarithmic scale. For example, if a base is assigned a phred score of 20, this means
that there is a 1 in 100 probability that the base was called incorrectly. FastQC also
determines if adapter sequence was read through during sequencing or if undetermined
nucleotides (“N’s”) are overrepresented in the reads.

For the analyses of metagenomic data in this thesis, the percentage GC content and
overrepresented kmer modules were disregarded as the nature of metagenomic data
does not support an even percentage GC or kmer distribution. See Appendix Section 9.1.3

for the full code.

2.12.3 Adapter Trimming, Quality Trimming and Quality Filtering

Adapter and Quality Trimming/Filtering was carried out using the BBDuk script from the
BBTools suite (Bushnell, 2014). Adapter sequences were trimmed from the right of the
sequence using a kmer size of 15 for the Nextera sequencing adapter
(CTGTCTCTTATACACATCT) and a kmer size of 33 for SureSelect TruSeq sequencing
adapters  (AGATCGGAAGAGCACACGTCTGAACTCCAGTCA for read 1 and
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT for read 2). Reads were quality trimmed
from the right and bases with a phred score less than 20 were removed. The “trim by
overlap” (tbo) and “trim paired end” (tpe) options were used to remove adapter that
the kt rim module might have missed. A further 10 bases were force trimmed from the
right after quality and adapter trimming. Reads with a length of less than 50 base pairs
were removed from the dataset. Histograms pertaining to various aspects of the reads
after trimming - base frequency (bhist), quality scores (ghist), average quality

(aghist) and length (1hist) were generated. See Appendix Section 9.1.4 for the code.
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2.12.4 Removal of PhiX Reads

The PhiX v3 illumina control was removed from the data by mapping the sample reads to
the PhiX genome reference sequence using the BBduk script from the BBTools suite
(Bushnell, 2014). The PhiX reference sequence can be found at the following link:
https://www.ncbi.nlm.nih.gov/nucleotide/NC_001422. A kmer size of 31 with a
hamming distance of 1 was used for mapping reads to the PhiX genome. A descriptive
statistics file of reads mapping to the PhiX and removed was generated. See Appendix

Section 9.1.5 for the full code.

2.12.5 Removal of Human Genome Reads

Human genome reads were removed from the data by mapping the sample reads to the
human hg38 genome sequence using the BBMap script from the BBTools suite
(Bushnell, 2014). Reference human genomes can be found at the following link:
https://www.ncbi.nlm.nih.gov/projects/genome/guide/human/. Coverage statistics
(covstats) of the mapped sample reads were then generated. See Appendix Section

9.1.6 for the full code.

2.13 Tools for Metagenomic Data Analysis

2.13.1 Taxonomic Classification

Taxonomic classification was carried out using Centrifuge (Version 1.0.3) (Kim et al,
2016). Centrifuge is a microbial classifier specifically for the classification of
metagenomic data that uses a scheme based on the Burrows-Wheeler transform (BWT)
and the Ferragine-Manzini (FM) index. The complete bacterial genomes database was
downloaded from NCBI RefSeq (O’Leary et al, 2016) on July 15t 2018 and indexed by Dr
Lesley Hoyles. Only one distinct classification was assigned to each read. A Kraken-style
report was then generated from the centrifuge results file. See Appendix Section 9.1.7 for
the full code. A report containing species assignments only was extracted using a custom

R script written by Dr Lesley Hoyles (private communication).
2.13.2 In silico L. pneumophila Sequence Type Analysis

In silico sequence-based typing (SBT) analysis based on the traditional L. pneumophila

SBT scheme (Gaia et al, 2005, Ratzow et al., 2007, Mentasti et al, 2014) was carried out
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to determine the limit of detection of reliable sequence type information. The scheme is
based on the analysis of 7 housekeeping and virulence loci: - flaA, pilE, mip, mompS, asd,
neuA and the neuA homolog, neuAh. All L. pneumophila allele sequences and allelic
profiles were retrieved from the L. pneumophila SBT PHE (Health Protection Agency
HPA) website (http://www.hpa-
bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php) and used as
database and definitions parameters in the SRST2 (Short Read Sequence Typing for
Bacterial Pathogens) program (Version 0.2.0) (Inouye et al, 2014). SRST2 takes raw
[llumina sequenced reads as input, aligns the reads to a FASTA file of all allele
sequences and reports the presence of sequence types defined in a file containing the
sequence type profiles as combinations of alleles. See Appendix Section 9.1.8 for the full

code.

2.13.3 Identification of Mixed L. pneumophila Strains

Strain-level analysis using the StrainEst program (Version 1.2.2) (Albanese et al,
2017) was carried out to identify either single or mixed L. pneumophila strains. A L.
pneumophila database was created by first downloading the complete list of available
bacterial genomes from NCBI RefSeq ftp server (accessed on October 4th, 2018). L.
pneumophila sequence types were assigned to each downloaded genome based on the
ESGLI (European Study Group for Legionella Infections) scheme (Gaia et al, 2005,
Ratzow et al, 2007, Mentasti et al, 2014). The m1st program (Version 2.15.2)
(Seeman, 2014) was used to scan the complete and draft genome assemblies against the
traditional L. pneumophila SBT scheme and a sequence type was assigned to each
genome. For a full list of the L. pneumophila genomes and their sequence type see
Appendix Section 9.3. The StrainEst program (Version 1.2.2) (Albanese et al, 2017)
was used to align the RefSeq genomes against the reference genome (L. pneumophila
Philadelphia-1 (ST36) [https://www.ncbi.nlm.nih.gov/nuccore/AE017354]).
Ambiguous mappings in alignments were discarded and an output alighment was
produced. Positions that were variable in the aligned genomes were then recorded in a
single nucleotide variant (SNP) matrix. Then, the number of SNP sites was calculated
pairwise between sequences and hierarchical clustering was performed (threshold of
99 %). A distance matrix was then computed. The genome database was reduced whilst

maintaining sufficient diversity within the retained genomes to allow SNP detection
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from the computed matrix. The reduced database was indexed using Bowtie2 (Version
2.3.2) (Langmead et al, 2012). Metagenomes were aligned to the reduced database
using Bowt ie?2. The SAM file containing the mapped reads was converted to a BAM file
using SAMtools (Version 1.8) (Liet al, 2009). The BAM file was sorted and indexed.
The StrainEst estimation model was used to infer the relative abundance of L.
pneumophila strains within the metagenomes by Lasso regression. Coverage depth and
maximum identity thresholds parameters are specified in the relevant results chapters.

See Appendix Section 9.1.9 for the full code.

2.14 Oxford Nanopore Library Preparation and Sequencing

2.14.1 Purification during ONT Library Preparation

AMPure XP beads were resuspended for use by vortexing. From the resuspended beads,
the required volume (see each Section of 2.14 hereafter) was added to the reaction. Tubes
were mixed gently and incubated with rotation at room temperature for 5 minutes.
Following a brief centrifugation step (1,500 x g for 3 seconds), tubes were placed on a
magnetic stand until the beads were pelleted. Keeping the tubes on the magnetic stand,
the supernatant was removed by pipetting and discarded. Beads were washed with 200
ul of freshly prepared 75 % ethanol without disturbing the pellet. The supernatant was
discarded, and the wash step repeated. After removing residual ethanol, the pellet was
allowed to air dry for 30 seconds. Tubes were removed from the rack and the pellet
resuspended in the required volume of nuclease-free water and incubated for 2 minutes
at room temperature. Beads were pelleted on a magnet and the required volume of the

clear, colourless eluate removed and stored in a new 1.5 ml Eppendorf DNA LoBind tube.

2.14.2 FFPE DNA Repair

Formalin-fixed paraffin embedded (FFPE) DNA repair was carried to repair nicks and
breaks in DNA strands. For each individual reaction, a specific concentration of DNA (as
detailed in Chapters 4 and 6) was added to 6.5 pl of FFPE DNA Repair Buffer (NEB) and 2
ul of FFPE DNA Repair Mix (NEB) for a total volume of 60 pl. The tube was mixed gently
and centrifuged briefly at 1,500g for 3 seconds. Reactions were incubated in a thermal

cycler at 20 °C for 20 minutes. The reaction was purified with 62 pl of AMPure XP beads
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as described in Section 2.14.1 and DNA was eluted in 45 pl of nuclease-free water and

stored in a clean 1.5 ml Eppendorf DNA LoBind tube.

2.14.3 End-repair

End-repair reactions were carried out by combining 45 pl of the FFPE-repaired DNA with
7 ul of Ultra Il End-prep reaction buffer (NEB), 3 ul of Ultra Il End-prep enzyme mix (NEB)
and 5 pl of nuclease-free water. The reaction was mixed gently, transferred to 0.2 ml PCR
tubes and incubated in a thermal cycler at 20 °C for 30 minutes followed by 65 °C for 30
minutes. Reactions were kept on ice for 30 seconds and then purified as described in
Section 2.14.1 using 60 pl of AMPure XP beads. Purified DNA was eluted in 31 pl of

nuclease-free water and stored in a clean 1.5 ml Eppendorf DNA LoBind tube.

2.14.4 PCR Adapter Ligation

PCR adapters were ligated on to the end-repaired DNA template by combining the 30 pl
of end-repaired DNA, 20 pl of PCR adapters (Oxford Nanopore Technology [ONT] SQK-
LSK108 kit), 40 ul of Ultra II Ligtion Master Mix (NEB) and 1 pl of Ultra II Ligation
Enhancer (NEB). Reactions were mixed gently, transferred to 0.2 ml PCR tubes and
incubated in a thermal cycler at 20 °C for 20 minutes. Purification was carried out as
described in Section 2.14.1 using 91 pl of AMPure XP beads and purified DNA was eluted

in 41 pl of nuclease-free water.
2.14.5 Post-PCR End-repair and Adapter Ligation
Adapter ligation on end-repaired DNA templates was carried out using 20 pl of AM1D

adapter mix (ONT SQK-LSK108 kit):-

Post-PCR Adapter Ligation - components for one reaction.

Component Volume pl (X1 reaction)
End-repaired DNA 30

AM1D (ONT SQK-LSK108 kit) 20

Ultra II Ligation Master Mix (NEB) 40

Ultra II Ligation Enhancer (NEB) 1
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Purification was carried out using 40 pl of AMPure XP beads as described in Section
2.14.1. After a 5 minutes incubation with rotation at room temperature, beads were
pelleted and 140 pl of ABB Buffer (ONT) was added. The tube lid was closed and the beads
were resuspended with the buffer by flicking the tube. The tube was returned to the
magnetic rack, beads were allowed to pellet and the supernatant was removed and
discarded. This step was repeated. Beads were then resuspended in 15 pl of EBB buffer
(ONT) and allowed to incubate at room temperature for 10 minutes. Beads were pelleted
by placement on the magnetic rack and 15 pl of purified library were removed and stored

in clean Eppendorf tubes.

2.14.6 Oxford Nanopore Minion Sequencing

At room temperature a flow-cell priming mix was prepared containing 576 pl of Running
Fuel Buffer (RBF) (ONT SQK-LSK108 kit) and 624 pul of nuclease-free water. A P1000
pipette was set to 200 pl and approximately 20 pl of buffer was carefully withdrawn from
the priming port. A total of 800 pl of priming mix was loaded into the flow cell via the
priming port (without the introduction of air bubbles) and left for 5 minutes.

During these five minutes the libraries for the test and control were each prepared as

follows:-

Oxford Nanopore Library for Loading

Component Volume pl (X1 library)
RBF (ONT) 35

Library-loading Beads (LLB) 25.5

Nuclease-free water 2.5

DNA Library 12

The SpotON sample port cover was lifted. A total of 200 pl of priming mix was added to
the priming port and 75 pl of the library was added to the flow cell via the SpotON port in
a dropwise fashion. The SpotON samples port was replaced and the priming port was

closed.
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2.15 16S rRNA Gene Library Preparation and Sequencing
This section describes the protocol for dual index 16S rRNA gene-based bacterial

community profiling from clinical samples on the [llumina MiSeq.

2.15.1 Quadruplicate 16S rRNA Gene PCR

Quadruplicate PCR was carried out on samples of interest, a negative control from
extraction, a water control and an in-house-prepared mock community.

This was performed to amplify the 16S rRNA gene and to add indexing barcodes to
samples for sequencing. A total of 5 pl of each indexed 16S forward sequencing primer
(1.5 uM) and 5 pl of each indexed 16S reverse sequencing primer was pipetted into the
required well of a PCR strip tube. A total of 1 pl (4 ng) of each sample/control was added
to four corresponding PCR tubes of the strip. Q5 Master Mix was diluted with Qiagen
water (50:6) and 14 pl of diluted Q5 Master Mix was added to each well. Strip tubes were
sealed and centrifuged briefly. The tubes were placed on a PCR block and the following
cycling conditions were carried out: 95 °C for 2 minutes, 34 cycles of 95 °C for 20 seconds,

50 °C for 20 seconds and 72 °C for 5 minutes and hold at 10 °C.

2.15.2 Sample Pooling and Contamination Check

A PCR contamination check was carried out by preparing a 1.2 % agarose gel (1.2 g of
agarose in 100 ml of 1 X TBE) as described in Section 2.8.2. All samples were loaded into
the wells of the gel and 5 pl of 100 base pair ladder was loaded next to the last sample.
Electrophoresis was carried out at 120 V for 40 minutes. The gel was visualised under UV
to confirm correct amplicon size in samples and positive control and no amplification in
negative control. Corresponding replicate PCR reactions were pooled and a gel was

prepared, run and visualised as described above.

2.15.3 Sample Purification, DNA Quantification and Equimolar Pooling

A total of 80 pl of pooled sample/control was transferred to a round bottom plate
(Thermo Scientific) and samples were purified using AMPure XP beads at a 0.7:1 pl
beads:PCR product. Purification was carried out as described in Section 2.7.1. The pellet
was resuspended in 31 pl of Low EDTA TE buffer and incubated for 5 minutes at room
temperature. It was then placed on a magnetic rack and the liquid was removed and

retained in 1.5 ml LoBind DNA Eppendorf tubes. Purified amplicons were quantified by
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PicoGreen as described in Section 2.6.1. After sample quantification, pooling was carried
out by adding 20 ng total of each sample to a 1.5 ml LoBind DNA Eppendorf tube. The
pooled library was purified again by AMPure XP magnetic beads ata 0.7:1 pl beads:library
volume as described in Section 2.7.1. The pellet was resuspended in 31 pl of Low EDTA
TE buffer, incubated for 5 minutes at room temperature, placed on a magnetic stand and
30 pl of liquid was removed and retained in a 1.5 ml LoBind DNA Eppendorf tube.

A gel purification of the concentrated pooled library was carried out by preparing a 1.8
% gel (150 ml) with 7.5 pl Gel Red dye as described in Section 2.8.2. A total of 10 pl of
loading dye was mixed with the 30 ul library. The whole library was carefully loaded into
alane on the gel and 5 pl of 100 bp ladder was added to a nearby well. The gel was run at
80 V for 65 minutes. The gel was visualised under UV light in a dark room and the bright
band at approximately 350 bp was excised using a gel-cutting tip on a Gilson P1000
pipette. Next, the gel slice was purified using NEB Monarch DNA Gel Extraction kit. The
gel slice was weighed and dissolved in Gel Dissolving Buffer at a 1:4 gel weight:buffer
volume. It was then incubated in an Eppendorf on a heating block at 50 °C for 10 minutes.
The tube was centrifuged briefly every 1 - 2 minutes. The sample was loaded on to a spin
column and centrifuged for 1 minute at 13,000 x g. The flow-through was discarded and
200 pl of DNA wash buffer was applied, centrifuged for 1 minute and flow-through
discarded. The last step was repeated again. The column was transferred to a clean 1.5
ml LoBind DNA Eppendorf tube. A total of 30 pl of Low EDTA TE buffer was added to the
spin column, incubated at room temperature for 1 minute and then centrifuged for 1

minute. The flow-through was collected.

2.15.4 Library Quality Check, Quantification and Sequencing

At this stage, the purified library should contain a single peak of approximately 350 bp.
To assess this, a total of 2 pl of the purified pooled library was diluted 1 in 10 and 1 pl of
the diluted library was run on a Bioanalyzer High Sensitivity DNA chip as described in
Section 2.8.1. A qPCR was carried out on the pooled library using the JetSeq Library
Quantification Kit as described in Section 2.10.5.2. The final library was spiked with 20 %
PhiX. Before loading the library to the Illumina MiSeq V2 reagent cartridge, 4 pl of each
sequencing primer (Kozich et al, 2013) were loaded into wells labelled 12, 13 and 14.

Sequencing was carried out on an [llumina MiSeq as described in Section 2.10.7.
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Chapter 3.
Evaluating a Metagenomic Sequencing and Analysis

Pipeline for Legionella Species Detection



3.1 Introduction

Metagenomic sequencing in the context of Legionella spp. detection may be useful in
determining the epidemiological type of strains in a timely manner since it excludes an
isolation step of at least 3 days which is required for Legionella growth and time to carry
out sequence-based typing. It may also be useful when an isolate fails to grow and in
determining if cases or outbreaks are caused by a mixture of L. pneumophila sequence
types or Legionella species (Coscolla et al, 2014, Wewalka et al, 2014). There is however
no standardised approach for metagenomic sequencing and the analysis of metagenomic
data for public health purposes. Moreover, the complexity of the approach increases
when dealing with low microbial biomass specimens such as sputum and water, the
standard samples in which the presence of Legionella is investigated.

In considering a metagenomics sequencing approach, a number of steps can be taken to
validate a laboratory workflow before sequencing real specimens. First, the accuracy of
the sequencing approach can be investigated to ensure technical biases and errors are
not introduced during the library preparation and sequencing steps. A number of studies
have highlighted the importance of validating metagenomic laboratory workflows with
mock communities (Bowers et al, 2015, Jones et al, 2015, Schlaberg et al, 2017[a]). A
mock community, a mixture of known bacterial species at defined proportions/copy
numbers, is not only important for the validation of library preparation and sequencing
protocols but also for the in silico validation of downstream data analysis tools.

The analytic sensitivity of pathogen detection can be investigated to determine the limit
of detection of the pathogen. Sensitivity of detection is influenced by many variables such
as genome size, depth of sequencing, and the presence of host DNA or microbial flora that
overwhelm pathogen detection. Additionally, in cases where the pathogen constitutes an
extremely low proportion of the original specimen, the signal from contaminating
microorganisms alone may overwhelm pathogen signal. Contaminating microorganisms
may be introduced from the environment or reagents during extraction, sample
manipulation and library preparation (Salter et al, 2014). Ideally to increase sensitivity
of detection, large quantities of the specimen of interest should be sampled however
there are technical constraints to achieving this. For example, it may be difficult for an ill
patient to produce a sufficient volume of sputum. Another approach would be to

sequence at a high depth of coverage although this approach introduces additional costs.
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Once a species is identified, disentangling the species to the strain-level is vital to
pathogen surveillance networks for the epidemiological resolution of cases.

For L. pneumophila surveillance, a 7-loci sequence-based typing (SBT) scheme exists to
determine the sequence type of a given specimen (Gaia et al, 2005, Ratzow et al.,, 2007,
Mentasti et al, 2014). This scheme can be validated in silico on sequenced mock
communities before applying it to metagenomes from real specimens. Due to the
fragmented nature of metagenomes, it may not be possible to determine a full or even
partial sequence type based on the 7-loci scheme. A number of tools have been described
recently for the analysis of metagenomic data to the strain-level based on coding gene
presence/absence, marker gene SNPs and core genome SNPs (Hong et al, 2014, Ahn et
al, 2015, Luo et al, 2015, Nayfach et al, 2016, Scholz et al, 2016, Quince et al, 2017).
These tools rely on the construction of species databases, which are incomplete strain-
level representations of the species, however they may be useful in identifying a closely

related sequence type and therefore resolving the phylogeny of the case in question.
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3.2 Aims and Objectives

1. Accuracy: Determine the accuracy of sequencing mock communities composed of
defined proportions of bacterial and human DNA as a means of pipeline validation.
a. Design, prepare and sequence mock communities composed of Legionella
strains and other microbial species in a human DNA background.
b. Determine the accuracy of sequencing microbes at their actual versus

sequenced proportions.

2. Sensitivity: Evaluate the sensitivity of detection of L. pneumophila in a human DNA
background.
a. Design, prepare and sequence sensitivity tests composed of human DNA spiked
with a L. pneumopbhila strain at high to low proportions.
b. Investigate relative abundance of L. pneumophila in the sample versus
percentage coverage of the reference genome and depth of coverage.
c. Determine the proportional cut-off relative to the quantity of background DNA

in generating reliable in silico traditional sequence type information.

3. Identification of Mixed Strains: Investigate the ability of a bioinformatic workflow to
identify mixed L. pneumophila strains:
a. Prepare a database of publicly available complete and draft L. pneumophila
genome assemblies representing as many sequence types as possible.
b. Build a core single nucleotide polymorphism (SNP) matrix from the genomes.
c. Map metagenomes to the L. pneumophila database and extract SNPs for strain

prediction.

4. Host DNA Contamination: Investigate the influence of host contaminating human DNA
on the ability to detect and sequence Legionella from sputum DNA extracts.
Sequence known L. pneumophila positive and negative sputum DNA extracts.
b. Determine what proportion of total sequenced reads are human DNA.
c. Determine what proportion of total sequenced reads are microbial in origin.

d. Investigate the presence of Legionella reads in the sequenced sample.
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3.3 Methods

3.3.1 Material Preparation for Mock Communities and Sensitivity Tests

The following genomic material was used in the preparation of mock communities and
sensitivity tests: human genomic DNA, L. pneumophila Philadelphia-1, L. pneumophila
France 5811, L. longbeachae, S. pneumoniae, H. influenzae and V. dispar. The strain
designation, source and ethical considerations regarding the genomic material is detailed
in Chapter 2, Section 2.4. Due to insufficient concentrations, isothermal whole genome
amplification (WGA) was carried out on the L. pneumophila and L. longbeachae strains as
described in Section 2.4.1. Whole genome amplified products were purified using
AMPure XP beads as described in Section 2.7.1. All DNA concentrations were measured
by the PicoGreen dsDNA Quantitation as described in Section 2.6.1. The amplified

samples were stored in a freezer at -20°C until required.

3.3.1.1 Mock Community Design
A total of nine mock communities were prepared by mixing bacterial type strain DNA at
varying proportions with human DNA (Table 3.1 and Figure 3.1).

Copy number was calculated using the following formula:

No. of copies = (amount (in ng) * [6.022 x 1023]) / (length(in bps) * [1x 10°] * 650)
where:
6.022 x 1023 molecules/mole = Avogadro’s constant

650 Daltons = the assumed average weight of a base pair

Table 3.1 Mock Community Design and Composition

Mock Community Composition: % (Genome Copies)
Mock 1-1 L. pneumophila Philadelphia-1: 9 % (2.45 x 104)
L. pneumophila France 5811: 81 % (2.21 x 10%)

Human genomic DNA: 10 %
Mock 1-2 L. pneumophila Philadelphia-1: 45 % (1.23 x 105)
L. pneumophila France 5811: 45 % (1.31 x 10%)

Human genomic DNA: 10 %
Mock 1-3 L. pneumophila Philadelphia-1: 81 % (2.21 x 105)
L. pneumophila France 5811: 9 % (2.45 X 10%)
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Human genomic DNA: 10 %

Mock 2-1

L. pneumophila Philadelphia-1: 10 % (2.73 x 10%)
L. pneumophila France 5811: 40 % (1.05 x 10%)
L. longbeachae: 40 % (9.09 x 104)

Human genomic DNA: 10 %

Mock 2-2

L. pneumophila Philadelphia-1: 30 % (8.18 x 10%)
L. pneumophila France 5811: 30 % (8.18 x 10%)
L. longbeachae: 30 % (6.82 x 104)

Human genomic DNA: 10 %

Mock 2-3

L. pneumophila Philadelphia-1: 80 % (2.18 x 105)
L. pneumophila France 5811: 5 % (1.36 x 104)

L. longbeachae : 5 %(1.14 x 104)

Human genomic DNA: 10 %

Mock 3-1

L. pneumophila Philadelphia-1: 10 % (2.73 x 10%)
L. pneumophila France 5811: 16 % (4.36 x 10%)
L. longbeachae: 16 % (3.64 x 104)

S. pneumoniae: 16 % (7.24 x 10%)

H. influenzae: 16 % (7.46 x 10%)

V. dispar: 16 % (3.5 x 10%)

Human genomic DNA: 10 %

Mock 3-2

L. pneumophila Philadelphia-1: 50 % (1.36 x 105)
L. pneumophila France 5811: 8 % (2.18 x 104)

L. longbeachae: 8 % (1.82 x 104)

S. pneumoniae: 8 % (3.62 x 10%)

H. influenzae: 8 % (3.73 x 10%)

V. dispar: 8 % (1.75 x 10%)

Human genomic DNA: 10 %

Mock 3-3

L. pneumophila Philadelphia-1: 80 % (2.18 x 105)
L. pneumophila France 5811: 2 % (5.45 x 103)

L. longbeachae: 2 % (4.54 x 103)

S. pneumoniae: 2 % (9.06 x 103)

H. influenzae: 2 % (9.33 x 103)

V. dispar: 2 % (4.37 x 103)

Human genomic DNA: 10 %
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Figure 3.1. Compositions (in %) of the nine mock communities. Lp1 = L. pneumophila

serogroup 1. Percentage is indicated on the y-axis and mock community name is

indicated on the x-axis. Percentages of each component of the mock communities are

displayed within the stacked bars.

3.3.1.2 Sensitivity Tests Design

Tests to determine the sensitivity of metagenomic sequencing were prepared by spiking

human DNA with L. pneumophila Philadephia-1 DNA. Thirteen tests were prepared

ranging from high relative abundance of L. pneumophila (99.99% of the total) to low

relative abundance of L. pneumophila (0.001 % of the total) (Table 3.2 and Figure 3.2):

Table 3.2 Sensitivity Test Design and Composition

Mock Community Composition: % (Genome Copies)

L. pneumophila: 99.99 % (2.65 x 10%)

> Human genomic DNA: 0.01 %

S L. pneumophila: 99.9 % (2.64 x 105)
Human genomic DNA: 0.1 %
L. pneumophila: 99 % (2.62 x 105)

>3 Human genomic DNA: 1 %

54 L. pneumophila: 95 % (2.51 x 105)
Human genomic DNA: 5 %

S5 L. pneumophila: 90 % (2.38 x 105)
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Human genomic DNA: 10 %

S6 L. pneumophila: 75 % (1.99 x 105)
Human genomic DNA: 25 %

S7 L. pneumophila: 50 % (1.32 x 105)
Human genomic DNA: 50 %

S8 L. pneumophila: 25 % (6.64 x 10%)
Human genomic DNA: 75 %

S9 L. pneumophila: 10 % (2.65 x 10%)
Human genomic DNA: 90 %

§10 L. pneumophila: 5 % (1.32 x 10%)
Human genomic DNA: 95 %

S11 L. pneumophila: 1 % (2.65 x 103)
Human genomic DNA: 99 %

S12 L. pneumophila: 0.01 % (2.65 x 102)
Human genomic DNA: 99.9 %

§13 L. pneumophila: 0.001 % (2.65 x 101)

Human genomic DNA: 99.99 %

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
S1 S2 S3 S4 S5 S6 S7 S8 S9 S$10 S11

SENSITIVITY TESTS

mHuman
| p1 Philadelphia

§12 ST13

Figure 3.2. Composition of the Thirteen Sensitivity Tests. Lp1 = L. pneumophila

serogroup 1. Percentage is indicated on the y-axis and mock community name is

indicated on the x-axis. Percentages of each component of the mock communities are

displayed within the stacked bars.
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3.3.2 Metagenomic Sequencing

Libraries were prepared for each of the 9 mock communities (Mock 1-1 to Mock 3-3) and
13 sensitivity tests (S1 to S13) with the Nextera® XT DNA Library Preparation Kit
(Illumina®) and sequencing was carried out on a MiSeq using version 3 chemistry to
produced paired-end reads of 300 base pairs as described in Chapter 2, Sections 2.10.1
to 2.10.7 and using the KAPA SYBR ® FAST qPCR Library Quantification Kit as described
in Chapter 2, Section 2.10.5.1.

3.3.3 Mock Community and Sensitivity Test Data Analysis

3.3.3.1 Data Cleaning and Quality Control

Sequenced reads were demultiplexed into individual libraries as described in Chapter 2,
Section 2.12.1. All data cleaning and quality control steps (adapter trimming for removal
of the Illumina Universal adapter sequence, quality filtering, PhiX removal and human
DNA removal) were carried out as described from Sections 2.12.2 to 2.12.5, Chapter 2.
Read numbers before and after quality control and after human DNA removal were

investigated.

3.3.3.2 Taxonomic Classification

Taxonomic classification of mock communities was carried out using Centrifuge
(Version 1.0.3) (Kim et al, 2016) and the complete bacterial genomes database from
RefSeq (O’ Leary et al, 2016) as described in Chapter 2, Section 2.13.1. Only one distinct

classification was assigned to each read.

3.3.3.3 Alignment-Based Analysis of Sensitivity Tests

Sequenced reads from Sensitivity Tests (S1 to S13) were aligned to the L. pneumophila
Philadelphia-1 reference genome (https://www.ncbi.nlm.nih.gov/nuccore/AE017354)
to investigate the percentage of reference bases covered and mean depth of coverage
across the range of high to low abundances. Mapping was carried out using the BBMap
script from BBTools (Bushnell et al, 2014). Duplicates were removed from the mapped
reads using the dedupe script from BBToo1s. Deduplicated reads were mapped back to
the reference sequence to generate mapping and coverage statistics. See Appendix

Section 9.1.10 for full code.
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3.3.3.4 In silico L. pneumophila Sequence Type Analysis of Sensitivity Tests

In silico sequence-based typing (SBT) analysis based on the traditional L. pneumophila
SBT scheme (Gaia et al, 2005, Ratzow et al,, 2007, Mentasti et al, 2014) was carried out
on sensitivity tests (S1 to S13) to determine the limit of detection of reliable sequence
type information. The L. pneumophila SBT database was retrieved from the HPA website
((http://www.hpa-
bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php) and SRST2
(Version 0.2.7) and was used to carry out the analysis (Inouye et al, 2014). All steps

undertaken are detailed and explained in Chapter 2, Section 2.13.2.

3.3.3.5 Identification of L. pneumophila Strains

All completed and draft genome assemblies submitted as L. pneumophila in the RefSeq
database were retrieved as described in Chapter 2, Section 2.13.3. The distance between
the RefSeq genomes was estimated against a reference sequence with Mash (Version 2.1)
(Ondov et al, 2016). The Mash programme applies the MinHash dimensionality-
reduction technique for simple distance estimation between genomes. The reference
genome chosen was the type strain of the species, L. pneumophila Philadelphia-1, as
defined on the NCBI website (https://www.ncbi.nlm.nih.gov/nuccore/AE017354). First
a sketch was made of the reference genome and then all query genomes. The mash
distance between the reference and each query genome was calculated. See Appendix
Section 9.1.11 for the full code.

Strain-level analysis using the StrainEst program (Version 1.2.2) (Albanese et al,
2017) was carried out to validate the identification and abundance of mixed L.
pneumophila strains in the mock communities and the sensitivity tests S8 to S10 as single
strain controls. All steps undertaken are detailed in Chapter 2, Section 2.13.3. A variant
was only considered if it had a coverage depth of 10 or greater. It was determined that a

maximum identity threshold of 99 % ensured a sufficient prediction specificity.
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3.3.4 Metagenomic Sequencing of Clinical Specimens

3.3.4.1 Sample Preparation, L. pneumophila Identification and Sequencing

Sputum specimens were treated and extracted at Public Health England (PHE) Colindale
using a MagnaPure Compact machine. Three samples (C1, C3 and C5) were confirmed
positive for the presence of L. pneumophila serogroup 1 by urinary antigen testing and
the ESGLI qPCR protocol based on the detection of the L. pneumophila mip and wzm genes.
Three samples (C2, C4 and C6) tested negative for the presence of L. pneumophila by
urinary antigen testing, qPCR and culture. Sputum treatment, extraction and all routine
diagnostic testing was carried out by the Respiratory and Vaccine-Preventable Bacteria
Reference Unit (RVPBRU) team at PHE. Library preparation (in triplicate) and sequencing
was carried out by me at the Genomic Medicine Section, NHLI, Imperial College London
as described Chapter 2, Sections 2.10.1 to 2.10.7 and using the KAPA SYBR® FAST qPCR
Library Quantification Kit as described in Chapter 2, Section 2.10.5.1.

3.3.4.2 Clinical Specimen Data Analysis

Sequenced reads were demultiplexed back into individual libraries as described in
Chapter 2, Section 2.12.1. All data cleaning and quality control steps (adapter trimming
for removal of the I[llumina Universal adapter sequence, quality filtering, PhiX removal
and human DNA removal) were carried out as described from Section 2.12.2 to 2.12.5,
Chapter 2. Read numbers before and after quality control and after human DNA removal
were reported. Insert sizes of paired-end reads were calculated. Taxonomic classification
was carried out on each sample using the Centrifuge classifier (Kim et al, 2016) and the
RefSeq bacterial genomes database (O’ Leary et al, 2016) as described in Chapter 2,
Section 2.13.1.
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3.4 Results

3.4.1 Sequencing Run Output for Mock Communities and Sensitivity Tests

Mock communities and sensitivity tests were sequenced simultaneously. Consequently,

basic statistics relating to the run output are reported in Table 3.3, including total

number of paired reads before and after quality trimming/filtering and total number of

paired reads after removal of reads mapping to the human genome. The total number of

paired reads sequenced for each library ranged from 1,582,468 reads (Mock2-3) to

3,562,414 reads (Mock2-1). The total number of paired reads retained after quality

trimming and filtering for each library ranged from 90 % (S11) to 95 % (Mock3-3). The

mean insert size ranged from 180 bps (S8) to 230 bps (Mock3-1) for each sequenced

library.

Table 3.3 Sequenced Reads Output for Mock Communities and Sensitivity Tests.

Total Number of

Total Number of Total Number of Reads After

Library
Reads (Paired) Reads After QC Human DNA
Filtering
Mock 1-1 2,500,310 2,360,652 (94 %) 2,106,768 (89 %)
Mock 1-2 2,192,836 2,010,098 ((91 %) 1,771,762 (88 %)
Mock 1-3 2,063,246 1,915,948 (93 %) 1,658,116 (86 %)
Mock 2-1 3,562,414 3,376,310 (94 %) 2,959,798 (87 %)
Mock 2-2 2,283,984 2,150,318 (92 %) 1,880,838 (87 %)
Mock 2-3 1,582,468 1,451,646 (92 %) 1,251,126 (86 %)
Mock 3-1 1,606,344 1,500,696 (93 %) 1,329,778 (87 %)
Mock 3-2 2,196,594 2,070,604 (94 %) 1,807,960 (87 %)
Mock 3-3 2,118,978 1,988,056 (94 %) 1,705,788 (86 %)
S1 2,540,134 2,408,568 (95 %) 2,407,486 (99.99
%)
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S2 2,528,658 2,374,756 (94 %) | 2,373,898 (99.9 %)
s3 1,622,968 1,485,626 (92 %) 1,469,496 (99 %)
S4 2,878,544 2,689,192 (93 %) 2,538,318 (94 %)
S5 2,609,240 2,463,058 (94 %) 2,219,790 (90 %)
S6 2,225,444 2,095,342 (94 %) 1,582,920 (76 %)
S7 1,868,118 1,692,096 (91 %) 858,836 (51 %)
S8 2,792,728 2,568,364 (92 %) 674,622 (26 %)
S9 2,923,334 2,729,114 (93 %) 292,912 (11 %)
s10 2,441,872 2,262,792 (93 %) 125,134 (6 %)
s11 2,234,536 1,997,040 (90 %) 23,968 (1 %)
S12 1,981,918 1,805,650 (91 %) 2,300 (0.1 %)
13 2,412,830 2,263,244 (94 %) 3,118 (0.1 %)

3.4.2 Accuracy of Sequencing Mock Communities

Paired-end library reads were mapped to the human genome and non-human reads were
extracted and taxonomically classified to the species level. The actual input (relative
abundance) of human DNA and microorganisms in each mock community was then
compared to the sequenced output (Figure 3.3). There was good agreement between the
proportion of input DNA and the output (the proportion of reads sequenced and classified

as input species).
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3.4.3 Sensitivity of Detection of L. pneumophila in a Human DNA Background

3.4.3.1 Relative Abundance of L. pneumophila Versus Coverage of the Reference
Genome

The 13 sensitivity tests containing defined proportions of L. pneumophila (99.9 % for S1
to 0.001 % for S13) were mapped to the Philadelphia-1 reference genome. The
percentage of reference bases covered, and depth of coverage were investigated (Figure
3.4).

A total of 100 % of reference bases were covered from S1 to S8 (99.99 % to 25 % L.
pneumophila DNA). This dropped to 99 % and 98 % for S9 and S10 (10 % and 5 % L.
pneumophila DNA, respectively) and 7 % to 3 % for S11 to S13. Depth of coverage
varied from 134 x to 0.04 x.
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MOCK COMMUNITY SEQUENCING: ACTUAL INPUT VS. SEQUENCED
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Figure 3.3 Sequencing and taxonomic classification validation against mock communities. Stacked bar charts showing the actual
input (relative abundance) versus percentage of sequenced reads assigned at the species taxonomic level by the Centrifuge classifier for
microorganisms and mapped to the human genome for human read classification. Striped L. pneumophila bars represent the relative
abundance of the mixture of two strains. Percentage is indicated on the y-axis and mock community name is indicated on the x-axis.

Percentages of each component of the mock communities are displayed within the stacked bars.
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Figure 3.4 Sensitivity of detection of L. pneumophila in a background of human DNA. The relative abundance of L. pneumophila in 13 sequenced

sensitivity tests containing defined proportions (99.9 % for S1 to 0.001 % for S13) versus genome coverage when sequenced tests were mapped to the

Philadelphia-1 reference genome was investigated. (A) shows the depth of coverage of sensitivity tests containing L. pneumophila Philadelphia-1 from

high abundance (S1: 99.99 %) to low abundance (S13: 0.001 %) and percentage of reference bases covered. (B) Circle plot representing sensitivity tests

S8 (100 % of reference bases covered) to S13 (3 % of reference bases covered). Blue areas represent spikes in coverage depth. Green annotated arrows

represent regions of the genome where the seven loci from the sequence-based typing scheme are located.
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3.4.3.2 Limit of Detection of L. pneumophila Sequence Type Information

Quality filtered reads from each sample were aligned to the L. pneumophila European
Study Group for Legionella Infections (ESGLI) allele database (http://www.hpa-
bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php) for sequence
type profiling. The sensitivity tests contained L. pneumophila Philadelphia-1 which is a
sequence type 36 (ST36) strain represented by the allelic profile: flaA-3, pilE-4, asd-1,
mip-1, mompS-14, proA-9 and neuA-1. The SRST2 program and the ESGLI allele database
were used here to investigate if the correct allele numbers could be determined,
determined with uncertainty or could not be determined for the sensitivity tests (Figure
3.5). Uncertainty signifies that the best scoring allele had a low-depth of coverage across
part of or the whole allele or there were missing bases. All allele numbers representing
ST36 could be determined with certainty from tests S1 to S7, representing relative
abundances 0f 99.9 % to 50 %. The average depth of coverage of alleles ranged from 110
x to 33 x for these 7 tests. For test S8, 6 alleles were determined with certainty and 1 allele
(neuAd) was determined with uncertainty. For test S9, 6 alleles were determined with
certainty and 1 allele (flad) was determined with uncertainty. For test S10, 4 alleles (pilE,
asd, mompS, and proA) were determined with uncertainty and 3 alleles (flaA, mip and
neuA) were undetermined. For test S11, 2 alleles (asd and mompS) were determined with
uncertainty and 5 alleles (fla4, pilE, mip, proA and neuA) were undetermined. For tests
S12 and S13, all alleles were undetermined. Overall, when L. pneumophila was present in
these samples at a relative proportion of less than 50 % and above, all alleles and
therefore the sequence type profile could be determined with certainty. When present
down to a 10 % proportion of the total sample content (including human DNA) the
sequence type could be determined however, one allele was determined with
uncertainty. L. pneumophila sequence type in test samples with a proportion below 10 %

could not be determined with certainty or remained undetermined.
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Figure 3.5 Circle plot representing each sensitivity test from high abundance to low
abundance presence of L. pneumophila (ST36). The SRST2 program and the ESGLI allele
database were used to investigate if correct allele numbers could be determined (blue),
determined with uncertainty (yellow) or could not be determined (red) for the sensitivity
tests. Uncertainty signifies that the best scoring allele had a low depth of coverage across
part of or the whole allele or there were missing bases. Each segment of the circle plots
shows the test name, percentage of the sample composed of L. pneumophila (ST36) and

the corresponding number of L. pneumophila genome copies.
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3.4.4 Strain-Level Identification of Mixed L. pneumophila Strains

3.4.4.1 L. pneumophila Strain Database

A L. pneumophila strain database was built from complete and draft genome assemblies
deposited in the NCBI RefSeq server on the 5% of October 2018
(ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/). At that time, the server contained a total of
593 genomes. In silico sequence type analysis carried out on the assemblies revealed that
492 genomes had an allele profile previously reported in the ESGLI database
representing 90 different sequence types. A sequence type was not assigned to 101 of the
genomes: 32 genomes had allele profiles not reported in the ESGLI database, 3 genomes
had 6 known alleles and 1 novel allele sequence not reported in the database, 11 genomes
had 6 known alleles and one allele with only a partial match to a known allele in the
database, 4 genomes had 6 known alleles and 1 allele not present in the assembly. Finally,
51 genomes had multiple copies of the mompS locus. The presence of multiple non-
identical mompS copies, usually two, in L. pneumophila genomes has been defined
previously (Moran-Gilad et al, 2015) and is known to create difficulties when attempting
to call a traditional sequence type from genomic data. Whilst a bioinformatic solution
(Gordon et al, 2017) exists to address this issue, the tool requires both raw reads as well
as the assembly. Therefore, it was decided to define the sequence type of these assemblies
as “undetermined” for the purpose of this study. The RefSeq assembly reference number,
sequence type and allele profile for each genome are detailed in Appendix Section 9.3.
The Mash distance was calculated between the reference genome, the type strain of the
species, L. pneumophila Philadelphia-1, and all other genomes. The genome furthest from
the reference had a mash distance of 0.0759, equivalent to an average nucleotide identity
(ANI) of 92.41 %. The threshold for species inclusivity has been defined as a 95 to 96 %
ANI (Richter et al, 2009). However, the genomes falling below 95 % ANI (mash distance
of 0.05) in the current study were found to represent three known subspecies of L.
pneumophila other than subspecies pneumophila. These subspecies were fraseri, pascullei
and the recently described raphaeli (Kozak-Muiznieks et al,, 2018). Also included within
the genomes was an ST2186 strain representing either an atypical subspecies fraseri
strain or a novel subspecies, as previously reported (Kozak-Muiznieks et al, 2018). Since
all these subspecies are represented in the traditional L. pneumophila typing scheme, all

genomes were retained.
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3.4.4.2 Identification of L. pneumophila strains in Mock Communities and
Sensitivity Tests

StrainEst analysis was carried out on the 9 mock communities and 3 of the sensitivity
tests (ST8 to ST10) as single strain controls. The mock communities each contained
varying relative abundances of two L. pneumophila strains: L. pneumophila Philadelphia-
1 (ST36) and L. pneumophila France 5811 (ST1) (Table 3.1 and Figure 3.1) and the
model reported a list of top hits or abundances up to 100 % based on the L. pneumophila
component only, disregarding other microorganisms. The single strain controls (S8 to
S10 - Table 3.2 and Figure 3.2) contained L. pneumophila Philadelphia-1 (ST36) only.
The model predicted all mock communities to contain the two strains that corresponded
to the actual strains in terms of sequence type designation (Figure 3.6). False positive
strains were predicted, each with an abundance of less than 3 % in the mock
communities. It was noted that these false positive predictions fell within the same
phylogenetic clusters as one or both of the true positive predicted strains. The model
accurately predicted the ST36 strain in the single strain controls for S8, S9 and S10.
Similar to the mock predictions, false positive strains falling within the same phylogenetic
cluster as ST36 were predicted but this time at a relative abundance of less than 0.001 %
each. Predicted strains and abundances for each mock community and sensitivity test are

detailed in Appendix Section 9.4.
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Figure 3.6 StrainEst analysis for prediction of multiple L. pneumophila strains in 9 mock
communities and 3 sensitivity tests as single strain controls. The model reported a list of
top hits or abundances based on the L. pneumophila component only. A mean squared
error (MSE) was calculated by StrainEst to represent the average squared distance
between the estimated values and the actual values. Percentage is displayed on the y-axis

and actual composition versus predicted composition is displayed on the x-axis.
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3.4.5 Host DNA Contamination in Clinical Specimens

3.4.5.1 Sequencing Run Output for Clinical Specimens

The total number of paired reads sequenced for the clinical specimen libraries ranged
from 1,397,702 (C4-C) to 3,868,338 (C4-B). One library failed during sequencing (C3-B)
and no reads were generated. The number of paired reads sequenced for the negative
control libraries ranged from 4,144 (NEG4) to 9,868 (NEG2). The total number of paired
reads retained after quality filtering and trimming for the clinical specimen libraries
ranged from 80 % (C6-A) to 96 % (C1-A). The number of reads retained after quality
trimming and filtering the negative control libraries ranged from 15 % (NEG2) to 20 %
(NEG3) (Table 3.4). The mean insert size for the clinical specimen libraries ranged from
200 bps (C1-B) to 600 bps (C1-A). Mean insert size for negative control libraries ranged
from 130 bps (NEG5) to 150 bps (NEG6). Reads retained after human DNA filtering are

investigated in Section 3.4.5.2.

Table 3.4. Total number of paired-end reads sequenced for each library. Each library
was prepared in triplicate (A-C) and 6 negative controls (NEG1 to NEG6), reads after

adapter trimming, quality trimming and filtering, and reads remaining after human DNA

filtering.
TOTAL NUMBER
LIBRARY TOTAL NUMBER OF | TOTAL NUMBER OF | OF READS AFTER
READS (PAIRED) READS AFTER QC HUMAN DNA
FILTERING
C1-A 2,060,330 1,997,180 (97 %) 2,746 (1.4 %)
C1-B 3,238,800 2,856,800 (88 %) 15,134 (0.5 %)
C1-C 2,688,450 2,341,454 (87 %) 10,826 (0.5 %)
C2-A 2,086,370 1,867,662 (89 %) 3,890 (0.2 %)
C2-B 1,504,436 1,363,266 (90 %) 2,810 (0.2 %)
C2-C 4,819,006 4,261,260 (88 %) 8,366 (0.2 %)
C3-A 3,396,246 3,024,572 (89 %) 6,032 (0.2 %)
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C3-B Failed Failed Failed

C3-C 2,420,952 2,145,284 (89 %) 504 (0.02 %)
C4-A 3,673,250 3,098,758 (84 %) 1,762,900 (57 %)
C4-B 3,868,338 3,342,646 (80 %) 1,919,994 (57 %)
C4-C 1,397,702 1,117,802 (85 %) 503,096 (45 %)
C5-A 1,418,602 1,276,512 (86 %) 42,102 (3.2 %)
C5-B 2,525,718 2,150,884 (85 %) 66,430 (3 %)
C5-C 3,558,120 3,072,280 (86 %) 85,694 (3 %)
C6-A 2,021,874 1,801,956 (89 %) 7,702 (0.4 %)
C6-B 1,560,252 1,349,298 (86 %) 9,746 (0.7 %)
Ccé6-C 2,628,342 2,296,856 (87 %) 16,468 (0.7 %)
NEG1 8,448 1,546 (18 %) 192 (12.4 %)
NEG2 9,868 1,504 (15 %) 274 (18.2 %)
NEG3 6,198 1,246 (20 %) 438 (35 %)
NEG4 4,144 744 (18 %) 66 (9 %)
NEG5 4,852 902 (18 %) 66 (7.3 %)
NEG6 4,726 896 (18 %) 60 (6.7 %)

3.4.5.2 The Effect of Host DNA Contamination on the Ability to Sequence
Microorganisms from Clinical Specimens

Three previously determined L. pneumophila positive samples and three L. pneumophila
negative samples were sequenced in triplicate at a shallow depth (24 x). The aim of
sequencing these samples was to understand the proportion of host DNA in the sputum
specimens available for this study. Samples C1, C2 and C3 were confirmed L. pneumophila
positive at PHE by culture, which is the gold standard, qPCR and urinary antigen testing.

A sequence type was also generated for these specimens. C4, C5 and C6 were confirmed
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negative for L. pneumophila by the same techniques. Metagenomic sequencing of the
specimens revealed that human DNA constituted the majority of reads sequenced for
samples C1, C2, C3, C5 and C6 (Figure 3.7). Human DNA constituted approximately half
of the reads sequenced for sample C4. Whilst the classification of microbial reads was
investigated, the majority of reads for Legionella positive samples remained unclassified.
This is likely due to the presence of viral and fungal DNA reads, which were not included
in the reference database here. From the classified reads, Legionella was never the
dominant classified species sequenced in these specimens. The dominant classified
species was Klebsiella pneumoniae for the three positive L. pneumophila samples. The
dominant classified species for L. pneumophila negative samples were Pseudomonas
aeruginosa (C4 and C6) and Lactobacillus fermentum (C5). Legionella reads belonging to
the L. pneumophila species as well as other Legionella species were identified in at least
one of each of the clinical specimen libraries however it was determined that these could
not reliably indicate presence of the bacteria as the sequenced negative controls NEG3

and NEG5 also contained a number of Legionella reads, 2 and 6 reads respectively.
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Figure 3.7 Metagenomic sequencing of 6 clinical specimens to investigate the degree of host DNA contamination on microbe sequencing. Three
previously determined L. pneumophila positive samples and three L. pneumophila negative samples were sequenced in triplicate. Human DNA

constituted the majority of reads sequenced for samples C1, C2, C3, C5 and C6 and half of reads sequenced for sample C4. From the classified reads,
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3.5 Discussion

The initial aim of this chapter was to assess the ability of the pipeline to accurately
sequence mock communities at their species-level input proportions as a means of
validation before approaching a panel of clinical and environmental specimens. Biases
and errors can occur at any level of sample or data manipulation including during library
preparation, sequencing, control of data quality and analysis (Bowers et al, 2015, Jones
et al, 2015, Schlaberg et al,, 2017[a]). This may lead to the observation of an inaccurate
community distribution in comparison to the actual species distribution within the mock
community.

All microorganisms included in the mock communities were identified to the species-
level. It is acknowledged that taxonomic classifiers cannot accurately identify microbes
to the strain level of a species due to the high similarity between some strains as well as
database inaccuracies such as misnomers and strain misplacement (Federhen, 2015, Kim
et al, 2016). Since the mock communities were composed of two L. pneumophila strains,
both L. pneumophila strains were considered at the species taxonomic level only. The
assigned proportions of the various bacteria and human reads were generally very close
to the real proportions present in the mock communities and no major deviations from
actual species input was observed. Whilst these communities do not represent real
microbiome specimens, they are useful for technical validation here specifically for
Legionella sequencing as it is of primary interest to the study.

The next aim involved an analysis of sensitivity of detection of L. pneumophila in a
background of human DNA. A total of 100 % of reference bases were covered from
sensitivity tests S1 to S8 which contained a relative abundance of 25 % L. pneumophila
DNA at an average depth of 38 x. Whilst 99 % and 98 % of reference bases were covered
for sensitivity tests S9 and S10 with an average depth of 15 x and 7 x, respectively,
coverage fell thereafter for sensitivity tests S11 to S13. It was also noted that as the
relative abundance of the microbial component fell, the technical background or
contaminating microorganisms represented an increasing fraction of the microbial reads,
as previously discussed (Salter et al, 2014). This emphasises the difficulties generated by
sample contamination from reagents or the laboratory environment which may then
contribute to a greater fraction of the microbial component of the low microbial biomass

specimen. To further confound metagenomic sequencing efforts for Legionella detection,
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contamination with Legionella species has been reported in commercial extraction kits
(van der Zee et al, 2002, Evans et al, 2003) and commercial purified water (Shen et al,
2006).

Identification of L. pneumophila at the strain-level is paramount for the epidemiological
investigation of LD cases, particularly to link patients and detect clusters, whether
community or travel related and to determine an environmental source of transmission.
The traditional 7-loci L. pneumophila sequence typing scheme developed by ESGLI
represents the current “gold standard” for molecular typing of L. pneumophila strains
(Gaia et al, 2005, Ratzow et al, 2007, Mentasti et al., 2014). As of 19t July 2019, a total
2,791 unique sequence types have been submitted to the ESGLI database. In this study,
full sequence type information based on the ESGLI scheme could be achieved from direct
metagenomic sequencing when L. pneumophila was present at a relative abundance of 10
% (S9) in the sample, here representing 2.65 x 10* genome copies. A caveat here however
is that these sensitivity tests did not contain other microorganisms. A 16S rRNA
microbiome study of sputum specimens from legionellosis patients by Mizrahi et al., 2017
reported that Legionella was never the dominant genus and was always accompanied by
other respiratory pathogens. The relative abundance of L. pneumophila within the
microbial communities ranged from 0.004 % to 2.88 % in the Mizrahi et al. study. This
highlights the significant challenge of directly sequencing of a low abundance Legionella
genome moreover since community studies target microorganisms only and do not need
to account for the additional burden of host DNA. Currently a 50-loci scheme is in
development by ESGLI for isolate data (Moran-Gilad et al.,, 2015, David et al., 2016[b]).
When available, it will be informative to apply this scheme to metagenomes containing L.
pneumophila to investigate if a sensitivity threshold can be established.

Current microbial techniques for epidemiological studies focus on the identification
and/or isolation of one strain. Microbial communities however may be composed of a
number of strains from the same species. Whilst rare, previous studies have reported the
presence of mixed strains of L. pneumophila identified by traditional techniques (Coscolla
et al, 2014, Wewalka et al, 2014). For the investigation of mixtures of strains in
metagenomes, a number of bioinformatic tools have been developed (Hong et al, 2014,
Ahn et al, 2015, Luo et al, 2015, Nayfach et al, 2016, Scholz et al, Quince et al, 2017,
2016). These tools generally report the presence of the highest abundance strain only

(Scholz et al, 2016) or require specific conditions to be satisfied such as a depth of
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coverage (Luo et al, 2015) which might not be achievable in some studies. StrainEst, a
recently developed tool for strain profiling (Albanese et al, 2017) alongside a database
of public L. pneumophila genome assemblies was validated in the current study against
the mock communities and sensitivity tests with the aim of employing its usage on real
specimens in further chapters. Whilst mixed strains were correctly predicted, a number
of false positives belonging to the same clusters as true positives were predicted at low
levels. In light of these findings, to mitigate incorrect strain predictions when analysing
real specimens (in Chapter 5), a threshold will be established to disregard strains
predicted with a relative abundance of less than 3 %.

The final aim of the study was to examine the burden of host DNA when sequencing
directly from a real clinical specimen at an affordable, shallow sequencing depth.
Sequenced L. pneumophila positive samples and two of the negative samples were
comprised primarily of human DNA reads, with up to 99.9 % of reads (C3-C) attributable
to the host genome. This supports the results of a previous studies attempting to
sequence directly from lower respiratory tract specimens (Doughty et al, 2014,
Pendleton et al, 2017). The large quantity of human DNA reads in sputum specimens may
be the product of neutrophils present in the airway which may propagate chromatin
structures known as neutrophil extracellular traps (NETs) during infection (Brinkmann
et al, 2004). Additionally, the release of contents from the cells during cell death may
contribute to the abundance of host DNA (Wartha et al, 2007). Notably, the human
genome is approximately one thousand times larger than the average bacterial genome.
Even if only a few human cells are present in the low microbial biomass sample, host DNA
can rapidly create a disproportionate noise to signal ratio.

Few microbial reads were sequenced in the 5 clinical specimens in this present study
compared to human DNA, leading to some difficulty in classifying the microorganisms
present, particularly for the Legionella positive specimens. A number of Legionella reads
were detected in L. pneumophila positive and negative samples however positivity could
not be determined on this result alone as two of the negative controls contained a number
of Legionella reads. This may be indicative of barcode cross-contamination within or
between sequencing runs or contamination during processing in the laboratory although
is more likely due to the noise to signal ratio because of the human (host) DNA (Salter et
al, 2014, Strong et al,, 2014). It also indicates that for low abundance pathogen detection

a threshold needs to be established. Additionally, in the case of L. pneumophila positive
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samples, other species dominated the bacterial component, K. pneumoniae in the three
samples studied here. A caveat of the current study is that sequencing was carried out at
a shallow depth with samples multiplexed 24 times on an [llumina MiSeq platform. As
depth of sequencing requirements for samples rise, so too does cost. Sequencing a low
microbial abundance metagenome at an adequate depth to generate strain-level
information can be prohibitively expensive. It is therefore necessary to apply a method
to either capture Legionella genomic regions directly from a specimen of interest or to
remove the contaminating host material that overwhelms the microbial component.

These methods and their application will be addressed in the next chapters.
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Chapter 4.
Method Development for Human DNA Depletion
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4.1 Introduction

Human DNA sequences often comprise the majority of reads when a lower respiratory
sample is sequenced. The human genome is approximately 3 billion base pairs in length
per haploid genome, organised over 23 paired chromosomes. It is estimated that
approximately 66 to 69 % of the genome is composed of repetitive DNA elements (de
Koning et al, 2011). Repetitive elements are represented by a variety of classes and have
a differential distribution within the chromosomes (Treangen et al, 2011) (Figure 4.1).
Repetitive elements can be tandemly arranged, such as microsatellite DNA (Cooke et al,
1979, Jefferys et al, 1985) or are interspersed (Singer et al, 1982), depending on their
amplification mechanism. Interspersed repetitive elements arose from modes of
transposition that resulted in identical or unidentical copies of the sequences being
produced and inserted into the genome. In the case of LTR (long terminal repeat) and
non-LTR elements, such as LINEs and SINEs, transposition occurred by a “copy-and-
paste” mechanism which required an RNA intermediate obtained after transcription of

the element (Rogers, 1985, Weiner et al, 1986).
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Figure 4.1 Classes of Repetitive DNA in the human genome. The table in panel a shows
various named classes of repeat in the human genome, along with their pattern of
occurrence (shown as 'repeat type' in the table; this is taken from
the RepeatMasker annotation). The number of repeats for each class found in the
human genome, along with the percentage of the genome that is covered by the repeat
class (Cvg) and the approximate upper and lower bounds on the repeat length (bp).
The graph in panel b shows the percentage of each chromosome, based on release hg19
of the genome, covered by repetitive DNA as reported by RepeatMasker. The colours
of the graph in panel b correspond to the colours of the repeat class in the table in panel
a. Image reprinted with permission from Springer Nature, Nature Reviews Genetics

(License Number: 4630180719524). (Citation: Treangen et al., 2011).

The most well studied interspersed repeat is the Alu element, a member of the SINE
(short interspersed nuclear element) family (Figure 4.2 [Deininger, 2011]). The Alu
element is reported to be ancestrally derived from the 7SL RNA gene which is abundant
in the cytoplasm and functions in protein secretion as a component of the signal
recognition particle (Walter et al, 1982). The Alu element is approximately 280 to 300
base pairs in length, formed by two diverged dimers which are separated by a short A-
rich region. Alu elements are estimated to represent 11 % of the human genome i.e. the

genome contains approximately one million copies (Batzer et al,, 2002).
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Figure 4.2 The structure of an Alu element. The top portion shows a genomic Alu element
between two direct repeats formed at the site of insertion (red arrowheads).
The Alu ends with a long A-run, often referred to as the A-tail, and it also has a smaller A-
rich region (indicated by AA) separating the two halves of a diverged dimer
structure. Alu elements have the internal components of a RNA polymerase Il promoter
(boxes A and B), but they do not encode a terminator for RNA polymerase III. They utilize
whatever stretch of T nucleotides is found at various distances downstream of
the Alu element to terminate transcription. A typical Alu transcript is shown below the
genomic Alu, showing that it encompasses the entire Alu, including the A-tail, and has a 3'
region that is unique for each locus. Image reprinted with permission from Springer
Nature, Genome Biology (License Number: 4630780586117). (Citation: Deininger,
2011).

The presence of repetitive elements was first proposed in a study by Waring and Britten
(Waring & Britten, 1966) on the re-association dynamics of mouse embryo DNA. They
reported that mouse satellite DNA exhibited rapid annealing dynamics which more
closely resembled the kinetics of bacteriophage and bacterial DNA renaturation. After
further studies on the renaturation kinetics of DNA from different species, three distinct
kinetic classes of DNA were described in complex organisms: the fast annealing, highly
repetitive fraction, the intermediate, moderately repetitive fraction and the slow
annealing, single copy fraction (Britten et al, 1968) (Figure 4.3). Additionally, a
mathematical explanation for the kinetics of re-association was given by the term “Cot”
(Britten et al, 1968). Cot refers to the rate at which heat-denatured DNA sequences in

solution re-associate:

Cot = DNA concentration (mol/L) x renaturation time (seconds) x a buffer factor that accounts for

the effect of cations on the speed of renaturation
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Figure 4.3 Re-association of nucleic acids from various sources. Image reprinted with
permission from The American Association for the Advancement of Science, Science

Journal (License Number: 4630210537706). (Citation: Britten et al,, 1968).

The rate at which a particular sequence re-associates is proportional to the number of
times it is found in the genome (Figure 4.4). Therefore, repetitive sequences or those
that occur more than once in a genome re-associate at a lower Cot value than unique or

single copy sequences in a genome.

Highly
Repeated DNA

Moderately
Repeated DNA

0.5

Single Copy
DNA

Fraction Reassociated

Cot >

Figure 4.4 Cot curve representing fraction re-association versus Cot value for highly

repeated, moderately repeated and single copy DNA.
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Repetitive DNA is commonly used as a genetic tool for hybridisation applications. Cot-1
DNA, derived from human male placental DNA, is enriched for repetitive DNA sequences
between 50 and 300 base pairs in length. Cot-1 is applied as a repeat suppressor to block
non-specific hybridisation of human DNA probes that may have some complementarity
to repetitive sequences. Additionally, inter-Alu PCR has been used for decades for the
analysis of human loci flanked by Alu elements. This has allowed the mapping of
previously unknown polymorphisms and mutations in human coding sequences (Nelson
etal, 1989).

The current study hypothesised that the repetitive elements in the human genome could
be targeted to remove human DNA fragments from sputum DNA extracts in a timely
manner, whilst preserving the microbial component for sequencing. Sputum specimens
are considered to be of low microbial biomass overwhelmed by the presence of human
DNA. A number of methods have been described for human DNA depletion from clinical
specimens (reviewed in Chapter 1, Section 1.10.2) however these may not preserve the
original structure of the microbial community and introduce biases. Furthermore, they
may not be robust enough to remove a sufficient quantity of human cells or DNA
sequences.

The aim of this chapter was to investigate a number of methods for the removal of human
DNA fragments from mock and real specimens by targeting interspersed repetitive

sequences present in the human genome.
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4.2 Aims and Objectives

Investigate the removal of human DNA from mock and real samples by:

1. DNA: DNA hybridisation with biotinylated Cot-1 Human DNA probes.
a. Biotinylate Cot-1 Human DNA by random primed labelling.
b. Hybridisation test and control experiments on mock material.
c. Quantify by gPCR the human DNA and microbial DNA in each test and
control hybridisation.
2. DNA: DNA hybridisation with biotinylated Alu DNA probes.
a. Prepare biotinylated Alu DNA probes by PCR.
b. Hybridisation test and control experiments on digested human DNA.
c. Identify depleted DNA qualitatively by gel electrophoresis.
3. RNA: DNA hybridisation with biotinylated Alu RNA capture probes.
a. Prepare T7-Alu DNA templates by PCR.
b. T7 RNA synthesis to generate biotinylated Alu RNA probes.
c. Hybridisation tests and controls on human genomic DNA and bacterial
genomic DNA.
d. Identify depleted DNA qualitatively by gel electrophoresis.
e. Sequence mock community and real specimens before and after
depletion.
4. Investigate the depletion of human DNA from [llumina libraries.
a. Prepare [llumina libraries of mock community and real specimens with
paired hybridisation controls.
b. Hybridisation experiments using the biotinylated Alu RNA, biotinylated
Cot-1 DNA probes and a single cycle Alu PCR approach with biotin.
c. Sequence the Illumina libraries before and after depletion.
5. Investigate the depletion of human DNA from an Oxford Nanopore library.
a. Prepare Oxford Nanopore libraries of real specimens.
b. Single cycle Alu PCR to incorporate biotin into the human DNA fragments
of the test sample.

c. Sequence the Oxford Nanopore libraries before and after depletion.
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4.3 Methods & Results

4.3.1 DNA: DNA hybridisation with Biotinylated Cot-1 Human DNA Probes
4.3.1.1 Cot-1 DNA Size Selection

4.3.1.1.(i) Methods

Cot-1 DNA was sourced from Roche. For each size selection reaction, 1 ug of the Cot-1
DNA was taken and DNA fragments less than 100 base pairs were removed by use of the
Pippin Prep (Sage Science, MA, USA) as described in Chapter 2, Section 2.7.4. Success of
size selection was assessed by visualisation of fragment sizes on an Agilent Bioanalyzer
performed as described in Chapter 2, Section 2.8.1. Cot-1 DNA was size selected as

required.

4.3.1.1.(ii) Results
Pippin Prep size selection efficiently removed DNA fragments less than 100 base pairs
from Cot-1 DNA. The DNA size range before (A) and after size selection (B) are shown in

Figure 4.5.
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Figure 4.5 Bioanalyzer trace results. (A) Cot-1 DNA fragment lengths before size
selection and (B) after size selection with Pippin Prep showing successful removal of

fragments less than 100 base pairs in size.

4.3.1.2 Biotinylation of Cot-1 DNA by Random Primed Labelling

4.3.1.2.(i) Methods

The size selected Cot-1 DNA was biotinylated by random primed labelling using the
Biotin-High Prime kit (Roche). Random primed labelling is a technique whereby the
complementary DNA strand is synthesised by the Klenow polymerase using the 3’'0OH
termini of the random oligonucleotides as primers. Biotin-16-dUTP is incorporated into
the newly synthesised complementary DNA strand. In brief, 1 pg of the size selected Cot-
1 DNA was added to distilled nucleic-acid free PCR grade water to a final volume of 16 pl.
The DNA was denatured at 95 °C for 10 minutes in a thermal cycler and immediately
chilled on ice. A total of 4 pl of the Biotin-High Prime master mix was added to the
denatured DNA, mixed gently and centrifuged briefly. The reaction was incubated for 12
hours at 37 °C in a thermal cycler. The reaction was stopped by heating to 65 °C for 10
minutes. The reaction was purified to remove unincorporated biotin moieties using

AMPure XP purification as described in Chapter 2, Section 2.7.1. A 5 pl aliquot was added
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to washed Dynabeads™ M-280 Streptavidin (Invitrogen). Bead washing was performed
as described in Chapter 2, Section 2.9.3. After 30 minutes, the tube containing the mix was
applied to a magnet for 10 minutes and the concentration of the supernatant was

measured by PicoGreen assay as described in Chapter 2, Section 2.6.1.

4.3.1.2.(ii) Results

Biotinylation of the size selected Cot-1 DNA was carried out and the concentration after
biotinylation and purification was 16.7 ng/pl. After incubation with 5 pl of streptavidin-
coated magnetic beads, the concentration of the supernatant was 1.3 ng/ul, indicating
that approximately 86 % of the Cot-1 DNA had been biotinylated and therefore captured

on the beads and removed.

4.3.1.3 Determining Genomic DNA Fragment Sizes from Clinical Material

4.3.1.3.(i) Methods

The DNA fragment size profile of genomic DNA extracted (either with or without bead
beating) from respiratory samples (throat swab, sputum - extracted samples from other
projects within the Section of Genomic Medicine) were visualised by running aliquots on

an Agilent Bioanalyzer as described in Chapter 2, Section 2.8.1.

4.3.1.3.(ii) Results

The fragment sizes for clinical material ranged from 1.5 kb to 7 kb for sputum samples
and 4 kb for a throat swab that underwent bead beating followed by extraction. The
fragment size for a sputum sample that underwent kit-based extraction without bead

beating was 5 kb (Figure 4.6).
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Figure 4.6 Profile of genomic DNA fragments extracted from a number of different
patients or types of clinical material. On each trace size in kb of the peak is indicated. The
fragment sizes for clinical material ranged from 1.5 kb to 7 kb for sputum samples and 4
kb for a throat swab that underwent bead beating followed by extraction. The fragment

size for a sputum sample that underwent kit-based extraction without bead beating was

5 kb.

4.3.1.4 Preparation of a Mock Sample Representative of Genomic DNA

4.3.1.4.(i) Methods

A mock genomic DNA sample composed of 90 % human DNA and 10 % Legionella
pneumophila Philadelphia-1 DNA (see Chapter 2, Section 2.4 for further details regarding
material) was prepared as required. A high molecular weight community was stored for
hybridisation experiments (approximately 30 - 50 kb in length). Size selection by

QIAquick column purification was carried out as described in Chapter 2, Section 2.7.2.
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The size selected material (approximately 10 kb in length) was stored for subsequent

hybridisation experiments.

4.3.1.4.(ii) Results

The size selection step was carried out to ensure an approximate representation of
fragment sizes based on those observed from the profiling of previously extracted clinical
material (see Section 4.3.1.3.[ii]). Size selected L. pneumophila DNA represented average
fragment lengths of 2 to 4 kb and size selected human DNA represented an average

fragment length of 10 kb (Figure 4.7 (A) and (B)).
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Figure 4.7 Bioanalyzer trace results. (A) size selected L. pneumophila DNA (2 to 4 kb)
and (B) human DNA to represent fragment lengths of ~10 kb.
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4.3.1.5 Hybridisation Experiments

4.3.1.5.(i) Methods

Taking the mock sample and the biotinylated Cot-1 DNA a series of hybridisation
experiments were carried out as detailed in Table 4.1. For each hybridisation experiment
a mock hybridisation control without a probe was also run. Hybridisation buffers and
stocks were prepared or purchased as described in Chapter 2, Section 2.9.2. Each
hybridisation reaction was added to washed streptavidin-coated beads as described in
Chapter 2, Section 2.9.3. An equal volume of the sample containing the biotinylated
nucleic acids was added to the washed beads and incubated at room temperature for 30
minutes with shaking (Vortex Genie 2, Scientific Industries). The tube containing the mix
was applied to a magnet for 15 minutes and the supernatant (“microbial pool”) was
harvested and stored at -20 °C until further use. Beads were then washed in 200 pl of 1X
Low TE buffer, the tube was applied to the magnet for 5 minutes and the supernatant
(“wash pool”) was harvested and stored as per the “microbial pool”. The beads were re-
suspended in 15 pl of double distilled H20 and heated to 95 °C for 10 minutes. The tube
was allowed to cool and then applied to a magnet. The supernatant (“human pool”) was
stored as per the other two pool samples. The pools were purified using the NEB Monarch
PCR purification kit as described in Chapter 2, Section 2.7.3. To quantify bacterial DNA
(16S rRNA gene) and human DNA (GAPDH gene) for each post-capture test and control
hybridisation, SYBR Green qPCR was carried out as described in Chapter 2, Section 2.9.7.

The experimental process can be visualised in Figure 4.8.
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Table 4.1 Hybridisation experiments with biotinylated Cot-1 DNA on a size selected mock community.

Experiment Conditions

Cot-1 | Sample Cot-1 Sample
Experiment P fragment | fragment Buffer Denaturation | Hybridisation Variable changed
(ng) (ng) size size
~30-50 o : o .
1 50 50 > 100 bp Kb 2XSSPE, 0.2% SDS | 95°C-5min | 65°C-60 min N/A
2 50 50 >100bp | ~30-50 | 2xSSPE, 0206 SDS | 95°C-5min | 65°C- 4hrs | \ncubationtimeincreased to 4
kb hours
3 50 50 >100bp | ~10Kkb | 2XSSPE,0.2%SDS | 95°C-5min | 65°C-60min | 2€ Selection for fragments less
than or equal to 12 kb
4 100 100 >100bp | ~10kb | 2XSSPE, 0.2%SDS | 95°C-5min | 65°C-60 min Increased concentration of
probe and sample
0
5 100 100 >100 bp ~10 kb 2X SSPE + 1% SDS 95°C-5min | 65°C-60 min Increased percentage of SDS
added to reaction

10X SSPE + 1% SDS o : o . Changed SSPE buffer

6 100 100 >100bp 10kb added to reaction 95°C-5min | 65°C-60 min concentration to 10X
0,
7 100 100 > 100 bp ~10 kb 10X SSC + 1% S.DS 95°C-5min | 65°C-60 min Changed buffer to SSC
added to reaction

8 100 100 >100bp | ~10kb | 2XSSPE,0.2%SDS | 95°C-5min | 65°C-60min | YPridisation buffer added after

denaturing Cot-1 and sample
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Figure 4.8 Experimental flow chart for Cot-1 DNA hybridisation tests and negative

controls.

4.3.1.5.(ii) Results

After hybridisation and bead-capture, the initial supernatant (‘Microbial’), the
supernatant from the washing step (‘Wash’) and the supernatant after bead denaturation
(‘Human’) from each hybridisation test and control was quantified. The wash step was
not carried out on beads for Experiment 2, therefore no data is shown on the result
graphs.

Quantitative PCR assays were carried out on seven of the eight experiments (Figure 4.9
to Figure 4.15). Experiment 1 was not quantified due to insufficient material. Human
GAPDH copy number was quantified for Experiments 2 to 8. Bacterial 16S rRNA gene copy
number was quantified for post-capture Experiments 2, 5, 6, 7 and 8. Bacterial
quantification was not carried out for Experiments 3 and 4 due to insufficient material.

An increase in human DNA quantified from the denatured beads and a decrease in human
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DNA quantified from the ‘Microbial’ supernatant would signify the success of the assay. If
the control represented a similar dynamic or if increased human DNA was quantified
from the ‘Wash’ supernatant, this would signify non-specific binding of DNA to beads. An
increase in bacterial DNA quantified from the ‘Wash’ and ‘Human’ supernatant and a
decrease in bacterial DNA quantified in the ‘Microbial Test’ versus ‘Microbial Control’
would also signify non-specific binding of DNA to beads.

Based on all experiments, there was limited evidence that human DNA was depleted from
the mock samples. There was evidence of minor non-specific binding of bacterial DNA in
Hybridisation Test 6 (Figure 4.13). It must also be acknowledged that loss of DNA may

have been incurred during purification steps.
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Figure 4.9 Boxplots of qPCR Results for Experiment 2. Human DNA presence determined
by GAPDH copy number with Bacterial DNA presence determined by 16S rRNA copy
number. Microbial, Wash and Human Test/Control = initial supernantant, supernatant

from the washing step and supernatant after bead denaturation, respectively.
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Figure 4.10 Boxplot of qPCR Results for Experiment 3. Human DNA presence determined
by GAPDH copy number. Microbial, Wash and Human Test/Control = initial supernantant,
supernatant from the washing step and supernatant after bead denaturation,

respectively.
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Figure 4.11 Boxplot of qPCR Results for Experiment 4. Human DNA presence determined
by GAPDH copy number. Microbial, Wash and Human Test/Control = initial supernantant,
supernatant from the washing step and supernatant after bead denaturation,

respectively.
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Figure 4.12 Boxplots of qPCR Results for Experiment 5. Human DNA presence
determined by GAPDH copy number with Bacterial DNA presence determined by 16S
rRNA copy number. Microbial, Wash and Human Test/Control = initial supernantant,
supernatant from the washing step and supernatant after bead denaturation,

respectively.
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Figure 4.13 Boxplots of qPCR Results for Experiment 6. Human DNA presence
determined by GAPDH copy number with Bacterial DNA presence determined by 16S
rRNA copy number. Microbial, Wash and Human Test/Control = initial supernantant,
supernatant from the washing step and supernatant after bead denaturation,
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HYBRIDISATION TEST 7: HUMAN DNA HYBRIDISATION TEST 7: BACTERIA DNA
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Figure 4.14 Boxplots of qPCR Results for Experiment 7. Human DNA presence
determined by GAPDH copy number with Bacterial DNA presence determined by 16S
rRNA copy number. Microbial, Wash and Human Test/Control = initial supernantant,

supernatant from the washing step and supernatant after bead denaturation,

respectively.
HYBRIDISATION TEST 8: HUMAN DNA HYBRIDISATION TEST 8: BACTERIA DNA
4000~ 150000~
- I-:':f
_ 3000- ° g ﬁ
2 £
£ 2 .
3 < 100000~
S 2000~ g
z 2
Z ]
E g 50000~
= 3
1000- @
[ S— — s
B = el 0 = = __
» iz - . " » o iy i -
z E 7 g T £ i £ - s % H
H 5 £ z - H 5 £ z !
H H
Experiment Experiment

Figure 4.15 Boxplots of qPCR Results for Experiment 8. Human DNA presence
determined by GAPDH copy number with Bacterial DNA presence determined by 16S
rRNA copy number. Microbial, Wash and Human Test/Control = initial supernantant,
supernatant from the washing step and supernatant after bead denaturation,

respectively.
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4.3.2 DNA: DNA Hybridisation Using Biotinylated Alu DNA Probes
4.3.2.1 Alu DNA Probe Generation and Biotinylation

4.3.2.1.(i) Methods

A primer pair designed by Lou et al., 2014 for the amplification of an approximately 200
base pair region of the Alu element was chosen to generate the Alu hybridisation probe
amplicon. The region spans the A-rich sequence that separates the dimers of the Alu
element. The sequence for the forward primer was S1F (5’- AGACCATCCTGGCTAACACG -
3’) and the sequence for the reverse primer was A1F (5’- AGACGGAGTCTCGCTCTGTC - 3").
Primers were sourced from Eurofins. All other PCR reagents were sourced from Sigma.
Ethical considerations regarding usage of the template human genomic DNA and source
are detailed in Chapter 2, Section 2.4. Each reaction was prepared as detailed in Table

4.2.

Table 4.2 Alu PCR - components for one reaction.

Component Volume pl (X1 reaction) Final Concentration in
Reaction
10X PCR Buffer 10 1X
MgClz (25mM) 6 1.5 mM
dGTP (10 mM) 3 300 uM
dATP 3 300 uM
dCTP 3 300 uM
dTTP 3 300 uM
Primer S1F (10 pM) 2 0.2 uM
Primer A1F (10 uM) 2 0.2 uM
Nuclease-free water 66.5 -
Template DNA (100 ng) 1 1ng/pl
Taq DNA Polymerase 0.5 2.5 units
(5 units/pl)

PCR was carried out in a thermal cycler under the following cycling conditions: 94 °C for
4 minutes, 35 cycles of (94 °C for 1 minute, 59 °C for 45 seconds, 68 °C for 1 minute) and

a final extension of 68 °C for 5 minutes. The PCR reaction was purified using the NEB
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Monarch PCR purification kit as described in Chapter 2, Section 2.7.3. and eluted in a final
volume of 12 pl of 1 X Low TE. The concentration of the amplicon was measured using
PicoGreen as described in Chapter 2, Section 2.6.1. Reactions were run on a 2 % agarose
gel at 100 V for 1 hour and products visualised as described in Chapter 2, Section 2.8.2.

To biotinylate the Alu DNA probes, 10 % biotin-16-dUTP (Roche) was added to the PCR
reaction replacing 10 % of the dTTP. Each reaction was prepared as described in Table

4.3.

Table 4.3 Alu PCR with biotin - components for one reaction.

Component Volume pl (X1 reaction) Final Concentration in
Reaction
10X PCR Buffer 10 1X
MgClz (25mM) 6 1.5 mM
dGTP (10 mM) 3 300 uM
dATP (10 mM) 3 300 uM
dCTP (10 mM) 3 300 uM
dTTP (10 mM) 2.7 300 uM
Biotin-16-dUTP (1 mM) 3 30 uM
Primer S1F (10 pM) 2 0.2 uM
Primer A1F (10 uM) 2 0.2 uM
Nuclease-free water 66.5 -
Template DNA (100 ng) 1 1ng/pl
Taq DNA Polymerase 0.5 2.5 units
(5 units/pl)

PCR thermal cycling conditions were the same as for the Alu PCR without biotin (see
above). The PCR reaction was purified using the NEB Monarch PCR purification kit as
described in Chapter 2, Section 2.7.3. and eluted in 21 pl of nuclease-free water. The
concentration of the amplicon was measured using the PicoGreen assay as described in
Chapter 2, Section 2.6.1. Reactions were run on a 2 % agarose at 100 V for 1 hour and
products visualised as described in Chapter 2, Section 2.8.2. A non-biotinylated Alu
amplicon control and a negative control without template DNA were included at the PCR

set up step and run alongside the biotinylated Alu on the agarose gel.
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4.3.2.1.(ii) Results
The Alu DNA probe of approximately 200 base pairs was successfully generated by PCR
(Figure 4.16 duplicates run).

10kb —» H

 —

200 bp—» u H

1 2 3

Figure 4.16 Non-biotinylated Alu amplicon size. Lane 1 = ladder, 2 = Alu amplicon, 3 =

Alu amplicon.

A biotinylated probe containing 10 % biotin-16-dUTP was also successfully generated

using the same PCR conditions.

4.3.2.2 Alu DNA: DNA Hybridisation Experiment 1

4.3.2.2.(i) Rationale
To qualitatively assess the depletion of human DNA fragments from a digested human
genomic DNA sample using biotinylated Alu DNA probes and streptavidin-coated

magnetic bead capture.

4.3.2.2.(ii) Methods

Human genomic DNA was digested as described in Chapter 2, Section 2.9.1. A
hybridisation test composed of 1 pg of digested human DNA and 2 pg of biotinylated Alu
DNA probes and a control composed of 1 ug of human DNA and 2 pg of non-biotinylated

Alu DNA probes were prepared as follows:
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Hybridisation Test

Component Volume
Human genomic DNA (1 pg) 10 pl
Biotinylated Alu DNA probes (2 ug) 15 pl
Hybridisation Buffer (20X SSC) 6 ul

Hybridisation Control

Component Volume
Human genomic DNA (1 pg) 10 pl
Non-biotinylated Alu DNA probes (2 pg) 15 pl
Hybridisation Buffer (20X SSC) 6 ul

Denaturation of both hybridisation test and hybridisation control was carried out in a
thermal cycler at 95 °C for 5 minutes followed by a -0.1 °C ramp down to 65 °C. A
temperature of 65 °C was maintained for 1 hour to enable hybridisation. A total of 100 pl
of Dynabeads M-280 were washed for each reaction as described in Chapter 2, Section
2.9.3 and resuspended in 100 pl of 2 X Binding and Washing buffer. Each 31 pl reaction
was made up to 100 ul with nuclease-free water and added to 100 pl of washed beads.
The hyb-bead mixtures were incubated rotating for 30 minutes at room temperature. The
tubes were centrifuged briefly and then incubated on a magnetic stand for 15 minutes.
The post-capture supernatant was harvested and stored. The post-capture supernatant
was purified using the NEB Monarch PCR purification kit as described in Chapter 2,
Section 2.7.3 and eluted in 15 pl of nuclease-free water. Beads were washed twice with
200 pl of 1 X Low TE and supernatant was discarded. The beads were resuspended in 15
ul of nuclease-free water and denatured at 95 °C for 5 minutes.

After denaturation the tube was incubated on a magnetic stand for 5 minutes. The
nuclease-free water from the denatured beads was harvested and not purified. The
purified post-capture supernatant and the denatured bead supernatant were runona 1.2
% agarose gel for 1 hour at 120 V and visualised as described in Chapter 2, Section 2.8.2.
All steps were replicated for the hybridisation control. The harvesting process for post-
capture supernatant and denatured beads supernatant is shown in Figure 4.17. A
flowchart of the hybridisation and capture process for Alu DNA: DNA Hybridisation

Experiment 1 is shown in Figure 4.18.
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Figure 4.17 Supernatant harvesting and storage process. Post-Capture supernatant
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4.3.2.2.(iii) Results

A gel electrophoresis approach was carried out to qualitatively assess the depletion of
human DNA from Alu test hybridisations due to the accumulating costs associated with
quantitative PCR analysis.

Hybridisation Experiment 1 was carried out on digested human genomic DNA for a test
(with biotinylated probe) and a control (non-biotinylated probe). Figure 4.19 shows the
‘Post-Capture Test’ in lane 2, ‘Post-Capture Control’ in lane 3, the ‘Denatured Bead Test’
in lane 4 and ‘Denatured Bead Control’ in lane 5. Whilst there was no evidence of non-
specific binding (no DNA in lane 5 of the control), there is limited evidence for DNA
depletion. Lane 4 shows some depletion of short human DNA fragments however it is
evident from lane 2 (‘Post-Capture Test’) that a visible quantity of the Alu probe is either
not biotinylated (Alu probes at approximately 200 base pairs remaining in the
supernatant post-capture) or that the streptavidin-coated magnetic beads had become
saturated to capacity with biotinylated Alu elements and could not bind additional biotin

moieties.
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Figure 4.19 Alu DNA: DNA Hybridisation Experiment 1: Lane 1 =ladder, 2 = Post-Capture
Test, 3 = Post-Capture Control, 4 = Denatured Beads Test and 5 = Denatured Beads

Control.
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4.3.2.3 Alu DNA: DNA Hybridisation Experiment 2

4.3.2.3.(i) Rationale
To test the hypothesis that beads were becoming saturated with biotinylated Alu DNA
probes, sequential bead captures were carried out on a test (with biotinylated Alu DNA

probes) and a control (with non-biotinylated Alu DNA probes).

4.3.2.3.(ii) Methods

Hybridisation Experiment 2 was carried out using 1 pg of human genomic DNA and using
1 pg of Alu DNA probes. This time three sequential streptavidin-coated bead captures
were carried out on the “microbial” supernatant. A hybridisation control composed of 1

pug of human genomic DNA and 1 pg of non-biotinylated Alu DNA probes was also

prepared:
Hybridisation Test
Component Volume
Human genomic DNA (1 pg) 10 pl
Biotinylated Alu DNA probes (2 ug) 7.5 ul
Hybridisation Buffer (20X SSC) 6 ul
Nuclease-free water 7.5 ul

Hybridisation Control

Component Volume
Human genomic DNA (1 pg) 10 pl
Non-biotinylated Alu DNA probes (2 pg) 7.5 ul
Hybridisation Buffer (20X SSC) 6 ul
Nuclease-free water 7.5 ul

A total of 100 pl of streptavidin beads for each reaction were washed as described in
Chapter 2, Section 2.9.3 and three sequential captures were carried out: Capture 1 was
carried out as described in Section 4.3.1.5.(i) above and the post capture and denatured
beads supernatant were harvested. The Post-Capture Test 1 supernatant was split into

two 100 pl aliquots. One 100 pl of aliquot was purified using the NEB Monarch PCR
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purification kit as described in Chapter 2, Section 2.7.3 and stored for subsequent gel
visualisation. The other 100 pl aliquot was brought forward for a second capture reaction.
Capture 2 was carried out as previously described in Section 4.3.1.5.(i) above, on 100 pl
of Post-Capture Test 1 supernatant. The Post-Capture Test 2 supernatant and Denatured
Beads Test 2 supernatant were harvested. The Post Capture Test 2 supernatant was split
into two 100 pl aliquots. One 100 pl of aliquot was purified as described in Chapter 2,
Section 2.7.3 and stored and the other was brought forward for a third capture reaction.
Capture 3 was carried out again as previously described in Section 4.3.1.5.(i) above, on
100 pl of Post-Capture Test 2 supernatant. The Post-Capture Test 3 supernatant and
Denatured Beads Test 3 supernatant were harvested. The Post-Capture Test 3
supernatant was purified and eluted in 15 pl of nuclease-free water as described in
Chapter 2, Section 2.7.3.

For all three capture reactions, the same process was carried out for a hybridisation
control reaction. Each 15 pl reaction was run on 1.2 % agarose gel at 120 V for 1 hour and
visualised as described in Chapter 2, Section 2.8.2. The experimental steps are shown in

Figure 4.20.
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Figure 4.20 Process Flowchart of Alu DNA: DNA Hybridisaton Experiment 2.
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4.3.2.3.(iii) Results

After three sequential captures, a visible proportion of the biotinylated Alu DNA probes
remained in the supernatant. There was further evidence of a small amount of human
DNA depletion from the first capture (Lane 4: Denatured Beads Test 1) however no
further depletion was evident from Capture 2 (Lane 8: Denatured Beads Test 2) and
Capture 3 (Lane 12: Denatured Beads Test 3) (Figure 4.21). It was concluded that due to
lack of biotinylation of all Alu DNA probes as well as the potential rapid renaturation

dynamics of the probes, a hybridisation approach using biotinylated Alu RNA probes

would be investigated.
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Figure 4.21 Alu DNA: DNA Hybridisation Experiment 2. Lane 1 = ladder, 2 = Post-Capture
Test 1, 3 = Post-Capture Control 1, 4 = Denatured Beads Test 1, 5 = Denatured Beads
Control 1, 6 = Post-Capture Test 2, 7 = Post-Capture Control 2, 8 = Denatured Beads Test
2,9 = Denatured Beads Control 2, 10 = Post-Capture Test 3, 11 = Post-Capture Control 3,
12 = Denatured Beads Test 3, 13 = Denatured Beads Control 3.
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4.3.3 RNA: DNA hybridisation with Biotinylated Alu RNA Capture Probes
4.3.3.1 T7-Alu DNA Template Preparation and Biotinylated Alu RNA Synthesis

4.3.3.1.(i) Methods

A PCR product can be used as template for in vitro transcription provided that it contains
a double-stranded T7 promoter region upstream of the sequence to be transcribed. A T7-
Alu PCR was carried out to incorporate a T7 sequence into the forward Alu sequence for
subsequent RNA synthesis. The sequence of the forward primer was T7-SIF (5'-
TAATACGACTCACTATAGGGAGACCATCCTGGCTAACACG -3’). The sequence of the reverse
primer was AIR (5- AGACGGAGTCTCGCTCTGTC -3’), as previously described. Primers
were sourced from Eurofins. All other PCR and cycling conditions were maintained as
described in Section 4.3.2.1.(i). A PCR reaction with the normal SIF and AIR primers as
described in Section 4.3.2.1.(i) was prepared as a control. The components and volumes

for the T7-Alu PCR are detailed in Table 4.4.

Table 4.4 T7-Alu PCR - components for one reaction.

Component Volume pl (X1 reaction) Final Concentration in
Reaction
10X PCR Buffer with MgCl; 10 1X
dGTP (10 mM) 3 300 uM
dATP (10 mM) 3 300 uM
dCTP (10 mM) 3 300 uM
dTTP (10 mM) 3 300 uM
Primer T7-S1F (10 uM) 2 0.2 uM
Primer A1F (10 uM) 2 0.2 uM
Nuclease-free water 66.5 -
Template DNA (100 ng) 1 1 ng/uL
Taq DNA Polymerase 0.5 2.5 units
(5 units/pl)
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PCR products were purified using the NEB Monarch PCR purification kit as described in
Chapter 2, Section 2.7.3 and eluted in a volume of 21 pl. Reactions were run on a 2 %
agarose gel at 120 V for 1 hour and visualised as described in Chapter 2, Section 2.8.2.
RNA synthesis was carried out using the HiScribe T7 Quick High Yield RNA Synthesis Kit
(NEB, Ipswich, MA, USA) and Biotin-16-UTP (Roche). The reaction was prepared as
detailed in Table 4.5.

Table 4.5 Biotinylated Alu RNA Synthesis - components for one reaction.

Component Volume pl (X1 reaction) Final Concentration
NTP Buffer Mix 5 5 mM each NTP
Biotin-16-UTP (10 mM) 5 2.5 mM
T7-Alu DNA template 8 50 ng/ul
T7 RNA Polymerase Mix 2 -

The reaction was mixed thoroughly, centrifuged briefly and incubated in a thermal cycler
at 37 °C for 16 hours. After the incubation period, template DNA was removed by adding
30 pl of nuclease-free water and 2 pl of DNase I (RNase-free) (NEB). The reaction was
mixed and incubated at 37 °C for 15 minutes. Synthesised RNA was purified by phenol-
chloroform extraction followed by ethanol precipitation according to the following steps:
the reaction volume was adjusted to 180 pl by adding nuclease-free water after which a
total of 20 pl of 3 M sodium acetate (SIGMA) was added and mixed thoroughly. The 200
ul volume was then added to a heavy phase-lock tube (VWR). Extraction was carried out
by adding an equal volume 1:1 of phenol-chloroform to the mixture followed by two
extraction with chloroform as described in Chapter 2, Section 2.5. The aqueous phase was
collected and transferred to a new tube. RNA was precipitated by adding 2 volumes of
100 % ethanol. The reaction was incubated at -80 °C for 1 hour and the pellet was
collected by centrifugation. The supernatant was removed, and the pellet was rinsed with
500 pl of ice cold 70 % ethanol. The RNA was resuspended in 50 pl 1 X Low TE and stored
at -80 °C until use. The concentration of the purified RNA was measured using a

NanoDrop spectrophotometer (Thermo Fisher Scientific).
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4.3.3.1.(ii) Results

A non-biotinylated Alu element with a T7 sequence was successfully generated by PCR.
Figure 4.22 (A) shows the T7-Alu element in lane 2 and the normal Alu element (no T7
sequence) in lane 3. Alu RNA probes were then generated by transcribing the T7 Alu
forward strand Figure 4.22 (B).
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Figure 4.22 T7-Alu probe generation. (A) T7-Alu probe generation. Lane 1 = ladder, 2 =
T7-Alu DNA element, 3 = normal Alu DNA element. (B) Lane 1 = ladder, 2 = Alu RNA
probe.

4.3.3.2 Alu RNA: DNA Hybridisation Experiment 1

4.3.3.2.(i) Rationale
A control hybridisation experiment was performed to qualitatively assess if bacterial

DNA would bind non-specifically to Alu probes or streptavidin-coated beads.

4.3.3.2.(ii) Methods

Bacterial DNA (L. longbeachae (see Chapter 2, Section 2.4 for further details) was digested
using EcoRI as described in Chapter 2, Section 2.9.1 as required. The reaction was purified
using the NEB Monarch PCR purification kit as described in Chapter 2, Section 2.7.3 and
the concentration was measured by the PicoGreen assay as described in Chapter 2,
Section 2.6.1. A total of 500 ng of bacterial genomic DNA was spiked with 0.5 pg FluC
plasmid (NEB). Two reactions were prepared in 1.5 ml Eppendorf DNA LoBind tubes, a
test hybridisation containing the Alu RNA probes and a no probe control. Bead washing

for RNA applications (see Chapter 2, Section 2.9.4) and hybridisation reactions (see
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Chapter 2, Section 2.9.5) were carried out. Bead capture was carried out as described in
Chapter 2, Section 2.9.6. Purifications were carried out as described in Chapter 2, Section
2.7.3 and gel visualisation on a 1.2 % agarose gel (run for 1 hour at 120 V) was carried
out as described in Chapter 2, Section 2.8.2. The experimental process is illustrated in

Figure 4.23.
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Figure 4.23 Process Flowchart of Alu RNA: DNA Hybridisation Experiment 1.
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4.3.3.2.(iii) Results

A hybridisation test (with biotinylated Alu RNA probes) and a control (no probes) with
size selected L. longbeachae DNA spiked with a FluC plasmid were carried out to test for
non-specific or probe-driven binding of bacterial DNA to the beads. The ‘Denatured Bead
Test’ (lane 4) and ‘Denatured Bead Control’ (lane 5) did not contain evidence of DNA
fragments confirming that there had been not binding of bacterial DNA to the beads
(Figure 4.24).
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Figure 4.24 Alu RNA: DNA Hybridisation Experiment 1. Lane 1 = ladder, 2 = Post-Capture

Test, 3 = Post-Capture Control, 4 = Denatured Bead Test, 5 = Denatured Bead Control.

4.3.3.3 Alu RNA: DNA Hybridisation Experiment 2
4.3.3.3.(i) Rationale

To qualitatively assess the depletion of human DNA fragments from mock material using
biotinylated Alu RNA probes and streptavidin-coated magnetic bead capture. Bacterial

DNA was included as a control.
4.3.3.3.(ii) Methods

Bacterial genomic DNA (L. pneumophila Philadelphia-1) and human genomic DNA were
digested using EcoRI (see Chapter 2, Section 2.9.1) and purified (see Chapter 2, Section
2.7.3).

The following 3 mock samples were prepared:

149



1. 100 % bacterial genomic DNA (L. pneumophila Philadelphia-1)
2. 50 % bacterial genomic DNA (L. pneumophila Philadelphia-1) + 50 % human genomic
DNA

3. 100 % human genomic DNA

Three hybridisation reactions were prepared containing 1 ug each of the digested mock
samples, 0.87 pg of biotinylated Alu RNA probes and 9 pl of nuclease-free water. Bead
washing for RNA applications (see Chapter 2, Section 2.9.4), hybridisation (see Chapter
2, Section 2.9.5) bead capture (see Chapter 2, Section 2.9.6), purification (see Chapter 2,
Section 2.7.3) and gel visualisation on a 1.2 % agarose gel (run for 1 hour at 120 V) (see

Chapter 2, Section 2.8.2) were carried out. The experimental process is shown in Figure

4.25.
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Figure 4.25 Process Flowchart of Alu RNA: DNA Hybridisation Experiment 2.
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4.3.3.3.(iii) Results

Hybridisation experiments were carried out on three tests: 100 % bacterial DNA, a mock
sample composed of 50 % bacterial and 50 % human DNA and 100 % human DNA. In
Figure 4.26, lanes 9 and 10 show evidence of minor depletion of human DNA however
there is also some evidence of non-specific binding of bacterial DNA as can be seen in the

Bacterial Wash (lane 5) and the Bacteria Denatured Beads (lane 8).
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Figure 4.26 Alu RNA: DNA Hybridisation Experiment 2. Lane 1 = marker, 2 = Bacteria
Post-Capture, 3 = Bacteria/Human Post-Capture, 4 = Human Post-Capture, 5 = Bacteria
Wash, 6 = Bacteria/Human Wash, 7 = Human Wash, 8 = Bacteria Denatured Beads, 9 =

Bacteria/Human Denatured Beads, 10 = Human Denatured Beads.

4.3.3.4 Alu RNA: DNA Hybridisation Experiment 3
4.3.3.4.(i) Rationale

To qualitatively assess the depletion of human DNA fragments from digested human
genomic DNA samples using biotinylated Alu RNA probes and streptavidin-coated
magnetic bead capture at two hybridisation time points: 5 minutes and 1 hour. Bacterial

DNA and human DNA without probe were included as controls.
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4.3.3.4.(ii) Methods

Bacterial genomic DNA (L. pneumophila Philadelphia-1) and human genomic DNA were

digested (see Chapter 2, Section 2.9.1) and purified (see Chapter 2, Section 2.7.3).

The following hybridisation tests were prepared with 0.98 pg of biotinylate Alu RNA

probes:

1. 100 % human DNA: hybridisation carried out at 65 °C for 5 minutes.

2. 100 % human DNA: hybridisation carried out at 65 °C for 1 hour.

3. 100 % human DNA (negative control - no probe added): hybridisation carried out 65
°C for 1 hour.

4. 100 % bacterial DNA (bacterial control with probe): hybridisation carried out at 65

°C for 1 hour.

Hybridisation steps were carried out as described in Chapter 2, Section 2.9.5 with the

exception of test 1 where hybridisation was carried out for 5 minutes.

Bead washing (see Chapter 2, Section 2.9.4), bead capture (see Chapter 2, Section 2.9.6),

reaction purification (see Chapter 2, Section 2.7.3) and gel visualisation on a 1.2 %

agarose gel (run for 1 hour at 120 V) were carried out as described in Chapter 2, Section

2.8.2. The experimental process is illustrated in Figure 4.27.
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Figure 4.27 Process flowchart for Alu RNA: DNA Hybridisation Experiment 3.
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4.3.3.4.(iii) Results

Hybridisation experiments were carried out on 100 % human DNA with a hybridisation
step of 5 minutes, 100 % human DNA with a hybridisation time of 1 hour, a control
hybridisation (no probe) with a hybridisation time of 1 hour and a bacterial control
hybridisation (with probe) with a hybridisation time of 1 hour. It was evident from lane
3 (Human DNA Denatured Beads Test 1 [5 minutes]) and lane 5 (Human DNA Denatured
Beads Test 2 [1 hour]) of Figure 4.28 that a small amount of human DNA was depleted
after both 5 minutes and 1 hour hybridisation times. There was no evidence of non-
specific binding of human DNA to beads (lane 7: Hybridisation Control Denatured Beads)
and minor binding of shorter bacterial DNA fragments from the Bacterial DNA Control

(lane 9: Bacterial DNA Control Denatured Beads).
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Figure 4.28 Alu RNA: DNA Hybridisation Experiment 3. Lane 1 =ladder, 2 = Human DNA
Post-Capture Test 1 (5 minute hybridisation), 3 = Human DNA Denatured Beads Test 1
(5 minutes), 4 = Human DNA Post-Capture Test 2 (1 hour hybridisation), 5 = Human DNA
Denatured Beads Test 2 (1 hour), 6 = Hybridisation Control Post-Capture (no probe), 7 =
Hybridisation Control Denatured Beads, 8 = Bacterial DNA Control Post-Capture (with
probe) and 9 = Bacterial DNA Control Denatured Beads.
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4.3.3.5 Alu RNA: DNA Hybridisation Experiment 4 and Sequencing

4.3.3.5.(i) Rationale
Based on the results of Alu RNA hybridisation experiments, hybridisation experiments
were carried out on mock material and three real sputum extracted nucleic acid samples

and the post-capture supernatants were sequenced.

4.3.3.5.(ii) Methods

Bacterial genomic DNA (L. pneumophila Philadelphia-1, L. pneumophila OLDA, L.
longbeachae, S. pneumoniae, H. influenzae and V. dispar) and human genomic DNA was
digested as described in Chapter 2, Section 2.9.1. A mock community was assembled the

components of which are detailed in Table 4.6.

Table 4.6 Mock Community for Alu RNA Hybridisation Experiment 4.

Component Percentage
Human genomic DNA 90 %
L. pneumophila Philadelphia-1 2%
L. pneumophila OLDA 2%
L. longbeachae 2%
S. pneumoniae 2%
H. influenza 2%
V. dispar 2%

Three respiratory samples: 24A, 24Be and S2 (with appropriate ethical permissions)
were sourced from prior projects within the Genomic Medicine Section, NHLI. Samples
were extracted, precipitated and purified as described in Chapter 2, Section 2.5.
Respiratory sample fragment lengths ranged from 4 to 10 kb therefore samples were not
digested. Bead washing (see Chapter 2, Section 2.9.4), hybridisation (see Chapter 2,
Section 2.9.5) and bead capture (see Chapter 2, Section 2.9.6) were carried out.

Hybridisation tests and controls were designed as follows:-

e Mock Community (Control - not depleted)
¢ Mock Community (Hybridisation Control - no probe)

e Mock Community X 1 hybridisation and capture
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e Mock Community X 2 sequential hybridisations and capture
e Mock Community X 3 sequential hybridisations and capture

e Mock Community [llumina library X 1 hybridisation and capture

e 24A (Control - not depleted)
e 24AX 1 hybridisation and capture
e 24AX 2 sequential hybridisations and capture

e 24AX 3 sequential hybridisations and capture

e 24Be (Control - not depleted)
e 24Be X 1 hybridisation and capture
e 24Be X 2 sequential hybridisations and capture

e 24Be X 3 sequential hybridisations and capture

e S2 (Control - not depleted)
e S2 X1 hybridisation and capture
e S2 X2 sequential hybridisations and capture

e S2 X 3 sequential hybridisations and capture

AMPure XP purification was carried out as described in Chapter 2, Section 2.7 on all
harvested supernatants. Libraries were prepared and sequenced as described in Chapter
2, Section 2.10 and using the JetSeq ™ Library Quantification Lo-ROX Kit (see Chapter 2,
Section 2.10.5.2). Sequencing was carried out on an Illumina MiSeq platform. Sequence
data was cleaned and quality filtered as described from Section 2.12.2 to Section 2.12.4,
Chapter 2. Taxonomic classification to determine the proportion of unclassified and
classified reads was carried out using Centrifuge (Version 1.0.3) as described in

Chapter 2, Section 2.13.1.

4.3.3.5.(iii) Results

The depletion of human DNA from a mock community and from DNA extracted from three
sputum samples using the biotinylated Alu RNA probes was investigated. Hybridisation
and capture experiments were carried out for a total of 18 tests. Figures 4.29 to 4.32
detail the proportion of classified (microbial) and unclassified reads, therefore indicating

success or failure of the depletion experiments. The original mock community was
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prepared to contain 90 % human DNA and 10 % microbial DNA. A total of 16.24 % of
reads were classified and 83.75 % of reads were unclassified. This non-depleted mock
was taken forward as the baseline for comparison of the mock tests and controls. The
mock hybridisation control (no probe) contained a classified read proportion of 23.3 %
and 76.7 %. This may be indicatory of re-association dynamics whereby in the absence of
probe, a limited quantity of human DNA reads renatured when compared to bacterial
DNA. The first, second and third sequential mock capture experiments did not show
evidence of human DNA depletion. The same was true for the mock metagenomic
[llumina library where the unclassified and classified proportions were maintained when

compared to the non-depleted mock (Figure 4.29).

100 MOCK COMMUNITY Mock Unclassified | Classified
Not depleted 83.75% 16.24 %
] Control (no probe) 76.7 % 233%
£ 60+ 1 depletion 82.24 % 17.75 %
g w0 2 depletions 82.05 % 17.94 %
3 depletions 85.74 % 14.26 %

0] Metagenomic Illumina
83.4 % 16.56 %
0- library

- -
o < C
< e\° V“O mmm Unclassified
Depletion Method mmm Classified

Figure 4.29 Mock Community: Pre- and post-capture classified and unclassified reads.

(Mock community composition is detailed in Table 4.6 above).

The non-depleted 24A sample was demonstrated to represent a total of 93.45 %
unclassified and 6.54 % classified reads. After the first depletion a total of 16.25 % of
reads were classified however the number began to decrease for each subsequent

depletion (Figure 4.30).
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Reads (%)

mmm  Unclassified
mmm Classified

Depletion Method

24A Unclassified | Classified
Not depleted 93.45 % 6.54 %
1 depletion 83.75% 16.25%
2 depletions 85.63 % 14.37 %
3 depletions 87.51 % 12.48 %

Figure 4.30 Sample 24A: Pre- and post-capture classified and unclassified reads.

Similarly, the non-depleted 24Be sample was demonstrated to represent a total of 93.35

% unclassified and 6.64 % classified reads. After the first depletion a total of 15.27 % of

reads were classifiable however the number began to decrease for each subsequent

depletion (Figure 4.31).
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Not depleted 93.35 % 6.64 %
1 depletion 84.72 % 15.27 %
2 depletions 88.15 % 11.85%
3 depletions 90.55 % 9.44 %
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Figure 4.31 Sample 24Be: Pre- and post-capture classified and unclassified reads.
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Sample S2 again showed a similar dynamic with 9.40 % of reads classified in the non-
depleted sample, 12.78 % of reads classified after the first depletion and the number of

classifiable reads for depletion 2 and 3 decreasing thereafter (Figure 4.32).
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Figure 4.32 Sample S2: Pre- and post-capture classified and unclassified reads.

4.3.4 Investigating the Depletion of Human DNA from Illumina Metagenomic

Libraries

4.3.4.1 Rationale

Owing to the lack of or minor depletion of human DNA from samples sequenced in the
previous experiment, it was hypothesised that the size of the genomic DNA fragments
was hindering successful capture. Metagenomic Illumina libraries were therefore
prepared and capture experiments carried out using the Cot-1 DNA and Alu RNA
approaches as previously described above in addition to a single cycle Alu PCR approach

to incorporate biotin.

4.3.4.2 Methods

A total of 7 metagenomic libraries were prepared from an undigested mock community
(for mock community composition please see Table 4.6), 4 libraries were prepared from
sample 24A and 4 libraries were prepared from sample 24Be as described from Section

2.10.1 to 2.10.2 Chapter 2.
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Three depletion methods were carried out on the libraries after the post-amplification

purification:
1. depletion with biotinylated Cot-1 DNA probes.
2. depletion with biotinylated Alu RNA probes.
3. depletion by a single cycle Alu PCR (94 °C for 5 minutes, 59 °C for 45 seconds and

68 °C for 1 minute) to incorporate biotin-16-dUTP.

Hybridisation tests and controls were designed as follows:-

Mock Community: Control - not depleted

Mock Community: depletion with biotinylated Cot-1

Mock Community: hybridisation control for Cot-1 reaction - no probe added
Mock Community: depletion with biotinylated Alu RNA probes

Mock Community: hybridisation control for Alu reaction - no probe added
Mock Community: depletion with single cycle Alu PCR

Mock Community: hybridisation control for single cycle Alu — no primers/biotin

added

24A: Control - not depleted

24A: depletion with biotinylated Cot-1

24A: depletion with biotinylated Alu RNA probes
24A: depletion with single cycle Alu PCR

24Be: Control - not depleted

24Be: depletion with biotinylated Cot-1

24Be: depletion with biotinylated Alu RNA probes
24Be: depletion with single cycle Alu PCR

Bead washing (see Chapter 2, Section 2.9.4), hybridisation (see Chapter 2, Section 2.9.5)

and bead capture (see Chapter 2, Section 2.9.6) were carried out. Libraries were purified

again (see Chapter 2, Section 2.10.2) then pooled and quantified (see Chapter 2, Section

2.10.5.2). The quality and fragment size of the pooled library was analysed (see Chapter

2, Section 2.10.6) and sequenced was carried out (see Chapter 2, Section 2.10.7).

Sequence data was cleaned and quality filtered (see Sections 2.12.2 to 2.12.4, Chapter 2).
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Taxonomic classification to determine the proportion of unclassified and classified reads,
was carried out using Centrifuge (Version 1.0.3) as described in Chapter 2, Section

2.13.1.

4.3.4.3 Results

The depletion of human DNA from [llumina metagenomic libraries was investigated for a
mock community and two sputum samples using biotinylated Cot-1 DNA probes,
biotinylated Alu RNA probes and a single cycle Alu PCR with biotin. Hybridisation and
capture experiments were carried out for a total of 15 libraries. The proportion of
classified (microbial) and unclassified reads indicated the success or failure of the
depletion experiments when compared with the non-depleted control. There was no
evidence of depletion from the Illumina libraries for the mock community (Figure 4.33),
sample 24A (Figure 4.34) and sample 24Be (Figure 4.35), with unclassified and
classified reads from depletion tests representing similar proportions to the Not depleted

sample in each case.

MOCK COMMUNITY ILLUMINA LIBRARIES Mock Unclassified Classified
. . . . . . . Not depleted 8191 % 18.06 %
Cot-1 depletion 82.7 % 17.30 %
Cot-1 control (no probe) 83.15% 16.84 %
Alu RNA depletion 81.74 % 18.26 %
Alu RNA control (no

82.3 % 17.7 %

probe)
& & & & & Alu PCR depletion 813 % 18.69 %

& < N & ¢

(,o“\' \\)%\*v \\;2& Alu PCR control (no 81.49 o 18.51 %
? 49 % S51%

Depletion Method s Unclassified probe)

mmm Classified

Figure 4.33 Mock Community [llumina Libraries: Pre- and post-capture classified and

unclassified reads.
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Reads (%)

Reads (%)

24A ILLUMINA LIBRARIES

24A Unclassified Classified
Not depleted 93.09 % 6.9 %
Cot-1 depletion 94.61 % 5.38%
Alu RNA
94.34 % 5.66 %
depletion
Alu PCR
92.2 % 7.8 %
depletion

Depletion Method mmm Unclassified
mmm Classified

Figure 4.34 Sample 24A Illumina Libraries:

unclassified reads.

24Be ILLUMINA LIBRARIES
I s D

Depletion Method mmm Unclassified
mmm Classified

Figure 4.35 Sample 24Be [llumina Libraries: Pre- and post-capture classified and

unclassified reads.

Pre- and post-capture classified and

24Be Unclassified Classified
Not depleted 92.68 % 732 %
Cot-1 depletion 94.37 % 5.62 %
Alu RNA depletion 92.32 % 7.68 %
Alu PCR depletion 94.31 % 5.69 %
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4.3.5 Investigating the Depletion of Human DNA from an Oxford Nanopore Library

4.3.5.1 Rationale

To investigate the depletion of human DNA from a sputum sample with fragment lengths
of 1.5 to 2 kb using a single cycle Alu PCR approach. Owing to the failure of previous
experiments, decreasing fragment lengths to below 2 kb could allow bead binding
without steric interference and allow Alu oligos to incorporate biotin into the forward
and reverse strands of a sufficient number of fragments enabling efficient depletion of

human DNA from a sequencing library.

4.3.5.2 Methods

4.3.5.2.(i) Step 1 - Shearing, Repair and PCR Adapter Ligation

A single cycle Alu PCR was investigated for the depletion of human DNA fragments from
an Oxford Nanopore library using a modified version of the protocol for low input
genomic DNA (PCR-based) for the 1D SQK-LSK108 kit (Oxford Nanopore Technologies).
A total of 4 pg of sample 24A was sheared to between 1.5 - 2 kb fragments with a Covaris
microtube using a Covaris M220 Focused Ultrasonicator. The sample was divided into
two 2 pg aliquots: 2 pg for a depletion test and 2 pg for a not depleted control. For the test
and control sample, FFPE (Formalin-fixed paraffin-embedded) DNA repair was carried
out as described in Chapter 2, Section 2.14.2 with end-repair and PCR adapter ligation
carried out as described in Chapter 2, Sections 2.14.3 and 2.14.4, respectively. The control
(non-depleted) reaction was stored in a 1.5 mL Eppendorf DNA LoBind tube at 4 °C and

the test (depleted) reaction was taken forward to Step 2.

4.3.5.2.(ii) Step 2- Single Cycle Alu PCR

A single cycle Alu PCR reaction was carried out on the test sample to incorporate biotin
into the human DNA Alu elements. The PCR adapter-ligated test was added to a 0.2 ml
PCR tube along with PCR reagents as detailed in Table 4.7.
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Table 4.7 Single Cycle Alu PCR Reaction for biotin incorporation into an ONT Library.

Components for one reaction.

Component Volume pl (X 1 reaction) Final Concentration in
Reaction
10X PCR Buffer with MgCl; 10 1X
dGTP (10 mM) 3 300 uM
dCTP (10 mM) 3 300 uM
dATP (10 mM) 3 300 uM
dTTP (10 mM) 2.1 210 uyM
Biotin-16-dUTP (1 mM) 9 90 uM
Forward Primer (S1-F) (10 uM) 3 0.3 uM
Reverse Primer (A1-F) (10 uM) 3 0.3 uM
Adapter-ligated DNA 40 23.4 ng/pl
Nuclease-free water 234 -
Taq DNA Polymerase 0.5 (5 units/pl) 2.5 units

Thermal cycling was carried out under the following conditions: denaturation at 94 °C for
5 minutes, annealing at 59 °C for 45 seconds and extension at 68 °C for 45 seconds
followed by a cool down to 4 °C. The reaction was purified with 100 pl of AMPure XP
beads to remove free biotin as described in Chapter 2, Section 2.14.1. Purified DNA was

eluted in 31 ul of nuclease-free water.

4.3.5.2.(iii) Step 3- Bead Capture

For bead capture, a 50 pl aliquot of resuspended Streptavidin-coated MyOne beads
(Invitrogen) was transferred to a clean 1.5 ml Eppendorf tube. A total of 200 pl of
SureSelect Binding Buffer (Agilent) was added to the beads and mixed by pipetting. The
tube was incubated on a magnetic stand at room temperature until the beads had
pelleted. The supernatant was removed and discarded. This was repeated for a total of 3
washes. Beads were resuspended in 200 pl of SureSelect Binding Buffer and the 30 pl
purified test reaction was added. The solution was mixed by pipetting up and down. The

tube was incubated at room temperature, mixing vigorously (1,400 rpm) for 30 minutes.
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The tube was centrifuged briefly, placed on a magnetic stand and beads allowed to pellet.
The supernatant (230 pl) was harvested and stored in a clean Eppendorf. The
supernatant was purified using 230 pl of AMPure XP beads with purification carried out
as previously described (Chapter 2, Section 2.14.1). The purified DNA was eluted in 31 pl

of nuclease-free water and stored in a clean 1.5 ml Eppendorf LoBind tube.

4.3.5.2.(iv) Step 4 - Long PCR Amplification
The concentrations of the test (depleted) sample and control (not depleted) sample were
measured using the Qubit BR assay as described in Chapter 2, Section 2.6.2. A PCR

amplification step was carried out on the test sample and the control sample as follows:-

DNA Long Amplification: Test Sample

Component Volume pl (X 1 reaction)
Template DNA (70 ng) 30
PRM (ONT SQK-LSK108 kit) 20
2X LongAMP Taq (NEB) 40
Nuclease-free water 18

DNA Long Amplification: Control Sample

Component Volume pl (X 1 reaction)
Template DNA (93.6 ng) 1
PRM (ONT SQK-LSK108 kit) 20
2X LongAMP Taq (NEB) 40
Nuclease-free water 47

The following cycling conditions were used for amplification:

Initial denatures at 95 °C for 3 minutes, 18 cycles of 98 °C for 20 seconds, 62 °C for 15
seconds and 65 °C for 3 minutes followed by a final extension of 65 °C for 3 minutes.
Reactions were then cooled to 4 °C and then purified using 100 pl AMPure XP beads for
each reaction as described previously (Chapter 2, Section 2.14.1). Purified DNA was
eluted in 46 pl of nuclease-free water and stored in Eppendorf tubes and concentrations

were measured using the Qubit BR assay as described in Chapter 2, Section 2.6.2. As total
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yield was greater than 500 ng for both reactions no additional PCR reactions were

required as sufficient template had been generated for subsequent sequencing.

4.3.5.2.(v) Step 5 - End-repair, Sequencing Adapter Ligation and Sequencing

Post-PCR end-repair was carried out as described in Chapter 2, Section 2.14.5 and
purified (Chapter 2, Section 2.14.1). Purified DNA was eluted in 31 pl of nuclease-free
water. Sequencing adapter ligation and final library purification was carried out as
described in Chapter 2, Section 2.14.5. Sequencing of the depletion test and control was
carried out as described in Chapter 2, Section 2.14.6. First the test library was prepared,
and the flow cell primed. A 1-hour experiment was initiated using ONT MinKNOW
(Version 3.0.0) software on an ONT MinIT device (ONT-MinlIT release Version 18.09.1).
Once the run had completed, the flow cell was washed with 150 pl of Solution A (ONT
Flow Cell wash kit) incubated for 10 minutes followed by 150 pl of Solution B (ONT Flow
Cell wash kit). The flow cell was again primed as described in Chapter 2, Section 2.14.6
and 75 pl of the control (not depleted) library was added to the flow cell via the SpotON
port. Again, a 1-hour experiment was initiated using the ONT MinKNOW software on an

ONT Minit device.

4.3.5.2.(vi) Step 6 - Data Analysis

Test and control data was basecalled with Guppy (Version 1.8.5) on the ONT Minit device
using standard parameters and a gq-score passing filter of 7. See Appendix Section 9.1.19
for the full code.

Only reads that passed a gscore of > 7 were brought forward for further analysis. Base
called and quality filtered FASTQ files for each experiment were concatenated into a
single file and taxonomic classification using Centrifuge (Version 1.0.3) (Kim et al,
2016) was carried out as described in Chapter 2, Section 2.13.1 using the -U parameter

for unpaired reads.

4.3.5.3 Results

The depletion of human DNA from an Oxford Nanopore metagenomic library was
investigated for sample 24A using a single cycle Alu PCR with biotin. A not depleted 24A
library was also sequenced. The proportion of classified (microbial) and unclassified

reads indicated the success or failure of the depletion experiments when compared with
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the not-depleted control. There was no evidence of depletion from the Oxford Nanopore

library for sample 24A (Figure 4.36) with the proportion of unclassified reads for the

depletion test exceeding that of the not-depleted sample.

24A OXFORD NANOPORE LIBRARIES
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S
2]
©
©
Q
T 40
20
0
Q Q
&bz QQQ/
<~ &L
v\\)

Depletion Method

24A Unclassified Classified
Not depleted 86.81% 13.17%
Alu PCR
89.48% 10.51%
depletion

mmm Unclassified
mmm Classified

Figure 4.36 Sample 24A Oxford Nanopore Libraries: Pre-and post-capture classified and

unclassified reads.

166



4.4 Discussion

This aim of this chapter was to investigate the development of methods for the depletion
of human DNA by targeting repetitive elements in the human genome. This was carried
out on mock samples, real samples and sequencing libraries using biotinylated Cot-1 DNA
probes, biotinylated Alu DNA probes, biotinylated Alu RNA probes and a single cycle Alu
PCR to incorporate biotin. While there was some qualitative evidence of human DNA
depletion on the agarose gels after Alu RNA hybridisation with digested genomic DNA
and capture, there was no evidence of depletion or minor depletion when samples were
then sequenced.

Cot-1 DNA is commonly used as a human DNA repeat suppressor in filter, microarray and
in-situ hybridisation reactions. It was hypothesised in the current study that biotinylated
Cot-1 DNA would hybridise with repeat elements of human DNA in a mock sample
resulting in capture of human DNA fragments with the intact microbial component only
remaining in the post-capture supernatant.

Firstly, fragments less than 100 base pairs were removed from the Cot-1 in order to
reduce non-specific binding to the microbial component (the target for sequencing) of
the sample from which the human host DNA was being depleted. Biotinylation was
carried out using a biotin-16-dUTP as a substrate to replace 33 % of dTTPs. A 16-atom
linker arm was chosen as the association between biotin and streptavidin improves with
an increase in arm length even though short linker arms are better DNA substrates. After
hybridisation, bead capture and quantification of human DNA in test experiments, there
was little evidence to suggest that human DNA was being removed from the samples by
the biotinylated Cot-1 probes.

Similarly, in the case of Alu DNA probes, there was limited evidence of human DNA
depletion. The hypothesis here is that DNA probes rapidly renatured after denaturation,
reducing the availability of probes for hybridisation with the test DNA. Additionally, a
proportion of Alu DNA probes remained in the supernatant post-capture indicating
unsuccessful biotinylation of all probe material.

The use of Alu RNA probes provided greater evidence that a small amount of human DNA
was being depleted from the mock and real samples. Single stranded RNA probes are not
complementary, being transcribed from one strand only, and therefore will not
preferentially hybridise to each other. In addition, RNA: DNA hybrids are more stable
than DNA: DNA. This stability is owed to the minor groove of DNA: RNA hybrids which
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demonstrate more kinetically significant hydration than the DNA: DNA hybrids. This can
be attributed to the hydroxyl groups in RNA which demonstrate a hydrophilic lining
(Lesnik et al, 1995, Gyi et al, 1998). Upon sequencing test and control samples, whilst
approximately a further 10 % of reads were classifiable after the first depletion for
samples 24A and 24Be, it is likely that the genomic material began to renature with itself
rather than biotinylated RNA probes during the second and third hybridisation reactions.
In the case of sample S2, approximately 3 % more reads were classifiable after the first
depletion however no further reads were classifiable from the mock sample after the first
depletion when compared to the non-depleted mock sample.

Interestingly the hybridisation control for the mock community showed a greater
proportion of classifiable reads compared to the non-depleted mock and the sequentially
depleted samples. It is uncertain here if this is as a result of a technical issue during the
hybridisation procedure or the re-association dynamics of DNA in the absence of a probe.
As well as the possibility that the probe did not bind adequately to the test genomic DNA,
itis hypothesised that when hybridisation between the probe and test DNA did occur that
steric hindrance reduced the ability of biotin to bind to the streptavidin molecules.
Binding efficiency may decrease with longer DNA fragments. Owing to this factor, the
biotinylated Cot-1 DNA, Alu RNA and a single cycle Alu PCR with biotin were tested on
metagenomic libraries for the mock community and samples 24A and 24Be. There was
no evidence of depletion in any test. In the case of the Cot-1 DNA this again may be again
due to rapidly reannealing elements. In the case of Alu RNA hybridisation it may be due
to their spacing in the genome as they are reported to occur approximately every 3 kb on
average and the [llumina library fragments were 300 base pairs or less in length.

Sample 24A was sheared to fragment sizes of between 1.5 and 2 kb and Oxford Nanopore
libraries were prepared to test the depletion of human DNA using the single cycle Alu PCR
with biotin. The hypothesis here was that the fragment lengths were short enough so that
steric hindrance was less likely to occur during bead capture however were of a sufficient
length to allow primers to anneal to full or partial Alu elements. In addition, the Alu PCR
would incorporate biotin into both forward and reverse strands under optimised PCR
conditions. There was again lack of evidence for human DNA depletion in this case.

Due to the failure or insufficient depletion of human DNA from mock and real samples
using a large number of strategies as detailed above, a targeted capture approach for the

enrichment of Legionella pneumophila genomes was investigated in the next chapter.
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Chapter 5.
A Pilot Study for the Direct Targeted Capture of

Legionella pneumophila Genomes
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5.1 Introduction

The rapid identification of pathogens is essential for the clinical management of patients
and source tracking. Whilst first-line diagnostics provide an indication of pathogen
presence or absence, the “gold standard” for diagnosis of bacterial infections is culture.
In the case of L. pneumophila, epidemiological typing, based on a traditional 7-loci scheme
(Gaia et al, 2005, Ratzow et al, 2007, Mentasti et al,, 2014) is carried out on an isolate or
directly from the nucleic acid extract in situations where an isolate does not grow
(Coscolla et al,, 2009). This is essential for the investigation of clusters and outbreaks
and the linkage of epidemiologically related cases. The traditional approach however is
currently not proving to be discriminatory enough as a few common sequence types are
being identified as being the cause of the majority of Legionella cases (Borchardt et al,
2008, Harrison et al,, 2009, Tijet et al,, 2010, David et al, 2016[b]). Additionally, it is often
not possible to obtain allele numbers by direct nested SBT from culture negative cases
and assessment of diversity from cultured isolates is biased towards individual colony
picks. Next generation sequencing of whole bacterial genomes isolated by culture is now
being implemented as a routine methodology in some public health reference
laboratories (PHE, 2018). Bacterial whole genomes provide high resolution data over
traditional gene typing methods. Due to the proliferation of whole genome sequencing
technologies and similarity of costs with sequence-based typing (SBT), a number of
whole/core genome MLST schemes have been proposed for L. pneumophila (Moran-Gilad
et al, 2015, Qin et al, 2016). However, bacterial isolation is not always achievable for a
number of reasons, as reviewed in Chapter 1, Section 1.7.3. Ideally, direct metagenomic
sequencing from a sample of interest would allow the rapid sequencing of L. pneumophila
genomes however the pathogen-to-other nucleic acid content is usually extremely low,
as addressed in previous studies (Doughty et al, 2014, Pendleton et al, 2017) and data
generated in Chapter 3 of this thesis. To overcome these limitations, the use of a targeted
hybridisation-based capture approach may allow L. pneumophila whole genome
reconstruction directly from diagnostic positive clinical or environmental samples.

Agilent Technologies developed, originally for the capture of whole human exomes
(Gnirke et al, 2009), an in-solution target capture system (SureSelect™) based on the
hybridisation of genomic fragments to biotinylated probes. The system requires the

design and synthesis of biotinylated RNA “baits”, 120-mer in size that are complementary
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to the genomic regions of interest. Baits are designed in a tiling fashion to ensure a
consistent bait density per genomic region. After nucleic acid extraction from samples of
interest, libraries are prepared, indexed and hybridised with the RNA baits. After capture,
unbound fragments are removed by a washing step. PCR amplification is carried out to
enrich the captured fragments and enriched libraries are then ready to be sequenced on
a Next-Generation Sequencing platform.

The Agilent SureSelect™ approach has been successfully applied in previous studies for
the capture of difficult-to-grow, slow-growing and non-cultivable bacterial species as
summarised in Table 5.1. These prior studies demonstrated that the approach
significantly reduced time-to-results for antibiotic resistance detection, allowed the
application of typing systems to strains from difficult to culture and uncultivable samples
and exposed a level of previously unrecognised strain heterogeneity in some cases.

In the case of L. pneumophila, the slow growth or lack of growth of the bacteria may hinder
the prompt identification of a sequence type. The primary aim of the current chapter
therefore was to conduct a pilot study investigating the use of the Agilent SureSelect™
target capture approach for the enrichment of L. pneumophila whole genomes directly
from clinical and environmental samples containing known and unknown L. pneumophila

sequence types and other Legionella species.
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Table 5.1 Studies that have used Agilent SureSelect Targeted Capture to Enrich and Sequence Bacterial Pathogens.

Bacterial Clinical Manifestation of
. . ”
Pathogen Infection Sample Types Tested Probe Design Why is targeted capture useful here? Reference
Chlamydia Vaginal & Urinal: 9 isolates and 10 74 completed reference L(.m.] numbers of path.ogen.s in clinical samples Christiansen
. Trachoma : . o Difficult to grow (obligate intracellular
trachomatis diagnostic positive samples genomes etal, 2014
pathogen)
Neisseria Invasive meningococcal disease Blood & CSF: 10 diagnostic positive 77 complete reference Difficult to grow (early antibiotic Clark et al,, 2017

meningitidis

samples and 10 matching isolates

genomes and 2,898 drafts

administration)

Sputum: 24 smear-positive specimens and

Long culture step

My cobacte'rzum Tuberculosis 24 matching 1'sc?lates, . 1 complete reference genome  Extended in vitro culturing can introduce Brown et al,, 2015
tuberculosis 10 smear-positive samples that failed to :
genome mutations
grow culture
%ﬁiﬁzgsgum Tuberculosis Sputum: 1 smear-positive sample 1 complete reference genome  Long culture step Nimmo et al.,, 2017
Chlamydla' Trachoma Con.]lllnctlval §wabs: 118 dllagnostlc 1 complete reference genome Difficult to grow (obligate intracellular Last et al, 2018
trachomatis positive specimens and 8 isolates pathogen)
Mycobacterium Sputum: 43 diagnostic positive specimens 1 complete reference genome  Long culture step
4 ; Tuberculosis p : & p p - Reduced bait set for Extended in vitro culturing can introduce Doyle etal, 2018
tuberculosis and 43 matched isolates : :
resistance genes genome mutations
Long culture step
Mycobacterium . Sputum: 39 diagnostic positive specimens Viable but non-culturable bacteria .
tuberculosis Tuberculosis and 39 matched isolates 1 complete reference genome Extended in-vitro culturing can introduce Nimmo et al, 2018
genome mutations
Treponema Oropharyngeal, Tongue, Vaginal, Penile, 1 complete reference senome
pallidum subsp. Syphilis Scrotal CSF, Placental, Blood: 35 diagnostic . . P § Unculturable in vitro Pinto et al, 2016
. i . (in vivo culture)
pallidum positive specimens
HaemoP hilus Chancroid Cutaneous. 1e510ns': 72 diagnostic positive 1 complete reference genome  Difficult to culture Marks et al.,, 2018
ducreyi and negative specimens
Cattle: sporadic bovine
. encephalomyehtl's' Urogenital Tract, Ocular, Rectal, Joint, Difficult to culture
Chlamydia Sheep: polyarthritis and ; . . s : - . . Bachmann et al,
. o Brain: 9 diagnostic positive specimens and 1 complete reference genome  Extended in vitro culturing can introduce
pecorum conjunctivitis . . 2015
. 1 isolate genome mutations
Koala: ocular and urogenital tract
diseases
Mycobacterium Hanseniasis (leprosy) Skln.Blopsy: 10 diagnostic positive Not specified Unculturable in vitro Lavania et al.,
leprae specimens and 1 reference control 2018
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5.2 Aims and Objectives

1. L. pneumophila capture and sequencing:

d.

Design RNA baits based on a database of completed L. pneumophila genomes.

b. Perform targeted capture and sequencing from known Legionella positive

clinical and environmental specimens, a dilution series with known copy
numbers of L. pneumophila to determine analytical cut-offs and a mock
community containing two L. pneumophila sequence types and one other

Legionella species.

2. Evaluation of the target capture approach:

a.

Determine the number of sequenced reads before and after quality control
and in silico human DNA read removal.
Examine the sequence coverage across target regions.
Determine the proportion of reads that map to the intended target.
Examine the mean depth of coverage across target regions.
Investigate the taxonomic composition of on- and off-target reads.
Typeability:
i.  Determine if a L. pneumophila sequence type (ST) based on the
traditional 7-loci scheme can be assigned to captured reads.
ii. Investigate the typeability of 50 core L. pneumophila genes in

captured samples based on the newly proposed MLST scheme.

3. Mixed L. pneumophila Sequence Type Analysis

a.

Determine if samples contain a mixture of L. pneumophila sequence types or

if a single strain or closely-related strains can be predicted from capture data.

4. L. pneumophila Genome Assembly

Assemble draft L. pneumophila genomes.
Investigate genome completeness and levels of contamination.
Carry out a mixed Legionella species analysis based on conserved single copy

marker genes.
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5.3 Methods

5.3.1 Clinical and Environmental Specimens

A total of 10 sputum specimens from 10 individuals and 9 water specimens from 9
environmental sources received at Public Health England (PHE) were obtained for the
pilot study. Details regarding the clinical specimens are outlined in Table 5.2 and the
environmental specimens in Table 5.3. Ethical approval was granted from the Research
Ethics Committee (REC) as described in Chapter 2, Section 2.3 for the sequencing and
analysis of the clinical specimens. Sputum samples were previously confirmed positive
by the RVPBRU team at PHE for L. pneumophila by urinary antigen testing, isolation, qPCR
or a combination of these techniques. Water samples were previously confirmed positive
by the Food, Water and Environmental group at PHE for the presence of L. pneumophila
and/or a Legionella species by culture and qPCR. Legionella abundance was determined
semi-quantitatively by an in-house 16S rRNA gene sequencing pipeline (Chapter 2,
Section 2.15) and assigned a low or high abundance status. As clinical and environmental
samples were sourced from different labs, methods of detection implemented do differ

therefore influencing the available data for each group.
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Table 5.2 Clinical Specimens for Target Capture Pilot Study.

Legionella
Date Lp abundance
Specimen Lp Lp qPCR
Sample ID Received Urinary Serogroup* Sequence Type* (16S rRNA
Type Culture* (mip)*
PHE Antigen* gene
Analysis)
-, Lp SG1
H1 Sputum 08/09/2016  Positive Isolated 1 ST47 Low
detected
H2 Sputum 21/10/2016  Positive Isolated LpSG1 1 ST 37 Lo
putu v detected W
-, Lp SG1
H3 Sputum 05/01/2016  Positive Isolated 1 ST 1694 Low
detected
Lp (non-
H4 Sputum 19/09/2016  Positive Isolated SG1) 6 ST 81 Low
detected
Direct SBT yielded
partial allele profile
H5 Sputum  23/08/2016  Positive Not LpSG1 1 (2,0,0,10,9,4,28) Low
Isolated detected ; .
consistent with ST
616
-, Lp SG1 ST2287 .
Hé6 Sputum 16/09/2016  Positive Isolated detected 1 (6,10,14,10,21,3,9) High
. Not Lp SG1
H7 Sputum 12/08/2016  Positive Isolated detected 1 Not Tested Low
H8 Sputum 11/10/2016 Not Isolated Lp SG1 1 ST 445 High
Tested
detected
ST 1 from another
H9 Sputum 10/10/2016  Positive Isolated Lp SG1 1 sample (same High
detected patient)
H10 Sputum 20/10/2016  Positive Isolated Lp SG1 1 ST 616 Low
detected

Lp = Legionella pneumophila, SG1 = serogroup 1, ST = sequence type, mip = macrophage infectivity potentiator gene, *carried out by
RVPBRU team at PHE

Table 5.3 Environmental (Water) Specimens for Target Capture Pilot Study.

Legionella species identified by

Sample ID Specimen Type Culture result (CFU/L)* qPCR*
E1 Shower >3,000 Legionella spp. & LpSG1
E2 Pool 700 Lp SG1
E3 Alethium Spa Side 280 Legionella spp.
E4 Cold Tap 380 Legionella spp.
E5 Hot water system >3,000 Lp SG1
E6 Hot water system >2,000 Lp SG1
E7 Cold water system >3,000 Lp SG1
E8 Cold water system >3,000 Lp SG1
E9 Cold water system >3,000 Lp SG1

CFU = colony forming units, Lp = Legionella pneumophila, SG1 = serogroup 1, spp = species, *carried out by FW&E team at PHE
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5.3.2 Phenol-Chloroform Extraction

Clinical and environmental samples were processed and transferred to lysis matrix tubes
containing lysis buffer. Samples were then bead beaten and nucleic acid was extracted
by the Phenol-Chloroform method. Nucleic acid was precipitated and purified. All
processing, extraction and purification steps are described in Chapter 2, Section 2.5. DNA

concentration was measured by PicoGreen assay as described in Chapter 2, Section 2.6.1.

5.3.3 Preparation of Dilution Series and Mock Community

The following genomic material was used in the preparation of the dilution series and
mock community: human genomic DNA, L. pneumophila Philadelphia-1, L. pneumophila
France 5811, L. longbeachae, S. pneumoniae, H. influenzae and V. dispar. The strain
designations, sources and ethical considerations regarding the genomic material are
detailed in Chapter 2, Section 2.4. The dilution series contained human genomic DNA
spiked with a defined copy number of L. pneumophila Philadelphia-1 as outlined in Table

5.4. The composition of the mock community is described in Table 5.5.

Table 5.4 Composition of the Dilution Series.

Dilution ID Composition L. pneumophila
Copy Number
D1 1X 109
D2 Human genomic DNA 1X10°
L. pneumophila
D3 Philadelphia-1 (ST36) 1X10%
D4 1X103

Table 5.5 Composition of the Mock Community.

Mock Community Components Composition (%)
Human Genomic DNA 90
L. pneumophila Phil-1 (ST36) 2
L. pneumophila OLDA (ST1) 2
L. longbeachae 2
S. pneumoniae 2
H. influenzae 2
V. dispar 2
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5.3.4 Target Capture for Legionella pneumophila

Database preparation (see Chapter 2, Section 2.11.1), bait design (Chapter 2, Section
2.11.2), library preparation and hybridisation capture (Chapter 2, Section 2.11.3) and
sequencing (Chapter 2, Section 2.11.4) were carried out. Post-capture libraries were

sequenced twice, and data from the two runs combined.

5.3.5 Target Capture Data Analysis

5.3.5.1 Data Cleaning and Quality Control

Sequenced reads were demultiplexed into individual libraries as described in Chapter 2,
Section 2.12.1.

All data cleaning and quality control steps (adapter trimming for removal of the Illumina
Universal adapter sequence, quality filtering, PhiX removal and human DNA removal)
were carried out as described from Section 2.12.2 to Section 2.12.5, Chapter 2. Read
numbers before and after quality control and after human DNA removal for pre- and post-

targeted capture were investigated.

5.3.5.2 Sequence Alignment with Legionella Reference Genomes

Sequenced reads from the captured data were aligned against a completed reference
sequence of the same sequence type. If no known ST-specific reference genome was
available, samples were analysed against a database of completed Legionella genomes
using KmerID (Version 0.1) (Schaefer, 2014) for identification of the closest related
genome (see Appendix Section 9.5 for full list of genomes). Sequence alignment was
carried out using Bowtie2 (Version 2.3.2) (Langmead et al, 2012) with default
sensitivity parameters and the --no-unal option to suppress SAM records for reads
that failed to align. The SAM file was converted to BAM and sorted using picard (Version
2.12.1) (Picard Toolkit, 2019). Duplicates were marked and removed using picard
(Version 2.12.1) (Picard Toolkit, 2019). Metrics for mean depth of coverage, percentage
of reads mapping to the reference sequence and total percentage of reference genome
covered were generated for samples before and after duplicate removal using the
pileup script from BBTools (Version 37.38) (Bushnell, 2014). See Appendix Section

9.1.12 for alignment analysis code.
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5.3.5.3 In silico Sequence-Based Typing for L. pneumophila

In silico sequence-based typing (SBT) analysis based on the traditional ESGLI L.
pneumophila scheme (Gaia et al, 2005, Ratzow et al, 2007, Mentasti et al, 2014) was
carried out using the ESGLI database (http://www.hpa-
bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php) and SRST2
(Inouye et al, 2014) on the captured data to determine if a partial or full sequence type

could be generated. The analysis method is described in Chapter 2, Section 2.13.2.

5.3.5.4 Identification of 50-Core Genes for MLST

An investigation of gene presence/absence of 50 core genes pertinent to the multi-locus
sequence-based typing scheme as defined by David et al, 2016(b) was carried out.
Captured data was aligned to the coding sequences of the L. pneumophila Philadelphia-1
reference genome. The coding sequence file for L. pneumophila Philadelphia-1
(https://www.ncbi.nlm.nih.gov/genome/416?genome_assembly_id=300116) was used
as a gene database. Sample reads were mapped to the gene database using SRST2
(Version 0.2.0) (Inouye et al, 2014). The presence or absence of the 50 genes was

reported. See Appendix Section 9.1.13 for the full code.

5.3.5.5 Taxonomic Classification
Taxonomic classification of captured data was carried out using Centrifuge (Version
1.0.3) (Kim et al, 2016) and species assignments were extracted from the output as

described in Chapter 2, Section 2.13.1.

5.3.6 Analysis for Mixed L. pneumophila Sequence Types: Strain Estimation

Analysis from Reads

Strain-level analysis using the StrainEst program (Version 1.2.2) (Albanese et al,
2017) was carried out to determine if a L. pneumophila strain could be predicted from
capture data based on core genome single nucleotide polymorphisms (SNPs) by
alignment to a database of L. pneumophila genomes (see Appendix Section 9.3 for the full
list of genomes). Preparation of database, SNP matrix and strain estimation methods are
described in Chapter 2, Section 2.13.3. In cases where a strain was not identified at an

identity threshold of 99 %, the identity threshold was decreased incrementally (98 %, 97
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%, 96 %) until a sequence type was predicted. If a strain was not predicted by a 95 %
identity threshold, the strain was reported as undetermined. The minimum depth of

coverage threshold was also adjusted based on reported maximum/minimum SNP depth.

5.3.7 Genome Assembly and Analysis

Metagenome assembly was carried out using metaSPAdes (Version 3.10.1) (Nurk et al,
2017) without error correction (to avoid losing information from potentially closely
related strains) and integrating assemblies spanning from a k-mer size of 27 to 127 base
pairs. See Appendix Section 9.1.14 for the full code.

Taxonomic classification of assemblies was carried out using Centrifuge (Version
1.0.3) (Kim et al, 2016) as described in Chapter 2, Section 2.13.1. Assemblies were
decontaminated by extracting contigs belonging to the order Legionellalaes only using a
custom shell script (see Appendix Section 9.1.15). Decontaminated de novo assemblies
were investigated using CheckM (Version 1.0.8) (Parks et al, 2015) with default

parameters for genome completeness and evidence of further contamination.

5.3.8 Mixed Legionella Species Analysis

During CheckM (Version 1.0.8) (Parks et al, 2015) strain heterogeneity analysis on
decontaminated de novo assemblies, a file containing amino acid sequence alignments of
single copy marker genes present more than once (with >= 90 % amino acid identity) in
each sample assembly was generated. A species (or closest related species) was assigned
to each amino acid sequence using the phmmer algorithm from HMMER (Version 3.1b2)
(Finn et al, 2011) and the UniProtKB database (The UniProt Consortium, 2019).
Sequences were then manually inspected to ensure multiple copy reporting was not a
result of errors during assembly. Sequence alignments presenting as such were
eliminated from the analysis.

Libraries of conserved single-copy marker genes reported as multi-copy in the samples
were downloaded for the Legionellales order from the Pfam database (El-Gelbali et al,
2019) (Table 5.6). Sequences for Berkiella, Rickettsiella and Coxiella species other
Coxiella burnetii (which was used as an outgroup during phylogenetic analysis) were
removed from the Legionellales Pfam files. Legionella drozanskii and Legionella anisa
were not present in the Pfam database therefore their sequences, if present, for the

protein families outlined in Table 5.6 were retrieved from the RefSeq non-redundant
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protein database
(https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/).

For each sample, multi-copy amino acid sequences were aligned with respective Pfam
marker gene files (Table 5.6) and trimmed using MEGA7 (Kumar et al, 2016). Some
sequences were eliminated at this point due to insufficient coverage. Then, partial amino

acid sequences for each sample were concatenated together based on HMMER assignment.

Table 5.6 Protein Families and Pfam Accession Numbers.

Protein Family Pfam Accession Number
Ribosomal Protein L10 PF00466
Ribosomal Protein L2 C-terminal domain PF03947
Ribosomal Protein L21 PF00829
Ribosomal Protein L27 PF01016
GTP1/0BG PF01018
NADH dehydrogenase PF00507
Ribosomal Protein L7 /L12 PF0542
Ribosomal Protein S8 PF00410
Ribosomal Protein L25 PF01386
RimP N-terminal domain PF02576
NusA N-terminal domain PF08529
SecG PF03840
Ribosomal Protein S19 PF00203
Ribosomal Protein L22/L17 PF00237

Phylogenetic analysis was carried out on the concatenated partial protein sequences for
each sample using RaxML (Version 8.0.0) (Stamatakis et al, 2014). A maximum-
likelihood search was performed with 1,000 bootstrap inferences. The best scoring
maximum-likelihood tree with bootstrap support values was written to file. See Appendix
Section 9.1.16 for full code.

Due to the fragmented nature of the assemblies and incompleteness of genomic data, as
well as the shallow depth of sequencing, not all species identified within samples E7 and
E8 (3 species) had the same marker genes identified (e.g. Species1 and Species2 [but not

Species3] each had copies of PF0466 or Species 2 and Species3 [but not Species 1] each
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had copies of PF03947). In these cases, two phylogenetic trees were generated. The trees
were visualised using FigTree (Version 1.4.4) (Rambaut, 2008) and exported in SVG
format. The SVG file was imported into the Gravit Design editor (Version 2019-1.5)

(https://www.designer.io/) for annotation.
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5.4 Results

5.4.1 Evaluation of the Target Capture Approach

5.4.1.1 Sequenced Reads and Proportion of Reads Mapped to Human Reference

Genome

Read pair numbers before and after quality control and proportions of reads mapping to
the human reference genome for the post-capture libraries are detailed in Table 5.7. The
total number of read pairs sequenced ranged from 248,779 to 5,589,723. After quality
control, the proportion of reads aligning to the human reference genome for the dilutions
represented 1 % for D1 (D1 composition Human Genomic DNA and 10° L. pneumophila
copies), 1 % for D2 (Human Genomic DNA plus 105 Legionella copies), 5 % for D3 (Human
Genomic DNA plus 10% Legionella copies) and 92 % for D4 (Human Genomic DNA plus
103 Legionella copies). For the Mock sample (for composition see Table 5.5) post-capture
0.6 % of the sequence reads were found to map to the human reference genome. For the
clinical samples (Table 5.2) the proportion of reads mapping to the human reference
varied from 0.5 % to 97.3 %. As a control, environmental samples (Table 5.3) also
underwent screening for human reads and the proportion of reads mapping to the human

reference varied from 0.21 % to 0.34 %.
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Table 5.7 Reads Before and After Sequencing QC and Reads Post QC Mapping to the

Human Reference Genome.

Read Pairs Mapped
Sample Read Pairs Read Pairs to Human
Before QC After QC
Reference (%)
D1 4,100,342 3,818,512 38,971 (1 %)
E @ D2 2,216,876 2,056,091 22,306 (1 %)
E E D3 2,366,006 2,201,835 2,094,757 (5 %)
2 D4 2,414,384 2,243,825 2,015,873 (92 %)
g Mock 5,589,723 5,198,683 32,910 (0.6 %)
H1 621,002 549,562 534,945 (97.3 %)
H2 2,282,283 2,080,769 9,610 (0.5 %)
H3 1,566,010 1,397,353 854,519 (61.2 %)
H4 248,779 224,399 90,803 (40.5 %)
7‘3 H5 1,609,295 1,394,421 1,304,263 (93.5 %)
g H6 807,079 748,172 12,418 (1.7 %)
H7 866,070 768,607 760,826 (99 %)
HS8 1,630,845 1,491,522 475,043 (31.8 %)
H9 2,694,977 2,483,287 136,537 (5.5 %)
H10 2,124,350 1,888,941 808,634 (42.8 %)
E1 2,478,751 2,215,622 6,302 (0.3 %)
E2 1,684,008 1,518,777 3,882 (0.26 %)
— E3 1,883,598 1,518,777 3,882 (0.26 %)
% E4 1,330,629 1,192,361 2,884 (0.24 %)
E E5 2,228,002 1,968,387 4,186 (0.21 %)
-§ E6 1,941,943 1,761,015 5,901 (0.34 %)
’5 E7 2,400,882 2,155,014 6,079 (0.28 %)
E8 2,565,409 2,300,344 4,976 (0.22 %)
E9 3,465,576 3,210,174 9,101 (0.28 %)
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5.4.1.2 Genome Coverage, Proportion of On-Target Reads and Mean Depth of
Coverage

Reads from post-capture libraries were mapped to a closely related complete Legionella
reference genome. For the dilution series and mocks this was L. pneumophila as this was
the strain used to prepare the test samples (Tables 5.4 and 5.5). The percentage of
reference bases covered, the percentage of on-target reads and the mean depth of
coverage before and after read duplicate removal were investigated.

For the dilution series samples, the proportion of the reference genome covered varied
from 99.9 % for D1 to 94.5 % for D4. With regard to on-target reads, 99 % of captured
reads aligned to the Legionella reference sequence. For D3 (10# Legionella copies), 95 %
of reads aligned to the reference and D4 (103 Legionella copies), 8 % of reads aligned to
the reference sequence. The mean depth of coverage varied from 370 times for D1 to 10
times for D4, after duplicate removal. Read duplication levels varied from 1 % for D1 to
45 % for D4. The mock sample reads covered 99.9 % of the reference genome, 87.5 % of
reads mapped to the Legionella reference genome with a mean depth of coverage of 447
times, after duplicate removal. Read duplication levels were 1.3 % (Table 5.8). Based on
the mock and dilution series this highlights capture is robust to the level of 104 copies

total input of L. pneumophila.
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Table 5.8 Target Capture Statistics: Dilutions and Mock Community.

Reads Mean Depth
Closel lated Read d
ose y relate Reference eads mappe Mean Depth Remaining of Coverage Read
Sample l:gflonella Genome toNRefG:en;e of Coverage After After Duplication
¢ erenc: covered (%) ( u:n :r (SD) Duplicate Duplicate Levels (%)
Genome %0) Removal Removal
(sD)*
D1 Philadelphial 999 337727713‘; ((+)) 376 3,396,399 (+) 370 .
99 %) (667.26)  3,688496()  (589.57)
D2 Philadelphial 999 22'%2211'223 ((+)) 198 1,966,858 (+) 193 5
9% %) (403.88) 1966853()  (360.28)
D3 | Philadelphial 599 281507 ((+)) 205 1,582,582 (+) 158 o
(9% %) (500.74)  1582662()  (270.27)
D4 | Philadelphial o4 8Le13 ((+)) 18 100,677 (+) 10 .
%) (43.17) 100,682 (-) (26.6)
Mock | Philadelphial 599 ‘255223'7122 ((+)) 452 4,492,958 (+) 447 3
(67.6%) (539.28) 4,492,833 ()  (495.55)

* (+) refers to the forward strand and (-) refers to the reverse strand

For clinical samples, the proportion of the Legionella reference genome covered varied

from 3.4 % to 95.7 %. The proportion of reads mapping to the Legionella reference

genome varied from 0.3 % to 87 %. Mean depth of coverage varied from 0.11 times to

164.47 times, after duplicate removal. Read duplication levels varied from 0.97 % to 57.7

% (Table 5.9).
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Table 5.9 Target Capture Statistics: Clinical Samples

Mean Depth
Mean Reads
Closely related Reference Reads mapped of Coverage Read
S le Leaionell G to ref Depth of Remaining After Dublicati
am egionella enome o reference uplication
P g Coverage After Duplicate . P
Reference* covered (%) | (Number & %) (sD) R . Duplicate Levels (%)
emova
Removal
(SD)
H1 Lorraine 06 88";?; ((+)) 0.71 5,208 (+) 0.45 38
(NC_018139) ' (’1.5 %) (6.2) 5,239 (-) (4.4)
H2 ST37 53 11'%%17'291%) ((+)) 91.97 575,061 (+) 51.66 47
(NZ_LT632616) ' ’ (Sé %) (1964.4) 575,079 (-) (1314.8)
H3 ST42 84.6 3:;21(;'173_11 ((J_r)) 26.86 168,295 (+) 14.53 47
(NZ_LT632617) ’ (2'3 %) (34.7) 167,822 (-) (20.2)
H4 Leiden-1 —_ 2288'23?6 ((+)) 2.27 15,008 (+) 1.23 .
(ERS1080593) ' (’13 %) (20.9) 15,000 (-) (10.9)
H5 Leiden-1 326 3388'51112 ((+)) 2.69 21,785 (+) 1.54 3
(ERS1080593) ' 63 %) (9.6) 21,736 (-) (6.2)
Hé6 Corby 89.8 231—77"‘;5653 ((J_r)) 61.65 641,536 (+) 61.09 0.97
(NC_009494) ) (8'7 %) (47.6) 641,488 (-) (47) '
H7 FFI329 34 22'1133% ((+)) 0.17 1,291 (+) 0.11 395
(NZ_CP016874) (0.3 %) (1.2) 1,286 (-) (0.7)
H8 ST23 92.8 %3;)'223? ((J_r)) 82.67 425,693 (+) 43.82 48.7
NZ_LT . ) - .
632615 ) (5:6 %) 109.3 424,829 53.8 )
H9 OLDA 957 22'1155%'%)21?; ((+)) 178.48 1,961,655 (+) 164.47 8.7
(NZ_CP016030) (86.5 %) (751.9) 1,961,048 (-) (604.1)
H10 Leiden-1 199 11661563:1—(()) ((J_r)) 10.37 69,625 (+) 4.69 577
(ERS1080593) ' (8'7 %) (356.7) 69,586 (-) (153.8) ’

For environmental samples, the proportion of the reference genome covered varied from

3.4 % to 95.7 %. The proportion of reads mapping to the Legionella reference genome

varied from 14 % to 88.7 %. Mean depth of coverage varied from 5.4 times to 232 times,

after duplicate removal and read duplication levels varied from 12.9 % to 57.7 %. (Table

5.10).
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Table 5.10 Target Capture Statistics: Environmental Samples.

Read Read
eass eass Mean Depth of
Closely related Reference mapped to Mean Depth Remaining c Aft Read
overage er
Sample Legionella Genome reference of Coverage After D lg Duplication
uplicate
Reference* covered (%) (Number & (SD) Duplicate R P 1(SD Levels (%)
%) Removal emoval (SD)
E1 L p”g“L’S"Aph”" 707 %21’1276 ((+)) 69.1 482,556 (+) 38.42 46
(NZ_CP016030) (40.5 %) (12867) 482,539 (-) (699)
E2 L p”g“L’g"Aph”" 76,3 3;?5,88’211 ((+)) 32.95 151,879 (+) 14.29 &7
(NZ_CP016030) (24 %) (360.2) 151,796 (-) (168.6)
E3 L_taurinensis 0.45 55233(’]’1%)21 ((+)) 50.24 302,800 (+) 29.79 425
(ERS1324129L) ' (3:1 %) (1273.7) 302,817 (-) (842.2) '
E4 L_anisa - 1166’1'26353 ((+)) 10.69 79,884 (+) 5.4 51
(NBTX01000001) ’ (1‘4 %) (370.6) 79,862 (-) (187.1)
E5 L. pneumophila 461,427 (+) 36.13 300,274 (+) 23.93
Corby 91.9 462,335 (-) (371.4) 300,288 (-) (228.9) 35
(NC_009494) (23.4 %) ) ! )
E6 L. pneumophila 638976 (+) | 5577 455,656 (+) 411
Corby 95.9 640,406 (-) (301.5) 455,603 () (207.4) 28.7
(NC_009494) (36 %) ) ’ )
L. pneumophila
E7 Dallas-1E 549 %(())?9[(})69% ((+)) 67.25 426,207 (+) 36.1 473
(subsp.fraseri) ' (3‘7 59%) (971.6) 426,327 (-) (521.3) '
(NZ_CP017458) 0
L. pneumophila
E8 Dallas-1E 95 %?1912122 ((+)) 72.13 551,066 (+) 49.24 34
(subsp.fraseri) (3é 59%) (884.4) 551,051 (-) (531.4)
(NZ_CP017458) =0
E9 L. pneumophila Z,B‘EZ,)lz‘l' 2/479,917
i OLDAp 98.6 2,847,058 26546 (+) 232.08 12.9
(NZ_CP016030) ) (510.9) 2,47(?),781 (371)
(88.7 %)

5.4.1.3 Taxonomic Classification of On- and Off-Target Reads

Taxonomic classification was carried out to investigate the overall composition of

captured reads and to consolidate the proportions of captured L. pneumophila, other

Legionella species, other bacterial species and unclassified captured reads with human

DNA reads. Figure 5.1 shows the proportions of classified captured reads for the

dilutions and mock sample. For the mock sample, 97.72 % of reads were classified as

belonging to the genus Legionella. Of this, 96.24 % of reads were classified as L.

pneumophila and 1.48 % were classified as belonging to other Legionella species. Since

the L. longbeachae species was included in this sample, it was found that 23,547 reads

were classified uniquely as belonging to L. longbeachae, indicating capture of the species
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(see Appendix Section 9.6, Figure 5). Dilution samples D1 to D4 contained L. pneumophila
only and few reads were classified as other Legionella species due, most likely, to minor
misclassification by the classifier which is expected or less possible minor contamination
during sample processing/library preparation. For full bacterial classification
information of captured dilutions and the mock community sample, please see Appendix

Section 9.6 for Sankey diagrams.

Classification of Captured Reads - Dilutions & Mock

1001 s eeess  S——
— 80+
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3 mmm Other Bacteria
8 401 === Unclassified
o
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D1 D2 D3 D4 Mock
Sample

Figure 5.1 Taxonomic Classification of the Captured Reads for the Dilution samples and
the Mock sample. Dilution samples: from 10° Legionella copies [D1] to 103 Legionella
copies [D4]. Dilution samples D1 to D4 contained L. pneumophila only and few reads were
classified as other Legionella species. For the mock sample, 97.72 % of reads were
classified as belonging to the genus Legionella. Of this, 96.24 % of reads were classified

as L. pneumophila and 1.48 % were classified as belonging to other Legionella species

Figure 5.2 shows the proportions of classified and unclassified captured reads for the
clinical samples. The proportions of reads classified as L. pneumophila were 1.23 % for
H1, 0.09 % for H2, 32.2 % for H3, 14.2 % for H4, 3.8 % for H5, 97 % for H6, 0.28 % for H7,
62.4 % for H8, 92.6 % for H9 and 0.73 % for H10. Non-specific capture of other bacteria
and human DNA occurred in low Legionella abundance specimens. High abundance
Legionella specimens had less non-specific capture, as expected based on results from the

dilution tests and information obtained from prior qPCR analysis by PHE (see Table 5.2)
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and 16S rRNA gene sequencing. Sankey diagrams showing full bacterial classification

data for all clinical samples can be viewed in Appendix Section 9.6.

Classification of Captured Reads - Clinical
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Figure 5.2 Taxonomic Classification of the Captured Reads from the Clinical Samples. The
proportions of reads classified as L. pneumophila were 1.23 % for H1, 0.09 % for H2, 32.2
% for H3, 14.2 % for H4, 3.8 % for H5, 97 % for H6, 0.28 % for H7, 62.4 % for H8, 92.6 %
for H9 and 0.73 % for H10. Non-specific capture of other bacteria and human DNA

occurred in low Legionella abundance specimens.

Figure 5.3 shows the proportion of classified and unclassified reads for the
environmental samples. The proportion of reads classified as L. pneumophila were 9.21
% for E1, 27.16 % for E2, 0.02 % for E3, 0.37 % for E4, 15.49 % for E5, 30.19 % for E6,
18.77 % for E7,20.34 % for E8 and 90.31 % for E9. The results of taxonomic classification
also indicated that in addition to L. pneumophila, a proportion of reads were assigned to
other Legionella species in some samples: 10.76 % for E1, 8.46 % for E2, 15.04 % for E7,
1.94 % for E8 and 3.45 % for E9. Whilst E3 and E4 had 0.01 % and 0.54 % reads assigned
to other Legionella species, the number of total Legionella reads was very low therefore
causing difficulty in distinguishing between reads from L. pneumophila and other
Legionella species. Sankey diagrams showing full bacterial classification data for all

clinical samples can be viewed in Appendix Section 9.6.
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Classification of Captured Reads - Environmental
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Figure 5.3 Taxonomic Classification of the Captured Reads from the Environmental
Samples. The proportion of reads classified as L. pneumophila were 9.21 % for E1, 27.16
% for E2, 0.02 % for E3, 0.37 % for E4, 15.49 % for E5, 30.19 % for E6, 18.77 % for E7,
20.34 % for E8 and 90.31 % for E9. Taxonomic classification results also indicated that in
addition to L. pneumophila, a proportion of reads were assigned to other Legionella
species in a number of samples: 10.76 % for E1, 8.46 % for E2, 15.04 % for E7, 1.94 % for
E8 and 3.45 % for E9.

5.4.1.4 Typeability of Target Capture Samples
5.4.1.4.(i) L. pneumophila In silico Sequence-Based Typing (Traditional Scheme)

An in silico sequence-based typing analysis, analogous to MLST, based on the traditional
ESGLI 7-loci scheme, was carried out on the QC’ed sequencing reads of each sample. The
aim was to determine if a L. pneumophila sequence type could be determined from the
capture data. The allele numbers derived from the capture data were then compared to
the SBT result from PHE which had been performed either on actual isolates obtained

from samples or by a direct nested approach on the sample without culture.

Table 5.11 shows the sequence type results from the target capture data for dilutions,
mock, clinical and environmental samples. Allele numbers marked in blue represent
alleles determined with certainty. Allele numbers marked in yellow represent alleles

determined with uncertainty. Uncertainty signifies low depth coverage of bases, missing
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bases or sequence truncation. Alleles marked in grey indicate that > 90 % of the allele
reference was not covered, therefore an allele number could not be determined. For the
dilutions, full sequence type was determined in samples containing 106 (D1), 105 (D2)
and 10% Legionella copies (D3). However, in the sample containing 103 Legionella copies
(D4), certainty fell for two alleles (mip and neuA/h) and one allele was not determined
(pilE). For the mock sample, a ST36 was determined despite the sample containing
genomic information from both ST36 and ST1 material.

In the case of the clinical samples H1, H2, H7 and H10, no allele number was determined.
Samples H6, H8 and H9 had full sequence type determined and alleles matched those
previously reported by PHE. Sample H3 had a full sequence type determined however the
neuA/h allele was determined with uncertainty and did not match that reported by PHE.
H4 had 3 alleles (flaA, asd and mip) determined with uncertainty however they matched
the allele numbers reported by PHE. Sample H5 had 1 allele (mompS) determined with
certainty and matching that reported by PHE.

Sequence type analysis of environmental samples revealed sequence types not reported
in the ESGLI database from 3 specimens: E5, E6 and E8. Sample E9 had full sequence type
information for ST1. Samples E1 and E2 had partial sequence types consistent with ST1.
E7 had two allele numbers determined: flaA with certainty and a neuA/h with
uncertainty. Since there was no available sequence type information for the
environmental specimens from PHE, a comparison between results obtained was not

possible.
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Table 5.11 In silico Analyses for Traditional L. pneumophila Sequence-Based Typing.

Sample flaA DIIE asd mip mompS proA neuA/h Target Capture ST Actual ST (Allele Numbers)
D1 (109) ST36 ST36
D2 (109) ST36 ST36
D3 (104) ST36 ST36
D4 (103) ST36 ST36
Mock (Mix) ST36 ST36 & ST1
H1 No Info ST47
H2 No Info ST37
H3 ? ST1694 (12,8,11,21,40,12,9)
H4 ? ST81 (2,10,3,28,9,4,9)
H5 ? Consistent with ST616 (2,0,0,10,9,4,28)
H6 ST2287 ST2287
H7 No info Not Tested
H8 ST445 ST445
H9 ST1 ST1
H10 No Info ST616
El ? Unknown
E2 ? Unknown
E3 No info Unknown
E4 No info Unknown
E5 New ST Unknown
E6 New ST Unknown
E7 ? Unknown
E8 New ST Unknown
E9 ST1 Unknown

- Determined

I:l Determined with uncertainty

I:l Undetermined
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5.4.1.4.(ii) L. pneumophila 50-Gene MLST - Presence/Absence Analysis

A gene presence/absence analysis was carried to determine the typeability of genes from
the target capture data based on the extended 50-gene MLST scheme proposed by David
et al, 2016(b). Samples were mapped to a gene database based on the Philadelphia-1
reference sequence and the presence of genes with >= 90 % coverage only are reported.
For dilutions D1 to D3 and the mock sample, all 50 genes were typeable. In the case of D4,
44 of the 50 genes were typeable. Typeability for the clinical samples varied from 0 to 49
of the 50 genes. For the environmental samples, typeability varied from 0 to 50 of the 50
genes (Figure 5.4). The list of 50 genes and their presence/absence in samples can be

viewed in Appendix Section 9.7.

50-gene MLST
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Figure 5.4 Quality Analysis of Target Capture Data based on the typeability of 50 core
genes of the extended MLST scheme. For dilutions D1 to D3 and the mock sample, all 50
genes were typeable. In the case of D4, 44 of the 50 genes were typeable. Typeability for
the clinical samples varied from 0 to 49 of the 50 genes. For the environmental samples,

typeability varied from 0 to 50 of the 50 genes.

193



5.4.2 Mixed L. pneumophila Sequence Types: Strain Estimation Analysis

The original purpose of the St rainEst analysis was to investigate samples for mixtures
of L. pneumophila sequence types, as validated in Chapter 3, Section 3.4.4.2. In this current
chapter, true L. pneumophila sequence type mixtures were not identified in any of the
clinical or environmental samples studied. This was concluded under the assumption that
a mixed infection could only be confirmed where SNP depth was >= 10x and the minimum
threshold for identification was 99 %. However, upon adjusting depth and identity
thresholds, it became evident that even with sparse Legionella data in some samples, a
strain could be predicted. Legionella reads from samples H1, H2, H4, H5, H7 and H10 were
of relatively low abundance. A large proportion of reads had been identified as being off-
target (prior analysis Section 5.4.1.3) with sequence type (ST) determination not possible
either (prior analysis Section 5.4.1.4.(i)). When a matching ST was present in the
StrainEst database, as was the case with samples H1, H2, H5 and H10, a corresponding
ST was successfully predicted as the only strain.

In the case of H3, H4, H6 and H8 where strain representatives of ST1694, ST81, ST228,
ST445 were not present in the database, a number of strains were inferred with an
identity of less than 99 %. These inferred strains shared allele numbers with the actual
sequence type. H7 was not previously tested at PHE, therefore it was not possible to
confirm if it matched the predicted ST. ST1 was predicted in each of samples H9, E1, E2
and E9 with an identity of 99 %. A number of strains were inferred for samples E5, E6, E7
and E8 with an identity of < 99 %. In all cases, where allele information was known from
in silico SBT, allele combinations from strain predictions were shared with the actual ST.
Strain predictions for the clinical samples are outlined in Table 5.12 whilst strain

predictions for the environmental samples are outlined in Table 5.13.
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Table 5.12 StrainEst Analysis of Clinical Samples.

sample Known ST StrainEst Results
Name (Alleles)
Identity (%) Strain ST (Alleles) SNP D.O.C (Min/Max)
ST47
H1 (5,10,22,15,6,2,6) 98 GCF_900049305 ST47 2/6
ST37 GCF_900062465 ST37
H2 (34,1,1,14,9,11) 97 GCF_900073025 ST37 172
H3 ST1694* % GCF_900063055 ST42 (4,7,11,3,11,12,9) 4739
(12,811,21,40,12,9) GCF_003004295 ST44 (4,8,11,10,10,12,2)
ST81* GCF_000586095 ST1362 (2,10,3,28,9,4,207)
H4 (210,3,28,94,9) 97 GCF_900060725 ST2122(2,10,3,10,9,4,9) 1/8
pmTrmE GCF_000699225 ST1323(6,10,3,28,9,4,207)
Consistent with
H5 ST616 99 GCF_000823485 ST616 2/10
(210,3,10,9,4,28)
GCF_000823425 ST? (6,10,14,28,4/9,3,207)
H6 ST2287* 97 GCF_002002625 ST?(6,10,15,3,21,14,9) 16 /70
(6,10,14,10,21,3,9) GCF_900053335 ST2 (6,10,19,3,19,4,9)
GCF_001583565 ST1119 (2,10,14,10,21,4,3)
H7 Not Tested 97 GCF_001766275 ST? (12,9,26,5,3/26,17,15) 2/6
HS ST445* 98 GCF_900063795 ST?(2,10,18,10,63,1,9) 19 /90
(23,18132,1,6) GCF_900052905 ST23(2,3,9,10,2,1,6)
GCF_000953915 ST1
ST1 GCF_001601485 ST1
" (1,431,1,1,1) » GCF_001601245 ST1 23 /143
GCF_900053675 ST1
ST616
H10 (2,10,310,9,4,28) 99 GCF_000823485 ST616 2/7

*= sequence type not in database. D.0.C = depth of coverage. Multiple STs are predicted if the ST is not present in the database and/or the threshold is set below 99 %.
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Table 5.13 StrainEst Analysis of Environmental Samples.

sample Known ST StrainEst Results
Name (Alleles)
Identity (%) Strain ST (Alleles) SNP D.0.C (Min/Max)

Consistent with ST1 GCF_000953915 ST1

E1 (04,01,1,0,1) 99 GCF_001601245 ST1 2/14
Consistent with ST1

E2 (10,4,0,1,1,0,1) 99 GCF_000953915 ST1 2/21

E3 Unknown No Result

E4 Unknown No Result

ES ST? 98 GCF_000092625 ST578(6,10,15,13,9,14,6) 4729
(6,10,1512,12,4,11) GCF_900059935 ST? (6,10,15,24,17/98,14,6)

E6 ST? 97 GCF_000092625 ST578(6,10,15,13,9,14,6) 8 / 49
(6,10,1512,12,4,11) GCF_900059935 ST? (6,10,15,24,17/98,14,6)

E7 ST? 98 GCF_002934205 ST? (11,14,16,16,7/15,13,2) 2/12

(1 110101010101010) - ) [ g (it
GCF_002934205 ST? (11,14,16,16,7/15,13,2)

E8 ST? 98 GCF_001582295 ST154 (11,14,16,16,15,13,2) 5/47

(11,14,16,16,7,13,2) GCF_001549915 ST? (11,14,16,10,7,13,2)
GCF_003004255 ST?(11,14,16,16,7/15,13,2)
ST1 GCF_000953915 ST1
E9 (1,431,1,1,1) 99 GCF_001601245 ST1 49/ 243

DOC = depth of coverage. Multiple STs are predicted if the ST is not present in the database and/or the threshold is set below 99 %.
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5.4.3 Genome Assembly

Genomes were assembled and assemblies were decontaminated by removing contigs
belonging to taxonomic orders other than the order Legionellales. A quality analysis was
carried out to determine genome length, maximum contig length, N50 (the minimum
contig length needed to cover 50 % of the genome. In this way the sum of the lengths of
all the cotigs of N50 size or longer are greater than or equal to 50 % of the total genome
sequence), GC content, genome completeness, residual contamination and the number of
predicted genes. Genome draft quality (high, medium or low) was assigned based on
criteria defined by Bowers et al., 2017. Genome length for the dilution series samples
varied from 3,416,931 to 2,975,552 bases with maximum contig length varying from
474,275 to 10,180. The reported GC content for all dilution genomes was 38 %,
completeness was reported at 100 % for D1, D2 and D3 and 93 % for D4. Contamination
levels were reported as 0.191 % for D1, D2 and D3 and 4 % for D4. These genomes were
classified as high-quality drafts (>= 90 % completeness and < 5 % contamination). The
mock sample had a genome length of 5,729,401 with maximum contig length of 95,145
and a GC content of 38.11 %. Completeness was reported as 96.55 % and contamination
levels as 55.27 % (Table 5.14). The high contamination levels here were due to strain
heterogeneity since the sample contained two L. pneumophila sequence types (full

composition of Mock Sample see Table 5.5).

Table 5.14 Assembly Statistics for Dilution Series Samples and Mock Sample.

Max

Genome . No. of

Assembled Contig GC Draft
Length N50 Completeness | Contamination | predicted
Genome Length Content Quality
(bases) Genes
(bases)

b1 3,413,278 | 474,275 | 249,787 | 38% 100 % 0.191 % 3,075 High
D2 3,416,931 | 362,169 | 243,800 | 38% 100 % 0.191 % 3,084 High
D3 3,421,971 | 362,590 | 249,127 | 38% 100 % 0.191 % 3,098 High
D4 2975552 | 10,180 | 1,761 38 % 93 9 4% 4,091 High
Mock 5,729,401 | 95145 | 7,977 |3811% 96.55 % 55.27 6,116 Mixed
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High quality genomes were assembled for clinical samples H6, H8 and H9, with each
reported as being 100 % complete and with minimal levels of contamination (0.19 %,
0.19 % and 2.22 %, respectively). A medium quality draft was assembled for sample H3
with 66.76 % completeness and 9.77 % contamination. Low quality genomes could not
be assembled for samples H1, H2, H4, H5, H7 and H10 due to lack of captured coding
regions (Table 5.15).

Table 5.15 Assembly Statistics for Clinical Samples.

Max
Genome No.
Assembled Contig GC Draft
Length N50 Completeness | Contamination | predicted
Genome Length Content Quality
(bases) Genes
(bases)
H1 9,831 1,291 485 0.42 0.0 % 0.0 % 23 ]
Hz 1,893 554 459 0.52 0.0 % 0.0 % 4 ]
H3 2,173,267 | 5276 697 0.39 66.76 % 9.77 % 4,127 Medium
H4 172,680 | 1,080 | 489 0.41 2.74 % 0.0 % 412 -
H5 57354 | 1299 | 498 0.44 0.0 % 0.0 % 123 ]
He6 3,298,638 | 121,016 | 46,521 | 0.38 100 % 0.19 % 2,978 High
H7 2813 649 493 0.48 0.0 % 0.0 % 7 -
H8 3388205 | 63,201 | 16496 | 0.38 100 % 2.22% 3,355 High
H9 3,351,794 | 53,336 | 10,077 | 0.38 100 % 0.191 % 3,294 High
H10 43591 | 1,223 511 0.42 417 % 0.0 % 89 ]

High quality genomes were assembled from environmental samples E5, E6 and E8.
(Table 5.16) Sample E9 could not be classified as a high-quality draft owing to the levels
of contamination observed. E3 and E4 did not yield a draft genome. Low quality draft
genomes were assembled from samples E1 and E2 (41.76 % and 76.16 % completeness,
respectively). Upon closer inspection of contamination analytics for environmental
samples, it was observed that a significant degree of contamination reported was due the
presence of strain heterogeneity in the sample rather than contamination from divergent

taxa. Owing to this and the previous observation of reads classified as Legionella species
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other than L. pneumophila in (see Section 5.4.1.3), the presence of mixed Legionella

species was further explored (next Section 5.4.4).

Table 5.16 Assembly Statistics for Environmental Samples.

Max
Genome No.
Assembled Contig GC Draft
Length N50 Completeness | Contamination | predicted
Genome Length Content Quality
(bases) Genes
(bases)

E1 1,567,970 | 21,296 | 692 0.40 41.76 % 3.1% 3,013 Low
E2 2,126,983 | 65249 | 902 0.39 76.16 % 14.8 % 3,694 Low
E3 1,505 648 429 0.455 0.0 % 0.0 % 3 ]
E4 70158 | 4,867 694 0.429 0.0 % 0.0 % 124 -
ES 3,194,627 | 15472 | 2,477 0.395 95.11 % 2.72 % 4,013 High
E6 3,583,038 | 61,148 | 9,592 0.394 98.85 % 1.39 % 3,664 High
E7 986,197 | 65,060 687 0.405 22.49 % 2.42 % 1,892 Low
E8 3444312 | 29,850 | 4,018 0.388 97.8 % 2.67 % 3,921 High
E9 4,035,312 | 223,629 | 90,798 | 0.386 100 % 213 % 4,004 High

5.4.4 Mixed Legionella Species Analysis

Next all assembled genomes (Section 5.4.3) were analysed for the presence of multiple
copies of single copy genes (with amino acid sequence identities of >= 90 %). Whilst some
multiple copies were reported for the clinical samples, after careful manual inspection it
was clear that these were the result of either mis-assembly or the presence of a previously
unrecognised contaminants from more divergent taxa. In the case of environmental
samples E1, E2, E7, E8 and E9 however, there was evidence for the presence of single
copy genes for multiple Legionella species. Phylogenetic analyses of partial single copy
amino acid sequences were therefore carried out.

In the case of E1, there was evidence for the presence of two Legionella species.
E1_Species1 clustered with the previously determined L. pneumophila and E1_Species2
clustered with L. drozaskii (Figure 5.5). For E2, the single copy amino acid sequences

clustered closely with L. pneumophila (E2_Species1) and L. anisa (E2_Species2) (Figure
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5.6). There was evidence for the presence of three Legionella species in E7 (Figure 5.7 A
and B). E7 amino acid sequences clustered with L. geestiana (E7_Speciesl), L. anisa
(E7_Species2) and L. pneumophila (E7_Species3). Similarly, there was evidence of three
Legionella species in E8 (Figures 5.8 A and B), with amino acid sequences clustering with
L. pneumophila (E8_Species1) and L. geestiana (E8_Species3). E8_Species2 did not cluster
specifically with any one Legionella species present in the analysis. In the case of sample
E9, there was evidence for the presence of three Legionella species (Figure 5.9), with
amino acid sequences clustering with L. anisa (E9_Species2) and L. pneumophila
(E9_Species3). E9_Species1 did not cluster specifically with any one Legionella species,
however in this analysis L. shakespearei was the closest related genome. The lack of
clustering of Species 1 and Species 2 from E9 and E8 is likely due to the lack of inclusion
of protein sequences for all known Legionella species. Resolution of phylogenetic trees
(bootstrap reports for likelihood) in some cases was quite low due to the partial profiles

of the single copy sequences.
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Figure 5.5 Phylogenetic contextualisation of Legionella species identified in sample E1.
Based on concatenated partial amino acid sequences from two single copy genes:
ribosomal protein L10 (PF00466) and ribosomal protein L2, C-terminal domain
(PF03947). The genes were identified in multiple copies using CheckM and the Pfam

database.
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Figure 5.6 Phylogenetic contextualisation of Legionella species identified in sample E2.
Based on concatenated partial amino acid sequences from four single copy genes:
ribosomal protein L21 (PF00829), ribosomal protein L27 (PF01016), GTP1/0BG
(PF01018) and bacterial trigger factor protein (PF05697). The genes were identified and

reported in multiple copies using CheckM and the Pfam database.
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Figure 5.7 Phylogenetic contextualisation of Legionella species identified in sample E7. Based on concatenated partial amino acid sequences from (A)
three single copy genes for Species1 and Species2: bacterial trigger factor protein (PF05697), NADH dehydrogenase (PF00507) and ribosomal protein
L7/L12 (PF0542) and (B) one partial single copy gene for Species 2 and Species3: ribosomal protein S8 (PF00410). The genes were identified and

reported in multiple copies using CheckM and the Pfam database.
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Figure 5.8 Phylogenetic contextualisation of Legionella species identified in sample E8. Based on the concatenated partial amino acid sequences from
(A) five partial single copy genes for Species 1 and Species 2: bacterial trigger factor protein (PF05697), ribosomal protein L10 (PF00466), ribosomal
protein L25 (PF01386), RimP N-terminal domain (PF02576) and NusA N-terminal domain (PF08529) and (B) two partial single copy genes for Species
1 and Species 3: bacterial trigger factor protein (PF05697) and SecG (PF03840). The genes were identified and reported in multiple copies using CheckM
and the Pfam database.
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Figure 5.9 Phylogenetic contextualisation of Legionella species identified in sample E9.

Based on concatenated partial amino acid sequences from three single copy genes:

ribosomal protein S19 (PF00203), ribosomal protein L22/L17 (PF00237) and ribosomal

protein S8 (PF00410). The genes were identified and reported in multiple copies using

CheckM and the Pfam database.
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5.5 Discussion

The aim of the current pilot study was to directly capture and sequence L. pneumophila
genomes from a test panel of 10 clinical and 9 environmental samples. Samples (Dilution
series and Mock community) with known copy numbers and a mixture of sequence types
were also included to determine analytical cut-offs. The objectives were to evaluate the
reference base coverage, proportion of on-target reads, mean depth of coverage and L.
pneumophila typeability using the capture approach. Secondary aims were to evaluate
samples for a mixture of L. pneumophila sequence types or Legionella species.

Out of the 19 clinical and environmental samples, good reference base coverage, proportion
of on-target reads and mean depth of coverage was achieved for 3 clinical samples (H6, H8
and H9) and 4 environmental samples (E5, E6, E8 and E9). Poor genome coverage and depth
of coverage from a number of other test specimens was likely due to the presence of few
Legionella genome copies. This is exemplified by the dilution tests which contained 10¢, 105,
10%and 103 L. pneumophila genome copies. A cut-off for reliable allele number determination
was established between Dilution Test 3 (104 copies) and Dilution Test 4 (103 copies). While
there was relatively good base coverage for D4 capture data (greater than 90 % of the
reference genome bases were covered), the mean depth of coverage fell significantly when
compared to D3. This reduced coverage depth could compromise downstream analyses such
as variant calling which requires a high depth of coverage to achieve reliable results.
Similarly, in the case of low Legionella abundance specimens, there was evidence of
increased read duplication levels. The high duplication levels were not attributable to the
presence of optical duplicates therefore it is probable that duplicates arose as a result of PCR
and enrichment.

Similarly, low abundance Legionella specimens had a smaller proportion of reads aligning to
the intended target sequence. Taxonomic classification and human DNA screening were
carried out to determine the proportions and composition of off-target reads in the
sequenced data. The presence of off-target reads in the clinical data was primarily
attributable to human DNA. Since the majority of reads from high abundance specimens

were on-target, the non-specific capture is hypothesised here as being due to the low
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abundance of Legionella in the specimen rather than complementarity with other
microorganisms or human DNA sequences.

Out of the 19 clinical and environmental samples, a full L. pneumophila sequence type was
determined from 8 samples and a partial sequence type from 5 samples, demonstrating for
the first time, the application of SBT to metagenomic data from LD cases. Clinical sample
sequence types matched those previously determined by PHE however sample S3 had one
allelic discrepancy between the sequence type determined from the capture data and the
sequence type from culture reported by PHE. This was due to low sequence coverage or poor
quality/missing bases from the capture data allele sequence. Two previously unreported
sequence types were found in environmental specimens E5 and E6 (alleles 6, 10, 15, 12, 12,
4, 11) and E8 (alleles 11, 14, 16, 16, 7, 13, 2) which is consistent with L. pneumophila
subspecies fraseri sequence type pattern.

The traditional 7-loci SBT scheme (Gaia et al, 2005, Ratzow et al,, 2007, Mentasti et al., 2014)
is important in the epidemiological typing of Legionnaires disease cases and environmental
sources worldwide. Additionally, the practicality of the approach has resulted in rapid
dissemination of data via the SBT web server (http://www.hpa-
bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php). Currently (19t
July 2019), the SBT server hosts 12,935 sample records composed of 2,791 L. pneumophila
sequence types. A significant proportion of Legionnaires disease cases are however caused
by a limited number of L. pneumophila sequence types (Borchardt et al, 2008, Harrison et
al, 2009, Tijet et al, 2010, David et al, 2016[a]). Owing to this, the traditional SBT approach
is not of high enough resolution to discriminate between different outbreaks caused by the
same sequence type and highly reliant on the pre-culture of Legionella in most cases. As a
measure of genome quality, samples were therefore mapped to a L. pneumophila reference
genome and the 50 core genes extracted to determine how many were sequenced with > 90
% base coverage. All 50 genes were sequenced from the mock sample and dilution series
samples D1, D2, D3. Dilution sample D4 (containing 103 genome copies) had 44 of the 50
complete genes sequenced. For high abundance Legionella clinical specimens (H6, H8 and
H9), 49 out of 50 complete genes were sequenced [demonstrating for the first time the 50-
Core Gene MLST schema may be applicable without culture in some specimens].
Interestingly, for the environmental sample E8, where all 7 alleles were typed, only 29 out of
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50 complete genes were sequenced.

The L. pneumophila genome is known to demonstrate high plasticity and recombination
events are frequent (Gomez-Valero et al, 2011, Sanchez-Buso et al, 2014, David et al,
2017[b]). This has the potential to reduce the binding affinity of some baits to the whole
genome. In this study, a variety of different sequence types (ST36, ST1, ST2287, ST445, a
partial profile from ST81 and two unreported sequence types) were captured from the test
samples. These included sequence types that were not represented in the genome database
for bait design. However due to the number of sequence types currently reported for the L.
pneumophila species, future studies would be needed to validate the capture of different
complexes.

There was no evidence of mixed L. pneumophila sequence types in the clinical and
environmental samples using the StrainEst approach (Albanese et al, 2017). The strain
estimation analysis was originally validated to investigate mixtures of L. pneumophila
sequence types. However, an alternative use-case was studied: determining if a strain or a
closely-related strain could be predicted from limited Legionella capture data. Such an
approach could potentially be applied for example, to the rapid screening of samples to rule
out an environmental source during an investigation, but not as a diagnostic tool due to the
low resolution of the data. A further disadvantage of this approach is that a database of L.
pneumophila genomes must be regularly updated to address new sequence types.

In relation to genome assembly from the data generated, a total of 6 high quality, 1 medium
quality and 3 low quality draft genomes were successfully constructed. The CheckM
program reports contamination resulting from the presence of genomic fragments from
multiple closely related strains or genomic fragments from more divergent taxa. It does this
by examining the amino acid identity between conserved single copy marker genes present
in multiple copies in the assembly. If the marker genes present in multiple copies have an
amino acid identity of >= 90 %, it is likely that they are representative of strain heterogeneity
within the assembly.

There was good evidence for the presence of other Legionella species in addition to L.
pneumophila in the environmental samples E1, E2, E7, E8 and E9. Partial single copy amino

acid sequences were concatenated to gain a better understanding of their phylogenetic
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localisation. Clustering of amino acid sequences was observed for Legionella species other
than L. pneumophila. 1t is only possible to conclude from this analysis that other Legionella
species were present and that they clustered closely with certain Legionella species. Due to
the low resolution of the approach, the identity of these species could not be confirmed based
on this analysis alone. It is not uncommon to find multiple Legionella species in
environmental sources. They are ubiquitous in freshwater and survive in water systems if
control strategies are not maintained (as reviewed in Chapter 1, Section 1.4).

The results of this pilot study were promising as they demonstrated, to my knowledge that
for the first time, whole or partial L. pneumophila genomes could be recovered directly from
both clinical and environmental samples which could benefit or support the timely analysis
of clusters. This paves the way for future studies that improve detection and discrimination
of infection without culture in clinical and environmental pathogens. The in-solution
targeted hybridisation capture approach is advantageous in that it does not require culturing
or a large quantity of starting DNA (<10 - 200 ng). Additionally, target capture is well suited
to multiplexing and the probe design is scalable. For example, it is possible to design baits
only for targets of interest such as 100s of core genes relevant to a typing scheme.
Additionally, the approach does not require a new analytical pipeline and can take advantage
of bioinformatic systems already established for whole genome sequences from culture.
Disadvantages of the hybridisation capture approach are that it is less specific than other
approaches. Therefore, the enriched portion after capture may include DNA that does not
come from the region of interest. Ideally, the system requires a minimum of 10,000 L.
pneumophila genome copies for complete or near-complete genome recovery. For this
purpose, sampling and storage conditions of samples as well as extraction methods need to
be optimised. A disadvantage of the current study was the sequencing depth. The shallow
depth of sequencing here was not sufficient to investigate L. pneumophila strain
heterogeneity, as studied on other bacterial pathogens (Bachmann et al, 2015, Pinto et al,
2016). The next chapter will therefore address this challenge by investigation the use of the
target capture approach in the investigation of clinical samples from Legionnaires disease

clusters using a higher depth of sequencing.
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Chapter 6.
Investigating Legionnaires’ Disease Outbreaks using

Metagenomic Methods
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6.1 Introduction

Legionnaires’ Disease (LD) as highlighted earlier (Chapter 1) is a severe atypical pneumonia
that occurs in susceptible individuals exposed to aerosols from natural or man-made
environments containing Legionella bacteria. LD cases can occur sporadically as individual
cases or may be classified as part of a cluster or outbreak if epidemiological, spatial and
temporal criteria are met.

Public Health England (PHE) defines a LD cluster as two or more cases of confirmed LD that
appear to be linked by a common work or residential area, including a healthcare or travel-
associated setting. Additionally for a case to belong to a cluster, onset of symptoms between
cases should fall within a 6-month period. An outbreak is defined as two or more cases of
confirmed LD where the onset of symptoms between cases occurs within weeks rather than
months. There should also be epidemiological evidence of exposure to a common
environmental source of infection. For further details in relation to case, cluster and
outbreak definitions please see Chapter 1, Section 1.6.3.

During 2015, a total of 35 outbreaks/clusters involving cases of LD occurred in England and
Wales. Of these, 12 outbreaks/clusters were defined as community-associated, 3 were
healthcare-associated and 20 were travel-associated (17 for travel abroad and 3 for travel
within the UK) (PHE, 2016). This Chapter explores two anonymised outbreaks that occurred
in England during 2015. This was carried out by applying metagenomic sequencing methods
to available sputum samples and performing a co-analysis of metagenomic data with whole
genome sequences from outbreak isolates. The utility and timeliness of metagenomic
methods for outbreak investigations has been previously reported for other pathogenic
microorganisms (Loman et al., 2014, Quick et al., 2016, Faria et al., 2017, Huang et al., 2017,
Kafetzopoulou et al., 2019). Additionally, pilot data from Chapter 5 demonstrated that high
quality L. pneumophila draft genomes could be captured directly from clinical samples.
Furthermore, the study of LD outbreaks or clusters using metagenomic methods could
provide additional information on the landscape of infection in LD cases.

Case Study 1 involved a spatio-temporal outbreak of LD in a low incidence area, comprising
two local authorities with a population of 480,000. Two cases of LD per year are expected in

these areas combined (Naik et al., 2015). The outbreak was identified over a period of 5
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months and involved 8 confirmed LD cases. One confirmed case (L. pneumophila serogroup
1 ST62) was excluded as symptoms began during a period of travel. A 9t case which was
urinary antigen positive for L. pneumophila serogroup 1 upon initial NHS hospital laboratory
testing but negative by UAT and qPCR at Public Health England (PHE) was also excluded
from the cluster however the sample was available for sequencing for the purpose of the
present study. Of the 8 cases studied, respiratory specimens were available for 6 patients
and clinical/microbiological information for an additional 1 patient. No sputum sample or
isolate was available for the 8t patient.

From the information available for cases 1 to 7, a full sequence type had been obtained for
three of the cases by routine methods: ST47 (1 patient), ST82 (1 patient) and the novel
ST2110 (1 patient). Partial sequence types had been obtained from two cases, one consistent
with an ST47 profile and the other consistent with an ST1554 or ST501 profile. Four cases
lived within an area of 10 km radius, two of whom reported very limited movement away
from their home address whilst three either visited or worked in the stated 10 km radius
area. Of note, two cases were especially closely linked through a shared potential source
defined as medium/high risk. This site was a residential address (not the home of the cases)
that had two pools; a plunge pool and spa pool. Although not used by either case, these were
identified as potential exposure sources. A further case lived within 100 metres of this
address. Three swabs from the spa pool that had been screened were found to be PCR positive
for L. pneumophila serogroup 1 but direct SBT was not possible due to mixed L pneumophila
populations and Legionella was not isolated by culture due to presence of significant
concentrations of Pseudomonas spp. in the swab samples. After investigation of other
suspected sites, an environmental source could not be confirmed. The incident management
team (IMT) concluded there was no common environmental source for the cases and the
cluster cases were classified as sporadic and unrelated (sometimes referred to as a pseudo
outbreak).

Case Study 2 involved an outbreak of LD cases over a 1-year period associated with an
industrial site. The site had 3 cooling towers providing cooling to machines within the
complex. Furthermore, the nature of the industry promoted exposure of workers to aerosols.
A total of 7 cases screened had been found to be L. pneumophila serogroup 1 positive and an
ST37 was confirmed in 3 cases. Respiratory samples from 5 patients and isolates from two
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patients and two environmental sources within the complex (also confirmed as ST37) were
available for this present study. The IMT for the outbreak concluded that the industrial site
was the source of infection in all LD cases involved.

The primary aim of the current study therefore was to carry out an exploratory analysis of
Case Study 1 and Case Study 2 by combining metagenomic and isolate data to understand

the utility of applying metagenomic methods for the investigation of LD outbreaks.
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6.2 Aims and Objectives

1. Legionella abundance in the bacterial community of sputum samples:

a. Determine the proportion of the bacterial community of the cluster/outbreak
sputum samples represented by the genus Legionella through 16S rRNA gene
sequencing and analysis.

2. L. pneumophila capture and sequencing from sputum DNA:

a. Perform targeted capture and sequencing from available cluster/outbreak
DNA extracts, a dilution series with known copy numbers of L. pneumophila
to determine analytical cut-offs and a mock community containing two L.
pneumophila sequence types and five other Legionella species.

b. Examine the sequence coverage across target regions, depth of coverage, the
proportion of reads mapping to the intended target and typeability of
captured regions by in silico traditional SBT, 50 core gene MLST and
extended 1,455 core gene MLST.

w

[solate sequencing:
a. Carry out sequencing of available clinical and environmental cluster isolates.
4. Phylogenetic analysis:

a. Carry out phylogenetic analysis based on core genes.

b

Heterozygous SNP analysis:
a. Investigate captured and isolate data for heterozygous SNPs in core genes as
evidence of mixed L. pneumophila populations.
b. Establish cut-offs based on the analysis of single-strain controls.
6. Direct Oxford Nanopore Sequencing:
a. Determine if direct Oxford Nanopore Sequencing from sputum DNA provides
additional information of LD cluster investigations.
7. Genome Assembly and Pangenome Visualisation:
a. Assemble Legionella partial/draft genomes from generated metagenomes.
b. Perform a co-assembly with Oxford Nanopore generated sequences.

c. Carry out a pangenome visualisation of captured and isolate assemblies.
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6.3 Methods

6.3.1 Ethical Approval
Ethical approval was granted from the Research Ethics Committee (REC), as described in

Chapter 2, Section 2.3, for the sequencing and analysis of clinical samples.

6.3.2 Microbiological Methods

All patient urine samples were initially tested by the local NHS hospital trust laboratory
using a urinary antigen test (UAT). Urine and sputum samples from UAT positive patients
were sent from the local laboratory to the National Legionella Reference Laboratory, PHE
Respiratory and Vaccine Preventable Bacterial Reference Unit (RVPBRU), PHE Microbiology
Reference Services, Colindale. At the RVPBRU, urine samples underwent further analysis
using two commercial assays (Bartels EIA and Binax EIA). The urine sample was tested as
untreated and boiled. Samples found positive by both assays after boiling were considered
positive for L. pneumophila.

Respiratory specimens were cultured, using standard methods. Eight culture plates per
sample were incubated at 35 - 37 °C in humidified air. Culture plates were read after 48
hours incubation and every 48 hours thereafter for up to 10 days. Characteristic ground glass
colonies were sub-cultured onto BCYE and BCYE from which L-cysteine was omitted (BCYE-
cys). Those that grew on BCYE but not on BCYE-cys were presumptively identified as
Legionellae and confirmed as L pneumophila serogroup 1 by PCR.

DNA was extracted from respiratory samples at PHE using the MagnaPure Compact (Roche)
and examined by real time PCR using a triplex assay specific for L. pneumophila (targeting
the mip gene) and L. pneumophila serogroup 1 (targeting the wzm gene). The genotype of
each L. pneumophila isolate was determined using the M13 modification of EWGLI standard
SBT method where part of seven target genes, comprising flaA, pilE, asd, mip, momp, proA
and neuA, were amplified by PCR and sequenced (Gaia et al., 2005, Ratzow et al., 2007,
Mentasti et al,, 2014). All allele designations were confirmed and a sequence type (ST)
determined using the sequence quality tool (http://www.hpa-
bioinformatics.org.uk/Legionella/Legionella_sbt/php/sbt_homepage.php). In some cases, as
indicated below, the sequence type was determined using a direct nested SBT approach on
sputum DNA extracts. Monoclonal Antibody typing was carried out using the Dresden panel

(Lick et al, 2013) as indicated. All steps above were carried out by RVPBRU as part of
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routine reference service work. Phenol-Chloroform extraction was carried out by myself
(Sharon Carney) at the Genomic Medicine Section, NHLI, Imperial College London on
available residual respiratory specimens and isolate material. Sputum specimens were
transferred to lysis matrix tubes containing CTAB lysis buffer. Samples were then bead
beaten and nucleic acid was extracted by the Phenol-Chloroform method. Nucleic acid was
precipitated and purified. Extraction and purification steps are described in detail in Chapter
2, Section 2.5. DNA concentration of all extracts was measured by PicoGreen assay as
described in Chapter 2, Section 2.6.1.

Tests and extraction methods carried out for each sample are summarised in Table 6.1 for

Case Study 1 samples and Table 6.2 for Case Study 2 samples.
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Table 6.1. Case Study 1:

Sample types available and tests/extraction methods performed.

Patient DNA Extraction MAb
Sample Type qPCR UAT | Culture SBT
ID Method Typing
Patientl DNA Extract | MagnaPure Compact Yes Yes Yes
Yes
Isolate Phenol-Chloroform NA NA No Yes
Patient2 DNA Extract | MagnaPure Compact Yes Yes Yes
Yes Yes
Isolate Phenol-Chloroform NA NA No
Sputum
MagnaPure Compact Yes Yes Yes
Specimen Yes No
Patient3
DNA Extract | Phenol-Chloroform No No No
Sputum
MagnaPure Compact Yes Yes No
Specimen Yes No
Patient4
DNA Extract | Phenol-Chloroform No No No
Sputum
MagnaPure Compact Yes Yes Yes
Specimen Yes Yes
Patient5
DNA Extract Phenol-Choroform No No No
Sputum
MagnaPure Compact Yes Yes Yes
Specimen Yes No
Patient6
DNA Extract | Phenol-Chloroform No No No

UAT = urinary antigen testing
SBT = sequence-based typing
MAD = monoclonal antibody
NA = not applicable
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Table 6.2. Case Study 2: Sample types available and tests/extraction methods performed.

Sample DNA Extraction MAb
ID qPCR UAT | Culture | SBT
Type Method Typing
MagnaPure
DNA Extract Yes Yes Yes
Patientl Compact Yes Unknown
MagnaPure
Patient2 DNA Extract Yes Yes
Compact Yes Yes
Yes
Isolate Phenol-Choroform NA NA Yes
MagnaPure
DNA Extract Yes Yes
Compact Yes Yes
Patient3 Yes
Isolate Phenol-Chloroform NA NA Yes
MagnaPure
DNA Extract Yes Yes
Compact Yes
Yes
Patient4 Isolate DNA MagnaPure No
NA NA No
Extract Compact
MagnaPure
Patient5 DNA Extract Yes Yes Yes Yes No
Compact
Environl Isolate Phenol-Chloroform NA NA NA
Yes Yes
Environ2 Isolate Phenol-Chloroform NA NA NA
Yes Yes

UAT = urinary antigen testing
SBT = sequence-based typing
MAD = monoclonal antibody
NA = not applicable
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6.3.3 Clinical and Epidemiological Data

Clinical and epidemiological data associated with Case Study 1 and 2 were accessed from
PHE. Patient data included age group of individuals, sex, details regarding hospitalisation
and clinical comments on referral. Epidemiological data included the number of days

between symptom onset and sample collection.

6.3.4 Bacterial Community Profiling by 16S rRNA gene Sequencing and Data Analysis
Bacterial community profiling was carried out on all available sputum DNA extracts (from
both extraction methods) by 16S rRNA gene amplification and sequencing as described in
Chapter 2, Section 2.15.1. Sample pooling and contamination checks were carried out as
described in Chapter 2, Section 2.15.2. Sample purification, DNA quantification and
equimolar library pooling were carried out as described in Chapter 2, Section 2.15.3. The
integrity of the pooled library was assessed using a Bioanalyzer High Sensitivity DNA chip
(Chapter 2, Section 2.8.1) and the pooled library was quantified by qPCR and prepared for
sequencing (Chapter 2, Section 2.15.4). Data from the 16S rRNA gene data was cleaned and
processed using QI IME (Version 1.9.1) (Caporaso et al, 2010). The final data was then
imported into R (Version 3.4.2) and analysed using phyloseq (Version 1.22.3) (McMurdie
and Holmes, 2013). The full code for data processing and analysis is available in Appendix

Section 9.1.21.

6.3.5 Target Capture for Legionella pneumophila and Sequencing

Database preparation and bait design were carried out as described in Chapter 2, Sections
2.11.1 and 2.11.2. Library preparation, hybridisation capture (Chapter 2, Section 2.11.3)
were carried out on the sputum DNA extracts from Case Study 1 and 2 and a dilution series
and mock community (described below in Section 6.3.6). Post-capture prepared libraries
were sequenced on one lane of an [llumina 4500 HiSeq (2 x 150 bps) by the Imperial College

London BRC Genomics Facility.
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6.3.6 Preparation of Dilution Series and Mock Community for Target Capture

The following genomic material was used in the preparation of the dilution series and mock
community for target capture: human genomic DNA, L. pneumophila Philadelphia-1, L.
pneumophila France 5811, L. longbeachae, L. anisa, L. feelei, L. micdadei, L. cherii, S.
pneumoniae, H. influenzae and V. dispar. The strain designations, sources and ethical
considerations regarding the genomic material are detailed in Chapter 2, Section 2.4. The
dilution series contained human genomic DNA spiked with a defined copy number of L.
pneumophila Philadelphia-1 as outlined in Table 6.3 below. The composition of the mock

community is detailed in Table 6.4.

Table 6.3. Composition of the Dilution Series.

Dilution ID Composition L. pneumophila Copy Number
D1 . 5X10*
b2 i genomc DA
D3 Philaé?elphia—i? (ST36) > X 10°
D4 1X103
Table 6.4. Composition of the Mock Community.
Mock Community Components Composition (%)

Human Genomic DNA
L. pneumophila Phil-1 (ST36)
L. pneumophila OLDA (ST1)
L. longbeachae
L. anisa
L. feelei
L. micdadei
L. cherii
S. pneumoniae
H. influenzae
V. dispar

NN [ o[ o[ [o [o| B

6.3.7 Oxford Nanopore Library Preparation and Sequencing

Oxford Nanopore Libraries were prepared for direct metagenomic sequencing of 3 sputum
DNA extracts from Case Study 1 (Patients 1, 2 and 5) and two sputum DNA extracts from
Case Study 2 (Patients 2 and 3). Libraries were prepared following the 1D Low Input

Genomic DNA with PCR protocol from ONT with modifications. Each library was prepared
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individually and sequenced on one flow cell for up to 46 hours. The input quantity of DNA
for library preparation for Case Study 1 was 892.4 ng for Patient1, 492.2 ng for Patient2, and
547.4 ng for Patient5 and for Case Study 2 was 324 ng for Patient2 and 194ng for Patient3.
For each sample, FFPE DNA repair was carried out as described in Chapter 2, Section 2.14.2.
End-repair was carried out as described in Chapter 2, Section 2.14.3. PCR adapter ligation
was carried out as described in Chapter 2, Section 2.14.4.

An amplification step for long fragments was carried on 20 ng of each PCR adapter-ligated
library in duplicate. Each reaction was setup as follows: 46 pl nuclease-free water, 2 pl PCR
primers (SQK-LSK108 kit), 2 pl of adapter ligated template (10 ng/ul), 50 pl LongAmp Taq
2x Master Mix (NEB). The PCR tube was mixed gently and centrifuged briefly. Amplification
was carried out using the following cycling conditions: 95 °C for 3 minutes followed by 18
cycles of 95 °C for 15 seconds, 62 °C for 15 seconds, 65 °C for 8 minutes. A final extension
was carried out at 65 °C for 8 minutes and held at 10 °C. The amplified reaction was purified
as described in Chapter 2, Section 2.14.1. A post-PCR end-repair and sequencing adapter
ligation step was carried out as described in Chapter 2, Section 2.14.4 and the final library
was kept on ice prior to loading.

Flow cell priming and library loading was carried out as described in Chapter 2, Section
2.14.5. Base calling was carried out using Guppy (Version 1.8.5) with a g-score filter setting
of > 7 (see Appendix Section 9.1.19 for full code). Human DNA reads were removed using

minimap?2 (Version 2.14) (Li et al, 2018). (see Appendix Section 9.1.20 for full code)

6.3.8 Data Analysis

6.3.8.1 Cleaning and Quality Control of Target Capture Data
All data cleaning and quality control steps (adapter trimming for removal of the Illumina
Universal adapter sequence, quality filtering, PhiX removal and human DNA removal) were

carried out as described Chapter 2, Sections 2.12.2 to 2.12.5 inclusive.

6.3.8.2 Sequence Alignment with Legionella Reference Genomes
Sequenced reads from the captured data were aligned against a completed reference

sequence (L. pneumophila  Lorraine strain (ST47) for Case Study 1
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(https://www.ncbi.nlm.nih.gov/nuccore/NC_018139.1) and L. pneumophila ST37
(https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT632616) for Case Study 2. Sequence
alignment was carried out using Bowtie2 (Version 2.3.2) (Langmead et al, 2012) with
default sensitivity parameters and the --no-unal option to suppress SAM records for
reads that failed to align. The SAM file was converted to BAM and sorted and duplicates
marked and removed with all steps using picard (Version 2.12.1) (Picard Toolkit, 2019).
Metrics for mean depth of coverage, percentage of reads mapping to the reference sequence
and total percentage of reference genome covered were generated for samples before and
after duplicate removal using the pileup script from BBTools (Version 37.38) (Bushnell,

2014). Appendix Section 9.1.12 details the alignment analysis code.

6.3.8.3 In silico Sequence-Based Typing for L. pneumophila

In silico sequence-based typing (SBT) analysis based on the traditional ESGLI L. pneumophila
scheme (Gaia et al, 2005, Ratzow et al,, 2007, Mentasti et al,, 2014) was carried out using the
ESGLI database (http://www.hpa-

bioinformatics.org.uk/legionella/legionella sbt/php/sbt homepage.php) and SRST2

(Inouye et al,, 2014) on the captured data to determine if a partial or full sequence type could
be generated. This was also carried out on the Oxford Nanopore data from case study
samples, as indicated. The analysis method implemented is detailed in Chapter 2, Section

2.13.2.

6.3.8.4 Identification of 50- and 1,455-Core MLST Genes

An investigation of gene presence/absence of 50 core genes pertinent to the multi-locus
sequence-based typing scheme, as defined by David et al,, 2016(b), was performed. Captured
data was aligned to a gene database of 50 core genes of L. pneumophila Philadelphia-1
reference genome
(https://www.ncbi.nlm.nih.gov/genome/416?genome_assembly_id=300116). Sample
reads were mapped to the gene database using SRST2 (Version 0.2.0) (Inouye et al, 2014).
The presence or absence of the 50 genes was reported. Additionally, reads from target

capture and isolate data were aligned to the extended MLST scheme gene database of 1,455
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core genes (again as defined by David et al., 2016[b]) from L. pneumophila Philadelphia-1
using the same method. This was also carried out on Oxford Nanopore data from case study

samples, as indicated. Appendix Section 9.1.13 details the full code used.

6.3.8.5 Phylogenetic Analysis

SNPs from the 1,455 core MLST genes were extracted from target capture and isolate data
using snippy (Version 4.3.2) (Seeman, 2014) and default parameters. Core SNP alignments
were performed using snippy-core (Version 4.3.2) (Seeman, 2014). RaXML-NG (Kozlov
etal, 2019) was used to perform maximum-likelihood searches on the core SNP alignments
using the GTRGAMMA model with ascertainment bias correction and 1,000 bootstrap
inferences. For each alignment, the best scoring maximum-likelihood tree with bootstrap
support values was written to file (please see Appendix Section 9.1.17 for the full code used).
Maximum likelihood trees were visualised using FigTree (Version 1.4.4) (Rambaut, 2008)
and annotated using Microsoft PowerPoint. Due to the lack of SNP calls in samples with low
depth of coverage, low reference base coverage and lack of overlapping captured regions,
five phylogenetic trees (detailed in Table 6.5) were generated based on SNPs from core

1,455 genes:

Table 6.5. Phylogenetic Trees for Case Study 1: Samples and Core Gene Compositions.

Phylogenetic Tree Samples No. Core Genes*
Patient1l_TC, Patient1_ISO,
1 Patient2_TC, Patient2_ISO, 122
Patient5_TC
2 Patient1_ISO, Patient2_ISO, 25 partial genes

Patient3_TC, Patient5_TC
Patient1_ISO, Patient2_ISO,

3 Patient4_TC, Patient5_TC 135 partial genes
4 Patient1_ISO, Patient2_ISO, 31 partial genes
Patient5_TC, Patient6_TC
Patient1_ISO, Patient2_ISO,
5 Patient4_TC, Patient5_TC, 2 partial genes

Patient6_TC
*- please see Appendix Section 9.8 for core gene lists.
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6.3.8.6 Heterozygous SNP Analysis for Mixed Strain Detection

Heterozygous SNPs from the 1,455 core genes of target capture and isolate data were
extracted from VCF files containing all SNPs calls using bcftools (Version 1.9) (Li et al,
2011). Filters were applied to remove heterozygous SNP calls below a Phred quality score of
100. Heterozygous allele depth calculations were extracted from the filtered VCF file and
sorted into major and minor allele calls. A further filter was applied to remove any
heterozygous allele calls where the minor allele was supported by less than 5 reads.
Proportions of major and minor allele calls were calculated. Code for this analysis is provided

in Appendix Section 9.1.18.

6.3.8.7 Genome Assembly

Isolate assembly was carried out using Unicycler (Version 0.4.7) (Wick et al, 2017[b])
with default parameters. Metagenome assembly was carried out on target capture reads
using metaSPAdes (Version 3.10.1) (Nurk et al, 2017) without error correction and
integrating assemblies spanning from a k-mer size of 27 to 127 base pairs. A co-assembly
was performed with Oxford Nanopore reads using the —nanopore parameter where
indicated. Please see Appendix Section 9.1.14 for the full code used. Taxonomic classification
of metagenomic assemblies was carried out using Centrifuge (Version 1.0.3) (Kim et al,
2016) as described in Chapter 2, Section 2.13.1. Assemblies were decontaminated by
extracting contigs belonging to the order Legionellalaes only using a custom shell script
(please see Appendix Section 9.1.15). All assemblies were investigated using CheckM
(Version 1.0.8) (Parks et al, 2015) with default parameters for genome completeness and

evidence of further contamination.

6.3.8.8 Pangenome Visualisation

Clusters of Orthologous Groups of proteins (COGs) were assigned to genome assemblies for
Case Studies 1 and 2. This was carried out using Anv’io (Version 5) (Eren et al, 2015) and
the COG database (Tatusov et al, 2000). A pangenome visualisation of assemblies based on

gene cluster presence/absence was then generated using Anv’io (Eren et al, 2015).
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6.4 Results

6.4.1 Dilutions and Mock Community Results

6.4.1.1 Dilutions and Mock: L. pneumophila Target Capture

Before examination of the LD case studies, a number of validation steps were carried out
based on mock material. In Chapter 5, target capture data from mock material containing
known copy numbers (106, 10>, 104, 103 copies) of a single L. pneumophila strain were
analysed to establish a cut-off for reliable allele number determination and depth of coverage
for downstream analyses. The cut-off was determined at 10# genome copies.

In the current chapter, mock material containing the same L. pneumophila strain
(Philadelphia-1 [ST36]) was prepared to contain genome copy numbers of 4 x 104, 8 x 103, 4
x 103 and 8 x 102 for target capture and sequencing. The aim was to determine if a more
specific cut-off could be established between 104 and 103 genome copies. Reads from
dilutions and mock community post-capture libraries were mapped to a completed L.
pneumophila Philadelphia-1 (ST36) genome
(https://www.ncbi.nlm.nih.gov/genome/416?genome_assembly_id=300116). The
percentage of reference bases covered, the percentage of on-target reads, the mean depth of
coverage before and after read duplicate removal were all investigated. Dilutions contained
41,667 (Dilution1), 8,333 (Dilution2), 4,167 (Dilution3) and 833 (Dilution4) genome copies.
For dilution tests, base coverage of the L. pneumophila reference genome varied from 100 %
for Dilutionl to 80 % for Dilution4. Percentage of reads mapped to the reference genome
varied from 80 % for Dilution1 to 4 % for Dilution4. Mean depth of coverage after duplicate
removal varied from 269 times for Dilution1 to 7 times for Dilution4. Read duplication levels
varied from 64 % for Dilution1 to 86 % for Dilution4. For the mock community, 100 % of the
reference genome bases were covered. A total of 85 % of reads mapped to the reference
genome. The mean depth of coverage after duplicate removal was 1,447 times and levels of

duplication were 23 % (Table 6.6).
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Table 6.6. L. pneumophila Target Capture Statistics for Dilutions and Mock Data.

Genome Copy Mean Mean
Genome Number Input Reads Depth of | Depth of
Reference
mapped to | Coverage | Coverage Read
Genome Lo
covered Reference (SD) (SD) Duplication
(%) (number of | BEFORE AFTER Levels (%)
0 pairs) (%) | Duplicate | Duplicate
Removal | Removal
R 9,203,485 761
Dilution1 41,667 100 (80) (1,648) 269 (486) 64
Dilution2 8,333 99 3’0(6261?76 254 (545) | 55(103) 77
Dilution3 4,167 99 3’2(123380 266 (626) | 43(101) 83
Dilution4 833 80 642,427 (4) 53 (134) 7 (18) 86
Mock 22,891,107 1,884 1,447
Community 833,333 100 (85) (2,408) (1,842) 23

SD = Standard Deviation

6.4.1.2 Dilutions and Mock: In silico Sequence-Based Typing

An in silico sequence-based typing analysis, analogous to MLST, based on the traditional
ESGLI 7-loci scheme was carried out on the QC’ed sequencing reads of each sample. The aim
was to determine if a L. pneumophila sequence type could be obtained from the dilution and

mock captured data. Table 6.7 shows the sequence type results obtained.

For dilution samples Dilutionl, 2, and 3, all 7 alleles were captured and sequenced. For
Dilution4 three alleles (pilE, mompS and proA) were determined. For the mock community,
all alleles were determined, however, mompS and proA were determined as allele numbers
82 and 5, respectively. This is most likely due to the mixture of L. pneumophila sequence

types present in the tested community.

Table 6.7. In silico Traditional Sequence-Based Typing for Dilutions and Mock Data.

Genome flaA pilE asd mip mompS | proA | neulA/h ST
Dilution1 3 4 1 1 14 9 1 36
Dilution2 3 4 1 1 14 9 1 36
Dilution3 3 4 1 1 14 9 1 36
Dilution4 0 4 0 0 14 9 0 -

Mock Community 3 4 1 1 82 5 1 -
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6.4.1.3 Dilutions and Mock: Identification of 50- and 1,455-Core MLST Genes

A gene presence/absence analysis was carried to determine the typeability of genes from the
dilutions and mock target capture data based on the 50-gene and the extended 1,455-gene
MLST scheme proposed by David et al., 2016(b). Samples were mapped to 50- and 1,455-
gene databases based on the Philadelphia-1 reference sequence and the presence of genes
with >= 90 % coverage only were reported (Table 6.8). From the 50-core gene scheme, all
50 genes were typeable for Dilution1, 2, and 3 and thirteen genes (out of 50) were typeable
for Dilution4. In the case of the Mock sample, all 50 genes were typeable. From the 1,455-
core gene scheme, all 1,455 genes were typeable for Dilution1 and the Mock Community. For

Dilution2, 3 and 4, 1,453, 1,451 and 453 genes were typeable, respectively.

Table 6.8 Typeability of 50- and 1,455-core MLST genes for Dilutions and Mock Data.

Target Capture Genome 50 core genes 1,455 core genes
Dilution1 50 1,455
Dilution2 50 1,453
Dilution3 50 1,451
Dilution4 13 453

Mock Community 50 1,455

6.4.1.4 Dilutions and Mock: Heterozygous SNP Analysis for Mixed Strain Detection

Heterozygous SNPs from 1,455 core genes of single L. pneumophila strain and mixed strain
controls were analysed as a means of investigating mixed infection patterns. The total
number of heterozygous SNPs was determined after quality and read depth filtering. This
was then compared against the total number of SNPs (homozygous and heterozygous) and
the proportion of heterozygous SNPs was calculated (Table 6.9). From single strain controls
(Dilution tests), the heterozygous SNPs proportion varied from 1 to 3 % of total SNPs (Figure
6.1(a), (b) and (c)). In the mixed strain control (Mock Community) the initial mixture of
which contains two L. pneumophila sequence types, the heterozygous SNPs proportion was
98 % of total SNPs. When plotted, the mixed strain control demonstrated a clustering pattern

between major and minor alleles from heterozygous SNP calls (Figure 6.1(d)).
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Table 6.9 Heterozygous SNPs in Dilution Tests and Mock Community.

ID No. Het SNPs No. Total SNPs Proportion Het SNPs
Dilution1 5 484 1%
Dilution?2 12 401 3%
Dilution3 5 371 1%
Dilution4 1 49 2%

Mock Community 20,280 20,762 98 %
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Figure 6.1. Heterozygous SNP proportions in the single strain controls (a) Dilution1, (b)
Dilution2 and (c) Dilution3 and (d) the Mock Community containing mixed L. pneumophila
populations. From single strain controls (a, b and c), heterozygous SNPs proportion varied
from 1 to 3 % of total SNPs. In the mixed strain control (d) the initial mixture of which
contains two L. pneumophila sequence types, the heterozygous SNPs proportion was 98 %

of total SNPs.
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In conclusion, for Dilution1 (4 x 104 genome copies), reliable typing data and a high depth of
coverage was obtained. Contrastingly, for Dilution4 (8 x 102%), a partial sequence type was
obtained, and genome depth of coverage was low. These results corroborate findings from
Chapter 5 (Section 5.5) based on high and low genome copy number input.

Upon analysis of Dilution 2 (8 x 103) and 3 (4 x 103), all allele numbers were obtained,
providing a full 7-loci sequence type in both cases, as well as a high depth of coverage on
average. Additionally, all 50 core MLST genes were typeable and from the 1,455 core MLST
scheme, 1,455 and 1,453 genes were typeable for Dilution2 and Dilution3, respectively. Data
from the dilutions and mock samples demonstrated that the analysis of heterozygous SNPs
in 1,455 core genome regions from single L. pneumophila strain and mixed strain controls

can provide indications of mixed infection patterns

6.4.2 Case Study 1 Results

6.4.2.1 Case Study 1: Epidemiological, Clinical and Microbiological Data

For Case Study 1, respiratory specimens were available for 6 patients and matched isolates
available for 2 of the 6. There was no clinical sample or isolate available for a 7th patient,
however clinical and microbiological data was available from PHE for this case and is
included in this Chapter. From the 7 patients, 1 was female and 6 were male, all aged between
40 and 80 years (mean: 64.8 years). The number of days between reported symptom onset
were available for 6 out of 7 patients and sample collection ranged from 4 to 24 days (mean:
10.6 days). Three patients experienced respiratory failure and one experienced multi-organ
failure. Seven cases reported shortness of breath, four a cough, four experienced confusion,
two cases reported chest pain and two diarrhoea. All cases were alive at the close of the
investigation (at least 28 days after their respective onset dates). Half of the cases were
current smokers and one an ex-smoker. Co-morbidities were reported for a number of the
cases and included hypertension, Chronic Obstructive Pulmonary Disease (COPD),
musculoskeletal problems (causing low mobility) and long-term steroid use. Isolates (single)
were obtained from samples from 3 patients. Urinary antigen testing of Patient4 was positive
as reported by NHS local hospital trust however was negative by UAT and qPCR at the PHE
Legionella reference lab and was not isolated. Table 6.10 provides the full information about
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individual patient samples and diagnostic test results that was available for this current

study.
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Table 6.10 Epidemiological, Clinical and Microbiology Data for Case Study 1

No. days
Age symptom
Patient
D Sex Group onset to Further UAT qPCR Culture SBT MAb
(Years) sample hospital/clinical (CT: mip, wzm)
collection details
ITU, respiratory ST47* Not
Patient1 F 60-70 18 Positive Positive (23.6, 24.9) Isolated
failure (510,22,15,6,2,6) determined
ITU, typel respiratory *
Patient?2 M 40-50 24 ) Positive Positive (23.3, 24.5) Isolated ST2110 Knoxville
failure (6,10,2,10,13,4,9)
Partial ST*
Patient3 M 50-60 5 ITU Positive Positive (33, 34) Not Isolated Not tested
(6,0,0,10,13,14,6)
Positive
Orthopaedic ward Hospital test
Patient4 M 70 - 80 No info Negative Not Isolated No info No info
patient Not confirmed
(PHE)
ITU, ventilated, lower
lobular pneumonia, ST82 Not
Patient5 M 50-60 7 Positive Positive (25, 26) Isolated
type 1 respiratory (5,1,22,10,6,10,6) determined
failure
Patient6 M 70 -80 4 ITU, COPD Positive Positive (36, 37) Not Isolated Not obtained Not tested
Partial ST*
ITU, multi-organ (5,0,0,0,6,2,6)
Patient7 M 50-60 6 Positive Positive (34, 33) Not Isolated Not tested
failure (ST47/109 PCR
positive)

*-obtained by direct nested SBT, UAT = urinary antigen testing, SBT = sequence-based typing, MAb = monoclonal antibody, CT = cycle threshold
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6.4.2.2 Case Study 1: Legionella Abundance in Bacterial Community

The relative abundance of Legionella in the bacterial component of Case Study 1 sputum
nucleic acid extracts was examined by sequencing the 16S rRNA gene and comparing the
proportion of sequenced Legionella operational taxonomic units (OTUs) to the total number
of bacterial OTUs in each sample, rarefied to 2,000 OTUs. In addition to the patient samples,
DNA from mock communities were sequenced - Mock1 representing the in-house positive
sequencing control and Mock2 representing the Legionella positive control. The bacterial
community for each sequenced sample is visualised in Figure 6.2. The relative abundance
of Legionella in the bacterial communities was: 0.35 % for Patient1, 91.5 % for Patient2, 0.1
% for Patient3a and 0 % for Patient3b (where ‘a’ signifies extraction by MagnaPure Compact
and ‘b’ signifies extraction by the Phenol-Chloroform method), 22.6 % for Patient5a and 30
% for Patient5b, 0 % for Patient6a and 6b, 0 % for the in-house Legionella-negative Mock1
and 16.3 % for the Legionella-positive Mock2. Samples for Patient4a and 4b did not contain
sufficient reads to include in the analysis and as expected, negative controls for extraction
and sequencing did not contain sufficient reads to include in the visualisation.

Communities for Patient3 and Patient6 were dominated by S. pneumoniae and the

community for Patientl was dominated by H. influenzae.
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Case Study 1: Legionella Abundance in Bacterial Community
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Figure 6.2 Bacterial communities demonstrating Legionella genus OTU abundance for Case

Study 1 samples.

6.4.2.3 Case Study 1: L. pneumophila Target Capture

Reads from Case Study 1 post-capture libraries were mapped to a completed L. pneumophila
Lorraine (ST47) genome (https://www.ncbi.nlm.nih.gov/nuccore/NC_018139.1). The
percentage of reference bases covered, the percentage of on-target reads, the mean depth of
coverage before and after read duplicate removal were all investigated (Table 6.11). Base
coverage of the L. pneumophila reference genome varied from 2 % for Patient4a (‘a’ signifies
the MagnaPure Compact extracted sample) to 96 % for Patient5b (‘b’ signifies the Phenol-
Chloroform extracted sample). The proportion of reads mapping to the Legionella reference
genome varied from 0.0004 % for Patient4a to 48 % for Patient5b. Mean depth of coverage
varied from 0.02 times for Patient4a to 31 times for Patient5b post-duplicate removal. Read

duplication levels varied from 9 % to 88 %.
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Table 6.11 L. pneumophila Target Capture Statistics for Case Study 1.

Reads Mean Mean
mapped Depth of | Depth of
Reference
to Coverage | Coverage Read
Genome Copy Genome
Reference (SD) (SD) Duplication
Genome Number Input covered
%) (number BEFORE AFTER Levels (%)
0
of pairs) | Duplicate | Duplicate
(%) Removal | Removal
1,721,390 136
Patient1 116,667 70 23 (561) 82
17 (1,853)
288,111 22
Patient2 83,333 50 4 (28) 82
(3) (136)
74,693
Patient3a 167 3 4 (194) 0.7 (27) 84
(0.5)
50,277
Patient3b Est. 167 7 3 (101) 0.5 (16) 83
(0.4)
347 0.02
Patient4a ND 2 0.02 (0.2) 9
(0.0004) (0.27)
69,045
Patient4b Est. ND 20 5 (16) 0.9 (3) 83
(0.7)
73,810
Patient5a 41,667 44 5(10) 3(6) 44
(0.8)
3,316,515
Patient5b Est. 41,667 96 244 (242) 31 (45) 86
(48)
126,548
Patient6a 250 4 1 8 (346) 0.8 (32) 88
179,742
Patient6b Est. 250 27 @ 14 (78) 2(13) 86
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6.4.2.4 Case Study 1: In silico Sequence-Based Typing

An in silico sequence-based typing analysis, analogous to MLST and based on the traditional
ESGLI 7-loci scheme, was carried out on the QC’ed sequencing reads of each sample. Reads
from patient samples sequenced twice (two different extraction methods) were merged at
this point. Table 6.12 shows the sequence type results from the target capture data for Case
Study 1. In the case of Patient3 and Patient4, no allele number was determined. A partial
sequence type was determined for Patient1 (alleles 0, 0, 0, 15, 6, 0, 6) and Patient2 (alleles 6,
0,2, 0,13, 0, 0) and one allele (proA) was determined for Patient6 (alleles 0, 0, 0, 0, 0, 2, 0). A
full sequence type was determined for Patient5 matching ST82 as previously determined by
PHE. Oxford Nanopore reads sequenced directly from Patient1, 2 and 5 samples did not yield

a sequence type.

Table 6.12 In silico Sequence-Based Typing Result of Case Study 1 Target Capture Data.

Genome flaA DIlE asd mip | mompS | proA | neuA/h ST
Patient1 0 0 0 15 6 0 6
Patient2 6 0 2 0 13 0 0
Patient3 0 0 0 0 0 0 0
Patient4 0 0 0 0 0 0 0
Patient5 5 1 22 10 6 10 6 82
Patient6 0 0 0 0 0 2 0

6.4.2.5 Case Study 1: Identification of 50- and 1,455-Core MLST Genes

A gene presence/absence analysis was carried to determine the typeability of genes from the
target capture data based on the 50-gene and the extended 1,455-gene MLST scheme.
Samples were mapped to 50- and 1,455-gene databases based on the Philadelphia-1
reference sequence and the presence of genes with >= 90 % coverage only were reported
(Table 6.13). From the 50-core gene scheme, 10 genes were sequenced from Patientl
capture data, 3 from Patient2, 48 from Patient5 and 1 from Patient6. No gene was sequenced
from the 50-gene scheme for Patient3 or Patient4 capture data. From the 1,455 core gene

scheme, 243 genes were sequenced from Patientl capture data, 107 from Patient2, 2 from

236



Patient4, 1,356 from Patient5 and 13 from Patient6. No gene was sequenced from the 1,455-
gene scheme for Patient3 capture data. Oxford Nanopore reads sequenced directly from
Patientl, 2 and 5 samples did not yield full gene sequence information from either 50 or

1,455 core genes.

Table 6.13 Core 50- and 1,455-gene MLST of Case Study 1 Target Capture Data.

Genome 50 core genes 1,455 core genes
Patient1 10 243
Patient2 3 107
Patient3 0 0
Patient4 0 2
Patient5 48 1,356
Patient6 1 13

Genes marked as present if > 90 % bases covered

6.4.2.6 Case Study 1: Phylogenetic Analysis

Due to lack of overlapping genomic regions captured and sequenced from some samples, five
maximum-likelihood phylogenetic trees were constructed. This was carried out to examine
the clustering of the target capture and isolate data together and to investigate the
phylogenetic localisation of target capture data particularly in cases where L. pneumophila
was not isolated or a sequence type was not obtained.

Tree 1 (Figure 6.3) was generated based on an alignment of overlapping regions from 1455
core genes of Patient1 and Patient2 target capture and isolate data, Patient5 target capture
data and a reference (L. pneumophila Philadelphia-1 [ST36]). In addition to regions of
similarity, the alignment contained 280 SNPs from 123 of the core genes (See Appendix
Section 9.8 for the list of 123 core genes containing SNPs). The samples formed two clades:
one with Patient2 (ST2110) and the other with Patientl (ST47) and Patient5 (ST82). The
clustering of ST47 with ST82 is anticipated as both sequence types share 4 alleles based on
7-loci SBT.
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Figure 6.3. Maximum-likelihood Phylogenetic Tree 1. The tree was computed based on an
alignment of overlapping regions from 1455 core genes of Patientl and Patient2 target
capture and isolate data, Patient5 target capture data and a reference (L. pneumophila
Philadelphia-1 [ST36]). In addition to regions of similarity, the alignment contained 280

SNPs from 123 of the core genes. The internal nodes are labelled with the bootstrap values.

Tree 2 (Figure 6.4) was constructed based on an alignment of overlapping regions from
1455 core genes from Patientl, 2, 3 and 5 data. In addition to regions of similarity, the
alignment contained 76 SNPs from 25 of the core genes (See Appendix Section 9.8 for the list
of 25 genes core genes containing SNPs). Target capture data for Patient3 did not cluster
with known STs involved in Case Study 1. The same pattern was observed in Tree 3 (which
contained 407 SNPs from 135 of the core genes) for Patient4 target capture data (Figure
6.5) (See Appendix Section 9.8 for the list of 135 core genes) and Tree 4 (which contained
91 SNPs from 31 of the core genes ) for Patient6 target capture data (Figure 6.6) which did
not cluster with data from Patientl, 2 or 5 (See Appendix Section 9.8 for the list of 31 core

genes).
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Figure 6.4. Maximum-likelihood Phylogenetic Tree 2. The tree is based on an alignment of
overlapping genomic regions from 1455 core genes of Patient1l and Patient2 isolate data,
Patient3 and Patient5 target capture data and a reference (L. pneumophila Philadelphia-1
[ST36]). In addition to regions of similarity, the alignment contained 76 SNPs from 25 of the

core genes. The internal nodes are labelled with the bootstrap values.
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Figure 6.5. Maximum-likelihood Phylogenetic Tree 3. The tree is based on an alignment of
overlapping genomic regions from 1455 core genes of Patient1l and Patient2 isolate data,
Patient4 and Patient5 target capture data and a reference (L. pneumophila Philadelphia-1
[ST36]). In addition to regions of similarity, the alignment contined 407 SNPs from 135 core

genes. The internal nodes are labelled with the bootstrap values.

240



Patient1_ISO

Reference

Patient6_TC

Legend

® sT47
ST82

® 5T2110

® ST36

@® Unknown

Patient5_TC

TC = Target Capture
Patient2_ISO 1SO = Isolate

Figure 6.6. Maximum-likelihood Phylogenetic Tree 4. The tree is based on an alignment of
overlapping genomic regions from 1455 core genes of Patient1l and Patient2 isolate data,
Patient5 and Patient6 target capture data and a reference (L. pneumophila Philadelphia-1
[ST36]). In addition to regions of similarity, the alignment contined 91 SNPs from 31 of the

core genes. The internal nodes are labelled with the bootstrap values.
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A final tree (Tree 5, Figure 6.7) based on two partial (70 %) core genes was constructed for
five out of six patient samples: Patient1, 2, 4, 5 and 6. (See Appendix Section 9.8) Despite the
low resolution of the tree, data for Patientl and 5 formed the same clustering pattern as in
the previous 4 trees. Interestingly, Patient4 and Patient6 clustered together however

Patient4 demonstrated a diverging pattern.
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Figure 6.7. Maximum-likelihood Phylogenetic Tree 5. The tree is based on SNPs from 2
partial core genes of Patientl and Patient2 isolate data, Patient4, Patient5 and Patient6
target capture data and a reference (L. pneumophila Philadelphia-1 [ST36]). The internal

nodes are labelled with the bootstrap values.
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6.4.2.7 Case Study 1: Heterozygous SNP Analysis for Mixed Strain Detection
Heterozygous SNP analysis, as carried out in on mock samples in Section 6.4.1.4., was carried
out on target capture and isolate data from Case Study 1 samples. The total number of
heterozygous SNPs was determined after quality and read depth filtering. This was then
compared against the total number of SNPs (homozygous and heterozygous) and the
proportion of heterozygous SNPs was calculated (Table 6.14). Heterozygous SNP
proportions representing less than 10 % of total SNPs were not further analysed for mixed
strains due to increased uncertainty. From Case Study 1 samples, no heterozygous SNPs
were present in target capture data from Patientl, 2, 3, 6 or isolate data from Patient2. SNP
data from the Patient1 isolate had 0.04 % heterozygous SNPs. Plotting the heterozygous SNP
output for the Patientl isolate (Figure 6.8(a)) demonstrated a similar profile to that of
single strain controls in Section 6.4.1.4. Target capture data from Patient4 had 4 %
heterozygous SNP calls however it was not analysed further due to the sparsity of the data
(3 heterozygous SNPs only).

Target capture data from Patient5 provided an interesting pattern. From total SNPs, 13 %
were heterozygous. Furthermore, when the data was plotted (Figure 6.8(b)), major and
minor allele clustering was observed indicating that the sample may indeed contain mixed

L. pneumophila populations.

Table 6.14 Proportions of Heterozygous SNPs in 1,455 core genes of Case Study 1 samples.

Genome No. Het SNPs No. Total SNPs Proportion Het SNPs
Patient1_TC 0 1,183 0%
Patient1_ISO 8 19,728 0.04 %
Patient2_TC 0 1,130 0%
Patient2_ISO 0 22,320 0%
Patient3_TC 0 9 0%
Patient4_TC 3 70 4%
Patient5_TC 1,915 15,013 13 %
Patient6_TC 0 26 0%
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Figure 6.8. Heterozygous SNP proportions (Case Study 1) in (a) Patientl isolate indicating
a single strain and (b) Patient5 target capture data indicating a mixed L. pneumophila

population.
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6.4.2.8 Case Study 1: Genome Assembly and Pangenome Visualisation

Genomes from the target capture and isolate data were assembled and target capture
assemblies were decontaminated by removing contigs belonging to taxonomic orders other
than the order Legionellales. A quality analysis was carried out to determine genome length,
maximum contig length, N50 (the minimum contig length needed to cover 50 % of the
genome), GC content, genome completeness, residual contamination and the number of
predicted genes. Genome draft quality (high, medium or low) was assigned based on criteria
defined by Bowers et al., 2017. For target capture data, genome length varied from 3,701,560
for Patient5 to 27,534 bases for Patient3. Maximum contig length varied from 16,216 for
Patient5 to 732 for Patient3. Estimations of genome completeness based on the presence of
single copy genes varied from 98 % for Patient5 to 1.7 % for Patient4. Estimations of
contamination levels varied from 0 % for Patient3 and 4 to 13 % for Patient5. Upon closer
inspection, it was observed that the majority of contamination for Patient5 was
representative of strain heterogeneity (Table 6.15). Assembly of isolate data for Patient1
and Patient2 produced two high quality draft assemblies (Table 6.16).

As means of viewing genome assemblies within the context of a LD cluster, a pangenome
visualisation was created for Case Study 1 target capture and isolate data (Figure 6.9). The
visualisation was based on the distribution of gene clusters across the genomes. Gene
clusters were identified among the genomes and each cluster was annotated with a COG
function which was displayed, if known (in green) or unknown (in grey). Additionally, a
functional homogeneity plot was incorporated into the visualisation as a means of displaying
the level of conservation of aligned amino acid residues across genes. A gene cluster may
contain amino acid sequences from different genomes that are almost identical, which would
indicate functional homogeneity. Contrastingly, the gene cluster may contain highly
divergent amino acid sequences from different genomes which may indicate functional
heterogeneity or possibly immune selection.

A total of 4,087 gene clusters were assigned based on 19,102 genes from Case Study 1
genomes. A total of 1330 (26 %) gene clusters had >= 99 % functional homogeneity, 1,590
(38 %) had >= 75 % functional homogeneity and 2,791 (68 %) had >= 50 % functional

homogeneity.
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Table 6.15 Genome Assembly Quality Statistics: Target Capture Data for Case Study 1.

Max
Genome No.
Contig GC Draft Coding No.
Genome Length N50 Completeness | Contamination | Predicted
Length Content Quality | Density contigs
(Bases) Genes
(Bases)
Patientl1* | 1,392,561 2,656 417 0.39 43.3 % 3% 3,720 Low 0.88 3,343
Patient2* | 906,117 2,450 366 0.39 25.7% 1.6 % 2,563 Low 0.84 2,442
Patient3 27,534 732 332 0.41 4.2 % 0% 82 - 0.88 81
Patient4 49,864 750 335 0.41 1.7 % 0% 153 - 0.91 144
Patient5* | 3,701,560 | 16,216 2,179 0.39 98 % 13 % 5,394 Medium 0.88 3,087
Patient6 | 278,399 1,639 351 0.41 7% 3.5% 834 0.91 764
*- genome co-assembled with Legionella reads from Oxford Nanopore sequencing
Table 6.16 Genome Assembly Quality Statistics: Isolate Data for Case Study 1.
Max
Genome No.
Contig GC Draft | Coding No.
Genome Length N50 Completeness | Contamination | Predicted
Length Content Quality | Density | contigs
(Bases) genes
(Bases)
Patientl | 3,572,548 | 239,729 81,017 0.38 100 0 3,198 High 0.887 75
Patient2 | 3,581,525 | 581,213 241,284 0.38 100 0.585 3,232 High 0.883 35
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Figure 6.9. Pangenome visualisation of genomes assemblies from Case Study 1. The
visualisation displays the gene clusters present in the target capture and isolate genomes,
COG function assignment (green for known and grey for unknown), functional homogeneity
(homogeneity represented by spikes in green) and layers containing information on number
of gene per kbp, GC content, levels of genome completion and total length. TC = target capture
and ISO = isolate. Dark shading indicates gene clusters that were sequenced. Light shading
indicates gene clusters that are absent from the assembly.
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6.4.3 Case Study 2 Results

6.4.3.1 Case Study 2: Epidemiological, Clinical and Microbiological Data

For this study, respiratory specimens were available for 5 patients with isolates available for
2 of the 5. Additionally, environmental isolates were available from two different sources. Of
the 5 patients, 2 were female and 3 were male, all aged between 40 and 60 years (mean: 52.4
years). The number of days between reported symptom onset and sample collection ranged
from 5 to 9 days (mean: 7.4 days). One patient experienced multi-organ failure. No deaths
were reported. An isolate had been obtained for three of the patients. Table 6.17 provides
full information about individual patient and environmental samples and diagnostic test

results.
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Table 6.17. Epidemiological, Clinical and Microbiological Data for Case Study 2.

No. days
Age symptom
Patient/ MAb
Sex Group onset to Further details UAT qPCR Culture SBT
Environmental ID Type
(Years) sample (CT: mip, wzm)
collection
ITU, Multi-organ
Patient1 M 50-60 5 Positive Positive (31,31) Isolated ST37 No info
failure

Patient2 F 40-50 8 ITU Positive Positive (23, 24) Isolated ST37 Philadelphia

Patient3 M 50-60 7 ITU Positive Positive (27, 28) Isolated ST37 Philadelphia

Patient4 F 50-60 8 ) Positive Positive (33, 32) Not Isolated ST37* Not tested

Partial ST*
ITU
Patient5 M 50-60 9 Positive Positive (32, 32) Not Isolated | (3,0,0,1,14,9,1 No info
iy
Cooling tower
Environmentall NA NA NA NA No info Isolated ST37 Philadelphia
infection system?

Environmental2 NA NA NA Cooling Tower NA No info Isolated ST37 Philadelphia

UAT = urinary antigen testing

SBT = sequence-based typing

MAD = monoclonal antibody

NA = not applicable

* - indicates direct nested SBT
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6.4.3.2 Case Study 2: Legionella Abundance in Bacterial Communities

The relative abundance of Legionella in the bacterial component of Case Study 2 sputum
nucleic acid extracts was examined by sequencing the 16S rRNA gene and comparing the
proportion of sequenced Legionella OTUs to the total number of bacterial OTUs in each
sample, rarefied to 2,000 OTUs. Also included were the mock samples as described in Section
6.4.2.2.

The bacterial community for each sequenced sample is visualised and shown in Figure 6.10.
The relative abundance of Legionella in the bacterial communities was as follows: 99.3 % for
Patient2, 0.2 % for Patient3, 0.05 % for Patient4 and 0 % for Patient5. The sample for

Patient1 did not contain sufficient reads to allow its inclusion in the analysis.

Case Study 2: Legionella Abundance in Bacterial Community

Genus
Patient2 - . g__Actinomyces . g__Mycoplasma
g__Aggregatibacter I:' g__Neisseria
Patient3 - g__Alysiella . g__Nocardia
|:| g__Atopobium I:l g__Parvimonas
) __Burkholderia __Porphyromonas
Patient4 - . g . g P
I:' g__Capnocytophaga . g__Pseudomonas
) g_Chiamydophila  [Jl] o_Rothia
Patient5 . )
|:| g__Corynebacterium I:' g__Selenomonas
|:| g__Fusobacterium I:' g__Staphylococcus
Mock1 - - I:' g__Granulicatella I:' g__Streptococcus
g__Haemophilus . g__Veillonella
Mock?2 - g__Legionella . g__Vibrio
I:l g__Leptotrichia I:l NA

o
=]
S

Abundance

Figure 6.10. Legionella relative abundance in the bacterial communities of sputum extracts

from Case Study 2.
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6.4.3.3 Case Study 2: L. pneumophila Target Capture

Reads from Case Study 2 post-capture libraries were mapped to a L. pneumophila completed
ST37 reference genome (https://www.ncbi.nlm.nih.gov/nuccore/NZ_LT632616). The
percentage of reference bases covered, the percentage of on-target reads, the mean depth of
coverage before and after read duplicate removal were all investigated (Table 6.18). The
percentage of the Legionella reference genome covered varied from 2 % for Patient1 to 90
% for Patient2. The proportion of reads mapping to the Legionella reference genome varied
from 0.006 % for Patientl to 26 % for Patient2. Mean depth of coverage varied from 0.05
times for Patient1 to 56 times for Patient5 after duplicate removal. Read duplication levels

varied from 28 % for Patient1 to 85 % for Patient5.

Table 6.18 L. pneumophila Target Capture Statistics for Case Study 2.

Mean Mean
Depth of Depth of
Reference
Genome Reads mapped Coverage Coverage Read
Genome
Copy to Reference (SD) (SD) Duplication
covered
Number (%) BEFORE AFTER Levels (%)
Genome (%)
Input Duplicate | Duplicate
Removal Removal
Patient1 2,778 2 890 (0.006) 0.07 (0.9) 0.05 (0.5) 28
Patient2 37,383 90 2,193,382 (26) 173 (2133) 56 (927) 67
Patient3 16,667 16 83,700 (1) 6 (87) 1(11) 82
Patient4 1,250 4 41,790 (0.3) 3(126) 0.7 (23) 78
Patient5 833 4 257,390 (1.2) 20 (818) 3(127) 85

6.4.3.4 Case Study 2: In silico Sequence-Based Typing

An in silico sequence-based typing analysis was carried out on the QC’ed sequencing reads
of each sample. Table 6.19 details the sequence type results from the target capture data
for Case Study 2. In the case of target capture data from Patient2, six alleles were obtained
(3,4,1,1,14,9,0). The neuA allele number was not determined however the profile is consistent

with ST37, as confirmed from the matched isolate. No alleles numbers were determined for
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Patientl, 3, 4 or 5. Oxford Nanopore reads sequenced directly from Patient2 and 3 samples

did not yield a sequence type.

Table 6.19 In silico Sequence-Based Typing for Case Study 2 Target Capture Data.

Genome flaA DIlE asd mip momp$S proA neuA/h ST
Patient1 0 0 0 0 0 0 0

Patient2 3 4 1 1 14 9

Patient3 0 0 0 0 0 0 0

Patient4 0 0 0 0 0 0 0

Patient5 0 0 0 0 0 0 0

6.4.3.5 Case Study 2: Identification of 50- and 1,455-Core MLST Genes

A gene presence/absence analysis was carried to determine the typeability of genes from the
target capture data based on the 50-gene and the extended 1,455-gene MLST scheme
proposed by David et al., 2016(b). From the 50-core gene scheme, 40 genes were sequenced
from Patient2 target capture data and 1,171 genes from the 1,455 core gene scheme. No full
length core genes were sequenced from the 50-gene or 1,455 gene schemes for Patientl, 3,
4 or 5 data (Table 6.20). Oxford Nanopore reads sequenced directly from Patient2 and 3

samples did not yield full genes from the 50- or 1,455 core gene sets.

Table 6.20 Core 50- and 1,455-gene MLST of Case Study 2 Target Capture Data.

Genome 50 core genes 1,455 core genes
Patient1 0 0
Patient2 40 1,171
Patient3 0 0
Patient4 0 0
Patient5 0 0
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6.4.3.6 Case Study 2: Phylogenetic Analysis

Due to lack of overlapping data captured and sequenced from Patient samples 1, 3, 4 and 5,
a phylogenetic analysis could not be performed on core gene data from these samples. A
maximum-likelihood phylogenetic tree based on alignment of overlapping regions from
1455 core genes was therefore constructed containing target capture data from Patient2
only and isolate data from Patient2 and 3 and environmental isolates 1 and 2 (Figure 6.11).
In addition to regions of similarity, the alignment contained 1009 SNPs from 87 of the core
genes (See Appendix Section 9.8 for list of 87 core genes). There were no SNP differences
between the aligned core gene regions of isolates (both patient and environmental) from
Case Study 2. Patient2 target capture data however differed from Case Study 2 isolate data
by 9 SNPs.

For context, a second phylogenetic tree was constructed (Figure 6.12) containing the Case

Study 2 genomes and including complete and draft ST37 genome assemblies deposited in

the NCBI RefSeq server on the 5t of October 2018 (ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/).
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Figure 6.11 Maximum-likelihood Phylogenetic Tree for Case Study 2. Tree is based on an
alignment of overlapping genomic regions from 1455 core genes of Patient2 target capture
data, isolate data from Patient2 and 3 and isolate data from two environmental sources. A
reference (L. pneumophila Philadelphia-1 [ST36]) was also included. In addition to regions
of similarity, the alignment contained 1009 SNPs from 87 of the core genes. The internal

nodes are labelled with the bootstrap values.
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Figure 6.12 Maximum-likelihood Phylogenetic Tree for Case Study 2 and ST37 RefSeq Genomes. Tree is based on an alignment
of overlapping genomic regions from 1455 core genes of Patient2 target capture data, isolate data from Patient2 and 3 and
isolate data from two environmental sources. A reference (L. pneumophila Philadelphia-1 [ST36]) was also included. Also
included are ST37 genomes from RefSeq, for context. The internal nodes are labelled with the bootstrap values. The larger image

of Case Study 2 sample phylogeny is visualised in Figure 6.11.
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6.4.3.7 Case Study 2: Heterozygous SNP Analysis for Mixed Strain Detection

Heterozygous SNP analysis was carried out on target capture and isolate data from Case
Study 2 samples. From Case Study 2 samples, no heterozygous SNPs were present in target
capture data from Patientl, 3, 4 and 5 or isolate data. Target capture SNP data from the
Patient2 had 3 heterozygous SNPs (representing 0.4 % of the total SNP profile) therefore it
was determined that Patient2 target capture sample did not contain a mixed profile (Table

6.21).

Table 6.21 Proportions of Heterozygous SNPs in 1455 core genes from Case Study 2

samples.

ID No. Het SNPs No. Total SNPs Proportion Het SNPs
Patient1_TC 0 0 0%
Patient2_TC 3 789 0.4 %
Patient2_ISO 0 1,631 0%
Patient3_TC 0 6 0%
Patient3_ISO 0 1,626 0%
Patient4_TC 0 1 0%
Patient5_TC 0 0 0%
Environ1_ISO 0 1,630 0%
Environ2_ISO 0 1,633 0%

6.4.3.8 Case Study 2: Genome Assembly and Pangenome Visualisation

Genomes from the target capture and isolate data were assembled and target capture
assemblies were decontaminated by removing contigs belonging to taxonomic orders other
than the order Legionellales. For target capture data, genome length varied from 3,055,819
bases for Patient2 to 3,282 bases for Patientl. The maximum contig length varied from
15,311 for Patient2 to 637 for Patientl. Estimated levels of completeness based on the
presence of single copy genes was 95.5 % for Patient2 and 0 % for Patientl, 3, 4 and 5 (Table
6.22). High quality drafts were assembled from isolate data for Patient2 and 3 and

Environmental isolates 1 and 2 (Table 6.23).
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As means of viewing genome assemblies within the context of an LD outbreak, a pangenome
visualisation was created for Case Study 2 target capture and isolate data (Figure 6.13). The
visualisation was based on the distribution of gene clusters across the genomes as detailed
in Section 6.4.2.8. A total of 3,137 gene clusters were assigned based on 17,024 genes from
Case Study 2 genomes. A total of 1,346 (42 %) of the gene clusters had >= 99 % functional
homogeneity, 2,085 (66 %) had >= 75 % functional homogeneity and 3,035 (97 %) had >=

50 % functional homogeneity.
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Table 6.22 Genome Assembly Quality Statistics: Target Capture Data for Case Study 2.

Max
Genome No.
Contig GC Draft | Coding No.
Genome Length Completeness | Contamination | Predicted
Length N50 Content Quality | Density | contigs
(Bases) genes
(Bases)
Patient1 3,282 644 483 48 0 0 7 - 0.9 8
Patient2* | 3,055,819 | 15,311 1,573 39 95.5 5 4,407 High 0.898 2,759
Patient3* 58,289 679 305 40 0 0 184 - 0.83 182
Patient4 7,298 668 314 0.44 0 0 23 - 0.9 22
Patient5 3,722 637 456 0.5 0 0 9 - 0.93 9
* genome co-assembled with Legionella reads from Oxford Nanopore sequencing
Table 6.23 Genome Quality Statistics: Isolate Data for Case Study 2.
Max
Genome No.
Contig GC Draft | Coding No.
Genome Length N50 Completeness | Contamination | Predicted
Length Content Quality | Density | contigs
(Bases) genes
(Bases)
Patient2 | 3,440,549 | 648,422 | 336,253 38 100 0 3,077 High 0.888 32
Patient3 | 3,427,511 | 300,132 | 134,342 38 100 0 3,068 High 0.889 54
Environl | 3,441,134 | 648,389 | 253,366 38 100 0 3,078 High 0.888 37
Environ2 | 3,443,015 | 648,379 | 300,140 38 100 0 3,082 High 0.888 34
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Figure 6.13. Pangenome visualisation of genomes assemblies from Case Study 2. The
visualisation displays gene clusters present in the target capture and isolate genomes,
COG function assignment (green for known and grey for unknown), functional
homogeneity (homogeneity represented by spikes in green) and layers containing
information on number of gene per kbp, GC content, levels of genome completion and
total length. TC = target capture and ISO = isolate, COG = clusters of orthologous groups
of proteins. Dark shading indicates gene clusters that were sequenced. Light shading

indicates gene clusters that are absent from the assembly.
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6.5 Discussion

Pilot data from Chapter 5 indicated that high quality, typeable genomes could be captured
and sequenced from sputum DNA extracts. The aim of the current chapter was therefore
to apply the target capture method to patient samples from two Legionnaires’ Disease
Outbreaks (Case Study 1 and Case Study 2) to examine the utility of the approach within
a public health scenario requiring prompt investigation. A secondary aim was to
determine if the targeted metagenomic method could provide additional information on
the landscape of infection in the LD cases.

In the current chapter, mock material containing the L. pneumophila Philadelphia-1 strain
was prepared to contain genome copy numbers of 4 x 104, 8 x 103, 4 x 103 and 8 x 102 for
target capture and sequencing. The aim was to determine if a specific cut-off could be
established between 10# and 103 genome copies. Reliable SBT data was obtained down
to 4 x 103 genomes copies as well as a high depth of coverage on average. Additionally,
1,453 core genes were typeable at this level. This information is useful as it provides a
more specific genome copy input cut-off (when compared to data generated in Chapter
5) with the aim of achieving high quality sequence data in potential future work.

An investigation of heterozygous SNPs from mock material (dilutions and mixed
Legionella population mock community) was carried out as a control measure for further
investigations of strain heterogeneity in case study samples This method was described
by Sobkowiak et al, for the investigation of mixed M. tuberculosis strains. M. tuberculosis,
however, is highly clonal and is known to undergo very little recombination. Since the L.
pneumophila genome is known to undergo frequent recombination events, heterozygous
SNP analysis here was restricted to the 1,455 core MLST genes. Mixed strains sequenced
in the mock community could be distinguished from single strain samples based on the
frequency of heterozygous to homogenous SNPs. Furthermore, the mixed strain plot
demonstrated a clustering profile based on minor and major allele frequencies. For the
purpose of this study, the proportion of heterozygous SNPs in single strain controls
provided a proportional cut-off for analysis of real samples from the LD case studies.
Case Study 1 involved a cluster of confirmed LD cases and one suspected LD case from
England. This outbreak involved a confirmed ST47, a novel ST2110 and ST82. Whilst LD
patients from Case Study 1 lived or worked in close proximity, some with daily cross-

over, 2 were largely immobile. During the initial investigation in 2015, one common
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source of infection for all individuals could not be established. In the current study, target
capture was carried out on five L. pneumophila positive patient cases and one L.
pneumophila negative patient case (by UAT and qPCR at PHE). In addition, isolates from
two patient samples were sequenced (no target capture).

Firstly, Legionella abundance in the bacterial community of the sputum samples was
investigated by 16S rRNA gene sequencing and this revealed that L. pneumophila was
present in extremely low abundance or was undetectable in 3 patient samples. Two
patient samples had a high proportion of Legionella O0TUs and one sample dropped out
due to insufficient total number of OTUs. As previously discussed in Chapter 3 (Section
3.5), in a study by Mizrahi et al., 2017 on the legionellosis microbiome, Legionella was
never the dominant genus in the bacterial communities of sputa from LD patients. This,
in addition to the abundance of human DNA present in sputa, can hinder the capture of
Legionella genomic regions and is a major caveat for metagenomic investigations of LD
cases.

Analysis of target capture results demonstrated that good reference genome base
coverage and depth of coverage was achieved for the genome from Patient5. Poor quality
of capture was observed for samples from Patient3, 4 and 6, however the input genome
copy number was low for these samples. Surprisingly, capture of genomes from Patient1
and Patient2 (extracted by MagnaPure Compact) was less efficient than expected as these
contained a high genome copy number input. When examining duplicate extracts for
Patient3, 4, 5 and 6, it can be seen that capture was more efficient for samples extracted
by the Phenol-Chloroform method (‘b’) than MagnaPure Compact (‘a’). Itis uncertain why
this is the case. It may be due to the long-term storage of the MagnaPure Compact
extracted DNA, however, further studies would be needed to confirm this. Even though
DNA quantity was normalised for targeted capture, qPCR was not carried out on the
newly extracted samples (by Phenol-Chloroform) therefore it may be that this extract
contained more genome copies. Of interest from this analysis was that Legionella genomic
regions were captured from Patient4, a suspected LD case which was previously
confirmed negative and excluded from the cluster investigation. Despite low depth of
coverage, approximately 20 % of reference genome bases were covered.

After analysis of target capture data, duplicate extractions from the same patients were
merged and in silico SBT and core genome MLST (50 and 1,455 genes) analyses were

carried out. From 7-loci SBT analysis, while a partial sequence type was obtained from
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Patientl and Patient2 and a full sequence type from Patient5, no allele numbers were
determined for Patients 3 or 4. However, a proA-2 was obtained from Patient6, adding
new SBT information to the cluster profile as no alleles were determined during previous
laboratory analysis. Through application of the 50- and 1,455-core gene MLST schemes,
typeable genes were obtained for nearly all patient samples apart from Patient3. Ideally
all 50 genes should be sequenced with 100 % coverage. However, analysis of partial type
data may be useful particularly for data generated by metagenomic sequencing which is
often fragmented.

Next phylogenetic analysis was carried out on SNPs from partial genes. [solate and target
capture genomes from Patient1 and Patient2 formed two clades with the clustering of the
Patient5 target capture genomes with the Patientl clade as expected. Samples from
Patient3, 4 and 6 did not group with Patient1 or 2 samples. A low-resolution tree grouped
Patient4 and Patient6 samples together however their relationship could not be further
confirmed. A caveat here is the low genome copy number available in these samples for
target capture which was not sufficient to carry out a high-resolution phylogenetic
analysis. Heterozygous SNP analysis revealed an interesting result for Patient5. There
were good indications of mixed L. pneumophila populations in this sample with
heterozygous SNPs representing a 13 % proportion of total SNPs. To further corroborate
this, the genome was assembled, and quality analysis indicated a degree of contamination
(13 %) that was predominantly attributable to strain heterogeneity (> 90 % amino acid
identity). This is an interesting result as Patient5 was linked to visiting a residential site
where a spa pool was located. The spa pool was found to contain mixed L. pneumophila
populations and due to this sequence types could not be confirmed by SBT.

Based on the ability to capture and sequence mixed L. pneumophila populations from
mock samples and clinical samples as reported in this present study as well as pilot data
on capture from environmental specimens in Chapter 5 (Section 5.4.4), this could
represent an excellent application of metagenomic sequencing to an environmental
sample for LD cluster source investigation.

A medium quality draft genome was assembled from Patient5 and low-quality draft
genomes were assembled from Patients 1 and 2. Analysis and visualisation of the Case
Study 1 pangenome showed the captured gene clusters demonstrated a good degree of

functional heterogeneity. While an attempt was made to extract the gene clusters
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sequenced for all samples for alignment and phylogenetic analysis, this was not possible
due to partial gene calls in some of the clusters.

Case Study 2 involved an outbreak of ST37 LD cases from an industrial site in England. A
number of locations on site were attributed as environmental sources of infection.
Legionella abundance was examined in the bacterial communities’ sputum nucleic acid
extracts from 5 patients by 16S rRNA sequencing. Legionella abundance was high in one
sample (Patient2) and extremely low in 3 samples. One sample (Patient1) did not contain
sufficient number of total OTUs and was therefore excluded from further analysis. Target
capture was successful for the high abundance Legionella sample from Patient2. Minor
capture only was achieved for the samples from Patients 1, 3, 4 and 5 and this was also
reflected in the genome assembly results. Phylogenetic analysis was carried out for
Patient2 target capture data with the available isolate data on SNP sites from 1,171 core
genes revealing no SNPs between environmental and clinical isolates and 9 SNP
differences between target capture data for Patient2 and the isolates (including a
matched isolate for Patient2). No heterozygous sites were observed in isolate genomes
and the low proportion (3 heterozygous sites representing a 0.4 % proportion of total
SNPs) in Patient2 target capture data did not warrant further investigation based on
single strain cut-offs.

From phylogenetic and pangenome analysis, the available Case Study 2 genomes
appeared to be genetically and functionally homogenous. Unfortunately, the low copy
number in samples other than those of Patient2 did not allow for adequate capture and
sequencing of genomic regions for analysis here.

For both case studies, Oxford Nanopore Technologies (ONT) sequencing was investigated
directly on sputum samples (without human DNA depletion). A number of long reads
were sequenced and incorporated into assemblies; however, the long reads alone were
not sufficient to allow allele number determination. Recent efforts using ONT sequencing
directly on sputum DNA extracts with human DNA depletion has demonstrated
effectiveness in determining the aetiology of respiratory infection, when compared to
isolate results (Charalampous et al., 2019). In the case of LD cases and low abundance of
L. pneumophila sputum samples, this may be a challenge but is currently being
investigated by other researchers (personal communication - Dr. Victoria Chalker).

The results from this Chapter demonstrate both the utility of metagenomic sequencing

for LD cluster investigations and the caveats encountered. Despite the challenges, the use
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of metagenomic data in addition to isolate data may provide an additional layer of
evidence during LD cluster and outbreaks, enhancing the resolution of an urgent public

health investigation.
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Chapter 7.

Discussion
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7.1 General Discussion

Legionella species, which cause Legionnaires’ Disease (LD), are both difficult-to-grow and
slow-growing bacteria which may delay efforts in applying typing methods, particularly
core genome typing to a whole genome sequence from isolate material in the case of
endemic clones. For residents of England and Wales, cases of LD must be notified to
Public Health England (PHE). PHE coordinate the national surveillance scheme for LD
with the primary objectives of detecting clusters and outbreaks of Legionella in England
and Wales, identifying the source of infection so that control measures are implemented
and collaborating with the European surveillance network in the detection, control and
prevention of clusters and outbreaks of LD in European countries by reporting travel-
associated cases.

The aim of this thesis was to develop metagenomic methods for the sequencing of
Legionella from clinical and environmental specimens that would provide a more timely
approach for the detection and identification of Legionella, reduce diagnostic selection
bias and provide insights into potential mixtures of L. pneumophila subtypes, sequence
types and Legionella species in samples which might aid investigations.

This was addressed in four parts by:

1. Validating a metagenomic pipeline for the sequencing and analysis of Legionella
from mock samples and examining the proportion of contaminating human DNA
in Legionella pneumophila (L. pneumophila) positive and negative sputum samples
(Chapter 3).

2. Exploring the development of hybridisation- and PCR-based methods for the
depletion of human DNA from clinical samples through targeting the abundance
of repetitive regions in the human genome (Chapter 4).

3. Investigating the use of a targeted capture approach (Agilent SureSelect™) for the
enrichment of L. pneumophila from clinical and environmental samples using
biotinylated RNA baits (Chapter 5).

4. Exploring a Legionnaires’ Disease cluster and outbreak in England using the
Agilent SureSelect™ targeted capture approach and direct Oxford Nanopore

sequencing (Chapter 6).
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Technical validation of diagnostic tests is an evidence-based fitness-for-purpose analysis
of the performance of a test in the laboratory. Validation should be performed before the
routine introduction of either non-standard methods or methods developed in-house or
used beyond their intended purpose as well as validated methods subsequently modified
(PHE, 2017[b]).

In Chapter 3, technical validation steps were carried out using mock communities
containing Legionella at varying proportions. The results demonstrated that > 97 % of L.
pneumophila genome base coverage could be achieved when L. pneumophila was present
at a proportion of 10 % in a sample (with an average depth of 7 times) based on 24 times
multiplexing on a MiSeq. Furthermore, all 7-loci relevant to the L. pneumophila traditional
sequence-based typing (SBT) approach could be determined at that proportion. From a
rapid surveillance point of view, this may be relevant information if Legionella qPCR and
total DNA quantification results are available for the sample of interest as it may be
possible to then sequence Legionella directly from the sample. A caveat here however is
that analysis was based on human DNA spiked with L. pneumophila DNA only. Defining
cut-offs based on real specimens spiked with Legionella DNA would be advantageous
over this approach. Furthermore, based on direct sequencing of sputum samples in
Chapter 3 as well as previous studies (Doughty et al, 2014, Pendleton et al., 2017), the
burden of host DNA overwhelms the microbial community in sputum specimens. A
further caveat is that in sputum samples analysed in Chapter 3, L. pneumophila was never
the dominant microorganism.

The Clinical Microbiology Laboratory (be it at PHE or hospital based) requires cost-
effective, validated and actionable tools. The use of culture, antimicrobial resistance tests,
qPCR, epidemiological gene typing (or whole genome typing from isolate data), multi-
target panels and serology are important to satisfy these functions. Respiratory infections
are the fourth largest cause of mortality worldwide and account for 60 % of all antibiotics
prescribed in general practice in the United Kingdom (NICE, 2008). It is likely that the
rapid and unbiased detection of respiratory pathogens in one process would positively
impact public health microbiology. While clinical metagenomic sequencing for pathogen
detection is still in its infancy, a number of case studies have generated insight into its
applicability in the detection of respiratory pathogens (Yan et al,, 2016, Leo et al.,, 2017,
Charalampous et al, 2019). But respiratory pathogen detection by metagenomics is

confounded by the low microbial biomass nature of specimens and therefore is an
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implicit risk for ambiguous results due to sample contamination. The introduction of
contaminants can occur at any stage from sample collection to library preparation and
sequencing (Salter et al, 2014). A number of groups have validated metagenomic
sequencing pipelines in licensed microbiology laboratories (Schlaberg et al., 2017[b],
Hong et al, 2018, Blauwkamp et al, 2019, Miller et al., 2019). Schlaberg et al, 2017(a)
provided example workflows for validating the detection of pathogens by metagenomic
sequencing in clinical microbiology laboratories including defining sensitivity and
specificity for pathogen detection, reproducibility, specimen stability, bioinformatic
validation factors and defining quality cut-offs. Additionally, Miller et al., 2019 developed
and validated a clinical metagenomic sequencing pipeline for the diagnosis of pathogens
causing encephalitis and meningitis from cerebrospinal fluid with the purpose of
implementing it in a licensed microbiology laboratory. To date, however, there is no gold
standard approach for the validation of metagenomic pipelines. In the future it is likely
that study groups will define appropriate cut-offs and standards for diagnostic
metagenomic sequencing approaches specific to individual or panels of pathogenic
microorganisms as well as standards for the interpretation of the clinical significance of
the reported findings. In the case of Legionella, this may be more challenging due to the
low abundance of the bacteria within the microbial community particularly as current
diagnostic metagenomic approaches for respiratory pathogen detection focus on the
identification of the dominant microorganism(s) (Charalampous et al, 2019).
Consequently, a number of approaches may need to be implemented for direct Legionella
sequencing and characterisation.

One approach to address this challenge relies on the use of methods for the depletion of
human DNA from clinical samples. Human DNA sequences often comprise the majority of
reads when a lower respiratory sample is sequenced. This may be due to neutrophils
present in the airway (Brinkmann et al,, 2004), release of contents from the human cells
during cell death (Warthaet al, 2007) or the size of the human genome which is
approximately one thousand times larger than the average bacterial genome. This can
rapidly create a disproportionate noise to signal ratio.

The development of a number of methods for human DNA depletion was explored in
Chapter 4. Methods investigated were hybridisation-based (using biotinylated Cot-1
DNA, Alu DNA and Alu RNA) and PCR-based (Alu primers with biotinylated dTTP).

Despite the number of strategies investigated, there was insufficient or no depletion of
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human DNA from mock and real samples. A number of solutions for human depletion
have been addressed by others both in the form of commercial kits and other non-
commercialised methods developed in-house. One commercial solution offered is the
NEBNext Microbiome DNA Enrichment Kit (New England Biolabs) which targets and
removes human DNA by immunomagnetic separation based on the methylation
differences between prokaryotic and eukaryotic DNA (Feehery et al, 2013). Variable
results have however been reported for this method (Thoendel et al., 2016, Marotz et al.,
2018) and the kit is likely not to be cost-effective for routine application in a clinical
microbiology laboratory. Other methods are based on the immunoprecipitation of DNA
with inactive methyl-specific restriction endonucleases (Barnes et al., 2014, Liu et al.,
2016). Due to cost-effectiveness and speed, the most studied methods are based on the
lysis of human cells and the subsequent elimination of the released human genomic DNA.
Two commercial kits (MolYsis Basic5 kit [Molzyme] and QIAamp DNA Microbiome Kit
[Qiagen]) are based on differential human cell lysis followed by DNase treatment.
Published in-house lysis methods are based on osmotic lysis followed by propium
monoazide treatment (Marotz et al, 2018), saponin-based lysis followed by DNase
treatment (Hasan et al., 2016), saponin-based lysis followed by HL-SAN treatment
(Charalampous et al, 2019) and hypotonic lysis and endonuclease digestion with
benzonase2 (Nelson et al., 2019). These methods have demonstrated very good efficiency
of removal of DNA, significantly improving the depth and overall proportion of sequenced
microbial reads. Future studies however will be needed to further evaluate the effects
lysis methods have on the microbial metagenome and if the methods introduce
compositional biases particularly in low microbial biomass samples such as sputum.
Furthermore, as discussed in Chapter 1 Section 1.10.3, human cell lysis can lead to the
elimination of bacteria without cell walls or removal of cell-free nucleic acid from
bacteria that have lysed during antibiotic treatment.

In the context of Legionella-specific detection by metagenomic sequencing, a human cell
lysis method may be appropriate however this will require validation studies using mock
communities and real samples. These evaluations were beyond the scope of this thesis
but are being addressed by other investigators (personal communication Dr. Victoria
Chalker).

Due to the insufficient depletion of human DNA by the approaches investigated in

Chapter 4, a pilot study was performed in Chapter 5 to evaluate a targeted capture
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approach for the enrichment of L. pneumophila genomes directly from clinical and
environmental specimens. To my knowledge, results from Chapter 5 are the first to
demonstrate that draft L. pneumophila genomes can be captured and sequenced from
patients with LD and from environmental source samples without prior culture. The data
generated also demonstrated that Legionella diversity (partial single copy genes from
other Legionella species) within environmental sources could be captured. Importantly,
the work has additionally demonstrated the first successful application of in silico 7-loci
SBT (Gaia et al,, 2005, Ratzow et al., 2007, Mentasti et al., 2014) and 50 core gene MLST
(David et al, 2016[b]) to Legionella data generated by a metagenomic method.
Ultimately, Chapter 5 demonstrated the proof of concept of targeted metagenomic
sequencing of L. pneumophila directly from multiple patients and environmental sources
as well as the ability to capture a variety of sequence types.

These results may be informative for Legionella surveillance laboratories as this
approach is rapid and typing results are obtained in one process. There are however two
main challenges to successful Legionella bait capture. The first and foremost challenge is
the quality of the DNA extract. Ideally DNA should be extracted from as much of the
sample as possible, using a non-kit-based approach to avoid the introduction of reagent
contaminants and DNA should be eluted in a concentrated manner. This is important as
the minimum requirement to sequence a good quality draft genome was identified as >
4,000 L. pneumophila genome copies. In future studies, an assessment of archived qPCR
results from previous years for L. pneumophila positive specimens may give an
indication of the percentage of specimens from which one would expect to obtain a good
quality draft genome using the targeted metagenomics sequencing approach. A cost
analysis could then be carried out to determine the feasibility of this approach compared
to culture and whole genome sequencing or direct nested SBT.

The second challenge is the recombinogenic nature of the Legionella genome which may
impede the cross-reactivity of the RNA capture baits. The disparity in genomic regions
captured and sequenced across the specimen panels made it challenging to identify
variances in hybridisation efficiency between the different L. pneumophila sequence
types. This aspect will require evaluation in future work. A solution that could address
this is that a panel of core genes (e.g. 1,455 core genes [David et al., 2016(b)]) could be
targeted and sequenced, rather than a whole genome. This would, for example, allow

sufficient discrimination between clusters of endemic clones without the requirement of
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culture or a whole genome sequence. Furthermore, this approach would be more cost-
effective and it is likely that sequence depth would be higher for the targeted genes
thereby allowing greater confidence in the assignment of allele numbers.

The application of the targeted capture approach was extended to the investigation of a
cluster and outbreak of Legionnaires Disease (LD) in Chapter 6. To my knowledge, this
is the first investigation of LD outbreaks using metagenomic methods.

The Case Study 1 LD outbreak from England in 2015 involved a ST47, ST82 and the novel
ST2110. A sequence type was not identified from the three other available patient
samples. Through the application of L. pneumophila target capture, it was found that one
patient sample, confirmed negative by routine methods, was positive using target
capture - although a sequence type could not be confirmed. Additionally, a proA-2 allele
was retrieved from another of the patient samples. No previous allele data was obtained
from this sample using traditional approaches. Finally, good evidence of a mixed L.
pneumophila infection profile was observed in the captured data from the ST82 patient
sample. This result was particularly interesting as the patient had visited a residential
property with a spa pool confirmed to contain mixtures of L. pneumophila. Unfortunately,
investigation of patient samples from Case Study 2 did not yield additional information
due to the limited quantity of L. pneumophila genome copies in the extracts. Since
samples were extracted and stored in 2015 and stored sputum samples were available
for re-extraction only for 4 cases of Case Study 1, this represents a caveat to the current
investigation.

A real-time investigation of a LD cluster or outbreak using L. pneumophila target capture
would be an optimal approach for assessing the capabilities of the process in this context
as fresh samples would be available for immediate DNA extraction, L. pneumophila
capture, sequencing and analysis. There are however some ethical and legal implications
to performing this optimal type of study. As discussed previously, sputum typically has
a large amount of human DNA relative to microbial DNA. A significant proportion of
sequences generated by metagenomics are off-target and include human DNA reads
(data shown in Chapter 5 and data from Chapter 6 [not shown]). Human DNA
sequences represent patient-identifiable data therefore ethical approval must be sought
before sequencing to guarantee patient privacy. This would delay the investigation of a

cluster or outbreak considerably.
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While this requirement holds true for the metagenomic investigation of patient samples
for any public health purpose, a further hurdle is encountered during a Legionnaires’
Disease investigation. Legal action may be taken by individuals who contracted LD
against businesses, travel-facilities, etc, if an uncontrolled source is identified. A legal
hearing may require microbiological evidence obtained from validated diagnostic tests.
If incidental evidence is generated by metagenomic sequencing this too will need to be
put forward. Due to the current difficulty of interpretation of metagenomic data as well
as sparsity of data in some cases, such data may be of low validity. As a consequence of
this, samples from more recent LD clusters and outbreaks could not be included in the
present study.

A number of recent studies have highlighted the utility of metagenomic sequencing
during outbreak investigations (Loman et al., 2014, Quick et al,, 2016, Faria et al., 2017,
Huang et al, 2017 Kafetzopoulou et al, 2019). In the future, with greater clarity
regarding legalities and patient privacy, it is expected that the same can be applied to LD
clusters and outbreaks leading to the rapid recovery of genomic regions and the timely

resolution of cases and environmental sources.

7.2 Future Directions

The future of metagenomics and case, cluster and outbreak investigations lie within the
ability to rapidly detect a causative pathogen. Increased availability of sequencing
technology in clinical laboratories and the increased expertise within the microbiological
community on the application of bioinformatics for analysis are key to future adoption.
The speed and portability of Oxford Nanopore Technology (ONT) sequencing has already
impacted public health microbiology investigations and is continuing to generate more
reliable, high quality data with continual improvements in sequencing accuracy.
Recently, ONT released protocols for the application of the Agilent SureSelect™ RNA
capture approach to their sequencing pipeline. Based on the proof-of-concept of the
approach described in this thesis, it could be a very interesting avenue of investigation
for Legionella cases, further improving time-to-results.

In the case of an agnostic, untargeted approach to Legionella sequencing, future
development or further validation of host depletion methods will be required. Future
work will surely address validation studies for pathogen presence or absence and

developing standards for the clinical interpretability of the data.
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Currently, metagenomic sequencing datasets are being generated at a rapid rate and
require massive amounts of space for data processing and analysis. Bioinformatic
infrastructure has lagged behind this. In the future, the standardisation or development
of bioinformatic tools will be required along with defining metrics for critical assessment
and validation of the tools. Further to this, effort and funding will be required to maintain
bioinformatic tools and infrastructure. Additionally, genome reference databases are
incomplete or contain sequences that are mis-identified or of poor quality. The curation
of high-quality databases for metagenomic data analysis will be paramount, particularly
for clinical microbiology laboratories.

To conclude:

This thesis has demonstrated the applicability as well as the challenges of metagenomic
sequencing for Legionella detection. As it stands, the targeted metagenomic sequencing
from LD cases and environmental source samples can provide typeable, draft genome
information when extracts contain an adequate quantity of Legionella genome copies.
Furthermore, the diversity of Legionella within the samples can be detected and genomic

information from non-culturable or diagnostically ambiguous samples can be obtained.
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9. Appendix

9.1 Code

9.1.1 Assembly of PacBio genomes

# convert PacBio bas.h5 files to FASTQ format

$ bash5tools.py input.bas.h5 \
—--outFilePrefix prefixname
--outType fastqg \
--readType Raw

# assemble genome

$ BugBuilder \
--longfastg input.PacBio.fastqg \
--platform pacbio

--assembler SPAdes \
--scaffolder sspace

9.1.2 De-multiplex Paired-End Data Files

# demultiplex

$ paste -d '' <(echo; sed -n '1,${n;p;}"'

<barcodes.fastg> | sed G) <Rl.fg>

| sed '/"$/d' | fastx barcode splitter.pl --bol --bcfile <mappingfile.txt>

--prefix <prefix>

$ paste -d '' <(echo; sed -n '1,${n;p;}"'

<barcodes.fastg> | sed G) <R2.fg>

| sed '/"$/d' | fastx barcode splitter.pl --bol --bcfile <mappingfile.txt>

--prefix <prefix>
# remove appended header

$ bbduk.sh \
inl=% R1.fq \
in2=% R2.fq \
outl=% NOBARCODE R1l.fqg \
out2=% NOBARCODE R2.fqg \
ftl=16

9.1.3 Data QC (all instances of % refer to sample number)

$ fastgc \
$.fq \
-0 <path to output directory>
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9.1.4 Adapter Trimming, Quality Trimming and Quality Filtering

$ bbduk.sh \
inl=% NOBARCODE R1l.fqg \
in2=% NOBARCODE R2.fqg \
outl=% AQF R1.fq \
out2=% AQF R2.fq \
ref=<adapter sequence.fa \
ktrim=r k=<15/23> \
tbo tpe \
gtrim=r trimg=20 \
ftr=291 \
minlen=50 \
stats=% stats.txt bhist=% bhist.txt \
ghist=% ghist.txt aghist=% aghist.txt \
lhist=% lhist.txt

9.1.5 Remove PhiX Reads

$ bbduk.sh \
inl=% AQF R1l.fqg \
in2=% AQF R2.fqg \
outl=% NOPHIX R1.fq \
out2=% NOPHIX R2.fq \
ref=phix.fa k=31 hdist=1 \
stats=% NOPHIX stats.txt

9.1.6 Remove Human Genome Reads

$ bbmap.sh \

path=hg38 indexed \
inl=% NOPHIX Rl.fq
in2=% NOPHIX R2.fq
outul=% NOHUMAN R1.fqg \
outu2=% NOHUMAN R2.fqg \
outm=% HUMAN.fq \
covstats=% NOHUMAN stats.txt

9.1.7 Taxonomic Classification

(All instances of % refer to sample number)

$ centrifuge

-x <centrifugedatabase> \

-p 16 \
\
-1 % NOHUMAN S1 L001 R1 001.fg \
-2 % NOHUMAN S1 L001 R2 001.fg \
--report-file % report.centrifuge \
-S %_results.centrifuge

|
P
=
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# generate kraken-style report
$ centrifuge-kreport \
-x <centrifugedatabase> \

% results.centrifuge \
> % kreport.centrifuge

9.1.8 L. pneumophila 7-loci Sequence Type Analysis

$ srst2 \
--input pe \
-forward $ NOHUMAN S1 L001 R1 001.fg \
-reverse % NOHUMAN S1 L001 R2 001.fqg \
--read type q \
--output <outputdir>
--log \
--mlst db allele sequences.fasta \
--mlst definitions allelic profile.txt

9.1.9 Identification of mixed L. pneumophila strains

# download the list of available bacteria genomes from RefSeq ftp server

$ wget
ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/assembly summary.txt

# extract all directory-names from file assembly summary.txt related to
Legionella pneumophila

$ grep -E 'Legionella.*pneumophila' assembly summary.txt | cut -f 20 >
ftpdirpaths

# create and run the download script

S awk
'"BEGIN{FS=0FS="/";filesuffix="genomic.fna.gz"}{ftpdir=50;asm=510;file=asm"
"filesuffix;print "wget "ftpdir,file}' ftpdirpaths > download fna files.sh
$ source download fna files.sh

# assign sequence type to RefSeg genomes

$ mlst —--legacy —-scheme lpneumophila *.fna > lpneuST.tsv

# strainest analysis

# map genomes to reference sequence

$ strainest mapgenomes *.fna Phill.fasta alignment.fasta

# record variable positions in snp matrix

$ strainest map2snp Phill.fasta alignment.fasta lp snpmatric.dgrp
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#
$

calculate site different between each pair

strainest snpdist lp snpmatrix.dgrp lp snpdist.txt lp snphist.pdf

# perform hierarchical clustering to produce a reduced list of
representative genomes

$

strainest snpclust lp snpmatrix.dgrp lp snpdist.txt 1lp snpclust.dgrp

lp clust.txt

#

the representative genomes database was indexed and metagenomes were mapped

to the database

$

bowtie2-build lp reps.fasta lp reps
bowtie2 \

--very-fast \

--no-unal \

-x lp reps \

-1 METAGENOME R1.fastqg \

-2 METAGENOME R2.fastqg \
-S METAGENOME.sam

convert SAM to BAM
samtools view -b METAGENOME.sam > METAGENOME.bam
sort and index

samtools sort METAGENOME.bam -o METAGENOME.sorted.bam
samtools index METAGENOME.sorted.bam

infer L. pneumophila strains and relative abundance of strains

strainest est lp snpclust.dgrp METAGENOME.sorted.bam -t 4 -a <> -d <>

<outdirectory>

9.1.10 Alignment-based analysis of Sensitivity Tests

#
$

#
$

align reads to reference genome
bbmap.sh \
inl=% NOHUMAN S1 L001 R1 001.fg \
in2=$i\ NOHUMAN S1 L0O1 R2 001.fqg \
ref=<reference genome. \
minid=0.95 \
outml=8$i\ out R1.fqg \
outm2=$i\ out R2.fq
remove duplicates
dedupe.sh \

inl=% out R1l.fqg \
in2==% out R2.fq \

outl=% outdedupe R1.fqg \
out2==% outdedupe R2.fqg \
stats=% LEGDEDUPE stats.txt
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# align deduplicated reads back to reference genome to generate mapping and
coverage statistics

$ bbmap.sh \
inl=% outdedupe R1.fqg \
in2=% outdedupe R2.fqg \
ref=<reference genome.fasta \
outm=% LEG-REMAP.fq \
covstats=% covstats.txt \
covhist=% covhist.txt \
basecov=% basecov.txt \
bincov=% bincov.txt \
mhist=% mhist.txt

9.1.11 Mash Genome Distance Calculation

# distance calculation between genomes

mash sketch -o reference.msh <reference genome>
mash sketch *.fna > query.msh

mash dist reference.msh query.msh

mash sketch *.fna -o fna.msh

Ur »r U N

9.1.12 Alignment-based analysis of Target Capture Data

# assign a closely related reference sequence
$ kmerid.py -f <some file to be analysed -c config/config.cnf
# align metagenomes to the reference sequence
S bowtie2 \
-x <indexed reference> --no-unal \
-1 sample Rl1.fg -2 sample R2.fq -S sample.sam
# convert SAM to BAM and sort
$ picard SortSam \
INPUT=sample.sam OUTPUT=sample sorted.bam \
SORT ORDER=coordinate
# mark and remove duplicate reads
$ picard MarkDuplicates \
INPUT=sample sorted.bam OUTPUT=sample dedupe.bam \
METRICS FILE=sample.txt REMOVE DUPLICATES=true

# generate metrics before and after duplicate removal

$ pileup.sh in=sample sorted.bam out=sample withduplicates.txt
$ pileup.sh in=sample dedupe.bam out=sample withoutduplicates.txt

9.1.13 Identification of the 50/1455 Core Genes that constitute the Multi-Locus
Sequence Based Typing Scheme
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$ srst2 --input pe SAMPLE S1 L0O0O1 R1 001.fg SAMPLE S1 L001 R2 001.fqg \
-—-gene db CG.fasta --log --output SAMPLE

9.1.14 Metagenome assembly

S spades.py —meta -1 <Rl.fg> -2 <R2.fqg> \
--only-assembler -k 27, 47, 67, 87, 107, 127 \
-0 <output directory>

9.1.15 Decontaminate assemblies

# classify assembly contigs using Centrifuge

$ centrifuge
-x <centrifugedatabase> \
-p 16 \
-k 1 \
-U contigs.fasta
--report-file contigs report.centrifuge \
-S contigs results.centrifuge

# find and print taxid for all reads classified as the genus Legionella
from Centrifuge report file

$ awk '{ if ($1 ~ /Legionella/ || $1 ~ /Tatlockia/) { print } }'
contigs report.centrifuge

# extract all positive read IDS and print to file

$ awk '{ if ($3 == 446 || $3 == 450) { print } }'
contigs results.centrifuge > legionella contigs results.centrifuge

$ awk '{ if ($3 == 446 || $3 == 450) { print } }'
contigs results.centrifuge | awk '{print $1}' > legionella IDS.txt

# extract contigs with corresponding IDS using BBTools filterbyname script
$ filterbyname.sh -Xmx24g \
in=contigs.fasta \

out=legionella only.fasta \
names=legionella IDS.txt include=t

9.1.16 Phylogenetic analysis of concatenated partial protein sequences

$ raxml -m PROTGAMMAAUTO -sample.fasta \
-n sampletree -f a -N autoMRE -x 12345 -p 12345 -T 8

9.1.17 Phylogenetic analysis of SNP sites from partial 1455 core genes
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# for each set of reads from each sample, perform SNP calling
$ snippy --outdir <> --ref CG1l455.fasta --R1 Rl.fastq --R2 R2.fastqg
# create a core alignment

$ snippy-core --prefix <> --ref CGl455.fasta <samplel> <sample2>
<sample..n>

# carry out a phylogenetic analysis based on snippy-core output

$ ./raxml-ng --msa <> phylo.aln --prefix <> --model GTR+G --bs-trees
autoMRE --bs-metric fbp

# generate best tree containing bootstrap support labels

$ ./raxml-ng —--support —--tree <>.raxml.bestTree --bs-trees <>.raxml.mlTrees

9.1.18 Heterozygous SNP Analysis

# for each set of read from each sample, perform SNP calling
snippy --outdir <> --ref CGl455.fasta --R1 Rl.fastg --R2 R2.fastg
# from snippy raw output, extract heterozygous alleles of high quality only

$ bcftools view -g het --include 'QUAL>=100 && FMT/DP>=10 &&
(FMT/AQ) / (FMT/DP) >=0"' snps.raw.vcf > het.snps.vcf

# generate vcf report of heterozygous SNPs
snippy-vcf report --cpus 8 het snps.raw.vcf > het snps.report.txt
# clean the file for plotting

$ sed -n '/#/!p' het snps.raw.vcf > nohash het.csv

cut -f 10 nohash het.csv | sed 's/[\t]l/,/g' > het tab.csv

$ sed 's/:/\t/g' het tab.csv > het col.csv

$ cut -f 3 het col.csv | sed 's/[\t]/,/g' > hetfinal col.csv

$ awk '"{ if((S$2 > 4) || (81 == 0)) { print }}' hetfinal col.csv >
hetfinal filtered.csv

9.1.19 Guppy Basecalling for Oxford Nanopore (ONT) data

$ guppy basecaller \
——flowcell FLO-MIN106 —-kit SQK-LSK108 \
-i fast5/ -s basecalled/ \
-x auto -t 4 —-recursive \
——gscore filtering —-min gscore 7

9.1.20 Remove human DNA reads from ONT data
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$ minimap2 -ax map-ont hg38.fa ont.fg.gz | samtools fastqg -n -f 4 - >
ont nohuman.fastqg.gz

9.1.21 Pipeline for the Processing 16S rRNA Illumina data

# Combine the forward and reverse reads barcodes

module load giime-1.9.0

extract barcodes.py --input type barcode paired end \
-f clusters S1 L001 Il 001.fastqg \
-r clusters S1 L001 I2 001.fastg --bcl len 8 --bc2 len 8 \
-0 clusterRun/parsed barcodes/

Uy U

# Adapter and Quality Trimming

$ trim galore -a GGATTAGATACCCNNGTA -a2 CNCTTTANNCCCANT \
-—-length 150 --paired \
clusters S1 L0O0O1 R1 001.fastqg \
clusters S1 L0O0O1 R2 001.fastqg \
-0 clusterRun/

# Join the forward and reverse reads

$ join paired ends.py \
-f clusterRun/clusters S1 L001 R1 001 val 1.fastg \
-r clusterRun/clusters S1 L001 R2 001 val 2.fastg \
-o clusterRun/joined segs/ \
-b clusterRun/parsed barcodes/barcodes.fastg -j 200 -p 10

# Examine Data Quality

mkdir run quality statsnohup

fastx quality stats \

-i clusterRun/joined seqgs/fastgjoin.join.fastg \
-o run quality stats/clusterRun quality stats -Q33
# Demultiplex

nohup split libraries fastqg.py \

-i clusterRun/joined seqgs/fastgjoin.join.fastg \
-b clusterRun/joined segs/fastgjoin.join barcodes.fastqg \
-m clusterRun/max plate 1 map.txt \

-o clusterRun/split lib all \

-q 29 --barcode type 16 -r 10 -p 0.70

# Remove PhiX contamination

mkdir phix removed

bwa aln -n 5 phix genome.fasta split 1ib all/segs.fna >
phix removed/clusters.sai

bwa samse phix genome.fasta phix removed/clusters.sai
split 1lib all/segs.fna > phix removed/clusters bwa.sam
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samtools view -F 4 -Sbh phix removed/clusters bwa.sam
>phix removed/clusters phix only.bam

bamtools convert -in phix removed/clusters phix only.bam-format fasta >
phix removed/clusters phix only.fasta

samtools view -f 4 -Sbh phix removed/clusters bwa.sam >
phix removed/clusters no phix.bam

bamtools convert -in phix removed/clusters no phix.bam -format fasta >
phix removed/clusters no phix.fasta

# Count number of PhiX reads removed

grep -c ">" phix removed/clusters phix only.fasta
grep -c ">" phix removed/clusters no phix.fasta

# OTU (Operational Taxonomic Unit) Picking

pick open reference otus.py \

-i phix removed/clusters no phix.fasta \

=1

/16S reference databases/silva 115/silva 115 database final/sequences.fna \
-0 /clusterRun/uclust open ref picked otus prefilter \

--prefilter percent id 0.6 -m uclust -a -0 8 -s 0.1 \

—--suppress_taxonomy assignment --suppress align and tree

# Pick representative sequences for each OTU
mkdir rep set uclust prefilter

pick rep set.py \

-1 uclust open ref picked otus prefilter/final otu map mc2.txt \
-f phix removed/max habibi no phix.fasta \

-0 rep set uclust prefilter/rep set.fasta -m most abundant \

-1 rep set uclust prefilter/log.txt \

# Align sequences

nohup align segs.py \

-1 rep set uclust prefilter/rep set.fasta \

=t

/16S reference databases/silva 115/silva 115 database final/test ref align3
.txt \

# Identify and remove chimeric sequences
mkdir chimeric segs

nohup identify chimeric segs.py \

-m ChimeraSlayer \

-i clusterRun/pynast aligned/rep set aligned.fasta \

-a

/16S reference databases/silva 115/silva 115 database final/test ref align3
.txt \

-0 chimeric segs/chimeric segs.txt

filterfasta.py \

-f pynast aligned/rep set aligned.fasta \

-0 pynast _aligned/non-chimeric rep set aligned.fasta \
-s chimeric segs/chimeric segs.txt -n
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# Filter the chimeric screened sequences for entropic regions

filter alignement.py \

-i pynast _aligned/non chimeric rep set aligned.fasta \
-e 0.10 -f 0.80 \

-o pynast aligned/

# Make phylogenetic tree
mkdir phylogenetic tree

nohup make phylogeny.py \
-i pynast aligned/non chimeric rep set aligned pfiltered.fasta \
-o phylogenetic tree/phylogenetic.tree

# Assign taxonomy

nohup assign_ taxonomy.py \

-1 rep set uclust prefilter/rep set.fasta \

-t /16S_reference databases/silva 115/silva 115 database final/taxonomy.txt
\

=i

/16S reference databases/silva 115/silva 115 database final/sequences.fna \
-m uclust

# Make the OTU table

mkdir otu table

make otu table.py \

-1 uclust open ref picked otus prefilter/final otu map mc2.txt \
-0 otu table/otu table.biom \

-e chimeric segs/chimeric segs.txt \

-t uclust assigned taxonomy/rep set tax assignments.txt

# tidy up

mkdir final files for r

python
/data/lungen/microbiome data/seq process scripts/parse rep set for r.pyrep
set _uclust prefilter/rep set.fasta final files for r/rep set for r.fasta
cp phylogenetic tree final files for r/biom convert \

-i otu table/otu table.biom \

-o final files for r/otu table hdf5.biom \

-—-table -type="OTU table" --to-hdf5

#16S rRNA Data Analysis in R

#import data into phyloseq

library (phyloseq) # load phyloseq

# import the files

all data <- import biom(BIOMfilename = "otu table hdf5.biom",
treefilename = "phylogenetic.tree",
refsegfilename = "rep set for r.fasta")

# import the mapping file as .csv
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map <- read.csv("map.csv", row.names =1)

# turn that into sample data

map <- sample data (map)

# merge these objects into 1

all data <- merge phyloseqg(all data, map)

# rename OTUs and taxonomic ranks

library (Biostrings)
library (ggplot2)
library (plyr)
library (stringr)

library(gridExtra)
library (reshape?2)
library (knitr)
library (vegan)

all data = subset taxa
all data = subset taxa
all data = subset taxa
all data = subset taxa
all data = subset taxa
all data = subset taxa
all data = subset taxa
all data = subset taxa

(
(
(
(
library (phyloseq)
(
(
(
(

all data, Rankl != "Unclassified")

all data, Rank3 != "o Rhodobacterales")
all data, Rank3 != "o Rhizobiales")

all data, Rank4 != "f Oxalobacteraceae")
all data, Rank3 != "o Methylophilales")
all data, Rank5 != "g Derxia")

all data, Rankl != "p Cyanobacteria")
all data, Rank5 != "g Rhodococcus")

~ e~~~ o~~~ —~

# Makes a string label using the lowest informative tax level

makeTaxLabel <- function (OTU, mydata) {

OTU <- as.character (OTU) # the OTU numbers are stored as character not

integer!

}

taxstrings <- as.character (tax table (mydata) [OTU])

empty_strings <_ c ("k_"’ "p_"’ "c_"’ "O_", "f_"’ "g_"’ "s_")
tax name <- NA

tax level <- length (taxstrings) # start at lowest tax level

while (is.na (tax name) |

(tax name %$in% empty strings)) {
tax name <- taxstrings[tax level]
tax level <- tax level -1
}

tax name

tax table(all data) =gsub("s_ uncultured bacterium",

as.character (NA),
tax table(all data))

tax table(all data) =gsub("s uncultured organism",

as.character (NA),
tax table(all data))

tax table(all data) =gsub("g uncultured",

as.character (NA),
tax table(all data))
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mynames = NULL

for (i in l:length(taxa names (all data))) {
mynames <- rbind (mynames,
c (makeTaxLabel (taxa names (all data) [i],all data)))

}

mynames =
mynames
mynames
mynames =
mynames
mynames =

OTUID = str c(mynames[,1]," ",seq(l,length(taxa names (all data)),by=1))
<- cbind(tax table(all data), mynames=0TUID)

tax table(

gsub ("s
gsub ("g___
gsub ("f
gsub ("o
gsub ("c__
gsub ("p___

all data)

"w

"w

"w

"w

"w

"w

#tax table(all data)

4

4

4

4

4

4

wn

wn

wn

wn

wn

nn

mynames)
mynames)
mynames)
mynames)
mynames)
mynames)

# Rename tax table headings

colnames (tax table(all data)) = c("Kingdom",
"Phylum",

# Rename the taxa names (frequently used as plot labels by phyloseq)
# to be the same as the new unique informative names

taxa names (all data)

# Pick the

pos top 40
pos top 40
pos top 40

top 40 dominant OTUs then rarefy to an even depth

<- names (sort (taxa sums (positive control), TRUE) [1:40])
<- prune taxa (pos_top 40, positive control)
rare <- rarefy even depth (pos top 40,

<- tax table(all data) [, 8]
save (all data, file = "LegionellaOutbreaks.Rdata")

"Species",
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9.2 Complete Whole Genome Sequences Used for Legionella pneumophila Bait

Design.
Strain Designation Serogroup Seg;;n;ce Database :I?llllzliz' Accession
Lorraine 1 47 NCBI-RefSeq/NC_018139
Pontiac (NCTC 11191) 1 62 NCBI-RefSeq/NZ_CP016029
OLDA (NCTC 12008) 1 1 NCBI-RefSeq/NZ_CP016030
Paris 1 1 NCBI-RefSeq/NC_006368
Lens 1 15 NCBI-RefSeq/NC_006369
Corby 1 51 NCBI-RefSeq/NC_009494
Alcoy 1 567788? NCBI-RefSeq/NC_014125
Concorde 3 (NCTC11985) 8 8 NCBI-RefSeq/NZ_LT906452
Knoxville-1 (NCTC11286) 1 NCBI-RefSeq/NZ_LT906476
Philadelphia-1(NCTC 11192) 1 36 NCBI-RefSeq/NC_002942
Philadelphia_1 ATCC 1 36 NCBI-RefSeq/NZ_CP015927
Philadelphia_2 (NCTC 11193) 1 36 NCBI-RefSeq/NZ_CP015929
Philadelphia_3 1 36 NCBI-RefSeq/NZ_CP015930
Philadelphia_4 1 36 NCBI-RefSeq/NZ_CP015931
570-CO-H (ATCC43290) 12 187 NCBI-RefSeq/NC_016811
Thunder Bay 6 187 NCBI-RefSeq/CP003730
Toronto-2005 1 222 NCBI-RefSeq/NZ_CP012019
HL06041035 1 734 NCBI-RefSeq/NC_018140
Lpm7613 1 30 NCBI-RefSeq/NZ_LT598657
LPE509 unknown NCBI-RefSeq/NC_020521
L10-023 1 62 NCBI-RefSeq/NZ_CP011105
F-4185 (subsp. pascullei) 1 1395 NCBI-RefSeq/Nz_CP014255
D-7158 (subsp. pascullei) 5 1335 NCBI-RefSeq/Nz_CP014256
D-7119 (subsp. pascullei) 1 1395 NCBI-RefSeq/NZ_CP014257
D-7630 1 731 NCBI-RefSeq/NZ_CP015344
D-7631 1 731 NCBI-RefSeq/NZ_CP015343
D-7632 1 731 NCBI-RefSeq/NZ_CP015342
F4468 1 731 NCBI-RefSeq/NZ_CP014759
F4469 1 731 NCBI-RefSeq/NZ_CP014760
FFI102 1 15 NCBI-RefSeq/NZ_CP016868
FFI103 1 15 NCBI-RefSeq/NZ_CP016870
FFI104 1 462 NCBI-RefSeq/NZ_CP016872
FFI105 1 462 NCBI-RefSeq/NZ_CP016873
FFI329 1 15 NCBI-RefSeq/NZ_CP016874
FFI337 1 462 NCBI-RefSeq/NZ_CP016876
ST62 62 NCBI-RefSeq/NZ_LT632614
ST23 1 23 NCBI-RefSeq/NZ_LT632615
ST37 37 NCBI-RefSeq/NZ_LT632616
ST42 1 42 NCBI-RefSeq/NZ_LT632617
Detroit-1 (subsp fraseri) 1 Unknown NCBI-RefSeq/NZ_CP017457
Dallas-1E (subsp fraseri) 5 Unknown NCBI-RefSeq/NZ_CP017458
C1-S 1 36 NCBI-RefSeq/NZ_CP015932
C2-S 1 36 NCBI-RefSeq/NZ_CP015933
C3-0 1 36 NCBI-RefSeq/NZ_CP015934
C4-S 1 36 NCBI-RefSeq/NZ_CP015935
C5-P 1 36 NCBI-RefSeq/NZ_CP015936
Cé6-S 1 36 NCBI-RefSeq/NZ_CP015937
C7-0 1 36 NCBI-RefSeq/NZ_CP015938
C8-S 1 36 NCBI-RefSeq/NZ_CP015939
C9_S 1 36 NCBI-RefSeq/NZ_CP015941
C10-S 1 36 NCBI-RefSeq/NZ_CP015944
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C11-0 1 36 NCBI-RefSeq/NZ_CP015945

E1-P 1 36 NCBI-RefSeq/NZ_CP015946

E2N 1 36 NCBI-RefSeq/NZ_CP015947

E3_N 1 36 NCBI-RefSeq/NZ_CP015949

E4_N 1 36 NCBI-RefSeq/NZ_CP015950

E5_N 1 36 NCBI-RefSeq/NZ_CP015951

E6_N 1 36 NCBI-RefSeq/NZ_CP015953

E7.0 1 36 NCBI-RefSeq/NZ_CP015954

ES_0 1 36 NCBI-RefSeq/NZ_CP015955

E9_O 1 36 NCBI-RefSeq/NZ_CP015956

E10_P 1 36 NCBI-RefSeq/NZ_CP015925

E11.U 1 36 NCBI-RefSeq/NZ_CP015926
Camg\rllcdfg'fl/ﬁl;‘)“”“ Unknown | Unknown | Sanger NCTC 3000/ERS1080589
Chicago-8 (NCTC 11984) 7 Unknown | Sanger NCTC 3000/ERS1080591
IN-23-GI-C2 (NTCT 11986) 9 390 | Sanger NCTC 3000/ERS1080592
Leiden 1 (NCTC 12000) 10 17 Sanger NCTC 3000/ERS1080593
Allentown 1 (NCTC 12024) 1 47 Sanger NCTC 3000/ERS1080594
Heysham 1 (NCTC 12025) Unknown | Unknown | Sanger NCTC 3000/ERS1080595
1169-MN-H (NCTC 12174) Unknown | Unknown | Sanger NCTC 3000/ERS1080596
12181 (NCTC 12181) Unknown | Unknown | Sanger NCTC 3000/ERS1092523
UFW (NCTC 12272) Unknown | Unknown | Sanger NCTC 3000/ERS1092524
Philadelphia-2 (NCTC 11193) 1 36 Sanger NCTC 3000/ERS1110721
Togus-1 (NCTC 11230) 2 39 Sanger NCTC 3000/ERS1110722
Bellm(gl\}l‘g{flc' 11/ 17;')2?1436 Unknown | Unknown | Sanger NCTC 3000/ERS1110726
OLDA (NCTC 12008) 1 1 Sanger NCTC 3000/ERS1110727
?ﬁ‘cl%gega‘g"z; 1 36 Sanger NCTC 3000 /ERS579195
[;ré";’gi;gé;) Unknown | Unknown | Sanger NCTC 3000 /ERS579199
[NC"ll“(2211820180) Unknown | Unknown | Sanger NCTC 3000 /ERS579201
[Nlér}ocvinlez'é 6) 1 Unknown | Sanger NCTC 3000/ERS1211137
Concorde 3 8 8 Sanger NCTC 3000/ERS1211138

(NCTC 11985)
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9.3 Sequence Types of L. pneumophila Genome Assemblies Deposited in RefSeq ftp

Server

Assembly accession number for complete and draft L. pneumophila genome assemblies

deposited in the RefSeq ftp server (accessed on 5t of October 2018), sequence type (ST)

and ESGLI database allele numbers.

U =undetermined sequence type.

~ = allele profile not reported in the ESGLI database.

? = allele with a partial match to a known allele in the ESGLI database.

= allele absent from assembly.

RefSeq Assembly
Accession No.

w
-1

=
2

DIlE

asd

mip

momp$S

proA

neuA/h

GCF_000048645

S

GCF_000694995

GCF_000953915

GCF_001582235

GCF_001582245

GCF_001582325

GCF_001582395

GCF_001582615

GCF_001582715

GCF_001582785

GCF_001582855

GCF_001583585

GCF_001601165

GCF_001601215

GCF_001601235

GCF_001601245

GCF_001601375

GCF_001601395

GCF_001601415

GCF_001601425

GCF_001601475

GCF_001601485

GCF_001677075

GCF_002934165

GCF_003004275

GCF_003004315

RrlRr|Rr|RrR|RR|IR|RIR|IR|RIR|RIR|IR|RIR|IR|RIR|R|R|R]|rR|RrR

R R R R(Rr R R[R(R[R[R[(RR[R[R[R|R[R[(R|R|R[ R [R|R|=|-

S O (UG O VO O O O O O O O O O O O O O O I O IO I O I O I IR

WlW W WwWlwlww wfwjwfwiwjlwlwWjwj wlfwjwlfwlw i ww wi wlw|w

RlRr|Rr|RrRr|RrRr|IR|RIR|IR|RIR|RR|IR|RIR|IR|R[R|R|[R|R]|R|RrR

RlRr|Rr|RrRr|IR|R[RIR|RPR|R[RIR[R[R|[R|R[R[R|IR|R[R|R|R|R |+~

R R R Rr(RrR|R[R[R[R[R[RR[R[R[R|R[R[R|R|R[R[R|R|R |~

RlRr|Rr|RrRr|IR|R[RIR|RPR|R[RIR[R[R|[R|R[R[R|IR|R[R|R|R|R |+~
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GCF_003205135

GCF_003205155

GCF_900048925

GCF_900049255

GCF_900050205

GCF_900050235

GCF_900051655

GCF_900051695

GCF_900052065

GCF_900052075

GCF_900052095

GCF_900052275

GCF_900052915

GCF_900052935

GCF_900053675

GCF_900057545

GCF_900057555

GCF_900057735

GCF_900058565

GCF_900058575

GCF_900058805

GCF_900060715

GCF_900061585

GCF_900062335

GCF_900062855

GCF_900063065

GCF_900063785

GCF_900064715

GCF_900452705

O IO UG OO IO N O O O SO O (O O SO O O O SO O 0 O O SO (O O O SO O O IO IR

WlWwWwlwWwlwlwjwlwfwwfwlwjfwjwjwlwjlwjlwjlwlwlfwjwjlwlwlwlwWwWwWw|lwlw|w

RlRr|RrRr|Rr|R|RIR|R|R[RPR|IR|R|R[R|IR|R[R[R|R[R[R|IR|R[R|R|R[R|r

Rlo|lo|lRr|IR|IR[R|IR|IR|IR|IR|IR|R|RPR|IR|IR|R[R|IR|R[RR|IR[R[R|IR|R[R|R|R[R|r

volo|lvo|lo|w|vN|jloalulrnlun|lr|lw|N|RriR|IR|IRIR|IR|IRIR|IRIRIR|IRIR|IR|IR|IR|R][R|IR|IRIR|IR|R|IR|R|R|R|R|Rr

Wlwlww|lRr|RrRR|R[R[R[R|la|R[R R R[R[(R|R[R[R|R|R[RR|R|R[R|R[R[R[R[R[R[R[R[R[R[R[R|[R

wlw|lw|lw|lr|lkRr|R[R|R|R|R[R|W|R|[R|R|R|R|[R|R[R|R|IR|R[R|IR|IR|R|R|IR|R|R|IR|IR|RR|IR|R][R|R|R|r

Olo|l|V|lRr|R|R[R|R|R[E[R|D|R[RIR|R[R[R|R[R[R|IR|R[RR|R|R[R|R|R|R|R|R|[R[R|R|R[R[R|R|FR

GCF_900053335 10 19 19
GCF_900461545 4 3 14
GCF_900061555 10 19 9
GCF_900050175 4 3 1 14
GCF_900053695 4 3 1 14
GCF_900060205 4 3 1 14
GCF_900061605 4 3 1 15
GCF_900051715 4 3 1
GCF_900061505 4 3 1
GCF_900052055 10 1 14 11
GCF_900052255 10 1 14 11
GCF_900053705 10 1 14 11
GCF_900059965 10 1 14 11
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GCF_900060385 9 3 10 1 3 14 9 11
GCF_900061495 9 3 10 1 3 14 9 11
GCF_900061595 9 3 10 1 3 14 9 11
GCF_900063045 9 3 10 1 3 14 9 11
GCF_900051705 10 1 6 3 1 1 1 1
GCF_000048665 15 12 9 26 5 3,26 17 15
GCF_900048915 21 2 3 3 15 2 6 6
GCF_900052905 23 2 3 9 10 2 1 6
GCF_900059575 25 2 6 17 15 12 8 6
GCF_900070125 25 2 6 17 15 12 8 6
GCF_900052085 26 2 6 21 12 12 8 11
GCF_001582635 27 3 10 1 10 14 9 6
GCF_900053345 28 3 10 1 3 14 9 1
GCF_900062315 29 1 4 1 1 14 9 1
GCF_000586295 30 3 10 1 3 14 9 9
GCF_900092465 30 3 10 1 3 14,14 9 9
GCF_900049245 34 3 13 1 25 14 9 6
GCF_000008485 36 3 4 1 1 14 9 1
GCF_000586375 36 3 4 1 1 14 9 1
GCF_001582475 36 3 4 1 1 14 9 1
GCF_001600915 36 3 4 1 1 14 9 1
GCF_001600925 36 3 4 1 1 14 9 1
GCF_001601055 36 3 4 1 1 14 9 1
GCF_001601085 36 3 4 1 1 14 9 1
GCF_001601115 36 3 4 1 1 14 9 1
GCF_001601135 36 3 4 1 1 14 9 1
GCF_001685545 36 3 4 1 1 14 9 1
GCF_001685575 36 3 4 1 1 14 9 1
GCF_001752705 36 3 4 1 1 14 9 1
GCF_001752725 36 3 4 1 1 14 9 1
GCF_001752745 36 3 4 1 1 14 9 1
GCF_001752765 36 3 4 1 1 14 9 1
GCF_001752785 36 3 4 1 1 14 9 1
GCF_001752805 36 3 4 1 1 14 9 1
GCF_001752825 36 3 4 1 1 14 9 1
GCF_001752845 36 3 4 1 1 14 9 1
GCF_001752865 36 3 4 1 1 14 9 1
GCF_001752885 36 3 4 1 1 14 9 1
GCF_001752905 36 3 4 1 1 14 9 1
GCF_001752925 36 3 4 1 1 14 9 1
GCF_001752945 36 3 4 1 1 14 9 1
GCF_001752965 36 3 4 1 1 14 9 1
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GCF_001753065 36 3 4 1 1 14 9 1
GCF_001753085 36 3 4 1 1 14 9 1
GCF_001753105 36 3 4 1 1 14 9 1
GCF_001753125 36 3 4 1 1 14 9 1
GCF_001753145 36 3 4 1 1 14 9 1
GCF_001753265 36 3 4 1 1 14 9 1
GCF_001753285 36 3 4 1 1 14 9 1
GCF_001753305 36 3 4 1 1 14 9 1
GCF_001753325 36 3 4 1 1 14 9 1
GCF_001753345 36 3 4 1 1 14 9 1
GCF_001753365 36 3 4 1 1 14 9 1
GCF_001753385 36 3 4 1 1 14 9 1
GCF_001753405 36 3 4 1 1 14 9 1
GCF_001941585 36 3 4 1 1 14 9 1
GCF_002082955 36 3 4 1 1 14 9 1
GCF_002934185 36 3 4 1 1 14 9 11
GCF_003004155 36 3 4 1 1 14 9 1
GCF_900065305 36 3 4 1 1 14 9 1
GCF_900452735 36 3 4 1 1 14 9 1
GCF_000823645 37 3 4 1 1 14 9 11
GCF_900048945 37 3 4 1 1 14 9 11
GCF_900050565 37 3 4 1 1 14 9 11
GCF_900050985 37 3 4 1 1 14 9 11
GCF_900050995 37 3 4 1 1 14 9 11
GCF_900051735 37 3 4 1 1 14 9 11
GCF_900052105 37 3 4 1 1 14 9 11
GCF_900052285 37 3 4 1 1 14 9 11
GCF_900052295 37 3 4 1 1 14 9 11
GCF_900052305 37 3 4 1 1 14 9 11
GCF_900052315 37 3 4 1 1 14 9 11
GCF_900053385 37 3 4 1 1 14 9 11
GCF_900053395 37 3 4 1 1 14 9 11
GCF_900053405 37 3 4 1 1 14 9 11
GCF_900053715 37 3 4 1 1 14 9 11
GCF_900053725 37 3 4 1 1 14 9 11
GCF_900053735 37 3 4 1 1 14 9 11
GCF_900054415 37 3 4 1 1 14 9 11
GCF_900054425 37 3 4 1 1 14 9 11
GCF_900055195 37 3 4 1 1 14 9 11
GCF_900055205 37 3 4 1 1 14 9 11
GCF_900055575 37 3 4 1 1 14 9 11
GCF_900055595 37 3 4 1 1 14 9 11
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GCF_900056185 37 3 4 1 1 14 9 11
GCF_900057765 37 3 4 1 1 14 9 11
GCF_900057775 37 3 4 1 1 14 9 11
GCF_900058335 37 3 4 1 1 14 9 11
GCF_900058345 37 3 4 1 1 14 9 11
GCF_900058585 37 3 4 1 1 14 9 11
GCF_900058595 37 3 4 1 1 14 9 11
GCF_900058815 37 3 4 1 1 14 9 11
GCF_900059975 37 3 4 1 1 14 9 11
GCF_900059985 37 3 4 1 1 14 9 11
GCF_900059995 37 3 4 1 1 14 9 11
GCF_900060395 37 3 4 1 1 14 9 11
GCF_900060405 37 3 4 1 1 14 9 11
GCF_900060695 37 3 4 1 1 14 9 11
GCF_900060705 37 3 4 1 1 14 9 11
GCF_900060755 37 3 4 1 1 14 9 11
GCF_900060765 37 3 4 1 1 14 9 11
GCF_900061935 37 3 4 1 1 14 9 11
GCF_900061945 37 3 4 1 1 14 9 11
GCF_900062325 37 3 4 1 1 14 9 11
GCF_900062345 37 3 4 1 1 14 9 11
GCF_900062355 37 3 4 1 1 14 9 11
GCF_900062365 37 3 4 1 1 14 9 11
GCF_900062375 37 3 4 1 1 14 9 11
GCF_900062385 37 3 4 1 1 14 9 11
GCF_900062395 37 3 4 1 1 14 9 11
GCF_900062405 37 3 4 1 1 14 9 11
GCF_900062415 37 3 4 1 1 14 9 11
GCF_900062425 37 3 4 1 1 14 9 11
GCF_900062435 37 3 4 1 1 14 9 11
GCF_900062445 37 3 4 1 1 14 9 11
GCF_900062455 37 3 4 1 1 14 9 11
GCF_900062465 37 3 4 1 1 14 9 11
GCF_900062475 37 3 4 1 1 14 9 11
GCF_900062485 37 3 4 1 1 14 9 11
GCF_900062865 37 3 4 1 1 14 9 11
GCF_900063075 37 3 4 1 1 14 9 11
GCF_900063085 37 3 4 1 1 14 9 11
GCF_900063095 37 3 4 1 1 14 9 11
GCF_900063105 37 3 4 1 1 14 9 11
GCF_900063825 37 3 4 1 1 14 9 11
GCF_900064175 37 3 4 1 1 14 9 11
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GCF_900064185 37 3 4 1 1 14 9 11
GCF_900064195 37 3 4 1 1 14 9 11
GCF_900064485 37 3 4 1 1 14 9 11
GCF_900064735 37 3 4 1 1 14 9 11
GCF_900064745 37 3 4 1 1 14 9 11
GCF_900065895 37 3 4 1 1 14 9 11
GCF_900070155 37 3 4 1 1 14 9 11
GCF_900073025 37 3 4 1 1 14 9 11
GCF_900073045 37 3 4 1 1 14 9 11
GCF_900073055 37 3 4 1 1 14 9 11
GCF_900119775 37 3 4 1 1 14 9 11
GCF_900452825 37 3 6 1 14 14 9 11
GCF_900048905 38 3 4 1 14 14 9 11
GCF_000586355 39 3 5 1 14 9

GCF_001582565 39 3 5 1 14 9

GCF_900452655 39 3 5 1 7 14 9

GCF_900056915 40 3 6 1 14 14 9 11
GCF_900057235 40 3 6 1 14 14 9 11
GCF_900061455 40 3 6 1 14 14 9 11
GCF_900070145 40 3 6 1 14 14 9 11
GCF_000211115 42 4 7 11 3 11 12 9
GCF_000823305 42 4 7 11 3 11 12 9
GCF_900049265 42 4 7 11 3 11 12 9
GCF_900053365 42 4 7 11 3 11 12 9
GCF_900053415 42 4 7 11 3 11 12 9
GCF_900054405 42 4 7 11 3 11 12 9
GCF_900056655 42 4 7 11 3 11 12 9
GCF_900057245 42 4 7 11 3 11 12 9
GCF_900061465 42 4 7 11 3 11 12 9
GCF_900062495 42 4 7 11 3 11 12 9
GCF_900062505 42 4 7 11 3 11 12 9
GCF_900062515 42 4 7 11 3 11 12 9
GCF_900063055 42 4 7 11 3 11 12 9
GCF_900064725 42 4 7 11 3 11 12 9
GCF_900065315 42 4 7 11 3 11 12 9
GCF_900070135 42 4 7 11 3 11 12 9
GCF_900070185 42 4 7 11 3 11 12 9
GCF_900119785 42 4 7 11 3 11 12 9
GCF_900452675 42 4 7 11 3 11 12 9
GCF_003004295 44 4 8 11 10 10 12 2
GCF_900050185 44 4 8 11 10 10 12 2
GCF_900452765 44 4 8 11 10 10 12 2
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GCF_900056925 45 5 1 22 26 6 10 12
GCF_900059945 46 5 1 22 6 10 15
GCF_900061525 46 5 1 22 5 6 10 15
GCF_000306865 47 5 10 22 15 6 2 6
GCF_900048955 47 5 10 22 15 6 2 6
GCF_900048965 47 5 10 22 15 6 2 6
GCF_900049285 47 5 10 22 15 6 2 6
GCF_900049295 47 5 10 22 15 6 2 6
GCF_900049305 47 5 10 22 15 6 2 6
GCF_900049375 47 5 10 22 15 6 2 6
GCF_900050245 47 5 10 22 15 6 2 6
GCF_900051005 47 5 10 22 15 6 2 6
GCF_900051015 47 5 10 22 15 6 2 6
GCF_900051745 47 5 10 22 15 6 2 6
GCF_900052325 47 5 10 22 15 6 2 6
GCF_900052335 47 5 10 22 15 6 2 6
GCF_900052945 47 5 10 22 15 6 2 6
GCF_900053425 47 5 10 22 15 6 2 6
GCF_900053435 47 5 10 22 15 6 2 6
GCF_900053445 47 5 10 22 15 6 2 6
GCF_900054165 47 5 10 22 15 6 2 6
GCF_900054385 47 5 10 22 15 6 2 6
GCF_900054645 47 5 10 22 15 6 2 6
GCF_900054655 47 5 10 22 15 6 2 6
GCF_900054665 47 5 10 22 15 6 2 6
GCF_900054675 47 5 10 22 15 6 2 6
GCF_900054685 47 5 10 22 15 6 2 6
GCF_900055215 47 5 10 22 15 6 2 6
GCF_900055605 47 5 10 22 15 6 2 6
GCF_900055615 47 5 10 22 15 6 2 6
GCF_900055625 47 5 10 22 15 6 2 6
GCF_900055635 47 5 10 22 15 6 2 6
GCF_900056195 47 5 10 22 15 6 2 6
GCF_900056205 47 5 10 22 15 6 2 6
GCF_900056215 47 5 10 22 15 6 2 6
GCF_900056935 47 5 10 22 15 6 2 6
GCF_900056945 47 5 10 22 15 6 2 6
GCF_900057265 47 5 10 22 15 6 2 6
GCF_900057575 47 5 10 22 15 6 2 6
GCF_900057585 47 5 10 22 15 6 2 6
GCF_900057595 47 5 10 22 15 6 2 6
GCF_900057605 47 5 10 22 15 6 2 6
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GCF_900057615 47 5 10 22 15 6 2 6
GCF_900057785 47 5 10 22 15 6 2 6
GCF_900058605 47 5 10 22 15 6 2 6
GCF_900058825 47 5 10 22 15 6 2 6
GCF_900058835 47 5 10 22 15 6 2 6
GCF_900059595 47 5 10 22 15 6 2 6
GCF_900059605 47 5 10 22 15 6 2 6
GCF_900060005 47 5 10 22 15 6 2 6
GCF_900060015 47 5 10 22 15 6 2 6
GCF_900060415 47 5 10 22 15 6 2 6
GCF_900060425 47 5 10 22 15 6 2 6
GCF_900060435 47 5 10 22 15 6 2 6
GCF_900060445 47 5 10 22 15 6 2 6
GCF_900060455 47 5 10 22 15 6 2 6
GCF_900060775 47 5 10 22 15 6 2 6
GCF_900060785 47 5 10 22 15 6 2 6
GCF_900061535 47 5 10 22 15 6 2 6
GCF_900062525 47 5 10 22 15 6 2 6
GCF_900062535 47 5 10 22 15 6 2 6
GCF_900062545 47 5 10 22 15 6 2 6
GCF_900062555 47 5 10 22 15 6 2 6
GCF_900062565 47 5 10 22 15 6 2 6
GCF_900062575 47 5 10 22 15 6 2 6
GCF_900062585 47 5 10 22 15 6 2 6
GCF_900062595 47 5 10 22 15 6 2 6
GCF_900062605 47 5 10 22 15 6 2 6
GCF_900062615 47 5 10 22 15 6 2 6
GCF_900062625 47 5 10 22 15 6 2 6
GCF_900062635 47 5 10 22 15 6 2 6
GCF_900062645 47 5 10 22 15 6 2 6
GCF_900062655 47 5 10 22 15 6 2 6
GCF_900062665 47 5 10 22 15 6 2 6
GCF_900062675 47 5 10 22 15 6 2 6
GCF_900062685 47 5 10 22 15 6 2 6
GCF_900062695 47 5 10 22 15 6 2 6
GCF_900062705 47 5 10 22 15 6 2 6
GCF_900062715 47 5 10 22 15 6 2 6
GCF_900062725 47 5 10 22 15 6 2 6
GCF_900062735 47 5 10 22 15 6 2 6
GCF_900062745 47 5 10 22 15 6 2 6
GCF_900062755 47 5 10 22 15 6 2 6
GCF_900063115 47 5 10 22 15 6 2 6
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GCF_900063125 47 5 10 22 15 6 2 6
GCF_900063135 47 5 10 22 15 6 2 6
GCF_900063145 47 5 10 22 15 6 2 6
GCF_900063835 47 5 10 22 15 6 2 6
GCF_900063845 47 5 10 22 15 6 2 6
GCF_900063855 47 5 10 22 15 6 2 6
GCF_900063865 47 5 10 22 15 6 2 6
GCF_900063875 47 5 10 22 15 6 2 6
GCF_900063885 47 5 10 22 15 6 2 6
GCF_900063895 47 5 10 22 15 6 2 6
GCF_900064205 47 5 10 22 15 6 2 6
GCF_900064315 47 5 10 22 15 6 2 6
GCF_900064325 47 5 10 22 15 6 2 6
GCF_900064495 47 5 10 22 15 6 2 6
GCF_900064755 47 5 10 22 15 6 2 6
GCF_900064765 47 5 10 22 15 6 2 6
GCF_900073005 47 5 10 22 15 6 2 6
GCF_900048935 48 5 2 22 27 6 10 12
GCF_900053355 48 5 2 22 27 6 10 12
GCF_000092545 51 6 10 15 28 9 14 6
GCF_003004135 58 7 10 17 10 55 13
GCF_900186855 58 7 10 17 10 5 13
GCF_001582315 59 7 6 17 3 13 11 11
GCF_001582455 59 7 6 17 3 13 11 11
GCF_001582485 59 7 6 17 3 13 11 11
GCF_001582555 59 7 6 17 3 13 11 11
GCF_900057755 59 7 6 17 3 13 11 11
GCF_900060735 59 7 6 17 3 13 11 11
GCF_900060745 60 7 6 17 3 13 11 9
GCF_003003815 61 7 6 17 3 24 11 11
GCF_900475735 61 7 6 17 3 24 11 11
GCF_900050195 62 8 10 3 15 18 1 6
GCF_900054435 62 8 10 3 15 18 1 6
GCF_900056225 62 8 10 3 15 18 1 6
GCF_900057745 62 8 10 3 15 18 1 6
GCF_900058355 62 8 10 3 15 18 1 6
GCF_900058865 62 8 10 3 15 18 1 6
GCF_900060025 62 8 10 3 15 18 1 6
GCF_900063915 62 8 10 3 15 18 1 6
GCF_900063935 62 8 10 3 15 18 1 6
GCF_900064375 62 8 10 3 15 18 1 6
GCF_900065905 62 8 10 3 15 18 1 6
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GCF_900060375 63 9 6 3 10 22 15 11
GCF_000785905 68 3 13 1 28 14 9 3
GCF_900053375 68 3 13 1 28 14 9 3
GCF_900061615 68 3 13 1 28 14 9 3
GCF_900053685 72 1 4 3 1 1 1 16
GCF_900051685 77 6 10 14 10 2 3 6
GCF_900061515 77 6 10 14 10 2 3 6
GCF_900049275 78 2 3 25 2 1 15
GCF_900063815 78 2 3 25 2 1 15
GCF_900452645 80 7 6 8 13 11 3
GCF_001600995 94 12 8 11 5 20 12 2
GCF_001601005 94 12 8 11 5 20 12 2
GCF_001601075 94 12 8 11 5 20 12 2
GCF_900065435 107 3 6 1 3 14 9 11
GCF_001583575 150 11 14 16 1 15 13 1
GCF_001582295 154 11 14 16 16 15 13 2
GCF_001582535 159 11 14 16 1 15 13 2
GCF_000239175 187 3 10 1 28 14 9 3
GCF_000586115 187 3 10 1 28 14 9 3
GCF_001997245 187 3 10 1 28 14 9 3
GCF_003345615 187 3 10 1 28 14 9 3
GCF_003345635 187 3 10 1 28 14 9 3
GCF_000823325 191 6 10 19 28 19,78 4 6
GCF_000823345 191 6 10 19 28 19,78 4 6
GCF_000823365 191 6 10 19 28 19,78 4 6
GCF_000823385 191 6 10 19 28 19,78 4 6
GCF_000823405 191 6 10 19 28 78,78 4 6
GCF_000823445 191 6 10 19 28 19,78 4 6
GCF_000823465 191 6 10 19 28 19,78 4 6
GCF_000823505 191 6 10 19 28 787 4 6
GCF_000823525 191 6 10 19 28 19,78 4 6
GCF_000823745 191 6 10 19 28 19 4 6
GCF_003004195 259 21 27 28 2 15 29 6
GCF_003004235 259 21 27 28 2 15 29 6
GCF_000586195 336 11 14 16 25 13 24
GCF_003003865 336 11 14 16 25 13 24
GCF_001582645 337 10 22 7 28 16 18 6
GCF_000586175 390 1 4 3 28 1 1 6
GCF_001582135 390 1 4 3 28 1 1 6
GCF_001582155 390 1 4 3 28 1 1 6
GCF_900452775 390 1 4 3 28 1 1 6
GCF_000586335 395 7 6 17 20 13 11 3




GCF_001582545 395 7 6 17 20 13 11 3

GCF_001582325 578 6 10 15 13 9 14 6

GCF_001582735 583 7 6 17 28 13 11 3

GCF_000823805 591 5 22 15 10 6

GCF_000823485 616 2 10 3 10 9 4 28
GCF_001582145 630 1 4 3 1 10
GCF_001600985 731 7 10 17 12 29 11 9

GCF_001601155 731 7 10 17 12 29 11 9

GCF_001601175 731 7 10 17 12 29 11 9

GCF_001652645 731 7 10 17 12 29 11 9

GCF_001652665 731 7 10 17 12 29 11 9

GCF_001652685 731 7 10 17 12 29 11 9

GCF_001969405 731 7 10 17 12 29 11 9

GCF_001989475 731 7 10 17 12 29 11 9

GCF_000306845 734 2 6 17 1 1 8 11
GCF_001582695 752 22 4 3 1 1 1 1

GCF_001582705 752 22 4 3 1 1 1 1

GCF_900058555 762 2 3 9 10 1 1 6

GCF_900061475 860 2 3 18 15 1 1 6

GCF_001582405 1101 6 6 15 3 9 14 11
GCF_001583565 1119 2 10 14 10 21 4 3

GCF_000695015 1151 7 43 31 3 48 15 40
GCF_900050215 1156 6 10 15 3 21

GCF_900056645 1156 6 10 15 3 21

GCF_001600905 1204 34 27 56 57 72 29 44
GCF_001600975 1204 34 27 56 57 72 29 44
GCF_003003535 1204 34 27 56 57 72 29 44
GCF_003003555 1204 34 27 56 57 72 29 44
GCF_000950675 1288 7 17 28 13 11 207
GCF_000950695 1288 7 17 28 13 11 207
GCF_000586275 1300 11 14 16 18 15 13 201
GCF_000586075 1318 6 10 5 10 1 209
GCF_900452805 1318 6 10 5 10 1 209
GCF_000586235 1319 2 6 17 14 12 8 211
GCF_001582305 1319 2 6 17 14 12 8 211
GCF_900461605 1319 2 6 17 14 12 8 211
GCF_000586215 1320 8 1 22 30 6 10 203
GCF_001582225 1320 8 1 22 30 6 10 203
GCF_900186925 1320 8 1 22 30 6 10 203
GCF_000699225 1323 6 10 3 28 9 4 207
GCF_900461535 1324 5 1 22 30 6 10 203
GCF_900057565 1326 3 10 1 28 14 9 207

346



GCF_900061625 1326 3 10 1 28 14 9 207
GCF_000586315 1334 11 14 16 25 13 206
GCF_003003755 1334 11 14 16 25 13 206
GCF_000586255 1335 14 18 8 18 28 19 201
GCF_001590645 1335 14 18 8 18 28 19 201
GCF_003004115 1335 14 18 8 18 28 19 201
GCF_900475745 1335 14 18 8 18 28 19 201
GCF_000586095 1362 2 10 3 28 9 4 207
GCF_000586135 1362 2 10 3 28 9 4 207
GCF_001582165 1362 2 10 3 28 9 4 207
GCF_900050225 1362 2 10 3 28 9 4 207
GCF_900057255 1362 2 10 3 28 9 4 207
GCF_900452685 1362 2 10 3 28 9 4 207
GCF_001590615 1395 14 18 8 10 28 19 2
GCF_001590695 1395 14 18 8 10 28 19 2
GCF_900054395 1834 2 3 18 15 63 1 6
GCF_900051025 1983 8 10 3 15 33 1 6
GCF_900051675 1983 8 10 3 15 33 1 6
GCF_900051755 1983 8 10 3 15 33 1 6
GCF_900053745 1983 8 10 3 15 33 1 6
GCF_900054695 1983 8 10 3 15 33 1 6
GCF_900056235 1983 8 10 3 15 33 1 6
GCF_900056245 1983 8 10 3 15 33 1 6
GCF_900057275 1983 8 10 3 15 33 1 6
GCF_900057625 1983 8 10 3 15 33 1 6
GCF_900058845 1983 8 10 3 15 33 1 6
GCF_900058855 1983 8 10 3 15 33 1 6
GCF_900060795 1983 8 10 3 15 33 1 6
GCF_900061545 1983 8 10 3 15 33 1 6
GCF_900061565 1983 8 10 3 15 33 1 6
GCF_900062875 1983 8 10 3 15 33 1 6
GCF_900063905 1983 8 10 3 15 33 1 6
GCF_900064345 1983 8 10 3 15 33 1 6
GCF_900064365 1983 8 10 3 15 33 1 6
GCF_900064385 1983 8 10 3 15 33 1 6
GCF_900065915 1983 8 10 3 15 33 1 6
GCF_900073035 1983 8 10 3 15 33 1 6
GCF_001582375 1999 3 6 1 6 11 9
GCF_900060725 2122 2 10 3 10 9 4 9
GCF_003004065 2186 30 18 44 77 61 13 217
GCF_003004335 2258 21 27 29 80 15 29 230
GCF_900052925 2439 2 3 9 10 93 1 6
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GCF_002813735 2512 11 14 16 1 7 13 207
GCF_003205055 2581 3 12 1 14 14 8 3
GCF_003205065 2581 3 12 ~1 14 14 8 3
GCF_003205175 2581 3 12 1 14 14 8 3
GCF_001583595 U 1 4 3 ~21 1 1
GCF_000950745 U 2 10 17 6 14 14 207
GCF_000953935 U 2 10 17 14 9,21 14 221
GCF_001592705 U 2 19 5 10 18,63 1 10
GCF_002967055 U 2 19 5 10 18,63 1 10
GCF_003205035 U 2 10 5 5 35,63 5
GCF_003205045 U 2 10 5 5 35,63 5
GCF_003205115 U 2 10 5 5 35,63 5
GCF_900050555 U 2 3 6 25 63 1 15
GCF_900050975 U 2 3 6 25 63 1 15
GCF_900051725 U 2 3 6 25 93 1 15
GCF_900052265 U 2 3 9 10 1,93 1 6
GCF_900053665 U 2 10 9 13 2,63 5 6
GCF_900054155 U 2 3 6 25 1 1 15
GCF_900055585 U 2 3 6 25 1 1 15
GCF_900060195 U 2 3 6 10 98? 1 6
GCF_900061485 U 2 3 9 10 2,63 1 6
GCF_900061635 U 2 3 6 25 2,63 1 15
GCF_900061645 U 2 3 6 25 2,63 1 15
GCF_900061655 U 2 3 6 25 2,63 1 15
GCF_900061665 U 2 3 6 25 93 1 15
GCF_900061675 U 2 3 6 25 2,63 1 15
GCF_900061685 U 2 3 6 25 1 1 15
GCF_900061695 U 2 3 6 25 63 1 15
GCF_900061705 U 2 3 6 25 1,93 1 15
GCF_900061715 U 2 3 6 25 93 1 15
GCF_900061725 U 2 3 6 25 1,93 1 15
GCF_900061975 U 2 3 9 10 63,93 1
GCF_900063795 U 2 10 18 10 ~63 1 9
GCF_900063805 U 2 3 6 25 1 1 15
GCF_900119755 U 2 3 9 10 2,93 1 6
GCF_000347615 U 3 10 1 1 477 9
GCF_002002645 U 3 13 1 28 - 9 3
GCF_900059585 U 3 4 1 1 7,14 9 11
GCF_000823425 U 6 10 14 28 4,9 3 207
GCF_000823545 U 6 10 19 28 19 4 6
GCF_000823565 U 6 10 19 28 19,78 4 6
GCF_000823585 U 6 10 19 28 19,78 4 6
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GCF_000823605 U 6 10 19 28 19,78 4 6
GCF_000823625 U 6 10 19 28 19,78 4 6
GCF_000823665 U 6 10 19 28 19,78 4 6
GCF_000823685 U 6 10 19 28 78 4 6
GCF_000823705 U 6 10 19 28 78 4 6
GCF_000823725 U 6 10 19 28 78 4 6
GCF_000823765 U 6 10 19 28 78 4 6
GCF_000823785 U 6 10 19 28 78 4 6
GCF_000823825 U 6 10 19 28 78 4 6
GCF_000823845 U 6 10 19 28 78 4 6
GCF_000823865 U 6 10 19 28 78 4 6
GCF_000823885 U 6 10 19 28 78 4 6
GCF_001601325 U 6 10 19 28 787 4 11
GCF_001601355 U 6 10 19 28 787 4 11
GCF_001582385 U 6 10 17 28 9 14 11
GCF_001582795 U 6 10 15 28 88? 7 207
GCF_001582865 U 6 10 20 12 88? 4 3
GCF_001601505 U 6 10 19 28 797 4 11
GCF_001601535 U 6 10 19 28 777 4 11
GCF_002002625 U 6 10 15 3 ~21 14 9
GCF_900059935 U 6 10 15 24 17,98 14
GCF_900059955 U 6 10 21 12 98 4 11
GCF_900060365 U 6 10 21 12 9,98 4 11
GCF_900061575 U 6 10 21 12 9,98,98 4 11
GCF_900070165 U 6 10 21 12 98 4 11
GCF_001600895 U 8 10 3 15 18,33 1 6
GCF_001601455 U 8 10 3 15 60? 1 6
GCF_001610735 U 8 10 3 15 18,33 1 6
GCF_001677115 U 8 10 3 15 18,33 1 6
GCF_003004175 U 8 3 3 15 9,21 1 6
GCF_900063925 U 8 10 3 15 18,33 1 6
GCF_900064335 U 8 10 3 15 18,33 1 6
GCF_900064355 U 8 10 3 15 18,33 1 6
GCF_900065445 U 8 10 3 15 18,33 1 6
GCF_900119765 U 8 10 3 15 18,33 1 6
GCF_001549915 U 11 14 16 10 7 13 2
GCF_001549925 U 11 14 16 10 7 13 2
GCF_001582625 U 11 14 16 31 7 13 210
GCF_001582775 U 11 14 16 16 7 13 2
GCF_001583645 U 11 14 16 1 7 13 1
GCF_001639045 U 11 14 16 10 7 13 2
GCF_001886795 U 11 6 16 16 7,15 13 2
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GCF_001886835 U 11 14 16 18 7,15 13 201
GCF_002813715 U 11 14 16 1 7,15 13 207
GCF_002934205 U 11 14 16 16 7,15 13
GCF_003003595 U 11 14 16 3 7,15 13 9
GCF_003003675 U 11 14 16 16 7,15 13 2
GCF_003003955 U 11 14 16 30 7,15 13 213
GCF_003004215 U 11 14 16 1 7,15 13 1
GCF_003004255 U 11 14 16 16 7,15 13 2
GCF_900051665 U 11 14 16 1 7 13 6
GCF_900063035 U 11 14 16 1 7 13 6
GCF_000586155 U 12 17 11 10 5 12 -
GCF_001582215 U 12 17 11 10 5 12 -
GCF_001766275 U 12 9 26 5 3,26 17 15
GCF_001766295 U 12 9 26 5 3,26 17 15
GCF_001766315 U 12 9 2 5 3,50 17 15
GCF_001766335 U 12 9 2 5 3,50 17 15
GCF_001766355 U 12 9 26 5 3,26 17 15
GCF_001766375 U 12 9 2 5 3,50 17 15
GCF_003003515 U 21 27 28 83 15,15 29 -
GCF_001583655 U 28 21 12 37 41? 215
GCF_001582465 U 31 10 20 10 88? 4 11
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9.4 StrainEst Predictions for Mock Communities and Sensitivity Tests - Chapter 3

ST = sequence type

Min/Max Depth = minimum and maximum depth of coverage of Single Nucleotide
Polymorphisms

Std = standard deviation

MSEAve = Average mean squared error = statistical measure of the quality of the

estimator (values closer to zero are better)

. Strain Min/Max | MSEAve
Community Predictions Abundance | ST De/p th (Std)
GCF_000953915 | 0.62062 1
GCF_001601485 | 0.18784 1
GCF_001752885 | 0.06658 | 36
GCF_001601245 | 0.05593 1
GCF_900050175 0.02691 5
GCF_900053675 0.01506 1 0.002
Mockl-1 ™ ceE 001582785 | 0.0116 1| O7/150 | 4 99-05)
GCF_900461545 0.00773 3
GCF_001582695 0.0044 752
GCF_900061605 0.00261 6
GCF_001753105 0.00064 36
GCF_900452775 | 8.10E-05 | 390
. Strain Min/Max MSEAve
Community Predictions Abundance | ST Deé) th (Std)
GCF_001752885 | 0.41589 | 36
GCF_000953915 | 0.34729 1
GCF_001601485 | 0.12891 1
GCF_001601245 | 0.04421 1
GCF_900050175 0.02003 5
GCF_900461545 0.0152 3 0.0018
Mock1-2 GCF_900053675 0.01114 1 57/126 2 62E-05)
GCF_900073025 0.00542 37 '
GCF_001582695 0.00407 | 752
GCF_001582785 0.0032 1
GCF_900061605 0.00282 6
GCF_900452775 0.00153 | 390
GCF_900452655 0.00029 39
. Strain Min/Max MSEAve
Community Predictions Abundance | ST Deé) th (Std)
GCF_001752885 | 0.83961 | 36
GCF_000953915 | 0.08166 1
GCF_001601485 | 0.02294 1 0.000845
Mockl-3 G eF 001601245 | 0.01103 | 1 | ~°/1%7 | (2.60E-05)
GCF_001753105 | 0.00782 36
GCF_001601085 | 0.00733 36
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GCF_900056185 0.00575 37
GCF_900061605 0.00459 6
GCF_900050175 0.00425 5
GCF_900062315 0.00405 29
GCF_001752965 0.00353 36
GCF_900053675 0.00241 1
GCF_900073025 0.00179 37
GCF_900461545 0.0014 3
GCF_003004175 0.00109 U
GCF_001582695 0.00045 | 752
GCF_003205045 0.0003 U
. Strain Min/Max | MSEAve
Community Predictions Abundance | ST De/p th (Std)
GCF_000953915 | 0.565351 1
GCF_001601485 | 0.155375 1
GCF_001752885 | 0.147011 | 36
GCF_001601245 | 0.063739 1
GCF_900053675 0.0214 1
GCF_900050175 | 0.017079 5 0.0017
Mock2-1 GCF_900461545 | 0.011198 3 58/135 2 éSE-OS)
GCF_001582785 | 0.009807 1 '
GCF_001582695 | 0.004647 | 752
GCF_900061605 | 0.002712 6
GCF_900073025 | 0.000867 | 37
GCF_001753105 | 0.000659 | 36
GCF_001601085 | 0.000155 | 36
Community | Strain Predictions | Abundance | ST Mg;/p l\t/l}? X M(SSEQ;, €
GCF_001752885 | 0.41603 | 36
GCF_000953915 0.3605 1
GCF_001601485 | 0.11771 1
GCF_001601245 | 0.03982 1
GCF_900050175 0.02061 5
GCF_900461545 0.01371 3 0.0021
Mock2-2 I eF 900053675 | 001239 | 1 | *2/°® | (245E-05)
GCF_001582695 0.00731 | 752
GCF_900073025 0.00689 37
GCF_900061605 0.00308 6
GCF_900452775 0.00147 | 390
GCF_900452655 0.00049 39
Community | Strain Predictions | Abundance | ST Mlljr;/p l\t/[; X M(SSE;\; €
GCF_001752885 | 0.910805 | 36
GCF_000953915 | 0.024031 | 1
GCF_001601245 | 0.021302 | 1 0.00084
Mock2-3  ~GCF 001601485 | 0.015231 | 1 | /8 | (2.89E-05)
GCF_900050175 | 0.007755 5
GCF_001601085 | 0.004866 | 36
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GCF_900452775 | 0.003838 | 390

GCF_900061605 | 0.003389 6

GCF_001753105 | 0.003316 | 36

GCF_003004175 | 0.001838 U

GCF_900461545 | 0.001787 3

GCF_001582785 | 0.001541 1

GCF_900062315 | 0.000301 | 29
Community | Strain Predictions | Abundance | ST Mg;/p l\t/I}?x M(SSE'(?; €

GCF_000953915 | 0.423394 | 1

GCF_001752885 0.31465 | 36

GCF_001601485 | 0.145111 | 1

GCF_001601245 | 0.048384 | 1

GCF_900050175 0.02215 5

GCF_900461545 0.021597 3 0.0047
Mock3-1 900053675 | 0012915 | 1 | /31 | (3.35¢-05)

GCF_001582695 0.00447 | 752

GCF_900452775 0.003235 | 390

GCF_900061605 0.001637 6

GCF_001582785 0.001471 1

GCF_900073025 0.000985 | 37
Community | Strain Predictions | Abundance | ST Mg;/p l\t/I}?x M(Ss}iﬁ;/ €

GCF_001752885 | 0.790711 | 36

GCF_000953915 | 0.125847 | 1

GCF_001601485 | 0.034854 | 1

GCF_900056185 0.008326 | 37

GCF_900073025 0.006888 | 37

GCF_001752965 0.0055 36

GCF_001753105 0.005209 | 36

GCF_900461545 0.004504 3 0.00133
Mock3-2 ™ rE 900050175 | 0.003917 | 5 | /%% | (2.11e-05)

GCF_001601245 0.003788 1

GCF_001582695 0.002936 | 752

GCF_900062315 0.002717 | 29

GCF_900053675 0.002116 1

GCF_900061605 0.001365 6

GCF_003004175 0.001272 U

GCF_003205045 5.10E-05 U
Community | Strain Predictions | Abundance | ST Mg;/p l\t/I}?x M(SSE';Q;/ €

GCF_001752885 0.967426 | 36

GCF_001601245 0.011815 | 1

GCF_000953915 0.006312 | 1 0.000439
Mock3-3 G CF 001601485 | 0.005845 | 1 | °*/11* | (2.13¢-05)

GCF_900050175 0.002454 5

GCF_900461545 0.002239 3
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GCF_900452775 0.00128 | 390
GCF_001582695 0.000799 | 752
GCF_001582785 0.000603 1
GCF_900061605 0.00057 6
GCF_900073025 0.000538 | 37
GCF_001601085 0.000116 | 36
GCF_001753105 2.00E-06 | 36
GCF_001752885 0.967426 | 36
Single Strain Control Tests
Community | Strain Predictions | Abundance | ST Mg;/p l\t/l}? X M(SSE;\; €
GCF_001752885 0.999562 | 36 0.000445
S8 GCF_001752965 0.000427 |36 | 21/56 (3' 16¢-05)
GCF_900056185 1.1E-05 37 '
Community | Strain Predictions | Abundance | ST Mg;/p l\t/l}? X M(SSE;\; €
GCF_001752885 0.99612 | 36 0.000514
S9 GCF_001752965 0.000248 | 36 7/24 (3' 49¢-05)
GCF_900062315 0.00014 | 29 '
Community | Strain Predictions | Abundance | ST Mg;/p l\t/l}? X M(SSE;'(?; €
GCF_001752885 0.99379 | 36
510 GCF_001753105 0.005123 | 36 2/12 0.00035
GCF_900062315 0.000709 | 29 (4.46E-05)
GCF_900056185 0.000378 | 37
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9.5 Completed Legionella Genomes in KmerID Database.

Species/Strain Designation

Database Source /Accession Number

L. pneumophila Lorraine

NCBI-RefSeq/NC_018139

L. pneumophila Corby

NCBI-RefSeq/NC_009494

L. pneumophila ST62

NCBI-RefSeq/NZ_LT632614

L. pneumophila ST23

NCBI-RefSeq/NZ _LT632615

L. pneumophila ST42

NCBI-RefSeq/NZ_LT632617

L. pneumophila C8-S

NCBI-RefSeq/NZ_CP015939

L. pneumophila Toronto-2005

NCBI-RefSeq/NZ_CP012019

L. pneumophila FF1329

NCBI-RefSeq/NZ_CP016874

L. pneumophila D-7631

NCBI-RefSeq/NZ_CP015343

L. pneumophila D-7158 (subsp. pascullei)

NCBI-RefSeq/Nz_CP014256

L. pneumophila Dallas-1E (subsp fraseri)

NCBI-RefSeq/NZ_CP017458

L. pneumophila Concorde 3 (NCTC11985)

NCBI-RefSeq/NZ_LT906452

L. pneumophila HL06041035

NCBI-RefSeq/NC_018140

L. pneumophila Allentown 1 (NCTC 12024)

Sanger NCTC 3000/ERS1080594

L. pneumophila Togus-1 (NCTC 11230)

Sanger NCTC 3000 /ERS1110722

L. pneumophila 1169-MN-H (NCTC 12174)

Sanger NCTC 3000/ERS1080596

L. pneumophila OLDA (NCTC 12008)

Sanger NCTC 3000 /ERS1110727

L. pneumophila 12181 (NCTC 12181)

Sanger NCTC 3000/ERS1092523

L. pneumophila Leiden 1 (NCTC 12000)

Sanger NCTC 3000/ERS1080593

L. pneumophila Cambridge-2 /Atkinson (NCTC 11417)

Sanger NCTC 3000/ERS1080589

L. pneumophila Chicago-8 (NCTC 11984)

Sanger NCTC 3000/ERS1080591

L. waltersii (NCTC13017)

NCBI-RefSeq/NZ_LT906442

L. fallonii LLAP-10

NCBI-RefSeq/NZ_LN614827

L. birminghamensis

Sanger NCTC 3000/ERS1497499

L. clemsonensis CDC-D5610

NCBI-RefSeq/NZ_CP016397

L. taurinensis

Sanger NCTC 3000/ERS1324129

L. spiritensis

Sanger NCTC 3000/ERS1324117

L. micdadei NZ2015

NCBI-RefSeq/NZ_CP020614

L. donaldsonii

Sanger NCTC 3000/ERS1110725

L. feeleii

Sanger NCTC 3000/ERS579197

L. lansingensis (NCTC12830)

NCBI-RefSeq/NZ _LT906451

L. longbeachae

Sanger NCTC 3000/ERS950475

L. oakridgensis

Sanger NCTC 3000/ERS950476

L. sainthelensi

Sanger NCTC 3000/ERS579202

L. steigerwaltii

Sanger NCTC 3000/ERS1324118

L. cherrii

Sanger NCTC 3000/ERS579196

L. anisa FDAARGOS 200 AMERTCC 13

NCBI-RefSeq/NBTX01000001

L. wadsworthii

Sanger NCTC 3000/ERS956173

L. hackeliae

Sanger NCTC 3000/ERS579198
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9.6 Sankey Diagrams for the Taxonomic Classification of Bacterial Reads -

Chapter 5

Taxonomic classification of bacterial reads from the dilution series (D1, D2, D3, D4 [for

further details see Table 5.4]), the mock sample (for further details see Table 5.5),

clinical samples (H1 to H10) and environmental samples (E1 to E9).

D = Domain, P = Phylum, F = Family, G = Genus and S = Species.

21 Bacillaceae
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Enterobacteriaceae
Erwiniaceae

26 Halomonadaceae
3.66M

60 Actinobacteria
Bacteroidetes

30 Egcherichia coli
Klebsiella pneumoniae
6 Salmonella enterica
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18 Bacillus

;g Escherichia 284Legionella clemsonensis
Klebsiella Legionella fallonii
Buchnera 5 621Jregionella oakridgensis

3.66M

Legionella pneumophila
egionella

19 Legionella waltersii

38 Tatlockia Tatlockia micdadei

46 pseudomonadaceae Pseudomonas
Vibrionaceae 6 Vibrio
Xanthomonadaceae Stenotrophomonas
Yersiniaceae Yersinia
12 Spirochaetes
Tenericutes
Thermotogae
Verrucomicrobia
T T T T 1
D P F G S

Figure 1. Sample D1
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Chromatiaceae

29 Actinobacteria . gﬁlNllinterobac

12 Bradyrhizobiaceae

14 Ectothiorhodospir:
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Klebsiella pneumoniae
2 Salmonella enterica
141 Legionella clemsonensis
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1.94M

24 Escherichia
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5 p
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I T T T 1
D P F G S

Figure 2. Sample D2
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Figure 3. Sample D3
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7 pseudomallei group

o Streptococcus Burkholderia pseudomallei
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Figure 4. Sample D4
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Figure 5. Sample Mock
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Figure 7. Sample S2
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Figure 8. Sample S3
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Figure 9. Sample S4
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Figure 10. Sample S5
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Figure 11. Sample S6
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Figure 13. Sample S8
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Figure 14. Sample S9
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9.7 L. pneumophila 50-Gene MLST - Presence/Absence Analysis - Chapter 5

=
8
GENE PRODUCT D1 D2 D3 D4 ~ S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 El E2 E3 E4 E5 E6 E7 E8 E9
Ipg0085 hypothetical protein ° ° ° ° ° ° ° ° ° ° ° ° °
peptide methionine . . . . . . . . . . .
Ipg0104 sulfoxide reductase
dihydropicolinate . . . . . . . . . . . .
Ipg0131 reductase
Ipg0136 pyruvate kinase II * * * * * * * * * * * * * * *
Ipg0189 hypothetical protein ° ° ° ° ° ° ° ° °
NAD-gIUtamate L] L] L] L] L] L] L] L] L] L] L] L] L]
Ipg0245 dehydrogenase
Ipg0329 50S ribosomal protein L3 ° ° ° ° ° ° ° ° ° ° ° °
Ipg0331 50S ribosomal protein L23 ° ° ° ° ° ° ° ° ° ° ° ° °
Ipg0409 hypothetical, SURF1 family ° ° ° ° ° ° ° ° ° ° ° ° °
Ipg0419 glucokinase * * * * * * * * * * * *
hypothetical virulence . . . . . . . . . . . . .
Ipg0525 protein
Ipg0596 hypothetical protein * * * * * * * * * * * *
Ipg0601 ABC transporter, permease ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
Ipg0607 lysyl tRNA synthetase ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
Ipg0622 transmembrane protein ° ° ° ° ° ° ° ° ° °
D-ribulose-5-phosphate-3- . . . . . . . . . . . . .
Ipg0664 epimerase
Ipg0689 DNA binding stress protein ° ° ° ° ° ° ° ° ° ° ° ° °
protein-L-isoaspartate-O- . . . . . . . . . . .
Ipg0700 methyltransferase
rod shape determining . . . . . . . . . . . . . .
Ipg0812 protein MreC
3-methyladenine DNA . . . . . . . . . . . . .
Ipg0866 glycosylase
Ipg0871 hypothetical protein ° ° ° ° ° ° ° ° ° ° °
Ipg0890 cystathionine beta-lyase ° ° ° ° ° ° ° ° ° ° ° ° °
Ipg0957 hypothetical protein ° ° ° ° ° ° ° ° ° ° ° ° ° ° °
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drug resistance

Ipg1323 transporter, Ber/CflA
pyruvate dehydrogenase
Ipg1503 E2 component
glutamate-1-semialdehyde-
Ipg1534 2,1-aminomutase
Ipg1543 transmembrane protein
Ipg1586 hypothetical protein
glutamyl/tRNA (GIn)
amidotransferase, B
Ipg1737 subunit
Ipg1744 HesB family protein
flagellar motor switch
Ipg1759 protein FliG
Ipg1811 aspartokinase
Ipg1869 ribonuclease 111
Ipg1909 hypothetical protein
saframycin Mx1 synthetase
Ipg2229 B
Ipg2264 hypothetical protein
Ipg2331 biotin synthase BioC
alkylhydroperoxidase AhpD
Ipg2349 family core domain protein
Ipg2387 plasminogen activator
Ipg2494 hypothetical protein
Ipg2528 alpha-amylase, putative
DNA processing enzyme
Ipg2597 DprA (SMF family)
Ipg2633 hypothetical protein
Ipg2654 GTP binding protein
cation transporting ATPase
Ipg2691 PacS
Ipg2699 ATPase or kinase
Ipg2864 hypothetical protein
cobalt/magnesium uptake
Ipg2878 transporter
Ipg2882 methionyl tRNA synthetase
1pg2902 hypothetical protein

® = presence
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9.8 Core Genes Included in Phylogenetic Trees - Chapter 6
Case Study 1

Phylogenetic Treel

Ipg0004, , Ipg0047, Ipg0084, Ipg0101, Ipg0102, Ipg0116, Ipg0129, Ipg0130, Ipg0136,
Ipg0138, Ipg0213, Ipg0217, Ipg0238, Ipg0239, Ipg0271, Ipg0322, Ipg0323, Ipg0325,
Ipg0362, Ipg0384, Ipg0461, Ipg0477, Ipg0499, Ipg0506, Ipg0510, Ipg0583, Ipg0603,
Ipg0641, Ipg0651, Ipg0657, Ipg0670, Ipg0672, Ipg0719, Ipg0726, Ipg0729, Ipg0738,
Ipg0805, Ipg0816, Ipg0851, Ipg0873, Ipg0874, Ipg0882, Ipg0887, Ipg0891, Ipg0924,
Ipg0932, Ipg0946, Ipg0957, Ipg0958, Ipg0962, Ipg0970, Ipg1137, Ipgl212, Ipgl1283,
Ipg1284, Ipg1286, Ipg1320, Ipgl1336, Ipg1348, Ipg1352, Ipgl375, Ipg1397, Ipgl415,
Ipg1417, Ipg1547, Ipg1582, Ipgl666, Ipgl669, Ipgl674, Ipg1707, Ipgl734, Ipgl753,
Ipg1755, Ipg1810, Ipg1812, Ipgl1842, Ipg1846, Ipg1871, Ipg1888, Ipg1893, Ipg2004,
Ipg2012, Ipg2039, Ipg2051, Ipg2186, Ipg2200, Ipg2242, Ipg2256, Ipg2263, Ipg2276,
Ipg2302, Ipg2312, Ipg2313, Ipg2340, Ipg2347, Ipg2389, Ipg2515, Ipg2538, Ipg2608,
Ipg2614, Ipg2630, Ipg2633, Ipg2635, Ipg2645, Ipg2652, Ipg2671, Ipg2698, Ipg2714,
Ipg2772, Ipg2794, Ipg2808, Ipg2842, Ipg2858, Ipg2873, Ipg2924, Ipg2925, Ipg2927,
Ipg2933, Ipg2937, Ipg2965, Ipg2974, Ipg2982

Phylogenetic Tree 2

Ipg0119, Ipg0458, Ipg0601, Ipg0652, Ipg0686, Ipg0720, Ipg0872, Ipg0951, Ipg1190,
Ipg1457, Ipg1462, Ipg1484, Ipgl1576, Ipg1805, Ipg1854, Ipg1894, Ipg1904, Ipg2176,
Ipg2513, Ipg2622, Ipg2796, Ipg2847, Ipg2864, Ipg2879, Ing2971

Phylogenetic Tree 3

Ipg0024, 1pg0027, Ipg0047, Ipg0079, Ipg0101, Ipg0118, Ipg0119, Ipg0140, Ipg0175,
Ipg0294, Ipg0384, Ipg0404, Ipg0421, Ipg0449, Ipg0456, Ipg0461, Ipg0469, Ipg0483,
Ipg0530, Ipg0532, Ipg0559, Ipg0577, Ipg0601, Ipg0608, Ipg0611, Ipg0624, Ipg0626,
Ipg0627, Ipg0652, Ipg0660, Ipg0678, Ipg0679, Ipg0692, Ipg0704, Ipg0748, Ipg0800,
Ipg0802, Ipg0803, Ipg0804, Ipg0818, Ipg0822, Ipg0826, Ipg0829, Ipg0833, Ipg0838,
Ipg0851, Ipg0872, Ipg0924, Ipg0936, Ipg0937, Ipg0941, Ipg0954, Ipg0966, Ipgl143,
Ipg1164, Ipg1166, Ipg1189, Ipgl1202, Ipg1214, Ipg1221, Ipg1225, Ipgl278, Ipgl1285,
Ipg1291, Ipg1302, Ipg1304, Ipg1306, Ipg1320, Ipg1349, Ipg1352, Ipg1358, Ipgl1363,
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Ipg1372, Ipg1394, Ipg1401, Ipgl1417, Ipg1463, Ipgl1566, Ipgl1659, Ipgl1763, Ipgl814,
Ipg1816, Ipg1821, Ipg1842, Ipgl1855, Ipg1873, Ipg1993, Ipg2001, Ipg2004, Ipg2009,
Ipg2028, Ipg2048, Ipg2186, Ipg2203, Ipg2220, Ipg2231, Ipg2243, Ipg2248, Ipg2262,
Ipg2273, Ipg2331, Ipg2336, Ipg2347, Ipg2469, Ipg2476, Ipg2495, Ipg2616, Ipg2620,
Ipg2624, Ipg2629, Ipg2655, Ipg2674, Ipg2698, Ipg2711, Ipg2714, Ipg2727, Ipg2740,
Ipg2755, Ipg2772, Ipg2782, Ipg2796, Ipg2822, Ipg2823, Ipg2836, Ipg2842, Ipg2843,
Ipg2859, Ipg2898, Ipg2924, Ipg2925, Ipg2957, Ing2960, Ipg2968, Ipg2971, Ipg2995

Phylogenetic Tree 4

Ipg0010, Ipg0116, Ipg0129, Ipg0212, Ipg0248, Ipg0323, Ipg0410, Ipg0456, Ipg0497,
Ipg0557, Ipg0583, Ipg0612, Ipg0626, Ipg0630, Ipg0686, Ipg0745, Ipg0905, Ipgl225,
Ipg1346, Ipg1397, Ipg1419, Ipg1504, Ipg1582, Ipg1597, Ipg1701, Ipg1830, Ipg1910,
Ipg2260, Ipg2280, Ipg2735, Ipg2861

Phylogenetic Tree 5
Ipg0479, Ing1586

Case Study 2

Ipg0116,1pg0293, Ipg0322, Ipg0547, Ipg0616, Ipg0640, Ipg0641, Ipg0643, Ipg0651, Ipg0652
Ipg0654, Ipg0656, Ipg0657, Ipg0658, Ipg0659, Ipg0660, Ipg0662, Ipg0663, Ing0664, Ipg0665
Ipg0667,Ipg0670, Ipg0672, Ipg0673, Ing0674, Ipg0679, Ipg0680, Ipg0685, Ipg0686, Ipg0688
Ipg0692, Ipg0697, Ipg0698, Ipg0699, Ipg0700, Ipg0701, Ipg0704, Ipg0716, Ipg0719, Ipg0720
Ipg0721,1pg0723, Ipg0724, Ipg0725, Ing0726, Ipg0729, Ipg0730, Ipg0732, Ipg0734, Ing0737
Ipg0738, Ipg0739, Ipg0740, Ipg0742, Ipg0747, Ipg0748, Ipg0749, Ipg0752, Ipg0753, Ing0754
Ipg0785, Ipg0786, Ipg0958, Ipg0960, Ipg0961, Ipg0962, Ipg0963, Ipg0966, Ipg0970, Ipg0971
Ipg1190,Ipg1214, Ipg2625, Ipg2627, Ipg2628, Ipg2629, Ipg2630, Ipg2631, Ipg2633, Ipg2634
Ipg2635, Ipg2636, Ipg2641, Ipg2643, Ipg2645, Ipg2651, Ipg2652
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